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Abstract

A novel chitosan/ceria/iron oxide (CS/ceria/Fe;04) nano-composite adsorbent was synthesized for removal of Cr(VI) and Co(1I)
ions from aqueous systems in a batch system. The adsorbents were characterized by field emission scanning electron microscopy
(FESEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM),
thermal gravimetric analysis (TGA), and Brunauer- Emmett-Teller (BET) analyses. The behavior of swelling kinetics was also
studied. The effect of several adsorption parameters including CeO, and Fe;O,4 contents, initial pH, contact time, initial Cr(VI)
and Co(Il) concentration, and temperature on the adsorption capacity was studied. The double exponential model revealed a
better fit with the kinetic data of Cr(VI) and Co(Il) ions. The Cr(VI) and Co(Il) adsorption process well fitted the Langmuir
model. The maximum adsorption capacities estimated from Langmuir isotherm model were 315.4 and 260.6 mg/g for Cr(VI) and
Co(II) ions, respectively. Also, thermodynamic parameters were used to distinguish the nature of Cr(VI) and Co(II) adsorption.
The reusability of CS/ceria/Fe;O4 nano-composite was evaluated with stripping agents of 0.1 M NaOH and 0.1 M HNOj;. Finally,
the evaluation of Cr(VI)-Co(Il) coexisting system confirmed that the presence of Co(Il) ions played an inhibitor role on the
Cr(VI) adsorption.
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Introduction

The aqueous environments have been contaminated signifi-
cantly by poisonous heavy metals such as cobalt (Co(Il))
and chromium (Cr(VI)) ions because these heavy metal ions
are applied in paint manufacture, mining, petroleum refining,
printing industries, and other industrial processes
(Ahmadpour et al. 2009; Li et al. 2015; Zhong et al. 2013).
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Even at low concentration, the release of heavy metals into the
streams increases the risk of liver and skin cancers and also
severe diarrhea which is a serious threat to human health.
These heavy metal ions have high poisonousness and lead to
bioaccumulation through the food chain (Chen et al. 2011;
Sirk et al. 2009). Various purification methods such as precip-
itation (Becker et al. 2012), electrochemical treatment
(Mirbagheri and Hosseini 2005), membrane process (Kim et
al. 2017), solvent extraction (Coll et al. 2012), ion exchange
(Bai and Bartkiewicz 2009), flotation (Polat and Erdogan
2007), and adsorption processes (Prakash et al. 2016;
Prakash et al. 2013; Prakash et al. 2012; Tehrani et al. 2017)
have been developed for wastewater treatment. Among these
technologies, adsorption is preferred for heavy metal removal
at low concentration because of its simplicity, high efficiency,
and cost-effectiveness (Petrella et al. 2018). In general, chro-
mium exists as an anion, i.e., HCrO4 and Cr20727, while
cobalt exists as cation in aqueous solution (Ahmadpour et al.
2009; Shen et al. 2012). Therefore, the adsorbents designed by
effective methods are needed to remove the anions and cations
from aqueous systems. Various nano-adsorbents such as iron
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oxide and ceria nanoparticles have been applied to remove the
toxic metal ions from water systems due to the meaningful
advantages including higher surface area, higher electric
charge, and more available active sites compared to the parti-
cles in micro scale (Liu et al. 2008; Recillas et al. 2010; Zhang
et al. 2014). However, the recycling of metal oxide nanopar-
ticles from water is very difficult after adsorption process.
Also, the instability and agglomeration of nanoparticles are
drawbacks of nanoparticles in the water treatment field owing
to the several interactions and van der Waals forces (Zhang et
al. 2014; Zhu et al. 2017). To suppress nanoparticle limita-
tions, recently, the attention of researchers has focused on the
loading of metal oxide nanoparticles on the polymeric solids
such as chitosan in adsorption process (Sureshkumar et al.
2016; Wang et al. 2016). Chitosan is a biodegradable and
non-toxic polymer which possesses hydroxyl and amine func-
tional groups reacting with metal ions and improves the ad-
sorption properties (Bhatnagar and Sillanpdd 2009;
Sureshkumar et al. 2016; Wang et al. 2016). The effect of
ceria/Fe;04 nano-composites based on chitosan has so far
not been evaluated in Cr(VI) and Co(Il) adsorption.

In the present research, a novel chitosan/ceria/Fe;0,4 nano-
composite was evaluated for the removal of both Cr(VI) and
Co(II) ions from water systems. The prepared nano-composite
adsorbents were characterized by field emission scanning
electron microscopy (FESEM), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), transmission
electron microscopy (TEM), Brunauer-Emmett-Teller (BET),
and thermal gravimetric analysis (TGA) analyses. The behav-
ior of swelling kinetics was used for the stability of chitosan/
ceria/Fe;O4 nano-composite in aqueous solution. In a batch
single system, the adsorption capacity was considered as a
function of CeO, and Fe;0,4 contents, contact time, pH,
temperature, and initial Cr(VI) and Co(II) concentration.
Also, adsorption kinetics, isotherms, and thermodynamic
investigations were employed to analyze the experimental
data. The reusability of chitosan/ceria/Fe;O, adsorbent
was examined after four cycles of adsorption-desorption.
Furthermore, the adsorption of metal ions in the Cr(VI)-
Co(I) coexisting system (binary system) was evaluated at
two different pH 3.0 and 8.0.

Experimental sections
Materials

Chitosan (95%, molecular weight 200 kDa), oxalic acid, urea,
acetic acid, ferrous sulfate heptahydrate (FeSO4 7H,0), and
ferric chloride hexahydrate (FeCl;-6H,0) were prepared by
Merck (Germany) and cerium nitrate hexahydrate
(Ce(NO;)3:6H,0) was purchased from Fluka with high purity.
The glacial acetic acid (Aldrich) was used as a solvent for

@ Springer

chitosan. To prepare stock solution of Cr(VI) and Co(II) ions,
the specified amount of potassium dichromate and cobalt ni-
trate hexahydrate were used. All materials were used as re-
ceived. Also, deionized water was utilized in the synthesis of
nano-composites and adsorption experiments.

