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H I G H L I G H T S

• An immobilized hybrid biosorbent (IHB) was prepared for Th(IV) ions removal from aqueous solution.
• RSM was employed for modeling the Th(IV) ions biosorption on IHB.
• The Langmuir maximum monolayer Th(IV) ions sorption capacity of the IHB was found to be 142.86 mg.g−1.
• Th(IV) ions biosorption on IHB followed the pseudo-second-order kinetics model.

A B S T R A C T

An immobilized hybrid biosorbent (IHB) was prepared by hybridizing two biosorbents
and evaluated for its ability to remove thorium ions from an aqueous solution. The
combined effect of the initial pH of the solution (2 to 6), initial Th(IV) ion solution
concentration (50 to 300 mg.L−1), IHB dose (0.5 to 5 g.L−1), and sorption duration
(10-180 min) were investigated using central composite design (CCD). Experimental
data were analyzed using Design Expert 8.0.6 software and fitted to a second order
polynomial model with logarithm transform function. The adequacy of the model was
verified using three indices, model analysis, coefficient of determination (R2), and the
lack-of-fit test. The initial pH of the solution was determined as the most effectual
factor on Th(IV) ions biosorption removal by using the analysis of variance (ANOVA).
According to the obtained results, pH value of 4.5, initial metal ion concentration of
210 mg.L−1, IHB dose of 5 g.L−1, and sorption duration of 95 minutes were proven
to be the optimum conditions, for maximum biosorption removal of Th(IV) ions from
aqueous solutions. Thermodynamic parameters have been evaluated, and it has been
determined that the sorption process is feasible in going forward with more products
than reactants, exothermic in nature and the reaction is entropy-driven. The equilibrium
data were analyzed by the Langmuir, Freundlich, and Temkin sorption isotherms. The
maximum monolayer sorption capacity of the IHB was found to be 142.86 mg.g−1.
Pseudo-second-order kinetics model provided a better fit for all the biosorption processes
which let suppose a physical rate-limiting step for the process.
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1 Introduction

Thorium is a natural radioactive element (radioelement)
widely distributed over the earths crust with nuclear sig-
nificance. In the development of nuclear energy, thorium
is considered a potential substitute for uranium in nu-
clear power generation facilities (Herring et al., 2001). The
toxic nature of this radionuclide, even at trace amounts,
has been a serious public health problem for many years
(Choppin, 2003). Toxic heavy metals, whether radioac-
tive or not, which are released by many industrial activ-

ities, mines and mining plants, are well-known environ-
mental pollutants due to their toxicity, persistence in the
environment, and bio-accumulative nature (James et al.,
2009). Thorium not only has chemical toxicity as do other
heavy metals, but also has radioactivity. It is, therefore,
necessary to give particular attention for removal of tho-
rium ions from different effluents. Hence, several tech-
niques have been investigated for heavy metals removal
from aqueous solutions and wastewaters and these include
chemical precipitation (Kimura and Kobayashi, 1985), ion
exchange (Kiliari and Pashalidis, 2011), liquidliquid ex-
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traction (Bayyari et al., 2010), membrane processes (Ilai-
yaraja et al., 2015) and adsorption/sorption (He et al.,
2007). Among them, the adsorption technique is probably
the most attractive process because it is a more efficient,
simple, versatile, cost-effective, and best-suited process for
the removal of for heavy metals removal from aqueous so-
lutions (Guerra et al., 2009), despite the cost of the sub-
strate and its regeneration which are concerned as lim-
iting factors (Petrus and Warcho l, 2003). Therefore, it
becomes of importance to search for low cost substrates
as alternatives or complements to activated carbon and
resins. Biosorption represents a more favorable alterna-
tive to replace the extant technique for Th(IV) removal
from industrial wastewater using biological material and
their chemical treatment products. The principal benefits
of this technique are the recyclability of biomaterial, low
operating- expense, better selectivity for particular met-
als of interest, removal of heavy metals from wastewater,
regardless of toxicity, small operation time, and free from
secondary compounds production which might be toxic
(Mungasavalli et al., 2007; Srinath et al., 2002).

Over the past few years, immobilized organisms have
been increasingly used in batch and continuous experi-
ments. The immobilized organism technology offers some
advantages over the use of freely-suspended cells, e. g.
ameliorated sorption capacity, reasonable ability to revi-
talize and separate the biomass from bulk liquid, high
biomass loadings, minimal clogging in continuous flow sys-
tems (Hrenovic et al., 2012; Wahab et al., 2009), good par-
ticle size control is possible, and high flow rates with or
without recirculation can be achieved. Moreover, the un-
complicated operation of reiterated biosorption-desorption
cycles with immobilized biomasses makes the biosorption
process potentially more economic and competitive (Akar
et al., 2009; Bağ et al., 1998).

