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ABSTRACT

To resolve membrane fouling in the ultrafiltration process of sewage effluent, the impact of
activated carbon catalytic ozonation (AC/O3) on fouling control was investigated. The influ-
ence of initial pH on AC/O3 for fouling alleviation was further explored. The results
revealed that AC/O3 pretreatment greatly mitigated the membrane fouling. The total foul-
ing, reversible fouling, and irreversible fouling were all decreased. The initial pH influenced
the alleviation effect of AC/O3 on fouling control obviously, although it only slightly
impacted the AC adsorption pretreatment on fouling alleviation. Besides, there was no obvi-
ous impact of pH on the ultrafiltration process. Compared with the adjustment of initial pH
during ultrafiltration and the pretreatment methods such as AC adsorption and preozona-
tion, AC/O3 displayed the greatest effect on both fouling alleviation and permeate quality
improvement under all pH conditions. It was the component transformation of sewage efflu-
ent after AC/O3 pretreatment that caused the alleviation of membrane fouling. With the
increase in initial pH, the high-MW biopolymers as well as humic substances in the effluent
organic matter could be preferentially removed by AC/O3, which mitigated the flux decline
during the ultrafiltration process and decreased the reversible and irreversible fouling.
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1. Introduction

Among low-pressure membranes (LPMs), ultrafil-
tration (UF) is widely used for the treatment and
reclamation of wastewater. Although UF has many
advantages, the sustainability of UF is limited by
membrane fouling, which results in loss of membrane
permeability due to the accumulation of aquatic
constituents on the membrane surface or within the

pores [1]. Similar to natural organic matter (NOM) in
drinking water, effluent organic matter (EfOM) also
has a significant humic-like content, and is considered
the major foulant that causes organic fouling during
wastewater reclamation [2,3]. Except for the back-
ground NOM originating from drinking water, EfOM
is also composed of soluble microbial products (SMP),
disinfection byproducts generated during the disinfec-
tion processes of water and wastewater treatment,
along with natural and synthetic organic chemicals
[4]. As a result, diverse ultrafiltration performance of
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EfOM and NOM was expected, although their charac-
teristics overlap extensively.

Studies show that colloids and dissolved organic
substances contribute more to membrane fouling than
particulates in treated domestic wastewater [5]. Laabs
et al. reported that the substances eluting in the
biopolymer peak, which were identified as mostly
organic colloids, polysaccharides, and proteins using
size exclusion chromatography combined with online
dissolved organic carbon and UV254 detectors, were
retained completely by the UF membrane and were
regarded as the major fouling-causing substances in
EfOM [6]. Zheng et al. stated that the concentration of
biopolymer, including mostly polysaccharide-like and
protein-like substances, influenced the filterability of
treated domestic wastewater proportionally [7]. Filloux
et al. also demonstrated that biopolymers in sewage
effluent, normally regarded as polysaccharide-like and
protein-like substances, contributed to a significant
proportion of LPM flux decline [8]. Our recent
research further revealed that the polysaccharide- and
protein-like substances, including polysaccharides,
proteins, and colloids, as well as the humic substances
were all the main potential foulants for UF membrane
processing wastewater EfOM [9].

To reduce membrane fouling and/or increase the
removal of certain aquatic contaminants, integration of
pretreatment with UF has been widely employed. In
principle, pretreatment of source water can impact
membrane filtration in three ways: altering contami-
nant size distributions, changing mutual affinities of
contaminants or their affinities to membrane surfaces,
and suppressing undesirable microbial growth or
removing biodegradable contaminants [1]. Among the
pretreatment methods, preozonation could result in a
significant decrease in membrane fouling, although
only a minor DOC removal was achieved. Studies
conducted with ozone-resistant polyvinylidene fluo-
ride (PVDF) [10–12], polysulfone (PS) membrane
materials [13], and ceramic membrane [14–17] showed
that using preozonation all enhanced the permeate
flux and reduced membrane fouling. As reviewed by
Geluwe et al. [18], ozone causes substantial structural
changes to the organic materials present in the feed
water, including the following: (1) removal of the
aromatic rings, which decreases the adsorption of
organic materials by hydrophobic interactions; (2)
increasing the number of carboxylic functions, which
improves the repulsion of organic materials by the
negative membrane surface; (3) decomposition of
molecules into smaller fragments; and (4) higher
propensity for the complexation of humic substances
with divalent ions, which caused the visible fouling
alleviation.

