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Physical hydrogels prepared from partially deacetylated chitin nanofibers/nanowhiskers (DEChNs) were
prepared and evaluated as a new adsorbent for Reactive Blue 19 (RB19) solutions. The effects of pH,
initial dye concentration, contact time and temperature were investigated. The optimum pH value for the
adsorption experiments was found to be 1.0; as pH increases, the dye adsorption capacity decreases
gradually. The adsorption of RB19 onto partially deacetylated chitin nanofiber-/nanowhisker-based
hydrogels (DEChNs-Gels) was relatively fast, as the equilibrium could be reached in almost 20 min. The
maximum adsorption capacity was found to be 1331 mg g~ at pH = 1 (degree of deacetylation (DDA) =
23%, dye concentration = 1000 mg L™, considering the practical applications, the adsorption capacity
in pH = 5 (838 mg g% was believed to have more practical significance. A pseudo-second-order
kinetics model agreed very well with the experimental results. Equilibrium data also fitted well to the
Freundlich adsorption isotherm model in this study. The DEChNs-Gels exhibited a high efficiency for
removing RB19 from aqueous solutions as a result of their nanofibrillar network and excellent pore
structure accompanied by the presence of amino groups. Even when the DDA was lowered to 15%, the
adsorption capacity reached 940 mg g~ due to its nanostructural assembly of nanofibers/nanowhiskers,
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1. Introduction

Environmental problems have become a global concern
because of their impact on public health." Among them, textile
dyeing factories are a major source of environmental pollution
due to the discharge of wastes to rivers.> Most of these dyes are
highly soluble in water and can be toxic to creatures; therefore,
the removal of these dyes from process or waste effluents has
become environmentally important. Among several chemical
and physical methods, the adsorption process is one effective
technique that has been successfully employed for color
removal from wastewater due to its low cost, ease of operation
and greater efficiency.?
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become a potential substitute for chitosan-based adsorbents due to the milder deacetylation process
and superior performance, making this material an attractive adsorbent for textile dyes.

Many absorbents have been tested for the adsorption of dyes
from aqueous solutions, such as activated carbon, chitosan,
lignin, and bentonite. Among them, chitin and its derivatives
have been extensively investigated as adsorbents for the
removal of hazardous materials from wastewater, and their
efficient adsorption potential can be attributed to a high
hydrophilicity and high chemical reactivity due to a large
number of functional groups.* However, compared to chitosan
(the highly deacetylated derivative of chitin), the insolubility in
general solvents of chitin due to its rigid crystalline structure
greatly restricts chitin's applications.®* Compared to the disso-
lution of chitin, aqueous dispersions of chitin nanofibers/
nanowhiskers now can be steadily produced and have shown
great potential in various applications.*” In our previous study,
we successfully prepared chitin nanofibers/nanowhiskers under
acidic, alkali or neutral conditions depending on the
manufacturing process and their characteristics. Our studies
determined that the chitin nanofibers/nanowhiskers could
enhance the mechanical properties, nanofibrillar network and
porous structure of chitosan gel beads, which led to an
improvement in the enzyme immobilization efficiency.® More-
over, pure chitin nanofiber-/nanowhisker-based hydrogels with
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different surface charges have been successfully prepared
recently by a gas phase coagulation method and have been
discovered to show selective absorption. Though the chitin
itself possessed fewer amino groups to provide possible inter-
actions with the dyes compared to chitosan with a high degree
of deacetylation, the chitin nanofiber-/nanowhisker-based
hydrogel was predicted to exhibit a distinctive performance
due to its assembly of nanosized fibrils to a nanofibrillar
network sustaining a unique structure. Makoto Anraku et al.
reported that surface-deacetylated chitin nanofibers had
a superior binding capacity on indole and are more effective in
decreasing renal injury and oxidative stress than deacetylated
chitin powder in 5/6 nephrectomized rats.” This proved the
nanofibrillation effect of chitin with respect to its property-
function. Thus, it is interesting to investigate chitin nano-
fiber-/nanowhisker-based hydrogels for wastewater treatment
due to the following characteristics: (1) a DDA value lower than
30%, and partial deacetylation occurred on the fibril surface; (2)
a relatively higher mechanical strength; (3) the assembly of
chitin nanofibers/nanowhiskers forms a nanofibrillar network
and porous structure.

This study reports the feasibility of hydrogels prepared from
chitin nanofibers/nanowhiskers as an alternative adsorbent for
RB19 removal from aqueous solution. The effects of the initial
RB19 concentration, reaction temperature and pH on RB19
adsorption onto chitin nanofibers/nanowhiskers hydrogels
were studied. Adsorption kinetics and isotherms were also
evaluated and are discussed.

