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ARTICLE INFO ABSTRACT

Keywords This study aims to prepare a novel adsorbent containing cellulose nanocrystals (CNC) isolated from date pits (DP)
Cellulose nanocrystals and ionic liquid (IL). The prepared composite of CNC and IL was then loaded onto the DP to prepare IL-CNC@DP
Adsorption adsorbent. The boron remediation capability was then investigated using the prepared adsorbent and compared
1(3;:;?1[:1 dwater to that of DP. The results showed the superior performance of IL-CNC@DP as compared to DP. The maximum
Case study adsorption capacity of 97 mg/g and 69 mg/g was obtained with IL-CNC@DP and DP, respectively. This can be

attributed to the high surface area of 4.254 m?/g for IL-CNC@DP as compared to 2.126 m?/g for DP. The effect of
pH, temperature, and initial boron concentration on adsorption was also studied. It was noticed that the %
removal of boron from water increased with pH and reached its maximum of around 97% at pH 6. On the other
hand, there was no effect of temperature (25 °C, 35 °C, and 45 °C) on adsorption capacity noted for both ad-
sorbents. The results also indicated that the adsorption of boron from water by the prepared adsorbent favors the

Dubinin-Radushkevich isotherm model.

1. Introduction

Groundwater makes around 98% of all the useable freshwater found
on earth and it is around 60 times as abundant as the freshwater found in
lakes and streams [1]. Due to the movement of groundwater through
different rocks, soil, and geological formations, groundwater acquires a
variety of elements, minerals, compounds, and pollutants causing
deterioration in groundwater quality. There are several cases in which
contamination of groundwater with toxic metals and microorganisms
has been reported [2,3]. Qatar utilizes 92% of the groundwater re-
sources for agricultural purposes [4], which has been found to be
contaminated with boron at the concentration of 3.819 mg/L at some
sites [2]. Due to the potential toxicity of boron to the health of plants and
animals [5,6], there is a need to develop environment-friendly and
technologically efficient techniques for the removal of boron from
water, making it effective for reuse in agriculture.

Due to its low cost, feasibility, environment friendly, and simple
operation, the adsorption technique has been employed for the treat-
ment and removal of a variety of pollutants and metals from water [7].
To further improve the economic efficiency of the adsorption technique,
there is an increased interest in utilizing and reusing biomass such as
eggshells, rice husk, and banana peels to produce novel adsorbents.
Recently, Rukayat et al. [8] used rubber leaves powder from rubber
plants for the adsorptive removal of copper from water. The maximum
adsorption capacity of 9.074 mg/g was obtained and it was found that
the adsorption follows the physisorption mechanism. Date pits (the
seeds of the date fruit) are one of the major constituents of solid waste in
Qatar. Our previous research has also shown the adsorptive character-
istics of modified date pits for the removal of metals, dyes, and other
pollutants [9,10]. Therefore, in this research, the date pits were utilized
for two purposes i.e. (1) as a source of cellulose and (2) as a support for
the prepared adsorbent (Fig. 1).

https://doi.org/10.1016/j.cscee.2021.100121

Cellulose is a linear chain of anhydroglucose monomer units con-
nected through 1-4 p-linkages. It contains both crystalline and amor-
phous regions. The structure, properties, and size of cellulose depend
upon the source from where it is extracted [11]. Isolation of cellulose
and preparation of cellulose nanocrystals occurs in two steps. In the first
step (termed as pre-treatment), the isolation of cellulose from fruit fibers
is done through chemical pretreatment [12]. The chemical pretreatment
helps to remove lignin, hemicellulose, and extractives (lignans, flavo-
noids, and phenolics). Then bleaching is performed using chlorine di-
oxide, hydrogen peroxide, or sodium percarbonate to obtain a higher
degree of whiteness and enhance the purity of cellulose [13].

To produce CNC from cellulose, the hydrolysis step is needed using a
mineral acid under controlled conditions. The cellulose after the
bleaching step contains some amorphous regions which are weak and
sensitive to acid attack. Therefore, after the hydrolysis step, cellulose
with a high level of crystallinity, needle-like structure, with high aspect
ratio, and nano-size is obtained which is called cellulose nanocrystals
(CNQ) [14].

