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showed enhanced morphological and chemical structures such as high porosity, car-

Keywords: bonaceous composition, larger pore and volume sizes, smaller particle sizes as well as
Agricultural waste the presence of unique functional groups on their surface. The adsorption of lithium
Valuable metals ions onto the three adsorbents was enhanced with an increase in solution temperature
Brine and initial lithium concentration. The temperature that showed the highest adsorption

Thermodynamics

o of lithium ions onto the three adsorbents was 45 °C. The adsorption of lithium ions
Adsorbent modification

onto the three adsorbents was the highest at an initial lithium concentration of 100
mg/L. The three adsorbents achieved an adsorption capacity of around 99 mg/g at
the optimum temperature and initial concentration. On the other hand, RDP-FC-Cu
achieved the highest adsorption capacities for lithium ions at all the studied initial
concentrations. The thermodynamic study showed that the adsorption process of lithium
ions onto the adsorbents is endothermic, spontaneous, and favorable at all the studied
temperatures (25 °C, 35 °C, and 45 °C). Moreover, the adsorption of lithium ions onto
the three adsorbents followed the Langmuir, Freundlich, Dubinin-Radushkevich, and
Temkin adsorption isotherm models differently at each studied temperature. For RDP,
the adsorption process followed the Freundlich adsorption isotherm model at 25 °C,
while it was more fitted to the Langmuir isotherm model at 45 °C and all models at
35 °C. The adsorption of lithium ions onto RDP-FC-Cu followed Langmuir adsorption
isotherm model at 25 °C and 35 °C, while it fitted all models at 45 °C. On the other hand,
Langmuir and Dubinin-Radushkevich isotherm models were best fit for the adsorption
of lithium ions onto RDP-FC-Ni at 25 °C and 35 °C. The desorption study presented 99%
desorption percentages of lithium ions from all the adsorbents, which showed the great
regeneration potential of the adsorbents. Furthermore, the selectivity study showed that
RDP-FC-Cu achieved 99.9% adsorption removal of lithium ions from the SWRO brine
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while RDP-FC-Ni and RDP achieved 99.8% and 99.3% adsorption removals, respectively.

Finally, the cost analysis revealed that the total cost for the preparation of the adsorbent

was 29.81 USD.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The quantity and quality of the world’s water resources are impacted by human and natural factors, which are often
interlinked. The continuous increase in populations, urbanizations, and industrialization are some of the leading human
factors that largely affect water resources (Mvulirwenande and Wehn, 2020). Population growth is accompanied by
industrialization and economic growths and all together pose pressures on the water demands around the world. In
addition, industrial activities are well-known contributors to air, land, and water pollution. This is because industries
usually involve environmental discharges, the use of chemicals, and water requirements (Wan and Wang, 2021). On
the other hand, the natural factors that impact the world’s water resources availability include climatic conditions, the
hydrological cycle, natural disasters as well as resource distributions (Habiyaremye, 2020). For example, semi-arid and
arid countries like the Gulf Council Countries (GCC) are often characterized by low rainfall, extreme weather conditions
including long summers as well as a shortage in natural water resources (Mannan et al., 2019). Countries with high rainfall,
lakes, and rivers do not usually experience the same water shortages as the GCC. The GCC countries are surrounded by
sea, which provides their growing populations with a water resource (Rahman and Zaidi, 2018). Countries that rely on
seawater for their national domestic water requirements face the challenge of producing freshwater from saline seawater.
Seawater desalination is a worldwide well-established method that provides freshwater from seawater. Employing
seawater desalination to produce potable water requires major technological investments as well as research and training.
Therefore, in the Gulf region where the economic status and aridity of countries are relatively high, the implantation of
seawater desalination is successful (Nassrullah et al., 2020). It was recently estimated that the GCC countries produce
more than 50% of the world’s desalinated water (Ibrahim and Eltahir, 2019). To be more specific, Qatar is characterized
by high population and economic growth as well as high overall standards of living. These characteristics caused the
country to have one of the highest water per capita consumption rates in the world. The increase in populations and
water consumption rates are the main drivers for the high reliance on desalination technology (Mannan et al., 2019).
In addition, the great economic stability of Qatar due to the fossil fuel industry provided the country with one of the
largest capacities for desalination around the world. 99% of the municipal accessible water in Qatar is accounted for
by the desalination industry. On the other hand, groundwater resources provide Qatar with only 1% of its freshwater
requirements. Freshwater produced from seawater desalination in Qatar is in continuous increase where it was estimated
to be around 493 million metric cubes in 2014 and 540 metric cubes in 2017 (Rahman and Zaidi, 2018; Baalousha and
Ouda, 2017).

Seawater desalination could be accomplished by various technologies. There are two main categories for seawater
desalination technologies and those are thermal and membrane-based desalination (Al-Absi et al., 2021a,b). Membrane-
based desalination technologies, especially reverse osmosis (RO), are gaining the world’s interest in desalinating seawaters.
This is because of its significantly lower energy consumption requirements and implementation costs coupled with its
high freshwater production capacity (Kim et al.,, 2019). The implementation of seawater desalination can be coupled
with various challenges and impacts. Some of these challenges are related to infrastructure, labor, and construction
investments. In addition, the production of freshwater from seawater through desalination requires the addition of various
pre-treatment chemicals such as additives, coagulants, flocculants, and biocides. The leakage of such chemicals to the
environment or the produced freshwater could pose deleterious negative marine and health impacts (Darwish et al., 2013;
Lee and Jepson, 2021). A seawater desalination by-product known as brine is a major challenge due to its characteristics.
Brines produced from the desalting of seawater are often characterized by high salinities, temperatures, total dissolved
solids as well as metals. Also, brines usually have altered pH ranges and contain various kinds of pre-treatment chemicals.
These characteristics make seawater desalination brines extremely dangerous for the health of marine organisms as well
as human health (Elsaid et al., 2020). Therefore, there is a global need for effective management of desalination brines and
specifically the remediation of their toxic nature (KKim and Min, 2020). Seawater desalination brines often contain various
kinds of metal ions which could be useful for many industrial applications (Wang et al., 2019). For example, lithium is a
commercially and industrially valuable metal that is used in the manufacturing of batteries, ceramics, polymers, greases,
and additives (Gaztafiaga et al., 2020). The method of adsorption could be a potential solution for the remediation and
recovery of metal ions from RO desalination brine streams.

Adsorption is a mass transfer process that is efficient, economic, simple, and selective towards specific pollutants
and is widely applied for the removal of many targeted substances from seawaters, wastewaters, and brine streams
(Tang et al., 2021). The adsorption technique is based on the adherence of pollutants (Adsorbates) onto the surface of
a material, called the adsorbent. Some of the factors that influence adsorption processes’ effectiveness include solution
pH, the adsorbate’s concentration, the presence of competing ions, adsorbent dosage, and temperature. The temperature at
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which adsorption systems are employed largely contributes to the overall adsorption capacities, efficiencies, and behaviors
(Yang et al,, 2019). Many important adsorption parameters like entropy, enthalpy, and Gibbs free energy are defined by
thermodynamics. These parameters help scientists in defining adsorption systems as spontaneous, favorable, endothermic,
or exothermic (Yadav et al,, 2021). Thermodynamics provides significant insights regarding the adsorption tendencies,
behaviors, and energy requirements as well as cost and overall sustainability (Al-Ghouti and Al-Absi, 2020).

Palm trees are native plants in the GCC countries like Qatar and the palm tree industry produces massive amounts of
dates annually. Along with the production of dates, great quantities of date pits are produced as wastes. Date pits could
serve as effective adsorbents or support materials for other adsorbents for the adsorption of metal ions. This is due to their
high adsorptive characteristics and great abundance (Al-Ghouti et al., 2019). Combining the great adsorptive potentials of
date pits with other effective adsorbents would lead to the production of extremely effective and cost-friendly adsorbents.
For example, metal hexacyanoferrates are known as coordination polymers that have special cubic lattice structures that
support the adsorption of pollutants. These polymers contain a transition metal ion such as Fe>*, Cu?*, Ni** and Co?*
and C=N coordinated bridges (Oliveira et al., 2018). The mechanism of adsorption between a metal hexacyanoferrate and
pollutant-like metal ions involves an ion exchange between the pollutant and the transition metal (Wang et al.,, 2018).
Their high selectivity towards a variety of pollutants and insolubility makes metal hexacyanoferrates excellent adsorbents
for metal extraction and recovery. In addition, the synthesis processes of metal hexacyanoferrates are simple and cost-
effective that involves a precipitation reaction between transition metals and the precursors (Kim et al., 2017a,b). Due to
their submicron size, the effective application of metal hexacyanoferrates requires the usage of support materials with
adsorptive capabilities. This study involves the investigation of the adsorptive efficiencies of roasted date pits as towards
lithium ions from RO seawater desalination brines in Qatar. In addition, this study focuses on exploring the influence of
temperature and thermodynamics on the recovery process of lithium ions. Moreover, many adsorption isotherm models
aim at describing the mechanism of adsorption between the adsorbent and the adsorbates. The adsorption isotherm
models can achieve an understanding of the quantity of adsorbed and non-adsorbed adsorbate molecules as well as the
distributions of the adsorbate molecules at different equilibrium temperatures and concentrations (Can et al., 2016). The
adsorption isotherms take into account the influence of temperature on the adsorption capacity (qe) of the adsorbent.
Several models have been developed with the most studied ones being Langmuir, Freundlich, Dubinin-Radushkevich, and
Temkin isotherm models (Nufiez-Gomez et al., 2019).

