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a b s t r a c t

Surface modification of membranes is effective means to not only alleviate membrane fouling, but 
also realize sustainable membrane performance. Our research work focuses on studying the effect 
of organosilane grafting on the antifouling properties for water purification. It could therefore reveal 
the efficiency of negatively charged membranes to retard humic acid deposition and deal with 
harsher wastewater conditions. Membrane fouling became more severe with increasing concentra-
tions of humic acid. However, the organosilane-grafted membranes with negative charges could 
successfully reduce flux decline and membrane fouling. Fouling resistance was improved in the 
presence of higher organosilane concentrations.
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1. Introduction

Membrane technology for water separation and/or 
purification has been widely developed toward commer-
cial application [1]. Membranes manufactured using poly-
mers and ceramics have drawn much interest in the past 
decades because they are expected to realize controlled 
and sustainable water separation and/or purification pro-
cesses [2]. To date, though a majority of the market share 
has been overwhelmed by polymeric membranes, ceramic 
membranes are generating increasingly widespread inter-
est for usage in various applications such as wastewater 
treatment [3], oil–water separation [4], food industry [5], 
and gas separation [6]. Ceramic membranes offer numer-
ous advantages over polymeric membranes owing to their 
intrinsic attributes such as relatively narrow pore size 
distributions and higher porosity, excellent mechanical, 
chemical, and thermal stability, and good hydrophilicity 
[7,8]. The differences in the fouling behaviors of polymeric 
and ceramic microfiltration membranes were recently 
investigated by Hofs et al. [9]. Four ceramic membranes 

(Al2O3, ZrO2, TiO2, and SiC) and a polymeric membrane 
(polyethesulfone–polyvinylpyrollidone) were examined, 
and increases in the transmembrane pressure (TMP), as a 
result of membrane fouling by direct filtration with sur-
face water, were measured at a constant flux. The poly-
meric membrane exhibited the highest level of reversible 
and irreversible fouling among all tested membranes. It 
is widely accepted that the substantial increase in TMP 
exhibited by polymeric membranes is a result of not only 
the membrane structure (pore size and porosity), but also 
the isoelectric point of the foulant, hydrophilicity, and sur-
face roughness of the membrane [10–12]. 

However, one of the most critical issues in the develop-
ment of effective membrane processes for water treatment 
is membrane fouling (particularly irreversible fouling) 
during filtration performance. Membrane fouling results 
in abrupt flux decline and higher maintenance and operat-
ing costs, and limits application of the membrane technol-
ogy [13]. Thus, mitigating the adsorption (or deposition) of 
foulants on the membrane surface is essential to develop-
ing ceramic membranes with superior fouling resistance. 
Numerous surface modification techniques have been 
reported for polymeric membranes [14]. In contrast, the 
surface modification of ceramic membranes has received 
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less attention owing to the limited modification methods 
available to date.

In a previous comprehensive report, the effect of surface 
charges on membrane fouling resistance using humic acid 
as a model foulant (isoelectric point of 4.7) was examined 
[15]. Three organosilanes presenting neutral, positive, and 
negative charges were grafted onto alumina membranes 
through a simple silanization process. The negatively 
charged membranes generated higher flux patterns than 
the pristine alumina, positively charged, and neutral mem-
branes. This result suggested that these negatively charged 
membranes would likely exhibit optimal flux behaviors 
such as low flux decline, high flux recovery, and low mem-
brane fouling.

In the present study, we aimed to examine in detail the 
effect of organosilane grafting (on alumina membranes) 
on the antifouling properties of the resulting membranes 
with respect to (1) humic acid concentration and (2) orga-
nosilane concentration. Two organosilanes presenting 
neutral and negative charges were selected for grafting on 
alumina membranes because both generated higher flux 
patterns than the pristine alumina and positively charged 
membranes. In the first set of experiments, the concentra-
tion of the humic acid solution was varied from 10, 30 to 50 
mg L−1 during the fouling process, while the organosilane 
concentration was fixed to 0.1 M for surface modification. 
In the second set of experiments, the concentration of the 
negatively charged organosilane was varied from 0.05, 0.1 
to 0.3 M, while the concentration of the humic acid solu-
tion was fixed at 30 mg L−1. A schematic illustration of the 
surface modification process is shown in Fig. 1, and the dif-
ferent surface modification and fouling parameters investi-
gated are shown in Table 1.

