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ABSTRACT

AHMAD, AYESHA, Y. Doctorate: April: 2021
PhD in Biological and Environmental Sciences

Title: Development of a Functionalize Date Pits Adsorbent for the Removal of Boron,

Lithium, and Molybdenum from Groundwater in the State of Qatar

Supervisor of Dissertation: Mohammad, Ahmad, Al-Ghouti.

Groundwater (GW) quality deterioration is one of the main water security issues in
Qatar. Although the GW in the State of Qatar is not used as drinking water for the
public, it is widely used for agricultural, domestic, and recreational projects. In this
study, 41 GW samples were used to investigate the GW quality in Qatar. The
integrated  physiochemical analysis along with hydro-chemical faces analysis,
geochemical modeling, statistical and geostatistical analysis was conducted. The
results showed that the GW samples mainly have the following cations Na* > Ca%* >
Mg2* >K* abundantly, while CF > SO4# > HCO3 > NO3" were the main anions. The
analysis of spatial variability using multiple spatial interpolated methods (ArcGIS
Software) revealed high levels of total dissolved solids (TDS), sodium absorption
ratio (SAR), and some cations and anions in the coastal and south Qatar. While the
spatial variability for nitrate and boron suggested the influence of human activities.
Boron (B) and molybdenum (Mo) levels in some samples exceeded the World Health
Organization (WHO), GCC Standardization Organization (GSO), Qatar drinking
water guidelines, and the US Environmental Protection Agency (EPA) (US-EPA)

lifetime health advisory. Lithium (Li) levels in 39 samples exceeded the GSO. As a



result, the removal of B, Li, and Mo from GW using activated carbon (AC), bentonite,
roasted date pits (RDPs), and (MDPs) as adsorbents were investigated. Date pits are
agricultural waste that is used as inexpensive, eco-friendly, and efficient adsorbent
due to the presence of functional groups. The percent removal capacity of B, Li, and
Mo are studied under various experimental conditions including pH, initial
concentration, and temperature. Surface characterization, morphology, and functional
groups on the external surface of the adsorbents are investigated using Fourier
transform infrared spectroscopy (FTIR), Brunauer Emmett Teller (BET), and
scanning electron microscopy (SEM). FTIR showed that the availability of different
oxygenated functional groups. SEM and BET indicated the surface area and porosity
of the adsorbents. The result obtained successfully demonstrated the potential of using
MDPs as an inexpensive, eco-friendly, and efficient adsorbent for B, Li, and Mo
removal from GW.

Four adsorption models, namely Langmuir, Dubinin-Radushkevich, Freundlich, and
Temkin are applied to investigate the adsorption process. For instance, it is found that
the Langmuir model describes well the adsorption of Mo by AC at 25 °C, the
adsorption of Mo by Bentonite at 35 °C, the adsorption of Li by Bentonite at 45 °C,
the adsorption of Mo by RDPs at 35 °C, the adsorption of Mo by RDPs at 45 °C, and
the adsorption of boron by bentonite at 45 °C.

The Freundlich isotherm model describes well the adsorption of Mo by AC at 25 °C,
the adsorption of Li by AC at 35 °C, the adsorption of Mo by bentonite at 35 °C, the
adsorption of Mo by bentonite at 45 °C, the adsorption of Mo by RDPs at 35 °C, the
adsorption of Mo by RDPs at 45 °C, the adsorption of Li by MDPs at 35 °C, and the

adsorption of boron by MDPs at 35 °C.



The negative values of Gibbs energy (AG°) indicate a spontaneous and favorable
adsorption process that is more favorable and spontaneous of the adsorption at high
temperatures. The positive entropy values (AS°) that controlled the adsorption process
suggest the possibility of some structural changes or readjustments in the adsorbate—
adsorbent complex.

MDPs showed the highest adsorption of Mo in all real GW samples. The adsorption
of Mo increased with the increase in Mo concentrations, and the maximum Mo
removal at 25 °C is 80%. All adsorbents, namely MDPs, RDPs, AC, and bentonite
showed the same maximum percent of Li removal that reached 19% in GW sample 3.
The maximum percent of boron removal at 35 °C is 40% using MDPs followed by

RDPs, AC, and bentonite with 38%, 37%, and 36%, respectively.
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CHAPTER 1: INTRODUCTION
Qatar is a semi-arid country located between latitudes north 24.27°-26.10° and
longitudes east 50.45°-51.40° along the eastern region of the Arabian Peninsula
(MDPS, 2018). The total surface area of Qatar is 11,586 km?; it is about 180 km in
length and about 90 km in width (Baalousha, 2016). Qatar has flat rocky surfaces;
nevertheless, it consists of some hills of 100 m above sea level (MDPS, 2017). The
northern region of Qatar is relatively low elevations and increases slowly to the west
and southwest; it is about 103 m above sea level in the southwest to about 6 m below
sea level in Dukhan Sabkha (Sadig & Nasir, 2002). Qatar is mostly located over a
uniform limestone bed, and the oldest exposed rocks are the Lower Eocene Rus
Formation that contains mostly of dolomite and limestone with few outcrops of
Miocene (covering about 8%) of the surface area (MDPS, 2017). Karst is extensive in
Qatar, it involves depressions, sinkholes, caves, and solution hollows. It is associated
with the calcareous, dolomitic, and gypsiferous, anhydrite horizons of the Eocene Rus
and Dammam Formations. It happened because of preferential dissolution related to
the variation in composition between dolomitic, calcitic, and gypsum rocks (Sadiq &

Nasir, 2002).

Groundwater Hydrogeology for the State of Qatar

Qatar is located on the Arabian Peninsula, in the eastern region as shown in Figure
1A. The northern region of Qatar is relatively few elevations that are higher in the
west and southwest, it is about 6 m below the sea level in Dukhan Sabkha to about
103 m above the sea level in the southwest. Qatar is mostly located over a uniform

limestone bed. The oldest exposed rocks are the Lower Eocene Rus Formation, which



mostly contains dolomite and limestone with some dispersed rocks of Miocene
(covering about 8%) of the surface area (MDPS, 2017). Karst is extensive in Qatar, it
involves depressions, sinkholes, caves, and solution hollows. It is associated with the
calcareous, dolomitic, and gypsiferous, anhydrite horizons of the Eocene Rus and
Dammam formations. It happened because of preferential dissolution related to the
variation in composition between dolomite, calcite, and gypsum rocks (Sadiq &
Nasir, 2002).

Potable water has been found in Eocene age rocks in Qatar while the brackish GW
has been found in upper Cretaceous age rocks (Shamrukh, 2012). In Qatar, the
descriptions of the Middle Eocene age are Dammam formation, Rus formation, while
Umm er-Radhuma is the Early Eocene/Paleocene age as shown in Figure 1B (Shomar
et al, 2014; Al-Naimi & Mgbeojedo, 2018). The Dammam formation appears over
most of the Qatar peninsula, the depth of the formation is about 50 m. The upper part
has limestone, called the Abarug Member, underlain by chalky limestone, called the
Umm Bab member and the lower part has a massive clayey fossiliferous limestone,
known as the Dukhan member, underlain by the Midra Shale member of low
carbonate (Al-Saad, 2005). The upper part is significantly fractured and has solution
cavities (Alsharhan et al, 2001). The Rus formation conformably lies under the
Dammam formation. The depth of Rus formation varies from 28-44 m in the north
and central of Qatar, and about 110 m in the south-west of Qatar (Al-Yousef, 2003). It
contains an abundance of limestone, dolomite, anhydrite, and some marl (UNDP,
2013). Umm er-Radhuma formation conformably lies under the Rus. It comprises a
dense sequence of about 300-500 m of brownish or grayish limestone that is dolomitic
and well porous in the upper part, which is characterized by the presence of well-

fractured karstic dolomite (Jafari & Bernardeau, 2019). Most wells in the center and



south of Qatar reportedly tap the Rus formation aquifer, above the confining gypsum
that covers up the Umm er-Radhuma formation aquifer. In north Qatar, most wells
reportedly tap both the Rus and the upper of Umm er-Radhuma formation aquifer.
While in the Abo Samra (southwest) GW wells reportedly tap the Alat aquifer of the
Dammam formation, and some tap deep older Aruma aquifer of Aruma formation,
which comes from Saudi Arabia (Al-Yousef, 2003). The aquifer of Dammam
formation is unconfined in many areas due to erosion of the confining layers and/or
the formation of karst structures (Alsharhan et al., 2001). The land use map in Figure
1C shows that most of the agriculture activities are in the north of Qatar due to the
larger size (19% of Qatar surface area) and fewer salinity levels (500-3000 mg CI/L)
of the northern aquifer than in southern aquifer (> 5000 mg CIVL) (Shomar et al.,

2014).

Approaches to Achieve Sustainable Use and Management of Groundwater

Resources in Qatar

In arid regions, water resources management is a very complicated practice due to the
limited water availability and accessibility, in addition to climate change (Rajmohan
et al, 2019). GW is highly affected by both natural and anthropogenic activities,
which might make it unsuitable for domestic and irrigated agriculture (Mallick et al.,
2018). For example, sea-level rise, saline water intrusion, high evaporation rates, and
mineral weathering may increase the salinity and metals concentrations in the GW
due to the dissolution of minerals under specific pH and redox levels (EI-Alfy et al.,
2017; Al-Shidi, 2014). The deterioration of GW quantity and quality is caused by the
high demand for freshwater (Etteieb et al, 2015). Rapid urbanization, high
agricultural development, and extensive GW pumping may affect GW quantity and

quality (Al-Shidi, 2014). In addition, spills, sewage, and fertilizer leaching might
3



influence the GW quality (Mallick et al., 2018).

[—— Main_fauts
Geology
Formation

Sabkha

Aeolian sand
= Beach Deposits
| calcareous sandstone
|7 coarse-grained aliwvium |
|7 Fine-grained alluvium

| Hofuf Formation

Upper Dam Formation
Lower Dam Formation

Upper Dammam Formation|
Lower Dammam Formation|
Rus Formation

Figure 1. A. Qatar location map (Baalousha, 2016), B. Qatar geological map
(Shomar etal., 2014), and C. Qatar land use map (Shomar etal., 2014).



The State of Qatar is located in the Arabian Gulf, which is considered as one of the
semi-arid regions, with no surface water and restricted water resources from little
rainfall; therefore, freshwater natural resources in Qatar are limited to GW (MDPS,
2017). Qatar has 80 mm average precipitation annually (MDPS, 2017). Desalination
of seawater represents 59% of the total water production in Qatar, followed by a GW
abstraction of about 30%, then treated wastewater that is used for agriculture and
green spaces irrigation of about 11% (Baalousha,2016). All the fresh GW in Qatar
comes from local rainfall, except for the confined slightly brackish water in Abu
Samara, which receives inflow GW from west Saudi Arabia (UNDP, 2013). The
annual recharge mainly comes from the infiltration of runoff, which is generally
collected in surface depressions. The recharge of the GW by rainfall is estimated to be
25 million m2 per year, which is similar to previous studies that estimated 7 to 10% of
the annual rainfall (the average annual rainfall volume about 0.052 billion m3) in the
north of Qatar, and 3.5-5% in the south of Qatar (Baalousha et al., 2018). However,
the current GW abstraction reached 252.1 million m3 per year, the annual water
deficit due to the GW abstraction ranged from 100 million per year t0158 million m3
per year during the period 2008 — 2014 (MDPS, 2017; SWS, 2009). The GW
abstraction is mostly for agricultural uses accounting for 92% of the total abstracted
GW of about 230 million m3 per year. In 2014, no GW wells were characterized as
non-saline or slightly saline, while 60% of GW wells were moderately saline and 40%
highly saline (MDPS, 2017). Current GW abstraction greatly exceeds the rate of
rainfall-induced recharge and this continues to result in the GW levels declining
(MDPS, 2017). About 70% of the abstraction was from the north basin, such that the
wells drill the Rus formation, which is of a depth 60-70 m. The overall number of

wells with various uses was greater than 8509 where 74% of the overall wells are



farm wells of about 6299 wells (SWS, 2009). The GW basins in Qatar were classified
into north, south, Abou-Samra, and Doha GW basins (SWS, 2009). The vast majority
of wells are in the north, and south GW basins, the north, and south GW basins make
up about 70 % and 28 % of total wells in Qatar, respectively (SWS, 2009). The over-
extraction of Qatar's GW aquifers can reduce the aquifer levels, causing seawater
intrusion; thus, the GW is highly vulnerable to salinization (Kuiper et al., 2015).

Climate change such as the decrease in precipitation and increase in
evapotranspiration has a destructive result on the GW level due to the decrease in the
GW recharge (Hoyos et al., 2016). For example, high evaporation of shallow GW
may cause the dissolution of mostly halite and gypsum (Shomar, 2015). Among other
climate processes, sand/dust storms and soil erosion may cause significant changes in
the topsoil geochemistry (Shomar, 2015). Salinization of GW is a significant
environmental issue. GW salinization mainly occurs as a result of high GW extraction
which introduces the saline water from the deep underlying basement rock, from
deep-buried valleys, or from adjacent surface water bodies, which also could be
aggravated by drought and sea-level rise (Suursoo et al., 2017). The GW salinization
might increase the total dissolved solids and enhance water-rock interaction (\Vinson
et al., 2013). A strong relationship between elevated levels of naturally occurring
element levels such as the trace elements and minerals present in soils and rocks with
salinity, as the hydrogeochemical condition has an important function in the
distribution of these natural elements in the GW (Walsh et al., 2014). Soil with high
salinty and metal mobility are significantly correlated, and this could increase the
metal levels in GW (Shomar, 2015). The water resources are globally threatened by
different contaminants (Manickum et al., 2014). For example, fertilizers, pesticides,

and sewage can be an anthropogenic source of toxic elements in GW



(Seyedmohammadi et al., 2016). The produced water or coproduced water from oil
and gas industries is very salty and contains a mixture of organic and inorganic
residues; and generally, this produced water is disposed of with or without treatment
to the sea or into the deep aquifer (Shomar, 2015). According to Shomar (2015) and
Smedley & Kinniburgh (2017), the physicochemical characterization of the produced
water and aquifer determine the different severe reactions and environmental
consequences that might happen.

A study, investigating the physicochemical characteristics of carboniferous aquifers
demonstrated that hydrogeochemical changes are induced not only natural but also
anthropogenic  processes (Galitskaya et al, 2013). The prime reason for
hydrogeochemical changes is the disturbing of the hydrodynamic regime, such as the
exploitation of the GW (Galitskaya et al., 2013). The local hydrogeological
formations must be considered when allowing the maximum production rates as well
as for developing a water quality-monitoring plan (Suursoo et al., 2017). The GW
quality is also affected by rock interaction within the aquifer and the soil above the
aquifer. Shallow coastal aquifers are more vulnerable to be contamination from
surface soil due to the relatively short distance needed to reach the water table
(Shomar, 2015; Kuiper et al., 2015). Carbonate aquifers in Qatar are within the karst
formation and depressions; generally, karst aquifers are susceptible to pollution
(Sadig & Nasir, 2002). Anthropogenic contamination from agricultural effluents, and
wastewater, above very fractured strata, could infiltrate contaminant very fast into the
aquifer and extend over a large area (Baalousha, 2016). This is crucial, especially
with the high economic growth, and the population of Qatar increases from 600,000
in 2000 to 2,685,000 in 2018 (MDPS, 2016). In Qatar, shallow GW with high

hydraulic conductivity in the coastal and northern aquifers are of a high vulnerability



because of the depression areas, consequently, the southwest aquifers showed low
vulnerability because of thick formations and vadose zone with a clay layer (midra
shale), that block infiltration of water (Baalousha, 2016). In summary, the quality of
GW can be affected by natural and anthropogenic variables such as climate change,
drought, overexploitation, and socioeconomic development. Thus, assessing the GW
resource in arid countries such as Qatar is of high importance due to its critical
economic and social values as there are no other renewable water resources (Abdel-
Satar etal., 2017).

Sustainable management of water resources relies on an integrated assessment of the
hydrogeochemical systems (Khan et al., 2019). Various combined hydro-chemical
processes determine the quality of GW along with its flow paths such as biological
processes, weathering, ion exchange, and dissolution. The dissolution generally
happens in the recharge zones and ion exchange happens along the flow path. On the
other hand, ion exchange, evaporation, and precipitation take place mainly in the
discharge zones (Mallick et al., 2018). Thus, the formation of the hydro-chemical
facies/water types is a result of the geochemistry of the GW, which is further
controlled by the geological structure and mineralogy of the aquifer (Ravikumar &
Somashekar, 2015).

Different methodologies have been used to study the hydrogeochemical process and
to investigate the quality of the GW such as multivariate statistical analysis,
geochemical modeling, and using stable isotopes (Mallick et al., 2018). The current
study evaluates the quality of the GW and related hydrogeochemical processes using
up-to-date hydro-chemical graphical methods, geostatistical, and statistical analysis.
Further, the study demonstrated the effects of agricultural practices in view of the

natural influences (geological, hydrogeological, and climatic) and the anthropogenic



influences (agricultural) to support farmers, decision-makers, stakeholders to achieve
sustainable GW management.

The cost-benefit analyses to help decision-making are derived by the analysis of
ecological characteristics such as water quality, engineering such as water treatment
technologies, societal demands such as food supply, and people perception of water
quality. Thus, to achieve sustainable use and management of GW in Qatar, supply and
demand management practices should be adopted. The major GW consumption is
agriculture activities. Therefore, the management plan should focus on these
activities. For demand management, educating the agricultural sector of the
consequences of GW mining, encouraging the use of alternative sources of water, and
the use of efficient irrigation techniques to lower GW extraction is of importance. For
example, farmers should be encouraged to use desalinated seawater and treated
sewage effluent (TSE) for irrigation rather than abstract GW. In addition, farmers are
encouraged to adopt developed irrigation and agronomic practices such as using
water-efficient irrigation methods (sprinkler and drip irrigation systems) and replacing
water-intensive crops with water-efficient crops. In addition to developing cost
reliable and efficient treatment techniques for low GW quality. The supply
management should include developed monitoring systems, managed storage,
recovery projects, and artificial recharge-by-recharge wells and lagoons using treated
wastewater and desalinated seawater. In Qatar, the small number of GW users make
some significant institutional approaches to sustain the quantity and quality of GW.
Recently the GW characterization and measurement using advanced technology in
data analysis, remote sensing and modeling generate significant data and knowledge
to decision-makers with lower uncertainty. Remote sensing such as monitoring GW

storage with reasonable accuracy using satellite gravimetry technology known as



Gravity Recovery and Climate Experiment (GRACE). Lower uncertainty of
estimation of the quantity and locations of depletion GW resources result in
sustainable and responsible management. To protect the GW quality, the monitoring
strategy should include wvulnerability maps using geostatistical analysis and
interpolation models. In addition, the classification of aquifer systems should be
developed.

Research Focus

The overarching research objective is to understand the distributions of some
chemical element contamination in GW for the state of Qatar and develop
functionalized date pits adsorbent for the removal of boron, lithium, and molybdenum

from the groundwater.

Research Rationale

Qatar has recently undertaken the challenge to become the most self-reliant and
sustainable country in the Middle Eastern region. Since then, the agriculture and
farming industry has been blooming to increase food production in the country.
Today, in Qatar, GW is the major renewable water resource comprising around 47.5
million m3/year. Qatar has been historically relying on GW (92% of the total
abstraction) and treated wastewater (TWW) (nearly 35% of the total production in
2015) for agricultural activities (MDPS, 2017). GW abstraction is 30 times higher
than average recharge rates; this has led to a dramatic drop in the GW table and an
increase in salinity (MDPS, 2018). Previous research has shown that the total
dissolved solids (TDS) in Qatar’s GW vary from 1000 mg/L - 7500 mg/L which can
cause reverse osmosis (RO) membrane scaling and therefore, requires expensive pre-

treatment methods (Elsaid, 2017). The preliminary results have also shown that the
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quality of the GW is declined, and several contaminants including toxic metals and
metalloids are exceeding permissible limits. Boron (B), lithium (Li), and molybdenum
(Mo) were found to be 1.28 mg/L, 0.08 mg/L, and 0.02 mg/L, respectively. These
elements are of great concern as they can potentially induce toxicity to agricultural
products. In addition to metals and metalloids, numerous studies have shown the
presence of pathogenic microorganisms and other emerging toxic organic chemicals
in TWW posing a significant risk to public and environmental health upon reuse (Al-
Maadheed et al., 2019; Shomar and Hawari, 2017).

Since TWW and GW resources are predicted to be the most accessible and available
in Qatar, it is essential to develop novel treatment approaches that are low-cost and
environmentally friendly to improve the quality of these water sources in Qatar. This
will help to enhance water security at the national level and resolve the problems of
safe TWW reuse to yield GW with superior quality and quantity. The latter being the
prime objective of the Qatar National Development Strategy (2018-2022). This is also
in line with our previous studies (Ashfaq et al, 2018) in which Driver-Pressure-
Status-Impact-Response (DPSIR) framework was used to analyze water resources in
Qatar.

Qatar depends 100% on seawater desalination to meet the different needs of water.
However, GW is the national strategic reservoir at all levels. High priority is given to
GW management and protection. Generally, GW contamination by toxic elements
may result from the natural and anthropogenic sources, such as the weathering of the
earth’s surface, wastewater used for irrigation land, in addition to effluent from city
sewage and industrial wastewater (Assubaie, 2015; Karnib et al., 2014; Nriagu et al.,
2007). From our preliminary study of the physicochemical characterization of the GW

in the State of Qatar, the mean concentration of B, Li, and Mo (1.28, 0.079, and 0.02
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mg/L, respectively) were higher than WHO limits of drinking purposes in some
locations (11 out 35 samples). Using inverse distance weighted (IDW) parameters of
power 3 and maximum neighbors 15 and type of 8 circular sectors generated the
lowest root mean square prediction error (RMSE), consequently the best spatial
variation output map as shown in Figure 2. About 11379.11 km? of the total area
(97.76%) was high in boron levels, which exceeded 0.5 mg/L. High boron
concentrations are in the coastal area of Qatar. Consequently, 2.21% (about 258.93
km?2) of the total area is within this value mainly in the central area of Qatar. Whereas
34.08% (about 3966.88 km?2) is higher than the USEPA irrigation water guideline of
1.5 mg/L (Singh and Verma, 2019). Also, about 9710.49 km? of the total area (83.42
%) presented high Li concentrations, which exceeded the WHO drinking water
guideline of 0.05 mg/L. High Li concentrations are found in the coastal area of Qatar.
Consequently, 16.56% (about 1927.56 km?) of the total area is within the WHO
drinking water guideline, mainly in the central area of Qatar. Similarly, it was also
found that only 0.019% of the total area presented high Mo concentrations, which
exceeded the WHO drinking water guideline of 0.07 mg/L. High Mo concentrations
are in the central of Qatar. A total of 99.97% (about 11635.82 km?2) of the area is
within the WHO drinking water guideline. Whereas 74.36% (about 8655.09 km?) is
within the USEPA irrigation water guideline of 0.01 mg/L. From previous studies,
205 samples of Qatar's GW, an elevated Mo (mean = 26.9 pg/L; max = 103 pg/L)

were observed (Kuiper et al., 2015).

Research Questions

The scheme of the research questions is shown in Figure 3. The research question is:

1. What are the concentrations of chemical elements in GW and topsoil samples?
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2. What is the correlation between the chemical element levels in GW and
physicochemical characteristics such as temperature, pH, cations and anions,
electrical conductivity, TDS and TOC of the GW, and with the topsoil samples?

3. Will geostatistical interpolation using inverse distance weighted (IDW) be a
significant method for mapping chemical element distribution?

4. What is the removal efficiency of lithium, molybdenum, and boron by activated
carbon, bentonite clay, date pits, and modified date pits?

5. What is the effect of operating parameters, such as solution pH, temperature,
initial adsorbate concentration, on the adsorption process?

6. Will modified date pits be a good adsorbent for the removal of lithium,
molybdenum, and boron mixture in comparison with activated carbon, bentonite

clay, and non-modified date pits?

Research Objectives and Hypotheses

Objective 1: Study the correlation between the physicochemical characteristics of the
GW and soil samples collected from different areas in Qatar.

Hypothesis 1.1: pH, major cations and anions, electrical conductivity, total dissolved
solids (TDS), total organic carbon (TOC), and temperature will change the behavior
and transport of some chemical elements through some mechanisms such as sorption
and precipitation. In addition, leaching and dissolution of some chemical elements
from surface soil, which could increase their levels in GW.

Hypothesis 1.2: Locations with high salinity GW and intensive anthropogenic
activities from industrial and agricultural sectors in some areas such as possible
deposition and leaching processes from oil and gas production may change the

occurrence and mobility of some chemical elements and could increase their
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concentrations.

Objective 2: Investigate the spatial distribution of elements of concern in GW.
Hypothesis 2.1: Generating spatial interpolation maps (continuous surfaces) of GW
quality data across Qatar using geo-statistical linear interpolation method such as
inverse distance weighted (IDW) is easier than radial basis functions (RBFs), and
simple Kriging (SK) due to its simplicity and easy mathematical formulations.
Objective 3: Develop adsorbents using the date pits and compare their
physicochemical characteristic with those of commercially available adsorbents.
Hypothesis 3.1: The surface area for the adsorbents such as activated carbon,
bentonite clay, date pits, and modified date pits will be high due to the high porosity
structure.

Hypothesis 3.2: Modified date pits will be characterized by functional groups of
carboxylates (-COQO-) because mercapto-acetic acid (C,H,0,S) will convert hydroxyl
groups to mercapto groups, which have a high affinity for metal ions.

Objective 4: Evaluate the adsorption capacity of activated carbon, bentonite clay,
date pits, and modified date pits in removing Li, Mo, and B from GW.

Hypothesis 4.1: The removal efficiency of bentonite clay, date pits, and modified date
pits will be high due to the large surface area and internal porosity.

Hypothesis 4.2: The removal efficiency of modified date pits will be significant due

to high functionalize adsorption sites.
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Figure 2. Maps generated for A. boron, B. lithiumand C. molybdenum concentrations

in the Qatar's groundwater using the interpolation technique.
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Groundwater & Soil Characterization

Modified Date Pits

Metals:
Metals Spatial Destribution
Boron
L
Molybdenum /
Lithium Metals Remediation
Activated Bentonite . Metal mixture:
Date Pits
Carbon Clay Boron
[
/ Molybdenum
Novel Remediation Material |:|> Lithium

KNOWN SCIENTIFIC QUEST IONS:
C) High Molybdenum (mean 26.9 pg/L; max 103 pg/L) was

observed in Qatar’s groundwater (Kuiper et al., 2015). Boron

concentration of (mean 2.06 mg/L; max 5.63 mg/L) and
lithium concentration of (mean 0.11mg/L; max 0.7 mg/L) was
observed in Qatar’s groundwater. Total dissolved solids TDS
was also high (mean 5447 mg/L; max 51550 mg/L) (SWS,
2009).

D) Activated carbon removed more than 90% of
Molybdenum from liquor sample (Pagnanelli et al., 2011). 60%
boron removal by activated carbon can be obtained from an
initial boron level of 5 mg/L at pH 8-9 (Bonilla-Petriciolet et
al., 2017). However, Bodzek (2015) stated that high doses of
activated carbon required to remove 90% of boron from water.
Seron (1996) showed the effect of applying treatmentsto the
activated carbon such as ammonia or electrochemical treatment

enhanced lithium adsorption.

Bentonite efficiently removed 81.3% of Molybdenum from
water (Mojiriet al., 2017). Adsorption capacity for boron using
bentonite was 0.9 mg/g while it was 0.09 mg/g by using
activated carbon (Vhahangwele, 2015). 3800 + 380 ppm of
lithium was significantly adsorbed by bentonite (Hoyer, 2015).
Date pit ash has high boron removal efficiency (Al-Ithariet al,,
2011; Al.Haddabi et al., 2015).

UNKNOWN SCIENTIFIC
QUESTIONS:

A) What is the correlation between the

metal levels and physicochemical
characteristics of the groundwater and
topsoil samples?

(Objective 1)

B) Will geo-statistical interpolation
using inverse distance weighted (IDW)
be a significant method for mapping
metals distribution? (Objective 2)

E) What is the removal efficiency of
lithium, molybdenum and boron
mixture by activated carbon, bentonite
clay, date pits and modified date pits?

(Objective 3&4)

F) Will modified date pits be a good
adsorbent for the removal of lithium,
molybdenum and boron mixture in
comparison with activated carbon,
bentonite clay and non-modified date
pits?

(Objective 4)

Figure 3. Scheme of the research questions.
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CHAPTER 2: RESEARCH REVIEW

Groundwater Interactions

Interactions between GW and surface water bodies (known as hyporheic) and with the
surface terrestrial environment are the main GW contaminants pathways (Smith,
2005). Figure 4 shows the potential contaminating sources from agriculture such as
fertilizer, urban such as wastewater, and industry such as spills and leaks as well as
the GW interaction with surface water bodies such as rivers and lakes. GW
interactions may affect the transport of contamination within the ecosystem (IAEA,
1999). These interactions can be effective in removing and diluting the contaminant

from reaching GW (IAEA, 1999).

Disposal Agricultural/ Septic tank/
Well Industrial Activities Landfill %ewer
) Lake/
River
Water Table *
v v v — D
Percolation Leakage Discharge W

Hyporheic zone

Leakage Water Flow
Unconfined Aquifer
Confining Layer
—> Leakage Confined Aquifer
Confining Layer
¥~ Discharge Saline Confined Aquifer

Figure 4. Groundwater interactions with contaminants pathways.

Furthermore, GW flux supplies organic matter and oxygen to stygofauna which live

in the GW ecosystem (Humphreys, 2008). Numerous stygobitic species are a relict
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group of faunas that have diminished from surface systems (The relict group was once
a diverse and widespread group then a significant change happened in their habitat
and a subset of the group is survived in confined hospitable habitat) (Danielopol &
Griebler, 2008). They are engineers of ecosystems that keep a good quality of GW for
example the burrows the tubificid worms which adjust water flows and re-spread the
sediments particle are significantly important to maintain the biogeochemical
functions (Porter, 2007). Another GW interaction is the rock-water interactions within
the aquifer. Re-distribution of elements may occur between the rock and aqueous
system due to different mechanisms such as dissolution, precipitation, sorption, and
desorption (Kumar et al., 2016). Rock-water interactions highly influence the quality
of the GW through dissolution and cation exchange, which are the major mechanisms
(Yehia etal., 2017).

The level of chemicals in a certain GW relies on the occurrence of the elements in the
aquifer matrix and the mobility and the removal mechanisms from the GW by
adsorption and precipitation (Porcelli, 2008). Therefore, the element levels in GW are
controlled by the aquifer characteristic and the physicochemical characteristic of
elements. The geological, hydrogeological, hydrological, physical, chemical, and
biological characteristics of the aquifers control element levels and GW quality
(Porcelli, 2008; Jakeman et al., 2016). The intrinsic properties of geologic and
hydrogeological formations are aquifer lithology and the aquifer properties, which
include permeability, effective porosity, and hydraulic conductivity gradient such as
flow directions (Jakeman et al., 2016; Danielopol & Griebler, 2008). Here, flow
directions and velocities are to provide information on rates of water recharge to the
subsurface, locations, and rates of GW discharge to the surface and in any other

features that represent boundaries for the GW flow system (Jakeman et al., 2016). The
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aquifer’s hydrological properties include precipitation and its rainfall water chemistry
and spatiotemporal evapotranspiration, while the aquifer’s biological properties such
as meio- and micro-organisms and vegetation (Humphreys, 2008; Danielopol &
Griebler, 2008; Porcelli, 2008). Rock-water interaction depends on mineralogical
composition, the geochemical/hydro-chemical and physical conditions within the
aquifer matrix such as the weathering of the rock, water flow, redox conditions, and
soil ions retention time (Yehia et al., 2017). The physical characteristics of the aquifer
that control mineral levels in GW are dense of the aquifer and the temperature of the
water (Baeza et al, 2008). The geochemical processes that influence elements’
behavior include dissolution, precipitation and/or co-precipitation, sorption (e.g. ion
exchange, chemisorption), and biologically mediated reactions (Carvalho et al.,
2017). Mainly high levels of calcium and carbonate ions indicate rock-water
interaction, whereas high levels of Na and Cl ions indicate evaporation/crystallization
actions. The ion ratio plot helps to identify different processes like ion exchange,
mineral dissolution, and precipitation (Kanagaraj & Elango, 2016).

The transfer mechanisms of elements in GW are controlled by their physicochemical
characteristics such as solubility and aqueous speciation, precipitation, adsorption and
desorption capacities, volatility (Carvalho et al., 2017), and sensitivity to redox
conditions which have a significant effect on the mobility of metals (Poinssot &
Geckeis, 2012). For example, Maxwell et al. (2015), stated that metals, like cadmium
(Cd) and zinc (Zn) complexes with organic matter in the soil are not stable; while
copper (Cu), lead (Pb), or mercury (Hg) complexes are stable; nevertheless, some
studies reported that dissolved organic matter may decrease Cd adsorption by the
formation of some complexes. Cd and Zn are highly attached to clay minerals,

carbonates, or hydrous oxides. Cadmium also can be precipitated such as cadmium
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carbonate, hydroxide, and phosphate. The oxidation states of the toxic ions such as
Cdz*, Pb2*, Hg?*, and Ag* are the most stable (Hashim et al., 2011; Wongsasuluk et
al., 2013). The mobility of metals speciation, which may cause leaching to the
aquifer, depends on various reactions in the soil environment such as acid/base,
precipitation/dissolution, oxidation/reduction, sorption, or ion exchange processes
(Fujinaga, 2016). Knowing that element speciation is the distribution of its chemical
forms or species among different phases, thus, heavy metals forms can be divided into
solid species that tend to be less mobile in comparison with colloidal or dissolved
forms, and the labile complexes that in equilibrium with their environment whereas
the inert complexes are not (Tamunobereton, 2011). In the GW management process,
knowledge about metals speciation is important to understand their mobility. For
instance, the mobility of the metals that are bound to solid can be enhanced by
lowering the pH, changing the redox, increasing the inorganic salts, which compete
for heterogeneous reactions and dissolved complexation, and increasing natural or
synthetic complexing agents (Bourg, 1995). For example, Santos, (2002) study the
spill on GW samples that reduce water pH, increase EC and S, Ca, Mg and K and
heavy metals (Zn, Cd, Pb, and Cu) levels. Therefore, the authors change the pH of the
polluted GW to the previous values before the spill to change metal speciation of Pb
and Cu to less available forms as they precipitate while Zn and Cd remain available in
mobile forms. Another example is stated by Hashim et al. (2011) to reduce Cr (V1)
from chromium industry effluents using ferrous sulfate as reaction equation 1:

Cré+ (aq) + 3Fe2*(aq) —>» Cr3* (aq) + 3Fe®* (aq) Q)
Then the rapid precipitation could happen when the pH was near neutral as reaction
equation 2:

Cr3* + 30H-  —» Cr(OH); @)
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In addition, if excess Fe was available, then the reaction will be as equation 3:

(1-x)Fe3+ + xCr3* + 30H-  —» CryFeq(OH); (solid) 3)

Sustainable Groundwater Management

Sustainable use and management of GW are very important processes for
environmental, economic, and social development as shown in Figure 5. For example,
due to the great spread technologies of extraction and distribution GW besides the low
prices of these technologies, the quantity, and quality of GW are changed; so new
irrigation technologies should be adopted such as root-zone irrigation, greenhouse
technologies, or by saving the water consumptions through the reuse of wastewater in

homes (Brown, 2018).

and groundwater treatments extraction and functions and biodiversity of the groundwater

(Development & Investment): Water price <[(F’reser\;ration Ecosystem): Structure, processes,
monitoring technologies (Brown, 2018). ecasystem (Griebler & Avramov, 2015)
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New technology, relative System complexity, wastewater (Danieloool & Griebler. 2008).
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compatibility, durability and cost and scenario planning.

Figure 5. Groundwater management interacting domains.

However, GW deterioration was unnoticed for long periods, due to the invisibility of
the GW resources, limited data, insufficient knowledge, inadequate detection and

monitoring systems, and absence of integrated institutional (social, economic, and
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ecological) frameworks (Jakeman et al., 2016). There is growing concern regarding
the protection GW dependent ecosystems (GDE) to support sustainable water
management that includes the protection of humans, flora, and fauna. Nevertheless, to
protect GDEs, a comprehensive dataset is required for each location (Hoyos et al.,
2016). The conservation of the quality and quantity of Qatar’s GW resources
contributes to supporting the implementation of the national development strategy
(NDS) goals 2018-2022 that “ensure availability and sustainable management of

water and sanitation for all” (MDPS, 2017).

Woater Resources Evaluation

The state of Qatar is a semi-arid country with no surface water and restricted water
resources from little rainfall from May to November (MDPS, 2017). The mean annual
rainfall is 80 mm per year (WMO, 2013), while the rate of evapotranspiration is about
2000 mm/y (Darwish et al., 2014). According to FAO (2016), the average annual
rainfall volume for the Gulf Cooperation Council (GCC) countries is about 273.9
billion m3. Figure 6A shows the comparison of average annual rainfall volume in the
GCC. It shows that the average annual rainfall volume for Qatar and Bahrain are very
little of about 0.88 and 0.052 billion m3, respectively. Whereas the highest percentage
of about 90% is from Saudi Arabia. Oman makes about 7% of the total annual rainfall
for the GCC countries followed by UAE and Kuwait of about 2% and 1%,
respectively.

Due to the low elevation in the surface of most of the GCC countries and the high
evaporation rate, it is difficult to directly harvest the surface water runoff. Therefore,
GW recharge is very limited. Figure 6B compares the total actual renewable water

resources (billion m3) and the annual GW withdrawal (billion m3) between the GCC
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countries according to FAO, (2016). As shown in Figure 6B, the GW withdrawal is
very high in all GCC countries and it exceeds the total actual renewable water
resources except in Oman. However, Oman GW withdrawal as a percentage of total
actual renewable water resources is high 87%. The highest GW withdrawal as a
percentage of total actual renewable water resources is from the UAE of about
2031%, followed by Kuwait withdrawal of about 2465%, then Saudi Arabia, Qatar,
and Bahrain of about 943, 455 and 219.8 %, respectively.

The total annual water resources and use (million m3) in all GCC countries for the
year 2005 as FAO (2016) are shown in Figure 6C. The highest percentages of the
total water resources in the GCC are the surface and GW, and the highest percentages
of water use are for irrigation and livestock. This paper emphasizes the importance of
water in the GCC countries. The lack of freshwater resources is the main obstacle
against sustainable GW management. Due to its larger population along with the
adaptation of huge agricultural programs, Saudi Arabia alone consumes about 82% of
the total water resources, whereas Bahrain, Qatar, and Kuwait, respectively, consume
less water (Al-Rashed & Sherif, 2000).

