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Abstract: In this experimental study, the use of 5-hydroxymethyl-furfural (HMF) organic com-
pound as a grafting agent to chitosan natural polymer (CS) was examined. One optimized chitosan
derivative was synthesized, and then tested (CS-HMF), in order to uptake nickel, mercury, and
barium metal ions from single- and triple-component (multi-component) aqueous solutions. The
characterization of the material before and after the metal uptake was achieved by scanning elec-
tron microscopy (SEM). The ability of the adsorption of CS-HMF was tested at pH = 6. The adjust-
ing of temperature from 25 to 65 °C caused the increase in the adsorption capacity. The equilibrium
data were fitted to the models of Langmuir and Freundlich, while the data from kinetic experi-
ments were fitted to pseudo-1st and pseudo-2nd order models. The best fitting was achieved for
the Langmuir model (higher R?). The adsorption capacity for nickel, mercury, and barium removal
at 25 °C (single component) was 147, 107, and 64 (mg/g), respectively. However, the total adsorp-
tion capacity for the multi-component was 204 mg/g. A thermodynamic study was also done, and
the values of AG?, AH?, and AS° were evaluated.

Keywords: chitosan; 5-hydroxymethyl-furfural; derivative; biomaterials; adsorption; nickel; mercury;
barium; wastewaters

1. Introduction

Water pollution with toxic metals is a serious public and environmental problem in
nowadays, on a worldwide scale. Furthermore, water pollution is a priority for most sectors
of industries, due to the enhanced environmental concern [1-5]. Heavy metals tend to ac-
cumulate in receiving water bodies [6] and flora [7], because they are not self-degradable,
with result to cause various disorders and diseases. Consequently, their presence particu-
larly in water should be controlled. Special attention must be given in three heavy metal ions
like mercury, nickel, and barium.

Mercury metal ions (Hg?*) are very toxic, with a significant harmful factor to the envi-
ronment [6]. The main sources for the discharge of Hg? into aqueous system are naturally
caused forest fires, paint and chloralkali, fossil fuel burning, battery production industries,
etc., [8,9]. The Hg? uptake from human can cause dermatitis, erosion to skin, muscles, eyes,
kidney damage, impairment of pulmonary function, and neurological and renal disturb-
ances [10]. In addition, nickel metal ions (Ni?*) can cause serious pollution of water, and this
type of aqueous pollution is produced mainly from electronics, electroplating, and metal
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cleaning industries [11]. As it is well known, Ni* has high toxicity [7] and carcinogenicity,
even at low concentrations [12], and in the case where it is discharged into wastewaters of
industries can be a serious threat to receiving water bodies [7]. In the base of barium ions
(Ba?), it is worth to note that barium element is the 14th most abundant element in the crust
of earth. Consequently, barium concentrations in water, soil, and air, due to industries hu-
man activities, may be increased, on many locations, when compared with naturally occur-
ring concentrations [13]. Ba* ions are radionuclides with extremely high toxicity and can be
found in relatively large concentrations in liquid radioactive effluents produced from repro-
cessing plants. Even small amounts of Ba>* may cause heart damage, heart rhythm changes,
swelling of brains and liver, kidney damage, changes in nerve reflexes, stomach irritation,
increased blood pressure, and muscle weakness [14,15].

The main methods for the metal ions uptake from industrial wastewaters are reverse
osmosis, solvent extraction, ion exchange, chemical precipitation, membrane filtration, elec-
trolytic methods, and adsorption [16-18]. However, these techniques have high operational
cost and in the case of trace level concentrations may be ineffective for the adsorption of some
types of toxic metal ions [16,19-34]. Therefore, a candidate facing the heavy metal ions pollu-
tions is the use of adsorption technology [35-39], and specifically by using chitosan as an
adsorbent. Chitosan is a biopolymer that is widely used for the adsorption of heavy metal
ions from wastewaters, even at low initial concentrations [40,41]. It is a nitrogenous poly-
saccharide mainly with amino groups, which is generated in large amounts from chitin via
N-deacetylation. Chitosan, due to its physical properties as biodegradability, nontoxicity, low
cost, biocompatibility, macromolecular structure [42], anti-bacterial properties [11], etc., can
be used (apart from adsorption) in many fields, including the food industry, biotechnologies,
membranes, medicine, cosmetics, etc., but also its adsorption capacity [42].

In this study, an environmentally friendly adsorbent was synthesized in order to uptake
heavy metal ions from aqueous solutions. As model pollutants, Ni*, Hg?, and Ba? were se-
lected. The grafted chitosan derivative was produced by grafting 5-hydroxymethyl-furfural
(HMF) into chitosan. It must be noted that this adsorbent material was applied based on our
previous work [43] in which we tested as series of CS-HMF materials for adsorption of cop-
per and cadmium ions. However, in the latter study, the CS-HMF was synthesized with
various molecular ratios (CS/HMF of 1:1 (CS-HMF1), 2:1 (CS-HMEF2), and 10:1 mol/mol
(CS-HMEF3)). The novelty of this work is that we used the optimum adsorbent material found
(10:1 mol/mol (CS-HME3)), and we have now tested three different heavy metal ions (Ni?,
Hg?, and Ba?*), not only for single-component solutions (as the majority of papers), but also
for mixture. The experiments of adsorption evaluation of CS-HMF were carried out with
single- and multi(triple)-component aqueous solutions. The evaluation of adsorption was
multi-parametric based on the optimum pH, temperature, and initial ion concentration of
metal ions removal. The equations of Langmuir and Freundlich were fitted to the experi-
mental data in the equilibrium phase. The experimental kinetic data were applied to the
pseudo-1st and pseudo-2nd order equations to evaluate the kinetics during the process of
adsorption.

