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Abstract: This study aims to evaluate the functionalization of chitosan biopolymer with hetero-
cyclic moieties of 2-thioxodihydropyrimidine-4,6(1H,5H)-dione used for enhancing the sorption
of Cr ions from aqueous solution. A synthesized sorbent is a nanoscale particle (around 5-7 nm),
which explains the fast kinetics of sorption. The sorbent is specified using elemental analysis
(EA), FTIR, BET (nitrogen sorption desorption isotherms), TGA, and SEM-EDX analyses. Sorption
properties are investigated using ultraviolet emission (UV) but also using visible light (L). In the
sorption diagram, the high sorption uptake and fast kinetics observed using ultraviolet conditions
are shown. This work is conducted by removing Cr ions from highly contaminated tannery ef-
fluents, which have a high concentration of Cr associated with other poisonous elements such as
Cd(II) and Pb(II). Under the selected conditions, complete sorption is performed during the first
60 and 45 min with a capacity of 2.05 and 2.5 mmol Cr g~! for the crosslinked chitosan (without
functionalization) in L and UV, respectively. This sorption is enhanced by functionalizing to 5.7 and
6.8 mmol Cr g_1 at the L and UV, respectively, as well as improving the sorption kinetics to 35 and
30 min for both techniques, respectively. The PFORE, and (Langmuir and Sips equations) fit the
kinetics and isotherms, respectively.

Keywords: treatment of industrial effluents; chromium removal; photocatalysis studying; uptake
kinetics; pyrimidinedione derivative; eco-friendly adsorbent

1. Introduction

In recent decades, environmental pollution has been widely increased due to popu-
lation expansion and terrible human activities [1-3]. Heavy metals, i.e., chromium, lead,
cadmium, aluminum, and copper, are the main components of industrial effluents. These
metals contaminate air, soil, and water without suitable treatment to expel them, causing
critical environmental problems [4,5].

Chromium is a potentially hazardous species, which results mainly from human
activities and some industries such as the leather, textile, and electroplating industries. It is a
hard metal with an atomic number of 24 and a molecular mass of 51.1 g/mole. Chromium
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species vary in chemical properties and toxicity. Among these, Cr(VI) is considered the
most perilous as a natural contaminant toward the environment through various industrial
activities. Due to the oxidizing effect of Cr(VI), it has mutations and is carcinogenic to living
organisms. Therefore, chromium (mostly Cr(VI)) must be removed from the environment,
soil, and water to conquer considerable problems because of its environmental accumulation.
It is well known that the toxicity of Cr(VI) is reduced by converting it to Cr(Ill) [6,7].

Most recently, scientists developed novel and significant methods for chromium elim-
ination. These methods are chiefly classified into physicochemical, electrochemical, and
developed oxidation. Physicochemical techniques include chemical precipitation, adsorp-
tion, ion exchange, and membrane filtration. Electrochemical reduction, electrodialysis,
and electrocoagulation are common examples of electrochemical technology. At the same
time, nanotechnology and photocatalysis are advanced oxidation technologies that show
remarkable efficiency in wastewater treatment [8,9].

Biopolymers (or natural polymers) are widely used in various toxic metal removals.
Polysaccharides are considered the most used in natural polymers, which have broad environ-
mental applications. Polysaccharides are organic biopolymers which have monosaccharides
as ingredient units and are functionalized by NH, and OH groups. The vital importance of
polysaccharides is due to their amino and hydroxyl functional groups (which open new facili-
ties for modification), biocompatibility, and biodegradability. Owing to their special chemical
structure, polysaccharides are used among various sorbents for Cr(VI) and most toxic envi-
ronmental pollutant removals [10]. Additionally, they are characterized by their nontoxicity,
cost-effectiveness, and eco-friendly nature [11]. Chitosan, gum, alginate, and celluloses are the
most used biopolymers and effective sorbents for removing of pollutants [12,13].

Today, advanced oxidation technologies, especially photocatalysis, are included among
the most important techniques used in the degradation of chemical pollutants [14]. Pho-
tocatalysis involves the generation of reactive species bearing oxygen on exposure of the
photocatalyst to visible radiation or to ultraviolet emission [15]. These reactive species
cause the degradation of several chemical pollutants [16]. Additionally, photocatalysis is
recorded as an efficient method to oxidize/reduce various hazardous heavy metal ions such
as Copper(Il), Cadmium (II), Mercury (II), [17], etc. In recent years, photocatalytics have been
vastly developed [18,19]. TiO; is considered the most broadly used due to its remarkable ac-
tivity, low cost, and non-toxic behavior [20]. Photocatalytic reduction is cleaner than chemical
reduction [21]. The most important reductive photocatalytics of sulfides/oxides, i.e., TiO,,
WO;3, ZnO, etc., are considerably reported. The photocatalytic reduction (of Cr(VI)) is mainly
carried out by TiO, [22,23]. Heterogeneous photocatalysis (HP), can be performed under
sunlight as a slightly novel technique for removing the Cr(VI) and some other pollutants. This
may be considered a good way to develop green chemistry approaches [21,24,25].

Many studies have reported photocatalytic degradation by TiO,, ZnO, CeO;, Fe;Os3,
WO;3, and MgO [26-30]. Cheng et al. compared the photocatalytic reduction activity of
oxide catalysts, TiO,, ZnO, WOj3, and NaTaOj3. The highest Cr (VI) removal ratios were
observed with NaTaOj3 at pH 3 and in the presence of sodium sulfite, while ZnO and TiO,
showed the best efficiency at neutral pH [31]. Photoreduction of the Cr(VI) using ZnO
(under UV radiation) was represented by Chakrabarti et al. [23]. In a related study, Wu et al.
showed the effect of reduction of Cr (VI) by the effect of CeO, nanotubes in the presence of
oxalic acid and the reduction was performed at room temperature [32].

