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» The adsorption of Cr(VI) follows a pseudo-second-order kinetic model.
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» Solution pH and presence of humic acid influence adsorption.
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Maghemite nanoparticles were prepared by a co-precipitation method and characterized by Fourier
transform infrared spectroscopy, transmission electron microscopy, X-ray photoelectron spectroscopy,
nitrogen adsorption and desorption isotherms. The Brunauer-Emmett-Teller surface area, average parti-
cle size, pore volume and porosity of maghemite were 73.8 m?g~!, 17.2 +4.4 nm, 0.246 cm> g™, and
56.3%, respectively. Removal of Cr(VI) by the maghemite nanoparticles follows a pseudo-second-order
kinetic process. Intraparticle diffusion kinetics implies the adsorption of Cr(VI) onto the maghemite
occurs via two distinct phases: the diffusion controlled by external surface followed by an intra-particle
diffusion. The equilibrium data was nicely fit to the Langmuir and Langmuir-Freundlich (L-F) models and
indicates the adsorption of Cr(VI) is spontaneous and highly favorable. The heterogeneity index, 0.55,
implies heterogeneous monolayer adsorption. The adsorption Cr(VI) is favorable under acidic and neutral
conditions with maximum removal observed at pH 4. The adsorption of Cr(VI) is modestly inhibited by
the presence of >5 ppm humic acid. In summary, the adsorption of Cr(VI) by maghemite nanoparticles is
rapid, can be accurately modeled, and is effective under a variety of conditions. Our results indicate these
magnetic materials have promising potential to cleanup Cr(VI) contaminated waters to acceptable drink-
ing water standards.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

are strongly dependent on the oxidation state. In nature, chromium
exists primarily in two oxidation states (IIl and VI). Cr(Ill), an

Chromium is a common drinking water contaminant in the USA
because of its wide spread use in industrial processes [1]. The use
of chromium in wood preservatives, leather tanning, paint formu-
lation, steel fabrication, and metal finishing are the main sources of
chromium based pollution. The toxicity and mobility of chromium
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essential trace element for human beings, may play a role in the
metabolism of glucose [2]. Cr(VI) is a more toxic and soluble specie,
compared to Cr(Ill) which is toxic only at a high concentrations.
CrO;~ and Cr,02" are the primary forms of Cr(VI) with Cr,0%
being predominant under strongly acidic conditions and at high
Cr(VI) concentrations in aqueous solutions [3]. Cr(VI) is a human
carcinogen and poses a significant threat to the environment and
human beings [4]. The World Health Organization (WHO) recom-
mends a maximum allowable level of 50 ppb total chromium for
drinking water. The US Environmental Protection Agency
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established a guideline of 100 ppb maximum contaminant level for
total chromium in drinking water [5], while California’s office of
Environmental Health Hazard Assessment proposed in 1999 a pub-
lic health goal of <2.5 ppb for total chromium [6].

Unlike many organic pollutants, chromium species are not
removed and/or degraded through typical environmental and bio-
logical processes, thus it is critical to develop and identify an
effective method for the removal of chromium from industrial
wastewater. Water purification technologies must be capable of
reducing the level of chromium considered safe for human con-
sumption. A number of conventional methods have been em-
ployed for the removal of Cr(VI) from wastewater [7].
Adsorption processes can offer significant advantages including
availability, profitability, ease of operation and efficiency, in com-
parison with many conventional methods. A variety of natural
and synthetic materials have been used as Cr(VI) sorbents, includ-
ing activated carbons, biological materials, zeolites, chitosan, and
industrial wastes. Unfortunately, these sorbents can also suffer
from a number of disadvantages, including high cost, low adsorp-
tion capacity and/or difficulties associated with separation and
removal following treatment. The application of magnetic nano-
particles for adsorption is attractive because of their high surface
area, easy separation and recovery [8,9]. Iron based materials are
especially attractive because they are inexpensive and environ-
mentally friendly [10,11]. The magnetite form of iron can be oxi-
dized to maghemite under aerated conditions [12]. Maghemite, a
common magnetic material, is a promising adsorbent for heavy
metals removal because it is inexpensive, readily available and
can be easily separated and recovered [13,14]. While maghemite
nanomaterials appear to be promising for Cr(VI) removal, detailed
kinetic and adsorption studies have yet to be reported. Herein we
report the synthesis of maghemite nanoparticles by a co-precipi-
tation method. The observed adsorption of Cr(VI) by maghemite
nanoparticles is rapid, accurately model and effective under a
variety of conditions. Our results demonstrate these maghemite
nanoparticles with high adsorption capacity and magnetic prop-
erties are promising materials for the Cr(VI) removal from aque-
ous solution.

