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AbstractÐThe role of humic substances in general and di�erent molecular weight fractions of humic
substances in particular on the membrane performance in terms of quality (chlorination byproducts)
and quantity (permeate ¯ux) is unclear. One of the goals of the present study is to evaluate the e�ect of
fractionated humic substances on the ultra®ltration (UF) performance. A commercial humic solution
was subject to gel ®ltration chromatography, and the resultant four fractions representing the apparent
molecular weight (AMW) from 180 to 22,600 Daltons (Da) were ®ltered through a single module UF
system, with a molecular weight cuto� 100 kDa. The fraction with the largest AMW (6.5±22.6 kDa)
exhibits the worst ¯ux decline with the best permeate quality, whereas the smallest AMW fraction
(160±650 Da) exerts little e�ect on ¯ux decline. Although the UF system is able to remove a signi®cant
portion of THMFP (trihalomethanes formation potential) in larger AMW fractions, the permeate
THM in terms of mg THMs/mg carbon is still high. Thus, UF systems are not e�ective in removing dis-
infection-byproducts. The use of powdered activated carbon (PAC) for pretreatment of humic sub-
stances, or in combination with di�erent UF operating systems, to reduce membrane fouling actually
yields adverse e�ects. The PAC was ine�ective in removing those AMW fractions less than 300 or
greater than 17,000 Da; the higher the PAC dosage, the more removal in the middle range of thee
AMW factions. The ¯ux decline for PAC-treated streams is worse than the original humic substances.
Similarly, the combined UF-PAC system signi®cantly decreases the ¯ux. # 1999 Elsevier Science Ltd.
All rights reserved

Key wordsÐultra®ltration, humic acids, apparent molecular weight, activated carbon, ¯ux, membrane
fouling

INTRODUCTION

The use of low pressure membrane process has

received considerable attention lately in the water

utility industry to meet the stringent drinking water

standards, speci®cally for removing natural organic

matter (NOM) in general and minimizing disinfec-

tion-by-products (DBPs) in particular. The recent

1996 Safe Drinking Water Act of the U.S.A.

requires that the U.S. EPA promulgates Stage I

Disinfectant-Disinfection By-products Rule by

November 1998, and Stage II Rule by May 2002

(Pontius, 1997) for total trihalomethanes (TTHMs)

and total haloacetic acids (THHAs). Currently, the

maximum contaminant level (MCL) for TTHMs is

100 mg/l, and Stage 1 Rule proposes the MCLs for

four THMs (chloroform, bromodichlomethane,

chlorobromomethane and bromoform) and ®ve

HAAs (monochloroacetic acid, monobromoacetic

acid, dichloroacetic acid, trichloroacetic acid and

dibromoacetic acid) at 80 and 60 mg/l, respectively

(Pontius, 1995). It is expected that Stage 2 Rule will

further reduce the MCLs to 40 and 30 mg/l, respect-
ively, for TTHMs and THAAs.

Simplicity of operation, development of higher

¯ux membranes with low fouling potentials and

lower membrane costs have contributed to its world

wide applications in small systems (Adham et al.,

1996). In fact, membrane processes showed compar-

able or lower costs compared with conventional

treatment for small systems of <20,000 m3/d, or

5 mg d (Wiesner et al., 1994; Jacangelo et al., 1995).

Unfortunately, membrane processes are still not

widely recognized as a popular alternative to other

processes, partly due to lack of understanding of

some process fundamentals, including factors a�ect-

ing permeate ¯ux and membrane fouling, as well as

permeate quality in terms of regrowth potential and

DBP formation potential.