2. Experimental

2.1 Reagents and materials

Chitin with a degree of N-acetylation (DNAc) of 91% was puri-
fied from swimming crabs (Portunus trituberculatus) collected
from Nantong, a seaside city in Jiangsu Province, China. Clear
steps are described in detail in our previous article.'® The textile
dye Reactive Blue 19 (RB19) was purchased from Sinopharm
Chemical Reagent Co., Ltd, China, and used without further
purification. All other chemicals were also used without any
other purification.

2.2 Preparation of chitin nanofiber-/nanowhisker-based
hydrogels

To prepare chitin nanofibers/nanowhiskers, purified chitin was
first deacetylated in 35% (w/w) NaOH solution at 90 °C. Then,
the partially deacetylated chitin was washed with deionized
water and stored at 4 °C until use. To prepare chitin nanofibers/
nanowhiskers, the partially deacetylated chitin was dispersed in
distilled water and drops of acetic acid were added to adjust the
PH to 3 under constant stirring. The obtained suspension was
homogenized and treated with ultrasonication to fabricate
partially  deacetylated  chitin  nanofibers/nanowhiskers
(DEChNS). After centrifugation, an aqueous DEChN disper-
sion at a pH of approximately 3 was prepared.

Subsequently, the prepared DEChN dispersions were poured
into a plastic beaker and placed in a larger vessel containing the
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appropriate ammonium hydroxide solution. After maintaining
the reaction at room temperature for 12 h, all the DEChN
dispersions were transformed into hydrogels. Thereafter, the
hydrogels were neutralized using hydrochloric acid until the
wash supernatant was neutral. The DEChN hydrogel samples
are denoted as DEChNs-Gels.

2.3 Instrumental characterization

The morphology of the DEChNs was observed by transmission
electron microscopy. A drop of the DEChN suspension
(0.05 wt%) was deposited on an electron microscope grid coated
with a carbon-reinforced formvar film and allowed to dry, fol-
lowed by observation using a JEOL JEM-1400 electron micro-
scope at an acceleration voltage of 80 kv.

The scanning electron microscopy (SEM) images of the
DEChNs-Gels were obtained using a JSM 7600F (JEOL, Tokyo,
Japan). Samples were coated with gold before examination. FT-
IR spectra of chitin and the DEChNs-Gels were recorded from
400 to 4000 cm™ " at room temperature by a Nicolet Antaris FT-
NIR instrument. Before the determination, hydrogels were first
solvent exchanged using ethanol and ter¢-butyl alcohol. Then,
these hydrogels were frozen at —78 °C and vacuum-dried for 2
days at —50 °C.

2.4 Adsorption experiments

Adsorption experiments were carried out using the batch tech-
nique with controlled temperatures and constant stirring. The
effects of the intermediate pH, interaction times and adsorption
isotherms were determined by solute decay in the solution
supernatant.” To determine the optimum pH value at which
the maximum adsorption was accomplished, 50 mL of dye
solutions were treated with a weighed mass of hydrogel discs
(corresponding to 25 mg dry weight) in 100 mL glass beakers.
Then, the pH was carefully adjusted between 1 and 11 using
NaOH or HCI solutions. The solutions were stirred using
a magnetic stirrer at room temperature. After equilibrium was
reached, the solution was filtered and the concentration of the
dye in the solution was determined by means of the UV-vis
spectrophotometer at Ay, = 592 nm.*

After the optimum pH value was found, the effect of the
initial dye concentration was investigated. For the adsorbent
dosage studies, a weighed mass of hydrogel discs (correspond-
ing to 25 mg dry weight) was added to an aqueous solution (50
mL) of RB19, ranging from 50 to 1000 mg L~ at the optimum
pH investigated. After equilibrium was reached, the concen-
tration of the dye in the solution was determined.

For all the experiments, the equilibrium adsorption capacity
g. (mg g~ ") was determined by the mass balance of the dye:

o= (G I Q0

m

where C, (mg L") is the initial concentration, C, (mg L") is the
equilibrium concentration in the liquid phase, V (L) is the
volume of the liquid phase, and m (g) is the mass of the
adsorbent.
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A kinetics study was performed by using different beakers
containing weighed masses of hydrogel discs (corresponding to
25 mg dry weight) of DEChNs-Gels in 50 mL of the dye solution
(700 mg L™"). At the desired time intervals, the remaining
amount of dye in the aqueous solution was determined.

