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Abstract: Globally, there is a rising demand for water purification. This demand is driven by numer-
ous factors, including economic growth, increasing population, water shortage, and deterioration of
water quality. The current work highlights the manufacturing of environmentally friendly and highly
efficient sorbent based on chitosan nanoparticles after successive crosslinking (using glutaraldehyde)
and modification through grafting of 4-aminoazobenzene-3,4’-disulfonic acid (AZDS) as a source
of sulfonic groups. First, the produced sorbent was thoroughly specified using FTIR, TGA, SEM,
SEM-EDX, pHpzc, BET (nitrogen sorption desorption isotherms), and elemental analyses (EA). The
sorbent was tested for the sorption of Fe(IIl) before application to highly contaminated iron water
well samples. Next, the sorption was improved as the sulfonation process was conducted under
the selected experimental conditions within 25 and 20 min with a maximum capacity of 2.7 and
3.0 mmol Fe g~ in visible light and under UV, respectively. Then, the uptake kinetics for both
techniques were fitted by the pseudo-first-order rate equation (PFORE), in which the effect of the
resistance to intraparticle diffusion has remained an unneglected factor, while the Langmuir equation
has fitted the sorption isotherms. After that, the efficient desorption was achieved by using 0.2 M
hydrochloric acid solution, and the desorption process was as fast as the sorption process; 15 min was
sufficient for complete desorption. The sorbent shows high selectivity for heavy metal ions compared
to the representative elements. Finally, the sorbent was used for the removal of heavy metal ions
from a highly contaminated water well in the Bahariya Oasis and appeared to be highly efficient for
heavy metal removal even in a diluted solution. Accordingly, it can be implemented in the task of

water treatment.

Keywords: water treatment; decontamination; heavy metal removal; Bahariya Oasis; eco-friendly
adsorbent

1. Introduction

Water is becoming drastically scarce, and the supply of safe water has become a
global challenge. Freshwater comprises only 0.003% of the world’s total water bodies.
Furthermore, groundwater accounts for more than 95% of the available liquid freshwater
constituting 30.1% of the total fresh water on earth [1,2]. In Africa, freshwater resources are
exceptionally vulnerable to variable natural and anthropogenic factors. The current efforts
to mitigate shocks and pressures on water resources are unsuccessful. This issue needs
an early and comprehensive response from the African countries in order to reduce both
ongoing and future impediments [3-6]. Clean drinking water is indispensable for healthy
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living, but the access to uncontaminated water is apprehensive. Every year, water pollution-
related diseases account for the death of around 3,575,000 people. Today over 2 billion
people are facing water shortage with inadequate (insufficient and/or contaminated)
water supply. The current number is projected to reach 6 billion people by 2050 [7,8].
Thus, providing clean water is the sixth goal of the 17 s Sustainable Development Goals
(SDGs) [9].

Egypt is one of the water-stressed countries, which faces many obstacles, including
limited water resources, a fast-growing population, intensive agriculture practices, vul-
nerability to climatic changes, and the construction of the Grand Ethiopian Renaissance
Dam (GERD) [10,11]. The induvial per capita share of water has been lowered under the
water scarcity limit since decades. Nowadays, individual water consumption has been
decreased to reach 560 m3/yr [12]. Hence, the country has witnessed a growing interest
in the management of water resources with a special focus on groundwater treatment
and desalination. Egypt’s 2030 National Water Vision and future development plan is to
secure basic needs (water, energy, and food) for the public, including the reclamation of
4 x 10° feddans that depends mainly on groundwater. In this aspect, the Bahariya Oasis
is one of the targeted reclaimed areas. The Bahariya Oasis is famous for iron ore mining,
dates, olive oil, and tourism. It is one of several urban oases in the Western Desert of Egypt,
where groundwater is the sole source of water used for both domestic and agricultural
purposes. Also, groundwater is becoming more important as an alternative source of
water supply, and it contributes 2 BCM/yr abstracted from the Western Desert and Sinai
(non-renewable) [13]. The budget of groundwater influences the availability of drinking
water, food and energy security, and ecological community. However, the replenishment
of groundwater over the longevity of humans is finite and represents only 6% of the total
groundwater residing in the upper crust [14]. Groundwater is essentially susceptible to
pollution, which can be triggered by natural and/or anthropogenic factors. Several factors
control the salinity of the aquifer, including the rate of recharge, the rates and distribution
of precipitation, flow velocity, nature of discharge areas, kind of aquifer material, and
residence time [15]. Both geological and hydrogeological settings have a profound impact
on groundwater by controlling water quality and directions of water flow [16]. Many places
in the Western Desert are liable to seasonal variation in groundwater levels and excessive
rapid increase in TDS (salinization), which are linked to excessive water pumping and
agro-activity resulting from the expansion of the reclaimed areas [17].

Heavy metals are one of the most common water contaminants, especially in ground-
water coupled with fertilizers that are largely used in agricultural practices. Iron (Fe) is
one of the foremost considerable components of the soil and rocks, representing around
5% of the earth’s crust. It is the second most abundant metal on the earth’s crust after
aluminum [18]. The weathering of iron-bearing minerals is a substantial source of iron
in groundwater [19]. The liability and susceptibility of pollutants to make contact with
groundwater mark its vulnerability to contamination. Herein, the rock material of the
groundwater aquifer has the ability to dissolve, resulting in a notable concentration of iron
in the Nubian Sandstone Aquifer System (NSAS) [20]. The concentrations of trace elements
in groundwater can vary significantly. The notable similarity of trace elements between
the aquifer rocks and water samples in the order of Fe > Zn > Mn suggests a lithogenic
origin. The standard permissible limits for iron, manganese, and zinc in drinking water are
0.3 ppm, 0.05 ppm, and 0.05 ppm, respectively [21]. However, the studied groundwater
samples substantially cross the permissible limits.