Activated carbon catalytic ozonation (AC/O3), as
an effective advanced oxidation process, since its first
application by Jans and Hoigne [19], has been
extensively investigated to remove toxic and/or low
biodegradable organic compounds from water. With
the more rigorous demand of reclaimed water, the use
of AC/O3 for pretreating sewage effluent became
applicable. Although AC/O3 has a better oxidant abil-
ity than O3, as a pretreatment method, its impact on
the ultrafiltration process was rarely reported. Besides,
the environmental pH influences both the AC/O3 pro-
cess and the membrane filtration process. In the case
of AC/O3, solution pH may affect the ozone decompo-
sition and the surface property of the catalyst, as well
as the dissociation of organic pollutants in aqueous
solution [20–22]. At the same time, solution pH also
influences the surface property of membrane and
impacts the ultrafiltration process [23]. As a result, the
influence of pH value on AC/O3 for fouling alleviation
is valuable for further exploration. Until now, no sys-
tematic investigation has been done concerning this
aspect.

In this study, the transformation of UF membrane
flux, the reversible and irreversible fouling after
AC/O3 pretreatment was investigated. The influence
of environmental pH on AC/O3 for fouling alleviation
was also studied. To explore the mechanism, the
environmental pH adjustment and its impacts on AC
adsorption and ozonation for fouling alleviation were
further systematically compared with that on AC/O3.
Furthermore, the water quality and structural infor-
mation of multi-component organic substances in sew-
age effluent after these pretreatment methods were
characterized.

2. Materials and methods

2.1. Feed water

Sewage effluent was collected from the pilot-scale
sequential batch reactor (SBR) operated by the Key
Laboratory of Water Pollution Control Center, Beijing
University of Technology. The influent of the pilot-
scale SBR is the domestic wastewater discharged from
the residential districts. The sewage effluent was fil-
trated by 0.45-μm membrane and then stored at 4˚C
before use. Water qualities of the filtered sewage efflu-
ent are presented in Table 1.

2.2. Granular activated carbon

Granular activated carbon (GAC) was produced by
Xinhua Coal Co., Ltd (China) through activation of
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bituminous coal with steam. The GAC with a size of
16–20 mesh was used in the experiment. According to
the pretreatment methods described by Alvarez et al.
[21], the GAC was boiled in ultrapure water for 1 h,
washed repeatedly with ultrapure water, dried at
110˚C for 12 h, and stored in a desiccator at room tem-
perature until use. The pH of point of zero charge
(pHpzc) of the GAC was determined using the mass
titration method described by Noh and Schwarz [24]
with some alterations. Firstly, NaNO3 solutions
(0.01 M) of pH 3, 6, and 11 were prepared with HNO3

(0.1 M) and NaOH (0.1 M). Then, 40 mL of NaNO3

solution with different initial pH (3, 6, and 11) and
increasing amounts of carbon sample (w/w = 0.1, 0.5,
1.0, 2.5, 5.0, 7.5, 10%) were added to 50-mL
Erlenmeyer flasks. Finally, the equilibrium pH was
measured after 24 h of shaking at 25 ± 0.1˚C. The
pHpzc of the GAC was determined as 9.0.

2.3. Activated carbon catalytic ozonation (AC/O3)
procedure

The activated carbon catalytic ozonation experi-
ments were carried out in a semi-continuous flow
reactor (Fig. 1). The cylindrical reactor is made of glass
with an inside diameter of 50 mm, a length of
700 mm, and volume of 350 mL. O3 was generated by
an ozone generator (ZR-C-5, Beijing Zhong Rui Yi Jia
Technology Co., Ltd, China) that used pure oxygen as
the feed gas. The oxidation reaction temperature was
controlled at 20 ± 1˚C. Ozone was introduced into the
reactor through a porous quartz aeration disk loaded
at 20 mm height above the bottom. In the catalytic

ozonation experiment, the filtered sewage effluent was
first added into the reactor, then ozone was intro-
duced into the reactor immediately after 2 g/L GAC
being dosed into the sewage effluent. The initial pH
value of the sewage effluent was adjusted by H2SO4

(0.1 M) and NaOH (0.1 M). Ozone dosage was con-
trolled by adjusting the feeding time of the ozone gas,
and the ozone in the off-gas was absorbed by the KI
solution. Then the oxidized sample was used as the
feed water for ultrafiltration experiment. To make a
comparison, the ozonation experiment was performed
in the same reactor, while no GAC was added under
the same conditions. In the GAC adsorption test, pure
oxygen was fed into the reactor column under the
same operation condition of ozonation.

2.4. Ultrafiltration experiment

All ultrafiltration experiments were conducted at
room temperature (20 ± 1˚C). The experiments were
conducted in a 50-mL stirring cell (Amicon 8050,
Millipore, USA) and operated in a down-flow dead-
end filtration mode, as shown in Fig. 2.