Based on the above properties, two sorbents were established on biopolymers and
their sorption properties were investigated; magnetite chitosan (so-called MC: as reference
material) and functionalized chitosan with pyrimidine derivative (herein as MC-TDPD)
were investigated in this study. This was based on several stages; firstly, the synthesis of
2-thioxodihydropyrimidine-4,6(1H,5H)-dione: (so-called TDPD), which is characterized by
FTIR and mass spectroscopy (for functional groups and M.Wt.). The second step is grafting
of the TDPD on the prepared activated chitosan nanoparticles (this was previously designed
through (i) the preparation of magnetite nanoparticles, (ii)the precipitation of chitosan
nanoparticles, (iii) enhancing stability through crosslinking using epichlorohydrin (EPI),
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and finally, (iv) the synthesis of the activated chitosan nanoparticles through treatment
with an extra amount of EPI in ethanolic medium to produce a free methylene chloride
group for the substitution reaction for the next step). The last step of the synthesis is
grafting the prepared TDPD on the designed spacer arm chitosan particles. The final
product was characterized by elemental analysis (EA), FTIR, BET, TGA, and SEM-EDX
analyses. sorption was achieved toward chromate ions (firstly from synthetic solution) by
investigating the pH effect, uptake kinetics, sorption isotherms, reuse (regeneration), and
finally, the application toward the real solution of tannery effluents in the Egyptian tannery
unit, that highly contaminated by chromate and associated with other heavy metals such
as Cd, Pb, and Co. The sorbent showed high affinity for the removal of chromate ions with
a high percentage that reached higher than 99% for sorbent dose (SD) 25-30 gL~ .

2. Results
2.1. Sorbent Characterization
2.1.1. FTIR Analysis

Chemical modification was verified by FTIR spectroscopy for the pristine thiourea,
synthesized 2-thioxodihydropyrimidine-4,6(1H,5H)-dione (TDPD), after grafting of the
TDPD on chitosan particles (MCH) to yield (MC-TDPD), as well as for the sorbent after
Cr(VI) sorption and after five cycles of sorption desorption.

The thiourea showed several identical peaks related mainly to NH and C=S, which
appeared at 3375, 3291, and 3170 cm ! [33], and a broad band at 2673 cm ! for SH str. of
thiol groups after tautomerization with amine moiety [34]. The peak at 1611 cm ! is related
to the C=N str. (yields from the tautomerization) overlapped with N-H bend [33,35]. A
series of peaks appeared in the fingerprint region, which appeared at 727 and 627 cm ™!
for NH; + CO wag. (out-of-phase) [36] and N-C-N in-plane (bend) overlapped with Fe-
O [37-39]. These peaks were shifted/changed in intensity and new peaks appeared related
to the modification processes. The most noticed change occurred through the decrease
of the intensity of NH stretching for TDPD with two pikes at 3584 and 3392 cm !, while
increasing the broadness as grafting successfully occurred (appeared at 3443 cm~! for the
MC-TDPD). A new peak appeared at 3095 cm ! for the C-H aromatic of the heterocyclic
moiety and disappeared by increasing the broadness of OH and NH in the MC-TDPD. As
cyclization was performed, the new peaks at 1705 cm~! and (1626 and 1499 cm ') for the
C=0 of aromatic stretching and that for C=O, C=N str., and N-H bending, respectively [40],
and peaks at 1155 cm~! for TDPD and 1097 and 1060 cm ! for the MC-TDPD, were related
to the hydrocarbon moieties of the N-C str., NH; (rock.), C-O str bridge oxygen, and C-O-C.
str. (asymm) [41], while new bands at 923 and 854 cm~! for the TDPD and MC-TDPD,
respectively, were related to the aromatic C-H bend for the heterocyclic moiety (in-plane).
As Cr(VI) sorbed, most of these peaks were shifted and decreased in their intensities,
especially for NH, C=0, OH, C=S, and SH (with expected tautomerization) [36,40,42,43],
while after desorption for the five cycles, these bands restored as in the original sorbent
before loading with metal ions, as shown in Figure S1. The specification of the most
important bands is identified in Table 1.

Table 1. FTIR characterization of thiourea, TDPD, and MC-TDPD, after sorption and after five cycles
of sorption desorption.

MC- MC- Sorbent after

Assignment Thiourea TDPD TDPD TDPD+Cr 5th Cycles Ref.
N-H and OH str. 3375, 3291, 3170 3584, 3392 3443 3423 3398 [44,45]
C-H (aromatic str.) 3095 [46,47]
C-H (aliphatic str.) 2915, 2850 2867 2912,2816 2920, 2847 2918, 2872 [48]
S-H str. of thiol group 2673 2583 2583 overlapped 48

Multiple bonded C-O
C=C aromatic str.

[
2046 2056 [4
1705 [
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Table 1. Cont.

MC- MC-

Sorbent after

Assignment Thiourea TDPD TDPD TDPD+Cr 5th Cycles Ref.
C=0, C=N str. and N-H bend. 1611 1659, 1554 1626, 1499 1633 1628 [46]
C-N str., C-H bond, and C-C str. 1467, 1410 1422 1410 1451 [46]
Arom. (secondary amine) 1338 1363 1380 1370 [48]
Tert. amine 1271 1303 1314 [48]
OH bend (in-plane) and C-O str., 1243 1214 1235 [49,50]
N-C str. and NH, (rock.) 1155 1088 1130 [44,49,51]
C-O str bridge oxygen and C-O-C. 1078 1097, 1060 1056 [46]
str. (asymm)
NH, rock. 1015 1025 [44]
Aromatic C-H bend (in-plane) 923 854 899 [46,47]
NH; + CO wag. (out-of-phase) 727 800 [44,48]
N-C-N in-plane (bend), and Fe-O 627 599 632 580 627 [52,53]
O-H out-of-plane (bend.) 541 541 575 [48]
C-Sstr. 485 453 [54,55]
Polysulfide str. 447 448 420 443 [48]

TME: tautomerization effect.