In this study, roasted date pits (RDP) were used as support materials for potassium hexacyanoferrates to synthesize
effective and novel composite adsorbents from natural agricultural wastes. The roasted date pits composite materials
were potassium copper hexacyanoferrate-date pits (RDP-FC-Cu) and potassium nickel hexacyanoferrate-date pits (RDP-
FC-Ni). These composite materials were synthesized to mainly examine their selectivity as well as adsorptive capabilities
towards lithium ions in comparison with unmodified roasted date pits. The physiochemical characteristics of the three
adsorbents were examined using a variety of analytical techniques. The adsorption experiments were performed under a
variety of temperatures and the adsorption thermodynamics, as well as isotherms, are presented. To establish a complete
understanding of the adsorbent-adsorbate interactions under the influence of temperature and their characteristics, a
detailed overview of the adsorption mechanisms is presented. Finally, the cost-effectiveness of synthesizing the roasted
date pits and the novel composite materials are analyzed to test the real applicability of this study. The novelty of this
study is that it combines the high adsorptive capabilities of roasted date pits with two metal hexacyanoferrate-based
adsorbents to recover the highly valuable lithium ions from Qatari-based RO desalination brine. In addition, Qatar is one
of the leading countries in the production of RO desalination brines and date pits as two major wastes. Therefore, utilizing
date pits to treat RO brines would serve a great environmental and economical benefit to the country.

2. Materials and methods
2.1. Collection, preparation, and physiochemical characterization of the adsorbents

Previous work done by Al-Absi et al. (2021a,b) involved the collection, preparation, and physiochemical characteriza-
tion of the date pits adsorbent. To obtain a full understanding of the following adsorption and desorption experiments,
a summary of the work is presented in this study. The methodology of the adsorbent’s preparation involved removing
impurities and moisture by washing the date pits with distilled water then drying them for 24 h. at 100 °C. The date pits
were roasted at 100 °C for 6 mins on a hot plate with continuous mixing until they obtained a golden color. After roasting,
the roasted date pits (RDP) were sieved to form different particle sizes (100-250 pm, 250-500 pwm, and 500-750 wm). The
RDP was then used as supporting materials for the ferrocyanide-date pits modifications. Ultimately, two other adsorbents
were generated as potassium copper and nickel hexacyanoferrates denoted as RDP-FC-Cu and RDP-FC-Ni, respectively. In
short, the synthesis of the RDP-FC-Cu and RDP-FC-Ni consisted of three main steps. Firstly, a 1:1 M ratio of potassium
hexacyanoferrate K4[Fe(CN)g] was thoroughly mixed with either copper sulfate (CuSOy4) or nickel chloride (NiCl,) at room
temperature of 25 °C. Then a 0.1 M solution of NaOH and 50 g of RDP was added to the resulting suspensions. Lastly, the
suspensions were centrifuged for 40 min. Then the supernatant was dried at 100 °C for 3 h. to obtain the RDP-FC-Cu and
RDP-FC-Ni composite adsorbents. In the current study, the RDP, RDP-FC-Cu, and RDP-FC-Ni were stored in glass bottles
to eliminate any contaminations for the batch adsorption experiments.

The date pits, roasted date pits, and the prepared composites were physiochemically characterized by previous
work done by Al-Absi et al. (2021a,b). The study involved the utilization of various analytical techniques to investigate
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the adsorptive capabilities and characteristics of the adsorbents. For the physical characterization of the adsorbents,
particle size distribution (PSD) analysis, Brunauer-Emmett-Teller (BET) surface area and pore size analysis as well as
scanning electron microscopy (SEM), were performed. Furthermore, the study involved the chemical characterization
of the adsorbents utilizing thermogravimetric analysis (TGA), carbon and hydrogen analysis, Fourier-Transform Infrared
Spectroscopy (FTIR) analysis, and X-ray diffraction (XRD).

2.2. Adsorption thermodynamic and isotherm studies

The SWRO brine sample was analyzed using ICP-OES analytical technique to ensure the presence of lithium ions. This
is to confirm the main aim of this study, which is to effectively recover the industrially valuable metal from real SWRO
desalination brine in Qatar. After detecting lithium ions and other metal ions in the SWRO brine, the adsorption studies
were done as follows: synthetic solutions of lithium ions concentrations were prepared to test the adsorption capacities
towards lithium ions without the interference of other metals. This was done by dissolving an amount of 0.6115 g of
lithium chloride (LiCl) (Research-Lab Fine Industries, Mumbai 400 002 (India)) salt in 1L of distilled water (DW). The final
concentration of the lithium ions was between 5 mg/L - 100 mg/L for the batch experiment. The experiment involved
adding 50 mL of lithium ions solution of known initial concentration and a mass of 0.05 of the adsorbents (RDP, RDP-FC-Cu,
or RDP-FC-Ni) into polycarbonate Erlenmeyer flasks. An incubator shaker was used to agitate the mixtures for 24 h. at 160
rpm at 25 °C, 35 °C, and 45 °C to study the effect of temperature on the adsorption capacities of lithium ions. Previous
findings of Al-Absi et al. (2021a,b) revealed that the adsorption of lithium ions under the same conditions was the highest
at a pH value of 6. Therefore, the pH of the solution was adjusted using minute amounts of 0.5 M NaOH and 0.5 M HCl
solutions to be at a value of 6. After an equilibrium state was reached, filtration of the adsorbents was done using filter
papers (0.2 pwm). An ICP-OES analytical technique was used to analyze the residual concentration of lithium remaining in
the solutions. The adsorption removal and capacity were obtained using Eqs. (1) and (2).

This provides an understanding of the adsorbent’s capability of adsorbing a target pollutant in terms of a percentage
(Pelalak et al., 2021).

G—-C
% Removal = — v ¢ x 100 (1)
i
Where G is the initial concentration of the adsorbate (mg/L), and C, is the concentration of the adsorbate at an equilibrium
state (mg/L).

The adsorption capacity (qe) is defined as the quantity of adsorbate that an adsorbent can carry per unit mass of
adsorbent. Eq. (2) represents the mathematical formula for the calculation of the adsorption capacity (Chowdhury et al.,
2020).

G-CGQV

Qe=—— (2)
m

In Eq. (2), Ce and G are the equilibrium and initial lithium ions concentrations (mg/L), respectively. The volume of the
solution (L) is expressed as V and the mass (g) of the material used is given the symbol of m.

Moreover, the adsorption thermodynamics is known as Gibbs free energy (AG°), enthalpy (AH®) and entropy (AS°)
were calculated to understand the spontaneity, favorability, and whether the adsorption of lithium ions onto the prepared
adsorbents is endothermic or exothermic. Eqs. (3) and (4) show Gibbs free energy as well as enthalpy and entropy
calculations.

The calculation of Gibbs free energy for adsorption systems can be done through the following Eq. (3):

AG°® = —RT Ink; (3)

where R is the universal gas constant of the value of 8.314 J/mol K, T is the absolute temperature in kelvins, and ki is
Langmuir isotherm constant, which can be expressed as standard enthalpy and entropy changes of adsorption as functions
of temperature (Yadav et al., 2021).

The relationship between temperature and k; is shown in the following formula known as Van't Hoff Eq. (4):

—AH? /1 AS©
Lnk;, = R =)+ — (4)

T R

where a plot of Ink | vs. T can be used to determine the values of AH® and AS° from the slope and intercept (Konicki
et al.,, 2017).

The isotherm studies were established by fitting the data in the Langmuir, Freundlich, Dubinin—-Radushkevich, and
Temkin adsorption isotherm models. The adsorption parameters for the Langmuir and Freundlich fit were estimated by
Egs. (5) and (6), respectively. Similarly, the calculation of the adsorption parameters for Dubinin-Radushkevich was done
using Eqs. (7), and (8). Egs. (9) and (10) represent the calculation of the Temkin adsorption isotherm model’s parameters.

To analyze Langmuir’s adsorption model for a given adsorption process, the linear equation could be used (Eq. (5))
(Langmuir, 1916; Do, 1998):

C G 1

ge B Cm KiCp

(5)
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Where C. is the equilibrium concentration (mg/L) of the adsorbate, the equilibrium adsorption capacity (mg/g) is e,
the constant for the adsorption capacity for the formation of a monolayer in mg/g is C,, and the constant describes the
adsorption sites affinity towards the adsorbate in L/mg is k, (Weber and Chakravorti, 1974; Langmuir, 1918). The Langmuir
plot between %VS,Ce provides the necessary values for the calculation of the Langmuir constants (k. and Cy,) through the
slope and intercept (Ezzati, 2020; Apolinario and Pires, 2020).

Similar to Langmuir’s adsorption isotherm model, the linear equation of the Freundlich model is shown in Eq. (6)
below. The model plotted as In (ge) vs. In (Ce) (Adamson and Gast, 1997; Zeldowitsch, 1934).

