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ABSTRACT
Ultrafiltration is a potentially viable
method of removing finely dispersed
flexographic pigments from the deink-
ing water loop. This work examines
the effects of surface-active materials
an ultrafiltration efficiency. A logarith-
mic relationship between permeate
flax and pigment concentration was
demonstrated at ink concentrations
above 0.4%, permeation rates
becoming independent of ink content
at lower concentrations. The pressure
independent ultrafiltration permeation
rates observed at more highly concen-

trated ink dispersions were shown to
be limited by mass-transfer effects, as
predicted by the concentration-polar-
ization model. Permeate flux at low
ink concentration was limited by
membrane fouling, which occurs be-
cause dilute ink dispersions have a
low concentration of surface-active
materials. Increasing the concentra-
tion of surfactant in dilute ink disper-
sions decreased the degree of mem-
brane fouling. However, excessive
surfactant decreased permeation
rates because of mice//e formation.
Clarification of concentrated ink dis-
persions (>0.4% ink solids) resulted in
relatively stable permeation rates and
less fouling. The inherently higher con-
centrations of  surface-active materials
in concentrated ink dispersions ap-
pear to retard fouling.

Application:

Ultrafiltration shows promise as a
means of clarifying ONP wash filtrates
containing finely dispersed water-
based flexographic inks. Control of
surfactant concentration is key to pre-
vention of membrane fouling.

LEXOGRAPHIC PIGMENT RESIDUES

are particularly well suited
to removal by wash deink-
ing (1). However, wash fil-

trate after deinking a stock consist-
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ing of 100% flexographic ONP is
estimated to contain between
0.05% and 0.1% finely dispersed
pigment. This filtrate cannot be re-
cycled to the process without re-
ducing the brightness of the prod-
uct pulp. To facilitate water reuse,
the wash filtrate must be clarified
of the flexographic pigments. Dis-
solved air flotation (DAF) is nor-
mally used to clarify wash filtrate.
However, the hydrophilic flexo-
graphic pigments resist removal by
DAF, even with the addition of
cationic collectors and anionic
flocculants (2).

Membrane separation technol-
ogy is a potentially viable method for
clarifying flexographic pigment dis-
persions from wash filtrate. Earlier
work has shown that ultrafiltration
and microfiltration are both capable
of completely removing flexo-
graphic pigment from the aqueous
dispersions formed by wash deink-
ing of newsprint (3). Moreover,
those results indicated that ultrafil-
tration can maintain higher clarifica-
tion rates at most ink concentrations
of interest, making this a better
choice than microfiltration for clari-
fying flexographic ink dispersions
(4). The present work is aimed at at-
taining a better understanding of the
mechanism of membrane fouling
and the role of surface-active materi-
als in preventing it.

EXPERIMENTAL
Membranes and materials

Two formulations of flexographic
ink were used. One ink (Ink 1) was
obtained from a regional newspaper

publisher and was supplied as press-
ready ink. About one liter of this ink
was made available, and it was used
in preliminary tests only. Another ink
(Ink 2) was obtained directly from an
ink manufacturer. The majority of ex-
periments were performed using
this second ink.

The experimental apparatus is
described in detail elsewhere (5).
The polysulfone hollow-fiber ultrafil-
tration membranes used in this study
were assembled in a shell-and-tube
configuration of 68 hollow fibers
with 0.043-in. (0.109 cm) inside di-
ameter for a total of 1 ft2 surface
area, with a molecular-weight cutoff
(MWCO, a measure of membrane
pore size) of 500,000.

Unless otherwise specified, sur-
factant was added in the amount re-
quired to form a 0.01% (by volume)
solution. The surfactant used was a
commercially available concentrated
cleaning solution (Micro 90, Interna-
tional Products Corp., Burlington,
NJ). This is an anionic and nonionic
surfactant mixture with major ingre-
dients of water, ethylenediamine
tetraacetic acid, benzenesulfonic
acid dimethyl ammonium salt, tri-
ethanolammonium dodecylbenzene-
sulfonate, and polyoxyethylene un-
decylether (number of oxyethylene
units not specified).

