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ABSTRACT
Membranes formed by constituents of ultrafiltration
feed solutions on a support structure are called dynamlc.
membranes . Lignin has the ability to form 'a self ~-rejecting
membrane potentlally useful for separatrng lignin from pulping
wastes. ' | - ’
dignin solutiohs and pulp mill wastes were ,f '

circulated past support tubés at d;fferent operating con@ie
tions; ‘A typical product flux was about 7 éel/ftzday'with
about 99% rejectlon. ”he effect of'the feed gsolution
3concentratlon, the pore’ srze of the support structure and
{the cross-flow velocrty were small on the membrane pex- -
/formahce. A temperature increase from 30° C to 70 C 1ncreased
: the product "flux by 130%. A hrgher operatrng pressure .
increased the product flux only sllghtly abOVe a critical-
_pressure of’ about 80 psr. The product flux was hlghly
.dependent on the pH, belng e.g. 30 gal/ft day at pH2 and
7.5 gal/ftday at pH//. '

' ‘Some chemical additives, reported to alter'liquid
conformation, were tested and the-best results were given
by addition of formal@ehyde. It increased the product
fluu at pH2 f;ém 30 qal/ftzday to 42 gal/ftzday.. A_pre—:

treatment: of the carbon support tubes by hydrochloric acid
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improved, the product flux from 6 gal/fthay to 16.gal/ft2day

but the beneficial effect, in this'caée, was time dependent.
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1. INTQODUC'T‘ION

Ultraflltratlon has had little practical 51gn1f1—
cance untll the development of anisotropic and dynamic
memﬁranes. In some cases waste water constituents forn, —
enVa support strqcture, a‘self—rejectiné membraqe: Pulp
mill wastes are known to‘have”this propefty. (Perona et al..
1967) . Lf by studying opefetfonal parameters eonéitiens could
be faynd where a dynamic self—rejeeting membrane Qeuld let |
through a high flux.et'ﬁoderafe pressure and.reasonable
rejectioh,'this technique might be a feasible aiternetibe to
treat effluents or recover lignin from effluents of the
pulping 1ndustry . . _ . ;\

The object’of this study was fo develop a dynamic
selfJfli.etinq ultrafiltration membfane eompoeed of.;;gﬁiﬁ
and to te‘t its pofentiai usefulness for seperatinéllieniq
froﬁ sulfate' pulping waste waters. TFor this purpose ‘the

effect of the most important éperating' aramefers on lignin

membrane perfcrmance had to he studl d and'means to impfove,

product fluxes ahd rejectlon had ‘to’be trled w1th a
- “"k\‘“i n
X synthetlb lmgnln solution. Finally, samples of kraft mill

“

- effluent were ultrafiltered at fhe most prom1SLng operating

conditions.



2. LITERATURE REVIEW

2.1 Membrane Processes

2.1.1 - Reverse Osmosis

Osmosis 1s the spontaneous transport of soivent

mdlecules'frpm a diLute solution to a concentrated solution
through a semipermeable'membrane. This nembrane prevents
the passage-of éqluée moléculgs but allows solvent moiecules
to pass through.‘ QOIVeﬁ£ flow cantbe.induced by eierting
pressure on Eﬁe‘more concentrated side of.the membrane.
At a ce}tainvpfessure,.equilibrium is realizéd and the
amoﬁnt of solvent passing in each direction is eqﬁél@ééd.
This“happehé ét~thé so'éalledhgsmotic préssure'which is a
property othhe ;oiution only. .
) ‘ If éhe pressure in the more concentrated side
of the ﬁembrane is increasea abé&e the o8motic pressure,
the éolvent‘flow reve?éeé. This phenomen, ealled reverse
‘ésmosis, is the basis éf-many éractical applications in .
water treatmént. o

Osmotic‘pressure can be calculated for a solution

) ] .
when the contentration of solute and the temperature are

" known (Tommila 1965):
: j




- r—)- . . . N
: G RT | o (1)

.where m = Oosmotic pressure

5
u

number of moles
vV = voiume. |
R = gas constant
T = teﬁpgrature
Equation (l)(is valid only for dilute solutions.
-Eor moré.concentratéd soluﬁibn it is modified with an osmotic
pressure coefficient, ¢, (Webexr 1572), and équatioh (1)
'is rewritten as

o= ¢:% RT &h ) (2)

The solvent flow is proportional.to the pressure
difference on both sides of the membrane minys the difference

" . in osmotic pressure (Veher 1072)

Fu = ¥, (4P ?_Aw). r(3)
where FQ = solvent flux

Wp_= sleént permeation coefficient

P- '= pressure

The solvent perméation coefficient depends on *°

" the following parameters (Weber 1973)

-~

LA ‘Eﬂsﬂgﬂ ' | (4)
. m .
where D = diffusipnlcogfficient f solvent
Cw = concentration of salv
Gm‘= thickness Sf'the m%mbrane
V., = molar vdlume of éolVenﬁ;
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Thusg

F =

D CV
LN O B Y4
\% .

=
Y

(AP - Am) (5)
n ¢
A small amount of solute passes .through the
rmembrane (Merton 1966) and

7

%é ; ~Dg dcms * CYpn i , (6)
v dx ’
~ where <F_ = sqLﬁte flux : o . T
D, = d?ffusion coefficient of solute ’
Chs = solute éoncéntfation in rembrane
x = distance
u, = velocity of solvehé through.thé

¥ membrane
The first term is the solute diffusion terms and

the second one is the solute transport by sgolvent flow term.

.If the second tern is meglicihle, then B !
N . . |
Py = B(Cj = CyQ) (7)

solute mass transport coefficient

3

C = concentration .of solute on high

pressure side of the membrane

y :fiz C,, = concentration of solute on low
R l_ .—_.-1———4. o . . N :
nemoranc . -pressure side of the membrane

The primary and hest criterion of the membrane
. performance, as is shown in Appendix I, are total flux
throuah the membrane, usdally given in gal/ftzday and

rejection of solute. Rejéction is defined as’



2s

= (8)

2s

or i (Cc - C

where R = rejection

2.1.2 Ultrafiltration . 3
. 'UltrafiltraFion and reverse osmosis are related

processes. Thef'both rely on a pressure difference across.
a.meﬁbréne for transport of éqlvent. Reverse osmosis
meﬁbranes reject'ipnized salts and small molecules. If
' they can be considerea to have_porés, the pores are less
than 20 A iﬁ diameter. For such tight membranes it is
very difficult to distinguish bétween.ﬁransport through
pores ana tranéport By‘diffusipn. On thg other hand, a
typical ultrafiltration membrane has pores with a diaﬁetér_
between 20 A and 100 A. This is sﬁail enouéh'to reject
colloids and large molecules but large enough for laminaf
sé;vent flow of §6lvent. 'éecause-some meﬁbranes have
pores belqnging to both ultrafiltration and re&erse osmosis
regiohs, both processes can occuf §imultaneously. ‘

. In ultrafiltration_the_ﬁembrane screens out '
colloids and molecules larger than ﬁhe péres. Thus a -
' mére éonéentréted solpfionuis'formed on tﬁé pbétream side
of the membrane. Thé;e is no sharp molecular weight or
pafticle’size cutoff bgéause'membranes éspaliy have a

distribution of pores sizes.- IMolecules with the same

(64}



diameter as the p&res, are fejected by.the smalleét pores
but will pass through the larger ones. _”

Another theory'(narriot'1973) suggests that the
concentration of solute varies from pore to pére at“the‘
same depth. ,If the qoncentration is lowf most pores will
have no solute modlecules, sore will have. one énd var§ fe&
will have two or more. Tﬁe f£low of solutioﬂ ié'assumed'
to be'lpwer in pores containing solute molecules £haﬁ in
empty pores, hence, the concentration’of éolute_on the low'
pressure side of the membrane will be loQéi.

The solvent ‘flux can be- described by equagions
analogieal‘tg_current, voltagé and resistance relations

-

in electricity, i.e., = ' ' .

FR or.F =4&F

AP v w - R_
. ‘m

(10)

membrane flow resistance.

where Rm
The -membrane resistance is determined hy porosity,
pore radius, density-of solvent, tortuosity, viscosity

"and membrane thickness .as

R_ = 812u3m (11)
o e .
2
cea ;4%
‘where . t = tortuosity,
poo= Viscoéityfof solvent
€’ = porosity / - /f“*\
/ 4
. a = pore radius

/ .
density /of. solvent

I

)



Thus

2
P ea .  ,p (12)
w 812ué .
" i
2.1.3 Membranes

Until the late 1950's, the. lack of suitable
membranes made reverse osmosis and ultrafiltration imprac-
tical processes. This changed with anisotropic membranes

which were developed first by Loeb and Sourirajan (Michaeis

© 1968) . By properly adjusting polymer casting solu.tion

corposition and properlv controlling after treatrment condi-

tions they succeeded in preparing anisotropic cellulose

. acetate membranes with thin layers of varying structure.. .

The superiority of these anisotropic membranes is q§sed on

their property not to become plugged or fouled by solutes.

The reason seems to be that any partiqlé smali-enough to
cites a micropore in the skin layer‘éf the membrane on the
pressure'side hés np.diffi;dlties ﬁiﬁding'it$ way out from
;ﬂe opposite side through lafger pores.

éellU1OSiC membranes suffer from somé limitations.
They can be ‘used only in'aqueous sélutions since organic
solvents e%ther dissolve it or pigsticize it sufficiently
to céuse its collapse. Most of ‘them lose £heir permeabilit&--
if allowed to dry. Also they cannot by Operéted at high
or low pH or at teméeratﬁrés above 50 - 60°C. |

Other synthétic pqumers‘have-been used for

-producing anisotropic membranes. In many cases their



physical and cheﬁical properties are much better than those
of éeilulose mémbranes. Soﬁé_membrahés can be handled dry
and they can be used with a variety of organic solvents as
well as operated at temperatures up to 150°C without
deterioration. - Sol&ént flux and rejectién can be controlled‘
over a broad'rapge. High molecular fluxes can be maintaiﬂed
thrOQgh these membranés; e.g. 100-600 gal/ftzday is possible
for sebaratiop of compodnds wiéh a mélecular weight of
100,000’a£ 100 ‘psi (80-100% rejection). Typical values in
the lower performance range fér these mémbranes are'lO gal/ftzday
for raffihose with molecular weight pf 600 and 25 gal/ftzday‘
for dextran with a molecular weight of 100,000, both at

lOb psi.(Weber 1972) . . |

- “Another importaﬁt discovery was made in 1966 by
Marcinkowsky and his coJWOfkers (1566)‘ They found that
inorganic polyelectroly;es added to p*ﬂ%curized salt
éolﬁtions form a salt rejecting membrane when the solutions
were éircuiated past and through porous supports. This élgss
of membranes are called "dypamicallx formed" o£ "dynémic"

L

.membranes. A very wide assortment of qdditives have been
shown to form membranes this way; synthetic andinatural
brganié polyelectrolytes, hydrous oxides of some metals,
etc:

High water fluxes fre@uénély one order .of

magnitude higher than with‘cellplose'acétatg membraries

(Johnson et al 1972),. are observed. For many water treatment



problems tﬁe degree of filtration seems to be adeéuate.
Typical values‘for hydrous zirconium oxide xﬁembranes,On a
porous carbon tube witg 0.36u pdre siée are 79% fejection
of NaBr (0.025 ml/l) and 80 gal/ft?day at 400 psi. -
With most dynamic membranes it is not necessary
to add one or more membrane forming materials to the feed
soluéion-after the membrane has been formed. ALso“in some
casés the feed solution contains already a membrane forming

material ‘without additives. The advantages of'dynamic

membranes are (Hackscheif et al 1972):

(a) Easy formalation
(b) High flux rates

(¢) Low cost
.The disadvantages are:

(ay Non-homogeneity .

(b) Less selective rejection than with cast membranes.
2.1.4 Concentration polarization

Becadse there is little difference between
‘uwltrafiltration and reverse osmosis, their boundary'.layer
effects are similar. Rejection of parﬁicles, solute molecules

. or ions creates a higher concentration layer at the membrane
LY ‘ - .

~

‘surface on the high pressure side. Concentration polarization

is defined as the ratio of solute concentration at the

membrane surface to the solute concentration in the bulk

-

phase. . e



‘e . . lf)

This phenomenon has. a great effect on ‘the apélicé—
tions of membrane processes (étratmann 1972, 1973). The
osmotic pressure that has té be compgnsated by thé‘hydro—
stétic.pressure becomes higher and.the correspon@ing smaller

3 !
differenli between applied pressure and osmotic pfe;sure
decreasés the flux. Furthermore, the rejection decreases
because the solute flux is proportional to the concentration
difference, as seen in equation (7); ghe rejection(decreases.
Concentration polarization can bring about precipitation on |
the surfaée of the mémbrane and th}s layer can act as another
membfane coﬁpletely“ changing .the cgérécteristics of
the original'memﬁrane; ‘This second film is actually an
ﬂunwanthed dynamic'membrane. . ) s

To minimize the effect of concentration polar%—
zation crdss-fiow techniques afe usually applied. Filtration
is achieved by pumpiné suspension or solution under pressure
past the membrane at sufficiently high tangential velocities
(Dariheimer et al 19790, Jéhnson 19?0). Té increase the éffect
of velocity turbqleﬁce promoters have been recommended .
‘(hikoh 1968, Thomas et al.1970). A detached promoter made
of thin wire in spiral form with longitudianl wire runners
seem to be most effective. This bfobably comes closest
to the ideal promoter defined qsﬂéne that’neither.bldcksuﬂ
tﬁéfsugface of membrane nor providés stagnant regions where .

solids can accumulate or concentration or rejected salts

can build up.



The effect of turbulence promoters is greatest
at low Reynolds numbers (Thomas et al 1968). Up to 50%
higher transmission rates have been observed by using a
turbulence promoter compared ‘to the values found.in the
P

same test with a portion of membran® containing no promoters.

Similarly ihe‘rejection can more than double.

