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Abstract

Many ultrafiltration-related studies have emphasized fouling mechanisms, but few works have been done on
resistance modeling. This study investigated the temporal variation of different resistances including membrane
intrinsic resistance, fouling resistance, and concentration polarization resistance, based on a well established resistance-
in-series model. The various resistances were determined at an early stage of ultrafiltration operation. During the initial
operation period, the total filtration resistance for ultrafiltration of humic substance solution ranged from 1.9x10°to
2.2x10°Pa-s/m. The principal resistance of ultrafiltration is from intrinsic membrane resistance, accounting for more

than half of the total resistance (56-85%).
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1. Introduction

It is well understood that the presence of dis-
solved organic carbon (DOC) in source water
causes a significant flux decline during ultrafil-
tration (UF) operation. For example, protein
fouling is assumed to occur first by blocking
pores, and then forming a cake over the blocked
areas of the membrane [1,2]. Many resistance

*Corresponding author.

models have been developed to elucidate the
possible role of various parameters affecting flux
decline, including a blocking model for dead-end
flow, a mass transfer model and a resistance-in-
series model for a cross-flow module [3-8]. The
blocking model is primary used for describing the
pore blockage phenomenon, but it may not eluci-
date concentration polarization, gel layer forma-
tion and internal adsorption; all these factors
contribute to membrane fouling. In the diffusion
model, the process of organic compound adsorp-
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tion on a membrane surface is treated as diffusion
from a stationary liquid phase to a flat and non-
porous surface. The resistance-in-series model
describes fouling due to the deposition of organic
mass on membrane surfaces (analogous to cake
resistance). Three types of resistance — intrinsic
membrane, fouling, and gel layer — were con-
sidered in series in exerting resistance on water
filtration. The accumulation of organic mass with
time results in increases in membrane resistance
and decreases in permeate flux. Basically, the
permeate flux is proportional to pressure gradient
and reciprocal of the resistances.

In general, the type of feed as well as its con-
centration, transmembrane pressure, membrane
properties, and flow rate all affect membrane
resistances [4,6]. Cho et al. [9] compared three
membranes [thin-film composite, polyether-
sulfone (PES), and sulfonated PES] in terms of
their characteristics of flux decline and rejection
of natural organic matter (NOM). These mem-
branes exhibited similar flux decline character-
istics when filtering a relatively hydrophilic
NOM-source water. The thin-film composite
membrane, however, has greater NOM rejection
than the other membranes when filtering the
hydrophilic NOM-source water, while all the
membranes have similar NOM rejection with the
hydrophobic NOM-source water. Tansel et al. [8]
developed a model to characterize the evolution
of flux explicitly as a function of time in a cross-
flow UF membrane. To correlate flux decline and
DOC properties, Cho et al. [10] incorporated
specific UV absorbance, water permeability, and
mass transfer coefficient into a simple flux
decline equation and resistance model.

Many flux decline models were developed
using synthetic compounds but not the well char-
acterized, isolated DOC. Since the nature of DOC
varies from source to source, it is imperative to
investigate various UF resistances with a well
characterized DOC. Therefore, in this work a
previously developed resistance-in-series model

was applied to UF of humic substances. In par-
ticular, the temporal evolution of UF resistances
in an early operational stage was monitored. The
resistances include intrinsic membrane resistance,
fouling resistance and gel layer resistance. In this
work, the experiments were catried out using a
constant feed concentration of humic acid so that
the possible biased gel layer resistances obtained
using recirculation of concentrated retentate could
be avoided.

2. Materials, methods and model
2.1. Materials and methods

The stock humic acid solution was prepared
by dissolving 1 g of Aldrich humic acid (sodium
salt) in 1 L deionized water (Milli-Q), and fil-
tering through a 0.45-pm membrane filter. The
feed solutions (up to 9 mg DOC/L) were supple-
mented with NaCl to maintain conductivity near
300 pmho/cm and adjusted pH to 7 with 1 N
NaOH. The stock humic acid solution and feed
solutions were stored at 4°C for subsequent UF
experiments.

