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Abstract: This study focused on the effect of powder activated carbon (PAC) adsorption on
microfiltration (MF) membrane performance. The results showed that PAC pretreatment
offered high organic matter removal rates for both dissolved organic carbon (DOC) and
ultraviolet absorbance at 254 nm (UV2s4) during 10200 mg/L PAC dosage. The removal
efficiencies of organic matter by MF membrane filtration decreased with the increase of
organic matter removal rate by PAC adsorption. PAC mainly removed organic matter of
about 3 kDa molecular weight (MW). MF membrane maintained more than 5 kDa MW
organic matter on the membrane after PAC adsorption. The results of membrane filtration
indicated that PAC pretreatment slightly promoted membrane flux, regardless of PAC
dosage. It seems that the organic matter fouling membrane was concentrated in more than
3 kDa MW. PAC removed markedly less than 3 kDa MW organic matter and had less effect
on more than 3 kDa organic matter. Thus, PAC cannot reduce membrane fouling.
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1. Introduction

Membrane fouling is one of important issues of membrane application in water treatment [1,2].
Membrane fouling results in a decrease of membrane flux and poor performance. Some researches
indicated that natural organic matter (NOM) is main foulant responsible for membrane fouling of
microfiltration (MF) or ultrafiltration (UF) in drinking water [3—5]. In order to reduce organic matter
fouled membrane, activated carbon adsorption may be an option [6—8].

Powder activated carbon (PAC) is widely used as an absorbent in water treatment. PAC has good
adsorption performance for NOM, and thus it was adopted as pretreatment to reduce membrane fouling
and improve membrane performance [9-11]. However, different conclusions were obtained for
efficiencies of PAC in improving membrane performance. Some researches indicated that PAC can
enhance membrane flux when PAC was maintained on the surface of membrane [12—14]. Mozia et al.
proposed that the role of PAC suspended in a feed in the PAC/UF system is the adsorption of low
molecular humic acid (HA). The membrane provides a physical barrier preventing the passage of the
PAC, thus ensuring the retention of the organic compounds adsorbed on the PAC [15]. Matsui et al. found
PAC resulted in the formation of larger floc particles, and the reversible TMP increase during each
filtration cycle was mitigated by pretreatment with PAC [16]. Study on the effect of NOM in the coupled
superfine-PAC/microfiltration membrane process showed that NOM proved to be the main culprit in
membrane fouling and superfine-PAC actually decreased the fouling compared to NOM alone [17].
However, some researchers reported that the presence of PAC aggravated membrane fouling or had no
effect on membrane flux [18-20]. Filloux et al. found that PAC particles were observed in the backwash
water as they probably accumulated during the growth of the foulant layer [18]. Campinas et al. (2010)
concluded that PAC neither promoted nor controlled the membrane reversible fouling [20].

In this study, PAC was used as pretreatment prior to MF membrane for treatment of surface water.
The main purpose of the experiment is to investigate the effect of PAC on membrane performance,
especially focused on removal rates of organic matter by PAC-MF process and improvement of
membrane flux.

2. Experimental Methods
2.1. PAC Adsorption

Wooden PAC (Shanghai activated carbon Company, Shanghai, China) was used in this study.
The grain size distribution is: >74 um—71%, >44 um—95%. Before use, PAC was homogenized by
adding few deionized water. Special PAC dosage of 10, 50, 100, 200 mg/L was added into raw water,
respectively. Surface water from Huangpu River (China) was used in this experiment. PAC was added
in water sample and stirred for 1 min rapid mixing at 100 rpm and 30 min slow mixing at 30 rpm, and
then water sample was filtrated by a 0.45 um filter. Filtrated water sample was used for the following
membrane filtration.