Y
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2.2 Important Operating Parameters

2.2.1 Temperature

Equationg 1 and 5 show that product flux should
.decrease with increasing tempera;ure. However, the diffusion
coefficient and the membrane thiékness are aléo dependent
on the temperature thus cbwplicating the product flux and
temperature relations. It‘can be seen that equations 12 and
5 have the same kind of temperature dependancy by remembering -
that the diffusion"coefficient is directly proportional to
thé teméerature aﬂ@ inversely proportional to the viscosity
(if the osmotic pr;ssufe term is negligible).

Collins<et al (1973) studied the effect of temperé—
ture on lignosulforate rejection uéing self-rejecting membranes
built b& spépt sulfite liquor. Lower temperatures brought
about higher rejection, e.g. 50% at 70°C and 90% at 10°cC.
The ' flux rate was alsn " <-h'-r dependent on temperature, e.g.
-about 3 g;}/ftzday at 13°C and 24 gal/ftzday~at GEOC.

ﬁ Viley et al (1967) found that the effect of tempe-
rature on the product flux isAabout the same for pure water
and spent sulfite liquor whgp ﬁhe osmotic pressure is less
than 70% of the appliea pressure. The expefiments were made
using cellulose acetate membranes in the temperature rangé
of 10% - 35°%. The relatiénship between flux aﬂd temperature
was linear. The flux rate was twice as much at 31°C
(10 gal/ftlday at 600 psi) as at 10°C (5 gal/ft2day at

600 psi). They observed only a slightly improved rejection



at lower temperatures.

Perona et al (Perona et al 1967) studied éelf—
rejecting spent sulphite liquor membranes on porous carbon
and ceramic tubes at tempe;atures‘between 17.5°C and'62.50C,
The increase in the product flux with tempera£ure was found
to be inversely proportional to the visco;ity of water.
With carbon support the product flux ‘changed from 9 gal/ftzday

at ZOOQ to 19 gal/ft2day at QQOC both at 400 psi. Ceramic

supports showed a little [Migher fluxes and steeper temperature

dependancy. For the aboyve change of temperature thHe rejection
decreased only slightly, from 97% to 97% for the ceramic

tube and from 90% to 85% for the carban tube.

2.5.2 . Pressure
Johnson et 5111952) found that the rejection

of chloride improved from 90% to 95% when the pressure was
increased from 300 psi to 900 psi‘using a dilute sodium
chloride solution and Hydrous Zirconium (11) Oxide dynamic
membfanes. At the same time product flux increased from 35
gal/ftzday to 890 gal/ftzday. When the system was returned
to 300 psi, most of the ariginal rejection aﬁd flux returned
overnight.

. Perona.(1967) found thfec different }inds of effécts‘
of pressure on the flux divided by pressure or permeability
when using self—rejecting spént sulphite liquor membranes

and difféfeni concentrations of feed solution and ceramic

«



and carbon supports. With ceramic support and 1% sulphite
liquor at 63°C the permeability decreased by a factor of

2.3 as the pressure increased fr5m 100 psi to 700 psi. At

the same time the product flow increased by a factor 6f

3.1. A second type of behaviour was exhibited by a carbon
tube at above conditions. Permeability was completely,
unaffeétéd by pressure or product flux was linearity pro-
portional to the pressure applied. A third type of relation
was observed ith a ceramic tube havin§ lérger pore size }K
than the firSt{ohe.' The feed solution was 10% and temperature
259C. After a normal decrease in permeability it increased )
rapidly above a. certain pressure.

Porter and Michaels (1971) explain that product
flux and pressure relations depeﬂd on solute concentration.
Product flux will increase with pressure until the concentra-
tion at the membrane surface reaches some critical’coqcen-
tration{ High molecular weight solutes, such as proteins
and colloidal dispensions when concentrated beyOndAa'
certain péint‘form sclid or thixotropic gels. The gel
layer will thicken until the. convective transport of solute
toward the membrane is redﬁced to a value equal'tbnthé’ )
diffusive back transport of sélﬁte away from the gel
layer into the bulk solution. Any increase of pressure will
-cause the gei layer to thicken'ér compact resulting in

. ¥

increased resistance. With more concentrated solutions the

critical point for gel formation is.reached at lower



e ' 15
pressures. With very dilute solutions this point is réached

Tat very high pressures if it can he obser&ed at all.

2.2.3 Concentration of Feed Solution

l_Some effecgs:of feed solution .concentration were
presented alieédy under pressufe effects. 'Generallygah
increase in.fééd soiution canééﬁtratidn lowers thg product
flux (Porter and Michagls 1971).

chordingoﬁo'Palmer, Hopfeﬁberge; and_Felder (1973)

the.rej.ection of su?factants incréaseé with'so;uté concen-
tration,.wheéegg the rej?ction'of non-surface active so}utes'
decreases with'inc;easiﬁg cohcentration. ‘They explain the
5ehaViogr of'surfactants as a cbnseguencejéf'micellaf'

.

aggregation pf these 'solutés.

i/- B attachéryya; Bewley and'Grieveﬁ (1974) found

that duriﬁg the ultrafiltration of-laundry wastes through

non—CéilUlOSiC membranes, the addition.to the feed of'a'f
0.2y suspension oQér the‘bnqad cqncentratién rangeipf a
100 mg/1l to 500 mg/l, caused no dfop in water‘flux. The.
organic.ca}bdn content fn'the waste decreased tﬁe product
fiux as expected. Their synthetic laundry waste caused the
membrane 'ﬁo swell when total solids concentration was
increased from 300 Epm to 960 ppn and‘résuléed iﬁ poofer”

| ;ejeéton. T@is could -be redhcéd conceivably by using
g@gﬁer cross-flow Velopigies and by- short infermi;gent

vd .

~flushing periods with soluter-free water.

b
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The rflation between feed solugion concentration

and required croSs—velocity will be discussed later.

2.2.4 pH

In many cases, a change in pH of the feed solution
has an effect on membrane performance. Johnson et al (1972)
observed a strbng relationship between pH and rejection and

pH and product flux with an NaCl soclution Zr(IV)O2 membrane

Fprobably due to the effect of pH on the properties of the

z;oé. o _ .

Sometimes adjustment of feed solution -pH is .
unavoidable. For'examplé qellulose acetate membranes cannot
be used at a pH less than 4 (Staude 1973).

John%on et al (1972) also did some experiments .
with kraft mill bleach plant effluents usinghzirqonium
membranes imprpvea_ with a polyacrylate surface membrané.
This time they didnit observe any remarkable changes in
rejection or product flux (ébout 80 gai/ftzday ét 950 psi)

when pH was varied between 5.7 and 9.7. Colour rejection

had a slight maximum at pH8, about 99%.

)
¢

If a membf;ne has ibn—exghaﬁge capacities thch are ,
éhanged-by pH, the rejection’also chéngés. Anion change
capacity drpps'wiﬁh increaging pH, while cation~éhange
capacity incxeases.” The rejéction of ions behaves the
same way (Shor et al }968). The rejection of anion increages

at higher pH, whereas cations behave the opposite way.
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2.2.5 ) Linear Velocity

Armerlaan et él (1969) studied the effect of -

linear or cross-flow velocity on product flux using cellulose
acetate membranes and spent sulfite liquors and kraft bleach |

effluents. The pattern was:always the same: above a certain

velocity (minimum linear velocity) the flux remained constant

whereas below the minimum linear velocity the flux rate

dropped off as a result of concentration polarization.
Furthermore, the minimum linear velocity increased as a
function of the feed solution concentration. Minimum linear

velocities were between 30 and 105 cm/sec. fér solids
concentrations between 1.8 and 95.g/1. P

1Y

The dynamic model of membrane formation suggests a

-

that increasing linear velocity should decrease the
boundary layer.thiékﬁess and cause an increase in product
flux. ' Perona et al (1967) found that at velncitiss high
ehéugh to give Pevnolcfs numbers above 2000 (near the transi-
tion, point ﬁfom lamipar to ‘unstable flow), p;oduct flug aﬁd
rejection were independent of velocity for all systems they
used, excep£ one. 'Here.velocitigs greater than.l3$ cn/sec
(Reynolds number 1920) caused. increasing produc£ flux and

) decreasing rejecﬁibn. 'Aﬁ 460 cm/sec. no rejectioﬂ Was:
og£aiﬁed. Obviously high 'velocities sheared off_theldynamic
membraﬁe; At velocities smallergthan 135 cm/sec both

the product’ flux .and the rejéction were independent of

A

-crogs—-flow velocity.
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Moore et al (1972) found that product flux is
indépendent of cross-flow velocity at pressures up to 350
psi uéing dynamiec Zr (IV) Oxide membranes. At 950 psi the
product flux changed during the oéeratidn from linearly
°incrt—;asing to exponentially increasing 'as the cross-flow

+ velocity was increased. .
Turbulence promoters have been mentioned‘earlier
in theé chabter dealing with concentration polarization. By
" using turbulence promoteré the criticéi velocity can be
reached at lower Reynolds pumbers.:‘The effect of cross-
flow velocity on cqnpen£ration polérization is calculated’
in Appendi% 2. Compa?ison to calcu;ated osmotic pressures

in Appendix 3 shows the small-significance of this parameter .

in most cases.

v

2.2.6 Pore Size of the Membrane Support

In the case of dynamic membranes, support material

v 14

éore size is very important. It determines whether or not
a membréne forms on the suppgrt and‘ébmg of the properties:-
‘of the .membrane. |

| ” Pb;ous support fof dyﬁamic memgranes can cause
siy kindé;of membréne behaviopr'(Savage éﬁ(al 1969, Peréné
et al 1967, Johnson 1968) in order' of igcreésiﬁg‘P0¥e sizes: i
1. . No flux godes through if the pores are too small for |

the solvent.

2. The supporting structure acts itself as a membrane

and a secondary membrane may or may not form on it.
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3. A menrbrane Compnséd of solute rolecules, colloids or solids
.on the surface of the support raterial is formed.
4. A membrane forms as in” 3 but séme pores in support
material are pluéged irreversibly . Product flux can
decrea;e.
5. Merbrane forﬁs 2s in 3 but leaks at sone places because
the membrane is pushed through larger pores. Rejection
decreases.
é. Pords are too large for the formation‘of a membrane and

the feed solution passes . through without rejection{

w ) \

"The actual limits for gach\type of membrane are different
for different solutions and depend on operating gérameters'such
as temperature and pressure; By using additives such as clay
or polymers, a m;mbrane égn be formed on a support structure
where the feed solution @0oes not norﬁally form.a mnemhrane.

According to Perona et al (1967) the critical (type'6)"
pore diametef for spent sulfite‘liquqr membranes on ceramic
support was l.4u. On carbon supporEs'a leakage was observed
alrea@y at an aQefagé po;é diameter of 0.41ly (type 5) but a

wide pore size distribution implied that here, also, the limiting

pore size may be l.4yu.

2.2.7 Membrane Aging

If no secondgry membrane forms on cellulose-acetéte.or
other stationary membfadesh the properties of these do nnt chanqét
_or.change on}y little ‘with tiﬁe. When a secondaxy henﬂ;ape
forms on é‘stétionary membrane the system behaves like a dynamic

membrane.

N
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Because thé'forming of a self-rejecting dynamic ﬁembrane
starts in the heginning of the operation, product flux and
rejection'éhange initially kapidly with tiwe.' Rejection increases.

I
and product £lux decreases until an equiiibriuw is reached. This
time depends prirarily on the solution proéerties; I£ can take
énywhere from a few minutes to a couple of hundred hours before
the equilibrium is reaqpeé. .

The original conditions can bhe easily restored with
dynamic membranes by beclwashing. The direction of the flow
througﬁ the support m#@erial is reversed for a period of time
and the merbrane is worked oug. Because stationary membranes
usually.cgn resist pressure %rom only one side, they have to.
be cleared by other,methods::

One of the weaknesses of membrane processes has heen’

3 éhort mémbrang life time. A required life expéctaﬁcy of 12
or more months for industrial use_is not easily reacheé with
. stationary membranes (Barsal 1975) . - Easily renewable dynamic

membranes, however, can be reformed indefinitely.
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2.3 Pulpina Processes

There ar¢ basically two different proccsses.used in:
‘pulpinag. One uses an alkali .coolino liguor to separate celliulose
and other wood constituents., It is called the sulfate or kraft
process. The other one employs ®an acidic coolina liquor for

the same purpose. It is called the sulfite process.

2.3.1 The Sulfate Process

In the sulfate or kraft process, an aqueous.soiution‘qf
mainly sodium hydroxide and’sodium silfide is cooked with woqd‘
chips 4 go é hours at 165 to 175°C. During the cooking process’
natural'liquors are converteé té alkali liquors'wh;ch then dissolve
in tﬂe cooking liquor. "Aftgrlcooking the fibrous cellu}ose is
sepafated froﬁ the sélvent (blaclk liquor): Dissolved liquor
in its sodium salt farm,'contributeé approximately half of the .
2;gaﬁic matter in black 1iqubr. Additional components include
other orqénic substances arising from cérbohydrate and resin
dissolution during Eooking, e.g. cafboxylic aéids and alcohols.
Inoxrganic constituents.come from wood and‘unre;cted.cookiﬁg
chemicals (Rankin 1975).

