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ABSTRACT

WAMHIB, SARA, M., Masters : June : Master of Science in Environmental Sciences

Title: The use of novel ionic liquid and cellulose nanocrystals modified date pits as

adsorbents for groundwater treatment

Supervisor of Thesis: Mohammad A. Al-Ghouti .

This study aims to investigate the remediation of Lil*, Mo%*, and B3* from groundwater
using an innovative low-cost adsorbent. Agriculturally abundant date pits were
modified to be successfully used as an adsorbent. Chemical modifications were
performed to functionalize raw date pits (RDP) by using cellulose nanocrystals (CNC)
and ionic liquid (IL), and the modified adsorbent are named IL-CNC@DP. Results
demonstrated that the maximum adsorption capacity of all metals was at pH 6 and the
highest uptake capacity order was Li** > B3* > Mof*. Moreover, thermodynamics
constants for all metals of the adsorption process showed that the modified adsorbent
(IL-CNC@DP) was exothermic, does not favor a high level of disorder, and is
spontaneous in nature. Langmuir, Freundlich, Dubinin—Radushkevich, and Temkin
isotherm models were used to find the best-fit model for each metal. Lastly, the
characterizations of the novel adsorbents were performed by scanning electron
microscope (SEM), Transmission electron microscopy (TEM), Fourier-transform
infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) surface area
analysis. In this current study, the modified adsorbent (IL-CNC@DP) in comparison to
the unmodified adsorbent (RDP) confirmed exceptional results proving that the

modification enhanced the remediation of the Li*, Mo%*, and B3* from water.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Natural life on this planet is sustained and nurtured by water resources that have
benefited individuals for many years. The services that are provided by water resources
are numerous; however, they are not able to meet basic water and sanitation needs
(Loucks & van Beek, 2017). Moreover, the problem arises when water demand
surpasses available natural water resources leading to water scarcity (Ritchie & Roser,
2020). Additionally, other factors such as hydroclimatic and socioeconomic changes,
along with an increase in the population led to the consumption of the global water that
was readily available, which will ultimately contribute to water scarcity (Veldkamp et
al., 2015). Therefore, this significantly impacts agricultural and industrial activities,
since those two sectors consume the highest amount of water (Sorlini et al., 2015).
Keeping in mind that different sources of water such as brackish water, surface water,
groundwater, and other water reservoirs are used to provide potable water, which makes
water treatment differ depending on its purity (Sorlini etal., 2015). However, in Qatar,
two types of natural renewable resources exist groundwater and rainfall. Yet, the
challenge will arise when such resources begin depleting eachyear (Darwish & Mohtar,
2013). Moreover, the country is moving towards prosperity in terms of economic and
industrial activities with the increase in resource consumption and population, hence
water challenges are expected to occur. As a result, Qatar will become unsustainable as
the demand for water will increase and this will lead to a national water crisis in the
region (Hussein & Lambert, 2020). Lack of rainfall is not enough to solve the issue
with water demand; therefore, Qatar can rely on groundwater aquifers as the sole source
of renewable water resources (Baalousha & Ouda, 2017; Ismail, 2015). This will lead

to overexploitation of the groundwater that can decrease and deteriorate the quality of



the water, which will be discussed further. Numerous pollutants are being introduced
in the water systems that exceed acceptable limits. Boron (B), lithium (Li), and
molybdenum (Mo) were found to be 1.88 mg/L, 0.120 mg/L, and 0.053 mg/L,
respectively in Qatar's groundwater aquifers (Ahmad et al., 2020). Moreover, since
groundwater in Qatar is used for agricultural purposes, then this will greatly impact
human consumption (Hussein & Lambert, 2020). As a result, the development of low-
cost treatment technology that is able to treat and reuse groundwater for food production
is the main purpose of this study. Treatment of groundwater can be performed using
basic treatment methods or through advanced treatment methods. For example, basic
treatment methods involve the addition of chlorine. This only works if the groundwater
source is highly contaminated. On the other hand, advanced treatment methods are used
to lessen the levels of MCLs (Maximum Contaminant Levels). These methods include
using aeration, lime softening, ion exchange, electrodialysis reversal, or reverse
osmosis. Even though such treatments have advantages, yet they are problematic due
to their numerous drawbacks as demonstrated in Table 1 (Crini and Lichtfous, 2019;

Gelvin & Novak, 2001).



Table 1. Summarizes the advantages and disadvantages of treatment for low-quality

groundwater.
Treatment process Advantages Disadvantages
Aeration Eliminates dissolved May require more energy
gasses such as volatile and cost
compounds
Lime softening Eliminates hardnessand  Creates waste disposal
some of the metallic problems
MCLs Expensive
Iron exchange Eliminates nitrogen Long production cycle
compounds and arsenic Difficult to obtain a
pollutants atlow costand suitable resin
easy operation
Electrodialysis reversal High recovery Eliminates only ions and
Few to no pre-treatment not organics and colloids
required
~ Reverse osmosis High separation efficiency Biofouling and scaling

(Crini and Lichtfous, 2019; Gelvin & Novak, 2001).

Regardless of the mentioned treatment processes, adsorption is considered a widely
promising remediation technique used to treat wastewaters as a way to overcome the
challenges that are associated with conventional and advanced water treatment
methods. Because of its feasible, cheap, eco-friendly, and simple operation, adsorption
is employed tremendously (AlGhouti & AlAbsi, 2020). Due to its excellent
characteristics, adsorption methods were used on trace metals, dyes, and other
pollutants. In particular, metals found in marine environments are a growing fear since
they are considered to be toxic and carcinogenic (Wallace & Djordjevic, 2020).
Therefore, one of the most adapted metal remediation techniques is adsorption. The
adsorption method is undeniably the most prominent process used to remediate
pollutants such as heavy metals from aquatic environments. Factors like the effect of
pH, initial concentration, temperature, and adsorption mechanisms tend to have an

influence on the degree of remediation (Hawari etal., 2014).



There are countless different types of adsorbents, which are used to treat and remediate
water from dyes, pigments, and other contaminants, as shown in Table 2. However,
nowadays, the most frequently used adsorbent for various water treatment methods is
activated carbon (Bhatnagar et al., 2013). Activated carbon and other adsorbents are
usually expensive, and therefore, the focus of recent researchis to move towards low-
cost and ecofriendly green adsorbents. A commonly used adsorbent is modified date
pits that are relatively cost-effective (Al-Ghouti et al., 2017; 2013; 2010). The source
of these green adsorbents is generally based on locally available resources (Pyrzynska
et al., 2019). Inthis study, a cost-effective technique will be developed using date pits
asa locally available solid waste. Furthermore, nanomaterials possess high surface area,
which can be utilized to enhance adsorption capacity or removal efficiency. Hence, this
study relies on conventional and well-tested acid hydrolysis technique to convert
extracted cellulose from date pits to cellulose nanocrystals (CNC) (Yongvanich, 2015;
Lu etal., 2013; Morais etal., 2013). The IL-CNC composite will be functionalized with

RDP to create a modified adsorbent named IL-CNC@DP.



Table 2. Different types of adsorbent materials used for wastewater treatment.

Source of adsorbent

Natural adsorbents

Agricultural Wastes

Industrial wastes

Biomass

Nanoadsorbents

Types of adsorbents

Clay, ore, zeolite, soll,
sediment, siliceous

material

Activate carbon solid
wastes (pine wood,
bagasse, rice husk..)

Activate carbon solid

wastes
(sewage sludge)

By-products ( Fly ash,

alum waste, metal

hydroxide sludge..)

Yeast, seaweed, algae,

fungi

Carbon-based

nanomaterials, Nobel

metal-based

nanomaterials, metal

oxide-based
nanomaterials

Advantages

Locally available
adsorbent
materials

High efficiency
High metal-
binding
capabilities
Cost-effective
Simple operation
Water can be
recycled and
reused

Easy post-

treatment after
adsorption

Disadvantages

pH-dependent

lonic
competition

Weak
selectivity

Regeneration
IS required

Deterioration
may occur the
number of
cycles
increases

Spent
adsorbent may
be hazardous
waste

(Razi et al., 2017; Srivastava et al., 2016; Singh et al., 2013)

1.1.1 Research rationale

To the best of our knowledge, the adsorbent (IL-CNC@DP) is new and has not been

investigated before. Yet, it is efficient and cost-effective in removing toxic elements

such as Li, Mo, & B from aqueous solutions. In the future, such adsorbent can be used

to treat groundwater on a larger scale as a promising technique for various elements.

This can help with enhancing and improving the quality of groundwater, which in turn

provides a better advantage to the agricultural sector. The outcomes of this research

play an important role in key issues of Qatar, which have been highlighted in Qatar
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National Vision 2030 and Qatar National Development Strategy (2018-2022) i.e.
diversifying the economy by introducing new ways of extracting valuable materials
from wastes, developing low-cost materials, water resource management, and

preserving the quality and quantity of groundwater resources of Qatar.

1.1.2 Research hypothesis
Hypothesis 1: Cellulose extracted from date pits produces cellulose nanocrystals
(CNC), as a novel biomaterial available in Qatar.
Hypothesis 2: lonic liquid (IL) can be effectively used to create a composite with
cellulose nanocrystals (CNC).
Hypothesis 3: Newly developed IL-CNC@DP will be effective for the adsorption of
toxic elements (B, Li, and Mo).
Hypothesis 4: IL-CNC@DP can be used on real groundwater samples in Qatar to test

the selectivity of the adsorbent towards B, Li, and Mo.

1.1.3 Research objectives
The goal of this study is to prepare a low-cost and environmentally friendly adsorbent
by using date pits that are commonly found as an agricultural waste in Qatar based on
the following experiments:
I.  Extraction and preparation of cellulose nanocrystals (CNCs) from locally
available date pits.
ii.  Preparation of ionic liquid/cellulose nanocrystals (IL-CNC).
lii.  Functionalization of date pits (DP) with the prepared IL-CNC (IL-CNC@DP).
iv.  Application of the modified IL-CNC@DP and unmodified RDP for the removal
of toxic elements (Li, Mo, & B) through adsorptive batch studies from aqueous
solutions.

v.  Testing of real groundwater samples isolated from Qatar for the selectivity of
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the adsorbents.
vi.  Desorption studies of Li, Mo, & B from the modified and unmodified adsorbent.
vii.  Characterization of the prepared adsorbents and intermediate products by FTIR,

SEM, XRD, TEM, BET.



CHAPTER 2: LITERATURE REVIEW
2.1 Groundwater in Qatar

Groundwater composes around 98% of all the usable freshwater found on earth and it
is around 60 times as abundant as the freshwater found in lakes and streams (Mullen,
2021). In general, a variety of different elements is dissolved in groundwater.
Comparing surface water with groundwater, groundwater has high concentrations of
elements. Moreover, it is also due to the interactions of the soil, atmosphere, and the
surficial environment. Major dissolved components such as bicarbonate, chloride,
sulphate (anions), and sodium, calcium, magnesium, potassium (cations) are found in
groundwater. Other types of dissolved constituents such as trace elements are also
found depending upon the aquifer (Merkel et al., 2005). In most cases, groundwater is
not noticeable when bearing in mind the total amount of water found on earth, however,
water that exists beneath the surface is a significant valuable resource (Mullen, 2021).
Therefore, protection from pollutants and contaminants will guarantee the
groundwater's future since it has a vital role in the environment. Nonetheless, the water
crisis around the world has been a major issue for many decades. This is due to the fact
that population, urbanization, and industrial activities are increasing tremendously each
year (Biswas & Tortajada, 2019). Arid regions, such as Qatar, depend widely on
seawater desalination processes to provide the water need for the nation, while
groundwater supplies industrial and agricultural sectors. It has been estimated that in
2018, water-scarce areas accounted for 36% of the global population as reported by the
World Bank and the United Nations (Biswas & Tortajada, 2019). The World Resources
Institute (WRI) has listed Qatar as one of the most water-scarce countries asthe demand

for water is increasing (Biswas & Tortajada, 2019). Moreover, groundwater extraction



is estimated to be 220.2 Mm?3 in 2004-2005 for Qatar (Darwish & Mohtar, 2013).
Therefore, the exploitation in Qatar's groundwater is increasing, therefore a significant
decrease in the levels of existing aquifers. According to water statistics (2015), the
removal rate from groundwater systems is higher than the amount of recharge rates by
30 times. Therefore, this has led to a decrease in the level of groundwater in Qatar.
Therefore this will result in a rise in salinity levels. Irrigation using groundwater is
causing saline levels in soils to increase and desertification in some regions (Darwish
& Mohtar, 2013). According to Elsaid (2017), groundwater in Qatar has total dissolved
solids (TDS) that range from 1000 mg/L to 7500 mg/L. Therefore, these results can rise
reverse osmosis (RO) membrane scaling which needs further maintenance that makes
it expensive to maintain (Colburn etal., 2016). Since Qataris considered an arid region,
therefore the management of its water resources is not an easy task because of the
inadequate source of water and its accessibility in the region. Moreover, climatic
changes tend to play a huge role in such cases (Rajmohan et al., 2019). In general,
groundwater systems are highly impacted by two factors: natural and anthropogenic
activities. Therefore, this water will not be suitable for either irrigation or domestic use
(Mallick et al, 2018). Taking into consideration several factors such as high
evaporation rates, weathering of minerals, salinity, metals levels, sea-level rise, which
can also impact the quality of groundwater (Alfy et al., 2017). In Qatar, all the fresh
groundwater comes from rainfall excluding the waterin Abu Samara. The reason is that
it receives its inflow from the West of Saudi Arabia making it slightly saline (Ahmad
etal., 2020). The classification of groundwater basins in Qatar is named as Abu Samara,
Doha, North, and South groundwater basins (Ahmad et al., 2020). The wells or basins
in the North and South compromise 70% and 28%, receptively, of the total wells found

in Qatar (SWS, 2009).



2.1.1 Metal Contamination in Qatar’s Groundwater

Groundwater quality deteriorates because it contains several contaminants. Metalloids
and toxic metals can become a concern when they exceed the acceptable limits. Boron
(B), lithium (Li), and molybdenum (Mo) were found in Qatar's groundwater to be 1.88
mg/L, 0.120 mg/L, and 0.053 mg/L, respectively (Ahmad et al., 2020). The fact that
they are toxic to agricultural products makes them a major concern that needs to be
addressed to avoid their toxicity (Shi etal., 2018). Other studies discuss the availability
of pathogenic microbes and other toxic chemicals that tend to pose serious risks when
reused (Al-Maadheed et al., 2019). According to Tesoriero et al. (2004), contamination
of groundwater shallow aquifers can easily occur due to the transportations of the
contaminants to the water table and the hydrogeological surroundings.

Contamination of groundwater with trace elements is directly related to industrial,
agricultural, and anthropogenic activities (Wu et al., 2016; Gller et al., 2012). For
example, cobalt, lead, and nickel are common heavy metals that endanger humans and
the environment. Heavy metals are toxic elements that are characterized by their high
density and low concentration levels (Jarup, 2003). These heavy metals are considered
trace elements due to the fact that they exist in low concentrations (He et al., 2005).
Moreover, water discharges by industrial processes and atmospheric pathways are two
principal sources where metals can persist in the environment (Repo et al., 2011).
Molybdenum could be found in drinking water and certain types of foods like legumes
and grains, but high levels of molybdenum can cause health issues (WHO, 2003). In
the United States, molybdenum concentration levels from 2 pg/L to 1500 pg/L present
in 32.7% of 15 major river samples (Kopp & Kroner, 1967). On the other hand,

molybdenum present in Qatar's groundwater, when compared to other countries,
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demonstrates high levels, thus this createsanissue for Qatar's inhabitants when it comes
to drinking water. Kuiper et al. (2014) investigated urinary molybdenum levels in
farmworkers in Qatar due to their ingestion of groundwater or the consumption of
irrigated crops. The results present urinary molybdenum levels ranging from 9.59 pg/L
to 737 ug/L, which were considered extremely high when compared to other similar
studies. Moreover, molybdenum found in groundwater can be influenced by four
factors, as reported by Smedley et al. (2014). The molybdenum in the aquifer is
reducing; the aquifer contains multiple iron oxides and sulfides minerals, the
groundwater pH ranges from neutral to alkaline, and lastly an increase in the residence
time of the groundwater. Besides, it has been reported that an increase in molybdenum
concentration is linked with salinity levels found in groundwater, especially in arid
regions, where soils are saline (Leybourne and Cameron, 2008). Hence, Qatar is
tremendously susceptible to have high levels of molybdenum. Another study by Kuiper
etal. (2015) proved that Qatar's groundwater has extremely high levels of molybdenum
when compared to many countries. The samples were collected from many regions in
Qatar, especially from the northern groundwater basin. Qatar had a mean value of 26.9
ug/L, which is considered the highest, in comparison to global means. This research
further proves that molybdenum levels present in groundwater can be high eventhough
other trace elements investigated are below the WHO guidelines.

Moreover, lithium (Li) is another type of metal that is commonly found in soil and
water environments. It is mainly used in commercial and industrial sectors for the
production of batteries, glass, ceramics, and as a catalyst for chemical reactors (Moore
et al., 1997). Most of the studies performed were done on lithium in potable water and
the correlation it has with suicide mortality rates (Helbich et al., 2015; Bliml et al.,

2013; Helbich etal., 2012; Kapusta et al., 2011). However, other studies focused on
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extracting lithium from seawater by relying on the adsorption method using manganese
oxide as an adsorbent (Liu et al. 2015; Park et al. 2015; Wajima et al. 2012). Since
lithium is considered a very rare metal and the increasing demand for it in the coming
years will keep on rising, developing various methods for the recovery of lithium is
essential. As stated by Murodjon et al. (2020), recovering lithium from seawater, brine,
or geothermal water by precipitation, extraction, membrane separation, and adsorption
are the commonly listed methods for recovery. The most promising method is proved
to be the adsorption method because of its eco-friendly nature and cheapness.

Another pollutant such as boron (B) has an increasing demand to obtain clean water for
drinking purposes. This metalloid can be found in most natural resourcesand the typical
boron concentrations in seawater in the Arabian Gulf territories ranges from 4.5 mg/L
to -5.0 mg/L and sometimes can surpass this range up to 7 mg/L (Repo et al., 2003).
Even though boron is an important trace element for vegetation, it is considered a
limiting factor because having it in excess can cause detrimental impacts on plants and
crops (Repo et al., 2003). For instance, an increase in boron concentrations was
observed in Eilat city after farmers saw noticeable crop poisoning. This caused further
post-treatment methods for water by using seawater reverse osmosis (SWRO) plant and
the results proved to remove boron efficiently (Fritzmann et al., 2007). According to
Li et al. (2011), the elimination of boron from synthetic seawater was successful by
using fabricated boron adsorbent. This adsorbent demonstrated a high chemical affinity
and adsorption capacity. Other studies removed boron from landfill leachate
wastewater by electrodialytic method (Turek etal., 2007), ceramic industry wastewater
by adsorption/flocculation (Chong et al, 2009), synthetic wastewater by ion exchange
(Yimaz etal., 2005), and landfill leachate by adsorption/co-precipitation (Turek et al.,

2007). However, according to a review, the most reliable and appropriate technology
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for boron removal is reverse osmosis (Kabay etal., 2010).

2.1.2 Physical and chemical properties of groundwater samples in Qatar

It has been reported that the temperatures of the water from the aquifers range from
17.3 °C to 31.7 °C, averaging at 27.7 °C. The reason for these differences amongst all
the collected samples was explained due to the recharge rates that occur because of
rainfall. Furthermore, it is important to note that the groundwater found at the bottom
of the aquifers has relatively high temperatures than the ones found on the surface of
the aquifers (Ahmad et al., 2020). This new study presented another parameter, where
they studied the pH values of different locations of groundwater basins. It was found
that the pH measurement ranged from 6.8 to 7.9, averaging at 7.3 (Ahmad et al., 2020).
By comparing these results to the WHO standards, it can be concluded that they are
within their reported standards of 6.5-8.5 (WHO, 2017). It is worth mentioning that at
ordinary conditions the groundwater itself does not demonstrate high metal
concentrations (Shomar, 2015). Another parameter that was discussed was the total
hardness of the groundwater, where it ranged from 275 mg CaCOs/L -5393 mg
CaCOgs/L, averaging at 2120 mg CaCOg/L. Therefore, it is classified as generally being
very hard. In the study, the electrical conductivity (EC) proved that the groundwater
samples were close to freshwater samples and few samples were highly saline due to
the high aridity of Qatar's location because of low rainfall and high evaporation rates.
On the other hand, total dissolved solids (TDS), was found to be 5038 mg/L. Moreover,
groundwater can consist of multiple chemicals that can be generally found at different
levels. For example, Na*, K+, Ca2*, Mg?*, and other ions are present and that could be
due to the lithology of the rocks that are found in basins along with anthropogenic
sources (Ahmad et al., 2020; Abdel-Satar et al., 2017). Some of the physicochemical

characteristics of the groundwater samples are listed in Table 3, where they were
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collected from 41 sites throughout Qatar post-winter season. Furthermore, many other

elements (not shown) were also detected in the groundwater samples.

Table 3. Summary of the physicochemical characteristics of the groundwater samples.
Modified from Ahmad et al. (2020).

Parameter Number of  Minimum Maximum Mean
Samples
pH 41 6.89 7.94 7.30
Conductivity 41 0.92 22.33 7.29
(uS/cm)
TDS (mg/L) 41 598.87 15633 5038.1
TOC (mg/L) 41 1.27 35.50 14.62
SAR 41 1.55 33.27 12.781
Hardness 41 275.16 5393.0 2120.2
Lithium 41 23.34 236.7 120.6
(ng/L)
Boron (ug/L) 41 388.0 3819 1885
Molybdenum 41 7.830 294.0 53.88
(ng/L)

Therefore, this study was performed specifically on three pollutants: boron (B), lithium
(Li), and molybdenum (Mo) based on the recent study carried out by Ahmad et al.
(2020). The study concludes that lithium levels in 39 samples surpassed the GCC
Standardization Organization (GSO) and Qatar (KAHRAMAA) requirements,
molybdenum levels in 9 samples surpassed the World Health Organization (WHO),
GSO, Qatar drinking water guidelines, and other 23 samples surpassed the United
States Environmental Protection Agency (US-EPA) lifetime health advisory. As for

boron, it surpassed the WHO, GSO, and Qatar drinking water guidelines for 8 samples.
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2.1.3 Causes ofgroundwater deterioration

As previously mentioned, climate change plays amajor role in Qatar due to the decrease
in rainfall and increase in evapotranspiration levels that tends to decrease the recharge
rates of groundwater basins. In addition, sandy storms and erosion of soils may be the
main lead of the prominent changes that occur in the topsoil characteristics (Shomar,
2015). Moreover, an increase in salinity levels due to the over-exploitation of the
groundwater by extraction activities, which results in bringing more salty water from
nearby bodies of water (Suursoo et al., 2017). Hence, the dissolved solids might
increase above the normal levels. Another reason could be due to the soils that contain
high levels of metals that are highly mobile. This means that these metals can easily
move from the soils and increase the levels of metal in groundwater (Shomar, 2015).
Keeping in mind that the usage of fertilizers, pesticides, herbicides, and other
threatening contaminants are considered the sources of anthropogenic causes of
groundwater deterioration (Seyedmohammadi et al., 2016). Oil and gas industries
contribute to the production of “produced water”. This water has residues of organic
and inorganic contaminants mixed, where they are sometimes discarded and disposed
of into the sea or deep wells without treatment (Shomar, 2015). In astudy by Galitskaya
et al. (2013), the hydrogeochemical changes of carboniferous aquifers are not only
induced naturally but also by humans themselves. They listed the reasons as mainly
being the exploitation of the groundwater basin. Other than the mentioned factors
above, the interaction of rocks within the aquifer and the soils can be another indication
of why the quality of groundwater is reduced (Ahmad et al., 2020).

Shallow and surface coastal aquifers are known to be the most vulnerable because of
the small distance the aquifers have from the surface soils. (Shomar, 2015; Kuiper et

al., 2015). Anthropogenic contamination from wastewater or polluted effluents could
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penetrate and infiltrate into the aquifers and spread over an entire area of an aquifer
(Baalousha, 2016). For example, coastal and northern Qatari aquifers are considered
shallow aquifers that have high hydraulic conductivity that is extremely vulnerable
because of the depression areas. On the other hand, southern Qatari aquifers are
considered the least vulnerable because of the thick formations of clay layers that work
great in blocking the infiltration of contaminants (Baalousha, 2016). Therefore,
groundwater quality can be impacted and deteriorated by natural and anthropogenic
sources, as mentioned above. Hence, understanding the groundwater system in Qatar is
crucial due to its usefulness since it is the only source for agricultural purposes.
Moreover, developing sustainable management plans that focus on an integration
assessment method of hydrogeochemical systems can be a way to move forward
(Ahmad et al., 2020). Nonetheless, other than integration methods, finding a way to
remove, remediate, or decontaminate the groundwater from pollutants, such as metals,
can be part of enhancing the groundwater quality.

