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a b s t r a c t

The aim of this study was to evaluate the effect of powdered activated carbon (PAC) addition on the treat-
ment of algal-rich water by immersed ultrafiltration (UF), in terms of permeate quality and membrane
fouling. Experiments were performed with a hollow-fiber polyvinyl chloride ultrafiltration membrane at
a laboratory scale, 20–25 ◦C and 10 L/(m2 h) constant permeate flux. UF could achieve an absolute removal
of Microcystis aeruginosa cells, but a poor removal of algogenic organic matter (AOM) released into water,
eywords:
icrocystis aeruginosa

AC
ltrafiltration (UF)
lgogenic organic matter
yanotoxins

contaminants responsible for severe membrane fouling. The addition of 4 g/L PAC to the immersed UF
reactor significantly alleviated the development of trans-membrane pressure and enhanced the removal
of dissovled organic carbon (by 10.9 ± 1.7%), UV254 (by 27.1 ± 1.7%), and microcystins (expressed as MC-
LReq, by 40.8 ± 4.2%). However, PAC had little effect on the rejection of hydrophilic high molecular weight
AOM such as carbohydrates and proteins. It was also identified that PAC reduced the concentrations
of carbohydrates and proteins in the reactor due to decreased light intensity, as well as the MC-LReq

orpti
concentration by PAC ads

. Introduction

The occurrence of cyanobacteria blooms has become one of
he major concerns for drinking water production. The cyanobac-
erial cells themselves, as well as their extracellular products in
ater adversely affect the conventional drinking water treatment
rocesses from many aspects, such as causing taste and odor,

ncreasing coagulant demand, clogging filter media and leading to
he formation of disinfection by-products. The algogenic organic

atter (AOM) includes proteins, neutral and charged polysac-
harides, nucleic acids, lipids and small organic molecules [1].
t is estimated that extracellular organic matter (EOM), espe-
ially carbohydrates and carbonyl compounds, usually accounts
or 60–80% of the total released AOM [2]. Cyanotoxins as the
econdary metabolites of cyanobacteria are seriously harmful to
uman health by promoting liver tumors. Microcystins are the
ost frequently occurring class of cyanotoxins in natural waters,

f which microcystin-LR (MC-LR) is the most toxic and frequently
etected species [3]. A guideline value of 1.0 �g/L for microcystins
n drinking water has been proposed by the World Health Organi-
ation [4].

In drinking water treatment, conventional treatment processes
re still the main treatment processes for algae removal. How-
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ever, it has been proved that coagulation, flocculation and filtration
are effective for the rejection of cyanobacterial cells, but not for
the dissolved toxins [5,6]. Furthermore, although pre-oxidation by
chlorine, ozone, potassium permanganate and potassium ferrate
has been shown to be effective for inactivating algal cells [7–9], the
high dosage required may induce cell lysis, thus resulting in the
release of undesirable compounds and the formation of harmful
by-products [9,10,5,6].

Membrane filtration technology is a promising alternative to
conventional water treatment processes for the removal of algae,
since it offers an absolute removal of the algal cells and is less
affected by raw water quality changes [11,12]. However, mem-
brane fouling is still a major obstacle for the wider application
of the membrane filtration technology. Campinas and Rosa [12]
showed that although UF ensured a complete cell removal with-
out degradation of permeate quality, the membrane fouling caused
by cell damage hindered the applicability of UF for treating algal-
rich water. Nanofiltration membrane fouling phenomenon was
observed during filtration of AOM extracted from B-G algae [13].
It was proved that alginate could cause greater NF flux decline
than humic acid under the same conditions [14]. Kwon et al. [15]
found that the combination of microcystis and natural organic

matter (NOM) could induce more serious UF membrane fouling
as compared with single microcystis or NOM. Castaing et al. [16]
showed that cake formation was the main fouling mechanism of
immersed MF and UF membranes used for removing micro-algae
(Alexandrium sp.) from seawater. To enhance the MF performance

dx.doi.org/10.1016/j.jhazmat.2010.12.015
http://www.sciencedirect.com/science/journal/03043894
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Table 1
PAC characteristics.