"In a modern ugble;ched kraft Mill individual wastes are
are discharged from aimbst every phase of the process. From 15,000
to 40,000 gallons (75 to 180 tons) of water are £ypically.discharged
per ton of‘product. The effluent volume depends to a large extent
on the type of produc£, dearee of recirculation ané condenser .

systen employed (Rudolfs 1961) .
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The BOD discharged from a modern unbleached kraft mill

amounts to approximately 50 lb‘(25 kg) per ton of product.
-Suspended solids sewered generally anount t¢ less than 0.5% of
produdtion. Improvements in recovery svstems have reduced in
recent years, the oxygen demand discharged and this trend is
expected to continue. Lven a completely recycled water systenm
is possible and a full scale plant of the Great Lakes Pulp and
Paper.CONpany on Thunder Bay has recently started‘to operate on
this basis. '

j According to Rudolfs (1961) a typical 24-hour corposite

sample of combined effluent from a modern unhleached kraft mill

has

Max Min - Avefage
pH . : 9.5 7.6 8.2
Total alkalinity (ppm) - : 300 100 175
Total solids (ppm) : : 2000 . sob 1200
Volatile solids (%) _ " 75 50 ' 65
Total suspended solids (ppmn) ¢ 300 75 150
Volatile (%) o 90 g0 85
BOD (5 day;‘ppm) L - 350 100 175
Cblour (Hazen units)- : o 500 . 100 : 250‘

Processes emﬁioyed for pulp bleaching are véfied ;ﬁ respect
to the stages employed.. Bu£ generally two vastes of dissimilar
reaction are produced. One is a acid waste from chlorine énql
hypochlo;ite'bleaching and the other is an alkaline waste from

the caustic extraction stage. The acid wastes are characterized
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by their low concéﬁﬁration in férms of oxygen consuming substances
and coléur as well as their large volume. The caustic e#tract
waste is high in oxygeh derand and colour but~much iess in volune
than the acid wastes. Combination of these £wo generally produces
a waste substantially neutral in reaction with a volume of 30,000
to 60,000 gallons (150 to 250 tons) per ton of pulp bleached.

The colour is due mainly to lignin salts. The ligniﬁ salts are,
to a degree, indicative of the acidity of the waste, varying

from pale yellow at low pH to dark brown at high pH. Analysis

of cormbined bleaching discharge is generallv within the range of

the following values (Rudolfs 1961):

pH , 4.5 - 8.0
Turbidity (Hazen) o 60 - 300
Total Solids (ppm) 1000 - 2000
Volatile (%) 45 - 65

Suspended Solids (ppm) 50 - 75

Volatile (%) 40 70

BOD5 (ppm) _ 50 - 100
Because lignin is viturally non-biodegradable it doesn’'t
contrihute to BOD.

Diagrams of the kraft pulping and bleaching processes

are shown in Figures 1 and 2 respectively.
. ‘ b

2.3.2 The Sulfite Process

The emphasis in this thesis in on a alkali lignin and sulfate
mill). wastes, but for éémparison a short look‘at the sulfite .

process 'is justified.
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In sulfite pulping lignin &nd other wood solids (except.
celluiose) are solubilized hy cooking wood chips in an acid
containing mainly calcium (oxr MH, or Mo, Ma ) bhisulfate,
sglfurous acidyand sulfer dioxide. MAfter the coolking process
cellglose fihres and the coolinc acid, now called spent sulfite
liguor, are separated. Of the solubilized wood solids more than
half is lignin in the form _of cooking base chermical salt of
licno-sulfonic acid. These are.mixed ip the spent liguor
principally with wood sugars, with lesser amounts of other procducts
.hydrolyéed from hemri cellulose, with wood extractives such as
resins and terpenes, and vith jinorganic pulping chernical residues
(Bansal et Wiley 1975). Contrary to sulfate pﬁiping, where black
liquor chenicals are recycled{,this is not generally done with
spent sulfite liquor. ‘

Some information of sources and characteristics of
waste water from.a typical sulfite pulp operation is given
in the following table (Table 1) (Blisser et Gellman 1973).

A flow diagram of a sulfite pulp mill is shown in picture

¢
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TABLE 1

Waste sources in a sulfite 1ill

Process source
Blow toQér
Condensate’
Uncollected liquor
Acid plant wastes
Boiler blowdown
Screening

Washing and
thicknening

Bleaching
Total

Total in ppnm

nON

Suspended

solids

1lb/ton 1lb/ton

116
64
53

18
25
286

730

15
60
153

Total
solids
1h/ton
247
47
105
10
22

27,

131
220
809
2000

-~
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pH gal/ton

2,2-2.9 1900
2.3-3.1 1100
2.2-2.6 7500
1.2 300
- 100
5.}—5‘7 6000

2.4-3.9 7500

2.9-6.8 15000

'29.400
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2.4 Lignin

' ' Lignin is defined in the paper industry as that
part of piant material which is not saccharified by the
action of 72% sulphuric acid or 42% hydrochloric acid afte%
the resins, waxes.and tannins have been removed (American
Paper and Pulp Asn. .1940). Another definition 'says that
lignin is ‘a system of tridimensionel polymers which perweates
the membranous polySaccharides and the phases between plant
cells. 1Its presence brinds abeut a -physiological death of
the tissue. It .is a functional component of wood and it |
oecurs in mature wood as a preformed cqmpleeed substance
(Pearl 1967) . o .- .

Lignin is one of the most abundant natural products.
Coniferous woods %soft—woods)\contain, in average, about
28% ligpin and deciduous woods (hardwoods) about’ 24%.

Lignin contact also varies ffom'ene'wood species to another
" and from treehto_tLee and with the location of the tree.

A great many formulae have been prdposed‘fe: lignin
‘over the'years._ The rapid change-of these formulae reflects
the rate at which 1nformat10n has been accumulated durlng
the last decades. There appear to be dlfferent klnds of
. lignins debending on the famlly cla551f1catlon of the tree.

The bu11d1ng materlals for spruce lignin are p-
COumaryl alcohol conlferyl alcohol and sxnapyl alcohol._

When a mixture of phe%e in proportions of 14%, 80% and 6%
\ S
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M

respectively 1is dehydrggenated until 1.5-2 hydrogén atoms
per unit have been removed, natural spruce lignin has been
duplicatgd. " An idea of the éomplexity of this reaction is
illustr&ted by an experiment done with eoniferyl alé¢ohol
alone as starting material. When 1:0-1.2 hydrogen atoms per
uni£ were_removed the number of products were about 30'°
(Pearl 1967). Qne.sugggsﬁed formula for lignih is shown
in Figure {4 (kirk—Ottmer 1967).
Liénin in wéod appears to be igsoluble unlessh
modified by physical or chémical treatmeht which changes

©

its state of polymerization or hydrolyzes its bonding to )
other wooa congﬁit@gnts. &n'general.the methods for
isolating lignin dissolve eithgr liénin, or‘the other
constitﬁents, particularly cellulose. Since celluloese
requires reactive ,solvents, lignin ié probably also
affected. Coﬁmercial lignins are byproducts of the pulp
industrya"The sulfite.proces; has bYéroducts conéistiAg
of various i;gnosulfénates and 1igﬁosulfonic acid.
Alkalilignins may be precipitated frbm.glacg~
liquor by lowering the pH. Thus.isolated lignih;' contain
approximately two thirds offthé aromatic componénts in the
blaek.liqﬁor, ‘The nogngecipitabie aromatic materigl’
comprises of lower iignin oligémgrs,land"pheqclic mMOoNomers
anq diniers (Rankin.l9?5f. Aikalilignin;havena wide poly-

dispersity. -

3

pee
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At low and medium pH, lignin is not soluble in
water. At higher pH,.the dissociation of lignin functional
gfoups to negatively chafged‘iéns starts., The ionization
continues with increasing pH ungil at pH 12‘1ignin is
completeiy soluble. It is properly called alkalilignin .
only in this state. If acid is added to alkalignin solution
the degree .0of ionization is gradually reducéd and iignin
precipitates as acid lignin which is shiny.due to the
solvation by water. At still lower pH lignin becomes
partly soluble becéuse of positive charges in lignin

molecules due to loss of oH groﬁps. Tﬁié will reduce the

t
o

amount.of solvation water round lignin molecules because
" the added positive charges make the formation.of hyd?ogen
bridges more difficult. |

The lehqtﬂ|of a lignin polymér dépgnds on DH.
Expériments made py Rankin (¥975) indicate that ‘a pH
decreasé.is‘assoéiated with an increase &f the avéfgge
molecular weight of alkélilignin: Af pH 7 about 90% of the
solution colour was exerted by constituents greater than
300 000 in mo}ecﬁlar weigﬁt; corresponding -to a hydrodynamic
radius of 2004 (ligﬁin méléqules are almost spherical in
;o}ution). At pH 10 the éamé percentage was only 40%.'.A£_
pH lower than 7 alkéiilignin precipitates as acid lignin.
‘ Whalen (1975) 'has proposed fpr séparatién of lignin

the use of compounds which are able to'replace some of the

[y



solvation water molecules around lignin molecules. This
also increases the filterability of lignin: Although these
compounds are soluble in water they are much less hydfo—'
philic than water molecules themselves. Whalen compounds ’
" form a hydrogen bond te the acid ligninimolecule through
the slightly acidic (éositive) hydrogen atom on a carbon‘

atom carrying a requisite electronegative group.

o- 3+ . J- o+

=C =0 --- H - CCl, cf =C =0 ---- HOH
~lignin Whalen . - lignin . water °
compound

The net results of the use ef Whalen compounds are a change
. in physical properties of lignin and'easier coagulation of
lignin colloids or aolecules with their associated solyation
_sphere. Aléehydes react.with phenolic groups according to

the. formula (Schlenk’ +1Juoy. . ] A ?

" OH OH H OH
, . . H H,- X
+ CH2 + + CH2 -> o+ 320

It is well known that the phenol%g éroups in lignin react
with formaldehyde forming resins (éearl 1967) .

Ac1d1f1caflon of any of the commerc1al black llquors
from alkallne wood pulplng processes will yleld an alkall—
ligrnins. ThlS pre01p1tates at low pH in a sllmy, gelatinous

form. 1Its physical nature makes .it difficult. to separate
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from the acidified, ecueous phase hy centrifugaticn, settlinc
and decantation or filtration. Separation of lignin by

these techniques retains a substantial amount of

mother liquor and thus becomés contaminated by sodium salts
and numerous water soluble free.organic acids.

Several other ways have been tried to chaﬁge the
undesirable properties of precipitated lignﬁn in
order to make their separation easier. The established
techniéues are based mainly on coagulating acid ‘precipitated
acid lignin or alkalilignin by heatinéublack liguor at.or
near its boiling point at normal or at superatmosbheric
pressure. Elevated prgssure'is‘used to prevent éctual
boiling. Then lignin is allowed to settle and.is recovered
by decantapion. Cdégulation by freezing has been tried
to ‘convert lignin to a more easil?‘separated.form kPéarl
1967). Direct spray drying has also been proposed (Whalen

1975).

2.4.1 Uitrafiltration of Pulp -Mill wésteﬁaters

Ironside and Souriréjan (1967) applied the revegse
osmosis'using cellulose acetate membraﬁes to municipal
. wastewater, detergent aqdblignin solutions. The results,
shown in Table 2, were not éncoﬁraging because prodﬁct
fluxes were low étna high presgure.

Wiley, Ammerlaan and Dubey (1967) used spent

sulfite liquor and kraft bleach plant effluent at differeht



Soluéion

lignin

municipal sewage

spent sulfite 1liq.

_ and kraft
spent sulf.

bleach plant eff.
spent sulf. liq.

kraft mill eff.
spent sulf. 1iq;
NaC% .

kraft mill
bleach plant

bleach plant.

Table 2

.

Membrane

(@]
=

C.A,
lignin
lignin
lignin
C.A.
C:A.
fignin
lignin
C.A.
C.A.
ZrQ2
quz
Zr02

-C..A,

+ 2x0

Some Ultrafiltrétion Results

Rejectign )
% . unit gal/ft
day .
99  lignin 16,2/1000
-100 bacteria 31,1/1000
~90 COD 2-13 /660
80 color 87 /700
5 93 .o 47.5/500
90 " 7.5-9/400
>90 3.2/190
>90 12.4/430
6.4/350
93 20 /350
85 lignin, 20.7/300
>99 ,color - 125/300
>99 color 70-135/450
96 color 80-100/200
68/400
99 color 22/750

Flux

psi

¥

Ref.

Ironside, Sourirajan
" 1967

Wiley et ai 1967
Perona et al-1967

LY

Collins et al 1973

Bansel and Wilev 19075

-— -— ”

Johnson et al 1974

"

Moore et al 1972
Bansel 1975

S€
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concéntration with a similar méﬁbrane as frons;de and
Sourirajan. The operating pressure was kept at 600 psi.
The rejection of COD was around 90% which is to be expected
as thei; éolutions were pot‘pure lignin solutions and
coﬁta%ned séveral species of small molecular weighf
components. Product fluxes Qere of the saﬁe orde£ for

all golutions studied varying from 2 gal/ftzday to 13 gal/
ftzday depending on the concentration of feed solution.
Kraft mill bleach plant effluent seemed to Be more
concentration dependent thgn other solugions.

Peroﬁa‘et‘gl, kl967).formed dynamic membranes with
spent sulfite liégor§ where calcium lignos%lfonates
constituted about 60% of total-dissolved golids.. They used
both ceramic and carbon tubes as membrane supports. The
cross—fiow velocity was very high, 46 ft/sec’(l4 cm/sec).
With®1% spent suifite-liquor and 400 psi with the feed flow
inside 0.38/; pore diaméter carbon tube the perméation
rgte decreased and colour rejection.was apparené immediately
'.afFef starting the test: After Haif an hour the observed
rejectisn\of éoiou: Qas 75% and the product flux had -
decreased to 103 gal/day ft?. After about 2 hours the
.obserxved rejection and prodqéﬁ_flhx leveled Qﬁf'at 80% and
87.5 gal/day ftz.A They remaihed“cébstant dﬁtil the
experiment was altered after 7 hrs.by adding hydrous
zirocium oxide to the liquor: to a concentration of lb_M.

The observed rejection then rose to 93% and the flux



decreased to 47.5 gal/ftzday: Different supports of the
membrane gave_different fluxes and rejeétions, Sometimes
supports that wére supposed to be similar gave different
results for unexplained reasons. Runs-were made also with
sulfite mill bleaching plant wastes. A membrane was first
fprmed on ceramic §upports (0.9u and 1l.4u pore size) with
spent sulfite liquor. The-system was drained and filled
with bleach plant effluent. Aftér 15 hours of operation at
500 psi over 90% rejectiég was obtained but product flux
:'wés low, o;ly from 7.5 to 9 gal/ftzdéy.‘ Perona et al.
congluded that if all variables affecting the performance
of these membranes canube controlled, a production facility
6éerating at 6OOQ and less than 500 psi will result iﬁ
fluxes around 30 gal/ftzday and rejections of greater than
90%.

