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Highlights

In highly regioselective reactions N-substituted chitosan derivatives were
achieved

e Mucic and adipic acid were used as crosslinkers

e Crosslinking degree were influenced by the crosslinker structure

e The new materials exhibited good lead adsorption capacity

Abstract

This work described the preparation and characterization of water insoluble
chitosan derivatives as lead adsorbents. In highly regioselective reactions, N-substituted
crosslinked chitosan derivatives were obtained by crosslinking native chitosan with mucic
and adipic acid (a polyhydroxylated and a non-functionalized diacid of the same length
chains). The crosslinking degree of the chitosan modified with adipic acid was
significantly higher than that crosslinked with mucic acid (0.446 and 0.316, respectively),
while the degree of substitution was almost the same (approximately 80%). Lead
adsorption isotherms were constructed at different temperatures and adjusted to well-
known models, obtaining the best fit to the experimental data with Langmuir model. The
lead adsorption capacity of new materials was greater than many of the adsorbents
described in literature (76.3 and 69.7 mg g for chitosan modified with mucic and adipic
acid, respectively). Moreover, thermodynamic parameters were calculated, and results
showed that the lead adsorption on the derivatives was spontaneous, exothermic, and
governed by chemical interaction. Besides, kinetic studies were performed and adjusted
to well-known models. The pseudo-second order kinetic equation was the one that most

appropriately described the lead adsorption on the new materials. Results were consistent
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with the strong electrostatic attraction established between the lead cations and the free

carboxylate groups of the derivatives.

Keywords: chitosan, crosslinking, mucic acid, lead adsorption

1. Introduction

For long enough, it has been well known that human activities have a negative
impact in water quality [1-4]. Among the water pollutants, heavy metals are of special
concern because, in addition to their non-biodegradability, they are toxic even at such low
concentration that do not alter the organoleptic properties of the water, therefore
consumers do not know the risk of drinking that water [5]. In particular, lead (Pb) is a
potent neurotoxin and its ions (Pb II) may cause critical diseases in human beings,
including cancer, as mentioned in previous works [6-9]. Due to the health hazard of
consuming lead-contaminated water, the World Health Organization (WHO) has set the

maximum permissible lead concentration in drinking water at 0.01 mg L™ [10, 11].

For all the reasons mentioned above, intensive work is being done on the
development of materials and technologies for the treatment of lead-contaminated water
[12, 13]. Among the different methodologies proposed for lead removal, adsorption using
adsorbents from natural, renewable, and environmentally friendly raw materials have
attracted the attention of the scientific community because of their cost-effectiveness,
their sustainable long-term availability and their harmlessness to the ecosystem. In
particular, cellulose and chitin, as they are the most abundant polysaccharides on Earth,

have aroused special interest. Therefore, in recent times a significative number of lead



adsorption studies carried out over modified cellulose, cellulose based materials or chitin

derivatives, were reported [6, 14-18].

Chitosan is obtained by partial deacetylation of chitin ((1—4)-2-acetamino-2-
deoxy-p-D-glucopyranose). Due to the basic character of the amino group, native
chitosan is completely soluble in aqueous medium at pH below 5, which limits its use as
metal adsorbent [19-21]. Therefore, many efforts are being made towards achieving
insoluble materials in acidic environment from chitosan. Substitution involving the C-6
hydroxyl group and/or the C-2 amino group, crosslinking reactions, as well as grafting of
polymeric chains, like polyacrylonitrile, methyl polyacrylate, polyvinyl acetate,

polyethylene glycol, polyvinylpyridine, among others, were reported [22-24].

Unfortunately, modifications sometimes incorporate into the chitosan structure
molecules that could represent a risk to health or the environment. This is, for example,
the case of methyl polyacrylate [25] or vinyl acetate [26]. Therefore, it is worth facing
the challenge of developing metal adsorbents using only abundant and environmentally

friendly materials coming from renewable biomass.

Considering the above discussion, this work proposes the crosslinking of chitosan
chains through amide bonds using mucic acid, a nontoxic and environmentally friendly
polyhydroxylated dicarboxylic acid, coming from renewable biomass. In order to better
understand the factors involved in the adsorption process of the new chitosan derivative
and hence improve the design of new heavy metals adsorbent materials, the crosslinking
reaction was also carried out with adipic acid, a non-functionalized dicarboxylic acid of
the same chain length as mucic acid. The comparison between both derivatives could
show how hydroxyl groups affect the cross-link reaction and the properties of the final
product. The new materials were subjected to chemical, physical, and morphological

studies.