To avoid concentration polarization, the membrane
filtration tests were conducted at a stirring speed of
120 rpm. The flat sheets of 20 kDa polysulfone ultrafil-
tration membranes (PS20, Sepro, USA) were used in
the experiment, which had an effective filtration area
of 13.4 cm2. Up to 1 L of feed water could be supplied
to the stirring cell by an attached feed reservoir.
Nitrogen gas at a constant pressure of 0.1 MPa
(measured using a pressure gage and the variation of

Table 1
Water qualities of the sewage effluent

DOC (mg/L) COD (mg/L) UV254 (cm
−1) pH TN (mg/L) TP (mg/L)

6.65–9.02 30.6–54 0.15–0.21 7.54–7.94 18.10–25.85 2–5.42

Fig. 1. Schematic diagram of AC/O3 treatment system.
Notes: (1) ozone generator, (2) quartz aeration disk, (3)
ozonation reactor, (4) sampling point, and (5) KI trap.
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Fig. 2. The down-flow dead-end ultrafiltration scheme.
Notes: (1) N2 pressure cylinder, (2) liquid storage tank, (3)
filtration cell, (4) membrane, (5) magnetic stirrer, (6)
magnetic stirrer, (7) beaker, (8) electronic balance, and (9)
computer (for data collection).
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the pressure was controlled within 5% by a valve)
was used to drive the feed solution through the mem-
brane. Permeate flowed into the glassware on the elec-
tronic balance that was connected to a computer. The
weighting data were automatically recorded every
30 s. For each filtration test, a new membrane was
placed at the bottom of the cell with the smooth side
toward the bulk solution. To remove preservatives on
new membranes, they were soaked in 30% alcohol for
2 h and then rinsed and filtered with Milli-Q water
until the DOC of the effluent approach zero. Immedi-
ately before the stirred cell test, the pure water flux of
the membrane was determined by filtering pure water
through the membrane until a stable permeating flux
was reached. Only the membranes within 20% pure
water flux variation were chosen for the experiment.

The pure water flux of each membrane was mea-
sured and named as J0. Every UF experiment included
filtrating 300 mL of sewage effluent, backwashing by
placing the reverse side of membrane upward with
100 mL of Milli-Q water, and filtrating 200 mL of
Milli-Q water (used to calculate the fouling reversibil-
ity). The final flux in the filtration of sewage effluent
was named as Je. The average flux in the filtration of
Milli-Q water after backwashing was named as J1.
Then, reversible fouling (RF), irreversible fouling (IF),
and total fouling (TF) could be calculated as follows:

IF ¼ J0 � J1
J0

(1)

RF ¼ J1 � Je
J0

(2)

TF ¼ J0 � Je
J0

(3)

2.5. Analytical methods

2.5.1. DOC, UV254, and pH

Total organic carbon analyzer (Multi N/C 3000,
Analytik-Jena, Germany) was used to determine the
DOC. The non-purgeable organic carbon (NPOC) test-
ing method was selected, which involved purging an
acidified sample with carbon-free air prior to measure-
ment. Then the total carbon in the sample was com-
busted into carbon dioxide and monitored by an
NDIR detector. The total carbon standard substance
using the potassium hydrogen phthalate was stored at
4˚C for no longer than 1 month. UV254 absorption was
used to identify the content of humic substances in
water samples. The UV254 measurements were
conducted using a spectrophotometer (UNICO2100,

China) at a wavelength of 254 nm. The pH was tested
using pHS-25 (Shanghai Precision & Scientific Instru-
ment Co., Ltd, China).

2.5.2. Zeta potential of membrane

An electrokinetic analyzer (SurPASS, Anton Paar)
was used to measure the zeta potentials of the ultrafil-
tration membrane. In the process of measuring the
zeta potentials, 10 drops of KCl solution (10 mg/L)
was added to 600 mL of pure water to obtain an elec-
trolyte solution with KCl solution concentration of
1.0 mol/L. The operation pressure was maintained at
0.05 MPa. In order to measure the zeta potentials of
the membranes under various pH conditions, the pH
value of the electrolyte solution was accordingly
adjusted to pH of 3.0, 4.5, 7.54, and 9.0 with 2 mol/L
HCl and 0.5 mol/L NaOH.

2.5.3. EEM

EEM spectra were measured by a 1-cm cuvette
using a luminescence spectrometer (F-7000, Hitachi).
EEM spectra were collected with subsequent scanning
emission spectra from 300 to 550 nm at 1.0 nm incre-
ments by varying the excitation wavelength from 200
to 400 nm at 5 nm increments. Excitation and emission
slits were maintained at 5 nm and the scanning speed
was set at 1,200 nm/min for all the measurements.
The X-axis represents the emission spectra from 300 to
550 nm, whereas the Y-axis is the excitation wave-
length from 200 to 400 nm. The spectrum of Milli-Q
water was recorded as the blank. The result is a three-
dimension spectrum in which fluorescence intensity is
represented as a function of excitation and emission
wavelengths.

