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Abstract

Development of efficient sorbents for selective removing and recovery of uranium from radioactive wastewaters is highly
important in nuclear fuel industries from the standpoint of resource sustainability and environmental safety issues. In this study,
carbon powder waste was modified by various chemical activating agents under atmosphere of nitrogen gas at 725 °C to prepare
an efficient sorbent for removal and recovery of uranium ions from radioactive wastewaters of nuclear fuel conversion facility.
Activation of the carbon powder with KOH, among different activators, provided maximum porosity and surface area. The
activated samples were modified by reacting with ammonium persulfate in sulfuric acid solution to generate surface functional
groups. The synthetized sorbents were characterized with FT-IR, XRD, BET, and SEM-EDS techniques. The effects of solution
pH, contact time, initial uranium concentration, and temperature on the sorption capacity of the sorbent with respect to U(VI)
from wastewater were investigated by batch method, followed by optimizing the effect of influential parameters by experimental
design using central composite design. The sorption of UO,** ions on the sorbents follows the Langmuir isotherm and pseudo-
second-order kinetic models. Maximum sorption capacity for U(VI) was 192.31 mg g ' of the modified sorbent at 35 °C.
Thermodynamic data showed that sorption of U(VI) on the sorbent was through endothermic and spontaneous processes. The
sorption studies on radioactive effluents of the nuclear industry demonstrated that the modified sorbent had a favorable selectivity
for uranium removal in the presence of several other metal ions.
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Introduction

Nuclear power as a promising renewable source of clean en-
ergy has gained enormous attention in recent years which has
led to incredible development in all over the world (Ishag et al.
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2020). However, the main obstacle is radioactive pollution
with irreparable harm to the environment which is also con-
sidered a fatal health risk (Song et al. 2019). Uranium is the
essential raw material in nuclear industry and also is enumer-
ated as the most perilous radionuclide pollutant owing to its
long lifetime and dominant chemical and biological toxicity
and radioactivity. Long-term exposure and bioaccumulation
of uranium can eventuate to irreversible organism detriment,
cancer, muscle cramp, liver damage, and nephritis (Liu et al.
2021a). Uranium is discharged into the environment in
hexavalent form, mostly as uranyl ion (UO,**), through the
radioactive wastewater.

One of the noticeably restricting factors in the nuclear in-
dustry is releasing massive amounts of U(VI)-polluted waste-
water or effluent into the environment which can result in
significant amounts of uranium entrance into the food chain
causing harmful biological effects in humans and other living
organisms. Remediation of radioactive wastewater not only
prevents the environmental and ecological pollution but also

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-14638-3&domain=pdf
mailto:a.semnani1341@gmail.com
mailto:m.shirani@ujiroft.ac.ir

57074

Environ Sci Pollut Res (2021) 28:57073-57089

can result in recovery of considerable amounts of uranium to
be reused in nuclear process cycle. Various techniques includ-
ing adsorption (Zhuang and Wang 2020), ion exchange
(Cheng et al. 2019), photocatalytic reduction (Deng et al.
2019), membrane processing (Ghasemi Torkabad et al.
2017), and solvent extraction (Mokhine et al. 2020) have been
reported for uranium removal from wastewaters. Among
them, methods based on adsorption of uranium seems to be
a good choice due to its simplicity, rapidity, versatility, and
convenience. For removal of uranium through adsorption pro-
cess, many adsorbents such as metal organic frameworks
(MOFs) (Guo et al. 2019), magnetic nanocomposites
(Huang et al. 2020), molecularly imprinted polymers
(Elsayed et al. 2021), and covalent organic frameworks
(COFs) (Li et al. 2020b) have been applied. Moreover, various
modified commercial sorbents including zeolite (Liu et al.
2021b), alumina (Chung et al. 2018), bentonite (Zahran
et al. 2019), kaolinite (Taha et al. 2018), and carbonaceous
materials (activated carbon, carbon nanotubes) (Wang et al.
2020; Yi et al. 2020; Zhang et al. 2018) have been also report-
ed. However, nontoxicity, affordability, and accessibility of
the raw materials, and ease of the operational process are some
of the most important features of an ideal adsorbent particu-
larly in industrial scales (Zhang et al. 2020b). Among all the
reported adsorbent, carbonaceous materials especially active
carbon (AC) can be considered the most accessible compo-
nents which have been satisfactorily applied for uranium re-
moval. Active carbon is one of the most versatile carbona-
ceous sorbents due to its significant properties such as high
mechanical, thermal, and chemical stability, porous structure,
low cost, and facile accessibility (Wu et al. 2020). Although
AC has been widely applied for heavy metals removal
(Mullick et al. 2018; Ribeiro et al. 2018), the main drawback
of untreated AC is its low selectivity owing to adsorption of a
large category of compounds. Moreover, the absence of suit-
able functional groups on raw (commercial) AC causes low
adsorption kinetics and low adsorption capacity, which makes
it unsuitable as a universal sorbent for removal of inorganic
ions such as U(VI) (Duan et al. 2021). Various functional
groups such as magnetic iron oxide-urea (Mahmoud et al.
2017), polyethylenimine (Saleh et al. 2017), thioacetamide
(Tan et al. 2018), magnesium hydroxide impregnation
(Saputra et al. 2019), and amidoxime (Lu et al. 2017) have
been reported to improve the adsorption ability and selectivity
of AC. Meanwhile, proper functional groups that modify the
AC surface bring the advantages of large specific surface arca
(Brunauer-Emmett-Teller (BET)), high adsorption capacity,
high selectivity, low cost, ease of recovery, and low consump-
tion of chemical materials and toxic organic solvents.