3. Results and discussion
3.1 Characterization of the adsorbent

Up to now, many studies have been published concerning the
adsorption of dyes onto chitin and its derivatives.***"* However,
dye adsorption based on chitin nanofibers/nanowhiskers has
rarely been reported. In this study, DEChNs-Gels are examined
for their dye adsorption performance.

In general, chitin was difficult to convert to individual
nanofibers/nanowhiskers because chitin fibrils are tightly
bonded to each other through a large number of hydrogen
bonds. These hydrogen bonds make chitin fibrils very difficult
to individualize."” Therefore, pretreatment was necessary to
help the fabrication of chitin nanofibers/nanowhiskers. Here,
partial deacetylation was applied according to the previous
articles.*” The deacetylation process helped promote the
cationic charged density (amino groups) on chitin. Then, the
individualized chitin nanofibers/nanowhiskers with an average
length of 726.55 + 27.75 nm and width of 8.8 & 1.25 nm were
obtained by enhanced electrostatic repulsion between the
cationically charged chitin fibrils in water under acidic condi-
tions, as shown in Fig. 1a and in accordance with previous
studies.® Nevertheless, when chitin nanofibers/nanowhiskers
were used directly to adsorb dyes from their effluents, phase
separation became rather difficult after the adsorption process
because DEChNs were well dispersed in the acidic aqueous
solutions. It was necessary to modify the physical characteris-
tics in order to facilitate the phase separation.'” In this study,
DEChNs were transformed into hydrogels to overcome this
problem.

In our previous study, we found an efficient method to
prepare DEChN hydrogels.®* When DEChN dispersions were
treated with an alkaline gas phase coagulation bath, such as
ammonia solution, transparent DEChN dispersions could be
transformed into physical hydrogels, as shown in Fig. 1b. Slow
diffusion and neutralization of acetic acid in the DEChN
dispersion by evaporated ammonia was the key point in this
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Fig.1 Transmission electron microscopy (TEM) images of DEChNSs (a),
surface morphologies of the DEChNs-Gels in cross-section (b), and
FT-IR spectra of chitin and the DEChNs-Gels (c).
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method. This method had several advantages, such as avoiding
direct contact between the dispersions and the coagulation
bath, low cost, convenient operation and general applicability;
in addition, any volatile alkaline coagulation bath could be
applied. The formed hydrogels also showed relatively higher
mechanical strength compared to other chitin-based physical
hydrogels, which made them more practical. The correspond-
ing cross-section images of DEChNs-Gels is also shown in
Fig. 1b. The image indicates that the DEChNs-Gels were sup-
ported by nanostructurally assembled fiber-like textures. Rich
pore structures could also be observed, and the BET surface area
was determined to be approximately 125 m* g~ ', as we reported
before. These nanofibrillar and pore structures offered advan-
tageous conditions for the adsorption of dyes from aqueous
solutions.

Fig. 1c exhibits the FTIR spectra of chitin and the DEChNs-
Gels. The band at 1030 cm " was due to the C-O stretching
vibration of the chitin skeleton and could be used as an internal
standard, while the bands at 1560 and 1630 cm ™" corresponded
to amide II groups. Therefore, the absorption ratios of (A1560 +
A1630)/A1030 could represent the degree of N-deacetylation of
chitin. Compared with chitin, the ratio between the absorption
at 1560 + 1630 and 1030 cm ™' of DEChNs-Gels decreased from
1.0 to 0.89, as shown in Fig. 1c, which corresponded to the
decrease in the degree of N-acetylation.'® This result indicated
that amino groups in DEChNs-Gels were also active even after
the DEChNs transformed into hydrogels, which also corre-
sponded to the lack of any crosslinkers in preparing these
DEChNs-Gels.'*** Amino groups would dramatically enhance
the dye adsorption capacity of absorbents, as other articles have
reported."®

3.2 Bath dye adsorption performance using the DEChNs-
Gels

3.2.1 Effect of pH on the adsorption of RB19 onto the
DEChNs-Gels. The influence of pH for the adsorption of RB19
onto the DEChNs-Gels was studied, while the RB19 concentra-
tion and adsorption time were fixed at 600 mg L™" and 2 h,
respectively, as shown in Fig. 2a. It can be seen that the
adsorption of RB19 was pH-dependent; the amount of adsorbed
dye on the DEChNs-Gels decreased as the pH increased from 1
to 11. The DEChNs-Gels adsorbed a high amount of dyes at pH
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Fig. 2 The effect of pH (a) and dye concentration (b) on the RB19
adsorption onto the DEChNs-Gels at room temperature.
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1.0 and pH 3.0, and the maximum uptake of RB19 occurred at
pH 1.0. When the pH was increased to above 5, the adsorption
of RB19 dramatically decreased. This situation can be related to
the surface charge of the adsorbent and the dyes. As mentioned
above, DEChNs-Gels have amino groups and showed a posi-
tively charged nature in the presence of H'. Therefore, a strong
electrostatic interaction existed between the positively charged
-NH*" groups in the DEChNs-Gels and negatively charged
-SO;~ groups in RB19. As a result, the amount of dye molecules
on the DEChNs-Gels increased at lower pH values.'

