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a b s t r a c t
A series of batch tests using various adsorbents were conducted to remove hexavalent chromium 
(Cr6+) and cobalt (Co2+) ions from an aqueous solution. Hydrous TiO2 and Cunninghamella elegans 
(C. elegans) were immobilized in sodium alginate–carboxymethyl cellulose (SA–CMC) gel beads 
to form adsorbents. Several gel (SA–CMC) ratios were examined to determine the optimum ratio. 
Scanning electron microscope, energy-dispersive spectroscopy, X-ray powder diffraction, and 
Fourier transform infrared (FTIR) spectrometry were used to characterize the resulted compos-
ite beads. The factors affecting the biosorption process, that is, pH, contact time, and initial feed 
concentration, on the Cr6+ and Co2+ ion sorption were also investigated. The results showed that 
the optimal Cr6+ removal efficiencies at pH = 2, adsorbent dosage = 5 g L−1, initial feed concentra-
tion = 50 ppm, temperature = 30°C, and contact time = 180 min were 64% and 60% for C. elegans/
SA–CMC gel beads (CESC) and TiO2 gel beads (TSC), respectively. At the same conditions, except 
the pH (here, pH = 7), the optimal Co2+ removal efficiencies were 65% and 75% for CESC and TSC, 
respectively. The adsorption data of Cr6+ and Co2+ ions were studied using kinetic modeling and 
sorption isotherm models, which clearly confirmed that the pseudo-second-order kinetics and 
Langmuir isotherm are the best fit for the adsorption process. The maximum removal capacities 
of CESC were 200.64 and 187.78 mg/g and those of TSC were 220.34 and 142.21 mg/g for Cr6+ and 
Co2+, respectively. HNO3 (0.1 N) was found to be an effective reagent for the regeneration of the 
CESC and TSC sorbents, and the biosorbent could be reused for chromium and cobalt removal for 
up to three biosorption–desorption cycles. The outcomes of this research suggest that the proposed 
adsorbents are good candidates for the removal of Cr6+ and Co2+ ions from wastewater.
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1. Introduction

Chromium has three oxidation states in nature: Cr2+, C3+, 
and Cr6+. However, only C3+ and Cr6+ are stable [1,2]. Cr3+ 
is an essential nutrient for humans, of which the shortage 
may cause heart diseases, disruptions of glucose metabo-
lisms, and diabetes. Cr3+ is relatively immobile, has low tox-
icity, and can be easily precipitated in nature [3]. Cr6+ is the 
most dangerous and toxic metal. It can be found in nature 

in the form of dichromate and strong oxides [4]. CrO4
2− is 

a potent carcinogen and is extremely toxic to humans and 
animals [5]. It can cause several diseases such as lung 
cancer as well as kidney, liver, and gastric damage.

Various techniques have been developed for Cr6+ 
removal [6], including chemical precipitation [7], ion exchange 
resin [8], coagulation [9], reverse osmosis [10], membrane fil-
tration [11], and adsorption [12]. Among these, adsorption 
using solid adsorbents is one of the most efficient methods 
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for the treatment and removal of radioactive nuclides [13], 
toxic environmental contaminants [14], and organic pollut-
ants [15]. Thus, adsorption is considered an excellent, sim-
ple, efficient, and relatively low-cost technique for mitigating 
even very low levels of herbicide pollution [16].

Biosorption is a green approach that uses naturally 
occurring biomass as sorbents for toxic metal ion sequestra-
tion [17,18]. Biosorption is a promising method that meets 
all the requirements of Cr6+ ion elimination from aqueous 
streams [19,20].

The International Atomic Energy Agency developed 
a set of laws and basic rules for managing radioactive 
wastes to protect the environment and human health [21]. 
Radioactive cobalt is a toxic radioactive element. It is one 
of the major contributors to the build-up of the radiation 
field that occurs in pressurized heavy water reactors [22]. 
60Co represents a serious concern because of its long half-
life (t1/2 = 5.27 y) and high gamma-emission energy (total 
is 2.5 MeV). Unlike heavy metals, radioactive elements 
can produce rays, which can enter the human body, caus-
ing internal contamination and posing various threats, 
including death. To prevent radioactive contamination, it is 
necessary to develop effective methods to remove radionu-
clides from radioactive wastewaters [13,23]. Conventional 
methods used for wastewater treatment include precip-
itation, solvent extraction, ion exchange, and membrane 
filtration [21,24].

