Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-024-06161-5

ORIGINAL ARTICLE q

Check for
updates

Preparation and characterization of activated carbon from medlar
seed by chemical activation with phosphoric acid and its application
in uranium adsorption

Messaoud Bennemla'® . Toufik Semaoune' - Meriem Chabane Sari' - Fatima Houhoune' - Sihem Khemaissia' -

Mourad Bellaloui' - Hamana Adjedar' - Yasmina Hammache' - Sihem Ouattas’

Received: 28 June 2024 / Revised: 29 August 2024 / Accepted: 11 September 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

The aim of this work was to synthesize a high-capacity adsorbent from medlar seeds by chemical activation using phos-
phoric acid. The confirmation of successful biomass activation was achieved through various characterizations, including
SEM-EDS, FTIR, and nitrogen adsorption—desorption. The best parameters were found to be a temperature of 500 °C, a
time of 60 min, and an impregnation ratio of 2:1. The specific surface area, average pore diameter, and total pore volume
were identified as 1845.32 m%/g, 2.88 nm, and 0.896 cm?/g, respectively. The performance of the selected activated carbon
was evaluated by using it for the sorption of uranium (VI) in a batch system. The maximum adsorption of 52.08 mg/g was
obtained under optimum conditions: pH =3.54, adsorbent dose of 2 g/L, adsorbate concentration of 100 mg/L, particle size
between 0.125 and 0.20 mm, and contact time of 90 min. Until the fifth cycle of use, the prepared activated carbon showed
excellent regeneration capacity (84.23%). The pseudo-second-order kinetic and the Langmuir isotherm were the best fitted,
implying the monolayer chemical adsorption process. The adsorption process could be considered as spontaneous (AG° <0)

and exothermic process (— 84.601 kJ/mol).
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1 Introduction

The nuclear industry generates high amounts of contaminated
water from various sources that require specific treatments
according to their chemical composition [1-3]. Uranium is
among the major pollutants in those effluents, and it is not only
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considered as a toxic heavy metal but also has radioactivity
character [4—6]. The accumulation of uranium in the environ-
ment causes an irreversible impact on human health [7-9],
owing to its long half-life and high toxicity. Therefore, special
attention has been given to the effective treatment and control
of effluents from the nuclear industry in order to generate the
least amount of waste. Many technologies have been attempted
to remove uranium from aqueous solutions such as chemical
precipitation [10—-12], ion exchange [13-15], and membrane
separation [16, 17]. Compared with these technologies, the
adsorption is considered as a promising method because of
its low economic cost, wide range of material sources, high
selectivity, and high adsorption efficiency. Therefore, several
kinds of adsorbents have been suggested for uranium adsorp-
tion, including porous nanomaterials [18—20] and activated
carbon [21]. Among them, activated carbons are currently
seen as a suitable alternative for heavy metal ion adsorption
because of their developed surface area and microporosity,
excellent adsorption performance, inexpensive production,
and low energy of regeneration [22, 23]. In general, activated
carbon is made from different biomasses through physical,
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chemical, biological [24], and hydrothermal carbonization
methods [25]. Chemical activation methods are preferred over
physical, biological, and hydrothermal activation due to their
lower energy cost, quicker pyrolysis time, increased surface
area, and greater yield of activated carbon products. Chemical
activation involves both pyrolysis and activation in one con-
tinuous process, where fresh biomass is immersed in chemical
substances like H;PO, or ZnCl, and then subjected to ther-
mal decomposition. Chemical activation is quite significant,
as modifying the surface through impregnation with suitable
eco-friendly chemical substances not only boosts adsorption
capacity but also enhances the selectivity of carbon proper-
ties [26]. Many substances such as phosphoric acid (H;PO,),
potassium hydroxide (KOH), and zinc chloride have been
used as chemical agents. Phosphoric acid is preferred among
chemical activation agents for its ability to effectively create
mesopores, leading to increased total pore volume and diam-
eter [27]. Activated carbon can be obtained from any low-cost
material with a high carbon content and low inorganic content,
such as olive bagasse, sugarcane bagasse, rice-husk soybean
straw, potato peel, and other lignocellulosic materials [28—30].
Medlar seeds are another solid waste with great potential for
the synthesis of activated carbon. Brown or occasionally
reddish-purple, the medlar seed is a fruit with a variety of
dimensions (0.5 to 2.5 cm). Medlar trees are widely grown in
China, which is the world’s leading producer. It is relatively
widespread in Japan, Spain, Turkey, and Algeria, where it
plays an important role in the rural economy [31]. Therefore,
large quantities of medlar seeds are produced every year [32].
Medlar seeds are considered food waste and are regularly dis-
posed of in landfills, which has a negative impact on the envi-
ronment. Thus, the development of a sustainable alternative
for the conversion of this waste into a useful resource would
be highly beneficial [33].

