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A\ . ABSTRACT LT

Canada and the United States by the "Great Lakes Water -
Quality Agreemen " have designated.that the discharge of . '
-phosphates in seyamé to the Great Lakes will be contlolled.
In the majority of cases, chemical pzecipitation is the" -
treatment method to be used. The selection of the chgmical
- dosage needed 1s empirical and regquires that extensive
experimental studiES be carried out at each wastewater ‘plant.

The probhlem of estimating thé ehEmical dosage is !
“approached  in this work on a more fundamental basis. The
precipitation of phosphates with 1anthanﬁm is assumed to be

- representative of a chemlcal. system aty,a mstastable equi]ibrium
‘The dosage which results in the desire? aqueous phosphate

concentration this state is estimated with an equilibrium
model of the system This model includes the reactions of
maJor inorganic species found in wastewater. " ' Y

-

Lanthanum is an efficient precipitating agent which
causes a low residual phosphate concentration to result, even
when added in quantities ‘based upon the stoichiometric
requirements Also, lanthanum can be recovered by an economically
viable process and. recycled o )

The solubility products of 1anthanum, ortho-, pyroq
and tripolyphosphate, lanthanum hydroxide .and gcarbonate and
‘the stability constants of the hydroxide .and Pblyphosphate
ion complexes were measured. The experiments were carried
out in distilled water at ion concentrations typlcal of the
magnitude-to be used in an actual’ treatment process. With'
this 1nformation, and solving the complex chemipal equilibria
problem for a sét of over fifty separate reactlons,; it i¢g - - -, =~
shown that the extent of precipitation of ortho-.and T e -
polyphosphates from a municilpal. wastewater can be accurately .
predicted.- A computer program was written.to predict the
lanthanum dosage reqguired for a specific residual of dissolved
phosphates given the water quality of the wastewater expressed
as the total-aqueous_ concentrations of: ortho- and polyphosphatesy,.
calciumy magnesjium, carbonates, sodium, chloride, sulphates . '

and th S .

111



. ACKNOWLEDGENENT S i, Qo

" . “

x ~ N

i
- .

My sincercst appreciation is due to my wife Roaslyn
for- her encouragement and support during my studies and c
her assistance in typling this manuscript ‘Also, Lara is‘
to be commended for her tolerance of an all too often
absent fatner L , N - ’_‘ -

For thelir guidance and support in this investigation
I wis h to thank my Research Supervisor Dr q.D. Norman
and the other mémbers of my Research Commit;‘c;ee'L : o .

‘Drs. C.J.L. Lock and K.L. Murphy.

The financial assistance prOVided by the-~ Ontario

‘ ‘Fellowship Program, the National Research Council of o .

Canada, the Federal Department of the cnyironment Inland
oy

. . C
.Waters'Division and the Department of Chemical Engi—

-

neering, McMaster University, is grateful ly- ecknowledgcd . '
-4 ht) ] .7 ,“‘—:’
Finally, I thank Mr. P, WiIkinson for his assistance" o

-
" in the courseé of the experimentation o

Y 8 » R |



l“ ]
. ¥ ! '
- " ‘
- L o
- . \ .
f / ’ A . . .
| . .. ' TABLE;OF contEmTs - [ . ‘
o/ ‘
5 Page
ACKNOWLEDGEMENTS . . ... vvrennn. et e raeaneae, L iy
,_ . S | ,
v ' TABL'E OF ) COI‘ITENTS- o’ - % ‘- - . : L .0 [ . L - . % w9 ‘o [] -::'- . I' --------- V
LIST OF FIGURES.............. S U £ £ £
) ‘.\ ' L S . . ..
» LIS\T OF .TABLESQ H -:- . ‘| ... .. P ¢' ¢ a2 ¥ o « a2 8 8 e 0 YRR x
‘ ’ . E . . o o | . . " | "
CHAPTER I " INTRODUCTION..... T 1
r. ".. —‘ \ . - " ‘ ‘ .
— ) . & - L g v . Q 8
CHAPTER II '~ COMPDEX CHEMICAL EQUILIBRIA.............
¥ I1.}, Ar Algebraic Description of the Chemical
: System..h.... ........................... L 8f
. II.2 Mathematical Statement of Chemical . .
S . _Equilibria...i........ e f e 11
= ' s?"' Y -
II.3 The Numerical Solution to the. Chemical - '
- Equilibrium Problem...,., ............... 14 ’
~II.4 | Activity Coefficients......... s veee. 207
+ I1.5 “Partial Differentiation in the Chemical
’ Equilibrium Problem. . e .25,

1 . o \\ T Yo )
. I1.6 A Comparison or Computatiﬁ“‘?echniques .29

_CHAPTER ITT PARAMETER ESTIMATTON IN THE CHEMICAL :

"~ " EQUILIBRIUM MODEL. S @?.ﬁ30 '
° III:I. Parameter Estimation. R [ . ’ 33 f
III.2 Experimental Design o 39
IIF.3 Error Estimates C ol eege e e el e | 43

v



hY
] ‘ _
CHAPTER IV EXPERIMENTATIONS . . . v v v v v« v v o 3B
IV.17 Study of Lanthanum Hydrolysis. {1
Iv.2° Orthophosphate -.Earbonate - Hydroxide | T
Solubility % . . . .« .. . .. 54
IvV.3 Lanthaﬁum‘— Tripolyphosphaté Solubili?y. Td,-
?HIV.Q Lanthanum - nyophéSphate Solubiliéy . . 78
- IV.5 Investigation into the Expected- o K
. ~ Distribution of Phosphates in ; , , ‘
'Wastewater . . ... e e e e e g7
IV.6 . Lanthanum - Phosphorus Precipitation g
in Diatilled Water . . . .. 91
‘ . SIVLT Lanﬁhanum - Phosphorus Precipitation
o ' . 1in Wastewater. . . . « .+ . T 95
' ) o o T T -
CHAPTER V EXPERIMENTAL RESULTS . e ._.‘. I 98
V.l ~ Phosphorus Removal - Distilled Water . . ' 98?
7 %f,' v.2" . Phosphate Removal in Wastewater. % . . . . 108
, .. . . . ) - . . . - ",' . N . - -
. V.3 Lanthanum.Dosage Model . . R ... 119
V.4 Sensitivity Analysis of the Dosage = :
b . 4 MOdel- - ,. L] » L] . L] . . - . - . - T 127
CHAPTER VI CONCLUSTIONS. » » o o @ o o o o o+ =« 13T
. ) C | ‘A + | . N . | ‘- ‘:
" REFERENCES N isl

_ : . | o
LIST OF MATHEMATICAL SYMBOLS. . . « .« « o = = v o0 " 155

-

" 157

+
.
L]
-
.
.
*
*
.

APPENDIX.I - BACKGROUND . . .

APPENDIX II - “CHEMIST"'— A CHEMICAL EQUILIBRIUM |
PROGRAM. - . - - - - « ®: = = 217

-




; S a " o - Page
~° _APPENDIX ITI  PARAMETER ESTIMATION AND EXPERIMENTAL
' S DESIGH. . . + &« s 4 o & o o o o o & « =« 260

& < . . ,
! o ' : : u . -~

CAPPENDIX IV,  EXPERIMENTAL INFORMATION . . . . . . . . 2T
| S . i : s
APPENDIX V  COMPUTER MODELS - INPUT DATA . . . . . . 306

-2 . ) ) : . "‘ . / : ‘ ’ .
O APPENDIX VI  LISTING OF COMPUTER MODELS . . . . . . . 318
,u.v i
) - \ - ,
£
:
S
5
' o |
‘ ¢



Py ) .
- . ' , N )

. - LIST OF, FIGURES -

- . . . '.\ >
Title; - . - : Page .
Algorithm for Chemjcal Equilibrium
CalculationS...uovesvvsivnen fro e e hvvenons " 19
. v r .

Test for Formation-of First Comple$ nLaoH T | 53

Distribution of Normalized Deviation in o
Lanthanum Analysis .......... e ae e e 62

‘Distribution of Normalized Deviation in g -
3

Phosphate Analysis
Distribution of Nonmalized Devi o
Carbonate Analysis 64
Efficiency of Experiments for '
Systém.......en.elen e RRERPE PR S EECERE 73
%fficienoy_of Experiments for La - P O7 ~oo -
ystem......... :"“""'"""":i'ti" ...... .
Hygrolysis of Condensed Phosphates .in - ; L
Wastewater Data from Heinke (H=2). .0 . 92
| Lanthanum Residual Distilled Vater. cevae. - 103
Tripolyphosphate Residual Distilled Water....- 104
' Orthophosphate Residual Distilled Water...... 105
Pyrophosphate Residual Distiljid Water.f ..... 106
;Carbonate Residual Distilled Water...?...,i;. © 107
Lanthanum Residual Wastewater \..:.....1... | 113
Tripolyphosphate Residual Wastewater...lu...i 11k
OrthOphOSphate Residual Wastewater ..;..:.. . 115
Pyrophosphate Residual Wastewaten-. ...,.;..' 115
Calcinm'Residual Wastewate?...f;.ﬂ:;i..a.q[.; 117

R 2t




Jfgure

Number | . " Title . _ ~ Pape
190 Carbonéte Residual- Wastewater....... e s 11B
20 . Use of Regula Falsi Method to Estimate thef -
. Lanthanum DOSAEE ..« vr v resresaeeee oo e, . 123

:49 2L - Precipitation of Orthophosphqba\from Wastewater
- Effluents at 2:1 Cation-to- Qrthophosphate Molar

Ratio........oovvntn S I 191 .
22 Precipitation of'Tripolyphosphate at 2:1

Cation-to-Tripolyphosphater Equivalence Ratlo... 191
23 _  Precipitation of Orthophosphate at 2:1 )

: Catﬁon to= Orthophosphate Equsyalenee Ratio..... 192

2L Precipitation of PyrophOSphate at 2:1'

Catidhwyo ~Pyrophosphate Equivalence Ratio...... 192
25 - Lanthanum Recovery....;........L.;u;: ........ -.;' 196
26 Matrix Stobage of EQUE1ibrium Dat@....s.....ce. 220
27 Parameter Estimation Algdrithm;.. ........ T 269

28 - " Experimental Design Algorithm. A 273

29 S”hematic of the Differentia Analysis......... 305



Table

Num

10

er

11

12

13

" 14

15

16

LIST OF TABLES

Title

Comparison of Eq?ilibrium Calculations.

First Stability Constant of Lanthanum

HYdrolysis....eveevn ..y e et ererreleanen
-ModeloParameters for La - POM - CO3 System
at 25 Cll-n'n'cnnolloc.l..llll--u-.'u‘-'-.-uo L]

. Model Parameters for La - POq - CO System .

: o 3 .
at 5PC. il Gt e e rsatiesesareisa et ananens
Estimated Variance of the Dependent Variables.

s
Relative Volume of the Qonfidgnce Region of
the Model Parameters. cee e Ceceresaneans
. Model Parameters for La - P3010 S&stem

-Gt 2500 ------ ¢ m p & 8B B S E BB S SRS S E S S S AN AREE Y & s
Model Parameters for La - P3010 System’

at SOC-clo-- ----------- P e v a9 e s oo-‘o‘---

Molar Ratio of Tripolyphosphate to Lanthanum
in the-Solid Phase gesreeseet e raadee

Model Parameters for La - P d} System a

‘Model Parameters for La - P207 System.at 2500.

t 50

Molar Ratilo of Pyrophosphate to Lanthanum in

SOlid PhESE. a .- .« ae $reces s ecs e . . e -.n -

Frimary Effluent...,...............{....

© Sample Input-~ Output Information from

Lanthanum Dosage Model.......... TEEEEEEE

.

Observed Soluble Phosphate Distribution in

Initial Concentration of Components..... see e

Initlal Phosphate Concentrations.,.

3

..

.af...

75
16
77
84

'85 W S

86



- ;| . ; s
¢ I A T».
Number : .o Title : Page

Co1T Estimated Standard'Deviation of“Total . . .P]“
‘ " 'Residual Phosphate Concentration............. e 130
S ’ ‘ . ‘ . ) '.. - . .o o, ]
- 18 Lanthanum Dosage and Residual Condentrations..., /131
19 Parameter Effects ...... ‘.....; .......... ;.;;..P.o" 133
20 ‘Percentage\of Phosphprus Influx from Point h
”Source..}..fﬁaa....................., ........... 164 B
21" .Criteria for Phosphorus Pollution Control...:.. 166

22, Summary “of Increased Sludge Production from

“Chemfcal AGARLION. ....uvnrevuvadvinnininins -
23 Incremeht- Cost Increase for Final Disposal'of‘
X Combined™Biological-Chemical Sludges.-.......... )
.24 Composition of Mixed’ Rare Earth Salts. e e ain
"'25‘ '-Phosphorus Precipttation....... :;;?:.,f ...... e
26 ‘Equilibrium Data....;J.;:.;...,;.:Z...,:{..;.:.
. .27 - Computer Parameter Data Cards.' ..... ,,...‘..u.:.“f 2293
|28 _Example of Input Data for Figure 26 ..., Wi... 230
i i L \
29  Ion Activity CoeTficients ........... P o2us -
30  Formal Parameter of Subroutine "JAB?"..;..,..Z. 252
" / o2 . e
31 First and Third Formal Parameters of Function o L
* "PAHT" ----- R R U ) N A N A o-o.c . -.., ----------- , . -\. . ..' 25“-
32 Matr;x of Species, Components, and Reactions SR
*(La - PO, - CO. - H,O System}....... ':....L;,,.. 275 ,
b 3 2 cEEnTL Sl ‘
337 .18 = PO 4‘003 - H,0 Systema—*Initial ‘and Firal
‘ " Conditions...v.. SR ....:.t ...... i en et , '278 .
34 . Matrix of Species, Components,_and Reactlons g
- = llaw wWRYyoWwGillS » 0.0 0 v » ' s e b 8 8 e e 0----’ . 1
(La - PJ0 10 HEO System).. .. e 2 L ’
35' ‘La - 73 iS System - Initial. and Final ' ]
*Conditions.. :...,,.......f..t..r....;..;t.,.,. 284



L 3
- Table Y i a R
* . Number . . - ?}thf L - Page
i} 36( _ Matrix of Species, Compon?nts, and Reactions
o (La - P,0, - H,0 Systemf O S e . 286
‘ 2 Faf% = T e |
.' A l . . ; . . ] \
o 37 La .- ? 07 System - Initial and Final ‘ A
- Conditionsv..;..;....q.ur...............; ..... . 289" .
3&*‘ La - Po11 - 33010 - P2Q7é—‘003'— H,0 System |
‘at 2590..?.;..:...;....;:..i..;....f...:...;... 291 Y,
. / . v :
39‘; :Lanthanum Phosphate Precigitation in B _ J
. Wastewater at: 2500 ...................... Ceeeae 292 ‘
. 4o - Wastewatgr‘Sample;— Initial.Cohditions,..;;?f.. 293
R & | Opeérating Conditions for Atomic AbeGrption .
' Spectrosc@py de e e st 3 A 298
42 '-Matrix of Species, Components, and Reactions’ -.‘-d _:z
" '(E utlibrium Model - Distilled Water)......... o
q 307
43 Paramet r Covarilance Matrix "Covar (B)" N
i (Dist ed Water Model) ..... e e e e eee . 310
Y ‘Component Covariance Matrix "Covar (Xu)"‘ - : )
. (Distilled Water Model) T P 1 B
. 45 Matrix of Species, Components,'and Reaotions . o
o ‘ (Equilibrium Model - Wastewater) ............... 312 .
TS Parameter Covariance Matrix "Covar'yB)™ . PR
‘ "'_(Wastewater Model)..... ....h,...:.i.......fi.,-\ 316 -
L7 Component COVariance Matrix “Covar (X DA L - e
- (Wastewater Modell ..... S ST t....“ ..... - 317
- .c - .\. ;
) 1 r. l)‘
. s 3 | N . _
. | o . ‘
» : ‘ -\ " i .
- - A o
) ;/j ; . o
Tt T 3 -
af . i - |




: Also, among the macro-nutrients of carbon, nitrogen and

phosphorus only the influx of. the last element 1s feasiblé

- 1g not recycled between atmosphere and lake, Thus, the

T INTRODUCTION . - >

2

Debate and uncertainty arise as to the role of

' phosphorus as the nutrient limiting the rate of primary e
productivity in natural watersﬁ particularly the Great Lakes.’

-However,.agreement exists'that phosphorus is'an impor?ant

nutrient'contributihg to the eutrophic state of these waters.

. "l
to control This situation occurs principally because of two

factors. First the paths by which phosphbrus travelsrthrough

the lake ecosystem results in this element being concentratéd

,1n the‘bottom sediments under oxic conditipns.. Also as no

aqueous phase for this element occurs naturally, phosphorus

pdtential efists for thisfnutrient to limit primary productivity

in the lake Second a major portion of the phosphorus influx
resulting from man S activities are found in.wastewaters

This stream is more convenient to collect and treat ‘as compared

to surface runoff or. tFe receiving water itself These e

“statements are expanded and supported with reference to previous

e’
studles in Appendix I, section 1.

Based upon these factsAMfederal, provincial and stater)

‘governments 1ln the Great Lakes BaSiﬂ have responded by designatyhg

phosphorus as the principal element to be controlled This -
' .

. - . ‘ .
- -
‘ ‘ ’
1 : .
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response has taken the form of 1 éislatidn- '_ .

(1)

(11)

(111)

oelected as the treatment method to remove phosphates Lime,
. alum and iron salts are the precipitating agents most commonly
'chosen

capital expense as the processiis operated simultaneously in

Appendix I, section 3 and}ﬂ);

In almost every case, chemical precipitation has been

limiting the conccntra ion of phosphorus in '
wastewaters discharged)to the Great Lakes at. 1 mg/1
or less (for flows gr ater than 1 MGD),

limiting or banning\the use of phosphorus in
detergent formulas

;-
providing funds\wor phosphorus pollution abatement
programs (Canada~is to spend 250 million dollars
ti1ll 1975, whilegthe United Stakes 18 Hillion dollars
in the same time period). Further details ara
provided in Appendix I 'section 2.

This method can be: 1mp1emented quickly and at slight-

existing primary and secondary treatment_facilfties, (see

\

Problems remain with this process First the techniques /

available to estimate the chemicaleosage are empirical and -

'require trials to be carried out at each treatment site

kS

The collection of this data 1s expensive (in Ontapioy six

million dollars has been provided for research related to

_phosphate removal) and 1s applicable only to wastestreams- in,

their present condition Becond, when.chemica& precipitation

-“

is carried out’ simultaneously with conventional treatment

gadditional amounts of biological chemical sludge are produced.

The disposal of this sludge increases the cost of treatment

by an amount which this writer has calculatg/)to approach the

“

cost of- precipltating chemicals themselves, (see Appendix,l,



we

section 4). @his cost willl cont¥Hue to inerease in the future

;has the number of alternative methods for disposal becomes o

limited (e.g., as hearby lamdfill'sites oecome.unavailable)= dﬁﬁ
Third, with(present treatment practlces neither phosphates
nor the metal salts are cycled either within “the process or
the‘marketplace overall. Instead these methods cause a
con%ﬁnuocs depletion~of these raw materials. o
Considerable knowledge exists as to the reactions of
phosphates, with various cations and anions in water, (see

Appendix’I section 10).  Also, earlfer‘investigations had

‘shown the reactions of orthophOSphate with aluminum, ferric

and lanthanum cations to be .extremely rapid (see Ap endix I
r
section 6). A wastewater treated with these precipitants can

,'he expected to quickly reach a metastable equilibrium. Therefore,
it appears feasible to depict this treatment process -as a set
of chemical reactipns at equilibrium Each reaction. occurring
in"this system can be represented by a nonlinear equation,'
By solving the set of equations similtaneously, *he concentrations
';,.of.components (e.g., phosphates) in a treated effluent can \q\
i be predicted The effects of the chemical dosage and certain
inorganic compounds commonly found in wasteWaters'can be‘p
- determined by solving.these equations under variouS'initial‘
conditions. Thus, a mathematical model can be used as an -
alternative to the empirical tests that are now carried out

. to determine the effect of chemical -dosage upon a particul r

4 ~

wastewatﬁr. ¥_f>77 R S : o .
b, . J ) ‘



1 ] .
Such models have been proposed to descrioelthe-'

A

Y
N =

e ﬂistribution of solublé components found in'seawater, lakes, ‘1.

3

groundﬁatefz and in sewage treatment plant'streams when these

. ’ \er . >
agueous systems are ln.contact with certain solid phases (see '

Appendlix I, section 8). The structure of an equilibrium model
is flexible. New or different components in wastewater not

originally considered can be added simply. . Similarily much

of the data for the mOdel is kept when one precipitating
cation is substituted for anqthei

:
A computational_scheme is required to solve the model's
'-equations. ‘The software package known as,"CHEMIST"_developed_

»

by Rand Gorporation was‘used to carry out the equilibrium

calculations. qne solution approach 1is based upon finding

s those concentrations of the aqueous gpecies which minimize."

3the Gibbs-Free Energy of the system. This computer program

S
~' Wwas selected because fiast the set of solid phases which exist

at equilibBrium is not required to be known -a priori, only a
A set of po ssible phases. Second, partial derivatives are
calculated by this programlt A'review'of'the generalized !
computer programs available in the 1iteratura is presented
in section 9 of Appendix I. , .

) . . ¢ 4 '
panthanum‘was chosen as the precipitant because of

f

"its chemlcal properties. The nature of this cation is such
that the bondr(Iormed in soluble comolexes are principally

| ionic, and its size resu%ts in a reduced probability far such.

complexes to exist (see Appendix I section 5. In ‘comparison,.

"aluminum and-iﬁonfform,a number bf complexes, particularily



- ’ N - l 5
with the hydroxide ion, which have yet to be thoroughly (/f'
characterized. The reduced tendency to form complexes accounts
in part for the efficiency of lanthanum as a phosphate
precipitant As discussed in Appendix I, section 6 lanthanum

. 4
has been shown to removeAmorelphosphate over a broader pH

range than either aluminum, ferrohs‘or ferric cations when
-1compared on a molar basis. The cost of lanthanum salts requiresn
« that the cation. be recovered . Of the process?s Investigated
by myself and others the. . most feasible one 1s the treatment
ofdganthanum phosphate precipitates with a strong alkali,

A lanthanum hydroxide precipitate and an alkaline solution

-Of_sodium‘phosphates results. The lanthanum sludge ds
separated‘and'then redissol?ed in an acid. The soluble
lanthanum salt oan now be- reused " The sodium phosphates can
be precipitated with calcium to form "phosphate rock"; a raw"

/material used in the manufacture of polyphosphate compounds.
The operating cost of thetrecovery scheme has been estimated’
at approximately T¢/1000 gallons of incoming sewage treated
(see Appendix I, section 7). In comparison, the disposal %ost
of the additional biological—chemical sludge produced when |
precipitants are added directly to existing treagment facilities
is 4 to*§$/1000 gallons (see Appendix I, section 4.

. At present,‘lanthanum itselﬁ has'few commercial uses,
and 1s usually a byproduct of extraction methods aimed at
cOncentrating more valuable elements such as thorium, (see

1

Appendix.I; section 5).



&

The objective of.this work is to develop a computer
model which will predict the lanthanum dosage required to Y e
achleve a specified residual phosphorus concentration. The
model '1s based upon the observation that the treated waste-
water quickly approaches aﬂmetastablé condition‘with ther
.precipitates. 'The model considers not only the reactions of

w
the lanthanum cation with the ortho- and polyphosphate anions-

-

_but also the reactions of these components with calcium,

magnesium carbonates, sodium, chloride, sulphate hydrogen
and hydroxide lons.’ These compounds are assum{g/io represent
the principal inorganic compononts found in sewage With the

,phosphates, their initial concentrations are specified as a

condition to the numerical solution. Altogether the formation"
of fifty—two;species\is simulated in the aqueous.solution. A
.This1 phase 1s assumed to be 1n equilibrium with‘carbon dioxide.

- at atmospherilc conditions (1.e. pCO2=3 x 10 -4

atm) and any or
all of the foliowing precipitates.
(i)_ lanthanum phosphates (ortho-, pyro-, and tripoly )
(ii) lanthanum hydroxide o ce ,
(111) lanthanum carbonate D
(1v) calcium hydroxyapatite
--(v) magnesium calclum carbonate
The model 1s constructed from informa ion previously published
and supplemented with data obtained fSom experime
Specifically, from these experiments, solubility ::jameters

.
_ were estimated’for lanthanum, Ortho-,_pyrof, and tripolyphosphate,



\
hydroxide and carbonate.plus Stabiiity parameters fcr-soluble
lanthanum polyphosphate and hydroxide. s A

' ' These parameters ‘are measured at eXperimental con—lh
ditions similar to the actual treatment_situation. ‘Though the
model-has the.same.format that 1s normally used to describe
a chemical s&stem at equiiibrium, its'parameters-have been
measured in a manner which permits the predictlon of the
wastewater composition immediately after chemical treatment

and precipitation (i e. at a metastable condition). Thus

the parameters are not true equilibrium constants..

>

. b : . )
The model's predictions are.verified by comparison

" to observations made on samples of raw sewage which have

1

been- treated with lanthanum This model predicts the. minimum
residual phosphate concentration which can be achlewed for a

- 1

'given chemical dosage. 'An increase inhthe phbsphate concen- ;
tration and hence decrease in remotal efficiency mak he ob-
served in the full scale treatment process, because of the
effeotlveness at which precipitates are remcved.i Estimates
.of the efficiency of solids separatifn are not within the

scope of\this model

L L]



b - COMPLEX CHEMICAL EQUILIBRIA

., The computational scheme 1s the important component
of the equilibrium model. This scheme needs a general format
which can depict the man& différent\shemical specles in a

: ! : : : o
system with a set of algebraic terms and the reactions among

these species as a set of mathematical equgtlons. Also, -

I

efficient methods which solve these equations yleld esfimateél‘

3 - . g
of the species! concentrations when the system is at equilibrium

The software péckage cdile& "CHEMIST" which 1s made up of

thirty?five sdbrout%nes-meéts these requirements. Tbe'programs'

- were developed-by the RandnCorporatidn with support from the

United States Air Force under Project "Rand" (Contract no. /

th620—67-0700&5);‘ In this chapter, the scheme's principles .

. of operation aiong with modifications made for this work are

reviewed. Further details are ‘provided ‘in Appendix II,

-

.\ 1

IT.1 An Algebralc Description of the Chemical Sygtem

The parameters defined here are a part of "CHEMIST's"

notation plan and are used with the same meaning throughout

- this text. All cﬁemical compounds 1in the system areﬂcalled

"species". Within this group, a subset of Speéies exists with
which all other specles can be ?ormed from lIinear combinations
of the- elements of'this subset. These elements are called

"components". The linear combinations of components represent

Lt
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the reactions which yleld the various species.r For example,. )
the formatidn—of the specles, "H3PO," results from the addition ©
of the cemponents "H+". and "PO,~3" written as:

HyPOy = 3H+ + PO, RE¢S)
wheréxthe constants before each component are the stoichiometric
coefficients._ In ;f;eneral notation, where species are

identified as Xi, components Bia and the stoichiometric

coefficients "ag4", every reaction takes on the form : ' 7
X ¥ B (2)
17 . % K\ . :
H ;F ‘\ : B +..

where M is the total number of components.

‘The stolchiometric coefficients can“assume positive;

negative or zero values The latter value 1nd1cating the
component "t 4g not a part of specles "i". " The arrays of
: stoichiometric coefficients can be conveniently stored as .
.a matrix. The columns of this matrix represent the molecular
formula for each species with reSpect to its components.
The matrix's dimensions are M x N, where the symbols refer_-
;to the total. numher of components and species respectively.
An example of the construction of this mat ix for an agueous
Calcium-Phosphorus -Carbonate System i1s il ustrated in section
1 of Appendix II. N

In a real system, the group of chemical compouhds
coexlisting in a homogeneous medium is called a2 phase. In

‘"CHEMIST" notatlion, the corresponding group of species is

called a compartment. All compartments, speciles, and '

-
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et 4; " : . - ‘ - \

componenfs are 1dentified by numbers and al;hanumeric names._

‘The total mass (i.e., the sum of the moles of each
cbmponent and the free energy parameters or equilibrium con-
stants assoclated with each specles are the independent
vafi<;ies of tQS.phemicalléquilibrium problem. The number
of moYes of the principal aqueous components, (i.e. the i
hydrogen and hydroxyl ions), are choSen such that the mass
of water formed at equilibrium occupiésul'liter.' Thé;ae-
pendent- variables are the number of molés_of'each species
present at equilibrium. In order to solve the problem, the
following is required: ' ' - .

(1), identification of all -components,_ species and
: .compartments B . -

(11) matrix of stoichiometric coefficients,r

(111) total number of moles of each component,
(1v) . free energy barameter'of each sﬁécies er the
equiiibrium constant for its formation reaction.

'Tha manner inrwhich this informépion is introduced into the
computer program 1s also illustrated in section 1, Appendis II.

The témperature¢and‘pressure of the system at equilibrium
are also independent variables, but are specified indirectly '
. by the values of the free energy parameters of equilibrium

constants. :

A note cohqerning the physical dimensions of the
program. At s present dimensions, "CHEMIST" is capable
of nccepting 160 specles formed from a maximum of 60 '

_ components. - A total of 460 coefficients may be used to

describe the reactipn stolchiometry of these components. The
specles may be_diétributeq among 25 compartments with the re- -
strictlion that total number of compartments and components ﬁot
_ excéed 75. The computer sforagé required to accommo?ate these
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dimensiﬂps nd pthe 35 subroutines is slightly less than

100, OOB words on fghe Coptrol Data Corporation model 6400

a4
computer.

IT.2 Mathematical Statement of Chemical Eaquilibria
1 . .

«The concéntration of ©pecies can be expressed on the
" molal,'molar, or mole fraction scales. The molar scale is

- . ‘
. used because‘of two advantages: - _ - S

v -
- .

(1) - less input ‘information is required (e.g-, no density
. information), : ! :

(1) mole fraction scale approaches the activity of*a
species to.a closer extent in dilute solution than

_ either the molar or melal scale (D-9).

.Using the same notation as before, Xi represents the numbﬁf/r

of moles of species "i" and Xk the total number. of moles 1n
i

compartment "k". The mole fraction "X" of species "i"_is
given by:
. _ " ‘
o /\ R ] .
Xy = X;/% | ] (3)
« The concentrations of species at equilibrium are defined

by either the mass action laws or‘the free energy function-
forhulaﬂed by Gibbs and others (G-4). 1In the Tirst approach,

‘the equiiibﬂium concentration of specles "i" is given by:

v e ‘.

2 M A B - (b
. 2=1 Cg :
“where _ (1) ki 1s-tre-equilibrium constant - ‘ \ :

(11) 39 is the‘eouilibrium conce7tration of the

component g
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A set of these nonlinear expressionS-must be solved

simultaneously to determinerthe equilibrium state. 1In the

*second approach, the eouilibrium concentrations of the species

are deflined as those which . minimize the total free emergy

of the system. Gibbs ‘has showyn that this minimization is
equiValent to satisfying themmass action laws. The latter -
approach 1s useqd in "CHEMIST" where the problem of estimating

the species concentrations becomes the general problem. of . !

Optimizing a.multivariable_function. o . o

Now consider the form of'this function. The fgee

energy of each species as a function of that species!

concentration Is. given by the Lewis and Randall relationship

I

which states . _ . s

- | ' 2y - (5)
T Fy = Xy(Cy + nT ' Xy )

where (i).,_Fi is the Gibbs free gnergy of species i,

(11)- Cy is the free energy pari%eter of species A,
(11i) R is the universal gas constant

.
-

~(iv) T 1is the temperature of the system in degrees
. ) . ' Kelvin. Lk

- _ ‘ -ﬁ" . o . _
The total free energy of the syétem is&the sum' of all. species

- in all compartments or: - o k"_ ‘ )

]

1

M T
F system = ¢ F N (6)
Y 1=1 1 \ S

Shapiro and Shapley (S 4) have shown that the minimization

-of edﬁ;tibn (6) results in a gobal minimum when the system

1s. ideal (i/e., the concentration_of a species is equivalent

s —
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The values of concentration which satisfy elther the mass -

+

ﬂction laws or free energy - functions must also satisfy two
!
sets of constraints te represent a true solution" The °

. concentration of a species must always be positive " In the
-y - .
‘computer program, this constraint is modified to a conditfon

that the=n&ﬁBEr~of moles of any species must be equal or exceed
a minimumyvalue, "XMIN", (normally set at lO‘Eu moles). This .-

7upgradingfofithe,limit prevents‘a pathological’condition in’

e

" the numerical solution.

;'The-speciesfconcentrations»at‘equilibrium must also

e ! -

satisfy the mass balance equationS'which are a'statemeht of

f

the conservation of matter Ip the general notation, the M

J"

) linear equations (one for each component) are represented as:

"/ Y B

. - X, 8g4 =
T T T e B - (7).
for & = 1,2,...M S o . )

- o ’

An- extra component the'total charge in the system, can alsol
be considered.' Normally, this takes on the value of zero.

It the elements agq represent the;positive or negative charge"‘
‘of each species "i" then equation (7) can be”used;to represent

: - S T
a charge as well as-a mass‘balance °

This set of linear constraints are éﬁded to the free

energy function with the use of the Lagrange multipliers, "n"

he expression to be minimized now becomes:

‘ L | . N ¢:)
‘ A M '
2 xi(c; + RT &n ii) -t

(Y A

F system =

_— . -t — e .ma — - e AV - —




species "i") - This definition of the" parameter is inconvenient

ETER

e . .
‘waglt™ o ) - .- o
‘ .

The number-of unynohns to be found has increased from the

-set'of N values of X (i:e the: moles ‘nuniber’ of the species)
. to now include the set of M values of 1 (i e ’ the Lagrange

‘multipliers) The numerIcal techniqﬁbs employed to’ obtain

p .

Ja solution becomes the topic of the next section 1: N . 2

/ N

TA final note concerning ‘the free energy parametcr Ci'
Normally this parameter represents the free~energy per mole
of species tyn in dts standard state (i.e., a condition of

"~

specified temperature and pressure and unit activity of

as. the equilibrium constant rather ‘than the free energy values

- . .

»of species are norma}iy reported in the literature

Fortunately-by multiplying'equation (8) by factor 1/RT and

setting the free energy parameters of tné components to zero,

‘_nthe parameters of the remaining Species are equal to' Ln Ki

(i.e., the equilibrium constant for the formation reaction

of species "i") . Theurationale of this transformation is

1

'-'provided in section 1 of Appendix IIf While the division_ofm_

equation (8) by a constant reduces the value of the free - ..

energy of the system, it does not alter the location of its .

Y

minimum value with respect to the mole numbers of the species

¥ - ! : -
' B

CE-wy 7

¢ ”: N )
3 :

fIIf3 ehé NumericalySolution'to the Chemical”Equilibrium Problem. ¢

. P rL o ', '-‘. .‘.. ' . e . \ . \ - - )
.Before reviéwing ‘the. numerical techniques.used to solve
] . . ’ . o ’ .
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the solution is further defined as being positive feasible.

yields a feasible solutfon with respect to the mass balance

®
& 1inear technique 1s used to find the set of m;%z)numbers ’(
[

15

v

equation (8), the following properties of the solution need '
to be defined A feasible solution is one in which the set
of mole numbers "Xi" satisfy the mass balance equations and

are nonnegative. "f the elements to this set are also nonzero,

-

"If no element of thrs set” of mole numbers is arbitrarily large,

. then the solution is ‘defined as being bound feasible An .

optimal solution 1s one in which the set of mole numbers

and a minimum value with respect to the free energy‘expression.

. . P \
Should )any element of this set be ;ero, then the solution
cail

1s cdlled a degenerant problem. If all elements aré positive

(1.e., positive'feasible‘solutions with respect to the mass

balance equations), then the solution fs termed nondegenerate

,Shapiro and Shapley (s-4) show (theorem 12.1). that a

'nondegenerant problem has exactly one optimal solution in an

-
-

ideal system (i €. activity of 4 speciles is equal to its

concentration)

The numerical solution to this complex chemical

equilibrium problem is solved in a two~step approach. First,, .

"xi" which yield a feasible sol'tion. n thi

et 1% used

-

‘as a ‘basis to find’ an optimal solution.

If a prior,estimate, of'the mole numbers ke available,

" the projection method 1s called from subroutine "SOLVE" "

to calcdlate'a feaslible solution. The objective 1s to find
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mole number estimates which yleld a set of'minimum errors N

(one per speciis% in the mass balance constraints (equation (7)).°
This 1s achieved by the use of Langrange multipliers An
objective function which is the sum of the products of each '/

"

error squared times a‘weighting factor is minimized subject

to/the liniar constralnts represented by the mass balance
‘equ tions A more detailed summary of this method is provided

in Appendix II section 2. . ' ‘
3 , -l

S If an initial estimate of the mole numbers is not

ﬂ

given, then the linear programming method is used.» The

/solution technique was developed by Dantzig (D- h) and is :

v

- summarized in Appendix II section 3*~*Three problems are I

-~

solved consecutively to obtain estimates of ! the mole numbers .
which yield a feasible solution First a 13 agfprogrammihg
problem is Set up to test 1f the chemical equjlibrium problem
is degenerate. This condition‘ﬁsﬁally results from an error
in defining the chemical system Second the free energy
function (equation (5)) is linearized by assuming the logarithmic.
f——ﬁac‘ivity terms to be negligible and solving the approximate
free energy expression by the linear programming methods. The

last problem 1is resolved for a number “of iterations equal to

the number of compartments present  in the chemical system

All of the problems are solved under the constraints of the
; mass balance;. The solution is calculated by-two sgbroutines,
! "LP" which ‘manipulates the data into, a generalized form, arid
’- ‘"SIM;LE" which solves the general linear prdgramming problem..

- f 0 ~




A two step procedure 1s used to find the optimal

-

solution from the 1nitia1 mole number estimates which vield

feasible solutions. These steps are called the "Pirst Order"

[

and, "Second Order™ Methods respectively.
o o R . s
A When the partiai derivatives ol the total free energy

. . ‘ ‘ i .
of the system are taken with reSpect to the mole numbers "Xi%

in equation C8) and set to zero, a set of exponentﬂal functions
Nty

which define the mole numbers for an optimal solutlon results.

’l 1 ———

: The generzl form of an equation froem this set for Species "iv is:

.
P . -

M-
-in Xi = \{221

Co
B L)
)

Ty dgg - € -1 (9
This expression is.linearized éy subStitution of the first
order terms of a Taylor‘series epresenting the logarithmic .
term. The truncated series 1s constructed,from prior estimates
of>"xi". The linearized set of_eqdations are_then solved.
simuitaneously in-the first.stag mo provide new estimates

of .the fole numbers. The method is stopped when either the

cHange in mole number estimates etween iterations is less

than a preset tolerance level or/ the solution is. moving away from

~the optimal value asPindicated y a directional derivative. . If

<

these tests fail, then an increment is added to the new estimates

which now become the prior estimates for the next itera on.

-

The 1ncrement is calculated from the product of the difference

‘in mole numbers bEtween iterations-and a variable stepsize ‘Jf
- v

factor. The factor promptes convergence
o

The final estimates from the first stage become the

-



t
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initial estimates in the second. In this stage, improved
!

estimates of the Lagrange multipliers are sou“htdat each

A

iteration, and then used  to calculate the mole numbers directly
I .

from nonlinear expressions {1.e., equation (9)). The method's

success is‘determined by theaerrors which these, mole number

:

' estimates generate in the mass balance’ constraints (i.e. s

\

' equation (7)). The method is terminated when the mass balance -

errors become negligible, tﬁe change in multiplier estimates

between fterations becomes‘?egligible, or the number of

iterations exceeds a 1limit. The "First" and "Second Order™ ‘
methods are described in greater detail in Appendix II,}section
5 and 6 respectivel; and by Clasen (C- 3)

In summary, the interaction between different numerical
techniques can best be seen }rom the algorithm shown in Figure 1.
The selution process is initiated by a call to the subroutine
"SOLVE". If a prior estimate of the set of mole numbers "is
known, then the solution proceeds to the projJection method.

‘If no estimte is available, then the: subroutine "LP" 1s called

to arrange the data for the linear programming problem. This

-?roblem is solved by the subroutine "SIMPLE” If the projection

method'shogld fail, then the linear programming subroutine
1s also\called .After this first stage, the estimate of mole-
numbers represents a pLsitive feasible solution. The next
stage 1s to obtain an optimal solution.’ This 1s done by use

of the first order and second order numerical techniques

located in subroutine "SOLVE" The~ algorithm gshows how -
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icorrections for ionic activity are made wlithin the solution
path. This now becomes the topic for the next section.

]
’ B

¢ . : (
- II.4 . “Activity Coefficilerts '

-

Q\ The’need for activitf-coefficients‘arises from the

1nteractionlof‘the various Species‘within a system, andhthe

y effect that this interaction has upon" the relationshf{
defining both the free energy of a species and the free energy‘
of the whole system. An_ ideal solution may be defined as’one
in which free energy of a species 1s a functlon of the
temperature and pressure (with 1"espect to the free energy
constant) and to\the concentration of the species itself
That is, the mole fraction of a species defines 1ts activity .
as indicated in equation (5). In a nonideal solution, the .

wfree energy and hence, the activity is dependent directly
upon not only the’ species concentration itself, but also the
concentration of the other species 1in.that phaSe. This

‘_interdependence 1s often expressed by the product'of the‘

specles concentration and:an actlvity coefficient._ The 1atter

term is a functlon of ‘all of the other species' concentratiors

)

| within that phase whioh exert an influence. This may be

represented as:

4 X
= Y . . . .
" *1 L5 s | - (10)

~
L]

where “ai“ is the activity, "yy" is the activity coefficiént,

and "xi“‘is the mole fraction of the species LEL ‘ ,
S N Ly
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By knowing the activity coefficient, the relationships
-~

.proposed for describing free energy of ‘1deal solutions can’

P s e e

be applied fo thennonideal situation.

' The circumstances for which activity coefficients need
% - be defined in this work are cqnsidered The systems studied
‘ .were multiphase, that is, gas, solld and iiQuid. In the- gas
phase only orie component carbon dioxide, was considered

and its concentration was assumed to be constant (i e, thej

'capacity of this ‘phase 1s assumed infinite). Sidce its

concentration does not change, neither will its activity

and; thereforeg ne coefficient is required in this case. In
* the solid_phases only.cne species,is dssumed to.exist ner phase;
No solid solutions were assumed to have formed.‘ Therefore,

the mole'fraction,.and the activitx,.is>a1ways one. ®  The
aqueous phase can be divided into three groups of species.

They are: & .; |

h(i) charged\jon components, o | | ‘,‘

(11)  charged species resulting from the combination of
ion components,

r \ ) . . ‘ .

(111). uncharged molecules, that is, specieararising from.
the combination of ion components and/or solvent
molecule water. '

The following cohvention, as proposed by Denbigh (D-9),
" was chosen to‘express the activity of the solute and solvent;
i species. For species other than water, "infinite dilution

-scale" is most convenient as the fraction of these-species

C, iy s _ .
* "Note: For the case in which calcium and magnesium
. brecipitate as a mixed carbonate, a constant stoichiometry

e e — e =
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cannot' be 'varied 'to unity xithout a change of phase. rJWith

reSpect to the solvent, the\mole fraction-of water is
-frequently greater than 0. 999 in 'this work, and therefore, \\
ﬁits activity is assumed equal to its mole fraction The inter—,
" action between uncharged molecules other .than water is believed
to -result from the Van der Waal'g forces. Denbigh (D-9)

states that from London's theory a deviation from ideality of

approximately 1 percent occurs for solutions in which the

mqle fraction approaches 0.001. ~In this work, solutes are
considered at the, millimole level which places their concentration -

below this'limit Thus'for uncharged speclies, the activity 1is

®

assumed equal to the mole fraction This leaves only- the t

| 2
activity of charged specles and ion components in aqueous
solution to be considered. Denbigh (D-9) states that the forces

acting between lons is due to large coulombic rather than Van
- - th
-der Waal's forces. This statement 1is based upon ‘the fact that

the potential energy of interaction varies as to the inverse of
the first rather than the sixth power of separation between
,attracting centers. Thus, one can expect the activity
coefficients to differ appreciably from unify euen in dilute
- solutions and that this deviation is strongly dependent upon
“the don charge. | |
In this_work; it has been assumed that -the activity of
a.species is influenced by two different phenomena, The
concentration of a free ion in solution is decreased when it

combines with ‘another of opposite charge to.form an "ion complex"
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or "ion pair". Here-the'ion palr is considered to be a new

1]

E product whose formation can be described by the appropriate

b reaction and equilibrium constant. Thus, the concentration of .

r

a free ion estimated here 1s its actual concentation. .. The

ractivity of a species‘ds also influenced by the electrostatic

Aol e

forces between ions This activity is represented as the

L]

product of the free ion concentration and its activity

5 _coefficient The concept of segregating these two influences.

was first put forth by Bjerrum (D-5). 1In simple electrolytes

(i.e., ‘solutions of 1 solute) both the influence of ion'
,association and coulombic forces are sometimes combined into
b a single parameter called the “stoichiometric activity"

* coefficientd Here, coefficlents refer to the ion activity

*only. '
The empiricai expression formulated by Davies (D- 5)
(see Table 29,. section 7 of Appendix II) was selected to
calculate lon activity coefficients For an aqueous system
At 25°C, the ionic strength is the only independent variable -
needed for this expression This variable is calculated from
the species' charge and concentration. Because the Davies
equation is based upon the molar concentration scale, a
cpnversicn factor is needed. This factor 1s derived in.
section T‘of Appendix-II, and also.by Denbigh (D-9).
The "CHEMIST" program was not uritten‘to accommodate
activity coefficients;directly. ‘However for each species the .

:natural,loga thm of the activity coefficient may be




<
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o

added to.its free energy barameter as shown below The

~equilibrium condition i1s then recalculated with these new set

of values _//’ ' .

.C£=Ci.+2n Yj:_ . | | (11)
for 1 = 1,2,...N | | | L |
* The ca&culatien of the activity coefficients- and
modification of tme free energy parameters is carried’ out . by ,
' Subroutine "CORR". This subroutine then combines with the
subroutine "SOLVE" to calculate the system compogition at
equilibrium with the corrections made for species' activities _
The procedure 1s to first determine the equilibrium concentratioﬁ'
without activity cor;ections . Then, these concentrations are
'.used to calculate the lonic strength and from'tﬁis"Variable the
activity coefficients. The free energy parameters are modified
according to equation'(ll) and tne equilibrium composition P
re-estimated with these values by the subroutine "SOLVE".
This process is repeated until either-the maximumzcnange in
actiuit; coefficients between iterations_is less than tﬁe
standard deviation of the estimates from Davies's-equation
(stated by Davies (D-5) to be 0.013) qQr an iteration limit
is exceeded (usually set at-5).. Before refurning to the main
program,,the free energy parameters are reset at their original
; values. , | : . ." a
With the subroutine "CORR" two additional subroutines

-

are required "MWCALC" and "MOLAR" ) The first subroutine

calculates the charge and molecular welght of each species




e P

T m am r r————

species in the agueous solution.” For this calculation a

level iIn the initial solution. ’ . \

with this same information given for:?be—components 1The

latter subroutine calculates the molar concentration of each

solu}ion.density is calculated from tne eQuilibrium'com—

position predicted in the last lteration. The density'was

“usually found to chanée by less than 1 percent from its

..
L)
[}

II.5 ©Partial Differentiation in the Chemical Eduilibrium Problem
. © . v ' ' : i

j o . -

. Fbe partial derivatives of thé dependent variables in

the chemical system serve,many purposes These quantities are

needed to calculate statistical parameters (e.g., covariance

matrix), to carry out a sensitivity analysis, tO'apbroxinate a.

. new solution when the initial conditions are changed slightly,
. ) ! 7 ’

and to determine initial conditions needed for a‘particular

equilibrium condition. 1In the last case for example, the

. partial derivatives'are used to determine the tdtal amounts of

hydrogi?ﬁand hydroxide 1on whichrnesult.in’a specified final pH
level. . - ) _ | '

The four dependent variables which can’be_differentiated':
in the "CHEMIST“'program‘are-the mole number and mole fraction
of a species, and the total number of. moles and pH value Qf a
Compartment; " In addition, the natural logarithms df these

values can also be differentiated - This. operation is.-

equivalent to normalizing the variables, thus, the. fractional

e
)

rate of change is determined. The partial derivatives are

taken with respect to these independent varlables:
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4
(1) num;;r*;¥ moles of a component ' :
(11) total number of moles of all components, needed to

form a species,

(111) a stoichiometric coefficient (i.é., a formula matrix
2 entry),

(iv)  the free energy parameter of-aqspecies

(v) a value equivalent to the antilogarithm of a free -
energy parameter. .

The partial derivatives are calculated by the function
statements "PART", "CJACOB", and "BJACOB", while "LIST" is a
utility subroutine read{ng and printing information, and‘ﬁJABY" \
1s a control subroutine directing the calculations \Tnese
subprograms are described in section 8 of Appendix IT, and
by Shapley et al (S 5) ‘

Often one wants to specify'certain conditions at p
equilibrium, for example the pH value of the aqueous phase. S
“johe input format ofl“CHEMIST".requires for each cpmponent that o
' the.total number of moles in the{system be stated and not its .

number in one compartment at equilibrium Thus‘for a particular '
pH. value, the corresponding total number of moles of hydrogen and
hydroxide ion must be known. Because these lons participate in

a number of reactions, the initial condition is not easily-
estimated.; This problem is solved by simulating an acid base
titration in the chemical system The change in pH caused by

‘the increase in the number of moles of the'acid or base

components can be determined by the appropriate partial - i

derivatives. An iterative technique based upon the Newton .-
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Raphson Method and using these derivatives has been programmed

; in thc.subreutine "PHSOLVE", This program 1s described fin

section 8 of Appendix IT.

r
' Al

I1.6 A Comparison of Compuﬂation*Techniques - P

s

: Midwayyin this study, results from Morgan and Morel‘s

(M-lh):computer program "REDEQL" became available. .This

o TP T T

computer program solves a chemical equilibrium problém by o5

-t

——

solving the nonlinear mass actions equations subjett to. the {:;Ju
{ o et

mass balance constraintsm The structure of "REDEQL" is compared ’

-£.0 "CHEMIST" in section 9 of Appendix I. The initial

a

- guantities df the components and the equilibrium constants
(".-_: R v

 .along with the Species concentrations at equilibrium are : .

reported for three chemical systems. The first has one aqueous'

phase, 'the second an aqueous, gaseous and two solid phases, o
(134

while in the third two extraneous~solid phases are added »

These latter two phases dre extraneous 1in the sense that _ )
though include in the system, they do not exist .at equilibrium.
In "REDEQL" a trial: and error method is used to select those l
phases exlisting at equilibrium, from a set of-’ possible phases,

-

while in "CHEMIST" all species are- assumed to exist.. In the

F L

Rand program the mole numbers calcu}ated for these extraneous:

_phases approaches the zero limit In Table l,,the model’
: predictions from the third system are compared From the . e

negligible deviations between the results, it can be conﬁluded T

[N

that neither method generated a significant round-off error

Fal * =
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during the computations, and that both’ approaches to selecting
those solid hhases existing at equilibrium are equally valid. u
A fhrther check for computational inaccuracies was - )
made. Cutler et al (C- 5) warn that a round off error can:}
_ develop when one species of a phase has a mole fraction in
.excess. of O 97 and that this phase is much smaller than other )
phases 4in the system. In the system simulated here, only the !
first conditiqn exists but a further check -was made on the -
possibility of" round- off error occurring . A suggested remedy.
is to make the dominant species (;ater in aqueous solutions)
an input component and not a prOduct species This alloWsJ
the free energy constant of the dominane specles to be set
to zero. A trial was made for the lanthanum pyrophosphate
system containing aqueous and solid phases, in whiéh the
ucomponents ‘the hydrogen and hydroxyl 1ons,._were'replaced By

, water and hydrogen ion ‘ The six components and sixteen Species

' for this system are given in Table 36 B No difference.was P

found in the ed;{ilibrium concentratiorns calculated with . ‘

" l

either set of componentsd

. N -
o . . . +
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TABLE 1 : 29
COMPARISON OF EQUILIBRIUM CALCULATIONS
.. Phase Species’ Log-Mole Concentration
N\ - "CHEMIS;I‘" ’ "REDEQL"
Aqueous . ' H20 . | . 1.74 | | _
o .o B o - 5.43 - 5.43
" ca?+ S 2,64, - 2.68 >
Fet3 - 12.99 - - 12.99
Poy3 L 1001 - 10.01
| . €02 g g3 - 9.63
) . . OH- < 8.27 =827
« o~ H,00, - 5.10 - 5.09
-~ - HCO4~ - 5.47 N - 5.46
Caco, - 10.32 - 10.32
'MCaHCO3' C - Ta2 - 7.12
‘ - HPOR2 - - 3.65 - §.64
“ | CHpPoTl Tl o238 - 2.37
R | o . EgPo, -~ 5.92 B - 5.90
' PeHro,* - 10.43 - 10.43 .
&, " CaHPO, - 5.49 -~ 5.48 -
‘ : Pe(OH),~ - 15.05 - 15.07
| Fe(om),” - 7i52 - T.53°
. ' ., Fedm+ - 9.95 - 9.96
| " Caont - 1000 __ - 10.00
(Mole Numbers) ) | .
Apatit? ‘ Cas(POQ)BOH ‘154 x 1073 Noﬁ reported
Ferr;c Phosphate FePOu 1 x 10-3 _ .Not rgported
Carbonate . CaCoq ' l.Of x~.10"'25 ;(d;ssulves)
- Hydroxide . —L%e(OHJB ’ 15.93 x 10-24 " (dissolves)

4

~ Carbon Dioxide co, o 3.16 «x 10‘”atm, (gas phase)




III PARAMETER ESTIMATION IN THE CHEMICAL EQUILIBRIUM MODEL

It was necessary to estimate the free energy constants i}
for five lanthanum salts and four polyphosphate complexes

These parameters are needed in the chemical equilibrium odel

~

which quantitatively describes the precipitation of ph ph_‘es
- from sewage with the cation, lanthanum //Sw

The model has the form of a numerical optimization
method contained in ‘the computer program "CHEMIST" The model
response is the composition of the chemical system at equilibrium.
The set of Specles' mole numbers, "Xi",Jfrom which this response

A

1s calculated are those values that cause the, total "Gibbs .
I

free energy of the system .(as defined by equation (8)) to-be: a }w~

minimum For each species, the ‘alue of "Xi" which satisfies'
this condition is defined by -equation (9. The model response
is determined by solving the set. of thege equations simultaneously.
From equation (9), -1t is seen that the mole number is .
defined by an exponential function of the free energy parameter
"Ci" and the sum of the Lagrange multipliers "ni". This latter
. term is in turn a function of the total number of moles specified
for each component, "Btﬂ’ and the mole.numbers of the other
specles. Thus, the problem of estimating the free energy
parameters for certain species 1s one in which the model response
‘is a nonlinear function of the unknown parameters and independent |
variables, "B,". D : | o S

«

‘The estimation of garameters'for a nonlinear model 1s

-

*
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more difficult than a linear one. First, the ‘estimates canriot
be found from an analytical solution, but instead from an
itenative search method. This method must be efficient with
hrespect to-the number of trials in which the model is evaluated.
Theacomputer time required to calculate the equilibrium |
composlition for one set of parameter and component values is
approximately O0-: 7 seconds. Second, a criterion: is needed to-
direct the seardh method. It 1s hoped that this criterion will
yield parameter estimates which are: _ ‘

(1) unbiased (i.e ~the expected value is their true galue),

(i1) consistent (i.e. , the parameter estimates approach the
true values as, the sample size increases),

(iii) efficient (i.e., minimum varilance 1is associated with
the parameter estimates)

-

‘ To obtain efficient parameter-estimates, experiments

‘are ‘designed (i.e., the levels of the independent variables
are selected) on the-basis of.a Criteriqnwhich minimizes the
variance of these estimates A sequential‘approach _of ‘
designing further experiments 1s well recommended (D 13). B
Because the design criterionis_a function of the parameters,
‘this approach enables the most recent estimates to be used.
Also, the ,structure or propertieslof the model can be altered
partway inhthe program, when riéw insights of the physical -
system gained from the experimental obser#ations recommend
thls action.

The final step is to determine the varlance associated

v

with the parameter estimates and the effect which this error
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, has upon the magnitude of uncertainty inherent in the model's

.predictions The parameter varlance is expressed by first .
knowing or assuming a - function Which describes the probabllity dis-‘
tribution of this error and then estimating this function's parameter.
The. analysis of the propagation of error from the model'
-parameters to its predictions is carried ‘out on a linearized
form of the model 1n order to simplify calculations. This-
approximatiorn of- the model is usually constructed from a

truncated Taylor series

Himmelblau (H-5) summarizes a number of experiences

=

of parameter estimation in the nonlinear situation These
range from cases in which the model response is calculated
from algebraic expressions to. situations in which the model

response is the numerical integration of either a set of

‘ordinary or partial differential equations. An alternatived
-approach taken 1s to transform the expérimental data in order '
to simplify the model form. Wilson (W-2) transformed the
residence time distribution measured in non-ideally miied'_
chemical reactors to the frefuency domain where it‘ﬁas simulated
by an algebraic model for which parameters were estimated.

Blau et al.(B-ll) formulated the problem of parameter
estimation in chemical equilibrium systém on a statistical

basis using the principle of maximum likelihood. Blau and his_-
co-workers-. (B+l2 B-l3) tested these criteria on two similar

models whilch- described the set of polymers formed at equilibrium /

from elther one or two monomers. The set of equilibrium
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!

constants and the highest state of aggregation were the
unknown parameters needed to predict the average ‘size of

aggregates in the polymer system.‘ This average was dependent

upon the initial mono&r concentration. ' The nature of the

experiments prevented a sequential design to be used. ‘'Both

g T e T T ey r———
. .
I

. the solution of the chemical problem and the parameter estimates
were combined into ong search technique . The normalized sums
of squares calculated_from the deviations inithe'mass balance
relationships and the differerces between the measured .an'd
predicted reSponse were added to form a Joint search criterion

Parameter estimates which minimized this criterion were taken

as a-solution_to the problem.

II1.1 | | Parameter Estimation

The cdmputer time needed to prediet the equilibrium

////’composition at one given set of conditions‘places a practical
_ | \ | | P

limit upon the~number-of unknown "C1i's" and independént

, —

variables. Thus, the reactions between each type of phosphates
’ > ..
. (1.e.,: ortho-, pyro-, and tripoly ) and lanthanum were
‘ 1nvestigated separately. The model of each system had four

independent’ variablesJor less,cand 3 free energy Parameters

values were unkngwn. In principle, the technique described
here can be extended to any chemical system which can be

described by "CHEMIST".