Various techniques have been implemented to remove contaminants from polluted
water and effluent solution, including nanofiltration, chemical precipitation [22-27], sol-
vent extraction [28,29], chelating resins [30-35], ion-exchange [36-38], biosorption [39-41],
adsorption [34,42—44], and many other applications have been implemented to remove
contaminates from polluted water [45,46].
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Biopolymers sustain supremacy over other synthetic polymeric substances as they are
environmentally friendly [47-50]. Several chitosan-based biomaterials have been applied
with promising results [51-54].

Different sorbents were tested for Fe(Ill) and other heavy metal removal [55-57]. New
types of carbon-based nanomaterials have been developed as carbon dots(CDs) for the
detection of heavy metals and drug delivery [58]. On the other hand, some other sorbents
bearing oxygen, sulfur, and nitrogen functional groups were used for efficient removal
of iron and other heavy metals, such as peptide sorbent [59], poly(gamma-glutamic acid)
functionalized with Fe;04-GO-(o-MWCNTs) [60], thiol functionalized polymer [61], and
functionalized silica particles with amine-terminated PAMAM dendrimer, which show a
high affinity for Fe(IlI) and Ag(I) adsorption from DMF solution [62].

In this paper, we focus on the application of bio-based material to groundwater
treatment in highly contaminated water wells from the Bahariya Oasis, Egypt. The sorption
properties of the chitosan composites can be improved by grafting new groups containing
sulfonic and amine moieties to increase the density of functional groups for variety in
the binding mechanism and improve the sorption selectivity. The sorbents were firstly
characterized by a wide range of analyses, i.e., FTIR, TGA, SEM, SEM-EDX, pPHpze, BET
(nitrogen sorption desorption isotherms), and elemental analysis (EA), before investigating
the sorption toward Fe(Ill) ions in visible light and under UV effect, and removal of
contaminants from the groundwater samples from the Bahariya Oasis.

2. Results
2.1. Characterization of Sorbent
2.1.1. Physical Characterization

The SEM analysis displays the particle size with the surface image; the average
diameter, as shown in Figure 1, is around 34 £ 0.5 um for CH particles. While this size
is not significantly affected by the grafting process, which shows the average diameter
around 37.5 £ 0.5 um after the functionalization of chitosan (for CH-AS), the EDX analysis
represents the S element on the sorbent after sulfonation as well as increasing the O and
N ratios from 45.57 and 4.28, respectively, to 48.4 and 5.97, respectively. This verifies the
successive grafting of the sulfonating moieties on the activated chitosan particles.

The textural properties show that the sorbents are porous, and the functionalization
sorbent is much higher than the crosslinked chitosan: the specific surface of CH is close to
23.2 m? g~ !; while the mesoporous volume is mainly around 0.029 cm?® g~ !, these ratios
reached 30.4 m? g~ ! and 0.033 cm® g1, respectively.

2.1.2. Chemical Characterization
Elemental Analyses

The elemental analyses for C, N, H, and S are reported in Table 1. The functionalized
composite increases the N content to 4.312 mmol from 3.39 mmol of the crosslinked chitosan.
This is mainly due to the azid groups of the grafted moiety. On the other side, the fraction
of S is close to 0.7112 mmol for the CH-AS. This is derived from the sulfonic groups from
the grafted moiety. Moreover, the increase in the O fraction of the functionalized composite
to that of pristine crosslinked particles verifies the success of grafting the sulfonic groups
on the chitosan surface.

Table 1. Elemental analyses (C, N, H, O, and S) of the CH and CH-AS sorbents.

Sorbent C N H (0] S

CH: (%) 46.75 4.75 7.02 41.48 0
CH: mmol 38.923 3.3914 69.65 25.927 0
CH-AS: (%) 42.85 6.04 6.55 42.28 2.28

CH-AS: mmol 35.676 4.312 64.987 26.427 0.7112
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Figure 1. SEM analysis of crosslinked chitosan and sulfonated functionalized composite (a,b) and
with EDX characterization of both sorbents (c,d respectively).

FTIR Spectroscopy

FTIR spectroscopy confirms that the modification is achieved on the chitosan (Figure 2
(for 4000400 cm~! wavenumber) and Figure S1 (for 1800-400 cm ™! wavenumber)); fur-
thermore, Table 2 reports the detailed assignment of the most significant peaks.

The sulfonation of pristine chitosan shows a series of changes as follows:

(a) Appearance of a peak at 3068 cm ! for CH str. of the aromatic ring from the grafted
moiety;

(b) The peak is close to 1720 + 5 cm~!, which is assigned to C=C of Comb. aromatic
bands (sh.) from the grafted moiety;

(c) Peakat?795cm~! for CO wag. Out-of-phase, skeletal vibration;

(d) Appearance of the peaks in the range of 686 cm ! for N-C-N in-plane bending, for
attaching the amine groups with the chitosan moiety;

(e) Appearance of a peak at 618 for -S5-O str. of the grafted sulfonic group.

