
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
5:

33
:1

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Removal of As(III)
aAdvanced Membrane Technology Research

Malaysia, 81310 Skudai, Johor, Malaysia.

+607 5535925; Tel: +607 5535592
bInstitute of Molecular Medicine and Biotec

Teknologi MARA Sungai Buloh Campus, Ca

Sungai Buloh, Selangor, Malaysia
cFaculty of Engineering Technology, Unive

UniCITI Alam, Sungai Chuchuh, Padang Be
dAdvanced Materials and Manufacturing Ce

Manufacturing Engineering, Universiti Tu

Raja, Batu Pahat, Johor Darul Takzim, Mal
eDepartment of Applied Chemistry, Shibaur

Koto-ku, Tokyo 135-8548, Japan
fDepartment of Environmental and Mate

Technology, Gakiso-cho, Showa-ku, Nagoya
gDepartment of Chemistry, Faculty of Scienc

60111, Kampus ITS Sukolilo, Indonesia

Cite this: RSC Adv., 2019, 9, 3367

Received 1st October 2018
Accepted 29th December 2018

DOI: 10.1039/c8ra08143c

rsc.li/rsc-advances

This journal is © The Royal Society of C
and As(V) from water using green,
silica-based ceramic hollow fibre membranes via
direct contact membrane distillation

Siti Khadijah Hubadillah,a Mohd Hafiz Dzarfan Othman, *a Siti Hamimah Sheikh
Abdul Kadir,b Mohd Riduan Jamalludin,c Zawati Harun,d Mohd Haiqal Abd Aziz,a

Mukhlis A. Rahman,a Juhana Jaafar,a Mikihiro Nomura,e Sawao Honda,f Yuji Iwamotof

and Hamzah Fansurig

Arsenite [As(III)] and arsenate [As(V)] removal by direct contact membrane distillation (DCMD) using novel

hydrophobic green, silica-based ceramic hollow fibre membranes derived from agricultural rice husk

was investigated in this work. The green ceramic hollow fibre membranes were prepared from

amorphous (ASHFM) and crystalline (CSHFM) silica-based rice husk ash and modified to be hydrophobic

via immersion fluoroalkylsilane (FAS) grafting of 1H,1H,2H,2H-perfluorodecyltriethoxysilane.

Superhydrophobic contact angle values up to 157� and 161� were obtained for ASHFM and CSHFM,

respectively. Remarkably, the membrane surface morphology mimicked a look-alike lotus-leaf structure

with decrement in pore size after grafting via the silane agent for both membranes. The effect of arsenic

pH (3–11), arsenic concentration (1–1000 ppm) and feed temperature (50–80 �C) were studied and it

was found that feed temperature had a significant effect on the permeate flux. The hydrophobic CSHFM,

with a flux of 50.4 kg m�2 h�1 for As(III) and 51.3 kg m�2 h�1 for As(V), was found to be the best of the

tested membranes. In fact, this membrane can reject arsenic to the maximum contaminant level (MCL)

limit of 10 ppb under any conditions, and no swelling mechanism of the membranes was observed after

testing for 4 hours.
1. Introduction

Arsenic is regarded as one of the most toxic heavy metals and
the largest mass poisoning agent in the world, being widely
present in the environment in rocks, soils and groundwater.1,2

In fact, it has been classied as a Group 1 human carcinogen by
the International Agency for Research on Cancer (IARC).3

Arsenic is the 20th most abundant element in the Earth's crust,
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the 14th in seawater and the 12th most abundant element in the
human body.4 There are two forms of arsenic, namely arsenite
[As(III)] and arsenate [As(V)]. In general, arsenic is found in trace
amounts in both surface water and groundwater, but in higher
concentration levels in groundwater. In view of this, the litera-
ture reveals that arsenic contamination can cause serious
human health problems, such as long-term cancer.5