In this study, in order to increase the uranium (VI) adsorp-
tion efficiency, activated carbon based on medlar seeds was
prepared by chemical activation using phosphoric acid and
high-temperature carbonization. The resulting materials
were characterized by means of SEM, EDS, FTIR, PZC,
and nitrogen adsorption—desorption. Various parameters
affecting the adsorption process such as initial pH, reaction
time, particle size, adsorbent dose, and initial concentration
of uranium (VI) were investigated and optimized. In addi-
tion, the isotherm, kinetic, and thermodynamic properties of
U(VI) adsorption by activated carbon were also investigated.

2 Material and methods
2.1 Chemicals and materials

The medlar seeds used in this study were supplied from
a small local factory. Uranium nitrate (UO,(NO;),-6H,0,
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99%), arsenazo III (C,,H,gAs,N40,,S,,>99%), and nitric
acid (HNO;, 63%) were purchased from Merck. Phosphoric
acid (H;PO,, 85%) was supplied by BDH Prolabo. Potassium
nitrate (KNO;, 99%) and sodium hydroxide (NaOH, 98%)
were obtained from Aldrich. The amount (2.11 g) of ura-
nium nitrate (UO,(NO;),-6H,0) was dissolved in 1000 ml
of distilled water to prepare uranium stock solution (1 g/L).
A small amount of concentrated nitric acid was added to the
uranium solution to avoid hydrolysis. The desired concen-
tration of U(VI) solutions was obtained by an appropriate
dilution of the stock solution with distilled water. The pH
value of the solution was adjusted by adding a few drops
of sodium hydroxide (0.1 M) or nitric acid (0.1 M) to the
U(VI) ion solution. All reagents used in this study were of
analytical grade.

2.2 Synthesis of activated carbon

In this study, the medlar seeds were used as the starting
material for the preparation of activated carbon. Activated
carbon was synthesized by the chemical activation of the
dried medlar seed powder using H;PO, as a chemical
agent. After separating the medlar seeds from the pulp,
the seeds were washed several times with boiling water to
remove impurities until clear washing water was obtained.
The washed material was dried in an oven at 105 °C for
24 h. The medlar seeds were ground and sieved into four
different particle sizes: 0.125-0.20, 0.20-0.50, 0.5-0.70,
and > 0.70 mm. The obtained fractions were washed with
distilled water to remove dust and impurities and then dried
at 105 °C for 48 h. The dried medlar seed powders produced
were impregnated with a concentrated solution of H;PO,
at 40 wt.% in the ratios (IR) of 1:1, 2:1, and 3:1, calculated
as the ratio of H;PO, weight in solution to the weight of
the dried medlar seed powder using Eq. (1). Impregnated
samples were then activated in a muffie furnace at 400 °C,
500 °C, 600 °C, and 700 °C under a nitrogen flow rate of
50 ml/min for 60 min. Then, the activated carbons were
allowed to cool down to room temperature. They were then
thoroughly rinsed with distilled water to ensure the complete
removal of any remaining activation agent (pH between 5
and 6). Finally, the washed materials were dried in an oven
at 105 °C for 24 h and stored in a desiccator for future use.

IR: Whispos/ Wp ( 1 )

2.3 Characterization

The morphology of the activated carbon was observed by
scanning electron microscopy analysis (SEM, JEOL JSM-
7610F Plus), and the elemental composition was analyzed
by energy dispersive analysis, using a Bruker X-Flash EDS
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detector. EDS acquisition was conducted on three different
sections of the material. Fourier Transform Infrared Spec-
troscopy (FTIR) spectra analysis (JASCO FT-IR-460 PLUS)
was used to identify the functional groups on the surface of
the activated carbon. The nitrogen adsorption—desorption
isotherms at 77 K were performed using a Micromeritics
ASAP 2010 surface area analyzer. The specific surface area,
micropore volume, and micropore surface area of the acti-
vated carbon were analyzed using the Brunner, Emmet, and
Taylor (BET) method. The Laser Particle Size MASTER-
SIZER HYDRO 2000 S (MALVERN) was used to obtain
accurate and detailed particle size distributions. Uranium
(IV) concentration was determined before and after equi-
librium using a UV-vis spectrophotometer (SAFS monaco
UVmc!). The pH of the solutions was measured using a
HANNA HI5221-02 pH meter. The ash contents of the dried
medlar seed powder and the synthesized activated carbons
were determined in accordance with the ASTM D2866-11
standard method, and the activated carbon yield (Y,) was
calculated using Eq. (2).

YAC:WAC /Wp (2)

where W, is the weight of the dried activated carbon and
Wp is the weight of the medlar seed powder.

