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Abstract

A highly porous phosphorous-containing activated carbon derived from pistachio nutshells (PNS) was synthesis as a potential
sorbent for uranium (V1) from sulfate media. The prepared phosphate activated carbon (PAC) was visualized under SEM and
TEM which revealed a highly porous structure. The extraction of U(VI) from acidic media using PAC was investigated by a
batch method and various parameters such as pH, equilibrium contact time, liquid to solid ratio, and initial U(VI)
concentration were examined. Under the stated conditions, the optimum pH for U(VI) adsorption was found to be 3.5. The
adsorption capacity of uranium upon PAC under the optimum conditions was found to be 335 mg/g. The experimental results
were applied for Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) isotherm models. The thermodynamic
equilibrium constant and the Gibbs free energy were determined (AG® from —4.72 to —7.65 kJ/mol) and results indicated the
spontaneous nature of the adsorption process. Kinetics data were best described by pseudo second-order model.

Keywords: Pistachio nutshells; Uranium extraction; highly acidic solution; Phosphorous-containing activated carbon.

1. Introduction

Suitable handling of nuclear wastes has become one
of the big challenges today due to their hazardous
environmental effects and their potentials health
effects [1]. Removal of heavy metals from nuclear
waste solutions has raised a global concern in recent
years [2, 3]. Uranium is considered one of the most
dangerous metals [4], due to its ability to pass the
living cell wall, which might lead to mutagenesis or
cancer [5]. Disposal of heavy metals by adsorption
process [6] is considered an effective way with
advantages such as high efficiency, simplicity of
design and application, being inexpensive, low
sensitivity to toxic substances, and avoiding the
production of toxic sludge. Activated carbon has
some characteristics such as highly developed
porosity, superb adsorption capacity, and a high
degree of surface reactivity which make it unique [7].
Modification of activated carbon could be performed
through two different processes: physical activation
and chemical activation. The physical activation
process is carried out in two steps which the first step
is the carbonization of carbonaceous material.

Additionally, in the second step, in which a high
temperature is required, the activation occurs in the
presence of activating agents such as CO2 or steam
occurs. In comparison, the chemical activation
process is a single step method in which
carbonization and activation proceed simultaneously.
The chemical activation offers some advantages over
physical activation, including chemical activation can
occur at lower temperatures, so it needs less energy
and impregnation of precursor materials with the
chemical agents inhibits tar formation, which results
in a better transformation of the material to carbon. In
other words, the carbon efficiency in a chemical
method is significantly higher than the physical one
[8]. Essentially, chemical activation is essential
because the surface modification with proper
environmentally-friendly chemicals not only will
increase the adsorption capacity but will also add
selectivity to carbon characteristics [9]. A lot of
materials (i.e., H2SO4, H3PO4, FeCl3, and ZnCI2)
have been used as chemical agents, and although
ZnClI2 is widely used nowadays also it is not suitable
for pharmaceutical and food industries due to its
environmental problems [10]. Attia et. al [11],
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prepared pistachio shells activated by Phosphoric
acid with a highly porous activated carbon and its
porosity is further enhanced by prolonged soaking,
the carbons produced were tested in batch
experiments for the removal of two cationic dyes.
According to the multitude variety of agricultural
wastes in different regions, novel and inexpensive
adsorbents have been manufactured to be used in
industries. Various materials like olive bagasse,
potato peel, soybean straw, nutshells, and a lot of
other agricultural wastes have been applied to
produce activated carbon [12-14].

The main idea in this work is the preparation of
H3PO4-activated carbon from pistachio nutshell with
high surface area and highly micro-mesoporosity for
adsorption of uranium (V1) from an acidic solution.
The Fourier transform infrared spectroscopy (FT-IR),
surface chemistry, thermal analysis, morphological
characterization by scanning electron microscopy
(SEM) and High-resolution transmission electron
microscopy (HRTEM), surface area, and pore
structure were studied. Also, adsorption Kkinetics and
isotherm models for the adsorption of uranium by
PAC were studied.

2. Materials and methods

2.1. Preparation of PAC

Pistachio nutshell (PNS) was collected from the
local markets of Cairo, Egypt. PNS was washed
several times with hot distilled water to remove any
adherent impurities and then dried at 105 °C for 24
hours in a vacuum drying oven. The PNS was then
mixed with phosphoric acid (Extra pure, 85 %) at
room temperature with a weight ratio of 1:3 (PNS:
H3PO4) and occasional stirring for 3 days. Next, the
treated Nut shell dried at 105 °C in the vacuum oven
dryer. The treated PNS was then activated for 2 hours
at 600 °C (at a rate of 10 °C/min) under continuous
nitrogen flow (100 mL/min) in a tubular electric
furnace (Nabertherm, Labothem Model R50/250/12).
The produced activated sample was allowed to cool
to room temperature under the same N flow. Finally,
the produced sample was finely grounded in an agate
mortar and then washed several times with deionized
water and completely dried at 110 °C, the obtained
sample was designated as PAC.

2.2. Characterization of PAC

Surface morphology and microstructure of the
adsorbent PAC was examined by scanning electron
microscopy (SEM, JSM-5500, JEOL Ltd., Japan).
The sample was coated with a thin layer of gold
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before SEM imaging. High-resolution transmission
electron microscopy (HRTEM, JEOL 2100F TEM)
was utilized to visualize the micro/mesoporosity of
PAC. The textural properties of the prepared PAC
were determined using Nj adsorption-desorption
isotherms at -196 °C using NOVA2000 gas sorption
analyzer (Quantachrome, USA). Before analysis, the
PAC was degassed overnight at 150 °C under a
vacuum.