For more than 100 years, many technologies have been
introduced for the removal of arsenic from water, including
precipitation, coagulation, electrocoagulation, reverse osmosis,
electrodialysis, adsorption, ion exchange, and membrane
ltration. Conventionally, coagulation and occulation are
among the most common methods of arsenic removal. The
most common material for coagulant is iron. However, this
material does not ensure total compliance for various metals,
especially arsenic, since hydroxide does not completely precip-
itate at a single pH. Adsorption has evolved as the most prom-
ising and well-known method for effective removal of As(III) and
As(V) from water,6 but it has been reported that adsorption also
shows some drawbacks that need urgent modication. Among
the drawbacks are: (i) limitations to transferring the technology
to market due to a lack of excellent adsorbents with high
adsorption capacity and lack of availability of a commercial
RSC Adv., 2019, 9, 3367–3376 | 3367
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scale column; and (ii) the adsorption capabilities of different
types of water pollutants.

Membrane distillation (MD) is a recent technology that has
received much attention for water purication, including
desalination and heavy metal removal. In 2008, MD was rst
applied to arsenic removal and achieved 100% rejection of both
As(III) and As(V).7 In membrane distillation systems, only water
vapour is allowed to pass through a microporous hydrophobic
membrane. The water vapour transport is thermally driven by
a vapour pressure difference between the two sides of the
membrane's pores.8 This water vapour permeation is also
referred to as permeate ux. In MD, a lower permeate ux is
commonly observed due to the vapour transport through the
hydrophobic membrane used in the system. Unlike other
methods, such as reverse osmosis membranes, MD has many
unique features such as low operating pressure and porous
membrane structure. Remarkably, high permeate ux can be
obtained by MD due to the porous structure, with very low
operating pressure.

Of all types of MD conguration, direct contact membrane
distillation (DCMD) seems to be the rst-line choice over other
congurations. This is due to the fact that DCMD does not need
an external condenser and so is very suitable for water-based
applications.9 In addition, DCMD has the simplest MD cong-
uration to set up.10 In a DCMD system, the hot feed solution is
in direct contact with the hot hydrophobic membrane side
surface; thus, evaporation takes place at the feed membrane
surface.11 Hydrophobic polymeric membranes, such as poly-
vinylidene uoride (PVDF), polytetrauoroethylene (PTFE) and
polypropylene (PP), are commonly employed for MD because of
their low surface energy and high hydrophobicity. However,
polymers have disadvantages in that they are unable to act in
harsh conditions such as high temperature and high chemical
resistance, which are crucial properties for membranes in
MD.15–19

Ceramic membranes are able to tackle this problem, as they
can withstand harsh conditions due to their excellent
mechanical stability, chemical stability and thermal resis-
tance.20–22 In general, alumina is the most common material for
fabrication of ceramic membranes.23–25 Unfortunately, ceramic
membranes from alumina show some drawbacks and dramatic
alterations due to high sintering temperature up to 1500 �C to
reach a compromise between mechanical strength and porosity
using micron-sized alumina powder.20,26 This high sintering
temperature, in addition to the high cost of the alumina powder
itself, makes these ceramic membranes extremely expensive. In
addition, when a high sintering temperature is used, the
fabrication process will be prolonged. Nevertheless, these
ceramic membranes possess hydrophilicity behaviour that
inhibits their application in membrane distillation systems.

Realising the huge potential that is offered by ceramic
membranes, therefore, alternative ceramic material from
natural resources, such as clays, ashes from agricultural waste
and animal bone waste, have recently been used as new mate-
rials for the fabrication of alternative ceramic membranes.26–29

From our previous work,30 a ceramic hollow bre membrane
was successfully prepared from amorphous and crystalline
3368 | RSC Adv., 2019, 9, 3367–3376
silica derived from rice husk waste, denoted as ASHFM and
CSHFM, at a content of 37.5 wt% and a sintering temperature of
1200 �C. The most signicant result was that both of these
membranes showed different pore sizes, with values of 2.35 mm
and 1.43 mm for ASHFM and CSHFM, respectively. Comparing
the respective pore sizes, therefore, it is interesting to study the
effect of the different membrane pore size on performance in
the DCMD system. In this study, the membranes were modied
to be hydrophobic via uoroalkylsilane (FAS) graing and are
denoted as h-ASHFM and h-CSHFM for amorphous and crys-
talline silica, respectively. FASs are a group of compounds that
can be used to efficiently create hydrophobic character for
different surfaces. The graing process can be performed by
a reaction between –OH surface groups of the ceramic and the
ethoxy groups (–O–Et) present in the organosilane compounds.
Accordingly, an experimental study was performed under
various conditions, such as pH, concentration and feed
temperature, in order to test the arsenic rejection efficiency of
the modied membrane in the DCMD process.