Additionally, the intensity of some peaks is changed while the grafting was performed,
which means that it could affect the environment of these groups as the intensity of the
NH str. peak at 3459 cm 1. Moreover, most of these peaks are shifted and decreased in
intensity while the metal ions are being adsorbed.
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Figure 2. FTIR characterization of CH, CH-AS, after loading by Fe(III) and after the 5th cycle of
sorption/desorption (scale 400-4000 cm™1).
Table 2. FTIR assignment peaks for the CH, CH-AS, after loading by Fe(Ill) and after the 5th cycle of
sorption/desorption.
Assignment CH CH-AS CH-AS+Fe CH-AS 5th Cycles Ref.
N-H and OH str. 3413 3459 3428 3448 [63,64]
Aromatic CH str. 3068 3073 3063
Aliphatic C-H str. 2919, 2848 2924, 2860 2917, 2851 2926, 2860 [65,66]
Comb. aromatic bands (sh.) 1721 1716 1720 [66]
C=0 C=C(aromatic) and
C=N str. N-H bend and 1619 1655 1653 1657 [63,64,67]
open-chain azo (-N=N-)
C-N/C-C str., and CH, bend 1423 1423 1395 1447 [63,64,68-70]
Secondary amine 1382 1383 1382 [66]
C-O-C asymm./C-O str. and
NH, rock. 1024 1070 1069 1062 711
Aromatic C-H bend
. [63]
(in-plane)
NH,/CO wag.

Out-of-phase 795 794 792 [63,66]
N-C-N in-plane bending 686 677 680 [68,69]
O- H bend out-of-plane,

C-H (def.), and -S-O (str.) 588 618 618 [66]
C-S (str.) 458 464 462 456 [72,73]
TGA Analysis

The thermal degradation of the functionalized composite is reported in Figure 3. Three
weight loss stages are noticed, while the total weight loss is around (85.1%) associated with
the bound water loss at the composite surface and from the porous network. It is worth



Catalysts 2022, 12, 721

6 of 21

Weight (%)

100
90
80
70
60

40
30
20
10

noting that the weight loss was measured until 900 °C, in which, from 700 °C, the sorbent
particles were completely degraded.
The major three degradation steps are identified as follows:

(a) The water loss (from the surface or porous) is assigned to 211.21 °C. The total loss at
this stage is around 28.9%;

(b) Between 211.21 and 472.21 °C (additional loss: ~ 40.575%), this stage is defined by the
degradation and depolymerization of carbohydrates in the polysaccharide moieties
and that of reactive groups (amines and hydroxyls) depolymerization of the polymers;

(c) Above 472.21 °C and up to 900 °C (additional loss: ~ 15.637%), which is attributed to
the decomposition of the rest of the organic functional groups and the degradation
of the polymer char. Several waves in the dTGA spectrum, as reported in Figure S2,
were identified at 85.62, 337.4, 574.6, and 740.2 °C.

tart
nd

Weight Loss —0.6079 m

CH-AS

Weight Loss —1.7901 mg
-85.118%

28.21°C
211.21°C

-28.906 %
Start 211.21°C

End 472.21°C
Weight Loss —0.8533 mg
~40.575%
Start 472.21°C
End 889.61°C
Weight Loss -0.3289 mg

-15.637 %

T L L 4 T 4 L T : T L 4 L ! | L

100 200 300 400 S00 600 700 800 900
Temperature (°C)
Figure 3. TGA of the functionalized chitosan composite.

pHpzc

The pHpzc of the prepared sorbents (crosslinked chitosan and sulfonated composites)
was close to 6.69 and 5.344, respectively, as shown in Figure 4. Chitosan-bearing amine
and hydroxyl groups shift the pK, on the basic side, while the sulfonated groups (in the
CH-AS) have an acidic character and shift the pK, values to the acidic direction. Hamza
et al. reported the pHy,. of different composites based on biopolymers in the range of
2.84 and 4.82 [34,74-76] from 0.1 M NaCl solutions. Sulfonation causes a strong shift in
the pHpzc, as noticed in sulfonation of some agriculture wastes (hawthorn kernel), which
were shifted from 7 to 3.9 [77]. Urbano and Rivas reported that [78] pHpzc is close to 3.4
for montmorillonite polystyrene sulfonate-polyacrylamide glycolic composite.
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................................................

PHpzc: 3.97

Figure 4. The pHp,c characterization of crosslinked and functionalized chitosan composites.

2.2. Sorption Properties
2.2.1. pH Effect

Figure 5 shows the effect of the pH of the solution on the sorption of Fe(III) for both
CH and CH-AS sorbents in visible light and under UV conditions. The crosslinked chitosan
exhibits a little sorption affinity on Fe(III) compared to CH-AS sorbent under the same
experimental conditions. The CH and CH-AS sorbents show average sorption capacities of
1.6 and 2.1 mmol g~ ! for CH at light and UV, respectively, while the capacity has increased
to 2.72 and 3.08 mmol g~! for CH-AS at light and UV, respectively. From Figure 5, the
triplicated experiments verify the reproducibility of the sorbents and the efficient uses of
UV for improving the sorption capacities. Regardless of the equilibrium pH (in the range
of 1 to 3.5 and below the precipitation point of iron. The sorption capacity for both sorbents
was low at acidic pH values (1 and 2). This is due to the protonation of reactive groups that
make repulsions with positively charged metal ions and consequently decrease the sorption
capacity. As pH increases, the protonation of reactive groups becomes decreased to pH 6.69
and 3.97 for CH and CH-AS, respectively (the pHp,. levels, which convert to completely
negative charge), depending on increasing the sorption capacity. It is noticed that at pHeq
close to 3.1, the sorption capacity remains high for CH-AS (2.8 4 0.25 mmolg '), while
the sorption remains increased with the pH for CH sorbent and the maximum sorption
capacity is around 1.5 + 0.1 mmol g~ ! at pHeq 3.7. Figure S3a,b shows the variation of the
pH values during sorption for CH and CH-AS at different light moods: the change of pH
does not exceed 0.5 and 0.3 for CH and CH-AS sorbents.
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Figure 5. Effect of pH on sorption capacity for CH (a) and CH-AS (b) under light and UV.
2.2.2. Uptake Kinetics