Synthesis of ceria nanoparticles

The ceria nanoparticles were synthesized by a co-precipitation
method (Sun et al. 2016). Firstly, 14.33 g of Ce(NO5)36H,0,
5.94 g of oxalic acid, and 5.96 g of urea were dissolved in
distinct amount of deionized water to prepare the 0.165 M of
Ce(NO3);5-6H,0, 0.330 M of oxalic acid, and 0.495 M of urea,
respectively. Then, a 1 M solution was attained. After that, the
solution pH was adjusted to 5.0 by using 36% acetic acid.
Then, the volume of solution reached to 200 ml with deion-
ized water under stirring for 120 min. The final solution was
centrifuged at 3000 rpm for 20 min. Then, precipitate obtained
from the centrifuge was washed with ethanol and deionized
water three times to remove the excess materials. Finally, the
final precipitate was converted to CeO, nanoparticles through
calcination at 400 °C for 3 h (Sun et al. 2016).

Synthesis of Fe;0,4 nanoparticles

Magnetite nanoparticles (Fe;O4) were also synthesized by
a co-precipitation method (Sureshkumar et al. 2016).
Firstly, 30 ml of 0.75 M FeCl;-6H,O and 15 ml of
0.75 M FeSO47H,O were mixed into a 250-ml beaker
under stirring for 15 min. After that, 10 ml of 30%
NaOH was added to the precursor solution. After addition
of NaOH, the solution turned into a black color. The
resulting solution was stirred further (continued for
60 min) to provide uniform black solution (Sureshkumar
et al. 2016) and centrifuged at 3000 rpm. Finally, the black
precipitate separated by centrifuge was washed with deion-
ized water and dried at 70 °C for 12 h.

Fabrication of chitosan/ceria/Fe;0, nano-composite
adsorbents

Firstly, 2.5 g of chitosan was added to 200 ml of acetic acid
(1%) under stirring for 4 h to prepare the chitosan solution.
Then, the solution pH was adjusted to 5.0. After that, different
contents of ceria nanoparticles (0.0, 0.25, 0.50, 0.75, 1.0, 1.25,
and 1.5 g) were dispersed in chitosan solution under stirring
for 3 h to obtain a homogeneous solution (solution A). Finally,
the solution A was filtrated and washed with ethanol and de-
ionized water and dried at 60 °C for 48 h. The resulting
samples were chitosan/ceria nano-composites. To prepare
the primary solution of chitosan/ceria/Fe;O4 nano-com-
posite, various amounts of iron oxide (0.4, 0.6, 0.8, 1.0,
1.2, and 1.4 g) were dispersed in chitosan/CeO, solution
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(solution A) under stirring for 3 h to get solution B. The
operations of filtration, washing, and drying were similar
to those mentioned above.

Characterization of prepared samples
and determination of pH,,.

Thermal stability and decomposition of prepared chitosan,
chitosan/ceria, and chitosan/ceria/Fe;O4 nano-composite ad-
sorbents were studied by using a Mettler Toledo TGA-851
thermogravimetric analyzer (Mettler, Switzerland). The sur-
face morphology of ceria, Fe;0,4, and chitosan/ceria/Fe;Oy4
samples was investigated after gold coating using a FESEM
technique (SIGMA VP-500 model, Zeiss). Also, the shape of
nanoparticles was studied by TEM analysis (Zeiss-EM10C-
100 KV model, Germany). The phase identification of the
adsorbent samples was performed by XRD analysis (X'Pert
PRO model, PANalytical) with a Cu K, radiation in the 26
range of 10-80°. The functional groups of nano-composites
were determined using FTIR analysis (PerkinElmer, RXI
model). The surface area, average pore volume, and average
pore diameter of samples were determined by BET method
(BELSORP model, Japan). Cr(VI) and Co(I) ion concentra-
tions in aqueous solutions were identified using an inductivity
coupled plasma spectrophotometer (PerkinElmer,
Aanalys200). Also, the point of zero charge (pH,,,.) of chito-
san/ceria/Fe;O4 nano-composite adsorbent was specified as
follows. Firstly, 50 ml of 0.1 M NaCl solution was transferred
to a series of flasks. The values of initial pH were adjusted
from 1.0 to 7.0 by using 0.1 M NaOH and/or 0.1 MHCI
solutions. After that, 0.1 g of nano-composite adsorbent was
added to each flask and the resulting mixtures were shaken for
48 h. The final pH values of each solution were determined
using a portable pH meter. Finally, pHg,.; values were plotted
versus corresponding pHipigar values. The pH,,. of nano-
composite was estimated from the intersection point of the
resulting curve with y =x (Abbasizadeh et al. 2013).

Swelling behavior of chitosan/ceria/Fe;0,
nano-composite adsorbent

The dry polymeric chitosan/ceria/Fe;O,4 adsorbent was im-
mersed in water at different times to reach the equilibrium
swelling. The swelling ratio (SR) was calculated as follows
(Kim et al. 2003):

~_ W—=Wy
=W

SR (1)

where Wy is dry weight of polymeric adsorbent and W; is the
swollen polymeric adsorbent at time .

Adsorption experiments

The adsorption of Cr(VI) and Co(Il) ions onto the CS/ceria/
Fe;0,4 nano-composite adsorbent was investigated as a func-
tion of CeO, and Fe;0,4 contents, pH, contact time, tempera-
ture, and initial Cr(VI) and Co(II) concentration. The batch
adsorption experiments were carried out in the flasks contain-
ing 25 ml solutions by shaking at 150 rpm. To obtain the
optimum contents of nanoparticles, the effect of ceria and
Fe;0,4 contents was considered on Cr(VI) and Co(Il) adsorp-
tion at a temperature of 25 °C, contact time of 100 min, and
initial concentration of 200 mg/l, with an adsorbent dose of
12.5 mg and pH 5.0. To consider the influence of pH, the
adsorption experiments were carried out at 25 °C, contact time
of 100 min, and initial concentration of 200 mg/l, with an
adsorbent dose of 12.5 mg at the different pH values in the
range of 3.0-9.0. The influence of contact time and initial
Cr(VI) and Co(Il) concentrations was studied in the range of
0—100 min and 30-500 mg/l, respectively, at 25 °C with an
adsorbent dose of 12.5 mg and an optimum pH. The effect of
temperature on Cr(VI) and Co(Il) ion adsorption was studied
in the range of 25-45 °C. Furthermore, the adsorption of metal
ions in the Cr(VI)-Co(Il) coexisting system were studied at
25 °C, contact time of 100 min with an adsorbent dose of
12.5 mg, and two different values of pH (3.0 and 8.0). The
adsorption capacity of chitosan/ceria/Fe;O4 nano-composite
adsorbents was determined by the following equation:

(CO_Ce) 14

where ¢, is the equilibrium adsorption capacity of chitosan/
ceria/Fe;0,4 nano-composite for Cr(VI) and Co(Il) ions (mg/
g), Cy and C, represent the initial and equilibrium concentra-
tions of metal ions (mg/1), respectively, m is the amount of dry
adsorbent used in adsorption process (g) and V is the volume
of metal ion solution (L).