2.1.2. Thermogravimetric Analysis

The thermal decomposition of the functionalized sorbent appears in Figure S2. It
shows three decomposition profiles, the first stage is related to water loss, which appeared
at 270.8 °C (about 12.09%), and the second loss profile is related to the depolymerization
of the polymer backbone, degradation of the amine groups, and carbonyl/thiocarbonyl
functional groups. This step corresponds to ~23.1%, in the rage of 270.8 to 375.5 °C. The
final loss was recorded for the char formation, which was in the range of 375.5 to 496.7 °C.
The total loss of this material (MC-TDPD) was close to 57.038%, which was a little higher
than the theoretical calculation (the resumed materials are related to Fe3O,4 (around 30%),
and the rest ratio is related to carbon). The DrTG has five loss stages represented at 57.56 °C,
290.6 °C, and 399.9 °C, and there are also another two peaks with low-intensity shoulders
at 595.6 °C and 761.2 °C, as shown in Figure S2.

2.1.3. Morphology and Textural Properties

From the SEM photos of magnetite chitosan nanoparticles (MCH) and MC-TDPD from
Figure 1a, the sorbents appeared with an average size of around 5-10 pm with irregular
shapes, while the TEM Figure 1b confirms the presence of magnetite as a nanoscale size
embedment into the polymer hydrocarbon; it appears as dense dark spherical spots with
uniform shape. The dark condenses in some parts of the matrix are due to the agglomeration
of the magnetite, while the size ranges between 2-5 nm.

The Sggr (specific surface area) and Vj, (porous volume) of the sorbents were mea-
sured through nitrogen sorption desorption isotherms with values of 22.9 m? g~! and
6.8 cm> STP g~!, respectively, (for MCH). These values were affected by the grafting proce-
dure, which reached around 24.1 m? g=! and 82 cm® STP g~!, respectively,
(for MC-TDPD).
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Figure 1. (a) SEM analysis of MCH and MC-TDPD sorbents. (b) TEM photos of MCH and MC-
TDPD sorbents.
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2.1.4. Elemental Analysis

From the elemental analysis data in Table S1, an increase in the percentage of N and O
was noticed in the MC-TDPD composite (5.63 and 32.96%, respectively) compared to the
original crosslinked chitosan particles, which are known as the reference material (MCH;
3.98 and 27.14%, respectively). Sulfur also appeared with a percentage of 1.11% in the
MC-TDPD, verifying the successful grafting of the TDPD substrates.

2.1.5. Surface Charge Analysis-pHpzc

The synthesis procedure shows the association of heterocyclic moieties in the chitosan
surface with the change of the amine environment (used in the grafting). This leads to a
change in the acid-base characterization. Figure S3 show the results profile of the MCH
and MC-TDPD composites using the pH-drift method. The pHpy is shifted from 6.059
to 5.66 for MCH and MC-TDPD, respectively. This concludes that the sorbent becomes
completely deprotonated after these values, and the electron pairs are available for the
chelation type, in which the functional groups bear negative charge.

2.2. Sorption Properties from Synthetic Solutions
2.2.1. pH Effect
The pH has a direct effect on the reactive groups’ dissociation found at the surface

of the sorbent but also affects the metal speciation. Figure 54 show the chromium species
distribution under the selected experimental conditions. The mainly anionic species such
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qeq (mmol Cr g)

asas HCrO4—, CrO350,2~, and Cr,O;2~, Are found at acidic pH values. At pH higher than
5, the CrO42~ appeared and predominated at pH above 6.46.

Figure 2a compare the average of the sorption capacity (for the triplicate experiments)
with the standard deviation as a function of pH equilibrium (pHeq) for the functionalized
and non-functionalized chitosan in visible light and UV effects. From the low values of
standard deviation, a successive reproducibility of the sorbent was found. The increase
in sorption performances as the functionalization was performed and compared it with
the non-functionalized composite, showing the valorization of the grafting procedure. On
the other hand, the increase in the loading performances by the effect of UV on sorption
properties compared with the uses of visible light was shown. The sorption capacity
was increased from 0.9 mmol Cr g~! to 3.34 mmol Cr g~! for MCH and MC-TDPD,
respectively. This sorption occurred at pH 4 and 3, respectively, for normal visible light, in
which these data were affected by the effect of light uses that increased by UV to 1.07 and
3.74 mmol Cr g~ !, respectively. This method can be used as a catalyst to recover Cr ions
from acidic solutions. Vieira et al. [56] reported an efficient reduction of the chromate ions
on different membrane types of chitosan.

_ .
a o OMCH:L
(o) OMCH:UV b @ g
4 4 AMC-TDPD:L -4
® OMC-TDPD:UV T
A 4 “2
0 v
z L 4
A
f © 2 @
8 3] 8 i OMCHL
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g ]
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PH,
Figure 2. Studying the pH effect on sorption performances (a), pH variation during sorption (b), and
the plotting results of log1gD units (c) as a function of pHeq for MCH and MC-TDPD.