Thermal behavior of PNS and PAC was
investigated using a thermogravimetric analyzer
(TGA, D-50, Shimadzu, Japan) at a nitrogen flow
rate of 20 mL/min and a heating rate of 10 °C/min up
to 1000 °C. Fourier transform infrared spectroscopy
(FT-IR) was determined using a Perkin-Elmer 1720
spectrometer in the range 400 and 4000 cm™. The
samples were mixed with KBr (1:500 ratios) then
pressed under vacuum. The solution pH was
determined using the Jenway pH meter (Model 3510,
UK). 1 g of the adsorbent in 100 mL of preboiled
distilled water was shaken for 48 h; then filtered and
the pH was then measured. The pHp. was also
measured as reported elsewhere [15]. Bulk contents
of C, H, S, and N in the samples were analyzed by a
2400 Series elemental analyzer (Perkin Elmer). Ash
content and moisture of prepared PAC were
determined according to ASTM D-1102 and ASTM
E 871, respectively.

2.3. Equilibration Studies

Unless otherwise stated, batch adsorption
experiments were performed by shaking 0.1 g of
PAC with 10.0 ml of the acidic aqueous solution
containing uranium. After equilibration and phase
separation, the uranium concentration in the aqueous
phase (Ceq, mg/L) was determined by the
spectrophotometric method based on chromogenic
agent Arsenazo IlIl at 656 nm. Absorbance was
measured with a UV-Visible spectrophotometer
(Shimadzu UV-VIS-1601 spectrophotometer). The
uranium adsorption efficiency percentage (%) was
calculated according to Equation (1),

U adsorption efficiency (%) :%xmo (1)

0

Where C, and C. are the initial and equilibrium
uranium  concentration in  solution  (mg/L),
respectively. The amount of uranium adsorption ge
(mg/g) was calculated from the difference of uranium
concentration in the aqueous solution at the
equilibrium time according to Equation (2),

qe:(Co_Ce)x¥ (2)
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where V is the volume of solution (L), m is the
weight of the resin (g). The distribution coefficient
(Kg) of uranium between the aqueous bulk phase and
the solid phase was calculated from the following
Equation (3),
=CoCe VvV (3)
C m

2.4. Elution studies

Elution of uranium from the loaded PAC was
studied using various eluting mediums such as; HCI,
HzSO4, N8.2CO3, HNO3, NaOH, Na2804,
CH3;COONa, and NaCl. The elution experiments
were conducted by shaking 0.1 g of the loaded
adsorbent with 10 mL of different eluates each
separately for 60 minutes at 250 rpm. After filtrating
the adsorbent, the eluting solution was analysed

against uranium.
3. Results and discussion

Kq

3.1. Analysis of PAC

Elemental analysis of PNS and PAC is shown in
Table 1. For PAC sample, it is clear that prepared
PAC has higher contents of carbon and lower
contents of oxygen, hydrogen and nitrogen compared
to the raw material (PNS), this resulted due to
H3PO4 activation has the dehydration effect and
polymeric deformation. Also, the phosphoric acid
activation led to decrease H/C ratio from 0.14 in PNS
sample to 0.03. Moreover, The O/C ratio decreased
from 0.97 in PNS sample to 0.25 in the PAC sample
[16].

SEM images of PAC are shown in Figures 1a and
1b. SEM images illustrated irregular structure with
cracks and crevices on the surface of the activated
carbon and some grains in various sizes in large
holes. This confirmed amorphous and heterogeneous
structures. The chemical activation process was
found effective in creating a large surface area with
well-developed pores with different sizes shapes on
the surface of pistachio nutshell activated carbon.
Moreover, these pores are considered as channels to
the microporous network.

TEM images for PAC are shown in Figures 1 (c—f).
It is observed that The structure of the prepared
activated carbon were consisting from pores structure
with different sizes mainly in micropore level, which
also interconnected with each other to form the
internal microporous network. The porous structure
was formed by the disordered packing of carbon
sheets (graphitic layers with randomly arranged) and
clusters. TEM image revealed clearly the
micro/mesoporous structure and also confirm the
nature of the amorphous structure [17].
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Table 1. Elemental analysis of PNS and PAC.

Materia C% H% N% S% O%(by H/C 0/C

| difference
)
PNS 47.3 6.4 0.2 0.2 45.85 0.1 0.9
0 1 0 4 4 7
PAC 78.2 2.0 0.4 0.0 19.40 0.0 0.2
1 0 3 1 3 5

o 2 4 & -] 10 12

ull Scade 15776 cts Cursor: 0 000

Figure 1. (a), (b) SEM, (c-f) TEM images, and (g)
TEM-EDX analysis of PAC.

The occurrence of phosphorous was
confirmed by TEM-EDX analysis as shown in Figure
1g. The physical and chemical properties of PNS and
PAC were shown in Table 2.

Table 2. Physical and chemical properties of PNS and
PAC.

