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Abstract. The efficiencies of nanofiltration (NF) and reverse osmosis (RO) membranes in 
removing carbamazepine (CBZ) and sulfamethoxazole (SMX) were studied. To do this, 
the NF and RO membranes NF-1 and RO-1 were used, and the isoelectric points of the 
NF-1 and RO-1 membranes were determined to be at approximate pH of 6.0. The NF-1 
membrane’s CBZ rejections at solution pH values of 5.0, 6.0, and 7.0 were in a slight range 
of 92-93%. Additionally, SMX rejections by the NF-1 membrane at the same three 
solution pH values were 87%, 91%, and 94%, respectively. Meanwhile, the RO-1 
membrane’s CBZ rejections at those solution pH values were also in a narrow range of 92-
94%, and its SMX rejections were 94%, 97%, and 98%, respectively. Solution pH was 
found to have no effect on CBZ rejection but it did affect SMX rejection. Mixed 
pharmaceuticals showed insignificant change in rejections compared with those of single 
pharmaceutical. The effect of membrane fouling on SMX removal was observed. It was 
found that when the membranes were fouled by tannic acid (TA) in the presence and 
absence of calcium chloride (CaCl2), the membrane’s rejection of SMX was improved.  
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1. Introduction 
 
Pharmaceutical compounds, such as antibiotics, anti-inflammatory substances and antihistamines, have 
been used as a popular means for treating and preventing illnesses. Thus, abundant quantities of 
pharmaceuticals are produced and used for treating both humans and animals. However, some of the 
pharmaceutical compounds are discharged into the environment via wastewater treatment plants, expired 
products, veterinary pharmaceuticals, and excretion containing biotransformed pharmaceutical compounds 
[1]. Many researchers have studied the quantity of pharmaceutical compounds released from various 
sources. A water sample from Missouri was found to contain caffeine, ibuprofen and acetaminophen at 
concentrations of 224, 77.2, and 56 ng/L, respectively [2]. In surface water, metformin was found to range 
from 64 to 98 μg/L [3]. In addition, researchers have studied the drug concentrations in soil. It has been 
found that even the release of low levels of pharmaceutical compounds into the environment (ranging from 
levels of ng/L to μg/L) can have severe impacts on human health (e.g., renal lesions) and the environment 
(e.g., alterations of the gills on rainbow trout) [4] including the reproductive capacities of animals. Embryo 
production in adult zebras, for example, has been found to significantly decrease after they are exposed to 
pharmaceuticals [5].  

Sulfamethoxazole (SMX) is a well-known sulfamide drug, which has been commonly used to treat 
various systemic infections in humans and animals since the early 1960s. To treat infections, SMX has been 
often used in combination with trimethoprim or pyrimethamine. It was found that the concentration of 
SMX in surface water ranged from 30 to 480 ng/L [6], and at a municipal sewage treatment plant, it was as 
high as 2000 ng/L [7-8]. Carbamazepine (CBZ) has been used to treat seizure disorders and neuropathic 
pain. The drug was first synthesized in the 1960s. CBZ has been found in surface water [9] and drinking 
water influent [7]. It has been widely detected in wastewater treatment plants, with concentrations as high 
as 3,800 ng/L [10]. 

Several methods have been applied in order to eliminate pharmaceuticals in the environment; however, 
there are many challenges associated with the effective removal of pharmaceutical compounds. A 
membrane is an advanced technological tool that is favored in the treatment of water because it is able to 
produce a higher quality of water. There are several types of membrane filtration methods; microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and the use of a membrane bioreactor 
[11-12] are well known methods. RO and NF membranes, in particular, can reject problematic compounds 
such as fluoride [13], have a small footprint, and are flexible for future application [14-15]. The rejection 
mechanisms of RO and NF membranes include size exclusion, electrostatic repulsion, and diffusion [16-18]. 
Nghiem and co-workers (2006) [19] studied the removal of SMX and CBZ from aqueous solutions using a 
loose NF membrane. They found that SMX and CBZ could be removed successfully. A problem associated 
with membrane filtration is membrane fouling. Membrane fouling is generated from the solute or particles 
that accumulate on the surface membrane or into the pores of the membrane [20]. Natural organic matter 
(NOM) is one of the foulants present in natural water sources. This phenomena affects the reduction of 
permeate flux and membrane degradation. However, some researchers have found that membrane fouling 
can have the positive effect of improving permeate quality [16, 21-22]. 