Sodium alginate (SA) and carboxymethyl cellulose 
(CMC) are widely used as metal adsorbents because of their 
ability to form a gel through an ion exchange reaction with 
multivalent metal ions [25]. SA is a linear polymer contain-
ing blocks of 1,4-linked β-D-mannuronate (M block) and 
α-L-guluronate (G block) residues. The G blocks are easily 
crosslinked with metal ions, which induces gelation [26,27]. 
CMC is an ionic polysaccharide that contains carboxyl 
groups and can be used to prepare heavy metal adsorp-
tion materials [28]. SA/CMC gel has been used to immobi-
lize TiO2 because it is a nontoxic, inexpensive, and easily 
prepared immobilization carrier for enzymes and biomass  
materials.

Li et al. successfully synthesized a novel adsorbent 
by immobilizing TiO2 on molecularly imprinted chitosan 
matrix for organic compound degradation and heavy metal 
adsorption [29]. No loss in the adsorbent material was 
observed after recycling and reusing the immobilized adsor-
bents compared with the pristine material. Another study 
reported that calcium alginate-immobilized TiO2 beads 
showed excellent heavy metal (Pb2+ and Cd2+ ions) removal 
efficiency even after 10 adsorption–desorption cycles [30].

TiO2 is typically used in a suspension form for metal 
ion adsorption in aqueous solutions [31–34]. Although this 
method is effective, large-scale water treatment using TiO2 
is impractical because suspended materials are difficult 
to separate from liquid streams, which causes continu-
ous material losses during the recycling process [30]. Thus, 
as described here, immobilization of TiO2 in SA–CMC 
resolves this problem.

Cunninghamella elegans (C. elegans) is a non-lignino-
lytic fungus well known for its ability to transform a broad 
range of xenobiotics [35], and the inactivated biomass of 
the fungus is an effective biosorbent [36]. Composites of 

alginate with polyethyleneimine, gelatin, and CMC are also 
effective for Cr6+ removal.

In this study, TiO2/SA–CMC (TSC) and C. elegans/
SA–CMC (CESC) beads were developed and tested for the 
removal of Cr6+ and Co2+ ions from synthetic wastewater sam-
ples. The effects of the initial Cr6+ and Co2+ concentrations and 
initial solution pH on the Cr6+ and Co2+ removal were inves-
tigated. Equilibrium isotherms and kinetic modeling were 
employed to investigate the adsorption mechanism between 
Cr6+ and Co2+ ions with the TSC and CESC biosorbents. 
The reusability of the produced gel beads for Cr6+ and Co2+ 
recovery has been demonstrated using a simple technique.

2. Materials and methods

2.1. Chemical reagents

SA, CMC, and TiCl4 were purchased from Fluka 
and used without further purification. Calcium chloride 
and cobalt solutions were prepared by the dissolution 
of CaCl2·2H2O and CoCl2·6H2O, respectively, in distilled 
water. A stock solution of Cr6+ (1,000 mg/L) was prepared 
by dissolving the desired amount of K2Cr2O7 in distilled 
water. Solutions with different Cr6+ concentrations were 
prepared via serial dilution of the stock solution using dis-
tilled water. The pH of the solutions was adjusted using 
analytical grade HCL (0.1 N) and NaOH (0.1 N).

2.2. Fungal isolates

C. elegans was isolated from the soil of the repository site 
of the Waste Management Facility, Hot Laboratory Center, 
operated by the Atomic Energy Authority of Egypt using 
the dilution plate method [37].

2.3. Preparation of hydrous TiO2

Hydrolysis of TiCl4 (0.3 mol/L) was conducted using 
NaOH (1 N) under continuous magnetic stirring. The pH 
of the solution was adjusted to 7.5 using NaOH (1 N), 
and the mixture was left to set for 16 h to generate a pre-
cipitate. It was then centrifuged, and the precipitate was 
washed three times with distilled water to remove any 
impurities. The residual precipitate was collected and dried 
at room temperature for 48 h. The dried precipitate was 
pulverized using agate mortar to obtain a fine powder.

2.4. Biomass production

The inocula of the fungal spore were transferred to 
1-L conical flasks containing Sabouraud’s broth occupy-
ing one-third of their volume. They were then incubated at 
27°C for 3 d in an orbital shaking incubator. The cultivated 
fungal biomass was harvested by centrifugation and then 
washed several times with distilled water. The obtained 
fungal biomass was stored in a refrigerator to be used as 
living biomass [37].

2.5. Preparation of SA–CMC gel mixture

The SA gel (4%) was prepared by dissolving the 
sodium salt of alginic acid (4 g) in distilled water (100 mL) 
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with gentle stirring for 5 h. CMC gel (4%) was prepared by 
dissolving the sodium salt of CMC (4 g) in distilled water 
(100 mL) with gentle stirring for 5 h. Different gel ratios 
(20%, 40%, 60%, and 80%) of SA and CMC were prepared 
under constant stirring to generate a homogeneous gel 
mixture.

