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a b s t r a c t

Malachite nanoparticles of 100–150 nm have been efficiently and for the first time used as an adsorbent
for the removal of toxic arsenate and chromate. We report a high adsorption capacity for chromate
and arsenate on malachite nanoparticle from both individual and mixed solution in pH ∼4–5. However,
the adsorption efficiency decreases with the increase of solution pH. Batch studies revealed that initial
pH, temperature, malachite nanoparticles dose and initial concentration of chromate and arsenate were
eywords:
alachite nanoparticles

ompetitive adsorption
hromate
rsenate
dsorption selectivity

important parameters for the adsorption process. Thermodynamic analysis showed that adsorption of
chromate and arsenate on malachite nanoparticles is endothermic and spontaneous. The adsorption of
these anions has also been investigated quantitatively with the help of adsorption kinetics, isotherm,
and selectivity coefficient (K) analysis. The adsorption data for both chromate and arsenate were fitted
well in Langmuir isotherm and preferentially followed the second order kinetics. The binding affinity of
chromate is found to be slightly higher than arsenate in a competitive adsorption process which leads to
the comparatively higher adsorption of chromate on malachite nanoparticles surface.
. Introduction

The recent environmental issues are receiving increasing atten-
ion for being contaminated by toxic elements such as chromium
nd arsenic due to their potentially hazardous risk to public health
nd the environment. Arsenate and chromate are toxic anionic
ollutants that contaminate the water system and enter the food
hain causing fatal disease in human [1–4]. These toxic pollutants
re introduced into the environment from a variety of processes
uch as, mineral weathering, mining, industrial applications includ-
ng leather tanning, textile dyeing, metal finishing, electroplating,
norganic chemicals production [5,6]. Hexavalent chromium usu-
lly exists in wastewater as oxyanions such as chromate (CrO4

2−)
nd dichromate (Cr2O7

2−) which are mostly toxic, carcinogenic and
utagenic and does not precipitate easily using conventional pre-

ipitation methods [7,8]. Similarly, the common forms of arsenate

redominantly present are H2AsO4

−, HAsO4
2−and AsO4

3− [9] in
xygen rich aerobic waste sources [10] are capable of imposing sev-
ral health hazards in terms of various skin, lung, and kidney cancer
s well as pigmentation changes, neurological disorders, muscular
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weakness, etc. [11–13]. Therefore, the removal of these pollutants
from the contaminated waste sources is critically important for the
protection of human health and sustainable environment.

Numerous methods have been developed for the removal
of such pollutants in wastewater, including adsorption, electro-
chemical precipitation, ion exchange, membrane ultra-filtration,
reverse osmosis and reduction [5,6,14,15]. Emerging as one
of the most promising techniques for removal of pollutants
from industrial wastewaters, adsorption technology has been
employed widely [16] and established as an effective method
in remediation technologies. Adsorption, when combined with
appropriate desorption step, can also solves the problem of
sludge disposal [17], which is a major concern in precipitation
method.

Now a days, nanoparticles are in high demand in environmen-
tal remediation technologies for their high surface to volume ratio.
As discussed above, a nano-structured materials having positive
charge on its surface can be effective for adsorbing the anionic
pollutants from waste sources. In this regard, malachite nanopar-
ticles [18], a basic hydrophilic surface, can be a good choice for
removal of chromate and arsenate. Malachite or basic copper car-

bonate is a naturally occurring secondary copper mineral with the
composition of Cu2(OH)2CO3. Previous studies have reported that
the malachite nanoparticles have the –CO3 and –OH groups on the
surface [18,19], having a pHpzc of ∼7.5. Therefore, the malachite
nanoparticle surface would be positively charged in the broad pH

dx.doi.org/10.1016/j.jhazmat.2010.11.036
http://www.sciencedirect.com/science/journal/03043894
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ange upto ∼7.5, which in turn can be a potential surface for adsorp-
ion of anionic pollutants such as chromate and arsenate.