Besides, lead adsorption studies were also carried also out. Adsorption isotherm
at different temperatures were constructed, thermodynamic parameters were calculated,
and the adsorption mechanism was discussed. Furthermore, the effects of operational

parameters (pH, and contact time) on the adsorption capacity were also investigated.

2. Materials and Methods

2.1.Chemicals and reagents

Medium molecular weight chitosan was purchased from Sigma (Sigma-Aldrich
448877) and characterized in the same way that their derivatives. Adipic acid, mucic acid,
N-hydroxysuccinimide (NHS), N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) were all reagent grade and purchased from Sigma-Aldrich. Sodium
hydrogen carbonate (NaHCOgz) (Merck), hydrochloric acid (Merck) and sodium
hydroxide (Merck) were all analytical grade and used as received without further

purification.

2.2.Preparation of chitosan derivatives
2.2.1. Preparation of Chitosan modified with adipic acid (Ch/Ad)

To a solution of adipic acid (122 mg) in 20 mL of water, chitosan (350 mg, 1.68
mmol of deacetylated units) was added. Then, pH was adjusted to 6.5 by addition of
NaOH (0.1 M) and the resulted solution was cooled in an ice bath.

EDC (1.6 g, 8.4 mmol) was added to a solution of NHS (965 mg, 8.4 mmol) in
water (about 3 mL), previously cooled in an ice bath. The mixture was added to the

chitosan and adipic acid solution with energetic mechanical stirring.
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The reaction mixture was left with mechanical stirring in an ice bath until gelation
was observed (about 8 h) and then it was kept at 4°C for 16 h. Finally, a 10% NaOH
aqueous solution was added to quench the reaction (50 mL) [27], the product was
separated by centrifugation (5000 rpm, 15 min) and then washed sequentially with HCI
(0.1 M, x3), NaOH (10%, x3), and finally water until neutral pH was reached. The product

obtained as a gel was lyophilized to give 458 mg of a white powder (Ch/Ad) [27, 28].

2.2.2. Chitosan modification with mucic acid (Ch/Muc)

In this case, chitosan (350 mg, 1.68 mmol of deacetylated units) was dissolved in
16.8 mL of 0.1 M HCI aqueous solution (molar ratio NHz: HCI 1:1). In another flask,
mucic acid (176.3 mg, 0.84 mmol) and NaHCOs (141.1 mg, 1.68 mmol) were dissolved
in the minimum volume of water (about 2 mL) and the mixture was added to the chitosan
solution. The pH was adjusted to 6.5 by addition of NaOH (0.1 M), the solution was
cooled in an ice bath, and then the synthesis proceeded as described for adipic acid.

The product was obtained as a gel and lyophilized to give 510 mg of a white

powder (Ch/Muc).

2.3.Characterization Methods

Fourier transform infrared spectra (FT-IR) of native chitosan and its derivatives
before and after lead adsorption were acquired on a Thermo Scientific Nicolet 6700
spectrometer in transmission mode. The samples were mixed with KBr (Grade FT-IR
99+%, Thermo Spectra-Tech) at 1:100 ratio (sample:KBr) and an aliquot were pressed
into a disc of 5 mm using a Hand Press accessory PIKE Technologies. Samples were

scanned 32 times at a spectral resolution of 4 cm™ in the range of 400 to 4000 cm™.



In order to determine its acetylation degree, native chitosan (50 mg) was titrated
conductometrically as described elsewhere [29].

The substitution degree of chitosan derivatives was determined by heterogeneous
conductometric titration. Lyophilized chitosan derivatives (300 mg) were suspended in
10 mL of HCI aqueous solution (0.1 M) with vigorous stirring and then titrated with
NaOH aqueous solution (0.1 M). Conductivity values were registered each 0.05 mL using
a Hanna Instruments HI-2300 conductometer.

Quantitative solubility assays of chitosan derivatives were performed in water,
HCI aqueous solution (0.1 M) and NaOH aqueous solution (0.1 M). 100 mg of Ch/Muc
or Ch/Ad were suspended in each solvent (10 mL) with magnetic stirring for 24 h at room
temperature. Then, the solid was separated by centrifugation (5000 rpm, 15 min),
lyophilized, and finally weighed.

Qualitative solubility assays were also carried out. Particularly, DMSO and DMF
were screened by adding successive amounts of each solvent to a known mass of chitosan
derivatives with continuous stirring.

The isoelectric point of the chitosan derivatives was determined by measuring the
Zeta potential as function of pH using a Zetasizer Nano ZS coupled with MPT-2
autotitrator (Malvern Panalytical). Chitosan derivatives (1 mg) were dispersed in 0.01 M
HCI solution (25 mL) and the pH was varying by the addition of 1 M NaOH solution [30,
31].