2.6. Preparation of TSC gel beads

Different masses (0.02, 0.04, 0.05, 0.06, 0.08, and 0.1 g) 
of TiO2 were added to the prepared SA–CMC gel mixture 
(10 mL) under continues magnetic stirring. Next, the mix-
ture was dropped into a CaCl2 solution (2%, 250 mL) using 
a peristaltic pump, and the resulted beads were allowed to 
solidify for 24 h. The coagulated beads were then washed 
several times with distilled water to remove the excess 
calcium. The beads were divided into two parts, of which 
one was gently stirred in an FeCl3 solution (1%, 100 mL) 
to further solidify for 24 h. The resulted gel beads were 
washed several times with distilled water, and the beads 
were then dried at room temperature for 48 h (Fig. 1).

2.7. Preparation of CESC beads

Different masses of the fungal mycelia (i.e., 0.125, 0.05, 
0.1, 0.2, 0.3, 0.4, and 0.5 g) were ground and mixed thor-
oughly in the prepared SA–CMC gel mixture (10 mL) 
under continuous magnetic stirring. Then, the mixture 
was dropped into a CaCl2 solution (2%, 250 mL) using a 
peristaltic pump, and the resulted beads were allowed to 
solidify for 24 h. The coagulated beads were then washed 
several times with distilled water to remove the excess cal-
cium. The beads were divided into two parts, of which one 
part was gently stirred in an FeCl3 solution (1%, 100 mL) 

to further solidify for 24 h. The resulted gel beads were 
washed several times with distilled water, and then, the 
beads were dried at room temperature for 48 h.

2.8. Characterization

The dried samples were characterized using vari-
ous spectroscopic methods. The surface morphology and 
elemental composition of the composite adsorbent were 
studied using scanning electron microscope (SEM, FEI 
Quanta FEG 250, USA) and energy-dispersive X-ray spec-
trometry (EDS, EDAX APOLLO X, USA). A Fourier trans-
form infrared (FTIR) spectroscopy (Nicolet 6700, Thermo 
Electron Scientific Instruments Corporation, USA) was 
used in an attenuated total reflection mode to record FTIR 
spectra using KBr pellets. X-ray diffraction (XRD) was 
recorded at room temperature using a powder diffrac-
tometer (Bruker axs D8 Advance, Germany) with a Cu 
Kα radiation source (k = 1.5406 Å) and 2θ in the range of 
10–80. The porous structures of CESC and TSC were char-
acterized by the adsorption–desorption of the N2 Brunauer–
Emmett–Teller (BET) method (JEOL-JSM 6510 LA, Japan) 
at the temperature of liquid nitrogen (77°K).

2.9. Sorption study

The sorption performance of TSC and CESC beads 
for the removal of Cr6+ and Co2+ ions was studied in batch 
mode and then compared. The studies were performed in 
capped glass tubes (25 mL). The sorbate solutions (10 mL) 
at the desired concentrations were equilibrated with the 
sorbents (0.05 g, TSC beads or CESC beads) in a shaker at 
50 rpm. The beads were separated after reaching equilib-
rium, and the residual metal concentration in the filtrate 

TiO2 or

Cunninghamella elegans

Magnetic stirring Magnetic stirring

CaCl2

Washing

Magnetic stirring

FeCl3

Washing

Fig. 1. Schematic diagram illustrating the synthesis of TSC and CESC gel beads.
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was determined using atomic absorption spectrophotometer 
(Buck model 210 VGP).

The Cr6+ and Co2+ removal efficiency is defined as the 
ratio of Cr6+ and Co2+ ions adsorbed on the sorbent to that 
of the initial quantity of Cr6+ and Co2+ ions in the solu-
tion. The sorption capacity (mg/g) is defined as the uptake 
amount of Cr6+ and Co2+ ions per unit mass of the sorbent.

The removal efficiency of Cr6+ and Co2+ and the adsorp-
tion capacity at equilibrium (qe, mg/g) were determined 
using Eqs. (1) and (2) [23]

Adsorption % removal efficiency( ) =
−

×
C C
C
i e

i

100  (1)

Removal capacity mg/g( ) =
−

×q
C C
W

Ve
i e  (2)

where Ci and Ce are the initial and equilibrium concen-
trations (mg/L) of the adsorbate, respectively, W (g) is the 
dry mass of the adsorbent, and V (L) is the volume of the 
solution. pH studies were conducted in a pH range of 
2–10 and 2–8 for Cr6+ and Co2+, respectively, at room tem-
perature (303 K). The initial pH of the sorbate solution was 
adjusted using HCl (0.1 M) and NaOH (0.1 M) solutions. 
Contact-time studies were conducted at an initial sorbate 
concentration of 50 mg/L at room temperature.

