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A highly effective novel system of direct contact membrane distillation (DCMD) integrated

with acid-purged zero-valent iron (APZ) technology has been developed. Compared to con-

ventional processes of arsenic removal which reconstitute secondary contamination at

disposal site, this system proves capable of simultaneous removal and immobilization of

arsenic from contaminated water with great efficiency and improved water flux. Using com-

posite  microporous membranes of polytetrafluoroethylene (PTFE) and polypropylene (PP)

integrated with APZ in a DCMD-APZ configuration, varying residual arsenic concentrations

were injected anoxically into ≤2 g acid-washed Fuchen (XK 13-201) reduced Fe powder at a

flow  rate of 0.33 mL/min and pH 6 ± 1.0 at 60 ◦C. Results from this unique configuration show

advantages including maximum distillate flux production of 55.5 kg/m2 h with greater than

95%  arsenic rejection efficiency using PTFE/PP composite membrane, fast adsorption and

immobilization of rejected arsenic on APZ at t1/2 ≤ 30 min, and electrochemical reduction of

As(V)  and/or As(III) to sparsely soluble As(0) as confirmed by macroscopic wet chemistry,

adsorption kinetic model and X-ray photoelectron spectroscopic (XPS) analysis conducted

within 5 days of experimental period. Since the arsenic adsorption/reduction process is a

thermodynamically assisted phenomenon, integrated configuration of the DCMD-APZ tech-

nology stands out as a promising technique to mitigate the unresolved challenges of arsenic
contamination and re-dissolution in groundwater.

©  2016 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

2009; Navas-Acien et al., 2008; Mukherjee et al., 2003). Arsenic
1.  Introduction

Arsenic (As), a well-known carcinogen found in groundwa-
ter or localized environments at high concentrations due to
natural geo-accumulation processes or as a result of specific
release from metal smelting operations, chemical spills and
microbial mediated processes, has generated severe health

concerns around the globe. As connoted from the Greek word

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +86 27 62925561.

E-mail addresses: segunabass1@gmail.com (O.K. Abass), mateng@cu
http://dx.doi.org/10.1016/j.psep.2016.03.007
0957-5820/© 2016 The Institution of Chemical Engineers. Published by 
arsenikon, arsenic has been attributed to being the “king of
poison” (Vahidnia et al., 2007; Wang et al., 2012). Therefore,
long-term exposure to high levels of As in drinking water
has been associated with various skin lesions, cardiovascu-
lar diseases, diabetes, neuropathies, as well as cancers of
several organs (Mazumder et al., 1998; Balakumar and Kaur,
g.edu.cn (T. Ma).

contamination in drinking water continues to stir concern
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Zero valent iron (XK 13-201) obtained from Tianjin Fuchen
Reagent Co. Ltd., China, with bulk iron composition of Fe – 98%,

Table 1 – Membrane characteristics.

Membrane
type

Active
layer

Substrate
layer

Nominal
pore  size

(�m)

Porosity
(%)

Thickness
(�m)

PTFE0221 PTFE PP 0.22 82 170
PTFE0221B PTFE PET 0.22 80 160
nternationally, due to its widespread distribution. This prob-
em is particularly prevalent in Datong Basin, China where
ew endemic areas are constantly emerging.

Thus, it is highly desirable to develop approaches that
an significantly improve the remediation of this class of
ontaminants in the environment; as such, integrated use
f membrane purification technologies hold promises (Yang
t al., 2014). Polymer and inorganic membranes have been
ssentially utilized for various filtration processes includ-
ng chlorinated compounds and heavy metals removal, such
s arsenic (Wang and Chung, 2013; Yarlagadda et al., 2011).
tudies on As removal using membrane distillation (MD),

 thermally driven process involving movement  of vapor
cross a microporous hydrophobic membrane, have been well
esearched (Pal and Manna, 2010; Yarlagadda et al., 2011;
adhav et al., 2015). Among the different kinds of MD process,
irect contact membrane distillation (DCMD) is the most effi-
ient and easy to utilize MD  technique. Advances in this field
nclude fabrication of hybrid membrane with higher rate of
ontaminants rejection, longevity and less fouling capabili-
ies (Wang and Chung, 2015; Wang et al., 2015). Yet, there is a
uge knowledge gap between the emergence and application
f membrane distillation technique for arsenic groundwater
emediation and lack of an adequate understanding of the
rocess enhancement still exists.

Furthermore, recent research on high performance mem-
ranes based on carbon nanotubes reveals a distinctive 3D
anostructure that efficiently adsorbs arsenic from contami-
ated groundwater due to protected agglomeration, increased
urface-to-volume ratio, and water pathway of 3D nanostruc-
ures (Vadahanambi et al., 2013). However, the commercial
iability of this new class of thin-film composite membranes
or water re-use hinges on the development of inexpensive
oatings, chemistries and scalable processing methods that
an reproducibly achieve the desired membrane structure and
ield reasonable fluxes (Shannon et al., 2008). While these
dvances are plausible, treatment of residual arsenic currently
ags behind in all available membrane applications for arsenic
ontainment.

Increasing research efforts have focused on using various
dsorbents such as Fe binary oxides (Kong et al., 2014) and zero
alent iron (ZVI) to remove As (Farrell et al., 2001; Kanel et al.,
005; Ramos et al., 2009; Li et al., 2015; Baikousi et al., 2015),
nd have demonstrated that ZVI is an effective sorbent which
ay be used to immobilize As from groundwater via surface

dsorption/complexation, reduction, surface precipitation or
o-precipitation (Mak  et al., 2009; Noubactep, 2008). However,
here are limitations in the use of ZVI to remediate As in
ater. These include competition from other oxyanions such

s phosphate and silicate for sorption sites at corroded iron
urfaces and possible later release of sequestered As due to
ubsequent mineralogical transformation of initially formed
orrosion products (Su and Puls, 2004). Controversies about
he mechanisms for removal of arsenic especially regarding
edox reactions are an ongoing issue. The rate and extent of
s(V) reduction by ZVI may depend on the prevailing exper-

mental conditions. For instance, some authors have argued
hat the contaminants enmeshed in the matrix of iron corro-
ion products are stable for long time under environmental
onditions whether they are chemically transformed or not
Noubactep, 2006; Lackovic et al., 2000). The current concept on
he microbial reduction of ferrihydrite or iron corrosion prod-

cts in situ/ex situ, resulting in the release of adsorbed species

e.g. arsenic) raises questions about the immobilization status
of adsorbed contaminants (Yadav et al., 2015; Huang et al.,
2015).