Regeneration of chitosan/ceria/Fe;0,
nano-composite adsorbent

The regeneration of the adsorbent is a key factor because of its
economic impact on adsorption process. After adsorption ex-
periments, the Cr(VI) and Co(II) ions loaded on the surface of
chitosan/ceria/Fe;0,4 nano-composite adsorbent were separat-
ed by using stripping agents including 0.1 M HNOz and 0.1 M
NaOH. The spent adsorbent was transferred to desorption me-
dium and shaken for 100 min at a temperature of 25 °C and an
initial metal concentration of 200 mg/l. The metal ions (Cr(VI)
and Co(Il)) loaded on the adsorbent surface were migrated
from the adsorbents to the medium of desorbing agent under
mentioned conditions. The reusability of the CS/ceria/Fe;O4
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nano-composite adsorbent was investigated for four cycles of
adsorption-desorption.

Results and discussion
Adsorbent characterization

To characterize the size and shape of particles on a solid sur-
face, FESEM technique was used. SEM result (Fig. 1a) re-
vealed that the Fe;O4 nanoparticles synthesized by the co-
precipitation method were uniformly distributed with spheri-
cal morphology and the size of nanoparticles was in nano
scale (25-38 nm). FESEM analysis (Fig. 1b) proved the irreg-
ular structure of CeO, nanoparticles. As shown, the CeO,
nanoparticles were well synthesized. High proportion of
CeO, nanoparticles had a spherical shape and also their size
was in the range of 33-69 nm. FESEM image of chitosan/
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ceria/Fe;O4 nano-composite is shown in Fig. 1¢. As observed,
the iron oxide and cerium oxide nanoparticles had been uni-
formly distributed on the chitosan surface with a spherical
structure and high density. Moreover, TEM image of chito-
san/Fe;04/CeO, nano-composite (Fig. 1d) indicated that the
surface of chitosan had been successfully coated with CeO,
and Fe;0,4 nanoparticles. TEM analysis confirmed the results
of FESEM analysis. The spherical morphology and uniform
distribution of nanoparticles were clearly observed and also
average particle size of nanoparticles was 35 nm.

In order to identify the phase and structure of crystalline
materials, XRD analysis was used. XRD patterns of Fe;Oy,,
CeO; nanoparticles synthesized by the co-precipitation meth-
od, and chitosan/CeO,/Fe;0,4 nano-composite are shown in
Fig. 2. The XRD pattern of Fe;04 nanoparticles conformed
to the Joint Committee on Powder Diffraction Standards
(JCPDS) standard no. 65-3107 which is displayed in Fig. 2a.
As shown, the position of (220), (311), (400), (511), and (440)
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Fig. 1 FESEM images of a synthesized Fe;0,4, b CeO, nanoparticles, ¢ CS/ceria/Fe;Oy4, and d TEM images of CS/ceria/Fe;04 nano-composite

adsorbents
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diffraction peaks matched well with those of the Fe;0,4 nano-
particles. Similar XRD patterns were obtained by other re-
searchers (Sureshkumar et al. 2016). Figure 2b indicates the
XRD pattern of CeO, nanoparticles. As observed, the crystal
surfaces of (111), (200), (220), (311), (222), (400), (331), and
(420) corresponded to the CeO, phase based on JCPDS stan-
dard no. 34-0394 (Recillas et al. 2010). The XRD patterns
confirmed the high purity of nanoparticles synthesized by
the co-precipitation method because there were no excess
peaks in the corresponding patterns. XRD pattern of CS/
ceria/Fe;O4 nano-composite is illustrated in Fig. 2¢c. The cor-
responding diffraction peaks of ceria and Fe;04 were ob-
served which confirmed the presence of Fe;O4 and CeO,
nanoparticles in the nano-composite structure. Comparison
of all patterns is indicated in Fig. 2d. As shown, the full com-
pliance of corresponding peaks in the chitosan/CeO,/Fe;04
nano-composite proved that the ceria and iron oxide crystal-
line structure had been successfully reserved with dispersion
of nanoparticles on the surface of chitosan.
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The BET surface area, average pore diameter, and total
pore volume of chitosan/ceria and chitosan/ceria/Fe;O,4
nano-composite with different contents of CeO, and Fe;04
nanoparticles were estimated using the BET multipoint meth-
od under N, gas at temperature of 77 K. The results are given
in Table 1. The results indicated that the Syt and average total
pore volume of chitosan/CeQ, increased remarkably with the
increase of CeO, contents from 0.25 to 1.0 g. This increase
can be due to the presence of CeO, nanoparticles in the nano-
composite structure. Further increase in CeO, contents (1.25
and 1.5 g) led to a decrease in the specific surface area of
chitosan/CeO, nano-composite. The Sgpt and average total
pore volume of chitosan/CeO,/Fe;0,4 nano-composites in-
creased with the increase of Fe;O,4 contents up to 1.2 g.
Further increase in Fe;04 contents (1.4 g) resulted in a de-
crease in total surface area. The reduction of the Sggpt and
average total pore volume of nano-composites with high con-
tents of CeO, (1.5 g) and Fe;0,4 (1.4 g) can be due to the
instability of nanoparticles leading to blockage of the pores
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Fig. 2 XRD patterns of a Fe;0,4, b CeO, nanopatrticles, ¢ CS/ceria/Fe;04 nano-composite, and d the comparison of XRD patterns
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Table 1 The Sggt, total pore

volumes, and average diameters Sample

SBET (mz/g) Viotal (cm3/g) Average diameter (nm)

of CS/ceria and CS/ceria/Fe;0,4

nano-composites Chitosan/CeO, (0.25 g)

Chitosan/CeO, (1.00 g)
Chitosan/CeO, (1.50 g)
Chitosan/CeO,/Fe;0,4 (0.4 g)
Chitosan/CeO,/Fez0,4 (1.2 g)
Chitosan/CeO,/Fe;04 (1.4 g)

81.2 0.0447 2451
100.5 0.0559 2312
92.8 0.0503 2.396
105.0 0.0582 2.302
118.7 0.0657 2214
108.5 0.0603 2283

of adsorbent by agglomeration of nanoparticles (Ray and
Shipley 2015). Among the nano-composites, the highest sur-
face area and average pore volume were found to be 118.7 m?/
g and 0.0603 cm?/g, respectively, for chitosan/CeO,/Fe;0,
with 1.0 g of CeO, and 1.2 g of Fe;0,4 nanoparticles.

