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ABSTRACT: Thiosemicarbazide-modified cellulose (MTC) has
been studied for removing heavy metals in the water source or for
extracting some precious metals. The conditions of synthesis of
MTC and Cu(II) removal were optimized by single-variable analysis
through oxidation—reduction on titration and photometry. The
results of Fourier-transform infrared spectroscopy, Brunauer—
Emmett—Teller, and thermogravimetric analyses show that MTC
exists in the thioketone form with a high surface area and heat
durability. The Cu(Il) removal was of pseudo-second order and the
isotherm equation correlated best with the Langmuir equation. MTC

(4)-MORPHOLINO
THIOSEMICARBAZONE
MODIFIED CELLULOSE

Langmuir
isotherm

has the maximum capacity of adsorption, which is g, = 106.3829 mg s \ “ ___model|
g~'. Furthermore, MTC can be regenerated without the loss of [EERINAALMINTCEI) 5
adsorption efficiency after ten cycles of adsorption and desorption.

1. INTRODUCTION of effectively removing metallic cations from polluted water.

Cellulose-based materials are also compared to quantum dots

Heavy metal pollution has caused lots of adverse impacts on the
(QDs). Unlike QDs, cellulose-based materials are insoluble in

sustainable development of aquatic flora and fauna near polluted

zones. It has led to the development of dangerous diseases in solvents, so cellulose-based materials are easy to reuse many
humans. Using contaminated water for irrigation, aquaculture, times after filtration and desorption using simple techniques.
and daily activities leads to accuamulation of ion Cu(II) in plants Moreover, cellulose-based materials can be activated even at
and aquatic animals, which results in copper toxicity in human room temperature without the support of exciting light, while
beings.l_4 Frequently, copper accumulated in the liver is one of QDs absorb the appropriate bands to accelerate the interaction
the key reasons for symptoms such as headache, nausea, anemia, of the grafted ligands and the cores with CatiOl’IS.4 Cellulose is
renal and liver failure, stomach bleeding, and death.”™® more biodegradable than QDs due to its organic nature.

Using materials available in nature such as cellulose’* and The adsorption of cellulose can be improved by condensation
chitosan>~*° to address environmental issues has become with nonsubstituted thiosemicarbazide (TSC)**~* and phenyl
currently more popular because they are abundantly available group-substituted ones.”® In Vietnam, many studies showed the
from waste products of agricultural activities, they are modified cellulose possessed the greater adsorption perform-
preliminary clean and nontoxic to human health, and are ance than activated carbons, zeolites, for removing heavy metal
ecofriendly. Moreover, they are not very expensive and not ions.">'* In this research, cotton from India (Gossypium
vulnerable to changes in their physical and chemical properties hirsutum L.) was the main raw material that was collected
during transportation. Cellulose and chitosan are different from from the GLE Logistics warehouse. The cotton was cleaned,
other materials in that they have an OH group to synthesize oxidized, and condensed with N(4)-morpholinothiosemicarba-

. . 13,14,21
different derivates, such as ester, carbamate, and ether. ™™

Cellulose is used more frequently than chitosan because its raw
material can be easily obtained from plants, cotton, and so on,
while chitosan is often extracted from crust, crab shells, and so
on. This extraction requires the consumption of more raw
chitosan than raw cellulose. Cellulose has two adjacent OH
groups at the two carbons C2 and C3 (Scheme 1), which
facilitates the binding of heavy metal ions, while the structure of
chitosan has separated OH groups, which forms less stable
complexes.' In terms of cellulose, OH groups are modified with
organic derivatives, which enable them to coordinate with heavy
metal ions. Thus, it can be said that modified cellulose is capable

zide to form modified cellulose, which can remove Cu(II).
Besides, there has been no research about N(4)-morpholino-
thiosemicarbazide with oxidized cotton. The statistical data of
titration and UV—vis spectrometry were analyzed to estimate
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Scheme 1. Synthetic Process and the Adsorption of MTC*
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4(1) Oxidized TCR; (2) TC condensed with N(4)-morpholinothiosemicarbazide (MTC); (3) MTC adsorbed with 100 mg L™" CuSO, solution;

and (4) desorption and reuse of MTC.
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Figure 1. Effects of factors on the number of CHO groups, which were analyzed by titration (black line) and spectrophotometry (red line): (a)

oxidized time and (b) temperature.

