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ABSTRACT:

The pore structure4of a wide'array of activated carbons hasg
been evaluated by nitrogen adsorption and mercury penetratian
techniques, éarbons were found to exhibit totgl surface areas and
pore volumes in the range 93 - 1500 mZ/g'and 0.3 - 1,8 cm3/g
respectively; The Darco carbous contain significant pore
structure ln all pores up to-1000 A radius. CoihmBia carbon
bontainq negligible pore gtructu;e in pores of greater than
approximately 20 g radius, _Special "A" carbon contains virtually
all its timited pore structure ;n'poreh of 20 - 200 A radius.

A’kraft ligunin, Indulin A,T., has been-ghown by Ultra-
filtration and Cel Filtration techniques to exi;t in aqueous
solution as a variety of different molecular weight ffaéments,
with mqlecular weights tgnginé.from approximately 4,000 .to greater
xhan‘BO0,000. " Each fragment is.characterised‘by a unique
moleéulaf weight; hydrpdyﬁgmic fadiua,'characterisxic diffusivity,
sol;bilicy, and color and TbC con;eht. The concentrdtion; di

s

color and TOC content per molecule of each species in solution

--

determines overall solution’ color and TOC. 'Ihé changé in

overall solution color and/or TOC with change in solucio&ngﬂ and

solution age has been shown to bhe associated with an alte?ﬁ%ion in j



solution due to a ﬁefigienéy of pore structure in pores of less

the molecular distribution, and hence the relative concentrations,
of the various fragments in solution,

Adsorption of.Iignin from aqueous solution onto agtivgtéé
carbon has been showﬁ to.proceed by a selective adsorption
mechaniam, Here the smallest adsorbable fragme&ts are preferentially
adsorbed initially, with progresbive preferent{al adsorption of .
increagingly larger fragments as either contact time qr‘carbon
dosage is increased. Correlations hetween observed adsorption

behaviour and pore structure for various carbons tend to support

Chen's hypothesis that each fragment will adsorb preferentially

* into pores of approximately 3. 3 to 6.1/ timee its: hydrodynamic

radius. It appears that carbon pore structure in pores of

greater than 16 A radius is primarily responsible for adsorption
of color and TOC from aqueons{lignin solution, Adsorption of

each species appears: to occur by an jfon exchange or concentration-
.
precipitation mechanfsm. . K -
Most activated carbons contain sufficient pore structure

in: pores of greater than 16 K radius to bring about good color

and TOC removals at resonably lowwcarbon'aosages;——Columbia Sy

- carbon, - however, 1s incapable of removing the bulk of 1igain

fr&gments, and henCé the major portion of —COIOY and Toc, from
golution due to lack of adequate pofe structure 4n pores of
greater than 15 x_radiég, Simflarly, Specfal A" cannot

N . . ] _
effectively adsorh the low molecular weight fragments from

v
» . . §

, \ o . .
than 16 -~ 20 A, Good color and -TOC removals are, however, possible
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with Special "A", as its limited pore structure is specific
to aﬁsorption of the fragments responsible for the bulk of

overall solution color and TOC.

) vy /

P s

.
" W o

e

Pl s

R

O

PR iy
S

P N

R e VY

ety A g

s %



LRI,

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

LIST OF FIGURES

LIST OF TABLES -

I.1
I.1.1

I.1.2

.2
I. 2.1

I. 2.2

.10'20 3' !

I.2.4
I.2.5

1.2.6

.PART I

BATCH ADSORPTION STUDIES ON THE

LIGNIN/ACTIVATED CARBON ADSORPTION SYSTEM

INTRODUCTION
. Purpose of Work

Format of Study

BACK&ROUﬁb A§D LITERATURE,REVIEﬁ
The Phenomenon of Adsorpiion
Adsorption at the Liquid-Solid Interface
Adsorption Isotherm Mbéels
Types of Adsorption
. Rates of Adsorption
Factors Influencing Adsofption In Liquid-Solid
Systens . . .
(i) . Temperature
(11) Solubility
(111) Polarity

(iv) Molecular Size

‘

(v) Molecular Gébmetry

(vi) Adsorbent Surface Area and Pore 'Volume

!
|

b

be

Page
(xi1)
{xii1)
(xvit)

1.2

I.2

1.3

1.5
IS
1.6
1.8
I.11

I.12

"1.20 -

L. 20

I.21,

i -C

1.2k
.26
I.27

. ey & Nt ——



Page

(vii) Adsorbent PArticle Size I.31

(viti) Adsorbént Surface Nature I1.32

1;2.7 Adsorption in Multicomponent Liquid-Solid I1.33
Systems

1.2.8 Adsorption bf‘Polyheric Solutes I.38

1.2.9 Adsorption of Lignin onto Activated Carbon I.k49

1;3 ’ EXPER IMENTAL ’ I.58

1.3.1 Carbon Preparation I.58

1.3.2 Adsorption Studies ‘ftja

I1.3.3 Gel Filtration, of Adsorption Residuals : I1.60

14 . RESULTS AND DISCUSSION : ‘ I1.62

L4.1 Kinetic Studies - Rates of Adsorption 1.62

‘ 1) Temperaéure A . I.69

(11) PpH Effect L ‘ . L.72

({11) Carbon Dosage Effect ' CL.76

(iv) Adsorption Selectivit:y ‘ . . 1.79

a) Color/TOC Ratio of Adsorbed'Components I;7§

b) Gel Piltration Analysis of ReJidual I.&

Solutions )

'(v) Interrelation of Adéorption and Degradation I.94

. Reactions ) &
14,2 Equilibrium Studies « Adgorption Isoéherms, - - L1.96
(1) pH Effect T - , 1.108
(i1) Adsorption Selectivity < - I.113
a) Color/TOC Ratio of Adsorbed Cmnp;nentsﬁ - I.113

b) Gel Filtration Analysis of Residual Solutions I,115

I.l;.3 Correlations’ o I.126

Ce o :
1.4.4 Solution pH Drop During Adsorption 1.136
’ :('V'i—i ) . - \\" -~ '

ks \\—Yh

1t P e A St A et S ™

P



I.5

I.6

IL1
IL1.1

IT.1.2

II.2

IT.2.1

IX.2.2

'II- 2. 3

IL3

1103']_- :

CONCLUSIONS

RECOMMENDATIONS *

PART IIX

¥

ACTIVATED CARBON

* CHARACTERISATION STUDIES

INTRODUCTION
Carbons Uséd in the Study

Activated Carbon Properties

NITROGEN ADSORPTION AT - 195.8°C

‘Theory

(i)‘ Evaluation of Total Surface Area

(i1) ‘Evaluation of Total Pore Volume

(111) Ev&l&ation‘of Average Pore Radius

(iv) Pore Size Di-stir:b/but:;lons .
Eﬁgerimentai - '

(1) freparation of Carbon Sample

(i1) Description of the Adsorptioh Apparatus
(111) Helium(Dead Space Factor .
(iv) Ni;rogeﬁ Adgorption:(

RésuHFs and D?scussibn
1) 2'I.‘h:e Adsorption Isotherﬁ - ;
(11)‘\Fundameﬁtal Carbon Bropertieé :

(11i)- Pore Sizg‘biétributioné

MERCURY PENETRATION UP TO 50,000 PSIA

Theofy

Coend .
(viif)

II.2
II' 6

1I1.8

I1.9
1.9

IX.11
I1.12
IT.1h
I1.15
11,22
II.22
112k

[
‘ﬂx.ah

i1.27

11.32

11.32

1I.ho
II.45

II.51

IT. 51

st et b g kb ST [

b TP
Fltniy

A

Br o b BA P
A

B o
o oh,

P )

.

PNy

P

<

R R P

[ Y R

JyES

[ e e e T =

f

T L T
. . -

K R Y

Ar"“v"uw
Rk i T

[



I1.3.2

IT.3.3

IL.4

IL.5

IL.5.1

ILS.2

IX.5.3

1L.6

IIQ 6' 1

Page
(1) Evaluation of Total Pore Volume and Pore II.52
Volume Distribution - ; ’
(41) Evaluation of Total Surface Area and II.54
Surface Area Distribution
Experimental - ‘ ‘ II.56
(1) Preparation of Carbon Sample II.56
(11) Description of the Mercury Penetration I1.56
Apparatus )
(111) Mercury Penetration Experiments 1I.59
Results and Discussion ’ I1.61

(1) The Pénetration Volume - Applied Presgsure CurveII.6l

~ (11) Ppore St;p Distributions IX.77
(1{1) Fundamental Carbon Properties © II.78
OVERALL ‘PORE SIZE' DISTRIBUTIONS _ II.82
" PARTICLE SIZE ANALYSIS J II.89
_Theory I1.89
(1) stieving I1.8
(11) Microscopic Counting i - I11.91
Experimental ' - A II.93
(1) sSieving - ’ . II.93
(11 Microscopic Countihg l II.94
Results and Discussion ' - 11.95

(1) Evaluation of Particle Size Distributions I11.95

(11) cCarbon Particle Size Cﬁaractgfistiéa "X1.100

CARBON ASH CONTENT . 11,105,
- : . ~

Experimental II.106

G(ix). .

T T P b "W

LN

Sentr o

P

2 rae

ey 2,

L N R T R AR

D L e T P



IX.6,2

IL.7
11.7.1

1X1.7.2

1.8

III.1

IIl.1.1

IIL.2

III. 2.1

I11.2.2

Results and Discussion

CARBON pH
Experimental

Results and Discussion

SUMMARY
PART III

LYGNIN STUDIES

INTRODQCTION

Lignin Used in the Study -

CHEMISTRY OF LIGNIN IN AQUEOUS SOLUTION
Experimental
(1) Preparation of Indulin A,T. Solutions

(11) Colour Measurements

(111) Total Organic Carbon Measurements

Results and Discussion

(1) Pactors Influencing Solution Color
a) Indulin Concentration
b) Solution pH
c) Filtration'thro"0.4§ngFilters
d) Solution Age ‘ .

(1{) FPactors Influeﬁciﬁg Solution TOC

&) Indulin Cancenttétion

b) Other Factors

(%)

I1.109
11.110

I1.110

II.113

III.2

III.10

- ITL. 1

I1I1.11
III.J11

III.12
II1.15

1II.16
1II.16
11I.16
1I1.19
III.23
IIL. o4
I1I.27
IIL.27
L7



1113
III.3.1

III.3.2

111/5)3
!
IIL.4

IIL.4.1

IIX. 4.2

"IIT.4.3

XI1.5

REFERENCES

APPENDICES

»

ULTRAFILTRATION OF LIGNIN SOLUTIONS

Theor§

-Experimental

(1) Selection and Operation of The
Ultrafiltration Cell

(i11) Selection and Calibration of Membranes

(111) * Contribution of Membrane Extractives to
. Ultrafiltrate TOC

'

(iv) Ultrafiltration of Aqueois Indulin Solutions

- Results and Discussion

|
i

GEL FILTRATION OF LIGNIN SOLUTIONS .

Theory

Experimental
(1) Gel Selection ané Preparation
(i1) Packing the Gel Column

{111) Description and Operat
Filtration Unit

of the Gel

(iv) <Calibration of the Gél Bed

Results and Discussion

(1) Molecular Weight Calibration of the Gel Bed
(11) Molecular Weight Distributions in

Aqueous Indulin Solutions

SUMMARY

LRy, S

Page.
III.29

III.30
III.31

III.31

III.33 .

III.36

III.38

III.39

III. Uk
IIT. MY -
III. kg
III. 49
III. 50

IIT.52

III.Sh4

III.55

III.55
I1Y.64

II1.75

A.d

I.147-1.160, II.119-I1.179, III.80-

(x1) .

I11.83



s : ACKNOWLEDGEMENTS

.My'gincere thanks to Dr. A. Benedek for guidance and
supervision in conducting this work; to Dr, R.B. Anderson,
‘Dr. J. Eagan, Mr. A, Nayak and Mrs. A, Robertson for their
help 1in cogducting experimenés, and to Mrs, J., Costantino

and Mrs, D, Ahola for éatiently typing this thesis,

aF



~—/\\\ .. FIGURES

\’__/.

1.1

I.2

1.3
1.4
1.5
1.6
1.7
1.8
1.9
I.10
I.11
1.12

I.13

1.14

I.15

I.16

.17

1.18

I.19

,//// ) Page

PART I

Surfrge Attachment)of Adsorbed Polymer Molecules I.h4s5

Adsorption Isotherms of Color from Pulp Mill I.53
Effluents onto Activated Carbon

" * Color Adsorption Kinetics for Granular Carbons I.63
TOC Adsgsorption Kinetics for Granular Carbons I.64
Color Adabrption Kinetics for Powdered Carbons 1.65
TOC Adsorption Kinetics for Powdered Carbons I.66

Color Adsorption Kinetics at Different Temperaturés 1,670

TOC Adsorption Kinetics at Different Temperatures I.71

" Color Adsorption Kinetics at Different pH I.73 -

TOC Adsorption Kinetic¢s at Different pH I.7h4
Color Adsorption Kinetics at Different Carbon Dosages I.T7
TOC Adsorption Kinetics at Different Carbon Dosages I.78

‘ . »

Cumulative Color/TOC Ratio of Adsorbed Indulin I.80
Components ~ Granular Carbon Kinetics .

Gel Filtration:Analysis of Adsorption Regidual I1.82
Solutions ~ Darco KB- Kinetics ‘

Gel Filtration Analysis of Adsorption Residual I.83
Solutions - Special "A" Kinetics

Removal of Lignin Species at Different Contact Times 1.85
Using.Darco KB )

Removal of Lignin Species at Different Contact Times I.86
Using Special."A" .. .

Variation of M with Contact Time Using Darco KB 1.92
n .

Variation of ﬁn«with Contact Time Using Special "A" 1,93

(xiii)



1.20

.21
1,22
.23
I.24
.25

I.26

1.27

1,28
I.29
1.30
I.31

I.32

II.1
I1.2

11.3
114

IL.5

Gel Piltration Analysis of Adsorption
Residual Solutions - Darco KB Kinetics

Indulin Calor Adsorption Isotherms
Indulin TOC Adsorption Isotherms

BET Linearisation of Isotherm Data
Freundlich Linearisation of Isotherm Data
pH Effect on Adsorption Equilibrium

Cumulative Color/TOC Ratio of Adsorbed
Indulin Components at Equilibrium

External Surface Anchor Segment Adsorption
of High Molecular Weight Indulin Solutes on
Powdered Carbons

Variation of M_ with Carbon Doaage for
n
Several Carbons .

Adsorption Capacity Versus Specific Surface
Area for the Carbons Studied

Adsorption Capacity Versus Specific Pore
Volume for the Carbons Studied

Solution pH Drop During Adsorption =~
Kinetic Studies

. Solution pH Drop During Adsorption -

Equilibrium Studies

PART I

The Five Types of Adsorption Isotherm
Classified by Brunauer

Universal 't' Values as a Punction of

‘Relative Presgsure

r

. Dlagram of the Nitrogen Adsorption Apparatus

BET Plot for Columbla LCK 12/28
J

-~

BET Plot for Special "A"

(xiv)

7

/

1.98

I1.99
I.102

I.103

1.109
I.11h

I.123

I.125

I1.130

I.131

10337

I.138

I1.9

I5.13

I1.23 .

II.33
T IL 3L

PR T,

LR e e ¥ N



I1.6

I1.7
I11.8
I1.9

I1.10.

IL.11
II1.12

I1.13

11.14

II.15

III.1

III.2
IIL.3

TIIL.4
II1.5
111.6

II1.7

I11.8

III.9

IIT.10

Page
Comparison of Pore Volume Distributions for II.46
Darco KB Derived from the Nitrogen Adsorption
Isotherm '
An Inkwell Pore II.49
Schematic Diagram of Porosimeter I11.57
Cell Arrangement for Penetration Test II.58
Examples of P-V Data Obtained from Mercury II.6h
Penetration Experiments on Different Activated
Carbons
Mercury Penetration Data for Nuchar WV-G 12x40 II.67
Breakthrough Pressure Correlation II.69

Minimum Particle Size Separated Versus Applied
Preasure for a Contact Angle of 140° using Mercury II,70
Penetration Porosimetry Experiments

Overall Surface Area Distributions for the Carbons II,85
Studied

Overall Pore Volumg Distributions for the Carbons 1T, 86
Studied.

PART II1

Primary Precursors of Lignin A I1I.2
Tentative Structural Formula of Pine Kraft II1.5
Lignin (Marton)

!
Tentative Structural Formula of :Conifer Wood II1.6
Lignin (Freudenberg)
Color-Adsorbance Calibration 111,14
Color-Concentration Relatfonships for Indulin I11.17
Solutions
Effect of Solutfon pH on Indulin color. TII.18
Abgsorbance of 50 mg/l Indulin solutions versus III.22
Wavelength at Different Solution pH.
Change of Indulin Solution Color with Time I11.25
Concentration - TOC Relationship for Indulin ' TIT.28
Solutiots

Schematic D&agram of Amicon's Ultrafiltratfon Cell TIJ, 32

*>

(x \?)

s AP A R ahpas

Xy



IIT.11
111,12

IIX1.13

ITI. 14

III.15

IIX.16

II1.17
ITI.18

III.19

Calibration of Ultrafiltration Membranes

-

Ultrafiltration of Indulin Solutions -

Color Analysis

Ultrafiltration df Indulin Selutions =~

" TOC Analysis

Gel Filtration Experimental Unit

Separation of Molecular Weight Standards
by Sephadex G-100

Séphadex G~100 Column Calibration

Gel Piltration Analysis of 500 mg/1l Indulin

. Solutions

Gel Piltration Analysis of Indulin Solution

‘= TOC Fractionation

‘Gel Piltration Analysis of Indulin Solution

- Vigible Color Fractionation

]

(xvi)

Page
IXII.35

III. kO

|
f

!

IIT. k1

IIX.51

IXI. 57

III,60

III.66

III.72

ITI.73°



L1

I.2

1.3

I. 4‘

1.5
I.6

1.7

I.8

1.9

I.10

I.11

I.12

I.13

1. 14

TABLES

PART I

Adsorption Isotherm Models Used in Describing
Adsorption Behaviour in Liquid-Solid Systems

Summary of lLiquid-Solid Adsorption Systems
Exhibiting Pore Diffusion Controlled Adsorption
Rates

Models Used in Describing Observed Adsorption
Rate Data in Lquid-Solid Systems

Adsorption From Solutions Containing More than
One Solute

. Overall Rates of Adsorption of Polymeric Solutes

.
Effect of Polymer Molecular Weight on Adsorption

Common Models Used in Describiang Polymer
Adsorption in Liquid-Solid Systems

Equilibrium Color Removal Versus Carbon Dosage
for Various Carbons

Equilibrium 10C Removal Versus Carbon Dosage )
for Various Carbons ' )

Equilibrium Color Rémoval at pH 7 Versus
Carbon Dosage for Various Carbons *

Equilibrium TOC Removal at pH 7 Versus
Carbon Dosage for Various Carbons

I

. |
Removal of Various Indulin Speciesfas a

Function of Carbon Dosage Using D%fferent Carbons

_Lorrelation Coefficients between Adsorption
Capacity and Specific Pore Structure for the
Carbons Studied

Correlation Coefficients between' Adsorption

Capacity and Specific Pore Strugture for
Adsorption of Various Lignin'cigponepts .

/
/ (xvif) / _

1.9

I.15

1.19

I.35

I.40
I.h3
I. b7

1.106
1.107
I.111
1.112
1.116

1.129

1.133

" E
¢
-«
.

+

i Sas s,

eI, Tt

[UF SN PSR

. rare

M WA R (M MMAATIALS S s p A AN R mg

P TP




IL1

112
1.3

I11.4

II.5

IX.6

II.7
II.8
I1.9

II.10

III.1

III.2

" 1I1.3

ITT.4

II1.5

I11.6 .

— —e

PART II

Specification Properties of Activated
Carbons Investigated

Carbon Properties and -Evaluation Techniques

Comparison of Surface Areas dertved from

Nitrogen Adsorption Data for the Carbons Studied

Carbon Fundamentsal Properties Evaluated
from Nitrogen Adsorption Experiments

Minimum Applied Presiure Required for
Mercury Penetration of Voids Between Carbon
Particles for the Carbons Studied

Fundamental Carbon Properties Evaluated
from Mercury Penetration Data

Sieve Analysis of Powdered Carbons

_Carbon Particle Size Characteristiés

Carbon Total Ash Centents
Carbon pH Values
L&
PART III
Molecular Weight of Extracted Alkali“Ltgnins

Color Characteristics of 50 mg/l1 Indulin
Solutions at Different pHs

Contribution of Membrane Extractives to
Ultafiltrate TOC

Standards Used in Calibration of the Gel
FPiltration Unit

Effect of Column Operating pH on Sephadex
G~100 Gel Resolution of Globular Proteins|

Average Molécular Weight of Indulin Species
in Solution

xvith)

Page

II.7

»~

I1.8
II.38

II.ho

II.72

I1.79

11.99

IX.101

II.107

IT. 113

I1II.8

III.20
IT1I.37

IIi. 56

IIT.62

IIT.69

-

1 Frepm iy o
B -

oyt

P

BN e

A O PR PO PRI X

BTN B2 Y

At

PP R, ARt Ay

————




APPENDICES

- Page -
, PART I
I.1 Gel Filtration Analysis of Equilibrium I.147.
Adsorption Residuals
.2 Relationship Between Molecular Weight 1.159
and Molecular Size
PART II
II. 1 Computer Program For Evaluation of Pore 1I1.119
Size Distributions From Nitrogen Adsorption Data
II.2 Example of Raw Nitrogen Adsorption Data I11.123
Analysis
. | N
1.3 Nitrogen Adgorption Isotherms for the II.125
Carbons Studied :
IT.4 Carbon Surface Area Distributions . I1.135
I1.5 Carbon Pore Volume Distributions ¢ II.1hk
I1.6 Mercury Compressibility Calibration I1.153
II.7 Mercury Penetration Volume-Applied Pressure II.155
Curves for the Carbons Stydied ’
II1.8 Example of Calculation of Surface Area from II.164
Porosimeter Data ,
11.9 Particle Size Distributions of Granular Carbons I1.170;
I1.10 _ Particle Size Distributions of Powdered Carbons I1.176-
PART IXX
III.1 Calibration Curves for the TOC Analyser I11I1.80

(xix)



PART I

- BATCH ADSORPTION STUDIES ON THE

LIGNIN/ACTIVATED CARBON ADSORPTION SYSTEM

- I
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I.1 INTRODUCTION "

f.l.l Purpose of Work

Kraft lignin, as it exists in effluents from

kraft mill pulping operations, is a pollutant of

natural bodies of water.} Although contributing

negligible BOD kraft lignins impart considerable

5’
color, TOC and COD to the receiving water. 1In the
future, as government regulations concerning pulp

mill efflyent discharges tightén, ligﬁin removal

may become necessary. ) ‘

Several studies conducted during the past
decade have demonstrated the technological fggsibility
of activated carbon adsorption as a treatment process
for removal of lignin, or more specifically color,
from specific, partial andvtotal kraft mill effluents.
From these studies, valu%ble information (to be
summarized later);has beén obtaineé regarding the
factors tb be considered in design and operation of
an éffective ahsorption unit.  The mechanisms involved
in yign#n adsérption onto activated carbon are still,
howeQér, genérally unclear.

-

This work is aimed at providing some fundamental



information about the lignig/activated carbon
adsorption system. It is of interest to know éhe
manner in which both carbon and lignin solution
properties effect subseqhent lignin adsorption
behaviour. Of prime importance here is the effect
of carbon pore structure on lignin adsorption, since
an appreciatién of this effect will provide import-
ant information on carbon selection.

To the writers knowledge, this study repres-
_ents the firs£ attempt at a fundamental appraisal of
the lignin/activated carbon adsorption syﬁtem in
which both the lignin solution and activated carbon
;dsorbents are first comprehensively investigated in
terms of.factors which may influence subsequent
adsorption behaviour. |

I.1.2 “Format! of Study

The work is divided into three main parts, viz.

’

Part I Batch Adsorption Studies on the-
Lignin/Activated Carbon Adsorption System

Part II Activated Carbon Characterisation Studies

Part III Lignin Studies

-

T T



1.4

This has been dong for reader convenience, since
each pa¥t of this study required extensdive and
‘relétively independent investigations. Only Part I
.of this work is considered here. , In wrifing Part I,
it is assumed that thé reader is already familiar
with the activated carbon and lignin solution prop-
erties evaluated in Parts II and ;II.

Solutions of an acid—ﬁrecipitated pine
kraft lignin, Indulin A.T., were uséd as the lignin
solution in this work. This was preferred over the
use of an indusérial kraf£ mill effluent since the
lafter inevitably contains other organic solutes
which may interfere with lignin adsorption.

Indulin solution cowditions were chosen to.
duplicate as accurately as possible the conditions of
lignin existing in thé unbleached decker effluent of

a 'typical' kraft mill (Day, 1972), i.e.

[EENY

lignin concentration - 500 mg/1
PH 10
temperature . 35°c

L Di
e

« g s
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on each other due to inter-molecular attractions; an

;solutiagns,

1.5

I.2 BACKGROUND AND LITERATURE REVIEW

I.2.1 The Phenomenon of Adsorption

Adsorption‘is a surface phenomenon, involving
interfacial accumulation or concentration:-of a particular
component or components at a surface or interface. Wﬁen
two immiscible phases are contacted, molecules in the
vicinity of the surface will have an immediate influence
adsorption potential is thus established between molecules
of the two phases. Molecules possessing this adsorption
potential tend to assemble at the phase boundafy;
continuous congregation of molecules evéntually leads to
establishment of a surface film. This process is termed
adsorption.

y Ads ) ion from a one solute, one solvent solution

at the liquid surface can be mathematically described by

the Gibbs adsorption e uation$(Gibbs, 1961)\for dilute
a

-

i

ri ~c, [ae4® (1.1) .
2 _< qc T
RT 2
-

where nt. the rface excess of solute over solvent
at/the interface ‘

~

C_ = the concentration of solute in solution



I.G
g . . .
o = the interfacial surface tension between
phases « and ¢ ) - )
T = absolute temperature

R = universal gas constant

From equation (1.1), édsorbtionibf solute can be estimated
provided the relationship between(:)’otB and Cy is known at

a particdiar temperature. Equation (1.1} also inaicates
that any solutes capable of rgducingrdqein solution such
as detergents (Weber 1972) will be.positively absoxrbed
at the interface, whereas for stroné electrolytes the
reverse occurs. Both McBain aqdﬂHnmphreys (i962) and

Swain (1930) have verified equation (l1.l) experimentally.

I.2.2. Adsorption at the Liquid-Solid Interface

In the case of simple liquid-sglid adsorption
o ‘ .
systems, as discussed. at length by Kipling (1965) and

Chen (1970), the Gibbs adsorption equation cannot be
used for prediction of adsorption behaviour. This is

. ok . . . . R .
because o a, which is an interfacial energy term, is not

constant over the entire liquid-solid interface. Varia-.

#

[ 4 -
tions of ¢ ' will occur at the interface due to the hetero-
geneous nature of the solid surface caused by localised

surface contaminétion and roughness.. Furtherﬁoré,'it is

| ~

L e A ‘-"
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{

not possible in liquid-solid syétems to measure the

surface excess [|

5 directly; only the co;;espdnding~

surface concentration n, can be evaluated.

s

For dilute solutions, it can be shown that n,
can be related to dde‘by an equation analogous to equation

(1.1), i.e.

) ,
n, =-sc, [dg a8 1.2)

RT
—
where S is the specific surface area.of adsorbent avail-

able for adsorption. Furthermore, if it is assumed that
negligible adsoprtion of solvent occurs in c¢omparison to
that of solute, and also that solution volume does not

change with adsorption then it can be shown (Kipling,

. ¢ . s .
1965) that the individual adsorption.of solute n2 is

given by ~
S (o] ¢
n, = Vg(Cy - C2) = X (1.3)
m m
.where Vg = solution volume . _éa )
g; = the initial .conc¢entration -of solute in solution |
C2 = the equilibrium concentration of solute in
solution after contact with amount m of
‘ adsorbent. 4 . -
x = the amount of €olute.removed from, solution after

contact with amount m of adsorbate
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Combination of equations (l1.2) and (1.3) yields

3 o ) ,
= -8 C (dofa)T = £(c,), (1.4)

x
= 2
m RT d <,

Equation (l.4)iisgxepresentative of the adsorption of
solute onto the surface of a solid adsorbent, in the
case of dilute solutions where negligible adsorption of

solvent occurs, and is termeg\the adsorptién isotherm for

. the solute.

I.2.3. Adsorption Isotherm Models

Y Generally the relétion between ;i and Coe which
describes the distribution of adsorbed component between
surface and bulk solution, is not linear. Several models
have been used to describe observed adsoprtioﬁ behaviour.
These are summarised in Tgble I.l. The Langmuir model
often fits the isotherms obtained for adsorption of soliés
from solution, namely fof adsorption of stearic acid onto
.carbon black'frbm.various solvents (Kipling and Wright,
1962) and phenols from agueous soLﬁtioﬁ onto activated
carbon (Sﬁoeyink, 1968). The Langgﬁir model cannot be
applied to systems in'whicﬁ no limiting adsorption value
occurs; ﬁowever, it.has found ;pplicatiop éven in cases

where solvent adsorption is significant. The B.E.T. model

»
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can be ,used where no limiting adsorption value occurs,.
but as yet has found little application in describing

adsorption behaviour in liquid-solid systems. However,
it adequately describes tHe adsorption of benzoic acid

/
from-aqueous solution onto non-porous Graphon carbon

(Smith, 1953). Csnversely, the semi—empiricél
‘Freundlich model has found wide applicability invdescrip—
tion of observed adsorption behaviour in a variety of
liquid~-solid systems. Apart from its proven ability in
description of simpie liquid-solid adsorption systems, it
has also been applied successfully in description of
adsorption behaviour in multicomponent liquid-solid
systems{ as in the selective adsorption of -a variety of
components from doﬁestic and pulp mill ef¥luents onto
activated carbon (Weber,.l972: Timpe, 1970 (a), (b): Fuchs
1965: McGlasson, 1967: Bloodgood, 1962). The Jowatt
model describes the adsorption of m-crésol from aqueous
solution onto coal, whereas the Davis and Rideal model

effectively describes adsorption of cetylamine from

.nuyol onto various metals (Hayaon, 1961).



I.2.4. ‘Types of Adsorption

There are three distinct types of adsérption, viz.
a) Physical adsorption B

b) Chemisorption

¢) Exchange adsorption

Physical adsorption occurs as a result of Van der
Waals attraction forces between adsorbhate and adsorbent
molecules at the surface. Here the adsorbed molecule is
not attached to a specific surface site but free to under-
go transitional mqtian at the surfaqe. Since physical
adsorption involves low energy attraction forces, heats of
adsorption are low, being of the order 2-15 ﬁ;ai/mol
(chen, 1970). Physical adsorption is easily reversible, and
is usually associated w@th adsorbed'multilaygrs.

Conversely, chemisorption 1is characterised\py
chemical reaction bethen adsorbate and adsorbent molecules
at the surface. Here, adsorbed molecules are not free to
move bnut are rigidly attached to specific surface sites by
strong localised chemical bonds. Heats of chemisorption

are necessarily higher than for physical adsorption, due to

formation of high energy chemical bonds, and are of the

-

?



order 30-100 kéal/mole, (Adamson, 1967; Graham, 1959).
Chemisorption is very rareﬁy reversible, and is usually
asdociated with limiting adsorption behaviour corresponding
to monolayer formation.

Exchange adsorption is a form of chemisorption,
wherein adsorbate ions are concentrated at a solid
surface due té electrostatic attractions to charged surface
sites, or alternatively by ion exchange with functional
groups already present in the surface film.

Generally in liquid-solid systems it is difficult
to distinguish between the various types of adsorption
based on values of heats of adsorptiop (Gregg and Sing, 1967;
Hassler, 196?). However, excﬁange adsorption is most lik@ly
to occur in adsorption systems containing solid adsorbents
with charged surface sites, such as activated carbon

(Weber; 1972). 7

I.2.5. Rates of Adsorption

The observed overall rate of adsorption of an
adsorbate or adsorbates in liquid-solid systeﬁs is
determined by one or more of se?gral transfer mechanisms.

1

The individual mechanisms at play are



I.13

7

a) Mass transfer of adsorbate from the bulk

liquid phase

-

to the adsorbent external surface.

b) Adsorption or reaction of adsorbate at the

absorbent external surface.

« c) Penetration and diffusion of adsorbate into

and along the adsorbent pores

Cx

d) Adsorption or reaction of adsorbate on the

adsorbent internal pdre structure,

Since, when considering porous adsorbents such

as activated carbon,
ively‘for adsorption
to offer resistances
the major resistance

the rate controlling

the above steps must occur success-—
to take place, they may be gonsidered
in ;eries. The step ‘that offers

is gegerally considered alone as

step in the adsorption process.

Kipling (1965), McGlasson (1967) and Weber (1972) .have

discussed at length experimental procedures that may be

" used to determine the relative magnitude of the various

resistances to transfer steps'(a) to‘(d) above, for

liquid-solid systems.

Generally, when dealing with porous adsorbents

such as activated carbon in liquid-solid systems, the

-



overall rate of adsorption is controlled by pore
diffusion transport resistance, i.e. the rate of diff-
usion of adsorbate tHrougg‘the adsorbent pores. The
literature evidence for the above statement is summar-
ized in Table I.2.

Weber (1972) has shown in pore diffusion cgntrplled
adsorption rate processes, by considering a material
balance on an elemental volumé of fluid, that the overall

rate of adsorption may be represented by the generalised

rate equation

gex = 1 d (r D,__@_c:_)~ d (x/m) ¢ (1.5)
dt r dr ar at
and r = pore radius ‘ A :
Dy = characteristic diffusivity of adsorbate /
in the r direction
« t = contact time .
C = the concentration of adsorbate at position

r in the pore
Equation (%.5), which is expressed in terms of’spherical
coordinaﬁes,’assumes the fol;owing.

a) Unidirectional pore diffusion in the r direction

b) Isotropic cylindrical pores
f

!

c) Spherical adsorbent particles |
d) No steric hindrance to adsorption

e)‘The concentration of adsorbent in the pore




Table X.2. Summary of Liquid-Sclid Adsorption

Systems Exhibiting Poxe Diffusion

Controlled Adsorption Rates

Adsorption System

Reference

Phenols from agueous solution
onto activated carbon

Weber and Morris (1963)

Aqueous extraction of substances
" from porous solids

Piret (1951)

Alkali metal cations from
solution onto phenol-~formaldehyde
resins

Boyd (1947)

Strong inorganic acids from agqueous
solution onto activated carbon

Snoevink (1968}

Lignins from aqueous solutions
onto agtivated carbon

Fuchs (1965)
McGlasson (1967)
Chen (1970)
Timpe (1971)

Polymers from various solvents
onto porous solids .

Kipling (1965)
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is proportional to its concentration in:the

bulk solution at any time t .

The limitations of this model are significant.
-Actual diffusion paths in the radial dire;éion may be

greater than the pore radius (Jackson, 1963), the

mobility of adsorbate will be reduced as it passes |,

through the pores due to frictional resistance (Faxon,

1922), and molecular screening in a tapered pore may

\

occur with 1afge adsorbates {Grant, 1960).

Provided that the relationship between C* and
x/m at time t is linear then equation (1.5) can be
readii§ solved for Dy, as Edeskuty and Amundgén (1952)

have done using adsorption rate data of phenol from

B PR
agqueous solution onto activated carbon. However, the

relationship between x/m and C* at any time t is not
“%
usually one of direct proportionality, and so solution

L]

of equation (1.5) usually involves complex calculations
for egstimation of‘Qz. Crank (1948) has simplified
equation (1.5) by stipulating boundary conditions, and

' has derived a numerical solution based on finite

-

differences, for estimation of Dy -with the aid of the
; _ (

computer. Weber and Rumer (1965) and Snoeyink (1968)

R

Ry mevg e



have éalculaEéd values of Dy from activated carbon

adsorption rate data solving Crank's model by computer.:
Weber and Rumer used a linear relation between C* and

x/m, whereas Snoeyink used a Freundlich relation

between C* and'x/m.

Crank's model cannot be effectively used to

estimate Dy in cases where the relationship between C*

L]
and x/m at any time t is not linearisable using con-

ventional adsorption models (see Table I.l). Tien ‘

(1960) has developed a method for solutidén of eqguation

I

|
(1.5) by relating x/m at any time t to a polynomial
Y g .

-

expression involving time, i.e.

- i
Xy _ ““Og P, t (1.6) ‘
3=
where the various Pi values are determined from experi-

mental rate data. Here using equation (l1.5), where

(x/m)t is expressed in terms of a polynomial expression,
th% chargcteristic diffusivity can be évayuated by

L \matching_obseryed and calculated adsorption kinetics.
Dedrick and Beckman (1967) have indicated that in an

infinite bath, solution of equation (1.5) for short

-

contact times and wastewater adsonption systems is given
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by

(L.7)

where Co = initial concentration of adsorbent in
bulk solution hd

C = equilibrium concentration of adsorbent in

e .
bulk sclution

C* = adsorbent concentration in bulk solution at
time t

Dp = adsorbent particle diameter -

Thus the intial slgpe of a plot of BCO—C*)/(CO-Ce)]
versus t% can be used in equation (1.7) to estimate DL'
The aforeﬁentioned discussion has iﬁéicated that
overall adsorption rates of adsorbates from solution
on£o porous' sQlids may be expressed terms of a
characteristic diffusivity. Other researchers have
characterised observed adsorption rate data by the use
of empiricai models. ‘Such models, listed in Table I.3
enable characterisatio; of adsorption rate data in terms

of a rate c¢onstant k, whicﬁ is related to Q&.
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Table 1.3, Models Used in Description of
Observed Adsorption Rate Data
: in Liquid-Solid Systems
Authox Model i Applicability
Kawecka x\ . (%1w~t Adsorption rate of
(1963) m/ X + t p-cresol from solution
| onto charcoal
T
Fava -d¢ _ 2 kX ¢sinh b¢ Adsorption of sodium
{1956) dt - ) dodecylsulphonate from
where *: x\ - [x aqdeous solution onto
Mjoo \M/¢ cotton
x
mjoo
" Hobden (5 xt Adsorption of polymers
(1953) m/ = e from a variety of
(5 _[x solvents onto.charcoal
Mjeo \IMJ¢ .
Snoceyink X\ - k tk Adsorption of phenol
(1968) m T from aqueous solution
onto activated carbon

e — ) gyt
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I.2.6. Factors Influencing Adsorption In
Ligquid-Solid Systems

£.2.6. (1) Temperature

| Sy§tem temperature increase generally gives

rise to two distinct changes in the adsorption system,

namely weakening of adsorbate-adsorbent andqadsorbate—

adsorgate intermolecular forces in the surface la&ers,

and increase of adsorbate solubility in the solvent. It

would thus be expected that system temperature increase

would decrease the equilibrium éxtent of adsorption.

