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Abstract

A laboratory scale electro-ultrafiltration (EUF) system was developed and used to explore the removal of arsenic and humic substances
(HSs) from water. As a negatively charged species, arsenate(V) was readily removed after applying voltage to the EUF cell. Arsenite(lll) was
removed via EUF after the pH of the water had been adjusted. Meanwhile, the rejection of HSs increased due to the presence of an electric
field. This study also showed that the removal of arsenite(lll) from water relies primarily on electrostatic and non-electrostatic mechanisms.
In the presence of HSs, arsenate(V) complexed with the HSs and was then able to be removed by EUF. This study demonstrates that EUF is
a highly promising means of removing arsenic from water.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction membrane separatiofi3—19] Of these processes, mem-
brane technology, due to the stringent environmental regu-
Arsenic-contaminated groundwater has caused serioudations that must be considered, shows the greatest potential
health problems in numerous countries, such as Bangladeshfor application in the treatment of drinking watgt0,21]
India, and Taiwar{1,2]. Drinking water that contains ar- It is generally easier to remove arsenate(V) with the use of
senic is both chronically carcinogenic and toxic to humans. membranes than itis to remove arsenite(lll), due to the differ-
Recent studies suggest that the current maximum contam-ng charge characteristics of these two spejdidsl4,16-18]
inant level (MCL) of 50ug/L needs to be revised in order Brandhuber and Amy14] have reported that As(V) can be
to minimize the risk of cancef3]. Thus, the U.S. Envi-  removed from spiked groundwater with an 8 kDa ultrafiltra-
ronmental Protection Agency has recently announced thattion (UF) membrane. Interestingly, Donnan exclusion also
the amount of arsenic allowed to be present in drinking plays a crucial role during UF of water-containing As(V).
water will be reduced from 50 to }0g/L as of January In other words, when using membranes to remove arsenic
23, 2006[4]. In Taiwan, a new limit of 1@vg/L was also from water, the differing charge characteristics of As(V) and
introduced in 2003[5]. Therefore, it is essential to de- As(lll) is an important factor to be taken into consideration.
velop technologies that can effectively remove arsenic from At neutral pH, the predominant As(V) is negatively
water. charged, whereas that of As(lll) is neutral. This explains why
The task of removing arsenic from water has received even the most promising membrane process — reverse 0Smo-
extensive attention. Major approaches include coagulationsis (RO) — is considerably less efficient at removing As(lll)
[6], adsorptiof7—10], electrochemical methodi$1,12], and from water than it is at removing As(\[)L3,16] Neverthe-
less, there are still two strategies that can be used to tackle
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Ubiquitous in groundwater and surface water, humic sub- Table1
stances (HSs) are the precursors of carcinogenic disinfectionCharacteristics of UF membrahe

by-products (DBPs) during chlorination of finished water. Characteristics Value
The production of DBPs, such as trihalomethanes (THMS) size (kDa) 100
and halo acetic acids (HAAS), is a public health concern. Contactangle 4
The membrane process has shown the potential to controlOperating pH range 2-10
the amount of HSs in drinking waté21]. Tygf;h%’fgmgrgjf;ge (kPa) 50 98-400
Both arsenic and HSs are negatively charged at neutralgjjation a,ear(),ﬁ) 14.7
pH and it is important to note that HSs cannot be removed material Polyacrylonitrile (PAN)

from water by electrochemical methods. Therefore, there is ~a pata were obtained from catalog of the manufacturer.
an interest in improving the performance of UF through the
application of an electrical force, in order to attract these t Permeate t fPermeate
charged species. Applying an electric field through the mem- T
brane during membrane filtration is known as ‘electrofiltra- Concentrate|
tion’ [23]. In this process, the imposed electric field is parallel 0= =
to the pressure gradient applied to the membrane. Although
it has been reported that the removal of HSs was more suc-
cessful after voltages were applied through[Q#], it is still mﬂ (4)
not known whether it is possible to remove arsenic and HSs (5 o= (5)
simultaneously by electro-ultrafiltration (EUF).
In this study, a laboratory-sized EUF unit was employed Mm@ o
to remove arsenic and HSs from water. Total arsenic con- RS
centration and dissolved organic matter (DOC) were used as —_— fe >
water quality indicators. In addition to evaluating the perfor- 2em  2cem B2 om
mance of EUF during treatment of water-containing arsenic tom
and HSs, this study focused on understanding the removal
mechanisms more thoroughly.