Due to the several useful features of ionic liquids (ILs), they have
been shown to combine with nanomaterials for combined functionalities
and their use has been demonstrated in electrochemistry, catalysis, and
separations [15]. Recent research has shown the adsorptive removal of
lithium from water using IL-based adsorbents [15] and membranes [16].
ILs provide better thermal stability, ionic conductivity, and good solu-
bility for cellulose and contain a variety of functional groups which can
help to dissolve cellulose [17] and provide a unique platform for its
functionalization.

The cellulose and cellulose nanocrystals obtained and prepared from
various agricultural products have been used for the treatment of water.
In the current case study, the cellulose was extracted from date pits to
produce cellulose nanocrystals (CNC), which were then modified with
ionic liquid (IL) to produce IL-CNC. The nanocomposite was then
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Fig. 1. Schematic illustration of biomass-derived adsorbent and adsorptive removal of boron from contaminated water.

deposited onto the powdered date pits (DP) to produce a novel adsor-
bent as IL-CNC@DP (Fig. 1). Thus, the prepared adsorbent (IL-
CNC@DP) was then applied for the adsorptive removal of boron from
water at different concentrations simulating a wide range of their con-
centrations in groundwaters (Fig. 1). The performance of the IL-CNC
modified adsorbent was compared with date pits (DP), used as a control.

2. Experimental methods
2.1. Preparation of the modified IL-CNC@DP adsorbent

50 g of ground DP (0.125 mm - 0.250mm) was delignified using
6.0% sodium hydroxide (Sigma Aldrich/USA) for 4 hours under 70 °C
followed by washing until neutral pH was achieved. The bleaching of the
mixture was done using 6.0% sodium hypochlorite (Sigma Aldrich/
USA) followed by washing again to obtain neutral cellulose. After drying
overnight, the pure cellulose was then subjected to acid hydrolysis using
64% sulfuric acid (Sigma Aldrich/USA) for 1 hour under 25 °C to obtain
cellulose nanocrystals (CNC). The CNC was then washed thoroughly
with distilled water and was separated by centrifugation at 5000 rpm for
0.5 hours. Finally, the CNC was soaked in pure distilled water by using a
dialysis membrane (Fisher Scientific/USA), and the dialyzed suspension
of the CNC was dispersed by ultrasonication at 600 w for 15 mins.

The next step involved ionic liquid (3-formyl-1-methyl pyridinium
iodide, C;HGINO, MWt. 249.05 g/mol) to be solubilized in DMSO
(dimethyl sulphoxide, Sigma Aldrich/USA) at 65 °C with constant
mixing until the solution is homogenized. Then, the already extracted
CNC was added to the mixture at 1:1 to produce an IL-CNC composite.
Finally, 5 g of DP (0.125 mm - 0.250 mm) was mixed with the suspension
of the prepared IL-CNC until homogenization was achieved. The resul-
tant IL-CNC@DP was dried in the oven for 2 hours at 60 °C [18].

2.2. Characterization of the adsorbents (IL-CNC@DP and DP)

Both adsorbents (IL-CNC@DP and DP) were characterized using a
variety of techniques. A scanning electron microscope (SEM) (JEOL
model JSM-6390LV) was used to evaluate the morphological charac-
teristics of the adsorbent’s surface. The functional groups of the adsor-
bents were studied using Fourier transform infrared (FTIR) (RSpirit-T

model). Furthermore, the surface areas of the prepared materials were
characterized using the Brunauer, Emmett, and Teller (BET) (Aim Sizer-
AM301). The results were obtained by nitrogen adsorption measure-
ments that are made at liquid nitrogen temperature, 77 K. Lastly, a zeta
potential test was conducted to study the surface charge of both adsor-
bents in water liquid suspension at 25 °C using Zetasizer Nano ZS
(Malvern Instruments) [18].

2.3. Preparation of boron stock solution and batch adsorption studies

A boron stock of 100 ppm was prepared by adding 0.572 g of H3BO3
(Sigma Aldrich/USA) in a 1 L volumetric flask with distilled water. The
effect of different parameters on the adsorption of boron was studied.
Initially, to investigate the optimum conditions for adsorption, the ex-
periments were carried out at different pH values (2, 4, 6, 8, and 10)
randomly selected to cover acidic, alkaline, and neutral conditions.
Once, the optimum pH for adsorption was known for both adsorbents,
the experiments were carried out at different initial concentrations of
boron and different temperatures simulating the real groundwater
conditions. Thus, the experiments were carried out at the initial con-
centration of boron (5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L) and
temperature (25 °C, 35 °C, and 45 °C). Each experiment was conducted
in duplicates and the mean values and standard errors were calculated.

