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Abstract

      The prevalence of pharmaceutical compounds in surface and groundwater presents a rising 

threat to human health. As such, the search for novel materials that serves to avoid their release to 

the environment or for the remediation once in the water effluent is of utmost importance. The 

present work describes the fabrication of a cellulose acetate (CA) membrane modified with the 

block copolymer Poly(4-vinylpyridine-b-ethylene oxide) (P4VP-b-PEO) crafted for the specific 

targeting and adsorption of electron deficient pharmaceuticals. The electron deficient 

pharmaceuticals (EDPs) under study were Sulfamethoxazole, Sulfadiazine, and Omeprazole. The 

results as part of this work present a thorough characterization of the prepared membranes by 

FTIR, Contact Angle, and SEM images. Moreover, results show that adsorptive character of the 

membrane correlates with the relative electron deficiency and spatial orientation of the 

contaminant. Interestingly, the addition of a nominal 1% of P4VP-b-PEO to the cellulose matrix 

helps to increase the adsorption efficiency of the membranes at least two-fold in most cases. For 

the compounds studied, the prepared membrane has a higher efficiency towards Omeprazole, 

followed by Sulfamethoxazole and Sulfadiazine. This work may serve to inspire the design and 

fabrication of selective soft materials for the adsorption and remediation of contaminants of 

emerging concern.

Keywords: Sulfamethoxazole, Sulfadiazine, Omeprazole, electron deficient pharmaceuticals, 

water remediation, soft materials
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1. Introduction

The ability of a society to provide fresh water for hygiene and consumption to the population 

is perhaps one of the most important items for the sustained growth of developing countries and 

the expansion of urban areas. Nevertheless, with the increase in population and urbanization, the 

release of toxic compounds to the environment and surface water also increases. The sources of 

contamination in surface and ground water are diverse, including: agricultural, industrial, oil 

pollution, sewage and wastewater1 among many others. 

In recent years, the Environmental Protection Agency (EPA) has become very proactive in 

informing the community about the contaminants of emerging concern (CECs). CECs are a class 

of contaminants of diverse origins that are typically detected at trace levels in surface and 

groundwater (i.e. ppb, ppt). Examples of CECs are: pesticides, hormones, antibiotics, over-the-

counter medications, agricultural byproducts, industrial chemicals, petroleum-based chemicals 

and others2. A recent study conducted by Bai et.al  (2018) accounts for the presence of numerous 

pharmaceuticals, pesticides and waste-indicator compounds in the metropolitan area of Denver, 

Colorado3. Findings like this one are of concern since even at low levels some CEC’s are quite 

harmful to human health4. The biggest concern related to the presence of CECs in surface and 

groundwater is their potential to act as endocrine disruptor compounds (EDCs). There is vast 

evidence in the cited literature that the absorption of EDCs is the cause of hormone blockage or 

mimic and may cause prenatal development, metabolic diseases and other health-related issues.5
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4

Also, the concern exists that these compounds may affect aquatic life 6 and their presence in 

groundwater has been correlated to disrupted microorganismal composition in communities and a 

rise of antibiotic resistant strains7. Other studies have suggested that the presence of certain CECs 

in water may lead to fish species to uptake considerable amounts of the compounds, which will 

ultimately be ingested by humans8.

Although in principle, the processes employed in wastewater treatment plants may remove 

CECs; this is not always the case9, 10. In fact, some of these processes do not account as actual 

removal methods, and the byproducts that are created such as organochlorine specie can be more 

toxic than the initial compounds11-15. As a strategy to cope with the presence of CECs in surface 

and groundwater, researchers have proposed the use of activated carbons16, nanofiltration17-19, 

reverse osmosis20, ultrafiltration, degradation with microorganisms, and electrooxidation, among 

others21.  Nevertheless, the adsorption of CECs with activated carbon is a preferred method 

because of the material’s porosity (surface area), which allows for effective adsorption of the 

contaminants22, 23. However, the production of activated carbon demands considerable amounts of 

energy and activated carbon pores can easily undergo fouling, drastically reducing its adsorption 

efficiency 24, 25. 

Materials scientists have sought multiple solutions to mitigate the disadvantages of activated 

carbon by directly attending the drawbacks of the material 26 or fabricating alternative 

carbonaceous materials. For example, Turk Sekulic et al. reported a phosphorised carbonaceous 

adsorbent that was capable of sustaining -  EDA interactions with their contaminants of interest 

with a maximum adsorption of 99 % 27. Further alternative materials for the removal of CECs have 

been fabricated in the form of cationic surfactants and organo-montmorillonites 28, 29. 
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5

Certainly, the use of membranes is considered quite promising and a viable technology that 

can be employed to remove CECs from wastewater and drinking water.30 Membrane technologies 

such as forward osmosis (FO) and reverse osmosis (RO) have been extensively studied for the 

rejection of CECs. However, these methods still rely on physical rejection, and as such there is no 

selectivity, and organic fouling is still an issue31-36. Despite the advances in polymer synthesis and 

membrane production technologies, insufficient or no research has been performed to tackle the 

water remediation of CECs. This is a consequence of the lack of selectivity and poor cost-

effectiveness of polymers used in commercial purification membranes. We hypothesize that 

porous adsorption membranes are a feasible strategy to overcome the deficiencies of these 

common methods. Adsorption can be controlled by the addition of specific functionalities to 

polymeric rearrangement producing high porosity. These functionalities can also allow the 

reusability of the membranes by reversible adsorption as a response to external stimuli. 