This is usually the case, as indicated b; Daniel (1951)

in adsorption of stearic acid from benzene onto nickel

powder, Snéeyink (1968) in adsorption of HCL and NacCl ;
from aqueous solution onto activated carbon, and |

Benedek and Ho (1973) in adsorption of various components

of dé&estic sewage onto activated carbon. The overall

|
i

adsofﬁ;ion process is thus usually exothermic.
KHowever, in systems which experience iﬂcreased
solute solubility witﬁ temperature, sucﬁ as aqueous
solutions of lead chloride or n-butyl alcohol in water,
the solubility effe¢t may override the adsorbent- -

absorbate effinity effect, resulting in increased



J
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I3

édsorption extent with increase in temperature (Fuchs,
1965). This observatidn is also experienced in
adsorption of some polymers from solution onto porous
solids (Kipling, 1965). y
Adsorption rate generally increases with ipcréase
in adsorption temperaﬁyre. Thié is'assocfsteé with an
increase in adsorbate mobility, coupled with a decrease
in solvent viscosity. Snoeyink (1968) has confirmed the
increase of'adsorbate characteristic diffusivity~DL
with temperature increase for inorganic acids and
phenols in their adsorption from aqueou§ sq}ution onto
. activated carboﬁ;{ Hénsen (1953) gas stated that the.
effect of témperature on adsorbate diffusivity is of‘the
form_

D, = (1.8)

= KL
A+ (B/7)]

where K, A, B are constants for the systemn. \\\‘-__,//’"///

>~ N

.I.2.6. (ii) Solubility

- -

Generdlly, increase in soclute solubility is
- .} .
associated ywith an increase in the extent of adsorption

e

: : v .
of solute. This occurs as a result of changes in the

"

relative magnitudes of solute-solvent and solute-

~



adsorbent affinities; the less soluble - or more

¢ ) R
lyophobic - the solute, the greater igs its potential to

concentrate at the interface and be adsorbed. For
adsorption of a 'liquid' solute from a solution of two
completely miscible liquids, Eberman(1925) has indicated
that the inverse relation between solute sqlubility

and adsoxrption is of the form

= Xy {c* o,"‘@:ll/kz (1.9)

S

X
m o

where S, is the solute solubility and kl’ k2 are

e

constants.
For 'solid' solutes, Lundelius (1920) has
shown, in studies on the adsorption of iodine from

various orgahic solvents onto charcoal, that an inverse
L -
proportionality .exists between solute solubility and

’

extent of adsorption. Lundelius' rule has been con-

~

firmed by ﬁany researchers for a variety of adsorption
systems (Freundlich (1926), McKelvey (1958), Hansen and
Craig (1954)), although Weber (1972) points out that

many adsorption systems exist in which Lundelius®' .rule

3

\
is not obeyed.
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I.2.6.‘(i£i) Polarity

The effect of solute polarity on adsorption can
generglly be estimated from Traubes' rule (1891), which
states that a polar solute will prefer the phase that
is more polar, with a non-polar solute preferring the
more non-polar phase. In this context, the act?vated
carbon surfaceLIé essentially non-polar. The observed
increased adsorption in a homologous series of organic
solutes from aqueous solution onto activated carbon is
thus in agreement with Traubes' rule, -since an
increase in the relative number of non-polar C-H bonds
per molecule will give rise to decreaseé polarity -
and soiubility - as the homolbgous series is ascended.

nger (1972) states that for adsorption of
relatively simple solutes from agueous solution onto
activated carbon, adsorption ig at a minimum for
charged species and at a mafiggg;for:neutral species.
As solutes become more comp}ei, however, the effect of
solute polarity becomes less important in comparison
to solute molecular size and/or solubility consideragions.

'

It is evident that solute polarity is influehnced




by.a variety of factors including solution pH and temp-
erature. Phelps (1931) has shown that the occurrence
of ma%imumwadsorption\of propionic acid from agqueous
solution onto activated carbon at pH 3.5-5.5 is
associated with minimum solute polarity. Similarly,
Fuchsi(l965) attributes the maximum adsorption of
lime-treated, caustic stage, pulp mill bleach plant
effiuen£ at pH 5 to the existance of neutrally

charged calco-lignin color bodies in solution at this
pH. The low favourability of adsorpéion'of organic
pollutants from domestic sewage by activated carbon may
;lso be attributed to decreased.solute polarities,
althougH'Weber (1972) suggests that this observation
may be due to neutralisation.of adsorbent surface
charges,'&ielding an increase -in the number of

available adsorption sites.

I.2.6. (iv) Molecular Size
* ‘Generally, for a given class of compounds,
increase in solute molecular size - or weight -~ is

associated with increased adsorption. This is

especially noticeable for adsorption onto ngn-porous



solids, where steric hindrance to adsorption is
negligible (Kipling, 1965). Here increase iﬂ
solute molecular size is associated with decreased
solubility and polarity, notably in polar: solvents
such as water, resulting in increased adsorption
potential at relatively non-polar surfaces.

For a given class of solutes, the overall

rate of adsorption will decrease with increased solute

molecular size, notably on porous solids. This

effect is associated with decrease of adsorbate

mobility with increased molecular size, resulting in a

more sluggish movement of adsorbate through the
adsorbent pores.

The aforementioned generalisations only hold
for molecular size effects in a given class of
compounds. As Weber ;nd Morris (1964) have
corgectly pointed out, large.molecules of one part-
igular class of compounds may adsorb more rapidly
and less extensively than smaller molecules:of
apother chemical configuration. In addition, steric

hindrance effects in adsorption onto porous solids

'
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may prevent adsorption of larger adsorbates, although
considerable adsorption of their smaller derivatives

may occur.

1.2.6. (v) Molecular Geomgtry

For simple solutes, provided no steric hindrance
to adsorption occurs, the studies of Webgr and. Morris
(1964) on adsorption of sulphonated alkylbenzenes
subséituted in the 2, 3 and 6 positions onto activated
carbon would indicate that molecular geometry has
é;gligible effect on either adsorption rate or
capacity. Although Weber and Levy (1959) noted a
marked increase in adsorption of solutes onto activated
carbon for solutes in the series 2, 6 dimethyl to
2, 6 dibutyl phenol, they attributed this to the
decreased solubility of the lattgr compound over the
former in the hydrocarbon solvené; rather than to
differences in molecular geometry.

However, Zeichmeister (1950), by demonstrating
that the adsorption of hydroxy- and amino-benzoic
acid from aqueous solution onto activaéed carbon is

strongly dependent on the substitution position of
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| -
hydroxy and amino groups in the benzene ring, suggests
that moleculaf’geometry may influence adsorption
behaviour.

I.2.6. (Vi) Adsorbent Surface Area and Pore Volume

Providing there is no steric hindrance to
adsorption, then the extent of adsorption is directly
related to the total surface area of pére volufje of
the.adsofbent. As Grant (1960) clearly points out,
however, there is generally steric hindrance to
adsorption arising from solute molecular size and
adsorbent pore gize considerations. Here solute /
molecules having hydrodynamic radii greater thaQ/the
diameters of some of the adsorbent pore necks will be
effectively screened from such pores; a portion of the
total surface area and pore volume of the adsorbent
will not be available for adsorption. The portion

available to adsorption of a given solute is termed

the specific surface area and specific pore volume.

Specific surface area and specific pore volume available

to an adsorbate is dependent on the pore structural'

L 4

~characteristics of the adsorbent. 1In this respect,

Kolthoff and Gutmacher (1§52) have indicated the

Wl TR | L e
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adsorption of GR-S rubber from organic solvents onto
various activated carbons is proportional to specific
sur face area. Similar deduééions have been made by
Chen (1970) in studies of the adsorption of aqueous
solutions of n-butyric acid, sucrose, phenols and
lignins onto various activated carbons.

Generally, the specific surface area or
specifI% pore volume available to an adsorbent is.
difficult to assess. If adsorbate molecular size is
sufficiently small, then specific and total surface
areas and pore volumes may be assumed to be the same,
as Union Carbide (1972) suggests when considering
adsorétion of odor-causing components from solution
onto activated carbon. For'larger adsorbates: Chen
(19705 sugges£s that specific surface area may be
estimated from evaluation of the adsorbent total
surface area bY'nitfoggn adsorption ekpe;iments b;th
béfore.éhd after a@sorption. In the Wesévécé (1969)
study, specific surface areas and pore volumes were
determined by evaluating correlation coefficients

\

between observed adsorption capacity and specific

surface area i% a given range of pore sizes for

[
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several different carbons. However, as bo£h Garten
and Weiss (1957) and Kolthoff and Gutmacher (1952)
have noted, the 'correllation' approach may break
down if there is significant variation in surface
nature between the carbons used. 1In suchfcases
adsorption differences using various carbons may be

significantly influenced by carbon surface

characteristics, rather than purely by pore structural

considerations.

For agueous solutions of 'solid' solutes, Chen

(1270) has shown that adsorption of solute from

aqueous solution onto activated carbon occurs primarily

.

by a concentration-precipitation mechanism. Here

solute molecules are concentrated in an adsorbent pore,

to an extent dictated by their initial concentration

~

in solution and pore radius, according to the’

/relationship

i

2 % _ Rr 1.fc’ 4 (1.10)
r . CO c.

where r = pore radius

v° = molar volume of solute
C’ = solute concentration in pore of radius r
Co = solute concentration in bulk solution

Chen states that phase separation,»érecipitatiop
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and hence adsorption will occur in only those pores
hTVing the ability to concentrate solute to a point
that exceeds its solubility limit in the solvent.
He has shown that, for dilute solutions of 'solid'
adsorbates such as phenol and lignin, the specific
pore volume available for adsorption corresponds to

that contained in pores having

3.3 £ 4 £ 6.1 (1.11)
D

where d, D are the pore and solute molecular
diameters respectively. For D76.1, adsorption
will not occur as tbe solute solubility is not
exceeded, whereas for g”<3.3, steric exclusion and
tortuo%ity effects will prevent pore peﬁetration of
adsorbate. Chen has found the specifig pore volume
for adéorption of a variety of solutes from aqueous

solution onto activated carbon to be in the pore

size ranges shown below

. o
Butyric Acid 2L - 40 a
Phenol 20 - 36 %
. o
Sucrose 27 - 49 A

Lignin ' 37 - 70 R

o )

RN
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The Westvaco study'reported the épecific
pore Volqu/contained in pores of approximately
14 - 40 R as being primarily responsible for
adsorption of TOC~contributing solutes from
municipal effluent by activated carbon.

Adsorbent pore structural characteristics
can also influence adsorptiog overall adsorption
rateé. Weber (1972) has pointed out thaﬁ in cases
where adsorption of solute is limited;by steric
hindrance Jffects, effective adsorptién will only
occur on the external surface of the adgorbent;
adsorption will thus be¢ relatively fast. In the
case where there is little or no steric hindrance,
overall adsorption rate may be much slower due to
pore diffusion fesistance, although ad#orption
capacity will be higher. The Westvaco study has
confirmed Weber's statement in adsorption rate

.studies using various powdered carbons. .

I.2.6. (vii) Adsorbent Partiéle Size

Dedrick and Beckman (1967) have indicated
that in liquid-solid adsorption systems using a

porous adsorbeﬁt, fiﬁal adsqrption capacity is

e AN

L i,
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independent of adsorbent particle size. However,
overall adsorption rate is a strong function of
adsorpent particle size in pore diffhgion controlled
adsorption processes, being proportional to the
reciprocal of some power of the adsorbent particle
diameter (Weber, 1972). Recently Timpe (1972) has
stated that the overall adsorption rate of lignin
components from various total and partial pulp .
mill effluents onto activated carbon is proportional
to the reciprocal of the adsorbent average palticle
diameter raised to the second power. These

" observations are consistent with the fact that
reduction in adsorbent particle size is associated
with a decrease in average pore length; the time \\
required for adsorbate to-pass through the pores and
reach 'internal' adsorption sites is thus shortened.

I.2.6. (viii) Adsorbent Surface Nature

Although in comparison to silica, glass

and guartz, the activated carbon surface is non-

i

polar, it does nonetheless contain many chemical

constituents in its surface layer. Such .surface

£ - BT v A eIV |
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functional groups, as may be bresent as fixed entities
in the carbon surface lattice, or as substances already
adsorbed on the carbon surface,.may influence
‘ngsorptive behaviour in liquid-solid systems. Such
surface characteristics are dictated primarily by
carbon bgse material, activation method, and sub-
sequent history. A detailed discussion of the
nature of surface f:ZFtional groups and their relation

to carbon pH has be considered elsewhere (see .
3

Pa ;‘ . Section II.7)- Suffice it-¥o say here that
the nature of the carbén surface can influence the
extent of adsorﬁtioﬁ of adsorbates, notably where - ;
exchange adsorption is-th 'redominantﬁadsorption
merhanism. In tﬁis respect Sno@yink (}968) has

shown that the surface characteristics of a carbon ‘ a
containing basic surface functional groups can be A

altered in the presence of an .electrolyte, NacCl,

with corresponding influence on its adsorption of

A

acid fram solution.

I.2.7. Adsorption In Mdlticomponent Licquid-Solid Svstems

Although bdsbrpﬁion from multisolute liquid-

~—
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solid systems generally follows the principles
pertainabie to simple systems as outlined earlier,
there are also some differences in adsorption
behaviour of solutes present in a multisolute .
solution, as extensively discu;;ed by Kip}ing (1965).
Studies of solutions containing two solutes
have shown that the presence of the second solute
can either reduce, increaée or unchange the extent
of adsorption of the first solute compared to its
adsorption from a corresponding simple solution.
Mutual inhibition of adsorption capacity can also
occur. Table I.4 summarises some of the literature
information available in this regard. Both
Kipling (1965) and Webér'and Morris (1964) suggest
that the occurrence of reduced individual solute

[N

adsorption capacity in multisolute systéms con-
¥

taining 'similar’ solutes is a result of competitive
aééorption of solutes to an extent dicated by ££e . Co.
relative sizes, adsorptive affinities and concen-

trations of the in&ivi&ual solutes in solution. It -

Y

is also apparent that, when dealing with porous-
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adsorbents, the nature of the adsorbent po;e structure
can also dictate the extent of solute competition for
internal adsorption sites. Here for examble, if one
solute is smaller in size than the others, it may be
effectively adsorbeéd in some of the smaller adsorbent
pores without-~ecompetition from other solutes.
Some,theory has been developed for application’
to bi-solute systems containing two 'similar® solutes
A and B. Butlerhand*Ockrent (1930) have shown that, in
cases whe;£Wcompetition for all available adsorption
éites occurs, and where the individual solutes in
simple solution exhibit Langmuir adsorption behaviour,
the extents of adsorption G%)A' (;38 of the soiutes
from mixed solution aré given by

(l(') = QOA bA CA* (1L.12)
m P *
A 1 4 baCp* + bpCp*

and
= by, C_*
(i)s Zop °8 % (1.13)
*
1 + bACA + bBCB*

’

Recently Jain and Snoeyink (1973) have adjusted Butler
and Ockrent's model to satisfactorily predict adsorption

from bisolute solution in the case where a portion of

P
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adsorption of solute A occurs without competition.

- * *

Here (x) - (O A,QB) b CA + Q a bA CA (1.14)
* * »
m a 1 + bACA 1+ bACA + bBCB

and

= *
B * + b C_* .
L+ b,C, 5Cp (1.15)

Equations (1.12) and (1.13) can be used in description
of the adqorption of p-nitrophenol and p-bromophenol
from mixed aqueous solution, whereas equations (1l.14)
and (1.15) are moxe applicable in describing adsorption
behaviour‘of p-nitrophenol:and an anionic benzene-
sulphoﬁate from mixed solution onto activated carbon.
In the case of multisolute sdlutions con-
taining\*dissimilar'?solutes, the relative solubilities
and solute interactiéns, rather than relative sgizes
and coﬂcentrations of solutes, appear to be the
significant fattors in determination of individual
solute adsorption from mixed solutions. The Féeundlich
model h;; successfully been used in description of
single solute adsorption behaviour from mixed solutions
of 'similar' and 'dissimilar' solutes. (Benedek and
Ho (1973, Fuchs (1965), McGlasson (1967), Timpe (1971’)).

3
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I1.2.8. Adsorption of PQ;ymer_Soluteg ;

Generally adsorption of polymeric solutes
from solution onto = golid adsorbent follows the same
principles discussed earlier for both simple and mixed
solute adsorption. In addition, certain peculiarities
unique to polymer adsorption must be considered. These
arise primarily from the nature of polymer solutions.

Firstly, polymer molecules by

\their very nature contain

a large number of chemical functional groups, each of
which may\be potentially adsorbed at a surface. |
Secondly, polymers often exist in solution as cross-
linked entities, the degree of cross—linkihg being
proportional to solubility. The existance of very lafge
highly cross-~linked speciesgs in solution can comﬁlicaée
the adsorption picture as 'adhesion' rather than
'adsorption' may become a significant attachement .
mechanism {(Kipling, 1965). Thirdly, polymers are
usually polydisperse in solution, existing as a family
of various molecular size and weight constituents. 1In
this respect, adsorption of polymeric solutes may Dbe
considered similar to multicomponent adsorption in the

special case that all solutes are derived from the same

o

S S S J—




: . 1.39

<

basic monomeric unit. Finally, since the molecular
conflgur%klon of a polymeric solute molecule can be-
anywhere from linear to spherléal depending on
polymer and solution conditions, adsorption may be
influeﬁced significantly by solute configuration.

The overall adsorption rates of polymeric
solutes are usually very slow, as indicated in Table
I.5. This observation can be explained in terms of
the very slow diffusion rates of large polymeric
solutes through the adsorbent pores: However, since
slow overall rates og_polymer adsorption have also been
evidenced on non-porous adsorbents (Peterson and
Kwei, 1961), other mechanisms are certaiély at play.
Because of the excessively long contact times required
to attain equilibrium polymer adsorption, many authors
prefer to use 'apparent equilibrium' conditioﬂ; in
describing polymer adsorption (Kipl@ng, 1965).

Studies on the temperatufe dependence of
polymer adsorption have indicated that adsorption can
eiﬁﬁer decrease (Gilliland and thhoff, 1960) or

¥

increase (Koral, 19%8) with temperatu;eirise. .Fhe
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latter obs;rvation hags been attributed t§ a displace-
ment of adsorbed Qo}vent molecules by polymer molecules
(Eirich, 1957).

Provided theré.is no significant steric
hindrance to adsorption, then the extent of adsorption
of polymeric solutes usually increases with increase
in polymer molecular weight. This is due to the
decrease of polymer solubility with molecular weight
increase. Sometimes, however, polymer\adsorption is
féund to be independent of polymer molecular weiéht
(Kolthéff and Kahn, 1950). Kipiiné (1965) suggests
that the<in£luence*of“ﬁdIéEaiar weight on adscrption
capacity in 'unréséricted' adsorption probably depends
on

a) the solvent used ('gpod} versus 'poor' solvent)
b) the closeness of adsorption temperature T
to the ipitial miqcib;lity'temperatuie
of the‘pélymer solution.
Here the dependence of adsorption on polymer molecular
weight would be more pronounced in ‘poor' solvents

where T is close'to'ei as. in such cases the effect of



\
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polymer molecular weight on polymer solubility is very
marked.

Steric hindrance to adsorption:is, however,
often very evident when dealing with polymer solutions,
since usuallf very large solute molecules are present.
The magnitude of the steric hindrance effeFt is
dependent on both éolymer moléculaf/size and adsorbent
pore size distributions. If steric hindraqce is
significant, then the reverse observation, i.e.
increase in adsorption capacity with decrease in
molecular weight, can occur (Huppenthal, 1963). 1In
‘such caseé incréasingly<larger polymeric solutes are
excluded from progreésively larger amounts of the
adsorbent pore structure, even though the éasorption
potential increases with molecular weight due to
solubility considerations. At the extreme, withrvefy
large solutes and very small adsorbent pores, no
appreciable polymer adsorption occurs, in spite of a
ve;y high adsorption potential-(Kisilev, 1963). s

Literature information on the gfféct of polymér molecular

weight on aidsorption"is summarised in Table I.6.
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Several models have been used in desoription of
observed polymer adsorption behaviour. A summary

of the more common models is shown in Table I. 7,
Since polymer adsorption from monodisperse polymer
solutions %sually tends towards a limiting value
(Kipling, 1965), description by tHe Langmuir model
seems appropriate (see Table I.1l). HoWevef, in most

| .

cases the Langmuir model will predict lower initial

adsorption vélues, and a higher limiting adsorption

value, than those derived experimentally. Furthermore,

the limiting adsorption value has been shown to be
associated with an adsorbed layer of several molecular
thicknesses (Patat, 1961; Amborski, 1950). In order
to account for the discrep?ncy, Jenkel and Rumbach
{1951) proposed the 'ancho£ segment' theory of polymer
adsorptien, suggesting that only certain functional
groups of the adsorbed macrosolute are attached to
adsorption sites, with the remaindexr of th@ macro-
molecule streaming out into the splvent phase, as

shown in Fig. I.l. At the extreme, where an extensive

number of functional groups are adsorbed, 'total

PRPEPUP R PSR T



Fig. I.1 Surface Attachment of Adsorbed

Polvmer Molecules

i

d

Anchor Segment
Adsorption
v= 1

Anchor Segment
Adsorption
V= 2

\

Total Deposition
Adsorption
Y = large

Simple Solute
Adsorption
Yy =1
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deposition' or 'layer' adsorption of the macromolecule -
occurs. The polymer adsorption isotherm models

based on this theory and indicated in Table I.7
incorporate a term ¥V, the average number of adsorbed

functional gfoups per polymer molecule, where

increase inV represents a trend to 'layer' adsorption.

In adsorption of.simple solutes, Y = 1 and the
equations in Table 1.1 fevert to the simple Langmuir
or B.E.T. forms.

In adsorption from polydisperse polymer solutions,
both 'anchor segment' and 'layer' adsorption of
polymeric sélutes certainly occurs, with the latter
mechanism predominating in adsorption of low
molecular weight species and the former occuring
almost exclusively with high molecule weight
constituentg. In addition, strong interaction between
solute and adsorbent will favour 'layer' adsorption,
whereas a weaker interaction will favour 'anchér
segment ' adsorption. However, adsorption from poly-

disperse polymer solutions does not usually tend to

a limiting value. In such vases either the B.E.T.,

. modified B.E.T. or Freundlich equation has been used
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to describe adsorption behaviour, (Kipling, 1965), the
latter being used extensively in describing adsorption
of lignin comgonents from various pulp mill effluents
onto activated carbons (see section I1.2.9).

The models in Table I.7 all assume negligible
solvent adsorption. While this assumption i; valid for
adsorption of simple solutes, it may not necessarily
hold for polymer hdsorption.1 As Kipling (1965) has point-
ed out, large numbers of solvent ﬁolecules may be
mechanically or chemically associated with each adsorbed
polymer moleéule in the surface layer. In such cases,
the term Vg ig equation (1.3) - see page 1.7 - may not be
constant during adsorption. Hence the valués of
polymer adsorption (x/h)p calculated from equation (1.3)
may not be accurately reflective of trué€¢ polymer
.adsorption. /

Unlike most simple or mixed solute adsorption
systems, the polymeric solute molecules can undergo
considerable change during the adsorption process, as a
result of adsorption.conditions. Thése‘changes can

occur either in bulk solution or in the adsorbed layer.

For instance, continuous mechanical degradation of

B |
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polymeric solutes to higher -or lower molecular weight
forms can occur in solution, gimply as a result of
imposed agitation of the reaction vessel (Sonnfag

and Jenkel, 1954). Such changes can complicate the
adsorption picture, as the adsorbate is presented with
solute of continually changing characteristics.

I.2.9 Adsorption of Lignin Onto Activated Carbon

Several researchers have studied the lignin-
activated carbon adsorption system. Bloodgood and Sami-
el-Naggar (1962) demonstrated in batch‘experiments
using various pg%yerized activated carbons and a one
hour contact time, that virtually complete decolorisation
of acid, caustic and combined NSSC pulp milkl bleaching
effluents could be attained; The adsorption of lignin,
as measured by eelor and TOC, was adequately described
by the Freundlich model. 1In addition, it was also found
that lignin adsorption efficiency, as measured by color,
increased with decrease in solution pH to appréximately
1.7, th{s observation being‘attributed to decrease in
solubility of the lignin cdlor bodies at lower pH. These

researchers also demonstrated that complete decolor-

" -
i
+
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isation of effluents could be obtained in continuous
flow carbon beds at flow rates of 0.5 - 0.8 gal/min—ftz.
Fuchs (1965) studies on the adsorption of
lignin, as color, from kraft mill bleachery effluents
demonstrated the pore diffusion control of the overall
lignin adsorption rate process. In batch experiments
us&ng granular carbons and a two hour contact time,
adsorption of color was also found to be favoured by
"low pH and high temperature in the 100°~ 200°F and
pPH 2 - 4 ranges studied. These observations were
attributed to decrease in the solubility of lignin
-color bodies with-increase in temperature and decrease
of pH. In similar experiments using lime-treated cauéti&
bleachery effluent, Fuchs found that maximum adsorptipn
of color bodies occurs at pH 5, in contrast to the
lack of optimum adsorption pH in the case of untreated
‘caustic effluent. He postulated that this is due to
the presence of calco-lignin derivatives, which have a
different isoelectric pH compared to the untreated color
bodies. Fuchs also demonstrated that adsorption
isothems based on color removals could be fitted by a

Freundlich model{‘and that tompléte decolorisation of

YA e AF
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all eéffluents was feasible. Adsorption of calor bodies
was also found to be significantly irreversible.
McGlasson (1967) characterised the color bodies
present in kraft mill bleachéry effluents by membrane
filtration.. He confirmed that the pH effect on lignin
adsorption is related to lignin solubility, by showing
that in neut;al or alkaline pH color bodies exist as
sub-colloidal particles or true solutes, byt at pHs less
than 3 they are present as larje gelatinous particlate
agg lomerates. 1In activated carbon adsorption studies
using IR spectroscopy, McGlasson also showed that
completé‘color removal is associated with removal of all

lignin functional groups from solution. Although he
. A .

!

found activated carbon adsorption alone is capable of *
reéucigg the color of kraft mill effluents to very low
concentrations, the most economical use of activated
carbon would be as a polishing stage a%ter lime treat-
ment .

Both Thibodeaux (1967) and Smith (1968) have
demonstrated thg épplicability of activated carbon
adsorption as-a stage in an overall ‘treatment process )

aimed at yielding a reusable water from pulp mill

4
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effluents. Using granular éarbon columns, approximatei}
70 ~ 160% removal of color bodies could be achieved at
flows of 3.6 - 6 gal/min;ftz.

Timbe (1970 a, b; 1971 a, Db) alsg studied the
activated carbon adsorption stage in various combinations
of a Lime/Bjio-oxidation/activated carbon treatment
sequence for purification of pulp mill effluents. -Timpe
showed that color adsorption isotherms obtained on
vérious mill effluents, using several pulverised carbons
and two minutes contact, could be desqribed by the
Freundlich model. The variations in éhe isotherms
obtained using different carbons were attributed to
differences in carbon pore structure. Unlike the previous -
researchers, Timpe found the color isotherms exhibited
'dog legs' as shown in Fig. I.2. He suggests that this
is due to selective adsorption of certain lignin color
bodies from solution; here adsofption of ghe major
portion of lignin color bodies does not occur until the
strongly adsorbed color bodies are almost completely
removed from solution. Timpe also €found that color
adsorption was most efficient if the effluent‘was lime-

treated prior to adsorption. In view of Dugal's (1971)



f
Fig. I.2 Adsorption Isotherms of Color
’ From Pulp Mill Effluents Onto
Activated Carbon
(ref. Timpe 1970, Kabeya 1971)
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j
findings, i.e. that lime-tredktment of kraft mill bleached

decker effluent only removes larger lignin color bodies
of greater than 5000 MW, it would appear that the
efficiency of color removal by carbon is higher if
the color bodies in solution exist as low molecular
weight solutes. Timpe also found that color adsorption
efficiency increases if the effluent is first bio-
oxidised. This is attributed to removal of bio-
degradable components present with the lignin color
bodies in the effluent, which otherwise may compete with ‘/,/
the color bodies for adsorption sites. Timpe also dem-
onstrated the lpw pH favourability of the color
adsorption process.

Kabeya (1971) studied the adsorption of
ligriin, as color, from kraft mill effluents onto
granular activated carbon. Here color adsorption
rate was found to be very slow (color adsorption was
still contiﬁuing after 48 hours contact at 25°C),
indicating a pore diffusion controlled process.
Kabeya also found £hé isotherms fitted the Freundlich
model, and exhibited the characteristic break or

A .

‘dog leg' noted by Timpe. Like Fuchs, Kabeya found
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adsorﬁtion of lignin color bodies was favoured by
lower pﬁ“in the 7 - 1l range, and higher teﬁperature
in the 50° - 100 F range. He also calculated, via
Arrhenius plots, the color adsorption activation
energy to be 7.9 kcal/m;le, a value which appears to
oppose the hypothesis of chemisorption as a significant
adsorption mechanism for lignin color bodies.

Chen (1970) studied the adsorption of lignin, as
TOC, from a kraft mill bleachery chlorination stage
effluent onto various granular activated cérgons. The
sldw adsorption rate of lignin, as TOC, was confirmed;
even after 20 days contact at 30°¢C adsorption was still
occurring. Like McGiasson, Chen noted that TOC
adsorption rate increased with/ decrease in carbon
particle gize, although 'final' adsorption was indeﬁend—
ent of adsorbent particle size. Chen also suggesté
that TOC adsorption occurs by a concentration-
preqipitation mechanism, whereby lignin components
'salt out' and adsordb in the carbon pores to an extent

dictated by the initial concentrations’ of lignin

components in bulk solution, and carbon pore structural

N

o —
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characteristics. By relating carbon pore strucﬁire in
the 37-70 2 pore radii range to observed TOC adsorption
isotherms using various carbons, Chen has shown that
this pore size range is reasonably reflective of the
specific carbon pore structure in which preg;rential
adsorption of TOC—contributing golutes from bleach
plaht chlorination efflu;nt occurs.

| jOther researchers have logked at the lignin/
activated carbon adsorption system, although their
findings are limited. Copeland and Sﬁithson (1971)
showed that activated iFrbon produced from sulphite

waste ligquor is capable of removing significant

amounts of color from paper mill effluents. Berger

{
!
i

(1969 has indicated that pre-treatment of coloured
mill effluent with an aniOni7:polymer_enhances sub-
séquent color and TOC adsorption efficiency on
activated carbpn.

Unfortunately, the studies of the lignin/
activated Earbon system summarised here have not been

applied to ‘'simple‘' lignin solutions but rather have

considered ,pulp mill effluents, which are coﬁplex
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multisolute solutions containing a variety of lignins
in addition Fo numerous other undefined organic and
inorganic solutes. It is thus possible that the
" deductions regarding lignin adsorption made from thefg
works’ﬁgy not necessarily apply to the adsorption 4 
lignin from 'simple' lignin solﬁtions used ihn this
study. This is because ¢
a) The presence of other non-lignin adsorbates
in industrial effluents may influence lignin
adsorption behaviour (ref. sections I.2.7
and 1.2.8.) o ,
b) The use of color, TéC, COD in quantitising
lignin removal from industrial effluents may
not be valid since other substances such as
tannins, resins, and amines present in such

effluents are also known to exert color, COD and

- TOC (Felicetta and McCarthy, 1963).

2

(3 . ' e
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I.3 EXPERIMENTAL

I.3.1 Carbon Preparation

Prior to its use in adsorption studies, the
activated carbon sample was cleaned. Here 300 - 400
g carbon was gently boiled in a 5 litre beaker with
distilled deionized wate; for 3 - 4 hours. After
boiling, surface scum and excess water was decanted
off and the resultant carbon slurry vacuum filtered
on a Watman #2 filter paper, the céke being washed
at least twice with distilled water. After filtration,
the carbon cake was gently broken up and allowed to

o
dry for 24 hours in a 103 C oven. The dried carbon

was stored in a desiccator until required.

I.3.2 Adsorption Studies _

Batch adsorption studies of the lignin/activated

carbon system were carried out in 125 ml stoppered

flasks contained in a constant temperature water bath
shaker.

A 500 mg/l Indulin solution wagjprepared at
desired pH aﬁd quantitised in terms of color and TOC

content as outlined in Part III. Fifty ml. aliquots
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of this solution were then immediately pipetted into

16 Erlenmeyer flasks, which were stoppered and ./ \ﬁ\\

—
placed in the water bath shaker at desirqd«‘J‘
. )
temperature. The flasks were then agitated at 80
oscillations per minute for half an hour, in order

to bring the lignin solution up to'temperature.

I.3.2. (1) Kinetic Studies

After initial shaking, the sage preweighed
amount of dry carbon was addea to at least 10 '
flasks. Here carbon dosages ranged from 0:03 -

0.6 g per flask - corresponding to 0.6 - 12 g
carbon/litre solut@on - depéndinghqk the carbon used.
Adsorption was then allowed to commence. After each
desired contacé time, a flask was removed and the
contents immediately filtered through a prewashed
0.45}Amembrane\filter. The filtrate was analysed -
for pH. The following control solutions were also
used in thekinetic runs

a) 50 ml buffer solution

b) 50 ml buffer solution and carbon

. c) 50 ml lignin sblution

PR T
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These were also filtered and analysed for pH,
color and TOC (where appropriate) at the same time
as the last 'kinetic'sample.

I.3.2. (ii) Equilibrium Studies

Here, after initial shaking, different pre-
weilighed amounts of the same dry carbon were added
to at least 10 flasks. Carbon dosages ranged from
0.015 - 2.g per flask - correspén@ing to 3£~ 40 g
carbon/litre solution - depending on the carbon
used., After a suitable 'equilibrium' contact time
(as determined from adsorption kinetics with the same
carbon), the solu£ions wéré filtered and filtrate
analysed for pH, color and TOC as before. CoAtrol
solutions similar to those in kinetic experiments
were also used, with control (b) being run with the

maximum carbon dosage.

I.3.3. Gel Filtration of Adsorption Residuals

Selected filtered residual solutions from
equilibrium and kinetic adsorption studies were sub-

jected to Gel Filtration through a pre-~calibrated

Sephadex G-100 gel bed, using a 0.1 M NaOH carrier sol-

=

ution. Details of the operation of this Gel Filtration

sy

B qats gy,



unit are given in Part III. Residual solutions
were stored in a 4°C incubator in the event that

immediate Gel Filtration was not possible.
3

b
E
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I.4 ND DISCUSSION A,

I.4.1 Xinetic Studies - Rates of Adsorption

The overall adsorption rates of Indulin,
measured as color and Toé, from aqueous alkaline solution
by different activated carbons are shown in Figs. I.3
to I.6. The Dedrick and Beckman (1967) approach -
see Section I.2 - was used to express the data,
assuming equilibrium contact times of 15 hours and 4
days when using powdered and granular carbons
respectively.

Generally the overall rates of lignin
adsorption are observed to be very slow, and are in
agreement with other researchers' findings (Fgchs,
1965; McGlasson, 1967; Kabeya, 1971; Chen, .1970)
confirming the pore diffusdonal control of the ovexr-~
all kinetic adsorption process. The faster Indulin
adsofption rates achiéved with powdered carbons
result primarily from carbon éarticle size consider-
ations. The smaller averagé particle diameéérs of the

powdered carbons - see Part II, Table II.8 ~ are

associated with smaller pore lengths, enabling more

-

AN
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rapid arrival of lignin solutes at pore adsorption
sites.

Carbon pore structure also influenEZS lignin
adsorption ﬁinetics. Here it can be seen from

Fig. I.3 that Columbia LCK 12/28 adsorbs Indulin

color at a faster rate than either Darco 12x20 or

Filtrasorb 400, even though the average particle sizes

of these carbons are similar. As will be shown later,
this arises because éolumbia is capable pf -
adsorbing only the small moleé&lar weight lignin
color bodies, due to lack of sufficient pore structure
in the larger pore size range specific to adsérption
of larger lignin splu?es. .

Carbon pore structural effects also sefve to

explain the 'lower-than-expected' adsorption rate of

Indulin onto Special "A"., The Indulin adsorption

rates using Special "A", Darco 12x20 and Filtrasorb

r

are similar, even though the average/particle size of -
/

Special "A" granules is approximately half that of

\

. \\
the other two carbons. As will*ggain be shown later, -
. . v - " \

this arises from the inability of Special "A" to

~
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adsorb the small lignin solutes, due to a lack of
carbon micropore structure appropriate to preferential
adsorption of these adsorbates. .
Unfortunately the observed adsorption rate
data in Figs. I.3 to I.6 is not linearised using the
Dedrick and Beckman approach, and so the adsorption ;
kinetics cannot be accurately represented by a unique
characteristic diffusivity value D, . This is the
result of two main factors, viz,
a) the 'finite bath' nature of adsormntion
expériments
b) lack of attainment of a true equilibrium
adsorption value, even at loné contact
times.
In a finite bath adsorptio? system, the Indulin
concentration in bulk solution is continually depleted

as adsorption proceeds. Hence adsorption will level off

with time due to driving force considerations. Like-

" wise, the choice of a practical pseudo-equilibrium

adsorption cohtagt time t corresponding to C, will also

cause Figs. I.3 - I.6 to deviate from linearity. How-

v
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ever, by using the aforquntioned pseudo-equilibrium
contact times for powdered and granular carbons, the
latter effect is probably minimal.

