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Developing green and functional adsorbents for the removal of inorganic pollutants from industrial

wastewater is still a great challenge. Activated carbons (ACs) are promising eco-friendly materials for

adsorption applications. This study reports on the preparation and functionalization of AC and its

application for fluoride removal from water. Activated carbon was prepared from date stems, and the

material was employed as a support for different modifications such as incorporation of Al(OH)3, in situ

dispersion of aluminum particles (Al0) and grafting of 3-(aminopropyl)triethoxysilane (APTES). The

resulting functional adsorbents were fully characterized by Fourier transform infrared spectroscopy,

scanning electronic microscopy, energy dispersive X-ray fluorescence, X-ray diffraction, differential

scanning calorimetry and zeta potential analysis. The results evidenced successful surface modifications.

All adsorbents had affinity for the removal of fluoride ions (F�). The highest F� removal rate was up to

20 mg g�1 for AC-Al(OH)3. Removal of fluoride ions obeyed Langmuir isotherms and a second-order

kinetic model, and reached 99% uptake. The AC-Al(OH)3 adsorbent was successfully used to treat

a groundwater solution contaminated by fluoride ions. These results open an interesting avenue for

developing eco-friendly functionalized AC for adsorption applications.
1. Introduction

The uoride ion (F�) is considered as one of the very hazardous
elements found in water and groundwater. Fluoride ion
contamination generally comes from a constant leaching of
mineral and rock resources such as uorspar, cryolite, and
uorapatite.1 In addition, several industries such as semi-
conductor and fertilizer manufacturing factories, pharmaceu-
tical companies, beryllium extraction plants, aluminum
smelters, and mining industries use uoride for their processes
and release uoride ions in natural water.2–5 Fluoride water
contamination has been reported in many countries around the
world.6–10 The toxicity of uoride depends on its concentration.
Within the authorized limit (1.5 mg L�1), it is necessary for
healthy teeth and children's bone development.10 However, at
higher values, it induces adverse effects on human health such
as dental and skeletal uorosis, bone fragility, osteoporosis and
arthritis.8,11
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To solve these issues, several processes have been used to
limit the concentration of uoride in water, like adsorption,11,12

coagulation,13 membrane ltration,14 ion exchange,15 electro-
chemical oxidation,16 electrootation11 and electro-
coagulation.17 Among these methods, the adsorption process is
considered as economic, sustainable and eco-friendly.
Numerous adsorbents have been applied to decrease the uo-
ride concentration in water, including activated and non-
activated alumina,18,19 carbonaceous materials,20 activated
clays,21 rare earth oxides,22 titanium-rich bauxite,23 zeolites,24

calcite,25 and activated carbon with biomass as a precursor.1,26–29

In view of its low cost, sustainable and adsorptive properties,
activated carbon (AC) is an attractive candidate for adsorption
and desorption processes. It can be synthesized from numerous
industrial or agricultural sources such as waste apricot, rubber
wood, sawdust, coconut shell, sugar beet bagasse, rice straw,
bamboo, rattan sawdust, molasses, and oil palm ber because
they are inexpensive and renewable.30 Date stems are an agri-
cultural waste widely available in Algeria and still looking for
valorization. Therefore, it is interesting to use this cheap and
abundant agricultural waste as a precursor to produce activated
carbon.

Research on the uses of AC adsorbents has showed inter-
esting results on the adsorption of uoride ions.20 Unfortu-
nately, their affinity for anionic molecules is limited. Numerous
attempts have been made to enhance the properties of AC by
chemical modication and/or addition of organic or inorganic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
llers like organic molecules, metal oxide, or nano-
particles.19,31–33 Besides, advanced materials with a functional
surface are still required for optimum interfacial interaction
between the particles and organic moieties to improve the
properties of the material. Relevant modications are needed to
improve the specic properties required by targeted purposes.
However, AC could have limited durability in the eld of
pollutant adsorption. It could be improved by graing amino-
silane moieties on the outer surface of the lignocellulosic
sample.34 This should also generate new activated sites within
the entanglement of the organic chains and thereby contribute
to a better dispersion and stabilization of the metal nano-
particles on the surface.35,36 In a recent work, S. Bakhta et al.
evaluated the performance of metal-modied activated carbon
to remove uoride ions from water, but the inuence of an
amine linker was not investigated.27 The aim of the present
study is to develop surface-modied AC from date stems via the
graing of aminosilane and the incorporation of aluminum
particles. The adsorbents were used for uoride removal from
aqueous solutions. The effect of various parameters like the pH,
temperature, the contact time, the initial uoride concentration
and the adsorbent dose was investigated. The adsorption
kinetics and the isotherms of uoride adsorption onto the
functionalized AC were also studied, and the corresponding
mechanism was discussed. Various adsorption isotherms such
as Langmuir, Freundlich, Temkin, Redlich–Peterson and Sips
models were studied in this work to determine adsorption
capacity. Among these isotherms, the Langmuir isotherm is the
most widely used; this isotherm simulates the monolayer
adsorption of the adsorbate onto a homogenous adsorbent
surface.37,38 The constants of the Langmuir isotherm have
specic physical meanings that can successfully describe the
maximum capacities and the surface properties of the adsor-
bent.38 Finally, the performance of the best adsorbent was
evaluated for the removal of uoride contamination from
natural groundwater.
Scheme 1 Chemical routes employed for the synthesis and surface mo

© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1. Chemicals

Zinc chloride (ZnCl2), aluminum nitrate nonahydrate
(Al(NO3)3$9H2O) and sodium tetrahydroborate (NaBH4) were
obtained from Acros. 3-(Aminopropyl)triethoxysilane (APTES),
sodium hydroxide (NaOH), hydrochloric acid (HCl) and abso-
lute ethanol (C2H5OH) were purchased from Sigma-Aldrich and
used as received. Ultra-pure water (resistivity $ 18 MU cm)
produced from a Milli-Q system was used for all the
experiments.
2.2. Synthesis

Various materials were synthesized from date stems. The
different chemical strategies are presented in Scheme 1.