In this study, the factors (i.e., solution pH, single and mixed pharmaceutical compounds, and 
membrane fouling) affecting the efficiency of the NF and RO membranes for removing two specific types 
of pharmaceutical compounds, CBZ and SMX, were determined.  
 

2. Materials and Methods 
 
2.1. Pharmaceuticals 
 
Two pharmaceutical compounds, namely carbamazepine (CBZ) (CAS no. 298-46-4) and sulfamethoxazole 
(SMX) (CAS no. 723-46-6), were selected. The physicochemical properties of the SMX and CBZ 
compounds are reported as follows. SMX is a derivative of the sulfanilamide class (MW 253.3 g/mol). SMX 
is composed of two aromatic rings linked with the SO2NH2 group. This functional group, which contains 
electrons from the drawing group, can develop a strong charge. Values of pKa1 and pKa2 are 1.6 and 5.7, 
respectively. CBZ is widely used antiepileptic drug (MW 236.3 g/mol). It is composed of two benzene rings 
combined with an azepine group that is connected to an amide group. A value of pKa is 13.9. 
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2.2. Membranes and the Filtration Experiment 
 
Two flat sheet polymeric membranes, namely, NF-1 and RO-1, were examined. NF-1 and RO-1 
membranes are polyamide thin-film composite membranes. Salt rejections of NF-1 and RO-1 membranes 
were observed at 70% and 90%, respectively, under operating pressure 0.4 MPa and NaCl concentration 
0.01 M. The properties of the NF-1 and RO-1 membranes, including their isoelectric points and pure water 
permeability were determined. A cross-flow unit (C10-T, Nitto Denko) was employed for the filtration 
experiments. The experimental set-up is shown in Fig. 1. 
 

 
 
Fig. 1. Experimental set-up. 
 

The method for determining the isoelectric point was adapted from the proposed procedures of 
Milonjić et al. (1975) and Babić et al. (1999) [23-24]. In addition, the method was previously applied to 
determine the isoelectric point of a dolomite sorbent for fluoride adsorption [25]. Membrane sheets were 
cut small in size (4x3 cm). A NaCl solution (0.01 M) was prepared. Hydrochloric acid (HCl) and sodium 
hydroxide (NaOH) (0.01 mol/L) were used to adjust the pH of the sodium chloride (NaCl) solution to a 
pH range of 2-10. The sheets of the membranes were immersed in each volumetric bottle that contained 
the pH adjusted solution. Then, all the volumetric bottles were shaken for 24 hours at 100 rpm at room 
temperature. Afterwards, the pH of each bottle was measured again. The initial and final pH values were 
taken to plot the graph. The isoelectric point was obtained from the common plateau of the plot. 

Pure water permeability was examined as follows. One liter of pure water was filtered through the 
cross-flow unit at three different operating pressures, 0.2, 0.3, and 0.4 MPa, under a controlled temperature 
of 30±2 °C. Permeate water was collected every ten minutes (10, 20, and 30 minutes) for the initial half 
hour. After the initial half hour, the permeate water was collected in intervals of 60 minutes (60, 120, 180, 
and 240 minutes) up until the fourth hour, to confirm the steady state permeate flux. 
 
2.3. Removal of CBZ and SMX by the Membranes 
 
Both single and mixed pharmaceutical solutions were examined. For a single pharmaceutical solution, a 5 
mg/L concentration of each pharmaceutical was prepared. For a mixed pharmaceutical solution, the 
concentration of mixed solution was the same as single solution about 5 mg/L of each. The solution pH 
values were adjusted using HCl and NaOH to three levels: (1) a pH level below the isoelectric point, (2) the 
pH level at the isoelectric point, and (3) a pH level above the isoelectric point. The solutions were filtered 
through the membranes at 0.4 MPa under a controlled temperature of 30±2 °C. The experiment was 
performed in recycle mode; thus, the permeate water and concentrated water were returned to the feed tank. 
When the permeate flux reached a steady state, the permeate water was collected. Then, the CBZ and SMX 
concentrations in the feed water, concentrated water, and permeate water were measured by a reverse phase 
high performance liquid chromatography (HPLC) (Varian, Prostar, USA) with the C-18 column (ZORBAX 
Eclipse XDB-C18 2.1x100 mm (3.5μm), Agilent, USA). An UV-Vis detector was used to measure the 
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concentrated, feed and permeate water of CBZ and SMZ. The detection of wavelengths of 280 nm was 
recorded for CBZ and SMX. CBZ and SMX rejections (%) were computed as follows: 
 

  (1) 
 
where Cp is the pharmaceutical concentration of the permeate water and Cf is the pharmaceutical 
concentration of the feed water. 
 