1
logge = logK; + —log C, (6)
n

Where q. is the adsorption capacity in mg/g, the Kt is the model’s constant in terms of mg/g, the level of deviation from
linearity is n, and C, is the equilibrium concentration of the adsorbate in mg/L (Chen et al., 2015; Do, 1998).

The following exponential formula (Eq. (7)) can be used to plot the Dubinin-Radushkevich adsorption isotherm as
In(qe) vs. €2 (Hu and Zhang, 2019; Dubinin, 1960).

Inge = InX;, — Bpge? (7)

where ¢, is the amount of adsorbate adsorbed per gram of adsorbent at equilibrium in mg/g, X, is the maximum
adsorption capacity of the adsorbent, Bpg is the adsorption energy constant (mol 2/k] 2), and ¢ is the Dubinin-Radushkevich
isotherm constant represented by the following formula (Eq. (8)):

& = RTIn(1 + l) (8)
C
where R is the universal gas constant of the value of 8.314 J/mol K, T is the temperature in Kelvin and C, is the
concentration of the adsorbate at equilibrium in mg/L (Hobson, 1969; Hu and Zhang, 2019).

The Temkin adsorption isotherm model can be plotted as g, vs. In C, using the following linear form of the formula
(Eq. (9)) (Nandiyanto et al., 2020; Aharoni and Ungarish, 1977):

ge = BInAr + BInC, (9)

where ¢, is the amount of adsorbate adsorbed per gram of adsorbent at equilibrium in mg/g, C. is the concentration of
the adsorbate at equilibrium in mg/L, A is the Temkin isotherm equilibrium binding constant in L/g, and B is a constant
related to the heat of sorption in J/mol. The constant B can be found using the following formula (Eq. (10)):

RT
br
Where R is the universal gas constant of the value of 8.314 J/mol K, T is the temperature in kelvins, and by is the Temkin
isotherm constant (Ayawei et al., 2017; Vadi et al., 2013).

B=(—) (10)

2.3. Desorption studies

The recovery of lithium ions and regeneration of the spent adsorbents (RDP, RDP-FC-Cu, and RDP-FC-Ni) would allow
the multiple usages of the adsorbents for metal recovery. To recover the adsorbed metal from the adsorbents, 0.5M and 1M
HCl solutions were used to determine the concentration that would achieve the highest desorption percentage (Chatterjee
and Abraham, 2019). The spent adsorbents from the previous adsorption experiment will be dried on filter papers and
collected for the desorption experiments. Specifically, all the spent adsorbents that were involved in the adsorption of
lithium ions at the optimum found pH of 6, room temperature of 25 °C, and metal concentrations of (5, 10, 15, 20, 25, 30,
35, 50, 70, and 100) mg/L were dried and collected. Then, the collected date pits were put in polycarbonate Erlenmeyer
flasks with 50 mL of 0.5 M and 1 M HCI solution. The solutions were put in an incubator shaker at 35 °C for 24 h. at
160 rpm. to reach the equilibrium desorption state. The adsorbent was then be filtered out using filters (0.2 pm). The
residual metal concentration in the solution was analyzed using ICP-OES analytical technique. After that, the percentage
desorption was calculated based on the initial average adsorbed lithium ions concentrations that were determined in the
previous experiment. Eq. (11) shows the calculations of the percentage desorption at different HCl concentrations (Ivanets
et al.,, 2021).

Average adsorbed lithiumions concentration — desorbed lithiumions concentration

% Desorption = x 100 11
P average adsorbed lithiumions concentration (an

The concentrations in Eq. (11) above are in the unit of mg/L.
2.4. Selectivity study

The selectivity of the adsorbents (RDP, RDP-FC-Cu, and RDP-FC-Ni) towards lithium ions in the presence of other
competing ions was tested using an RO seawater desalination brine sample. The brine sample was tested for the presence
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and concentration of lithium ions by the ICP-OES analytical technique. The selectivity study was done by applying
adsorption experiments to the collected reverse osmosis brine sample directly. As with the previous batch adsorption
experiment, the selectivity experiment was done by adding 0.05 g of each adsorbent (RDP, RDP-FC-Cu, and RDP-FC-Ni)
into a 50 mL of the RO brine sample in polycarbonate Erlenmeyer flasks. The solutions were then kept in an incubator
shaker at 35 °C for 24 h. at 160 rpm. The adsorbents were then filtered out using filters (0.2 wm). The residual lithium
ions concentrations in the solutions were analyzed using ICP-OES analytical technique. The temperature was chosen as
35 °C for two main reasons. First and as mentioned previously, reject brine streams are characterized by their warm
temperatures. Therefore, if the results demonstrate high adsorption capacities, the adsorption process could be performed
without extra modifications on the brine sample (in the form of adding or reducing adsorption process temperatures).
Secondly, the results of the previous batch adsorption experiment showed that a temperature of 35 °C achieved high
lithium adsorption onto the three adsorbents.

2.5. Adsorption mechanisms of lithium ions onto RDP, RDP-FC-Cu, and RDP-FC-Ni

An investigation of the specific and unique adsorbent-adsorbate interactions and adsorption mechanisms was done.
The physiochemical characteristics of the adsorbents as well as the lithium ions were explored for their roles in the
adsorption mechanisms. This allows for the optimization of adsorption processes as well as selecting the most effective
adsorbent for lithium ions.

2.6. Cost analysis for the preparation of the adsorbents

A laboratory-based cost analysis was done to determine the total cost required to prepare the RDP, RDP-FC-Cu, and
RDP-FC-Ni adsorbents. This would give insights regarding the feasibility of the study as well as the environmental effects
and cost-efficiency.

3. Results and discussion
3.1. Physiochemical characterization of the prepared adsorbents

The three prepared adsorbents denoted as RDP, RDP-FC-Cu, and RDP-FC-Ni were physiochemically characterized by
our previous work using various analytical techniques (Al-Absi et al., 2021a,b). This study overviews the most important
findings regarding the adsorptive capabilities and potentials of the three adsorbents (Table 1). The SEM results showed
significant changes on the surface of the three adsorbents when compared to the initial material of raw date pits. To
illustrate, the RDP presented the formations of various cavities and elevated formations on its surface while the RDP-FC-
Cu and RDP-FC-Ni showed enhanced morphological structures. The structures of the prepared composites showed denser,
rougher, more porous, and more fractures on their surfaces. The main reasons behind these morphological changes are
the addition of chemicals, stirring, and centrifuging during the preparation process. These morphological enhancements
resulted in more pore filling of lithium ions onto the surface of the composite adsorbents (Zhang and Chen, 2020)

The particle size distribution (PSD) test revealed that the RDP-FC-Ni composite had the smallest particle sizes followed
by RDP-FC-Cu and lastly, RDP. For RDP-F-Ni, 90% of the sample had particle sizes less than 804.3 wm while RDP-FC-Cu
and RDP had particle sizes less than 906 and 1,159.6 wm. This result is predictable due to the fact that nickel has a
smaller hydrated ionic radius than copper, which resulted in a smaller overall composite material (Zhuang and Wang,
2019). This overall smaller particle size of the RDP-FC-Ni was also shown by the BET results where had the largest surface
area (5.3 m?/g) followed by RDP-FC-Cu (4.7 m?/g) and then RDP (2.5 m?/g). However, the largest pore size was attributed
to RDP-FC-Cu (138.6 A°) followed by RDP-FC-Ni (82 A°), and lastly, RDP (39.2 A°). For the pore volumes, RDP-FC-Cu
had the deepest volume (0.032964 cc/g) while the RDP and RDP-FC-Ni had similar results. The carbon and nitrogen
elemental analysis of the three prepared adsorbents showed that the two composites had more carbon and less nitrogen
contents than the RDP, which is found by studies to be due to the chemical and thermal modifications (Alves et al., 2020).
Interestingly, the prepared composites demonstrated more and unique functional groups than the RDP. The modification
through hexacyanoferrates resulted in the formation of C=N and Fe-O bonds in the composites, which confirmed the
modification process (Long et al., 2020). Similar results were obtained by several studies done on the characterization of
metal hexacyanoferrates through FTIR. For example, Ma et al. (2019) studied the functional groups present on synthesized
copper hexacyanoferrates nanoflakes and found the presence of the C=N functional group. Also, Chong and co-workers
obtained similar results on the synthesized nickel hexacyanoferrate cathode batteries. Moreover, the RDP-FC-Ni showed
the highest thermal stability followed by RDP-FC-Cu and RDP through the TGA. These results confirmed that modification
of RDP to RDP-FC-Cu and RDP-FC-Ni using potassium metal hexacyanoferrates resulted in enhanced physicochemical
characteristics and adsorption properties (Misra et al., 2020).
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Table 1
Comparison of the RDP, RDP-FC-Cu and RDP-FC-Ni physiochemical characteristics.
Adsorbent SEM PSD BET CN FTIR TGA
RDP Cavities and elevated ~90% of sample ~ SA: 2.5 m?/g C: 37.42% Secondary amines, Lowest thermal
formations <1159.6 pm Pore size: 39.2 A° N: 5.04% esters, alkenes, and stability
Pore volume: polysaccharides
0.010325 cc/g
RDP-FC-Cu Rough, dense, and 90% of sample  SA: 4.7 m?/g C: 45.75% Secondary amines, Moderate thermal
porous fractures <906 pm Pore size: 138.6 A° N: 1.10% esters, alkenes, stability
Pore volume: polysaccharides, C=N,
0.032964 cc/g and Fe-O
RDP-FC-Ni 90% of sample  SA: 5.3 m?/g C: 46.04% Highest thermal
<804.3 pm Pore size: 82 A° N: 1.07% stability

Pore volume:
0.010306 cc/g

3.2, Effect of temperature and thermodynamics on the adsorption of lithium ions onto roasted date pits and two composites

Temperature plays a significant role in adsorption systems. The efficiency and overall removal of pollutants and
recovery of metals depend largely on the surrounding temperature of a batch adsorption process. In nature, some
adsorption systems could be exothermic while others could be endothermic (Rizzi et al., 2017). For these reasons, it
was vital to study the effect of temperature on the recovery of lithium ions onto RDP, RDP-FC-Cu, and RDP-FC-Ni. The
adsorption batch tests of lithium ions onto the three adsorbents were performed at 25 °C, 35 °C, and 45 °C.