In this article, we demonstrate the adsorption behaviour of two
nionic pollutants such as, chromate and arsenate on a new basic
ydrophilic nanoparticle surface. Malachite nanoparticles with an
verage size of 100–150 nm have been prepared and characterized
reviously [18]. For the first time, malachite nanoparticles have
een used for the adsorption studies of anionic pollutants such as
hromate and arsenate. Herein, we report higher and simultaneous
emoval of both chromate and arsenate from single as well as binary
ystem. Influence of other variable parameters likely, pH, temper-
ture and concentration was studied in detail. Detail adsorption
inetics, isotherm studies and thermodynamic analysis have also
een for both cases.

. Experimental

.1. Materials

Stock solutions of 500 mg L−1 of chromate and arsenate were
repared from K2Cr2O7 and Na2HAsO4·7H2O of analytical grade
rocured from Merck India. From the stock standard solutions,
nion solutions of the desired concentrations for experimenta-
ion were prepared by appropriate dilution with Milli-Q water
18.2 M�) as required.

.2. Preparation of malachite nanoparticles and adsorption
tudies

Malachite nanoparticles with an average size of 100–150 nm
ave been synthesized and characterized as described previously
18]. Briefly, 8 mM of CuSO4·5H2O solution was stirred well with
mM aqueous solution of SDS; 10 mM Na2CO3 solution was then
dded drop wise with constant stirring at room temperature.
he green suspension formed, was separated by centrifugation,
nd was subsequently washed with alcohol and Milli-Q water
rior to use. Synthesized malachite nanoparticles were previously
haracterized by transmission electron micrograph (TEM), thermo-
ravimetric analysis (TGA), FT-IR spectroscopy, and powder X-ray
iffraction (PXRD). The surface area and the surface charge of mala-
hite nanoparticles were analyzed by BET-isotherm analysis and
-potential measurement, respectively [18].

Adsorption experiments were conducted in batch technique to
btain kinetic and equilibrium data. Different initial concentra-
ions of chromate and arsenate were stirred with defined 5 g L−1

f malachite nanoparticles separately. Solution pH of the adsorp-
ion experiments was varied (by 0.1 M HCl and NaOH) from 4.0
o 9.0 to check the adsorption efficiency of malachite nanoparti-
les for both chromate and arsenate. Kinetics experiments were
arried out at different time interval by withdrawing the aliquot of
upernatant from the adsorption mixture until steady state reaches.
he sample withdrawn from solution at regular time interval was
mmediately centrifuged in 15,000 rpm for 10 min to stop further
eaction. The supernatant was collected and analyzed for remain-
ng chromate and arsenate concentrations. Amount of anion uptake
t equilibrium (qe value, mg g−1) was calculated from the following
quation:

e = (C0 − Ce)V
m

(1)

here, C0 and Ce are the initial and equilibrium metal ion concen-

ration in aqueous medium (mg L−1), V is volume of the sample
L) and m is the amount of adsorbent added (g). The influence of
anoparticle concentration on the adsorption of arsenate and chro-
ate was performed with a malachite nanoparticle concentration

rom 5 to 20 g L−1. Adsorption isotherms were studied with vary-
Materials 186 (2011) 575–582

ing concentrations of chromate and arsenate (20–500 mg L−1) with
fixed amount of malachite nanoparticles (5 g L−1). Temperature
depended studies were performed in an increasing temperature
range from 10 to 40 ◦C in an indigenous temperature controlled
stirring unit coupled with a water cooler (Lauda). Competitive
adsorption study of these anions was performed with a mixed
solution containing 50 mg L−1 of both chromate and arsenate. The
adsorption efficiency of each ions was calculated from the following
equation,

Adsorption efficiency(%) = Ci − Cf

Ci
× 100 (2)

where Ci and Cf are respective initial and final concentration of
chromate and arsenate individually in the mixed system. Desorp-
tion of chromate and arsenate from the adsorbent surface was
carried out in batch mode. After equilibrium reaches, the adsor-
bent containing adsorbed chromate and arsenate was separated
by centrifugation and air dried. For desorption studies after dry-
ing the adsorbent was re-dispersed and the pH was raised from
9 to 12 using 0.1–0.5 M NaOH. The mixture was centrifuged at a
regular time interval and the supernatant was measured for the
concentration of desorbed chromate and arsenate in liquid phase.
Similarly the desorption efficiency of each ions was calculated from
the following equation,

Desorption efficiency(%) = (Ci − Cf) − Cd

(Ci − Cf)
× 100 (3)

Here, Cd is the concentration of each ions after desorption
from malachite nanoparticle surface. The concentration of total
chromium and arsenic was measured in atomic absorption spec-
trophotometer (Spectra AA Varian, model 55B) after adsorption and
desorption. Control was taken in each case and all experiments
were performed in duplicate for data consistency.

