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ABSTRACT

Here, we report on the fabrication of modified-ZnO nanoparticles enhanced membrane and
evaluation of its performance. Cellulose triacetate (CTA) membranes were manufactured by
diffusion induced phase inversion in DCM and were blended with modified(m) ZnO nano-
particles. The CTA/m-ZnO and CTA/ZnO composite membranes were characterized by
Fourier transform infrared spectroscopy, SEM, AFM techniques and contact angle measure-
ments. After optimization of pH, the concentrations of carriers in the membrane,
Rhodamine B and the stripping phase concentrations, transport efficiency reached to 98% at
pH 12. The results showed that the fabricated membrane embedded with modified
nanoparticles significantly improved membrane features.
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1. Introduction

Cellulose triacetate (CTA) has an excellent salt-
rejecting capability and is noted for its strength,
toughness, flexibility, and resistance to hydrolysis and
biological attack. Successful attempts have been made
using CTA in composite membranes, melt extruded
hollow fibers, and Loeb-type blend membranes [1-3].
The limited solubility of CTA in common solvents has
precluded its use as a high flux and high-rejection
membrane [4]. The common modification methods to
develop the CTA membranes can be summarized as:
grafting, coating, and blending. Grafting includes for-
mation of covalent bonding between hydrophilic
monomers and CTA membranes via chemical, photo-
chemical, radiation, or plasma initiation. The polym-
ethylacrylate, AAc monomer, and polybutylacrylate
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are the most widely studied hydrophilic monomer in
the surface modification of CTA membranes via graft-
ing [5,6]. In coating, a thin layer of hydrophilic poly-
mer can be coated on the surface of CTA membranes
via contact and evaporation. Hydrophilic CTA mem-
branes can be easily prepared by immersing mem-
branes in polyamide solution [7]. Unlike grafting and
coating methods which are post-fabrication modifica-
tion, blending allows membrane modification during
the fabrication phase. Blending is also considered to
be the simplest method among these three methods
which includes only physical mixing of CTA with
hydrophilic polymers. In general, the hydrophobic
polymer are used as a polysulfone (PSf). Besides
blending with hydrophobic polymers, much attention
has been recently given to blending of inorganic oxide
nanoparticles [8]. Nanoparticles, having peerless phys-
icochemical properties that vary from raw materials
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are of high interest in the manufacturing of mem-
branes to obtain a high degree of check over mem-
brane fouling and the ability to produce desired
structures as well as functionalities [9-13]. Membrane
fouling is the main problem and the costs associated
with it. Nanoparticles may be a way to unzip this
problem. The simplest method for preparing a com-
posite membrane with intended nanoparticles is dis-
persion of the preformed nanoparticles in a suitable
polymer matrix [13-21]. Composite membranes have
attracted attention on nanoparticles, such as Pt, Pd,
Au, Ag, FeO, CdS, AgZS, Fezo3, Fe3O4, TiOz, SiOQ,
Al,O3, ZrO,, carbon nanotubes, and bimetallics
[13,21-25]. Mixing nanoparticles such as ZrO,, SiO,,
and TiO, with PSf membranes have gained common
attention due to the notable changes of membrane
properties, such as permeability, selectivity, mechani-
cal strength, thermal resistance, and flux decrease pat-
tern [26]. Most researchers are more interested in
blending cellulose acetate membranes with micron
ZnO particles to increase membrane hydrophilicity for
pervaporation [27,28]. Wang et al. have fabricated
AlL,Og/cellulose acetate (CA) and ZnO/CA hybrid
membranes. They found that the maximum flux of a
hybrid membrane blended with nano Al,O; and nano-
ZnO improved to 96.5% and 111.1%, respectively,
compared to that of a CA membrane. To the best of
our knowledge, few reports about the filtration and
antifouling properties of ZnO/PES hybrid membranes
have been reported. These materials exhibit excellent
permeability, selectivity, and stability in water and
waste water applications. Dyes are widely used in var-
ious industries, such as plastics, textiles, paper, cos-
metics, and leather, for coloring their final products.
Color is the first contaminant to be recognized in
wastewater. In recent years, several physicochemical
decolorization processes have been developed, such as
membrane separation. A number of different tech-
niques are available in preparing composite mem-
branes such as: phase inversion, sol-gel techniques,
thin-film deposition, coating (layer-by-layer coatings,
interfacial polymerization, dip-coating), etc. Different
from these techniques, Mauter et al. have found a
novel pathway for the fabrication of reactive mem-
branes via post-synthesis grafting of nanoparticles to
the membrane surface. This novel technique is used
for covalently or ionically tethering antimicrobial
nanoparticles to the surface of UF membranes [29]. In
this study, CTA/ZnO and CTA/m-ZnO composite
membranes were prepared by a phase inversion
method and their properties including chemical com-
position, membrane morphology, and hydrophilicity
were characterized by Fourier transform infrared spec-
troscopy (FT-IR), scanning electron microscopy (SEM),
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atomic force microscopy (AFM), and contact angle
measurement. In addition, the fabricated membranes
were employed to perform dye transport experiments
with aqueous solutions of Rhodamine B (RB).