Bulk
Moisture Ash
Material  density o pH  pHex
(&/ml) content (%) content
PNS 0.689 2.4 1.08 6.57 6.46
PAC 0.307 9.6 4.95 3.12 298

3.2. Textural analysis

The surface area and pore structure of the prepared
PAC calculated from the N, adsorption/desorption
technique are illustrated and summarized in Table 3.
The adsorption isotherms of the adsorbent were the
mixture of type | and IV according to IUPAC
classification [18]. At low relative pressures, the
sharp increase in volume indicated adsorption in
micropores as in type | isotherm. While type IV with
H, hysteresis loop appeared at intermediate and high
relative pressures, indicated monolayer-multilayer
adsorption followed by capillary condensation in
narrow slit-like pores. These indicate that the PAC
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has a mixture of the microporous and mesoporous
adsorbent.
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Figure 2. N2 sorption isotherm (A) and pore size
distribution (B) of PAC.

Specific surface area Sger (Mm?/g) was calculated
from the linear plot of the BET equation, micropore
surface area Sy(m?/g) and micropore volume V,
(ccl/g) were calculated using the t-plot method. The
total pore volume V+(cc/g) corresponding to the
volume of Ny near saturation at p/p°~ 0.95. The Sger
and S, for PAC were 1668.3 m?/g and 1195.9 m?/g
and the micropore surface area represented 71.7 % of
the total surface area. Also, the V1 and V, were 2.375
cc/g and 0.6622 cc/g. Moreover, the V, is 27.9 % of
the total pore volume. The micropore diameter of the
PAC was 1.81 nm while the mesopore diameter (r-,
nm) was calculated according to the following
Equation (4),

— _ 2Vt (mL/g) 3
r*(nm) = SBET (?/g) x 10 “)

The pore size distribution of PAC showed the
micro/mesoporosity  (Figure 2b). Actually, the
behavior of pistachio nutshell with phosphoric acid
creates a high surface area and allows the
development of both micropores and mesopores in
the activated carbon [19].

Table 3. Textural parameters of PAC.

SBEI‘ Smic Smes Smic/ VT Vmic Vmic dmi r

(m¥  (m%¥ (m?2 Sper  (cc/ f{cc/ Nt (n

g) g) /8 (%) g g (%) (n m)
m)

166 119 472 717 23 066 279 1.8 3.7

83 59 4 75 22 1

3.3. Thermal analysis

The thermal analysis decomposition behavior of the
biomass (related to the chemical composition and
chemical bonding in the material structure) is
essentially determining the shape of the TGA profile.
TGA profile of the pistachio nutshell and PAC were
shown in Figure 3a. The TGA profile of the pistachio
nutshell shows 10.2 wt% weight loss at 150 °C
corresponds to the removal of physically adsorbed
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water. The weight loss between 250 and 400 °C may
be attributed to the decomposition of cellulose and
hemicellulose and removal of condensable gasses
(methanol, acetic acid, and wood tar) and
incondensable gasses (Hz, CH4, CO, CO>, and H;0).
And the weight loss in the range 420-700 °C can be
assigned to lignin's decomposition. There is no
change in weight loss over 750 °C, where the
lignocellulose structure was completely decomposed.
On the other hand, the TGA profile of PAC showed
13.5 % weight loss at about 150 °C related to
desorption of adsorbed moisture. The physically
adsorbed water over PAC is more than in raw
material due to the high surface area of PAC and the
presence of hydrophilic C-O functional groups
[20,21]. Then, there is no variation in the TGA
profile up to 750 °C.

Vgt Loss (4)
L

Figure 3. Thermal behaviors of PNS and PAC

3.4. Surface chemistry

The surface chemistry of carbon materials is
determined by the acidity and basicity of their
surface. Table 2 shows the values of pH for
adsorbents and the values of pHpzc. The pH of PAC is
3.12. This indicates that these acidic functional
groups are predominating largely on this carbon
surface [22]. One of the most important
characteristics of carbon adsorbents is pHpz, which
shows the point at which the adsorbent surface charge
density is zero. When the pH value of the solution is
less than pHp.c the adsorbent reacts as a positively
charged surface and when it is greater than pHp,c the
adsorbent functions as a negatively charged surface.
The amount of pHp,c obtained in this research was
2.98, this low pHp,¢ value also showed the dominance
of acidic groups on the surface of the activated
carbons. The pHp, value indicates that carbon
produced from phosphoric acid activation is acidic
and classified as L-Carbon [23].

The chemical structure of pistachio nutshells,
phosphoric acid-activated carbons is given in Table 1.
For PAC, it is clear that the PAC it has higher
contents of carbon and lower contents of oxygen,
hydrogen, and nitrogen compared to the raw material
(PNS). This is resulted due to that HsPO4 activation
has the dehydration effect and polymeric
deformation. Also, the phosphoric acid activation led
to a decrease in H/C ratio from 0.14 to 0.03 for PNS
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[24]. Moreover, The O/C ratio decreased from 0.97
for PNS and to 0.25 for PAC [25].
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Figure 4. FT-IR spectrum of PAC.

Figure 4 proves the FTIR spectrum of PAC. The
spectra revealed that the broadband located around
3415 cm? which could be assigned to the -OH
stretching vibration mode of hydroxyl functional
groups [26,27]. The two strong peaks located at 2853
and 2923 cm?® were related to C-H stretching
vibration for -CH»- and -CHs. The bands at 1745 and
1716 cm™ were corresponding to C=O stretching
vibration in the carboxylic group. The bands at 1450,
1438, 1400, and 1385 cm™ were assigned to C-O
stretching in carboxylate groups. Also, The stretching
vibrations of -CH3 at 1385 cm™ was related to methyl
structures [20]. The broadband around 1300 and 900
cm?® with maxima at 1100 and 1046 cm¥,
respectively was found with oxidized carbons and has
been assigned to C-O stretching in acids, alcohols,
phenols, ethers, and/or esters groups [28].
Nevertheless, it is also a characteristic of
phosphorous and phosphor carbonaceous compounds
present in the phosphoric acid activated carbons [29].
Assignment in this region is difficult because
absorption bands are overlapped. The peak at 1190-
1200 cm? may be also assigned to the stretching
mode of hydrogen-bonded P-O, to O-C stretching
vibrations in P-O-C linkage, and POOH [30]. The
shoulder at 1100 cm™* was ascribed to ionized linkage
P*-O" in acid phosphate and symmetrical vibration in
a P-O-P chain [31].