The dependent variables of each chemical system are
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b .

the’ total aqueons concentration at equilibrium of two elements
(e.g., lanthanum and.phosphorqs); As the equilibrium model
lpredicts concentrations of individual species, the predicted
response is calculated/as the sum of concentrations of those
species formed from the particular elenent These concentration
terns are welghted in the summation with respect to the
stoichiometric coefficients pertaining to the element.ﬁ

| The equilibrium composition predicted by the model is

a function of” both the unknown free energy parameters and a -
second set of parameters which are treated as constants. These
parameters generally belong to reactions in which lanthanum

f
'and.phosphate are not components; for example the association

v

of the hydrogen lon with various anions. This latter set of
parameters- have been carefully selected from the literature
and theilr values are reported with thelr reference sources in
section 10 of Appendix I.

The two Ssearch criteria used here.to find_parameter
‘estimates are based nponethe principle of makimum 1ikelihood
gS-shown in seetion 1 of Appendix III. Both are formulated for
a'multirESponse model The :¢thoice gf which one to uselis -
conungent upon the 1nvestigator S knowledge about/the errors
'associated with each measured response. In the investigation'
here, information cohcerning these errors 1mproved as more
'experiments were carried out. | |

For the purpose of this discussion, the following

'general form is used to represent the-model and its variables: e

LY
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Yiy = Ny(X,, B) + €1 - T (12)

PO | .

where (1) Yo = (Ylu; Yé k ) is the vectOr of k observations
| (or measure responses) made in the u—th experiment,
(11) N; 1s the model function for the i-th response,
‘(111) X 1s the vector of L 1ndependant variables which
define the oonditioos of the u-th experiment,
(1v§ B is the'?Eetor of p. parameters to be estimated,
(v) E4y 1s, the error associated\i—respoose in the
u-th experiment, Ll

In every case, it. 1s agsumed that ob§Ervation errors in each
1 I,

~
experiment are 1ndependent (1.e., E(eiw,, Ju) =0, all 3,

u # W) and that each error has an expected value of zero

(1.e, E(eqy,) = 0). _' | v

0
Box' and Draper (B-16) formulated the criterknl labelled
"A" here, for the situation in which the: observation errors
are. unknown but are assumed to be constant with respect to
'eaco response for all‘experiﬁents. Estimates of- the unknown .
eleoents of .the vector B' ‘are those values which minimize

the determinant:

Criterion = | Vij | o (13)
where the elements ViJ are cross*products of the. residuals or

differencesbetween the measured and predicted respenses summed

over all experiments. That 1is: ; - : . -

- - .Nx o | o
, Vij - 5:1 {Yiu - si(xu,s)}{yju - N (X,,B)} (1u)_

.

J

where Nx 1s the total numoerypf experiments. -
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In the situation 'in whilch estimates of the observation errors
are known, the likelihodd estimates of the elements of B are

those values which minimize criterion B, given by:

- ' Nk ok 13w - -
B=:t ¥ _ 1 o'v |
. Criterion 4=l i=1 521 %u V13 | (15)

!
B

’ 1 . LY ! . -
where 0uJ is an element of the inverse covariance matrix for

the observations and V;J the crosi}product of residuals in

the u-th experiment Because the flnal summation in criterion B

1s with respect to ‘the experiments, it 1s not negessary that

the observation errors be constant for each response The \

_derivation of critaion B is reviewed in section 1 of Appendix III.

i: In the initial experiments, the values of eqy Were

unknown' and thus criterionA was’used to determine free energy
\

' parameters Further along, estimates were obtained from duplicate

experimenﬁs. The elements of the covariance matrix of ¥, were

calculated with these estimates for the. diagonal terms,

(4. €., 021 = E(eiuz)), while off diagonal elements were set

to zero, (1.e., ‘the errors €41 and €4y are assumed' not” to be

correT&ted for all values of 1 and d) The elements from the

-

inverse of this covariance matrix- were the% used in criterion B

to evaluate free energy parameters..

After a number of experiments had been. cogpleted in__'
duplicate, the errors in the lanthanum, phosphate: and carbonate
“analyses were analyzed. In such case, the error was found to be
directly-proportional to’the measurement 1tself Cnased ony at |

least 17 data points) The ratios of the errors to the

measurements ap/roach a normal distribution a5 shown in

- _—
PR —



© measurements are assumed to be uncorrelated. Box went on to
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~

The error estimates were then calculated as the product.of the

average of these ratios times'the observation Box (B- 18)

‘asserted that tlese prime errors in the actual measured

quantities are. often uncerrelated because knowledge of the
measuring technique shows that the measurements are independent
or simply there is no. compelling reason to assume otherwise

For the experiments here, each response was measured by a

different analytical method, and thus‘the errors in these

define a second class designated as’ effective errors which
’l
account for the effect of both the prime errors and the

_uncertainty in Specifying the levels of the independent variables,

Xu, upon the measured response."The effective errors are

generally correlated Estimates made for errors in &l,

,assumptions made with respect ‘to the propértiea of both errors

-

and the ,expressions used-to combine ‘both into an estimate of

the effective errors are reviewed in section l of Appendix IITI.

Estimates of the effective errors became the elements of the

'covariance matrix which was used in turn in criterion B to /

'evaluate paraméters.. For each chemical‘system, the transition

from one type of parameter estimation‘criterion-to another is

¢ i

noted in the appropriate sections of chapter 1V.

Though.minimizing‘the search'criteria minimizes the:‘

residuals (i e.,differences between the: observed and predicted

A

responses) a further analysis was carried outat each stage

after parameters'had been'evaluated. First, the magnitude of

—



of a correlation was determined by plotting each set of
- resliduals against their predicted response. These‘plots were
drawn by the computer pwogram' As noted by Draper and Smith
tD—lE), general trends in these plots indicate problems For
‘example, the model may be an inadequate description of the
observations,ior4the variance of the measured response 1s not
_ constant. In the e;periments performed here, the latter

situation occurs. However, the elements of the inverse covariance

matrix (i.e.? ouj) used In criterion Bact as welghting" factors

to ouercome this problem A disappearance of trends in the
j

' residual plots was observed whencriterion A was substituted

with type B. p

An alternative statlistic used to Judge parameter

eStimates is the multiple correlatiocn coefficient The square

of this term is defined as the ratio of the variance of the

observations,which iSLIemOVed by the model compared to the

3

Variance initially present These coefficients‘were calculated

for the final parameter estimates in each chemical system and

L

were found to be greater than 0 99 as reported in chapter IV,
/7

¢ s

w

n -

The expressfon used to calculate these coefficients is reported

in section 1l of Appendix IIT.
A direct search method was chosen for the nonlinear
eStimation problem. This approa?h aVoids“the need to approximate
'numerically the partial derivatives of the search criterion with
respect to the model parameters. The "Flexible SileEk" algorithm

first proposed. by Nelder and Mead (N- 1) was used here. _Box (B-19)
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from his evaluation of four direct Searchlmethods found that
the Simplex algorithm was as efflcient as the Powell algorithm'
in cases where three or less parameters were to be estimated
In addition to the "CHEMIST" package, another four‘computer

routines vwere required fo carry out the parameter estimation.

. . ﬁ. '
These are:
- (1) "TST"-the main program directing the input and output
of information and the order of computations,
(11) "SIMPLEX!'- the subroutine which diredts the search
: parameters using the Simplex algorithm,
(111) ‘"OBJECT"-subroutine which calculates the search . :
criterion (i.e., objective function for each estimate),
(1v) ‘"MODEL"—subroutine which transfers the equilibrium
composition predicted by "CHEMIST" to the search
criterion RN .

.

A descriptive algorithm indicating the manner in,whieh these
subroutines are linked 1is pfovided in section 2 of Appendix III.

. Al

I11.2 ~ Experimental DeSign.

The'objective in designing 'experiments is to select

—
4

- levels of the independent variables which result in the
minimum uncertainty with.reepect td the parameter'estimates,
‘Also, it is hoped that the design is| efficient in the senseé
that this objective is-accomplished with the léast number of

. . [} . .
experiments. The,final,design procedure had evol¥ed through

. a series of improvements Thede were: PN

(17‘ -increased information concerning the values and
propertlies of the variance- covariance of Ya

(ii) availability of computer programs with more efTicient
search aleorithms. - o —m — \




to be ‘maximized is:

4o

In the initial experiﬁents; when the values of the
observation errors €1y Were unknown, they were assumed s
constant for each type of response in all eéxperiments. The-
criterionused to select levels of the independent variables was
a modified form of, thecriterionsuggested bj Draper and Hunter

{D-13). Values of X were chosen which maximize the determinant:

T

k
I W, W
J

" k - ' ‘
Dy = ! i =x 1y | e (16)

=1

where wi is a (N, +wn£)xp’matrix whose elements are-the_partial
derivatives of the i-th response of the‘model Ni with respect
to each parameter calculated for all: the sets of values of X
That is: |

ANy (X, »B)

{wi} a,b = gg; - L (17)

The teérm N refers to the number of experiments that have already.
been carried out, while n, is the\number of experiments that
are to be selected. The importance of usingqthe most recent

parameter estimates is seen from thecmiterion,above, as the

partial derivatives are functions of the parameters

When the covariance matrix of the responses is known
but still assumed constant for all experiments the summation of

the matrices wszj is weighted with respect to the elements of

" the inverse covarianée matrix- (i €., iJ). - The design criterion

Tk k T .
Pe =11, §=1 ot u] J | a8
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L

) Thiscriterion was used at the stage vwhen estimates of the
observation errors were avalilable from previous experiments
carried out in duplicate These Errors were assumed to be
indépendent (i.e. diJ =0, 1 # J)

The most general criterionapplies to situations where
the covariance matrix is different for each experiment The |

criterion 4s formulated by Box (B 18)) to be maximized is:

k- ij. uy T u | ‘
1 §=1 o (“’1) (wj) | (19)

Fee

where wi now refers to one row .of p elements of the derivative
matrix previously defined When it became possible to calculate
the effective covariance matrix for each experiment (as discussed
~In section 1), criterion. D3 was used | |
The determinant of D3 has two useful oroperties .Its

relemenbs are an estimate of -the inverse covarlance matrix of the
parameters;f This .estimate 1s approximate in that it applies

to a linearized form of the model This form is derived by’
substituting the frst order terms of a Tajlor series for the
mode'l itself. The square root of_the,determinant is inversely
proportional to.the size of the confidence region of the current
estimates in parameter‘spacé: Thus by maximizinglthis cri;erion?‘
the volume Of‘this region is minimized. ‘This volume can be
expected to continually decrease as more observations‘become
available for estimating parameters Thenreturn on information
'about the parameters whichuwill resultnfrom furtheriéxperiments

- ’ b

2
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can be estimated by observing thg_rate of decrease of the

confidence reglon in the previous experiments This prediction

s Was made by plotting. the size of the confidence region versus .

the number of experiments performed as shown in ‘Figures 6

and 7 in chapter 'IV., When the sise of the conﬁidence-region

. no* longer decreased at an exponentlal rate, no further experiments 7
- v T ) ' . o - .
were planned.

The final experimental design .procedure used the search

“'-,q-'

technique based ‘on Powell's algorithm to select levels of X' o

which mafimized the criterion D3 Box (B—19) recommended this

' algorithm as the most efficient particularly when the problem
contains a large number of variables. In the'experimental

- -

program here, as three or more experiments werehselected at

each step, the optimum levels oT nine or more ‘variables were
sought. A description of this algorithm and'a computer provram
“has been written by Himmelblau et al. (H 6). Before this program

.beéame available the Flexible Simplex A&gorithm was employed.

1
""'r;,_g

1In the primary experiments, approximate- estimates of .

the independent variables were found simply from a grid search.

-

‘A network of possible experiments was defined and the partial'.

5

' derivatives calculated at each point.- The combinabions of these

-

Dy or D2 indicated

a set of feasible experiments with which to start .the investigation

'derivatives which maximized either criterion D

Seven computer routines in. addition to the "CHEMIST"‘

subroutines are required to design'experiments As before in

the parameter estimation problém, the main program "TST"
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directs the input and output of information and the order of
'computations Subroutine "MODEL“ transfers the information
predicted by "CHEMIST" (e g, equilibrium concentration, partial
'derivatives) to the design criterion. The actual search for’

- Texperiments 1s directed by’ subroutine "MINI" which in turn

4]
calls upon:

(1) "FUN"-to evaluate the design critePion (1.e., objective
‘ function), ‘\\ : :
»(11) "TEST"-to' test convergence S

(111) "SEARCH"-to evaluate the optimum stepsize 1in one
- .direction '

"EVDET" is a utility subroutine called by "FUN" to evaluate the
;determinant in thecriterion An algorithm which lllustrates

the manner in which these subroutines interact 1s provided. in

: ' \.
- section 3 of Appendix III ‘ : l/}' 5

S )
. ) I1I.3 | Error Estimates

After the experiments for each type of phosphate T

'compound had been completed an estimate of the covarlance matrix

for each set of free energy parameters was made. 4s notea in III 2,

N - K S -,

the elements of' the, determinant for the experimental design

criterion D (equation (19)), are equivalent to the elements

3 )
of the inverse parameter covariance matrix. , Thus, the terms of

the determinant were evalnated for those experiments which had

been completed, and then the_inverse of this matrix calculated.

In order to compare the correlation between the different

-t °
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free energy parameters, the paramtere covariance matrix was-

normalized By:

1) dividing-the estimates of the parameter variance
by itself (i.e., the diagonal elements), e

C(11) dividiné the covariance estimates (1.e., off-diagonal
elements) by the product of the square roocts of the
two approprilate variance estimates.

' The matfix resulting from this operatioﬂ\has 2 set of values

" .equal’to unity along the diagonal, and equal or less than unity

of f the diagonal. The closer the off-diagonal- terms approach

unity, the greater the correlation between parameters. For eéﬁh,
set of free energy—parameters;'tp;srnormalized matrix 1s reported

in the appropriate.section of chapter Iv,

The need exists for estimates of the‘errors assoclated

with the.mo@el prediqﬁions. The.estimétes are used to make
a‘méapingfﬁl comp?r;son bgtween.the model predict;ons{and‘the
6bservations'made:frdm samples of actual anJKsimulgted sewage
~1in thch lanthapum ﬁéacts°$1mu1taneously with three phosphate

compounds. The erfror estimates alsoc establish the range in

- which the‘total residual phosphorus’ cbncentration_qan be

w

‘eipected to lie when a éample of sewage is treated_with_ah_

amount of lanthanum specifiedu.by~the dosage model.

The errors in the predictions is assumed to be

. contributed from three sources. These are:

»
(1) the errors in spetifying the levels of the independent
variable, _ : : -

(11) © the errors contributed from the uncertainty in the.
‘parameter estimates,
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-

(111) the errors associated with the actual measurements
The total variance in the i th response is estimated
as a function of the.errors from these three sources by theh*
expression: _. . . : : :
. : ' . ' (20)
BRI = W covar(s) w¥ + (2T covar(x,) 7% + E(e? )

where (1) -w“ 1s a vector of ) partial derivatives of the

”

'i th response taken With respect to each model

parameter (i.e., free energy constant) considere%_:

to_be'in error,
(11) Covar(B) is the covariance’matrir’of the free energy

parameters,

-

(111) :zg 1s a vector of 2 partial derivatives of the
h

i-th response taken with respect to each independent
variable whose value 1s uncertain,
(1v) Covar(X,) 1s a diagonal matrix whose elements are
- estimates of the variance in the independent variables,
(v) E(e2 ) is the estimated variance in the aetual

measured quantities.

The sub- or superscript u 1ndicates that the partial derivatives
and’errors refer to a particular set of independent variables,
-Xu.‘ This expression is derived upon the assumption that the
equilibrium model can be approximated i a local area by a
linear form consisting of the first order derivatixes_of a
Taylor series. ‘

For each set of experiments carried outfwith a -

. .
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phosphate compound, a covariance matrix was calculated along
with the Tfree energg'parameters-(as'reported in chapter IV).
These three matrices were combined with_error estimates
 reported in the literature“(see section 10 of Appendix I) for
the free energy parameters of the’ reactions in which the calcium
and magnesium cations associate with the tripoly~ and pyro-
iphosphate anions. The resulting covariance matrix, Covar(B),
1s, reported in Appendix V. Covariance was' assumed to exist
(1.e., the value 1s not set to'Zero) only for those parameters
which had been estimated together from the same experiments.

As noted before," the independent. variables are the

numbers of moles of each component By, which are present in
" the entire chemical system. Among all;the components; a subset
was chosen where errors in specifying the values of B, would
‘significantly affect the ‘model.predictions. This selection
-'was based upon the relative magnitudes of the partial derivatives
‘of'each model responSe taken'with-reSpect‘to the independent"
variables.' The'comfonents and their error estimatesiare
listed in 'Appendix.'v. .These estimates become the d%agonal
_terms of matrix Covar(X, ) The errors in the indepen&ent o
variables are assumed to be independent to each other, and thus
the off-dlagonal terms have besn set to zero. For the-situation'
in which the observations from experiments are compared-to the
model predictions, error estimates are based upon experience

with the experimental‘procedurES With the dosage model the

' ®
- errors specifiedowith values of the independent variables reflect
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the accuracy with which the chemical components in sewage can
‘be determined with the present analytical methods.

" The errors in the actual. measured quantities were
found from experiments to be fractiohs of the quantities
themselves as shown in section 2 of chapter IV. 1In the
sitdation where the concentrations of all three phosphate speciesr
 were measured, the error associlated withreach concent;ation is
a function of hoth the‘efror in the determination‘of the total
phosphate concentration and the ‘errors in determining‘the !
distribution of phOSphate species - An analysis of the

"propagation of errors from both. sources to the final estimate

is reviewed in section 70f Appendix IV . ._ .
Calculations of the error estimates with equation (20)
are carried oUt in either the ‘main program "TST" or with the
dosage model in a subroutine named "EXPER" A listing of this
subroutine is included wlth a listing of the dosage model in
Appendix VI . In both cases the values of the partial

derivatives are obtained by a call to subroutine "MODEL".

L



IV , EXPERTMENTATION

‘ The'experimental studles of the reactions of
phosphorus compounds with the lanthanum ion can be divided
into three areas Three phosphorus species were considered,
tripoly— pyro-, and orthophosphate In the first area,
lanthanum was- reacted with one phosphorus speciles in dis—

1
tilled water. This data provided the basis for which to

estimate equilibpium parameters for the computer modelf

Included in this area is a stud of the hydrolysis reaction

of lanthanum with the hydroxide ion In the secohd area, the

simultaneous removal-of all three phosphate specie§ from dis-
; . _ 5

-

tilled water was observed. ‘From this study, the removal
efficiency of lanthanum was evaluated as well as the basis
for the comparison of residual. phosphorus ‘and 1anthanum con-
centrations Oobserved . to those predicted by‘ﬂi’equilibrium
model. The third area is in the most part similar to the
second, the important exception belng that wastewater Iinflu- -
‘ent“fromJa domestlic sewage plant was used &s a background
solvent . Thusi this data provided a‘more seyere test of the
computer model predictions.’

The concentrations of . the chemical réactants are set
at levels which would be on the average observed in

‘

domestic sewage Specifically, this&peant that the

following levels for the principal reactants:

Y

g - — —
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Phosphate speciles 1 mM g '
' Lanthanim - 1 mM .
Carbonates R 1mM -5 mM
‘Hydroxide Ion (pHi N l§ - 10
Ionic strength "Ls" - iO -~ 50 mM
| The lower level of the chemical reactants was determined by /

the limits of detection of the avallable analytical !
techniques. Precipitations, which cccur at these low levels
of reagents, often result in the formation of an amorphous

floc particle, rather than a more well defined crystaline

structure It is. realized that the solubllity and. hence'
solubility parameters” of these amorphous "flocs" are higher
than that which constituted the more well defined structure
This 1s entirely satisfectory.‘ At the wastewater treatment
pient, it will be the amorphous flocs which will be formed;

.1t is bhis;phenomenonwhich the computer. model is to srmulate.

| As indicated in_ the previoﬁs chapter, the order in

which experiments were performed and their total number were

; determined by the experimenta1 design methods. A sequential
approach was taken where a set of experiments were designed,
paremeters estimated,’ and then the updated estimateslused to
design further’experiments. As noted previously; the numbérl
oflchemical componentS‘(or_independent.variehles) in a
chemical system and the number of unknown parameters was

constrained in part by the complexity of the
. b
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computaticnal prbblem. Restricting each group of experiments
to'one-phosphate specieS'simplified the analysis of the
reactions taking place and permitted the evaluation of the
removal efficiency for each species In the following
sections, each experimental study Is outlined inﬁchronologiL

cal order from the initial observations to the final para-

_meter estimates. Differences in.experimental‘procedures or

\:’

T(IV.1 7~ study of Lanthanum Hydrolysis

analytical techniques are noted when they differ from those

outlined 1n section 6 and 7 of Appendix Iv.

j
. The foymation of a soluhle'complex between the
lanthanum and hydroxide lon 1s expected because of the
trivalent'charge of the metal ion. |
Thiee preuious studies‘are of interest. 'Moeller
(M-l2) in his study, found the presence of only the first
complex Eagﬁg\‘ih\a concentration range of 0. H mM - 10 mM of

lanthanum “ The solutions were at low lonic strength and

lconsisted of lanthanum sulphate only Lewis-(L-G)

investigated ‘the solubility of:LaZO3 as a function of the

- hydroxide 1on concentration in a pH range of 7. 5 - 10 5

dis results Indicated that lanthanum hydroxide solubility
}

“1in water varies as to the (1.5)thpower of the hydroxide

ion concentration, instead of the expected third power

of dependence. -He proposed that the fractional
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dependence resulted from extensive hydrolysis of the - '
1anthanum_ion. 'Biedermann andlciavatta (B-9) studied
lanthanum hydrolgsis3in aqueous solutions in which the
lanthanum concentration ranged. from 0.1 - 1 Mwith a constant
ionic strength background of 3 M perchlorate ion.. Both.
1evels are out of the present range of interest They inter-

preted the results in terms of three soluble complexes,
LaOH2+, La,O0H*, and Las(OH)g6+ Their observations also
indicated that the last two complexes formed only as the'

solution approaches the point of lanthanum hydroxide_

precipitation.

m—

"

Moeller had worked iIn the area of interest’ with

respect to the 1anthanum and ilonic strength concentrations,

————

It was,.however felt necessary to repeat his experiments as’
he- had used lanthanum sulphate as the rare earth salt " Later
studlies by Spedding (S-11), had-shown~the existence‘of a
lanthanum sulphate complex-

| ‘The experiments were'conducted in the following
.manner. - The rare earth salt used was in'a chloride form.
Previous work of’ Spedding (S-12) had shown no chloride com-
plexes below a lanthanum concentration of 0.033 M. Five.
solutions of lanthanunnchloride in the concentratlon’ range of
0.4 - 10'mM of lanthanum ion were prépared by dilutions of

standardized lanthanum chloride solutions in carbonate free

: water. The solutions were then brought;to a constant
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’ {
temperatdre of 25°C. The solution pH is then determined by®a -

giasé elecﬁrode; The final nydrogen lon concentration
(as pH) ls plotted versus the logarithmetic value of the
total lanthanum concentration.

‘ It can be shown from the mass action, and mass
ba‘lan;ce relationships that if only one'simple %omolex,LaOHH
exists, then the above mentioned plot is rectilinear. Figure 2
indicates the existence of only one complex; Using the Davies
'relationship,‘which relatee the ionic-strength of a solutionl
to the individual ion activity coefficients, an expresiﬁon
was derived to relate the measured equilibrium constant to
‘the ‘true thermodynamic value and ionic strength. This func-
tion was linearized by a log transformation. The equilibrium
‘constants, as measured from the solution pH value and totail
‘ lanthanum concentration, were plotted versus the ionic
strength to estimate the thermodynamic value.
| " Table 2_shows.alcomparison‘of the estimated staoilityl

constant for the lanthanum hydrolysis 1n comparison to

" previous studies. L

TABLE 2

FIRRT STABILITY CONSTANT OF LANTHANUM HYDROLYSIS

N l'§me11er. + Biedermann (B-8) .. Present Work
' t
Ionic Varied 3.0 M C10, , Extrapolated to zero
. . 3 : ,
Strength _
pK ‘

24 . — - J— 2o o Lok
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1V.2 .Orthophosphate - Cdrbondte - Hydroxide Solubility

Four previous'studies of lanthanum orthophosphate
solubility are of inter‘st Tannahaev and_ Vasil'eva (T-1) .
estimated .an approximate solubility product for lanthanum
orthophosphate in a solution of lonle strength equal to 0. 5 M
as the perchlorate ion. Their approkimate value was, pKsp =
22.4. Reé¢ht and Ghasseml (R-2) 1nvestigated lanthanum_" ‘
vorthophosphate solubility at the millimole 1evels egpected in’
a treatment'operationl Unfortunately, the residual;phosphate
levels were below the détection limit of their'analysi?_in,the

pH range of interest for wastewater treatmeht. Baxter (B-6),

in his studlies of orthophosphate precipitation found the

normal salt always to be formed and no . evidence of a soluble
‘phosphate complex _ Matejevic and Miliec (M-2 ) performed a
tyndallometric study of lanthanum orthophosphate solubility
They observed slight pH dependence of the phosphate solublliity
in the pH range of 7 - 9. Also, they found no evidence of a

w

lanthanum orthophOSphate complex when an excess of lanthanum
ions are presen%. - Rao (R—l) investigated the possiblility of

: . . -2
lanthanum orthophOSphate complexej\ He found one, LaH POM

to exist at a pH. level much below the area of interest in the

treatment,process. ‘ ' - | -

Based upon these observations,‘it was assumedfthat

no lanthanum orthophosphate complex 1is. pyesent in the solutions

-,
=

of interest.here. Thus, this species not included in ‘the ;' .

model. Also because of gpe difficulfjies experienced by_
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competing with‘orthophosphate for lanthanum Wwas needed This

competition would result in a phosphate residual concentration

‘that could be measured with the analytical methods used here;

Carbonate was chosen’ as the anion. in competition
Only one previous study of .lanthanum carbonate .

solubility 1in the concentration range of interest was found.

Jordanov and Havezov (J—B) méasured the activity product of o

lanthanum carbonate. They reported the. product for La2(CO3)3

-

to be in the order of U x 10-3% at zero| fonic strength. This
value 1s reported for a precipitate tha. has aged 24 hours
They found no evidence of, lanthanum carbonate ‘complex at the
1 mM level of total carbonate'in solution. Based ‘on‘this

observation, a soluble lanthanum carbonate complex was not

considered in the equilibrium model . The solubility of

-

lanthanum hydroiidg\has ‘been investigated extensively in Soviet
Russla. A range of initial lanthanum concentrations, ionic

strength temperature and precipitate age had been considered

From‘ the work of Buchenka et:al " (B-23), Ka?alendo et al.
!
(K-1), Ziv and Shectakaa (Z- 2), OrkanOVic et al (O 2),

and Mironov et al. (M—lOl,’ it. was concluded that i o
the solubility product of . fresh lanthanum hydroxide precipitate
could lie in the range from 107 -20 to 10"23 in a temperature - ]}
range of 20 - 25°C. ; . | =,”$ . ’ ,

: Initially, the model.of the chemical system was . composed
Of one aqueous and two solid phases, lanthanum phosphate and

lanthanumfcarbonate. A third phase, lanthanum hydroxide wasl

¢ y
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b.

-. (11) ‘potassium dihydrogen phosphate,

u
-
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added at a later point in the experiments,' The specles,
omponents, their reaétions and those free energy parameters

assumed to remain constant are reported in Table 32 ofJg%ction
l, Appendix “IV. The independeht variables in this model were
the initial concentrabions of thercomponents lanthanum, ortho— :
phosphate, carbonate and hydroxide ions A constraint was
placed upon the values assigned to the last variable. ‘Test -
solutlons were maintained at basic conditions to prevent the
transfer of carbonates as carbon dioxide to the atmosphere.

The experimental’solutions were'prepared from agditlons of -the
following stock solutions to distilled water. - The solutidns were:

i

(1) lanthanum chloride, . ' . /

(iiij sodium bicarbonate BEES _' ‘

{1iv) sodium hydroxide,

@

~ - ’ - .

(v) hydrogen chloride - L e
Additions were always made i& order of the decreasing alkalinity
in order to prevent the solution from becoming acidic

“ The ‘measured quantities were the final concentrations
of phosphate and carbonates In solution At a later stage
.the lanthanum coneentration was also measured However, in

‘fcertainaé;periments the agueous. ianthanum conoentration was )
below ‘the detection 1limit of the analytical technique. There-

» fore only information from - the first two measurements was used

. -
1

to estimate free- energy parameters

The. experimental study progressed from a set of -

» .~ -
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preliminary eXperiments whose purpose was to test the
solubllity products reported in the literature;-to sets of N '
experiments designed and carried out sequentlally. The purpose

"of these latter experiments was to improve upon the free energy

parameter estimates,

.f} ‘ )
For:the first twelve experiments, the initial

'
lanthanum and ‘phosphate concentrations were set at levels of

0.25, 0.5, 0. 75 and 1 mM/litre; but not at equal concentratibns

in the same experiment. The carbonate concentration was kept
Iconstant at.é mM/l_as”well as the solution pH at apprOXimeteiz’
g.5. A.preliminary analysis performed with the‘compuﬂEr'had
indicated,tne first two variables to be the ore,sensitive of the
four, hence their values were changed The inJ igl and rinal.

B concentrations measured for these .experiments are reported in
Table 33 of section 1, Appendix IV Details concernigg the .
experimental proceQure and analytical techniqnes are reviewed

{J .
in section 6 and 7 of Appendix Iv. ) ~

| Parameter estimates were- calculated from the Anformation
obtaigfd in these experiments. Because the errors in the
dependent' veriablee ﬁere unknown;criterion &(equation (13))
was used to calculate'tne estimates These valués, as shown
"in Table '3, are ‘higher than the ‘values previously reported .

B

in the literature. This indicates that the precipitates formedr
here are more soluble tnan had been observed previocusly. This
condition may'be due 1in part to the fraglle floc structure

whicdh these precipitates had. Additilonal experiments were



&
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designed to improve upon the parameter estimates. : e

4

It was convenient.experimentally to carrybut Sif
experiments at a time. Honger, the ,computer tlme needed ﬁy
the Simplex algorithm dicgégéd thatFit would be pr;ctical to
design‘only thrhe‘experimehts; (1.e., s;multanecusly'select thé.
leveis of twq}vé variables). Thus, two éets of three experi-
ments ﬁere designed. ‘App;oximate éstimgtes of the errors
associated with the phosphate and éarbonate anaiyses were
obtained-by'repeating these:méasuremehts“on six différent
samples. Thesé'estimateé‘ﬁefe assumed f0'remain'cohstant for
al} aﬁﬁl&ses. These efrgr estimatgs; ;he free'energy parameteﬁs,

and the partial derivatives evaluated for the firsg?twelve

. . ¥ ' .
<eXperiments Were substituted.in the design‘priterion D2

"(equation {18)). With thiscriterion programmed as the

7 T

objective functiog,'the Simplex algorithm was used.to ﬁésign’%&

the new experimentls. The'start;ng co-bgdinates for the search

were determined beforehand from a grid search. ‘ .

A grid was constructed to represent the forty-eight
experiments which arise from all of the possibngbgmbinatibns

of'; "%-r-:—---j;u‘,"-. | o ro
(1) four igitial‘;anthanum concentrations from 0.25 to
o -} mM/1.1in 0.?5~mM41-increments,
.(ii)_ same four iqitialgphosphéfé coﬁcahtrgtions;' o
(111) ”thres initial cafbgnate concentrationa.at ii 3 and
5 mM/1.- ' |

-

The solution pH Was‘sep at E.S for all experiments. For eacq‘

expériment the partiai.derivatives of phe<two model responses

'
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with respect to the parameters were calculated. The design

criterion pz(equation (18)) was evaluated with these derivatives

i

for all‘of\the 17,296 combinations formed frdm chosing three
experiments at a time‘from a total of forty-eight. .

-The set of experiments were carried in duplieate.
The data frem all eighteen'experiments.was.then used to update‘-
the parameter estimates. These estimates were eaiculated
with criterion B(equatien (15)) and the error estimates that
had been made previously | |

CU " At the same time it was decided to investigate the

effect of temperature on the solubllity of_the precipitates.

Five experinents were deSigned in the same manner deseribed |
before and carried eutﬁat §°C'compared to the usual. temperature
of 25 C The equilibrium model was adjusted to accommodate

;the change in temperature by substituting the values of the

free energy constants assbciated with the]reactions‘of

hfdrogen and the different anicns.--These values were either

taken direetly from the literature or calculated‘from entropyi"

'data when only the latter infornation was available The

values are recorded in Table 32 of section 1 Appendix IV.

Because no other information was available, the same solubility

paramebers for the orthophosphate and carbonate precipitates-,

viere used to design the experiments at the lower temperature.

Later, four additional experiments were carried out at 59C.

The initial and final éoncentrations of all nine-” experiments.

are reported in Table. 33 of section 1, Appendix IV. The



free energy parameters.obtained‘from these results are re=
ported further on. _ - .

At this stage 1in the experimental program, the mode1l
and design procedure were-changed because ‘of three new
developments. First, a set of computer routines based upon
éowell's Algorithm (HJS) became avallable., These programs ,
were substituted for the Simplex algorithm in the experimental
. design:procedurel_;The grid search was no lonéer needed to
calculate the starting position for the direct.searchu

. Before any experiments had be n perfonmed.theequilih—
rium composition at dinerent initiaf onditions had to be
predicted. Fhe values of the solubility products for the
*lanthanum phosphate, carbonate and hydroxide precipitates'
“were taken from the literature. These calculations indicated
that significant quantities ofllanthanum hydroxide would not
be formed in the pH range between 7.5'to Q;S,aand therefore
this reaction was not included. .Examination of the results
from the first 18 experiments, with mass balances indicated
thatimore lanthanum disappeared from solution than could be
accounted for by precipitation with the orthopnosphate and
carbonate anions._ This implied that the hydroxide precipitate
had also formed therefore, this reaction was included again
in the model. ' The orthophosphSEe and carbonate solubility
‘parameters were re—evaluated frdm results of the first
elghteen experiments The new parameter estimates and the

4
value assumed for the hydroxide solubility parameter are
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reported in Table 3.
A sufficient number of experiments had been carried
out in dupllicate on the three phosphate compounds‘(as the

systems were being”investigated~simultaneousiy) to allow an

5analysis of the errors in the mEasured'quantitiesr For each
- type of analpsis, the ratios calculated from.the deviatilons

measured in a set of duplicate results over the mean of that
set were plotted on frequency diagrams. From .Figures 2 to 5,
1t gan be seen that in each case the ratlos are approximately
'fno;mally distributed. Thus, itwas'assumed that the errors
in the analyses of the‘lanthanum, Earbonate and phosphate

concentrations in solution were constant percentages of the

‘concentrations themsefves. For each element, the percentaﬂe

was estimated as the average value of the appropriate set of
' ratios These estimates are reported "in Table 5. Because the
analyses for the condensed and orthophosphates Species were
similar, the magnitudes of their errors were assumeo to 'be
the same. | |

' It now became possible to calculate a covariance
.matrix for the opservations at each experimental condition. )
ls reviewed 1in section 1 of Chapter 111, this covarlance
matrix included the effects of errors 1in the measured
- quantities (as discussed:- above) and the independent variablesr
uThe properties and estimates assumed for the errors of the

independent variables are reported in section 1 of Appendix

1II. Criterion Dy (equation (l%]) was now used to design the
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DISTRIBUTION OF NORMALIZED
DEVIATION IN LANTHANUM
"ANALYSIS

FIGURE 3
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DISTRIBUTION. OF NORMALIZED
DEVIATION IN PHOSPHATE
ANALYSIS

FIGURE 4
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DISTRIBUTION OF NORMALIZED
DEVIATION IN CARBONATE
| ANALYSIS . : o

FIGURE 5
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-

remaining_experiments in thls section, and criterion B (equation'
(15)) to estimate free energy parameters. '

Two additional sets of three experiments were designed
and carried out at. 25°C The initial and final concentrations
 are reported in 'section 1 of. Appendix IV. To economize on
_computerrtime the. first twelve experiments were no longer
used'to estimate parameters. The decilsion to stop the experi—
'ments was based upon the rate at which the slze of the

!

confidence region of the parameters decrg:sed. The relative
e determinant of‘

volume of this region was calculated as

-criterion D3.'Values were determined after the first eighteen
experiments, the next set of nine {which comprise the ‘Yast,
silx experiments and the new set of three), and -after twelve
experiments as reported in Table 6. ' . : .
‘ The final estimates of the solubility parameters for
-the‘orthophosphate, carbonate, and hydroxide precipitates
are recorded’ ' 1in Table 3, along with estimates of thelr standard
hdeviations. These estimates and ‘the normalized parameter |
covariance matrix were derived from the experimental design
eriterion pé(equation «19)), into which the conditions of the
last twelve experiments had been substituted (see sectlon 2,
chapter I11). " The correlation amongst.the free energy parameters
is indicated by the off- diagonal terms of the normalized
matrix Because these values are close to unity, the three

solubility parameters evaluated here are highly correlated

In some cases, the correlation amongst parameters can be avoided
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by transforming the parameters in the model 1tself. s Unfortu-
nately, the complekity of the nonlinear model used here ddes not
lend itself to this type of operation. It was also hoped that

maximizing the ekperimental design‘priterion and‘hehce mini-

]
i

mizing the parameter covariance matrix would reduce the magnitude

of the covariance terms (l.e., off-diagonal elements) relative
-to the varlance terms. In.the situation here,'this had not
happened |

l " The multiple correlation coefficients (see section 1
of chapter III) indicate the variance which is removed from
the observations‘by the model. Because these coefficients

" approach unity for both responses, the equilibrium model
successfullv,simulates the correlation-between_the.dependent
.and independent variables.

Similarly in Table H the free energy parameters es-
timated from the nine experiments carried out at 5°C are
presented " These estimates‘were calculated with criterion B
(equation (15)) and the covariance matrix estimated for each
"set of observations. The solubility parameter for the hy—:?.
droxide reaction was not evaluated because there is no indi-
cation that this precipitate was form%d in any of the experi-
ments. An indication of the insdluble salts which are formed

A-

is found by noting»the mole ratios at which lanthanum to
; )
phosphorus, and 1anthanum to carbonates are removed “from

solutlon. Thegﬁormalized parameter covarliance matrix Iin-

_dicates that ¢ rrelation exists between the parameter‘estimates.

'-n,. .-

~The multiple correlation coefficients again show the model -

1s. a good representation of the observations, In compaying, the

u
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TABLE 3
MODEL PARAMETERS FOR:

La - PO, - CO3y SYSTEM AT 25°C : !

Solubiliry Products of

Ty

\ .
PKLaPO, pKLa,(CO3)4 ~ pKLa(OH) 3 ]
taken from the : )
l%terature 22.43 33.4 ' not calculated
after twelve . < T R . /
experiments 16.81 27.41 not calculated
aftgr initial - 3 — - i .
‘eighteen ~ - ) . L e *
experiments - 15.93 25,07, 20,88
after nine o
-designed o - ' ;
experiments ; 15.11 C 24,77 21,31
after twelve. ) . i
designed . - . '
experiments + . , - 15.09 _ 24.93 21.40
] S ) ' . !
standard deviation . * .02 . +,05 + ,03;
S . NORMALIZED '
) ", PARAMETER COVARIANCE
B : MATRIX _ .
| 1. 94 .9 ,“ '
94 1. _ -~ . .888
.91 © .888 . 1, .
. ' . . ~
. MULT;PLE CORRELATION .COEFFICIENT . o

~ -

-Orthophosphate‘Respoﬁse- 0.99

Carbonate Response - 0,99

* o RS . .
{assumed from literature)



TABLE 4
MODEL PARAMETERS FOR
"La - POy, - CO3 SYSTEM AT 5°C

=
. v a i
_,J ! ’ pKLaPOQ ,‘ pKLaz (003) 3
after nine experiments . 16.6 29 .7
standard deviation - * ;go + 46
: NORMALIZED
(  PARAMETER COVARIANCE
MATRIX
1. ’ 0.99 .
0..99 - 1 -

e

" MULTIPLE CORRELATION COEFFICIENT
Orthophosﬁhate Response’  0.99

Carbonate. Response . 0.99 "




TABLE § .o o
ESTIMATED VARIANCE OF THE .
DEPENDENT- VARIABLES | |

- Variable * Y Units.

Variance
Lanthanum - (MgLa/1) (1071 * [La])?
Carbonate - C(Mgeoy/1) . ¢ (L0137 % [c03) )%
_ Phosphate . . (MgP/1) | (.0318 * P)?
Q; N [La] “[CO 1, and P refer to the total coqcentfetioﬁ
of that element in solution R
- . [} ) . -
TABLE 6 * -

3 - RELATIVE VOLUME OF THE CONFIDENCE
REGION OF THE MODEL PARAMETERS

" No. of Experimen;s

-Performed . , Relative Volume N
, o - - — - ‘ - . E N
H initial eighteen o " 2.047 x 1073
‘ : nine designed experiments o .t 1.278 x 107%
- lm--"m- -r—-b " L - f"" - o, v.a-ns‘\. Ty e ?....i.'v,s.-k:\_”i,. e

3 [ d ~ A“‘ 4 m -.o
twelve designed experiments ot 660 x 10”%
I A
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the solubility oI the carponate. precipitate is more strongly.

influenced by» the sélutidx t erature.

- IV.3 Lanthanun - Tripolyphosphate Solubility

: b
T . |

Baxter (B= &) found:that two soluble complexes are

formed from the oombinatlon of the'lanthanum and tripoly—

phosphate ions. These complexes are LanO =2 and LaHPBOlO 1:

The stability constantﬁ{for these comple.es were found to be:
= . 3"' -5 ’ _',"‘- E 6

. - 3+ -5y . ' 11

| (ii) 32." (LaHP30 )/(La )(H )(P3 10 ) = 5.12 x 10

at the temperature of 20 C and an ionic strength of
- 0.1 (CH3)uNCl . .

' Baxter also investigated\the precipitation of the tripolyphosphate
with Tanthanum by the hydrogen ion.displacement mgthod. He
concluded that'thexnormal lanthanun.salt precipitated with
reactant'poneentrations at the millimole level, though no

‘ quantitative solubility data was presented. |

BaSed upon Baxter s studies, the equilibrium model of.

" the tripolyphosphate system included the formation of two

soluble complexes and the precipitation of the normal salts.

PR i
The objective was to. determine estimates of the free energy

v

*parameters for these three {eactidns The species, omponents,

’ :set of reactions and those free energy parameters which were
) C e

h assumed to remain constant are reported in Table 3ﬂ of section
. ".‘- v . ) .
'ﬂ’JﬁiE;,Appendix IV. The independent variables in these experiments

'uere'the initial 1§nthanum,,tripolyphosphate and hydrogen ion

- f



.7, Appendix Iq). “An approximate measurement of lanthanum .

. ' - 71

-.‘ '

“ . _ . ]
coneegntrations, The(g;;;;red_responses were the -aqueous .

lanthanum and phosphorus concentrations after precipitation

—in those experimcnts carried out at 25 C, and only the latterj

zclement for the experiments at 5 C. The final solution pH

was also measured., Initial estimates of the free energy
parameters of the ripolyphosphate complexes (see Table 7)
were Baxter's values which were corrected to zero ionic strength.

: li .
This correction was made.with the Davies equation,  (see section

tripolyphosphate soiubility was determined from a preliminary

experiment;

Because information concerning the errons in the
observations was as yet incomplete, the first six experiments
were.designed.with criterion Dl(equation (16)). The levels .///

of the independent variables were selected by means of a grid

-searth. An eighteen point grid vas constructed from the partial
‘derivatives -of the model responses taken with respect to the

following initial concentrations of the indepenq' t variables:

(1)  lanthanum - 0.25, .5, and 0.75 mM/1,

(11) tripolyphosphate - 0.125, 0.25 and 9.375 mM/1, -

.(iii),' hydrogen forf concentration_needed to maintain a final

solution pH of 5 and 8.

-

. The four experiments in which the total number of moles of

tripolyphosphate exceeds that of. lanthanum were considered)
infeasible. Preliminary experiments‘had indicated that at this’
condition the strong chelating prOperties of the anion would -

Prevent precipitation. To select a set of six experiments



o
from a possible fourteen, 3,003 combinations were examinedﬁ
kri ‘ From an examination of the entropy and/enthalpy data _“
reported in the literature (see section 10, Appendix I) for
hydrogen tripolyphosphate complexes, it was determined that
their free'energy parametens ohanged by less than S{percent
- when the standard temperature dropped‘from éSIto 5°C Thus,
the six experiments ‘were repeated at the lower temperature
The initial and final concentrati s measured in both sets of
experiments are reported in Tableigk of section 2, Appendix Iv.
From a mass balance oaloulated for each.experiment at
25°C, 1t was possible to determine the molar ratio in which
the phosphate anion and 1anthanum cation precipitated from

’solution The average value of this ratio for the first six

'_ experiments was calculated to be’ 0 SSZ\as reported in Table 9.

imiiarly, in later experiments the average value of this

!

ratio remained below the theoretical value of 0 6 Arter each

v -

set of experiments, the hypothesis was tested that the true

value of this ratio was 0. 6 by a t st%tistic The estimate

- —

of varlance associated the average value was determined from
the data itselfl In every case, the hypothesis ‘proved false.
The stoichiometry as measured from thehexperiments was thereQ
fore substituted for this- reaction in'the fomputer'model. |
Free energy-parameteps_were calcuiated using 6riterion A }i
(equation ﬁl3))_from the data of the f&rst six experiments at
25°C. “Five additional experiments were designedAandAcarried
'out.in groupS'of“three and two. Sufficient information about

\ o : “ -
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T4
the observation errors ‘was avallable to estimate a covarilance
matrix for each experimental conditidn and use the design
criterion D3(equation”(19))} Also, criterion B (equation (15))
was now used tO'determine bree energy parameters, ‘The relative

size of /the confldence region-in parameter space was caleulated

il

from the design criterionafter each set of e;periments and -
“plotted as shown in Figure_Gl' From this graph, it‘pecemes
..evident that the_errors in the“free energy parameters are not
:reduced significantly more after eleven experiments.

| The final paraméeter estimates are shown in Table 7 and
8 for the experiments carried out at 25°¢ and‘SOC. Because |

the multiple,correlation COefficients'in'every case are close

_td unity (see section‘l, Chapter III), the equilibridm models
:accurately similate the observatiens. The normalized covariance
" matrlx which was'evaluated from the elements of the design -
criterion D (see section 3, ;Chapter III) indicate that the
estimates of the free _energy parameters for the soluble - ;
complexes are not highly correlated; .while the estimates for‘
'tpe second complex and sOlubility parameter ane. Estimates
of the standard deviation in the parameter estimates arei[
quoted in every Sase except for the first lanthanum ion
complex calculated at the lower temperature. The error estimate
for this parameter was sa high as to be meaningless Because
error estinates are obtained from the design criterion they

‘are related to the partial derivatives of the model reSponse f,

-taken % th respect to the free energy parameter (see,equation

|
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TABLE 7

MODEL PARAMETERS FOR La - P30,y SYSTEM AT 25°C

S

Complexes Solubility Product: .
Lo 2= - :
.pKLaP3010 pKLaHP3010 ’ pKLas(P3010)‘3 '
‘ ) " :., * e

initial values o =97 -14.7 - 57.7

after six : o

‘experiments - =11.4 . -16.4 - 57.9

after nine v

experiments -11.4 ~17.7 - 60.3

afrver eleven, . -. ‘

"experinents -11.4 ~17.7 60.4
“gtandard deviation - ¥ .1 £ .14 t';38

L\ ‘
NORMALIZED  _
PARAMETER COVARIANCE
MATRIX &
. )
1. ' .12. k .193
']:7 ‘1- ) -99 "
193 . .99 ' 1. '

~4

MULTIPLE CORRELATION COEFFICIENT
.~ Lanthahum-Response 0.99 AR j

Tripolyphosphate Response 0,99

* )
Baxter's estimates corrected for 2ero ionic strength.

-
yd



. standard deviation - t1.15

TABLE 8
MODEL PARAMETERS FOR LaP30)q SYSTEM AT 5°C
Compiexes Solubility Product
PKLaP30)0%~ pKLaHP30;¢~ PKLas (P3010) 3
after-six » . T
experiments - - =7.76 .-18.0 59.7
£3.16

+

PARAMETER

Correlatioﬁ Matrix

0.29 " 1. + 0.99

© 0.23 ©0.99- 1.

MULTIPLE CORRELATION COEFEICIENT

. Tripolyphosphate Response 0.99

76



TABLE 9

La - P30105¥STEM AT 25°C

No. of

-Malar Ratio of Tnipolyphoéphate to
Lanthanum In the Solid Phase

Ratio Ratioc _ t-Value

- Ne tabulated

Experiments Average - Variance . Measured . at 952 »
6 .557 .007 6.15 12,015
9 }.552 L0060 8. 1.860
11 .S .006- . 8.16 | 1.812

\
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Cl?)). In this case, the error eétimate is related to the
inverse of the root mean équare of_the sum of these derivatives
evaluated'at each experimentai condition. When the derivative
1s smally ﬁhe error estimate becomes large..lﬁ Ve;y low value
far'the derivative indicates thét,ﬁhé'equilibrium concentration
of phosphate 1s hardly dependent.upOn'this'paramefer'and'sﬁus
the fprmatioh of corresponding speéies. The experiments‘at
the lower temperature were carried out in a pH range'where.the
fﬁrmafibn of the lanthanum tripolyphosphate complex Was.not
‘favoured. |

In comparing the parameters in Tablées 7 and 8, it can

be concluded that nelther the formation of the lanthanum
hydrogen tripolyphosphate complex nor the précipitation of the

normal .salt 1s strongly dependent upon temperature 1n the

interval pf intereSt.

*
[

o
™,

AU Lanthanum - Pyrophosphate Solubility

‘Béxter'(B-G) also studied the reactions between ‘lanthanum -
and the py}ophosphate'anidn by-means of pH and conductance
Il P
. , e . . : -1
titrations. Again he found two complexes LaP207 - and -

LaHP.0 whose stability constants he estimated as:

27T ' ‘ ‘ e
- LaP 0. | . 6 A
(1) By = 3+‘2 T__— . = 4.56x 10
- (La3%)(p,0,™ ")
| | (LaHB.0.,) . 606 x 107
(11)_ B, = 277 6'06 x 1

B L (adhy(p0, ) () ¢
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in an agueous solution whose temperature is 2600 and lonic
strenggth 0.1 (CH3)MNCl. Baxter also carried out a qualitative

'study of the precipitation of ldanthanum pyrophosphate. He

| observed that the normal salt'Lau(Pz()?)3 precipitated o
initially from solution in all cases, but if the solution
contalned a molar excess of sodium pyrophosphate compared to

lanthanum a(QOuble §a1t,Lau(P2O7)3NauP207 10H 0 began to

crystalize after 2 to 3 days. Baxter reported no quantltative

information_concerning.the:solubility of the lanthanum pyro--

phosphate salts. - ' : re-

Sheka and Simyavskaya (S-6) have studiéd both the

solhbility and compléx_formétiop of lanthanum pyrophosphate.
o Théir méthodolbéy:was baséd on the‘analysis of solubility

curves of lanthanum perphosphate They,‘as Baxter, also

found the existence of two salts, n&rmal and double sodium

sglts. Their_observations led to the conclusion Ehat.qnly

the ngrmal_éalts were precipitated in thé pH range pf 5.7 -

10.2,{if.the molar ratio.of pyrophosphate fo lanthanym is less

than 1. The follow}né stability confstants were calculated

for the 1on complexes. These valugs:are reported for 2500

3

and at ionic strength corrected to: zero.

| . -
B, = (LaP,0, )/(La3+)(P 4y = 5.25 x 10

1 B, = (La2P2072'-")/l(:La3+)2(P207-“) o= 26 x 10

| , o

? : L | a»w, \

h ) v +. _u 2 . B 18 i



“of tripolyphosphate

80

Because in the expetiments here and later in waste—
water the molar ratio of pyrophosphate to lanthanum is
expected to be less than one, only the precipitation‘of the
normal salt was considered in‘the.equilibfium model Also to
be consistent with the" tripolyohosphate reactions, the ienic

omplexes suggested by Baxter were used.

The objective'here was tolestimate thleree energy
parameters for two ionic complexes and the lanthanum pyro-
phosphate pfecipitate. 'The species, cehponentsj reacticns,
and those ffee energy paraneters aseﬁméd to femain constant

in the equilibrium'model are reported in Table 36 of sectlon 3

AﬁpendixaIV.- The independent variables for the model are the
. . 7 , _

.initial concentrations of lanthanum, pyrophosphate and

hydrogen ion. The influence of these variables on the chemical

system 1is determinedﬁby neasuring the final ccncentratichs-of

the'ianthanum and pyroﬁhoébhatelin aolution.uﬁThe solutzaﬂ pH

at eqdiiibrium was also measured. Initial estimates of the

free energy parameters for the lanthanum pyrophosphate complexes
’ . { | ‘
weré derived f{rom Baxter's values corrected'to‘zerc icnic

strength as in the previoiis study. The $olubility of the’.

-pyrophosphate precinitate was assumed to be similar to that -

r

As’ in the previous study, a grid search was used to
select the first experiments In thils case however, no
Darticular sel of experiments -were found to be better than any

other. Thus, three experiments were arbitrarily chosen and
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carried out at 25°C and 5°C. The iriitial and final concentra-
tions of the variables are reported in Table 37 of section‘B,
Appendix IV 'The first set of free energy parameters reported.in
Table 10 were calculated using criterion A (equation (13))

‘Ten further experiments in sets of three and four
were desligned and carried out At this point in the program
1t was possible to calculate the fuil covariance matrix of the
observations for each experiment. ThereforeAcriterion D3
(equation (19)) was used to‘design these experiments‘and
eriterion B{equation (15)) to estimate parameters from them.

A record of. the change in size of the confidence region in

parameter Space was kept after the sixth experiment From

. Figure 7, it is evident that the increase in the certainty of

‘the parameter estimates after thirteen experiments 1s slight.
. - . 5 . . '9.7
Thus thls part of the program was concluded. . .

In the'Samé'manner'aS'for the tripolyphosphate pre-

cipitate, the average molar ratio in which pyrophosphate and

" lanthanum preddpitated from solution was determined Estimates

&

. of the average value of this ratio and 1ts variance are reported

.

in Table 12. Unlike the previous situation, the hypothesis
that the average ratio is an estimate of the theoretical value'
of 0.75 was not disproved. Thus, this reactlon was represented

by the ideal stolchiometry in the computer model.
L, 5. - ’
The, final estimates of the free energy parameters for

the lanthanum ,pyrophosphate reactlons are reported in Tables
&—w"

10 and 1I.- ‘The estimated standard deviation of that parameter

.

¢
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.removed. Only the elements of }he parameter covariance matrix

: | 83
which belongs to- the lanthanum hydrogen pyrophosphate complox

was found to be extremely large and thus not reported. As

discussed before, these.error estimates are calculated from

the inverse matrix of the design criterion D3 (see section 3,

Chapter II). The estimates are therefore related inversely

to the partial deriva(iyes of the model response taken‘with

'respcct to,the parameters. -The derivatives taken w1th‘respect

to this parameter were always two and'in‘some cases- slx orders
~ f . .

-

of magnitude 1ess tnan‘thelothersﬁ,-Because of this situation;
the error”estimate'of this parameter-will be extremely large.
Also it was\observed that the conce:ﬁ:aﬁ}on of *the’ LaHP2O7
complex was always two orders of magnitude less than the

"yconcentration of LaP O7 Therefore, the p;fsence of the -

\
former speOies ‘and reaction has no signific nt influence in

'simulating the daud To simplify the model) this specLes was

f
/

belonging to the comolex LaP

1ﬂand the pre01pitate are

o7

reportéd; ‘A moderate’ degree of correlation is seen to eXist.
R _ : : -

The same'twO'parameters were evaluated:from the experiments

at 5°C and are reported in Table.ll. Even(less correlatian .

i1s seen to exist for this set of parameters The influence

x \-a,‘ ' T

of temperature on these paraﬁeters .appears to be moderate and

causes a greater change in their values than.could be attri—_

<

T

buted to uncertainty in the estimates themselves. The’mUltiple

correlation coefficients indicate in ever("case (see” section 1,

ChaPter III) that the. equilibrium model .simulates the

\ . i ’ : '. .- 3 N T o -"-..___
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: o , TABLE 10 :
e MODEL PARAMETERS FOR.La =“P,Q; SYSTEM AT 25°C . S
. . .b Complexes Solubility Product .
" - piLaP,0;”, . pKLaHP,07 pKLa,(P,07.)3 - - !
] . H
" *~ . » ‘ i
, after three N N ¥ . o
experiments - -8,14 . -11.77 49,0 . :
. : 5 * ’
after six f L. ' N . / ‘
- experiments . = =6.58 -10.30 59.3
~ after nine . ‘ o
- E' "N experiments -11.50 - =12.14, . ~ 57.4
! after thirteen . I :
experiments = ~10.64 -12.52 54.6
standarc.l.deviation ' £ .06 B : St .17 N
? L) — ' d
AN .
! . L v
NORMALIZED v S : .
. PARAMETER COVARIANCE .
MATRIX
1. .86
(L N : -. o . " - : ‘
T ] ty .86‘“ \1.
e
— \ .'f: r,-' T -
2 MULTIPLE CORRELATION COEFFLICIENT X
Lanthanum Response )
N Pyrophosphate Response
7 & /
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Lanthanum Response - 0.9% .

. Pyrophoaphate'Rgspoﬁse 0.99 ,

e . . .
R s 4 (\ .
L4 ' "
— . l .lq‘.- X !_'
‘. ] L S - o
N G - .
L . | [ * —
!
/l ’ - ) - .
L. ST j}BLE 11 <
MODEL PARAMETERS FOR La - P,0; SYSTEM AT 5°C
' : Complex . ‘ Solubility Product
. . ¥ - L 4 .
o . - N 7 - : ”
. éfte; three experiments . - -i0.43;//” _ . 53.6
. standard deviation e - Y08 7 .+ 14
) - ///‘\ L :
- : l far N . ) .
~. ¢ NORMALIZED 3
PARAMETER COVARIANCE .
, . MATRIX ~
1. ;51
051 . 1' -
MULTIPLE CORRELATION COEFFICIENT

e
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- . r’ -
L f ‘ e -
. 3 . ’ ‘g
q ” b {
 qamte a2 40 L
( La - P,0, SYSTEM ~ .~ . .
1 ) : . ' : . e
R 'Molar Ratio of Pyrophosphate Yo o o
o Lanthanum in the Solid Phase . ’ S:
No. of Ratio Ratio- . v . t-Value , ~_ Tabulated
Experiments Average " VYariance’ ‘Measured at 9
¢ . . . . PO L ,. + )
. - o ) - . - .. y -~
3 . .716 . .034 A N 2.920 &
6, T.729 018 - o 1l . - 2,015,
o . g , . ' '
10 T .738 L0245 - 2 8.3 i 1.83% ' .
) : ) - ﬁ -~ e
’*_ : : - ™ '
For three of the experj.mb.nts'_the- ratio g_ould,n’;é-‘be -
A evaluated. ° C - T
roul S '
- 4
]
- l L
. -
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JIVLE Investigation into the Expected Distribution of
)

" was needed of the range of concentrations of ortho—, pyro— ’ J

':of phosohates would change ‘as the wastewater is sybjected to

L‘secondary treatment

o

_condensed phosphates is accelerated during the secondary

- : T
o a7

~

éxgepﬂﬁental observatfons quite well,

. .
" * e v oa
X . » . .