Thus, herein we propose the manufacture and study of a cellulose acetate based membrane 

capable of adsorbing CECs that are electron deficient pharmaceuticals (EDPs). In this study, we 

used phase inversion to fabricate a membrane out of cellulose acetate (CA) modified with Poly (4-

vinylpyridine-b-ethylene oxide) (P4VP-b-PEO), two polymers capable of sustaining electrostatic 

interactions with positively charged molecules. Cellulose acetate (Figure 2a) is ubiquitously 

regarded as a resilient and biodegradable support for water purification membranes37.  

Additionally, P4VP-b-PEO (Figure 2b) was chosen because our previous studies suggest that it is 

capable of sustaining electrostatic π- π interactions with the deactivated rings of the EDPs38 as seen 

in Figure 2c. We embedded the block copolymer P4VP-b-PEO into the cellulose acetate support 

and tested the membrane in a gradient of electron-deficient pharmaceuticals (EDPs), establishing 
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a correlation between the general electronegativity of the EDPs and the adsorption capacity of the 

membrane. 

The EDPs studied are two antibiotics and a commonplace pharmaceutical: Sulfamethoxazole 

(SMX), Sulfadiazine (SDZ), and Omeprazole (OMZ), respectively. The first two are sulfonamide 

antibiotics frequently prescribed to treat bacterial infections in humans and animals 39. These 

compounds pose the serious threat of altering microorganismal communities and inducing 

antibiotic resistance as is reported extensively in the literature40-43. Omeprazole is a highly 

accessible nonprescription medication used to treat heartburn, and it is characterized for its 

chemical instability44. This compound is prone to quick degradation due to numerous 

environmental factors such as pH, heat, and light44. More interesting is the fact that these 

degradation intermediates are highly electron deficient and may serve to validate the model 

membranes in this work45. These three pharmaceuticals were chosen because they are substituted 

with prominent electron withdrawing groups, as are many other pharmaceuticals. According to the 

World Health Organization, the selected compounds are frequently found in most groundwater 

studies, in a varying range of regions and concentrations ranging from parts per billion to parts per 

million46. Hence, the current study focuses on fabricating and evaluating a CA supported 

membrane capable of adsorbing EDPs studying the intertwine between the relative electron 

deficiency of the compounds and the membrane’s adsorbing capacity. This work provides a 

feasible approach to the targeted removal of EDPs from aqueous media using environmentally 

friendly and sustainable components.

2.  Experimental

2.1. Materials 
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7

Cellulose acetate (CA; 39.8 wt. % acetyl, Mn ~ 30,000), acetone HPLC plus (99.9%), N,N- 

Dimethylacetamide reagent plus (DMAc, 99%), analytical standard Sulfamethoxazole (SMX), 

analytical standard Sulfadiazine (SDZ), and analytical standard Omeprazole (OMZ) were 

purchased from Sigma Aldrich (St. Louis, MO, USA). Poly(4-vinyl pyridine -b-ethylene oxide) 

(P4VP-b-PEO, 20 kDa – 5 kDa) was purchased from the Polymer Source Inc. (Dorval, QC, 

Canada). All reagents were used without further purification. A polyester mesh with 105 μm mesh 

openings and 52% open area was purchased from ELKO Filtering Co, LLC. Nanopure water from 

an Aries FilterWorks Gemini High Purity Water System (18.23 M-Ohm/cm) (Berlin, NJ, USA) 

was used to conduct all experiments.

2.2 Preparation of CA/P4VP-b-PEO membranes

CA membranes reinforced with polyester mesh were prepared by non-solvent induced 

phase separation (NIPS) process as published elsewhere47, 48. Casting solutions were prepared 

dissolving 17 % wt. CA and varying concentrations of P4VP-b-PEO (0, 1 % wt) in 2:1 w/w 

acetone: DMAc. Solutions were left to magnetically stir at 400 rpm for 48 hours at room 

temperature. A polyester mesh was attached to a clean glass plate using metal clips. Dissolved 

polymer solutions were casted over the polyester mesh using a film casting doctor blade (MTI 

Corp. Richmond, CA, USA) adjusted to 150 μm. Films were allowed approximately 5 s for 

evaporation of the solvents before they were immersed in nanopure water (non-solvent) for 10 

min. Finally, membranes were cut to a specific size, rinsed, and stored in nanopure water.

2.3 Characterization of the membranes

2.3.1 Fourier-Transform Infrared (FTIR) Spectroscopy
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CA Membranes were characterized by Fourier-transform infrared (FTIR) spectroscopy 

using a Bruker Tensor 27 attenuated total reflectance (ATR) spectrometer (Billerica, MA, USA). 

The spectral width ranged from 400–4000 cm-1 for 64 accumulation scans and 4 cm-1 of resolution.

2.3.2 Scanning Electron Microscopy

In order to assay the surface morphology of the CA membranes, a JEOL 6480LV  scanning 

electron microscope (Peabody, MA, USA) in the secondary electron imaging (SEI) mode with 15 

kV accelerating voltage.