To evaluate the antifouling properties of the membranes 
against humic acid (chosen as a model foulant), the nor-
malized flux data, morphological analysis, and qualitative 
membrane fouling ratio were determined during the mem-
brane fouling experiments. The physicochemical character-
istics (surface morphology, pore size distribution, chemical 
composition) of the organosilane-grafted membranes were 
determined by scanning electron microscopy, mercury 
intrusion porosimetry, and X-ray photoelectron spectros-
copy, respectively.

2. Experimental part

2.1. Preparation of the alumina membranes

To prepare the alumina membranes, α-alumina powder 
with a mean particle size of 4.8 μm was purchased from 
Sumitomo Chemical Co. Ltd. (AM-210, Japan) and used 
without further treatment. Using polyethylene glycol (Sig-
ma-Aldrich, USA) as a binder, the powder was molded into 
a circle and dry-pressed under a pressure of 15–20 MPa. The 
samples were then sintered in a furnace at a heating rate of 
5°C min−1 to 1600°C for 1 h. The final measured dimensions 
of the sintered alumina membranes were 34 mm × 2.7 mm 
(diameter × thickness). 

The physico-chemical properties of alumina membranes 
were characterized with respect to surface morphology 
(Figs. 3, 5, 8), pore size distribution (Fig. 5), and zeta poten-
tial. According to our previous work [15], the isoelectric 

points (IEP) were presented: the pristine alumina for 8.8, 
neutral charge membrane (S-CH3) for 5.0, and negatively 
charged membrane (S-SO3) for 3.2. At pH 6.5, strong posi-
tive charge would be shown to the pristine alumina mem-
brane. However, strong and weak negative charges would 
be given to the negatively charged membrane (S-SO3) and 
the neutral charge membrane (S-CH3), respectively.

2.2. Surface modification of the alumina membranes

For the surface modification of the alumina membranes, 
two organosilanes were selected to introduce different sur-
face charge properties (neutral and negative charges) on the 
alumina membranes. The selection of the organosilanes was 
based on our previous study, which revealed the relatively 
higher fouling resistance of negatively charged and neutral 
membranes over that of positively charged membranes [15]. 

Trimethoxy(propyl)silane (Sigma-Aldrich, USA) con-
taining a methyl (–CH3) group was grafted to provide a neu-
tral charge on the resulting membrane surface. Conversely, 
3-(trihydroxysilyl)-1-propanesulfonic acid (ABCR GmbH, 
Germany) containing a sulfonic (–SO3) group was grafted 
to provide negative charges on the membrane surface. 

Typically, prior to surface grafting, the alumina mem-
branes were placed in a Petri dish and cleaned with ethanol. 
Individual organosilane solutions were prepared with a 
concentration of 0.1 M using anhydrous ethanol and added 
to the alumina membranes. Grafting was allowed to pro-

Fig. 1. Schematic diagram of the surface modification process 
used to prepare the organosilane-grafted alumina membranes 
and their interactions with negatively charged humic acid (HA). 

Table 1
Experimental design adopted in the present work

(1) Effect of humic acid concentration on membrane fouling
Membrane Al2O3; 0.1 M S-CH3; 0.1 M S-SO3

Humic acid solution 10, 30, and 50 mgL–1

(2) Effect of organosilane concentration (S-SO3) on 
membrane fouling
Membrane Al2O3; 0.05 to 0.3 M S-SO3

Humic acid solution 30 mgL–1
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ceed for 5 h at 25°C under gentle shaking. Upon completion 
of the reaction, the organosilane solution was decanted and 
replaced with fresh ethanol to thoroughly rinse the alumina 
membranes. The surface-modified membranes were then 
dried at 50°C for 12 h. Consequently, the alumina mem-
branes were chemically grafted with organosilanes possess-
ing methyl and sulfonic groups on their surface, and the 
membranes were denoted as S-CH3 and S-SO3, respectively. 
To investigate the effect of organosilane concentration, 
the concentration of the organosilanes containing sulfonic 
groups was controlled from 0.05, 0.1 to 0.3 M following the 
same preparation procedures as above. 