Considering the foregoing, treatment of arsenic contam-
inated water by employing the efficiency of membrane
filtration processes coupled with residual arsenic contain-
ment technologies could be a hot direction for future research.
In view of this, the objectives of this study were to (1)
introduce a highly effective novel system of direct contact
membrane distillation (DCMD) integrated with acid-purged
zero-valent iron (APZ) technology, (2) evaluate the different
mechanisms essential for optimization of the DCMD process
in the context of high arsenic groundwater, and (3) investigate
the efficiency of DCMD-APZ technique for simultaneous high
feed-As rejection and residual arsenic containment respec-
tively. Most studies have utilized ZVI and modified reduced
iron for adsorptive removal of arsenic under aerobic and
anoxic conditions but little is known about the mechanism of
arsenic removal in pump-and-treat method under simulated
rigorous anoxic conditions. To the best of our knowledge, no
study has reported the containment of residual arsenic gener-
ated from membrane treatment processes which are potential
sources of secondary pollution. Hence, this study sheds light
on the advantage the DCMD-APZ technology offers for effi-
cient arsenic contaminant removal and immobilization.

2.  Experimental

2.1.  Materials  and  methods

Acrylonitrile butadiene styrene (ABS), a terpolymer of acry-
lonitrile, butadiene and styrene, was purchased from Saipwell
(Shanghai, China) and used for the design of a lab-made mod-
ule with dimension 28 cm × 19.5 cm × 6.5 cm,  in the DCMD
set-up. We  obtained three hydrophobic flat-sheet membranes
from Membrane Solutions LLC (Shanghai, China) and they
were put to use without further treatment. Properties of each
membrane are summarized in Table 1. Properly preserved
groundwater samples obtained from Datong Basin in Shanxi
Province, China (groundwater characteristics are presented in
Table 2) and arsenic simulated solutions prepared using ana-
lytical reagent grade of Na2AsO4·7H2O (Sinopharm Chemical
Reagent Co. Ltd., China) for As(V) and NaAsO2 (Sigma–Aldrich)
for As(III) were used in the experiments. All chemical reagents
utilized including HCl, NaOH, and NaCl are of analytical
reagent grade. Deoxygenated ultra-pure water purge with high
purity nitrogen gas at 70 ◦C for 4 h was employed in the APZ
reaction process. This was done to simulate rigorous anoxic
conditions found in groundwater environments and to elimi-
nate dissolved O2, a potential oxidant in these solutions.

2.2.  Acid-purged  ZVI  synthesis
MSPP270045 PP PET 0.45 75 160
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Table 2 – Some applicable characteristics of groundwater
chemistry used in this study (from Datong Basin, North
China).

Composition/characteristics Concentration range (mg/l)

Total As 0.025–1.8
Fe 0.06–0.93
Mg 7.3–74.4
Mn <0.1–0.31
Ca 5.1–32.9
Na 46.1–339.3
HCO3

− 252–700
pH 7.2–9.1
Eh −144.7–173.9
Ec (�S/cm) 385.5–3730.0
SO4

2− 0–395
HS− 1–38
S – 0.06%, N – 0.005%, Cu – 0.0005%, and other minor impurities
(less than 0.0003%) was used for the synthesis of acid-purged
ZVI (APZ). The grain size, specific surface area and parti-
cle density of the reduced iron powder were 0.04–0.18 mm,
3.56 m2/g, and 2.34 g/cm3 respectively. 40 ml  of 2 M HCl was
added to 40 g of the reduced iron powder and aerated for 2 h;
the mixture was washed thrice with deoxygenated ultra-pure
water (Heal force, NW 15 UV) and dried for approximately 12 h
at 60 ◦C in the oven. It is generally believed that the oxidative
dissolution of ZVI can improve its contaminant sequestra-
tion ability (Triszcz et al., 2009). Therefore, exposure of APZ
to O2 during the pretreatment process leads to generation of
Fe2+ reaction products. However, due to the limited stability of
Fe2+ and its high sensitivity to O2, it readily converts to Fe3+

which subsequently forms oxides including magnetite, fer-
ric oxy-hydroxides, and iron(III)hydroxides, when hydrolyzed
(Mielczarski et al., 2005; Aleksanyan et al., 2007). Hence, pro-
cesses geared toward the accelerative corrosion of ZVI surface
can increase its contaminant removal characteristics. APZ
samples produced were carefully sealed and immediately
transferred for storage in the anaerobic chamber until use (Coy
Laboratory Products, Inc., Model 10 Gas Analyzer).

Purging ZVI with acid (APZ) promotes the reactivity of ZVI
and enables the disruption of the adherent iron oxide film (Lai
and Lo, 2008), producing a highly porous oxidized iron shell
that could facilitate transport of reducing species from the
iron core where the redox potential is low enough to reduce
the contaminant species under inert atmosphere. Possible
increase in surface area of ZVI by washing in acid has also
been documented (Alowitz and Scherer, 2002). Similarly, the
APZ produced in this study also contains intermediate mag-
netite (see Fig. 5b), a strong reducing agent capable of reducing
arsenate to arsenite and metallic arsenic as proposed by Sun
et al. (2011).

2.3.  DCMD-APZ  module  set-up

In the set-up, inlet and outlet distribution flow channels were
drilled on both width sides of the upper and lower com-
partment of the module to ensure an even flow across the
membrane. Experimental errors associated with operational
variation between feed samples, and membrane handling was
reduced by attaching adjustable siphons to module flow chan-
nels. The experimental set-up for the DCMD-APZ operation is
schematically illustrated in Fig. 1. The structure and compo-

sition of this novel hybrid treatment set comprise five major
units – the membrane module, hot and cold water bath for feed
and distillate retention, respectively, peristaltic pumps com-
partment, feed and distillate flow regulating compartments
and an anaerobic chamber for residual feed treatment.