2.4. Influence of Membrane Fouling on SMX Removal 
 
The influence of tannic acid (TA) on SMX removal was further studied. TA is a soluble resistant poly-
phenolic compound, which is normally found in natural surface water. Molecular weight distribution of TA 
is in the range of major dissolved organic matters (DOMs) in the natural surface water [26-28]. Hence, a 
membrane fouling via TA during a membrane treatment process is considered. A 5 mg/L concentration of 
SMX was prepared. Then 10 mg/L concentrations of TA were prepared in the presence and absence of 
0.001 M calcium chloride (CaCl2). The solution pH was 7.0. The solutions were filtered through the 
membranes at 0.4 MPa under a controlled temperature of 30±2 °C. One liter of feed solution was filtered 
through the cross-flow unit until a water flux decline was observed. Then, the concentrated, feed, and 
permeate waters were collected to measure their SMX concentrations with HPLC and their dissolved 
organic carbon (DOC) concentrations using a TOC analyzer (TOC vcph, Shimadzu, Japan). 

In addition, obtained results were further interpreted by using statistical software. The statistical 
software was used for statistical analyses of CBZ and SMX rejection by NF-1 and RO-1 membranes, 
membrane fouling effects on permeate water flux and SMX removal.   
 

3. Results 
 
3.1. Isoelectric Point 
 
NF-1 and RO-1 membranes are composite membranes. They have polyamide (PA) active layers that 
contain two functional groups: a carboxylic group (-COOH) and an amine group (-NH2). The carboxyl 
group (-COOH) in a solution with basic pH dissociates and becomes negatively charged (-COO−), whereas 
the amine group, the protonated amino group (-NH3

+) in an acidic pH solution becomes positively charged 
[29-30]. The isoelectric point observation results are shown in Fig. 2 and Fig. 3.  

The NF-1 and RO-1 membranes are polymeric membranes, containing two layers; an active layer and a 
supporting layer. The active layer controls the separation mechanisms of the membranes, whereas the 
supporting layer maintains the strength of the membranes. The isoelectric points of the active layers on the 
NF-1 and RO-1 membranes were observed at approximate pH of 6.0, which means they had neutral or 
nearly zero surface charges. When a solution pH was higher than the pH at the isoelectric point, the 
membrane surface became negatively charged because protons from the carboxylic group on the membrane 
surface deprotonated into the solution. When a solution pH was lower than the pH at the isoelectric point, 
the membrane surface became positively charged due to protons from the solution protonated into the 
amine group on the membrane surface.   
 

Rejection  % =  1 −
𝐶𝑝

𝐶𝑓

 × 100 
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Fig. 2. Isoelectric point determination of the NF-1 membrane. 
 

 
 
Fig. 3. Isoelectric point determination of the RO-1 membrane. 
 
3.2. Pure Water Permeability 
 
At the operating transmembrane pressures of 0.165, 0.275, and 0.375 MPa, the permeate water fluxes of the 
NF-1 membrane were 0.48, 0.96, and 1.46 m3/(m2·day), respectively. Meanwhile, those obtained from the 
RO-1 membrane were 0.18, 0.36, and 0.48 m3/(m2·day), respectively, under the same operating 
transmembrane pressures. Figure 4 shows the permeate water flux at the steady state of each operating 
transmembrane pressure for the NF-1 and RO-1 membranes, respectively. The slopes between the 
permeate water flux and operating transmembrane pressure (TMP) indicate the pure water permeability (Kw) 
of the membrane as follows;  
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Fig. 4. Permeate water flux of each operating transmembrane pressure of the NF-1 and RO-1 membranes. 
 