Characteristics Value

BET surface area (m2/g) 1114.7 ± 10.9
Ash content (%) 5.31 ± 0.21
Moisture (%) 5.6 ± 0.7
Methylene blue number (mg/g) 295 ± 3.7
Iodine number (mg/g) 1005 ± 9.5
pHpzc 9.11
Primary micropore (<8 Å) volume (cm3/g) 0.361
Secondary micropore (8–20 Å) volume (cm3/g) 0.217
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Mesopore (20–500 Å) volume (cm3/g) 0.523
Carbon (%) 87%

alues represent average ± standard deviation for three replicates.

or algae removal, pre-ozonation was investigated by Hung and Liu
17], but the results indicated that the dissolved polysaccharide
eleased during pre-ozonation even exacerbated the membrane
ouling.

The combination of PAC and membrane filtration is a promis-
ng process for drinking water treatment. It has been proved that
AC can compete with membrane to adsorb organic matter, thus
ffectively mitigating the membrane fouling [18–20]. Some inves-
igations [21,22] have also been conducted with regard to the
pplication of PAC/UF process for the rejection of microcystins,
ith the results showing that more than 95% of removal could be

chieved. However, few studies have been focused on the removal
f algae, especially the AOM by PAC/UF process. To deal with that
atter, the effectiveness of PAC/immersed UF process is assessed

or algal-rich water treatment, and the influence of PAC on the
oncentration of AOM in the reactor is also discussed.

. Materials and methods

.1. Cyanobacterial culture

The target algae used in the experiments was Microcystis
eruginosa (M. aeruginosa) which is one of the dominant cyanobac-
eria in most eutrophic rivers and lakes in China. M. aeruginosa was
upplied by Wuhan Institute of Hydrobiology of Chinese Academy
f Sciences, and was cultivated in the laboratory in modified BG11
edium at 23–24 ◦C, under a light regimen of 12 h fluorescent

ight/12 h dark [12]. The M. aeruginosa was at the stationary growth
hase after being incubated for 10 days. The testing water used in
he study was prepared by diluting the culture suspension of M.
eruginosa with 5 mg/l ammonia-N in distilled water (NH4Cl, ana-
ytical grade). The ammonia added in the testing water was also
sed to evaluate the bacteria development in the reactors. The algal
ell concentration in the raw water was controlled at 1.0 × 108 to
.5 × 108 cells/L obtained from a particle counter (model WGC-267,
et One, Oregon, USA).
Cyanotoxins are very diverse in their chemical structure and

oxicity. There were MC-LR, MC-RR and MC-YR detected in the
ab culture and the overall concentration was quantified in MC-
R equivalent concentration (�g/L MC-LReq), since it was the most
oxic and typically produced by M. aeruginosa.

.2. PAC

The properties of the PAC (coconut shell, China) used in the
xperiments are listed in Table 1. The PAC sample exhibited an

lkaline pHpzc which was determined by acid–base titration [23].
he PAC was also characterized by a high specific surface area
nd corresponding high adsorption capacity expressed by the
ethylene blue and iodine numbers which were determined by

hinese standard examination methods (GB/T12496.2-1990 and
Fig. 1. (a) Schematic diagram of the experimental set-up (1-raw water tank;
2-constant level water tank; 3-reactor; 4-ultrafiltration membrane module; 5-
manometer; 6-suction pump; 7-air blower; 8-air flowmeter; 9-air diffuser;
10-discharge valve). (b) Immersed hollow-fiber UF membrane module.

GB/T12496.7-1990). The pore structure characteristics of the PAC
were determined by an automatic Micromeritics ASAP-2010 vol-
umetric sorption analyzer. It was found that PAC was mostly
mesoporous.

2.3. Experimental set-up

The two parallel laboratory-scale immersed membrane reactors
(schematically shown in Fig. 1a) were constructed and employed
in this study. Two hollow-fiber modules of polyvinyl chloride
(PVC) UF membrane (Litree, China) with 0.025 m2 membrane area
(12.6 cm length, 14 fibers) and a nominal pore size of 0.01 �m
were used (Fig. 1b). The reactors (effective volume of 320 mL) were
fed with raw water through constant level tanks and the effluents
were drawn directly from the membrane modules by using suc-
tion pumps. Pressure transducers were set between the membrane

modules and the suction pumps to monitor the trans-membrane
pressure (TMP) during UF process, for following the changes in
the permeation resistance due to fouling phenomena. There was
no discharge from the reactors during the experiment. Continuous
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eration was provided at the bottom of each reactor to bring strong
urbulence for PAC mixing, membrane cleaning and to provide oxy-
en for the aerobic bacterial growth.