FTIR analysis was used to specify the functional groups of
samples. The FTIR spectra of the pure chitosan and chitosan/
Ce0O,/Fe;0,4 nano-composite adsorbents are indicated in
Fig. 3a. As observed, the broad absorption band at 570—
900 cm' was due to the stretching vibrations of Fe-O and
Ce-O groups confirming the presence of Fes04 and CeO,
nanoparticles in the nano-composite structure (Sureshkumar
etal. 2016; Yari et al. 2015). The absorption peaks in the range
of 1050-1150 cm™ ' corresponded to the C-O stretching vibra-
tions. The band at 1550-1640 cm ' was assigned to the
stretching vibrations of amide (N-H) groups. The absorption
peak at 2925 cm™ ' and absorption peaks at about 1050—
1150 cm™! corresponded to the C-H and C-O stretching vibra-
tions, respectively. The absorption peak at 3430 cm™' was
attributed to the stretching vibrations of O-H groups.

The TGA curves for the pure chitosan, chitosan/ceria, and
CS/ceria/Fe;0, adsorbents are presented in Fig. 3b. Three deg-
radation steps for pure chitosan were observed. It is shown that
the first thermal decomposition of chitosan occurred in the tem-
perature range of 40-200 °C. This mass loss can be due to the
water evaporation in the nano-composite structure (Ferfera-
Harrar and Dairi 2014; Taboada et al. 2009). The second and
major step of weight loss occurred in the temperature range of
240-410 °C relating to the thermal degradation of the chitosan
containing deacetylation (Taboada et al. 2009). The third step
happened with further heating (410-800 °C) due to the break-
ing of chitosan backbone and degradation of chitosan
byproducts. This degradation can be due to the pyrolitic and
depolymerization processes (Taboada et al. 2009). For chitosan,
CS/ceria, and CS/ceria/Fe;04, total weight loss was found to be
94.0, 70.0, and 49.0%, respectively. The presence of inorganic
Ce0O, and Fe;04 nanoparticles in the nano-composite structure
led to a higher thermal stability for CS/ceria and CS/ceria/Fe;Oy4
adsorbents compared to chitosan. The stability of inorganic
material such as CeO, and Fe;0,4 nanoparticles against
temperature up to 800 °C was high. The similar behavior
was observed by others; they showed that no significant
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weight loss observed ranging from room temperature to
800 °C (Cao et al. 2014).

Time-dependent swelling behavior of chitosan/ceria/Fe;O,4
nano-composite adsorbent is indicated in Fig. 4a. As shown,
the SR of nano-composite increased quickly within 720 min
and then the curve leveled off, approximately. Finally, the equi-
librium SR was found to be 2.52. In general, SR greater than one
means that chitosan/ceria/Fe;O,4 nano-composite is hydrophilic.
It can be due to the surface hydroxyl groups of chitosan and
nanoparticles. The swelling kinetics and water-transfer mecha-
nism are important factors to explain the swelling properties due
to the diffusion of water into the polymer and the swelling of the
polymeric sample. There are different types of adsorption mech-
anisms of polymeric sample. The water penetration into the net-
work of polymer, relaxation of polymer chains, and polymer
structure stretch in the solution are the first, second, and third
process, respectively. In order to interpret the mechanism of pen-
etrating, the following equation was applied (Kim et al. 2003):

M, .
v kt (3)
where M,, and M, are water contents adsorbed at equilibrium and
time ¢, respectively; n represents the kinetic exponent which in-
terprets the mode of penetrant transport and & is the swelling rate
front factor. The values of k and n were estimated from intercept
and slope of linear form of Eq. 3, respectively (Fig. 4b). When
the penetrating diffusion rate is rate-limiting, a Fickian mech-
anism dominates (7 =0.5). When 0.5<n< 1.0, a distinctive
non-Fickian mechanism happens during the swelling process
and the solute transport is anomalous. When n = 1.0, the re-
laxation mechanism is rate-limiting. In this study, the results
indicated that the swelling of chitosan/ceria/Fe;O4 nano-
composite adsorbent obeyed from non-Fickian mechanism
because n value was greater than 0.5 (0.635).

Effect of Fe;0, and CeO, contents on Cr(VI) and Co(ll)
adsorption

The effect of CeO, and Fe;0,4 nanoparticles on the structure of
nano-composite adsorbent for the removal of Cr(VI) and Co(II)
ions from aqueous system was studied at 25 °C, initial
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Fig. 3 a FTIR analysis for the
pure chitosan and CS/ceria/Fe;0,
nano-composite adsorbent. b
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TGA curves for pure chitosan,
chitosan/ceria and CS/ceria/ Chitosan
Fe;04 adsorbent
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concentration of 200 mg/1 for 100 min with an adsorbent dose of
0.5 g/l and pH 5.0 for Cr(VI) ions and pH 7.0 for Co(II) ions. The
effect of CeO, contents on the adsorption of Cr(VI) and Co(II)
ions is illustrated in Fig. 5a, b. As observed, the adsorption ca-
pacity of chitosan/CeQ, increased significantly with the increase
of CeO, contents nanoparticles from 0.25 to 1.0 g. The adsorp-
tion capacity of chitosan/CeO, with 0.25 and 1.0 g CeO, con-
tents was found to be 52.7 and 114.3 mg/g for Cr(VI) ions and
46.7 and 96.5 mg/g for Co(Il) ions. Further increase in CeO,
contents (1.25 and 1.5 g) resulted in a decrease in adsorption
capacity for Cr(VI) and Co(Il) ions. This decrease can be due
to the pore blockage by nanoparticle agglomeration leading to a
reduction in surface area and active sites of adsorbent for the
removal of Cr(VI) and Co(Il) ions. Therefore, the optimum
amount of CeO, content was found to be 1.0 g. The effect of
Fe;0,4 contents for the adsorption of Cr(VI) and Co(Il) ions onto
the chitosan/CeO,/Fe;0,4 nano-composite is shown in Fig. 5c, d.
As observed, the adsorption capacity of chitosan/CeO,/Fe;O,
nano-composite increased significantly with the increase of

Temperature (°C)

Fe;0, contents nanoparticles from 0.4 to 1.2 g. It may be due
to the surface area increase with the increase of Fe;0,4 contents
up to 1.2 g. Also, the presence of oxygen in the structure of
Fe;0,4 led to the increase of interaction between oxygen electron
and metal ions. Further increase in Fe;O,4 contents (1.4 g) led to a
decrease in adsorption capacity for Cr(VI) and Co(Il) ions due to
the instability and agglomeration of Fe;0,4 and reduction of sur-
face area. Consequently, the optimum amounts of CeO, and
Fe;0, contents were found to be 1.0 and 1.2 g in the structure
of chitosan/ceria/Fe;O4 nano-composite adsorbent and it was
selected for the next adsorption experiments.

