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Recent studies suggest that the cupric oxide (CuO) nanoparticles effectively adsorb aqueous arsenic spe-
cies under a wide range of water chemistries. However, to develop CuO nanotechnology to a field appli-
cation level, further studies are necessary. Batch adsorption kinetic experiments were conducted to
determine the time course of uptake of arsenic by CuO nanoparticles. A reactor with CuO nanoparticles
was developed to conduct continuous flow-through experiments to filter arsenic from groundwater sam-
ples. Groundwater samples spiked with 100 lg/L of arsenic were passed through (1 L/h) the flow-through
reactor. Samples from the flow-through reactor were collected at a regular interval and analyzed for
arsenic and other chemical components (e.g., pH, major and trace elements). The CuO nanoparticles
adsorbed with arsenic were regenerated with a sodium hydroxide (NaOH) solution and tested again in
the flow-through reactor. Three natural groundwater samples with above 10 lg/L of arsenic were also
tested with the flow-through reactor. The arsenic adsorption process by CuO nanoparticles was kineti-
cally rapid and followed the pseudo-second-order rate. The continuous flow-through reactor with CuO
nanoparticles was effective in filtering arsenic from spiked or natural groundwater. The regenerated
CuO nanoparticles were also effective in filtering arsenic from groundwater. Arsenic mass balance data
from regeneration studies suggested that 99% of input arsenic concentration was recovered. The CuO
nanoparticle treatment did not show any discernible effects on the chemical quality of groundwater sam-
ples. Results of this study suggest that CuO nanoparticles show potential for developing a simple process
for field applications to remove arsenic from water.

� 2013 Elsevier Inc. Open access under CC BY-NC-ND license.
1. Introduction

Arsenic in water is derived from natural and anthropogenic
sources. The natural sources include weathering and dissolution
of arsenic minerals. The anthropogenic sources include disposal
of solid by-products from combustion processes (e.g., coal plants,
solid waste incinerators, cement plants, and paper mills), discharge
of produced water from in situ extraction processes (e.g., uranium,
oil, and natural gas), and application of arsenic based pesticides
[1,2]. The most common inorganic arsenic species found in natural
water under anoxic and oxic environments include arsenite(III)
and arsenate(V), respectively. Dissolved inorganic arsenic in water
is toxic to humans. Studies suggest that arsenite is more toxic than
arsenate to humans; long-term exposure to drinking water con-
taining arsenic in excess of 50 lg/L causes increased occurrences
of skin, lung, bladder, and kidney cancer resulting in premature
death [3]. Widespread occurrence of natural arsenic (As) in
groundwater has been reported from many parts of the world.
The health of millions of people is at risk due to exposure to unsafe
BY-NC-ND license.
levels of arsenic in groundwater. The World Health Organization
(WHO) and US EPA recommend 10 lg/L of arsenic as the limit for
human drinking water.

Global awareness of arsenic contamination of drinking water
supplies has skyrocketed during the 1990s when more than 35
million people in Bangladesh and West Bengal, India were inadver-
tently poisoned by drinking arsenic contaminated water [4,5]. Fur-
ther studies illustrate that elevated levels of naturally occurring
arsenic in groundwater are a prevalent problem affecting many re-
gions of the world [6].

Widespread efforts are being made globally to develop effective
and affordable technologies for the removal of arsenic from water.
Conventional adsorbents such as aluminum, iron, manganese, tita-
nium, and ferric phosphate were studied extensively to remove ar-
senic from water [7–11]. In addition to these, zeolites and coal
combustion by-products (e.g., fly ash) were also used as sorbents
to remove arsenic from water. However, it is difficult to remove
both oxidation states simultaneously from water under a wide
range of pHs and concentrations of competing anions including
phosphate, silicate, and sulfate [12]. In addition, disposal of waste
by-products (sludge or spent media) produced from conventional
adsorbents is a problem. Due to these reasons, the conventional
adsorbents are not sustainable [12–16].
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Reddy and Viswatej [17] were the first to observe that cupric
oxide (CuO) can remove both arsenite and arsenate from water
without adjusting sample pH or redox potential. Martinson and
Reddy [18] expanded these studies and reported that CuO was
effective arsenic adsorbent because it did not require pH or redox
potential adjustments, and it worked well in the presence of com-
peting anions. These studies attributed the effective removal of ar-
senic to CuO high zero point of charge (ZPC) (9.4 ± 0.4) and the
oxidation of arsenite to arsenate by the CuO surface. Martinson
and Reddy [18] also modeled the arsenic adsorption equilibrium
process using Langmuir and Freundlich isotherms and reported
that adsorption of arsenic by CuO nanoparticles was best modeled
with the Langmuir isotherm. These studies also reported that CuO
nanoparticles were effective in removal of arsenic across a wide
range of groundwater chemistries. Since Martinson and Reddy
[18] studies were published, and other researchers also tested ar-
senic removal from water using CuO nanoparticles and reported
similar results [19–23].