Figure 2b show the pH variation, which reports a slightly increased equilibrium pH
for MCH (less than 0.4 pH unit), while the functionalized chitosan is slightly decreased
(around 0.3 pH units). Figure 2c report the plot of log;oD units as a function of pHgquation.
The curves are divided into two sections. The slopes were determined and the curves (acidic
medium) were +0.35, +0.62, and +0.61 for MCH, MC-TDPD:L, and MC-TDPD:UV, respectively.
The slopes were also recorded for the right side to be —0.13, —0.35, and —0.29, respectively,
indicating the use of ion exchange in the sorption procedure during Cr adsorption.
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2.2.2. Uptake Kinetics

Figure 3 show the uptake kinetics of both sorbents before and after functionalization in
light and UV. It reports that the equilibrium was reached after 60 and 45 min for the MCH in the
light and UV, respectively, while improving the kinetic properties for the functionalized sorbent
in terms of kinetic behavior, which reached 35 and 30 min at light and UV, respectively. The
sorbents were found as nanoparticles with an expected thin layer of organic on the magnetite
particles. This limits the intraparticle diffusion (resistance to diffusion) for metal ions in the
sorbent pores (poorly porous), and this is the main reason for fast kinetics. The kinetic models
were reported in Table S2, while Table 2 show the equilibrium parameters and capacities
(calculated compared with experimental values). Regardless of the equilibrium sorption
capacities (experimental vs. calculated) and the AIC parameters, this confirms the most fitted
model is PFORE (pseudo-first-order rate equation) compared to PSORE (pseudo-second-order
rate equation) and RIDE (resistance to intraparticle diffusion).

PFORE

-
5

]
S
9
g OMCH:L
OMCH:UV
AMC-TDPD:L
OMC-TDPD:UV

A A
0 . . . . : : . — —
0 20 40 60 80 100 120

Time (min)

Figure 3. Cr(VI) uptake kinetics using MCH, MC-TDPD in light and UV conditions. Modeling with
the PFORE.

Table 2. Parameters of the PFORE, PSORE, and RIDE for Cr(VI) uptake kinetics for the three experiments.

Visible Light UV Emission
Model Parameter 1 2 3 1 2 3

Exp. Qeq (mmol Cr g~ 1) 0.97 0.99 0.96 1.27 1.32 1.38
Geq,1 (mmol Crg—1) 1.01 0.13 0.97 1.29 1.3 1.35

PFORE ki x 102 (min~1) 4.98 5.02 5.12 6.33 6.49 6.51
R? 0.997 0.978 0.981 0.983 0.992 0.988
AIC —74.5 —91.6 —86.5 —1235 —97.3 —105.7

Geq2 (mmol Crg™1) 1.39 1.27 1.32 1.01 0.98 0.99

PSORE ke X 102 (L mmol ! min—1) 2.87 3.14 3.08 1.88 1.76 1.58
R2 0.863 0.779 0.698 0.913 0.896 0.905

AIC —15.4 —~11.8 —18.6 —21.7 289 19.7

De x 108 (m? min~—1) 9.97 8.85 8.49 3.76 4.01 413

RIDE R2 0.925 0.928 0.946 0.933 0.951 0.958

AIC —42.1 —-38.3 —36.5 —45.4 —49.8 -55.3
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Figure 3 show the average sorption kinetics for the three repeated experiments for
MCH and MC-TDPD under light and UV emission, while Figure S5 show the unfit models
of PSORE and RIDE. An interesting interpretation of the uptake kinetics was reported by
Hubbe [57] and Simonin [58]. The type of mechanism (physical vs. chemical sorption)
should depend on the experimental condition which controls this type. As expected from
the study, Cr removal greatly increased by using MC-TDPD compared to MCH as well as
in the UV condition over that of the light condition.

2.2.3. Sorption Isotherms

This method is used in the evaluation of the sorbent affinity toward the metal ion as well
as maximum sorption capacity. The parameters of the models for the sorption isotherms are
arranged in Table S3. The functionalized sorbent shows a steep sorption capacity before a
tendency to plateau at saturation. The data for the functionalized sorbent and the crosslinked
chitosan are represented in Figure 4 for the average of the three repeated experiments with
the standard deviation, which is low to verify the reproducibility properties. The sorption
properties were compared with the reference material (MCH). The sorption enhancement was
determined through the increase of the maximum sorption capacity and initial slope according
to MC-TDPD:UV > MC-TDPD:L >>> MCH:UV > MCH:L, which follow the same order
of magnitude of the qn, values as shown in Tables 3 and 4. Three models were used for
this evaluation to fit the sorption isotherms (Langmuir, Freundlich, and Sips equations, as
reported in Table S3).

Qeq (mmol Cr g)

OMCH:L ~ OMCH:L
OMCH:UV : : OMCH:UV
OMC-TDPD:L
OMC-TDPD:UV

OMC-TDPD:L
OMC-TDPD:UV

Qeq (mmol Cr gt)

Langmuir

6 8 10

C¢q (mmol Cr L) C¢q (mmol Cr L)

Figure 4. Cr(VI) sorption isotherms using MCH and MC-TDPD in light and UV conditions. Modeling
with the Langmuir and Sips equations.

The Langmuir and Sips equations were fitted to the sorption isotherms, comparing
them to the Freundlich equation, as shown in Figure S6. It is noteworthy that the Langmuir
equation model corresponds to the mechanistic model (the sorption performed through
monolayer, with homogeneous energies distribution). In other words, it is performed
without interaction between sorbent molecules. The Freundlich equation is considered
a mathematical equation with heterogeneous sorption, which has a hypothesis about
the possible interactions of sorbed molecules. The third model of the Sips equation is a
combination between the Freundlich and Langmuir equations, with a third parameter (1)
that makes it easier to fit the experimental data.

Table 5 show the sorption performances of different sorbents found in the literature
with a comparison of some properties that investigate the sorption advantages as the
time of total sorption, by, pH of optimum sorption, and the maximum sorption capacity
(calculated vs. experimental sorption). From these data, it was shown that sorbent is a
promising tool for the recovery of Cr from polymetallic solution.
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Table 3. Modeling Cr(VI) sorption isotherms. For MCH sorbent under visible light and UV emission.