Briefly, the 1:1 ratio of the adsorbent mass (0.05 g) and volume (50
mL) of the solution were used in glass bottles and placed in the shaker for
24 hours at 165 rpm. After each test, the spent adsorbents were filtered
through a 0.2 pm syringe filter and were air-dried for further analysis
using SEM and FTIR. Duplicates and blanks were used in each experi-
ment. The initial and equilibrium boron concentrations were analyzed
by using inductively coupled plasma - optical emission spectrometry
(ICP-OES) (an IRIS Intrepid by ThermoFisher Scientific). The percentage
of solute removal was calculated as per equation (1) [11].

CO — Ce
co

Removal (%) = { } x 100 (€8]

Where Cjp and C, are the initial and equilibrium boron concentrations
(mg/L), respectively.
Moreover, the adsorption capacity was calculated as per equation

(2).
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2.4. Thermodynamic studies of boron adsorption onto IL-CNC@DP and

\%4
ge=Cy— Ce]XM 2 DP

Where Cp and C, are the initial and equilibrium boron concentrations
(mg/L), respectively, V is the volume (L), and M is the weight of the
adsorbent (g).

The three thermodynamic parameters (AG°, AH°, and AS°) were
calculated as per equations (3) and (4) [7].

AG° = — RTInK, 3

Where R is the universal constant 8.314 J/mol.K, T corresponds to the

(© (d)

(e) ®

Fig. 2. Surface morphological analysis through SEM (a, b) CNC; (c, d) DP; (e, f) IL-CNC@DP
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temperature measured in Kelvin, and K represents the Langmuir
isotherm constant. Temperature is used to express the standard enthalpy
and entropy changes of adsorption.

AH® AS°

InK; = —
e RT ' R

(€3]

Where AH° and AS° are determined from the slope and intercept of the
equation of the line, which is evaluated from the plot of InKj, vs. 1/T.

Four isotherm models were used in this study to determine the best-
fit model for the adsorption process: Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin isotherm models.

2.5. Desorption studies

The desorption was carried out for a total of 0.05 g of spent IL-
CNC@DP and DP. The spent adsorbents were tested under two
different solutions: 0.5 M HCl, and 1 M HCl. The supernatant was then
analyzed by ICP-OES (an IRIS Intrepid by ThermoFisher Scientific).
Duplicates and blanks were used in each experiment. The desorption
percentage was calculated according to equation (5) [7].

CO — Ce

Desorption (%) = {T} x 100 (5)

Where Cy and C, are the average adsorption and desorption concentra-
tions (mg/L), respectively.

3. Results and discussion
3.1. Characterization of IL-CNC@DP and DP

3.1.1. Surface morphology and functional group analysis

The SEM and FTIR techniques were used to analyze the surface
morphology and the presence of different functional groups on the ad-
sorbents (IL-CNC@DP and DP) [18]. Fig. 2 shows the SEM images of the
CNC and the two adsorbents. In Fig. 2a and b, the CNC appeared as
microfibril structures that are highly packed due to the hydrogen
bonding between them. It is evident from Fig. 2¢ and d that the DP
possessed a smooth surface, while pores and cavities are not much
apparent. In comparison, the prepared adsorbent (IL-CNC@DP) in
Fig. 2e and f shows a porous surface with abundant cavities and sites for
the potential adsorption of pollutants.

