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ABSTRACT 
 

The influence of organic fouling on ceramic nanofiltration (NF) membranes has 
been characterized to reuse the tertiary treated wastewater. In order to remove organic 
components selectively, adsorption was conducted as a pretreatment process with 
various carbon-based adsorbents (CBAs). Granular activated carbon (GAC), expanded 
graphite (EG), and multi-wall carbon nanotubes (MWNTs) are used as CBAs. The EG 
and MWNT adsorbents can selectively remove the soluble microbial products (SMPs) 
and aromatic group in organic compounds while GAC showed non-selectivity. In this 
study, the flux decline and chemical cleaning period of ceramic NF membranes was 
improved more than twofold when the SMPs and aromatic group compounds were 
selectively removed by EG and MWNT adsorbents. Consequently, the application of 
CBAs as pretreatment processes for removing microbial products from tertiary treated 
wastewater effluent can provide an effective strategy to reduce organic fouling on 
ceramic NF membranes. 
 
1. INTRODUCTION 
 

Wastewater reclamation is one of the essential strategies to produce water 
resources for sustainable urban development and addressing water shortages. 
Secondary and tertiary treated wastewater has strong colour and high chemical oxygen 
demand (COD) and salt concentration (Liu et al. 2011). To treat and reuse secondary 
and tertiary treated wastewater, nanofiltration (NF) and reverse osmosis (RO) 
membrane processes are now being widely used as further treatment processes to 
guarantee acceptable water quality with a small footprint. In particular, NF membranes 
can reject over 90% of dissolved organic matter (DOM) with greater flux than RO 
membranes in the same operating conditions (Jacob et al. 2010). 

Generally, NF membranes can be divided into ceramic and polymeric 
membranes on the basis of the raw materials. Previous studies have reported that 
ceramic membranes have gained popularity for the treatment of tertiary treated 
wastewater due to their various advantages over polymeric membranes (Kim, J. et al. 
2010; Hofs, B. et al. 2011). In more detail, the advantages of ceramic membranes 
included superior chemical and thermal resistivity, enabling chemical or thermal 
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regeneration and sterilization by strong chemical or high-temperature processes. 
Moreover, their high mechanical stability enables high pressure back-washing. Thus, 
despite their higher cost, ceramic membranes are more economically feasible for use in 
wastewater reuse that requires strong and frequency chemical cleaning (Mustafa, G. et 
al. 2014). 

Although ceramic NF membranes are an optimal solution to treat wastewater, 
their performance can be significantly degraded by membrane foulants such as DOM, 
soluble inorganic compounds, colloidal or particulate matters, and microorganisms in 
the feed solutions (Kim, E. et al. 2011). In previous studies, DOM has been identified as 
a major cause of membrane fouling during the filtration of secondary and tertiary 
treated wastewater (Kaiya, Y. et al 1996; Hong, S. and Elimelech, M. 1997).  

Therefore, a suitable pretreatment process for the removal of DOM is required 
to reduce membrane fouling and to increase the chemical cleaning cycle in relation to 
operational cost and causing membrane damage. Flocculation and adsorption are the 
representative pretreatment processes for the feed of NF membranes (Harrelkas, F. et 
al. 2009). Among these technologies, the adsorption process can remove most of the 
solutes and organic compounds in secondary and tertiary treated wastewater. In 
particular, carbon-based adsorbents (CBAs) such as granular activated carbon (GAC), 
expanded graphite (EG), and multi-wall carbon nanotubes (MWNTs) show high 
adsorption capacity and selectivity toward aromatic contaminants by π-π interaction 
between hydrophobic adsorbents and organic foulants (Gu, Z. et al. 2005; Mauter, M. 
and Elimelech, M. 2008).   

