N

N

2-Mercaptobenzimidazole-functionalized chitosan for
enhanced removal of methylene blue: batch and column
studies
Khalid Elwakeel, Ahmed Elgarahy, Abdullah Al-Bogami, Mohammed Hamza,
Eric Guibal

» To cite this version:

Khalid Elwakeel, Ahmed Elgarahy, Abdullah Al-Bogami, Mohammed Hamgza, Eric Guibal. 2-
Mercaptobenzimidazole-functionalized chitosan for enhanced removal of methylene blue: batch
and column studies. Journal of Environmental Chemical Engineering, 2021, 9 (4), pp.105609.

10.1016/j.jece.2021.105609 . hal-03218182

HAL Id: hal-03218182
https://imt-mines-ales.hal.science/hal-03218182

Submitted on 11 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://imt-mines-ales.hal.science/hal-03218182
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

2-Mercaptobenzimidazole-functionalized chitosan for enhanced removal of

methylene blue: Batch and column studies

Khalid Z. Elwakeel*>"!, Ahmed M. Elgarahy®?,
Abdullah S. Al-Bogami®?, Mohammed F. Hamza®%#, Eric Guibal®™?

* University of Jeddah, College of Science, Department of Chemistry, Jeddah, Saudi Arabia
® Environmental Science Department, Faculty of Science, Port-Said University, Port-Said, Egypt

© Guangxi Key Laboratory of Processing for Non-Ferrous Metals and Featured Materials, School of Resources, Environment and Materials, Guangxi University, Nanning

530004, PR China

4 Nuclear Materials Authority, POB530, El-Maadi, Cairo, Egypt
€ Polymers Composites and Hybrids (PCH), IMT Mines Ales, Alés, France

Chitosan functionalized with 2-mercaptobenzimidazole (2-MBI) (i.e. 2-MBI@Chit) shows high sorption capacity
(i.e., 1.28 mmol MB g’l) for methylene blue (MB) (at pH close to 9.3). Sorption is weakly decreased (by less than
25%) by high NaCl concentration (up to 45 g L™1). The sorption (slightly endothermic) is fitted by the Langmuir
equation. The kinetic profile is fitted by the pseudo-first order rate equation (PFORE): equilibrium reached
within 90 min of contact. The resistance to film diffusion is minimized when setting agitation speed at 200 rpm.
Dye desorption is successfully achieved (up to 94.5%) using 0.8 M HCI; desorption kinetics is little slower than
the sorption step. The loss in sorption capacity at the fifth sorption/desorption cycle does not exceed 5%.
Yoon-Nelson, Bohart-Adams, and bed-depth service time equations are used for analyzing the breakthrough in
fixed-bed columns. At the exhaustion of the column, the sorption capacity approaches the maximum sorption
capacity in batch: all the reactive groups remain accessible in dynamic sorption mode. The dye is efficiently
recovered from spiked seawater and the sorption performance is depreciated by less than 16% while comparing

tap water and seawater under selected experimental conditions.

1. Introduction

Industrial development is producing a tremendous increase in the
discharge of toxic and hazardous compounds such as dyes, heavy metals,
pesticides, insecticides, hydrocarbons, and pharmaceutical molecules in
the environment [1]. Even at trace levels, these pollutants may have
dramatic impacts on different biota due to their recalcitrant, mutagenic,
and carcinogenic nature [2]. The dying industry is considered one of the
major contributors to the contamination of natural water resources [3].
As colored aromatic compounds, their impact can be explained by

different effects: direct toxicity (carcinogenicity, mutagenicity), persis-
tence, bioaccumulation, but also eutrophication, turbidity (which may
impact aquatic flora) [4].

Industrial dyes are usually classified into three main groups consid-
ering their dissolution behavior in aqueous solutions: (a) anionic
(acidic) dyes with completely negative charge due to SO32 group (i.e.
direct and reactive dyes), (b) cationic (basic) dyes with completely
positive charge due to protonated NH; group, and (c) non-ionic form (i.
e. disperse dyes) [5]. Dyes are abundantly used in various industries
such as cosmetics, medicine, plastic, paper, printing, pharmaceutical
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industries, perfumery, leather, varnishes, textile, and so on. The global
consumption rate was estimated close to 10’ kg/year [6]. More than
400,000 tons of reactive dyes are mainly used to dye cellulosic fiber
especially cotton; dyeing 1 kg of cotton produces 200 kg of wastewater
containing up to 50% of dye’s initial feed [7].

Persistence of these released dyed effluents and/or their decompo-
sition products in the water bodies seriously endangers the health of
different living creatures [8]. They deteriorate water quality (specifi-
cation) by changing the chemical oxygen demand (COD), biological
oxygen demand (BOD), total dissolved solids (TDS), total suspended
solids (TSS) and ultimately result in the diminishment of photosynthesis
efficiency due to an increase in the water turbidity. Additionally, dyes
mostly display mutagenic and carcinogenic features [9]. Methylene blue
(MB) is an emblematic example of toxic cationic dye, chemically named
tetramethylthionine chloride with the chemical formula of
C16H18N3SCL It is extensively used in a variety of industrial processes
such as cosmetics, hygienic, textiles, paper coatings, and pesticide in-
dustries [10]. A large intake of toxic MB (> 7.0 mg/kg) may result in
severe threats including headache, abdominal pain, high blood pressure
(hypertension), gastritis, jaundice, respiratory distress, painful micturi-
tion, mental disorder, nausea, vomiting, and methemoglobinemia-like
syndromes [11].

Many techniques have been developed for the treatment of dye-
bearing effluents including ion exchange [12], chemical precipitation
[13], coagulation/ flocculation [14,15], ozonation [16], membrane
filtration [17], solvent extraction [18], and photocatalytic degradation
[19]. The implementation of these sophisticated strategies frequently
faces important drawbacks and constraints such as high operational
cost, inefficiency for low pollutant concentrations, toxic intermediates
products, reagents consumption, or sewage sludge formation. Bio-
sorption constitutes a promising alternative technique for wastewater
treatment because of its environmental friendliness and versatility [20,
21]. Indeed, this bioprocess is characterized by remarkable merits,
including availability, biodegradability, cost-effectiveness, efficiency,
flexibility, simplicity, and reusability. In the case of MB, recent literature
highlighted the many possibilities offered by biosorbent-based sorbents
or inorganic nanomaterial systems such as alginate/clinoptilolite com-
posite [22], bentonite-ZnO-CuO nanocomposite [23], ball-milled bio-
char [24], fungal biomass [25], iron nanoparticles [26], pectin-based
hydrogels [27].

Chitosan (CS) (constituted of 2-acetamido-2-deoxy-p-D
—glucopyranose and 2-amino-2-deoxy-p-D-glucopyranose residues) is
produced by the deacetylation of chitin, naturally occurring in the
exoskeletons of crustaceous (i.e. crayfish, crab, cuttlefish, shrimp shells,
squids and oyster), fungal cell wall, and insect cuticles [28].
Chitosan-based sorbents are regarded as a cornerstone in various
wastewater treatments because of their well-known strong affinity to-
wards different water pollutants (i.e. organic dyes, heavy metals, and
pharmaceuticals) thanks to the remarkable abundance of amine (—-NHy)
and hydroxyl (—OH) groups on its structural backbone [29,30]. How-
ever, major drawbacks are still associated with the usage of CS-based
materials, including low surface area, chemical instability (dissocia-
tion) in an acidic environment, colloids formation in water, poor me-
chanical property, and possible degradation by chemical and/or
microbial actions. Interestingly, structural improvement of CS (by
crosslinking and/or intercalation with other materials to fabricate
bio-composites whether by grafting, blending, and incorporation of CS
with other materials) can economically offer the opportunity to over-
come these operational limitations [31]. Numerous cross-linkers agents
may be used for reinforcing the stability of chitosan, such as epichlo-
rohydrin, glutaraldehyde, ethylene glycol diglycidyl ether, sulfuric acid,
and sodium tripolyphosphate. The decline in the reactivity of cross-liked
CS, resulting from consumption of available binding (-NHy) groups
during the cross-linking process can be compensated by the introduction
of new binding sites [32,33].