Recently, many studies have been performed on

membrane system in general and ultra®ltration

(UF) in particular. The latter includes modeling UF

performance (Adham et al., 1993; Jones et al.,

1993), assessing UF for particulate removal

(Jacangelo et al., 1989) and for DBP control (Laine
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et al., 1993), cost analysis (Adham et al., 1996),

e�ect of membrane type (Laine et al., 1989;
Nakatsuka et al., 1996) and membrane integrity
(Adham et al., 1995), combined powdered activated

carbon (PAC)-UF system for organic removal
(Adham et al., 1991, 1993) and DBP control
(Jacangelo et al., 1995), iron oxide-UF system for

NOM removal (Chang and Benjamin, 1996), as a
pretreatment unit for subsequent nano®ltration

(NF) process (Chellam et al., 1997), mass transport
mechanisms (Lee and Clark, 1997) and UF for
europium removal (Norton et al., 1997). Typically,

UF employs a low pressure system (40±1000 kPa),
has a relatively large pore size (0.001±0.1 mm) and a
higher MWCO (molecular weight cuto�) of

100 kDa; hence, UF yields higher permeate ¯ux and
saves signi®cant operating costs, as compared to
reverse osmosis systems (Laine et al., 1989).

General consensuses about the UF system are that
it is e�ective in reducing turbidity, particulates, sus-

pended solids and total coliforms as well as HPC
(hetrotrophic plate count) bacteria (Jacangelo et al.,
1989).

Typically, the capability of UF in removing
NOM depends on the type as well as the MWCO

of the membrane used, physical and chemical
nature of NOM, interaction between NOM and
membrane surface and UF operating conditions.

Because of relatively higher MWCO, the UF system
may not be e�ective for removal of DBP precursors
(Laine et al., 1989; Jacangelo et al., 1995). For

example, Laine et al. (1993) evaluated the capability
of UF (MWCO 100 kD) for removal of DBP pre-
cursors with two California surface waters and the

third one from Ottawa, Ont. Their results indicated
that UF was ine�ective for controlling the for-

mation of DBPs, whereas NF with an MWCO of
400±800 Da e�ectively controlled DBP formation
(Fu et al., 1994; Agbekodo et al., 1996).

There is limited information on the e�ect of mol-
ecular weight (MW) of humic substances on UF
performance, although some MW studies of humic

substances have been conducted on NF permeate
¯ux (e.g., Nilson and DiGiano, 1996). Thus, the

extent of the di�erent MW constituents of humic
substances on UF permeate decline is unclear. One
would imagine that the larger MW fractions of

humic substances would signi®cantly a�ect perme-
ate decline. What is the role of smaller MW frac-
tions in membrane fouling? These molecules are

supposedly passing through the membrane and
should play a minor role in membrane fouling.

To enhance organic removal and to reduce mem-
brane fouling causing by potential hydrophobic
substances, the use of PAC for raw water pretreat-

ment or in combination with the UF system has
been practiced. Some studies have indicated that
the addition of PAC could increase membrane ¯ux

(Pirbazari et al., 1992; Jacangelo et al., 1995; Kim
et al., 1996) and enhance organic removal (Adham

et al., 1991, 1993). However, other studies have
indicated that the coagulated e�uent (Lahoussine-

Turcaud et al., 1990) or humic residuals after PAC
treatment (Nilson and DiGiano, 1996) in fact facili-
tates permeate decline. What is the range of the

MW of the PAC-treated water a�ecting UF perme-
ate ¯ux? Is the integrated UF-PAC system really
enhancing UF performance? Which MW fraction of

humic substance is responsible for THM formation?
The present study will attempt to address these
issues.

Speci®cally, the goals of this study were to evalu-
ate the following factors a�ecting the UF perform-
ance: (1) MW of humic substances, (2) PAC as a
pretreatment and (3) combined UF-PAC system.

The humic substances were fractionated based on
their MW classi®cation. As a result, UF permeate
¯ux decline and the corresponding membrane foul-

ing causing by the speci®c MW class of humic sub-
stance in the absence/presence of PAC can be better
understood. Thus, the role of PAC in UF appli-

cation in terms of permeate quality and ¯ux can be
de®ned.

MATERIALS AND METHODS

Feed water

The commercial humic acid (Aldrich) and its MW frac-
tions were used as the feed water. A stock solution was
prepared by dissolving 500 mg humic acid in 1-l deionized
water (Milli-Q) and ®ltering through 0.45 mm membrane
®lter. The ®ltrate was stored at 48C for subsequent uses.