The purpose of this study is modification of carbon powder
waste (CPW) from zirconium carbide processing industry to
prepare an adsorbent with large surface area and high capacity
for efficient removal and recovery of uranium from
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radioactive wastewaters of nuclear fuel conversion factory.
To this aim, CPW is first activated by various chemical re-
agents such as ZnCl,, KOH, or FeCl; to find out the best
activator which provides the best characteristics including sur-
face area, pore volume, and iodine adsorption number. The
resulting AC is subjected to further modification by treatment
with ammonium persulfate, (NH,4),S,0g (APS), to generate
surface functional groups which are expected to significantly
improve adsorption capacity and selectivity of the sorbent. In
the next step, the performance of the sorbent for adsorption of
uranium is investigated and the effects of different influential
parameters including contact time, initial uranium concentra-
tion, solution pH, and sorption temperature are optimized by
experimental design using central composite design (CCD)
technique and Minitab-17 software. Finally, the regeneration
performance of the sorbent was evaluated through consecutive
adsorption and desorption cycles for recovery of the adsorbed
uranium and reuse the sorbent. The significance of the present
work resides on the fact that a waste carbon material which is a
potential pollutant is converted to an effective sorbent for re-
moval of the highly toxic radioactive uranium from wastewa-
ters. The sorbent is a promising alternative to other separation
processes such as those based on expensive ion exchange
resins or on the use of highly toxic and environmentally haz-
ardous organic solvents.

Experimental
Chemicals

All the reagents in this study were of analytical grade with the
highest purity available. Ferric chloride (> 98.0 %, Across),
zinc chloride (>98%, Merck), and potassium hydroxide (>
85.0 %, Merck) were applied as the activating agents. APS
(98%, Merck) was used for functionalization of the sorbents.
Stock solution of U(VI) (1000 mg L' U) was prepared from
uranyl nitrate hexahydrate (98%, Merck) by dissolving 2.11 g
in 1 L of distilled water. The working solutions (25-125 mg
L") were prepared daily by dilution of the stock solution.
Carbon powder waste from zirconium carbide processing in-
dustry with particle size of 5 to 53 um was used as the raw
material for preparation of the sorbents.

Instrumentation

The morphological characterizations of the precursor and sor-
bents were carried out on a scanning electron microscope
(SEM, COXEM) equipped with an energy dispersive spec-
trometer (EDS, IXRF-model 550i analyzer). The X-ray dif-
fraction patterns of the precursor and sorbents were obtained
with an X-ray diffraction (XRD) apparatus (XRD, STOE)
using Cu-K« radiation at A= 1.54056 A. The specific surface
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areas and pore diameters were evaluated from N, adsorption-
desorption isotherms at —196 °C and Brunauer-Emmett-Teller
(BET) analysis according to ISO 9277-2010 using a
sorptometer (Costech, Model 1042) (Brunauer et al. 1938).
FT-IR spectroscopy (Perkin Elmer Spectrum 100, USA) was
used to identify the functional groups using the potassium
bromide (KBr) pellet method. The volatile matter and ash
content of all the samples were determined by the ASTM
D5832-98 and ASTM D2866-94 standard methods using
TGA instrument (model 601 Leco). Elemental analyses (C,
N, H, O, and S) of the raw material and the prepared sorbents
were accomplished using a CHNOS analyzer (Elementar
Vario EL III). The pH at the point of zero charge (pH,,.) of
the sorbents was obtained using a simple mass titration meth-
od (Leon y Leon et al. 1992). Iodine number of the sorbents
was obtained according to ASTM D 4607-99. To assess the
number of oxygen functional groups and acidic or basic prop-
erties of the sorbent, the Boehm titration method was used
(Bandosz et al. 1992; Boehm 2002). Inductively coupled plas-
ma atomic emission spectrometry (ICP-OES, GBC, model
Integra XL) was applied for evaluation of U(VI) concentra-
tions. A digital pH meter (model 746 Metrohm) was used for
pH measurements.

Real sample preparation

The working samples (real samples) were collected from the
radioactive wastewater output of the nuclear fuel factory of
Isfahan. The wastewater samples were filtered and then their
pH was adjusted to 2 using hydrochloric acid (0.2 mol L ™).
The prepared samples were treated according to the given
procedure.

Activation process of CPW

Before the activation process, CPW was rinsed with 5% (v/v)
HCI solution and then washed with hot and cold distilled
water several times to remove any possible impurities. The
obtained sorbent was dried at 110 °C for 8 h. The chemical
activation was carried using KOH, ZnCl,, and FeCl; as the
activating agents. The activation process consists of two steps.
In the first step, 6 g each of KOH, ZnCl,, and FeCl; was
dissolved in 50 mL of distilled water and then 2.0 g of CPW
was added (activator to precursor weight ratio of 3:1) and
thoroughly mixed (Ghanim et al. 2020). The mixture was
stirred at 100 rpm and 60 °C for 10 h. The saturated CPW
was filtered and dried at 110 °C for 8 h. In the second step, the
resulting CPW was loaded into a crucible and placed in a
horizontal cylindrical reactor in a tube furnace (10 cm i.d.
and 50 cm length). The activation process was accomplished
under nitrogen at flow rate of 100 mL min ' by heating the
samples from 25 °C to the activation temperature of 725 °C at
a heating rate of 10 °C min ", followed by maintaining at this

temperature under nitrogen flow for 2 h. At the end of the
activation time, the samples were cooled down to room tem-
perature under nitrogen flow. Then, the prepared sorbents
were washed by stirring with 100 mL HCI (1 mol LYor
NaOH (1 mol L™") solution (depending on the type of activa-
tor) for 20 min at 70 °C. The samples, after filtration, were
washed with hot and then cold distilled water to eliminate the
soluble salts and ions such as potassium, iron, zinc, and other
impurities. The washing process was continued until the pH
value of the filtrate reached 6.5-7.5. Finally, the activated
sorbents (A-CPW) were dried at 110 °C for 8 h in vacuum
oven, and after cooling they were stored in closed plastic
containers to protect them from ambient moisture.

Modification process of A-CPW

In order to improve the adsorption capacity and efficiency of
the prepared A-CPW, the sorbent surface was modified with
oxygen functional groups. Extensive studies have shown that
the increase in sorption capacity and selectivity of the sorbent
after chemical modification by APS is due to the increased
number of active binding sites and formation of new function-
al groups such as carboxylic (-COOH) and hydroxylic (-OH)
on the sorbent surface (Marciniak et al. 2018; Qu et al. 2021).
The resulting oxygen functional groups increase hydrophilic-
ity of the sorbent surface, causing improved electivity and
efficiency of the sorbent. Therefore, in this work, the sorbent
was oxidized with APS as the oxidant reagent. First, the A-
CPW was treated with 15% (v/v) HCI solution for 10 h at 50
°C. Then, 3 g of the sorbent was added to 100 mL solution of
1.8 mol L' APS in 2.0 mol L' H,SO, solution and the
mixture was stirred for 12 h at 30 °C. After that, the mixture
was filtered and washed with distilled water several times until
the washing water became neutral (pH ~ 6.0-7.0). The final
sorbent (A-CPW-COOH/ox-A-CPW) was kept in a vacuum
oven at 110 °C for 7 h. The number of functional surface
groups was estimated using the Boehm titration approach
(Boehm 2002).