The use of other models, as outlined in
Section I.2.5,for linearisation of Indulin adsorption
rate data proved to be unsatisfactory.

I1.4.1 (i) Temperature Effect

The effect of system temperature on the overall
rate of adsorption of Indulin from agqueous solution is
shown in Figs. I.7 and I.8. Herenadsorption rate is
seen to increase with system temperature rise, this
being more noticeable when considering TOC adsorptibn
kinetics. This observation agrees with the findings
Kabeya (1971), and is probably associated with the
decrease in solvent viscosity with temperature rise.
At higheritemperature the lignin solutes will be more
mobile in the s?lvent{ and thus take a shorter time to
arrive at adsorption sites. This suppositisn is supp-

orted by noting that the viscosities of the water

solvent at 20°C and 50°C are 1.000 cp-and. 0.549 cp
. s -

respectively, representing approximately 45% drop in
y f

PRENC TP
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solvent viscosity with temperature increase “in this
range., Conversely,'in view of Webér's (1972) statement
that in liquid/solid adsorption systems, heats of
adsorption are generally small and of the same
magnitude as heats of crystallisation, it seems
unlikely that the temperature effect is a result of
radical changes in the lignin adsorption reaction.
I.4.1 (ii) pH Effect

The effect of inital solution pH on the overall
adsorption rate of Indulin froﬁ aqueous solution is
shown in Figs. I.9 and I.10. Here‘the adsorption
rate of éolor and TOC is observed to decrease with
decrease in inital solution pH. This effect is.assoc—
iated with alteration of the molecular distribution of
Indulin co&ponents in solution with pH change. As
indicated by the results of the ultrafiltration
experiments outliﬁed in Part III (see Figs. III. 12 and

ITII. 13 ), the average molecular weight Eﬁ of Indulin
b »

in solution increases with pH decrease. This is associated

with an increase in the number of larger molecular

L

weight 'species at the expense of the low molecular

weight constituents. At high pH, a significant

!
!
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\

portion of the ©verall solution color and TOC content
is exerted by relatively small molecular weight
solutes. Such species h;ve relatively high mobilities
and hence overall adsorption rate will be relatively
fast. Conversely, at pHs approaching neutral, the
bulk of overall solution color and TOC is contained
in much larger molecular weight Indulin solutecs.
~Since ‘such solutes h;ve correspondingly lowerdgobilities.
the overall rate of adsorption wiil be slower.

It should be noted here that although the
overall adsorption rate oé'Indulin decreases ,
equilibrium adsorption capacity correspondingly

increases as discussed later.
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.

I.4.1 (iii) Carbon Dosage Effect

The effect of carbon dosage on the overall
adsorption kinetics of Indulin from aqueous solution
is shown in Figs. I.1ll and I.lé. He;e the overall
adsorption rate of color and TOC is seen to generally
increase with carbon dosage. This behaviour is due to
the increased absorbent surface area that is presented
to the adsorbate with increase ih carbon dosaée. At
low carbon dosages - corresponding %8 relatively few
adsorbent particles in the system - the time taken for
adsorbate to diffuse from bu}k solution to a surface
adsorption site may he relatively long. In addition,
‘competition of adsorbates'for adsorption sites at the
surface may ‘he significant. Realisation of more
adsofbént particleétand increased available surface
area by increasing carbog dosage will result in
faster arrival of adsorbates @t the carbon surface,
and also minimise competition for adsorptionxiiteéﬂ
producing faster overa;; adsorption rates. : .

" The results ianigs. I.11 and I.12 indicate

that comparison of adsorption kinetic data for
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different carbons is only meaningful when applied to
adsorption systems using identical carbon dosages.

I.4.1. {(iv), K Adsorption Selectivity

I.4.1.(iv).a.The Color/TOC ratio of Adsorbed Indulin
Components

The cumulative color/TOC ratio of adsorbed
Indulin components at any contact time t can be

calculated from kinetic adsorption data using the

relationship _
ads .
Cu _ CUO - CUt (L.16 )
TOC t —_—
TOCO - TOCt

where CUb, TOCO, cu TOC, are the solution color and

t! t

TOC contents at t=0 and t=t respectively, as measured
at original solution éH. Fig. I.13 shows how tpis
ratio varies with contact time fof the adsorption
system studied. For all carbons, this ratio is
evidenced to. increase from a yalue of zero at t=0 to

a maximum value at low values of t, thereafter
decaying to a lower 'equilibrium' value aé longer
contact times. This suggests a selective adsorption
process, wherein Indulin solutes p;ssessing a~relativ-

ly high color/TOC ratio in solution are adsorbed.

preferentially at short contact times, followed by
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‘progressive adsorption 6f solutes of ever decreasing
color/TOC ratio at increasingly longer contact times.
In view oé studies- outlined in Part iII, which tend
to indicate tha£ t;e color/TOC ratio of Indulin solutes
decreases as solute molecular weight - and size -
increase, the results in Fig. I.1l3 support the
hypothesis that thelkinetics of édsorption of Indulin
from aqueous solution incorporates a selective
adsorpéion process, involving initial rapid preferen-
tial adsorption of the smallest adsorbable liénin
solutes, followed‘by progressive adsorption of
increash@ﬁy larger lignin solutes as contact time ig'

increased,

I.4.1. (iv).b. ' Gel Filtration Analysis of Adsorption

e ,Kinetichesidual Solutions
- -

Selected adsérption.résiduals fromﬂkinegic
studies were anal?ggd by Gel Filtration as outlined
in Part III and Section I.3.3. The molecular
distributions of Indulin components remaining in
residual solutions after various contact times are
shown for two carbons in Figs.lI.l4 and’I.15; Here

it is evident that the kinetic adsorption process is

P s AT iSRS | b
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- i

associateq\with adsorption-of each molecular species '

to an extent determined by contact time and carbon

properties. However, it is difficult to determine
the relative removalé of each species from solution
at different :ontact tiyes directly from Figs. I.1l4
agq I.15. ' , .
It is possible, however, to determine the
percen£ removal of each speciés with contact time from
Figs. I.l4 and I;lS ﬁylcomparing the height of the
distribution cufve of the original - or control -
Indulin solution to the corresponding height in the
residual solution at the same Kpy. value. 1In this
manner the percent removal of a given Indulin solute
characterised by (KAVH'_after a contact pi@e t is
given by

%Ri)t = 100 {:1..— (Ac’t/Ai)o)J (L.17) *3

where A, and A., are the values.of 254 qp,abSOrbance
L’O \,t @

at (KAV’L in the originé} and residual Indulin solution

respectively. Figs. I.16 and I.17 display the

results of application of equation (I.17) to the

residual distributions in Figs. I.l4 and~15 for each

KAv value.



Fig.1.16 Removal of Ligniﬁ‘ Species at Different

Contact Times Using Darco KB
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Fig.1.17 Removal of Lignin Species at Different

Contact Times Using Special A
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For Darco KB, F;g. I.l6 indicates that at
short contac£ times, maximum adsorption of ghe
smailest molecular weight Indulin species occurs,
with progressive decrease in adsorption of higher
molecular weight species. For example, after 1
minute contact, greater than 90% removal of species
of less than about 5000 MW is achieved, but only
about 50% removal of species of approximately
20,000 MW. A3 contact time increases, however,
gemoval of higher molecular weight species becomes |
significant. For example, after’aéproximately 14
minutes contact, approximately 80% removal of species

. !
of abouﬂ 20,00d MW has occufed. The results in
Fig. XI.16 thus support the selective adsorption
hypothesis of thé Indulin kinetic.adsorption process
outlined.in Section I.4.l.(iv).a.
> |

The selective adsorption of components during

kinetic adsorption process using Special npY carbon,

as depicted in Fig. I.l7, tend at first sight to
contradict the selective- adsorption hYPothesis

described earlier. Here, very little édsorption of
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low molecular weight species of less than approximately -
5000 MW occurs, even after long contact times.
Furthermore, significant removal of intermediate
molecular weight solutes of about 5000 - 10,000 Mw
occurs at relatively short contact.times, and
removals increase as contact time is increased. It
thus appears that preferential‘adgorption of inter-

mediate molecular weight Indulin solutes occurs on

Special "A" carbon.! This pﬁenomenon arises from the

I

pore structural nature of Special "A". In contrast teo

the pore.structure of Darco KB, which contains a
sizeable and well distributed pore structure in all

o
pores up to 1000 A radii, Special "A" contains

practically all its pore structure in the approximately
o . 1

20 - 200 A pore radii range (see Part II, Figs. II. 14

and II.1lS5). It is thus apparent that the.relative

inability of Special "A" to adscrb Indulin solutes of

less than approximately 5000 MW associated with
absence of adsorbent pore structure in pores of radii
less than approximately 20 R. This fact alone does

‘not, however, explain the comparative lack of
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adsorption of low molecular weight Indulin species

onto Special "A". Such species, having high mobilities,

certainly have the ébility to arrive at the adsorption -
sites in pores of greater than 20 g radii before
their larger cousins, and intuitively havé the
potential to be adsorbed in these larger pores.
Nevertheless, they are not evidenced to be adsorbed
in the larger pores. This may be explained by
considering equation (I.10) - see Section I.2 -

for each Indulin solute species. If it is assumed
that v° and ¢ in equation (i.10) are approximately
independent of pore.radius r, and that the constant
K in equatioh (r.10) is relaEively indepéndent of
solute molecular weight, then equation (1.10)

becomes for species ¢

/
ch. 1 _ k (1.18)
‘”’“[‘“‘"‘] ot

L
COL
Since the concentration at which the solubility
limit is exceeded will decrease as solute molecular
weight increases, equation (1.18) will predict
preferential adsorption of larger molecular weight

species in cases where two or more species may

[
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penetraée.the same pore, assuming identical initdial
concentration C%’ of each species  in solution. Since
initial concentrations of the vafious Inddlin spécies
in solution are evidenced to roughly decrease with
increase in solute molecular weight, this effect is
enhanced in the Indulin solution studied here: From
:this analysié it -is apparant that the Indulin solutes
are not significantly adsorbed in adsorbent pores of
gréater than about 20 X radii since the pore concentra-
tion effe¢t is not sufficient to bring about precip-
itation, and hence adsorption, in the pores.

The original hypothesis of the selective
aasorption mechanism in the kinetic adsorption process

. f : . :
is thus not|contradicted when using Special "A". 1In

this case, adsorption commences with preferential

adsorption ﬁf the lowest adsorbable species, i.e.

solutes of approximately 5000 -~ 10,000 MW at low

contact times, followed by progressive adsorption of
- * \

increasingly higher molecular weigﬁt solutes at

longer contact timés. . The nature -of the !locus of

maximum removal' depicted in Fig. 1.17 exemplifies

that the aforementioned hypothesis holds even when

,‘ N \

-~

S
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carbon pore structural limitations restrict adsorption
of certain lignin solutes.

Since selective adsorption of Indulin solutes
occurs in the kinetic adsorption process, the average
molecular weight M, of Indulin in solution would be
expected to change during adsorption. This is
evidenced to be the case, as shown in Figs. I.18 and
1.19. Here Mh was estimated from gel filtration
experiments on adsorption residuals as outlined in
Part III. The increase of ﬁh with contact time
using Darco KB is in agreement with the hypothesised
gselective adsorption mechanism in the kinetic ‘adsorption

process. The change in ﬁ£ with time using Special "A"

carbon is-unusual in that ﬁh actually decreases at

long contact times. Here the initial increase in ﬁh v
at short contact times is associated with preferential
adsorption of species having molecular weights

greater than the largest 'unadsorbable' species, i.e.

about 4000-5000 MW, but lower than the average molecular
weight E; of about 5900-7600 in the 'uncgntacted'

Indulin solution (see Part III, Section III.4.3 ).

The M decrease at long contact times is associated
n

[EXVS Y
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1.54
with preferential adsorption of higher molecular weight
species having molecular weights in excess of 5900-
7600. At such times the re§idua1 unadsorbed low
molecular weight species predominate in solution and
so M_ falls.

I.4.1. (v) Interrelation of Indulin Adsorption and
Degradation Reactions

The lignin studies outlined in Part II1 have
shown that in alkaline solution, Indulin will degrade
with time, resulting in loss of solution color and
an increase in the average molecular weight of Indulin
solutes., This effect can influence adsorption

;

behaviour, since the adsorbent is presented with
adsorbates of dynamically changing characteristics. The
effects of both adsorption and degradation on the
molecular weight distributions in residual Indulin
solutions are amply ;ndicated in Figqg. If20. Here
increased adsorption of lignin.species haQing KAV
values less than about 0.2 is seen‘to occur with increase

in contact time, However, the degradation reaction

is also simultaneously taking place, as evidenced by
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the shift in the intermediate peak of th# distribution
?

from a KAV value of 0.5 in the original Indulin
solution {(see Part III, Fig. III.l7) to values of 0.35
and 0.25 after 0.8 mins. and 14 mins. contact
resbectively. This observation indicates that both
adsorption and degradation of lignin occurs simult-—
aneous during the kinétia adsorption process, and
furthermore, that the two effects cannot be segregated.
The presence, of the lignin degradation
reaction gives rise to uncertainties regarding which
lignin molecular distribution to use -~ viz. the
distribution in a freshly prepared or S—d;y 0ld Indulin
solution - as an initial distribution for the purposes
of calculating the percent remoyals of species in
Section I.4.l1 (iv)b. The 5-day aged distribution was

used for this purpose, although the limitations of use

of either distribution are clearly recognised here.

I.4.2 Eguilibrium Studies —~ Adsorption Isotherms
Equilibrium adsorption studies on adsorptioh
of Indulin from alkaline solution:were conducted by

the procedures outlined in Section I.3.2,%using
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contact times of 15 hours and 4 days for the powderqd
sl

and granular carbons respectively. The results are-

expressed in terms of the adsorption isotherm (see

Section I.2.3 ), which desFribes the distribution
of Indulin color and TOC'beéween adsorbed and un-
adsorbeé phases. The color and TOC adsorption isotherms
for the carbons studied are shown in Figs. I.21 and
I.22.

Generally the isotherms are observed to be
similar in -shape. They exhibit characteristics of’
an unfavourable isotherm at high values of relative
equilibgium concentration in solution C*/CO, and .
favourable isotherm characteristics at low values of
C*/Co. Ge;eraily, at low carbon désaégs, adsorption
intensity of color and TOC, as ﬁndicated by the
adsérption éerm (x/m), is high, altheugh fhe portion
of color and TOC removéd from solution is relatively

small., This suggests that the smaller molecular

weight Indulin species, whiéh appear to have a higher
\ ;

H : !
color and TOC conteqt per molecule than their larger

cousins, but exist in alkaline solution at much

£
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lower concentrations, are adsorbed preferentialiy at
low carbon dosages. As carbon dosage is increased,
the cumulative adsorption intensity term (x(h)
decreases, together with a significant decreasé in
C*/CO. Th&s is associated with progressive prefer-—
enﬁial adsorption of larger molecular weight solutes,
which have a lower color and TOC content per molecule
than their smaller cousins, but because of their
;elatively high concentrations in solution, contribute
the main portion of overall solution color and TOC.
At values of C*/CO about 0.2, the isotherm again
;écomes favourable, although the cumulative’adsorption
intensity term (x/m) is low. This region of the
is;therﬁ, if preéent, ié associated with removal of
the largest molecular weight Iﬁdulin solutes, which
haYe the lowest color'and TOC per molecule of all
'compirenfé and, because their concentrations in the
solutiqgn studied are low, do ﬁot contribute a large
portion of the overall solution Toé and color, notice-
ably the'latter. ‘
In view éf Chen's (1970) findings regarding

the concentration-precipitation nature of the lignin

Ay

-
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adsorption process, the shape of the isotherms also
suggests that the precipitated (i.e. adsorbed) lignin
solutes are not chemically uniform. The 'b}eakpoint'
between the unfavourable and favourable portiqns of
the isotherms may be indicative of significant
chemical differences, or multilayer adsorption in
the adsorbed Indulin species.

The shape of the adsorption isotherms suggest
that they are linearisable in terms of the B.E. T.
model. However; B.E.T. linearisation proved to be
unrepresentative, as illustrated in Fig. I.23. The
Freundich model also proved inadeqﬁate for linearisation
of isotherm data. It should be noted here that
Langmuir-type models are inappropriate to description
of adsorption characteristics of the system studied
since adsorption does not attain a finite 'equilibfium'
v;lue at high éarbon dosages, corresponding to a
constant residual concentration of color or TOC in
solution.

In contrast to the color iéotherms presented
by Timpe (1970) and Kabeya (1971), the lignin color

s f
adsorption isotherms do not e#hibit a well defined
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Fig.1.24 Freundlich Linearisation of Isotherm Data
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'breakpoint' when subjected to a‘FreunAIich anal;sis.
-

Instead a smooth transition i§ noted, as illustrated

in Fig. I.24. The discrepancy arises because of

differences in lignin solution used in adsomption

experiments. Both Timpe and K;beya used lignin-

containing pulp mill effluents, which in addition to

lignin, also contain many other adsorbablg constituents‘

which may interfere with lignin adsorption’

Two additional facts should be noted regarding
the adsorption isotherms in Figs. I.21 and I.22. ‘
Firstly, these isotherms may not exactly represent
true equilibrium adsorption conditions, due to
excessively long contact times required to atﬁain
equilibrium in polymer adsorption systems. Chen (1970)
has noted that significant differences between the
lignin adsorption isotherms based on 10 and 20 days
contact are e;ident. The choice of contact times in
this study represeﬁts a compromisé between practic-—

. ality and closeness to equilibrium‘adsorption condi-

tions. Seéondlf, the adsorption isotherms depicted

here are calculated on the assumption that negligible
L N .

adsorption of the solvent, i.e. water, occurs. This

may not necessarily be a good assumption in the case
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of lignin adsorption, where significant numbers of
chemically or mechanically inbound water molecules
may be associated with the large Indulin macromole-
cules in the adsorbed layer. In such instances, the
term Vg in equation (I.3 ) may not be constant and
assumed equal to the initial solution volume. How-
ever, measuremeﬁts of the residual solution volume

after adsorption have shown that Va only decreases

.

~

slightly during adsorption.

The adsorption -isotherms also iﬁdicate the
relative efficiences of each carbon in removing
Indulin, as color and TOC, from solution. In this
respect, Darco KB is the most efficient of the carbons
studied at all carbon dosages. Columbia is ﬁhe
least efficient carbon. As will be seen later, the
relative efficiences of the various carbons are
related primarily to carbon pore structural charact-
eristics. It is possible to calculéte the percent
removal of color and TOC at a given.carbon dosage
directly from the isotherm from a knowledge of (x/m)
and C*/C . Tables I.8 and I.9 summarize these

calculations.
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Table I.8. 'Eguilibrium' Color Removal Versus
Carbon Dosage For Variousg Carbons

500 mg/1l Indulin

pPH = 10
T = 35°C e
Initial Color = 4200 CU
Carbon Dosage (g/l) Required to
Achieve a Given Percent Color Rémoval

Carbon 25% 50% 75% 90% 100%
polumbia LCK 13.5 31.5 40 - -
Darco KB 0.34 1.15 2.9 5.0 16.0
Darco S-51 1.16 | 2.5 5.4 9.2 18.0
Darco 12x20 N £ 2 4.6 11.5 16.5 26.0
Aqua Nuchar A 2.8 8.1 14.0 18.0 7 20
Filtrasorb 400 1.3 4.0 13.5 |7 20 7 20
Special "a" 3.0 7.7 13.5 20 33




Table I.9. 'Equilibriuﬁ TOC Removal Versus
Carbon Dosage For Various Carbons

500 mg/l Indulin

pH = 10

T = 35°C

Initial TOC = 335 mg/1l

Carbon Dosage (g/l) Required to
Achieve a Given Percent TOC Removal
Carbon 25% 50% 75% 90% 1004
Columbia LCK 8.0 27.0 7 40 - -
D;rco KB 0.5 1.4 3.6 7.2 20.0
Darco S$-51 0.84 2.35 5.3 10 7 20
Darco 12x20 <2 3.7 9.2 15.5 32.0
Agua Nuchar A 1.25 4.5 11.5 18.5 | 720
Filtasorb 400 1.65 6.0 15.5 - 7 20 > 20
Special "A"* 2.7 6.4 11.5 21.0 |y 32
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1.4.2. (1) pH Effect

The effect of initial solution pg on the
extent of adsorption of Indulin, -as TOCC, from agueous
solution onto different activated carbons is shown in
Fig. I.25. Here with all carbons, adsorption capacity
decreases with decrease in solution pH, an effect noted
earlier by Fuchs (1965), McGlasson (1967) and
Kabeya (1971). This is attributed to the decrease in
solubility of lignin comp?nents with pH decrease, a
fact supported by the results of the ultrafiltration
experiments outlined in Part III, where pH'decrease is
.associated with the presence of larger Indulin solutes
in solution. The magnitude of the pH effect on
adsorption capacity is dependent on carbon pore

ructural properties. In this respect, the sizeable

increase of adsorption capacity with Special "A" carbon

stems from the fact that the change in Indulin
molecular distribution with initial solution pH
decrease results in formation of molecular weight solutes

that are preferentially adsorbed in the pore structure

. ) o )
of Special "A", i.e. in pores of 20-200 A radii. Con-

versely, the relative insensivity of the adsorption
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isotherm to initial pH using Columbia carbon arises

because this carbon contains negligible pore structure
° .

"in pores of greater than approximately 15 A radius.

Since, as will be demonstrated later, pores of

greater than 15 g radii play a major role in adsorp-

tion of Indulin solutes, molecular weight changes in

the distribution of the intermediate and larger

molecular weight I;dulin solutes caused by pH variations

will have negligible effect on Columbia adsorption

capacity, since this carbon does not posess the

necessary pore structure specific to their adsorption.
The percent removals of color and TOC from

pH 7 Indulin solutions are shown in Tables I.10 and

I.1ll respectively.



Table I.IlO

f
|
500 mg/l Indulin

pH = 7
T = 35°%

:  a LN
'Equlllbrlum Color Removal Versus

Carbon Dosage For Various Carbons

Initial Color = 280Q cu

Carbon Dosage (g/l) Required to
Achieve a Given Percent Color Removal

Carbon 25% 50% 75% 90% 100%
Columbia LCK 23.0 | »4Q - - -
Darco KB 0.3 1.1 2.4 '4.5 12.0
Darco S-51 1.0 - 2.1 3#5 5.9 16.0
Darco 12x20 £ 2 3.0 6.L 9.2 19.0
Agua Nuchar A £ 0.6 2.8 5.3 7.6 7 10
Filtrasorb 400 2.2 7.2 | 1L.5 19.0 | y 20
Special "A" 1.8 4.4 | 8.9 | 15.5 | y28

N Y
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Table I.11. 'Equilibrium TOC Removal Versus
Carbon Dosage For Various Carbons

500-mg/1 Indulin

pH = 7
T = 35°%
Initial TOC = 335 ng/l
Carbon Dosage (g/l) Required to
Achieve a Given Percent TOC Removal

Carbon T 25% 50% 75% 90% 100%
Columbia LCK 6.4 25.0 v 4Q - -
Darco KB 0.25 1.05 2.4 4.7 14 .
Darco S-51 0.66 1.85 3.2 5.5 4.5
Darco 12x20 <2 2.1 4.8 7.5 15.5
Agqua Nuchar A 2.2 4.3 5.8 ~ 7.1 10.5
Filtrasorh 400 <2 5.4 10.0 | 16.0 | 20
Special "A" 0.8 2.85 6.8 12.5 7 20
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I.4.2.(1ii ), Adsorption Selectivity -
. \ -
I.4.2,(4ii )a. The Color/TOC Ratio of Adsorbed Indulin.
components

The cumulative color/TOC ratio of adsorbed
Indulin components at eqguilibrium as a function of
carbon dosage m can be calculated from equilibrium -

adsorption data by an equation analogous to

equation (l1.16), i.e.

cu ads

— = Ccu —CIJT(\

[TogJ -2 T (1.19)
m . -TOC,-TOC |

where CU;, TOCm are the residual solution color and

TOC respectively after equilibrium contact with m

grams carbon. The variation of the color/TOC ratio
with m usigg different carbons is shown in Fig. I.26.
This ratio appears to change with carbon do;agé in

a manner similar to the corresponding curves derived
from kipetic dathf’as outlined in Section I.4.1 (iv).a,
although the change is not so pronounced here. How-
ever, Fig. I.26 does indicate that selective adsorptiJ;
of Indulin components occurs in the equilibrium

adsorption process. Furthermore, the shape of the

curves geﬁerally tend to suggest that preferential
—_— )
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adsorption of low molecular weight Indulin solutes
is evident at low carbon dosages.

I.4.2.(ii).b Gel Filtration Analysis of Adsorption
. Equilibrium Residual Solutions

The molecular weight distributions of
Indulin components remaining in selected equilibrium
adsorption residual solutions were determined by Gel
Filtration experiments as outlined earlier, and are
shown in Appendix I.1l, Figs. (i) to‘(v). "By a
method analoéous to the procedure outlined in
_Section I.4.1.(iv)b, the equilibrium percent removal
of eaéh molecular weight Indulin solute characterised

by (KAvk was calculated at different carbon dosages

m from the relationship

%R'L,m = 100 [ - (At,m/AL_‘O)] (1.20)

there AL,m is the value of 254 mu absorbance at (KAVR,
in the equilibrium residual solution after contact
with a carbon dosage m. The results of these calcula-
tions are shown graphically in Appendix I.l, Figs.

(vi) to (x1), for six different carbons. A synopsis

pf this data is presented in Table I.12..

~
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Table 1.12 Removal of Various Indulin Molecular
Weiqght Species as a Function of Carbon
Dosage Using Dafferent Carbons

Percent Removals of Given Composite Perxcent

Carbon Molecular Weight Species Removal From
Dosage Carbon Kay= 0.1 0.3 0.5 0.7 0.9 Solution
(g/1) Used Mw= 18,500 8,400] 5,600 4,400 4,000 | Colour TOC
2.0 |Columbia LCK S~ .0 0 10* | 30+ 50 6 8
Darco KB 14 44 78 87 -1 > 90 66 59
Darco S-51 < 20 28 70 82 89 a2’ 45
Darco 12x20 g* 47* 72* 81* 87* 34 37
Aqua Nuchar A 18 15 30 |7 60 85 23 33
Special "“A" <10 20 26%* 20 <10 20 20
8.0 [Columbia LCK 0 6 20 43 60 16 25
' Darco KB . 83 7> 90 > 90 > 90 7 920 94 92
Darco S-51 80 > 90 > 90 > 90 > 90 86 86
Darco 12x20 40 80 > 90 > 90 7 90 63 71
Aqua Nuchar A 70% 83 ?> 90 > 90 > 90 | 49 65
Special "A" 56 74 76 60 43 52 61
116.0 {Columbia LCK 0 20 42 60 77% 28 38
Darco KB > 90 ~ 100 ~ 100 ~ 100 ~ 100 100 . 99
Darco S-51 2 90 ~ 100 ~ 1Q0 ~ 100 ~ 100 99 94
Darco 12x20 >90 ([~100 {~100 }~100 |~ 100 89 91
Aqua Nuchar A 7?90 [~100 |~100 {~ 100 |~ 100 83 85
Special "“A" 97 98 95 85 55 82 85

26.0 {Columbia LCK 7 41 61 76 84 * 42 49°
Darco KB ~ 100 ~ 100 ~ 100 ~100 ~100 100 100
Darco S§-51 - ~ 100 ~ 100 ~ 100 ~100 ~ 100 100 100
Darco 12x20 ~ 100 ~ 100 ~ 100 ~100 |~ 100 100 99
Aqua Nuchar A ~ 100 ~100 ~ 100 ~1Q0 ~ 100 100 100
Special "A" 100 100 99 93 65 96 93

* extrapolated value:-
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Here increase in carbon dosage is seen to
produce a corresponding increase in removal of all
components. PFurthermore, as removals with Darco
carbons at high carbon dosages indicate, total
removal of overall solution color and TOC is assoc-
iated with complete removal of all Indulin c;mponents.

The efficiency of each carbon in removing the
various molecular weight solutes from solutions is
primarily a function of the carbon pore size dist-
ribution and dosage. In this respect, Darco KB is
the most efficient carbon. This is associated with
the large total surface area (approximately 1500 mz/g)
and pore volume (approximately 1.8 cm3/g) possessed
by this carbon, whicﬁ is evenly distributed through-
out its entire pore size range. Darco KB is thus
capable of effecting re;oval of all species at
relagively low carbon dosagés (i.e. approximately
10 g/1 carbon).

The other Darco carbons, and Agqua Nuchar A,

-

also have the ability to remove all Indulin solutes

.\

from solution, but require higher carbon dosages of

8,
AN

.
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about 16 g/l. This is becuase although these carbons
have a well diversified pore structure, the magnitude
of their pore structure as indicated by total surface
areas (approximately 650-900 ﬁz/g) and pore volumes
(approximately 0.6-0.8 cm3/g) is considerably less
than Darco KB. !
In contrast. to the Darco and Nuchar carbonsf

<
Table I.l2 indicates thats Columbia LCK is incapable of

removing a major portion of larger Indulin solutes

of greater than approximately 8,000 MW, even at high
carbon dosages. Furthermore, removals of the smallér
Indulin soldteé of less than 8,600 MW, although
resonable, are stil% not as great as those achievable
with the Darco CarbAns at‘equivalent dosage. These
observations, coupled with a knowledge of Columbia
pore structural characteristics (this carbon contains

virtually all its pore structure in pores of less than

‘approximately 15 2 radius), indicate that the pore—W0{__

-

structure of Columbia carbén is avéiléﬁie for adsorp-

&

tioﬁ of only a small portion of the smaller molecular

weight Indulid solutes. The 'bulk of overall solution

S~

<

——

»

i
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color and TOC, which is contained in larger Indulin !

solutes, 1s sterically excluded from pores of less

!

O H
than about 15 A wadius.

-

Preferential adsorption of specific molecular

weight solutes is also evident with Special "A"

carbon. Here Table I.l2 indicates that this carbon
is specific to adsorption of intermediate molecular
weight solutes of approximately 5000-10,000 MW,
especially‘at low éarbon dosages. At higher dosages
significant removals of the very large solutes can,
however, occur. In comparison, only low removals of
the small molécular weight solutes of less than about
5000 MW are attained. Since the pore structure of
Special "A" is almost exclusively contained in the
approximate 20k 200 X poré radii range, it appears

that this pore size range is specific to adsorption of

The low molecu-

~

intermediate molecular weight solutes.
lar weight species are not adsorbed in this pore
structure (although such species can penetrate such
pores, they will not adsorb for reasons discussed

’

earlier, see Section I.4.1 (iv)b). A combination of
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Columbia and Special "A" data thus appears to indicate

that the small molecular weight solutes are probably

' o
best .adsorbed.in pores of approximately 15-20 A

-

radii.

The results in Table I.1l2 also provide insight
into the mech%E}sm of adsorption in the equilibrium
adsorption process. Here, Special "A" excepted, it
cén be seen that adsorption is always at a maximum
for the smallest species. As carbon dosage is
increased the percent remov;l of all species increases
accordingly. Hence the smallest molécular weight
species MW; will be adsorbed at a relatively low

carbon dosage m, and each successively higher molecular

1

weight species,MWz, MW .o MW will be completely

3

.

adsorbed at higher dosages m 51 AR until

2' 3 nl
the largest species Mwn is completely adsorbed

corresponding to total Indulin removal: Thus the
adsorption mechaﬁism is similarngﬂghat evident in
the.kinetic adsorption process, viz. initial pref-
erential adsorption of the smailest,adsorbable species

at low carbon dosage, followed by progressive prefer-

ential adsorption of increasingly larger molecular
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weight solutes as carbon dosage is increased.
Naturally this mechanism is modified, but not cont-
radicted, in instances where carbon pore structurgl
considerations restrict adsorption of one or more
species. In this respect, adsorption on Columbia
carbon virtually ceases after the initial preferential
adsorption of the smallest species. Correspondingly,
"with Special "A" carbon, initial preferential adsorp-
tion is not agssociated with the smallest solutes,
but rather with solutes of about 5,060-10,000 MW.

Two additional features have been recognized
f;om Gel Filtration results. Firstly, as can be_seen

in Appendix I.l, Agqua Nuchar A is capable of removing

a significant portion of the large molecular weight
solutes of greater than approximately 50,000 MW at

low carbon dosages. This phenomena also occurs to

a lesser extent with Darco S-51, and cannot be explained
by pore structural considerations. In view of the

very small average particle diameters of these

powdered carbons, viz.approximately 15—2§g,(see Part

II, Table 1I1.8 ), and the large diameters of the

| -
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high molecular weight lignin solutes, which may be
in excess of 100 g (Clark 1969, Bailey 1972), it is
suggested that 'anchor segment‘adsortpioh of these
components occurs on the external surface’of the
carbon particles, with the unadsorbed 'strands’
tailing into solution. It is also feasible that —
£wo or more functional groups of the lignin solute
may be attached to different adsorbent particles,
creating a bridging and flocculation effect. If
such a mechanism occurs, it is possible that a
given particle could be coated by a film of strands
of considerable thickness, each adsorbed molecule
being attached by only one functional group, as
shown in Fig. I.27.

The second feature, as noted from Table I.1l2 ,

is that Darco S-51 appears to remove a significantly

higher percentage of solutes having molecular weight

grgater‘than about 15000 than Darco 12x20 at similar

dosages, even though the pore structures of the two
carbons ‘are very similar (see Part II, Figs. II.l4

and IX.1l5 ), This may be due to either external surface



Fig. I.27. External Surface Anchor Seqment
Adsorption of ﬁigh Molecular Weight
Indulin Solutegs on Powdered Carbons

1. No Bridging Between Adsorbent Particles

2. Bridging and Flocculation Between Adsorbent Particles

vk

wtammEns
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'anchor segment‘adsorptiOn of high molecular weight

solutes onto Darco S-51 as discussed previously, or

equilibrium considerations. 1If the latter is true,

this suggests that the choice of 15 hours contact

for powdered carbons represents a closer proximity

to true equilibrium conditions than the 4 day conté&t

time allowed for granular carbons. . -
The number average molecular weight ﬁ; in

equilibrium residual solutions was ob£ained from

Gel Filtration data as outlined earlier. The varia-

!

tion of tﬂis parametér with carbon dosage is shown

in Fig. I.28 for several carbons. Generally, Mn

! .
increases with carbon/ dosage in a manner governed
primarily by carbon pore structural characteristics.

This okservation is consistent with the hypothesis

of the adsorption mechanism in the equilibrium

'
!

adsorption process summarised ﬁreviously.

The exception using Special "A", where the
initial increase in Eﬁ is followed by decrease at
dosages in excess of approximately 6 g/l, arises

from the inability of this carbon to adsorb the
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‘small molecular weight solutes as discussed earlier.
Here, a decrease in ﬁh will inevitably oécur when all
other species are significantly removed from solution.

1.4.3 Correlations

The preceeding discussion has indicated that
adsorption of Indulin from alkaline solution onto
activated ;arb7n is a selective adsorption process.
Here, for each specific molecular weight solute, there
exists a specific adsorbent pore size range in which
preférential adsorption oé this species over all
ofher components occurs. Chen's work has inferred
that a porefvolume—dependeﬁt, concentration-
precipitation mechanism occurs in lignin adsorption,
wherein each solute is preferentially adsorbed in
?oreé‘of radii apéroximately 3.3 to 6.1 times the '
;olute hydrodynamic radius. Chen'é findings can
thus,ﬁe checked by correlating observed adsorptioﬁ
data with carbon pore structural characterics.
Howevef, the analysis redquires a knowledge of the

molecular size range of Indulin solutes. Unforéunately,

as discussed at length in Part II, these cannot be
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accurately estimated from the Gel Filtration analyses
employed in this work, due to the high pH eluant

used. However, if it is assumed that gel properties
do not change with pH, then the approximate
hydrodynamic radius r of each m81ecul§r weight species
can be calculated from equation (3.3 ), i.e.

Kyy = exp [—TTL (r+rr)2] (3.3)

where L, rr are constants having values of 2.9x10 cmn2
and 7x10—80m respectively (see Par; III, Section III.4.1l)
The results of these calculations are shown in
Appendix I.2, where virtually all the Indulin color

and TOC appears to be concentrated in solutes of
approximately 5-50 X radii. This range corresponds tO/
that found by Clarke (l§69) and Bailey (1972 in
similar lignin solutions. Using Chen's formula with
the above values, a pore radii range of apprqximately‘
16-305 g is determined as the specific range in which
adsorption of Indulin solutes is concentrated. The
surface area and pore volume of several carbons in
"this pore radii range was then determined from carbon

pore'size distribution data (see Part II, Figs. II. 14

and IX. 1% and correlated with observed Indulin

i
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adsorption behaviour, i.e. (x/m), corresponding to
different overall Indulin removalsr The correlations
were obtained using a computer library program. The
results are depicted in Table I.13, with an example
of the data correlation at 75% TOC removal shown in .
Figs. I.29 and I.30. Here good correlations between
specific pore structure and adsorption for the
carbons studied are evident, tending to give support
to Chen's postulation of the range of pore sizes
responsible for lignin adsorption.

It is somewhat surprising that the correl-
ations based on specific surface areas and pore
volumes are similar. Although the reason for this
observation is not known, it may indicate that in
addition to a concentration-precipitation mechanism,
which is pore volume—aependent, significant surface
adsorption of lignin adsorbates may also be‘evident,

In addition, a knowledge of the molecular
size distributions in adsorption residual solutions -
as determined by Gel filtration - provides the means

to relate adsorption of each Indulin species to its

3



Table I.13

a) Pore Volume

% Removal

25%
50%
75%
25%
50%
75%

color
color
color
TOC
TOC
TOC

Arxea

b) Surface

% Removal

25%
50%
75%
.25%
50%
75%

* contained

color
color
color
TOC
TOC
TOC

Correlation Coefficients Between
Adsorption Capacity and Specific
Pore Structure * for the Carbons

Studied

Correlation Coefft.