A single hollow-fiber module (hydrophobic
with negatively charged polysulfone; A/G Tech-
nology) was used with a length of 29 ¢cm and an
area of approximately 9 cm’. Three types of UF
membranes were used, with a nominal molecular
weight cutoff (MWC) of 1 kDa, 10 kDa, and
30 kDa. The cross-flow mode was operated in the
UF system without recirculating the concentrated
stream to avoid changes in feed solution com-
position. The transmembrane pressure was con-
trolled at three different levels: near 70 kPa
(10 psi), 105 kPa (15 psi) and 140 kPa (20 psi).
The hollow fiber was initially pre-washed with
alcohol for 5 min and then flushed with Milli-Q
water for 8 h before the designated experiments.
Throughout the experiments (7 = 25°C), trans-
membrane pressure was maintained and permeate
flux was monitored. DOC concentration of feed
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solution for each experiment was quantified in an
organic carbon analyzer (QI model 700).

2.2. Model

A resistance-in-series model originated from
the hydraulic gradient theorem, which stipulates
that the energy loss to maintain a constant fluid
velocity is due to the friction on porous media as

[4]:
T P
J = = - )
Ry+R,+R; Ry,+R.+®P,

where J is permeate flux (m*/m?s), P, the trans-
membrane pressure (Pa), R,, membrane intrinsic
resistance (Pa-s/m), R fouling resistance (Pa-s/m)
due to the interaction between DOC and inner
membrane material, and R the gel layer/con-
centration polarization resistance (Pa-s/m). R; is
considered to be proportional to the mass of DOC
deposited and the specific resistance of the gel
layer. As the gel layer is compressed, the
resistance tends to increase with applied pressure
[11]. Therefore, R is expressed as a function of
transmembrane pressure with R; = ®P,, where ®
is dependent on the specific membrane system
and can be determined from experimental data

[6].

2.3. Determination of P; R,;, Rp, and @
The transmembrane pressure is calculated by
Eq. (2):

P,+P,
Pp=—-2-P, Q)

where P, P,, and P, are UF inlet, outlet, and
atmospheric pressure, respectively. The R,, is
determined in a deionized water UF system with
a fresh hollow-fiber module as:

P
J=_T
' )

By varying transmembrane pressure and plot-
ting (1/J) vs. (1/P;), the slope of the straight line
yields the R,,. To determine R and ®, the flux as
a function of transmembrane pressure and feed
DOC concentration was monitored. The plots
of (1/J), vs. (1/P;) were constructed, and the
slope and the intercept yield R,, + R, and ®,
respectively.

_1_ :(I)+_Ril:£f (4)
Jt PT

Ry is then obtained by subtracting the R,, value
[Eq. (3)] from R, + R [Eq. (4)], and R is equal
to @ times P It is important to note that the
resistances are dynamic variables except for the
intrinsic membrane resistance. They are con-
tinuously changing until a particular UF system
reaches the equilibrium state.

3. Results and discussion

Table 1 lists the permeate flux of the UF
experiments under various humic acid concen-
trations, transmembrane pressures and membrane
sizes. The UF permeate flux depends largely on
membrane MWC and transmembrane pressure.
For example, the system with a 1 kDa membrane
at DOC = 4 mg/L solution exhibits a permeate
flux of about 8x107® m*/m%s at 70 kPa (P10); it
increases to 13x10°° m*/m?/s at 140 kPa (P20). As
the MWC increases from 1 kDa to 30 kDa, the
permeate fluxes significantly increase to 48x
107 m*m?s at 70 kPa and 80x10°® m*/m¥s at
140 kPa.