2. Experimental
2.1 Materials

Green, silica-based ceramic hollow bre membranes prepared
from rice husk waste were used from our previous work.30 For
surface modication through FAS graing, 1H,1H,2H,2H-per-
uorodecyltriethoxysilane (97%), with a chemical formula of
C8F17C2H4Si(OC2H5)3, was used as the graing agent (Sigma-
Aldrich, USA) and ethanol (Merck, Germany) as solvent. The
stock solutions of As(III) and As(V) were prepared from
sodium(meta)arsenite (NaAsO2) and sodium arsenate dibasic
heptahydrate (Na2HAsO4$7H2O), respectively, at a concentra-
tion of 1000 ppm. HCl and NaOH solutions (0.1 mol L�1) were
used for pH adjustment.

2.2 Hydrophobization of ASHFM and CSHFM

The hydrophobization of ASHFM and CSHFM were conducted
using the immersion-graed technique. Prior to immersion,
ceramic hollow bre membranes were immersed in a solution
containing ethanol and water in a ratio of 1 : 2, respectively, for
24 hours to allow hydroxylation. Aer this immersion, ceramic
hollow bre membranes were immersed in the graing solu-
tion, which was prepared by mixing 2 wt% of FAS solution in
ethanol at room temperature. The immersion time was set at 24
hours to allow complete reaction of hydroxyl groups between
the membrane surface and FAS solution. Thereaer, the graed
membranes were rinsed to remove unreacted FAS on the
membrane surface. Finally, the graed, ceramic hollow bre
membranes were dried at 100 �C in an oven, overnight.

2.3 Characterization

The surface and cross-sectional morphology of the fabricated
ceramic hollow bre membranes (KHFMs) were measured
using Scanning Electron Microscopy (SEM) (TM 3000, Hitachi).
The contact angle of the ceramic hollow bre membrane was
measured at the surface before and aer hydrophobization by
This journal is © The Royal Society of Chemistry 2019
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the sessile drop technique using a goniometer (Model: OCA
15EC, Dataphysics). Mercury intrusion porosimetry (MIP,
AutoPore IV, Micromeritics, USA) was used to measure the
porosity and pore size distribution of the KHFMs prepared at
different sintering temperatures and addition of pore agents.
The KHFMs were broken into pieces and transferred to the 5
cm3 penetrometer sample holder (Micrometeritics, USA) which
was then pressurized from 38.6 to 4.2 � 106 mbar for mercury
intrusion.31 In this study, liquid entry pressure (LEPw) was used
to measure the wettability properties of the graed ceramic
hollow bre membranes. Distilled water owed into the lumen
side of the hollow bre membranes using a diaphragm pump.
The pressure was slowly increased, at 0.5 bar intervals, and the
pressure at which the rst water droplets appeared on the shell
side surface of the hollow bre was recorded as the LEPw.13,14
2.4 DCMD experiment

DCMD tests were carried out on a laboratory-scale setup, as
illustrated in Fig. 1. The setup consisted of two thermostated
cycles, hot and cold, that were connected to a membrane
module. In the module, seven hollow bres with a nominal
surface area of 0.0354 m2 were assembled. The system was
designed to have two circulating streams, i.e., a hot feed stream
owing on the membrane shell side and a cold stream on the
lumen side. Arsenic synthetic wastewater was employed as the
feed on the hot side and deionized water owed on the cold
side. The temperatures of the hot and cold streams were
controlled using a coiled heater (830, PROTECH) and chiller
(S&A CW-5000), respectively. There were two thermometers
(Extech 392050) equipped on the inlets and outlets of the feed
and permeate sides, respectively. Meanwhile, the cross-ow
velocities of both hot and cold streams were set at 0.7 LPM
and 0.5 LPM, respectively. In this study, As(III) and As(V) were
Fig. 1 Laboratory-scale DCMD experimental setup.