There are other studies performed in several regions around the world that present the
different concentrations of lithium, molybdenum, and boron in groundwater as shown
in Table 4. Comparing these results to the study investigated in Qatar, it is evident that
the findings differ from one country to another. This is due to the natural and

anthropogenic contamination of the groundwater resources, as discussed previously.

Table 4. Summary of some groundwater studies for lithium, molybdenum, and boron.

Element Concentration Country Reference
<1-396 pg/L
(public supply United States
wells) Lindsey et al.,
Lithium 2021
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<1-1700 pg/L
(domestic supply

wells)

0.120 mg/L Qatar Ahmad etal.,
2020

4.76 mg/L Tunis Souid etal., 2018

0.16 - 3.82 mg/L Rajasthan, India Das, 2014

0.053 mg/L Qatar Ahmad etal.,
2020

0.13-4.9 pg/L United States Ayotte etal.,

Molybdenum 2011

<0.5-6.8 pug/L Hungary/Romania  Rowland etal.,
2011

<0.1-13.2 pg/L Portugal de Melo & da
Silva, 2008

<0.1-8.3 pg/L Belgium Coetsiers &
Walraevens,
2008

1.88 mg/l Qatar Ahmad etal.,
2020

> 0.5 mg/l &

> 1.0 mg/l Andhra Pradesh

(from 7.8% and And Telangana Sankar et al.,

Boron 1.2% of the States, India 2018

samples

respectively)

4.91 mg/L Rio Secco - Italy Pennisi etal.,
2006

2.1 mg/L Bangladesh Ravenscroft &

6.1 mg/L Ingham County, McArthur, 2004

Michigan

2.2 Cellulose overview

Cellulose is a linear polysaccharide that consists of chains of $-1,4 linked D-glucose.
This biopolymer is the utmost plentiful renewable organic polymer on earth. Over the
years, the usage of crystalline celluloses in material production has spiked an interest
amongst researchfields. Such organic polymers can be used asa strengthening material
with other polymers because of their unique characteristics (Dharmalingam etal., 2019;

Medina etal., 2019; Ferreira et al., 2018; Khalil et al., 2018). There are different kinds
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of cellulose particles that can be isolated from several cellulose materials such as
cellulose nanocrystals (Khan et al., 2020; Kian et al., 2019; Wang et al., 2019; Zheng
et al., 2019) or cellulose nanowhiskers (Araki & Miyayama, 2020; Jafari et al., 2020;
Khattab et al., 2020), microcrystalline cellulose (Abu-Thabit et al. 2020; Alavi, 2019),
and microfibrillated cellulose (Silva etal., 2020; Lietal., 2018). The source of cellulose
material and the extraction methods are important factors that determine the
crystallinity, crystal structure, aspect ratio, and morphology of the extracted cellulose
particles (Trache et al., 2016; Deepa et al., 2015). Previous researches have shown the
possibility of cellulose and nanocellulose isolation from various sources, such as wood
paste (Dong, 2016), banana stalk (Muller et al., 2014), pistachio hull (Marett et al.,
2017), pine and corn bark (Ditzel et al., 2017), wood (Rajinipriya et al., 2018), cotton
(Morais etal., 2013), ramie (Syafrietal., 2018), bagasse (Li etal., 2012), bamboo (Brito
et al., 2012), sisal (Moran et al., 2008), and many others. Moreover, locally available
solid wastessuch as using date pits are an excellent source for extracting cellulose since
they contain as much as 42% cellulose (Ogungbenro et al., 2018).

Scientists and researchers are trying to come up with a way to use raw materials, which
are economically and environmentally friendly. Therefore, the usage of cellulose, asa
biopolymer and a sustainable raw material, is the most appropriate choice because of
its abundance found on earth (Abu-Thabit et al., 2020; Etale et al., 2020). The process
of obtaining cellulose on the nanoscale can be performed mechanically or chemically
by modifying the type of polymer used (Borjesson & Westman, 2015). This nanofiber
possesses a biodegradable property with low density and an impressive firmness
material (Phanthong et al., 2018). Comparing cellulose to nanocellulose, nanocellulose
polymers have great characteristics like high hydrophilicity, surface area, and

crystallinity (Zheng et al., 2019). Such characteristic makes the usage of nanocellulose
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relatively appealing because of the various applications where nanocellulose is utilized
in. Moreover, those cellulose nanomaterials hold great potential in water treatment after
already demonstrating their application in paper and packaging, textile industries, and
other fields (Carpenter et al., 2015). Nanocelluloses are employed in a variety of
applications whether it is on a large or small scale. For example, the improvement of
mechanical and barrier properties of interior panels in automotive is one of the types of
large-scale applications of nanocellulose (Lyne, 2013). Other types of large-scale can
include the use of nanocellulose in cement or concrete construction as it tends to
increase the rigidness and toughness of fragile materials (Ardanuy Raso et al., 2012).
Moreover, paper and packaging industries rely on nano-based products to replace
polystyrene-based foams and to reduce the production of cost, which reduces energy
consumption (Borjesson & Westman, 2015). As for small-scale applications,
nanocellulose can be used in aerogels production, as they are efficient in absorbing oil
from water (Cervin et al., 2012). Furthermore, industrial activities make use of nano-
products since they are used as viscosity modifiers that can reduce oil thinning as
temperature increases. Also, they are used in water purification by the adsorption
process (Dufresne,b2017). In construction processes, they tend to make use of
nanocellulose since they provide an excellent wallboard-facing material that resists
mold growth while being water-resistant (Sundgvist-Andberg, 2013). Lastly, an
emerging field of applications in electronics like organic light-emitting diodes (OLEDS)

enables huge applications in optoelectronics (Hu etal., 2013).

2.2.1 Extraction of cellulose nanocrystals (CNC)

As previously mentioned, the cellulose source and extraction process determines the

properties of the cellulose polymer; likewise, nanocellulose depends upon the same
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factors (Deepa et al., 2015; Sacui et al., 2014). Therefore, such factors can help
determine the different classifications of nanocellulose. In general, nanocellulose can
be classified into three types of materials; nanocrystalline cellulose (NCC) or cellulose
nanocrystals (CNCs), nanofibrillated cellulose (NFC), and bacterial nanocellulose ones
(BNC) (Kian etal., 2019; Kontturi et al., 2018; Jawaid etal., 2017; Garcia et al., 2016).
Even though such materials are the same regarding their chemical structure, they differ
in their morphologies and treatment methods. According to numerous researchers,there
are various methods for the production of CNC such as mechanical method, ionic liquid
method, enzymatic method, TEMPO oxidative method, combination method (oxidative
or enzymatic and mechanical), and acid hydrolysis by different acids such as sulfuric
acid, phosphoric acid, hydrochloric acid (Guo etal., 2020; Ribeiro et al., 2020; Ribeiro
etal., 2019; Peretz et al., 2019). Among all these methods, acid hydrolysis by sulfuric
acid has been known as the most widely used method for CNCs extraction due to its
simplicity as well as resulting in the nanoparticle of 100 to 1000 nm with high
crystallinity and stiffness (Wulandari et al., 2016; Borjesson & Westman, 2015;
Shanmugarajah et al., 2015; Lani et al., 2014). Several papers optimized the usage of
sulfuric acid to produce CNC by using the acid at an adjusted percentage and under
optimum temperature and time (Khan et al., 2020; Guo etal., 2020; Zheng etal., 2019;
Shanmugarajah et al., 2015; Hamad et al., 2010; Beck-Candanedo et al., 2005). This
method includes using the acid at 64% under 45 °C for approximately an hour. Then,
the acid hydrolysis reaction is stopped with deionized water. In the end, the suspension
is centrifuged and dialyzed to obtain neutral pH. The final step is to sonicate to attain
separate cellulose nanocrystals. Researchers reported using sulfuric acid under different
reaction times demonstrated different polydisperse length distribution and sulfur

content. For example, employing 64% sulfuric acid at 45°C for two different reaction
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times, 25 and 45 mins, proved that certainly, the effectof hydrolysis conditions impacts
the length and polydispersity of the cellulose depending upon the acid to pulp ratio.
This means that the longer the reaction time, the less the polydispersity and the more
the sulfur content in comparison to the shorter reaction time (Hamad et al., 2010; Beck-
Candanedo et al, 2005). Hamad and his coworkers used different sulfuric acid
concentrations that demonstrated different degrees of polymerization, crystallinity,
size, and yield of crystals (Hamad et al., 2010). The experiment was based on using
16%, 40%, and 64% of sulfuric acid concentrations under 45 °C, 65 °C, and 85 °C of
different temperatures at 25 min of total reaction time. The results show that the higher
the acid concentration and the higher the reaction temperature, the lower the degree of
polymerization. Also, samples that were hydrolyzed with the highest sulfuric acid
concentration (64%) demonstrated a yield drop in all the temperatures (45 °C, 65 °C,
and 85 °C) that were examined. Moreover, a decrease in the polymerization degree
during the acid hydrolysis process will cause an increase in the crystallinity of the
cellulose, which will in turn cause smaller crystals. Another older study analyzed the
impact of preparation conditions has on the formation of cellulose crystals (Dong etal.,
1998). The study used 64% sulfuric acid under a variety of temperatures for 15 min up
to 18 hrs. The lowest temperature required the reaction time to be the longest, which is
18 hrs for the suspension to form properly. However, at the highest temperature, the
reaction proved to be difficult to manage and the suspension turned to black indicating
another side reaction that took place such as dehydration. It is reported that the best
scenario would be to subject the treatment under 45°C for 1 hr. They also mentioned
the association between the reaction time and the crystallinity size, where the reaction
at first is fast but gradually started to slow down. The decrease in the reaction was

because of the acid that diffused in the amorphous regions of the cellulose and
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hydrolyzed the glycosidic bonds. This means that the harder it is for the glycosidic
bonds to be hydrolyzed, the slower the reaction would occur. Moreover, after the first
hour of the reaction that took place at 45°C, the size of the crystals became more stable.
The main reason for the employment of CNCs in many applications is due to their
fascinating properties. They have rod-shaped morphologies with a large surface area
that ranges from 150-250 m?/g with low density at 1.566 g/cm? and a high aspect ratio
of 10 — 85 (Shafizah etal., 2018). Furthermore, they possess nano sectional fibers with
nano dimensional cross-sectional morphologies (Isogai etal., 2011). There are several
sources as mentioned where cellulose can be obtained from, either from crops,
industrial residues, or animal residues. The biomass extracted has three main
components: cellulose, hemicellulose, and lignin (Diez et al., 2020; Jung et al., 2015;
Isik et al., 2014). Cellulose is a linear polysaccharide, while hemicellulose is a highly
branched random structure polymer, which is made of many types of saccharides that
are mostly amorphous. In addition, lignins are also amorphous polymers composed of
phenyl-propane units that mainly entail aromatic units like guaiacyl and syringyl
(Moran et al., 2008). Each cellulose fibril is made up of a crystalline and amorphous
(non-crystalline) region (Song et al., 2014). To obtain the crystalline region to produce
CNCs, the amorphous region of cellulose fibers needs to be separated (Brinchi et al.,
2013). Therefore, the extraction of CNC normally consists of two processes, chemical
purification, and acid hydrolysis. The chemical purification process is carried out for
the elimination of the amorphous region to produce chemically purified cellulose
through various steps, namely dewaxing, bleaching, and alkali treatment. This results
in a black solution that consists mostly of lignin materials and the cellulose are obtained
as a residue after. The next process involves bleaching that oxidizes the soluble basic

materials. Furthermore, after sulfuric acid hydrolysis, stable CNC suspension is
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obtained. Figure 1 represents a schematic illustration of the acid hydrolysis process.

Moreover, since environmental conservation is a growing concern, it encouraged
researchers to develop decomposable resources from natural sources for various
applications. Different studies focused on utilizing agricultural wastes to attain more
precious materials, which can be applied in several applications such as a sustainable
alternative. Using residual biomass gives an added value to the waste products as well

as giving new renewable materials.
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Figure 1. Schematic illustration of acid hydrolysis process of the scission of glucosidic
bonds (Jonoobi etal., 2015).

2.3 The application of lonic liquids (IL)

A novel adsorbent containing CNC and IL can be used to impregnate ground date pits

to investigate their interaction with the elements and microorganisms and their removal
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efficiency. lonic liquids (IL) are salts that have melting points below 100 °C (Verma et
al.,, 2019). In the past, ionic liquids started to gain attention when they were used as
electrolytes for batteries in the 1960s. The mixture of 1-butylpyridinium chloride
([BPy]Cl) and aluminum chloride (AICkL) was the first generation of IL used. Such
mixtures had limitations due to their sensitivity in air and electrochemical reduction.
Nevertheless, the second generation of IL overcomes those obstacles by developing air
and water solutions. Some organic cations of ionic liquids are alkyl imidazolium
[R1IR2IM]*, tetra-alkyl ammonium [NR,]*, alkyl pyridinium [RPy]*, and tetraalkyl
phosphonium [PR4]*. Other anions include nitrate [NOg3], tetra-fluoroborate [BF47],
methanesulfonate [CH3SO37] and hexafluorophosphate [PFs]. Therefore, 1012 different
combinations of IL tend to exist (Pinkert et al., 2009). ILs are applied in many fields
such as environmental sciences, chemistry (e.g. solvents, catalysts, reagents), chemical
engineering (e.g. lubricants, liquid membranes, surfactants), biology and pharmacy
(e.g. biocides, drugs), electrochemistry (e.g. batteries, sensors), and other applications
(e.g. polysaccharides, liquid crystals) (Verma et al., 2019). In addition, ILsS possess
unique properties in which they have high thermal stability, low vapor pressure,
inflammability, and melting temperature, and viscosity that depends on the nature of
anions. Even though they are reported as "green solvents" (Holbrey et al., 2003),
however, if they are released into the environment, they can become toxic and
nonbiodegradable (Deetlefs & Seddon, 2010).

Zante et al. (2019) successfully demonstrated the use of supported ionic liquid
membranes (SLMSs) to extract lithium. The SLMs were used to separate lithium cations
from a mixture of an aqueous solution by impregnating mixtures of hydrophobic ionic
liquid. Impregnation of membranes shows that the mass uptake of ionic liquids is

affiliated with the density of the organic phase. Moreover, the stability of the membrane
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is associated with the solubility of the organic stage. As a result, due to the several
useful features of ILs, they have been shown to combine with nanomaterials for
combined functionalities and their use has been demonstrated in catalysis and
separations. Another study reported that ILs could be applied to dissolve cellulose to
fabricate cellulose nanofiber with gold nanoparticles as a hybrid. This hybrid could be
later on used for the application of cellulose/gold nanoparticle sensors or the production
of low-temperature catalysts (Li & Taubert, 2009). Adsorption of ILs is also applicable
by using an adsorbent such as activated carbon. Hydrophobic ILs found in water
streams can be adsorbed by modifying the surface of the adsorbent and the size of the
cation and anion IL (Palomar et al., 2009). Hence, ionic liquids can be applied for better
thermal stability, ionic conductivity, and good solubility for cellulose to give rise to
ionic liquid-cellulose nanocrystals composites (IL-CNC).

lonic liquids at room temperature are sometimes deemed as RTILs. They are also
considered molten electrolytes with a melting temperature of less than 373 kelvin. They
are made up of ions, where the anions are inorganic, and the cations are asymmetric
organics. This allows the researcherto have severalways in designing the ionic couples
due to the variation in the chain length, ring substituents, and the different combinations
of cation and ions together (Freemantle, 2010; Fei etal., 2006; Rogers & Seddon, 2003).
ILs exhibit many structures that can be attached with several other alkyl groups. Table

5 provides an idea about the commonly used ILs in scientific research.
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Table 5. Summarizes the commonly used ionic liquid of cations and anions.
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2.4 Adsorption mechanisms and their application in water treatment

The mechanisms of adsorption occur on a surface of a sorbent and the adsorbed
substance on the surface is called sorbate (Bushra et al., 2016), as shown in Figure 2.
There are many treatment methods, which can be considered to remove pollutants from
wastewater. However, adsorption is the most appropriate since it is simple, cost-
effective, sustainable, and insensitive to toxic pollutants (Sharma et al., 2011). The
adsorption process can be physical or chemical depending on the adsorbent and
adsorbate attraction forces (Kandasamy et al., 2006). In an aqueous environment, the
uptake of inorganic and organic materials can be performed by various adsorption
mechanisms (Al-Ghouti et al et al., 2010). Moreover, CNCs can be applied in
wastewater treatment as an adsorbent since they are considered to be nontoxic and have
relatively large surface areas. One of the first studies that demonstrated the usage of
CNCs proved that those nanoparticles adsorbed methylene blue at a high capacity of
101 mg/g according to the Langmuir isotherm model (He et al., 2013). Another study
demonstrated the use of cellulose nanocrystals-alginate (CNC-ALG) hydrogel beds to
remove methylene blue dye. The composite material of the CNC and the hydrogel beds
aided with the adsorption of the dyes in fixed-bed columns (Mohammed et al., 2016).
Yang et al. (2014) specified that the CNCs could be impregnated into aerogels that can
form a cross-linkage between CNC and aerogels. This method enhanced the adsorption

surface area by increasing and improving its mechanical properties.
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Figure 2. Demonstration of the adsorption mechanism between the

adsorbent and adsorbate (Bushra et al., 2016).

lonic liquids can be used to synthesize nanocomposites as selective adsorbents. For
example, desulphurization of gasoline was possible due to the significant properties of
graphene-modified with ionic liquids according to PourSaberi (2014). The magnetic
composite (LI-MGO) provided high adsorption capacity to construct a new
nanocomposite for the removal of sulfur from gasoline. The results showed that in 20
minutes, 58% of thiophene was removed under ideal conditions. This novel magnetic
composite presents adsorption that conforms to the Langmuir model, where the
adsorption capacity of the nanocomposite is found to be 113 mg/g for thiophene
(PourSaberi, 2014). Other studies relied on ionic liquid-coated magnetic graphene
oxide for the extraction of protein. The removal of protein by adsorption was enhanced
by using nanocomposites from real biological samples (Wen et al., 2016). One of the
most recent studies also used magnetic oxide nanoparticles modified with ionic liquids
(L1-MGO) for phenol removal from aqueous solutions (Gholami-Bonabi et al., 2020).
This study focused on how important experiential factors such as pH and dosage of
adsorbent are, along with modification performed with ionic liquid. The findings

showed that the optimal removal of phenol was observed at pH 3 with a nanocomposite
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concentration of 0.04 g/L. This provides a way to obtain an enhanced quality of water
due to the high removal rate and cost-effective technique by relying on magnetic oxide
nanoparticles modified with ionic liquids.

For example, defluoridation can be removed by several methods that are considered to
be costly and require high consumption of energy (Pillai et al., 2019). Therefore,
according to Ekka et al. (2017) phosphonium and imidazolium-based ionic liquids (IL)
are used to remove fluoride from water. In this case, the ionic liquid can work as a
promising adsorbent when the ionic liquid is modified with iron oxide. The removal of
fluoride occurs because of interactions between iron oxide and ions of fluoride that are
existing in water, where they found the maximum adsorption of fluoride to be 67.9
mg/g based on the Freundlich isotherm model (Pillai etal., 2020). The idea behind the
interaction of fluoride ions and ionic liquid metal oxides is supported by literature
studies that stated that the interaction of fluoride ions and ionic liquid metal oxides
could be due to electrostatic, hydrogen bonding, and cations = bond (Lee et al., 2013).
Another successful study demonstrated the usage of ionic liquid-alumina as a novel
adsorbent to remove fluoride (Ekka et al., 2017). The maximum adsorption of fluoride
is found to be 25.0 mg/g based on the Langmuir adsorption isotherm model. Therefore,
alumina-modified ionic liquid proved to have an affinity towards fluoride in
contaminated water. Both studies provide animportant insight on promising adsorbents
using ionic liquids for fluoride removal.

Moreover, previous researches have shown the adsorption characteristics of modified
date pits for trace metals, dyes, and other pollutants are very effective (Al-Ghouti etal.,
2017; 2013; 2010). Around 755 thousand tons of date pits (DP) as wastes are generated
worldwide, which can be used as a source of cellulose (Maheswari et al., 2012). One

particular research was done by Al-Ghouti et al. (2010), where agricultural raw date
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pits were used as an adsorbent, for example, methylene blue, copper ion, and cadmium
were effectively removed. In addition, the adsorption mechanisms in this study proved
that not only the physical properties of the adsorbent are considered, but also dispersion
forces, electrostatic interaction, and hydrogen bonding should be regarded. In order to
describe the adsorption capacity equilibrium, adsorption isotherm models demonstrate
the best-fit linear equation (Igwe & Abia, 2007). The different isotherm models for the
adsorption process include Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin
isotherm models (Al-Ghouti et al., 2019). Several studies investigated the adsorption
capacity by using date pits as an adsorbent with isotherm models (Hassan et al., 2020;
Al-Ghouti etal., 2019; Aldawsari etal., 2017; Hilal etal., 2012). Moreover, adsorption
isotherm is dependent on the type of adsorbed substances, adsorbent, adsorbate, pH,
temperature, and ionic strength of adsorbents (Yanet al., 2017). It is worth mentioning
that low-cost, nature-based; eco-friendly adsorbents have been gaining attention in the
research fields. Generally, the source of such green adsorbents is preferred to be locally
available; however, some modification is sometimes needed to meet the required
sorption capacity (Pyrzynska et al., 2019). Many researchers such as (Igwegbe et al.,
2015; Abdolali etal., 2016; Dutta et al., 2016; Deshmukh et al., 2017) have successfully
prepared green adsorbents from plant sources such as grape stalks, coffee grounds,
banana peels, and others.

As it has been mentioned, activated carbon is amongst the most relatively expensive
adsorbents, therefore, the focus of this researchis moving towards low-cost, ecofriendly
green adsorbents. The source of these green adsorbents is generally based on locally
available resources, which can be modified to enhance sorption capacity (Pyrzynska et
al., 2019). Some examples of green adsorbents extracted from plant source include

grape stalks (Abdolali etal., 2016), coffee grounds and wheat straw (Dutta et al., 2016),
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banana peels (Deshmukh et al., 2017), Carica papaya (Igwegbe et al., 2015) and many
others. Similarly, cellulose nanocrystals (CNCs) are another type of green adsorbents
that have been prepared from cellulose from wood or plant fibers (Bai et al., 2019;
Carpenter et al., 2015). As previously mentioned, CNCs have high hydrophilicity,
aspect ratio (length/width), specific surface, and variety of functional groups, and these
properties may vary from source to source (Oliveira et al., 2019). Hence, due to the
high local availability of date pits as agricultural waste, extraction, and reuse of
cellulose for environmental, energy storage, and biomedical applications can help to

diversify Qatar’s economy, thereby, reducing the waste production.
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 Materials

Deionized distilled water was used in all the experiments to prepare the solutions and
suspensions. Qatari date, Phoenix dactylifera L. were collected from local stores in
Qatar. The hard pit was ground by a microphyte disintegrator. Sodium hydroxide,
sodium hypochlorite, n-hexane, and sulfuric acid. Dialysis bags were provided by
Carolina Biological Supply Company. 3-formyl-1-methyl pyridinium iodide was the
ionic liquid used in the experiments and it solubilized in dimethyl sulphoxide. Li, Mo,
B stock solutions were prepared from LiCl, Na,Mo00O4.H,0, and H3BOj3 respectively.
The pH was adjusted using 1 M HCland 1 M NaOH.

3.2 Preparation of starting material

The raw date pits (RDP) samples were cleaned with distilled water to remove any dirt
and impurities. The samples were left overnight to air dry. Microphyte disintegrator
was used to grind the date pits to achieve small fine particles. The particle size range
used in all the experiments is 0.125 mm - 0.250 mm. The samples were stored at room
temperature for future use.

3.3 Extraction of cellulose from date pits

Figure 3 shows the schematic illustration summarizing the used extraction methods for

cellulose nanocrystals (CNC) from raw date pits (RDP).
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Figure 3. Schematic illustration summarizing the used extraction methods for cellulose

nanocrystals (CNC) from raw date pits (RDP).