2.3.3 Contact Angle measurements

The wettability of the CA membranes was tested by contact angle measurements performed 

with a Krüss drop shape analyzer DSA25S (Krüss Optronic, Hamburg, Germany) at room 

temperature. Membranes were cut to obtain 1 cm2 pieces that were fixed to the stage of the 

instrument using carbon tape. To start the analysis, a 4.50 μL nanopure water droplet was released 

from a syringe with a 25-gauge flat needle (0.51 mm inner diameter, 0.26 mm outer diameter) onto 

the surface of the sample. Images of the drop were recorded every 0.5 s up to 120 s (to avoid 

changes due to evaporation of the drop) and analyzed in real-time using the Advance software 

(version 1.8).

2.4 Computational analysis 

Spartan 16 (Wavefunction Inc., Irvine, CA, USA) was used to model the molecules SMX, 

SDZ, and OMZ in order to generate their electron-density maps. Calculations were performed 

based on Density Functional Theory (DFT), and geometries of the molecules were optimized at 

BLYP/6-31G*. 

2.5 Adsorption batch tests of Sulfamethoxazole, Sulfadiazine, and Omeprazole using the CA 

membranes
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9

2.5.1 Adsorption comparison between 17% CA and 1% P4VP-b-PEO 17% CA

17% CA and 1% P4VP-b-PEO (composite) membranes of uniform size and weight were 

exposed to separate 30 mL solutions of 30 ppm SMX, SDZ, and OMZ, respectively at 25 ̊C and 

250 rpm in a Brunswick Shaker Incubator Series 2000 for 4 h Afterwards, the membranes were 

removed, and the solutions were analyzed by UV-vis. A Shimadzu UV Spectrophotometer UV-

1800 was used to obtain the absorbance of both, the solutions exposed to the membranes and 

controls to calculate their respective concentrations. In order to obtain the equilibrium adsorption 

amount of the membranes, we used the following formula,

𝑞𝑒 =
(𝐶0 ― 𝐶𝑒)𝑉

𝑤

where qe is the equilibrium adsorption amount (mg/g), C0 is the initial concentration of SMX, 

SDZ or OMZ (mg/L), Ce is the equilibrium concentration of SMX, SDZ or OMZ after the 

adsorption (mg/L), V is the volume of the pharmaceutical solutions, and w is the mass of the CA 

membrane before the experiment was carried out. All experiments were performed in triplicate.

2.5.2 Adsorption as a function of time

Membranes cut into rectangular shapes with consistent area and weights were exposed to 30 

mL solutions of 30 ppm of SMX, SDZ, and OMZ, respectively at 25 ̊C and 250 rpm in a Brunswick 

Shaker Incubator Series 2000. The adsorption equilibration times ranged from 5 min to 24 h. 

2.5.4 Cyclic reusability testing

In order to assay the reusability of the material, membranes were exposed to 30 mL solution 

of each pharmaceutical for a contact time of 1 hr at 25 °C and 250 rpm. Afterwards, the membranes 

were immersed in EtOH 95 % wt. for 20 min and later in nanopure water for 10 min under the 
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same experimental conditions. Membranes were dried with compressed air and used for another 

batch adsorption cycle. All solutions were measured using UV-vis, and the equilibrium adsorption 

amount (qe) was calculated for each cycle.

3. Results and discussion

Foremost, the structures of the pharmaceuticals under study must be taken into 

consideration. As seen in Figure 1, the three compounds under study vary in their spatial 

arrangement as well as their degree of electron withdrawing substitution. The central feature to the 

- interactions with P4VP-PEO lies in the electron deficient aromatic ring that can be appreciated 

in the electron density maps of each molecule.  Figure S1 shows the highly electron deficient 

degradation intermediates of Omeprazole.

Figure 1. The molecular structures for the pharmaceuticals under study.

Figure 2 depicts the polymeric constituents of the composite membrane, cellulose acetate 

(Figure 2 a) and P4VP-PEO (Figure 2 b), as well as the electron donor acceptance (EDA) 

interactions between the pyridine ring of the block copolymer and the aromatic rings of the EDPs.
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Figure 2. The materials for the prepared membrane (a) Cellulose acetate, (b) P4VP-b-PEO, 
and (c) a schematic of the EDA interactions that take place on the aromatic rings of the EDPs and 
the pyridine ring of P4VP-b-PEO.

Before exploring the capacity of the membrane to adsorb the compounds of interest, it was of 

utmost importance to verify the membranes physical characteristics. First, SEM micrographs were 

obtained for both the CA membrane and the composite membrane as seen in Figure 3. Upon 

analyzing the composite membrane, it can be observed that the front and back sides are smooth 

surfaces with minor deformations (Figure 3 a and Figure 3 b, respectively). However, the cross-

section of the membrane (Figure 3 c) shows a large number of pores which are formed during the 

nucleation that occurs during phase separation due to the nucleation effect that occurs during 

a b
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precipitation 49. Even though the presence of pores is confirmed, no apparent connection or 

channels between the pores can be detected in the top and bottom surfaces of the membrane. This 

implicates that the flow of water through the membrane would be limited due to the disconnection 

between the inner pore structures, whilst minimizing the surface area for the OH groups to interact 

with the EDPs. On the other hand, the composite membrane displays small pores in the front side 

and large pores in the back side (Figure 3 d and Figure 3 e, respectively). Moreover, the cross-

section (Figure 3 f) showed hierarchical pores that connect both sides of the membrane, suggesting 

the potential flux of water through the membrane since porosity and pore connectivity are directly 

related to permeability 50.  Figure S2 shows that increasing the concentration of P4VP-b-PEO 

induces more hierarchical pores. This behavior can only be explained by the presence of P4VP-b-