2-Mercaptobenzimidazole (2-MBI), with the chemical formula of

C7HgN,S (Molecular weight of 150.2 g/mol), is a heterocyclic organic
compound containing two electron donor atoms: nitrogen (N) and sulfur
(S). This compound has been extensively utilized in a diversity of bio-
logical and pharmaceutical activities such as anti-bacterial, anti-cancer,
enzyme inhibition, anti-inflammatory, anti-microbial and anti-ulcer
activities [34]. Furthermore, it is widely used in non-biological ap-
proaches such as anti-oxidant for rubber and plastics, corrosion in-
hibitors, chelating collectors of some low-grade sulfide minerals [35],
and analytical reagents for the determination of various transition metal
ions such as Hg(Il), Fe(Il) and Cd(II). Although, 2-MBI was mainly used
for developing corrosion inhibitors, this functionalizing agent (or its
analog, 2-MTI, 2-mercaptobenzothiazole) was also used for enhancing
the sorption properties of synthetic and bio-based supports [36]. For
example, 2-MTI was immobilized on cellulose [37] and synthetic resin
for palladium uptake [38]. For rubidium recovery, Guerra et al. [39]
used organoclays for the immobilization of MBI. Recently, Mesa et al.
[40] reported the immobilization of 2-MBI onto ion-imprinted acrylic
acid-based polymer and the removal of methylmercury.

Different techniques were used for immobilizing 2-mercaptobenzi-
midazole on chitosan-based sorbents, including impregnation medi-
ated by acetone [41], or chemical grafting [42].

The current work investigates the sorption properties of chitosan
functionalized with 2-MBI for MB. This is a companion work to another
study that focused on the sorption of silver using magnetic (or non-
magnetic) chitosan functionalized with 2-MBI [42]. Complementary
characterization techniques are used, including for the interpretation of
MB binding mechanisms. The second part of the work focuses on the
extensive study of sorption properties; including the study of pH effect,
sorbent dosage, agitation speed, presence of high salt concentrations;
uptake kinetics. The thermodynamics of MB sorption is investigated
through sorption isotherms at different temperatures. Dye desorption
and sorbent recycling are investigated. In the last part of the work, the
impact of solution complexity is evaluated by comparison of sorption
properties with spiked solutions of increasing complexity (tap water and
seawater).

2. Materials and methods
2.1. Materials

Chitosan, 2-mercaptobenzimidazole (2-MBI), epichlorohydrin (99%,
w/w) were purchased from Sigma-Aldrich (Merck, Darmstadt, Ger-
many). Methylene Blue (MB, 97%) was analytical reagent (AR) grade
and supplied by Merck India (Mumbai, India).

2.2. Synthesis of sorbent (2-MBI@Chit)

The synthesis of 2-MBI@Chit has been already reported [42]
(Scheme S1, see Supplementary information). Briefly, chitosan (5.6 g)
and 2-MBI (6.1 g) were dispersed in 250 mL of Milli-Q water under
strong agitation (1000 rpm for 30 min in a 500 mL two-necked
round-bottomed flask). Epichlorohydrin (4.75 mL) was then added
under strong stirring and heating at 70 °C for three hours. After filtration
and abundant water rinsing, the solid was dried under vacuum for 6 h at
50 °C. It is noteworthy that the reaction is almost quantitative (17.1 g
2-MBI@Chit for 17.3 g of precursors).

2.3. Characterization of materials

The characteristics (and the methods whereof) of 2-MBI@Chit have
already been documented [42]. Additional characterization was per-
formed for the interpretation of the interactions of 2-MBI@Chit with
MB. The FTIR spectra were collected on a Nicolet IS10 FTIR (Thermo
Fischer Scientific, Waltham, MA, USA), equipped with an attenuated
total reflectance tool. SEM microphotographs were acquired on a scan-
ning electron microscope (Jeol Ltd.; JSM-6510LV, Tokyo, Japan).



2.4. Sorption tests

2.4.1. Batch tests

The study of MB sorption was performed in a batch system. For all
sorption studies, the process was comprehensively run by varying one of
the affecting operational parameters, while keeping the other environ-
mental conditions fixed. The standard conditions corresponded to initial
dye concentration of 100 mg MB L™ (i.e., Co: 0.313 mmol MB L), pH
of 9.3, sorbent dosage (SD) of 1.5 g L’l, contact time (time) of 90 min,
agitation speed (v) of 200 rpm (Rota bit, J.P. Selecta, Abrera, Spain), and
room temperature (i.e., 25 + 1 °C). Specific experimental conditions are
systematically reported in the caption of the figures (see below). After
withdrawing and centrifuging the samples, they were analyzed by
spectrophotometry at Apax: 664 nm [43], using a Palintest 7100 spec-
trophotometer (Palintest, Ltd., Gateshead, UK). The sorption capacity
(q, mmol g~ 1) was deduced from the mass balance equation:

_ (CO - Ceq)
9=""5p (@]
where Ceq is the residual dye concentration (mmol L.

For the study of the pH effect, the initial pH values (pH) were varied
between 1.9 and 10.5. The pH was not controlled during the sorption,
but the equilibrium pH values were recorded (pHeg), using an Aqualytic
AL15 pH-meter (Aqualytic GmbH & Co, Dortmund, Germany). For
investigating the impact of sorbent dosage, the SD was varied between
0.5 and 5 g L. The analysis of agitation speed was carried out varying
the agitation from 50 to 300 rpm. For the sorption isotherms, the initial
dye concentration was varied between 0.0313 and 3.13 mmol MB L.
Sorption isotherms were performed at temperatures ranging between
25 °C and 55 °C (samples being agitated in a shaking incubator LSI-
3016R, LabTech S.r.l., Sorisole (BG), Italy). For the evaluation of
interfering ions (herein NaCl), the same experimental procedure was
used, complementing the solution with increasing amounts of salt
(corresponding to concentrations in the range: 0.085molL™! to
0.77 mol L™Y).

For uptake kinetics, 1 L of dye solution was mixed with 1.5 g of 2-
MBI@Chit for 180 min, samples were collected affixed contact times,
filtrated and analyzed for residual concentrations, and the concentration
of the dye in the sorbent was calculated by the decrement method:

q(t) = i (C(1)4yy = CW) ) x V()i

m

@

i=1

where C(t) ) (mmol MB L’l) is the MB concentration of the withdrawn
sample number i at time t and C(t) o) = Cp, V(t)(i) (mL) is the volume of
the solution in the flask at sample number i and time t, and m is the mass
of the sorbent in the flask. Here, V(t);)-V(t) 1) equals 5 mL (the sample
volume).

The same batch process was used for the investigation of dye
desorption and sorbent recycling. The MB-loaded 2MBI@Chit sorbents
(recovered from sorption tests) were first washed for removing absorbed
dye. In a second step, the sorbent was mixed with 0.5 M HCI solution
(SD: 3 g L™1) for 140 min. The suspension was centrifuged; the super-
natant was analyzed for residual MB concentration. The collected sor-
bent was repeatedly rinsed with distilled water until the pH of rinsing
water reached 7. The regenerated sorbent was dried for 2 h at 40 °C in
an oven (Gallenkamp BS Model OV-160, Loughborough (LE), UK) and
subjected for 5 consecutive sorption—desorption cycles. The desorption
efficiency (DE, %) was determined by:

DE (%) Amount of desorbed MB ~ (mmol)  into the eluate solution
Amount of sorbed MB ~ (mmol)
x 100
3
Final tests were performed on MB-spiked real effluents

(concentration of MB was varied between 0.03 and 0.12 mmol MB L’l),
using either tap water (collected from Water Supply facilities at Port-
Said, Egypt) or seawater collected in the Red Sea coast (Jeddah, Saudi
Arabia) to evaluate the impact of the complexity of the solution (back-
ground ions) on MB sorption.