3. Results

3.1. AC/O3 pretreatment for fouling alleviation

The impact of AC/O3 pretreatment on membrane
permeability was evaluated by the normalized/speci-
fic permeates flux (the ratio of membrane flux J to
pure water flux J0). With the addition of 2 g/L GAC,
the influence of ozone dosage from 0.48 to 2.5 mg
(O3)/mg (DOC) (mg of gaseous O3 per mg of dis-
solved organic matter) on fouling alleviation was eval-
uated. As shown in Fig. 3(a), the flux decline caused
by the prefiltered (0.45 μm filter) sewage effluent was
serious. The normalized flux decreased to 20% of its
initial flux after 200 mL of the water sample penetrat-
ing through the UF membrane. Under an ozone
dosage of 0.48 mg (O3)/mg (DOC) combining with
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2 g/L GAC, AC/O3 pretreatment mitigated the
decline of membrane flux. With the increase in ozone
dosage, even less flux decline was observed. The final
normalized flux accounted for nearly 50% of the initial
value.

Except for the flux curves, the DOC and UV254

transformation was also investigated. After AC/O3

pretreatment with an ozone dosage of 0.48 mg (O3)/
mg (DOC) combining with 2 g/L GAC, a 20% reduc-
tion of DOC was observed. Nevertheless, the degrada-
tion speed of DOC was decreased with the increase in
ozone dosage. Following AC/O3 pretreatment, there
was a further 20% DOC removal by ultrafiltration. The
removal might be caused by the adsorption of the PS
membrane used in the experiment, which had a
weaker anti-fouling capacity. The UV254 after AC/O3

pretreatment also decreased noticeably, while no fur-
ther decrease could be observed after ultrafiltration,
which revealed that the aromatic fractions in EfOM
were degraded, especially by the oxidation process.

With the increase in ozone dosage to above 1 mg
(O3)/mg (DOC), the decreasing speed of UV254 was
mitigated.

The effect of AC/O3 pretreatment on reversible
and irreversible fouling of membrane was further cal-
culated, and the corresponding results are demon-
strated in Fig. 3(b). As it is shown, the sewage effluent
caused severe fouling even though it had been filtered
by a 0.45-μm filter, the total fouling (the sum of irre-
versible and reversible fouling) accounted for about
0.9. Compared with the reversible fouling, it was
demonstrated that EfOM caused more severe irre-
versible fouling (contributed to about 0.6). Qu et al.
[25] reported that algal EOM, which had some affinity
with the SMP in EfOM, caused more severe reversible
fouling. On one hand, the polyethersulfone (PES)
membrane used by Qu et al. was looser (100 kDa)
than the PS membrane in our experiment (20 kDa).
Furthermore, the PES membrane has a hydrophilic
character, which could mitigate the irreversible attach-
ing of organic materials in membrane pores. The
results further revealed the weaker anti-fouling capac-
ity of the PS membrane used in our experiment. In
spite of this, AC/O3 pretreatment effectively mitigated
the total fouling. As shown in Fig. 3(b), the reversible
fouling after AC/O3 pretreatment was prominently
lowered. With the increase in ozone dosage, the irre-
versible fouling was also decreased.

3.2. Impact of pH on AC/O3 pretreatment for fouling
alleviation

With an ozone dosage of 2.0 mg (O3)/mg (DOC)
combining with 2 g/L GAC, the impact of initial pH
on AC/O3 pretreatment for fouling alleviation was
investigated. As shown in Fig. 4(a), with the initial
pH increasing from 3.0 to 9.0, the decline of specific
permeates flux was gradually mitigated. The final
specific permeates flux increased from 20 to 80%
after 200 mL of water samples penetrating through
the UF membrane. Fig. 4(b) further demonstrated
that both the reversible and irreversible fouling was
decreased by AC/O3 pretreatment. With the increase
in initial pH, the reversible fouling decreased and
even vanished, especially under neutral and alkaline
conditions (pH of 7.54 and 9.0), and the irreversible
fouling diminished noticeably. Karnik et al. [15]
investigated the effects of oxidation on permeates
flux of a ceramic membrane operating with continu-
ous ozonation. It was reported that the flux
improved at lower pH, as the dissolved ozone con-
centration increased with decreasing pH [15]. Differ-
ent from their continuous ultrafiltration process, our
results were obtained from a dead-end ultrafiltration

(a)

(b)

Fig. 3. Effect of AC/O3 pretreatment on membrane foul-
ing: (a) normalized flux curve and (b) specific fouling.
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process. The ozone dosage used in our hybrid
AC/O3–UF process is normally lower than that used
in a ceramic membrane system. Under a different ini-
tial pH, a constant ozone dosage was kept by adjust-
ing the feeding time of ozone gas. As a result, the
influence of pH on AC/O3 pretreatment for fouling
alleviation mainly originated from the catalytic
ozonation process itself and other factors.