2. Experimental section
2.1. Materials

Zinc chloride (ZnCl,), urea (CON,H,), ammonium
hydroxide (NH,OH), ethanol (CH3;CH,OH), dichloro-
methane (CH,Cl,), 3-(aminopropyltriethoxysilane
(APTES), and CTA were purchased from Aldrich
Chemical Co. RB was purchased from Merck. All the
chemicals were of reagent grade and used without
further purification. Distilled water was used through-
out the study.

2.2. Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized according to
the literature [30] by adapting known synthetic proce-
dures, respectively. ZnCl, (1.36 g) and urea (2.40 g)
were dissolved in distilled water (100.0 ml) with a
constant stirring for 30 min at room temperature and
pH was adjusted to 10.2 by drop wise addition of
NH,4OH solution. The resultant solutions were then
transferred into a Teflon lines autoclave and heated
up to 180°C for 9 h. White precipitates were obtained
after cooling the reaction mixture at room tempera-
ture. The precipitates were washed with water and
ethanol for several times and dried at room tempera-
ture. The resulting white powders were calcined at
400°C for 5 h.

2.3. Surface functionalization of ZnO nanoparticles

ZnO nanoparticles were dried at 120°C in an oven
for 24 h to remove the adsorbed water. The dried ZnO
nanoparticles (0.6 g) were ultrasonicated for 30 min in
30 mL of absolute ethanol and then, as shown in
Fig. 1, 0.12 mL of 3-(aminopropyltriethoxysilane(AP-
TES) was added to the dispersed solution; then, the
mixture was dispersed for 30 min through an ice-
water ultrasonic bath. Finally, the suspension was fil-
tered and washed with ethanol to remove unreacted
APTES. The solid was dried at 60°C for more than
24 h [31].

2.4. Preparation of membrane

Firstly, m-ZnO nanoparticles were dried at 120°C
in an oven for 24 h to remove the adsorbed water.
CTA membranes blended with m-ZnO nanoparticles
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Fig. 1. Surface modification of ZnO nanoparticles with 3-(aminopropyltriethoxysilane (APTES).

were prepared using phase inversion method. The
casting solution was prepared by distributing m-ZnO
nanoparticles in dichloromethane (DCM). CTA
(200 mg) was dissolved in 20 mL of DCM at room
temperature. 0.3 mL of 2-NPOE in 5mL of dichloro-
methane was added. After vigorous stirring, a solution
containing the m-ZnO nanoparticles were added and
the solution was stirred for 30 min to obtain a homo-
geneous solution. Dichloromethane was allowed to
evaporate overnight, and the resulting membrane was
separated from glass plate by immersion into cold
water after the membrane was soaked in distilled

. CTA+ m-Zn0 NP3+ DCM

il e

m-Zn0 NPs+ DCM

Fig. 2. Preparation of membrane.

water for 1h [32,33]. The membrane preparation is
given schematically in Fig. 2.