Visible Light UV Emission
Model Parameter 1 2 3 1 2 3
Experimental Gm,exp. mmol Cr g{1 1.97 2.01 2.06 2.61 2.58 2.51
Jm,L mmol Cr g~ ! 2.01 1.97 2.18 2.70 2.61 2.53
L . by, L mmol ! 0.967 0.874 1.86 3.654 3.85 2.983
angmuir 5
R - 0.9846 0.9931 0.9843 0.9846 0.9913 0.9892
AIC - —65.88 —84.38 —79.41 —95.3 —103.2 —89.67
kg mmol!~1/7g=111/7 0.896 0.906 1.196 3.29 4.315 2.188
F dlich ng - 1.86 2.185 1.893 3.28 4.322 3.275
reundice R2 - 0.8954 0.7998 0.9151 0.7837 0.8217 0.8573
AIC - —25.53 -31.91 —22.84 —19.64 —31.18 —28.77
qms mmol Cr g~! 1.23 1.98 2.16 2.69 2.63 2.55
bs L mmol~! 0.765 0.8876 0.8965 1.274 1.11 1.24
Sips ng - 1.32 1.48 1.44 2.464 2.28 2.314
R? - 0.9786 0.9946 0.9895 0.9925 0.9936 0.9867
AIC - —123.63 —163.94 —147.38 —115.38 —132.18 —128.48
Table 4. Modeling Cr(VI) sorption isotherms of MC-TDPD under visible light and UV emission.
Visible Light UV Emission
Model Parameter 1 2 3 1 2 3
Experimental gm,exp. mmol Cr g*1 5.76 5.69 5.72 6.59 6.63 6.61
dm,L mmol Cr g‘1 5.81 5.61 5.69 6.62 6.70 6.66
-1
Langmuir b% L mmol 2.18 297 3.22 5.49 6.95 4.99
R - 0.9937 0.9894 0.9784 0.9936 0.9917 0.9936
AIC - —127.27 —132.28 —119.38 —143.29 —128.28 —174.83
kg mmol!~1/7 g=1 L1/n 2.18 1.86 1.968 2.886 3.054 3.18
F dlich ng - 2.18 3.53 3.86 4.939 5.043 5.281
reundiie R2 - 0.7968 0.8164 0.8226 0.8362 0.8265 0.8736
AIC - —36.182 —41.37 —37.84 —38.26 —18.47 —25.56
dm,s mmol Cr g~ ! 5.697 5.721 5.785 6.62 6.61 5.59
bs L mmol~! 1.12 1.434 1.327 2.18 241 3.05
Sips ng - 2.17 2.65 2.19 3.023 3.26 3.426
R? - 0.9956 0.9895 0.9942 0.9938 0.9967 0.9895
AIC - —97.68 —117.68 —118.48 —135.4 —143.19 —144.3
Units: : mmol g%, by: L mmol 1.
Table 5. Comparison of sorption performance for MCH and MC-TDPD with conventional sorbents.
Sorbent pH teq (min) m,exp qm,L by Ref.
QPEI-SiO, 7 70 2.75 2.92 nr. [59]
Peat sorbent 4.5 1200 nr. 0.154 0.208 [60]
Auricularia a. with CTAB dreg biochar 2 120 nr. 0.479 7.80 [61]
Magnesium/zinc/ferrite 7 1440 0.586 0.65 25.0 [62]
pVP/DVB gel (Quaternized) resin 3-4 120 nr. 2.75 1.15 [63]
Bacteria-PVA-alginate 6 1440 nr. 0.46 29.0 [64]
Funct. Vinylpyridine-DVB sorbent 3-5 120 n.r. 1.44 0.743 [65]
Ionic liquid impregnated (MOF) 2 300 nr. 5.49 6.72 [66]
Biogenic Fe-compounds 4 120 n.r. 0.14 2.72 [67]
NaY-Zeolite of rice husk ash 3 300 0.032 0.031 0.37 [68]
Amidoxime-funct. (pVBC) n.r. 60 2.67 2.83 0.015 [69]
Quaternized functional cellulose 10 15 0.073 0.75 6.76 [70]
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Table 5. Cont.
Sorbent pH teq (min) dm,exp dm,L by, Ref.
Acid-activ. banana peel 4 120 0.288 0.293 2.08 [71]
ATA@MC sorbent 2 60 5.43 5.44 2.61 [72]
Fe-Fe,O3-PHCP nanochains 2 30 4.40 5.45 11.2 [73]
Ulva-compressa (L.) seaweed 2 120 0.418 0417 46.3 [74]
Methylene Blue-Urea-Alginate 5.4 180 1.50 2.01 4.46 [75]
CTAB-carbonized coal 2 120 1.15 1.51 2.03 [76]
MCH:L 4 55 2.013 2.053 1.234 This work
MCH:UV 4 55 2.566 2.613 3.496 This work
MC-TDPD:L 3 30 5.723 5.7033 2.79 This work
MC-TDPD:UV 3 25 6.61 6.66 5.81 This work

n.r.: not reported.

2.2.4. Binding Mechanism

From the data collected from the FTIR, pHpzc, chromate speciation diagram, and pH
studies, it was concluded that the sorption of chromate is performed at acidic pH with
complete protonation of the functional groups (see the pHpzc studies). The protonated
functional groups were electrostatic attraction with the negatively charged chromate ions.
The FTIR shows the decreasing intensity of OH and NH bands as well as new groups
for N*, which indicates the use of these groups in the binding mechanism and efficient
protonation of OH and NH functional groups. Scheme 1 shows the expected binding
mechanism of the chromate from the acidic medium during treatment with MC-TDPD
sorbent, which indicates the exchange with hydroxyl groups, expected reduction of Cr(VI)
by the effect of organic to Cr(Ill), and chelation reaction with amine groups. This is parallel
with the results obtained by Cui et al. [77], who also suggest the reduction mechanism as
follows from Equations (1)—(4).