Fractionation of humic acid

The stock humic solution was subject to gel ®ltration
chromatography (GFC) for fractionating humic substances
with respect to its apparent molecular weight (AMW). The
Sephadex G-75 gel (Pharmacia) was employed as a pack-
ing material. Blue dextran (Pharmacia) was used to calcu-
late the bulk void volume of the column (C 16/70,
Pharmacia). The chemical PEG, polyethylen glycol
(Merck), with its respective MW of 400, 1500, 6000,
10,000 and 20,000, was used to calibrate the column
AMW. The eluent was collected in a fraction collector and
four fractions were thus obtained for subsequent UF and
PAC experiments. Each fraction was analyzed for dis-
solved organic carbon (DOC), UV absorbance and THM
formation potential (THMFP).

PAC

PAC obtained from Sigma (C-5260) was used for pre-
treatment and combined PAC-UF studies. The BET sur-
face area is approximately 730 m2/g with the average pore
diameter 0.025 mm. The size ranges from 10 to 150 mm
with D50=50 mm; the iodine number is about 800 mg/g
and ash content 6%.

UF membrane

To observe ¯ux decline within a reasonable time, a
single hollow ®ber membrane (hydrophobic with nega-
tively charged polysulfone) with a relatively small area
was used. The nominal MWCO is 100 kDa and other
characteristics of the membrane used is shown in Table 1.
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UF operation

The UF system was operated at three di�erent cross¯ow
modes: (1) constant feed concentration, (2) circulating and
(3) combined UF-PAC. At a constant pressure and vel-
ocity, both permeate and concentrate stream were recycled
to the feed line to maintain a relatively constant DOC
concentration under mode (1) conditions. For the circulat-
ing system (mode 2), only the concentrate stream was re-
cycled to the raw water feed line to simulate the actual
UF plant con®guration. For the combined UF-PAC sys-
tem (mode 3), the feed water was mixed with PAC for
2.5 h and the mixture was then pumped to the system
operated in a circulating mode.

Additionally, diluted humic acid solution (20 mg/l) was
pretreated with di�erent amounts of PAC (up to 400 mg/
l), and the resultant ®ltrate was subject to the UF system
to observe any ¯ux e�ect exhibited by the modi®ed feed
compositions. Each of the PAC pretreated stream was
also fractionated with respect to its AMW for indication
of any particular AMW e�ect on the membrane ¯ux.
Throughout the experiments, the transmembrane pressure
was maintained at 138 kPa and permeate ¯ux was moni-
tored. The permeate of some experiments was analyzed for

its DOC and THM yield. The ¯ow diagram of the overall
experiment is illustrated in Fig. 1.

Analysis

DOC were analyzed on ®ltered samples (0.45 mm) in an
organic carbon analyzer (OI model 707). UV absorbance
was measured with a UV/Vis spectrophotometer (Jasco,
model 7850) at a single wavelength 254 nm with a 1-cm
path length. The procedures for the THMFP test followed
the section 5710B of the Standard Methods (APHA,
1987): pH = 7.0, T= 258C and a Cl2 residual of 3±5 mg/l
after 7 d. For the determination of four THMs, the sample
was initially subject to pentane extraction for 10 min and
the upper layer was then injected into a Hewlett Packard
GC (model 5890) unit with a fused silica capillary column
and an electron capture detector.

RESULTS AND DISCUSSION

The normalized permeate ¯uxes under several ex-

perimental conditions as a function of time are
shown in Fig. 2. The ¯ux under ®ve experiments in
Fig. 2 is similar, i.e., 320215 l/m2-h at 138 kPa, or

18829 l/m2-h-bar. The results are all expected in
that the ¯ux declines rapidly in the presence of
humic substances, that the decline is more notice-

able in the circulating mode and that the feed with
a higher DOC exerts the worst ¯ux decline. The sys-
tem reaches 60% of the initial capacity after only
3.5 h operation in the circulating system (Fig. 2(b)).

The DOC in the loop at the end of experiment
(330 min) had increased to 280 and 137 mg/l for the
original condition of DOC = 5 and 1.5 mg/l, re-

spectively.