Figs. 1-3 show the adsorption capacities and efficiencies of lithium ions onto RDP, RDP-FC-Cu, and RDP-FC-Ni at a
variety of temperatures. As a general trend for all adsorbents involved in the study, the adsorption of lithium ions is
enhanced with an increase in temperature from 25 °C to 45 °C (P-value < 0.05). Furthermore, the highest adsorption
capacities and efficiencies for lithium ions at a variety of temperatures were observed for RDP-FC-Cu followed by RDP-
FC-Ni and RDP (P-value < 0.05). This is predictable as it was found previously that RDP-FC-Cu and RDP-FC-Ni are the
most effective and selective adsorbents for lithium ions at a variety of pH ranges and initial concentrations.

The adsorption capacity of lithium ions at 5 mg/L onto RDP (Fig. 1A and B) is found to increase significantly from being
equal to 1.33 mg/g (26.5%) at 25 °C to 2.37 mg/g (47.44%) at 35 °C and 4.13 mg/g (82.64%) at 45 °C (P-value < 0.05). Similar
adsorption trends were observed for lithium ions concentrations below 35 mg/L. This is a typical adsorption behavior with
the variating temperature at low lithium ions concentrations. Under these circumstances, the adsorption active binding
sites are plentiful while the lithium ions’ concentration is low, which means that mass transfer and internal diffusion forces
are somewhat weak. Therefore, a higher temperature would facilitate the mass transfer process of lithium ions onto the
internal pores of the adsorbent (Hou et al., 2020; Snyders et al., 2014; Ji et al., 2021). In other words, higher temperatures
increase the rates of lithium ions movements as well as pore diffusions due to an increase in the energy of the system. An
increase in solution temperature would mostly result in decreased solution viscosity, which enhances the diffusion forces
of the pollutants onto the adsorption active binding sites of the adsorbent and facilitate lithium ions complexations and
coordination (Wadhawan et al.,, 2020). However, at lithium ions concentrations of 35 mg/L and higher, the adsorption
capacities and efficiencies of RDP became very similar at temperatures of 35 and 45 °C. These adsorption capacities
and efficiencies were higher than the results obtained under 25 °C (P-value < 0.05). Also, the adsorption capacities and
efficiencies are observed to increase at a slower rate at lithium ions concentrations above 30 mg/L. As the concentration
of lithium ions increases in the solution, the available active binding sites decrease. Therefore, temperatures higher than
25 °C are required to facilitate the internal diffusion of lithium ions onto the pores of the date pits. However, the adsorption
binding sites are finite, which causes a slower rate of increase in adsorption despite the increasing temperature. The
similarity of the adsorption capacities and efficiencies of lithium ions at 35 and 45 °C at higher concentrations could
be due to the high collisions and mass transfer forces that dominate in the solution, which resulted in the high and
similar adsorption patterns at the moderate temperature of 35 °C when compared to 45 °C. It is worth noting that in
adsorption systems, the removal of pollutants or metals proceeds until an equilibrium state is achieved (Albatrni et al.,
2020; Saad et al., 2008). This means that the adsorption binding sites become fully filled or adsorption/desorption takes
place at a constant and equilibrium state. This explains that despite the increase in temperature with concentration, the
achieved adsorption capacity under 35 °C and 45 °C was similar. However, the temperature of 45 °C achieved the highest
adsorption at all metal concentrations. This observation is of significant importance for scientists and environmentalists
because it provides flexibility when optimizing an adsorption system for lithium ions recovery from brines. Raising the
temperature requires energy and cost expenditure, which could be not feasible for some countries. Therefore, sufficient
and efficient lithium recovery could be achievable at high concentrations and moderate temperatures of between 35 °C
and 45 °C for RDP, while the highest recovery could be obtained at 45 °C. As mentioned previously, seawater reverse
osmosis concentrated brine solutions are characterized by their high temperatures. Therefore, they could be utilized for
metal recovery on a desalination plant for optimum and maximum recovery.

The adsorption of lithium ions onto RDP-FC-Cu (Fig. 2A and B) at a variety of temperatures (25, 35 and 45 °C) and
concentrations (5, 10, 15, 20, 25, 30, 35, 50, 70, and 100) mg/L follows a similar trend to its adsorption onto RDP. However,
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Fig. 1. The effect of temperature on the adsorption (A) capacity and (B) percent removal of lithium ions onto RDP. The experimental conditions
were as follows: the adsorption batch tests of lithium onto the adsorbents were performed at 25, 35, and 45 °C and shaking time of 24 h. at 160
rpm. Also, the adsorbent mass was constant at 0.05 g, and the lithium concentrations were 2, 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 ppm in a
total volume of 50 ml. The pH of the solution was kept constant at the optimum pH of 6. The error bars are shown in the figure.

the adsorption capacities and removals of RDP-FC-Cu are higher than RDP. The maximum adsorption of lithium ions took
place when the temperature was raised to 45 °C for all initial metal concentrations with the highest adsorption achieved
at 100 mg/L (Adsorption capacity of 99.3 mg/g). Also, the difference between the adsorption capacities/efficiencies at
different temperatures was found to be significant (P-value < 0.05). Similar to RDP, higher differences between the
adsorptions at 25 °C, 35 °C, and 45 °C were noticed at lithium ions concentrations below 30 mg/L. However, these
differences in the adsorption of lithium ions at different temperatures are less evident than the differences observed for
RDP. At higher lithium ions concentrations than 30 mg/L, the adsorption capacities and efficiencies were very similar for
35 and 45 °C. Interestingly, the RDP-FC-Cu composite showed significantly higher adsorption capacities and efficiencies for
lithium ions at all temperatures than RDP and RDP-FC-Ni (Figs. 1 and 3). This adsorption behavior and favorability could be
due to the previously mentioned exceptional and selective physiochemical characteristics of the adsorbent. The RDP-FC-Ni
composite shows similar adsorption trends to RDP and RDP-FC-Cu in terms of increasing adsorption with temperature
and concentration, higher differences in adsorption at low lithium ions concentrations, and similarity at high lithium
ions concentration. RDP-FC-Ni (Fig. 3) showed higher adsorption capacities and efficiencies for lithium ions than RDP
and lower than RDP-FC-Cu (P-value < 0.05). This could be due to the enhanced physicochemical characteristics for RDP-
FC-Ni. However, RDP-FC-Cu shows a bigger pore radius and volume than RDP-FC-Ni, enhanced chemical characteristics,
and functional groups. Furthermore, it is worth noting that the TGA results for RDP-FC-Cu revealed remarkable insights
regarding its thermal stability. As mentioned previously, the thermal stability of adsorbents is of great importance for
ensuring an optimized adsorption process. This is because temperature plays a significant role in the adsorption efficiency
and capacity of numerous adsorbents. Many adsorption systems and in particular metal adsorptions require energy in
terms of temperature increase to achieve high adsorption and recovery results (Albatrni et al., 2020). This study showed
that the adsorption of lithium ions onto the three adsorbents favors increasing temperature. Therefore, the high thermal
stability of RDP-FC-Cu explains its constant and relatively high adsorption capabilities towards lithium ions despite
temperature changes. Moreover, the thermal stability of RDP-FC-Ni was found to be higher than RDP. This explains
its higher adsorption capabilities than RDP. Similar results to the adsorption behaviors of lithium ions onto the three
adsorbents at variating temperatures were obtained by many studies. For example, a study done by Yu et al. (2017) on
the adsorption of gold onto chemically modified activated carbons revealed that the adsorption capacity increased with
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Fig. 2. The effect of temperature on the adsorption (A) capacity and (B) percent removal of lithium ions onto RDP-FC-Cu. The experimental conditions
were as follows: the adsorption batch tests of lithium onto the adsorbents were performed at 25, 35, and 45 °C and shaking time of 24 h. at 160
rpm. Also, the adsorbent mass was constant at 0.05 g, and the lithium concentrations were 2, 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 ppm in a
total volume of 50 ml. The pH of the solution was kept constant at the optimum pH of 6. The error bars are shown in the figure.

increasing temperature. This was due to enhanced internal diffusion onto the adsorbent. El-Bahy et al. (2018) showed
that the adsorption of cesium ions onto a potassium copper hexacyanoferrate encapsulated carbomer favored increasing
temperatures. The authors discussed the great role of temperature in the adsorption of metals from aqueous solutions.
Increasing the temperature would lead to the increased kinetic energy of the system, which would, in turn, increase the
mobility of metals and weaken their electrostatic repulsion forces, leading to higher collisions, and adsorption capacities.
Another study performed by Naeimi and Faghihian (2017) discussed that the adsorption of cesium onto a modified
potassium nickel hexacyanoferrate was an endothermic process that was continuously enhanced until an equilibrium was
reached with an increase in temperature. Furthermore, Table 2 represents a comparison between the maximum adsorption
capacities of different adsorbents towards lithium ions in solution. The high adsorption capacities achieved with the
adsorbents at study show their extreme efficiencies and novelty of the work. This is because all synthesis of the adsorbents
at study involved the utilization of readily available waste (Date pits) as well as cost-friendly and environmentally safe
chemicals (Metal hexacyanoferrates).