All sorption tests were performed in triplicate, and the averages were
recorded. The limit of experimental errors on triplicates was systemat-
ically below 5%.

The modeling of uptake kinetics and sorption isotherms are per-
formed using a series of conventional models summarized in Tables 1
and 2. The parameters were determined by non-linear regression anal-
ysis using the facilities offered by Mathematica® (Wolfram Research,
Champaign (IL), USA). The comparison of models was based on the
determination coefficients (i.e., RZ) and the Akaike Information Crite-
rion (AIC, see Table 1).

2.4.2. Fixed-bed column tests

The dynamic sorption tests were performed in fixed-bed systems
using plastic columns (diameter: 1 cm; height: 10 cm). A small piece of
glass wool was placed at the bottom of the column and a known quantity
of the sorbent was placed in the column to yield the desired bed height
(m:1g, BV:1.92 cm3, H: 2.45 cm; m: 2 g; BV: 3.84 cm3, H: 4.89 cm; m:
3g BV: 5.76 cm3, H: 7.34 cm). The MB solution (0.625 mM) was
pumped downward through the column at the desired flow rate (2, 4, or
6 mL min~1). Samples were collected from the outlet of the column at
different time intervals and analyzed for residual dye concentration. The
operation of the column was stopped when the outlet metal ion

Table 1
Uptake kinetics — model parameters.
Model Parameter Value
Experimental Qeg,exp. (mmol g’l) 0.1933
value
PFORE Equation [86] q(t) = eg1(1 — e7k%)
Qeq,1 (mmol g 1) 0.1936
ki x 102 (min~1) 4.14
R? 0.996
AIC —165
PSORE Equation [86] ‘Ifq_zsz
) a0 = 1+ koGegat
Qeq,2 (mmol g™ 7) 0.2225
ky x 10 (g mmol ? 2.38
min’l)
R? 0.991
AIC —148
RIDE Equation [59]
M _
Geq
een [ — 2
6a(a + 1)expifol (%t)
-1 9+ 9a + g2a?
With q, being the non-zero roots of
_ S gma_ 1
wndn =37 aq%and VCo 1l+4a
D, x 10'! (m? 7.62
min’l)
R? 0.983
AIC —123

q; (mmol g’l): amount of dye sorbed at time (t); qeq (mmol g’l): sorption ca-
pacity at equilibrium; k; (min~'): apparent PFORE rate constant; ky (g mmol *
min~1): apparent PSORE rate constant; D (m? min~1): Effective diffusivity co-
efficient; r (m): Radius of sorbent particle. The comparison of models was per-
formed using the Akaike Information Criterion, AIC [87]:

2
AIC — NI Zio (.Yi,exp. - yi.model> oN 2NP (Np + 1)

e A By vy v
where N is the number of experimental points, N, the number of model pa-
rameters, ¥j exp. and ¥i model the experimental and calculated values of the tested
variable.



Table 2
Sorption isotherms — model parameters [88].
Model Parameter T: T: T: T:
25°C 35°C 45°C 55°C
Experimental Qm,exp. 1.281 1.294 1.307 1.322
value (mmol g~1)
Langmuir Equation [89] ~ qmiCeq
“ 14+ b,C,
Qmy (mmol g™h)  1.502 1.456 1.484 1.485
by, (L mmol 1) 6.80 7.72 8.93 10.5
R? 0.997 0.997 0.996 0.995
AIC —138 —142 —-140 —132
Freundlich Equation [90] Geq = kFC%"‘
kg 1.408 1.438 1.464 1.504
ng 2.31 2.37 2.43 2.53
R? 0.934 0.931 0.929 0.922
AIC —-83 —82 —-82 -80
Sips Equation [88] Qm.sbsciq/"s

9 = bsCl™
mu(mmolg ) 1399 1355 1395 1406

by, (L mmol 1) 11.74 13.78 15.38 17.65
ngp 0.854 0.852 0.998 0.876
R? 0.998 0.999 0.866 0.996
AIC —155 -162 —146 —134

Ce (mmol L: equilibrium concentration of dye in solution; qeq (mmol g’l):
dyes sorption capacity at equilibrium; qy, 1. (mmol g~1): maximum sorption ca-
pacity at saturation of the monolayer (Langmuir); by, (L mmol1): Langmuir
constant related to dye affinity for reactive groups; k¢ (mmol g’l) (L mmol ™ H™:
Freundlich constant relative sorption capacity; ng: Freundlich constant related to
the sorption capacity and intensity; qms (mmol g~): maximum sorption ca-
pacity at saturation of the sorbent (Sips); bs (L mmol™): Sips constant related to
dye affinity for reactive groups; ng: Sips exponent related to the sorption ca-
pacity and intensity.

concentration reached its initial concentration.

The Yoon and Nelson model was used for simulating the break-
through curves (C(t)/Cp) vs. time or BV (bed volume: Volume passed
through the column/volume of fixed bed) [44]:

m( C(r) ) _
Cy — C(f)
where kyy is the Yoon & Nelson rate coefficient (min_l), t is the service
time (min) and 7 (min) corresponds to the required time for reaching the
50% sorbate breakthrough.

The breakthrough curves were also analyzed using the bed-depth

service time model (BDST, [45]) derived from the Adams-Bohart
model [46]:

kyw(t— 1), @

In (% — 1> =In [ek“DSTN"H/“ - 1] —  kgpsrCots, (5a)

where u is the linear volumetric flow rate (m h™); t is the service time at
breakthrough (herein defined as Cp, = 0.01 Co, h); H the height of the
column (m); C; is the exhaustion concentration (concentration at the
outlet of the column corresponding to 0.95 Cy, mmol LY kppsr is the
BDST rate (m3 mol ! hfl), and Ny is the bed capacity (mmol L’l). Since
the exponential term is usually much larger than unit, the Eq. (5a) can be
reduced to:

No 1 CO )
—~H- ——Inl——1 (5b)
Cout kpsrCo (CS

The critical bed height (Hp, m) is deduced from Eq. (5b) setting the tg
value to 0:

u Co
H= ——Ihl—-1 (5¢)
0 kepsrNoCo (Cs )

3. Results and discussion
3.1. Characterization of sorbent

3.1.1. Reminder on the main characteristics of 2-MBI@Chit

Previous studies have reported the textural properties of 2-MBI-Chit
[42]. The specific surface area of the sorbent was 8.1 m? g_1 (deduced
from N sorption and desorption isotherm using BET measurements),
while the pore size and volume were 24.5 nm and 0.033 cm® g~
respectively. The average particle size was determined by DLS mea-
surements close to 486 um. The zetametric measurements showed that
the pHpyc is close to 8.3: the sorbent is protonated in acid media. The
CHNS analysis (elemental analysis) revealed that sulfur content reaches
2.95 mmol S g~} while the nitrogen content was 7.36 mmol N g~*.
Elwakeel et al. [42] commented that the theoretical N/S molar ratio (i.
e., 2.49) is lower than expected (i.e., 3:1), based on the structure of
2-MBI (2 N per S) and the immobilization of a molecule of 2-MBI per
amine group on chitosan (for full substitution). This means that all the
amine groups are not grafted by 2-MBI, probably because the proposed
structure (which suggests interlinkage between 2 molecules of 2-MBI
through epichlorohydrin) is not fully operative on each amine groups
of chitosan (grafting only one MBI instead of two MBI groups).