The procedures are summarized in the following steps:
(i) Activated carbons (AC) were obtained from date stems

collected in the south of Algeria. The date stems were washed,
dried in an oven at 105 �C for 24 h, and then ground and sieved
to several particle sizes of less than 2mm. The activated carbons
were prepared by chemical activation using ZnCl2 as the
chemical agent. The initial material was stirred with ZnCl2
solution at amass ratio of 2 : 1 (initial material/activating agent)
at 70 �C for 4 h, and then heated to 600 �C for 1 h in a muffle
furnace. Once cooled, the product was washed with HCl and
then dried at 105 �C overnight. The nal material was noted AC.

(ii) In order to increase the hydroxyl groups (OH) at the AC
surface, AC underwent hydroxylation treatment. Briey, AC was
added under stirring to a solution containing hydrogen
peroxide, nitric acid and distilled water (1 : 1 : 5 v/v/v, respec-
tively) at 70 �C for 4 h. The product was ltrated, washed with
deionized water, and then dried at 80 �C overnight. The
resulting material was noted AC-OH.

(iii) 3-(Aminopropyl)triethoxysilane (APTES) was chemically
graed onto AC and AC-OH. For that purpose, 0.3 g of APTES
dification of activated carbon.

RSC Adv., 2022, 12, 2332–2348 | 2333
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were dissolved in 100 mL of an H2O/C2H5OH (1 : 3 v/v) mixture
at 75 �C until the temperature was stable. Then, 1 g of the AC
and AC-OH support was added to the mixture and stirred for
5 h.

The resulting powders were recovered, washed and dried at
80 �C overnight, and were noted AC-APTES and AC-OH-APTES,
respectively.

(iv) Aluminum (Al) particles were immobilized onto AC, AC-
APTES and AC-OH-APTES by mixing 1 g of AC to 5 wt% of
aluminum precursors dissolved in 75 mL of water for 3 h. Then,
5 mL of NaBH4 were added to the solution under stirring for
10 min to reduce Al3+ to Al0. The products were ltrated and
dried at 80 �C for 12 h, and noted AC-Al0, AC-APTES-Al0 and AC-
OH-APTES-Al0, respectively.

(v) Aluminum hydroxide was incorporated into AC through
a low-cost method. Firstly, AC was dispersed in water as
a solvent and kept in an ultrasound chamber for 20 min. In
parallel, Al(NO3)3$9H2O was dissolved in 150 mL of ultrapure
water and stirred for 1 h. Then, the AC solution was added to the
aluminum solution under continuous stirring. Next, 0.9 g of
NaOH was added to adjust the pH to 11.5 and mixed for 4 h to
obtain the hydroxide phase (Al(OH)3). The precipitate was
collected by ltration and washed with ultrapure water to
remove the nitrate ions. The resulting material was dried at
80 �C overnight, and noted AC-Al(OH)3.

2.3. Characterization

AC and its modied counterpart were characterized through
Fourier transform IR spectroscopy (FTIR) using a Tensor 27
(Bruker) spectrometer with a ZnSe ATR crystal device. For each
spectrum, 20 scans were accumulated with a resolution of
4 cm�1. The samples were metallized by a gold layer (18 mA for
360 s, Biorad E5200 device), and then the scanning electron
microscopy (SEM) images were acquired using a ZEISS EVO 15
electron microscope. The atomic composition was assessed
using an energy-dispersive X-ray uorescence device. The
specic surface was estimated by nitrogen adsorption–desorp-
tion isotherms at 77 K using a Micromeritics tristar 3000 device.
The effect of aluminum on the AC structure was examined by X-
ray diffraction (XRD) studies carried out with a Bruker D8 X-ray
diffractometer using CuKa radiation. The ESCA-3400 Shimadzu
and Al K Alpha X-ray source were used to analyze the XPS
(1486.6 eV). The samples were analyzed by differential scanning
calorimetry (DSC) using a DSC-92 Setaram device at a heating
rate of 5 �C min�1 from room temperature to 550 �C. The zeta
potential of each sample dispersion was measured in phase
analysis light scattering (PALS) mode using a Malvern Zeta
sizernanoZS setup. For the zeta measurements, nanoparticle
powder was obtained by adding 100mg of each sample to 10mL
of ultra-pure water.

2.4. Fluoride adsorption experiments

The uoride adsorption experiments were performed in batch
mode at ambient temperature (25 �C) with different initial
concentrations of uoride varying from 5 to 25 mg L�1 and
prepared from a 100 mg L�1 stock solution. 25 mL of uoride
2334 | RSC Adv., 2022, 12, 2332–2348
solution were poured in a beaker for each batch and held under
continuous stirring (250 rpm) aer adding the adsorbent to the
solution. When equilibrium was reached, the solution was
ltered through lter paper and the concentration of uoride
ions (F�) was measured using a uoride-ion-selective electrode
(Coleparmer Oakton Ion 6+).

The percentage of adsorbed uoride “Rt,e”(%) and the
capacity for uoride adsorption “qt,e” (mg g�1) were determined
using eqn (1) and (2), respectively:

Rt;e ¼ ðc0 � ct;eÞ
c0

� 100 (1)

qt;e ¼ ðc0 � ct;eÞ
m

V (2)

where C0 and Ct,e are the initial concentration and the
concentration at time “t” or at equilibrium, “V” is the volume of
the uoride solution, and “m” is the mass of the adsorbent.
2.5. Fluoride adsorption on groundwater

AC-Al(OH)3 was evaluated on groundwater taken from El oued,
in the south of Algeria. The anionic composition of this
wastewater was measured by ion chromatography coupled with
a conductive cell detector (ICS 5000+ Thermosher Dionex
equipped with Chromeleon soware). Separation was carried
out at 1 mL min�1 on an AS23 column (Dionex) with an AG23
guard column (Dionex). The mobile phase was a buffer solution
containing sodium carbonate (0.8 mM) and sodium hydrogen-
carbonate (4.5 mM). The conductometric detector was
preceded by an AERS anion self-regeneration suppressor to
eliminate the background conductivity of the mobile phase.