0.9587
0.9615
0.9522
0.9260
0.9479
0.9078

Correlation Coefft,

0.9590
0.9724
0.9782
0.9103
0.9587
0.9487

o
in the 16 - 305 A radii range -

o —— Attt ¥ i 4

o —
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appropriate specific pore structure for various
carbons. Here, the approximate hydrodynamic radius
and specific pore radii range were calcuiated from
/é&ﬂ?tions k3.3 ) and (1.l1ll) for a given molecular
5eight species having Kpy = L. The adsorption of
species L at a given percent removal of that species
from solution was obtained fr;m the data in Appendix

I.1 for each carbon, the adsorption term at a given

percent adsorbance removal being calculated by

<a<_) - [(AO)KAFL - (g, =1, (1.21)
Kay™ “ m

m

where Ao; A arefhe values of 254 mm absorbance of
species L in the control solution, and the residual
solution after eguilibrium contact with m g/1 carbon,
regpectively. The adsorp.tion term has units of 1,3"'.

The results of the calculations and correlations are

shown in Table I.14. Here in all cases reasonable
correlation coefficients are obtained, suggesting.

that the indicated preferential pore size range for
eachqspecies is reasonably representative. These | j

correlations are, however, not as good as those in

Table I.13,.a fact that arises probably from the

~

. e ——
o
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greater accuracy in calculating adsorption from
color and TOC measurements as opposed to Gel
Filtration measurements.

The data in Table I.l4 relates well to
observed Indulin solution. characteristics and sub-
sequent adsorption behaviour using‘yarious carbons.
In this respect, virtually all the éére structure of
Columbia, which is contained in pores%Qf less than
about 15 X radius, is seen to be amenable to pref-
erential adsorptién of posgibly only the. very low
molecular weight species. Conversely, the bulk of
solution color and TOC, which is contained in species

of approximately 5000-10,000 MW, (see Part III), is

significantly adsorbed by Special "A", even though

the total pore structure in this carbon is very much
less than in the other carbons studied (see Part ITI,
Figs. II.1l4 and II.15). This is because the derived
pore size range specific to preferential adsorption‘of
these spécies as shown in Table ;.14, i.e. approx-
imately 60-190 K, falls within the range of pore

radii in which wvirtually all Special "A"'s pore

structure is contained,’viz.pOfesfof approximately
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o
20-200 A.

The preceeding digcussion haé indicated, via
correlation coefficients, that the 16-305 g pore
radii range is reasonably representative as the
specific pore size range for Indulin adsorption.
However, this méy not be the only valid range. 1In
order to confirm this range, an analysis similar to
the Westvaco (1969) study, wherein correlation
coefficients were evaluated using d;fferent pore
size ranges, would be required.

In view of the limitations regardipg the
represéntativeness of Gel Filtration - derived

LY

molecular distributions in describing the actual
molecula£ distribution of Indu%}n in a pH 10 solution
as discussed in Part III, it seems extremely likely
that pores in excess of 305 g radii could play a

role in Indulin adsorption. Here Ultrafiltration
experiments have shown that species in excesg.of Sog
radius exist in pH 10 solutions. It is thus probable
that any pore structure in pores of greater than 16 R
radius would be specific to adsorption of one or more

Indulin species, althouéh significant adsorption

o
would still occur in the 16-305 A pore size range.
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I.4.4. Solution pH Drop During Adsorption

A decrease in residual solution pH with
adsorption was observed to occur in both kinetic and
equilibrium studies. The effect of contact time and
carbon dosage on residual solution pH is shown in
Figs. I.31 and I.32. Since a comparable pH drop is
not observed in control solutions of either lignin
or solvent alone, it cannot be explained by possible
solution effects such as the lignin degradation
reaction, or atmospheric CO2 dissolution in the
solvent. Conversely, the magnitude of the pH decrease
in a control solution of solvent and carbon alone is
similar to that noted in adsorption residual solutions,
. indicating that the pH drop is due to an adsorp;ion
effect, possibly involving an exchange adsorption
‘mechanism. Several adsofption mechanisms may be
responsible. These are

a) exéhange adsorption involving adsorption

of OH™ (and Na+) ions from the solvent.

b) precipitation and adsorption of indulin

solutes in the pore volgme, with subsequent

; +
rglease of H3O ions.
3

— -
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‘c) exchange adsorption of Indulin components
on the carbon internal surface area 6f the
type
+
E.ignin]— + adsorbent:] Esurface group]-
—> [édsorben€3 Eignié]i + Eurface groué]—
where adsorption of basic lignin components
is accompanied by release of surface groups
of lower basicity. /
d) oxidation of adsorbed lignin components
at the carbon sgurface,
This study does not, however, provide sufficient
infgrmation for determination of the predominant
mechanism involved.

Since, as can be seen from Fig.-I.3l, the
carbon pH apbears to influence the extent of the
observed pH drop and hence the adsorption mechanism,
it may be argued that overall adsorption of color and
TOC is dictated by carbon pH. However,.it must be
realised that this is only of secondary importance in
comparison to carbon pore structural considerations:

only if a given species can penetrate a carbon pore

will adsorption take place. Convetsel?, adsorption will
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not occur if carbon pore structural considerations
limit pore penetration of adsorbates, even though
carbon pH may be very favourable to an exchange
adsorption mechanism. However, for'equivalent pore
structure' carbons, the nature of the carbon surface,
as indicated by carbon pH, may become a significant
factor in determining relative adsorption capacifies,

due to variations in carbon surface nature and its

associated exchange adsorption potential.

-y
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T. 14

CONCLUS IONS

Adsorption of a lignin, Indulin, from alkaline

solution onto different activated carbons has been

studied in batch reactors. The following conclusions

regarding this complex adsorption system may be

drawn from this work. ' -

~

1. The overall adgbrption rate of Indulin
adsorption is slow, and governed by pore
diffusioh rate characteristics. dverall
adsorption rate is increased by reduction

in carbon particle size, and by increase

in solution pH, system temperature, and
carbon dosgge. Carpon pore structure also
influences the kinetic adsorption process.
2. Most carbons studied are able to achieve
virtually complete equilibrium adsorption
of Indulin, as color and TOC, from pH 10
gsolution at dosages of 16-33 g carbon/litre,
this value dependi?g on carbén pore struct-

ural characteristics and, to a lesser extent,

carbon surface nature. Equilibrium adsorption
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capacity is increased with decrease of solution
pH.

3. Gel Filtration analyses of adsorption
residual solutions has indicated the
selectivity of the polymeric Indulin adsorption
process. Here preferential adsorption of

the smallest adsorbable lignin solute
initially occurs, followed by progressive
preferential adsorption of increasingly
larger lignin solutes as contact time (in

the kinetic process) or carbon dosage (in

the equilibrium adsorption process) is
increased. The extent of adéorption of

each molecular species is primarily

dependent on its initial concentration in
solution, and carbon pore structural
considerations. Usually adsorption is
accompanied by an increase in solution
average moleculaf weight En’

4., Carbon pore structural deficiepcies can
limit the extent of Indulin rgmoval, as color

and TOC, from -solution by restricting
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adsorption of one or more molecular species.
The low color and TOC removals attainable

with Columbia LCK arise because this carbon

contains virtually all its pore structure

in pores of less than 15 g radii, ﬁhis pore
structure being accessible to only the

very small lignin solutes. Conversely,

the good color and TOC removals attainable
with Special "A" arise because the very
limited pore structure in this carbon, which
is contained in the 20-200 g pore radii
range, 1is specific to preférential adsorption
of the bulk of Indulin species present in
solution.

5. Correlations of observed adsorption

data with Chen's preferential pore size range
have tended to support Chen's hypothesis

that adsorption of a lignin’solute will

occur preferentially in pores of approximately
3.3 to 6.}‘times the solute h;drodynamic

radius. For the solution studied here, this

corresponds to a specific carbon pore size
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range of approximately 16-305 g. This,
however, may not be the only valid range;
it appears likely that all pores of greater
than 16 X radius play a role in Indulin
adsorption.

6. It seems probable that adsorption of
lignin components occurs mainly by a con-
centration-precipitation mechanism in the
adsorbent pores. However, the observed

PH drop in adsorption suggests that an
exchange adsorption process may also occur.
7. Lignin .adsorption is always accompanied
by a simultaneously occuring lignin degrad-

ation reaction in solution.

-

.:;;é.& vp e he v~ iaa PRI ey
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I.6 RECOMMENDATIONS

1. The economic and teghnological "feasibility
of lignin removal from alkalige solutign in
continuous reactors using powdered carbon
should be investigated. Darco KB and Darco.

S5-51 carbons appear to show the greatest

promise here. It is unlikely.that economic
lignin removals can be achieved in granular
carbon columns Hue to the slow overall
lignin adsorption rate.

2. Wo;k should be conducted on the
development of an activafed carbon with
pore structural characteristics most
suitable for lignin adsorption. In this
respect, activation procedures should be

/
developed to maximise the carbon pore

gstructure in pores of greater than
- o .
approximately 16 A radii.
3. The effect of carbon surface nature on
lignin adsorption should be investigated.

) " From %Efj/é gstudy it may be possible to

determine a carbon pretreatment program

-
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commensurate with maximum lignin removals
in a given pore structure.

4. The effect of lignin molecular weight
on adsorption should be studied. Here
adsorption studies using narrow molecular
weight lignin fractions could be conducted
to determine the adsorpti;n characteristics
of such fractions.

5. The effect of othénoorganic adsorbates
present in lignin solutions on subsequent
lignin adsorption should be investigated.
From such studies, it may be possible to
determine the effects of other dissolved
organics on the adsorption of lignin-<from

industrial effluents.
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APPENDIX I.L

Gel Filtration Analysis of
Equilibrium Adsorption Residuals
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Fig.(vi) Removal of Lignin Species At Equilibrium
Columbia LCK 12/28




Fig.(vid Removal of Lignin Species at Equilibrium
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Fig.(viii)

Removal of Lignin Species at Equilibrium
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Fig.(ix) Removal of Lignin Species at Equilibrium
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Fig.(x) Removal of Lignin Species at Equilibrium
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Fig.(xi) Removal of Lignin Species at Equilibrium
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APPENDIX I.2 N

Relationship Between Molecular Weight
and Molecular Size (Bailey, 1972).
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PART IIX
%
ACTIVATED CARBON CHARACTERISATION STUDIES

II1.1



n,‘z

IXI. 1. INTRODUCTION

Generally when carbon, as a solid porous carbonaceous
material, is formed by carbonization of the starting material
the result is usually a carbon of low adsorptivity and re-
activity. Chaney (1919) proposed that this is because there
is a stabilized complex of hydrocarbons adsorbed on the carbon
surface. These hydrocarbons lessen its power to combine with
or adsorb other substances. Activation of the 'primary’
carbon is achieved by selective okxidation of the residual
hydrocarbons on the surface,'éither to produce free surface
gsites or sites containing active adsorbed groups such as

carboxylic, carbonyl or hydroxyl groups. (Hasslex, 1967)

The two general methods of activation are (a) high
temperature oxidation of a previously charred carbonaceous
substance such as coke, char or charcoal and (b) lower temp-
erature chemical dehydration and/or chemical reaction of a
carbonaceous raw material. The former’process is usually
carried out above 800°C ﬁsing steam as an oxidant (Atlas

s
Chemical Industries Inc. 1968) although carbon dioxide or

air may also be used (Mantell, 1968). The latter procedure.

-



involves somewhat lower processing temperatures (250°C -
650°C). Many chemical activating agents are employed but
all are strong dehydrating agents. The three most commonly
used ‘are phosphoric acid, zinc chloride, or sulphuric aciq,

although alkali can also be used (Mantell, 1968).

. Activated carbon is in essence a rigiq:sﬁoAQEy
formed as a xfigsult of the manufacturing procedure. During
the charring or carbonization of any carbonaceous substance,
considerable volatile matter is given off. In the course
of this evolution a large number of internal spaces, or
pores are formed, the exact nature of which depends on"both

the raw material and activation procedure employed.

The agtivation procedure realizes a very large sur-
face area per unit weiéht of activated carbon formed; with
values of the ;rder 450-1800 mz/g.(Calgon Corp., 1971).

The bulk of this surface area is contained in the extensive
pore volume of the carbon, with pore volumes in the range
0,4 - 2,2 cc. /g9 being typical (Timpe, 1970). Thus
the high'adsorption poténtial exhibited by activated carbons
arises predominantly from the extensive surface areas and

«
>

pores volumes that they possess. Due to their -highly



.
5

7

* . /
developed micropore and/or macropore structure, the avail-

ability of the total surface area or pore volume for adsorption
of a given adsorbate from the contact phase depends, i:?ng
other things, strongly on the nature of the adsorbate, and
in particular the size of the adsorbate molecules. For
eg;mple, if an activated carboq, with a surface area of 1300
mé/g but with pore openings at&the particle surface of only
’

202 diameter, is used for adsorption of adsorbate molecules
of 303 diameter, any adsorption will be restricted to the ex-
ternal surface of the particle and hence be negligiable. Thus
a good adsorbent is a combination of large surface area and
sufficient pathways to that area.

To present an adequate picture of‘the,adsorptive cap-
ability of a particular carbon, a kno&ledge of total surface

area, total pore volume and pore size distribution must be

obtained.,

* the distinction between a mic¢ropore and macropore is an
s ’

arbitrary one. West Virginia Pulp and Paper Company (1969)

’ o
define a micropore as being of 0-100A radius, whereas Fuchs

r N . - o
(1965) and Calgon Corporation (1971) state f; to be of 5-500A

radius. Macropores are pores with radii greater than these

N~

values.



Adsorption may also be ihfluenced by the chémical
nature of the surface and adsorbate. For instance it can be
generally said that polar surfaceé\adsorb polar’adsorbates,
with non-polar surfaces preferring non-polar adsorbates. A
pure activated carbon surface is considered to be mon-polar,
but in practice activated carbons have some carbon—ogygen
and carbon-hydrogen-oxygen complexes on the surface which
exhibit acid-base properties and can undergo hydrogenation,.
halogenation and oxidation (Boehm, 1964). An indication of
the presence and nature of functional groups on the carbon
surface can be obtained from parameters such as the carpoﬂ
PH.

The previous discussion has been limited to-those
carbon characteristics which may have an effect on the gdsorg-
tion capacity of the carbon in a given adsorbent/adsprbéte

13

system. Howgver, in order to evaluate adsorption rate, the

particle size characterigtics of the carbon must be elucidated.

A variation in particle size can radigally affect the.dderal}
adsorption rate,’especially if the overall rate procesg_is
controlled by an inEerna} transport rather than an external
transport or reaction mechanism, whioﬁ is often Fge_case with
activated cérbon (McGlasson,. 1967). A kno&ledge of adsorp-

-

tion rate processés is particularly valuable ihithe hizing_



>
of contacting equipment for the adsorption process, notably

L d -

. . >
in continuous adsorbers.

IT. 1.1 Carbons Used in the Study

Altogether eight activated carbons were used in this
study, and were carefully selected s0 as to represent a wide
range in base—materiai, mode of preparation, surface area,
pore volume and particle size. These are listed, together
with manufacturers'! specifications, in Table II.l. 1In the
case of Special 'A', no specifications regarding carbon
properties were available from the manufacturers, although
it is reputed to have most of its total pore volume contained

iﬁ a narrow pore size range. Furthermore it is not available

for use commercially.

Where valuyes in Table II.l1 are not the manufacturers

values, the source is referenced.

\
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II. 1.2 Activated Carbon Properties

Each carbon studied was characterized as fully as
possible in terms of carbon properties most likely to in-
fluence adsorption behaviour. The appropriate properties,
coupled with the techniques employed in this study for their

»

"evaluation, are summarized in Table II.2.

—
Table II.2 Carbon Properties and Evaluation Techniques
Carbon Property Evaluation Technique
Pore structural magnituyde a. Nitrogen adsorption
and distribution b. Mercury penetration
1/
Particle Size magnitude a. Sieving
and distribution b. Microscopic counting
Ash content High temperature
heating
. o .
Carbon pH Agqueous Extraction
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II.2. NITROGEN ADSORPTION AT - 195.8°C

In this experiment the volume of niErogen gas ad-
sogbed at liquid nitrogen temperature, - 195.8°C, is measured
at various applied pressures. / subsequent plot of adsorbed
nitrogen volume versus applieéip:kssure at constant temperature
is termed the nitrogen adsorption isotherm for the carbon
studied.

IX. 2.1. Theory

Nitrogen adsorption onto actiwvated carbon at liquid
niﬁrogen temperature gives rise to a type I or II adsorption
isotherm as classified by Brunauer (1943). The latter tfpe

of isotHerm, depicted in Fig. II.l, occurs as a result of

multilayer physical adsorption and can hence be described by

1 {
Volume V |, in '

. Adsorbed ‘/ ::

1
° B Po X

Pressure —»

fhm ==
P

A

Fig.11.1 The five types of physical fadso_rption

isotherm classified by Brunauer

the Brunauer, Emmett and -‘Teller (B.E.T.) equation, which is

‘/
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derived from B.E.T. theory (Brunauer, 1938) for multilayer

adsorption on a  freely accessible surface. Written in its

familiar form, the equation is

P/Po . = 1 + (c-1) (P ) (2.1)
Vv(1-P/Po) Vme Ve (Po)
Where Po = vapour pressure of nitrogen {torr)

at adsorption temperature

P = nitrogen applied pressure (torr)-

V = volume of nitrogen adsorbed (cm3(S.T.P.)/g)
per gram carbon

Vm = volume of nitrogen per gram (cmB(S.T.P.)/g)
adsorbent necessary to form )
a monolayer

c = a constant related to the net

heat of adsorption

Equation (2.1) can be rearranged to the form

!

1 = 1 4+ _1 . (1-p/Po) (2.2)
V(1l-P/Po) v Vme (P/Po)

m .
é’ L]
If the B.E.T. theory holds, a plot of (P/Po)/(V(i~PAR0))
versus P/Po from equa;ion (2.1) will yield a straight line of
slope =

(c-1)/Vmc and intercept = 1/Vmc at values of P/Po less

than 0.3.

Likewise from equation (2.2) a plot of 1/(V(1-p/Po))
& .

versus (l-(P/Po))/(P/Po)will produce a straight line of-inter-
L 4
cept = 1/Vy. ‘The use of equatioh (2.2) is perJLps simpler as

this gives Vp directly from the intercept.

"
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An alternate method may be used in determining Vm
which is onl oynd be reliablé for type II isotherﬁs
with well defined 'knee bends' or plateaux, i.e. when c¢
values in equations (2.1) and (2.2) are high (Thomas, 1967).
Called the 'point B' method (Young, 1962), this point marks
the change on the isotherm from adsorption predominantly in
the first layer to adsorption predominantly in the second
layer, and corrgsponds to the point of inflection of the
isotherm. A tangent o the isotherm at this point should cut
the y-axis at a volume corresponding to the monolayer ad-
sorptio; volume Vp.

These evaluation techniques enable an adsorbent ex-
hibiting type II nitrogep adsorption behg&iour to be char-
acterized in terms of unique adsorption parameters Vp and/or

C.

IX.2.1. ( i) Evaluation of Adsorbent Total Surface Area

Since the area of adsorbent surface covered by an ad-
sorbed nitrogen molecule in the monolayer is accurately known

re)
to be 16.2A2 (Atlas Chem. Ind. 1968), the total surface area,
N .

. . . w
3, of the adsorbent cov§réd by the monolayer can be shown

‘ /
(Anderson, 1970) to be given by
v

P4

- .
e A

= 5‘4.37 Vi . . o (2.3)



T2

Where £ is' in mz/é and Vv, is in cm3(S.T.P.)/g.

Adsorbent total surface area can also be estimated
from the nitrogen adsorption isotherm by the universal t-plot
method suggested by DeBoer (1964). This method does not de-
pend on direct determination of VvV but is based on a knowledge
of the thickness of the adsorbed nitrogen layer, t, as a
function of applied relative pressure P/Po. The t-plot values
obtained by Pierce (1959) and’reproduced in Fig. II.2 have been
shown to be more applicable to carbon adsorbtion than the
aldminaﬁbased t-plots of DeBoer, Here it is possible to relate
values of V to the corresponding value of t from the adsorption
isotherm via Fig. II.2 at given values of relative pressure
P/Po. A subsequent plot of V versus t should,vat values of
P/Po less than 0.25, give a straight line passing through the
origin. It can be shown (Andersdg, 1970) that the total ad-*
sorbent surface area .+ by this method is given by

e = 15.47 ¥ (2.4)
t

Where £+ is in mz/g, Vv is in cm3(S.T.P.)/g and t is in R,

II.2.1 (ii) Evaluation 'of Adsorbent Total Pore Volume

The total pore volume exhibited by an adsorbent may be
estimated from nitrogen adsorption data from a knowledge of

the volume of nitrogen gas adsorbed at saturation pressure,
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i.e. at P/Po =1, If it is assumed thaﬁ_at sgturation, all

+ o

adsorbed nitrogen exists as a condensed liquid %n f(; adsorbed
. 4

phase, then the total adsorbent pore volume is given by’

P.V. = VgM
= (2.5)
an
Where V8 = the volume of adsg;bate per (cm3(S.T.P:)/g)
’ gram adsorbent at Saturation
pressure
M = molecular weight of adsorbate (g/g mol)
¥V = nmolar volume of adsorbate (cm3/g mol)
Qa = density of adsorbed phase (g/Cm3)

For nitrogen adsorption, Andersdﬁ (1970) has shown that eq-
uation (2.5) reduces to

P.V. = Vs (2.6)
§ 646 . '

and hence the total carbon pore volume can be obtained from 5 .
knowledge of Vg from adsorption data in combination with
equation (2.6).

IT.2.1 (iii) Evaluation of Adsorbent Average Pore Radius

For nitrogen adsorption on a porous adsorbent, Anderson
(1970) has shown that the average adsorbent pore radius T may

be determined by the relationship.

T = 7.08. v, (2.7)
Vm



Where Vg and Vi, are determined from adsorption data. %9
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Ir1.2.1. (iv) Adsorbent Pore Size Distributions

In order to assess pore sizes and pore size distri-

butions in an adsorbent from nitrogen adsorption data the

Kelvin equation (Thomas and Thomas, 1967) is generally used,

This equation is derived from thermodynamic considerations of

the free energy changes involved in transferring ligquid from

the unadsorbed phase to the adsorbed phase in fine capillaries,

and relates the relative wvapour pressure of the adsorbate to

pore radius by .

in(P/Po) = - 2 oV cos & ) {(2.8)
rRT
Where o = adsorbate surface tension .(dynes/cm)
R = universal gas constant (dyﬁe—cm/OK g mole)

r = radius of curvature of
liquid meniscus

o = liquid contact angle

T

1

absolute temperature

(cm)_

(radians)

(°K) -

If cylindrical pores and zero contact angle are as-

sumed, then r may be considered équal to pore radius.

However, multilayer adsorption usually accompanies

capillary adsorption in the adsorﬁent'pores. Thus the Kelwvin

equation will not predict the correct pore radius, since this
B = AR

AL
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will have been effectively reduéed by the thickness of the
adsorbed multilayer. The maximum pore radius which will be
filled by capillary éondensation at an applied pressure P
is thus given by

r=t+ 2oV (2.9)
R T 1n (P/Po)

Where t can be estimated from the values of Pierce (1959) or
calculated directl§ from the equation

t = 3.54 V (2.10)

—t—

Vh -

Equation (2.9) is satisfactory in predicting pore
size distributions based on nitrogen desorption and watexr de-
sorption isotherms (Juhola,. 1949) but does not give a repre-

sentative picture of adsorbent the pore size distribution

based on nitrogen adsorption data. This is because, above re-

=3

[

lative applied pressures of about 0.2, porous adsorbents such
as activated carbon desorb a larger quantit§ of vabour at a
given relative pressure than that corfesponding ﬁo adsorption.
Zsigmondy's adsorbed impurity fheory (1911) and McBain'; ink-
well pore theory (1935) attempted to explain the observed
hysteresis effect.‘ Cohan (1938) provid;d a ﬁseful mathematic¢al
expression for this phenomena bf considering the relation be-
tween adsorption and desorption bressures for condensétion in‘

open-ended cylindrical capilaries at the same adsorbed volume V.



~.

~
-

I 13

He showed that the pressures can be related by the equation

Pa)l2 = (P4) : (2.11)
(pPo)| ’ (Po) .

Where Pa = nitrogen pressure on adsorption isothérm (torr)

| Pd = nitrogen pressufe on desorption isotherm (torr)
Therefore in terms of the é;léin equation (2.8), the radius
corresponding tovPa is twice that'corresponding to Pd, and ex-
periments in the adsorxrption of vapours on glass {Coelingh,
1949) have confirmed this s;atement. Thus the maximum radius
filled by capillary condensétion at an applied relative pressure
P/Po in adsorption experiments is given by the Cohan eqﬁation,
i.e.

-—

r = t + oV (2.12)
RT 1ln (P/Po)

The adsorbed phase is thus ;\composite of multilayer adsorption
7

and capillary condensation. An increase in apﬁlied gélative
pressure A(P/Po) results not‘only in a filliﬂg ;f pores dﬁe to
capillary c&ndensation iﬂ pores having radii between r and r +
Ar, but also an increase in the thickness of the physicglly ad-

sorbed layer in pores of radii greater than r +Ar. 2as applied

relative pressure is increased this précess of adsorption con-

I
|

tinues into increasingly largér pores.

)

~
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‘ For nitr;geﬁ adsorption, equation (2.12) reduces to
(Anderson, 1970)

r =t +2.025 log [Po] O (2.13)
By utilizing equatién (2.13) in conjunction with the universal
t—-plot data of Pierce (1959) and nitrogen adsorption data, it
is possible to evaluate adsorbent pore size distribution as
a function of pore radius.

Here, at a given P/Po, r is calculated from equatiog
(2.13), where t Kr) is obtained from Pierce's data (Fig. I1.2).
An equivalent adsorbed nitrogen gas volume V at the same P/Po
value can be ob;ained from the adéorpéion isotherm. Hence V
can be rélatgd to r at a given P/Po value. The resulpant plot
of V versus L from several P/P§ values from P/Po = 0 to P/Po = 1
represents the relationship bethen the cumulative amount of

+

nitrogen gas adsorbed into pores of radius up to and including .
> - g : .

r, as a function of éore r§dius r. Howevéf, such(a plot does
not represent igé poré size distribu?ion'iﬂ the adsorbent, since
the adsorbed nitrogen is not adsorbed as a gaseous phase. If
it is assumed that the volume of édsérbed gas, both as cap-
illary condensate and adsbrbed mﬁltilayér,-may be repteseﬁted

by'condensed‘nitrogen, then the é%féctive cumulative pbré volume

P.V.,. contained in pores up-to and inclﬁqing those of radius r



!
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can be obtained from equation (2.6) for each V. The sub-

, Sequent plot of P. V.r versus r then represents the ~cumulative

pore volume dlstr1£utlon in the adsorbent as a function of

maximum pore radius r filled.

Unfortunately, in nitrogen adsorg&ion experiments, a
t&pe I or II adsorption is usually encountered using activated.
carbons (see Appendix I1I.3, Figs. (i) to (ix)), with the bulk

of adsorption occurring at values of P/Po less than approx.
0.05. As can be seen from Fig. II.2, t wvalues are not ac-
curately known and so values of r calculated by this method

will be erroneous at low values of P/Po.

The alternative is to perform the analysis in reversg;
i.e. use the identicai procedure cbﬁménéing'at Vg (where
P/Po = 1) and proggessiﬁg with decreasing Qalues of V. As
before, this piocedure also has 1imit§tions since, af Vs, the
value of t is infiqite and hence from equation (2.13), r is
also equal to 1nf1n1ty. However, for a slight decrease in P/Po
values ffom saturatlon, t-values decrease rapidly, as Fig. II.2
shows, Since, as will be seen "later, pore volumes and’ surfaee
areas exhibited by larger pores are usually sméll compared to
the pore structu;e contained in smaller pores when dealng
with act;vated éarbon adsorbents, the érror caused by an ip-

cérrect estimation in the value of t at V->» Vs is small when



I.20

considering total carbon pore structure, /
' . ' v

!

¢;The latter procedure for estimation of adsorbent pore
size dietribution is the basis of the Barrett, Jdéyner aﬁd
Hallenda (1955) or B.J.H. approach. Briefly, this procedure
assuﬁes cylindrical pores and exclusively physical adsorptien
/on the pore walls coupled with eapillafy condensation in the
remaining pore volume. If the total volume ef pores occupied
,by‘adeorbatefet saturation is Vg, and at an equilibriﬁm re-
‘lative preesure lees than unity the corresponding total volume
of.occupied pores is V, then ehe volume ef unfilled pores cor-
respending to Vg-=V has been shown by Wheeler (1955) to be given
by |

ve-v = Jwr(r-t)2 L(r) .ar . (2.14)
: (r-t) -

where L (r) is a pore size diséribution function defining pore
lengths in pores of fadii betweenjr andir + dr. The B.J.H.
approech solves equation (2.14) by means of a numerical step-
wise integration, starting with the differentiated form of

equation (Z.id), i.e.

* AV =T (_r-t)2 L(r) &dr + 27 Atf (x-t) L(r) dr  (2.15).-

r

"Where values of the dlstribution funétion\i:(r.). L(r,,)",.(t“) 

) _corresp nding to a given b o and AV are evaluated by the inte-

grati procedure. In thislapproach,valuee of V, r and t at- a n

/

R RS
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given P/Po value are obtained from the adsorption isotherm,
equation (2.13) anc Fig.&II.2. respectively. This analysis
yields a distribution of volume of gas adsorbed versus pore
radius, but bf utilization of equation (2.6) a distribution
of pore volume wgth respect to pore radius may be obtained as

I

discussg8ed earlier.
The BJH method also enables determination of the dis-
tribution of adsorbent surface area with respect to pore

radius, since Wheeler (1955) has shown that

s(r) = S 2vrr L(r) dr - (2.16)
- o

The BJH approach is amenable to rapid analysis using
an electronic computer, and recently more advanced methods of
.calculation have been proposed by Cranston and Inkley (1957) .
and Roberts (1967), togethét WLtJ detalls.of computer calcu—
lation procgoures.- Such computations enable determination of
both surface area~jnd pore volume distributions based on the
modified BJH>approach ’/in thig work, such'distributﬁons are
,' obtained from the computer program deveIOped by Eagan; Sh;w
apd,Ahdetson (1971) at McMaSter University, Hamilton Ontario,
which is based on the ﬁJH approach. This program is shown

in Appendix II.l. _ L /
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I1.2.2 Experimental ~ f

11.2.2 (i) Preparation of Carbon éample

Approximately 0,25g of activated carbon was weighed
in a previously weighed sampie'tube. The weight of 'wet'
carbon (W,) was thus calculated by difference. The sample
tube was then sealed with black wax to a connector having a
stop cock (S1) and the assembly was again weighed. The carbon
was then evacuated at 250°C overnight under high vacuum
((10-5torr) by attachlng the connector to a vacyum line and
1mmersing the sample tube in a cylindrical furnace, whose
temperature was controlled by a variac resistance. Care was

L]

taken when opening 81 and exp091ng the tarbon inltlally to
vacuum, as the sudden rush ofﬂgaees from the carbon surface
and from the voids tended to mechanlcally agltate the carbon
sample, cau31ng entrainment and carboﬁ\loss .into the vacuum
line. A very slow and dellberate openinéxof s1, especially
\o

with powdered carhon samples, prevented this. After the high
temperature evacuatxon,{whlch removes adsorbed gaees and water,'
Sl was closed and the apparatus removed from the vacuum line
and . allowed to cool. Surplus vacuum greatfipas wiped off the
nipple with hexane and the assembly again weighed. The’ Aif- |
" gerence in aseembly weight before and after evacuation gives

-/ ~

.'WA, the weight of adsorbed gases and water on the sample.
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By difference the weight of 'dry' carbon is thus

given by
E— ‘:

{
IX.2.2. (ii) Description of the Adsorption Apparatus

A sketch of the adsorption apparatus is shown in
Fig..II.3. The apparatus is in essence a chamber of known
volume where the enclosed v%%529 can be varied by filling or
emptying a se;ies of glass buIbs of known volume with mercury
frgm a reservoir by means of external pressure or vacuum. The
pressure in the system is recorded on the manometer M2. The
assembly containing the adsorbent to be studied is attacheg to
the éocket on the left ofggﬁ?and'the sample tube immersed in
a Dewar/;lask cont#ining liquid nitrogen, together with a bulb

full of nitrogen wLich is attached to manometer Ml, for mea=-
L 4

<.

surement of the nitrogen vapour pressure. ‘By manipulation of

valves S1, 52 and S3 it is possible to perform adsorption e¥-

of
periments as o?tlined later. The whole system can be evacuated ——-.

through S3 and the vacuum measured on a. McLeod gauge, and by

the same b%thWaj‘the adsorbate gas c?ﬁ\be allowed into the )

system from its reservoir. !

IX.2.2. (iii) Helium. Dead Space Factor

Before performing adsorption experiments on the sample,

-~

I
Y
Rt
~

o2



I.25

it is first necessary to evaluate the 'dead space' i.e. the
space to the left of S2, with S1 open, which includes the
void volume of the sample.

The samgle assembly is joined to the adsorption ap-
paratus, which has been previously evacuated, and S2 is then
opened to evacuate the volume between Sl and S2. After
attainment of good wvacuum, as evidenced by the Mcleod gauge,

Sl is opened and S2 is closed. The temperature of the water
jacket around the gas bulbs is checked to be‘30°C: the bulb
volumes are rgferred to this temperature.

\ A Dewar flask is then placed under the sample tube,

and filled to the mark with liquid nitrogen. éhis level should‘
be maintained constant throughout the helium dead space and
‘nitrogen adsorption determinations, and the flask should also
be covered with glass wool to minimize dissolution of 03 in the
quuidiz.

. | The gas bulbs are then emptied of ﬁercury and the mercury
level carefully set to the reference mark. Approximately 70
torr of Helium ié then allowed to enter the system via S3, and
then S3 is closed. fpe pressure of Helium);s determined with
man;méter M2, and the appropriate corfection factor for Hg "\
densipy.is sﬁbtrécted in order to arrive at the actual pfessure‘

/ ’ . ' '
P. The number of bulbs in each jacket filled with gas are noted
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(5 large, 5 small for the'first‘séttihg). Some helium is
then displaced from one of the bulbs by filling it with Hg
from the reservoir, and the new pressure and bulb setting 1is

-

recorded. This is repeated for several (~5) combinations of
"bulbs filled in order to cover a series of heiium pressure
ranges. Each recorded pressure is corrected for mercury
density.

For each reading the corresponding vélume factor (f£p)
is ¥ead from caiibration charts for this particular apparatus,
where ‘ -

£a = (Vp (273,16) em3(s.T.P.) K (2.17)
(760.0) . torr

and Vp is the total volume in em3 to the right of §2, beneath

S3 and down to the zero reference of M2. The inlet volume of

Helium (Vy) is given by

Vi = [(ﬁA x P corrected) cm3(S.T.P.) (2.18)

| [( 303.16 )| S2 closed
|

for each bulb setting and corresponding Helium pressure.

An average value of V; is then obtained from the 5 or

-

80 determinations.

The stopcdék S2 'is then opened and the procedure re-
peated for several bulb settings in order to determine the re-

sidua& volume (VR) of Helium remaining to the right of S2 for

2T A

ey .
54
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each new pressure P, where

Vg = { (£fpo x P corrected) cm3(S.T.P.) (2.19)
303.16 S2 open

Separate values of the dead space factor (F) were obtained,
where

F = ((VI)A"",EVR)
e (S.T.P.)
P corrected)| S2 open = torr (2.20)

Since Helium is reputed not to be adsorbed on carbon, the dead
space factor is the volume of gas at S.T.P. per unit pressure
contained to the left of S2, includi}pg the void volume of the

sample. :

II1.2.2, (iv) (Nitroqen Adsorption
. The Helium is evacuated from the system through $3 until
a good vacuum is obtained, with the liquid nitrogen bath removed
from the sample. 'When a good vacuum is obtained, S? is closed
and the nitrogen bath replaced., With all gas bulbs empty of
*

mercury, approx. 120-200 torr of Nitrogen is allowed into the

system. The inlet wvolume (VI) of nitrogen is determined in the

* The value depends on the expected surface area of each

carbon, i.e. for carbons with relatively high surface areas,
\ \ R .
more niﬁrogén is required corresp?pding to a high initial presgs-

>
i

sure. . !
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" same way as for Helium, by taking the average of a few de-
terminations. Then, with all bulbs empty of mercury, nitrogen
is admitted to the sample by opening S2. The mercury level in
M2 is continually adjusted until a con;tant pressure is achieved
over a period of about 5 minutes. The pressure is then recorded
as well as the nitrogen vapour pressure Po from manometer M1,
which may chinge in the experiment due to dissolutign 6f 05 in
the liquid nitrogen bath.

The procedure is then repeated for ever increasing pres-
sure P by filling the gas bulbs with mercury as desired, and
thén allowiné Quffiéient time for adsbrption equilibrium. The
equilibrium pressure P is then recorded together with the
number of bulbs fillea‘with gas. Six or more_reaéings should
be obtained at less than 200 torr because these data are used '
to determine the surface area.

Readings at préssufes other than those possible with
integral numbers of bulbs filled can be made by partially
filling a certain bulb up to a fixed level, and allowing time
for equilibration beéore recording P and Po. Then S2 is im-
mediately closed and the bulb is fillgd with, ‘or emptied of,
mercury to the next integral bulb reference mark, and the
pressure P again recorded, together with the number of bulbs

fillgg,with mercury. Before re-opening S2, one must make sure -
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that the pressure P is equal to, or slightly greater than,

the pressure before 82 was closed.

After filling all bulbs it is usually necessar& to
admit more nitrogen into the system in order to reach higher
pressures, If this is required, S2 is closed and tyg number
of bulbs filled with mercury is recorded, together with the
pressure P, From this, the residual volume of nitrogen to
thg right of S2 is calculated from equations (2.17) and (2.19).
Then all bulbs are emptied of mercury and enough nitrogen is
allowed into the system, via S$3, to yield a pressure slightly
greater than that before S2 was closed, and then S3 is closed.
The amount of nitrogen to the right of S2 ig then found by
stepwise f£illing of the bulbs with mercury, at the same time
r;cording the pressure P, and then using the equaéions (2.17)
and (2.18) to calculate thé separate Vi's for each bulb éetting.
The average Vg gives the volume of nitrogen to the right of
S2. By subtracting the residual nitrogen volume remaining
before more nitrogen was added, one can arrive at the volume
of nitrogen which has just been added to the system. The stop-
cocﬁ S2 is again opened and the prbcedufe ;ontinued by filling

the bulbs with mercury, corresponding to increasing values of

< - : ' “
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P until a fiﬁal reading of P as close as péssible, but not
exceedin§ Po is obtained.