2.2. Microfiltration Filtration Procedure

MF treatment apparatus is presented in Figure 1. The membrane used in the experiment was a
polyvinylidene fluoride (PVDF) hollow fiber MF membrane, with a nominal pore size of 0.1 um and
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75 cm? surface areas (Toray, Tokyo, Japan). MF membrane was performed in dead—end and out—in
operation mode. The MF experiment set-up concludes a N2 pressure cylinder, feed water reservoir,
membrane module, effluent reservoir, chemical cleaning reservoir and peristaltic pump. A water sample
in the feed water reservoir was fed by N2 into the membrane module. A magnetic stirrer at the bottom of
feed water tank was used to completely mix the feed water. The filtration process was carried out under
a pressure of 0.1 MPa. When 800 mL of the solution was filtrated, filtration finished and then chemical
cleaning was carried out to restore membrane flux. The chemical cleaning process included two steps:
1% oxalic acid and 5 g/L sodium hypochlorite was pressed by peristaltic pump into MF membrane
module and circularly cleaned membrane for 2 h, respectively.

Injection porte

/ il odule-
4 ol
= ' P
ump-«
t Chemical cleaning reservoir-
Feedwater resdrvoir.
iy
& Pressure meter. Effluent reservoire
N, pressure cylinder- — TFiltration process-

— —Chemical cleaning process«

Figure 1. Schematic of microfiltration (MF) filtration apparatus.
2.3. Analytical Method

Molecular weight analysis was conducted by two methods: gel permeation chromatography (GPC)
and UF membrane filtration. The GPC method is as follows [21]: A LC-10AD pump (Shimadzu, Kyoto,
Japan), a SPD-20A UV detector (Shimadzu), a SCL-10A system controller (Shimadzu) and a
G2500PWXL column (TSK, Shizuoka, Japan) consists of an HPLC system. Sodium sulfate was used as
the moving phase. The MW distribution results were analyzed using the response (volt) data with elapsed
time. In the UF membrane filtration method, 10, 7, 4, 2, 1 and 0.5 kDa UF membrane (Millipore, Boston,
MA, America) was used to separate organic matter. The sample was filtered by a 0.45 pm membrane
and then passed through the various UF membranes, respectively. Finally, seven organic fractions could
be obtained as follows: <0.5 kDa, 0.5—1 kDa, 1-2 kDa, 2—4 kDa, 4-7 kDa, 7-10 kDa and >10 kDa. DOC
concentration and UV2s4 absorbance were used to determine organic matter fraction amount.

The hydrophobic/hydrophilic fraction of organic matter was performed with resin method following
the procedure as described by Carroll ez al. [22]. Adsorbent resin (Supelite DAX-8, Supelco, Bellefonte,
RA, America; Amberlite XAD-4, Sigma, Santa Clara, CA, America) was used to separate the organic
substances into three groups: hydrophobic (HPO) fraction, transphilic (TPI) fraction and hydrophilic
(HPI) fraction.
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The concentration of organic matter was determined in terms of DOC and ultraviolet absorbance at
254 nm (UVa2s4). All samples were filtered through a 0.45 pm membrane prior to DOC and UVa2s4
measurement. DOC was analyzed in a TOC analyzer (Shimadzu TOC-VCPN). UV absorbance was
measured in an UV spectrophotometer (DR5000, HACH, Loveland, CO, America).

3. Results
3.1. DOC and UV254 Removal Efficiencies of PAC and MF Process

After raw water adsorbed by PAC passing through MF membrane, the efficiencies of DOC and UV2s4
are shown in Figure 2. From the figure, PAC has a high removal rate of DOC. During PAC dosage of
10-200 mg/L, DOC removal rate increased from 3.0% to 59.8%. When the MF membrane filtrated the
water sample after PAC adsorption, DOC removal of permeate increased steadily from 21.1% to 62.2%.
However, DOC removal by MF membrane increased slightly with the increase of PAC dosage.

Compared to DOC, a high removal rate of UVas4 was obtained. The UV absorbance removal
increased from 10.1% to 70.3% with the increment of PAC dosage from 10 mg/L to 200 mg/L. Similar
to the removal rate of DOC after MF filtration, the higher the PAC dosage, the lower the UV2s4 removal
by the MF membrane. It is likely that PAC obtained a high removal of DOC and UV2s4 with high PAC
dosage and few residual organic matters that can be removed by the membrane.
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Figure 2. Efficiencies of DOC and ultraviolet absorbance at 254 nm (UV2s4) by powder
activated carbon (PAC)/MF process.