X-ray diffraction patterns were obtained using a Philips PW1730/10 automated
wide-angle powder X-ray diffractometer operated at 40 kV and 20 mA, with Cu/Ka
radiation (A = 0.154 nm). Diffractograms were recorded in a 26 angle range of 5-40° with
a scan rate of 0.02° s and a step size of 0.02°.

The morphology of native chitosan and its derivatives was studied with a scanning

electron microscope Carl Zeiss Evo 10 with field emission gun operated at 3 kV. Samples
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were deposited on microscope glasses in their swollen gel form and dried at 40°C for 5

minutes. All samples were coated with a thin layer of gold using an ion sputter coater.

2.4.Lead adsorption experiments

Aqueous solutions of Pb (1) were prepared from solid Pb(NO3)2 p.a.(Merck) with
ultrapure water (18MQ quality). Lead concentration was determined on an air-acetylene
flame type atomic absorption spectrometer (FAAS) (Model iCE 3000, Thermo
Scientific). Pb (Il) standard solutions for the FAAS analyses were prepared from 1000
mg L™ Pb standard solution (Merck). All lead adsorption studies were performed in
duplicate.

The adsorption isotherms were constructed by adding a fixed amount of native
chitosan, Ch/Muc or Ch/Ad (25 mg) to 25 mL of lead solution (50-150 mg L) at pH 7.
Then, two parallel experiments were carried out stirring the mixtures at 400 rpm for 3 h
at 25 or 50°C. After filtration, lead concentration was determined by FAAS [6].

The effect of pH on the adsorption of lead was studied in a pH range of 2.5-7.0
at 25°C. 25 mL of an aqueous lead solution (150 mg L) were shaken in presence of 25
mg of Ch/Muc or Ch/Ad at 400 rpm for 3 h. The pH of the solutions was adjusted using
NaOH (0.01 M) or HCI (0.01 M). After filtration, lead concentration was determined by
FAAS [6].

Besides, the adsorption kinetics were also studied. Ch/Muc or Ch/Ad (25 mg)
were suspended in 50 mL of lead solution (100 mg L) at pH 7 and the mixtures were
stirred at 400 rpm at different temperatures (25 and 50°C). Samples were taken from each
suspension at different times and lead concentration was determined by FAAS [6].

Finally, regeneration studies were carried out with agueous HCI solution (6 mM,
pH 2.2). Ch/Muc or Ch/Ad (25 mg) were suspended in 50 mL of the HCI solution and the

mixtures were stirred at 400 rpm for 3 h. After filtration, lead concentration was
8



determined by FAAS. Then, the adsorbents were conditioned with an NaOH aqueous
solution (10 mM, 25 mL) and washed with water until pH 7 prior to use again to study

their reuse. The procedure was repeated 3 times.

3. Results and discussion
3.1.Analysis of reaction regioselectivity - determination of the substitution

degree of the products

When chitosan is subjected to acylation reactions, the substitution could be an O-
acylation at the C-3 and/or C-6 positions of the D-glucosamine unit or an N-acylation on
its -NH> group. However, probably due to the greater reactivity of the amino group and
the less steric hindrance of the O-6 with respect to the O-3, acylation on the C-3 position
was never reported [32, 33].

Therefore, when chitosan reacts with an activated dicarboxylic acid, substitution
is expected to be an O-acylation at C-6 position of the D-glucosamine unit or an N-
acylation on its amino group (Fig. 1). Besides, the crosslinking degree is not predictable
and, in the cases in which the reaction involved just one of the carboxylic groups of the
diacid, the other group would remain as carboxylate after the alkaline treatment involved

in the work up of the reaction (structures Il and IV in Fig. 1) [27, 28, 34].
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Figure 1. Expected structural units that could be found in the chitosan derivatives.

Considering the above discussion, acylation reactions could lead to complex
mixtures difficult to analyze, and it is even harder when the products result insoluble in
all media. This might be the reason why, on such derivatives, studies to discern

substitution or crosslinking degree are not usually reported.

In order to know the substitution pattern of the new derivatives, FT-IR analyses
and conductimetric titration studies were carried out. Figure 2 compares the FT-IR spectra
of the native chitosan and its derivatives. In the spectra of chitosan derivatives an

increment in the relative intensity of the signals at 1650 and 1560 cm™ with respect to
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that of the native chitosan was clearly observed. Since those signals correspond to the
stretching carbonyl vibration and the N-H bending vibration of secondaries amides, the
increment in their intensity must be related with an increment on the proportion of amide
groups in the samples after the reaction. Besides, no evidence of ester formation was
observed, since the expected signal at about 1730 cm™ corresponding to the stretching

vibration of the ester carbonyl group was not observed in the spectra.