Determination of pH at the point of zero charge

The pH at the point of zero charge (pHpzc) was evaluated by
the mass titration method. To determine pHpzc of the A-CPW
and A-CPW-COOH, 0.5 g of sorbents was weighed out and
placed in 50-mL glass flasks and mixed with 25 mL of 0.01 M
NaCl solution. Then, the pH values of the suspensions were
adjusted at 2.06, 3.13, 5.25, 6.37, 7.83, 9.58, and 10.85. The
suspensions were kept at 25°C with constant stirring (100
rpm) for 24 h. Then, the final pH was measured in each solu-
tion using a digital pH meter (model 746 Metrohm). The
change of pH (ApH) during equilibration was calculated,
and the pHpzc was identified as the initial pH with minimum
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ApH from the pH initial versus ApH plot. (The pHpzc is the
point where pHiyitial - PHfina1 = 0.)

The batch adsorption experiments

The accurate amount of the sorbent (50 mg) was added into
the beakers containing 100 mL of U(VI) solutions with vari-
ous concentrations of 25 to 125 mg L™'. The pH of initial
solutions was adjusted from 2.5 to 8.5 by 0.1 mol L'
NaOH or HNOj solution. Then, the parameters of temperature
and time were determined according to the experimental de-
sign. The mixture was stirred at a constant temperature with
the rate of 150 rpm for 130 min using mechanical stirrer. After
that, the mixtures were filtered by filter paper (Whatman no.
42) and the concentration of uranium ions was determined
using ICP-OES at A= 385.958 nm. The values of influential
parameters including solution pH, initial concentration, con-
tact time, and temperature were set according to the CCD
experimental design. The schematic of batch process for ura-
nium ion removal is presented in Scheme 1.

Experimental design

Response surface methodology (RSM) as one of the most
powerful techniques in factorial designs is a collection of sta-
tistical and mathematical methods which is employed for the
approximation and optimization of stochastic models (Naderi
et al. 2018). The effects of prominent parameters including
temperature (7) (10, 20, 30, 40, and 50 °C), contact time (f)
(10, 60, 110, 160, and 210 min), initial concentration (Cy) (25,
50,75, 100, and 125 mg Lfl), and pH of the solution (2.5, 4.0,
5.5,7.0, and 8.5) with a certain amount of sorbent (50 mg) on
the adsorption of U (VI) were explored using the central

Scheme 1 The process for
uranium removal by the proposed
method

composite design (CCD) as a partial factorial design. The
CCD is mostly applied to design the second-order model
methods. To this aim, Minitab software version 17.0 was used
to design and assess the variables at five levels on the re-
sponses. To deliberate the precision of the process, four repli-
cates at the center of the design were used; and also to mini-
mize the influence of the studied factors, the experiments were
randomized.

Batch sorption studies

To obtain the sorption capacity (¢, (mg g ') of the sorbent
and the removal efficiency (R %) of U(VI) ions from the
wastewater, the following equations were used:

q. = V(Co=Ce)/m (1)
R% = ((Co—C¢)/Cp) x 100 (2)

Where C, and C, are initial and equilibrium concentrations
(mg L") of uranium ions, respectively. m is the sorbent mass
(g) and V is the solution volume (mL). All the reported results

are the average of triplicate determinations with the relative
errors of less than 5%.

Results and discussion
Characterization
The proximate and ultimate analyses of CPW were carried out

based on ASTM-D3172-89 standard method using CHNOS
analyzer and the results are tabulated in Table 1.
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Table 1 Proximate and ultimate analyses of CPW used for the sorbent
preparation

Proximate analysis (wt.%) Ultimate analysis (wt.%)

Fixed carbon 92.84 Carbon 95.73
Volatile matter 4.45 Nitrogen 0.25
Ash content 0.52 Hydrogen 1.89
Moisture 2.19 Oxygen (diff.) 1.95
Sulfur 0.18

The microstructure and the morphology of the sorbents
were characterized by SEM analysis. The SEM images of
the precursor (CPW) and the CPW activated by KOH,
FeCls, and ZnCl, are shown in Fig. 1. As indicated, the struc-
ture of the KOH-activated CPW (Fig. 1b) shows a more po-
rous structure with a large number of micro-sized pores, com-
pared to the other two activators. According to Marsh and
Rodriguez-Reinoso (2006), the development of porosity in
KOH activation of carbonaceous materials is associated with
gasification reaction, which is described in the next sections.
The EDS analysis, shown in Table 2, clearly indicates that the
oxygen contents on the surfaces of A-CPW and A-CPW-
COOH significantly were enhanced after the modification
process.

The FT-IR study was carried out to find possible changes in
the chemical composition of the sorbents upon oxidation

Fig. 1 Scanning electron
micrographs (SEM) of a the pre-
cursor, CPW (a), and the CPW
activated with KOH (b), FeCly
(¢), and ZnCl, (d), as activator
agents at 725 °C

I
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Table2  EDS analysis of A-CPW and A-CPW-COOH
Element A-CPW A-CPW-COOH
Intensity (¢/s) Conc. (wt %) Intensity (c/s) Conc. (Wt %)
C 311.45 90.11 857.10 83.75
o 5.81 9.89 33.24 16.25

(Wazir et al. 2020). The FT-IR spectra of A-CPW and A-
CPW-COOH, shown in Fig. 2a, certainly confirm that oxygen
functional groups were generated upon oxidation of A-CPW.
This is manifested by new bands for A-CPW-COOH com-
pared to A-CPW at 1704 cm ' attributed to C=O stretching
in carbonyl groups and a new strong band centered at 1588
cm ' which can be assigned to carboxyl (COO) groups
(Marciniak et al. 2018)