The FTIR spectra of CNC and the two adsorbents are provided in
Fig. 3. From Fig. 3a, the functional groups of cellulose corresponding to
C-O-C deformation and stretching can be seen at 790 cm™!. Moreover,
the stretching vibration of the C-O-C bonds representing the cellulose 4-
glycosidic linkages of the p-glucose units can also be seen at peaks 1162
cm ! and 1034 ecm ™! [19]. The DP mainly comprises cellulose, hemi-
cellulose, and lignin. Different functional groups of DP components can
be seen from the FTIR spectra depicted in Fig. 3b. The broadband
centered around 3300 cm™! can be attributed to the free or
inter/intra-molecular bonded hydroxyl (-OH) groups present in the
cellulose component of DP. In the fingerprint region of 1800 cm ™! — 600
em™}, there are various well-defined peaks such as the presence of a
sharp peak at 1744 cm ™! which can be attributed to the unconjugated
C=0 of hemicellulose. Similarly, peaks around 1375 cm’l, 1320 cm’l,
1058 cm ™}, and 869 cm™! can be attributed to the C-H deformation,
C-H vibration, C-O stretching, and C-H deformation of cellulose and
hemicellulose, respectively [20]. Moreover, a peak at 1246 cm~! for
C-O stretching from lignin is also evident. The presence of IL can be
observed between the 2900 cm ™! — 3300 cm ™! range as the broad peak
became more complex and there is an appearance of additional peaks at
3348 cm ! and 3445 cm™!. The observed change in the peaks could
have resulted from N-H stretching vibration [21] from IL (3-for-
myl-1-methyl pyridinium iodide) incorporated in IL-CNC@DP adsor-
bent [10].
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Fig. 3. FTIR graphs of (a) CNC and (b) DP and IL-CNC@DP.

3.1.2. Surface charge, surface area, and porosity measurements

The surface charge of the adsorbents was measured through zeta
potential measurements. The results showed that the surface charge is
equal to —28.85 mV and —27.76 mV for IL-CNC@DP and DP, respec-
tively (Table 1). The negative values show that the charges in the
interface between the adsorbent and solution that contains boron ions
are negative, thus establishing electrostatic attraction forces that sup-
port the adsorption process. However, the zeta potential values for IL-
CNC@DP are slightly more negative than the zeta potential values for
DP. This means that IL-CNC@DP is more stable in the adsorption solu-
tion than DP and more electrostatically negative, which presents more
electrostatic attraction forces towards the positively charged boron ions.

The specific surface area and pore volume of the adsorbents were
measured using nitrogen adsorption-desorption measurements using the
BET method (Fig. 4). The results showed that the DP adsorbent had a
specific surface area of 2.126 m?/g with a pore volume of 0.008611
cm?®/g, while the specific surface area of the IL-CNC@DP adsorbent was
found to be higher than the DP i.e., 4.254 m?/g with a pore volume of
0.015527 cm®/g (Table 1). Thus, high porosity, more surface area, and
rough surface shown by BET measurement and SEM analysis for IL-
CNC@DP adsorbent demonstrate the potential of prepared adsorbent
for removal of boron from water [10].

3.2. Boron adsorption experiments

3.2.1. Effect of pH

Fig. 5a demonstrates the percentage removal of boron by the IL-
CNC@DP and DP. It can be concluded that the increase in the pH
value demonstrates an increase in the % removal of boron by both ad-
sorbents, IL-CNC@DP and DP. The lowest adsorption is shown at pH 2,
as only 77% removal efficiency was observed. The highest percentage
removal of 98% was achieved at pH 6, 8, and 10. Similar results were
also reported by Al-Ghouti and Salih [22], where the maximum
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Table 1
Summary of the surface charge and area of both adsorbents.
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Specific surface area (m?/g) Pore volume (cm®/g)

2.126 0.008611
4.254 0.015527

Adsorbent Average Zeta Potential (mV)
DP —28.54
IL-CNC@DP —27.76
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Fig. 4. Nitrogen adsorption-desorption curves for (a) DP and (b) IL-CNC@DP

adsorption of boron occurred at pH 6. Generally, at high pH, the high
number of hydroxyl ions present can cause the precipitation of metals in
the hydroxide forms as well as cause the electrostatic repulsion due to
the presence of the same ion charges in the aqueous solution [22].
Nonetheless, in this experiment, boron was present mainly as a boric
acid solution i.e. (B03)3' or B(OH)4’. Therefore, it can be deduced that
the adsorptive removal of boron occurs due to the hydrogen bonding
between the hydroxyl groups of cellulose and boric acid [23].

Hossain et al. [20], investigated the removal of boron from aqueous
medium by date pits and obtained a removal efficiency of 71% at a
neutral pH value. Similarly, another study conducted by Ahmed et al.
[5], found that at neutral pH, the removal efficiency of date pits reached
89%. Al-Haddabi et al. [4], found a lower removal capacity of boron at
neutral pH in which their results showed that date pits are capable of
removing only 47% of boron from water.