.4. Operating conditions

Both the reactors with and without PAC were operated under the
ame experimental conditions as follows: UF membrane flux was
et at 10 L/(m2 h), corresponding to an 80-min hydraulic retention
ime (HRT), and the temperature was maintained at 20–25 ◦C. Air
o influent ratio was kept at 12:1, and the duration of filtration was
5 days.

To determine the optimum dose of PAC in the reactor, the influ-
nce of PAC dose (0 g/L, 2 g/L, 4 g/L, 8 g/L, calculated based on reactor
olume) on the TMP increase was pre-examined in the UF mem-
rane system, with the same experimental conditions as those
escribed. It was found that when the dose of PAC was 4 g/L, the
MP increased slowest during the tested doses.

Therefore, the predetermined dose of PAC (4 g/L) was added to
ne reactor at the beginning of operation. There was no PAC addi-
ion or discharge during the subsequent experimental period. So it
ould be calculated that during the 15 days of operation, the PAC
onsumed by the raw water corresponded to 13 mg/L on average.

Prior to use, each membrane was washed, flushed and com-
acted with deionized water under the same condition as that used

n the subsequent experiments, until a steady pure water permeate
ux was obtained.

.5. Analytical methods

.5.1. DOC, UV254 and SUVA analysis
Dissolved organic carbon (DOC, prefiltration through 0.45 �m

embrane) was measured by a total organic carbon analyzer (TOC-
CPH, SHIMADZU, JAPAN) using the high-temperature combustion
ethod. UV254 absorbance was determined by using a spectrom-

ter (UV754, CANY, CHINA). The value of specific UV absorbance
SUVA) was determined as the UV absorbance at 254 nm divided
y the DOC concentration.

.5.2. Carbohydrate and protein analysis
The carbohydrate content was determined by the

henol–sulfuric acid method, using glucose as standard [24].
rotein was analyzed using the BCA protein assay (Pierce BCA
rotein Assay Reagent Kit No. 23225). Carbohydrate and protein
easurements were performed on triplicate basis, and the average

alues were reported in the paper.

.5.3. Chlorophyll-a analysis
The chlorophyll-a was determined by spectrophotometric

ethod. Water sample (100 mL) was first filtered through a GF/F
lter (Whatman), then the chlorophyll was extracted with 14 mL
f ethanol. The absorbance of the extracts at 664 nm and 750 nm
as determined by a spectrometer (UV754, CANY, CHINA) with
cm cuvette [25]. The measurements were carried out in triplicate
nd the average values were shown.

.5.4. Microcystin analysis
Microcystin extraction and analysis was conducted according to

he procedures used by Zhao [26] and Zhang et al. [27] with some
daptations. The sample was first passed through a Whatman GF/C
lass microfibre, and was then concentrated by solid-phase extrac-

ion in a C18 cartridge (Agilent). The cartridge was conditioned
efore use by rinsing with 10 mL of 100% methanol, followed by
0 mL of pure water (Milli-Q, Millipore). After that, 300 mL of the
ltered water sample was passed through the cartridge under vac-
um at the flow rate of 4 mL/min. The cartridge was then washed
aterials 186 (2011) 1415–1424 1417

by 10 mL of 20%, 10 mL of 30%, 5 mL of 40% methanol and 5 mL
of 75% methanol in sequence. Finally, the mixed elute solution
was concentrated to 1 mL under water bath. HPLC analysis was
performed with an Agilent 1200 series (USA) to determine the
three microcystin variants which were all quantified as �g/L MC-
LR (MC-LReq) using a pure MC-LR standard. The mobile phase was
composed of methanol and 0.1% trifluoracetic acid with the vol-
ume ratio of 60:40. HPLC analyses were conducted at 238 nm with
VWD detector (G1314B) and the Zorbox Eclipse XDB-C18 column
(150 × 4.6 mm, 5 �m) at a flow rate of 1 mL/min.