2. Materials and methods
2.1. Materials

Trace metal grade nitric acid, sodium hydroxide, ferric chloride
hexahydrate, ferrous chloride tetrahydrate, 29% ammonium
hydroxide and ethanol were purchased from Fisher. Potassium
chromate was obtained from Mallinckrodt. Humic acid was ob-
tained from Fluka. All the chemicals were used without further
purification. All the solutions were prepared with Millipore filtered
water (18 MQ cm).

2.2. Preparation of maghemite

All solutions were purged with argon for 15 min to remove oxy-
gen prior and during reaction. Iron solutions of FeCl,-4H,0 (2.0 g)
and FeCls5-6H,0 (5.4 g) were diluted to 30 mL with water. The iron
mixture was stirred magnetically, gently purged with argon and
heated to 80 °C and then 40 mL of 15% diluted ammonium hydrox-
ide solution added dropwise into the mixture over a 20 min time
interval. The mixture was aged at 80 °C for an additional 40 min.
The product was rinsed with water then ethanol three times. The
samples were separated using a magnet and dried in a vacuum
oven at 50 °C to a constant weight [15].

2.3. Characterization

The dried maghemite samples from a single batch were used for
adsorption experiments and characterization using XPS, FTIR and
TEM. TEM was used for measurement of the average size. The Fou-
rier transform infrared spectroscopy (FTIR) spectra were collected
using a Perkin-Elmer spectrum 100 FTIR spectrometer. Transmis-
sion electron microscopy (TEM) was carried out using a Philips
CM20 with field emission gun at 200 kV and energy dispersive
analysis X-ray (EDAX). X-ray photoelectron spectroscopy (XPS)
was determined using a PHI 5000 VersaProbe with Al Ko radiation
(1486.6 eV) at a takeoff angle at 45°. The binding energies were ref-
erenced to the C1s core level at 284.8 eV. Nitrogen adsorption and
desorption isotherms were performed on a Tristar 300 (Micromer-
itics) porosimeter analyzer. The sample was prepared by purging
with nitrogen gas at 150°C for 2.0h using a Flow Prep 060
(Micromeritics) before analysis.

2.4. Adsorption tests

Volumetric glassware was used in the preparation and transfer
of all Cr(VI) solutions. Maghemite particles were added to 200 mL
Cr(VI) solutions at the desired concentration in a 250 mL Erlen-
meyer flask. The experiments were carried out on an orbit shaker
(Lab-line instrument Inc., model 3520) with continual mixing at
300RPM at ~25°C in a temperature controlled laboratory. Five
mL of sample were taken at the specific time intervals and filtered
through a 0.45 um PTFE filter immediately to remove the sus-
pended particles. To the filtrates, nitric acid was added to yield a
nitric acid concentration of 0.2% prior to analysis. The concentra-
tion of chromium was measured using a Perkin-Elmer AA600
atomic absorption spectrophotometer. The current was 25.0 mA,
with the wavelength of detection set at 357.9 nm and slit band-
width of 0.7 nm as recommended by the manufacturer. Sample
concentrations were determined based on a calibration of the
instrument in the range from 1 to 50 ppb of chromium. The repro-
ducibility based on representative triplicate runs was +5%.

3. Results and discussion
3.1. Characterization

FTIR analysis was employed to determine specific functionality
of the nanoparticles. The most abundant functional group observed
in our samples of maghemite was the hydroxyl group with a broad
band at 3300 cm~! (OH stretching mode), and bands at 1625.3 and
1428.2 cm~! (OH bending modes). The Fe-O stretching bands ap-
pear at 539.2 and 526.8 cm~! [16]. The TEM image of maghemite
shows the average size of synthesized maghemite particle is
17.2 + 4.4 nm. The EDAX analysis showed the particles contained
31.28% 0O, 1.75% C and 66.97% Fe (wt%).