(e1e1e] je— Inflow

| @
Fig. 1. Electro-ultrafiltration (EUF) module. (1) Plastic plate, (2) silicon
lining, (3) anode: (+), (4) cathode={, (5) wire, and (6) power supply.
2. Materials and methods
plates, silicon lining, and electrodes, and the module mea-
2.1. Feed solution sures 8.5cm in length, 2.3 cm in width, and 12 cm in height.
The silicon lining between the plates creates a filtration chan-
Sodium arsenite (NaAs{) and arsenate oxide nel 1mm wide. Since the HSs are negatively charged, the
(Asp05-XH20) (supplied by Sigma-Aldrich) were used in anode (positively charged) is placed on the feed side (con-
preparing As(lll) and As(V) solutions. These two arsenic centrate side) to attract the pollutants. The anode is platinum
oxidation states are common in natural water. The powderedand the cathode is titanium. The distance between the elec-
arsenic was dissolved in Mill-Q water and diluted to trodes is about4mm.
20—-40ug/L prior to use.
The HSs solution was prepared by dissolving powdered 2.3. Filtration experiment
humic acid (Aldrich), which was then filtered through a
0.45pm filter, in order to represent dissolved organic mat- Fig. 2 demonstrates the operational mode of the experi-
ters in water. The concentration of dissolved organic carbon ments. Five litres of arsenic solutions, with and without HSs,
in the feed water was approximately 4 mg/L. For most of the were prepared as the feed water for each experiment. A power
experiments, the pH was not adjusteds]. Sodium hydrox-
ide was only used to adjust the pH of the solution in particular Concentrate

circumstances.
Feed | tank
2.2. Membranes and module Inflow Permeate {itrate)
Osmonic 100 kDa UF membranes were used in this study. EUF
These membranes are made of polyacrylonitrile (PAN) and < Cp Vp

are hydrophilic on the surfac&able 1lists the typical char-
acteristics of these membranes' A new mem_brane Was useq'—'ig. 2. Operational mode of a laboratory scale EUF sys@&jminitial con-
for each experimentig. 1shows the schematic drawing of  centrationCy: concentration after experimer@,: concentration in perme-
the EUF module. The filtration module comprises of plastic ate stream, ant,: amount of permeate passing cathode.
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supply (Chroma, Model 6210K-600) was utilized to provide 100
electrical voltage through the membrane. Before each exper-
iment, the membrane was soaked for 1 h in, and then flushed
for 1 h with, deionized water, in order to remove any im-
purities and preservatives. A peristaltic pump conveyed solu- =
tions into the EUF cell with an averaged crossflow velocity of 60 1
0.1 m/s. Pressure was kept at 98 kPa with a back regulator. The:2
amount of permeate passing through the membrane was de.ﬁ_». 40 1
termined with an electric balance (Satorius). Data were then
transferred to a personal computer via RS232. Both concen-<
trate and permeate streams were recycled back into the tank
and samples were taken before and after each experiment fol
the analysis of total arsenic and organic concentrations. 0
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DOC was analyzed with an Ol Analytical 1010 and mea-
surement of pH was carried out with a Consort C831 pH me- m—As(ll)
ter. Conductivity was measured with a Suntex SC-120 con- 80 4| <= As(ll) + HSe
ductivity meter.

Total arsenic concentration was analyzed with a Perkin-
Elmer Analyst 800. The experiment procedures followed
standard methodf25]. As(V) was reduced to As(lll) by
adding concentrated trace metal HCl and Kl (20%, w/v). Af-
ter 1 h of reaction time, arsine gas was generated by contin-
uous addition of NaBil Absorbance of arsine at 193.7 nm 20
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Fig. 3. Removal of synthetic (a) As(V) and (b) As(lll) from water by EUF

3.1. As(lll) and As(V) removal efficiency at different voltages (pH 6)

The rejection of arsenid¥), with and without HSs, was

calculated using Eq1). removal efficiency after voltages had been applied may re-
C sult from the external electrical field which may have kept

Ri = (1 — p) x 100% (1) As(V) in the concentrate side, or led to a reduction reaction
Co occurring at the cathode.

In this equationCy, is the arsenic concentration in the per- In contrast, As(lll) rejection was quite low, even with the