2.5.5. Molecular weight fractionation
The apparent MW distributions of algogenic organic matter in

the raw water was analyzed using Millipore membranes with dif-
ferent pore sizes, and expressed in terms of DOC. Five fractions of
the EOM were obtained, i.e. >30, 30–10, 10–3, 3–1 and <1 kDa. The
analysis was conducted in triplicate [28].

2.5.6. EOM fractionation
The XAD-8 and XAD-4 resins were used in series to separate

the EOM in the raw water into hydrophobic (HPO), hydrophilic
(HPI) and transphilic (TPI) fractions. The sample was filtered with
0.45 �m membranes and adjusted to pH 2 before being filtered
through the XAD-8 and XAD-4 resins. The concentration of each
fraction of the EOM was determined in terms of DOC [29]. Mea-
surements of samples were carried out in triplicate.

2.5.7. Ammonia-N and nitrite-N analysis
Ammonia-N and nitrite-N were determined by the colorimetric

methods using a spectrometer (UV754, CANY, China) [30].

2.6. Microscopic observations

At the end of the experiments, scanning electronic microscopy
(SEM) was used to analyze the change of UF membrane surface.
A piece of membrane fiber was cut from the inside and bottom of
each membrane module operated under different conditions. These
membrane samples together with a clean sample of the same mem-
brane were rinsed with 0.1 M phosphate buffer and fixed with 3.0%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 3 h. This was
followed by dehydration in a graded ethanol series (50, 70, 80, 90,
and 100, 100, 100%; each for 15 min). Finally, the samples were
gold-coated by a sputter and observed under the SEM (HITACHI
S4800 HSD, Japan) [30].

3. Results and discussion

3.1. Improvement of UF effectiveness by PAC addition

3.1.1. Algal cells removal
In this study, chlorophyll-a was used to assess the removal

efficiency of algal cells. Fig. 2 shows the concentrations of
chlorophyll-a before and after UF and PAC/UF treatments. It can
be seen that although during the filtration experiments the influ-
ent chlorophyll-a content was as high as 34.2 ± 3.5 �g/L, the
chlorophyll-a was almost completely removed and could not be
detected in UF permeate whether PAC was added or not. The UF
ability for the absolute removal of M. aeruginosa cells was thus
confirmed, which is consistent with the results obtained by others
[12,31]. This could be explained by the bigger size of M. aeruginosa
cells (3–7 �m) as compared with the membrane MW cut-off of

100 kDa (approximately 0.01 �m) [12].

3.1.2. DOC and UV254 removal
While algal cells are particulate matter and may therefore be

easily and completely rejected by the membrane, the algogenic
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ig. 2. Comparison of chlorophyll-a before and after UF and PAC/UF treatment (val-
es represent average ± standard deviation for three replicates).

rganic compounds released into water through metabolism activ-
ty are difficult to be removed and may cause severe membrane
ouling. DOC is widely employed to represent the total content of
eleased AOM. As illustrated in Fig. 3 the average DOC removal
fficiency by the UF membrane alone was 53.7 ± 7.1%, while a mod-
rate increase of 10.9 ± 1.7% was obtained when PAC was added
o the membrane system. It could be seen that PAC improved the
fficiency of DOC removal. The value of UV254 indicates the con-
entration of aromatic organic compounds in water. The effect of
AC on UF performance for UV254 removal is shown in Fig. 4. As
ould be seen, the UV254 in the raw water could be reduced by
1.1 ± 2.3% with the PAC/UF process, and by 34.0 ± 3.2% with UF
lone. It was obvious that the PAC should be responsible for the
emarkable increase (by 27.1 ± 1.7%) in UV254 removal.

SUVA values in the raw water were between 0.8 and
.6 L/(m mg) (Fig. 5). The low SUVA means that less organochlo-
inated compounds could be formed during the algal-rich water
isinfection by chlorine, resulting in less trihalomethanes (THMs)
nd other disinfection byproducts (DBPs) formation [32]. Further-
ore, SUVA is also an indicator of the hydrophobicity and/or
romatic nature of the organic matter. The low SUVA is a result
f the relatively low aromaticity and of the hydrophilicity associ-
ted with AOM, which would be further proved in the following
ection.

