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ABSTRACT

In this study, novel polyacrylonitrile (PAN) nanofiber adsorbent modified with 6-amino-1-hexanethiol
hydrochloride (Ahh) was synthesized by electrospinning method and evaluated as an adsorbent for
removing thorium (IV) (Th*) ion from aqueous solution. The PAN/Ahh was characterized by X-ray
diffraction (XRD), Fourier-transform infrared (FT-IR), scanning electron microscopy (SEM), and
Brunauer-Emmett-Teller (BET). Response surface methodology (RSM) was utilized in the optimiza-
tion of Th* adsorption in terms of (i.e., initial Ahh concentration, pH, the initial metal ion concentration,
and contact time). To ensure the validity of the model, the statistical measures were investigated, thus
to specify that the developed model is proper. In addition, the adsorption kinetics was well defined
by the pseudo-second-order equation, while the Langmuir model better fit the adsorption isotherms.
The adsorption capacity of PAN/Ahh was 499 mg Th* g™' composite, leads to 98.5% removal at 25°C.
Moreover, thermodynamic parameters were determined which point out the natural and endothermic
nature of the reactions. The loaded Th*can be easily regenerated with HNOS/HCI and the PAN/Ahh
could be used repeatedly without any significant reduction in its adsorption capacity. The desorption
level of Th*" from the PAN/Ahh was more than 94%.
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1. Introduction

Liquid processes and waste streams at nuclear facili-
ties in the whole world have led to increase in production
of radioactive contaminants waste and consequently the
arrival of toxic and hazardous ions to the environment
[1]. These ions have high toxicity even in very low concen-
trations and are extremely harmful for the environment
and health [2]. One of the major radioactive ions that are
very useful as a nuclear fuel and is found in wastewaters
resulting from the production of nuclear fuels is Th*, which
can be used as nuclear fuel by conversion into uranium-233

* Corresponding author.

(®*U) [3,4]. Soil, rocks, sand, and water are the main source
of thorium and because its availability is three to four times
higher than uranium, this ion has attracted a lot of interest
as a nuclear fuel [5,6]. In addition, in the cycle of using tho-
rium as the primary fuel, the raw material is less used and
consequently, the waste produced is less too [5]. Moreover,
other thorium compounds and alloys have various applica-
tions; for example, thorium is used in high-quality lenses
or the manufacture of ceramics at high temperatures [7].
Therefore, regarding the wide usage of thorium in indus-
tries and its long-term stability in the environment, as well
as its potential harm to human well-being and the environ-
ment, the exclusion and recovery of this ion from waste-
waters are required [8].
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Various techniques have been utilized for the recovery
of thorium from waste comprising this ion. Some of these
methods are solvent extraction, chemical precipitation, ion
exchange, evaporation, biosorption, and adsorption [9-15].
For example, a combination of chemical precipitation and
filtration in a series of sand-beds was used to remove radio-
nuclides from waterworks effluent [16]. Chen et al. [17]
employed silica-based anion exchange resins in order to
remove thorium from nitric acid solutions17. Li et al. [18]
separated the Th* from sulfuric and phosphoric acid solu-
tions by solvent extraction method18. Many of these meth-
ods can be criticized from different points of view such as
the economic, health, and production of hazardous wastes
[19]. Amongst the reported techniques, adsorption is one of
the most accepted methods of removing heavy metals from
aqueous solutions, due to its features such as high efficiency,
low cost, easy reduction, and lack of sludge production [20].

One of the favorable organic binder’s polymer adsor-
bent is polyacrylonitrile (PAN). PAN is a synthetic, semic-
rystalline organic polymer resin, with the linear formula
(C,H,N), which can be attained from blends of monomers
with acrylonitrile as the main component [21]. All polymeric
adsorbents have some weak points such as softness, ten-
dency to agglomerate or form gels, low porosity, low surface
area, hydrodynamic limitations in adsorption column, and
nonavailability of reactive binding sites [22,23]. In this con-
text, recent research has inclined to modify and combine
PAN with other adsorbents [24-26]. There are a number of
researches on the adsorption of radioactive ions by PAN and
its derivatives, but only few papers are available on the usage
of modified PAN-based nanofiber. For example, PAN-TiO,
nanofiber adsorbent modified with aminopropyltriethoxysi-
lane was reported to adsorb radioactive thorium ions [27].
In a similar study, the adsorption of thorium and uranyl ions
by modified PAN composite nanofiber adsorbent has been
reported [28].