Table 1. Characteristics of UF membrane

Parameter Characteristics

Manufacturer A/G technology
Con®guration hollow ®ber
Type Hydrophobic
Material negatively charged polysulfone
Fiber diameter 1 mm
Fiber length 30 cm
Membrane area 9.4 cm2

Module single ®ber
MWCO 100 kDa

Fig. 1. A schematic diagram of the overall experimental approach.
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E�ect of AMW fractionation

The MW calibration with PEG provides an excel-

lent correlation between AMW (Da) and the elution

parameter, Kav (R2=0.98, not shown). The AMW

of the diluted Aldrich humic acid with the corre-

sponding UV and DOC data is shown in Fig. 3.

Remarkably, the UV absorbance data correspond

well with DOC in all AMW fractions. For compari-

son, the result of MW fractionation of the humic

substances isolated from the Detroit River in

Fig. 2. Permeate ¯ux of di�erent UF systems: (a) constant feed concentration and (b) circulating mode.

Fig. 3. GFC chromatograms for commercial humic substances.
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Windsor, Ont. (Alarcon-Herrera et al., 1994) is

included in Fig. 3. Although all these MW fractio-

nations including the humic substances from
Biscayne (FL) aquifer (Amy et al., 1987) use the

same GFC technique (albeit with di�erent com-

pounds for MW calibration), the AMW distribution
is di�erent among the three humic substance

sources. Particularly, the AMW fraction with the

highest DOC occurs near 12 kDa for the commer-
cial humic substances, whereas, the values for the

Detroit river and Biscayne groundwater correspond

to 10 and 18 kDa, respectively.

Some chemical characteristics of four AMW frac-
tions collected are shown in Table 2. The carbon

mass recovered is about 92%, indicating an accep-

table analytical control. Contrast with other studies
in which the majority of the THM precursors has

an AMW fraction less than 1 kDa (e.g., Kim and

Symons, 1991; Amy et al., 1992), the results of the
present study indicate that the fraction with the lar-

gest AMW (G-1) exhibits the highest THM yield

(in mg THM/mg DOC).

The speci®c absorptivities or UV/DOC ratios
(6.3±8.2 m2/g), are higher than those of di�erent

natural waters (1.5±6.4) as reported by others (Amy
et al., 1992; Krasner et al., 1996). Hejzlar et al.

(1994) have demonstrated that samples with higher

absorptivities indicate high content of phenolic hy-
droxyls and low H/C ratios, or high degree of aro-

maticity (Krasner et al., 1996) and other

unsaturated con®gurations (Hozalski et al., 1995).

Thus, waters with high UV/DOC ratios exhibit a

high reactivity to form THMs. It is not surprising

that the values of THM yield of the present study
are much higher than those from hydrophobic fac-

tions of di�erent water sources, e.g., 55±114 mg/mg

C (Collins et al., 1986), from natural waters and
peat extracted fulvic acid (45±64 mg/mg C, Amy et

al., 1987), and from organic fraction with

AMW>0.5 kDa (60±80 mg/mg C, Kim and
Symons, 1991).

Each fraction was then diluted to the same DOC

concentration (5 mg/l) and fed to the UF system

operated under di�erent modes as described before.
The permeate ¯ux with respect to AMW factions at

the constant concentration mode (feed concen-

tration variation after 20 h operation less than
0.2 mg DOC/l) is shown in Fig. 4. Clearly, the G-1

fraction (largest AMW) exerts the worst ¯ux

decline, and G-4 fraction (smallest AMW 180-650)
the least. The smaller AMW fraction could easily

be passed through membrane pore size resulting in

a lesser membrane fouling. The middle AMW range
(650±6500) of G-2 and G-3 fractions exhibits a

similar trend. It is interesting to note that the ¯ux

decline for unfractionated humic acid (Fig. 2(a)) is
in fact less than all these fractionated samples. The

exact reason(s) is unclear, since the operating con-

ditions and feed concentration (DOC = 5 mg/l) are
essentially the same. Perhaps either the molecules of

these compounds during GFC process is modi®ed

or individual fraction exerts antagonism e�ect in

Table 2. Characteristics of fractionated humic substances

Fractionated Group AMW (Da) UV254 (cmÿ1) DOC (mg/l) UV/DOC (m2/g) THM/DOC (mg/mg)