2.3.  Characterization of the surface-modified alumina  
membranes

The alumina samples that underwent surface mod-
ification and membrane fouling were characterized to 
investigate their physicochemical properties. For the 
surface morphology analysis, scanning electron micros-
copy (SEM; JSM-6610LV, JEOL, Japan) was conducted at 
a magnification of 10000×. The pore size distributions of 
the membranes were characterized via mercury intrusion 
porosimetry (Autopore IV 9510, Micromeritics, USA). The 
chemical composition of the organosilane-grafted alumina 
membranes was analyzed by X-ray photoelectron spectros-
copy (XPS; K-Alpha, Thermo Fisher Scientific, UK) using a 
monochromatic Al Kα source at 1486.6 eV.

 2.4. Membrane filtration set-up and fouling procedure

Membrane permeation test of the surface-modified 
membranes was performed using a cross-flow microfil-
tration system (Fig. S1) (Lab-MPT, SepraTek Membrane 
System, Republic of Korea). The temperature of the feed 
solution was maintained at 25°C using a circulating bath 
(JEIO TECH, Republic of Korea). The filtration tests were 
then conducted at a TMP of 2.0 bar with a fluid (deionized 
water or humic acid solution) velocity of 2.5 L min−1. Flux 
data were calculated based on the weight of the perme-
ate, which was measured using an electronic mass balance 
(CAS, Republic of Korea). 

The membrane fouling procedure consisted of seven 
steps according to a general membrane fouling/cleaning 
procedures [16]. In Step 1, the membranes were compacted 
using deionized (DI) water for 30 min until a stable baseline 
flux was attained (J0). In Step 2, humic acid solution (Sig-
ma-Aldrich, USA) prepared at varying concentrations (10, 
30, and 50 mg L−1 at pH 6.5) was introduced to induce mem-
brane fouling for 1 h; the corresponding flux (Jp1) was mea-
sured. In Step 3, the fouled membranes were back-washed 
for 10 min using 10 mM sodium dodecyl sulfate solution 
(SDS; Sigma-Aldrich, USA) at pH 11. In Step 4, DI water 
was supplied again for 30 min to achieve a stable flux (J1). 
In Step 5, humic acid solution was supplied again for a sec-
ond membrane fouling process following the same method 
as Step 2, and the associated flux (Jp2) was measured. Steps 
6 and 7 were subsequently undertaken to back-wash and 
achieve a stable flux (J2), respectively. The overall fouling 
process was performed for at least thrice using the three 
membranes, and the mean values were used in the sub-

sequent calculations. Based on the flux data obtained, the 
antifouling properties i.e., flux decline ratio (%) and flux 
recovery ratio (%) were calculated using the following 
equations:

Flux decline ratio = p1,p2
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Flux recovery ratio = 1,2
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where J0 is the DI water flux in Step 1, Jp1,p2 are the flux val-
ues of humic acid in Steps 2 and 5, respectively, and J1,2 are 
the DI water flux values in Steps 4 and 7, respectively. 

To quantitatively assess the antifouling performance of 
the membranes against humic acid, the experiments were 
conducted in recirculation mode. Typically, 1 L humic acid 
solution was supplied to the feed tank in Step 2, and the 
permeate was sent back to the feed tank. Then, an aliquot 
(10 mL) of the humic acid solution in the feed tank was col-
lected every 10 min, and the concentration of humic acid 
was determined by UV-visible spectroscopy at 254 nm (Cary 
5000, Agilent Technologies, USA). The membrane fouling 
ratio (%) was calculated using the following equation:

Membrane fouling ratio = p

0
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C

C
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where C0 is the initial concentration of humic acid and Cp is 
the concentration of humic acid measured from Step 2. 