the optimal conditions for some processes in our study. To
obtain more details, FT-IR, XRD, SEM, TGA/DSC, Brunauer—
Emmett—Teller (BET), and EDX were integrated to observe the
change in structural, physical, and chemical properties of the raw
material cotton (TCR). The cotton was oxidized with KIO,
(TC), the TC was then condensed with N(4)-morpholinothio-
semicarbazide (MTC), after which MTC could adsorb the
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Cu(ll) ion (MTC-Cu). In this study, we focused on the
investigation of the adsorption ability of MTC to remove Cu(II)
in a standard solution. Two-variable analysis of variance
(ANOVA) of with replicates was applied to assess the
interaction of the pair of factors to the removal process. We
also studied the role of N(4)-substitutes on the adsorption
ability of MTC (Schemes 1 and 2).

https://dx.doi.org/10.1021/acsomega.0c01129
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Scheme 2. Complexes of Cellulose—KIO, at Different pH Values
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Figure 2. Graphs of single-variable survey: (a) condensation time and (b) condensation temperature.

2. RESULTS AND DISCUSSION

2.1. Optimal Conditions. 2.1.1. Optimal Conditions for
Process (1). pH is observed to affect the reaction of cellulose and
KIO,. When the pH of the solution reaches over 7.0, the
equilibrium shifts to the direction where complex (III) is
favored. It results in nondegradation of I0,~ to I0;~, and the
transformation of the OH to CHO group cannot take place. So,
the pH of the solution is kept under 7.0 to form a complex (II).
Complexes (II) rearrange the charges to decompose to aldehyde
and 10;™."” Thereupon, pH was investigated at several values,
namely, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0. The transition
complex formation is a reversible reaction in which the
forwarding direction is exothermic. The increase in temperature
enables the increase in rate and a gradual shift to the inverse
direction. The electrolyte is also one of the factors affecting the
yield of cellulose oxidation by KIO,, which is related to the

14483

amount of CHO of TC. Cellulose (cotton) becomes a
semipermeable membrane in a strong electrolyte solution.
When the solution contains strong electrolytes, it causes a
Donnan semipermeable membrane that changes the rate of
cellulose oxidation by KIO,.”” All reactions took place in the
dark. When reactions are exposed to light, the rate of the
oxidized reaction is expected to increase. It results in byproducts
such as chains of polymers hindering the formation of CHO
group. An excessive amount of KIO, was added into the solution
to avoid this side effect.””

The Fisher (F) and Student (t) coefficients were used to
evaluate the accuracy and the precision of data carried out by
two analytical methods. Process (1) was carried out under
optimal conditions: a CH;COOH/CH;COONa buffer solution
(pH = 3.0); time, 6.0 h (t); temperature, 45 °C; mass ratio of
TCR/KIO,, 1:8; NaCl concentration, 0.20 M; and a dark

https://dx.doi.org/10.1021/acsomega.0c01129
ACS Omega 2020, 5, 14481-14493
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Figure 3. Graphs of single-variable survey: (a) pH of solution, (b) adsorption time, (c) solution temperature, and (d) speed of centrifugal shaker.

environment. Two analysis methods (titration and photometry)
were compared based on the Fisher coefficient (F) (F,=19) and
the Student coefficient (t) (t, = 2.447). All studied data satisfied
the following conditions: F < F, and t < t,. It proved that the data
from two analysis methods in each of the batch experiments
were insignificantly different. They are the same accuracy with
the confidence of 95% (Figure 1). The differences among the
samples could be due to random factors.

2.1.2. Optimal Conditions for Processes (2) and (3). The
optimal conditions for the condensation between TC and N(4)-
morpholinothiosemicarbazide were as follows: pH of solution,
5.0; reaction temperature T, 80 °C; (2) was refluxed for 6 h with
the mass ratio of TC/N(4)-morpholinothiosemicarbazide being
1:2 (Figure 2).