The wastewater contained a number of anions alongside F�

(PO4
3�, SO4

2�, NO3
�, Cl�), likely to have an effect on F�

adsorption. To take this point into account, the adsorbent doses
varied from 1 to 4 g L�1.
2.6. Fluoride desorption experiments

To evaluate uoride desorption, the adsorbent AC-Al(OH)3 was
rst saturated with uoride through several repeated adsorp-
tion cycles. Each cycle involved the addition of 1000 mL of
uoride solution to 1 g of AC-Al(OH)3. The adsorption cycles
were stopped once total saturation of AC was reached. Saturated
AC-Al(OH)3 was desorbed using different desorbing agents like
deionized water, sodium sulfate, hydrochloric acid, or sodium
hydroxide. A xed amount of the adsorbent was contacted with
50 mL of each desorbing solution. The solutions were stirred at
250 rpm for 1 h, ltrated, and then analyzed.

The desorption capacity and desorption efficiency were
calculated using the following equations:

qdes ¼ Cdes

m
� v (3)

Rdes ð%Þ ¼ qdes

qads
� 100 (4)

where qdes is the uoride desorption capacity at time t (mg g�1),
Cdes is the concentration of uoride desorbed at time t (mg L�1),
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Rdes is the uoride desorption yield at time t (%), v is the volume
of the desorption solution (L), and m is the mass of adsorbent
(AC-Al(OH)3) saturated with uoride (g).

For regeneration studies, AC-Al(OH)3 was dried at 30 �C
overnight before new adsorption tests in the same conditions.
3. Results and discussion
3.1. X-ray diffraction and specic surface area studies

XRD analysis (Fig. 1) showed that AC obtained from date stems
presented a stable amorphous structure supported by the
presence of broad non-crystalline peaks at 2q of 25� and 43�.26

The XRD patterns were similar before and aer the function-
alization steps, indicating that Al incorporation did not change
the AC structure. This can be explained by the low quantity of Al
particles, which suggests probably that Al present in the
microstructure of the composite is in the amorphous phase.39
3.2. Surface morphology of the different adsorbents

The SEM images of the materials are given in Fig. 2. AC had
a non-uniform smooth surface with particle sizes around 50 mm
(Fig. 2a). Aer the oxidizing treatment with nitric acid and
hydrogen peroxide, oxygen species (carboxyl and nitrate groups)
were graed, resulting in a rougher surface for AC-OH than for
AC (Fig. 2e).38 Aminosilane graing through APTES treatment
was successful: the AC-APTES and AC-OH-APTES surfaces were
smoother than AC and AC-OH, respectively (Fig. 2d and f).
Cracks and non-uniform cavities (visible in Fig. S1†) were
available as adsorption sites for uoride. These surface defaults
are clearly visible in Fig. S1† aer preparation of AC-Al(OH)3.
The addition of Al0 particles was conrmed by a rough surface
and numerous white particles present on AC-APTES-Al0, AC-OH-
APTES-Al0 and AC-Al0 (Fig. 2c, g and h), respectively. These
white particles could correspond to different clusters of Al0

nanoparticles of different shapes and sizes bound to the surface
of the material.
Fig. 1 Comparative XRD analysis for the activated carbons AC and AC-
Al(OH)3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
These white particles could correspond to different clusters
of Al0 nanoparticles of different shapes and sizes bound to the
surface of the material. To conrm the Al structure more
distinctly, EDS analysis was conducted. EDS spectroscopy
conrmed the presence of Al (Fig. 3a), and its good incorpora-
tion at the surface of activated carbon (Fig. S2†). These results
are in good agreement with the SEM analysis and XPS results. In
summary, F� was clearly observed in the EDS of AC-Al(OH)3
aer adsorption (Fig. 3b).

3.3. Thermal analysis

DSC analysis was performed to investigate the thermal properties
of AC and its modied counterparts (Fig. 4). All the modied AC
samples produced a higher endothermic peak than that of
unmodied AC. This peak detected around 105 �C corresponded
to the dehydration of the adsorbents. In addition, AC-Al(OH)3 and
its intermediates displayed an exothermic peak from 390 to 430 �C
associated to the degradation of cellulose, lignin and hemi-
cellulose.21 This peak shied to a higher temperature compared to
AC for all the modied materials, conrming the chemical
modication of the surface. More particularly, AC-APTES, AC-OH-
APTES-Al0 and AC-APTES-Al0 showed an additional exothermic
peak at 280 �C, suggesting the successful graing of APTES.40 The
presence of Al on the AC-Al0 was conrmed by the exothermic peak
at 190 �C. Due to the presence of sodium hydroxide, this peak
corresponding to Al particles shied to a higher temperature for
AC-Al(OH)3. The intensity of the peak at 450 �C had a higher heat
ow for AC-Al(OH)3 than for the other activated carbons, whereas
the heat ow decreased for AC-OH-APTES-Al0. This feature sup-
ported the presence of thermostable compounds like aluminum
oxide around the AC particles. Further modication with
aluminum induced signicant changes in the DSC proles, which
increased the thermal stability of Al-modied AC. Consequently,
AC-Al(OH)3 represented themost stable sample as compared to the
other AC. All these results are in good agreement with the other
characterizations.

3.4. Zeta potential measurements

Zeta potential (ZP) measurements conrmed the stabilization of
Al-loaded AC (Fig. 5) through noticeable increases in ZP aer
modication. This was due to the polarity of Al–O bonds and
terminal Al–O–H groups. Higher amounts of hydroxyl groups at
the AC surface were obtained via acidic and H2O2 treatment,
inducing a marked decrease of the zeta potential. This decrease
could correspond to carboxyl and nitrate groups at the surface. The
chemical graing of an aminosilane layer was conrmed by the
positive ZP of the AC-APTES sample, corresponding to the forma-
tion of amino groups at the solid–liquid interface. However, the ZP
of AC-OH-APTES increased slightly (�15 mV) due to the presence
of NH2 groups, but this value still remained low and negative. The
comparison of the ZP of AC-Al0 (+5 mV) and AC-APTES-Al0 (+28
mV) demonstrated that the direct graing of the aminosilane layer
on AC decreased the stability of the colloid suspension. However, it
favored the stability of the colloid suspension when it was bound
on an AC-OH surface. Then, the stability of the colloid suspension
was enhanced thanks to Al-APTES interactions.41,42 Al insertion
RSC Adv., 2022, 12, 2332–2348 | 2335
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Fig. 2 SEM images of different adsorbents based on activated carbon: (a) AC, (b) AC-APTES, (c) AC-APTES-Al0, (d) effect of APTES grafting on the
surface morphology, (e) AC-OH, (f) AC-OH-APTES, (g) AC-OH-APTES-Al0 and (h) AC-Al0.
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promoted the increase of the zeta potential values of AC-APTES-Al0