For example, Pillewan et al. [20] examined arsenic removal
from water using CuO incorporated mesoporous alumina. These
studies reported that incorporation of CuO into alumina im-
proved the removal of arsenic from water. Goswami et al. [21]
reported that CuO found to be a potential nano-adsorbent to re-
move arsenic from water. In another study, Schilz et al. [23]
treated in situ uranium produced water with CuO nanoparticles
to remove arsenic. These studies reported CuO nanoparticles
effectively removes arsenic and render in situ uranium produced
water less toxic to cells. Overall, above studies demonstrate the
effectiveness of CuO nanoparticles in removal of arsenic from
water under a wide range of water chemistries and geo-hydro-
logical conditions. However, in addition to batch equilibrium
studies, a better understanding of adsorption kinetics and con-
tinuous flow-through experiments are required to develop CuO
nanotechnology for field applications.

The objectives of this research were to (1) examine arsenic
adsorption kinetics by CuO nanoparticles and (2) design and devel-
op a reactor to conduct continuous flow-through experiments.
Batch and continuous flow-through reactor experiments were con-
ducted to determine the effectiveness of CuO nanoparticles in the
removal of arsenic from groundwater samples. Cupric oxide nano-
particles adsorbed with arsenic were regenerated and tested again
with the continuous flow-through system to test their effective-
ness in the removal of arsenic from groundwater samples. Data
from these experiments could help develop a practical one-step
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Fig. 1. Continuous flow-through reactor to rem
process for field applications to filter arsenic from natural
groundwater.

2. Materials and methods

2.1. Materials

The groundwater used in this study was collected from the Cas-
per aquifer at a residential site in eastern Laramie, WY, USA follow-
ing the procedures of Wyoming Department of Environmental
Quality [24]. The water was collected in high-density polyethylene
(HDPE) bottle. Before collection of the sample, the well was purged
until a water quality indicator (e.g., pH) was stable. The groundwa-
ter was spiked with equal volumes of 1000 lg/L As(III) and
1000 lg/L As(V) standard solutions to obtain 100 lg/L arsenic-
spiked water. The standard solutions were prepared by dissolving
sodium arsenate heptahydrate (Na2HAsO4�7H2O, Sigma) and so-
dium arsenite (NaAsO2, Sigma) in distilled water. The CuO nano-
particles used in this study were synthesized following the
procedures as described in Martinson and Reddy [18]. The synthe-
sized CuO nanoparticles were subjected to shape and surface area
experiments.

2.2. Batch experiments

All experiments were conducted in 50 mL polypropylene centri-
fuge tubes (Corning 430829). 200 mg and 10 mg of the nanoparti-
cles were placed in the tubes, and then, the arsenic-spiked
groundwater sample was added to set the concentration of nano-
particles to 4 g/L and 0.2 g/L, respectively. The tubes were sealed
and placed on a bench top orbital shaker table (Labline Orbit Sha-
ker) set at 250 rpm. The samples were allowed to react with nano-
particles for a period of time between 2 min and 12 h. After the set
reaction time, the samples were centrifuged for 4 min to allow the
nanoparticles to settle at the bottom of the tubes. The supernatant
was then filtered using a syringe filter (Millipore 0.45 lm) and
then collected in a beaker for arsenic analysis. Samples were acid-
ified with nitric acid and analyzed for arsenic concentrations.