- .
v - ]
T e

-

-,

Phosphates in Wastewater

s

-

. . . .-" . . ‘_ '
Before considering experiments in which the simultane-

ocus removal.of all three‘phOsphate species was to be investi-

-. -

', ‘gated, two questions had to be answered. First, an estimate .
- f

5

- i - .

and tripolyphosphate present in untreated wastewater Second

théfouestion arose as to what extent this initial distribution )

L ow

It is widely known that the rate of hydr01y51s of .

'biological treatment step - This results in orthophosphate

- being the dominant species in the secondary effluent The -

same conclusions were reached by Heinhe (H 2) in his studies.
‘mainke also concluded that in general the rates of hydrolysis -
of tripoly- and pyrophosphate were independent of each other

and that the . 1atter rate was slower. This second observation

-

" could lead to the possibility ‘that pyrophosphates may become

the dominant species at some point in the sewage treatment
process. |

.Samples were taken at random from three sewage treat- I'-f
‘ment plants in.the local area.’ These samples were from the ) o

primary infiluent stream and;were analyzed ‘for thelr phosphate
* . .

L. L . -



distribution by the differential'technique.' As only the
Ly e _ ‘ ‘
soluble specles Mere of. interest, thé samples were filtered

through a 0.45 micron mcmbrane filter. The phosphate

J /
distiibution of these samples is reoor&ed in Table 13 The

‘_distribution in a sarmple taken by Heirike five years earlier at
the Dundas Sewage Tre#tment Plant; is also included

. Examination of these results indicate a wide variation
in the'distribution of‘soluble phosphate species. Certaln B

trends are, however, indicated In'all of the‘recent samples

-

'orthophosphate 1s seen to be the dominant species followed
.

closely by tripolyphosphate Pyrophosphates appears as a
minor species never reaching more than 10 percent of the

total soluble phosphorus concentration. 1In comparison to

I

Heinke's analysis, presence of tripolyphosphate has decreased

S

in primary effluents This may be a direct result of the recent

requirement for the reduction of*’ phosphorus content in house-?
hold - detergents as specified by the Ministry of . Enviroment,

(see section 2, Appendix I). In household detergents, ohos—
phates are present in a condensed form, 80 percent of which is.

!i
" usually tripolyphosphates These observations also differ

from tHe statement made by Leckie and Stumm (L—3)

-coﬂsidered pyrophosphate as the most important polyphOSphate

~

éhstituent in a domestic wastewater ', St

N Before ‘the ‘advent of.the liquid chromatographic

.r.

technique for phosphate analysis, studies of condensed,phos-.
= . . °

phate hydrolysis oceurring in uastewater had been\reported on |

the basis of the reduction of ‘the total condensed'phosphorus

-
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TABLE 13 o i '
OBSERVED“ SOLUBLE PHOSPHATE DISTRIBUTION .
IN PRIMARY EFFLUENT .
L) A\ . N
. . : o )L . ‘ ‘ 'TOtBi
. P “Year o . : Phosphate,
S.T.P. * Sampled _ . Percentage of Species . (Mg-P/1)
Ortho- ‘Pyro- Poly'- . ,

. Kk ‘ , e <
Dundas - ° 1968 . 29.0 -7.9 v 63,17 6.85
Dundas. 1973 93.8 1.3 4.9 4.9
Burlington 1973 50,9 ®i7:4 0 418 5.50

(Skyway) . : - . '
. ‘ ’ ( 62.‘. 9-2 - 28-4 _3.26
'93.5 0.4 - 6.1 2,48
Hamilton . 1973 - w00, . ‘ o733 :
X Sewage treatgient plant locatien. , <
‘5« .- Data as reported by Heinke. - __'-l[_ i .
.'; i ﬁ ‘ - ’ . ' B . : -
[ ! ‘
! .
»
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"concentration This reaetion was reported as first’ order.
feinke, in his studies of wastewatcr Systems, foliowed the | ok
same'convention It was desired however, to have estimates'

of bpe rate constants for hydroly51s reactions of each species~

in wastewater ) : T By . i ’ R '. N

(

A k/pétic model was proposed based upon ‘the assumption

/ T

that<&he hydrolysis reactions could be represented by follow-

ing a set of irreversible series parallel reactions

TPP + H,0 —> PP + OP o | (21) -

2

PP’ H,0 —N20P . : (22)
where (1) TPPR are the tripolyphospnate species,
Y (i1) PP are the'pyroﬁhosphate species, |

(111) OP are the orthOphosphate species.’
The integrated rage expressions of this ‘kinetic model were
.programmed. The reaction- nates were assumed to be either Zero
or firsg order with respect to the concentrations of the »
condensed phosphates The listings of the three-subroutines
(each containing the rate expression for one species) are -
reported in Appendix VI. ) S . e )
‘ The experimental data wés taken from the work reported
by Heinke (page 277, Figyre 1o~ 3) Heinke had’ \nitored the
changes in the ortho~, tripolyw and pyrophosphate concentra—
tions with the differential analysis‘in a sample of primary
effluent from the Dundas Sewage Treatment Plant. This~

experiment had been carried out at 20 C, under alternate day

. nand night lighting, and at a constant solution pH of 9 This



particular set ‘of da

91

!
ta had been selected because¢the total

f\

concentration of phosphorus in}solution had remained constant

' Because Heinv

hydrolysis in wastew

e had observed the aVerage rate of

atepr to be first. order, rate constants

vere estimated fOr the expressions qf the same order These

\

!
estimates were determined with the ontho— and’ tripolyphosphate

concentra tions with criterion A(equation (13)) The values areh

'(i) tripolyphosph
(i1} pyrophoSphate

,Heinke had estimated

phcsphates to be 7. 2

kinctic model's pred
in Figure 8.
f If one compar

stants to the ratio
:

“f;eported in Table 13

<+

at a faster rate T

rthis specles will no

# The distribution of

from its injtial val
which orthophosphate

- will always remaln a

ate hwdrolysis———B 612 x 10 -3 (l/hrs ) ;'

hydroiyqis--—-;-i 066 x 1071 (1/nrs.)’

.

the“average rate for both condensed
I
X . 10 3 (l/hrs ) A compari.on ofkthe

ictions to the’ experimental data is shownkx

es the ratio of the hydrolysis rate con-

of the initial polyphosphate concentrations

, one finds, that pyrophosphates hydrolyze
t can be expected that the concentration of
t increase during wastewater'treatment.
phoSphate species is eXpected to change
ue in the influent to the situatiqn in -

1s the dominant species PyrophOSphate

s a finor constituent

. .
C

¢

IV.6 Lanthanum—éhosohorus precipitation in Distilled Water

v ' Nine experiments were performed in which lanthanum

was used to precipit

Q
ate a mixture ‘'of the three phosphorus

£
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compounds, tripoly—, pyro—, and orthophosphate in distilled

I

water. These_ experiments evaluated the efficiency of the ‘ ;

removal process in a mixed environment and provided a base :
case wilth which to compare the equilibrium,model predictibns.
Solubility and ion complexing“parametersiof‘this model were
‘estimated from the previous series of experiments in which
'onl; one phosphate conpoundlwas present at any one time.

~_.All the solutions were prepared and diluted with double‘
distilled water. In the three distributifns of soluble
phosphates, the>ratio of'tripolyf to pyro-fto.orthbphosphate

“in mg P/1) was set approkimately at either'ls3'1 232'1, or

3:1:1. The ‘initial total concentration of phosphorus was

- between 19 and 20 mg_ P/l The. selection of these distributions
was,based upon the observations made in the previous study of
wastewater influents. The initial lanthanum chloride cdhcen-
tration was selected to-satisfy the precipitation of all - .
phosphates as their normal salts on a stoichiometric basis.

The inorganic carbon and sodium chloride concentrations were

-2

" set for all experiments at’ 2&0 mg/1 003 and 143 5 mg/l NaCl

(i.e., levels-normallylfound in wastewaters).{“
The reactants were added as allquots from stock

solutions in order of decreasing_alkalinity to keep the “l_

solution basic. . Lanthanum chloride was added after the\phos-

phates to prevent The precipitation of the metal only aS"athydr—'

oxide. The solution was diluted to 200 ml, mixed and the PH

adjusted to 6.5, 8., or 9.5 by addition of 1 M HCl. 'This PHf_



%
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range 1a. typical of the values ‘found 1n sewage During the
pu‘adJuptment ‘alr was bubbled through the solution to insure
that it was at equilibrium with the atmosghere The ailr was
filtered, humidified, and then introduced through a sintered
glass diffuser.

A sample was then diluted to 250 mls; stoppered;
placed in a Shaher in a temperature enviroment_zpntrolled at

25°C. A period of one hour was found sufficlen

to rQQCh ambient temperature. After this time, sample pH was o

measured. .If'no significant change in solution pH from the
previously measured value‘was found,'this yas taken to be

" indicative that theﬁprecipitation reaction had reached
equilibrium. If a change was'notedthhe sample was placed-
back‘on thé thaker and the solution pHimeasured again laterQ

After the solution pH had stabilized the solld/phase. was

B

for the sample

removed first by centrifuging and then filt ation through a " .

o
0. 2 micron membrane filter' In-the-acidic solutions, distinct

" floc particles were formed which would settle In the basic

-

solutions, a cloudy dispersion which ddd not settle was
observed. The filtrates appeared clear and no chang@ "in the
soluble phosphate concentration was noted when a sample was
paSSEd a second time through a fresh filter. The filtrate was
- analyzed for. the following elements:

(1) soluble phosphate specles by a differential analysis,
"11) 1lanthanum ion by flame emission, |

(111) inorganic carbon with the carbonaceous analyzer.
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The initial and, final concentnbtions are reported in Table 38
of section W of Appendix IV A comparison of the predictions
of the -computer model to ‘the observations is presented in the

‘

ncxt chapter.
' /

Iv.7 'Lanthanum—Phosphorus Precipitation in Wastewater r

The efficiency of lanthanum in precipitating a mixture
of the three phosphate compounds from wastewater wes evaluated.
This data was then compared to the predictions. of the computer
model wnicn.described these precipitatioh reactions.' ’

. A sample of primgry influent was obtained from the
Burlington Skyway Treatment Plant Tiris sewage treatment piant
1ocated in Burlfngtong Ontaric operates an extended aeration
mode on. influent that can be characterized as typically
. domestic. The average flowrate to the plant is 8 million
‘E&Elons per_day. The influent sample was taken from the primary
. ' . ’ : )

by '

grit chanber . . |
On site, the sample has passed thiougn a funnel packed

, with fine fibreglass wool. At the laboratory, it'wasltnenhdfﬁ\\
: necessary.to pretreat the wastewater sample to Anhibit
| biological activity, while 1t was belng stored. Since the
| wastewater contained soluble organic carbon and is innoculated
with microorganisms, it is an, ideal growth medium While
achieving inhibition, it is also desired to minimize alteration=
of the chemical characteristics of the sample To remove "the

&
innocﬁ}ant a presterilized disposable filter apparatus with
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a O-? micron membrane filter, was'used" The samples were theh-
stored at 1°C until required for testing A summary of the -
themical analyses that are normally used to characterize wdater
quality is‘presented in Table 40 of section_S, Appendix IV for

these samples. ' _ . L . L9
‘ ’ ‘ T ) A ey \

L

Nine expériments were carried in' a manner similar to“

before but subst itutingswasteuater as the dilution hediuml'
In all of the eAperiments, the initial composition was altered '
by additions- from standard stock solutions. The solution pH. .

was adjusted to eitner 6.5, 7. 5 or 8 5 by an - automatic titrator.
and during this time sthe samole was brought into equilibrium
with the atmosphere by means of an- air sparhe As before the
solutions were- thermostated at 25 °c and kept mixed until the
pH remained constant In every . sample; distinct floc particles
formed which would - settle out undem quiesent conditions The
: particles were separated by filtration with a 0.2 micron filter
The cohcentrations of the following components in the filtrate a'll
were measured: ‘_ - " lfl ) R ) - f'q

(1) phosphates by differential analusis, ] o

(11) lanthanum ion by flame emission

1 - » '

(111) calclum and‘magnesium ions by atomic absorption | - 5
- spectroscopy, . . . B S

(iv) .organic and inorganic carbon with the carbonaceous;
-analyzer. - o o oy

Ny ’ _
In the, first two sets of experiments, the inttial o
phosphate concentrations.were altered. The lanthapum dosage
was deterﬁinedfby the stoichiometric reguirementhto precipitate

all of the phosphates as their normal salts. | The important.

o e e —
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,chengc in- the second set of experiments was to increase the
1nit1§i’éoncentration of calcium ion by 75 percent ,In the
. - JM.,. .

third-set?lthe_inibial distribg&icn of phospHates was changed -

'nd only‘ST‘pErccnt of the'stofchiometricmrequiremént'02

. o Lo - .
lanthanum was added . The initial and final concentrations _ -

neasured in all of the solutiono is reported in Table 39 of

section 5 Appendix IV The observed removal 1s compared to

-“the computer mcdel predictions in the next chapter

o "
B . A LWy
by . " .

L
-

i



f

3§

=3

EXPERIMENTAL RESULTS ,

o

| The predictions by the computer model of the efficlency

of phosphorus. removal are compared to oBservations in two

‘ o r
i

- different aqueous'systems‘ The first is a distilled water

. under twenty- fou{\separate cages to assess the effects of ' ' J

X reactions can be d3lassed as:

oy

sysyem in which 1anthanum was the sole. precipitating agent

reacting with a mixture of phosphate species Second is a

i_f.

wastewater influent in which magnesium and calcium were also
present as possible précipitating cations, . sulphate as a : z_
1 .

complexing anion and an unknown population of organilc species.

The latter group could only be characterized by their total

carbon concentration.' The computer model was also turned about %
to predict-the lanthanum dosage required to meet a specific.‘
level of phosphorus removal after the water quality of a
sample had been specified This "dosage model" was run - -

o

ditferent water quali&y parameters on dosage requirements

L !
oy e

V.l . r“"Phosﬂhate Removal-Distilled Water

The computer modellof the distilled water system is

bl

composed of ten chemical components which enter into twenty« ;b

seven reactiens in the gas, liquid, and solid phdses.: These
o i r\x . . . o )
' t '
"(1) precipitation reactions, (phosphates, hydroxides & carbonatég)

(311) association and ion complexing reactions in the -

aqueous phase, A

o __aB -
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(111) equilibrium of carbon dioxide (@ PC(
and, aqueous carbonate species

F3x 10'“ atm)

These reactions along with their free ener N parameters are

listed in matrii form in section 1, of Appen
| ‘ The agueous COncentration-of an element or compound

at equilibrium is specified by point value and an interval.

:This interval reflects the unceﬁtainty in the model'stpredictions

due to errors: ' ?

(B in estimates of the model parameters,

(ii) in initial concentrations of components,

Kiii) "in eiperimental observaticons.

The . magnitude of this interval is calculated as the product .of
the effective error estimate and. the Studenﬂs‘tratio._This
statistic (with a value of 2.86) is evaluated at tn? 99 percent
confidence interval and nineteen degrees of freedom, {(1.e., _' R
the lowest number associated with a set of parameter estimates)
‘Effective error estimates are obtained from equation (20)

(see section 3, Chapter IIT). The covariance matrices belong- ;
ing to the parameters, Covar (B) ang the independent variables
Covar (Xu) are reported in Table 43 and 44 of section' 1,

Appendii V. ’Estimates of the errors in the measuring of the

&
functions 1isted 4in Table S. ‘The errors assoclated v with

lanthanum and carbonate concentrations were obtained frC? the '
determining the concentrations of all three phosphate compounds '
with the differential technique are.2 function of the errors

in measuring the. total phosphorus concentratz;r‘and the dis-
tribution of speciles. Estimates were obtained/ from the analysis

/
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peviewed 1in section 7 of Appendilx V.

| The model's predictions of the residual phosphate con-
centration in‘acidic solutions\were obsérved to always be. .
higher than the concentrations measured. The.data‘used to ¢ ' Qz
estimate the lafthahum orthophosphate free energy ‘parameter had
been obtained from experiments carried Qut under basic conditions
This coggtraint upon pH was used to retain the carbonate species
in solution. ‘It was also~observed from. the computer that the
distribution of soluble orthophosphate species changed con-
siderably as ‘the solution pH moved above 7.~The dihydrogen

phosphate complex which was the dominate species below pH.T,

‘was no longer so in basic solutions. This meant. that thi
h }

reaction had a negligible in;luence upon the prior estimate

F

of the orthophosphate free energy parameter
‘ It was decided that the soluhility parameter needed to
be re- evaluated for ghe acidic condition The dependence. _ of
solubility parameterscﬁpon the solution pH has been observed in

previous investigations . For example, Ferguson and McCarty

(F 2) found it necessary tq define sets of solubility parametersr
for calcium orthophosphate and earbonate precipitates in three -
intervals of solution pH (1.e., pH<8, 8>pH<1l and pH>11).

From the three observations of lanthanum orthophosphate o
solubility in acidic solutions (see Table 38) the. solubility
;parameter was estimated. A simple derivative type search was
used- to find this value. ° This parameter was found to decrease

in value to 'A—HT 1 The equilfbrium program was

('D'H-

.16
modified to Yéubstitut %higher value for solutions 1n which
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«\ ¢the pH 1s less than or equal to' 7. As wastewaters are usually-
bafic, the higher estimate which was calculated frgm,a large o

set of data (l e twelve experiments) willl see greater use.

- The model $ predictions<are compared to the experimental

.

observations in Figures- 9 to 13. The point values of the former
group are presented by open circle and the interval by a straight
linc. The observed- values by the open triangle. The follow-

.ing comments are made on. the model's simulation of the experi-
(. o : . i ’ - . - - .
mental data. : ' . ;

Within, the estimated 99 percent confidence interval

.the prediqted 1anthanum concentrations were in agreement in
six qut of nine cases. The remaining three cases were close Lto
the ‘'error interval, being llto 3 mg/l away The model alsol
demoristrated the same trend as the. data, tﬁe lanthanum residual
concentration xncreasing with increasing solution pH

In five cases, the'megsured tripolyphoSphate residual
fell within the interval of the model s prediction The
particular region of: discrepancy between the model and the
experimental data is" in those solLtions in which the pH value 18
greater than.9 In.this region, the model predictgd no pre-
cipitation of tripolyphosphate.» The complex LaP30 2 was
calculated to be the ddminant species among ‘the soluble tri-
polyphosphate compounds at this bascity. In comparison,
removals of 66 to 93 percent were observed. - In the earller

-

experiments where precipitatixn of only tripolyphosphate had

been investigated (see section 2, Appendix IV), none of the
! -

?
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solutions were at bH greater.than 9. The experimental criterion
'had not favoured this experimental condition. Thus the sol-
ubility had” not been evaluated with data obtained at this pH
level. - ~:

} ) L ‘. Yy, o . \\
In comparing the observed to. predicted residual levels N

of orthophosphate, the modelfwas found to fit well in the acid .\E
solutions' ¥With the baslc solutions, a‘large discrepanoy was
found between the values in three out of six cases. In these .
three cases, the deviation from -the percent of o thophos;'

. phate obsgrved to be removed, and that removal which is ideally

pocsible was from 30 to 50 percent. The percent.yhich can be.

ideally removed is assumed equal to the percent of the

-

stoichiometric Jequirement of 1anthanum initially avallable.
This requirement can be derived from the charge balance of ‘the
lanthanum cation and all of the phosphorus ion comoonents
'Looking back to the experiments of ‘the single phosphate system
(see/section 1 Appendix IV) the observed percent removal was
never less than 12 percent from that removal which 1s ideallv
possible. _Thus,‘in‘these three cases, the obggrved removal
is not in‘agreement with the ones observed in the simpler
systems. This.discrepancy is believed to have resulted from
the, experimental techniques. The poor removal observgd in the
last set of-\\periments is believed to be-due to the failure
of the membrane filter to remove, ald of the colloidal particlesh
This view is taken, as 1t had been observed that the solid b

phases in the-alkaline solutions did not form distinctive_floc

-1
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QRTHOPHOSPHATE RESIDUAL DISTILLED WATER
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CARBONATE RESIDUAL DISTILLED WATER
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particles, but rather dispersions.

>
-

With respect to the perphosphate residual conceli-
tration, the computer model and experimentad values were in

. agreement nith the general trendy, Thisg trend indicated a
decrease in‘pyrophosphate remOVal with regpect to increasing

solution pH.- This decreasing removal Tesulted from the in-

creasing dominance of the LaP207 {{complex as the anion

F
[}

"disocciated from. hydrogen to a greater extent in basic solutions.

f . .
In Figure.1l3, 1t is seen that the prediction of the

residuaL'total‘carhonate concentrations are similar to. those

-
3

* observed. ’

L%

-
¥

V.2 ) | Phosphate Removal in Wastewater

The equilibrium model of phosphéte‘precipitatibn in .

distilled water was modified by the addition of thre€: chemical

components, calcium magnesium, and sulphate and the twenty-
three species which they form. These species which consist

of ion complexes and. precipitates increase the set of reaction

equations to fifty A listing of the components, Species,
‘reactions and free energy parameters are reported in Table HS

4

of section 2, Appendix V : Lo

The free energy parameters for the sulphate, calcium,

!

- ~and magneSium complexes were taken from. the 1iterature sources

ligted in- section 10, A endix I.
" The selection of the- calcium precipitates was based

' upon the investigation of McCarty and Fergusdn (F 2). From

o
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these studies in synthetic and actual sewage they observed the

following precipitates:

W

(1) hydroxapatite,
(i1) calcite,

(111) magne51um calcium carbonate (97% calcium, 32 m ﬁgeium)

(iv)< p-tricalcium phosphate, | w9 2

(v) brucitec |

They had estimated a set Of solubility_parameters for these

salts,_but these estimates were dependent upon the solution

_ pH, molar ratios of calecium to carbonate and calcium to
_maénesium' Different combinations of these solid phases with o 9
heir respective solubility parameters were tested in the |

computer model. From this set, the hydroxyapatite and

-magnesium calcium carbonate precipitates were chasen on the

basis of providing predictions of the, soluble calcium.and

carbonate concentrations which were closest*to the_observed

values.’ ' K ‘ ) ‘ ' ?.

The reaction which' results in the calcium pyrgphos%'
phate precipitate was also tested in the computer model.l The
.solubility parameter for this salt‘has been reported by Stumm 3
and Morgan (S- 1u) A negligible a;bunt of fhis precipitate
was found to have been formed and therefore the gpecies was
7 removed from the model: No evidence of .a calcium “tripoly-
.phosphate.precipitate'was found in the literature. Also, the.
Experiments carried out by Cronin (C- u) showed no-evidence'of

P :

the precipitation of the condensed phosphate with calcium

from wastewater when the orthophosphate ion was not present.

_— -
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Except for:oné reactlon, the free energy'parameters
for the lanthanum pnecipitates and the‘lanthanum‘condensed
‘phosphate complexas were- cstimated from the eyperiments of
each pfosphatc species reacting by itSelf in distilled water, |
{see sections 2 Eo b, Chapter IV). _In acidic solutions, the “
s@lubility oarameter of the lanthanum orthophosphate pre-.
cipitate was determined from the three expgriments in which . f
both the ortho- and condensed phosphates precipitated from

solution The‘manner in which'this parameter was calculated
. " '

is discussed in the previous section.

An error interval was calculated along with each point
Vvalue as had been done with the distilled water model. This
interval was estimated at the 99 percent confidence level with
the same Studenﬂsrt r&jo as before and estimates of the “ﬁl-s
effective errors in the model predictions calculated from | o
equation (20), (see section 3, Chapter IIT). The parameterﬂ
_covariance matri;: Covar (B), was expanded to a dimension of
sixteen by the addition of erroér estimatesﬂreported with the
free energy paraméter estimates of the calcium and magnesium -

condensed phosphate complexes. " This matrix is reported in .

le 46 of section 2, Appendix 'S Similarly the variance

maffrix Covar (X ) was also expanded to include the initial

¢om onents. The error estimates are reported in ‘Table 47
P ____1

sgetion 2,'Appendix V. The errors estimated ﬂor the components°

lanthanum, tri-; pyro-, and orthophosphate were. based upon

errprs in stock solutions“ volumes of- aliquots and the final . B Y
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dilution'volume aS'before The errorsrin_the components
sulphate, calclum magnesium and carbonate which were”already_‘
present in the sewage samples were estimated from errors in

h;heir analyses The errors in measured quantities were taken
. L ‘ v
from the same sources as in the ‘distilled water model. The

!

'crror in, the calcium analysis was based upen experience with

-this technique and its estimate reported in"section T of SR
/ ' :
Appendix IV The major contributor to the effectiVe ‘error was ’

L

found to be the errors in the initial concentrations of the

components - e "_

The predictions of the equilibrium model are compared £0

El

the experinental observatj?ns in Figures 14 to 19u Comments.a"J

'_'for each type of response follows

e m

The aareement in prediction of the. residual lanthanum g;vf
\.

concentration is good in all cases... Though ﬁhe error interval

estimate for the residual concentration in acidic solutions -

Was. large, “the predicted comcentration is remarkably close to . _f

£Y . a

, that observed e ' L o ," £~ . D"‘f;>f
T The tripolyphosphate predictions are also,excellent e
" The differencesbetween the predicted and observed values that L

DCCUfS in distilled .water solutions of pH > 9 is not seen here
for' solutions of pH = 8 5. This indicates that the model )
'-Dredictions with respect to the tripolyphosphate residual
concentration are - valid in. solutions whose pH. approaches 9.

The experimental orthophosphate residuals fall within -

the error: estimates in six casesz are extremely close in cre

4 .
. N LR . . . T . .
g . ‘ - . . . :
: h . . . .



Jooall nine cases.
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other two, and differ only by 1.2 mg/l in ong case. The
mgasured'residual shows a slight minimum at the neutral pH
1evel ‘while the model shows a slight maximum. Thfs‘nesults
from the use of two Darameter estimates for the lanthanum
,orthophosphate solubility at different pH levels. - The
magnitude -of these trends is, however, slight.,. especially in
connarison to the magnitude and uncertaintyfattacheq td\these 5
estimates |

-

The pyrophosphate responses are in good agreement in

The prediction of the calcium residual differs .

significantlyufrom the obsepved values in only one case. This
1deuiation is alreSult of the prediction of more\calcium. ¢
carbonat{fheing formed in the solid phase than actually existed.
The model 1s seen to consistently predict less

"carbonate renaining in solution at pH = 8.5, than observed. An
"expianation ‘for this occurrance may be that a carbonate complex
 which is effective at this pH level has not been included. ~ A
cation .which has not alreéady been considered for this reaction

o

is however unknown.

o

" 1In summary, it 1s felt that the agreement between the
six sebs of predictions and observayfgns\\£££y§F our, Galues
in. all) indicates that the computer. model adequat simulates
the—precipitatiom 3f phosphates with Janthanum at a metastable
state. It is slgnificant that this success Was achieved by

considering only a select number of inorganic °0mp0nents

N
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Pyrophosphate (mg/l P)

PYROPHOSPHATE RESIDUAL

WASTEWATER
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CALCIUM RESIDUAL =  WASTEWATER

s FIGURE 18
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No organlc specles have been ¢onsidered. This 1is due in fart -
to the inability to characterize conveniently the number and
diversity of compounds._On a routine basis, this organic

fraction in sewage 1is characterdized as the total concentration

of  carbon and recently by distributions of molecular weights

The computer model will now be turned about to predict the

lanthanum dosage needed to‘meet a specific residual level of

phosphates. .

\

ity Y

|

V.3 - : Lanthanum Dosage. Model

Untll now, the calculation of the eouilibrium com-

;position had been. approached in a conventional mannex The
initial aqueous concentrations of the components were =
soecified and the equilibrium composition then calculated. .
In the dosage medel, this pr%ﬁgdure has been amended - Some of B
tbe initial component concentrations along with certain |
conditions at equilibrium are now set . The total residual
phosphate concentration and solution pH are the variables of
the latter group. The lanthanum dosage and the remaining -
portion of the equilibrium composition are then determined:

| | The set of reactlons, components: and species usedf'
in this nodel are‘the same used 1n the'previous-wastewater i
model with one exception (see Table 45 ). The component

potassium and its related species have been removed. This

i component has a negligible effect on dosage requirements..

As before, the "CHEMIST" subroutines formed the basis 1in
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the solutionof thecomplex chemical equilibria problem The

main program "TST" converted the concentration units of the
3

{nput data and‘directed the search for the required lanthanum

‘dosage. Two new subroutines, "TABY and "EXPE&", were added

and "MODEL" nodified. . S o
The initial composition of a wastewater samplg is .

expressed by the concentration of the Pollowing inorganic

'components

u

(i} ortho-, tripoly—, and pyrophosphate~(mg P/1),

(11) » hardness as represented by the calcium and magnesium..
ion concentrations {(mg MeCO3/l)

(iii) alkalinity expressed as .the total inorganic carbon
‘concentration (mg CO /1),

(iv) sulphate ion concentration (mg SOM /l),

(Ji chloride ion concentration (mg, Cl “/1), -
(vi) sodium ion concentration {mg Na /l)
(vii) solutien pH _
The equilibrium gather than initial pH is specified The
‘ 'required value 1s achieved by "the addition of acid and base to
the chemical systenh The initia} PH was ‘not chosen as a para-—
meter because the buffer capaclty of wastewater is under— ‘
estimated by the set of chemical components used here Though
the buffering capacity of the carbon dioxide~- carbonate
equilibrium is included in the model and provides a significant
contribution, it is not enough. The additional capacity may

~arise from organic species not cousidered. Included with the

" input ' quantitlies are their estimated standard deviations with
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the exception of sodium chloride and pH: ':

The search technique first used to estimate the
lanthanum dosage/was based upon the Newton -Raphson method.
The partial derivative of the total residual phosphate
concentration with respect to the lanthanum dosage was cal-.
culated as-the sum of thg\partial derivatives of the separate'

phosphate species The increment of lanthanum to be added to

'the system at each iteration is determined from the product

—

~of the deviation n between “the present “and speci ied e?uilibrium
i

levels and the reciprocal of this derivative The method

appeared feasible If the dosage is overspecified, the method

is to recover by calculating a negative increment for the
next cycle. In practice, the method converged slowly because
' the correct value was continually being overshot This E
failure is a result of the‘non—linearity of the relationship
between lanthanum dosage and phosphate residual The con-
'vergence problem was.solved by the use of a second method
called "Regula Falsi" (C-6). _
The search is initiated by using 90 percent of: the
stoichiometric requirement of Ianthanum as an initial quess.
The Newton Raphson procedure is used until overshoot occurs
(i.e., theﬁlanthanum dosage 1is overspecified). ,he
required dosage lies between the last two estimates.‘ These
values are used to start the "Regula Falsi" search. This a

‘method is best explained by looking to Figure 20. The

difference between the equilibrium and required total

.
-
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*

phosphate concentration is plotted as a:function of the
lanthanum dosage. A unique characteristic can be expected for’ . b
each wastewater sample. ~.The last estimates (point 1 .and 2)
lie.above and below the absclssa (overshoot) and the interval
between these points is approximated by a chord to the curve.
"The next estimate (point 3) of dosage 1s taken as the inter-
_section of this chord and the -abscissa. Suhstitut}ng'this
estimate into the model a smaller deviation in thephosphonus
concentrations results A new: chord is drawn, and the calcul-

ations repeated At each iteration the &ength of the chord

decreased until one -end (point n) coincided with the - inter~

section of the curve and abscissa. This method was found

to converge in all cases attempted.

An alternate choice Ts - available at which level to set

the résidual phosphorus‘concentration. Inythe examples here

.the lanthanum dosage was calculated to provide a residual
concentration'of.l mg P/1. This. is in keeping with the ‘present
.objectivesig? phosphate removal in the Great Lakes Basin (see
section 2, Appendix I) A sécond choice utilizes error
estimates. The residual)concentration to be met is the upper
1imit of a confidence interval rather than the predicted

' value:itself. This. limit is calculated as the sum of the
predicted level and the product of the effective error estimate ’
(from equation (20)) and a Student's t value. This latter

approach simulates the practice carried out by the Ministry

of the Environment of Ontario in selecting a chemical dosage-
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"pApP" - Deviation Between Equilibrium

e

Specified Phosphate Residual
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e . :
USE OF REGULA FALSI METHOD

TO ESTIMATE THE LANTHANUM DOSAGE'/

" FIGURE 20

P—
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i ' -
Because .0f 1ts nature and source, the chemical
[

properties of spwage can be expected' to be highly variable,

(section 3, Appendix 1) The problem is to determine the

-+ "

chemical dosage which would consistently provide the required
remnoval oi’phosphates over a definite period of_time. fhe
Ministry's-approachuto this problem is to'treat the-changing
quality‘of waStewater as a random occurrance and hence.the'

: ’ ) -’ 1 ’ . .
removal observed for a particular chemical dosage, a random
. - ' " _

variavle, (see section L, Appendix I). :: This vaniable i§<

assumed to be distributed normally. The procedure is to

measure the residual phosphate concentrations which result
‘from random saPples of wastewater (at least ten), treated with
'diffcrent quantities of precipitant (usualIy at least three).
The observations are plotted as the frequency of occurrance"

(normal prooability scale) versus the residual concentrations
: i

The neasurements taken at each level of precipitant lie on ' T

a particular straight line The intersection of one of these

family of lines w th ‘a co- _ordinate represents the removal
1e a residual concentration equal- to or less

needed, for exam

N

‘than 1 mg B/1, 80 percent of the time.._ ‘ ' - " -

This situation is simulated in the computer model by

. %

first representing the changing quality of - wastewater by the

magnitude of the’ errors associated with the input” components

The frequency with “which.a residual phosphate concentration .

£ v

'Will be less than or equal to a required value is expressed

by the confidence level chosen for the Student'st ratio. Thus



s done by a call to.the subrodtine "PHSLV"
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the computer model and information about~the variance of the

l
inorganic components in wastewater can be substituted for ‘the

experimental method of selecting the amount of precipitant

The main program. “TST“‘in addition to processing data’
also print . out the equilibrium composition Error estimates
are included uith the. model's predictions An-example of
this modél's report of the initial and final quality of a
wastewater 1s: reported in Tablg 14. :

. The subroutine "MODEL" was® modified in order that the

specified pH at equilibrium be - met for each solution This

The utility subroutine "TAB“’supplies the Student‘s t/

*values for'a range of confidence levels, of 55 to 9g9.5% percent

in 5 percent indrements These values are for 19 degrees oﬁ

-

‘ freedom, the minimum number availableafrom the phosphate

experiments described in Chapter IV. As only the upper limit
is of c0ncern, the’ confidence level and the fractional area

of the Stu&ﬂt s tdistribution at which the ratio is evaluated

are equivalent o -
P

The error estimates included with the model's
predictions are calculated by the subroutine "EXPER". The
calculations are based upon;equation (20) The parameter

covariance matrix Covar (B) and estimates of the analytical

_errors are the same which were; used in the wastewater model

described in the previous section  The variance matrix of the

independent variables covar (X ) is sdpplied from the data
S . .

Tk _ , v
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Cr
2

— OUTPUT INFORMATION

FROM THE LANTHANUM DOSAGE MODEL

Initial Information on Water Quality

Phosphate Distribution {MG-P/L)
Orthophosphate’ - - 1.000
Pyrophosphate 1.000
" polyphosphate. 8.000

Total Phosphate 10.000,
Hardness (MG/L)
Calcium Carbonate 250,000
Magnegium Carbcnate 65.000

Total Inorganic Catbon Concentratien

¢

. Ion Concentration (MG/L) ™~

" Sodium 162,000
Chloride’ 212.000_
Sulphate 180.000
Final Solution PH-

8.000

r

\ Standard Deviation 
: © L0400
- . 040
© 320

Standard Deviation' '

Predicted Water Quality of the Effluent

Required Lanthanﬁm Dosage . 29,080

' Residual Lanthanum

3.728

lPhosphaté Distribution (MG—P/i)

Orthophosphate .570

. Pyrophosphate .143

Polyphosphate .298

Total Phosphate 1.011
Hardness (MG/L)

Calcium Carbonate . __250.030

Magnesium Caibonate - 165,002

Total Inorganic Carbon‘Conééntratidn

L]
’

Ton Cohcentration (MG/L)

‘Sod{ium 212,000
Chloride ' 284,837
Sulphate 180.000

.

- 6.250
1.800
(MG~CO3/L) " “Standard Déﬁiatt§n '
©250.000 3.500
o~
' "
A
(MG-LA+3/L) '

Standard Deviation
.627

y Standd;d Deviation
. v.107
.030
. .118
i 073

Standard Deviation
8.850
2,425

S,

Standafd-Deviation' ..
6.605 ‘

(MG-C03/L)
35.798 .

(:qf
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]
The errors in the initial concentrations are assumed to be

)

independent. As the quantity of lanthanum is to be determined,

1o error 1s assigned to this component. o {

-,

’

-
=y

L

§ensitivitv Anal&sis of the Dosage Model

"Tests were carrled out with the computer model to

datermine the sensitivity of the independent variables }&fe

-~

‘e
the initial concentrations of the,components) upon the

: quantities of precipitant reouiréd A comparison of partial

derivatives clearly indicated that the initial concentrations -
of phosphates vwere the most sensitive variables The dependent
variables of these derivatiVes are the predicted phosphate
concentrations at eouiiibrium % Therefore three sets of
experiments were selected in which the initial distribution

of phosphate species is varied butlthe total concentration of
phosphorus among the sets is held constant This condition
allows a comparison of the dosage requirements among sets

In’ each set,.the computer model 1s° tested at two levels of the
six independent variables shown in Table 15./ The sequence of
values assigned to these variables is based upeon a one elghth
factorial design of the possible sixty-four/combinations The
initial ‘concentrations of sodium and chloride ions are treated
as one varfiable. These.components affect the model's
predictions in the same manner through the ionic strength of

the solution. The initahl distribution of phosphates is

reponted in ‘the following table.
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TABLE 16

INITIAL PHOSPHATE CONCENTRATIONS

Component ' set A  Set B - et C
- o (mg P/1)
Orthophosphate 4,5 F .18 g8 f .32 1t .ob
Pyrophosphate 1+ .04 -1 % .ok 1t .ok~
-Tripdlyphosphate ’ 4.5 + .18 117 o4 8+ .32
— — ., =
Total 10 : 10 10

-
The lanthanum dosage was calculafed on the basls of
providfng a total residual phosphate: concentration of 1 mg P/1.
The alternative criterionwhich is the upper 1imit of a con-
fidence 1nterval was not chosen pecause ‘the "estimated standard
- error of the total phosphate concentration was found to be
correlated with pH. This is shown in the next table. The
major contribution to this error estimate 1s from the un-
ertainties in the 1nitial concentrations “of the components .
(1.e., Covar (X ) of equation (20)). It does not arise from
the situation where the lanthanum orthqphosphate solubility
parameter used for solutions at pH 7 was estimeted'from a
- - ' : A

smaller number of observations than the other parameters,

~and thus 1is lqss precisely known.
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~ TABLE 17

r

ESTIMATED . STANDARD DEVIATION OF TOTAL
RESIDUAL PHOSPHATE CONCENTRATION ‘

pH- Level Sét A ", Set B  Set C
N ¢ T 0.49 51 ¥ 0.47
8 - . 0.16 - .21 0.17

The lanthanum dosages and residual aqueous concentra-
.tions are reported in Table 18. The influénce of each
parameter 1s determined by subtracting the sum of responses
found at the low level. from the sum of the higher level and ‘
dividing by N/2 (where N is the number of experiments). This
procedure 1s suggested by Box and Hunter (B-17). As onlty a
fraction of the possible experiments were carried out, the
second order effects (1. ew, the mutual influence of two
parameters) is confounded with the first (i.e. ‘ the parameter
itself). .In a creening experiment such as here, the second
“order effects are neglected. The parameters with the magnitude
of their.effects are reported in decreasing magnitude in Table

19 for each set

From Table 18, it is evident 'that the variation
between sets of the dosage requirements is greater than the
variation within a.setf This confirms the original assumption
that ‘the phosphate species are the most sensitive of the input

parameters., These average dosage values also indicate that,
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TABLE 18 T

LANTHANUM DOSAGE AND RESIDUAL CONCENTRATIONS

Expt. Set A ' Set B Set C

No. Dosage Residual Dosage Residual Dosage Residual
S T T (metalD)

.1 . 34.5 2,32 +.78 .40.78 2.37.% .84 28,29 2.32 .78
2 34.07 1.86 +.57 40.30 1.91 + .61 I7.85 1.86 % .56
3 ;'14.53 2.31 +.53 40.77 2.33 .60 28.31 2.31 + .53
4 33.46 1.27 .26 40.56 2.12 *.52 28FEF 2.0 ¢ .46
5 ¢ 33.92 2.33 £.41 40.14 2,33 % S1 27.77 2,39 % .41
6 3.88 3.32 .56 41.09 3.32 +.72. ~25.38 1.99 £ .5l
7 33.89 2.29 +.42 40,11 2.29 % .52 27.68 2.3 % .41
8 35.31° 3.72 £ .64 41.55 3.74 £ .81 29.08 3.73°% .63

Average  34.07 2.34 - 40.66 2.55 27.81 - 2.38

|
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the lanthanum requirements decrease'with the increase 1n
percent of tripolyphosphate present. This results from the

removal of 1.8 moles of.phosphate for every mole of 1anthanum

when the condensed specles are precipitated, as compared to

the removal of 1 mole for the orthophosohate salt. A'different . ﬁ
trend was observed for the aqueous lanthanum concentration
Less variation is seen among the average values per set than

the‘variation'withinrany set. In the 1atter case, the

residual concentration is observed to changeAby as much as

100 percent. With respect to this residlal concentratione
the nature and distribution of the phosphate species have *
little effect. No uniform order of the parameters with respect
to sensitivity appears evident 1in examining Table 19 for -
either tpe dosage‘or residual lanthanum concentration :

The results of this study indicate‘that the com-
plexity of a computer model (1.e., the number of components
" and reactions considered) is determined by the design para-
meters If one wishes to predict only the dosage requirements,
then the phosphate soecies are the principal model components
The remaining water quality parameters may be removed in the
interest of Simpiicity. "This design_requirement'can arise
1n_the case where chemical-treatment is used on a "once-thru"
basis. In a removal process using lanthanum, however, the'
chemical precipitant is recycled in order that the process is

economically feasible, (see section (B Appendix I). The

.residual concentration represents chemical losses in the

-
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LY

recycle process, and thus 1s a design parameter. The
complexity of .the present model is_justified for the recovery
process.‘ . ;

As seen in Table 17 , -the uncertainty in the predictions
of the residual phosphorus concentrations is greater in
neutral solutions compared to basic ones. This results in

part from the partial derivatives Zy) of the equilibrium
phosphate concentrations taken with respect to the initial

components being 20 to 50 percent higher when evaluated at

a neutral pH. These derivatives are directly proportional

to the error estimates (see equation (20)) Just as the . -

computer model simulates an increased sensitivity of the com-
i : L
ponents at . pH 7, 2 corresponding situation may oceur in the

-

actual chemical system. The concentrations of the chemical
components in wastewater can bé expected to change cont®nually.
Therefore, the calculations from the computer model suggests :
it would ‘be an ‘advantage to carry- out precipitation in a
pasic solution to lessen the sensitivity of influent com- '
position. The sensitivity analysis showed that changing
this operating condition has a slight'influence'on the dosage.
This observation shows that factors other thad the minimum
dosage requirement can influence the choice of operating o
'conditions in a treatment process - v

The predictlons from the computer model can be used
to estimate‘the operating costs ot a treatment.process.‘ From

Table 18, the maximum and minimum josses of lanthanum

.-

*
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(i.e.; residual aqueous concentrations) and dosages were
observed to be:

(1)  3.74 to 1.27 mg La/l,

(11)  41.6 to 25.4 mg Lakll
" The cost of a mixed'salt of rare earths (see Table gﬁ; section
5, Appendix I) 1s quoted by the Molybdendum Corporation of
America.(M—13) at 37¢/lb . Assuming that the other rare earth
phosphates are as equally insoluble as the lanthanum salts,
the range of operating costs to replace chemicals lost to
the effluent is from 1.2¢ to 3.5¢ per 1000 gallons sewage “
treated This may be compared to a range of ‘costs from 3. ¢
to 6.3¢ per 1000 gallons which result when lime, alunm, or
- ferric salts are used’ to precipitate phosphates (K-7). The

initial cost for a chemical inventory of 1anthanum salts is
" from 2M¢ to 39 5¢ per 1000 gallons. " As noted previously in
section 7 of Appendix I the cost of recovering the lanthanum
precipitate is approximately Te per 1000 gallons compared to
the cost‘of disposing the lime, alum and ferric precipitate
which range from 3.7¢ to 5 3¢ per 1000 gallons. _Therefore,
the ose,of;lanthanum'as-an alternatitefprecipitant is
economically’ viable. |
This result strongly suggests that, in view of

the advantages which lanthanum offers as a phosphate pre-
cipitant, further trials at the pilot’ plant. scale (approxi
mately 2500 gal/day) on a typical sewage influent should be

*
-

carried out. Because of the variability in wastewater
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quality, a trial: perliod of at least 90 days 1is recommended.
As a preliminary step, the effectiveness of the rare earth
mixed salts as a phosphate precipitant comdared to the

reagent grade lanthanum salt used here should be determined.




VI CONCLUSIONS

-

Lanthanum has been found to be highly effectlve as a

precipitant of orthd— and condensed phdsphates.' When this
cation’ is added in quantities sufficlent to meet the
stoichiometric requirements of the normal phosphate salts,

a total residual phosphorus_concentration of less tham 1 mg/1l P

. ) ’ ' ) o
(i.e., the present objective) 1is achleved. This performance

. is, obtained over a wide range of solution pH_from approximately

65t085
It has been demonstrdted that the solubility of the

amorphous precipitates of lanthanum phosphate, hydroxide

’

and. carbonate can be described quite well by the solubility
product concept. Solubility parameters were estimated for
these precipitates and stability constants for certailn
'lanthanum ¢ondensed-phosphate ion complexes from experimental

a0

observatidnsf- The precipitation .of each phosphate species

(i.e., ortho-, pyro-, and tripolyphosphate) withllaﬁthanum

‘from distilled water had, been investigated separately,

Because ‘the splubility of these salts could only be character-

ized by the tatal aqueous concentrations of lanthanum,
phosphates, and carbonate (In certain cases), 1t was necessary
to use_ an, equilibrium model of each system to relate the
eXperimental observations to the solubility and stability

F_ parameters. Estimates of these parameters were determined

\
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by application of the maximum likelihood“principle to the
measured responses. Multiple correlation coefficlents greater
than 0.99 were ogﬁgined for models of all three systems

The solubility:parameters estimated here indicate
that the amorphous precipitates are_more soluble than had
peen indicatedvpreviously in the'literature. This is
believed tonte due to the lach_of asuell defined crystalline

structure Also, a change> in sdlution temperature from 25

y

to 5OC was found to have slight influence upon the solubility

I

of most precipltates. =
Solubility and stability constants estimated from the

same set of data were found to. be highly correlated though
experiments had been designed to minimize the uncertainty
associated with parameter estimates, The criterion used to
design these experiments proved to be a useful guide in
indicatimg when the return of information from further
experiments became minimal )

From analyses of sewage influents sampled in the
local area, 1t was concluded that ortho— and tripolyphosphate
were‘the major phosphate constituents, and pyrophosphate
a minor one. Estimates of the first order rate constants
for t&e hydrolysis of these condensed phosphates showed that
_pyPOphosphate would_remain‘the minor constituent during
wastewater treatment. _i? ?'. .

An equilibrium model has been written to predict

the aqueous composition of a wastewater after treatment with
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lanthanumu The parameters in this model included bobk the
estimates reported above and information from the literature
cOncerning other reactions " This computer model accounts - e
for};he reactions of twelve major inorganic components found

.1in wastewater which react to form forty eight species in the

_gaseous, liquid and solid phases The model's predictions
were Verified by comparison to nine sets of measurements taken
Of the. wastewater composition after treatment with lanthanum _ - J
In the large majority of cases, the experimental observations

lied within intervals predicted by the model. These intervals

reflect the uncertainties in the parameter gstimates, ~

analyses, and experimental conditlons. ‘The model was tnrned
,.about in order 'to calculate the lanthanum dosage necessary
to obtain ‘a specific residual phosphorus concentration gilvén
the initial wastewater quality L |
.This dosage model has-been demonstrated as a use-
'3-~ful tool in analyzing a-treatment process. From a sensiiivity.
-analysis of the independent variables *(i.e., vastewater e
Quality) it was concluded that the initial concentrations
and distributions of phosphates have the greater influence

in determining the chemical dosage. Conversely, the”® residual

aqueous concentration was found to be more affected by those .
.Variables other than phosphates Thus, the number of *~

reactions which ‘need be includbd in the equilibrium model

-fs'determineq in part whether information about the residual

-

e The residual. phosphorus concentration In this analysis was
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aqueous concentration or dosage 1s sought. The computer ///
model also 1indicates intervals over which the value of a ‘
particular variable (e.g.; pH) strongly influences the final
aqueous composition. These regions are to be avoided ing
a treatment process if this variable is expected to change
continuously. . . - .

It has been demonstrated that the cohputer model 1s
accurate when the indepe‘dent variables, (e. g initiél com—
| position and final pH) have values which lie with the reglon
‘covered by actual experiments This region 1s defined ap-
proximately as the initial concentrations of the major
components being al millimole 1evels, and the final solution ‘
pH lying between "6 to 9 This restriction exists because
- the free eneggy parameters for the precipitates were not ’
nmasured under conditions of true 'chemical. equilibrium but
. rather at conditions similar to the actual treatment process.
VTherefore, these parameters ¢cannot be considered to represent
: equilibrium constants. The obJective of this work, (i.e.
to-simulate the chemical treatment for phosphorus removal)
'has, "however, been met. ' Q . ‘
Finally, from the information calculated with the .
- computér model the range of costs associated with lanthanum
treatment.is estimated._ These cost_estimates.based upon this
. | __study and otherrinuestigati?ns"reveallthat it'is economically-‘
‘feasible to substitute lanthanum with its recovery process

in place of conventional phosphate precipitants which are

used only'once ‘and then disposed. This conclusion along -

LL___‘_Jﬁxb;thg sungﬁjgn properties é:i;anthanum as a precipitate-'
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EUTROPHICATION AND THE ROLE OF‘PHOSPHORUS

—
—

L

%
/ Phosphorus 1is an essential nutrient to all life

systems on earth. Thé basic component tﬁe‘bioiogioalicell,
contains approximately 1.35 to 5 percent phosphorus as an
element on a dry weight bases (K- u) 'Compared to other

macro-nutrients such as carbon, nitrogen,tand silica, the

typical occurrence in a cell of these elements relative
to phosphorus. as an atom basis is 106, 16, and 1 to 50

respectively (S- 13) //Because atom ratios of nutrients observed

in natural receiving waters (e. g lakes and oceans) are in

some cases less those "typical“ values seen in biological

cells; it has been postulated that phosphorus 1s the nutrient

limiting growth or productivity in these_aquatic systems.

It has been proposeomfurther.that.ty limiting the occurrence
", of phosphorus relatiue to the other nutrients, control

“.of productivity in the aquatic system can be achieved (B—S)
"EutrOphication _translated from its Greek root

means “to nourish well"'. In a modern sense 1t refers to

the nutrient enrichment of waters, a natural occurring

process The enrichment of a lake results in 1ts aging

and eventual disappearance, an event occurring over a. -

geologic time span. ' The limnologist defines this. process

in‘three‘stages. Initially an oligotrophic lake 1is

S 158
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characterized hy a low concéntration of nutrients, and .,
oxygen rich waters supporting'a smail amount of productivity.
Newly formed, the lake 1is usuaily%déep, As the lake .
becomes a depository; sed}ments pgduce its depth, nutrient
enrichment increases productivity,'and the resevolr of oxygen
is being depleted by organice decayland mineralization.
The lake has become/eutrophic At a condition midway between,
the lake 1is said to be mgsotrophic |
Imposed upon this process are the activities of
man. His contribution of nutrients, and consequent
scceleration of the increase in productivity is differentiated'f
' from the natural process, as “"eultural eutrophication (H 1).
The devaluation of a recovery water as a natural resource
“is ev1denced by the following symptoms: ‘

F' .
(1) increased production of phytoplankton population

_with-a shift .of species from diatoms to Ereens,
and the least desirable blue-green algae,

(11) deterioration of water quality,’ particularly
with respect to taste, clarity, and dissolved
oxygen concentration,

(1i1) 'increase in dissolved and suspended material
particularly nutrients and organic matter,

(iv) decrease in the value of commercial fisheries
. caused by a change from gane to coarse fish species,

(v} decrease in depth by an increase in sedimentation
A clear and precise understanding of man's specific .
contributions to eutrophication or which of Qhese should be

.Pegulated as either a cure or preventive measure has yet

-~ to be'determined.
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. Of the twenty-one elements found in algae cells,
Bartsch (B- 5) reports that nine have ‘been found to be
growth 1imiting in certaln lakes. Among the
macro-nutrients, cerbon (Kfj,'A—E, K-4), nitrogen (K-2),
phosphorus (E-1, §—3);‘silica (S-3), and rarely sulphur
haJc been so designated. Of'the minor notrients, manganese
irOn,canlt and molybdenum (G-6)- have been. determined to
be growth limiting. Thus a number of elements have assumed
the role of limiting'nutrients. Also as the ecosystem _ a
lake 1s é compleF environnent a combination of nutrients may
Ly their concentration limit productivity either simultaneouslyl

| R
or. in- some sequence. Thus the concept of one nutrient belng

growth limiting univers ly is too simplistic. What isrto .
be shown here is first that phosphorus has limited algae
,productivity in a number of lake ecosystems; and second

the discharge of this element is more amendéﬂje to control
than other nutrients - | ' T

The most dramatic example of a decrease in phosphorus

.input to a lake reducing phytoplankton productivity is the
diversion of sewage from Lake Washington (E- 1) Beginning

in 1963, all sewage outfalls were rerouted from Lake washington
to the Puget Sound. This action meant a reduction in the
nutrient oudget of the iake onSO percent for phosphorus .
ar® 15 percent for nitrogen. 'ﬁy 1971, improvement in the

lake water quality was evidenced by:

(1) a decrease in phosphorus - concentration to levels
measured in 1950, :
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(11) drop in chlorophyl concentration,

(i11) a deerease 1in dominance of blue -green algae species
from 96 to 80 percent.

Interestingly, though the-phosphorus' concentration is
continually decreasing, indicating the sediments are a

-sink for this element,'neither nitraﬁé'nor carbon dioxide
concentrations are: This suggests the najor source of these
latter nutrients is other thén the sewage outfall. )
Primary preductivity in Lake Michigan (S-3) has
skown to be limited by the levels of pnosphorns and silica.

The second nutrient deficiency,is believed responsible for

the shift of phytoplankion species from diatoms to greens;

-

.and blue -greens.
| In the report ‘to the International Joint Commission .

in- 1969 (I~l) 1t was concluded that phosphorus 1is of

importance in the enrechment .of the lower Great Lakes This

conclusion is founded in part from the work of Vailentyne (V-1)

for these waters. Vellenweider (V-2) has made a comparison

of twenﬁf different lakes_locatéd worldwide with respect

to theif phpsphorns input end-level of prdductiyityf

A correlation was found betwecen the mass. flux aof phosﬁhorue

and lake depth and 1eve1 of nutrient enrichment (-i.e. oligo-,

| meso-, or eutrophic). Applying this correlabion to the

lower Great Lakes, the International Joint Commission

concluded that Lake Ontario was in anumesotrophic s*ate,

and Lake Erie eutrophic. A reduction in the phosphoruu
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flux, achieved by phosphate bans in detergents and treatment
of sewage effluent for 95 percent phosphate removal,
would return Lake Ontarto to a oligotrophic state and the
central and eastern basins of Lake Erie to a mesotrophic
state (I-1). This prediction by the International Joint
Commissioo was made on the bases of Vollenweider'é correlation.
A second sﬁudy of Lake Erie's:central baéiﬁ,
"Project Hypo"in 1970 (B-24), assessed the rate of oxXygen
'depletion and nutrient budgeos in the hypolimnion. o
The conclusion from this.investigation'was that “phosphorus,
input to Lake Erle must be reduceo immeoiately"‘ If not,
BurnS et al. (B-2H) believed productivity will continue

to deplete oxygen until the bottom sediments subjectrﬁo-an

anoxle enviroment become a phosphorus source, rather than

sink. . o : 7 | - ' I
Many authors_jn reporﬁing phosphorue as a growth
limiting nutrient” have put forth maximum agueous concentrations’
of ohosphofus " above which nuisance algae blooms wilil
oceur., Sawyef (S-l)‘from the stody of seventeen Wisconsin
lakes suggested that phosphorus c0ncentraﬁions.should not
exceed 10 Ppb,nitrogen concentrations 300 ppb. . Similarly
Machenthun (M-1) and Chu‘(C-2) From their separate
}nvestigations set limits of 50 ppb. Kremer et ai.(K—B)
calculated from observations (V-2) of the minimum PhOSPhOTuS
concentrations needed to-support cell growth; that 6. ppb
should be considered as the excess concentration needed

for a bloom,
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All nutrients are recycled between the living and
non-living phases of the ecosystems. This process 1s termed
"biochemical cyeling". The_important %ifference in the cycles
of nitrogen and carbon coﬁpared.to phosphorus -is.the absence
of a gaseous phase f{or the latter nutrient (L-7). The
availability of nutrients from the atmOSphere insures
that the cycle is complete and continuous.' For example,
phytoplankton require carbon as its dloxide. This nutrient
is availdble from either the aerobic decomposition of
.organic material (A-2) or the carbon’ dioxide—carbonate
gquilibria (M—l?).. Similarly, it has been shown that certain
species‘of blue—green algae can flx nitrogen from the
atmosphere when aquatlc sources become deficient (H—”).
‘bonversely, phosphorus 1ike other rockbound nutrients snch
as calcium, potassium and manganese,is recycled‘by the
processes of erosion, sedimentation and biologigal activity.
ﬁeevey (D- 7) states that this "sedimentary.cycleﬂ is
incomplete.without'an atmosoheric resevoir. Also, he'states'
thgt among theirockbound,elements, "phosphorus 1s the
scarcest in biological demand" Evidence of phosphorus
being consolidated 'within the sediments g;s been observed.
From "Project Hypo" (B= 24) it was determined that 80 percent
of the phosphorus ’ras retained in the sediments under ‘oxic
conditions. In czﬁparison only 56 percent of the nitrogen-
was retained. Similarily in Lake Washington (E-1), : o o

phosphorus concentrations were observed to deCrease'by a /)«
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factor of four, once the influx had been reduced.