Surface acidity and basicity is a crucial factor for
describing the chemistry of the carbon adsorbent
surface. In the current research, the acidity and
basicity of PAC were calculated to be 1.831and
0.081 meq/g, respectively. Results prove the acidity
nature of PAC surface which is due to the presence of
oxygen-containing groups like phosphate group,
while basicity could be a result of the presence of
oxygen-free Lewis sites, like carbonyls [22].
Observing a higher level of surface acidity than
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basicity for carbon adsorbent surface agrees with
results concluded from pHpc value. Also, the
phosphoric acid activation leads to creates a new
phosphate group [32], which will enhance its sorption
toward the removal of the uranium from the aqueous
solution [33].

3.5. Extraction of Uranium by using PAC

The factors that affect the sorption efficiency of
uranium from solution using the solid-liquid batch
technique were studied. The relevant factors
included:

3.5.1. pH effect

The effect of pH on the adsorption efficiency of
U(VI) was studied in Figure 5. From the obtained
data, it is clearly obvious that there is a significant
increase of the adsorption efficiency from pH of 1.0
up to 3.5 with about 96.3 % uranium adsorption, and
then the adsorption efficiency was decreased
significantly. The highest and lowest adsorption
efficiency was 96 and 16% at a pH of 3.5 and 1.0,
respectively. The high adsorption rate in the acidic
region could be explained by the presence of anionic
species of uranium and also the carbon surface charge
as follows: So the electrostatic force between the
negatively charged uranium species such as
(UO2(S04)22 and positively charged functional
groups on the adsorbent surface easily adsorbs the
anions in solution. Therefore, in acid regions the
adsorption is higher; however, increasing pH may
lead to a neutral functional group on carbon
adsorbent surface. Phosphate groups on carbon
surface at lower pH (PAC-H-H3PO,) * are protonated.
Increasing the pH value results in the subsequent
formation of the neutral form (PAC-(HsPQ.)°) and
ionized (PAC-H.POs) which  weakens the
electrostatic attraction between functional groups and
uranium anionic species which leads to less U(VI)
removal [34].
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Figure 5. Influence of pH on the adsorption efficiency of
uvl).
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3.5.2. Effect of contact time
Figure 6 shows that the effect of contact time (from
5 to 120 minutes) on the adsorption of uranium by
PAC. From the graph, it has been observed that
uranium adsorption was gradually increased by
increasing the contact time from 5 to 90 min to reach
the optimum adsorption after 90 minutes. This
attained time was considered as adsorption
equilibrium time, then after this time, the interval
adsorption process has been the same. This is because
at the beginning of the process numerous vacant
surface sites are available to be filled with uranium,
therefore the adsorption process is faster, however
when lots of active sites are covered, repulsive forces
between the absorbed ions and the remaining ions in
the solution becomes considerable and it causes a
delay in reaching the equilibrium time.
100 . .
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Contact Time, min.

Figure 6. Influence of contact time on the adsorption
efficiency of U(VI).
3.5.3. Effect of solid to liquid ratio

The effect of solid to liquid ratio on adsorption
efficiency of wuranium investigated by adding
different amounts of PAC ranged from 0.01 t0 0.10 g
to 10 ml volume of uranium solution, its conc. 550
mg/L, and agitating for 90 minutes at room
temperature 25+1 °C. The obtained result was given
in Figure 7. From the graph, it is found that the
adsorption efficiency of uranium increased from solid
to liquid ratio 0.01:10 to 0.1:10. Accordingly, the
preferred liquid to solid ratio is at 0.01:10 ratios
which give 60.9 % adsorption efficiency while the
corresponding uptake was 335 mg U/g.

———Adsorption Efficiency, % =#=U Uptake, (mg/g)
100 4 r 400
b
°. 80 1 =
B 300%
£ &
3 60 £
& 2009
E 40 1 E
2 100:
5 20 =
2]
.
L
0 — 0
0 0.005 . 001 0.015
§/Lratio

Figure 7. Influence of solid to the liquid ratio on the
adsorption efficiency of U(VI).
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3.5.4. Effect of uranium initial concentration

The performance of uranium adsorption on PAC
was investigated as a function of the initial uranium
concentration (400 - 8000 mg/L) at a pH value of 3.5
and 0.1 gram of adsorbent for 90 min. The effect of
the initial concentration of uranium on the adsorption
efficiency is presented in Figure 8. The uranium
adsorption was increased by increasing the uranium
concentration from 400 to 8000 mg/L with the
corresponding uptake of 38 to 337 mg U/g, while
adsorption efficiency decreased. This is due to the
increase in the concentration of uranium the number
of active sites on the PAC saturated by uranium
increased which indicates the high affinity of the
uranium complex to bond with the active sites
present on the modified PAC. Thus, the maximum
adsorption capacity of PAC was 337 mg Ulg
adsorbent.