The purpose of this study was to evaluate the influence of organic foulants on 
ceramic NF membranes for reuse of tertiary treated wastewater. Various CBAs were 
used to remove organic components selectively. The organic fouling of ceramic NF 
membranes was confirmed by measurement of normalized flux and the chemical 
cleaning period. Also, an excitation-emission matrix (EEM) analysis using fluorescence 
spectroscopy was carried out to identify certain characteristics of DOM in major 
membrane foulants before and after selective adsorption of various CBAs. 
 
 
2. MATERIALS AND METHODS 
 
     2.1 Adsorption process using carbon-based adsorbents (CBAs) 
 
      To simulate the wastewater reuse system, wastewater treatment plant (WWTP) 
tertiary effluent (Daejeon, South Korea) was used as the raw water after filtration 
(Whatman GF/C-filter) for the adsorption process. The characteristics of the WWTP 
tertiary effluent are presented in Table 1. The adsorption process was conducted with 
the following CBAs: GAC, EG, and MWNTs. For the preparation of adsorbents, GAC 
(Hyundai Coma Industry Inc., Korea) was washed using deionized water and dried at 
60 ± 1 oC for 24 h. The EG adsorbent (Norit, Nederland) was prepared by heat 
treatment at 800 ± 10 oC for 1 min to expand the graphite (Zhang, Z. and Fang, X. 
2006). The MWNT adsorbent (Hanhwa Nano Tech, Korea) also was used after heat 
treatment at 520 ± 5 oC for 1 h. To achieve the half concentration of dissolved organic 
carbon from the initial concentration after 30 min of each adsorption process, 5.0 ± 0.2 
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g/L of GAC, 1.9 ± 0.2 g/L of EG, and 1.7 ± 0.2 g/L of MWNT were added as adsorbents 
in each glass bottle containing WWTP tertiary effluent with stirring at 23 ± 1 oC. 

The morphology of the adsorbent surface was analyzed by scanning electron 
microscopy (SEM) (Magellan 400, FEI Co., USA). The specific surface area and pore 
size of the individual adsorbents were measured by a Brunauer-Emmett-Teller (BET) 
analysis (BELSORP-max (MP), BEL, Japan). The amount of adsorbed DOM on the 
CBAs (q) (mg/g) was calculated by Eq. (1) (Lu, C. and Su, F. 2007) 

 

   
        

 
 ,       (1)     

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of 
dissolved organic carbon (DOC) in the WWTP tertiary effluent, respectively. V (L) is the 
volume of the WWTP tertiary effluent and m (g) is the added mass of each CBA. 

The changes of DOC concentration in the WWTP tertiary effluent after the 
adsorption process were measured by a TOC analyzer (TOC-L, Shimadzu, Japan) 
(Kimura, K. et al. 2008). In addition, a qualitative analysis of the composition of organic 
substances was conducted by EEM fluorescence spectroscopy (RF5301PC, Shimadzu, 
Japan) (Li, W. et al. 2013)  
 
Table 1. Properties of a wastewater treatment plant (WWTP) tertiary effluent in South 
Korea for the adsorption process.  