These results were consistent with high regioselective reactions towards the
amino groups and allowed to dismiss the presence of significant proportion of O-acylated
structural units in the chitosan derivatives (structures 1V, V and VI in Fig. 1).
Unfortunately, the stretching vibration of carboxylate groups, if present, will appear at
about 1600 cm™, overlapped with amide bands. Thus, by FT-IR there was not possible

either to dismiss or confirm the presence of carboxylate groups (structure 1l in Fig. 1) in

the samples.

(1y——Nativo
(2y—— Ch/Muc
(M (3—Ch/Ad

Transmittance (%)
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Figure 2. FT-IR spectra of native chitosan, Ch/Muc and Ch/Ad.
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In summary, the structural indeterminacy that remained after the FT-IR analyses
was either the presence or absence of the structures I, 11 and 111 (Fig. 1) in the samples. In
order to solve this indetermination, as well as to calculate the molar proportion of each
unit, conductometric titration studies were carried out. The conductometric titration
curves of native chitosan and its derivatives are shown in Supplementary Data (Fig. S1-
S3) and were obtained by plotting electrical conductivity as a function of volume of
NaOH solution added to the analyzed solution. In all cases, the straight-line equations
were determined by linear regression and the equivalence points were calculated from the
intersection of the lines. Unlike the native chitosan, titration of the derivatives was carried
out in heterogeneous systems, but all samples were measured with the same experimental

set-up and the results were processed in the same way.

In the titration curve of native chitosan, three linear portions with different slopes
(see Fig. S1 in Supplementary Data) were observed. The deacetylation degree was
determined using both equivalence points and Equation 1, where %DD is the percentage
of deacetylated D-glucosamine units, 203 and 161 are the weight of the acetylated and
deacetylated units respectively (g mol?), [NaOH] is the concentration of sodium
hydroxide (mol L), V1 and V; are the volumes of each equivalence points (L) and m is
the mass of chitosan (g). The deacetylation degree (81%, SD 1.8%) was consistent with

that reported by the suppliers of the material.

203- (V, —V,) - [NaOH] _
m+(203-161) - (V, —V,) - [NaOH]

%DD = 00% Eq. 1

In the titration curves of the chitosan derivatives four linear portions with different

slopes were observed, confirming that the derivates had one more functional group with
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acid-basic behavior, with respect to the native polysaccharide (see Fig. S2 and S3 in
Supplementary Data). This result was consistent with the presence of free carboxylic acid

groups in the derivatives.

Considering the above discussion, the structures that must be present in the

derivatives are summarized in Figure 3.

CH,OH o CH,OH CH,OH CHLOM
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R = (CHOH),: Mrcoo = 375
R = (CH,)4: Mreooy =311

R = (CHOH),: Mr¢c = 248
R = (CH,)y: Mrec =216

Figure 3. Structural units present in the derivatives.

It was assumed that the percentage of acetylated units in the derivatives was the
same as in the native chitosan. The percentages of the others structural units were
calculated using Equations 2, 3 and 4, where AV1 is the NaOH volume consumed between
first and second equivalence point (L), 47> is the NaOH volume consumed between
second and third equivalence point (L), [NaOH] is the molar concentration of NaOH
solution, m is the mass of the chitosan derivative (g), x are the number fraction and Mr
are the molecular weight of each structural unit (g mol™), respectively, and Mr is the

average molecular weight of the structural units (g mol™). Results are shown in Table 1.
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Xcoom % = AV, -[NaOH] Eq. 2

m

Xyna - == = AV, -[NaOH] Eqg. 3
Mr
Mr = MrCOOH “Xeoon T MrNHZ “Xnwz T Mrcc “Xee MrAc “Xac Eq. 4
Chitosan derivatives XcooH (%0) XnH2 (%) Xcc (%) Xac (%)
Ch/Muc 30.5(SD0.9) | 18.8(SD0.7) | 31.6(SD1.2) | 19(SD 1.8)
Ch/Ad 19.3(SD1.8) | 17.1(SD 1.5) | 44.6 (SD2.3) | 19(SD 1.8)

Table 1. Percentages of chitosan derivatives’ structural units.

The substitution achieved on the free amino groups was almost the same for
Ch/Muc and Ch/Ad (77% and 79%, respectively). On the other hand, the crosslinking
degree was, in both cases, higher than previously reported in literature for similar systems
[30, 31], and significantly lower in Ch/Muc respect to Ch/Ad (0.316 and 0.446,

respectively).

The significantly lesser crosslinking achieved in Ch/Muc respect to the Ch/Ad
could be a consequence of hydrogen bonding interaction between the mucic acid hydroxyl
groups and chitosan chains. Such interaction would cause a decrease in the mucic chain
flexibility, turning difficult the required approach between its second carboxyl group and

another chitosan chain to form a new amide bond.