In the DCMD approach, hot As-feed was channeled through
the lower boundary of each membrane (listed in Table 1) while
the cold distillate stream was designed to run in counter-
current direction to the feed flow on the upper side of the
membrane in a cross-flow mode. During the experiments, As-
feed water (both groundwater sample obtained from the field
and simulated arsenic aqueous solutions) at varying temper-
atures, flow rates and concentrations were circulated through
the set-up and the weight variation of the distillate flux in
receiving tank was quantified using an electronic weighing
balance. The effective membrane surface area designed to
fit the lab-made module is 0.0538 m2. Digital thermometers
were used to monitor the module inlet and outlet temperature
streams and a dial pressure gauge was employed to monitor
the pressure of both streams. High concentrations of residual
arsenic feed (generated on the feed side after the produc-
tion of arsenic-free distillate flux) were channeled through a
flow compartment attached tightly to the anaerobic compart-
ment comprising a set of batch reactors with varying doses
of APZ samples. Distillate samples collected at equal inter-
vals were analyzed to determine the arsenic concentrations
using hydride-generation atomic fluorescence spectrometry
(HG-AFS) (AFS-9130, Titan, China) according to the procedure
described by Sanchez-Rodas et al. (2010).

Arsenic removal efficiencies of the different membranes
were carried out. As-feed solution pH was not controlled as the
system removes contaminants effectively irrespective of the
solution pH (Hou et al., 2010). Prior to starting the experiment,
seepages were checked and measurements were taken after
the system stabilizes to avoid experimental errors. The exper-
iments were discontinued after several hours of operation to
prevent distillate production exceeding levels that are way
higher than the maximum contaminant limit (MCL) of arsenic
in drinking water systems. The feed temperature was varied
between 50 ◦C and 80 ◦C with the aid of a thermostatic water
bath to study the influence of feed inlet temperature on flux at
each run. Further, flow rates of the hot and cold streams were
varied between 0.22 and 0.76 L/min, and between 0.85 and
1.30 L/min respectively. This was achieved by adjusting the
peristaltic pumps and flow meters. Using raw contaminated
arsenic water from Datong Basin, China at concentration
range of 0.025–1.8 mg/l (Table 2) and simulated As-feed con-
centrations between 0 and 20 mg/l for As(V), and between 0
and 2.3 mg/l for As(III), we estimated the effect of arsenic con-
centration on flux and distillate quality after approximately 5
days of experimental runs.

2.4.  Batch  experiments

Hot residual As-feed discharge tube was connected to batch
reactors arranged in series at a flow rate of 0.33 mL/min at
60 ◦C and add up to a volume of 30 ml.  A predetermined opti-
mum dosage of 2 g APZ was used in each reactor sample mix,
purged for 5 min  with N2 after pH of the solutions was adjusted
between 6.0 ± 1.0 using appropriate amounts of buffer solu-
tion (HCl and NaOH) and then capped. The redox potential
(Eh) at each reactor was measured at the start and end of
each run. Separate arsenic reduction experiment was carried
out in a 30 ml  reaction vial by successive additions of 15 ml

deoxygenated ultra-pure water, 2.0 g APZ, and 15 ml  As(V)
solution with initial concentration of 0.5 mg/l (all reactions
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Fig. 1 – DCMD-APZ schematic diagram for simultaneous removal and immobilization of arsenic contaminants (P – pressure
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ere conducted under strict anoxic condition). The solution
H was adjusted before the addition of APZ and was agitated
t 230 rpm at varying times with THZ-C DRAGONLAB shaker
t 30–40 ◦C. Suspension samples from both the batch reactors
nd reaction vials were extracted by syringe inserted through
he lid of the reactors and acidified to dissolve any formed pre-
ipitate before subsequent measurement of total arsenic and
orbed As(III)/As(V) concentrations. Soluble/dissolved arsenic
as determined after extraction with 0.22 �m filters. Adsorbed

rsenic on APZ was measured using the difference between
he initial and total arsenic concentrations in the water sam-
les (without filtration). Filters were used to determine the
oluble arsenic concentration, distinguishing it from arsenic
emoval on APZ. Arsenic sorption capacity for APZ was also
valuated and arsenic speciation cartridge (CNW Technolo-
ies, USA) was used for selective removal of arsenate.

.5.  Materials  surface  characterization

tructural changes in the membranes surface after DCMD
reatment were analyzed using Scanning Electron Microscopy
SEM) (Hitachi, S-3400N). Both fresh and used membrane
amples were dried at atmospheric temperature before inves-
igation. The samples were sputter-coated with gold to
ompensate for charge conduction and then examined at
n accelerating voltage of 20 kV. Similarly, three-dimensional
mages of APZ particle shapes and surfaces were visualized

sing SEM, and the bulk elemental compositions were ana-

yzed with an Energy Dispersive analysis of X-ray (EDAX) (FEI
Quanta 200, Netherlands). Structures of surface precipitates
on fresh ZVI and APZ (before treatment with arsenic solutions)
were determined using X-ray Diffraction (XRD) obtained on
Bruker D8 Advance (Germany) with CuK radiation.

Surface sensitive quantization of elements speciation on
spent APZ was performed under inert atmosphere using X-ray
Photoelectron Spectroscopy (XPS) on a Thermo Electron VG
Multilab 2000 (USA) that uses non-monochromatic A1 K�1.2
radiation (300W PE 25 eV). Step sizes of 1.00 and 0.05 eV were
used for the survey and high-resolution scans respectively.
Low-energy electron flooding for charge compensation was
applied and the takeoff angle was set at 90◦, because the APZ
sample was in powdered form and the depth of the sam-
ples analyzed was approximately 5 nm.  The magic angle was
adjusted to approximately 55◦. The type of the surface precip-
itates formed was evaluated by finding the binding energy of
the peaks of the XPS spectra (Bomben et al., 1995).

2.6.  DCMD  model  experiment

In a typical DCMD process, mass transfer occurs from dif-
ferences in temperature between hot feed and cold distillate
flows. The two flows are separated by hydrophobic micro-
porous membrane of thickness, ım creating two  boundary
layers with distinct characteristics thickness as shown in
Fig. 2.