Collins et al'(l973)"separa§ed reducing sugars from
spent sulfite liquor. Hith cellulose apetaté rembranes they
apgainé@ 'gver 90% rejection 5f lignin and their product
fluxés ranged from 3.2 to 12.%4 gal/ﬁt2day at pressurgs-
between 190 psi and 430 psi. withha dynamic lignin membrane .
the flu# was 6.4 gal/ftzday.- They also formed a dynamic
membrane from kraft bleach plant effluent containing 0.2%
éolids'on»a ceramic‘tuﬁe: After 100 hours of operation

the flux rate was 20 gal/ftzday,.rejection was -93% at' 350

psi and the crossflow velocity was 3.9 ft/sec (120 cm/sec)-.



Bansal and Wiley (1975) also used membran¢ processes
to separate lignosulfonates and reducing sugars in spent
sulfite liquor. They ébserved a négative rejection of
reducihg sugars, 1.e. the composite permeate had a higher
concentration of sugars tth the féed solution. This
hapnoens if an dltréfiltration system ongrates in
an osmosis zone 6f negative driving force. Although the -;
'mémbrane used was made of ¢ellulose acetate which would be
exéected to hydrolyze at low pH, this did not happen due to
fhe formation an effective dynamic membrane which protected
the cellulose acétate membrane.. Product flux was 20.7 gal/
ftzday with spent sulfite liquor compared to 125 gal/ftgday
with sodium chloride solution, both at 300 psi. This
indicates that thé character of the membrane had changed.
The rejection of lignosulfonates was 85%. Moore et al.
(1972) succeeded in producing fluxes around 70 gal/ft%day
at 400 psi with ZrO2 membranes but perhaps the most
promising results are given by Johnson et ah (1974) . They
utilized dual layer membranes, prepared by exposing the

) 1
support material already coated with hydrouszirconiumﬁ

oxide to a solution containing polyacrylic ac%d and
sulfuric acid at low pH. The feed solutions were irafg
mill effluents simulated with diluted black liquor and
bleach plant effluent. The,flﬁx was between 70 and 135

gal/ftzday with kraft mill effluent and between 30 and 60



‘gal/ft%day with bleach plant effluent both at 950 psi,
Colqur'reduction, in béth cases, was éver 99%.\ They reran
these experiments (with the same solutions) using single
layer hyﬁrous oxide membranes. The reduction of colour was
again over 99% and fluxes were between'80 and 100 gal/ftzday
at only.200 psi. The difference in these two types of
membranes could be observed by measuring the rejection of
-smaller ions e.g., the chloride ion. With the single layer

membrane at 200 psi, chloride rejection was about 15%

whereas with the other membrane it was over 80% at 950 psi.

.
-
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3. Dynamic Membrane Ultrafiltration Theory

In ultrafiltratioﬂ with a dynanic remhrané at
constant operating conditions the numher of mnlecules
deposited on the membrane is inversely proportional to the
nmembrane thickness hecause of the increasing flow.resistance
and the decreasina solvent flux through the memhrane. The
number of molecules removed from the membrane hy the action
of shearing forces which are proportional to the square root
of the cross-flow velocity is assumed to be constant because

the changes of the cross-flow velocity due to changes of

. the membrane thickness are relative small. Thus, the change

of the membrane thickhess is:

: y )
aL  _ 1

3 T . L (13)
‘where Az, change of membrane thickness

]

dt

. I, = mermbrane thickness
: kl = constant

k2 = constant

Equation 13 has a solution (t=u, +=0)
o= 2 - 2 In(yxy - k,L) + \ -lni (14)
k 2 P! 2 ;Z "1
<

The final thickness is réached when dI./dt = 0. Thus

il k (15)

vhere Lf the final thickness
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&

Faguation 14 can be expanded by using two first

-

terms of Taylor's series f
I kl ’ 2k2L ' kllnkl
t=gr -S| et z (16)
-~ 7 ) e
2 k2 1 2 k2
orx
£ ) .
£ = 2 s il (17)
= {91~ 3 .
Lz }2(‘J\1 }_2L)

Cquation 17 is presented graphically in Figure

5, usina values Pl = VZ = 1.

-
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4 EXPERIMENTAL

¥
4. l Apparatus

The schematlcs of the system used in this thesis is
shown in Figures 6 and 7. The feed solution is circulated
" from a 30.52 stainless steel storage.tank by a Y81 triplex
positive oisplacement pump to the mlﬁrafiltretion unit with
ra rate of‘10.52 per ‘minute. The unit consists of a stainless
steel cylindef'with openings for incomiﬁg and outéoing
liouids. The support tube, located coaxielly inside the
..cylinder; has both ends cloeed, except. for a small tube io
one end thfough which the:product flux was collected and
'recycled back to the storage tank. Toe main flow was elso
recycled to the stqrage tank through an automatic. preésure
regulator.,-The overall 'system also con51sted of a set of
lines aéﬁ valves forireversing the flow. Spring type
preesore gauges were aitaohea to both sides of the hltra;.‘
filtration onifz'

The temperature was controlled by a mercury.sw1tch
meersed in the storage tank, and connected to a ;elay which
operatéd'a valve in the cooling water line., Tap.water .
circulated inside coppe} coollng llnes around the storage
tank and ‘the ultraflltratlon cylinder.

S

Stalnless steel, "316", was used orlglnally through—

,out thelapéeratus itself with the exception of brass valves

43
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and fittings. Later when the return flow to the storage
tank was changed the top of the tank to the bottom:(to avoid
foam problems) some parts on the low pressure side were
changed to teflonutubing. " The storage tank was stirred
magﬁetically.'

The inside diame;ef of fhe ulgrafiltration cylinder
was 2" but was reduced tol 9/16" by using_two sleeves inside

each other. Owing to the sleeves the cross-flow velécity

was increased from 19.8 cm/see to 158 cm/sec. Cofrgsponding
Reynoldé numbérs were (as calculated in Appendix 4).2550 and
12780, |

Support tubes fér fhe mempbranes were supplied by
Pure Carbon Co. These were carbon tubes Qith median pore
si?e.of.6.9u and 0.9u." Other -properties are listed in

S

Table 3. The tubes were 28 to 29 cm long and 3.79 em in

diameter two stainless steel ringf were used to strengthen
. -

then thu; leaving an available surface area of-310‘cm2 to

335 cm2 or 0.3_34_ft2 to 0.361 ftzr The tubes were bolted

- to the product outiet.pipé in one end of: the d?linder_and

sealed on Eoth éides with éteel plates and rubbexr gaskets.
The surface of the 6.9y nominal pore size tube was

full of larger pofés with a diameter up to 100 to 200u.

However, the,méjority of the pores were of the.noﬁinal gize

when observed thfough'a.lzo times magnifying microscope.'

Norie of the larger pores seemed to go deeper'than their



Table 3 Properties of Carbon Ultrafiltration
Support Tubes

Tube E~-29 EC-23
Median pore diametet ti) : 6.9 . 0.9
Density (g/cm3) 1.35 1.65
Pore volume (cm /g) - - 0.231 0.121
Pore volume‘(%j ‘ 18 20
Ark (%) Ash 0.2 - 6
Flexual strength (psi) ) 3500 6500
Scheroscope hardness Y 65-75
ﬁesistance (ohm /cm) 0..003 1 0.005

»

‘ diameter ﬁrom the surface. lAbqutA3Q% of the surface did

not have any pores at all. After 500 hrs of ‘use the same
tube was rougher en the surface haviné a greater proportion
of larger pores. Lignin had accumulated in these pores and
also on the surface of the tube. The 0.9y nominal pore size
tube had a similar surface structure as the one with the
6.9u nominal pore size except in a scale of abeut 1/8th.

The ehtire apparatus was.enclqsedAin a po% of sheet-
hetal and paneilihg-for noise control. Because of diffieulties
‘of obtalnlng a ceramic support tube, a §pherical one wés‘
used. It was attached to the out- flow end of the ultra—
filtratlpn cylinder as shown in Figure 8. 1Its ;urface area '

was 18.5 cm2 the maximuim cross-flow velccity was 23.5 cm/sec
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corresponaing a Reynolds number 3500. An estimated average
pore size was about lSu.

The lignin used for th;s study was a softwood
alkalilignin , Indulip AT, sépplied by Westvaco Co. -1t was
an acid precipitated pine kraft lignin , amorphous powder
containing 99% oréanic material. 1Its water content was 3%, pH
6.0, avefage molecular_Qeight.according to manufacturer i600
and specific gravity 1.3.

Combined sulfate mill samples were obtaineé for these
experiments.from Abitibi in Smooth Rock, Ontario. Sulfite
samplés came from C.I.L.'s mill in Hawkesbury, Ontario.:
Details of‘thesé samples are described in Appendix 10.

4.2 Procedure

The feed solutions containing lignin for ultra-
fiitratioﬁ were prepared by dissolving lignin in 4 1i£ers of
ﬁH 12 sodiuﬁ hydroxide solution. This solution was poured
" in the stpraée_tank and diluted to 30:52. The lignin -
.concentration waé, in most cases .set at lOOd mg)ﬁ. Tﬁe

solution was adjusted to the operating pH by using su%ﬁuric

acid or sodium Hy@roxide. E
. The pressur?zed solution was circulhted'thégagh a

pressure regulator-'to an atmospheric pressure. - wWhen the

effect*éf tﬁe.feed.solution temperature wasistudied, the

solution was heated with a hot plate uhdepneath_ghe storage

tank.
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Samplés were taken only of the feed and tge permeate
because the small permeate fluxes were not presumed to alter -
the concentration of the feed significantly. The éermeate
flowrate was measured at the time of the sampling by
collecting the return flow of the permeate from the d;Sr
connected tubinglin a graduate cylinder. Sample sizes ranged

' from about 15-25 mf.
4.3 Analytical

The samples froﬁ ultrafiltration were analyzed for
lignin ,concentrétion.using a Spectronic 20 spectrometer.at
a 465 nm setting. °‘The absorbance was converted to concentrat-
ions fhrough calibration curves measured by diluting the
feed solutions as recdmmended by ‘Rankin (1975).

The conductivity was measured with a Radiometer
CDM-2 cénductivity meter.

Sulfite, fluoride, copper and manganese were teSte@
with Hach .Chemical Company DR-EL/2 metrods.. Alumipﬁm and

-‘potassium were meésured with é Vgrian Techroﬁ AA6 atomic
absorptioh épectfophoﬁqméter. fhe TOC (tbpal orgaﬁic carbon),
IC_(inoréanié carbon) and 'OC (organic carbon) were analyzed
by a Beckman model 915 tétal.carbon analyzer. ~Sténdafd
methods’ were used for analysis of phenol, linear alkyl-
sulfonate, total solids, suspended solids; volatile suspended
nsolids'and bioiogical oxygen‘demand (B.0.D.). Zeta;potentials

.were measured by timing particles in a Zéta—Metér(R)f



5. RESULTS AND DISCUSSION

A coﬁplete schedule of ultrafiltration ruhs is
presented in Appendix 1l. The purpoée of the first four runs
was to establish a suitable backwashing technigue. The rest .
of the runs were to establish the effects of the operating
parameters and compare the results of the pure lignin'
solution runs to the pulp mill effluent runs.

5.1.1 Backwash

Four ultraf%&tration runs were made at pHs between
é and 11 lasting from less than one hour to 3 hogrs. The
support tubes were washed with distilled water at,different
pHs after the runs. Typical;f after about 3 minutes of
backwashing from inside thé support tube towards the optsidé
at pH 11, the backwash water did not show a measurablé
quaﬁtity pf’lignin. .Neverthelesg, when the ultrafiltration
cylinder‘was opened'andithe support tube was taken out, a .

-

slimy membrane still remained on the surfa;é of the support
tube. Possiblv, the inside-out backwashing opens sone
channels first, through which the main flow,continués to
ﬁiow out leaving othér'pores plugged. Higher backwash
pressures could not be used due to. tube crackinjr‘

| The support tubes could be ¢leaned also by washing
them fof_a long period of time_froﬁ "outside in" with a h}gh

pH solution. But it was decided to open the cyiinder after

51



each run and to clean the tube separately by keeping it for
at least 45 minutes in a sodium hydroxide solution'atlpnllz.
This method assures the removal of all visible parts of the
membrane. At thg same time the tube.could be inspected for
cracks. ,

Although the maximum tap water flux through the
- carbon tube E-29 was about 130 gal/ft2 day at 150 psi, this
could never be observed with a lignin soclution because of
the fast formation of a flow resisting lignin membrane.

' The excellent reproducibility of the product flux in
sequential fqns is showq in Fidure 9. . Figure 10 compares
product fluxes at stardard conditi%ns (pHY9, 150 psi, 1000
mg/%, 30°C) during and at the end of the experiments. The
broken line is with another, newer, E-29 ghpport tube at the
same conditions when it has not yet reached its long term
broperties. The results for the first tube %re within
experimental error.

5.1.2 The Temperature

Runs were made at temperatures 25, 40, 50 and 70°C

at pH 7, 150 psi and with the feed solution concentration

52

1000 mg/% lignin. The results are shown in Figures 11 and 12.