The point of zero charge of sample was determined by
pH drift method [34]. A sample weighing 0.1 g was intro-
duced into 20 ml of 0.01 M KNO;, and the pH was adjusted
to different levels (from 1 to 10) using KOH or HNO;. The
samples were stirred at a rate of 300 rpm for 48 h at room
temperature. Once equilibrium was reached, the solutions
were centrifuged, and the final pH of each solution was
measured with a pH meter. A graph plotting pH; against
pH; can be created, where pH; represents the initial pH and
pH; represents the final pH of the solution. The pH value
at the intersection of the bisector and the pH;-pH; curve is
identified as the pHp, value.

2.4 Adsorption experiments

The uranium (VI) sorption behavior of AC-500-2 was
performed under stirring (300 rpm) in Erlenmeyer flasks
containing known amounts of sorbent (50, 80, 100, and
150 mg) with 50 ml of uranium solutions at room tempera-
ture (298 K) and a predetermined pH. The effects of initial
pH of the solution, contact time, sorbent weight, particle
size, and initial uranium ion concentration were studied in
order to optimize the adsorption process. After reaching the
equilibrium, the adsorbents were separated from the ura-
nium solution by centrifugation and the residual uranium
was determined using a UV—vis spectrometer at 664 nm with
Arsenazo III as complexing agent. All the experiments were
performed in duplicate, and the average value was used in all

cases. The uranium (VI) adsorption efficiency R (%), adsorp-
tion capacity g, (mg/g), and distribution coefficient K, (L/g)
were calculated by Eqgs. (3), (4), and (5), respectively.

R(%) =100 = (C, — C,)/C, 3)
g, = (Co—C,) % V/m @)
K;=((Cy—C,)/C) * (V/m) 3)

where C and C, are the initial and equilibrium U(VI) con-
centration in mg/L, respectively. C, (mg/L) is the concentra-
tion of U(VI) at time ¢, and V/m is the ratio of the volume of
the U(VI) solution (ml) to the amount of sorbent (g).

3 Results and discussion
3.1 Characterization of the activated carbon
3.1.1 N, adsorption—-desorption isotherm

The porosity and specific surface area of the activated
carbons (ACs) prepared at different temperatures (400,
500, 600, and 700 °C) were analyzed through N, adsorp-
tion—desorption methods. As illustrated in Fig. 1, all the
isotherms exhibited the same profile with horizontal pla-
teaus at higher relative pressures. According to the [IUPAC
classification, these isotherms belong to the type IV class
[35]. The nitrogen adsorption capacity increased rapidly in
the relative pressure range of 0-0.20, which may be due to
the fact that nitrogen molecules speedily fill the micropore
structures [36]. The small branch of hysteresis indicated
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Fig. 1 N, adsorption—desorption isotherms of activated carbons pro-
duced at different temperatures
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that the activated carbon consists of mainly of micropores
accompanied by few mesopores [37]. After complete filling
of the micropores, the presence of some mesopores leads to
a gradual increase in adsorption [38].

The effects of temperature treatment on the pore charac-
teristics of activated carbons are shown in Table 1. It can
be observed that the specific surface area and the total pore
volume of the ACs increase significantly with the increase
of the activation temperatures from 400 to 500 °C. When
the activation temperature was further increased from 500
to 700 °C, the BET surface area decreased from 1845.32
to 1034.58 m?/g and the total pore volume decreased from
0.896 to 0.48 cm?/g. According to previous work, the low
specific surface area observed at 400 °C is mainly due to
the many carbon atoms and phosphoric acid that could
not absorb enough energy to participate in a pore forma-
tion reaction at this temperature [39]. The BET surface area
of the current activated carbon is comparable to the value
reported for palm husk (2000 m?/g) [40] and exceeds those
reported for grape seed [41], durian husk [42], pumpkin seed
husk [43], coconut husk [44], cashew nut husk [45], date
palm husk [46], and castor seed husk [47], listed in Table 2.
Raising the activation temperature results in the extension
of micropores and the creation of additional mesopores and
macropores. However, if pores widen too much and their

walls thin too much, it may cause them to collapse, result-
ing in a reduction of micropore and BET surface areas [48].
Furthermore, raising the activation temperature decreases
the activated carbon yield because it leads to lignin com-
bustion in the biomass and the release of additional volatile
compounds [49]. The surface area and pore volume of acti-
vated carbons increased also as the phosphorus/carbon ratio
increased from 1:1 to 2:1; however, there was a significant
decrease in both of these parameters as the ratio increased
from 2:1 to 3:1. Therefore, it was recommended to maintain
a phosphorus/carbon ratio of 2:1 to achieve effective acti-
vation with minimal phosphorus consumption. As a result,
AC-500-2 was chosen as the best activated carbon due to
its good surface area and pore volume and was used in the
adsorption experiments.