3.4 Method 1-Mechanical stirrer

Five hundred milliliters of 6.0 % sodium hydroxide (NaOH) were prepared in an
Erlenmeyer flask with 50 g of ground date pits to delignify the samples. This mixture
was heated at 70°C and stirred for 4 hrs using the mechanical stirrer. The black lignin
waste was filtered off and the solid part undergone constant washing with distilled water
to achieve neutral pH. The mixture was left to air dry overnight and the product attained

after the NaOH treatment is denoted as N4-DP. Furthermore, the neutralized mixture
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was undergone bleaching by the addition of 300 mL of 6.0% sodium hypochlorite
solution (NaClO). The mixture was stirred for 2 hrs at 70°C using the mechanical stirrer
and the solid part was filtered off from the liquid. Then, the product was further
bleached six times, consecutively, before washing the product exhaustively with
distilled water to afford neutral cellulose. After that, it was separated by filtration, and
the obtained solid product was cellulose. Finally, the pure cellulose was left to air dry
overnight for further use and the product attained after the NaCIO treatment is denoted
as B1-DP.

3.5 Method 2-Soxhlet apparatus

In this method, 50 g of ground date pits were dewaxed in a Soxhlet apparatus using 500
mL of 96% n-hexane in several cycles for 8 hrs. The black concentrated hexane extract
of this step was left to evaporate under reduced pressure. Then, it was followed by
further washing by 500 mL of distilled water for 8 hrs in several cycles in the Soxhlet
extractor. Afterward, the dewaxed fibers of the date pits were left to air-dry overnight.
To delignify the date pits, 500 mL of 2.0% sodium hydroxide (NaOH) were added in
the Soxhlet extractor with the dewaxed date pits for the alkaline extraction step for 3
hrs. The product was then consecutively washed with distilled water to afford neutral
delignified cellulose and was left to air dry overnight and the product is denoted as N-
DP. The final step is bleaching by 1.7% of NaCIlO in the Soxhlet extractor for 3 hrs.
The solid product was washed with distilled water to afford neutral cellulose and was
left to air dry overnight and the product is denoted as B,-DP.

3.6 Preparation of cellulose nanocrystals (CNCs)

The purified cellulose of both methods (1 & 2) was subjected to the treatment with 500
mL of 64% sulfuric acid (H.SO,) for 1 hr under 25°C. The reaction ended by adding
cold distilled water that is 10 times the volume of the reaction. Then, sulfuric acid was

washed repeatedly by distilled water until neutral pH was achieved. After that, the
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CNCs were separated by centrifuging the sample at 5,000 rpm for 0.5 hr. Finally, CNCs
were soaked in pure distilled water by using a dialysis membrane for 48 hrs to remove
excess sulfate ions. Lastly, the dialyzed suspension of the CNCs was dispersed by
ultrasonication at 600 w for 15 mins. The obtained CNCs were dried using an oven at
70°C overnight. The CNCs obtained by method 1 will be denoted as CNC; and by
method 2 as CNC..

3.7 Characterization of the prepared CNC and Intermediate Products

3.7.1 Chemical composition measurement of the lignocellulosic materials of the
raw date pits (RDP)

The chemically-treated RDP was analyzed by a standard (TAPPI) for the chemical
composition of each intermediate product of each method (N;.DP, B;-DP, N,.DP, B,-
DP). Two samples from each method were tested and the average values were obtained
in the end. The holocellulose content, which comprises cellulose and hemicellulose,
was performed as mentioned by standard (TAPPI T19m-54). To determine the -
cellulose content, treatment by NaOH of the fiber was done to remove the
hemicellulose. Furthermore, the difference between the holocellulose and a-cellulose
values gives the hemicellulose content. Lastly, the lignin content was also analyzed by
using sulfuric acid (TAPPI-T222 cm-99). The obtained values are then compared to the

original content of RDP as mentioned by Al-Ghouti et al., (2019).

3.7.2 Determination of physical properties ofthe isolated CNCs from method 1 &
2

True density, moisture content, and pH were determined for CNCs from both
methodologies. The true density was analyzed by using the liquid displacement method
that has been previously described by Abu-Thabit et al. (2020). Immersion liquid

xylene was used, and the true density (D+) was calculated by the equation (1):

w
DT— mXSG (1)
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Where w is the mass of the CNC sample, SG is the specific gravity of xylene, a is the
total mass of the (pycnometer bottle + solution), and b is the sum of the mass of the
(pycnometer bottle + solution + sample). The results were based on two duplicates and
their average is reported. The experiment was done for both methodologies.
Furthermore, moisture content was analyzed following the procedure of Tarchoun et

al., (2019). The moisture content (MC) was calculated as per equation (2).

wi - wf.

MC (%) = [ ] x 100 (2)
Where w; is before drying the sample and ws is after drying the samples. The results
were based on two duplicates and their average is reported. The experiment was done
for both methodologies. Lastly, the pH was determined relying on the method by
Kambli et al., (2017). The CNC sample was immersed in 500 ml of distilled water.
Then the suspension was placed on the shaker for 30 min at 25°C. A portable digital pH

meter (Model: ST 300 OHAUS) was used to determine the suspension pH for both

methodologies.

3.7.3 Characterization adsorbents (IL-CNC@DP & RDP), CNC, & intermediate
products

Generally, in any adsorption system, the adsorbent’s characterization offers the
necessary knowledge of the involved process and the mechanisms. Consequently, the
characteristics of the adsorbents (IL-CNC@DP & RDP) were determined prior to the
adsorption process. Therefore, a scanning electron microscope (SEM) was used to
evaluate the morphological characteristics of the adsorbent's surface using the JEOL
model JSM-6390LV. Fourier transform infrared (FTIR) spectra were recorded using
the RSpirit-T model. The FTIR analysis was conducted to interpret the functional
groups present in the adsorbents. The FTIR measurements were performed over 4000—

500 cm™1. Moreover, adsorbent samples were removed from the solution to further
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characterize using FTIR & SEM. Furthermore, transmission electron microscopy
(TEM) was used to determine the size distributions of the two adsorbents in which they
were imaged using an H-7650 Hitachi. Furthermore, the surface areas of the prepared
materials were characterized using the Brunauer, Emmett, and Teller (BET) equation
(Aim Sizer-AM301). The results were obtained by nitrogen adsorption measurements
that are made at liquid nitrogen temperature, 77 K.

FTIR, SEM, TEM of CNC; & CNC, were also analyzed to study if there are any
significant differences between the two methods. Moreover, X-ray diffraction (XRD)
analysis was performed on CNC; & CNC,; of the chemically treated cellulose fibers
using a diffractometer. The diffraction intensities were recorded between 5° and 60°
(20 angle range) at a scanrate of 5°/min. The crystallinity index (Crl, %) was measured
according to using the Segal method (Aguayo et al., 2018). The equation of the

crystallinity index was calculated as per equation (3).

[1200—Iam

Crl = [ 1200

] x 100 (3)
Where Iy is the maximum intensity of the diffraction at peak of 200 (20 = 22.6°)
and Iy is the intensity of the diffraction at 20 = 18°.

Lastly, the intermediate products (N;.DP, B1-DP, N,.DP, B,-DP) were solely studied
by SEM for further characterization.

3.8 Preparation of ionic liquid-nanocellulose composite (IL-CNC)

In order to modify the RDP, the IL-CNC composite was used by using the IL and the
already isolated CNC. lonic liquid (3-formyl-1-methyl pyridinium iodide) was obtained
from the Department of Chemistry at Qatar University and solubilized in DMSO
(dimethyl sulphoxide) at 65°C with constant mixing until the solution is homogenized.
Then, the already extracted CNC are added to the mixture and left for an hour to allow

time for the IL and CNC to bind and form a composite. A 1:1 ratio was used for IL and
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CNC.

3.9 Functionalization of raw date pits (RDP) with the prepared IL-CNC

The IL-CNC composite that was prepared is used to functionalize and improve the
sorption capacity of date pits. Therefore, 5 g of ground raw date pit powder was mixed
with the suspension of the prepared IL-CNC. Until homogenization is achieved, the
resultant IL-CNC@DP is dried in the oven for few hours at 60°C. The newly prepared
adsorbent will be characterized to investigate the effect of composites on RDP
characteristics.

3.10 Preparation of Li*, Mo®%*, & B%*stock solution

A lithium stock of 100 ppm was prepared by adding 0.611 g of LiCl in a 1 L volumetric
flask, then adding distilled water until the mark slowly while making sure the
compound is completely solubilized. As for the molybdenum stock solution of 100
ppm, it was prepared by adding 0.252 g of Na,M00,4.H,O in a 1 L volumetric flask.
Finally, the last stock was prepared by adding 0.572 g of H3BO3in a 1 L volumetric
flask to obtain a boron stock solution of 100 ppm.

3.11 Batch adsorption of Li*, Mo ¢*, & B3*

Different parameters were investigated under 5 pH values (2, 4, 6, 8, and 10), 10 initial
concentrations of B3+, Li*, and Mo ¢* (5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 ppm),
& three temperatures (25, 35 and 45 °C). The adsorptive batch studies were conducted
in 100 mL glass bottles where 0.05 g of the required adsorbent is added to 50 mL of the
appropriate initial concentrations making sure the ratio of the adsorbent mass and the
volume of the solution are 1:1 (g/mL). The bottle samples were capped and placed in
the shaker for 24 hat 165 rpm. To study the pH of the adsorption system, the adjustment
to its appropriate value will be done by adding 1 M NaOH or 1 M HCI. Moreover, the
effect of different concentrations was prepared by dilutions with the best pH chosen,

and then samples are placed in a shaker for 24 h at 25 °C at 165 rpm. Finally, the last
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parameter investigates the effect of temperature on the adsorption process. Several
concentrations of (Li*, Mof*, & B3*) were also prepared; however, the samples are
subjected to different temperatures at 35 °C and 45 °C in the shaker incubator for 24 h
day at 165 rpm. After each test, the spent adsorbents were filtered through a 0.2 um
syringe filter and were air-dried for further analysis using SEM & FTIR. Duplicates
and blanks were used in each experiment.

The initial and equilibrium Li*, Mof*, & B3* concentrations were analyzed by using
ICP-OES (an IRIS Intrepid by ThermoFisher Scientific). The percentage of solute

removal according to Anantha etal. (2020) was calculated as per equation (4).

C0—Ce

Removal (%) = [T] x 100 4)

Where Cpand C.are the initial and equilibrium solute concentrations (mg/L),
respectively.

Moreover, adsorption capacity was calculated as per equation (5).

qe = [CO — CelX ©)
Where Cpand Ceare the initial and equilibrium solute concentrations (mg/L),
respectively, V is the volume (L), and M is the weight of the adsorbent (g).

3.12 Adsorption isotherms of Li*, Mo%*, & B3*

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. Table 6 presents the linear forms of the four adsorption isotherm
models, in addition to their constants and adsorption parameters (Al-Ghouti & Da'ana,

2020; Zango et al., 2020).
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Table 6. Isotherm models used in this study.

Model
Langmuir
adsorption
isotherm

Freundlich
adsorption
isotherm

Dubinin—
Radushkevich
adsorption
isotherm

Temkin Adsorption
Isotherm

Equation
Ce

qe

Inge = INKg +
1

- InCe

n

Oe = 0s- (-Bo[
R.T.In(1+

1
L))

Qe = B.lnAT ¥
B.InC,

Parameters

-Qe is the amount of adsorbate in the adsorbent measured at
equilibrium (mg/g) or the amount of metal adsorbed per gram
of adsorption.

-Qo is the maximum monolayer adsorption capacity (mg/g).
-b is the Langmuir isotherm constant (L/mg).

- Ce is the equilibrium concentration of adsorbate (mg/L).

The favorability of Li, Mo, B adsorption on the adsorbents
based on the Langmuir isotherm is represented by the
following equation:

1

RL=11%. (Ce)

Where R describes the probability of the adsorption process.
If R_> 1, then the adsorption process would be unfavorable,
and if 0<R_ <1 then this corresponds to an energetically
favorable adsorption process. Lastly, if R, =0 the adsorption
process can be irreversible.

-qe is the amount of adsorbate in the adsorbent measured at
equilibrium (mg/g) or the amount of metal adsorbed per gram
of adsorption.

-KF is the Freundlich adsorption constant (mg/g).

-Ce is the equilibrium concentration of adsorbate (mg/L).

-n corresponds to the type of isotherm. If i IS greater than
zero and less than 1

If §> 1, then the adsorption process would be unfavorable
and if 0<%<1 then this corresponds to an energetically

favorable adsorption process. Lastly, if %:1 the adsorption
process can be irreversible.

-0 is the amount of adsorbate in the adsorbent measured at
equilibrium (mg/g) or the amount of metal adsorbed per gram
of adsorption.

-0 is the theoretical isotherm saturation capacity (mg/g).

- Bp is the adsorption energy constant (mol? /kj?).

-0 is the amount of adsorbate in the adsorbent measured at
equilibrium (mg/g) or the amount of metal adsorbed per gram
of adsorption.

-Ce is the equilibrium concentration of adsorbate (mg/L).
-Ar Temkin Adsorption Isotherm equilibrium binding
constant (L/g).

- B is the constant that is related to the heat of adsorption
(J/mol). B canbe calculated by
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B_RT
"~ bT

Where R is the universal gas constant (8.314J/mol K), T is
the absolute temperature (K), by is the Temkin isotherm

constant.

3.13 Thermodynamic studies of Li*, Mo0%*, & B3* adsorption

Thermodynamic studies are very important for any adsorption process since they
determine the spontaneity of the adsorption mechanism. One important measure of
spontaneity is determined by Gibb's free energy change (AG°). The spontaneous
reaction occurs if AG®, at a specific temperature, possesses a negative value. The
changes in enthalpy (AH°®) and the changes in entropy (AS°) are also two important
thermodynamic measures. The three thermodynamic parameters (AG°, AH®, and AS°)
were calculated according to AI-Ghouti & Al-Absi (2020), as per equations (6) and (7).
AG® = —RTInKL (6)
Where R is the universal constant 8.314 J/mol.K, T corresponds to the temperature
measured in Kelvin, and K, represents the Langmuir isotherm constant. Temperature is
used to express the standard enthalpy and entropy changes of adsorption.

InKL = — =+ (7)
Where AH® and AS° are determined from the slope and intercept of the equation of
the line that is evaluated from the plot of InK, Vs. 1/T.

3.14 Desorption studies of Li*, Mo®*, & B3*

This study was analyzed by using a total of 0.05 g of spent IL-CNC@DP & RDP of all

initial concentrations. The spent adsorbents were tested under two different solutions:
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0.5 M HCI, and 1 M HCI. A total volume of 50 mL of each solution was used in 100
mL glass bottles. The mixture was then shaken with the required adsorbent for 24 h at
165 rpm. The spent adsorbents are filtered through a 0.2 pum syringe filter and the
solution is 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 (8) according to Al-Ghouti & Al-Absi (2020).

Desorption (%) = [COC_Oce

] x 100 (8)
Where Cpand C, are the average adsorption and desorption concentration (mg/L),
respectively.

3.15 Statistical analysis

In this study, since the experimental design of the experiments was completely random
then a completely randomized design (CRD) and factorial tests are conducted. Analysis
of variance (ANOVA) for two factors with replication by using Microsoft excel.
Moreover, asingle factor was used for the desorption study test.

3.16 Application of RDP and IL-CNC@RDP to a real groundwater sample
Groundwater obtained from the north wells after a rainy season in May 2019 was used
to study the effectiveness and selectivity of the adsorbents. 50 mL of groundwater were
added to glass bottles containing 0.05 g of eachadsorbent. They were placed on a shaker
for 24 h at 165 rpm. The spent adsorbents are filtered through a 0.2 pum syringe filter
and the solution is tested for the selectivity of metals towards the adsorbent by ICP-
OES. Another sample of groundwater was analyzed for multi-element analysis without

the addition of any adsorbents. Duplicates and blanks were used in each experiment.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Characterization
4.1.1 Chemical Components

Table 7 demonstrates the chemical compositions of N;-DP, B;-DP, N,.DP, B,.DP, and
RDP (Al-Ghouti et al., 2019). The chemical compositions of the intermediate products

of the two methods were found to be significantly different.

Table 7. Chemical composition of cellulose nanocrystals from different sources. *N;DP
& N,DP (treated by NaOH), B;DP & B,DP (after bleaching).

Sample % a-Cellulose % Hemicellulose % Lignin Reference

RDP

Raw 21.2 28.1 19.9

Alkali treated (N;DP)* 63.1 7.95 7.02

Alkali treated (N,DP) 51.5 6.7 3.21 This study

Bleached (B;DP) 84 2.6 0.51

Bleached (B,DP) 725 1.5 0.14

Mengkuang leaves

Raw 37.3 34.4 24 .

Alkali treated 56.5 155 22.6 glhe'ztgg et

Bleached 81.6 15.9 0.8 "

Rice husk

Raw 35 33 23

Alkali treated 57 12 21 Johar et al.,

Bleached 96 - - 2012

Banana (pseudostem)

Raw 69.9 19.6 5.7 Abraham et

Bleached 96.8 0.2 0.2 al., 2011

Pineapple leaf

Raw 75.3 13.3 9.8 Abraham et

Bleached 97.3 0.2 - al., 2011

Jute (stem)

Raw 68.3 15.4 10.7 Abraham et

Bleached 97.3 - - al., 2011

Soy hulls

Raw 48.2 24.0 5.78 Flauzino

Bleached 84.6 11.2 3.7 Neto et al.,
2013

Tea leaf waste fiber

Raw 16.2 68.2 18.8 Abdul

Alkaline treated 58.8 22.2 5.5 Rahman et

Bleached 87.9 8.1 1.8 al., 2017

Borer powder of bamboo

Raw 35.7 30.4 27.3 Hu et al.,

Bleached 37.5 27.8 27.9 2014
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Oil palm trunk

Raw 50.74 77.39 11.68 Lamaming
Hot water treated 51.75 81.36 13.19 et al., 2015
Sweet potato residue

Raw 83.57 12.81 2.27 Lu et al,
Alkaline treated 94.85 3.98 0.76 2013

Rice husk

Raw 33.8 17.1 21.5 Collazo-
Alkali treated 55.9 15.8 19.9 Bigliardi et
Bleached 73.8 19.2 1.6 al., 2018
Coffee husk

Raw 35.4 18.2 23.2 Collazo-
Alkaline treated 52.6 19.0 20.4 Bigliardi et
Bleached 61.8 27.2 2.6 al., 2018

The results of the chemical compositions of the RDP at different treatment stages of
methods 1 & 2 are listed in Table 7. The RDP has a chemical composition of 21.2, 28.1,
and 19.9% for a-cellulose, hemicellulose, and lignin, respectively (Al-Ghouti et al.,
2019). The non-cellulosic content like hemicellulose has the highest percentages in
comparison to the cellulose content. Therefore, the main objective is to chemically treat
the RDP in order to remove the non-cellulosic contents. Hence, when the RDP were
subjected to treatment by NaOH, the hemicellulose and lignin contents of the RDP
decreased from 28.1% and 19.9% to 7.95% and 6.7%, respectively for both methods
(N1.DP & N,.DP). On the other hand, the concentration of cellulose increased for both
methods (N;.DP & N,-DP) to 63.1% and 51.5%, respectively. Comparing these values
to the original a-cellulose of the RDP, which is 21.2%, the values bare significantly
high. Hence, the delignification process performed by the NaOH treatment was
successful. Furthermore, it can be concluded that method 1 yields better results than
method 2, in terms of chemical composition after the delignification process.

After the bleaching treatment, the hemicellulose and lignin contents decreased even
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more to 2.6% and 1.5%, respectively for both methods (B;.DP & B,.DP). Abu-Thabit
et al. (2020) isolated and characterized microcrystalline cellulose from Phoenix
dectylifera L. date seeds and found that bleached date seeds have 3.92% hemicellulose
and 0.86% lignin. Moreover, it can be justified that the bleaching treatment is the
second treatment for the RDP, therefore less hemicellulose and lignin contents are
yielded. Whereas it is evident that the cellulose content for both methods (B;.DP & B..
DP) increased significantly to 84% and 72.5%, respectively. This can be attributed to
the elimination of the amorphous phase that was characterized by the water-soluble
hemicellulose and alkali-soluble lignin components, which in turn led to the presence
of higher cellulose content (Tarchoun etal., 2019). It is clear that the first method that

relies on the mechanical stirrer yields better results for purified cellulose.

4.1.2 Physicochemical properties of CNC1 & CNC>
CNC; & CNC; properties are listed in Table 8. Measurement of true density of

cellulosic materials is important since it provides the required physical quantity value
needed for future practical uses. The density of CNC; (1.7) and CNC; (1.9) are
considered to be very close in value to each other. In addition, comparing these results
to previous studies, the true density of nanocellulose was found to be almost 1.60 g/
mL regardless of the cellulose biological origin (Daicho et al., 2019). This means that
most nano-scale products have true densities that are less than 2.0 g/mL irrespective of
the chemical composition and other physiochemical properties the fiber possesses.
According to Crouter & Briens, (2014), the moisture content is considered a significant
parameter when dealing with CNC at pilot scales such as manufacturing stages. In the
current study, the measured moisture content of CNC; is 5.6% and CNC, 6.2%. It can
also be concluded that method 2 tends to retain more moisture in the samples due to the

extraction step performed with hexane & water. Lastly, the pH value for the CNC;
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suspension (6.4) and that of CNC, (6.2) are close to neutral, which fulfills the aim of

obtaining pure cellulose nanocrystals after modifying by sulfuric acid.

Table 8. Physicochemical properties of isolated CNCs.

Physicochemical property  CNC; CNC,
True density 1.7 1.9
Moisture content (%) 5.6 6.2
pH 6.5 6.2

4.1.3 Scanning electron microscopy (SEM) analysis

The RDP, N1.DP, B;-DP, N,.DP, B,-DP, CNC; & CNC, are shown in Figure 4.A-J
below. The SEM images of RDP demonstrate that the sample has agglomerated and
smooth surface morphology with few rough areas, which is due to the occurrence of
hemicellulose and cellulose content that compacts and hides the cellulose fibers below
them. The high magnification of the surface of the RDP reveals an extremely smooth
surface, which can be due to the reflection of the lignin content that coats the cell wall
of the RDP. Comparing this to the intermediate products of both methods (N1.DP, N,
DP, B;.DP, & B,.DP), it is evident that all the samples exhibit a rough surface with
irregular morphologies because of the strong chemical treatments during the
delignification and bleaching process. However, after the delignification process by
NaOH, it can be inferred that the surface of both N1.DP & N,.DP had an irregular
structure with a porous exterior. In other words, the filled parts of the surface were
removed and that can be obvious from the empty structure due to the removal of the

amorphous materials. Similar results were obtained by Zou et al. (2020), who studied
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the morphology of transparent cellulose nanofibrils composites and found that the
removal of cementing amorphous components led to the presence of hollow surface
morphology. This is explained by the fact that the degradation process of the
hemicellulose and the lignin content occurred by the alkali treatment (Liu etal., 2018).
Further, B;.DP & B,.DP exhibited more irregular porous structures, as can be shown in
Figures 4e and 5f. The porous morphology of the bleached samples is clear and that is
due to the successful removal of hemicellulose and lignin contents. Additionally, this
indicates that the removal of the residual lignin by the NaClO solution was successful.
All the obtained results are also consistent with the values reported in Table 7. As for
the isolated CNC; & CNC,, they have distinct morphologies that are displayed in
Figures 4G, and 4l, respectively. It is clearly shown that the acid hydrolysis treatment
by sulfuric acid has converted the large porous pieces of cellulose into smaller pieces
and fragments with a crystal-like morphology. The resulted CNC of both methods
(CNC; & CNC,) possess a porous network with a lamellar structure. Furthermore, at
high magnification, both SEM images display cellulose microfibrils with structures that
are highly packed due to the strong hydrogen bonding of the intermolecular and
intramolecular forces. The crowded structure of the microfibrils is also due to the
presence of van der Walls forces (Trache etal., 2017). In the end, it can be inferred that

both methods (CNC; & CNC,) have similar morphologies.
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¥ Alkaline treatment

Figure 4. A-J Schematic illustration of SEM surface morphology of A) RDP at 5000x,
B) RDP at 2500%, C) N1.DP, D) N,.DP, E) B;.DP, F) B,.DP, G) CNC; at 10,000x, H)
CNC; at 2500x, 1) CNC,at 10,000, J) CNC,at 2500x.

Other than studying the SEM images for CNC using different methods of isolation for
CNC and its intermediates, we also studied the surface of the unmodified and modified
adsorbents that were used in the adsorption study of the metal ions.