3.2.1. Adsorption thermodynamics

Table 3 presents the enthalpy, entropy, and Gibbs free energy change values obtained for all the adsorbents involved in
the study. As the previous experiment (effect of temperature on the adsorption of lithium ions onto the three adsorbents)
indicated, the adsorption capacity increased with an increase of temperature from 25 to 45 °C for all adsorbents. This
was confirmed by the positive values obtained for the enthalpy of all the adsorbents. This indicates that the adsorption of
lithium ions onto the adsorbents is an endothermic process that requires the addition of energy (in the form of increased
temperature) (Yadav et al., 2021; Aljerf, 2018). The values of the enthalpy were found to be equal to 140.12 kJ/mol, 336.73
kJ/mol, and 133.88 kJ/mol for RDP, RDP-FC-Cu, and RDP-FC-Ni, respectively. Furthermore, the Gibbs free energy values
were found to be negative for all the adsorbents involved in the study. This means that the adsorption of lithium ions
onto the adsorbents is a spontaneous and viable process. The Gibbs free energy values can be observed to decrease with
increasing temperature, which indicates that the internal diffusion and mass transfer of lithium ions and adsorption are
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Fig. 3. The effect of temperature on the adsorption (A) capacity and (B) percent removal of lithium ions onto RDP-FC-Ni. The experimental conditions
were as follows: the adsorption batch tests of lithium onto the adsorbents were performed at 25, 35, and 45 °C and shaking time of 24 h. at 160
rpm. Also, the adsorbent mass was constant at 0.05 g, and the lithium concentrations were 2, 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 ppm in a
total volume of 50 ml. The pH of the solution was kept constant at the optimum pH of 6. The error bars are shown in the figure.

enhanced with temperature (Humelnicu et al., 2020). Lastly, the values of AS° give an understanding of the favorability
of the adsorption process. The positive AS° values obtained for all adsorbents show that the adsorption of lithium ions
is favorable for all the adsorbents involved in this study. Also, the adsorption process of lithium ions onto the adsorbents
takes place with increased randomness and disorder (Aljerf, 2018). Similar results were obtained by Lawagon and co-
workers who studied the adsorption of lithium ions onto H,TiOs. The study revealed that the adsorption process favored
increasing temperature and was spontaneous from positive enthalpy and negative Gibbs free energy values, respectively.
Another study done by Wahib et al. (2021) investigated the thermodynamics of the adsorption of lithium ions onto date
pits (DP) impregnated with cellulose nanocrystals (CNCs) and ionic liquid (IL). The results revealed that the adsorption
process was spontaneous from negative Gibbs free energy values. However, the enthalpy values of the study showed that
the adsorption process was exothermic and is not affected by temperature. Moreover, the entropy values revealed that
the adsorption of lithium ions does not favor a high level of disorder. A study done by Cheng and co-workers showed
spontaneous and exothermic adsorption of lithium ions onto a chitosan nanofiber membrane. These studies show that the
adsorption of lithium ions onto different adsorbents could result in different thermodynamic results. This shows the large
impact that adsorbents pose on the feasibility of the adsorption process for the same pollutant. A study done by Zhou
et al. (2017) on the adsorption of mercury onto modified graphene oxide revealed through the thermodynamic study that
the process took place spontaneously and favorably with increasing temperature. On the other hand, Wadhawan et al.
(2020) showed that mercury adsorption onto chitosan alginate nanoparticles decreased at temperatures above 30 °C,
which indicated an exothermic adsorption process. This could be justified by the fact that some adsorbed metals would
de-chelate or desorb at elevated temperatures due to specific adsorbent characteristics and increased mobility of the
metal ions. Moreover, the adsorption of copper ions onto different adsorbents like magnetic, activated charcoal, and Na
polymer-based composite of magnetic alginate was investigated by Yadav et al. (2021). Through the thermodynamic study,
it was found that the adsorption process of copper was spontaneous, endothermic, and random.
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Table 2
Comparison between the adsorption capacities of adsorbents.

Adsorbent

Initial Li* concentration
(mg/L)

Adsorption capacity
(mg/g)

Reference

Crown ether (CE) modified 1000 297 Cheng et al. (2021)
chitosan nanofiber membranes

(CS-CE)

Iron-doped lithium manganese 50 34.8 Gao et al. (2021)
oxide ion-sieve

Crown ether polymeric 80 2.31 Yuan et al. (2019)
microsphere porous adsorbents

Activated carbon modified with 20 88.5 Kamran et al. (2019)

multiple MnO, ratios

Poly acrylic acid synthetic and

Synthetic Na-X zeolite

Synthetic Na-X zeolite

Wisniewska et al.

natural zeolites with PAA: 1000 with PAA: 0.5 (2018)
Natural clinoptilolite Natural clinoptilolite
with PAA: 10 with PAA: 5
Nano-lithium-ion sieve 200 374 Tian et al. (2010)
1D LiMn204 nanorod 460 20 Zhang et al. (2010)
MnO2 -0.4 H20 ion sieve 460 39.6 Xiao et al. (2015)
Date pits impregnated with 100 99 mg/g Wahib et al. (2021)
cellulose nanocrystals and ionic
liquid
Roasted date pits 100 99.14 Current study
Roasted date pits modified 100 99.3 Current study
with potassium copper
hexacyanoferrate
Roasted date pits modified 100 99.18 Current study
with potassium nickel
hexacyanoferrate
Table 3
The adsorption enthalpy (AH°), entropy (AS°) and Gibbs free energy (AG°) of lithium onto the
adsorbents..
Adsorbent AH® (kJ/mol) AS° (J/K mol)
RDP 140.12 519.00
RDP-FC-Cu 336.73 1134.86
RDP-FC-Ni 133.88 449.90
AG® (kJ/mol)
Adsorbent 25 °C[298.15 K 35 °C/308.15 K 45 °C/318.15 K
RDP —14.62 —19.81 —25.00
RDP-FC-Cu —1.63 —12.97 —24.32
RDP-FC-Ni —0.26 —4.76 —9.26

3.3. Adsorption isotherm models

The adsorption isotherm models can achieve an understanding of the specific adsorption mechanisms of metals and
pollutants onto adsorbents. In addition, the unique interactions of pore filling between the adsorbate and adsorbent can
be revealed by examining the adsorption isotherm models (Nifiez-Gémez et al., 2019). Therefore, the most well-known
and accepted adsorption isotherm models were conducted for the adsorption of lithium ions onto RDP, RDP-FC-Cu, and
RDP-FC-Ni at variating temperatures (25 °C, 35 °C, and 45 °C) and metal concentrations (2, 5, 10, 15, 20, 25, 30, 35, 50, 70
and 100) mg/L. The applicability of the adsorption of lithium ions to Langmuir, Freundlich, Dubinin-Radushkevich, and
Temkin’s adsorption isotherm models was studied. The plots of the adsorption isotherm models reveal the linearity of
the isotherm models as well as the R? values obtained for the recovery of lithium ions onto the three adsorbents.

Moreover, the adsorption isotherm model plots were used to calculate the isotherm-related constants for the three
adsorbents involved in this study (Table 4) (Al-Ghouti and Al-Absi, 2020). All the adsorbents involved in the study showed
R? values above 0.9 under the temperatures of 25 and 35 °C for the Langmuir adsorption isotherm model (Table 4).
However, at 45 °C, the adsorption of lithium ions onto RDP-FC-Cu showed a 0.92 R? while the adsorption onto RDP and
RDP-FC-Ni obtained lower R? values of 0.8 and 0.6, respectively. This means that at 25 °C and 35 °C, the adsorption of
lithium ions onto RDP, RDP-FC-Cu, and RDP-FC-Ni follows monolayer adsorption. This means that the lithium ions would
form a single layer only on the surface of the adsorbents at lower temperatures. However, at higher temperatures (45 °C),
a monolayer adsorption mechanism is mainly achieved with RDP-FC-Cu (Al-Ghouti and Al-Absi, 2020). Table 3 shows
the equation parameters of Langmuir adsorption isotherm that were calculated for the three adsorbents involved in this
study. The monolayer adsorption capacity (Cp) values of RDP increased continuously when the temperature increased
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Table 4

The equation parameters of the Langmuir, Freundlich, Dubinin-Raduchkevich, and Temkin isotherm models for the adsorption of lithium ions onto
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three adsorbents at a variety of initial lithium ions concentrations and temperatures.