This journal is © The Royal Society of Chemistry 2019
placed in the feed reservoir and the feed temperature was varied
from 40 to 80 �C, whereas the permeate was distilled water and
the temperature was maintained at 10 �C. The concentrations of
As(III) and As(V) were set at 1, 50, 100, 500, and 1000 ppm at a pH
of 7.5 to study the effect of arsenic concentration. Then, the
effects with pH varying from 3 to 11 were also studied. The
weight of the cold water tank was measured by a weighing
balance (model WA-K, WJ) and the permeate ux, JV (kg m�2

h�1) was calculated using eqn (1):11

JV ¼ DW

ADt
(1)

where DW (kg) is the increase in weight of the cold tank over
a predetermined time t (h) and A (0.0354 m2) is the effective
membrane area.

The arsenic rejection, R (%), was calculated using eqn (2):11

Rð%Þ ¼
�
1� CP

CF

�
� 100% (2)

where CP and CF are the permeate and feed concentration
(ppm), respectively, measured by the graphite furnace absorp-
tion spectrometer (PerkinElmer system SIMAA 6000).
3. Results and discussion
3.1 Membrane characterization

In our previous work,30 the characteristics of ceramic hollow bre
membranes from amorphous rice husk ash (ASHFM) and crys-
talline rice husk ash (CSHFM) prepared via the phase inversion
and sintering technique were described. As discussed, the effect of
a sintering temperature ranging from 1200 �C to 1400 �C showed
no signicant change in membrane properties such as pore size
and mechanical strength. It was also found that increasing the
sintering temperature up to 1300 �C led to membrane melting.
RSC Adv., 2019, 9, 3367–3376 | 3369
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Therefore, a sintering temperature of 1200 �C is the optimum
temperature for both ASHFM and CSHFM. Herein, both ASHFM
and CSHFM sintered at 1200 �C were modied through FAS silane
graing. Fig. 2 shows the outer surface morphologies of ASHFM,
CSHFM, h-ASHFM and h-CSHFM, before and aer modication.
Interestingly, it was observed that at higher magnication the SEM
images revealed a look-alike lotus-leaf structure by showing nodule
formation on both h-ASHFM and h-CSHFM surfaces. As stated by
Fritsch et al.,32 the nodule structure on the lotus leaf provides
a rougher surface and induces water repellent behaviour. Else-
where, these nodule structures have been described as bumps and
lumps.33 The results herein are in contrast to those obtained from
previous studies. For example, Abdulhameed et al.34 modied
ceramic hollow bre membranes prepared from kaolin and
alumina and found no signicant change in the surface SEM
image of the pristine and the modied membrane. Picard et al.35

also modied ceramic membranes from zirconia with an FAS
Fig. 2 SEM image of (a1) ASHFM, (a2) h-ASHFM, (b1) CSHFM, (b2) h-CSHF
(c3) high magnification of h-CSHFM.

3370 | RSC Adv., 2019, 9, 3367–3376
agent and found no signicant change in themodiedmembrane.
This is probably due to the different ceramic material (silica-based
rice husk ash) to which the FAS is applied. As stated by Aissaoui
et al.,36 the most common route of functionalization is to attach
alkylsilane through formation of Si–O–Si bonds between the sila-
nol groups present on the oxidized silicon surface and the
hydrolysed organosilane molecules. As a consequence, silanes are
adsorbed to the ASHFM and CSHFM surface through hydrogen-
bonding interactions, with subsequent condensation and lateral
reactions generating siloxane structure. This is explained in our
previous work,10 where it is believed that the mimicked lotus-leaf
structure on the surface of both h-ASHFM and h-CSHFM were
formed as a result of various interfacial processes such as covalent
binding to the surface, lateral polymerization of adsorbed silanes
and three-dimensional polymerization.

The macrostructure of the modied membrane is further
demonstrated by comparison of the mercury intrusion data, as
M;10 (c1) lotus leaf photographic image; SEM image of (c2) lotus leaf and

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Pore size distribution of ASHFM, h-ASHFM, CSHFM and h-
CSHFM.