In this study, the sorption potential of IHB for the
biosorption of Th(IV) ions from an aqueous solution was
investigated. Various important parameters like IHB dose,
Th(IV) ions initial concentration, sorption duration, and
pH of the metal ion solution were optimized by using a
central composite design in response surface methodology
(RSM). The traditional one-factor-at-a-time (OFAT) ap-
proach for the determination of optimized conditions for
different parameters is not economical but is both costly
and time consuming due to the requirement of the higher
number of experiments, whereas the design of experiments
(DOE) for the media optimization in biosorption process
can overcome the limitations of traditional OFAT method
and can be a powerful tool for the optimization of Th(IV)
removal from aqueous solution. DOE requires fewer ex-
periments, lesser time, and lesser material to obtain the
same amount of information (Gusain et al., 2014). Sorp-
tion removal of Th(IV) onto the IHB has been evaluated in
terms of equilibrium, kinetics, and thermodynamics stud-
ies. The isotherm models such as Langmuir, Freundlich,
and Temkin isotherm models have been used to describe
the equilibrium data. Kinetic data obtained from the
batch sorption studies were fitted to pseudo-first order,
pseudo-second order equations, and intraparticle diffusion
models.

2 Material and Methods

2.1 Materials

All chemicals and reagents were used as received with-
out further purification. Milli-Q water (resistivity of 18.2
MX.cm) was used in all designed experiments. A thorium
bulk stock solution containing 1000 mg.L−1 of Th(IV) was
prepared by dissolving 2.457 g of Th(NO3)4.5H2O (sup-
plied from Merck, Darmstadt, Germany) in 1% nitric acid,
and diluting to 1000 mL using pure distilled water. The
standard working solutions were prepared daily from stock
solutions. The sample of Cystoseira indica, red marine al-
gae (seaweed), was hand collected from Oman’s sea (Iran).
Bakers yeast, Saccharomyces cerevisiae, was supplied by
a grocery shop. Silica gel 60 Å, 0.063 to 0.200 mm (70 to
230 mesh ASTM) was used as support.

2.2 Instrumentation

Thorium ions concentrations were determined by
PerkinElmer Optima 2000 DV ICP-AES. The batch sorp-
tion experiments were conducted using a thermostated
shaking water bath GFL-1083 Model. The solution pH
was measured by a pH meter (Metrohm 780 Model). A
NAPCO 2028R centrifuge was used for the centrifugation
of the samples.

2.3 Preparation of immobilized hybrid biosorbent
(IHB)

For the sorption removal studies, the collected fresh macro
algae samples were rinsed with tap water (TW), and
washed extensively with distilled water to remove the un-
wanted materials, dirt and salts (potassium, magnesium,
sodium and calcium). The washed algae were then dried
in an oven at 70 ◦C for 24 h. The dry biomass was pow-
dered and sieved using a British Standard 120 mesh (<
250 µm) sieve. Powdered material was preserved prior to
use in the biosorption study.

The immobilization procedure was adjusted by (Ma-
han and Holcombe, 1992). The Cystoseira indica algae,
bakers yeast Saccharomyces cerevisiae and silica gel were
used to prepare an immobilized hybrid (IHB) biosorbent
for the sorption removal of thorium experiments as de-
scribed below. The IHB was prepared considering the
approach proposed by (Bağ et al., 1998) and (Donat
and Aytas, 2005) for the immobilization of microorgan-
isms. Dry Cystoseira indica algae biomass powder (20
mg) and baker’s yeast Saccharomyces cerevisiae (50 mg)
were mixed with 500 mg of silica gel. The mixture was
soaked in deionized water and vigorously mixed. After
mixing, the paste was dried at 105 ± 2 ◦C in an oven for 2
h. The soaking and drying step was repeated to maximize
contact between Cystoseira indica algae, Saccharomyces
cerevisiae and silica gel and to improve the immobiliza-
tion efficiency. Then the IHB was sieved through < 250
µm. The IHB was then dried in an electric oven at 70 ◦C
for 24 hours before being used for the sorption removal
experiments and the powder was stored in a desiccator.
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Table 1: Coded and actual levels of four variables.

Factors Initial pH (A)
Sorption duration (B) Initial concentration (C) Biosorbent dose (D)

(min) (mg.L−1) (g.L−1)

−α = −2 2 10 50 0.5
-1 3 52.5 112.5 1.63
0 4 95 175 2.75

+1 5 137.5 237.5 3.88
+α = +2 6 180 300 5

2.4 Experimental design

A three-level- four-factor (43) central composite design
(CCD) was adopted to optimize conditions for the sorp-
tion removal of thorium from aqueous solutions. Initial
pH (A), sorption duration (B), initial Th(IV) ions solu-
tion concentration (C), and biosorbent dose (D) were the
independent process variables considered while sorption
capacity of the IHB for metal ions (q) was taken as the
response variable. The coded and actual levels of the in-
dependent variables are given in Table 1. The levels of
RSMindependent variables for the Th(IV) ions removal
were determined based on the preliminary experiments. 24
experiments, augmented with six replicates at the center
points to evaluate the pure error were carried out in trip-
licate. The actual experimental design matrix is given in
Table 2. After performing the experiments, the response
variable (percentage biosorption) was fitted with a second-
order model to correlate the response variable to the inde-
pendent variable (Janin et al., 2009). The common form
of the quadratic polynomial equation is as follows:

Y = β0 +
k∑

i=1

βixi +
k∑

i=1

βiix
2
i +

∑

i=1

∑

j=i+1

βijxixj + ε (1)

where Y is the response (dependent variable) denoted as
the predicted sorption capacity of IHB for Th(IV) removal,
β0 the constant coefficient (model intercept), βi, βii, and
βij the coefficient for the linear, quadratic and combined
effect, k the number of factors studied and optimized in
the experiment, xi and xj the factors (independent vari-
ables), x2i is the square effect, xixj is the combined effect
and e stands for the error. The actual experimental de-
sign matrix is given in Table 2. The validity of the model
was expressed in terms of coefcients of determination (R2),
and the sufficiency of the model was further evaluated by
analysis of variance (ANOVA) and lack-of-fit test. The
software ‘Design Expert’ (Ver.8.0.6, from State-Ease Inc.,
MN, USA) was utilized for graphical analysis and regres-
sion of the experimental data.

2.5 Batch equilibrium experiments

The batch sorption removal experiments were carried out
by mechanically shaking (200 r.min−1) 100 mL of tho-
rium aqueous solution with different pH, initial metal ion
concentration, biosorbent dose, and for different sorption
duration, at 25 ◦C. The solution was separated from the
solids by centrifugation (for 5 min at 4000 r.min−1). The

concentration of thorium in an aqueous solution was deter-
mined spectrometrically by ICP-AES as mentioned earlier
(Niedzielski and Siepak, 2003). The amount of removed
thorium ions was calculated from the difference of the tho-
rium concentration in an aqueous solution before and af-
ter biosorption removal. All sorption experiments were
carried out with three repetitions, and the average value
was reported. The responses were recorded in the form of
sorption capacity (mg.g−1) and percentage biosorption of
Th(IV) ions using the following equations:

qe = (Ci − Cf ) × V

m
(2)

Biosorption(%) =
Ci − Cf

Ci
× 100 (3)

where Ci and Cf are the initial and the nal concentra-
tions of the metal ion solutions (mg.L−1), respectively. V
is the volume of the solution (L), and m is the mass of the
biosorbent (g).

Figure 1: FTIR spectra of the IHB (a) before and (b) after
Th(IV) sorption.

3 Results and Discussion

3.1 Characterization of immobilized hybrid
biosorbent (IHB)

Infrared (IR) spectroscopy characteristics in the range 400
to 4000 cm−1 (Fig. 1) were recorded before and after sorp-
tion to determine the main functional groups of the IHB.
The characteristic peaks can be assigned to the main func-
tional groups involved in the biosorption by analyzing the
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Table 2: Design matrix for CCD and average measured percentage biosorption of Th(IV) ions.

Independent variables Biosorption (%)

Run order Initial pH
Sorption duration Initial concentration Biosorbent dose

Experimental Predicted
(min) (mg.L−1) (g.L−1)

1 4 95 175 2.75 73.06 74.15
2 4 95 175 2.75 73.11 74.15
3 4 95 175 2.75 76.93 74.15
4 4 10 175 2.75 34.83 36.99
5 4 95 175 2.75 72.39 74.15
6 5 137.5 237.5 1.625 69.01 66.95
7 4 95 175 0.5 39.87 42.75
8 5 52.5 237.5 3.875 65.48 63.13
9 4 95 300 2.75 48.83 54.36
10 4 95 175 2.75 76.97 74.15
11 5 52.5 112.5 3.875 71.47 74.58
12 4 95 175 5 99.97 94.97
13 4 180 175 2.75 85.41 81.92
14 2 95 175 2.75 26.16 26.05
15 5 137.5 237.5 3.875 89.48 89.89
16 3 137.5 237.5 3.875 61.74 62.75
17 5 137.5 112.5 3.875 96.32 98.10
18 3 137.5 112.5 3.875 68.02 71.80
19 4 95 175 2.75 72.57 74.15
20 3 52.5 237.5 3.875 44.34 42.59
21 4 95 50 2.75 76.85 79.47
22 3 52.5 112.5 1.625 32.46 31.88
23 6 95 175 2.75 60.16 61.53
24 3 52.5 112.5 3.875 51.44 52.76
25 5 137.5 112.5 1.625 76.94 79.02
26 3 137.5 237.5 1.625 42.38 40.07
27 3 137.5 112.5 1.625 48.04 49.59
28 5 52.5 112.5 1.625 53.69 52.57
29 3 52.5 237.5 1.625 24.36 23.80
30 5 52.5 237.5 1.625 44.01 41.14