2.5. Surface characterization

In order to characterize the composite membranes,
FT-IR, AFM techniques, and contact angle measure-
ments were used. AFM images were obtained by Sol-
ver Pro AFM from NT-MDT (Russia). The speed of
scanning was 2 kHz. Tapping mode of AFM in air
was used to investigate the surface morphology of
membranes. The structure of membrane samples was

Mold Membrane
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examined using SEM EVO-LS 10 (Carl Zeiss,
Germany). FI-IR spectrums were acquired using ATR
FT-IR spectrometer (Perkin-Elmer 100 FT-IR). Mea-
surements were taken in wave number from 400 to
4,000 cm ™. The sessile drop method was used to mea-
sure the contact angle of the prepared membranes
[34,35]. A 4 pL droplet of distilled water was placed
on the membrane surface by means of a 0.10 mL syr-
inge, and contact angle was measured by a horizontal
beam comparator (KSV CAM 200). A magnified image
of the droplet was recorded by a digital camera. Static
contact angles were determined from these images
with calculation software. The contact angle measure-
ment was taken as the mean value of three different
points on each membrane.

2.6. Transport experiments

The transport experiments were carried out using
a cell consisting of two detachable Teflon chambers.
The PIM was placed between the chambers and the
chambers were tightened with screws. The silicone
rubber seals were used to prevent any leakage from
the chambers. Equal volumes (40 mL) of the feed and
stripping phases were placed in the respective cham-
bers of the transport cell. In each experiment, the stir-
ring rates of both phases were equal and constant at
350 rpm throughout the experiment. All experiments
were performed at 25 + 1°C and effective membrane
area was 7.0 cm? [33].

The studied experimental parameters were RB con-
centration of the feed phase 0.005-0.1 (%w/w), initial
pH (8.0-13.0) and, stripping phase (HCI) concentration
of (0.1-3.0 M), carrier concentration of the casting
solution (0.1-3.0%), transport time, and stripping
speed(150—-400 rpm).

The transport of RB was also defined according to

Eq. (1);

Transport (%) = 100 x (CS) (1)
Co

where C; is the concentration of RB in the stripping
phase at time t and C, is the initial concentration of
RB in the feed phase.

In order to determine the concentration of RB,
samples of 1 mL were periodically withdrawn from
the feed and stripping phases over transport time, and
analyzed by UV spectrophotometer (Shimadzu UV-
1800, JAPAN).
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Table 1
Peak values and the corresponding radical in membranes
Corresponding
Membrane Peak value (cm™") radical
CTA 3,480 O-H
2,950 C-H
1,740 Cc=0
1,350 C-H (deformation
of CHj)
1,210 and 1,030 c-O
ZnO 504 Zn-0
3,448 and 1,635 O-H
CTA/m-ZnO Same bands in
addition to
2,975 H-C-NH,
2,850 C-H
817 Si-O-CHj;
954 Si-O-Zn