As stated, pH influenced ozone decomposition, the
surface property of the catalyst, and the dissociation
of organic pollutants in aqueous solution as well
[19–21]. Besides that, pH also had an impact on the
AC adsorption and ozonation process. Moreover, the
surface property of the membrane and the ultrafiltra-
tion process was impacted by pH [22]. To evaluate all
these factors, the impact of initial pH on all pretreat-
ment methods for fouling alleviation was investigated,
including the direct influence of pH on the ultrafiltra-
tion process, and its indirect influence on AC and

ozone pretreatment for fouling alleviation. As shown
in Fig. 5(a), the adjustment of the pH value had no
obvious impact on the ultrafiltration process except
for a slight alleviation effect under alkaline conditions.
With the increase in pH from 3.0 to 9.0, the specific
permeates flux was slightly improved. At the same
time, the reversible fouling was slightly increased,
while the irreversible fouling was decreased with the
increase in pH, as shown in Fig. 5(b). The influence of
pH on AC adsorption for fouling alleviation is also
shown in Fig. 5(c). It was observed that the alleviation
effect of AC pretreatment on membrane fouling was
negligible, and the specific permeates flux slightly
changed under different initial pH. Despite this, it
was found that the reversible fouling was slightly
decreased with the increase in pH, while the irre-
versible fouling was increased with the increase in
pH, as shown in Fig. 5(d). The influence of initial pH
on preozonation for fouling alleviation is also shown
in Fig. 5(e). With the increase in pH, a prominent
reduction in membrane fouling was observed, and the
final specific permeates flux increased from 20 to 70%
of the initial value. Furthermore, as shown in Fig. 5(f),
the reversible fouling and irreversible fouling were all
clearly decreased by preozonation. Among the pre-
treatment methods, the AC/O3, which was similar to
preozonation, had the obvious mitigating effect on
membrane fouling. In addition, the impact of initial
pH for fouling alleviation was obvious.

Under different initial pH, the fouling alleviation
effects of the above pretreatment methods are also
compared in Fig. 5. As demonstrated, AC/O3 dis-
played the best mitigating effect on membrane fouling
under all initial pH. The alleviation effects were
enhanced in the order of pH adjustment, AC adsorp-
tion, preozonation, and AC/O3 preoxidation. Under
acidic conditions of pH 3 and 4.5, the final specific
permeates flux after AC/O3 pretreatment was about
10 and 12% higher than that after preozonation, and
was around 15 and 20% higher than that after pH
adjustment or AC adsorption. Preoxidation displayed
more prominent mitigating effects comparing with AC
adsorption or pH adjustment. With the increase in
pH, the superiority of preoxidation was strengthened.
Under the neutral condition (pH 7.54), the effect of
preozonation and AC/O3 pretreatment on membrane
fouling was similar. The final specific permeates flux
achieved to about 50% of the initial value. Under alka-
line condition (pH 9.0), the final specific permeates
flux after AC/O3 pretreatment was 80% of the initial
value, which was 10% higher than that after preozona-
tion. Although AC/O3 pretreatment under basic con-
ditions alleviated the membrane fouling to a great
extent, it would be a trade-off between flux, fouling,

(a)

(b)

Fig. 4. Impact of pH value on AC/O3 pretreatment for
fouling alleviation: (a) normalized flux curve and (b)
specific fouling.
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and chemical usage for pH adjustment when choosing
the pH for the application of AC/O3 pretreatment.
Through the above comparison, it was revealed that
the impact of pH on AC/O3 pretreatment for fouling
alleviation was mainly derived from the oxidation
process itself.

3.3. Water quality analysis after pretreatment under
different initial pH

To further verify the influence of pH on pretreat-
ment methods for fouling alleviation, water quality
(characterized with DOC, UV) and structural informa-
tion (characterized with the EEM) of multi-component
organic substances were further analyzed. Fig. 6

demonstrated the transformation of DOC and UV after
pretreatment and their corresponding permeates from
UF under different initial pH value. As shown in
Fig. 6, the pH adjustment caused only a little fluctua-
tion of DOC and UV. As for the AC adsorption, there
also existed a slight transformation of DOC and UV.
Nevertheless, DOC and UV decreased noticeably after
preozonation with the increase in initial pH. The
transformation of DOC and UV after AC/O3 pretreat-
ment was similar with preozonation. As the removal
rate of UV was always higher than that of DOC, it
revealed that the aromatic substances in sewage efflu-
ent were prone to be removed by preoxidation pro-
cess. It seems that the increase in initial pH promoted
their degradation in the oxidation process. Among the