Furthermore, Figure 7A shows the percentage of water resources in the state of Qatar
for the year 2016. The GW is the single natural resource of fresh water in Qatar. As
shown in Figure 7A, the main source of total water production is the seawater
desalination of about 61%, followed by the GW abstraction of about 25%. The treated
wastewater for agriculture and green spaces irrigation of about 13%, in addition to 1%
water produced by the industrial sector for their own uses such as desalinated water
(MDPS, 2017). Moreover, all wastewater treatment plants in Qatar have at least a
secondary treatment level. The largest operational plant, treating 245500 m? of

wastewater on a daily basis, provides tertiary treatment for nitrogen and phosphorus
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removal by biological treatment using an anaerobic-anoxic-aerobic method. Figure
7B presents the percentage of the utilization and discharge of treated sewage effluent
(TSE) in the state of Qatar for the year 2017.

Furthermore, Figure 7C presents the percentage of the abstraction from GW basins in
the year 2009 (SWS, 2009). The GW safe yield is defined as ‘‘the amount of water
which can be withdrawn from a GW basin annually without producing an undesirable
result such as decreasing GW recharge and depletion of aquifers” (Zhou, 2009). In the
State of Qatar, the GW safe yield is estimated at about 55.8 million m3 per year,
whereas the current GW abstraction reached 250.8 million m3 per year (MDPS,
2017). The annual water deficit is mainly due to the GW abstraction, which ranged
from 97 million m3 per year to 158 million m3 per year during the period 2008 — 2016
(MDPS, 2017). GW abstraction is mostly for agricultural uses (about 296 million m3
per year in recent years; 92% of total abstracted GW). Current GW abstraction greatly
exceeds the rate of rainfall-induced recharge and this continues to result in declining
GW levels and degradation of GW quality.

Figure 7D presents the percentage of the use of GW wells. The overall number of
wells with various uses is greater than 8509 where 74 % of the overall wells are farm
well (about 6299 wells), 15% are municipal wells, 3 % domestic wells, and 8% are
industrial wells (SWS, 2009). The over-extraction of Qatar's GW aquifers can reduce
the aquifer levels; causing seawater intrusion; thus, the GW is highly vulnerable to
salinization (Kuiper et al., 2015). The freshwater lens in the northcentral part of Qatar
has decreased in the area such that in 1971 it underlay around 15% of the country, and
it is decreased in 2009 to around 2% of the country; the freshwater lens is around 11%
of its size in 1971(SWS, 2009). In the year 2014, the GW levels in central and north

were insignificantly above sea level. However, the GW level in Al-Mashabiya south
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of Qatar was significantly below sea level (MDPS, 2017). According to FAO (1992)
and based on the salinity classification, there is no well in Qatar characterized as non-
saline in September 2014, whereas in April 1998, the percentage of the non-saline
wells was 8%. The percentage of the little saline wells decreased from 19% to 11%,
whereas the percentage of the high or very highly saline wells enhanced from 17% to
20%. In 2012, 69% of the wells were classified as moderately saline, making their
waters harmful to sensitive crops, causing high soil salinity, and increasing the risk of
higher sodicity (the amount of sodium held in a soil) (MDPS, 2017). Figures 7E and
7F represent the classification of the GW wells by salinity in 2014 in south and north
of Qatar (Al-Mashabiya) using FAO salinity classification (non-saline water: < 0.7
dS/m, slightly saline water: 0.7-2 dS/m, moderately saline water 2-10 dS/m, highly
saline: 10-25 dS/m, very highly saline 25-45 and brine >45 dS/m (1 dS/m =1
mmho/cm) (MDPS, 2017).

According to the studies shown in Figure 8, all GCC countries except Oman showed
moderately saline GW as the mean TDS in GW in higher than 1500 mg/L, while

Oman showed slightly saline water according to salinity classification FAO (1992).

Management of the Groundwater Quantity

GW is a highly important natural resource that makes about 30% of the global
freshwater and about 99% of the global liquid freshwater (Parkinson, 2010). The
worldwide decline of the water table and GW storage during the last six months of the
twentieth century was correlated with the significant GW extractions and climate

changes such as global warming (Jakeman et al., 2016).
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Countries.

GW supplies significant percentages of freshwater to about 2 billion people, such it
makes about 40% of the world’s irrigation water and about 50% of the world’s
municipal water (Jakeman et al., 2016). Food demand required GW as a source for
irrigated food production. Climate changes will enhance global water demand for
food production by 70-90 %. According to that, the abstraction from non-renewable
GW, which makes 18% of world gross irrigation water demand will significantly be
increased (Jakeman et al., 2016).

In Qatar, the GW safe yield is about 55.8 million m3 per year. However, the GW
abstraction is about 250.8 million m3 per year, which depletes aquifers, decreases GW
levels, and rising salinity levels (Ashghal & Schlumberger, 2013). This is crucial
especially with the high economic growth and the population of Qatar increase from
600,000 in 2000 to 2,685,000 in 2018 (MDPS, 2017). In 2011, irrigated agriculture
used about 36.2% of total water resources in Qatar, where about 43% of the water

used for agriculture is used to irrigate fodder crops and about 70% is used for flood
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irrigation (Ismail, 2015).  According to FAO, (2008), the most commonly used
irrigation technique in Qatar for the year 2000/2001 is surface irrigation.

According to FAO (2008), surface irrigation such as by basins and furrows, which is
irrigated about 9707.2 ha. While sprinkler irrigation is irrigated about 1813 ha, the
dripper is irrigated about 868.6 ha and the bubbler is irrigated about 546 ha as shown

in Figure 9.

Dripper Irrigation
%% g

Bubbler Irrigation Sprinkler Irrigation

Surface Irrigation

=== Dripper Irrigation

Figure 9. Percentages of irrigation techniques used in Qatar for the year 2001 (FAO,
2008).

Inadequate irrigation management and poor efficiency of irrigation system are
directly related to GW management. Thus, Qatar’s government has supported
agriculture and irrigation projects, research and studies which comprise crop water
requirements of the main crops in Qatar, irrigation with saline water and its
economics, enhancement the use of TSE for forage production mainly Rhode’s grass
to feed livestock, modern greenhouses, and irrigation systems to increase the

efficiency of the GW use (Hukoomi, 2019). In Qatar, it is estimated that a three-time
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enhancement in domestic livestock herd size would be achieved by more than two
times the share of TSE to agriculture/fodder production by 2020 (Brown, 2018).

Acrtificial recharge of GW aquifers by treated sewage effluent (TSE) injection,
recharge wells and recharge from irrigation is about 54.6% of the annual additions to
the GW reserve, whereas 43.4% of GW recharge is from rainfall and about 2% from
its inflow from Saudi Arabia (SWS, 2009). Artificial Recharge is used to manage GW
quality and quantity by using infiltration ponds or ditches, or injection wells that are
used to increase infiltration, treat water through soil layers, and store GW in aquifers.
It should be considered that treated water with quality as drinking water guidelines
could be used to direct or indirect recharge, while water with degraded quality could
be used for infiltration recharge that enhances additional natural treatment. However,
artificial recharge management should search for simple and cheap pre-or post-water
treatment technologies. The economic cost plays an important role in artificial
recharge management. For example, infiltration pounds may reduce the costs of
recharge water treatment. The planning and production development and water
resources department in Kahramaa (Qatar general electricity and Water Corporation)
established restrictions on future GW extraction by decreasing or restricting the use of
wells (Kahramaa, 2016). Future projects for GW management are stated on the
Kahramaa website such as monitoring GW abstraction from farms using advanced
well water monitoring systems such as online from remote (Kahramaa, 2018a). In
addition to the establishment of about 60 recharge and monitoring wells to enhance
direct recharge and productivity of the aquifer system from rain (Kahramaa, 2018b).
Kahramaa also conducting experiments to re-inject the aquifer artificially with

desalinated water to meet water security (Kahramaa, 2016).
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Management of the Groundwater Quality

GW has higher concentration levels of natural elements than surface water because it
passes through rocks and soil formations, dissolving different compounds and
minerals (Caridi et al., 2017). Since mid of the 20th century, an extraordinary change
in the world’s ecosystems has been noticed due to the natural and anthropogenic
activities, which rapidly altered the GW ecosystem structures and functions; the
anthropogenic degradation of GW ecosystems is firmly correlated to the growing
demands for natural resources (Danielopol & Griebler, 2008). For example, intensive
use of water to sustain agriculture, industrial growth, economic development, and
human increase. As a result, the environmental problems related to the GW extraction
and use are increased (Hoyos et al., 2016) such as the GW depletion, soil collapse,
seawater intrusion, loss of biodiversity, and decrease of GW quality because of the
increase in different contaminant such as nutrients, salts, chemicals, and pathogens
(Jakeman et al., 2016; Griebler & Avramov, 2015).

Climate change such as the decreasing precipitation and increasing evapotranspiration
have a destructive result in GW concentrations due to the decrease in GW recharge
(Hoyos et al., 2016). In Qatar, significant climate warming is detected at an increasing
rate during a 30-year from 1983 to 2012 (Cheng, 2015). For example, high
evapotranspiration of the shallow GW may cause the dissolution of mostly halite and
gypsum (Shomar, 2015). Among other climate processes, sand/dust storms and soil
erosion may cause significant changes in the topsoil geochemistry (Shomar, 2015).
GW salinity is a significant environmental issue; salinization mainly happens as a
result of intensive g GW use; leading to saline water introduce from deep underlying
basement rock, from deep-buried valleys or from adjacent surface water bodies,

which also could be aggravated by drought and sea-level rise (Suursoo et al., 2017).
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Salinization may increase the total dissolved solids and enhance water-rock
interaction (Vinson et al., 2013). A strong relationship is existing between elevated
levels of naturally occurring element levels with salinity, as the hydro-geochemical
condition has an important function in the distribution of these natural elements in
GW (Walsh et al., 2014). A significant correlation between the high salinity of solil
and metal concentration in the GW is present (Shomar, 2015). For example, the study
of Acosta et al., (2011) shows that the soil salinity enhances heavy metal mobilization
as shown by Pb, Cd Cu, and Zn release from the soil by competition with calcium for
sorption sites, complexation with chlorides, complexation with sulfates, and
competition with Mg and/or Ca.

Moreover, there are anthropogenic sources of GW contamination with metals,
including leachate from landfill sewage, waste disposal, agrochemicals, and industrial
waste, or industrial spills and leaks (Rehman et al., 2017). The water resources are
globally threatened by different contaminants from residential, municipal,
commercial, industrial, and agricultural activities (Manickum et al., 2014). The
spillage and leakage of an industrial chemical such as methyl tertiary-butyl ether
(MTBE) by accident is considered as a serious GW contamination (Jakeman et al.,
2016). Besides, fertilizers, pesticides, sewage, and industrial wastes can be an
anthropogenic source of toxic elements in GW (Seyedmohammadi et al., 2016). The
produced water or coproduced water from oil and gas industries is very salty and
contains a mixture of organic and inorganic residues; generally, in the past this
produced water is disposed of with or without treatment to the sea or into the deep
aquifer (Shomar, 2015). Different severe reactions and environmental consequences
occur according to the physicochemical characterization of the produced water and

aquifer (Shomar, 2015; Smedley & Kinniburgh, 2017). Another new anthropogenic
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source of GW contamination is known as the emerging organic contamination (EOCs)
such as synthetic micro-organic compounds used in healthcare, food preservation, and
pharmaceutical products (Jakeman et al., 2016).

The chemical, physical, and biological characteristics of the aquifers function together
and alter GW quality (Jakeman et al, 2016). Physical processes such as
dispersion/dilution and filtration, chemical processes such as complexation, acid-base
reactions, oxidation-reduction, precipitation-solution, and adsorption-desorption, and
biochemical processes such as microbial respiration and cell synthesis influence water
quality in aquifers (Bartram & Balance, 1996). As an example, McCarthy (2001)
stated that with increasing the temperature and precipitation with climate change, the
weathering of base cation might increase and change alkalinity of infiltration water;
increase the temperature might also enhance the growth of microorganism, which
plays a role in oxidation/reduction of elements and alter the quality of GW. The study
of physicochemical characteristics of the carboniferous aquifers demonstrated that
hydro-geochemical changes are induced from not only natural but also anthropogenic
processes (Galitskaya et al., 2013). The prime reason for hydro-geochemical changes
is the disturbing of hydrodynamic regimes such as climate change (sea level rise and
spatial /temporal alteration in  precipitation and evapotranspiration) and
overexploitation of the GW (Jakeman et al., 2016). Thus, local hydrogeological
formations must be considered when allowing the maximum production rates as well
as for developing a water quality-monitoring plan (Suursoo et al., 2017). In addition,
the GW quality is affected by rock interaction within the aquifer and soil above the
aquifer. Shallow coastal aquifers are more vulnerable to be contamination from
surface soil due to the high population densities and relatively short distance needed

to reach the water table (Shomar, 2015; Kuiper et al., 2015). The Saq and Wajid
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aquifers in Saudi Arabia have low salinity of TDS lower than 1500 mg/L. However,
the carbonate aquifer has a salinity that reaches 15,000 mg/L in the east of Saudi
Arabia and toward the Arabian Gulf (Al-Rashed& Sherif, 2000; Rajmohan et al.,
2019). Carbonate aquifers such that in Qatar are within the karst formation and
depressions; generally, the karst aquifers are susceptible to pollution (Sadiq & Nasir,
2002). Anthropogenic contamination from the agricultural effluents and wastewater,
above many fractured strata, could infiltrate contaminant very fast into the aquifer and
extend over a large area (Baalousha, 2016). In Qatar, shallow GW with high hydraulic
conductivity in the coastal and the north aquifers are of a high vulnerability because
of the presence of depression areas. Consequently, the southwest formation is thick
formations with a thick vadose zone with a clay layer (midra shale) that block
infiltrations of water and lower the vulnerability of the southwest aquifers (Baalousha,
2016).

In summary, due to the complicated GW systems such as recharge, discharge, and
land use, natural and anthropogenic variables such as climate change, drought,
overexploitation, and socio-economic development could change water quality
(Jakeman et al., 2016). There is a worldwide growing concern regarding the quality
of the GW because of the significances of the water to support people’s life. The
expanding use of GW resources for agriculture and irrigation purposes requests a
careful hydro-geochemical evaluation of the GW. High-quality water resources are
significant factors to sustain social and economic development (Manickum et al.,
2014). In arid countries such as Qatar, GW is the most valuable natural resource;
hence, assessment of the presence of chemicals in GW, as well as other water quality
parameters, is vital for sustainable use. The levels of potentially toxic metals are

significant factors affecting GW quality (Yehia et al., 2017). An investigation of the
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potentially harmful elements in GW sources is of importance to protect public health.
In Qatar, there is a significant freshwater shortage because of the low annual rainfall,
in addition to the large amount of GW extraction that resulting in severe GW
deterioration. Some deterioration of GW quality has already been observed in the
coastal areas in the north and east sides of Qatar due to the current high extractions.
The expanded use of the GW resources for agriculture and irrigation purposes
requires a careful hydro-geochemical evaluation of the GW in the state of Qatar to
develop effective recommendations by the concerned authorities.

GW in the GCC countries is of a limited quantity and mostly poor quality due to the
high agricultural and some oil-related activities to increase the recovery and the
production of oil (Al-Rashed & Akber, 2015). In 2009, the department of agriculture
and water resources (DAWR) in the State of Qatar has conducted a national GW
survey to understand and manage the GW resources through collecting information on
GW occurrence, GW quality, recharge rates, and GW use (SWS, 2009). The water
quality monitoring results showed that sulfate and B were higher than the drinking
water standard of 250 and 0.5 mg/L, respectively, or irrigation guidelines of 400 and
1.5 mg/L, respectively. Moreover, fluoride was also found to be above the drinking
water guideline of 1.5 mg/L (SWS, 2009). A potential source of Mo in Qatar’s GW
(mean = 26.9 pg/L; max = 103 pg/L) could be from the oil and gas processing sector
as mainly the local natural gas is a sulfur-containing, and Mo is used as a catalyst in
the desulfurization process (Kuiper et al., 2015). Qatar plans to produce water for
agriculture using energy-efficient desalination plants such as using solar energy
(Ismail, 2015). Similar high concentration of Mo of a mean of about 98 pg/L that
explained by authors as oil shale rock in the study area that contains high Mo and

agricultural activity such as fertilizers (Al-Kuisi etal., 2015).
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Figure 10 shows the mean detected values for B and Li in Qatar, KSA, and Oman.
The maximum detected value for boron in KSA GW was 3.56 mg/L. This is

explained by infiltrating wastewater, that boron is used in soaps and detergents

manufacturing.
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Figure 10. Boron and lithium concentrations in groundwater of some GCC countries.

Also, the release of boron from rock water interaction that boron enhancement is
occurred by ion exchange of saline GW that decreases Ca and increases Na as shown
by Piper and Durov diagrams in Figure 11 (EI-Alfy et al., 2017). EI-Alfy et al., (2017)
indicated from the Piper diagram two types of GW, which are high alkalis with sulfate
and chloride as dominant and alkaline water with prevailing sulfate-chloride ions.
While Durov diagrams illustrated that about 40% of water is rainfall water
(Ca(HCO3),), and MgSO, and CaSO, which were dissolute of sulfate and carbonate
mineral, and then mixed with the irrigation return flow and 60% of water is MgCI2
and NaCl type, which are derived from the dissolution of Na-Mg-rich host carbonate
rocks. These results are supported by the calculated mean values of the mineral phase

saturation indices that show under-saturation conditions and consequently increase
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GW salinity with the GW path flow from southwest to the southeast (EI-Alfy et al.,
2017). The study of Daniel et al. (2017) showed that the average boron in Rus
formation aquifers is 1.7 mg/L, and in Dammam formation aquifers are 1.04 mg/L
due to boron desorption from mineral surfaces (Daniel et al., 2017). In Kuwait, Mo
was detected below 0.05 mg/L; however, strontium concentration is up to 36 mg/L, Li
levels of up to 2 mg/L, and boron was above the irrigation standard (Al-Senafy,
2004).

The study of GW in Al-Ahssa, Saudi Arabia, showed that the GW was not
contaminated by some chemical elements from anthropogenic sources, and it was less
than the maximum FAO’s guidelines except for Cu, Cd, Fe, and Pb which were very
high (Abdel-Satar et al., 2017). Furthermore, the high concentration of Cadmium is
detected in UAE was about 0.429 mg/L, which is higher than the WHO permissible
limit (Khan et al., 2019). Results of GW of North West Bank in Palestine indicated a
possible human risk from some chemical elements.

The study showed that Cr, Mn, Ni, Cu, Mo, and Al were observed in all samples with
Co and Thallium (TI), which are significant toxic metals (Malassa et al., 2014). In
another study of GW from Al Minya, Egypt showed that the levels of Cr and Pd are
higher than the maximum permissible limits suggested by environmental
organizations in different countries; the authors recommended that the GW must not
be used for drinking purposes unless it is treated before (Bassioni et al., 2015).
Various international concentrations of some chemicals present in GW are illustrated

in Appendix A.
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Groundwater Treatment

GW remediation applies various techniques such as chemical remediation, which is
widely used for controlling large plumes contamination. Xie et al. (2018), classified
the methods for chemical remediation as chemical precipitation, coagulation, ion
exchange, chemical oxidation, chemical reduction, solidification, and stabilization.
Chemical remediation requires high operational and maintenance costs and
complicated steps; moreover, it generates toxic sludge (Ahmad et al., 2011). Chemical
precipitation is relatively expensive according to chemical agent costs and needs
safety controls (Zhang et al., 2018). lon-exchange resins have high regenerated
efficiency compared with adsorbents (Hashim et al., 2011). Ozone is broadly used in
chemical oxidation due to its strong oxidation characteristic. Nevertheless, the low
efficiency of chemical oxidation by ozone in GW remediation is due to the low
solubility and fast decay rate of ozone in liquid solutions (Temesgen et al., 2017).
Physicochemical remediation methods of GW such as membrane and filtration
technologies are of different kinds, like an electro-dialytic membrane, liquid
membrane, polymer membrane, ultrafiltration membrane, nanofiber membrane, and
reverse osmosis (Yanga et al., 2017). Reverse osmosis generates a lot of wasteful
water (Xie et al., 2018). Filtration and membranes are of high capital and energy
costs; and there are membrane clogging and sludge discharge complications (Ayanda
et al., 2017). Another treatment of GW is biological remediation, which is broadly
studied and developed due to various factors such as its cost-effectiveness with fewer
by-product pollutants and long-term sustainability (Lofrano et al., 2013). However,
biological remediation does not have the ability to remove pollutants from deep

aquifers and it considers long-term remediation methods, besides the biosafety issues
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that need to be developed (Ayanda, 2017). Various living organisms such as plants,
fungi, bacteria, yeast, and algae capture pollutants inside their bodies or enhances the
removal of pollutants such as biosurfactants. There are many benefits of biosorption
remediation such as it is high economic efficiency, it generates low chemical or
biological sludge, it has high removal capacity, there is an opportunity for the
recovery of metals, and bio-sorbents regeneration is possible (Ye et al., 2012).
Conventional adsorbents, such as ACs are expensive, cause environmental problems,
such as the non-biodegradable nature of silica gel, and their regeneration cost is also
high. Whereas the non-conventional adsorbents such as natural material sorbents are
of extensive source, environment friendly, and low cost. The non-conventional
adsorbent could be natural minerals like clay, cellulosic materials such as agricultural
wastes, sludge, and fly ash from industrial by-products (Guan et al., 2016). The
attractive forces between adsorbed pollutants (adsorbates) and the adsorbent surface
are weak Van der Waals forces, hydrogen bonding, and dipole-dipole interaction,
which provides significant desorption (Al-Ghouti et al., 2010).

Upon investigating potential treatment options, the operation and maintenance costs
in addition to removal efficiency should be considered to keep the system running
(Esmeray & Aydin, 2008; Shafiq et al., 2019). The adsorption methods are of high
efficiency for the removal of different pollutants, practical, easy, simple, low cost,
low chemical and biological sludge and there is a possibility for regeneration of
adsorbent and metal recovery (Dodbiba et al., 2015; Ahmad et al., 2011; Huang et al.,
2016). Adsorption is like an ion-exchange technique but in ion exchange, the
elements are exchanged with ion (counter-ion) on the active sites (Wang & Dong,
2009). Sorption is also assessed as an eco-friendly treatment method (Yang et al.,

2009). Adsorption technique is of metals removal selectivity and high efficiency
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(Karnib et al., 2014; Amin et al., 2016). Various sorbents are used in adsorption
processes for water treatment such as the adsorption of metal ions onto adsorbent
surfaces (Shafig et al., 2019). AC adsorption is a common efficient treatment method
(Li et al., 2009). However, the activation process is of high cost (Abdel-Salam et al.,
2011). The adsorption of metals using a coal-fired power plant ash as AC was
described to be effective (Abdel-Salam et al., 2011).

Various conventional techniques such as advanced oxidation, membrane filtration
processes, reverse osmosis, chemical precipitation, ion exchange, and sorption are
used for eliminating metals from water. However, these methodologies have their
advantages and boundaries in the application. For example, precipitation elements
that are soluble in an oxidizing environment and insoluble in the reduced environment
(Hashim et al, 2011). In precipitation, the metallic elements become insoluble
hydroxides at high pH; for further lowering the solubility of elements, sulfide or
carbonate ions are added to water (Taylor, 2015). However, chemical precipitation is
inadequate when the metal concentration is low; moreover, it involves a great number
of chemicals and generating huge amounts of sludge that will necessitate further
treatment (Hashim et al., 2011; Taylor, 2015). The efficiency of the other
methodologies in metal removal such as ion exchange and membrane technologies
would be high with low chemical consumption and high metal selectivity; however,
the operation costs are expensive (Ahmad et al., 2011). Comparatively, the metal
adsorption on an adsorbent has the benefit over liquid-liquid extraction, which
requires mixing and settling. Sorption techniques (adsorption and ion exchange)
become one of the mainly applied techniques for removing metals from GW (Huang
et al., 2016).

The adsorption method adsorbed elements on the active sites on a porous particle and
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within the surfaces of the pores of the particles. The element is moved from the liquid
phase to the surface of a solid and bounds by physical and/ or chemical reactions
(Barakat, 2011). Adsorption is like an ion-exchange technique but in ion exchange,
the elements are exchanged with ion (counter-ion) on the active sites (Wang et al.,
2009). Adsorption and ion exchange methods have some limitations such as the great
capital and operational costs, low adsorption capacity, or weak chemical affinity
especially at very low metal ion concentration (1 mg/L - 100 mg/L), resulting in
secondary pollution or needing rigorous conditions such as anaerobic and carbonate-
free (Hilal et al., 2012). However, sorption is assessed as one of the best techniques
because of the low cost and the simplicity of design and operation, particularly with
moderate and low contaminant levels (Huang et al., 2016). Sorption is also assessed
as an eco-friendly treatment method (Yang et al., 2009). Adsorption technique is
economically achievable, metal selectivity, simple design, easy operation, and
efficient for removing chemical elements (Karnib et al., 2014; Amin et al., 2016).
Conventional adsorbents such as ACs are expensive, cause environmental problems
such as the non-biodegradable nature of silica gel, and their regeneration cost is also
high (Crini et al., 2018). Whereas the non-conventional adsorbents such as natural
materials, agricultural wastes, and industrial by-products are of extensive source,
environment friendly, and low cost (Guan et al, 2016). Various non-conventional

sorbents are used in adsorption processes for water treatment as shown in Table 1.
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Table 1. Some Nonconventional Adsorbents for The Removal of Pollutants from

Water

Adsorbents Removal of Reference

Eggshelis Boron (Al-Ghouti & Khan, 2018)

Date pits Bromide (Al-Ghouti et al., 2017)

Coconut husk Methylene Blue Dye (Man et al., 2015)

bagasse Methyl Orange Dye (Mohamed etal., 2017)

Banana peel Copper and Lead (Vilardi & Verdone, 2018)

Wheat straw Reactive Blue Dye (Mousa & Taha, 2015)

Bentonite clay Lead (ARJIil, 2015)

Dolomite Arsenic (Shah etal., 2019)

Glasses Heavy Metals (Rashed & Abd-Eldaiem,
(Cd, Cu, Fe, Pb, and Zn)  2018)

Tires waste Boron (Babiker et al., 2019)

Newspaper waste ~ Copper (Mardiah etal., 2018)

Cotton waste
Olive mill waste

Methylene Blue
Crystal Violet and
Methylene Blue
PET bottles waste Copper

(Tenev et al., 2019)
(Sulyman et al., 2018)

(Hassanet al. 2017)

Activated Carbon Adsorbent

The adsorption of AC is considered one of the best efficient water treatment methods
(Li et al, 2009). AC is an efficient adsorbent used in environmental applications,
environment protection, and water treatment due to its high surface areas, porosity
structure, and surface functional groups (Karnib, 2014). Theoretically, AC could be
formed from carbonaceous material of high carbon levels (Al-Ghouti et al., 2017).
There are mainly two methods for preparing AC: physical activation and chemical
activation. The physical activation is carried out by primary carbonization of the raw
material then by controlled gasification at higher temperatures in a stream of an
oxidizing gas (Ahmad et al., 2011). While the chemical activation generates the

porosity by the impregnation of precursor and the heat treatment (Al-Ghouti et al.,
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2017). However, the activation is a high-cost process and commercial AC mainly uses
a nonrenewable source such as coal (Ahmad et al., 2011). Low-cost AC produced
from peanut husk and rice husk have been significantly used for the treatment of
aqueous solutions from metals; moreover, the adsorption characteristics of metals
using AC from bottom ash and fly ash from a coal-fired power plant were reported to
be effective (Abdel-Salam et al., 2011). However, low adsorption selectivity for boron
removal is caused by AC due to low surface-active sites for boron, thus several
impregnated AC is utilized to adsorb boron from aqueous solutions (Guan, 2016). The
physicochemical natures of boric acid and borate showed that hydrogen bonding and
hydrophobic interactions are the possible adsorption mechanisms (Liu, 2009). The
maximum boron removal capacity using AC was 3.5 mg/g at pH 5.5 (Kose et al.,
2011). 60% boron removal can be obtained from an initial boron level of 5 mg/L at
pH 8-9 (Bonilla-Petriciolet et al., 2017). However, Bodzek (2015) stated that high
doses of AC required to remove 90% of boron from water. For Mo removal, AC
removed more than 90% of Mo from the liquor sample (Pagnanelli et al., 2011).
Moreover, for Li adsorption Seron (1996) showed the effect of applying treatments to
the AC such as ammonia or electrochemical treatment enhanced Li adsorption.
Physically AC could not reduce Li-ion levels from solution due to the electrostatic
repulsion between Li cations and positive surface charge of the AC; Li-ions levels
were reduced from 10 to 2 ppm using the electrochemical treatment for one day and it
reached the full adsorption of 1 mg of Li per gram of physically AC. While
chemically AC reached the equilibrium of 0.45 mg Li per gram of chemically AC
treated with ammonia.

In summary, Babel (2003) stated the advantages and disadvantages of AC such that

AC adsorption has many advantages such as high efficiency in removing different
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chemicals from water at low levels, the applicability of thermal regeneration and
maintenance, flexibility, and simplicity of the system design such as start-up and shut
down as required. The surface functional groups as shown in Figure 12, the large
surface area, and selected pore size and distribution are significant characteristics of
AC (Mochida et al., 2006). However, AC adsorption has some limitation such as
limited to some chemicals at low concentrations, highly soluble organics or those with
low molecular weights, dust, and suspended solids lead to clog and block the system,
high operating costs due to carbon costs system requirements, and unmanaged waste

disposal of contaminated carbon cause some problem if it is not regenerated.

an unpaired o electron an “in-plane o pair” with * being a

localizedr electron

Figure 12. Activated carbon structure showing different functional groups on the
surface (Mochidaetal., 2006).
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Bentonite Clay Adsorbent

Bentonite clay has concerned with significant attention in the removal of metal ion
pollutants from water due to its great properties such as the significant adsorption
capacity, chemical, and mechanical stability, large specific surface area, complex
porosity, lamellar structure, high cation exchange capacity, and low-cost (Zhao, 2008;
Pan et al., 2011; Huang et al., 2016). However, the presence of different pollutants in
water may result in interference and competition on adsorption sites (Bonilla-
Petriciolet et al., 2017). The study by Akpomie & & Dawodu (2015) showed the
potential bentonite as a low-cost and eco-friendly adsorbent for the removal of nickel
and manganese ions from the solution. Another study by Wongsasuluk, et al. (2013)
illustrated that the adsorption of the metal ion in the modified bentonite is greater than
that in the original clay and the order of adsorption capacity is NaOH bentonite and
AC > HCI bentonite and H,SO,4 bentonite > bentonite for lead and copper adsorption
whereas for the adsorption of cadmium, the order was HCI bentonite > NaOH
bentonite > H,SO, bentonite > bentonite; they explained the results according to high
active sites and surface heterogeneity of modified bentonite. In saline conditions, the
swelling capacity, cation exchange capacity of bentonite is decreased lead to
magnesium precipitation in montmorillonite interlayer spaces, and the distribution
coefficients of cations decrease (Suzuki et al., 2008). Adsorption of boron onto
bentonite clays was increased by modifying the clay surface with nonyl-ammonium
chloride, which changes it from hydrophilic to hydrophobic (Karahan et al., 2006).
Mojiri et al. (2017) stated that the ion-exchange and/or adsorbent properties of
bentonite clay have been studied due to its structure as bentonite efficiently removed
81.3% of Mo (V1) from water. The adsorption capacity for boron using bentonite was

0.9 mg/g while it was 0.09 mg/g by using AC (Vhahangwele, 2015). A 3800 + 380
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ppm of Li was significantly adsorbed by bentonite (Hoyer, 2015).

Bentonite clay is a geological name for soil materials with a large level of swelling
minerals, as commonly is montmorillonite. Regular minerals found in bentonites are
quartz, feldspars, gypsum, calcite, pyrite, and various iron oxides/hydroxides.
Besides, bentonite has high concentrations of amorphous and organic compounds.
Sulfate minerals, like gypsum and anhydrite, have a relatively significant solubility,
which reduces when the temperature is raised. Montmorillonites belong to the
smectite group of clay minerals. This so-called 2:1 clay layer consists of double
tetrahedral silicon oxide sheets sandwiching an octahedral aluminum oxide sheet as

shown in Figure 13.
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Figure 13. Crystal structure of the individual montmorillonite particle (Apted & Ahn

2017).

The smectite clay layers are negatively charged in the crystal structure because of the
broken bonds for isomorphous substitutions of Mg for Al in the octahedral sheet or Al
for Si in the tetrahedral sheets. This permanent negative charge is exchanged by
cations and caused cation exchange capacity (Pan et al., 2011). The forces such as
electrostatic interaction and van der Waals forces attach the ions (Kul & Koyuncu,
2010). In solution, Cations compete for interaction on the surface functional sites of
bentonite. The higher the valence ion is, the easier and stronger the adsorption of clay

minerals will be thus, the sorption ability is of order Na* < K+ < CaZ* on bentonite
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(Yang et al., 2009). The study by Buzetzky et al. (2020) showed that the adsorption of
chloride and iodide ions on Ag-bentonite occurred in the bulk aqueous phase and the
interlayer space of montmorillonite. The mechanism of chloride and iodide ions

adsorption on Ag-bentonite is shown in figure 14.
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Figure 14. The mechanism of chloride and iodide ions adsorption on Ag—bentonite

(Buzetzky et al.,2020).

Date Palm Pits Adsorbent

It is believed that date palm (Phoenix dactylifera L.), one of the most ancient plants,
corresponding to the family (Arecaceae) with about 200 genera and 500 species (Al-
Mahmoud, 2011; Maryam, 2016). It is grown worldwide in the Middle East, East,
North and South Africa, and some areas of Europe and the USA. Date palm is
distributed within oasis ecosystems and therefore developing sustainable cultivation
in saline and aridity soils (Jaradat, 2013). The world’s annual production of date fruits
is about 6.8 million tons (Jain, 2014). The rich date fruit is of significant nutrition

factor for people, and social, economic, and ecological values. Socio-economic values
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come from various products, which are made from the date palm trees such as
utilizing products from its fiber. Furthermore, it is used to produce bio-fuel due to
elevated percentage of carbohydrates, (44-88%) total sugars in fruit, thus consider as
an important origin for renewable energy that reduces the use of fossil energy (Al-
Ameri, 2016). Due to its canopy that facilitates the growth of other plants around the
oases, which gives ecological habitat and shelter for many living organisms, which
gives it ecological value (Dhawan, 2013; Maryam, 2016).

Date palm pits are about 10% of the fruit weight. Although date pits are seen as a
waste by-product, they are used for purposes such as a dietary-fiber and food for cattle
and poultry, extraction oil from the pits, making a caffeine-free drink from roasting
date pits, and in water purification process (Hossain, 2014). Date palm waste is of
great potential for adsorption metals because it is lignocellulosic fibers, which
consists of cellulose, hemicellulose (44.4 wt.% carbon, 49.4 wt.% oxygen, and 6.2
wt.% hydrogens), and lignin (62 wt.% carbon and 32 wt.% oxygen) with a high
number of carbon atoms of low polarity and great adsorption (Ahmad et al., 2011;
Shafiq et al,, 2019). Functional groups of lignin are alcohols, ketones, aldehydes,
phenolic, carboxylic, and ether groups which bind with some metals to form
coordination complexes agricultural by donating a pair of electrons (Bonilla-
Petriciolet et al., 2017). A small adsorbent dosage of date pits can remove metals and
it required a short contact time for equilibrium (Shafig et al., 2019). The sorption of
cadmium ions onto a mixture of olive stones and dates pit is spontaneous, and the
equilibrium process was obtained in 20 min and presents an endothermic nature
(Babakhouya, 2010). The date pit ash has high boron removal efficiency (71%) (Al-
Ithari et al., 2011); while Al.Haddabi et al. (2015) stated the maximum removal

efficiency of boron by date pit ash was 47% at neutral pH. The possible effectiveness
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of date pits as a low-cost adsorbent for various metals and organic compounds was
proven earlier (El-Hendawy, 2009). Al-Ghouti et al. (2017) showed that the
adsorption efficiency of the raw date pits towards cadmium and copper ions obtained
from Langmuir and Freundlich models is found to be 35.9 and 39.5 mg/g respectively
where Freundlich isotherm indicated a heterogeneous surface binding; also, it is
shown that the highest adsorptions of copper by small size date pits particles. The date
pits comprise three main groups, specifically cellulose, hemicellulose, and lignin
which characterize by oxygen functional groups such as hydroxyl, ether, and carbonyl
(Ahmad et al., 2011). Figure 15 shows the hydrogen bonding and electrostatic
attraction which were noticed as adsorption mechanisms for copper and cadmium
ions; the binding of two cellulose/lignin units and by two hydroxyl groups in the

cellulose/lignin unit were also noticed (Al-Ghouti et al., 2010).
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Figure 15. Binding mechanism of the date pits, cellulose and lignin, respectively with

metal ion M2+ (Al-Ghouti et al. 2010).
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Another study by Banat (2002) showed that the removal efficiency of copper and zinc
using raw date pits were 0.15 mmol/g and 0.09 mmol/g, respectively; the adsorption
study indicated a multilayer adsorption surface of raw date pits. Further study showed
that the maximum removal capacities were 7.40 and 33.44 mg copper ion per gram of
raw date pits and an AC prepared from it respectively and 6.02 and 17.24 mg
cadmium ion per gram of raw date pits and activated carbon prepared from it
respectively and the results were best fitted by Freundlich model (Hilal et al., 2012).
Organics’ natural material sorbents were better than minerals sorbents for the boron

adsorption (Liu etal., 2009).

Modified Date Palm Pits Adsorbent

To enhance the number of active binding sites, natural sorbents require additional
modifications. The functional group attached to the adsorbents as different groups
helps in the removal of different metals from water such silica group that has a high
affinity to cadmium, zinc, and copper; the hydroxyl group has a high affinity to
chromium and the nitro group has a high affinity to lead (Xu & Mckay, 2017). Date
pits modifications could be achieved through physical pretreatment such as drying,
grinding, and heating, it is easy, simple, and low cost; while chemical modification
could be achieved by pretreatment washing with acids such as mercaptoacetic acid,
alkalies such as (NaOH, KOH) and Fe salt or Fe oxide mineral coating (Shafiqg et al.,
2019). The organic components in the cortex, like cellulose, can be ionized with an
alkaline treatment, thus the active sites can be enhanced by negative charges that can
adsorb metal cations (Al-Qahtani, 2016). Modified date palm trunk with the acid
treatment of such a biopolymer creates a suitable environment for its ring-opening,

then the acid-treated with NaOH and carbon disulfide (CS2) to synthesis utilize
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xanthate date palm trunk (XDPT) adsorbent. The xanthate group showed efficient
removal of Pb (Il) ions from water by the formation of stable complexes with lead
ions (Yadav et al, 2013). Pretreated banana by alkalization with NaOH, the
maximum adsorption capacity was Cr3* < Cd?* < Zn?*, whereas it was Cd** < Cr3* <
Zn2* for kiwi and tangerine; the results showed that the natural sorbent was effective
for remediating heavy metals from water (Al-Qahtani et al., 2016). NaOH-modified
date pits characterized by functional groups of carboxylates (—COO-) which were
efficient for removing dyes; where the carboxylic (—COOH) groups characterized the
non-modified date pits (EI-Messaoudi, 2015). Modified date palm waste by NaOH
with mercaptoacetic acid (C,H,0,S) to change the abundant hydroxyl groups to
mercapto groups, which showed significant removal of Cu2* from water (Shafiq et al.,

2019; Amin, 2016).