Also, a strong band centered at 1167 cm ™' can be related to
C-O stretching vibrations of carboxyl and hydroxyl groups.
The strong band centered at 3430 cm ™' in A-CPW is assigned
to —OH stretching vibration and that of A-CPW-COOH can be
assigned to the same stretching vibrations of hydroxyl and
carboxyl groups. In FT-IR spectra of both A-CPW and A-
CPW-COOH, the peaks at 28502916 cm ™' can be assigned
to the symmetric and asymmetric C-H stretching vibrations in
aliphatic such as -CH; or -CH, (Bandosz et al. 1992). The
structural changes of the carbon powder before and after

x P 50.00(ind s

e
60.00)an]
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Fig. 2 a FT-IR spectra of A-CPW and A-CPW-COOH; b the XRD
spectra of the sorbents

KOH activation and oxidation were further elucidated by
XRD. Figure 2b shows typical XRD patterns of CPW, AC-
CPW, and A-CPW-COOH samples. All of the samples
displayed a strong broad band centered around 26=22° corre-
sponding to the reflection of amorphous carbon framework. In
addition, the relatively sharp peaks around 260=21.0° and 23.3°
can be related to graphite crystallites. The intensity of these
peaks which reflect the degree of crystallinity of the carbon
decreases from CPW to A-CPW and then further from A-
CPW to A-CPW-COOH, indicating that the micro-
crystallites destroyed in part upon activation by KOH and then
oxidation by APS (Chaisit et al. 2020). The weakened diffrac-
tion peak intensities also imply that the degree of disorder and
porosity have increased.

Activation process
The effect of activation reagents

To amend the adsorption efficiency and selectivity of carbo-
naceous materials, two main processes of activation and
functionalization are required. The activation process can be
chemical activation or physical activation. Carbon dioxide
and steam are the most common activating agents in physical
activation which is performed at temperatures in the range of
700-900 °C (Suarez and Centeno 2020). In the chemical ac-
tivation process, the most prevalent activating chemicals are
phosphoric acid, zinc chloride, sodium or potassium hydrox-
ides, and aluminum chloride. The impregnated material is
subsequently carbonized under an inert atmosphere, and then
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the carbonized material is rinsed to dispel any chemicals and
finally a porous structure would be attained (Tsai et al. 2020).
Chemical activation is more favorable than physical activation
owing to the significant advantages of higher yield, shorter
activation time, lower activation temperature, and higher de-
velopment of porosity (Liew et al. 2018). The carbon powder
(CPW) was activated by three chemical activating agents in-
cluding ZnCl,, KOH, and FeCls. The effect of activating
agents on the porous structure, BET surface area, product
yield, total pore volume, and the surface chemistry of the
sorbents was investigated. The results in Table 3 indicate that
for the sorbent activated by KOH, the yield (86.7%), BET
surface area (1380.6 m? gfl), pore volume (0.793 cm’ gfl),
and iodine adsorption number (1168 mg g~ ') were larger than
those of ZnCl, and FeCl;. Considering that ZnCl, and FeCly
are Lewis acids and KOH is a strong base, the experimental
results indicate that acidic reagents are not suitable activating
agents for CPW as compared to KOH to obtain sorbents with
high porosity. It seems that the acidic reagents are more suit-
able for carbonization of organic materials due to their inter-
action with functional groups and their catalyzing effect on
dehydration and dehydrogenation reactions. In fact, almost all
of the applications of these acidic reagents are for carboniza-
tion of organic materials (Li et al. 2020a; Yagmur et al. 2020).
However, KOH is more suitable for reaction with carbon pow-
der which was used as the raw material in this study to cata-
lyze dehydrogenation as well as oxidation reactions and to
enhance porosity of the sorbent. Activation of carbonaceous
materials with KOH involves the following gasification reac-
tion:

6KOH + 2C—2K + 3H, + 2K,COs (3)

K2CO; further reacts with carbon to form K, K,0, CO, and
CO,, according to the following reactions (Foo and Hameed
2011):

K,CO; + 2C—2K + 3CO (4)
K2C03—>K20 + C02 (5)
K,0 + C—2K + CO (6)

According to Marsh and Rodriguez-Reinoso (2006; Marsh
et al. 1984), the liberated potassium metal and possibly other
potassium compounds may intercalate into the carbon struc-
ture, which results in widening the available pores and gener-
ating further porosities. A microporous structure with a new
structure is created upon removal of the potassium salts and
carbon atoms from the internal volume of the carbon by ex-
tensive washing. According to the above reactions, controlling
the activation time with KOH at high temperature is highly
significant with respect to porosity of the sorbent. The physi-
cochemical properties of the sorbents prepared by different
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Table 3 Physicochemical properties of the sorbents prepared with different activating agents

Sorbent Sger (M2 g_l) Volume I, number pH,,. Productyield (%) Ash content (%) Volatile material (%) Moisture (%)
(em’g") (mggh

A-CPW (KOH)  1380.6 0.793 1168 9.7 86.7 2.6 22 83

A-CPW (ZnCly) 986.8 0.527 762 6.1 77.8 5.7 7.1 9.2

A-CPW (FeCl;) 7224 0.387 587 5.2 73.2 8.1 8.7 9.8

activating agents are tabulated in Table 3. According to the
above explanations, KOH appears to be a highly efficient
chemical activating agent which provides the A-CPW sorbent
with the highest porosity and adsorption capacity compared to
the other materials studied.

The main physicochemical characteristics of the precursor,
KOH-activated CPW (A-CPW), and A-CPW-COOH are giv-
en in Table 4. The results indicate that A-CPW-COOH has
more acidic surface functional groups than A-CPW. As the
result of the modification by oxidation with APS, the pH of
the point of zero charge (pH,,.) has decreased from 9.7 for A-
CPW to 3.1 for A-CPW-COOH. Decreasing the pH,,, of the
modified (A-CPW-COOH) sorbent indicates that the acidic
functional groups (-COOH) are well formed on the sorbent
surface.

The effect of activation temperature on the surface area

One of the significant advantages of the chemical compared to
physical activation is that the process is generally carried out
at lower temperature and shorter time. Moreover, carbon sor-
bents obtained by chemical approach have larger surface area
and higher quality than those obtained by physical activation
(Om Prakash et al. 2021). The effect of activation temperature
on the pore structure of the sorbent was studied in the range of
500-800 °C. The effect of activation temperature on the BET
surface area and yield of the product is shown in Fig. 3. As
indicated, by increasing the activation temperature from 500
to 725 °C, the BET surface area noticeably increased (Fig. 3a),
which can be related to pore formation as a result of evolution
of volatile materials from the precursor. At temperatures
above 725 °C, extra carbon gasification occurs which unde-
sirably changes the microporous to mesoporous structure.