In this study, the novel PAN/Ahh nanofibers were syn-
thesized via electrospinning method. X-ray diffraction
(XRD), Fourier-transform infrared (FT-IR), and scanning elec-
tron microscopy (SEM) characterized the structure of PAN/
Ahh and its adsorption properties for the removal of Th*
under varied experimental situations were considered. The
adsorptive characteristics were evaluated based on adsorp-
tion parameters received from the adaptability of adsorp-
tion isotherms to the Langmuir and Freundlich models. In
addition, kinetic data have modeled by the pseudo-first and
second-order kinetic models. All the experiments and analy-
ses were accomplished in laboratories of nuclear science and
technology research institute of Iran.

2. Experimental
2.1. Materials and method

All the chosen reagents were of analytical grade and
purchased from Merck (Germany), excluding PAN with
molecular weight = 150,000, which was obtained from
Aldrich (Poole, UK). The stock solutions for prepara-
tion of Th* were provided by dissolving thorium salt (Th
(NO,),'5H,0) in deionized water. The initial pH of solu-
tions was regulated by nitric acid (HNO,; 99.9%) or sodium
hydroxide (NaOH; 99.9%) solutions and Metrohm pH

meter model 744. Sartorius Electrical Balance Model BP
221S, Nabertherm furnace, and mixer HT Infors AG model
CH-4103-BOT were applied to manage the experiments.
The electrospinning system was employed to fabricate the
PAN/Ahh nanofibers. The ultrasonic device was applied to
homogenize the PAN polymer solution. Phase identifica-
tion, crystallite size, and the composition of the PAN/Ahh
were characterized by XRD obtained on Philips Xpert dif-
fractometer using a scan speed of 0.0155" and CuKa line
(A = 1.5405 A) radiation with voltage and current of 40 kV
and 40 mA, respectively. SEM (Cambridge S-360) consid-
ered morphological analysis and surface condition of the
PAN/Ahh. Qualitative chemical structure evaluation was
carried out via FTIR analysis (Vector22 Brucker Company,
USA). Moreover, Brunauer—-Emmett-Teller (BET) specific
surface area was measured using a conventional BET mul-
tipoint N, physisorption apparatus utilizing Quantachrome
NOVA 2200e system. The N, adsorption was measured
from a six-point isotherm in a relative pressure range of
0.05-0.3 at 77.3K. The assumption for the cross-sectional
area of N, was taken to be 16. 2(1&) 2 and the density used
was 3.65 g cm™. The sample was degassed at 150°C for 2 h
prior to BET analyses. Th* analysis was followed up by uti-
lizing a Perkin-Elmer Optima 2000 DV model inductively
coupled plasma-optic emission spectrometry (ICP-AES,
Thermo Jarrel Ash, model Trace Scan). All the experimental
data were the averages of the duplicate experiment, and the
average relative error was smaller than 5%.

2.2. Synthesis of PAN/Ahh

PAN nanofibers were modified by the 6-amino-1-hex-
anethiol hydrochloride functional group to increase the
adsorption capacity and to grow the active sites. For this
purpose, different amounts of Ahh (based on PAN) were
dissolved in 20 mL of dimethyl sulfoxide solution at a tem-
perature of 60°C and stirred for 12 h. Finally, the solution was
added to 5 wt% of PAN solution and mixed for 2 h. Then,
the PAN/Ahh nanofibers were synthesized by electrospin-
ning. The voltage, drum speed, distance within the drum, the
needle, and the polymer rate were 21 kV, 500 rpm, 80 mm,
and 2.5 mL h7, respectively. Fig. 1 shows the reaction of
dimethyl sulfoxide with 6-amino-1-hexanethiol hydrochloride
functional and PAN nitrile group.