Groundwater Modelling and Mapping Using GIS

It should be noted that in GW management, the objective is to not only monitor and
assess GW but more to make use of the information to construct a good decision. For
example, if GW monitoring and assessment showed some locations of GW
contamination then the question is whether to use remediation and what type of
remediation to use (Sethi & Molfetta, 2019). Making decisions will almost always
have some extent of risks such as the risk of a wrong decision or the risk of selection
an unappropriated treatment technique (\Vargas, 2004). Geographic information
system (GIS) is a significant tool for analyzing and visualizing spatially continuous
data, resulting on reduce the risk of making the wrong decision and supports
management and planning processes. Water resources study is considered the second

scientific field that highly applies geo-statistics (Li & Heap, 2011). In GW studies,
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GIS is used to investigate sample locations, manage the inventory data, study the
correlation between GW quality and different natural or anthropogenic disturbances,
investigate the wvulnerability to contamination, estimate GW flow, and integrate GW
quality assessments (Balakrishnan, 2011). ArcGIS software has geostatistical
analysis, which significantly combined geostatistics and GIS analysis. The
geostatistical analysis includes spatial interpolation to estimate or predict attribute
data anywhere from a limited number of observations. Besides, geostatistical analysis
develops spatial interpolation techniques to model the spatial correlation of the
variables such as GW quality parameters and to investigate the variability in space
and time (Seyedmohammadi et al., 2016). To produce high precision maps for GW
quality variables, data needs to be collected from all coordinates within the study area.
Such sample collection for the whole area is not viable due to time, money, and labor-
consuming (Li & Heap, 2011). GW samples are considered data points in GIS with
some spatial data, which depend on polygons; these sampled points will be used to
predict values of non-sampled points within the same field area, therefore values to
whole polygons will be assigned and continuous data (surface data) will be produced.
Surface data represented by a grid that divides the whole site into small cells where
each cell is assigned a value. High precision of surface data representation depends on
the size of the cells, such that small cell sizes will produce higher detailed maps than
large cell sizes. Geostatistical Analysis incorporates different interpolation methods,
each has special advantages and gives different output. However, in some instances,
methods give the same output surface; in other instances, the output can be a little
different.

Spatial interpolation is defined as a process of prediction or estimation values for

unsampled locations from the measured points taken at known locations
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(Paramasivam, 2019). Interpolation methods are grouped into deterministic (non-
geostatistical  interpolation) and  geostatistical  interpolation.  Deterministic
interpolation methods produce surfaces from measured values depend on either the
degree of similarities such as on inverse distance weighted (IDW) method or the
extent of smoothing such as radial basis functions (RBFS) method (Njeban, 2018).
They do not provide a measure of uncertainty (error) of the predictions. Deterministic
interpolation methods can be grouped to global interpolation such as global
polynomial, which calculates predict values from the entire dataset; and local
interpolation such as IDW and RBFS which predicts values from the measured points
within neighborhoods (Paramasivam, 2019). Geostatistical interpolation contains
several methods, which are all in the kriging family such as ordinary, simple,
universal, probability, indicator, and disjunctive kriging in addition to cokriging
(Magesh and Elango, 2019). Geostatistical interpolation methods exploit the statistical
characteristics of the measured points to create surfaces. They include spatial
autocorrelation (the statistical relationships between the measured values) (Keranen &
Kolvoord, 2017). Geostatistical methods create prediction, error associated with the
predictions, probability, and quantile output surfaces. An interpolation method that
estimates a value that is exactly as the measured point at a sampled location is known
as an exact interpolator such as IDW and RBFS. While the interpolation method that
estimates a different value from the measured point is known as an inexact
interpolator such as kriging. The study of Bajjali, (2005) compares IDW and kriging
methods to model the effect of four artificial recharge dams on the quality of GW in
Oman. The authors showed that the kriging and IDW produced realistic smooth
interpolated surface maps that both interpolated maps show decreasing in the salinity.

In addition, in KSA the study of Marko et al. (2013), showed that the kriging method
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produced good mapping for water quality parameters using the best semi-variogram
model based on RMSE varies for each water quality parameter; an example is shown
in Figure 16 for electrical conductivity (EC) and TDS interpolated map of western

Saudi Arabia.

1T

Figure 16. Interpolated map using kriging methods for electrical conductivity (EC)
and total dissolved solids (TDS) of Wadi Usfan, western Saudi Arabia (Marko et al.,

2013).

GW wulnerability and risk mapping models have three types of techniques of
vulnerability assessment maps: statistical techniques, process-based simulation
techniques, and overlay and index-based techniques (Kumar et al. 2015). Index-based
techniques overcome the limitations of the statistical techniques and process-based
simulation techniques; thus, it is widely preferred due to their sensitivity and
simplicity Index-based techniques have three types, namely parametric, non-
parametric and hybrid models (Thapa et al., 2018). Different models are suitable for
different geophysical environmental conditions (Kumar et al. 2015). The vulnerability
maps produced by all the vulnerability assessment models give an insight into the GW

contamination and its spatial distribution. Baalousha (2016), showed that vulnerability
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mapping using parametric index-based techniques is a significant tool for GW
management and protection aquifers as it can also be used for GW monitoring. As
shown in figure 17, the most widely used DRASTIC model and Epik model, which

are used for GW vulnerability mapping of karst aquifers in particular.
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Figure 17. Vulnerability map of Qatar using EPIK and DRSATIC models (Baalousha,
2016).

In recent years, geo-statistics is broadly used in various disciplines such as geological,
hydrological, and environmental studies (Nas, 2009). Geo-statistical and spatial
interpolation methods are used in monitoring and assessing GW quality and quantity
(Chung et al., 2019). The study by Balakrishnan, (2011) has assessed and mapped
GW quality in India using GIS spatial interpolation techniques such as IDW and
Kriging. Another example is the study by Baalousha, (2016) which demonstrated the
GW vulnerability maps in Qatar. Geo-statistical and GIS analyses are incorporated in

ArcGIS software (Elumalai et al., 2017). The spatial interpolation is used to estimate
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or predict values for unsampled points from finite sampled observations at known
locations that will save sampling time, money, and labor (Chung et al., 2019). Spatial
interpolation analysis reveals the spatial variation in space and time of the attribute
data (Seyedmohammadi et al., 2016). The sampled points are used to estimate points
of non-sampled points, then the values for the whole area (polygon) are produced and
continuous data (surface data) is generated (Saleh & Balakrishnan, 2019). ArcGIS has
various interpolation techniques, each having unique advantages and produces
different interpolated outputs; nevertheless, the techniques may produce the same
interpolated output in specific cases (Elumalai et al., 2017). Spatial interpolation
techniques are classified into deterministic or non-geostatistical interpolation and
geostatistical interpolation. IDW and RBFS are deterministic interpolation methods,
which use simple mathematical models to determine an unknown point from the
surrounding known points. While geostatistical interpolation such as kriging uses
more complex geostatistical models that include the statistical correlations between
the sampled points also known as spatial autocorrelation (Xiao et al., 2016). The
comparisons between the spatial interpolation methods according to several criteria
have been conducted by Li & Heap (2011), as shown in Table 2.

Variations in natural resources like GW and associated environmental issues have
been studied spatially and temporally applying deterministic and geostatistical
techniques of interpolation in ArcGIS (Gunaalan et al., 2018). Simple kriging (SK) is
a geostatistical technique whereas IDW and RBFs methods are deterministic
interpolation techniques (Gidey et al., 2018). The ArcGIS Geostatistical Analyst
extension has been employed for a detailed analysis of alterations in different spatial
variables and found to bridge geo-statistics and GIS analysis with tangible results

(Uyan and Cay, 2013).
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Table 2. Interpolation methods Comparison (Li and Heap, 2014).

IDW RBFS Kriging

Class of Local deterministic Local deterministic Geostatistical

interpolation interpolation interpolation interpolation

Predicted One prediction per One prediction per Prediction and

values location location measurement
of the
prediction
uncertainty

Modeling Implicit: the model No Yes

spatial builds on the

autocorrelation  assumption of spatial
autocorrelation in
the data.

Output type Prediction Prediction prediction,
probability,
and prediction
error

Level of Few Intermediate: Many: data

assumption / Normal distributed transformation

Complexity of data (data

the model originates
from a
stationary
stochastic
system), trend
removal and
de-clustering

Input data Exact: the output Exact: the output Inexact:
values surface contains surface contains produces
exact values of the exactvalues of the  values, which
input data. input data. correspond to
the input data
value. If the
measurement
error is zero,
then kriging is
an exact
interpolator

Output surface  Not smooth Smooth Intermediate

Uncertainty of  No No Yes
the prediction
values




The boundaries need to be demarcated precisely for an accurate interpolation
(Gunaalan et al., 2018), effective prediction of unknown factors of locations using
available values and sample sizes (Stahl et al., 2006), acceptable spatial sample
locations (Giler, 2014), normality of the existing sets of data (Wu et al., 2016),
attained spatial resolution (Hengl, 2007), and the method of interpolation (Xie et al.,
2011). The ambiguity in the analysis will be amplified if the spatial variation in water
quality measurements is not represented properly by the well locations or sampling
sites (Wagner et al., 2012). Xie et al. (2011) found that the size of the polluted area
affected the efficacy of the interpolation methods used to describe the presence of
heavy metals in soil spatially. Seyedmohammadi et al. (2016) found ordinary kriging
(OK) to be better than five other spatial interpolation methods for estimating the
spatial dissemination of electrical conductivity (EC) in GW. Comparing different
spatial interpolation methods employed to predict EC, TDS, and pH, Empirical
Bayesian kriging was found to be superior to other methods (Gunarathna et al.,
2016a,b).

To estimate a point for an unsampled location, IDW employs the sampled points at
the neighborhood of the predicted location and that the sampled point nearest to the
predicted locations has more effect on the estimated point. IDW is an interpolation
method in which each point value has a weight that diminishes as a function of
distance (Magesh & Flango, 2019). IDW is an estimation method in which each point
value has a weight that reduces with distance, which is calculated using equation 4.

Zp
»n Lp
=1 di

(4)

Where Z; is the value of the known point (numeric attributed), d; is the distance to a

known point, Z, is the unknown point (numeric attributed to being interpolated), n is
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the number of observations, and p is a user-selected exponent (powers of the distance)
(Paramasivam & Venkatramanan, 2019).

The optimization of the IDW model could be achieved by selecting the lowest root
mean square (RMS) by changing the power value. Thus, IDW will never generate a
value that is higher than the maximum value (Bashir & Fouli, 2015). The
disadvantages of IDW are that it is sensitive to outliers, clustering, and sampling
configuration (Li & Heap, 2011).

In comparison between RBF with IDW, the RBFs may estimate points outside the
measured points range (Balakrishnan, 2011). However, they are both an exact
interpolator. The advantage of RBFs is that it creates a smooth output surface for
gradually changing surfaces such as elevation. Whereas the disadvantage of RBFs is
that it is unfit with the significant changes in the sampled points within short
distances, and with the sample data that contains uncertainty, measurement of error,
or outliers (Chung etal., 2019).

Similar to IDW interpolation, kriging gives weights from the distance around
measured points to estimate unmeasured locations. However, kriging weights are
determined by the distance and the spatial orientation of the known points or semi-
variograms (Li & Heap, 2011). The most common semi-variogram model is spherical
which is used in this study. The simple idea of spherical semi-variogram models is
that unsampled points can be predicted by the weighted sum of the sampled points
within a certain radius (Chung et al, 2019). Because the variogram alters with
distance, the weights rely on the distribution of the sampled points’ distribution. An
empirical variogram can be quantified from sampled points by the following equation

5 (Chung et al., 2019):

y(h) = = Y™ (Z(xi) — Z(xi + h))? (5)

2n “1=1
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Where vy (h) is the predicted semi-variance at a separation distance or lag h, h is the
distance among sampled values, n is the number of pairs of samples separated by h
and Z is the measured points.

Thus, kriging models depend on semi-variogram models of spatial autocorrelation to
quantify weights, which decreases the variance in the estimated value, in terms of
distance and direction to predict points and uncertainty associated with the predictions
(Balakrishnan, 2011). The performance of kriging models is better than non-
geostatistical models in that kriging estimates uncertainty associated with the
predictions (Li & Heap, 2011). The geostatistical interpolation is believed to be an
unbiased optimized estimation model for depicting regionalized variables (Xiao et al.,
2016). However, kriging is an inexact model such that the output surface does not
contain the exact values of the input data, and the interpolated values may exceed the
minimum and maximum measured point (Li & Heap, 2011). Kriging is a smoothing
process because the variance of the kriged values is lower than that of the original
data (Myers, 1991), however, it has some smoothing deficiency (Xiao et al., 2016).
Besides, kriging needs more computing and modeling time (Balakrishnan, 2011).
Generally, different interpolation techniques will produce unalike outputs with the
same input data, thus, no interpreter is more accurate than others under all
circumstances (Arslan & Turan, 2015). The accuracy should be judged by the sample
quantity and the understanding of the study area with the spatial arrangement of the
sample locations. Cross-validation is a tool to evaluate how well the model estimates
points at locations with no data, and it helps to decide the best model that performs
better than another model on a particular data set (Davis, 1987). It does not imply that
the model, in general, will always perform better (Syed et al., 2003). In addition, it

helps to optimize and search several possibilities of models’ parameters such as
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power, neighborhood, and the order of detrending to better utilize the data (Liu et al.,
2012).

According to Falivene et al., (2010), cross-validation omits one measured sample
point and uses the rest of the data to estimate a value at that location, the point is then
returned into the dataset, and a different point is omitted, all data points are estimated
by the same steps. To assess the model pairs of the original data value and predicted
values, they are compared by subtracting them, then squared and added, the resulting
sum is known as a “least squares" fit. Thus, cross-validation produces three values, for
each location, the original data point, the predicted point, and the minimized
estimation variance. (Xia et al., 2016). A variety of cross-validation statistics are used
to examine how close the predicted values are to the known values, to explore how
well the variogram “fits" the data, and to assess the performance of the interpolation
methods for this particular analysis (Syed et al., 2003). For IDW and RBFs methods,
results are usually stated as the mean error (ME) and root mean squared error
(RMSE).

Their root means square standardized error must be near to one if the standard errors
are valid. If the root-mean-square standardized error is higher than one, it indicates
underestimating, while if it is lower than one, it indicates overestimating (Singh

&Verma, 2019).

Drivers, Pressures, State, Impact, Response (DPSIR) Framework for Groundwater

Resources Management

DPSIR framework was established by the Organization of Economic Cooperation and
Development, which was evolved from the Pressure, State, and Response (PSR)
model (OECD, 1993). The addition of Driver and Impact terms into PSR models aids

the policymakers to understand cause and effect relationships (Sun et al., 2016).
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Previously, the information from the DPSIR model was used to analyze water
resources of Qatar (Ashfaq et al., 2018), to develop Integrated Water Resources
Management (IWRM) systems (Kagalou et al., 2012), Integrated Coastal Zones
Management (ICZM) (Pacheco et al., 2006) and to strategically assess the GW
resources consumption (Hazarika and Nitivattananon, 2016). It is an adaptive
management tool used for analyzing environmental issues such as water resources and
then developing cause-effect relationships between human activities and their
environmental impacts. Thus, it facilitates the resource managers, hydrologists, and
policymakers managing water resources of the region more effectively and
sustainably.

The model of DPSIR was used to analyze the GW resources of Qatar as shown in
figure 18. DPSIR is useful in describing the relationships between the sources and the
consequences of environmental problems. Generally, the “Drivers” term includes all
the driving forces acting on regional water resource systems. It is basically comprised
of human needs such as water and food. Since 92% of the total consumption of GW is
done for agricultural activities, therefore, it can be classified as the main driver for the
unsustainable consumption of GW resources of Qatar. The increase in agricultural
demands due to population and economic growth has further exacerbated the
situation. In addition, climate change such as increasing temperature and decrease
rainfall led to reducing the GW recharge.

The “Pressure” term of DPSIR represents the human activities undertaken to fulfill
needs and demands. The increase in water abstraction, greater than the recharge rates
of GW is leading to unsustainable consumption of water resources and seawater
intrusion. These human activities will apply pressures on the environment and

available resources, which will lead to changes in the “state” of the environment.
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Hence, a decrease in water resources as a result of unsustainable consumption,
deterioration in water quantity and quality can be included under the “state” term of
DPSIR. These changes in the state of the environmental compartment have resulted in
impacts, which can include an increase in the GW and soil salinity that deteriorates
crops and plants' health and productivity. Due to this, the farming industry will be
affected, and food supply demands would be unfulfilled. Therefore, it is important to
devise certain response measures that can help in safeguarding the limited water
resources of Qatar. Measures responses are to develop and evaluate water treatment
techniques that can help in efficient treatment of GW, to adopt efficient water
irrigation practices to conserve limited water resources, to reuse treated wastewater as
an alternative water source for irrigation to reduce the pressure on GW resources, to
increase the GW storage reservoirs by recharge with treated wastewater or desalinated
water, and finally, to develop of certain water-use tariff structures and awareness
campaigns for farmers are also advised to ensure efficient utilization of water

resources in Qatar.
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consumption of renewable water resources
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— Farming industry — Food supply and
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Figure 18. DPSIR framework for groundwater resources in Qatar.
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CHAPTER 3: RESEARCH METHODOLOGY
Sampling
Selection of Sample Points

Sampling wells are selected to give good spatial coverage for the studied area. In
addition, the sampling wells cover the four GW basins (North, South, Abou-Samra,
and Doha) to provide aerial coverage over the entire country aquifers. Sample
locations are of existing operation pumping wells on agriculture farms where water
discharge could be accessed. Sampling procedures are implemented to ensure that
samples are representative of GW conditions, and not stagnant water within the wells.
GW samples are collected from 41 locations throughout Qatar as shown in figure 19,
direct after the rainy winter season in May 2019 to compare variation with
preliminary collected samples in May 2018. In addition, the GW data could be used

for summer season comparison for future studies.

GROUNDWATER SAMPLE LOCATIONS

Legend S
o Sampled well location oS

Qatar zones

Figure 19. Groundwater sampled wells.
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Sampling Documents

Sampling documents include geographical coordinates using handheld GPS.
Additional information including survey data, location name, site description, photo,
town, date of well completion, well/property or farm owner, and use of water. In
addition to data sheets of the physiochemical characteristics (pH, electrical

conductivity, and temperature) measurements.

Sampling Steps
The sampling technique was quota sampling because the wells were selected after
divided wells into north and south quotas, then the wells were selected based on the
ability to access private farms and the availability of existing operation pumping wells
where water discharge could be accessed. Quota sampling is a non-probability sample
such in the current study the samples were selected based on the probability
proportionate to the higher north wells/farms distributions than the south wells/farms,
also it can be biased; however it inexpensive, easy to perform, and save time (Field et
al., 2006). To give good spatial coverage over the entire studied area (farm wells), the
sampling wells covered the north and south GW basins. However, the number of
north wells is more than the number of the south wells because the north wells are
less saline than south wells due to the karst formations in the north that allow
rainwater penetration to the aquifer (Sadig and Nasir, 2002). The sampling procedures
were carried out based on 1SO 5667-11:2009 to guarantee that the samples are
representative of the GW conditions underneath the investigation location and not
stagnant water within the wells, thus the water is pumped for an adequate time (at
least 30 min). The samples were collected directly from the faucet at the wellhead

such that the sample comes freshly from deep in the well.
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The sample bottles were pre-cleaned nitric acid, and each sample was acidified by 1
mL nitric acid (50%) pH < 2 for the cation, trace elements, and toxic metals analysis,
while for the anion analysis they were not acidified. The sample bottles were rinsed 3-
4 times with water from the well and then duplicated polyethylene bottles of one-liter
size were filled completely to prevent degassing. Triplicated topsoil samples of 1 kg
size are taken into polyethylene bags from three different locations around the well
about 1-10 meters. The samples were shoveled by a corer drill of 30 cm x 30 cm with
an approximate depth of 10 cm. Any observation, which may affect the results of the
analysis, for instance, the production of bubbles, smell, color, and sediment were
highlighted and recorded. Any possible sources of contamination in the vicinity of the
well site, for instance, oil spills, fertilizers, pesticides, or landfills were also recorded
in the field datasheets. The sample bottles were kept securely in a cooler box

containing ice until delivered to the laboratory and kept at 4 °C.

Sample Analysis
Field Analyses

Various parameters were measured immediately on sites, such as temperature, pH,
total dissolved solids (TDS), and electrical conductivity (EC) by a portable pH,
salinity, and temperature multimeter (Handheld YSI Model 63). The multimeter was
calibrated before each field measurement using standard solutions, pH buffer (citric
acid and disodium hydrogen phosphate, also known as a citrate-phosphate buffer),
and the EC buffer KCI (potassium chloride), and the multimeter electrode was rinsed
with distilled water before measurements.
Physiochemical Characteristics Analysis
The pH value was measured again along with the EC in the lab using the multimeter

(Handheld YSI Model 63). Electrical conductivity (uS/cm) at 25 °C was used to
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determine the TDS value in (mg/L) because total dissolved solids (TDS) are the sum
of all dissolved inorganic salts in the water such as carbonate, bicarbonate, chloride,
fluoride, sulfate, phosphate, nitrate, calcium, magnesium, sodium, and potassium
(Adimalla & Venkatayogi, 2018). The relationships of TDS and specific electrical
conductivity (SEC) of the GW were calculated based on equations 6 and 7:

TDS = SEC x 0.65 (for SEC < 5000 pS/cm) (6)
TDS = SEC x 0.70 (for SEC > 5000 pS/cm) (7
The factors of 0.70 for greater than 5000 pS/cm and 0.65 for less than 5000 puS/cm
were determined from the historical data and verified during the Schlumberger Water
Services study in Qatar with a correlation coefficient of 0.99 (SWS, 2009). The total
water hardness was calculated using equation 8 as determined by (Al-Shidi, 2014).
Total Water hardness (mg/L of CaCO3) =

Ca(mg/L) x 2.497 + Mg (mg/L) x 4.118 (8)
The main cations and anions, namely chloride, sulfate, calcium, magnesium, sodium,
potassium, fluoride, and nitrate were analyzed using an ion chromatography device
(850 Professional IC Detector). The trace element and toxic metals analysis were
analyzed using inductively coupled plasma mass spectrometry (ICP-MS) Perkin
Elmer, model Nexlon 300 D. The soil samples were prepared by acid digestion with
HNO3; and HF in a hot block apparatus. The prepared samples were analyzed for

inorganic chemicals using ICP-MS.

Chemical Elements Analysis

The samples are analyzed for chemical elements and major cations and anions
(bicarbonate, carbonate, chloride, sulfate, calcium, magnesium, sodium, potassium,

fluorine, barium, strontium, iron, manganese, silicon, beryllium, aluminum,
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ammonium, nitrite, nitrate and phosphate), using by inductively coupled plasma mass
spectrometry (ICP-MS) is conducted the central laboratory of Qatar University.
Blanks, reference standards, and duplicate and triplicate samples are also analyzed to

check the precision and accuracy of analytical procedures.

Hydrogeochemical Water Quality Analysis

Aqua-Chem software is widely used to analyze, plot, and report aqueous
geochemistry and water quality of the GW supply wells. Major ions relative levels of
the studied GW samples were plotted using AquaChem version 4.0.264 from
Waterloo Hydrogeologic, 2003. General water quality diagrams were generated such
as Piper, Schoeller, Ternary, Ludwig Langelier, Giggenbach Triangle, Durov, stiff
plots, and Wilcox Plot for irrigation hazard Stiff plots. The saturation index (SI) and
aqueous mineral phases were calculated using the inverse geochemical modeling
along with the thermodynamic program PHREEQC. The changes in saturation state
were used to identify the geochemical reactions governing the GW chemistry such
that the negative values of SI; suggesting that the GW was undersaturated, while the
positive values indicate oversaturation of the GW with respective minerals. Saturation
index (SI) is defined by Mallick et al., (2018) as illustrated in equation 9.

SI = log (IAP/Ksp) €)
Where AP is the ion activity production and Ksp is the equilibrium solubility

product.

Statistical Analysis

The statistical package for the social sciences (SPSS) was employed to statistically

analyze the data. Descriptive statistics were computed such as the minimum,
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maximum, mean, median, and standard deviation values. Regression analysis (r) and
Pearson's correlation coefficients were also calculated between the quality parameters
of the GW samples. The correlation coefficients between the quality parameters pairs
of the GW and the soil samples were also computed. The GW quality parameters
were examined for significant differences between different locations by the t-test
One-way analysis of variance (ANOVA) test. PCA is computed to recognize the
pattern of the analyzed variables. Unscrambler X (v10.5, Camo Analytics—USA)
following singular value decomposition (SVD) algorithm and XLST A T 2016 (MS
Excel 2016, Microsoft-USA) was used for the PCA and clustering of variables. PCA
is a significant method to recognize patterns and analyze the variance of a big set of
inter-correlated variables and extract the Eigenvalues and Eigenvectors (loadings) for
PCs from their associated variance (Ravikumar & Somashekar, 2015). PCA
represents the dimensional of the large dataset, increases interpretability, and

decreases the loss of information (Jolliffe & Cadima, 2016).

Geo-statistical Analysis

The spatial analysis tool of ArcGIS 10.3.3 software was used to analyze the spatial
variation of the GW quality parameters. The GW quality data was used to interpolate
the point data at unmeasured locations and generate the surface map using three
different interpolation methods, inverse distance weighted interpolation (IDW), radial
basis functions (RBFs), and simple Kriging (SK). Cross-validation was applied to
assess the best-fit interpolation method. The IDW method was modeled using best-
fitted power, while Kriging was used the best-fitted semi-variograms. Cross-
validations were computed with trend data to select the lowest root mean square error

in the IDW, while Kriging selected the lowest error by comparing the sampled and the
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predicted values by employing the empirical semi-variogram models. The comparison
between interpolation methods was made based on the cross-validation results,
Evaluation of different interpolation methods is established from the RMSE, which
are obtained from the integrated interpolation model and cross-validation results. The
optimization process is conducted by finding the kernel parameter values for the
RBFS model, the power and neighborhood values for the IDW model, and for the SK
parameters that give the model with the lowest RMSE. RMSE is used as a cross-
validation indicator to assess how well the model fits for the representation of input

data. The lowest RMSE results are obtained with the largest number of neighbors.

Adsorption Isotherm Experiment

The equilibrium isotherms models provide parameters that describe the interaction
between the adsorbent-adsorbate. In the current study, the solid-liquid adsorption is
described, where the solid phase is called adsorbent and the liquid phase (GW)
contains the adsorbates. The adsorbent is a porous medium that should be of high
micropore volume size to increase the adsorption capacity due to the ability of
adsorbate to inter the micropore. The adsorption model should have mathematical
complexity and accuracy. Different adsorption models are investigated to identifying
the Dbest-fitted model because no general model fits all adsorbate(s)/adsorbent
processes. Adsorption models give a reliable estimation of the adsorption efficiency
without using a wide range of experimental data (Al-Ghouti & Da'ana, 2020).

In the current study, the adsorption experiments of B, Li, and Mo are conducted using
three types of solutions the first solution contains only a single adsorbate, the second
solution is a mixture of the three adsorbates, and the third solution is a real GW.

Standard procedures were used to prepare B, Li, and Mo stock solution using boric
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acid powder, Li chloride, and sodium molybdate respectively. Five mixture solutions
are prepared, where four mixtures have the same concentration of Li, Mo, and B (5
ppm, 10 ppm, 20 ppm, and 30 ppm), while the last mixture solution was prepared
using different concentrations (5 ppm for Mo, 10 ppm for Li and 20 ppm for boron).
The GW in the current study has a higher boron concentration than Li and Mo. The
adsorption experiment is conducted at pH 7 to compare the result with real water pH
(mean value of 7.3). The adsorption process involves different stages starting from
synthesis adsorbents then different stages of optimization and design of adsorption

process as shown in figure 20.
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Figure 20. Adsorption process steps.

Adsorbent Preparation and Characterization

Commercial bentonite and AC are bought from the local market. The RDPs adsorbent
is prepared from Qatari date from the local market. Date pits are rinsed with distilled
water and dried for 2 hours in an oven at 65 °C. Then it was roasted at 130 °C for
about 3 hours. After that, it ground, then rinsed continuously by deionized water.

After that, the samples are dried overnight at 100 °C. The dried date grains are ground
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to obtain the desired size of about 0.25 mm-0.125 mm. Next, the samples are sieved;
then the samples are preserved in sterilized containers.

The maodification steps are adopted from the Yadav et al. (2013) study. Firstly, the
date pits powder (about 50 g) is washed with H,SO,4 (about 100 mL) for half an hour
and kept overnight to open the biopolymer ring. Then it is washed with distilled
water, centrifuged, and dried. NaOH solution (about 200 mL) is added to date pits
with continuous mixing for 60 min. Then mercaptoacetic acid (MAA) (C,H,0,S) also
known as Thioglycolic acid (TGA) is added with continuous mixing for 3 hours to
convert hydroxyl groups to mercapto groups also known as a thiol group or a
sulfhydryl group(-SH), which have a high affinity for metal ions and then allowed to
stand for overnight. Then the product is filtered, washed, centrifuged, and dried at
100°C overnight.

The surface morphology of the prepared RDPs and the MDPs are analyzed by
scanning electron microscope (SEM) and the chemical characterization of the
functional group of the sample’s surface was performed by FTIR (FT-IR/FT-NIR
Spectrometer- Spectrum 400). BET (model Aim Sizer-AM301) was used for the

analysis of the surface area and pore size distribution of the adsorbents.

Optimization and Design of Adsorption Process

Adsorbent process efficiency in treating GW is a function of different parameters
such as pH, temperature, initial concentration, pollutant characteristics like adsorbent
size, distribution, and the presence of other adsorbates, adsorbent mass, and operation
time. The adsorbent and adsorbate characteristics determine the adsorption
mechanism like ion exchange, electrostatic interactions, surface precipitation, and

chemical reactions. The operating conditions of adsorption processes can be
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optimized to maximize the adsorbent efficiency to remove pollutants and to reduce
the operational costs.

The first experiment set is prepared to study the effect of pH on adsorbate adsorption.
The experiment set contains 45 flasks. Five duplicated flasks are filled with 50 mL Li
solution of 100 mg/L concentration (adsorbate) and 50 mg AC (adsorbent). Each flask
has a different pH level, namely 2,4,6,8 and 10. HCI and NaOH were used to adjust
the pH of the solutions as required. The second group is prepared as the previous set,
but the adsorbent is changed by 50 mg bentonite, while the third and fourth are filled
with 50 mg RDPs and MDPs respectively. Four blank flasks (the pH was not changed
pH= 5) for the four adsorbents are also included in each set. Besides, one flask of
standard Li solution without adsorbent was included. The flasks were kept with
continuous shaking for 48 hours at 160 rpm and 25 °C. The pH is adjusted using
drops from HCI (0.05 M) and NaOH (0.05 M) solutions. After that, the samples were
filtered in 15 mL labeled tubes (the bentonite samples were centrifuged due to
nanoparticle size). Then, the samples are 100-time diluted in 10-mL tubes (100
uL from the sample with 9.9 deionized distilled water (DDW)) to prepare them for
ICP-MS analysis.

The second experiment set was prepared to study the effect of initial concentration on
the adsorption process. The experiment set contains 22 flasks; 11 duplicated flasks
were filled with Li solution of different concentrations (adsorbate) as 5, 10, 15, 20,
30, 40, 50, 60, 80, and 100 mg/L. Then 50 mg of adsorbent is added. The pH was
adjusted at the optimum pH. Blank and control flasks are included. The flasks were
kept with continuous shaking for 48 hours at 160 rpm and 25 °C. The pH was
adjusted using drops from HCI and NaOH solutions. After that, the samples were

filtered in 15 mL labeled tubes.
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The same experiment set is done for different adsorbents, namely bentonite, RDPs,
and MDPs. While the third experiment set is prepared to study the effect of
temperature on adsorption performance. The experiment set is prepared as the second

experiment set except that the temperature is set at 35 °C. The experiment set is

repeated at 45 °C.

Modeling Adsorption Process

Modeling adsorption isotherm involves data from batch adsorption experiments such
as a series of equilibrium concentration with its respect to the resulted adsorption
efficiency. The controlled variables are temperature, adsorbent mass, agitation,
solution volume, and pH. The adsorption capacities (ge) and percentage of removal

(%) are calculated by equations 10 and 11 respectively (Al-Ghouti & Da'ana 2020).

_ (Ci-Ce)xV
m

Qe (10)

Percentage Removal (%) = % x 100 (11)

1

Where C; and C, are the initial and equilibrium concentration (mg/L) respectively, m
is the mass of the adsorbent (g) and V is the volume of the solution (L).

In the current study, four adsorption models namely Langmuir, Dubinin-
Radushkevich, Freundlich, and Temkin are used to describe the adsorption process.

Monolayer Adsorption and the Langmuir Isotherm

Langmuir isotherm model is based on four assumptions: monolayer adsorption
coverage, each adsorption site can adsorb only one adsorbate molecule, all adsorption
sites are characterized by equivalent energy due to the uniform surface, and the ability
of a molecule to adsorb in a given site is independent of the occupation of

neighboring. Langmuir isotherm can be modeled using the following equation 12, and
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the corresponding ge is given by equation 13 (Al-Ghouti & Da'ana 2020).

C 1 C

“Z=—+= 12

de Qb Q (12)
_ QbcCe

Ge= 1+bCe (13)

Where C. is the adsorbate concentration at equilibrium (mg/L), Q is the maximum
adsorption efficiency in equilibrium constant (mg/g), b is the Langmuir adsorption
constant (L/mg), ge is the amount of metal adsorbed per gram of adsorbent (mg/g).
Langmuir adsorption constant is related to the increasing in the affinity of the
adsorbate by the adsorbent, since it is the inverse of the equilibrium concentration in
the liquid phase, the increase in Langmuir adsorption constant implies the increase of
the initial slope of the adsorption isotherm. Langmuir adsorption constant is found
from the slope of the line that is performed from plotting 1/ in y-axis versus 1/Ce in
the x-axis, whereas Q is obtained from the intercept (Al-Ghouti & Da'ana 2020).
Freundlich Isotherm
Freundlich isotherm model is based on the assumptions that the adsorption occurs on
a heterogeneous surface such that the adsorbed concentration increases infinitely with
an increase in concentration. The isotherm is modeled by equation 14, and the
corresponding ¢ is given by equation 15.
log ge = log Kg +(1/ n) log Ce (14)
Oe = KeCp /" (15)
Where Kg is Freundlich isotherm constant ((mg/g)(L/mg)¥n, n is the adsorption
Intensity, Ce is the equilibrium concentration of adsorbate (mg/L), ge is the amount of
metal adsorbed per gram of adsorbate at equilibrium (mg/g) (Al-Ghouti & Da'ana
2020).

When log g is plotted versus log C, it yields a straight line with a slope equal to 1/n
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and an intercept equal to log Kg. The value of n gives the type of the isotherm and
both K¢ and n parameters are dependent on temperature. 1/n is the intensity of the
adsorption or surface heterogeneity that give the energy relative distribution such that
when 1/n is greater than zero (0 < 1/n < 1) the adsorption is favorable, when 1/n is
greater than 1, the adsorption process is unfavorable, and it is irreversible when 1/n =
1. The irreversibility of the isotherm can be attributed to the concentration that must
extremely reduce to a low level before the desorption of adsorbate from the surface

(Al-Ghouti & Da'ana 2020).

Dubinin—Radushkevich (D-R) Isotherm
Dubinin—Radushkevich (D-R) isotherm model is based on the assumption that
adsorbent size is comparable to the micropore size, so it expresses the mechanism of
adsorption with the distribution of Gaussian energy onto the heterogeneous surfaces.
Thus, this model distinguishes between the chemical and physical metal ions
adsorption. The adsorption equilibrium can be given by equation 16 independently of
temperature using the adsorption potential (g), and the corresponding ge is given by
equation 17 (Al-Ghouti & Da'ana 2020).
In ge = In s - Ke? (16)
G =qse € (17
Where e is the amount of adsorbate in the adsorbent at equilibrium (mg/g), gs is the
theoretical isotherm saturation capacity (mg/g), K is the adsorption energy constant, &
is Dubinin-Radushkevich isotherm constant (Al-Ghouti & Da'ana 2020).
Dubinin-Radushkevich isotherm constant (), can be calculated by equation 18.
£ = RTIn [1+1/C] (18)
Where R is the gas constant (8.314 J/mol K), T is the absolute temperature and Ce. is

the adsorbate equilibrium concentration (mg/L).

7



The adsorption energy constant is found from the slope of the line that is performed
from plotting ¢. in y-axis versus InC. in the x-axis, whereas Temkin adsorption
constant is obtained from the slope, and Inge is the intercept of the line.
Temkin Isotherm

Temkin isotherm equation is based on the assumption that the heat of adsorption
affects adsorbent—adsorbate interactions, which linearly decreases the concentration
of the adsorbate in the layer with coverage. The binding energies are also uniformly
distributed on the surface. The Temkin model is given by equation 19 (Al-Ghouti &

Da'ana 2020).
G = ) In A+ (5 In C (19)

Where e is the amount of adsorbate in the adsorbent at equilibrium (mg/g), C. is the

equilibrium concentration of the adsorbate (mg/L), At is Temkin isotherm equilibrium
binding constant (L/g), (%) is the constant related to the heat of adsorption (J/mol), R
is the gas constant (8.314 J/mol K), T is absolute temperature, and by Temkin
isotherm constant. The value of (%) is found from the slope of the line that is

performed from plotting ge in y-axis versus InC. in the x-axis, whereas Temkin
isotherm equilibrium binding constant is obtained from the slope (Al-Ghouti &

Da'ana 2020).

Adsorption Thermodynamic

The estimation of the thermodynamic parameters such as Gibbs free energy change
(AG®), standard enthalpy change (AH®), and standard entropy change (AS°) is
essential for the study of the adsorption process because they help to interpret when

the adsorption is favorable, spontaneous, endothermic, or exothermic (Al-Ghouti &
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Da'ana 2020). The negative values for the Gibbs free energy change, AG® indicates
that the adsorption is likely thermodynamically spontaneous. However, the decrease
in AG® value with the increase in temperature indicates that the adsorption is not
favorable at high temperatures. While it is an endothermic reaction if AH® is a
positive value and exothermic if AH® is a negative value. The affinity of the adsorbent
towards the adsorbate is given by the positive AS° value, implying the increase of
randomness and possible structural changes such as complex formation. Thus,
important information could be obtained regarding the disorder of the adsorption and
the interaction type either it is physisorption or chemisorption, or it is either enthalpy
or entropy. The adsorption thermodynamic parameters could be given from equations
20, 21, and 22, then the values of AH° and AS° could be found by the plot of In (K)

versus (1/T), The graph is known as the Van’t Hoff plot (Al-Ghouti & Da'ana 2020).