2. Materials and Methods
2.1. Materials

All chemical reagents that used in the experimental step, for the synthesis of biobased
adsorbent were purchased by Sigma-Aldrich (Berlin Germany). CS (>75% deacetylated, high
molecular weight, 310-375 kDa), 5-hydroxymethylfurfural (HMF), sodium tripolyphosphate
(98%), and Glutaraldehyde (50% v/v) were used as chemical reagents for the preparation of
synthetic process. Some other reagents as KeHPOs+3H20, Na2HPOs, NaCl, KCI, and HCl
were also used. To synthesize the stock solutions of model pollutants (single- or mul-
ti-component aqueous solutions), the salts used (Ni(INOs)26H20, Hg(INOs)2-H20, BaCl2-2H20)
were also purchased from the same company.



Polymers 2021, 13, 232

3 of 20

2.2. Synthesis of CS-HMF Adsorbent

The synthetic preparation of CS-HMF was presented in our previous study [44]. In
sum, the synthesis of CS-HMF was carried out by using one molecular ratio, more spe-
cifically 10:1 mol/mol (CS/HMF). In addition, on the following process is presented
briefly the synthetic route of CS-HMEF. The synthetic process starts with the dissolving of
CS (10 g) in acetic acid solution (2% (v/v)), via stirring for overnight. Then, HMF (3.7 g)
were dissolved in ethanol (50 mL) and afterward inserted in CS solution. The reaction
process was achieved under magnetic stirring at 60 °C for 4 h, and after the aforemen-
tioned chronic period was inserted drop wised NABH4 (during the reaction). Further-
more, the obtained bioadsorbent material was lyophilized and purified using Soxhlet
extraction. The process of Soxhlet extraction lasted for 24 h, and the solution that was
used for the lyophilization and purification process was acetone. The process of
cross-linking of CS-HMF was achieved using GLA and TPP solution, and this derivative
was used only for studies of swelling. More specifically, CS-HMF (1 g) was inserted in
aqueous solution and dissolved in the presence of acetic acid (50 mL, 4% (v/v)). Then,
GLA solution was inserted (1% (v/v)) to TPP (1% (v/v)) solution (pH 6). Then, the result-
ing solution of CS was poured into the aforementioned synthesized coagulant solution
for the process of gelation and stirred for overnight. Finally, the resulting solution ly-
ophilized in order to obtain the final biobased adsorbent derivative (CS-HMF).

2.3. Characterization Techniques

The surface morphology of the synthesized grafted chitosan was evaluated by SEM
images by using a Jeol JSM-6390 LV, Japan. The voltage of electron acceleration was 15.00
kV, while the step of scanning was applied in situ on the dry powder of CS-HMF deriv-
ative. The FTIR spectra were obtained, using a Perkins Elmer FT-IR/NIR spectrometer
Frontier (USA), after 32 scans (4004000 cm™?) at a resolution of 4 cm™ and baseline cor-
rection (normalization to 1).

2.4. Adsorption Process

The design of the adsorption process can be divided into 3 main subsections, by
testing the effect of some significant parameters. Initially, for the experiments of adsorp-
tion, in the case of single-composite aqueous solutions, stock aqueous solutions of Ni%,
Hg?, and Ba?* were synthesized in volumetric flasks by weighting a specific mass of salt
(1000 mg/L), and then by filling with deionized water. It must be noted that the process of
heavy metals ions adsorption was achieved via agitation of conical flasks by using a
thermostatically controlled shaking bath. After the finish of process of heavy metal ions
adsorption, the evaluation of remaining (effluent) concentration of ions, in single- and
triple-component aqueous solutions, was achieved via atomic absorption spectroscopy
(AAS) (Perkin-Elmer Analyst 400 with Flow Injection System-FIAS 100).

2.4.1. pH Effect

In order to obtain the experimental results of adsorption process, during the effect of
pH, an aqueous solution of metal ions (Ni?*, Hg?, Ba?*) was prepared with adjusted initial
ion concentration (Co = 100 mg/L), where the volume of deionized water was constant for
all cases (20 mL). The adjustment of agitation rate was at 160 rpm for 24 h (T =25 °C). The
appropriate mass (0.02 g) of chitosan derivative was added to the flasks, while the pH
solution was adjusted at 2, 3, 4, 5, 6 with additions of HCI (0.01 mol/L) or NaOH (0.01
mol/L). To avoid precipitation phenomena of heavy metal ions (form of hydroxides) [45],
the adsorption experiments were not carried out at pH > 6. The remaining concentrations
of ion (Ce), in the aqueous solution after the process of adsorption, were evaluated with
AAS, and the uptake of metallic ions was determined as follows (Equation (1)):
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R =M.100% (1)
Co

2.4.2. Contact Time Effect

The experiments of kinetics were carried out in ion solutions of Co =100 mg/L (Ni%,
Hg?, Ba*), where the volume of deionized water was constant for all cases (20 mL). The
adjustment of agitation rate was maintained at 160 rpm for 24 h (T = 25 °C). The appro-
priate mass (0.02 g) of chitosan derivative was inserted into flasks, while the pH adjusted
at 6 (optimum pH) result is attributed to the pH effect experiments that are discussed
above. The residual concentrations of ions were analyzed at predefined time intervals (5
min-24 h). Moreover, the calculations of residual concentrations of ion (Ce) in the liquid
phase were achieved according to the above section “pH effect”. The experimental data
fitting was achieved by using two widely known kinetic equations; (i) pseudo-1st order
equation [46] (Equation (2)), and (ii) pseudo-2nd order equation [47-49] (Equation (3)):

C =C{,—(C{,—Ce)(1—e'k”) 2)
1

C=C,—(C,-C,))| 1= 3)

=G G “)( 1+k2t]

where Ci (mg/L), ki (min™), and k2 (g mg-! min-') are the concentration of ion at a specific
time interval, and the kinetic constants derived from pseudo-1st and pseudo-2nd order
equations, respectively.