meate andC is the initial arsenic concentration. The total addition of electrical voltages$-{g. 3b). Applying an electri-
arsenic measurement follows the method described in Sec-cal charge through a membrane did not increase the As(lll)
tion2.4. removal efficiency either in the presence or absence of HSs
The results of the experiment proved that applying volt- as, since As(lll) is nonionic at a neutral pH, it was not in-
ages through the membrane enhanced the removal of As(V)fluenced by the electrical field. On the other hand, it was
(Fig. 3a). Arsenic rejection increased from 30% to more than easier to remove As(V) due to its negativity. Electrochemical
90% after applying voltages. At neutral pH, As(V) exists in reduction studies on arsenic reduction have showed that it
water as the negative ion HAgO. The surface charge of the is easier to reduce As(lll) than As(\}12,26] Thus, it was
PAN membrane is also negative at neutral pH. Thus, it was not anticipated that electrochemical reduction would play an
possible to repel the negatively charged As(V) ions by Don- important role in the EUF of arsenic, due to its low conduc-
nan exclusion. However, since the pores on the membrane ardivity (~7 wS/cm), low current{4 mA) and various cathode
much larger than the As(V) ions, Donnan exclusion was not materials.
as pronounced as that in nanofiltration, in which more than  Nonetheless, there are two methods of increasing the re-
90% of As(V) was removefll3]. During traditional UF, the ~ moval of As(lll) that look promising16,20,22] The first
differing As(V) rejection rates in water with and without HSs  involves the oxidation of As(lll) to As(V), whilst the second
may be due to the formation of an As—HSs complex, which is method raises the pH of water, causing protons to dissociate,
retained easier than As(V) alone. The improvementsin As(V) and thus leaving As(lll) negatively charged. Since it is pos-
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through the cathodic chambevy), which has an averaged
arsenic concentratiorCgye). The volume of permeate pass-
ing through the cathodé/() can be obtained by integrating

100 Eq. (2), was used in order to account for this loss of arsenic.
s pH-6

© 80 i C1x Vo= Co x (Vo — Vp) + Cave x Vp )
&
o« In Eqg. (2), the water after the experiments is treated as con-
é 60 1 sisting of two separate volumes. First, there is the volume
2 of water (/o — Vp) containing the original arsenic concentra-
E 40 tion (Cp). And second, there is the volume of water passing
‘E
@
<

20 4

V a flux curve with time.
0 - Notably, Cave could be regarded as the part of the arsenic
0 25 .
Voltage (V) compound that can be recovered with EUE{{ewere equal
to Cy, i.e., if C1 were equal t&Cp, then EUF would not lose
Fig. 4. Removal of As(lll) by EUF via pH adjustment (pHL10). arsenic ions and thus physical separation would occur. Con-

versely, if Cave Were markedly different fron€g, then EUF

sible to remove As(V) with EUF as previously indicated, the would lose arsenic ions as a result of either adsorption or
second option of increasing pH value was explored. deposition on the cathode. Therefore, the difference between

Fig. 4 shows the removal of As(lll), with and without Cq andCyewas adopted as the amount of arsenic lost due to
electrical voltage, and before and after pH adjustment. It is non-electrostatic interaction, whereas the difference between
obvious that, without pH adjustment or electrical voltage, Cae andC, came from electrostatic interaction. It should
the UF membrane would only be able to remove a minimal be noted that, if arsenic is removed either by electrostatic
amount of As(lIl). However, after adjusting the pH of the wa-  or non-electrostatic reaction§, will always be lower than
ter to~10 and applying a 25V charge through the membrane, C,,.. Moreover, the unknow@,ye can be obtained by using
As(lll) removal efficiency increased from 14 to 76%. After Eq.(2).
pH adjustment, the solution conductivity increased, thus sig-  For condition (1), as displayed ifable 2 the initial As(l1l)
nifying a decrease of resistance. It should be noted that, atconcentration of 40.gg/L (Cp) reduced to a final value of
high solution conductivity, the currentincreased dramatically 11.5ug/L (Cp). The averaged arsenic concentration of per-
as voltage was increased. Therefore, in order to reduce themeate Cave) Of 25.3ug/L can be computed from Eq2).
joule heating and the hydrolysis rate of the water, voltage The experiment data iflable 2also indicate that both ex-
was only raised to 25 V. The removal mechanisms for As(lll) ternal electrical separation and cathodic reduction could be
after pH adjustment might be similar to that for As(V), with  the key mechanisms during EUF of As(lIl) water under high
the exception of the oxidation of As(lll) at the anode. Oxi- pH. Different mechanisms must be used for the removal of
dization of As(lll) to As(V) could facilitate the removal of  As(V), depending on whether HSs are present or not. For
As(lll) by EUF. The increment of arsenic rejection after pH test condition (l1), the averaged arsenic concentrati@ye
adjustmentin traditional UF has also been reported in various of 3.7.g/L was slightly greater than the arsenic concentra-

studieq14,16-18] tion in permeate @) (2.4ng/L) at the end of experiment.
A possible reason for this might be that As(V) was reduced
3.2. Removal mechanism and deposited on the cathode during the experiment. Another