Adsorbent T (°C) Langmuir Freundlich
Monolayer Favorability R? Adsorption Linearity deviation 1/n R?
adsorption constant (k) constant (Kf) level (n)
capacity (Cm) (L/mg) ((mgfg)/(g/L)/™)
(mg/g)
RDP 25 17.86 7857 0.95 8.89 3.09 0.32 0.93
35 19.61 1188 0.92 2.04 498 0.20 0.89
45 22.37 500.5 0.80 2.31 5.08 0.20 0.88
T (°C) Temkin Dubinin-Radushkevich
Equilibrium Heat of R? Maximum Adsorption energy ~ R?
binding constant sorption adsorption constant (Bpg)
(A1) (L/mg) constant (B) capacity (mol?/KJ?)
(J/mol) (Xm) (mg/g)
25 0.08 —34.6 0.83 27.0 4 x 1077 0.80
35 0.07 —36.1 0.90 17.2 5 x 1077 0.96
45 0.90 —179.3 0.33 39.2 -3 x 1077 0.90
T (°C) Langmuir Freundlich
RDP-FC-Cu
Monolayer Favorability R? Adsorption Linearity deviation 1/n R?
adsorption constant (k) constant (Kf) level (n)
capacity (Cm) (L/mg) ((mg/g)/(g/L)'/™)
(mg/g)
25 1.780 4.240 0.96 13.48 0.31 3.21 0.82
35 4.240 30.43 0.97 109.18 0.17 5.87 0.77
45 38.91 22889 0.92 110.30 0.59 1.69 091
T (°C) Temkin Dubinin-Radushkevich
Equilibrium Heat of R? Maximum Adsorption energy ~ R?
binding constant sorption adsorption constant (Bpg)
(A1) (L/mg) constant (B) capacity (mol?/KJ?)
(J/mol) (Xm) (mg/g)
25 0.61 —39.0 0.86 1.3 4 x 1077 0.80
35 091 —81.3 0.44 6808.9 -1 x 1078 0.80
45 26.84 —26.08 0.80 59.4 -2 x 1078 0.80
. T (°C) Langmuir Freundlich
RDP-FC-Ni
Monolayer Favorability R? Adsorption Linearity deviation 1/n R?
adsorption constant (k) constant (Kf) level (n)
capacity (Cm) (L/mg) (L/mg)
(mg/g)
25 4.970 29.71 0.94 35.88 0.42 2.39 0.78
35 0.960 1.000 0.95 16.17 0.05 2091 0.89
45 2.700 7.880 0.60 39.82 0.22 4.45 0.95
T (°C) Temkin Dubinin-Radushkevich
Equilibrium Heat of R? Maximum Adsorption energy ~ R?
binding constant sorption adsorption constant (Bpg)
(Ar) (L/mg) constant (B) capacity (mol?/KJ?)
(J/mol) (Xm) (mg/g)
25 0.30 —12.15 0.83 1.24 1 x 1076 0.90
35 0.95 —465.88 0.80 31.7 2 x 1078 0.91
45 1.44 322.61 0.30 432.0 -7 x 1077 0.93

from 25 °C to 45 °C. However, Langmuir’s adsorption favorability constant (k) for RDP decreased continuously as the
temperature increased from 25 °C to 45 °C. This stresses the great effect that temperature plays on the adsorption
monolayer formations, favorability, and capacities of RDP (Zhang and Liu, 2020; Humelnicu et al., 2019). Similar trends in
Langmuir’s C, values were obtained for the RDP-FC-Cu composite involved in the adsorption of lithium. Interestingly, For
RDP-FC-Cu, the adsorption favorability values (k;) continuously increased with the increase in temperature. Significant
increases in the adsorption capacity and favorability values can be observed for RDP-FC-Cu when the temperature was
increased to 45 °C. Along with the high R? obtained at 45 °C, this indicates that the highest and most favorable adsorption
of lithium follows Langmuir’s adsorption mechanism at 45 °C for RDP-FC-Cu (Yadav et al,, 2021). For RDP-FC-Ni, the
Langmuir’s Cy, and k; values are found to decrease when the temperature was increased from 25 °C to 35 °C. However,
at 45 °C Langmuir’s adsorption capacity and favorability can be seen to increase for the adsorption of lithium ions onto
RDP-FC-Ni.
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The adsorption of lithium ions onto RDP at 25 °C followed Freundlich isotherm model best with an R? value of 0.93
(Table 4). At 35 and 45 °C, the adsorption of lithium ions onto RDP showed lower R? values of 0.89 and 0.88, respectively. It
is worth noting that the adsorption of lithium ions at 25 °C could occur with the formation of monolayers and multilayers
onto the surface of RDP. As the temperature increased to 35 and 45 °C, the adsorption mechanism of lithium ions onto
RDP favored the formation of monolayers over multilayers. This is because the R? value obtained for RDP at 25 °C and
35 °C was higher for Langmuir’s isotherm model (Table 4). For RDP-FC-Cu, the highest R? value for the Freundlich isotherm
model was obtained at 45 °C (R? = 0.91) followed by 25 °C and then 35 °C (Table 4). A similar result is obtained with
the adsorption of lithium ions onto RDP-FC-Ni, where the highest Freundlich R? value can be seen at 45 °C (R?> = 0.95)
but is followed by 35 and then 25 °C. Interestingly, the adsorption of lithium ions onto RDP-FC-Cu favored the monolayer
formation over the multilayer mechanism at lower temperatures than 45 °C, with both mechanisms obtained at 45 °C.
Similarly, the adsorption of lithium ions onto RDP-FC-Ni followed the Langmuir adsorption isotherm mechanism best at
25 and 35 °C with the formation of a multilayer adsorption mechanism at 45 °C. This shows the significant effect that
temperature plays in variating the mechanism of lithium ions adsorption onto the studied adsorbents (Thanarasu et al.,
2019). Furthermore, it is worth noting that the temperature which showed the highest adsorption capacity for lithium
ions (45 °C) has also revealed shifts in the adsorption mechanisms. This temperature has caused the adsorption of lithium
ions onto the adsorbents to take place as monolayer formations as well as multilayers, which indicates higher adsorption
potentials and capacities due to mass transfer forces (Zhang and Liu, 2020; Borhade and Kale, 2017).

Freundlich adsorption isotherm parameters for RDP, RDP-FC-Cu, and RDP-FC-Ni are shown in Table 4. According to
the results of the study, the adsorption of lithium ions onto RDP becomes more favorable, physical, and less cooperative
in terms of Freundlich’s isotherm model as the temperature increased from 25 °C to 45 °C. This is because the values
for Freundlich’s n are found to be higher than 1 and increase with temperature. Also, the values for 1/n are observed
to be less than 1 and decrease with increasing temperature. Freundlich’s adsorption capacity parameter is known as K,
which is seen to decrease from 8.89 mg/g at 25 °C to 2.04 mg/g at 35 °C then increase at 45 °C to reach a value of 2.31
mg/g for RDP. To compare, the n and 1/n values for RDP-FC-Cu and RDP-FC-Ni reveal that the adsorption of lithium ions
in terms of Freundlich’s adsorption isotherm model could be a chemical cooperative process and is less efficient at low
metal concentrations. Furthermore, the Freundlich adsorption capacity (K¢) values for RDP-FC-Cu are seen to continuously
increase with temperature. On the other hand, the K¢ values obtained for RDP-FC-Ni show that with the Freundlich
isotherm mechanism, the adsorption capacity of lithium decreased as the temperature increased from 25 °C to 35 °C
then increased as the temperature increased further to 45 °C. All in all, the applied adsorption isotherms indicate that the
adsorption of lithium onto the three adsorbents at 25 °C and 35 °C could be more fitting to Langmuir’s isotherm model
than Freundlich model. At 45 °C, the adsorption of lithium ions onto RDP and RDP-FC-Cu could follow the Langmuir and
the Freundlich adsorption mechanisms almost equally. However, the Freundlich adsorption isotherm model was found to
be more fitting than Langmuir’s model for the adsorption process of lithium ions onto RDP-FC-Ni at 45 °C.

Similar to Langmuir and Freundlich’s adsorption isotherm analysis for the three adsorbents, Dubinin-Radushkevich
was studied. Table 4 illustrates that all the adsorbents follow Dubinin-Radushkevich at all the studied temperatures to
a good extent (R? values of 0.8 and higher). For RDP, the maximum adsorption capacity (Xm) can be found to decrease
from 27 mg/g to 17.2 mg/g when the temperature was increased from 25 °C to 35 °C, then increase to the highest value
(39.2 mg/g) at 45 °C. The highest adsorption energy (Bpr) value for RDP is for the adsorption at 35 °C followed by 25 °C
then 45 °C. Moreover, the adsorption of lithium ions onto RDP was found to fit Temkin’s adsorption isotherm model to
a good extent at the temperatures of 25 °C and 35 °C. At those temperatures, the adsorption was found to be a physical
and endothermic process. This is because the heat of adsorption constant (B) is negative at both temperatures. For RDP-
FC-Cu, Dubinin-Radushkevich’s maximum adsorption capacity (Xm) is the highest for 35 °C followed by 45 °C then 25
°C. However, the highest adsorption energy (Bpg) value for RDP-FC-Cu is for the adsorption at 25 °C followed by 35 °C
then 45 °C. For RDP-FC-Ni, Dubinin-Radushkevich adsorption capacity (Xm) was found to increase with temperature. The
adsorption energy constant (Bpgr) was the highest for the adsorption at 35 °C followed by 25 °C then 45 °C. Furthermore,
Temkin’s adsorption isotherm model revealed that the adsorption of lithium onto RDP-FC-Ni is physical and endothermic
at 25 °C and 35 °C.