3.2.Solubility assays

Quantitative solubility assays of the chitosan derivatives were performed

suspending each sample in distilled water, HCI aqueous solution (0.1 M), and NaOH
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aqueous solution (0.1 M). No significant loss of mass was detected after 24 h in any of
the cases, which indicated that the products were insoluble in all the media studied, as it

was expected for highly crosslinked materials [35].

Quialitative solubility assays were also carried out in different solvents (DMSO

and DMF), with identical results.

3.3.Measurements of Zeta potential as function of pH

Figure 4 shows the curves obtained by measured the Z-potential of both
derivatives as a function of pH. At low pH values, since both ammonium and carboxyl
groups were protonated, the Z-potential was positive. When pH increased, carboxyl
groups began to deprotonate, achieving the isoelectric point when the amount of
carboxylate groups equaled to that of ammonium groups. Then, the Z-potential became

negative.

These results were consistent with those obtained by FT-IR and conductometric
titration. Since the number of free carboxyl group of Ch/Muc is greater than that of
Ch/Ad, the isoelectric point of this derivative was lower than that of Ch/Ad (4.5 and 5.2,

respectively).
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Figure 4. Measurements of Z-potential of both derivatives as a function of pH.

3.4.X-ray diffraction studies

The diffractograms of lyophilized native chitosan and its derivatives are shown in
Figure 5. Two diffraction peaks were observed in the diffractogram of the native chitosan,
one of greater intensity at 260 = 20° and the other at 11°, assigned to crystalline forms 11
and |, respectively. When the chitosan was modified, the crystallinity was completely
lost, observing in the diffractograms of both modified products only the characteristic

pattern of the amorphous phase [36].

(1)— Native Chitosan
(2y—— Ch/Muc
(3 ——Ch/Ad

(1)

Intensity (a.u.)

(3)

5 IIO ' lIS ' 2I0 ‘ 2I5 ' 3I() ' 3I5 l 40
20 (%)
Figure 5. XRD patterns of native chitosan, Ch/Muc and Ch/Ad.
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3.5.Morphological studies

Comparative morphological studies of native chitosan and its derivatives were
performed by scanning electron microscopy (SEM) (Fig. 6). For the analysis of the
samples, they were first hydrated by suspension in water and then dried at 40°C. In the
micrographs of the native chitosan, a flat and smooth surface without roughness, was
observed, while in the derivatives a rougher surface was observed, compatible with the

loss of crystallinity determined by XRD [36].

100 pm

Figure 6. SEM images of native chitosan (a), Ch/Muc (b) and Ch/Ad (c).

3.6.Lead Adsorption Studies

3.6.1. Adsorption Isotherms

Equilibrium data, commonly known as sorption isotherms, are basic requirements
for the design of adsorption systems. They are obtained by plotting the amount of lead

retained on the adsorbent as a function of its concentration in the supernatant, under
17



equilibrium conditions at constant temperature. In this work, the adsorption isotherms

were measured at two different temperatures (25 and 50°C).

Taking into account that native chitosan is soluble in acidic medium and at pH
above 7 an insoluble lead hydroxide precipitates [6, 37], the working pH was set at 7 for

the construction of all adsorption isotherms.

Different well-known models of sorption isotherms (Langmuir, Freundlich,
Dubinin-Radushkevich and Frumkin) were fitted to experimental isotherm data. All the
parameters of the models were obtained by nonlinear fit using Origin Pro 9.0.0 software,
and the adjusted determination coefficient (Rag?), the root-mean-square error (RMSE) and
the Akaike’s information criterion (AIC) are shown in Table 2. As it can be seen, the

Langmuir equation gives the best fit of the collected data [38].

Figure 7 shows the experimental data and the curves obtained by the Langmuir
model for Ch/Muc and Ch/Ad, and compares them with that of native chitosan. In
addition, the separation factor R_ indicates the type of the isotherm to be either
unfavorable (RL > 1), linear (R. = 1), favorable (0 < R.<1) or irreversible (RL = 0). In
this case, the values of R. factor were always between 0 and 1 for any value of initial
concentration (Co), indicating that adsorption of lead onto the chitosans is favorable [39-

41].

As it can be seen in Figure 7, chemical modifications greatly improved the
adsorption capacity of chitosan, and it is noteworthy that the new materials showed higher
lead adsorption capacity than many adsorbents described in literature [42, 43]. The
improvement on lead adsorption capacity of Ch/Ad and Ch/Muc with respect to native
chitosan can be attributed to two main factors: ionic interactions between the carboxylate

groups and lead cations; and the disruption of the crystalline structure of chitosan
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confirmed by the XRD studies, that would facilitate the interaction between lead and

chitosan chains.