3.2.2 Effect of initial dye concentration on the adsorption
of RB19 onto the DEChNs-Gels. The removal of RB19 by the
DEChNs-Gels (DDA = 23%) at various dye concentrations
(ranging from 100 to 1000 mg L") for a volume of 50 mL at
a certain adsorbent dosage (corresponding to 25 mg dry weight)
was also investigated. It was found that the uptake of RB19
increased, but the adsorption efficiency decreased as the dye
concentration increased. When the initial dye concentrations in
the solution were 50, 100 and 300 mg L™ ", the adsorption effi-
ciencies reached 100, 99.12 and 99.00%, respectively; almost all
of the dyes in the solution could be adsorbed. With an increase
of dye concentration, the adsorption efficiency decreased
gradually. The adsorption efficiencies reached 95.30, 86.02,
83.35, 75.84, 70.4 and 66.5% when the initial dye concentra-
tions were 500, 600, 700, 800, 900 and 1000 mg L™ ", respectively.
On the other hand, the dye adsorption capacity increased as the
adsorption efficiency decreased. The dye adsorption capacities
were determined to be 100, 198, 594, 953, 1011, 1167, 1213, 1267
and 1331 mg g~ when the initial dye concentrations were 50,
100, 300, 500, 600, 700, 800, 900 and 1000 mg L™, respectively.
The maximum dye removal was achieved at a dye concentration
of 1000 mg L™, and was determined to be 1331 mg g . This
was an interesting phenomenon; it seemed that there was not
a saturated adsorption capacity. This may be caused by the
following hydrogel characteristics of the DEChNs-Gels: hydro-
gels are hydrophilic networks which can absorb large amounts
of water. In our previous work, we found that the DEChNs-Gels
could absorb over 250 times the weight of water compared to
the dry weight of the DEChNs in the pH range below 2, which
was truly a large amount of water compared to the DEChNs
itself.> When the DEChNs-Gels were used for dye adsorption,
except for the dye molecules adsorbed onto the DEChNs, the
hydrogel network also sequestered a large amount of dye solu-
tion within it. When the initial dye concentration increased, the
dye concentration of the restricted solution in the hydrogel
network also increased, accompanied by the surface enrich-
ment effect of the DEChNSs, resulting in a continuous increase
of the adsorption capacity of DEChNs-Gels. In other words,
there were two ways for dye removal by the DEChNs-Gels: (1)
electrostatic attraction adsorption onto the DEChNs-Gels and
(2) entering the hydrophilic gels with the water, which led to the
observed non-saturation of the adsorption capacity over the
testing range of dye concentrations. This indicated that the
hydrogel might act as an effective adsorbent.

3.2.3 Effect of DDA of chitin on the adsorption of RB19
onto the DEChNs-Gels. The most likely mechanism of the
interaction between the DEChNs-Gels and dye was likely to be
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ionic interaction between the dye ions and the amino groups of
the DEChNs-Gels, which was similar to the dye adsorption onto
chitosan. In general, chitin showed a much lower dye adsorp-
tion capacity than chitosan due to the significantly fewer amino
groups in chitin than in chitosan. The low number of amino
groups strongly restricted the adsorption capacity of chitin for
dye adsorption.*®