PEO. During phase separation, the hydrophilic ethylene oxide chains of the block copolymer allow 

a higher water (non-solvent) penetration in the CA matrix, changing the overall nucleation effects.

a b c
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In order to prove the chemical integrity of the composite membrane, FTIR was performed, and 

the spectra shows the different functional groups found in CA, P4VP-b-PEO, and the composite 

membrane. Figure 4 a shows the FTIR spectra of both membranes and the block copolymer by 

itself. Hence, a thorough analysis of the spectra for the composite membrane is described as 

follows. A signal ca. 1730 cm-1 that corresponds to the carbonyl of the acetyl group can be easily 

observed. Also, the band at 1370 cm-1 corresponds to the bending vibration of methylene groups 

(-CH2) and the intense band at 1217 cm-1 corresponds to the (-C-O) stretching vibration. 

Moreover, a sharp band around 1030 cm-1 corresponds to the glycosidic ring stretching51. Despite 

the lack of difference between the CA membrane and the P4VP-b-PEO modified membrane, a 

close inspection reveals a new band at 1596 cm-1 (inset spectra) that is likely due to vibrations of 

the pyridine ring that are also present in the spectrum of P4VP-b-PEO52. It should be noted that 

the low intensity of that band is somewhat expected since the FTIR method used only analyzes the 

surface of the material while P4VP-b-PEO is expected to be mostly embedded in the material. 

Another important measure of these types of materials is related to the surface energy of the 

membrane that can be quantitatively assessed by contact angle measurements. Figure 4 b shows 

the contact angle results for both the CA membrane and the composite membrane. Considering 

Figure 3. SEM micrographs of pristine CA and composite membranes. The micrographs show the (a) front 
side, (b) back side and (c) cross section of CA membranes. SEM micrographs of (d) front side, (e) back side 
and (f) cross-section of the composite membranes.

ed f
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that the CA used in this study has a 39.8% wt. substitution, membranes were expected to have 

considerable wettability. In the case of the CA membrane, the contact angle is 60º at time 0 s. After 

120 s, the value decreases to 50º due to water penetration, a process mediated by diffusion through 

the membrane. When examining CA membranes modified with P4VP-b-PEO, a similar result is 

observed (contact angle of 60º) since P4VP-b-PEO is not expected to change the 

hydrophilicity/hydrophobicity of the membrane. However, after 120 s, there is no apparent change 

in the contact angle. This phenomenon can be attributed to the hydrophobic air molecules found 

within the superficial pores that come into contact with the water droplet and, therefore, reduce 

penetration of the membrane with water. Thus, the observed hydrophobic effect may not be 

inherently attributed to the membrane’s chemical composition rather than the morphology of the 

pores.
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Figure 4. (left) FTIR spectra for CA, P4VP-b-PEO, and the composite membrane and (right) 
contact angle measurements for both membranes

In order to determine the enhancing effect of adding P4VP-b-PEO, single-point contact 

time experiments were carried out with both membranes. The single-point contact time 

experiments shown in Figure 5 a indicate that modifying the membrane with 1% P4VP-b-PEO 

induces a nearly four-fold increase of OMZ adsorption and a two-fold increase in SMX adsorption. 

It should be noted that the high adsorbance of OMZ can be due to the highly electron deficient 

degradation intermediates of OMZ. So forth, SDZ adsorption is minimal; however, an increase in 

adsorptivity can be detected. These results suggest the CA has a notable adsorptive character due 

the coulombic interactions that occur between the OH groups and the partially positive regions in 

the EDPs under study in strong agreement with related CA adsorption studies  53. The addition of 

the P4VP-b-PEO drastically enhances the adsorption capacity of the membrane likely due to the 

expected π- π interactions of the benzoyl groups, which increase in adsorptivity as the benzene 

rings in the EDPs become chemically deactivated. Figure S3 shows that a higher concentration of 

P4VP-b-PEO leads to higher adsorption. A directly proportional correlation can be found between 

adsorption efficiency and contaminant electron deficiency. This correlation can be due to both 

increased surface area of the CA support due to the pores as well as the π- π interactions between 
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the block copolymer and positively charged regions of the EDPs which supports that the composite 

membrane is more likely to promote electrostatic interactions with EDPs at increasing electron 

deficiency. Figure 5 b depicts the correlation between pharmaceutical absorptivity and electron 

deficiency.

OMZ SMX SDZ
0

1

2

3

4

5

q e
(m

g/
g)

ED Pharmaceutical

 CA
 Composite 

Figure 5. (a) Barplot of the adsorption capacities of the CA membrane and the composite 
membrane and (b) a representative figure of the adsorption trend from greatest to least ED: OMZ 
Degradation Intermediates (OMZ DIs), OMZ, SMX, and SDZ.