In general, an increase in the pH value and time of adsorption
led to an increase in the removal performance of MTC, while an
increase in temperature of the solution and speed of the
centrifugal shaker decreased the removal performance of MTC.
As can be seen from graph (3a), for pH values from 1 to 3, the
performance was lower than 75% due to the protonation of the
thioketone group, which reduced the probability of Cu(II) ions
binding to thioketone. From pH 4 to 6, the performance
increased dramatically to reach the highest point at pH 6.0
(92%). At higher pH, hydroxides were formed (KSP of Cu(OH),
is 1.6 X 1071%).”® To avoid this drawback, the optimal pH was
chosen at 6.0. Second, the maximum time that could be seen on
the graph was 30 min, and for longer durations, the performance
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remained unchanged. Thus, the optimal time for this process
was chosen as 30 min. Third, the performance of the removal of
MTC decreased steadily from 30 to 70 °C because the
adsorption was a reversible process. The rise in temperature
from 30 to 70 °C leads to an equilibrium, which favors the
desorption direction. Therefore, the optimal temperature of this
process was 30 °C. The effect of speed was the same as that of
temperature. The much faster (>160 RPM) or the lower the
speed (<80 RPM) was, the less effective was the coordination
due to less probability of successful collisions. In conclusion, the
optimal conditions of process (3) were as follows: pH, 6.0;
temperature T, 30 °C; adsorption time, 30 min; and speed, 80
RPM (Figure 3).

2.2. Effects of Factors on the Performance of
Adsorption. Two-variable ANOVA with replicates was used
to evaluate the interaction of factors in each pair of factors (pH—
temperature, pH—time, and time—temperature) and provide a
comprehensive view about the effect of these factors on the
performance of Cu(II) removal by MTC. Using two-variable
ANOVA with replicates, the pairs of pH—time, pH—temper-
ature, and time—temperature were investigated to determine
their effect on the performance of the adsorption of MTC. For
the pair of pH and time, the highest performance was at 30 min
and pH was 6.0. When the pH was changed from 6.0 to 5.0, the
performance decreased from 95 to 75%. At the beginning point,
for pH 6.0, when the time was changed from 30 to 20 min, the
performance decreased from 95 to 50%. By combining the F

https://dx.doi.org/10.1021/acsomega.0c01129
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Figure 4. Pairs of factors affecting the adsorption of thiosemicarbazide-modified cellulose (MTC): (a) pair of pH and time, (b) pair of pH and
temperature, and (c) pair of temperature and time. (d) Times of removal (green column) and reuse (red column).

statistical distribution, F, = 102773.9 > F, 095 = 3.40 (i.e., pH
had a significant effect on the results of the removal
performance), Fy = 1247672 > F;,,95 = 3.01 (i.e,, time had
a significant effect on the results of the removal performance),
and Fyp = 13482.0 > Fg,, 95 = 2.51 (i.e,, the interaction of two
factors on the performance was considerable), we could
conclude that the time and pH interacted with each other and
affected the removal performance. For the pair of pH and
temperature, at pH 6 and T of 30 °C, the performance was the
highest. When pH value was decreased or the temperature was
increased, the performance showed a decreasing tendency. By
combining the F statistical, Fy =2.68 X 10° > F, 5, 005 = 3.40 (i,
pH had a significant effect on the results of the removal
performance), F = 2.2 X 10° > F3 5, o5 = 3.01 (i.e., temperature
had a significant effect on the results of the removal
performance), and Fyp = 16 593 125 > Fy 5,095 = 2.51 (i.e,, the
interaction of two factors on the performance was considerable),
we could conclude that pH and temperature interacted with
each other and affected the removal performance of MTC.

Finally, for the pair of temperature and time, at the beginning
point, if the temperature was increased, the removal perform-
ance decreased (similar to the pair of pH and temperature),
while if the time was increased, the performance increased. By
combining the F statistical, F, = 8616299 > Fj 3, 595 = 2.92 (i.e,,
temperature had a significant effect on the results of removal
performance), Fy = 16561113 > F; 3, 595 = 2.92 (i.e., time had a
significant effect on the results of removal performance), and Fu
= 1499828 > Fy 3,95 = 2.21 (i.e,, the interaction of two factors
on the performance was considerable), we could conclude that
time and temperature interacted with each other and affected
the removal performance of MTC. Compared to the optimal
conditions of process (3), these conditions still replicated
exactly the optimal conditions (Figure 4).