3.4. Desorption of lithium ions from the roasted date pits and two composites

Investigators are often interested in the fate of the adsorbents that were involved in adsorption processes. After
the uptake of a target pollutant such as metals from solutions, the adsorbent could be regenerated and reused by
performing a desorption process (Gao et al., 2020). The main purpose for carrying on a desorption process is to re-use the
adsorbent material for another adsorption process. Re-using the adsorbents as many times as possible is environmentally,
sustainably, and economically important. This is because it would reduce the overall cost and waste materials in
adsorption processes (Nur et al.,, 2018). For these reasons, desorption experiments using 1M and 0.5M HCl were done
for lithium ions from the spent RDP, RDP-FC-Cu, and RDP-FC-Ni. Fig. 4 represents the percentage desorption achieved for
lithium ions using 0.5M and 1M HCl, respectively. The results showed that all the adsorbents achieved similar adsorptions
under the influence of 0.5M and 1M HCL. This demonstrates that there is no significant effect on the desorption efficiency
between the two studied HCl concentrations (P-value > 0.05). Also, the high desorption efficiencies indicate that the
adsorption of lithium ions onto the three adsorbents occurs due to the formations of weak and physical bonding (Ji et al.,
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Fig. 4. The percentage desorption of the average adsorbed lithium ions concentration from RDP, RDP-FC-Cu, and RDP-FC-Ni using 0.5M and 1M HCl
solution. The experimental conditions were as follows: temperature of 35 °C, shaking time of 24 h. at 160 rpm. The error bars are shown in the
figure.

2021; Fan et al., 2021). Moreover, the three adsorbents could be effectively regenerated and re-used as 99.9% of the metal
could be desorbed after the adsorption processes. This provides scientists with the extra benefit of harnessing the full
adsorptive and functionality of the adsorbents before discarding them. In addition, and from an environmentally friendly
perspective, the high desorption efficiencies for lithium ions from the three adsorbents would help lessen date pits wastes
by re-using them.

3.5. Selective adsorption of lithium ions from the collected reverse osmosis brine

The presence of various metal species in brine streams could significantly affect the adsorption capacities of adsorbents
towards target metals (Ryu et al., 2020). This is because some metals could compete for the available adsorption active
sites present on the adsorbents. Additionally, some adsorbents would demonstrate certain physicochemical characteristics
that would favor the adsorption of certain metals (Zhong et al., 2021). Therefore, it was vital to study the adsorption
capabilities and selectivity of the RDP, RDP-FC-Cu, and RDP-FC-Ni towards lithium ions from the collected reverse
osmosis brine sample. The adsorption temperature was set to 35 °C because of the reasons mentioned previously in
the methodology. It was previously shown that the brine sample had a pH of around 7.8, which is close to the optimum
pH chosen for the adsorption studies. Therefore, the real brine sample could be effectively used for the adsorption of
valuable metals as soon as it is rejected from the desalination plant, which would provide various other industries with
valuable metals for their productions. Table 5 represents the adsorbed concentrations of the various metals in the collected
reverse osmosis brine sample by RDP, RDP-FC-Cu, and RDP-FC-Ni, respectively. As a general observation from Table 6, all
adsorbents were capable of adsorbing the full amounts of barium, cesium, lanthanide, lead, vanadium, zinc, and strontium
from the brine sample. For the other metals present in the brine sample, each metal showed unique adsorptive capabilities.
For example, RDP was capable of adsorbing the highest amount of sodium and potassium followed by RDP-FC-Ni then
RDP-FC-Cu. However, RDP-FC-Cu and RDP-FC-Ni achieved full recovery of calcium ions, while RDP adsorbed around 77 065
mg/L of the initial amount of 77 120 mg/L. Moreover, RDP-FC-Cu and RDP-FC-Ni achieved a higher and similar recovery of
magnesium ions than RDP. For iron and lithium, both composites in the study showed a full recovery while RDP achieved
recoveries of 24.85 mg/L and 43.85 mg/L from the initial amounts of 30.5 mg/L and 44.2 mg/L, respectively. Overall, RDP
was capable of fully adsorbing 7 metals while RDP-FC-Cu and RDP-FC-Ni both adsorbed 10 metals of an initial amount
of 13 metals. It is worth noting that both composites showed remarkable adsorption capabilities for the lithium ions.
This demonstrates the great potential of the prepared composites in recovering and adsorbing various metals from the
collected reverse osmosis brine sample. Table 6 shows the WHO discharge limits of the metals found in the RO desalination
brine. It is important to limit and control their discharge into the environment (Shadman et al.,, 2019; Huang et al.,, 2021).
Interestingly, the three adsorbents were capable of adsorbing the full amounts of barium, lead, vanadium, and zinc. As a
result, non-adsorbed concentrations of these three metals are all below the WHO discharge limits (Table 6). In addition, the
RDP-FC-Cu and RDP-FC-Ni were capable of adsorbing the full amounts of most of the other metals in the RO desalination
brine, only leaving behind sodium and potassium. It is worth noting that the WHO did not establish guideline limits
for potassium as it is considered a non-harmless metal. This demonstrates the remarkable adsorptive capabilities of the
synthesized adsorbents towards lithium ions as well as the most toxic metals. Consequently, it can be concluded that
the adsorption experiments are proven to be successful for recovering valuable metals efficiently and sustainably from
reverse osmosis desalination brines.
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Table 5
Comparison between the initial metal concentrations and the adsorbed concentrations from the collected reverse osmosis brine using RDP, RDP-FC-Cu,
and RDP-FC-Ni.
Metal Initial concentration Concentration after Adsorbed concentration Remaining concentration after the
(mg/L) adsorption (mg/L) (mg/L) adsorption process (mg/L)
RDP
Na*t 64350 457 63893 63893
ca** 77 120 54.57 77 065.43 77 065.43
K+ 151300 111.8 151188.2 151188.2
Mg+ 2383800 135.5 238664.5 238664.5
Ba?t 33 <dl 33 ~0
Cs*t 34 <dl 34 ~0
In 4.5 <dl 45 ~0
Fe 30.5 5.65 24.85 24.85
Pb 10.1 <dl 10.1 ~0
Lit 442 0.35 43.85 43.85
\ 68.7 <dl 68.7 ~0
Zn** 256.4 <dl 256.4 ~0
Sr2+ 447 <dl 447 ~0
RDP-FC-Cu
Na*t 64350 673.7 63676.3 63676.3
ca*t 77120 <dl 771,20 ~0
K+ 151300 693.55 150606.5 150606.5
Mg?* 2383800 37.53 238762.5 2387625
Ba** 33 <dl 33 ~0
Cst 34 <dl 34 ~0
In 45 <dl 45 ~0
Fe 30.5 <dl 30.5 ~0
Pb 10.1 <dl 10.1 ~0
Lit 442 <dl 442 ~0
\ 68.7 <dl 68.7 ~0
Zn** 256.4 <dl 256.4 ~0
Sr2+ 447 <dl 447 ~0
RDP-FC-Ni
Na*t 64350 592.84 63757.16 63757.16
Ca*t 77 120 <dl 771,20 ~0
K+ 151300 634.8 150665.2 150665.2
Mg?* 2383800 33.62 238766.4 238766.4
Ba** 33 <dl 33 ~0
Cs*t 34 <dl 34 ~0
In 45 <dl 45 ~0
Fe 30.5 <dl 30.5 ~0
Pb 10.1 <dl 10.1 ~0
Lit 442 <dl 44.2 ~0
\% 68.7 <dl 68.7 ~0
Zn?* 256.4 <dl 256.4 ~0
Sr2+ 447 <dl 447 ~0
<dl: Less than the detection limit.
Table 6
The WHO discharge limits of the metals found in the RO desalination brine sample.
Metal WHO discharge limit (mg/L) Reference
Na™ 500 WHO (1996)
Ca%t 60 WHO (2011)
K+ No limit established
Mg+ 250 WHO (2011)
Ba?t 0.7 Yadav et al. (2019)
Cs* No limit established
In No limit established
Fe 0.3 WHO (1996)
Pb 0.1 WHO (2011)
Lit 1 Martone (2018)
\Y 0.1-1 WHO (2000)
Zn** 3 WHO (2011)
Sr2+ 8 WHO (2010)
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Fig. 5. (A) highly concentrated lithium ions solution would pose stronger mass transfer forces and higher adsorption capacity onto the adsorbent’s
surface and (B) low concentrated lithium ions solution would pose weaker mass transfer forces and lower adsorption capacity onto the adsorbent’s
surface.