2.4.3. Isotherms

The experimental design of equilibrium adsorption capacity for single-component
aqueous solutions were carried out by adding Co = 10.0-300.0 mg/L of each metal, where
the volume of deionized water was constant for all cases (20 mL). The adjustment of ag-
itation rate was maintained at 160 rpm, under different temperatures (25, 45, and 65 °C).
The appropriate mass (0.02 g) of chitosan derivative was inserted into flasks, while the
pH adjusted at 6 (optimum pH) result is attributed to the pH effect experiments that are
discussed above. The optimum duration of process of adsorption (process/contact time)
was derived from the experiments of kinetics. Below, the equation is depicted, which is
widely applied for the calculation of equilibrium amount in the solid surface of particle
(Qe) (Equation (4)):

(G -C)V

m

Q= (4)

The isotherm equations of Langmuir [50] and Freundlich [51] ((Equations (5)) and
(6), respectively) were performed for the simulation of equilibrium data derived from the
experimental process of adsorption.

— QmKLCe
%= TK,C, ©)
0, =KFC61/” (6)

where Qm(mg/g), KL (L/mg), Kt (mg! -V LVn g-1), and n (dimensionless) are mentioned as
the theoretical total adsorption capacity, the Langmuir equilibrium constant, the Freun-
dlich constant, and the dimensionless Freundlich constant, respectively.
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2.4.4. Mixtures

The experimental design of equilibrium adsorption capacity for multi-component
aqueous solutions were carried out by adding Co = 10.0-300.0 mg/L of each metal simul-
taneously, where the volume of deionized water was constant for all cases (20 mL). The
adjustment of agitation rate was maintained at 160 rpm (25 °C). The appropriate mass
(0.02 g) of chitosan derivative was inserted into flasks, while the pH adjusted at 6 (opti-
mum pH) result is attributed to the pH effect experiments that are discussed above. The
remaining concentration of each ion (Ce) in the aqueous solution after the process of ad-
sorption was evaluated with AAS, as described above. The calculation of the total equi-
librium amount in the solid surface of particle (Q.) (Equation (7)) is as follows:

_ (CO,tot - Ce,tot ) v

Qe,tot -
m
where
Cosor =Coni +Cp i +C, @
Otot — ~0,Ni 0,Hg 0,Ba
and
Ce,tot = C’e,Ni + C’e,Hg + Ce,Ba

3. Results and Discussion

The experimental findings discussion begins with the morphology and functional
groups of CS-HMF bioadsorbent, before and after the adsorption of Ni*, Hg?, and Ba?.
Then, the evaluation of adsorption process comes from the obtained results derived from
isotherms and kinetics.

3.1. SEM and FTIR

The morphology of the CS-HMF derivative was evaluated with scanning electron
microscopy. Figure 1a depicts the morphology of CS-HMF before the process of adsorp-
tion, while the morphology after metal ions adsorption is presented in Figure 1b. More-
over, in Figure 1c the obtained FTIR spectra before and after the metal ions adsorption is
presented. According to Figure 1a, the CS-HMF adsorbent does not have a smooth sur-
face morphology, resulting in irregular shape with a rough surface possibly due to the
processes of cross-linking and grafting. In addition, Figure 1b depicts that the uptake of
metal ions (Ni?*, Hg?, Ba**) caused by the smashing of the derivative, probably due to the
extreme conditions of pH.
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Figure 1. (a) SEM images of chitosan natural polymer 5-hydroxymethyl-furfural (CS-HMF) before metal ion removal; (b)
SEM images of CS-HMF after metal ion removal (multi-component); (c) FTIR spectra of CS-HMF before and after metal

ion removal.

The spectra of CS-HMF presents the characteristic absorption bands at 1659 (Amide
I), 1528 (Amide II), and 1381 cm™ (-CH: bending). At 1156 cm™, CS-HMF absorbs the
vibration band of C-O-C, while at 1084 and 1028 cm™! (skeletal vibrations involving the
C-O stretching), peaks are related with the characteristic absorption bands of polysac-
charides, such as chitosan. Moreover, a broad peak of hydroxyl groups of chitosan is ob-
vious at 3399 cm™. The spectra of pure HMF present a strong absorption band at 3360
cm™ due to hydroxyl groups (-OH). The successful synthesis was verified with the
presence of HMF peak at, e.g., absorption band 800 cm™, which is attributed to the fu-
ranic ring. Parallel, their delocalization at lower wavenumbers, suggests the generation
of hydrogen bonds between the amino- and carbonyl-groups of HMF.

After adsorption, the FTIR spectra show that the broad band before the process of
adsorption at 3399 cm™ was shifted to 3494 cm™ after metal ions adsorption, indicating
that the hydroxyl groups of HMF interact with the model pollutants. The band at 1704
cm! (-HC = O groups) is disappeared, indicating that this functional group is eliminated
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in water or interacts with heavy metal ions, because a new shifted peak is not presented.
Moreover, the band at 1563 cm™ (also assigned to the N-H bond) was decreased consid-
erably in intensity and displaced to 1555 cm™. According to all above FTIR findings, it
was clear that a coordination complex was formed between CS-HMF and metals with the
participation of the amino and hydroxyl functional groups of chitosan. In general, all in-
teractions recorded, peaks and shifts, are attributed mainly due to the interactions be-
tween hydroxyl groups from HMF (as aforementioned) and free amino (carbonyl) func-
tional groups of chitosan.