2.10. Biosorbent reusability

The ability of the biosorbent to regenerate is a critical 
factor affecting the commercial success and industrial use 
of TSC and CESC beads [20]. Thus, the regeneration capa-
bility of spent TSC and CESC beads was investigated using 
different solvents such as double distilled water, NaOH 
solution (0.1 N), and HNO3 solution (0.1 N). The beads 
were then washed in double distilled water until the pH of 
the washing water reached 6–6.5. The beads were reused 
three times in succession. The desorption ratio was calcu-
lated using the concentration of metal ions in the eluted  
solution.

3. Results and discussion

3.1. The effect of different content ratios of beads 
on the adsorption process

3.1.1. Ratio of SA and CMC

To investigate the optimum mass ratio between SA 
and CMC, adsorbents were synthesized at different mass 
ratios (SA:CMC = 80:20, 60:40, 50:50, 40:60, and 20:80). 
CaCl2 and FeCl3 were used in the solidification of the pre-
pared adsorbents. The visual assessment showed that FeCl3 
increased the hardness and decreased the flexibility of the 
beads. Thus, the beads were easily destroyed during the 
sorption experiments. Therefore, only CaCl2 was sufficient 
for the solidification process, and there was no need to 
use FeCl3. Moreover, the strength of the beads decreased 
with the increase in the percentage of CMC in the gel 
mixture, and it was found that the SA:CMC ratio (50:50) 
was the ideal ratio for the gel mixture.

3.1.2. Ratio of TiO2 and C. elegans

To investigate the optimum mass of TiO2 and C. elegans 
immobilized in the SA–CMC beads, different mass ratios 
were studied to determine their adsorption capacity for 
Cr6+ and Co2+. Finally, the ideal content ratio for TiO2 and 
C. elegans was determined to be 0.05 and 0.125 g, respec-
tively. Fig. 2 shows the adsorption capacity of Cr6+ and Co2+ 
over different mass ratios of TiO2 and C. elegans. The adsorp-
tion capacity of Cr6+ and Co2+ increased with the increase 
in the content of TiO2 from 0.02 to 0.04 g and decreased at 
0.06, 0.8, and 0.1 g. However, the SA–CMC modified adsor-
bent exhibited lower adsorption capacity for Cr6+ and Co2+ 
with the increase in the mass ratio of C. elegans from 0.1 to 
0.5 g. This can be attributed to the reduction in the active 
sites on the gel composite beads with the increase in the 
ratio of C. elegans to TiO2 [23].

3.2. SEM results

Fig. 3 shows the SEM images of TSC and CESC beads. 
The TSC and CESC beads were spherical in shape with a 
porous surface structure, which enables the solution to eas-
ily penetrate. The CESC beads were pale yellow, whereas the 
TSC was white because of the encapsulation of TiO2. Both 
surfaces of TSC and CESC beads were rough and porous. 
The SEM results were obtained to characterize the porous 
structure and rough surface of TSC and CESC beads.

3.3. FTIR results

FTIR was used to characterize the functional groups 
on the biosorbent surface within a range of 400–4,000 cm−1. 
Characteristic peaks of various bonds were observed. 
These bonds were formed as a result of the biosorption 
on the material surfaces through the interaction of numer-
ous functional groups of polysaccharides, such as amines, 
amides, and carboxylates, in the SA and CMC beads 
(Fig. 4). Fig. 4 shows a comparison between the FTIR spec-
tra of CESC and TSC. All major peaks of CESC occurred at 
3,440; 2,937; 1,668; 1,450 and 1,117 cm−1, which have been 
assigned to the O–H stretching, –CH stretching, asymmet-
ric vibration of –COO, symmetric vibration of –COO, and 
C–O–C stretching, respectively. The peak at 494 cm−1 was 
assigned to the stretching of the Ti–O–O bonds, which 
confirmed the presence of strong interactions between the 
polar sites of TiO2 and the active functional sites of the  
biopolymer.

3.4. XRD results

The crystallinity of the TSC and CESC samples was 
investigated using an XRD pattern (Fig. 5). The XRD pat-
tern of the TSC sample revealed three distinct peaks at 
25.212°, 47.855°, and 37.716°, confirming the presence of 
an anatase phase (36.9%), and the second TiO2 phase was 
a brookite phase (63.1%). The XRD pattern indicated that 
the CESC had an amorphous structure with a degree of 
crystallinity = 28.01%.