3.1.2 SEM analysis

Figure 2 shows the morphology and texture of the surface
of the selected activated carbon AC-500-2 by scanning
electron microscopy (SEM). As can be seen, the activated
carbon produced has an orderly and extremely porous struc-
ture. Different pore sizes can be observed. The pores are not
perfectly spherical, the porous structures did not continue
inward, and the pores were not connected to each other. As

Table 1 Textural characteristics of medlar seed powder treated with H;PO, at various impregnation ratios and temperatures for 60 min

Samples T°C IR Ash(%) Yield(%) Sger (M¥2)  Spico MY72) Vo™ (€m¥g) Vo™ (em¥g)  Vy(cm¥/g)  Pore
diameter
(nm)

AC-400-2 400 2:1 0.54 56.85 1082.79 699.84 0.280 0.234 0.514 3.19

AC-500-2 500 2:1 0.87 44.26 1845.32 446.57 0.162 0.734 0.896 2.88

AC-600-2 600 2:1 1.18 43.19 1765.46 609.03 0.225 0.594 0.819 2.68

AC-700-2 700 2:1 241 39.75 1034.58 669.39 0.274 0.206 0.48 2.76

AC-500-1 500 1:1 1.21 41.79 1091.89 519.99 0.212 0.498 0.710 3.10

AC-500-3 500 3:1 1.56 46.73 1427.63 78.24 0.0065 0.610 0.616 3.97

@The specific surface area calculated using the BET method; micropore volume determined by BJH method

T?ble 2 BET surface area and Precursor Activation parameters Surface area (mZ/g) Yield (%) References

yield of activated carbon from

different precursor materials T(°C) Time (min.) IR

using H;PO, activation agent
Medlar seeds 500 60 2:1 1845.32 43.62 This work
Grape seed 500 120 1:3 1139 50 [41]
Durian shell 500 20 30wt.% 1404 - [42]
Pumpkin seed shell 500 60 2:1 1421 31 [43]
Coconut shell 600 120 1:1 479.17 - [44]
Cashew nut shells 600 120 1.7:1 1514 85 [45]
Palm shell 475 75 1.75:1 2000 44-55 [40]
Date palm bark 400 180 40wt.% 902 30 [46]
castor seed hull 700 60 0.8:1 785.38 78.86 [47]
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mentioned in the literature, H;PO, biomass treatment tech-
niques start with cellulose depolymerization and then move
on to biopolymer dehydration, aromatic ring formation, and

Fig.2 SEM micrographs of AC-500-2 sample: a 100x, b 500x, and
¢ 2500

finally, the release of phosphate clusters that allow the for-
mation of new pores and the expansion of existing pores
on the activated carbon surface [S0-52]. Moreover, increas-
ing the activation temperature also enhances the number
of narrow micropores and expands the existing micropores
through the use of activating agents, as a result of the melt-
ing of compounds present in biomass [53]. This claim has
been supported by the majority of previous studies docu-
mented in their research papers.

3.1.3 Elemental analysis

The elemental analysis of the medlar seeds and the result-
ing activated carbon samples are shown in Table 3. As can
be seen, carbon and oxygen are the dominant atoms in all
samples. The biomass carbon content was 44.70%, and the
activated carbon values were 57.50%, 86.42%, 85.802%,
and 85.34% for AC-400-2, AC-500-2, AC-600-2, and
AC-700-2, respectively, while the amount of oxygen,
hydrogen, and nitrogen decreased due to the partial decom-
position of volatile compounds and degradation of organic
substances at high temperatures [54]. Increased carbon con-
tent in biomass is indicative of a high-quality precursor that
will deliver the best possible amount of activated carbon
[55]. Furthermore, the biomass sample contains almost no
phosphor, but the AC samples contain approximately 4.50%
phosphor. This finding suggests that phosphorus doping in
the precursor sample is remarkably effective [56].

3.1.4 Functional group analysis

Figure 3 shows the FTIR spectra of activated carbons pre-
pared from medlar seeds by phosphoric acid activation at
different impregnation ratios and activation temperatures
(400, 500, 600, and 700 °C). As can be seen, the FTIR spec-
tra of the activated carbons show a number of changes as
the activation temperature is increased from 400 to 700 °C.
The broadband between 3600 and 3300 cm™! in the spec-
trum of all samples corresponds to hydroxyl and carboxyl
groups [57, 58]. The presence of two characteristic bands
for the C-H bonds of alkyl groups between 2827 and 2970

Table 3 Elemental analysis of medlar seed and ACs

(wt.%) Carbon Hydrogen Nitrogen Oxygen Phosphor
Precursor  43.70 722 1.46 47.58 0.027
AC-400-2  77.50 3.25 1.28 12.61 5.34
AC-500-2 86.42 1.18 0.74 7.19 4.43
AC-600-2 85.80 2.13 0.716 7.124 422
AC-700-2 85.34 3.16 0.64 6471  4.28
AC-500-1 85.743 1.84 1.14 8.48 2.74
AC-500-3 83.26 1.42 0.86 8.71 5.73
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Fig.3 FTIR spectrum of dried medlar seed powder and prepared acti-
vated carbons