3.2. Adsorption Evaluation — Single-Component Solutions
3.2.1. pH Effect

During the process of removal of model pollutants, the pH effect plays a significant
role because it controls the generated interactions (adsorbate-adsorbent) [52]. The
pH-behavior on the process of adsorption is shown in Figure 2. It can be observed that
the trend of the obtained pH curves is the same in the case of Ni?* and Hg? adsorption
(meaning that when increasing the pH, the ion removal increases), while in the case of
Ba?, it differentiates. The latter increase is milder for Ba? compared to other ions (Ni?*
and Hg?"). The differentiation of the barium ions removal may be attributed to the affinity
(ionic radius of barium ion is larger than that of nickel and mercury ion). However, the
highest removal percentage that found, for all cases of heavy metal ions (Ni*, Hg?, Ba*),
was at pH = 6. The low uptake level of metal ions at high acidic conditions is attributed to
the excess of hydrogen concentration (H*) ions, which compete with metal ions for
binding sites on CS-HMF [53]. Additionally, the protonation of amino groups to varying
degrees at strong acidic conditions results in the decrease in available surface sites, for
the uptake of metal ions [54]. It must be noted that other research observes that the
highest percentage for Ni%*, Hg?", and Ba?* uptake is in pH range 4-6 [52-55].

70

{ —A— CS-HVF/Ni
651 _e—CS-HMFHg
60-] —W—CS-HMF/Ba

- /?//

" I
S
§/ |

) —

S
S 35
o J
€ 304
[}] 4
[1'4 25
20 ] A A
] 1 +
15 %
7 i/
5
0 T T T T T T T T T
2 3 4 5 6

pH

Figure 2. pH effect on the uptake of Ni*, Hg?, and Ba?, from aqueous solutions (sin-
gle-component) by using CS-HMF adsorbent.

In detail, in the case of low values of pH (high acidic), a major interaction may be
favored: the electrostatic repulsion between amino chitosan groups (protonated), and
metal ions with positive charge, and more specific with those that are not reacted in the
presence of cross-linker, (Equation (8)).
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2+, repulsion
high acidic pH

>CS—NH; (8)

According to the aforementioned consideration, in the case of low values pH, the
chitosan groups (amino) were protonated (NHs*), resulting in a decrease in the available
number of surface sites (binding process) for the removal of Ni*, Hg?, and Ba? (i.e.,
uncharged groups of NH: for chelation). Consequently, Ni**, Hg?, and Ba?>* had to com-
pete with the positive charge (H*) concentrations, in order to be bonded onto the surface
sites of CS-HMF adsorbent. By increasing pH from high to less acidic aqueous solution
(from 2.0 to 6.0), the crucial adsorption interaction was the process of chela-
tion/complexation, between the hydroxyl or amino chitosan groups, and more specific
with those that do not react with the cross-linker and metal ions with a positive charge
(Equation (9)):

M2t chelation CS—-NH, eeeM% or CS—OHeeeM?" 9)

low acidic pH

Additionally, it must be noted that according to BET analysis, CS-HMF was found to
have a very limited surface area (5.31 m?/g), which is a typical non-porous material; the
latter is confirmed in literature [56,57]. Therefore, the porosity does not play an important
role on the adsorption interactions. A proposed mechanism based on the aforementioned
is illustrated in Figure 3.

HMF
- HMF o
)7 /\@/\OH T M2+
"'NH
HOH,C
o]
N HO ol .
NH,*
(‘)- m
o:T—o'
o)
TPP \
o:T—o'
_--0 OH % - S
N— OH
\
S k 0=P-0°
GLA S ‘
M2%,
//// 0
A\ “,
N CH,OH NH*
, HO o HO o’
) o Q o g
2 HOH,C B HOH,C
B \\\\\‘\\\\ / \ > o / \
Zz \ W
iwz.'\.\ OHmmmf p2+ M2+“ OH nminf g2+
(o) o
HMF HMF

Figure 3. Proposed interactions for the removal of metal ions M?* (Ni*, Hg?*, Ba?") by adsorption onto CS-HMF.

3.2.2. Contact Time Effect

Another crucial factor for the process of adsorption is the effect of contact time. The
kinetic trend is presented in Figure 4. As it can be observed, in the case of the removal of
Ba? (single-component aqueous solution) from the liquid phase, the CS-HMF biomaterial
has different kinetic behavior, when compared with the removal of Ni** and Hg?. More
specifically, the first time interval 0-250 min for the uptake of Ba2* (1.42 A) is gradual and
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then the equilibrium phase (plateau)appears. In the case of Ni2* (0.83 A), the time interval
was shorter (0-60 min) until the equilibrium plateau was reached. For Hg?* (1.33 A) the
time interval was 0-80 min until the equilibrium plateau was reached. The short time
interval of Ni* and Hg?" is accompanied by a sharp decrease in the concentration of
model pollutants.

— T T T T T T /AT
100 A CS-HMF/Ni

® CS-HMF/Hg
B CS-HMF/Ba
Pseudo-1st
90 - - Pseudo-2nd

Ct (mg/L)

/L
T T T T T T T T T T T T T T T 7/ T 71
0 50 100 150 200 250 300 350 400 1200 1400
Time (min)

Figure 4. Kinetic data for the uptake of Ni*, Hg?, and Ba?* from aqueous solutions (sin-
gle-component). Fitting to pseudo-1st and pseudo-2nd order equations. Experimental conditions: T
=25°C, Co=120.0 mg/L, N =160 rpm, V=20 mL, m=0.02 g, pH =6.