Higher crystallinity reduces porosity and surface 
area, resulting in a “cleaner” surface with fewer moieties 
and defects. As these defects are energetic locations for 
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Fig. 2. The effect of immobilized TiO2 and C. elegans content on the uptake of Cr6+ and Co2+ (contact time = 180 min, initial 
concentration = 50 mg/L).

 

Fig. 3. The SEM images of TSC beads (A, B) and CESC gel beads (C, D).
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adsorption, CESC (with low crystallinity) exhibited higher 
adsorption capacity.

3.5. EDS results

EDS was used to study the elemental composition of 
the biosorbent (Fig. 6). On the basis of EDS elemental anal-
ysis, the following elements were identified: C, O, Ca, Ti, Cr, 
and Co. Titanium was easily identified in the EDS spectra 
of the SA–CMC sample crosslinked with Ti after the Co2+ 
and Cr6+ ion removal. These results confirm the adsorption 
and binding of Co2+ and Cr6+ ions (Fig. 6).

3.6. Textural characteristics

Type IV class and H2-type hysteresis were observed 
in the isotherm, which reflect the complex pore struc-
ture of the CESC and TSC biosorbents (Fig. 7) [18,38]. The 
specific surface areas of CESC and TSC were estimated 
on the basis of the multipoint BET method to be 39.5 and 

0.414 m2/g, respectively. Moreover, the mean pore radii of 
CESC and TSC were estimated to be 0.0106 and 0.696 nm, 
respectively, and the total pore volumes of CESC and TSC 
were 0.105 and 0.072 cm3/g, respectively [38]. These suit-
able specific surface areas, pore volumes, and pore sizes 
were expected to generate superior biosorption of the target 
molecules, that is, Cr6+ and Co2+ ions.

4. Effect of initial solution pH

pH is an important factor affecting the removal of Cr6+ 
and Co2+ ions from aqueous solutions. The dependence of 
metal sorption on pH is attributed to the metal chemistry 
in the solution and the ionization state of the functional 
groups of the sorbent, which affects the availability of bind-
ing sites [39]. The effect of pH on Cr6+ and Co2+ removal 
by TSC and CESC beads was examined at a pH range of 
2–10 and 2–8, respectively.

The adsorption of Cr6+ ions decreased with the increase 
in the pH value. At pH = 3, the maximum adsorption per-
centages were 65% and 60% for the TSC and CESC beads, 
respectively. This behavior can be explained by taking 
into account the surface charge of the prepared beads and 
Cr6+ ions at different pH values. At low pH values, the 
surfaces of TSC and CESC beads are possibly covered by 
protons, forming positively charged particles. Fig. 8 indi-
cates that Cr6+ is dominantly present as HCrO4

−1, resulting 
in an increase in the electrostatic interaction between the 
negative Cr6+ species and the positive surface of the adsor-
bent [40]. The speciation diagram in Fig. 8 also shows 
the species formed in the aqueous media by the hexava-
lent chromium (HCrO−4). At high pH values, there is a 
remarkable decrease in the Cr6+ removal, which may be 
attributed to the electrostatic repulsion between CrO4

−2 
and the negatively charged surface of the deprotonated 
beads. This repulsion could be attributed to the reaction 
between the hydrous oxide and the highly concentrated 
hydroxide ions in the alkaline solution [41].

Fig. 9 shows the removal of cobalt. As expected, 
highly acidic conditions caused low adsorption of metal 
ions. The protonation of binding sites under highly acidic 
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Fig. 4. The FTIR spectrum of the prepared TSC and CESC beads.

Fig. 5. X-ray diffraction patterns of TSC and CESC beads.
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conditions resulted in a competition between H+ and cat-
ionic metal ions for the binding sites, leading to low sorp-
tion. Increasing the pH from 2 to 4 improved the metal 
sorption, which might be attributed to the decrease in the 

number of H+ ions competing with the metal cations for 
the sorption sites. A further increase in the pH from 4 to 8 
resulted in a slow but constant increase in the sorption rate. 
The maximum metal ion uptake was observed at pH = 8.