Therefore, the maximum heating temperature during the acti-
vation process is really important to the quality of the obtained
active carbon.

The effect of activation temperature on the yield of activat-
ed carbon was also studied in the temperature range 500-800
°C at constant time of 2 h. The results, shown in Fig. 3D,
indicate that the yield of the activated carbon strongly de-
creases by increasing temperature due to continuous loss of
the volatile material. Potassium hydroxide as a strong base
may catalyze the oxidation reactions at high temperatures.

Optimization of uranium removal and recovery

The optimization process of the proposed method was carried
out through the one-at-the-time method and experimental de-
sign using response surface design method (RSM). The effects
of different parameters such as contact time, pH of the solu-
tion, initial concentration of uranium, and temperature on the
uranium sorption amount on the sorbent and modified sorbent
were explored. The obtained results by RSM and one-at-the-
time method were acceptably in agreement.

The effect of temperature on U(VI) removal

Temperature as a dominant factor in the removal processes is
influenced by the nature of the adsorption on the sorbent
which can be exothermic or endothermic. The effect of tem-
perature on the sorption capacity of U(VI) ions was studied in
the range of 10-50 °C. The adsorption amount of U(VI) in-
creased from 10 to 35 °C, and then decreased from tempera-
tures higher than 35 °C. The results in Fig. 4a confirm the
endothermic nature of the dehydration process of UO,** ions
before their sorption on the solid surface and also the

Table 4  Characteristics and amounts of oxygen functional groups in the sorbents

Sorbents Spgr (M? gfl) Volume (cm? gﬁl) I, number (mg gfl) pHy.c  Amounts of oxygen-containing functional groups (mmol gfl)
Carboxylic Lactonic Phenolic Acidic Basic
CPW 46.4 0.034 27.6 - - - - - -
A-CPW 1380.6 0.793 1168 9.7 0.031 0.278 0.625 0.272 2.814
A-CPW-COOH 978.9 0.533 762 3.1 3.482 0.672 1.946 4.653 0.725
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increment of UO,>* jon mobility. For the temperatures above
35 °C, the kinetic energy and the mobility of the ions extreme-
ly increase and prevent ion adsorption on the sorbent surface.
Also higher temperatures cause less stability of the interac-
tions between UO,>" ions and active sites on the sorbent sur-
face. Therefore, the optimum temperature of 35 °C was cho-
sen for the rest of studies.

The effect of the initial uranium concentration
In order to investigate the effect of initial uranium concentra-

tion on the sorption amount, various concentrations of U (VI)
in the range of 25, 50, 75, 100, and 125 mg L' were studied at

pH of 5.5 and 5.3 for A-CPW and A-CPW-COOH, respec-
tively, using 50 mg of the sorbent at 35 °C for 130 min. The
results in Fig. 4b indicate that the adsorption amount increased
from 25 to 100 mg L™ and then decreased. By increasing the
initial uranium concentration from 10 to 100 mg L the
enhancement in adsorption of UO,** ions occurs which may
be due to the enhancement of a larger driving force compared
to the mass transfer resistance between the sorbent and liquid
phases. Hence, the interaction of analyte-sorbent and also the
occupation of the sorbent active sites would be augmented by
the uranium ions (Abutaleb et al. 2020; Qu et al. 2021).
However, for the concentrations above 100 mg L™, the repul-
sive force of uranium ions and the saturation of the sorbent

Table 5 Experimental matrix of

five-level four-factor CCD for re- Experiment  Factors ge (mgg ™)

moval of uranium from effluents No.

by A-CPW-COOH pH Time Temperature  Initial uranium conc. Experimental Predicted

(min) (°O) (mg L-h values values

1 40 60 20 100 120.2 120.56
2 55 110 30 75 147.1 147.66
3 55 110 50 75 1352 133.87
4 25 110 30 75 107.3 107.10
5 7.0 60 40 100 136.2 137.82
6 55 110 30 75 149.5 147.66
7 40 160 20 100 1433 145.06
8 7.0 60 20 50 84.2 83.95
9 55 110 10 75 117.0 117.97
10 55 110 30 75 149.3 147.66
11 55 110 30 75 146.0 147.66
12 7.0 160 20 50 94.5 95.25
13 7.0 160 40 50 92.2 92.28
14 40 60 40 50 82.5 81.93
15 7.0 60 40 50 94.7 92.88
16 40 60 20 50 68.3 66.61
17 40 160 40 100 152.8 152.03
18 7.0 160 20 100 137.1 136.65
19 55 10 30 75 101.5 102.97
20 7.0 60 20 100 126.2 125.35
21 55 210 30 75 128.7 126.87
22 40 60 40 100 138.8 139.43
23 55 110 30 25 48.1 49.52
24 55 110 30 125 150.2 148.42
25 55 110 30 75 147.0 147.66
26 85 110 30 75 109.8 109.63
27 40 160 20 50 92.3 91.11
28 55 110 30 75 149.0 147.66
29 40 160 40 50 92.3 94.53
30 7.0 160 40 100 135.6 137.22
31 55 110 30 75 145.7 147.66
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Table 6 Regression coefficients, #-values, and p-values of the model
estimated by Minitab software for separation of uranium, b, = constant, x;
= pH, x, = temperature (°C), x; = time (min), x, = initial uranium
concentration (mg LY

Term Coefficient SE (Coeff.) t-value p-value
by 147.657 0.672 219.76 0.000
X 0.633 0.363 1.75 0.096
X2 3.975 0.363 10.95 0.000
X3 5.975 0.363 16.47 0.000
X4 24.725 0.363 68.14 0.000
X2 -9.823 0.332 —29.55 0.000
X2 —5.435 0.332 -16.35 0.000
x° —-8.185 0.332 —24.62 0.000
x? -12.173 0.332 -36.62 0.000
X1 x X —1.600 0.444 -3.60 0.002
X x X3 -3.300 0.444 —7.43 0.000
X x X4 -3.138 0.444 -7.06 0.000
X2 x X3 -2.975 0.444 —6.69 0.000
X x X4 0.888 0.444 2.00 0.063
X3 x X4 0.363 0.444 0.82 0.427

active sites by uranium ions reduce the adsorption amount. By
increasing initial concentration of U(VI), the removal efficien-
cy of UO,** ions would decrease. The maximum amount of
adsorption was obtained at the concentration of 100 mg L™".