Between 25°C and 40°C there is essentially 'no change

in the product flux and concentration. The slightly lower

. product flux and concentration at 40°C, after 38 hrs of

operating time, could be due to relatively gfeater decomposi-

tion of lignin. Smaller molecules would build a tighter
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FIGURE NO10. REPRODUCIBILITY
OF THE PRODUCT FLUX IN THE BEGINNING .
DURING AND IN THE END OF THE EXPERIMENTS
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FIGURE ’NO‘ﬂ. THE PRODUCT FLUX AS A FUNCTION
'OF THE TEMPERATURE AFTER 10, 21 AND 38 hrs
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P

membrane with a higher flow resistance. The higher rejection

at this point indicates only the rejection of lignin molecules,

An experimental error is another very probable reason for
the sméll variations of the product flux and poncentration.
Whatever the reason for tbé above behaviour, the
.effect of it is overcome at temperatureg‘above 50°C. The
final flux after 38'hrs funning time at. 70°C is twice tﬁat'

at 40°C. The concentriation of lignin in the product flux is'
higher at higher temperatures too. \

The osmotic pressure is dependent-on the teﬁbefétu:e
(cf. equation i) but . the osmotic‘pregsure at coﬁcenﬁrations
luséd is négligiblé_és seen in more detail‘in Appgndix 3:

A lower fiux éeems to reéult from an increése-in

the températuré‘éccording to equation 5. ‘“However, combining
.. £ . . . . -
the non—temperaﬁqre dependent terms, the diffusivdty\congﬁant

of Waier @an'be Writteh'as (Wilke and Chang 1955)'.

* -

b, <% T/u N € )

where‘ki = constant. Because the viscosity is inversely

- proportional to the temperature equation 18'beéomes
| - - :Dw‘— L3 T ; » .FlD)
where k; = constant-

P

: N @

Thus equation’'5 changes to

-}hﬁF‘

. (P =m (20)

el
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The same temperaturesdependencylcan be derived from.eduaﬁion
12 by placing the temperature debendency of the viscosity
into it. . |

The resdlts do not follow:chrves that can be
described by equatlon 20 A probable reason is that the
membrane thlckness is a variable with its own, maybeéﬂ&th
complicated temperature dependency. The tendency of lignin ~

. ¢

to coagulate at elevated temperatures (Farber et al., 1955)

could thicken the membrane and thus cause the deviation of -

. the exponential growth of the product flux as should be’

expected according to equation 20. _ - . L

In the solute flux equation
"Fgo =Dyt Cou . (6) -
the temperature term is in the diffusivity. Neglecting the
second term in equaction 6 and assuming the same ﬁemperature
dependency fo; the diffdéivity as above gives

_ n ‘
Fg = kg T (80) ‘ . (21)

where-‘-k4 = constant.

‘The concentration of solute in the product flux is

T F

. ) * - s
© .- S TF_3TF. (22)
. s w :
. Because Fs is small cdmpared to Fw
.o FS B .
ST, e
W . .
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Placing equaticns 20 and 21 in 23

\,
~

K, ™ (aC) 8. T (AC)
C2s T T3 = ks g =) (24)
) k. T0 1 y_(AP-4Am)
3 S|
R 6_

m
Equation 24 suggests a linear relation between the product
concentration and temperature. This is in accordance with

the results until a longer operating time changes it.

The product flux'does not foliow an Arrhenius type

equation either o
' Ak_7/T

F, = k¢ e . - o (25)

‘where k. and k, are constants, or

-k

P = —;Z 4+ 4n k

W T 6 (26)

This can be seen in Figure 13 where 1/T is plotted as a

function of F,- 1In such a figure, data fitting on the

Arrhenius equation will férm a straight.line.

. 5.1.3  The Pressure-

. The results of ultrafiltration runs at different

pressures are shown in Figures 14 and 15. The pressure was
. . ’ Nl .

2

varfed_between 25 and.BOb psi. Runs were made .at PH,9 and
pH 7.

The flow through anm ultrafiltration membrane was

described by equation 10.

_Ap '
Fw Rﬁ (10)

/
\
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"FIGURE' NO "14. THE EFFECT OF THE PRESSURE

ON' THE PRODUCT' FLUX AT pH 7 AND 9 AFTER 24hrs .
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Using values from Appendix 5 - f C e

"F = 0.04.AD / : ©(27)
w . . '

-

No one value of the slope in equation 27 could describe the

behaviour of the product flux a;feither pH used at the
experiments. But the product flux as a function of the
pressure curve could be Qpproximaﬁed by using two differént
slopes and éradually changing thé domination- from one to
thé other. Th;s would describe the tightening of the

membrane under pressure. The equation could be of theé form

[y

63

N An .
Fl = — k8 Ap ~ (29)
(Ap + a)
where n > 1
k8=,constant
A = constant.
m . -, M. .
P, = —B kgbp + ) L Fo o (30)
(Ap + A) (bp. + A) ‘
. where m < 1
k§.= constanE_
F = F, at 4p = 0 in eqdétioﬁ 32,
A is the crossing poinﬁ pressure of lines Fl and F2 without
the weighting factor.
F; = kg 0p _ . FBl) )
Fp-=kg &p+ Foo - (32)
N FO .
A= 0p = % - _ _ (33)
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The constants k, and k

8 g can be written in the same form_as
in equation 12 . 2
€.ay; ¢ .
ko, = 11 7 (34)
8 812 Hém
1 1
€2 ag l
k. = " (35)
9. 8T2 Sm '
¢ STy B oMy

Most of the factors in equation 12 are‘erendent on the

’

pressure and they have their extreme values in equations 34

and 35. Plaéing equations 29 and 30 into 28 gives

Al Apm
F = w———— k. Ap + ———— (k,Ap + F_) (36)
Yo (aprm)” 8 (hp+2)™ 2 °
Figure 16 has been calculated using values: n = % = 2
k8 = 0.072
kg = 0.005 .
F_ = 5.0 gal/ft’ day

A closer fit to the observed points is possible by adjusting
the ‘constants. Porter'and Michaels (1971 explained the
horizontal part in the flux vs. pressuré curve by assuming

an equilibrium between the diffusive back transport of the

solute and the convective transport of the solute to the

4
membrane
ngcs ) ) .
chs - ax .= p ) - " (371‘
where x.= distance
or Com . 38
. Fw = klO Qn‘E—— (38)
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" where C3; = solute concentration on:the‘membraﬁe.
Af'conditions in equation 38 the flux can be indepeﬁdent
of the pressure, if attempted to increése the flux by using
a higher pfessure causes tightening of the membrane. This
increases the flow resistance in equation 10. The lowest
point where this happens 1is called the critical pressure
corresponding approximately the pressure A in equation 36.

‘ ‘The critical pressure depends on the pH. It is at
pH 7 aoprox1mately 50 psi-and:at pH9 90 psi.

The rejection of lignin increased Ulth increasing

&p at hoth pH values. It increased at pH7 from 98.5% to 99.2%
when the pressure grew fron 50 psi to éso,psi. At pH 9 the
change in the rejection at the.same time was from 98.8% to
92.1%. This is well in correspondence with the membrane
tightening at higﬁer fiow resistance thebdrv,

LA high pressure does not help in ultrafiltration at
pH9. An oééimﬁm pressure would he the lpwest one where the
required rejection is rééched. At pH7 a highér pressure
impr;ves the membrane performance.

5.1.4 The éH
The ultrafiltration results af pH'sabeéween 2 and ll_
are shOWp in Fiqures 17 and 18. “

The product flux and thefproducE concentration
"decrease with an increaéing pll until pﬁG, stay constant- until
about pl9, and 1ncrease again after -that.

. At high pil lignin is,almost completely soluble and

‘the average molecular weight is smallest as shown.in
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Appendix '7. A greater ‘part of the solute molecules can then
penetrate through the membrane because of the smaller size
of some lignin molecules and because of the even smaller
hydrolysis pr&ducts. The dependency oﬁ the rejection on
the molecular size and valency is disc:;sed in more detail
in Appendix 9. °” |

At tﬁe middle pH.ranée where lignin starts to pre-
cipitate (cf. Appeﬁdix 7 and 8), the membrane is thicker .
because lignin precipitates on the support tube until
horizontal forces are stronger than forces of adhension
reéaining'£he membrane on the)support surface. The addhesion
forces are relatively stronges£ at this pH range because
lignin is not ionized at all. Furthermore, there are fewer
ﬁydrolysis‘products to decrease tﬁe rejection.

At a low pHH, where lignin loses its solvation vater
.and its zeta-potential approaches zero kcfl appendix 8), the
memprane is more granular and bas less flow resistance. This
increases the product filux. But at the same time the
solution containgmore acid hydrolysis products.to decrease
the rejection. ‘

The best range for ultrafiltration would be at pH 2.5
or lo&er taking oﬁly the product‘fiux into consideration.

‘The best praétical range, taking both the flux and the

rejection into consideration appears to be from pHS5-to pH7.



5.1.5 The Cross-Flow Velocity

Ul;rafil£ration runs at cross—flgw velocities 158
cm/sec'whiéh was used for most other runélalso and 19.8
cm/sec af&-compared ionigures 19 and 20.

The membrane.forms slerr at the lower cross-flow
veloci;y. The product concentration is lower all.the‘time'

at the higher cross-flow velocity. The product flux is also

"lower -at the higher cross-flow velocity all the time. How-

ever, the rejection and the flux varies only little at

-

velocities tésted; indicating that the cross-flow velocity
has only asminor effect on them. : - .

These resultg are different from those }epbrted by
other investigators. For example Ammerlaan et al (1969) .
reported an increasing product £lux wigh an increasing“cross—

flow velocity beloﬁ_the minimum linear velocity (qf. page

i7). "Above the minimum'lingar velocity the product £lux is

either independént of.or increases wipp the cross~flow}
velocity (Perbna~et.a1 1967). The reason for the diff;rent
results is probably thdt the Reynolds number changed very
little in our experi@ehts- without geomeﬁric&l changes in

the ultrafiltration cyliﬁder the Reynolds number\is difectly‘
propogﬁional to the cross-flow velocity. Possibly the other
experimehts have been performed By adjusting only the bumping,

-

rate and thus at different Reynolds numbers.
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At 1arqer ¢chances of the Cross- -flou velocity the rerbrane

" thickness chanqes because of varylnq shearlnq forces. Although:-

no exact measurerients were nade, it was obseryed v1sually thar
lthe lignin layex was thicker at the lower cross-flow velocity.-
The slower formation of the merbrane at slower cross-flow
velocities can ke explained by the smeller nas’s transfer
coefficient. The flow through the membrane is or the sane
order at both‘cross—flow velocities, after the very ihirial
stage, causing a similar amount of conoentration oolarization; s
This corresponds in equatlon 6 to the second term whlch is
usually small anyways compared to the first term

5.1.6 The Feed Solution Concentratlon_

The effect’ of the feed solution concehtrarion on the
product flux and on the rejectron'was.studied as fuhction
‘of time intconcentrations iOQ and 1000 ﬁg/@ of lighin. The resdlts
are shown in Flgure 21. In one ultrafiltfation run the . R
'llgnln concentration was lncreased durrng operating from
1000 mg/2 to 50g/%.. This is shown in Figure 22
The membrane formed slower at the 100 mg/ L coneentrat-
ion. .The rejectlon is higher.and the product flux 1s 1ower
at the 1000 mg/x concentratlon throughout the’ test but after
.24 hrs.of operating hhe rejection and the flux are almost

- r
4

the same in both tonditions. " The final flux after 24 hrs

was 3 gal/fr? day at the concentration: 50 g/% compared Eo

6 gal/ft? day and 8 gal/ft? at concentrations 100 mg/% égh

‘
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" FIGURE NO 2. THE. EFFECT OF THE CONCENTRATION:

ON THE PRODUCT FLUX "AND REJECTION

> | P =150 psi R
35 | T=30 °C S
» 40 " pH 9 ' 180
> A=400 mg/l :
o - .
= " ®= 1000 mg/l -
230] 0me/t a0
2
. o -
20} o - — —4  [100
"y
—L A
- —
.O ; - e : ‘ -
10 ' 15 20 Time(hrs)

vl



.1.% )

S @—;

100012500, 34000 50000 - feed concentration{mg/L)
-%O%r o S | |
100} - . Rejegtlon ' x : A >90
- caczjc:
goll - — ;ogﬁ
: ' =3 m
: ® <_.'-_iz
120 m
80 P =150 psi | §_ ggg.
) = 20 © C
p .
12 = %3
: o
g = 0~
“ 1 & 83
50| a _ c M
. <. o _
_ . 4 — X .
) . Flux ‘ - @
. ‘ e T
z.o_k . -
‘ _ >
1 1 1 1 1 1 1 | S B |

1 1
4 '6--8 10 12 14 16 18 20 22 24 2

GL

~Time(hrs)



" {cf equation 15 and Appeqdix &)
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1000 mg/% correspondingly. The final rejection was over 98%
in all runs.
‘ @he slower formation‘of the membrane at the lower
concenuration can be explained by a basic material balance.
The less building material is. brought to the construction
site, the elower the_membrane forms. It is interesting to
uote that membranes seem to be at the same state of formatidu
at the same ualues of eguation '

Q=G Ve s (42)
where 0 = indicator of the state of formation'of.the memprane.
This is shown in Table 4 where p&qduct fluxee are compared
'at same Q-values. EquaEion 42 neglects variatione of the
'flou throuch the memﬁrane.' The cross- flow veloc1ty, v, 1s
in equatlon 42, because at hlgher cross—-flow Velocltles,
possibly’ smallerﬁcollomds can coagulate and the eddy diffu- o
. sivity is higher. ‘

Another indicator of-the nembrane growth was equation
17. Calculating the constant kj froh.. '

=k‘

k 2

iy 0.3 . | (43)

.

§

and using inverted product fluxes (ft2 dav/gai)‘instead of
membrane thicknésses the following values are obtalned at

pH9, 150 psi, 30 C (t=hrs) Cis = 1000 mg/L -

1\= 0.008 k2 = 0.0027

According to equatlons 1l and 5 the product flux is*’

. k

dependent on* the concentratlon 1f the osmotic pressure is

L)
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¢ Table 4

v - c ' T flux -
bh/secl mg/2 hré_ gal/ftzéay
158 1000 2 7

20 1000 15.8 oy
158 © 100 20 8.5

158 - 1000 . .1 . 9

20 1000 7.9 1001

- 158 100 10 - 10.5
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significant. A lignin solution at concentration 50 g/% has’

'6n osmotic pressure of only 2.5 psi at pHI, compared to

. about 300 psi with kraft mill effluent (Bansel 1975). Thus

\the highest possible concentration for ultrafiltration of

Qraftmill effluent e.g., at 150 psi, is 25.g/2%.