The experimental data from kinetic experiments were fitted to pseudo-1st and
pseudo-2nd order equations. Table 1 presents the calculated parameters. It is clear that
the correlation coefficients (R?) of pseudo-1st order are fitted better, in the case of Ni* (R?
=0.997) and Hg?* (R? = 0.998) uptake, while in the case of Ba* removal, the best fitting was
achieved with the pseudo-2nd order equation (R? = 0.951). To better understand, in the
case of PFO kinetics, if the concentration of one relative reagent remains constant (be-
cause it is supplied in great excess), its concentration can be absorbed at the expressed
constant rate, obtaining the PFO reaction constant. If the diffusion film is rate-controlling,
the rate of the adsorption will vary inversely with the particle size, the film thickness, and
with the distribution coefficient. Therefore, the name “physisorption” was given, since
the rate-limiting step in this kind of mechanism is diffusion and not dependent on the
concentrations of both reactant (physical exchange). On the other hand, in the case of
PSO, the chemical reaction seems significant in the rate-controlling step, the pseu-
do-second order chemical reaction kinetics provide the best correlation of the experi-
mental data, and the adsorption’s mechanism is chemically rate-controlling (because of
this it is called chemisorption). In this mechanism, the kinetics of sorption should corre-
spond to a reversible second order reaction at low sorbate/sorbent ratios (first order at
very low ratios) and two competitive reversible second order reactions at higher sorb-
ate/sorbent ratios [47,58]. The aforementioned theoretical background can be used to ex-
plain the data of Table 1. The kinetic results showed that the adsorption of barium ions
was slower (smaller rate constant than the adsorption of nickel and mercury ions. One
possible explanation is the affinity (ionic radius). The same observation was found for
both models fitted (PFO, PSO). Additionally, the adsorption kinetics of barium ions
seems to better fit to the PFO than PSO model. One can correlate this finding to the sorp-
tion mechanism, suggesting that although the adsorption process is a combination of
chemical and physical sorption, in this case, the physisorption probably dominates
[47,58]. On the other hand, PSO is the best fitted model for barium ions, suggesting the
strong chemical bonds of those ions with the CS-HMF.
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Table 1. Pseudo-1st and pseudo-2nd order equations for the uptake of Ni*", Hg?, and Ba?* from
aqueous solutions (single component).

Pseudo-1st Order Pseudo-2nd Order
k1 R? k2 R?
Adsorbent (min-") (g mg min)
CS-HMEF/Ni 0.09184 0.997 0.19013 0.943
CS-HMF/Hg 0.07621 0.998 0.15267 0.963
CS-HMF/Ba 0.02768 0.817 0.05541 0.951

3.2.3. Effect of Initial Concentration/Temperature on Equilibrium

Figure 5 presents the equilibrium isotherm curves, at T = 25 °C, after the fitting of
Langmuir and Freundlich models for the uptake of Ni%*, Hg?, and Ba? metal ions form
aqueous solutions (single-component) by using CS-HMF adsorbent.

140 -
120

100

A CS-HMF/Ni
® CS-HMF/Hg

20 | m CS-HMFBa
Langmuir
— = Freundlich
0 T T T T T T T T T T
0 50 100 150 200 250

C, (mglL)

Figure 5. Equilibrium data for the uptake of Ni?*, Hg?, and Ba? from aqueous solutions (single
component). Fitting to the equations of Langmuir and Freundlich. Testing conditions: T =25 °C, Co
=10.0-300.0 (mg/L), N =160 rpm, V =20.0 mL, t =200 min, m=0.02 g, pH =6.

Table 2 demonstrates the fitting parameters calculated from the models, at T =25 °C.
The correlation coefficients (R?) from single-component aqueous solutions derived from
the model of Langmuir were higher (0.991 < Rt2 < 0.997) than those of Freundlich (0.908 <
Rr? < 0.978), indicating that the model of Langmuir fits better to the experimental data
(Figure 5). CS-HMF presents high adsorption abilities (T = 25 °C) for Ni%*, Hg?, and Ba?
with Qm value equal to 147, 107, and 64 mg/g, respectively (Table 2).

Table 2. Equilibrium parameters for Ni*, Hg?*, and Ba?* adsorption at 25 °C (single-component
aqueous solutions) onto CS-HMF bioadsorbent.

Model Equation Parameter Ni? Hg? Ba
0K,C Qm (mg/g) 147 107 64
Langmuir O, = % K (L/mg) 0.029 0.035 0.034
b R 0.994 0.988 0.991

1-1/n7 1/n
Kr (mg_l) L 15.549 14.618 9.22

. =K C 1/n

Freundlich Q. =K C, n () 2411 2733 2.864

R? (-) 0.959 0.928 0.95
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Figure 6 presents the isotherms curves after the fitting of Langmuir model (T = 25-65
°C). The Langmuir model was selected because, after the initial experiments, at T =25 °C,
it was determined that the model of Langmuir has a better fitting to the data obtained
from the experimental process. In all cases of metal ion adsorption, with the temperature
increase from 25 °C to 65 °C, an uptake increase in Ni%*, Hg?, and Ba? was observed
(Table 3).
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Figure 6. Isotherms for the uptake of (a) Ni*; (b) Hg?; (c) Ba?* from aqueous solutions (single component). Testing con-
ditions: T = 25-65 °C, Co=10.0-300.0 (mg/L), N =160 rpm, V =20.0 mL, t =200 min, m =0.02 g, pH =6.

More specifically, for Ni>* uptake, CS-HMF enhanced its adsorption ability by 8 and
6 mg/g at temperatures 45 and 65 °C, while for Hg?* uptake, the adsorption ability en-
hanced by 29 and 59 mg/g at temperatures 45 and 65 °C, respectively. Now, for Ba? up-
take, the effect of the temperature increases the adsorption ability of CS-HMF derivative
by 10 and 31 mg/g at temperatures 45 and 65 °C, respectively. Therefore, it can be con-
cluded that with the temperature increase (25-65 °C), an enhancement of adsorption
ability can be observed, at approximately 4.1, 55.2, and 48.5% for Ni%, Hg?, and Ba?,
respectively.