The Brunauer-Emmett-Teller (BET) surface area, pore volume,
porosity, Barret-Joyner-Halenda (BJH) pore size and distribution
were obtained from nitrogen adsorption and desorption isotherms.
The nitrogen adsorption and desorption isotherms are showed in
Fig. 1 with a characteristic type H3 hysteresis loop. The BJH pore
size distribution was inserted in Fig. 1, and a sharp peak appears
at 13.28 nm. The BET surface area, pore volume and porosity are
73.8m? g !,0.246 cm® g™, 56.3%, respectively. The chemical com-
position was further characterized using XPS. The XPS spectrum is
shown in Fig. 2. The predominant elements are Fe and O, and small
amounts of residual Cl and C are also present. The peaks at binding
energy of 56, 198.3, 284.8 and 530.4eV were designated for
Fe3psp, CI2p, Cls and O1s, respectively. High resolution XPS of
Fe2p is inserted in Fig. 2. Binding energy of Fe2p;, is 724.8 eV
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Fig. 1. Nitrogen adsorption and desorption isotherms. The inset is pore size
distribution of maghemite particles.

30000
5000
25000 F 4500 Fe2pi, Fe 2p3/,
4000
2 3500
Fe2) 'z
20000 |7 ols 5 0
) £ 2500
= 2000
£ 15000 1500
s 1000
- 500
740 730 720 710 700
10000 o
Binding energy (eV)
Fe3ps)
5000 Cls
ci2p
\ A e
700 600 500 400 300 200 100 0
Binding energy (eV)

Fig. 2. XPS of maghemite particles and high resolution XPS of Fe2p core level (the
inset).

and binding energy of Fe2ps,, is 711.1 eV. The presence of satellite
peak at 719 eV is characteristic for maghemite. These results agree
with literature values of maghemite particle [17,18]. A multiplet
analysis of the Fe2ps), peak indicates again the sample is maghe-
mite [19].

3.2. Effect of the concentration of maghemite on Cr(VI) adsorption

The Cr(VI) adsorption by maghemite was performed with con-
tinuous mixing on an orbit shaker at room temperature and
300 RPM. The Cr(VI) remaining in solution was monitored as a
function of maghemite concentration and contact time.

Experiments were run with the initial concentration of Cr(VI) at
500 ppb, while varying the contact time from 0 to 120 min, and ini-
tial concentration of maghemite from 0.1 to 1.5 g L~'. The adsorp-
tion of Cr(VI) by maghemite particle was rapid in the first 5 min
followed by a slow Cr(VI) adsorption stage at longer contact times
as illustrated in Fig. 3. At initial maghemite concentrations
>0.3 gL', the concentration of Cr(VI) in the aqueous phase was
effectively reduced to 100 ppb within 60 min. Under these condi-
tions the concentration of Cr in solution was reduced within the
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Fig. 3. Effect of the concentration of maghemite particles on Cr(VI) adsorption.
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Fig. 4. Effect of the initial concentration of Cr(VI) and contact time on Cr(VI)
removal.

drinking water guidelines recommended by EPA. The residual
Cr(VI) in solution increased as a function of decreasing concentra-
tion of maghemite. Based on the adsorption studies, a concentra-
tion of 0.3 gL™' maghemite was employed for studying the
kinetics and equilibrium adsorption isotherms.

3.3. Effect of the initial Cr(VI) concentration and contact time on Cr(VI)
adsorption

The concentration of Cr(VI) in the aqueous phase vs. the adsorp-
tion time at various initial concentrations of Cr(VI) is illustrated in
Fig. 4. The adsorption process is rapid for the first 20 min, followed
by a slower uptake. The concentration of Cr(VI) in the aqueous
phase at equilibrium gradually increases with increases in the ini-
tial concentration of Cr(VI). After 2 h, the observed removal effi-
ciency of Cr(VI) by maghemite at initial Cr(VI) concentration of
50, 100, 200, 300, 400, 450 and 500 ppb were 100%, 99.4%, 98.5%,
97.3%, 96.7%, 92.8% and 91.4%, respectively. Under these experi-
mental conditions, the removal efficiency of Cr(VI) modestly de-
creased as a function of the increase in initial concentrations of
Cr(VI).

3.4. Adsorption kinetic study
3.4.1. Pseudo-second-order model

To further investigate the adsorption of Cr(VI) by co-precipita-
tion prepared maghemite, an adsorption kinetic study was carried
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out. Application of pseudo-first order kinetic model to experimen-
tal data yielded poor results. With this in mind, we applied the
pseudo-second-order equation expressed below [20]:

dQ,/dt = ky(Q. — Q,)° (1)

where k, is the rate constant of pseudo-second-order model
(gmg~! min™!), t is the reaction time (min), Q; is the amount of
adsorbate adsorbed per unit mass by maghemite at the specific
time (mg g~ '), and Q. is the adsorption capacity at adsorption equi-
librium (mg g~ '), respectively.