400 +

300 A
Ci
—-—
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E 200 A
a9
2
2 100 {
2
=)
=

) +-r-—r—r—T—r T
0 2000 4000 6000 8000 10000
Initial Concentration, mg/1.

Figure 8. Influence of initial uranium concentration on the
adsorption efficiency of uranium (V1).

3.5.5. Uranium adsorption Kinetics

Figure 9 represents the kinetic profiles of uranium
adsorption onto PAC at different contact times and at
four different temperatures (25, 30, 40, and 50 °C).
The results showed that, for all initial concentrations,
the uranium adsorption was fast increase and then
slowed down until equilibrium was achieved. For
PAC adsorption equilibrium attained in the first 90
min at the four different temperatures, From 0 to 90
min, the uptake increase sharply due to the
availability of free active sites on the adsorbent
surface and high concentration of U(VI). After that
period, very few free active sites on the adsorbent
surface are available, hence, we observed a slow
increase in U(VI) adsorption. The quick kinetics has
significant practical and economic importance for
PAC for the high concentration of U(VI), as it
facilitated smaller reactor volumes, confirming high
efficiency and economy [34].


https://www.sciencedirect.com/science/article/pii/S2405653717300052#fig0006

KINETIC STUDIES ON THE ADSORPTION OF URANIUM.....

1377

10 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Time (Min.)
Figure 9. Effect of time on U(VI) adsorption by PAC at 25,
30, 40, and 50 °C (initial concentration 550 mg/L, pH =
3.5).

To estimate the adsorption rate for uranium, four
kinetic models and two adsorption mechanisms were
considered. The kinetic models used to investigate
the mechanism of adsorption were the pseudo-first
order [35], pseudo-second order kinetic models [36],
intraparticle diffusion models [37], and Boyd model
[38].

The pseudo-first-order model is given by Lagergren
as [35]:

10g (de1 — o) = log dey — (=) (5)

where ge and q: are the amounts of uranium
adsorbed at equilibrium and time t (mg/g), and ky is
the rate constant of pseudo first-order adsorption
process (mint). The values of the first-order rate
constant ki and equilibrium adsorption capacity Qe
were estimated from the slope and intercept of
plotting log (ge-q:) against t. The Kinetic parameter of
adsorption of uranium summarized in Table 4, the
correlation coefficient (R?) values for the pseudo-
first-order kinetic are ranged from 0.9781 to 0.9957,
however, there was a large difference in g. between
the experimental and calculated values, suggesting a
poor fit for the pseudo-first-order kinetic model to the
experimental data.

The pseudo-second-order kinetic model by McKay
and Ho [36] expressed as:

t ot 1 (6)

=—+
dt  Qe2 kzqgez

Additionally, ge. U(VI) adsorption over PAC were
75.19, 77.52, 78.74 and 81.92 mg/g at 25, 30, 40 and
50 °C, respectively. The high adsorption rate of PAC
is attributed to the presence of high oxygenated
groups and high surface area reached at 1668.3 m?/g
moreover the majority of pores attributed to
microporous in nature.

Where k; is the pseudo-second-order rate constant
(g/mg min) and can be determined experimentally
from the slope and intercept of plot t/q: versus t
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(Figure 10). An extremely high correlation
coefficient obtained was > 0.99 for all concentrations
at the four different temperatures and this kinetic
model provides the best agreement between the
calculated values of ge2 and the experimental g, data.
These results suggest that the uranium adsorption
mechanism on PAC obeyed the pseudo-second-order
(PSO) kinetic model [39].

The intraparticle diffusion model was first
recommended by Weber and Morris [37], who
determined that the uptake is proportional to the
square root of the contact time during the adsorption
as shown in Figure 11a.

qe = Kig t*® + ¢ (7

2%
k'
W'
i 50

00 T T T

T Q24— T T
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0 U ] 8 100 120 0 0 L] 60 L.

Time (Min) Time (Win,)

Figure 10. Pseudo first - order kinetic (A) and Pseudo-
second-order (B) kinetic models for the adsorption of
U(VI) onto PAC.

where Kiq is the rate constant of intraparticle
transport (mg/g.minY?). According to this model, the
dual nature of the curves may be attributed to the
difference of the adsorption extents in the initial and
final stages. The first steep portion stands for the
external surface adsorption, and the second portion
rises gradually with the intraparticle diffusion. If the
intraparticle diffusion is the rate-limiting step, the
plot of g: vs. t2should be linear and pass through the
origin. None of the intraparticle diffusion plots
passed through the origin which revealed that the
intraparticle diffusion was part of the adsorption but
was not the only rate-controlling step and refers to
the effect of film diffusion (boundary layer
diffusion). Table 4 shows the constants Kig and C
values, it was found that the lines do not pass through
the origin, accordingly, The adsorption mechanism is
rather a complex process and the intraparticle
diffusion is not the only controlled rate step and this
indicates the effect of film diffusion on the U(VI)
adsorption [40].

To predict the actual slow step involved, the kinetic
data were further examined using the Boyd Kkinetic
model to separate between film diffusion and particle

120
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diffusion. Boyd Kinetic equation [38] was applied,
which is represented as.

-n2Bt 8
FO=1-S3m, " ®)
where, F is the fractional attainment of the
equilibrium at a different time (t), and B(t) is a
mathematical function of F.
podt 9
Je

where g and ge are the amount adsorbed at a time (t)
and equilibrium, respectively.