(b)

(c)

(a)

(d)

(e) (f)

Fig. 5. Impact of pH on pretreatment methods for fouling alleviation: (a) normalized flux curve—pH adjustment, (b)
specific fouling—pH adjustment, (c) normalized flux curve—AC adsorption, (d) specific fouling—AC adsorption,
(e) normalized flux curve—ozonation, and (f) specific fouling—ozonation.
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pretreatment methods, AC/O3 displayed the best
effect on water quality improvement under all pH
conditions. Besides, further decrease in DOC and UV
by UF could be found after all pretreatment methods.

The structural information of multi-component
organic substances after pretreatments was further
characterized with the EEM. Fig. 7 presented the fluo-
rescence EEM of bulk sewage effluent after filtrating
with a 0.45-μm filter. Peak A (Ex: 237–260 nm, Em:
400–500 nm) and peak C (Ex: 300–370 nm, Em:
400–500 nm) were related to humic-like substances,
peak B (B1: Ex: 275 nm, Em: 310 nm; B2: Ex:
225–237 nm, Em: 309–321 nm) was related to tyrosine-
like substances, peak T (T1: Ex: 275 nm, Em: 340 nm;
T2: Ex: 225–237 nm, Em: 340–381 nm) was related to
tryptophan-like substances, and peak M (Ex: 312 nm,
Em: 380–420 nm) was related to marine humic sub-
stances associating with algae activity. As shown in
Fig. 7, the fluorescence EEM of bulk sewage effluent
was rich in tryptophan-like fluorescence (peak T1), a
20–30 nm shift to a longer emission wavelength could
be observed. Furthermore, relatively weaker peaks A

and C, which reflected the humic-like fluorescence,
could be observed.

The intensity transformation of EEM after pretreat-
ments under different initial pH is further demon-
strated in Table 2. As shown, there were no
prominent transformations of EEM intensity after pH
adjustment and AC adsorption. However, the EEM
intensity decreased prominently after preozonation
and AC/O3 pretreatment. Besides, the intensity of
peak T, peak A, and peak C all decreased prominently
with the increase in the initial pH value. The unsatu-
rated bonds in humic substances could be transformed
to oxygenated saturated bonds by O3 that facilitated
their efficient decomposition. Besides, O3 caused
denaturation of proteins and the aromatic amino acids
tryptophan, tyrosine, and phenylalanine could be oxi-
dized. As a similar oxidation process, we speculated
that the tryptophan-like and the humic-like substances
in EfOM were preferably degraded by AC/O3 pre-
treatment. Compared with preozonation, especially
when the oxidation dosage increased above 1 mg
(O3)/mg (DOC), AC/O3 displayed a more prominent
effect on the decrease in fluorescence intensity of peak
T, peak A, and peak C. The results revealed that the
characteristics or constituents of sewage effluent were
greatly changed by AC/O3.

4. Discussion

As we know, EfOM has a significant humic
substance content derived from drinking water. It was
reported that membrane fouling caused by the humic
substances was more severe at low pH, as the
membrane was most positively charged under the

(a)

(b)

Fig. 6. (a) DOC and (b) UV transformation after pretreat-
ments under different initial pH.
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Fig. 7. EEM spectra of bulk sewage effluent after filtrating
with 0.45-μm filter.
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acidic condition, which resulted in a strong HA–mem-
brane attraction [23]. Moreover, a greater mass of
humic acid molecule aggregates was seen depositing
at low pH and increasing the hydraulic resistance of
membrane [26]. With the increase in pH value, the
membrane is negatively charged and humic acid
molecules are negatively charged due to deprotoniza-
tion, then membrane fouling was decreased [27].
Although EfOM possesses the humic characteristic,
the results of Fig. 5 revealed that there is no obvious
impact of pH on UF except for a slight alleviation
effect under alkaline condition. The zeta potential of
the UF membrane used in our experiment was further
detected as a function of solution pH. As shown in
Fig. 8, it was noted that the surface of the UF mem-
brane had positive charges of 20 mW under pH 3 and
weak negative charges of −5 mV under pH 4.5. Under
neutral pH value, the surface of the UF membrane
had a negative charge of −60 mV. After ultrafiltrating
sewage effluent for 200 mL, the surface charge of the
UF membrane was completely changed to negative at
all determined pH values. Combined with the results
of Fig. 5(a), it revealed that the electrostatic repulsion
between the less charged EfOM macromolecules and
the positive/less negative membrane (20 mW to
−5 mV) was relatively weak under an acidic condition.
Moreover, the hydrophobic character of EfOM pro-
moted its adsorption onto the UF membrane. With the
increase in pH, the increase in EfOM deprotonization
and the more negative charges (−60 mV) of the mem-
brane induced an increased electrostatic repulsion
between the EfOM in solution and the clean mem-
brane, which alleviated the fouling. As shown in
Fig. 5(b), the irreversible fouling (related to pore
plugging) was decreased with the increase in pH,
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although reversible fouling (related to cake fouling)
was slightly increased. However, pH adjustment of
the sewage effluent had a weaker impact on mem-
brane fouling compared with humic substances. On
one hand, the adjustment of pH caused only a little
fluctuation of DOC and UV, as shown in Fig. 6. On
the other hand, EfOM in sewage effluent had a more
complicated composition, and no obvious structural
transformation of multi-component organic substances
occurred after pH adjustment, as shown in Table 2. As
a result, the adjustment of pH had minor influence on
fouling alleviation when compared with oxidation
pretreatment.