The pseudo-second-order kinetics model nicely simulates the
adsorption of Cr(VI) by maghemite and the resulting kinetic
parameters are summarized in Table 1. The data indicate the
adsorption of Cr(VI) at each specific initial Cr(VI) concentration ni-
cely fits the pseudo-second-order model based on the coefficient of
determination (R?). The mathematical expressions of initial Cr(VI)
concentration (Co in ppb) vs. k, and Q., and both of with k, and
Q. are a function of initial Cr(VI) concentration, are expressed in
Egs. (2) and (3). The k, decreased as the increase of initial Cr(VI)
concentration, while Q. increased linearly. Substituting Egs. (2)
and (3) into Eq. (1) yields Eq. (4), an empirical adsorption kinetics
equation. The adsorption rate is a function of Cy. For a typical sec-
ond-order kinetic reaction, the rate constants are temperature
dependent, and usually follow the Arrhenius equation. However
the rate constants decreased with an increase in the initial Cr(VI)
concentration. Ofomaja suggested that a chemical activation
mechanism occurred during the adsorption process for an analo-
gous behavior for adsorption of methylene blue onto palm kernel
fibre [21]. The adsorption is accurately modeled by pseudo-sec-
ond-order model at a fixed initial Cr(VI) concentration under our
experimental conditions.

K, = 22,142 C,' (2)
Q. = 0.0031 Co + 0.0294 3)
dQ,/dt = 22,142 x C;"¥% x (0.0031 Co + 0.0294 — Q,)? 4)

3.4.2. Intraparticle diffusion kinetic model

The intraparticle diffusion kinetic model has also been em-
ployed to investigate the adsorption processes [22]. The model is
expressed as:

Q; =kit'? +C (3)

where k;q is the intraparticle diffusion rate constant (mg g ' min~—'/?)
and C, the intercept represents the thickness of boundary layer effect.
There is a positive relationship between the value of Cand the bound-
ary layer effect which implies the contribution of surface sorption in
the rate controlling step. The intraparticle diffusion plot is given in
Fig. 5. If the regression of Q, against t'/? is linear and the intercept
is 0, the adsorption rate was exclusively controlled by intraparticle

Table 1
Kinetic parameters of pseudo-second-order model for adsorption
of Cr(VI) as a function of initial concentration of Cr(VI).

Co (ppb) kp (gmg " min~") Q. (mgg")
50 17.22 0.166
100 401 0.333
200 158 0.661
300 0.62 0.984
400 0.38 1.304
450 0.28 1.409
500 0.23 1.551
R? > 0.999
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Fig. 5. Intraparticle diffusion plots for removal of Cr(VI) by maghemite particles.

diffusion. As shown in Fig. 5, the intercepts were not zero, indicating
surface sorption and intraparticle diffusion are rate controlling pro-
cesses [23]. The plot suggests that the sorption followed two phases.
The first phase is the diffusion controlled by external surface; and the
second phase has been assigned to intra-particle diffusion [24].

3.5. Adsorption isotherms

The adsorption of Cr(VI) onto maghemite was evaluated using
the Freundlich, Langmuir, L-F and Temkin adsorption isotherms.
Each of these models involves variations in the extent and different
types of adsorption modes. The details of each model are provided
in the following section and plots of the experimental data for
models are illustrated in Fig. 6.

Freundlich isotherm assumes that the binding sites on the sur-
face of adsorbent are heterogeneous, the adsorption is more diffi-
cult as more and more binding sites are occupied by adsorbates
and multilayer adsorption can occur. The Freundlich isotherm
[25] can be represented in the following form:

Q. = K/ (6)

where C, is the equilibrium chromium concentration in solution
(mg g ). K indicates the relative adsorption capacity of the adsor-
bent and n represents the adsorption intensity. In order to linearize
it, the Freundlich isotherm is expressed as:

log Qe = log K + 1/nlog Ce (7)

The K and n were derived from Fig. 6a. The value of K is
5.20mg g~ !, while n is 2.77. The Freundlich constant, n, can be
used to predict the adsorption characteristics. For n < 1 the adsorp-
tion is consider poor, n between a value of 1 and 2 adsorption is de-
fined as moderately difficult with n values between 2 and 10 is
considered good adsorption [26]. The value of n = 2.77 determined
in our studies represents good adsorption. Our results indicate the
removal of chromium with small dosages of maghemite is
practical.