G-1 6500±22,600 0.684 10.9 6.3 181
G-2 2200±6500 0.595 7.0 8.5 179
G-3 650±2200 0.652 7.5 8.7 165
G-4 180±650 0.477 5.8 8.2 123

Fig. 4. Permeate ¯ux of four fractionated humic substances operated at the constant feed concentration
mode (DOC= 5 mg/l).
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the raw feed to account for the observed phenom-

enon. The intermolecular interactions among humic
substance components and within a humic com-

pound may change chemical and physical properties
of humic substances (Leenbeer et al., 1988).

For the circulating system, the largest AMW
fraction again exhibits the worst ¯ux decline

(Fig. 5(a)). Unlike the previous case, the ¯ux beha-

vior of the unfractionated humic acid appears to be
the composite of each fraction ¯ux. As would be

expected, the permeate quality is the best for G-1
fraction (Fig. 5(b)). As time progressed, permeate

DOC concentration increased for G-3 and G-4 frac-
tions; only small amount was rejected in the G-4

Fig. 5. Permeate quality and ¯ux of four fractionated humic substances operated at the circulating
mode (DOC= 5 mg/l): (a) ¯ux, (b) DOC, (c) THMFP and (d) THM yield.
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fraction at the end of experiment. The values of

THMFP follow the DOC trend, i.e., almost 95%
THMFP exerted in the G-1 fraction could be

removed, whereas only 10% removal for G-4 frac-

tion after 4 h (Fig. 5(c)). Since DOC was also
reduced accordingly, there still exists high THM

yield in the UF treated water (Fig. 5(d)). This ®nd-

ing essentially reiterates the conclusion of other in-
vestigators (e.g., Laine et al., 1989, 1993) in that

di�erent UF systems with a relatively large MWCO

are not e�ective for removal of DBP precursors.
Nevertheless, the THM yield for G-1 permeate is

highest (165±190 mg/mg C), and G-4 the lowest

(125±135) as shown in Fig. 5(d).

To further understand the extent of irreversible

fouling, backwash of the membrane and loop ¯ush-
ing of the concentrate inside the module were per-

formed in several experiments. A typical diagram

for these treatments and the corresponding assump-
tions of membrane fouling phenomenon is shown in

Fig. 6. Analogous to membrane fouling analysis

(Wiesner and Chellam, 1992; Jones et al., 1993;
Chang and Benjamin, 1996), it is assumed that by

employing loop ¯ushing, and hence wasting concen-

trate, any resulting ¯ux improvement is due to
removal of organics accumulated on the membrane

surface, a phenomenon called membrane polariz-

ation (Pirbazari et al., 1992). Any additional ¯ux
recovery due to backwash with NaOCl is attributed

to the removal of compounds that have been pre-
viously sorbed on the membrane surface. The di�er-

ence between the sum of these two ¯ux recoveries
and the original ¯ux at the end of experiment is
assumed to be caused by the irreversible fouling,
which cannot be removed by these two cleaning

methods. The results (not shown) indicate that for
the largest AMW fraction (G-1), the backwash or
loop ¯ushing does not improve permeate ¯ux at all,

hence the irreversible fouling accounts for almost
all the ¯ux decline. Speci®cally, adsorption of
humic substances onto the hydrophobic membrane

is responsible for the membrane fouling (Crozes et
al., 1997). For the smallest AMW fraction (G-4), ir-
reversible membrane fouling, however, is reduced to
72%. As a result, the speci®c MW fraction of

humic substances signi®cantly a�ects the fouling
mechanisms.

PAC pretreatment

The results of PAC pretreatment of humic acid
(20 mg/l DOC) after 24 h contact as a function of

PAC dosage are shown in Table 3. At PAC
400 mg/l, DOC removal e�ciency is only slightly
higher than 50%. The ®ltrate (through 0.45 mm
paper) of each PAC-treated stream was then subject
to GFC analysis. The chromatogram results (Fig. 7)
clearly demonstrate that PAC is ine�ective in

removing AMW fraction of humic acid either <300

Fig. 6. Typical plots of ¯ux recovery after backwash and loop ¯ushing.