3.6. The adsorption mechanisms of lithium ions onto RDP, RDP-FC-Cu, and RDP-FC-Ni

Establishing an understanding of the adsorption mechanisms of lithium ions onto the surface of RDP, RDP-FC-Cu, and
RDP-FC-Ni is important for optimizing their removal process from brine streams. In adsorption systems, two main factors
affect the adsorption capacity of pollutants. These two main factors are related to (i) the physiochemical characteristics of
the adsorbents and (ii) the degree of affinity of the pollutant towards the adsorbent material (Al-Ghouti et al., 2010). These
two factors often result in special interactions between the adsorbent and the adsorbate in solution and ultimately these
interactions determine the level of adsorption potential or capacity (Fu et al., 2021). In adsorption systems, the driving
force for molecules or ions onto the available active adsorption sites is internal diffusion from the highly concentrated
solution to the low concentrated binding sites on the surface of the adsorbent (Albroomi et al., 2017). Therefore, at
increasing initial lithium ions concentration in the solution, the collision and mass transfer forces dominated, which
resulted in enhanced internal diffusion and adsorption capacities (El-Bahy et al., 2018). Moreover, it is important to note
that factors like pH, temperature, adsorbent dosage, and particle size largely affect the collision and mass transfer forces
(Kim et al., 2017a,b). This explains the enhanced adsorption capacities and efficiencies of lithium ions with increasing
temperature as well as initial metal concentration. After the metal collides and reaches the surface of the adsorbent,
various adsorption, and interaction mechanisms could take place (Al-Ghouti et al., 2010).

The mechanism of lithium ions adsorption onto RDP involves the interaction of lithium ions with the physio-chemical
characteristics of the adsorbent. In adsorption systems that involve metal removal, the hydrated ionic radius of the metal
plays a significant role in its adsorption capacity onto the available active sites of the adsorbent. To illustrate, the highest
adsorption capacity is usually attributed to metals with the smallest hydrated radius due to the shorter distance between
the adsorbent’s surface and the metal (Naidu et al., 2016). The concentration of the metal ions plays a role in this case
where higher metal concentration and lower hydrated radius would facilitate the faster and greater mass transfer, as
well as adsorption potential between the adsorbent and the metal (Fig. 5). Moreover, the surface area, pore radius and
pore volumes of the adsorbents involved in an adsorption process determine the affinity of the metal ion towards the
available active sites (Zhuang and Wang, 2019). According to a study done by Al-Absi et al. (2021a,b), the BET pore radius
and volume of RDP were equal to 39.2 Angstrom (A) and 0.010325 cc/g, respectively. The BET pore radius and volume
of RDP-FC-Cu were equal to 138.6 A and 0.032964 cc/g, respectively. On the other hand, RDP-FC-Ni had a pore radius of
82 A and a pore volume of 0.010306 cc/g. To compare, lithium ions have a hydrated radius of only 3.4 A. The adsorption
experiments revealed that the highest adsorption of lithium ions was attributed to RDP-FC-Cu followed by RDP-FC-Ni with
similar results at high initial concentrations and lastly, RDP. These findings are logical due to the physical characteristics
of the available active sites on these three adsorbents and the hydrated ionic radius of lithium ion. The RDP-FC-Cu has the
largest pore radius and volume when compared to the RDP and RDP-FC-Ni. However, the pore volume of RDP-FC-Ni was
significantly larger than RDP. This means that more lithium ions were able to fill and penetrate deeper into the larger
pores of RDP-FC-Cu and RDP-FC-Ni than RDP. The SEM of a study confirmed these findings of pore fillings where the
pores and cavities of the RDP-FC-Cu appeared to significantly flatten and disappear upon the adsorption of lithium ions
(Al-Absi et al., 2021a,b). Similar results were found for the adsorption of lithium ions onto RDP and RDP-FC-Ni, however,
their surfaces were less affected by the adsorption process.

Roasted date pits are mainly composed of hemicelluloses, lignin, and celluloses (Mohammed et al., 2015). According to a
previous study done by Al-Absi et al. (2021a,b), the main functional groups that were involved in the adsorption of lithium
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Fig. 6. The ionic substitution mechanism between lithium ions from a solution and potassium present in a potassium hexacyanoferrate-based
adsorbent.

Table 7

The cost analysis for the RDP, RDP-FC-Cu, and RDP-FC-Ni adsorbents preparation.
Item Unit cost (USD) Amount used Cost (USD)
Sodium hydroxide (1 kg) 40.49 1g 1.21
Potassium hexacyanoferrate (500 g) 194.82 42439 g 16.53
Copper sulfate (250 g) 49 798 g 1.56
Nickel chloride (250 g) 157 119¢g 7.47
Total cost for grinding, roasting, and 0.036 per kWh 8.40 kWh (100 °C; 24 h.), (Energy 0.302
centrifuging to Heat at 100 °C = 0.35 kWh/h)
Net cost 271
Other overhead costs (10% of the net 2.71
cost)
Total cost 29.81

ions onto RDP were O-H, CHO, C=0, and polysaccharides. These functional groups were directly involved in the uptake
of lithium ions as the FTIR spectrum showed band stretching and higher absorbance upon the adsorption process. Prior
to the adsorption process, the FTIR intensity of these functional groups was much less than after the adsorption process.
Studies have shown that the adsorption of metals onto RDP involves the fixation of the metal ions onto the cellulose-OH
sites as well as the lignin-OH sites (Al-Ghouti et al., 2010). For RDP-FC-Cu and RDP-FC-Ni, the FTIR spectrum results
demonstrated that the same functional groups were involved in the adsorption process as RDP. However, characteristic
functional groups of C=N were directly altered in terms of increased intensity upon the adsorption of lithium ions onto
the two composite adsorbents. This shows that the mechanism of lithium ions adsorption onto the three adsorbents could
be chemically different and unique to their chemical characteristics (Al-Absi et al., 2021a,b)

Furthermore, it is well-established that the main adsorption mechanism of metals onto metal hexacyanoferrates in-
volves an ionic substitution between the target metal and the metal in the complex. To illustrate, metal hexacyanoferrates
contain transition metals such as iron, copper, nickel, and potassium. Metals present in the adsorption solution could
typically substitute the metals present in the hexacyanoferrate complex, typically due to their characteristics. The ionic
substitution mechanism depends on the similarity of the characteristics between the target metal and the complex metal
(Fig. 6) (Michel et al., 2015). In this study, it was shown that RDP-FC-Cu achieved the highest adsorption removal of lithium
ions followed by RDP-FC-Ni and then RDP. The RDP-FC-Cu and RDP-FC-Ni have compromised roasted date pits-potassium
copper or nickel hexacyanoferrate. The hydrated ionic radius of potassium is equal to 3.31 A while it is equal to 1.98 A
for nickel and 4.19 A for copper (Wang et al., 2018). Comparing these values with the hydrated ionic radius of lithium ion,
it can be seen that it is closest to the hydrated radius of potassium followed by copper and then nickel. This means that
lithium ions (in solution) were capable of substituting potassium in the two composites effectively. However, the slightly
higher adsorption capacity achieved with RDP-FC-Cu is due to the close hydrated ionic radius of lithium and copper.

3.7. Cost-analysis of adsorbents preparation

Determining the overall cost of adsorbents preparation is important as it helps in decision making, optimizing
procedures, and predicting any possible environmental impacts. In addition, the feasibility of the preparation processes
could be analyzed for further improvements. The cost analysis of the preparation of the adsorbent was done based on a
laboratory scale and is presented in Table 7. From the results, it can be concluded that the total cost of preparing 50 grams
of each RDP, RDP-FC-Cu, and RDP-FC-Ni is around 29.81 USD. This amount was sufficient to perform all the experiments
of this study as well as a previous study investigating the effect of pH and concentration on the adsorption of lithium
ions from SWRO Qatari brine (Al-Absi et al., 2021a,b).
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Conclusion

Recently, there has been a growing interest in recovering valuable metals from seawater desalination brines. One of the
most cost-effective and environmentally friendly methods for metal recovery is adsorption. This study involved the usage
of date pits and date pit-based metal hexacyanoferrates as cheap and readily available adsorbents for the adsorption of
valuable lithium ions from seawater desalination brine. The results revealed that the adsorption process favored increasing
concentration, temperature, and was endothermic, spontaneous, favorable, and followed all isotherm models at specific
temperatures. The highest adsorption capacity of lithium ions was attributed to the RDP-FC-Cu with similar results to RDP-
FC-Ni at high concentrations (100 mg/L) and temperature (45 °C). Moreover, the mechanism of lithium ions adsorption
was unique to each adsorbent where the physicochemical characteristics of the adsorbents played a significant role. These
characteristics included the surface area, pore size, and volumes as well as functional groups. The metal’s hydrated ionic
radius was a contributing factor in determining the adsorption mechanism. Also, the higher adsorption capacity achieved
for RDP-FC-Cu when compared to RDP and RDP-FC-Ni was due to many factors, but mainly the similar hydrated ionic
radius of lithium, copper, and potassium. This has allowed lithium ions to effectively substitute copper and potassium
in the RDP-FC-Cu composite. The RDP-FC-Ni achieved better adsorption capacities for lithium ions than RDP due to the
increased surface area, pore size, and volumes as well as high functionality of the adsorbent. Furthermore, a cost analysis
for the preparation of the adsorbent was done and revealed that a total of 29.81 USD is required to prepare 50 g of each
adsorbent.
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