As shown in Equation (2) and Fig. 4, the pure water permeabilities (Kw) of NF-1 and RO-1 membranes 
were 3.66 and 1.27 m3/(m2·day·MPa), respectively. Thus, NF-1 membrane gave higher pure water 
permeability than that of the RO-1 membrane, indicating the larger pore size of the NF-1 membrane. Dolar 
and co-workers (2011) reported the pore diameter of the NF-1 membrane to be 1.36-1.92 nm [31], which 
classified it as a NF membrane. The pore diameter of the RO-1 membrane was approximately 0.6-0.75 nm, 
which classified it as a RO membrane. Therefore, the results could indicate that a higher quantity of 
permeate water passed through the larger pore size membrane than the smaller pore size membrane. In 
addition, the larger pore size of the NF-1 membrane also suggested that its removal efficiency could be less 
than that of the RO-1 membrane.  
 
3.3. Pharmaceutical Removal 
 
The results of the previous section showed that the isoelectric points of the NF-1 and RO-1 membranes 
were identified at pH 6.0. Hence, the pH of the CBZ and SMX solutions were adjusted to pH 5.0, 6.0, and 
7.0, respectively. The removal results of CBZ and SMX by the NF-1 and RO-1 membranes are reported as 
shown in Tables 1 and 2. CBZ rejection percentages by the NF-1 membrane at solution pH values of 5.0, 
6.0, and 7.0 were observed in a slight range of 92-93%. Additionally, SMX rejection by the NF-1 membrane 
at solution pH values of 5.0, 6.0, and 7.0 were 87%, 91%, and 94%, respectively. With regard to the RO-1 
membrane’s results, CBZ rejection percentages at the same three solution pH variations were in a range of 
92-94% whereas SMX rejection percentages were 94%, 97%, and 98%, respectively.  

From statistical analyses, the effects of solution pH and membrane type on CBZ and SMX removals by 
NF-1 and RO-1 membranes were not significantly different (at p<0.05). However, the removals of SMX by 
NF-1 and RO-1 membranes showed a positive correlation when solution pH increased.  
 
Table 1. Removal of CBZ and SMX by the NF-1 membrane. 
 

Pharmaceutical Feed solution pH Percent removal 

SMX 
 

5.0 87 
5.9 91 
7.1 94 

CBZ 5.0 93 

6.1 93 

7.1 92 
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Table 2. Removal of CBZ and SMX by the RO-1 membrane. 
 

Pharmaceutical Feed solution pH Percent removal 

SMX 
 

5.0 94 
6.1 97 
7.1 98 

CBZ 5.1 93 
6.1 94 
6.9 92 

 
From the results of pharmaceutical removal, the pKa value of CBZ was 13.9; therefore, CBZ had no 

effect on the charge of the CBZ molecule when the solution pH was in the range of 5.0 to 7.0. In contrast, 
SMX’s pKa1 value was 1.8 and its pKa2 value was 5.6. This meant that the SMX molecule could turn into a 
negatively charged molecule when the solution pH was higher than its pKa2 value. The rejection of CBZ 
was relatively independent of pH, whereas the rejection of SMZ was relatively pH dependent [19,32]. 
Hence, the removal of CBZ could be controlled by size exclusion and diffusion mechanisms, while the 
removal of SMX could be controlled by size exclusion, diffusion, and electrostatic repulsion mechanisms 
when the solution pH was in the 5.0-7.0 range.  

In addition, the hydrophobicity properties of CBZ and SMX might affect the removal efficiencies of 
RO-1 and NF-1 membranes. Hydrophobicity was represented by octanol-water partition coefficient (log 
Kow). The log Kow values of CBZ and SMX were 2.45 and 0.89, respectively. Accordingly, both of them 
were categorized as hydrophilic compounds. The hydrogen bonds between pharmaceuticals and water 
molecules might be influenced by water-water bonding because of the polar groups. Therefore, the 
pharmaceutical compounds with water molecules can change in diameter; this finding was confirmed by 
Braeken and co-workers in 2005 [33]. They found that the molecules of xylose increased from 0.69 to 1.21 
nm when formed the H-bond. As a result, pharmaceuticals with high hydrophilic properties (e.g., CBZ and 
SMX) can find difficulty when passing through membranes. 

The rejection results of CBZ by the RO-1 membrane were not different compared with those obtained 
from the NF-1 membrane. Nevertheless, the RO-1 membrane showed a higher removal efficiency of SMX 
than another membrane. It could have been due to the smaller pore size of the RO-1 membrane and the 
larger charge density on the RO-1 membrane, which relates to the mentioned removal mechanisms. 