Fig. 3. Comparison of DOC before and after UF and PAC/UF treatment.
Fig. 4. Comparison of UV254 before and after UF and PAC/UF treatment.

From Fig. 6a, it can be seen that the M. aeruginosa AOM had a
MW distribution of 57.3 ± 2.0% greater than 30 kDa and 26.5 ± 0.5%
smaller than 1 kDa. Thus, it could be inferred that the UF membrane
rejected a part of the high MW AOM through sieving mechanism,
and PAC could enhance the removal of organic matter below 1 kDa.
Fig. 6b displays the data from AOM fractionation by XAD 8/4 resins.
The hydrophilic fraction reached up to 62.6 ± 1.92%, which was con-
sistent with the results obtained by Her et al. [13], who identified
the HPI and HPO as 57% and 26% in algae solution, respectively.
Henderson et al. [33] characterized the AOM extracted from four
algal species in the exponential and the stationary growth phases.
According to them, carbohydrate accounted for 69% of the HPI frac-
tion in the stationary phase for M. aeruginosa AOM, which was
predominantly hydrophilic or transphilic. As to the EOM fraction, it
should have a similar composition [33]. Carbohydrates have low UV
absorbance but high proportion in the AOM, which might explain
why the PAC significantly enhanced the removal of UV254, but only
a moderate increase of DOC removal was obtained.

3.1.3. Carbohydrate removal
Due to the importance of carbohydrates in algal-rich water, the

removal of carbohydrates by UF with and without PAC was also
investigated (Fig. 7). For the 15 days of operation, similar removal

efficiencies of carbohydrates were observed for the PAC/UF pro-
cess and UF membrane alone (by 51.5 ± 11.2% vs. 49.8 ± 11.1%). The
results indicated that the PAC was not effective for removing the
highly hydrophilic carbohydrates through adsorption, which was
in accordance with the observations made by Campinas and Rosa

Fig. 5. SUVA values of AOM released into the water by cultured M. aeruginosa.
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ig. 6. MW distribution (a) and XAD-8/4 fractionation (b) of AOM released into
he water by cultured M. aeruginosa in the raw water (values represent aver-
ge ± standard deviation for three replicates).
34]. Because of the particle size distribution of carbohydrates in
eed suspension and the molecular weight cut off (MWCO) of the

embrane, the removal mechanisms of carbohydrates in the algal
ater by UF membrane seemed to have changed during the filtra-

ig. 7. Comparison of carbohydrate before and after UF and PAC/UF treatment.
Fig. 8. Comparison of protein before and after UF and PAC/UF treatment.

tion cycle [35,14,36]. In the initial stage of filtration, adsorption and
sieving might have been the dominant mechanisms for the removal
of carbohydrates. Then, the carbohydrates in the reactors appeared
to aggregate by intermolecular adhesion, becoming large enough
to be rejected by the membrane and forming the nuclei for further
deposition of carbohydrate. Furthermore, since there was no liquid
discharged from the reactors during experimental period, aerobic
bacteria could grow in the reactors making use of the released AOM
and oxygen in the reactors, which would improve the carbohy-
drate reduction due to biodegradation. These might explain why
the carbohydrate removal by PAC/immersed UF process gradually
increased from an initial value of 20.4% to 55.4% after 7 days of
operation, and then became stable.

3.1.4. Protein removal
During the experiments, the average protein removal rates by UF

alone and PAC/UF process were 23.7 ± 3.6% and 27.0 ± 2.9%, respec-
tively (Fig. 8). The minimal increase in protein removal suggested
that PAC could not effectively remove the protein released by algae.
Due to the wide MW range of proteins, the UF membrane was able
to retain a part of them. With the adsorption of some protein onto
the membrane pore walls, the pore size decreased correspondingly,
which would result in an increased removal rate of the proteins
during the filtration cycle and in a significant increase of the TMP
[37]. Furthermore, the polysaccharides rejected by the UF mem-
brane would also adsorb the proteins and retain them in the reactor
[38]. There may be intermolecular binding (ionic bonds, or multi-
ple hydrogen bonds) between polysaccharides and proteins to form
a network structure, thus causing synergistic membrane fouling
effects [39,40].