AG® = - RT InK, (20)

AG® = AH® - TAS® (21)
_ AW AS°

I, = -~ += (22)

Where R is the gas constant (8.314J/mol K), T is the temperature in Kelvin (K), and
K, is the equilibrium thermodynamic constant that could be calculated from equation
23.

K, =1 (23)

Thus, it is reasonable to use Langmuir isotherm constant to estimate K,. However,

K, is a unitless value (Bonilla-Petriciolet et al., 2017).

Statistical Analysis

Analysis of variance is used to statistically test the results of the adsorption

experiment because the experimental designs are completely randomized designs
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(CRD). ANOVA for two factors using Microsoft Excel 2016 is applied to test the
relationship between the initial concentration of B, Li, and Mo and the temperature.
While ANOVA for a single factor is applied to study the effect of pH on the
adsorption capacity of B Li and Mo because the experiment was a single factor
experiment in which the temperature and concentration were constant throughout the
experiment. In addition, the Chi-squared test (y?) and the coefficients of

determination (R2) are used to investigate the best-fit adsorption isotherm model.
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CHAPTER 4: RESULTS AND DISCUSSION

Physical and Chemical Properties of the Collected GW Samples

The physicochemical characterizations of the collected GW samples are summarized
in Appendix A. The temperatures are ranged from 17.3 °C to 31.7 °C with an average
of 27.7 °C. The variations of sample temperature might be attributed to the GW
recharge with rainfall, that shallow GW has a relatively lower temperature than deep
GW. The measurement of the GW pH gives significant information about
geochemical equilibrium (Mallick et al., 2018). The interpolated maps shown in
Appendix B show that the pH value variation among the study area. The pH values
range from 6.8 to 7.9 with an average of 7.3. This reading meets the World Health
Organization (WHO) standard, which is (6.5-8.5) (WHO, 2011). An exception from
two slightly acidic wells (pH = 6.9 and 6.8), which may be attributed to the use of the
fertilizer in the farms near the wells. The result of pH shows the alkalinity of the
aquifers due to the interaction between soil and water such as the dissolution of
limestone and the equilibrium with calcite dissociation and the production of
bicarbonate and hydroxyl ions as the chemical reaction equation 24:

CaCO3+H,O —» Ca%* +HCOj3 + OH- (24)
Under normal conditions, the alkaline GW does not show significant concentrations
of heavy metals (Shomar, 2015).

The total hardness varied from 275 to 5393 mg CaCOs/L with an average of 2120 mg
CaCOg/L. The total hardness interpolated map shows the total hardness variations in
the study area. Alsuhaimi et al., (2019) stated the degrees of hardness as soft (0 to75
mg CaCOs/L), moderate (75 to 150 mg CaCOs/L), hard (150 to 300 mg CaCOs/L),

very hard (> 300 mg CaCOg3/L). According to this classification, the total hardness of
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the GW is classified as very hard except for one sample, which was hard. The results
showed the limitation to use the GW in industrial and irrigation pipes because water
should have a total hardness of less than 85 mg CaCO3/L and magnesium hardness of
less than 40 mg CaCOs/L to minimize scaling at elevated temperatures (Al-Shidi,
2014). Srinivasamoorthy et al., (2014) indicated that the presence of calcium
carbonate (CaCO3) in GW leads to temporary hardness in which heat can be used to
reduce it. However, Ca2* and Mg?* ions cause permanent hardness where ion-
exchange processes can be utilized to reduce the ions. An interpolated map shows the
TDS variations in the study area. In the current study, the range of the electrical
conductivity (EC) was (0.92 - 22.33 uS/cm), and the average of EC was 7.29 uS/cm.
The range of TDS was (598 -15633 mg/L) and the average TDS was 5038 mg/L.
Ghalib (2017) stated that the classification of EC as low saline (EC = 1500 pS/cm),
medium saline (EC between 1500 and 3000 pS/cm), and high saline (EC >3000
uS/cm). According to this classification, there were no samples were having EC less
than 500 pS/cm that can be considered similar to freshwater. Only two samples were
low salinity of less than 1500 uS/cm. Only one sample was moderately saline of the
EC, which was between 1500 and 3000 uS/cm. 38 samples were highly saline of the
EC, which were greater than 1500 pS/cm, and do not meet the limits of drinking
water (WHO, 2017). While 38 were highly saline with EC greater than 3000 uS/cm,
which is unsuitable for water irrigation (Misstear etal., 2017).

The weather, the host rock, and the residence time of the GW in the aquifer are the
main factors that change EC values (Alsuhaimi et al., 2019). Thus, in this study, the
high EC (high salinity) in the GW is due to the aridity of Qatar with low precipitation
and high evaporation. Furthermore, agricultural activities such as using fertilizers and

keep irrigation using high saline GW may lead to concentrating salts in the soil due to
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high evaporation, which may leach of salts and nutrients to the aquifer. Heavy
extraction of the GW leads to the migration of the brackish water from the deep
aquifer or adjacent seawater.

High TDS levels were detected along with the coastal areas as shown in the
interpolation map, which is attributed to the seawater intrusion that will lead to
increase TDS, whereas high values in southern areas might be attributed to lower
rainfall and deep water (brackish) mixing. However, GW consists of several
chemicals that are found at various levels. Generally, 95% of the ions found in the
GW are Na*, K*, Ca?*, Mg?*, CI, SO4%, HCOg3, and NO3- (Sundaram et al., 2009).
The main source of ions in GW is the lithology of rocks in contrast with

anthropogenic sources (Abdel-Satar etal., 2017).

Major Anions Analysis

As shown in Figure 21A, major anions in the study area were found to be in the
following order CI > SO4% > HCO3; > NOj3. CI was found as the most dominant
anion among other tested anions with values between 203.6 mg/L to 30806 mg/L with
a mean value of 6289 mg/L, followed by SO, ranging from 53.4 to 11596 mg/L with
a mean value of 4977 mg/L. HCOg3 values were between 282.3 mg/L and 975.6 mg/L
with a mean value of 509.1 mg/L. NOs- values were in the range of 5.2 and 113.3
mg/L with 37.2 mg/L as a mean value.

Chlorides were common constituents in natural water. Natural sources of CI in the
GW include road salt, industrial facilities’ effluents, sewage water pollutants, and
municipal landfills’ leachate (Srinivasamoorthy et al., 2014), rainwater, rock-water
interactions, saline seeps, while anthropogenic sources are fertilizers such as gypsum

fertilizers (Vengosh et al., 2002). In the study area, the CI sources are sewage water

83



pollution, treated wastewater, rock water interaction, and seawater intrusion. Laxative
effects and salty tastes in drinking water can be caused by the elevated concentrations
of CI (Adimalla & Venkatayogi, 2018). CI and Na* levels are correlated to the TDS

and major ions in the samples.

= Cl- SO42- = HCO3- = NO3-. = Na+ Ca2+ = Mg2+ =K+
Figure 21. Distribution of A. major anions and B. major cations in the GW of the

study area.

When the sulfide minerals interact with water, they release SO, from the oxidation
process. The igneous and sedimentary rocks such as gypsum (CaS0,4.2H,0) and
anhydrite (CaSQO,) are a source of metallic sulfate (Czerewko et al., 2003). The map
of sulfate ion (SO4%) distribution shows that the highest values are in the southern
regions that might be related to sulfate ion dissolution along the flow path, and
fertilizers and agriculture wastes leachate from the intensive agriculture activities in
the study area. Furthermore, it can be attributed to gypsum and anhydrite dissolution
within the limestone sequence. Anthropogenic sources such as industrial activities are
attributed to high sulfate in the GW (EIl-Maghraby et al., 2013). Thus, high SO42- in

some samples are due to natural sources such as gypsum rock dissolution and
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anthropogenic sources such as fertilizers from agriculture activities. Water with high
CI- and SO, can cause hypertension, osteoporosis, stroke, laxative effect, diarrhea,
asthma, dehydration, and gastrointestinal irritation and affect human health
(McCarthy 2004; WHO 2004; US EPA 1999). SO4% induces metals corrosion in the
distribution system with low alkalinity water (Ghalib, 2017).

The concentration of bicarbonate and carbonate in the GW may be attributed to the
carbonate weathering such as weathering of silicates. When feldspar minerals react
with carbonic acid in the water, it causes carbonic acid dissolution (Kumar et al.,
2009). High HCOgs levels in the GW indicate the dominance of mineral dissolution
(Ghalib, 2017). According to (SWS, 2009), wells are categorized according to the
hydrological basins in which they are found. The hydrological basins are based on the
surface water run-off in Qatar and the average well depth by hydrological basin was
measured as shown in the statistical analysis section. In this study, the levels of
sulfate and chloride show an indirect relationship with the depth of the GW table,
while the level of HCOg3- shows a direct relationship with the depth of GW table that
HCO3- might indicate the formation of clay or limestone/dolomite presence in the
area. All the parameters, except HCOg, increase from inland to coast. It is also
noticed that high EC is related to low bicarbonate levels.

Nitrate (NOj3) is found naturally in soil by biological oxidation of nitrogenous
substances and it is an important plant nutrient. The presence of NOs in the GW is
from the use of fertilizers, sewage leaching, and agricultural/municipal waste (Mallick
et al., 2018). Agriculture activities and organic nitrogen fertilizer from animal
manures, human wastes, and sewage sludge, and inorganic nitrogen fertilizers contain
NO3z- and/or NH4* (Rajmohan et al., 2019). In the current study, the high levels of

NO;s could be attributed to the use of fertilizers. NOs source in the GW is related to
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the infiltrated water quality, type of the soil, and leaching process. Drinking water
with a high NOjz- level causes infants to have methemoglobinemia. Furthermore, it
causes cyanosis, oral, colon, gastrointestinal, and lymphoma cancers, (Adimalla &
Venkatayogi, 2018; Al-Kalbani et al., 2015). NOs in the GW had an average
concentration of 36.32 mg/L. The central and northern regions of the study area had
the highest NOjs  values. High NOjs in the current study might be ascribed to
agriculture activities such as manure use, especially at the shallow GW locations
(Shomar, 2015).

The fluoride in the GW ranged from 1.5 mg/L to 8.7 mg/L, and the average value was
3.8 mg/L. Fluoride concentrations in all samples were higher than the drinking
permissible limits (>1.5 mg/L). The sources of fluoride in the GW are the erosion of
natural deposits such as granite, granite gneisses, and pegmatite (Adimalla &
Venkatayogi, 2018; Alsuhaimi et al., 2019). Fluorosis that fluoride related to the teeth
and bones health can be caused by high fluoride levels in drinking water (Rajmohan

etal.,, 2019).

Major Cations Analysis

As illustrated in Figure 21B, the major cations had the following order Na+ > Ca2+ >
Mgt >K*. The results showed that Na* was mostly dominant among other cations
with values varying from 64.2 mg/L to 5547 mg/L with a mean of 1466 mg/L,
followed by Ca2* ranging from 69.9 mg/L to 1497 mg/L with a mean value of 570.1
mg/L. Mg?* values were in the range of 24.4 mg/L to 420.1 mg/L with a mean of
169.1 mg/L, while K* values ranged from 16.3 mg/L to 320.6 mg/L with a mean of

90.1 mg/L.
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Sodium has high water solubility. High levels of Na* in the GW occur naturally in
some regions from weathering rock-forming minerals such as halite, plagioclase
feldspar mineral, and argillaceous sediments. However, high sodium in the GW above
natural levels may be related to anthropogenic sources like sewage effluent and
leaching from landfills, industrial, road salt, and animal waste sites, or saltwater
intrusion (Ghalib, 2017). Various serious health issues can be induced by Na* levels
above 200 mg/L, including nervous and kidney disorders, congenital diseases, and
hypertension, in addition to circulatory and cardiac problems in the human body
(WHO, 2017). In the current study, only two samples were Na* less than 200 mg/L,
which may be related to the GW recharge events, leading to the dilution by infiltrated
water. Thirty-nine samples were unsuitable for drinking due to the significant Na+
level (Na+> 200 mg/L).

Forty samples were above the drinking water guidelines of Ca2* of 75 mg/L (highest
desirable limit (HDL) and thirty-eight samples were higher than 200 mg/L, which is
the maximum allowable limit (MAL) recommended by (WHO, 2017). Mg?* levels
were unsuitable for drinking. High calcium levels in drinking water cause health
issues such as kidney or bladder stones (WHO, 2017). The source of calcium in the
GW is the dissolution of carbonates from sedimentary rocks and evaporitic minerals
such as limestone or dolomite, calcite, dolomite, aragonite, and the most abundant
among others in the study area, gypsum and anhydrite. Furthermore, weathering
processes of silicate minerals can lead to the formation of calcium (Alsuhaimi et al.,
2019). Also, increased concentrations of Mg2* may be related to the weathering by
hydrolysis of magnesium-rich minerals like CaCOg3, and CaMg(COs3),, in addition to
the anthropogenic sources such as the intensive agricultural activities in the study area

(Alsuhaimi et al., 2019).
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K* is commonly found in various rocks, thus, the high K* level in the GW is due to
the relative solubility of K+ bearing rocks. Thus, feldspar weathering of igneous rocks
and weathering of silicate and clay minerals in sedimentary rocks cause the natural
presence of K+ in GW. Chemicals from industries as well as fertilizers are significant
sources for the occurrence of K* in GW (Mallick et al., 2018). Generally, K+ and Na*
ions in the GW are associated with each other; however, the level of K* is lower than
Na* (Alsuhaimi et al., 2019). The high K* level in the current study may be due to

anthropogenic sources and seawater intrusion.

Trace Elements & Heavy Metals Analysis

Trace elements commonly form insoluble compounds that promote metal
precipitation in an alkaline GW (Abdel-Gawad et al., 2008). Twenty-two trace
elements have been analyzed in this study. These were As, B, Li, Se, U, Al, Be, Cd,
Cr, Ba, Cu, Pb, Mn, Mo, Ni, P, Sr, V, Zn, Fe, Co, and Ag. The mean values of these
elements were less than WHO permissible drinking water guidelines. Appendix C
presents the summary of the statistical analysis of the main trace elements in the soil
samples. These values are below the regulatory limits of trace elements in soils

recommended by (USDA, 2000).

Hydrogeochemical facies & General Water Quality Diagrams

Hydrochemical properties of the GW are attributed to the GW resident time,
lithology, geology, and water regional flow pattern (Alsuhaimi et al., 2019). The
hydrochemical facies is utilized to analyze the chemical composition of GW and
illustrate the origin and chemical water types (Othman, 2005). General water quality

diagrams are a convenient method to describe the water types according to the ionic
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composition (Adimalla & Venkatayogi, 2018). According to the ratio of anion and
cation in the GW, it is usually classified into three main groups, namely bicarbonate,
sulfate, and chloride types (Alsuhaimi et al., 2019). AquaChem software is widely
used to analyze, plot, and report aqueous geochemistry and water quality of the GW
supply wells. The general distribution of the anions and cations in the GW is
illustrated by a Piper diagram. Figure 22A shows the water quality classifications
within a Piper plot. Figures 22B, 22C, and 22D show a Piper plot for all GW samples,
south basin samples, and north basin samples, respectively. Figures 23A, 23B, 23C,
and 23D show the hydrogeochemical plots Schoeller, Durov, Ternary, and Ludwig
Langelier plots respectively. These diagrams provide a “fingerprint” by plotting the
common cations and anions. These diagrams allow an “at a glance” characterization
of general water quality.

Piper plot shows that in the anion triangle, the GW samples range as chloride to
sulfate type and only two samples are bicarbonate type. While in the cation triangle,
the GW samples range as sodium and potassium type. As shown in the diamond-
shaped part the analyzed GW samples are mostly found in SO,~Cl and Ca—Mg
(permanent hardness) part of calcium chloride type (non-carbonate hardness above
50%), and in the field of SO,~Cl and Na—K (saline) of sodium chloride type (non-
carbonate alkali above 50%) of water. Only two samples in the field of HCO3-CO;
and Ca-Mg (temporary hardness), magnesium bicarbonate Mg(HCO3), type
(carbonate hardness above 50%), indicating the dissolution of rock-forming minerals
like the dissolution of sulfate from gypsum and anhydrate and Na-rich carbonate
rocks dissolution and halite. These results are consistent with the computed mean
values of the mineral phase SI that shows under-saturation of halite, gypsum, and

anhydrate and over-saturation of calcite and dolomite. These water types indicate the
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presence of ion exchange and reverse ion exchange reaction, deep brackish and
seawater intrusion, and wastewater. The GW types are more variable in the north GW
basin than in south basins. Two wells in the north GW basin showed magnesium-
bicarbonate-type water, indicating high recharge by freshwater, whereas most GW
samples are dominated by the combination of sodium-chloride-type and calcium-
sulfate-type. The calcium-bicarbonate-type waters were associated with the carbonate
depositional facies of the Rus formation in the north of Qatar.

Similar trends were shown by the Ternary, Ludwig Langelier, Schoeller, and Durov
diagrams. A high level of CI, Na*, and SO,2 and lower level of HCOj3, and Mg?*
ions in the GW samples was observed. The result is consistent with (Ghalib, 2017).
Generally, CI and SO42* (strong acids) are dominant over CO32 and HCOj3  (weak
acids), and Na* and K* were above Caz* and Mg?* (alkaline earth elements)
significantly. Thus, most GW samples were dominated by the combination of sodium-
chloride-type and calcium-sulfate-type. The bicarbonate anion depleted relative to
other anions except in some north GW basin samples with low salinity. Durov
diagram results suggested the geochemical evolution where the rainfall recharges GW
with Ca—HCOg3 water type then water flow goes through water-rock interactions and
dissolution of minerals such as karst formation in Qatar with dolomite, limestone, and
gypsum. This resulted in the formation of Ca-SO, and Na-SO, water types by ion
exchange. Then the flow water mixes with the pre-existing GW, which is mainly of
high salinity in Qatar, and finally reverse ion exchange led to the formation of the Na-
Cl and Ca-Cl type.

The stiff diagram Appendix D shows a vertical axis of sodium-chloride, calcium-
bicarbonate, magnesium-sulfate, and iron-carbonate. The resulted polygonal-shaped

illustrate the solute distribution in GW samples. Stiff diagrams results are consistent
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with piper plots showing four GW types. The stiff diagram shows that the main water

type is sodium chloride, which suggests the intrusion of the brackish water from the

deep aquifer or adjacent seawater.

Legend

4 North Basin
® South Basin

Figure 22. Piper Plot a. classification of Water Quality Types, b. Piper Plot for All

GW Samples b. Piper Plot for South Basin Samples and c. Piper Plot for North Basin

Samples.
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Figure 23. Hydro-geochemical plots for GW Samples a. Schoeller Plot, b. Durov Plot,

c. Ternary Plotand d. Ludwig Langelier plot.

Irrigation Water Quality & Irrigation Hazard Diagrams

The irrigation water problems, which are related to water quality, are salinity, trace
elements, and a group of other miscellaneous problems such as nitrate. Othman,
(2005) stated that the sodium absorption ratio (SAR) could be used to calculate
sodium hazard. SAR measures the extent to which sodium in water substitute’s
adsorbed calcium (Ca?*) and magnesium (Mg2*) or sodium molarity over calcium

plus magnesium molarity as shown in equation 25.
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Na*t
(Ca2++Mg2+
2

Where, sodium, calcium, and magnesium levels are in milliequivalents/L.

SAR = (25)

Ranking of water suitability for irrigation can be done by using the irrigation hazard
diagram (Wilcox plot) based on specific EC and SAR. The resulting four zones of
alkalinity hazard are low sodium hazard water S1 (SAR < 10), medium sodium
hazard water S2 (10 < SAR < 18), high sodium hazard water S3 (18 < SAR < 26), and
very high sodium hazard water S4 (SAR > 26). While the resulting four zones of
salinity hazard are low salinity Cl (EC < 250), medium salinity C2 (250 < EC < 750),
high salinity C3 (750 < EC < 2250) and very high salinity C4 (EC > 2250).

The salinity problem causes the salts to accumulate in the crop root zone, decreases
the osmotic of plants, hinders water from the plants, and causes a loss in yield
(Machado & Serralheiro, 2017). Toxicity problems occur due to the high ion
concentration that accumulates to significant levels and leads to crop damage or
decreased yields. The level of damage depends on the absorbed amount and
tolerability. Furthermore, toxicity commonly accompanies and complicates the
salinity or water infiltration problem. Soil amendments might be needed for irrigation
water with a high value of SAR to keep away the long-term soil degradation. Soil
damage occurs due to Na* ability in water to replace Ca2* and Mg?* in the soil. This
will reduce the soil’s ability to form stable aggregates and reduce the infiltration and
permeability of the soil to water. However, sandy soils will have lower problems than
clay soils (Sherif et al., 2011).

Samples in the irrigation hazard diagram (Wilcox plot) are grouped on the GW basins
as shown in Figure 24. Notice that the irrigation hazard diagram is for specific
electrical conductivity less than 5,000 pS/cm. In the current study, only 16 samples

(39 %) have EC less than 5,000 uS/cm. The irrigation hazard analysis indicates that
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irrigation use of 60.9% of the GW samples with specific electrical conductivity
greater than 5,000 uS/cm would not be expected since this would likely cause harm to
agriculture. The high salinity is measured by specific electrical conductivity in the
current study (mean values 5035 uS/cm) indicating that the GW with high salinity is
not suitable for irrigation and it is only suitable for salt tolerance and semi tolerant
crops. Wilcox plot shows 16 samples (34%) fall into the category of C4S2 and C4S3,
indicating a very high salinity hazard and medium sodium hazard, and very high
salinity hazard and high sodium hazard, respectively. The result shows that the
irrigation hazard is always higher from salinity than from SAR. According to Ghalib
(2017), C4 category GW samples are not suitable for irrigation for all soil types
except for high permeable soil. Only two samples (4.8%) fell into high salinity and
low alkalinity hazard (C3S1 category), which would not be expected to likely cause
infiltration problems that the higher the salinity, the higher the SAR index so that the
infiltration problems could happen. Using the S1 category for irrigation purposes is
suitable for types of soil having slight risk or no risk of Na* replacement, such as
using coarse soil or organic soils with significant permeability (Adimalla &
Venkatayogi, 2018). The C3 category might be used for irrigation semi-tolerant crops
(Marghade et al., 2011). The SAR distribution for the study area shows high SAR
values in the coastal areas.

The SAR plot only shows the impact of sodium on the stability of soil aggregates.
However, high K* and Mg?* ion levels have also negative impacts on soil
permeability. For example, Mg?* in water impacts the soil by enhancing the alkalinity
and reducing the crop yield. Another problem related to irrigation water quality
occurs with high nitrate concentrations, which may cause extreme vegetable growth,

lodging, and retarded crop maturity. High nitrate may indicate anthropogenic impact
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from inorganic and organic fertilizers, slurry from animal production, and domestic
effluents. EI-Alfy et al., (2017) stated that boron occurs naturally in GW due to boron
desorption by infiltrating rainwater from mineral surfaces. This might increase the
boron levels by ion exchange, which is accompanied by Ca depletion and Na
enrichment. The high boron concentrations are often caused by infiltrating

wastewater, which has high boron from soaps and detergents.
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Figure 24. Wilcox plot for groundwater samples.

Hydrogeochemical Saturation Index (PHREEQC Analysis)

PHREEQC analysis was done to calculate saturation indices for various minerals,
evaporite (gypsum, anhydrite, and halite), carbonate (calcite and dolomite), fluorite,
and barite found in the aquifer to determine whether there is a tendency towards
precipitation or dissolution. The summary of the statistical analysis using the

PHREEQC and the calculated saturation indices (SI) of the collected GW samples

95



with respect to some common minerals are shown in Table 3. The geochemical
modeling program PHREEQC, integrated with Aqua-Chem, is used to compute the
saturation indices of common minerals. For the current study, the most relevant
output of the geochemical modeling program PHREEQC is the mineral saturation
indices, which express the tendency of a solution to dissolve or to precipitate minerals
based on its chemical composition, pH, redox potential, and temperature. The
saturation index was calculated for each mineral. If the saturation index values are in
the range of -0.5 to +0.5; then this should pose no potential risk of dissolution or
precipitation. If a negative value of the SI, which is less than -0.5, then this suggests
that the solution is under-saturated with respect to the mineral and shows a tendency
of the solution to dissolve the mineral if it is present in the aquifer. A positive Sl,
which is greater than +0.5, then indicates over-saturation, and the solution tends to
precipitate the mineral. The SI of approximately O indicates equilibrium or saturation
conditions between the solution and the mineral and no reaction is expected to occur.

Figures 25A, 25B, and 25C illustrate the calculated SI for all GW samples, north
basin samples, and south basin samples respectively. Under-saturation with respect to
evaporites such as halite (NaCl), anhydrate (CaSO,), and gypsum (CaSO,4-2H,0)
were found. While over-saturation of carbonate like dolomite CaMg(COg),, fluorite
(CaFy), and calcite (CaCOg3) were shown. The areas with the most positive Sl values
would have the greatest potential for precipitation of these minerals; however,
precipitation of dolomite (dolomization) is not observed to occur, and dolomite is
known to precipitate very slowly (SWS, 2009). These results indicate that the
carbonate precipitation is significantly attributed to the evaporite dissolution.

Adimalla & Venkatayogi (2018) stated significant levels of SO,% and Ca2* that might
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precipitate to the soil, and CaCO3 saturation was observed in the semi-arid and arid

area of sub-surface and surface water.

Table 3. Saturation Indices Statistics Summary

Mineral Minimum (SI)  Maximum (SI)  Mean (SI) Median (SI)
Anhydrite -2.19 0.30 -0.30 -0.14
Barite -0.45 0.34 0.04 0.05
Calcite 1.32 0.24 0.52 0.50
Dolomite 2.53 0.22 0.80 0.70
Fluorite -0.54 1.10 0.20 0.21
Gypsum -1.95 0.52 -0.05 0.09
Halite -2.21 -6.48 -4.12 -4.21
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Figure 25. A. Saturation Indices (SI) for All Sample Locations, B. SI for North Basin,
C. Sl for South Basin.
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The areas with the most negative halite, anhydrate, and gypsum Sl values would have
the greatest potential for dissolution of these minerals, which tend to be in the
dissolved phases indicating an increase Cl, SO4% and salinity in GW with water flow.
Calcite at first rapidly dissolute by rainwater in comparison with dolomite, then the
GW is oversaturated by calcite as Ca2*, COz* and HCOj levels increase. The
permeability and porosity of an aquifer can be enhanced by the dissolution of these
minerals causing fracture enlargement in the aquifer. This suggestion is consistent
with the presence of karst formation in Qatar. The result of the saturation indices and
the minerals trends are consistent with the sodium, chloride, calcium, and sulfate
levels in GW as shown by the interpolation maps. The areas with higher calcium
indices have a greater likelihood of well-scaling problems. Interpolated maps for
anhydrate, barite, calcite, dolomite, fluorite, and gypsum are presented in Appendix

B.

Statistical Analysis

Descriptive statistics and correlation analysis were computed using the statistical
package for the social sciences (SPSS). The physiochemical variables were analyzed
for the 41 water samples. The summary of the statistical analysis (maximum,
minimum, mean as well as standard deviation values) of the physicochemical
characteristics of the GW samples. Outliers could be used as an indicator of potential
agricultural activities such as fertilizer impacts, localized hydro-stratigraphic,
geochemical conditions, or impacts from the well itself. For example, the highest
specific electrical conductivity readings were in coastal areas, and the lowest readings
were in central Qatar. Another example, fluoride, sulfate, strontium, selenium, and

boron could be correlated with evaporite deposits, whereas nitrate could be correlated
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with fertilizer impacts. If nitrogen levels in drinking water exceed the permissible
limits, it can cause infant methemoglobinemia (blue-baby syndrome), birth
malformations, goiter, gastric cancer, hypertension, metabolic disorder, and livestock
poisoning. Furthermore, arsenic, iron, manganese, and Mo could be associated with a
localized sedimentary depositional or hydrogeochemical environment.

To test the statistical differences between sample means in different locations, the
wells were categorized according to the GW basins (north and south GW basin) and
according to the hydrological basins. To compare means between north and south GW
basin, t-tests were applied, while one-way ANOVA (complete randomized design)
was used to test the hypothesis of equal mean between hydrological basins. The
results show that TDS does not differ from the north basin to the south basin. The
results show that for strontium, calcium, and sulfate, the p-value is < 0.05. The data
provided sufficient evidence to support that there is a difference in strontium,
calcium, and sulfate means between the north basin and south basin. According to
SWS (2009), the hydrological basins categories were based on the surface water
runoff in Qatar. These include 11 areas from A to K as shown in Table 4. Area K
consists of the entire perimeter of the Qatar peninsula and includes most of the
coastal. The well total depth was measured and the average well depths by
hydrological basins are shown in Figure 26. The ANOVA results for the TDS, Li,
boron, sodium, sulfate, fluoride, magnesium, calcium, strontium, and selenium are
shown in Appendix C. The statistical ANOVA results for the TDS, Li, B, sodium,
sulfate, fluoride, magnesium, calcium, strontium, and selenium showed that the p-
value was less than 0.05 (t-tests & ANOVA Test). From the TDS homogenous
subsets, the mean of hydrological basin B is not under the same column as the mean

of hydrological basin K, which means they are not homogenous. Therefore, the mean
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of hydrological basin K is significantly different from the mean of hydrological basin

B ata 95 % confidence interval.

Table 4. Average Well Depth by Hydrological Basins

Hydrological Basin Well ‘s Average Depth(m)

38.9
30.6
48.51
38.08
36.27
28.42
74.8
36.7
19.1
25.7
20.33

A" IOTMMOOmT>

Figure 26. Hydrological Basin for the State of Qatar.
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It was noticed that the Li interval values of the hydrological basin H versus the
hydrological basin B (0.43, 199) did not contain zero and that the p-value was less
than 0.05. Therefore, the mean of hydrological basin H is significantly different from
the mean of hydrological basin B at a 95% confidence interval. Boron’s mean of
hydrological basin A is significantly different from the mean of hydrological basins B
and F at a 95% confidence interval. The sodium mean of the hydrological basin k was
significantly different from the mean of the hydrological basins A, B, C, E, and F at a
95% confidence interval. The sulfate mean-value of the hydrological basins A and B
versus the hydrological basins C, K, F, E, and H and the hydrological basin at a 95 %
confidence interval. The fluoride mean of the hydrological basin B is significantly
different from the mean of hydrological basin H at a 95% confidence interval. The
magnesium mean of the hydrological basin B is significantly different from the mean
of the hydrological basin H at a 95% confidence interval. The calcium mean value of
the hydrological basin B was significantly different from the mean of the hydrological
basins E, F, K, and H, at a 95% confidence interval. The strontium mean of
hydrological basin H was significantly different from the mean of hydrological basin
A and B, and the hydrological basin B versus the hydrological basin E, at a 95%
confidence interval. The selenium mean of the hydrological basin A is significantly
different from the mean of the hydrological basins E and H at a 95% confidence
interval. The ANOVA results showed that TDS, Li, B, sodium, sulfate, fluoride,
magnesium, calcium, strontium, and selenium are correlated with the GW depth.

Regression analysis and Pearson correlation were used to check the correlation
between water physiochemical parameters such as temperature, pH, TDS, TOC, total
hardness (TH), major cations and anions, and trace metals for different GW and

topsoil samples. The term strongly correlation refers to r > 0.7, moderately correlation
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refers to r = 0.5-0.7 and weakly correlations refer to r < 0.5. The results of significant
regression correlations are shown in Appendix C (t-tests & ANOVA).

The correlation and regression analysis showed that concentrations of the major
anions and cations namely sodium, chloride, calcium, potassium, magnesium,
fluoride, bromide and sulfate were a strong predictor for TDS in the GW. Also, the
GW salinity was strongly correlated with the GW constituents which exceeded water
quality guidelines, namely Li, B, Mo, strontium, uranium, chromium, selenium, and
anions and cations namely sodium, chloride, calcium, potassium, magnesium,
fluoride, bromide and sulfate with highly significant p-value and strong correlation
with a correlation coefficient of 0.999. These correlations show that these are the
main constituents that increase the GW salinity. The results of sulfate salts and
evaporite minerals dissolution are consistent with (Mallick et al., 2018) such that they
are more favorable by the highly saline GW, which causes the levels of Mg?+ and
Ca?* to increase.

Anions and cations namely sodium, chloride, calcium, potassium, magnesium,
fluoride, bromide, and sulfate are strongly correlated to each other which contributes
to the GW salinity and mineralization. The results were consistent with the Sl
calculated showing that the dissolution/precipitation caused the concurrent
increase/decrease in the cations/anions (Al-Kalbani et al., 2015). For example, the
correlation between CI and Na* was consistent with the dissolution of the halite;
SO4% correlated with Na*, Ca?*, and Mg?*; indicating the dissolution of evaporite
minerals. The correlation between Ca2* and SO, contributed to gypsum dissolution,
also the correlation between Ca2* and Mg?* infers the dolomite dissolution with low
content of magnesium carbonate. A good correlation between Ca2*, Mg?*, Na*, and

K* levels in the GW suggests a common source for the major cations. High fluoride
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levels in GW are commonly dissolution by hydrolysis or removed by precipitation of
calcite, which is consistent with (EI-Alfy etal., 2017).

The correlation between the CI- and SO42- with Na*, K*, Ca?*, and Mg?* is consistent
with the hydro-chemical facies analysis as most of the GW samples were dominated
by the combination of sodium-chloride-type and calcium-sulfate-type. The correlation
between total hardness and the ions Ca?*, Mg?*, and CI showed that the hardness of
the water was permanent in nature. The effect of the ion exchange process is indicated
by the relations between Na* and K+ with Mg2* and Ca?*.

The multiple regression analysis showed a highly significant correlation between Li
and B and Mo, and a good correlation with a correlation coefficient of 0.601. Boron
and Li in water did not show a significant correlation with B and Li in topsoil
concentrations. The significant correlation was between sodium and chromium
concentration in water with sodium and chromium concentrations in topsoil.

Figure 27 shows the PCA plot. It suggests three significant PCs, of Eigenvalues
higher than one, explain 99% of the total variance of the dataset. All loadings, greater
than 0.6, are considered in interpreting the analysis as a significant contributor. The
first principal component (PC1) explains 49% of the total variance. PC1 showed a
positive loading of Mg, Th, Sr, Ca, TDS, SO, Li, Cl, F, Br, Cd, K, Ba, Na,
representing the factors, which are contributed to the high salinity of the GW due to
the mineralization of rocks and soil. For example, the positive loadings of CI- and
SO4% indicate the dissolution of evaporite minerals (halite (NaCl) and gypsum

(CaS04.2H,0) which is supported by water type classification and Sl calculations.
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Figure 27. A. Principal Component Analysis Plot, B. Eigenvalues Loading plot.

Moreover, 31% of the total variance is explained by the second principal component
(PC2). PC2 showed the negative loadings of U, Al, Se, Se, Mo, Mg, and temperature,
which could be associated with localized sedimentary depositional or
hydrogeochemical environment. The third principal component (PC3) accounts for
19.9% of the total variance. PC3 shows positive loadings of Ni, Zn, Be, pH, Cu, Co,
Fe, B, V, TOC that indicate the dissolution and precipitation (reducing and oxidizing

factor). Only NO3 in PC3 was shown a high negative loading, which might indicate
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human influence from intense agricultural activities such as the utilization of
potassium nitrate and phosphate fertilizers on quality of GW; particularly, potassium
nitrate, which has high water solubility (EI-Alfy et al., 2017). Therefore, there might
be a vulnerability to anthropogenic pollution in a shallow aquifer. Knowing that B
and Li are used as geothermal tracers (Al-Farraj et al., 2013). The positive loadings of
B and Li might indicate geothermal activity and mineral weathering. This is
consistent with the high-significant positive regression correlation between sodium

with B and Li.

Comparisons with Standard and Guidelines

The summary of the analytical results of the general water quality parameters, major
cations, and anions, and inorganic chemical concentrations are compared with the US
environmental protection agency (US-EPA), the world health organization (WHO),
and the Gulf standardization organization (GSO) drinking water and irrigation
guidelines and standards. The mean values of the EC, TDS, hardness, cations, and
anions namely Ca?*, Mg?*, K*, Na*, CI, F and SO,% exceeded the drinking and
irrigation guidelines. All other means of water quality variables are within the
guidelines. The interpolation maps for B, Li, Mo, strontium, chromium, and selenium
are presented in Appendix B.

Boron levels in eight samples exceeded the WHO, GSO, and Qatar drinking water
guidelines. The presence of boron in GW can be natural or due to anthropogenic
sources. Natural sources are igneous rocks weathering and leaching from sedimentary
boron-bearing salt deposits. Another natural boron source in the coastal regions due to
its high volatility is rainfall containing sea salt from ocean spray. Anthropogenic

sources are landfill leachate, drainage from coal mines and mining industry, glass
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industry, semiconductor manufacture, fly ash, petroleum products, using fertilizers or
pesticides in agricultural, and sewage effluents due to use of sodium perborate in
detergents and cosmetics (Hasenmueller & Criss, 2013). In the current study, the
anthropogenic sources of boron could be from the petroleum industry, using fertilizers
or pesticides in agricultural, and sewage effluents. When boron amount is higher than
required, toxic effects appear such as yellow tips of leaves, spots on fruits, spoil, and
drop of unripe fruit, further it may cause the death of plants. Boron level less than 1
mg/L should be used in irrigation water for sensitive crops, and of a level of 0.5 mg/L
for long-term irrigation (Voutsa et al., 2009). Boron forms complexes with other toxic
metals such as lead, cadmium, or nickel, which may enhance the toxicity (Al-Ghouti
etal., 2017).

Mo levels in nine samples exceeded the WHO, GSO, and Qatar drinking water
guidelines, and 23 samples exceeded the US-EPA lifetime health advisory. Mainly
Mo compounds are low soluble in water, while when Mo-bearing minerals react with
oxygen and water, they produce molybdate ion is less soluble. Acute exposure to
elevated Mo levels causes adverse health effects such as diarrhea, anemia, and gout;
while chronic exposure causes weakness, fatigue, lack of appetite, anorexia, liver
dysfunction, joint pain, osteoporosis, Cu deficiencies, and pneumoconiosis (WHO,
2011). Mo is an important alloying agent, which strengthens the steel and decreases
its weight (Henckens et al., 2018). A potential source of Mo in Qatar’s GW could be
from the oil and gas-processing sector as mainly the local natural gas is a sulfur-
containing as Mo is used as a catalyst in the desulfurization process (Kuiper et al.,
2015). According to the international Mo association, Mo is also used in the
manufacturing of pigments, corrosion inhibitors, smoke suppressants, lubricants, and

fertilizers (IMOA, 2018).
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Li levels in 39 samples exceeded the GSO and Qatar (Kahramaa) requirements for the
water quality distribution systems in Qatar. Li is a naturally occurring alkali metal
with an atomic number of three, it is found in many igneous rocks and several natural
brines (Weil & Ziemann, 2014). The main sources of Li are Li -containing wastes
such as produced petroleum water (Isupov et al, 1999). Li is an alkali metal that is
characterized by high electrochemical activity due to the quick loss of electrons; thus,
Li is a significant producer of electric current (Wang et al., 2016).