3.2. Effect of PAC on Molecular Weight Distribution

Organic matter molecular weight (MW) distributions with different PAC dosages are shown in Figure 3.
With the increase of PAC dosage, the decrease of organic matter by about 3—5 kDa molecular weight is
obvious, especially at about 3 kDa organic matter. When PAC dosage was increased to 200 mg/L,
the molecular weight of 3—5 kDa dramatically decreased by the half of organic matter in raw water. With
respect to about 0.2 kDa organics, PAC has no influence. Some research showed that PAC selectively
adsorbed hydrophilic organic matter which has a low MW and is easilyadsorbed by
PAC [23,24]. Thus, less than 3kDa MW organic matter was mostly removed by PAC. Liu et al. also
found that PAC mainly removed 0.5-1 kDa and 1-3 kDa MW organic matter and has no effect on less
than 0.5 kDa, which is similar to the result of organic matter MW by PAC adsorption in this study [25].
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Figure 3. Effect of PAC on organics molecular weight distribution.

The molecular weight distribution of organic matter by PAC/MF filtration was shown in Figure 4.
From the figure, PAC has a significant effect on organic MW. Compared to PAC, MF membrane filtration
has a slight effect on MW slight, which is similar to organic matter removal by PAC in
Figure 2. For the MF membrane, about 5 kDa MW organic matter was removed by more than that of
3 kDa. It seems that the MF membrane was prone to removing higher MW organic matter.
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Figure 4. Effect of PAC and MF on organics molecular weight distribution.
3.3. Effect of PAC on Membrane Flux

In this study, the ratio of membrane flux (J) to pure water flux (Jo) was used to identify the membrane
flux. Figure 5 shows the effect of PAC on membrane flux. As can be seen from Figure 5, PAC has almost
no effect of enhancing the membrane flux, whatever dosage of PAC was added. Even though 200 mg/L
PAC was added, the J /Jo decreased to 22.4% after 800 mL water sample was filtered. When raw water
was passed through the MF membrane without PAC adsorption, the J/Jo decreased to 20.8%. The above
results regarding the removal of organic matter by PAC indicated that PAC resulted in high removal of
organic matter which is low MW organics. It is likely that the size of this low MW organic matter was
smaller than that of membrane pore and did not deposit on membrane surface, and then consequently
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cannot result in membrane fouling. Obviously, the organic matter resulting in membrane fouling cannot
be removed by PAC adsorption. Li et al. also found that PAC pretreatment would enhance the organic
removal but at the same time increase membrane fouling. The fraction of NOM that is adsorbed by PAC
might not induce much fouling on membranes [26].
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Figure 5. Membrane flux variation with different PAC dosage.
4. Discussion

In the above study, PAC has a high removal rate for organic matter. However, PAC could not improve
the membrane flux even at a very high dosage of 200 mg/L. MW of organic matter of raw water was
concentrated on 2—7 kDa, and especially 3—5 kDa. Organic matter adsorbed by PAC concentrated on
about 3 kDa MW. Obviously, PAC has little effect on higher MW organic matter.

In this study, changes of hydrophobicity/hydrophilicity of raw water after MF membrane filtration
were shown in Figure 6. It can be seen that MF membrane mainly removed hydrophobic organic matter.
Figure 7 showed the changes of hydrophobicity/hydrophilicity of different MW organic matter in raw
water before and after membrane filtration. After membrane filtration, the proportion of hydrophobic
organic matter markedly decreased, especially for 2—7 kDa MW organic matter. In contrast, the
proportion of hydrophilic organic matter obviously increased. In this study, hydrophilic PVDF
membrane was used. As a result, hydrophobic matter cannot pass through the membrane and stay on the
membrane surface. Hydrophilic organic matter passed through membrane easily, and then the proportion
of hydrophilic organic matter in the permeates increased markedly. It seems that the organic matter
fouled membrane was hydrophobic organic matter which focused on 2—7 kDa MW. PAC only partly
adsorbed 2—7 kDa MW organic matter and promoted membrane fouling slightly. This is the reason that
PAC dramatically removed organic matter while enhanced membrane flux slightly.
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Figure 6. Change of organic hydrophobicity/hydrophilicity for raw water filtrated
membrane filtration.
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Figure 7. Change of organic matter molecular weight (MW) in raw water before and after
membrane filtration.