Figure 5.A-D shows the modified IL-CNC@DP before and after Li*, Mo%*, & B3*
adsorption. The utilization of SEM in this shows that the adsorbent itself before the
adsorption process occurs seems to have holes with diverse shapes and sizes. Moreover,
these irregular pores or cavities are significant since they indicate that the modified

adsorbent has a high surface area. In Figure 5A, the magnification at 500x presents
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various cavities onto the whole adsorbent. Furthermore, a closer look at 25,000x
demonstrates one cavity that appears to be deep and hollow. Nonetheless, by comparing
this modified sample to the unmodified sample (RDP) in Figure 6B, it can be seen that
the surface morphology appears to be slightly smoother with fewer pores and cavities.
This means that the modified adsorbent's morphology is enhanced and improved after
the addition of IL and CNCs onto the DP. After the Lil* adsorption process in Figure
5B, it can be shown that the pores or cavities are still available even after the increase
in temperature to 45°C; however, they appear to be filled and blocked. This filling could
be due to the deposition as aggregates of multi-layer heavy metals. At 25,000%, the
surface morphology appears to be densely packed with irregular structures after the
adsorption of Li* metal ions. As for Mof* adsorption in Figure 5C, the morphology
also looks smoother with fewer pores that are partly filled, shown at 500x. This can
imply that the adsorption of Li* was better than Mo%* just by looking at their surface
morphology. Lastly, in Figure 5D, the surface morphology is different from Lii* &
Mof* since it demonstrates more pores seen at 500x. Furthermore, on a more magnified
scale such as 5,000x, the pores seem to be packed to some extent due to the adsorption
of B3*metal ions. It is also important to note that the SEM images of Li*, Mo%*, and B3*
after adsorption were taken under the same experimental conditions, therefore the
assumption that Li* adsorption onto the modified IL-CNC@DP is more favorable than
Mo%*+ & B3* can be justified. This result is consistent with the data obtained regarding
their adsorption capacities in section 4.4. It is worth mentioning that a momentous
finding was found in the SEM image of Figure 5.C that can be shown up close at
25,000%, which are the cellulose fibers. Other fibers are also scattered on the surface of
the adsorbent; hence, this implies that modification did in fact occur on the DP surface.

For example, modified date pits by activated carbon intended for the adsorption of
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heavy metals like Cd(l1), Cu(ll), Pb(I1),and Zn(ll) also presents morphological changes
with deposited aggregates providing multi-layer adsorption of heavy metals onto the
adsorbent's surface (Aldawsari et al., 2017).

Figures 6.A—D show the scanning electron microscopy (SEM) of the unmodified RDP
before and after Lil*, Mo®*, and B3*adsorption. In Figure 6A, the RDP structure
presents a smoother morphology with no holes implying that the surface area is not yet
modified and improved. Furthermore, the surface has agglomerates that are found as
clusters on top of each other, shown at 5000x, whereas by looking closely at the larger
magnification at 25,000x, the clusters are less presenting an even surface morphology.
After Lit* adsorption onto the RDP, the surface becomes more cracked and dented. At
2,500x magnification, the surface appears to have holes that are elongated in shape
suggesting how the adsorption process of Lil* altered the physical appearance of the
adsorbent, in Figure 6B. Additionally, the dark areas of the elongated dents are
probably due to the increase of temperature to 45°C. This can also be shown after the
adsorption of Mo®*, where there are cracks and dents on the surface with agglomeration
that appear to be semi-spherical, in Figure 6C. Lastly, in Figure 6D, the images are
similar to the adsorption of Ma%*, where multiple surface agglomeration occurred after
the adsorption of B3*. The SEM figures of RDP are also found in previous studies where
the surface morphology is almost similar to our results that were obtained (Fakhfakh et
al., 2019; Mathew et al., 2018). Moreover, the study by Al-Ghouti and others (2019)
showed how the SEM image of the roasted date pits presented more pores and holes
upon modification by roasting the date pits at 130°C for 3 hours. In this case, no
modification or alteration occurred on the date pits. In other words, the sample used in
this study is not modified to enhance the surface area of the adsorbent in order to reveal

more adsorption sites. Hence, these results are confirmed by the BET analysis since the
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specific surface area of the RDP was found to be 2.126 m2/g, where the modified form

of the RDP has a specific surface area of 4.254 m?/g.
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Figure 5. SEM images of the IL-CNC@DP before and after adsorption. (A) Before the
treatment under 25 °C. (B) After Lit* adsorption at 100 ppm with pH 6 under 45 °C.
(C) After Mo®* adsorption at 100 ppm with pH 6 under 45 °C. (D) After B3+ adsorption
at 100 ppm with pH 6 under 45 °C.
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Figure 6. SEM images of the RDP before and after adsorption. (A) Before the treatmenf
under 25 °C. (B) After Lit* adsorption at 100 ppm with pH 6 under 45 °C. (C) After
Mo€* adsorption at 100 ppm with pH 6 under 45 °C. (D) After B3* adsorption at 100
ppm with pH 6 under 45 °C.
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4.1.4 Transmission electron microscopy (TEM) analysis

The transmission electron microscope was used to study and observe the morphology
of the cellulose nanocrystals in two different methods. The arrangement of the cellulose
nanocrystals extracted after acid hydrolysis of bleached RDP is shown in Figure 7 of
both CNC; & CNC,. The TEM was the best to study the cellulose at the nanoscale.
Based on literature and previous studies, the usage of sulfuric acid at optimum
concentration, temperature, and time yields ideal nanocrystals (Khan et al., 2020; Guo
et al., 2020; Zheng et al., 2019). The TEM results for the CNC; morphology after
modification through sulfuric acid hydrolysis reveal fibrils with packed structure due
to the presence of hydrogen bonding (Chen et al., 2011). It could also be due to the
sonication treatment that caused the fibers to spread unevenly, but not well enough,
therefore at low magnification, multiple aggregations of nanofibers are present. It is
important to note that when preparing nanosize particles sufficient sonication for the
sample is required in order to fully break the fibers into smaller microfibers (Abu-
Thabit et al., 2020). Therefore, the CNC, sample needs to be further sonicated in order
to avoid the aggregation of the nanofibrils. Furthermore, the appearance of the
aggregated nanofibrils could be due to the high specific area between the nanofibers
themselves. It is evident that the fibers have rod-like morphologies, which is one of the
typical cellulose nanocrystals shape (Kontturi et al, 2018). The same findings of
nanocellulose TEM images obtained through sulfuric acid hydrolysis are reported by
Moreno et al., 2018. Nevertheless, at high magnification, the morphology of the
nanofibers showed that the aggregates are assembled in parallel to each other and are
aligned neatly alongside one another. This could be explained by the fact that the
hydrogen bonds between the hydroxyl groups are found on the surface of the

nanofibrils, which forces the fibers to be aligned in that way (Chen et al., 2011).
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Therefore, at high magnification, the appearance of the fibrils is of an organized
structure. Furthermore, the ordered arrangement of the fibrils represents the crystalline
region of CNC; with fewamorphous regions. This is due to the removal by sulfuric acid
chemical treatment. It is worth mentioning that 64% concentration of sulfuric acid has
been reported to be the best in the formation of nanocellulose and that using lower acid
concentration can yield lower nanocellulose (Borjesson and Westman, 2015). As for
the second methodology, it shows that the CNC; also possesses a packed structure due
to the strong hydrogen bonding. Moreover, the fibrils, in this case, are more dispersed
and less clumped in comparison to CNCy, although it is similarly evident that the fibers
are also rod-shaped cellulose particles. Although, as the magnification increased, the
morphology of the nanofibers is shown to be assembled next to each other, where they
are similar to the TEM image of CNC;. Both methods for CNC; & CNC; have similar
morphologies, meaning that the isolation under any procedure is applicable and
successful. In the end, the size and shape of cellulose nanocrystals impact the properties
it has in an aqueous media, hence these characteristics determine the application of

CNCGCs.

Figure 7. TEM image of A) CNC; at high magnification, B) CNC; at low magnification,
C) CNC; at high magnification, D) CNC, at low magnification.
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4.1.5 Fourier transform infrared (FTIR) analysis

The importance of the FTIR spectrum relies on the fact that it demonstrates significant

information regarding the chemical structure of the biopolymers obtained (Eldos et al.,

2020). The presence of multiple functionalities such as hydroxyl,

methoxy, and

cellulosic components were verified from the characteristic peaks detected in the FTIR

spectrum of both CNC; & CNC; as shown in Figure 8. This form of analysis can give

us an idea of whether the isolated cellulose nanocrystals are similar in their chemical

structure or whether the different methodology of isolation can reveal
chemical structures of CNC.
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Figure 8. FTIR spectrum of CNC; and CNC.,.
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the RDPs consist of primarily cellulose,

hemicellulose, and lignin. Therefore, the main functional groups present in these three

materials are alkanes, esters, aromatics, ketones, and alcohols with different oxygen-

containing functional groups (Chandra et al., 2016). Asa result, the elimination of some
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peaks in the FTIR spectra will indicate the complete removal of the components posts
chemical treatment of the RDP fiber. Two main absorption regions appeared in both
curves, where one is at low wavelengths from 500 cm~1to 1750 cmt and the other at
high wavelengths from 2800 cm™1 to 3500 cm™1 (Zheng et al., 2019). Moreover, O-H
stretching vibration in both samples that represent the hydrogen-bonded hydroxyl
groups in the cellulose molecules is found near the region 3400 cm™1 asa wide broad
peak. The peak intensity is reduced due to the successive treatments made by alkali and
acid treatment on the RDPs to obtain CNC. Moreover, it can be due to the degradation
of the intramolecular and intermolecular hydrogen bonds formed by most of the
hydroxyl groups (Abu-Thabit et al., 2020; George & Sabapathi, 2015; Adel et al.,
2011). This can also result in lower moisture absorption, hence a broad wide peak is
formed (Chandra et al., 2016; Abraham et al., 2013). The broad peak at 1388 cm!
corresponds to the bending vibrations of the C-H and C-O groups of the
polysaccharides. The peak at 1155 cm™! was attributed to C-O-C asymmetric
stretching vibration associated with CNC; and CNC,. The small peaks at 2851 cm™! and
2920 cm™! are allocated to the C-H stretching vibrations of the methoxyl groups. This
signifies the lignin component (Abu-Thabit et al., 2020). This means that small traces
of lignin materials are found in both samples. Furthermore, since these bands are not
strong sharp peaks, then it can be inferred that most of the lignin components are
removed by the delignification process by the NaOH treatment.

It is necessary to note that the FTIR results should demonstrate cellulose components
since CNCs originate mainly from them. For example, the peak at 897 cm™!
corresponds to the C,—H deformation of the glucose ring in cellulose (Kubovsky et al.,
2020). In the current study, this band is found at 790 cm~1, where it indicates that the

original molecular structure of cellulose was still maintained even with the removal of
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lignin and hemicellulose components. Furthermore, the vibrations of adsorbed water
molecules are demonstrated at bands 1685 cm~ (Zheng et al., 2019; Haafiz etal., 2013;
Mandal & Chakrabarty, 2011). This is due to cellulose and water molecules strong
interactions with each other even though all the samples are dried at 70°C (Abu-Thabit
et al., 2020). The stretching vibration of the C—O—C bonds are shown at peaks 1155
cm1and 1021 cm™t in both samples. These peaks correspond to the typical cellulose
structure shown in previous studies (Kubovsky et al., 2020; Luzi et al., 2019). It can be
concluded that modification presented by sulfuric acid that was used to obtain CNCs is
successful due to the significant peaks that represent the changes in its chemical
structure. The CNCs were successfully extracted from the methods (1 & 2) without any
further degradation or secondary product formation. Based on the FTIR spectrum, both
CNC samples had similar chemical structures and no significant changes were

observed; therefore, any isolation methods (1 & 2) can be used in the future to attain

CNC.
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Figure 9. FTIR spectrum of the unmodified RDP and the modified IL-CNC@DP
adsorbents.
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Itis also clearly evident that the modification performed by IL and CNCs did occur. By
looking at the spectra in general, the adsorbent IL-CNC@DP has less intense peaks in
comparison to the RDP due to the modification performed. One important finding that
the FTIR spectra presented is the bending of the peaks in the 3000-3500 cm-! region of
IL-CNC@DP. The peaks at 3348 cm?® and 3455 cm? are attributed to the N-H
stretching vibration absorption peak found in the adsorbent (Zheng et al., 2019). This
means that there is a hydrogen bonding between the nitrogen of the IL and the hydroxyl
groups of the CNCs. This is also represented in Figure 9. Moreover, that indicates why
the broad O-H stretching band at3311 cm-! in the RDP is found and in the IL-CNC@DP
adsorbent, the peak is starting to shift to present bending peaks. The same bands at
2851 cm™! and 2920 cm™! that are found in Figure 8 are found in the IL-CNC@DP
adsorbent at 2854 cm'and 2921 cm!. Nonetheless, it can be inferred that their
intensity and sharpness of the absorption bands decreased in comparison to the RDP
and this can be explained by the fact that the CNC sample that was used to prepare the
modified adsorbent had less lignin content that was removed by the hydrolysis
treatment in order to obtain pure CNC.

To understand the modification better, the peak at 1742 cm® implies significant results.
This noticeable sharp peak represents hemicellulose of the RDP and the same peak
disappeared when the pure CNC was obtained. Nevertheless, this peak was
reintroduced in the IL-CNC@DP adsorbent indicating this time the presence of
aldehyde corresponding to the C=O stretching of the IL, demonstrated in Figure 9
(Gholami-Bonabi et al., 2020). Furthermore, there are other absorption peaks, which
represent the lignin components in the range of 700 cm® - 900 cm! related to the C-H

functional group of the aromatic hydrogen compound (Morén et al., 2008). The peaks
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are visible in both adsorbents because date pits were used as the supporting mechanism
in the case of the modified adsorbent. Comparing this result to Figure 8, the various
absorption peaks are not available which further proves that the chemical treatment
performed is indeed effective. The peak at 1622 cm1 correlates to the C=0 asymmetric
stretching band in hemicellulose and to the conjugated carbonyl of lignin stretching
(Zhuang etal., 2020). It can be seen that in the IL-CNC@DP adsorbent the peak shifted
slightly to the left and became narrower due to the modification performed on the
sample that removed part of the hemicellulose and lignin components. In addition, a
closer look of the FTIR spectra demonstrates a peak that is only visible in the novel
adsorbent at 1321 cmrl that represents the C-N stretching of the IL that was used to
modify the RDP. Lastly, the peak at 1054 cm1in the IL-CNC@DP corresponds to the
C-O stretch in cellulose and hemicellulose (Al-Ghouti et al., 2010). From figure 9, it
can be shown that this peak is more evident in the modified IL-CNC@DP sample more

than the RDP possibly due to more cellulosic components from the CNC.
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Figure 10. FTIR spectra of the IL-CNC@DP and RDP before and after Lit*, Mof*, B3*
ions adsorption. (A) IL-CNC@DP and (B) RDP.

Figure 10A demonstrates the FTIR spectra of the four samples, namely unloaded IL-
CNC@DRP, Li** loaded IL-CNC@DP, Mo®* loaded IL-CNC@DP, and B3* loaded IL-
CNC@DP atan initial concentration of 100 mg/L. Visible differences can be detected
in the FTIR spectra regarding the absorbance shapes and locations of the bands but the
absorbance pattern did not significantly change after the adsorption of Lil*, Mo%*, &
B3+, For example, the bending of the peaks in the 3000 cm - 3500 cmt region at 3348

cm® and 3455 cm-! that corresponds to the N—H stretching vibration absorption became
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more intense and sharper after the adsorption of the Lil* ions. The adsorption of Lil*
onto IL-CNC@DP caused a dip in the two peaks as they become narrower comparing
to the unloaded adsorbent. As for the adsorption of Mof* onto IL-CNC@DP, the
intensity of the two peaks decreased in comparison to the Li* metal, however, in
comparison to the unloaded adsorbent IL-CNC@DP, the absorption peaks became
broader and slightly sharper. Moreover, these two bands are becoming unnoticeable
after B3* was loaded onto IL-CNC@DP due to the different adsorption mechanisms the
metal possesses. Additionally, the O-H band at 3311 cm in the unloaded IL-CNC@DP
is broad as it started to present bending peaks but after the adsorption of Lil* and MoS*,
the width of the entire band became narrower. On the other hand, the B3* adsorption
band at 3311 cm! became wider in comparison to the three FTIR spectra. This canalso
be explained by the possibility of the different adsorption mechanisms each ion
possesses. As for the C-H stretching vibrations of the methoxyl groups at 2851 cm™! and
2920 cm™! after adsorption, the band's intensity and sharpness are signifying that the
lignin functional group that is found from the date pits is expected to contribute to the
Li*& Mo%* binding. Whereas, the band's intensity and sharpness decreased
significantly implying that the lignin functional group is not the main contributor to the
B3+adsorption and that other functional groups could be contributing to it. Moreover,
the peak at 804 cm that also represents the lignin components related to the C-H
functional group demonstrates more intensity and sharpness after the adsorption of
Li*t& Mos* takes place. However, the peak after B3+ adsorption demonstrates less
intensity and sharpens. As for the unconjugated C=0 hemicellulose functional group at
1742 cml, the peaks remained the same before and after adsorption suggesting that
perhaps this functional group did not contribute to the adsorption process for Lil*&

Mo€* adsorption. Nonetheless, the peak changed after B3*adsorption as it became less
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noticeable than the others. Although looking closely atthe FTIR spectra of Lil* loaded
IL-CNC@DP, and Mo®* loaded IL-CNC@DP, it can be shown that a small peak can
be detected at around 1707 cml. This means that the hemicellulose functional group
from the date pits did in fact contribute to the Lil* & Mo®* binding for the adsorption
process since they are only visible on the Lil* & Mo%* loaded IL-CNC@DP.
Furthermore, the peak 1622 cmdid not change for the Lit* loaded IL-CNC@DP but
as for the Mo®* loaded IL-CNC@DP the peak became sharper and narrower. It is also
worth mentioning that after B3* loaded IL-CNC@DP, the peak became wider but less
sharp in comparison to Mo®* loaded IL-CNC@DP suggesting the different adsorption
behavior between the two metal ions. The peaks that were observed at 1321 cm® and
1054 cm demonstrated no alterations in the absorbance bands after the adsorption of
Li*& Mo+, but as for B3+, the peaks slightly changed.

Figure 10B shows the FTIR spectra of the four samples, corresponding to the unloaded
RDP, Li** loaded RDP, Mo%* loaded RDP, and B3* loaded RDP at an initial
concentration of 100 mg/L. For the unloaded RDP, a strong inter- and intra-hydrogen
bonding (O-H) stretching absorption is seen at 3311 cm™® that occurs in cellulose
components. After adsorption of Lit* ions no changes in the hydroxyl band occurred,
although a difference is seen in this band after the adsorption of Mot & B3* ions
suggesting the possibility of the different adsorption mechanisms each metal ion
possesses since it started to present bending peaks in the broad O-H stretching band.
Furthermore, the peaks at 2854 cm ! and 2921 cm1that correspond to the lignin content
show a sharp dip after the loading of Li* ions but as for Mo%* & B3* ions, the bands
remained the same. This proposes that the lignin functional group found in RDP after
the adsorption of Li** ions contributes to the adsorption process. Furthermore, there are

other absorption peaks, which represent the lignin components in the range of 700 cm-
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1-900 cmt, such as band 804 cm-1, where no differences in adsorption of Lil*, Mo%*,
& B3* occurred. As for the unconjugated C=0 hemicellulose functional group at 1742
cml, the peak became sharper after the adsorption of Lil* ions, whereas for the Mo®*
& B3* ions, the peaks became less sharp. This can suggest that the hemicellulose
functional group found in RDP plays a role in the adsorption process. The peak at 1622
cmldid not change for the Lil* loaded IL-CNC@DP but as for the Mo%+ & B3* loaded
IL-CNC@DP the peak became smaller and narrower suggesting the different
adsorption behavior between the three ions. Lastly, the peak at 1054 cmr for the three

ions demonstrated no significant changes in the absorbance peaks.

4.1.6 X-ray powder diffraction (XRD) analysis

Biomass composed of lignocellulosic components has amorphous and crystalline
regions according to Chandra & Madakka (2019). This amorphous region is due to the
presence of lignin and hemicellulose found in date pits, on the other hand, the
crystalline region is due to the presence of cellulose. Therefore, the treatment that is
done chemically leads to the depolymerization of hemicellulose and delignification of
RDPs, which tends to increase the crystallinity of cellulose obtained in the end. The
XRD analysis of the extracted cellulose from both methods that are successfully
converted to nanocellulose is indicated by the crystalline nature of the fibers as shown
in Figure 11. The XRD spectra of CNC; are represented by diffraction peats at 2-theta
(20) values 15.9°, 22.6° and 33.8 ° Similarly, the diffractogram of the CNC, from
method 2 also shows similar peaks. These peaks correspond to the lattice planes 110,
200, and 004, respectively (Guo etal., 2020; Zheng et al., 2019; Chandra et al., 2016).
The peaks of both samples indicate that the typical cellulosic structure was maintained
and preserved. This further indicates that the chemical treatments done to obtain CNCs

by using sulfuric acid did not modify it (Marett etal., 2017). The sharp diffraction peak
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at 20 = 22.6° proves that high crystallinity is present as reported by Trilokesh &
Uppuluri (2019). In the current study, this sharp peak is present at 15.9 ©, which still
proves the high crystallinity of cellulose extracted from RDPs, is present. The order of
the crystalline arrangements in each CNC is reported due to the formation of inter and
intramolecular H-bonding by the hydroxyl groups. This H-bonding tends to limit the
movement of the cellulosic chains that causes the chains to align next to one another,
which forms the crystallinity of the cellulose (Chandra etal., 2016). From equation (3),
the crystallinity index is calculated for CNC; & CNC; to measure if the % crystallinity
changed based on the two different methodologies. It was found that the apparent
crystallinity of CNC;was 67.06%, whereas the crystallinity of CNC,was 61.58%. The
decrease in the crystallinity index could be due to the sulfuric acid hydrolysis and
ultrasonication that could have caused damage to the amorphous and crystalline regions
of the cellulose (Zheng et al., 2019). In general, there were no noteworthy changes in
the location of the XRD bands between the CNC; & CNC,. Furthermore, the results
from methods 1 & 2 demonstrate high crystallinity that is attributed to the effective
removal of the non-crystalline regions due to the consecutive chemical treatments
performed on RDPs. Table 9 summarizes the crystallinity percentage of the CNC

obtained, and other CNC obtained from different resources by acid hydrolysis.
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Figure 11. XRD patterns of CNC; and CNC.,.

Table 9. Crystallinity value of cellulose nanocrystals (CNC) obtained from different

sources through acid hydrolysis.

Cellulose nanocrystal’s (CNC) source Crystallinity (%)  Reference

RDP (CNC,) 67.06 This Study

RDP (CNC,) 61.58 This Study

Industrial bio-residue (CNC-BR) 85.4 Herreraetal., 2012
Sugarcane peel (SP-CNC) 99.2 Abiaziem et al., 2019
Jackfruit peel 83.42 Trilokesh & Uppuluri, 2019
Eucalyptus globulus 55.3 Carrillo et al., 2018
Eucalyptus Benthamii 54.1 Carrillo et al., 2018
Walnut shell (WS-CNC) 40.1 Zheng et al., 2019
Sisal fibers 94.03 Sosiati etal., 2017
Sugarcane bagasse 76.89 Evans et al., 2019
Calotropis procera 68.7 Song etal., 2019
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4.2 Mechanisms ofadsorption onto IL-CNC@DP modified adsorbent

Understanding the different mechanisms each metal demonstrates, it can help with
understanding the adsorption process onto IL-CNC@DP and RDP surface. The reason
for adsorption can result from the solubility of the solute relative to the solvent.
Moreover, it could be due to the affinity the solute possesses towards the adsorbent.
Therefore, this type of attraction could be mainly due to electrical, van der Waals forces,
or chemical reactions (Alimohammadi et al., 2017). The surfaces of the adsorbent and
its outcome on the process of adsorption are significant to understand the entire solute
adsorption. The FTIR results can help determine the relationship and interaction
between the adsorbate and functional groups that are found on the surface of the
adsorbent. Other parameters such as the effect of pH and initial concentration are of
importance in determining the adsorption mechanisms. Taking into account that the
removal of metal ions from any aqueous solutions can be done by a variety of different
methods such as chemical precipitation (Wang et al., 2018), ion exchange (Peng & Guo,
2020), adsorption (Castro et al., 2018), membrane filtration (Ates & Uzal, 2018), and
electrochemical treatment (Zhou et al., 2015). Nonetheless, adsorption is considered
one of the dominating methods used considering its low-cost, economically friendly,
and high efficiency (Ouyang et al., 2019). Therefore, the adsorption process is
undeniably the most noteworthy physicochemical process that is reasonable for the
remediation of aquatic environments from inorganic and organic pollutants (Jeirani et
al., 2017). Hence, multiple adsorption mechanisms such as electrostatic attractions,
chelation, ion exchange, bridging, m-m interactions, hydrogen bonding, and
complexation can be employed in the adsorption mechanism (Zhang et al., 2019). This
work investigates the adsorption mechanisms of Li'*, Mof*& B3 from aqueous

solutions onto the novel IL-CNC@DP. The RDP was used as a reference material due
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to the fact that date pits are commonly used in the remediation and removal applications
of pollutants (Al-Ghouti et al., 2019; Saleem et al., 2019; Crini et al., 2019; Mahdi et
al., 2018; Al-Ghouti et al., 2017).