In this study, we also examined the influence of the degree of
deacetylation (DDA) on dye adsorption. The effect of the DDA of
the DEChNs-Gels on RB19 adsorption for 25 mg dry weight of
the gels and a 600 mg L™ " dosage of dye is shown in Fig. 3. In the
preparation of the DEChNs, a suitable concentration of amino
groups in the chitin was necessary for the successful fibrillation
of chitin. In this study, the deacetylated chitin with DDA values
of 15, 20 and 23% were prepared, from which the chitin
nanofibers/nanowhiskers could be successfully obtained. At the
optimized pH, the adsorption of RB19 onto these hydrogels
with different DDAs was studied, while the RB19 concentration
and adsorption time were fixed at 600 mg L~ and 2 h. We found
that the dye adsorption capacities of these prepared hydrogels
reached 940, 1044 and 1147 mg g~ as the DDA was 15, 20 and
23%, respectively. DEChNs-Gels showed a slightly higher dye
adsorption capacity as the DDA increased. This result indicated
that the increase of RB19 adsorption under acidic conditions
was followed by the increase of the DDA in the DEChNs-Gels,
which was similar to the dye adsorption onto chitosan.
However, in this experiment, we found that even when the DDA
of chitin was 15%, the as-prepared hydrogels also showed
a relatively high dye adsorption capacity (940 mg g~ ' to DDA =
15%). We believe this was a result with much more practical
significance. There have been few articles concerning the RB19
adsorption onto chitin so far, but many articles reported RB19
adsorption onto chitosan (the high deacetylated derivative of
chitin, normally with a degree of deacetylation higher than
70%). Among these articles, M. Hasan et al. found that the
cross-linked chitosan/oil palm ash composite beads achieved
an adsorption capacity of 400 mg g '.** A. Mirmohseni et al.
reported that chitosan hollow fibers had a maximum adsorp-
tion capacity of 454.5 mg g '.?> Nguyen Kim Nga et al had
prepared a chitosan film for the adsorption of RB19, and the

maximum adsorption capacity was found to be 822.4 mg g~ .2
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Fig. 3 The effect of the degree of deacetylation (DDA) of the DEChNs
on the RB19 adsorption onto the DEChNs-Gels at room temperature.
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In addition, in these studies, the chitosan must be chemically
crosslinked or modified to overcome their solubility in an acidic
solution, which also restricts their applications in dye adsorp-
tion. Compared to these chitosan-based materials, the DEChNs-
Gels in this study retained the insoluble hydrogel nature and
showed a relatively higher adsorption capacity. The higher the
degree of deacetylation of the chitosan, the more demanding
drastic conditions are needed to achieve it, such as more
sodium hydroxide consumption or a higher reaction tempera-
ture, which results in much more environmental pollution and
energy consumption. Considering the issue of environmental
protection, the DEChNs-Gels with a lower degree of deacetyla-
tion might be more practical. In addition, considering the
significantly fewer amino groups in the DEChNs, the DEChNs-
Gels showed a much higher adsorption efficiency. This high
adsorption efficiency might be attributed to the nanofibrillar
network and the excellent pore structure of the DEChNs-Gels, as
shown in Fig. 1b. The fibrillar network and fiber-like textured
nanostructures made the circulation of the dye solution much
more efficient. On the other hand, the amino groups mainly
existed on the surface of the chitin nanofibers/nanowhiskers,
resulting in the amino groups in the DEChNs being much
more effective in the dye adsorption process, which greatly
promoted the utilization efficiency of the amino groups in the
DEChNs-Gels.>** To conclude, dye molecules could effectively
circulate in the network of the DEChNs-Gels and then be
adsorbed and sequestered in the DEChNs-Gels because of the
fiber-like textured nanostructures and surface amino groups in
the DEChNs-Gels.

3.2.4 Adsorption kinetics. Adsorption isotherms play a very
important role for understanding the adsorption mechanism.**
In this study, different dye concentrations with the same mass
of adsorbent were used to determine the adsorption mecha-
nism. The dye adsorption capacity at a fixed dose of the
DEChNs-Gels adsorbent was monitored over time, as shown in
Fig. 4.

To examine the mechanism controlling the adsorption
processes, such as mass transfer or chemical reactions, pseudo-
first-order and pseudo-second-order kinetics models and an
intraparticle diffusion model, given in eqn (2), (3) and (4),
respectively, were used to test the experimental data.'®**

ky
log(g. — ¢;) = log g — ml (2)
t 1 t
= + — 3
q: ‘]ezkz qe ( )
qr = kitll2 +C (4)

where ¢, (mg g™ ') is the amount of dye uptake at time ¢ (min);
the plot of log(g. — q.) versus t gave a straight line for first-order
kinetics, which allowed computation of the adsorption rate
constant, k; (min ),* k, is the value of the pseudo-second-
order rate constant [g (mg min)~'] and k; is the intraparticle
diffusion rate constant (mg g~' min'/?); g. is the equilibrium
dye uptake (mg g™ ), C is the intercept (mg g ). e and ky, k,,
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and k3 could be determined by plotting the experimental data
according to the equations.