3. Results and discussion

3.1.  Effect of humic acid concentration on membrane fouling  
behavior

In this section, the effect of humic acid concentration 
on the fouling behavior of the surface-modified mem-
branes is discussed. The direct influence of humic acid 
concentration on the normalized flux patterns is illus-
trated in Fig. 2. A photograph of the different humic acid 
solutions examined (10, 30, and 50 mg L−1) is displayed 
in Fig. 2d. As observed from Fig. 2a–c, the flux of the 
pristine alumina membrane had the tendency to decline 
rapidly during the first fouling cycle. The extent of 
rapid flux decline increased with increasing humic acid 
concentrations. At 10 mg L−1 humic acid, the neutrally 
charged (S-CH3) membranes showed the second-highest 
flux during the first fouling step, and during the second 
fouling step, the flux level of the S-CH3 membrane was 
comparable with that of the negatively charged (S-SO3) 
membranes. However, the extent of this fouling resis-
tance decreased considerably at the higher humic acid 
concentrations (30 and 50 mg L−1) throughout the entire 
fouling process. This result indicated that the S-CH3 
membranes were not effective in maintaining antifouling 
properties at high concentrations of humic acid. In con-
trast, among all the membranes, the S-SO3 membranes 
showed the best performance (highest flux) throughout 
the entire fouling process and at all humic acid concentra-
tions studied. It could thus be concluded that membrane 
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fouling was influenced by the foulant concentration—a 
more severe flux decline was obtained at higher concen-
trations of humic acid. However, despite the high fou-
lant concentration, the S-SO3 membranes could maintain 
high fluxes throughout the entire membrane operation 
and thus retard significant flux reduction to some extent 
because of the electrostatic repulsion between the nega-
tively charged membrane and humic acid. Humic acid 
has an isoelectric point of 4.7. Thus, under the fouling 
conditions studied (pH 6.5), humic acid bears a negative 
surface charge.

As coincided with our results, it is generally acceptable 
that the flux decline (or membrane fouling) becomes more 
severe with increasing concentrations of humic acid (or fou-
lants) [17,18]. For example, the effect of bulk concentration 
of humic acid on the flux was studied using polyethersul-
fone microfiltration membranes with a pore size of 0.16 μm 
[18]. The flux pattern decreased gradually with increasing 
humic acid concentrations from 2 to 30 mg L−1. Ceramic 
capillary membranes with a larger pore size of 1.9 μm also 
suffered from a significant flux decline after only 5 min of 
filtration—the flux decreased to 50% and 90% in the pres-
ence of 10 and 100 mg L−1 humic acid, respectively. It can be 
concluded that the surface modification of ceramic mem-
branes are highly required in order to mitigate the serious 
membrane fouling. In particular, the negatively charged 
membranes exhibited the most profound effect on retaining 
the high fluxes throughout the entire membrane filtration 
process (Fig. 2).

Using Eqs. (1) and (2) and the flux data shown in Fig. 
2, the flux decline ratio and flux recovery ratio displayed 
by the organosilane-grafted membranes in the presence of 
humic acid at varying concentrations were calculated. The 

results are presented in Table 2. In general, the flux decline 
ratio of the membranes increased with increasing humic 
acid concentrations. However, among all of the membranes, 
the S-SO3 membranes displayed the lowest flux decline 
ratios at all humic acid concentrations examined during 
both fouling processes. Furthermore, a flux recovery ratio 
reached almost 100% with small variations.

Regardless of the preparation condition used for prepar-
ing the membranes, typically, the flux decreased to a greater 
extent during the second fouling step when compared with 
that during the first fouling step. This phenomenon was 
possibly a result of the presence of humic acid remaining 
after back-washing and subsequent DI water flux (Steps 
3 and 4)—the hydrophobicity of humic acid would likely 
facilitate humic acid deposition during the second fouling 
process. Back-washing (Step 3) was performed for 10 min 
only using 10 mM SDS (pH 11). The rinsing conditions (rins-
ing solution and rinsing time) were not optimized, as this 
was not within the scope of the present study. Conversely, 
our main focus was to evaluate the unique effectiveness of 
organosilane grafting onto alumina membranes to improve 
membrane fouling resistance. 