Furthermore, there was not much change in removal percentages for the mixed pharmaceuticals 
comparing with the single pharmaceuticals, as can be seen in Table 3. It was supported by a statistical 
analysis, which found that the removals of mixed and single pharmaceuticals by NF-1 and RO-1 
membranes were not significantly different (at p<0.05).  
 
Table 3. Removal of the mixed CBZ and SMX solution by the NF-1 and RO-1 membranes. 
 

Membrane Feed solution pH Mixed Pharmaceuticals Percent removal 

NF-1 7.2 CBZ 91 
 SMX 94 
RO-1 7.1 CBZ 99 
 SMX 99 

 
3.4. Fouling Effects on SMX Removal 
 
The SMX removal percentages of the fouled RO-1 membrane in the presence and absence of CaCl2 were 
both 99%. With regard to the fouled NF-1 membrane, its SMX removal percentages in the presence and 
absence of CaCl2 were 98% and 99%, respectively. The results are shown in Table 4.  

From a statistical analysis, the effects of membrane fouling on SMX removals by NF-1 and RO-1 
membranes were not significantly different (at p<0.05). However, the removals of SMX by NF-1 and RO-1 
membranes were found to be improved when the membranes were fouled with tannic acid (TA) in the 
presence and absence of CaCl2, especially in the NF-1 membrane case. 
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Table 4. Removal of SMX by fouled membranes. 
 

 Condition Fouled membrane with Virgin membrane 

Tannic + CaCl2 Tannic 

NF-1 98 99 94 
RO-1 99 99 98 

 
In case of fouling effects on SMX removal, tannic acid might have accumulated and formed a densely 

fouled layer on the membrane surface. The densely fouled layer could have acted as another filtration layer, 
which increased the membrane’s SMX removal. Another possibility could be due to an interaction between 
SMX and tannic acid. Other researchers have studied the effects of inorganic salt (CaCl2) on pharmaceutical 
removal. It was found that calcium ions (Ca2+) reduced the Donnan potential length between surface 
membranes and pharmaceuticals, decreasing the rejection of pharmaceuticals [34-35]. In this study, when 
the membrane was fouled with TA, the presence of CaCl2 did not affect the densely fouled layer. 
Furthermore, an increased removal of SMX was observed. It could be stated that a low concentration of 
calcium ions (less than 6 mg/L) does not affect the formation of the densely fouled layer [31]. 

Additionally, Figs. 5-8 show normalized fluxes of the NF-1 and RO-1 membranes during the filtration 
experiment. The normalized flux was determined by dividing a permeate water flux (Jv) with a pure water 
flux (Jo). Pure water was pressurized and filtered through the cross-flow unit for the first hour. Then, the 
SMX solutions containing TA with and without CaCl2 were further filtered through the cross-flow unit. 
Since experimental set-up indicated the recycle of permeate and concentrated line, this corresponded to the 
result which the permeate water flux gave relatively constant during filtration. 

 
Fig. 5. Normalized flux of the NF-1 membrane from the SMX solution in the presence of TA and CaCl2. 
 

 
Fig. 6. Normalized flux of the NF-1 membrane from the SMX solution in the sole presence of TA. 
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Fig. 7. Normalized flux of the RO-1 membrane from the SMX solution in the presence of TA and CaCl2. 
 

 
 
Fig. 8. Normalized flux of the RO-1 membrane from the SMX solution in the sole presence of TA. 
 

The results showed that permeate water flux declined due to membrane fouling when the SMX 
solution containing TA in the presence and absence of CaCl2 was further filtered through the cross-flow 
unit. In case of NF-1 membrane, the permeate water fluxes decreasing due to membrane fouling with TA 
in the presence and absence of CaCl2 were observed at 42% and 31%, respectively. In case of RO-1 
membrane, the permeate water fluxes decreasing due to membrane fouling with TA in the presence and 
absence of CaCl2 were observed at 23% and 9%, respectively. Membrane fouling with TA in the presence 
of CaCl2 was severer than that of the absence of CaCl2. This indicated that the permeate water flux of the 
SMX solution containing TA in the presence of CaCl2 was worse than the flux obtained in the absence of 
CaCl2. The presence of calcium in the synthetic wastewater accelerated membrane fouling; therefore, the 
flux declined dramatically, which was consistent with the findings of other studies [34, 36]. Hoek and 
Elimelech (2003) found that a membrane fouled by humic acid and CaCl2 might cause a severe flux decline 
[37]. The initial rapid fouling was due to pore blocking and then the fouling was due to the cake layer 
formation. Multivalent cations such as calcium perform as bridging reagents between carboxylic and 
phenolic functional groups of organic foulants, and it is the bridging reagent that forms the cross-linked 
fouling layer [38]. Furthermore, a severer decline in the permeate water flux of the NF-1 membrane was 
observed. This could have been due to pore blocking by tannic molecules on the membrane’s surface [39].  
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4. Conclusion 
 