The effect of contact time

The equilibrium between the adsorbate and adsorbent in re-
moval processes determines the removal efficiency. Proper
contact time is required to achieve maximum removal (%).
Therefore, the contact time was studied in the range of 10—
210 min by stirring 50 mg of A-CPW and A-CPW-COOH
with 100 mL of 100 mg L™ uranium at 35 °C and the results
are presented in Fig. 4c. As the results show, the adsorption of
U(VI) on the sorbent surface rapidly increased from 10 to
60 min and after that a slow rise was observed and then

became constant after 130 min. Apparently, the U(VI) adsorp-
tion attained the equilibrium state after 130 min, which was
used as the optimum contact (stirring) time.

The effect of solution pH

The pH of the solution has an indicative role in adsorption of
UO,>* ions on the sorbents through controlling the surface
functional group charge and binding sites of the adsorbent.
The solution pH in the range of 2.5-8.5 was studied using
optimum values of temperature (35 °C), U(VI) concentration
(100 mg L"), and stirring time (130 min). According to the
obtained results in Fig. 4d, the adsorption of U(VI) increases
from 2.5 to 5.5, and then decreases for the pH > 5.5. At pH
values below 5.5, free species of U022+ are the dominant in
the solution. When the pH of the solution increases above 5.5,
the hydrolysis of UO,>* ions to form UO,(OH),’, UO,(OH)",
(UO,),(OH),**, and (UO,);(OH)s>" takes place. However, at
pH > 7.0, the surface charge of sorbents is more negative, but
the species such as UO,(OH);", (UO,)3(OH)7, UO,(CO5),7,
and UO,(CO;);* are formed in the solution, which reduces
the amounts of UO,?* adsorbed on sorbents (Basile et al.
2017; Zhong et al. 2021). Therefore, the optimum pH of 5.5
was chosen for further studies.

Experimental design and analysis

The experimental and CCD predicted values of g., obtained as
response for 31 experimental runs which were performed in
randomized order, are presented in Table 5. The experimental
sorption capacity, ¢. (mg g '), obtained from each point of the
CCD design was analyzed by statistical regression analysis
and analysis of variance (ANOVA) using the Minitab soft-
ware. The regression coefficients for all the parameters are
given in Table 6. At 95% confidence level, the p-values of
<0.05 indicate that the coefficient is significant and can be
included in the model. The smaller the p-value, the more sig-
nificant is the related coefficient. However, as can be seen in
Table 6, most of the p-values are 0, which does not show the

Table 7 Analysis of variance

(ANOVA) for fitting the experi- Sources Degree of Adjusted sum of Adjusted mean Fvalue  p value

mental data for sorption by A- freedom squares squares

CPW-COOH
Regression 14 24,091.2 1720.8 544.54 0.00
Linear 4 15917.5 3979.4 1259.26  0.00
Square 4 7644.7 1911.2 604.79 0.00
Interaction 6 529.0 88.2 27.9 0.00
Residual error 16 50.6 32 -
Lack-of-fit 10 353 35 1.39 0.36
Pure error 6 15.2 2.5 - -
Total 30 24,141.8 - - -
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influential extent of the significant factors. In this regard, the ¢-
values are more informative because the larger the #-value, the
more significant is the coefficient.

The statistical analysis (ANOVA) results including the es-
timated regression coefficients and p-values are shown in
Table 7. The lack-of-fit term is not significant (p-value =
0.36 is much higher than the 0.05). This term can also be
evaluated using the F-test. The calculated F-value for the
lack-of-fit (1.39), which is significantly lower than the critical
value (F;; = 4.06), indicates that the model fitted well with
the data and also the applied model has successfully created an
ideal prediction for the process. Using the coefficients given in
Table 6, the model predicted for removal of uranium by A-
CPW-COOH is presented in Eq. 7:

q. = —372.01 + 62.760 pH + 4.633 temp + 1.239 time
+4.232 conc—4.366 (pH)?~0.054 (temp)*~0.003 (7)
(time)?—0.019 (conc)*~0.107 pH
x temp—0.044 pH X time—0.084 pH
x conc—0.006 temp x time + 0.004 temp X conc

+0.0003 time x conc

The plot of the experimental data versus predicted data had
the linear regression coefficient (R?) of 0.9978 (SE= 1.78),
which confirms a good agreement between predicted and ex-
perimental responses. The adjusted R* of the process was
99.62% that reveals the ability of the developed model to
predict the adsorption amount of uranium ions. Moreover,
the predicted results by RSM are shown in Fig. 5. The pre-
dicted optimum results by RSM appropriately correspond

150
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Fig. 5 Response surface plots of parameters for uranium sorption by A-CPW-COOH

50

with the one-at-a-time experimental data. The optimum con-
ditions to achieve the g, of 162.47 mg g ' (SE= 0.725) were
predicted at the temperature of 33.30 °C, pH of 5.31, time of
130.19 min, and initial uranium concentration of 100.76 mg
L

Adsorption isotherm studies

The equilibrium attainment between the sorbent and the ana-
lyte is definitely important in any adsorption process, which
makes a logical relationship between the sorption extent and
the analyte equilibrium concentration (Hassani et al. 2017).
This relationship at constant temperature is defined as adsorp-
tion isotherm which clarifies the features and the nature of the
adsorption process. Hence, various models can be applied to
depict the details of the process. Herein, in order to scrutinize
the sorption performance and the interaction between UO,>*
ions and the sorbent and to evaluate the sorption capacity of
the A-CPW-COOH, the experimental equilibrium data were
analyzed according to Langmuir and Freundlich (Ganguly
et al. 2020; Nnadozie and Ajibade 2020).

The Langmuir isotherm theory is used to describe the
monolayer adsorption on the homogeneous surface without
any interaction between the adsorbed molecules. This model
assumes that the adsorption occurs uniformly on the active
sites within the sorbent and only once an adsorbate can suc-
cessfully capture a site. The Langmuir isotherm can be repre-
sented by Eq. 8 (Cortes et al. 2019; Yildirim et al. 2020).

o QmKL Ce

= dm7L%e 8
%=1 K. C. (8)

where ¢, is the amount of uranium ions adsorbed at equi-
librium (mg g "), C. is the equilibrium concentration of

20
E )

5
Temp. “c)
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Table 8  Isotherm parameters for U(VI) adsorption on A-CPW-COOH
at T= 308 K and Co= 100 mg L™!