Reichenberg [41] managed to obtain the following
approximations:

For F values > 0.85
B(t) = —0.4977 —In(1 — F) (10)

And for F values < 0.85

B(t)=(r - n—(@))z (D)

Plotting of B(t) against time t as shown in Figure
11b to investigate the linearity of the experimental
value and the data listed in Table 4.

If the plots are linear and pass through origin the
adsorption process is controlled by particle-diffusion
mechanisms. The data indicated that the adsorption
process of U(VI) onto the PAC is not controlled by
film diffusion. Since the plot lines do not pass
through the origin.

100 43
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Figure 11. Intraparticle diffusion (A) and Boyd plots (B)
for adsorption of U(VI) onto PAC.

Table 4. Kinetic parameters (pseudo - first order and
pseudo- second order) for the adsorption of U(VI) onto
PAC at different temperatures.

Model Consta PAC
nt 25°C 30°C 40°C 50°C
parame
ter

Experime g e exp 694 74.0 76.0 79.0
ntal (mg/g)

Pseudo Qet 49.73 | 4183 36.77 41.25
first order | (mg/g)
Ki 0.042  0.038 @ 0.036  0.060
(L/min)
R? 0.978 0.978  0.990  0.995
9 1 4 7
Pseudo Qe2 7519 7752 | 78.74 | 81.92
second (mg/g)
order Kz (g/  0.001 0.002 0.002 @ 0.003
mg min) = 50 08 56 35
R? 0.996  0.995  0.996 @ 0.999
9 8 9 1
Intrapartic = Kia 10.18 8.47 7.06 7.26
le C 5.86 19.49 | 28.80 @ 33.47
diffusion R? 0.977  0.917 0994  0.982
1 9 7 8
Boyd plot = Intercep | - 0.167  0.292 | 0.200
t 0.013
R? 0.976 09811  0.992 09945
0 4
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3.5.6. Adsorption isotherms

The adsorption isotherms play an important role to
determine the maximum adsorption capacity. The
amount of U(VI) adsorbed ge (mg/g) is plotted
against the equilibrium concentration Ce (mg/L) for
PAC at four different temperatures, as illustrated in
Figure 12. According to the isotherms shape, curves,
and the Giles classification [42], the adsorption
isotherm of PAC is classified as L-type. In this
model, the adsorption is initially quite rapid, followed
by a slow approach to equilibrium at high
concentrations.

The adsorption data were investigated by fitting
them to different isotherm equations of Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-
R).

Langmuir adsorption model is the most commonly
used isotherm equation. The linear form of the
Langmuir isotherm equation is characterized by
reference [43].

Cc. 1 C, (12)
— =4 —
de bdm Qgm

where Ce (mg/L) is the equi-librium concentration,
ge (mg/g) is the amount adsorbed at equilibrium, b
(L/mg) is the Langmuir constant, and gm (mg/g)
represents the monolayer capacity. The maximum
adsorption capacity (gm, mg/g) was estimated from
the slope of the plot of Ce/qe versus Ce (Figure 12).
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The obtained higher correlation coefficient (R2)
which is more than 0.99 indicating a good linear fit
for Langmuir's model as shown in Table 5.

Upon inspection of Table (5), (i) shows that the
adsorption process is favorable for U(VI) for
Langmuir’s model as indicated from the high values
of correlation coefficient (R2), which ranged from
0.9905 to 0.9994. (ii) The adsorption capacities of
PAC at 25 °C, 30 °C, 40 °C and 50 °C were 357.14,
370.37, 384.62 and 384.62 mg/g.
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Figure 12. Adsorption isotherms of U(VI) on PAC at
different temperatures.

This is due to high surface area of prepared sample
(1668.3 m?g) and its well characteristic functional
group (iii) The Langmuir adsorption constant (b)
represents the affinity between the adsorbent and
adsorbate. The magnitude of b has small values
(0.003-0.016 L/mg) , which shows a low heat of
adsorption capacity [44].

The essential characteristics of Langmuir isotherm
can be configured by a dimensionless constant known
as equilibrium parameter (R.), it can be written as:

1 (13)

L™ 1+bc,

where the C, is the highest initial U(VI)
concentration present the solution (mg/L). RL is an
indicator of the favorability of an isotherm. When, R
> 1 indicates unfavorable adsorption; R_= 1 is for a
linear adsorption; 0 < Ry < 1 indicates favorable
adsorption; and R_. = 0 indicates an irreversible
adsorption [45]. The R values of the adsorption of
uranium ions on PAC are reached 0.0345 at 25 °C
(Table 5). This shows that the adsorption process is
favorable for U(VI) by the prepared activated carbon
PAC.

The Freundlich isotherm [46] is derived by
assuming a heterogeneous surface with a non-
uniform distribution of heat of adsorption over the
surface

ge = K¢ Ci/n (14)

where C. is the solute concentration in the liquid at
equilibrium (mg/L), ge is the amount of U(VI) sorbed
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at equilibrium (mg/g), Ke (mg/g), and n are the
Freundlich constants related to adsorption capacity
and adsorption intensity. The linearized form of
Freundlich isotherm can be written as follows:

logq, = logKp + %log C. (15)
The Freundlich constant Kr and n can be calculated
from the intercept and slope of a plot between log ge
and log C.. The correlation coefficients and
Freundlich constants Ke and n are represented in
Table 5.
If n values lying in the range of 1-10 means favorable
adsorption. The heterogeneous nature of the surface
was identified by a value of 1/n the range 0-1 [47].
the values of the correlation coefficient were R? <
0.95 From U(VI) and prepared activated carbon [48].
The result in Table 5 showed that n values for PAC
and 1/n are 2.211 and 0.4523, respectively, at 25 °C.
These indicate a high adsorption capacity in PAC
isotherms and regression coefficients. It can conclude
that the Langmuir equation indicates the best fit of
experimental data over the Freundlich equation for
PAC samples.
Temkin isotherm assumes that: (i) the adsorbent-
adsorbate interactions lead to a linear decrease in the
heat of adsorption of all the molecules in the layer
with surface coverage. (ii) the adsorption is
considered by a uniform distribution of binding
energies, up to some maximum binding energy [49-
51].