Langmuir isotherm equation is derived from the assumption
that the adsorbent surface has a fixed number of equivalent bind-
ing sites, and the monolayer adsorption occurs without transmi-
gration of adsorbate on the surface of adsorbent isotherm [25].
The data were modeled with Langmuir adsorption isotherm.

Ce/Qe = 1/me +Ce/Qm (8)

where b and Q,, are the Langmuir adsorption constant (L mg~!) and
maximum capacity of adsorbent (mg g~!), respectively. The values
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Fig. 6. (a) Freundlich isotherm illustrating the linear dependence of logg. on logC,, (b) Langmuir isotherm illustrating the linear dependence of C./Q. on C,, (c) L-F isotherm
illustrating the linear dependence of 1/Q. on 1/C}', (d) Temkin isotherm illustrating the linear dependence of Q. on InC,.

of b and Q,, are determined from the plot of C,/Q, vs. C. (Fig. 6b). Q,
is 1.62mgg!, and b is 257.2 L mg .

A dimensionless constant separation factor, r, is proposed to
predict whether a Langmuir adsorption system is favorable or
not. The type of favorability of the absorption isotherm is defined
for specific r values as follows, for r> 1 unfavorable, r =1 is linear,
r between 0 and 1 is favorable and r = 0 irreversible [27]. The sep-
aration factor, r, is defined as follow:

r=1/(1+bCo) )

where Cy is the initial concentration of chromium and b is the Lang-
muir adsorption constant (L mg~"). Since both b and C, are greater
than 0 in this study, the value of r lies within the range 0-1. This
indicates the adsorption of Cr(VI) on maghemite particle is highly
favorable under the experimental condition used in this study.

Standard Gibbs free energy (AGo, ] mol~1) can be used to evalu-
ate the spontaneity of an adsorption process. A negative AGy indi-
cates the adsorption occurs spontaneous and is
thermodynamically stable, whereas the positive AGy, means this
process is a disfavored nonspontaneous reaction. The standard
Gibbs free energy equation is expressed as following [28]:

In(1/b) = AGo/RT (10)

where R is the ideal gas constant (8.314J K 'mol~') and T is abso-
lute temperature (K). Since b is 257.2 Lmg~!, AG, is negative in this
study. The result indicates that the adsorption process is
spontaneous.

L-F isotherm is the combination of Langmuir and Freundlich
isotherms [29]. The experimental data were also modeled with
L-F adsorption isotherm.

Qe = QukC;'/(1+kC)

where Q,, is the total amount of binding sites on the adsorbent sur-
face, k is related to the mean association constant (Kp), Ko = k'™, and
m represents the heterogeneity index of the binding site energy,
which varies from O to 1. As m approaches to 1, the adsorbent is
homogeneous and the L-F equation is reduced to Langmuir iso-

(11)

therm. For a heterogeneous material, m < 1, and when either m or
k is 0, the L-F equation can be reduced to Freundlich. Therefore,
L-F isotherm is able to model both of homogeneous and heteroge-
neous adsorption systems. The maximum of R? is obtained from the
plot of 1/Q, vs. 1/C;' (Fig. 6¢) by solver function of Microsoft Excel
2007, where m = 0.55. Therefore, the value of Q,, is 2.62mgg™!,
and k is equal to 8.42mg~'. The mean association constant is
483 mg .
The Temkin isotherm equation is given as [30]:

Q. = (RT/b)InK, + (RT/b;)InC, (12)

where K, is the Temkin isotherm constant (L g™ '), b; is the Temkin
constant related to heat of sorption (] mol~!), R is the ideal gas con-
stant (8.314J K ' mol~') and T is the Kelvin temperature (K). The
value of K; and b; were obtained by the plotting of Q. vs. InC,
(Fig. 6d). K; is 4.39 Lg~!, while b; is 8.64 k] mol~.

A comparison of R* was made among four adsorption isotherms.
Compared to Langmuir, Freundlich and Temkin adsorption iso-
therms, L-F isotherm has the highest value of R?, indicating the
adsorption of chromium by maghemite fits better with L-F iso-
therm. The heterogeneity index of L-F isotherm is 0.55, which is
between 0 and 1. The adsorption has partial adsorption character-
istics of Langmuir and Freundlich models. The adsorption fits also
the Langmuir model nicely, and it may be due to monolayer
adsorption. Therefore, adsorption isotherm studies imply that it
is a heterogeneous monolayer adsorption [31].