Fig. 4b and Table 1 show the curve-fitting plots of the
pseudo-first-order and the parameters obtained for the model,
respectively. Although R? values for the plots are in the range
0.883-0.996 (Table 2) and reasonably high in some cases, the
calculated g, values obtained from this kinetics model did not
give reasonable values. This finding suggested that the sorption
process did not follow the pseudo-first-order adsorption rate
expression of Lagergren.®® In contrast, all the ¢/q, versus t gave
a straight line for all the initial dye concentrations, as shown in
Fig. 4c, confirming the applicability of the pseudo-second-order
equation.

The coefficient values (R*) for the pseudo-second-order
kinetics equation were over 0.999, as shown in Table 2, higher
than that for pseudo-first-order kinetics, suggesting the
adsorption kinetics of RB19 onto the DEChNs-Gels fits the
pseudo-second-order model well. The calculated g, values also
agree very well with the experimental data, as shown in Table 2.
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Fig. 4 The effect of dye concentration on the RB19 adsorption onto
the DEChNs-Gels (a), the pseudo-first-order kinetics model curve
examined (b), the pseudo-second-order kinetics model curve exam-
ined (c) and the intraparticle diffusion model examined (d) (adsorbent
dose = 25 mg, solution volume = 50 mL, temperature = 20 °C and

pH = 1.0).

Table 1 The pseudo-first-order kinetics parameters for the adsorp-
tion of RB19 on the DEChNs-Gels

Pseudo-first-order

Co(MZL™)  geexp (MgE™) Geca(mgg™) ki (min™") R

500 973 302 0.0958 0.996
700 1094 475 0.0974 0.986
1000 1179 333 0.1016 0.883
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Table 2 The pseudo-second-order kinetics parameters for the
adsorption of RB19 on the DEChNs-Gels

Pseudo-second-order

Co(MZL™) Geexp(MZE™") Geocar (Mgg™") ki (g (mgmin)™") R

500 973 983 0.001156 0.999
700 1094 1109 0.00081 0.999
1000 1179 1176 0.00165 0.999

The finding further proved the adsorption system obeyed the
pseudo-second-order kinetics model for the entire sorption
period and thus supported that the adsorption process was
controlled not by diffusion but by chemisorption. The adsorp-
tion of the dye took place probably via surface exchange reac-
tions until the surface functional sites were fully occupied, and
thereafter the dye molecules diffuse into the inner structure for
further interactions and/or reactions (such as an inclusion
complex, hydrogen bonding, hydrophobic interactions).>®

Adsorption was a multi-step process involving transport of
the solute molecules from the aqueous phase to the surface of
the solid particles followed by diffusion of the solute molecules
into the pore interiors. In a batch system with rapid stirring,
there was a possibility that the transport of adsorbate from the
solution into the pores (bulk) of the adsorbent was the rate
controlling step. This possibility was tested in terms of
a graphical relationship between the amount of dye adsorbed
and the square root of time. The root time dependence
described by Weber and Morris is expressed by eqn (4).?” So, the
kinetics results could be used to determine if particle diffusion
was the rate-limiting step for dye adsorption.*

Fig. 4d shows the amount of dye adsorbed versus t"/* for the
intraparticle transport of RB19 onto DEChNs-Gels at different
initial dye concentrations. The curves present a multilinearity,
which indicates that two or more steps occurred in the process,
and the sorption process tended to be followed by three phases:
the first initial portion of the plot indicates surface adsorption
and rapid external diffusion, while the second linear portion is
the gradual adsorption stage where the intra-particle diffusion
is rate controlled. The third plateau is the final equilibrium
stage, where the intra-particle diffusion started to slow down
due to the low solute concentration in solution. The second step
between the initial rapid external diffusion stage and the
equilibrium stage was chosen to characterize the rate parameter
corresponding to the intraparticle diffusion. The calculated k;
values for each initial concentration are given in Table 3.

When dye concentration was fixed at 500 or 700 mg L™, R?
values for the diffusion model were found to be 0.901 and 0.881,

Table 3 Intraparticle diffusion parameters for the adsorption of RB19
on the DEChNs-Gels at various initial dye concentrations
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respectively. This indicated that the adsorption process could
be followed by an intra-particle diffusion after around 10 min.
However, the results did not pass through the origin (the plots
had intercepts in the range 909-1105 mg g '), indicating that
intraparticle diffusion was involved in the sorption process but
it was not the only rate-limiting mechanism.? In contrast, the
adsorption curve under a dye concentration of 1000 mg L™ *
presented really low R* values of 0.371. This might be due to the
unstable desorption at high substrate concentration, which
leads to the disorder of the adsorption curve. In summary, the
pseudo-second-order model was the best one in describing the
adsorption kinetics of the BR10 onto DEChNs-Gels.