Beyer et al. investigated the relationship among fou-
lant, cleaning reagent, and the mechanisms of membrane 
fouling and cleaning using polymeric nanofiltration mem-
branes (pore size: 0.84 nm) [16]. The membranes fouled by 
humic acid were cleaned with 10 mM SDS solution (pH 11) 
for 30 min; the flux level could be recovered by 60%. The 
considerable increase in contact angle after membrane foul-
ing (20°–65°) decreased to some extent following chemical 
cleaning (35°). The slightly increased degree of hydropho-
bicity after cleaning could possibly be attributed to the pres-
ence of residual humic acid on the membrane surface. Thus, 

Fig. 2. Normalized flux profiles of 0.1 M organosilane-grafted membranes in the presence of humic acid at varying concentrations 
during membrane fouling: (A) 10, (B) 30, and (C) 50 mg L−1. (D) Photographs of the humic acid solutions at varying concentrations. 
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a fairly hydrophobic membrane surface could promote 
rapid flux decline, as consistent with the results in Fig. 2. 

Typical photographs of the membranes fouled at 
30 mg L−1 humic acid and the corresponding SEM images 
are shown in Fig. 3a and 3b, respectively. The pristine alu-

mina and S-CH3 membranes suffered from a high degree 
of fouling by humic acid (as indicated by the dark brown 
appearance of the membranes) in both fouling procedures 
(Steps 2 and 5). However, the brown coloration of the mem-
branes lightened considerably upon backwashing (Steps 3 

Table 2
Filtration performance of the surface-modified membranes (0.1 M S-CH3 and S-SO3) at varying humic acid concentrations (10, 30, 
and 50 mg L−1) during fouling (Steps 1–7)a

10 mg/L HA 1st fouling (Step 2) 2nd fouling (Step 5)

Flux decline (%) Flux recovery ratio (%) Flux decline (%) Flux recovery ratio (%)

Al2O3 73 ± 1 95 ± 6 81 ± 1 93 ± 4
S-CH3 45 ± 5 99 ± 2 74 ± 4 96 ± 1
S-SO3 24 ± 7 97 ± 3 69 ± 5 96 ± 5
30 mg/L HA 1st fouling (Step 2) 2nd fouling (Step 5)

Flux decline (%) Flux recovery ratio (%) Flux decline (%) Flux recovery ratio (%)
Al2O3 83 ± 1 99 ± 1 85 ± 1 98 ± 2
S-CH3 82 ± 3 99 ± 2 85 ± 1 99 ± 2
S-SO3 71 ± 2 98 ± 2 83 ± 1 100 ± 1
50 mg/L HA 1st fouling (Step 2) 2nd fouling (Step 5)

Flux decline (%) Flux recovery ratio (%) Flux decline (%) Flux recovery ratio (%)
Al2O3 87 ± 1 97 ± 4 88 ± 2 98 ± 2
S-CH3 88 ± 1 99 ± 1 88 ± 2 99 ± 2
S-SO3 77 ± 7 100 ± 1 85 ± 2 99 ± 2

aThe flux decline ratio and flux recovery ratio were calculated using Equations 1 and 2, respectively, in Section 2.4.

Fig. 3. (A) Photographs and (B) scanning electron microscopy (SEM) images of 0.1 M organosilane-grafted membranes during the 
fouling test in the presence of 30 mg L−1 humic acid solution foulant. For the SEM measurement, specimens were observed at a 
magnification of 10,000×.
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and 6). In contrast, the S-SO3 membrane displayed a weaker 
fouling behavior than the other two samples. The photo-
graphs of the S-SO3 membrane were consistent with the 
SEM analysis, which revealed the smaller deposition of 
humic acid on the membrane when compared with that on 
the other two membranes. 

Thus, the above results confirm that membrane foul-
ing is directly proportional to humic acid concentration. 
Though a higher degree of membrane fouling is expected 
with increasing humic acid concentrations, the S-SO3 
membranes, obtained via a simple sulfonation process, 
could afford outstanding antifouling performance at all 
humic acid concentrations. This superior performance was 
attributed to the strong electrostatic repulsion force between 
the negatively charged humic acid and negatively charged 
surface-modified membrane.