Fig. 9a displays the influent and effluent concentrations of
ammonia-N in UF and PAC/UF process during the filtration period. It
showed that little removal of ammonia-N was observed in PAC and
PAC/UF processes in the first 4 days. On the other hand, the reduc-
tion of ammonia concentration in UF and PAC/UF process increased
gradually to 45.6% and 57.7% in the 7th day. It has been proved that
ammonia cannot be removed by adsorption to PAC nor by rejection
through UF membrane. It implies that ammonia-N is oxidized bio-
logically in the reactors. In Fig. 9b, it can be seen that nitrite-N was
first detected on the 4th day, then gradually increased and finally

reached 2.3 mg/L in the UF effluent and 3.7 mg/L in the PAC/UF efflu-
ent, respectively. The result demonstrates that the ammonia-N was
converted into nitrite-N from the 4th day by ammonia oxidation
bacteria. It can be inferred that some kinds of aerobic bacteria could
develop in the reactor in a comparatively short operating period,
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ig. 9. Comparison of ammonia-N (a) and nitrite-N (b) before and after UF and
AC/UF treatment.

hich might be partly responsible for the increasing removal of
OC, carbohydrates and proteins. It is known that ammonia is
xidized to nitrite by ammonia oxidation bacteria and further to
itrate by nitrification bacteria. However, there is no nitrate-N
etected in the influent and effluent, may be due to the fact that
longer operating period is required for the nitrification bacteria

o develop in the reactors.
In the PAC/UF system, the final reduction of ammonia can reach

p to 61.1%, which was 10.0% higher than that in UF system. It
eans that the high concentration PAC has a positive effect on

mmonia oxidation bacteria as a supporting medium.

.1.5. MC-LReq removal
Cyanotoxins would be produced during all stages of cyanobac-

erial growth, and cell aging or cell lysis would cause them to
e released to the surrounding water. Fig. 10 illustrates that the
AC/UF process could achieve 79.4 ± 3.5% removal of MC-LReq on
verage, which was 40.8 ± 4.2% higher than the parallel UF pro-
ess. The MC-LR exhibits relatively hydrophobic characteristic with
molecular weight of 900–1100 Da [41,42], which is much smaller
han the cut-off of the UF membrane (100 kDa in this study). There-
ore, the MC-LR removal by UF was mainly due to adsorption onto
he membrane [43]. However, the MC-LR’s diameter of 12–26 Å [44]
as consistent with the micro- and mesopore size of the PAC used

n the experiments. Thus, the removal of MC-LReq could have been
Fig. 10. Comparison of MC-LReq before and after UF and PAC/UF treatment.

significantly increased through the PAC addition in the PAC/UF pro-
cess. It should be noted that the polysaccharides in the reactors
might also benefit the removal of MC-LReq.

The result showed that the UF process achieved 35.1 ± 6.6% of
MC-LReq removal, resulting in an average permeate concentration
below the WHO drinking water guideline value (1 �g/L) when the
influent concentration of MC-LReq was just 0.17 ± 0.02 �g/L. On the
other hand, Campinas and Rosa found that with no PAC addition,
the removal rate of microcystins was just 4% by the cellulose acetate
UF membrane when the feed concentration of MC-LR was 12 �g/L
[22]. According to Lee and Walker, the MC-LR removal depended
on the specific conditions, such as MC-LR feed concentration, the
membrane characteristics and operating conditions [43]. For an
economic viability consideration for the MC-LReq removal in the
test condition, the UF process without PAC was prioritized.

3.2. Effect of PAC on the AOM release to the reactor

The algal cells retained in the reactors by the UF membrane
would release AOM into the water. There are many factors influenc-
ing the photosynthesis, growth and morphogenesis of algae, such
as hydrodynamics and light intensity [45–47]. According to Chen
et al. [48], the biomass of M. aeruginosa could be reduced by more
than 65% at a residence time of 5 days, when treated with aeration
under light-shading. Unfortunately, there are no conclusive results
regarding the light intensity effect on AOM releasing production
from the published studies. Individual reports are not readily com-
parable due to the different algal strain, culturing methods and
analytical methods employed in the different studies. In this inves-
tigation, it was inferred that apart from adsorption function, PAC
would also influence the algal metabolism through the decreased
light intensity and changed micro-environment for algae living.