5. Conclusions

In this study, PAC is used as pretreatment of MF membrane process in order to remove organic matter
and reduce membrane fouling. PAC offers higher DOC and UVa2ss removal rates. During
20-200 mg/L PAC dosage, DOC removal rate of 3.0%-59.8% and UV2s4 removal rate of 10.1%—70.3%
were obtained. However, organic matter removal rate by MF membrane was relatively low after PAC
adsorption. The higher the PAC dosage, the lower the organic matter removal rate by MF. MW of organic
matter in raw water was concentrated in 2-7 kDa, and especially 3-5 kDa. PAC removed
3 kDa MW organic matter more than in the case of 5 kDa MW. After PAC adsorption, membrane
removed more 5 kDa MW than 3 kDa MW.

PAC improved membrane flux slightly, even at 200 mg/L PAC dosage, regardless of whether organic
matter was dramatically removed by PAC. PAC adsorbed less than 3 kDa MW organic matter, which is
not mainly responsible for membrane fouling. In Huangpu River raw water, the organic matter fouling
membrane is hydrophobic higher MW organic matter. PAC could not markedly remove these organic
matters, and thus it reduced membrane fouling slightly.



Int. J. Environ. Res. Public Health 2015, 12 11276

Acknowledgements

This research 1is financially supported by the Natural Science Foundation of China
(51208469, 51208468).

Author Contributions

Bingzhi Dong and Naiyun Gao had the original idea for the study. Bingzhi Dong was responsible for
recruitment and follow-up of study participants. Yali Song was responsible for data cleaning and carried
out the analyses. Yali Song and Xiaoyan Ma drafted the manuscript, which was revised by all authors.

Conflicts of Interest
The authors declare no conflict of interest.

References

1. Wakeman, R.J.; Williams, C.J. Additional techniques to improve microfiltration. Sep. Purif. Technol.
2006, 26, 3—18.

2. Akhondi, E.; Wicaksana, F.; Fane, A.G. Evaluation of fouling deposition, fouling reversibility and
energy consumption of submerged hollow fiber membrane systems with periodic backwash.
J. Memb. Sci. 2014, 452, 319-331.

3. Xiao, F.; Xiao, P.; Zhang, W.J.; Wang, D.S. Identification of key factors affecting the organic fouling
on low-pressure ultrafiltration membranes. J. Memb. Sci. 2013, 447, 144—152.

4. Kennedy, M.D.; Kamanyi, J.; Heijman, B.G.J.; Amy, G. Colloidal organic matter fouling of UF
membranes: Role of NOM composition & size. Desalination 2008, 220, 200-213.

5. Her, N.; Amy, G.; McKnight, D.; Sohn, J.; Yoon, Y. Characterization of DOM as a function of MW
by fluorescence EEM and HPLC-SEC using UVA, DOC, and fluorescence detection. Water Res.
2003, 37, 4295-4303.

6. Khan, M.M.T.; Lewandowski, Z.; Takizawa, S.; Yamada, K.; Katayama, H.; Yamamoto, K.; Ohgaki,
S. Continuous and efficient removal of THMs from river water using MF membrane combined with
high dose of PAC. Desalination 2009, 249, 713-720.

7. Yu, W.; Xu, L.; Qu, J.; Graham, N. Investigation of pre-coagulation and powder activate carbon
adsorption on ultrafiltration membrane fouling. J. Memb. Sci. 2014, 459, 157-168.

8. Ronan, T.; Romuald, T.; Annabelle, C.; Dominique, W.; Annie, T.P. Ozonation effect on natural
organic matter adsorption and biodegradation-application to a membrane bioreactor containing
activated carbon for drinking water production. Water Res. 2010, 44, 781-788.