Fig. 4 Effect of pH on the permeate flux and As(III) rejection of h-
ASHFM and h-CSHFM sintered at 1200 �C, during the DCMD process
(number of samples, n ¼ 3; arsenic concentration ¼ 1 ppm; arsenic
feed temperature ¼ 60 �C).
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shown in Fig. 3. According to the data obtained, single pores
have been recognised in all membranes. Peaks at approximately
2.35 mm and 1.43 mm represent ASHFM and CSHFM, respec-
tively. It is interesting to note that the peaks shied to smaller
values, of 1.21 mm and 0.54 mm, respectively, aer being
modied to be hydrophobic. This agrees with the SEM images
discussed previously. This phenomenon can be explained by the
FAS molecules being bonded to the surface of the green,
ceramic membrane through polymerization, thus forming
a polymer layer on the surface that reduces the pore sizes.34

Simultaneously, the liquid entry pressure (LEPw) for these
membranes was recorded as 0.5 bar and 1 bar for h-ASHFM and
h-CSHFM, respectively, compared with 0 bar for non-graed
membranes. Another interesting nding is the signicant
increase in the contact angle value from superhydrophilic (0�),
for both ASHFM and CSHFM, to superhydrophobic, with values
of 157� and 161� for h-ASHFM and h-CSHFM, respectively. Such
data indicate that the ceramicmembrane can be easily modied
to be superhydrophobic for membrane distillation applications.
Fig. 5 Effect of pH on the permeate flux and As(V) rejection of h-
ASHFM and h-CSHFM sintered at 1200 �C, during the DCMD process
(number of samples, n ¼ 3; arsenic concentration ¼ 1 ppm; arsenic
feed temperature ¼ 60 �C).
3.2 Effect of pH of arsenic solution

Experiments at different pH of arsenic feed, ranging from pH 3
to pH 11, were performed and are presented in Fig. 4 and 5 for
As(III) and As(V), respectively. Overall, it was observed that the
effect of pH is not noticeable for both As(III) and As(V) perfor-
mance, especially with regard to arsenic rejection performance.
Although there is a slight difference for permeate ux perfor-
mance, the difference is very small. For h-ASHFM, the permeate
ux varied from 52.5 to 54.7 kg m�2 h�1 for As(III) and 51.6 to
55.8 kg m�2 h�1 for As(V). Meanwhile, a gradual decrease in
permeate water ux is observed for h-CSHFM, with values in the
range 41.3–42.3 kg m�2 h�1 for As(III) and 41.3–43.3 kg m�2 h�1

for As(V). This suggested that the higher permeate ux obtained
for h-ASHFM was due to a larger membrane pore size than that
of h-CSHFM. This agreed with the result from literature where
This journal is © The Royal Society of Chemistry 2019
the permeate ux decreased with increasing sintering temper-
ature attributed to the decrease of membrane pore size.11 This
phenomenon has also been described in detail by El-Bourawi
et al.,12 where the permeate ux increases with increasing
membrane pore size. As a consequence, this result proves
experimentally that the effect of arsenic pH is insignicant for
permeate ux of the DCMD process for both h-ASHFM and h-
CSHFM.

Although pH did not inuence the permeate ux of h-
ASHFM and h-CSHFM, it is, however, important to note the
difference in As(III) and As(V) rejection for both h-ASHFM and h-
CSHFM. Specically, the rejection of As(III) and As(V) by h-
ASHFM ranges from 97.1 to 97.5% and 96.8 to 97.7%, respec-
tively. Whereas, h-CSHFM induces a higher rejection for As(III)
and As(V), with values ranging from 99.1 to 99.5% and 99.3 to
RSC Adv., 2019, 9, 3367–3376 | 3371
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99.6%, respectively. Considering the MCL of 10 ppb previously
noted, this result, therefore, indicates that h-ASHFM could not
reject both As(III) and As(V) to the required MCL. For example,
a 97.1% rejection of As(III) results in the permeate ux con-
taining 29 ppb of arsenic. Thus, this result demonstrates
experimentally the importance of membrane pore size in DCMD
performance (both permeate ux and rejection). According to
Alkhudhiri et al., a large pore size is required for high permeate
ux in the MD process; whereas, smaller pore size is needed to
avoid liquid penetration.37 As a consequence, the optimum
membrane pore size should be measured. In line with this
hypothesis, the present study found an optimum membrane
pore size should be in the range 0.1–0.5 mm for use in DCMD
processes for arsenic removal from wastewater.
Fig. 7 Effect of As(III) concentration on the permeate flux and As(III)
rejection of h-ASHFM and h-CSHFM sintered at 1200 �C, during the
DCMD process (number of samples, n¼ 3; arsenic feed temperature¼
60 �C; arsenic pH ¼ 7.45).
3.3 Effect of arsenic concentration