-C-H + Cr(VI) + H,O = -C-OH + Cr(IIT) + H+

-C=0 + Cr(VI) + H,O = -COOH + Cr (IIT) + H*
Cr, 0,2~ + Fe¥*(s) + HyO = Cr** + OH™ + 6Fe’*(s)
Surface C (+) + Cr,O7%~ = Surface C-Cr,Oy (Surface)

R HCrO, ---NH
HNH - “H

H(l:l'o_;

/OH+ HCrO,

H HO”
Il
HN —
G HCro,
‘\\+/ + N\ +
HS" gNH /OH
\( 1'207
MC-TDPD

)
2
®)
(4)

Scheme 1. Expected binding mechanism of chromate ions with MC-TDPD sorbent at acidic pH medium.
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2.2.5. Metal Desorption and Sorbent Recycling

Metal ion desorption and the sorbent recycling processes are important parameters in
the evaluation of the sorption process. Sorption was performed in an acidic medium for
the MC-TDPD and slightly acidic for the MCH sorbent (pHj 3 and 4, respectively). The
acidic solution has an opposite effect on the sorption of chromate ions in the loaded sorbent,
using the acidic solution in terms of the desorption of the sorbed metal ions. Recycling was
performed for both sorbents in the light and ultraviolet emissions. From previous work,
there is a very limited degradation of the magnetite core (around 1.5%) [39,78,79] after five
cycles using a 0.5 M HCl solution; herein, we use 0.2 M HCJ, so the loss is negligible. Table 6
report the five cycles of sorption desorption on the sorbent performances. It was found
to have a limit loss in the efficiency of 3.1, 2.9, 2.78, and 2.55 for MCH:L, MCH.UV, MC-
TDPD:L, and MC-TDPD:UYV, respectively. This indicates the high stability of the sorbent.
This appeared in the FTIR analysis, which indicates the restoration of the function groups
after being used in the binding to chromate.

Table 6. Sorption/desorption recycling of MCH:L, MCH:UV, MC-TDPD:L, and MC-TDPD sorbents.

Cycles MCH:L MCH:UV
Removal g1y (Roy) Desorption g p ey,  Removal gy po,) Desorption gy o0
(%) (%) (%) (%)
1 24.184 0212 100 0.198 26.59 0.483 99.76 0.844
2 23535 0.98 99.31 0.729 26.02 0.674 99.94 0.784
3 22.694 0.937 100 0.607 25.89 0.774 99.65 0.654
4 22513 0.894 100 0.485 25473 0.904 99.93 0.894
5 21.697 1.1275 99.923 0.968 24.998 0.985 99.91 0.784
MC-TDPD:L MC-TDPD:UV
Removal gy (o Desorption g g Removal g g o Desorption gy 0
(%) (%) (%) (%)
1 78.187 0.8538 99.142 0.952 84.37 0.7463 99.97 0.746
2 77.491 0.548 99.649 0.496 83.87 0.644 99.856 0.4736
3 76.857 0.044 99.192 1.169 83.42 0.3823 99.804 0.576
4 76.647 0.524 99.652 0.362 82.98 0.4438 99.799 0.654
5 75.589 0.868 99.442 0.563 82.74 0.845 99.746 0.673

Figure S7 compare the desorption kinetics of the sorbent collected from the uptake
kinetic experiments. From the first point of view, fast desorption was found with the high
performance of the desorbing reagent (0.2 M HCI). Complete desorption was reached
within 20 min, faster than the loading processes.

2.3. Treatment of Tannery Wastewater

Tannery effluents have a huge amount of chromium contaminants beside other asso-
ciated elements with concentrations of 215.31, 0.334, 0.117, 0.488, and 0.513 mmol L~ of
Cr(VI), Cd(Il), Pb(II), Co(II), and Ni(Il), respectively. The concentration of metal ions measured
was close to 215.3 mmol Cr L~! and 0.17-0.52 mmol L~ for Ni(II), Cd(II), Co(II), and Pb(II).
The large excess of chromate was calculated to be about 441.2 times for Co(Il) and up to
1216.44, 644.64, and 419.8 times for Pb(II), Cd(II), and Ni(II), respectively. This concentration
of chromate is too high to be consumed by the normal SD that is used in the synthetic solution
(0.44 gL.71). High S.D was used for the efficient removal of chromate (around 25-30 g L™1).
An evaluation of sorption properties was performed by comparing the removal efficiency
of the grafted sorbent at L and UV with different SD (ranging from 1-30 gL’l) atpH 4. The
selectivity coefficients and the recovery efficiency are reported in Figure 5 and Figure S8 for
both conditions of the grafted sorbent at different SD values. Figure S9 show a photo of the
efficient removal of the chromium ions using MC-TDPD sorbent.
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Figure 5. Selectivity coefficient of MC-TDPD at visible light (a) and Ultraviolet (b).

As expected, the high pH yields high removal of chromate, especially for the grafted
sorbent in the UV emission. This is due to protonation of the sorbent at acidic pH, which
facilitates repulsion with chromium ions (the source is sulfate, and it is presented as
chromium cations).

The removal reached 99.57 and 97.5 for MC-TDPD:L and MC-TDPD:UYV, respectively.
In terms of the selectivity, it was found that the MC-TDPD:L is around (35-152), while this
ratio increased using the UV condition to (89-242). The selectivity has the order:

Cd(II) > Pb(II) > Co(II) > Ni(II) for both MC-TDPD:L and UV, while the recovery has order:

Cr(VI) > Cd(I) > Pb(II) > Ni(Il) > Co(II) for MC-TDPD:UYV, in which for MC-TDPD:L
it become Cr(VI) > Cd(II) > Pb(II) > Ni(II) > Co(II).

As expected, the high S.D of the sorbent with this highly complex solution makes it
difficult to reach the standard values for drinking water assessment but may fit the levels
of irrigation and the livestock drinking water.