Table 3. Equilibrium parameters for Ni**, Hg?, and Ba?" adsorption at 25, 45, and 65 °C (single-component aqueous solu-
tions) onto CS-HMF bioadsorbent.

Ni? Hg? Ba*
Model T (°O) 25 45 65 25 45 65 25 45 65
Langmuir Om (mg/g) 147 155 153 107 136 166 64 74 95
Kt (L/mg) 0.029 0.032 0.043 0.035 0.040 0.045 0.034 0.053 0.066
R2 0.994 0.994 0.991 0.988 0.994 0.997 0.991 0.994 0.994
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It seemed that the increase in temperature improved the diffusivity of heavy metal
ions on water and augmented their adsorption. In order to state the above consideration,
the values of Ni?*, Hg?, and Ba?* diffusivity in water (denoted as Dpw) were calculated at
three temperatures (25, 45, and 65 °C) according to the Wilke-Chang correlation [59]
(Equations (10) and (11), respectively):

T(2.6M)*

_ —12
D, =(7:4x107) =2

(10)
where V (cm3/mol) is the molar volume of ion; M (g/mol) is the molecular weight of the
solvent (water); T (K) is temperature; 1 (cP) represents the dynamic viscosity of the sol-
vent, and in our case, for water was found at three temperatures (25, 45, 65 °C) as follows
[60], where A =2.414 x 102 cP; B=247.8 K; L =140 K.

n=10"""A (11)

In the following table (Table 4), the diffusion coefficients were presented for the
different temperatures. It seemed that the change in Dpw for Ni?* was higher than that of
Hg?, and Ba*, which explained the adsorption behavior in high temperatures. The above
coefficients confirm that the effect of temperature was a key-factor in the process, affect-
ing the diffusion of theses ion in the solution and making easier (more favorable) their
contact with the adsorbent (CS-HMF).

Table 4. Diffusion parameters of ions in water at (25, 45, and 65 °C).

Dpw (m?/s)
Ion 25 45 65
Ni2z+ 5.45 x 100 8.72 x 10 12.52 x 10~
Hg? 3.45 x 10 5.53 x 10 8.12 x 10
Baz 1.89 x 10-° 3.04 x 10~ 4.47 x 10

Thermodynamic Estimation

Based on the equilibrium experiments (isotherms), the values of AG?, AH?, and AS?,
were calculated at predefined temperatures (25, 45, and 65 °C), which correspond to
Gibbs’ free energy change (kJ/mol), enthalpy (kJ/mol), and entropy (kJ/mol K), respec-
tively. For the determination of thermodynamic parameters aforementioned, where Cs
and R represent the quantity adsorbed on the surface of solid at the phase of equilibrium
(mg/L) and universal gas constant (8.314 J/mol K), it will be used the following equation
system [61].

C
K =28

T (12)

AG® =—R TIn(K,) (13)

AG® = AH? - T AS° (14)
0 0

n(K,) = —| 200 |1, A5 (15)
R JT R

The value of AG? was calculated from (Equation (13)), while AH® and AS® were es-
timated from the slop and intercept from the graph, which obtained between In(Kc) vs.
1/T. Table 5 depicts the resulting thermodynamic parameters, and more specifically, all
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parameters aforementioned (pH = 6) at specific initial concentrations of metal ions (10, 50,
120, and 200 mg/L) and also at predefined temperatures (25, 45, and 65 °C).

Table 5. Thermodynamic parameters for the uptake of Ni*, Hg?, and Ba?* from aqueous solutions
(single component).

Co T Kc AGP AHP° AS°
(mg/L) (K) (kJ/mol) (kJ/mol) (kJ/mol K)
CS-HMF/Ni 10 298 4.56 -3.76
318 5.67 -4.59 14.13 0.060
338 9 -6.18
50 298 297 -2.70
318 3.35 -3.19 11.78 0.048
338 5.25 —4.66
120 298 1.90 -1.59
318 214 -2.01 5.98 0.025
338 253 -2.61
200 298 1.22 -0.50
318 1.37 -0.83 4.07 0.015
338 148 -1.11
CS-HMF/Hg 10 298 2.85 -2.59
318 5.67 -4.59 26.55 0.098
338 10.11 -6.50
50 298 2.33 -2.10
318 3.55 -3.35 16.97 0.064
338 5.25 —4.66
120 298 145 -0.92
318 224 -2.14 17.14 0.061
338 3.29 -3.34
200 298 0.79 0.60
318 1.25 -0.58 18.01 0.058
338 1.86 -1.74
CS-HMF/Ba 10 298 1.50 -1.00
318 2.33 -2.24 20.74 0.072
338 4.00 -3.90
50 298 1.38 -0.80
318 213 -1.99 19.68 0.069
338 3.55 -3.56
120 298 0.62 1.18
318 094 0.18 19.11 0.060
338 1.55 -1.24
200 298 0.33 2.72
318 048 1.93 16.62 0.047
338 0.74 0.85