The adsorptive trend of the pharmaceuticals with the composite membrane can be explained 

by a combination of the electron deficiency of each molecule as well as the spatial orientation of 

the relatively positive aromatic rings. For the OMZ IDs, the electron density maps shown in Figure 

S1 display the positively charged atoms throughout the cleaved OMZ molecules inducing the 

highest observed electron deficiency in this study: this allows the pyridine ring in the P4VP-b-

PEO to easily adsorb the degradation intermediates. In the case of OMZ, the sulfonamide group 

hosts a double bond between sulfur and oxygen. This arrangement leads to a strong electron 

withdrawing effect that can be seen on the electron density maps in Figure 2 which provides an 

a b
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interaction site for the pyridine ring from P4VP-b-PEO. In the case of SMX and SDZ, the spatial 

arrangement effect is crucial to the difference in membrane adsorption values of each membrane 

since both of these groups display similar electronic character. Both SMX and SDZ are fitted with 

a primary nitrogen and a sulfonamide group on the aromatic ring of interest. However, the spatial 

arrangement of the aromatic rings in SMX can be described as the rings being in intercepting 

planes. This allows for the pyridine ring of the P4VP-b-PEO to interact freely with the ring of 

interest since the spatial orientation allows for the electron deficient ring to be isolated in space. 

On the other hand, SDZ has two rings bent in space with a vertex at the sulfonamide. The spatial 

arrangement that the molecule assumes creates a relatively narrow angle in which the pyridine ring 

from the P4VP-b-PEO cannot interact freely with the electron deficient ring in the plane that faces 

away from the sulfonamide group. 

In order to determine maximum adsorption capacity at the tested concentration (30 ppm), 

kinetic experiments were carried out for each of the pharmaceuticals. As demostrated in Figure 6 

a, the hierarchy of adsorption from the single-point experiments (4 hrs) is also observed at longer 

times (24 hrs). Most notably, OMZ has not reached equilibrium at 24 hours. This can be due to the 

ED degradation intermediate species that are generated as the experiment transcurs 45. 

These statements are supported by Figures S4 and S5 which encompass preliminary Isotherm and 

thorough kinetic characterization for the composite membrane in EDP solution.

  The reusability is an important feature, specifically because it can reduce costs for the final 

application while increasing the operational life of the material  . Herein, we test the  reusability 

of the composite membrane for 5 cycles with each of the EDPs. Interestingly, after the initial 

cleaning cycle, all the adsorption valaues slightly increased (See Figure S6). This increment can 

be attributed to interactions between the EtOH and either the ethylene oxide chains or the hydroxyl 
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groups of the CA.  Thereafter, the results were consistent for 4 cycles Figure 6 b. This constitnecy 

confirms that the material is efficient after continuous usage, and it suggests that cleaning the 

membranes with EtOH optimizes the adosprtion capacity of the composite membrane.

Figure 6. (a) Adsorption capacity of the CA/P4VP-b-PEO as a function of contact time from 
1-1500 min, and (b) CA/P4VP-b-PEO membrane reusability for cycles 2-5 for each 
pharmaceutical compound tested.

The presented results encompass a thorough characterization of the membrane’s composition 

as well as a demonstration of the adsorptive trend displayed by the composite membrane and the 

pharmaceuticals under study.

 4.  Conclusion

The study reveals that the composite membrane is capable of adsorbing electron deficient 

contaminants from aqueous media at low concentrations with a higher efficiency than the 

unmodified CA membrane. Most importantly, the composite membrane demonstrates an affinity 

towards adsorbing EDPs at increasing electron deficiency taking into consideration their spatial 

arrangement and relative electron deficiency.  Although other materials show a higher adsorption 
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capacity for aqueous contaminants, this membrane presents our preliminary works in eco-friendly 

membranes fabricated for adsorption of specific electron deficient molecules, mainly 

pharmaceuticals, that present alarming and unprecedented threats in ecosystems and human life. 

Future works include exploring supports other than CA, and more inexpensive additives than block 

copolymers.

AKNOWLEDGEMENTS

This work was supported by the NASA Experimental Program to Stimulate Competitive Research 

(EPSCoR) under grant #NNX14AN18A, NIH RISE Program under Grant #5R25GM061151-17, the PR 

NASA Space Grant NNX15AI11H, and by the NSF-CREST Center for Innovation, Research and Education 

in Environmental Nanotechnology (CIRE2N) Grant Number HRD-1736093. The authors acknowledge the 

UPR Materials Characterization Center (MCC) for the provided support during the attainment of this work. 

AUTHORS INFORMATION

Corresponding Author, * Prof. Eduardo Nicolau, eduardo.nicolau@upr.edu 

Laura Penabad, laura.penabad@upr.edu

Jairo Herrera, jairo.herrera@upr.edu

Miguel Betancourt, miguel.betancourt3@upr.edu

Present Addresses 

(E.N.) Department of Chemistry, University of Puerto Rico, Rio Piedras Campus, PO Box 23346, San 

Juan, Puerto Rico USA 00931-3346// Molecular Science Research Center, University of Puerto Rico, 

1390 Ponce De Leon Ave, Suite 2, San Juan Puerto Rico USA 00931-3346

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the 

final version of the manuscript. L.P-P is the main author of this work. 