2.3. FT-IR, TGA/DSC, XRD, SEM, EDX, and BET
Analyses. The FT-IR spectroscopy analysis of TCR showed a
broad absorption at 3600—3000 cm™" presenting the vibration
of the O—H bond, indicating the O—H group of cellulose chains.
The sharp absorption at 1150—1070 cm™' indicated the

https://dx.doi.org/10.1021/acsomega.0c01129
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Figure 6. (a) Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) curves of MTC-Cu. (b) Adsorption performances of TCR,

TC, and MTC.

stretching vibration of C—O, and the other one at 1740—1725
cm™! was assigned to the vibration of the aldehyde group. This
proved that the oxidation of TCR was successful, which
converted the OH group of C2—C3 into the CHO group. For
FT-IR spectroscopy of MTC, the signal at 1740—1725 cm ™" still
appeared, but its intensity decreased. These proved that the
number of CHO groups had decreased in the condensation
process. At 2500 cm ™, the vibration of the S—H bond could not
be recorded using FT-IR spectroscopy, and the appearance of
absorption at 1400—1300 cm™" was attributed to the vibration of
the C=S group. To conclude, thiosemicarbazide existed as
thioketone in samples.

For TGA/DSC, TCR, TC, MTC, and MTC-Cu samples were
conducted to determine the durability of each material.
Generally, for all samples, there was a loss of mass at
temperatures from SO to 130 °C (Figure 6). This indicated
the mass loss of adsorbed water. The next peak of mass loss was
in the range 250—380 °C due to the combustion of materials to
release CO, and CO. This oxidation lasted up to 500 °C, which
resulted in carbon powder. The MTC-Cu was the most heat-
durable material (520 °C), which was because CuS in the final
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loss step was stable in the studied analysis. This striking pattern
indicated that MTC coordinated to the Cu(II) ion.

For XRD spectroscopy, TCR, TC, and MTC samples were
analyzed to determine the change in crystals. According to the
observation of XRD spectroscopy of TCR, two broad diffraction
peaks at 15.07 and 16.62° and a sharp peak at 22.84° identified
the crystal of cotton fiber.””*° In general, the difference among
TCR, TC, and MTC was insignificant although there was a
change in the 20 values at the above points. For instance, peaks
appeared at 15.01, 16.58, and 22.82° in the TC data; for MTC,
peaks appeared at 15.09; 16.43, and 22.73° with different
intensities. Thereupon, XRD spectroscopy showed that the
structure of cotton was not broken completely by oxidation and
condensation taking place in some identified sites, especially on
the surface of modified cellulose. The crystallinity index (CI)
value of cellulose can prove the crystallinity of TCR, TC, and
MTC. The CI value can be obtained with eq 1.

Iny, — I
Cl = —%2__am » 100%
o0z (1)
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(b)

Figure 7. Scanning electron microscope (SEM) pictures of (a) TCR, (b) TC, and (c) MTC.

(b)

Figure 8. Energy-dispersive X-ray (EDX) spectra of (a) MTC and (b) MTC-Cu.

where Iy, is the height of the 002 peak and I, is the height of
the minimum peak between the 002 and 101 peaks. The 002
peaks of TCR, TC, and MTC were at 22.84, 22.82, and 22.73°,
respectively, and the minimum peaks of TCR, TC, and MTC
were at 18.43, 18.74, and 18.70°, respectively. The CI values of
TCR, TC, and MTC were 99.34, 99.90, and 99.84%,
respectively. This proves that the oxidation and the adsorption
did not affect the structure of the cellulose crystalline structure.
To sum up, these processes could occur on the surface of the
materials (Figure S).

Based on SEM pictures (Figure 7), in general, the cellulose
surface was smooth and glossy. After TCR was oxidized, the
SEM picture of TC demonstrated some white spots on the
surface. It could indicate that the oxidation caused the sloughing
surface of the material to form the white spots. Regarding the
condensation process, the MTC possessed many patterns on the
surface that resembled the surface of the raw material. This
indicated that in the condensation process, thiosemicarbazide
molecules connected with the CHO group, and the imine group
C=N was formed, filling the sloughing surface with white spots.

For EDX spectra (Figure 8), MTC and MTC-Cu samples
were analyzed to determine the adsorption of MTC. From the
results of EDX spectroscopy of MTC-Cu, the appearance of the
Cu peak indicated that MTC adsorbed the Cu(Il) ion in
solution. However, the EDX spectrum of MTC did not show any
peak of the sulfur element, while the MT C-Cu spectrum showed
a signal. This was because the high-energy X-rays interacted with
the sulfur atom, which led to the destruction of sulfur. So EDX
spectrometry could not record the signal of the sulfur atom.
However, in the MTC-Cu sample, bond formation between the
Cu’" ion and S of the thioketone group was established due to
the soft acid—soft base interaction, and this stable interaction
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was not broken by X-rays. Data of MTC and MTC-Cu did not
record the signal of nitrogen because nitrogen is a light atom,
compared to carbon and oxygen.