Thedsource of 2 nutrient is an important factor in
its control. From data reported to the International
Joint Commission in 1969 (I-1) and 1973 (G-7), the folloﬁing
portlons of the phosphorus 1nflux to the lower Great Lakes

were calculated to be contributed from point soﬁrces,

o

-

(i.e.,municipal and industrial effluents).

TABLE 20 PERCENTAGE OF .PHOSPHORUS INFLUX FROM

. POINT SOURCE
Basin 1967 1972
Detroit-5t Clalr Rivers .
and Lake Erie : _T10% - 53.5%
Niagara River _ - :
and Lake Ontario 57% 9%

In the five year period, after action has been taken

0 remove .phosphorus from wastewater and reduce phosphates

L]
-~

in detergents, point sources are still significant. The

point sources are much easier to collect and treat in

i

F\\\\\\ijiparison to distributed polluticn sources arising from
face runoff and groundwaters (B-5). T

-
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r.2 . PHOSPHORUS POLLUTION CONTROL CRITERIA

The focus of attention in North America with respect
to the control of phosphorus pollution has been directed
towards therGreat Lakes.. These five lakes are an invaluable

natural resource; but the water quality of the lower two

- .

lakes 1s rapidly depreciating. In response the "Great Lakes ° |

water Quality Agreemerit" (U-2) was signed by Canada and the

T United Sta&es in 1972. This international treaty calls for

the total phosphopus effluent coneentration not to
exceed 1 mg/l from mqﬂicipal-sewage treatment plahts whose
ﬁﬂp :clty equals or exceeds 1 MGD. Industrial effluents are

-
to"be treated to an extent which is technologlcally practical

_A:schedule of the reduced"tota; inflows of phosphorus

©o Lake Erie and Lake Ontario from 1972-to 1976 is specified

in the treaty. It is worthwhile to note that she phosphorus
_oadlng to be achieved in’ 1976 of.0.56 and 0. 47g./m /year

for Lakes Erie and Ont§rio are above the influxes ]
mcommended by the International “Joint Commission in 1969 (I 1)
or 0-39 and 0.17g./m /year. Provincial and state :

covernments in the Gre§% Lakes basin have. supplemented this

0\..0-.,. o

ernationai ‘standard-with local regulations,'and in ‘some. ™
cases a restriction or ban on the phosphates contained 1n

detergents. These actions are summarized in Table 21.

N

-
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_ yet to define these objectivestintO'Specific effluent

 standards (M-6). The office, Chief of Engineers for the

167

The Congress of t e.United States has célled—for~even
more restrictive efgiuentnltandards in the Federal.Water
Pollﬁpidn Control Act Amendments of 1972 (F-1). This law
requires that?the'diSCharge of pollutants into navigatible

walers be eliminated by 1985. A goal for 1983

" 1s the achievement .of a water quality'sufficieht for the

protectidn_of all wildlifé fauna and for recreational use.

ZJﬁhe Federal.Envagéﬁeqtal Protection Agency has
> ' : g |

U.S. Army . Corp has suggééted effluent criteria to.meet

these "zero dischargé of pollutant™ goals. For phosphorus

.the Corp states that 0.02%mg/l is desirable, but that only
i . .

: - - ~
0.5 mg/l 1s a practical standard that can be consistently

achieved with present treatment technology (U-1)."

—t
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1:3 'PHOSPHORUS CHARACTERISTICS' IN WASTEWATER

In Ontario, the average total concentration of
phosphorus . in.raw sewage was found to be 7.0 mg/l and to
vary from 2.3-to 18 mg/1 (B-20). .Bargman et al. (B-2)
observed from a weekfong survey that thelinfluent phosphorus
concentration_reacheda diurnal maximum and minimum and"l
the amplitude of this cyele decreased'from the beginning of
the weék toward the end. -The type and distribution of

phosphorus reported as typlcally characteristic of

wastewaters are (G-9, D-1):

(1) orthophosphate- . ,Mo—ﬁé percent
(11) polyphosphates ~ .72h-145 percent:
(iii) suspended phosphates ' 10-36, percent

There is a paucity of information (K- 5) concerning the* bature
and concentration of organic phosphorus 1in wastewaters
Orthophosphates are the result of erosion, the

hydrolysis of polyphosphates,uor the degradaticn of organic
'phosphorus. Polyphosphates are found primarily as. two N
forms in wastewaters, pyro- and tripolyphosphate (H—2).
These compounds are manmade and are the two most important %%
:constituents of . phosphorus builders in detergent formulations.
For example, sodium tripolyphosphate accounts for nearly ' .
95 percent of the phosphates in laundry and powdered
dishwashing detergents-(Gflo)._ Potassium pyrophosphate 1is.
used mainly in 1iquid detergents;. An intermediate product

| . ' . o

;\ . ‘ . 16‘8 Yo A . ‘ L
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formed in the hydrolysis of tripolyphosphate to the ortho-
compound is pyrophosphate (H-2). Soligd phosphetes include
~ both organic‘and inorganic forms. Organic compounds.are
believed to originate from food_scraps and human waste.
Inorganic forms are‘the result of the precipitationeof
‘metal saits; (e.g., calcium apatite (J;l)). | .

, In the future, the phosphorus content of wastewater
.is anticipated to change in the fo 1owing manner. The
fraction of the total ¥Phosphorus c centration attributed .
to human‘wastes is expected to:remain constant. The total
mass loading from this source will increase due to incPeases
in population,.and as more households are connected to
u’sewer systems. This latter factor has been particularily
significant in the last detade. That fraction of phosphorus
attributed‘to‘detergents can be expected to decrease " In

- the last decade, detergent phosphorus use per capita
increased continually at an annual rate of 4.5 percgnt: (B‘2M)
This trend was a result of increased demand for detergents

by the consumer and an increase in detergent phosphorus
content from approximately 10.5 to 13 percent. This second
factor has been reversed For. example, in Canada\the
phOSphorus content in detergents is limited to 2.1 percent
by weight, while in the states of New‘Ycrk, Indiana and .
Conneticut, a total ban is in effect. While the quantitative

effect of this action 1is uncertain, the International Joint

Commission in their 1973 report~(G—7)'SEated that detergent
. .\ ) . ‘ ‘- ) | - :1 . : . :

% )
~’
.
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reformulations may be impacting the phosphorus reductions

to‘a greater extent than was contémplated.

/




I.4 METHODS OF PHOSPHORUS REMOVAL

Several separatiOn Processes that have wideapread~
,usago in the chemlcal industry have been Specifically adapted
for the removal of soluble and particulate phosphates-
from sewage. For example,"three process functions that-have
successfully modified are:
(1) chemical precipitation,
(i1) adsorption, -

(i1i) ion exchange.

To this list, two blological treatment processes-are

added. One 1is modificatidns of the actlvated sludge process
carried out to promote the\"lukury uptake" of phosphates by
the bacteria of a‘miied.culture; The other process 1is
designed to promote phiytoplankton activity in order to
ctncentrate phosphorus in the algae cells,'and theh harvest

these cells. Other treatment methods that are not designed

‘exeluslrely for, but have beneficial removal of phosphates

-

are: |
(1) applicatiph'of sewage to land, o v
(11) electrodialysis,’ ' T
(111) distillation, _ , e

(iv) reverse osmosis. A
All of these treatment methods are applied to point sources,
(i.e.,municipal and industrial wastewaters.that have been
collected by sewerS).

Normally, conventional primary and/or secondary

treatmeqt of sewage is not adequate to meet- phosphorWS

171
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effiuent standards. Typicalcremoval efficiencies that have

been reported are (B-5):

(1) ‘primary treatment--10 percent,

(11) conventional activated sludge process--uo ‘percent,

(111) trickling filter process——25 percent.
Though a number of processeg;have been demonstrated as ) ‘

’ N . . .

effective for the remoeval of phosphates, only chemical
precipitation has been given serious consideration in the
Great Lakes basin. This procesghcan be incorporated into

conventional treatment plants with a minimum capital

expenditure.

The following‘statistics indicate the extent to
which the chemical precipitation method -has beenh adopted.

In Ontario by the end of 1973, 156 plants will be removing

- phosphates by chemical addition (G-=7). These facilities =~ -

service cene third of the province 5 populaticn By ne end
of-l975; 57 additional treatment plﬁnts,.serving'the
yenaining'population, will have.this method on stream. In

. the United. States; 252 plants are to be upgraded for
phosphorus removal (G—T). Current progress,’ as of May 1973
(D-1), 3n,implement1ng chemical precipitation techniques, is

(for sewage treatment plants with a capacity equal or greater'

than 2 MGD):

(1) 140 plants are undergoing feasibility studles,
(11) 32 plants are undergoing plant trials,
(i11) 34 facilities are under construction, :
(1v) 63 fdeilities are operational

The most common precipitating agents used to remove

-— -

-
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phosphates are calclum, aluminum and iron. These metals

are usually added as the following salts:

(1) Ca0 or Ca(OH)2 (commonly called unslaked and slaked
lime,

(11) A.l2(80u)3.14 H,0 (commonly called aium),'

(iii) FeCl3, FeClg, Fe (SOu) and FeSOu.

The process itself consists of three steps. First, the

h

chemical precipitant 1s added to the wastewater as either a

dry solid, slurry, or concentrated sdlution. Sufficient °

turbulence (mixing) is generated to obtain a uniform

dispersion of the chémical. A precipitate is formed which

is a mixture of insoluble hydroxides and phosphates when

iron or aluminum is the agent, or these salts plus carbonates
.whendcalcium is used. Recht‘End Ghassemi (R-2) have shown

that the aluminum or iron reactlon 1is essenbielly instantaneous.

In the case of calcium, however, Menar and Jenkins (J-2)
~reported the raté to be strongly dependent upon a number

of variables, particulary solution pH,-magnesium”and carbonate

? 3

concentratiohs.
.The second step is particle.growth usuelly;termed
fl\occula.tion. The precipitate is placed in a hydraulic ? |
regime of reduced shear or turbulence. The objective 1s
. to promote growth'by increasing'particle to particle
collisions, bgt to maintain shear forces below a limit which’
would cause the breakup of newly formed floc particles .
The last step 1is to repove these particles, uscellylby

el

filtration or settling. | . S
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Initially, the approach had‘been to separate these
process steps into three operations. The entire treatment ,
scheme was.then added after secondary treatment as a tertiary
stage. An example is the facilipy at Lake Tahoe (S—é), where
lime precipitapion is used. More recently, ohe;practice }
has been to add the chemical precipitant directly’to primary
or secondary treatment areas, and allow the removal process
‘to.operate"simultaneously with bio-oxidation.

Operating experience gained. from both laboratory

and full scale plant experiments .of the Blological-Chemical

Treatment Method Have been summarized Rupke et al, (B-20,
R-7) reported on the numerous jar studies and twenty four
plant trials carried out in Ontario. Minton and Carlson {M-9)
'%eported,on twenty—eight studiee of combined treatment’

and sixteen of tertiary treatmept completed in America and
Europe. The pertinent observations and conclusions of
these studiea are discussed.

Ali.authors agreelthat the prediction of the
chemical dosaée from. the usual water qdality parameteQS ;
'-including the initial. phosphorus concentration is largely
uncertain and deflnitely not-stolchiometric with respect
to phosphorus. Lime requlrements were found to be
DfimAPily dependent upon the initial alkalinity‘of the .
sewage. In the Ontario studies, ferric ion .dosage showed.
a gréater dependence opon_the initial phosphorus 1 vel

than aluminum. Both metals showed improved correlations
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in samples from secondary:effluents, as compared to raw  _
sewage. The uncertainty in specifying the ohemical '
requirement needed.to achieve a residual phosphorus
cpncentration of 1 mg/1 is shown in the range of chemical

dosages found to be optimum at different ldcationg. These

]

are. ) 5 .
(1) lime —-- (as Ca(OH), _ - lSO—MOO‘mg/l,

' (11) aluminum -- (as A1,(S0y)5.14H50) - 100-300 mg/1,

(111) fefric-lon-- (as Fe3*) . 10-40 mg/l.

Rupke noted: that the variability in performance of a

precipitant increased with an increasing proportion of
industrial wastewaters in the sewage

These studies indicated that in plants with secondary
treatment, the effluent channed from the aeration tank
'lwas the best location for chemical addition of aluminum and

fron. Because of the solution pH necessary for precipitation

to occur, lime is normally added only to ‘raw sewage Lime

e

floc carried over from the primary clarifier was observed

Lo . resolve in the aeration tank -as the pH decreased

to a neutral value.o This_ occurrence meant that a residual
phosphorus concentration of l mg/l could fiot be obtained

in the fihal'effluent. For all chemicals, the intensity

of mixing at the point of addition was: found to be~important.
A uniform dispersion of the chemical is required to prevent
localized changes in pH causing decreased removal efficiency.

Both studies sugggsted the rate of chemical addition be
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fcoordinated to variations in the incoming flow.. A feed
forward control loop for chemical addition based on incoming |
phosphate concentration was considered infeasible, a feedback
loop based on the effluent concentration was thought possible.

The addition‘of chemicals to‘a conventional biological
treatment process was observed to yileld both positive and
-negative'benefits with respect to plant operation. Increased
removal of‘suspended solids-and materials exerting a
biological.oxygen demand was observed. 'In one study,(B—lo),
in which lime was added to the_primary clarifier of an

“activated sludge treatment plant, the reduction of

biodegradaole carbon in the primary -area wasnsufficient to | ~f'
allow nitrification with 97 oercent oxldation of aﬁmohia,sto !
occur in the activated sludge reactor. The;Ontario‘studies
demonstrated that overloading of the anaerobic digesters _
occurred from the increase in sludge production, particularly .
because of. increased volatile solids. Also, these studies
indicated no inhibitive effect of accumulated metal salts
nor'significant}'phosphorus resolution. in the digester.

Minton, however, reported an elimination of the protozoan

population ‘in the aerobic reactors, but no significant

M L]

decrease in the efficiency to remoye,;arbonaceous material.
All authors stated that the settlabillty of the combined

' chemical-blological floc was less than‘that of the biological
floc alone. Therefore, 1t was‘recommended that the overflow
rate of tfe fihal clarifiers not be allowed to exceed 650

!

‘Lo 700 gpd/ftg. The dewatering properties of the sewage
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sludges were found to change with the addition of chemicals
in the Ontarioc studies. The lime coagulent'reduced the costs
of cdnditioﬁing'chemicals (44 percent) and increased cake
solids and filter yield (+39.ﬂ percent). The presence of!
_elumAin secéndaﬁy sludge caused little change. However, alum
floc combined with primary sludges increased chemical
conditionlng’costs (+20 percent) and decreased filter

cake solids (-38.2 percent) and filter yield (-57.5 percent).
‘As can.be expected, the addition of coagulents increased

the mag; of suspended solids produced {in every case.
Dependlng upon the final concentration to which the chemlcai—

biologlcal sludge would_sett;e, a correSpondinv increabe.

in sludge’ volume‘also occurred. A summdry of experience |

from the Ontaric studies is given below. . _ -

TABLE 22 SUMMARY CF INCR“ASED SLUDGF DRODUVTIO\I
‘ ' FROM CHEMICAL ADDITION

Source of . Mass of Dry Settled Solids Wet Sludgef
“Sindge Solids per MGD Conc. - Volume

(as percent change)

Alumirum and Ferric Salted

Primary ‘.+100%‘ : -20% ' 150%

Secondary . +5-25% ~ -19% +35%"
Lime |

Primary ’ +200%  +100%- . +5Q%

Secondary . . +155% o +;00£ ‘ - +25%f
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The change In the dewatering propérties of the combined

sludge and thelr increased ﬁ;ss'and volume can be expected

to increase the final disposal costs of treatment plant -
sludges. uThis incremenf in cost has been calculated for

the different types of sludge and chemical coagulants.

The costs are calcylated from the unit costs given by

Bennett et al (B-7) for chemical conditioning, filtration,

-4

___ and incineration or haulage to a landfill of sewage sludges.

The estimatés apply fdr either incineration or a 30-40 mile

hauIage, as this is the break-even polnt fbr these operations.

TAELE 23 INCREMENT COST INCREASE OR FINAL ,
- . DISPOSAL OF COMBINED BIOLOGICAL CHEMICAL SLUDGES
' }
Chemlcal Sludge Incremental Cost
- /MGD treated

Aluminum and Primary ) ' $37.2
Ferric Salts :

-

A“luminum and

Ferric Salts - Secondary e $UT.T -
Lime " Primary . $30.0
-~ Lime ! Secondary $52.3 - o

o

. The "state of the art" is such that at .each treatment
plant, experiménts afehneeded to'determine wh;ch chemiéai
is to be applied where, and at what concentration (M-8) «

3

samples using the jar test. From this, one chem1ca1 is

Initiallyy, all three precipitants are evaluated with grab
selected "and a dosage range established. Sampllng at the

treatment pIantliégcontinued over a three week perldd.

L
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it least, ten samples taken at random 1s recomnended (M-8).
Again, the'jar‘test is used to determine the residual -
total phosphorus concentration resulting from different -
chemical dosages, (usually three}. The=procedurehused‘in'the
Jar test assesses the overall removal efficiency of the |
pre01pitation, particle. growth and settling steps

'As the characteristic of the sewage samples can‘be
expected to vary overvthe three week'period a.range‘of
residual, phosphate concentrations ‘is obtained at each dosage.
Each set of values is assumed to be representative of -

- samplings from a population which is normally dist buted.

From each set, a probability curve is constructe #hich.

relates the frequency of occurrenceﬂof residu 1 phosghords
concentrations at each chemical dosage That dosage which
provides a residual concentration of l mg/l 80 percentﬂ
of the time is selected for further plant trials — This
approach of aggregatling the data dampens varir .. 21L8, in
removal efficiency due to changing jnflucnt sewagef
characteristics, particularly the inﬁluent phosphorusk
concentration. o
| Chemical addition at the treatment pIant is carried,
out for at least eight weeks. The puroose of these'full
scale trials is fs} |
(1) confirm the chemical dosage,
(i1) optimize the point of application

(111) = provide information on the chem*é‘l biologicaj.ﬂ’
&

.

i,
9
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sludge characteristics,
(1&) provide preliminary cost data on operating expenses,

(v) confirm the suitability of exlsting facilities for
_ phosphorus removal

Tne cost of this type of research in determining chemical

treatment procedures for over two hundred treatment facilities-

\

in Ontario will apﬂ;oach six million dollars (B-20).
Unfortunately, the information from,these'studies is directly

applioable to'present treatment‘metnods and wastewater
s )

characterlstios The.utility of this data in the future

. ,/..

is uncertaln when wastewater quality changes, as a result

.

for exampde of new detergent formgr=tfons. ‘ N

Other chemicals have been demonstrated to suocessfully
" precipitate phosphatea. Sodium alumﬁnate (B—3).B—M), though
more eXpensive than alum contains eﬁﬁés% oaustio which

can be an advantage in maintainlng pH especrally‘in' o e

‘ wastewaters of low alkalinity The use—op "steel pickling

1iquor" has been demonstrated in municipal treatment plants E
in Détrdit (D 10), Milwaukee (M-T), and ®n (B-20).

The liquor is-a waste stream from the. roJ::Z&:téel fﬁnlshing
process and 1s an. inexpensﬁve source of the ferrous ion.
‘Before phosphate precipltation can take place, this ion must
be oxidized to_the ferric ilon, a.reaction requlring more than
two hours of aeration of sewage. Thus,‘its use 1s not
feasible in a primary treatment plant. Recht andehasseml
(R-3, R-4). demonstrrated with seoondary effluent_samples

LL

that lanthanum, a rare earth, was a superior precipitant
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concentration, and achieves effidient removal wilth residuals :
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.o ’ '/‘

compared to either aluminum or iron Lanthanun

. .
s

‘-.

is more effective in four wayS‘
“.(i) : minimum residual phosphate concentrations oecur .
. . over a wider pH range compared to aluminum or iron,-

’

.

(1) - polyphospha&es are precipitated equally as well
as'orthophosphates,

~

(iii)d the chemical demand is approximately stoichiometric

N ' mith respect to phosphorus,

(iv) the extremely slight solubility of lanthanum "
phosphate results in,residual phosphorus ‘concentrations
of 1ess than .01 mg/l. - /e

The cost of'lanthanum reqguires that the precipitant be D
recovered ‘and recycled for the process to be economically‘.
lfeasibIE; Chemical methods for the recovery of lanthanum '\F__
have been demohstratedf(375,'W~l)[ Lanthanum chemistryﬁwith-

nespect to precipitatiod anq\recovery'is reﬁiewed in | |
greater detail in section 7. L - .o @\

d Activated*alumina appears to be the most promising
adsorbent for the’ removal of‘phosphates (Y-1, A-3). The medium
has been shown to be selective to ortho», polyphosphate |
and arsenate ions, while the process causes no change in

effluent pH, does not increase the dissolved sollds

of 1ess than .1 mg/l phosphorus T orted. .The adsorbent isIJ
rEgenerLted with a strdng base and Lhe phosphates finally
disposed of as a lime precipitate Pilot plant trials have

indicated- its ecoromic feasibility (A-14). Other adsorbents

‘- considered have used flotation rthe separation process.

For example, Grieves et al (G-8) used a cationic surfactant
' ey L N .



PR S S | © 182"

[
-

,only, Garrett et ‘al. (G-3) used an aluminum hydroxide floc
o+ N

attached to foam, and Bhattacharyya et al (B-8) used | SN
.L;‘ '1anthanum and a surfactant "aided foam _“ - -

1

/ . Conventional ion exchange ‘resins have, béen examined

as poss}ble removal media (A-5). Hummel (H-7) designed a o /

4
‘process 1n @hich phospdbrus was recovered as a fertilizer

' to offset operating costs. The common difficulty of ion
exchange has been selectivity of thé resin together with -
s

» ‘the concentration of competing anions (e.gq chlorides and
N . %

shiphates), found in wastewater;;/obugherty (D-11) developed

oo
i

the uSq’ofaa ferric oxide’gei'which‘has partiaiiy overcome

the.selectivity prohlem ' ,

o As phoSphorus is an essential cell’ nutrient its
removal from wastewater occurs through normal cell growth.
‘Unfortunately ratios of carbon to phosphorus in sewage and
in a normal heterotrophic bacteria cell are such that the
latter ratio is greater 'Thus only partial removal of |

phosphates are, obtained (approach g 1§ percent) However,

Levin,,and Shapiro (L-4) have T

orted that under certain

conditions, the "iuxury uptake" of. phosphorus"occurs

o with an increasing efficiency f removal That is, the cells.' - /

-~

consume greater amounts of phospho¥s  than normally &bserved.
| Gontroversy exists as to whether this process is biological.
in nature " as' new evi&endglby Levin (L 5) and Carberry et al.
.(C-l) indicate,or is, actually-a chemical precipitation of
phOSDhates with natnrally occurring calcium as Menar and o

. . - - .
e ) “ -

o .



Jengin (M-5) propose " In any event the condﬁrions necessary

for the "1uxury uptake" of phosphorus by’heterotrophic
pacteria (activated sludge) are still ili defiqed, and

.

prevent this process ‘having widespread applicability

Azad and Borchardt (A—S) haves demonstrated that H

autotrophic cellsffalgae) can- take up an excess of phosphorus‘

t0 a maximum of 10 percent dry weight as opposed to 1.6 percent
-2

measured foi norma heterotrophic cultures (M- 16) Thus,

a symbiotic autotrophic heterotrophic system offers; potential
npKinney et al. (M-4) have proposed such an "aétiv§ted algae _' ff
system. The practical limitation is howeven that al§ae cells

.do not floéculate efficiently and thus their removal from

-~ ]

o

- the effluent is not yét economically feasible . oy




"electrons can be locadted ir these. oﬂﬁtals and thus fourteen
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1.5 LANTHANUM: THE ELEMENT . _ -

‘Lanthanunt 1s located in Group III B of the periodic

%able with an atomic nurnber of 57, and an atomic Weight of

-

'138 92. ‘Its ground- state "outermost“ electronic configuration

"5d1652" of the neutral atom indicates the existence of a
-tlansition series called the ”rare earths or lanthanides"'
The elements of this series Mith atomic numbers 58 to 71

'inclusive, are characterized by having additional glectrons o

.§necessary to yield elements of incfeasing atomic number) g

o

located in the inner, well shielded 4f orbitaﬂs Fourteen~

. elements dré'khownﬁto exist. Though the Mf orbitals of “the _

lanthanum emon1a1e empty, the slight. energy difference
between If and 54 electrons and the resulting similarity

of” chemical properties results in lanthanum being classified
as a rare- earth for practical“purﬂoses (M—ll) '

' | Only two oxidation states are known for 1agthanum, _
zero for the metal and-plus three ;or the ion in aqueous ' .,//
solution. Tripositive lanthanide ions are significantly

elarger than other-tripositive ions with the exception ‘of

the actinide elements. Ofcthe “rare earths lanthanum o

: has the largest ion size because the electrons of successive.

elements are added - to the 4f orbitals. * The size andfthe

highly jonic character of the lanthanum cation- result in

L]

‘chemical properties desirable for ‘a precipitant. The

\ S . 41&" - :

o L.
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attraction offthis cation to form compleXes with anions 1s
Yimited. Thus it can be éxpected that (M-9):

(1 ithe number of known\complexes is limited
. e
(11) the only anilons associating will have a small size
large charge,'or special chelating abllitiles,
(111) the stabilities of such species with respect to R

-

) reported for lanthanum (B-9), at least five Yor aluminum (M=1)

g dissociation into ion components will be less than"
for other tripositive metal lons

This 1is best illustrated by the extent to which lanthanum

. B

hydrolizes in aqueous solution.. Three complexes have been

and four for the ferric ion (S 7) Similarly with respect

to ion complexes with orthophosphate, one is reported for - R

-

the lanthanum cation (R—l), eight for aluminum (S- 7) and: _seven

for iron £S 7) An increased tendency for a cation to v S

I

‘form complexes, decreases its free 1lon cohcentration and thus

increases the solubility of apy ‘of 1its salts

_ The term "rare earth" as aoplied to 1anthanum is a
more'appropriate adjective of its practical use, than its
occurrence. The!abundance of 1anthanum in igneoﬂs rocks is Tren

19 g./ton (T-4), making thisvelement more available than -

" lead (16 g_/ton) or molybdenum (16 Z- /ton) €ompared to the'

other 1anthanides, it is fourth in magnitude of occurrence

-

at 11. H percent (R—8) Important mineral sources are: N '
) . v
(1) monazite—-a phosphate—— . 234 as La203 (W-3) >
(11) bastnasite--a fluorocarbcnate—— 25.7% as La2 g (W=3),

(111) euxenite——mixed salts—- | ,.' 2 9% as La,0 3 (TAM).

'\.
= h sl

These minerals are often sought primarily for ot er elements.

..
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(u 1 % as fl‘hog)1 an important nuclear fuel.- Similarly euxenite

¢  Thus he "rare parth" elements are often byproducts\\uhose ?i
will in part be governed by the demand for these other
'elements (S—lQ) - T
" r e
The principle applications of'danthanum have been ‘ s

in the manufacture of special alloys, glass, and catalysts.

In the metalurgical field lanthanum is combined with ind{um

to form a superconductor with stainless steel to improve'

.‘yield and. workability, and with other "rare earths“ to form -

Bt

"mischmetal?, a di- graphitizing agent of cast iron (T- U)

a

ln glass, lanthanum imparts %he qualities of low dispersion" it

. /

with a high refracﬁive infex (T 4. Lanthanum is also used
: R

'to dope both hydrocarbon synthesizing and cracking )

L} " . £

catalysts «(T-3).

Limited information is,available on the toxicity of

@

lanthanum to humans. For example, the effect of acute
l‘ -

©oor ‘echronic contact outside the body is unknown ‘as well as
I _
chronic inhalation or’ ingestion (S- 2) The intakes of acute

amountssof this element is believed to. result in readily ’

s -

“reversible changes which disappear after exposure. jhe <
principle toxichaffect of 1anthanons is to delay blood

clotting and thus cause ‘hemorrhages. The mechanismfof this
~effect 1s believed due to the trixalent charge of the cation

'Changing the charge of. the blood cell.. "In .animal bl

-
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' \l’l' .'-- ' . . \ ‘
samples, lanthanum- was found to cause reversalaof charge = -

of the red blood Qells at concentrations of 0, 3 molar (B-1).

This concentration is at least two orders of magnitude

.greater thanlthe initial'lanthanum concentration to be. used

. .,

in sewage treatment.

ro . . . R o
s T . -TABLE 214\ R /

» | COMPOSITION OF MIXED RARE EARTH SALT%;

i

(Product #52440 Molybdenum Corporate of erica)*

T N Rare Earth Oxide Equivalent HG% minifum. **
. 1"‘ ‘
Rare Earth = o qntent _
- . 8 *  (Percenty by weight _
T : of total Rar .FEarth. present)
a ‘ o . . . '

Lanthanum ' : “ 60

| s - Cerium | 15
Neodﬁmuim . 17.5
Praseodymuim T

*all other Rare Earths‘

% Current. selling price 37¢/1b in 25Q\IEHIots.
?‘--\_\‘

¥ Rare Earths 1n cthride form
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"COMPARISON OF LANTHAPUM ALUMINUM
kND IRON A3 PHOSPHORUS PRECIPITANTS

o

~

-
G\ -

" The experimental studies’o Recht et al. (R-2 ‘RL3;
R M) allow comparison of the perfo mance of" lanthanum against
the more commonly used precipitants, aluminum and iron
' under similar conditions. In Tahle 25 , the_minumumq.‘
solubility and the pH ,range at which this minimum-occurs 1s
compared for the 1anthanum, aluminum, ferric, and ferrous-j' *
] "~ cations reacting with ortho-; pyro-, and tripolyphosphates ".

'separately. The ions are dissolved in distilled water

In every case, lanthanum outperforms by causinéfthe lowest
residual phosphorus concentration to occur over_zhe widest
pH range. This superior performance is als/ illustrated

in Figures 21 to _214_-.r Figure_ 21 shows as expected
that lanthanum orthophosphate is l;_ess s/oluble than thé 1"
aluminum salt in a sample of’ secondary effluent.

Reaction rate experiments/ﬁor the orthophosphate.

precipitation have been carried/out ‘for all four cations
.Lanthanum, 1uminum, and ‘the ferric 1on were found* o react .
;almost instantanEOusly, less than a’ second Precipitation ‘ Ly
of the ferrous/gon, however, was found to take from five
'_minutes to two hours for completion, depending ‘'upon the
;initial solution pH and phosphorus concentration.

R To estimate the mélar ratio of cation to orthophospate

: <
3 necessary for complete removal, the percen% phosphate removal

| was measured at different molar ratios. The solutio#spH was
— —— ]
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. was! kept constant in the area of minimum solubility for

/189

L

each metal.' Extrapolation of the curvilinear characteristic

of, removal Efficiency Versus, the molar ratio indicated .

arfe required to remove one mole of orthophosphate, while

- s

1

1/, 23 moles of the ferric.ion, and l.H.moles of aluminum

re required.

The amount of ‘water bou

for _the orthophosphate precipit

- Was found to)contain less unbound water (1.e. water re

by drying in a dessicator at ro
by welght than the aluminum or
This indicates the’ potential of
for the‘lanthanum salt. The qu

(i'e, moigture removed by dryin

' 600°C) found in she 1anthanum 5

lO percent by weight compared t

and 18. 5 percent for the ‘ferric

.la thanum to be the most efficient 0. 9 moles of lanthanum

e

nd and unbound was measured
ates. The lanthanum p ecipitate
R}noved
om temperature) at 0.73 percent
ferric salts at 9 7 percent.
better dewatering properties .
-
antity of bound water.
g at 10H°C and ignition at .
alt was also less, approximately

o 17. 5 percent for aluminum,

salt.

~
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FIGURE 21, ,Precipitation of Orthophosphate from
s Wastewater Effluents at 2:1_cntion-Lo—Orthoph_osplmtc Holar Ratio.
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Ficuny, ‘23, Prccipitation of Orthophosphate at N
. -
2:1 Cation-tOLOrthophosphntc Equivalerice Ratio. .
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1.1 7 LANTHANUW if{scov'ERY scHEMES . . LT

‘ The cost of lanthanum “salts requires that this metal

pe recovered if this precipitant is to be economically ;q. ’ P !

-

competitive with the more commonly used precipitants,
‘aluminum and ironx Recht et ar (R- 5) proposed the following

scheme. The lanthanum phosphate precipitate is separated .ot

k)

from the- sewagemeffluent and then caused to react with a
_high strength caustic solution . Lanthanum is reprecipitabed ' .q!!

‘as a hydroxide from this solution, and then reqycled "back to

! L]

“the: phosphoruS‘ removal process : The alkali is regenerabed

e

| bﬁ‘precipitating the dissolved phcsphates with lime, nd .
'th’/(returned for further use with 1anthanum phosphates '
' The process appears feasible Dut 1ittle information was‘
given as to the'operating conditions necessary to_achieve“

this regeneration ';' - - °:, )

Because of this lack of data, a preliminary

o

'investigation was carried out for yhis lanthanum recovery
LT

process (B 14) In addition, lon exchange, methods were also )
evaluated as possible recovery processes (B- 15) In thi$ o

: second approacﬂf lanthanum phosphate is redissolved in o o

-

an acid and the metal concentrated by a cationic exchanger
S or the phosphates by an anionic fesin Both exchange ‘o'-

methods proved infeasible The . rate of exchange»of lanthanum

’

with a commercial resin (Dowex™ 50 8x—a5 mesh) was muchﬁ,.

- . » : .
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_ reactiqp for the conversien of lanthanum phdsphate to the

194

' C o
» . . . .
Y

sslower ih comparison to the exchange rate of other metals

[

1

such as sodium, or calcium " The residence time needed

A; .
for lanthanum exchange resulted in a reactor capacity that :
(U} ‘_.» 1..

was not economically viable The hydrogen ion concentration
S

needed to dissolve the precipitant, resulted in the neutral -
trihydrogen orthophosphate cOmplex being dominant species ¢

"in the aqueous phase Thus, only slight . amounts of phosphate

oK

were concentrated on the anionic resin Reaction rate studies

of lanthahum , osphate in a° strong caustic ‘solution indicated

' that the rate of reactionwand conversion to lanthanum '

hydroxide were encouraging, and thus this recovery scheme'
was investigated further.

M. Wasserlauf (W—l) MEasured the raté and extent of

i

I

,hydroxideein caustic solutlons. . The magnitude of these )

-parameters asveffected hy the molar strength of'the'alkali

g would '‘be approximately.T¢

Ty

ratios of alkali to phosphorus' precipitate, temperature, :ﬁ

and concentration of* soluble” phosphates in- the alkali Ve

was measured All of these operating parameters were ‘a -

found to be significant Similarly, two alkali regeneration

-schemes were also investigated : Lime precipitation and o
[ v . ﬁ
Crystalization of sodium phOSphates were considered as ' ’

1

alternative schemes From this study, the recovery scheme

1llustrated in- Figure 25, is proposed. Wasserlauf estimated

that the. perating costs f:;}chemicals and energy (evaporator)

er 1000 gallons of wastewater ,

ek
’ Ce .
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‘.
f

and'approximately 530 pounds of calcium hydroxyapat;te

would be produced'for every million*gellons of sewage |

" “treated for nutrient remoreli' From Table 23 the cost

for disposellof edditional biologigéllchemicat sludges were_
'fou'n'd to range from 5.3¢/1000gal. for lime used in a
fseoondary treatmentmplantrto 3.7¢ for aluminum or iron.usﬂd“
'in a primar& treatment‘process. Also the increment in sludée
' produced above normal operations was found to range from

2800 lb/MG to 1300 lb/MG for the. same processes respectively

I
. (B-20). Thus,-the 1anthanum}process,is a feasible alternative

'in terms of the cost of sludge treatmént and additional .

_solids produced Also, attention must be drawn as to the

-
L)

quality of sludge produced The sollds produced by the
lanthanum recovery process, need not be buried in'a_landfill
but instead supplement the ,“phosphorus rock" used as a raw

2
'material in the production of condensed phosphates

L 3
i
€
4
.
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1.8 - APPLICATION OF EQUlLIBRIUM MODELS
' TO-NATURAL. WATER SYSTEMS -

[
" Stumm and Morgan (8414) have demonstrated extensively
that equilibrium models based on the principles of classic
chemical thermodynamics can be a useful tool in obtaining a
theoritical description of natural.water systems. This_
ﬁapproach has been’ demonstrated by models of the chemical
equilibrium in lakes (K-6), . groundwater resevoirs (G 1), oceans
S (G-2, G-5, G-T7) and wastewater treatment procdesses (L-3,;M—lu, ‘H
‘F-2). | | '

As Morgan (M-lS) has previously Stated the idealized

. ' 'equilibrium model which has the essential features of the
.f‘ ¢
real system can be interpreted by a rigorous application of

thermodynamics. ‘Also when the model predictions do not agree .
with the real system, gaps in information or the limitations-

«- of considering the real system to be at equilibrium can-be:

LN,

' identified. fhe gaps in information'may,reSult-from: ' : Y

(1) pertinent chemical equllfbria ignored in formulating
reactions and species, :

(11) .thermodynamic data that are incorrect‘or inadequate,

(1119 the data measured from the real system may not be

| consistent with those of the model (e-g., the model
predicts a free ion concentration while only the
_total soluble, or soluble plus collodial concentrations
of a substance can be. measured), /

LS

LI

(ivl‘ ‘temperature, pressure and activity coefficient-
' concentration corrections may need improvement.

Also;, the real system ma?/hot .be at a chemical equilibria

because certain f’actions may be 50 . slow that a final state
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‘is not reached and/or the influX'of energy and material to
' the real system is of such ‘a magnitude, that equlilibrium
.cannot be approached The chemical properties of a real
system can be invariant with time (i,e, at steady state),
but have values far removed from those at a true equilibrium

rg\ Morgan (M—15) .by the analysis of e system consisting

of a reversible first order reactio has shown -that the ratio-
of product and reactant approaches.the equilibrium value,
when- the residence time of the system 1is much greater than
the reaction rates. Often a large system such as a lake
because of temperature and concentration gradients or
because of the influx of material or energy to a specific

area (e g. epilimnion) cannot as a ' wholl be considered at
i_equilibrium,, Components whose reactions are rapid can be- p
at equilibrium Ain a_local apea with respect -to their
residence time there, (e.g., calcium, carbdhates,-and
phosphates at sediment interface) .

While not. describing all of the past applications

X
of chemical thermodynamics to’ describing natural\water

[

-

systems, a few illustrative examples are given. In attempting
to define the :omposition of E natural water body sueh as a
- lake or ocean, the objective is to describe the present
concentration in the aqueous phase resulting from the
dissolution or erosion of sediments. Varidhs minerals in

the sediments ‘are. assumed to co—exist in equilibrium with

water. These ditﬁerent solid'phases‘represent_an.almost
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-

inexhaustable supply.of'compon%nts to-tne s&stem. For (/i |
.example,Vonly 7 percentﬂofkthe sediments,are‘belieuedl |
to have reacted te:account for the stabiliaation,of sea
water since. its birth (5- 8) | In tbe Interest of model
~simplicity, the problem is to select the significant solid :
phases‘mhich make the principle contributions to the aqueous
solution. Also .as these solild phases often represent | |
nell—structured crystal forms,they ‘can be identi?ied by

X-ray diffraction techniques and thus suitable thermodynamic-
data are avallable for these minerals. o

Confronted with this .situation, Sillen (S-8) ]

constructed & sea water modél with seventsolidﬁphases, (quartz,

'kaolinite, illite, chlorite, montmorillonite, and philipaite)

in equilibrium with elght aqueous components, H O-HleSioz—

2
Al(OH)B-NaOH -KOH- MgO This left three independent variables

Lo be specified, temperature, pressure and the chloride

r
0

:&J“n

gconcentration' In a similar problem, Kramer (K-5) described

the chemical/pomposition Qf the Great Lakes in terms of

. seven solid phases, (calcite,.dolomite, apatite, kaolinite,’

N ' ' }
gibbsite, sodium and potassium feldspars), in equilibrium
“ - ‘ . .

| with the aqueous constituents (Cazf—Mgz+LNaf—K+-H23i0q— ,

" pressuré and the partial pressure of cadbon.dioxide were

( SOu2}+CI\Q-carbonate—H+) and carbon dioxide. Temperature,

the independent variables. -
The treatment of wastewater With a precipitant

presents a different problem Interest is° centred on the-
’ , ! . g .
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selid phases produced, and the final compOSition of the
1 aqueous solutilon. The sollds produced are usually amorphous Y
“ and thus not easily characterized by X-ray diffraction
“techniques and often have a higher‘solubility than

corresponding“well—structured;forms, 'ThErefore suitable

thermodynamic data 1s not as_plentiful. Also in the dissolution ..

rFl "

“\ -
problem, as the solid phases are in excess the stoichionetry

is straightforward while with precipitation the
stoichiometry of oomponents left in solution depends on
" how much' and which solid phases are produced-(F-2). This
| problem has influenced the choice ®f the computional

technique chosen in this work.

i
-

.Menar and Jenkins (J-l)‘used the solubility.‘
product concept to support their hypothesis, that the highly
efficient phosphate removal. observed at: certain secondary
treatment-plants is tHe resnlt of precipifation of phosphates
withlcalcium occurring naturally inﬁggp/ézstewater. Leckie
and Stumm (L-3) calculated the solubility of orthophosphate

“at°equilibridhnin the presence of calcium,.aluminum and ferric

" 1lons to provide estimates of the lowest phosphate.residuals_
that can be expected with a stoichiometric addition of
shemicals. Their equilibrium models accounted for the acid

" dissociation and complex formation 1n the aqueopus phase, and |
the formatiod.of two solids phases. With the three different

precfpitants the following solid phases were assumed:

. . A '
.
*
- .
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(1) variscite ‘(AlPOH)'and gibbsite - (Al (OH)5),

’ - -

(11) strengite (FePOu) and hydroxide (Fe(OH) ),
(111) calcium fluorapatite (CaS(POQ)3F) and calcite (Caco: ),
’ (iv) calcium hydroxapatite (Ca (P0“)3OH) and calcite (CaCO ),
fu} 'calcium phosphate (CaHPOu) and calcite (CaCO3), |
(vi). caleium phOSphate (CaqH(POu)3 and calcite (CaCO3f
Comparing the model predictions for the aluminum and
ferric precipitants to. the experimental data of Recht et al
(R—2), it is- seen that the dependence of orthophosphate

solubility upon pH agree, but that the residual phosphate

° concentrations predicted are app oximately two orders of
magnitude less than measured

‘ Leckie and Stumm state that an equilibrium model

'can be used to further understanding of the, precipitation :i-
‘ process as it occurrs in wastewater treatment They. propose
that orthophosphates’ ‘are precipitated from solution.
f Previous suggestions that simple counter—ion adsorption is
the removal mechanism are rejected because o{ the high)-f - N -
-efficiency and the stoicniometry opserved. drganic
phosphoruS\lcompounds,being surface active,'are however R
believed to pe adsorbed onto tnepnewly formed precipitates.
Colloid suspensionsfof,phosphorus material are destabilized
'-by theimetal'ion, and then settle’from solution._ Tnis
last mechanism was shown by experliments with aluminum to

. . + - .‘D
account for the increment  in chemical dosages added inorder

that phosphérus - concentrations measured from settled- .
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O

sampies agree with concentrations found in' filtered samples.

The authors concluded treatment proceSses using

aluminum and iron approximatedﬁanqe“uilibrium state better

"’*—____‘_
than those using lime. The precipitation reactions of the = ———

.
L]
2

'first.two metals were quick.- Lime, however, formed a poorly
structed solid:which’also reacted wit:\%ater to form,a
'surface cOmplex. Aiso the reaction‘took.place in two steps; - /
first-nhclei formation;‘thendcrystal growth over a longer |
-period of time. The description of thg%e‘rate processes is

.(particuLarly calcite) and the biésrbonate and hydrogen

phosphate ions. - \\*—’/ _ - -

McCarty and Ferguson’ (F 2) developed anaequilibrium /

'f'urther complicated"by“the influence of particulate matter ‘

model to describe the precipitation of orthophosphate with
.calecium. from an aqueous ‘ervironment like that found in an
anaerobic sludge dilgester. The residence time of this‘
treatment process apprpaches a.month, thus a.metastable -
condition can be expected The model, consisting of 'six
components (Ca-Mg—POq CO3-H2O -H*), considered the formation"
of seventeen soluble species and one of two pairs_of_solid
phases. Calcium hydroxyapatite and calclte were assumed to. .
“occur at low magnesium concentration, while tricalcium_
phosphate and magnesium calcium carbonate at higher.
magnesium‘and carbonate levels. "Predictions were made of

. , o - , n |
the phosphate residual as affected by pH, initial carbonate,

-calcium,magnesium; and phosphate.concentrations, and ' .
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temperature This information was compared to experimental
data obtained Trom precipitation ‘reactions occeurring in

artificial ‘and actual digestor liquors. In addition to

measuring scluble components, solid phases were partially
characderized by X—ray diffraction, chemical analysis,

£

and infrared.spectra. ' o { !

" From the{experimental work it was concluded that
magnesium had an important effect upon which solid phases
were formed, and thus the reéidual_phosphate concentration,

hlso,.the aqueous component concentrations were used to..

estimate solubilitp paremeters characteristic of a metastable
‘equilibria occurring at 30°C’ after a period of 2“ hours
These parameters replaced the solubility products of the four
solid phases initially assumed in the equilibrium model

For each solid’ phase, its solubility-parameter was observed

L)

to vary as to the initial concentrations of the components.

: Thus, for each precipitate, a set of solubility parameters .
was defined. The lues of a set were defined at‘three

| _pH'regions (<8,‘81§j, 711),_three melar ratios of initial

calcium to magnesium (l-2,_:<5, >5) and“two molar ratios

- . 1

of caleium to carbonate (<.25, .25-1). With)these revised
parameters, predictions of_the socluble -comp nents uere'
within‘at least a facton'of five of the values measured.

:The range of-values assigned to each type of solid, and the
:uncertainty'in model predictions suggest a more . systematic

approach is required in the design.of_experiments and use
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o

i of this data to estimate parameters At the 1east such an -
approach would define if the variation in solubility
parameters results. from- uncertainty in analytical measurements,

4

or that one type of, solid does have different .solubilities
at different initial conditions Also, the error of the ‘-
-model predictions could be more precisely defined.

Morgan and Morel (M-lu) in order to illustrate their
comoutational method for determining chemical compositions
at equilioria applied their program to an ,aqueous system of

7o788 soluble species, 83~ possible solids, ‘and.one gas- Phase.

. The thermodynamic data was taken from the literature. The

system has_some:properties similar to sea water. . \'

G

et

FE
1



1.9 COMPUTATIONAL TECHNIQUES FOR THE COMPhEX‘
CHEMICAL EQUILIBRIA PROBLEM

A number of. generallzed compdter-programs are available‘
to solve the complex chemical equilibrium problem In addition,
computional techniques Specialized for systems. with particular
sets of components and phases’have heen developed. For
,the prohlem here, three criteria uere considered 1n | Y
selecting a caldulatipn method._ First,, fhe'input format
muSt he'structured sc that soluble specles and their
corresponding reactions could be added or withdrawn easlly=.
| This requirement reflects the changing quality of wastewater,
and different chemical specles that can be expected therein ‘V
'especially when municipal ang industrial wastes ‘are combined
Second, the -solution algorithm must be able to select which
solid.phases have'the Rest probabilitydof occurrence at |
'equilibrium from a‘set'proposed. In_modelling a precipitation
process, it 1s not always possible to know, a-priori, which

phages_areﬂpresent at equilibrium. Third the program will . o

be required to calculate the partial derivatives of the specles’'s

o

concentration with respect to both the equilibrium constant.

or freeLenergy parameter -and the mass input of individual
components to the system These derivatives are required

~.for formulating crite*ia on which to design experiments, - \
estimating parameters, and calculating the magnitude of

uncertainty associated with the model pred ctions

206 . .
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The calculation_of comblex equilibriamis a combination
of thermodynamic fun@amentals.ané humerical analysis. Thei
fundamentals establish two sets of equations, a'linear set.
of constraints (i €. mass- balances) which insure tha gpe system
obeys the laws of conservation of matter, and a nonl

set which describe the distribution of specles' conbentrations

)

{n the system. If this distribution is described by the
".mass:action laws ano equilibrium constantsﬁ(Bé2l B-EEJ,
then a set of nonlinear algebraic equations is to be
.solved simultaneouslyl usually by an_ iterative tebhnique .
'Alternatively, the Gibb% Free Energv contribution of each
- SEEcies-to\the system can be’expressed by a logarithmic .
exbression, the\total energy is a weighted sum (b=2).  The
approach, towards a solutionq is the same as .that for anl
optimization problem. The distribution at equilibrium
is defined bywthose concentrations rESultﬁng in the minimum
g total free energy (S-4)., oOf course,-the'optimal solution
is subject to the linear constraints of the mass balances.

i:" _Zelenznik and Gordon (Z-1) have carried out a
comprehensive review (93.referen5%5) of the prgiciplesrand
equations describing chemical equilibria:hthe mqthématical
techniques applicable to this protlem, and a critical survey
" of the equilibrium cbmputation schemes that have been R ‘\f
Droposed Since‘this survey, two general computer routines

that been published are "REDEQL“ by Morel et al (M-lﬂ)

"~ M-3) and "CHEMIST" by the Rand Corporatlon (C-5).
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1

In "REDEQL",'the solution metHod is,. based upon solving
the“nonlinear mass action equations subject to .the mass
baﬁance constraints (1. e. ,the "equilibrium constant™ approach)
'"CHEMIST" the principle of free energy minimization 1s
used to solve the problem Both ‘software packages are'written C
" to handle the general equilibrium problem Infbrmation on‘a

S, component 'and phase identification, reaction

st ichiometqy,,equilibrium constants or free energy parameters; v,
- ‘. ' b . . + . lI i . -
and the total quantity of each"component in, the .system is -
. : . ‘ ‘ ‘ e - o
handled by a series of matrices.. Adding or deleting species' T

from the chemical system 1s simply a matter of manipulating'
the appropriate matrix elements‘- Both programs require that’

a set of elements and/or molecular groups be stated from

1 v - . ]

"which any speci®s in the chemical system can be created

ﬂrom a ‘combination .of these components._ The notation scheme )

in T"RE‘.DEQI...“ is, honeuer moré restrictivn First all
components are classed as metals or ligands with the exception
of the hydrogen and hydroxide ions Second a. spedies can
be formed from only one ligand, one metal, and if needed

‘the hydroxide or hydrogen lons. "CHEMIST" has-no similar
restriction on the combination of components The‘"REDEQL"

: scheme does allow a more compact presentation of a large

H

system, if hot a .completely general one

By manipulation of the mass'action relationships a._ .
minimum number of principal variables"is found.- Itlis only

" the concentration of these variables (usually the free metal

. e
h
B}



'an unknown Variable to be estimated di?eotly. ‘ " oo

L. solid. Morgan and Mq;el have overcome this problem by

°

’

' incorporating in their/éolution path a check to determine

[EI

208

~and ligand cOncentrations) ‘which must be solved, as, all

!

, other species can be represented as functions of these. ™ In.

the Rand program, each species concentration is treated“as
/

]
"

- In Morgan and Morel’s program, if a solid phase has
been specified when at equilibrium it is actually, completely

dissolved a negative concentration will be obtained

. “Similarily, if theipresence of a_particular solild equilibrium

~ has not been forseen, the calculated set of-concentrations,

& f

will exceed the solubility product of :the unspecified

-

=%

it either a negative cpncentration has' been calculated or a

solubility product exceeded If. either ca?e is so, the

‘,
F

appropriate species is withdrawn or added to- the system
| In the "CHEMIST" format if an uncErtainty exists as -

: to the possible importance of a solid phase, 1t is usually

inbluded. If the solubility of a species i1s such that undert
the input conditions it would not exist at equilibrium, the
number of moles calculated to occur would be equal to the
zero limit (1. e.,2x10“ap moles) For all practical purposes

this can be considered equivalent to Zero. The contributionl

of the species to the total’free energy of thefsystem ;

and thus to the numerical solution is negligible. .care,

must be taken in‘that the total numbér of phases specified .

does not exceed the total numbbr of components This 1s a ,
. R ,;.“/‘-..
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¢ direct viclation of the Gibbs' phase rule,

A subroutine backage 1s avallable with "CHEMIST" to

. calculate many types of partial derivatives.as described in

“~ L]

"Chapter, II. ThiS'last'factor plus the time when the Rand
program became available-.resulted’in "CHE%IST" beingchosen
for this study. The predictions from both computer programs

of the same chemicél system at equilibrium are compared in

[

Chapter II.

~1

I
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I.10 _ASXEA: .EQUILIBRIUM REACTIONS ‘ :

!

Co}lections of %quiliprium-constant data nave been
published. The most extensive record.isf"Stability

,Con tants o{ Metal-~-Ion Complexes" compiled by Sillen and
Mar ell (S-7). Particularly useful collectionstof thermodynamic
data are given by Latimer (lr2) and Rossini et al,(R-6)~
Infdrmation concerning acid-dissociation; and metal ion

complexes was obtained mainly from the literature. Information

concerning the solubility of lanthanum salts and certain '

) soluble complexes was determined by experiment. In the‘former.)\
case, tne information was first obtalned from the data
collections*and then when possible traced to its ogiginal L
sourpe. This was'done in order to evaluate the experimental
conditions such as temperature ~anaiytical methods, ionic
strength of the medium, and the range of speciles concentrations
: Tn;‘procedure used to estimate the equilibrium constants was
,ff-—rexgmined’for assumptions concerning the presence of' other
complex species, and corrections made for ionic strength.
for this work,jconstants estimated on a zero‘ionic strength
bases were preferred. Table 26 summarizes‘the data with
its source that was taken from the literature and used
directly in the model. a review of previous work is given
when experiments to measure lanthanum solubility and

) o !
complexing parameters are described (Chapter Iv) .
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" The algebralc terms used to describe the chemic;l
system -and the‘concept of storing information copcerning these
terms with the use of matrices_is introduced in Chapter ITI.

An aqueous calcium phosphate carbonate system 1s used ‘here
as-an example to illustrate ' ‘ | .
(1) the construction of these information matrﬁces,'

(11), the-derivation of free energy parameters from .
~equilibrium constants,

(111) the introduction of the. d'ata into the computer ‘
‘program. itself. ] o .

The description of the chemical system is éoncisely
presented in Figure 26. The 20 species assumed to exist at
equilibrium'are formed from linear-combinations of 5 components.
Theﬂsodium and chloride ions are inert components which do not i
enter into any of the reactions, but rather satisfy the charge
balance “in the system. The species are distributed among four

’

phases or compartments, gaseous, liquid, and two solid phases.
.The components, spe:ies; and compartments are identified ' 4
by alphanumeric parameters (with a limlt of six. letters) and
numbers as shown 1n the row (components) and column (species)’
_headinés in Figure 26 . The numbers are the values of the
subscripts of the parameters‘"xi" and "B L B a

|  The stoichiometry for the formation reaction for each

species are the elements-(aiil in the column of that species.

. - . -



) (B 21) formulated- the eriterion that the rank of a matrix .
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: \ ,
Hence,‘eacn column represents'a formula'vector, and the Set,a
;o( theselvectors the formula matrix.  ‘The case.may arise that
a-species-mab coexist in more than one phase. -lhispresults
.in identical formula veétors. .The double identification

of a species by the name and compartment name or its number

allows this situation to be accounted for. The presence of

[

a species in two phases indicates a physical equilibrium
' /

“(e.g- ; the oecurrance of a species on both sides of a -

o

‘semipermeable membrane ) with the free energy parameter being
a distribution coéfficient.
Gibbs (G-H) has shown that the components selected
'from a system containing many species for describing the
" ‘compbsition of the system must be independent and sufficlent
in number to describe the composition completely Brinkley
constructed from the formula vectors in the manner above equals
the numbzf‘of components needed to describe the system completely
Looking o the example ‘in Figure 26 1t is seen that the rank
of formula matrix is seven, (i.e., the order of the- largest
+ minor whose determinant is nonsingular) Thus, the formula
rmatrix presents a convenient format from which to determine
1f the condition stated by Gibbs is met. The choice.of the
_ independent components is usually not unique. ’
The ‘column furthest to the right lists the mole -
guantities of each component in ‘the chemical.system.“ It is

:these values which are substituted on the right hand side of '
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the mas; balgnce equation:(equation (7))‘and'define the
e chemlcal system withcrespect £o mass. |

t the bottom‘bf eachlcolumn‘in ﬁig' e 26 , the value'-- A
of ‘the free energy~parameter (“C'J) associ ted with that species | '
is presentedu ‘These parameters. are identified by the same
subscriptlas the species. " In Chapter II «1t 1s statéd that
these yalueS'can be'calcuiated directly from equilibrium
constants:',fhese‘constants are for'the.association reactions
of the‘components which yield'the species,"An erplanation”

of this statement is presented below. - ' . e

The relationship between the equilibrium constant
' jrom-the mass action_equatipn,and the change in Gibbs

free energy at standard. state for the formation reaction of

-

species,"i" is: 7 c . o

E -4n Ky = AF4°/RT - (I1-1),

where AF4° represents'the difference between the'free‘energy'
at ttandard st7te of the product and reactants. This definition )

is represented by the following equation

L] . . . . . . £

R . M (¢]
aFy°/RT =(F,°- L, agy Fy)/RT. (I1-2)

=

The proof of this relationship is developed in most texts on S

thermodynamics, and one may be referred to either Denbigh

(D-9) or Dantzig (D 3) Equating equations (II-1) and (II—2),
it ds seen that to evaluate the standard free energy constant T

for a_product-species from,eguilibrium constant data, ‘the

»
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standard frbe energy constants of the components must be s
known.- This problem 1s solved by setting the constants of ~

' the components to,zero. Thus,lthe free energy constant of
‘the product species is equal to an equilibrium cons ant
deseribing that reagtion. o ,\/r’//;

.. The presence of a. set of constraints allows this | o
convention to be adopted. For a t9ta1 of N species, if N ‘
equatlons are to be solved simultaneously, N equilibrium
constants are required. For each algebraic constraint on the
system (1. e.y a conservation of mass equation), the number

of equilibrium constants can be,reduced by one. In-the ‘. [y

- ' . 4
%ﬁ&simultaneous system, an algebrailc ‘constralnt on the mole

numbers and'anpequilibrium constant_are‘equivalent information
(DLS; Thus, as the humber‘of conSt;aints is equalhto thefo
number of components,,it 1s most convenient ‘to set the free
energy constants of the components to zero. [Under this
convention;‘the remaining free energy constants;aré deteerned ‘
relative to the arbitrary values. that are set - The total
free energy for the system'will be different'than if a.
finite free energy constant had been assigned to each. component
| Still the location of the minimum value ‘of the free enersy |
‘ expression with. respect to %he chemical composition remains. ?1
unchanged as illustrated by Danzig (D-3). l
For the system modelled here, the pressure and
e temperature of the 'system are. assumed*to remain constant at

( .
1 atm.. and 25.or 5°€-respectively. The erfect of these variables
: o : ; o

4 B 'f:
- + -
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-is taken into account by the‘valuesxselected‘for the equilibrium
constants: S - \
| As shown in Figure 26, the equilibrium constants of

species in the- aqueous phase,are for association reactions:#

in which ion complexes are formed These constants are often
reported onhthe molal (moles per kilogram gf solvent), or. |
molar‘(moles per litre- solution) scale. The equilibrium
constant Will have units equal to the concentration scale
'lraised to the exponent An, where An,de equal to the difference
between the stoichiometric coefficients of produut less
reactants Conversion to the mole fraction scale is simply B ‘
‘made by multiplying the number of. moles of solvent per-unit '

mass or 'volume ‘raised to the exponent,—An with-the equiligrium
| constant (D-8). o - !
| Again looking to Figure 26, itgis seen that each
precipitate is assumed to’ exist alone in.% separate phase or
compartment. This convention was, adopted‘in all of the systems -
. modelled here. " This convention is in keeping with the |
‘definit: on of the solubility product in which 2Ee activity
f and hence mole fraction of the solid phase is assumed to be
“unity (S-14). The solubility constant is equal to the |
reciprocal of the equilibrium constant.for the formation |
reaction of the solid phase. The'con rsion of the concentrationl
, _

units of the aqueous components is the same as above except

'that the exponent ‘is raised to the sum of the stoichiometric‘ Cf

coefficients of the components Assigning more than one solid



species to a'compartment 1s equivalent to assuming the

-
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formatiOn of. a homogeneous'solid solution. For a dlscugsion
of the occurrence'offthis special situation, the reader is
referred to Stumm and Morgan (S-11). .