3. Results and discussion
3.1. Characterization

FT-IR spectra of CTA, ZnO nanoparticles, and
CTA/m-ZnO are shown in Table 1. The appearance of
a band at 504 cm™' in the FT-IR spectra confirms the
synthesis of ZnO, because it is the characteristic
absorption band for the Zn-O stretching vibration
[36]. In the pure ZnO nanoparticles peak values
(Table 1), a broad absorption peaks centered at around
3,448 and 1,635 cm ™" are caused by the O-H stretching
of the absorbed water molecules and carbon dioxide,
because the nanocrystalline materials exhibit a high
surface-to-volume ratio. A very small band originated
at 882 cm™' are probably due to the carbonate moieties
which are generally observed when FT-IR samples are
measured in air [37]. All these characteristic peaks
suggesting the formation of ZnO nanoparticles. The IR
spectra of the CTA exhibit weak band at 2,930 cm™"
which are attributed to the stretching modes of ali-
phatic C-H groups. The obtained results show the
absorption band located around 1,740 cm™!, which is
attributed to stretching vibration of the carbonyl
group. In addition, the absorption band at 1,370 cm™"
is due to CH deformation of CHj;. Two absorption
bands at 1,030 and 1210cm ! attributed to C-O
stretching mode are also observed. In modified ZnO
nanoparticles well-rounded membranes peak values,
the existence of characteristic peaks of APTES, indicate
the presence of coupling agent after functionalization.
The peaks in the regions of 2,850 and 2,954 cm ! cor-
respond to the CH, and CHj groups of APTES. The
disappearance of the peak at 817 cm™" is attributed to
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Si-O-CHj;, and the presence of a new peak at
954 cm ™' confirms the formation of Si-O-Zn bonds
[29,31,38]. All these facts indicate that the silane mole-
cules have been successfully grafted onto the surface
of ZnO nanoparticles.

Membrane surfaces were investigated with SEM.
The influence of the addition of ZnO and m-ZnO
nanoparticles to the membrane surface is shown in
Fig. 3. The SEM images of the CTA membrane surface
before addition of ZnO nanoparticles were similar to
those of the same membranes after embedding ZnO
nanoparticles. However, further increase in added
nanoparticles to 0.5 wt% promoted the formation of
clusters or aggregates of ZnO on the membrane sur-
face significantly. Also, the addition of m-ZnO
increased of clusters and m-ZnO further aggregates
formation on the membrane surface. Similar results
were observed by Balta et al. [39].
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3 pm*
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The AFM was used to image the surface of CTA/
ZnO and CTA/m-ZnO composite membranes. Fig. 4
shows the AFM images of composite membranes,
respectively, in three-dimensional form with format of
10 pm x 10 um. As can be seen in Fig. 4, the CTA/ZnO
membrane is non-porous and only imperceptibly wrin-
kled with regard to different speed of the solvent
vaporization. On the other hand, CTA/m-ZnO compos-
ite membrane is observed to has a smooth surface. As
stated by Oh et al., although the overall surfaces remain
unchanged, a partial contradistinction in the surfaces of
the APTES-modified membranes was observed (the
surface becomes comparatively smoother). These phe-
nomena may be explained by self-polymerization of
APTES. APTES has three ethoxy groups, which can
transfer each other in the presence of protic solvent,
which moves as a catalyst, instead of reacting with a
hydroxyl group on the membrane surface. As a result,

EHT = 20.00 k¥ Signal A = SE1
|Probe= 50pA WD =155mm

100K X

. 3y
e H

o

Mag= 100KX 3um*
Y 1

fay

Fig. 3. SEM images of the surface of the synthesized membranes; CTA membrane (a), CTA/ZnO membranes (b), and

CTA/m-ZnO nanoparticles composite membranes (c).
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O Oym

Fig. 4. AFM images of composite membranes; CTA/ZnO membrane and CTA/m-ZnO membrane, respectively.

some APTES molecules polymerize, which can cause
the membrane surface to be smoother [40]. The
roughnesses (Ra) for CTA/ZnO and CTA/m-ZnO were
found to be 2520 and 11.90 nm. The roughnesses
values of CTA/m-ZnO with respect to CTA/ZnO are
indicative of a smoother surface.

Contact angle measurement is used to investigate
the hydrophilicity of the material surfaces [20].
Fig. 5(a)-(c) shows the contact images taken at
room temperature for CTA membrane, CTA/ZnO
and CTA/m-ZnO composite membranes were found
to be 50° = 1%, 53° + 2°, and 67° + 1°, respectively
(n = 3). The reason why CTA membrane has lower
contact angle than CTA/ZnO and CTA/m-ZnO
membranes are due to the inclusion of the ZnO
and m-ZnO nanoparticles in the CTA support. The
increase in the contact angle values means a
decrease in the wettability of membrane surface.
The obtained images of the membranes are shown
in Fig. 6.