3. Results and discussion

3.1. Influence of solution pH

Surface properties of the adsorbent and ionic forms of metal ions
in solution are largely controlled by the initial pH of the medium.
The value of pHPZC of malachite nanoparticles is around 7.5. The
adsorption efficiency was maximum for pH 4 in both the cases
of chromate and arsenate and reduces thereafter as the pH was
raised (Fig. 1a). The presence of chromate and arsenate on the mala-
chite nanoparticle surface after adsorption was confirmed by EDX
analysis (Fig. 1b and c). These results could be justified taking the
pHPZC of the malachite nanoparticle surface into account and the
anionic forms of both the anions. In the pH range from 2 to 6, for
Cr(VI), HCrO4

− and Cr2O7
2− are predominating species in the equi-

librium and in basic medium it exist as CrO4
2− [20]. Similarly As

(V) ion occurs mainly in the form of H2AsO4 – in the pH range
between 3 and 6, while a divalent anion HAsO4

2− dominates at
higher pH values [21]. Therefore, at pH range 2.0–6.0, the mala-
chite surface (pH < pHPZC) remains positively charged and further
the –OH groups in the malachite surface gets protonated to a higher
extent and turns to –OH2

+. This positively charged malachite sur-
face facilitates the electrostatic interaction [22,23] with the anionic

pollutants, which in turn leads to a higher adsorption capacity. At
higher pH, due to more OH− ions on malachite surface carrying
net negative charges, the repulsion between the anions (CrO4

2−

and HAsO4
2−) [24] and the nanoparticles surface increases, which

results in a decreased adsorption capacity of both the anions.



J. Saikia et al. / Journal of Hazardous Materials 186 (2011) 575–582 577

F malac
d hite n

3

o
T
m
T
a
m
l
i
c
t
a
L
(

l

(

w
a
a
s
o
c
l
(
a
i

p
w
d

q

w
a
c
p
i
n

fitted model and given in Table 1. The linearized curve in both the
cases do not passes through the origin (∼1.0 mg g−1 for chromate
and ∼3.6 mg g−1 for arsenate) indicates that intraparticle diffusion
is involved in the adsorption process but it is not the only rate-
ig. 1. (a) Effect of initial solution pH on chromate and arsenate ions adsorption by
ose = 5 g L−1) and EDX analysis of adsorbed (b) arsenate and (c) chromate on malac

.2. Adsorption steady state and kinetic model

The kinetics of adsorption describes the rate of ions uptake
n the nanoparticle and this rate controls the equilibrium time.
he kinetics of adsorbate uptake is required for selecting opti-
um operating conditions for the full-scale batch process [25].

he kinetic parameter, which is helpful for the prediction of
dsorption rate, gives important information for designing and
odeling the processes. Thus, the effect of contact time was ana-

yzed from the kinetic point of view. From the equilibrium studies,
t was found that steady state reaches within 12 h and 5 h for
hromate and arsenate respectively irrespective of initial concen-
ration (Fig. 2). The adsorption kinetics of chromate and arsenate
dsorption on malachite nanoparticle was studied with respect to
agergren first order (Eq. (4)) and second order kinetic model (Eq.
5)) [26].

og(qe − qt) = log qe −
(

1
2.303

)
k1t (4)

t

qt

)
=

(
1

q2
ek2

)
+

(
t

qe

)
(5)

here, the qt and qe (mg g−1) are the adsorption capacities at time t
nd at equilibrium, respectively. k1 (L min−1) and k2 (g mg−1 min−1)
re first and second order rate constant, respectively. Table 1
hows all the kinetic constant values. It was found that the first
rder rate equation showed correlation coefficient of 0.984 for
hromate and 0.990 for arsenate; while the second order corre-
ation coefficient was 0.994 for chromate and 0.995 for arsenate
Table 1). Therefore the adsorption process for both chromate and
rsenate can be better described by the second order reaction kinet-
cs.