9. Li, K.; Liang, H.; Qu, F.; Shao, S.; Yu, H.; Han, Z.-S.; Du, X.; Li, G. Control of natural organic
matter fouling of ultrafiltration membrane by adsorption pretreatment: Comparison of mesoporous
adsorbent resin and powdered activated carbon. J. Memb. Sci. 2014, 471, 94—-102.

10. Stoquart, C.; Servais, P.; Bérubé, P.R.; Barbeau, B. Hybrid Membrane Processes using activated
carbon treatment for drinking water: A review. J. Memb. Sci. 2012, 411-412, 1-12.

11. Tomaszewska, M.; Mozia, S. Removal of organic matter from water by PAC/UF system. Water Res.
2002, 36, 4137-4143.



Int. J. Environ. Res. Public Health 2015, 12 11277

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Konieczny, K.; Klomfas, G. Using activated carbon to improve natural water treatment by porous
membranes. Desalination 2002, 147, 109-116.

Lee, C.W.; Bae, S.D.; Han, S.W.; Kang, L.S. Application of ultrafiltration hybrid membrane
processes for reuse of secondary effluent. Desalination 2007, 202, 239-246.

Suzuki, T.; Watanabe, Y.; Ozawa, G.; Ikeda, S. Removal of soluble organics and manganese by a
hybrid MF hollow fiber membrane system. Desalination 1998, 117, 119-130.

Mozia, S.; Tomaszewska, M.; Morawski, A.W. Studies on the effect of humic acids and phenol on
adsorption-ultrafiltration process performance. Water Res. 2005, 39, 501-509.

Matsui, Y.; Hasegawa, H.; Ohno, K.; Matsushita, T.; Mima, S.; Kawase, Y.; Aizawa, T. Effects of
super-powdered activated carbon pretreatment on coagulation and trans-membrane pressure
buildup during microfiltration. Water Res. 2009, 43, 5160-5170.

Li, M.F. Effects of Natural Organic Matter on Contaminant Removal by Superfine Powdered
Activated Carbon Coupled with Microfiltration Membranes. Master’s Thesis, Clemson University,
USA, 2014.

Filloux, E.; Gallard, H.; Croue, J.-P. Identification of effluent organic matter fractions responsible
for low-pressure membrane fouling. Water Res. 2012, 46, 5531-5540.

Kim, J.; Cai, Z.; Benjamin, M.M. Effects of adsorbents on membrane fouling by natural organic
matter. J. Memb. Sci. 2008, 310, 356-364.

Campinas, M.; Rosa, M.J. Assessing PAC contribution to the NOM fouling control in PAC/UF
systems. Water Res. 2010, 44, 1636—1644.

Hu, M.-L.; Lin, J.; Xu, G.-H.; Dong, B.-Z. Effect of relative molecular mass distribution and
hydrophilicity/hydrophobicity of NOM on membrane fouling in MF-combined process. Environ.
Sci. 2013, 34, 169-176.

Carroll, T.; King, S.; Gray, S.R.; Bolto, B.A.; Booker, N.A. The fouling of microfiltration
membranes by NOM after coagulation treatment. Water Res. 2000, 34, 2861-2868.

Nilson, J.A.; DiGiano, F.A. Influence of NOM composition on nanofiltration. J. AWWA 1996,
88, 53-66.

Dong, B.Z.; Zhang, Q.Y.; Feng, J. Influence of powered activated carbon (PAC) pretreatment on
ultrafiltration membrane flux. J. Environ. Sci. 2008, 28, 1981-1987.

Liu, C.; Huang, T.L.; Zhao, J.W. Removal effect of organic matters of different MW during the
process of coagulation and adsorption of powdered activated carbon (PAC). Water Purify. Technol.
2006, 25, 31-33.

Li, C.W.; Chen, Y.S. Fouling of UF membrane by humic substance: Effects of molecular weight
and powder-acitivated carbon (PAC) pre-treatment. Desalination 2004, 170, 59—-67.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