4.1. Equilibrium and isotherm study

The equilibrium studies were conducted for the 
removal of Cr6+ and Co2+ by TSC and CESC at different ini-
tial concentrations of Cr6+ and Co2+ (100–1,000 mg/L) under 
optimized conditions. The equilibrium status in the metal 
ion removal process is determined on the basis of the dis-
tribution of the metal ions between the liquid and solid 
phases. The equilibrium data were analyzed via a nonlinear 
regression method using Langmuir and Freundlich models. 
Langmuir isotherm is a useful isotherm model for describ-
ing both physical and chemical sorption processes. A basic 
assumption of the Langmuir theory is that sorption takes 
place at specific homogeneous sites within the sorbent. 
The nonlinear form of this model is given in Eq. (3) [42]:

q
K q C
K Ce

L e

L e

=
+( )

max

1
 (3)

where qe is the metal ion concentration on the sorbent (mg/g) 
at equilibrium, Ce is the metal ion concentration in the 

 
Fig. 6. EDS spectra of the CESC beads crosslinked with calcium chloride after (A) Cr6+ and (B) Co2+ adsorption as well as those of 
TSC after (C) Cr6+ and (D) Co2+ adsorption.
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solution (mg/L) at equilibrium, qmax is the monolayer sorp-
tion capacity of the sorbent (mg/g), and KL is the Langmuir 
adsorption constant (mass transfer coefficient, L/mg), which 
depends on the free energy of sorption.

The Freundlich isotherm model assumes a heteroge-
neous adsorption surface and active sites with different 
energies. The Freundlich model is given in Eq. (4) [43]:

q K Ce F e
n= 1/  (4)

where KF (mg(1−n) Ln g−1) is the Freundlich constant, which 
depends on the quantity of the sorbent, and 1/n is the affinity 
of the binding sites.

The results obtained for the isotherm studies are pre-
sented in Fig. 10 and Table 1. Fig. 10 shows the isotherm 
fitting curves which indicate that the Langmuir isotherm 
model is best suited for adsorptive remediation of Cr6+ and 
Co2+ by the TSC and CESC beads. The maximum adsorp-
tion capacity (qmax) was calculated from the Langmuir 
isotherm model (Table 1), which suggests a monolayer- 
type adsorption and an energetically uniform surface [44].

5. Effect of contact time

The contact time between the adsorbent and metal 
ions is another key parameter in the adsorption process. 
In practice, the contact time must be optimized because 
it affects the adsorption kinetics and directly reflects the 
economic efficiency of the process. The effect of the shak-
ing time on Cr6+ and Co2+ distribution is tested to clarify 
its effect on the reaction kinetics. The sorption kinetics of 
Cr6+ and Co2+ was studied at different time intervals rang-
ing from 15 min to 24 h at a constant V/M ratio. Fig. 11 
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indicates that the equilibrium time of Cr6+ and Co2+ sorption 
on the TSC and CESC beads was 3 h.

5.1. Kinetic study

For Cr6+ and Co2+ adsorption from aqueous solutions, the 
rate of adsorption is an important parameter for the design 
and assessment of adsorbent capacity. Adsorption kinetic 
experiments were carried out to understand the adsorp-
tion mechanism of Cr6+ and Co2+ ions using the CESC and 
TSC [45].

The kinetics of Cr6+ and Co2+ removal by TSC and 
CESC was studied using pseudo-first-order and pseudo-
second- order models. The linear form of the pseudo-first- 
order model is given in Eq. (5) [46]. The linear forms of the 
pseudo-first- order and pseudo-second-order equations are 
expressed using Eqs. (5) and (6), respectively.

ln q q q K te t e−( ) −= ln 1  (5)

where qe and qt (both in mg/g) are the amounts of metal 
ions removed per unit mass of the sorbent at equilibrium 
and at time t (min), respectively, and K1 (min−1) is the rate 
constant of the pseudo-first-order kinetics. The value of K1 
was calculated from the slope of the linear plot of ln(qe − qt) 
vs. t (Fig. 12a). The experimental data were also analyzed 
using the pseudo-second-order model, of which the linear 
form is given using Eq. (6) [47]:

t
q K q q

t
t e e

= 1 1

2
2 +  (6)

where K2 (g/mg min) is the rate constant of the pseudo- 
second-order model, qe and qt (mg/g) are the number of 
metal ions removed per unit mass of the sorbent at equi-
librium and at time t (min), respectively. The constants 
in the equations were calculated from the linear plots of 
t/qt vs. t (Fig. 12b). The constants and correlation coefficients 
of the kinetic models are listed in Table 2.

As seen in Table 2, the values of the correlation coeffi-
cients indicated a better fit of the pseudo-second-order 
model with the experimental data compared with the 
pseudo- first-order model, indicating that the chemisorp-
tion [48] is the rate-determining step for the sorption of 
Cr6+ and Co2+ on CESC and TSC conducted in this study.