To further investigate the impact of membrane pore size
between h-ASHFM and h-CSHFM, an experiment was carried
out under different arsenic concentrations. Fig. 6 and 7 show
the permeate ux and arsenic rejection for h-ASHFM and h-
CSHFM at As(III) and As(V) concentrations ranging from 1 to
1000 ppm. As observed, a gradual decrease in permeate ux is
observed for both h-ASHFM and h-CSHFM. The permeate ux
decreased by about 10% and 16% when the As(III) concentration
in the feed tank increased from 1 ppm to 1000 ppm, for h-
ASHFM and h-CSHFM, respectively. A similar trend in
permeate ux decrease was observed in the case of As(V). In line
with the hypothesis, increasing concentration decreases the
permeate ux which is attributed to the decrease of the water
vapor pressure and driving force during the MD process.38 At
this stage, there is also a contribution from the concentration
polarization effect. This mechanism has been explained as:39

xs ¼
Cm;f

Cb;f

(3)
Fig. 6 Effect of As(III) concentration on the permeate flux and As(III)
rejection of h-ASHFM and h-CSHFM sintered at 1200 �C, during the
DCMD process (number of samples, n¼ 3; arsenic feed temperature¼
60 �C; arsenic pH ¼ 7.45).

3372 | RSC Adv., 2019, 9, 3367–3376
where Cm,f and Cb,f are the solute concentrations at the feed
membrane interface and the bulk feed solution, respectively,
and xs is the concentration polarization coefficient.

Notably, when the feed concentration increases, the
concentration polarization decreases. In particular, h-ASHFM
has a larger pore size than h-CSHFM, thus leading to a higher
yield.40 In this context, this mechanism enhanced heat losses by
conduction and decreased the thermal efficiency of the MD
process, thus resulting in decrease of the permeate ux for both
h-ASHFM and h-CSHFM. In addition, this phenomenon can be
explained by the fact that As(III) is 4–10 times more soluble in
water than As(V).41 Interestingly, a similar trend in permeate ux
was also observed for As(III), as larger than As(V), by Qu et al.42

Thus, it was concluded that such a trend is highly likely to be
related to the partial wetting phenomenon resulting from larger
pores that induce lower LEPw. Taken together, the permeate
ux offered in this study is higher than that of a polymeric
membrane (2–10 kg m�2 h�1).43
3.4 Effect of arsenic feed temperature

Fig. 8 summarizes the permeate ux of h-CSHFM at feed
temperatures of 50, 60, 70 and 80 �C, while maintaining the
permeate temperature at 15 �C for 4 hours. The feed concen-
tration was 1 ppm. It is interesting to note that increasing the
feed temperature from 50 to 80 �C increased the permeate ux
from 30.5 to 50.4 kg m�2 h�1 and 30.2 to 51.3 kg m�2 h�1 for
As(III) and As(V), respectively. Such a sharp increase is due to the
exponential dependence of the vapor pressure on temperature,
as reported in the literature.44 A similar trend was also obtained
by most reported studies.45,46 In fact, the transmembrane water
vapor pressure difference can be expressed as:47