The vapor pressure gradient created at the feed side of

the membrane and distillate constitutes the main driving
force for mass transfer through the membrane. However,
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Fig. 2 – Temperature polarization and mass transfer in
DCMD process.

( )
heat transfer is limited by the hot boundary layer which
produces resistance to heat flow and reduces water vapor flux
across the membrane (Martinez-Diez and Vazquez-Gonzalez,
1999). This occurrence is caused by temperature polarization
effect (TPE). Decrease in feed temperature is often associated
with TPE, causing bulk hot feed temperature (Tbh) to change
to Tmh (temperature at the feed-membrane interface). Bulk
distillate/permeate temperature (Tbd) increases progressively
toward the distillate-membrane interface (Tmd) as observed by
Khayet et al. (2004). Negative effect on flux due to decrease in
thermal driving force between the hot and cold boundary lay-
ers is associated with TPE which can be measured using the
below equation:

TPE = Tmh − Tmd

Tbh − Tbd
(1)

In DCMD systems, an efficient fluid dynamics layout will

cancel out the effect of TPE and yield high mass transfer across
the membrane. However, TPE slants to zero for poorly designed

Fig. 3 – SEM micrographs of inner surfaces of PTFE0221 and MSP
after 120 h operation, (c) fresh MSPP270045 and (d) used MSPP27
system but this could be reduced under improved mixing con-
ditions (Schofield et al., 1990). The vapor pressure difference
across the dry porous membrane is represented by Pmh − Pmd.
For ideal solution, pure fluid saturation pressure (Ps) above a
flat liquid surface could be determined by the Antoine equa-
tion (Wichterle and Linek, 1971):

Pc
s(T) = eK(A/(C+T)) (2)

where Pc
s(T) is the saturated vapor pressure of pure compound

‘c’ measured in Pascal at temperature T; and K, A and C are
constants. Values of these constants for water are 23.1964,
3816.44 and −46.13 respectively (Wichterle and Linek, 1971).
The water vapor pressures, Pmh and Pmd at Tmh and Tmd, are
a function of temperature, and are related to the activity of a
solution. Optimization of the various modeling factors helped
to achieve maximum recovery of distillate flux.

2.6.1.  Arsenic  rejection  efficiency
The arsenic rejection efficiency (RAs %) was calculated using
the equation:

RAs(%) = Fconc. − Dconc.

Fconc.
× 100% (3)

Fconc. and Dconc. are the feed and distillate arsenic concentration
respectively. The distillate weight difference at definite time
interval was used for the calculation of the flux across the
membrane following the given experimental condition. The
flux in kg/m2 h was computed using the below formula:
Ji = �Dw

Ma · t
(4)

P270045 membranes: (a) fresh PTFE0221, (b) used PTFE0221
0045 after 120 h operation.
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i is the water or distillate flux, �Dw is the change in distillate
eight at definite time interval, Ma is the membrane surface
rea and t is the interval time in hours.

.  Results  and  discussion

.1.  Characterization  studies

lectron micrographs of the PTFE0221, PTFE0221B and
SPP270045 membranes were acquired before and after

rsenic removal experiments using Scanning Electron
icroscopy analysis (Fig. 3). Micrographs of the used mem-

ranes displayed slight changes in morphology at the inner
urface. Minimal changes in pore length, width and area of
he membranes were observed after running the experiment

or 5 days. Contrast between the unused and used PTFE0221(B)
nd MSPP270045 membranes in this study revealed obvious

ig. 4 – SEM spectra of (a1) Fresh ZVI, (b1) APZ sample, (c1) APZ tr
resh ZVI, (b2) APZ sample, (c2) APZ treated with As(V).
characteristics difference such as the formation of fragments
on the used PTFE0221(B) membranes, which were not found
on the fresh ones (Fig. 3a and b). In a study conducted by
Barbe et al. (2000), they reported that morphological changes
found in PP membranes after use were as a result of pore
incursion by liquid flow, which generated a pressure regime
causing the adjacent smaller pores to reduce in size and
perhaps close entirely. These changes were observed directly
on the thread-like structure of used PTFE0221(B) suggesting
that physical force created between the membrane interface
and feed solution could be the main reason for the distortion.

Unlike the PTFE0221(B) membranes, the pore sizes of the
MSPP270045 membranes were significantly affected during
the repeated mass transfer procedures, as water vapor dif-
fuse from regions of dense pore concentrations to less dense

regions (Fig. 3c and d). This raised the transfer resistance
and resulted in frequent collision of water molecules, a

eated with As(V) after 5 days and EDX peak analysis for (a2)
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phenomenon also observed by Qu et al. (2009). Approximately
120 h tests were conducted to evaluate the effect of fouling on
the membranes. SEM images of all used membranes showed
the absence of organic or inorganic stains after the 5 days oper-
ation except for MSPP270045 membrane which shows very
minimal percentage of inorganic fouling (Fig. 3d). Through-
out the experiment, the permeability and hydrophobicity of
the used PTFE0221, PTFE0221B and MSPP270045 membranes
were not altered even though there were slight morphological
variations observed.

SEM images and EDX spectra of solid samples obtained
from ZVI and 0.5 mg/l As-treated APZ after 5 days are shown
in Fig. 4a–c. From the analysis, we observed that adsorption
of arsenic with time resulted in increased particle aggre-
gation stemming from iron(III)oxide/hydroxide precipitation.
Further evidence from SEM micrograph of APZ shows clearly
the growth of an amorphous crystallite phase, which trans-
forms to an apparent spongy-like/flower-like semi-crystallite

phase after reaction with As(V) solution (Xie et al., 2014).
These semi-crystallite structures are known to be dynamically

Fig. 5 – X-ray diffraction spectra for (a) zero-valent iron
unstable and eventually dissolve to be replaced by steadier
phases following the Ostwald ripening rule (Kanel et al., 2005).
Quantitative SEM-EDX peak area analysis shows the presence
of arsenic sorbed onto APZ surface up to 1% (wt.) over 5 days
(Fig. 4c). The EDX peak area analysis provides an approximate
surface corrosion product of elemental ratio Fe:O:As in order
of abundance after 5 days.