The effect of temperature was another important factor help
to export important conclusions about the thermodynamic
properties of the dye-adsorbent system.' Therefore, to further
analyze the adsorption process, a brief thermodynamic analysis
was carried out, as shown in Fig. 5. The pseudo-second-order
kinetics model given in eqn (3) was also used to test the
experimental data. The result is listed in Table 4. As shown in
Fig. 5, the ¢. increased rapidly in the initial stages with
increasing contact time. As the temperature increased, the g,
increased slightly faster at the first stage (<10 min), which
indicated that the adsorption of RB19 onto the DEChNs-Gels
was an endothermic process.”® Then, the ¢. gradually
increased until equilibrium. Table 2 shows that the coefficient
values (R?) for each adsorption system were over 0.999, proving
again that the adsorption kinetics of RB19 onto DEChNs were
chemisorption-controlled. The results also showed that the dye
adsorption of RB19 onto the DEChNs-Gels was a fast process
and could reach equilibrium in 20 min. This was believed
resulting from the fiber-like textured nanostructures and
surface amino groups in the DEChNs-Gels.
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Fig. 5 The effect of temperature on the RB19 adsorption onto the
DEChNs-Gels (a) and the pseudo-second-order kinetics model curve
examined (b) (adsorbent dose = 25 mg, solution volume = 50 mL, dye
concentration = 700 mg L™t and pH = 1).

Table 4 The pseudo-second-order kinetics parameters for the
adsorption of BR19 onto the DEChNs-Gels

Co(mgL™h k; (mg g~* min'/?) C(mgg™ R? Temperature (°C) k, (g (mg min) ") ge (mg g™ R

500 8.1434 909 0.901 20 0.00054 1098 0.999
700 17.1267 968 0.881 40 —0.01189 987 0.999
1000 10.2012 1105 0.371 60 0.00330 1037 0.999

This journal is © The Royal Society of Chemistry 2018
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3.2.5 Equilibrium isotherms. Adsorption isotherms indi-
cated the relationship between the mass of dye adsorbed at
constant temperature per unit mass of the adsorbent and the
liquid phase dye concentration.” Fig. 6 shows the adsorption
isotherm, the relationship between the amount of adsorbed dye
per unit mass of adsorbent (g.) and the remaining dye
concentration in the aqueous phase (C.). The equilibrium data
were analyzed according to the Langmuir and Freundlich
adsorption isotherms, respectively. Of these, the Langmuir
adsorption isotherm assumed a monolayer adsorption of the
adsorbate over a homogeneous adsorbent surface where each
molecule adsorbed onto its surface with an equal adsorption
activation energy. For the Langmuir adsorption isotherm, no
adsorbate migration occurred after adsorption. In contrast, the
Freundlich adsorption isotherm describes reversible adsorption
and was not restricted to the formation of a monolayer, and it
was applicable to adsorption on heterogeneous surfaces with
interactions between the adsorbed molecules.

The Langmuir adsorption isotherm in the linear form was
expressed as the following equation:

CG_G, 1 5)

qe dnm  bgm
where C, is the equilibrium dye concentration (mg L™ '), . is the
equilibrium amount of adsorbed dye per unit weight of adsor-
bent (mg g ), g, is the maximum amount of adsorbed dye per
unit weight of adsorbent to form a complete monolayer
coverage (mg g~ ') and b is the Langmuir adsorption constant
(L mg ™).

The Freundlich isotherm was expressed as the following
equation:
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Fig. 6 Isotherm plots (a), Langmuir isotherm (b) and Freundlich
isotherm (c) of RB19 adsorption onto the DEChNs-Gels (adsorbent
dose = 25 mg, solution volume = 50 mL and solution temperature =
20 °C).
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1
lgg. =lgh+ ~lgC (6)

where £ is the Freundlich adsorption constant, which roughly
indicates the adsorption capacity of the adsorbent (mg g "), and
n is the Freundlich exponent which relates the adsorption
intensity."® The plots of C./q. versus C. and lg q. versus lg C. are
shown in Fig. 6. The model parameters and correlation factor
(R?) are listed in Table 5.

From the value of the correlation coefficient (R*) in Table 5, it
was clear that the adsorption curves fitted better to the
Freundlich isotherm than the Langmuir isotherm, indicating
that the adsorption of RB19 on the DEChNs-Gels was multilayer
adsorption. In addition, the maximum dye uptake of the given
adsorbent (1331 mg g ') in this article indicated that the
DEChNs-Gels were efficient for the removal of RB19 from
aqueous solutions. This value was also comparable to the
sorption capacities of some other adsorbent materials for RB19
(Table 6). Considering the similar structure and the fact that
DEChNs showed about a 62% higher adsorption capacity
compared to the chitosan film and only 11% lower compared to
poly(methyl methacrylate) grafted chitosan adsorption capacity.
The easier preparation process, much milder deacetylation
conditions and relatively high adsorption capacity made
DEChNs become potential substitute for chitosan-based
adsorbents.