Under the selected experimental conditions (i.e., Co: ~ 1.7 (£0.1) mmol Fe L~1;
pHo: 3.0; SD: 0.5 g L~ 1), the sorption of Fe(III) on the CH-AS is a fast phenomenon in which
the equilibrium is reached within 35 min. Different sorption mechanisms are assigned as
the mass transfer (i.e., resistance to film, bulk, and/or intraparticle diffusion) as well as
proper reaction rates [79].

The speed of agitation is sufficient to limit the resistance to bulk diffusion. In addition,
minimizing the effect of resistance to film diffusion and yet is not neglected. Different
mechanisms were used for fitting the kinetic profiles, i.e., PFORE—pseudo-first-order rate
equation (Figure 6), PSORE—pseudo-second-order rate equation (Figure S4a) [80], and
RIDE—resistance to intraparticle diffusion (Crank equation, Figure S4a) [81] in light and
UV, respectively. For evaluating the different mechanisms, Table 3 reports the parameters
of each model (including the coefficients of the relevant fits). The PFORE successfully fits
the experimental data in both conditions better than the other models: this was achieved
by matching both the calculated and experimental values for the qeq and R?, which provide
priority to the PFORE over the PSORE and RIDE. The PFORE model is described as a
physical-type interaction, which is associated with the ion-exchange mechanism.

PFORE PFORE

0.8 0.8

0.6 0.6
g ACHASTA || ¢ ACH-AS:UV#I
o] 04 OEASIR)( i OCH-AS:UV#2

' calliCo o CH-AS:UV#3

0.2 02

(b)
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min) Time (min)

Figure 6. Uptake kinetics (PFORE) in light (a) and under UV condition (b).
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Table 3. The parameters of the models for Fe(III) uptake kinetics.
Visible Light (L) Ultra Violet
Model Parameter #1 #2 #3 #1 #2 #3
Exp. Geq (mmol Fe g™ 1) 2.69 2.71 2.78 3.12 3.06 3.14
Geq,1 (mmol Fe g—1) 2.65 2.77 2.81 3.16 2.99 3.11
PFORE k; x 102 (min~1) 2.18 2.11 3.92 5.93 6.72 6.92
R? 0.983 0.988 0.989 0.992 0.989 0.991
AlC —98.77 —789 —101.1 —104.5 —95.8 -112.3
Geq,2 (mmol Fe g 1) 1.87 2.48 222 2.37 261 2.69
PSORE K2 % 10% (L mmol~! min~1) 3.87 2.96 1.99 9.85 12.4 15.8
R? 0.795 0.801 0.881 0.816 0.875 0.881
AIC -21.1 —36.55 —41.43 —76.3 —732 —58.6
De x 108 (m? min~1) 1.11 2.18 1.65 1.75 1.16 1.59
RIDE R? 0.899 0.917 0.879 0.942 0.939 0.967
AlC —65.44 36.4 -33.2 -929 —98.0 —-101.4
2.2.3. Sorption Isotherm

The distribution of Fe(IIl) between the solid and the liquid phases at pHy 3 & 0.05 (in
which the pHeq was around 3.1 + 0.03) was represented through the sorption isotherm
(Figures 7 and S5). The model was fitted in the three repeated experiments for reproducibil-
ity. The Langmuir, Sips, and Freundlich are the three model equations that are used for
fitting the experimental data using parameters that are reported in Table 4, which shows an
extensive increase in the sorption capacity before reaching saturation with the equilibrium
concentration of 4.6 + 0.15 mmol Fe(III) g_l. The fitted models are not parallel with the
Freundlich equation (power-type equation) and are more fitted with the Langmuir and
Sips (overlapped). The maximum capacity of saturation for the monolayer (i.e., qm ) is
around 4.52 mmol Fe g1, a little lower than that of the maximum experimental capacity
(i-e., 4.551 mmol Fe g~ 1).

Table 5 reported the sorption comparison properties of a series of alternative sorbents
in the literature toward Fe(Ill). Taking into account the pH and temperature of the sorption
environment, the CH-AS is considered the highest sorption to Fe(Ill) with fast kinetic
properties. Most of these sorbents were tested against Fe(IlI) at pH (4-7).