Strontium in 40 samples exceeded the US-EPA lifetime health advisory, the GSO,
and the Qatar drinking water guidelines. Strontium commonly occurs in nature. It is
primarily used in television cathode ray tubes. Strontium is used in glow-in-the-dark
toys, red firework, and strontium chloride is used in toothpaste for sensitive teeth.
Strontium in the human body is absorbed like it the lighter congener calcium due to
the chemical similarity. In children, strontium can substitute calcium and thus lead to
bone growth issues. Uranium levels in one sample exceeded the WHO, GSO, and
Qatar drinking water guidelines and one sample exceeded the US-EPA drinking water
guidelines. Boron levels in 39 samples exceeded the USEPA guidelines for short-term
use of irrigation water, 20 exceeded the USEPA guidelines for long-term use of
irrigation water and three samples exceeded the Qatar irrigation guidelines. Mo levels
in 40 samples exceeded the USEPA guidelines for short-term use of irrigation water,
18 exceeded USEPA guidelines for long-term use of irrigation water. Selenium levels
in one sample exceeded the US-EPA irrigation guidelines. Chromium levels in two

samples exceeded the Qatar irrigation guidelines.
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Comparing Interpolation Methods

In this study, different values of powers and neighborhoods were examined using
standard neighborhood type (or nearest neighbor) then the RMSE values were
obtained (Balakrishnan, 2011), as shown in Tables 5 6, and 7. The best-fit
interpolated model for the input data representation is the one with the least RMSE
value (Arslan & Turan 2015). Similarly, Falivene et al, (2010) have shown that
interpolation smoothing is primarily controlled by the number of neighbors averaged
and by the model parameters. Table 5 shows RMSE for IDW parameters, with the
lowest RMSE value and the best parameters. Tables 6 and 7 show the optimized
RBFS parameters and the optimized kriging parameters respectively. Some cross-
validation statistics such as RMSE, average standard error, mean standardized, and
root mean square standardized values were also shown. The result shows that the SK
model performed better than IDW and RBFs models for pH, chloride, selenium,
strontium, potassium, SAR, Mo, Li, and nitrate date. While the RBFs model was the
best for sodium and calcium. IDW model worked better for TDS, boron, sulfate.
Nevertheless, RMSE values between IDW and RBF are not significantly different. In
this study, RMSE values were generally high; one possible explanation is the uneven
distribution of the data configuration as large spacing intervals between sample
locations generated high RMSE values. Another possible explanation is the presence
of outliers in the original data. In the current study, the sampling points are not well
distributed, and the sample intensity is low due to the limitation to access the private
farms that contained some GW wells. This resulted in high spatial variation in some
attribute data. Thus, to enhance the performance of spatial interpolation and to allow

estimation of short-range variance, the sample size needs to be increased.
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Table 5. RMSE values obtained by the IDW interpolation method for different

parameters.
Attribute Power Sector type  Number of Neighbors Root
Variable (circular) Minimum  Maximum  Mean Mean
Square

pH 1 8 10 15 0.2466  -0.018
TDS 1 4 10 15 3278 -80.54
TOC 2 8 10 15 6.43 -0.237
Hardness 1 4 10 15 939.22 1825
SAR 1 1 10 15 7.68 -0.08
Boron 2 1 10 15 645.66 65.58
Sodium 1 1 10 15 1188.10 9.99
Lithium 1 1 10 15 51.48 -0.519
Molybdenum 1 4 10 15 47.10 -1.18
Selenium 2 1 10 15 3.98 -0.36
Uranium 1 1 10 15 5.04 -0.128
Chromium 1 4 10 15 3.28 -0.16
Strontium 1 1 10 15 4097.7 112.48
Potassium 1 1 10 15 57.69 -1.52
Calcium 1 1 10 15 237.92 12.87
Magnesium 1 4 10 15 91.07 -1.8
Fluoride 1 1 10 15 1.47 -0.054
Chloride 1 4 10 15 6883.93 -237.6
Bromide 1 8 10 15 5.22 -0.17
Nitrate 1 8 10 15 28.03 1.33
Sulfate 1 1 10 15 2000.98 191.78
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Table 6. RMSE values obtained by RBFs interpolation method for different

parameters.

Attribute Kernel Sector ~ Number of Neighbors Root Mean

Variable parameter type Mean

(circular) Minimum ~ Maximum  Square

pH 0.0090 1 10 15 0.256  -0.011
TDS 0.0090 1 10 15 3348.49 -121.3
TOC 0.0013 1 10 15 6.45 -0.020
Hardness 0.0090 1 10 15 95794  -2.06
SAR 0.0090 1 10 15 7.84 -0.15
Potassium 0.0090 1 10 15 58.44 -2.08
Strontium 0.0090 1 10 15 4235.2  -40.47
Chromium 0.0090 1 10 15 3.35 -0.146
Uranium 0.0090 1 10 15 5.15 -0.051
Molybdenum 0.0090 1 10 15 48.15  -0.585
Selenium 0.0020 1 10 15 3.88 -0.125
Lithium 0.0090 1 10 15 52.35 -0.717
Sodium 0.0090 1 10 15 1216.37 -10.28
Boron 0.0090 1 10 15 633.76  25.806
Calcium 0.0090 1 10 15 239.37 353
Magnesium 0.0090 1 10 15 94.87 -2.64
Fluoride 0.0090 1 10 15 1.49 -0.049
Chloride 0.0090 1 10 15 7039.93 -319.4
Bromide 0.0090 1 10 15 5.45 -0.23
Nitrate 0.0090 1 10 15 29.72 1.53
Sulfate 0.0090 1 10 15 1982.7  92.73
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Table 7. RMSE values and prediction indices obtained by the SK interpolation method

for different parameters.

Attribute Number of Root  Average Mean Root
Variable Neighbors Mean Mean  Standard Standardized  Mean
Min Max Square Error Square

Standar
dized

pH 2 5 -0.007 0.238 0.239 -0.030 0.994
TDS 2 5 66.76 32289  3566.5 0.025 0.917
TOC 2 5 0.038 6.22 6.72 0.009 0.940
Hardness 2 5 4.16 929.18  927.46 -0.000 1.029
SAR 2 5 0.10 8 9.08 0.022 0.865
Potassium 2 ) -1.68 56.44 50.72 -0.034 1.12
Strontium 2 5 -78.1 4416.35 4003.23 -0.007 1.13
Chromium 2 5 -0.10 3.27 3.39 -0.028 0.95
Uranium 2 5 -0.418 4.86 2.64 -0.244 2.25
Molybdenu 2 ) -2.59 45.46 36.19 -0.07 1.27
Selemnium 2 5 -0.128 4.18 4.37 -0.006 0.96
Lithium 2 5 -0.093 50.5 50.66 -0.093 0.98
Sodium 2 5 14.02 1187.56  1227.66 0.021 0.95
Boron 2 5 53.42 635.56 668.92 0.066 0.96
Calcium 2 5 6.64 236.65  235.63 0.012 1.05
Magnesium 2 5 0.140 90.25 91.43 0.000 0.99
Fluoride 2 5 -0.018 1.42 1.27 -0.039 1.14
Chloride 2 5 -350.79  6676.94 6058.41 -0.05 1.09
Bromide 2 5 0.048 4.86 4.97 0.011 0.97
Nitrate 2 5 0.926 27.12 27.08 0.021 1.01
Sulfate 2 5 78.88 1943 1921.67 0.029 1.11
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The current study showed that each of the three spatial interpolation methods has
unique advantages and produced different output surfaces. The SK produced smooth
and relatively continuous surfaces that contained irregular changes in the data because
SK is an unbiased interpreter that has fitted a semi-variogram model. SK provides the
measurement of prediction uncertainty. However, SK is an inexact interpolator, as the
output data did not include the exact input values. Being exact interpolators, IDW and
RBF have output surface values exactly equal to that of the input data values.
Therefore, IDW and RBF models gave better interpolation maps that help to visualize
the location of GW within and above the guidelines. However, the IDW model is
better than RBF as it does not produce values above or below the range of the
measured values. Furthermore, the smoothness of the output surface is also an
important factor for assessing the performance of the interpolation methods. It was
noticed that RBFs gave smoother interpolation maps than IDW and kriging methods.
The inferior smoothness of the interpolated maps is due to the uneven distribution of

sample points and some extreme value points.

Spatial Variability Analysis
Appendix B shows the interpolated map for pH using the SK method. The pH values
are changed within a range of 6.8 to 7.9 with an average of 7.3, which meets the
WHO standard (6.5-8.5) revealing geochemical equilibrium (WHO, 2017). Only two
samples were slightly acidic (pH = 6.9 and 6.8) that could be correlated to the use of
the fertilizer in the farms. The spatial variation of TDS was done using the IDW
method. EC ranged from 0.92 S/cm to 0.92 - 22.33 S/cm, and the average was 7.29
S/cm. TDS ranged from 598 mg/L to 15633 mg/L, and the average was 5038 mg/L.

EC is grouped to low saline (EC = 1500 puS/cm), medium saline (1500 -3000 uS/cm)
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and high saline (EC >3000 uS/cm) (Ghalib, 2017). Using this classification, there
were no samples with EC < 500 uS/cm which is similar to freshwater EC. Only two
samples are characterized as low salinity, one sample as moderately saline, and 38
samples as highly saline, which is considered unfit for drinking and irrigation (WHO,
2017) (FAO, 1994). High TDS and EC enhance the corrosion and salinity of the GW.
Using salty GW for irrigation over the long term reduces soil fertility (Elumalai et al.,
2017). The spatial variation in TDS maps is due to the type of aquifer rock and the
residence time of the GW, in addition to the extreme weather condition such as high
temperature and low rainfall (Alsuhaimi et al., 2019). In the current study, the high
EC and the high salinity values are attributed to the aridity of Qatar due to the low
rainfall and high evaporation. Also, some agricultural activities like the use of the
high salinity GW for irrigation that causes salts leaching. In addition, overexploitation
of GW caused the intrusion of the deep brackish GW or the seawater. High TDS
values are shown along with the coastal areas due to the seawater intrusion, while
high EC in south areas due to low rainfall and deep brackish GW intrusion. The high
TDS problem with GW is also stated in the study of Hadi & Al-Ruwaith (2008), in
Kuwait, where TDS ranged from 200 mg/L to 800 mg/L and it revealed 14500 mg/l in
some locations; While in Saudi, TDS ranged from 13- to 6000 mg/L (Abdel-Satar et
al., 2017). Saltwater intrusion from coastal areas is also reported by other studies such
as the study by Nwankwo et al., (2020).

The interpolated map of Na* was done using the RBFs method. Na* ions were found
as the most dominant cation, the range of the ions was (64.2 mg/L - 5547 mg/L), with
an average of 1466 mg/L. The natural source of Na* in the GW is the weathering
minerals such as halite and feldspar minerals. Na* high levels more than the natural

levels are mainly correlated to anthropogenic sources such as sewage effluent and
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leaching from landfills and saltwater intrusion (Ghalib, 2017). Sodium levels above
200 mg/L in water are inappropriate for domestic use and can result in severe health
problems in the human body, such as hypertension, congenital diseases, kidney
disorders, nervous disorders, circulatory and cardiac problems (WHO, 2017). 39
samples were inappropriate for drinking due to high Na* concentration (Na* > 200
mg/L). CI ions were the most dominant anion ranging from 203.6 to 30806 mg/L
with an average of 6289 mg/L. The interpolated map of CI using the SK method
shows high CI in drinking water results in a salty taste (Adimalla & Venkatayogi,
2018). The spatial distribution of sodium and chloride in GW is similar to the
distribution of TDS, which increases from inland to coast as shown by the
interpolation maps. Thus, TDS can be used as a surrogate for sodium and chloride.
SO,42- ions ranged from 53.4 mg/L to 11596 mg/L with an average of 4977 mg/L. The
gypsum (CaS0,4.2H,0) and anhydrite (CaSO,) are a natural source of metallic sulfate.
The interpolation map of SO4% ions illustrates that the highest levels are in the south
of the study area due to the dissolution of gypsum and anhydrite, and leached water
from agriculture activities (Alsuhaimi et al., 2019). Water with high CI- and SO,%
result in hypertension, laxative effect, diarrhea, asthma, dehydration, and
gastrointestinal irritation (WHO 2004). NOgs ions ranged from 5.2 mg/L to 113.3
mg/L with an average of 37.2 mg/L. The interpolation map for NOjs  is produced
using the SK method. NOj3 ions are important for plant growth as a main nutrient.
Fertilizers, agricultural/municipal waste, and leaching of sewage might contribute to
high NOs in the GW (Mallick et al., 2018). The high concentration of nitrate in
drinking water results in methemoglobinemia in infants, furthermore, it has also been
stated that it causes cyanosis, goiter, oral cancer, cancer of the colon, gastrointestinal

cancers, lymphoma (WHO, 2017). The average value of NOjs  in the GW was 36.32
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mg/L. The interpolation map shows the highest values of NOs in the northern and
central of Qatar. High NOg3 in the current study is related to inorganic and organic
fertilizers, manure application in the private farms, especially in the shallow GW, and
domestic effluents (Shomar, 2015).

Twenty metals are analyzed in this study, namely B, Li, Se, U, Al, As, Ba, Be, Cd, Cr,
Co, Cu, Fe, Pb, Mn, Mo, Ni, P, Sr, V, Zn, and Ag. The mean concentrations of these
metals were below the permissible WHO guidelines for drinking water (WHO, 2017).
B, Li, Mo, strontium, chromium, and selenium exceeded in some samples. Boron
ranged from 0.38 mg/L to 3.8 mg/L with an average of 1.8 mg/L, and selenium
ranged from 0.0015 mg/L to 0.02 mg/L with an average of 0.008 mg/L. Interpolated
maps for boron and selenium interpolated maps respectively. Boron in 8 samples was
higher than the WHO, GSO, and Qatar drinking water guidelines. Mo ranged from
0.0078 mg/L to 0.29 mg/L with an average of 0.053 mg/L. The interpolation map for
Mo is produced using the SK method. Boron in 8 samples was higher than the WHO,
GSO, and Qatar drinking water guidelines (WHO, 2017; GSO, 2008; Kahramaa,
2016). Mo concentrations in 9 samples exceeded the WHO, GSO, and Qatar drinking
water guidelines and 23 samples were higher than the US-EPA lifetime health
advisory. In the current study, high Mo levels can be attributed to the oil and gas
industry (Kuiper et al, 2015). In addition, Mo is an alloying agent, corrosion
inhibitors, smoke suppressants, and it is used in some fertilizer and pigments
manufacturing (IMOA, 2018). Li ranged from 0.02 mg/L to 0.23 mg/L with an
average of 0.12 mg/L. Li ion in 39 samples was higher than Qatar’s guideline in Qatar
(Kahramaa, 2016). Strontium ranged from 3.5 mg/L to 20.2 mg/L with an average of
13.2 mg/L. The interpolated maps for strontium using the SK method. Strontium in 40

samples was higher than the US-EPA lifetime health advisory (US-EPA, 2018), the
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GSO, and the Qatar drinking water guidelines (WHO, 2017; GSO, 2008; Kahramaa,
2016). Strontium is used in the manufacturing of television cathode ray tubes, glow-
in-the-dark items, and fireworks. In children, strontium can replace calcium as the
mineral of the growing bones and cause health problems.

Using GIS spatial methods in studying the suitability of land for agriculture activities
is a significant tool (Abdel-Rahman and Arafat, 2020; Masoud, 2020). Using salty
GW for irrigation over the long term reduces soil fertility and hinders crop yield
(Elumalai et al., 2017). Irrigation with high salinity GW results in salt accumulation
in the crop root zone and reduces the osmotic ability of plants (Machado and
Serralheiro, 2017). Only 16 samples (39%) have EC less than 5000 pS/cm, which is
not used in the irrigation hazard diagram. The irrigation hazard analysis shows that
60.9% of the GW samples with EC > 5000 uS/cm should not be used for irrigation.
The GW found to be with high salinity, and EC GW in the study is inappropriate for
irrigation, and it could be used to irrigate salt tolerance and semi tolerant crops. If the
soil is irrigated with water of high SAR, then the soil will need amendments. Ghalib
(2017) stated that GW samples falling into the C4 category are inappropriate for
irrigation of all soil types, they are only appropriate for high permeable soil, which is
not the case in Qatar. The spatial distribution of SAR is produced using the SK
method. The high SAR values in the coastal areas are due to seawater intrusion. A
study by AlFOmran (2018), showed that SAR in Saudi Arabia ranged from 0.79 to 10
and TDS was higher than the drinking water standard in Saudi Arabia (GSO, 2008).
Boron levels in 39 samples are higher than the USEPA guidelines for short-term use
as irrigation water, 20 are higher than the USEPA guidelines for irrigation water (US-
EPA, 2018). In a study by EI-AKy (2016), boron was found to reach a high

concentration of 2.8 mg/L in Egypt. Mo levels in 40 samples are higher than the
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USEPA guidelines for short-term use as irrigation water, 18 are higher than USEPA
guidelines for long-term use as irrigation water (US-EPA, 2018). High Mo (mean
26.9 pg/L; max 103 pg/L) was observed in Qatar’s GW (Kuiper et al., 2015). High
Mo concentration (0.07 mg/L-1.44 mg/L with an average of 98 ug/L) was also
reported by Al-Kuisi et al. (2015), in Jordan that exceeded WHO guidelines for Mo.
In this study, selenium levels in one sample are found to be higher than the US-EPA
irrigation guidelines. Chromium levels in the two samples are higher than the Qatar
irrigation guidelines. In Jordan, selenium concentration exceeded the permitted level

of 10 pug/L (Al-Taani, 2012).

Physical and Chemical Characteristics of Adsorbates

The adsorption relies on the adsorption of the metal ions from the solutions onto the
adsorbent’s surfaces (Shafiq et al., 2019). Metal ions of larger electronegativity would
adsorb easily, and the metal ions of larger hydrolysis constants would increase
adsorptive capacity, while metal ions with higher ionic radius have a lower charge
density and a lower electrostatic attraction, which decreases the adsorption (Minceva
et al., 2008). The attractive forces between adsorbate and the solid surface of
adsorbent are chemical bonding, hydrogen bonding, weak Van der Waals forces,
dipole-dipole interaction, dipole-induced dipole interaction, induced dipole-induced
dipole interaction, and ion exchange (Ahmad et al., 2011). Furthermore, electrostatic
chemical bonding between the adsorbate and adsorbent forms in a monolayer and it is
an irreversible process. The electrostatic interaction is a site specific and relies on the
high temperature. In contrast, the physisorption is mono or multilayer, reversible
process and it decreases with high temperature such that very high temperatures are

required for desorption (Shafig et al., 2019). In order to find a possible attractive site
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between adsorbate ions (B, Mo, and Li) and adsorbents, characteristic properties such

as crystal radius and equilibrium constants for adsorbate ions are shown in Table 8.

Table 8. Crystal Radius, Hydrolysis Constant and Electronegativity for Adsorbate

lons
Hydration
Crystal radius  radius rs (A) Hydrolysis Pauling

Fayst (A) (Wang & constant PKa electronegativity
Adsorbate (Shannon, Weinstock, (Miessler, 2014; (Daniel & Harris
1976; Corti, 2012; Wulfsberg, 1995; 2011) ’

1980) Yizhak, Nagul, 2015)

1989).
Boric acid B(OH)3

B(OH), 2.44 2.61 9.24 (Weakly 2.051 for boron

acidic cation)

Molybdic acid

(MoO3 or
_ 2.16 for
MoOf 2.70 4.06 MoO3(OHy);
0.9 (Strongly acidic molybdenum
cation)
Li+ 0.68 233 136 (Feebly acidic 0.912
cation)
Lithium

The physicochemical prosperities of Li are shown in Appendix E. Li is a naturally
occurring alkali metal with an atomic number of three, it is found in many igneous
rocks and several natural brines (Weil & Ziemann, 2014). The main sources of Li are
Li -containing wastes such as produced petroleum water (Isupov et al, 1999). Such as
all alkali metals that are characterized by high electrochemical activity, Li atoms give
up electrons very easily, making them highly efficient producers of electric current
(Huang, 2018). Li is a light element, thus; it is used in lightweight alloys such as steel

and aluminum industry (Jackson, 2007). Li is used in many commercial applications
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such as batteries, glass, ceramics, and chemicals industries (Visco, 2015). Li salts
have proven to be useful as a mood-stabilizing drug in the treatment of bipolar
disorder in humans (Jackson, 2007). The high demand for Li in many commercial
applications has increased research on its recovery from brine for the past decades
(Sun et al., 2018). lon exchange adsorption is an efficient technique for removing Li
ions from solutions due to the high selectivity such as manganese-type Li -ion sieves
and titanium-type Li -ion sieves (Wang et al., 2018). Aluminum hydroxide could be
used as sorbent of Li salts from brines such that the total dynamic exchange capacity
(TDEC) reached 6 mg/g, (Isupov et al, 1999). Another study by Ozmal & Erdogan
(2015) showed that Li ions adsorption from the borogypsum solution using a spinal
type of manganese oxides gave 98.54% of adsorption yield. The surface of AC can
adsorb Li-ions due to oxygen-containing functional groups so that Li ions are
adsorbed by the electrostatic interaction of positive and negative charges; ion
exchange, the core of adsorption is dipole interaction, which belongs to physical
adsorption (Zhang et al. 2017). However, there is a lack of thermodynamics and

kinetics of Li adsorption in the aqueous phase (Zhang et al. 2017).

Boron

The physicochemical prosperities of boron are shown in Appendix E. Boron is
semimetal; it is found in the block P (group 13) in the periodic table (metalloids); It
has a high melting point and quite low vapor pressure. Boron is a widely spread
natural occurring element and normally it presents in compounds such boric acid or
borate salts with oxidation states of +3, +1, 0, or less than 0 (Kdse et al., 2011;
Wolska & Bryjak, 2013). Boron is concentrated by the water-solubility of the borate

minerals. Boron is an essential trace element for plant growth; however, boron
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deficiency levels are close to toxicity levels (Hilal & Somerfield, 2011). When boron
amount is higher than required, toxic effects appear such as yellow tips of leaves,
spots on fruits, spoil and drop of unripe fruit, further it may cause death of the plant.
Boron level of <1 mg/L in irrigation water is needed for sensitive crops and of 0.5
mg/L for long-term irrigation (Wang et al, 2014; Voutsa, 2009). Boron forms
complexes with other heavy metals such as lead, cadmium, or nickel, which may
enhance the toxicity (Al-Ghouti, 2018). In freshwater boron levels are usually from
less than 0.01 mg/L to 1.5 mg/L. Boron forms a very weak monobasic acid in acquis
solution. Boric acid is a solid substance soluble in the water with a solubility of 55
g/L at 25 °C; Tetrahydroxyborate is the conjugate base of boric acid in an aqueous
solution, which has a strong attraction to hydrogen ions (Wolska & Bryjak, 2013;
Karahan et al., 2006). WHO proposed a guideline of 2.4 mg/L in drinking water
(WHO, 2011). There are natural and anthropogenic sources of boron in GW. Natural
sources are weathering igneous rocks and leaching from sedimentary boron-bearing
salt deposits. Another natural boron source in coastal regions due to its high volatility
is rainfall containing sea salt from ocean spray. Anthropogenic sources are landfill
leachate, drainage from coal mines and mining industry, glass industry,
semiconductor manufacture, fly ash, petroleum products, using fertilizers or pesticides
in agricultural, and sewage effluents due to use of sodium perborate in detergents and

cosmetics (Hasenmueller & Criss, 2013).

Molybdenum

The physicochemical prosperities of Mo are shown in Appendix E. Mo has an atomic
number of 42 and an atomic weight of 95.94 g/mol. It is a transition metal and an

essential nutrient; adults need from 75 pg/day to 250 pg/day which mainly can be
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taken from drinking water and some foods. Mo is detected in trace amounts (1-10
mg/kg) in most rocks and soil and less than (10 pg/L) in most freshwater (Henckens
et al., 2018). Mo has different oxidation states (-2 to +6) which enable various redox
reactions; generally, Oxidation states (+6) such as Molybdate (Mo(VI)02") ion is
found in oxygenated natural waters whereas the reduced forms (HMoO, and
H,Mo0O,) is found in low pH/Eh conditions (Smedley & Kinniburgh, 2017). Most Mo
compounds have low solubility in water, but when Mo-bearing minerals react with
oxygen and water, they produce a molybdate ion that is little soluble. Acute exposure
to elevated Mo levels causes adverse health effects such as diarrhea, anemia, and
gout; while chronic exposure causes weakness, fatigue, lack of appetite, anorexia,
liver dysfunction, joint pain, osteoporosis, Cu deficiencies, and pneumoconiosis
(WHO, 2011). In 1993, the WHO set a drinking water guideline for Mo as 70 pg/L.
The use of Mo is increasing very rapidly. Mo is an important alloying agent, which
strengthens the steel and decreases its weight (Henckens et al., 2018). A potential
source of Mo in Qatar’s GW (mean = 26.9 ug/L; max = 103 ug/L) could be from the
oil and gas processing sector as mainly the local natural gas is sulfur-containing and
Mo is used as a catalyst in the desulfurization process (Kuiper et al., 2015). Mo is also
used in the manufacturing of pigments, corrosion inhibitors, smoke suppressants,
lubricants, and fertilizers (International Mo Association (IMOA, 2018). Mobilization
of Mo and the other anions/oxyanions (HCOs3, As, B, F, V, U) mainly occurs in the
oxic and neutral to alkaline aquifers; Mo movement is also controlled by Sulphur
content in water since it is chalcophile (sulfur-loving) and forms precipitation with
Sulphur (Smedley & Kinniburgh, 2017).

Physical and chemical characterization of the Adsorbents

An efficient adsorbent should be of a low cost; available, high surface area and pore
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volume, mechanical, chemical, and thermal stability, ease to desorb and reuse, fast
kinetics, and high adsorption capacity (Singh et al., 2018). Thus, it is essential to
study the physicochemical properties of adsorbents to better understanding the
adsorption process and have insight into the governing mechanisms of adsorption.
The surface modification of adsorbents can be done by using different methods such
as thermal and chemical treatments with acids, bases, ozone, biological modification,
microwave and ultrasound treatments. In the current study, a proper surface
modification method for the cost-efficient, green, and energy-saving adsorption
processes is adopted.

The modification steps are shown in Figure 28. The first modification step is H,SO4-
modification to open the polymer rings, the second step is NaOH-modification to add
hydroxyl functional groups, while the last step is mercaptoacetic acid (C,H,0,S)
modification to change the abundant hydroxyl groups to mercapto groups, also known
as a thiol group or a sulfhydryl group (-SH), which showed significant metal removal
from water (Shafiq et al., 2019; Amin et al., 2016; Yadav et al. (2013). The surface
morphology of the prepared RDPs and the MDPs are analyzed by SEM and the
chemical characterization of the functional group of the sample’s surface was
performed by FTIR (FT-IR/FT-NIR Spectrometer- Spectrum 400). BET (model Aim
Sizer-AM301) was used for the analysis of the surface area and pore size distribution

of the adsorbents.
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Figure 28. Scheme of Date pits modification Methodology.

Brunauer Emmett Teller (BET) Analysis

Surface area parameters for different adsorbents are conducted using BET using
nitrogen physisorption. Table 9 shows the obtained results such as surface area and
pore size for different adsorbents. The order of surface area for the adsorbent is shown
as AC > bentonite > MDPs > RDPs. AC shows the highest surface area of 178.79
m2/g while RDPs show the lowest surface area of 2.84 m?/g. The pore volume for
different adsorbents is ordered as bentonite > AC > RDPs > MDPs. AC shows the
highest pore volume (0.187 cmd/g), while RDPs show the lowest pore volume (0.0837
cm?/g). The adsorption microporous volume follows the order AC > bentonite >
RDPs > MDPs, with AC, has the highest microporous volume (0.078 cmd/g), while
RDPs show the lowest microporous volume (0.0100 cmd/g). The order of average
pore radius for different adsorbent are as bentonite > MDPs > RDPs >AC. Bentonite
has mesopores diameters which is the highest average pore radius (10.81 nm), MDPs
and RDPs have mesopores diameters of 5.7 nm and 6.31 nm respectively, while AC
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shows micropores diameters such that the average pore radius is the lowest (1.88 nm).
Comparative results to the current results are shown by other studies. Al-Ghouti et al.,
(2017) stated that the total surface area and cumulative pore volume of RDPs were
99.76 m?/g and 0.14 cm?/g respectively, and the study of Alhamed, (2009) found that
the total surface area and cumulative pore volume of RDPs were 1.2 m?/g and 0.23
cmd/g respectively. While the total surface area for AC was 359 m2/g in the study of
Dijilani et al., (2015). Besides, the study of Andrade et al. (2018) showed that the total

surface area and cumulative pore volume of bentonite were 28 m2/g.

Table 9. Brunauer Emmett Teller (BET) Surface Area Parameters for Different

Adsorbents
Parameters Activated  Bentonite Roasted Modified
Carbon Date Pits Roasted Date

Pits

Surface Area 179 34.7 28.4 29.7

(m2/g)

Single Point Total Pore 0.165 0.187 0.0837 0.0980

Volume (cm?/g)

Single Point Adsorption 0.0780 0.0146 0.0100 0.0140

Microporous Volume

(cm3/g)

Single Point Average 1.88 10.8 5.7 6.31

Pore Radius (nm)

The Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis is conducted using Perkin Elmer 400 spectrum instrument universal
attenuated total reflectance (UATR). The absorbance spectra are obtained in the

4000-400 cm® range by 100 scans at 1.0 cm? resolution, and the signal-to-noise ratio
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was 45000:1. Figures 29, 30, 31, and 32 show the peaks that are approximately
assigned for different functional groups for AC, bentonite, and RDPs and MDPs that
are present 1 um near the surface of internal reflection. The identification of
functional group from the absorbance spectra are adopted from the study by Socrates,
(2015) and Ewen and Geoffrey, (2019). The main is approximately assigned
functional found in different AC, bentonite, RDPs, MDPs are stated in Tables 10, 11,
12 and 13, respectively, where v is stretching, g is in-plane bending and y is out-of-
plane bending. Figure 29 shows that AC is characterized by different hydroxyl groups
such as B(OH) at 1440 cm? and v(OH) at 2887 cm® and 3650 cml, in addition to
oxygenated groups such as at 2349 cm? 1205 cm. Bentonite is characterized by
hydroxyl groups like v(OH) at 3620 cm? and 3650 cm?, in addition to oxygenated
groups such as at 2349 cm 1117 cmr! as shown in figure 30. RDPs are characterized
by hydroxyl groups such as v(OH) at 3356 cm?® and 3560 cm, in addition to
oxygenated groups such as at 1374 cm® 1744 cm as shown in figure 31. Figure 32
shows that the modification of date pits has different new functional groups. The
MDPs have oxygen groups, mainly carbonyl, alcohol, and aromatic groups such as at
1370 cm1 which is assigned to the (S=0) and at 1703 cm? t which is assigned to
stretching vibrations of v (C=0) ester groups, suggesting that mercapto-acetate
functions with thiol groups are presented. Furthermore, the peak at 650 cm? and 650
cm® implied the weak absorbance of v(S—H) groups, which represent the thiol group.
A similar finding of adding sulfur functional group at peaks 613 cm?, 1014 cm? and
1075 cm! after date pits modification is found by Al-Ghouti et al., 2019). As shown
in figure 33, thiol groups were introduced into the adsorbent date pits, in addition to
hydroxyl groups such as v(OH) at 2921 cm and 3650 cm-l. The availability of these

functional groups on the surface of the different adsorption will significantly enhance
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the adsorption process. Cellulose and hemicellulose are the main constituents of the
date pits, thus different oxygenated functional groups such as hydroxyl, ether, and
carbonyl are located on the surface of the date pits (AlGhouti et al., 2017). The results
of the available functional groups on the surface of the date pits such as (alcohol O-
H), (aldehyde, ketone, ester C=0), and (alcohol, ester C—QO) are comparative with the

reported study by (AlGhouti et al., 2010; AlGhouti et al., 2017).
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Figure 29. FTIR for activated carbon.

127



- 100
2349 1,685 -
3,567... , 80
v (0=C=0) 1566
s 620 1,636 &
’ v (C=C 8
v (0-H) (&=0) 60 ¢
E
1,117 £
v (C-0) 2
800 | 4o 8
Y (GH)
- 20
993 917
C=C bending
r r r r r r r o
3,900 3,400 2,900 2,400 1,900 1,400 900 400
Wave Numbers (cm-1)
Figure 30. FTIR for bentonite.
- 105
100
95
=
3
5
90 £
€
2
c
[y
85
80
1,066
v(CO) 1000
r T T T T T T 75
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wave Numbers (cm-1)

Figure 31. FTIR for RDPs.
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Table 10. Functional Groups on Activated Carbon (Socrates, 2015; Ewen and

Geoffrey, 2019).

Wave numbers (cm1) Appearance Approximate Functional Groups
750 strong y (C-H)

757 strong p (C=C)

985 strong B (C=C)
1046 strong, broad v (CO-0-CO)
1205 strong v (C-0)

1310 strong v (C-0)

1440 medium B (O-H)

1500 strong v (N-0)

1550 strong v (N-O)

1650 medium v (C=C)

1685 strong v (C=0)

2000 medium v (C=C=C)
2349 strong v (0=C=0)
2840 medium v (C-H)

2887 weak, broad v (O-H)

3560 medium, sharp v (O-H)
3650 medium, sharp v (O-H)

Table 11. Functional Groups on Bentonite (Socrates, 2015; Ewen and Geoffrey,

2019).
) Appearance Approximate Functional
Wave numbers (cm-1) Groups
800 strong y (C-H)
995 strong Silicate ion, C=C bending
1117 strong v (C-0)
1566 medium v (C=C)
1636 medium v (C=C)
2349 strong v (0=C=0)
3560 medium, sharp v (O-H)
3620 Medium, sharp v (O-H)
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Table 12. Functional Groups on RDPs (Socrates, 2015; Ewen and Geoffrey, 2019).

) Appearance Approximate Functional
Wave numbers (cm-?1) Groups
810 strong v (C-H)
869 strong C=C bending
1000 strong C=C bending
1066 strong v (C-0)
1147 strong v (C-0)
1241 strong v (C-0)
1374 strong v (S=0)
1456 strong B (C-H)
1550 strong v (N-O)
1650 medium v (C=C)
1744 strong v (C=0)
2349 strong v (0=C=0)
2856 medium v (C-H)
2924 strong v (O-H)
3356 strong, broad v (O-H)
3567 medium v (O-H)

Table 13. Functional Groups on MDPs (Socrates, 2015; Ewen and Geoffrey, 2019).

\(/Xr?]\-lle) numoers Appearance Approximate Functional Groups
650 medium Thiol or thioether, CH; -S- v (C-S)
880 medium y (C-H)

1030 strong v (S=0)

1370 strong v (S=0)

1150 strong v (C-0)

1559 strong v (N-O)

1702 strong v (C=0)

2350 strong v (0=C=0)

2550 weak v (S-H)

2850 medium v (C-H)

2921 weak, broad v (O-H)

3650 medium, sharp v (O-H)

The Scanning Electron Microscopy (SEM) Analysis

SEM is a very significant tool that is extensively used to analyze the surface

morphology of the adsorbent. Figure 34 shows SEM images that demonstrate the

morphology, pore structure, and homogeneity of AC, bentonite, RDPs, and MDPs.
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All adsorbents showed irregular shapes and sharp edges due to the preparation
method and mechanical grinding. The bentonite surface structure was less rough and
smoother than other adsorbents. The surface structure of the adsorbent of chemical
treatment (AC and MDPs) had a rougher surface and more pores and edges than
bentonite and RDPs. Thus, the chemical modification increased the surface area of the
adsorbents that further enhances the adsorption capacity. AC and MDPs have diverse
pore sizes and shapes that are narrow and confined which facilitate capturing the
different adsorbates. The very tiny pores that characterized AC are mainly due to the
activation process and the successive release of volatile organic species. While RDPs
show larger pores with a random arrangement that facilitates the adsorption on the
surface. These findings are in support of the BET surface area results. The presence of
fine particles residing at the outer surface of the adsorbent solids is also shown. The
presence of such debris could be attributed to impurities found in the original RDPs.
Heat treatment and roasting may have facilitated the removal of such organic
impurities and hence their appearance is less on MDPs surface. The morphology of
the AC and RDPs particles was similar to that observed in the study by (Al-Ghouti,
2017). After adsorption images for adsorbent are shown in Figures 35, 36 and 37 for
Li, mixture solution of Li, Mo and B, Mo, and B respectively. It is clear that AC and
MDPs have a high number of pores that indicate a significant capacity for trapping
adsorbates. It is also shown that the structure of the adsorbent is changed, as the small
pores are reduced, while the large pores are increased which indicates a possibility of
different adsorption mechanisms. Also, the structure is smoothed for AC, RDPS, and
MDPs after the adsorption process comparing with the relatively rough and irregular
surfaces before the adsorption. The rough and irregular surfaces indicated a higher

adsorption capacity by trapping the adsorbate.
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Figure 34. Morphology characteristic of AC, RDPs and MDPs adsorbents.
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AC before the adsorptio AC after the adsorption

Figure 35. Morphology characteristic of AC, RDPs and MDPs before and after the

adsorption of Li.
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Figure 36. Morphology characteristic of AC, RDPs and MDPs before and after the

adsorption of the mixture of Li, Mo and B.
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Figure 37. Morphology characteristic of AC, RDPs and MDPs before and after the

adsorption of Mo.
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Figure 38. Morphology characteristic of AC, RDPs and MDPs before and after the

adsorption of B.

Study the effect of pH on the Adsorption process

The adsorption of metal ions from aqueous solutions is highly dependent on the
solution pH as it determines the hydrogen and hydroxyl ion concentrations (Al-Ghouti

et al., 2017). In this study, batch adsorption experiments are carried out in pH 2, 4, 6,
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8, and 10 to study the effect of pH on Li, Mo, and B adsorption. Changing pH values
alters the charge of the functional groups on the surface of the adsorbent, hence
affects the adsorption capacity Thus, at a pH < the point of zero charges (pHp), the
adsorbent accepts protons, and the surface becomes positively charged; hence the
surface adsorbs the anions and repels the cations. While at pH > pH,, the adsorbent
donates protons, and the surface becomes negatively charged; hence the surface
adsorbs the cations and repels the anions.