The concept of “faked” adsorption should be considered when
studying the effect of pH since at more basic pH values more OH™ ions
are found in the solution, which will encourage hydroxide precipitation
of boron metals [24]. Therefore, adsorptive removal of boron was not
considered at higher pH. As for the control adsorbent (DP), the removal
capacity was much less in comparison to the prepared adsorbent
demonstrating the capability of IL-CNC for boron adsorption.

Consequently, according to the obtained results for boron removal,
the best pH value of 6 was selected for IL-CNC@DP adsorbent. As for DP,
even though a pH value of 10 demonstrates the highest removal

efficiency, the pH value of 4 was selected since there was a slight dif-
ference between %removal obtained at pH 4, 6, and 8. This can also
discard the concept of “faked” adsorption that comes into play at higher
pH values.

3.2.2. Effect of initial boron concentration

Fig. 5b demonstrates the adsorption capacity for boron onto the IL-
CNC@DP (pH 6) and DP (pH 4) investigated at different initial con-
centrations. It is evident that there is a steady increase in adsorption
capacity along with the increase in boron concentrations for both ad-
sorbents. Moreover, the adsorption capacity of the prepared novel
adsorbent (IL-CNC@DP) was significantly higher than that of DP. At
high concentration, it is expected that the increase in the collision be-
tween the boron and the adsorbents resulted in enhanced mass transfer
between them and subsequent uptake of boron from water by the
adsorbent [18].

In this study, the highest adsorption capacity is at 100 mg/L for IL-
CNC@DP as it reached 97 mg/g with 97% adsorption efficiency. It is
probable that the adsorbent will eventually reach a plateau as the
limited available sites are used. In comparison with the literature, so far
the highest adsorption capacity for boron was found to be 145.5 mg/g
under optimum conditions using glucamine-functionalized hydrogel
beads [25]. Nevertheless, the unmodified adsorbent reaches its all-time
high at 65 mg/g at 100 mg/L; therefore, boron can still be remediated
from the environment using the DP.

3.2.3. Effect of temperature

From Fig. 5c¢, the reaction under 25 °C, 35 °C, and 45 °C can be
compared and it is evident that the amount of boron adsorbed by IL-
CNC@DP is not significantly different amongst each other. Therefore,
this study indicates that the effect of the three temperatures was not a
significant factor for the prepared adsorbent. The results demonstrate
the adsorption capacity of boron at 5 mg/L onto IL-CNC@DP to be 4.50
mg/g (90.1%) at 25 °C then to increase slightly to 4.64 mg/g (92.9%) at
35 °C and then to decrease to 4.04 mg/g (80.9%) at 45 °C. Comparing
these results to the adsorption capacity of boron at 100 mg/L, it was
found to be 89.4 mg/g (97.60%) at 25 °C then to increase slightly to 98.2
mg/g (98.25%) at 35 °C and finally to 99 mg/g (99.00%) at 45 °C.
Consequently, this shows the availability of active sites on the surface of
the adsorbent at increasing initial concentrations. This can further prove
that the removal of boron by the adsorption process using modified IL-
CNC@DP adsorbent can be effective at low temperatures (25 °C) since
it shows high adsorption capacities at high initial concentrations.
Despite that recent findings validate that the effect of the temperature
factor does in fact contribute to the adsorption capacity [10,22,26]. In
this study, the temperature factor did not play a significant role in the
modified adsorbent.

The other adsorbent, DP, illustrated in Fig. 5d presents an increase of
boron adsorption with increasing initial concentrations, but with more
obvious variations under the three different temperatures. Additionally,
the adsorption capacity of boron at 5 mg/L onto DP was found to
decrease from 0.44 mg/g (8.80%) at 25 °C to 0.32 mg/g (6.40%) at 35 °C
and then increase to 0.40 mg/g (8.10%) at 45 °C. Therefore, in this
study, at 100 mg/L, the optimum temperature was found to be 45 °C,
where the highest adsorption capacity occurs onto DP.