It was reported that the effect of AC on membrane
fouling was determined by the function of the mem-
brane characteristics, the diversity of raw water, as
well as the concrete operation of pretreatment [28]. As
a result, contradictory results such as improvements
of permeate flux, similar flux behavior or exacerbated
flux decline after AC adsorption were all reported
[29–32]. As shown in Fig. 5(c) and (d), AC adsorption
had almost no alleviation effect on membrane fouling,
while the irreversible fouling increased with the
increase in pH. Generally, the role of non-electrostatic
interactions (hydrophobicity reaction) for the adsorp-
tion of EfOM on the AC surface was important under
acidic condition, and the electrostatic repulsion
between EfOM and the AC surface was enhanced
when pH increased above the pHpzc of AC (deter-
mined as 9.0). The decreased adsorption by AC led to
a larger amount of these substances being adsorbed
on the membrane, and further increased the propor-
tion of internal fouling. However, 2 g/L GAC used in
our experiment could not effectively remove the fou-
lants. As Fig. 6 demonstrated, the DOC and UV
removal after AC pretreatment were limited. More-
over, the EEM results in Table 2 further proved that
no obvious structural transformation of multi-compo-
nent organic substances occurred after AC adsorption
under different initial pH. This is similar to Filloux
et al. [8], who reported that the biopolymers in sewage
effluent could not be significantly removed after AC
adsorption compared with oxidation pretreatment, as
it was hydrophilic in nature and unable to penetrate
into the micropores of AC. Consequently, AC adsorp-
tion had only a minor influence on fouling alleviation.

Normally, biopolymers (mostly macro-polysaccha-
ride-like and protein-like molecules) in sewage efflu-
ent were identified as major foulants affecting the
filterability of water in dead-end UF [6–9]. Zheng
et al. stated that the concentration of biopolymer,
including mostly polysaccharide-like and protein-like
substances, influenced the filterability of treated
domestic wastewater proportionally, and the higher

the biopolymer concentration in the feed water, the
lower the filterability of the water sample [7]. Besides
the biopolymers, the humic-like substances were also
another main foulant in the ultrafiltration process [9].
It was reported that ozonation could break the high-
MW biopolymers to a great extent and alleviated flux
reduction during MF and UF [8]. Ozonation was also
reported to decrease the membrane fouling by humic
substances, as it decreased the adsorption of humic
substances by hydrophobic interactions and/or
decomposed the molecules into smaller fragments
[18]. Among the pretreatment methods, AC/O3 pre-
treatment had the obvious mitigating effect on mem-
brane fouling and the best effect on water quality
improvement under all pH conditions, as stated in
Sections 3.2 and 3.3. As for the AC/O3 pretreatment,
it was a very complex system with potential adsorp-
tion by the AC, oxidation of organics by the direct
and indirect pathways for ozonation (i.e. latter via
hydroxyl radicals) and thus different oxidation prod-
ucts. The impact of initial pH on AC/O3 for fouling
alleviation was obvious. It was speculated that the
adsorption process of EfOM would not dominate the
reactions between EfOM and AC/O3, as the adsorp-
tion of EfOM by AC decreased with the increase in
pH. We speculated that the catalytic reaction essen-
tially occurred in the bulk liquid with the increase in
pH, as the improvement of OH− concentration with
the increase in pH contributed to the degradation of
ozone molecular and resulted in an increase in the
concentration of the �OH or other radical species. As
expected, the characteristics or compositions of sewage
effluent were changed greatly by AC/O3. The aro-
matic substances in sewage effluent were prone to be
removed with the increase in pH after AC/O3 pre-
treatment, as shown in Fig. 6. Moreover, Table 2 fur-
ther demonstrated that humic-like substances related
to peak A, peak C and tryptophan-like substances
related with peak T all degraded prominently after
AC/O3 pretreatment. The increase in initial pH
further promoted the degradation of humic-like and
tryptophan-like substances. It proved that the prefer-
ential removal of high-MW biopolymers as well as
humic substances in EfOM by AC/O3 with the
increase in initial pH value alleviated the membrane
fouling.