Table 4. Modeling of Fe(III) sorption isotherms.
Model Parameter 1 2 3 1 2 3
Experimental Jm,exp. mmolFeg_1 4.773 4.528 4.352 5.04 5.32 4.99
Langmuir dm,L mmol Fe g~! 4711 4.498 4.361 4.98 5.27 5.04
by, L mmol ! 1.97 1.53 1.68 2.65 3.11 2.95
R? 0.963 0.954 0.971 0.994 0.982 0.988
AIC —154.5 —148.5 —166.9 —-132.5 —-171.4 —147.3
Freundlich kg mmol!~1/n g=1 /0 0.60 0.75 0.89 0.81 0.62 0.72
ng - 2.18 222 2.16 1.87 2.55 3.01
R? - 0.901 0.895 0.883 0.836 0.799 0.816
AlIC - —38.6 —42.1 —48.3 -21.1 -36.5 —-32.2
Sips dm,s mmol Fe g~! 4.75 4.541 4.366 5.17 541 5.04
bs L mmol~! 0.89 091 0.94 0.989 0.982 0.981
ng - 1.53 1.64 1.12 2.18 2.11 1.84
R? - 0.998 0.960 0.988 0.994 0.981 0.993
AIC - —132 —144 —135 -122.1 —154.3 —137.2
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Figure 7. Sorption isotherms for fitting the experimental data of Fe(III) sorption by Langmuir (a,c)
and Sips (b,d) at light and UV effects.
Table 5. Comparison of alternative sorbents toward Fe(III) sorption.
Sorbent Temperature pH qmmol g1 Reference
5-IO0W 25 4.0 0.155 [82]
14-IOW 25 4.0 0.116 [82]
Modified Mg-Al Layered double hydroxide 25 6.7 0.162 [83]
Spherical mesoporous silica (MCM-14) 25 7.0 0.031 [84]
Reference Clay-biochar composite 298 6.1 25 6.1 0.0899 [85]
Si0,-G1.0 25 4.0 0.45 [62]
Si0,-G2.2 25 4.0 0.62 [62]
Si0,-G2.4 25 6.5 0.4 [62]
(acrylomtrlle—cojacrolelc. acid-co-diaminopyridine) 25 40 0.249 [86]
Nanofibrous film chemosensor
Silica gel-based sorbent (SiO,@Nap) 25 4.0 1.414 [871]
TiO,-banana cluster 25 4.0 2.686 [88]
CHIL.L 22 (1) 3.0 1.6 This work
CHI.UV 22 (1) 3.0 2.1 This work
CH-AS:L 22 (1) 3.0 4.551 This work
CH-AS:UV 22 (1) 3.0 5117 This work

2.2.4. Desorption and Sorbent Recycling

This stage is one of the most challenging parameters for designing the sorption process,
which was described through the desorption of the bounded ions and the regeneration
of the sorption. The elution was used through an acidic type of hydrochloric acid (0.5 M
HCl solution). The suggestion of using acidic solutions for desorption of iron (III) from
loaded sorbent is due to its proficiency to test the stability of the sorbent (chemically) and
the sorption effectiveness (during the stability of recycling).
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The desorption kinetics was investigated; Table 6 reports the loss in the sorption
desorption capacities through five successive cycles, which indicates the stability in sorption
with limited loss (around 4% from the total sorption), while the desorption is stable during
the five cycles. It is worth noting that the complete desorption was achieved within 20 min
(Figure 6), which means that it is faster than uptake.

Table 6. Average of sorbent (SE, %) /desorption (DE, %) recycles (from three repeated experiments)
efficiencies for Fe(III) using the CH-AS for five cycles.

Metal Ion Fe(III)

Cycle Av./St. D SE DE
1 Av. 81.6 100
St. D. 0.65 0.34

9 Av. 81.4 100
St. D. 0.34 0.42

3 Av. 80.95 100
St. D. 0.25 0.37

4 Av. 80.15 100
St. D. 0.33 0.51

5 Av. 79.8 99.9
St. D. 0.23 0.22

Av.: average; St. D.: standard deviation (%).

The stability in the desorption efficiency is observed to be fixed at around 100%.
However, the sorption efficiency is slightly declined at the fifth cycle by a percent that did
not exceed 2.2%. This means the sorbent structure is remarkably stable for re-use. This
is verified by the FTIR observations (Figure 2), which indicate restoration in the sorbent
bands after desorption.

2.3. Effect of Light Mechanism on Fe(IlI) Sorption

The maximum sorption of both functionalized and nonfunctionalized sorbents was
performed at acidic pH values, and the sorption performances (both sorbents) were im-
proved by the UV condition. In which, at the pH of experimental sorption (pHeq close to
3.1), the functional groups (amino, sulfonic, and hydroxyls) of the sorbent become partially
protonated. These groups are considered the activated sites for binding with Fe(III) ions [89].
In the light-irradiation, the Fe particles were excited due to the presence of photonic energy
(hv), leading to the liberation of electrons to form electron-lone pairs (h* e™) (Equation (1)).
This pair of electrons are moved to the iron surface to be involved in the redox reactions.
The interaction of h* with water or hydroxyl yields radicals of (*OH) and consequently
increases the H in the solution (Equation (2)). This enhances the replacement between

Fe(IT) and H*.