Powdered samples of ZVI and APZ characterized using XRD
are shown in Fig. 5a and b. Few sharp peaks were observed on
X-ray diffractogram of APZ which corresponds to crystalline
forms of magnetite, a strong electron donor and an effective
absorbent for arsenic removal (Mayo et al., 2007). Reports from
previous studies have shown that ZVI possess an oxide surface
coating with inner and outer magnetite, maghemite layers
respectively (Deng et al., 2006). The cubic structure obtained
in this analysis could either be magnetite or maghemite. How-
ever, using a typical step scan angle and deconvoluting the
peaks obtained with the aid of JADE program, the low angle

peak detected was assigned to magnetite, while the ones at
a higher angle can be assigned to maghemite. Moreover, the

 (ZVI) and (b) acid-purged zero-valent iron (APZ).
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order to improve the water activity (see Section 3.2.3), this
tting data for magnetite provided by Montoro (1938) (Paulus
nd Vautier, 1980) were similar to the d [Å], 2� [deg], and I [%],
hich are 2.52787, 35.483, and 100.0, respectively, obtained

n our analysis. Moreover, magnetite forms were completely
bsent in the XRD spectra of ZVI, probably because it was
ess than the detection limit (<1% by weight) (Diez-Perez et al.,
006). The percentage composition of Fe from the EDX and XRD
nalysis demonstrates that the APZ corrosion products are a
ixture of amorphous Fe2O3, iron(III) oxide/hydroxide, mag-

etite (Fe3O4), and/or maghemite (�-Fe2O3), and lepidocrocite
�-FeOOH), indicating that Fe(II) formation is not an interme-
iate step in the APZ corrosion process (Kanel et al., 2005).
hough the signal intensities obtained for APZ in the XRD
nalysis were weak, few elevated baseline peaks at 2� = 30 and
� = 53 correspond to lepidocrocite (�-FeOOH). In the EDX anal-
sis, the APZ surface corrosion product ratio Fe:O:As = 50:17:1
espectively. The most likely solid phases hosting sorbed As(V)
nd As(III) in the APZ system are iron oxides and magnetite (as
onfirmed by XRD analysis), which are products of thermo-
ynamic processes, with the later possessing greater stability
nder anaerobic conditions (Odziemkowski et al., 1998). Lesser
inetic processes may produce other strong precipitates and
ormation of inner-sphere complexes of As(V) and As(III) on
errihydrite as reported by Su and Puls (2004).

.2.  Effects  of  operating  conditions  on  DCMD  flux

.2.1.  Influence  of  As-feed  temperature  on  distillate  flux
ithin a temperature range of 50–80 ◦C, the amount of flux

enerated using PTFE0221, PTFE0221B and MSPP270045 mem-
rane was studied as shown in Fig. 6. During the experiment,
e observed that distillate flux increases with the increase of

eed side temperature. The vapor pressures at the liquid–vapor
oundary exponentially increase with temperature increase
s computed using Antoine Eq. (2). In addition, an increase in
eed temperature reduces the resistance imposed by the heat
nd mass transfer interface, allowing the more  viscous fluid to
scape through the membrane. Results from this study concur
ith findings reported by Hou et al. (2010).

At a constant feed and distillate flow rate of 0.78 and
.86 L/min, increase in temperature from 50 ◦C to 80 ◦C pro-
uced a corresponding increase in distillate/water flux rate

rom 26.7 to 55.5 kg/m2 h for PTFE0221, 22.4 to 51.8 kg/m2 h
or PTFE0221B and 19.8 to 45.7 kg/m2 h for MSPP270045. In all

ig. 6 – Influence of feed temperature on distillate flux (at
otal As-feed concentration of 0.5 mg/l).
the three membranes, an exponential increase in flux was
found confirming that increase in vapor pressure is propor-
tional to increase in temperature as shown in Eq. (2). At high
temperatures, the thermal efficiency of the system has a more
pronounced effect on the amount of heat transfer by conduc-
tion than that transmitted by the diffusing species. Also, a
higher flux was observed using PTFE than in PP membranes.
This may be due to increased porosity of PTFE0221(B) mem-
branes and its high hydrophobicity, the mode of fabrication
and uniform surfaces (especially that of the supporting layer)
of PTFE membranes which aids the assimilation of gaseous
species at the membrane interface. Supporting substrate of
the composite membranes of PTFE also plays a role in the
amount of flux generated. The polypropylene substrate layer
enhanced assimilation of the diffusing species due to blend-
ing of the pore structures with the PTFE active layer than does
the polyethylene terephthalate support layer (Fig. 6).

3.2.2.  Influence  of  feed  concentration  on  distillate  flux
Distillate arsenic concentration as a function of increasing
feed concentration was studied by setting feed and distillate
inlet velocity at 0.85 and 1.30 L/min, respectively, with vary-
ing arsenic concentrations of 0.05–1.4 mg/l. Noticeable decline
in the amount of distillate flux for the three membranes
was observed as shown in Fig. 7. However, in MSPP270045
(PP/PET) membrane, a linear relationship between the amount
of distillate flux and feed concentration tends to emerge at
a temperature range of 60–70 ◦C. About 15.2% flux decline
was observed in PTFE0221, 16.6% in PTFE0221B and 10.5% in
MSPP270045. The result obtained in this study is similar to
that observed in a study by Pal and Manna (2010), where the
influence of wide range arsenic concentrations (0–1.2 mg/l)
on distillate flux was considered insignificant. However, this
was not the case in another study conducted by Khayet et al.
(2004), where the MD configuration displayed wide declines in
flux production as salt concentration was raised from 600 to
120,000 mg/l. This decline is often associated with the reduc-
tion in water activity caused by increase in concentration of
arsenic feed solution which constitutes a systemic barrier for
water vapor evaporation at the feed-membrane boundary.