3.2.6 Desorption analysis. Desorption was an important
factor for absorbents. Here we also investigated the desorption
property of DEChNs-Gels. After DEChNs-Gels reached an
adsorption equilibrium under optimum conditions (adsorbent
dose = 25 mg, solution volume = 50 mL, dye concentration =
700 mg L™ and pH = 1), the dye adsorbed DEChNs-Gels were
first thoroughly washed using distilled water to remove the
remaining residual dye solution. Then the particle like adsorbent
was suspended in distilled water (50 mL) and HCI or NaOH was
used for adjusting the pH to 1, 3, 5, 7, 9 and 11. After stirring for 2
hours, the concentration of dye in the solution was determined
and the desorption efficiency was calculated as eqn (7).

Cb X Vb

Desorption percentage%o = - 100% (7)

e
where C, is the dye concentration after desorption, V}, is the
solution volume, g. is the equilibrium adsorption of dyes, and m
is the mass content of the DEChNs-Gels for the desorption
experiments.

As shown in Fig. 7, the desorption percentage for RB19 was
pH-dependent and achieved the highest value (about 9.02%) at
pH 11. When pH decreased, the desorption values of RB19 were
decreased clearly, lower than 1.5% when the pH was lower than

Table 5 The pseudo-second-order kinetics parameters for the
adsorption of BR 19 on the DEChNs-Gels

Langmuir isotherm Freundlich isotherm

gm(mgg™) b@Lmg Y R 1/n k(mgg™) R

1046 0.0281 0.986 0.2058 269.77 0.993

This journal is © The Royal Society of Chemistry 2018
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Table 6 Reports the maximum adsorption capacities in the literature
for Reactive Blue 19 obtained on low-cost adsorbents

Adsorbent gmax (Mg g7 1)  Reference
DEChNs-Gels 1331
Poly(methyl methacrylate) grafted chitosan 1498 16
Chitosan films 822.4 23
Mesoporous carbon 733 29
(DTMA) bromide modified bentonite 206.58 30
Magnesium oxide 250 31
Lignocellulosic waste 75.19 32
10
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Fig. 7 Desorption of RB19 from DEChNs-Gels under various pH
condition (pH =1, 3, 5, 7, 9, 11) (adsorbent dose = 25 mg, solution
volume = 50 mL).

6 after reaching the maximum value at pH 11. This phenom-
enon also agreed with the RB19 adsorption onto chitosan film.*
However, here DEChNs-Gels exhibited a much lower desorption
efficiency compared to chitosan film (about 72% at pH 11).
Fewer but more active surface amino groups in DEChNs-Gels
might be the reason for this lower desorption efficiency but
stronger bonding between RB19 and DEChNs-Gels.

4. Conclusions

This study shows that the DEChNs-Gels acted as an effective
adsorbent for the removal of RB19 dye from aqueous solution.
The amount of dye adsorption was dependent on pH, adsorbent
dosage, temperature, the degree of deacetylation of chitin and
contact time. The adsorbent was the most effective at pH = 1.0.
The adsorption of RB19 onto the DEChNs-Gels increased with
an increase in the dosage and the degree of deacetylation of
chitin. The maximum adsorption capacity was found to be
1331 mg g ' at pH = 1.0 and the DDA = 23% in the testing
range. In contrast, when the DDA was 15%, the adsorption
capacity also reached 940 mg g ', which showed a great
advantage compared to chitosan-based adsorbents considering
the issues of environmental protection and adsorption effi-
ciency. The dye adsorption of RB19 onto the DEChNs-Gels was
a fast process and could reach equilibrium in 20 min. As the

This journal is © The Royal Society of Chemistry 2018
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temperature increased, DEChNs-Gels showed a faster adsorp-
tion behavior in the first stage, but there was no significant
influence on the adsorption capacity. The pseudo-second-order
kinetics model agreed very well with the experimental results.
Equilibrium data also fitted well to the Freundlich adsorption
isotherm model in this study. The results indicate that the
partially deacetylated chitin nanofiber-/nanowhisker-based
hydrogel is an attractive adsorbent for the adsorption of
textile dyes and could become a potential substitute for
chitosan-based adsorbents.
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