Parameter Description 

DOC (mg/L) 6.0 ± 0.2 

SUVA (L/mg·m) 1.9 ± 0.1 

Ca (mg/L) 30.8 ± 0.4 

Mg (mg/L) 6.8 ± 0.2 

Conductivity (μs/cm) 490.1 ± 9.2 

pH 7.3 ± 0.2 

Temperature (oC) 23.0 ± 1.0 

Soluble T-P (mg/L) 0.2 ± 0.1 

Soluble T-N (mg/L) 1.9 ± 0.2 

 
     2.2 Evaluating impact of fouling on ceramic NF membrane 
 
     Lab-made ceramic NF membranes were used to evaluate the impact of fouling on 
each effluent of the adsorption process. The properties of the ceramic NF membranes 
were provided in our previous study (Chung, Y. et al. 2018). The important 
characteristics of ceramic NF membranes are a specific flux of 4.9 ± 0.4 LMH/bar and a 
molecular weight cut-off (MWCO) of 980 Da. 
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The performance of the ceramic NF membrane was assessed using a closed-
loop lab-scale system containing a tubular-type membrane module. The ceramic NF 
membrane had an effective membrane area of 4.17×10-4 m2 and was placed inside the 
membrane module. The feed solution was contained in a stainless steel vessel that can 
be pressurized to 20 bar by nitrogen gas (99.99% purity) and circulated at a cross-flow 
velocity (CFV) of 10 cm/s. The membrane system was operated in a closed loop so that 
the pressure on the feed side was stable during the experiment. During the operation of 
the ceramic NF membrane system, each effluent of the adsorption process was used 
as a feed solution. A digital pressure gauge was connected to measure the trans-
membrane pressure (TMP) between the feed and permeate sides during the operation. 
In addition, the flux data were calculated using Darcy’s law (Eq.2) and loaded into a 
computer in real time (Fagkaew, P. et al. 2017):  
 

  
  

   
  ,    (2)  

where J denotes the water flux (L/m2h, LMH),  P is the TMP (bar), Rm represents 
the membrane resistance (/m), and μ is the dynamic viscosity of water (1.0×10-3 
kg/m/s at 23 oC).  

The changes in normalized flux were monitored for 4 h with initial flux of 50 ± 1 
LMH in each experiment. To confirm reproducibility, all experiments were performed at 
least three times. The changes of DOC concentration and composition of organic 
substances in the feed and permeate were also analyzed by a TOC analyzer and EEM 
fluorescence spectroscopy, respectively. 
 
2.3 Chemical cleaning 
 

To compare the chemical cleaning cycle of the ceramic NF membranes, the 
treated effluents by GAC and MWNT adsorbents were used as feed solutions. The 
chemical cleaning was conducted when the measured flux was decreased to 65 ± 1% 
of the original flux. During the chemical cleaning, 1 wt% of NaOH solution and 1 wt% of 
HCl were used to remove the organic and inorganic scales, respectively, on the 
ceramic NF membranes for 1 h each at room temperature (Madaeni, S. et al. 2012). 
The chemical cleaning cycle was conducted three times between each experiment 
using feed solutions of the effluents treated by GAC and MWNT adsorbents.  
 
 
 
3. RESULTS AND DISCUSSION 
 
     3.1 Adsorption process using carbon-based adsorbents (CBAs) 
 
      Fig. 1 shows SEM images of the EG, GAC, and MWNTs. The EG surface shows 
a worm-like texture and clearly reveals abundant graphene interstices formed during 
the thermal expansion, in contrast to the irregular appearance of the GAC surface. The 
MWNT composite nanofibers are represented in Fig. 1. From the results of the BET 
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analysis, the specific surface area of EG, GAC, and MWNT was 93 m2/g, 961 m2/g, and 
290 m2/g, respectively. In addition, the average pore size of the EG, GAC, and MWNTs 
was 6.7 nm, 2.1 nm, and 9.5 nm, respectively. 
 
 
 
 
 
 
 
 
 

Fig. 1. Scanning electron microscopy (SEM) images of EG, GAC, and MWNT 
adsorbents. 
 
 
Table 2. The changes of dissolved organic carbon (DOC) concentration after 
adsorption of carbon-based adsorbents (CBAs) and filtration of ceramic NF membrane. 
 