Just as in this example, carbon dioxide is the on yl
gaseous species assumed to be in equilibrium with the aqu§&ps
phase in the systems modelled here. It is also assumed that |
the carbon dioxide concentration is constant at 3x10 -4 atm.

This concentration 1evel is defined by the value of equilibrium

,constant and hence the free energy value. . The level is kept

constant because carbon_dioxide is the ohly species in the

gas compartment and therefore its mple fraction is unity.‘

This assumption implies that the r{ﬁi?é volume‘of“the aqueous 1
solutiOn is insufficient to affect thegcomposition of the

atmosphere at its interface._ f h e

Data for the chemical equilibrium problem is introduced

by a set. of subroutines in the Rand software package A

'number of methods are available to introduce this information

and are described in the Rand Computer Manuals (D-8, C- 5).

Only the mEthod used in this work will be reviewed briefly.
;

The operation is begun by a call to the subroutine
"START" from the main program. _“START" zeroes out . the
common S orage and sets many of the computer parameters to .

A
nominal values (e.g., iteration limits, minimum mole numbers

of species, etc.). Thls subprogram is called at the beginning

of each. new Qrﬁblem. A call to thé subroutine "INPUT"

!
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immedlately follows. The majority of data needed is

illustrated by the example in Figure 26. "INPUT" processes'
portions of_information itself and calls other subroutines'

1nternally to recelve the- remainder After a call to "INPUT"

\?he following data package must be avallable to the main

progranm.

First, a-card with a title in columns 2 to 72 1is T;e.

-needed.. This title is printed out at the time 1t 1s read

and at each new page of printing. Subsequent tii}éfcards
may follow with infdrmation‘betueen columns 7 to 72 but are
) )

Printed.out only when_read. RN ' ,

Second, an optional series of cards may follow which Q

_ revise the values of the computer parameters set by "START".

Each type of parameter is changed by a card identifying

the parameter s name, {starting at column 1) followed by a

second card with the parameter value. Parameter names,

parameter values, nominally set by "START“ and their input

L

format 1s summarized in Table 27. These computer parameters

assume the following roles: - | . ' "

(1) "LIMIT"-sets the maximum number of iterations for the
numerical solution techniques, :

(11) “LITER"—sets the. ‘number of moles of solvent per litre,‘

- (111) "RT" ~equals the product of the gas constant and, -

absolute ambient temperature,

(iv) "POL1"-error ariterion which determines when method
II is substituted for method I in the numerical
solution technique,

(v) "TOL2"—errorcriterionvﬁﬂch defines when a solution
is reached, .

A
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(vi) "XMIN"-minimum mple number for a species,

1

(vii) "XSTART"-1initial guess for méle number of each
' " species 1if no other value 1s supplied, . *

(vifi) "BARMIN"—minimum sum of moles per compartM@nt

(1x) -"SLACKS"—represents a dummy specles that prevents
a compartment from disappearing. _ .

The total number of moles for each component is .
[ ] 1
calceulated as the sum of five groups, with each group
multiplied b§ a factor. This arrangement allows the magnitude

of certain components to be changed easily, while the others

remain constant. These five group factors are first identified
by a card ﬁiﬁh "MULTIPLIERS" written in the first eleven
columns; followed by a card'containing these factors in five
floating point fields uith a dimension‘of-twelve. Without
these cards; the firdt. factor has a nominal value of one,
the others zero — _ |
The operation to read in component data begins with e
the control card "ROWS", (written in columns 1-4). This card**‘““
directs the subprogram "INPUT" to- call the subprogram “ROWS" '

On the folloWing cards, the“component name is written as an

alphanumeric word in the first twelve columns. The contribution

is decided by the order in which they appear.. This operation

of each group as a floating point or exponential number

~in the next five twelve column sets. The component. number

is conclude& by the control card "END" (columns 1—3) The
sum of the products of each group and its factor is calculated‘

'automatically. ’ _ Y
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. The remaining equilibrium data on specles is:read by
the subroutine'"MATRIX", called by a control card (subroutine
.name'in columns l—6); The second card contains the compartment
name (columns 1-12). lhird and succeediné cards'conglin
species‘information for that compartment listed as:

.{1) “species name’ (alphanumeric element) columns i-12,

(11) freeuenergy parameter (floating point number) columns
‘ 13-2

(111) stoichlometric coefficient (floating point number)
columns 25- 30
(iv) first six letters of. the component name (alphanumeric
- element )-columns 31-36.

Additional stoichiometric coefficients, and component names
are'listed in succeeding twelve column sets to column 72,
and then on following cards beginning in column’ 25 if. needed.
" The procedure is repeated for each compartment and terminated‘
by an "END" control card. Again, compartment and speciles
numbers are det rpfned by the order.in which they are reah-in;
- Initial estimates of the species‘ mole numbers ara
‘read in by the subroutine "YECTORX" (columns 1-7). Estimates
are placed on following cards with the compartment name in
‘columns 1-12, and estimates (floating point or- exponential
-number) listed in order of _the:.specles' numbers in “twelve .
' column sets to column 66. The compartment name appears on
each card with -the estimates 'This operation is optional.'

Control 1is returned back to the~main program by the control

card "RETURN" (columns 1—6)- o
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The use’ of these control -cards with data taken from

the examﬁie problem in this section is 1llustrated in Table 28.
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" TABLE 28 N 230

EXAMPLE OF rnpuw_oATA FOR FIQURE 26 °

PRECIPITATICN OF CALCIUM PHOSPHATE AND CARBONATE

l LITFe
65,3407A
" WULTIPLIERS ‘
1.000
ROWS |
NA+ 00055
H*'gm 55,341
caer L 0002,
cL-  0.0040
§}H- . 55,341
CO3-2 0.002
pou-3  .0005 ™
CEND . T
. MATRIX
. ATMOSPHFRE
- ‘€02 -61.R8 1.
oot |
{: N;+. - 1.0
H+ . H}Oi
CA+2 1.0
L= P O
. OH-  1.0
€o3-2 * .0
PO4-2 1.0
H2C03 -46ets  -240

HCOF= ~?7.RC 1.0

o

FREE ENERGY_,CONSTANTS FVALUATED AT 2% DEGREFS CENTIGRADE

-]

, . 'i
€03-2 2. H+

I ‘ ) L -4
NA+ .
H+ . h:
CA+2 & . . o +
cL-

. OH- , a . N K ) -

. €03-2 |
PO4-3 ' .
" He 1.0 €037
He 1.0 ‘cor-2
- * ‘!i
) .
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"

‘CARBONATE

H2P04 ~52.98
HPO4, -3é.3§f
CACOY -11.38
CAHCO3-34.71
CAH2O —£0424
CAHE  =47.71
CAP  ~18.A9
'H20  ~40.26

CACOI¥-25.76
APATITE
 Hae 1-146.64

FND

PFTUOY
By

4.
-

1.

CHe 1.0,
H+ 1.0
_CA+2 1.
CA+2 1.
CA+2 2e
CCA+2 e
CA+™ 1.
H+ | 1.6
y ‘
-CA42 1.

F 4
CA+2 3a

PO4-3
PO4-3
cda-z
H+
H+
He
POG=3

OH-
C03-2

PO4=-3

e

1.

e

.1.-~

1s

co3-2
POL-3

PO4~3

231
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IT.2 PROJECTION/ﬁETHOD\\
! Ll gz .

"The prior estimate of the mol numbers "Xi" is designated

as “Yi". When substituted into the mass balancé equation,
. this prior estimate generatestan error term "Gy" for each

componen’t._,.f This error is giVen by the expression
- - N
/ - G!. = B - I
e - i=1
for &=1 2,....M'

Y,. |
o1 4 (II-3)

ThedifferenCe between the true value of the mole numbers

and ‘the prior estimate is glven by the following expression:
Xy = ¥y

for 1=1,2,...N | .

+ 8
i (II-4)

Substituting the above'expression into the mass balance
equations and.by'rearrangement and.combination of .

- equation (IIéé), the following rélationship is?fonndito.
relate the fleviations from the mole numbers and the errors o

‘produced in the-mass balance equation:

: - N | - o

! , . ' Gz = L a ei . ‘ (11—5)
e o 1 - o

for £=1,2,....M o -

§o~obtain a positive feasible solution, the problem remains

\

to choose g, such that the sum of Y, and ey are greater

1
than zero for'all possibie valugs of i.‘ This cannot be done
with compleé& certainty, but we can choose values of 04
wh&ch are small. This 1s done by choosing values of 8y

4

which minimize the expression.

212 - ———. I e —
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b

| (11-6)
‘and still satisfy the mass balanoe constraints. The term

uwi" in this ekgression 1s a welghting factor. The above

+

“oroblem 1s solved by uSinngagrange multipliers. The

Y

optimization problem with, the mass balance constraints is

expressed as: ,

L==71x W, 8, - m,{L a 0; - G .
. 2 yo1. b 1 Fe=1 M 1m1 21 917 Gy
| R N o (R-T)

- where =, are Lagrange " -multipliers. Ir a partial differentia-

tion of this expression with respect to 04 is performed and

T,

the result set to zero, the following expression results:

M .
: W, 8, = L a,, m, . ' (II—8)
for 1=1,2,.% . N SRS B
' The correction factor "Oi" is eliminated by the substitution

of equation(II-B)into equation(II-ﬁ. The following expression

is obtained:

I o ) . -

M N a,, &,
f Gy =z Amy iz MLy oo T
¥ 7o 1=1 = W, - (11-9)

for J=1,2,....M
Experience has shown®that a reciprocal of the prior estimate
“1s a good choice for the weighting factor (i.e. Mi is eoual
to ¥/Y,). . The product of the. stoichionetric coefficients

and weighting factor can be represented by one term as

shown by the following'



|
o~ =

w
- .
Substltution of this new constant

a a
1 Mo
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Y
1 (II-10)

o

into €quation (I1-9), we have

a-set of linear equations which may be solved simultaneously

&

for the Lagrange u'multipliers.n

M
GJ=

for J=1,2,....M

- The set of correction factors,

substitution of the values obtained from ﬁhe multiplier$ into

equaﬁién(II—B)} Finally, from the
set of estimates for ﬁole numbers
(IIwﬂ;: If an;'element of this new
the -projection method has failed.

linear programming method is then

solution. 'Théaprojection method is'programmed_within the

subroutine "SOLVE" and initiated from here.

a

-
: g
g=1 4 ¥

"Gi

“

- ’ ' )

Ll

N - n -

", can be obtained by

correcﬁibn factors a new
is ohtained from equation
éet is zero of négathe;
Should this” happen, the

calledhtb obtain. the

. .
Y

4
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IT.3 * . LINEAR PROGRAMMING METHOD

Linear programming problem is defined by a set of'
linear constraints as represented by the mass balance

f'equations and”objective funetion. This function is defined

- ' N &

-

~as an accumulative product. of the mole numbers "Xy" and cost.

constants "k," as shown :

N :

; . ) .

L=t X, k, . , - (IT-12)
=1 17 T

A solution to the .linear programming problem is defined as

s

that set of mole-numbers‘mhich are feasible with respect - )

to the mass balance equation and yield a minimum’ value with
-~ s x

° respect to the objective function .Though-more than one
'solution may exist,,interestris upon finding a solution.

The mechanics of-solving a linear:programming problem are
,thoroughly reviewed 1n Dantzig (D N) A solution to the' j
1inear programming problem 1is found by solving two problems.
With the first, the objective is to find a positiVe feasible
solution. This problem is stated in the following manner.

The mole numbers'are defined in terms of a set'of-elements

» and & constant:

- X, = ¥, ¥ ¥gq . - - a3

for 1=1,2,....N " 1 3}. N+l o .
o 0

A feasible solution is, defined if YN+1 is positive and all

elements of Yi are nonnegative. To guarantee that YN 3 is’

positive, we'can attempt to maximize its value ‘This is done

a

W ey pr—, —
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for 9=1,2,...N
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i o

by setting all other cost constants to zero and kN +1 to -1.
Minimizing the objective function "L" maximizes’¥N+l.' B
The mass_balance constraints are rewrlitten as:
PN T R ,f7='
§=1 2gq ¥y ¥ i=1 (agy) Yy =By (IT- 115

'
[

. T : ' 5 9 '
The problem 1s then solved for N+1 unknowns. If the solution:f

5

to this problem resultS'ih YN +1 being greater than zero, then

'by equation. (II-13) we have a positive, feasible solution

;Should YN+1 be equal to zero, then the chemical equilibrium

- of the system.‘

problem is said to be degene;ate, as there ‘1s strictly no

positive solution to the problem This degeneracy usually
.__J

ariSes from a mistake in defining the species and components :

|

"

The object of the second problem is to find a set

of mole numbers which approach those of the optimum solution. ;

~First the cost OUnstants are equated to the free energy -

!

Aconstants, Ci, while the last constant (i. e.,CN+1) is set’

't0'zero.‘ This is equivalent to linearizing the free energy

eQuation (5) by assuming that the logarithmic concentration

_term is negligible. " An additional constraint is added to the

mass balance set in the form of

. ) i : . ‘
Yy - BM+1 - - (11159

‘where the extra component BM+1 fs sﬁEE‘multiple between zerp

‘-and 1, of YN+1'“ The problem is then solved e !

a2

|
T
This solution is\improved by iterative steps The \

number of iterations attempted is equal to the number of
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. compartments or phases defined in this system. After each

trial, the cost constants are equated to the.folldéwing

. ‘ P
approximation.of the free energy function:
. : , _
~ , ,
ky = Cg +X3 - 1. (II-16)
for 1=1,2,....N . - : T

. . 4] .
j‘ .
Now,- the logarithmic term has no longer been lgnored, but is

approximated by the near term. The newtestimatp for the
mole numper for:the next trial is calcuiated as the average
of the présent estimate‘and the previpus"eatimates weighted
ae to tme number of iterations.

“» The computation for the linear programming problems is

'handled vy twO'Subroutines The subroutine "LP" arranges
the input data into a suitable format For example; the
.extru ‘constralnts are created and the cost constants set
to their appropriate Nalues.- The subroutine "SIMPLE" is used
to solve the’ general linear programming problem of minimizing
equation (II=12) and subject.to the constraints as represepted
by equation (iI—lH)' The final set of mole numbers X, are
then qalculated from the N+l valuea&of Yy as defined by oL

equation (II‘15) This set then. forms the initial estimate

£or the- next program step. " /



and subjectwto_the constralnts given by: .

f-OI' -2.=l’2’oo.-M .iz‘l ‘ . -

11,4 | ““THE LINEAR LOGARITHMIC  PROBLEM

I A

The search technique and computer logarithm were
developed for what 1s called the general "Linear Logarithmic""
programming problem (D-4). This problem is defined as

minimizing the function of 4 where it.is given by :

N L . .
=1 % (egtdymxy) (1147)

N | | -
ag1 Xy = b . (11-18)

The free energy expression, equation (8), differs from this

" form in the logarithmic term. The latter expression is’

maﬁipulated into the general form in the fdliowiné manner.
If the moie“fraction, 'fi. is expanded inté its
component parts, - then the free energy expréssionfbecdmes:
| . N W _ Loy
: Fsyst:_em-': .’f=l X, (cy +.an 'Xi) - §=1 X;n }{k' (II-19)

where the subseript "k" ig_gszg;mined by the subscript "i"

as to which set 1t pertains. The first summation had the

form df the general probleﬁ; the second summation 15

' v

¢onverted by: : _ “Lh

(1) creating "P" new species, each of_which !s equivalent -
: to the sum.of the mole numbers, "X, " for the Pth
compéntment. The total number of species is now
Ny = N+ P. - .

o

. 238 .. . — N —
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'S

(11) © setting free energy constants to zero and the constant
"di" to -1 for these constants associated with the .
new Species -
3 ol
After using those elements defined as zerao, the free energy ' ’

‘expression in its general form is: ’
| N Ng .
= + -
Fsystem i 1 (C tn Xy) i 41 Xy Xy »
4 .,- . . ¢

(II-20) -
where for i>N, Xi Xk |
Since these new specles enter into no reactions, P new _ S
components must be created and added to the set of mass

b
‘balance constraints. The total number of constraints is

now My = M + P. These extra constraintsfassume the general

form by ‘the following choice of parameters:
(1)  for & > M, B, = 0,
(11)  for & > M énd 1 < N-and in the compartment P ) - M,
. ' / ' .
aai - 1, [N - -
(111)  for £ > M and 1 < N and are not in the compartment
P =2 -M, a,) = 0, o
(1v)  for ¢ > Mand ¢ - M # 1 =N, 8,4 =0,
(V) for £ < M and 1 > N a,q = 0. . S
4
Substituting these coefficients, the constraint equation
reduces to a definitlen that X, for 1 is greater than N is
'equivalent to the sum of the mole numbers for the tompartment,
P=94~-M This conversion of the free energy expression to
the general form 1s reviewed by Clasen (C- 3) S

‘The constraints imposed upon the optimization

problem are handled by the use of the Lagrange multipliers.
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!

As a single Expression, the "Linear Logarithmic" problem is

. .o b
glven by: : B o ‘ , N
C (I1-21) °
Ny , . Moo N o
L = i=1 Xi (ci‘+ d, tn xi) - i 1““(i=1 a,; X5 - Bz).

¥

In theory, a set of values of "X;" and "a% which minimize

"L" can be found by solving the My + N equations simultaneously
. : , . 1

-~
v

in terms of these elements. Mt of these equations are
represented - by the constraints as shown by equation (II- 18)

Nt of these .equations are derived by equating the partial

derivatives of equation(II—Bleith respect ‘to "Xy" to

zero. This operation resulted in the following eipression:
in X, =d, " {¥t m, 854 - C .‘di} h (II-22)°
. - 21 - - I
1 i g=1 £ -1 |
for 1=1,2,....N; ‘ .

As this expression 154nonlinear, the two sets of‘equaﬁions
can not be solved directly An iterate technique is required
Use of tke estimates for "Xi" obtained from the _Projectioh
- or Linear Programhing technique are used to linearize
the expression for "Xi" It 1s assumed that these estimages
termed "Y;" are sufficiently close to the true.estimate S;’/H
to enable "Xi“ to be represented by the first order terms of.
a Taylor series. That is: -~ | .
- Xy - Y4 !

+ higher order terms.
¥y . - - (TI-23Y

for 1=1,2,... N
Upon Substitution of this approx%mation, the expression for

"Xi" becomes.



B ; I ook

- My :
= : -1
Xy =¥, {dy "L wmga,, -d, ¢, - &nyY }.
1 1 i g1 2,‘. 2,1\‘ A R | 1
for 1=1,2,..2Ny o - (I1-24)

The right hand gide of th;s expression 1s substituted ‘for 7
the varilable "Xi"‘in the constraint equatign; Upon

substitution, rearrgngement, and'summation, a set of M_ linear

t

equations results for the Lagrange multipliers, "r, "

.This ménipulation'i% demonstfated by Ri J. Clasen (€-3).
-“TheSe equations are: |
M

t e )
ge1 92727 S{ R . (I1-25)

. . for § =1,2,....M¢

.‘Nt for 2 =l,2,.‘.‘..Mt ' T
- -1
where ., =L d a a,; Y

!

. . -1 '
Y Gan ¥y 4 a0 Cy)  § = L2, M

[

N, .
and S, = b, + a
J J i=1 Ji

. This set of Mt equations are solved slimultaneously, and the
.estimates of “wi" is substituted in.eqﬁation (II-24) to
. obtain current estimates of ""X;". These estimgfes are thenf

substituted as the initial estimates "Y," for fthe next

3

iteration. -~ .

c,_‘-—'-'
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II.5 S ‘ FIRST ORDER METHOD -

]
/

!.
The First Order method is an iterative procedure

consisting of the following sequence

(1) The Lagrange : multipﬂiers are calculated based on
: . prior estimates of the mdle numbers of the species.

(11) The change in the molL number,estimates is calculated
_from the new estimatel.of themultipliers.

For the chemical equllibrium proilem, the equations are of’

similar form .to those presented n a previous section, while

. their exact form can be found in-Flasen CCL3). «Also, for

this problem, a convergence promotion technique and a set
of convergence tests to terminate the search have been J l“
programmed : _ ‘. ; ‘ ) ‘J

Convergence is promoted by Inhtroducing a variable
stepsize between iterations The dififérence between the
present and prior estimate of the mol numbers for each species
is given by the following expression:

i i

8, =X, - ¥, .~ : (I1-26)
for 1 = 1,2;;£...N : . ‘ :/ 3 /}- |

t

. ) B ’ . ) . ‘-i . ,
mhe‘dir’ectional derivative of the system free energy in the

~ direction of these deviations (9, 92:_--ai5 9h+l)’ ‘
at the present estim s 1s calculated by the formulation as

derived by Shapiro and Shapley’(s-u), (1.e. Theorem 8.11):

kK . E 9 (Ci +°4n (Yi/yk)).,
. 1=1 ' R

(11-27)

. : - nlin . — e . —
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The iteration is terminated if this quantity is not negative

Passing this test a second test is based on the following

convergence error:

=

Ay Yeren? | |
nen =\ [ z-‘ Y__ . - _‘(II-ES) .
Nt 1f1 .

1

If "e." is less than some tolerance limit (set in this present
work as.TOLl = 0.01) the procedure is also terminéted
Should these tests fail;, then a new stepsize_ and direction

is phosen,i First, the ratio -Y,/04 1is determined for each “1

0y less than zero, and the minimum value of this set is

_ determined. Thdis value 1is then conpared to 1 and the lesser
of the two chosen as the estimate of the stepsize factor "A" .
A new estimate for the mole nnmber 1s given based on the
stessize factor and deviation between estimates as shown bv:
Zy =Yg + A8y, ' R j(11:59)h

-

for i = 1 2=""Nt L Y .
The directional derivative of the system free energy is then .

.determined at. Zi in the direction of the deviations (01: 02,500,
o2 ). Eaéh component of this derivative is tested in order
to determine if its value 1s less than 'or equal to zero, i e.

| (11-30)
(ei'(ci_+ 1n (Zi/zk)).i 0).

a

if.the component;is positive, the;stepsi;e'"x " is reduced
and the above step repeated until the test 1s successful.
For the neit.iteration,zi now heeomes the.initial estimate
oflthe mole numbers ' The iteration 1s repeated until one of

the two. convergence tests isLsatisfied



[l

'following~manner:

»

+—
=
(o4}

SECOND ORDER METHOD

i
The essentlal medification for the Second_Order:method
1s that the primary element estimated at each iteration

has been changed from the mole number to the Lagrange

‘multipliep The last estimate of the multipliers made in

the First Order method serve as the 1nitial estimate. The
values for the multipliers are. then substituted into equation
(II-22 to evaluate Xy from the direct rather than linear
form. These estimates of .the mole numbers usuafly fail to
satisfy the mass balance copstraints. The resulting deviation
is characteﬁ;éeq by: | ;
G, = By - pt 8,5 Xy (11-31)
‘ i : :
for 1 = 1,2,...M ‘
The tgde value of the_ﬁultiplier is now fepresented by a prier
estimate "a," and an -error term "AMCLQS:;EbQPed in 'the

. ‘nz = 2, +A§£‘,‘ _' '(II-32)
fory = 1,2,...M, I S
The problem now becomes one of determining the stepsize "Axi"

as a function of the deviations found in constraiat equations.

¢ o The rate of change of the constraint error with

“respect to the value of the multiplier; is represented by:

244



. ‘~ o . ; - : | 21'5
£ a ' ‘ ¥
=] :ji 3;\2 . . (11_33)

Substituting.the-nbnlinear functioizﬁgguaﬁion II-22) for “Xi“’
the partial differential bébomeﬁ:

N, - ' -
) e R X, a4 = -7, (11-34)
. 1= 31 1 %21 2

The full-differential is represented by:

Mg aG! M¢ S | (II1-35)
g=1 2%y g=1

for § = 1,2,3,.0..M

If the magnitude in both the constraint error and the

| multiplier error are sufficiehtlyksmall in order that the

rate of change :

BGJ/GA2

can be assumed constant, then by assuming:

(46y = = Gy and dig = ad,

and substituting one obtains :

,- Mt : L | | .T\R\
G.-=% v ., A . (I1-36)
| 3‘ ge1 MR | ’
for J=1,2,...M;

t . \ .

These;Mt equations are solved simultaneously to obtain th

*constraint errors:

-

L4

»
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A convergence.test 1s performeu by:

(1) . selecting the multiplier error of largest absolute

value, il.e., »
M, .
P = MAX. /.AAJ /
J=1

‘(ii) comparing this value to a tolerance limit (i e. | in
‘ this work TOL2 = 10~5).

Should this test fail, a new stepsize is calculated aetthe
product of the multiplier error and a factor "Q", where Q is ’
'either the minimum argument of the reciprocal of P or 1
‘<This stepsize fector}is used to prevent the multiplie - from
increasing excessively on one itérations end thus resulting‘
7 in an ouersﬂeot of the.correct_value. To trevent endless
iterations, due to tﬁe selection of too small a tolerance
limit, the iteration is also terminated if "P" should
increase from tue_previbu; 1teratidn. In this situation the

tolerance 1imit had been selected at a level lower than the

round —of f error resulting from the computer dalgulations.




- I1I.7 " REVIEW OF ION ACTIVITY'COEFFICIENT EQUATIONS

”"nésie and Huckel (D-6) put forth the first quantitative
treatment- of the electrostatlc interaction between ions in
1923. Their equation, referred to as the Debye and Huckel
limiting law (see Table‘29 ),'states“that the activity

coefficlient 1s a function'of the solvent temperature, dielectric

properties, and the solute concentration ang valency for

ﬁulute electrolytes This equation has, as a model of a simple

electrolyte,assumed that the ions acted as rigid, charged
¥ spheres in a solvent of constant dielectric properties and

whose interaction could be predicted b&\Coulomb's 1aw

This equation was further modified to account for the influence -
of‘.the ions' size .resulting in the extended form The' |
! range of applicability was extended from 10 moles/litre
' to 0.1 moles/litre by this forrection. ‘Again, application
;asxintended for a simple electrolyte. This EQuation‘has
the disad;antage of requiring knowledge of a parameter
(1.e.,a mean ionic diameter) which, in general, is lacking.

{

Also, it is unclear what-value this pa{:méter shonld assume
ts

in an electrolyte made up of several
For the wastewater model, a general equation suitable'

for‘several different mixed electrolytes/yas desired. The

Davis equation (D-5) appeared-as a reasoﬁable choice\: This

equation is empirical with respect to the coefficients,.

a4 L
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TABLE 29 = - : ,

ION ACTIVITY COEFFICIENT-RELATIONSHifS

‘Equation
Debye-Huckél log* Y = - AZ, VT -
| ) Az,2 VT
Extended Debye-Huckel log y = .—1 .o ' :
' ' 1 + Ba YT L
. . L ' P
Davis log Y = - 5 Zy 2 (e T -0.31)
S : : 1+ /T
Guntelberg . log Y = - AZ;2 (——).
: | o, 1+ /I
‘ ° e ' ' nooLL A i
where: (1) A = 1.82 x 105 (eT)2/3 and ¢ = dielectric

constant of pure solvent and "T" is
' . solution temperature -in degrees Kelvin
! : (for water @ 25°C, A = 0 5),

(11) B = 50.3 (eT)=}/2 (for water @ 25°C B = 0.33),
< , ' SR ‘
(111) a - mean ion {iameter,

_'; | (1v) Z- charge of on‘species "

(v) "I" the ilonic strength is defined as

-

'fvi) Ci'- is the ion concentration in moles per
litre . -

#Refers to logarithm to the base 10.



) previously reported for simple"uni-univalent, bi—univalent

'valid is almost five times greater than that which can be

" 249

. ")

though the general form 1is similar to the relationship

derived by Debye and Hickel. For the want of something better

‘at temperature ané for solvents other than which this,

E

initial constant of 0.5 was determined (i e., water at 25°C),

the Debye and Hickel coefficient is substituted Davis has
compared the predictions of.his equation to activity'coefficients N
uni- bivalent,.and tri- univalent electrolytes. up to 0.1 moles/
litre in lonic strength, (i.e., 90 separate cases is all): - .
He oBserved_a maximum;deviation of 2 percent from the

experimental values reportEH As the equation 1ls empirical

only the concentrations of the ion specles -are required.

The upper limit of ionic strength to which this equation is’

expected for typical wastewater This statement is ‘based upon.

the ionic strength found for the annual average concentration

“of 19 cations and 10 anions found in the influent and effluentu

\ .
of the Hyperion sewage Treatment Plant (B=2), Valuz;/of )
c.022 and' 0. 0201 were calculated for the influent and effiuent

- i

aQ

respectively, C _ T e . -—{.

> Before the coefficients calcﬁlated from‘the”Davies

'equation can be applied, ‘a conversion is necessary from the )

" molar to mole fraction concentration scales . As shown by’

Denbigh (D-9), this relationship is derived by equating the
expressions of chemiaal potential for ‘each scale This: is .

valid because the chemical potential is independent of the

Y
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1

S

concentration scale. Thus, by equating expressions one .obtains:

e WSy + RT 20 S RT z‘i ' | \thI ‘

e ‘_JXMF : .YXMF X = ug t ny, ¢, -37)
_ where n° repreﬁents.the Gibbs chemical potential at constant
tenperature and pneésure, S ; ,

/ ¢ 1s the mblar‘qoncentretien.

* Upon rearrangement:

' ¢ L ; ,}\(\ ' S oo )

. XMF o - -~ . '
RE (Y_ﬂ__)z We = w8 . . o (II-38) C

Y
. ©. He T VMR

? K PR P

&

At high dilutions thelactifity coefficients approach unity
and” as the free energy constants are independent of concentration
their difference is proportional to. the logarithmic ratio'

_of concentratiqns. At high dilut}ons, the concentration

1 ” t
[ T~

ratio 1s glven by:

5;':.. a T . b
"'§"‘= 1000 po/Mo - ‘ “{IT-39)
L] oo : . : . '

where do 1$the dénsity Ogjthe éolvent; R
| Mo 1s the molecdlar weight of the solvent.

The difference between chemical potential is equal to. -

- "
- .

S B i =En(f8-8-0_po_) o (II"‘--“Q)
Upon sﬁt%titution;‘the cqnversf%n'iSHgiven_bﬁéz"- SRR

-
i

e YXMF . cMo A S
o "y, 100060 X . 0 (IIAL)




11.8 DESCR;PTIOE OF THE.PARTIAL ﬁERIVATIVE SUBROUTINES

r.‘_The partialIderivative_péckage consists of these
five Subroutlnes:d ' .l
(1) "gaBy" ' -
Ozi) !"LISl" -

(111) “PART"

(i}) l"BJACOB"
. (v) vwCcJACOB"™ ‘ e
The‘partlei derrvatives can be calculated by'using tne
,subroutinéJ“JABY“ and the use of control data’ cards, as
ldetailed'in the Rand Memorandum (S-5) or oy dlfectly calling
the other subroutilnes for_e specific derivativet. A'brief
description pf the role of each Subroutine.will be given.

'"JABY"(X) is a master contnol or‘executiverpnogram

which directs the calling of other programs according\to the
‘type of dependent variable selected Data cards of a
specified'fonmat are required to.relate the particular
deozndent'vanlable'(i,e, the speciles ") and the independent

Y : _
Yariable ({. e,-the component "") for which a value is

A

Y vdésired. ' The’ vaiue: of the formal parameter and.its . . .-

correSponding argument is given in Table 30.
The subroutine "LIST" directs the reading of input
‘; datarcards_and‘the pninting of output information.. The

program checks the data cards-for incorrect spacing of
o ‘ 7
251
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TABLE 30 - . o

'FORMAL PARAMETER OF SUBROUTINE "JABY"

L]

Formal Barameter

a

" Argument
Valve .
7 ;
0 «~ Read and list data cards
1 Select the mole number, mole sum.and
. pH as dependent variables
4 \ " Logarithmic equivalent of above
2 ‘Select mple fraction angpbﬁ as the
dependent -variable :
.5 Logarithmic‘eqqivalent of above
3 Select the mole sum and pH as a
o ' dependent variable
6 . . The logérithmic equivalent 9f aboﬁ%&
} ' % _
!

- *
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information and prints this data with the message "1llegall.
. | " . !

Only 25 sets of variables may be entered.in the present set

N &

| of dimensions. .However, in the place of a particular
% _compartment substance and/or component name as an independeng
varlable, the terns "ALL" or "MANY" maylte substituted.

The former term causes the printing of ali partial derivatives
of that type (independent'variable), whiie the iatter.selects_
only those which result in a nondegenerate value (i.e;:the
‘variable has a nonzero value). .Compartments‘forJWhioh-no output
6jnformation 1s wanted may be suppressed. .

"PART" is the funotion statement which calculates

the partial derivatives, 'ft"is'nornally oalled by "JABY".

This function statement has five formal parameters: "PART" (KDEP,
JNUM, KIND, NCOL, NROW). The first and third formal '
parameters referred to* the type of dependent and independent
variables,respectively Their value and argument 1s shown

-

in Table® 31. - The"second parameter refers to either the

species number or to the negative of the compartment number

for‘the dependent rariablea -The 1a§t tworparametérs-refer

feither to the: specles number‘and/or row numper required
to~define the independent variable. If only oneﬂnumberlis_

. - :
required, the other is set to-zero. Before computation

‘can begin, a matrix (stored as the array "R"Y must\be inverted
'This operation is performed by the subroutine "ARTTH" when i
the. common. variable JMAFITH" is set to zero.’ Thus, a\call_

statement to the. function "PART“ must be proceeded by fa call
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! TABLE 31° S T

FIRST AND THIRD FORMAL PARAMETERS.
OF FUNCTION "PART"

.r"J - .
First | . " Third.
Value . Argument ' Value Argument
(Dependent Variable) (Independent Variable}
1 Mole number ' 2. component

Y 1ogarithm of above 3. %if?chiometric

coefficient
2 mole fractlon - .4 - “free energy_ponétant
- logarithm of above 5 exponentlal of free
. : energy constant
3 mole sum of 6 | sum of the products of
compartment ‘ " 'the components and
j o . their 'stofchiometric
6 logarithm of above coefficients for

: specles "4"
+.=1 _ pH in a compartment. :

-2  logarithm of above
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for the subrout&ne "ARITH" . ' .

| The other two function statements are "BJACOB (NROW,
INUMY" and "CJACOB (INUM, NeoL). " The first calculates *
. the partial derivative of the species“"JNUM" with respect |
to the component "NROW" The second calculates the value of
the partial derivative of the Species "JNUM“ with respect to
the free energy value of the species "NCOL". . Again, a call
statement'torthecsubroutine "ARITH" must proceed.

-3

SubroutineuﬂPHSOLVE" simulates-an acid—base titration_

of:the chemlical system. Increments of acid or base are
estimated which when added to the systems cause therH value
in a compartment to reach a specified_level at equilibrium.
Based'on the Néwton Raphson. Method, these increments are
determined by dividing the pH error by the partial derivative,
of pH -taken with respect to the appropriate components The

" pH error;is the difference between the specified level and
that value calculated»at the-present‘initial conditions.
A'positive deuiation indicates additional hydroxide ion
is required; wnile a negative*valuerthe hydrogen ion. A“

. counter ion, sodium or chloride; 1s alsd added .in eouimolar .

‘ . -
quantities to maintain charge neutrality in the system.

In the component list: the hydrogen or hydroxide ions, are
normally specified. Thekpartial derivative of pH with respect

"t6 the acid or base i1s calculated as'the sum of the derivatives .

»

—

of one of these ions. and its counter ion.: Thus:

-
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9pH _ 3pH . 8pH. 3pH  _ 2pH . 9pH :
- + 3pH. - 3pH
BHCL ~ SHT T .3CI- % 3NaOH  aNat* T 30H~ . (II-42)

- and for a negative pH error:

AHC1 = apH/apH : © (IT-43)
e oHC1 . _
or for a posltive pH erfor:
AN2OH = apH/apE - | (TI-44.)
aNaOH

-

. The addition is made to the coﬁponent 1ist, the equilibrium

.problem resolved, and the’ resulting pH valué compared to
that level originally specified. Deland (D-8) presented
a computer program employing this procedure.

For the chemical systems modelled in this work, the

estimation procedure_oroved unéatisfactory} Frequently,

K the.increments of acid or base were overestimated. This

- . ! _ -
-meant more. iterations were needed to reach a solution, and

an excess of hydrogen and hydroxide ions were added to the
system. As.an excess of these ions readily combine to form
water, the effect 1is e dilution of the other species’

concenﬁratiohs. ]
| s o : .
This problem is overcome by the}use of a variable step-

size;‘ For example, in the case of acid additiorn, should the
|

.newly calculated pH' value" lie less than one ~tenth of a, unit

below that specified, then the acid increment is hdlved and

the problem resolved. similarly for e,oese,'overshoot by )

one-tenth of a pH unit above the required value results in the

~addition being halved.. The increment 1s repeatedly halved until
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'le'vel;s is less than 0.02 units (in the pres'erit work) or if

257

either the*preceeding criterion is satisfied or the daddition no

longer results in an overshoot. At thls point the 1lteration
cycle begins once more. A_new difference 1s calculated
between the last pH value and the-Specified'level and a new

estimate of additlon determined :from the partial derivatigeu

"The program converges if either the differende bétween the pH

the chemical equilibrium problem has been solved a greater o
number of times than that specified by the iteration }@mit ln
the latter case, an error‘message noting the difﬂerence between
required and calculated pH Values is printed ' - L

This technique 1s programmed in the subroutine "PHSOLVE"
The information needed by the subroutine is introduced by a

- formal argument whose- parameters have the following values

(1) "NAME" identifies the compartment ‘in which the pH ia
' to be specified, - ‘

{i1) "VALUE" is set at the specified ph—fevel

(111) - "LIM" is'set“to the maximum number of iterations
permitted, . _
. ' ‘_..\
(iv) WIC" identifies if the problem is to be solved with
: (equals 2) or without (equals 1) corrections for
lonic activity
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I1.9 - _-'ADD;TIONAL MATHEMATICAL SYMBOLS .

" FOR APPENDIX I

201

by o , : - X
constants used in the llnear logarithmic problem

€1

d ‘ ~

4

c molar concentration

Gg " error in mass balance equation

ki . constant for Linear Programming Method

L . Value of objective function in optimization

' problems '

M total number of ¢omponents | .

Mo-_ moIecular‘weightfpf-solvent

N .  total number of species

Xi variable in ﬁhe linear logar;thmic problem

W, . welghting factor in the Projection Method

Yi- 'pridr estimate of species{ mole number

Y, _.  prior estimate of the sum.of moles

Zi'- projected mole number estimate in the next iteration
(First Order ‘Method) ‘

€ a coﬁvérgence error (First Order Method)

'jﬂl . Lagrange Multiplier

258




{ S | 259

difference between estimated and true value of o
species' mole number

stepsize facpor'(First Order Method)

prior estimate of Lagrange multiplies

solvent density

chemical potential at standard state

e
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III.1 uXPHESSIONS USED IN THe PARAMETER ESTIMATION PROBLEM

An explanation of the criteria (equation (13) and (15))
used to determine estimates of the parameters (1.e. vector-B)
in the general multiresponse model shown by equation (12)‘rn
cﬁapter.I;I is presented. Tﬁe situatiéns‘are considered,\each.
kith its own eriterion, One 1s the case in which the errors
-assoclated’with the obserrétions are unknown, whiie in the

-~

. - / : )
other case the values of these errors are known.

In both situations, -the following assumptions are mede
1 The model 1s assumed to provlide the correct response
(1l.e., E(Yiu)'= Ni(Xﬁ, B)). The observatiohs are considered
to be random variables which are normally distributed..'Therefdre,
the proﬁabiiiéy of'Y1 is defined'by two parameters,‘its )
expected value (i.e., the model) and 1ts variance °1i‘ The
variance of Yiu is. a function of the random error €4y glven by

an
.
-

the propertles which these erroré are.assumed to have are:
E(e, ) = 0 all i, u,
(eq,) e s Wy -

E(eiu dEJv) = 0 all i, J y # u,‘.

u
E(eiu’ Ju) = oiJ *y # J

The probability of a single observation 1s written as:

' . u = T_1 _w - X s B )2:1’
P{Y, /B, X5 Uii] = ogi o exp [ ;/% 9y (Y;u -Ni( w B}
) ] (III-2)

261
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'bjof Y .. .As each experiment is assumed to be an independent

262

f

while the Joint probability of‘a set of k observations for .one

experiment 1s written‘as: f . ‘ (ITI1-3)

e 1 Ty - ' - -
P[Y. /B, X, ou ] = 2n~K/2|glJ|2 exp [-1/2 T I Vu

where yu = (Yy,-- Nicxu, B»@Ydu - N,(X_, B)).

i) b

The term. ciq‘ i1s an element. of the 1nverse covariance matrix
u

u

‘l.

event, the probability of all,pbservat!ons for a set of N

experiments is the multiple product of the Jolint probabilities

of bhe observations in each experiment. This 1s written as:

| - X k- .
ig[vxe,x, o', = I, I ol vy,

: N 1 . N
-Nx/2 ¥ ijiz o X
20X | a ex -1/2 &
iJ T u=1l l u ' ‘ el Sou=l 1=1 J=1 u
_ o T f : -
{ : - SR ) (TII-4)

"where V 1s the matrix of all experimental observations,

X is the matrix of all the independent variables in
Nx.experiments : _ ' L

The product of the preéexponential‘termerare.poeitive and

' represented by-the_factor'"A"h | . k o _—
_ .The 1ikelihood function of the-parameters;is equivalent

to the probability‘density of the observations, except Ehat

the parameters become the random varlables and the observatlons

are fixed. Thus: o

. _ T o - . 1’(111—5)
. T '.‘._.J.. .‘ ‘ ..: T\ ) ~ - G - N. o k k iJ u ‘ - .-., \.'.‘.‘... '.. - .-"‘_ N
L(B/X, ¥, “13) A exp (- 1/2 x 1 z -1 § _; %u v Ja ‘

-

Because the summation in the exponent yields a‘positive value,.

the maximum likelihood estimates of the parameters arg those

"

~ Q-
L
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Ll

. estimates which minimize this walue-"NThis summation\is the
general form of the~ Search criterion for the parameter ; ”i;ﬂ

estimation problem (i e., equation (15)) - in which the covariance'

is not constant for each eXperiment ‘and 1s known.

-

For the situation in which the covariance is not known, ’)

it is‘assumed to be constant:for all experiments Therefore

T

the script "u" may be removed by an earlier summation and the -

likelihood function for the parameter becomes: ( 6)
o o _ . g ITI-

g kK k4.
, iy = - 13
L(B/X,Y, o 1) = exp (-1/2 £ 51 ° Yij)

ll‘

. N, }
where (i) Vij = S_ u '

1 .vid’
1 1

| AN k7 =N | L | ) , I
(11)A= 2ni2 .1 ol I? . o :

Box and Draper (B-16) assumed the following prior distribution .

R

for the parameters B and the elements of the inverse covariance

-matrix.. That is: .
p(B) « dB ) - o - (III-7)
| N - . } ' R "' “
. . -i(k+1) - R
p(old) = | odd | 2 . - (ITI-B8)"
With these functions, they integrated out the'cpvaridhce

terms from the likelilhood function (equation (III 6)) with the

resqlérmat s %, 5._-,_,,.-; ,e..ﬁaeuﬁq.. ?-u va\,. P W b .‘paeﬂé

9

L ',,

- R I
L(B/Y) = c| vij | 2ix {III-9),

where : C = {r| Vij'[-%Nx d%}?ﬁ (III-10)
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18 a normalizing,ponstévt. lhus the parameter

estimate 1s given by the minimum value of the determinant

(1. e., criterion A-equation (13)) |

o . As discussed in section 1 ‘of chapter III Box (B- 18)

' made a distinction between errors ‘in the actual measured

'quantities.which he designated as prime, and effective errors.

The lagter group inc udes the effect of the uncertainties in
speqifS;Rg the lest of the independe.t variables upon the

total error in the measured response The effective error for -

" the i—th‘response is«given by:

Coegy T ey ¥ _E=1 eu Clue (I11-11)
where in the u-th experiment
(i) €3 u is the prime error in the actual measured quantity,

2'(11) | ezu is the prime error in the level of the independent
variable, ' _
(iiill ciu; is the partial’ derivative of the model for the i-th
| P response with respect to the 2-th independent variable,
(iv) “' 4 1s the effective error of the 1-th response.
The. prime errors are assumed to have the following properties
| E(ei ) =0 alll, . . '
-'swm,e-XQOanl;J,

- |

i-

: E(eiu) =z 0 all A,

‘,It follows that effective errors have the properties of

.f_E—(Eiu, B J‘V) = 0 all i J, U. # V

- e . . .
-Ln ’ R v .. . . ‘ -  P—
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The estimates of the effective varlance for the 1-th response *
' ie'given by:

BV ¥ S 2 2 2
_ = Ef(e + I
941 E ( 1 ) . E(e ) Ci . ?

(III-12)

and the covarlance between the i-th and j-th‘response is:

. . o
= 2 _
— o137 Iy Ble) Caue Gy o (TIA1B)

The following estimates of the errors in the levels

-of the independent varilables were_made.- These errors were

assumed to be constant for every experiment. The estimates
were used in the experiments described in .sections 3, 4 and 5
of chapter Iv. In the experiments, the level of each independent
.variable was set by'adding an aliquot from a stock tolution
to a dilute one.;'Thecerror estimates were based upon the
: jaccdracy with which the;concentration;of the stock solution
wés known and the‘aliquot was measu?ed. ‘These error estimates’
‘are: . > | ' ; N ~
(1) ,initial lanthanumconcentration--lO’slmoles,
(115 initial phosphate concentraticn;flo‘ﬁ moles, .
(111) initial carbonate concen—tr-ation—-l’O'5 mcles,
(iv) 1initial acid concentration—-lO“B moles,
(#) ..initial base concentrétion—-lO'S ‘moles. -

The multiple correlation coefficient is another way to"

_—

judge .parameter estimates. The coe defined as the |

ratio gf the variance removed by the model]l over the variance
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in the observations themselves. This ratio is calculated by

n >
the following expression for each response: ' o '

N
A2_ _ X ii 13}
' Py = 1= L9y Vi |
N . . - ' ‘ ‘ (I1II-14)
X ii 7 32
v 3;1 % iy - ¥y)

where (i)-?i_is'the average value of the i-th response over

.aM N, experiments,

1

(ii) ﬁ is the multiple correlation coefficient for the-
i _ -

i-th respbnse.




III.2 AN ALGORITHM OF. THE COMPUTER SUBROUTINES

USEb IN THE PARAMETER ESTIMATION PROBLEM o \
. . - ' \
The computer subroutines which are used with "CHEMIST" _ L

to estimate ‘the free energy parameters are described here. | |

The flow of the computations is illustrated in Figure 27.

Listings of the four subrcutines are provided in section 1 of
-Appendix VI. | |

- The main program "TST" reads.in the data required for
parameter estimation and to define the chemical system. The

@4

latter set is introduced by a cdll to the subroutine "INPUT"

and the use of the-data”controllcard option. - The search is
initiated bya:caii to the subrcutine "SIMPLEX”. After the
search is COmpleted ‘control is returned to "TST" The model
predictions are now calculated with the best. parameter estimates
by-a call to the subroutine "MODEL". ' & print control variable e

.13”3150 set which causesf"MODEL; to print the-concentrations

hof each species in every phase and the values of the partial

derivatives for each experiment. Returning to "TST" the -

‘residuals their root mean squares are calculated. The

o~

informafion printed by "TST" is:

the initial, observed and the predicted concentrations
of the dependent variables,

(11) the root mean squares of_the.residuals of each response,
(111) plots of the reslduals ﬁersus the predicted response.

‘The subroutine "SIMPLEX" contains the Nelder and Mead

o

267

i - - - s . e
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<¥

L
.

algorithm (N-1, H-5) for the "Flexible Simplex" search.  Control
is maintained in this subroutine during the 'search fér parameter
estimates. The value ofy the search criterion or objective

functlon for each set of parameter values 1is obtained by a call

y
to the subroutine “OBJECT"

v

The objective function is programmed in the subroutine

"OBJECT". The model predictions needed for this function are

obtained by a call to the subroutine "MODEL" Iniormation

concerning the values of the independent variables (1.e., number
~of moles of each component) is transferred here from "TST",to

"MODEL"". The effective. errors and the inverse of the covariance

matrix is also calculated here. ’ _ | ‘

L

-

The subroutine "MODEL" is the 1link between-the.parameter ‘=
estimation routines and the "CHEMIST" subroutines. By calls.
to thé appropriate subroutines, estimates of ‘the species'
concentrations at equilibrium‘(i.e., "CALL SOLVE"), and values .
for the partial derivatives fite.,-"CALL BJACOB" and "CALL
‘CJACOB") are obtained.l'The‘subrqptine is written in a general
format that allows the calculation of the totaiiconcentﬁation
"of an element in a phase and its correspondingrpartial
derivatives for most'chemical systems. The'information needed
with respect to species, component, and free energy parameter

numbers for a particular chemical system 1s stored in data

statements here.
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‘III.3 _ AN ALGORITHM OF THE COMPUTER SUBROUTINES

- USED TO DESIGN EXPERIMENTS

The computer subroutines which are used with "CHEMIST"
to design*experiments are described here. The order of the
‘computation procedure 1s illustrated in.Figure 28. Listings of‘
: the seven subroutines are provided in section 2 of Appendix VI

\: The main program "TST", introduqﬁs the input datay
initiates the search for experiments and prints the resulting
information. Initial estimates of the independent variables
.are read in with their upper -and lower constraints. Operating
cinformation specific to the’ search subroutines, (e g., numper’
of parameters to be estimated, permissible number of iterations,
etc.) is introduced: by a "BLOCK DATA" subnoutine ' The data
needed to describe-the_ohemical-system is read in, by a call to
the subroutine “INPUT" ~ The search for experiments is per-
formed by the subroutine "MINI". .After the experiments ‘have
been selected, control returns to "TST". .A cgll to the sub-
routine'"FODEL" via the subroutine "FUN" causes the calculation
and printing of the equilibrium concentrations in the aqueous
'phase and the partial derivatives at the new experimental
| condit#ons. ‘From subroutiner"FUN",_the covarlance matrix.
and itg inverse for the predicted responses for’each nem_
experiment 1s’ also printed. Also, the value of the elements

‘contributed by each experiment to the determinant of the
\ : :

C 270
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'design.criterioneme printed " The, remaining output information
is printed by "TST" and includes
'\r"\-"
(1) the final selections of the independent variables,

(i1) - the determinant of the designcriterion (1. e., the
" 1nverse of the parameter covarliance matrix),

(i11)- the reciprocai.value of the determinant,

(iv) the predicted responses and number of moles of each .
solld phase for each experiment.

The subroutine "FUN" calculates "the obJective functidn
for the search routines In order to efficiently use the
search routines, the design problem was transformed from one

with constrainted variables to unconstrainted ones by the )
following equation: S . \

o xi = gi + (hi - g_.i)‘Sinz yi . (III"‘lS)

for 1 =1, 2,.;.ntn
where Xy is the oonstrainted search variable,
y; 1s the unconstrainted variable,
g4 1s the lower_bound, ) }
hy is'tbe‘upper bound, g
_ n, is the number. of vafiables.. o . ' o
The'contributions of the experiments already performed to the.hW'
design criterion aﬂastored in this subroutine by Data statementé;/
Estimates of the effective errors in the’ covariance ‘matrix of
Vu are made in the same manner used in the parameter estimation
,problem Values of the preaicted responses and partial
derivatives for each new experiment are obtained from’ the

.j .
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s - . & _
subroutine'"MODEL“. The value of the determinant is calculated

‘by the subroutine "EVDET" The_solution technique used in
"EVDET" is based upon the method of elimination’as outlined
by Labidusi(L—l).. The'progress of the search for new'experiments.
1smmonitored,oy printing the current searchivariables anddthe
ralue of the deaignoriterion'at each step.

l_The subroutine "MODEL" performs the same role'as before

) N . ' . ’
in the parameter estimation problem. The calculations frém -

"CHEMISTf are transformed to a convenient }orm (e.g., calculating

tne partial derivativeloq a reeponse from the derivapives‘that
lbelong to a set of species), and then transferred to the ‘Eg
"subroutine "FUN". | .. '

anee'eubroutines are used.to carry out the search based

on Powell's algorithm.. Box (B-19) particularily favoured this
‘metnod because it possesseS'quadratic'convergenceg'(i:e., the
. property that the method will cdhverge to the minimum of a
quadratic function in'a finifie number of steps). Thouéh the s,
.design criterionje not a stript guadratilec function it was
found that this method converged more rapidly than others.
The search 15 directed by the subroutine "MINI". "SEARCH"-1s
an auxiliary'subroutine used to determine the optimum stepsize
in the direction. of each parameter. This program. is based
upon ‘the method of Golden Sections. The third subroutine
"TEST" contains a set of convergence criteria used to terminate

the‘searcn procedune:}?ﬁore detail concerning these 'subroutines

is given by Himmilblau (H-6).
. e -

E)
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IVe1. LA’- PO4 - CO3 ~ H?0 SYSTEM

[}

.<_J

TABLE 132

a

***i*g*i*******f&****u*n******i********iiu*nai;**u*l*i*;*i***f:ui**un;*a**};*
‘ L)

MATRIX OF SPECfESv COMPONENfS: AND REACTIONS ' :
. @

(FREE ENERGY CONSTANTS EVALUATED AT 25 DEGRLCES CENT.IGRADE}

SPECIES FREE ENERGY -  STOICHIOMETRIC COEFFICIENTS
CONSTANTS  © - AND COMPONENTS o -

**i**{*********i******‘*******i**{*****I**I**ﬂ****!****l*******l*!—****ﬁ-* LR RUE XL

AQUEOUS SGLUTION (COMPARTMENT = LI1QUID)
‘ ¥ )
kY

He . = 1.0 H+ . . ‘
NA+ ‘ “ 1.0 NA+ '
K+ ° a:0 | K+ i - : |
OH— . 1,0 - NAH- l . : . L '
- 1.0 cL-- _ K .
H20  -40.2571 1.0 « H+ 1.0  OH- . '
LA+3 1407 LAs3 ' :
LAOH =1242327 1,0 LA+3 . 1.0 OH-.-
HPO4 =-32.3939 1.0 H+ 1.0 PO4-3 oo :
PO4-3 | 1.0 PO4-3 ' |
{ M2PAG 57,9874 2.0 HE 1.8 PDG-3
/

- CN3-2 - L1.0  €03-2 . .