2.3. Adsorption experiments

Batch experiments were considered to study the extent
of Th* adsorption by PAN/Ahh in a polyethylene tube. The
solution containing of Th* ion (10-100 mg L) was mixed
with 0.2 g of the adsorbent at contact time (20-80 min),
amine groups (5-55 wt% of Ahh with respect to the PAN
weight) and pH values (2.0-8.0). The tube was placed in a
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Fig. 1. Reaction of dimethyl sulfoxide with Ahh functional and
PAN nitrile group.
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thermostated shaker at 150 rpm. The initial pH of the Th*
solutions was adjusted by adding 0.01 M HNO, or NaOH
solutions. Following the adsorption procedure, the PAN/Ahh
was separated by filtration and the residual concentration of
the Th* ion was determined. In order to explore thermody-
namic parameters, experiments were conducted at the opti-
mized value of variables at five different temperatures (25°C,
30°C, 35°C, 40°C, and 45°C). The adsorption percentage
(Ads%) and the amount of metal ion sorbed at time ¢ (g, and
g,mg g') were calculated using Egs. (1) and (2) as follows:

Ads% =S =5 100 (1)
C

0

=5 Cexv g, =S Coy @

where C is the initial metal ion concentration (mg L™); C, is
the amount of metal present in the solution at equilibrium
(mg L™); Vis the volume of thorium solution (L); and “m” is
the dry weight of the sample (g).

The adsorption process represented by the ion distribu-
tion coefficient, K, (mL g™), was calculated using Eq. (3) as

follows:

K=9"%Y 3)
m

2.4. Experimental design for optimization

Central composite design was employed in the experi-
mental design procedure consisting of 2* factorial points
(k = independent process variables), 2k axial points (a = 2)
and six replicates at the center point to provide an estimate
of the experimental error variance [29]. The Th* Ads% was
selected as the response, while the pH, Th*, and Ahh con-
centration and contact time were selected as decision vari-
ables. As a result, 30 experiments were conducted. The exact
amounts of the coded levels for the variables are shown in
Table 1.

A quadratic polynomial equation was considered to
develop the relationship between the decision variables (x)
and the response (y) using Eq. (4) as follows:

y=f(x)[30+ZBixi +3 Bi].xix/+ZBﬁxf +g 4

i=1 j=i+1

Table 1
Experimental factor levels for independent variables
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where, y is response (dependent variable); 3, is constant
coefficient and {3, 8, and ﬁ,y are coefficients for the linear,
quadratic, and interaction effect, respectively; x, and X, are
independent variables; and ¢ is the error of prediction.

The sequence of experimental runs, regression, and
graphical analyses of the data was prepared by employing
the Design Expert (version 7.0.0, Stat Ease, Inc., USA). The
variability in the dependent variable (y) was explained and
verified employing the coefficient of determination (R?) and
adjusted R* (R? o) using Eqs. (5) and (6) as follows:

SS

RZ =1- residual (5)
SSmodel + Ssresidual
2 n-1 2
Rl = ‘rTF,(l‘R) ©®)

where SS is the sum of the squares;  is the number of experi-
ments; and p is the number of predictors (term) in the model
[30]. The model equation was utilized to predict the optimum
value of the variables leading to maximum removal percentage.

2.5. Desorption experiments

Desorption experiments were investigated in batch
system using 0.1 M aqueous solutions of different reagents
such as NaOH, NaCl, HCl, HNO, NaOH/NaCl, and
HNO,/HCI. The PAN/Ahh was placed in contact with the
desorption solution for 24 h. The amount of Th* jon released
into the solution was measured by the ICP spectrophotomet-
ric method. The Th* recovery percentage upon desorption
from the PAN/Ahh was calculated using Eq. (7) as follows:

Th4+ _ Th4+
Desorbed (%) = (1 - d4dj %100 %)
Thads

where Th*, is the amount of adsorbed Th* (mg g™') and Th¥;
is the amount of desorbed Th* (mg g™).

The reusability was investigated by repeating the
adsorption—desorption round up to five times and thus
examine the long-term adsorption potential of PAN/Ahh.

3. Results and discussion
3.1. Characterization of PAN/Ahh

Fig. 2 illustrates XRD patterns of PAN and PAN/Ahh.
The XRD pattern of PAN represents broad diffraction peaks

Variables Factor Real values of coded levels
Low level (-1) Center level (0) High level (+1)
pH A 35 5.0 6.5
Th* concentration (mg L) B 32.5 55 77.5
Contact time (min) C 35 50.0 65
Ahh concentration (wt%) D 17.5 30 425
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at 20~17° and 29.3°, which are common fingerprints of crys-
tal PAN [31]. It was also observed that the 2y values at the
peak points of PAN/Ahh are the same as those in PAN. Thus,
their structure is very similar.