The Temkin isotherm equation represented as:

RT 16
q, = = In(Kr Co) (10)

This can be linearized as:
ge =By InKt+B; InC, a7

where Ky is the equilibrium binding constant
(L/mal), By is related to the heat of adsorption and R
is the universal gas constant (8.314 J/mol K).

The Temkin isotherm constants B; and Ky are
calculated from the slope and the intercept of the plot
of g versus Ln Ceas shown in Figure 13.

From Table 5, the heat of uranium adsorption (b) is
corresponding to coverage of U(VI) on the prepared
sample because of the adsorbent-adsorbate
interaction. For PAC, it was found that slightly
increased of b (from 0.884 to 1.448 KJ/mol) with
increasing temperature from 298 to 313 K. This
indicates that the heat of adsorption of uranium onto
the surface of PAC is endothermic [52]. The values
of correlation coefficient R? is ranged from 0.6539-
0.8151 for PAC. Generally, Temkin isotherm
equation poor fit compared with Langmuir.

Dubnin-Redushkevich (D-R) isotherm used to
identify if the adsorption occurred is physical or
chemical in nature, the equilibrium data were applied
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to the D-R Equation [53]. The linearized form of the
D-R model is assumed as Equation (18),

Ing, =1Inq_ — e’ (18)

where B is the activity coefficient related to mean
adsorption energy (mol?/J?) and e is the Polanyi
potential. Where, The Polanyi potential [54] can be
designed using the Equation (19),

£ =RTIn(1 +-) (19)

The mean adsorption energy, E (kJ/mol) is
calculated with the help of Equation (20),

_ 1 (20)

V2B

Figure 13 indicated the plot of Ln ge versus &’
should yield a straight line. The value of the D-R
constants is illustrated in Table 5. From the obtained
results, the values of correlation coefficient (R?) for
the PAC are ranged 0.4449-0.8545. These indicate
that the D-R model is less fit than the Langmuir
model. The adsorption potential is independent of the
temperature, but it depends upon the nature of the
adsorbent and adsorbate. As is well known, the
isotherms of Langmuir and Freundlich do not
establish the mechanism of adsorption. While the free
energy (E) in the D-R isotherm estimate the
adsorption type, when the E value is between 8 and
16 kJ/mol, indicate chemical ion exchange
mechanism of adsorption; however, physical
adsorption is considered when the E value is lower
than 8 kJ/mol [55]. The adsorption energies (E) for
investigated samples are ranged from 0.027-0.158
kJ/mol. These values indicated that the adsorption
process of U(VI) onto the prepared sample is physical
in nature.

3.5.7. Determination of
parameters

Thermodynamic parameters such as Gibbs free
energy (AG®), entropy (AS°), and enthalpy (AH®)
were calculated using the following equations:

thermodynamic

-G 21
Ko=3 (21)
AG® = AH® — TAS® (22)
InkK, = AS _ AH (23)

R RT

where Kg is the adsorption distribution coefficient, Cs
the amount of uranium adsorbed on the prepared
samples per liter of the solution at equilibrium, and
C. is the equilibrium concentration (mg/L) of U(1V)
in the solution. T is temperature and R is the gas

constant. AH® and AS® were calculated from the slope
and intercept of Van't Hoff plots of In K versus 1/T.

Frundlich equation

Langmuir equation

Cu/a. (a/)
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Figure 13. The linearized form of Langmuir, Frundlich,
Temkin, and D-R equations for U(VI) at different

temperatures.

Table 5. Parameters of adsorption isotherms for adsorption
of U(VI) onto PAC at temperatures 25, 30, 40, and 50 °C.

Model Consta = 25°C  30°C 40°C 50°C
nt
parame
ter
Langmiur  Om 3571 3703 3846 3846
isotherm (mg/g) 4 7 2 2
b 0.003 0.006 0.008 0.016
(L/mg)
R? 0.990 0.997 0.998 0.999
5 8 5 4
RL 0.034 0.019 0.015 0.007
5 1 3 8
Freundlich = Kr 11.15 2880 36.51 57.23
isotherm (ma/g) 7 9 4 1
n 2211 2955 3.186 3.821
1/n 0.452  0.338 0.314 0.262
3 0 0 0
R? 0.848 0.658 0.646 0.744
7 0 4 0
Temkin b 1.224  0.884 1.024 1.448
isotherm (KJ/mol
)
Kr 0.019 0.009 0.011 0.023
B1 2.024 2850 2540 1.854
R? 0.653 0.812 0.815 0.717
9 1 1 2
Dubinin- (max 1450 2936 292.3 2882
Radushke = (mg/qg) 39 24 64 13
vich B 9.0x1 = 7.0x1 3.0x1 2.0x1
isotherm (mol?/kj 0° 04 04 0°
2
)
E 0.075 0.027 0.041 0.158
(kj/mol)
R? 0.444 0854 0.811 0.779