The increased trend of negative AG? values, as for Ni?* and Hg?* uptakes, for tem-
peratures 25, 45, and 65 °C at initial concentrations 10, 50, 120, and 200 mg/L, respec-
tively, indicates that the process of uptake becomes spontaneous and feasible, when the
temperature increases. In addition, the Ba?* uptake, for temperatures 25, 45, and 65 °C at
initial concentration 10 and 50 mg/L, respectively, indicates that the uptake process be-
comes spontaneous and feasible for the adsorption of metallic ions when the temperature
increases. However, at initial concentrations 125 and 200 mg/L, the values of AG? had a
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positive sign, indicating that the uptake process was not as favorable, as in other cases
(negative values). Despite this, with the increase in temperature from 25 to 65 the values
of AG? decrease further, indicating a more favorable removal of Ba?* with the temperature
increase. In addition, Ni%, Hg?, and Ba? removals were evaluated as endothermic reac-
tions, because all values of AH? were positive. The positive AS? values found reflect the
sorbent affinity of CS-HMF adsorbent with the model pollutants (Ni*, Hg?, and Ba*).
However, the aforementioned positive values depict high randomness at the interface of
solid/solution, during the metal ions sorption (Ni%, Hg?, and Ba?*) onto CS-HMF bi-
obased adsorbent and also reveal that some changes happen in the structure of adsorbate
and adsorbent. During the process of sorption, the adsorbed water-soluble molecules,
which are displaced by the species of Ni*, Hg?, or Ba*, earned more translational en-
tropy than is lost, due to the presence of Ni*, Hg*, or Ba? species (adsorbate spe-
cies/molecules), resulting in an increased randomness during the interaction of metal
ions with CS-HMF derivative. The process of adsorption is not dominated by entropic
but from enthalpic effects because | AH%etl > IT-ASl, indicating that the process of sorp-
tion was enthalpy-driven, for all cases of metal ions removal. Additionally, the positive
value of ASY indicated an increased freedom degree of the adsorbed solvent molecules.

3.3. Adsorption Evaluation— Mixtures

Figure 7 presents the isotherms of metal ion uptake in multi-component aqueous
solution. The fitting was achieved both with Langmuir and Freundlich models (T = 25
°Q).

180 -— ¥ FF+—7—
160 PP
140 - == -
120 - / sPial i
S 100+ . -
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E 80 / i
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/ B A CS-HMF/Ni ]
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Figure 7. Equilibrium data for the uptake of Ni?*, Hg?, and Ba? in multi-component aqueous solu-
tion, fitting to the equations of Langmuir and Freundlich. Testing conditions: T =25 °C, Co = 10.0-
300.0 (mg/L), N =160 rpm, V =20.0 mL, t =200 min, m =0.02 g, pH = 6.

It is obvious that CS-HMF biomaterial can remove various types of metal ions from
liquid phase simultaneously (in multi-component). The isothermal parameters were ob-
tained after the experimental data fitting to the equations of Langmuir and Freundlich
(Table 6). The experimental data for the multi-component aqueous solution were also
applied to the models of Langmuir and Freundlich and compared with the initial pa-
rameters of equilibrium derived from single-component aqueous solutions, as presented
in Figure 8. As it can be clearly seen from that figure, the co-existence of various metal
ions in the mixture affected their removal. CS-HMF has 147 mg/g maximum adsorption
capacity in single-component solutions, while in the presence of other two metal ions, the
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capacity is 40% lower (87 mg/g). In the case of mercury ions, the decrease is 30% (76
mg/g) and for barium ions is 35% (41 mg/g). The decrease in all ion capacities was in the
range 30-40%, which means that the ions affinity in single-component solutions is kept in
the case of mixture. Another important finding is that the total adsorption capacity found
(meaning the sum of the metal ions capacities in the mixture) is slightly higher (204 mg/g)
than in the case of single-component solutions (147, 107, and 64 mg/g). This again is in
accordance with the affinity findings found before.
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Figure 8. Equilibrium data for the uptake of (a) Ni%; (b) Hg?; (c) Ba?* from single- and multi-component aqueous solu-
tions, fitting to the equations of Langmuir and Freundlich. Testing conditions: T = 25 °C, Co = 10.0-300.0 (mg/L), N = 160
rpm, V =20.0 mL, t =200 min, m=0.02 g, pH =6.

Table 6 presents the equilibrium parameters derived from Figure 8, and more spe-
cifically, the equilibrium parameters for Ni?, Hg?*, and Ba?* adsorption for single- and
multi-component aqueous solutions onto CS-HMF biobased derivative (T = 25 °C) are
presented.

Table 6. Equilibrium parameters for Ni*, Hg?, and Ba?* adsorption (single- and multi-component
aqueous solutions), onto CS-HMF adsorbent.

Ni? Hg? Ba*

Model Parameters Single Mix Single Mix Single Mix Total

Langmuir Qm (mg/g) 147 87 107 76 64 41 204
Kt (L/mg) 0.029 0.016 0.035 0.012 0.034 0.011 0.004
R? 0.994 0.989 0.988 0.991 0.991 0.987 0.992
Freundlich K (mg! -1 L1 g-1) 15.549 6.194 14.618 4.221 9.22 2.053 6.827
n 2411 2.211 2.733 2.056 2.864 2.027 2.071
R? 0.959 0.948 0.928 0.964 0.95 0.943 0.954
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The correlation coefficients (R?) from multi-component aqueous solution derived
also from the models of Langmuir and Freundlich. For the Langmuir model, in the case
of single-component aqueous solutions (Table 6), the correlation coefficients (R?) were
(0.988 < Ri2< 0.994), while for multi-component aqueous solution, they were (0.987 < Rt2 <
0.991). Now, in the case of Freundlich model for single-component aqueous solution, the
correlation coefficients (R?) were (0.928 < Re? < 0.959), while for multi-component aqueous
solution, they were (0.943 < Re? < 0.964). It is worth to note that in the cases of Ni** and
Ba? metal ions removal, the correlation coefficients (R?) of Langmuir and Freundlich
models were decreased for multi-component aqueous solution, while increased in the
case of Hg? metal ions. However, if compare the aforementioned results with the sin-
gle-component aqueous solutions results, a decrease in adsorption capacity of approxi-
mately 41, 29, and 36% for Ni*, Hg?, and Ba?* metal ions, respectively, can be observed.
In the case of total removal of Ni?*, Hg?, and Ba?* from multi-component aqueous solu-
tion, CS-HMF seems to have in total Qm =204 mg/g (Table 6), indicating that the CS-HMF
derivative is a multifunctional adsorbent material.