Thermogravimetric analysis showed four phases in the thermal
degradation of the sorbent: (a) water release (~ 6.7% up to
130-140 °C), (b) steep and important weight loss (~ 30%, up to
280-290 °C), associated with the degradation of substituents on chito-
san backbone, (c) progressive weight loss till 440 °C (degradation of
chitosan backbone and char formation), and (d) decomposition of the
char.

3.1.2. SEM observations

Fig. S1 compares the surface morphology of sorbent particles before
and after MB sorption. Apparently, the surface appears to be smoothed
after dye sorption. The sorbent (2-MBI@Chit) initially shows some
irregular structures that bring porosity and greater surface area for ex-
change (right side of relevant micrograph). These irregularities are
substantially decreased after dye uptake, with brighter micro-objects at
the surface.

3.1.3. FTIR characterization of the interactions between 2-MBI@Chit and
MB

Fig. S2 shows the FTIR spectra of 2-MBI@Chit before and after dye
sorption. The global shape of the spectra does not change after dye
uptake. Table S1 reports the main peaks and their assignments. The
broad and intense band centered around 3440 cm ! is assigned to the
combined contributions of —OH and —-NH groups. In the region
1200-900 cm ™!, the broad band with several peaks represents the
fingerprint of the carbohydrate ring of chitosan [47]. The absence of
relevant peaks at 962 cm ™! and 925 cm ™!, which are representative of
the C—C bonds of epoxide functions from epichlorohydrin [47], means
that the epoxide ring was completely opened for grafting 2-MBI. This is
consistent with the relatively high yield of the synthesis (> 98%). The
FTIR spectrum of MB show abundant sharp peaks in the range
1700-800 cm ™! [48], which are superposed to the “peak forest” asso-
ciated to 2-MBI/epichlorohydrin/chitosan system. It is thus difficult
identifying precise changes; the most significant changes are associated
with the decrease in the relative intensity of some peaks (Fig. 1 — spectra
focused on 2000-400 cm™1). For example, the broad band centered at
1682 cm ! is widened (with the intensification of the shoulder around ~
1645 cm™!). The relative intensity of the peak at ~ 1565 cm™ is
reduced: N-H functional groups are probably involved in dye binding.
The relative intensities of the peaks at 1439 cm! (shoulder converted
into a more marked peak), 1416 cm ! (shifted to 1411 cm_l), and
1375 cm™ ! (shifted to 1379 cm™1) are also decreased (in addition to
shifts). These changes demonstrate that the environment of N-C™S and
C—O0 reactive groups are affected by the sorption of the dye and that their
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Fig. 1. FTIR spectra of 2-MBI@Chit before and after MB sorption (focus on the
wavenumber range: 2000-400 cm ™).

respective reactive groups are involved in dye uptake. The interpreta-
tion of the sorption mechanism is made complex by the diversity of
reactive groups but also the specific properties of the dye. Indeed, MB
can readily appear under different resonance forms depending on the
pH, the temperature, and the redox conditions: the cationic charge may
be localized on either the heterocyclic sulfur site or the exocyclic ni-
trogen atom [49]. In the case of MB sorption onto
chitosan-epichlorohydrin immobilized on zeolite, the spectra of the
sorbent before and after MB sorption were also weakly changed: the
most significant differences were also reported close to 1450 cm™! and
around 1659 cm ™! [50].

3.2. Investigation of sorption properties

3.2.1. Effect of pH

The pH is a critical parameter in the design and optimization of
sorption processes because of its dual effect on both the charge of the
sorbent (protonation/deprotonation of reactive groups) and the speci-
ation of the solute (pH vs. pHpyzc). The pHpzc of 2-MBI@Chit was found
close to 8.3 [42], while the pK, of MB is reported close to 3.8 [51]. Fig. 2
shows the progressive and linear increase of the sorption of MB with the
increase of the pH of the solution; the sorption efficiency (not shown)
allows the quasi complete recovery of the dye at pH ~ 10 (sorption ef-
ficiency, SE > 92%), under selected experimental conditions. At pH
below 8.3, the sorbent is protonated. On the other hand, the dye remains
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Fig. 2. Effect of pH on MB sorption using 2-MBI functionalized chitosan (2-
MBI@Chit) - sorption capacity, pH variation and distribution ratio (logo-plot,
insert) (Co: 100mg MBL™' = 0.313mmol MBL™!; Sorbent dosage, SD:
1.5g L} T: 25 + 1 °C; Time: 90 min; Agitation speed, v-200 rpm).

cationic at pH below 3.8; meaning that the repulsion effect strongly
limits the sorption efficiency in acidic solutions, while the repulsion
decreases with increasing the pH above pH 4. However, MB sorption at
acidic pH values is non-negligible: for example at pHg 1.6 and pHeq 3.3,
the sorption capacity reaches 0.115mmol MB g™! vs. 0.194 mmol
MB g ! at pHy 11 - pHeq 10.2. This relatively high sorption capacity
under unfavorable conditions regarding ionic charges probably means
that other mechanisms are involved in the binding of MB on the sorbent.
Gayathri and Palanisamy [52] investigated MB sorption on glucose/-
glucosamine grafted polyacrylamide graphite composite. They reported
a series of different potential mechanisms for the binding of MB,
including:

(a) H-bonding (between dye ring and —OH groups of the sorbent),

(b) electrostatic interaction (between protonated sulfur on MB and N
atoms on the sorbent),

(c) dipole-dipole H-bonding (between > N®~ on MB and —OH®' on
the carbohydrate unit), and

(d) n-m interaction (between the dye ring and the O in OH group or
amine groups of the sorbent).

As the pH increases the protonation of the sorbent decreases, which,
in turn, reduces the repulsion effect for the binding of the dye. Sousa
et al. [51] investigated the sorption of MB on mineral sorbents (plasma
activated palygorskites) and they reported the distribution of protonated
MB species. Different levels of protonation are identified in the range pH
0-6. Below pH 1, MB bears 3 cationic charges on N (2 lateral groups and
thiazole ring). In the range pH 1-2, trivalent cation co-exists with two
divalent cations (2 lateral N and thiazole/lateral N group). Between pH 2
and 3, the predominant species is the divalent species (2 lateral N
groups) with the appearance of increasing amounts of monovalent
cationic species (one lateral N group protonated). Above pH 4, the
monovalent cationic species is the unique species present in the solution.
The complexity of the system is even increased by the contribution of
mesomeric effects (with charge displacement from N in thiazole to S).
The increase in sorption capacity is then the double effect of deproto-
nation of the sorbent and decrease in the number of cationic charges
hold by the dye.

Fig. 2 also shows the pH variation during the sorption of MB. Below
the pHpyc value, the final pH is increased compared with the initial pH
value, especially for pHp below 5.1 (pHeq 5.5): by up to 1.4-1.5 pH unit
in the most acidic solutions. Above pHpyc, the final pH is a little higher
than the initial pH (by less 0.7 pH unit). At pH above pHpy (i.e., 8.3) the
deprotonation of the sorbent makes easier the sorption of the cationic
dye: the highest sorption capacities are obtained at pH close to 10.

The insert in Fig. 2 shows the log; g plot of the distribution ratio (D =
Qeq/Ceq) Vvs. the equilibrium pH. The data are aligned according to a
linear trend with a slope close to +0.15. In pure ion-exchange mecha-
nisms, this slope is usually correlated to the number of protons
exchanged with the solution during its sorption and serves to evaluate
the stoichiometric ratio between the reactive groups and the bound
solute. Here, the stoichiometric ratio is not coherent with charge stoi-
chiometry. This is another evidence that the binding mechanism is
relatively complex and involves different modes of interactions. In the
case of MB sorption onto fava bean peel waste, Bayomie et al. [53] also
reported that MB sorption involves both electrostatic and
non-electrostatic mechanisms. Scheme 1 shows the tentative mecha-
nisms involved in MB sorption onto 2-MBI@Chit. Further sorption tests
have been performed at pH 9.3.