Flux vs. pressure
Permeation rates are reported as flux,
which is measured as units of volume
per unit of membrane surface area
per unit time (L/m2·h). The relation-
ship between permeate flux and ap-
plied pressure was investigated in a
series of experiments in which the



1. Determination of the flux-decay time constant from flux-vs.-
time data

2. Ultrafiltration permeation rates vs. pressure during clarifica-
tion of dilute dispersions (<0.4% ink solids) of Ink I at 22°C and
I gal/min crossflow rate

feed crossflow rate and temperature Modeled characterization of
were held constant. The system was ultrafiltration
allowed to stabilize by operating at a A series of multivariable experi-
constant pressure (25 psi) for one ments was devised and implemented
hour before flux-vs.-pressure data to investigate potentially interactive
were collected. During some experi-
ments, permeation rate data were col-
lected through two or three cycles of
increasing followed by decreasing
pressure. In these cases, the stabiliza-
tion period at constant pressure was
omitted. The ink dispersion was main-
tamed at a constant pigment concen-
tration by recycling the permeate
back to the feed tank.

Flux vs. time
An ultrafiltration experiment was
performed in which permeate was
removed from the filtration loop as it
was produced and replaced with an
equal volume of tap water that had
been treated with NaOH to raise the
pH to 10. This was done to maintain
a constant pigment concentration
while allowing the concentration of
the dissolved components of the ink
to decrease. Flux was measured as a
function of time.

Immediately following each
experiment, the membrane modules
were cleaned and then tested to
determine the effectiveness of
cleaning.

effects of temperature, ink content,
and the concentration of supple-
mental surfactant on ultrafiltration
performance. The effects were evalu-
ated in terms of permeation rates
and the ability to achieve steady-state
clarification rates. The target ranges
of the continuous variables were:

• Ink concentration, 0.1-10%
• Operating temperature, 30 -50°C
• Added surfactant, 0 - 1% (by vol-

ume)
Each experiment was conducted

at constant ink concentration, tem-
perature, surfactant concentration,
feed crossflow rate, and pressure.
The detailed procedure has been de-
scribed elsewhere (5). Permeate
flux was measured at 10-min inter-
vals for the duration of the experi-
ment, which ranged from 90 to 140
min, depending on the stability of
the flux measurements. The results
of the experiment were reduced to a
single data point, that being the aver-
age of the flux measurements taken
within the time interval 80-100 min

1. Fouling and boundary-layer resistances
obtained after clarifying dilute dispersions
of Ink I

(Fig. 1). At least two flux measure-
ments (typically three or four) were
used in obtaining this average value
of permeate flux.

An estimate of permeate flux sta-
bility was determined for each ex-
periment from the flux-vs.-time data.
This estimate was obtained by inte-
grating the permeation rate-vs.-time
data for the period from 1 to 90 min
of operation and subtracting the
steady-state permeation rate (that
measured alter 90 min of operation)
multiplied by the 89 min of opera-
tion. The resulting value is the area
under the curve of the flux-vs.-time
data minus the steady-state perme-
ation rate, as illustrated in Fig. 1. This
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3. Ultrafiltration permeation rates vs. pressure during clarifica-
tion of dilute dispersions (10.4% ink solids) of Ink 2 at 22°C and
I gal/min crossflow rate

value was divided by the  permeation
rate after 90 min of operation  to nor-
malize the stability assessment  for
differences in  pseudosteady-state
flux inherent in clarifying  disper-
sions of different composition  and
temperature. In this manner, the
flux-decay time constant was deter-
mined, with units of minutes.

RESULTS
Laboratory ultrafiltration results

Distilled deionized water was
processed through a new ultrafiltra-
tion membrane to obtain baseline
permeation rate information. Perme-
ation rates (flux) were measured as a
function of applied pressure at a se-
ries of constant temperatures  be-
tween 20°C and 50°C. Flux was di-
rectly proportional to pressure, as
predicted by the pore model of ultra-
filtration (6) based on the
Hagen-Poiseuille  equation, which
also predicts an inversely  propor-
tional relationship  between flux and
permeate viscosity:

where

flux through the membrane
surface porosity of the membrane
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4. Ultrafiltration permeation rates for a complete pressure cycle
during clarification of Ink 2 dispersion containing 0.05% ink
solids at 22°C and I gal/min crossflow rate

channel radius
transmembrane pressure
fluid viscosity
channel length

The intrinsic membrane resis-
tance Rm is the resistance to perme-
ation through the semipermeable
membrane itself (7). When process-
ing pure water, Rm is the only resis-
tance to permeation that must be
overcome by the applied pressure.
Therefore Rm can be calculated using
the relation:

The intrinsic membrane resistance
Rm at 20°C was determined to be
426 N·h/L.