A quite different membrane could be expected if

lignin is first precipitated by acidification and then

_decanted and ultrafiltered because of changed average

molecular weight. The precipitation procedure is explained
in Appendix-7.° The original concentration 1000 mg/4 was
reduced to 50 mg/% by precipitation. The results of an

ultrafiltration run ‘with this solution is shown in Figure 23.

The final product concentration was less than 5 mg/2

The final flux.was about 3 times the usual flux at the same
. ,{3 . - . . .

pH. 1In th;s\c@se the membrane probably was not only a‘lignin,

~

' membrane any more but decomposition products were a signifi-

A)

cgnt paft]of its Constituents.’ This can change completely
) .

the propertles of a membrane as. discussed earller

5.1. 7 The Support.@ube Pore Slze

-\

Ultrafiltration runs w1th\oarbon membrane support

tubes with average pore 51zed 0.9y anﬁ 6. 9u are shown in .

AN

Figures 24 'and 25. Both tubes were-used for the ﬁlrst time

in these runs.

The pro&uot flux decreased more rapidly in case of

LY

‘the larger pofe size tube. ' The flux started from a lower

"value and was lower in the smaller pore size tube all the

\.a .
\

N

78
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time. The, starting fluxes were about 600 gal/ft2 day and
200 g'al/ft2 day for thé tubes. After 24 hrs‘of operating
time they had decreased to 1l and F.S gal/ft2 day correspon-
dingly. > ‘

The product quality is muéh poorer with the larger
pore size tube and approachés,;ts final value slower. A
possible reason is thaé the new tube with 6.9u average pore
size contains also many pores.too wide to support a membrane.
It is possible that eveﬁ 6.9y is too large (cf. Perona et al
1967): Pores without a membrahe leak the feed solution to

the other side of the support. Because of the lower resistance

of @he fléw through non—membrané pbres, channelihg occurs

and there is less flow -through the membrane. When éqlids
from the feed graduélly'plug these holés, ; rejecting
membrane builds up. |

The pores of the support tube tend to plug irrever-
sibly as shown in Figure 26. After several ultrafiitratiod
runé and bapkwésheé the. performance.of the 6.9y pdfe.siée
tube resembles more‘and more that of thel0.9u pore size tpbé.
Finally the former can have a lower flux-and betterx fejection
than 4 new 0.9u pore size tube. .

Y

5.1.8 The Support- Tube Material

Two consecutive ultrafiltration runs with a carborundum '
membrane support are shown in Figure 27.

The product flux with the new carborundum suppbrﬁ

~

tube starts from ovér 1500 gal/ftz-day-(qompared to 600 gal/
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ft2~day with £he 6.91 pore size tube). It diminished rapidly N
without fully recovering during a backwash. The flux was,

in the end of the second run, of the same order as that with
used carbon supportvtubes. The.rejection increased graduélly‘
and by the end of the second run approached thé rejection

obtained with carbon support tubes at similar flux rates

’

(97%) . ) «
7° The maFeriél of the support tube;qtherefbrg, makes
normally little difference in ultrafiltration. The rejéction
is caused by the membrane and the suppbrting structurg\ggfﬁ)
not have any effect on the membrane performaﬁce, uhless,

the support surface influences the formation of a &?Hamic
membrane. Anhexample of this will be seen in the chapter

dealing with’the'pretreétment of the support tubes.

5.1.9 Chemical Additives

Ag ultrafi;tfation run was made after adding 1000
mg/% formaldehyde to a feed solution conﬁainingllbOO g/
lignin at pH 9 (150 psi, 30°C). Another run-was made at
similér»conditions but a£ pH2. The product fluxlas a function

of time is shown in Figure 28.

The product flux was the same with and without
R 5 s .
formaldehyde at pH9. But a pH2 a 50% increase in the flux
rate was observed with formaldehyde. The product concentration

of lignin was about the same with and without formaldehyde.

LF
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FIGURE NO 26: THE FLUX THROUGH A NEW SUPPORT
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‘ qploroform'was ohosen to repreeent the group of
compounés proposed by Whalen (1975) ‘as additives for filtra-
tion of lignmin. Both 1ignin and\onloroform concentrations were
p1000'mg/1.(150 psi, 3OOG,‘pH2.573). No improvement in the
flur or in the rejection could be obeerved “he final flux
was 1ll.1 gal/ft day and the product lignin conoentratlon
was 25 mg/%. This is the same as W1thout chloroform
Acetic acid, whlch is not a -Walen compound did not
increase the flyx rate or the rejectlon elther at the above

o

canditions. .q'

e

_5.}.10' The Acid Pretreatment
A cagbon support-tupe‘was sealed in a ﬁéi solution
at pH 1.5 for 40‘minutes after the'regular washing procedure
“used between ultrafiltration runs. The results of an ultra-
filtration'run after such a’'pretreatment, are ehown in
Fiq;re 29,
. Such a pretreatment appeareo.to oouble the product
fLu%. Tne'produqtfconoentrationfwas the same as without the
treatment. - The effect offthe pretreatment Qas to,be only .
élowly reversible because’ the flux was still at the end of .
the next run at the same conditions without additiona;'pre—
-treatment. After a'few months the acid pretreatment was
' repeated to the sape. tube ThHis time the product flux was
only about 50% hlgher than without pretreatment There are

two possible reasons for the effectiveness of the acid

pretreatment;

-
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Firstly, the acid k?eft in the pores and especially
on the surface of thé support tube reacts with lignin by '
the exchange of hydrogen,ions to the sodium ions of lignin.
This brings about precipitation of lignin or meﬁbrane formation
by neutralized or precipitated lignin colloids. The .-lack of
reproducibility implies change. in the char;Eter bf the support
tube: '

Secondly, the acid treatment dissolves some of
.the lignin in the pores, n?t removed by an alkaline backwash
(the éolubility of lignin is discussed in Appendix 7). Thus
the tube géts the same p;operties as after only a few runs.
The poor reprqducibility.could be due to relatively larger
portions of neither alkali hor.acid éoluble particles plugginé
.the péres after the first acid treatment.

Bogh éxplanations appear to be possible. Both

mechanisms might contribute.ta the acid treatment at the

same time.

5.2 Ultrafiltration of Pulp Mill Effluent Samples

5.2.1 The Combined Kraft Mili Effluent Sample

The properties of the combined kraft mill effluent
sample are given in Appendix ll.. The. sample was.uytrafiltered
at its normal pﬁ 6.9 and acidified to pH 3: The results of
Ithese runs are shown in Figure 30 and fable 5. In the end
of the second run the.feed §olution was acidified to pH 1.9
and 1000 mg}l formalachyde was édded to.i£. This experiment

was continued faqr four hours.
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’

The product flux dropped fapidly in both ultra-
filtration runs to values 6 and 9 gal/ftz-day after 24 hours
of operating time at pHs 3 and 6.9 correspondingly. The
lower flux was obtained at gﬁe lower pH contradicting results
from experiments with‘pure lignin. The final effluent
concentration was abéut three times as high 4t pH 3 as at
pH 6.9. The acidification and addition of formaldéhyde

increased the flux only to 9 gal/ft%day.

Table 5 Ultrafiltration of Kraft Mill Effluent

Féed Ul&rafiltrate

pH 3 pH 6.9
17 35 . 46
1c 44 : 2 2
TOC . 143 33 44
'BOD5.~ 180 160 . 80 ' (bo#h at pH 6.9)
lignin ) .
by colour 450 38 10
_Rejection _ ' 93% 983
Suspended soliés of feed at pH 6.9 = 60 mg/%"
| at pH.2:5 = 110 mg/%

The tendency to have: a higher product concentration
at a lower. pH was, observed in pure lignin solutions -also,
but it was not as apparent as in case of the kraft mill

effluent. Probably the acidification of the kraft_mill
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effluent hydrolyzed.a part of thé noﬁ-biodegradable oféanics
mak;ng thé biodegradable aé seen by compar}n BOD values

in Table 5. Some lignin coagulates at pH 3 as can bé seen
frg@ éhe suspended solids values of the feed solutions and
is not able to pass tprough the membrane as TOC values
indicate. derolysis products that go through the membrane

&gasily because of their smaller size are probablx biodegra-

. / .
dable and highly absorptive at the wavelength used for lignin
determination (cf. Table 5).

\ * The lower product flux at the lower pH can be

%xplained‘byoassuming that some og the hydrolyzing pr?ducts
afehincorporated inﬁo the membrane and-have an opposite
effect to formaldehyde on the product flux.
A further difference between the kraft mill effluent ~

énd a pure iignin solw/ion was that, although the kraft mill

. effluent‘lost_aﬁout 10% of its.&éiouf when acidified to pH 3,
it did not form flocs or viéibfé precipitates in 1.5 hrs.
Obviously lignin is easier to precipitate from a pure lignin
solution (cf. Appendix 7). -

. ]
®he ultrafiltration of combined kraft mill effluents

throﬁgh a.sg}flrejecting dynamic membrane .seems to have-some'

advantagésléompared to cellnlose acetate membranes as is

- shown in Table 6. .The highest flux with about 993 rejeczzon

" Of colour using cellulose acetate membranes fo; ultrafiltrat-
ion of bleach'plant effluents is réported to be abouti22 galy

ft%day at 75° psi (Bamsel 1975). Assuming only a linear



increase in cost with increasing pressure, the cost of
filtering through a_cellulose acetate membrane woula be
about 50% higher than thfough a lignin dynamic membrane.

" The comparison is in reality even more advantageous for the

dynamic membrane because the cost increase is linear taking

only energy requirements into consideration but exponential

when all factors are included. The easy.replacement, the
~

low cost of the membrane and the probably longer life time

make the lignin membranes even more favourable compared to

the possibly hydrolyzing cellulose acetate membranes. ,

Table 6 Comparison of Membranes

N

Lignin Cellulose . Zirconium

membrane Acetate : Oxide
membrane membrane
AN
Product flux ™~
at 150 psi 9 . . i
200 psi : 80
750psi. . 22
Rejection o/, 37 . 99 . 99
Advantages
-~ Easy - Commercially - High flux
replacement . available - Easily cleaned
" - Low cost of - Best known and replaced -
membrane properties - Low pressure
- Long life
time

) 1
- Low pressure

93
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L Zirconium oxidé membranes (Johnson et al., 1974)
appear to have a superior performance compared to dynamic
lignin membranes when treating kraft mill effluents (Tqble 6).
Johnson's product flux of 80 gal/ft%day ?t 200 psi with 99%
rejection, is.over 100% better than lignin membranes show
with pure lignin solutions at any operating conditi%Fs and
800% higher than observed with the kraft mill effluent.
Béth membranes can be operated at relatively low pressure§
and are easfly réplaced on site, but only the material of a
lignin membrane is free of costs. The life expectancy of
neither membrane is known but it 1s pkobably long because
zirconium oxide is not degradable and although lignin
hydrolyses slowly the lignin membrane can renew itself
continuously.\ The recovery cost of zirconium oxide is not
knéwn. This is one factor that might dccilc in‘the future
the feasibility of the use of_zirconium oxide membranes.

All the three types of membranes have t?eir own
advantages but for ultrafiltration of kraft mill effluents

ghe zirconium oxide membranes seem, at this moment, to be

the most promising.
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5.2.2 Sulfite Mill Samples

Some propeyties of the spent sulfite ligquor and the
bleach plant effluent samples are given in Appendix 11. The
samples ' were ultrafiltered only at their original pH. The

results are shown in Figure 31 and Table 7.

The product flux was 3.5 gal/ftzday after 24 hrs
with the bleach plant effluent and 7 gal/ftzday with the
spent sulfite liquor. The rejection of colour was only 50%
and 80% correspondingly. After the ultrafiltration the
support tube was coated by a black tar like substance.

It appeared to contain some cellLlose fibres as it did not
dissolve, at room temperature,lbetween pH 1.5 and 12.

‘ These product fluxes are of the same order as those ‘
observed by Wiley (1967) with cellulose acetate membranes
using spent sulfite liquor. Wiley got product fluxes

between 7 and 17 gal/ftzday at 600 pSi with a COD

rejection of about 99%. The pressure used with the lignin

membrane was only 1/6th of that with cellulose acetate
membranes making lignin membranes superior if only fluxes
are consideréd. However thenrejection of cellulose acetate
membranes.is so much/better that they would be a probable
choice, if only these two types of membranes were considered

for the ultrafiltration of sulfite mill wastes.
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Table 7 Ultrafiltration of Sulfite Mill Samples

. ™~
Bleach plant Bleach plant Coocking Cooking

effluent effluent liquor liquor
‘ultrafiltrate dltra-

filtrate

TOC 800 220 3500 2000
TC 880 220 T 3500 2000

N )
1C 2 2 ) 2 2
BODg 310 170 900 590
SS 210 0 120 0
COD 1450 900 8000 6500
' 4
COD/TOC 1.8 4.1 2.4 3.3

BOD/TOC '0.39 - 0.77 0.26 0.30
. ' o

- Smaller organic compounds have a higher COD/TOC ratio.

Thus molecules in the filtrate are in average smaller than

+

in the feed solution. *

- Higher BOD/TOC ratio in the filtrate shows that more non-
biodegradable (as f.ex. lignin) than biodegradable substances

are rejected.
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As in casg of sulfate mill effluents, the zirconium

oxide membranes seem to be the most promising also in, the /)
/

ultrafiltration of sulfite mill wastes. Although Pergopa’
et al., (1967) were able to obtain high fluxes with a

dynamic lignin membrane, only the addition of zirconium oxide

increased the rejection to over 90%.