cm™! indicates the presence of aliphatic groups [59], whose
intensity decreases with increasing activation temperature
[60]. The adsorption band observed around 2324 cm™! can
be attributed to the stretching vibration of C=N, while the
peak located at 2068 cm™! has been assigned to the stretch-
ing vibrations of C=C alkyne groups [61]. The band at about
1563 cm™! can be attributed to the stretching vibration of
C=C [62]. Similarly, the adsorption band located at 1415
cm™! belongs to the C—C stretching vibration in the aro-
matic rings [60]. The band observed at about 110 cm~!in
all samples belongs to the stretching vibrations of the fol-
lowing phosphorus species: hydrogen-bonded P =0 groups
from phosphates or polyphosphate chains, the O-C stretch-
ing vibration in the P-O-C aromatics, and P=0OH [58, 63];
however, the density of this band decreases with increasing
activation temperature. As the impregnation rate increases
from 1 to 3, the relative intensity of the band at 1100 cm™!
increases, indicating the presence of more phosphorus-con-
taining groups [64]. Finally, a band appeared at 882 cm™!,
which was correlated to unsaturated C-H out-of-plane bend-
ing vibration [65].

3.1.5 Point of zero charge

The results for pHp, are illustrated in Fig. 4. The pH curves
indicating the point of zero charge show that the dried med-
lar seed powder has a neutral pH value of 6.54, whereas
the activated carbon sample AC-500-2 exhibits an acidic
nature with a pHp, of 3.45. When comparing the pHp,
of the original material, it is evident that the activation pro-
cess leads to a reduction in the point of zero charge [66].
This acidic characteristic aligns with expectations, as the
activation of the carbon was conducted using phosphoric
acid [67]. The surface of activated carbon exhibits a positive
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charge when the pH is below 3.54, due to the protonation of
phosphate groups. However, as the pH increases, the surface
charge becomes less positive. This is because, at higher pH
values, the phosphate groups undergo deprotonation and dis-
sociation, leading to an increase in the number of negatively
charged ions on the surface [68]. When the pH exceeds 3.54,
the surface acquires a negative charge, which enhances the
adsorption of cations [66].

3.2 Adsorption studies
3.2.1 Effect of pH

The surface charge of the activated carbon and the species
distribution of uranium can be affected by the pH of the
solution, which can further affect the adsorption of uranium
on the activated carbon [69, 70]. The effect of pH on the
adsorption of uranium (VI) on AC-500-2 was carried out
in the pH range of 1.0-5.0, and the results are shown in
Fig. 5. As can be seen, at pH=1.0, the adsorption capacity
of AC-500-2 was the lowest (22.25 mg/g). With the increase
of pH value, the uranium adsorption capacity of AC-500-2
gradually increased and reached the maximum value of
49.84 mg/g at pH 3.54. Then, the adsorption capacity of
AC-500-2 started to decrease with the further increase of
pH. These findings indicate that the pH level of the solution
plays an important role in the adsorption of U(VI).

The low adsorption in the acidic range could be explained
by the protonation of functional groups of activated car-
bon surface, which reduces their capacity to bind posi-
tively charged UO,>* ions [71]. As the pH increased from
1.0 to 3.0, the number of protons present in the solution
decreased and the electrostatic repulsion between activated

6
—m— Before activation
| |—®— After activation
4 -
T2t
<

PH,,=3.45
0 \ /\./\-
fl—\/ pH

1 1 1 1 1

0 2 4 6 8 10
pH;

=6.54

pzc

-2

Fig.4 Determination of the point of zero charge (pHpzc) for both
dried medlar seed powder and the selected activated carbon AC-500-2
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Fig.5 Effect of pH value on uranium (VI) adsorption by activated
carbon AC-500-2 (Cy,=100 mg/L, contact time 90 min, adsorbent
dose 2 g/L, particle size 0.125-25 mm, agitation speed 300 rpm, and
T=25°C)

carbon and positively charged uranium species (UO,>") was
weakened by deprotonation of the functional groups, result-
ing in slightly increased uranium removal from 22.55 to
31.23 mg/g. At pH=3.54, above the point of zero charge, the
surface of the activated carbon becomes negatively charged,
while the uranium is mainly in the form of U022+ [71,72].
Therefore, there is a strong electrostatic attraction between
them, which improves the adsorption efficiency. With fur-
ther increase of the pH value from 3.54 to 5, the adsorp-
tion capacity decreased from 49.84 to 39.82 mg/g, which
might be caused by the transformation of uranium species
from cations (UO,>") to hydrated uranium complex species
((UO,),(OH),>* and (UO,);(OH)**) [70, 72], which are dif-
ficult to be captured by active sites. Therefore, pH=3.54 is
suggested as the best pH value for further sorption experi-
ments. During the experiment, it was observed that when the
pH is higher than 5, the uranyl ions in the solution would
precipitate. Thus, only the effect of the pH value between 1
and 5 was investigated.