'H2C03 -46.4382 2.0 H+ ~1.0 €032
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NACO3—~6.9387 1.0 NA+ 1.0 CO3-2 - B
NAHCO3-31.2367  1.0. NA+ 1.0 H+  1.0° Co3-2 -
HCOA= =27.7979 1.0 B+, - 1ed CO3-2 CoT . ' }
ORTHOPHOSPHATE | PRECIPITATE (LOMP&RTMENT = PHOSPHATE) |
LAPOL S 1.0 LA+3 1.0 PO&4-3 .
v .
LANTHANUM CARGONATE PREGIPITATE “(COMPARTMENT - CARBONATE ) ’
. : @ ' b
_ S l. . towe \\
e ', A ;' o ) u‘ :: . ' oo ' . \\\
' LACO3 $ 2.0 LA%3 - 3.0  C03-2 e e
LANTHARUM HYDROX 1DE PRECIPITATE (COMPARTMENT — H _bx1o§$}l‘ | S
‘ S é; ’ . :
. : S A A
LAOH3 §- . le LA+3. 3. OH-{. '
p .

i**l***{i****!ﬂ*******l**F**I**********ﬁ**{lﬂi*****i**'i****%**i**ﬁ*#**i*I*I*{

»

1]
{ FREE ENERGY CONSTANT‘: EVALUATED AT s DEGREES CEN%’IGRA')L) m

’

****I************l*****i*****%*#**i***I**II*G*****II****!Iﬁl****l****F**#*#*I{

-

. 4 .
.T ’
AQUEOUS SOLUTION (COMPARTMENT = LIGUID)-".
H20  =41.9588 Je. He 140 OH— o, '
He 1.0 H+ SRR ' .
NA+ : 1.0 NA+ : T . .
K+ 1-0 K+ : . rT .- - »
i ““ ' L 'R . ) .
OH- 1.0  OH- X _ . .
Cocs 1. L= o o ;
f - . . ‘ . - ‘ '».::‘ ? !
LA+3 . 1.0 LA+3 g L .f
- : ! .- ta o !
| LAOH =12.2327: 1.0 LA43 1.0° "OH- . L o
. ' ’ 3
* ':- f.
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PO4=3 ; 1.0 PO4-3

| HPO4 =32.8776 1.0 H+ " 1.0 Poa-3 R
M2PO4 -53.6569 2,0 M. 10 | PO4-3 ‘ . :
c03-2 . 1.0 c03-2 . ' ,
' Hco3- j§§.324 1.0 H+ 1.0  <o3-2’ o ! |
“HzCo3 4743473 2.0 Wb 1.0 COI-2
NACO?-=6.9387 140  NA+ ° 1.0 ‘cor-2 - S -
NAHCO3~3142367 1.0“ NA+ 1.0 H+ 1.0 . co3-2 - “
r.QRTHOPHOSPHATE_PRFCIPITATF (COMPARTME&T - PHOSPHATEI | B
LAPO4 S . 1.0 LA+3 1.0/ PO4-3

-

o

LANTHANU™ CARBONATS‘PRECIPITATE {COMPARTMENT = CARBONATE)

. L ST . -l 7

o o : : N »
LACO3 ¥/ 2.0- LA+3 3.0 cn3=-2 i

. ‘ : . ‘l - -'_'F R kY o
" . LANTHANUM HYDROXIDE pRECTpITATE’(CaM?fﬁ;MQET - HYDROXIDE}

Ho

, . . o -
LAOH3 § - 1¢ LA+3 3 OHe o
. l:\ . . s o
. - “ . ' - . .
R *i******ii’**&l*I**i*i*!*!*!!llii**Iiﬂ***i-*-ll-!*l*lill*l-l*I—l*u-l-{* * %%

¢

$ Free ENERGY-PARAMETERS TO BE EVALUATED : . .
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R ; TABLE 33 o '
- POy - CO3 — Hp0 SYSTEM - o
. INITIAL AND FINAL CONDITIONS :
/
P S — 3} - i o
A. ~First Twelve Experiments at 25°¢ | o .
Lanthanum Or.thop osp‘hate" Car’bbn.ahre y Hyd‘r'oxidé '
_ * (mgLla/1) mgP/1y+ - (@gCO3/l). (mgNaOH/1)>
. . - i - , - .
‘Initial - 103.,° . 30.8 , f 174,17 d )
. Fipal N.R. 8.6 o177.3
 68.7 . .-30.9 179.7.
.N.Rp . ’ * 18-‘1 b - ) 177-3
1 ‘ - . ’
7 35.7 ' .30.9 . 179.7 ~.
’ NoR- , gs-l N ) 177-3 B '
138.3 23.1° - 179.2 .
, - ”HOR-. . -02 ’ ’ 155.8
68.7 o232, 179.7 -
. NiRa ° - - 903 . . e 3 17'7-3 :
. . . . . '( . : . - " o
L J ) 3“.4 .o 23.2 179-9
- N.R. . . 15,9 178.3
+ .. 138. 3.' N L .1 179.2
103. 15.5 174.7
N.R. . .04 . 156.7 8.660
364 15.5 179.9 a2,
‘NR. L . B.64 179.3 8,758
1256 7.3 17047 6huh oy
N Rt 7 ) 011 ) 10708 ‘ . 9.111
103.0 7.1, 174.7 SL.8 4,
N.R. .0 , L S 8. aza S
. & e ‘ /
68-7 7.7 ) 179-7 . . 75.8 * Rk
, N.R. .08\ - 166.5 9.830
N R. = not recorded. /)° - R
*pinal pi " S | | ‘
& ) oL
. " ; & .
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- . .
. . .
‘a . : v : ) )
. - "

= — L

v B._Six Experiments at 25°C° ~ . -
‘Linghanum . OrthHopheoaphate " Carbonate " Hydro;cide o C e
(ngLal1) (mgP/1) @gC03/1) - mgNaOH/1) -

. . N . A R EEEEEIA . . .
Initial 143.0 16.3 59,3 728 . o~
Pioal .. N.R.* < .003 . - 18.7 cr.00*t T
' N " - ' >N ‘ . - i [ . LY
S 10s.6 T w9 L sTas L sl o
/. N.R. < .003 o p a7 Ba20
: . . . . . X ‘ﬁ_,/ e K _
(1337, 2,' 23.2 274.5 79.2 . L.
o _NIR' . * t 1066 . . 27?- * * B-gok ‘-
.o e ' - N\
70.17 ) ' ' 18-0 ) &'|| : i9-3 50.4 ‘*.* L
N,Ro' : . 8.15 . "56-9 8:36’0
. ¥ ST ’ , X ﬁ
111.2 . 32,2 Lo 178.0, . L2,
‘N.R. ' 7.3 178.6 - 8.443
// . ' »
. L 106.6. . - 322 .. 2967 72.8 L.
) - N.Re 9.12 - 2934 ¢ . 8.719-
: "_q'_; i ; Z N
. g o Five, Experimenéb at 5°C
' Final . " N‘R' . v ' 5'90 - 298-2 . 9-201 » -
95.3 1.8 - .298.7 " b .y T
a N.R- 2-61 ' . ‘ 297-6 ) ' ‘8.394 . ’ !
146.8 25.5 59,7 160
N.R. ' 35.7. - 7.281
59.6 298.7 - | 52. *k :
N.R. 297.6 . 9.2?8 ".‘
109% 59.7 560 ax
N.R. 38.2 7.648
. ) ‘ .
\ \



’ I \--_-'," ' g S ‘ 280
s - D Fo_u;: Eicpex':iments at 5°C 7
L " Ladthanum Orthophosphafc Carbonate _ Hydroxide
(mgLa/1) °  (mgP/1) - (ngCO3/1), (mgNaOH/1)".
. . - . L + . .
Initial . 197'.1 2L L 58.7 86 e
Finhl . 1-0 } u47 ' A 57-7 - . 7.7.39 *
o ' ’ a : v . . "
. . o C ‘
138‘4 ,21.9‘ ) ‘- 60;’3 . ) 70u'2 *k ) ’ \
1.0 ~016 3443, o 7,975,
. e " ? - 3 Y -
171-2 21'9 " . - 60.3 ] . 86-2-‘. ** ) v, : . ‘./'
1.1 <2 .003 18.8 . - . .7;532 . i
‘ —7 , ' - “ ) . . . - . ) . ) " ”~ ) . !'
21307 . 21-7 : 52-7 B 98-12 xk . - V!
- 15-2 I 0003 \'| ‘s ,]4 . . 7.625 ‘ - . .
. -‘ . . ] ’ . * : . : . \'
E. . Three Expgfiment.s at 25°C . V'
P ) o H
. 2 - : . . _
D oIndtied - 0 77.7 0 77T 1310 . 93.9 53,2 4
- Pinal =~ .06 - ,046 . 88.6 ~ . 8,836
. . ) -' . e . . . ) n( K
T St 142. T 1-53 ' 1"04 5706 %
S - 82,7 < ,003 . " 5.3 . 8,457
72.4 1604 - 3T36L.2 118,64 a 3
NER* . 261 . v 360.6 { 9187 .
. ‘ . ] . r“"’-_"_a'.‘_-/ ¢ ' . a -
F. Three Experiments ar 25°C. . -
: : . ' £
Initial 69.9 . . l4.b . 366.0° - B6.A 4y
Pinal - N.R* . .93 61.8 8.977-
. . .57.3— ' ;J.l . '366.0 - 92.8 *‘; ) ‘ X
INDR. .31 R . 360-3 9.029 ' .‘ . ‘\. "
A . 1.9 S 351.3 T3.6 aw
v N.R. - 1.09 " 346.3 - 8.835 '
: - "
&
. . ' ‘ . /\
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***gaﬁfiiu****uu*&**&******y;a**i*&*iw
ATTIONS .
s 7.‘. y R
T 25 DEGREES CENTIGRADE)
- ‘. : . '}- -
TS g
? ,.

Y

~ AND .COMPONENTS

{

B

AQUEOUS SCLUTION (COMPARTMENT ~ LIQUID). -
(AQUERQ ‘ 1< THE! _

H+ -
OH~
cL-

H20 4842571
LAOH .<1242327 <1 ﬁ\jtﬁ?a. 1.0.°

LA+3 "li -

e

“LAPOL %

LAHPOL %
L ]

H3POLY~53.5818

H2POLY~46 42715

HPOLY -25.2903

POLY

. ]

3

"
»

n.

1,0"‘ He .

1.0 . OH= .
0 c- 4

'1;0-; He

 NAPALY-10.4616, M 1e

»

1. l;'LA€P .
14 LAt 1e
1. H+ . 1;
3e W e
1. POLY 2.
1. '_H+- Tl
1. ! POLY
-

1

1:0.°

oH-

OH= -

POLY ~

pPOLY

‘POLY .

. B . ; e : ot . s
*Iii#*****ﬂ*'**‘fif!*lilii**} **ai*'l*l*ﬁ***'**************#*********i****
: o - . ~ - . . L

¥
LA+3 )
+ .~ -
-
. -
- - o
*
- . ..‘ K
-' -
¥
»
-
* -
5
t ]
K
v
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. . N / i . ) - . } y .
LANTHANUM 1RIPOLYPH05PHATE PRECIPITATE tcoMpARTMEhT - POLY -~ P} T L
- . o,
LAPOLY % . 5. . LA+3 3. POLY . .

+

. :
RS T TR I RES B I*!*}*I&*liﬂl’l’llli!HII--I'I**l{ll!I‘*!ill'*!*'*iﬂ*l***llll*****‘*I*****‘ .

3

+ (FREE EN‘ERGY CANSTANTS EW\LUATFD AT & DEGREES CFNTIGRADE)
- b~
K*l*lﬁiliﬂllDI!***I*IiII***I*Il*fllllll***l*ﬂll‘*ll*?l!ll*l***i**l**i**%*&**ll -

- -
e . v

AQUEOUS SOLUTION (COMPARTMENF - LIQUID)
. L > ©

°t . - .. e o
. « H+ . Pl 1'0 _H+ \'. N .
- oH- 1.0 OHE
. - - ¥
e ~ NA+ - T 140 NA+
CONAE - 1.0 NA+ L A
CL" . ,-' l' 1-0 CL- l
L "H20 '_4].9588 . - 1.0 H& 1.0 OH- - ' f)
. g LAOHo -12.53%7- 1.0 tA+3 1.0 OH- ;o ’
o T LA%3 v . Y. LA+3 : E
LapoL. § % 1+ LA+3 1. POLY - -
LAPOL | . _ .
.. LAHPOL 8- - Je M4 1. POLY 1. (LA3
M . . ) - - L . ’ : ’ : :. - '-‘
H3POLY-51.2941 = 3. H?* 1., POLY }
. n - ' . ! R N <
H2POLY-42427R7 le pOLY 2. H+ PN _
/ * .t ' i
HPOLY -25.3712 1o H+ 1 T POLY S .-
pOLY. 1. PpOLY
NAPOLY-10:4616 1.- NA+ 1. POLY
. o - . i : 3 * B o : L .
UANTHANUM TRTROLYPHOSPHATE PRECIPITATE' (COMPARTMENT - POLY - Py
. Q -_1_: __- . o .. . ‘ . |
: : ) |
. . . . - . = . I .
LAPOLY $ 5. LA+ 3. POLY o o -
. ). . . . I L q,. j
[l . . . \ ‘|‘ : f
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' ! \_ { ) ,
- TABLE 35 - :
: . ) :La - P50;p SYSTEM ~
INITIAL AND FINAL CONDETIONS
A. Stage 1 - Six Experimerts at 25°C
" Lanthanum Tripolyphosphate Acid )
(mgla/1) o (mgP/Y) ~ . (mgHC1/1)
Initial . 35.0 1,7 N L
Final - [ b © 0367 <. 495277
. P! '.‘ i " ’
35.0 1.7 459
3.25 345 4,988 .
e : ' N . ~ ‘ . -
69.9 22,7 . 1.958 .
- N 909 1661 .l..348 b
69.9 34.3 . 4,887,
12.3 <126 5.010
'3 ~ . . LY ¥
69.9 34.3 SR O T
19-$ 14-3 ) i .." :..,5:96% . .
103, 26.3 ™~ | 1.543,, -
e 144 863 © 7 4.480
| j ¢
T B. . Stage 2 - Three ExperJiméni:a at 25°C .
"VA‘P . v - ) “ - . - ;
. 1. Y LM N ) .
Initial . " 68.9 24.6 2.042,, -
Final . S % § 1.39 4:_23.0_‘ _
> 1.9 N.2 17.995,,
_ 29.2 . 26.9 . 3.660 A
- : - .
| . 42,4 35.2 . . ;;233** .
¥-39.4 CO3s T~ T O
) ; . AT ) :
4 . L. "
. ] ’ N - I.
" \ - v
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y o \ o
. C. Stage 3 Two Experimentégt 25°C

Lanthanum . Tr&l{pho phate = Actd . .
(mgla/1) . : ’(msP/ ). - (mg HC1/1)

e
0

Inicfﬁ; .o, si.e . & s
| 4

9,346,
Final , - 50, *

.8
3 5.800

8
7.
- 138.7 T 4 o 36.467,, Y
_"'.'.1 '138..; - 3.35 . 3.561 ,

T . D Six Experiments at 5°C _ ‘ o o

Jpictal . . 35.0 S | .663
Final . N.R.* R 7L B . v 5,040

L3s0 S 1T - SN2,
N.R. . .423 . 5.289

69.9 2.1 - es, .

' N.R. . .863 o 5.120 b
— - - S 69.9 l, ) -‘Ba.3 o ' " B , o 7,.613** ) s
: c N:‘Ru vl . el 3 a 18.6 S ’ & o 5‘_'255 d
\ L) . i T '| ' . I .
' T b -L‘., - . . . - ‘ ‘ 1)
, B 2% T 15 I S san,,
o .t T HWJ.R. . C 21.2 ° - . . 6,570
. X ] ' ) o . - . -
¢ C - 103, - © 34,3 Ve 0'772*P
v . N.Ro o 145 ) 5.265-
" : ’N.R?./-‘:ﬁé(x_:e.cérded . : ) '
. ‘e _f/'-"** . . ) © - ul e
. Residual.pH Value. | i C.
= N ! o s - . . -
- . . . .
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IV.3 LA - P207 - H?0 SYSTEM
L) ‘ . .
v _— TABLE 36 -

PYT Y nnnnnt»u:t*al.*_u****gui*riii uu***u***:i*n*****n*a*ui41*1*¢*****u-*****a~u<
’ . . '\ .

J -.- . - ‘-
MATRX 'OF SPECTESs COMPONENTS, AND REACTIONS .
' {FREE ENERGY. CONSTANTS EVALUATED AT 25 DEGREES CENT IGRADE )
SPECIES FREE ENERGY STOIGHIOMETRIC COEFFJCIENTs\ .
CONSTANTS  AND COMPANENTS

.

lli*!—*i‘*i**i*****ll‘-}lli***ﬁ({‘**&*l*I“ﬁ*I*i’l"f&***&l**ﬁi—*ll—**l*iii*i*i{******ll—
A v . Pl T - . N

" : L ' AR L L o
/_f ) . - . ‘ N .
AQUEOUS SOLUTION (COMPARTMENT - LIOUID!
. - j
*»
H+ L 1.0 HE .
OH~ - 1.0 OH-
3 . i \ ;
NA+ ' . 140, HA+ - .
- S 0 W
+ o CL- . 1.0 = CL~
H20 —-40.2571 1.0 H+ . 1.0 OH-
LA+3 ' S le  LA¥3 . ) ‘
LAOH -12+2327 1.0 LA+3 1.0 COH- - ) ot
LAPYR. S 1. LA+3 le .. PYROZ . o .
) H3PYRO-5502372 N3e He 1« PYRO ' A .
c ' b o _ .
. H2PYRO-45.1448 & 1. “RYRO,  2e L ' it
" HOYRO —25.6R00 - 1. H* el 1e ¢ PYRO - . e
pyRn "1 PYRO o : .o
'NAPYRO-9.3095 1. NA+ 1 PYRO ;
] ‘
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- b k]
KPYRO-9.3095 1.r/’ K+ = le  PYRO
O ' | . R

LANTHANUM PYROPHOSPHATE PRECYPITATE (COMPARTMENT - PYRO = P) .
LR .

w

LAPYRO 5 he  LA+3,. 3. PYRO

l*i*II!IlI*ii*li**l*l*l*i**;lll**l*iii}*i*i#ﬂ**i*ﬁ****l****li;ﬂ**l*********l*l
. ' i

(FREE ENFRGY’ CONSTANTS EVALUATED AT 5 DEGREES CENTIGRADE)

DR -

f**‘lll**?l*I****ﬂlllliiillliiilll*!iiillﬂ****l**!****i*l****ilﬁ*'****l****lid

-

-

AQUEOUS SOLUTION (COMPARTMENT - L1GUID}

. . .

?

‘H“' _ . 140, . H+ ) !
OH- . 1.0 OH- ‘
NA+ - <~ - 140 NA+ )
-/t T 1.0 EL- o
7 H20  -41.95R8 - 1.0/ H+ 1.0 oH—
LAY N 1. | LA+D ' L
LAOH . —12.2327 1.0 LA+3 1.0 oH-
' LAPYR § L 1. LA+3 . 1s  PYRO
' H3PYRO-5243367 _ *a, | H+ 1.  PYRO
H2PYRO-43.6752 1. PYRO 2¢ CHe -
HPYRO 2648775 1le H+ 1e { PYRO
pPYRN L 4, PYRO v ‘

o

LANTHANUM PYROPHOSPHATE PRECIPITﬂTE-!COMPARTMgNT - pvgd'- P)
: : A
LAPYRB L 3 - 4y . LA+3 3, PYRO

I*Iil!lIl‘l!iiill'l‘l!!'{i}il&l*Il*'*"*II**I*IIlti'*ililI'*li*i*'*l!?i*l**

. - -
’ - - ’ 5

B ) A . . >
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. TABLE ;37'.- . .
La.- P,0, System . . .
_ Initfal dnd Final Condition [ ‘

A. Three E;bgrimenta.at 25°C

. Lanthanum Pyrophosphate T Aecid
(mgLa/1) . (mgP/1) (agHC1/1)
/ A :
Initial - 78.4 - 8.26 .30k, :
Final ~ 50.5 o .037 5.100 " o
- 78.4 16.02 L 133,
, 28.1 018 - " 5.453
51.9 24.24
64 ., 5.110
., B. Three Experiments ‘at 25°C
" - Ipfefal ——— — RS Ri;iaq ‘-
Final = - 7.8 o }Yaaﬁ
. o, e 3.8 16.52 .
. - 5,05 6.695
5.05 8:8%5
658 13.59
TR 29.8 .997
. —= o A
C. Three Experiments at 25°C .
i : g
T _. ] N > 7 . §
Tnitial 138.8; o313 36,467, ‘
." Final 141. 2875 | 3.520 |
’ 138.8 313 36.467,
138.5. - 2.560 S 3530
. 138.8 313 36,467,
161, 2.778 3.522 .
: * . . = ‘. - '
. Final pH - / ‘ _ T 2
P &
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] * I ){. » ’
s » . -
bD. Four Experiments at 25°C . ' ﬁ' .9
- R . - . ] S
4 ) . . L - - . ) o »
. Lanthanum . Pyrophpsphate . . Acid
(mglall) ° . (mgP/1) -, (mgHCL/1) .
st 2 i ‘~ ),
' ) . LT 2 . ,
Initial P 66.7 . 32-41 : ' 4-15?*' .
Final _ 6.0 10.04 . - B.132 ¢ '
S S YIF- R % >
‘ ' .99 ., 3.989 o 4,646
BT A 309 . ... .53,
) . 127. CL L .04, o 4.850 .
137,72 . T.2v . 3909,
| .53 . 2.493 T 4,600 .
— — . — . — Y
‘ . E. Three Experiments at VS"C‘." '
Q
Initial - &k:S . /. 1245 - © . 5.589,
. Final - 9.35 DU, -1 L7 3,945 :
T o :+ . .. — . . ’ 3
35.8 . 16,527 . ; 547, -
10. w1199 8,705
h 65.9 . . ﬁ§;3;59 ) S 7,679,
. 29.7 :*- ., l.a07 . . - 3,765 - .
* - ¢ ’ ‘ . - , ’
.F:Lnal pH." . ;
3 “ - L . ?
( \ ;.
o . .
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.. TABLE 3B

La - PO, - P3039 - P07 - CO3-

i

®

H,0 sfgrzu AT 25°C

La BP3010 POy,
" - (mg!1) -

COy

r

P,07 . PH.
> L

- -

NaCl

RN
. Initial

' Pipal

Lt

3.
'D . L'l

12.
‘-‘2 £ )

A -t

7 06 - 3.7',;.'
l.'o ' ..¢94»

75I6 . 3.7 '
&
6.5  -0.50

75,6
0.3

-

12.
1.1

12,
3.3

~

200.1 b

240.1 4o
269,

240.1
62,5

5.5

72401 4.
55,5

© o 0.46

201 4.
T, . .- .02 6.626

201 b

9.300

146

146
146

146

- 146

e

" 7-3 80
7. <55 2. . 270, 1.98 - 9.543
" 60.5  11.0 4. 2601 b 146
.55 26 45 c . 5.5 % A7 6672 1
. 0.5 1i.0 . 4- 340.Y b 146
f 9.6 ¢ 3.28 °  1.95 - 55 1.02 _8.263 '
. - v ) 2 . ' i ' v ! /
‘ 60.5° °11.0 4, o 280.1 - AT J146
10.7 ' 3.77 5.3 - 265.5 ©.2.33 9.522
< L4
| / ) ) .J::- . - v
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. TABLE 40
WASTE‘!ATER SAMPLE - INITIAL CONDITIONS
T~ ] - _
hibn Skyway freatment Plant
ca . Burling%n, ,Onta't.jio ,
- - - ’ +
7 . : 7 i
- , . Ortho- ! pely- _ Pyro- )
, Phosphate .. (mgP/1) S
| , R 2.24 1,93 0.48
. v ' Organic = ! Inorganic ' Total
, 7 earbon - (reC/1) . (vBC03/1) (@gC/1)
42,3 - 250.5 92.4
- ‘ ' .
Sulphate ° o .Chlogide
Anions ‘ Y vt (mgll) _ i )
oy 98 CL 06, L
Sodiunm 3 Calcium - Magnesium
. - ' 1 . .
Cations o (mgl -) .
S ' 83.4 20.0
Initial pH - | - 8.815 R
‘ _ .
i AY
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IV.67 Y. - EXPERIMENTAL PROCEDURE

A ‘

LI

; The.test{sol%tions were preparedlfrom aliguots of
standardized stock solutions. The final.volume was made up ..

%o 125 or 250 ml (depending upon the nominal flask sife) with

demineralized and doubly distilled water The important

S

difference in procedure between those experimfnts in whiih one
phosphate species precipitated (sections 3 to 5 of Chapter IV)
to those 'in which, all three phosphate specles precipitated
simultaneously was .bringing the solutions in equilibrium with
the atmosphere In the former experiments, the flasks were
segled-after the addition of dilutant In the latter cases,
the solutions are bnought into equilibrium with the ftmosphere
‘ J
(see-section-6, Chapter.IV) In either case, the stoppered

with an air sparge whiIe the solution pH 1s being ad usted,

flasks are placed on a vibratiug platform ! shaker. situated in
a temperature qzntrol ‘room (at 25 or 59¢ i .259C).
,' While being agitated, ‘the solution pH was monitored
with a combination glass electrode (Fisher Scientific”Cot, ?_-
Cat. no.13-639-90) and an Orion Model 801 digital meter.: '
“The solution pH can be determined to & 001 units with this
.lnstrument. The solutions were assumed to have neached .'
_equilibrium when the solution pH reached a steady state
The precipitate was removed with a membrane fidter.

Normally, a membrane with a pore size of 0 45 microns was o
:used All filters were pre-washed in the manner recommended 1

' - ' . o
*AJJ.Etppk solutions preparEd from reagent grade chemica s: '

- : 294 '
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by “Standard“ - Methods" (A-1). In ch&ée experiments 1n
which a poorly formed precipitate resulted (1.e. , a cloudy

dispersion), the solution was pretreated by first centrifuging

"~ the sample at approximately 3000 rpm- for 15. minutes and theén

passing the centrifugate through a 0 2 micron membrane.filter.
For thoseé solutions not id contact with the atmosphere, the
lfiltration was carried out in a closed cylinder-hnder at
nitrogen atmosphere. . ' '.-§:<_

Ll J
-

W




.7 o ANALYTICAL PROCEDURES - - / J
* Carbon - SR ’ e L : .

—

concentrations'of-organic and“inorgdnic‘carbon.were
| determined with the Beckman Model 915 Total Organic Carbon
Analyzer In this instrument carbon species are oxidized to
‘ the dioxide in a hig% temperature catalytic furnace, and the_
gas concentration then measured with an infrared detectbrﬂ .‘ g -
The total carbon and inorganic carbon concdﬁtrations are l./ | N
“dgeasured _while the Organic portion is determined by difference
Aqueous samples, twenty microlites in. size, were'used

"

and -the analysis was carried out ‘untll the instrument responSe
agreed‘;ithin one half a scale division after successive
injectibns' ‘The instrument was calibrated daily with at. least

'three fresh standards in the range interest. These standards

: were made from organic and inorganic stock solutions containing
1000. mg/l C which were 1ess than.one week old. The variancer

. estimate associated with this measurement is reported inl‘
Table SO | R
Caicium, Magnesium‘and Sodium '

| L ) )
-\\ The aqueous'concentrations:of calcium, magnesium, arid

sodium were determined by adsorption,spectroscopy..-This_method

mEasures the total metal concentration. A Perkin Elmer.Model

303-$p£ctrophotometer was used. '

. 296. ‘ ".i
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~

The operating procedure is detailed in the manu- .

facturer S manual "Standard Conditipns" (P 19 . The salient

points of .interest. for each metal are summarized.in Table *Al.

-

For each metal, the analysis was. carried out within a concen-
5 ’ :

trdation range where the instrument responded linearly

™

Samples outside” this range were detailed'with demineralized

distilled water The instrument response to this dilutant

.was taken as zero concentration of metal. 1In the analysis of -

calcium one drop of a saturated Kel solution was added ta’
-each 10 .ml of sample to suppress inference from ionization.
The instrument was calibrated before and after each

batch of samples were analyz!ﬁ If a drift in calibration

: J
was observed, a correction to the measured response was made .

-

-Fbr each metal the calibration was carried out with five

standards lying in the working concentration range. These.

-standards were- prepared from stock solutions containing

]

1000 mg/l of metal. - | o o IR
- " The “instrument was equipped’ﬁith a digital readout .

device which reported the average 'of the instrument response

over elght successive periods. The average of three readings-

-from this monitor was then compared to the calibration curve

The variance estimates for these analyses are:
(1)  caleium-----6.8%
(11) magnesium---3.ﬂ3

(111)" 'sodium-__a--3(o%
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Chloride ' | ; s .

The ohloride ion concentratioh'in solution was

determined by a potentlometric titration with a selective ion

—*—**eteotrode*ferion—eiectrodeano*_gu_17 ) .and the titrant

silver nitrate. \The procedure is detailed in the manufacturer 8

brochuyre, (0-2).- The equivalenc point in- this titration was

determined from a Gran p}ot.of,the milliivolt reading,

Sulphate

. | ~
. Lo '

The'aqueous qoncentration of sulphate was determined d

gravimetrically by precipitation with barium chloride The !

R .
[ - A

analytical procedure described in "Standard Methods" (A- 1)

was followed. - .~ )

Lanthanum =~ o _ v

determined by flame emission spectroscdpy. A Jarrell—Ash

operating conditions are:

(1)

(11)

(111) .

(1v)

-

(v)

' The total concentration of 1anthanum in solution was.

Model 82-800 spectrophotometer was used. The pertinant

.
. .
[ + . " L}

“\ . . .
R .

reducdng flame acetylene—nitrous oxide, .

" wavelength--UU20A

slit wldth=- 75 um

sample pretreatment—-l drop of saturated KCl‘solution“
for every lo ml of sample, .

burner——premix 1aminar flow with a 5 cm slot

v



\

with the instrument set at a sensitivity of 6, a working

concentration of 1 to 50 ppm La was obtained. Samples with

.

e
oncentratia‘?rbelawthis were concentrated and those above

,were,diluted. The lower limit of detectiom was observed to
be 0.1 mg/l.La. . |
'[ } A caL}bration curve was prepared from standardswat
2 5, 10, 20, 30, and 50 mg/1 La. The instrument response was.
neasured witg a 10 millivolt strip chart recorder (Sargent

‘Model S.R.L,).' The va:iance estimated for these analyses is

reported in Table 5. ‘ : . . o

: Phosphorus\\\ ; . | L

The fellowiné three phosphorus"analyses were carrled
ﬁ o - ' - E

out:
S orthophosphate--to measure the concentration of dissolved
orthophosphates, . - o
(11) total phosphates——to measure the total eoncentration . .

of: dissolved ortho- ‘and "acid hydrolyzable econdensed:
phosphates (1.e.5 pyro— and tripoly- speeies y .

(111) aiffe ential analysis--to measure ¥he distribution
' of sojuble ortho-, gyro-, and tripolyphosphate specles.

All, these analyses were pased upon the same colormetric method-

with ammonium //;s§ -

=ty

010gy of reacting the orthophosphate 1or

molybdenqm in an acid environment as illustrated below:

l . . . . 4 - .
PO~ + 12 (NHy), mgou + 2uﬁ+,—é(NHuJ3POn,12MoO3 + gINHy + T2H 0.

(Iv-1) "



) ' "
. . :
3 "
+ }
. - . LAt
. N

'/ The molybdenum in the phesphomolybdaté complex 1s reduced to - s
form a blue sol by the agent aminonaptholsulfonic acid
. (ANSA). The transmittance of 11ght at 66004 through this sol

is proportional to-the amount of orthophosphate present.

o

- . This colorimetric method (i.e., ANSA method) was
: : g .
carried out on a Technicon Autoanalyzer in an automated.

fashion. The construction of the continuous flow system the

s

reagent concentrations and the operational procedure for the.

-

‘first two analyses ‘are reported by the manufacturer (T-2) ‘ o

-

and Heinke (H-2"H—3) The procedure suggested by the

manifacturer was followed with the following exceptions A
dilute acid wask was substituted after each set of four samples
in the sampling tray as suggested by Heinke. Second the bath-
temperature in the orthophOSphate-system was reduced from 70.
to 35 C to prevent the partial hydrolysis of condensed :

phosp ates (Cl). 'Third, a double coil (f”e , Bofe.) was
'substituted for the single coil in the acid hydrolysis reactor
to insure complete conversion of the pyro— and tripoly—

@

phosphate Species (C-4). Figure 29 illustrates schematically
-

the chromatographic separation technique phosphate Species
connected in series to the total phosphate flow system. The
flow system for the orthophosphate analyses is similar to

the total phosphate system, except that the hydrolysis step .; ;j-

/4

.has been remd&ed> ' \

" Filtered solutions,containing phosphates in the con-

centration ranges of elther 1 to 40 mg/1 POy or 0.1 to 10 mg/l

e
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Pou were analyzed directly. The increased sensitivity is

ébtained by increasing the cell length in the spectrophotometer

from 15 to 50 mm. Since the techniques of measuring ortho-

and total phosphates are quite similar, the measurements were
assumed to have- the same variance. A pooled estimate which
ombines measurements from both analyses is reported in Table 5
| Heinke (H 2) had modified the ion- eXChange chromato—

' Eraphic analysis specifically for analyzlng lake and waste-

water samples containing low phosphate concentrations His

A

procedure was'followed with slight modifications ~As sourcés
of -this information are_not widely published, it is reported

here. -~

-,

-

In addition to the reagent required by the ANSA

methodology (T—2), the following solutions are required for

l

the‘differential analysis:

(1) - Stock Buffer Solutdon: Dissolve 78.5 gm potassium
acetate in 800 ml distilied water and adjust to pH 5
with glaclal acetic acid. Dilute to 1 litre with
distilled water a . -

Buffered KC1l Solution (l OM): Add .25 ml of Stock'
buffer solution to 75 gm KCl. Dilute dissolved
mixture to 1 litre : . :

(111) Buffered 'KC1 Solution (0.2M): Add 50 ml of stock'
. ‘buffer saqlution to 400 ml of 1 M KC1 solution and .
dilute to 2 litres with distilled water

' k
(1v) Buffered KC1 Solytion (1.5M): Add 25 ml of stoc
" buffer solution to 112.> EmW KCljand dilute the
dissolved mixture to 1 litre. . .

Av) HC1 Solufion. Dilute 10 ml of canc. HCl to: 1 litre.

~
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The anion exchange resin used herefdas AG1-X10 (Bro-’
rad Laboratories N.Y.) in‘the chloride form and with a bead

size between 100 to-200 mesh’. The column wasfccnstructed a

~from a 30 ecm length of 1.1 CWﬁTITD') glass tubing. The resin
bed helght was 14 cm. A ' . - ',

Before. introducing the sample the coluﬁﬁﬁﬁs recharged
: by pumping‘through_HCl solutipp for five minutes followed
byfthe 0.2 M KC1 solution for fifteen minutes. A sample
containing approximately 60 ug'of.phcsphorus is pumped
through the. column followed by dist;lied water until all of’

'l..

'the sample is on the resin The 0.2 M KCl.solution is next

° »
passed through for'fifteen minutes in order to provide a

4

better separation of phosphﬁte species. The gradient elution

is begun by adding 1.5 M KCl solution to the reagent flask

(Note, the’volume of 0.2 M KC1 solution in the reagent .flask
r

is 200 ml when the gradient is started) The quantities Qf
"ortho-, pyro- tripolyphosphate elut%d from the column (in
that order) are represented by guassian shaped curves dis-
played on the Spectrophotometer S recorder -The fraction of
'Each species present 1s represented by the’ ratio of the area

under each curve to- the tot@ﬁ area. In tgf'analyses, the - .

areas were determined,by a numericaf integiation of the curves
' %

with Simpson's Rule,} The total analysis takes approximately Yo

%

1% hours. h e m : \ -

Heinke (H-3) tested the reliability of this analysls j} i

fﬁﬁdetermining the fractions of each phosphate speCies
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present in wastewater. - From his observationsy, a uniform .

standard deviation of #+ 0.02 was assumed to apply to each
- . T " -

fraction. Because the concentration of each species 1s given..
_by the expression:

t C Gy =Xy Pp L v=2)

where Ci is the concentration of phosphate species "i"

Xy is the fraction of species nyn present (determined

by the differential analysis)-
RT 1s the total concentration of phosphorus (determined .,
separately by total phosphate analyses)

Then an estimate of the error is obtained from 1ts deriﬁative

.-

E o - dCi = dPT Xy o+ dxi PT _ —
If the size of the derivatives is approximated by the variance
in the-respective parameters, an gstimate of the variance in

‘the concentration of each species is glven by

L
,J $ -~ .. a /

/ X 2. 2— 2 2- 2 ) ‘ V-
.. oci = PT X5+ axi Pq - . t 3)

Where Oh 45 Op s and o, . are the.standard error estimates in
. specles concentration, total concentration, and species
frad ion respectively The error estimate for GPT:is

obtained from the relationship reported in Table 5

i

k] . [ v
. ",/ re : , "% ~ 2
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. APPENDIX V:  COMPUTER MODELS - INPUT DATA ’
1. EQIJILIBRIUM MODEL —ID-ISTILLED WATER | 307 |
2.- EQUILIBRIUM MODEL - WASTEWATER ' 312 K
L) - f" \'.. I
"‘ ~
l ¢ . 3
. ; o
) ' N\ o
+ -x-l ™
/ ‘ )
__//
N f .

306
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vel® EUU1%IBRIUH WODEL - DISTILLED WATEK . <

TABLE 42 .

i{dktntnat&uﬁntm-naa,u«nn.w*w«wnw*g*ntanmnawtna-*wuatwitt**ua:utﬁuua*wnu*éuwn*
. - N

I MATRIX OF SPECIESS CLrmrPUnEnTSy AND KEACT10WS - .

] |

T (FREE EMENRGY CuNSTARTS EVALUATED AT 5 DEGREES CENTIGRACE]
! e, . . ~
. 'SPECIES FREE .ENERGY - STOICHIOMETRIC COEFFICIENTS ‘ .

CONSTANTS  .° - ARD CUMPUNENTS i ‘

uniplifn*:kwn-}avkwa*wuun*gwu-gwrnsq*t:w*ﬁw«aawt*xq*wnnni**n*wy*uaiw*wﬁ:iﬁﬁwnﬂ
.. B ) * .
.
o

ALUEUUS SULUTIun (CurPARTmEnT = LIwUIv)

' . H20  -a0.25T1 1.0 H+ 1.0 UH— ﬁ
Come 1.0 H+
- . < v
K+ N 1.0 - K+
“NA+ _ = 1.0 NA+
'bH-f . 1.0 OH- . R .
ce- . 3o c- S .
a . v . .. - "
LA+3 - 1.0 | LA+3 .
LI . ' e - R LR -
 LAOH -12.2327. 1.0 -LA+3 1.0 OWT
P LAPuUL -30.28 ole * LA+3 le PuLY .
LAHPOL-48.81 - 1o ~H& ¢ 1o POLY 1. - LA®3 .
' POLY . 1. PoLY - -

i " ' “ I - . . N 4 »
HPOLY ~25.2963 . Y. M, Lo POLY o _
'HZPOLY-44.2715 1. _POLY °2. H¥~ ° .,
HAPOLY-53.5818 3. W& - le. POLY

] ) o ) |
! -
' 0 -
A
. - -




/ [}
. | ‘ ‘ | _ e
o ’ S o, C ‘308
| NAPOLY-1U.4616 . 1. NA+ 1. 7 oPOLY Ny /
KPOLY -10.4616  “l. A+ 1. PULY
~F’O‘t.--a".  . 1.0 -PO4-3 - ?;J
HPO4 -32.3939 1.0 He 150 PO4~3 |
H2POs 52,9826 1 2.0 b 140 PO4-3 . ,
co3-2 71,0 co3-2 s
MCO3- -27.7979 1.0 H+ - 1.0 €O3-2 L
HZCO3 ~46.6382° 2.0 He~='1.0 cu32 | '
'NAcoz--é;ggaq' Y 1.0 NA® 1.0 CU3-2 ;’ :
NAHCO3-31,2367 1.0 NA+ 1.0 H+ 1.0 €03-2
LAPYR -28.42 1. LA+3. 1. Pywv _‘ S ST
H3PYRO-95.2372 . . 1. PYRO 3. H¥ h
H2ZPYRO-45.1448 1. PYRO 2. . He
HPYRO -25.68<9 1. PYRO l. H+ ’ '
KPYRO . =9+ 3095 1. LA+3 1le PYRO ‘ )
‘NAPvRu;9.3q95 1., wAs la . PYRU ,
??“6. - /‘/ R y
CKTHUPHUSPHATE PRECIPLTATE (QUMPAﬂTﬂéwi = PHUSPHATE). ]
: \ o A X .
o r,. . voooa T r. o ¢
LAPQS4 -4Teub "1, LA+3  l. PO4-3 {1IF PH LESS THAN 7)
. LAPO& -42.1% 15 . LA+3 1. PO4-3 - {IF -SOLUTICN 5 BASIC!
o u
LANTHANUI CARBURATE PRECIPITATE ccu.-.éAnrv;EnT"- CARBUNATE) . .
LACO3 -77.48 2. LA+3 3. €03-2 R L
I ) J ! ! ‘ J
. ) . | o
o .« N X ‘
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LAKTHARUS HYPRUXICE PRECIFITATE (CUMPARTHENT = HYDRUXIDE) .~ -
& ™
LAPQ3,-65.32‘ 1. LA+3 3.  OH-

-
.

LANTHARU TRIPCLYPHUSPHATE PRECIFITATE (CUMPARTHERT = PuLY = P)
. ,

i
-~

\ . . .
LAPOLY=170.3 Se LA+3 2.76 POLY . . o
- i , . v

[i

thIHANUH PYRUPHUSPHATE PRECIRITATE (CumﬁAnTmEnT - Pynu - P}

5 . .
‘.~ LAPYRO =-153.9 T4, LA+3 '~ 3.  PYRO
.' ' (’-‘!.-:f‘
. . . . (7 -
GAS PHASE (COMPARTHENT - ATMOSPHERE) P
. - 1. ' . .-

|
|
|

s ‘ !
AR A RRNERRRCRERATRARAR

r;;z -61.8778 l. Co3-2 2. H+

[y
l*ﬂi**i**llﬂiilalh?*ﬂtll

. A

kw*!qtii*it*kii**i*iit*n**w

N .
/ ‘.
Y .. ;
L !

l- ” ’ 'f"'

] < ) ﬂ/‘
. ' ) . 4
; ) .
)
! -, . 4 L
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a
« .

MATRIX.OF SPECIESy COMPONENTS» AND REACTIONS

rd

(FREE ENERGY CONSTANTS EVALUATED ‘AT 25 DEGREES ,CENTIGRADE)

-

SPECIES FREE ENERGY

CONSTANT

S

’ ‘*ili#*&li**l**!*i*!i***i*&*l

AQUEOUS SOLUTION (COMPARTMENT - LI0OUID!

r
.

H20  ~40.2571

H+

K+

" LA+3
LAOH ~12.2327
LAPOL ~310.2R
3LAHDOL-&B-R1

pPOLY

\

. HPOLY =-25.2903

HPPOLY-066+02715 .

H3POLY—5335813

+  NAPOLY=10.4616

c 4

4

STOICHIOMFTRIC COFFFICIENTS

AND COMPOMENTS

’
A o

t
i**li**i*******i**i‘**i***********i*****}**i*i*i

H+
H+

K+

NA+ '

OH-
cL-
LA+3
LA+3
LA+
He
POLY
e
pOLY

H+

T

-

1.0

1«0

1

e

OH-

* oH=

POLY

POLY

POLY
.H+

pOLY

POLY -

¢

1e LA+3 - - ‘.

-



' - ‘ ' . - \
o - __— : Lo
. KPOLY -~10.4616 1. x+ le POLY"- - )
] PO4-3 ‘ 1.0 PO4-3 N '
l HPOL  =17.3979 1.0 H-O.- 1.0 - POL-3 ‘ | |
— = H2POG -52.9a22/;’.é.0 H+ > }eO  POG-3 -
- . .€03-2 ) 1.0 €O3-2 ‘ R
r HCAH3—- =27:7979 1.0  H+ 140+ €032 |
MFCO3 46,4382 240 M 1.0 §03-2-

. NACO3--6.9387 " 1.0 NA+ 1.0 CO3-2 C

NAHCO3-31,2367 w 1.0  NA+. 1.0 H+ -1,0 €03-2
[ LAPYR —-2R.4? 1e }A+% te PYRO
HIPYRO-55.2372 1.  OYRO 3. H#
H2PYRO-4501448 Y«  PYRO 2. H¥
" HPYROD -25.6309 1.  PYRO 1. H#:
Kgfnél—é.aqqs. 1. LA+3 1. PYRO o
NAPYRO-9.3095 . ‘1. NA+- 1. PYRO _ 5
! - PYRO ' ~
'CA+2 0.0 - o ' 2
“CAﬂZP’iia-g?9a-d-, : , He  © le POA-3
CAHP  =42,7146.  1o° CA+2 1. H¥ 1. PO4-3 ' ¢
cap Zrgemeur 1. CA%2 1 PO4-3 o | .
CACO3 ~11.3828 1. CcA+2 . 1. co3-2 o ‘
'CAﬁ603v3&;7136 Ty, cAsz 1. He T 1. C03-2 ' ‘
- CASOn -9.25076 1. .CA%2 1. 5042
CAOH -6:6386 1. CAsZ L OH- o
: CAPOL -22.6645 1.  CA+2 1. " poLy ' '
CAPYR ~10.6711 1. CA+2 1. ~ PYRO
J CABPOL-31.9739 1.  CA+2 - 1. . OH-  1s POLY

CABPYR-28.520] 1.  CA+2 1, On=  Te PYRO
MG+2 0.0 ° 1.  WG+2 -

b x s . .
" )



j Lo . ,
v
. ' ] MGHP  =43,1010 1. MG+2. 1.  H+ ‘1e  PO4-3
© MGCO3 -11.86433° 1. . . MG+2 1. €03=2
MGHCOI-34.4834  1.°  MG+2 1. CO3-2 1., He !
MGSNG ~9,1204 . MG+2  1s  504=2
MGOH  —9.9667 1. MG+2:  1a 6H_Z
MGPOL —-23.A15R 1«  MG+? 1. POLY
MGPYR -20.5922 1. MG+Z 1. PYRO !
MGBPOL-33.3555. 1. MG+2 1. OH- 1. POLY
MGBPYR=29+4411 le ﬁ6+2 1. OH- “1. PYRO:
_ LAS04 ~12.2689 1;. LA+3 1; " s04-2
/ | $NL=2 040 1.  S04-2 '

L1}

/ - '

. ' ORTHOPHOSPHATF PéFClRI[ATF {COMPARTMENT ~ PHOSPHATE)

[
. -

"'4?‘.05

- I ,
T LAPOY le, LA+3 1. PO&4-3
L LAPO4 =42.77 1.° LA+3  1a PO&~3
. g . —
LANTHANUM CARBONATE PPECIPITATE" (COMPARTMENT - CARBONATE) -
e
LACO3 «~77.48 5. .. "LA+3 3. C03-2 (
. . |
Lanthuﬁ HYDROXIDE PRECIPITATE (COMPARTMENT - HYDROXTDE )
: ;

-
v
-

LAOH3 ~65432 1o LA+3 3. OH- | co

.

~ : . .

LANTHANUM TRIPOLYPHOSPHATE PRECIPITATE
NTHARY ! -

t 4

+

ot LAPOLY=170.7

| A(: é .': S | N | ;-

*

: Be LA+3 276 POLY

4

(1F PH LESS THAN T)

(IF SOLUTION 15 BAS1C)

(COMPARTMENT = POLY = P)
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‘LANTHANUM PYRDPHOSPHATE PRECIPITATE (COMPARTMENT - PYRD = P)
'-9A6§no ~153.9, . 4. LA+3 3., PYRO ’ o

CALCIUM HYDROXYAPATITE (COMPARTMENT = APATITE) .-

HAP - =146e64. 5. CA+2 . 3. PO4=3 1... OH-

L

-

CALCTIUM MQGNESIUH CARRONATE (COMPARTHMENT - CA - MG-CO3) )

CACH3¥-25.76 - 1.  CA+2 1. €032

. -
P

GAS PHASE :{COMPARTMFNT - ATMOSPHERE} . -
€02  -61.8778 1.  CO03=2 24+ H+ L

L)

- * - ]
l***i*i****#**{-****l{—** B N

-

‘

1
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SR
2
VI - PARAMETER ESTIMATION =
The“computer subroutines;whicheare used invtoe
ﬁaraueger estimation-oroblem-and.listed here are: -
(49 TST-(MaIn Proéram) ;“ ' R | -
(1i) smerex - IR s
(131) OBJECT - - |
(1v) 'MODEL . “;, L ;
In addition to the "CHEMIST",subroutines, the following
utllity subroutines are used. These_aref ' \
(1) MINSVE .(Matrix Inversioh) 9
. (1) OUTPLT"(Plotting Program) L . S Lo
(111) PLOTPT (Plotting Program) . e | -
This latter grOup of computer programs are available on 3 . T

.permanent file af the McMaster Computer Centre. -k

L4




a¥akalal

.C EPs 'ELy AND E3A ARE NO.« OF

C

]
-,

INITIALLY PHRESENT )

¢ ER EXPERISENTAL URSERVATIVAS . -
C AB mULES UF ACID UR BASE

In]TALLY ADDED TY THE SYSTEM
kS L - | '

- - -

DU 1 1 = 1lwiX

520

)

+

C PARAMETER ESTIMATIUN FRUGRARN = mAl PrRUGRAN —~t,
FNquAm'TST(IuPUT,uyrvur.FuucH,TAr=5=quuT,TAPE6=uuTPUT)
REAL I(A‘r\p.'l'llr‘{'KI‘-|:lﬂl'lyE5uD,BLAhf\’HZU 'Hf')LUb ’
CUMMUN ATJ(460) s InUwlabu)y JCULL46C) nZ5CUL00
REAL Al JaNaRbk v - N ' ‘ NZSCullu
COMIMIN /HOLB/'&A(lz)u&btlzlaNR(bUyZ),RnlITUIsNAM|25o2)1END:dLANR: weoCullu
1 H2U sHPLUS . ‘ v . WESCULGY
CUMIMUN /REALB/ REBI60U5) s PHI25) s TI20) sBeULT (5) s Tur 1l TUk2s &nlivy nésCuleu
-1 xSThNT.HANNINoSLACNSvALITﬁﬂoﬂT’BtbolsFIE(751-V1(75)§V2‘751v nZS5CULTY
2 V3(75)iVQ(TSIsX(ITG)’XMF(l?uivC(ITC).xl(l?Ol}XZt170).x3l17031 WZSLOLED
’ 3 ¢ XBARI25)1sR( 75975V sFEsFE2SERNB» AEMByERIASXEMA - NZSHCUlsi
cumnilin 2InNIGR/ \umEuDXNCUmH,n,ulT,nuI.HF.]Tgn,[Tmﬁx,1EnHuK,LASTcP,nzscoziq
1 KE sMAKIMsAXP s MAKE s MAKINU s NCYCLE s RBSTAR 2 KPF : hésCuzay
2 NATJodAXAT I IOPT » 5 TOG sIARLITH ’KL(ZE)}!JCUEP(].?O) s NEis s MEMA NZSCw28Y
EWUIVALENCE (nydTuT) " - wz25C0240
INTEGER PF X o \ n25Cu250
cumdun TG/ [ANITH.;Flug,;nru#fflusuLv,luan,1;P,1mATkx,1Pu5H, nNZSC02T0
1 IROwS,15CALE ! . : , '
cOMMON[HULEN/cﬁN(suj,21(6u1wcgn5P;DENSoﬁ”}-Sﬂw(lTUl’le70): " SCuU290
 1TOTHISTOP WK sJl+JTsAlsA2sACILTO) . .
CTHE PO4, CO3s AND GH 50Le PQOGLe ARE LEING UETERMINED
COMMUN /JET/ EPtBJ).EL(BUI-EH{3c3ul’ECﬂ(20’-ABlSUJ ‘ .
L O Vs srun(30,3o,.gc{15,3o).PKlT,BO),PD(T.IO)iPDIlfiloi: :
JCPRINT +XTVX(2,3) o . o - .o
- DIMENSTULA sﬂtau.als,hmstay.RE510<3,33).N1I121.wuHhtsl-VAﬁ(zvzl g
Nx NO. OF EXPERLIEFITS ' . . '
N¥R NO. OF “CDEL RESPONES ‘
MNIV NO. OF INLEPENDENT VARIADLES -
NP NO. OF PARAMETERS . 7 ' , < -
' NX=9 $ NiR=2 MNIV=4 B nP=3 : o
C -SUBRUUTINES CALVED Furim THE nAsD SVRTriD PACMAGE ARE JIDENTIFIED BY THE LAQEL
CHEMéilLIETCPLS’-73 79 P e . CHEMIST
- ART . 1 . v
CALL INPUT | L CHE™IST
€ CMW EOYPONENT “OLECULAR WwEIGHTS ' ' -
C 21 CHNRGE ON CO~POMENT .ATOMS OR MOLECULAR GROUPS .
EAD(S5,107) (Cmatlly I = 1o} ' -
READ(Ssluul (21810 § = Togvid H‘:
READ(S 10U} DENSF smwrisAlsA2 .
‘catL PAGE. | . )
CALL SECUNDITIME) -
WRITE(6+220) TIFE o
! CALL MWCALC(HHLIGUID 1. r»HWC) . -
n; I\ . b .
C READ IN INMITIAL CO..UITIONSOLES OF PHUSPHATE S LANTHANUN  AND CF\R.W"}_\TT‘E---.



8
e . .
. . A © 321
1 Rcants.1ou} FPUII D FL T vECALTI 0 ERTLW T 2ER (2,10 5ERE3, 1) 4ABY T
¢ READ 1M INITIAL ESTIMATES : _
¢ P [NITIAL ESTIMATESL FUR THe SEePLEX SEARCH
READ(SJI\JU) (ISP U ed)s Uslatydy 12143)
PO 2 | = 1sNX : ' S . |
DU 2 J = 1 ) - : 0
c.5Tuk PSTIMATES UF THE SPECIES #wLE nUMBERS Frun THE PREVIVUS ITERATIwn Fun
r FUR EACH PXPEHIMENT o :
2 STUR{d,i) = XSTAMT ‘
€ CALL SIMPLEX o : : , /
CPRINT = U ' - '
caLL PAGE .
* call .'JI;"PLEX(3!5"’!1‘.E-U?|DU.1-0-5’4.1()
¢ PLOTQACK OGF THE FINAL RESULTS
CPRINT 5/ 1e .0

CHT) = SPLls1)

c118) = SP(2+1) .

C(19) = SP{3s1) -

RMS5{1) = Q. )

RMS{2) = U - . .

PF = 0 : !

CALL SECORD(TIME} : ; :

WRITE(6+4222) TIME ’ .

DU 31 =" 14Nx _ v

FCl1e1 = E3A{I) + 2.%EPI]1) . C .
Lt EC(2e11 = ECALL) < .

ECt3sI) .= EPCLIY ‘ . . - .

EClasl) = EL(D - :

ECISsL) = Co o " SR .

ECi6s]) = ECALID ) . :

ECIT+11) = EPC1) I ] T }

ECIBs]) = ELCII®3. , aha

FCLAs1) = ABC(I)

.

¢ SUBROUTINE HUDEL DIRECTS .THE CHEMIST SUBRUYUTINES TV CALCULATE THE,
¢ EGUILIBR|U.4 CLnPOSITION AND. PARTIAL DERIVATIVES ‘ :
€ RE EXPERINMCAT AUMAEK .

CALL MODELLI) ‘ ‘ _ .

WHITE(6+21C) : T '

WRITE(6520B) KN{17),KN(18)s&NL19)

VRITE(6+209) X11714X{18)4X(19)

RESID(1+1) = (ER(1s11-PR{Ls11I/ERLLLT)

RESIDI24+1) = tER(ZgllfPHIZ’}"/ERIZ-I’

RMS(1) = RMS(1) + RESIDL1»101%%2 _ o

RMS{2) = RMS(2) + RESID{2.17%%2 °
3 , CONTINUE . . ‘ .

CALL PAGE : © . — :

wRITE(6+20C) .

DO 7 1.= 1.NX .

"EP(I) = EP(I1#10C0.#CMWI(T)

ECA(1) = ECA(l)a1u.0.oCMu(6!

EL{I) = EL(II*ICCU*Cmilb) ] ' : -

wRITEtb.zuI:UEHtlgI1.Fntz.Jl.Eﬂts.li,EH(xl.ECAtli.euill » -y
: WRITE (622021 PRIL12T)sPR{25T0sPR(4s]) o
7 CONTIRUE - : :

DF = FLOAT(NX®NMR-NP)

RMS{1) = SURT(R«S(]1)/DF )

RMS{2) = SURT(RM5(2)70F) ' :

b .

.




i r N !
® . ' ) Y
LY
WRITE (6207 RMS 1) RIUSL2] C 3?2
¢ PLUT CF THE RESIDUALS VS Y PREDICTED ‘ !
. DO B 1 = 1sliX 7 i .
, QALL‘wLu|vT(vN|1.l),Rﬁslotx.ll,au v '
g - LUNTINUE =
CALL uivrul
. WRITF{A205) : '
205 FORZAT (65K *RESTOUAL "VD Y-PREUILIEY PHUSPHAIL®!
, DO 9 1 = laRX _ , '
o calt VLUT”T(”“(Z.I1»“Ele(2’IJVhI
9 CCONT THUE .
. cALL OytPLY !
\ o WRITE(54206) ' ’
M o6 FORAT (5K, *RESTOUAL, VS YTPREDICTED CARBGHATE®)
STOP - : - -
164 FORMAT{AF1U &3 ' - .
9ov  FORFATU/7/72EX4*PLOTBACH UF THE MUDEL FUR THE LA = €93 = PU4 SYSTEM:
1*,/2lx.'HESHUnSE*.32x.*LHITzAL CuhDLTTUHS’;IIIZX-*VHUbPHATE U CA
2RBUNATE FH PHUSPHATE CARBVIATE LARTHAU™® 4/ /
. 230X,* - wG/L =) S ' . ‘ _
o 701 FORMATLZ /72X ¥ EASURED '-2¢3x.1valu.3lan.oPF6.3’1 1{3x+1PEIV. 3!
202 FURMAT{/2Xs*PREDICTED "2(31-1PE10.31sGXsUPFb.B' . ' R
253 FurmAl (/4710 s *IIT mEAN GegangE! ~ PHYSPHATE . TIPEL0.3:® ~ CAK
1BONATE  #sElve3) ' . ‘ » '
208 FOHHATL/Iqu.u(Ab.bx)) O
o 2u9 .FoanATcllcx.a:1PEL¢.3-2xl1 _ < N ' .
21v FURAAT(/7//1uX»*50LIC PHASE DISTRIBUTIw) o
220 FURSAT(//1.Xe*TIHE ELAPSED *»1PE10+3»7 SECUNDS*®]
END R .
SUBROUT INE MODEL(HEY ' Sy
7 REAL KA.KB-NR-KN:HAM-END'ELkNK.HZO;HPLUS ; - B
T COMMON ATJ(450) IHOW L 46wy JCOLLAEY) ' NZsSCL100
. REAL AlJaNASE s inW ) ' P NZSCully
coe o cOMMUN /HCLBY/ RAt12}.hBllzl.hR(60.ZI.&n(ITOT-NAN(25v21vEND:EUA“h’ 1e5Cul30
_ . 1 H20,HPLUS - L S - n25CL140
3 ¢kl /REALBY/ aen(bdeI.PH(zsl'TtZOI-BMUhItsl.Tvul.TULz.xmlh- . .
1 XSTART=EARM!NnSLACKb-ALIltRsRIiS(GU'ert‘T5"“1‘75”V2(75" idsCulTu
2 V3l75ﬁvV“(75lvﬁfl?uQ‘KHFQITUIgC(l7UI-Klll?u):XZIlTU):XE(I?Ulo wZsCulive
; 3 xeaﬂlzs:.Rtvs.vsx.FE.FEZ.Eume,xanﬁ-a“wnvxEMA . : o w2sCuldc
CUMMON 7101607 m.mgmoiﬁCvmf.u.ﬂlT'anaVF1iTE“vlT”Ax-lEﬂNUN-LASTCV»“gaCucLO
l ~E vMAX“"!"‘ﬂxv Y |"'AX"'D»"CYC'-E;"‘ESTA"v“";Fo . n2S5CGLLD
Z thJ-naxaIJ;lbvl.wlue.hAKlTH,n»pZu:.quwvllTul-nEﬂSaNEmA . nesguel

EUUTVALENCE (HpmIVi) voonzZyCuzhy
INTEGER PF - , L ‘ « w25CU25¢
cCrirlin yT0G-/ [AN17H,f:1nD,lﬁT[TL,[WSULyglJbH“s]LPoIﬂATRXs[ﬂySH’_ fiSCbéTO
1 IRO%S s 1SCALE
cuamun,muL;u,(wdtﬁog,31(6¢1,Dgnsv,pgﬂs.ﬁhm.smw(ITOI.2(170)o
ITQJ;]bTopyﬂaJ!.JT-&l,AZoAC}1?01‘ _

CUmAN SYETY Ev(3u,,guk90r,gn‘3.3ol.ECA(ZuL.ABIBﬁG L i
CUMRWIs D/ STU“(30s3U)itC(lb-BoioV“ll.3OIqVD(T.101-901(7110’-
1CPRINT  XTVRE343) - -
D]MEH5[UN-[LUUPgs.gy,hcllc),NIV!&I-AA(ZG).TN“RIG)

n25CC2Y0

DATA (INWRI11y 121031 /6H LA+ o6H PO& s6H CO3- /7
C AA NO. “OLES OF ACID D '

DATA (AA(T?s 121,10} 11U/ !
C NIV COYPONENT MUMBERS - - .