The residual Volume VR is then calculated for each
setting by use of equations (2.17) and (2.19). The dead
space factor F calculated from equation (2.20) was determined
with helium, which obeys the ideal gas law even at - 195.8°C.
This is not true of nitrogen, and so a correction factor for

F must be applied, i.e.

Fy, = Fm, (1+ (0.052/760.0)) cm3(s.T.P,)  (2.21)
. torr

and hence the volume of nitrogen contained inethe 'dead space’
to the left of S2, but not adsorbed, is givgn at any preésure
P by-
Va = P [(FHe (1+ (0.05P/760.0))] em3(S.T.P.) (5.22)
where P is corrected pressure.
Thus the amount of nitrogen adsorbed at any pressure
P (or relative pressure P/Po) is given by

-

Ve = [VI - (Vy + vR)] cm3(s.T.P.) (2.23)

* a value of P2 Po will give rise to significant

-

nitrogen condensation and hence equilibrium will be very dif-

ficult to achieve.
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or in terms of volume adsorbed per unit weight of dry carbon
(V) by -

v= JVc cm3(S.T.P.)/g. dry carbon (2.24)

From the data obtained a plot of V versus P/Po gives
the adsorption isotherm for the system, and the calculations
needed to arrive at this plot for nitrogen adsorption on a

typical carbon are shown in Appendix II,2.
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IX.2.3. Results and Discussion

II.2.3. (i) The Adsorption Isotberm /
The .nitrogen adsorption isothexms for the Earbons

studied are shown in Appendix II.3, Figs. (i) to (ix). Gen-

erally these isotherms appear at first sight to exhibit a

type I isotherm as classified by Brunauer (1943). The cleax

exceptions are those of Darco KB and Spgcial '‘A', which ob-~
viousl§ more clearly resemble a type II case.

The type I isotherm can be described by the well known
Langmuir equation, which is developed from adsorption theory

on the prime assumption of monolayer physical adsorption_and/

~

or chemisorption, in which each adsorption site can accommodate

only one adsorbed entity, and where(all adsorption sites ex-
- . \
hibit equal adsorption energies. However linearization of

the isotherms depicted in Appendix IIX.3 using the Langmuir
model (see Part I. ) was unsuccessful. Closer scrutiny

of the isotherms reveals that the tendency to deviate from

3 |

N ' |
type I behaviour is only slightly evident at low rélative pres-

/ ,

H
J

sures, but at higher relative pressures the deviation is very

noticeable. At relative pressures in_ excess of,d.95, the

.

isotherms generally tend to a vertical/assymptote} Hence it -

is evidént that multilayer adsorption is occurring,‘i.p. ad-

’ . . . B
sorption -does not cease with mcnolay7ﬁ formation. Thus in

/-
/
/

- /
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reality the typical activated carbon nitrogen adsorption

isotherm is a type II isotherm where the generally high

initial adsorption'ét low relative pressures due to an almost
exclusive abundance‘of very small pores gives rise to the ap-
pearance of a type I isotherm. Liﬁearization of the isotherms

in Appendix II.3 by the B.E.T. approac; for type. . II isotherms
using equation (2.l1l) was successful, for adsorption data at
relative pressures less than 0.3.' Figs. II.4 and II.5 illustrate
the appropriateneés of this model for linearization of adsorption

isotherm data in the case of isotherms obtained for Columbia

and Special 'A' carbons respectively. It was however noted

that carbons exhibiting pseudo-type I behaviour gave B.E.T.

plots which passed through the origin (see Fig. II.4) wﬁéreas

* The B.E.T. theory is based on Langmuir agsumptions, but
in addition assumes that moholayer treatmeﬁt can be extended to
multilayers. Thus each adsorbed séeciés in the first layer
(ﬁonolayer) serves as an adsorption site &nto the second layer,
aﬁd each species in the second layer as a siﬁe into the third
layer etc;. The assumptibn is also made that the heats 6f ad-
sorption into second and subsequeﬁt layers a;é ;ll\eQﬁal. and

are equal to, the heat of 1iqgefaction of the adsorbed vapour.



the obvious type II isotherms exhibited. by Specié@ 'A' and . i .

Darco KB produced B.E.T. plots with y-axis intercepts. This

behaviour may be explained by consideration of equation (2.1),
e

which at very high wvalues of ¢ reduces to

_®fpe = 1 |» (2.25)
V(].-P/PO) ) Vm Po /

which is a straight line of slope = 1/Vm. Thus the more evident
the type I behaviour, the higher the value of c will be. The
c value is related to the net heat of adsorption Hl— HL'by

(Brunauer 1943) L

c= a, b, exp ( H; - Hl) (2.26)
a, b, ( RT )
where H, = heat of adsorption in the first layer
H, = heat of liquefaction of the gas & f

a,.,b,,a,, b, = pre-exponential teams for evaporation
and condensation kinetic expressions
from the first and second layers re-
spectively

universal gas constant

absolute temperature

L3

R
T

i

Thus.SpeciSl A, where ca 90, and Darco KB, where c 153, display
. ! . \ .
a lower net heat of adsorption than do the other carbong.

From the B.E.T. plots for each carbon, Vm was #stimated
and the total surface area, £, was subsequently calculated
wsing equation (2.3). Similarly for each carbon,determination

of Vm by the 'point B' method, and hence the corresponding -

-

value of surface area, ¥.g, Via_eqpation‘(2.3l’was also calculated,

The value of total surface area g€ using the hniyeréal t-plot

e
PEs

I I L e

R
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procedure as outlined earlier was also determined for each
carbon. A comparison of the results of total surface area
determination by these 3 procedures are shown iq.Table II.3.
Here the t-plot analysis of adsorption data is seen
T~
to give values of total surface area £t which correspond well
with values of & obtained from B.E.T. anaiysis for each car-
bon. However the_ ‘point B' method produces values of 23 that -
are'in general higher than those derived by thé other two
methods. This discrepancy probably arises from the difficulty
in éxact estimation of the position of the inflection point
in the pseudo -~ type I adsorption isotherms.

It is important to note here that the representativeness
of the ddsorptién/isotherms. shown in Appendix IX.3, in de-
scribing trué-n;trogen adsorption behaviour are limited by the
expérimental technique employed in their determination. 1In’
this respect two points are worth menfioniné regarding the ex~
perimental procedure used here as outlined in section II.2.2.

Firstly, due to limitations of the adsorption apparatus,
there were experimental difficulties connected with accurate
de;ermiﬁation of V values at P/Po values in excess of 0.95

(the implications of.thié difficulty are discussed more fully

 later - see Section 1X.2.3, (iii)).
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TABLE II.3

Comparison of Surface Areas, as Evaluated by Nitrogen

Adsorption Experiments, For the Carbons Under Studv \\\\\\\‘

—

surface Area (mz/g)

Point BET t- Manuf.
Carbon 'B! plot Spec.
Z BET

Z g £t
Powdered
Nuchar Aqua A 1092 909 897 754
Darco S-51 673 632 650 700 (1)
Darco KB 1569 | 1503 | 1464 | 1200 (1)

Pulverized Darco 12 x 20 695 658 660 700

-

Granular ‘
Nuchar Wv-G 12 x 40 ‘1350 | 1157 | 1187 |1100
Filtrasorb F-400 .| 1027 901 961 | 1050-1200.
Darco 12 x 20 712 698 672 700
Columbia LCK 12/28 1333 | 1180 | 1236 |1100
Special 'A! ‘| 89.6 93.4 89.4 -

(1) values of Timpe (1970)
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Secondly, there was experimental evidence to suggest
that helium is adsorbed.onto activated carbon during the
dead space determinations (see section 1I.2.2. }iiir). This
was based on a comparison of the calculated dead space volume
with a corresponding visual estimation. It appeared tha£ the
latter was somewhat smaller than the calculated quantity. If
this is in fact the case, then the subsequent corrections for
dead space used in calculation of adsorbed volumes in equations
(2.22) to (2.24) would give rise to erroneously low values of
V. However, since the adsorbed volumes at all relative applied
pressures were high for all the carbons studied, and the ap-
proximate discrepancies between estimated and calculated dead
space volumes were low (est. 2~5 cm3 (s.T.P.)), the error in
the calculated V values is considered negligible. Since the
helium adsorption waé found to be completely revérsible, a
possible explanation would be that aof weak physical adsorption
of helium on the carbon -surface. It is suspected that -all
';ner£' gases may be subject to a small amount of adsorption.
onto activated carbon, aqd accgrdingly dead space factor de-
terminations may still be subject to a small error if other
'inert!® gaseé are used'in its evaluatiqp. This point should

be - further investigated by surface -chemists.



II.2.3. (ii) PFundamental Carbon Properties

For each carbon, the total surface area was calcu-
lated from the appropriate nitrogén adsorption isotherﬁ by
the three different methods as outlined in section II.2.1
and summarized in Table II.3. Thebrepresentative carbon
total surface area was then taken to be an arithmétic'
average c;f ZBET and €+ (see Table 4II.3)‘. Similarly, total.
pore volume and average pore fadius for-each carbon were
determined frém nitrogen adsorption data in conjunction with

equétions (2.6) and (2.7). Table II.4 summarizes these funda-

mental carbon properties for each carbon studied.

Table II.4 Carbon Fundamental Properties Evaluated
from Nitrogen Adsorption Isothexrms

’ . Surf.Area Pore Vol. Ave .,Pore Radius
Carbon (m2/g) (em3/g) (&)
Columbia LCK 12/28 1208 " 0.585 9.5
Darco KB 1484 1.402 19.5°
Darco S-51 641 0.775 23.8
Darco 12 X 20 - 685 0.712 20.4.
Pulverized Darco 12 x 20 659f - -0.523 15.8
Filtrasorb 400 + 931 0.449 : 9.3
Nuchar Agqua A. 903' - 0.594 . ‘ 13.2
Nuchar 12 x 40 ‘m72 | o.72a L 12.2
‘Special 'A B 90.9 . 0.331 . 74.9




.From this table it is noticed that there is a large variation
in total surface area for the various carbons, “ranging from

90.9 mz/g for Special 'A' to 1484 m2/g for Darco KB. Similarly,

teotal pore volumes and average pore radius are also seen to

vary quite significantly, total poré volumes ranging from 1.402

cm3/g (Darco KB) down to 0.331 cm3/g (Special 'a') and average

pore radius from 9.33 X (Filtrasorb 400) up to 74.9‘3 (Special
IAI ‘

These values may be explained in terms of physical pro-
perties and activation procedure for a particular carbon.
Darco KB is claimed by the manufacturers to be a carbon of
egtra high adsorptivevcapacity, in which the qhemic;l activation
procedure involving the activation of wood chgr with phosphoric
acid leads to a highly developed pore étructure, wherein the
total volume of pores formed is large compared with steam acti-
vation. The high values of surface area (1484 mz/g) and total
pore voiume (1.402 cm3/§) confirm this. The average pore radius
of 19.5 X indicates that the pore size distribution includes a
significant contribution of both large and small pores to the
total pore volume, -i.e. that the bulk of the pore vq}ume is
not supplied by wery small migropores (less than 10 g in

radius). In comparison, Special 'A' appears to be a carbon

"or very little total adsorptive capacity, as evidenced by the
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~

very small surfgce area (90.9 mz/g) and total pore volume
(0.331 cm3/g) exhibited. However the high average pore radius
(74 .9 X) displayed suggests that the bulk of the pore structure

is realized-by;large pores, with the existence of little or no
small'micropores, as indicated by the small surface area. Thus
this would appearwtoAbe an unusual carbon in which the bulk of

its pore volume and hence adsorptive capacity would appear to

be concgntrated\in a narrow pore s;ze range of large micropores.
This deduction may be explained by consideration of the physical
nature of Special 'A'; it is actuaily a pseéudo-activated carbon,
the granulés consisting of a clay-alumina inner core Qith a

iayer of carbon baked onto.surface in the activation procedure.
Thus particlé sur face propefties will be’dictated by the carbon
coating whereas bulk particle properties, includi;g pore structure,
will be governed by alumina-clay p;operties. This is evidenced

by thé form-of,the adsorption isotherm (see Appendix II.3 Fig.
(ix)), which approximate; a ﬁypical alumina-type adsorption

isotherm (Anderson 1970) at the low relative pressures.

Columbia LCK 12/28 is an example of a carbon in which

the volume of very small micropores (léss than 10 g radius)
contributes a sizeable portion of the total pore volume. This
is evidenced by’the high surface ageé (1208 mz/g) and pore .
volume (0.585 cm3/g),.coupled with the vefy small average pore

-

.
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radius (9.46 g), found from isotherm analysis. These
findings are again found to be faccordance with the manu- .
facturer's specifications, where this ;arbon~is stated "to
have been éesigned especially for use in adsorption of re-
latively small molecules from solution, as contrasted to
the decolerizing operation'.

{ The other carbons studied display pore structural
properties within the three extreme cases quoted, the nature
and extent of contained pore structure being evident from
the values in éable IT.4. 1In general there is no trend
between the pore structures of éranular versus powdered car-
bons, since each carbon is prepa?ed and activated in a unigque™
manner from a unique base material. However for a granular
carbon prepared by stabilization of a powdered activated carbon
agglomerate with a binding agent; a trend in‘pore structure
algeration may exist, whereby some- larger p;res may be fo?med
between adjac¢ent carbon particles in-the ;églomerate. Con~
versely, pulverizatio£ of a granular carbon to produce a
powdéreq carbon may £e expected to yield a décrea;e in the
number of iarger pores. This suggeétion is _confirmed by com-

paring the values in table II.4 for granular Darco .12 x 20

: A} .
with its pulverized form, in which the granules were pulverized~
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to give a .powdered carbon where 97.6 wt.% of the particles
passed through a #325 U.S. mesh screen. It can be seen that,
although surface érea is relatively unaffected (685 versus
659 mz/g) pulverization gives rise to a decrease in total
pore: volume (0.712 versus 0.523 cm3/g) é;d average pore
radius (20.4 - 15.8 X)_ This signifies that puive:ization
destroys some of the pore structure, with the bulk of the

destruction occurring in the larxger pores. Similarly, from

table IX.4 one might expect that Nuchar 12 x 40 should exhibit

a larger pore volume and average pore radius than Aqu% Nuchar

A, whereas the reverse case is evidenced. However this would

not necessarily follow, since the base materials are different.

In general, the experimental values shown in table
II.4 agree quite well with those in Table II.l1 as specified

by the manufacturers and/or other researchers. The exception

here is Filtrasorb 400, where the experimental values of aur-r
face area, pore volume and average pore radius are signifi-
cantly lower than the manufacturers specifications. Assuming
both sets of values are correct, (a duplicaée isotherm on
this carbon confirmed the findings of this study), th;a would
sugges£ that some of the pore volume became plugged in transit

or by previous laboratory use of the same carbon sample as an



adsorbent. The discrepancy could also arise if-there were
a temporary malfunction in the activation procedure at the
manufacturing plant, resulting in loss of generated pore

volume.

Ir.2.3.(iii) Pore Si;e Distributions

The surface area and pore volume distributions with
respect to pore radius were calculated for each carbon from
nitrogen adsorption data by utilization of the computer pro-
gram reproduced in Appendix iI.l and based on the BJH approach.
These distributions are‘Shown in Appendix 1I.4, Figs. (i) to
(viii) and Appendix II.5, Figs. (i) to (viii) respeétively.

The pore size distributions obtained by the aforemen-
tioned procedures suffer inherent inaccuracies. Firstly,the
assumption of cylindrical pores may not be.a good one: the
same maf be said for the assumption of open-ended capillary
condensation.

Secondly, the procedure used for arrival of a pore
size distribuﬁion from nitrogen adsorption isotbérm data will
influence the nature of the obtained distribution., In this

respect, Figure II.6 shows the distribution obtainéd'by appli-

cation of the BJIl approéch to the nitrogen adsorption isotherm

of Darcce XB:
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Thirdly, the shaﬁe of the adsorption isotherms generally
dbtaine; in this study by their nature do not lend themselves
to accuraie determination of pore size distributions. This
is because the isotherms, especiallJ the pseudo type-~I
isotherms, display very high adsorption capacity at both very
low and very high applied relative pressures. Since Pierce's
t-plot data (Fig. II.2) is uncer£ain in regions of low (1es$
éhan 0.05) and highxkgreatér than 0.95) applied relative
pressures, any porefsize d;stribution anélysis incorporating
t-plot data will yield a pore size distrigggion ﬁhat would be
inaccurate at iﬁs lower and\upper limitg, i.e. for pore radii

' o .
less than approx. 10 A and greater than approx. 1000 X. The

error in the pore size distribution obtained in the large

(greater than approx. 1000 X) pore radii range is further

'

compounded by the expefiméntal difficulties connected with
determination of a true Qalue of V at higﬁ (greater than 0.95)
relative applied pressures. These difficulties arise from
a) The long time }approx. 2 hours) required éo
obtain a true equilibrium‘value of.V at the
high P/Po values. |
b) The rapid change o%uv with small changés in

P/Po at the high P/Po values (see Appendix II.3)
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c) The danger, with the apparatus used, of
momentarily exceeding at P/Po value greaterxr
than unity when determining V gt relative
pressures approaching unity, which would
lead to dew point nitrogen condensation in
the system.

[Due to the difficulties in determining V at high values of’

P/Po, it éiso follows that the extrapolated value of Vs at

P/Po = 1 (see Appendix II.3) may also be subjéct to error.

Since the total pore volume and average'poré radius calculated

for each carbon from nitrogen adsorption data are calculated

from a knowledge of Vs (see equations (2.6) and (2.7)), it is
apparent that\;ie values of these parameters in fable IT.4
may be slightly inaccurate.]

A further limitation in evaluating pore size distri-
butions\from nitrogen adsorption data is one of physicai
limitation. Thé smallest pore that can thegretically pene-
téated iskoné‘whése diameﬁer is equal to that of a condensed
nitrogen molecule, i.e. of radius 4.32 ﬁ (Atlas Chem., ;nd.
1968). Thus the physical restriction imposed py‘the size of )
a nitrogen~molecule determines that the pére size distribution

o) ’ .
in pores of less than about 4.32 A radius cannot be estimated

“from nitrogen adéorption data.

Ta g MR @ my Sde, e I ap—y



Désprption rather than adsorption isotherms are
generally cogsidered more suitable for obtaining a more re-
presentative adsorbent pore size distribution. In general,
porous adsorbents such as activated carbon desorb a larger
,guantity of vapour at a given relative pressure P/Po than
is adsorbed at that same relative pressure. This hysteresis

effect may be explained naively in terms of the inkwell pore

theory. For a pore such as that depicted in Fig. II.7,
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Fig.JI17 An inkwell pore

the volume of gas adsorbed V by the pore will occur at a

relative pressure (P/Po)é, corfesponding to a pore radius

. " H
ra ad given by equation (2.9),.but the samé volume V of gas
\

-

desorbed will 0ccuriat a different relative pressure (P/Po)q.,

-
-
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corresponding to a pore fadius rd from equationh(2.12).-

It is hence obvious that the BJH analysis will yield dif-
fere#t’pore size dishributions when applied to adsorption:
rather than desorption isotherm data. Iﬁ general, pore

size distributions obtainéd from adsorption data relate to
radii of pore necks whereas distributions based on desorptioﬁ
data rélaté to radii'of pore interiors, according to inkwell
.pore theory. Since in this work the effect of adsorbate
molecular size on its adsorption into carbon pores will be
studied, it is evident that a pore size distribution based
on pore necks, and hence on adsorption data, may be more
meaningful than a distribution based on pore interiors. How-
eer, in the BJH pore size distribution evaluation procedure,

(see Apﬁendix IT.1l) the Cohan rather than the Kelvin equation

4

was used in order to endeavour to account for the hysteresis
effect and hence ‘the obﬁained distributions in Appeﬁdicies

ITI.4 and II.5 are more closely based on radii of pore interiors
" rather than pore necks. In retrospect, it would have been
interesting to compare BJH pore size distributiéns for a

given carbon based on (a) the desorption isotherm/Kelvin
q&ﬁation and {(b}~the adsorption isotherm/bohan‘equation ap-
broachés, in order to obtain .an indication of the differences

in the obtainedfdistributions.

v bd sl e
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II.3 MERCURY PENETRATION UP TO 50,000 PSIA

~ By means of mercury penefration experiments it is
possible to determine the volume of mercury that will pene-
trate the pore structure of a porous solid at various ap-
plied pressures. The mercury penetration volume ~ applied
pressur; relationship obtained may be used to yield important
information concerning pore~structural characteristics of the
p

solid.

Ir.3.1 Theory

'

The force tending to impede the entry éf'a ‘non-~
wetting; liquid such as mercury into a narrow cylindrical
channel of radius r is given by

F= 2731r o CO8 o ' (2.27)
where - o= liquid surface tension (dynes/cm)

«K = liquid~-solid contact angle (radians)

If a pressure ig imparted to the mercury, the force
tending to drive mercury into the cylindrical channels,'such
as $ay.be present as poréé or voids in a porous solid, is
given by . ,
| F=1Trx?>pP (2.28)

Eduating these two forces gives

P= - 2TTocos = (2.29)
~ r ' )

a8 e
TV S
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Equation (2.29) indicates that at zero applied pressure, no
pores or interparticle voids are penetrated by mercury, and
that increasingly smaller pores are penetrated as applied
pressure is increased.

Reported measurements of contact angles between mer-
cury and a iarge variety of solids rangé from 112° to 142°
(Orx, 1959). The contact angle between mercury and carbon
is taken to be 140° (Atlas Chem. Ind., 1968). Tﬁe surface
tension of mercury at ambient temperature has been quoted as
480.dynes)cm (Thomas and Thomas, 1967), 474 dynes/cm (Micro-
meritics Inst. Corpn., 1970) and 474 dynes/cm (Atlas Chem.
Ind,, 1968). Assuming o = 474 dynes/cm and = 140°,~then

equation (2.59) becomes

P = 1.074 x 106 . (2.30)
b o

where P is measured as psia and r as angstroms.

IX.3.1 (i) Evaluation of Adsorbent Total Pore Volume and
Pore Volume Distribution

From mercury penetration experimenté a plot of pene-~
tration volume Vp versus applied pressure P is obtained (see
Sectipn I1.3.2). Conversion of P to an equivalent r is
accomplished by utiliéation of equation (2.30), and enables
a plot of VP versué r to be constructed. The latter plot're-

presents the cumulative pore volume distribution of pores as

-

5
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a function of pore radius for the solid studied, assuming
cylindrical poz:s. However, as obtained, the distribugion
fails to distinguish the-contribution of pore volume arising
from (a) por; structure (b) interparticle void spaces. ’

The range of pore sizes in which an accurate picture
of the pore vglume distribution can be obtained is dependent
og the range of applied pressures that can be applied in the
experimental method. dBy use of a éd,OOO psia mercury pene-
tration porosimetér, with a 1-50,000 psia applied pressure
range, the por; volume distribution in pores of approx. 20-
1,000,000 g radii can be obtained. [?here are limitations
in applying pressures greater than 50,000 psia corresponding
to penetration of pores of less than approx. 20 g radius,
one being that too high pressures may crush the porous solid
particleé]. Thus mercury penetration porosimetry is in—‘
capable of evaluating thg pore strucgure of a soiid contained
in micropores less ghan approx. 20 grradiua..-

The total pore volume of a solid as determined by
mercury penetrétion experiments may be obtained from the Vp
versus P or Vp.versus r curves. There the éotal pore volume

(V’p)Total is given by

(Vp) = (Vp) - [ (Vp)
* Total Pmax,rmin 'Pmin,rmax (2.31)
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where (VP%Otai is the difference in mercury p;netration
volume values (in cm3/g) taken at the highest and lowest
applied pressures.

It is again evident that the total pore volume
determined from experimental data using a 50,000 psia poro-
simeter will only represent the pore volume contained in
pores of radii between 20 and 1,000,000 g. This may be
accurate in quantitising the total pore volume of solids con-
taining (6 micropores, but obviously will not represent the
true total pore volume in solids which contain a sizeable
pore str;cture in pores of less than approx. 20 g radius, as
d§ most activated carbons.

IX.3.1 (ii) Evaluation of Adsorbent Total Surface Area
and Surface Area Distribution

The applied pressure - mercury penetration volume
curve obtained for a particular solid from mercury penetration
experiments can also be used to Lalgulate the surface area of
that solid (Rootare, 1967).

The work required to ifimerse an area dS of a non
wetting powder ip\mercﬁ}y is given by

dWw = ©o° cos A ds ‘ (2.32)
Since thié work is suppled when the apblied external pressure

P forces a‘ﬁolume of mercury d(VP) into the pores of the powder,

equation (2.32) becomes

-P d(VP) = o cos ds (2.33)

PR
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Assuming that o and « do not vary with pressure, then

equation (2.33) may be written

as = -p__d(Vp) ' (2.34)

o Ccos o

or in integrated form

(Vp)max <
S = j P d(vp) (2.35)
0" cos «
(VP)min.
For X = 140° and o = 474 dynes/cm, equation (2.35) becomes
{(VP)max.
s = 0.0189  _f P d(Vp) ” (2.36)

Where S is the total spurface area (m2/g) in pores exhibiting a
total penetration volume equal to (V / - (Vv .

P qu ( P)max ( P)min
Similarly, the contribution to the total surface area

of a small increment Q(Vp), of penetration volume equal to

(Vi:)n - (VP)p 4+ 4 can be approximated from equation (2.36) by

e

A Sp = 0.0189 P A(Vp)n \(-2-—33‘)/’/

S '\, -~ -
Where P (taken equal to P,) is,’ the mean pressure that must be

aﬁplied in order to bring aboug an increase in penetration

volume A (Vp)p. * /— ‘ -

v
Thus by means of a graphical integration procedure com-

mencing ét (Vp)max and employing equation (2.37) for successive

=

decreasing values of Vp, one can obtain, by relating P to r via

4
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equation (2.30), a cumul%tive distribution of surface area
with respect to poré.radius for the solid sbudied: Addition-
ally, the cumulative value of S at the lowest value of Vp,
i.e. at Ppyj, + represents the total surface area as estimated
from mercury penetration.
O

However, the surface area distributions and total
surface areas obtained from mercury penetration data may not
reflect the entire picture of the adsorbent pore structure
due to the applied pressure limitations of the penetration

apparatus used, as discussed earlier (see section II.3.1 (ii)).

I1.3.2 Experimental

Ir.3.2 (i) Preparation of the Carbon Sample

A sample of the carbon to be tested is pre-dried for

$

12 hours in an oven at approx. 103°C. Just before use, the |
carbon-is .weighed in a clean dry sample cell whose weight is
known accurately. By difference the weigﬁt of dry carbon is
obtained. Experience has shown that for powdered and granular
carbons the best sample weights to use are 0.15-0.3g and 1~2.5§

! -

respectively. -

s

IrX.3.2 (ii) Description of the Mercury Penetration Apparatus

A schematic diagram of the apparatus is shown in Figq.
II.8 and II.9, and a full description can be faund in the in-

stxuctiqn manual. (Micromeritics Instrument Corp. 1970)

G
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In brief, the apparatus consists esgential}y of a pressure
chamber in which the sample tube plus contents are placed,

This chamber can be ev;cuated via a vacuum line or)pressurized
by means of air or hydraulic fluid. The pressure Qn the fluid
is generated pneumatiéally with a pressure generator and gas
line. The retractable probe mechanism and counter gnable

one to record small changes in mercury level in the sample cell
during the experiment and provision is also made for recording
the pressure on a series of pressure gauges,

IX.3.2 (iii) Mercury Penetration Experiments

Experiments were carried out using a model’900/901
Mércury Penetration Porosimete:, following the proéedure laid
down in the instruction manual. In brief, the sample cell
containing a known weight of dry carbon is introduced into the
pressure chamber, and the system/evaduated. After attainment
of a good vacuum {less than 20 microns of Mercury), mercury is
allowed to\fill the sample cell from the mercury reservoir, and
afterwards excess mercury is drained off. The level of mercury
in the sample cell is then noted by the automaﬁic progé mech-

anism. /Air is then allowed to enter the pressure chamber at

various pressure increments from 0.5-14.7 psia as recorded ;p -

* Micromeritics Instrument Corporation, Norcross, Georgia, U.S.A.

b
¥
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the low pressure gauge and the subsequent depression of mercury
levgl in the sample cell caused by mercury penetration of large
pores and voids is recorded by the automatic probe as a number
of 'counts', where each count can be related to an equivalent
penetration volume of mercury by the equation

Vp = k Nc) (2.38)

Where Vp = penetration volume of mercury at
pressure P (cm3)'

Neo = number of counts, corrected for mercury
compressibility, at pressure P

k¥ = the cell constant (cm3/count)
After zeroing the counter at a pressure of 0.5 psia, the cumu-
lative number of counts at each increased éressure P is recorded,
assuring that sufficient time is allowed for equilibrium at
each iﬁcreased pressure. When atmospheric pressure has been
attained, the pressure chamber is evacuated of air and then
filled with hydraulic fluid. Pressures a%sve gtmospheric are
then generated in the‘fluid, via the pneumatic pfessure generator,
by means of nitrogen gas at appro#. 80 psig pressure. By
means of the pressure regulator it,is possible, as before for
air, to ipcrease the hydraulic pressure in stages from 14.7
psia ué to 50,000 psia, at the same gime noting the/number of
counts at equilibrium for each pressure P. The cumulative

penetration volumes are‘calcuiated from equation (2.38).
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J
Hence by employing air and hydraulic fluid as the

pressuriziné media on the mercury, it is(possible to obtain
vaiﬁes of mercury penetration volume Vp versus pressure for
pressures ranging from 1 psia to 50,000 psia. The.values of
Vp must, however, be corrected for mercury compressibility by
subtracting the mercury compressibility count at the corres-

-

ponding prgssure. Mercgfg/é;mpressibility céunts aS a function
of pressur; are obtained by running a separate experiment with
an empty sample cell. The correction facﬁors gah thus be
applied to No values only if the assumption thét the actual
solid volume (i.e. exclu@ing pores and voids) of the carbon
sample is small compared to the total 'intermal' volume of the
sample cell, isjvaiid. This condition has been met by carbon
s&;ples used in the present experiments.

| Specifip mercury penétration volumes (cm3/g) at each
pressure were obtained by dividing Vp values by the original

. weighé of dry carbon used.

II.3.3 Results and Discussion

II.3.3. (i) The Penetration Volume - Applied Pressure Curve

From mercury penetration porosimetry experiments, a
plot of applied pressure P versus a 'recorded number of mercury

penetration counts' Np wag obtained for each cérbqn,'as out lined

in Section 1I.3.2. However the values of Np arise not only as

-
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a result of mercury penetration of pores and voids, but also
from compression of mercury itself with applied pressure. Each
value of N was therefore first corrected for merdury/compres—
sibility by utilization of equation (2.39), viz.

Where Ne = the number of counts at pressure P, corrected
for mercury compressibility

Nr = the recorded number of counts at pressure P

Nig = the number of counts at pressure P due to
mercury compressibility.

['Valués of Ngg versus P were determined as outlined earlier by
conducting mercury penetration experiments using an empty sample

tube. The results of these experiments are shown in Appendix

II.GJ

Vp at each P were then calculated via N~ values from equation

The appropriate values of mercury. penetration volume

(2.38), where k was stated, for the porosimeter and saméie tube

used, to be 0.00180 cm3/count. / |

The subsequent penetration volume -~ applied pressure
curves obtained for each carbon, using different amounts of
carbon in the sémple tube, are shown in Appendix II,7, figs;

\
'

(1) to f(viii).. '
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In contrast to the nitrogen adsorﬁtion for a given
carbon, the mercury Eenetrétion volume - applied pressure
curce is immediately indicative of carbon pore volume distri-
bution, since values of P may be directly related to an 'equi-
valent' minimum pore radius filled r,via equation (2.30).

Thus the difference in the shape of the curves in Appendix
II.7 between carbons immediately reflects differences in their
pore structural characteristics.

However, like analysis of nitrogen adsorption isotherm
dagg, determination of accurate and'meaningful pore syzg dis~

,
triﬁdtions for a given carbon from its mercury penetration
volume - applied pressure curve can often be very difficult.

Firstly, as mentioned earlier due to liﬁitations on
maximum applied pressures that can be achieved, it is only
poésiblé from our data to estimate carbon pore structure iﬁ the
approx . 20 g - 1,000,000 g pore radii range, corresponding to
the 1-50,000 psia applied pressure range gftainable with the
porosimeter used.

Secondly, the nature of mercury penetration experimen-
tatibn does not provide the means to distinguish between the
penetration volume utilized in filling interparticle voids ana
! ) .
that genuinely 9tilized in fiiling pores. This is iqmgoptrégy
to ﬂitrogen adsorptioq experimgnts,'where th; magnitude of the

void space between the carbon partic1e§ is evaluated separately
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in the dead space determination, and then subtracted from the
total adsorbed volume. However, depending on the Thape of

the ﬁercufy penetration volume - applied.pressure curve, an
estimation of the contribution of the void penetration volume

to the total penetration volume may be made. Consider the
curves shown in Fig. II.l1l0. Here curves 1l and 2 have aﬁ initial
penetratién volume at the lower preésures i.e. less than 10
psia, and that in the intermediate pressure range the curves"ﬂ
tend to flatten out, suggesting negligible pore volume in the
intermediate pore size range. Since, in contrast to nitrogen
adsorption, an increase in applied pressure gives rise to
mercury penetration of increasingly smaller po;es due to the
convex nature of the mercurylﬁeniscus versus‘the concave con-
densed nitrogen meniscus in the pores, it is apparant that the
bulk of the pore structure of carbon, which is contained in
pores of less than 10,000 g radii (Atlas. Chem. Ind. 1968),
will be penetrated at preséureg in excess of approx. 106‘psia
(from equation (2.30)). Although carbons may still contain
some pores of greater than 10,000 g radii, their contribution

. to total carbon pore structure will be very small. Accordingly,
it is reasonable to assume that the initiai penetration volume

corresponding to attainment of the'plateau.in cqfves 1 and 2

is commensurate with filling of interparticle voids. 1In the
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case of curve 3, no such plateau occurs; deciphering of this
curve in order to segregate void and pore penetration volumes

is thus virtually possible, since one"cannot estimate accurately
the pressure at which cessation of void f£illing occurs.

Another indication of the contribution of void penetration
volume. to the total penetration volume may be obtained ffom
analysis of the penetration volume - applied pressure curves
obtained on the same carbon using different sample amounts., As

can be seen from Appendix II.7, the amount of carbon sample

f

used in the porosimeter sample cell (Fig. II.9) affects the
penétration volumes in the low pressure regimes, but does not
alter the obtained incremental penetration volumes in the in-
termediaﬁe and high pressure ranges. Figurg II.11 exemplifies

this phenomermn in the case of the penetration volume - applied

pressure curves obtained for Nuchar 12 x 40 granular carbon.

Here, at pressures above approx. 10 psia, the curves are
i?entical with respect to increase of penetration volume with
iﬁcreased pressure, but below 10 psia the penetration volume
depends on sample size. From Appeqdix II.7 it can be seen that,
without exception, an increase in c$¥bon sample amount gives
rise to a decrease in the initial penetration volume. This is
due to the wall effect of the sample tube'and the closer packing

of. the sample with large sample amount. Since it is obvious
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the use of different sample quantities will not change the
pore penetration volume -~ applied pressure curve, éfovided
that sufficient carbon sample quantity is employed and that
the specific penetratién volume Vp (cm3/il is used, then the
reproducible portion of the curves illustrated in Fig. II.1ll
will represent the pore penetration volume, and the non- re-
producible portion will pertain to the void éenetration volume,
the latter being dependent on sample quantity. As can be seen
in Aépendix Ir.7, the effect of sample size on the penetration
volﬁme-pressure curves is in general more evident for granular
than powdered carbons.

The size of the particles used in the sample cell is
also known to influence the nature of the obtained penetration
Qolume-pressure curves. Mayer and Stowe (1965) introduced the
concept of a break through pressure Pf defined as the pressure
required to force mercury éhrough a uniform bed of simi}ar
sized paftiqles. Its magnitude is a funcéion of bed porosity
E and the contact angle © between the particles and mercury,

the factors being related as ghown in Fig. II.12. At any

-

b

applied pressure P, the force generated by its application serves
both to force mercury into the pores and also to force mercury
between adjacent particles Mayer and Stowe state that the

- N

smallest particles‘fofced apart by an applied pressure P is

L T

e e et e
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Breakthrough Pressure, psia

|
026 030 034 038 042 046 050

Porosity




o heR o

LEL AR L

eisd 4 aJnssaid palddy

00l 0§ 0¢ ol S Z l G0 Z0 . 10
! T I -] 1B Ot
- —10¢
- —08
- ' ~{00t
B (SUOIIIW) —002
pojesBudY
snipey
(elsd) ainssaly ubnowypieaig=d . apILey
(%) AMsoiod pag paxded=3 wnwiuty
- —006S
- Kijpwisolod uonenauad Ainosap buisnt ,04%1 JO {0004

51BUy PO0y V 103 (d) ainssald panddy snsiap payeredas ozig apiued wnuwiuiy €411°61




I3

given by
r = 68.77 P* (2.40)
)4
Where r = paéticle radius (microns)
P* = break through pressure (psia)
P = applied pressure (psia) .