Effect of initial pH on Cr(VI) and Co(ll) adsorption

The effect of initial pH of solution on the adsorption capacity of
chitosan/CeO,/Fe;04 nano-composite adsorbent for Cr(VI) and
Co(II) ions is indicated in Fig. 6a. The surface properties of the
chitosan/CeO,/Fe;0, adsorbent are the most important factor
due to the various species of chromium and cobalt ions in
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Fig. 4 a The swelling behavior of CS/Ceria/Fe;04 nano-composite ad-
sorbent. b the straight line of Ln(My/M,,) versus Lnt

aqueous environment. Figure 6b shows the plot of final pH of
solution versus initial pH of solution to determine the pHpzc. The
pH,,. value of chitosan/ceria/Fe;04 nano-composite was 6.8. As
shown in Fig. 6a, the adsorption capacity decreased slowly with
the increase of initial pH from 3.0 to 6.0 and then decreased
significantly from pH 6.0 to 8.0. The corresponding mechanism
can be explained by the chromium solution chemistry and the
surface functional groups such as —OH and —-NH, groups. There
are five main chromium species containing H,CrO,, HCrOy,
CrO,* , HCr,05 , and Cr,0- in the acidic solution. At low pH,
the protonation of ~NH, groups to -NH;" was easier according
to Eq. (4). The point of zero charge confirmed the positive charge
of the nano-composite surface at pH < pH,,.. On the other hand,
the competition of negative species of Cr(VI) with OH " for oc-
cupancy of the active sites was lower at lower pH. Therefore,
negatively charged Cr(VI) were attracted strongly on the positive
surface of chitosan/ceria/Fe;O, adsorbent at very low pH.

At higher pH, hydroxyl ions increased and the competition of
chromium species with hydroxyl ions led to a decrease in ad-
sorption capacity of chitosan/ceria/Fe;O4 nano-composite. Also,
at pH > pH,,., the nano-composite was negatively charged
resulting in an electrostatic repulsion between Cr(VI) anions
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and active sites of adsorbent. It was cleared that the reduction
of adsorption capacity was obvious at around the pHpyc due to
the change of surface charge from positive to negative. A similar
result was observed by Zhong et al. (2013). In the case of Co(II)
(Fig. 6a), the adsorption capacity increased slowly with the in-
crease of initial pH from 3.0 to 6.0 and then increased signifi-
cantly from pH 6.0 to 8.0 and finally decreased from 8.0 to 9.0.
The main cobalt species is Co(Il) cation in the solution; there-
fore, the negative surface charge is needed to remove them from
aqueous solutions (Wang et al. 2011). At very low pH, the
competition of Co(Il) with H* resulted in a lower adsorption
capacity. In other words, the surface of adsorbent was positively
charged (pH <pHpzc) and an electrostatic repulsion between
positive charge and Co(II) ions led to a decrease in adsorption
capacity. At higher pH, hydroxyl ions increased significantly
leading to the creation of negatively charged surface active sites
of the chitosan/ceria/Fe;O, through hydrogen bonds according
to Eq. (5). Therefore, negatively charged surface active sites
strongly attracted the cobalt species and increased the adsorption
capacity. The abrupt increment of the adsorption capacity at
around pHpyc can be due to the change of adsorbent surface
charge. At pH > 8.0, precipitation usually occurred and the hy-
droxyl complexes were formed which was the main reason for
deterioration of the adsorbent leading to a reduction in adsorp-
tion capacity for Co(Il) ions. Similar results were observed by
Wang et al. (2011).

Adsobent surface-NH, + H"<—NH; " (4)
Adsobent surface-NH,

+ OH < Adsobent surface-NH,...OH™ (5)

Influence of contact time and kinetic models

The adsorption rate of Cr(VI) and Co(II) ions onto the chitosan/
ceria/Fe;04 nano-composite adsorbent was studied as a function
of contact time in the range of 0—100 min for the initial concen-
tration of 200 mg/1, adsorbent dosage of 0.5 g/, and temperature
of 25 °C with optimum pH values of 3.0 and 8.0 for Cr(VI) and
Co(Il), respectively. The results are indicated in Fig. 7. As ob-
served, a rapid adsorption occurred during the first 45 min for
both metal ions because all active sites of the nano-composite
surface were vacant at the beginning of process and then the rate
of adsorption became slower due to the saturation of active sites.
For Cr(VI) and Co(II) ions, almost 90% of adsorption capacity
was obtained within 45 min. Finally, the equilibrium contact
time was found to be 100 min for both metal ions.

To understand the adsorption mechanism, four nonlinear
kinetic models including double exponential, pseudo-first-or-
der, pseudo-second-order, and Weber-Morris (intra-particle
diffusion) models were applied. These nonlinear kinetic
models are described by the following equations (Du et al.
2012; Talebi et al. 2017):
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Pseudo-first-order : g, = g,(1—exp(—k:¢)) (6)
kaq,’t
Pseudo-second-order : ¢, = _f24e T (7)
1 + kag,t
Double exponential : ¢, = ¢,— D exp(—kpit)— D exp(—kpat)
Mads Meds
(8)
Weber-Mortis : ¢, = k, £ + C (9)