During ultrafiltration, colloidal
solids are brought to the membrane
surface by convective transport as
solvent permeates through the mem-
brane, resulting in a higher local con-
centration of retained solids at the
membrane surface as compared with
the bulk suspension. This phenome-
non, known as concentration polar-
ization (8), is believed to be respon-
sible for the decrease in permeation
rate observed when processing flu-
ids containing rejected material as

compared with that of pure water.
This is the basis of the film-theory, or
gel-polarization, model of ultrafiltra-
tion.

Flexographic ink was dispersed
in water to simulate the effluent
from a wash operation used to deink
stock containing flexographic
printed ONP. Figure 2 shows perme-
ation rate data as a function of pres-
sure at 22°C and 1 gal/min crossflow
rate (average linear velocity of 1 m/s)
when clarifying dilute dispersions of
flexographic Ink 1 (ink contents
<0.4%). Approximately linear rela-
tions between permeation rate and
applied pressure were observed. Per-
meate samples were analyzed by vis-
ible-light spectrophotometry and de-
termined to be pigment free. The
introduction of ink drastically re-
duced attainable permeation rates,
with measured values ranging from
50 to 70 L/mL·h at 25 psi. It appears
that the concentration of ink had lit-
tle influence on permeation rate, as
no trend was observed between ink
content and permeate flux. The
highest permeation rates were ob-
served when clarifying the 0.195%
ink dispersion, and the lowest when
clarifying the 0.09% dispersion.



5. Ultrafiltration permeation rates for a complete pressure cycle
during clarification of Ink 2 dispersion containing 0.4% ink solids

6. Ultrafiltration permeation rates vs. pressure during clarifica-

at 22°C and I gal/min crossflow rate
tion of concentrated dispersions (20.9% ink solids) of Ink 2 at
22°C and I gal/min crossflow rate

II. Fouling and boundary-layer resistances
obtained after clarifying dilute dispersions
of  Ink 2

The slopes of the flux-vs.-pres-
sure lines in Fig. 2 range from 2.03
(for 0.09% ink) to 2.87 (for 0.195%
ink). These slope values can be inter-
preted as the overall resistance to
pressure-controlled permeation, which
would include terms associated with
the intrinsic membrane resistance
Rm and resistances caused by the
concentration boundary layer R b l

and membrane fouling Rf (7). The
fact that the overall resistance to per-
meation did not follow a trend with
increasing ink content indicates that
the contribution of the boundary
layer to overall permeation resis-
tance was minimal. Therefore, the
predominant resistance must have
been the result of membrane foul-
ing. This was confirmed by measur-
ing water flux after cleaning the
membrane at the conclusion of each
clarification experiment. Prior to the
introduction of ink, the water flux
was measured at 404.1 L/m2·h. After
the first clarification run (with 0.05%
ink), the water flux had decreased to
89.8 L/m2·h (measured at 25 psi and
25°C). From these data, the perme-
ation resistance resulting from mem-
brane fouling Rf was calculated
based on the relation:

Because Rb l = 0 for water, this re-
duces to

The fouling resistance Rf was was de-
termined to be 1734 N·h/L.

The boundary-layer resistance
can now be calculated. Since the
overall resistance to permeation
now includes all three contributions,
the following relation can be used:

The boundary-layer resistance of
the 0.05% bulk ink dispersion at the
experimental conditions was deter-

III. Fouling, boundary-layer, and gel-layer
resistances after clarifying concentrated
dispersions of Ink 2

mined to be 677 N·h/L. Similar de-
terminations of permeation resis-
tance were made for the other dilute
ink dispersions. The results in Table I
indicate that membrane fouling was
the major resistance to permeate
flux in all cases. However, when the
ink concentration approached 0.4%,
the data suggest that the fouling re-
sistance began to decrease and the
boundary-layer resistance became
more significant in determining per-
meate flux.