Figure II.13 represents graphically an amalgamation.of equation
(2.40) with Fig. II.12 for substances displaying a contact anéle
of 140° with mercury, such as activated carbon. By using Fig.
II.13 in conjunction with carbon particle size data (see Section
II. 5 ), it is possible to asgertain the minimum pressure that
mugt be exerted in order to force mercury between édjacent
particles of a given size. This pressure is shown, for each

of the carbons studied, as a function of paéked bed porosity

and carbon‘particle size characteristics in Table II.5.
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It is clearly apparent from table II.5 that thg pressures
required for mercury penetration of granular carbon inter-
particle voids are‘conéiderably less than the corresponding

required pressures using powdered carbons, e.g. Agqua,Nuchar

A, Darco KB and Darco S-51

For granular carbons, the maximum pressure required
to force even ﬁhe smallest granular carbon particles apart
igs only 1.75 - 6.5 psia depending on the carbon studied. Hence
the penetration volume - applied pressure curve will accurately
reflect. granular carbon pore structure at applied pressures
abovelthese values, corresponding to pores of less than approx.
615,000 -~ 165,000 g radius. Since in this study pore struc-

¢

ture in the 0 - 160,000 g pore radii range is’'of primary in-
terest, subsequent pore size distribution data in this range,
obtained from granular carbon pénetration”volume ~ applied pres-
sure curves above a pressure gf 10.5 psia, will be free of error

caused by mercury penetration of voids.

However, in the case of powdered carbons, where particle’

sizes are approx. 10~2 times that of the granular forms, .it can

be seen from table II.5 that packed bed porosity and particle.
size have a greatér effect on the minimum requiréd penefratiOn

pressure than for granulér carbons. Furthermore the required

A P g Meeyy
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penetration pressures are much higher. In considering the

smallest éarticle carbon, Aqua Nuchar A, a pressure of 91 /
psia would bring about pénetration of appréx. half the total
interparticulate contacts. However in order to force almost
all the particles apért an applied pressure of about 1090
psia is required, assuming a bed porosity of 25%. From
equation (2.30), these pressures correspond to mercury pen-
etration into pores of radii 11,800 g and §86 g'respectively.
Thus the penetration volume ~ applied pressure curve for

Aqua Nuchar A carbon is only reflective of carbon pore struc-

ture at pressuresgreater than about 1100 psia. Recorded pene-
tration volumes at.pressures below this wvalue wil} represent,
an indist#nguishable summation of void penetration volume

and pore penetration volume in pores of greater than appréx.
lOQO g radius. -It.thus follows that for this carbon, only
accurate pore size distributions in pores of less than abqg:&

1000 & can be obtained using'the penetration volume-applied

pressure curve. Similarly, table II,5 indicates that for

Darco KB and Darco S-51 carbons, only accurate pore size dis-

tributions in pores of less than approx. 1306 g (corre;pogding
to applied pressures gyreater than approx. 850 psiaf can be ob-
tained from the appropriate pénetration volume-applied pPressure

curves,
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The above deductions, coupled with considerations
of the minimum pore size that is able to be penetrated with
mercury as discussed earlier, indicate that for the powdered
carbons studied, only pore structural properties in the approx.
o o o o
21.5 A to 1300 g pore radii range (21.5 A - 1000 A in the case
of Agua Nuchar A) can be evaluated from mercury penetration

-

data, whereas for granular carbons an accurate indication of

!

o o -
pore structure in the 21.5 A - 100,000 A pore radii range can

be obtained from mercury penetration data.

One final point is worth noting regarding interpreta-

tion of the applied pressure-penetration volume curves, par-
1 .

— .

ticularly when considering grahular carbon pore strycture.
/ '

From the curvesg in Appendix 1I1.7, it can be seen that there is

an apparant discontinuity in the approx. 15-60 psia applied

pressure range. This is most apparent in the curve for Columbia
) \

LCK and least notiéeable for Darco 12 X 20. This is the result
of an uncontro%lable pressuré surge when initially chahging
over to a hydraulicalIQ generated pressure source in order to
achieve applied pressures in excess of ambient pressure. {iAs
outlined in Secfién I£.3.2, after attainmgnt of atméspheri#
applied pressure, i.g. 14.7 psia, increased aﬁblied pressures

are genéfated hydraulically by surrounding'the'sample tube with

oil, which is pregsurized.by nitrbgen gas via.a bneumatiq pres-—

!



sure generator. Unfortunately, due to the design of the

%

porosimeter, it was not easily possiblé to prevent a surge

of pressure due to piston displacement for pressures less

than about 60 psia. Accordingly, although'tbe applied pres-
sure gauge may have read 20 psia, this value in fact wou}d
represent a pressure surge at approx. 60 psia followed by
pressure dissipation through the system, finally equilibrating
to 20 psié. In this case it is apparant that voids and/or
pores penetrated by 60 psia applied pres;ufe may no£ have been
vacated during pressure diséipation to 20 psi; because‘bf
hysteresis effects; giving rise to erroneously high recorded
penetration volumes at the recorded applied pressure. This
holds for all preséures in the 14.7 - 60 psia range, and thus
explains t@e discontinuity just above 14.7 psia on the curves.

' The control of pressure surges in the syétem at gpplied pres—
sures greater than 60 psia was easily achieved.]\ However,
from the curves in Appendix II.7 it is possible to interpolate
with good accﬁracy the shapé of the penetration volume-~ applied
pressure curve in the 'digcontinﬁity’ range of applied pressures
from the shape of .the curve at pressures less than 14.7 psia

and the corrésponding shape at pressures in excess of 60 psia.

a1 e et me
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IXI.3.3 (ii) Pore Size Distributions

\
For each carbon, the penetration volume-applied pres-

sure curve was used in conjunction with equation (2.30) to
yield the cmulative pore volume distribution, as' outlined in
Section II.3.1 (i). These are shown in Appendix II.5, Figs.

(i) to (viii) for the carbons studied.

The surface area distribution for each carbon was ob-
\

tained from the penetration’volumé—applied pressure curve by
a éraphical integration procedure utilizing equations (2.30)
and (2.37), as outlined in SectiénAII.3.l (ii). An example of
the calculation procedure is shown in Appendix II.8. The

surface area distribution obtained for the carbons studied are

shown in Appendix II.S5, Pigs (i) to (viii).

-

The Qalidity of the pore size distriputions obtained
for each carbon are naturally subject to the accuraey of the
penetration volume-applied pressure curves as discussed in
Section 1II.3.3 (i). Hence the pore size distribut}ons are only

. {
representative of carbon pore struétu;e in pores of approx.
21.5 ;.1000 X radii for powdered carbons, and in pores of appréx.‘
21.5 - 100,000 g radii fér gr#nular carboﬁs. In addition, the
obtained pore size Aistribuéions are also caiculated on the

assumptions of cylindrical pdﬁes and an 140° mercury/carbon
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contact angle. Any significant practical deviations from
these assumptions may result in erroneous pore size distri-

butions.

Detailed discussion of the pore size distributions
depicted in Appendices II.4 and XI.5 will follow in Section
: &
IT.4.

II.3.3 (iii) Fundaméntal Carbon Properties

Since the magnitude of carbon pore structure in pores
of less than approx. 21.5 X radii is, in contrast to nitrogen
adsorption experimeﬁts, not ascertainable using mercury pene-
tration téchniques, carbon fundamental properties such as 'total’
surface area and 'total' pore volumes obtained from analysis
of penetration volume-applied pressure curves as outlined earlier
are generally completel& unrepresentative of actual total carbon

pore structure. This is because most carbons usually contain

&
&

a significapp proportion of theiF total exhibited pore structure
in pores of less than 21.5 g ra&ii. To illustrate this point,
Table 1I.6 summarizes the *‘total' pore vqlume and surface area
calculatéd as outlined in sections II.3.1(i) and II.3.1 (ii)

from mercury penetration data for each carbon studied.

Comparison of Table II.6 with Table II.4 (see Section
IX.2.3 (ii)) reveals that for the carbons studied (with the

! ' .
exception of Special ‘A’), the total pore volumes and surface

-

2



Table IX.6

»®

A,
Fundamental Carbon: Properties

.39

Evaluated From Mercury Pene-—

tration Data

Surface Area

Pore Volume

Carbon (m2/g) (cm3/q)
() (B) (a) (B)
Columbia LCK 12/28 58.8 59.3 0.141 0.405
Darco KB 244.9 - 0.980 - -
Darco S-51 161.0 - 0.550 -
Darco 12 X 20 l162.1 1163.3 0.482 0.712
Filtrasorb 400 86.6 | 87.9 0.276 0.519
Nuchar Aqua A 93.9 - 0.400 -
Nuchar 12 X 40 89.3 90.2 0.260 0.427
Special ‘A’ 73.6 73.7 0.310 0.374

o)
(A) in pores of radii 21.5 - 1000 A

) o
(B). in pores of radii 21.5 - 100,000 A




areas determined from nitrogen adsorption experiments are
significantly larger than those evaluated from mercury pene-
tration experiments, This is because the total surface area
and pore volume calculated from nitrogen adsorption data
pertains to pore structure in the 0 - approx. 1000 g pore
radii range, but the corresponding wvalues obtained frém mer-—
cﬁry penetra£ion data are representative of pore structure in
the pore radii range‘of 21.5 X up to approx. 1000 R for powdered
carbons, or up to 100,000 g for granular carbons. Thus éhe
toial surface area and pore volume calculated from mercury
penetration data’will not include a contribution from pore
structure in pores of less than about 21.5 :¢ radii. The
highly developed pore structure in pores of less than 21.5 g

radii evident in most activated carbons thus explains the dif-

ferences between wvalues in Table II.4 and II.6.

!
Conversely, for Special 'A' carbon, values of total

Eurface area (90.9 mz/g) and pore volume (0.331 cm3/g) derived
from nitrogen adsorption data correspond reasonably well with
valués of total surface area.B (73.7 m2/g) and pore volume (0.310
cm3/g) deriéed from mefcury penetration data, for pore structure
in pores up‘té about 1600 R radius. This is because, as ;111

be seen in Section II.4, this carbon contains very few pores,

R
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and hence negligible pore volume and sﬁrface area, in pores
of less than about 20-30 X radius. Hence the total surface
area and pore volume iB/this carbon és derived from both
nitrogen adsorption and mercury penetration data would be ex-

pected to show good agreement, as evidenced above.

Generally, comparison of the values in Table II.6
support the previous statements made in Section II.2.3(ii)
regarding.carbon pore structural-differences. The large values
of surface area and pore volumes for‘the Darco carbons, par-

ticularly Darco KB in Table II.6 confirm the existence of a

significant number of larger pores in these carbons. Conversely,

r
the very small values of surface area and pore volume deter-

mined for Columbia LCK carbon substantiate the fact that this

carbon contains negligible pore structure in pores of greater

than approx. 20 R radius. Although Special 'A' appears to

contain negligible pore structure in pores of less than approx.
o .
20 A radius, Table II.6 indicates that its pore- structure in

‘pores of greater than 20 ® radius is comparable to that exhi-

bited by other activated carbong such as the Nuchar and Filtra-

sorb carbons in the same pore size range.

. A W e ar s g A B e [ e
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IT.4 OVERALL PORE SIZE DISTRIBUTIONS

In order to obtain a representative pictqre of the
overall pore size distribution in a given carbonj it is
necessary to combine the separate distributions obtained from
both nitrogen-adsorption and mercury penetration data, since
the pore size range in which accurate pore size distributions
can be obtained is limited in both procédures. The use of
nitrogen adsorption éata has been stated to yield pore size
distribution data that is only accurate in the approx. 15—

125 X pore radii range (Atlas Chem. Ind., 1968). Similarly
pore size distriﬁutions obtained from mercury penetration data
using a 50,000 psia porosimeter are only accurate in the approx.
21.5 - 1000 £ pore radii range for powdered carbons, and the
21.5 - 100,000 g range for granular carbons. [West Virginia
Pulp and Paper Co. (1969) stated this accuracy range as being

o}
25-100,000 A radii using a 50,000 psia poéosimeter.]

<

In the WestVaco study (1969), the distributions obtained
By the two methods were joined at 1000 R radius, whereas Atlas'
Chemical Company {(1968) suggest matchinq aé 125 R radius. How-
ever WestVaco used only a 15,000 psia po#osimeter, in thch the
smalle;t pbre that can be penetrated is one of approx. 72 :4

radius (from equation (2.30)). Accoprdingly, in this study it

was felt that maﬁéhing at 50 & radius was justified, since the

o N ¢ N A W YAy ATy

-
¥
¥
{
H




50,000 psia porosimeter used here had a greater resolution
with respect to smallest pore radius penetrated. Below

0 R, the BLET data- was used. Above 50 SV the incremental
increases in pore parameters obtained from mercury penetration

data' were added to the BLT data.

The combined distributions with respzct to surface
area and pore volume are shown in Appendix II.4, figs (i) to
(viii) and appendix I11.5, figs. (iL to (viii) respectively,
Here the disﬁributiPns match very well for the Darco carbons

and Special A, but deteriorate with the Nuchar carbons and

Columbia LCK. The distributions do not match well for Filtré:
sorb 400 carbon. As discussed earlier, the lack of a good
*match' between the two distributions probably gfises from

the assumptions made regarding pore shape and surface/adsérbate
contact angle in determlnatlon of pore S{is/éqgf;zguglons.

is feasible that the assumption of cylindrical pores ma

be a good one when considering certain carbons. 1In this ré—
,spect the pore size distributions calculated from nitrogen ad-
sorptionidaéa in the manner outl;ped earlier (Section II.2.3
(iii)) relate to pore interiors while mercury penetration data
gives ;ise to pore size distributioﬁs based on pore necks.
Thus carbons yith pores of approximately oylindrical shape

will give reasonable 'matches* where it is evident that carbons

with pores deviating considerably from a:cy}indrical config-
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uration (e.g. inkwell pores) would give rise to different
pore size distributions obtained by the two methods, and

hence 'poor matches' in the combined distributions.

In addition, it is also feasible that the assumptions
of zero and 140° contact angles at the carbon/liguid surface
in nitrogen adsorption and mercury penetration respectively

’

may be iq error: furthermore, due to differences in carbon sur-
face characteristics between carbons (see Section II.7), this
éngle may vary from carbon to carbon. Any actual deviation
from the appropriate assumed value in the model used for de-
termination of carbon pore size diétributions by either proce-
dure could also give rise to a poor 'match' ‘in the combined

distribution. Hence it is likely that the poor 'match' in the

case of Filtrasorb carbon arises from the presence of essen-

tially non-cylindrical pores and/or an unusual mercury/carbon

or liquid nitrogen/carbon contact angle in this carbon.

: . o
In the case where a poor 'match' was evident at 50 A

radius, a ‘!'smoothing-out' curve was constructed to byrbgss the
discontinuity in the overall distribution curve. Figﬁrés I1.14
and II.l5 show the overall ' smouthed-out'! porelsize distribu-
tions with respect to éurface area and pore vo}umeqfor £he car-
bong studied,” expressed as the total surface area or pore vol-

ume contained in pores up to a given pore radius.

(
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Here it éan be seen that there is a wide variation
in carbon pore structural properties among the carbons studied.
Darco KB carbon is seen tc;possesg'the broadest and most’highly
developed pore structure of all the carbons studied, containing
a significant amount of pore structure in all pores of up to

o)
approx. 1000 A radius. Special 'A', on the other hand, con-

tains practically all its exhibited pore structure in pores of

approx. 20-200 R radii. columbia ICK carbon appears to contain

virtually all’its highly developed pore structure in very small
pores of less than approx. 15 g radius. (Although from Fig. II.1l5
it appears that this carbon contains some pore volume in very
large pores, it is questionable whether this volume represents
true pore volume or iﬁterparticle void wolume as discussed
earlier in Section II.3.3). The other carbéns studied diéplay
pore structures intermediate between the pore structures of the

carbons quoted above.

In general the total pore volumes and surface areas in
pores of up to 1000 X radius obtained from Figs. II.14 and II.iS
generally agree well with the corre;ponding values determined
from nitrogen adsorption data and listed in Table II.4. However

. <5 .
in the case of Darco KB, the value o? total pore volume (approx.
1.85 cm3/g) determined from Fig. II.f§ is somewhat higher than

the corresponding value (1.40 cm3/g) determined from nitrogen
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adsorption data. This discrepancy can arise as a result of
three factors, viz.

a) the manner in which the distributions are ‘'matched‘

b) possible errors in determination of Vg in nitrogen
adsorption experiments as outlined earlier (see
Section II.2.3)

c) possible errors in the pore volumes at larger pore
sizes due to the contribution of void penetration
volume in mercury penetration data (see Section
ITr.3.3).

and will occur to an extent with all carbons, but particularly

with powdered carbons exhibiting highly developed pere structures.

It is also interesting to note from Figs. II.l4nand I1.15
that, for equivalent pore volumes, the ratio of surface area to
pore volume decreases as pore size increasgs. To illustrate
this, it can be seeg;that in poreé below approx. 30 g radius,
Darco KB conpains approx. 0.9 cm3/g pore volume and appro;.

1330 mz/g surface area. However in the approx. 30-1000 g pore
radii range, this carbon contaihs approximately the same pore
volume of approx. 0.9 cm3/§ but only approx. 120 m2/g surface
area. This arises from pore geometry since, assuming cylindrical
pores, the ratio of surface area to pore volume is equal to

' 2TTr/GTr2, or I/r. Hence for equivalent pore volume, the

number of surface adsorption sites decreases with increase in

pore radius.
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II.5 PARTICLE SIZE ANALYSIS /

1

Activated carbon particle size is an important '
parameter in determination of adsorption rate. Each of the
carbons studied were thus subjected to a particle size
analysis. The granular carbons, due to their relatively
large size, were characterized gy sieving techni;ues, whereas
the powdered carbons were analyzed ﬁy a microscopic counting
procedure.’

I1.5.1. Theory

IT1.5.1. (i) Sieving

-

By mechanically sieving a sample of granular activated
ca;bon through a'sieve array of progressively decreasing aper-
ture openings (i.e. increasing sie;e mesh numbers) for a given
time, and then weighing the amount of sample retained on each
sieve, it is possible to determine carbon particle size as a
weight distribution with respect to aperture opening, or carbon
characteristic diameter. The amount of sample retained oﬁ a
given mesh size after shaking is an indication of the weight
fraction whose particle geometrical characteristics -~ generally

expressed as a characteristic particle diameter D, - are

greater than or equal to the sieve mesh opening. Usually Dy

~



for a given weight fraction W; is taken to be the arithmetic

average of the sieve aperture openings bracketting the

H

fraction, i.e. for the ith fracéion

A

D = 1/2 ( A + A) (2.41)
i i-1 i -

where A = the aperture 6pening of the sieve
i-1 : above the sample

and A = the aperture openihg of the sieve on
g i which the sample is retained

For all i values, the above equation enables determination

of the incremental weight-size characteristics of the

orjiginal sample. However, in order to obtain the cumulative

eight-size distribution, the cumulative weight fraction

wji retained on or above sieve i in an array of n sieves

i=1 i n

18 evaluated. The fractional weight term Zl ws / 2 Wy
' : i= i=1

is then plotted against D, .. where in this case D,. is taken
i i

to be equal to A;. The fractional weight term is an indication
‘ /
of the probability of any particle having a diameter greater,

than or equal to, the weight average particle diameua:‘<Dh> R
w

i.e. ;{
. \

ni::l ¥ oo oer (Op; 2 <%a) ) (2.42)

£ w |

i=1
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The form of <DA>V! depends on how the d.‘;:\ta is distributed.
A Gaussian distribution of the data will yield an arithmetic
weight average particle diameter <DA> w+ Where

n

a (DA> w = i_ wi DAi

(2.43)

Likewise logarithmically normalised data will yield a

geometric weight average particle diameter <DA> , where
. G \ w

M:’

© log D = ‘w, log D, |
G A>W i=1 = Ai (2.44) .

w
1 i

WM

These are the two principally encountered data normalisation
tools, although others may give a more accurate normalisation

of highly skewed distribution data.

II.5.1. (ii) Microscopic Counting

By relating the projected form of a particle, as
viewed under a microscope, to a circle of equivalent area,

it is possible to obtain a number-size distribution of

{

i

particles in the original sample by successive counting of



particles having the same, equivalent circular diameter.
The number of particles n, having an equivalent circular

diameter Dm are counted for each i, The cumulative

1

probability function expressing the likelyhood of any
particle having Dmi greater than or equal to the number

average particle diameter <Dm> N is given by

n; = Pr (Dmi 23<bﬁ> ) (2.45)
n

By analogy with section I1.5.1.(1i), the nature of
the number average particle diameter<<Dm> will depend on
whether ithe data are normally or log-normally distributéd,
giviqglrise to arithmetically and geomet;ically weighted

number average diameters <:D >> and <&%{7
a m/s o G n

respectively at Pr (Dmi>/ <Dm> ] ) = 50%.

As a ;ule, if the number distribution of Dm obeys a
normal distribution law; it does not necessarily follow that
the weight distrihution is normally distributed. However,
if the number distribution is log;normal then it can be
sho&n by Kapteyn's tfansformation (Herdan ,1960) that the

weight distribution is also log-normal and with the same
{
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log standard deviation O7. Hence since (0°) = (0) it
G G W Gn

can be shown that

2
1n a<Dm7w = 1n G<Dm7w + 0.5 1ln Eaé] (2.46)

it can also be shown that the arithmetic weight average
particle diamter -<b'7 can be related to the geometric
a m’w
number average particle diameter G <pm7'w by the equations
2
= * r L d

1n a<Dm>w In Dy, + 3.5 1n[ez] (2.47)

Thus by combining equations (2.46) and (2.47) the
relation between the geometric number and weight average

particle diameter is given by .

. )
1n . DYy, = In G<Dm7 L+ 3 1In Eo—G‘] (2.48) -

IT.5.2. Experimental

II.5.2. (i) Sieving’

Approximately 50 - 100 g of granular carbon was
weighgé and then added in increments to a sieve array
containing sieves of numbers 14, 16, 25, 30, 40, 50 and 70
U.S. mesh sizes (when sieving the Special "A" carbén sieve
numbers 80, 100 and 200 U.S. mesh were also used in addition
to the others.) After addition of the last increment of
sample, the array was subjected to 15 and occasionally 30

mins. of shaking. The amount of carbon retained on each
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sieve was then weighed as was the contents of the pan. From
the weight data and a k;owledge of the sieve aperture sizes
the weight-size distribution characteristics of each carbon
was determined as outlined in Saction II.5.1. (i).

II.5.2. (ii) Microscopic Counting

For each powdered carbon, approximately 25 g of
sample was'screened on a #200 U.S. mesh sieve. Both +200 and
~200 mesh fractions was collected and the weight of the
+200 fraction was determined. The -200 fraction was then
analyzed * by a microscopic counting method using a Quantimet
220 image Analyzer. Approximaté%y 500 particles were
counted and their diameter recorded as that of an "equivalent
circle” diameter]%r From the data obtained, it is possible
to expréss the characteristic particle sizes of the -200
fraction as a number-size distribution, as outlined in

Section II.5.1. (if).

* Analyses performed by Ontario Research Foundation,
Sheridan Park, Mississauga, Ontario. ’



I1.5.3. Results and Discussion

,“_—‘Jl;ﬁw3‘\ii) Evaluation of Particle Size Distributions

- .J‘/
- a;\\fieving

ranular carbon used in this study, the weight-

For each

size distribution o articles was calculated from the results
of sieving experiments\g% utilization of equation (2.42).
The distributions are shown in Appendix 1I1.9, figs. (i) to
(v). The data are assumed to be log-normally distributed.
It should be noted, however, that'the data can also be
adequately described by a Gaussian distribution. This
arises because there is lack of a sufficient number of data
points in regions where the bulk of particles are concentrated
(see Appendix II.9), due to the unavailability of appropriate
sieve sizes. However, due to the limitations of sieving

~ procedures such as apertufe binding, particle aktrition
and agglomeration, the experimental errors incurred in
determination of the distribution data points are considered
to significantly outweigh the error that may be caused by
selection of the incorrect normalisation modgl (i.e. log- ’
normal or normal distribuation).

From Appendix II.9, figs. (i) to (v), tﬁe geometric

- weight average particle diamter G<:DA7 w is obtained, being
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, .

the value of D, at Pr (DAi7/<DA> w) = 50%. Similarily the

standard deviation o& can be taken as the difference in

D values at the 50% and 84% probability values. The

A

values of both <D ) and ¢~ for each carbon are shown
G A w G

in Table II.S8.

*b) Microscopic Counting

The number-size didtributions of the -200 U.S. mesh
fractions were calculated from microscopic counting data by
use of equation (2.45). The data was found to be log-norm-
ally distributed, as shown in Appendix 1I.10, figs. (i) to
(iii). The geometric number average particle diameter

<D > was correspondingly obtained for each carbon from
G\"m/ ‘
primarily distribution data, being the value of D at

m
Pr (D <.<D > ) = 50%. Similarily the standard deviation
Mi=Nm/n

0& is the difference in D values at the 50% and 84% prob-

ability values. However, in order to compare powdered and

granular carbon particle size distributions directly, the

former must first be converted to weight-size distributions.

This is eved by use of Kapteyn's transformation, as
outlined in Section II.S5.1. (ii). Here the éeometric
weight average particle di D - point "A"
g age p ameter G< m7w point "A" in

Appendix II.10, figs. (i) to (iii) - can be calculated from

-
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equation (2.48), since <:D‘> and ¢~ are known. The
m/n
‘!ﬁi—-‘d G
correspondlng weight-size distribution of the original data
is thus represented by a straight line passing through point
"A" and running parallel to the number-size distribution, as

shown in Appendix II.10, figs. (i) to (iii).

[it is alsg possible to convert individual data points

on a number-size dlstrlbutlon to the corresponding points
("”*"'\\ ~

on a weight-size dk%é@fbutlon. Here, it can be shown
(Herdan, 1960) that if the shape and density of all sized
particles are assumed similar,.then the weight-size distrib-
ution can be calculated from number-size data via the equation.
i 3

Pr (Dmi‘>/ <D;n>w) = € n. D

S (2.49)

' - n 3 - .
S ' 2 n, D
' i=1
where the number of-particles n. of a characteristic diameter
Dmi is known for all i from gicroscopic counting data. The
distributions cqlculated from equation (2.49) are shown in
Appendix II.10. |
The weight~size désggibhtions thus far obtained are
still not amenable to direct comparison with granular carbon

distribution data, since the former only apply to the -200

U.S. mesh fraction. The powdered carbon weight-size

. ' e



1,98

distributions must be adjusted to incorporate the +200
U.S. mesh‘fraction. values of the latter for each

powdered/carbon are shown in Table II.7.

The values in Table II.7 cannot per se be used in
conjunction with -200 U.S. mesh weight-size distribution,
since they are characterised by a sieving characteristic

particle diameter D

A whereas the weight-size distributions

of the -200 mesh'gractions-are characterised in terms of
an equivalent circle diameter D . Heywood (19¢7) has

m

developed an equation relating DA to D, i.e.

D, = 0.724 m< + 1
mn {2.50)

7|

where m = particle breadth/thickness ratio
n = particle length/breadth ratio
If it is assumed that all the powdered carbon
particles are either spherical, cubic, or rhomboid in shape,
then from equation (2.50), DA = Dm. Making this assumption,
values of Pr (Dmig <Dm> w) from the weight-size distribut'ion

H
of the -200 U.S. mesh fraction may be adjusted to incorporate

the +200 mesh fraction by use of the equation
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Table II.7 Sieve Analysis of Powdered
Activated Carbons

Weight Percentage Retained on

Carbon a 200 U.S. Mesh Sieve
Aqua Nuchar A 2.0%
Darco KB 29.0%
Darco S-~51 18.4%
N
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g (DAié<Dm>wﬂ o LT ]

Total Total
[Pr (Dmi (P ) w)] x (100-y) (2.51)
-200 U.S. 100
mesh fraction \

/

where y is the weight percent of sample retained on a 200

U'?? mesh sieve (see Table II.7.) The "total" powdered
carbot}weight—size particle distributions calculated from
equation (2.51) are shown in Appendix II.10, figs. (i) to
{(iii). The correéponding values of the weight averade
particle diameter <PA>w are shown in Table II.S8.

I1.5.3. (ii) Carbon Particle Size Characteristics

A summation of carbon particle size characteristics
evaluated by the aforementioned procedures is shown in Table

I1.8.

L]

- Here the granular carbons studied generally have '\)
average particle diameters of about 1 mm . These values ,/

also show good agreement with manufacturers' determined
e

values, where available, although the nature of the average

pérticle diameter stipulated by the carbon manufacturer is

L]
not known. Special "A" carbon, however, is seen to exhibit

approximately half the average particle diameter of the

.

other granular carbons studied. Examination of granular

A
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carbon a& values indicates that the representativeness

of characterising all the particles in terms of single

average diameter G<bP>w is reasonable for Darco 12x20

and Nuchar 12x40 carbons, but falls off progregsively in
E
the case of Columbia, Special A and Filtrasorb carbons.

In comparison, the powdered carbons used in this
study are éeen to exhibit corresponding avéfage particle
diameters approximately fifty times smaller than their
granular conterparts. In addition, estimated 06 values

for the powdered carbons * are also high, indicatind a
consideréble spread of particle diameter within the carbon
sample.

The validity of the particle size digtributions and
average carbon particle sizes obtained here is dependent
on the analytical method used in the evaluation. ¥n this
respect, Herdan (1960) has indicated that in sieving tech-

niques, increase in shaking time and decrease of sample

weight can give rise to a reduction in the calculated value

§,

-

* due to the nature Of the powdered carbon weight-size S
distributions (see Appendix II.l0) - being non-linear - it
is only possible to gain an dpproximate value of the standard

.deviation by consideration of DA values at the 50% and 16%

probability values. ' o
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of <?A7w and an increase #n 0. "This effect is a result

of particle attrition, and is~pa;ticularily evident in

sieving characterisation,of low abrasion-resigtant materials.

However, the effect of sample size and shaking time on the

weight-size partiple distributions of all granular carbons

studied here can be, seen (Appendix II.9, figs. (i) to (v))

to be negligible. Thus it appear§ that the granular carbons

under stud& all have a relatively high abrasion resistance,

and that the derived values in Table II1.8 are representative

of original sample particle size characteristics.

y The particle size distributions obtained from

\ microscopic counting techniques are to some extent
unrepresentgtive of original sample particle size dist-
ributions since the instrument used is not able to count
particles of less than approximately 0.0002 mm. diameter.

Hence the actual values of G<DA>W in Table II.S8

\
may be lower, especially if the number' of particles of less

than 0.0002 mmdiameter in the sample is significant. However,

this is not considered excessive for the powdered carbons
studied here, with the possible exception of Nuchar Aqua A,
and so the values in Table II.8 for these carbons are
h
’

reasonably representative.

- It should be noted here that the characteristic
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"sieve hole" particlg diameter DA has been used in the carbon
particle size analysis. 1In respect of adsorption inta the
pores of a‘porous adsorbent, the characteristic "volume/
surface" diameter D o of the particle is perhaps more
representative in consideration of carbon particle diameter

effects on adsorption. However, if it is assumed that all
/ N

'

the carbon particles are spherical in shape, then D, and

D,g become identical. Thus making this assumption, one

may use the values in Table II1.8 in analysis of adsorption

data. y
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II.6. CARBON ASH CONTENT

The total ash content of an activatgd carbon is the
residue which remains after the carbonaceous portion
is burnt off. In acid-washed carbons make from lignite,
Qood.or coal, the ash consists mainly of silica and
insoluble silicates of aluminium, iron magnesium and calcium
(Atlas Chem. Ind. 1968). Generally Fhe ash content of
‘activated carbon is taken to be an indication of the
portion of carbon weight that is not diréctly utilized
in adsorptive capacity. However, this is not necessarily
the case. Mantell (1968) ﬁaé indicated that many "hiéh—
ash; activated cérpons are more efficient in removiné
color and 6dor from solution than thoée‘with lower ash
content. In order to account for this .observation, the
terms soluble and insoluble ash content are used. The
soluble ash contents which is the water, acid or alkali-
soluble portion of the total ash content, is reflective
v .
qf the amount of inorganic material - mainly metal ions -
that is free to particiﬁate in an "ion exchange" adsorption
mechanism with potential adsorbates in solution. The

insoluble portion of the total ash content is more

representative of the fraction of carbon that is impotent
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in adsorption. In this study, only the total ash content

L 4

was determined.

I1.6.1. Experimental

The procedure foilowed was similar to that outlined
by Mantell (1968). Here an adequate sample of pre-washed
carbon was dried for 1 - 2 hours in a 103 ¢ oven. Approx-
imately 1 g of the dried carbon was weighed in a procelain
coucible and then heated at 900°C for 5 hours in a muffle
furnace., After combﬁstion, the s;mple was allowed.to cool
to room temperature in a dessicator. The residue was then
weighed, and the total ash content recorded as weight
percent of original dried carbon. Triplicate determinations
were performed for each carbon.

IT1.6.2. Results and Discussion

f
The total ash contents for the carbons studied are

shown in Table II.9.
ﬁqre carbon total ash contents are generally quite
low, and agree well with the manufacturers' specified values,

where available. Special "A", however, exhibits an extremely

high ash content, thié/being expected due to the extensive
clay-alumina interior of the particles comprising this

"pseudo-carbon”, The very low totél ash content exhibited

s

«



Table II.9 Carbon Total Ash Contents

Experimental Values Manufacturers' Specified

Carbon (wt . %) Values (wt.%)
Columbia LCK 12/28 0.9 - 1.7 - -
Darco KB 3.4 - 3.5 3 - 6
Darco S-51 ‘ 15.8 - 15.9 ' 17 - 24
Darco 12x20 10.6 - i0.8 -
Filtrasorb ;00 6.4 - 6.8 8.5 (max.)
Nuchar Aqua A 1.2 - 1.6 7 (max.,)"’
Nuchar WV-G 12x40 0.7 - 0.8 . < 8.5 (max.,)
Special "A" 89.9 - 90.0 -= (max.)

5 .
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by Columbia is also expected since the material from
which it is derived, viz. petroléum, has virtually no
mineral content. It is interesting to note that Darco

12x20 has a lower total ash content than Darco S-51,

although both carbons are prepared from the same base
material - lignite - by a similar thermal activation
procedure. Here granular Darco carbons such as Darco

12x20 are prepared from the powdered Darco S-51 form

by agglomeration of “powdered particulates with a binding
agept. Since’' the binding agent - usually tar or pitch -
is carbonaceous in origin, it is completely volatilised

in the muffle furnace, thus explaining‘the'discreggncy.
’ - ~.



II.7 CARBON pH

The carbon pH is in essence the pH of water extract
obtained under prescribed conditions. Generally acid-washed
steam activated carbons will have a slightly acidic pH in
the range 5 - 7. The corresponding water-washed carbons
exhibit a slightly alkaline pH of about 7 -~ 2, whereas
unwashed carbons may have pHss: as high as 11 - 12 (Aplas
Chem. Ind. 1968). The carﬁon pH is indicative of the
nature of carbon surface functional grodps. These groups
ééisé from surface reactions.dﬁring the carbon history,
primarily during its preparation‘and activation. The nature
of the surfac; functional groups may influence carbon
adsorptive behaviour in liquid systems, as outlined by
Garten and Weiss (1957.) Acidic carbons have been shown to-

”
be agsociated with acidic surface functional groups such as

pheﬁ%ls,gflactonesand f~-lactones (Garten and Weis§, 1957),

carbaxyl groups (Kruyt and de Kadt, 1931), oxidi;ed carboxyl
groups\;f the form C(OH3)— (shilov, 1930), or quinone groups
(Studebaker, 1956). - Alkaline carbons have been shown to be |

associated with the presence of hydroquinone -{Studebaker,

1956) or chroméne surface functional groups of theftépe
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>CHR or —CI—IR2 (Graten and Weiss, 1957). Steenberg (1941)
has also shown that activation temperature can influence
the nature of the carbon surﬁace functional groups:
activation below 400°C will yield an acidic (or L-) carbon,
whereas 800°- 1100°C activation will produce an alkali

(or H-) carbon.

II.7.1. Experimental , é .

3

' R
Mantell's (1968) procedure was followed, with
.o .%
slight modification. Here 10 g. carbon were added to 100

-

ml of freshly boiled distilled and deionized water in a
12§ ml Erlenmeyer flask: The stoppered fiask was then
placed in a water bath shaker at 35°C; and shaken at
approximately 80 oscillations per minute for 15 hours.
The resultant slu;ry'was then filtered through a well
washed 0.45 u membrane filter, and the filtrate then
immediately gubjected to pH measurement ;Qing a pre-

" 6 "
calibrated Accumet Model 120 pH meter.* Any delay in pH

measurement resulted in a Coé interference error as the
solution was not buffered.

IT.7.2. Results and Discussion

The results of cafbon pH.determinations are shown

* Figsher Scientific Ltd., Don Mills, Ontario



‘ Table II.1l0 Carbon pH \}alues - .
. Ex;;_eriment:.al | pH Valué Quoéed
-Carbon PH Valug by Manufacturer
Columbia LCK 12/28 8.7 —
Datco KB 5.5 4.5 - 6.5
Darco S$-51 6,7 T~ . 5 -7
Darco 12x20 7.6 ‘ 6
Filtrasorb 400 7.9 ‘ 8
\Nuchar Aqua A 4.2 -
;Iuchgr WV~G 12x40 | 8.4 | -
" Special "A" 8.6 ' -
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in Table II.10. Here most carbons can be seen to d{Bplay
either slightly acid or alkaline pHs', with values
generally agreeing well with manufacturer's specified

e values, where available. All powdered carbons, viz.
g ' ,
S Darco KB, Darco S-51, and Nuchar Agqua A, display acidic

pHs' whereas the granular carbons are alkaline, .This
suggests that all powdered carbons contain a predominance
of acidic surface functional groups such as phenql, lactone
o;pcarboxyl groups whereas tﬁe granular carbons contain

an excess of alkali surface functional groups such as
chromene groups.

¢

With the exception of Special "A", all carbon

water;extracts were colorless.,/In the case of Special
"A", the water extract displayed a greenish-yellow tinge
after carbon filtration. The reason for this it not
known, buﬁ may have been caused by dissolution of heavy
metal ion impurities held in the lattice structure of the
clay-alumina base material as a\resglt of.ion exchange

with hydrogen ions in fhe water solvent..
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II;B SUMMARY

Each of the 8 activated carbons studied has been
characterised in £erms\of the éhysical and chemical
pa?ameters which may influence its adsorptive behaviour
in subsequent adsorption of lignier from agueous solution.

It has been shown that all activated carbons, with

the exception of Special "A, exhibit characteristically .
.high total surface areas and pore volumes as calculated
from nitrogen adsorption data. Total surface areas are in

: 2
the range 650 - 1500 m /g. - and total pore volumes in

the range 0.45 - 1.8 cma/g. Special "A" displays a

congiderably lower total.surfgce area (91 mz/g) and
pore volume (0.331 mz/g), than the other carbons.