DATA (NIViIls T=lebsd aNIa : o .




. ' 32 -
¢ NC FREE LCNERGY PARAMETER RUNMLERS 3 .
DATA (INCUTYa-T=1e20) 717418419/ . ' : o
¢ 1L00P DU — Luul PARA-ETENS USLED TU CALCULATE THE »UDEW mESPUSSE AND AT AL
¢ DERIVATIVES . R
DATA (LILCUF LT +dis JzlaZhy 1=1s 3! /9:1(.:1ll’gvut12013n1’¢sl5nlbv?1Uo
GGG/ : ) . N
€ ol §Ge UF MICES BELSPONSED o . '
C i e oF PARARETERD .. _ .
C ey anAR Lot e or =reCles ntwulneu Tu Fuse @ rReSPunSE.
C Ml ‘FUI'ML e UF lr.;iPL-I.ui;f\] VAl nublts R
’ famit= 3 ] Fx3 L raaS=5"0 3 KT RV AR -
DOl 1 = Ll . :
1 Bl iw2) = ECITWRE}-
i S BRULT(AY = ECtm+lanE)
LBRULTIS) 5 AALLLY e C _
' ) CALL RUAS(—L] ' ' ‘ . CEHEMI LT
PF = -} - : - : ' o
cu 2 J PR Y R
AC(J)Y = 1o . . ) A : .
2 XiJ) g STUR(LJILANE) . . . v .
CALL SGLVE . _ ‘ : .+ CHEMIST
O 2 J = 1,H . . - t
3 _"STOR(JWLE) = XU : ot
C o DELSITY LF THE SWLuUTIVN .
 DENS = Qe o . _ .
ST A = J1eJdT - S : .ot
T4 CERS DEHS + XUJ) RS (Y) S
© DENS DENS®] L E=L3TALITER/XI])
¥ I‘F(CP.’%].‘.T.GT.U.) PF = - . .
{ . IFLCPRIGTLET 2.) Catl PAGE !
: CALL Cunn{gHLIwJ1ID+Cet5)
CAaLL if.LLAH(6HL1uU10,CHﬂIuT,1)
IF(CPRINT) 20920421 . .

-~

nomn-C

21 LU 22 J = 1l : T i ‘ —— , : .
¢ 22 . STUR{JWNEY = x(J) ' _ ' o _ .
e MARITH = C . - . . .
CALL ARITH . a : o ‘ . CHEMI ST
¢ Do 5 I = I.NMR . .
pR‘l'l‘lE) = ya . .
\ Do 12 J = I’NP : T .'. . . ¢
12 | PD({la+d) = o St Coens . .
D 13 J slatinly’ . — - . .
13 "PDI(l+Jd) = Os . o > : o ‘ )

5 CONT INUES ! o
DO 6 I = 1aNMR- ‘

DC 7 J=1Mils :

IF(Ibvurl ([oddebkEan) GV TV T -

P oE) = PRLTenE) + X1 ILuwP{lsd))

4 BU 9 Lilstdly - .
¢ dUACUE - CHEMIST FUSCT I PruGrAs- .
"9 . RDICIsL) 3 PDIClsL] + BJACOBINIVILILILO
1LOCP (14 ) . t
CO 19 L=lsilP .
€ CJACO3 ChEMIST FUNCTION PROULRAM
10 Pplyeby = rFO(Lev) # ConCuBLIEuOP (1) e tt))
1P ‘ E : i 3
7 CONTIWUE . ' .

QP12 )*Kl('lLuUPllv_.!)"l/)L(‘l_

-

i, -
*'xl(lguui‘(l.-ﬁ) Y/X(ewo
- ]

T




N
; ) : ) ‘ t Q‘gf 32“
PR{TINE) = PO sNE I 1U0Ue *CHn (HIVETE :
DO ‘11 L = 1w ’
11 Poilst) = VD!I-LI'ZPUO.'CWalhIVIIll '
DU B L =lenililV . '
g. Poltl.L) = POILT st ) 10Gua *CualnIVITI)
6 CunTliwWE ‘ ) .
€ PnCALC CHEALST Fu~CTlan PruGRAn - -
Pl .eiie]paE) = PHCALCUA) .
IE(CPRINT 4GTawe ] GO . TO 14 g . “‘
. RETURHN , : h §
14 DO MG 1Ly,
T WR1ITE B2V %) THEARUT s LrstnCtI Dy NESRTLLE
WR1TE (622010 1PCULTs Jzlynr) C
V._"]TE(C;!E(;Z,. T""‘“(1)!("“(."1-'(-‘)1n z)smn V) .
CWRITE(6sZU1Y {POTLLAI)y Jelysinivy _ . _ B
16 - CUIT LeUE . S C
RETURN N

2ub FORHA1([lux{*PART{ALfDEHIVATlVEb ®,ABs*uRT FREE ENERGY VALUES* s /T
12X A6+ TKYD o C : ‘ .
2ul FOR&\Tl/LlZaanSIJ.Brixil
307 FumeAT{Zi=as*rAnlIAL SENIVATIVES wF RESFUNSE %y A6 s wrT InDEPENDENT
1 VAKIABLES® 2/ TI2X9 A6 TAD) v C
E;\'D . . . ST - N
C SubRUUTIRE TV CALCULATE THE wiJECTIVE FUhCTlud Fur THE SJNPLEX SEARCH

SUBRUUTILE SRJECTLY s DETasi Ty givAX) . o .
CUAMUN /DY STLN}SDJBUlvEClISoBU)-PRIT|301’PD(7;101-PDI!Taﬁgl'
1CHRINT S RTVRLZE22) - .. : o
cutinaly fHETY EPtaul,:LtB;).Eﬂta.aul,EcAtZol.Aataol T
Cutanidy FREALES BEB[&Ut'j);Vh(.’.ﬁlvTldu);ﬁn"uthb';T'-'l-ltTUI—Z'A"'I'\v niaCulou
1 XSTAKT.DAHI"!“'bLAChJ’!\hIJENQ"T’B(.b\.’)I'Jr‘(’if’.)OVl‘?:‘)liV‘{T\b}! . g aCuslu »
.2 V3(75l!V‘*(75i|Xl17Ul|7s"'Fl17u'9C(17L)oXl(l?O"vXZ('l?O'-A3(17U)!;.“ibelBO
3 XBARlZSr.Rt75.351.FE-FEZ.ERMB.AEAB.E«MA.xEﬁA o ‘ wZSCul9v
DI“EnSIvn xta),VAﬁJz.zr-vtz.zl C !
CIMEIISICH, LVi6)eN1(8)snliint2}
DET = 49

¢ TH1S SECT LU DETERMINES 1F. 1k, REWAINS Fuk THE SEARCH TV CunTlnut
CALL SECONDOT LS '
WRITELEyZLY)

. Ky TIsmE - . L ' s

200 FURFATL/Y o aLECT MAm QEES CALLED *¥e13¢% TINES kuv TIME %ol

1PE1U.3,* STCUNDS*T o o . NP

C 1F Ru TIWE LEFT o vF CYCLES ‘CunPLETED- 15 SET Tu THE max fewgit - PERMITTED
. IF(TIME.GYa&254+) NTRY = RMAX I S -

- De 1‘ 1 = 1s2 . - )
DOL J= 1w . : ' ¢ . =
1 ~ V(l'J’ = Ve ' -

C X hwe wF EXPERILHATS
Ky=0™ .

¢ TRANSFER CF INFCRAATIOR luTU AKRAYS FUR USE BY THE SUBROJTINE . MODEL

.C(17) = Yil} o , ) - :

c{18) = Y(2) - : - ° - : h\
c(19) Y31} . o . i _
DO 2 1 = 1.NX ‘ ~
ECils1) = ECAL]) + 2.%EPLI!
EC(24]1) = ECALTI] ‘ - S
EC(3.1) = EPLI) . b T .
ECiLs1) = ELLDD - :
EC(SII) = u.

L



. EC(6|I, = ECAL]) - “ ) . ) \ .
EC(7s1) = EPLL) . L ) 325 ‘ -
EC(Bs1) = ELLII*D. : S . . -
ECL9s11 = ABLIL) i

C CALCULATE Tht buult loRIGM CunPUSETIUN wlTtd THE PRESENT FRekE cNeROGY PiaRAamLTok:

C ESTIRATES | .
caLL mobeLtl

¢ ELTIRATE THo BRFECTIVE LRACRS /
TOEVL1) = (O 138 1RERIL L))" 2 , . i -
EVE2) = LULUIBTEEN(2,10%%2 ‘ _ -
EVI3I=1.E'12 > EVit)=l.E-LU 3 EVlb,=l.E’lﬂ > EV(6,=1.E‘10.
N . DO 2 11 = 1.KER - - - o
- DO 3 Je iR '
VARLT T J) e
DO & L=lsithlV - '
4 VARLITsJ) = VARTITSJ) =+ PLILITsJI¥PULEILIREV(24L)
CIF{lleEwe) VAR(I1sd) = var(ll,<4) + EvVIil) )
3 CONTINUE : .
caLl ﬁ]hvsg(VAk.uhR,nmR;1,E—zo,IENH.hl,quny ]
) DO 5 11 = 120 L + .
DO § J=192 - - : - _ - .
5 villsd) = tEHlll‘l)—Pntllvlli*vnhlLl.dl‘(Eﬂldill-Pntd,I:: + Vil
. A ' :
2 ‘CONT I hUE . : ) - _
DET = VIL1al) + VI242) + Vi2e1) + Vvils2) ‘ : .
RETURNK _ ) . .
’ VEND \ ’ . . . : . . .
r : '
q
|2 R
X
i . . .
g . c -
: SUBROUTIHE SIMPLExphnA15”5.nwnxsALPHAyﬂﬁTA)GANA.NwKIIl -
¢ DITENS IV X(32-311:?IBOI.Y(3ol.x¢‘301.XH(301.X“IBO)vXSlBOT-XLIBO'-.
£ 1XE(321,XC130) L | : .
E : Co ' o ..
k( . 'E-’-‘ihtlﬂtirﬁ!lQ‘Qwiau-rwﬁ-rtﬁwk'ﬂ'ﬂ\i-,:1'“1*"!*1'-11ﬂ*‘I.‘l‘-’"***:‘****'**ﬂ|-|**t*:“***
j d o a
€ UPTTRIZATIVY BY THE SImPLEX WETHVD e -
E!lwl.lww-wai.un-uﬁw.-u-w*hv-é;w:.wtwutwltiwwﬁtﬁs;;trfukiurtﬁ*li*ﬁtwniuw
€ WUTATIU4 ARD ALGURLTHe 15 THE SARE A5 THAT FUURD 1N THE Buws— :
C , - . - .- . - ‘ R '
< METHOLS FOR UNCOGNSTRAINCY OPTLALIZATIEN Pﬁggghﬁs’;; JekOnALIA ANU ‘ "
C M.R,USR0KNE ELSEVIER ¥ (19681 S _ . :
C EXCEPT FUR bl.l(_‘;n'l\ll.'h.-si\u;b dov e TAT s 1y Is TAc SAIME" AD THAT 'FUU“D-ﬁ
C 1t JHE -#AFEA BY nELLEW gD MEAD AQueiPUTER IRV FET IR TER
C . - . '
."c - . - . B N
¢ B P :
C wwiklT =, PrlaT CLaTRUL -
A . o
- . *
[y i ' ' .




'
- ! +

R ' 26 -
"xH = THE MIGHEST VERTEX (FUCTIwnr VALUE FFxH} 3 . '
X6 — THE SE3vsD HIGHESLT VENTEX ((FUNCTIwe VALUE = FXS) .
xt —  THE LunEST VERTEX (FuCTlve VALUE = Fxe) - -
40 15 THE CEThVID WF Auk 4 ExCLuolou Ld . :
vaLuby UF ALPRAs paTa-AlU unmh ks oLl 1IN PAKAMLTeR LILT
FUR REFLECT ivivy CuinTRACT Iwer AND EAPAnSlud RELMECTIVELY
AL1=ALPHA+1. : . : .
: . AET1=1.-BETA )
L T GAMLE ] e~GAMA ' f |
o AN [ VUTLER of FunCTlun EVALUAT luns 15 SET .
' THE PruGgrass STUrPS wHEw Foa LedtE CunSECCTIVE FUNCT ivn
EVALUAT I w14y THE FunCT v VALUES DIFFER gy vESS THAw EF5
THIS 15 THE. BOK CRITEnIw {REF CurFUTEn vedvul Hah2l1ub5)l
Fubk THE DuA CRITERIUn Fusl 15 SET Tugan Il TIALLY VERY nlIGH VALUE
AFTEK THE FERST TTERAT LW THE vA®Z OF Fuml 1S THE VALUE VF THE
FUNCTIONL AT Tnd ITLRATLON LeFIRI Tne PRESENT ITLRATICH v
IHEn Foit THE 3Jux CRITERTwn FSTWP = ABS tFus—Funld
“HUMBRER UF Pl TS Th SIFFLEX 1S Nlzlan ~

el alala Al

4

EVALUATE JwITIAL ;I@kLEx

X{Jy 112X LCU-ORDIRATE»PULNT
EVALUATE FLLCTIUN, AT EACH X{JoI)
. WRITEL62701 . _ - .
361 FGRmAT {/777% CPTIMIZATIUK USING THE (STAPLEA WETHUL *////)
FUN1=14EUb C ' :
Fuiii=le.to
NIRY=o ! ’ .
Nl=x+1 ) . .
Rh=N e
21 00 2 1 = loall
DO 22 J = 1sN .- - -
YiJdr=XiJe 1) : ' .
22 ¢ COATINUE . St ; .
_NTRY=NTRY+1 . . _ .
CALL WRJECTIYsF 1) oNTRY sivmiaX) o .

~

’ ) ’ .

t

2 T TCunT LiE _
i IF (NWRIT LLE. 0} GO TO 1001
WHITELGECS) ‘
65 FURMATI1X+*X% VALUESH)
DO 51 IL=1,01 ! .
?-RITElfHQL.'ﬂ’(XIl"'OIL) TSR
T COUNT INUE ! .
6.3 FORMAT{1A»1.E1245) .
wWRITE(H+6CH) °
B0 FORGATL 1% *F VALUES®) -
! ' 'h""lTEl6t6’u3]_lF’l“'~"o'*'“=lo"ll - )
1061 CONTINUE

. DO 36 1 = 1N ) : S L
. XRUTY=0e S )
f X0tIt=le - ' - N L
T OXEtId=Ue ‘ : _ _
XSt1)=Co . : o .
xH‘ll:OO ) ’ 4 ) ! .
XCt11=0. - : :
XL{11=Ce ' .
36, CONT INUE - . _ Lo : ..




GG TO 24 - . » 327 . .

11 IFINTRY.GE«NMAX) GO TO 23
24 FXxn = F(1] . . ‘ -
|XH=]1 . .
DG 3 1 = 2+N]
CIF(FUE)LLT.FXHIGO TO 3 L .
FXH=F (1Y ‘ : ‘ :
T Xt -
3 CORT INGE "
TDU1Ul o= Lkl .- _
IF (] «EWe I1Xh) GV TU 101, ' ' ‘ ' -
Fas = F(ld o o
GO 10 122 ' ‘ S : : . "
e C_U"-'T'I_“UE . _' )
1ug CONTINUE
DO &4 T = 14N1
CIFEFCDILLTLFXSIGU TO & . .
IF{IaECa I XHIGO- ro 4 , ' o .
Fxs=F(1)- . , R f "
Ixs=1 ) ) : ‘ ' ‘

4 C\ONT 1Huge - i ) S ‘
FXL=F{1) o . - ,
&L=} y ‘ : '

- O 5 1 = 2sN1
if IFIFtI}.GT. FXL)Gu 10 5
FXLeFt{1)
IxL=1 S .

g CUNT IIUE ~» .
FSTP=ABSIFUN2=FAL) ; L .
FUN2=F XL ‘ ' )

PR T OuLY 1F THE“E [S§ A [MFROVEMENT I l-n“lhln-.um VAWUE

I . .

FFAFSTPLT ol o€ 6) GO TO 777 _

IF{heRITaLEW1) LU TU 1002 s

WRITELHs61.) FSTUP,,nTRY : o - . _

61U  FORMAT(1HUW*ERROR #,E12.5» *  FUN EVAL-NO ' ¥.15) , : B ]

WRITE(6s6LS) '

DO 6UIL IL=1sN1 _ : e
WRITE{®6L3) (xtfingILlplmimlain) oo - = 77
6G10 ﬂ§om1xuut T T -
WRITELGs6LG) ’ oo :
AR ITE(6s60L3) (FIAR)sRASLaN]) . . B
1ue2 CUKTInyE & ’ L
777 DO B I=1»N L e
COXHUI) =XULeIXHY T _ - : _
XSU1)=X{1+1X5) . , . _ BN
XLeT1=x{T+1X0L) : ' _—— T }\ ' :
8 CONT TNUE . : A
. C CALCULATE X0 - v L
€ CALCULATE xHeXxSsAo XL ) . e .
BC 7°J = lab—" . '
SUM=0F .

I ¥ala

o ————"7D0 & 1. = 1Nl .

IFUTLEQ.IXHIGS TO 6 . L
SUMaSUM+ R I ]) . ' ‘ r
6 °  CONTINUE '

" . . v
a



’
. AUEJL=SUMRI 328
7 . QUiTInyE
HTRY =L TrY+]
CALL LqJEGT(Au.qu.uThY.m”AA)
FSTOP=LS .
DO Blu I=1sn1 : o . _
FoTurs F;TbH+CFII)”FxUI“2 . ' .
8lu CLIT InUE
FSTOP=SuRT(FLTur /all) _
IFITRY.OF vt AX )G To 23 i a
IF{FSTUP LT, rﬁva\cu T 23 ' \ ‘
C REFLECTIUL )
- DO-31 1 = }ald
XQ‘l)=fn I‘XL(J)"ALpHﬂ.KH[II - N ", - .
31 CONT INUE ‘ i * . : :
BWIRKY = TrY+] . . - .
CALL UBOECT 1Ry F XN 3 iiTanY siniAX ) ’ -
IF(RTRYLCEax)Iou Tu 22
CIFULFXASeGLeT AR) w2 Do (FXRGGLLFXLIIGU TO 9
IFAFXRLLTWFXLLGO TO 12 ..
TP UIFAHGT aF AR ) 0 ALD W (FARGGT ?xs!JGu Tw 15
C " COMTRACTION ‘ s v ‘
3y DU 33 1 = 1K : '
' xctxx-ﬂElA‘xn(I1+aET1*xut11 S ) ' ' |
i CUNTInUE T . .
NTRY=WTRY+] ' ' ' ‘ :
CALL CRJIECT (XCHFXCainTssyY sdinpX) ) .
IF(HTRYGELNYAAIGD TC 23 ' ’
LF(FXHSGTWFRCIGU TL 1T -
€ SHRINEINGOF SI-PLLX ' ‘ _
- hleexe,osv){xL(x}.x—l,n) ‘ ) >
65w FUtnA T ( THU » T SHI [ ien 51hrLEx.xu = *,3E12.5) ‘
DO .20 I = I'shil | e
CO 20 J = 1N . . ' . :
IFC1.EW.IXLY 6U TO gou
XS I 1= S UX IS LY eXL D))
_Bwu CUNTIHUE '
v CONTIHUE'
GO 70 21 y
C REFLAGE XH BY XA AnD RESTAKT PnuwCESS
9 DU 10 J = 10 .
Xidy IxH)=xR(N) , ' . .
. OXHi{JY=xXintJ) . - : "
10 . CONTINUE ~
FUIXH)=FXR o i
G0 10 11
ExPALSIbN . . S
12_ DO 32 =210 : , .
.xE(I}-GA..A*xl‘\(l )+c..\-.1*xunl . B
¢ 32 CURT INYE ‘ .
NiRyY= HThyY+] ' ) ' -~
CALL ORJECT (KE+FXE s NTRY smAX) ‘ ' o
IFIFXL.GTaFXEIGO TO 13
o EXPANG [y uﬂsuCCESbFuL 5. v TV 9 T “E"“ACE XH BY xv
GO 10 9 .
C ExPabglux: ,,uCCEssFuL, REPLACE XH uY xE . . .

13 LU 14 J = 1 . : K

)



]

XTJds IXHI=XE(J) ‘/ .
XHiJy=xCts) ' - _\\
14 COBTIKUE : Y AN
. -FUIXH)=RXE . / ) c
G0 TO 11 . ¢ : N _ .
¢ HREPLACE Amn BY XR AND CONTRACT . . .
15 Ow 16 J=layin ' _
Xhi{Jy=xR(J) . . ‘ .
L X IxHY =X ) o : -~ | o
16 CONTIRUE ) R | _

FIlxH)=FxR - . : .
Fati=F2x ‘ . L .
© € CONTRACTICH 15 AT<STATEMENT KO 35 : . .
GO T0/35 - .
¢ CUNTRAGTILG WAL SUCELSFyUL '
17 DO 18 J = 1
X{Jdy IXH) =X CtJ) ‘ _
xH{J) =xC(J) ' C - v
18 CONT I NUE . ) L e .
FLIZB)=FXC ) .
. GO TO 11 . . : 5 .
, |3 wRITE[&esbun ) : -
bob - FURHAT (kb *CunnCuigs v UF StAnCn*)‘ )
IF (uRIT JLE. 0) Gu TU 1CGU ‘ >
WRITEL{660S o T - :
DO 54 IL=1sNI- .
- leTE(616u3)(XI]“.lL1'Iu 1siv 1 . : . |
54 CUIlT]'\UC L ) . .
. u’“lT"fbvouﬁl
’ WRITELGrOu 3)(F((kl’hh 1,m11 -
SWRITELGeTULL)
U2 T FURMAT (14 VTE12441
Tvy o EUAT I s *XHIAS s XL s A XE+ XCr AR
WRITELG6160 ?)tXthl.xsrn).xuzh).xn:n).xsthx XCIRNTyXwURY,y K“I.h)
1600, CONTINYE

WHITE ‘v‘«l)"TKYt""AXvaTUP EPS 7 » 3
6ul FORMAT UL o500 OF FUNCTIOIN EVALUATIUND = #4157/
11 A KAXIEUG PERWITTES = #4157/, : : -
“1 % ERHOR = %,020e5//s . .

1.% wAXIrUs Exriunt mEwylngs = ®4£2045)

oo 820 I"—'Ig“ .

. X{l+1)=xlly

B2U CONTINUE . R

RETURN . )
CEND'
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VI.2 EXPERIME!TAL DESIGN
Those-qomputef subroutines ﬁhich are useé in the
experlmental designibroﬁlem and reported here are:
(i) TST _(_I‘-’:a_in frogra’m) s |
(11) FUN, |
(111) EVDET, | | | |
. : ‘ ‘ . : v
(iv)" MINI, _ R ‘
(v) SEARCH, - .
C(vi) TEST . | o _
The CHEMIST éuﬁggutine Package,_the utility program "MINVSE,"
and the_subrbutiné,"MObEL" aée all used in ;herégme manner as
deseribed in the previous section. -
f _ .
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o
&
o

¢ . :
f C EAPERIMLNTAL Ueslul TST - MalN PROURAM T0O VIRECT PARAMETELR stARLH
C o : FRUGRAI THT(INPUTsWUTHUT s PUNCH, TAFED S Iyl TAPELSVYTHYT)
; REAL . RAAU SRR K s NAR sEnLsoLAIK vi1lU s HPLUS . s
CUARLLL AL L340l IRUntabuly JCULLAGLYI e - ' _ o mZsCulug
KEAL Ald NAME gl - ' nZ2sCuidu

CLEHMUN sHol8y \A(IZI.RB(IZI.NKIBU|2)pk“(1701|NA”l2532'|E“D BLAWN, cvZ5CUL 30

1 ° H20.HPLYUS .
CLMiAuwe sgal by nnatbu.S).PH(?;a.T(qu.anquth) TULLy Tumg X,

" ) 1 KOTAKT y ARSI N sLACRS s ACTTS NN T o3 (66Ul o IECTS ) sVl T aval 751, sl oCulT0
"o 2 V3(7)laV4(74i’A(ITuJ-A“F{ITUJnCll?ul1xll1701’xZ(17u31A3(1703' NZuCuing
b, . 3 ABAILZY N aR (T s TS} WFLsFECsLXrgdsabmBEsbrtmAyabmA WLsCulyy
b . CUriniie fINT oY Cly B e yis g [T [ 3 PF 9 1 T2 n,;InAx,]tnnun,LAbtcP,u4;(Uu1u
' " AE 3 P AKI g ALY 3 AKX g AAMD s (Y L E 2 HETAR g REF w2 stues]
Z “AIJ'”AAAngIv'Ta“lvu’HAﬁITH;hhlZOlsJCV“V{l7UJ,"t'B NEHA W2 SCHE 30
EQUIVALENCE (3, TUTYy . NZSCOZE
INTEGER PF : ' ' NZSCUZ50
Cubiline f UG-/ TARETH IF T INTITLol"SUl—Vpl'-NH'hI‘-P‘I"AT“X-l"‘UbH- 25Cucelu

1 TROWS» 1SCALE . ’ )
C Vb HVLEn/cudlsbJ.thbu).DEN:V-DE"S'“wﬁ.s‘u(lTO),£l170)s Cvescoee

lTUT.?:ﬁLV Nad]ad Al A2 ACHLTO) .

CYMmLR gD/ brvﬂi30-3u).ATVA(1u.lu),ECll5-JU’aPK(TrBUloPD(Tolo)v
APDIUTs10) o CPHINT . .
DIMENSTON F(bu)-G(&OlrsplbuiyAB(ZU‘
DATA (ADB{I)}y J=14131 /713%Uey v - T
€ LUWER (OnsTRALINTS .
: DATA (FUF)s I=14039) /39K1.E-~ub/
C UPPER CuaSTRAINT
DATA (501)s 1=1+35) /39%1.E~ 03/
C CPRINT PRIAT CUnTHOL FuR FMULAK CUICe I 5uBRq#;1NE MUUEL
NX = 13 ’ . 'l
- CALL START : :
' CALL INPUT .
READ{Ss1uu) (CrWiT)y T = 1aM)
T READIS»1LU)- (21110 I = 1t}
KEAD(5,1uu) D"'\b"J 'ﬂhlAlfAZ
CaLlL ”nCALClSHLIUUIDoloo“nC)
DG 7,1=13742
C SP SEARCH PARAMETERS (INLEPCNUCNT vnRIAOLts FOQR :thR14LNIb'
7 READ(S+101) SP(I1+214SPLI+1),sP (1! .
101  FORMAT(PElve3sbuXeEl1Ce3)
¢ TRANSFURM SEARCH PARARETERS Tu LIC W

r
"

T T R D T R T -"'"'-":'W.m"‘f"“'!'m;WS"."‘.*:_H:K-"I»,#_—T:-:‘:':V-. R L TR B T AT R IR R A

I}HIN THE uPPEﬂ AND LUywEX CuusrnAluTS

. PO & [=1+39 .
© sP(1) = (SPLII=F(11)}/LGLTII=F L)) ) .
. SP{1) = SWRT{SPLIY)) o
<. SPUIY = ASlntsPllii .
5 . CONTINUE ' N o
DO 1 1=1.h0X 1 - .
_ - DO 1 J = 1N . - . ) :
. Yt~ - STOR(Jsl) = XSTART . . . :
/ \\ . ‘ : ) T . . . E

- o . . . ) .



L e L s ol

W

e AT AT TR AT e

C

INITATE SEAKCH FUR EKPERlMtNTb
HIWIi5P)
CPRINT = 1e
CALL FUN(SPuDET)

CALL

CALL

WHITELGs20uu)

C SET OF

C

C2U3

X

FREDICTED nE

10v

e

201
202

“pUM

2u5

206

207~ rUHMAT(//Ilblv‘VALbE UF THE DETERNINA"T

pU &

PAGE

NuePEhDL
l—rsnx

i VARTABLLS FUR NEw EXPERJEENT =

EC(?vll = EC(T,1) - .
F’(3-IloCC(5ul*sECl7vl'

WY

- -hRITEt{)!ZC_”
TV X INYERSE PARKAAETIR COVAHIANCE NATKIX

YiH,201)

CWRITCOG,2 3)
DET SEARCH CRIToiCHN &
WRITELSEL20T)

Dv 2

“l=1adex

“WRITZ(6+2C4)

WRITE(A»2L51)
WRITE[G6»2ub)

CONT INLE

S5TOF

L 4

2

ABLT)

(LATVAUTvd)s w=1,3),

DET o

LPLINGE Fuk

[

332

1=1,3)

THE FPrurUSED EXFERIMEINTS /

B |
IPREUL T, J=143)

.

KE1515Kn(216)35TURILS5 1) 95TURI1641)

FORMATHIEF lu.3)

FunwaLc///IUx"LEJELb uF ‘THE
PYRUFHUSPHATE

1y,

FORMATI/LUA»3{1IPELC,. 395401

TFURKAT (/7710 % "CUVARTANCE MATKIX% s/
FORMAT(/73(5X+1HF1C .2,
l[//lux,‘RRhuertu CONC.
FUR”ITKIIIIUAn'LANTHA '

FORMA

5411

tPE1~-5|1X’rIUo3u“ﬁaUPFb 3l '
FOR“&T(I/IUA’ OULIU

AXY)

END

FHASES = wULED®

}

FOR ci&PT
PYRUPHUaPHATt

InDEVENDENT VA“IABLEb*a/IluK-'LA"THA"
HCL®, /30X * (mvibsS/L) ")

NOe R, 121
PH’:/3UA9*(NG/L’*;IIUA

s/luh:Z(A6’6A‘v/luAnZ!lPElu.d’d

$,1PELu.3)

¢ Prugkas TU lnrmuobcs uPEhAT[nG VAHIABLES Fur” SEAKCH PRUCEDUKE
BLOCK DATA

C

¢

CLm‘-uh/qu/ Yy(3u1} .5{
CUrwy S THREE/ “rU‘CT:“D“V-ITE“tl"DIC'l"“l“T

ul.Fx.FY.JTEP TuL,ACCT oL -

[ o .

DATA h.nLUhCI‘anJ.lILH,luulC-lHKlnl/39vuou'0v2-1/
-DATA 57zF TULanC/u.lU|v.Ul-U.JAI

EhD

-

FRUGRAM FUN CALCULATES THE UBYECTIVE FUNCT [uit- Fuk THE SEAKCH PnuCEDuN:
| SUBRUUTIWNE FUNIZWDET) :

"C 2 SEARCH PARAMETERS
DET SEARCH CRITERICN

1

Curinnaty S/ 5Tbn(?0;30}'ATV4(lu'10)’ECI15030'IP“(7s30|vPD(7’101'

APDI(7a1uly

CPRINT

CUrAUN /THREE/ u.nFuncT,noﬂvq[TENvlhOIC-IPHI"I

DIMENSTULA Z(ﬁglnY‘lleUlsTl6D)'Fl6J,'GI6G)|PXTVX|5I51 }
DIMENSILN ynmtsn.gv(z.zi.nlz,si.a(s'Z)owJ(S’vaNhlZ’-C(3'3

LOwER CONSTRA]hTS

UPPER CGNSTRAINT

DATA

DATA

(FLiv,

(G,

I=1,39}

I1=1,39)

/39'1 E- Oblr

/39'1 E~- 03/

SET THE InITIAL VALUE “F THE XT¥X “AT“IK

l

AN

o

PREVIVUS MATRIX PXTVX




o C 2ERU IF wu 1..”::,1_ EXFPERIMENTS . ‘ S EFE B }
. . DATAL(PXTVA(IJIy Y2130y I=143) /9%Q./ ' R ' :
NE=C % Nilk=2 3w wly=3 » wk=3 - o
DO 12 I=1,N0 : ‘ ' :
DO 12 J=1sHNPe , - . f

127 XTVXUTsJ) = PATVXL]J) . o K .
v NF = KN + 1 = whdy h

DO 1 I=laWNFyluily X S “ .
NE = NE + 1. : ' .”
TUID = Febd + (GUIDTFUINI*SINGZEIII*SIn(z (1)) SN
TUI41Y = Ful+l) + (GeI=l)=F (1413 V85I {201+1 00 esIM(y ]+ B
TUI42Y = FUI420 o+ (GUI2)-F(T42)0%sIn(Zel42) %5tz 1+2))
S CECLLWNE)Y = we s - - . ' : ’ ,
ECIZoNE) = S3sT(I+21 4 : *
) EC(3sHL) = T(I¢1) , ) S ’
ECL4sNE) = Us J - Coy - ,
. EC{5NE) = 1:1+2) L Toe - ‘ . _ .
- ECU6sMEY = 3.0T(I+1) o " : . c - . ‘
o FCL74NE) = T(l) g :
C ESTIMAI- 1nk Pu.l({[nl.; L;hlvurlvcs FUR THI-. CURHLNT tSTXMA{I;s UF TJHC sr.»an PArA
¢ ~MEVERS - ., . .
CALL MCDELGNED . &~ _ E R
' € CALLULATE THE EFFLCTIVE ERRUng 7 . S .
C ESTIMATES UF THE PrImE Encuns s THE VBSERVED RESPUNSE - .

VAR{L1) = (L1CT1*PR{YyvE))¥¥2

. VAR{Z2) = (U U218%PR(ZshE})**2

C fSTI‘ATEa OF THe EKRORS [N ThE INDEPENDENT VARIABLEs .
VAR[315].€-1u -5 VAR(&4)=1.E-12 % VARI5I=1.E~12 ' S
DO 3 J = 1+hMR ‘ . g , .
DO 3 K = lshtK : .
CV(K J) = Uo_

C Ev EFFECTIVE ERRUR ESTIMATES | ' o :
< pDI PARTLAL DSRIVATIVES UF THE -MUVEL HLSPUNbE wRT INDEPENDENT VARPABLES
. DU &4 L=],MNIy . ¢ ‘ .
b EV(&K,yJd} = EdiN,-) + FDI(Y, L,‘PD]‘I\ L)“VAl{;hnm-i-L) . o
' IF(KEQed) EVIKIJ) = EVIKsJ! + VARLS) : S _ o
3. CONT I NE ' .
IF(CPRINT GTave )l wnITZI69201) (LEV(ITaYY), 1151, zl, wusl,2d. !
CALL rlkvbclﬁ‘lulﬂ \lll‘ytlt ZU.IENN.AI.AUNRJ ‘ .':-
& IFLCPRINTCGT L a? ﬁ“lfL(ﬁvéull {{EVIIT WY,y TI= 1.2:. Jd=1,20.
201 FoneaT(/T Xo"CovARTANCE MATRIK* 9/215K217E2063, 5% 1)
h DO5J-—I.|!-N- - R
0O 5 K =1 1P _ ) _ .
N 5 - AtJeK) = PDLJGC) : . _ .
CALL GIPKD(,’\,L\J.B.:\J.NJ"P g ) ) . o

CALL GrPRDIH A Cynt graranginr) ‘ -
- FFICPRINT 6T aca) WRITE(G+202) ((CUnes)y J=1330y ~3la3) | !
2U2 FURMAT(/1uxs* € - ﬁAIN!K"/3(5x'lptlu.3-5xil ;
OU. 6" J = 1.hP R R o .
- DU & N = l,i\P . _ ) SR .
C ADD CONTRIBUTIuN FRUM EACH EXPERIMENT . ) s o .
COUXTUX(Jan) = CUJeN) + XTVX{K) o . )

CONT INUE . : .
DD T l'=)1WNP : ¢
: DO 7 J=ilfp - o Cel ,
7 YUleJd) = XTVX{Isu) :
C EVALUATE THE DETERMIINANT

, +

— o

a

- \ - - i -



20u

} - 203

o + C D CETZRMINANT 1O o©f cVALUATID | .
: ,C N ORDER UF THE DETERNINANT ) & o
; € DET DLTERAINAT VALUE :
. DIMENSIUN CLIuslul vA(1010)
" IF{D{I+1),El.uae) GU TOU 5
: DET = l- )
! NA = N-) B i -
: DO 1 I = l.NA . o -
; L =1+ 1 et . - Lo
. DO 2 J = 1N
S 00 2 K = LN~
. 2 ALKyd) = Dingd) = (DU1+J2/DIISTII*DIRSTD
A DD 3 J =_1,.N :
: . DO 2 K = LN -
; 3 DIKyJ) = A(K,d) .
" 1 CQNT I.HUE
: DP 6 1 = 1N
: 4 OET = DET#0D(1,1)
: . WRITE(6+20U31 DET -
; 203 FUNhhl(IIuXp“DEJEKMINANT VALUE *.1P51o.3:
st 6 RETuURN .
1 5 - WRITE(642011 : :
b w201 FYRMAT (/710X *THE Plver ELERENT 1S FA DETE“”I“ANT Is NUT thLu
o IATED*) -
. GO'TO 6 . ‘
: _END : e ‘ ] ' S
. € PRGGRAM TU. CARRY OUuT SEAKRCH FUR .PARAMETERS BASED OR-PUsELL'S ALGURirdH
¥ SUBRUUTINE =InI(xX) - - N |
h C x SEARCH PARArZITERS o A . .
4 C DIRECT VETHUD UF SEARCH g - )
L Ls suenvurlus TEST #iLST BE PRwWVIDED FUK CUHVENGEﬂCE TESTI"G N
P C )
? cUVth/UNE/ Y(3U)sSU30) sFXsFY»STEXTULSACC ~
¢ L CUnRUIN TRy D:ﬂ=c1c3u.301.ouw1301.8£ru“5t301.Flnsrtao’
‘. CUFCIVI JTHAEES nynFunCT oDy ITER» InDICireInT
4 * DIMEWSTun X{3u)sk(3C)sSECHD(200
; . EWUIVALENCE (WsSECHD)
& . € *%% N = THE NUMBER OF VARIABLES. .-
' C ICUNVG & THE FINAL CunVERGENCE. TEST DESI“ED. _
0 C Y E.1s TERMIMATR AS SGUN AS TESTIAG IS5 5AT15F1tu-
L C 4 e 2y AS S0CN Ab Ihc fesTiMe CRITCRIm mRe - 5ATloFicy INCRosDC
¢ ¢ ALL Th: VARLABLES LY lu*all ANu SOLVE PROULEM AGALN.
C THEM PERFuURe A LIng aStansir - okTwberw THe SvLuT 1uu5 IF OIFFeRenT
C . SLLyUTlUms ARE CEEMED Tv BE Fueds ~ -
C STEP = THE INITIA- STEP SIZE.
© ACC = Tnc: RLLUIRLU ALLURALY IN THo FUNLTION AND VLCTUR VALUES .

CALL EVDET(Y iP+DET) . ‘

WRITE(6+200) (TUI)y I2len) - L334
FORMATI(/] X»2CurKENT SEARCH vANlAuLEb*-/etsx 1PElue. h !
DET = ABS(l./DET) . 305K
NFUNCT = MNFURCT + ]

WRITF(&320U3) GET . Y
FURMAT(II&R-*DETE“MINANI VALUE #,1PE10.3)

KE T UKN .
NFUMCT = NFUNCT + 1 *
RETURN L

END ' C . oa.

C PROGRAM TO EVALUATE A LETIRMINANT

SURRUUTINE FYDFTIDMSDET)
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.- . . B ! - T LAl Pab ot i o g L

¢ INSERT IPRINT
C 1 ANSWER ONLY
C

1 FOR CUMPLETE PRINT OUT GR IPRIWT = 2

335

IKDIC MusT BE SET TO 2 . , .

INDIC=2
[CONVG=]
. ITER:OI
Ni=N=-1
NTRy=1
STEPA=STEP

‘c afte oET yP THE IﬁlTIAL DIRECTIUN MATRIX (USIING unIT VECTUKRS) .

DO 2 1=1eN
DO 1 J= 1l

1. DIRECT{J,1) = 0.
2 DIKECT(Ls1)=10

J
ry

A

C #2¥ EVALUATEL Tnk FUNCTIUN AT THE INITIAL, VARJABLE VALUES.

100 CALL Fullgx.Fx}

WRITE(692000) TTERGNFGNCTFXs (X1 [=1y) .
2000 FURFAT(/1 A+*STAGE nv. EVALUATIWS FUnCTIVn VALUE® 1 /12Xs12443X01

ASs3KsIPEL245%/
GO 170 3061
C #ox SAVE Tne FLINAL

1uXy*SEARCH VARTAbec®s/6 (5K L1ueds 5K

FURLTIGL vaLut (FL2. ANw Tne FINAL VARLAbLE VALUES

C -~ (BEFUKE) Frum THE PREVIWUS CYCLI,. r

3 ITSR=1TER+?
¢ IFCIPRINTEw,]
301 F1l=FX
. DD [ I=19N
4 BEFORELLI)=X{1)
SUH=U|
AT THE EnD vF

[a¥a

THE DIRECTIwn
. DD 9 Iz1.N
C 5 CONTAINS THE
o DO 5 J=1,N }
5 §(J)=DIRECT(J,
FIND THE MINI®™
vALUE.
1 CALL SEARCHIX)
IFTIPRINT JFwal
T 25uC FYrmAT (/1uks*C
IF(IPRINTEw,.]
A=FX-FY
FIFLA=SUNY Ta Ty
Y ISAVE=I
SUA=A

ia

[alat

¢+ TRANSFER Trt NEw FUNCTIUN ARU qnﬂ}kﬁLn VALUES TO FL AND X

"7 DU 8 JmllN
8 xtJ)y=y{J)
WRITE(G6s26uu)

26V0 FORMATL/Z/)1vAs*#SEARCH CUMSTANTS = Sur

L WNKITE(6,2000) ITERSNFUNCT sFXs (X (115 12140

L4

THE CYCLE, Su™ wltl CunTADs THE wAXImus CHANGE 14

THe FUNCTIuin viluc FOUR alvy schRtn wIRCCTIUN, ANo 15AvE InoulCaTos

VECTUR Tu wHICH 1T CURRESFUNDS.

: o

!NITIAL'bTEP SIZES 1w THE 1-TH DIKRECTIvVh.

¢

115STEP — , ) )
gt I tHe 1=-TH ulRECT Iy, AND . THE “CHARNGE joe FndTlwis.

A

} :;H%JSOG) 1"

- . L . - .
GNREINT SEARCH vANTABLES AFTER Gue-DEW EECTIVY)
T _\\'HITE(fJ'zUQG'I.TE"*;“FU"CT 1FYo (Y_{‘JA' » Sl

]

UMy LSAVE—~"

*#,1PE10.3s% ISAVE *,12)

9 Fx'—'FY Y L3 .
C #%8 NQa INMESTIGATE arbTHoR A Now scarin wiReCTION SnUULy oE INCURPOR-
C ATED InSTEALD UF THE [S5AVE DIRECT [vive ' . :
F2eFX : ' ’ P

0O 10 I=1sN

10 Wll11=2.0%X(F1-REFURELT)

CALL FUNI(W»F3)



A=F3-F1 ' K . . . "336
IFLA) 11419919 v .
11 A=2.u*{F1-2.0*F2+F3}*((F1-F2~ buMl/Al"Z
IFLA=5U) 12419419
C %** A NEW SEARCH DIRECTIUN 15 heuulnEu. FIRST REWUVE Huw [5AVE.
12 TFLISAVETRh) 12,15,T5, S _ X
13 DO 14 1=1SAVEH] i 7
I1=1+1 : : :
DO 14 J=1.N
14 DIRECT(J»1)=0DIRECT{J411) :
C SET THE f=TH DINECT vy VECTUR EWDAL TU!THE WUREAL lsﬁu OIFFERENCE
C BETWEEN TBE INITIAL Anu FlnaAt vanfadef® vALUES FvN LAST CYC-E.
*15 A=0. " ]
. .DU 96 J=l,i S o an >
’ DIRECT(Jati) s X {J}~BEFORE () - - ' :
16 A=DIRECT(JaN)®»24+A ‘
Azl,u/S5URTLA) . . . .—-
DO 17 J=1lwN . ‘ _ _
DIKECT{J o1 =DIRKECT (Jain)®A - . ’ . T
17 S(H)=DIRECT(JyNI*STEK ' ' . .
CALL SEARCH(X) =~ ° !
FX=FY =~ ' g . : o N
DO 18 I=1sN - :
18 x(I)¥=Y{1)
C **% TEST FUK CUNVERGENCE. -
19 CALL TEJT(Flvrx'BchﬂgsXthAG:ﬂ.ACCl
]F(FLAG ZZ'EJVLU
C **% CUNVENGEGCE »wuT YET ACHEIVED. CuePuTE A T s,TE'J SIZE AND
C GO BACK TU 3.
v .20 IF(Fl-Fx)1121,1204120
121 STEP==U, 4*SURTIARSIFL=FX]))
GO TO 123
120 STEP=uG*SWRTIFL-FX)
123 IFISTEPACGE «STEP dANDWFLAGGT S0} GU TU 3
IF(STEPALLT.STEP) STEP = slEPA
IF(FLAG.GT.Ce) GO TU 3
WRITE(6+2100) STEP -
2100 FUORMAT L/ 1uAs*THE bTEPbILE FOR THE NEXT STAGE *#31PEIVL3)
€ % CGNVERGEANCL ACHEIVED. IF 1CUAVG=2Yy NCHEAS& ALL VARIABLES BY
1 C "JURACC AND GO BACK TO 3. .
: 22 GO 710 t23v241vlCUhVG T : o
23 RETULRN ' . ) N ‘ S
24 GO 7O '25|27)|r‘TRY ST ] ' . . N '
2% KTRy=2 : ' . : ,
Du 26 lll=l|‘\
FIRSTt(EY=x( 1) .
26 XU11=X(1)+ACC*]1U. , " ] ‘ .

 FFIRST=FX S .-
) GO 10 140 4 '
C #8® CuivwERGENCE ATTAISED USIhG Twv DIFFE“E"‘T STARTING PVI"'TS- C"‘“ST"UC
C UNIT VECTOR BETWEEM sk..L_J'l’lun\:; ANU ST ARCH ulm—.LTlu& Fure A mllepels
27 SECOND=FX )
Azl . L L ] l-_

DO 28 1=1,N

SECND{1)=X{1) . _

5(!)=FIRST{I!“SECND!Il o _ o
28 A=A+511)1#%2

'R

o .



o IF(AY 23423429 ‘ . . )
29 A=STEP/URT (A} A : _ 337
DO 30 I=1,.N . . : -
Ju SL1¥=5(1)*A
: CALL “SEARCHUX)
C "** TEST IF wEw PJInT Ig suFFlCIEuTLY CLUSE TU EITHER UE- THE TwY
C SOLUTIONS. [F 50 RETURN.
© CALL TESTIFFIRATWFYFInoT, Y.FLAG-H-ACCJ ' . \\\
IFIFLAG) 22432,31 ’
31 CALL TEJT(rbiCuu.PY,bCLNu.Y,blAG,N ACC) .
IF(FLAG) 32,:5°2 3"0
32 DU 33 I=1.,N
33 x{I)=vy(l) v

FX=FY
RETURN _ ‘ )
C sra FLINAL - SCLUTICH KOT ACCURATE ENCUGIHe. RtPLH(L THE FleT VIRLCTION
c VECTVI: BY INTEr=SvLyTIwiy VECTUR l"U“HNrIsED) AnD RECYCLE
34 A=A/STEP * . : .
DO 35 I=14N- o o - -

DIKECT{I-II-IFINSTIIl—SECND(llI'A
35 FIRST{E)=SECKDL ) -
G0 10 3 o,
END ‘ o a

C PKRUGRAr T4 CALCULATE THE UPTIMUM sr:Pslz; bAsED UN Tﬂt GULDEN SECTIuUn wmETHuL
SUSRUUTI“c SEARCHIX ) o .

C UNIDIMEIbiUlHL SEAMCH USsine GULLEN StCTIUu. Vtﬂsluw 2y MUD 4o .
CUSAUN ZUnE/ Y L3L) 95130 ) sFXsFY»STEP » TUL,ACK ) , ‘ \
CUliAUL s Twv/ H{30+309,DE-X{30)4DELGI30),6X(30) . -

s QUMMUL S THREEY/ "o"FU“Cl"‘b“V,lT "a-"JICrIH'{I“T '
DIMENSTIUN X(30142(3C)swi3Ch, “i3u)-“(303.DIFF(3O’-JS(30'
- DATA Fl/0.61803398G/

P=QOLDEST .OF LAST THREE POINTS

2=11DDLE POINT .

w.‘:CURHEf\'T P‘U!I\T- o.o"

NIRIES=4
NTOL=0
TUL=SWYARED nuitl UF vECTuK Friwl W TV 2 wHICH ﬁusr aE AChIEVED FUH-
CONVERGENCE - . ‘
NTIMES=0 .o
USE THE, PARARETER lHholC T1Q INU[CAT: HU Tnt SEARCH. YECTUR . L;nuru
SHOULD 'BE SCALED.
IhDIC=2 Dy T 5CALE. TAAE LEaGTH GIVEn BY mln] CALCULAT Iy,
INUIC=] sUaLE ONLY JF Tre LekeTn OF Toe LAsT STeP wAd SNORTER Trsn
THE) LENGTH UF ThE SEARCH VECTUR. SCALE v “ENGRH UF CAST STEP
INDIC= A\YTHIHG BUT 1 us 2 KESULTS I SCALING TV LhuuTh wF LAST 5T:tF.
IF({INOTCeEU2+URW I TURSEUL) GG TO &
NURMALTIZE THE SEAKCH VECTwR Tu THE @ENGTH uSED uis THE Pﬂcvlvps STEP.

DXNORNM=U. J . g_,/”
SI\ORI'--O. - - . . .
DO 2 1=1sKN ' )
DxNJHm-DxnUNn+DELX([}*DELXII) )

2 SNURA25NIRS+S () >S5 1)

' IFCINDICaEUL, ) e AT o BXAVR GE S Sivunel) GU T 4

PANRORAM=SIKT (DX NurR ) :
SNURM =S T ( Sivuite)
RAT1O0= DXNORHISNURM ’ S : -
DO 3 I=1wN K . ~ 1” 1 .

3 SS(1)=SL1)*nATIV - o _ ' S o
GO TO 10 , : , . . B T

fa¥a¥al

AN CAAAN NN

mn



3 - -
338 -

C MATLTALN THE ITEGLITY WF THE SEAKCH VECTuUR BY CUNSTRUCTING At IbENT[CAL
¢ VECTUR AND CPERATING UN IT. -

s b DO & I=1+N -
5 55(1)=5(1) . . . |
CanvaBRACKET Trid MiINIMur IN The S VIRECTION Co- o
¢ TAKE STEY Frwre URTGIoAL g et ) .
10 DO 20, 1=1,0 '
2t1=Xt1)
0 WiL =X (I+5501), .
FZ2FX ' : : E
NTIMES=NT LY Fs+1 _ oo ‘
CALL Fuh(uIFﬁ') [}

s IFIFW=FZ) 32+7U+50
¢" CONMTINUE SEARCH TR SAME DInZCT ION
T30 DU 40 I=1si |
ELARREIA R I
Zl]’-’-ﬂ(l) : * }
S(1¥=2.*55011 o . : .
40 WIDI=WLII+55(1).
FP=F1 . : - " A
FZ=Fw ' ' oo |
NTIMES=NTIMES+] ’ : v
CALL FUNUwaF)
IF(FW=FZ) 30,70+120
€ FweGToF24+-CE3IDE whETHER TV KECEHSE SEARCH DIKECTIv -

50 IF{NTIMFSnEL,1) GU TL 12U -
¢ REVERSE. SEHNCH ulRLCTqu : ) oo
0o &V 1=1 : ' T )
. SS(I!‘-&:II) : .
60 Pili=wil} ) L : .,
FP=Fd . ! :
GU 10 10 +
¢ Fl= Fh' CHECHK HIDPUINT . )
70 DU BO I=1,H : .
g - Rtl):(l(ll+ntlli/2. ‘ . : -
s NTIMES=NTIYES+] ' ' e
. CALEL FUNIRSFR)
MIN=1
IF{(FR-F2Z) 1404300490
S0 IF(NTIMES+nTa2) G TW 110
¢ REVERSE sanﬁgﬁ DIRECTIUN
0O 103 .1= .

T ss{1)=-55110
1000 PrI1=R(I)
: FP=FR
GO 7O 1v
¢ R AND P BRACKET Z AND THE s INTMUM ,
110 DU 115 1=1lyiv S . \
wili=R(I) " ' : .
. Rili=2(IN ryf
115 2it0)=P(1) -
MIN=1 -
Fw=FR )
" FReFZ - L
FZ=FP ‘ . )
© 60 TOTMO
C P AND w BRACKET 2 AnD THE AINTMUM ' .

.

] - -



. 120 © 00 130 I=1,N 339

R{11eZ2(])
130 - 2t =Pt - .
- MIN=] . - ‘
FR=FZ ot
. FZ=FP
Ce#*GOLDEN SEARCH) 2 AND o BRACKET THE MINIMUM
140 wWZHCOGRM=0. : . : :
DO 145 1=1,N
QIFFLIY=W(I1-2(1)
145 wlndﬂ'=JZ“UN'+DIFF{Ll‘DIFFIIl
IF (NG, LT o Tu) GV TY 290 L C
146 DO 15u I=1,N T : .
. : SECT=F1*DIFFII) : '
P{It=Z{1}+5ECT
150 .BtI)=wiI)—-SECT
LL FUN{P,FP)
- CALL FUNIR+FR} .
160 LE{FR=FP) 17..230+200 ‘ : .
¢ REPLACE w 8Y P AND P by K
170 WZNORM=0. : Tk
DO 180 [=1,N . _ o :
wii)=Pcl . - - : o
Pil1=R(I1) : : :
DIFFtIY=w{l1)~Z1(1)
wZNORm=thuhM+DIFF(1)*DIFF{]! - . o
5 180 RUII=w(1}=F1*DIFF(D) e :
FN:FP : ' . J_
FP=FR “ ] 0
1F (g2l LT TUL) GO TU 320
. CALL FUR({R,FR)
: GO 10 160
. C REPLACE 2 BY R AND R BY P
00 WZNORM=Q. -
) DO 21u *1=1,N /
2¢11=R{1)
"Rel1)¥=P{1) - "
‘DlFFI])-h(I)‘Z(l) ‘
wZNUNﬂ-hL*J*M*DIFFl!i*D!FF(ll
10 P(ll—z(l|+F1-DIFF¢1) g .
v .. FZ=FR . : : .
FR=FP ' - ‘ oo . f
. IFIWZNORM,LT.TOL)-GO TO 3uu | ’ '
.CALL FUN(P,FP)
GY TUL 160
~ ¢ FP=FR, CHECK MIDPOINT : ,
30 DU 24U 1=1.0 ‘ T - o '
40 YOI =(P(II+r(1)0 /2 . . : :
CALL FUNLY FY)
IF(FY=FP) 254 93040+270 . . .
C P ANU R BRACKET Tre MINIMUM LYILS pRACKETEL] - -
50 DO 26u I=1,N .
2t1)1sRt . : -
© Witly=PLI) ‘ .
60 RUIN=Y(D) o ‘ C -
s FZ=FR
FW=FP ' : : '. . e

5

[
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FR=FY 340
MIN=1l
GQ TO 14U . ' v . :
€  THLRE ARLE TwlL "mINIMA ththu Z Aw.ye ARBITRARILY PICN THE lNTtKvAL
¢ BETWEEM Y AND .Ww (wHICH InCLUDES PV e .
70 DU 28U I=1,N -
280 Zily=y(1)
FZ=FY :
MIN=2 C Co " -
GO TO 140 o - ' T
c BRACKET UnsTHE wmin S SUFFICIENTLY SMmALL
30 GU TU (300,»320)s riln
¢ R 15 THE PuInT I~3ICE ThE BRACKET

\,-:'

,300 DU 310 1=1,N

310 Y(1)=R(I)
- FY=FR
60 70 ¥40- : o
C P 1S THE POINT INSIUE THE bRACKET
320 © DO 33C I<1WN :

~ ' . .

330 Lytly=P(l) : : N .
. FY=FP-, '
340 CONTINUE .
16 = 1

DO 345 1=1.N .
IFIXUI)eNELY (1)) 16:2_,,,~f”’€’{
345 CONTIAUE 7 R
. GO TO (35U13¢6}tIG
346 IFI{FY.OL.FX) GO TU 370
IF{IPHRINTLE L 1) RETURN _—
IF{NTUL.NEL3) AR 1TE(6+3000) NTuL
© IF(NTRIES.NE.0) WRITE(Ss3100)
3000 FORMAT{1X+*TCLERANCE KEDUCED *9211s% TIME(S*) "
310v  FURMAT (1X»*SECUND Tthﬂl *
RETURN
C**TANE CARE wF FATHALUGICA- ConDITuns : ) '
C. AT THE FPRESENT TwLERARCE coVEL hw ruin] CAn B FuuuD wHICH
€ 1S'BETTEK THIN THE ENTERING PUInT. ReDUCE TUL bY A FACTUR UF 10U.°
350 JFINTUL,Ews5) GU TG 360
"NTOL=NTCL+1 .
TOL=TOL/ iUV '
GO TO 146
¢ PRINT MESSAGE. AND R:TURN
36U JE(IPH T onELL1) GV Tw 376 .
CIF(NTRIESemEu) S5v Iv 375 LI : °
WRITE{6+2CLC) TYL -
200U FURMAT(1Xs™1HE TWLERANCE HAs BEEN “EDUCED 5 TIMES TY A cuKNENT vAL
AUE OF*,F1%.8y%a" s/
Bixs ®A POINT pcTTER Tnuh Tnt LNI:RINU Polnr CANNOT be FOUNU AT ™
Cls LEVEL UF TULERANCE. - THE EnTierlnu |"\-llnT Is BEInG ﬂt.Tuﬂnl:u- )
GO 10 376 '
C** FYLGTLFXY FINhU A bRACRET eXCeubIng, THt VALLEY CunTALIING Y
370 IFINTRIES.EWev) GU TU 380
IF(NTOL.LT.5) GU TO 350. . o
175 WRITE(6421vI0 . : ’
WRITE (69305001 NTUL - : : .
2100 FORMAT(1X+*A PCINT aAS FOUND such THAT FY wAS LRCATLR THAN EXe A
BSECUND ATTEHPT TV FIoD A PulnT WITH A FUNCTIww VACUE -ESS THAW FX

L—



.o o 341
CFAILED.*)} ‘ -
376 IFLSC1aNEa~GxI1) JURL (FYLUTLFX)) mETURN - ) B
WRITE(642200) : ‘ 4 - T, : ‘ -
+ 200 FCRMAT(# SEARCH FAILEZJ ON A GRAULILNT STeP. JUd TERMINATED®)
WRITEL6123.0) TTENWWFURCTWFYS (Y IT)s 151,000
23wl "FORMAT (/] Xao®5TAGE © MNUe EVALUATIUNYG « FUNCT LUK VALUE‘|/12K|12;13A'1
ASyIXs1PE1l2. 5-/1ux-’SEARCH VARTABLES*® 4 /615X, tlu.3.5x*'
STOP .
¢ LOOK FOR A bRACKtT NtnR X OH THE Sluc OPPUSITE: FROM Y.
380 NTKIES=]
DO 390 I=}.m - . ' a3
Zily=x(1y ' '
SSUI)=(XUTI=r (Y1720, .
190 - W{I}=X{I1}455(1} : -
FZ=FX R .
CALL' FUR [ wsFW)
IF(FW=FZ) 3usbul 4450

C F2=FWy» CHECK HICPUINT o - . . . : <
400 DU 410 I=1,H - , . )

410 - P(IY=(Z()+wW(1)) /2, o o .
CALL FUN{P.FP) . : . : ‘
FFUFP=FZ) 420432uy430 °

C FLeGT+FP ANU 6HWelGT«FPe " w AND Z FORM A ORACKET

420  MIN=2. : '

. GO TO j4u : .