Another empirically established functional relationship pro-
osed by Weber and Morris [27], the intraparticle diffusion model
as applied to fit the kinetic experimental results. The root time
ependent equation is given (Eq. (6)) by,

t = Kit
1/2 + C (6)

here Ki (mg g−1 min−0.5) is an intraparticle diffusion rate constant

nd C (mg g−1) is the intercept. The slope in the linearized fitted
urve using intraparticle model (Table 1), characterizes the rate
arameter corresponding to the intraparticle diffusion, whereas the

ntercept of this portion is proportional to the boundary layer thick-
ess. The values of rate constant Ki and C were calculated from the
hite nanoparticles. (Chromate and arsenate concentration = 100 mg L−1; adsorbent
anoparticles.
Fig. 2. Effect of initial metal concentration and contact time on adsorption (a)
for chromate and (b) for arsenate (pH 5; absorbent dose = 5 g L−1; tempera-
ture = 30 ± 1 ◦C; stirring speed = 200 rpm for both).
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Table 1
Comparison of rate constants calculated and qe values based on respective first-order, second-order and intra-particle diffusion kinetic models.

qe exp (mg g−1) First order kinetics Second order kinetics Intra-particle diffusion kinetics

l. (mg

l
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qe cal. (mg g−1) k1 (L min−1) R2 qe ca

Chromate 14.2 11.6 0.0015 0.984 13
Arsenate 12.5 8.1 0.0071 0.990 14.0

imiting mechanism and that some other mechanisms also play an
mportant role. Surface adsorption and intraparticle diffusion were
ikely to take place simultaneously.

.3. Effect of malachite nanoparticle concentration

Concentration of malachite nanoparticles was varied from 5
o 20 g L−1 (for 100 mg L−1 initial chromate and arsenate) in a
atch mode adsorption study at pH ∼5.0. As the concentration of
alachite nanoparticle was increased from 5 g L−1 to 20 g L−1 the

dsorption capacity (qe) was found to decrease (Fig. 3). The total
emoval efficiency (%) of chromate and arsenate is increased with
he increase in malachite nanoparticle concentration. As the mass
f the adsorbent is increased, the total surface area and in turns the
umber of active adsorption sites increases. However the amount
f anions adsorbed per unit mass/area of adsorbent decreases, due
o the increase in available surface area, resulting in reduction of
he adsorption capacity (qe).

.4. Effect of initial ion concentration and adsorption isotherm

The equilibrium adsorption isotherm of chromate and arsenate
re presented in Fig. 4. The initial anion concentration was varied
rom 20 to 500 mg L−1 with 5 g L−1 of malachite nanoparticles at pH
5.0. According to the slope of initial portion of the curve, as seen

rom Fig. 4, the adsorption isotherm may be classified as H-type
f the Giles’ classification [28]. The H-type isotherms are the most

ommon and correspond to high affinity of adsorbate for a given
dsorbent. Hence, competition from the solvent for adsorption sites
as not observed. As the isotherm tends to plateau, it seems rea-

onable to assume that complete coverage of the adsorbent surface
ccurs and steady state is reached.

ig. 3. Effect of nanoparticle concentration on the adsorption of (a) chromate and (b)
rsenate (pH 5.0; initial anion concentration = 100 mg L−1; temperature = 30 ± 1 ◦C;
tirring speed = 200 rpm for both).
g−1) k2 (g mg−1 min−1) R2 Ki (mg g−1 min−0.5) C (mg g−1) R2

0.0004 0.994 0.3950 1.0 0.983
0.0011 0.995 0.4507 3.6 0.982

The adsorption process of chromate and arsenate is analyzed
with Langmuir, Freundlich and Dubinin–Radushkevich isotherm
model. The main consideration of Langmuir isotherm is sorption
takes place at specific homogeneous sites within the adsor-
bent, indicating a monolayer adsorption process (constant heat
of adsorption for all sites). The linearized Langmuir isotherm is
expressed as