This study applied NF-1 and RO-1 membranes for CBZ and SMX removal. Both the NF-1 and RO-1 
membranes provided high removal efficiencies. The removal of CBZ was relatively independent of pH, 
whereas the removal of SMX was relatively pH dependent. Consequently, the removal of CBZ could be 
controlled by size exclusion and diffusion mechanisms, and the mechanisms for controlling SMX removal 
could be size exclusion, diffusion, and electrostatic repulsion. The membranes showed insignificant 
removal of mixed pharmaceuticals comparing with the single pharmaceutical. When the membranes were 
fouled by tannic acid, a dense fouled layer on the membrane surface could be formed in the presence and 
absence of CaCl2, this consequently increased SMX removal. 
 

Acknowledgements 
 
The research fund from the Center of Excellence on Hazardous Substance Management (HSM), Thailand, 
is greatly appreciated. 
 

References 
 
[1] D. Nghiem, A. I. Schäfer, and M. Elimelech, “Pharmaceutical retention mechanisms by nanofiltration 

membranes,” Environ. Sci. Technol., vol. 39, pp. 7698-7705, 2005. 
[2] C. Wang, H. Shi, C. D. Adams, S. Gamagedara, I. Stayton, T. Timmons, and Y. Ma, “Investigation of 

pharmaceuticals in Missouri natural and drinking water using high performance liquid 
chromatography-tandem mass spectrometry,” Water Res., vol. 45, no. 4, pp. 1818-1828, 2011. 

[3] B. W. Schwab, E. P. Hayes, J. M. Fiori, F. J. Mastrocco, N. M. Roden, D. Cragin, and P. D. Anderson, 
“Human pharmaceuticals in US surface waters: A human health risk assessment,” Regul. Toxicol. 
Pharmacol., vol. 42, no. 3, pp. 296-312, 2005. 

[4] J. Schwaiger, H. Ferling, U. Mallow, H. Wintermayr, and R.D. Negele, “Toxic effects of the non-
steroidal anti-inflammatory drug diclofenac, Part 1, Histopathological alterations and bioaccumulation 
in rainbow trout,” Aquat. Toxicol., vol. 68, pp. 141-150, 2004. 

[5] M. Galus, J. Jeyaranjaan, E. Smith, H. Li, C. Metcalfe, and J.Y. Wilson, “Chronic effects of exposure 
to a pharmaceutical mixture and municipal wastewater in zebrafish,” Aquat. Toxicol., vol. 132-133, pp. 
212-222, 2013. 

[6] T. Heberer, G. Massmann, B. Fanck, T. Taute, and U. Dunnbier, “Behaviour and redox sensitivity of 
antimicrobial residues during bank filtration,” Chemosphere, vol. 73, no. 4, pp. 451-460, 2008. 

[7] A. Roberto, R. Marotta, and N. Paxeus, “Pharmaceuticals in STP effluents and their solar 
photodegradation in aquatic environment,” Chemosphere, vol. 50, no. 10, pp. 1319-1330, 2003. 

[8] M. J. M. Bueno, A. Aguera, M. J. Gomez, M. D. Hernando, J. F. Garcıa-Reyes, and A. R. Fernandez-
Alba, “Application of liquid chromatography/quadrupole-linear ion trap mass spectrometry and time-
of-flight mass spectrometry to the determination of pharmaceuticals and related contaminants in 
wastewater,” Anal. Chem., vol. 79, pp. 9372-9384, 2007. 

[9] A. Togola and H. Budzinski, “Multi-residue analysis of pharmaceutical compounds in aqueous 
samples,” J. Chromatogr. A, vol. 1177, no. 1, pp. 150-158, 2008. 