9 5 3 8
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Based on the values of the achieved thermodynamic
parameters (Table 6), the negative values of AG°
indicate spontaneous adsorption of U(VI) on the
phosphorous-containing activated carbon. Adsorption
of U(VI) can be considered as physisorption when the
change in free energy for this process ranges between
-4.72 and -7.65 kJ/mol because it is known that the
absolute magnitude of the change in free energy for
physisorption is between -20 and 0 kJ/mol and that
chemisorption occurs between -80 and -400 kJ/mol
[56]. It should also be noted that the change in free
energy decreases with an increase in temperature,
which indicates an increase in adsorption capacity
with a temperature rise. The positive values of
entropy change reflect the increased randomness at
the solid/solution surface. This is a direct
consequence of enhancement of the mobility and
extent of penetration within activated carbon pores
and overcoming the activation energy barrier and
enhancing the rate of intraparticle diffusion. The
positive values of AH® (28.32 kJ/mol) confirm the
endothermic nature of adsorption and explain the
increase in adsorption capacity of the PAC to U(VI)
with a temperature increase [31].

Table 6. Thermodynamic parameters for adsorption of
U(VI) onto PAC at temperatures 25, 30, 40, and 50 °C.

AS®
AG® AH°

T gamoy " gamoy ™

298 -4.72 6.72

03 577 989

313 -6.64 12 83 28.32 111.62

323 -7.65 17.29

3.5.8. Uranium elution

Many elution tests were performed to elute U(VI)
ions from the loaded PAC after the sorption process.
Different solutions such as HCI, H>SOs, HNOs,
NaOH, Na,COs, NaCl, Na;SOs, and CH3COONa
were used to attain the maximum elution percent.
Uranium elution experiments were performed using a
batch method at room temperature. The elution
experiments were occurred by shaking 0.1 g loaded
PAC and 10 mL of 1 molar for eluting reagent for 1
hour at 250 rpm. Regeneration of PAC again using 1
molar phosphoric acid may be satisfactory for the
regeneration of the adsorbent again. The result of
uranium elution from the PAC by using different
solutions was graphically plotted in Figure 14. From
the obtained data, it is clearly obvious that Na,COs is
the best eluent with 89.2% elution efficiency due to
high selectivity of Carbonate towards uranium to
form stable uranyl carbonate complex [57].
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Figure 14. Effect of eluent type on a percentage of uranium
elution.
3.5.9. Elemental composition of the PAC

To define the chemical composition of the PAC
after loading with U(V1) ions were subjected to EDX
analysis [58]. After adsorption U(VI) ions
characterized by EDX showed the presence of P, O,
C and U were observed suggesting the uptake of
U(VI) by PAC as shown in Figure 15.

The comparison between the sorption capacity of
PAC and other sorbents is given in Table 7.

Spectru b

Figure 15. EDX analysis of uranium adsorbed on PAC.
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Table (7): The experimental capacity of PAC
compared with the sorption capacity of other
sorbents:

sorptl-on Referenc
Type capacity,
es
(mg/ 9)
PurolitA 400 117.6 [59]
Amberjet 1200 H 131.4 [60]
Polyurethane 75 [61]
polyethyl eniminephenyl
phosphonamidic acid 396 [62]
succinic acid impregnated
amberlite XAD-4 123 [63]
gel-amide 28.9 [64]
natural clinoptilolite zeolite 0.7 [65]
RHA-aluminum composite 85 [66]
PAC 337 Present
work

4. Case Study: EI-Sela Leach Liquor

Under the preferred conditions, the applicability of
PAC for uranium (VI) ions removal from El-Sela
sulfate leach liquor sample was checked. In this
respect, the initial pH of the working solution was
adjusted by the addition of a buffer solution. After
that, 100 ml of the sample was shaking with the PAC
(337 mg Ulg), indicated that under the working
conditions, 88 % of the theoretical capacity was
realized. The decrease in the PAC capacity may be
due to the competition between uranium and different
ions presented in the sample (as iron ions). About
(98.0%) of the loaded uranium was eluted with 1M
Na,CO solution. Uranium has been precipitated from
the eluted solution using hydrogen peroxide. The
precipitate was dried at 110-120 °C for 48 h and the
XRF analysis for the uranium product was found to
have a purity of 98.44% as shown in Figurel6. All
processes are shown in Figure 17, as a graphical
abstract.

16,0-uranium Peroxide
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Figure 16: XRF analysis of the precipitated uranium from
PAC
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Figure 17: Graphical abstract

4. Conclusions

Preparation of PAC has been achieved from
pistachio nutshells. The results of BET analysis
showed that the PAC has a very high surface area and
high micro/mesoporosity. Based on the conducted
experiments, the optimum pH value was found to be
3.5 which indicates that PAC has a high level of
activity in acidic regions. The optimum contact time
and solid to liquid ratio are 90 minutes and 0.01:10.
Kinetics studies stated that pseudo second-order
kinetic model successfully fitted the experimental
data and the rate-limiting step in the process might be
the physical adsorption.

The equilibrium data were properly described by
the Langmuir model, showing a maximum adsorption
capacity of 337 mg/g at 25 °C. Thermodynamic
studies confirmed that adsorption of U(VI) onto PAC
could be considered a spontaneous, endothermic, and
favorable process. Uranium elution from the loaded
PAC has been investigated. The obtained results
showed that about 89.2% of uranium was eluted
successfully using 1 molar Na2COs solution.
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