Effluent 

samples 

After adsorption After ceramic NF membranes 

DOC 

(mg/L) 

SUVA 

(L/mg·m) 

Removal 

efficiency (%) 

DOC 

(mg/L) 

Final removal 

efficiency (%) 

WWTP 6.0 ± 0.1 2.0 - 0.5 ± 0.0 91.0% 

GAC 2.9 ± 0.1 1.6 51.6% 0.3 ± 0.1 89.0% 

EG 3.0 ± 0.1 1.3 49.8% 0.3 ± 0.1 89.1% 

MWNT 2.9 ± 0.1 2.1 52.0% 0.3 ± 0.0 90.3% 

 
In Table 2, the removal efficiency of DOC by adsorption for pretreatment of the 

ceramic NF membrane process using various CBAs (GAC(51.6 ± 0.8%), EG (49.8 ± 
1.1%), and MWNTs (52.0 ± 0.9%)) was approximately 50%. Furthermore, the MWNTs 
showed the largest amount of adsorbed DOM on the adsorbents (q) in the same time 
period at 1.84 mg/g, compared to 1.58 mg/g for the EG and 0.62 mg/g for the GAC, as 
determined by Eq.1. Although GAC is known to have the largest specific surface area 
(960.7 m2/g) among the CBAs including the MWNTs (289.7 m2/g) and EG (92.5 m2/g), 
the amount of DOM adsorbed per unit mass on GAC was less than 50% of that of the 
MWNTs and EG. The GAC shows the smallest average pores at 2.1 nm, which provide 
adsorption sites. This indicates that the diffusion of DOM into GAC pores takes more 
time than in the case of MWNTs and EG, which respectively have 9.5 nm and 6.7 nm 
average pore size.  

EG GAC MWNT 
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(a) WWTP effluent (b) MWNT 

(c) EG (d) GAC  

Fulvic  

acid-like 
Aromatic  
group  

Humic  

acid-like 

SMPs  

 The spectral contour plots and excitation and emission spectra of each 
identified DOM component are shown in Fig. 2. From the peak results of fluorescence 
EEM in Fig. 2a, the Humic acid-like (HL), fulvic acid-like (FL), aromatic protein group 
(AP), and soluble microbial products (SMPs) were detected in the WWTP tertiary 
effluent (Chen, W. et al. 2003). Figs. 2b, 2c, and 2d present the results of treated 
effluents by MWNT, EG, and GAC adsorption. After the adsorption process, the signal 
intensity of the organic components in the WWTP tertiary effluent was reduced in all 
cases. In particular, in Figs. 2b and 2c, SMPs and the aromatic group are significantly 
removed by the MWNT and EG adsorbents compared to the GAC adsorbent in (Fig. 2d) 
where all the peaks of the organic components still remain. The selective adsorption 
phenomena between functional groups (e.g., carbonyl, aromatic, and carboxyl) in DOM 
and the surface of the MWNT and EG adsorbents are driven by π-π interaction (Hyung, 
H. and Kim, J. 2008).  
 

Naturally 

occurring organic 

macromolecules 

Microbial 

products 
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Fig. 2 Excitation−emission matrix (EEM) fluorescence spectra of the effluent of (a) 
wastewater treatment plant (WWTP) tertiary effluent, (b) MWNT, (c) EG, and (d) GAC 
adsorption. 
 
 
 
3.2 Normalized flux of ceramic NF membranes 
 
      The normalized flux of ceramic NF membranes using feed solutions, which are 
pretreated by various CBAs, is shown in Fig. 3. Among the GAC, MWNT, and EG 
adsorbents, the MWNT adsorbent was the most effective in terms of decreasing fouling 
on the ceramic NF membranes, achieving a 30% decrease of the initial flux after 4 h. 
The highest flux decline of the ceramic NF membranes was represented in the GAC 
adsorbents with a 30% decrease of the initial flux within around 30 min. In Fig. 2, the 
results of normalized flux were not significantly different between the GAC adsorbent 
and raw water without a pretreatment process as a result of containing a greater 
amount of SMPs and aromatic groups than MWNTs and EG in the feed solution. This 
indicates that the performance of ceramic NF membranes is significantly affected by 
the composition of organic matter in feed solutions.  
 

 

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

liz
e

d
 f
lu

x
 

Time (hr)

 WWTP effluent

 GAC 

 EG 

 MWNTs 

 
Fig. 3 The normalized flux of ceramic nanofiltration (NF) membranes using feed 
solutions of wastewater treatment plant (WWTP) tertiary effluent, MWNT, EG, and GAC 
adsorption effluent. 
 