2.3. Flow-through experiments

2.3.1. Design of flow-through reactor
An acrylic flow-through reactor was designed and developed to

test arsenic removal with CuO nanoparticles (Fig. 1). The flow-
 

 

10.1 cm 

Glass Filter 1 

2 

Sand 

CuO 
nanoparticles 

Magnetic Stirrer  

Sample 
Collection  

Bottle  

Outlet 

5.0 cm 

Stirrer Bar  

ove arsenic from groundwater samples.



Fig. 2. TEM photographs of CuO nanoparticles at 30� magnification (50 nm).
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through column is 43.8 cm long and 5.0 cm diameter with two
compartments. The first compartment consists of CuO nanoparti-
cles (8 g) to remove arsenic. The second compartment consists
300 g of sand layer (Fisher Scientific, S25-10, SiO2 powder) to filter
CuO nanoparticles. A micro-glass filter (Ace Glass Incorporated), as
shown in Fig. 1, separates each compartment. The pore size of the
first filter is between 10 and 20 lm (part no. 7176-145), and the
pore size of the second filter is between 4 lm and 8 lm (part no.
7176-146). The smaller pore size filter was used to capture any
CuO nanoparticles escaping from the sand. A peristaltic pump
was used to pump groundwater through the reactor at a flow rate
of 1 L/h. The outlet from the reactor was connected to a sample col-
lection bottle.

2.3.2. Sand layer
Twenty liters of arsenic-spiked groundwater sample (100 lg/L)

was pumped through the reactor without CuO nanoparticles to
determine the effect of the sand layer in the removal of arsenic
(first experiment). A 50 mL of water samples was collected at time
intervals of 0, 5, 10, 15, and 30 min and subsequently for 1, 2, 3, 4,
5, 10, 15, and 20 h. After passing 20 L of groundwater sample
through the column, a composite sample was collected from the
sample collection bottle to determine the final concentration of ar-
senic. A portion of each sample was analyzed for pH, and the
remaining sample was acidified with nitric acid. Acidified samples
were analyzed for arsenic and other major and trace elements.
Unacidified samples were analyzed for anions.

2.3.3. CuO nanoparticles with sand layer
Twenty liters of arsenic-spiked groundwater sample (100 lg/L)

was pumped through the column with CuO nanoparticles (8 g) fol-
lowed by the sand layer as shown in Fig. 1 (second experiment). A
50 mL of water samples was collected at time intervals of 0, 5, 10,
15, 30 min and subsequently for every hour. A composite sample
from the collection bottle was collected. Samples were analyzed
for pH, arsenic, and major and trace elements. This experiment
was repeated (third experiment) with 20 L of arsenic-spiked
groundwater sample (100 lg/L).

2.3.4. Regeneration of CuO nanoparticles
After the completion of the third experiment, CuO nanoparti-

cles, adsorbed with arsenic, from the column were removed and
regenerated by washing with 182 mL of 0.3 M NaOH (sodium
hydroxide) and 300 mL of distilled deionized water. The total vol-
ume of wash fluids was 482 mL. These wash fluids were analyzed
for arsenic to calculate the mass balance. A fourth experiment
was conducted with regenerated CuO nanoparticles with 20 L of
arsenic-spiked groundwater sample (100 lg/L) to determine their
effectiveness in the removal of arsenic.

2.3.5. Natural groundwater well samples
In addition to the above experiments, three natural groundwa-

ter well samples from Torrington, Wyoming, were tested using the
flow-through reactor. These groundwater well samples were se-
lected for testing because arsenic concentrations in these wells
were consistently above 10 lg/L over the last 3 years. These
groundwater samples were collected following the sample collec-
tion protocols of Wyoming Department of Environmental Quality
[24]. Five liters of each groundwater well sample (without pH or
redox potential adjustment) was passed through the continuous
flow-through reactor with 1.2 g of CuO nanoparticles followed by
the sand layer (Fig. 1). A 50 mL of water samples was collected at
time intervals of 0, 5, 10, 15, 30 min and subsequently for every
hour. A composite sample from the collection bottle was collected.
These samples were analyzed for the pH, arsenic, and major and
trace elements.
3. Analytical methods