Table 3. Characteristics of PAC-treated water with the initial DOC = 20 mg/l

Group classi®cation PAC dosage (mg/l) UV254 (Abs) DOC (mg/l) DOC removal (%)

P-1 80 1.558 18.6 7
P-2 240 1.277 15.0 25
P-3 400 0.881 9.8 51

Cheng-Fang Lin et al.1258



or >17,000. The large molecules of humic sub-

stances are unable to penetrate the smaller pores of

the PAC used. As for low MW molecules, they

probably are of hydrophilic nature, and hence, are

not amenable to PAC adsorption. The humic sub-

stances in the middle AMW range were removed by

PAC; the higher the PAC dosage, the more DOC

removed. Thus, membrane ¯ux improvement, if

any, must be due to removal of these compounds.

On the other hand, PAC pretreatment may be more

problematic in terms of ¯ux decline, as discussed

below.

The ¯ux results of each PAC-treated stream in a

constant concentration mode (5 mg DOC/l) are

shown in Fig. 8. A similar ¯ux behavior for these

three classes indicates that membrane fouling is

more likely due to molecules with AMW either less

than 300 or greater than 17,000. The extent of or-

ganic removal in the middle AMW range by di�er-

ent PAC dosages appears not a�ecting permeate

¯ux. Furthermore, the ¯ux decline is much worse

than that of unfractionated humic acid (Fig. 2(a)).

This unexpected observation is de®nitely not due to

operating conditions, since the initial ¯ux remains

essentially the same (310±320 l/m2-h) as before.

Previous membrane studies with PAC pretreatment

of raw water have shown con¯icting results, i.e.,

some improvement of permeate ¯ux (Laine et al.,

1990; Jacangelo et al., 1995), similar ¯ux behavior

(Crozes et al., 1993) and the worst ¯ux decline with

the feed in contact with PAC for a longer time in

an NF system (Nilson and DiGiano, 1996). The

adverse e�ect is apparently due to high a�nity of

nonadsorable humic substances for membrane sur-

face. The smallest AMW molecules that remain

after PAC pretreatment may be responsible for

Fig. 7. GFC chromatograms for PAC-treated water.

Fig. 8. Permeate ¯ux of three PAC-treated waters operated at the constant feed concentration mode
(DOC= 5 mg/l).
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membrane fouling as also reported by others
(Crozes et al., 1993; Chang and Benjamin, 1996).

Speci®cally, Crozes et al. (1993) emphasize the im-
portance of adsorption of compounds onto mem-
brane surface a�ecting membrane fouling. They

reported that the adsorption of low MW tannic
acid onto both hydrophobic and hydrophilic mem-
branes caused signi®cant ¯ux decline.

A similar ¯ux decline for these three classes of
PAC treated solutions is also noted in the circulat-
ing mode at the initial DOC = 1.5 mg/l (Fig. 9(a)).

However, as the feed concentration increases, the P-
1 solution (least PAC dosage) exhibits the lowest
¯ux decline (Fig. 9(b)).

UF-PAC system

The purpose of this exercise is to observe any
¯ux e�ect with the addition of PAC in the UF sys-

tem, speci®cally the e�ect of di�erent AMW frac-
tions on the membrane performance. The results
can substantiate the above PAC pretreatment ®nd-

ing. Prior to experiments, a batch study was con-
ducted for the evaluation of the adsorption

isotherm. The results after 24-h mixing at 130 rpm

and 258C for the initial concentration of 5 mg C/l
at seven di�erent PAC concentrations up to

100 mg/l appear to indicate that adsorption follows
Freundlich isotherm. The concentration-time pro®le

(not shown) further indicates that this particular
PAC at 40 mg/l is not e�ective for the removal of

5 mg C/l of humic acid; only 15% removal after 4 h
and 20% after 24 h. The same PAC was used for

the previous PAC pretreatment study, thus the mol-
ecule residuals in this system are similar to those

shown in Fig. 7.