The effect of pH on the Li adsorption efficiency onto AC, RDP, MDP, and bentonite
were investigated, and the results are shown in Figure 39. It is illustrated that the
maximum percentage removal of Li was at pH 6 for RDP, pH 8 for MDP, pH 4 for
AC, and pH 2 and pH 8 for bentonite. It can be observed that the maximum removal
efficiency of Li by bentonite and AC was 12.65% and 14.05% under acidic conditions
at pH 2 and pH 4, respectively. However, the maximum adsorption percentage of Li
by RDP, MDP under alkaline conditions at pH 6 and pH 8 with removal percentage of
15.45%, and 14.6% respectively, also bentonite removal efficiency was and 12.2 % at
pH 8. This can be explained by the fact that increases in the pH values raise the
number of hydroxyl ions in the solution and the density of the negative charged
binding sites that electrostatically attract Li* cations. While the decrease of Li
adsorption onto RDP, MDP at low pH could be explained by the competition between
H* ions and Li-ions for the adsorption sites, thus the adsorbed capacity of Li
decreases. However, the increase of Li adsorption by AC and bentonite at low pH
could be explained by the attraction between the chloride ions at the adsorption sites
with Li-ions. While the decrease of Li adsorption by AC at high pH could be
explained by the electrostatic repulsion between the negatively charged species and

the adsorbent surface.
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Figure 39. Study the effect of pH on lithium adsorption using activated carbon,

bentonite, RDPs, and MDPs.

Figure 40 shows the tendency of Mo adsorption over AC, bentonite, RDPs, and

MDPs at different pH values. The results show clearly that the pH dependency of Mo

removal is critical at the investigated pH values. The Mo adsorption is affected by the

surface characteristics of the adsorbent and Mo species present in the aqueous

solution. In alkaline and neutral solutions, the H* ions concentration is very small, so

the dominant Mo species is monomeric Mo(V1) like [MoO,4]% ions ( Lee et al., 2011).

As the pH is lowered, more H* ions are available and the anion molybdate species

becomes protonated. Whether it polymerizes to hepta- or octa-molybdate depends on
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the pH and the Mo concentration, as at pH 5-6 the dominant species are hepta-
molybdate ions [Mo;0,4]% and at pH 3-5 the dominant species is octa-molybdate ions
[M0gO2]* (Zhao et al. 2012). The neutral species H,MoO, begins to form as the pH is
further decreased. While in more acidic solutions, the concentration of hydrogen ions
is high, so complexes with positive charges begin to form, and the [MoO_]?* ions are
the dominant species.

It is noted that the removal capacity is decreased with enhancing pH and showed a
maximum removal value at pH 2. This is possible due to the electrostatic attraction of
Mo species [M0O,]%* by the anion groups on the adsorbent surface. At higher pH, the
adsorption of Mo decreased due to the competition for the adsorption sites between
negatively charge molybdate species and hydroxyl ions (Zhao et al. 2012).
Additionally, the negative charge molybdate species are electrostatically repulsed
from the negative adsorption site. A similar favorable Mo adsorption with pH levels
was found in other adsorbent’s studies such as Tu et al., (2014) stated that the
maximum Mo adsorption (30.59 mg/g) was found at pH 2.75. In the current study,
when adsorption conditions were set at pH 2, Mo removal capacities observed in this
study were about 60.6%, 55.9%, 70.72%, and 49.57% using MDP, RDP, bentonite,
and AC respectively. However, low Mo removal efficiencies are observed when the
pH was in high alkaline conditions.

Figure 41 shows that boron adsorption efficiency under different pH values. The
maximum boron adsorption efficiency was about 31.65% for bentonite at pH 6, about
31.6% for AC at pH 6, and about 31.8% for MDP at pH8, 30.75%, and 29.35 % at pH
2 and pH 6 respectively for RDP. The result indicates that a weak acid solution (pH 6)
was efficient for boron adsorption because boron adsorption is affected by pH

conditions that could change the surface characteristics of the adsorbent and the
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dominant boron species available in the aqueous solution. Boric acid is a weak acid
with a pKa value of 9.24, so at pH less than 9, boric acid B(OH)3 is the dominant
species whereas at pH more than 9, borate B(OH), is the dominant species (Al-
Ghouti et al., 2018). Borate is negatively charged; it is electrostatically attracted with
hydrogen ions, while it is electrostatically repulsed with hydroxyl ions. It is well
known that the changes in pH conditions affect the ionization degree and the
adsorbents’ surface charge. Hence, boron adsorbent could have different mechanisms
such as coordination, ion exchange, electrostatic interactions, and other chemical
bindings besides the physical adsorption. As mentioned above at weak acidic
conditions, AC offered a higher adsorption efficiency in comparison to RDPs and
MDPs. While in a neutral environment it only reaches around 30% removal
efficiency. A strong acidic conditions pH 2, the removal efficiency is decreased using
MDPs due to the electrostatic repulsion between the boric acid B(OH); with the
protonation hydroxyl and carbonyl functional groups (AlGhouti et al., 2010).
Additionally, the presence of chloride ions which competes with boron ions on the
positive adsorption sites. While the high removal efficiency of boron at low pH is due
to the presence of excess CI ions that could interact with the anion functional groups
on the adsorbent surface hence CI attracting boric acid B(OH);. The increase of
boron adsorption by AC and MDPs with the increase of the pH of the solution could
be explained by a complexation reaction between the borate B(OH), and OH- on the
adsorbent’s surface. On the other hand, the decrease of the adsorption capacity at
higher alkalinity conditions is attributed to the competition for the active adsorption

sites between the dominant species of boron (borate) B(OH) , and hydroxyl ions.
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Figure 40. Study the effect of pH on molybdenum adsorption using activated carbon,

bentonite, RDPs and MDPs.
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Boron Adsorption using Activated Carbon
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Figure 41. Study the effect of pH on Boron adsorption using activated carbon,

bentonite, RDPs and MDPs.

Study the Effect of Initial Adsorbate Concentration on Adsorption Process

Figure 42 shows the effect of the initial concentration of Li on the adsorption process
using different adsorbents such as AC, bentonite, RDPs, and MDPs. The highest
removal efficiency of Li was about 64 % when the initial Li concentration was 80
ppm using AC, followed by about 59 % using MDPs when the initial Li concentration
was 50 ppm, about 35 % when the initial Li concentration was 20 ppm using
bentonite, and about 25% when the initial Li concentration was 20 ppm using RDPs.
The increase in initial Li concentration enhanced the adsorption capacity due to the
increase of the concentration of Li per unit weight of adsorbent. Also, the increase of
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the Li concentration increased the Li diffusion into pores. The decreasing of the
adsorption efficiency at 100 ppm concentration is related to the limited availability of
vacant adsorption sites. While the high adsorption capacity at low concentration is
attributed to the presence of unoccupied active adsorption sites. Similar results were
observed by Al-Ghouti et al. (2019), as the concentration of mercury increases the
adsorption capacity also increases on RDP and sulfur-modified- RDP. The
fluctuations trend of increasing and decreasing Li removal efficiencies with the
increase of the initial concentration are due to the heterogeneity of the adsorption
process and potential chemical bindings, besides the availability of different
oxygenated functional groups such hydroxyl, ether, and carbonyl that considerably

influence the adsorption mechanisms.
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Figure 42. Study the effect of concentration on lithium adsorption.

Figure 43 shows that the effect of the initial concentration of Mo on the adsorption
process using different adsorbents such as AC, bentonite, RDPs, and MDPs. The

highest removal efficiency of Mo was about 64 % when the initial Mo concentration
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was 100 ppm using MDPs. The adsorption of Mo increases with the increase of the
initial Mo concentration, which indicates a positive correlation due to the availability
of different adsorption mechanisms and more pores after the modification of date pits.
While the highest removal efficiency of Mo was 58 % using RDPs when the initial
Mo concentration was 20 ppm, 51 % at 20 ppm using AC, and 32% when the initial
Mo concentration was 100 ppm using bentonite. It is shown that the increase in initial
Mo concentration increased the adsorption capacity due to the increase of the Mo
concentration per unit weight of adsorbent, Mo diffusion into the internal layer,
besides the availability of various functional groups on the surface of the adsorbents.
The decreasing of the adsorption efficiency at high concentrations is related to the
limited availability of vacant adsorption sites. While the high adsorption capacity at
low concentration is attributed to the availability of unoccupied active adsorption

sites.

Study the Effect of Concentration on Molybdenum Adsorption
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Figure 43. Study the effect of concentration on molybdenum adsorption.
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Figure 44 shows that the effect of the initial concentration of boron on the adsorption
process using different adsorbents such as AC, bentonite, RDPs, and MDPs. The
adsorption of boron is decreased when the initial concentration is 100 ppm for all
adsorbents due to the unavailability of vacant adsorption sites. The highest removal
efficiency of boron was about 36 % when the initial boron concentration was 30 ppm
using MDPs, while it was 50 % using RDPs when the initial boron concentration was
40 ppm, 18 % when the initial boron concentration was 10 ppm using AC, and 54%
when the initial boron concentration was 30 ppm using bentonite. The high adsorption
capacity at low concentrations is attributed to the availability of unoccupied
adsorption sites. The increase in initial B concentration increases the removal
efficiency. This is predictable due to the increase of the B concentration per unit
weight of adsorbent. In addition, increasing the B concentration increased the B
diffusion into internal pores. Also, it is shown that there is a fluctuations trend of
increasing and decreasing the adsorption capacity due to the heterogeneity of
adsorption active sites and potential chemical bindings such as surface complexation
and/or mono-, di, and tri- coordination of B. The surface of the adsorbents had various
functional groups such as hydroxyl, ether, and carbonyl; hence, considerably
influence the adsorption mechanisms. The fluctuation trend of increasing and
decreasing bromide ions adsorption by RDPs was also observed by Al-Ghouti et al.,

(2017).
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Study the Effect of Concentration on Boron Adsorption
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Figure 44. Study the effect of concentration on boron adsorption.

Study the Effect of Temperature on Adsorption Process

Tables 14, 15 and 16 show the effect of temperature on the adsorption of Li and Mo
and boron respectively using AC, bentonite, RDPs, and MDPs. Figure 45 shows the
effect of temperature values 25 °C, 35 °C and 45 °C on Li adsorption using AC,
bentonite, RDPs, and MDPs respectively. Overall, the adsorption efficiency of Li
increases at 35 °C using the four adsorbents. At 35 °C, the maximum adsorption
efficiency reached 95% for AC, 94% using MDPs, 63% using bentonite, and 38%
using RDPs. The increasing of adsorption efficiency with temperature is attributed to
the increasing viscosity that enhances the mobility of metals. In addition to the
swelling effect that facilitates the intra-particle diffusion and enables metals to further
enter the internal pores hence increasing the adsorption capacity. While the removal
efficiency decreasing at 45 °C due to the high kinetic energy and mobility of Li that

cause a collision and prevent it from adsorption to active adsorption sites. Another
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reason for decreasing the adsorption that high temperature could break down the
adsorption bonds with active cites. At 45 °C, the maximum adsorption efficiency
reached 86% for AC, 83% using MDPs, 57% using bentonite and 29 % using RDPs.
The fluctuation trend of increasing and decreasing adsorption capacity indicates the
possibility of reversible adsorption and different diffusion mechanisms such as intra-
particle diffusion and complex formation (Al-Ghouti et al.,, 2010; Al-Ghouti et al.,
2017). Besides, the fluctuation trend of increasing and decreasing adsorption capacity
indicates that intra-particle diffusion governed the adsorption process more than the
external diffusion (Hawarietal., 2014).

Figure 46 shows the effect of temperature values 25 °C, 35 °C and 45 °C on Mo
adsorption using AC, bentonite, RDPs, and MDPs respectively. It was shown that the
adsorption efficiency of Mo increases at 35 °C using AC and RDPs. The maximum
adsorption efficiency reached 48% for AC and 50% for RDPs. The increasing of
adsorption efficiency with temperature is attributed to the increasing viscosity.
However, the removal efficiency was decreasing at 45 °C due to the mobility of Mo
that could prevent it from adsorption at active adsorption sites. At 45 °C, the
adsorption efficiency decreased to 40% for AC and 47% using RDPs. While the
adsorption efficiency decreases at 35 °C using the MDPS and bentonite adsorbents.
The maximum adsorption efficiency reached 38% using MDPs and 32% using
bentonite. However, the removal efficiency was increasing at 45 °C. As at 45 °C, the
maximum adsorption efficiency increased to 50% using MDPs and 33% using
bentonite.

Figure 47 shows the effect of temperature values 25 °C, 35 °C and 45 °C on boron
adsorption using AC, bentonite, RDPs, and MDPs respectively. The adsorption

efficiency of boron increases at 45 °C using AC, RDPs, and MDPs. The maximum
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adsorption efficiency reached 91% for AC, 72% for MDPs, and 46% for RDPs. While
the adsorption efficiency of boron increases at 35 °C using bentonite that reached the
maximum adsorption efficiency of 66%. The increasing of adsorption efficiency with
temperature is attributed to the increasing of viscosity. However, the removal
efficiency decreasing at 25 °C due to lower mobility of boron than at higher
temperature that could prevent it from adsorption at active adsorption sites. At 25 °C,
the adsorption efficiency decreased to 18% for AC, and 36% using MDPs. While the

adsorption efficiency decreases to 40% at 35 °C using the RDPS.

Table 14. The Effect of Temperature on Lithium Adsorption

Adsorbent Removal Efficiency %

at 25 °C at 35 °C at 45 °C
AC 64.07 95.16 86.42
Bentonite 35.24 63.83 57.90
RDPs 24.51 38.04 29.19
MDPs 58.66 94.17 83.43

Table 15. The Effect of Temperature on Molybdenum Adsorption

Adsorbent Removal Efficiency %

at 25 °C at 35 °C at 45 °C
AC 51.01 48.05 39.60
Bentonite 32.04 32.20 32.55
RDPs 57.60 49.60 47.49
MDPs 64.33 38.55 49.40

Table 16. The Effect of Temperature on Boron Adsorption

Adsorbent Removal Efficiency %

at 25 °C at 35 °C at 45 °C
AC 18.00 55.38 91.25
Bentonite 54.16 66.10 59.85
RDPs 44.96 40.13 45,58
MDPs 36.18 56.17 71.69

149



Lithium Adsorption using Activated Carbon
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Figure 45. Study the effect of temperature on lithium adsorption using activated

carbon, bentonite, RDPs, and MDPs.
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Molybdenum Adsorption using Activated Carbon
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Figure 46. Study the effect of temperature on molybdenum adsorption using activated
carbon, bentonite, RDPs, and MDPs.
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Study the Effect of Temperature on Boron Adsorption using AC

25°C ®35°C ®45°C

80
20 60
w * -
£ 40
(] [
T 20 e -
0 i P ° e %o ° °
0 20 40 60 80 100 120
Ce (mg/L)
Study the Effect of Temperature on Boron Adsorption using bentonite
25°C ®35°C @45°C
60
—_ ]
o0 L } .
5 40 ® e
E .
L 20 e & L
c e ¢ e
® 0% e
0 . T T T T T T T 1
0 10 20 30 40 50 60 70 80
Ce (mg/L)
Study the Effect of Temperature on Boron Adsorption using RDP
25°C ®35°C ®45°C
40
£ 20 . ¢
z . :
T 10 [ [ 3
e * °
0 . T ! . T T T T 1
0 20 40 60 80 100 120
Ce (mg/L)
Study the Effect of Temperature on Boron Adsorption using MDP
25°C ®35°C ®45°C
60
. [ ]
X
o 40 -
£ e . .
v 20 L P L] ¢
o (] ° oS [
e
0 . I. - T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Ce (mg/L)

Figure 47. Study the effect of temperature on Boron adsorption using activated
carbon, bentonite, RDPs, and MDPs.
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The Adsorption Models

In the current study, four adsorption models, namely Langmuir, Dubinin-
Radushkevich, Freundlich, and Temkin are applied to investigate the adsorption
process as shown in Appendix F. Adsorption isotherm models use the equilibrium
data that is reached after the adsorbate moves from the aqueous phase to the solid
phase, this equilibrium data is used to describe the interaction between the adsorbent
and adsorbate at a constant temperature. For example, if there is an electron transfer
between the adsorbent and adsorbate, this implies chemical adsorption of high energy
about 40 to 800 kJ/mol (Al-Ghouti & Da’ana, 2020). Hence, the desorption process is
difficult, while the adsorption process is irreversible and happens in monolayer. In
chemical adsorption, the possible interactions are mainly ionic or covalent bonds.
Therefore, if there is no electron transfer between the adsorbent and adsorbate, this
implies physical adsorption of low energies about 5 kJ/mol to 40 kiJ/mol. Hence the
desorption process is easy, while the adsorption process is reversible and happens in
multilayer. In physical adsorption, the different possible interactions are electrostatic,
hydrogen bonds, London forces, Van der Waals, or dipole-dipole (Al-Ghouti &
Da’ana, 2020). The summary of the adsorption parameters of the four adsorption
isotherm models in the current study is shown in Tables 17, 18, 19, and 20 using AC,
bentonite, RDPs, and MDPs respectively. The best-fit models for the experimental
data are selected based on the coefficient determination R? and chi-square 2. The
coefficient of determination R2 and X2 is calculated for each model using equations 26

and 27 respectively.

R2=1 Z?=1(Qi,exp_Qi,mod)2 =1 SSE 26
T IR (Giexpmai 27 7 st (26)
i=1(qLexp Qiexpmean)
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. e 2
XZ — Z?:l (CIL,exp Qimod) (27)

qimod

Where qiexp and q;moq are the equilibrium capacity (mg/g) taken from the
experimental (observed) and model (predicted) data respectively, n is the number of
sample size, SST is the sum of square of total deviation and SSE is the sum of square
error (Bonilla-Petriciolet et al., 2019).

The R2 value is sensitive to outliers, which could mislead in fitting the model. Thus,
x? is also used for the determination of the good fit model. Critical Chi (p-value) for
n=10 is 18.31 at a = 0.05 and 23.21 at o = 0.01, if the y? statistic is lower than the p-
value, the null hypothesis is not rejected, and it is concluded that there is no sufficient

evidence to that the experimental value is different from the model value.

Monolayer Adsorption and the Langmuir Isotherm
It is found that the Langmuir model describes well the adsorption of Mo by AC at 25
°C (R2=0.94 and y?= 4.8), the adsorption of Mo by Bentonite at 35 °C (R2 = 0.84
and y2= 3.8), the adsorption of Li by Bentonite at 45 °C (R2 = 0.88 and y? = 13), the
adsorption of Mo by RDPs at 35 °C (R2=0.99 and y 2= 12), the adsorption of Mo by
RDPs at 45 °C (R2=0.98 and y?= 10), and the adsorption of boron by bentonite at 45
°C (R2 = 0.84 and y?= 11). According to the Langmuir model, monolayer uptake of
Mo and Li occurs in these experiments. This indicates homogenous adsorption in
which the adsorption energies are uniform. Langmuir adsorption constant (b) is
associated with increased attraction between the adsorbate and adsorbent, the high b
value suggested the presence of strong binding while the lower b values suggest the
lower binding. Whereas the non-fitted plot of Langmuir model for Li and B

adsorption using AC and RDPs, and for Li and Mo using MDPs showed two different
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linear lines; one line is at low concentrations, and the other is at high concentrations.
This indicates the heterogeneous adsorption in which the highest adsorption energy
sites are adsorbed first, and then the second adsorption energies are created allowing
more adsorption at high concentrations. The creation of the second adsorption sites is
explained by the high concentration of adsorbate that creates pressure on the
adsorbent surface and forces the adsorbates into the internal surface and pores. In
addition, it could be explained by the formation of new adsorption sites due to the
pressure force that removes blocks that hider the adsorbates from entering the pores

(Al-Ghouti et al., 2010).

Temkin Isotherm
The Temkin isotherm model is the best fit to describe the adsorption of Mo by AC at
25 °C (R2=0.87 and y? = 6), the adsorption of Li by AC at 35 °C (R2=0.93 and y?=
9.5), the adsorption of Li by AC at 45 °C (R2 = 0.75 and y?= 23), the adsorption of
Mo by bentonite at 25 °C (R2 = 0.78 and y?= 15.31), the adsorption of Mo by
bentonite at 35 °C (R2 = 0.77 and y? = 8.23), the adsorption of Mo by bentonite at 45
°C (R2 = 0.87 and y?= 0.97), the adsorption of Li by RDPs at 25 °C (R2 = 0.80 and
x?= 4.3), the adsorption of Mo by RDPs at 25 °C (R2 = 0.81 and y?= 10.2), the
adsorption of Mo by RDPs at 35 °C (R2=0.91 and y?2= 7.6), the adsorption of Li by
RDPs at 35 °C (R2=0.93 and y?= 0.7), the adsorption of Mo by RDPs at 45 °C (R2=
0.80 and y 2= 2.8), the adsorption of Li by RDPs at 45 °C (R2=0.75 and y?= 6.8),
the adsorption of Mo by MDPs at 35 °C (R2 = 0.68 and y2= 12.7), the adsorption of
Li by MDPs at 35 °C (R2=0.91 and y? = 8.4), the adsorption of boron by bentonite at
45 °C (R2 = 0.73 and y?= 19), the adsorption of boron by MDPs at 35 °C (R2 = 0.91

and y2 = 3.5), and the adsorption of boron by RDPs at 45 °C (R2=0.83 and y2=9.3).
155



Temkin model indicates the heat of adsorption and the interaction between the
adsorbate and adsorbent. Temkin isotherm equation assumes that the heat of
adsorption affects the adsorbate concentration, which is decreases linearly with the
layer coverage onto a heterogeneous surface. The other assumption is that the

adsorption binding energies are a uniformly distributed until it reaches maximum
binding energy. At is Temkin isotherm equilibrium binding constant (L/g), (%) is the

constant related to the heat of adsorption (J/mol). When the heat of adsorption, by

decreased as the temperature increased, it indicates that the adsorption is exothermic.

Freundlich Isotherm

The Freundlich isotherm model describes well the adsorption of Mo by AC at 25 °C
(R2=0.97 and y?=1.9), the adsorption of Li by AC at 35°C (R2=0.95and y?=19.2),
the adsorption of Mo by bentonite at 35 °C (R2 = 0.83 and y 2= 3.2), the adsorption of
Mo by bentonite at 45 °C (R2 = 0.94 and y?= 22), the adsorption of Mo by RDPs at
35°C (R2=0.94 and y2= 1.7), the adsorption of Mo by RDPs at 45 °C (R2? = 0.94
and y?= 8.7), the adsorption of Li by MDPs at 35 °C (R2=0.98 and y?=5.4), and
the adsorption of boron by MDPs at 35 °C (R2=0.86 and y 2 = 42).

According to the Freundlich model, multilayer uptake of Mo and Li happens in these
experiments, which indicates heterogeneous adsorption energy. Thus, both
chemisorption and physisorption are proposed adsorption mechanisms. It is also
noticed that the values of Freundlich adsorption constant (Kj) increase with increasing
the temperature at 35 °C; While it is decreased at a greater temperature at 45 °C. The
value of 1/n is the intensity of the adsorption indicating the surface heterogeneity and
the distribution of binding energy. When the value (1/n) is greater than zero (0 < 1/n <

1) the adsorption is favorable, while if the value of (1/n) is greater than 1, the
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adsorption process is unfavorable, and if 1/n is equal to 1, the adsorption process is
irreversible. For example, the value (1/n) is 0.893 in the adsorption of Mo by AC at
25 °C, which is favorable indicating 89% of the active sites have the same adsorption
energy. The adsorption of Mo by bentonite at 35 °C, and RDPs at 35 °C, are also
favorable; While the adsorption process is unfavorable for the adsorption of Li by AC
at 35 °C, the adsorption of Mo by bentonite at 45 °C, the adsorption of Mo by RDPs at
45 °C, and the adsorption of Li by MDPs at 35 °C are unfavorable. Consequently, (n)

value near one indicates a homogeneous surface.

Dubinin—Radushkevich (D-R) Isotherm
Dubini-Radushkevich isotherm model is best fit to describe the adsorption of Mo at
35 °C by MDP (R% = 0.92). K is the adsorption energy constant, ¢ is Polanyi
adsorption potential, which is the amount of energy, required to desorb the adsorbate
from its adsorption site. The Dubinin-Radushkevich model is temperature-dependent

and when the value of low mean free energy (E) indicates physisorption.

Table 17. Langmuir, Dubini-Radushkevich, Freundlich Parameters for the Adsorption

Process by Activated Carbon.

Temperat

Model ure Parameter Li Mo B
Q- (mg/g) -0.54 74 -34
o5 b (L/mg) -0.043 0.013 -0.0018
R? 0.69 0.93 0.57
X2 102 4.8 34
Q- (mg/g) -49 -3.3 57
Langmuir 35 b (L/mg) -0.18 -0.023 0.0022
R2 0.91 0.44 0.28
X2 936 170 178
Q- (mg/g) -51 -2.9 6.1
45 b (L/mg) -0.044 -0.026 0.38
R? 0.90 0.60 0.038
X2 792 50 159
Freundlich 25 1/n 1.58 0.89 0.73

157



Temperat

Model ure Parameter Li Mo B
K (mglg)(L/mg)*™  0.060 1.05 0.16
R? 0.58 0.96 0.19
X2 257 1.9 40
1/n 1.1 0.76 0.28
35 Ky (mg/g)(L/mg)¥n 12 0.62 1.48
R? 0.94 0.45 0.084
X2 9.2 30 57
1/n 0.74 0.99 0.53
A5 Ky (mg/g)(L/mg)¥n 4,97 0.24 2.3
R2 0.72 0.55 0.13
X2 69 41 146
qs (mg/g) 18 26 2.07
o5 K (mol/kJ?) -3E-05 -1E-05 -9E-06
R? 0.89 0.88 0.16
X2 119 213 67
Dubini- qs (mg/g) 61 12 4.8
Radushkevich 35 K (moP/kJ2) -4E-07 -1E-05  -4E-06
R? 0.81 0.70 0.16
X2 34 24 43
q (mg/g) 39 10 22
45 K (mol/kJ?) -2E-06 -1E-05 -8E-07
R2 0.86 0.69 0.14
X2 88 37 382
B (J/mol) 8.63 11 1.6
o 286 213 1545
25 At (L/mg) 0.26 0.27 0.27
R2 0.21 0.87 0.17
X2 105 6 23
B (J/mol) 34 0.43 -0.213
Temkin by 72 596 -11636
35 At (L/mg) 1.58 4.1 6E-08
R? 0.92 0.42 0.016
X? 9.5 60 -
B (J/mol) 15 5.21 5.07
by 160 474 488
45 At (L/mg) 0.89 0.23 4.2
R? 0.74 0.44 0.093
X2 23 25 112
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Table 18. Langmiur, Dubini-Radushkevich, Freunlich Parameters for the Adsorption

Process by Bentonite.

Tempera

Model ture Parameter Li Mo B
Q- (mg/g) 14.61 -5.133  0.083
o5 b (L/mg) 0.021 -0.012  0.027
R? 0.583 0.782 0.50
X2 49 90 2200
Q- (mg/g) 8.86 15197 -9.8
Langmuir 35 b (L/mg) 0.151 0.018 -0.015
R2 0.206 0.839 022
X2 256 3.8 359
Q- (mg/g) -1.15 -1.266 222
45 b (L/mg) -0.031 -0.030  0.0033
R? 0.881 0.944 0.84
X2 13 34 11
1/n 0.72 1.78 0.55
25 Ky (mg/g)(L/mg)¥n  0.55 0.017 1.4
R? 0.51 0.90 0.32
X2 25 34 116
1/n 0.81 0.67 1.1
Freundlich 35 K (mg/g)(L/mg)n  0.92 0.49 0.36
R? 0.54 0.83 0.50
X2 78 3.2 125
1/n 1.70 1.97 1.2
15 Ky (mg/g)(L/mg)¥»  0.020 0.010 0.27
R? 0.80 0.93 0.62
X2 190 22 54
qs (mg/g) 7.8 6.3 11
o5 K (mol/kJ?) -7E-06 -2E-05  -5E-06
R2 0.46 0.44 0.28
X2 54 195 336
Dubini- q, (mg/g) 24 5.9 15
Radushkevich 35 K (mol/kJ?) -3E-05 -6E-06  -5E-06
R? 0.63 0.66 0.27
X2 45 10 185
qs (mg/g) 9.3 11 19
45 K (mol/kJ?) -2E-05 -2E-05  -9E-06
R? 0.70 0.71 0.49
X2 137 61 91
B (J/mol) 51 14 6.1
b 483 166 402
Temkin 25 At (L/mg) 0.21 0.081 0.24
R? 0.48 0.78 0.20
X2 25 15 83
35 B (J/mol) 7.9 2.9 12
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Tempera

Model Parameter Li Mo B

ture
by 311 853 198
At (L/mg) 0.36 0.25 0.24
R? 0.45 0.76 0.46
X2 34 8.12 22
B (J/mol) 7.1 11 12
by 346 217 191

45 At (L/mg) 0.11 0.11 0.22
R? 0.62 0.87 0.73
X2 98 0.97 19

Table 19. Langmuir, Dubini-Radushkevich, Freundlich Parameters for the Adsorption

Process by RDPs.
Temperat .
Model ure Parameter Li Mo B
Q- (mg/g) -0.18 45 -0.38
o5 b (L/mg) -0.029 0.010 -0.034
R2 0.87 0.64 0.56
X2 205 39 32
Q- (mg/qg) -1.7 21 -23
Langmuir 35 b (L/mg) -0.033 0.037 -0.0043
R? 0.84 0.94 0.61
X2 53 12 36
Q- (mg/g) -0.440 -100 -2.8
45 b (L/mg) -0.030 -0.005  -0.035
R2 0.883 0.978 0.62
X2 108 10 376
1/n 2.2 1.04 0.66
o5 Kr (mg/g)(L/mg)Y"  0.0016 0.36 1.0
R2 0.80 0.67 0.28
X2 41 29 51
1/n 1.5 0.67 0.80
Freundlich 35 K (mg/g)(L/mg)¥n  0.061 1.34 0.24
R? 0.840 0.94 0.50
X2 27 1.7 30
1/n 1.9 1.1 1.2
45 K (mg/g)(L/mg)¥"  0.006 0.39 0.21
R2 0.84 0.93 0.76
X2 30 8.7 31
Dubini- qs (mg/g) 6.1 23 6.4
Radushkevich o5 K (mol/kJ?) -3E-02 -bE-05  -2E-05
R? 0.72 0.89 0.46
X2 - 6.5E06 36
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Temperat

Model ure Parameter Li Mo B
qs (mg/g) 13 13 5.0
- K (mol/kJ2) 2E-02  -4E-06 -1E-05
R? 0.83 0.79 0.46
X2 - 15 42
qs (mg/g) 7.1 16 18
45 K (moP/kR2) 2E-02  -5E-06 -1E-05
R2 0.73 0.58 0.89
X - 74 41
B (3/mol) 6.2 8.6 12
by 398 285 2004
25 At (L/mg) 0.12 0.22 21
R? 0.79 081  0.017
X2 4.3 10 692
B (3/mol) 9.0 6.2 3.2
. by 27494  396.70 764
Temidn 35 At (L/mg) 0.158 0360  0.20
R? 0.93 091 043
X2 0.7 7.6 23
B (J/mol) 6.405 13.03 92
by 386.96  190.26 268
45 At (L/mg) 0.123 0.180  0.21
R? 0.75 0.80  0.83
X2 6.8 2.8 9.3

Table 20. Langmiur, Dubini-Radushkevich, Freunlich Parameters for the Adsorption

Process by MDPs.
Model Temper Parameter Li Mo B
ature
Q- (mg/g) -0.28 -71 -1.0
o5 b (L/mg) -0.040 -0.0076  -0.035
R? 0.67 0.78 0.90
X2 261 157 63
Q- (mg/g) -59 -0.28 -2.2
Langmuir 35 b (L/mg) -0.15 -0.038 -0.038
R? 0.97 0.72 0.67
X2 105 290 33
Q- (mg/g) -3.6E-05 0.58 -6.39
45 b (L/mg) -0.027 -14 -0.046
R? 0.96 0.62 0.29
X2 42286 598 1.9E05

161



Temper

Model Parameter Li Mo B
ature
1/n 1.5 1.1 1.8
o5 Kf (mg/g)(L/mg)/n 0.037 0.53 0.017
R?2 0.48 0.52 0.86
X2 201 123 42
1n 1.1 1.6 1.3
Freundlich 35 Kr (mg/g)(L/mg)¥n 12 0.023 0.17
R? 0.97 0.68 0.72
X2 5.4 54 68
1n 0.87 0.19 1.1
A5 Ky (mg/g)(L/mg)¥n 3.3 0.72 0.92
R2 0.62 0.44 0.54
X2 362 2192 84
qs (Mmg/g) 12 35 25
o5 K (mol/kJ?) -3E-05 -4E-05 -7E-05
R2 0.733 0.53 0.97
X2 119 173 45
Dubini- qs (mg/g) 57 12 19
Radushkevich 35 K (mol/kJ?) -4E-07 -3E-05 -2E-05
R2 0.76 0.91 0.88
X2 118 9997 26
qs (mg/g) 55 0.72 37
45 K (mol/kJ?) -0.0025 -0.19 -8E-06
R? 0.74 0.44 0.66
X2 - - 52
B (J/mol) 8.4 27 10
by 294 89 234
25 At (L/mg) 0.18 0.14 0.13
R?2 0.35 0.67 0.91
X2 63 71 3.5
B (J/mol) 34 6.6 9.9
Temkin o 72 370 248
35 At (L/mg) 1.52 0.17 0.21
R? 0.91 0.68 0.61
X2 8.4 12.7 25
B (J/mol) 13 1.6 16
by 179 1469 146
45 At (L/mg) 0.77 0.11 0.33
R? 0.75 0.49 0.62
X2 124 1120 15
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Thermodynamic Study

Tables 21, 22, and 23 show the thermodynamic parameters for Li, Mo and B
adsorption respectively. Thermodynamic parameters are essential to understand the
adsorption process. Thermodynamic studies estimate standard Gibbs free energy
change (AG°®), standard enthalpy change (AH®), and standard entropy change (AS°).
These parameters help to verify if the adsorption is favorable, spontaneous,
endothermic, or exothermic. Also, it helps to investigate the adsorption nature, as
physical adsorption or chemical adsorption (Al-Ghouti & Da’ana, 2020). Physical
adsorption is an exothermic process that is characterized by the heat of adsorption
lower than 20 kJ/mol for van der Waals, and it is from 20 kJ/mol to 80 kJ/mol for
electrostatic interaction, while it is from 80 kJ/mol to 450 kJ/mol for chemical
adsorption (Bonilla-Petriciolet et al., 2017). The potential energy is the sum of all
interactions between the adsorbate and the active sites on the surface of the adsorbent.
Thus, if the adsorption process is spontaneous, there is a decrease in Gibbs free
energy, such that AG® is less than zero. Further, according to thermodynamics, the
entropy increases, and AH® decreases, and hence heat is released (Noll et al., 1990).
The estimation of the adsorption thermodynamic parameters is found by plotting (1/T)
versus (In b), where (b) Langmuir isotherm constant, or In (Ky, where (Ky is
Freundlich isotherm constant, depending on the applicability of the models as shown
in Figures 48, 49, 50 and 51, the graph is known as the Van’t Hoff plot. The
adsorption of Li on AC and MDP at 35 °C and 45 °C, beside the adsorption of boron
on AC at 25°C, 35 °C and 45 °C showed negative values for free energy that indicates
a spontaneous and favorable adsorption process. The value of AG® is increased for
higher temperature showing more favorable and spontaneous adsorption at high

temperature. However, the positive value of AH° inferred that experiment favored
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endothermic pathway, and the magnitude of AH® from 150 kJ/mol to 180 kJ/mol can
give an idea that electrostatic interaction and chemical adsorption occur between the
adsorbent and adsorbate. In relation to the positive entropy values that suggest
dissociative adsorption and the possibility of some structural changes or
readjustments in the adsorbate—adsorbent that forms an active complex. Finally,
(TAS®) contributes more than AH°, thus the adsorption is an entropy-controlled

process.

Table 21. Thermodynamic Parameters of Lithium Adsorption

Adsorbent  Temperature Inborinh Ki*  AG® AH® AS°®
°C (kJ/mol)  (kJ/mol) (J/mol.K)

AC 25 -2.8 4.5
35 2.5 -1.3 180 580
45 1.6 -7.0

Bentonite 25 -3.9 8.0
35 -1.9 8.3 -0.22 -28
45 -4.0 8.5

RDP 25 -6.4 14
35 -2.8 12 55 140
45 -5.1 11

MDP 25 -3.2 5.4
35 2.5 -0.47 181 590
45 1.2 -6.4

*  Langmuir isotherm constant (b) or Freundlich isotherm constant (Kf) depend on the applicability of the models.

Table 22. Thermodynamic Parameters of Molybdenum Adsorption

Adsorbent  Temperature Inborin K¢*  AG® AH® AS°
°C (kJ/mol)  (kJ/mol) (J/mol.K)

AC 25 -4.4 8.9
35 -0.47 5.2 120 360
45 -1.4 1.6

Bentonite 25 -4.0 9.8
35 -4.0 11 -18 -93
45 -4.5 12

RDP 25 -4.6 12
35 -3.3 7.4 144 444
45 -0.93 3.0
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MDP

25 -0.63 4.2
35 -3.8 4.0 10
45 -0.31 3.8

19

*

Langmuir isotherm constant (b) or Freundlich isotherm constant (Kf) depend on the applicability of the models.

Table 23. Thermodynamic Parameters of Boron Adsorption

Adsorbent  Temperature Inborin Ki*  AG° AH° AS°
°C (kJ/mol)  (kJ/mol) (J/mol.K)

AC 25 -1.8 -25
35 4.0 -30 150 580
45 1.8 -36

Bentonite 25 -2.5 5.5
35 -1.0 4.1 47 140
45 -1.3 2.7

RDP 25 0 -0.49
35 -0.2 1.5 -61 -203
45 -1.5 35

MDP 25 -4.0 9.9
35 -1.8 4.9 160 495
45 -0.31 0.015

*

InK,

Langmuir isotherm constant (b)or Freundlich isotherm constant (Kf) depend on the applicability of the models.
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Thermodynamic Parameters for boronadsorption Bentonite
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Figure 48. Van 't Hoff plot for adsorption process using bentonite.
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Thermodynamic Parameters for Boron adsorption AC
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Figure 49. Van 't Hoff plot for adsorption process using activated carbon.
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Figure 50. Van 't Hoff plot for adsorption processusing RDPs.
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Thermodynamic Parametersfor Li adsorption MDPs
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Figure 51. Van 't Hoff plot for adsorption process using MDPs.

Mixture Solutions Adsorption Experiments
The mixture of five solutions were prepared to study the effect of the concentration of
a mixture solution of Li, Mo, and B on the adsorption process. The concentrations of
Li, Mo, and B in each mixture solution are shown in Table 24. The adsorption
experiment is conducted at pH 7 to compare the result with the real water pH mean

value of (7.3), and it was the optimum pH value for the adsorption of Li, Mo, and B.
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Table 24. The effect of the concentration of a mixture solution of lithium,

molybdenum, and boron on the adsorption process

Initial Concentration C, (mg/L)

Molybdenum Lithium Boron
Mixture 1 5 5 5
Mixture 2 10 10 10
Mixture 3 20 20 20
Mixture 4 30 30 30
Mixture 5 5 10 20

The adsorption experiment of a mixture of adsorbates in GW is more complicated
than the single compound adsorption. This is due to the interaction between the
adsorbate that could be synergic, antagonistic or no interaction could happen, that is
related to many factors such as the physicochemical properties of the adsorbates, and
their concentrations, GW properties such as temperature and pH, and the
physicochemical properties of the adsorbent. The complex physicochemical nature of
some pollutants in GW challenges the adsorption processes treatment. In the current
study, efforts are focused to improve the different phases of the adsorption process for
removing pollutants.