where ¢, and g, (mmol/g) denote adsorption capacity of
nano-composite adsorbents at time ¢ and equilibrium time,
respectively; k; (min~') represents the pseudo-first-order
rate constant; k> (g mmol ' min~") is the pseudo-second-
order rate constant, respectively; D and D, (g/l) are the
rapid and slow rate constants, respectively; kp; and kp;
(min~") represent the rapid and slow mass transfer coeffi-
cients, respectively; m,qs (g/1) represents the concentration
of chitosan/ceria/Fe;O04 nano-composite adsorbent; C
(mg/g) is a constant relating to the boundary layer thick-
ness; and k, (mg g ' min ") shows the rate constant of
intra-particle diffusion model. Diffusion of the metal ions
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of 25 °C, initial concentration of 200 mg/l, pH 5 for Cr(VI) and pH 7 for
Co(1I) ions, contact time of 100 min with an adsorbent dosage of 0.5 g/l)

to the active sites of adsorbent is the rate-limiting adsorp-
tion step in pseudo-first-order model, while the adsorption
is controlled by chemisorption in pseudo-second-order
model (Xu et al. 2017). Weber-Morris kinetic model rep-
resents that intra-particle diffusion controlled the adsorp-
tion process (Xu et al. 2017). When intra-particle diffu-
sion only acts as the rate-limiting step, C value in Eq. (9)
is close to zero and the line of g, versus °-° passes
through the origin, approximately (Talebi et al. 2017).
To understand a better curve fitting, the correlation coef-
ficient (R?) and the residual root mean square errors
(RMSE) of kinetic models were applied. Higher R* and
smaller RMSE displayed a better consistency of the ex-
perimental data with the models. RMSE was calculated as
follows (Abbasizadeh et al. 2013):

1 n 2
RMSE = /[ — ( g )
\/(n_2> i; qt,exp qz,cal

where ¢; ..; and ¢g; .., (mmol/g) denote the adsorption ca-
pacity of calculated and the experimental values, respec-
tively, and » is the number of data points.

(10)
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bent dosage of 0.5 g/l) and b determination of point of zero charge (pH,.)
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In this research, the kinetic parameters were determined
using simulation of kinetic data by the MATLAB software
and the results are given in Table 2. As observed, R*> (>
0.897) and RMSE (< 11.81) values for Weber-Morris kinetic
model revealed that the adsorption process was not solely
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Fig. 7 The adsorption rate of Cr(VI) and Co(Il) ions onto the CS/Ceria/
Fe304 nano-composite adsorbent as a function of contact time (at tem-
perature of 25 °C, initial concentration of 200 mg/1, with optimum pH 3.0
for Cr(VI) and pH 8.0 for Co(Il) ions, contact time of 100 min with an
adsorbent dosage of 0.5 g/l)
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controlled by intra-particle diffusion and this model may have
included several steps such as external surface adsorption and
diffusion of Cr(VI) and Co(Il) ions into the chitosan/ceria/
Fe;0,4 nano-composite pores. The values of R? and RMSE
confirmed that the pseudo-second-order model showed a bet-
ter curve fitting compared to pseudo-first-order model. This
showed that the adsorption was controlled by chemisorption.
Among all kinetic models, the highest R* (>0.992) and the
lowest RMSE (<4.39) were found for double exponential
kinetic model. This model suggested that the adsorption pro-
cess included an initial rapid phase corresponding to the ad-
sorption of Cr(VI) and Co(Il) ions onto the external surface of
chitosan/ceria/Fe;0,4 nano-composite and a slow phase corre-
sponding to the adsorption of metal ions on the interior surface
of chitosan/ceria/Fe;0, nano-composite adsorbent.

Effect of initial concentration and adsorption
isotherms

Effect of initial concentration of Cr(VI) and Co(II) ions on the
adsorption capacity of chitosan/ceria/Fe;O, nano-composite
adsorbent was investigated at 25 °C, contact time of
100 min, and adsorbent dosage of 0.5 g/l with an optimum
pH values of 3.0 and 8.0 for Cr(VI) and Co(Il), respectively.
Figure 8 reveals a sharp increase in adsorption capacity at low
initial concentration region because the available active sites
of chitosan/ceria/Fe;O4 nano-composite adsorbent were suffi-
cient to react with the both ions. With further increase in initial
Cr(VI) and Co(Il) concentrations, the adsorption capacity in-
creased slowly because the active sites of adsorbent trended to
saturate by Cr(VI) and Co(Il) ions. The higher adsorption
capacity at higher initial metal concentrations can be due to
a greater driving force to overcome mass transfer resistances
between the nano-composite adsorbent and the aqueous phase
(Hallaji et al. 2015).

To study the interactions between the metal ions and adsor-
bent, three isotherms including Freundlich, Langmuir, and
Dubinin—Radushkevich (D-R) were applied. A mathematical
approach was used to simulate the adsorption behavior
using MATLAB software. These isotherm models were
explained briefly. The chemisorption and a monolayer ad-
sorption onto the homogenous adsorbent surfaces are as-
sumed by the Langmuir isotherm model (Ren et al. 2016).
The nonlinear Langmuir model is expressed as follows
(Liu et al. 2015):

quLCE
qde ="~ (11)

o 1 + KLCe
where ¢,, (mg/g) represents the maximum adsorption ca-
pacity of adsorbents, k; (I/mg) is the rate constant of
Langmuir model corresponding to the adsorption energy
or net enthalpy, and C, (mg/l) shows the equilibrium
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Table 2 Kinetic parameters for
the Cr(VI) and Co(II) adsorption Metal Gexp (mg/g)  Pseudo-first-order model
onto the CS/ceria/Fe;O4 nano-
composite adsorbent K, (min"") g (mg/g) RMSE R
Cr(VD)  199.1 0.1174 187.0 12.87 0.877
Co(II) 171.3 0.1118 158.7 10.53 0.894
Pseudo-second-order model
K, x 10* (¢/mg min) g (mg/g) RMSE R
Cr(VD)  199.1 7.68 209.0 545 0.978
Co(II) 171.3 837 178.4 448 0.984
Double exponential kinetic model
Di(g) Kpi(mn') Dy(gh Kpp(min') g¢(mglg) RMSE R
Cr(VD)  199.1 55.08 0.0459 3010 1.266 197.1 4.39 0.992
Co(II) 171.3 43.66 0.0315 1894 1.042 174.8 0.475 0.999
Weber-Morris model
K, (mg/(g min)) C (mg/g) RMSE R?
Cr(VI) 199.1 12.56 89.51 11.81 0.897
Co(I) 1713 11.10 72.35 9.99 0.904
concentration of metal ions. A dimensionless separation  follows (Ahmad et al. 2017; Sheshdeh et al. 2014):
factor (R;) was used to examine the types of isotherm
which is calculated as follows (Abbasizadeh et al. 2014): 4. =K Fcel/ " (13)

1

R =—F—
L 14+ K;Cy

(12)

where Cy is the highest initial Cr(VI) and Co(II) concen-
trations. The type of isotherm is irreversible for R; =0,
linear for R; =1, favorable for 0 < R; < 1, and unfavorable
for Ry > 1.