The structure of PAN and PAN/Ahh was confirmed
by FTIR analysis (Fig. 3). The spectra of PAN showed a
broad adsorbance at 3,479-2,984 cm™ (combined peaks of
the NH,, hydroxyls, and OH group stretching vibration),
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Fig. 2. XRD patterns of PAN and PAN/Ahh.
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Fig. 3. FTIR spectra PAN, PAN/Ahh, and PAN/Ahh-Th*.
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at 2,922 and 2,363 cm™ (CH, and CH, in PAN structure),
at 1,645-1,078 cm™ (attributed to the CONH, group), at
835 and 519 cm™ (CH bending of amide bonds stretching
vibrations) [32]. In the PAN/Ahh curve, the banding vibra-
tion around 1,545 cm™confirms the amine groups (N-H)
have been successfully appended to the PAN nanofiber
adsorbent [33]. After sorption of Th* ions, a new band char-
acteristic for the identification of these ions with hydroxyl
and amine groups becomes visible at 1,392 cm™ (in PAN/
Ahh-Th* curve) [34].

The nitrogen adsorption and desorption studies showed
that the BET surface area of PAN/Ahh site was 26.48 m? g™

The SEM image and distribution diameter of PAN/Ahh
nanofiber adsorbent are shown in Fig. 4. As shown in Fig. 4,
the surface of PAN/Ahh nanofibers is smooth and the aver-
age diameter of nanofibers was about less than 100 nm [35].
Fig. 4 also shows that the morphology of nanofibers was
virtually unchanged after coating Ahh functional group.

3.2. Model fitting

Thirty runs were conducted to compute the model and
cover all the possible combinations of factor levels. The
order of experiments and their results are shown in Table 2.
A quadratic regression model was reached by employing
coded values, as shown in Eq. (8) as follows:

Ads(%)=97.46+(0.28x A)-(2.30x B) - (0.81xC) +
(1.49xD)—(1.08x AxB)+(0.11x AxC)+(0.39x Ax D)+
(1.02x BxC)~(1.40x Bx D) +(0.94xCx D) —(294x A*) -
(1.6xB)+(047xC?)~(1.68x D*) (8)

The ANOVA estimates the validation of the model
(Table 3). The small value of probability (Prob. > F; less
than 0.05) proved the significance of the model [36]; while
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Fig. 4. SEM image and distribution diameter of PAN/Ahh.
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Table 2
Calculated results for adsorption of Th* on PAN/Ahh
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Experiment no. pH Th* concentration (mg L) Contact time (min) Ahh conc. (wt%) Ads (%)
1 6.5 32,5 35 42.5 99.1
2 6.5 32.5 65 42.5 98.0
3 5 55 50 55 93.6
4 5 55 50 5 86.5
5 35 32.5 35 42.5 97.1
6 3.5 32.5 35 175 93.0
7 6.5 77.5 65 175 87.6
8 5 100 50 30 85.1
9 3.5 32.5 65 42.5 93.5
10 5 55 50 30 98.2
11 35 325 65 17.5 87.4
12 3.5 77.5 35 425 89.2
13 6.5 77.5 35 17.5 89.7
14 5 55 20 30 99.1
15 5 55 50 30 97.2
16 8 55 50 30 85.2
17 5 10 50 30 95.6
18 6.5 32.5 35 17.5 96.1
19 5 55 50 30 97.0
20 5 55 50 30 98.2
21 3.5 77.5 35 175 92.3
22 5 55 50 30 97.0
23 5 55 50 30 97.1
24 5 55 80 30 98.2
25 6.5 77.5 65 425 90.7
26 6.5 77.5 35 42.5 88.8
27 2 55 50 30 84.8
28 6.5 32,5 65 175 89.4
29 3.5 77.5 65 17.5 90.3
30 35 77.5 65 42.5 90.7
Table 3