Clarification of dilute dispersions
of Ink 2 showed similar flux-vs.-pres-
sure relationships, as seen in Fig. 3.
However deviation from linearity
was observed as the applied pres-
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7. Water flux through the membrane after clarifying various flexographic ink dispersions (* denotes after extended soaking)

sure was increased. The deviation
from linearity could be the result of
increases in (a) the fouling resistance
with time of operation or (b) the
concentration-boundary-layer resis-
tance as the applied pressure was in-
creased.

The film theory of ultrafiltration
predicts an increase in the resistance
of the concentration boundary layer
at higher levels of applied pressure
in response to increases in the
boundary-layer thickness and in the
concentration gradient that occur at
higher permeation rates (9). How-
ever this effect should be reversed
upon subsequent pressure reduc-
tion. The hysteresis patterns ob-
served during clarification of the
0.05% ink dispersion under both in-
creasing and decreasing pressure are
shown in Fig. 4. Examination of
these patterns could lead one to dis-
count the possibility of increasing
concentration-boundary-layer resis-
tance as an explanation for the devi-
ation from linearity during the in-
creasing-pressure cycle. The linear
relation between permeate flux and
pressure while decreasing the ap-
plied pressure indicates a constant
permeation resistance, independent
of pressure. A more plausible expla-

nation for the departure from linear-
ity with increasing pressure could be
made based on the occurrence of
membrane fouling resulting from
clarification of this dispersion, with
the fouling resistance increasing as
the experiment proceeded. Indeed,
the fouling resistance should be in-
dependent of pressure but depen-
dent on time of operation. As with
the dilute dispersions of Ink 1, clari-
fying dilute Ink 2 dispersions did re-
sult in decreased water-flux values.
The water flux decreased from 415
L/m2·h to 111 L/m2·h after clarifying
the 0.05% dispersion, indicating foul-
ing of the membrane. However, the
situation appears to be more compli-
cated. Figure 5 shows the hysteresis
patterns for the 0.41% ink disper-
sion. In this case, examination of the
increasing- and decreasing-pressure
cycles leads to a different conclu-
sion. The level of hysteresis de-
creased as pressure was lowered
below 15 psi, indicating that perme-
ation resistance decreased. This
lends credibility to the theory that
departure from linearity during the
increasing-pressure cycle was due to
increases in the boundary-layer resis-
tance to permeation. In actuality,
both fouling and increased bound-

ary-layer resistance probably occur
when clarifying these dilute ink dis-
persions. Moreover, it appears that
the fouling resistance is predomi-
nant when clarifying the more dilute
dispersions, with boundary-layer re-
sistance becoming more significant
at higher ink concentrations.

The amount of permeation resis-
tance attributable to fouling and to
the boundary layer was calculated
for Ink 2 dispersions at different
concentrations. The results, listed in
Table II, verify the supposition that
membrane fouling occurred to a
greater extent when clarifying very
dilute ink dispersions, with concen-
tration-polarization boundary-layer
resistance becoming more influen-
tial as the bulk ink concentration in-
creased.

There were two distinct operat-
ing regions observed when clarify-
ing dispersions containing 0.9% ink
or more. Permeation rates increased
proportionally with the applied pres-
sure at low pressures and became
pressure independent as the applied
pressure was increased above a cer-
tain critical level, as seen in Fig. 6.
There are two theories commonly
used to explain this pressure-inde-
pendent ultrafiltration phenomenon.
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10. Permeation rate vs. ink content and temperature with no
supplemental surfactant

higher water-flux values regardless of the condition of
the membrane prior to the experiment.

Membrane fouling resistances resulting from clarifica-
tion of flexographic ink dispersions at 20-22°C were cal-
culated. Figure 8 is a plot of the fouling resistances vs. ink
concentration. From these results, it can be seen that clar-
ifying dispersions containing approximately 0.5% ink or
more resulted in very low values for fouling resistance,
whereas fouling resistance increased exponentially after
clarifying lower-concentration ink dispersions. The
binder resin concentration of a 0.5% ink dispersion is
about 0.09% by weight, or 1.8 × 10-5 mole/L based on an
average molecular weight of 50,000 for the binder resin
(12). The present results indicate that binder resin con-
centrations lower than 1.8 × 10-5 mole/L are insufficient
to prevent interaction between the carbon-black pig-
ment particles and the nonpolar polysulfone membrane,
which presumably leads to membrane fouling.