To counter this effect, we increase the feed flow rate in
results in a noticeable increase of flux production from 3%

Fig. 7 – Effect of total arsenic feed concentration on
distillate flux (feed inlet temperature 60–70 ◦C).
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Fig. 8 – Variation of feed velocity and distillate flux (total
arsenic feed concentration = 0.5 mg/l).
to 5% but this enhancement was not prominent in the overall
flux production process. However, optimizing the hydrophobic
properties of the membrane can ensure permeate production
within the limit of portable water standard (Ozaki et al., 2002).
In a recent study, it was observed that an increase of feed con-
centration in an RO process resulted in significant reduction of
the process efficiency occasioned by decrease in mass transfer
across the membrane (Kotb et al., 2015). These results suggest
that concentration polarization remains a challenge using cur-
rently available membranes though, this effect have minimal
effect on the amount of flux produced in MD  processes.

3.2.3.  Effects  of  feed  velocity  on  distillate  flux
To estimate the effect of feed flow rate/velocity on the amount
of distillate produced, the feed and distillate streams were
kept between 70 ◦C and 45 ◦C respectively. As described ear-
lier, flux is directly related to fluid dynamics between the hot
and cold streams (see Section 2.6). This effect for the three
membranes; PTFE0221, PTFE0221B and MSPP270045, is pre-
sented in Fig. 8 where the feed flow rate was varied from 0.76 to
1.30 L/min. Results revealed that distillate flux improved with
increase of feed flow rate. This is caused by decrease in bound-
ary layer thickness and increase in coefficient of mass and heat
transfer stemming from increased energetic feed flows. There-
fore, following Eq. (1), temperature at the membrane interface
(Tmh) is increased owing to the decrease of temperature polar-
ization on the feed side and consequently generating higher
mass transfer across the membrane.

Though increased fluid dynamics thins off the concentra-

tion boundary layer and thus, allowing the yield of higher
distillate flux, the effect of temperature polarization is readily

Fig. 9 – Arsenic rejection efficiency as a function of: (a) varying to
Basin and (b) different concentrations of simulated As(V) and (c) 
seen on distillate flux than concentration polarization. In addi-
tion, PTFE0221(B) membranes displayed better performance
characteristics over MSPP270045 membrane, with the former
having a higher flux values at the same feed flow rate. When
the feed velocity was set at 1.3 L/min, the distillate flux nearly
stabilized. This implies that a further increase in feed velocity
might not yield a corresponding increase in distillate flux and
hence proposing the optimum condition for feed velocity in

the DCMD process.

tal As concentration obtained from groundwater in Datong
As(III) species.
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Fig. 10 – Adsorption and reduction experiment of As(V) to
As(0) using less than 2 g acid-purged ZVI (APZ) under strict
anoxic condition at pH 7 (total As(V) = 0.50 mg/l in separate
.3.  Arsenic  removal  system

.3.1.  Arsenic  rejection  in  DCMD  process
s described in Eq. (3), the arsenic removal efficiency of

he DCMD process using arsenic contaminated groundwa-
er from Datong Basin in China and simulated solutions of
rsenate and arsenite was estimated (Fig. 9). As the concentra-
ion of arsenic increases, a corresponding decrease in arsenic
emoval efficiency was observed. This could be as a result
f membrane wetting – a common characteristic observed

n variety of membranes after long hours of operation, occa-
ioned by slight changes in morphology and pore sizes of the
hree membranes utilized in this study.

In all the experiments, arsenic removal efficiency was
reater than 90% and in some cases, nearly 99% removal was
chieved at an initial concentration of 100 �g/l. As(V) removal
ate was higher compared to As(III) as shown in (Fig. 9b and
). This phenomenon was also found in pressure-driven pro-
esses (Sato et al., 2002; Xia et al., 2007), highlighting the
mportance of contaminant charge properties in pressure-
riven process. However, it is expected that both inorganic
orms of arsenic should be rejected in the DCMD process
ecause the membranes used are hydrophobic. But this was
ot the case, as there were micro-fractions of As(III) found in
ermeate more  than As(V). It is known that As(III) exists in
eutral state at pH 6.5 ± 1.5, while As(V) occurs in a negatively
harge monovalent state at pH above 4 (Kang et al., 2000). How-
ver, at high As concentrations, negatively charge conditions
re temporarily induced on the surface of the hydrophobic
embranes in solution making it slightly hydrophilic. This

reates a stronger electrostatic repulsion of arsenate, retaining
t on the feed side (though a weak charge may not be enough
o cause ions to be retained) but exhibited less effect on As(III)
ue to charge exclusion under the given pH condition. Unlike
ressure driven processes, the MD technique proves advanta-
eous because it involves very low pressure operation utilizing
ass transfer of water vapor particles through electrostatic
embranes with less effect related to charge of contaminants.

.3.2.  Arsenic  immobilization  and  reduction  by  APZ
ig. 10 shows the removal of As(V) using 2 g acid-purged ZVI
APZ) at pH 7. The amounts of arsenic removed were attributed
o the association of arsenic with APZ because they were not
uspended in the solutions. Results obtained from the analy-
is clearly show that APZ is capable of immobilizing As(V) with
easonably fast kinetics and reduction to elemental arsenic is
lso a feasible mechanistic step. Conditions determining final
rsenic speciation after reaction with APZ include: arsenic
oncentration, solution pH, and the properties of zero valent
ron (ZVI) materials. Under conditions of low As(V) concentra-
ion, the ratio of dissolved As(V) to uncomplexed ZVI corrosion
roducts (i.e. oxyhydroxides) is sufficiently low that there is
o competition between As(V) species for complexation sites.
his situation results in removal kinetics that are first order

n As(V) concentration as described in Section 3.4.
On the other hand, increase in As(V) concentration elevates

he ratio of aqueous arsenate to available complexation sites,
reating competition within the sites. This results in reduced
s(V) removal rate due to subsequent aging of ZVI corrosion
roducts (Farrell et al., 2001). Physical structures of ZVI/Fe0

nd APZ explain the reason for their different reactivities.
VI surface is covered by iron oxide films in water and con-

equently inhibits reaction of As(V) with the ZVI core. This
ay be due to co-precipitation of arsenic with iron corrosion
solutions).

product. At this stage, the iron oxide film formed is less porous
or the kinetics of iron corrosion is lower which could make
the reduction/removal process less quantitative (Noubactep,
2008). However, it has been reported that after aging of iron
oxides, subsequent production of other iron corrosion prod-
ucts like carbonate green rust (which are eventually converted
to magnetite under anaerobic conditions) will continue to
function to degrade and immobilize contaminants even after
the exhaustion of the elemental iron (Su and Puls, 2004). Here,
adsorption plays a major role for As(V) immobilization. How-
ever, the further transformation to magnetite can induce the
reduction of arsenic after being adsorbed as described in the
reaction below:

Fe → Fe2+ + 2e,  Fe2+ → Fe3+ + e;

As5+ + 2e → As3+, As3+ + 3e → As0

In the same vein, other investigators have described the
reaction of nanoscale ZVI (5 g/l) with arsenic for up to 15 days
at 100 mg/l As(V) concentration, and the results indicate that
no significant change in arsenic distributions or speciation
was detected compared to samples reacted for 24 h under sim-
ilar conditions (Ramos et al., 2009).