The uptake of Lit*, Mof*, & B3+ from aqueous solutions is significantly influenced by
the chemistry and surface morphology of the adsorbents. Itis worth mentioning that the
RDP is considered acidic in nature with a pH value of 4.6 (Al-Ghouti etal., 2010). This
is because of the presence of multiple functional groups such as phenolic hydroxides,
alcohols, and ethers. Furthermore, under acidic conditions, when the pH is too low, the
functionality of the groups is not changed, whereas, at higher pH values, the groups
will begin to neutralize their activities and binding properties (Al-Ghouti et al., 2010).
The RDP is mainly composed of cellulose with the empirical formula of (CgH10Os),. In
addition, 28.1% and 19.9% account for hemicellulose and lignin, respectively (Al-
Ghouti et al., 2019). In Figure 14, it can be seen that the RDP consists of mainly
cellulose, hemicellulose, and lignin (Diez et al., 2020; Jung et al., 2015; Isik et al.,
2014). Cellulose and hemicellulose comprise the majority of oxygen functional groups
such as hydroxyl, ether,and carbonyl that are present in the lignocellulosic components
of RDP. On the other hand, lignin is considered a complex polymer of aromatic
substances, which tends to act as a cementing matrix that binds within and amongst
cellulose and hemicellulose components (Lu et al., 2017). Therefore, the existence of
these groups on the surface of the adsorbent considerably influences the adsorption
characteristics of Lit*, Mof*, and B3*. Hydrogen bonding and electrostatic interactions
due to the hydroxyl groups of cellulose, hemicellulose, and lignin and the oxygen atom
of the aldehyde compound that is found in the IL, illustrated in Figure 14.

In more detail, to prepare the modified RDP, the obtained IL and the isolated CNCs are

used to create a composite, shown in Figure 12, along with the RDP to functionalize
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and improve the adsorption capacity of the ion uptake. Once the composite is prepared,
it can be then used as an adsorbent to remove Li*, Mof*, & B3* ions from a solution. It
Is worth mentioning that the RDP used throughout this whole study had two main roles.
Firstly, cellulose is extracted from the RDP and then converted to CNCs in order to
have a high surface to volume ratio. Secondly, the RDP is used as a supporting material,
where it can facilitate the adsorption process by forming a film layer over its surface
with IL-CNC that promotes high surface to volume ratio, biodegradability, high
functionalizability, and sustainability. Also, the fact that the percentage removal
efficiency was dependent on the pH value; therefore this can indicate that ion exchange
and electrostatic interactions are involved in the removal of the Lil*, Mo%*, & B3* ion
by IL-CNC@DP and RDP (Al-Ghouti et al., 2019). The availability of hydroxyl
groups, as previously mentioned, would help in the adsorption process, which will
enhance the adsorbent binding levels along with the electrostatic interactions that are
occurring. The mechanism of ion exchange occurs as Lit*, Mof*, & B3*ions bind to the
anionic sites by returning protons from acidic groups found on the adsorbent's surface
(Hawari et al., 2014).

The adsorption behavior of Lit*, Mo®*, and B2*ion onto the IL-CNC@DP surface might
be explained by the fact that when ions are added, the ions willingly adsorb on the
surface of the adsorbents. This action at first initially happens on the external surface
of the adsorbents, therefore high metal concentrations will tend to increase.
Monodentate, bidentate, or polydentate aggregates of MoS* and B3* ions could be
favored onto the adsorbent, also monodentate aggregates of Lil* exclusively occur onto
the adsorbent. This means that depending upon the size and orientation of adsorbed
Lil*, Mof*, & B3+ ions, different structural surface complexes tend to form, as shown

in Figure 13. It is important to mention that there is a chance these ions migrate and
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penetrate from the external surface of the adsorbents to their pores, as shown in Figure
15 (Al-Ghouti et al., 2014).

Moreover, understanding the physicochemical properties of Lit*, Mof*, and B3* is
considered to be vital for improving the removal and recovery of ions and to understand
the adsorption mechanisms (Al-Ghouti et al., 2014). To find possible attractive sites
between Lit*, Mof*, and B3* adsorbate ions and the CNCs adsorbent's surface,
characteristic properties such ascrystal radius, equilibrium constants, and
electronegativity for adsorbate ions are shown in Table 10. Moreover, ions that tend to
have larger electronegativity and high hydrolysis coefficients, adsorb effortlessly. On
the other hand, ions with a high ionic radius have a low charge density and low
electrostatic attraction. This will tend to decrease the adsorption (Minceva, 2008). In
this study, the size and structure of each ion tend to impact the mechanism and the
mobility of the ions such as the crystal radius for the chosen Li*, Mo%*, and B3+ ions.
According to Table 10, it can be shown that B3* is the most capable to be adsorbed on
the surface of the adsorbents (inter-particle diffusion) and migrating into the pores of
the adsorbents (intra-particle diffusion) since it has the smallest crystal radius (0.25 A).
Whereas, Li* and Mof* have almost similar crystal radius values of 0.9 A and 0.79 A,
respectively. Therefore, external and internal diffusions will most likely not be found,
or they could be fewer in comparison to B3* diffusion. Consequently, it can be
concluded that according to each ion's crystal radius, the adsorption behavior will be
different. In other words, the smaller the crystal radius is, the easier it is for the metal
to be adsorbed on the surface and into the pores. The adsorption mechanisms can be
studied according to the ion hydrolysis constant (pKa), where a larger hydrolysis
constant would increase the adsorptive capacity. It is evident that B3* in an aqueous

solution reacts to give a weakly acidic cation named boric acid B(OH); with a pKa
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value of 9.24. Therefore, the adsorptive capacity of B3*is significantly high as it
reached 98.2 mg/g at 35 °C and 99 mg/g at 45 °C at an initial concentration of 100 mg/L.
Furthermore, Lil* reacts to give a feebly acidic cation like Li(OH) with a pKa value of
9.24. According to the obtained results of the effect of initial concentration and
temperature, the adsorption capacity of Lit* reached 99 mg/g at 100 mg/L of initial ion
concentration onto IL-CNC@DP. Therefore, the adsorptive capacity of Lil* is quite
high. On the other hand, molybdate ions in water produce molybdic acid (MoOj3 or
MoO3(OH,); that is strongly acid with a low pKa value of 0.9. The results prove to
demonstrate that MoS* adsorption reached 89 mg/g at 100 mg/L of initial metal
concentration onto IL-CNC@DP, which is less than the adsorption capacity of Li*.
This is due to the differences in their hydrolysis constant (pKa). In addition, the ion's
adsorption mechanism can be discussed according to the electronegativity of eachion.
This means that the metal with the highest electronegativity tends to adsorb more easily.
However, Mof* and B3* have almost the same electronegativity at 2.16 and 2.051,
respectively, but different adsorption capacities. This might explain our above
hypothesis that the inter- and intra-particle diffusion is the controlling mechanism of
adsorption in the case of B3+ and that the adsorption of Mof* occurs most probably only
onto the external surface of the adsorbent (inter-particle diffusion), which implies why
their adsorption capacities are different from one another. Nonetheless, Lil* hasthe least
value regarding its electronegativity, but it has the highest adsorption capacity due to

the hydrolysis constant (pKa).
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Table 10. Physicochemical characteristics of Lit, Mo+, & B3+ ions.

Adsorbate Crystal radius

Ion

B3*

Mob+

Li+*

rcryst (A)
(Shannon, 1976)
0.25

0.79

0.9

Hydrolysis constant pKa
(Nagul et al., 2015;
Miessler et al., 2014,
Wulfsberg, 1987)

Boric acid B(OH)3

9.24

Molybdic acid (MoOj3 or
MoO3(OHy)3
0.9

Li(OH)
13.6

Pauling
electronegativity
(Wulfsberg, 1991)

2.051

2.16

0.912
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4.3 Effect of pH value on Li'*, Mo®*, and B3*ions adsorption

The demand for water in Qatar is increasing; leading to a national water crisis in the
region (Hussein & Lambert, 2020), and as Qatar relies on groundwater aquifers to be
the sole source of natural water (Baalousha & Ouda, 2017; Ismail, 2015). Therefore,
high priority should be given to groundwater management and protection. The
groundwater in Qatar demonstrates that the mean concentration of Lit* is 0.120 mg/L,
which are considered higher than WHO limits of drinking purposes. Most of the studies
performed were done on lithium in drinking water and the correlation it has with suicide
mortality rates (Helbich et al., 2015; Helbich et al., 2012). However, other studies
focused on extracting Li** from seawater by relying on the adsorption method using
manganese oxide as an adsorbent (Liu et al. 2015; Park et al. 2015). Since Li'* is
considered a very rare metal and the increasing demand for it in the coming years will
keep on growing, developing various methods for the recovery of Lil* is essential. As
stated by Murodjon et al. (2020), recovering Lil* from seawater, brine, or geothermal
water by precipitation, extraction, membrane separation, and adsorption are the
commonly listed methods for recovery. The most promising method proved to be the
adsorption method because of its cost-effectiveness and sustainable nature. Previous
researches demonstrated that equilibrium is attained in 24 h. Therefore, in these
experiments, the initial pH of the solute comprising the solution was adjusted to the
desired value of 2, 4, 6, 8, and10. The pH was adjusted using either 1 M HCl or 1 M
NaOH solution. The adjusted pH was then used to study the adsorption of Lil*. The
effect of pH on the percentage removal of solute from the aqueous solution by IL-
CNC@DP & RDP that was used as control is illustrated in Figure 16. Therefore, this
gives an idea about the adsorption mechanism and the efficiency removal so it can be

applied on a larger scale to treat groundwater in Qatar.
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The modification done on raw date pits by using CNCs and IL can increase the
functional groups to improve its adsorption capabilities, stability, and interaction with
Lit*. For example, as previously mentioned, Zante et al. (2019) effectively confirmed
the use of supported ionic liquid membranes (SLMs) to extract lithium. The SLMs were
used to separate lithium cations from a mixture of an aqueous solution by infusing
mixtures of hydrophaobic ionic liquid. Impregnation or infusing of membranes displays
that the mass uptake of ILs is associated with the density of the organic phase.
Moreover, the stability of the membrane is related to the solubility of the organic phase.
As a result, due to the several useful features of ILs, they have been shown to combine
with nanomaterials for combined functionalities and their use has been demonstrated in
catalysis and separations. Therefore, in this study, the adsorption of Lil* onto IL-
CNC@DP was investigated by studying the first parameter, which is solution pH. It is
important to note that pH is one of the significant parameters impacting metal ions'
adsorption (Liang etal., 2020; Xu etal., 2020; Xiao et al., 2015). Lithium, an alkaline-
earth metal, is found in a solution as a protonated form with an atomic number of three
(Ahmad et al, 2020). This means that at a lower pH value, H* ions at high
concentrations can compete with the metal ions for the active sites to form protonation.
Hence, the percentage of solute removal tends to decline. The increase in the pH value
demonstrated an increase in the removal capacity of Li'* by both adsorbents, IL-
CNC@DP & RDP. In more details, the Li'* adsorption onto the adsorbent IL-
CNC@DRP displays atrend, where it shows as the pH value increases from 2 to 10, the
adsorption also increases. The lowest adsorption was observed at pH 2, which was
found to be at 55%. While the highest percentage of removal was found to be at pH 6
and 8 at 90%. The differences between the adsorption behavior is due to the fact that

the solution at low pH possesses highly protonated H* ions where it competes with the
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protonated Lit* for the active sites on the negatively modified adsorbent. As a result,
this will cause lower adsorption for low pH values. Furthermore, at low pH values, the
H* ions might desorb the previously bound metals back into the solution (Hawari etal.,
2014). It is worth noting that at low pH, protonation of the surface functional group
occurs; hence, a positive charge would be formed on the surface. On the other hand,
while at high pH, the surface loses its protons and it will become anionic (Heibati et al.,
2014). Moreover, at pH 4, the percentage removal slightly increased as the competing
behavior in the solution decreased, which allowed the adsorption to be enhanced. At
pH 6, there is a significant increase in the removal efficiency where it increased to 90%.
This also could be explained by the factthat electrostatic attraction forces and hydrogen
bonding existed between the protonated Lil* and the less protonated IL-CNC@DP
adsorbent surface, which enhanced the percentage of solute removal. Nevertheless, as
the pH becomes more basic at values 8 & 10, it will be concentrated with more OH-
ions, therefore the attraction forces increased between the positively charged Lit* and
the negatively charged surface of the adsorbent. This will allow more adsorption of Lit*
to occur and enhance the removal percentage at high pH values. Another explanation
could be due to "faked" adsorption behavior due to the presence of metal ions, such as
Lit*, and at high concentrations of OH —ions, lithium hydroxides (LiOH) in the solution
forms. Precipitation of metals forms metal hydroxides at high pH values is explained
in recent studies (Eggermont et al., 2020; Kim etal., 2020; Soliman & Moustafa, 2020).
Therefore, the high adsorption behavior could be due to the behavior of metals and not
the adsorption mechanism itself. Another study by Al-Ghouti et al. (2010)
demonstrated the adsorption mechanism of two metals onto RDP under different pH
values. The results show a similar trend in the fact that the adsorbent under basic

conditions and less protonated forms, the precipitation of metals occurs. To try to
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understand the modification better, the RDP was used as a control to compare with the
novel adsorbent; IL-CNC@DP. The control adsorbent shows a similar trend as the one
observed by the modified adsorbent. In other words, at pH 2 the percentage of solute
removal was found at 17%, and at pH 10, the percentage of solute removal increased to
45%. The pH values at 4, 6, and 8 have minor differences regarding their adsorption
efficiency, where the values are 20, 23, and 25%, respectively.

This also proves that the utilization of RDP alone without modifications is not as
efficient enough to be used as adsorbents for the selective adsorption of lithium in
comparison to the modified adsorbent, IL-CNC@DP. Besides, it further proves that the
modification on RDP by using CNCs and IL occurred as it improved its adsorption
capabilities by enhancing its functional groups, which is supported by the FTIR analysis
shown in Figure 9. Furthermore, other studies support the fact that cellulose is an
important polymer for the adsorption of Li'* elements at high pH values. For example,
CNCs were used as bio templates to synthesize mesoporous films as a way to enhance
the surface area and physicochemical properties for the adsorption of Lil*. The
mesoporous films template by CNCs demonstrates an increase in the Li* adsorption
capacity with increasing pH from 3 to 7. Moreover, they stated that the acidic nature of
the adsorption sites is influenced by the decrease in pH as a result of the ion exchange
system and the lower extent of dissociation of functional groups of the mesoporous film
(Zheng etal., 2019). Another study by Xu etal. (2020), confirmed that Lil* uptake was
less at low pH values. This is also because of the competition of H*and Li'* ions against
each other on the active sites of the cellulose microsphere adsorbent.

Therefore, according to the obtained results for Lit* removal, the best pH value is at 6
and 8, but as previously mentioned, at high basic conditions, lithium hydroxides (LiOH)

in the solution will tend to form. Thus, it will not be practical to proceed with the
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following experiments at such pH value, therefore a more moderate pH value was
selected which is 6. The differences between pH 6, 8, and10 removal efficiencies are
not that significant between one another. Lastly, this pH value is more economically
feasible and sustainable for the environment since it does not require huge amounts of
NaOH or HCI when modifying the pH values. The continuation of the RDP control

experiment was also conducted at pH 6 for the same reasons mentioned.
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Figure 16. Percentage removal of Lit* from solution by IL-CNC@DP & RDP at
different pH values.

Another pollutant found in the groundwater of Qatar is molybdenum. This metal has
mean concertation of 0.053 mg/L (Ahmad et al., 2020). According to Kuiper et al.
(2015), this potential source of molybdenum could be due to the industrial activities of
oil and gas processing plants since it is used as a catalyst for the desulfurization reaction.

In general, molybdenum levels in drinking water do not exceed 0.01 mg/L,
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nevertheless, in areas near industrial and mining operations, they tend to exceed as high
as 0.2 mg/L. The problem with this metal is the fact that water-drinking treatments
cannot be performed by conventional processes; therefore, it requires specific
treatments such as ion exchange (WHO, 2003). Thus, as far as now, molybdenum
removal studies are few, hence it is important to find ways that are cost-effective and
sustainable in order to remove and recover this metal other than ion exchange.
Therefore, a recent study demonstrated a low-cost adsorbent by using chitosan to
effectively remove molybdenum (Brion-Roby etal., 2018). Furthermore, another study
used magnetic nano-adsorption to remove Mof* efficiently from contaminated water
(Chao et al., 2020). Consequently, the adsorption of nanomaterials can be considered
an efficient treatment in this case. Hence, the adsorption of Mo8* by modified adsorbent
using nanocrystals can be employed. The same experiment is done for Mo%*. The pH
was tested at five different values and adjusted using either 1 M HCI or 1 M NaOH
solution. The adjusted pH was then used to study the adsorption of MoS*. Figure 17
illustrates the percentage removal of solute from the aqueous solution by the modified
IL-CNC@DP & unmodified RDP adsorbent that was used as control. This can also
provide an idea about the adsorption mechanism and efficiency in the removal process
so that treatment of groundwater in Qatar can be applied on larger scales.

Some studies proved that IL could be used as extractants for Mo+ from agqueous solutions
using IL as diluents (Quijada-Maldonado, 2018; 2017). On the other hand, the extraction of
Mof* can be also performed using diluted and undiluted sulfate IL (Raiguel et al., 2019).
In this study, the IL are not used as extractants, they are used as a supporting material
that can help with the binding of the extracted CNCs and RDP. As mentioned
previously, the adsorption capacity, stability, and interaction will be enhanced when

RDP are modified to adsorb Mof*. Consequently, in this work, the adsorption of Mo%*
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onto IL-CNC@DP was studied by analyzing the first parameter, which is solution pH.
Molybdenum has several oxidation states that are found as a protonated form in an
aqueous solution (Reedijk & Poeppelmeier, 2013). At lower pH values, the H* ions
tend to compete with the metal ions on the surface of active sites of the adsorbent.
Therefore, as previously mentioned, the removal percentage will decline. The increase
in the pH value demonstrated an increase in the removal capacity of Mot by both
adsorbents; IL-CNC@DP and RDP. The results of the modified adsorbent follow a
trend, where it shows as the pH value increases from 2 to 10, the adsorption also
increases. The same trend is also found in the adsorption of Lil* ions. The lowest
adsorption is shown at pH 2, which was found at 51% for IL-CNC@DP. The highest
percentage removal was found to be at pH 6, 8, and 10 at 84%. As discussed earlier,
this is explained by the fact that at a low pH value there exist many H* ions that
competes with the protonated Mo6* for the active sites on the negatively modified
adsorbent. Therefore, this will cause lower adsorption for low pH values. Additionally,
at pH 4, the percentage removal to some extent increased as the competing behavior in
the solution decreased, which allowed the adsorption to be improved. On the other
hand, the rest of the pH values demonstrated a significant increase in the efficiency
removal due to the electrostatic attraction forces and hydrogen bonding between the
protonated Mo%* and the less protonated IL-CNC@DP adsorbent surface. The concept
of “faked" adsorption is demonstrated in the case of more basic pH values at 8 & 10
since more OH- ions are found in the solution, which will promote molybdenum
hydroxide precipitation. Hence, high pH values such as 8 & 10 cannot be considered
for the upcoming experiments. As for the control adsorbent (RDP), it presents similar
trends that are observed by the modified adsorbent (IL-CNC@DP). Furthermore, the

adsorption of Lit* ions onto RDP demonstrates almost identical trends but the removal
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capacity was much less in comparison to the Mo%* adsorption. In other words, at pH 2
the percentage of solute removal was found at 52%, and at pH 8, the highest percentage
of solute removal was at 69%. This can indicate how the modification performed onto
RDP is significant in order to increase the percentage removal of Mo®* ions.

Thus, according to the obtained results for MoS* removal, the best pH value is at 6, 8,
and 10 since the removal efficiencies are not that significant between one another, thus
the pH value of 6 was selected for both adsorbents for the same reasons mentioned
previously. Moreover, this pH was found to be suitable since usually, the treatment of
industrial wastewaters for molybdenum removal is around a pH value of 7 (Brion-Roby
et al., 2018). Therefore, the development of an inexpensive and efficient adsorbent the
removal of molybdate ions at nearly neutral pH is essential. It is also worth mentioning
that the previous experiment of adsorption of Lit* had better removal efficiencies in
comparison to Mof*. In other words, the optimum pH value for the removal of Lil* was
found to be at pH 6 and 8 at 90%, while for Mo%* was found to be at pH 6, 8, & 10 at
84% for IL-CNC@DP. On the other hand, for the unmodified adsorbent (RDP), the
best pH value for the elimination of Li'* was found to be at pH 10 at 45%, while for
Mo®*+ was found to be at pH 8 at 69%. This can indicate that the modified adsorbent
(IL-CNC@DP) is slightly more favorable towards Lit* than Mo®*+ Furthermore, the

unmodified adsorbent (RDP) is much more favorable towards Mo+ than Li*.
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Figure 17. Percentage removal of Mof* from solution by IL-CNC@DP & RDP at

different pH values.

The final pollutant investigated in this study is boron. Boron has a mean concentration
of 1.88 mg/L in Qatar's groundwater exceeding the permissible limits of WHO, GSO,
and Qatar drinking water (Ahmad et al., 2020). Moreover, the availability of boron in
groundwater systems used for drinking and irrigation purposes could pose a risk to
individuals. Regardless, boron is still a vital trace element that is essential for typical
plant growth (Guan et al., 2016). Nevertheless, there is a fine line between finding
boron in trace quantities and having it reach high levels of toxicity. Therefore, the
adsorption process could be the answer to remove and remediate boron from aqueous
solutions. For example, Kose et al. (2011) used activated carbon prepared from olive
bagasse to remove boron from aqueous solutions. As previously mentioned, activated
carbon is an expensive yet effective method to be used as an adsorbent. Therefore, this
study relies on a modified low-cost adsorbent using nanocrystals for the effective
removal of B3+ metals. Based on a previous study, it is proven that cellulose extracted

from walnut shells can be employed for chemical modification for the selective
87



adsorbent of B3* metals (Sarsenov et al., 2018). Moreover, nanoscale cellulose such as
cellulose nanocrystals and gum arabic conjugates in crosslinked membranes were
recently seen as an innovative method for B3+ removal (Asim et al., 2018). In addition
to CNC, there are studies that also supported the usage of IL for the removal of B3*
metals. Glucaminium-based ionic liquids were applied to remove B3+ from water (Joshi
etal., 2012). Moreover, supported liquid membranes (SLM) for the extraction of B3*is
presented by Coll etal. (2014). Hence, CNC extracted from the cellulose of RDP is
used in this study, along with the already prepared IL. The same experiment is
performed for B3*. The pH was tested at five different values and adjusted using either
1 M HCl or 1 M NaOH solution. The adjusted pH was then used to study the effect of
pH on the adsorption of B3*. Figure 18 demonstrates the percentage removal of solute
from B3* solution by the modified IL-CNC@DP & unmodified RDP adsorbent. The
results can offer knowledge regarding the efficiency in the removal process of B3*
metals to treat groundwater systems in Qatar.

As discussed formerly, the modification made onto RDP to adsorb B3+ will be discussed
through studying the first parameter, which is the effect of pH. It can be concluded that
the increase in the pH value demonstrates an increase in the removal capacity of B3* by
both adsorbents; IL-CNC@DP and RDP. The results of the modified and unmodified
adsorbents follow a trend, where it shows as the pH value increases from 2 to 10, the
adsorption of B3* also increases. The same trend is also found in the adsorption of Lit*
and Mo%* metals. The lowest adsorption is shown at pH 2, which was found at 77%.
The highest percentage removal was found to be at pH 6, 8, and 10 at 98%. The lower
adsorption found at low pH values is due to the protonated B3+ metals and H* ions as
they compete on the negative surface of IL-CNC@DP. The competing behavior tends

to decrease as the pH value increases since more OH- ions are found in the solution,
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therefore an increase in percentage removal of B3* metals is shown at 6, 8, and 10 pH
values. However, 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. Therefore, high
pH values are not reliable to be considered for the upcoming experiments. As for the
control unmodified adsorbent (RDP), the removal capacity was much less in
comparison to the modified adsorbent. In other words, at pH 2 the percentage of solute
removal was found at 50%, and at pH 10, the highest percentage of solute removal was
at 63%. This proves how the modification performed onto RDP is momentous in order
to increase the percentage removal of B3*ions.