(+28 mV), AC-OH-APTES-Al0 (+29 mV), AC-Al0 (+5 mV) and AC-
Al(OH)3 (+29 mV).
2336 | RSC Adv., 2022, 12, 2332–2348
3.5. FTIR analysis

Fig. 6 presents the FTIR spectra of the adsorbent surfaces to
investigate the functional groups of AC and Al-modied AC.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy dispersive X-ray fluorescence spectra of AC-Al(OH)3 before (a) and after (b) fluoride adsorption.
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Overall, the FTIR spectra displayed visible changes in the
different samples. The peak at 3400 cm�1 was assigned to the
O–H stretching vibration of hydroxyl functional groups
including hydrogen bonding, whereas the peaks in the
2890 cm�1 range indicated the presence of aliphatic C–H
stretching.43 The vibrations centered around 1600 cm�1 were
attributed to the presence of the C]O of carboxylic acid. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
occurrence of new peaks at 1114 cm�1 corresponded to the N–H
bond, and evidenced the successful graing of APTES onto AC-
OH-APTES. The peak near 1230 cm�1 corresponding to Si-CH2-R
further conrmed the graing of APTES onto AC-OH-APTES.44

The loading of Al nanoparticles caused the peak to shi from
1114 cm�1 to 1133 cm�1 and to 1126 cm�1 on the surface of AC-
APTES-Al0 and AC-OH-APTES-Al0, respectively. All these peaks
RSC Adv., 2022, 12, 2332–2348 | 2337
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Fig. 4 DSC profiles of AC and its modified counterparts.

Fig. 5 Zeta potential of the AC and its modified counterparts.
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suggested the existence of Al on the surface of AC-APTES and
AC-OH-APTES. The peak at 800 cm�1 was attributable to the Al-
O vibration. Likewise, the slight shi of the C]O groups at
1330 cm�1 conrmed the formation of Al particles on the
surface of AC-Al0. The occurrence of new peaks at 1342/
1065 cm�1 and at 663 cm�1 was related to the OH and Al-OH
2338 | RSC Adv., 2022, 12, 2332–2348
vibrations, respectively. However, these peaks were not detec-
ted by XRD. These results were conrmed by the SEM-EDS
analysis.

3.6. X-ray photoelectron spectrometry (XPS)

AC and AC-Al(OH)3 samples were analyzed by XPS. The results
are shown in Fig. 7. The spectra of the two activated carbons
showed peaks at approximately 532, 284, 1023, 199.81 and
74 eV, indicating the presence of O, C, Zn, Cl and Al, respec-
tively. The C 1s peak (284.6 eV) was mainly attributed to the
presence of C]C. For AC, the O 1s peak at 533.06 eV came from
carboxylic groups presented at the outer surface while the O 1s
peak at 531.8 for AC-Al(OH)3 came from the water the hydroxyl
groups. For AC-Al(OH)3, the peak located at 74.5 eV (Fig. 7c) was
attributed to aluminum in Al(OH)3. These results and the
increased proportion of total O from 13.41 to 21.42% (Table 1)
proved that Al(OH)3 was successfully incorporated on the
surface of AC.

3.7. Textural properties

The results of the textural properties of AC and AC-Al(OH)3
(Table 2) showed that the Brunauer, Emmett and Teller (BET)
surface area and the pore volume of AC-Al(OH)3 were lower than
those of AC (0.81 vs. 1.21). This decrease can be explained by the
immobilization of aluminum particles in the pores. Similar
results were obtained by O. Allalou et al. on the preparation of
activated carbon modied with CTABr.45 As shown in Table 2,
the average pore size of AC-Al(OH)3 was 3.28 nm, i.e. AC-Al(OH)3
was mesoporous since most of the pores were in the 2–50 nm
range. When the pore diameter of the adsorbent is at least 1.7
times the size of the adsorbate, adsorption can occur.46 There-
fore, AC-Al(OH)3 (pore size 3.28 nm) could easily adsorb F�,
given the molecular size of F� (0.29 nm).

3.8. Fluoride adsorption efficiency of the different Al-loading
activated carbons

To investigate the potential environmental applications of Al-
loaded AC, the materials were used as adsorbents to remove
uoride in aqueous solution. F� removal was studied, and the
results showed that some of the surface-modied AC displayed
affinity toward the uoride released from the solution while the
AC adsorption capacity was limited (Fig. 8). Thus, the treatment
applied to the AC enhanced the adsorptive properties of the
adsorbents. More particularly, the AC bearing Al particles had
the most effective adsorption capacity as compared to the
APTES-modied samples. The amine groups of APTES appeared
inaccessible for uoride attraction, suggesting competitive
interactions between Al:NH2 and NH:OH-Al: the number of
activated sites at the adsorbent surface decreased, resulting in
less uoride removal. Interestingly, the highest rate of uoride
removal (99%) was recorded for AC-Al(OH)3. The substantial
increase of the amount of removed F� may be due to the surface
properties of AC-Al(OH)3, which had the most positive surface
(ZP ¼ +29 mV) and contained more available vacant sites than
the other modied AC. Fluoride binding by AC-Al(OH)3 was
conrmed by EDS analysis (Fig. 3b).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of (a) AC, AC-APTES and AC-APTES-Al0, (b) AC-OH, AC-OH-APTES and AC-OH-APTES-Al0 and (c) AC-Al0 and AC-Al(OH)3.
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The effective preparation of adsorbents and catalysts for
water treatment generally requires extensive enhancement of
the surface properties that are not adapted for potential appli-
cation at an industrial scale. In the present study, date-stem-
derived AC was functionalized by APTES through a green and
eco-friendly chemical graing and incorporation process. These
modications increased the surface activity of the initial AC.
APTES graing was efficient to activate the AC surface through
the creation of new activated sites, and ensured the uniform
immobilization of Al particles. To improve the adsorptive
properties for metal ions in aqueous solution, Al particles were
used as a promising candidate for the removal of hazardous
ions such as uoride from polluted water. The combination of
APTES and Al resulting in AC-APTES and AC-APTES-Al0 was
investigated. A rst overview was obtained by the advantageous
properties of the initial AC, which revealed a high specic
surface area of 1308.3 m2 g�1. The AC treatments were studied
by SEM analysis to visualize the surface morphology of AC-
APTES, AC-APTES-Al0, AC-OH and AC-Al(OH)3. Some non-
uniform cavities with large cracks were observed on Al-loaded
AC, especially AC-Al(OH)3, which presented interesting
adsorptive properties and appeared efficient for the removal of
uoride from water (this point is detailed in the following
© 2022 The Author(s). Published by the Royal Society of Chemistry
paragraph). However, aer APTES xation, AC-APTES and AC-
APTES-Al0 presented a smooth surface that decreased the
surface performance and the availability of the functional
groups. These results were conrmed by comparing all AC-
based samples for uoride adsorption. Maximum rapid F�

adsorption was recorded for AC-Al(OH)3 (Fig. 8). APTES- and
APTES-Al0-treated AC adsorbed very few uoride ions, which led
to the conclusion that the APTES molecules were not suitable
for F� adsorption. Therefore, AC-Al(OH)3 was the best candidate
of all the prepared adsorbents.
3.9. Kinetic study and adsorption mechanism

For the adsorption kinetic studies, Fig. 9 presents the results of
uoride removal by AC-Al(OH)3 with a xed initial uoride
concentration of 25 mg L�1.

The adsorption capacity of 8.7 mg g�1 was reached within
the rst 25 min of contact, suggesting that AC-Al(OH)3 had
a high initial adsorption rate. Aer that, the adsorption rate
decreased until equilibrium was reached at 20.05 mg g�1 aer
1 h of contact.

To describe the adsorption process that occurred during the
adsorption of uoride onto AC-Al(OH)3, four common kinetic
models – pseudo-rst, pseudo-second, Spahn and Schlünder,
RSC Adv., 2022, 12, 2332–2348 | 2339
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Fig. 7 XPS spectra of (a) AC, (b) AC-Al(OH)3 and (c) focus on Al 2p spectra for AC-Al(OH)3.

Table 1 XPS analysis of AC and AC-Al(OH)

Sample C 1s

Elementary composition (wt%)

O 1s Zn 2p3 Cl 2p Al 2p

AC 81.3 13.41 5.28 — 0.36
AC-Al(OH)3 72.04 21.82 0.34 0.5 0.36
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and intra-particle diffusion were employed. The results are re-
ported in Table 3. A comparison of the experimental data
showed that the pseudo-second-order model tted better than
the other models, as supported by the high correlation coeffi-
cient (R2 ¼ 0.994).

To complete the kinetic studies, the external diffusion and
intraparticle diffusion models were used. Accordingly, if the
adsorption process was dominated by external diffusion, the
plot of ln Ct versus time t should be linear. As seen in Fig. 9, the
Table 2 Area, pore volume, pore size and pore distribution of AC and A

Sample

BET BJH pore distrib

Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

Micropore, d
< 2 nm (cm3 g�1

AC 1308.3 1.05 3.21 0.094
AC-Al(OH)3 992 0.814 3.28 0.08

2340 | RSC Adv., 2022, 12, 2332–2348
linear relationship was only observed in the rst 10 min of
contact. Consequently, external diffusion was not the only
process involved in the adsorption kinetic. The tted graph of
the model of intraparticle diffusion is represented in Fig. 9. The
plot of qt vs. t1/2 presented 3 different steps, suggesting two or
more adsorption steps.45 Moreover, the linear curve did not pass
through the origin, indicating that the rate-limiting step was
controlled by the diffusion of intra particles and the properties
of the boundary layer.46 Taking these data into account, we
propose that uoride adsorption onto AC-Al(OH)3 followed
three stages: (i) fast external surface adsorption owing to the
abundant adsorption sites available; (ii) penetration into the
pores when the external surface of AC-Al(OH)3 was saturated:
the uoride molecules penetrated into the pores and bound to
the internal surface of AC-Al(OH)3. Thus, the channel diffusion
rate decreased due to the high resistance of the uoride mole-
cules during the internal diffusion process; (iii) equilibrium
when the resistance of uoride molecules to diffusion increased
C-Al(OH)3

ution

)
Mesopore, 2 <
d < 50 nm (cm3 g�1)

Macropore, d
> 50 nm (cm3 g�1) Volume total (cm3 g�1)

0.76 0 0.86
0.57 0 0.65

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of various treatments of AC on the (a) % of fluoride
removal and on the (b) adsorption capacity.
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and the diffusion rate decreased. This mechanism was
conrmed by kint,1 > kint,2, suggesting that the sorption sites on
the AC-Al(OH)3 surface could be combined with uoride
through surface adsorption during the initial stage. The above
results were further conrmed by the thermodynamic study,
Fig. 9 Linear kinetic plots for fluoride adsorption (a) pseudo first-order an
intraparticle diffusion model. Adsorbent dose ¼ 1 g, pH ¼ 6.15, T ¼ 25 �

© 2022 The Author(s). Published by the Royal Society of Chemistry
indicating that uoride adsorption onto AC-Al(OH)3 was
feasible (Table S1†). To summarize, the above characteristics
suggest the following mechanism (Fig. 10 and 11):

The initial pH of the aluminum solution was 1.60, and it
increased to 2.95 when AC was added. Then, the pH was
adjusted to 10.5 with NaOH to generate cationic aluminum
hydroxides. These cations were loaded at the AC periphery via
electrostatic interactions with the phenolic and carboxylic
groups to form O–Al bonds, while H+ was released. This release
decreased the pH of the solution, as presented in Fig. 10b,
hence an interaction between the –COOH/–OH groups and the
AC surface, as seen in Fig. 10a.

Regarding uoride adsorption by AC-Al(OH)3, pH analysis
(Fig. 11b) of the solution suggested the release of hydroxyl ions
and an interaction between uoride and the positive Al present
at the surface of AC-Al(OH)3 (ZP ¼ 29 mV). The mechanism is
described in Fig. 11a and is in accordance with observations by
other researchers that F� adsorption occurs when OH� ions are
displaced in other materials.49 Therefore, F� adsorption onto
AC-Al(OH)3 was driven by chemical (ion-exchange or complex-
ation) and electrostatic interactions between F� and oxidized
Al/AC surface.
d pseudo second-order model, (b) Spahn and Schlünder model and (c)
C, contact time ¼ 60 min.