. 4. Th¢.effects of the cross-flow velocity and the feed

6. CONCLUSIONS

In ultrafiltration through a dynamic lignin membrane:
1. The product flux increases with an increasiné temperature,
but it does not follow a simple equation. The product
concentration is linearly proportional to the temperature
until chemical changes of the récycling feed solution ‘
complicate the relation.
2. The product flux depends very little on the operating
pressure above a critical pressure. The product concentration
decreases with an increasing pressure.
3. The product flux depends on the pH. It is lowest. at the
middle pH range. The hydfolysis of lignin decreases.the
rejection near both ends of the pH scale. ;g ‘ N
solutign concentration on the product flux and rejection are
small after the initfgl formation of the membrane. The
menmbrane forms ;ldwer at a lower cross-flow velocity or a
lower concentration."
5. The support tube material does not ﬁormaliy affect £he
membrane performance.
6. A differeng support tube pore size causes only initial}y
diffe;ent product fluxes and rejections.
7. The addition: of formaldehyde to the feed solution can

increase the product flux.at low pH'without decreasing the
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rejection. At alkaline pH, formaldehyde does not increase

the product flux. ' whalen compounds or acetic acid do not\

s
»

improve the membrane performance. ‘ o
8. Soaking the carbon support tubes in strong hydrochloric .
acid increases the product  flux by 100%. This increcase in

the product flux gradually declines unless the treatment is
repeated. Subsequept acid treatménts, however, result in

less significant improvements .

9. The ultrafiltration of combined kraft mill effluents
through a dynamic lignin membrane is pgeferred nyer A
cellulose acet;te membrane. The zirconium oxide membrane;
however, seem to show the most promising performance.

10. Both the zirconium oxide and cellulose acetate membranes

have better performances in case of sulfite mill effluents

than dynimic lignin membranes.
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7. RECOMMENDATIONS

Many aspects of this thesis or field could be studied

further. Some of these are

a) The measurement of the effect of some inorganic salts or
polymers on membrane. performance. |

b) The electrokinetic formation and backwash of meémbranes.
c) Thé effect of very high cross-flow velocities, say 10

times the ones used in these experiments.

d) The flux and rejection of zirconium oxide menbranes.
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Appendix 1

Evaluation of Membrane Performance

Transport equations 3 and 7 were

Py

Wp (AP - Am) (3)

F. =B (C - C (7)

S Is ZS)

Concentration of product water is determined by relativ

salt and water fluxes -
. = Fs Cu2 _ B(C1g = Cy)Cyg (42)
2s Fw wp(Ap - AT) .

where sz is the concentration of water in product stream

and is approximately 1 g/cm’. Combining equations 8 and 42

and neglecting Cw2 gives:
'Czs Wp (AP - AT) = B ClS - B CZS (43)
CZS (B + wp (AP -1)) = B Cls i (44)
C
2s B -
1l - = =1 - - (45)
’Cls . - B + Wp(Ap )
Wp (Ap - m)
R = B ¥ W (Ap = 7) . ) (46)
j&
J S R .
5 ° =R (Gp = 1) 47
. FW
Substltutlnq to 47: Wp = KE_:—K?



gives:

2
Wp ) R FW
B . (1-R) (Ap -AT)

(48)

Obviously it is desirable to maximize both wP and the ratio
wp/B. However, it is usually true that if modifications

are made to increase Wp, the gquantity of WP/B decreases.

Londsqale {1973) proposes the product of ﬁp X wp/B as an
empirical formula of merit. It combincs to a single

value both water flux and salt rejection. The value is
indepenaent of salt concentrat;on of: feed solution and
operating pressure. On the sther hand the value depends on
the type of salt or compound used in experiments. Also the
fiéure w;/B'is very’sensitive to apparently small changes
in rejection as the rejection approaches 100%. Thus this
figure of merit for 99.9% rejection would be twice ,that for

99.8%. At the following Table 8 W;/B has been calculated

at some operating conditions. Because Lonsdale's figure of

103

merit is relatively new and not generally accepted, comparable

values for lignin are not published in literature but were

caleulated from results given in publications. Example:

o

Run at pH 9, T = 30°C.p = 150 psi

_q _ _15 _
B = 1 1600 —.0.985 ‘
_ 6 ml _ -4
F. = > = 2.94 x 10 g

min 340 cm sgéc.cm2
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11

3

2

26

24

12

35

from Perona et

PVC-mémbrane Dp

Table 8 Membrane Performance Numbers
at Different pH
2 2
Wp/B g / cm” sec atm
x 1074 at T = 30°C
X " p = 150 psi (10.5 atm)
X "
P
X 1"t ®
X " . .
- W;/B
al., (1967) Lg/cm sec atm]
= 0.45 + secondary membrane 38 x 10_4
c-a-membrane + secondary membrane 2 x 10-4
dynamic lignin membrane on carbon tube _4
D= 0.41- 4 x 10
. P )
" " on:%eramic tube _4
1 x 10

D = 0.91
P .
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"o o R Py 0.985 x 2.94 x 107 g

0.015 % 10.5 atm scc cm?

w
-
1
=
o
T

18.4 x 1074 g

il

cmz—sec-atm

At high pH the relatively poor rejection brings about lower
wé/s values. It does not chaﬁge much at middle range of pH
“but at pH 3 it is small before increasing flux more than
compensates for the poorer rejection at pH 2. Values
calculated from results given by Perona et al., (1967) are
smaller with the exceg;ion of PVC-membrane.

Higher {emperature increases the value of W;/B by

increasing Ew without impairing R too much. 'A grouping of

w3.5
P

of the temperature, but wé/B would give a more

/B has been proposed (Lonsdale 1973) to be independent

constant valué according to our expériments. These groupings
’are presented iq Table 9.
The effect of pressure was eliminated in equation

48 by permeability term Fw/(Ap - Am). Thisg assumes.a linear
relation between prodﬁct flux and operating pressure as can
be.expected with non—compressibie stationary membranes. ‘
With dynamic membranes the situation is different. An
increased p}essure causes an increased rgdial flow which
brings about thickening of the membrane with increased flow

resistance. Also tightening ' of the membrane increases flow

resistance as discussed earlier. .Thus with dynamic

»

&



Table 9 MemPbrane Performance Numiiers at Different Temperatures

TC C3 RC%3 2Wp © W _/B W3'5/B W2/B wl'S/B
g/cm” sec-atm P P P P
' -5 -15 _4 -
25 99.2 2.7 10 11.8 132 x 10 3.1 x 10 19.1 x 10
40 99.3 2.6 13.5 131 3.3 21.2
50. 99.0 4.12 . 9.43 282 . - 3.7 18. 7
7
70 98.8 5.18 7.84 570 4.3 18.4
Table 10 Membrane Performance Numbers at Different Pressures
plpsillatm] F _/OAP-Aw R wé/B wl'S/B - W /B
: ‘W p p p
50 4.22 0.5 x 1074 97.8 23 x 1072 32 x 1072 45
95  6.68 0.48 x 1074 99 18 x 1074 69 x 1072 100
150  10.54 0.31 x 10”2 99 31 x 1074 55 x 102 100
200 14.06 0.23 x 10°% 99 23 x 102 48 x 1072 ¥ 100
300 21.09 0.17 x 102 99.2 21 x 1074 51 x 1072 123

90T
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compressible membranes a lower permeability and lower w;/B
is to be expected with increasing pressure. This tendency
is clearly shown in Table 10, where wg/B is tabulated at
pressures between 50 and 300 psi (30°C, 1000 mg/% lignin).
The only exception is at 50 psi where pcrmeability is at
its highest wvaluc but poor rejection lowers Lonsdale's

figufc of merit. Groupings w;'s

/B and WP/B are not much
better in this case either.

| Trying to combine parameters rejection and flux to
one number to express membrane performance does not seém to

¢

succeed with lignin dynamic membranes. Deviations occur at

different operating conditions. Also near the spectroscopic

A ’ .
detettion limit of lignin determination of .rejection is not

£

accurate enough to support the use only one combined figure

of merit. For above reasons the use of permeabilityﬁﬁs also
. . .

not recommended, but product flux, rejection and operating
conditions should be known for correct evaluation of

membrane performance.
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Appendix 2

Concentration Polarization

Concentration polarization can be calculated from

-

equation 49" (Sherwood et al 1965)

3/4
C 8.96 F_. (N..) ——
C3S = exp 'CW = Sc \/% (49)
» 18 W
where C3S = solute concentration on the membrane surface
NS = Scandt number
c
f = friction factor
= ¥ =
NS =3 3000 (50)
c s
where v = kinematic viscosity = 0.009 cm?
sec
_ -5 2
Dg = 0.3 .10 cm (Pennington et al 1947)
sec
Using f = 0.01 ( Cooper et al 1933)
ang F, = &M =0.3x10° g
W . 2
min. 340 cm 2
cm” sec
Cq . -3 3 3/4
35 - exp 8§.96 x 0.3 x X0 "9 cm” secC (3000)
Cl 2 1l g 150 cm ‘
S cm® sec

1.105

o)
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Table 11, Concentration Polarization at
Different Fluxes

Py F Fu CBS/ClS
.~ o _9  _gal
340 cm min ém2 sec ft2day
6 0.3 x 1077 5.3 1.105
15 0.75 x 1073 13. 4 1.290
’ 30 1.5 x 1077 26.7 1.650
50 2.5 x 1077 44.5 2.330
100 5 o3 89.0 5.45
200 10 x 1073 178 29.5

Table 12 Concentration Polarization at
Different Cross-Flow Velocities

R

cm;sec of eqiipment £ CBS/CIS
5 90 0.25 1.835

10 180 ~0.14 1.500
20 360 0.05 - . 1.408
30 Csa0 0.035 1.312
70 1260 0.018 1:175
100 1800 0.015 1.130
120 " 2160 T 0.014 1.150"
150 2700 0.01 " 1:105

200 - 3600 - 0.01 1.085
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The concentration polarization at diffdrent solvent f{luxes

pe

and cross-flow velocity values are listed i tables 11 and

12. The effect of the cross-flow velocity 4s-not as

y
significant as Fiy on concentration polarization because a
change in v is counterbalanced by a change of £ which depend
on v.

Taking extreme values from the previous tables
(v = 5 cm/scc, FW = 178 gal/ftzday, ClS = 10 g/%) gives a
bconccr{tration of 540 g/% on the membrane surface. This

. corroronds to an osmotic pressure of 1.9 atm or 27 psi

using equation 1. Only at higher feed solution concentrfations

would the osmotic pressure reach any significaqge.



. Appendix 3

Osmotic Pressure of Lignin Solutions

The average molecular weight of indulin AT at pH 9

1s about 7000 (Rankin 1975). Using equation 1 in form

. - _ _ 1.000 mol
m=0.082 cT and placing C = 1000 mg/% = 5500 X
T = 300°K
m o= 0.082 . 1.000.300 atm = 3.5 x 1072 atm = 0.05 psi
7000

The following table (Table 13) compares osmotic pressures
of lignin solutions calculated as shown above -and sodium
chloride solutions at pH 9 and 300°K. Values for sodium
chloride are given by Weber (Weber 1972).

The low osmotic pressure of lignin solutions are due
to its high molecular weight. At lower pH, the osmotic
pressure would be even lower, because of the increase in thé
molecular weight af lignin. At less thdn pH 7, the osmotic
pressure reduces sharply because lignin preéipitates and
solids don't contriblte to the osmotic pressﬁre. Even at
pH 12.5, wﬁere‘phe average molecular weight'éf indulin, is
6000 (Raﬁkin 1975), the osmotié pressure at a cénceﬁé;ation
1000 mg/% ié stilliddl§~apéut 0.06 psi. | )

Although thé osmotic pressure of lignin is loﬁ,‘there

is much inorganic and organic material in paper mill wastes,

111
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Table 13 Theorectical Osmotic Pressure of Lignin and
NaCf Solution, pH 9 300%k

C X T
mg/ £ psi
lignin NaCg
50 0.0025 . 0.7
100 0. 0050 ' 1.4
500 0.025 5.7
1000 o.oéo - 11.4
5000 0.25 ' 57
10000 0.5 114
50000 ) 2.5h ’ over 200

100000 5.0



which may make osmotic pressure a limiting factor. For
example, the kraft mill bleach plant effluent can have an
osmotic pressure of 600 psi at 10% total concentration
(Bansel 1975). Thus the limiting concentration at 150 psi
would be about 2%. On the other hand, ultrafiltration
mempranes do not reject all kinds of ions (cf. appendix 9)
and the effective osmotic pressure is less than the sum of

the osmotic pressures of all species.
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Appendix 4

Calculation of Reynolds Number in the
Ultrafiltration Cylinder

. ) (din - dout) Y I 51)
Re u .
where din = inside diameter. of the cylinder °
dout = outside diameter of the support tube
1 = viscosity
Z = density ) .
v = cross-flow velocity
vy = 19.8 cn/sec
Vo = 158 cm/sec -
U o, = ]
z =1
din 1= 50.80 mm NRe L = 2550
din 5 = 39.69 mnm ' Nre , = 2780
= 37.92 mm
out
(
)
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Agpendix_i

Calculated Membrane Resistance

Flow through ultrafiltration membranes was described

with cquations 10 and 12

. - bLp

Fo R (10)
m
z a2 CQ

Fw = 5 AP y (12)
8(t)" u &

whe;e a 1s the pore radius. uIt can be estimated to be of
the same order of magnitude as the lignin membrane.. The
average molecular weight of indulin at pH 9 i% abo&@ 7000
wigh a radius of 30A (calculated from information by Rankin
1975). The cut-off molecular weight for 98% rejection would
be about 3000 corresponding to a radius of about 20A.
Porosity I 1is usually equated to membrane water

v

content Cw. When Cw = 0.2 g/cm3, L = 0.2. Using 0.3p from

. ‘ , 5
appendix 6 as membrane thickness and Ap = 150 psi u = 0.009 ggc’
2

Ty = 1 g/%, Fw'= 6 gal/ft“day, the tortuosity factor 1 can be

‘\/z a’ ¢, op
T = =13 (52)
! 8 Fw u ém (

Using aboeve values in equation 10

calculated:

gal

m ftzday psi

A P psi (10)

’
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Aggendix 6

Estimation of Membrane Thickness

When a membrane starts to build up in protected
pores it can form a rather coarse structure. But afte% a
while*molecules or colloids have to build a more stable,
denser structure on open parts of the support. Thus lignin
membranes are at least to some degree anisotropic. This is
supported by the fact that rejection of lignin membranes
increases during'formation period and the effeétive thick-