4. Transport experiments
4.1. Effect of initial pH of feed phase

In order to investigate the effect of initial pH of
the feed phase on the transport of Rhodamin B (RB),
the experiments were performed at initial pH of 8.0,
9.0, 10.0, 11.0, 12.0, and 13.0. The results are presented
in Fig. 7. A pH deviation of +0.2 was observed for
each pH measurement. It was found that the transport
of RB increased with initial pH up to 12.0. The opti-
mum value in the present study appears to be about
pH 12 in which a high degree of RB transport is
achievable. As shown in the results, CTA/m-ZnO
membrane is better than CTA/ZnO membrane in the
transport of RB and the other parameters were used
in CTA/m-ZnO membrane for the transport of
Rhodamine. Similar results were observed by Elumalai
and Muthuraman [41]. Transport apparatus compart-
ment stripping phase, the dye-m-ZnO complex reacts
with HCI in the membrane stripping interface and
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Fig. 5. Contact images of CTA membrane (a), CTA/ZnO membrane (b), and CTA/m-ZnO membrane (c).

Fig. 6. Images and light microscope images of the membrane surface; CTA membrane, CTA/ZnO membranes, and CTA/
m-ZnO nanoparticles composite membranes, respectively.



3044

then dye diffuses into the stripping phase. The
proposed mechanism is shown in Fig. 8.

4.2. Effect of stripping phase concentration

The dependence of the transport of RB with the
hydrochloric acid concentration is shown in Fig. 9.
When the HCI concentration increases, the transport
of RB also increases. The concentration of HCI was
varied from 0.1 to 3.0 M. In this case, the ionic
strength of the feed phase was also maintained from
0.1 to 3.0 M using NaCl. The presence of HCI in the
stripping phase helps the transport of dye by convert-
ing the dye hydrophilic moiety. The transport of dye
linearly increased with HCI acid concentration until
1.0 M. It was observed that the transport of RB
decreases in higher concentration of hydrochloric acid,
due to the mass action effect of chloride ions. A
similar effect was observed for the extraction of these
metals with Kelex 100 [42].

4.3. Effect of RB concentration of feed phase

In order to assess the influence of the RB
concentration on its transport through the composite
120 -

@@= CTA/m-ZnO
«fi= CTA/ZnO

100 A

0
o
1

% Transport
[<2]
o

40 -

20 A

0 T T T T T T J
7 8 9 10 11 12 13 14

pH

Fig. 7. Effect of initial pH of the feed phase on the trans-
port of RB through the composite membranes. (Feed
phase: 50 mg Lt RB, stripping phase: 1.0 M HCl.)

Feed Phase Membrane Stripping Phase

Rho-B

7
Rho-B \\ mZn()-Rho-B/

Fig. 8. Schematic description of transport of dye through
composite membrane.

Rho-B*

L. Akin and M. Ersoz | Desalination and Water Treatment 57 (2016) 3037-3047

100 1

80

60

40 4

% Transport

20 A

0 T T T
0 1 2 3 4

HCl concentration, M

Fig. 9. Effect of stripping phase concentration on the trans-
port of RB. (Feed phase: 50 mg L™! RB, initial pH of the
feed phase: 12.0+0.2.)

membrane, the transport experiments were carried out
at four different concentrations in the range of %
0.005-% 0.1. The results are shown in Fig. 10. For a
transfer time of 8 h, it is observed that the transfer
percentage decreased from 98 to 57% upon increasing
concentration of RB from % 0.005 to % 0.1 in the feed
phase. Similar result was also reported in Ref. [43].
The influence of the RB concentration on the transport
is also evaluated using flux values, which are defined
according to Eq. (2) [44].