In general, as shown in Figure 52, the adsorption of boron is increased with the
increase of boron concentration in mixtures 1, 2, and 3, and then it is decreased in
mixture 4 because all the active sites are occupied by the adsorbates. The highest
percent of boron removal is 68% using AC as an adsorbent in the mixture 3 using 20
mg/L of B, Li, and Mo concentrations due to lower competition for the active sites
than the highest concentrations in the mixture 4. The use of MDPs and bentonites
gave a percent of boron removal of 67%, which is close to AC percent of boron
removal for the same mixture, followed by 66% percent of boron removal using

RDPs. However, the percent of boron removal is reduced in mixture 4 using 20 mg/L
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boron, 10 mg/L Li, and 5 mg/L Mo concentrations because Li and boron ions
compete with boron ions on the adsorption sites.

Figures 53 and 54 shows that the adsorption of Li and Mo in mixture 1 using the
lowest concentrations is higher than the adsorption of boron. The percent of Li
removal is the highest in mixture 3, while the highest percent of Mo removal was at
the lowest mixture concentration. The adsorption of Li is increased with the increase
of the mixture concentration because Li-ions compete with Mo and B ions on the
active sites that allow more Li ions to adsorb. The highest percent of Li removal was
59% using bentonite in mixture 3 using 20 mg/L of B, Li, and Mo concentrations due
to lower competition for the active sites than the mixture 4 with the highest
concentrations, followed by percent of Li removal 57% by the use of AC, and 56% by
the use of date pits and MDPs. MDPs showed the highest percent of Mo removal in
the mixtures 1, 2 and 3, and the highest percent of Mo removal was 48% at mixture 1
with the lowest concentrations. While in mixture 4 bentonite showed the highest Mo
adsorption that the percent of Mo removal reached 38.4 % followed by 28% using

MDPs.
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Study the Effect of the Concentration of a Mixture Solution on Boron Adsorption
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Figure 52. The effect of the concentration of a mixture solution in boron adsorption.

Study the Effect of the Concentration of a Mixture Solution on Lithium Adsorption
16 1

1 ] $ % K

% A
£ 8
& a
6
A OXA X
4
X
N & °
0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
Ce (mg/L)

© Activated Carbon O Bentonite Roased Date-Pits X Modified Date-Pits

Figure 53. The effect of the concentration of a mixture solution in lithiumadsorption.
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Study the Effect of the Concentration of a Mixture Solution on Molybdenum Adsorption
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Figure 54. The effect of the concentration of a mixture solution in molybdenum

adsorption.

Real GW Adsorption Experiments

Three real GW samples are used to study the adsorption of B, Li, and Mo using the
four adsorbents, namely AC, bentonite, RDPs, and MDPs. The effect of temperature
was also studied at 25 °C as shown in Figures 55, 56, and 57, and at 35°C as shown in
Figures 58, 59, and 60. The concentrations of B, Li, and Mo on the three studied GW
samples are shown in Table 25. The adsorption of boron decreased with the increase
in boron concentration in GW samples due to the compete with Li and Mo ions on the
active sites. The highest percent of boron removal is in GW sample 3 due to the
availability of active sites for boron adsorption. The maximum percent of boron
removal at 25 °C is 44% using RDPs followed by bentonite, AC, and MDPs with
42%, 40%, and 39% respectively. The adsorption of boron decreases at 35°C in the

samples that have low boron concentration, while it increases at 35°C for high
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concentration samples due to increasing boron ions mobility that bombarded with
some adsorbed ions and hence restructure the adsorption ions. The maximum percent
of boron removal at 35 °C is 40% using MDPs followed by RDPs, AC, and bentonite
with 38%, 37%, and 36% respectively.

The adsorption of Li was decreased with the increase in the Li concentration due to
competition with the high boron concentrations on the active sites. The percent of Li
removal is the same for all adsorbents, and it reached the percent of Li removal of
only 9% in GW sample 3. The adsorption of Li increased with the temperature at 35
°C due to the mobility of adsorbate, which rearranges the adsorption process and
allows more Li to adsorb. All adsorbents, namely MDPs, RDPs, AC, and bentonite
showed the same maximum percent of Li removal that reached 19% in GW sample 3.
Similar behavior is also noticed with Mo adsorption.

In general, MDPs showed the highest adsorption of Mo in all GW samples. The
adsorption of Mo increased with the increase in Mo concentrations, and the maximum
Mo removal at 25 °C is 80% in sample 1 followed by 78% in sample 3 by using
MDPs followed by RDPs, bentonite, and AC, with 75%, 71%, and 68% percent of
Mo removal respectively. The adsorption of Mo increases with the increase in the
temperature, the maximum percent of Mo removal at 35 °C reached 92% in sample 3
and 80% in sample 2 using MDPs followed by AC with 75% percent of Mo removal
in sample 3, then 73% percent of Mo removal in sample 1 that has the lowest Mo
concentration using MDPs and RDPs, and 71% percent of Mo removal using

bentonite in sample 3.
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Table 25. The Concentration of lithium, molybdenum and boron on the three studied

GW samples.
Initial Concentration C, (ug/L)
Molybdenum Lithium Boron
GW Sample 1 75 209 4523
GW Sample 2 77 465 4101
GW Sample 3 142 99 1502
The Study of boron adsorption at 25 °C.
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Figure 55. The Study of boron adsorption from GW Samples at 25 °C.
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The Study of Lithium Adsorption at 25°C
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Figure 56. The Study of Lithiumadsorption from Real GW Samples at 25 °C.
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Figure 57. The Study of Molybdenum adsorption from GW Samples at 25 °C.
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The Study ofboron adsorption in Real GW Samples at 35 °C.
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Figure 58. The Study of boron adsorption from GW samples at 35 °C.
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Figure 59. The Study of lithium adsorption from GW samples at 35 °C.
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The Study of Molybdenum adsorption in Real GW Samplesat 35 °C.
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Figure 60. The Study of molybdenum adsorption from GW samples at 35 °C.

Statistical Analysis for Adsorption Experiments

The results of statistical analysis for the adsorption experiment are shown in
Appendix G. The experimental design of the experiments was factorial and
completely randomized design (CRD). Thus, ANOVA single factor is used to study
the effect of pH on the adsorption capacity of Li, B, and Mo ions since the
temperature and initial concentration were constant through the experiment. While
ANOVA two-factor with replication is used to test the relationship between initial
boron concentration and temperature.

The ANOVA single factor test was conducted to test the effect of pH on Li, B, and
Mo adsorption using AC, bentonite, RDPs, and MDPs. There is not a significant

difference between the absorbate concentrations and pH value as the F < Fcyitical, and

177



p- value > 0.05, and the null hypothesis of equal means is not rejected.

The two-factor ANOVA with replication test was conducted to test the relation
between temperature and concentration using AC, bentonite, RDPs and MDPs. The
two-way ANOVA test showed a high significant difference between Mo
concentration and temperature as the F > Fcyitica, and p- value < 0.05, thus the null
hypothesis of equal means is rejected. However, there is not significant difference
between (column) the adsorbents namely AC, bentonite, RDPs, and MDPs
concentration. Boron concentration is not significantly different between different
temperatures because p-value > 0.05. The two-way ANOVA test showed a highly
significant difference between Li concentration and temperature as the F > Feyitical, and
p-value < 0.05, thus the null hypothesis of equal means is rejected. In addition, there
is a highly significant difference between (column) the adsorbents namely AC,
bentonite, RDPs and MDPs as the F > Fcyitica, and p-value < 0.05.

The ANOVA single factor test was performed for the effect of a mixture
concentration on Li, B and Mo adsorption using AC, bentonite, RDPs and MDPs. The
results were not significantly different between the absorbate concentrations with the
changing in the mixture concentrations as the F < Fciiticat, and p-value > 0.05, thus the
null hypothesis of equal means is not rejected.

The two-way ANOVA test showed a highly significant difference between Mo
concentration and temperature in the adsorption experiment using GW samples as the
F > Fcritica, @and p-value < 0.05, thus the null hypothesis of equal means is rejected. In
addition, there is a highly significant difference between (column) the adsorbents

namely AC, bentonite, RDPs and MDPs as the F > Fcitical, and p-value < 0.05.
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Comparative Adsorption Study

Tables 26, 27, and 28 show the comparison of Li, Mo, and B adsorption respectively
in different solutions such as single adsorbate solution, the mixture of the adsorbate’s
solution, and real GW solution at 25 °C. The adsorption of Li from mixture solution
that contains is highest for MDPs (26% percent of removal), while the adsorption
decreases in real GW solutions than the adsorption from Li and mixture solutions
because Li concentration in real GW is very low. Besides, Li ions could not compete
with the other ions present in the solution to the active sites. Thus, the ionic strength
of the solution affects the adsorbent-adsorbate electrostatic interactions (Wong et al.,
2003).

The adsorption capacity of Mo from the solution that contains 5 ppm Mo is highest by
using MDPs (80% percent of removal). The adsorption of Mo increases significantly
in real GW solutions than the adsorption in Mo solution and mixture solution because
Mo concentration in GW is very low and Mo ions have a higher capacity to adsorb
onto the active sites than other ions. This indicates that the adsorption of Mo onto
MDPs surface has various adsorption mechanisms such as electrostatic interaction,
ion change and complex formation onto the active sites, besides possible intra-
diffusion into pores.

Furthermore, the adsorption capacity of boron is highest in real GW solution (37%
percent of removal). The adsorption of B increases in real GW solutions than the
adsorption in B solution and mixture solution that indicates possible facilitating of the
adsorption mechanisms onto the active sites and intra-diffusion that enhance the

adsorption capacity.

179



Table 26. Comparative Study for Lithium Adsorption at 25 °C

Adsorbent Removal Efficiency %
Li Solution Mixture Solution Real GW
(5 ppm Li) (5 ppm Li) (0.465 ppm Li)
AC 19 23 9
Bentonite 19 33 7
RDPs 10 24 7
MDPs 14 26 9

Table 27. Comparative Study for Molybdenum Adsorption at 25 °C

Adsorbent Removal Efficiency %
Mo Solution Mixture Solution Real GW
(5 ppm) (5 ppm) (0.143 ppm)
AC 49 17 68
Bentonite 8 19 27
RDPs 32 34 73
MDPs 37 49 80

Table 28. ComparativeSstudy for Boron Adsorption at 25 °C

Adsorbent Removal Efficiency %
B solution Mixture Solution Real GW
(5 ppm B) (5 ppm B) (4.5 ppm B)
AC 17 16 25
Bentonite 27 17 24
RDPs 18 25 25
MDPs 28 31 37

Mo and B do not form simple ions in aqueous solution; while Li form Li* cations. In a
slightly alkaline aqueous solution, the dominant Mo species are molybdate anions
MoOZ~ as +6 is the most stable oxidation state for Mo. While the dominant species of
boron are borate anions B(OH) , as shown by the equilibrium reaction equation 28.

H3803 + Hzo > B(OH); + H* (28)
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Date pits consist of about 17.5 % hemicellulose, 11.0 % lignin, and 42.5 % cellulose
(Al-Ghouti et al, 2010). Lignin is considered as the cementing matrix that holds
cellulose and hemicellulose units together; while cellulose and hemicellulose contain
oxygenated functional groups such as hydroxyl, ether, and carbonyl (Hawari et al.,
2014). This is supported by the FTIR results that showed the availability of the
different oxygenated functional groups such as hydroxyl, carboxyl, and thiol groups
that indicate the possibility of chemical adsorption mechanisms besides the physical
adsorption. Physical adsorption is supported by the physical analysis results using
SEM and BET that showed the high surface area and the pores volume of AC and
MDPs adsorbents that enhanced the adsorption capacity. While the availability of the
negative active functional groups indicates chemical adsorption mechanisms such as
hydrogen bond, electrostatic interaction, and/or complexation. Thus, the proposed
adsorption mechanisms onto MDPs active sites are dispersion forces known as van
der Waal’s forces, electrostatic interaction, hydrogen bond and/or complexation. This
is supported by the thermodynamic results that the adsorption of Li on AC and MDP
at 35 °Cand 45 °C, beside the adsorption of boron on AC at 25°C, 35 °C and 45 °C
showed negative values for free energy AG® that is increased for higher temperature,
while the magnitude of AH® from 150 to 180 that indicates electrostatic interaction
and chemical adsorption.

In an alkaline solution, the surface functional groups such as carboxylic and phenolic
acids are deprotonated, and the surface charge becomes negatively charged. Thus, Li*
cations electrostatically interact with the negative functional groups. Also, Li* could
interact with borate ions because Li is alkali earth metal that form metallic complexes
such as [LiIB(OH),]*, and [Li,M00O4]?*. Al-Ghouti & Salih (2018) showed that

magnesium ion reacted with borate ion to form the complex [Mg B(OH),]* at a basic
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solution. On the other hand, MoOZ~ and B(OH), anions are repelled with negatively
charged functional groups. Shan et al. (2012) showed that MoOZ~ adsorbed by ion
exchange with hydroxyl ions or neutral water molecules available in the solution
around adsorbent that is made from orange peels. Thus, the proposed mechanisms for
MoOZ~ and B(OH), adsorption is that cellulose and/or lignin captures free proton
during complexing of borate and molybdate by functional groups such as hydroxyl
which then interact with borate ion through a covalent attachment and form a
coordination complex as shown in Figure 61 and 62. A similar mechanism is shown
by Wolska & Bryjak (2013) that described the formation of mono-, di, and tri
coordination of boron complexation by tertiary amine groups. The possible surface
complexation (mono-, di-, and tri-coordination) onto MDPs between surface
hydroxyls (XOH) and adsorbate ions (A) such as Li* cations (A*), and MoOZ~ and

B(OH), anions (A-) are described in reaction equations 29, 30, 31 and 32.

XOH )+ Hfsq) <> XOHjq, (29)
XOH3 ) = X0gqy *+ Hag) (30)
X0{aq) * Alag) < XAgg) (31)
XOHz g + Afaq)* Hiagy < XA(s) +H2 O (32)

Furthermore, the intra-diffusion within the pores is also proposed as SEM and BET
results showed the high surface area and the pores volume for the adsorbents that
enhanced the removal efficiency. In addition, as stated earlier in Table 8 that Mo and
B have almost the same Pauling electronegativity, which is higher than Li
electronegativity thus, they adsorb on the surface more readily. After that they could
migrate into the pores, however, the high electronegativity may hinder them from
migrating into the pores and keeping them adsorb onto the surface. While the lower

ionic radius and hydration radius for Li than for Mo and B indicated that Li has the
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ability for external and internal adsorption because Li could migrate into the pores
easier than Mo and B. Another parameter that affects the adsorption is that Li is a
strongly hydrated ion while B(OH), is neither that of a strongly hydrated ion nor that
of hydrophobic ions (Corti & Crovetto, 1980). It is also indicated from the fluctuation
trend of increasing and decreasing adsorption capacity indicates that intra-particle

diffusion governed the adsorption process more than the external diffusion.
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CHAPTER 5: CONCLUSION
The GW in Qatar is mainly used for agricultural use. The significant increases in the
population and agricultural activities have driven the high extraction of the GW that
negatively impacts its quantity and quality. Salinity is the most GW quality concern.
The high salinity of the analyzed samples may be the result of climate conditions of
high temperature and low rainfall, high evaporation, increasing agricultural activities,
and the intrusion of brackish water from deep aquifers or with seawater intrusion.
Most exceedances of the drinking water standards pertained to aesthetic qualities
rather than health-based concerns. The results showed that Na* > Ca2* > Mg?+ >K*
was the sequence of major cations and CI- > SO42- > HCO3 > NOjs- is the order of the
main anions. The hydrogeochemical facies and Piper plots further confirmed that
most of the analyzed GW samples were falling in the field of SO,~Cl and Ca—Mg
(permanent hardness); calcium chloride type and SO,—Cl and Na—K (saline); sodium-
chloride-type of water type indicating the permanent (non-carbonate) hardness in the
majority of the analyzed samples. This result suggests halite dissolution, ion
exchange, and seawater mixing. The GW hydrochemistry results revealed high levels
of nitrate might be due to the agricultural activities and leakage of un-rehabilitated
sewage systems. Based on the geochemical PHREEQC modeling results, the
chemical equilibrium and saturation indices showed oversaturation of calcite,
dolomite, while anhydrite, gypsum, and halite show under-saturation. Principal
component analysis reveals three main components that explain > 99% of the total
variance. The result showed the dissolution of evaporite minerals halite and gypsum,
localized sedimentary depositional or hydrogeochemical environment, irrigation
return flows, and nitrate fertilizers. The results showed that most of the analyzed

anions and cations quality parameters in the GW are higher than the regional and
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international guidelines for drinking water. The irrigation hazard analysis indicates
that 60.9 % of the GW samples, with specific electrical conductivity greater than
5,000 puS/cm, would likely cause harm to agriculture, and only salt-tolerant crops are
suitable. The 34% of the irrigation water was C4S2 and C4S3 of very high salinity
hazard and medium sodium hazard, and very high salinity hazard and high sodium
hazard respectively, indicating that the irrigation hazard is always higher from salinity
than from SAR, thus it is not suitable for irrigation in almost all soils, except soils
with high permeability.

A clear understanding of the spatial distribution of GW quality parameters is the key
issue for agricultural and environmental management. In the current analysis,
unsampled points are interpolated by three interpolation methods using Arc-GIS
along with the mapping of spatial variability. SK predicts values at unsampled points
and assesses the uncertainty associated with the predicted value. However, IDW and
RBFS do not make explicit predictions about the statistical properties of the input
data. Most of the analyzed GW samples in Qatar are characterized by high salinity
due to the climate conditions including low rainfall and high temperature. Besides,
overexploitation of the GW caused saltwater intrusion from seawater or the deep
brackish GW. The northern parts of the study area have the lowest salinity, while the
highly saline locations are within the coastal areas due to seawater intrusion and
within some south inland farms due to the mixing with deep brackish water. GW with
high nitrate is found in some farms that might intensively use nitrogen fertilizers
intensively. Thus, the interpolated maps show two types of distributions of analytes as
distributions  consistent with salinity, and clustered distributions independent of
salinity that could be related to localizing hydro-stratigraphic, geochemical

conditions, anthropogenic causes, such as fertilizer impacts.
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This study confirmed that using MDPs to remediate B, Li, and Mo from GW is an
effective adsorption method. Date pits are agricultural waste; thus, it has
environmental and economic benefits to use it as adsorbents. Different parameters
were studied to optimize the efficiency of the adsorbent process such as pH, initial
adsorbates concentration, and temperature. It was found that pH 6 plays a significant
role in the process of adsorption because it affects the interaction of the adsorbate’s
ions and the surface of the adsorbent. In addition to this, the adsorption process MDPs
was favorable indicating a spontaneous and an endothermic process. FTIR analysis
confirmed the presence of different oxygenated functional groups that are responsible
for adsorbates adsorption onto MDPs. Hence, this study proved that MDPs are
valuable for remediating B, Li and Mo from GW. The negative values for free energy
indicate a spontaneous and favorable adsorption process that is more favorable and
spontaneous of the adsorption at high temperatures. The positive entropy values that
controlled the adsorption process suggest the possibility of some structural changes or
readjustments in the adsorbate—adsorbent complex. A better understanding of the
adsorption of MDPs can be achieved by further modification or chemical activation in
future studies. Besides further studies to investigate the effect of kinetic reaction time
on the adsorption process, besides the study of the desorption process.

This study assists managers and decision-makers to manage the GW and improve
water quality used for irrigation. The obtained results illustrated that 95% of the GW
was just suitable for irrigation certain tolerable crops in high permeability soil.
Therefore, the following recommendations should be implemented according to the
results of this study. Salinity reduction could be achieved by mixing saline water with
low salinity water. The mixing process was already conducted by the national water

supplier as they mix GW with treated wastewaters. The development of a low-cost
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treatment technique that can efficiently and simultaneously remove undesirable
elements in the GW is highly recommended. This will help to enhance water security
at the national level to yield a GW with superior quality and quantity. Additionally,
the GW managers should supervise and optimize the quantity of irrigation water to
prevent further deterioration of the GW quality. The current irrigation practices use
flood irrigation, which enhances evaporation and thus increases the salt level in soil
that could be leached to the GW. Thus, the farmer's awareness of the importance of
GW conservation should be increased. Farmers should be encouraged to use
alternative agricultural practices such as using modern irrigation techniques like drip
and sprinkler irrigation, use salt-tolerant and low water demand crops, and reduce the
application of chemical fertilizers and pesticides.

To achieve sustainable use and management of the GW in Qatar, supply and demand
management practices should be adopted. The major GW consumption is for
agricultural activities. Therefore, a management plan should focus on these activities.
For demand management, educating the agricultural sector of the consequences of
GW mining, encouraging the use of alternative sources of water, and the use of
efficient irrigation techniques to lower GW extraction is highly recommended. For
example, farmers should be encouraged to use desalinated seawater and treated
sewage effluent (TSE) for irrigation rather than abstraction GW. In addition, farmers
are encouraged to adopt developed irrigation and agronomic practices such as using
water-efficient irrigation methods (sprinkler and drip irrigation systems) and replacing
water-intensive crops with water-efficient crops, in addition to developing reliable
and cost-efficient treatment techniques for low GW quality. The supply management
should include developed monitoring systems, managed storage, recovery projects,

and artificial recharge by recharge wells and lagoons using treated wastewater and
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desalinated seawater. Recently, the full GW characterizations and measurement by
using advanced technology in data analysis, remote sensing, and modeling generate
significant data and knowledge to decision-makers with lower uncertainty. To protect
the GW quality, the monitoring strategy should also include vulnerability maps using
geostatistical analysis and interpolation models. In addition, the classification of
aquifer systems should be developed. GIS-linked monitoring systems could be used
for easier and faster determination of the GW quality. It can be inferred from the
analysis that GW in Qatar requires treatment before being used for irrigation.
Regulations and GIS-based monitoring systems should be implemented to control

GW exploitation and to monitor water quality improvement for better future planning.
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APPENDIX

Appendix A: Groundwater Physical and Chemical Analysis.

Table 1. Some International Concentrations of Groundwater Chemical Analysis.

concentration (ug/L)
Country References
Pb Mo Zn Fe Cd As Cu Mn Cr Cl F NO3 SO4
(Shomar,
Qatar 76 103 14698 1904 8.67 71.6 - - - 1540000 1880 23600 1330000 2015; Kuipe
etal., 2015)
(Abdel-Satar
KSA (Hail
128- 21300— 16800 etal., 2017;
and Al- 11-70 - 98-331 216 21 - 937 - - 4390
276 3191000 1242000 Assubaie,
Ahsa)
2015)
Oman (Al- (AI-Shidi,
11 50 276 54 3 57 2 7 19 299800 - 62000 72500
Zoroup) 2014)
UAE (Al- (Khan etal.,
- - 8.2 - 429 - - - 5.5 1115500 - 315700 1512600
kathim) 2019)
(Bassioni et
Egypt 30.04 490.2 1061.4 - - 209.9 30.9 1271.2 930000 - 31000 995000 al., 2015;
Awad, 2019)
(Malassa et
al., 2014;
Palestine 45.8 113 118 - 117 - 143.6 112.6 56 104000 - 24000 3400
Shadeed,
2016)
(Taghipour &
3000- 2000- 18000- al., 2012;
Azerbaijan 0.79 - 49.33 - 6.55 16.23 - 3.41 -
540000 75000 1270000 Alakbarov,
2019)
(Mohankuma
r,2016;
India - = - - <1 <1 - - - 517490 1310 28220 22220
Narsimha,
2012)
(Ayotte et al,
0.07- 1- 7.9- <1- 0.79- 7- 1.2- 2011;
USA - 1-2000 3280 3670 10000 5060
480 4700 81000 16 550 28000 150 DeSimoneet
al., 2014)
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Table 2. Comparison the Results of General Water

Quality Parameters with the

National and International Standards and Guidelines.
Parameter Number Min Max Mean Number of | WHO USEPA QATAR & GSO
& exceedances (WHO, 2017) (GSO, 2008)
frequency Drinking Irrigation Drinking Irrigation | Drinking Irrigation
of Water Water Water Water Water Water
detection (EPA, (EPA, (Kahramaa, (FAO,
2018) 2004) 2014) 1994)
eneral Water Quality Parameters
pH 41 6.89 7.94 7.3 - 6.5-8.5 - 6.5-8.5 6.5-8.5 6.5-8.5 6-8.5
100%
Electrical 41 920 22330 7298.8 39> 1200 1200 - - - - 3000
Conductivity 100% 38> 3000
(EC), pS/em
|~ Total 41 99a6.67 15633.3 5108.16 41>500 1000 - 500 2000 1000 2000
Dissolved 100% 39> 1000
Solid (TDS), 38> 2000
mg/L
Hardnesmg | 41 275.16 5393.01 2120.20 41>120 500 - - - - 120
CaCOs/L 100% 39>500 Hhx
[~ TomrOrgne | 4T T27 35.50 1462 g g g g g g 75
Carbon 100%
(TOQ), ,
mg/L
Anions and Cations
Calcium 41 69.94 1497.85 570.16 40> 80 300 *** - - - 80 ** 400
(Ca**), mgL | 100% 35> 300
29> 400
Magnesium 41 24.41 420.19 169.13 39> 30 - - - - 30mg /1** 60
(Mg*), mgL | 100% 38> 60
Sodium 41 064.22 5547.10 1466.48 41>060 200 - [§Y) - o0 920
(Na*), mg/iL | 100% 39> 80
39> 200
20> 920
Potassium 41 16.36 320 90.18 41> 2 - - - - 4% 2
(K*), mg/L 100% 41> 4
Fluoride 41 1.59 8.77 3.81 41>1 15 - 4 1 15 15
(F), mg/L 100% 41>15
14> 4
Chioride 41 203.68 3050b.65 0289.46 41> 60 250 250 - a0 1059
(Cr), mg/L 100% 35> 300
39> 1059
Bromide 41 .37 21.98 4.32 41> 0.1 - - - - 0.1** -
(Br), mglL 100%
Nitrate 41 .00 113.34 36.32 36> 10 50 - 10 - 50 10
(NOs), mgL | 100% 10> 50
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Sulfate 41 53.46 11596.33 | 4977.16 41> 50 250 *** - 250 - 50 ** 400
(SO4™), mgL | 100% 39> 250
39> 400
Chemical Analyte
Boron, mg/L 41 0.388 3.819 1.884 39> 0.75 24 - 6* 2 24 3
100% 20>2 Long
8>24 term uwe
3>3 0.75
short
term we
Lithium, 41 0.023 0.236 0.1205 39> 0.05 - - - 25 0.05 -
mg/L 100%
Moly bdenum, 41 0.0078 0.293 0.0538 9>0.07 0.07 - 0.04* 0.05 0.07 -
mg/L 100% 23>0.04 Long
18> 0.05 term ue
40> 0.01 0.01
short
term we
| Sefenium, a1 0.00TA4 0.02Z2 0.0088 1>0.02 0.04 - 0.05 0.0Z 0.04 -
mg/L 100%
Uranium, 41 0.0001T 0.031 0.0016 1>0.02Z 0.03 - 0.0Z2 - 0.03 -
mg/L 100% 1>0.03
Chromium, 41 0.0001 0.0118 0.0038 2>001 0.05 - 0.1 I 0.05 For
mg/L 100% Long crop
term use 0.01
0.1 For
short grass
term ue 0.2
Strontium, 41 3.53 20.27 13.22 40> 4 - - 4% - 4 -
mg/L 100%
Aluminum, 10 0.00015 | 0.00761 0.0015 - 0.2 5 0.2 20 0.2 ** 15
mg/L 24% mg/L Long
term we
5
short
term we
Copper, mgL | 41 0.00008 | 0.0044 0.00137 - 2 - 1.3 5 2 For
100% Long crop
term ue 0.2 for
0.2 grass
short 0.5
term we
Cobalt, mg/L | 41 <di 0.00046 0.000071 | - - - - 5 .002 0.2
100% Long
term we
0.05
short
term we
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Iron, mg/L

38

29%

0.00001

0.118

0.0047

0.3

20

Long
term we
5 short

term ue

03 %

N anganese,

mg/L

41

100%

<di

0.0049

0.001

0.4

0.03

TO Corg
term we
0.2
short

term ue

0.4

0.05

Cadmium,

mg/L

31

75%

<di

0.00049

0.000072

0.003

0.005

0.05
Long
term ue
0.01
short

term ue

0.003

.05

Lead, mg/L

<di

<di

0.01

0.015

10 Long
term e
5 short

term ue

0.01

0.1

Barium,

mg/L

41

100%

0.003

0.0246

13

0.7

Bery llium,

mg/L

13

31%

<di

0.00014

0.000081

0.004

0.5
Long
term ue
0.1
short

term ue

0.004 **

Silver, mg/L

<di

<di

0.1

0.1

Arsenic,

mg/L

41

100%

0.0006

0.005

0.002

0.01

.05

.01

Long
term we
0.1
short

term ue

0.01

0.1

Niclel, mg/L

41

100%

0.00024

0.0116

0.0019

0.02

0.1*

Long
term we
0.2
short

term ue

0.07 mg/l

For
crop
0.2 for
grass

0.5

Zinc, mg/L

20

48%

0.00003

0.0512

0.00588

ki

0.5

Note * Life-time risk health advisory, ** KHHRAMAA requirements for water quality distribution system, *** Taste threshold.
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Appendix B: Geostatistical Analysis

A.

Boron Concentrations in Groundwater

B

!

2
sz
279

S S0

03.57 14 21 28
o Kilometers
AYESHA YOUSEF AHMAD

B.

Lithium Concentrations in Groundwater

03.57 14 21 28
o Kilometers
AYESHA YOUSEF AHMAD
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Molybdenum Concentrations in Groundwater

03.57 14 21 28
o Kilometers

AYESHA YOUSEF AHMAD

Figure 1. Maps generated for A. boron, B. lithium and C. Molybdenum concentrations

in Qatar's groundwater using the interpolation technique.

231



Table 1. Interpolation methods Comparison (Li and Heap, 2014).

IDW RBFS Kriging
Class of Local deterministic Local deterministic Geostatistical
interpolation interpolation interpolation interpolation

Predictedvalues

One prediction per

One prediction per

Prediction and

location location measurement of the
prediction uncertainty
Modeling spatial ~ Implicit: the model No Yes
autocorrelation builds on the assumption
of spatial autocorrelation
in the data.
Output type Prediction Prediction prediction, probability
and predictionerror
Lewel of Few Intermediate: Normal Many: data
assumption/ distributed data transformation (data
Complexity of the originates froma
model stationary stochastic

systems), trend removal
and de-clustering

Input data values

Bxact: the output surface
contains exact values of
the input data.

Bxact: the output surface
containsexact values of
the input data.

Inexact: produces values
which correspondto the
input data value. Ifthe
measurement error is
zero, then kriging is an
exact interpolator

Output surface

Not smooth

Smooth

Intermediate

Uncertainty of the
prediction values

No

No

Yes
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Figure 2. Spatial distribution of pH in the study area.
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Hardness Levels in Groundwater
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Figure 3. Spatial distribution of Hardness in the study area.
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TDS Levels in Groundwater
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Figure 4. Spatial distribution of TDS in the study area.

235



Sodium Levels in Groundwater
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Figure 5. Spatial distribution of Sodium in the study area.
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Chloride Levels in Groundwater —
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Figure 6. Spatial Distribution of Chloride in the study area.
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Figure 7. Spatial Distribution of Sulfate in the study area.
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Nitrate Levels in Groundwater
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Figure 8. Spatial Distribution of Nitrate in the study area.
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Boron Levels in Groundwater
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Figure 8. Spatial Distribution of Boron, in the study area.
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Selenium Levels in Groundwater
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Figure 9. Spatial Distribution of Selenium, in the study area.
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Lithium Levels in Groundwater
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Figure 10. Spatial Distribution of Lithium, in the study area.
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Molybdenum Levels in Groundwater
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Figure 11. Spatial Distribution of Molybdenum in the study area.
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Chromium Levels in Groundwater
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Figure 12. Spatial Distribution of Chromium, in the study area.
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Strontium Levels in Groundwater
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Figure 13. Spatial Distribution of Strontium in the study area.
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SAR Levels in Groundwater
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Figure 14. Spatial Distribution of SAR in the study area.
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Anhydrate Saturation Index
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Figure 15. Interpolation maps for anhydrate in the study area.
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Barite Saturation Index
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Figure 16. Interpolation maps for barite in the study area.
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Calcite Saturation Index
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Figure 17. Interpolation maps for calcite in the study area.
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Dolomite Saturation Index
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Figure 18. Interpolation maps for dolomite in the study area.
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Fluorite Saturation Index
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Figure 19. Interpolation maps for fluorite in the study area.
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Gypsum Saturation Index
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Figure 20. Interpolation maps for gypsum in the study area.
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Table 2. RMSE values obtained by IDW interpolation method for different

parameters.
Number of Neighbors
i i Sector type Root Mean
Attribute Variable Power .
(circular) Minimum Maximum Square Mean

pH 1 8 10 15 0.2466 -0.018
TDS 1 4 10 15 3278 -80.54
TOC 2 8 10 15 6.43 -0.237
Hardness 1 4 10 15 939.22 18.25
SAR 1 1 10 15 7.68 -0.08
Boron

2 1 10 15 645.66 65.58
Sodium 1 1 10 15 1188.10 9.99
Lithium

1 1 10 15 51.48 -0.519
Molybdenum

1 4 10 15 47.10 -1.18
Selenium

2 1 10 15 3.98 -0.36
Uranium

1 1 10 15 5.04 -0.128
Chromium

1 4 10 15 3.28 -0.16
Strontium

1 1 10 15 4097.7 112.48
Potassium

1 1 10 15 57.69 -1.52
Calcium

1 1 10 15 237.92 12.87
Magnesium 1 4 10 15 91.07 -1.8
Fluoride 1 1 10 15 1.47 -0.054
Chloride 1 4 10 15 6883.93 -237.68
Bromide 1 8 10 15 5.22 -0.17
Nitrate 1 8 10 15 28.03 1.33
Sulfate 1 1 10 15 2000.98 191.78
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Table 3. RMSE values obtained by RBFs interpolation method for different
parameters.
Sector type Number of Neighbors Root Mean
Attribute Variable Kernel parameter i Mean
(circular) Square
Minimum Maximum

pH 0.0090 1 10 15 0.256 -0.011
TDS 0.0090 1 10 15 3348.49 -121.31
TOC 0.0013 1 10 15 6.45 -0.020
Hardness 0.0090 1 10 15 957.94 -2.06
SAR 0.0090 1 10 15 7.84 -0.15
Potassium 0.0090 1 10 15 58.44 -2.08
Strontium 0.0090 1 10 15 4235.2 -40.47
Chromium 0.0090 1 10 15 3.35 -0.146
Uranium

0.0090 1 10 15 5.15 -0.051
Moly bdenum

0.0090 1 10 15 48.15 -0.585
Selenium

0.0020 1 10 15 3.88 -0.125
Lithium

0.0090 1 10 15 52.35 -0.717
Sodium

0.0090 1 10 15 1216.37 -10.28
Boron

0.0090 1 10 15 633.76 25.806
Calcium 0.0090 1 10 15 239.37 3.53
Magnesium 0.0090 1 10 15 94.87 -2.64
Fluoride 0.0090 1 10 15 1.49 -0.049
Chloride 0.0090 1 10 15 7039.93 -319.46
Bromide 0.0090 1 10 15 5.45 -0.23
Nitrate 0.0090 1 10 15 29.72 153
Sulfate 0.0090 1 10 15 1982.7 92.73
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Table 4. RMSE values and prediction indices obtained by SK interpolation method

for different parameters.

Number of
Neighbors Average Root Mean
i . Root Mean Mean
Attribute Variable Standard i Square
Mean Square Standardized X
Min Max Error Standardized
pH 2 5 -0.007 0.238 0.239 -0.030 0.994
TDS 2 5 66.76 3228.9 3566.5 0.025 0.917
TOC 2 5 0.038 6.22 6.72 0.009 0.940
Hardness 2 5 4.16 929.18 927.46 -0.000 1.029
SAR 2 5 0.10 8 9.08 0.022 0.865
Potassium 2 5 -1.68 56.44 50.72 -0.034 112
Strontium 2 5 -78.1 4416.35 4003.23 -0.007 113
Chromium 2 5 -0.10 3.27 3.39 -0.028 0.95
Uranium
2 5 -0.418 4.86 2.64 -0.244 2.25
Molybdenum
2 5 -2.59 45.46 36.19 -0.07 127
Selenium
2 5 -0.128 4.18 4.37 -0.006 0.96
Lithium
2 5 -0.093 50.5 50.66 -0.093 0.98
Sodium
2 5 14.02 1187.56 1227.66 0.021 0.95
Boron
2 5 53.42 635.56 668.92 0.066 0.96
Calcium 2 5 6.64 236.65 235.63 0.012 1.05
Magnesium 2 5 0.140 90.25 91.43 0.000 0.99
Fluoride 2 5 -0.018 1.42 1.27 -0.039 114
Chloride 2 5 -350.79 6676.94 6058.41 -0.05 1.09
Bromide 2 5 0.048 4.86 497 0.011 0.97
Nitrate 2 5 0.926 27.12 27.08 0.021 101
Sulfate 2 5 78.88 1943 1921.67 0.029 11
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Appendix C: Statistical Analysis

Table 1. Summary statistics of physiochemical analysis for the GW samples.