Page 19 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

Notes 

The authors declare no competing financial interest. TOC figure is free domain and prepared by the main 

author LPP.

Supporting Information

The supporting information includes degradation intermediates of omeprazole, SEM images of 3% P4VP-

PEO composite membrane, kinetic experiments, preliminary isotherm experiments, and reusability 

experiments.

References

1. Andrade, N. A.; Lozano, N.; McConnell, L. L.; Torrents, A.; Rice, C. P.; Ramirez, M., Long-term 
trends of PBDEs, triclosan, and triclocarban in biosolids from a wastewater treatment plant in the Mid-
Atlantic region of the US. J Hazard Mater 2015, 282, 68-74.

2. Lamastra, L.; Balderacchi, M.; Trevisan, M., Inclusion of emerging organic contaminants in 
groundwater monitoring plans. MethodsX 2016, 3, 459-476.

3. Bai, X.; Lutz, A.; Carroll, R.; Keteles, K.; Dahlin, K.; Murphy, M.; Nguyen, D., Occurrence, 
distribution, and seasonality of emerging contaminants in urban watersheds. Chemosphere 2018, 200, 133-
142.

4. Zaman, S. B.; Hussain, M. A.; Nye, R.; Mehta, V.; Mamun, K. T.; Hossain, N., A Review on 
Antibiotic Resistance: Alarm Bells are Ringing. Cureus 2017, 9 (6), e1403-e1403.

5. Salimi, M.; Esrafili, A.; Gholami, M.; Jonidi Jafari, A.; Rezaei Kalantary, R.; Farzadkia, M.; 
Kermani, M.; Sobhi, H. R., Contaminants of emerging concern: a review of new approach in AOP 
technologies. Environ. Monit. Assess. 2017, 189 (8), 414.

6. Rosi-Marshall, E. J.; Snow, D.; Bartelt-Hunt, S. L.; Paspalof, A.; Tank, J. L., A review of ecological 
effects and environmental fate of illicit drugs in aquatic ecosystems. J. Hazard. Mater. 2015, 282, 18-25.

7. Grenni, P.; Ancona, V.; Barra Caracciolo, A., Ecological effects of antibiotics on natural 
ecosystems: A review. Microchem. J. 2018, 136, 25-39.

8. Yeh, A.; Marcinek, D. J.; Meador, J. P.; Gallagher, E. P., Effect of contaminants of emerging 
concern on liver mitochondrial function in Chinook salmon. Aquat Toxicol 2017, 190, 21-31.

9. Fram, M. S.; Belitz, K., Occurrence and concentrations of pharmaceutical compounds in 
groundwater used for public drinking-water supply in California. Sci. Total Environ. 2011, 409 (18), 3409-
3417.

Page 20 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21

10. Dodgen, L. K.; Kelly, W. R.; Panno, S. V.; Taylor, S. J.; Armstrong, D. L.; Wiles, K. N.; Zhang, 
Y.; Zheng, W., Characterizing pharmaceutical, personal care product, and hormone contamination in a karst 
aquifer of southwestern Illinois, USA, using water quality and stream flow parameters. The Science of the 
total environment 2017, 578, 281-289.

11. Sichel, C.; Garcia, C.; Andre, K., Feasibility studies: UV/chlorine advanced oxidation treatment 
for the removal of emerging contaminants. Water Res. 2011, 45 (19), 6371-6380.

12. Ikehata, K.; Gamal El-Din, M.; Snyder, S. A., Ozonation and Advanced Oxidation Treatment of 
Emerging Organic Pollutants in Water and Wastewater. Ozone-Sci. Eng. 2008, 30 (1), 21-26.

13. Papageorgiou, A.; Voutsa, D.; Papadakis, N., Occurrence and fate of ozonation by-products at a 
full-scale drinking water treatment plant. Sci. Total Environ. 2014, 481, 392-400.

14. Richardson, S. D., Disinfection by-products and other emerging contaminants in drinking water. 
TrAC-Trend. Anal. Chem. 2003, 22 (10), 666-684.

15. Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.; DeMarini, D. M., Occurrence, 
genotoxicity, and carcinogenicity of regulated and emerging disinfection by-products in drinking water: A 
review and roadmap for research. Mutat. Res.-Rev. Mutat. 2007, 636 (1–3), 178-242.

16. Secondes, M. F.; Naddeo, V.; Belgiorno, V.; Ballesteros, F., Jr., Removal of emerging 
contaminants by simultaneous application of membrane ultrafiltration, activated carbon adsorption, and 
ultrasound irradiation. J. Hazard. Mater. 2014, 264, 342-9.

17. Rana, D.; Narbaitz, R. M.; Garand-Sheridan, A.-M.; Westgate, A.; Matsuura, T.; Tabe, S.; Jasim, 
S. Y., Development of novel charged surface modifying macromolecule blended PES membranes to 
remove EDCs and PPCPs from drinking water sources. Journal of Materials Chemistry A 2014, 2 (26), 
10059-10072.

18. Narbaitz, R. M.; Rana, D.; Dang, H. T.; Morrissette, J.; Matsuura, T.; Jasim, S. Y.; Tabe, S.; Yang, 
P., Pharmaceutical and personal care products removal from drinking water by modified cellulose acetate 
membrane: Field testing. Chem. Eng. J. 2013, 225, 848-856.