ANOVA results for the response: Th* removal

Source Sum of square dar* Mean square F-value p-value Prob. > F
Model 632.42 14 45.17 40.74 0.0001

Residual 16.63 15 1.11 - -

Lack of fit 14.99 10 15 4.57 0.0538

Pure error 1.64 5 0.33 - -

Total 649.06 29 - - -

R*=0.9744, R? 6= 0.9505, CV** =1.13%; * = degree of freedom; ** = coefficient of variation.

the large probability value (p-value) of lack of fit (0.0538)
illustrate that the lack of fit was not significant; implying
the model adequately described the data. In addition, the
determination coefficient (R? = 0.9744) was reasonably prac-
ticable which described 97.44% of the total variation in the
model.

Data must display homoscedasticity, which occurs when
the variances of data accompanying the line of best-fit stay

similar to move along the line [37]. To check this assumption,
the plot of studentized residuals versus the unstandardized
predicted values were considered (Fig. 5). All points are uni-
formly dispersed around the line ¢, = 0 without any specific
trend which means data have homogeneity of variances.

The three dimensional (3-D) of the response surface and
two dimensional (2-D) of the contour plots were considered in
order to determine the optimum conditions of the adsorption
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Fig. 5. Studentized residual plot for Ads(%) data versus the
unstandardized predicted values.

process and visualize the correlation between the response
(Ads%) and experimental levels of each variable (Figs. 6-8).

Figs. 6(a) and (b) depict the effect of contact time,
which implied a considerable effect on removal percentage.
Accordingly, when contact time was held below 42 min,
about 95% removal was attained due to the plentiful avail-
ability of reaction sites regardless of Th* concentration, Ahh
concentration, and pH. By increasing the contact time, the
Th* ion adsorption decreased very slowly at about 60 min.
The achievement of equilibrium adsorption might have been
due to the reduction in the available active adsorption sites
on the adsorbent with time resulting in limited mass transfer
of the adsorbate molecules from the bulk liquid to the outer
surface of PAN/Ahh.

Figs. 6(a), 7(a), and 8(a) show the combined effect of pH
with contact time, Th* concentration, and Ahh concentra-
tion, respectively. Adsorption gained a maximum at a pH
range 4.0-6.0 in all three figures regardless of Th*" concen-
tration, Ahh concentration, and contact time. The maximum

100
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Fig. 6. (a) Surface, (b) contour plot for pH-contact time (Ahh concentration = 30; Th* concentration = 55 mg L™).
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adsorption in the pH range 4.0-6.0 may be due to the for-
mation of Th* complexes with carboxyl groups, owing to its
consistency constant with Th* [38]. Accordingly, in strong
acidic solution from pH 2.0 to 4.0 hydroxonium ions H,O*
contend with the positive Th*" ions for the adsorption sites
and, the uncomplexed cation is unchanging at pH < 3 [39].

The effects of Th* concentration are presented in
Figs. 7(a) and (b). The extent of Ads% was decreased by
approximately 4% when initial concentration was increased
from 55 to 67 mg L for constant pH and contact time levels.
On the contrary, the adsorption capacity of PAN/Ahh was
calculated to increase with rise in initial concentration from
39 to 65 mg L. This can mostly be attributed to the increase
in concentration gradient in the system which consequences
with enhanced efficiency of Th* adsorption.

Figs. 8(a) and (b) depict the influence of Ahh quantity in
nanofiber adsorbent on metal ions adsorption. Accordingly,
the adsorption capacity of Th* ion rises with an increase in
Ahh amounts up to 40 wt%. This increment is due to the high
dependence of the amine groups to interact with the Th* ions
as well as the uniform surface and pore structure. Further
increases in AMH quantities of more than 42 wt% cause a
reduction in the adsorption capacity of the Th*". This decre-
ment can be due to a reduction in surface area and pore vol-
ume, which decreases the active sites of PAN/Ahh nanofibers
for the adsorption process.