Langmuir Freundlich

G (mg g™ 192.31 1/n 0.5835
Ky 0.3421 Ky 54.806
R 0.9994 R 0.9974
R 0.9987 R 0.9948
RSS (*) 2.6991¢° RSS 0.0027
RMSE (*%) 0.0124 RMSE 0.1127

*Residual sum of squares

**Root mean square error

uranium in solution (mg LY, qm (Mg g_l) is the maximum
sorption capacity, and K; (L mg") is the Langmuir constant
related to the energy and the rate of sorption. The values of ¢,
and K; were calculated using Eq. 8.

The Freundlich isotherm theory considers the sorbent sur-
face as the heterogeneous and assumes several kinds of sites
on the sorbent with difference adsorption energies. The non-
linear equation of the Freundlich isotherm is as follows:

1

qde = K FCE (9)

where Kr ((mg g_l) (mg L YY" and 1/n are the
Freundlich constants, which related to the capacity and inten-
sity of adsorption, respectively. The amount of (% ) < 1 indi-
cates the favorability of UO,** ion adsorption on the sorbents.
The isotherm models of Langmuir and Freundlich were used
to estimate the equilibrium parameters. The results of Table 8
indicate that the Langmuir model due to its higher values of R>
=0.9994 and Rzadj = 0.9987 and lower values of RMSE=
0.0124 is more suitable for uranyl adsorption on A-CPW-
COOH than the Freundlich model (Fig. 6). Moreover, the
monolayer sorption takes place in homogeneous adsorption
sites on the sorbents and the interaction is weak and can be

(a)

0.25 1
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Ce/ ge
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ignored. The values of n (n >1) in Table 8 represent that the
sorption of UO,** ions on the A-CPW-COOH is extremely
favorable. The value of maximum capacity (¢g,,) obtained
from the Langmuir model at 308 K for A-CPW-COOH was
192.31 mg g', which indicates that adsorption capacity of A-
CPW-COOH is considerably increased.

Kinetics studies

Fast removal of the target analyte in a removal process not
only ascertains high efficiency of the sorbent but also shortens
the time to accomplish the process. The kinetics of UO,**
adsorption process on A-CPW-COOH was considered using
the pseudo-first-order (Eq. 10) and second-order (Eq. 11) ki-
netic equations as follows (Cortes et al. 2019):

(10)

(11)

g = go(1-exp(~k11))
t
" lg) + (tq0)

In which &, (min ") and &, (g mg_1 min ") are the pseudo-
first-order and pseudo-second-order rate constants, respective-
ly. g and g are the adsorption amounts of uranyl ion (mg g ')
at equilibrium and time “z,” respectively. In order to better
understand the adsorption process, kinetic curves were fitted
with the pseudo-first-order and pseudo-second-order models
(Fig. 7). The values of ky, ¢, and k, were estimated from the
slopes and the intercepts of the plots shown in the Fig. 7 using
Eqgs. 10 and 11. The kinetic parameters are presented in
Table 9. The favorable model was selected by the evaluation
of R R R adj» and RMSE. According to the obtained results, the
higher values of R? and RZadj were calculated using the
pseudo-second-order model. Therefore, the pseudo-second-
order model with correlation coefficient of R? =0.9998, R2adj
= 0.9997, and RMSE=0.0058 is more desirable than the
pseudo-first-order model with R? =0.9948, Rzadj = 0.9930,
and RMSE = 0.1469 to predict the UO,** ion adsorption on
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Fig. 6 The adsorption isotherms for U(VI) adsorption on A-CPW-COOH including a Langmuir and b Freundlich
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A-CPW-COOH. Also, the calculated values of the equilibri-
um adsorption capacities of A-CPW-COOH by second-order
model for g, . (169.49 mg gfl) are close to the experimental
adsorption capacity, ge, exp. (162.66 mg g 1. Therefore, this
model was able to predict very accurately the experimental
values of adsorption capacity (ge(exp)).

Table 9  Kinetic parameters for the adsorption of U(VI) on A-CPW-
COOH

Pseudo-first-order kinetics Pseudo-second-order kinetics

de e (mgg ) 162.66 Ge (exp (Mg g ) 162.66
Ge @ty (Mg g ) 88.52 Ge @y (Mg g ) 169.49
ky (min™ 1Y) 2.87x102 k> (g mg ' min ") 6.51x107*
R 0.9948 R? 0.9998
Ry 0.9930 R 0.9997
RSS (*) 0.1079 RSS 1.6896¢™
RMSE (%) 0.1469 RMSE 0.0058

*Residual sum of squares

**Root mean square error

Thermodynamic studies

To assess the thermodynamic behavior of the U(VI) ions onto
the sorbent, the thermodynamic values including enthalpy
change (AH®) and entropy change (AS°) and Gibbs free en-
ergy (AG®) were calculated from the following equations:

Cy—C. V
Ki=— %% 12
d C. X m (12)
AG = —RT In(Ky) (13)
AS AH
InKy = AS_AH (14)
R RT
AG = AH-TAS (15)

Table 10  Thermodynamic parameters for adsorption of U(VI) onto A-
CPW-COOH

Temperature AGe® (k] AH° (k) AS® (kJmol K™
(K) mol 1) mol )

293 —65.20 -

303 - 6742 - 3

308 —68.54 63.060 0.223
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Where Ky is the distribution coefficient (mL g_l), AS is the
entropy change (J mol ' K™'), AH is the enthalpy change (kJ
mol ), 7 is the absolute temperature (K), and R is the gas
constant (8.314 kJ mol™!). The value of Ky was calculated
using Eq. 12. The value of AS was estimated from the inter-
cept of the plot of In(Ky) versus 1/T (Fig. 7c) by Eq. 14. The
values of AH and AG were calculated by Egs. 14 and 15,
respectively. The calculated values of thermodynamic param-
eters are presented in Table 10. The negative values of AG
demonstrate spontaneous nature and feasibility of the process
of uranium sorption on the sorbents. The results of Table 10
show that the AG value at 308 K for A-CPW-COOH in-
creases, indicating the role of functional groups on improving
U(VI) adsorption onto A-CPW-COOH. The positive value of
enthalpy change (AH) demonstrates that the sorption process
of UO,?* ions on A-CPW-COOH is endothermic, indicating
that the sorption process is more favorable at higher tempera-
tures. This behavior can be explained by considering the hy-
dration layer of UO," ions that must be removed before it can
be adsorbed on the sorbent surface. This dehydration process
requires energy and it is more favorable at higher tempera-
tures. The positive value of entropy change (AS) indicates
some structural changes in adsorbed ions and sorbent during
the sorption process, which leads to an increase in the disorder
of the solid—liquid system.