Figure 9 shows a plot of fouling resistance vs. tem-
perature, calculated from the results of elevated-tempera-
ture experiments. Because the polyacrylic binder resin is
ionized at alkaline conditions, its solubility–and thus its
tendency to become desorbed from the pigment parti-
cles-increases at elevated temperature (13). The binder
resin concentration of a 0.2% ink dispersion is approxi-
mately 7.2 × 10-6 mole/L. The data in Fig. 9 show that very
little fouling resulted from clarifying the 0.2% ink disper-
sion at 20°C. However, the fouling resistance increased
exponentially as the temperature was raised. The interac-
tion between temperature and ink concentration in de-
termining the extent of membrane fouling most likely re-
flects the temperature-dependent solubility of the binder
resin. Therefore, when clarifying dilute ink dispersions
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11. Permeation rate vs. ink content and temperature with 0.5%
supplemental surfactant

(with low binder resin concentration), increasing the
temperature leads to particle-membrane interactions
that foul the membrane.

Modeled characterization of
ultrafiltration

Results from this experimental sequence were used to
develop polynomial relations capable of predicting per-
meate flux and stability as a function of the design vari-
ables (temperature, ink concentration, and concentra-
tion of surface-active materials). Ink concentration was
transformed to a log scale because previous results have
shown the relationship between flux and ink concentra-
tion to be logarithmic (14). It should be noted that this
model is empirical in nature. The data were fit to a poly-
nomial model based on ease of modeling rather than on
theoretical considerations. Therefore, the predictive re-
sults of the model should be viewed as qualitative de-
scriptions of the influence of the design variables on ul-
trafiltration performance.

As expected, the concentration of ink in the disper-
sion being clarified had a controlling influence on per-
meate flux. An approximate logarithmic relation was ob-
served between ink content and flux when clarifying
dispersions containing between about 0.3% and 10%
ink, as seen in Fig. 10. At lower ink concentrations, per-
meate flux was predicted to be relatively independent of
ink content. Raising the temperature (from 30°C to
50°C) increased permeate flux when clarifying disper-
sions containing 1% to 10% ink and decreased permeate
flux when clarifying dispersions containing less than
about 0.8% ink.



12. Permeation rate vs. ink content and temperature with 1%
supplemental surfactant

The temperature dependence of permeate flux was
similar at all concentrations of supplemental surfactant
between zero and 1% by volume (Figs. 10-12). However
at any given temperature, the maximum permeate flux
was predicted when the feed contains 0.5% supplemen-
tal surfactant. Increasing the surfactant concentration to
1% decreased predicted permeation rates to levels only
slightly higher than those predicted for dispersions con-
taining no supplemental surfactant. The model predicts
that, at any ink concentration, the maximum permeate
flux was attained at approximately 40°C and 0.55%
surfactant.

The least-stable permeation rates were predicted
when clarifying dilute inks, especially when operating at
elevated temperatures with no addition of supplemental
surfactant, as seen in Fig. 13. At 30°C, the model pre-
dicted a minimum in the flux-decay time constant at an
ink concentration of 2%. The ink concentration at which
the most stable permeation rates were achieved in-
creased logarithmically to 4.5% ink as the temperature
was raised to 50°C. In general, the most stable operation
was observed at high ink concentration and low temper-
ature. The flux-decay time constant increased almost lin-
early with temperature, and the effect of temperature
was greater when clarifying dispersions with high ink
concentrations. Because the flux-decay time constant is a
measure of (a) the time required to achieve pseu-
dosteady-state permeate flux and (b) the rate of change
in flux during this time period, these results indicate that
clarifying dilute ink dispersions at elevated temperature
leads to unstable permeation rates.