To identify the PAC effect on the release of AOM in the reactor,
another parallel UF system covered with cloth was employed to
simulate the light intensity of that with PAC addition, and operated
under the same experimental conditions as described in Section
2.4.

3.2.1. Carbohydrate and protein contents in the reactor
During the experimental period, the carbohydrate concentra-

tion in the reactor with PAC and in the reactor shaded by cloth were
quite similar (3.5 ± 0.8 and 3.6 ± 0.7 mg/L, respectively), whereas

the concentration in the reactor without PAC was 4.1 ± 0.6 mg/L
(Fig. 11). It was thus inferred that the release of carbohydrates
declined with the decrease of light intensity due to the inhibition of
photosynthesis, which weakened the metabolism activity of algal
cells.
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Fig. 11. Effect of PAC on carbohydrate content in the reactors.

As Fig. 12 illustrates, the average concentration of proteins
n raw water was only 0.55 ± 0.08 mg/L, while the concentration
ncreased to 3.0 ± 1.2 mg/L in the UF reactor without PAC. As for
he reactor with PAC addition and that shaded by cloth, the pro-
ein contents were both much lower than those without PAC (by
7.6 ± 13.3% and 32.2 ± 11.9%, respectively). It was deemed that

ow light intensity had negative effect on the release of proteins
rom algae cells. It had been demonstrated that the PAC had little
apacity for adsorbing carbohydrates and proteins in Sections 3.1.3
nd 3.1.4 (as shown in Figs. 7 and 8), this could explain why there
as no significant difference between the reactor with PAC and that

haded with cloth in terms of carbohydrate and protein contents.
Figs. 11 and 12 also show that from the 1st day to the 4th day

f the operation, the carbohydrate and protein concentrations in
he reactors increased gradually both in UF and PAC/UF process.
he reason might be the metabolism of algal cells accumulating in
he reactors and the sieving by the UF membrane. However, 4 days
ater, the contents of carbohydrates and proteins decrease and then
ept relatively stable concentrations in UF and PAC/UF process,

hich could be due to concentration polarization and the aerobic

acteria growth which might decompose a part of carbohydrates
nd proteins.

Fig. 12. Effect of PAC on protein content in the reactors.
Fig. 13. Effect of PAC on MC-LReq content in the reactors.

3.2.2. MC-LReq content in the reactor
As illustrated in Fig. 13, quite similar MC-LReq content was

observed in the reactor without PAC addition and that cov-
ered with cloth, with the concentrations of 0.22 ± 0.03 �g/L and
0.22 ± 0.02 �g/L, respectively. A reasonable explanation is that light
illumination had little or insignificant effect on MC-LReq synthe-
sis. This explanation is consistent with some published studies
[46,47], but in conflict with the reports that photosynthetically
active radiation could promote the synthesis of microcystin [49,50].
Fig. 13 also showed that the MC-LReq concentration was reduced to
0.10 ± 0.01 �g/L when 4 g/L of PAC was added to the reactor, which
was even lower than that in the influent (by 38.7 ± 4.4%). The low
content of MC-LReq in the reactor with 4 g/L of PAC is consistent
with its adsorption by PAC, discussed in Section 3.1.5.

3.3. Comparison of TMP developments with and without PAC
addition

The influence of PAC addition on membrane fouling during UF
of the algal-rich water is depicted in Fig. 14. The results show
that the TMP generally increased with the operating time from
the initial 7 kPa in both reactors. At the end of this investigation,

the final TMP increased to 46.3 kPa in the UF process versus the
29.5 kPa obtained in the PAC/UF process. It was thus obvious that
PAC addition was an efficient strategy to mitigate membrane foul-
ing, though it was ineffective for removing the hydrophilic high
MW AOM.

Fig. 14. Comparison of TMP development with and without PAC.
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ig. 15. SEM images of clean membrane surface (a, b), on the layer of membrane s
hysical cleaning in (e) UF process and (f) PAC/UF process.

According to literature [51–53], PAC alone does not affect the
ermeate flux of a hydrophilic UF membrane. However, when PAC
dded to the reactor, the PAC particles adhered to the membrane
urface and partially replaced the algal cells layer. Since most of the
AC particles had a diameter 100 times larger than the membrane
ore size (0.01 �m), the PAC layer on the membrane was relatively

oose with greater porosity, which would have a positive effect on
he membrane permeability. This would be further discussed by
EM analysis in Section 3.4.