highly complex IR spectra (Fig. 1)). In the spectrum of
the unloaded biomass (a) the broadband centered at 3410
cm−1 can be ascribed to s amino (-NH2) and to alcohol
groups (-OH) stretching modes (Choy et al., 1999). The
existence of amine groups is generally indicated by a shoul-
der at around 3265 cm−1 (Hall et al., 1966); however, this
peak is frequently hidden by vibrations of -OH groups.
The absorbance peak at 2933 cm−1 could be attributed to
the C-H stretch (Hall et al., 1966). 23002400 cm−1 region
is for NH+

2 , NH+ and N-H bond of IHB. The peak at 1633
cm−1 refers to the carboxylate salt COO-M, where M
stands for the metal cations like Na+, K+, Ca+2 , and Mg+2
that may naturally exist in the biomass (Sa and Kutsal,
2000). The presence of carboxyl groups in the polysaccha-
ride structure was ascertained with the strong sorption
peaks between 1000 and 1100 cm−1 (Kleinübing et al.,
2010). The absorbance peaks at 480 cm−1 and 810 cm−1

are assigned to the bending of the Si-O-Si and stretching
of Si-OH, respectively (Choy et al., 1999). These peaks are
indicative of silica gel (Svecova et al., 2006). The FTIR
spectra of thorium-loaded biomass (b) showed that the
peaks related to amino (-NH2) and alcohol groups (-OH)
band centered at 3410 cm−1 are shifted to 3421 cm−1 due
to Th(IV) ions sorption. The peak of -CH bond at around
2933 cm−1 is shifted to 2985 cm−1. The small absorption
peaks at 2300-2400 cm−1 indicative of NH+

2 , NH+ and

N-H bond of IHB disappeared indicating that functional
amino groups were involved in the sorption process. In ad-
dition, the peak of carboxyl groups (C-O) at 1092 cm−1

and the peak of carboxylate groups (C=O) at 1633 cm−1

are shifted to 1102 cm−1 and to 1636 cm−1, respectively.
These FTIR results showed that the chemical interactions
between the C-H, N-H and -OH groups of IHB and the
Th(IV) ions are mainly involved in the sorption metal ion
onto the studied biosorbent.

3.2 Statistical analysis

The sorption process optimization was performed using
the response surface methodology based on central com-
posite design (RSM-CCD). Thus, 30 experiments were ac-
complished. Initial pH and initial concentration of metal
ion solution (mol.L−1), IHB dose (g.L−1), and sorption
duration (min) were selected as four independent variables
that could potentially influence the sorption removal of
Th(IV) ions. The experimental results based at each point
on the experimental design are presented in Table 2 which
depicts a close agreement between the experimental and
predicted percentage sorption removal of Th(IV) by stud-
ied biomass. The obtained results were then evaluated by
analysis of variance (ANOVA) to assess the goodness of
fit.
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Figure 2: The plot of predicted values versus experimental
(actual) values of Th(IV) ions biosorption removal.

The ANOVA of the quadratic polynomial model
demonstrates that the model is highly significant as is ev-
idenced by the calculated F-value and very low p-value
(Table 3). The logarithm transform function was recom-
mended to evaluate the investigated response. The model
terms are considered significant if the p-value (value of
prob. > F) is less than 0.005 (Mahmoudiani et al., 2021).

Lack-of-fit, as a special diagnostic test for the relia-
bility of a model, formally tests how well the model fits
the data. As the statistic parameter, the F-value is used
to determine whether the lack of fit is significant or not,
at a significant level a (Mahmoudiani et al., 2021). For
Th(IV) biosorption removal, the lack-of-fit F-value of 4.49
and P-value of 0.0555 imply the lack-of-fit is not signifi-
cant (Table 3). Also, considering the lack-of-fit p-value in
the ANOVA table is greater or equal to 0.10, the model
appears adequate. If the model does not fit well with the
data, this will be significant. The insignificant lack of fit
is desirable.

The goodness-of-fit of the statistical model was also
estimated, by the coefficient of determination (R2). The
analysis of variance was statistically significant (p <
0.0001) and suggested that the variables in the model can
explain the experimental variation of the sorption capac-
ity of biosorbent for Th(IV) (Ahmad and Alrozi, 2010).
The R2 value is equal to 0.9895 or close to 1, which is
desirable. The adjusted R2 value is equal to 0.9796; it is
particularly useful for comparing multi-term models. The
result showed that the adjusted R2 value is very proximate
to the actual value R2 which indicates adequate model-
data fit. The results suggested that the model was good
and can well depict independent factors on the response
(Y ). The plots of experimental (actual) and predicted
values of Th(IV) biosorption removal are shown in Fig. 2.