2.4. Effect of Light Mechanism on Cr(V1) Sorption

Functionalized chitosan (MC-TDPD) is characterized by the presence of the proto-
nated amino, thion, and hydroxyl groups, while chitosan (MCH) has amino and hydroxyl
groups; these groups act as active sites for metal ion binding [80]. Moreover, the magnetite
nanoparticles (Fe304-NPs), considered the core material of both sorbents, are characterized
by a small size that accelerates sorption kinetics and limit RIDE. In the presence of light-
irradiation, the surface of Fe3Oy is excited due to photonic energy (hv) adsorption that is
greater or equal to the bandgap of magnetite, leading to the liberation of electrons to form
electron-lone pairs (h* e7) (Equation (5)). The formed electron pairs are transferred to the
magnetite surface to be involved in redox reactions. After that, the h* interacts with water
(H,0O) or hydroxide ions (OH) to form hydroxyl radicals (*OH) and a high amount of H*
(Equation (6)). Finally, the replacement between Cr(VI) and H* is enhanced.

FE304 B—) h+ + e (5)
ht + HOorOH™ — ‘OH + H" (6)

3. Materials and Methods
3.1. Materials

Chitosan with medium molecular weight (around 75-85% AD, acetylation degree),
sodium hydroxide (NaOH: > 97.0%), potassium persulfate (99.99%), thiourea (99%),
sodium ethoxide solution (50%), Diethyl malonate (99%), and glutaraldehyde (25% in H,O)
were supplied from Merck company (Darmstadt-Germany). Ethanol (95%), epichlorohy-
drin (>99.9%), Ferrous sulfate (FeSO4-7H,0), and ammonium ferric sulfate
((NH4)Fe(SO4)2-12H,0) were supplied from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). All other reagents are Prolabo products, which were used as received.
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3.2. Sorbent Synthesis
3.2.1. Synthesis of 2-Thioxodihydropyrimidine-4,6(1H,5H)-Dione: TDPD

A mixture of thiourea (0.64 g; 10 mmol), sodium ethoxide solution (50%; 20 mL), and
diethyl malonate (1.5 g, 10 mmol) were mixed in a reactor at wormed temperature. The
reaction mixture was elevated to 70-80 °C for 10 h, then poured into an ice beaker in an
acidic medium (0.1 M HCl solution). The mixture was left overnight for settling. The solid
product was filtered off, dried, and then recrystallized using ethanol to obtain a white
powder (yield 80%; mp above 300 °C); Scheme 2.

o
__COOCH; NH; NH
C\I-IZ + S:< NaOC,;Hs
>
COOC:Hs NH;  Reflux S” >yg~~ O
TDPD

Scheme 2. Synthesis route of TDPD substrate.

3.2.2. Synthesis of Magnetite Nanoparticles

Magnetite nanoparticles were produced through thermal precipitation (called the
Massart method, [81]). The mixture of ammonium ferric sulfate (7.35 g) and ferrous sulfate
(5.0 g) was dissolved in distilled water. The temperature of the reaction was maintained
at 50 °C for around 60 min with stirring. The pH of the solution was adjusted to 11 using
5-7 M NaOH solution for magnetite precipitation. The mixture was heated for 5 h at 50 °C.
The produced precipitation was collected by magnetical separation, washed several times
with water and ethanol, then dried at 50 °C for 20 h.

3.2.3. Synthesis of Activated Chitosan Nanoparticles

We dissolved 4 g of chitosan in 100 mL (7%, w/w) acetic acid solution, then added
4.0 g dried NPs, adjusting the pH of the solution to 10 using 5-7 M NaOH solution at
50 £ 5 °C. The reaction was maintained at 90 °C for 2 h. The formed precipitate under-
went magnetical separation and was washed with distilled water. The stability of the
sorbent was enhanced by a crosslinking process through the addition of epichlorohydrin
(0.01 M EPI) in alkaline solution at pH 10 (adjusted by NaOH solution) for 3 h at 60 °C. The
prepared precipitate (MCc) was separated magnetically, washed with water and acetone,
and dried at 50 °C for 12 h. Further grafting of the crosslinked chitosan was performed by
a reaction of EPI (18 mL) in ethanolic solution (1:1 ethanol /water) for activated crosslinked
chitosan NPs. The reaction was refluxed for 3 h at 70 °C. The activated chitosan composite:
MC (Scheme 3) was magnetically separated, washed with distilled water and acetone, and
dried for 12 h at 50 °C.
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Scheme 3. Synthesis of chitosan nanoparticles and activated chitosan (spacer arm).

3.2.4. Grafting of TDPD onto MC

The pH of the prepared TDPD solution (after the dissolution of 5 g in 100 mL DMF)
was adjusted at pH 9.5-10 (using 5 M NaOH solution). Approximately 7 g of activated
chitosan NPs were added to the solution at room temperature. The mixture underwent
refluxed temperature (around 85-90 °C) for 10 h. The produced functionalized sorbent

nanoparticles were magnetically separated, rinsed with water, and washed with ethanol
before being air-dried at 50 °C for 10 h to produce MC-TDP (9.8 g) Scheme 4.