Consequently, according to the obtained results for B3* removal, the best pH value was
at 6, 8, and 10 and since the percentages of removal are similar, so pH value of 6 was
selected for IL-CNC@DP adsorbent. This is also presented by a study where the
maximum boron removal was obtained at a pH value of 5.5 using a modified adsorbent
(Kose etal., 2011). As for RDP, eventhough a pH value of 10 demonstrates the highest
removal efficiency, the pH value of 4 was selected since the lower pH values are not
that significant between one another. This can also discard the concept of “faked"
adsorption.

Comparing these findings with the other results for the effect of pH for IL-CNC@DP,
it can be concluded that Li* and B3+, at pH of 6, had the best removal efficiencies of
90% and higher, on other hand, Mo®*, at pH of 6, had removal efficiencies of 84%. As
for RDP, as discussed previously, the ideal pH value for Lit* was found to be at pH 10
at 45%, while for Mof* was found to be at pH 8 at 69%, and for B3+ at pH 10 at 63%.
This can conclude that IL-CNC@DP is slightly more favorable towards Lit* and B3+

than Mo%* and that RDP is much more favorable towards Mo®* and B3* than Lit*,

89



making B3* metal the most favorable pollutant towards both adsorbents. Furthermore,

this can depend upon the different mechanisms of adsorption of metals according to

their physicochemical properties, as explained in section 4.2.
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Figure 18. Percentage removal of B3+ from solution by IL-CNC@DP & RDP at

different pH values.
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4.4 Effect of initial Li*, Mo®*, & B3* concentration on the adsorption process

Understanding the effect of metal concentrations on the adsorption capacities of
adsorbents is also essential for metal recovery. Keeping in mind that the concentration
of the targeted metal impacts the efficiency, capacity, and adsorption mechanism in a
solution (Zhuang and Wang, 2019). Moreover, it is important to mention that breaking
down the adsorbent into smaller particles tends to open the sealed channels on the
adsorbent; hence, the adsorption rate will tend to increase. Therefore, in this study
smaller particle sizes of the adsorbent that ranged from 0.125 mm - 0.250 mm were
used. Furthermore, most studies correlated the practicality of using cellulose nanofibrils
(CNF) as adsorbents for metal ions, and only a few studies reported on CNCs
(Mahfoudhi & Boufi, 2017). Hence, this study presents a modified RDP using IL and
CNC for the enhancement of the surface area and adsorption capacity.

The groundwater quality was found to be deteriorated due to the presence of Lil* ions
that exceed the permissible limits. According to the ICP-OES results of the collected
groundwater samples, the Li** concentrations were 0.120 mg/L therefore providing an
adsorbent that canrecover the metal is one of the aims of this study. Figure 19 illustrates
the adsorption capacity for Lil* onto IL-CNC@DP & RDP at multiple concentrations.
The metal concentrations that were used with an optimum pH value of 6 for both
adsorbents present a general trend in results. The steady constant increase of adsorption
capacity with the increasing Lil* concentrations is evident for both adsorbents. It is
apparent that the adsorption capacity of IL-CNC@DP is the highest in comparison to
RDP. This is also confirmed by the previous results that present the adsorption
efficiency of Li'* at several pH values was the highest for IL-CNC@DP in contrast to
RDP. It is important to mention that nanocellulose composites are significant

adsorbents that can be used to adsorb many classes of pollutants including metals (Tao
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et al., 2020; Mahfoudhi & Boufi, 2017). Therefore, the modification made onto the
RDP, where IL was used as a linkage between the surface of the RDP and the CNC
promoted better and enhanced removal percentages. It can be clear that the adsorption
capacity of Li* onto IL-CNC@DP presented a steady increase overall the
concentrations used. Nonetheless, the adsorption capacity onto RDP was much less
under the same concentrations used. According to Hilal et al. (2012), the removal
efficiency increased as the concentration increased for Cu?* and Cd?* metal ions. This
is due to the overall mass transfer driving force. Therefore, in this study, the constant
increase in the adsorption capacity along with the increase in concentration is directly
linked to the increase in metal mass transfer onto the adsorbent's surface of the CNC.
The modified adsorbent proved that adsorption was highest at high initial
concentrations due to the increase in metal mass transfer and collision between the ions
and the active binding sites (Manirethan et al., 2019). Furthermore, the enhancement of
the adsorption capacity of the modified adsorbent with an increase in the initial
concentration of metal ions is due to the increased diffusion of the metal (Samra et al.,
2014). A better illustration is found in Figure 15. In other words, the internal diffusion
of the ions to the pores of the adsorbent is one of the driving forces that enhance the
adsorption capacities (Girish & Murty, 2016). To sum up, the modified adsorbent IL-
CNC@DP had a better mass transfer, collision, and diffusion, which resulted in
enhanced adsorption capacity in comparison to RDP.

To be more specific, the adsorption capacity (ge) delivers information about the amount
of ions adsorbed per gram of adsorbate atequilibrium (mg/g). Therefore, the adsorption
capacities for the adsorption of Lil* onto IL-CNC@DP were found to be 4.47, 9.40,
14.34, 19.29, 24.25, 29.22, 34.21, 49.19, 69.18, and 99.17 mg/g for Li* metal

concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively. On the
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other hand, the adsorption capacities for the adsorption of Lil* onto RDP were found to
be 0.59, 1.64, 2.57, 4.65, 6.26, 9.60, 13.73, 20.93, 31.38, and 53.02 mg/g for Li** metal
concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively. The high
adsorptive capacity of IL-CNC@DP towards Li'* wa more prominent athigh Lit* initial
concentrations due to the fact that more binding sites were available at high metal
concentrations that promoted better filling inside the pores of the adsorbent surface.
Furthermore, studies by Al-Ghouti et al. (2019 & 2017) demonstrated that the
adsorption increased with the increase in concentration because of collision and
enhance mass transfer forces between the metal ions and the adsorbent itself. Also
relying on the adsorption capacity concept, the adsorption mechanisms through
adsorption isotherm models will be presented later on.

In this study, concentrations above 100 mg/L for IL-CNC@DP were not employed
since the adsorption capacity of Li* reached 99 mg/g with 99% adsorption efficiency
at 100 mg/L of initial metal concentration. It reached equilibrium due to the increase in
metal concentrations that facilitated the mass transfer driving force that increased the
adsorption onto the CNC available surface-active sites. Nevertheless, it is expected that
the adsorbent eventually will have limited available active sites; therefore, the
adsorption capacity will reach a plateau (Jiang et al., 2020). It is also important to
mention that the higher adsorption capacity of IL-CNC@DP in comparison to RDP
could be attributed to the adsorbents’ characteristics. This means that the
characterization of the adsorbent can enhance the selectivity of any pollutant. In this
study, the BET results that were obtained demonstrated that the RDP adsorbent had a
specific surface area of 2.126 m2/g with a pore volume of 0.008611 cmd/g. After
modification, the specific surface area of the IL-CNC@DP adsorbent was found to be

4.254 m?/g with a pore volume of 0.015527 cm?3/g. Therefore, such characterization
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proves why Lil* favors adsorption onto the surface of IL-CNC@DP more than RDP
since it has higher pore volume and surface, which provides more active binding sites;
therefore, more adsorption towards Lit*. This is also supported by the SEM results of
Figures 5A—C, where the surface of IL-CNC@DP contains more pores and dents in
comparison to the smoother surface of RDP.

The adsorption of Lit* can reachits all-time high at 99 mg/g at 100 mg/L by using the
modified adsorbent. Researchers can have the choice of either relying on the modified
adsorbent for optimum Li** removal for remediation and recovery purposes or they

could utilize RDP at high concentrations for limited pollutant removal.
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Figure 19. Effect of initial concentration on the IL-CNC@DP & RDP at different

concentrations on Li'* adsorption.
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As discussed earlier, another pollutant that was found to exceed the permissible limits
is molybdenum (Mo). Therefore, this study is to understand the adsorption capacity of
Mof* onto both adsorbents as a way to recover this metal. Figure 20 demonstrates the
adsorption capacity for Mo+ onto IL-CNC@DP & RDP at multiple concentrations. A
general trend was observed for the MoS*concentrations that were studied atan optimum
pH value of 6 for both adsorbents. It is evident that there is a steady increase in
adsorption capacity along with the increase in Mo%* concentrations for both adsorbents.
In addition, the adsorption capacity of IL-CNC@DP is the highest in comparison to
RDP for Mo%* adsorption and these results are similar to the ones obtained by Lil*
adsorption. Itis important to point that the results are also confirmed by the percentage
removal of Mof* at several pH values was the highest for IL-CNC@DP in contrast to
RDP. As discussed earlier, the modification performed by CNC promoted better and
enhanced removal percentages and that IL was used to bind or link the surface of the
RDP and the CNC together. This canenhance and optimize the removal of the pollutant,
such as heavy metals, from the environment. This is why it can be clear that the
adsorption capacity of Mo8* onto IL-CNC@DP presented a steady increase overall the
concentrations used, whereas the adsorption capacity onto RDP was less under the same
Mof* concentrations used. This is due to the overall mass transfer driving force of the
Mof* metal. In other words, the increase in the adsorption capacity along with the
increase in concentration is due to the increase in metal mass transfer onto the
adsorbent's surface of the CNC. Furthermore, at high initial concentrations, the collision
between the metals and the active binding sites of the adsorbent occurs along with an
increase in the diffusion of the solute to the pores of the adsorbent. Hence, the modified
adsorbent IL-CNC@DP had a better mass transfer, collision, and diffusion of the MoS*

metal that enhanced the adsorption capacity in comparison to RDP.
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The adsorption capacities for the adsorption of Mo%* onto IL-CNC@DP were found to
be 4.69, 9.67, 14.38, 19.53, 24.54, 29.44, 34.48, 49.62, 69.55, and 88.42 mg/g for Mof*
metal concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively.
However, the adsorption capacities for the adsorption of Mo®* onto RDP were found to
be 0.36, 0.93, 1.72, 4.45, 7.13, 11.28, 14.91, 25.54, 39.71, and 61.49 mg/g for Mo%*
metal concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively. It
is obvious that the high adsorptive capacity of Mo%*onto IL-CNC@DP is significant at
high initial Mo%* concentrations. As previously discussed, this is due to the fact that
more binding sites were available at high metal concentrations that promoted better
filling inside the pores of the adsorbent surface. For this study, the highest adsorption
capacity at 100 mg/L for IL-CNC@DP reached 89 mg/g with 89% adsorption
efficiency. Since it did not reach the adsorption capacity of Li'* at 99 mg/g, then
perhaps this study did not reach equilibrium and the adsorption capacity can still
increase as the initial concentrations increases until it reaches around 99 mg/g.
Although, another reason could be attributed to the adsorbent itself since it has limited
available active sites on the adsorbent's surface until it reaches a plateau.

The higher adsorption capacity also depends on the adsorbent's characteristics such as
the previously mentioned BET and SEM results. Moreover, this is why Mof* favors
adsorption onto the modified adsorbent more than the unmodified adsorbent since it has
higher pore volume and surface, which provides more active binding sites. All in all,
the adsorption of Mo8* canreachits all-time high at 89 mg/g at 100 mg/L by using the
modified adsorbent, as for the unmodified adsorbent it reaches 61 mg/g at 100 mg/L.
In this case, depending upon the accessibility of resources and the amount of metal
pollutant available, the removal of Mo%* ions can be performed by either. Lastly, if

researchers are utilizing unmodified adsorbents, such as RDP, then it is more favorable
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towards Mof* than Lit*, whereas if they are considering a more enhanced and modified
adsorbent, then it is more favorable towards Lit* than Mo%*at 100 mg/L of initial metal

concentration.
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Figure 20. Effect of initial concentration on the IL-CNC@DP & RDP at different

concentrations on Mo®*+ adsorption.

Figure 21 demonstrates the adsorption capacity for B3* onto IL-CNC@DP & RDP at
multiple concentrations. A general trend is found for the B3*concentrations that were
studied at an optimum pH value of 6 for IL-CNC@DP and a pH value of 4 for RDP. It
is apparent that there is a steady increase in adsorption capacity along with the increase
in B3* concentrations for both adsorbents. The adsorption capacity of IL-CNC@DP is
the highest in comparison to RDP for B3*adsorption and these results are similar to the
ones obtained by Lit* and Mo%* adsorption. Moreover, these findings are also consistent
with the ones obtained for the percentage removal of B3+ at several pH values since it
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also shows that IL-CNC@DP is the highest in contrastto RDP. The reason is due to the
modification made onto RDP by using CNC and IL. Because it can be clear that the
adsorption capacity of B3* onto IL-CNC@DP was significantly enhanced and
improved, whereas, under the same experimental conditions, the adsorption capacity
onto RDP was much less. It is worth mentioning that the overall mass transfer driving
force of B3*metals plays a major role as it provides better adsorption capacity at high
initial concentrations. As initial concentration increases, collision and diffusion of the
B3+ metal and the surface of the adsorbent occurs, therefore the adsorption capacity
increases. Thus, the modified adsorbent IL-CNC@DP had a better mass transfer,
collision, and diffusion of the B3* metal that enhanced the adsorption capacity in
contrast to RDP.

The adsorption capacities for the adsorption of B3+ onto IL-CNC@DP were found to
be 4.50, 9.19, 13.88, 19.00, 24.13, 29.11, 34.02, 48.27, 68.17, and 97.60 mg/g for B3+
metal concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively.
Nevertheless, the adsorption capacities for the adsorption of B3+ onto RDP were found
to be 0.44, 1.58, 4.36, 6.50, 13.12, 16.24, 20.24, 31.13, 43.67, and 65.56 mg/g for B3*
metal concentrations of 5, 10, 15, 20, 25, 30, 35, 50, 70, and 100 mg/L, respectively.
These results prove that the high adsorptive capacity of B3* onto IL-CNC@DP is
significant at high initial B3* concentrations. As formerly stated from the previous two
experiments ( Lit* & Mo5*), this is due to the factthat more binding sites were available
at high B3* metal concentrations that encouraged better filling inside the pores of the
adsorbent surface. In this study, the highest adsorption capacity at 100 mg/L for IL-
CNC@DP 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.

Furthermore, the adsorbent's characteristics such as the previously mentioned BET and
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SEM results are highly dependent upon the enhancement of adsorption capacity.

This is why B3+ favors adsorption onto the modified adsorbent more than the
unmodified adsorbent since it has higher pore volume and surface, which provides more
active binding sites. Nevertheless, the unmodified adsorbent reaches its all-time high at
65 mg/g at 100 mg/L, therefore, B3+ canstill be remediated from the environment using
the RDP. Comparing the adsorption capacities of Lit*, Mof*, & B*, it can be concluded
that Lit* > B3* > Mob* for IL-CNC@DP and B3* > Mo%* Lit* for RDP at 100 mg/L of

initial metal concentration.
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Figure 21. Effect of initial concentration on the IL-CNC@DP & RDP at different
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99



4.5 Effect of temperature on adsorption of Li'*, Mo®%*, & B3 and

the rmodynamics.

Another important parameter in any adsorption process is temperature. Any batch
adsorption process depends greatly on the surrounding temperature. In general, there
exist two methods of activation for an adsorbent: chemical and physical. The chemical
activation includes treatment of the adsorbent with chemicals. This method was done
by modifying the adsorbent with IL and CNC. On the other hand, the physical activation
was done by using three different temperatures, where 25°C mimics the room
temperature surroundings and 35 and 45°C are high temperatures that require more
input of energy and cost (Heibati et al., 2015). This means that exothermic and
endothermic nature adsorption processes exist depending on the temperature used.
Therefore, it is important to know exactly what optimum temperature to use in order to
recover metals from water processes for maximum adsorption capacity.

The effects of temperatures on Li'* adsorption onto IL-CNC@DP & RDP were
investigated at different temperatures and the results are shown in Figure 22 (A & B).
Figure 22A shows a linear increase of Lil* adsorption onto IL-CNC@DP with
increasing initial concentrations as it directs the accessibility of several active sites as
the Li'* concentration increases. It is evident that when the adsorption process was
conducted at 25 °C, 35 °C, and 45 °C, the amount of Lit* being adsorbed did not
fluctuate much and that the effect of temperature did not contribute as a major factor in
this study. However, there is an increase in the adsorption capacity and efficiency as
the temperature increases, but the differences between the temperatures are
insignificant. These findings are noteworthy since the increase in temperature requires
more energy and cost, therefore room temperature experiments are more practical and

affordable. Moreover, this means that the modified adsorbent is effective enough to be
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physically active at low temperatures rather than utilizing high temperatures. Despite
that recent findings validate that the effect of the temperature factor does in fact
contribute to the adsorption capacity (Al-Ghouti & Al-Absi, 2020; Al-Ghouti & Da'ana,
2020; Al-Ghouti et al., 2019). In this study, the temperature factor did not play a
significant role in the modified adsorbent. Regardless, analysis of variance (ANOVA)
was used to assess the significance of the results in this study. A two-factor ANOVA
test was conducted and the results of Li* onto IL-CNC@DP show a significant
difference ata p-value of 0.03, but experimentally the results are not significant.

Therefore the results show that the adsorption capacity of Lit* at 5 mg/L onto IL-
CNC@DRP is found to slightly increase from 4.47 mg/g (89.46%) at 25 °C to 4.50 mg/g
(90.06%) at 35 °C to 4.54 mg/g (90.96%) at 45 °C. By comparing these results to the
adsorption capacity of Lit* at 100 mg/L, it was found that it also increases slightly from
99.1 mg/g (99.17%) at 25 °C to 99.2 mg/g (99.23%) at 35 °C to 99.2 mg/g (99.25%) at
45 °C. This indicates the availability of active sites on the surface of the adsorbent at
increasing initial concentrations. Therefore, water treatment processes that are
concentrated with Lit* can be recovered at low temperatures using IL-CNC@DP athigh
initial concentrations for optimum and maximum recovery of Lit*. While on the other
hand, Figure 22B shows a linear increase of Li'* adsorption onto RDP with increasing
initial concentrations, but fluctuations are demonstrated under the three different
temperatures. The adsorption capacity of Lit* at5 mg/L onto RDP is found to decrease
from 0.58 mg/g (11.71%) at 25 °C to 0.51 mg/g (10.32%) at 35 °C t0 0.32 mg/g (6.57%)
at45 °C. This trend of decreasing with increasing temperatures is shown up until initial
concentrations of 15 mg/L and then the trend started to show other variations. One
constant result was observed for RDP was that at initial concentrations of 20 until 70

mg/L, the optimum adsorption capacity was found at 35 °C. Later, it showed a constant
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trend of increasing that indicates the incapability of the molecules to naturally adhere
on the surface of the RDP adsorbent due to the presence of few available active sites.
Similar results are shown by a recent study by Al-Ghouti et al. (2019), where the
adsorption of mercury at 25 °C increased with increasing concentrations, but at 35 °C
and 45 °C, the adsorption started to show fluctuating trends of increasing and
decreasing. In this study, at 100 mg/L, the optimum temperature was found to be 45 °C,
although at 35 °C the adsorption capacity is still high. Overall, it can be concluded that
moderate temperature is more favored by the adsorption process onto RDP. Besides,
the statistical analysis results of Li'* onto RDP show a significant difference at a p-

value of 3x1038.
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Figure 22. Effect of temperature on the IL-CNC@DP (A) & RDP (B) at different

concentrations on Li'* adsorption.

Based on the obtained results, thermodynamics calculations were analyzed for both
adsorbents at 25, 35, and 45 °C. This was performed in order to understand the behavior
of the reactions that took place under different temperatures. From Table 11, the values
of AG® are found to have a negative value throughout all the experiments, indicating

that the adsorption of Lit* onto IL-CNC@DP & RDP is feasible, spontaneous, and do
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not need an external driver for the reaction to take place. Similarly, the negative value
of AH® for all the experiments indicates that the reactions were exothermic. Lastly, the
negative value of AS°® confirmed that the adsorption of Li'* on the surface of the
adsorbents is an associated mechanism (Al-Ghouti etal., 2019; Imran Din et al., 2013).
The calculation of the thermodynamics at 25°C, 35°C, and 45 °C was carried out based
on the previously mentioned equations (6) and (7), where the Li'* concentrations
varied. Furthermore, the equation of the line for enthalpy and entropy determination is
demonstrated in Figure 26. The AG® values for the modified adsorbent IL-CNC@DP
were -11.21 kJ/mol, -9.08.11 kJ/mol, and - 6.96 kJ/mol at 25 °C, 35 °C, and 45 °C,
respectively. According to the negative values obtained for Gibbs free energy, it can be
concluded that the adsorption of Lit* onto IL-CNC@DP was spontaneous at all the
studied temperatures. While the values of AH® and AS° were -74.57 kJ/mol and -
0.21 kJ/mol, respectively. The AH® verifies the previous results of the effect of
temperature on the adsorption of Lit* onto IL-CNC@DP, where utilization of different
temperatures did not have an effect on the adsorption process. As for AS® results, it
does not favor the high level of disorder in the adsorption process. For the unmodified
adsorbent RDP, the AG® values were -12.25 kJ/mol, -11.11 kJ/mol, and -9.98 kJ/mol at
25 °C, 35 °C, and 45 °C, respectively. The values of AH® and AS® were -46.05 kJ/mol

and -0.11 kJ/mol, respectively.

Table 11. Thermodynamic parameters for Lit* adsorption onto IL-CNC@DP & RDP.

Adsorbent  Temperature In(K)) AG° AH® AS°
(°C) (kJ/mol) (kJ/mol)  (kJ/mol)
IL- 25 4.46 -11.21 -74.57 -0.21
CNC@DP 35 3.67 -9.08
45 2.57 -6.96
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RDP 25 5.14 -12.25 -46.05 -0.11
35 3.93 -11.11
45 3.98 -9.98

Further experiments were performed on Mo adsorption by understanding the
optimum temperature in order to recover this metal from water processes under
maximum adsorption capacity. The effects of temperatures on Mo+ adsorption onto
IL-CNC@DP & RDP were investigated at different temperatures and the results are
illustrated in Figure 23. Figure 23A displays a linear increase of Mo6* adsorption onto
IL-CNC@DP with increasing initial concentrations due to the availability of multiple
active sites on the modified adsorbent's surface as the Mo%* concentration increases.
Although comparing the reaction under 25 °C, 35 °C, and 45 °C, the amount of Mo6*
adsorbed by IL-CNC@DP did not vary. This study can confirm that the effect of a
variety of temperatures was not a significant factor for the modified adsorbent.
Nonetheless, there is still a fluctuation in the adsorption capacity as the temperature
increases, but the differences are trivial. On the other hand, the removal of Mo%* onto
IL-CNC@DP displays a significant difference at a p-value of 5x10°, but
experimentally the results are not significant. The results are similar to Li'* adsorption;
therefore, proving that the modified adsorbent is effective enough to be physically
active at low temperatures rather than utilizing high temperatures, regardless of what
other studies have found, as previously mentioned.

The finding displays the adsorption capacity of Mo+ at5 mg/L onto IL-CNC@DP to
be 4.69 mg/g (83.81%) at 25 °C then to decrease slightly to 4.471 mg/g (79.43%) at 35

°C and then to increase slightly to 4.476 mg/g (79.53%) at 45 °C. Comparing these
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results to the adsorption capacity of Mo+ at 100 mg/L, it was found to be 89.4 mg/g
(89.42%) at 25 °C then to decrease slightly to 89.3 mg/g (89.39%) at 35 °C and to
remain the same at 89.3 mg/g (89.38%) at 45 °C. Therefore, this indicates the
availability of active sites on the surface of the adsorbent at increasing initial
concentrations. Hence, at large-scale operations for the removal of Mof* by the
adsorption process, the modified adsorbent (IL-CNC@DP) can be employed at low
temperatures such as 25 °C since it demonstrates high adsorption capacities at high
initial concentrations. Figure (B) illustrates a linear increase of Mo%* adsorption onto
RDP with increasing initial concentrations, but with more obvious variations under the
three different temperatures. The results of the removal of Mo%* onto RDP display a
significant difference atap-value of 1x10-5. Moreover, the adsorption capacity of Mo®*
at5 mg/L onto RDP is found to increase from 0.36 mg/g (7.38%) at 25 °C to 0.66 mg/g
(13.23%) at 35 °C to 0.88 mg/g (17.69%) at 45 °C. This trend of increasing with
increasing temperatures is also presented at initial concentrations of 30 till 200 mg/L.
However, at initial concentrations of 10 until 25 mg/L, the adsorption capacity at 35 °C
reaches its optimum then decreases at 45 °C. As mentioned previously, this trend of
increasing and decreasing adsorption capacities under a variety of temperatures has
been proven and it can be seen for Li* onto RDP. Nonetheless, in this specific study,
at 100 mg/L, the optimum temperature was found to be 45 °C. Therefore, it can be
concluded that higher temperature is more preferred by the adsorption process onto
RDP. It is also important to note that the variations in adsorption capacities between
Lil* & Mof* are significant. Moreover, based on all of the previous experiments, the
adsorption of Li'* is more favorable towards IL-CNC@DP adsorbent than Mo%* at
higher initial concentrations. Once the temperature factor was introduced, differences

between the adsorption capacities of the metals are presented under 25 °C, 35 °C, & 45
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°C. In other words, Lit* adsorption at5 and 100 mg/L onto IL-CNC@DP presents an
increasing trend as the temperature increases. On the other hand, Mo%* adsorption at 5
mg/L presents fluctuating trends but at 100 mg/L, it can be increasing towards high
temperatures. Nonetheless, comparing Lit* and Mo%* adsorption capacity onto RDP at
5mg/L, the trend is different, where for Li'* it decreases with increasing temperatures
and for Mo%* it is the opposite. On the other hand, at 100 mg/L for Li** & Mob*
adsorption, it can be shown that as the temperature increases, the adsorption capacity

increases.
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Figure 23. Effect of temperature on the IL-CNC@DP (A) & RDP (B) at different

concentrations on Mo®*+ adsorption.