A good correlation between input and output variables is
also shown by the model.

Figure 3 shows the perturbation plot for Th(IV) ions
biosorption removal model. As observed from this plot,
the initial pH of the solution (factor A), sorption duration
(factor B), and IHB dose (factor D) have a positive effect
on Th(IV) ions biosorption removal, while initial Th(IV)
ion solution concentration (factor C) has a negative effect
on the investigated response. According to the perturba-
tion plot, the initial pH of the solution was determined
as the most effectual factor on Th(IV) ions biosorption
removal.

Figure 3: Perturbation plot for Th(IV) ions biosorption re-
moval model.

3.2.1 Effect of sorption parameters on the per-
centage biosorption of Th(IV) ions on IHB

Using the statistical methodology, central composite re-
sponse surface design, the polynomial model describ-
ing the correlation between the logarithm of percentage
biosorption of Th(IV) ions on IHB, and the actual levels
of the four independent variables were obtained as follows:

Log10(percentage biosorption) = 1.87 + 0.0933A

+ 0.0863B − 0.0368C + 0.0867D − 0.0037AB

+ 0.0051AC − 0.0167AD + 0.0086BC − 0.0145BD

+ 0.0085CD − 0.0658A2 − 0.0312B2 − 0.0186C2

− 0.0154D2

According to ANOVA (Table 3), A (initial pH), B
(sorption duration), C (initial Th(IV) concentration), D
(IHB dose), A2, B2, C2, and D2 are more significant.
However, AC, AD, BC, BD, and CD have less effect
on the removal of Th(IV).
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Table 3: Analysis of variance (ANOVA) for the quadratic model.

Source Degrees of freedom Sum of squares Mean square F Value P-value/Prob. > F

Model 14 0.7450 0.0532 100.69 < 0.0001significant

A-initial pH 1 0.2090 0.2090 395.47 < 0.0001
B-sorption duration 1 0.1789 0.1789 338.45 < 0.0001
C-initial concentration 1 0.0325 0.0325 61.52 < 0.0001
D-IHB dose 1 0.1803 0.1803 341.17 < 0.0001
AB 1 0.0002 0.0002 0.4122 0.5305
AC 1 0.0004 0.0004 0.7986 0.3856
AD 1 0.0045 0.0045 8.45 0.0108
BC 1 0.0012 0.0012 2.24 0.1550
BD 1 0.0034 0.0034 6.36 0.0235
CD 1 0.0012 0.0012 2.19 0.1595
A2 1 0.1188 0.1188 224.78 < 0.0001
B2 1 0.0268 0.0268 50.64 < 0.0001
C2 1 0.0095 0.0095 18.01 0.0007
D2 1 0.0065 0.0065 12.23 0.0032
Residual 15 0.0079 0.0005

Lack of fit 10 0.0071 0.0007 4.49 0.0555 not significant

Pure error 5 0.0008 0.0002
R2 0.9895
Adjusted R2 0.9796

For visualizing the relationship between the percentage
biosorption of Th(IV), which is dependent variable, and
the sorption removal conditions, which are independent
variables, a quadratic polynomial model equation we ap-
plied to construct threedimensional surface plots (Fig. 4).
Figure 4 shows the 3D plot, which depicts the combined
effect of IHB dose and initial pH of solution on percent-
age biosorption of Th(IV) on IHB at fixed sorption dura-
tion and initial Th(IV) concentration in the aqueous solu-
tion. As can be seen from the graph, both the independent
variables significantly affect the sorption removal process.
Percentage biosorption of Th(IV) on IHB increases with
pH ranging from 2.0 to 4.5. The reason for this is that
at low pH the protonated functional groups reduce the
number of binding sites of the biosorbent. In addition, at
low pH the competition for surface sites between Th(IV)
ions and hydrogen ions increases resulting in a decrease in
sorption removal. Even so, the amount of biosorbed metal
(qt), declines at pH higher than 4.5, due to the formation
of different thorium species with lower sorption affinities
such as [Th2(OH)2]6+, [Th3(OH)5]7+ and [Th4(OH)8]8+

(Gupta and Bhattacharyya, 2011). The optimum pH for
the sorption removal of Th(IV) on IHB has been found to
be 4.5. Sorbent dose is another important factor regard-
ing the sorption process because this factor determines
the sorbent capacity for a given initial concentration of
the sorbate (Bulut and Aydın, 2006). It is obvious from
Fig. 4, by increasing the sorbent dose there is a remark-
able increase in the sorption removal of Th(IV). Maximum
Th(IV) sorption removal was observed at the highest level
of sorbent dose (5 g.L−1). The surface of IHB is composed
of sorption sites and by increasing the biosorbent dose,
higher sorption sites are available for sorption removal of
Th(IV) ions.