The effect of DOC concentration on UF
permeate flux can also be seen in Table 1. It
appears that the initial fluxes of UF membrane at
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Table 1
Permeate flux of UF systems at 107® m’/m?/s

DOC, mg/L 1 kDa 10 kDa 30kDa
P10 P15 P20 P10 P15 P20 P10 P15 P20
2:
Initial flux 312 493 62.4
24-h flux 24.7(79) 32.6 (66) 39.1(63)
4:
Initial flux 7.5 10.5 133 344 52.1 59.6 47.5 62.4 79.6
24-h flux 6.9(91) 8.4(80) 11.4(86) 242(70) 32.6(63) 37.2(63) 30.5(64) 39.1(63) 46.5(58)
9:
Initial flux 28.4 442 58.6
24-hr flux 20.7 (73) 30.7(69) 39.1(67)

Notes: P10, P15 and P20 represent transmembrane pressure 70 kPa, 105 kPa, and 140 kPa, respectively.
Numbers in parentheses represent the percentage of the initial flux.

the same transmembrane pressure with three dif-
ferent DOC concentrations are quite close (e.g.,
59-62x10"® m*/m%s at 140 kPa), indicating an
insignificant role of DOC concentration on
permeate flux. This may indicate a pore plugging
phenomenon. It was further noted that the flux
decline of the three DOC concentrations was
similar to other UF systems after 24 h (e.g.,
63-69% of the initial flux at 105 kPa). However,
the finding of the insignificant role of the feed
DOC concentration on flux decline may not be
applicable to other systems with higher DOC
concentrations, or after a prolonged period of UF
operation.

The R,, values as a function of transmembrane
pressure were determined by using Eq. (3), and
the values obtained are 9.5%10°,2.0x10% and 1.4x
10° Pa's/m for 1, 10, and 30 kDa, respectively.
Since operating conditions as well as the type of
membrane used are different among studies, the
comparison of these intrinsic resistance values
must be made with care. Nonetheless, these
values are close to the literature numbers, e.g.,
1-2x10° Pa-s/m for a polysulfone membrane with
30 kDa [12].

As stated previously, the permeate flux of a
specific system was measured as a function of
time at three different transmembrane pressures.
The reciprocal plots of permeate fluxes vs. trans-
membrane pressures yield a good correlation
(R*>>0.97) for those data at <660 min. Conse-
quently, the subsequent discussion is limited to
UF operation up to ¢ = 660 min, representing the
evolution of membrane resistance in an earlier UF
operational stage. Fig. 1 shows the time evolution
of @ values as a function of membrane size
(Fig. 1a) and feed DOC concentration (Fig. 1b).
Clearly, the @ values, representing the resistance
due to concentration polarization and gel layer,
increase with time. As would be expected, the
highest ® value (8.6x10° s/m) after 660 min is
associated with the smallest membrane size
(1 kDa).

The effect of DOC concentration on ® can be
envisioned as three stages corresponding to a fast
interaction, slow association and equilibrium
state. The near pseudo-“maximum” state is
reached in about 200 min in most cases. Indeed,
the time-dependent ® profiles are similar to
adsorption isotherms; typically a “plateau” is
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Fig. 1. Evolution of @ as a function of time in UF
systems. (a) 4 mg DOC/L. humic acid; (b) 10 kDa

membrane.

reached, indicating a maximum or saturation
capacity of membrane for DOC. The build-up of
concentration polarization and gel layer is
analogous to the formation of a sorption layer on
the inner membrane surface.

For comparison, the ® values from related
studies range from 2.2x10* to 3.5%10° s/m [4,6,
12]. The reason for the smaller ® numbers
observed in the present study is, among others
(e.g., experimental conditions), mainly due to the
earlier stage of UF operation (up to 660 min).
Yeh and Wu [6] have expressed @ as a function
of fluid tangential velocity (to the power of
-0.77) and the feed (polyvinylpyrrolidone) con-
centration (to the power of 0.3). The gel-layer-
related R; can be further classified into reversible
and semi-reversible polarized layers [12].