Purging ZVI with acid (APZ) enables the breakdown of the
pervasive iron oxide film, producing a highly porous and oxi-
dized iron structure. This reactive material (APZ) produced,
promoted reaction between the matrix enmeshed contami-
nants and the iron core during the arsenic reduction process.
Some authors have shown that since As(V) is readily reduced
to As(0) by iron in acidic media. This infers that several pH-
dependent factors may be responsible for the As reduction
process (Farrell et al., 2001; Bang et al., 2005; Ramos et al., 2009).
At low pH, the non-porous oxide barrier hindering As(V) access
to the iron core phase is basically reduced. Although iron
oxides cover the iron core at neutral pH values, the oxides are
minimally porous, and partially protect the underlying core
from attack by oxidants in solution (Farrell et al., 2001). There-
fore, aqueous arsenate/arsenite would still have some access
to the iron core in neutral media. Here, the advantage of the

DCMD-APZ process plays out in the ability to adjust the sys-
tem pH at the second phase treatment with APZ to immobilize
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Fig. 11 – XPS spectra at As 3d photoelectron Al K�1.2 source
type of As(V) reaction with APZ at (a) pH 7 and (b) pH 5,
after 5 days under strict anoxic conditions (As(V)
conc. = 10 mg/l at 30 ◦C).
or reduce high concentration of residual arsenic (as demon-
strated using spectroscopic analysis) generated after DCMD
run. In this way, secondary contamination of the groundwater
environment could be prevented and elemental arsenic (As[0])
produced can be put to other use.

3.3.3.  Spectroscopic  analysis
Reduction of As(V) to As(III) and As(0) using APZ was con-
firmed by high resolution As 3d XPS spectra analysis (Fig. 11).
Various forms of arsenic species have characteristics bind-
ing energies (BEs) relating to their respective 3d-sub-orbital
photoelectron. Shifts in As 3d BEs occur in different arsenic
species. For instance, AsO4

3− has a BE of 44.9 eV, HAsO4
2− has

BE = 45.5 eV, and H2AsO4
− has BE = 46.7 eV (Wagner et al., 1979).

Other investigators reported that As(V) in Na2HAsO4 has a
3d BE of 45.5 eV, while As(III) and As(0) have BEs of 44.2 and
41.5 respectively (Roberts et al., 1975). In the reaction of ≤2 g
APZ with residual As concentration of 10 mg/l, the XPS spec-
tra exhibited three prominent peaks at 45.45 eV, 44.1 eV and
41.4 eV associated with As 3d peaks of As(V), As(III) and As(0)
respectively. The As(V) reduction experiment as observed from
the XPS peak analysis at different pH values are shown in
Table 3. However, the partial reduction to As(III) observed
here and by other authors may be due to the highly negative
surface potential of reacting species (greater than −150 mV)
which can cause a decrease in the equilibrium potential of
As(V)/As(0) redox couple, making As(V) reduction to elemental
arsenic less favorable (Farrell et al., 2001). However, the detec-
tion of As(0) on APZ surface supports the evidence that As(V) is
reduced to metallic As(0) under strict anoxic conditions (Sun
et al., 2011). Cu2+, Hg2+ and other metals have been reduced to
their zero-valence states using nanoparticles of ZVI (O’Carroll
et al., 2013). In this vein, nanoparticles of ZVI and APZ could be
said to possess similar reactivity and could by their chemistry
and structure open up a contact for As contaminant species
to reach the Fe(0) core.

Effects of pH condition on arsenic reduction/adsorption
were evaluated. At pH 7, arsenic adsorption capacity on APZ
was very fast (see Section 3.4); however, the reduction capacity
was low at this pH value when compared to the As(0) peaks of
As 3d binding energies at pH 5 and 6 (Fig. 11b). This observa-
tion suggests that at pH 7, adsorption of As(V) onto APZ was
the dominant reaction. However, reduction of arsenate to arse-
nite and metallic arsenic was more  dominant at pH less than 7,
under rigorous anoxic conditions. Some researchers described
the slow reduction of arsenate ranging from 2 to 3 months lag
time (Bang et al., 2005). This may be as a result of the presence
of dissolved oxygen in their experimental procedures which

may inhibit the reduction kinetics. Previous report revealed
that arsenite could be oxidized to arsenate on reaction with

Table 3 – Peak analysis of APZ reaction with As(V) and As(III) af

Peak analysis pH BE (eV) 

As3d Al 300 W PE 25 eV A
5.0

45.45  

As3d Al 300 W PE 25 eV B 41.49 

As3d Al 300 W PE 25 eV C 43.7 

As3d Al 300 W PE 25 eV A
6.0

45.1  

As3d Al 300 W PE 25 eV B 41.45 

As3d Al 300 W PE 25 eV C 43.44 

As3d Al 300 W PE 25 eV A
7.0

45.29  

As3d Al 300 W PE 25 eV B 41.04 

As3d Al 300 W PE 25 eV C 43.23 
iron oxides complexes in the presence of oxygen (Hug and
Leupin, 2003). The long ripening period observed by these
researchers was probably an indication of the time needed
for the complete exclusion of dissolved oxygen from the sys-
tem. Hence, we ensure to conduct the experiment under strict
anoxic atmosphere in the APZ reactors and thus, obtaining

relatively faster arsenate reduction dynamics.

ter 5 days.