Ce

qe
=

(
1

Qmb

)
+

(
1

Qm

)
Ce (7)

where, Ce (mg L−1) and qe (mg g−1) is the equilibrium metal ion
concentration in aqueous and solid phase respectively. Qm is the
maximum monolayer uptake by the adsorbent (mg g−1), and b is
the Langmuir binding constant of the adsorption. A constant sep-
aration factor called “constant separation factor” or “equilibrium
parameter”, RL is defined as

RL = 1
(1 + bC0)

(8)

The values of RL informs about the favorability of the sorp-
tion process. For a favorable adsorption process, 0 < RL < 1; whereas
R = 0 for the irreversible case, R = 1 for the linear case and R > 1
for unfavorable adsorption process [26]. The Freundlich adsorption
isotherm is generally based on multilayer adsorption on heteroge-
neous surface this holds the assumption that the adsorption sites
are distributed exponentially with respect to heat of adsorption.
Freundlich isotherm is given as

1

log qe = log Kf +

n
log Ce (9)

Kf (mg g−1) is the Freundlich’s uptake factor and n denotes Fre-
undlich’s intensity factor [29]. The value of n in the range of 1–10
denotes favorable adsorption, could be find out from the linearized

Fig. 4. Adsorption isotherm plot of (a) chromate and (b) arsenate, on malachite
nanoparticles (pH 5.0; temperature = 30 ± 1 ◦C; stirring speed = 200 rpm for both).
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Table 2
Adsorption isotherm parameters of chromium and arsenate on malachite nanoparticles.

Langmuir isotherm Freundlich isotherm D–R isotherm

mg g−
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mined from Van’t Hoff equation (Eq. (15)),

ln(Kc) =
(

�So

R

)
–
(

�Ho

R

)
1
T

(15)
Qm (mg g−1) b (L mg−1) R2 RL Kf (

Chromate 82.2 0.009 0.999 0.52 1.4
Arsenate 57.1 0.006 0.992 0.62 1.5

orm of Freundlich isotherm. The values of regression coefficients
btained from these models were used as the fitting criteria to
nd out these isotherms. It was found that the plots in both the
ases depicted the linear form of the isotherms and the extremely
igh correlation coefficients (R2

Langmuir = 0.999 for chromate and

.992 for arsenate; R2
Freundlich = 0.975 for chromate and 0.981 for

rsenate), indicating both monolayer and heterogeneous surface
onditions may exist. The maximum adsorption capacity (Qm) for
hromate and arsenate, obtained from Langmuir isotherm model
as 82.2 mg g−1 and 57.1 mg g−1, respectively (Table 2). The RL val-
es, calculated using Eq. (8), were in between 0 and 1 (0.52 and
.62 for chromate and arsenate respectively) for both the anions,

ndicating the favorable adsorption process.
Dubinin and Radushkevich (D–R) equation [30] is represented

n a linear form by equation:

n qe = ln Q0 − KDRε2 (10)

here, KDR (mol2 kJ−2) is a constant related to mean adsorption
nergy; and ε is the Polanyi potential, which can be calculated from
quation:

= RT ln
(

1 + 1
Ce

)
(11)

The slope of the plot of ln qe versus ε2 gives KDR (mol2 kJ−2)
nd the intercept yields the sorption capacity, Q0 (mg g−1). T is
he absolute temperature in K and R is the universal gas con-
tant (8.314 J mol−1 K−1). The adsorption energy for these anions
n malachite nanoparticles can be calculated using the following
elationship [30],

= 1√
2KDR

(12)

The isotherm constants for Langmuir, Freundlich and D–R mod-
ls are calculated from the isotherm equations and given in Table 2.
he adsorption energy of chromate and arsenate worked out using
q. (12) was found to be 3.38 kJ mol−1 and 2.89 kJ mol−1, respec-
ively. In both the cases the E value is less than 16 kJ mol−1, which
ndicates that the physical adsorption is the major process involved
or adsorption of chromate and arsenate. The positive value of E
ndicates that the sorption process was endothermic so that higher
olution temperature would favor the sorption process.