3.2.2 Effect of adsorbent dose

The relation between the adsorbent dose and the adsorp-
tion efficiency was carried out in de range of 1 to 3 g/L,
and the results are shown in Fig. 6. As can be seen, the
adsorption efficiency of uranium (VI) increases with the
increase of adsorbent dosage and reaches the maximum
(94.89%) at the adsorbent dose of 2.0 g/L, after which
the adsorption efficiency decreases slightly (91.43%).
The increasing trend may be due to an increase in the
number of adsorption sites and the contact probability
between UO,** ions and the available adsorption sites

100

o5 94.90
92.79

91.70 91.44

90

85 -

80 -

75

Adsorption efficiency (%)

70 |-
66.60

65 i 1 1 1 L
1.0 1.5 2.0 2.5 3.0

Adsorbent dose (g/L)

Fig.6 Effect of adsorbent dose of AC-500-2 on uranium adsorption.
Contact time 90 min, initial pH 3.54, initial uranium concentration
100 mg/L, particle size 0.125-0.20 mm, agitation speed 300 rpm, and
T25°C

[73]. However, the decreasing trend can be explained by
the greater number of active sites of the adsorbent in aque-
ous solution compared to the number of uranium ions,
thus leaving many active sites unused [74]. Therefore, the
adsorbent dose of 2.0 g/ was considered as the optimal
and selected for all further experiments.

3.2.3 Effect of initial concentration

The effect of the initial uranium concentration was inves-
tigated by using seven different uranium solutions varying
in the range of 20-200 mg/L, and the results are shown
in Fig. 7. It can be seen that the adsorption capacity of
uranium (VI) increases from 9.67 to 52.08 mg/g with
the increase of initial uranium concentration from 20 to
200 mg/L, while the adsorption efficiency of uranium (VI)
decreases from 96.20 to 58.8%. The higher adsorption effi-
ciency obtained at lower concentration may be due to the
presence of a large number of free adsorption sites on the
surface of the adsorbent available to combine with ura-
nyl ions. As the concentration increases, the number of
uranyl ions in solution increases, while the number of the
adsorption sites on the surface of the adsorbent remains
constant; thus, the active sites of the adsorbent are gradu-
ally saturated, resulting in a decrease in the adsorption
efficiency of uranyl ions (U022+) [75]; however, as the
concentration increased, more uranyl ions were adsorbed
compared to low initial concentrations, which may be due
to the enhancement of the driving force between uranyl
ions and functional groups on the surface of the adsorbent
during the adsorption process [76].
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Fig. 7 Effect of initial concentration on the adsorption capacity and
adsorption efficiency of U(VI) onto AC-500-2, pH 3.54, adsorbent
dose 2 g/L, particle size 0.125-0.20 mm, contact time 90 min, agita-
tion speed 300 rpm, and T 25 °C

3.2.4 Effect of contact time

Figure 8 describes the adsorption of uranium (VI) on
AC-500-2 at various concentrations in the time range of 5
from 180 min. The adsorption process carbon can be divided
into three phases. During the first 20 min, the adsorption of
uranium increased rapidly and then slowed down slightly
until the adsorbents reached saturation within 90 min. When
the contact time exceeded 90 min, the adsorption percentage
remained almost the same. The increasing trend in the initial
stage can be ascribed to the availability of a large number of
empty adsorption sites on the surface of the adsorbent [77].
However, when many active sites were occupied, the adsorp-
tion efficiency of uranyl ions (UO,**) gradually decreased,
and the adsorption tended to reach equilibrium, and finally,
the saturation [77]. Moreover, the increased adsorption effi-
ciency at longer contact times can also be attributed to a
reduction in the resistance of the boundary layer surrounding
the sorbent particles to mass transfer [78].

3.2.5 Effect of particle size

The effect of particle size of AC-500-2 on the adsorp-
tion of uranium was investigated at four particle sizes of
0.125-0.20, 0.20-0.50, 0.50-0.70, and > 0.7 mm, with a
fixed concentration of uranium solution (100 mg/L). The
result is shown in Fig. 9. It is obvious that both the adsorp-
tion efficiency and adsorption capacity are inversely related
to the particle size. The adsorption efficiency decreases from
95 to 73.31% when the particle size is increased from 0.125
to 0.2 mm to more than 0.7 mm. This can be attributed to the
fact that the smaller particles have a higher specific surface
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Fig.8 Effect of contact time on the adsorption of uranium (VI)
onto AC-500-2; pH 3.54, adsorbent dose 2 g/L, particle size 0.125—
0.20 mm, agitation speed 300 rpm, and T 25 °C

area and a large number of free adsorption sites [79]. Moreo-
ver, the increase in the specific surface area improves the
interaction between the finer activated carbon particles and
the uranyl ions, resulting in a higher adsorption capacity.
Thus, the 0.125-0.20 mm particle size was selected for all
further adsorption experiments.