Overall pore size distributions obtained from a
combination of nitrogen adsorption and mercury penetra;ion
data have indicated that wide pore structural diffgrences

exist between the carbons studied. Columbia ICK }2[g§‘has

beén shown to contain virtually all its pore structiure in

' : ° . - . = . '
pores of less than 15 A radius, whereas Special "A"contains
'practically all its limited pore structure in pores of

. e . - : '
approximately 20 to 200 A radius. Darco KB exhibits the



most extensiye pore structure of the carbons studie&i .
furthermore, its pore volume is evenly distributed through-
° .
_.out pores up to 1000 A radius. The other carbons studied
exhib4f pore structure properties within these three
A \
extreme cases outlined above.

Turning to average particle size, it has.been shown

by sieving techniques that the granular carbons all have

avaragé diameters of Around l-gm. Spgcigl "A" granules
;re about’ half the size of the other granular forms.
Analysis of powdered carbon particle characteristics by
microscopic counting téchniques has indicated that the
powdered carbqns exhibit nuch sﬁaller average.particle

diameters, being in the appgsximately 0.015 -~ 0.025 mm

/—"'\\

4

size range. ./
. Generally the activated.carbons st@éied.exhiﬁit
low ash contents. although Special "A" cgntains close to
90% ash. | :
_Carbon pH, indicative of the nature of functional
grouﬁs on ‘the carbon surface, Qas'found to be slightly

. alkaline for the granular carbons, and siightly acidic for

the powdered carbons.
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The limitations of estimaring pore distribution
properties fraom nicrogen adsorption and mercury
penetration techniques have been discussed. It has been’
shown that pore size distributions calcclated from nitrogen
adsorption data are only reasonably representative in the
approximately 5 K - ZOOIR pore radii range, corresponding
.to applded relative pressures in the'rangenapproximately
0.05 - 0.95. Furthermore, it has been shown that
different pore size distributions may be obtained from
adsorption isotherm 'data by;utilising di;ferent
analytical procednres.l It has also been established that
experiméntal prpcedures‘for evaluation or the nitrogen
adaorptiqn isotherm may give rise to erroneous values cf
adsorbed nitrogen volume V in_the high relat;ve pressure
‘region, and tnat the use of helium in deaa snace
determinations nay,cause errors in calculation of the
dead space'factcr‘as helium is evidenced to be slightly
adsorbed. on activated carbon. |

The difficulties in estimation of pore size

distributions from mercury penetration experiments have

also been discussed.‘ It has been shown that the 50,000 psi .

porosimeter is only capable of evaluating pore atrnctural

-
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characteristics in pgres:greater'than 21.5 i radius. The '
amount of carbon sample has also been shownlto éffgct the
shape of the penetratidn volume -~ applied p;essuée curve
obtained, and is believed to be caused by éhe‘wall effect

of the éample cell., In addition, the particle size of

the carbon has been shown to iimit the range of_po¥e

sizes. in which the evaluateé pore structur;l characteristics
may bé considered representative. Here the éore size

range of accurate aata is ép inverse function of the particle
s;ae. Mercury penetration -data for gf%nular carbons may
6nly bé taken indicaﬁive of pore strucéurai properties |

in the approximately 21.5.--1;000,000 R pore radii range
corresponding to 10 - 50,060 psi\range of appiied pressﬁres,
ﬁhereasfﬁo;:;bwdéred carbons the accurate pore fadii range

is reduced to approxiﬁately 21.5 --1,000 X cqrrespoﬁding

to an'.applied preséure range of app?éximatély 1,000 - _;,
50,000 psi. The invalidity of uéing'pgngtra;ion d;ta
obtained for powderqd carbons at‘presgures less than

, 1,000.p§i correqpénding.to pores of gJéater than
approgimaﬁely 1,000 a rédius:is Qﬁé to simultagedus‘

penetration of voids and pores at the lower ‘applied pressures.

-
-

~
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.Lignin adsorptiOn is expected to be infiuenced
by carbon characteristics. It has been shown that
carboés with widely varying‘characteristicshave’been /
chosen so that differences in their adsorptive benaviour,
such as adsorption rate and capacity, may be related
)/to differences in carbon properties, particularlprpore
size distributions.

‘Finally, it is important to note that in sub-
sequent adsorption studies of the lignin macromolecule
from solution, adsorption,capacxty experiments shonid not
're carried’ont.using pulverised granular carbon forms_as_
w,the adsorbent. In studies.of adsorption from soiution,
- the pulverised form of the carbon adsorbent is usually
used to bring about faster attainment of equilibrium
conditions.due to the well-known increase in adsorptio
rate with decreased particie size. It-has been shown Zere
that pulverisation destroys gsome of the pore structure .
contained in larger pores in the activated carbo adsorbent.
Although pulverisation of-carbon may not give ri::\to any
significant difference in adsorption capacity for small~.

molecule solutes, it may generate substantial differences

in carbon adsorption capacity for the\IaEEEE sized, high

N
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ﬂglgﬁular weight constituents of the lignin macromélec?le

swhich may be preferentially or exclusively adsorbed in

thé larger pores.,



. APPENDIX IT.L

Computer Program For Determination of
Pore Size Distributions From'
Nitrogen Addorption Isotherms
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APPENDIX II.2

Example Analysis of Nitrogen Adsorption Data
| o

s
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APPENDIX ITI.3

Nitrogen Adsorption Isothems
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APPENDIX IT.4

Carbon Pore Size Digstributions With

‘Regpect to -Surface Area
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. APPENDIX II.5

Carbon Pore Size Distributions

With Respect to Pore Volume
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APPENDIX II.6

Mercury Compressibility Calibration
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APPENDIX II.7 ) .

’

Mercury Penetration Data
For the Carbons Studied




L R T A AT pdn s Wik M s Skt A s oy e iy i i

(otsd) o enssesy

0000Z 0000L 000S ©000Z 00OL 005 0O OOL OS ¢ o S 14 t
T T T 1 T 1 _ 0
. ¢
o ' 0© e NT T—
o00°
0° .
- . Qawuuo —Hzo . .
uoqso3 *8 y51°7 .
- : ~4¢€0
nwXuOOOO 000 o
" o ,
%ﬁ . U
000000 G0 3
= nOOOO o -150 ° 3
) ‘3
(-]
3
¢ 0190 wAu S
o < .
o° o 8
S
" — 80
uoq02 *6 £56°0
- -1 60
| 0000 O
i oa%oqaooo. . BEA
50000000 0@
- %Qnuxuo . . — 1t

8Z/T1 %37 VISWNI0D ¥0d4 VAVA NOILYHLANId AYNIYUIN *(1)°9id

P
\ T AN
\ .
S,



00002 0000L 000S  000Z 000L 00 00Z_ 00t 0S 0 o S -

= 1 T 1 T I I I T T T 00 0-
(e d onseid mawgwo oo,luwa

-2
s

: . (6/92) awniop ~12°2
uoqred ‘8 262°0 uonRi}duad ]

.

. 8) o0oieq o4 ®Rg UolRNAUdZ4 AINdsOK  (n) By



F
| .

P o
0000Z 0000 000S 0002 Oo0L  00S 00 00t 08 0z 0t 1 lc
| - 1 1 T I ! 00 a
(eisd) d ainssaig : , . %OO 0 0%t

(6/29) meso>. 12’}
com«m._umcmm
=17l

1S-S odleq 04 ®weg uOReIAUag AINddel ()6



1 S s -
LR PV ST AR L

S

——

0000Z 00001 000S  000Z 0001 - 00S

e I STV

(visd) 4 einsseuy

00z 001 o0

0z S P
T A R T T 1 90
. ‘ - 0! wmwnwbm&u@
O z‘ - — )
A ‘
0% 00
OAW.MQQOO / . .
1oy B 611’ 0 uoqioo 8 gy 1 g
X Jed.
: e
8¢ |2
co® —ro &
ol 3
— 508
S
- 90
~ 20
. s
&0



i

oooﬁww oon@o_. 000S_ 0002 Do~n.m. G tbwulo_op o_m . o~N o~_, m_m ~
o
00000 0P °°
o . O
oo o © o
uoqawe .W;mmp.wnuo&b.uuco L 500000 oo ® B
)
00® 90 ° :
o7 o\ ol
0©0° & uoqwe 2 4gT°T 2
00 Q o o %@ \m-m- i
e o o © W\L
o®° 5
C —
3
o
87
. <
007-d 404 e’q uonensusg Anolay . (4'6Yy

(eisd) 4 @inssald

60



., ‘.
- - . P N S U T S e .
[ OV SR S e PRt I T ) TN et T A Gt s L T M AT A B S e St A D e b S % A b €

o~ era -~.cx«$-?€..»\ oy ot . -7 e

~— ’ N . ) «

ooon_uw oomcw 0008 000z OpOL 00S  00Z 00L OS 0z. O G : 0
: ; T T T T T T 25 0 -
(isd) 4 omnssaig R A ‘oumumoa I

i

T

. ) . . . . ) N .
, ) : uoqIed ‘2 G220 ] 4/ ) da.
| . M 60 4 Y 82T
A . et B ) X < : ] ' )
X A

- uoqaed 8 ¢gr° - : —19°e.

= * (B/23) swnop —{0°Y
. w uopieIeUSY
7Y

. X
- X ¥ RERY Y
eotapt 2 W

h ' ) . L
. 8y
. : V enby Jegony dod vieq uo[enwusg AInolen ‘(i) by




{oisd) 4 sunssesy °

. °o°

00007 0000L 0005 000Z 00O 00S 00Z 001 OS5 0Z O T
I B I B U B N B IS
o
B ..mﬂgOOOOOOO
g0 00 OF . R ]
o *| .
5 kel 14 o]
- %% OOO%OI._
g ‘ o ©° ‘ 0 o, GEEOYC
= o © o . (. 000 0 ’ .M -
00 %Q%QB uoquo3 8 g1 || :
-— oo B -
oooooo ’ ’
y O —
@o 0000 ° .
co 0 © N
o © + uoquo3 B gyz'g
000 °
p— o 1
00° °
" 00 -
- =
14 o

07 X T] O*AR MVHONN ¥0d Y1Va NOILYYLaNId AUNDYIN  *Otd

§°0

L0

o'l

(8/33) swnjop uoyosyLULy



(o18d) g ®inssesy

0000C 00001 000§ 000Z 0001 - 005 00 00t (19 (174 ot § 4 t
] ] T T I ] | S T T _ T T Ha
oD 10
. ol
Qo.l A ,
¢ .0 .d
o — n.c.m
voquos *6 SEp°'Y 0 °
X 00 .8
PRPrY I .“otuaﬁuooo%u pros T
o.ocoo oo‘coooommoooooooo .o M . W
.QnObOOOOO 0OCTO0 uogo3 *° 080 - s'0 3
0,0 . -
.&% ~70 &
00 I ; )
00 e A
,, -
= 80
- &0
(ma)

. ¥ TIVID3dS ¥0d YiVA NOILVYLENId AYAQ¥AN  ‘Old

. . o

.m./



APPENDIX II.8

Calculation of Surface Area

From Porosimeter Data
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Appendix II.8. Calculation of Surface Area from
Porosimeter Data ) ’

\

Step 1. Starting at V, = Vpay (i.e. Pore Volux.ne at
y 50,000 psia), construct horizontal line to a
slightly lower suitable pressire P, (see fig-(i))
Step 2; Construct vertical line from point (P‘,ﬁ‘) down
to a slightly lower penetration volume V3 (see
Fig (1)). :
Steg_3= | From point P‘Vz, construct horizontal line to a
. [ new pressure P, such that this line is bisectea
Ey its intercept with the data curve (;;e fig. (i)).
Step 4. From point gzvz' qonstruct vertical line down to
a lower penetration volume V3.
Step 5. From point P,V,, construct horizontal Iine{to a
" new préséure P4 such that this line is bisected-
by its intercept with the da#a curvh.~!
Step 6. Contihue in this étepwiae manner down éhe P-ﬁ
data cﬁrve, by répeéting steps 4 and 5. Stop when
a value of P less &han 10 psia.has been reached
(see fig..(i)). ~ |
Séeg 7,  Read of Shé‘vélues f‘. PZ_......Pn

‘vlg VR"-.‘...'.V!I

\._ .. . . ' AV,.AV& s000s AVh

v
-t



as indicated in fig. (i). Tabulate these walues as shown

in Table (i).
{ |
ke .
Stég 8. For each value of P, calculate the corresponding
value of r from equation (3.50). (see Table (i)).

Step 9. For each n, calculate the term Pn AVn (see table

()).
Step 10. For each n, calculate the value of the incremental

surface area ASn from equation (2.37). (see Table

(i)).

Step 11, .Calculate the cumulative surface area AS,,, for
each n by successively adding the various incre-
ments AS, commencing at the lowest value of Pn.
(see Tablg (i)).-Fof ;ny Pn correéponding tb a

given rp, the terquScué represents the cumulative

surface area contained in pores greater than or

i
l

The subsequent plot of r, versus OScum

equal to rj.

represents the surface area distributigh in pores as

a function of pore radius. (This distribution, for
the case of the values derived in table (i) for
Nuchar 12 X 40, is depicted in Appendix II.5, fig,

! o

(vii)).



€ L]

Step 12, Ccalculate the total surface area S by adding

AS values for all increments. The yvalue S

-

represents the total surface area contained in

o
pores greater than or equal to 21.5 A radius.
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APPENDIX II.9

Sieving Analyses of
Granular Carbons
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APPENDIX II.10

Particle Size Analyses of

Powdered Carbons
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FIG.(Q PARTICLE SIZE DISTRIBUTIONS - DARCO KB
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PART IIX

LIGNIN STUDIES




.

ITT.l1. INTRODUCTION

Lignins, as they exist in nature, are poly-phenolic
plant constituents that form an essential part of the
woody stems qf both softwoods and hardwoods, and are also
found as integral cell wall constituents in most plant
forms. Within the cell wall, lignins are always associated
with hemdcelluloses, not only in an intimate physical
mixture but also chemically anchored to the hemicelluloses
by covalent bondé. The exact definition and different-
iat}on of lignins from other poly~phenoiic plant con-
stituents has only recently emerged. Sarkanen (1971)
defines lignins as "those polymeric natural pfoducts
arising from an enzyme-initiated dehydrogenative'poly-
menisation of one or more of three primary precursors,
érans-coniferyl alcohol, trans-sinapyl alcohol and trans-

p-coumaryl alcohol" (see Fig. III.l).

Ho @cutcucutovi

s . irans-coniteryl algohol \
17 \
HO@CPF(..HCH'OH . :
end 3 trans-sinapylt alcohol
Ho @CH:CHCH oH

Y - trans-p-coumaryl alcohol |

Fig.IIL.1  Primary Precursors ot Lignin




In_the production of chemical pulps, wood is sub-
jected to a delignification process aimed at disintegration
of wood into its fibrous components. Here the lignin
constituents are chemically degraded by breaking carbo-
hydrate-lignin bonds and intro-molecular bondings in the
lignin macromolecule. The fragmented lignin is solubilised
and physically separated from the wood fibres. The kraft
alkaline delignification process is one of the most common
procedurés for manufacturing chemical?®pulps. Here an
agqueous solution of sodium hydroxide NaOH and sodium

sulphide Na,S - the chemicals being in the correct ratio -

2
is cooked with wood éhips for approximately 4 - 6 houfé at
165-175°C. During the cooking process, natural lignins

are coﬁvefted to alkali lignins, which tgen dissolve in

the cooking liquor. After cooking, the fibrous material

is separated from the kraft "black" liquor which, for a
typical kraft fibre yield of about 47%, contafns"abou;

70 - 90% of‘the original wood liquor content. The dissolved
lignin, in the form of its sodium salt, constitutes
approximately haif the organic matter in the black liquor.

Additional components include other organic substances

arising from carbohydrate and redin dissolution during



a

cooking, such as carboxylic acids, lactones, rosin acids
and alchohols, together with inorganic constituents of
the wood substance.

Alkali liénins may be precipitated from kraft

v

black liqﬁor using acid precipitation procedures outlined
by Merewether (1962), Nikitin (1960) and Marton (1971).
The acid precipitated lignin fraction so isolated contains
approximately two thirds of the aromatic componentgiin the
black liquor. The non-précipitable aromatic material is
comprised of lower lignin oligomers, and pheholic monomers
and dimers. In this latter category guaiacol, vanillin,
vanillic acid and acetoguaiacone have been identified
(Enkvist 1962).

Marton (1964) has summarised the structural
information on acid—precipiﬁated softwood kraft lignin in
the form of an idealised structural scheme depicted in
Fig. III.2. Comparison of this structure with Frendenberg's

4

(1964) proposed natural softwood lignin structure - Fig. -

I1I.3/. - reveals that the average molecular weight of
extracted kraft lignin is much lower than that of natural
\

wood lignin. Furthermore, due to pulping reactions, the

nature and extent of the functional groups in the lignin



(,rb\CH-—O

6"“ H \ /Qum —CH~ jc““’
HOHC ~ CH
H, OH | @o
‘i CMz i
(& 2] 4)} CH O v —-—'CH
= oy )
HO
MIOI/@- Oo“ ? CH,0H
COOH
HO<©>-—H -
oM aon )

Fig.II1.2 Tentative Structural Formula of

pine kratt Lignin (Marton)




O ~CARBOHYDRATE

) .o<_>cucn 0©;Jo«- OQ(»O« og;)ooq o@>¢u—o«cm

OAr(ng)
O
G " ~CHOH
m@ “rCG‘
@@
(}42 (2
HeoH
17
uo{@?«ow @ ]
o4 OH [0 0 : K(l:(){ (17"
CHCHO
7 HII:OH QA MA|ZOH ’ HLOH
o3 wiwo@om {oar(Lig)
(3} o CH
(16} w CHoH
Heon ',o © (9)cH=com
HO HEH~O (19 etc.)
Ar(Lig) "
HEoH Hcou I
no( Yo (€3 )cron- oO Si-o @c}éu
o o
OAr{Lig)

Fig.III.3 Tentative Structural Formula of

conifer wood Lignin (Freudenberg)




.3

i

molecule has changed. Condensation reactions have produced
new~linkages,

Kraft lignin, as an amorphous powder or in alkaline
solution, exhibits a characteristic deep brown color. The
observéd high absorptivity of kraft lignin above 300 mu
wavelength is due to chromophoric groups in the lignin
molécule such as vinyl ethers, & -carbonyls, stilbenes,
quinonoid groups and their conjugated,combinations, such
as in units 6, 8, 9 and 10 of Fig. III.2. (Marton, 1971).
The Quinoniod structures may also serve as oxidative
species for other functional groupJ, creating further
chromophoric groups (Ganczarczyk, 1972). .

Kraft lignin displays properties typical of a
polyphenolic polymer. The solid exhibits thermoplastic
behaviour (Marton, 1971). Like other polyphenolfc materials,
kraft lignin is also‘Qery susceptible to air oxidation in
alkaline solutions, résulting in considerable increase in
molecular weight. {Marton and Martan, 1968). Studies
of the molecular weight distribution of lignin in alkali
lignin extracts have revealed that molecular weights are

generally high, as indicated in Table III.l. Further,the

lignin molecular weight characteristics appear to be highly
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dependent on the wood/species; the extraction procedure

and the analytical‘tool used for:.determination'of molecular
weight éharacteristics.i The high values of the ﬁ@/ﬁh

ratio in Table III.l indicate the wide polydisperisty
of alkali lignins, such values being characteristic of
non-linear polymers (Adler, 1957). Lindberg (1964) and
Goring (1971) have also indicated that iﬁ solution,

alkali lignin molecular constitﬁents closely approximate
Einstein sphexes in their molecular configuration.

Kraft lignin in solution thus consists of a
variety of different molecglar weight-and-size-components
which behave as compa;t spherical macrosolutes. Such '
constituents exist as cross-linked microgel entities which
are swollen by the solvent due to solvation and hydrogen
bonding (Schuerch, 1965).

Kraft lignin inevitably finds its way into pulp
mill effluent streams as a result of pulp waéhing, screen-
ing and bleaching operations and kraft black liquor spills.

Aithough kraft ligniﬁ displays negligible BOD it can

5l
impart considerable color, COD and TOC to the effluent

or receiving stream. The removal of kraft lignin from
r ) C,
pulp mill effluents is thus a prerequisite for attainmént
. -~

of a non-polluting pulp mill.

1\
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IITI.1.l. Lignin Used in the Study

A softwood alkali lignin, Indulin A.T. *, was used
as the lignin source iﬁ this study. It is an acid pre-
cipitated.pine k;aft lignin isolated from black liquor by
the two-stage precipitation procedure outlined by Marton
(1971). The approximate formula quoted by Bailey (1972)
for a basic lignin structural unit is

o H192 %2.08 S0:00 (°F3) 0,82 _
having a molecular weight of 178. Its structure may be
-representea tentatively by Fig. III.é, although the formula
of a basic lignin structural unit in‘ﬁa}ton's formulation,
i.e. Cq. 35 H6.4 02.1 (OCH3) 0.78,\contains slightly less
carbon, hydrogen, ?ulphur and methoxy content than that of
Indulin A.T. The Indulin A.T. sample was s£ated to be of

hiéh purity, containing only 0.17 wt.% ash,.codsisting

mainly of sodium carbonate.

[

* gsupplied as an amorphous brown powder in 5 kg. drums by
Westvaco, Charleston Research Centre, Box 5207,
North Charleston, S.C., 29406, U.S.A..

/
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III.2. CHEMISTRY OF LIGNIN IN AQUEOQS SOLUTION

In order to understand the mechanisms involved
in ligniﬁ édsorption, as color and TOC, from solution
into activated carbon, an understanding of lignin behaviour
.in solution is essential. in this respect, the following
questions need to be answered:
a) How does th@ color and TOC of iignin solutions
vary with lignin concentration?
b) How does the color and TOC of lignin solutions
vary with sblution pH? '
c) .What is the effect of solution age on the color
and TOC of induIin.soiutions?
d) Does filtration through 0.45 p membréne filters
reduce the color and TOC of lignin solutions? |

»

ITI.2.1l. Experimental

IIT.2.1. (i) Preparation 04 Indulin A.T. Solutions

Indulin A.T. is completely soluble in 0.1 M NaOH
(Bailey, 1972). The required amount of Indulin was weighed
and dissolved in appro#iﬁately 500 ml of 0.1 M NaOH.
Solution pH was then recorded (usually 12.2—12.5).‘

In cases where a léwer solution pH was desired{ the

Indulin was first dissolved in 0.1 M NaOH and then aliquots

’
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of 0.1 MHCl were added carefully to the agitated solution
until the required pH value was attained. Fiftyfmillilitres
’of buffer. solution was then added, ‘the buffers for a part-
.icular pH being made up in accordance ;ith specificat,ions
éatlined in "The Handbook of Chemistxry and Physics" (1268).
Care was taken to avoid the use of buffers containing

carbon in their constituent chemicals. Prepared Indulin

i i .
solutions wére used in experiments as soon as possible since,

-

)

as will be seen later, the nature of lignin in solution
changes as the solution ages.

Irr.2.1. (ii) Color Measurements

Chloroplatinate color standard solutions containing
from 25 to 500 color units (cu) weré first prepared.
according to the procedure outlined in "Standard Methods
For The Examination of Water and Wa;tewate;" (1971).

" Absorbance * of the individual color staﬁdards was measured'.
at 465 mp (Carpenter and Berger, 1971) with a Coleman ﬁbd%;//
14 Spectrophometer using a sample celi of 4 cm lightcpath."

length.

X

~
»

* The absorbance A of a sample solution at wavelength X
is given by , where Io, I are the”
. A= log [_;g] ‘
I

intensities of light of wavelength\ incident on, and
transmitted by the sample solution respectively.

s AAee ¥



An identical celi filled with dis£illed water was used as
a reference. A minimum sample size of 20 ml. was used.
The subsequent plot of absorbance versus color units
depicted in Fig. III.4 inéicates that the Beer-Lambert
relationship * is valid for solutions of 500 CW or less.
The absorbance of dilute.Indulin solutiens was
similarily measured and the values converted to equivalent
color units via Fig.’III.4. For concentrated Indulin
solutions, the sample required dilution'prio¥ to adsorbance
measureméhts. Here dilution was facilitadted by -adding an
appropriate amount of 0.1 M NaOH/O.l M HC1l buffer mixturﬁ
at the abRFopriéte‘pH, so as to maintain the diluted
sample pH‘;he'same as the concentrated sample pH.
Absorbance values were again converted to color units via Fig.

-

III.4, and the color content of the concentrated samplé'was
obtained by multiplication of the measured value by the

appropriate dilution factor.

* The Beer-Lambert Law expresses the relationship between
solution concentration ¢ - in g/1 - and its absorbance

A at a given wabelength by the equation -1 -1
A=cal where a = absorptivity (l.cm. g .")

1 = light path length, (cm)

Provided that 1 is " constant, and the solution is

sufficiently dilute, then the term al in the equation is
constant, and hence absorbance varies linearly with
concentration. -

a
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ITI.2.1. (iii) Total Organic Carbon Measurements

The Total Organic Carbon content (TOC) of a
solution is given by its total carbon content (TC) minus
its inorganic carbon content (1C). ;n order to calibrate
the TOC analyzer it was necessary to prepare standards of
known total carbon and inorganic carbon content.

R

Potassium hydrogen phthalate (C8 H5 O4 K) was used

in the preparation of TC standards. Here 2,125 g of this
compound was dissoi?ed in distilled water in a litre
volumetric flask to give a stock solution of 1000 mg/l TC.
From this stoek solution several standards ranging from

10 mg/1 to 600 mg/l were prepared by dilu;ion. A similar
procedure was employéd for the IC standards, using a sgock
soluFion of 88? mg/1 anhydroné sodium carbonate Na2C03)
cdrresponding'to é IC content of 100 mg/l.

Measurements were carried out in a Beckman Model
N

>

915 Total Carbon Analyser. The Analyser was first c;li—
brated with respect fo its IC ana TC channels by injecting
20 pl_samples of the approp;iate standards and.noting the'
height of the peaks obtained”®n the odtﬁut‘recorder.

Generally an instrqment gain of 5 was used, except when

considering TC standards of greater than 100 mg/l TC

-
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content, where a gain of 1.2 was used. Typical TC and IC

/

calibration curves obtained fro the instrument are shown in
Appendix ITII.1, figs. (i) to (iii). Tg; iﬁsﬁrument was
frequently recalibrated.l When not in use, TC and IC
standards were stored in a 4°C refrigerator.

The total organic carbon content 6f Indulin
soluti@ns was obtained by injecting 26 pl of the solution
into both the TC and IC channels of the instrument. The
peaks obtéined were then converted to an equivalent TC

e .
and IC céntent - inﬁhg/l - via the appropriate\galiﬁration
curve. The sample TOC was then recordea as the‘difference

between the obtained TC and IC values. .

I1I.2.2. Results and Discussion

4

IIr.2.2. (i) Factors Influencing Indulin  Solution Color

¢ *

a) Indulin Concentration

-

The effect of Indulin concentration on the color
qf Indulin‘solutions is shown in ig. III.5. As expected
Indulin solution color increases linearly with conéentration
at constaﬁt pH within the 7 - 12.5 pH range. This is assoc-
iated with the addition of more color bodies to soluéiqn

~ 3
as Indulin concentration is increased.
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b) Solution pH

The effect of pH on the color of Indulin solutions
can also be seen from Fig. III.S; although this ePrect is
more clearly demonstrated in Fig. I111.6. Here, for a
given Indulin concentration, solution color increases with
solution pH, the color change being most sensitive in the
8 - 10 pH range; This effect is probably assaciated with
more complete dissolution of the lignin macromolecular

constituents in solution with increased alkalimity,

/ «

resulfing‘in an ipcrease of true solution color as pH i§
increased. However, it 1s also feasible that the pH
effect may be associated with a significant change in the
chemical nature Qf the lignin chromophores (see section
ITI.l) rather than a solubility effect. In order to test
the latter hypothesis, 50 mg/l Indulin solutions at

3

various pH's were characterised in terms of the fundamental

%,
~ {

color properties as defined b& the tristimulus method of
r~~
color measurement (Standard Methods for the Examination

of Water and Wastewater, 1971). The results are shown in
Table IIX.2. Here pH variation does not produce any
N /

significant change in the dominant wavelength, or hue,

. ! : ~
exhibited by the ;solution. This sugggsts that no radical

o~
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Table III.2. Color Characteristics of 50 mg/l
Indulin Solutions at Various pH's

Indulin ¢« Color Characteristics
Solution Dominant Purity Luminence Hue

"pPH Wavelength YT % %

7 576.2 27.8 78.9 Yellow
8.5 576.4 30.5 71.7 Yellow
10 576.8 36.8 63.3 Yellow
12.5 577.4 59.8 Yellow

48.5




: _ : .20

structural alteration in the nature of lignin chromo-
phones occurs with pH changeft Conversely the increase
of color purity and decréasg of color luminence with
pPH increase is coincident with the theory that the
chromophones simply become more active due to increased
solubility at the higher pH values.

From~the results in Table III.2 the question
arises, "why not measure the color of Indulin solutions
a£ their dominant wavelength - 576 + 577 mp - instead
of at QéS mp?"  The use of 465 mp as a characteristic
wavelenq;h for lignin color measurement was propésed
by Berger and Cafpepter (1971), who stated that "the
speqtral transmission characteristics of,a pulping

}

waste .}...... indentically matched the adsorption of

H

Sy
t&k ch)oroplatimate standard at 450 - 480 mp ...... and
.o ‘
s%ﬁection of a wavelength in this range of the

)

-@égggption spectrum for color measurement of pulping

waste would permit continued use of most present-day
' ‘ |

instrumentation. -In addition, Fig. III.7 shows that
v . / o )
" . the absolute value of absorbance at 465 oy is greater

‘than the correspdndiﬁg value at 576 ma, éo that

absorbance measuremeﬁ% ét 465 mp would égnd to broduce



0sr fig. 111.7

_Absorbance Of Approx 50mg/l Indutin

_->olutions Versus Wavelength, For Varjous
" Solution pH's

Suggested wavelength for
color measurements - Berger

-
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a higher absorbance reading which would aid in
determination of activate absorbance values for dilute
solutions.

/
[It should be noted here that comparison of

color absorbance measurements at 465 mp is describdng
the relative color of Indulin solutions at various )

pPH and concentration conditions is only meaningful and

justified if the dominant wavelength is independent of

. :
PH and concentration, which is the case for the solutions
studied here.J

c) Filtration Through 0.45p Membrane Filters

A}

Filtration:.of Indulin solutions through pre-
washed 0.45pn mémbraﬁe-filters produces a slight color
decrease in the filtratg. The magnitude of this color
reductién is dependent on solution.pH, ranging from
about 3 - 4% at pH 12.3 to about 7 - 8% at pH 7. Below
pﬁ 7, Indulin precigitates from solution, producing a
drastic reduction in solution color. For example, & -
250 mg/1l Indulin solution at pH 5.5, afée%/filtratiqn
énd femcval of precipitaté, yéd a color of. approximately,

100 CUu compared to the color in corresponding filtered

solutions at pH 7 and 12.3, which amounted to approx-



CHL 2%

" imately 1000 Cw and 2200 Cu respectively. Color -
reduction upon filtration is associated with removal
of the high molecular weighg lignin species -from
solutiog. At high pH, such species only make a small
contribution to overall solution color but as pH is
lowered theif'contribution increases until.at pH below
7, nearly all solution colorkéf exerted by high

molecular weight lignin constituents./

.4) " Solution Age ..

The effect of solution éée on the color of °
Indulin sSlutions is shown in .Fig. III;é. Here the
bottom graph indicates that the colof of a 500 mg/l
Indulin solution at pH 1l2.3 decays with time-in an
exponential-type f;shion, Qith only 77% of the ériginal
color remaiﬁing,after 15 days incﬁbaticn at room
teﬁperature. The ﬁiddle graph also shows that a tiﬁe—
dependenf color degrgagtion processvélsq occurs in pH
10 Indulin solutions maintained at 35°C. ;ﬁ this cas;,

A . B
color degradation is accompanied by a drop in solution

PH. Also, as the white circle . on the graph indicates, .’

precipitation of lignin as a buff-colored furbid;ty

B N 4
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occured in some solutions aftér approximately 4 days_
incubation. In.contrast, the color éf 500 mg/1l Indulin
solutions at pH 7 and 35°¢ appears to increase slightly
with time, together with a slight pH rise, although
lignin precipitation aftér 4 days incubation is very
pronounced.

It is evident from these results that the color
of Indulin §91utions degrades with time in a manner
diétatéd by initiél solution pH and standing conditiﬁns.
Obviouslf, the molecular constituents of the Indulin
macromolecule undergbisome transformation. However
there is no notipeab;e "loss" of Indulin components
as soiution TOC is unaffecﬁed. The noted effect of
initial solution pH on the degradation.mechanism
suggests possiblg ;ﬁvolvement of hy@roqium [§3O+]or
hydroxyl [pﬁjidns}in a molecular reorientation, whereﬁy
condensation of low mélecular weight species occurs to
fprm higher molecular weight derivatives of reduced
color., In‘4iew of Marton's (1971) statement - see
section III,1 - it 'is also feasible that.air oxidation of

low molecular weigh£ lignin species to hiéher molecular/

weight forms may also account for the observations.

7
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I1I.3.2. (ii) PFactors Influencing Indulin Solution TOC

a) Indulin Concentration

Based on the formula for Indulin A.T. given by
Bailey (1972) - see section III.2;1. (i) - it ecan be
shown that the theoretical TOC of an Indulin solution is.
giyen by

TOC = 0.664 ¢ (3.1)
where c is the Indulin coqcent?ation in solution. Actual
TOC measurments on Indulin solutions at different
Eoncentraﬁions and pH's can be seen from fig. III.9 to
be Qery close to the theoretically predicted TOC value,
indicating the validity of Bailéy‘s formula. The results
in Fig. III.9 alsé illustrate that thé Indulin TOC -
concentration is linegr and unaffected by solution pH
above Inéﬁlin concentraéions‘ff about 30 mg/l.‘ Below
this concentration the measured TOC generally deviates '
upwards from the theoretical value, tﬁe magnitude of this
deviation being higher at increased pH. fhis phenomena

likely occurs as a result of dissolution of.Coznfrom the

surroundings into the sample solution. v .

b) Other Factors \

Indulin solution TOC is unaffected by change in

Nt
»

-



500

200k
100

50

TOC 20

Fig II1.9

. CONCN.-TOC RELATIONSHIP FOR

INDULIN SOLNS.

o pH=7 . : 5‘0‘

(-]

1

| LI,
-

. . ’O‘
123 8

”KThebretical Relation

2

£

L1 N 1
10 20 50 100 2000 500
Indutin Concn. (mg/L)




solution pH, except in dilute solutions as outlined

previously. Overall Indulin solution TOC is also un-
altered by solution age. However, the relative con-
tributions to the overall solution TOC by the various
Indulin molecular species present in sblution is
~influenced by solution age. Filtration of Indulin
solutions through pre-washed 0.45pn filters produces an
effect similar ‘to ;hat observgd for color (see section
III:212.‘(i).(c)), viz. that slight solution TOC removal °

~

occurs uponi fjltration, the magnitude of this removal

increasing‘with decrease in solution pH.

ITI.3 ULTRAFILTRATION OF LIGNIN SOLUTIONS

Ultrafiltration of Indulin solutions through
a series of qltraf:ltration membranes of decreasing
‘membrane pore diameters can provide valuable information
regarding the molecular weig%ts and sizes of the various
.molecular constituents presént in sucg solutiong.
Fﬁfthermore, fractional c;ior and TOC analysis affo;ds
the oppertunity to gain insight into the speéific color
and TOC contributions of the variqus molecular weight

species to the overall color and TOC exerted By the

;ndulin solution.

(8 v s et on 0. - oy,
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In ultrafiltration, solvent flows through aég'
membrane under the action of a hydraulic préssure gradf
ient. The amount of solute retained by the membrane is
dependent primarily on the apparant membrane pore diameter -
solutes which are smaller than the membrane pore diameter
pass through the membrane by convection with the solvent
whereas solutes 1ér§er than the membréne pore diameter
are retained in solution.above the mémbrane. Ultra-
filtration can thus be used as a polymer fractionation
procedure by usiné appropriately sized membranes in series.
Until recently, ultrafiltration membranégﬂéufféred from

. . - ) [ﬂ
.two major drawbacks, i.e. their tendency to plug rapidly,
resulting in a rapid drop in fluxypanQ/their inability
to discriminate between-species of similar molecular
weights,

Recently a range og ultrafiltra?ion membranes
has been deyeloped which overcome the problems endbu;;—
ered with eér&ier types. These new membranes, described
by Baker (1969), are ﬁnﬂgkq\the previous isotfopic strue£ﬁres

¢ - -

in that they consist of a dense membrane layer, 1 - 2p

.

L0
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thick, supported on a 50 - 100p thick porous substructure.
The “"skin" side, whieh faces the solution to be filtered,

contains a network of microporous capillaries which are

_ o

capable of retaining molecules with radii from 5 - 100 A,

dependiﬁé on the membrane used (Amicon Corp. 1971).

IITI.3.2. Experimental S ) -~

III.3.2. (i) Selection and Operation of the
Ultrafiltration Cell

A Diaflo model 10PA propellent-pressurised 15 cm3
unstirred ultrafiltration cell * was used to obtain

-

molecular weight fractionation with.various pore size
ultrafiltration membranes as it is comﬁact, easy’to use
and relatively inexpensive. The unit ig_depicted
schematically in Fig. III.10. In order to perform
ultrafiltration of a givén solution the base section

was first removed. The piston was returned to the "Zgro“
position and the unit internals washed with distilled
water. The cell was then invertea and filled with

distilled water. The appropriate membrane was then

inserteqd, togetﬁer,with the porous plastic support plate,

* Amicon Corp., Lexington, Mass., U.S.A.