The ¯ux data (Fig. 10(a)) demonstrate that deio-
nized water with PAC alone does not a�ect perme-

ate ¯ux at all; the permeate production is even
better than that of deionized water alone. Jones et

al. (1993) also reported that when 100 mg/l PAC
was added to the deionized water and ®ltered

through a hollow ®ber UF system, there was no sig-
ni®cant decreases in ¯ux. They assumed that the

PAC formed porous layer on the membrane surface
to allow permeate pass through without a�ecting

¯ux. Unfortunately, the combine UF-PAC system

Fig. 9. Permeate ¯ux of three PAC-treated waters operated at the circulating mode: (a) DOC = 1.5 mg/l
and (b) DOC= 5 mg/l.
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exhibits a signi®cant ¯ux decline. The adverse e�ect

of PAC addition in terms of ¯ux is in contrast to

other studies (Adham et al., 1991; Jacangelo et al.,

1995; Kim et al., 1996), although some have

reported a similar phenomenon.

The possible fouling-causing substances are: (1)

the remaining humic substances after contact with

PAC as also demonstrated in previous PAC pre-

treatment study (Figs 9 and 10) and (2) PAC-organ-

ics mixture that formed on the membrane.

Qualitative information in supporting the latter ex-

planation can be shown in SEM pictures (not

shown). There is noticeable humic substances

deposited on the surface of membrane, and a

serious scale problem is present in the UF-PAC sys-

tem. This dense layer somehow increase hydrodyn-

amic resistance of the membrane (Newcombe et al.,

1997) and, hence, a�ecting ¯ux. This problem also

a�ects permeate quality signi®cantly (Fig. 10(b)). In

fact, the DOC concentration increases after the in-

Fig. 10. Permeate quality and ¯ux of the combined PAC-UF system operated at the circulating mode
(DOC= 5 mg/l): (a) ¯ux, (b) DOC removal e�ciency and (c) THMFP removal e�ciency.
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itial drop. The corresponding THMFP with time
(Fig. 10(c)) also indicates that the UF-PAC system

hardly removes any THMFP.
To further observe the AMW e�ect, each GFC

fractionated stream was ®ltered through the UF-

PAC system. The results (Fig. 11) indicate that G-4
fraction exhibits the least ¯ux decline, and hence
lowest DOC removal. However, the ¯ux decline in

all fractions is worse than those of UF systems
without PAC (Fig. 2(b)). The results demonstrate
that the use of this particular PAC either as a pre-

treatment agent or in conjunction in the integrated
UF-PAC system may not be e�ective to alleviate
membrane fouling.

CONCLUSIONS

UF, although its membrane having a relatively

large molecular weight cuto�, is e�ective in redu-
cing turbidity, particulates, organics and bacteria.
However, the results of the present study clearly

rea�rms the previous ®ndings in that humic sub-

stances signi®cantly facilitate permeate ¯ux and UF

system studied cannot e�ectively remove humic sub-

stances. Speci®cally, the humic substance fraction

with the largest AMW (6.5±22.6 kDa) exhibits the

worst ¯ux decline with the best permeate quality,

whereas the smallest AMW fraction (160±650 Da)

exerts little e�ect on ¯ux decline. Although, the UF

system is able to remove a signi®cant portion of

THMFP in larger AMW fractions, the permeate

THM yield in terms of mg THMs/mg DOC is still

relatively high. Nevertheless, the use of UF in con-

junction with chloramine practice may provide a

better alternative to meet the stringent drinking

water standards.

The use of PAC for pretreatment of humic sub-

stances or in combination with di�erent UF operat-

ing systems to reduce membrane fouling actually

yields a negative e�ect. The PAC used in the pre-

sent study was ine�ective in removing those AMW

fractions less than 300 or greater than 17,000 Da;

Fig. 11. Permeate quality and ¯ux of four fractionated humic substances operated at the circulating
mode (DOC= 5 mg/l) in the UF-PAC system.
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the higher the PAC dosage, the more removal in
the middle range of thee AMW factions. The ¯ux

decline for PAC-treated streams is worse than the
original humic substances with the same TOC con-
centration. Similarly, the combined UF-PAC system

signi®cantly decreases the ¯ux.
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