5.2. Thermodynamics of the biosorption

The thermodynamic characteristics of the current system 
were established in order to obtain insights into the thermo-
dynamics of the sorption process. The essential requirement 
of the spontaneity is the change in the Gibbs free energy, 
ΔG. If ΔG is negative at a given temperature, the reaction 
would be spontaneous. The Van’t Hoff equation was used to 
determine the thermodynamic parameters as follows

∆ ° = −G RT KLln  (7)

lnK S
R

H
RTL =

∆ °
−

∆ °  (8)

where R is the universal gas constant, T is the system abso-
lute temperature (K), and Ko is the standard thermodynamic 
equilibrium constant (L/g) defined by qe/Ce. The values of 
ΔH° and ΔS° were calculated from the slope and intercept of 
a plot of lnKL vs. 1/T (Fig. 13), respectively, and the findings 
are listed in Table 3.

ΔG° values for the synthesized CESC and TSC beads 
were negative, indicating a spontaneous adsorption pro-
cess. The values of ΔH° were positive, indicating that the 
sorption of Cr6+ and Co2+ ions is endothermic. The possi-
bility of Cr6+ and Co2+ ion diffusion into the particles could 
not be ruled out because the synthesized adsorbents are 
porous. As a result, the increase in the temperature affects 
the diffusion of Cr6+ and Co2+ ions within the pores of the 
adsorbents. The number of active sites formed in the adsor-
bent increased with the temperature, indicating an increase 

Table 1
Parameters used for the Langmuir and Freundlich isotherm models employed for Cr6+ and Co2+ adsorption on CESC and TSC beads

Metal ion/ 
Sorbent

Langmuir model Freundlich model

qmax (mg/g) KL (L/mg) R2 KF (mg(1–n) Ln g–1) n R2

CESC-Cr6+ 200.64 0.0044 0.79978 8.35987 2.23969 0.79535
TSC-Cr6+ 220.34 0.00252 0.79939 3.95713 1.82848 0.79099
CESC-Co2+ 187.78 0.02331 0.92042 36.17641 3.91896 0.78317
TSC-Co2+ 142.21 0.02107 0.92467 28.69196 4.0876 0.78802
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in the sorption capacity. Furthermore, positive ΔS° values 
indicate that the synthesized adsorbents have a high bind-
ing affinity for Cr6+ and Co2+ ions, and it also indicates a 
high randomization at the adsorbent–adsorbate interface 
during the sorption process [49].

6. Maximum retention capacity of the sorbents 
for Cr6+ and Co2+ ions

The effect of the metal ion concentration on the adsorp-
tion capacity of Cr6+ and Co2+ ions on TSC and CESC beads 

was studied at different concentrations while keeping the 
other parameters constant. Fig. 14 shows the retention 
capacities of Cr6+ and Co2+ ions on TSC and CESC beads as 
a function of their concentrations (from 100 to 1,000 ppm) 
at pH = 4. The equilibrium capacity of Cr6+ and Co2+ ions 
increased with the increase in the added amounts of metal 
ions. The removal efficiency decreased with the increase 
in the initial metal ion concentration when the amount of 
the adsorbent is kept unchanged. This can be attributed to 
the saturation of the adsorption sites on the adsorbent sur-
face at high metal ion concentrations [50,51]. In addition, 

Table 2
Kinetic parameters of the pseudo-first-order and pseudo-second-order kinetic models for the sorption of Cr6+ and Co2+

Pseudo-first-order  Pseudo-second-order

Sorbent qe,exp (mg/g) qe,cal (mg/g) K1 (min–1) R2 qe,cal (mg/g) K2 (g/mg min) R2

CESC-Cr6+ 22 8.77 0.0001 0.718 22.24 0.006030958 0.992
TSC-Cr6+ 21.2 4.07 9.55556E-05 0.737 21.30 0.012454715 0.997
CESC-Co2+ 30 5.26 7.12222E-05 0.872 30.68 0.008516623 0.99965
TSC-Co2+ 29.4 9.01 0.000123778 0.872 29.98 0.006175173 0.9988

Table 3
Thermodynamic parameters of Cr6+ and Co2+ ion biosorption on CESC and TSC surfaces

Adsorbent Ions Temperature (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J K–1 mol–1)