The water samples were analyzed for arsenic and major and
trace element concentrations by inductively coupled plasma–mass
spectroscopy (ICP–MS). The detection limit for arsenic by ICP–MS
was 0.001 mg/L. Anion concentrations were measured with ion
chromatography (IC). More details about model number and detec-
tion limits of these two instruments are given in Supplemental
information (Table S1). The Transmission Electron Microscopy
(TEM) images of CuO nanoparticles were obtained using a Hitachi
H-7000 equipped with a Gatan UltraScan 4000 digital camera. The
samples were dispersed in ethanol, exposed to ultrasonic vibration
for 30 min, and then placed on a carbon coated copper grid for TEM
analysis. The surface area of CuO was analyzed with BET method.
In this method, nanoparticles were dried under inert atmosphere
at 110 �C prior to the measurement. Nitrogen adsorbed on the sur-
face of the particles was analyzed using TriStar 3000 analyzer. The
pH was measured with Orion FiveStar pH probe.
4. Results and discussion

4.1. Nanoparticle and groundwater characterization

The CuO prepared in this study formed cylindrical shape nano-
particles (Fig. 2). The BET analysis of the CuO nanoparticles yielded
a specific surface area of 86.51 m2/g. The groundwater sample pH
was 7.62. Concentrations of major elements in mg/L were 76.2
(Ca), 17.0 (Mg), 3.25 (Na), 1.1 (K), 5.0 (Si), 17.6 (SO2�

4 ), 5.7 (Cl�),
and 4.66 (NO�3 ) (Table S2). The spiked arsenic concentration was
found to be 0.109 mg/L. Trace element concentrations in mg/L
were 0.069 (Cu), 0.001 (Pb), and 0.03 (Zn). Iron, Cr, Mn, Se, Cd,
and PO3�

4 were non-detectable (Table S2).

4.2. Kinetic models

The adsorption kinetics of arsenic on the nanoparticle is of great
importance for designing appropriate adsorption technologies. To
study the reaction kinetics, pseudo-first-order and pseudo-
second-order models were used. A pseudo-first-order kinetic
model, the Lagergren equation, which is represented as:

dq=dt ¼ ks1ðqeq � qtÞ ð1Þ

where qeq and qt are the amounts of arsenic adsorbed per unit
weight (mg/g) of adsorbent at equilibrium and at any time t, respec-
tively, and ks1 is the rate constant of pseudo-first order sorption
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Fig. 3. Pseudo-second-order adsorption kinetics of arsenic (initial arsenic concen-
tration = 100 lg/L, CuO nanoparticle concentration, A = 4.0 g/L, and B = 0.2 g/L).
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(1/min). After integration and applying boundary conditions, for
t = 0, q = 0, the integrated form of Eq. (1) becomes

logðqeq � qtÞ ¼ logðqeqÞ � ðks1=2:303Þ � t ð2Þ

If the rate of adsorption is a second-order mechanism, the
pseudo-second-order chemisorption kinetic rate equation [25] is
expressed as:

dq=dt ¼ kðqeq � qtÞ
2 ð3Þ

where k is the rate constant of pseudo-second-order sorption (g/
(mg min)). Integrating this equation for the boundary conditions
for t = 0, q = 0 gives

t=q ¼ ð1=kq2
eqÞ þ ð1=qeqÞ � t ð4Þ

The intercept of the linearized pseudo-second-order rate equa-
tion gives the second-order rate constant, k. The experimental data
were fitted to pseudo-first-order and pseudo-second-order equa-
tions. The kinetic model parameters are shown in Table 1. The cor-
relation coefficient (R2) values show that the pseudo-second-order
model (Fig. 3) is more suitable than the pseudo-first-order model
(Fig. S1) for arsenic adsorption.

These results suggest that the adsorption of arsenic onto CuO
nanoparticles follows pseudo-second-order kinetics, as shown in
Fig. 3. At higher CuO nanoparticle concentrations, the rate constant
of the pseudo-second-order equation was 36.18 g/mg min. How-
ever, at lower concentrations, the pseudo-second-order equation
was 0.26 g/mg min (Fig. 4).