For the wide range of boron initial concentrations studied in the
literature (2 mg/L — 1000 mg/L), various other adsorbents have also
shown to be effective in the removal of boron from water. The adsorp-
tion capacities have been found to be in the range of 1.5 mg/g — 145.5
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Fig. 5. Adsorption of boron in water (a) Effect of pH on %removal efficiency of boron by IL-CNC@DP and DP (initial boron concentration = 100 mg/L, Temperature
= 25 °C); (b) Effect of boron initial concentration on adsorption capacities of both adsorbents (pH for DP = 4, for IL-CNC@DP = 6, Temperature = 25 °C); (c) Effect of
temperature on adsorption capacity of IL-CNC@DP (pH = 6); and (d) Effect of temperature on adsorption capacity of DP (pH = 4).

mg/g [4,5,25,27-32] (Table 2). Whereas, in this research, the highest
adsorption capacity of 97 mg/g for the prepared adsorbent was obtained
for the maximum concentration of 100 mg/L, which showed its superior
properties for adsorptive removal of boron from water.

3.3. Thermodynamic study of both adsorbents

The calculation of the thermodynamics was based on the previously
mentioned Equations (3) and (4). In Table 3, the values of AG® are
negative, indicating that the adsorption of boron onto IL-CNC@DP and
DP is feasible, spontaneous, and does not need an external driving force
for the reaction to take place. Similarly, the negative value of AH°

Table 2

Comparison of adsorption capacities reported for removal of boron from water.
Adsorbent Adsorption capacity (mg/ Reference

8)
Bentonite and magnesite composite 99.8 [27]
Calcined alunite 49 [28]
Chitosan with nickel (II) hydroxide 61.4 [29]
Chitosan bead 70 [30]
Calcium alginate gel 94 [31]
Date pits 71 [20]
Date pits 89 [51
Date palm seed ash 47 [4]
NMDG@cellulose fiber 18.5 [32]
Glucamine-functionalized hydrogel 145.5 [25]
beads

Date pits 65" This study
IL-CNC@DP 97¢ This study

*NMDG: N-methyl-p-glucamine functional group.
# Obtained from Fig. 5b.

Table 3
Thermodynamic parameters for boron adsorption onto IL-CNC@DP & DP.

Adsorbent AG® (kJ/mol) AH® (kJ/mol) AS° (kJ/mol.K)
IL-CNC@DP —4037 —24942 —70.11
DP -14.23 -117.73 —0.34

indicates that the reactions were exothermic. Whereas the negative
value of AS° confirmed that the adsorption of boron on the surface of the
IL-CNC@DP and DP adsorbent is an associated mechanism and it does
not favor the high level of disorder in the adsorption process. Recent
findings also demonstrate that boron adsorption is most likely to be an
exothermic and spontaneous process under favorable conditions
[33-35].

3.4. Isotherm study of both adsorbents

The isotherm parameters and constants obtained are shown in
Table 4 for boron adsorption onto IL-CNC@DP and DP. From Table 4, it
is evident that the R? values of the four isotherm models studied are
different for the two adsorbents. As the R? values are low for some
models, this means that the adsorption of boron onto both adsorbents
might not follow all the studied models.

The value of R? for the Langmuir model of the IL-CNC@DP is low
(0.75), therefore we can conclude that they do not follow the model’s
theory. On the other hand, the R? value (0.82) for DP shows that the
boron adsorption follows the Langmuir model. This proves that the
boron molecules form a homogenous monolayer on the surface of the DP
adsorbent better than IL-CNC@DP. Regardless of the R? value, the
monolayer adsorption capacity (Qg) of IL-CNC@DP is much higher than
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Table 4
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The parameters of the two isotherms models for boron adsorption onto IL-CNC@DP and DP at 25 °C.

Langmuir Freundlich Temkin Dubinin-Radushkevich
Qo (mg/g) b (L/mg) R? K¢ (mg/g) N 1/n R? At (L/mg) B (J/mol) R? qs (mg/g) Bp R?
g)”
DP 4.72 297.36 0.82 102.4 x 10° 0.16 6.1 0.9 2.51 120.93 0.91 68.46 -6 x107° 0.92
IL-CNC@DP 588.2 980392 0.75 122 0.42 2.3 0.81 2.1 56.77 0.8 105.44 -5x1077 0.93

the DP adsorbent with values of 588.2 mg/g and 4.72 mg/g, respectively
at 25 °C. Furthermore, the b constant values indicate the adsorbent and
adsorbate affinity, and their values demonstrate the presence of strong
binding of boron onto both adsorbents. Therefore, based on the Lang-
muir isotherm model the adsorption of boron onto IL-CNC@DP is fol-
lowed to a certain degree but it is more favorable towards DP according
to the R? value.