® ? e

NH
NH OH
DMF/NaOH _ o
o T . 85 °C/10h :
s “Ng~ O N
Cl /J\ N
s" N~ O
MC-TDPD

Scheme 4. Synthesis of MC-TDPD sorbent.
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3.3. Sorbent Characterization

FT-IR spectra were performed on dried samples before being mixed and ground
with KBr using an IRTracer-100 FI-IR spectrometer, Shimadzu-Tokyo-Japan. The surface
area and porosity were studied under nitrogen adsorption—desorption isotherms using
Micromeritics, TriStar II-Norcross, GA, USA-system-77-K. The equation of the BET was used
for adsorption. The samples were swept under nitrogen for 6 h at 130 °C. SEM analysis was
performed using Phenom-ProX-SEM (Thermo Fisher Scientific, Eindhoven-Netherlands).
The composition of the samples before and after metal-loading was semi-quantitatively
characterized using EDX-analysis (energy dispersive X-ray analysis). A pH of zero charges
(pHpzc) was measured through the drift method [82]. The thermal decomposition, TGA
analysis was performed using Netzsch STA, 449 F3 Jupiter, NETZSCH-Gerdtebau-HGmbh,
Selb-Germany. The analysis was achieved under a nitrogen atmosphere with a specification
of 10 °C min~! (as a temperature ramp). The pH of the solution was adjusted using the
compact pH ionometer; 5220 Seven; Mettler-Toledo, Shanghai-China. Collected samples
were firstly filtrated using 1.2-pum filter membranes before testing. The chromium element
was measured before and after adsorption by ICPS-7510-Shimadzu, Tokyo-Japan. The
photocatalytic activities were utilized using a 980 CW diode laser; Lambda Wave- Wroctaw-
Poland. The light power was about 0.84 W, and the size of the beam was approximately
8 mm?2. On the other hand, the visible light was detected by the sunlight effect. The
morphology and particle size of the composites were analyzed using transmission electron
microscopy (TEM) (JEOL; 1010- JEOL Ltd.; Tokyo, Japan).

3.4. Sorption Studies

All experiments were investigated in visible light (sunlight) and under UV emission
three times (triplicate experiments for verifying the reproducibility), and the average of the
three experiments was plotted with the standard deviation. The sorption properties were
investigated by the batch method under agitation velocity v: 210 rpm; a fixed mass of the
sorbent (m, g) was used with a fixed volume amount of the Cr bearing solution (V, L). The
sorption tests were investigated at around 23 °C (room temperature) with a sorbent dose of
around 0.46 g L1, In the pH study, the initial (pHj,) values were varied between 1 to 6,
which did not adjust during the sorption test, but the final pH was recorded (pHeq) using
a pH meter as specified in the above section. The contact time of the experiments (pH,
kinetics, selectivity tests, sorption isotherms, etc.) was investigated in a fixed time of 24 h.
In the sorption isotherms and kinetics, the pHj, was fixed at 4. The initial concentration
(Cop, mmol Cr L~1) was varied for the sorption isotherms from 0.01 to 6.1 mmol Cr L-L
The loading capacity (qeq, mmol g~?!) of the bound metal ions was determined from the
mass balance equation: qeq = (Cp — Ceq) X V/m, while the distribution ratio (D, L gl
was calculated through the following equation D = qeq/ Cgquation. The desorption kinetics
were investigated for the loaded sorbent collected from the kinetic test using 0.2 M HCl
solution. The used models for kinetics and isotherms were summarized with parameters in
Table S2 and S3, respectively (see Supplementary Information).

3.5. Application on Tannery Effluent Solution

The wastewater was brought from the Robbiki Leather City on the 10th of Ramadan,
Cairo-Egypt. The location was assigned at the GPS: N: 30°17'89”, E: 31°76/840". Sorp-
tion was investigated in batch techniques at the pH 4.01 with different sorbent doses of
1-30 g L~ for 24 h of contact time.

4. Conclusions

The high demand of water with limited resources requires inventing new methods
with safe characteristics and cost-effective material; however, this is challenging. The syn-
thesis of highly loaded sorbent for Cr(VI) ions based on crosslinked chitosan nanoparticles
after grafting of heterocyclic moieties (MC-TDPD) for increasing the loading properties was
the main target of this work. The sorbent showed promising sorption through application
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on highly contaminated industrial tannery effluents. It was characterized by FTIR, TGA,
BET (surface area), EA, SEM, and SEM-EDX analyses. The sorption was investigated using
a batch method with high sorption capacity and fast kinetics compared with the non-grafted
sorbent (MCH; as reference material). The sorption kinetics (30 and 25 for MC-TDPD in
light and UV, respectively), were compared with 60 and 45 min for the non-functionalized
material of MCH:L and MCH:UYV, respectively. It was fitted using the PFORE and Lang-
muir and Sips for the sorption isotherms. The maximum sorption for the grafted sorbent
was around 5.7 and 6.8 mmol Cr g~ ! at the L and UV, respectively, compared to 2.05 and
2.5 mmol Cr g_1 for the crosslinked chitosan (without functionalization) in L and UV,
respectively. This sorbent was tested for Cr recovery from the highly concentrated waste
solution from tannery industries. The sorbent dose was varied for efficient sorption, and
high sorption was reached for 25-30 gL ~! in UV emission. This shows high performance
and that it can be used as a promising tool for Cr(VI) removal

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12070678 /s1, Figure S1: FTIR spectra of thiourea, TDPD,
MC-TDPD, after sorption and after five cycles of sorption desorption; Figure S2: TGA and DrTG
analyses of MC-TDPD sorbent T: 23-800 °C; Figure S3: pHpzc of the MCH and MC-TDPD sorbents
in range of pH 1-14; Figure S4: Cr(VI) species at pH 1-9; Figure S5: Cr(VI) uptake kinetics using
MCH, MC-TDPD in light and UV condition- Modeling with the PSORE and RIDE; Figure S6: Cr(VI)
sorption isotherms using MCH, MC-TDPD in light and UV condition- with the Freundlich equations;
Figure S7: Desorption kinetics of MCH:L, MCH:UV, MC-TDPD:L and MC-TDPD:UV sorbents; Figure
S8: Recovery efficient of MC-TDPD at visible light (a) and Ultraviolet (b); Figure S9: Removal efficient
of Cr(VI) using MCH and MC-TDPD; Table S1: Elemental analysis of MCH and MC-TDPD sorbents;
Table S2: Modeling of uptake kinetics [83—85]; Table S3: Modeling of sorption isotherms [86,87].
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