The rate values indicated that the removal of arsenic by CuO
nanoparticles was faster at higher concentrations than in lower
concentrations. These results agree with previous studies, which
also predicted that arsenic adsorption by CuO followed pseudo-
second-order kinetics [21].
4.3. Adsorption of arsenic by CuO nanoparticles

The arsenic adsorption onto nanoparticles was studied by batch
experiments with varying reaction times. The arsenic adsorbed per
unit weight of nanoparticle as a function of time is shown in
Fig. S2. The experimentally predicted qeq values for 4.0 and
0.2 mg/L of CuO nanoparticles were very close to qeq values esti-
mated from pseudo-second-order kinetic model (Fig. S2 and Ta-
ble 1). Initial adsorption of arsenic at both concentrations (4 and
0.2 mg/L) was very rapid. Within 30 min, most of the arsenic was
adsorbed by CuO nanoparticles. At the lower concentration, CuO
nanoparticle showed the highest capacity to adsorb arsenic. More-
over, arsenic adsorption per unit of nanoparticle was decreased
with increasing concentrations of nanoparticle in solution. There-
fore, it can be concluded that the removal of arsenic by CuO nano-
particles should be more favorable at a lower concentration than a
higher one. These results are similar to recent CuO adsorbent dose
effect studies reported by Goswami et al. [21]. In addition, Pena
et al. [26] and Basu and Ghosh [27] also suggested similar results
using titanium oxide and iron oxide, respectively.
Table 1
Kinetic model parameters.

CuO (mg/L) R2 Rate constant, k (g/mg min)

Pesudo-1st-order kinetic model
4.0 0.831 0.093
0.2 0.890 0.013

Pesudo-2st-order kinetic model
4.0 1.000 36.18
0.2 1.000 0.26
4.4. Evaluation of flow-through reactor for arsenic removal

4.4.1. Sand layer
Arsenic concentrations from the continuous flow-through reac-

tor experiment with the sand layer only are shown in Table 2. Ini-
tially, arsenic concentration in groundwater decreased from 96 to
29 lg/L after passing 1 L of spiked groundwater through the reac-
tor. The initial variations in inlet versus outlet arsenic concentra-
tions in groundwater are thought to be due to the capillary
retention of water molecules by the sand particles in the pore
spaces. This effect is diminished as more inlet water was passed
through the reactor. After 20 L of inlet water passed through the
reactor, arsenic concentration in groundwater was 83 lg/L. The
concentration of arsenic in the composite sample was 68 lg/L.
The pH and concentration of major and trace elements in ground-
water with sand layer treatment did not change significantly
(Table S3). The results shown in Table 2 suggest that the sand layer
used in this study alone is not an effective media to remove arsenic
from water.
4.4.2. CuO nanoparticles with sand layer
Arsenic concentrations from the continuous flow-through reac-

tor experiments with CuO nanoparticles followed by the sand layer
are shown in Table 3. Two runs, before regeneration of CuO
Model estimate, qeq (mg/g) Experimental, qeq (mg/g)

0.009 0.024
0.199 0.420

0.0243 0.0240
0.4263 0.420



0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120

A
s 

(p
pb

)

Time (min)

Pseudo 2nd order rate constant 
(g/mg.min); CuO = 36.18

A

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700

A
s 

(p
pb

)

Time (min)

Pseudo 2nd order rate constant (g/mg.min);  
CuO = 0.26

B

Fig. 4. Pseudo-second-order rate constant of arsenic adsorption (initial arsenic
concentration = 100 lg/L, A = CuO nanoparticle concentration = 4.0 g/L, and B = CuO
nanoparticle concentration = 0.2 g/L).

Table 2
Arsenic concentrations from continuous flow-through reactor experiment with sand
layer.