3.3 Adsorption kinetics

In order to understand the adsorption mechanism better,
the adsorption data were fitted with pseudo-first-order and
pseudo-second-order models. These two models can be
expressed by the following equations:

50 adsorption capacity
b —n— Adsorption efficiency’ 195
48 -
= 490 &
5 g
g 461 g
~ o
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S 44r -85 S
; E
c 42t \ 5
k<] . 180 =
g 5
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Fig.9 The effect of particle size on the uranium adsorption onto
CA-500-2; C, 100 mg/L, pH 3.54, adsorbent dose 2 g/L, contact time
90 min, agitation speed 300 rpm, and T 25 °C
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Pseudo — first — order : log(g, — q,) = logg, — (K1 * t/2.303)
(6)
Pseudo — second — order : t/q, =t/q, + 1/(K, * 5]3) (7

where ¢, and g, are the amounts adsorbed at time ¢ (min)
and equilibrium (mg/g), K, (min™") and K, (g/mg min) are
pseudo-first-order and pseudo-second-order adsorption rate
constants, respectively.

The fitting curves and their corresponding parameters
are presented in Fig. 10 and Table 4. The results from the
kinetic modeling of adsorption indicate that the correlation
coefficient R? values are nearly equal to one for the second-
order model, whereas they are significantly lower for the
first-order model. Additionally, the g, values calculated from
pseudo-second order are closer to the experimental data.
This leads us to conclude that the adsorption kinetics of
U(VI) follows the pseudo-second-order model. However, the
results suggested that the ongoing sorption process could
be considered as chemisorption, where valence forces are
involved in the sharing or exchange of electrons between
U(V]) ions and functional groups on the activated carbon
surface [80].

3.4 Adsorption isotherms

The adsorption isotherm experiments were carried out on
the selected activated material under optimal adsorption
conditions, which included an initial pH of 3.54, an adsor-
bent dosage of 2.0 g/L, a contact time of 90 min, and an
agitation speed of 300 rpm at room temperature. The initial
concentrations of the uranium solution varied from 20 to
200 mg/L. The experimental data collected were analyzed
using the Langmuir and Freundlich models, which are rep-
resented by Eqs. (8) and (10), respectively.

Ce/qe = 1/([(L * CIm) + Ce/qm (8)
R, =1/(0+K, % Cy) )
log(g,) = log(Kz) + (1/mlog(C,) (10)

where C, is the equilibrium concentration in mg/L; g, (mg/g)
and g,, (mg/g) are the amount of uranyl ions adsorbed and
the maximum adsorption capacity, respectively; K; (L/mg)
and K (L/mg) are the Langmuir and Freundlich adsorp-
tion equilibrium constants, respectively; » is the intensity of
adsorption; R; is the Langmuir separation factor.

Figures 11 and 12 and Table 5 show the plots and
parameters derived from d Langmuir and Freundlich iso-
therms using experimental data. The data indicates that
the linear graphs derived from the two isotherms dem-
onstrate a better alignment of the experimental data with
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Fig. 10 Plots of kinetic models for the adsorption of uranium (VI) on
AC-500-2: a pseudo-first-order model and b pseudo-second-order
model

the corresponding isotherms. The correlation coefficients
indicate that the experimental data fitted the Langmuir
model (R?=0.9908) better than the Freundlich model
(R*=0.986), suggesting monolayer adsorption on acti-
vated carbon surface [81]. K; and ¢,, were found to be
0.1295 L/mg and 55.5 mg/g, respectively. Furthermore,
the value of R; obtained from the Langmuir model was
less than 1, which confirmed that the U(VI) adsorption
process by AC-500-2 was favorable [82]. The adsorption
capacity recorded for U(VI) on AC-500-2 was evaluated
against other adsorbents found in the literature [83-87],
as shown in Table 6. In all the cases mentioned, activated
carbon derived from medlar seeds demonstrates supe-
rior performance for U(VI) when compared to previous
precursor.
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Table 4 Kinetic parameters

of uranium (VI) sorption onto C, (mg/L)  Pseudo-first-order model Pseudo-second-order model 9 (experimental)
AC-500-2 g, (mg/g) K, (min™!) R? g, (mg/g) K, (g/mgmin) R (mg/L)
20 2.783 0.0325 0.9670 8.673 0.0394 0.9999 9.677
40 8.837 0.0303 0.9742  19.190 0.0070 0.9998  18.339
60 14.346 0.0487 0.9434  25.113 0.0076 0.9998  24.153
18l (@) 3.5 Adsorption thermodynamics
1.6 .
I Thermodynamic parameters such as standard enthalpy
1ar change (AH®), standard entropy change (AS°), and Gibbs
1.2 free energy change (AG®) are calculated from the Van’t Hoff
3 1ol Eq. (11):
< osf AH® AS°
© - Lan=——+—S an
06 Y =0.139 + 0.018*X RT R
I 2_
04 r RT=0991 The Gibbs free energy change (AG®) is related to AH®
02} and AS° by the following Eq. (12):
00 1 1 1 1 1 AGO = AHO - TASO (12)
0 20 40 60 80 100