3.2.2. Effect of sorbent dosage

Increasing the sorbent dosage improves the recovery of the dye
(Fig. 3). However, the beneficial effect of high sorbet dosages is rela-
tively limited: the sorption efficiency only increases from 90.6% to
95.9% when the SD increases from 0.5 to 5 g L™1. Therefore, the sorp-
tion capacity drastically decreases because of the relatively poor use of
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Fig. 3. Effect of sorbent dosage on MB sorption using 2-MBI@Chit - sorption
capacity and sorption efficiency (Co: 100 mg MB L™ = 0.313 mmol MB L™ }; pH
9.3; Sorbent dosage, SD: 0.5-5 gL’l; T: 25 + 1 °C; Time: 90 min; Agitation
speed, v-200 rpm).

the excess of sorbent compared with dye concentration. Under selected
experimental conditions, the sorption capacity drops from 0.567 to
0.06 mmol MB g~L. For further experiments the sorbent dosage was set
to 1.5 g L™%; this sounds to be a good compromise between solution
exhaustion (removal of the dye) and the saturation of the sorbent.

3.2.3. Effect of ionic strength (NaCl concentration)

The sorption performance may be strongly affected by the
complexity of the solution. It is thus important to design systems where
the sorbent is highly selective for target solute [54]. For instance, in the
textile industry dyes may be fixed up using adjuvants such as salts. For
this reason, in order to approach the real typology of effluents, the effect
of increasing concentrations of NaCl on the sorption of MB was inves-
tigated. Fig. 4 shows that the presence of salt decreases the sorption
efficiency of 2-MBI@Chit for MB binding. Sodium cation may compete
with MB for binding onto 2-MBI@Chit. Other mechanisms may be
involved in the inhibition of dye sorption including (a) a screen-
ing/shield effect (with a simultaneous decrease in the electrostatic
interaction between the surface and the sorbate), and (b) the increase in
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Fig. 4. Effect of the addition of NaCl on MB sorption using 2-MBI@Chit —
sorption capacity and sorption efficiency (Co: 100 mg MB L™ = 0.313 mmol
MBL} pH 9.3; Sorbent dosage, SD: 1.5 g L% T: 25 + 1 °C; Time: 90 min;
Agitation speed, v-200 rpm).

the ionic strength that affects the activity of the dye in the solution [17].
However, even with such as huge excess of NaCl as 45 gL' (i.e.,
0.77 mmol L™1) the sorption efficiency only decreases from 92.4% to
69.0%. The sorption capacity decreases by 25% (from 0.192 to
0.144 mmol MB g™ 1). This means that the sorption system is resilient
despite the complexity of the solution. Similar conclusions were com-
mented by Chen et al. [55] for MB sorption onto Fe>'-stabilized mag-
netic polydopamine composite. In the case of sponge/graphene oxide
composite, Nayl et al. [56] reported much higher impact of salinity on
MB sorption: sorption efficiency decreases from ~ 92% to ~ 54% with
the addition of NaCl at the concentration of 10 g L1 (under selected
experimental conditions). The insert in Fig. 4 shows the log;( plot of the
distribution ratio vs. the concentration of NaCl; in the presence of NaCl
the plots are roughly linear with a slope of —0.83. The stoichiometric
ratio approaches 1; meaning that each dye molecule released is probably
exchanged with one Na* ion. The sorbent is very robust in terms of MB
sorption in complex solutions; this is a promising property in the
perspective of the industrial transfer.

3.2.4. Uptake kinetics and mass transfer analysis

The sorption process may be controlled by different mechanisms of
heat transfer, mass transfer, and chemical reaction rates. The contribu-
tions of resistance to mass transfer have been abundantly documented,
including resistances to bulk diffusion, film diffusion, and intraparticle
diffusion. A proper agitation mode allows neglecting the resistance to
bulk diffusion. On the other side, one of the most important factors
affecting the resistance to film diffusion is the agitation speed. The next
section compares the kinetic profiles for different agitation speeds. After
optimization of this critical experimental parameter, the kinetic profiles
are modeled using the Crank equation (resistance to intraparticle
diffusion, RIDE) and the conventional chemical reaction rates of first
and second-order (these models initially developed for homogeneous
chemical reaction have been extended to describe heterogeneous sys-
tems): pseudo-first order rate equation (PFORE) and pseudo-second
order rate equation (PSORE). The relevant equations are summarized
in Table 1.

3.2.4.1. Effect of agitation speed. The sorption capacity of 2-MBI@Chit
for MB is compared (after 90 min of contact) for different speeds of
agitation (in the range 50-300 rpm) (Fig. S3). The contact time set at
90 min mays be insufficient in some cases for reaching the equilibrium.
However, this experimental procedure is sufficient for measuring the
effect of agitation speed on sorption performance. Increasing the
agitation speed linearly increases both the sorption efficiency and



sorption capacity in the range 50-200 rpm. When the agitation speed
reaches 200 rpm, the sorption performance tends to stabilize; increasing
the agitation speed above this limit value is not justified. This agitation
speed was selected for sorption tests.

3.2.4.2. Modeling of uptake kinetics. Fig. 5 shows the kinetic profile for
the sorption of MB using 2-MBI@Chit under optimized conditions. The
equilibrium is reached within 90 min of contact. Fig. 5 also compares
the modeling of experimental data using the PFORE, the PSORE, and the
RIDE. Table 1 reports the parameters of these different models.
Consistently with Fig. 5, the PFORE fits better experimental profile than
the PSORE and the RIDE (as shown by both R? and AIC values). The
higher quality of the PFORE fit is also clearly demonstrated by the
calculated values of the sorption capacity at equilibrium (.e.,
0.1936 mmol MB g’l), which is much closer to the experimental value
(i.e., 0.1933 mmol MB g’l) than in the case of PSORE (i.e.,
0.2225 mmol MB g_l) (Table 1). The apparent rate coefficient, kj, is
close to 0.041 min L.

The modeling of experimental kinetic profiles is abundantly focused
in the literature on PFORE and PSORE models because of the simplicity
of the computer facilities required for the determination of apparent
constants and the relatively good fit of profiles. However, several con-
tributions recently pointed out the inappropriate use of these simple
equations [57,58] for modeling sorption kinetics. Among the possible
parameters that introduce bias in the interpretation are the excess of
sorbent compared with solute concentration (which drastically changes
the residual concentration of the solute that should be kept roughly
constant) [58], or sorption capacity too close from the saturation [57],
among other possible mistakes in the methodology and design of kinetic
studies. More specifically, these studies are concluding that frequently
the best fit of experimental data by the PSORE is hiding the control of
uptake kinetics by resistance to intraparticle diffusion. Therefore, the
direct interpretation of PFORE and PSORE as physically- or
chemically-driven mechanisms, respectively, must be considered very
cautiously. This may be considered a simple tool for comparing profiles
rather than direct interpretation of mechanisms, especially in the case of
inappropriate design of experimental conditions.

The RIDE (so-called Crank equation [59]) allows approaching the
effective intraparticle diffusion constant (D), which is found close to
7.6 x 10~ m? min~!. This is three orders of magnitude lower than the
values reported for MB diffusivity in water (i.e., 4.04 x 10~ m? min~!
[60]). This means that the resistance to intraparticle diffusion plays a
significant role in the overall control of uptake kinetics.