Reaction time (min) Volume (L) pH As (lg/L)

Control sample 7.89 96.0
0 0.05 6.54 5.4
5 0.1 6.77 7.1

10 0.15 7.08 10
15 0.25 7.33 13.0
30 0.5 7.58 20.0
60 1.0 7.72 29.0

120 2.0 7.80 49.0
180 3.0 7.82 63.0
240 4.0 7.84 68.0
300 5.0 7.85 73.0
600 10.0 7.86 77.0
900 15.0 7.83 82.0

1200 20.0 7.83 83.0
Composite sample 8.02 68.0
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nanoparticles, with 20 L of arsenic-spiked groundwater samples
gave very similar results. The arsenic concentration decreased from
109 to 12.5 lg/L. The pH ranged between 7.55 and 7.92. Initially,
arsenic concentrations in groundwater sample remained below
10 lg/L, up to 6 L of groundwater sample passing through the reac-
tor. The CuO nanoparticle treatment did not show any discernible
effects on major or trace element concentration (Table S4). Copper
concentration in outlet sample increased from 0.051 to 0.210 mg/L.
However, Cu concentrations in both inlet and outlet samples were
below the US EPA MCL (maximum contaminant limit) of 1.3 mg/L.
Other studies with CuO nanoparticles also reported that Cu
concentration in treated water remains below the US EPA MCL
[17–23,28]. For example, Martinson and Reddy [18] and Reddy
and Roth [19] studies have treated over fifty groundwater samples,
collected from different western United States, with CuO and found
similar results. The dissolved Cu concentration in all above studies
remained well below the US EPA MCL limit. These results suggest
that CuO nanoparticles are an effective material to remove arsenic
from groundwater under a wide range of water chemistries.

4.5. Regeneration of CuO nanoparticles

Regenerated CuO nanoparticles were found to be more effective
than initial CuO nanoparticles in removal of arsenic from spiked
groundwater sample (Table 3). This is probably due to renewed
reactive surface area of regenerated CuO nanoparticles. The pH of
outlet groundwater sample increased slightly from 7.56 to 7.83,
whereas arsenic concentrations decreased effectively from 110 to
6.0 lg/L. Initially, arsenic concentrations remained below 10 lg/L,
up to 14 L of groundwater sample passing through the reactor.
The regenerated CuO nanoparticle treatment did not significantly
affect the concentrations of major and trace elements in ground-
water sample. In fact, Cu concentration decreased from 0.058 to
0.011 mg/L (Table S5) in treated groundwater sample. These re-
sults suggest that regenerated CuO nanoparticles can be used to re-
move arsenic from water. Arsenic mass balance data from
regeneration of CuO nanoparticles are shown in Table 4. These re-
sults suggest that 99.4% of input arsenic concentration was recov-
ered through the regeneration process.

4.6. Arsenic removal from natural groundwater samples

The data for three natural groundwater samples treated with
the continuous flow-through reactor are shown in Table 5. These
results suggest that the CuO nanoparticle flow-through reactor
effectively removed arsenic from groundwater samples without
pH or redox potential adjustments or removing competing ions.
Arsenic concentration in three samples remained well below the
detection limit of 1 lg/L after the treatment. These results are con-
sistent with data from the 20 L arsenic-spiked groundwater exper-
iments. The CuO nanoparticle treatment did not show any
significant changes in pH or major and trace element concentra-
tions (Table S6).
5. Conclusions

The emergence of natural arsenic in groundwater supplies in
many parts of the world, which adversely affects the health of mil-
lions of people, has raised awareness for the need to develop an
effective arsenic removal system. Conventional adsorbents (e.g.,
oxides of aluminum, iron, titanium, zirconium, and manganese)
have various limitations such as the requirement of pH adjust-
ments, oxidation of water, and removal of competing ions (e.g.,
phosphate, silicate, and sulfate). Also, disposal of waste sludge or
spent media produced from the conventional sorbents is a prob-
lem. Recent studies demonstrate that CuO nanoparticles remove
arsenic under a wide range of water chemistries without adjusting
the pH or redox potential or removing the competing anions (e.g.,
phosphate, silicate, and sulfate). The results of this study suggest
that arsenic adsorption process by CuO nanoparticles was kineti-
cally rapid and follow the pseudo-second-order rate. These nano-
particles are easy to regenerate and can be reused to remove
arsenic from water. Arsenic collected from the regeneration pro-
cess can be recycled or used in industrial processes because the
volume of regeneration fluids will be minimal. The regeneration
process of CuO nanoparticles could also help avoid difficulties in
the disposal of spent CuO nanoparticles. In addition, the removal
of arsenic with CuO nanoparticle showed only minor effects on



Table 3
Arsenic concentrations from continuous flow-through reactor experiments with CuO nanoparticles plus sand layer. A = CuO nanoparticles. B = regenerated CuO nanoparticles.