The membranes used in the UF and in the PAC/UF processes
ere taken out and thoroughly flushed and backwashed with
istilled water. Meanwhile, all the solution in each reactor was
ischarged. After that, the membranes were re-installed into the
eactors and the normal running was restored. It was found that
he TMP in UF process and PAC/UF process reduced to 20.1 kPa
nd 13.8 kPa, respectively. Therefore, it could be approximately

alculated that, in UF process the reversible fouling resistance con-
ributed to 26.2 kPa (56.6%) of TMP increase; while the contribution
f irreversible resistance was 13.1 kPa (28.3%). On the other hand,
he contributions of reversible and irreversible fouling resistances
o the increase of TMP in PAC/UF process were 15.7 kPa (53.2%)
before physical cleaning in (c) UF process and (d) PAC/UF process, as well as after

and 6.8 kPa (23.1%). The results indicated that PAC could not effi-
ciently decrease the proportion of irreversible resistance in the total
fouling resistance due to the low adsorption capacity of carbohy-
drates and proteins. Nevertheless, PAC decreased both reversible
and irreversible UF fouling. Campinas and Rosa [34] found that PAC
had no effect on the UF membrane reversible fouling, but it con-
trolled the irreversible fouling minimizing the chemical cleaning
frequency. The differences in these two studies might be due to
the influence of the PAC and membrane materials on the reversible
fouling resistance.

It may be then concluded that compared with the UF process, the
economic viability of the PAC/UF process for the algal-rich water
treatment is a great improvement due to more effective fouling
control and removal of the released AOM (such as MC-LReq) with
modest input of PAC.
3.4. SEM observations of the membrane surface

At the end of the investigation, the membranes in the PAC/UF
and UF processes as well as a clean one were observed under SEM
to identify the surface characteristics after each treatment process.
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t should be noted that the sample preparation procedures might
ave taken away most of the cake layer and even part of the gel

ayer on the membrane surface because of their loose attachment
o the membrane. As shown in Fig. 15, in comparison with the flat
nd smooth surface of the clean membrane (Fig. 15a and b), the
urface of the membranes in both PAC/UF and UF processes were
overed with a fouling layer, which seemed rather rough. The mem-
rane surface in UF process was found to be mainly covered by
lgal cells and AOM (Fig. 15c), which appeared to be more dense
nd nonporous than that in PAC/UF process (Fig. 15d). This should
ccount for the more rapid development of TMP in the UF process as
ompared with that in the PAC/UF process. After physical cleaning,
ome fouling materials were removed from the membrane while
thers remained attached in both the UF process and PAC/UF pro-
ess (Fig. 15e and f). This indicates that the observed fouling was
ot completely reversible (in agreement with the results in Section
.3) and that further chemical cleaning was necessary for removing
he irreversible fouling.

. Conclusions

Based on the evaluation of the effectiveness of PAC/immersed
F process for algal-rich water treatment and on its comparison
ith immersed UF alone, the major conclusions follows:

1) Complete algae removal in terms of chlorophyll-a was achieved
by both PAC/UF and UF processes in the experiments, due to UF
sieving.

2) Due to PAC addition, higher organic matter removal could be
obtained by the PAC/UF process in terms of DOC, UV254 and
MC-LReq than by UF alone. However, PAC had little adsorption
capacity for carbohydrates and proteins released by cyanobac-
terial cells, indicating that PAC could not efficiently adsorb the
hydrophilic, high MW AOM of algogenic organic matter.

3) The PAC could effectively mitigate UF membrane fouling by
algal-rich water, as demonstrated by the slower development
of TMP in the PAC/UF process as compared with that in UF alone.

4) PAC addition reduced the production of carbohydrates and pro-
teins in the reactor due to the reduction of light intensity. On
the other hand, MC-LReq concentration in the reactor with PAC
was significantly decreased due to adsorption.

5) Through SEM examination, a layer of algal cells combined
with AOM was observed on the membrane surface in UF pro-
cess; whereas the membrane fouling layer in PAC/UF process
appeared to be much more porous and loose, which is con-
sistent with the PAC ability for alleviating the UF membrane
fouling.
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