explanation might be that As(V) was adsorbed on the mem-

The increased arsenic removal efficiency that occurred af- brane, thus resulting in the loss of As(V) after the experiment.
ter applying voltages could be a result of external field sep- In contrast, there was little arsenic loss in condition (l11), with
aration (electrophoresis), cathodic reduction and/or adsorp-aCp of 19.5u.g/L and aCye0f 18 1.g/L, as shown iTable 2
tion on membrane pores. Since both the concentration andThe C,ye was higher in condition (l11) than in condition (l1)
permeate were recycled back to the feed tdfig.(2), the because in condition (I) As(V) complexed with HSs, thus
total arsenic concentration before and after the experimenteliminating the potential of an As(V) reduction reaction in
would only be the same as that at the beginning of the ex- the cathode.
periment if the electrical separation had occurréable 2 Fig. 5 summarizes the results of the laboratory work.
summarizes the changes in the total arsenic concentrationg-or condition (I), both electrostatic and non-electrostatic re-
before and after the experiments under three test conditionsmovals were important. For condition (I), non-electrostatic
i.e., As(lll) at pH~ 10, As(V) at pH~ 6, and As(V) with HSs removal, such as arsenic reduction at the cathode and ad-
atpH~ 6. The overall arsenic removal efficiency ranges from sorption on the membrane, dominated the reaction. On the
71to 100%. Surprisingly, as is shown in column Jable 2 other hand, electrostatic removal, i.e., electrophoresis, was
the concentration of both As(lll) and As(V) was less at the the major removal mechanism in condition (Il). The results
end of the experiment than at the start. A simple calculation, of this study demonstrated that non-electrostatic separation
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Table 2

Experimental data and calculation of averaged As concentrafigg) (passing through membrane

Test conditioh Initial As As concentration Volume of Amount of As concentration in Asremoval Averaged As
concentration after filtration water in feed permeate passingpermeate at end of efficiencyRs  concentration in permeate
(pgl/L) Co (ng/l) Cy tank (mL)Vo cathode (mLM, experimentsgg/L) Cp (%) (ng/L) Cave

() 40.2 37.2 4950 991 115 71 25.3

D) 24.8 20.5 4950 1004 2.4 90 3.7

(D] 19.5 19.2 4950 1096 N.D. 100 18.0

* (1) As(1l1) with an initial pH ~ 10 at 25 V; (II) As(V) with an initial pH~ 6 at 150 V; (Ill) As(V) + HSs with an initial pH- 6 at 150 V.
** Cave Was obtained from Ed2).

for As(V) might be more significant than that for As(lll). In  periment. Electrophoresis, which refers to the motion of par-
the past, it has generally been considered that electrochemicalicles influenced by an electrical field, could not thoroughly
reduction of As(lll) has been more active than that of As(V) explain the flux incremental. Therefore, it was anticipated
[12]. The major differences between this study and previous that electroosmosis, in combination with electrophoresis, re-
studies lie in the use of different cathode materials and ionic sulted in an incremental flux.

strength of the solution. Notably, cathode material influences  The HSs removal efficiency increased after applying elec-
the deposition rate of arser26]. tricity through the membrane~{g. 6b). The enhanced re-
moval rate occurred due to the fact that the applied exter-
nal electrical field counterbalanced the convective move-
ment of negatively charged HSs toward the membrane

Fig. 6a shows the final flux versus voltages plot. The in- [23]. More than 98% of HSs removal from water was

cremental flux during EUF is similar to that in results ob-
tained from studies on the electrofiltration of proteins, bac-

3.3. Flux and HSs removal efficiency

. . : 320
teria, and colloidg24,27-29] The incremental flux dur- m—As(lll) + HSs
ing EUF was attributed to electrophoresis, which carried 300 | | 2222 As(V) + HSs
foulants away from the membrane, and to electroosmosis _
phenomenon—the complement of electrophor&€$ Flux £ S5
declination was not significant during the traditional UF ex- "5

> 260
402 24.8 195 ¢ 2

Non-electrostatic ¢ ¢ ¢ E 240 4
25.3 3.7 18.0 Cave w

Electrostatic i i i 220 1

1.5 2.4 ND. O
200
0 50
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Fig. 5. Preliminary removal mechanisms. (1) As(lll) with initial pH-e1.0, (b) Voltage (V)