Fe ™ htte- )

ht* +H,OorOH™ — ‘OH+HT ()

2.4. The Study Area and Sampling Site

The water samples were collected from a 1200 m deep drilled well (Figure 8). The
latitude and longitude coordinates are 28°19’31” N and 28°48'44" E, respectively, to the
south of the Bawiti City (capital of the Bahariya Oasis). The Bahariya Oasis is one of the
most prominent features in the Western Desert. It is a vast, natural, and deep depression
located approximately 370 km southwest of Cairo in the heart of the Western Desert. The
Bahariya QOasis has an oval shape in the general view, and its long axis is about 94 km,
structurally orientated in a NE-SW direction, latitudes 27°46/27" and 28°30'32"” N and
longitudes 28°29'22"and 29°08'35" E. The area is characterized by a hyper-arid climate
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condition with rare rainfall that ranges from 3 to 6 mm/yr coupled with a very high
evaporation rate. The Bahariya Oasis is linked to the Nile Valley by two main roads. The
first road connects Giza to Bawiti cities, and the second road links Samalut City to the north
of the El-Gedida iron ore mine. The two roads extend for 350 km and 220 km, respectively.
The occurrence of springs and artesian wells from the Nubian Sandstone Aquifer System
(NSAS) has paved the way for the settlement of humans since prehistoric times.
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Figure 8. Geologic map of the Bahariya Oasis modified after [90].

2.5. Geology and Hydrogeology of the Studied Area

Geologically, the floor of the Bahariya Oasis (Figure 8) is generally flat and covered
by the Cenomanian clastic rocks of the Bahariya Formation, whereas the flanks consist of
Campanian, Maastrichtian, and Lower Eocene rocks. The Paleocene rocks are completely
unrepresented in the Bahariya Oasis or its surrounding scarps. Scattered bushes are
occasionally present on the ground. Sand dunes occupy small areas in the depression, e.g.,
Ghard Bawiti (5 km south Bawiti), Ghard Mandisha (south Mandisha Village), around
Ain El Heiz, at the slopes of Gebel El-Hefhuf, and many others [91,92]. Aeolian sands
and lacustrine deposits, and occasionally recent continental sabkhas form the Quaternary
sediments. The Cretaceous succession can be distinguished from base to top in the Bahariya,
El-Heiz, El-Hefhuf, Ain-Giffara, and Khoman Chalk formations [90,93,94]. The sedimentary
sequence is intruded by sills and dykes of the Tertiary dolerites.

The north of the Bahariya Oasis is marked by the Eocene limestone plateau that
ranges in elevation from 200 to 370 m amsl [95]. It is differentiated into three formations
from base to top the Nagb, the Qazzun, and the Hamra formations. The stratigraphy of
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the Bahariya Oasis shows tectonic instability throughout Cretaceous—Eocene time. The
geographic distribution of various rock units and stratigraphic gaps indicate the Bahariya
paleogeographic evolution with time [96].

Locally, the water-bearing sequences are comprised of two major aquifers. The first
one is the water-bearing sequence contained in the Nubian sandstone, while the other is
the water-bearing sequence contained in the post-Nubian rocks. The Nubian Sandstone
Aquifer System (NSAS) is the prime water-bearing horizon within the Bahariya Oasis. It is
the oldest and largest aquifer underlying the post-Nubian aquifer system (PNAS), with
low-permeability aquicludes in between [97-100]. The Nubian sandstone is a common
term for sands, sandstones, clays, and shales that overlies the basement complex. The
aquifer was charged by the local infiltration amid the past wet periods (pluvial periods),
which terminated in the south almost 4000 years ago, while it ended in the northeastern
Sahara about 8000 years ago [101-103]. The Nubian Sandstone Aquifer System (NSAS) is
essentially made up of continental clastic sediments and sandstone with intercalations of
shale and clay. The thickness of this aquifer varies from 317 m in the southwest to more
than 1000 m in the northwest [104].

The subsurface successions in Bawiti area at the Bahariya Oasis can be divided into
two distinctive aquifers; (a) the lower Nubian Sandstone Aquifer and the upper Nubian
Sandstone Aquifer. The two aquifers are separated by sand and shale layers and topped by
the surface cover. The saturated thickness ranges from 70 to 110 m in the upper Nubian
Sandstone Aquifer [105]. However, the groundwater in the Bahariya Oasis is distinguished
into three horizontal aquifer zones (lower, middle, and upper), with shale and clay among
the three zones [99].

The Bahariya Formation overlies the Nubian sandstone [106]. The Nubian Sandstone
Aquifer System (NSAS) attains a thickness of 1800 m in the Bahariya Oasis [107,108]. The
groundwater flows in the northeasterly direction [109]. The potentiometric surface of
the Nubian Sandstone Aquifer System (NSAS) has witnessed a dramatic decline in the
water table since 1990, as a result of the intense exploitation of groundwater. The annual
drawdown in the water table ranges from 0.44 to 0.88 m [104]. Over time, the drawdown of
the Bahariya Oasis is anticipated to be significantly lowered from 3 m to 26 m with minimal
water distribution throughout the upcoming 25 years [110].

2.6. Treatment of Mine Contaminated Water

For evaluation of the sorption performance and selectivity for the sorbent and the
potential in the water purification process for real-life application, the functionalized
sorbent was tested with highly contaminated groundwater samples.

The studied groundwater samples are characterized by a high concentration of Fe
(177 mgL~1), while the concentration of Mn reaches 1.4 mgL.~!, and that of Cd and Pb are
0.3 and 0.78 mgL !, respectively. The concentration of these elements, especially iron, is
higher than the permissible limits of drinking water by 590, 28, 33.3, and 156, respectively,
as reported in Table S2, and some major elements (i.e., Na, Ca, and Mg with concentrations
of 594.8, 164.6, and 71.99, respectively). The loading experiments were performed at the
original value and the optimum loading from the synthetic solution. Figure 9 shows the
selectivity of the sorbent toward Fe vs. metals, while Figure 57 shows the SCpp,/Metal- From
these data, a progressive increase in the SC is noticed as pH increases, including the increase
in removal efficiency of the hazardous elements as pH increases (the original pH is higher
than pH 3.5). The selectivity was measured for Fe against metal ions from the equation
below:

Dre qeq(Fe) X Ceq(metal)
Dmetal Ceq(Fe) X qeq(metal)

®)

Selectivity coefficient SC =
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Figure 9. Selectivity coefficient for the functionalized sorbent for Fe(Ill) vs. associated metal ions at

light (a) and UV (b).