C, (mg/L)

Fig. 11 Langmuir isotherm for uranium (VI) sorption onto AC-500-2
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Fig. 12 Freundlich isotherm for uranium (VI) sorption onto AC-500-2

Table 5 The results of Langmuir and Freundlich isotherm parameters

Type of isotherm model Parameters Values
Langmuir R? 0.991
K, (L/mg) 0.129
4, (mg/g) 55.5
Freundlich R? 0.986
K (L/mg) 11.8
n 2.793

@ Springer

where k, is the distribution coefficient (L/g), T is the tem-
perature (K), R is the universal gas constant (8.314 J/mol
K), AH° is the standard enthalpy (kJ/mol), AS® is the stand-
ard entropy (kJ/mol K), and AG® is the Gibbs free energy
change (kJ/mol).

The values of AH° and AS° can be determined from
the slope and intercept of the graph plotted between Ln &,
and 1/T (Fig. 13) using Van’t Hoff Eq. (11) and AG® can
be calculated directly from Eq. (12). The thermodynamic
parameters for U(VI) adsorption by AC-500-2 are listed in
Table 7. The negative value of AG® indicates spontaneous
U(VI) adsorption behavior of AC-500-2 [88]. In addition,
increasing values of AG®° with increasing temperature sug-
gest a more favorable sorption process at low temperatures.
The negative value of AH® (—84.601 kJ/mol) suggested that
the sorption of U(VI) on the AC-500-2 was an endothermic
process. Also, the negative value of AS° (—0.244 kJ/mol)
indicates reduced randomness at the solid—liquid interface
during the adsorption process [89].

3.6 Reusability of the adsorbent

Reusability tests of AC-500-2 after U(VI) adsorption were
performed in five consecutive cycles with a 0.1 mol/L
HNO; solution for 3 h, and the results are shown in Fig. 14.
The efficiency of 84.23% was obtained after five adsorp-
tion—desorption cycles, confirming its excellent regenera-
tion. The maximum adsorption was achieved in the first
cycle (95.104%). The adsorption capacities of the other
adsorption cycles showed a slight decrease. Due to the fully
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Table 6 Comparing U(VI)

Precursor mg/, References
adsorption capacity on different s (/)
adsorbents Medlar seeds 55.50 This study
AC/PN (activated carbon/polyacrylonitrile) 28.45 [83]
Modified rice stem 1.89 [84]
Olive stones 49.70 (0.171 mmol/g) [85]
AO-AC (amidoxime/activated carbon) 35.18 [86]
Areca residue 2.27 [87]
6 60
u S0 - /// F2z7
5| — 77 A 84.23 %
2 7 .
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Fig. 13 Plot of Ln (k,) vs. 1/T for U(VI) adsorption on AC-500-2

Table 7 Thermodynamic parameters for U(VI) adsorption

T (K) AH° (KJ/mol) AS® (kKJ/mol K) AG® (KJ/mol)
293 —84.601 —0.244 —12.862

303 —10.413

313 ~17.965

323 -5.517

available active sites and pores, the first cycle had the maxi-
mum adsorption due to the maximum available active sites
and pores. The decreased adsorption observed in the other
cycles is due to the inability to absorb U(VI) during regen-
eration, resulting in the blockage of some of the active sites.

4 Conclusion

In this study, medlar seeds were used as a raw material to
produce activated carbon by H;PO, impregnation followed by
thermal activation. The resulting activated carbons were ana-
lyzed using SEM-EDX, FTIR, pHp,(, and nitrogen adsorp-
tion—desorption techniques. The results obtained showed that
the impregnation ratio and temperature of activation played
a significant role in obtaining activated carbon with good

Use cycle

Fig. 14 The sorption capacity of U(VI) by AC-500-2 at five regen-
eration cycles. C, 100 mg/L, pH 3.54, adsorbent dose 2 g/L, contact
time 90 min, agitation speed 350 rpm, and T 25 °C

surface properties. A maximum BET surface area of 1845.32
m?/g was obtained with an H;PO, impregnation ratio of 2:1
at 500 °C after 60 min. Batch uranium adsorption experi-
ments identified the optimal conditions as a pH of 3.54, a
uranium concentration of 100 mg/L, a contact time of 90 min,
an adsorbent dose of 2 g/L, and particle sizes ranging from
0.125 to 0.20 nm. The adsorption isotherms aligned well
with the Langmuir model (R*>0.99), indicating a monolayer
adsorption process with a maximum capacity of 52.08 mg/g.
Kinetic analysis showed that the sorption followed a pseudo-
second-order model and the rate-limiting step was chemical
adsorption. Additionally, thermodynamic studies indicated
that the adsorption of uranium on AC-500-2 is a spontane-
ous, exothermic, and favorable process.
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