Similarly, for this experiment, from Table 12, the values of AG® are negative for all the
temperatures, indicating that the adsorption of Mof* onto IL-CNC@DP & RDP is
feasible, spontaneous, and do not need an external driver for the reaction to take place.
Likewise, the negative value of AH® for all the experiments indicates that the reactions
were exothermic. Whereas the negative value of AS® confirmed that the adsorption of
MoS* on the surface of the IL-CNC@DP adsorbent is an associated mechanism, but a
positive value is found for RDP adsorbent. To be specific, the AG® values for the
modified adsorbent IL-CNC@DP were -8.31 kJ/mol, -4.69 kJ/mol, and -1.08 kJ/mol at
25 °C, 35 °C, and 45 °C, respectively. According to the results obtained for Gibbs free
energy, it can be concluded that the adsorption of MoS*onto IL-CNC@DP was
spontaneous at all the studied temperatures. The same results can be concluded for the
adsorption of MoS*onto RDP for Gibbs free energy. While the values of AH® and AS°
for IL-CNC@DP were -116.01 kJ/mol and -0.36 kJ/mol, respectively, while for RDP
the AH® and AS® values were -100.03 kJ/mol and 0.37 kJ/mol, respectively. The AH®
confirms that the effect of temperature on the adsorption of Mof* onto IL-CNC@DP
and RDP did not have a significant effect on the adsorption process. While as for AS°
results, it does not favor the high level of disorder in the adsorption process of Mo%*
onto IL-CNC@DP but for RDP it confirms the high level of disorder. By comparing
these results to the Li'* adsorption experiment onto IL-CNC@DP and RDP, it is
obvious that Gibbs free energy and enthalpy values are similar in their conclusions

under the three studied temperatures. On the other hand, the entropy values for Lit* and
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Mof* for IL-CNC@DP are the same (negative value) but when it comes to the
unmodified adsorbent, RDP, the conclusions differ since they follow a high level of
disorder. The calculation of the thermodynamics was based on the previously

mentioned equations (6) and (7).

Table 12. Thermodynamic parameters for Mo®+ adsorption onto IL-CNC@DP & RDP.

Adsorbent  Temperature In(KL) AG° AH® AS°
(°C) (kJ/mol) (kJ/mol)  (kJ/mol)
IL- 25 3.46 -8.31 -116.01  -0.36
CNC@DP 35 144  -4.69
45 0.53 -1.08
RDP 25 3.73 -210.93 -100.03  0.37
35 7.02 -214.65
45 6.23 -218.376
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The last parameter, which is the effect of temperatures on B3* adsorption onto IL-
CNC@DP & RDP, is illustrated in Figure 24. Figure 24A displays a linear increase of
B3+ adsorption onto IL-CNC@DP with increasing initial concentrations. This is due to
the availability of multiple active sites present on the modified adsorbent's surface as
the B3* concentration increases. Yet, comparing the reaction under 25 °C, 35 °C, and
45 °C, the amount of B3*adsorbed by IL-CNC@DP is not that significant amongst each
other.

Therefore, this study indicates that the effect of the three temperatures was not a
significant factor for the modified adsorbent. However, there is still a small variation in
the adsorption capacity as the temperature increases. Applying statistical analysis

the removal of B3* onto IL-CNC@DP display a significant difference at a p-value of
1.8x1013, but experimentally the results are not significant. The results are consistent
with the effect of temperature for Lit* and Mo%* adsorption onto IL-CNC@DP.

This further proves that the modified adsorbent is effective enough at low temperatures.
The results demonstrate the adsorption capacity of B3+ at5mg/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 B3+ 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 B3* 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. The other adsorbent, RDP, illustrated in Figure (B)
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presents an increase of B3+ adsorption with increasing initial concentrations, but with
more obvious variations under the three different temperatures. The removal of B3*
onto RDP illustrates a significant difference at a p-value of 1x107. Additionally, the
adsorption capacity of B3* at 5 mg/L onto RDP is found to decrease from 0.44 mg/g
(8.80%) at 25 °C t0 0.32 mg/g (6.40%) at 35 °C and then increase to 0.40 mg/g (8.10%)
at 45 °C. This trend of decreasing and then increasing with increasing temperatures is
demonstrated up until initial concentrations of 30 mg/L and then the trend started to
show other variations. At higher initial concentrations such as 70 mg/L and 100 mg/L,
the optimum temperature was found to be 45 °C. Moreover, the trend of increasing and
decreasing adsorption capacities under a variety of temperatures has been proven and
it can be seen for Li'* and Mof* adsorption onto RDP. Therefore, in this specific study,
at 100 mg/L, the optimum temperature was found to be 45 °C, where the highest
adsorption capacity occurs onto RDP.

Comparing all the effects of temperature results to each other, there are variations in
the adsorption capacities for Lit*, Mof*, & B3+ under 25 °C, 35 °C, & 45 °C. For
example, the IL-CNC@DP adsorbent demonstrates fluctuations at 5 and 100 mg/L for
all metals. Nonetheless, the highest adsorption capacity is obtained at 100 mg/L,
regardless of the temperature value. As for RDP, at5 mg/L, the trend is different, where
for Li'* & B3* it decreases with increasing temperatures and for Mo®* it is the opposite.
On the other hand, at 100 mg/L for Lit*, Mo®*, & B3* adsorption, it can be shown that
as the temperature increases, the adsorption capacity increases. This can be justified by
the different adsorption mechanisms each metal possesses towards the adsorbent and it

is further explained in detail in 4.2.
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Figure 24. Effect of temperature on the IL-CNC@DP (A) & RDP (B) at different

concentrations on B3* adsorption.

Likewise, for this experiment, in Table 13, the values of AG® are negative for all the
temperatures, indicating that the adsorption of B3* onto IL-CNC@DP & RDP is
feasible, spontaneous, and do not need an external driver for the reaction to take place.
Similarly, the negative value of AH® for all the experiments indicates that the reactions
were exothermic. Whereas the negative value of AS° confirmed that the adsorption of
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B3+ on the surface of the IL-CNC@DP and RDP adsorbent is an associated mechanism.
To be specific, the AG® values for the modified adsorbent IL-CNC@DP were -4037
kd/mol, -3336 kJ/mol, and -2635 kJ/mol at 25 °C, 35 °C, and 45 °C, respectively.
According to the results, it can be concluded that the adsorption of B3* onto IL-
CNC@DP was spontaneous at all the studied temperatures. The same results can be
concluded for the adsorption of B3+ onto RDP for Gibbs free energy. While the values
of AH® and AS® for IL-CNC@DP were -24942 kJ/mol and -70.11 kJ/mol, respectively,
and for RDP the AH° and AS° values were -117.73 kJ/mol and -0.34 kJ/mol,
respectively.

The AH® confirms that the effect of temperature on the adsorption of B3+ onto IL-
CNC@DP and RDP did not have a noteworthy result on the adsorption process. While
as for AS° results, it does not favor the high level of disorder in the adsorption process
of B3* onto IL-CNC@DP and RDP. These findings are similar to the Lil* adsorption
experiment onto IL-CNC@DP and RDP. The thermodynamics values are similar in
their conclusions under the three studied temperatures. The calculation of the

thermodynamics was based on the previously mentioned equations (6) and (7).

Table 13. Thermodynamic parameters for B3+ adsorption onto IL-CNC@DP & RDP.

Adsorbent  Temperature  In(Ky,  AG° AH° AS°
(°C) (kd/mol) (kd/mol)  (kJ/mol)
IL- 25 6.37 -4037 -24942 -70.11
CNC@DP 35 431 -3336
45 3.42 -2635
RDP 25 1.55 -14.23 -117.73  -0.34
35 1.84 -10.76
45 0.51 -7.29
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4.6 Adsorptionisotherms of Li**, Mo®", B®* removal onto IL-CNC@RDP and
RDP

The linear adsorption isotherms for Lit* adsorption onto IL-CNC@RDP and RDP at
25°C, 35°C, and 45°C were investigated in order to define the relationship of the
amount of metal adsorbed per gram of adsorbate at equilibrium (ge) and equilibrium
concentration of adsorbate (C¢) at constant temperature and pH. Therefore, four
isotherm models were tested using Langmuir, Freundlich, Dubinin—Radushkevich, and
Temkin models in Figures 25 and 27, and their parameters and constants are shown in
Table 14 and their equations of line are shown in Figures 26 and 28 for both adsorbents.
Based on general observation, the isotherm models for the two adsorbents show high
values of R2. This means that the adsorption of Lil* adsorption onto the modified and
unmodified adsorbents could follow any of the mentioned models (Magdy et al., 2018).
Both, the IL-CNC@DP & RDP adsorbent obtained the highest R? value with the
Freundlich isotherm model.

It can be seen that the values of R2of the Langmuir model of the IL-CNC@DP and
RDP follow the model's theory, although the R2value of the modified adsorbent is
slightly better than the unmodified adsorbent. In general, this means that Li'* molecules
form a homogenous monolayer on the surface of both adsorbents along with different
adsorption mechanisms with no interactions of molecules with adjacent sites (Uddin et
al., 2017). The monolayer adsorption capacity (Qo) of RDP is much higher than the
modified adsorbent with values of 68 mg/g and 8.7 mg/g, respectively at 25 °C.
Moreover, the b constant values indicate the adsorbent and adsorbate affinity offers the
presence of strong binding of Li'* onto both of the adsorbents (Al-Ghouti etal., 2019).
Therefore, based on the Langmuir isotherm model the adsorption of Lit* onto RDP is

more favorable towards it than IL-CNC@DP in this case (Hilal et al., 2012). These
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results mean that the RDP adsorbent best fits the Langmuir model theory. In addition,
the R values of both adsorbents at all the studied temperatures were between value 0
and 1, therefore this indicates an energetically favorable adsorption process (Zango et
al., 2020). The Freundlich isotherm model also shows that the adsorption process of
both adsorbents as they follow this model to a great extent. The high R2 values can
conclude that the studied adsorbents are reversible and form non-uniform multilayers
on the surface of the adsorbent (Vijayakumar et al., 2012). Moreover, the value of n of
the modified and the unmodified adsorbent correspond to values that are less than 1.
Therefore, both of the adsorption processes of Lil* are considered unfavorable and
chemical processes (Al-Ghouti & Al-Absi, 2020). Another important constant that is
derived from this isotherm is 1/n. According to the results, the value is greater than 1
for both adsorbents, therefore this indicates a cooperative adsorption process.
Moreover, the adsorption capacity of Lil* of the adsorbents is represented by the
Freundlich constant (Ks) (Zango et al., 2020). According to the obtained results, it is
evident that both IL-CNC@DP & RDP adsorbents have high adsorption capacities at
114.9 mg/g and 128.8 mg/g at 25°C, respectively, for Lit* when referring to the
Freundlich isotherm model. It can be concluded that both adsorbents fit this model.
Another isotherm model, Dubinin—-Radushkevich, has Bp values obtained for both
adsorbents as shown in Table 14. The results demonstrate that the adsorption process
of Li** is an energy-free process. In addition, the adsorption capacity (qgs) values of the
isotherm model show that the IL-CNC@DP adsorbent can attain higher adsorption of
Lil* than the RDP at 25 °C. Furthermore, the R2?values of IL-CNC@DP are higher than
RDP, which tends to provide a better description of the model than the RDP for the
adsorption of Lit*. Therefore, the Dubinin—Radushkevich isotherm model best fits the

modified IL-CNC@DP adsorbent. The last isotherm model used in this study is the
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Temkin adsorption isotherm model. It is evident that the R2 values indicate that the
model gives great fitting to both types of adsorbents although with better fitting for the
RDP. As a result, the adsorption process of Lit* depends on the heat of adsorption (Al-
Ghouti & Al-Absi., 2020). The high values for the Temkin’s heat of adsorption constant
(B) will tend to offer a chemical exothermic adsorption process of Lit* (de Farias Silva
et al., 2020). It can be concluded that at 25 °C this model can fit both adsorbents.

The studies done at 35 & 45 °C for Langmuir, Freundlich, Dubinin—Radushkevich, and
Temkin isotherm models are also demonstrated in Table 14. From Table 14, all the
isotherm models for the two adsorbents show relatively high R2values at all
temperatures, which means that the adsorption of Lit* could follow all models. Yet, the
IL-CNC@DP displayed the highest R2 value with the Langmuir isotherm model at
45 °C, while with the Freundlich isotherm model, the highest R? is for IL-CNC@DP is
at 35 °C. The Dubinin—Radushkevich isotherm model for IL-CNC@DP demonstrates
the highest R2 at 35 °C, whereas the Temkin isotherm model at 45 °C. The RDP
displayed the highest R2 value with the Langmuir isotherm model at 35 °C, while with
the Freundlich isotherm model; the highest R2 for RDP is at 45 °C. The highest R2 for
the RDP adsorbent with Dubinin—Radushkevich and Temkin isotherm model were
observed at 35 °C. This signifies how the changes in temperature values impact the
mechanism of adsorption onto the modified and unmodified adsorbent (Magdy et al.,
2018). It is worth mentioning that the R2? value reached 0.96 when the temperature
increased to 45 °C for the IL-CNC@DP. This can indicate that that the adsorption of
Li* onto IL-CNC@DP follows the Langmuir isotherm model better at higher
temperatures, while the adsorption onto RDP best fits the model at lower temperatures
(35°C). Although the monolayer adsorption capacity (Qo) of both adsorbents at 35 and

45°C did not drastically change as the temperature increased, however, the RDP is
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much higher than the modified adsorbent regarding the adsorption capacity values.
Moreover, the b constant values are more favorable towards RDP based on the
Langmuir isotherm model. As for the Freundlich isotherm model, as previously
mentioned, the high R2 values for the IL-CNC@DP & RDP at both temperatures (35 &
45 °C) show the fitting of the adsorption mechanism of Lit*. This means that Lit* forms
reversible and non-uniform multilayers on the surface of the adsorbent. Additionally,
the value of n of the modified adsorbent and the unmodified adsorbent corresponds to
values that are less than 1. Therefore, both of the adsorption processes of Lit* is
considered a considered unfavorable and chemical processes at 35 and 45°C.
Regarding the modified adsorbent, the value of n at45 °C is 0.20 and at 35 °C is 0.18;
this indicates that the increased favorability of the adsorption occurs as the temperature
increases to 45 °C. In addition, the constant 1/n for IL-CNC@DP is greater than 1, but
it decreases as the temperature increases, which indicates a cooperative adsorption
process as it becomes more heterogeneous. The Freundlich constant (Kjy for IL-
CNC@DP adsorbent did not significantly change when the temperature increased from
35 to 45 °C, meaning that they share comparable adsorption capacity towards Li*.
However, the K¢ value of the RDP decreased from 529.8 mg/g to 336.2 mg/g when the
temperature increased from 35 to 45 °C, indicating the significant impact the
temperature has on the adsorption capacity of RDP. As for the Dubinin—Radushkevich
isotherm model, the Bp results demonstrate that the adsorption process of Lil* is an
energy-free process and the adsorption capacity (gs) values of the isotherm model show
that the IL-CNC@DP adsorbent at 35°C displayed a higher adsorption capacity at
1098 mg/g than the RDP at 529.8 mg/g for the removal of Lit*. Similar results
demonstrate that at 45 °C, the IL-CNC@DP adsorbent displayed a higher adsorption

capacity at 808 mg/g than the RDP at 336.2 mg/g. Lastly, the Temkin adsorption
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isotherm model R? values indicate that the model gives great fitting to both types of

adsorbents although with better fitting for the RDP at 35 & 45 °C. Moreover, positive

values of Temkin’s heat of sorption constant (B) offer a chemical exothermic

adsorption process of Lil* at both temperatures.

Table 14. The parameters of the two isotherms models for lithium adsorption onto IL-
CNC@RDP and RDP at 25 °C, 35°C, and 45 °C.

Adsorbent T
IL- (°C)
CNC@DP

25
35
45

T
0

25

35

45
RDP T

(°C)

25
35
45

(°C)

25
35
45

Langmuir
Qo (Mg/g)

8.7

5.6

3.09
Temkin

At (L/mg)

0.63
0.69
0.46
Langmuir
Qo (Mg/g)

68.0

32.7

34.7
TemkKin
At (L/mg)

0.54
0.52
0.54

b
(L/mg)

86.7
39.1
13.0

B
(J/mol)
28.9
26.6
4.5

b
(L/mg)
170.4
50.6
53.7

B
(J/mol)
25.0
16.9
33.3

R2

0.94
0.94
0.96

R2

0.80
0.86
0.96

R2
0.83
0.93
0.92
R2

0.90

0.95
0.91

Freundlich

Kf¢(mg/g) n 1/n R?
(L/g)n

114.9 0.19 5.0 0.97
221.6 0.18 5.4 0.97
203.0 0.20 4.8 0.96
Dubinin-Radushkevich

0s (mg/g)  Bp R2
674.5 -9x107  0.97
1098 -7x107  0.98
808 -6x107  0.92
Freundlich

Ks¢(mg/g) n 1/n R2
(L/g)"

128.8 0.14 6.8 0.94
529.8 0.102 9.7 0.90
336.2 0.106 9.3 0.95
Dubinin-Radushkevich

gs (mg/g) Bp R?

41.1 -0.0001 0.90
48.9 -8x10°  0.91
44.0 -8x10°  0.89
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Figure 25. Adsorption isotherm models used in the current study of the adsorption of Lit* metal ions
onto IL-CNC@DP.
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Figure 26. Plot for the calculation of the thermodynamic parameters AS® and AH® of
Lithium adsorption onto IL-CNC@RDP.
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Figure 27. Adsorption isotherm models used in the current study of the adsorption of Lit* metal ions

onto RDP.
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Figure 28. Plot for the calculation of the thermodynamic parameters AS® and AH® of
Lithium adsorption onto RDP.
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Regarding Mof* adsorption onto IL-CNC@RDP and RDP at 25 °C, 35°C, and 45°C,
linear adsorption isotherms were investigated by studying the four isotherm models,
shown in Figures 29 and 31. Their parameters and constants are shown in Table 15 and
their equations of the line are shown in Figures 30 and 32 for both adsorbents. By
generally looking at the table, the two adsorbents display high values of R2, meaning
that the adsorption of Mo%* onto the modified and unmodified adsorbents could follow
any of the mentioned models. The IL-CNC@DP has the highest R2 value with the
Langmuir isotherm model, whereas the Temkin isotherm model with the highest
R? value for the RDP.

To be specific, the values of R2of the Langmuir model of the IL-CNC@DP and RDP
follow the model's theory, even though the R? value of the modified adsorbent is
somewhat better than the unmodified adsorbent. This proves that the Mo%* molecules
form a homogenous monolayer on the surface of both adsorbents. Regardless of the R2
value, the monolayer adsorption capacity (Qo) of IL-CNC@DP is much higher than the
RDP adsorbent with values of 7.4 mg/g and 1.4 mg/g, respectively at 25°C.
Additionally, the b constant values indicate the adsorbent and adsorbate affinity offers
the presence of strong binding of Mo%* onto both of the adsorbents. Therefore, based
on the Langmuir isotherm model the adsorption of Mof* onto IL-CNC@DP is more
favorable towards it than RDP. These results mean that the IL-CNC@DP adsorbent
best fits the Langmuir model theory. The R, values of both adsorbents at all the studied
temperatures were between values 0 and 1, therefore this indicates an energetically
favorable adsorption process. The second model is the Freundlich isotherm and it
presents high R2values that could mean that the studied adsorbents are reversible and
form non-uniform multilayers on the surface of the adsorbent. Additionally, the value

of n of the modified and the unmodified adsorbent correspond to values that are less
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than 1. Therefore, both of the adsorption processes of Mof* are considered unfavorable
and chemical processes. Another constant, which is 1/n, is found to be greater than 1
for both adsorbents, therefore this specifies a cooperative adsorption process. The
Freundlich constant (K¢ has high adsorption capacities at 650.7 mg/g and 1553.5 mg/g
at 25 °C for Mo8* onto IL-CNC@DP and RDP, respectively. It can be concluded that
both adsorbents fit this model. For the Dubinin-Radushkevich isotherm model, the Bp
values obtained for both adsorbents demonstrate that the adsorption process of Mo®* is
an energy-free process, as shown in Table 15. Moreover, the adsorption capacity (qs)
values display that the IL-CNC@DP adsorbent can achieve higher adsorption of Mof*
than the RDP at 25°C along with higher RZ2 values. Therefore, the Dubinin—
Radushkevich isotherm model best fits the modified IL-CNC@DP adsorbent. The last
isotherm model is the Temkin adsorption isotherm model. It is evident that the
R2 values indicate that the model gives great fitting to both types and the high values
for the Temkin’s heat of sorption constant (B) will tend to offer a chemical exothermic
adsorption process of Mof*. It can be concluded that at 25 °C this model can fit both
adsorbents.

Regarding the other two temperatures, 35 °C & 45 °C, demonstrated in Table 15. From
Table 15, all models for the two adsorbents show somewhat high R2 values, which
means that the adsorption of Mo%* could follow any models. Yet, the IL-CNC@DP
displayed similar high R2values for the Langmuir and Freundlich isotherm model at 35
°C & 45 °C. The Dubinin—Radushkevich and Temkin isotherm model for IL-CNC@DP
demonstrated the highest R? at 45 °C & 35 °C, respectively. The RDP displayed the
highest R2 value with the Langmuir, Temkin, and Freundlich isotherm model at 35 °C,
whereas the highest R2is with Dubinin—Radushkevich at 45 °C. By looking at the trend

regarding the R? values, generally as the temperature increases, the values tend to
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decrease for both adsorbents. As for the monolayer adsorption capacity (Qo) of both
adsorbents at 35 °C and 45 °C for the Langmuir isotherm model, it did not drastically
change as the temperature increased. The b constant values are more favorable towards
RDP based on the Langmuir isotherm model. As for the Freundlich isotherm model, as
previously stated, the high R2 values for the IL-CNC@DP & RDP at 35 °C and 45 °C
show the fitting of the adsorption mechanism of Mof*. This means that Moé* forms
reversible and non-uniform multilayers on the surface of the adsorbents. Additionally,
the value of n of the modified adsorbent and the unmodified adsorbent corresponds to
values that are less than 1. Therefore, both of the adsorption processes of MoS* is
considered an unfavorable and chemical process at 35 °C and 45 °C. The constant 1/n
is greater than 1, which indicates a cooperative adsorption process. The Freundlich
constant (K¢ for IL-CNC@DP adsorbent did significantly change when the
temperature increased from 35 °C to 45 °C, meaning that they have dissimilar
adsorption capacity towards Mo+, The K;value of the RDP decreased from 297152
mg/g to 162267 mg/g when the temperature increased from 35 to 45 °C, indicating the
significant impact the temperature has on the adsorption capacity of RDP. As for the
Dubinin—Radushkevich isotherm model, the Bp results demonstrate that the adsorption
process of Mo%*is an energy-free process and the adsorption capacity (gs) values of the
isotherm model show that the IL-CNC@DP adsorbent at 35°C displayed a lower
adsorption capacity at 6.47 mg/g than the RDP at 56.0 mg/g for the removal of Mof*.
Similar results demonstrate thatat 45 °C, the IL-CNC@DP adsorbent displayed a lower
adsorption capacity at 64.07 mg/g than the RDP at 88.2 mg/g. Lastly, the Temkin
adsorption isotherm model R2 values prove that the model gives great fitting to both
types of adsorbents although with better fitting for the RDP. Moreover, positive values

of Temkin’s heat of sorption constant (B) offer a chemical exothermic adsorption
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process of Mo%* at both temperatures.