From Figure 9, the order of SC can be arranged as Na >> Mg > Ca >>Mn > Cd ~ Zn >
Pb at pHeq 3.4, while at pHeq 5.94 the order changes to Na >> Ca > Mg >> Zn =~ Cd =~ Mn
> Pb. In the case of UV application, the order of selectivity is Na>> Mg > Ca >>Mn > Zn ~
Cd > Pb (at pHeq 3.41) and Na >>> Ca > Mg >> Mn ~ Zn > Cd > Pb (at pHeq 5.87). This
indicates the efficient use of UV over the light condition. The removal efficiency is shown
in Figure 10. In addition, the selectivity was measured for the Pb against other elements.

Mn

OL:pHeq=3.4

® UV:pHeq=5.94
E L:pHeq=3.41

m UV:pHeq=5.87|

Na Fe Ca Mg

Zn

Cd Pb

Figure 10. Removal efficiency (%) of ions in contaminated water under light and UV conditions.

3. Materials and Methods
3.1. Materials and Reagents

4-aminoazobenzene-3,4'-disulfonic acid (AZDS), glutaraldehyde solution (50 wt. %),
chitosan (75-85% of acetylation degree (AD), medium molecular weight), acetic acid solu-
tion (>99%), hydrate cadmium chloride (CdCl,.xH,O (99%)), anhydrous calcium chloride
(>97%), ferric chloride (FeCl3-6HyO (97%)), aluminum chloride hydrate (AlCl;-xH,O
(99.99%)), and copper chloride dihydrate (CuCly.2H,O (99.999%)) were purchased from
the Sigma Aldrich (Darmstadt, Germany). Magnesium chloride hexahydrate (MgCl,-6H,O



Catalysts 2022, 12, 721 15 of 21

(99.9%)), zinc chloride (ZnCl; (98%)), and lead sulfate (PbSOy) that were used in the selectiv-
ity experiments were obtained from Guangdong Guanghua, Sci-Tech Co., Ltd. (Guangdong,
China). The solutions (synthetic/prepared solutions) were achieved by dilution from the
stock of 1000 ppm metal ions solutions. Additionally, the deionized water was used in the
preparation of the stock and diluted solutions for adsorption tests.

3.2. Synthesis of the Sorbents (CH and CH-AS)

The reaction of 5 g chitosan (after dissolution in 250 mL 6-7%; w/w of acetic acid) was
reacted with 12.5 mL of GA solution to produce the chitosan crosslinked composite (CH;
Scheme 1a; for comparing the sorption performance), while the reaction of 5 g chitosan
(after dissolution as mentioned above) with 6 g of 4-aminoazobenzene-3,4'-disulfonic
acid (after dissolution in 50 mL DMF solution) in the presence of 25 mL GA solution
(for functionalized chitosan hydrogel Scheme 1b). The reactions (of both cases) were
maintained at 75 °C for 9 h. The produced precipitates (CH and CH-AS) were filtered off
and washed several times with water and ethanol before drying in vacuum at 60 °C for
10 h. The produced sorbents were used for loading and investigation of contaminated
water treatment processes. Scheme 1a,b shows the synthetic route of both sorbents with a
demonstration of the functional groups.

OH

HO,

NH,

Chitosan(C)

+ _ 75°Ckh
m N
Hi o
o
m M Glutaraldehyde H " cH
(GA)

@

o
(0]
- S-OH
\©/” O H
HzN (0]
4-Aminoazobenzene-3,4'-
disulfonic acid (AZDS + o
( ) 5 C/%h HO
OH

d o
HO Glutaraldehyde

CH-AS
(GA)
NH, 0 s— OH
Chitosan(C) HO—S

(b)

Scheme 1. Synthesis of crosslinked chitosan; CH (a) and functionalized sulfonic group composite;
CH-AS (b).

3.3. Characterization

The synthesized materials (CH and CH-AS) were applied to verify the functionaliza-
tion using FTIR spectrometry (confirmation of the reaction routes and successive grafting
of sulfonic groups). This was performed after conditioning in the form of KBr pellets using
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an IRT-racer, 100 FTIR spectrometer (Shimadzu, Kyoto, Japan). The determination of (C, H,
N, S, and O) was conducted using elemental analyses by an element analyzer; CHNOS-
Vario EL III- Elementar Analysensysteme-GmbH, Sonaustraf3e, Germany. The thermal
decomposition was verified by thermogravimetric analysis using Netzsch-STA, 449 F3
Jupiter-NETZSCH, Gerdtebau, HGmbh, Selb, Germany. The analysis was performed under
the nitrogen condition with 10 °C min~! as a temperature ramp. SEM-EDX (scanning
electron microscope, coupled with energy dispersive X-ray diffraction) analysis was carried
out by using Quanta-FEG-200 (Thermo Fisher Scientific Merignac-FEI France) equipped
with the Oxford Inca-350-EDX microanalyzer (Oxford Instruments; Saclay, France). PH-
drift method [111] was used to describe the pH zero charge (pHp,c). The adjusted and the
varied pH were recorded in the solution after sorption using pH ionometer-5220 Seven;
Mettler, Toledo-China. The photocatalytic sorption was studied using a 980-CW diode laser;
Lambda Wave-Wroctaw-Poland. The power of light is around 0.84-W, and the beam size is
close to 8 mm?. On the other hand, visible light was detected using the sunlight effect.