Alternative modeling can bring complementary insight on the sorp-
tion/desorption rates process (such as the Elovich equation, [61,62]) or
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Fig. 5. Uptake kinetics — comparison of fitting model (Co: 100 mg MBL ™! =
0.313 mmol MBL™}; pH: 9.3; Sorbent dosage, SD: 1.5 gL’l; T: 25+ 1 °C;
Agitation speed, v-200 rpm).

the contribution of the diffusion modes (Weber and Morris equation,
[63]) (Fig. S4). Fig. S4a shows that the Elovich equation fits well the
initial section of the uptake kinetics (first minutes of contact) but fails to
describe the second part of the curve. The plot of the sorption capacity (i.
e., q(t)) vs. the square root of time allows identifying three sections
corresponding to:

(a) the first minutes (usually controlled by the resistance to film
diffusion),

(b) the intermediary range, where most of the sorption takes place,
which is controlled by resistance to intraparticle diffusion, and

(c) the final section covering the saturation of the sorbent (with a
progressive filling of the internal microporous sites).

When the linear plot of sorption capacity against the square root of
time does not pass through the origin, it is generally accepted that the
resistance to film diffusion is playing a role in the control of mass
transfer [64]; this is especially the case within the first minutes of
contact. These results confirm the contribution of resistance to intra-
particle diffusion in the control of kinetic profiles for the sorption of MB
onto 2-MBI@Chit. The PFORE allows the best mathematical fit of
experimental data. It is noteworthy that this fast kinetic performance is
improved by sonochemical treatments [42,65].

3.2.5. Sorption isotherms and thermodynamic parameters

With increasing the concentration of the dye, it is possible progres-
sively approaching the saturation of the sorbent and establishing the
sorption isotherms (Fig. 6). The maximum sorption capacity is close to
1.28 mmol MB g’1 at room temperature (i.e., 25 + 1 °C). The sum of N
and S reactive groups is close to 10.3 mmol g 1. The molar ratio MB/
(N + S) is close to 0.125; this is lower (but of the same order of
magnitude) than the calculated stoichiometric ratio (i.e., 0.15) from the
slope of the curve log1o D vs. pH. A steep initial slope, followed by the
formation of a saturation plateau, characterizes the shape of the sorption
isotherms (carried out at different temperatures, in the range 25-55 °C).
Both the initial slope and the values of the saturation plateaus (sorption
capacity at saturation) slightly increase with the temperature. The
sorption of MB onto 2-MBI@Chit is endothermic; this is consistent with
the results reported by Al-Ghouti and Al-Absi [66] for the sorption of MB
onto olive stones. The modeling of sorption isotherms was processed
using conventional equations reported in Table 2.

The shape of the curves is characteristic of systems described by the
Langmuir equation; the Freundlich equation is a power-like function
(exponential trend), which is not consistent with the saturation plateau.
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Fig. 6. Effect of temperature on MB sorption isotherms using 2-MBI@Chit —
Langmuir equation fitting (Co: 10-1000 mg MBL™! = 0.0313-3.13 mmol
MB L~%; pH 9.3; Sorbent dosage, SD: 1.5 g L™%; T: 25-55 + 1 °C; Time: 90 min;
Agitation speed, v-50-300 rpm).



The Langmuir equation appears to be more appropriate for fitting
experimental results. This is consistent with the results summarized in
Table 2. The Langmuir equation supposes the sorption to be homoge-
neous (in terms of the distribution of sorption energies at the surface of
the sorbent), and that sorption occurs as a monolayer without in-
teractions between sorbed molecules. The Sips mathematical equation
introduces a supplementary adjustable parameter (being a combination
of the Langmuir and the Freundlich equations). This third adjustable
parameter allows improving the quality of the fit of experimental pro-
files; the calculation of the AIC parameter (which takes into account the
number of adjustable parameters in the models) confirms that this
model is significantly better than the Langmuir equation for describing
sorption profiles, except at T: 55°C. The differences are usually
considered significant when the |AAIC|> 2. In Fig. 6, the experimental
data are fitted by the Langmuir equation (solid lines); the Sips modeling
is presented in Fig. S5.

Table 2 shows that the Langmuir modeling overestimates the
maximum sorption capacity by 17-12% (only 9-6% for the Sips model).
The effect of temperature is more significant on the initial slope of the
sorption isotherm (correlated with the affinity coefficient of the sorbent
for the solute; the initial slope is ~ qm,1, x by) than on the sorption ca-
pacity at saturation (by 3% between 25 °C and 55 °C). The variations of
the affinity coefficients, after conversion into dimensionless parameters
(b* and bg*) [67] can be used for calculating the thermodynamic pa-
rameters using the van’t Hoff plots:

AG® = — RTInb;orAG® = — RTInbj (6a)
AG® = AH®° — TAS® (6b)

where AH® (kJ rnol’l), AG® (kJ mol’l), and AS° (J mol ! K1) are the
enthalpy change, the free Gibbs energy change, and the entropy change,
respectively (with T: the temperature in K, and R: the ideal gas con-
stant). The parameters can be obtained from:

AH®  AS° AH®  AS°

Inb; = — RT + R orlnby = — RT + R (6¢)

Fig. 7 shows the relevant van’t Hoff plots (for both by, and bg). The
values of the enthalpy change are consistent for the two calculations:
10.84-11.75kJ mol™!, while the entropy change is close to
114.3-112.7 Jmol ! K. Table 3 summarizes the thermodynamic pa-
rameters. The positive values of enthalpy change confirm the endo-
thermic character of the sorption of MB onto 2-MBI@Chit, while the
positive values of the entropy change indicate that the randomness of
the system increases. With the absolute value of |TAS° |being greater than
|AG°|, the sorption mechanism appears to be controlled by entropy
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Fig. 7. Analysis of the thermodynamics of MB sorption using 2-MBI@Chit —
van’t Hoff plots (derived from Figs. 5 and S5, with extraction of affinity co-
efficients from Langmuir and Sips equations, respectively).

rather than enthalpy. Shahwan recently discussed in deep the signifi-
cance of negative values of AG°. Contrary to the conventional inter-
pretation on the spontaneity of the sorption process [69], Shahwan, [68]
preferred considering that the sorption is only favored when AG® is
negative. In addition, he pointed out the importance of considering the
contribution of the dehydration effects in the discussion of enthalpy and
entropy changes [68]. As a complement to previous comments reported
by Lima et al.,, [67] the appropriate conditions for comparing and
interpreting the values of thermodynamic parameters require careful
attention and moderation in conclusions.

These orders of magnitude (and the specific relevant characters/
signs of AH°, AG®, and AS° values) in the thermodynamics of MB sorp-
tion are consistent with the values reported for MB sorption onto Fe3*-
stabilized magnetic polydopamine composite [55]. For MB sorption
onto cellulosic olive stones, the same trends were observed though the
intrinsic values of enthalpy and entropy changes were significantly
higher [66]. The enthalpy changes required for MB sorption onto sug-
arcane bagasse [70], activated carbon/cellulose films [ 1], and graphene
oxide/alkali lignin aerogel [71] are about one order of magnitude lower
than for 2-MBI@Chit. The enthalpy changes for gellan-pullulan nanogels
were reported around 5 kJ mol~! [2]. On the opposite hand, the sorp-
tion of MB onto silica-based sorbents [10] and n-layer aminated gra-
phene oxide [72] shows higher values for the entropy change and high
negative values for the enthalpy change.