The Freundlich isotherm is an empirical equation that was
applied to interpret the multilayer adsorption onto the hetero-
geneous surface. The Freundlich model is expressed as
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Fig. 8 Effect of initial Cr(VI) and Co(Il) concentrations on the adsorption
capacity of CS/Ceria/Fe;04 nano-composite adsorbent in the single sys-
tem (at temperature of 25 °C, contact time of 100 min, adsorbent dosage
0f 0.5 g/l with an optimum pH values of 3.0 and 8.0 for Cr(VI) and Co(1I),
respectively)

1/n

where K ((mg/g)/(I/mg) ") shows the adsorption capacity
and n represents the heterogeneity factor corresponding to
the adsorption intensity. The adsorption is feasible for n> 1
(El-Reash et al. 2016).

The D-R isotherm was applied to specify the chemical
or physical type of adsorption. It is defined as follows (Ji et
al. 2012):

1
4. = qprexp(—Bpre®), €= RTln(l + F) (14)

e

where gpr shows the theoretical saturation capacity, ¢ is
the Polanyi potential, By (mol*/J?) represents the activity
coefficient corresponding to the mean free energy of ad-
sorption, and 7(K) is the absolute temperature. The mean
free energy of adsorption (£ (kJ/mol)) can be estimated as
follows (Abbasizadeh et al. 2014):

1
V2Bpr

The physical adsorption has E values in the range of 1—
8 kJ/mol, while chemical adsorption is a dominant mechanism
for 8 < E (kJ/mol) < 16 (Abbasizadeh et al. 2014).

Parameters of isotherm models are given in Table 3. By
comparing the R* values for all isotherms, the experimental
data were well fitted with the Langmuir isotherm model (R* >
0.993). Furthermore, g,, of chitosan/ceria/Fe;O04 nano-

(15)
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composite adsorbent was found to be 315.4 and 260.6 mg/g
for Cr(VI) and Co(1l) ions, respectively. The values of R; were
in the range of 0-1 indicating the favorable adsorption. The
favorable adsorption was confirmed by the n (greater than
one) values obtained from Freundlich isotherm model. The
values of £ obtained from D-R model were found to be 1-
8 kJ/mol, showing the physical adsorption for both Cr(VI) and
Co(II) ions.

Thermodynamic parameters

To investigate the mechanism of energy-dependent in heavy
metal adsorption, the medium temperature is a key parameter.
The Cr(VI) and Co(Il) adsorption onto the chitosan/ceria/
Fe;0,4 nano-composite was studied at various temperatures
(2545 °C) to estimate the thermodynamic parameters. The
Gibbs energy change (AG®°), enthalpy change (AH°), and
entropy change (AS°) were determined by the following equa-
tions (Sheng et al. 2010; Talebi et al. 2017):

AG" = —RTInK, (16)
AST AH® 1

where T(K) represents the absolute temperature and K, is the
thermodynamic equilibrium constant which is calculated
using k; = ¢./C, (Sheng et al. 2010). The AS°® and AH® pa-
rameters were determined from intercept and slope of the plot
of Ln(K,) versus 1/7, respectively. Table 4 reveals all the ther-
modynamic parameters. As observed, the signs of AG® values
for both Cr(VI) and Co(Il) ions were negative indicating the
feasibility and spontaneity of adsorption process. The AG®°
values were obtained in the range of 0 to — 20 kJ/mol showing
a dominant physical adsorption and weak chemisorption of
Cr(VI) and Co(II) ions onto the nano-composite adsorbent.
Similar results were obtained by others (Liu et al. 2005).

Table 3  Isotherm parameters for the Cr(VI) and Co(II) adsorption onto
the CS/ceria/Fe;0,4 nano-composite adsorbent

Metal Langmuir isotherm

4 (mg/g) K, (L/mg) Ry R
Cr(VI) 3154 0.0180 0.100 0.993
Co(Il)  260.6 0.172 0.104 0.998

Freundlich isotherm

Kr (mg/g) n R
Cr(VI) 2937 2.554 0.971
Co(Il) 2451 2.594 0.964

Dubinin—Radushkevich isotherm

gpr (mmol/g)  Bpg (mol?J?)x 107 E (kJ/mol) R*
Cr(VI) 4.847 1.048 2.184 0911
Co(Il)  3.601 1.074 2.157 0.935

More feasible Cr(VI) and Co(Il) adsorptions onto the chito-
san/ceria/Fe;04 adsorbent were obtained at a lower tempera-
ture because AG® values decreased with the increase of tem-
perature from 25 to 45 °C. The negative values of AH® sug-
gested that the adsorption of both Cr(VI) and Co(Il) ions was
an endothermic process. This indicated that the adsorption
capability of Cr(VI) and Co(Il) ions onto chitosan/ceria/
Fe;04 nano-composite adsorbent decreased with the increase
of temperature from 25 to 45 °C. The AS® values showed that
the randomness of metal ions at the adsorbent-liquid interface
during the adsorption process decreased with increasing the
temperature.

Regeneration ability of chitosan/ceria/Fe3;0,
nano-composite adsorbent

The regeneration tests were performed using 0.1 M NaOH and
0.1 M HNOs as stripping agents in a batch system for four
cycles of adsorption-desorption. Table 5 indicates the results
of regeneration tests. As observed, the adsorption capacity of
chitosan/ceria/Fe;04 nano-composite adsorbent for Co(Il)
ions decreased from 171.3 to 114.4 using 0.1 M NaOH and
171.3 to 158.6 using 0.1 M HNO;. For desorption of Co(II)
ions from the adsorbent surface, the best performance was
found for 0.1 M HNOj; because the reduction percentage of
adsorption capacity was only 7.4% after four cycles. For
Cr(VI) ions, the best stripping agent was 0.1 M NaOH be-
cause the adsorption capacity indicated a little decrease (only
8.9% after four cycles of adsorption-desorption). Therefore,
the results showed that the chitosan/ceria/Fe;O,4 nano-
composite adsorbent with an appropriate striping agent can
be reused frequently in adsorption process.