The Freundlich isotherm model was also studied for both adsorbents,
and it presents high R? values (0.9) for the DP adsorbent as compared to
IL-CNC@DP (0.81), which could mean that the studied adsorbent forms
non-uniform multilayers on the DP surface. As well, the value of n for the
two adsorbents was calculated to be less than 1 showing the chemical
adsorption of boron onto the studied adsorbents. Another constant,
which is 1/n, is found to be greater than 1 for both adsorbents, therefore
this specifies a cooperative adsorption process. Lastly, the Freundlich
constant (Kg) at 25 °C shows a high adsorption capacity of 122 mg/g for
IL-CNC@DP and an extremely high adsorption capacity of 102.4 x 10°
mg/g for DP.

The results of the Temkin adsorption isotherm model show high R?
values for the DP (0.91) more than the IL-CNC@DP (0.8). Moreover,
Temkin’s heat of sorption constant (B) offers a chemical exothermic
adsorption process of boron with higher values for the DP adsorbent.
Hence, it can be concluded that this model is a better fit for DP in
contrast to IL-CNC@DP at 25 °C.

The isotherm model of Dubinin-Radushkevich was also investigated.
It was noted that the IL-CNC@DP and DP adsorbents have the highest R
values for the Dubinin—-Radushkevich model at 25 °C, which shows that
the adsorption process can be described as the best way through this
model. The Bp values obtained for both adsorbents demonstrate that the
adsorption process of boron is an energy-free process. Moreover, the
adsorption capacity (qs) values demonstrate that the IL-CNC@DP
adsorbent can achieve higher adsorption of boron at 105.44 mg/g
more than the DP, which can achieve 68.46 mg/g.

3.5. Desorption study

The desorption of the spent adsorbents and their reuse potential were
also investigated using 0.5 M and 1 M HCI. The results showed that the
removal of boron occurred mainly through the process of chemical
adsorption and the binding of boron on the adsorbents was very strong
as the desorption efficiency obtained was nearly zero [36]. This also
means that the adsorbent cannot be effectively reused again. However,
this can also imply that the type of eluent used for the desorption was not
effective towards boron. Other eluents that could be employed in the
desorption experiment towards boron can include H;SO4, HNO3, EDTA,
and thiourea [37]. These eluents are reported to be noteworthy in the
recovery of metals, hence future experiments can be performed using
these eluents for the desorption of boron.

4. Conclusion

In this research, biomass sourced cellulose was used to prepare IL-
CNC composites which were then deposited on DP to produce IL-
CNC@DP composite adsorbent. The characterization of the prepared
adsorbent using a variety of techniques helped to obtain information on
surface morphology, functional groups, porosity, and surface area of the
adsorbents. The groundwater of Qatar has been shown to be

contaminated with boron, which when used for irrigation could affect
the health of plants and their consumers. Therefore, the prepared
adsorbent was evaluated for its ability to remove boron from water. The
results showed that boron from groundwater could be effectively
remediated with high percentage removal efficiencies by using the IL-
CNC@DP. The effect of pH, initial concentration, and the temperature
had an impact on the adsorption of boron. The highest adsorption ca-
pacity of 97 mg/g for the IL-CNC@DP adsorbent was obtained at a
temperature of 25 °C, pH 6, and an initial concentration of 100 mg/L
boron. Furthermore, the thermodynamics constants of the modified
adsorbent proved that the reaction is exothermic, does not favor a high
level of disorder, and is spontaneous in nature. Langmuir, Freundlich,
Dubinin-Radushkevich, and Temkin isotherm models were successfully
used to find the best-fit model. Moreover, the desorption study
demonstrated that boron cannot be desorbed from the used adsorbents.
Therefore, further work is guaranteed to evaluate other eluents for
desorption of boron from IL-CNC@DP. In addition, novel adsorbents will
also be evaluated for simultaneous removal of multiple metals from the
real groundwater of Qatar.
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