3.6. The effect of pH on Cr(VI) adsorption

The pH effect on Cr(VI) adsorption was evaluated over a pH
range from 2 to 10. HNO3; and NaOH solutions were used to adjust
solution pH. Fig. 7 shows the Cr(VI) removal as a function of pH.
Electrostatic interactions can have a pronounced impact on
adsorption processes. The pK,; and pK,, of chromic acid are 0.74
and 6.50, respectively. The zero point of charge (ZPC) of maghemite
is 6.6 [16]. Below the pH of the ZPC the particle surface becomes
positively charged, while Cr(VI) exists predominantly in dianionic
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Fig. 7. Effect of pH on Cr(VI) adsorption. [Cr(VI)]o = 500 ppb, [maghemite] = 0.3 g/L.
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(CrOf{) and mono-anionic (HCrO,) forms between pH ~2 and 6.5.
Thus under mildly acidic conditions, attractive electrostatic inter-
actions between negatively charged Cr(VI) species and the positive
surface lead to favorable adsorption. We observed the removal effi-
ciency of Cr(VI) increases with the decrease of pH to 4. However
under strongly acidic conditions the adsorption decreases mod-
estly as the Cr(VI) speciation becomes dominated by the neutral
form (H,CrO,4) eliminating the strong electrostatic attraction of
negatively charged chromate species and positively charged sur-
face. Above the pH of ZPC, the particle surface processes an overall
negative charge while the dominant species of Cr(VI) is CrOﬁ‘ [32]
and thus under basic conditions electrostatic repulsion exists and
poor adsorption is observed. While pH can have a pronounced
influence on the adsorption, effective removal can be achieved over
a significant pH range from 2 to 8.

3.7. Effect of humic acid

The presence of humic acids in surface waters can have a pro-
nounced effect on iron based water treatment processes [33]. Hu-
mic acids contain carboxylic acid and phenolic functional groups
which can engage in ligand exchange and complexation of metal
ions [34]. The adsorption of Cr(VI) by nanoparticles as a function
of humic acid concentration is illustrated in Fig. 8. The interaction
of humic acid with iron oxides can alter the surface property of
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Fig. 8. Effect of humic acid on Cr(VI) adsorption. [Cr(VI)]o =500 ppb, [maghe-
mite] = 0.3 g/L.

maghemite nanoparticles and the subsequent adsorption of Cr(VI).
In the presence of 1 ppm humic acid we observed minimal change
in the overall adsorption of Cr(VI). Under such conditions stabiliza-
tion of the suspension leading to inhibition of particle aggregation,
reduction of Cr(VI) [35], and humic acid complexation of chromate
species can contribution to the removal of Cr(VI) [36]. At interme-
diate humic acid concentrations the observed Cr(VI) adsorption
also does not change significantly. However as the concentration
of humic acid increases the Cr(VI) adsorption decreases under
our experimental conditions. The coating of maghemite nanoparti-
cles with humic acid will increase with humic acid blocking poten-
tial adsorption sites for Cr(VI) and increasing the presence of
negatively charged carboxylic groups at the surface essentially
decreasing the ZPC of the particles [37]. Under these conditions
repulsion will increase between negatively charged Cr(VI) and neg-
atively charged humic acid modified surface. At high humic acid
concentrations Cr(VI) adsorption decreased significantly possibly
due to humic acid coating the as the iron oxide particle [38]. The
removal of Cr(VI) can be achieved in the presence of significant lev-
els of humic acid.

4. Conclusion

Magnetic maghemite nanoparticles were synthesized by a co-
precipitation method, characterized and employed for Cr(VI) re-
moval. The adsorption kinetics for Cr(VI) are accurately modeled
by a pseudo-second-order model. The intraparticle diffusion model
implies that the adsorption was controlled by surface sorption and
intraparticle diffusion, followed by a redox reaction. The adsorp-
tion isotherm fits the L-F and Langmuir equations well implying
heterogeneous monolayer adsorption. The standard Gibbs free en-
ergy, adsorption characteristics and effect of separation factor on
isotherm shape indicate that adsorption of Cr(VI) is spontaneous,
favorable and practical. The adsorption under basic condition is
weak, but strong under the mildly acidic and neutral conditions of-
ten associated with contaminated surface waters. The presence of
low concentrations of humic acid does not have a significant im-
pact on the adsorption of Cr(VI) however at relatively high humic
acid concentration (20 ppm) the adsorption of Cr(VI) can be par-
tially inhibited. The maghemite nanoparticles are low-cost, easily
prepared, magnetic, and good adsorbents for Cr(VI) making them
a promising material for removal of Cr(VI) from aqueous solution.
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