RSC Adv., 2022, 12, 2332–2348 | 2341
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Table 3 Kinetic parameters for fluoride adsorption on AC-Al(OH)3
a

Isotherm models Equations Parameters Values

Pseudo-rst order model qt ¼ qe(1 � e�k1t) R2 0.9657
qe (exp) (mg g�1) 10.00
qe (cal) (mg g�1) 9.354
k1 (min�1) 0.2019

Pseudo-second order model
qt ¼ qe

2k2t

qeðk2tþ 1Þ
R2 0.994
qe (exp) (mg g�1) 10.00
qe (cal) (mg g�1) 9.9576
k2 (mg L�1 min�1) 0.036

Spahn and Schlünder model ln(Ct) ¼ ln(C0) � kextt R2 0.962
kext (min�1) 1.849

Intraparticle diffusion model qt ¼ kint,it
0.5 + I R1

2 0.986
kint,1 (m g�1 min�1/2) 1.633
R1

2 0.965
kint,2 (m g�1 min�1/2) 0.0768
I (mg g�1) 7.7421
R1

2 0.986
kint,3 (m g�1 min�1/2) 0.051

a qe and qt are the adsorption capacities at equilibrium and at time t respectively, k1, the pseudo-rst-order constant, k2, the pseudo-second-order
constant, Ct and C0, the adsorbate concentrations at time t and t¼ 0 (mg L�1) respectively, kext and kint are corresponding to the constant of external
and internal diffusion, respectively and I, the thickness of the boundary layer.47,48

Fig. 10 (a) Aluminum anchoring mechanism onto activated carbon and (b) pH monitoring.

Fig. 11 (a) Fluoride adsorption mechanism onto AC-Al(OH)3 and (b) pH monitoring during the adsorption process.
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3.10. Adsorption isotherm models

To establish the performance and the behavior of AC-Al(OH)3 as
regards uoride removal, it was important to discuss the
adsorption isotherm and the kinetic studies. The graphs using
2342 | RSC Adv., 2022, 12, 2332–2348
the non-linearized isotherm model equations (Table 4) are
shown in Fig. 12 based on R2, RMSE and cred

2 values summa-
rized in Table 4 (the formulas of the error functions are repre-
sented in the ESI†). The experimental data t well with Sipe and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The Langmuir, Freundlich, Temkin, Sips and Redlich–Peterson parameters of the fluoride adsorption isothermsa

Isotherm models Equations Parameters Values

Langmuir
qe ¼ qmaxKLCe

ð1þ KLCeÞ
R2 0.9704
RMSE 1.111
cred

2 1.055
qmax (mg g�1) 20.052
KL (L mg�1) 3.482

Freundlich qe ¼ KFCe
1/nF R2 0.90

RMSE 2.09
cred

2 3.714
nF 4.756
KF [(mg g�1)(mg L�1)�1/n] 13.185

Temkin qe ¼ B ln(ATCe) R2 0.97

B ¼ RT

bT

RMSE 1.147
cred

2 1.072
AT (L g�1) 110.317
bT (kJ mol�1) 0.832

Sips
qe ¼ ðqSKSCe

nS Þ
ð1þ KSCe

nS Þ
R2 0.99
RMSE 0.544
cred

2 0.346
qS (mg/g) 21.938
KS (L mg�1) 2.086
nS 0.706

Redlich–Peterson
qe ¼ KRPCe

ð1þ aRCe
bÞ

R2 0.98
RMSE 0.504
cred

2 0.312
KRP (L mg�1) 24.26
aR (L mg�1) 1.707
b 0.897

a qe is the uoride adsorption capacity at equilibrium (mg g�1); KL, the Langmuir isotherm constant Ce, the equilibrium uoride concentration (mg
L�1); qmax, the maximum adsorption capacity; RMSE, the residual root mean square error; cred

2, the reduced chi-squared error; nF, the heterogeneity
factor; KF, the Freundlich isotherm constant, R, the universal gas constant (J mol�1 K�1); T, the absolute temperature (K); B, the Temkin isotherm
constant; AT, the Temkin isotherm equilibrium binding constant; bT, the Temkin constant associated with the adsorption heat (kJ mol�1); qS, KS and
nS are the Sips isotherm constants and KRP, aR and b are the Redlich–Peterson isotherm constants.
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Redlich–Peterson models indicating a mixed adsorption
process between Temkin and Langmuir with a high value of R2

(0.97–0.98) and small c2 values. Thus, the adsorption kinetic on
AC-Al(OH)3 is mainly controlled by adsorption on
Fig. 12 Comparative experimental and theoretical adsorption
isotherms. Adsorbent dose ¼ 1 g, pH ¼ 6.15, T ¼ 25 �C, contact time¼
60 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
heterogeneous surface. Moreover, adsorption of uoride with
the activated carbons prepared from Mucuna pruriens50 and
from waste Citrus limetta peels obtained a better t with the
Langmuir isotherm with a correlation coefficients of 0.98–
1.00.51

The calculated Langmuir maximum adsorption capacity for
AC-Al(OH)3 was 20.052 mg g�1, which is considerably higher
than the adsorption capacities found in the literature under
similar conditions (Table 5).