The combined effect of sorption duration and initial
Th(IV) ions solution concentration is shown in Fig. 6. It

has been revealed from this study that the rate of Th(IV)
removal increased due to increasing sorption duration and
the curve gets equilibrium after 95 minutes. The initial
rapid sorption was probably owing to the participation of
characteristic functional groups and binding surface sites
(Tembhurkar and Dongre, 2006). In the initial period of
sorption, large numbers of unoccupied sites are available,
and thereafter, repulsive forces between the already sorbed
solute molecules on the sorbent surface and free solute
molecules in the bulk phase, make it difficult to occupy the
remaining vacuous sites. In the same way, the variation
of percentage biosorption of Th(IV) with biomass dose
and initial Th(IV) ions solution concentration at a fixed
sorption duration of 95 minutes and initial pH of 4.5 is
illustrated in Fig. 6. As may be viewed, by increasing the
initial Th(IV) ions solution concentration from 50 to 300
mg.L−1, the percentage biosorption of Th(IV) decreases.
The initial Th(IV) concentration constitutes an important
driving force in the mass transfer (Bouberka et al., 2006).
Maximum percentage biosorption of Th(IV) was observed
in the Th(IV) ions initial concentration ranging from 50
to 210 mg.L−1 and IHB dose ranging from 3.75 to 5 g.L−1.

According to the obtained results pH value of 4.5,
initial metal ion solution concentration of 210 mg.L−1,
IHB dose of 5 g.L−1, and sorption duration of 95 minutes
were proven to be the optimum conditions, for maximum
biosorption removal (≥99%) of Th(IV) ions from aqueous
solutions.

3.3 Sorption kinetics

The kinetics of sorption removal is doubtless probably a
very important factor in the prediction of the rate of sorp-
tion of a sorbent in a given solid-liquid system (Gupta and
Bhattacharyya, 2011). The sorption kinetic data were an-
alyzed using the pseudo-first-order model (PFO) (Lager-
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Figure 4: The combined effect of pH and sorbent dose at fixed initial concentration (175 mg.L−1) and sorption duration (95
min).

Figure 5: The combined effect of initial Th(IV) ions solution concentration and sorption duration at fixed pH (4) and sorbent
dose (2.75 g.L−1) on Th(IV) sorption.

Figure 6: The combined effect of sorbent dose and initial Th(IV) ions solution concentration at fixed pH (4.5) and sorption
duration (95 min).
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gren, 1898), pseudo-second-order model (PSO) (Ho and
McKay, 1999), and intraparticle diffusion models (We-
ber Jr and Morris, 1963), the experimental sorption ki-
netic data were estimated with the linear forms of these
three models.

The PFO model assumes that the sorption process is
dominated by the diffusion of sorbate at the solid-liquid
phase boundary (physisorption), while the PSO model
presumes that the sorption process is governed by the reac-
tion of sorbate and the sorbent surface at the solid-liquid
phase boundary (chemisorption). The essential assump-
tion of intraparticle diffusion model is that the sorption
process is controlled by the pore diffusion as well as the
external mass transfer in the sorbent (Zheng et al., 2020).
The equations for each kinetic model are presented below:

PFO kinetic model equation:

dqt
dt

= k1(qe − qt) (4)

PSO kinetic model equation:

dqt
dt

= k2(qe − qt)
2 (5)

Intraparticle diffusion (IPD) equation:

qt = Kpt
1/2 + C (6)

where qt (mg.g−1) is the amount of the metal ions sorbed
per unit mass of biosorbent at time t, k1 is the equilibrium
rate constant for the pseudo-first order kinetics (min−1),
qe is the equilibrium sorption capacity, t is the sorption du-
ration (min), k2 is the rate constant for the pseudo-second
order kinetics (g.mg−1.min−1), here Kp is the intraparticle
diffusion rate constant (mg.g−1.min−0.5) and C (mg.g−1)
is a constant that gives an idea about the thickness of the
boundary layer.

In case the sorption process obeyed the pseudo-second-
order model, a linear relationship exists between (qe − qt)
and sorption duration t, on a log-log plot. Similarly, log-
log plot of t/qt versus contact time t should be linear
when the sorption process followed the pseudo-second-
order model. In the same way, a plot of ln qt versus
(time)0.5 yields the rate constant KP (mg.g−1.min−0.5) as
the slope of the graph when the sorption process obeyed
the intraparticle diffusion model.

The pseudo-second-order model, owing to the highest
recorded coefficient of determination (R2 > 0.9421), gen-
erated the best fit with the sorption kinetic data for the in-
vestigated Th(IV)-IHB sorption systems, among the three
kinetic models evaluated (Table 4).

Table 4: Kinetic parameters for Th(IV) sorption onto the
IHB.