19. Rana, D.; Scheier, B.; Narbaitz, R. M.; Matsuura, T.; Tabe, S.; Jasim, S. Y.; Khulbe, K. C., 
Comparison of cellulose acetate (CA) membrane and novel CA membranes containing surface modifying 
macromolecules to remove pharmaceutical and personal care product micropollutants from drinking water. 
Journal of Membrane Science 2012, 409-410, 346-354.

20. Kunst, B.; Košutić, K., Removal of Emerging Contaminants in Water Treatment by Nanofiltration 
and Reverse Osmosis. In Emerging Contaminants from Industrial and Municipal Waste: Removal 
Technologies, Barceló, D.; Petrovic, M., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2008; pp 
103-125.

21. Mouli, P. C.; Mohan, S. V.; Reddy, S. J., Electrochemical processes for the remediation of 
wastewater and contaminated soil: emerging technology. J. Sci. Ind. Res. 2004, 63, 11-19.

22. Rossner, A.; Snyder, S. A.; Knappe, D. R., Removal of emerging contaminants of concern by 
alternative adsorbents. Water. Res. 2009, 43 (15), 3787-96.

Page 21 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

23. Yu, Z.; Peldszus, S.; Huck, P. M., Adsorption characteristics of selected pharmaceuticals and an 
endocrine disrupting compound—Naproxen, carbamazepine and nonylphenol—on activated carbon. Water 
Res. 2008, 42 (12), 2873-2882.

24. Ahmadpour, A.; Do, D. D., The preparation of active carbons from coal by chemical and physical 
activation. Carbon 1996, 34 (4), 471-479.

25. Matsui, Y.; Fukuda, Y.; Inoue, T.; Matsushita, T., Effect of natural organic matter on powdered 
activated carbon adsorption of trace contaminants: characteristics and mechanism of competitive 
adsorption. Water Res. 2003, 37 (18), 4413-4424.

26. Tonucci, M. C.; Gurgel, L. V. A.; Aquino, S. F. d., Activated carbons from agricultural byproducts 
(pine tree and coconut shell), coal, and carbon nanotubes as adsorbents for removal of sulfamethoxazole 
from spiked aqueous solutions: Kinetic and thermodynamic studies. Industrial Crops and Products 2015, 
74, 111-121.

27. Turk Sekulic, M.; Boskovic, N.; Milanovic, M.; Grujic Letic, N.; Gligoric, E.; Pap, S., An insight 
into the adsorption of three emerging pharmaceutical contaminants on multifunctional carbonous 
adsorbent: Mechanisms, modelling and metal coadsorption. J. Mol. Liq. 2019, 284, 372-382.

28. Farías, T.; de Ménorval, L. C.; Zajac, J.; Rivera, A., Benzalkonium chloride and sulfamethoxazole 
adsorption onto natural clinoptilolite: Effect of time, ionic strength, pH and temperature. J. Colloid 
Interface Sci. 2011, 363 (2), 465-475.

29. Lu, L.; Gao, M.; Gu, Z.; Yang, S.; Liu, Y., A comparative study and evaluation of sulfamethoxazole 
adsorption onto organo-montmorillonites. Journal of Environmental Sciences 2014, 26 (12), 2535-2545.

30. Andersen, H.; Siegrist, H.; Halling-Sørensen, B.; Ternes, T. A., Fate of Estrogens in a Municipal 
Sewage Treatment Plant. Environmental Science & Technology 2003, 37 (18), 4021-4026.

31. Al-Obaidi, M. A.; Li, J. P.; Kara-Zaïtri, C.; Mujtaba, I. M., Optimisation of reverse osmosis based 
wastewater treatment system for the removal of chlorophenol using genetic algorithms. Chemical 
Engineering Journal 2017, 316, 91-100.

32. Steinle-Darling, E.; Zedda, M.; Plumlee, M. H.; Ridgway, H. F.; Reinhard, M., Evaluating the 
impacts of membrane type, coating, fouling, chemical properties and water chemistry on reverse osmosis 
rejection of seven nitrosoalklyamines, including NDMA. Water Research 2007, 41 (17), 3959-3967.

33. Dolar, D.; Gros, M.; Rodriguez-Mozaz, S.; Moreno, J.; Comas, J.; Rodriguez-Roda, I.; Barceló, D., 
Removal of emerging contaminants from municipal wastewater with an integrated membrane system, 
MBR–RO. J. Hazard. Mater. 2012, 239-240, 64-69.

34. Xie, M.; Nghiem, L. D.; Price, W. E.; Elimelech, M., Comparison of the removal of hydrophobic 
trace organic contaminants by forward osmosis and reverse osmosis. Water Research 2012, 46 (8), 2683-
2692.

35. D'Haese, A.; Le-Clech, P.; Van Nevel, S.; Verbeken, K.; Cornelissen, E. R.; Khan, S. J.; Verliefde, 
A. R. D., Trace organic solutes in closed-loop forward osmosis applications: Influence of membrane fouling 
and modeling of solute build-up. Water Research 2013, 47 (14), 5232-5244.