Differences at 25 °C are most likely to be found between Mof* & Lit* adsorption in
terms of isotherm models. For example, the R? value for Mo+ adsorption was less when
comparing it to the Lit* adsorption models at 25 °C for both adsorbents. Moreover, in
general, the modified adsorbent (IL-CNC@DP), follows the Langmuir isotherm model
better than unmodified (RDP) Mof* adsorption, whereas it's the opposite for Lil*
adsorption onto all temperatures. On the contrary, both adsorption processes for Mo®*
and Li'* are considered unfavorable, chemical, and cooperative adsorption processes
based on their constants for the Freundlich model. Therefore, both metals fit this model.
Moreover, the Dubinin—Radushkevich isotherm model best fits the modified adsorbent
(IL-CNC@DP) adsorbent better for Mof* & Lit*, whereas the Temkin isotherm model
gives great fitting to both types of adsorbents although with better fitting for the RDP
for Lit* adsorption. The other two temperatures (35°C and 45°C) also show variations
in their isotherm models. For example, RDP adsorbent is much higher than IL-
CNC@DP adsorbent regarding their adsorption capacity values for Lit* in Langmuir
isotherm model but Mof*; no substantial differences are enough to form such a
conclusion. Regarding the Dubinin—Radushkevich isotherm model, the Bp results
demonstrate that the adsorption process of Mof* & Li'* is an energy-free process and
the adsorption capacities (qs) between the metals differ according to their results

depending upon the temperatures used.
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Table 15. The parameters of the two isotherms models for molybdenum adsorption
onto IL-CNC@RDP and RDP at 25 °C, 35°C, and 45 °C.

Adsorbent
IL-
CNC@DP

RDP

=
°C)

25
35
45
T

(°C)

25
35
45

T
0

25
35
45

T
0

25
35
45

Langmuir
Qo (Mg/g)

1.4

3.3

2.00
TemkKin

Ar (L/mg)

1.29
0.57
0.57
Langmuir
Qo (Mg/g)

1.4

6.9

4.7
Temkin
At (L/mg)

1.08
1.20
1.12

b
(L/mg)

32.1
4.2
1.7

B
(J/mol)
45.4
72.7
103.6

b
(L/mg)
42.0
1127.9
509.0

B
(J/mol)
84.2
81.29
118.34

RZ

0.94
0.93
0.93

R2

0.90
0.806
0.803

R2
0.95
0.86
0.85
R2
0.90

0.94
0.93

Freundlich

K¢(mg/g) n 1/n
(L/g)"

650.7 0.24 4.0
215.6 0.15 6.4
53.5 0.11 9.04
Dubinin-Radushkevich

g (mg/g) Bo R?
421.0 -4x107  0.84
6.47 5x107  0.76
64.07 8x107  0.85
Freundlich

Ki(mg/g) n 1/n
(L/g)"

1553.5 0.16 5.8
297152 0.10 9.8
162267 0.09 10.01
Dubinin-Radushkevich

ds (Mg/g) Bo R2

38.3 -8x105  0.81
56.0 -6x105  0.87
88.2 -8x105  0.89

RZ

0.91
0.893
0.894

R2

0.93
0.92
0.89

125



Freundlich Isotherm Model

Langmuir Isotherm Model

V = 4.0889x +6.4782
R?=0.939 ; y =6.4657x +7.6763
IR [ ] 2=
0.12 y =-0.2331x+0.1335 o L P R7=0.8932
01 R?=0.9432 K 3' .8.

o - 0
é-’o'og R ®25°Cc H 2.5 o B . o ® 25°C
0.06 ¢ ®35°C 2 ¢

., P 1.5 o i o
0-04 1 [y =1.1688x-0.4992 ® 45°C . y =-9.0425x -3.9807 ¢ a5
0.02 R?=0.9378 ._:’.._7--.,. R2=0.8944
re: ..o 0.5
0 - _
0.000 0.100 0.200 0.300 0.400 0.500 0.600 o5 R s
(c\ In(C.)
Dubinin-Radushkevich Isotherm .
Model Temkin Isotherm Model
5 y =5E-07x - 1.8681 40 y =-103.69x-60.017
. R?=0.8036
° R?=0.7659 .
3 * e .:'_o’: 8E-07x - 4.1601 25 VY L '13'37()3;(;221'896
o ‘ep R?= 0.8569 g s =0. Joec
- 2§ = 45. : . °
£, | [v=-4c07x+6.0427| &0 oo ¥ 4:24_35"9522 996 se.*.
R2=0.8414 o ® 25 15 - o . ® 35°C
) o ...- ‘e,
1 35°C | 10 oo 2. ® 45°C
. o 45°C 5 ¢ Y
0 5000000 10000000 15000000 05 R s

ef2 In(Ce)

Figure 29. Adsorption isotherm models used in the current study of the adsorption of Mo®+ metal ions
onto IL-CNC@DP.
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Figure 30. Plot for the calculation of the thermodynamic parameters AS°® and AH® of
Molybdenum adsorption onto IL-CNC@DP.
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Figure 31. Adsorption isotherm models used in the current study of the adsorption of Mo+ metal ions
onto RDP.
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As for B3*adsorption onto IL-CNC@RDP and RDP, they are demonstrated in Figures
33 and 35. Their parameters and constants are shown in Table 16 and their equations
of the line are shown in Figures 34 and 36 for both adsorbents. By generally looking at
the table, the models for the two adsorbents display a variety of R2values, where some
are not as high as they are expected to be. This means that the adsorption of B3* onto
the modified and unmodified adsorbents might not follow all of the mentioned models.
The IL-CNC@DP and RDP adsorbents have the highest R2values for the Dubinin—
Radushkevich model at 25 °C.

On the other hand, the value of R? of 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 R2? value for RDP follows the model theory better. This proves that the
B3* molecules form a homogenous monolayer on the surface of RDP adsorbent better
than IL-CNC@DP. Regardless of the R2value, the monolayer adsorption capacity (Qo)
of IL-CNC@DP is much higher than the RDP adsorbent with values of 588.2 mg/g and
4.72 mglg, respectively at 25°C. Furthermore, the b constant values indicate the
adsorbent and adsorbate affinity offers the presence of strong binding of B3*onto both
of the adsorbents. Therefore, based on the Langmuir isotherm model the adsorption of
B3+ onto IL-CNC@DP is followed to a certain degree but it is more favorable towards
RDP according to the R2value. These results mean that the RDP adsorbent best fits the
Langmuir model theory. The R, values of both adsorbents at all the studied
temperatures were between values 0 and 1, therefore this indicates an energetically
favorable adsorption process. The second model is the Freundlich isotherm model and
it presents high R2values for the RDP adsorbent, which could mean that the studied
adsorbent forms non-uniform multilayers on its surface. As for the IL-CNC@DP

adsorbent, the adsorption of B3* is followed to a certain degree regarding its R2values.
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As well, the value of n of the modified and the unmodified adsorbent corresponds to
values that are less than 1. Therefore, both of the adsorption processes of B3+ are
considered unfavorable and chemical processes. 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 (K at 25°C has high adsorption
capacity at 122 mg/g onto IL-CNC@DP and extremely high adsorption capacity at
102.4 x10°> mg/g onto RDP for B3*. It can be concluded that both adsorbents fit this
model. The third model is the Dubinin—Radushkevich isotherm. The Bp values obtained
for both adsorbents demonstrate that the adsorption process of B3*is an energy-free
process, as shown in Table 16. Moreover, the adsorption capacity (qgs) values
demonstrate that the IL-CNC@DP adsorbent can achieve higher adsorption of B3+ at
105.44 mg/g more than the RDP at 68.46 mg/g along with high R2values for both at
25 °C. Therefore, the Dubinin—Radushkevich isotherm model best fits the modified IL-
CNC@DP adsorbent. However, it still can be considered a good fit for the unmodified
RDP adsorbent. The last model, which is the Temkin adsorption isotherm model, shows
high R2 values for RDP more than IL-CNC@DP. Moreover, Temkin’s heat of sorption
constant (B) offers a chemical exothermic adsorption process of B3*with higher values
for RDP adsorbent. Hence, it can be concluded that at 25 °C this model is a better fit for
RDP in contrast to IL-CNC@DP.

As for 35 °C & 45°C, Langmuir, Freundlich, Dubinin—Radushkevich, and Temkin
isotherm models are also demonstrated in Table 16. The R? values show variations,
which means that the adsorption of B3* could follow any models. For example, IL-
CNC@DP displayed low R2 values for the Langmuir isotherm model at 35 °C & 45 °C,
whereas high R2values for the Freundlich, Dubinin—-Radushkevich, and Temkin

isotherm model at 35 °C & 45 °C. Onthe other hand, the RDP adsorbent displayed the
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highest R2 value with the Langmuir, Temkin, and Freundlich isotherm model at 35 °C,
whereas the highest R2is with Dubinin—Radushkevich at 45 °C. By looking at the trend
regarding the RZ values, generally as the temperature increases, the values tend to
decrease for both adsorbents. As for the monolayer adsorption capacity (Qo) of both
adsorbents at 35 °C and 45 °C for the Langmuir isotherm model as the temperature
increases, the adsorption capacity decreases. It can be concluded that the Langmuir
isotherm is more favorable towards RDP at 35 °C. As for the Freundlich isotherm
model, the high R2 values at 35 °C and 45 °C for IL-CNC@DP and high R2 values at
35 °C for RDP show the best fitting of the adsorption mechanism of B3*. This means
that B3+ forms reversible and non-uniform multilayers on the surface of the adsorbents
at the mentioned temperatures. Additionally, the value of n of the modified adsorbent
and the unmodified adsorbent corresponds to values that are greater than 1. Therefore,
both of the adsorption processes of B3*is considered an unfavorable and chemical
process at 35 °C and 45 °C. Furthermore, the constant 1/n is greater than 1, which
indicates a cooperative adsorption process. The Freundlich constant (Kjy for IL-
CNC@DP and RDP adsorbent did significantly change when the temperature increased
from 35 °C to 45 °C, meaning that they have dissimilar adsorption capacity towards
B3+. As for the Dubinin—Radushkevich isotherm model, the Bp results demonstrate that
the adsorption process of B3*is an energy-free process for both adsorbents at 35 °C and
45 °C. The adsorption capacity (gs) values of the isotherm model show that the IL-
CNC@DP adsorbent at 35 °C displayed a lower adsorption capacity at 37.50 mg/g than
the RDP at 53.91 mg/g for the removal of B3*. Similar results demonstrate that at 45 °C,
the IL-CNC@DP adsorbent displayed a much lower adsorption capacity at 1.47 mg/g
than the RDP at 87.29 mg/g. Lastly, the Temkin adsorption isotherm model R? values

prove that the model gives great fitting to both types of adsorbents although with better
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fitting for the IL-CNC@DP. Additionally, positive values of Temkin’s heat of sorption
constant (B) offer a chemical exothermic adsorption process of B3* at both
temperatures.

Comparing B3* adsorption to Mof* & Li* adsorption in terms of isotherm models, the
R2 values are much less significant at25 °C for both adsorbents. The unmodified (RDP)
follows the Langmuir isotherm model better than the modified adsorbent (IL-
CNC@DP) onto all temperatures for Lit* and B3+ adsorption only. Moreover, the same
conclusions offered towards Mo®* and Lit* for the Freundlich model can be seen
towards B3*, where based on their constants they are unfavorable, chemical, and
cooperative adsorption processes. Moreover, the Dubinin—Radushkevich isotherm
model best fits both adsorbents for B3+, the same can be seen for Mof* & Li*. On the
other hand, the Temkin isotherm model gives great fitting to Lil* and B3* adsorption

for RDP.
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Table 16. The parameters of the two isotherms models for boron adsorption onto IL-
CNC@RDP and RDP at25°C, 35°C, and 45 °C.

Adsorbent
IL-
CNC@DP

RDP

=
°C)

25
35
45
T

(°C)

25
35
45

T
0

25
35
45

T
0

25
35
45

Langmuir
Qo (Mg/g)

588.2

74.62

30.58
TemkKin

Ar (L/mg)

2.10
1.54
1.39
Langmuir
Qo (Mg/g)

4,72

6.30

1.67
Temkin
At (L/mg)

2.51
2.63
0.09

b
(L/mg)

980392
8200.75
364.06

B
(J/mol)
56.77
40.28
27.76

b
(L/mg)
297.36
759.18
57.73

B
(J/mol)
120.93
165.78
45,14

RZ

0.75
0.57
0.34

R2

0.80
0.87
0.97

R2
0.82
0.90
0.79
R2
0.91

0.80
0.70

Freundlich

Ks¢(mg/g) n 1/n
(L/g)"

122 0.42 2.3
160 0.37 2.6
8.03 0.26 3.7
Dubinin-Radushkevich

g (Mmg/g) Bp R?
105.44 -5x107  0.93
37.50 -2x107  0.89
1.47 -7x107  0.78
Freundlich

Ke(mg/g) n 1n
(L/g)"

102.4x10°> 0.16 6.1
8.1x104 0.24 4.1

2.067 0.10 9.7
Dubinin-Radushkevich

os (mg/g) Bbp R2
68.46 -6x10°  0.92
53.91 -7x10°>  0.75
87.29 -7x10°  0.87

RZ

0.81
0.90
0.89

R2

0.90
0.91
0.49
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Figure 33. Adsorption isotherm models used in the current study of the adsorption of B3+ metal ions

onto IL-CNC@DP.
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4.7 Desorption studies of Li'*, Mo%*, & B3*

An important feature for any adsorbent material is the reusability of it because it
determines the cost of treatment. In other words, if the adsorbent can be reused multiple
times, thus the cost of treatment per unit volume of treated water is lower (Khan and
Lo, 2016). Moreover, reusability considers three critical parameters: desorption,
recovery, and stability of the adsorbent. The process of desorption is the complete
opposite of adsorption since it involves the release of the adsorbed substances from its
surface. Therefore, providing adsorption sites, where the adsorbent can be regenerated
and reused again (Badsha et al., 2020). In this study, the main objective is to investigate
the desorption process by using 0.5M and 1M HCI as eluents since it has been used for
the desorption of metals for Lit*, Mo+, & B3* from spent IL-CNC@DP and RDP (Lin,
& Lien, 2013). Tables 17, 18, and 19 demonstrates the percentage desorption for Li*,
Mo%*, & B3+, respectively, using 0.5M and 1M HCI. The desorption calculation was
performed as per equation (8).

From Table 17, it is evident that all the adsorbents achieved a desorption percentage
of 99% and higher under both concentrations. This proves that the desorption process
was not influenced by different HCI concentrations. It is further supported by the
statistical findings that were used to assess the significance between the two
concentrations. A single-factor test wasconducted to study the effectof using 0.5M and
1M HCI for each adsorbent. The results show that no significant difference was found
at a p-value of 0.16. Furthermore, the high desorption efficiency suggests that the
mechanism adsorption of Li* metals onto IL-CNC@DP and RDP was mainly aphysical
adsorption process and that the binding of the metals was weak (Badsha et al., 2020;
Carvalho et al., 2020). In the end, both adsorbents can be regenerated and reused;

making them economically feasible and environmentally friendly (Kyzas & Kostoglou,
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2014). Furthermore, recovery of Li* metals for other applications can be employed. As
for MoS* desorption in Table 18, the desorption efficiency under different
concentrations for IL-CNC@DP and RDP demonstrated different results. The modified
adsorbent, IL-CNC@DP, under both concentrations, achieved a desorption percentage
of 98% and higher. On the other hand, the unmodified adsorbent, RDP, under 0.5M
HCL achieved 97% and under 1M HCI achieved 96%. The differences between the
concentrations are also not significant for both adsorbents since the p-value was found
to be 0.71. Comparing the desorption efficiencies for Mo®*, the highest was achieved
by the modified adsorbent indicating that the adsorption bonding between Mo+ and IL-
CNC@RDP could be weaker than RDP. Nonetheless, both adsorbents demonstrated
high desorption efficiencies. Lastly, the desorption efficiency of B3+ presented
significant results. It is the only metal that did not desorb as can be seen in Table 19.
The desorption efficiency is approximately zero implying that it was mainly a chemical
adsorption process and that the binding of the B3+ metals was strong (Liang et al., 2021).
This canalso mean that the adsorbent will not be effectively reused again. Nonetheless,
this can imply that the type of eluent used for the desorption was not effective towards
B3+, Other eluents that could be employed in the desorption experiment towards B3*
caninclude H,SO4, HNO3, EDTA, and thiourea (Lin, & Lien, 2013). These eluents are
reported to be noteworthy in the recovery of metals, hence future experiments can be
performed using the mentioned eluents for the desorption of B3+

In conclusion, the findings of this study prove that Lil* and Mof* had high desorption
efficiencies from all the adsorbents at both concentrations, whereas B3* did not show
any desorption capabilities. Therefore, the spent adsorbent of Li** and Mo8* metals can
be reused for future adsorption processes and the recovery of these metals can occur.

Bearing in mind that they also demonstrate exceptional adsorptive capacities as
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mentioned previously in the study. However, using 0.5M and 1M HCI towards B3*was

not effective implying that different eluents should be tested in the future.

Table 17. Effect of different eluant concentrations on Li'* desorption efficiency (%)
onto IL-CNC@DP and RDP.

Adsorbent Eluent Average adsorbed % Desorption
concentration concentration
(mg/L)
IL-CNC@DP 0.5M HCI 35.27 99.920
1M HCI 99.994
RDP 0.5M HCI 14.44 99.923
1M HCI 99.993

Table 18. Effect of different eluant concentrations on Mo%* desorption efficiency (%)
onto IL-CNC@DP and RDP.

Adsorbent Eluent Average adsorbed % Desorption
concentration concentration
(mg/L)
IL-CNC@DP 0.5M HCI 35.54 08.483
1M HCI 98.278
RDP 0.5M HCI 32.86 97.194
1M HCI 96.595

Table 19. Effect of different eluant concentrations on B3* desorption efficiency (%)
onto IL-CNC@DP and RDP.

Adsorbent Eluent Average adsorbed % Desorption
concentration concentration
(mg/L)
IL-CNC@DP 0.5M HCI 34.78 ~0
1M HCI ~0
RDP 0.5M HCI 20.28 ~0
1M HCI ~0
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4.8 Application of RDP and IL-CNC@RDP to a real groundwater sample

The adsorption of specific metals on an adsorbent is typically affected by the occurrence
of other ions. This is due to the competition that might occur between the ions onto the
adsorbents binding sites (Naeimi & Faghihian, 2017). In fact, most papers refer to it as
the selectivity of targeted ions towards an adsorbent with the presence of other
background ions. Moreover, high selectivity is necessary for any adsorptive treatment
specifically towards heavy metals, whose remediation from the environment is a major
concern (Badsha et al., 2020). Therefore, investigating the selectivity of metal
adsorption is very critical since higher selectivity tends to make the most of the active
sites of the adsorbent, while simultaneously recovering metals from the solution.

In this study, groundwater (GW) samples were obtained from the northern wells to
evaluate Qatar's groundwater quality (Ahmad et al., 2020). Hence, multi-element
analysis of the groundwater sample was performed, and the results are illustrated in
Figure 37. It was important to investigate the adsorption selectivity of the modified IL-
CNC@DP adsorbent and unmodified RDP adsorbent between those co-existed cations
and Lit*, Mo+, & B3*. It can be seen that twelve elements were detected by the ICP-
OES and that in general the modified adsorbent (IL-CNC@DP) and the unmodified
adsorbent (RDP) is not selective only towards the three studied metals. For example,
Sr, Mg, and Ga concentration after the addition of IL-CNC@DP decreased slightly in
comparison to RDP. This suggests that IL-CNC@DP can be used to treat other cations
better than RDP implying that the adsorbent is capable of working effectively even in
a matrix of various ions. On the other hand, some cations in the groundwater are not
properly adsorbed by the modified adsorbent and they remained unchanged once the
unmodified adsorbent was added. For example, Ca was found to be 643 mg/L in the

groundwater sample even after the addition of the unmodified adsorbent, whereas the
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concentration slightly changed afterthe addition of the modified adsorbent to 641 mg/L.
This implies that only the modified adsorbent canbe effective towards Ca. Furthermore,
K and In concentrations remained unchanged after the addition of the unmodified
adsorbent, whereas the concentration slightly changed after the addition of the modified
adsorbent. As for Na, it is the highest ion detected in the groundwater sample at 4526
mg/L. After the adsorption by IL-CNC@DP, the concentration of Na dropped to 4208
mg/L. This result is significant since the modified adsorbent is effective towards large
guantities of Na ions. Furthermore, after the adsorption by RDP, the concentration also
dropped to 4459, implying that the unmodified adsorbent can be employed towards Na.
In addition, Al cation is slightly effective towards RDP than IL-CNC@DP in the
presence of other ions, whereas Ba cation did not significantly change afterthe addition
of both adsorbents. In the end, this depends upon the different mechanisms of
adsorption of each metal according to their physicochemical properties.

A closer look at Figure 38 demonstrates the differences in their concentrations of the
three metals towards IL-CNC@DP and RDP. The Mo concentration in the groundwater
was 0.05 mg/L and after the addition of the modified adsorbent, the concentration
decreased to 0.01 mg/L. While for the unmodified adsorbent, the concentration
decreased to 0.02 mg/L. B concentration was 1.760 mg/L, after adsorption by the
modified adsorbent, it drastically changed to 1.701 mg/L, where in comparison with
the unmodified adsorbent it remained higher at 1.743 mg/L. As for Li the concentration,
0.255 mg/L after the adsorption by the modified adsorbent decreased slightly to 0.246
mg/L, where in comparison with the unmodified adsorbent it remained higher at 0.250
mg/L. Itis clear that the presence of other ions in the groundwater samples is influenced
by the addition of both adsorbents. Moreover, the differences between the

concentrations of IL-CNC@DP and RDP in comparison to the groundwater sample are
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not that significant This means that the availability of other ions in the groundwater
sample compete with Lit*, Mo%*, & B3+ for the active sites onto both adsorbents. This
canalso decrease the adsorption efficiency and capacity of the three metals if other ions
are found in the solution.

In conclusion, the modified adsorbent is not only selective towards the three pollutants
of interest (Lit*, Mo%*, & B3*) but rather towards a wide range of cations. This implies
that the modified adsorbent can be used to treat groundwater samples in Qatar that
contain a variety of cations depending upon the targeted metals of interest. Furthermore,
it is less time-consuming to treat multiple elements atatime. This is also practical since
it demonstrates the real scenario of the groundwater systems in which the modified
adsorbent has the capability to cope with other co-existing ions. Overall, according to
the full elemental analysis obtained, IL-CNC@DP can be selective towards Sr, Mg, Ga,
and slightly selective towards Ca, K, In, and greatly towards Na. As for RDP, it is also
not only selective towards Lit*, Mo%*, & B3+ since it can be shown that all the other
elements have slightly changed in their concentrations except for Ca, K, and In. This
implies that RDP canstill be used in groundwater treatments but IL-CNC@DP is more

favorable towards other co-existing ions.
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CHAPTER 5: CONCLUSION
This study is considered to be the first of its kind as it demonstrated a modified novel
adsorbent (IL-CNC@DP). CNCs have been successfully isolated from RDP by
sulfuric acid hydrolysis under methods 1 and 2. Furthermore, this adsorbent can be
used to treat groundwater from heavy metal contamination by making use of
agricultural wastes such as date pits. The preparation of the adsorbent is cost-effective
and environmentally friendly. According to the results, Lit*, Mo+, and B3* ions from
groundwater can be effectively remediated at high percentage removal by using the
modified adsorbent in comparison to RDP. The effect of pH and initial concentration
had an impact on the adsorption of the three metals, while the effect of temperature
did not impact the adsorption significantly. Therefore at 25 °C at an initial
concentration of 100 mg/L, Li** reached 99 mg/g, Mo®* reached 89 mg/g, and B3+ 89
mg/g. Considering all parameters and temperatures, we can conclude that the highest
adsorption capacity (qe ) was at 100 mg/L at pH 6 for IL-CNC@DP, where their
uptake capacity order was: Li* > B3* > Mo%*. Furthermore, the thermodynamics
constants for all metals 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 and the results varied according to each
metal physiochemical characteristics. Moreover, desorption studies were carried for
all the metals, where they proved that Li* and Mo%*+ are capable of being desorbed but
B3+ isn’t. The last experiment investigated the selectively of the modified adsorbent
towards real groundwater sample isolated in Qatar and the results demonstrate that the
adsorbent could be effective towards awide range of cations. Finally, characterization

by SEM, BET and FTIR proved that the modified adsorbent was improved due to the
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enhanced of its surface morphology, an increase of surface area, and presence of
functional groups. In this current study, IL-CNC@DP confirmed exceptional results
proving that the modification enhanced the remediation of the metals from water and
these results could play an important role in Qatar National Vision (2030) and Qatar

National Development Strategy (2018-2022).
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