Increasing the surfactant concentration to 0.5% en-
hanced permeation rate stability by decreasing the flux-
decay time constant at all ink concentrations and tem-

13. Flux-decay time constant vs. ink content and temperature
with no supplemental surfactant

peratures, as seen in Fig. 14. The effect of surfactant was
most pronounced when clarifying dilute ink dispersions
at 50°C. Increasing the concentration of supplemental
surfactant to 1% served to further decrease the flux-
decay time constant when clarifying dilute inks at high
temperature and to increase slightly the time constant
when clarifying high-concentration ink dispersions at
high temperature, as seen in Fig. 15.

These results show that permeate flux was less sta-
ble with time (i.e., it displayed more decay) when clari-
fying dilute ink dispersions than when clarifying con-
centrated dispersions. Figure 16 shows the predicted
effect of surfactant addition and temperature on the
flux-decay time constant when clarifying a 0.1% ink dis-
persion. This graph shows the interaction between tem-
perature and surfactant content and its effect on perme-
ation rate stability. The model demonstrates that stability
can be enhanced by operating at low temperature or
high surfactant concentration. The decrease in perme-
ation rate with time when clarifying dilute ink disper-
sions (as reflected in high time-constant values) can be
explained by the relatively low concentration of binder
resin in the 0.1% ink dispersion, combined with in-
creased solubility of the resin at high temperature, lead-
ing to a low level of adsorption on the pigment particles.
Without the electrostatic and steric stabilization of the
pigment dispersion by adsorbed binder resin, there was
a higher tendency for particle-membrane interactions,
which leads to membrane fouling and thus to low per-
meate flux stability.

Increasing the temperature increased the permeate
flux at all ink concentrations except for the most dilute.
The high values of the flux-decay time constant pre-
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14. Flux-decay time constant vs. ink content and temperature
with 0.5% supplemental surfactant

dicted when operating at these conditions indicate that a
higher fraction of the pores became plugged.

Increasing the surfactant concentration in the feed
promoted permeation rate stability when clarifying di-
lute ink dispersions. This was most likely due to surfac-
tant-induced stabilization of the small pigment particles,
thus decreasing the degree of interaction between parti-
cles and the membrane pores. Surfactant addition also in-
creased permeation rates at low temperatures, probably
because of the same stabilizing effect. Although surfac-
tant addition appears to enhance stability at all tempera-
tures, it can lead to depressed permeation rates at ele-
vated temperatures, especially when clarifying
concentrated ink dispersions. The decreased permeation
rates cannot be explained by the presence of large con-
centrations of dissolved surfactant, whose molecular size
would be much too small to result in retention. However,
if the surfactant concentration is increased above a criti-
cal concentration, aggregates or micelles may be formed,
which would result in the surfactant being rejected by
the membrane and potentially contributing to the per-
meation resistance of the concentration boundary layer
and gel layer, leading to low permeation rates.

The concentration at which surfactant molecules ag-
gregate into micelles is called the critical micelle con-
centration (c.m.c.) (15). The critical micelle concentra-
tion is specific to each surfactant, and in general the
c.m.c. of nonionic surfactants is approximately two or-
ders of magnitude lower than that of anionic surfactants
(16). The c.m.c. of anionic surfactants typically increases
with temperatures above 25°C, whereas the c.m.c. of
nonionic surfactants decreases with increasing tempera-
ture (13, 17). The presence of nonionic surfactants in
surfactant mixtures leads to incorporation of anionic sur-
factant into mixed micelles at concentrations much
lower than the c.m.c. of the pure anionic surfactant (17).

15. Flux-decay time constant vs. ink content and temperature
with I % supplemental surfactant

The effect of surfactant micelle formation on permeate
flux is demonstrated in Fig. 17, which shows the reduc-
tion in distilled-water flux when surfactant is added in
concentrations higher than its c.m.c. Addition of 0.1%
surfactant had virtually no effect on permeate flux be-
cause the surfactant was dissolved and readily passed
through the membrane. However, addition of 1% surfac-
tant caused the flux to drop to about one-sixth of the
value obtained with pure water, resulting in the onset of
pressure-independent ultrafiltration. The surfactant mi-
celles were brought to the membrane surface by con-
vective transport, but were too large to pass through the
membrane. The consequent concentration-polarization
effects reduced the permeate flux.