CESC Cr(VI) 303 –3.469678996 10.86745388 47.22751072
313 –3.856712232
323 –4.417938103

TSC Cr(VI) 303 –2.584269213 8.861479145 37.77640494
313 –2.963620319
323 –3.33972853

CESC Co(II) 303 –4.69371181 15.69593467 67.00618416
313 –5.091818872
323 –6.045668524

TSC Co(II) 303 –2.431175819 6.451496223 33.5058357
313 –2.710156672
323 –3.103732071
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Fig. 12. Plots of (a) pseudo-first-order and (b) pseudo-second-order kinetic models for the sorption of Cr6+ and Co2+ ions on 
CESC and TSC gel beads at T = 30°C, m = 5 g/L, and Ci = 50 mg/L.
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high initial metal concentrations cause a high driving force, 
which completely overcomes the mass transfer resistance 
of the metal ions at the interface between the aqueous and 
solid phases. This leads to higher probability of collision 
between the metal ions and adsorbent, which consequently 
increases the loading capacity of the adsorbent [52,53]. 
The adsorption capacities of Cr6+ ions on CESC and TSC 
at equilibrium were found to be 140 and 130 mg/g, respec-
tively. The maximum adsorption capacities of Co2+ ions 
on CESC and TSC were found to be 160 and 120 mg/g, 
respectively. In the previous case, the adsorbent (CESC 
and TSC) dose did not change while the adsorbate concen-
tration was increasing. In this situation, additional vacant 
sites on the CESC and TSC are occupied by the adsorbate 
molecules due to the higher concentrations. These val-
ues are considerably higher than those obtained in other 
reported studies using various kinds of sorbents (Table 4).

7. Biosorbent reusability

The reusability of the biosorbent is one of the strategic 
parameters that impact the economic viability of the biosorp-
tion system and reduces the operation expenses of the sepa-
ration process.

Fig. 15 illustrates the results of the reusability studies 
of CESC and TSC biosorbents. The desorption ratio after 
the first cycle was lower than that after the other cycles. 
The biosorbent was regenerated using HNO3 (0.1 N) and 
then effectively reused for a maximum of three cycles. 
A significant reduction in the biosorption potential in cases 
of CESC and TSC (regenerated using HNO3, 0.1 N) was 
observed when they were used for more than three cycles 
caused by the decrease in the surface functional groups due 
to chemical regeneration and continual saturation of the 
binding sites [20,62]. Thus, the reusability analysis showed 
that CESC and TSC could be repeatedly used up to three 
successive biosorption–desorption cycles.

8. Conclusions

CESC and TSC absorbents were used as novel biosor-
bents for the removal of Cr6+ and Co2+ ions from aqueous 

Table 4
Comparison between the adsorption capacities of the prepared sorbents and those reported in the literature

Adsorbent

pH, dosage, contact time

qe (mg/g) Reference

Cr(VI) Co(II)

TSC beads pH 2 for Cr6+ and 6 for Co2+, 
0.05 g t.180 min

130 120 Present study

CESC beads 140 160
Tetraethylenepentamine-SA beads (TEPA-SA) 2, 0.2 g, 180 min 76.92 [54]
PVA/chitosan magnetic composite 6, 0.03 g, 18 h 14.39 [55]
Thiourea-immobilized polymer beads 1, 0.03 g, 24 h 137 [56]
Modified chitosan beads 90 min 7.97 [57]
Chitosan-coated sour cherry kernel shell beads 24.49 [58]
Poly(amidoxime) modified reduced graphene oxide 177.6 [59]
Chitosan microspheres/sodium alginate hybrid beads pH 3, 220 min, 0.06 g 16 [60]
Graphite nano carbon/alginate pH 5, 8 h, 0.2 g 11.63 [61]
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streams. On the basis of the results of the multipoint BET 
calculations for CESC and TSC, their mean pore radii were 
0.0106 and 0.696 nm, respectively, and their specific surface 
areas were 39.5 and 0.414 m2/g, respectively. At the opti-
mal experimental conditions (i.e., pH = 2 for Cr6+ and 4 for 
Co2+, agitator speed = 100 rpm, contact time = 180 min, tem-
perature = 30°C, and biosorbent dosage = 5 g/L), CESC and 
TSC exhibited maximum removal capacities of 200.64 and 
187.78 mg/g for Cr6+ and 220.34 and 142.21 mg/g for Co2+, 
respectively. The exothermic biosorption process was well 
explained using the Langmuir isotherm and pseudo- second-
order kinetic model. The CESC and TSC biosorbents demon-
strated good regeneration capacity up to three biosorption 
runs when regenerated using an HNO3 solution. Thus, the 
CESC and TSC beads prepared in this study can be used 
as a solid-phase extractant for the removal of Cr6+ and Co2+ 
from aqueous solutions. Therefore, this research established 
a theoretical and experimental foundation for the use of 
TSC and CESC beads as a new adsorbent for the removal 
of Cr6+ and Co2+ ions from synthetic wastewater samples.
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