As species detected As area ratio (%)

As(V) 34.0
As(0) 39.5
As(III) 26.5

As(V) 53.2
As(0) 23.9
As(III) 22.9

As(V) 57.8
As(0) 17.9
As(III) 24.3
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Table 4 – Pseudo-first-order and second-order model and correlation coefficient for As removal on APZ.

pH Arsenic species Pseudo first-order model R2 Pseudo second-order model R2

K1 (h−1) qe (mg/g) t1/2 (h) K2 (g/mg h) qe (mg/g) t1/2 (h)

7
As(V) 1.3638 370.27 0.513 0.945 0.0061 382.74 – 0.982
As (III) 45.079 1.3636 0.006 – 4.67E45 1.3636 – –

(–) Data unavailable.
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.4.  Adsorption  kinetics  models  for  arsenic  removal

o further investigate the adsorption mechanism of APZ,
orption kinetic models were used to explain the reaction
ate and the time to reach equilibrium. The rate of As(V)
dsorption was very fast at t1/2 of approximately 30 min,
dopting the non-linear pseudo first-order reaction kinetics.
he apparent first-order kinetics reflected the rate of complex

ormation and the diffusional mass transfer limitations within
he formed iron oxide phase on APZ, as suggested by other
uthors (Fuller et al., 1993). Both pseudo-first- and second-
rder model were investigated to estimate the sorption rate
nd the possible reaction mechanism. The pseudo-first-order
inetic model proposed by Lagergren (1898) was used (assum-

ng non-dissociating molecular adsorption onto APZ) and it is
epresented as:

n(qe − qt) = ln qe − k1t (5)

here qt is the amount of arsenic removed at time, t (mg/g),

e is the adsorption capacity at equilibrium (mg/g), k1 is the
seudo-first-order rate constant (h−1), and t is the contact time

h). The pseudo-second-order sorption kinetics is based on the
ssumption of chemisorption of arsenic on the APZ materials
nd is expressed as:

t

q
= 1

k2 · q2
e

+ 1
qe

t (6)

here K2 is the rate of sorption (g/mg h) for the second-order
eaction, qe the amount of arsenic adsorbed onto APZ at equi-
ibrium (mg/g) and q is the quantity of arsenic adsorbed at any
ime (mg/g).

The pseudo-first-order (k1) and second-order (k2) rate
onstants determined from the kinetic model are presented
n Table 4, describing the removal of total arsenic by APZ
t 30 ◦C. In all the reactions, dissolved arsenic concentration
educed exponentially with time till equilibrium conditions
re reached. As expected, the amount of adsorbed arsenic
ncreased with increasing equilibrium concentration of aque-
us arsenic. Adsorbed As(III) did not fit well using the
seudo-first-order and second-order models. This may be due
o very low content of As(III), or because of the relative weak
ffinity of As(III) for APZ surface at neutral pH. The concen-
ration of arsenate declined with time, though the arsenic
nalytical procedures revealed that aggregation of arsenite
as almost absent. Thus, an assumption that arsenate was

educed to elemental arsenic in a thermodynamically aided
ystem of DCMD-APZ is feasible.

Similar observations were made by Pourbaix (1966) and
un et al. (2011), where they demonstrated that Fe(0) can
educe As(V) to As(0) using acid-treated zero-valent iron,

nd partially reduced As(V) to As(III) and metallic arsenic
espectively. Moreover, the more  selective electron conduction
of APZ surface layer such as the magnetite layer (Xu et al.,
2012) allows the transfer of electrons from the electron rich
ZVI core to residual As(V) or As(III) at the particle sur-
face, hence achieving efficient contaminant immobilization.
The half-life of a pseudo-second-order reaction is negligible
since it depends on the initial concentration in contrast to
its constancy for a pseudo-first-order reaction. The R2 val-
ues obtained from kinetic models for As(V) immobilized by
APZ show that the pseudo-second-order model fitted bet-
ter than the pseudo-first-order model. This indicates that
chemisorption dominated the adsorption process. However,
predictable values for half-life determination for this model
were unavailable, supporting the concept that half-life for a
pseudo-second-order reaction is far less useful. Other adsorp-
tion models like Weber and Morris intra-particle diffusion
model and Boyd kinetic model were not used as this work
solely focuses on explaining the transformational role of APZ
on residual arsenic ions immobilization and reduction by the
DCMD-APZ configuration. However, further study should be
conducted to understand the rate limiting steps and interac-
tion mechanism of arsenic ions at the surface and the interior
portions of APZ.

4.  Conclusions

In this present study, we have clearly demonstrated the
robustness of combined treatment process for decontami-
nation of high arsenic groundwater and immobilization of
residual arsenic by the integration of direct contact membrane
distillation with acid-purged zero-valent ion (DCMD-APZ). The
DCMD-APZ configuration showed excellent capacity for high
arsenic removal up to 20 mg/l with a maximum arsenic rejec-
tion efficiency greater than 90%, and nearly 99% removal
achieved at an initial concentration of 100 �g/l. Among the
membranes used, PTFE0221 was the most efficient for arsenic
removal when compared to other membrane utilized in
the study (PTFE0221B and MSPP270045). At a constant feed
and distillate flow rate of 0.78 and 0.86 L/min, increase in
temperature from 50 ◦C to 80 ◦C produced a corresponding
increase in distillate/water flux rate from 26.7 to 55.5 kg/m2 h
for PTFE0221, 22.4 to 51.8 kg/m2 h for PTFE0221B and 19.8
to 45.7 kg/m2 h for MSPP270045. Also, it was observed that
both species of inorganic arsenic (As[V] and As[III]) can
be effectively sequestered under anaerobic conditions with-
out the possibility of secondary release since contaminants
enmeshed in iron corrosion products of APZ are stable
under environmental conditions. XPS spectra of As-APZ sur-
face at slightly acidic pH and high As-concentration showed
increased presence of As(0). This observation led to the
conclusion that hybrid configuration of the DCMD-APZ tech-
nique can be a more  efficient technology for removal and

reduction/immobilization of high concentrations of arsenic
generated in a system which is thermodynamically assisted.
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Further, the operation of the DCMD-APZ technology requires
limited maintenance and when a suitable membrane is
selected, such as the PTFE/PP type, this could result in gen-
eration of higher flux at a low cost of operation.
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