The dimensionless factor RL was in the range of validity (0–
1), indicating favorable adsorption onto AC-Al(OH)3 (Table 6).
The positive value of the Temkin parameter bT (0.832 kJ mol�1),
which is related to the heat of adsorption, indicated that the
adsorption process was exothermic meaning that the adsorp-
tion bond decreased when temperature increased.28,58 The good
applicability of the R–P and Sips models to the experimental
data was a good result, as these models are known to reect
adsorption onto heterogeneous surfaces such as AC.
3.11. Fluoride desorption study

(a) Number of uoride adsorption cycles. As seen in Fig. 13,
the results recorded for AC-Al(OH)3 showed that uoride
adsorption decreased over time. Aer ve adsorption cycles, F�
RSC Adv., 2022, 12, 2332–2348 | 2343
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Table 5 Comparison of fluoride adsorption onto different adsorbents

Adsorbents qmax (mg g�1) References

AC-Zr 5.40 52
Lanthanum–carbon 9.98 53
Al–cerium double-metal impregnated activated carbon 3.05 39
Al-impregnated coconut ber ash 3.19 54
Al-impregnated activated carbon 1.07 55
Aluminium-modied activated carbon (AC-Al) from date stems 13.03 27
KMnO4-modied activated carbon 15.90 56
Oxalic-acid-mediated Zr-impregnated activated carbon 17.70 57
AC-Al(OH)3 20.05 This study

Table 6 Separation factor for different initial concentrations of
fluoride

C0 (mg L�1) 5 10 15 20 25 30

RL 0.0543 0.0279 0.0187 0.0141 0.0113 0.0094

Fig. 13 Evolution of the adsorption capacity and efficiency of fluoride
on AC-Al(OH)3 (mAC-Al(OH)3 ¼ 1 g, pH ¼ 6.15, T ¼ 23 �C, t ¼ 60 min).

Fig. 14 (a) Evolution of the fluoride desorption yield by different chemi
adsorption–desorption cycles with NaOH.

2344 | RSC Adv., 2022, 12, 2332–2348
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removal was 0% because all the active sites available at the
surface of AC-Al(OH)3 were saturated.

The cumulated adsorption capacity of AC-Al(OH)3 aer 5
cycles was 16 mg g�1.

(b) Regeneration. The regeneration of the adsorbent is an
interesting parameter for describing its effectiveness in the long
run. The adsorbents were tested for their regenerative potential.
Fig. 14a shows uoride release from the surface as a function of
the chemical agent. NaOH was the most efficient agent, with
98% of uoride desorption.

Aer one adsorption/desorption cycle, the adsorption effi-
ciency of AC-Al(OH)3 was 70%, better than the other adsor-
bents.33 However, the adsorption efficiency decreased to 20%
aer 3 cycles, indicating that the material could be reused
a limited number of times (Fig. 14b).
3.12. Application to groundwater

Regarding the above properties, AC-Al(OH)3 can be considered
as ecofriendly and effective adsorbent for water treatment.
Importantly, as biomass-based date stems is the raw materials
of our adsorbent and the surface modication are occurred via
a green method, the resulting materials can be appeared in the
low-cost adsorbent. Consequently, the prepared adsorbent is
cal agents and (b) analysis of the reusability of AC-Al(OH)3 during four

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Physico-chemical analysis of groundwater from El oued
south of Algeria59

Physico-chemical
parameters Groundwater Potability standard

pH 7.6 6.5 to 9.5
Turbidity (NTU) 0.1 5
Conductivity (mS cm�1) 3100 2800
Calcium (mg L�1) 300.13 200
Magnesium (mg L�1) 90 —
TH (mg L�1 in CaCO3) 1045.2 500
Fluoride (mg L�1) 4 1.5
Chloride (mg L�1) 626.089 500
Nitrate (mg L�1) 79 50
Sulfate (mg L�1) 764.335 400
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useful for real application ion wastewater treatment, as sup-
ported by its application in groundwater. In order to validate the
efficiency of the AC-Al(OH)3 adsorbent and test whether
adsorption was impeded by others anions (PO4

3�, SO4
2�, NO3

�,
and Cl�), AC-Al(OH)3 was used to treat contaminated ground-
water from El oued, in the south of Algeria. The physico-
chemical characteristics of groundwater are presented in
Table 7.

Interestingly, AC-Al(OH)3 was efficient for removing uoride
contamination even in the presence of other anions, indicating
that the adsorption process was specic to uoride. Depending
on the adsorbent concentration (from 1 to 4 g L�1), the nal
concentration of uoride signicantly decreased from 4 mg L�1

to 0.98, 0.25, 0.1 and 0.05 mg L�1, respectively. Therefore, AC-
Al(OH)3 can be employed as a reusable adsorbent for wastewater
treatment at an industrial scale. The amount of aluminum
leached from AC-Al(OH)3 was measured using inductively
coupled plasma and atomic emission spectroscopy (ICP-AES): it
did not exceed 0.2 (mg L�1).
4. Conclusions

Based on uoride removal from water, the present paper reports
on the functionalization of activated carbon (AC) via chemical
graing of APTES, incorporation of Al nanoparticles and
dispersion of Al(OH)3. The adsorbents were compared and
evaluated for the removal of F� ions. The physicochemical
properties of AC and its modied counterparts conrmed the
successful hydroxylation, the chemical graing of APTES and
the incorporation of Al and Al(OH)3 particles at the AC surface.
Fluoride removal results showed that the most effective adsor-
bent of uoride pollutants contained Al particles. The highest
removal rate was recorded for AC-Al(OH)3 as compared to the
other adsorbents (AC, AC-OH, AC-APTES, AC-APTES-Al0).

A comparative study showed that AC-Al(OH)3 possessed
a promising adsorption capacity and that the adsorption
process was not sensitive to the presence of other anions.
Adsorption followed a Langmuir model, and the data tted with
a pseudo-second-order model with a kinetic of 0.0598 g
mg�1 min�1. Finally, these data will be useful for further
research on industrial wastewater treatment and for developing
AC for wastewater remediation.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and E. Gutiérrez-Segura, Fluoride Removal from Aqueous
Solutions by a Carbonaceous Material from Pyrolysis of
Sewage Sludge, Water, Air, Soil Pollut., 2012, 223, 1959–
1971, DOI: 10.1007/s11270-011-0997-0.

21 R. Ianchis, M. C. Corobea, D. Donescu, I. D. Rosca,
L. O. Cinteza, L. C. Nistor, E. Vasile, A. Marin and S. Preda,
Advanced functionalization of organoclay nanoparticles by
2346 | RSC Adv., 2022, 12, 2332–2348
silylation and their polystyrene nanocomposites obtained
by miniemulsion polymerization, J. Nanopart. Res., 2012,
14, 1233, DOI: 10.1007/s11051-012-1233-6.

22 Y.-M. Xu, A.-R. Ning and J. Zhao, Preparation and
Deuorination Performance of Activated Cerium(IV) Oxide/
SiMCM-41 Adsorbent in Water, J. Colloid Interface Sci.,
2001, 235, 66–69, DOI: 10.1006/jcis.2000.7344.