The higher lead adsorption capacity of Ch/Muc respect to Ch/Ad (76.3 and 69.7
mg g1, respectively) is consistent with the higher number of free carboxylate groups in

Ch/Muc respect to Ch/Ad (30.5 % and 19.3 %, respectively).

The decrease in the adsorption capacity of the chitosans as the temperature
increased was in accordance with an exothermic process, as it will be confirmed by the

calculations of the thermodynamic parameters in the next Section.
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Figure 7. Adsorption isotherm of lead on native chitosan, Ch/Muc and Ch/Ad.
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Parameters

Model Equation Native Ch/Ad Ch/Muc
25°C 50°C 25°C 50°C 25°C 50°C
Qmax | 18.5 (SD 1.06) 16.1 (SD 1.0) 69.7 (SD 0.7) 58.5 (SD 1.4) 76.3 (SD 3.3) 60.4(SD0.5) | mgg?
q. = qian—lchce K. |0.058 (SD 0.015) | 0.046 (SD 0.012) | 5.9 (SD 0.47) 1.59 (SD 0.29) 16.8 (SD 4.8) 452(SD0.28) | Lmg?
Langmuir . ) Radi? 0.8934 0.8972 0.9898 0.9305 0.8555 0.9938
R = m RMSE 0.72 0.62 1.27 2.24 5.7 0.93
AIC 24.2 22.7 29.8 355 44.8 26.7
Kere 5.2 (SD 1.2) 3.6 (SD 0.65) 52.5 (SD 4.0) 42.3 (SD 4.0) 60.5 (SD 5.1) 440(SD3.6) | mgg?
n 0.24 (SD 0.053) 0.28 (0.041) | 0.079 (SD 0.023) | 0.081 (SD 0.03) | 0.062 (SD 0.025) | 0.087 (SD 0.025)
Freundlich 0, =Kg, -C." Radi? 0.847 0.9254 0.7664 0.6383 0.5914 0.7712
RMSE 0.87 0.53 6.1 5.1 9.56 5.6
AIC 26.0 21.1 45.7 43.8 50.02 44.7
qor | 15.9(SD0.53) | 13.5(SD0.57) | 68.7 (SD 1.23) 56.8 (SD 0.8) 76.3 (SD 3.3) 59.2 (SD 1.16) | mgg?
0. = Gg o -€Xp(Kq - -7) Ko 4310° ) 4.7 10° . 3.110°8 . 1.7107 ) 1.310% . 2.44 10-8_9 o 2
- £=RTIn(L+C. ") (SD 9.3 10) (SD 1.2 10%) (SD 3.7 109) (SD 1.7 108) (SD 3.1 109) (SD 4.1 109)
Radushkevich . E 108 103 4001 1713 6089 3810 J mol?
E-= Radi’ 0.8607 0.8034 0.9629 0.9694 0.8523 0.9649
2ko 1 RMSE 0.83 0.86 2.4 1.5 5.7 2.2
AIC 25.6 26.0 36.3 31.4 44.9 35.3
a 1.2 (SD 0.95) 0.68 (SD 0.47) 4.8 (SD 15) -0.08 (SD 4.3) 3.5 (SD 7.4) 4.1(SD8.7)
9 exp(—2ad) =K., C,  Keu |0.009 (SD0.014) | 0.016 (SD 0.012) | 0.002 (SD 0.049) | 0.77 (SD 6.4) 0.01(SD 0.14) | 0.005(SD 0.09) | L mg?
Frumkin 1-0 Ragi? 0.477 0.8714 -0.822 0.7469 0.602 0.4418
0= qCI_e RMSE 26.5 1322 425 15.9 1838 21.9
o AIC 60.2 53.2 65.0 55.1 56.8 58.3

Table 2. Adsorption isotherm model parameters (means and standard deviations (SD)) (ge: equilibrium adsorption capacity; C.: concentration of the balance

solution; Co: initial concentration of the solution).
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3.6.2. Thermodynamic parameters

The equilibrium constant (K¢) is related to 4G° by Equation 6 and to AH° and 4S°

by Equation 7, where T is the temperature in Kelvin and R is the gas constant. 4H° and

AS° were obtained from the slope and intercept of linear Van’t Hoff plots of In Kc versus

T1[6, 44]. The results are shown in Table 3.

The equilibrium constants (Kc) were calculated from those obtained by Langmuir

model (Kv) [45, 46] using Equation 5, where Arpy is the atomic mass of lead (207.2 g mol

Y, [Pb*?]% is the standard concentration (1 mol L) and y is the coefficient of activity that

was considered equal to 1 because the measurements were made on dilute solutions [47,

48].