.5. Effect of temperature and thermodynamic study

Temperature of the system in an adsorption process is very
mportant regulating parameter which is associated with different
hermodynamic aspect of this process. The thermodynamic favor-
bility of a process can be obtained from this analysis. To study
he thermodynamics of a process, the adsorption was carried out
t different temperature from 10 ◦C to 40 ◦C for 100 mg L−1 of con-
entration for both chromate and arsenate. It was found from the
esults that the adsorption capacity increased from 11.4 mg g−1 to
5.6 mg g−1 for chromate and 10.1 mg g−1 to 12.1 mg g−1 in case

f arsenate when temperature is increased from 10 ◦C to 40 ◦C
Fig. 5a). The standard Gibbs free energy change (�G◦) was cal-
ulated from the following equation,

G◦ = − RT ln(Kc) (13)
1) n R2 Q0 (mg g−1) KDR (mol2 kJ−2) R2

1.45 0.975 41.07 0.0437 0.931
1.85 0.981 25.028 0.0596 0.841

where R is the universal gas constant (8.314 J mol−1 K−1) and T
is temperature in Kelvin. Kc is the equilibrium stability constant,
which was calculated at each temperature using the relation,

Kc = Cs

Ce
(14)

where, Cs and Ce is the equilibrium chromate and arsenate (in
respective cases) concentration on adsorbent and aqueous phase,
respectively. The Gibbs free energy changes (�G◦) in this temper-
ature range were calculated from Eq. (13), and are given in Table 3.
The negative values of �G◦ suggest that the adsorption process is
spontaneous and thermodynamically favorable [31]. The average
standard enthalpy change (�H◦) and entropy (�S◦) were deter-
Fig. 5. (a) Adsorption capacity of chromate and arsenate in temperature range of
10–40 ◦C and (b) Van’t Hoff plot of chromate and arsenate adsorption on malachite
nanoparticles.
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Table 3
Thermodynamic parameters of chromate and arsenate adsorption onto malachite nanoparticles.

Temp. (K) Chromate Arsenate

�G◦ (kJ mol−1) �S◦ (J mol−1 K−1) �H◦ (kJ mol−1) �G◦ (kJ mol−1) �S◦ (J mol−1 K−1) �H◦ (kJ mol−1)

283 −0.676 85.88 23.34 −0.056 35.47 9.861

�
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288 −1.580
293 −1.966
303 −2.781
313 −3.360

H◦ and �S◦ was calculated from the slope and intercept of plot
etween ln (Kc) vs. (1/T) based on Van’t Hoff equation (Fig. 5b).
o a certain extent, physisorption and chemisorption can be clas-
ified by the magnitude of the enthalpy change (�H◦). Bonding
trengths of less than 84 kJ mol−1 are typically considered as those
f physisorption bonds. Chemisorption bond strengths can be
4–420 kJ mol−1 [32]. From Van’t Hoff curve it was found that the
alue of �H◦ is about 23.3 and 9.86 kJ mol−1 K−1, respectively for
hromate and arsenate. This established that in adsorption process
akes place mainly through physisorption. This also supports the
revious discussion obtained from D–R isotherm model. The value
f �S◦ was found to be positive reflecting the spontaneity of the
dsorption process. The positive values of �H◦ revealed that the
dsorption process was endothermic in nature; which leads to the
igher adsorption capacity at higher temperature as obtained from
his experiment.

.6. Competitive adsorption and desorption studies
Competitive study with 50 mg L−1 of both chromate and
rsenate reflects similar adsorption behaviour as observed in
ingle-component study. The adsorption efficiency of chromate and
rsenate from binary mixture was ∼70% and ∼61%, respectively
Fig. 6a). However in binary mixture, the adsorption efficiency (%)

ig. 6. (a) Adsorption efficiency of chromate and arsenate from a mixed solution contain
hromate and arsenate in individual and competitive adsorption process; (c) selectivity c
nd (d) desorption efficiency of both chromate and arsenate in higher alkaline pH.
−0.371
−0.665
−0.963
−1.131

of these two pollutants decreases to some extent compared to that
of in single-component study (∼75% for chromate and ∼66% for
arsenate). This is mainly due to the competitive binding of these
two anions on malachite nanoparticles.