Several studies have shown the possibility for methylene blue to
aggregate in acidic solution [73]; though this effect tends to decrease at
neutral or alkaline pH [74]. This may strongly influence the sorption
performance in terms of both kinetics (increase of the volume and size of
the solute, which, in turn, may affect the resistance to intraparticle
diffusion) and equilibrium (accessibility to internal reactive groups,
steric hindrance, stoichiometric ratio between functional groups on the
dye and the reactive groups on the sorbent). Li et al. [75] pointed out the
strong importance of the adsorption orientations of the dyes molecules
on the binding performance (which may be influenced by the temper-
ature). Walker and Weatherley characterized the contributions of dye
aggregation and sorbent porosity (activated carbon and bone char) on
dye sorption [76]. Luo et al. [77] reported the occurrence of in situ
aggregation of adsorbed MB in the porosity of WO3 nanosheets. These
different mechanisms of aggregation (both in liquid and at the surface of
the sorbent) may obviously affect the thermodynamics of sorption,
especially at the level of entropy effect since the randomness of the
system decreases with the aggregation and precipitation of the solute.
This mechanism was already documented in the case of amphiphilic
molecules [78] and the adsorption of dyes onto anionic
surfactant-coated mesoporous aminopropyl silica [79].

The sorption properties of 2-MBI@Chit for MB sorption are
compared with the binding performances of alternative sorbents
recently reported in the literature (Table S2). The experimental condi-
tions are significantly different, especially in terms of selected pH
values. Apart from this parameter, the criteria of equilibrium time and
Langmuir parameters allow roughly comparing these materials. Some
materials show outstanding sorption capacities, such as lignocellulose-
poly(acrylic acid)/clay composite (i.e., 6.25 mmol MB g™}, at pH 5
[801), graphene oxide/lignin aerogel (i.e., 3.62 mmol MB g%, at pH 7
[71]) or acrylic acid-grafted multiwall carbon nanotubes (i.e.,
1.91 mmol MB g~ at pH 7 [81]). With a maximum sorption capacity at
saturation of the monolayer close to 1.5 mmol MB g™}, 2-MBI@Chit is
part of the most efficient sorbents recently reported: besides, to high
sorption capacity, the equilibrium time (90 min, under selected exper-
imental conditions) is one of the shortest among the best sorbents. The
combined kinetic and equilibrium properties of 2-MBI@Chit make this
material a promising support for the removal of MB from aqueous
solutions.

3.2.6. Dye desorption and sorbent recycling
The design of functionalized materials contributes not only to the



Table 3
Thermodynamic parameters for MB sorption onto 2-MBI@Chit.

Based on Langmuir fit

Based on Sips fit

T (K) AH AS? —AG° TAS? R? AH® AS? —AG° TAS? R?
298 11.75 112.7 21.83 33.58 0.993 10.84 114.3 23.23 34.07 0.997
308 22.96 34.71 24.37 35.22
318 24.08 35.84 25.52 36.36
328 25.21 36.96 26.66 37.50

AHC, AG®, TAS®: kJ mol%; AS®%: J mol ' K~ 1.

improvement of sorption properties but also to the increase in the cost of
the sorbent (and of the process of dye recovery). This means that the
recycling of the sorbent is a challenge especially important (compared
with low-cost sorbents or biosorbents that could justify a simple step
processing). This constraint motivated the investigation of dye desorp-
tion and sorbent recycling. Since the study of pH effect on MB sorption
clearly revealed that the efficiency of dye removal increases with the pH.
Therefore, the use of acidic solutions appeared as a potential solution for
dye release from loaded-sorbent. Preliminary tests (not shown)
demonstrated that 0.8 M HCl solution is highly efficient for dye
desorption. Fig. S6 shows the kinetic profile for MB desorption: the
fraction of dye released from the sorbent increases almost linearly up to
100 min (contact time) before tending to stabilize. The maximum
desorption (at 140 min) reaches up to 94.5%: a fraction of the dye
cannot be released under selected experimental conditions (i.e., SD:
3 gL, while for uptake kinetics the SD was 1.5 g L™). Under these
conditions, the sorption is completely reversible but allows concen-
trating the dye in a smaller volume than for the loading step. Fig. S6 also
shows the superposed fits of experimental profiles with both the PFORE
and PSORE. The simulated curves roughly follow the experimental
trend, despite some inaccuracies are driven by the “wavy-like” shape of
the experimental results. It is noteworthy that the PFORE and PSORE fail
to fit the final section of the curves: the models suppose the dye to be
completely released (contrary to the experimental stabilization of
desorption efficiency close to 94.5%). Despite the poor quality of these
fits (evidenced by the strong overestimation of the calculated initial dye
content), the apparent rate constants may be used to roughly compare
uptake and desorption rates. Both the PFORE and PSORE apparent rate
coefficients for the desorption step are significantly lower than for the
uptake. Taking into account specifically the PFORE (which was signifi-
cantly better for MB sorption than the PSORE), the apparent rate coef-
ficient is decreased from 0.041 min ! to 0.0052 min . This is notable
since, in many cases involving the sorption/desorption of metal ions,
desorption is generally faster than sorption; a reciprocal trend is
observed herein with MB.

Table 4 evaluates the recycling of the sorbent for five successive
sorption/desorption cycles (using 0.8 M HCI solutions as the eluent).
The sorption capacity slightly decreases with re-use; however, even after
five cycles the loss is less than 5%. The performance stability is even
higher in terms of desorption efficiency: the decrease at the fifth cycle is
less than 2%; actually, the desorption efficiency stabilizes at 92.4-92.5%
after the third cycle (against 94.1% at the first step).

This remarkable stability makes the sorbent very promising for MB
recovery (as an example of cationic dyes); although it would be

Table 4
Sorption/desorption cycles.
Step Sorption Desorption
Cycle Qeq (mmol MB g™ 1) Loss (%) Efficiency (%)
#1 0.1928 - 94.1
#2 0.1917 0.57 93.5
#3 0.1903 1.30 92.4
#4 0.1880 2.49 92.5
#5 0.1836 4.76 92.5

necessary to evaluate this performance with complex effluents (which
composition could involve the progressive poisoning of the sorbent with
competitor solutes, including molecules poorly desorbable). Similar
remarkable stability was also reported for sorbents such as n-layer
aminated graphene oxide [72] (for 10 cycles) or Saudi red clay [82].

3.2.7. Dynamic sorption of MB — fixed-bed reactor

The breakthrough curves may be controlled by many parameters
such as the size of sorbent particles and the flow rate (for their respective
effects on resistance to intraparticle diffusion and film diffusion), the
column height, the concentration of the dye, the temperature, etc.
Fig. 8a shows the effect of increasing the flow rate from 240 mL h~!
(superficial flow velocity, SFV: 0.306 m h™Y to 300 mLh~! (SFV:
0.382 m h_l) (for a column height of 4.89 cm). The curves show the
characteristic sigmoidal shape. Increasing the flow rate decreases the
breakthrough time (corresponding to outlet concentration: 1% of Cp):
from 373 min (i.e., 389 BVs) to 204 min (i.e., 319 BVs). On the other
side, the exhaustion point (corresponding to Cyyt = 0.95 Cp) increases
from 1296 BVs (i.e., 1244 min) to 1925 BVs (i.e., 1232 min) (Table 5).
Therefore, the sorption capacity at saturation slightly increases with
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Fig. 8. Breakthrough curves for MB sorption onto 2-MBI@Chit — effect of flow
rate (a) and column height (b) (solid lines: sorption capacity q(V); Co:
0.625 mmol MB L’l; pHo: 9.3).



Table 5
Modeling of breakthrough curves — parameters.

H Q kyn x 10° T Qmax th ts kp.a No Ho
4.89 2 4.00 1627 0.972 562 2054
4.89 6 15.4 666 1.188 204 1232
2.45 4 14.6 483 1.173 194 688 0.1391 298.9 0.56
4.89 4 7.35 915 1.103 373 1245
7.34 4 5.20 1292 1.051 653 1680

H and Hy: em; Q: mL min~%; kyn: min~%; 1, ty, and tg min; Qmax: mmol MB g’l; kp.a: L mmol ™! min~'; No: mmol L.

flow rate from 1.10 MB g~! to 1.19 mmol MB g™'; these values are
consistent with the sorption isotherms: sorption capacity for Ceq:
0.625 mmol L™} is close to 1.28 mmol MB g ! (calculated by the
Langmuir equation), which corresponds to the maximum sorption ca-
pacity (qeq,exp)-

The increase in flow rate is supposed to reduce the contact time in-
side the column (for fixed column height); however, this drawback is
apparently counterbalanced by a forced flux that allows enhancing the
contact of the solution with all the sorbent particles (avoiding prefer-
ential channeling). However, these differences are poorly marked.