Liu et al. also reported that both external (related
to reversible fouling) and internal (related to irre-
versible fouling) fouling could be effectively mitigated
by the preozonation [33]. As they reported, the break-
down of protein-like substances and structural change
of humic-like substances were observed in external
foulants from EEM fluorescence spectra due to
pre-ozonation, although the effect was relatively
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weaker for the internal foulants. Nguyen and Roddick
[34] reported that ozonation could hydraulically
reduce irreversible fouling of the membrane. They
speculated that the reduction of irreversible fouling
was attributed to the removal of the aromatic rings,
and led to a smaller amount of these substances being
adsorbed on the membrane and further reduced the
proportion of internal fouling. In our experiment (as
demonstrated in Fig. 4(b)), with the increase in initial
pH, the reversible fouling was reduced and even
vanished under neutral and alkaline conditions, and
the irreversible fouling diminished noticeably after
AC/O3 pretreatment. Nevertheless, ozonation and
hydroxyl-mediated breakdown of organic matter
might increase the biodegradability of the treated
organic matter. The implications for biofouling of the
UF membrane in long-term use still need further
investigation.

5. Conclusions

(1) Compared with the adjustment of pH value
and pretreatment methods such as AC adsorp-
tion and preozonation, AC/O3 displayed the
greatest impact on fouling alleviation and the
best effect on water quality improvement
under all pH conditions. No obvious impact of
pH on ultrafiltration process was observed. AC
adsorption pretreatment had almost no allevia-
tion effect on membrane fouling regardless of
the initial pH.

(2) AC/O3 pretreatment clearly mitigated the
membrane fouling. After AC/O3 pretreatment,
the total fouling, the reversible fouling (related
to cake fouling) and irreversible fouling
(related to pore plugging) were all decreased.
The impact of initial pH on AC/O3 for fouling
alleviation was prominent. With the increase in
initial pH, the reversible fouling was reduced
and even vanished, and the irreversible fouling
was diminished to a great extent after AC/O3

pretreatment.
(3) It was the component transformation of sewage

effluent after AC/O3 pretreatment that caused
the alleviation of membrane fouling. With the
increase in initial pH, the high-MW biopoly-
mers as well as the humic substances in EfOM
were preferentially removed by AC/O3, which
mitigated the flux decline during the ultrafiltra-
tion process and decreased the reversible and
irreversible fouling.
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Hybrid membrane processes using activated carbon
treatment for drinking water: A review, J. Membr. Sci.
411–412 (2012) 1–12.

[30] J. Lohwacharin, K. Oguma, S. Takizawa, Use of car-
bon black nanoparticles to mitigate membrane fouling
in ultrafiltration of river water, Sep. Purif. Technol. 72
(2010) 61–69.

[31] S.K. Kang, K.H. Choo, Why does a mineral oxide
adsorbent control fouling better than powdered acti-
vated carbon in hybrid ultrafiltration water treatment?
J. Membr. Sci. 355 (2010) 69–77.

[32] M. Remy, V. Potier, H. Temmink, W. Rulkens, Why
low powdered activated carbon addition reduces mem-
brane fouling in MBRs, Water Res. 44 (2010) 861–867.

[33] T. Liu, Z.L. Chen, W.Z. Yu, S.J. You, Characterization
of organic membrane foulants in a submerged
membrane bioreactor with pre-ozonation using three-
dimensional excitation–emission matrix fluorescence
spectroscopy, Water Res. 45 (2011) 2111–2121.

[34] S.T. Nguyen, F.A. Roddick, Effects of ozonation and
biological activated carbon filtration on membrane
fouling in ultrafiltration of an activated sludge efflu-
ent, J. Membr. Sci. 363 (2010) 271–277.

27124 J. Guo et al. / Desalination and Water Treatment 57 (2016) 27113–27124


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Feed water
	2.2. Granular activated carbon
	2.3. Activated carbon catalytic ozonation (AC/O3) procedure
	2.4. Ultrafiltration experiment
	2.5. Analytical methods
	2.5.1. DOC, UV254, and pH
	2.5.2. Zeta potential of membrane
	2.5.3. EEM


	3. Results
	3.1. AC/O3 pretreatment for fouling alleviation
	3.2. Impact of pH on AC/O3 pretreatment for fouling alleviation
	3.3. Water quality analysis after pretreatment under different initial pH

	4. Discussion
	5. Conclusions
	Acknowledgments
	References