Interpretation of the given results is complicated by
the variety of surface-active materials present in the flex-
ographic ink dispersions that served as feed materials.
However, the observed effect of temperature-surfactant-
concentration interaction on permeate flux could re-
flect the temperature dependence of the c.m.c. for the
anionic and nonionic surfactant mixture added. At 50°C,
increasing the surfactant concentration could result in
micelle formation and reduction of permeation rates. At
30°C, the added surfactant could have a more beneficial
effect on dispersion stabilization, leading to higher per-
meation rates. The observation that surfactant addition is
more detrimental to elevated-temperature clarification of
concentrated ink dispersions than dilute inks also indi-
cates that micelle formation could be the cause of this ef-
fect, since concentrated ink dispersions have an inher-
ently higher concentration of surface-active materials.

CONCLUSIONS
When clarifying dilute flexographic ink dispersions
(ink content <0.4%), linear relationships were observed
for ultrafiltration permeate flux vs. pressure, as predicted
by the pore model. Permeate flux was relatively
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16. Flux-decay time constant vs. supplemental surfactant con-
centration and temperature for ultrafiltration of 0.1 % ink
dispersion

independent of ink content when clarifying dilute dis-
persions. The major resistance to permeation was mem-
brane fouling, the result of inadequate surfactant concen-
trations. When clarifying more concentrated dispersions
(ink content >0.4%), permeate flux was limited by the
combined resistances of the concentration-polarization
boundary layer and the gel layer. Permeation rate became
independent of pressure between 15 and 20 psi when
clarifying these dispersions. It was shown that the phe-
nomenon of pressure-independent permeate flux was
due to mass-transfer limitations, as described by the con-
centration-polarization model, rather than to osmotic-pres-
sure limitations. No appreciable membrane fouling oc-
curred when clarifying concentrated flexographic ink
dispersions, since these contained higher concentrations
of surface-active materials.

The experimental results were used to develop em-
pirical polynomial relations that provide qualitative pre-
dictions of permeate flux and stability as functions of
temperature, ink content, and supplemental surfactant
concentration. Permeate flux demonstrated a logarith-
mic dependence on ink content at concentrations above
approximately 0.5% ink, with a lesser dependence when
clarifying more dilute dispersions. It was demonstrated
that the effects of temperature, ink content, and surfac-
tant concentration on permeation rate and flux stability
are interdependent. The effect of temperature is twofold.
Elevated temperature can increase permeation rates be-
cause of reduced fluid viscosity. However, when clarify-
ing dilute inks-where the concentration of surface-ac-
tive materials is low-elevated temperature can lead to
extensive membrane fouling and thus low permeation
rates and unstable permeate flux. Conversely, operation

17. Effect of surfactant concentration on ultrafiltration flux for
distilled water

at elevated temperature can reduce permeation rates in
dispersions containing high levels of supplemental sur-
factant, presumably by promoting formation of surfac-
tant micelles that contribute to the concentration-polar-
ization limitations.

Addition of supplemental surfactant to dilute ink dis-
persions increased the permeation rate and enhanced
permeate flux stability. Adsorption of surfactant onto the
individual pigment particles stabilizes the electrostatic
and steric properties of the dispersion, thus reducing the
occurrence of the particle-particle and particle-mem-
brane interactions that lead to membrane fouling.
Adding surfactant to highly concentrated ink dispersions
did not significantly affect flux stability, but it decreased
permeate flux, especially at elevated temperature, be-
cause of the onset of surfactant micelle formation.

The results of this study demonstrate that ultrafiltra-
tion can be used to clarify ONP wash filtrates that con-
tain water-based flexographic inks. Stable clarification of
flexographic pigment dispersions can be achieved by
controlling the surfactant concentration of the feed.
However, there are a number of practical questions to be
addressed prior to industrial scale up. For example, the
membrane area required to treat a given effluent is de-
pendent upon the number of stages and the desired per-
cent recovery of the effluent. The percent recovery of
clean water is limited only by the maximum solids con-
tent of the feed stream that can be handled by the mem-
brane process. (Approximately 25% solids by weight
was achieved at Auburn University using hollow-fiber ul-
trafiltration membranes.) At present, the most appropri-
ate disposal route for rejects would be combination with
the mill effluent prior to primary treatment. TJ
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