~1000- K, - Ar,, -[Pb*]°

K

C

/4

InK, = AG

_AS° AH°

InK,
R RT

Chitosan T (K) K. (L mg?) Ke AG® (kI molt)  AH° (kJmol?)  AS° (J molt K1)
_ 298 0.058 12045 -23.4.(SD 0.6)

Native -80(SD12)  51.2(SD 38.7)
323 0.046 9469 -24.6 (SD 0.7)
298 16.8 3471965  -37.4 (SD0.7)

Ch/Muc -43.8(SD9.9) -21.3(SD 30.7)
323 45 937232 -36.9 (SD 0.2)
298 5.87 1216264 -34.8 (SD 0.2)

Ch/Ad -43.8(SD6.7)  -30.1 (SD 22.1)
323 1.58 327376 -34.1(SD 0.5)

Table 3. Thermodynamics parameters for the adsorption of lead in native chitosan and its

derivatives (means and standard deviations (SD)).
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The negative values of AG° indicate the spontaneous nature of the adsorption
process of lead onto the chitosans. In addition, the negative value of 4S° in the chitosan
derivatives, which indicates a decrease in the randomness of the interface, is consistent
with the loss of translational freedom of the lead cations when they are retained in the
active sites of the adsorbent by the electrostatic forces exerted by the carboxylate groups
introduced into the chitosan structure in the derivatization process. In the case of native
chitosan, the entropy variation was positive, which implies that lead does not lose
translational freedom, which is consistent with a process governed by physical adsorption
[6]. These results are consistent with the high value of the enthalpy modulus determined
for the chitosan derivatives (JAH°|> 40 kJ mol?), according with an adsorption
mechanism governed by chemical interactions, and the low value determined for the
native chitosan which is in accordance with a process of physical adsorption [39]. No
evidence of additional interactions between lead cations and chitosan chains was obtained
in any of the cases, since the FT-IR spectra of Ch/Muc, Ch/Ad and native chitosan did
not show significant differences with respect to those of the same samples saturated with
lead (see Fig. S4 in Supplementary Data). Besides, the decrease in the lead adsorption
capacity of chitosans when the temperature increased from 25°C to 50°C (Fig. 7) is in
agreement with an exothermic process, as confirmed by the negative value of enthalpy

variation.

3.6.3. Effect of pH

The strong pH dependence of lead adsorption on chitosan derivatives is shown in
Figure 8. These results were in agreement with those obtained by conductometric and
Zeta potential titrations. Given that at low pH values both amino and carboxyl groups are

protonated, the lead cations could not be retained on the material by ionic interaction. As
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the pH increases, the carboxyl groups begin to deprotonate, and the maximum lead
adsorption capacity of the materials were observed at the maximum pH assayed. As
previously mentioned, the maximum working pH was 7, because above this value a water-

insoluble lead hydroxide precipitates.

20| ——Chad

—e— Ch/Muc
60 -
50 -

40

304

q(mgg")

Figure 8. Effect of pH on the lead adsorption capacity of chitosan derivatives.

3.6.4. Adsorption kinetics studies

The studies were performed at 25 and 50°C and in both cases the equilibrium was
reached in less than 45 min (Fig. 9). Besides, a decrease in the capture rate was observed
as the active sites of the chitosan derivatives were being occupied and, upon saturation of

the adsorbent, the curves reached a plateau.

23



q (mgg")

) : ; I
s 25°C .
80 f 25°C
i 9 2 T 50°C 1 .
; 60 11" - ]
Ch/Muc 3 hd 50°C
o | Ch/Ad
40 E 40+
=
20+ 204
Experimental Data ] » Experimental Data
Pseudo-second order model Pseudo-second order model
(U s S s S A L A L R 0 LI P N SO BRSO SO

T ¥ T L] T Y T ¥ T T T L) T L T Y T X T L T
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 90 120 150 180 210 240 270 300 330 360
Time (min) Time (min)

Figure 9. Amount adsorbed of Pb*? on chitosan derivatives at different times and temperatures.

In order to infer the controlling mechanism of the adsorption process,
experimental data were adjusted by pseudo-first order and pseudo-second order models
(Eq. 7 and 8, respectively), where ki (min't) and k2 (g mg™* mint) are the kinetics rate
constants, ge (Mg g %) is the adsorption capacity and q: (mg g2) is the adsorption uptake

at time t (min) [49-51].