at 25V and 71% total As removal after experiment. (11) As(V) with initial pH
of ~6, at 150 V and 90% total As removal after experiment. (I11) As(V) + HSs  Fig. 6. Flux and DOC results: (a) final permeate flux and (b) water quality
with initial pH of ~6, at 150 V and 100% total As removal after experiment. analysis of synthetic water at different voltage.
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achieved by applying 25V, which corresponds to an electri- cost ferruginous manganese ore, Water Res. 36 (2002) 625—
cal field of 41 V/cm (=0.004 A, area = 14.7 cfnconductiv- 632. _ _
i'[y=6.7x 106 S/cm). A theoretical field strengtiE&micao [8] M. DeM_ar_co, A. _Sengup_ta, J. Greenleaf, Arsenic removal using a
that could retain all charged particles was calculated at polymeric/inorganic hybrid sorbent, Water Res. 37 (2003) 164-176.
. ’ " . [9] O. Thirunavukkarasu, T. Viraraghavan, K. Subramanian, Arsenic re-
24 Vicm by using Eq(3), whereJ (cm/s) is the filtration flux moval from drinking water using iron oxide-coated sand, Water Air
andup (cP/(V s)) is the electophoretic mobility of charged Soil Pollut. 142 (2003) 95-111.
species. [10] R. Vaishya, S. Gupta, Arsenic removal from groundwater by iron

impregnated sand, J. Environ. Eng.-ASCE 129 (2003) 89-92.
Fi ot = 3 [11] M. Arienzo, P. Adamo, J. Chiarenzelli, M. Bianco, A. De Martino,
critical = up (3) Retention of arsenic on hydrous ferric oxides generated by electro-
chemical peroxidation, Chemosphere 48 (2002) 1009-1018.
The averaged filtration flux in this study was approximately [12] D. Bejan, N. Bunce, Electrochemical reduction of As(lll) and As(V)
7.2%x 10~3cm/s. HSs have an electrophoretic mobility of in acidic and basic solutions, J. Appl. Electrochem. 33 (2003)
3.0x 104 cm?/(V s) [24]. When the applied electrical field 483-489.

. N [13] P. Brandhuber, G. Amy, Alternative methods for membrane filtration
approaches the theoretidaliical value of 24 V/cm, the re- of arsenic from drinking water, Desalination 117 (1998) 1-10.

moval of HSs from water can be expected. Other studies have14] p. Brandhuber, G. Amy, Arsenic removal by a charged ultrafiltration

also reported similar improvements when the solute size was  membrane—influences of membrane operating conditions and water

smaller than the pores on the membr@:he28]. quality on arsenic rejection, Desalination 140 (2001) 1-14.

[15] B. Han, T. Runnells, J. Zimbron, R. Wickramasinghe, Arsenic re-
moval from drinking water by flocculation and microfiltration, De-
salination 145 (2002) 293-298.

[16] M. Kang, M. Kawasaki, S. Tamada, T. Kamei, Y. Magara, Effect of

, . . . pH on the removal of arsenic and antimony using reverse osmosis
Based on the authors’ knowledge, this study is the first in membranes, Desalination 131 (2000) 293-298.

Whi?h EUF was used to treat Wat_er-containing arsenic. The[17] T. Urase, J. Oh, K. Yamamoto, Effect of pH on rejection of different
traditional 100 kDa UF membrane is unable to remove As(lll) species of arsenic by nanofiltration, Desalination 117 (1998) 11-18.
or As(V) from water, regardless of whether HSs are present[18] E. Vrijenhoek, J. Waypa, Arsenic removal from drinking water by a
or not. After applying eIectricity to UF AS(V) rejection in- “loose” nanofiltration membrane, Desalination 130 (2000) 265-277.

creased dramatically. The removal mechanisms adopted for[lg] J. Waypa, M. Elimelech, J. Hering, Arsenic removal by RO and NF
y- p membranes, J. Am. Water Works Assess. 89 (1997) 102-114.

As(V) were electrophoretic force and electrochemical reduc- [20] M. Bissen, F. Frimmel, Arsenic—a review. Part II: oxidation of ar-
tion, depending on whether As(V) had complexed with HSs. senic and its removal in water treatment, Acta Hydroch. Hydrob. 31
Additionally, the removal of As(lll) with EUF was achieved (2003) 97-107.

via pH adjustment. In short, both non-electrostatic and elec- [21] B. Van der Bruggen, C. Vandecasteele, Removal of pollutants from

trostatic separation of arsenic are important steps during EUF surface water and groundwater by nanofiltration: overview of possi-
P P P g ble applications in the drinking water industry, Environ. Pollut. 122

treatment of water-containing arsenic. The results of these  (2003) 435-445.

experiments showed that there is significant potential in ap-[22] J. Jiang, Removing arsenic from groundwater for the developing

plying EUF to treat water, which contains arsenic and HSs. world—a review, Water Sci. Technol. 44 (2001) 89-98.

[23] H. Huotari, G. Tragardh, I. Huisman, Crossflow membrane filtration
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