Jw ¼ BwDrw ¼ bw

�
r0w;faw;f � r0w;paw;p

�

¼ bw

�
r0w;fgw;fxw;f � r0w;pgw;pxw;p

�
(4)
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Effect of feed temperature on the permeate flux of h-CSHFM
sintered at 1200 �C, during the DCMD process (number of samples, n
¼ 3; arsenic concentration ¼ 1 ppm; arsenic pH ¼ 7.45).
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where bw, aw, gw and xw are the membrane DCMD coefficient,
membrane activity, membrane activity coefficient and mole
fraction of water, respectively. The subscripts w, f and p refer to
water, feed and permeate, respectively. Thereby, bw is a function
of the applied temperature and membrane properties (pore
size, porosity, thickness and tortuosity).
Fig. 9 SEM images of h-ASHFM and h-CSHFM before and after the DC

This journal is © The Royal Society of Chemistry 2019
Based on eqn (4), the increasing trend of permeate vapor ux
is due to the exponential increase in the vapor pressure of the
feed aqueous solution with temperature, which enhances the
driving force. The water vapor pressure can be determined by
means of the Antoine equation47:

Pw
0ðTÞ ¼ exp

�
23:1964� 3816:44

T � 46:13

�
(5)

For example, when T ¼ 40 �C, permeate ux (Pw) ¼ 30.5 kg
m�2 h�1 and 30.2 kg m�2 h�1 for As(III) and As(V), respectively.
The permeate ux is then described as:48

Jw ¼ BwDpw

where Bw is membrane DCMD coefficient, Dpw is partial vapor
pressure at the membrane surface. Assuming Bw is 1, therefore
the Dpw is 30.5 kg m�2 h�1 and 30.2 kg m�2 h�1 for As(III) and
As(V), respectively.

Thereby, when T ¼ 80 �C, permeate ux (Jw) ¼ 50.4 kg m�2

h�1 and 51.3 kg m�2 h�1 for As(III) and As(V), respectively.
Theoretically, increasing the feed temperature will increase the
vapor pressure of the feed solution and the driving force.49

In this regard, a reasonably good agreement was obtained
between the experimental and theoretical DCMD permeate ux
calculated through the Antoine equation (5). In fact, it is also
advisable to work under high feed temperatures although the
effect of temperature polarization is enhanced.47 Interestingly, this
result reveals that h-CSHFM does not swell although a high
MD process towards arsenic removal.

RSC Adv., 2019, 9, 3367–3376 | 3373
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temperature of 80 �C is used during the process (Fig. 9), in contrast
to the swelling mechanism previously observed for ceramic
membranes prepared from kaolin clay.11 Another remarkable
result is that the contact angle value observed was not affected by
the applied high temperature. It should be mentioned that the
permeate ux for the membrane from kaolin clay was decreased
due to the clay swelling mechanism at the feed temperature of
80 �C,11 which is not noticeable for h-CSHFM in this study.
Therefore, it can be concluded that green, ceramic membrane
from rice husk waste can solve the problem ofmembrane swelling.

4. Conclusions

Green, ceramic hollow bre membranes derived from rice husk
ash were successfully modied via FAS graing and evaluated for
arsenic removal through the direct contact membrane distilla-
tion (DCMD) process by varying the pH of arsenic, the concen-
tration of arsenic and the arsenic feed temperature for different
types of arsenic [As(III) and As(V)]. When these membranes deal
with different pH values of arsenic, the permeate ux value
showed some changes, but with a small gap.Moreover, it is worth
mentioning that h-ASHFM and h-CSHFM induce larger values of
permeateux (�55.8 kgm�2 h�1) compared with results from the
literature, as they induced a larger membrane pore size. With
respect to arsenic rejection, h-CSHFM, with a pore size of 0.5 mm,
exhibited higher rejection, up to 99.6%. In spite of this, h-ASHFM
cannot reject As(III) and As(V) to the MCL value of 10 ppb due to
the larger membrane pore size (1.2 mm), which led to a partial
wetting phenomenon. In particular, the permeate ux decreased
when arsenic concentration increased due to the decrease in
concentration polarization. However, h-CSHFMwas able to reject
arsenic to the MCL. Therefore, it is concluded that the optimum
membrane pore size for the MD system is in the range of 0.5 mm.
Interestingly, h-CSHFM was able to withstand high temperatures
of 80 �C for the DCMD process for 4 hours operation.
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