Time (min) Volume (L) A* = CuO nanoparticles B = Regenerated CuO nanoparticles

pH As (lg/L) pH As (lg/L)

Control sample 7.55 109 7.56 110
0 0.05 5.98 1.5 6.76 <1.0
5 0.1 6.60 2.5 7.08 <1.0

10 0.15 6.36 2.5 7.21 <1.0
15 0.25 6.51 3.0 7.46 <1.0
30 0.5 6.78 2.5 7.59 <1.0
60 1.0 7.25 2.0 7.63 <1.0

120 2.0 7.08 3.0 7.53 <1.0
180 3.0 7.17 3.0 7.46 <1.0
240 4.0 7.48 5.5 7.41 1.0
300 5.0 7.46 6.5 7.47 2.0
360 6.0 7.44 8.5 7.5 2.0
420 7.0 7.52 11.0 7.50 2.0
480 8.0 7.54 11.5 7.53 3.0
540 9.0 7.48 12.5 7.54 4.0
600 10.0 7.69 12.5 7.61 5.0
660 11.0 7.54 14.0 7.53 6.0
720 12.0 7.57 15.5 7.49 7.0
780 13.0 7.55 16.5 7.5 8.0
840 14.0 7.63 18.5 7.57 8.0
900 15.0 7.63 19.0 7.55 10.0
960 16.0 7.66 20.5 7.55 10.0

1020 17.0 7.79 21.0 7.53 11.0
1080 18.0 7.62 21.0 7.59 13.0
1140 19.0 7.62 23.0 7.63 13.0
1200 20.0 7.66 23.0 7.59 14.0

Composite sample 7.92 12.5 7.83 6.0

* Average of two runs.

Table 4
Arsenic mass balance data from the regeneration of CuO nanoparticles. Arsenic mass balance data for regenaration of CuO nanoparticles was calculated based on the second run.
Initial arsenic concentration was 110 lg/L and arsenic concentration in composite sample was 13 lg/L.

Total arsenic in spiked groundwater 2.2 mg Total arsenic in 182 mL of NaOH 0.43 mg
Total As remained in composite sample 0.26 mg Total arsenic in 300 mL of distilled deionized water 1.50 mg
Total As removed by the CuO 1.94 mg Total arsenic recovered in regeneration wash fluids 1.93 mg
Total % of arsenic recovered 99.4

Table 5
Arsenic concentrations from continuous flow-through reactor experiments with natural groundwater samples.

Time (min) Volume (L) Well 1 Well 2 Well 3

pH As (lg/L) pH As (lg/L) pH As (lg/L)

0 Control sample 7.60 12.0 7.39 12.0 7.48 15.0
0 0.05 6.55 <1.0 6.57 <1.0 6.39 <1.0
5 0.100 6.79 1.0 6.82 <1.0 6.47 <1.0

10 0.150 6.95 1.0 6.99 <1.0 6.75 <1.0
15 0.200 7.03 1.0 7.01 <1.0 6.84 <1.0
30 0.250 7.17 1.0 7.03 <1.0 7.04 <1.0
60 1.0 7.30 1.0 7.23 <1.0 7.18 <1.0

120 2.0 7.46 1.0 7.32 <1.0 7.31 <1.0
180 3.0 7.45 1.0 7.40 <1.0 7.36 <1.0
240 4.0 7.54 <1.0 7.46 <1.0 7.47 <1.0
300 5.0 7.52 1.0 7.49 <1.0 7.46 <1.0

Composite sample 7.80 <1.0 7.70 <1.0 7.74 <1.0
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the water chemistry (e.g., pH, major elements, and trace elements)
of treated groundwater samples. The arsenic adsorption and
desorption phenomenon of CuO nanoparticles demonstrated in
this study, through the flow-through reactor experiments, shows
potential in developing a practical one-step process for field
applications.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2013.01.041.
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