23 K. Cherukumilli, T. Maurer, J. N. Hohman, Y. Mehta and
A. J. Gadgil, Effective Remediation of Groundwater
Fluoride with Inexpensively Processed Indian Bauxite,
Environ. Sci. Technol., 2018, 52, 4711–4718, DOI: 10.1021/
acs.est.7b05539.

24 Y. Sun, Q. Fang, J. Dong, X. Cheng and J. Xu, Removal of
uoride from drinking water by natural stilbite zeolite
modied with Fe(III), Desalination, 2011, 277, 121–127,
DOI: 10.1016/j.desal.2011.04.013.

25 B. D. Turner, P. Binning and S. L. S. Stipp, Fluoride Removal
by Calcite:Evidence for Fluorite Precipitation and Surface
Adsorption, Environ. Sci. Technol., 2005, 39, 9561–9568,
DOI: 10.1021/es0505090.

26 R. Araga, S. Soni and C. S. Sharma, Fluoride adsorption from
aqueous solution using activated carbon obtained from
KOH-treated jamun (Syzygium cumini) seed, J. Environ.
Chem. Eng., 2017, 5, 5608–5616, DOI: 10.1016/
j.jece.2017.10.023.

27 S. Bakhta, Z. Sadaoui, U. Lassi, H. Romar, R. Kupila and
J. Vieillard, Performances of metals modied activated
carbons for uoride removal from aqueous solutions,
Chem. Phys. Lett., 2020, 754, 137705, DOI: 10.1016/
j.cplett.2020.137705.

28 C. Pongener, P. C. Bhomick, A. Supong, M. Baruah,
U. B. Sinha and D. Sinha, Adsorption of uoride onto
activated carbon synthesized from Manihot esculenta
biomass—Equilibrium, kinetic and thermodynamic
studies, J. Environ. Chem. Eng., 2018, 6, 2382–2389, DOI:
10.1016/j.jece.2018.02.045.

29 M. Suneetha, B. S. Sundar and K. Ravindhranath, Removal of
uoride from polluted waters using active carbon derived
from barks of Vitex negundo plant, J. Anal. Sci. Technol.,
2015, 6, 15, DOI: 10.1186/s40543-014-0042-1.

30 A. Bhatnagar, W. Hogland, M. Marques and M. Sillanpää, An
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31 M. Pakuła, A. Świątkowski, M. Walczyk and S. Biniak,
Voltammetric and FT-IR studies of modied activated
carbon systems with phenol, 4-chlorophenol or 1,4-
benzoquinone adsorbed from aqueous electrolyte
solutions, Colloids Surf., A, 2005, 260, 145–155, DOI:
10.1016/j.colsurfa.2005.03.013.

32 A. Derylo-Marczewska, A. Swiatkowski, S. Biniak and
M. Walczyk, Effect of properties of chemically modied
activated carbon and aromatic adsorbate molecule on
adsorption from liquid phase, Colloids Surf., A, 2008, 327,
1–8, DOI: 10.1016/j.colsurfa.2008.05.026.

33 S. Roy, P. Das, S. Sengupta and S. Manna, Calcium
impregnated activated charcoal: Optimization and
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08209d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 3

:2
4:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
efficiency for the treatment of uoride containing solution
in batch and xed bed reactor, Process Saf. Environ. Prot.,
2017, 109, 18–29, DOI: 10.1016/j.psep.2017.03.026.

34 R. Bargougui, N. Bouazizi, N. Brun, P. N. Fotsing,
O. Thoumire, G. Ladam, E. D. Woumfo, N. Mofaddel,
F. L. Derf and J. Vieillard, Improvement in CO2 adsorption
capacity of cocoa shell through functionalization with
amino groups and immobilization of cobalt nanoparticles,
J. Environ. Chem. Eng., 2018, 6, 325–331, DOI: 10.1016/
j.jece.2017.11.079.

35 J. Vieillard, N. Bouazizi, R. Bargougui, N. Brun, P. Fotsing
Nkuigue, E. Oliviero, O. Thoumire, N. Couvrat, E. Djoufac
Woumfo, G. Ladam, N. Mofaddel, A. Azzouz and F. Le
Derf, Cocoa shell-deriving hydrochar modied through
aminosilane graing and cobalt particle dispersion as
potential carbon dioxide adsorbent, Chem. Eng. J., 2018,
342, 420–428, DOI: 10.1016/j.cej.2018.02.084.

36 J. Vieillard, N. Bouazizi, R. Bargougui, P. N. Fotsing,
O. Thoumire, G. Ladam, N. Brun, J. F. Hochepied,
E. D. Woumfo, N. Mofaddel, F. L. Derf and A. Azzouz,
Metal-inorganic-organic core–shell material as efficient
matrices for CO2 adsorption: Synthesis, properties and
kinetic studies, J. Taiwan Inst. Chem. Eng., 2019, 95, 452–
465, DOI: 10.1016/j.jtice.2018.08.020.

37 I. Langmuir, The adsorption of gases on plane surfaces of
glass, mica and platinum, J. Am. Chem. Soc., 1918, 40,
1361–1403, DOI: 10.1021/ja02242a004.

38 K. Y. Foo and B. H. Hameed, Insights into the modeling of
adsorption isotherm systems, Chem. Eng. J., 2010, 156, 2–
10, DOI: 10.1016/j.cej.2009.09.013.

39 S. Kalidindi, M. Vecha, A. Kar and T. Raychoudhury,
Aluminum–cerium double-metal impregnated activated
carbon: a novel composite for uoride removal from
aqueous solution, Water Supply, 2016, 17, 115–124, DOI:
10.2166/ws.2016.114.

40 N. Bouazizi, R. Bargougui, P. Thebault, T. Clamens,
F. Desriac, F. Fioresi, G. Ladam, S. Morin-Grognet,
N. Mofaddel, O. Lesouhaitier, F. Le Derf and J. Vieillard,
Development of a novel functional core-shell-shell
nanoparticles: From design to anti-bacterial applications, J.
Colloid Interface Sci., 2018, 513, 726–735, DOI: 10.1016/
j.jcis.2017.11.074.
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