C FPoGTaFZs P 15 A BRACKET “wlTH Tet eilolrum BETwbeN P AND Y

4130 DU 440 J=1,N - .

460 - wily=P{I)

. FW=FP . . o - ‘

C FweGT.FZs» W' IS A BRACKET WITH THE MInDriuvi BETWEEN w AND Y
¢ CHECK MIDPOINT OF Y AND W .- - -

450 DO 46V 1=14sN : .
2Z0IVsY(nry - ‘

46U PlI)-(ZlI)+h(I))IZ. : '
FZ=FY , : _ ..

470 CALL FUN(P,FP) - '
IFtFPLLE.FZ) GJ TU. 490 S

C TRY AGAIN ' . : .
00 480 1=1,N | , 5;*5\\\
2t1)=P (1) ' ' e

480 . Pili=(K(1)+Z11)1/24 . .

FZ=FP ‘
' GO 70 470 '

©C P Is IN A VALLEY DIFFERENT FRU# THE UNE CUNTAINING Y.

C CHECK WwHETRER P ANU w FCRY¥ A BRACKET

490 - DO 50u. [=1,N . : o

500 Rt{BI=(P(I)len(l) /2, _ : . ‘

CALL FUN([R,FR} : - .
IF(FR.GE«F~). GO TU 560 - o : o
IF{FR.GE.FP)-GL TO 520 :

C P AND w FOUrsi A BrACKET - - )

505 DO 510 I=1.N - - . . '

510 Z(I11=PtI) e K ¥ " e
FZ=FP o PR
MIN=1

GO YO 140 o o .
C FRLToFWs FReGEFPa HENCE ‘Luva FUR A BRACRNETING VALUE BETwi§n P A Zd




.~ T R L 32

520 DO 530 [=1.N .‘
Ri{ly=P(I , . , ,

530 PU1) = (P(1) + Z(I))/2. . ' '
FR=FP : . _ - ' ,

%40 CALL FUNIP.FP) : -
IFIFP.LELFZ) ‘GO TO 49y " ‘ ‘ . -
C FP.GTeF2se AFFAREGTLY Z 15 It THE SAE VALLEY WITH Y
DO 55u I=1,N
Z(1y=P(1) " o )
550 P(l)-lR(ll+ZtI)l/2.- o 1
FZ=FP .
GO TO %40 ‘ ‘ ' .
C FRL.GE.FW - ) . . .
. 560 IF(FR.LT. FP} GO TO 505 ‘ _ . : . P
C FR.OGE.FP+ R AND W FURm A BRKACKET
DO 570 I=1N .
570 "2tly=kt])

FZ2=FK L A
GO TO 146 . . . :
END. ' ’ - T

¢ PRUGRAM T TEST CUNVENGEHCE CRITEKIA
. SUBROUTINE TESTUIFEFFatlsRE yFLAGNyALC)
C THIS SUBKUYTINE 15 PECULIAR Tv THE PuwEiL »ETHWD uF DlnECT SEARCH
DIMENS U KI(30) KF{306) :
© CALL SECUNDI{TIME) :
" WRITE(6+201) TIHE .
201 FORMAI!/lUXg*TIMt ELAPSED AFTER ONE STAGE #,1PE10.3+% SECONDS®)
IF(TINE.GT. 22u.) GO 10 8 . ‘
FLAG +20 B }
IF(ABS(FI - ACC) 2.2;1.

1 IF(ABSUIFI-FFI/FII=ACC] 343,7 B

2 IF(ABSGFI‘FFJ—ACC‘ 2,347 , N ) u

3 D0 & I=1sh : ‘ :
IF(ABSI{RICTIII=ACC) 545,44 ' '

4- IF(ABSUIRICII=RF(INI/RILIDI=ACC) 64627

6 IF(ABSIRICII=-RFUEII=ACE) Bele7

& CONTINUE :

" FLAG=X2,

7 RETURN

8 WRITE(6y2C01
+20U  FORMAT{/1GKs*THE bhARLH mAS wteN CONCLULED peCALsE ‘OF Tre TIME u:F
JAULT = THE CUNVERGENCE FLAG hAS BEEN SET*) ‘
"FLAG = O..
GO 70 7
END -



W

343 .

VI.3 . DOSAGE MODEL

i
i

Ag the computer programs, whi¢h are used to pfe~
dict the oquilibrium composition in the distilled ’Chapter Vv,
Section 1) and wastehater (Chapter Vv, Section 2) systems,
represent less uophisticated versions of the Do§age model “omly
the latter set of computer programs'arg listed here. I?-this
section, the programs llsted are: ' |

‘(1) TST (Main Program),

" (11) TAB, ’ - e

(111) EXPER. I

The subroutine "MODEL" has a fonm‘gimilarlto'the‘listing fe—
ported in section 1. The program has been modified by’ |
substituting the common block /MOD1/ for /MOD/ and the call
statement "CALL PHSLV" for "CALL CORR." The Dosage model

also calls upon subroutines in the CHEMIST package.
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PRUGRAY TST (InPUT oVUTFUT s PULCHY TAPES = InPUT TAPES = wyfryT)
C DYSAGE e - CHLCbl\TEJ Thl wUANTITY @i LANTHAGUn BEWQRnEY TY receT
¢ A SPECIF]C PrloriGikus RESTOUAL ' o
C IFUT DATA CuosCLmilod wATEN wyALLTY 1L EXAPNLLSED [ THE wIDELY USED unlTs
Heal KAsn ity NAr EnDe BLAKR s HZ v s HFLUS . '

COMILDY alJtaeuJ. INCAlhﬁu}l SCUL4B0) . ‘ : NZSCu1U0
REAL AlJsliiEelan NZSCull
CUmnliy fHWL G/ mA(lzJ,hsl141.uﬂtbu'c!,huclnp).mAanb.zl,EnD,BLAnn, weouCuray
1 H2UsHFLUS wZ25C0ulay
CUrminvid snEALLY dEWibu15)'PH(c5}sT{dU)vB“bLTlsl.TULl1fbh2!K“[“v Lo s Ceano
1 XSTANT|QA“'I‘n:hAC“anhllfmoﬁlvhlb-l|HIE(7531V1(7511V4(f)’v laCully
2 VIETOI3VEtTO R 1T o RUFLITU) 2 S0l TLT a1 027, 09X20170 sX30170), nZ5Cu1cD
3 XBAR(ZD (T, 7% 'tFCH‘rdvr“"’17':"1yE""Af/r'A N2&CLaYD
[ OBA FInTGHy “!“f“D!UCV'r iy [TatvwTHyFFyiTENR .IT”AXiIQ“hV“ hASTCH,NZJCJh‘O
1 NE S PIAX Ty AR g Kis g AL D gt Y CuE s BB TAN G NFF, . Z5Cuee) -
2 HAIJ.mngnIJ.Iury,-Tu@,unu[TH,hL(go),uCuur(17o}.nEu ,ntnA wloCus g
FUJIVALECYE {(1ianTuT) . . n25Culun
INTEGER PF. : —— NZ5CeE5H0
Curuvin S TwQoe/r IA“]TH:IFI“D?I"TITL I”SL&V.IJ“H“tILPvI”AI“RIlPUbH' wesliuedo
1 IRGHS ISCALE » o
CUMHUI 2L T 201 (60 ) 9 21 160 ) WBESP s EENS 1™ tie SMi (1701 5211700, "Z25C0290°

lTOI!lJTOpIhiJI,JT’Al AEIHC(lfU’

DIMEGSun EIVIBIsVY{1sT ) arie( ) )
Cumiun gmuply oju“(YbuZ)oV“(Tydl,VDlT lbl WOLLT210) sCPRINT
CALL STANKT \ ot ? .

CALL 1awHuT Ny .

KEAD{Ss1uL) (Cowildy 1=1a0)

READISs1u ) {21010, I=1g"Y ' _ R .
READISs T} uEdbpnﬁﬁh!ﬁ‘lAZ-w .
-.C&LL Py CALCISML T e [0, 1as0nC) - -
DO 8 J=iil . . ‘ . .
* DC 8 I=1siix , - , o .
e STU(31) = X&ETANT : - ‘

C JPRuu NJe CF CAaSES TO IE TRICD " o ;

C nTIRY vy UF TTEAATIwen ALLOGED Tw EQTI“AT: THE DUSAGC [is EACH. CASE
KEADISs10l) nrPRud,nyny _ -

101 FOR™AT(21%)

g K o= 1s0FRUB s L ‘ . i

C 52T ggu:$(ij Tw ﬂ:LVT[Eu nt[r'Ty {owbtEsn/e 44) et B“ULT(SI T? AL&AL]H!TYQ(NuLtb
C 7L UH=) IF Anudang uTH-n:!LE SET PARAAzTERS Tu LEWY , )
C CHIT TOLERANIE ALLunwgED wviv PRuSPRATE "~E£SIDUAL CUNCEKFNAJIUH »

READIS»1LL ) Boul TLA) sl T U5 CiT . |

CALL PAGE s - |

WRITE(R»2L 1) -~ _ v .
C  INPUT OF wATER -QUALLTY” PARAETERS ‘ . : \ -
€ PHYSPHATE DISTHIAUTIUA (1G/e P} URTHY T prYnuIRIFoLyY \
’ REAC(S5y1vo 298(7'219::0(9'21v~:gl6i24 . .

.« - . T
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PT.= BBBUIYZ) + ARB(9+12) + ghi(6.2) 3“?

C ESTIMATEL STANGARD PIURVE BN 45 & D
KEAD(S,10.) EIV(BJ.Fquai.Ervrzl

C EIV ESTIHATED STAGDANE CEVEATIunS oF THE [rPUT, PARAMETERS
wRITE(6»2 1) ubb‘?sd"LIb(J’deu w,zl.EIV(,J,bubco,g:,glv(za,pT

C HARUNLEDS A3 M/l CMLUB n.u masl mulol

. READIS sy iwu) $”U(lu'231.nu[;l|2'
C EST!:"I\TLU ST e vl AT L
" KEADISs 100 FIv(bl1£IJ(7)
wWRITE(Gy 7wl ) ”“3l1u|?lag..t611’q“lll 2),E1v{71

Co TOUTAL [RURGAGIC Charuh CvirtnTKATIU- mG/e Cu3d—2
kEADt vlun) unng,2)

C ' EST I‘IT ..,l-" uf‘{d ULVI"TI(JI‘

READIS ool Fiviead .
hRITE(S'ZLBJ sunta'zl, fvial

C CHLURIDE sbwlTury Aad SULPHATE Twii CunCENTRAT Uiy (Gl Lo
READIDs1uu) B30 2),u83(2,20,008(12,2) o
READISs1ul?t Elv(8) -
WRITE(G+Z0h) DAE(3,2),0 R{2421,882012,2) :

C EuUlLI'“{I\J" fJH VnLLJE : a .
READES»10L) valL . L . _
WRITECtG 20 vaL ’ S - .

C RECEFINE THE LAPQa SOL. FROD. FOR PH VALUES LES. THAN 7 oo
IFIVALLLTaT4) CU5%3) = =47,05

€ CUAFIDENCE wEGIluns AT whICt YyugHATE RErwvAL Is SPFCI§IEU

C SPECIFICATIVA LLULLD HETWEEN 95, Tu 9Y.Y5 FERCENT .

C IF LU CUNFISENCE [<Tim 45 DESINED SET Cuiv:-TU A HEGATIVE VALUE

. READ(Ss120) coh/’}%kt\- .

C CONVERT INPUT INMFOIRCATION TU MOLES/L -
B5212,2) BBUL2+2)222%47, -
BHB(3+2) BRUA 3217359459,
BOO(T7.27 BHB{ 7221 /30977

¢ EIvia) = (EIVI3)/2.9TT.1%%2

BBO(T+2) .= UBA(F.2)/51554, s
EIVIS) = (EIVISI/L1984,18%] s
88516-21 = dnﬂ(b.,)/c"(‘_jl. - . .
EIVI2) = (£1VI21/92921.11%2 . - .

i UBB(B'?’ = 3J8(692J/GUU1C§. ..‘ E ot
Elvia) = (EIvial/6lni8.0%42 . . oo .
BBBElus2) = Bunllua2)/iveulée ' ) . ’ ) ‘ .
EIVA6) = (ETVIS)I/ILoCa2e ) %2 ‘ ' ' R C
BBB(1142) = nmutile2i/oesie, ) -

EIVIT) = (EIvIT)/847325,1%82 L .
BBR(1242) = BRY({12,2)/7%00TZ, '

EIVI® = (EIv(a)/55,72.)%42 |
- BULILs2% = cbu(Le2? + Teduucli?y2' + moul8y2! + poo(9,2!

., BBBLl&4s?) = L. C . -
.. BBB‘SOE' = we . * N T .
C . SATISFY Trik DnLAHCt WF CHlanctls bY THE ALUDITIVUN UF A+ ul CL-—
" TC = 00
DG 1 1= 1.M .
o1 TC = TC + BRA(I204%21(1)
: CIFLTCK29398 0 ‘ . ‘ . Lo
2, BBUI12,2) = UBBLZ2) -TC _ ' :
6L T0 3 : '
4 BB8(3+2) = HAR{2,2) + TC

C CALCULATE THE LAHTRHANUN REGUIREZENT

~
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3 BBE(S5+2) = 1.606%EBE(6,2) + 1.3’3*ULH(9.2) + Buu T2 346

~ BBRA(5+2}) ”P"lS‘ZI'(PT'-.)/pT
‘C TASSUME LARTHINUY ASDLED AL CALGRIDE SALT -
BBE(302) =¥3.4500(5027 + Blit3y2/ o

C CALCULATE THE REWUINED T VA“UE , : »
CALL TASICUN, THETA) | ' T '

C PARTIAL LERIVATIVLS USEU TU LJII VATE LARTHARNUM VOSAGE . '
CALL PAGE , L ! B '
Elvil) = 0. ' :
CPRINT O ;
1TRY ‘

12 17T =
MN=] GO TG 54 N
50 RATE = PDI(241) + PDIt2,1) + PDI(5,1) . .
"DELTA = Obt/rATE . . ' ~
IFIDELTAY 94610 ) - - : 8
9 IF(ABS(DﬁLT.)¢GT 2RRI5,2)) GU TU 11..
. GO 1O jOo = v o .
3 BELTA.= DELTA®,75 - o : a S -
Y 60 TO 9 , - ) :
10 IT = 2 o ‘ . . ' ¢
BOB(5+»2) = BEB(5,2) + "ELTL
N BOB(3+21 TES(342) +,05Lrhﬂ3. ,
MN=2 "% GU TC 54 - L Y- ¥
5i CIFIHG2).LT. PHW 1)) GOTC 50 .
BBA(5:2) = 8EA(542) - CTELTA/Z2. _ :
BEB{3,2) = EAR(242) = (GELTA/2. )2, : ‘-
JTRY = ITRY + 1 . . :
SIFLLTRYLLTWvTHRY) GU TV 12

Lo

.
" . . %

1 A= Q1

6 ° CPRINT~= 1. .
" MN=3 % GO TO.54
52 J1 = JT o+ 1. o
J2'= N=1 » E o .
WRITE (w2060 (Kit(d),y J=alyd2) - ¢ -

WRITE(G+2uT) (STOR(LY 1Yy J=d1,J2)
CWRITEIS,20B) KN(M) o STORIN,1)

CALL PAGE o

wRITE(6+209) . . N ST e
BEBB(5+2) = B3R(5,2)1%138930. - e ’
WRITET6+21.1 0081542 ‘- - - c
EIVI1) = SWRT(VY(1.01h -

WRITE(6+211) Pﬂcl.*l.frV(li ! :

EIVI2) = SURTIVY(1.s23) Y T - ,

Efvia) Swirevytl,3)r - . . . . oo

. EFVIS) "= SuRTIVY(1451) ' .

anTElst Il Pet3,10,EIVI3,PR(5, 11sBav STy ““(2s13|EIV{2’

- PR{6e1) = PRIELY1I¥2.0%6 °

EIVIG) = SWHT(VY(1+s6)1%2.596 . ) - o

- PR{T7»1) = PR(T411%3,468 . . ; L, . . : )
EIVIT) = EIVIT)I%#2.458 ‘ : . S
WRITE(682.52) 9R(6.L).r:v(a).PHt7.1)-ElvtTl . - ‘ sy o

o CEIVIA) = SuRTIVY(1+4)) ‘ : .
-WRITE(LE202) PRI4GsIISEIVIA) . . .
BBB(2,2) = BuB(2+20%20997. ) T . . - PR
BOB(322) = BUO(3+21%2545Y9,.7 o L . \
BBBI12,2) = NE3(12»21%44u72,, . . "\. )

wWRITEl6s204 T EﬂB(Z-Z)-’BBlB;Z)oBﬁB(l?-Z’
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- GO TO 85 . 0 . 347
54 GO 10 55 ' - . S
54  CALL HCDELIlsvALY © .
CALL ExfPendflvelavy) - C - . ' '
R VPT = vvtl.La + UY(1e7) 4 VY(1s5) . .
) ' = PRz 1) e P, 4 PGB, ' -
v YgL = THETAMGURT (w11 PT . ‘ . e - o
_ ‘ z 1e=PT , - : . -
< HOLIT) = ARG(ZPT) - ’ c |
. ‘ COWRITEL6,212) WTavul T ) ' AL
R TF(ADS(LPTept +CiiT et emivel To3) GU TO 6 s | s
Yok GU TU (90514520 anin . SRR ' '
55  CONTINUE, | L . f ' /
ST1GP ! -, T ' . .

16y FbRnnT(Prlb.-l
200 FURGATIZ/Z10K,*IRITIAL zusunnnTluu~un'anTEN_UUALITY*)
. 201 FORVATI//1.Xs#PRCLOHATE UTLTRIGUTEUN €M/l P STARNUARUY ULVIAT!ON*-=
AZ LAy PUCT VI oGP AT E R s a s F 1 304 GF T, 5./10x,*PY“vP4vsVHAT »IXWFTa3
P By %x,F7.a-/lukf'H-LYva‘rHATF“ YAWF T3t wF T, J‘/lux'*TUTAL FHUGHHAT
CE* TXsFTa2) | -
2u2 Fuﬂmnlﬂ/flum.*enmonzsa*.13A.‘(m6/ul*.«a'*bTAnDAnD DEvIATTUﬂ*-/luKa
ARCALCTUA CARDURATL  * *2Fde20axsFTa3a/luks *riAGHcoTum CARBUNATE *f8
' BedshXoFT7a73) . e ; ) T
L2u3  FURMAAT /71, A"TUTAL TRUNGANTC PCARE DN COlCERTRATIVN  (nG/L cv3l STA
ANUARD LEVIATION® 1 /LRAFBa30tiari 7o 3' K
2uviy FORMATUIAZ L or et O Cb ACEMITIRAT Tun (l U/LJ‘1/1UX|'5UO]UM !121'F8l31/1\)‘
AX#CHLLRIGE Y s T aFE .20/ Lubr ey uLPuH1fV luA!FE-Ej

f: JFUMEAT (/L1 N FFTinsL 5U~LT:V“ FH O " 3FGae3 0
296 FleAT(//L,-*thIDr FHALE ™ ¢WeES™ 15K B ALy &x)) '
L 2ul FuReATLA/ZVAVBLIME L3240 ) 4 !

208 . FURMATI/Z2A»"GAD PHALE — wulE5% s 5K046 bx,lvslu 3)

209 . FVRBAT (/7710 "PREDTCTED SATER WUALTTY ©F THES EFFLUP"T‘J“

21v FORVATIII/I XyeRLCUIRLL LAiTHgiur uOSﬁbL FarBeds® (#G/L LA+3 1=
. A)

211 FUR“AT(III».-*NEJIDUhu uuNTHAuul’vISXv*aTnnuANU p:vIArlun*./19x Fo i
’ Av3stbX s fTe3) . ~ .
213 th:Af(/fx,A.'cu«eEuT EbTIMATE VF TuTAL l’Hvsf‘HME - UPPEN LInIT T .
e A VARIANCI®a/21Xs3(1PZ1ueZasX)) _ , ;
END ﬁ/- A <. : o
~ SUBRUUTIHE TASZ(Cun, THETAD o - o .
‘ C-CON CONFILENCL LFVEL . ‘ : "
* € THETA T-vALuk (unE=ZILLL)  wideD Wi 1 DEGREES UF REE DL
" DISEhsioLl ATI11A011) : - o S _ _— .
‘DAT YY. ‘J‘)"?J..‘V.O-'b.,o|’)'-[\,'DJ1..)\.,!33;;,./yB/D.U:LSQ‘:L"I(lQl.J&jg )
Al L340, q;:,,.bou.,.J:c.,.;.:?.d.lé'f.c ol .
: cou 1 I=1+711 . ) v
' IF(CUNLLELATTIYE THETA = 5(1{ _ . . . _ . _
1 CChTlauE® . . : . _ - -
REyuURI: ) o . . . . o
- KU wE "‘IFI‘V"‘CO\.Y ! : E = [
T 23ﬁubﬁ1i~0ﬁ§§ fTLht?uE”}SPK(T'21p“DthlblipCIlT 1u),cPﬂ1nT -
DIvEsSIvr VYLl 7}!riV(51'TV|71’V°{15'16191«(7)9)((71
; " DATA X/GHLA dEHFULY |, s bHPVA s bHCV3 pOHP YRV © S OHCA s BHMG
? ADAIK'Itvetl;Jl. Jzl,16, I=1-161IE.SZZE'uG-6.939E-G3-J.DBDE“03.lJ*U
. . Aes . i M . . K ’ . )
- ! : ] L .. . ' -
Lo . , \
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B6.U39E 3l 2 GGL—VZoT GTOE—u3s13%0., e
C3l.b08E- 39T aLTGE=Dd o abheE~03d, Lo%g.,
.DJ'D..b (’L-!E-‘....,l LLOSET Ul s dabllFE~ Jd.lu Den -
E3*0.14.20Jr"‘ 201.J1F—u11‘:oljbc'—' lIJ-U*IJ-Q
F3'Oc|3 dlE_'ul.,J(.o?JO[. Ol 7 L1 TE'_Ul!lU'Un'
66'00'02-\'1]‘!5‘_".2_o‘-f-ULEF“C‘10f‘*‘-b
L HOM0 e 45 LS ~U2 47 50T ~C Ly B*Jus -
]B‘O.n‘c.ff?lE-UI.T‘_‘b.v
M L= 1 SV B B Y TIPS - -
‘KIU*V.'I'QY_—IIEJ"-UI‘S*\J.’ : !
Lll'\)-'l ".);3'()“\-)-’
"12‘\4.1‘0 771E"b10"’1"u.’
NlB*U.'l-E:“_’?.u-t '
0]‘**(1."‘ 7,1[.- b]|(4-1 ’ . . - 4 -,
PlS%L.,1.7057 ' T
C CHLC.JLATID\ Cr  Tilk LxPLPlVLhTAL LRRUR qu T0 hnnLyTILAL n.(n.\.luur.
VYIRES1) = [o1UTI¥PR[ 10T ) ) *%2 .
PT = PRI2,UEY + PRI34nE) + Pr(S.nE) o .
VPT = (L.0hp1svTyney . : T .
XFRAC = PR(2,uE)/PT, . o | o .
VY(NES2) = PT*PT*(, 00us + XFRAC*XFRAC*VPT L . ' o '
CXFRAC = PR(A,NFY/PT _
COVYINES3) = PTEETR*Q 0006 + XFNAC xFHAc vPT ‘ L
VYINEs4) = {(GoL127*PRIGINETI#*]
XFRAC = Fiig,NE)/PT ' .
VYTHELS) = PI*FT2(,00086 + XFRAC*XFaACAyPT : - .
LYY IRESE) = (LU25%PR{gE) 7% ‘ = . -
MIV=B & heik=7 WP = 16
WRITE(G1w1) (X(1)y I'1sniR)
WRITE(E» 1200 (vY{nE eIy 1=)pinek)
DO 1t 1 = 1+H¥R . :
SIVILLY) = . .
0o 2 J 1.vu1v )
2 TVII) = Tvil) + Pottl.al*PDItI,J)'Elvtvl
. VY(NESTT = VY (RELT) + TVII) . . .
1 CUNTIhUE - e ' o
WRITE(E1L3) IX(1)y I=141NMR) : : ' .
WRITFI& 10 L) (T(I1, I=14iv4R) '
C ERROR FROY PAXATETER ESTINATES : o ‘ “ -
DO 47 [=1*4R : ’ ro . . S
Atl) = u. - .
DU & J=1,8P S Cy ' P
. DO 4 L=14+4P ' ) - - :
4 AllY = ALY + PU!I.JI*PUQX-L:‘VE(J L)
@ WREITELB102) (XUI)y I=21pwid)
WRITE(64100) (AYI), T=1,00HR] . .
D0 5 J=z] ekt : - ' " ‘ B
5 VY(REsJ) = VY(NEoJ) + AlJ) ' ‘ - .
RE TURN . .
- 10y FURMATI/IVAsTIIPELL,392A0) . _ o
19177 FORNATUZ] AetbERali ESTTATE Tob To #hALﬂaEb*vIIUAv7lA6V6A3?‘- . .
luZ  FudATI/1 Ay *Ernuin ESTIMATE DUE Tu [nlTlAw WALLUES™® |/1uxv7iA6963Qi-
103 FURMAT(/1uXs®ERRUR ESTlmnTE DUE TU PARAMETER ESTIRATES*s/1uksT{A6s
A6X)) '
END _ Y - . o o
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VI.Y . ADDITIONAL SUBROUTINES IN CHEMISTK

[N

3

It was found neccssary to add four subroutines to the
Lhirtg—nine programs initially present inm the CHEMIST softwar
package. These programs which are. listed hers are:

.
(1) CORR (calculates the lonic activity coefficients)
(11)

}-
MWCALC (calculates molecular weights and charges of
species,

v

(111) MOLAR (calculateé the molaf concenpraﬁions of species),

> (iv) PHSLV (calculates the acid or base riceded for a

specified equilibrium pH). S p
\ .
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SUBKUUTIRES ALDED TU CHEmIST
_ : . . N

C -THIS SUBRVUTINE CALCULATES THE TCNTIC ACTIVITY CUEFFICIENTS Fruwe THE -+ Cuwnpioceg

C DAVIES EwLATIvl SEL DAVIESs f]ute ASOVCTATIwivy BUTTER&WwtTH, P41 ) CCVnGlG a0

N Sue,r(_UuIl.‘iE Curth g yurt y L 1T _ 3 CURGULIG

“C MW MULECULAR AEIGHT wF TRz SuLyeI®r ‘ o k! . ‘ ) CUKDLOLG

C WP KIART CunTrun vicluToUT IF GrREATER Trak O . CUKGULSS

CLIT LIAIT N THE WUWBER UF [TERATIUNS - . : CURGUL LU

C 21 Anetpy CUlTliaInG THE Junic CFANGE vwF THE CuriPuinEiT S ' CUnQCL o

C 2 ARRAY CONTAINING Tht Igle (naRoe oF Tre SPelles g CORGULZ L

C . ALiAZ. EMPERICAL CURBTANTS IN THE DAVIES EGGAT [un CURQuy©a

C  DENSK DENSITY, UF THE Fung sulyenT ' . ‘ CuUnQLLYs

© DIMENSION PC{1TU}vACMI1Tu) N - CURUY L uu

‘REAL BAYRT s s Ay AT END s BLAN S sy HMLUS e Culyyisy

CUnifON ATu{460)s TRuUk{46L) s wCLULIGED) LURQDIZE

REAL ATJWHANE ¢iidw _ e K "~ CCRULuL3y

COMMON ZHOLE/ &A!}21,hai1z).mﬂteu.2).Km(1701.uAM(25.2).END,BLANK, Cuhuuing

1 H20 sHFLUS ‘ ‘ . B . CCRUuU LG

‘COMMON /REALG/ 8B (6U5 s PHIZE 1 aTI20)4840LTISHoTULT s TULD s XN,y Cunavicy

1 XbIAHI’BA“MINsbLACNDfnL]TE“B“T9BJUU]¢P[E(75l)Vl(75)sle?b)v cunuq;y,

2 v3(75).vat?s;.xr17u)rme11?ul,CJ17Jl,x1(17;!,A2|170),x3(1731, Cuvngui 4

3 xBAHGZB)-N(7b'75)-FE-FEZuE“WB:AENE-E“mA’XEHé' ) Curnpi o

[YATVITY F1isTOmy a'n,l:._i_'niu..lvgvml-‘,n.'.nl'[.uv‘[.r‘F.[T{_r\,lTr'unx,l(;NK(JK.LMSTLP,\_\JI’\C{;;-,Q}

1  KE |MAXH'I'-Axp’."':AXN'-"U'.Al'.D'NCYCLE yisBSTARWAPF ) : Curuv Ly

2 ‘NAIJ’I'-AXA]J.IUI“JT.WT\JGH'SAI\'ITH s (26 ) s Cwn L 170) phE-‘IB vinEmMA . CungJlo Ly

EWUIVALENCE (JiynTWT) Cungus 2y
INTEGER PF _ . . : . _ CORvuzzy v

Cvimnue S Tugly 'IAr\‘]TH,]F]’uD,il\]’]TL,[l.sugv,IJvHu.[Lr‘,Iu‘.ATnx,IP‘USH, Cus\guc-;:,’

1 . IROWSs [SCALE . . CoRpuzsy

CUMMUI\/I'JULEN/C.'W(6\_.] ;g (eu) 1DE"‘¢)V'UE":-"'f-n‘ubf“_nC.l TO)sZ2T0uly Cuhpyvco(

17UT|ISTUP:'\'JI|JIDA1’ »yAC(170) ) . QurgLrTu

i = 0. " . L LORDLZEY)

DO 6 J = Y. . ) . : . CUN_UU?,GI’

ACMILUY = 1. L : N . CURQu2a2

€ STORE THE ORIGINAL FREE cNLROY VaLUcS IN ARRWY PC . 4 CORuw ez

6 PCULY) = CLI) . - -~ o - Cunuulss

MaC = v oo ' : . ) CUKIvd5

-7 CALL mULAR(MAME e DsmkC) © - - : - Cumgovy

' SUM = GuC . \ . S CuhOu3.:0

TLDU Y J o2 JfeaT : - IR CURGO310

C CALCULATE [UNIC STRENGTH : Curov32y

1 SUM 2 SUM + X1LJ)*20J)*20) CuroL330

SUM = D,50%syu4 | ' CORQU34J

. Tl = SukT(suesy) - ) «CUr00350°

C CALCULATE TnE luniC STRENGTH FACTUR ‘ : s, CUROLaT0

' T2 = (T1/{lsu + T1) = A2%5uMI L. : Cukyu3gy

KTRAC = 1 ' ' ' : . Curgo3yp

DU 2 & = JI,J7 o , CURQU400

AC{J) = 0.00 . A , T
. CORUW410

ACIJ) = —(Z(J1#Z({J)wa28T2) - | .




10.0%4AC L) ) CUKBLL 20"

FF = ABS(ACH I mACtv)) CunQU4ip

2 IF(DIFF+GTuLaul3) KIRAC = 2 CURu ULy
GU U ), 121 8 TRAC ‘ CUKD UL LG

12 DU 3 J o= JlrJT"‘“‘-"- — CURQC4UED
TACMIJY = ACHd) I ‘ ‘ CORLLGTS

C CONVERT THE A3TIVITY CUDFFICIEITS Frun HVLAN TU “ULE*FNACIIUH SCALE Cungivie
ACI( 4} = (ACHLINDENNG A, ,,*XP.AI\(P\JJ/(]’U]' DEI._L,PJ ’ CuUnRguSa7
3 CltJ) = PCta) + ALUG(AC(JJ) .. CURuVS 4L
calL SuULvE ! \ o - , CurRpLLMY
MARITH = ) ‘ CORuusSD
IFIPFET =11 Chcl ERhuRy R - . . CukQub LY
TFUTERRUR G E LT3 Gu Tu 11 . : YOCURQULTOO
IF(ITIT«GTLLIT)Y GG TO 8B ' . CURUUT I
111" = FI11 4+ 1 COKQU T

GO 0 7 .. CuRQuLBOD -

8  IF(OB.LE.v.0) GO TO 11 CORGUB1U
© WRITELNGT 4104} WESE Cukp0620
1us FUl\lnAT(/l Xe'LIsT TG ~F THE F AL COUCENTRAT [win I CUHFAN]’ME“ "A(—U"UUGJU
lf.‘llel'df“EC!(_‘)"dt"-!'ltU- UF MuLES Y 934 Ml E Fi(ACT'vN'oéxa'.IULAK CUCJHUUJQU

SNCENTRATIUNT 42Xy 'L — wwLE ACTIVITY  CUEFFICIERTSY)

X DU 9 J = Al,JT CQNODBGO
& - WRITE(NUT . ]1u5) hN(Jl‘X(dl»XHF(JI|X1(J);XZIJ)vAC(J) CurguB?
11 1FLPF. CT. 1) wiRITEINGT 1060 sUm curQUBon”

DO 1u J° JIaaT , CORLLBYL

10 . Ctdy = PC(J) ) ’ CuikgoLoo
105 | FukMaT (/71 X!Apvﬁxilprﬁd & JanPEld 4 “Kv[ 2e2 0K s 0P sFY 53 T%sFLlG SFCuryurLy

o 1u6 “Fuﬂmnrtllux.'IhL FlodAL [UilC STRENGTH WAS "B IPELe 4y 'MULES/LITERY JCunyuvey
., RETURN . . v CURDUI L
END : ' CORUUY4Y

C SUBQUTINE CAL1ULAJEb THE ™mOLAR CUhCENTkATIUN )

.0 CSUBRVUTINE MUl AR [NAIME ywrb g ) L MUL00010 

¢ NAME - hAME OF THF Cu-HARTH NT . ! HULOUUZU'n

€ TUT Su™ UF THE wEIGHTS UF 1HE SYLUTES (GRAWS) uLpQo20

C = WP PREINT CuwinTnul IF GalnAaTo THa O PrlivTuyft MULGG0L0,

T C = mpC IF uPcﬁ$&¢_;LAA_L£Ey Thon vuLtCuLAd LeIGHTS rmawE DPEN LALCJLATLU“bLUVU‘U

c - DEh5 AVERAGE TEnsliY wF THE SULOTIwe AT SYSTEM TE“HE“ATUNE "ULQUOR 0

C - THIS SUBRUUT InE CALCULAan THE mULAR CUHCEnTRATIung rMublowpo

KEAL KARB gty K g A B JBLANN JHIL JHPLYS - mvlgugeg
CCVRIN AT Y46, [Kuwlaﬁr), “Cwlpapg)y 7 rulpoo9g
REAL AlJyNAME /sy - FOLLvuluy

!J} ; J Co o : | _ - 35

COMMON /HOLE/ uA{]Zl.KD(IZl.hhlﬁung,RNIITU -NAM(ZB-Z‘-ENJ.ULAN&; mubuvllu

T 17 H2U HPLus e

CUNMSUN  JREALB /. qpa(ed,bl.Pthsi.rl2ul,sduLI(:1-T L1yTULZ AMR,

1 XSTART ¢ BARATo, SUACRS o AL LTER “T;P(&u% sPFETTS ) b1 T5)4,w2(75),

2 VI{T50ave 759 o X 11700 samF (170,011 70 A1{17u1,x2t1701.x3(1?ol,
T3 XBAR(2B)GR(T5+75) yFE o EL yLRMS s ALAD s LRSIy ALMA :

riwlgulZo
mvkyel 3y

T omubQultg.

ey, 158

MubyulTu

TQUAmMUN FIRTGRY gD e oy ITanw T o7 Fry [ TER, [THAKy TERRI, LASTCH R RT-T

1 KE sMAXI g AXE y ARy A &K1 D s CYCLE s1sd STAR G APF
2 THALIYIMAXATY, Iu?T,nluQ,uAnITH,hu({o),JCUHF(17U),hEHB,uEnA
EVUTVALEWCE ld.“1VT)
" INTEGER PF
CUrunuin /TUGL/ [ARITHSIFInD INTITL’INSULV:IJVHN.ILPoINATNKslHUSH.
1 1ROWS s 1SCALE
cO-ﬂHUN/l'ULEr{/C maAlpulesll laud)anE. !Sy‘chﬂlbw'lhhvsﬂw { 170) 22{(170)»
1TOT s JOTUP K s JT s JTrAY VA2 sACL]TTUL?
JFIMaC,LELY) cALLfhwcALCInAmt-u;o-bwcl

LY

LAY SV S 17]
LTS P Te)

wLQ0210
MOLuu?ZL
mMULpes0

TRULOV240

muLQu2so
- MULUU 26U

mULQUZTO
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IF(ISTUP,GT.1} CALL EXIT :

. MULUu sy

IF UK GTonCumr) CALL EXIT . . . MILyo29y

C MUl Ak CINCENTHAT [wiig AnRE STURED IN THE X1 AKKAY ‘ : ”ULOUBOO

. CALL BAR(X,xRAK) . _ MOLOw 3] ¢
10T = o, sV ' . ‘ MULQu32¢ %’

—Tl = IOUU'.‘U'DENS ) . + . MOLO{J 430

DO 1 J = JI'JT . . N "‘ULUUBQU

XMF(Jd) = X{J)/ABAR(K) - _ ) ; . . ¢ MOLuusyy .

1 TUT' = TUT + X(J,'J"\-{Jl . ) MULGOBbﬁ

X1tdy) = (TI’X(J))/TUT Co- o . MULOu5Q

2 X204) = AbvGluix1tdyr Lo . . . MULOGY5

IF(OPPLLE V.U GC TO 3 ' : MULOCagg

- WRITE(NYT 1000 wsamE ‘ . MULOOA G

DO 4« U = Jlyur- ' ' o MULUuAL g

4 WRITE(LGCT 1wl KNlJ}sJ'AMFlJl-Al(Ji’KZIJJ VT RVIVI

100 FUHMnrc/lcx"LiJIING wF THE racan CU"Ct"T“ATIV“S vF SPECIES 1“ CHENULLuujn
1IFARTMENT "2AOW /LUK W ISFECIES NAMIEY s dR, ' urEClES e by Gx, oLy FNACTI|UL3L'“0

a¥aNaNala!

2000, TX 3 1WULAR CUCELTIA TIUJI,?x,ILug—muLtl) o RULQUang
101 FORMATI/]1 X,Ab, TAX 150154 IPELZ Jhyug,iPELL, 4.16x,cpplc,51 . MULGGhog
3 . RETURN, ‘ o . "L MOLDuaty
END : : - MOLOO K.
C  SUBRUUTIWE CALCULATES ThE rwCALC wEIGHT AnD CHARGE WF SPECILS
SUBROUTIIE vwCALCINARE yFPating) . MwCLuy !
SMy SPECIES mULECULAN WEAGHTS - - o ' _ ,...NCOW.JN
City CUMPULERT e LECUCAR wLiunTs . . . "'I‘U(.UU\,}GO
NAME COI'“‘U\RTI'IENT IvA nf PR . . . mh\'CUUUJU .
THIS SUARCUTIRE CALCULATES THE mulECULAK HWEIGHTS Fun muLax PWCOGLLY
INTEGER ERLWELANKH2C wiikLus : . i _ MWCuuovy
REAL KA, Kbv'lpol"NvNH.ut{\UvULANKoHZU,l'ijLUb i MwCuvot,

s QUMRUIN ATU(G6G )y [RUL (460 FCVL1460) - "wCOuUGYy -
REAL AIJ.NAMQ;~~~ MWCUL] G
COMMUN - /HULY /S hAllZ);“B‘lZlvthbU 2)a&"(17ui1“A”(25;2)gEHU’BLAhh| raCuully
1 H20,HPLUS " ] mwCouloy
COMMUN /KeaLgy nﬂ°(6Uc5)rPH(251,T(ZulgeuuLT(Sl,TuLlyTULzyxﬂln, MCwUL LS
1 XSTanT yRAR. ["obLt\Cf\JvALI]-":"Tl"‘(6U]ﬂ‘I"f?f)’vVll?DlsVé(?D}' HMCHIuviag

Z V30750 =ValT9 s X LITu) s XinF L 170 JuC(ITUIoXI(ITO)sA2(1701oXB(ITOJ- MCWLL I nQ

3 XBAR(Zs!.R(?&,?SJ.rEoFcc-LRMU'AMMUvEHmn-X‘MA MACLUulg G

¢ QUuiun /nT Ry BT L s e I o T P ITEN S I THAX 3 I ERKURS LASTCH 31w COC4 79

1 KE'I'HK’&M.AK‘FUMAAHQP AnannCYCL&.H\ﬂDr}“('hPF' NWCUUI{JU

2 NAIJ!"'AXAIJUIV"'TN"TUGN"AN].TH"\'-ldo)i-—‘C\JH""(l?CI|I!El‘le|nEl"lA . P CUwlvig
EWUIVALENCE tHynTuT) ., ° : ' - ‘ waCCu20d
INTEGER PF : : - S AWCCL 2Ly
CU“hU" /TUG-s TARITH,IFInD, s INTITLy Ivgueyy Twvri  TLE  LnaTRx , [POSH, QU i

1 - TROWS , ISCALE _ . L epwCCL Dy
COWMOh/uULEd}C’~(6b),4I(édlvbCWbP!UC“ 9“&Hvb”ﬁ(17ﬂ1{Z!17u” . WULUU.)U

. 1TUT L IsT0R, "‘Jla-’rinlouZ‘AC(I-’u' e » - “w‘CUU;.JJ
C JEST Fur mULECULAR WEIGHT CATA ‘ . - o MWCGuany .
ISTOP = g - MwCoucug
0O 1 I = 1,4 - o - . : P TT RY
IF(Cheln 2,2,1 - - . mwCoulsy
2 WRITE(NOT,98) T,8R{[,1) : : boMCuuolyy
98 . FURMArt/Sx, U HULECULA“\AEIGHT DATA FuR NUN‘.IS.' CALLED ',A8) PMaloua
- 1STOP = 2 . . ) MwCyully
17 CONTLhE - 1 "wCoCa2g
IFCISTOP,.GT.1) cu TO 3. : . rWCOUA 30
< FlND THE CUePANRTHENT nunnﬁn : ‘ ‘ i oY dayg-




< ¥

CALL LOOKUP (NAME & » 1 +CUMP yNAH) 1353

C FIND THE RANGYL UF SPLCIESY jsUet's IN THE tUhPARTMLNT
IFIRaGT. NEwAP) GU TU 6 N - -
JI' = KLIK) , ) ' ‘
IF(RLEU. QP JT HTUT

TF (el TgnlwnP ) UT = AL (n4]l) -1 '
- DO &4:J = J1,J7 .
} CALL FIND{U+Jd,19LUC, IFLAG) : N
IF(IJLOC.EU,.0) GU TO 4
SMWtJ) = 0.C000 ’
24JY = 0.200Nh09029

DU 5 JJ = [JILUC,IFLAG
11 = IROwiJ) ) ' oo - :
SHalJd) = Lryiv) _+ AIJ(JJ)*C“H’lIQ .
ZL4JY = Z(J) + AlJtJJY*21(011)
5 CUNT INUE ] : : .
4 CONT IINUE ) ",

oo . 1F(PP.LE.0.0L0) GO TO 3 . -
. . WRITE(NOT,10C) nanE
10v
© T 1MPARTMENT
HRITEf6|2uJ,
DO 55 J = J1,4T
55 WRITELE 2011 NNIY) Uy Z (V) gstipt Y]

'a ALV}

T kWCOUa 3D

s

MWwCUU350
MaCLUu360
MyCCU370
MaCUu380
SMwCo0390
BaC03600
v Lusly
HiwCous20

MWCoUGHC
MpCo044s5 ¢
rWCOUaSD
My CouLSS
MWCOJ460
MU CUVL6D
tvwCounsy’
MWCOULTO
MW CoVaB0
MRCCOa%0Q

vadhrtzlox.'LlsrlnG “F THE MpLECULAR: wEIGHTS vF THE SPECIES IN CuryCGubyud

NNCUUSlU

200 FWRMATI//1uX ' SPECTIES — . tvv, !,AA.'FHAN(E'.ax,chLEcUhAu WEIGHT '}
. 231 FORMAT (/1uXsA6434+13,4X4Fds a,ux.cxz 4) : . : -
MWl o= 1 - , . RN MWCoULTS
. 60 10 1 ' rinCo09Yes
6 "t’.'HITE(_NUT|99) HpeE . R myCoabiy
92 FURSAT{/YX2 "THERE 15 nwu CuUrPARTIENT IMANED '3 A6 /10Xy 'NRETUNY v m Co0oay
1MWCALC ) . 2 L
. 3. RETURN . . . - . MW CQUBOT
END - '
A © SURRYUTINE PHSLY (NAME » VALUE L 1% 1C) PHSLyOLG
" C SUBRUUTINE CALCULATES THE [WCREAENT WF ACID REWYINED TV fflfif_lfi————ﬂﬂihg°2°
b C- DESIRED PH vALUE ] PHSLUL3Y -
C WRAME IS5 THE, Cu- PARTMLNT wiv @11 CH TnL Fh Audublﬂt"T Lo mAvE -PHS-UGH0
C VALUE 1S THE UESIRED ¢ VALLE PH5_'-0090
C LIA 15 THE Numddit UF [TERATIGMND vubleL: I uhE-DLAdCH PHOLYULS
C IC IF IC = 2 10O61C ACTIVITY CURRELTlus arbk . mAuC D PHsLuvus?2
C IC IF 1g 2 1 PARUPLES |5 SWeVED [ TES9S wF CuwCEaTRATIwng PHSLUO54
C Cl= IS THE QuunTfiliud ﬂSaUCluT:D #1TH THE Phuru“ PHS-UluuL
“COM= 15 THE HYDSRUXIDE - lun wAng N g PHSLGGoZ
C NA% IS THE CUUNTERIwy ASSWCiATeD wi1TA THE HYLRUKIDE  [un FPHELOOBS
C wkITIEN BY P b HELHYK FEcs 1972: s L . PHorwuTy
c - A . PRsLLQTS
REAL KA ﬂdlJR‘Ki.NﬁH\C"U!ULAnkinzu'HHLUQ PAsLwuou
CUiniun ATJLHBLY IhUlebu}t JCuuluﬁuJ‘ ‘ - PHswuL9u
REAL AlJ . . ' ‘ ' PrSwu Lo
B COMMON /sHGLB/ KA(12).aat12).aRlbu-z).nn(17u).NAu(25,ﬁl.ENu.bLAmh, Prasuwlliu
B | H20sHPLUS ~ N PHSLOLZ2U
CUmee /KEAB/ ASBIGLSI) s PHE23) s TLLU) +BALLTIS) s Turly TUL2 s A ey FHSWUL0
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PHsLuUlYy

Y

2 NAIJ;.hﬁn!,,ICPT.1TbeuanIH;(L(26l|JCO APLLITU) s NEAD pidt MA
P EMUIVALECD (iv,qer) : . FHsLo2n0
INTEGER FF : ‘ : PrsLo21s
Curmun 710Gy IANIIH.IFIhuvlhTITuslNSUkv P Iovhiny TLP y TAATRA W TFUSHY  PHuewecl
1 lhudagleALL , HFriswyu2ig
REAL NAME yinAPUY : PHSLuZ3s
" DATA CLNEG-HA”JJ-UHNEG/bHCL‘ s 6 A+ ».6FIVH= / FRSLGZ 34
C ' PrisL240
. C FIND THE COWP *NT.FAT ‘ PHSLGZ20
DO 1 K = lyNgoue s PHYLUZOG
IFIRAME £ CeiiAMIL31)10C TO 2 Pliolwe7u
v 1 " CONTINUE . N Prisiuvdicoy
WRITE(WCT 4991 aAmE . PhSLy 24y
9‘)' FURMAT (5X,16H Nu CV"PH“T"E“T vAD) Pristu3go
g CTALL EXIT : ' PHSLO31O
2 MHPLUS = ¢ A Prstu220
NCL = U PHSLL3S,
NHA = O ~~PH5LV331
NOH = 0O . FrsLu3j2
KK = K . TRV TS
DO 5.1 = 140, : \ . PHS5Lv340
lF(HVLUSdEu.hdll.lliuHHLUS,=_I PHSLO035C
IFICLNEGWEWLRR(T210) nCL = | " PHSLOZ60
CIFANAPCS Ew o nid Fa1)) -n‘-A = 1 PHS 0202 -
. IFLOHNESSXGoNR (1010} 00l | b PH5LL 364
5 CONT INUE . PHSLU3TU
[TR =.0 - . _ PruLu2ag
. PHNDOW = PHCALCI(XK&) PHaluvbhug -
14 DIFF .= VALUE ~PHNUY Prsegalo
© IF(DIFF) 10411412 PHSLG420
C ADD ACID ° - PHSLU4 3D
10 lFIABS(DIFF).LE 2.CE-UZY GU TO 11 PHSLU4LY
- MAR]TH = U ~ K PHSLu4a 44
* Ms1 = ) o : PHSLwva445
calL ARITH © - o PHsCcuaby
‘,dF(KE.ﬂE Q) RETUR . "PHoLL460
7 RATE = C.000 — PHSLu4TQ
RATELl = PAnr(-l.fhu,z.o.HHHLUSI Pristosgy
RATE2 = PANT(-l.-:(&,._,(,,..cL) PHLL WGy
WRITE(HUT,92) "WATEZLRATE2 ' PH3-0500
92 FonﬂArt//bx,'THE FAKT 1Ay DC“IVAT[VES'-bxs'H+'-chld 4 5xs'CL“'-lPEVHvaJlb
112+4) - . PrsLus2y
RATE = RATELl + RATEZ ! ' " PHLLWLS 3G
FAC = DIFF/RATE . PHYLGB3)
BYLLTI(5) = BMULT(S: +. FAC FH5-0540
o Gv TV 13 - : P Prsuuysg
C ADD BASE . PHSLu55Y
12 lF(AdStDIrF).LE l. bOUE-vBJ GO TO 11 PHalubeu
MS1 = =1 - PHaL w564
MARITH = & 5 PH5lLus b6
T CALL ARITH o _ PHSLUSTY
IFIKE4NESU) GO TG 11 . PHSLLS 8y
KATE = GgeduU . ‘ PrHsLuo Y0
RATEL> = "n“T("lo'b'\oZ'iOi'“‘"" PHSLL600
° RATE2 = PART{-1s-KXK,2yusANA) . PHsLubly
RATE = RATEL + RATE2 ‘ PHSLL620
PHSLU6 30
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;94 -FUNHAT(//bA;'rHE PA%&IA#‘DE“IVATIva'.bxvfﬁha':ipkléaﬁiﬂﬂn'“A+'s*““Hb“U°“0
. 1E12.4) -~ . N . L . . © o PrHoLusSy
FAC = DIFF/RATE - ‘ PHSLUGDS
BULT(4) "= BGLT(4) + Fac® - . : PHS U660
. 13 CALL ruys(-1) : ' : Prstuetg
_ IFIPF.GT.~1) CALL RONS(-2) . o . - PHsLub8L
S IFUICLEGL 1) CALL SOLVE ) - L *PHsLu6YU
IF(IC.Ev. 2y caLL Curd {NACE yLaOyL i) S : - PHsLubYS
TFATERRURGNE L1y Gu o Tu 1] ' o ' Ce - PRSLUTOU
: IR = pTR o+ ' o o C O OPHRLUILY
PHROX = PHCALC (KK} . . . i o PHsLLY2u
WRITE(NUT95) wAviAn, 1) \FHiw,, I ' PH5LY721
CIFEITRLGGT LR 60 U 20 ' - PHSLUT22
Dl = vALUE + ,01 <. L PHsLu724
D2 = VALUE = .y} ‘ ' . PHSLUT26
!F((.\151-E(.‘-.-1).AND.(PHF:U\-".(:T.OIJl LY TO 18 S : PH5LLT28
lFll-‘-'-Sl.Eu.ﬂ).A.'w.gPh-‘ew.u.uz_)l.bu Tv 15 : PHsL 0T 30
93 FYRNEAT (/75X ' THE FM VASUE FUN CUrmARTHENT 1,a6,¢ s ‘W 1PEle,4) PHSLO e -
JIFCITRLLELLIMY GU TU 14 » T . - FHuLUT 50
20 DIFF = vALUE -rPHau, - ‘ ) I PASLGT0Q
o« WRITE(NUT,94i) plIfFfF _ R PHSLLT7q |
91 FORMAT(5X,16H EXROR IN P 1S »1PE12.4) R PHSLUTEY,
11 RETURN T _ . PHSLYTSy
15 IFLMS1) 16+16s17 : ' . .o 4 . PHSLvEUU
16 “BMJLT(4) = RBRULTI4). - FAC ) o . . " PHSLLE10
FAC = FAC*U.5 L . PHSLLEZ0
BMULT (4) = BriuLT(4) + FAC - ‘ . PHsLudsy
WRTTE (1iuT,59) L - 4 o PHSLLEGO
95 FORMATU/Exs3THE STEPLIZE nAb UEEN ReuuCku BY UNE HALF v) PHSLUE5 Y
. GO 10 13 ) ' ] : . : L L. PHSLUBGE .
o C 17T BMULT(5)s BiulT(5) -Fac o - A FHSC0B870 -
. FAC = FAC#L.5 . o oL : PHSLLBE0
) WRITE (NOT.95) ' . ‘ - ‘ PHSLVBYY
BMULT(5) = BrULT(5) + FAC C S - FHS-0900
. GO tU 13 - - : S - ‘ PH5LLY1G
. END o . . . £ , o PHSLU91Q
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VI.5 . RATE _EXPRESSIONS: POLYPHOSPH/ATE HYDROLYSiS

A

Three fgnction s;etements which are used to calculate
the tripoly-, pyrc-,,and ortho-phosphate concentrapions at
specificd time intervals are listed here. 1In .each function -
statement, the integrals of the zero and'first order reaction
rate expressions are progfammea._ These programu uere used with
the Simolex program Lo estimate the first order rate constante

of polyphoophate hydrolysis as described in Chapter IV,
3

Section 5. !

W
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POLYPHUSPHATE HYDRULYSIS

C
C FUNRCTIUN STATEMDNT Tu CACuLATE THE T“IPUkYPhusﬂHATt CunCENTRAT [wiv AFTER
C RHYDHRULYSLSIES v
’ FUNCTIWIL PULY [, TLHAE) -
C-NR URDER UF KEACTIwi» RATE
C TIME TIME AT wHICH PHUSFRATE LuhC&nTﬂATIUH Is ¥v BE EST.IMATED
COMMON CZOI2 ) 2CFOL21+POLY L sPYRUL yURTHUI :
. IF{NRII» 102 .
C ZERO -ORDER REA3TION RATE
1 POLY = POLYI-CZUll)*TIME
IF(PULY . LT, Ue} FPuLy = 0.
RETUKN
C FIRST URDER RFACTIUH RATE
2 PULY = PULYI*EXP(—CFUlI*TIME]
END
C FUhCTIUN STATEHﬁﬂT Tw CnuCUkATF VY“UPHVSVHATE CUHCEHT“ATIVH AFTERN HYDRJYLYD
FUNCTIUN PYROTHNE » TTHE) ‘\
C NK ORDER UF mEACTIun RAFE N .
€ TIME TIVE AT wHICH PHUSFHATE CURCENTRATIwW 1S Tu BE ESTIMATEAD ~ °
' CUMMUN CZU0Z2) 2 CFwl 2 arul Y arYRu] qutTHw]

. IF(NR) 214142 *
C 2ZERO ORDER REACTIODN RATE
1 A = (POLYL/CZOL]
' IF(TIME-A) 3,444
3 PYRO = PYRUT + (CZw(l)} 'CZUfZJ)'TINE
IF(PYRULLT.0.) PYre = 0.
. RETURN ] _ :
4 PYRO = Pykul + ll.-CZUIZIICZU(I)I*PULYI = CLU(2)*TIME
IF(PYRO,LT.y) PYRU = Qa oo -
! RETuﬂh
.c FIRST ORLER REICTION RISTE ' RS ‘
2 . B.= PYRUI*(CFuVI(2) CFuclii/tHuLYl*CFuclll oL N
B B~1.. .
c PULYI*CFUL11/(CFui2)=CFu(1})
PyRyw = C*(EXV({—CFY(11*TImE) 'p EXF{—CFw{21*T1mE]))
RETURN ' )
END : : -
C FUNCTION STATEMERT ' CALCULAI: THE UNTHUPHUSPHATE CUhCEN}HATlua AFTEnR
C HYDROLYSIS . ] . :
D FUNCT IV URTHV SR TIHE) .
"CUMALY c;bwzl.thtzx.fv~YI ”Y“”l U“THUI . .
CIF(HRY 1,142 . .
C NK UKDER §F REACTIwn aATE N : B
C TImkE TIHE AT wriCH PrusrmATe CuuchTﬂATluu lb Tv BE ESTImATED
€ ZEKRQ URDER KEACTIC. KATE : . ) '
EPLYIICZu(II

e

H Uy

'
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IF{TIME=-TCY 3,444 . C- .

URTHU = URTHUL + (CZull) + 2-'CZU(21)‘T|mE ‘e - ]
IFLORTHO LT Jus ) URTHU = Q.

RETuURN

u«rnu = UKTRUT & _((C2Zu(l) + 2.7CZUI2)1/CLUM1 NI *PULY T + 2.0CZUL20%T
lF(OﬂTHO LT.u.) UHTHU =(.

* RETURN

€ FIRST CRDER WEACTION KATE o

2

A = vaul*tcrutp)—c=u11)1/(Puuv:'CFu(1)) Sl

A = A 1- *

B = CFUI2}*{xr{~CFvi1)*TLnE} + AYCFYILI®EXP (~CFY{2)*TImE) )
‘'€= CFU(2) + AtCFu(1)

O = 22(CFO(2P-CFO(1 )} z -

LrTHY -‘PULYI*lEX’I'CFUll)’Tl“‘l +D*By + PULYI‘(I- + D*C) +
IORTHOI S

END : , ) .
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