Additionally, the membrane fouling ratio of the orga-
nosilane-grafted membranes was determined, as shown 
in Fig. 4. As consistent with the aforementioned results, 
the membrane fouling ratio increased with increasing 
humic acid concentrations. Among all membranes, the 
S-SO3 membrane displayed the weakest fouling behav-
ior at all humic acid concentrations studied. The S-CH3 
membrane also displayed fairly strong fouling resistance, 
however, only at the lower humic acid concentrations (10 
and 30 mg L−1). 

3.2.  Effect of organosilane concentration on membrane fouling 
behavior

In this section, the effect of organosilane concentration 
on the membrane fouling behavior of the surface-modified 
membranes was examined. Organosilanes containing sul-
fonic (–SO3) groups at three different concentrations (0.05, 
0.1, and 0.3 M) were selected to prepare the S-SO3 mem-
branes. First, the influence of the grafting conditions on the 
membrane properties is discussed.

The pore size distributions, obtained by mercury intrusion 
porosimetry analysis, of the organosilane-grafted membranes 
are illustrated in Fig. 5. The organosilane-grafted membranes 
displayed smaller pore sizes (0.73–0.78 μm) when compared 
with the pristine alumina membrane (0.90 μm). The differ-
ent organosilane-grafted membranes displayed comparable 
pore sizes. As consistent with our previous results [15], the 
pore size reduction was mainly ascribed to the newly formed 
organosilane layers with a thickness of ~60–85 nm. Addition-
ally, no significant morphological changes were observed 
among the membranes grafted with the different concentra-
tions of organosilane (insert of Fig. 5). 

The chemical composition of the organosilane-grafted 
alumina membranes was determined by XPS. The survey 
and C1s, S2p, and Si2p XPS spectra of the membranes are 
shown in Fig. 6A and Fig. 6B–D, respectively. Characteristic 

Fig. 4. Quantitative analysis of the antifouling performance of the organosilane-grafted membranes against humic acid in Step 2 
performed in recirculation mode. The humic acid concentration was varied from (A) 10, (B) 30 to (C) 50 mg L−1.
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peaks of the organosilane-grafted membranes (S-SO3) were 
observed at 285 eV (C1s), 169 eV (S2p), and 103 eV (Si2p). 
The intensities of the three peaks were comparable at all 
three organosilane concentrations. The XPS results addition-
ally revealed that the pristine alumina membrane contained 
some carbon (C1s peak) and silicone (Si2p peak) contami-
nants, however, at negligible levels when compared with 
those of the other organosilane-grafted membranes [19]. 

The normalized flux patterns of the S-SO3 membranes 
prepared at different organosilane concentrations are pre-
sented in Fig. 7. The concentration of the humic acid solu-
tion was set at 30 mg L−1. As expected, the membranes 
prepared at higher organosilane concentrations generated 
greater flux patterns; the S-SO3 membrane prepared at an 
organosilane concentration of 0.3 M displayed the great-
est flux level among all three S-SO3 membranes. Hence, it 
could be concluded that the former S-SO3 membrane (0.3 M 
organosilane) displayed the greatest fouling resistance. This 

Fig. 5. Pore size distribution of the S-SO3-modified alumina 
membranes prepared with different concentrations of organos-
ilane: 0 M (pristine alumina membrane) and 0.05–0.3 M. The 
insets show SEM images of the corresponding membranes.

Fig. 6. (A) Full scan and (B) C1s, (C) S2p, and (D) Si2p XPS patterns of the organosilane-grafted alumina membranes prepared at 
different concentrations of organosilane.

Fig. 7. Normalized flux profiles of the S-SO3-modified mem-
branes prepared at different concentrations (0–0.3 M) of orga-
nosilane during membrane fouling (Steps 1–7). The concentra-
tion of the humic acid solution was fixed at 30 mg L−1.
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result was attributed to the electrostatic repulsion force 
between the membrane and foulant, which became con-
siderably stronger with increasing organosilane concentra-
tions from 0.05 to 0.3 M. 