It was apparent that the first-order effects of Th* and Ahh
concentration (p-value < 0.05 and higher than F value) were
more significant than the two other factors. The second-order
main effects pH, Ahh, and Th* concentration (p-value
p'ValueAhh concentration’ and p-valuef“]: concentration < 0-0001) were alPSO
highly significant as compared with the pH first-order main
effects (p-value . < 0.2169) for the Ads%. There was direct
proportional refationship between pH and Th*" concentration
(p-value < 0.0009) and the Ads% which was responsible for
achieving a relatively higher Ads % predicted by the model
and the response contour plot (Fig. 7(b)).
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3.3. Optimum conditions of adsorption process

Six optimum conditions were assumed by the design
expert software in order to achieve the optimum conditions
of the Ads%. Affirmative experiments were considered to
investigate the correctness and validation of the optimum
conditions. The results were compared with the output
of the model (Table 4). It was observed that the maximum
Ads (98.53%) achieved at 37.4 mg L™ of Th* concentration,
pH = 5.3, Ahh concentration = 41 wt%, and 64.5 min contact
time.
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Fig. 8. (a) Surface, (b) contour plot for pH-Ahh concentration (Th* concentration = 55; contact time = 50 min).

3.4. Kinetic analysis

In order to investigate the controlling mechanism of
adsorption process of PAN/Ahh against Th*, the pseudo-first
and second-order models were considered to evaluate the
experimental data obtained (Fig. 9).

Adsorption rate for PAN/Ahh is determined at vari-
ous time under optimum adsorbent weight, contact time of
20-80 min, and optimal pH at temperature 25°C. Pseudo-
first-order kinetic model indicates physical adsorption pro-
cess while, the pseudo-second-order kinetic model specifies
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Table 4
Comparison of predicted and observed values in optimum condition
NO. pH Th* concentration (mg L) Contact time (min) Ahh concentration (mg L) Ads (%)
Predicted Observed
1 53 37.4 64.5 41.0 99.13 98.53
2 52 45.1 39.4 32.6 99.56 98.37
3 4.5 42.7 35.3 29.1 99.34 98.04
4 5.4 45.6 35.8 33.1 99.92 97.65
5 54 429 48.8 37.7 99.11 97.12
6 52 41.2 359 26.0 99.43 96.28
TU L 0 puendo firseonder P the level of adsorption through the process [43]. Langmuir,
Z:g Pseudo second-order o-"""a 5 Freundlich, and Dubinin-Radushkevich (D-R) isotherms
~ 68 | 7 7~ Linear (Pseudo frst-order) e _-I= were applied for analysis of adsorption equality (Figs. 10
L0 6.7 Linear (Pseudo second-order) @ 4 . . . .
o e . and 11). The linearized form of the Langmuir equation
s o .--"" B 'S which is used for monolayer adsorption on finite and similar
=63 -7 : surfaces is described by Eq. (11) as follows [44]:
al e )
60 0 C 1 C 11)
15 25 35 45 55 65 75 85 —e__ 4 e
Contact Time (min) q[} KLqm qm (

Fig. 9. Pseudo-first and second-order plots of Th* onto PAN/Ahh.

that the adsorption process is chemical and exchange of
electrons happens between the adsorbent and the ion being
adsorbed [40-42]. Egs. (9) and (10) show the pseudo-first and
second-order kinetic model, respectively:

g, =q,(1-¢™) ©
t 2
9= (10)
P +4q.t

2

where q: amount of Th* uptake per unit mass of adsorbent
at equilibrium (mg g™); g; amount of Th* uptake per unit
mass of adsorbent at time ¢ (mg g™); and k, and k, are reaction
rate constants (mg g~ min™).

R? coefficient clearly indicates that Th* adsorption data
on the PAN/Ahh have been best described by pseudo-
second-order kinetic model, thus the rate-controlling step
is chemical by complex formation/ion exchange (Table 5).

3.5. Adsorption isotherms
The purpose of adsorption isotherm calculation is to

study the relationship between the quantity of adsorbent and

Table 5
Pseudo-first and second-order parameters

Kinetic model Equation q, k, R?
(mgg") (min™)

Pseudo-first order 0.013x +6.007 406 0.013  0.88

Pseudo-second order  0.035x +1.877 28 0.0268 0.98

where g, is the maximum monolayer adsorption capac-
ity (mg g™); K, is the Langmuir constant related to the free
energy of adsorption (L mg™); and a plot of C/q, versus C,
yields a straight line with slope 1/q, and intercept 1/q, K.
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Fig. 10. Langmuir and Freundlich isotherms for adsorption of Th*".
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Fig. 11. Dubinin-Radushkevich (D-R) adsorption isotherm of
Th* on PAN/Ahh.
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The well-known form of the Freundlich isotherm is given by
Eq. (12) as follows:

9. =KfC" (12)

which after applying logarithm for both sides, converted into
Eq. (13) as follows:

log(qﬂ):log(Kf)+%log(Ce) (13)

where Kf and 1 are the Freundlich constants related to the

adsorption Capgcity and adsorption intensity, respectively.