3.4. Comparisons

To evaluate the effectiveness of CS-HMF adsorbent, a comparative table was carried
out (Table 7). More specifically, the adsorption ability of various adsorbents (mainly CS)
for the removal of Ni?*, Hg?, and Ba?* from single-component aqueous solutions is pre-
sented. It is obvious that the CS-HMF is a very effective adsorbent material, when com-
pared with other studies, and especially for Ni?* uptake.

Table 7. Comparative study for the uptake of Ni?*, Hg?, and Ba?, from single-component aqueous
solutions, using various adsorbents (mainly CS). Below are presented the adsorption capacities
according to the Langmuir model (T =25 °C).

Adsorbent Metal Ion Qm(mg/g) Reference
Porous thiourea-grafted-CS hydrogels Niz 132.5 [62]
CS coated polyvinyl chloride beads 120.5 [53]
Magnetic activated carbon/CS beads 108.7 [63]
DTPA-modified CS/polyethylene oxide nanofibers 56 [64]
CS/magnetite composite beads 52.55 [12]
Modified magnetic CS chelating resin 40.15 [7]
Chemically cross-linked metal complexed CS 37.88 [65]
Ethylenediaminetetraacetic acid-CS 24.35 [66]
Diethylenetriaminepentaacetic acid -CS 2416 [66]
Thiourea-modified magnetic CS microspheres 15.3 [16]
CS-MAA nanoparticles 0.87 [67]

CS-HMF 147  This study
Cross-linked magnetic CS-phenylthiourea resin Hg?> 135 [68]
Formaldehyde modified CS-thioglyceraldehyde 98 [69]
Thiocarbohydrazide-chitosan 52.63 [70]
CSs 24 [71]

CS-HMF 107 This study
Weathered basalt/CS Ba2 45.78 [52]
Dolomite powder 3.96 [72]
Perlite 2.49 [13]

CS-HMF 64 This study

In the case of multi-composite aqueous solution, there is not an extensive bibliog-
raphy. In the study of Leos Doskocil and Miloslav Pekar, the removal of metal ions (Pb?,
Cu?, Zn?*, and Cd?) from multi-composite aqueous solution, using lignite was achieved,
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and the total adsorption capacity was found to be 85 mg/g [73]. Despite the relatively
good adsorption capacity of lignite, it must be mentioned that it is not a renewable ma-
terial and also is not abundant in nature. In another study from Kuang He et al. was
achieved the removal of metal ions (Pb%, Cd*, Cu?, Ni* and Mn?) from mul-
ti-composite aqueous solution, using zeolite, and the total adsorption capacity was found
to be 121.32 mg/g [74]. Despite that, zeolite can be found in nature, as in the case of lignite
(not abundant), and also can be produced in industrial scale. The study of Abbas Af-
khami et al. achieved the removal of metal ions (Pb?, Cd?, Cr3+, Co?, Ni%, and Mn?) from
multi-composite ~ aqueous  solution, using nano-alumina modified with
2,4-dinitrophenylhydrazine, and the total adsorption capacity was found to be 349.4
mg/g [75]. However, the total adsorption capacity of CS-HMF adsorbent for the removal
of metal ions (Ni*, Hg?, Ba?) from multi-component aqueous solution was found to be
204 mg/g, indicating that is a multifunctional adsorbent material. Finally, it can be sup-
posed that if four or five model pollutants were used, as in the aforementioned studies,
the adsorption capacity of CS-HMF biobased adsorbent will increase further, due to the
presence of a different ionics radius in aqueous solution.

4. Conclusions

In this experimental study, chitosan grafted with 5-hydroxymethyl-furfural was
used for the uptake of nickel, mercury, and barium metal ions from aqueous solutions. It
can be concluded that the chitosan grafted with 5-hydroxymethyl-furfural can be used as
biobased adsorbent material for the uptake of metal ions from single- and mul-
ti-component aqueous solutions, indicating its multi-functionality. Additionally, with the
increase in temperature from 25 to 65 °C for single-component aqueous solutions, the
adsorption capacity was increased at approximately 4.1, 55.2, and 48.5% for Niz, Hg?,
and Ba? metal ions, respectively. The correlation coefficients (R?) of pseudo-1st order are
fitted better, in the case of Ni?* (R2=0.997) and Hg?" (R? = 0.998) uptake, while in the case
of Ba?* removal, the pseudo-2nd order kinetic equation (R? = 0.951) fits better. According
to the thermodynamic studies, it was found that the enthalpy (AHY, kJ/mol) had positive
values for the uptake of nickel, mercury, and barium metal ions by single-component
aqueous solutions, indicating the endothermic nature of reactions during the process of
adsorption. However, the positive values of entropy (AS°, kJ/mol K) for the uptake of
nickel, mercury, and barium metal ions by single-component aqueous solutions indi-
cated the sorbent affinity of adsorbent with the model pollutants. The increased trend of
negative values of AG?, indicating that the process of adsorption becomes spontaneous
and feasible, on metal ions sorption with the temperature increased. Finally, it was con-
cluded that the correlation coefficients (R?) of the Langmuir model fit better to the ex-
perimental data than that of the Freundlich model for single- and multi-component
aqueous solutions, indicating monolayer coverage of Ni%, Hg?, and Ba* onto the surface
of CS-HMF.
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