     In Table 2, the rejection of DOM by ceramic NF membranes in WWTP tertiary 
effluent without pretreatment of adsorption was 91.0 ± 0.4%. The final removal 
efficiency of DOM by ceramic NF membranes after GAC, EG, and MWNTs adsorption 
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was 89.0 ± 0.3%, 89.1 ± 0.5%, and 90.3 ± 0.4%, respectively. Fig. 4 shows that the 
ceramic NF membranes could reject all components of the DOM. The removal 
efficiency of the ceramic NF membranes was not improved by the pretreatment process. 
However, the permeability was significantly affected by adsorption pretreatment. The 
residual SMPs in the feed solution of the ceramic NF membranes are known to have a 
bimodal distribution with less than 1 kDa of molecular weight or greater than 10 kDa 
(Jarusutthirak, C. and Amy, G. 2006). The residual SMPs with molecular weight less 
than 1 kDa could be crucial compounds that can cause fouling on ceramic NF 
membranes with 1000 Da of MWCO in this study. Therefore, the permeability of the 
ceramic NF membranes using effluents that have less SMPs by MWNT and EG 
adsorption was superior to that of membranes with the effluent after GAC adsorption, 
as presented in Fig. 3.  
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Fig. 4 Excitation−emission matrix (EEM) fluorescence spectra of the permeate from 
ceramic nanofiltration (NF) membranes using feed solutions of (a) wastewater 
treatment plant (WWTP) tertiary effluent, (b) MWNT, (c) EG, and (d) GAC adsorption 
effluent. 
 
 
 
3.3 Chemical cleaning  
 
      Fig. 5 presents the normalized flux of ceramic NF membranes with the effluent 
from GAC and MWNT adsorption. The chemical cleaning was conducted three times 
with 1 wt% of NaOH and HCl, respectively, when the flux reaches 65% of the original 
flux. By the chemical cleaning with NaOH and HCl, the initial flux of the ceramic NF 
membranes was successfully recovered, as seen in Fig. 5. The use of high acid and 
base chemical agents can remove the foulants including SMPs and other irreversible 
foulants on ceramic NF membranes, which are known to have superior chemical 
resistance (Adadi, S. et al. 2011). When the MWNT adsorption process is included as a 
pretreatment process, the chemical cleaning period of the ceramic NF membranes can 
be increased more than twofold as compared with the feed containing SMPs. This 
implies that the ceramic NF membrane process, combined with an adsorption process 
using MWNTs and EG adsorbents, can reduce operating costs for wastewater reuse by 
reducing the chemical cleaning cycle by removing organic compounds such as SMPs in 
the feed. Although the additional adsorption process can increase capital costs, a 
reduction of the total cost can be expected as the semi-permanent and stable ceramic 
NF membrane can be used without replacement (Durham, B et al. 2001).  
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Fig. 5 Normalized flux of ceramic nanofiltration (NF) membranes with the effluent from 
GAC and MWNT adsorption (Chemical cleaning with 1 wt% of NaOH and HCl, 
respectively, when the flux reaches 65% of the original flux). 
 
 
3. CONCLUSIONS 
 

We proposed an effective pretreatment process for ceramic NF membranes 
using CBAs. MWNT and EG adsorbents, which have relatively large pores, can 
decrease the fouling of ceramic NF membranes by removing the SMPs and aromatic 
groups from the WWTP tertiary effluent. Moreover, the ceramic NF membranes can be 
operated by an adsorption process with extension of the chemical cleaning cycle, which 
can reduce the operating cost. Consequently, MWNT and EG adsorbents to remove 
microbial products of organic foulants can be applied as an effective strategy to reduce 
ceramic NF membrane fouling to reuse secondary and tertiary treated wastewater 
effluent containing various organic compounds.  
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