Parameter Value

Pseudo-first-order
k1 (min−1) 0.056

model
qe (mg.g−1) 138.31
R2 0.9161

Pseudo-second-order
k2 (g.mg−1.min−1) 5.3 × 10−5

model
qe (mg.g−1) 140.41
R2 0.9421

Kp (mg.g−1.min−0.5) 9.54
Intraparticle diffusion C (mg.g−1) 18.89

R2 0.903

Table 5: Isotherm parameters.

Parameter Value

Langmuir isotherm

qmax 142.86
kL 0.067
RL 0.02-0.1
R2 0.9908

KF 15.88
Freundlich isotherm n 0.3587

R2 0.9491

A 0.21
Temkin isotherm B 64.056

R2 0.9888

3.4 Sorption isotherm models

The sorption isotherm modeling is a very essential way of
identifying or predicting the mechanism of sorption pro-
cesses. As well, biosorption isotherms can be used for
the determination of the solid/liquid partition coefficients
(Kd). The Langmuir sorption isotherm is applicable to
sorption processes that occur on homogeneous surfaces
with sorption sites having different activities (Langmuir,
1918), while the Freundlich isotherm model presumes that
sorption occurs on a heterogeneous surface having sites
with different energies of sorption (Freundlich et al., 1906).
The Temkin isotherm model predicts the heat of sorption,
and the sorbate-sorbent interaction on a surface (Temkin
and Pyzhev, 1940). The linear forms of the aforemen-
tioned isotherms are given as:

Ce

qe
=

1

kLqm
+
Ce

qm
(7)

here qm (mg.g−1) and kL are the maximum sorption ca-
pacity and the Langmuir constant, and Ce (mg.L−1) is the
sorbate solution concentration at equilibrium.

Ln qe = Ln kF +
1

n
LnCe (8)

where KF (mg.g−1) is the Freundlich constant and n is
the Freundlich exponent related to the sorption capacity
and sorption intensity respectively. The values of n > 1.0
indicate that the sorption of Th(IV) ions onto IHB is fa-
vorable (Talebi et al., 2017).

qe = BLnATCe (9)

in which AT is the Temkin isotherm equilibrium bind-
ing constant (L.g−1) and B = (RT )/b, in which b is the
Temkin isotherm constant related to the heats of sorption,
R is the universal gas constant (8.314 J.mol−1.K−1) and
T is the temperature (K).

The values of corresponding isotherm parameters and
their correlation coefficients (R2) are presented in Table
5.

HighR2 is derived by fitting experimental data into the
Langmuir isotherm model (R2 > 0.990) and the Temkin
isotherm model (R2 > 0.989), as compared with the Fre-
undlich isotherm model (R2 > 0.858). The Langmuir
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maximum monolayer adsorption capacity was found to be
142.86 mg.g−1.

Additional to the important characteristics of the
Langmuir isotherm, another parameter referred to sepa-
ration factor or equilibrium parameter, RL, is calculated
as follows (Hall et al., 1966):

RL =
1

1 +KLC0

(10)

here, KL (L.mg−1) is the Langmuir constant and C0

(mg.L−1) is the initial Th(IV) ions solution concentration.
The value of RL specifies the shape of the isotherms to be
either unfavorable (RL > 1), linearly favorable (RL = 1),
favorable (0 < RL < 1), or irreversible (RL = 0).

3.5 Sorption thermodynamics

The effect of temperature on the sorption of thorium ions
on IHB was investigated. Sorption removal analysis for
thorium was conducted under various temperatures that
ranged from 298 K to 318 K (25 ◦C to 45 ◦C). In all cases,
the IHB dose 1.63 g.L−1, the initial pH of the solution 4.5,
and the sorption duration was 137.5 min. As a result, it
was found that metal ion sorption for IHB increased when
the temperature increased from 298 K to 318 K (Fig. 7).
This is mostly the result of the increase in surface activity
suggesting that sorption between Th(IV) ions and IHB is
an endothermic process. This shows that sorption affinity
and capacity tend to increase when the temperature in-
creases. As the temperature of a solution increased, the
mobility of the ions in the solution also increased, and con-
sequently the collision frequency between the solute and
sorbent surface became higher, thus increasing sorption.