L

ness, which will be calculated later, is much les§ than the
apparent thickness. ' ©

The effective thickness of ultrafiltration:or
reverse osmosis membranes is typically in the order of 0.1
to 1.0y. Tﬁis "skin" thickness has never a precisely defined

value. It also varies from place to place. However, it

can be estimated from equation 5

FW = —_R_'I-'__(S_— (AP - ATT) (5)
m,
Dwa Vm .
am = '—F"'-ﬁ—,i,—— (AP - Aw) . (53)

Water con¢entration in the membrane, C varies usually

between 0]\.lg/cm3

wl
and O.GSg/cm3 being typically O.25g/cm3

for polymer membranes (Lonsdale 1973). Assuming that the

1l6



effective thickness is established when lignain fills 75¢

of the volume of membrane, CW = 0.25g/cm3. Diffusion

coefficient for self—diffusiop of water at' 30°C is
2.5 x 10°° cm/sec (Landolt -Bornstein 1969). The effective
diffusion coefficient is much smaller. A typical value for

a membrane with 0.25g/cm> C, is 0.5 x 107° cii/sec ( Lonsdalc

1973). Using final flux from runs at pH 9, 30°C, 1000mg/?

lignin and 150 psi:

: 2
5. = 0.5 x 1072 S0 4 0.2 9 , x 18 S
B . secC cm mol

10.5 atm cm2 sec X oK mol

6 x 3.75 x 10 °g 82 cm-atm
LY

0.34 x 10°°% em

303°K

0.34u = 0.3 v

As can be seen from eguation 53 increasing pressure reduces
the effecti&e thickness if the coefficient for flux-pregsure
dependence is less than 1. This is the case with lignin
membranes. The increased compression is likely to reduce
the open space in the membrane and decrease CW' ‘

Higher temperature would increase the efféctivg
thickness of membrane because temperatu£e dependancy of the
diffusion coefficient of water is of higher power than one

at temperature range studied. . This more than compensates
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for the temperature term in the denominator in equation 53
E.g., at same conditions as above with the exception of
T - 120°C and assuming the same tcmperatufg dependency for

D as for self-diffusion of pure water (Landolt-Bornstein
1969)

- 05
o _ 0.5 x 1077 x 10 cm?

_ -5 2
120 5 coc © 2 x 10 cm” /sec (54)

and substituting in eq. 53:

am = lu

At pH 2, when operaiinyg cunditions are kept the same as in

the first: calculation, the effective thickness is

6m FW
ceo . ™ Wione) _ 0.34 x 6 _ \
Jém = Fw . = 10 p=0.07u . _ 4(55)
(pH2) .

L
.Cﬂ:::?
This v#lue would be in reality larger because of changes in

nphysicdl appearance of lignin meaning a higher-cw value.

faking this intoAconsideration dm would be maybe 0.1lyu.
'More‘precise calculations would be meaninglesé
because of uncertainty of D and éw values. These estimates
indicate that the effective thickness of a dynamically formed
lighin membrane or a carboﬁ suppo%t tube is of the same

order as that of other membranes used for reverse OSmoOSis.
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Appendix 7

Lignin Solutions and pH

The absorbance of six lignin solutions having a

concentration of 100 mg/t and pH ranging from 3.2 to 12 was

measured at 4650A. The absorbance depended very much on pH
as scen in Figure 32. The makimum absorbance is at high pH
and the curve has a minimum at pH between 5 and 6. At lower

pH the ébsorbance increases again. The higher pH part of
tﬁe curve was observed already by Rankin (1975).

During two week storage at room temperature, the
solution pH moved closer to the middle range. At the same
time absorbtion changed following absorbtion vs pH curve above
the minimum of the curve. But at low pH-the final absorbance
was higher than that measured earlier' at same pH. This
could be due to chemical changes making lignin more soluble
to acidic solutions.

Suspended solids in lign}n solutions at different
values of pH were measured by. the 0.45y and lu pore‘size
filters. The results are shown in Figure 33. Both filters.
gave similar type of curves indicatiﬁg the existence of
solids also at high pH. At pﬁ 2 only 1% and 6.1% of lignin
could not be separated by filtrétion with lu and 0.45u filters
respectively. These results are not quite exact indicators

of solubility due to the formation of a secondary membrane
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on the surface of the filter. This secondary membrane
prevents some of the molecule size lignin pa;sing through
the membrane, exactly as in ultrafiltration. The larger
poré size filter let more lignin éass through to’ the
filtrate but, most likely, a secondary membrane formed on
1t as well.

Formation of a lianin rejecting ‘membrane in
filtrat?on was shown by indirectly suspended solids and
lignin measurements. A 1000 mg/¢ lignin solution was
aliowed to settle for 2.5 hrs at pi 2, 3, 4 and 5 and the
residual lignin was measured by absorbance as seen in
Figure 34. The results show that there is about 50 mg/%
of soluble lignin left at pH 2 compared to 9 mg/% after
filtering with an 1lu filter without settling. The
concentration of soluble lignin was similar although slightly
lower than those found by Pilgugina et al. (1964).‘ Pilgugina
measured free acids formed from hydrolysis of lignin and !
they don't necessarily show absorbance at the wavelength
used.

When indulin was diSSOlV?E_EB)pH 12 and then acidified
to pH 2, 3, 4 énd 5 and allowed to settle in small 100 m&
grqduate cylinders, no settling could be seen in pH 5
solution in 1.5 hours. The pH 4 solution had formed an

interface but hadn't started to settle yet. At pH 3 and 2 *

lignin settled at the same velocity.
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A similar series of tests were made in 14 cm diameter
cylinders and they confirmed the 1ibove results (Figure 35).
At pH aﬁove 4 lignin didn't settle at all in three hours.

At pH less than 4 lignin flocs settled at the same velocity
forming a zone settling interface. This scttled about 50 cm

during the first hour corresponding to an overflow rate of

320 qal/ftzday.
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Appendix 8

 The Zeta-Potemtial

The stabiliéy of colloids depends on adsorption of
ions or polymers from the surrounding llquid. There are
three methods 5y which colloids‘qan be stabilized:

i) By adsorbing on the colloid a négatively
charged ion or poiyelectrolyte .

ii) By adsorbiﬁg on the colloid a hydrophilic
colloid

iii) By adsorbing on the colioid a ﬁon—iénic
polymer. " ;,

The potential difﬁérenée bétween a collpid and the
surrounéing liquid coqsists of two pafts;.the‘differenpe
betwegn the surface of the-.-colloid and the layer nearest to
it and the difference between this énd the bulk of the
liquid. * The latter  is called Ehe'zeta—potential—or the
.electrokinetic ;otgntiai. The followipé Table (Tablé 14)
given by Riddick (1968) lists:theAstability of_eiectro—
negative colloids. ) . '

Fivé to ten lignin colloids were timed at different
pH's_in the zeéta-potential gel. Zeta-potentials were read

each time from a set of curves in the Zeta-Meter-Manual and

corrected’ to 25°C. The results are shown in Figure 36.

N
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Table 14 Stability Characteristics of

maximum agglomeration and precipitation

range of strong agglomeration and
precipitation

threshold of agglomeration
thréshold to delicate dispersion
moderate stability
fairly'good stability
very good stability

- extremely good stability

-127

Colloids

Average 2P

in mV

+ 3 to 0
+ 5 to - §
- 10 to - 15
- 16 to - 30
- 31 to - 40
- 41 to - 60
- 61 to - 80
- 8i to -100
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Lignin colloids are stable at pH more than 4. The
Zeta-potential at pH 3 is still as high as -30 mV which
explains the difficulties in the precipitation of lignin
from its solutions. Between pH 2 and 3 the zeta-potential
drops sharply from -30 to 0 mV, making lignin particles
easier to precipitate:

Lignin could be precipitated on a carbon anode
without lowering the -pH due £o the zecta potential, as was
found in one experiment. However, this topic was not

pursued further.
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Appendix 9

+f
The Pulp Mill Samples

Some of the characteristics of the sulfite mill
effluent samples, spent sulfite liquor and bleach plant
effluent are listed in table 15. Precipitation of lignin
was tried from both samples by using sodium hydroxide. No
precipitate formed at pH up to 11. By using calcium hydro-
xide at pH 11 only a small amount of solids precipitated from
both 8amples and the colour remained unchanged. )
' Some characteristics of the comhined kraét mill -
effluent sample are shown in table 16. The sample was over
one month old on arrival from Smooth Rock, and therefore,
maybe got very representétive. Lignin did not precipitate

from the sample by lowering the pH to 3, but the colour

changed from 0.28 to 0.25 at 465 mm.
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able 15 Sulfite Mill Samples

Spent Sulfite Bleach plant

) Liquor effluent
conductivity (u'/Q) 4000 1200
PH 2.5 3.6
zeta-potential [(mV3] -25 -37

" suspended solids [mg/R2)] o122 120
TC [mg/2L3]. 3450 , 800
TOC (mg/%) 3450 800
IC (mg/4%3 2 2
total solids [g/%3] 9.1 1.7

" inorganic solids C[mg/%3 250 470
volatile solids (g/%3] 8.85 1.23
colour brown brown



Table 16 Some Characterization-of the Kraft Mill Sample

pH
suspended solids
TC
TOC
IC
Total solids
inorganic solids
volati%e solids
BOD

Colour

60 °

187
143

44
900
670
230

180

vellow-brown

mg/%
mg/L
mg/%
mg/ L
mg/ 4%
mg/2L
mg/L

mg/%
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Appendix 10

The Rejection of Selected Species by a Lignin Membrane

The rejection of species other than lignin by a
lignin membrane was examined at conditions, pH 9, 30?C, 150
psi, 1000 mg/%2. The results are shown in Table 17. .

The greater rejection of aluminum over copper and
mangahese is possible caused by the presense of large hydroxyl
molecules Al(OHé)-. The high rejection of potassium implies
that potassium reacgs with lignin. TIons of higher charge
are rejected better ‘than those with a low charge, épproximately
proportionally to the cube of the charge.h The LAS used had
a molecular weight of 325.5. "It was rejected far better than

phenol with a molecular weight of 94 as could be expected

considering the different size of the molecules. ;
’ «
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Table 17 The Rejection of Selected Species
by a Lignin Membrane

Ion Feed. Concentration Product Concentration

mg/ L mg/ 2
ALt 30 10
coe?t 70 25
Mn?* 10 4

X' : 89 ' 6.2
Po,” 37.5 9
502" 89 _ 47
F . 32 30
phenol ’ 200 ©172
dodecyl benzene 200 . 18

sulfonic acid

oo I

66
64
60
93

76

54

12

90
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psi

150

T

150
200
300

150

_Appendix 11

Table of Runs

pH'

11

ot
W WwWOHNNWWW

.
= o

o I

99
99
99

99.
98.
99.

99

98.
99.

99
99

99.
99.

98

98.
99.
98.
99.
97.
" 98.
98.

98
98

96.

98.

98

98.
97.

95

98

97.

W N

= W

w
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\

No. T p pH R Fa 5 R K

‘C psi % gal/ft“day emaris
39 100 3 90 B 13.5 E-22
40 150 9 99 6 E-22
41 9 92 11 new tube
42 55 7 cooking liqg.
43 70 3.7 E-22
44 : 3.1 Bleach plant
45 70-1 - "
46 150 9 98.5 6.7 standard run
47 9 98.5 155 acid pretreat
48 9 98.5 12.5 ' ",
49 9 98 7.1 diff. v
50 9 98.3 7.6 diff. c
51 40 9 98 6.4 low p
52 9 99 6.0 standard run
53 60 9 98 6.1 low p
54 35 9 98 S.a "
55 150 3.6 99 7.7 org. acid
56 ' 2.5 98 11.1 Whalen comp.
57 9 95 22 Carborundum
58" 9 97 9.4 S
59 9 99 3.1 High Cyg
60 9 - - acid pretreat
61 9 - -~ ’ "
62 9 - ~ h R of other comp.
63 9 - ~ "
64 9 - ~ "
65 9 - - "
66 4 9 - - "
67 6.9 98 9 Kraft effluent
68 3 92 6 " o

. 9 "n

69 1.9

Temperature 30°C, pressure 150 psi unless otherwise indicated,

feed concentration usually 1000 mg/Q.



APPENDIX 12
APPLIED THEORY
Equation 17 can be written in the fornm,

—kzt +JJ£§£2,+ 8tkl
L = . (56)

2

Constants kl and k2 can be calculated from experimental
results, when the membrane thickness is replaced by the inverse .
values of the product flux at two different points. The
curves. in Figure 37 are calculated using values kl = 0.058

Ny

(ftz—day—hr/gal)z, k., = 0.736 ftz-day—hr/gal at a cross-flow

2
velocity 158.cm/sec and, k; = 0.00071 (ft®-day-hr/gal)? and’

ko = 0.0042 ftz—dayfhr/galxbat a cross-flow velocity 20 cm/sgé.
The constants are caiculated a£ product fl%x values after S
and 10 hours of operation in both cases. (fhe difference

between the calculated and observed values at other operating

times is smaller than the experimental error.
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Indexes:

f

n

(]
it

critical pressureﬁfﬂ’“\\\

solute transpoft coefficiént
concentration

diffusion coefficieht

flux

thickness of membrane

number of molecules

Schmidt number
Reynolds number

pressure

‘indicator of the state of formation of the
membrane :

surface ‘area -of membrane
gas constant, rejection
membrane resistance
temgerature

volume .

solvent permeation coefficient

final
solvent

solute
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1S =

2s =

solute on high pressure side
solute on low pressure side
final

sol ute in the membrane

sol ute on the membrane
integration constant
diameter

Neper's number

pore radius

number of moles, constant
constant mass

radius of a co%&oid

time

velocity of solvent through the membrane

cross—-flow velocity

= constant

distance *

coﬁstant

second derivative

first deriyative

function of t

osmotic pressure

osmotic pressure coeffiéient'
membrane thickness (effective)

tortuosity
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viscosity
density of solvent

kinematic viscosity
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