0; = Oax (1_exp(_k1 t)) Eq 8
q ’ 'kz .
_ _Ymax Eq. 9
qt ]'_'_qmax'kz't q

All parameters obtained for both models, as well as the adjusted determination
coefficient (Ragi%), the root-mean-square error (RMSE) and the Akaike’s information

criterion (AIC), are shown in Table 4.

24



The best fit was achieved using the pseudo-second-order kinetic equation which
suggests, as it is well known, that the adsorption mechanism is kinetically controlled
mainly by adsorbent-adsorbate interactions, which is consistent with an adsorption
mechanism governed by the strong electrostatic interactions established between the lead
cations and the free carboxylate groups [6]. Figure 8 shows the good concordance

between the experimental data and those calculated by pseudo-second-order Kinetic

equation.
Ch/Ad Ch/Muc
Model Parameters 25°C 50°C 25°C 50°C
ke (min't) 0.14 (SD 0.014) 0.08 (SD 0.01) 0.22 (SD 0.03) 0.27 (SD 0.04)
Pseudo- G (Mg o) 86 (SD 1.7) 59.7 (SD 0.9) 83 (SD 1.3) 66.1 (SD 1.2)
first Rad? 0.9744 0.9902 0.9716 0.9849
order
model RMSE 4.3 1.9 3.9 2.9
AIC 39.1 20.4 42.2 26.5
ko (9 mg™ min®) 0.0029 (SD 0.0003) 0.0043 (SD 0.0009) 0.0050 (SD 0.0004) 0.0084 (SD 0.0017)
pseudo- e (Mg o) 89.7 (SD 1.3) 61.3 (SD 0.9) 87.2 (SD 0.6) 68.0 (SD 1.2)
second Rag? 0.9883 0.9939 0.9960 0.9896
order
model RMSE 2.9 15 15 2.4
AIC 30.5 16.2 16.9 23.6

Table 4. Comparison of the adsorption kinetic models (means and standard deviations (SD)).

3.6.5. Regeneration studies

Given that the possibility of reusing the adsorbent is one of the critical factors to
consider in order to propose these materials for an industrial application, Ch/Muc and
Ch/Ad was regenerated using HCI 6 mM (pH 2.2) and three adsorption/desorption cycles

were performed. As it can be seen in Figure 10, the regeneration process was successful
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and no significant changes in the adsorption capacity of the samples were observed after

being exposed to the regeneration cycles.

S0 - Ch/Muc Cl/Ad

70 -
60 -
50 -
40 -
30 -
20 1
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mg Pb*2g!

1A 1D 2ZA 2D 3A 3D 1A 1D 2ZA 2D 3A 3D
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Figure 11. Adsorption capacity and desorbed lead amount with HCI (6 mM) for Ch/Muc and

Ch/Ad though the three cycles of adsorption (A) and desorption (D).

4. Conclusions

In this work, in highly regioselective reactions N-substituted crosslinked chitosan
derivatives were achieved, and the crosslinking degree was markedly influenced by the
crosslinker structure. When the rection was carried out with a polyhydroxylated diacid,
the crosslinking degree of the derivative was significantly lower than that achieved when
the crosslinker was a non-functionalized diacid of the same chain length (0.316 and 0.446,
respectively). Difference found in the crosslinking degree between the derivatives could
be attributed to the interaction via hydrogen bond of the polyhydroxylated chain of the
mucic acid with those of chitosan, making it difficult for the second carboxyl group of
the hydroxylated acid to approach another chitosan chain to form a new amide bond. As

a consequence, a less crosslinked product was obtained.
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Besides, as substitution degree in the modified chitosan was not influenced by the
crosslinker structure, lesser crosslinking led to a higher number of free carboxyl group in
the derivate which was consistent with the observed increase in the lead adsorption
capacity of Ch/Muc respect to Ch/Ad (76.3 and 69.7 mg g, respectively), mainly
attributed to ionic interaction between the lead ions and the free carboxylate groups. It is
important to note that, although the lead adsorption capacity of Ch/Muc was greater than
that of Ch/Ad, both derivatives exhibited a higher adsorption capacity than many of the
adsorbents described in literature [42, 43]. Furthermore, regeneration studies were
successful turning these new materials as promising economic and environmentally

friendly lead adsorbents.

Results reported herein are encouraging enough to carry out a systematic study of
the reaction conditions to produce Ch/Muc with a crosslinking degree high enough to
guarantee the insolubility of the material, and the largest number of free carboxylate
groups to maximize the amount of electrostatic interactions between lead cations and
carboxylate groups. These ionic interactions are responsible for the adsorption of lead on
the chitosan derivatives, as it was shown in the current study. Besides, it is also worth
deepening the study of hydrogen binding forming groups as chitosan crosslinker as a

valuable tool to modulate the properties of the final products.
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