Another popular isotherm model is D-R, which the
nonlinear and linear forms of D-R are given by Eq. (14) as
follows [45]:

2
—K 48

Do = Qo€ (14)

which the linear form can be represented by Eq. (15) as
follows:

In(q,) =In (g, ~ K,o*) @15)

where g, is the amount of Th* (mmol g™) adsorbed per unit
mass of PAN/Ahh, q__ is the theoretical adsorption capac-
ity (mmol g™'), K , is the constant related to the adsorption
energy (mol* kJ?), and e is the Polanyi potential that is
determined as Eq. (16) as follows:

1
e= RT1n[1+C] (16)

e

where C, is the solution concentration at equilibrium
(mol L), R is the gas constant (8.314 ] mol™ K), and T is
the absolute temperature of the aqueous solution (K). The
amount of K ;was estimated from the slope of the plot of
In g, versus &> and g, is prepared from the intercept. As
stated, K ,is related to adsorption energy, so the mean free
energy of adsorption (E) (k] mol™), is calculated according
to Eq. (17) as follows [46]:

17)

Table 7

Table 6
Equilibrium isotherm parameters of sorption of Th* at 25°C

Isotherms
Langmuir Equation 2.20x-23.50
q, (mgg): 499
k, (L mg™): 8.5 %107
R? 0.95
Freundlich Equation -0.19x +0.14
Kf (mg g™) 1.06
n(gL™) -5.37
R? 0.70
Dubinin—Radushkevich ~ Equation -0.0041x + 0.0005
K, (mol’k]J?)  0.0044
g, (mmolg™)  1.04
R? 0.93

The value of E is very effective in determining the nature
of adsorption. If the value is smaller than 8 (k] mol™), then the
adsorption is physical in nature and if it is between 8 and 16
(k] mol™?), then the adsorption is chemical with an exchange
of ions [47—49]. The value of “E” was found to be between
8 and 16 (k] mol™), therefore the adsorption was chemical in
nature for the PAN/Ahh, which is consistent with the results
of Section 3.5.

The parameters calculated from the Langmuir,
Freundlich, and D-R models are summarized in Table 6.
The higher R? coefficients indicate that Langmuir model
(R* > 0.98) fits the adsorption data best compared with the
Freundlich and D-R model over the whole range of adsorp-
tive concentration studied. According to Langmuir isotherm,
maximum adsorption capacity was 430 mg g™ at 25°C.

Table 7 presents the comparison between the maxi-
mum monolayer adsorption capacity (g,, mg g™') of various
PAN composites in the literature, which indicates the high
efficiency of PAN/Ahh for Th** adsorption.

3.6. Thermodynamic studies

Enthalpy change (AH®), Gibbs free energy change (AG®),
and entropy change (AS°) can be considered by employ-
ing equilibrium constants changing with temperature. The

Comparison between the maximum monolayer adsorption capacity (9,, mg g™) of various adsorbents [26-28,33,50,51]

No. Adsorbent q, (mgg") Ion References
1 Modified polyacrylonitrile composite nanofiber adsorbent 2494 Th* [28]
2 Modified polyacrylonitrile composite nanofiber adsorbent 193.1 us* [28]
3 Amidoxime-modified polyacrylonitrile (PAN-oxime) nanofibers 263.45 Pb* [26]
4 PAN-TiO, nanofiber adsorbent modified with aminopropyltriethoxysilane 250 Th* [27]
5 CeO, nanofiber adsorbent functionalized with mercapto groups 272.3 Pb* [51]
6 Aminated Polyacrylonitrile Fibers 76.112 Pb* [33]
7 Ferroxane/polyacrylonitrile nanocomposite nanofibers adsorbent 357.14 Pb* [50]
8 PAN/Ahh 499 Th* This study
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Table 8
Thermodynamic parameters for adsorption of Th* by PAN/Ahh