Oxidation
by APS

Activated
Sorbent

Modified
sorbent

Charged
surface

Reusability of the sorbent

The reusability and regeneration of the used sorbent are indic-
ative factors in any removal process. To this aim, HCI solution
was used as a desorbing agent to recover the sorbent and elute
uranium from the sorbent structure. The concentration of HCI
solutions in the range from 0.1 to 1.5 mol L™ was investigat-
ed; and according to the obtained results in Fig. 8a, the con-
centration of 1.2 mol L™! of HCI was chosen for regeneration
of the sorbent. After five sequential sorption/desorption cy-
cles, the uranium uptake capability decreased from 162.8 in
the first cycle to 157.4 mg g ' in the fifth cycle Fig. 8b. The
results showed that U(VI) loaded onto A-CPW-COOH could
be effectively regenerated by 1.2 mol L' HCl and reused with
only slight influence on its U(VI) sorption capability after 5
cycles.

Removal mechanism

The remarkable effect of pH on the sorption capacity indicates
that the sorption of UO,>* onto A-CPW-COOH is affected by
the surface functional group status due to their protonation or
deprotonation behavior (Cheng et al. 2019; Zhang et al.
2020a). At low pH values (pH < pHpyzc), the carboxyl and
hydroxyl groups on A-CPW-COOH will be highly protonated

Sorption
of UO,**

Scheme 2 Schematic representation of the modification process of A-CPW and interaction of A-CPW-COOH with uranyl ions
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Table 11 Comparison of the
selectivity of the sorbents A-CPW Metal ion  Kg (mL g ") N S, (relative selectivity coefficient)
and A-CPW-COOH towards dif-
ferent metal ions A-CPW  A-CPW- A- A-CPW-
COOH CPW COOH

U 1891.05  24315.79 - - -

Fe(II) 202.64 577.32 9.33 42.12 451

Zn(Il) 132.20 267.57 14.30 90.88 6.35

Mn(II) 74.69 257.34 2532 94.49 3.73

Ni(II) 96.44 304.15 19.61 79.95 4.08

Mg(II) 83.33 277.90 22.69 87.50 3.86

Ca(Il) 100.84 298.85 18.75 81.36 434

Na(l) 87.68 242.15 21.57 100.42 4.66

m=005g, V=100mL, Co=25mg L', T=308 K, pH =5.3

which leads to decrement of carboxyl groups nucleophilicity
towards U(VI) and limiting the U(VI) sorption onto the sor-
bent. With increasing pH (pH > pHpzc) (for A-CPW-COOH,
pHpzc = 3.1) (Table 4), the protonation degree of the carboxyl
groups will be reduced and it is easier to separate the hydroxyl
protons in carboxyl groups. Therefore, the lone-pair electron
on the negative charged oxygen of COO™ group interacts with
the empty orbits of U(VI), and accordingly favoring the for-
mation of the complex as shown in Scheme 2.

Adsorption selectivity

To evaluate the selectivity of A-CPW and A-CPW-COOH in
uranium ion removal, a simulated nuclear fuel effluent con-
taining some metal ions including Mg®*, Na*, Zn®*, Mn**,
Ni**, and Fe’* was prepared and treated with A-CPW and
A-CPW-COOH at the optimal conditions. The obtained re-
sults, shown in Fig. 4e, revealed that A-CPW-COOH has
better selectivity and high adsorption capacity toward U(VI)
than the other existing ions. The selectivity coefficient
(SU0§+ ) for uranyl ions relative to competing ions is esti-

mated by the following equation (Elsayed et al. 2021):

uot

K7

S(UO?_/’MM) - I<Mmr
d

(16)

where Kgo? and K" are distribution coefficients of ura-
nyl ions and the interference ions, respectively. The values of
Suo2t /. I Table 11 show higher selectivity of A-CPW-
COOH towards A-CPW which corroborates the desirable per-
formance of A-CPW-COOH in interaction of carboxylic acid
functional groups with uranium ion. Moreover, Table 9 ac-
ceptably confirms better selectivity coefficients of A-CPW-
COOH for U(VI) ions over a range of competing metal ions.

Conclusions

In the present study, carbon powder waste from zirconium car-
bide industry was used as the raw material for preparation of
activated modified carbon adsorbent which was used for urani-
um removal from waste radioactive effluents of the nuclear
industry. The activation and modification of the CPW im-
proved the adsorption performance and efficiency of the obtain-
ed sorbent in uranium ion removal. Among several activating
agents (ZnCl, KOH, and FeCl;) that were examined for acti-
vation of CPW, KOH provided the highest BET surface area
and porosity. The sorbent obtained from KOH was modified by
the simple oxidation method using APS which enhances the
uranium removal efficiency through carboxylic acid functional
groups. The kinetic studies UO,>* ion sorption can be described
more favorably by the pseudo-second-order kinetic model. The
Langmuir model fitted the sorption isotherms better than the
Freundlich and Timken models. The maximum U(VI) sorption
capacity of A-CPW-COOH obtained by the Langmuir model
was estimated to be 192.31 mg g ', which confirms the sorption
capacity of A-CPW-COOH. The enthalpy values (AHa_cpw-
coon = 63.06 (kJ mol™!)) demonstrate that the sorption of
U(VI) on A-CPW-COOH was endothermic. The entropies
(AS A_cpw.coon = 0.223 (kJ mol ! K™')) and Gibbs free ener-
gies (AG a.cpw-coon = —68.54 (kJ mol ™)) at T= 308 K all
indicate that the uranium uptake by the sorbents was spontane-
ous. The process can be easily scaled up industrially which
intensifiers the advantage of the proposed process.
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