N Range Minimum Maximum Mean s Variance Skewness Kurtosis
Deviation
Std. Std.
Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Statistic Statistic Statistic
Error Error

pH 41 1.05 6.89 7.94 7.30 0.037 0.238 0.057 0.795 0.369 0.714 0.724
Conductivity

41 21.41 0.92 22.33 7.29 0.739 4.734 22.41 1.449 0.369 2.384 0.724
(mS/cm)
TDS (mg/l) 41 15034.46 598.87 15633.33 5038.09 525.93 3367.65 11341125 1.408 0.369 2.211 0.724
TOC (ppm) 41 34.23 1.27 35.50 14.62 1.20 7.726 59.695 0.370 0.369 -0.104 0.724
SAR 41 3172 1.55 33.27 12.781 1.30 8.383 70.291 1.054 .369 0.310 0.724
Hardness 41 5117.85 275.16 5393.01 2120.20 163.88 1049.34 1101123.59 0.762 0.369 1.350 0.724
Potassium (ppm) 41 304.33 16.36 320.69 90.180 8.880 56.86 3233.75 2.231 .369 6.610 0.724
Magnesium

41 395.78 24.41 420.19 169.135 14.85 95.093 9042.81 0.731 0.369 0.275 0.724
(ppm)
Calcium (ppm) 41 1427.91 69.94 1497.85 570.165 43.28 277.142 76807.99 0.784 0.369 1.994 0.724
Sodium (ppm) 41 5482.88 64.23 5547.11 1466.48 194.25 1243.86 1547198.65 1.438 0.369 1.899 0.724
Chloride (ppm) 41 30603.01 203.68 30806.68 6289.48 1053.78 6747.51 45528899.52 2.100 0.369 4.865 0.724
Fluoride (ppm) 41 7.18 1.59 8.77 3.81 .246 1.576 2.48 .974 0.369 1.049 0.724
Bromide (ppm) 41 21.61 0.37 21.98 4.32 .758 4.85 23.56 2.547 0.369 6.576 0.724
Nitrate (ppm) 41 113.34 .00 113.34 36.32 4.309 27.59 761.28 1.207 0.369 1.116 0.724
Sulfate (ppm) 41 11542.87 53.46 11596.33 4977.16 389.056 2491.17 6205964.66 .042 0.369 -.004 0.724
Lithium (ppb) 41 213.36 23.34 236.70 120.56 8.705 55.74 3107.28 .488 0.369 -.605 0.724
Boron (ppb) 41 3431.33 388.00 3819.33 1884.85 118.032 755.77 571194.89 .225 0.369 .066 0.724
Molybdenum

41 286.12 7.83 293.95 53.878 7.042 45.095 2033.64 3.927 0.369 20.293 0.724
(ppb)
Selenium (ppb) 41 20.55 1.54 22.09 8.882 773 4.95 24.52 .680 0.369 -.283 0.724
Strontium (ppb) 41 16739.66 3533.67 20273.33 13226.85 720.59 4614.05 21289539.33 -.294 0.369 -.925 0.724
Chromium (ppb) 41 11.79 0.10 11.89 3.9115 .534 3.419 11.69 .782 0.369 -.699 0.724
Uranium (ppb) 41 3113 0.11 31.24 1.63 746 4.77 22.82 6.248 0.369 39.625 0.724
Vanadium (ppb) 41 35.50 1.49 36.99 14.36 1.015 6.50 42.26 .603 0.369 2.701 0.724
Manganese (ppb) 41 4.98 0.01 4.99 1.009 0.216 1.38 1.92 1.862 0.369 2.786 0.724
Iron (ppb) 38 117.99 .01 118.00 4.72 3.068 18.91 357.83 6.119 0.383 37.618 0.750
Nickel (ppb) 41 11.38 .24 11.62 1.94 .305 1.95 3.83 3.450 0.369 14.910 0.724
Cobalt (ppb) 41 0.45 0.01 0.46 0.0712 .0136 0.08 0.008 3.481 0.369 12.874 0.724
Copper (ppb) 41 4.36 .08 4.44 1.37 154 0.99 0.982 1.022 0.369 911 0.724
Aluminum (ppb) 13 7.46 0.15 7.61 1.50 0.577 2.08 4.33 2.487 0.616 6.521 1.191
Beryllium (ppb) 19 0.14 0.00 0.14 .081 0.009 0.04 0.002 0.169 0.524 -0.868 1.014
Zinc (ppb) 20 51.25 0.03 51.28 5.88 2.51 11.23 126.25 3.820 0.512 15.760 0.992
Arsenic (ppb) 41 4.39 0.61 5.00 2.00 .153 0.98 0.971 0.770 0.369 0.622 0.724
Cadmium (ppb) | 31 0.49 0.00 0.49 0723 0.016 0.091 0.008 3.474 0.421 | 14.970 0.821
Barium (ppb) 41 21.55 3.07 24.62 10.20 0.671 4.30 18.497 1.239 .369 2.076 0.724
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Figure 3. Means Difference between Groundwater Basins for Calcium
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Figure 4. Means Difference between Groundwater Basins for Sulfate.
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Figure 5. Means Difference between Hydrological Basins for TDS
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Figure 6.

Figure 7.
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250.00
31
*

200.00

TRIRY

.00

A B C E F H K
HydrologicalBasins

Means Difference between Hydrological Basins for Lithium.

4000.00

3000.00 o

2000.00 i
1000.00 ﬁ I

.00

HydrologicalBasins

Means Difference between Hydrological Basins for Boron.

6000.00
5000.00
4000.00 ﬁ
3000.00

2000.00

1000.00
= 20
;

=

A B C E F H K
HydrologicalBasins

Means Difference between Hydrological Basins for Sodium.

259



12000.00 33
10000.00
8000.00
6000.00

4000.00 !

2000.00

A B C E F H K
HydrologicalBasins

Figure 9. Means Difference between Hydrological Basins for Sulfate.

1000
31
¥
8.00
6.00 i
4.00 i
! .
°
2.00 e~
00
A B C E F H K

HydrologicalBasins

Figure 10. Means Difference between Hydrological Basins for Fluoride.

500.00
400.00
300.00

200.00

100.00 . I

A B C E F H K
HydrologicalBasins

Figure 11. Means Difference between Hydrological Basins for Magnesium.
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Table 2. T-test for filed and lab pH

Paired Samples Statistics

95% Confidence Interval of

Std. Std. Error
Mean N Deviation Mean
Pair 1  pHField 7.3151 114 27345 .02561
pHLab  7.3041 114 .26507 02483
Paired Samples Correlations
N Correlation Sig.
Pair 1  pHField & pHLab 114 .949 .000
Paired Samples Test
Paired Differences
Std. Std. Error
Mean Deviation Mean
Pair 1  pHField - pHLab ~ .01096 .08673 .00812

Table 3. T-test for filed and lab conductivity

Paired Samples Statistics

Std. Std. Error
Mean N Deviation
Pair1 Lab 7.3059 114 4.84275
Field 7.3352 114 4.88819

Paired Samples Correlations

N Correlation

Sig.

Pair 1  Lab & Field 114 .999

.000

Paired Differences
95% Confidence Interval of

Paired Samples Test

Std. Error

Mean

Std.
Mean Deviation
Pair 1 Lab-Field -.02754 .16022

.01501
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Table 4

statistical correlations analysis

Respo

nse Predicter (x) P-value a b R Interpreting correlations

v)

pH Zinc .016 7.24 0.014 0.53 Significant positive

pH Strontium .041 7.52 -1.66E-5 0.32 Significant negative weak
TDS TOC 0.003 6045.94 -278.11 0.453 Highly significant negative
TDS Lithium 0.000 -448.23 45505 0.753 Highly significant positive strong
TDS Boron 0.001 787.72 2.255 0.506 Highly significant positive
TDS Sodium 0.000 1453.91 2.4 0.903 Highly significant positive strong
TDS Potassium 0.000 121.87 54.51 0.921 Highly significant positive strong
TDS Zinc 0.014 4630.83 191.08 0.542 Significant positive

TDS Arsenic 0.044 2864.69 1081.68 0.317 significant positive weak
TDS Strontium 0.000 -635.86 0.429 0.588 Highly significant positive
TDS Barium 0.004 1516.04 345.02 0.441 Highly significant positive weak
TDS Calcium 0.000 -1028.47 594.39 0.876 Highly significant positive strong
TDS Magnesium 0.000 -537.71 32.96 0.931 Highly significant positive strong
TDS Fluoride 0.000 -2244.25 1908.51 0.893 Highly significant positive strong
TDS Chloride 0.000 1963.48 0.489 0.979 Highly significant positive strong
TDS Bromide 0.000 2304.08 297.35 0.910 Highly significant positive strong
TDS Sulfate 0.000 170.68 829.77 0.723 Highly significant positive strong
TOC Vandium 0.000 5.535 0.033 0.533 Highly significant positive
TOC Copper 0.004 9.924 3.427 0.439 Highly significant positive
TOC Cadmium 0.014 11.836 38.37 0.437 Significant positive
Lirt:iu Boron 0.000 37.86 0.044 0.595 Highly significant positive
Lithiu

m Sodium 0.04 78.17 0.029 0.645 Significant positive strong
Li::iu Potassium 0.000 62.49 0.644 0.657 Highly significant positive
Lirt:iu Strontium 0.000 -0.273 0.009 0.756 Highly significant positive weak
Lirt:iu Selemium 0.030 86.62 3.822 0.34 Significant positive weak
Li::iu Zinc 0.018 113.17 2.511 0.524 significant positive
Li::iu Uranium 0.026 113.93 4.06 0.345 Dignificant positive weak
Boron Sodium 0.002 1474.43 0.28 0.461 Highly significant positive
Boron Potassium 0.000 1182.76 1.12 0.586 Highly significant positive
Boron Copper 0.001 821.37 0.08 0.463 Highly significant positive
Sodiu

m Potassium 0.000 -61.7 16.94 0.775 Highly significant positive strong
Sodiu

m Arsenic 0.037 638.67 411.99 0.326 Significant positive weak
Sodiu

m Strontium 0.078 -179.75 0.124 0.462 Significant positive
Sodiu

m Barium 0.001 638.8 81.08 0.28 Highly significant positive
Sodiu

m Calcium 0.000 -567.875 3.56 0.79 Highly significant positive strong
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Respo

nse Predicter (x) P-value a b R Interpreting correlations
)
Sodiu R R o N
Magnesium 0.000 -338.11 10.67 0.816 Highly significant positive strong
m
Sodiu
Fluoride 0.000 -837.45 603.8 0.765 Highly significant positive strong
m
Sodiu
Bromide 0.000 576.01 205.6 0.803 Highly significant positive strong
m
Sodiu
Chloride 0.000 462.05 0.16 0.866 Highly significant positive strong
m
Sodiu
Sulfate 0.000 -125.79 0.32 0.641 Highly significant positive strong
m
Alumi
i Cobalt 0.026 -0.730 58.12 0.612 Significant positive
nium
Alumi . B
. Copper 0.044 0.027 2.253 0.567 significant positive
nium
Potass
. Zinc 0.002 85.52 413 0.661 Highly significant positive
ium
Potass ) A -
i Strontium 0.003 16.78 0.006 0.450 Highly ignificant positive
ium
Potass
. Barium 0.001 23.52 6.5 0.494 Highly significant positive
ium
Potass
. Calcium 0.000 3.609 0.152 0.740 Highly significant positive strong
ium
Potass . . o N
. Magnesium 0.000 7.91 0.486 0.813 Highly significant positive strong
ium
Potass
. Fluoride 0.000 -26 30.44 0.844 Highly significant positive strong
ium
Potass
. Chloride 0.000 40.7 0.008 0.933 Highly significant positive strong
ium
Potass . . o N
. Bromide 0.000 44.66 10.51 0.897 Highly significant positive strong
ium
Potass
. Sulfate 0.000 18.79 0.014 0.628 Highly significant positive strong
ium
Vandi . - "
Chromium 0.038 11.93 0.619 0.326 Significant positive weak
um
Vandi . . . N
Arsenic 0.005 8.6 2.8 0.434 Highly significant positive weak
um
Vandi
Cadmium 0.007 1251 33.86 0.471 Highly significant positive
um
Iron Chromium 0.019 3.6 0.07 0.379 Significant positive weak
Iron Niclel 0.04 -1.38 3.12 0.334 Significant positive weak
Iron Zinc 0.018 1.16 0.078 0.564 Significant positive
Iron Barium 0.035 -10.25 1.45 0.344 Significant positive weak
Mang . . o N
Niclel 0.000 0.294 0.369 0.521 Highly significant positive
anese
Mang i o i
Cobalt 0.003 0.502 712 0.448 Highly significant positive
anese
Mang S -
Moly bdenum 0.014 0.375 0.012 0.383 Significant positive
anese
Nickel Cobalt 0.000 0.878 14.919 0.665 Highly significant positive
Molyb
denu Nickel 0.045 12 0.014 0.315 significant positive weak
m
Moly b
denu Uranium 0.000 40.56 8.15 0.864 Highly significant positive strong
m
Cobalt Copper 0.013 0.025 0.034 0.383 Significant positive weak
Zinc Barium 0.003 -11.74 1.6 0.625 Highly significant positive
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Respo

nse Predicter (x) P-value a b R Interpreting correlations
)
Arseni o .
Moly bdenum 0.014 1.56 0.008 0.382 significant positive weak
c
Arseni
Uranium 0.002 1.85 0.095 0.461 Highly significant positive weak
c
Seleni
Moly bdenum 0.017 6.69 0.016 0.369 Significant positive weak
um
Seleni
Barium 0.022 13.07 -0.411 0.357 Significant negative weak
um
Seleni
Uranium 0.034 8.32 0.344 0.332 Significant positive weak
um
Fluori
d Bromide 0.000 2.7 0.25 0.77 Highly significant positive strong
e
Chlori
d Barium 0.000 -2148.78 826.62 0.527 Highly significant positive
e
Chlori
d Magnesium 0.000 -4093.62 61.38 0.865 Highly significant positive strong
e
Chlori
4 Calcium 0.000 -4934.66 19.68 0.809 Highly significant positive strong
e
Chlori
d Fluoride 0.000 -7586.68 3636.59 0.850 Highly significant positive strong
e
Sulfat
Selenium 0.036 3510.28 165.143 0.328 Significant positive weak
e
Sulfat . . . B
Strontium 0.000 145.6 0.365 0.677 Highly significant positive
e
Sulfat
Lithium 0.000 866.71 34.09 0.763 Highly significant positive strong
e
Sulaft
Boron 0.001 1995.19 1.58 0.480 Highly significant positive
e
Sulfat . . . B
Calcium 0.000 3222.64 8.16 0.908 Highly significant positive strong
e
Sulfat
Fluoride 0.000 117.89 1273.49 0.806 Highly significant positive strong
e
Sulfat . . A "
Chloride 0.000 3566.95 0.224 0.607 Highly significant positive
e
Sulafe Magnesium 0.000 1295.47 21.76 0.831 Highly significant positive strong
Calciu . i o i
Bromide 0.000 384.16 429 0.752 Highly significant positive strong
m
Calciu
Magnesium 0.000 143.72 2.52 0.865 Highly significant positive strong
m
Lithium 0.000 124.9 3.69 0.743 Highly significant positive strong
m
Calciu o i
Boron 0.017 314.6 0.136 0.37 Significant positive
m
Calciu
Strontium 0.000 46.43 0.04 0.659 Highly significant positive strong
m
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Table

5. Pearson correlation analysis

Correlations
TDS T0C Na K Ca Mg F cl Br S04 B Li Mo Se Sr Mn Cr U
TDS Pearson Correlation 1| -.043] .903| .921+| .876*| .931*| .893| .979" | .910" | .723" .506" | 753" .033 .094| .588 | -.068| -.039 133
Sig. _(2-tailed) 789 -000 -000 -000 -000 -000 -000 -000 -000 .001 -000 .836 557 -000 673 .808 .406
TOC Pearson Correlation -.043 1] -004] -.013] -177] -063| -141] -033| -084| -164 251 .049 | -.078 (199] -059] -100] -081| -.115
Sig. (2-tailed) 789 980 935 .268 696 379 .838 600 -306 (113 760 .628 212 715 .533 .614 .476
Na Pearson Correlation .903| -.004 1| .775| .795| .816'| .765°| .866" | .803' | .641" | .461' | .645 .036 .142 | 462 | -.073 .011 .165
Sig. (2-tailed) -000 -980 .000 .000 -000 .000 .000 -000 -000 .002 .000 .822 .375 .002 .648 .945 -303
K Pearson Correlation L9217 -.013| .775° 1| 7400 .813°| .844| .933 | .897" .628" .586* | .657" | -.008 | -.014 | .450" .006 | -.160 .035
Sig. (2-tailed) .000 935 .000 .000 -000 .000 .000 .000 -000 .000 .000 .958 .928 .003 969 317 .827
Ca Pearson Correlation 876" | -.177| .795°| .740° 1| .865| .856"| .809" | .752* | .908" | .370° | .743" .084 .204 | .659° | -.086| -.110 .214
Sig. (2-tailed) -000 268 000 -000 -000 000 -000 -000 -000 .017 -000 602 201 -000 595 493 179
Mg Pearson Correlation .931*| -.063| .816°| .813"| .865 1| .889 | .865° | .778' | .83l .538 | .858" .059 .219 | .e87" | -.057 .021 .160
Sig. _(2-tailed) .000 696 .000 .000 .000 .000 .000 .000 -000 .000 .000 712 170 -000 723 .895 .317
F Pearson Correlation .893"| -.141| .765°| .844"| .856" .889" 1| .850" | .772| .806" 434 796" .159 .266 | .590" | -.087 | -.088 .232
Sig. (2-tailed) -000 379 000 -000 -000 -000 -000 -000 -000 005 -000 320 -092 -000 .587 .585 144
Cl Pearson Correlation .979°| -.033| .866°| .933| .809'| .865| .850° 1| .954| .607| .431" | .680" .036 .011 | .490" | -.083| -.058 .107
Sig. (2-tailed) -000 .838 .000 .000 -000 -000 .000 -000 -000 .005 .000 .822 947 .001 .607 .718 504
Br Pearson Correlation .910"| -.084| .803"| .897"| .752% 78| 772|954 1| .523 318 | .594 | -.048| -.130| .414| -.098| -.143 .021
Sig. (2-tailed) .000 .600 .000 .000 .000 -000 .000 .000 -000 .043 .000 765 418 .007 .542 .373 .896
S04 Pearson Correlation .723| -.164| .641"| .628| .908 | .831"| .806"| .607"| .523 1| .480° | .763 .081 | .328 677" | -.013| -.092 191
Sig. (2-tailed) -000 306 .000 -000 -000 -000 000 -000 -000 .001 -000 .613 036 -000 936 567 232
B Pearson Correlation 506" .251| .461°| .586*| .370"| .538'| .434°| .431"| .318 | .480" 1| .595 .065 .126 | .491° .140| -.081 111
Sig. (2-tailed) .001 (113 .002 .000 .017 000 .005 .005 .043 001 .000 .688 432 .001 .383 .616 .488
Li Pearson Correlation 753 .049| .e45'| .es7*| .743'| .858"| .796"| .680° | .594 | .763 .595" 1 247 | .340" | .756" | -.065| -.028 | .348"
Sia, (2-tailed) 000 760 000 000 000 000 000 000 000 000 000 119 030 000 686 | 864 026
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*_Correlation _is significant_at the 0.01 level (2-tailed).

Correlations
TDS TOC Na K Ca Mg F cl Br S04 B Li Mo Se Sr Mn Cr U

Mo Pearson Correlation .033| -.078 .036| -.008 .084 .059 .159 .036 | -.048 .081 .065 247 1| .369 J117 | 383 .014 | .864"

Sig. (2-tailed) .836 .628 .822 .958 .602 712 .320 .822 .765 .613 .688 .119 .017 .467 .014 .930 .000
Se Pearson Correlation .094 199 .42 -.014 .204 219 .266 .011| -.130| .328 .126 | .340° | .369" 1| .402 .054 132 .332

Sig. _(2-tailed) 557 212 .375 .928 201 -170 .092 947 .418 -036 432 .030 .017 009 736 410 034
Sr Pearson Correlation .588| -.059| .462°| .450°| .659'| .687*| .590°| .490" | .414 | .677* 491 | 756" 117 | .402 1 030 | -.065 208

Sig. (2-tailed) .000 715 .002 .003 .000 -000 .000 .001 .007 -000 .001 .000 .467 -009 .850 .685 193
Mn Pearson_Correlation -.068] -.100| -.073 .006| -.086] -.057] -.087| -.083| -.098| -.013 (140 | -.065] .383 .054 | -.030 1] -.00 -250

Sig. (2-tailed) .673 .533 .648 969 .595 723 .587 .607 .542 936 .383 .686 .014 736 -850 577 114
Cr Pearson_Correlation -.039] -.081 .011] -.160] -.110 .021| -088] -058] -143| -092| -081| -.028 .014 (132 065 090 1 079

Sig. (2-tailed) .808 .614 .945 317 .493 .895 .585 .718 373 567 .616 .864 .930 410 .685 .577 .626
U Pearson Correlation .133| -.115 .165 .035 .214 .160 232 .107 .021 191 J111| 348 | .864" | .332" .208 250 | -.079 1

Sig. _(2-tailed) .406 476 .303 .827 179 317 .144 .504 896 232 .488 .026 -000 .034 .193 .114 626

*_Correlation _is significant _at the 0.05 level (2-tailed).

Table 6. Statistical Chemical Characteristics of Topsoil.

N Range Minimum Maximum Mean Std. Deviation Variance

Statistic Statistic Statistic Statistic Statistic Statistic Statistic
Potassium (mg/g) 41 11.85 7.18 19.03 13.1 2.8 7872.91
Sodium (mg/g) 41 40.66 11.15 51.81 25.56 9.62 92582.3
Lithium (ug/g) 41 22.03 9.06 31.09 16.27 5.79 33.58
Boron (mglg) 41 14.88 113 16.02 4.90 2.85 8151.52
Selenium (ug/g) 41 0.03 5.97 2.62 1.68 2.83
Strontium (ug/g) 41 5.57 0.492 6.069 1.631 1.131 1279.73
Chromium (ug/g) 41 552.72 28.68 3588.92 193.88 3560.24 305507.31
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Manganese (ug/g) 41 750.08 168.71 918.8 408.24 151.24 22873.59
Iron (mg/g) 38 33.65 6.45 40.11 1551 7.65 58643.51
Cobalt (1g/g) 41 19.47 3.19 22.66 7.42 4.61 21.32
Copper (19/g) 41 38.84 12.15 51 25.68 9.72 94.59
Arsenic (19/9) 41 13.22 0.23 13.45 5.50 3.08 9.53
Cadmium (ug/g) 41 0.437 0.02 0.457 0.167 0.108 0.012
Barium (ug/g) 41 294.52 213.02 507.55 355.43 60.07 3609.07
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Appendix E: Physical and Chemical Characteristic of Adsorbate

Table 1. The Physiochemical Properties of Boron and Boron Compounds (Cordia et

al., 2003).
Ty pical substance Boron (single boron) Boric acid Borax Boron Oxide
Chemical formula B(OH); Na,B;O;(anhydride) Na,B,O+

B B,0;
10H,0 (decahydride)
Poly morphic element:
OH OH i
Amphorous powder, four B
9709 o
crystalline forms: a- B HOa B’ "?“OH Bi I:I\—\‘EI
Chemical Structure S 4. b ~
rhombohedral, p- H O"’f OH “B” 0
OH
rhombohedral, a-tetragonal,
B40s(0H) >
and ¢ B-tetragonal
[He] 2s2 2p1
Electronic
Electrons per shell:
configurations
2,3
201 g/mol (anhydride), 381 g/mol
Molecular Weight 10.81 g/mol 61.83 g/mol 69.62 g/mol
(decahydride)

Black or darkbrown powder
(amorphous form); clearred

crystals (a-rhombohedral

White granules or colorless

White crystals

Colorless crystals

it is transformed to boric

oxide.

Appearance
form); black opaque crystals
crystals with metallic luster
(a-tetragonal form); black
(B-rhombohedral form)
170.9 °C
Changed to metaborate at 743°C (anhydride), 75°C
Melting point 2180 °C
100°C with increased heating, (decahydride) 450 °C

Negligible at 20 °C about

Negligible at 20 °C

Vapour Pressure 0.0119 mm Hg at 2,140 °C 9.9x10° Negligible at 20 °C
Paat25°C
1,575 °C (decomposition,
Boiling point 3650 °C 300 °C
anhy dride), Decahydride is changed 1500 °C
to anhydride at 100°C or above
31.7 g/L at 25°C (anhydride), 47
Water solubility rapidly hydrates to
Insoluble 58.0 g/L at 25°C g/L at 20°C (decahydride,
boric acid

dissociation)

Octanol-water Partition

Coefficient

-1.09at22 °C

-1.53at22 °C
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Ty pical substance

Boron (single boron)

Boric acid

Borax

Boron Oxide

Oxidation States

-5,—1,+1,+2,+3

(a mildly acidic oxide)

Electronegativity

Pauling scale:

lonization Energy

(k) mol'™)

1st: 800.6 Ki/mol
2nd: 2427.1 Kiimol

3rd: 3659.7 KI/mol

Atomic Radius 82 pm
lonic Radius (rin) 41 pm
Covalent Radius (rev) 84+3 pm

Van der Waals
192 pm
Radius (rw)
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Table 2. The Physiochemical Properties of Molybdenum (Miessler, 2014).

Chemical formula Mo

Atomic Number 42

[Kr] 4d5 5s1
Electronic configurations
Electrons per shell: 2, 8, 18, 13, 1

Molecular Weight 95.94 g/mol

Density 10.22 g/cm*®

Dark-gray or black powder with metallic luster or coherent mass of silver white color; body

Appearance
centered cubic structure
Melting point 2610 °C
Vapour Pressure 1 Pa at 2469 °C (solid)
Boiling point 5560 °C
Water solubility Insoluble in water

-1,-2,-4,+1,+2,+3,+6, +4
Oxidation States
(strongly acidic oxide)

Electronegativity Pauling scale: 2.16

1st: 684.3 ki/mol
lonization Energy ] Wimol
2nd: 1560 ki/mo

(k1 mol'™)
3rd: 2618 Ki/mol
Atomic Radius 139 pm
lonic Radius (rin) 79 pm, 73 pm,
Covalent Radius (rev) 15445 pm

Van der Waals
210 pm
Radius (ry)
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Table 3. The Physiochemical Properties of Lithium (Miessler, 2014).

Electronic configurations

Chemical formula Li
Atomic Number 3
[He] 2s1

Electrons per shell: 2, 1

Molecular Weight 6.94 g/mol
Density 0.5 glcm?®
Appearance Silver white soft metal
Melting point 180.5°C

Vapour Pressure

Pa at 723°C: 133

Boiling point

1342 °C

Water solubility

Violent reaction

Oxidation States

+1 (a strongly basic oxide)

Electronegativity Pauling scale:

0.98

lonization Energy

(kl mol'™)

1st: 520.2 Ki/mol

2nd: 7298.1 K/mol

3rd: 11815.0 Ki/mol

Electron Affinity

Radius (ry)

60
(k1 mol'™)

Atomic Radius 134 pm
lonic Radius (rin) 90 pm
Covalent Radius (reov) 128+7 pm

Van der Waals
182 pm
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Appendix F: Adsorption Models

Monolayer Adsorption and the Langmuir Isotherm

Langmuir Adsorption Isotherm Model for Langmuir Adsorption Isotherm Model for
Molybdenum Adsorption on AC Molybdenum Adsorption on Bentonite
0.5 4.0
0.4 ~® 35 )
=1.0494x + 00135 o .
0.4 ! R? = 02;55 y =15.909x - 0.1948 .
’ ’ 30 R®=0.7825
téo 0.3 . ..“. gﬂ r -
=03 ) o+
N L 20
s 02 53
= 02 315
: e o hd e
0.1 ~® ’ .®
{
0.1 ’ 0.5 °
) )
0.0 0.0 @@
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.06 0.10 0.15 0.20 0.25
1/Ce (L/mg ) 1/Ce (L/mg )
Langmuir Adsorption Isotherm Model for Langmuir Adsorption Isotherm Model for
Molybdenum Adsorption on RDP Molybdenum Adsorption on MDP
0.7 0.3
[
0.6 03
_ 05 -
=" .*
£ . — 0.2
= 0.4 £
.’ o - ~
L 03 y = 2.0751x + 00218 = 02 y=1.8276x-0.013
<0 R% - 0.6438 & R? = 0.7833
0.2 01
0.1 ’.-. () 01
0.0
0.00 0.6 0.10 0.15 0.20 0.25 0.30 0.35 0.0
0.0 0.06 0.10 0.15 0.20

1/Ce (L/mg ) P
1/Ce (L/mg)

Figure 1. Langmuir model for molybdenum adsorption.
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1/qe (g/mg)

1/qe (g/mg)

Langmuir Adsorption Isotherm Model for
Molybdenum Adsorption on AC
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Figure 2. Langmuir model for molybdenum adsorption at 35 °C.
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Langmuir Adsorption Isotherm Model for
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Figure 6. Langmuir model for lithium adsorption at 45 °C.
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Figure 9. Temkin model for molybdenum adsorption at45 °C.
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Figure 11. Temkin model for lithium adsorption at 35 °C.
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Figure 12. Temkin model for lithium adsorption at 45 °C.
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Figure 18. Freundlich model for lithium adsorption at 45 °C.
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Figure 20. Dubinin-Radushkevich model for molybdenum adsorption at 35 °C.
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Figure 21. Dubinin-Radushkevich model for molybdenum adsorption at 45 °C.
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Figure 22. Dubinin-Radushkevich model for lithium adsorption.
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Appendix G: Statistical Analysis for Adsorption Experiments

Table 1. Study the effect of pH on Molybdenum adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
MRDP 5.000 187.790 37.558 228.057
RDP 5.000 148.980 29.796 261.835
Bentonite 5.000 147.000 29.400 690.148
AC 5.000 152.490 30.498 123.174
ANOVA
Source of Variation S§ df MS F P-value F crit
Between Groups 223.126 3.000 74.375 0.228 0.875 3.239
Within Groups 5212.856 16.000 325.804
Total 5435.982 19.000

Table 2. Study the effect of pH on Boron adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
MRDP 5 134.400 26.880 10.298
RDP 5 147.500 29.500 0.924
Bentonite 5 159.000 31.800 55.669
AC 5 149.150 29.830 5.829
ANOVA
urce of Variati SS df MS F P-value Fcrit
Between Grou 61.316 3.000 20.439 1.124 0.369 3.239
Within Group 290.881 16.000 18.180
Total 352.197 19.000
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Table 3. Study the effect of pH on Lithium adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
MRDP 5 38.250 7.650 15.973
RDP 5 31.100 6.220 30.323
Bentonite 5 48.750 9.750 7.090
AC 5 36.560 7.312 36.812
ANOVA
Source of Variation ) df MS F P-value F crit
Between Groups 32.708 3.000 10.903 0.483 0.698 3.239
Within Groups 360.791 16.000 22.549
Total 393.499 19.000

300



Table 4. Study the effect of temperature on Molybdenum adsorption

Anova: Two-Factor With Replication

SUMMARY  MDPs Bentonite AC RDPs Total

Tem 25
Count 10 10 10 10 40
Sum 5.37 8.05 15.49 6.21 35.12
Average 0.54 0.81 1.55 0.62 0.88
Variance 0.04 0.02 0.05 0.02 0.20

Tem 35
Count 10 10 10 10 40
Sum 319.19 356.53 318.85 290.14 1284.73
Average 31.92 35.65 31.89 29.01 32.12
Variance 633.42 804.78 706.39 603.50 639.87

Tem 45
Count 10 10 10 10 40
Sum 233.12 296.76 322.93 248.91 1101.71
Average 23.31 29.68 32.29 24.89 27.54
Variance 239.24 461.85 690.16 345.81 41421

Total

Count 30 30 30 30
Sum 557.68 661.34 657.27 545.26
Average 18.59 22.04 21.91 18.18
Variance 452.17 632.60 647.87 456.95
ANOVA
irce of Variat, ) df MS F P-value F crit
Sample 22771.885 2.000 11385.942 30.462 0.000 3.080
Columns 390.475 3.000 130.158 0.348 0.790 2.689
Interaction 358.632 6.000 59.772 0.160 0.987 2.184
Within 40367.663 108.000 373.775
Total 63888.65 119.00
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Table 5. Study the effect of temperature on Boron adsorption

Anova: Two-Factor With Replication

SUMMARY MDPs Bentonite Total

Tem 25
Count 10 10 10 10 40
Sum 293.95 306.66 378.32 333.95 1312.88
Average 29.40 30.67 37.83 33.39 32.82
Variance 503.39 546.88 902.52 970.75 685.39

Tem 35
Count 10 10 10 10 40
Sum 268.22 232.00 357.95 357.65 1215.82
Average 26.82 23.20 35.79 35.77 30.40
Variance 530.37 269.26 1002.52 748.46 620.02

Tem 45
Count 10 10 10 10 40
Sum 171.97 236.89 207.48 278.24 894.58
Average 17.20 23.69 20.75 27.82 22.36
Variance 230.64 336.69 368.47 546.33 357.64

Total

Count 30 30 30 30
Sum 734.14 775.55 943.74 969.84
Average 24.47 25.85 31.46 32.33
Variance 420.91 369.81 765.62 714.56
ANOVA
irce of Variat ) df MS F P-value F crit
Sample 2396.635 2.000 1198.318 2.067 0.132 3.080
Columns 1399.387 3.000 466.462 0.805 0.494 2.689
Interaction 852.953 6.000 142.159 0.245 0.960 2.184
Within 62606.581 108.000 579.691
Total 67255.557 119.000
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Table 6. Study the effect of temperature on Lithium adsorption

Anova: Two-Factor With Replication

SUMMARY  MDPs Bentonite Total

Tem 25
Count 10 10 10 10 40
Sum 294.17 266.68 329.30 341.12 1231.26
Average 29.42 26.67 32.93 34.11 30.78
Variance 498.46 534.62 638.09 651.88 544.94

Tem 35
Count 10 10 10 10 40
Sum 26.35 26.13 261.52 298.50 612.50
Average 2.64 2.61 26.15 29.85 15.31
Variance 3.88 4.06 509.71 555.02 414.42

Tem 45
Count 10 10 10 10 40
Sum 240.91 123.49 307.84 338.53 1010.77
Average 24.09 12.35 30.78 33.85 25.27
Variance 1217.07 240.23 541.78 636.00 677.95

Total

Count 30 30 30 30
Sum 561.43 416.29 898.66 978.15
Average 18.71 13.88 29.96 32.60
Variance 672.23 342.70 532.63 575.87
ANOVA
urce of Variati ) df MS F P-value Fcrit
Sample 4917.411 2.000 2458.706 4.892 0.009 3.080
Columns 7192.803 3.000 2397.601 4.771 0.004 2.689
Interaction 2384.832 6.000 397.472 0.791 0.579 2.184
Within 54277.214 108.000 502.567
Total 68772.260 119.000
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Table 7. Study the effect of a mixture concentration on Boron adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
AC 5 49.80 9.96 46.94
Bentonite 5 48.24 9.65 43.30
RDOs 5 50.40 10.08 51.54
MRDPs 5 56.22 11.24 84.78
ANOVA
urce of Variati ) df MS F P-value Fcrit
Between Grou 7.311 3.000 2.437 0.043 0.988 3.239
Within Group 906.274 16.000 56.642
Total 913.586 19.000

Table 8. Study the effect of a mixture concentration on lithium adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
AC 5 48.08 9.62 29.19
Bentonite 5 45.06 9.01 30.03
RDOs 5 50.48 10.10 34.37
MRDPs 5 49.44 9.89 32.46
ANOVA
urce of Variati ss df MS F P-value Fcrit
Between Grot 3.319 3.000 1.106 0.035 0.991 3.239
Within Group 504.221 16.000 31.514
Total 507.539 19.000
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Table 9. Study the effect of a mixture concentration on molybdenum adsorption

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
AC 5 62.14 12.43 96.51
Bentonite 5 60.22 12.04 102.54
RDOs 5 62.50 12.50 114.83
MRDPs 5 44.68 8.94 47.41
ANOVA
urce of Variati ss df Ms F P-value Fcrit
Between Grou 43.645 3.000 14.548 0.161 0.921 3.239
Within Group  1445.139 16.000 90.321
Total 1488.784 19.000
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Table 10. Study the effect of a temperature on boron adsorption in GW samples

Anova: Two-Factor With Replication

SUMMARY Bentonite RDOs MRDPs Total
Count 3.00 3.00 3.00 3.00 12.00
Sum 7.76 7.92 7.70 7.93 31.30
Average 2.59 2.64 2.57 2.64 2.61
Variance 2.14 2.39 2.26 2.25 1.64

Tem 35
Count 3 3 3 3 12
Sum 7.34 8.10 7.61 7.67 30.71
Average 2.45 2.70 2.54 2.56 2.56
Variance 1.75 2.34 2.00 1.95 1.47

Total

Count 6 6 6 6
Sum 15.10 16.02 15.31 15.60
Average 2.52 2.67 2.55 2.60
Variance 1.56 1.89 1.71 1.68
ANOVA
urce of Variati SS df MS F P-value Fcrit
Sample 0.015 1.000 0.015 0.007 0.935 4.494
Columns 0.079 3.000 0.026 0.012 0.998 3.239
Interaction 0.032 3.000 0.011 0.005 0.999 3.239
Within 34.163 16.000 2.135
Total 34.289 23.000
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Table 11. Study the effect of a temperature on

Anova: Two-Factor With Replication

lithium adsorption in GW samples

SUMMARY  AC Bentonite RDOs MRDPs Total

Tem 25
Count 3 3 3 3 12
Sum 0.725 0.735 0.745 0.725 2.93
Average 0.24166667 0.245 0.24833333 0.24166667 0.24416667
Variance 0.03350833  0.034275 0.03635833 0.03350833 0.02503561

Tem 35
Count 3 3 3 3 12
Sum 0.645 0.675 0.65 0.65 2.62
Average 0.215 0.225 0.21666667 0.21666667 0.21833333
Variance 0.025225  0.029575 0.02610833 0.02503333 0.01927879

Total

Count 6 6 6 6
Sum 1.37 1.41 1.395 1.375
Average 0.22833333 0.235 0.2325 0.22916667
Variance 0.02370667 0.02566 0.0252875 0.02360417
ANOVA
urce of Variati ) df Ms F P-value Fcrit
Sample 0.00400417 1 0.00400417 0.13150422 0.72162327 4.49399848
Columns 0.00017083 3 5.6944E-05 0.00187016 0.99988332 3.23887152
Interaction  0.00010417 3 3.4722E-05 0.00114034 0.9999444 3.23887152
Within 0.48718333 16 0.03044896
Total 0.4914625 23
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Table 12. Study the effect of a temperature on molybdenum adsorption in GW

samples

Anova: Two-Factor With Replication

SUMMARY  AC Bentonite RDOs MRDPs Total

Tem 25
Count 3 3 3 3 12
Sum 0.165 0.14 0.08 0.065 0.45
Average 0.055 0.04666667 0.02666667 0.02166667 0.0375
Variance 0.000175 5.8333E-05 5.8333E-05 5.8333E-05 0.00027045

Tem 35
Count 3 3 3 3 12
Sum 0.095 0.115 0.1 0.045 0.355
Average 0.03166667 0.03833333 0.03333333 0.015 0.02958333
Variance 3.3333E-05 5.8333E-05 0.00013333  0.000025 0.00012936

Total

Count 6 6 6 6
Sum 0.26 0.255 0.18 0.11
Average 0.04333333 0.0425 0.03 0.01833333
Variance 0.00024667 6.75E-05 9E-05 4.6667E-05
ANOVA
urceof Variati SS df MS F P-value Fcrit
Sample 0.00037604 1 0.00037604 5.01388889 0.03970376 4.49399848
Columns 0.00251979 3 0.00083993 11.1990741 0.00033064 3.23887152
Interaction  0.00067813 3 0.00022604 3.01388889 0.06079798 3.23887152
Within 0.0012 16  0.000075
Total 0.00477396 23
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