Table 4 Thermodynamic parameters for the adsorption of Cr(VI) and
Co(1I) ions onto the CS/ceria/Fe;04 nano-composite adsorbent

Parameter Temperature Metal ions
Cr(VI) Co(IT)
K, 25 °C 1.982 1.498
30 °C 1.883 1.419
35°C 1.809 1.347
40 °C 1.704 1.292
45 °C 1.630 1.252
G° (kJ/mol) A 25 °C —1695.0 —1001.3
30 °C —1594.9 —881.2
35°C —1518.7 -763.3
40 °C —1386.5 -667.05
45 °C -1291.4 —594.3
H° (J/mol)A —7745.2 —7138.9
S° (J/mol K)A —20.28 —20.64
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Table 5 Regeneration of CS/ .
ceria/Fe;0, nano-composite ad- Stripping agents Metal q (mg/.g) before q (mg/g) for 4 cycles
sorbent using two different strip- esorption
ping agents 1 2 3 4
NaOH Cr(VI) 199.1 194.2 191.0 184.6 181.3
Co(II) 171.3 1332 126.0 121.2 114.4
HNO; Cr(VI) 199.1 165.8 154.7 149.1 142.0
Co(Il) 171.3 168.2 164.0 161.9 158.6

Simultaneous adsorption of Cr(VI) and Co(ll) ions

The influence of Cr(VI) and Co(II) coexisting on the adsorp-
tion capacity of nano-composite was investigated in binary
systems. In a binary system, the effect of initial Co(II) con-
centration on the adsorption capacity for Cr(VI) ions was
evaluated by varying the initial Cr(VI) concentration from 0
to 300 mg/1, while the initial concentration of Co(II) was fixed
at 0, 30, 50, 100, 200, and 300 mg/l at pH 3.0 and 8.0. The
experimental results in the absence and presence of Co(Il) ions
are revealed in Fig. 9a, c. As observed, the adsorption capacity
of chitosan/ceria/Fe;O,4 nano-composite for Cr(VI) ions in the
presence of Co(Il) ions was lower than that in the absence of
Co(Il) ions at two pH values. It showed that there was a
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Fig. 9 a Effect of initial Co(II) concentration on the adsorption capacity
for Cr(VI) ions at pH 3.0. b Effect of initial Cr(VI) concentration on the
adsorption capacity for Co(Il) ions at pH 3.0. ¢ Effect of initial Co(II)

competition between Cr(VI) and Co(Il) ions to occupy the
active sites of nano-composite adsorbent. It was clearly ob-
served that the adsorption capacity for Cr(VI) ions increased
with increasing the initial Cr(VI) concentration in both single
and binary systems. On the other hand, the adsorption capac-
ity for Cr(VI) ions decreased with increasing the Co(1l) ions as
inhibitor ions. At 200 mg/I of initial concentration of Cr(VI),
in the absence of Co(II) ions and in the presence of 200 mg/1 of
initial Co(II) concentration, the adsorption capacities for
Cr(VI) ions were found to be 199.1 and 168.0 mg/g at pH
3.0 and 86.0 and 42.0 mg/g at pH 8.0, respectively.
Furthermore, Fig. 9b, d indicates the influence of initial
Cr(VI) concentration as inhibitor ions on adsorption capacity
for Co(Il) ions at pH 3.0 and 8.0. As shown, similar adsorption
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patterns were obtained in the single Co(II) and binary Cr(VI)-
Co(II) systems. The selectivity of chitosan/ceria/Fe;O,4 nano-
composite for Co(Il) ions increased with decreasing the initial
Cr(VI) concentration in the binary system. In the absence of
Cr(VI) ions, the adsorption capacity of nano-composite for
Co(Il) ion was 70.0 and 171.3 mg/g with the initial Co(II)
concentration of 200 mg/l at pH 3.0 and 8.0, respectively.
When the concentration of inhibitor Cr(VI) ions was kept at
200 mg/1, the adsorption capacity for Co(Il) ion decreased to
33.0 and 139.0 mg/g at pH 3.0 and 8.0, respectively.
Comparison of Fig. 9a with b revealed that the inhibitory
influence of Cr(VI) ions on the Co(Il) adsorption was greater
than the inhibitory influence of Co(Il) ion on the Cr(VI) ad-
sorption at pH 3.0, while the influence of inhibitor Co(I) ions
on the Cr(VI) adsorption was greater than the influence of
Cr(VI) ions on the Co(Il) adsorption at pH 8.0 by comparison
of Fig. 9c with d. The adsorption equilibrium data in the bi-
nary systems showed that the combined influences of Cr(VI)
and Co(II) ions appeared to be antagonistic.

Conclusion

In this study, a novel CS/ceria/Fe;0,4 nano-composite adsor-
bent was prepared for the removal of Cr(VI) and Co(Il) ions
from single and binary systems. The nano-composite adsor-
bents were characterized by FESEM, XRD, BET, FTIR, and
TGA analyses. The TGA results indicated that the thermal
stability of CS/ceria/Fe;0,4 nano-composite was greater than
that of pure chitosan. Also, the characterization results showed
that the chitosan surface was successfully coated with CeO,
and Fe;04 nanoparticles. The highest surface area and average
pore volume were found to be 118.7 m?/g and 0.0603 cm®/g
for CS/ceria/Fe;04 with 1.0 g of ceria and 1.2 g of FesO4
nanoparticles. The swelling kinetic behavior of CS/ceria/
Fe;04 nano-composite followed non-Fickian mechanism.
The equilibrium data were best fitted by the Langmuir model.
The gmax of nano-composite for Cr(VI) and Co(Il) ions ob-
tained from Langmuir isotherm model were 315.4 and
260.6 mg/g, respectively. Among kinetic models, the double
exponential model showed the best correlation with the exper-
imental data for both Cr(VI) and Co(Il) ions. The thermody-
namic parameters showed that the adsorption process was
feasible and spontaneous for both Cr(VI) and Co(II) ions with
a negative AG® value. Also, a negative value of AG® revealed
the exothermic nature of Cr(VI) and Co(II) adsorption. The
regeneration experiments after four cycles of adsorption-
desorption confirmed that CS/ceria/Fe;O, adsorbent could
be used repeatedly for the removal of Cr(VI) and Co(Il) ions
from aqueous solution. The adsorption equilibrium data in the
binary systems showed that the Co(II) ions had an inhibitor
effect on the adsorption of Cr(VI) ions.
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