The amount of sorbent was varied to test various column heights
(2.45 cm, 4.89 cm, and 7.34 cm) (Fig. 8b) at a flow rate of 240 mL h!
(SFV: 0.306 m h’l). The breakthrough hardly varies with the column
height: 389 BVs, 404 BVs, and 453 BVs, respectively. Above 700 BVs, the
slope of the curve progressively decreases with increasing the column
depth: the residence time increases delaying the exhaustion of the col-
umn (i.e., 1170 min, 1250 min, and 1438 min). The exhaustion time
increases with the bed height because the lifetime of the sorption zone
increases with the length of the sorption zone [46]. Therefore, the
sorption capacity increases with the depth of the column from
1.05 mmol MB g~ ! up to 1.17 mmol g~ .

The Bohart-Adams model was applied considering the evolution of
the breakthrough time against the column height (Fig. S7). The capacity
of the column is evaluated to No: 299 mmol MB L~}; this is higher than
the values reported for MB sorption on cedar sawdust [83]. Based on an
apparent volumetric density of 521 g L™} (i.e.; 1 g occupying 1.92 mL),
the sorption capacity stands to 0.574 mmol MB g~!. This value is
significantly higher than the value deduced from the Langmuir equation
for an equilibrium concentration Ceq = 0.00625 mmol MB Lt (i.e.,
0.061 mmol MB g~1). This is only a fraction of the sorption capacity
available under batch experimentation; similar conclusions were
reached in the case of the sorption of reactive yellow with activated
carbon [46].

The Bohart-Adams rate coefficient is close to 0.139 L mmol !
min~!. These values are of the same order of magnitude as the values
reported for the sorption of MB on cedar sawdust in fixed-bed columns
(i.e., 0.142-0.240 L mmol min~') [83] or synthetic polymers (i.e.,
0.20-0.64 L. mmol min 1) [84]. The equalization of Eq. (6b) to 0 allows
determining the Hy value (critical bed height); the value is close to
0.56 cm. This means that the transfer zone is relatively limited and is not
controlling the mass transfer of the dye in the fixed-bed. Fig. S8 shows
the determination of the parameters of the Yoon-Nelson model, while
Fig. S9 compares the experimental profiles with their relevant modeling.
The Yoon-Nelson equation remarkably fits the breakthrough profiles,
with the notable exception of the exhaustion zone, which is over-
estimated (requiring longer times or higher volumes, compared with
practical application) (Table S3). From Eq. (6b), considering the time
to.s corresponding to half-reduction of initial concentration (Coyx =
0.5 Cp), the right term in the equation cancels out; the plot of tg 5 vs.
¢ =H/(Cp x u) gives a straight line (Fig. S10). The slope corresponds to
No, the wvalue of the sorption capacity at half-exhaustion:
481.5mmol L}, ie, 0.924mmol MBg l. This value may be
compared with the calculated value of the sorption capacity for Ceq:
0.6125 mmol MB L™%: 1.022 mmol MB g~ '. The loss compared to this
theoretical sorption capacity is less than 10% (i.e., much closer than the
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loss observed for the breakthrough time, see above).

The BDST application to saturation time (t;) for varying column
height is represented in Fig. S11. The kppsr value is close to
0.0222 L mmol . On the other side, the No sorption capacity at satu-
ration of the fixed-bed tends to 646 mmol L™!. Taking into account the
apparent volumetric density of the bed, the sorption capacity reaches
1.24 mmol MB g~ !; this is consistent with the maximum experimental
sorption capacity of 2-MBI@Chit (i.e., 1.28 mmol MB gfl, Table 2). This
also means that all the reactive groups remain accessible in dynamic
mode. For each of the tested applications of the BDST model, the straight
lines do not pass through the origin; Al-Degs et al. [46] reported that this
may be explained by the combination of different rate-limiting steps.

3.3. Application to MB-spiked industrial effluent

To evaluate the impact of the complexity of the solution on MB
sorption performance, the sorption efficiency and sorption capacity are
compared in spiked solutions prepared with either tap water (see
Table S4 for composition) or seawater for different dye concentrations
(Fig. 9). The sorption capacity linearly increases with initial dye con-
centration in tap water, while for seawater a slope break is observed at
Co: 0.0625 mmol MB L~! with a loss in sorption capacities of 4.7% at the
lowest dye concentration (i.e., 0.0314 mmol MB L™1). At higher dye
concentration, the loss remains almost constant (in the range
15.5-19.8%). Despite the much complex composition of seawater with
high concentrations of NaCl and other salts, the loss in sorption per-
formance is relatively limited. This is consistent with the observations
collected on the effect of NaCl concentration on MB sorption from syn-
thetic solutions (Section 3.2.3.). The sorption efficiency (SE) in tap water
varies between 93.4% and 83.9%. In the case of seawater, the SE de-
creases from 88.7% (at low concentration) to 70.7-72% at higher dye
concentrations. These trends are consistent with similar observations
reported by Ates and Oymak [85] for the sorption of MB from tap water
and seawater using biochar produced from persimmon fruit peel (rich in
tannins). Under selected experimental conditions, the loss in removal

0.08 100
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80 @
_ 06 L SRy <
&0 g
& L 60 =
= =
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g g
= F 40 <
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Fig. 9. Treatment of MB-spiked tap water (TW) and seawater (SW) using 2-
MBI@Chit - effect of MB concentration on sorption capacity and sorption ef-
ficiency (pH 9.3; SD: 1.5 g L™%; Time: 90 min; v-200 rpm).



efficiency between seawater and tap water reached 5.9% (at low dye
concentration) and 19.5% (for higher concentration range). The
remarkable stability in sorption performance, including in such complex
solutions as seawater, confirms the potential interest of 2-MBI@Chit for
wastewater treatment.

4. Conclusions

Methylene blue shows a high affinity for 2-MBI@Chit. Different
mechanisms (identified by FTIR spectroscopy and the study of pH effect)
may be involved in the removal of the dye, depending on the pH,
including: n-m interaction, dipole-dipole H bonding, H bonding, and/or
electrostatic interaction.

Optimum sorption occurs at pH 9.3, with a sorbent dosage close to
1.5gL"! and under an agitation speed of 200 rpm (to reduce the
resistance to film diffusion). The resistance to intraparticle diffusion
plays a non-negligible role in the control of uptake kinetics; although,
the pseudo-first order rate equation fits well the experimental profile.
The sorption isotherms are fitted by the Langmuir equation; the sorption
is slightly endothermic. The sorption capacities are weakly affected by
the presence of NaCl (up to 45 g L™1). This property is confirmed by the
evaluation of sorption performance in complex MB-spiked solutions
(including seawater).

The efficiency of dye desorption reaches 94% using 0.8 M HCl and
the sorbent maintains remarkable stability in sorption after five suc-
cessive cycles of sorption/desorption: loss does not exceed 5% at the
fifth cycle.

The breakthrough curves are fitted by the Yoon-Nelson model. The
flow rate does not significantly change the slope of the breakthrough
curve while increasing the mass of sorbent tends to decrease this slope.
The sorption capacities at saturation of the bed are consistent with the
sorption capacities collected from the Langmuir equation.

These remarkable properties (summarized by high relative sorption
capacities, fast kinetics, high stability at recycling and in the presence of
high salinities) make this sorbent highly promising for the recovery of
methylene blue (emblematic example of industrial cationic dyes).
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