J=PxC; @

The flux values were in the range of (0.90) x 107°-
(5.49) x 1078 mol (ecm 2s7!) for different concentration

120 - - 6
100 1 o -5
Q)
[V}
£ 380 L4 §
S =
[}
2 ¢ £
E 60 - 3 P
= @
X o S
40 - -2 X
x
k=]
[

2040 -1

0 T T T 0

0 0.03 0.06 0.09 0.12

RB concentration, %

Fig. 10. Effect of RB concentration of the feed phase on the
transport (initial pH of the feed phase: 12.0+0.1, stripping
phase: 1 M HCD).
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of RB from % 0.005 to % 0.1. The obtained result is in
accordance with the expected trend, because according
to Eq. (2) higher concentration results in a higher flux
and increasing the concentration of RB in the feed
phase decreased the transport percentage.

4.4. Effect of carrier concentration

The carrier concentration of membrane has a sig-
nificant effect on dye transport across the membrane.
The effect of m-ZnO amount on the transport of RB
was investigated under four different carrier concen-
trations: 0.1, 0.5, 1.0, and 3.0%. The result showed that
the transport of RB increased with increasing the
amount of carrier up to 1.0% (Fig. 11). This may be
explained by considering the formation of RB-m-ZnO
complex at the feed/membrane interface. The
RB/m-ZnO complex formation increases with increas-
ing carrier concentration and the membrane becomes
saturated in RB/m-ZnO complex at higher m-ZnO
concentration. In other words, this result may be due
to a steric hindrance effect. The literature also shows
similar result with the different carriers [45,46].

4.5. Effect of transport time and stirring speed

A series of experiments were performed to opti-
mize the transport time at initial concentration of
50mg L™ by composite membrane. The results
obtained are shown in Fig. 12.

Fig. 13 shows the influence of stirring speed on the
transport of the RB. The result indicates that transport
efficiency increase in increasing the speed and the
optimum transport efficiency was obtained at

100 4
80 4
60

40 -

% Transport

20 4

0 T T T
0 0.5 1 15 2 2.5 3 3.5

m-ZnO amount, %

T T T 1

Fig. 11. Effect of m-ZnO amount on the transport of RB
through the composite membrane. (Feed phase: 50 mg L™
RB, initial pH of the feed phase: 12.0 +0.2, stripping
phase: 1 M HCl)
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Fig. 12. Effect of contact time on the transport of RB
through the CTA/m-ZnO composite membrane. (Feed
phase: 50 mg L™ RB, stripping phase: 1.0 M HCL.)
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Fig. 13. Effect of stirring speed on the transport of RB
through the CTA/m-ZnO composite membrane. (Feed
phase: 50 mg L™ RB, stripping phase: 1.0 M HCL.)

350 rpm. For the speed faster than 350 rpm, the
decrease in permeability is the consequence of the tur-
bulence caused by stirring. Similar results were also
reported in Ref. [47,48]. Further research studies were
done at 350 rpm.

5. Conclusions

In this study, the transport of RB through a novel
composite membrane a well-rounded modified nano-
ZnO was investigated. First, the prepared membrane
was characterized by FT-IR, SEM and AFM tech-
niques, and contact angle measurements. Then, the
transport experiments were carried out. The obtained
results can be concluded as follows:
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(1) The transport of RB through the composite
membrane was influenced by a number of
variables, including initial pH and RB concen-
tration of the feed phase, concentration of the
stripping phase, transport time and stirring
speed, and m-ZnO nanoparticle concentration
of the composite membrane.

(2) The results from the characterization studies
corroborated that m-ZnO was successfully
introduced into the CTA polymeric matrix.
Thus, the preparation of the composite mem-
brane was achieved.

(3) The maximum transport of RB was obtained
when the following experimental conditions
were employed: initial pH of feed phase 12.0
+ 0.1, membrane prepared with 1.0% m-ZnO
nanoparticles, stirring speed 350 rpm, trans-
port time 8h, and stripping phase of 1M
HCL In addition, increasing the concentration
of RB in the feed phase decreased the trans-
port percentage.

(4) The resulting membrane of the chemical acti-
vation has really increased the capacity of
retention of this natural material. It may be
applied for recovery of dyes from textile
effluent in textile industry.
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