Page 22 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23

36. Nguyen, T. P. N.; Yun, E.-T.; Kim, I.-C.; Kwon, Y.-N., Preparation of cellulose triacetate/cellulose 
acetate (CTA/CA)-based membranes for forward osmosis. Journal of Membrane Science 2013, 433, 49-
59.

37. Carpenter, A. W.; de Lannoy, C.-F.; Wiesner, M. R., Cellulose Nanomaterials in Water Treatment 
Technologies. Environmental Science & Technology 2015, 49 (9), 5277-5287.

38. Herrera-Morales, J.; Turley, A. T.; Betancourt-Ponce, M.; Nicolau, E., Nanocellulose-Block 
Copolymer Films for the Removal of Emerging Organic Contaminants from Aqueous Solutions. Materials 
2019, 12 (2).

39. Papich, M. G., Trimethoprim + Sulfamethoxazole. In Saunders Handbook of Veterinary Drugs 
(Fourth Edition), Papich, M. G., Ed. W.B. Saunders: St. Louis, 2016; pp 820-822.

40. Haack, S. K.; Metge, D. W.; Fogarty, L. R.; Meyer, M. T.; Barber, L. B.; Harvey, R. W.; LeBlanc, 
D. R.; Kolpin, D. W., Effects on Groundwater Microbial Communities of an Engineered 30-Day In Situ 
Exposure to the Antibiotic Sulfamethoxazole. Environmental Science & Technology 2012, 46 (14), 7478-
7486.

41. Underwood, J. C.; Harvey, R. W.; Metge, D. W.; Repert, D. A.; Baumgartner, L. K.; Smith, R. L.; 
Roane, T. M.; Barber, L. B., Effects of the Antimicrobial Sulfamethoxazole on Groundwater Bacterial 
Enrichment. Environmental Science & Technology 2011, 45 (7), 3096-3101.

42. Kopmann, C.; Jechalke, S.; Rosendahl, I.; Groeneweg, J.; Krögerrecklenfort, E.; Zimmerling, U.; 
Weichelt, V.; Siemens, J.; Amelung, W.; Heuer, H.; Smalla, K., Abundance and transferability of antibiotic 
resistance as related to the fate of sulfadiazine in maize rhizosphere and bulk soil. FEMS Microbiol. Ecol. 
2013, 83 (1), 125-134.

43. Zhang, S.; Song, H.-L.; Cao, X.; Li, H.; Guo, J.; Yang, X.-L.; Singh, R. P.; Liu, S., Inhibition of 
methanogens decreased sulfadiazine removal and increased antibiotic resistance gene development in 
microbial fuel cells. Bioresour. Technol. 2019, 281, 188-194.

44. Kosma, C. I.; Lambropoulou, D. A.; Albanis, T. A., Photochemical transformation and wastewater 
fate and occurrence of omeprazole: HRMS for elucidation of transformation products and target and suspect 
screening analysis in wastewaters. Sci. Total Environ. 2017, 590-591, 592-601.

45. Leyva, E.; Moctezuma, E.; Noriega, S., Photocatalytic degradation of omeprazole. Intermediates 
and total reaction mechanism. Journal of Chemical Technology & Biotechnology 2017, 92 (7), 1511-1520.

46. Organization, W. H. Pharmaceutical Compounds in Drinking Water; World Health Organization: 
20 Avenue Appia, 1211 Geneva 27, Switzerland, 2012.

47. Stillman, D.; Krupp, L.; La, Y.-H., Mesh-reinforced thin film composite membranes for forward 
osmosis applications: The structure–performance relationship. Journal of Membrane Science 2014, 468, 
308-316.

48. Mirkhalili, S. M.; Mousavi, S. A.; Saadat Abadi, A. R.; Sadeghi, M., Preparation of mesh-
reinforced cellulose acetate forward osmosis membrane with very low surface roughness. Korean J. Chem. 
Eng. 2017, 34 (12), 3170-3177.

Page 23 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24

49. Hopp-Hirschler, M.; Nieken, U., Modeling of pore formation in phase inversion processes: Model 
and numerical results. Journal of Membrane Science 2018, 564, 820-831.

50. Lorente-Ayza, M.-M.; Pérez-Fernández, O.; Alcalá, R.; Sánchez, E.; Mestre, S.; Coronas, J.; 
Menéndez, M., Comparison of porosity assessment techniques for low-cost ceramic membranes. Boletín 
de la Sociedad Española de Cerámica y Vidrio 2017, 56 (1), 29-38.

51. Jin, X.; Xu, J.; Wang, X.; Xie, Z.; Liu, Z.; Liang, B.; Chen, D.; Shen, G., Flexible TiO2/cellulose 
acetate hybrid film as a recyclable photocatalyst. RSC Adv. 2014, 4 (25), 12640-12648.

52. Xue, Y.; Xiao, H., Antibacterial/Antiviral Property and Mechanism of Dual-Functional 
Quaternized Pyridinium-type Copolymer. Polymers 2015, 7 (11).

53. Kamaruzaman, S.; Aris, N.; Yahaya, N.; Hong, L.; Razak, M., Removal of Cu (II) and Cd (II) Ions 
from Environmental Water Samples by Using Cellulose Acetate Membrane. Journal of Environmental 
Analytical Chemistry 2017, 4, 220.

Page 24 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

Page 25 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 26 of 26

ACS Paragon Plus Environment

ACS Omega

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