) -
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and the base section then screwed back on. The unit was -

then uérighted and a small graduated cylinder placéd

*, =

at the ultrfiltrate outlet for collection of the

™ e

filtrate solution. A prdpellent container was then clip-
ped onto the top of the unit, and ultrafiltration of the

solution allowed to commence. Initially the flux was

J

relatively high, but decreased sharplfnduring the first

. ‘ /
15 minutes due to compression of the membrane. Soon after,

* ¢

however, the flux stabilized. Whén nearly all the water

had been collected as filtrate (about 15 ml), the

s

propellent was removed, the.dnit'disassembied,'washed,
and the procedure repeated using the test solution. After
use the membrane was washed and stored in distilled water

in"'a 4% féfrigerator until required again.

ITI.3.2. (i1)- Selection and Caligration of Mdmbranes
. , N ‘
Due to the expected extensive molecular weight

range of molecular cénstituents in Indulin.sélutions,
'ané lack of previous research on lignin 'ultrafiltration,
it 'was decided to use the whole range of Diaflo 25 mm

. A N
diameter membranes}} i.e.'the/XM,‘PM and UM series,

(Amicon Corp. 1971).
* Amicon Corp., Lexington, Mass. U.S.A. .

[, N
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. These membranes have already been calibrated by other

researchers using a variety of organic solutes’ in water

solution (Amicon Corp. 1971). Their calibrations wgre‘

performed with both giob;lar-molecules (pfoéeins,

enzymes and peptides) and lineér and flexible molecules
(polysac;harides, glycols and nuéleic acids.) Since
1igni£ in dilute aq&eous solution exists as a WNariety -
of approxiﬁately spherical molecular species (see

gsection III.l), only thé_membrane calibr§£ions basgd on
globﬁl;r molecules was}gsnsidered ;éie§ané_to thié study.
ﬁié. ;II.li displays Amicon's calibration sf'their:
anisotrobic membranes wiﬁh globular proteins. Althoﬁéh
Fié. III.1ll is based on data .obtained from a gtirred
‘;E;rafiltration cell, it Qas felt justified to .apply this

calibration to the unstirred cell studies in. this work.

Stirring does not raéically alter membrane separation,

characteristics; it merely enhances the rate of ultra-.

filtration and establishment of ultrafiltration géuilibiium
. : A

conditions by disﬁegsing the solute concentration

gradient in the retaindd solution above the membrane, .

r

-
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IIT.3.2 (iii) Contribution of Membrane Water Soluble
Extractives to Ultrafiltrate TOC .-

Ultrafiltration membranes usually contain organic

»

wetting agents which willgaissolie in aqueous solve;ts

and , appear ;n the ultrafilﬁrate. If ultrafiltrate TOC
measuréments are used as indicators OF membrane

.E%pgration characterisﬁics - such as is the case in
ultrafiltration of Indulin solutions - then the measured.;
_ultrafiltr%te TOC will‘necessarily.ihéludg a cont?ibutioﬁ
from membrane organic extractives. Experiments Qerevthus
performed_to gvaluéﬁé the TOC contribution o£~membran§* &

.organic extractives in the ulﬁrafiltgéte; Here,  for .
. . f . - . .

. . . 3 -
each membrane used, five '‘successgive 15 cm distilled

water aliquots were SBubjected to'ultrafiltration;/and the
| T s | ] R
ultraﬁiltrates'analyzﬁd‘for‘TOC content. The results

are shown. in Table III.3. Here all menbranes impart

-

some TOC to the ultrafiltrate, partieulariy the XM50

A

and UM 05 membranes. Furthegmore; it appears that all -
) : - 1. '

the mgmbfaﬁé:éxtracti;es are not removed in thé fir§£’one%f .
or two fi}traﬁ%éns - as .is usﬁg}ly the case with' |
mil%ipp;é f}iters‘(HaisLll974) ;'ihg continue to

’gréducé g.sign;ficaﬁf effeci_on ulgrgfi;trsﬁe TOGC éven |
in thé fifth‘ultrafiltfété._ For each mgmﬁféne{ thé_a&erége.

% .
. ) ,

)

~
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value of ultrafiltrate TOC .over five filtrations was
" used as a correction factor in eetimation of Indulin
‘ultrafiltrate TOC. It should be noted that membrane

extractives contributed no coler to the ultrafiltrate.

I1r.3.2. (iv) Ultrafiltration of Aqueous Indulin Solutions

A 500 mg/1 Indulin solution was prepared-at
given pH, and its color and TOC content measured; Using

.the approprlate membrane. pre-washed five times, ultra-

- 4

3

filtration of a 15 .Cm allquot of the orlglnal solution

was performed, and halted when apprOximagely 14 cm3

of
ultrafiltrate had been .collected. For each'membrane,
three separate ulstraflltratlons were performed. thhﬁwb
the J&trafiltratlon cell -and membrane belng washed with
diStllled water after each ultraflltratlon. This
procedure was, repeated us;ng dlfferent membranes.v The
color and TOC bg the ultrafiltrate samples from each-
"membrane were eeasured the lattez beidg‘correcteé\for
membrane extractive Toc contrlbutmon by subtractlon of
the approprlate value given in Table IIX, 3. Color
measurements werelperformed at the PH of the orlglnal

eolution;ﬂ pB adgqstment where nedessary“belng achreved

Al

T [
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by the addition of a-few drops of 0.1 M NaOH or 0.1M HCL
s&‘ution. After completion of all neceésary‘ultréfilﬁra—
tié@s, original solution color ané TOC were again
measured.

The above proceéure was performed for both

pPH 7 and pH 10 Indulin solutions.
"R '

IIT.3.3:; Results énd Discussion‘

The results of the ultrafiltration experiments-
outlined in tq§ previous éectioh are depicted in Figs.
III. 12 and I;I; 13. The daﬁa is expressed as percent
"of original sélution &olor'or Toc,rémaining in the '
ultraﬁiltrate after filtration througﬁ a membrane of
given pore diameter. N , ‘

Here 1£ can .be seen'that Indulin, as it‘exiéts
lin the sqlution studied, is comp;ised of yhfious
* molecular welght apec1e/. A’sigﬂificéﬁt pbrﬁion of overall

‘solhtion color and TOC is seen to ﬁe exerted by€molecu1ar
g?nstltuents of greater than about 300,000 molecular
weight (MW), correspondlng to a hydrodynamlc dlameter of

greater than approxlmately 200 A At the other end of the

scale, a small but: s;gn;fxcant fract;on of/the overall

_ " Jndullq'solutlon‘color and Toc)zs also cqntrlbuted by

,/}//
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Fig. 11113 Ultrafiltration of Indulin Solutions
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3 ) . ' ) l
molecular specigs of less than about 1400 MW, corresponding
to hydrodynamic diameters of less than 10 g.

The effect of solution pH on the distributidn
of Indulin components in solution is interesting. As

Figs, III.l2 and IXI.l3 show, decrease in solution pH

from 10 to 7 .produces a higher percentage of the larger

‘molecular constituents (i.e. those of greater than

300,b00 MW) at the expense of the smaller molecular
species. This pH decrease is also associated with a

decrease in overall solution color, although overall

. solution TOC remains unchanged. This finding supports

!

.2. (i).b); ' it appears that the 'amount of

the deductions regarding the pH effect made earlier (see
section III.Z
color per molecule' increases as molecular weight
decreases,'due probably to solubility considerations.
As pH is reduced the average molecular weight of -
components ig seen to decrgase, thereby reduciﬁg overall
solution color.

Moiecular,Weight fractionation using'ultra-

filtration membranes has an advantage over Gel

/

F%?éfation (see gsection III.4) in that any pH solution
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may be characterised. However, it suffers from the fact
{

13

that it is slow, requires r%éétively large samples
(épproximately 500 ml fo; a complete characterisatioén),
and that ultrafiltraées are always associated with
solubilised membrane extractives, even after extensive
pre~washing. A further disadvantage of ultrafiltration
as a method of characterising lignin solutions is that
during filtration, the larger molecular weight lignin
fractions can tend to plug up the membrane poreé and thus
reduce the effective moléc?lar size resolution of'the
membrane. fhié effect would be more propoupced in an

unstirred ultrafiltration cell,'}s used in this work.

e
= '

However, by proper operation of the ultrafiltration

cell and good treatment of membranes this tendenc%?ian

- -

\

be minimised.

. N -
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IIX.4 GEL FILTRATION OF LIGNIN SOLUTIONS

Gel Filtration can be used to determine the
nature and extent of the distribution 6f the various
molecular weight species present in lignin solutions.
Furthermore, this techniq;e can be used to isolate
various molecular weight fractions; by performing color
and TOC measurements on these fractions it is possible
to obtain information on the contribution of different
molecular specieé to overall lig;in solﬁtion color ﬁnd
.TOC.

III.4.1. Theory )

In Gel Filtration, the various molecular weight
jspecies present in a polymer solution can be separated
by passing the 'solution through a gel bed. Polyme;ic
materials such as dextran, agar, staréh,_polygcrylamide
and polyvinyl alcohol have been used as gels (Laurent
and Killander, 1964). 1In this study a bead-formed
déxtraé,-Sephadex G-100 * was‘ﬁsed. lIn water or electro-
lyte solutions the Sephadex beads swell,.due to the ;
Qtrongly bydrophilic~ﬁatgre of ¢£he 'hydroxyl groups.
present in the.polséccharide chains of~t£e dextran beads,

'forﬁing a gel, s
. .

* mupplied by Pharmacia AB, Uppsala, Sweden
A ’ - ’ . . )

b —— -
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Upon filtration of a polymer solution through
the swollen gel bed, molecular weight species of
hydrodynamic radii greater éhan the diameter of thé
largest pores in the swollen gel cannot penetrate the gel
particles and hence pass through the bed in the liquid
phase outside the gel beads. They are eluted first,
appearing in the eluant at a collected colume Vo . This
volume corresponds to void volume of the gel bed.
Lower molecular weight species having smaller hydrodynamic
radii, however, will penetrate the gel pores. Such
species will thus be 'side-tracked' in their passage
through the bed, appearing in the eluant at a higher
collected volume Vg. The amount of gel pore-
penetration depends on solute molecular size; smaller
molecules being ablg to penetrate a greater number of
gel pores. Hence elution qf solutes from the gel bed
will occur in 6fder of décreasing m&iecular size, each

-

species appearing in the collected eluant at a unique
. . - 1 a-

collected volume Ve. Finally, at a species of sufficiently
low molecular Qéight and hydrodynamic radius, the gel is

ne longer able to effect molecular separation. All

o«
-

species of thisAmolgcuiar weight and less will be able

¢
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to penetrate the total pore structure of the gel bed, all
" being eluted at the same collected. eluant volume Ve,
where V. represents the total volume of the swollen
gel bed. i

The extent of separation occurring in Gel
Filtration is primarily dictated by gel and polymer
lchafacteristics. Laurent and Killander (1964) ﬁéveJ
shown that a gel column can be characterised in terms
of a‘separation parameter KAV' where Kav is related to
gel column elution characteristics by the equationl

K., = V. =V :
AV e
. ° (3.2)

Vt - VO . ’ .

where've = the elution volume corresponding to
- appearance of a given molecular weight
.or size constituent in the eluant
Vg = the void volume Qf the gel bed
V¢ = the tétal volume of the gel bed
nge solutes completely exciuded‘frqm:the‘gel
matfﬁ# will have Kay = 0, whereas solutes passing
throngh all the éél‘pores will have K,, = 1. The solutes
effectively separated:by'the gel will- have Kav values

between 0 and 1, with each resolved ségcies being .

characterised by a unique kAV value.
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i

Assuming that the chain molecules which
: !
constitute the skeleton of the swollen gel are
(;traight rigid rods, which aré infinitely long and
randomly distributed throughout the gel, Ogston aﬂd.

Phelphs (1961) have shown that K may be related to

AV

the hydrodynamic ;adius r of a spherical solute
" molecule by the equation ’
vKAV = exp [—1TL (r + rr)ZJ (3.3)
where ‘L = the concentration of rods in solution
r£ = the rod rgdigs
For‘Sephade£ G~100. gel swollen in water at
néutral pH, Laurent and Killander (1964) have detér-
minéd values of L (2.9 x lolz‘cm rod/’cmB) and
r. (7 x lo—algm) gxperiméntally: From. Gel Filtration
data it is thus poésible,:psing equations (3;2)and-
 (3.3) cdupleé with a knowléage of L and rr; to calculate
the hydrodynamic radii of the Vafioug molecular Eonstituents'
present in the original polymer solution.| Generally,
Adwever, L and r. are not kgown for the gel sys;eﬁ used.
. For this reason, sepafation characterist'cs are baséa
on molecular weight, rather than molecular size,
_aithoqgh it‘mus§‘b; rémembérea tﬁat éel Filtraiioﬁ is

based on steéric hindrance principles and is thus._
. . f
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dependent on solute molecular size.

by
For Gel Filtration through a Sephadex G-100

gel bed, Squire (1964) has shown that the relationship

o

between eluant volume and species molecular weight is

given by )
3 ‘ 1/3
Ml/ = c1/3,[1 +g - (V /o) ] (3.4)
g . -
where C = molecular weight of the smallest molecule

that is completely excluded from the gel
pores, i.e. at Vo

M = molecular weight of the largest molecule
that is able to penetrate all the gel ,
. pores, i.e. at Vt‘ -

g = a constant (0.45 - 0.48 in agueous solutions)

-

, An alternative procedure for expression of

separation based on molecular'weight is_simply to run

L4

monodispersestandards of known molecular. weight through

the gel bed. Their corfesponding elution volumes are
X . .

converted to the appropriate KAV values wvia equation

(3.2). Usually calculﬁted KAV values are found to véry'
linearly with fespect to the logarithm of molecular

‘weight (Pharmacia AB, 1970).

-

Generally the models of Gel Filtratibﬁ'behayiour

»

; summarised have assumed negligible solute-gel ihterf

actions. However, ion exclusion, adsorption and Donnan

El -
—— -

equilibrium effects arising from solute-gel interactiopg
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can result in molecules either not being eluted at all,
or being eluted later or earlier than predicted by the
model used. Cogs (1973) has adequately summarised the

present information available in this context.

I1X.4.2. Experimental

% .
III.4.2. (i) Selection and Preparation of the Gel

| sephadex G-100 was uded as tﬁérgel media in
this sﬁudy. ‘The gél is stated (Pharmaqia AB, 1970)
to be able to sepératg solutes having ﬁolecular weights
in the range 4,000 - 150,000, assqming spher;cal molecules,
This gel was used by Bailey (1972)_and ébiaga'énd
Ganczarcéyk (1973) in molecular weight characterisation
of Indulin A.T..solut;ons.

The gel béads were swollen in—distilled.water

by bﬁilipg’for 8 hours with frequ4;t gentle agitafion. *
After swelling was complete, the slurry was sterilised’
in a'steam_aﬁtoclave ég 20 psi for 20 mins. The

. o .
sterilised swollen gel was stored in-a 4 C incubator

prior to use. -

* too' severe agitation may cause bead rqpture'and»\
subsequent destruction of gel separation efficiency.

i

[ TV Ry SR AP
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IXr.4.2. (ii) Packing the Gel Column
Good even packing of the gel bed is a pre-

requisite of efficient gel separation characteristics.

swollen sterilised gel was separated
from supernatant water by decantation, the resultant

thick slurry being then poured %arefully’down a vertical

1.6 cm diameter, 100 cm high Pharmacia model K16/40 glass

column containing a small ount of distilled water.
Care was taken.not to ehtrap air bubbles in the bed
" during Qouriﬁg. After additi of the_gel, Eﬂé;vf -
remaining Cpace at the top of the bed was filled with
dlstllled water. Simultaneocusly the outlet was opened
to -drain water from the bed at'a ate of approxlmatgly
6 - 8 ml/hr; As the bed drained, |\more éater was
allowed to enter the coluﬁn via a Mariotte bottle (see
Fig. III.14.) ’Flow was then al;dwed to continué for 48
hours in order to fécilftaté éel béd'stabilizabion;

/
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After stabilisation, the carrier in the Mariotte bottﬁe

was changed to 0.1 M NaOH solution and drainage allowed

-

to proceed for a further 72 hours. Thereafter, the flow

was halted by sealing the el#ant outlet tube.

ITY.4.2. (iii) Descriptioo and Operation of the Gel
' Filtration Unit

A schematic diagram of the Gel Filtration unit
used in this work 'is shown ‘in Fig. IIX.14. The 0.1 M
NaOH carrier solution at pH 12.5 was stored in a

L3

Mariotte reservoir *(A).* . The caustic trap (B) was /
required fo strip CO,; from tﬁe air enﬁering the

" reservoir, thus preventing any cﬁaﬁge in cerrier
solution.pH due to CO, adsorption, as this woold have
effected oolumn oéefationi- The elﬁant from the gel
bed was.suojected to continuous measurement of its

254 mp abeorbance, utilising a'coﬁoinuous'UV detector (E)
incorporating an air reference cell (G). 'A continuous
trace of eluant absorbance was obtained on ; chert
recorder (). The'eluanﬁ was fineily collected‘in a
.graduated cylindexr (IV e a

In Gel Flltratlon experiments, the sample to be

charactexised was flrst‘adjusted to oolumh operating

-

* a devlce capable o0f allowing llquid to flow into the
‘gel column at a constant rate.

RN |

I
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pPH of 12.5 by addition.of a few drops of conc. NaOH
solution. A 1.5 cm3 aliqdot of the pH - adjugteg sample
was taken up in a small graduated bent tip pipeté?.

The aliguot was then introduced to the top of the bed

by holding the pipette top jdst above the’gel surface (L)
and allowing the sample to drain slowly anto the bed
surface, at the same time slowly, rotating the pipette ‘\\
to ensure even dlstrlbutlon of sample o?er the gel
surface. A thin layer of glass wool on)the bed surface
(L) helped minimize bed dieturbance during sample
introductioo, as did- the use of ﬁent—tip pipette. After
sample'intorduction, the column top (J) wee screwed on,
.care being taken to exclude entrainment of air bubbles
ih the cartier ligquid. The carrier solution feed

clamp (K) was’ opened and the sample bank above the gel bed
v1sually checked for unlformlty. * The eluant outlet
plug (I) was then removed and flltration allowed to

proceed ‘at a constant flow rate of about 6 - 10 ml/hr,

this having been predeterm1ne7 by the adjustment of the

* Phis was only possible with the colored samples such as

" Indulin solutions. "It is not possible.to do this for
the colorless samples of globular proteln molecular
weight standards used in column calibration.
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operating head of the column (i.e. the vertical distance
between the eluant outlet (I) and the base of the ‘
Mariotte reservoir air inlet.tube). Flow rates in excess
of 10 ml/hr weré found to cause bed compressign. The
column eluant 254 mp absorbance was monitored continuogslf
via the UV detector and output recorder. The carrier
solution, 0.1 M NaOH, exhibits no 254 mp absorbance.
However, solutions of alkali lignins such as Indulin
displgy considerable 254 mu absorbance {Kleinert and
Joyce, 1958). Thus- a positive recordexr trace will
indicate,the appearance of separated Indulin molecular
weight cénst%tuents in the eluant. After all ;ample
species had been eluted from the gel bed - as indiqated
by a return of the ;ecorder UV trace to its initial base-~
line position - filtratioﬁ was complete. _Thevfiltration

unit was then either injected with another sample or

shut off by clamping off inlet and ‘outlet tubes until

.
-

required again.

£I1.4.2. {iv) Calibration of the Gel Bed
The gel bed was .first calibrated in ‘order to
"determine molecular weight separation characteristics of

the gel.column under the opérating conditions used in
' ' t

N

 M
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this study. Since the polymeric lignin molecule in
solution is comprised of approximately spherical macro-
and micro-solutes (see section III.l), calibrations

were performed using mainly globular protein standards
‘ 4

of known molécular weight, although some linear-type
* >

molecule standards were also included for comparison.

The standards used in this study are listed in Table

R s
III.4. All standards were found to exhibit significant

absorbance ét 254 mp; their presence in the collected
eluant could thus be readily deéected. The column was
Bt;ndardised using samples of the standards digsdlved
in 0.1 M NaOH solution to give ; concenératioﬁ of

>3
approximately 2 mg/cm . The standards were either run

.
v

through the column singly or combined with other
standards.

111.4,3 ﬁesults and Discussion

ITI.4.3. (i) Molecular Weight Calibration of the Gel Bed
r ’ } -

An example of the 254 mp UV absorbance trace ‘on
the collected eluént froﬁ'gei filtration of ag alkaline
standard solution contalnxng Blue Dextran, Cytochrome C,

Insulxn and Phenylalanxne is shown in Fig. III.15. ' Here

~ ’ . -
.. . -ké', /
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Table III.4.

Ve

4

Standards Used ih Calibration

of the Gel Filtration Unit

(1)

' 2
Stokes (2)

Type of Moleculaf
Standard Molecule Weight Radius (A)
rAldolase. G 158, 000 46.0
Blge Dextran L 2,000,000 -
Dnase L 65,000 -
Ovalbumin G 45,000 27.3
Pepsin G 32,700 '22.9
Chymotrypsinogen a G ' 25,000 22.4
Ribonuclease a G 13,700 19.2
Cytochrome c G 12,400 16.4
Insulin G ‘5,800 -
Glucagon G 3,900 —
Phenylalanine L 165 -

G = Globular Molecule

L

(1) from Noller (1965

I,inear or Flexible Molecule

)

(2) from Laurent and Killandeﬁ (1364)

f
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the eluant volume coréesponding to elution of blue
dextran from the gel bed is representative of the bed
void volumé Vo since the blue dex;ran molecules are -
sterically<¥xcluded from all the %?1 pore volume.
Hence, for blue’dextran from equation (3.2), VF =
v, = 32 ml' * and so Kpy = O. In contrast, the
(collected eluant volume at whiéh phenylalanine is
eluted from the bed is indicative of éhe total bed
volume Vi, as all the\gel pore volume is available to
apenetration;by phenylalanine molecules in view of
their very small molecular weights and size. Thus for
phenylalanine, from equation (3.2) Ve-= Ve = 122 ml *
and so K,,, = 1. Substituting the obtained values of

3

v Vo into equation (3.2), one obtains

t'

KAV = Vg - 32 (3.5)

90 * ,

* during passage of sample through the gel bed, the
original 'band' of sample solution is subject to a certain
amount of axial diffusion within the carrier solution.
This tends to broaden the sample ' band as it passes
through the bed, giving rise to a eluant UV trace that,
if tailing is negligible, is evenly distributed about
a peak mean value. (See Fig. III.l1l5) . The elution
volume corresponding to this mean or maximum value was
used as being most representative of the true elution
volume V., in this study.
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From equation (3.5) the wvalue of Kyv for all
solutés ééparated by the gel can be calculated from a 3
knowléége of their elution volumes. Thus for %
cytochrome ¢ and Insulin, having Vg equal to 48 ml and
80 ml respectively, the values of Kay are 0.18 and )
0.53 resbectively.

Using equation (3.5),4RAV values for all standards
wére calculated using the appropriate values‘of Vé
obtained from Gel Filtration runs; The calculated
Kav values were then plotted against the logarithmn of

the standardg molecular weight. The resultant curve, ,

b

shown in Fig. III.l6, represents the separation
characteristics of the‘éel, based on glocbular so%utes.
The nature of this curve differs somewhat from expect-
-ations. Firstly, tﬂe molecular weight range of solutes
effectively seabarated by thé gel filtration unit used
here, i.e. approximately 4000 - 70,000.MW, is less £han
that stated by the gel manufacturers, viz. 4,000 -
150,000 MW, based on globular -protein standards.

~

Secondly, the relationship between KAv.and log MW over

the separation range is not linear. These phenomena -are

no doubt assoTiated with'the high operating pH of the



Fig.I11.16 |
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-unit used here. Comparison of K,,, values of éome

globular protein standards ob%ained for a sephadex G-100

<
gellbed under two operating pH's are shown in Table III.

5 , where it can be seen that increase in column operating
pH decreased the KAV value of all the standards used.

This increase in column pH tends to produce earlier

elation of solutes. !

Consultation with equation (3.3) - see section

IIX.4.1 - indicates that in order for the KAV valuwe of a’

~
~.

given solute to decrease, either the solute hydrodynamic
radiﬁs r, the radius of the gel rods r,., or the con-
centration of gel rods in solution L, must necessarily
increase. Since L is necessariiy independent of pH,

.

providing no gel washout occurs *, it thus appears that
s .
either an increase in the size of' the gel rods due to
alkaline hydrolysis of the polysaccharide chains, or
alkalipe hydrolysis of the solute molecules themselves,

resulting in an increase in their hydrodynamic radii, ]

would be responsible for the nature of the calibration "

* It is feasible that some of the gel material could .be
solubilised in a high pH solution and hence be eluted,
thus decreasing L. However, TOC analyses of collected
eluant samples indicated that this did not occur.

”»
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Table III.5 Effect of Column Operating pH

on Sephadex G-100 Gel Resolution

of Globular Proteins

Globulér g (1) Ay (2)
Protein PH 7 pPH 12.5
v | Ovalbumin : " 0.22 - 0.29 0.01
Chymotrypsinogen a "'o’.45 ) 0.15 - 0.18
Ribonuclease a 0.58 t 0.08 - 0.15
Cytochrome c ' 0.59 - 0.66 0.18 - 0.2
a
(1) Laurent and Killander (1964)

(2) from Fig. III.l6

|




.63
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( curve in Fig. III.16. The data éol}ected in this work
does not, however, providevsufficient information to
decide which of tﬁe two aforementioned-effects is
primarily responsible for the nature‘of‘the calibration ,
curve obtained here,.

In view of the aforementioned, one may pose the
valid question fwhonperaﬁe the gel column at such a
high.pH?" The reason for this is that'gel filtration of
Inaulin solutions atv}ower operating pH were found to
result in excessive precipitation and/or adsorption of
.lignin components in the gel matrix. This was eépeciall§
eviden? in the upper part of the bed, as noted by a
brown discoloration of the gel. 'Here the carbo%ylate
and phenolate anions\in the Indulin macro molecule

<

certainly have the ability to chemically associate with'

[

functional éroups in the gel polysaccharide chains to

an extent éoverned by column operating pH and ionic -

strength in the carrier solution (Bailey, J972).
The adsorbed species were not desorbed and
subsequently eluted until column pH was increased to

approximately 12. Then observations contradict those

—
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of Ganczarczyk and Obiaga (1973),tho indicate
negligible precipitation of indulin components on
sephadex G-100 gel during gel filtration at pH 10,
thisloperating pH being achieved using a cafrief sol-

ugign/of'ﬁil M NaOH buffered with NaHCO5. )

III.4.3. (ii) Molecular Weight Distributions in
Aqueous Indulin Solutions

The following Indulin solutions were subjected
to gel filtration analysis by the procedﬁre outlinéd
in section IITX.4.2 (iii).

a) A fresh1§ prepared 500 mg/1l I;dulin

solution at pH 12;5: - ; — |
. . b) - A 500 mg/l Indulin solution agitated

fér 5 days at pH 10 arnd 35 C. <t |
¢) A 500 mg/1l Indulin solution.agitated
for 5 days at pH 7 and ;5 C. )

Thé sdbsequent plots Sf absorbance Aj54 mu
versus.eluant volume obt;ined from experiments. were

first converted to A versus K,,, plots via

254 mu
. : |
equation (3.5), and then to A,., . versus MW plots

via the gel calibration curve, Fig. III.l6. The'

\
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resultant molecular weigﬁt aistributiqns.in thq_indulin
solutions studied are shown in Fig. III.17. -

ﬁere Indulin, as it egists in a freshly [
prepared 500 mg/l alkaline solution, is seen to be
comprised of at least 3 distincg molecular weight
solutes. [The first peak in the distribution, correspond-—-
ing to K%V)= 0, is indicative of the presence of high
molecula£ weight solutes of 70,006 MW and greater. The
intermediate peak occurring at K,y — 0.5 indicates the
existance of spécies of approximately 5600 MW. The péak
at KAV - 0.87 relates to the gresence of low molecular .
weight lignin fragments of app?o*imatély 4000 MW and
less; * . )

Gel filtration of a 500 mg/1l Indulin solution
aged for 5 days at neutral PH yieldg a_moleculér weight

|

distribution curve ‘that is not noticeably different to

that of the original distribut¥on, but similar aging at

\
\

* There is also a UV peak at K, ='1. .This peak probably
reflects the presence of very low molecular weight
lignin solutes which assume. a more linear molecular con-
figuration in solution, rather than the spherical con-
figuration of their larger cousins. However, since . this-
peak is small in relation to the other observed peaks,

_ the propoxtton of such species, compared to the total
number of 'all gpecies in solution, is small.
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PH 10 results in a‘different molecular weight distri-
b&ﬁion. Here there is a decrease in absorbance
valués for K\v values less than approximately 0.4,
coupled with an increase in absorbance values for KAV
values in excess of 0.4. Provided that the following
assumptions are valid, * 1i.e.
a) the 254 mu UV absorbance at each KAVi
value is directly pr0portionai to the
concentration - or gumber - of éhat
particular molecular weight species in
solutiop.
b) the 254 ﬁu uv absofbance - concen-
tration relationship is similar at all

khv values, and hence for all molecular

' weight species in solution. .

* The validity of assumption (a) is supported by the
extensive dilution of the lignin sample during gel
filtration, and assumption (b) is walidated by
Goring's (1971) statement -that " in softwood lignins
ees. UV adsorption .... has been found to vary only
8lightly, if at all, with molecular weight",- '
: . \

[

»
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then aging of alkaline indﬁliﬁ solutions is associated
witﬁ‘redistribution'of the relative numbers of the
éarious molég:lar weight constituenﬁs present in the
original sclution: more of the higher molecular weight
species are formed at the expense of lower molecular
weight constituents. This observation confirms what .
has been said earlier with respect to Indulin solution
aging (see secﬁion I1r.2.2.(i) 4). .

The ‘'number average molecular weights ﬁ; * of
Indulin in the solutions studied, as calculated
from the distributions in Fig. III.l17, are shown in
Table III.6.

These values are of the same order of magnitude
as those obtained b& other fesearchers and summarised
earlierv(sée Table IIItl). More recently, both Bailey
(1972) and Ganczarczyk and Obiaga (1973) have evaluated

molecular weight distributions in Indulin solutions by:

sephadex gel filtration. Bailey determined Mh to be/

v
\
v

* the value of M_ is the value of molecular weight
corresponding'go the Kpy value at which the total
area under the molecular weight distribution curve
is divided into two portions of equal area.

P



Table -III.6 Average Molecular Weight of
Indulin Species in Solution
(as determined by gel filtration

at pH 12.5)
. Indulin Solution . Eh_
concn. (mg/1l) PH age (days)
500 R 12.5 fresh 5,900 - 6,100
500 ' 10 5 7,600
500 7 5 6,200 e
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10,800 from sephadex G-100 gel filtration experiments
conducted at pH 12.5, using a 280 mu UV absorbance
detector. However, Bailey did not calibrate the gel bed
separately with molecular weight standards, but rather
used equations (3.2) and (3.3), iﬁ conjunctionlwith’a
knowledge of the hydrodynamic radius/molecylar weiéﬁt
relationship of globulé% proteins, in his calculations.
For reasons discussed in section 1III.4.3. (i), this
approach is not valid at highly alkaline column
operaéing pPH. Ganczarczyk épd Obiaga determined
values of‘ﬁh_to be 2,800 and i0,000 respectively in
the case of fresh Fnd 7 day-aged indulin soiutions,
by G-100 and G~50 gel filtration experimeﬁts conducted
at pH 10. Their.gel was calibrated with both globular
proteiﬁ and narrow molecular weight fractibn.
lignosulphonate standards. “Our observations confirm
their findings reg?rding an iqcrease inlﬁh in aIkaiiﬁe__///"ﬂ//’
Indulin solutions with age._‘ ~ T |
In order'tp pbtaiﬁ information on’ the contrib-
ution of the various ggi;gnlar‘welght constltuenis to
the overall Indulin solution color and TOC, a fractional

color and TOC analysis was\performed on discrete
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eluant fractions collected in Gel Filtration of a
freshly prepared 500 mg/1 Indulin solutioﬁ. The

.
resultant TOC and color distributions so obtained are
shown in Figs., III.18 and III.1l9.

From Fig. III.1l8, it appears that all the
molecular species contribute TOC in approximate
proportion to their relative concentrations in solution
(cf£. Fig. IXI.17). However, as Fig. II1.19 show;,
the overall solution color is predominately supplied
by intérmediate‘molecular weight species of about
5,500 - 6,500 MW, as characterised by KAV values in
the 0.42 - 0.53 range. In contrast, thé high molecular
weight species of molecular weights in excess of
70,000 (i.e. vthere Kayv = 0) exe;t very little visible
color in proportion to their concentration. * Aithough
the low molecular weight constituents,, characterised
by Kay values in excess of 0.8 do not appéar to exert,

much color, their concentration in solution is also

small. Hence, per mdlecule, the color exerted by these

L

* this finding was also confirmed by visual observation
of the gel filtration unit while in operation; no
significant coloration of the collected -eluant .

.occurred until at least 40 - 50 ml had been collected.

S~
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species may be significant.

The percent recovery of original sample TOC
and color in the collgcted eluant after completion
Qf gel filtration, amounting to 94.3% and 95.7%
regpectively, supports the fact thaﬁ minimal
irrevisible ngtrption or precipitation of lignin
components takes place on the gel bed under the
high operating pH used in this work.

Compared to Ultrafiltration, the ﬁse of Gel
Filtration techniques provides a more rapid means of
determining molecular weight distributions’in Indulin
solutions. In addition, Gel Filtration permits the
use of smgller'sample amounts, and will still give
representative distributions even in dilute In&ulin
solutions, such as residual Indulin solutions from
carbon adsorption. Unlike Ultrafiltration, however,
Gel Filtration of lignin solutions has one major
disaabantage, namely that the solution té be analysed
must be adjusted to pH 12.5 before its introduction

into the gel column. It has been shown from ultra-

filtration experiments in Figs., IIX.12 and III.1l3 that

P

Lo
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solution pH alters the molecular weight distribution
of Indulin components in solution. Thus the molecular
weight distribution in a pH 10 Indulin solution as
determined by Gel Filtration experiments may not
accurately reflect the distribution of components

presant in_the oryiginal solution, the latter having

a higher values¢f ﬁh than that derived from Gel

Filtration ‘lysié.. This disadvantage will tend
to coméiicate interpretation of Indulin adsorption
data in subsequent activated carbon adsorption studies. *
ITX.5 SUMMAR
: Studies conducted using an acid-precipatated
pine kraft lignin, Indulin A.T., have shown thag in
aqueous solution, lignin exhibits behavior character-
istic of a polydisperse pqum;r. The polydispersivity
is due to the presence of various mélecular weight
solutes, arising from vérying degrees of crosslink-
ing of the monomeric lignin unit.

The number(and distribution of the various
molecular species in an Indulin solu#ion ultimately
dictate the magnitude of those.bulk solution prop-

erties that are directly dependent on Indulin content
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such as overa}l solution color and TOC. The observed
linearity of goth solution-.color (1) and TOC (2)*with
Indulin concentration (up to 0.5 g/1) in fixed-pH

Aalkaline solutions is thus explained in terms of the

molecular distribution: incre&sé€ in Indulin content
merely serves to increase, in direct proporation,

the number of each molecular weight species in solution

without changing the overall molecular weight distrib-
ution. /
Conversely, this study has also shown that

"externally controlled” solution properties that are

independent of Indulin content such as pH and
solution age in term influence the nature of the

molecular weight distribution. Here the observed
color decrease with decrease in solution pH is

+ . _
attribute@ to an H30 initiated condensation reaction,

wherein lower molecular weight solutes of relatively

~

* (1) expressed as equivalent chloroplatinate color
units at 465 my absorbance
(2) the TOC - indulin concentration relationship
deviates from linearity at indulin concentra-
tions less than about 25 mg/1l, notably at
. high pH. This effect is caused by dlssolutlon
of co, from the surroundlngs.

X7
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high solubility and color content associate to
~form higher molécular weight derivatives of lower
solubility and reduced chromophoric ;ctivity.

Since Indulin solution dominant wavelength (576 -

577 mu) has been found to be independent of solution
pH, it is concluded that the activityhof the lignin
chromophores in exhibiﬁing color is directly

related to the solubility of thgor parent molecular
weight fragment. Ultrafiltation and Gel.Filtratién
expériments have indicated that at high pH, most

of the color exerted by indulin solutions.is
contributed by solutes of less than approximately
10,000 Mﬁ, whereas at close to neutral pH, solutes of
greater than 300,000 MW are responsible for therbulk
of Jolugion color. Overall solution TOC is unaffected
by pH as it is not altered by solute solubility.
queyer, like color, the distrxribution of TOC in solution
is altered by pH, a.gréater proporation of overall

TOC being contributed by the increased numbers of

higher - molecular weight‘solutes formed as pH is

.lowered.
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Increase of solution age also giveé ris% to
7
a decrease in overall Indu?in solution color,
notably at high pH. Gel Filtration experiments have
indicated that this degradation is due to continﬁous
formation of higher mélecular weight solutes at the
expense of the lower molecular weight forms.
[ :

Al%hough ﬁhis effect is attributed to air oxidation

of the lignin fragments (Marton and Marton, 1971),

the associated pH drop with degradation and gel

'filtration molecular weight distribution data suggest

+ .
that a H30 initiated condensation reaction may also

be involved. Qverall solution TOC is unaffected|
‘ !

by solution age.
/ ) f

Filtration of Indulin solutions through a
0.45 membrane filter can result in significant

cw

removal of color and TOC from Indulin solutions,

. w®
notably at pH's approaching neutral. This effect is /
due to retentioﬁ_of high molecular weight colloidal

and suspended lignin fragments on'the membrane by -

steric exclusion from the membrane pores.

Both Gel Filtration (using a Sephadek G~100

e A a3 o mcmamare sy

~p
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gel bed run at pH 12.5 with a 0.1M NaOH solvent) and
Ultrafiltration (using a series of Diaflo membranes)
experiments have proved useful for molecular weight\
characterisation of Indu}in solutions. The average
molecular weight M of species in a pH 12.5 Indulin
solution as determined by Gel Filtration is
approximately 6,000 - 7,500, this value being
comparable to those found by otheﬁ researchers.

However, ultrafiltration experimeﬂté indicate that

-

Mh'rapidly increases with increase in solution pH.

|
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APPENDIX IIX.1l
Calibration Curves Fb;: The

TOC/ Analyzer
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