[10] M. D. Celiz, S. Pérez, D. Barceló, and D. S. Aga, “Trace analysis of polar pharmaceuticals in 
wastewater by LC–MS–MS: Comparison of membrane bioreactor and activated sludge systems,” J. 
Chromatogr. Sci., vol. 47, pp. 19-25, 2009. 

[11] S. Yuksel, N. Kabay, and M. Yuksel, “Removal of bisphenol A (BPA) from water by various 
nanofiltration (NF) and reverse osmosis (RO) membranes,” J. Hazard. Mater., vol. 263, pp. 307-310, 
2013. 

[12] F. Zaviska, P. Drogui, A. Grasmick, A. Azais, and M. Heran, “Nanofiltration membrane bioreactor 
for removing pharmaceutical compounds,” J. Membr. Sci., vol. 429, pp. 121-129, 2013. 

[13] P. Chantharawong, A. Wongrueng, P. Rakruam, S. Wattanachira, and S. Takizawa, “Effects of 
Activated Carbon and Cationic Exchange Resin Pretreatments on Groundwater Defluoridation by 
Reverse Osmosis Process,” Engineering Journal, vol. 21, no. 2, pp. 123-132, 2017. 

[14] S. Mondal and S. R. Wickramasinghe, “Produced water treatment by nanofiltration and reverse 
osmosis membranes,” J. Membr. Sci., vol. 322, no. 1, pp. 162-170, 2008. 



DOI:10.4186/ej.2017.21.3.101 

ENGINEERING JOURNAL Volume 21 Issue 3, ISSN 0125-8281 (http://www.engj.org/) 111 

[15] S. Alzahrani, A. W. Mohammad, N. Hilal, P. Abdullah, and O. Jaafar, “Comparative study of NF and 
RO membranes in the treatment of produced water—Part I: Assessing water quality,” Desalination, vol. 
315, pp. 18-26, 2013. 

[16] D. Nghiem and S. Hawkes, “Effects of membrane fouling on the nanofiltration of pharmaceutically 
active compounds (PhACs): Mechanisms and role of membrane pore size,” Sep. Purif. Technol., vol. 57, 
no. 1, pp. 176-184, 2007. 

[17] A. R. D. Verliefed, E. R. Cornelissen, S. G. J. Heijman, J. Q. J. C. Verberk, G. L. Amy, B. V. D. 
Bruggen, and J. C. V. Dijk, “The role of electrostatic interactions on the rejection of organic solutes in 
aqueous solutions with nanofiltration,” J. Membr. Sci., vol. 322, pp. 52-66, 2008. 

[18] A. D. Shah, C. H. Huang, and J. H. Kim, “Mechanisms of antibiotic removal by nanofiltration 
membranes: Model development and application,” J. Membr. Sci., vol. 389, pp. 234-244, 2012. 

[19] D. Nghiem, A. I. Schäfer, and M. Elimelech, “Role of electrostatic interactions in the retention of 
pharmaceutically active contaminants by a loose nanofiltration membrane,” J. Membr. Sci., vol. 286, no. 
1-2, pp. 52-59, 2006. 

[20] C. Y. Tang, Y. N. Kwon, and J. O. Leckie, “The role of foulant–foulant electrostatic interaction on 
limiting flux for RO and NF membranes during humic acid fouling—Theoretical basis, experimental 
evidence, and AFM interaction force measurement,” J. Membr. Sci., vol. 326, no. 2, pp. 526-532, 2009. 

[21] P. Xu, E. Drewes, U. Kim, C. Bellona, and G. Amy, “Effect of membrane fouling on transport of 
organic contaminants in NF/RO membrane applications,” J. Membr. Sci., vol. 279, no. 1-2, pp. 165-
175, 2006. 

[22] A. Wongrueng, S. Takizawa, Y. Matsui, K. Oguma, and S. Wattanachira, “Analysis of ULPRO 
membrane fouling used for groundwater defluoridation,” Environmental Engineering Research (JSCE), vol. 
45, pp. 613-620, 2008. 

[23] S. K. Milonjić, A. L. J. Ruvarac, and M. V. Šušić, “The heat of immersion of natural magnetite in 
aqueous solutions,” Thermochimica. Acta., vol. 11, no. 3, pp. 261-266, 1975. 