Adsorbent Temperature (K) AG® (k] mol™) AH® (k] mol™) AS° (k] K mol™)
PAN/Ahh 298 -86.8 81.87 291.54

303 -88.3

308 -89.7

313 -91.2

318 -92.6

distribution coefficient is relevant to the enthalpy change
(AH®) and entropy change (AS°) at constant temperature (T)
by the rearrangement of the Van’'t Hoff Eq. (18) as follows:

AS®  AHP
In(K,)= =7

(18)

where In(K,) is the distribution coefficient (mL g™); (AS°)
standard entropy; (AH®) standard enthalpy; T, the absolute
temperature (K); and R gas constant (kJ°mol°K™). The stan-
dard free energy value is calculated from Eq. (19) as follows:

AG® = AH®° —TAS° (19)

The experiments were carried out at five temperatures
(25°C, 30°C, 35°C, 40°C, and 45°C), for solution concentration
of 100 mg L™ of Th*" (Fig. 12).

The values of AH®° and AS° were calculated from the
slopes and intercepts of linear regression of In(K,) versus T
(R? > 0.99). The results in Table 8 indicate that the process
is endothermic and the adsorption capacity of the PAN/Ahh
rises with temperature.

The positive values of AH® > 0 are indicative of an endo-
thermic nature, which prefers the adsorption of Th* ion at
the higher temperature [52]. In addition, the AS° > 0 is indic-
ative of higher randomness of adsorption in the system and
favors the stability of the adsorption. The negative values of
AGP® <0 for these processes verify the probability and natural
nature of adsorption process [53].

3.7. Desorption studies

The results regarding Th* ions desorbing percentage
with various agents are shown in Table 9. The maximum

4.5
4.0 ...

35| g
3o T °

=20
1.5

1.0 |y = 8.6417x + 30.987
0.5 R?=0.9971

31 32 32 33 33 34 34
(T1) x103

Fig. 12. Temperature dependence of the adsorption of Th*
for PAN/Ahh.

Table 9
Desorption results in 0.1 M solution (%) on PAN/Ahh loaded
with Th* jon

Agents Desorption (%)
NaOH 53.94

NaCl 65.19

HCl 89.25

HNO, 92.69
NaOH/NaCl 68.63
HNO,/HCI 94.5

Th* ions desorption level from the PAN/Ahh (94.5%) was
obtained by using the 1 M HNO,/1 M HCl solution. Similar
results by using HNO,/HCl solution but at different desorp-
tion level were reported in the literature [27]. After six cycles,
the adsorption capacity of the PAN/Ahh decreased from
98.5% to 86%, while the recovery of Th* ion in HNO,/HCI
was reduced from 94.5% at first to 84.36% by the six times
of usage.

4. Conclusion

In this study, PAN/Ahh adsorbent was prepared, char-
acterized and a comprehensive investigation were carried
out on its adsorption capacity for the removal of Th* ions
from aqueous solution. Th* jon adsorption onto the PAN/
Ahh was determined and optimized, namely the Ahh con-
centration, pH, Th* concentration, and contact time; using
RSM. Accordingly, the maximum of 98.5% Th* removal
was attained at Ahh concentration = 41 (wt%), pH 5.3, and
64.5 min contact time from a solution initially concentrated
as 37.4 mg L Th* ions. The adsorption kinetics of Th* on
the PAN/Ahh can be described by pseudo-second-order
kinetic model, which indicates that adsorption involves
chemical reaction. In addition, the Langmuir isotherm model
correlated with the experimental data well. The adsorp-
tion process for PAN/Ahh was spontaneous (AG® < 0) and
endothermic (AH® > 0) in nature.

The results showed the PAN/Ahh has a superior
adsorption capacity for Th* ion (499 mg g™ at 25°C) when
compared with other adsorbents reported in the literature.
Consequently, results indicated the possibility of using the
PAN/Ahh for efficient removal of Th* ion from aqueous
solutions. Th* ion desorption studies revealed that Th* ions
may be recovered to the extent of over 94.5% when using
acidic desorbing agent (HNO,/HCl solution).
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