The temporal changes of R, as a function of
membrane MWC and DOC concentration are
presented in Fig. 2a and 2b, respectively. The R,
values increase with time and reache a plateau
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Fig. 2. Fouling resistance (R;) as a function of time in

UF systems. (a) 4 mg DOC/L humic acid; (b) 10 kDa
membrane.

state quickly, indicating a fast build-up of foulant.
The development of R with time is more evident
for a membrane with a smaller pore size (1 kDa),
albeit with little variation. For example, R ranges
from 5.7x10% to 1x10° and 2.3x10® to 3.9x10®
Pa's/m, for 1 kDa and 30 kDa membrane systems,
respectively. It is noted that DOC concentration
plays an insignificant role on R, (Fig. 2b); at ¢ =
660 min, the Ry value is similar for all three
concentrations. This is understandable as the
reaction of foulants with the membrane surface is
limited to the surface-reacting sites. Once the
sites are saturated with foulants resulting in pore
blocking, R.becomes a constant value, regardless
of the feed solute concentration.

The ratios of R/R,, are 29, 20 and 11% for 30,
10, and 1 kDa, respectively, at ¢ = 660 min
(Fig. 3). Clearly, the ratio is higher for a loose
membrane than that for a tight one. Table 2 sum-
marizes the proportions of various resistances in
the UF systems based the flux data up to ¢ =
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Fig. 3. R./R,, as function of a time in the UF system
with 4 mg DOC/L humic acid.

660 min. Clearly, the principal resistance during
filtration is from R,,, accounting for more than
half of the total resistance (56—-85%). The varia-
tion in different resistances is mainly due to the
difference in membrane size and, to a lesser
extent, pressure; concentration exerts the least
impact. For example, the percentage of various
resistances for the 10 kDa membrane with three
different DOC concentrations is comparable (e.g.,
71-75% for R,, and 13-15% for R, at 70 kPa). A
loose membrane (30 kDa) is more vulnerable to
the accumulation of foulants and gel layer
formation than the tight membrane. For instance,
when comparing the resistance at the same DOC
concentration (4 mg/L) and transmembrane pres-
sure (P15, 105 kPa), the R, value increased from
9% for the 1 kDa membrane to 17% for the
30 kDa fiber. The exact reasons(s) is unclear;
perhaps, the DOC is more likely to penetrate into
the inner pores, and the resultant deposit/associate
at the deeper layers may be responsible for a
higher resistance.

The temporal evolution of UF membrane
resistance determined in this study is limited to a
narrow time frame. Thus, it may explain that our
finding — R,, is the principal resistance — is not
comparable with those reported by others [4,12,
13]. For example, Jiraratananon and Chanachai
[12], in a study of passion fruit juice, indicated
that UF (polysulfone with 30 kDa) resistance was

most due to polarized gel layer (49-84%) at
temperatures of 30 to 40°C, and due to a foulant
layer (56-62%) at a higher temperature (50°C).
Nonetheless, Fan et al. [14] reported that the
irreversible resistance caused by NOM in a
microfiltration membrane accounted for only
4-11% of the total resistance. Although the flux
data monitored in this work are approximately
60% of the initial values, which are far below
those (say 5%) reported by others, the results do
provide valuable information about the evolution
of UF resistance in an early stage of UF opera-
tion. After all, these resistances eventually deter-
mine the latter stage of UF operation with respect
to flux and membrane fouling.

4. Conclusions

The total filtration resistance during the initial
stage for UF humic substance solution ranges
from 1.9x10° to 12.2x10° Pa's/m under the
present experimental conditions. The intrinsic
membrane resistances of 1 kDa, 10 kDa, and
30 kDa polysulfone membranes were determined
to be 9.5x10°, 2.0x10°, and 1.4x10° Pa-s/m, re-
spectively, based on the resistance-in-series
model. The resistance is mainly dependent on the
membrane MWC size used and, to a lesser extent,
operating transmembrane pressure the concen-
tration of the feed solution. The principal UF
resistance during the initial operating stage is
from intrinsic membrane resistance, accounting
for more than half of the total resistance
(56-85%). Again, the variation is primarily due
to the difference in membrane size.
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