To investigate the thermodynamic nature of IHB for
Th(IV) ions sorption, different parameters viz. Gibbs
free energy (∆G◦), enthalpy change (∆H◦), and entropy
change (∆S◦) were calculated using the following equa-
tions:

∆G◦ = −RTLn (Kc) (11)

where KC is the sorption equilibrium constant calculated
as the ratio of amount of sorbed sorbate (qe) to the sorbate
amount remaining in the solution (Ce):

Kc =
qe
Ce

(12)

The temperature dependence of the equilibrium constant
of a chemical reaction is correctly described by the well-
known van’t Hoff equation:

Ln (Kc) =
∆S◦

R
− ∆H◦

RT
(13)

The thermodynamic parameters of ∆H◦ and ∆S◦ for
the sorption of Th(IV) ions on IHB were determined re-
spectively from the slope and intercept of the plot of
Ln (Kc) versus 1/T (van’t Hoff plot) in Fig. 8. The calcu-
lated thermodynamic parameters are illustrated in Table
6. ∆H◦ value of 7.358 kJ.mol−1 indicated that the sorp-
tion removal of Th(IV) ions by IHB was an endothermic
process and the sorption efficiency will increase with in-
creasing temperature. Generally, the sorption of gas on

the surface of a solid leads to a decrease in entropy. But
for the complicated system of sorption from solution may
not be the same. The positive value of entropy (0.0347
J.K1.mol1) ascribed that more randomness existed dur-
ing the sorption process and the process was said to be
entropy-driven (Nayak and Devi, 2020). It also suggests
a certain affinity of the sorbent with thorium. However,
the low value of ∆S◦ might connote that no remarkable
change in entropy occurs during the biosorption of Th(IV)
by the IHB. Negative ∆G◦ (-2.955 kJ.mol−1) depicted
that the forward reaction is favored and there are more
products than reactants. What’s more, the larger the
value of ∆G, the more product-favored the reaction will
be. It is well-known that the absolute magnitude of the
change in free energy for physisorption generally ranges
from -20 kJ.mol−1 to 0 kJ.mol−1 and for chemisorption
the corresponding change lies in the range of -80 kJ.mol−1

to 400 kJ.mol1 (Aksu, 2002). The deduced values of the
∆G suggested that the biosorption process of Th(IV) ions
onto studied immobilized hybrid biosorbent occurred via
the physisorption process. Essentially, the heat developed
in physical sorption is very close to that of condensation,
i.e., 2.1 to 20.9 kJ.mol−1 (Aksu, 2002), while the heat
of chemisorption normally lie in the range of 80 to 200
kJ.mol−1 (Gueu et al., 2007). Therefore, the calculated
∆H◦ value (7.385 kJ.mol−1) confirmed the occurrence of
physical sorption.

Figure 7: Temperature dependence of sorption capacity of
IHB for Th(IV) ions.

Figure 8: Vant Hoff plot for the thorium sorption on IHB.
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Table 6: The obtained thermodynamic parameters for Th(IV) ions sorption onto IHB in aqueous solution.

∆S◦ (kJ.mol−1) ∆S◦ (J.mol1.K−1)
∆G (kJ.mol−1)

298K 308K 318K

IHB-Th(IV) 7.385 0.0347 -2.955 -3.302 -3.649

4 Conclusion

The removal of thorium ions from aqueous solutions was
accomplished using biosorption techniques. An immobi-
lized hybrid biosorbent (IHB) was developed and applied
to remove thorium ions from the aqueous solution. The
obtained results showed that IHB can be effectively used
for thorium removal from aqueous solutions. In this study,
the statistical methodology, central composite response
surface design is demonstrated to be effective and reliable
in ascertaining the optimal conditions for the sorption re-
moval of thorium ions onto as developed IHB. From batch
experiments, conducted as designed by central compos-
ite experimental design, the biosorption percentage was
greatly dependent on operational variables such as initial
pH of the solution, initial Th(IV) ions solution concentra-
tion, sorption duration, and biosorbent dose, as evidenced
by the response surface 3D plots. In the equilibrium study,
the experimental data showed that the sorption process
fits with various isotherms in the following order Lang-
muir > Temkin> Freundlich. Thus, IHB could be utilized
as a novel, low-cost, efficient adsorbent for the sorption
removal of thorium. The maximum monolayer sorption
capacity estimated by the Langmuir model was 142.86
mg.g1. Time-dependent investigations disclosed that the
adsorption process pursues the pseudo-second-order ki-
netic model via the pore diffusion mechanism. Thermo-
dynamic parameters have also been appraised, and the
results depicted that the overall sorption process is ph-
ysisorption, entropy-driven, endothermic in nature, and
the forward reaction is favored.

References

Ahmad, M. A. and Alrozi, R. (2010). Optimization of prepa-
ration conditions for mangosteen peel-based activated car-
bons for the removal of Remazol Brilliant Blue R using re-
sponse surface methodology. Chemical Engineering Journal,
165(3):883–890.

Akar, T., Kaynak, Z., Ulusoy, S., et al. (2009). Enhanced
biosorption of nickel (II) ions by silica-gel-immobilized waste
biomass: biosorption characteristics in batch and dynamic
flow mode. Journal of Hazardous Materials, 163(2-3):1134–
1141.

Aksu, Z. (2002). Determination of the equilibrium, kinetic
and thermodynamic parameters of the batch biosorption of
nickel (II) ions onto Chlorella vulgaris. Process Biochemistry,
38(1):89–99.
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