Moreover, in the competitive and single-component study, the
binding capacity of these anions on malachite nanoparticles was
analyzed with the respective distribution coefficient (Kd) values
of each ions. The distribution coefficient (Kd) is described as the
ability of adsorbents to remove a given ion from solution and can
be expressed as

Kd = qe

Ce
(16)

where qe and Ce are steady-state concentrations of a given ion on
adsorbent (mg g−1 of adsorbent) and in solution (mg L−1), respec-
tively. The Kd values of chromate (∼0.47 L g−1) is slightly higher
than that of arsenate (∼0.31 L g−1) in both single-component and
competitive study (Fig. 6b). However, the Kd values of both the
anions decreases in competitive study compared to that in single-
component study. In a mixed solution, the decrease in Kd value of

an ion is mainly due to the competitive binding of chromate and
arsenate present in the solution.

In addition, in a competitive study, the adsorption of different
metal ions is mainly governed by the preferential binding affinity
of the ions toward the binding site of the adsorbent. A selectivity

ing 50 mg L−1 of each anion (at pH ∼5.0); (b) distribution coefficient (Kd) values of
oefficient values (K) of chromate and arsenate in a competitive adsorption process;
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oefficient (K) for the binding of a specific ion in the presence of
ther competitive ions can be obtained from equilibrium binding
ata (Eq. (17)) [33]

1(solution) + m2(adsorbent) → m1(adsorbent) + m2(solution)(17

1 = {[m1]adsorbent[m2]solution}
{[m1]solution[m2]adsorbent}

= Kd(m1)
Kd(m2)

(18)

here, Kd is the distribution coefficient of the metal ions and K1
epresents the ratio of Kd values of one ion (m1) to another (m2)
sed in the mixed solution. In the competitive study of chromate
nd arsenate, the selectivity coefficient of chromate (KCr/As = 1.5) is
igher than that of arsenate (KAs/Cr = 0.67) (Fig. 6c). This indicates
comparatively higher binding affinity of chromate than arsenate,
hich also reflects in the adsorption efficiency in competitive study

Fig. 6a).
Desorption efficiency of chromate and arsenate loaded mala-

hite nanoparticles in the pH range from 9.0 to 12.0 is shown in
Fig. 6d). It has been observed that ∼58% of the adsorbed anions
ere desorbed at pH ∼9.0–10.0. However, upon increasing the
H up to ∼12.0, final desorption efficiency was ∼61% and ∼66%
or chromate and arsenate, respectively. The desorption of these
nionic pollutants from malachite nanoparticle surface at higher
H is mainly due to the electrostatic repulsion between the anionic
ollutants and malachite surface. As discussed before, at pH > 7.5
he malachite nanoparticle surface is negatively charged and the
redominant species of chromate and arsenate is CrO4

2− [20] and
AsO4

2−/AsO4
3− [9] in this pH range. Therefore the electrostatic

epulsion between the negatively charged malachite nanoparticle
urface and anionic pollutants as well as the electrostatic repulsion
etween these two anionic species on malachite surface lead to
esorption of these pollutants from malachite nanoparticle surface.

. Conclusion

In this article, we have demonstrated the efficient adsorption
f toxic arsenate and chromate from wastewater on malachite
anoparticles at pH∼4.0–5.0. However the adsorption capacity
ecreased with the increase in pH. Kinetic models revealed that
he adsorption followed second order kinetics. Intraparticle diffu-
ion rate (Ki) indicates that intraparticle diffusion is involved in
he adsorption process but it is not the only rate-limiting mecha-
ism and surface adsorption and intraparticle diffusion were likely
o take place simultaneously. The adsorption process was well
tted by the Langmuir isotherm with maximum monolayer cov-
rage of 82.2 mg g−1 and 57.1 mg g−1 for chromate and arsenate,
espectively. The positive E values calculated from the D–R model,
ndicates that the physical adsorption is the major process involved
or adsorption of chromate and arsenate and endothermic in nature.
he negative �G◦ and positive �S◦ values from thermodynamic
nalysis also reveals the spontaneity of the adsorption process.
ompetitive study with a mixed solution showed the efficient and
imultaneous adsorption of both chromate and arsenate on mala-
hite nanoparticles. However, the binding affinity of chromate with
alachite surface was found comparatively higher than arsenate

s calculated from selectivity coefficient analysis. Therefore, the
alachite nanoparticles can be used as a potential nano-structured
aterial for efficient removal of toxic pollutants from wastewater.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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