Table 3 lists the flux decline ratio and flux recovery ratio 
obtained for the S-SO3 membranes prepared at different 
organosilane concentrations. In general, the flux decline 
ratio decreased with increasing organosilane concentrations 
from 0.05 to 0.3 M. Furthermore, all three S-SO3 membranes 
could attain a flux recovery ratio of ~100%. Thus, it could be 
concluded that the antifouling properties of the membranes 
were directly proportional to the amount of organosilanes 
grafted onto the membranes during surface modification. 

Typical photographs of the membranes subjected to 
fouling and their corresponding SEM images are shown in 

Fig. 8A and B, respectively. The results were consistent with 
those observed in Fig. 7. Specifically, as observed in Fig. 8, 
membrane fouling became less severe with increasing orga-
nosilane concentrations. 

The membrane fouling ratio of the organosilane-grafted 
membranes was also determined, and the results are shown 
in Fig. 9. The results agreed with the aforementioned results 
(Figs. 7 and 8). Owing to the efficacy of organosilane (– SO3) 
grafting, lower membrane fouling ratios were obtained 
with increasing organosilane concentrations from 0.05 to 
0.3 M. Thus, higher levels of –SO3 grafting could improve 
fouling resistance against humic acid. 

In our previous study [15], we reported the remark-
able performance of negatively charged (S-SO3) ceramic 
membranes in improving antifouling properties. The neg-

Table 3
Filtration performance of the surface-modified membranes (0.05, 0.1, and 0.3 M S-SO3) at a fixed humic acid solution concentration 
(30 mg L−1) during fouling (Steps 1–7)a

30 mg/L HA 1st fouling (Step 2) 2nd fouling (Step 5)
Flux decline (%) Flux recovery ratio (%) Flux decline (%) Flux recovery ratio (%)

0.05 M S-SO3 70 ± 1 100 ± 0 83 ± 5 99 ± 1
0.1 M S-SO3 71 ± 2 98 ± 2 84 ± 3 100 ± 1
0.3 M S-SO3 61 ± 5 99 ± 1 74 ± 4 100 ± 1
aThe flux decline ratio and flux recovery ratio were calculated using Eqns. (1) and (2), respectively, in Section 2.4.

Fig. 8. (A) Photographs and (B) SEM images of negatively-charged membranes (0.05, 0.1, and 0.3 M S-SO3) during the filtration 
test using 30 mg L−1 humic acid solution as foulant. For the SEM measurement, specimens were observed at a magnification 
of 10,000×.
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atively charged organosilane-functionalized membranes 
were prepared via a simple chemical reaction using sul-
fonic group-containing organosilanes. In contrast to our 
approach, to date, most surface modification processes 
have been conducted on polymeric membranes via either 
physical and/or chemical treatments or hybridization of 
organic and/or inorganic materials [20,21]. However, the 
development of surface modification techniques for ceramic 
membranes is considered to be as important, if not more 
valuable, owing to the increasing applications of ceramic 
membranes. 

4. Conclusions

Currently, much attention is increasingly being devoted 
to studying the effect of organosilane grafting on the anti-
fouling properties of ceramic membranes for water purifica-
tion. Based on the previous paper showing the superiority 
of the organosilane-grafted membranes, we aimed to prove 
the efficacy of surface modification techniques in improv-
ing the antifouling properties of membranes subjected 
to harsher wastewater conditions such as the high con-
centrations of foulants. The performance of the organosi-
lane-grafted ceramic membranes was explained in terms of 
humic acid concentration and organosilane (–SO3) concen-
tration. Membrane fouling increased with increasing humic 
acid concentrations. However, the negatively charged 
organosilane-grafted membranes successfully reduced flux 
decline and membrane fouling. The membrane fouling 
resistance improved further as the organosilane (–SO3) con-
centration increased from 0.05 to 0.3 M. 
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Fig. 9. Quantitative analysis of the antifouling performance 
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