3.4. Sorption Studies

The study of sorption properties is achieved through batch systems as follows: a fixed
weight amount (m, g) of sorbent was mixed with a fixed volume (V, L) of the solution
under agitation speed v: 210 rpm at room temperature (22 &= 1 °C). The dose of the sorbent
was adjusted to 0.5 g L~! in most of the experiments. The pH (in the pH effect) varied
from 1 to 3.5 (before precipitation point), in which the pH was not fixed (or controlled)
during the sorption, but the initial and final pH were recorded. A fixed time (24 h) was
set for the equilibrium experiments in the sorption isotherms, selectivity tests, etc. For the
sorption isotherms, the concentration (initial conc Cy, mmol L1 of Fe(Ill) varied between
0.1 and 9.0 mmol Fe L~! at pH 3.0. The selectivity experiment was used with the equimolar
concentration of multi-component solutions at varied pH values (1-3) with a concentration
of 1 mol metal L™! of Cu(II), Ca(II), Zn(II), Mg(1I), AI(IIT), Fe(1ll), and U(VI), at pHy: 1.0,
1.99, and 2.95. In the case of uptake kinetics, the initial pH was set to 2 with an initial
concentration of (Cp; 0.7 mmol Fe L ~1), and the samples were collected at different times by
filtration of the sorbent before analyzing of the metal residual in the solution using ICP-AES.
The amount of metal ions bounded on the sorbent (known as sorption capacity) (q, mmol
g~ ! or mg g~ !) was measured through the mass balance equation: q = (Cg — Ceq) X V/m,
while the distribution ratio (D, L g~ !) is determined through D = deq/Ceq- The application
to water samples was performed by testing 2 g of composite (m, g) with 1 L of the water
sample (V, L). The bottles were constantly agitated for 1, 5, 10, and 24 h. After sorption,
the sorbent was collected by filtration, and the residual metal content (Ceq, mmol L1or
mg L~1) was in the filtrate. It was measured using ICP-AES for evaluation of the sorption
performances. The desorption was performed on the metal-loaded sorbents in an agitation
system with a contact time of 24 h using 250 mL of 0.5 M HCI solutions (brought from
kinetic experiments). Another experiment was performed to evaluate the sorbent stability
by using five cycles of sorption and desorption. The analysis was performed on the eluate
solution using ICP-AES to evaluate desorption performances. The FTIR spectra of the
sorbents were exposed after five successive sorption/desorption cycles for sorbent stability
through long-term uses. The models that are used in the fitting of the experimental profiles
(for kinetic and isotherms) are summarized in Table Sla,b, respectively.

4. Conclusions

A new grafting of sulfonic groups was performed on chitosan magnetite nanoparticles
to improve binding with heavy metal ions (through test of Fe(Ill)) on the sulfonic and
amine functional groups. The sorption performances were investigated through different
pH values compared with reference material. The maximum sorption was performed at
pH around 3.5 with fast kinetic (the equilibrium attained in around 25 min). Improving
the sorption of the functionalized material by using the UV emission not only increases
the loading capacity from 2.7 to 3.06 mmol Fe g~! but also enhances the sorption kinetics



Catalysts 2022, 12, 721 17 of 21

by accelerating the sorption uptake from 35 min to less than 30 min. The sorption kinetics
were fitted with PFORE, while the Langmuir and Sips equations were fitted for the sorption
isotherms. The complete desorption was performed faster than sorption using a 0.2 M HCl
solution.

Decontamination of groundwater from the Bahariya Oasis, Western Desert—Egypt,
close to iron-mineralized area. The sorbent shows a high efficiency for removal of heavy
metal ions even in the concentrations that are higher of the permissible limits by several
hundred times, according to the drinking water or livestock drinking water of the World
Health Organization (WHO). The efficient sorption allows the effluents that mainly fit for
the livestock and irrigation purposes but slightly exceed the drinking water permissible
limits. From the obtained sorption data, the current multifunctional materials offer a
convenient and successful tool for developing the water purification processes in desert
and mining areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12070721/s1, Table Sla: Reminder of the equations used for
modeling uptake kinetics [79-81]; Table S1b: Reminder of the equations used for modeling sorption
isotherms [79,112,113]; Table S2: Comparison study of initial and final concentrations of metal ions
on water sample before and after sorption; Figure S1: FTIR characterization of CH, CH-AS, after
loading by Fe(III) and after the 5th cycles of sorption desorption (scale 400~1800 and 2800-4000 cm™1);
Figure S2: DrTGA of the functionalized chitosan composite; Figure S3: pH variation of the CH (a)
and CH-AS (b) in the presence of Light and UV; Figure S4: Uptake kinetics; PSORE (a) and RIDE
(b) at light and UV emission; Figure S5: Sorption isotherms for unfitting of the experimental data
of Fe(Ill) sorption by Freundlich at light (a) and UV effect (b); Figure S6: Desorption kinetics of
the functionalized sorbent for three repeated experiments; Figure S7: Selectivity coefficient for
functionalized sorbent for Pb(II) vs. associated metal ions at light (a) and UV (b).
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