[24] B. M. Babić, S. K. Milonjić, M. J. Polovina, and B. V. Kaludierović, “Point of zero charge and intrinsic 
equilibrium constants of activated carbon cloth,” Carbon, vol. 37, pp. 477-481, 1999. 

[25] A. Wongrueng, B. Sookwong, P. Rakruam, and S. Wattanachira, “Kinetic adsorption of fluoride from 
an aqueous solution onto a dolomite sorbent,” Engineering Journal, vol. 20, no. 3, pp. 1-9, 2016. 

[26] S. K. Dalton, J. A. Brant, and M. R. Wiesner, “Chemical interactions between dissolved organic matter 
and low-molecular weight organic compounds: Impacts on membrane separation,” J. Membr. Sci., vol. 
266, pp. 30-39, 2005. 

[27] Y. L. Lin, P. C. Chiang, and E. E. Chang, “Removal of small trihalomethane precursors from aqueous 
solution by nanofiltration,” J. Hazard. Mater., vol. 146, pp. 20-29, 2007. 

[28] L. Wang, H. Chu, and B. Dong, “Effects on the purification of tannic acid and natural dissolved 
organic matter by forward osmosis membrane,” J. Membr. Sci., vol. 455, pp. 31-43, 2014. 

[29] M. Bauman, A. Kosak, A. Lobnik, I. Petrinic, and T. Luxbacher, “Nanofiltration membranes modified 
with alkoxysilanes: Surface characterization using zeta-potential,” Colloid Surface A., vol. 422, pp. 110-
117, 2013. 

[30] I. M. El-Nahhal and N. M. El-Ashgar, “A review on polysiloxane-immobilized ligand systems: 
Synthesis, characterization and applications,” J. Organomet. Chem., vol. 692, pp. 2861–2886, 2007.  

[31] D. Dolar, K. Košutić, and B. Vučić, “RO/NF treatment of wastewater from fertilizer factory— 
Removal of fluoride and phosphate,” Desalination, vol. 265, no. 1-3, pp. 237-241, 2011. 

[32] I. Vergili, “Application of nanofiltration for the removal of carbamazepine, diclofenac and ibuprofen 
from drinking water sources,” J. Environ. Manage., vol. 127, pp. 177-187, 2013. 

[33] L. Braeken, R. Ramaekers, Y. Zhang, G. Maes, B. Van der Bruggen, and C. Vandecasteele, “Influence 
of hydrophobicity on retention in nanofiltration of aqueous solutions containing organic compounds,” 
J. Membr. Sci., vol. 252, no. 1-2, pp. 195-203, 2005. 

[34] S. Lee, J. Cho, and M. Elimelech, “Combined influence of natural organic matter (NOM) and colloidal 
particles on nanofiltration membrane fouling,” J. Membr. Sci., vol. 262, pp. 27-41, 2005. 

[35] Q. Li and M. Elimelech, “Organic fouling and chemical cleaning of nanofiltration membranes: 
Measurements and mechanisms,” Environ. Sci. Technol., vol. 38, pp. 4683-4693, 2004. 

[36] L. Qilin, X. Zhihua, and P. Ingo, “Fouling of reverse osmosis membranes by biopolymers in 
wastewater secondary effluent: Role of membrane surface properties and initial permeate flux,” J. 
Membr. Sci., vol. 290, no. 1–2, pp. 173-181, 2007. 



DOI:10.4186/ej.2017.21.3.101 

112 ENGINEERING JOURNAL Volume 21 Issue 3, ISSN 0125-8281 (http://www.engj.org/) 

[37] E. V. Hoek and M. Elimelech, “Cake-enhanced concentration polarization: A new fouling mechanism 
for salt-rejecting membranes,” Environ. Sci. Technol., vol. 37, no. 24, pp. 5581-5588, 2003. 

[38] L. D. Nghiem, P. J. Coleman, and C. Espendiller, “Mechanisms underlying the effects of membrane 
fouling on the nanofiltration of trace organic contaminants,” Desalination, vol. 250, no. 2, pp. 682-687, 
2010. 

[39] J. Kim, W. Shi, Y. Yuan, and M. M. Benjamin, “A serial filtration investigation of membrane fouling 
by natural organic matter,” J. Membr. Sci., vol. 294, no. 1-2, pp. 115-126, 2007. 

 
 
 