For BET measurement, TCR, TC, and MTC samples were
measured to determine the surface area. The results from BET
showed that TCR, TC, and MTC had surface areas of 300.046,
0.000, and 677.940 m* g™, respectively. The BET values were
used to predict whether oxidation and condensation occurred
and whether those processes affected the characteristic surface
of materials. The BET values and the % removal efficiencies of
TCR, TC, and MTC had the same trend. Surveys for the Cu(II)
removal of TCR, TC, and MTC were performed. As can be seen
from graph Figure 6b, TC had the lowest removal performance,
whereas MTC possessed the highest removal performance. It
could be explained by the fact that adjacent OH groups of TCR
helped it form a complex with the Cu(II) ion. Besides, there
were pores on the surface, which acted as adsorption sites. For
TC, although the surface area of TC was 0.000 m* g”', TC can
adsorb Cu(Il) ions due to the number of OH groups that
remained after oxidization. Finally, the MTC material
containing the imine group and the sulfur atom could combine
with Cu(II) ions to form Cu—S. The white spots disappeared on
the surface of MTC, and its surface area increased, which
indicated that MTC had the highest removal performance.

2.4. Isotherms, Thermodynamic, and the Kinetic
Equation for Process (3). 2.4.1. Isotherm Equations. The
Langmuir isotherm equation (eq 2) is used for describing
quantitatively the formation of a monolayer adsorbate on the
outer surface of adsorbents, with each adsorption center
attaching one molecule. The surface is homogeneous at every
site, and the adsorption is reversible.”"
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Table 1. Coefficients of Isotherm Equations

Langmuir isotherm equation

y = 0.0688x — 0.0094 R* = 0.9922
I (mgg™) Ky (L mg™) R e SAE SSE Ag. R,
106.3829 0.13663 0.9922 1.174 23.90252 2.9435 3.1028 0.0638
Freundlich isotherm equation
y = 1339 + 2.7694 R*=0.9702
Ky (L mg™) N R? b SAE SSE Ag.
15.94906 0.74682 0.9702 4.267 37.4018 4.6074 3.1030
Temkin isotherm equation
y = 49.674x + 15.736 R? = 0.8605
Ar (L mg™) by (J mol™") R? 7 SAE SSE Aq,
1.3727 49.8766 0.860S §7.753 88.3214 10.2657 10.82099
Dubinin—Radushkevich isotherm equation
y=—4X1077x + 4.3589 R* = 0.8758
q; (mgg™) K,q (mol* kJ72) R? SAE SSE Ag.
78.1711 4x 1077 0.8758 30.797 108.0721 13.4445 14.17179
. -1 . . el e
1 1 1 1 capaczlty Srzng g ), K;}d is the ads.01jpt10n equlhbr{um constant
—=—]=+ — (mol* kJ7), and ¢ is the Dubinin—Radushkevich isotherm
q, Kig Ce 9., (2) constant.

where C, is the equilibrium concentration of the adsorbate (mg
L"), q. is the amount of metal adsorbed of the adsorbent at
equilibrium (mg g™'), q,, is the maximum monolayer coverage
capacity (mg g~'), and K is the Langmuir isotherm constant (L
mg_l .

The Freundlich isotherm equation (eq 3) is used for
describing the adsorption characteristics on a heterogeneous
surface.”’

1
In q, In K + » In C, )
where C, is the equilibrium concentration of the adsorbate (mg
L"), q. is the amount of metal adsorbed of the adsorbent at
equilibrium (mg g™"), n is the adsorption intensity, and K is the
Freundlich isotherm constant.

The Temkin isotherm equation (eq 4) considers the
interaction of the material and the adsorption subject by
ignoring the too high or too low concentration. It just considers
the adsorption heat (heat function) of all molecules on the layer
that is linearly reduced.”'

T
qezlz—TlnAT+IZ—lnC

T T ‘ (4)
where C, is the equilibrium concentration of the adsorbate (mg
L"), q. is the amount of metal adsorbed of the adsorbent at
equilibrium (mg g_l), Ay is the Temkin isotherm equilibrium
binding constant (L g!), by is the Temkin isotherm constant, R
is the universal gas constant 8.314 (J mol™" K™'), and T is the
temperature at 298 K.

The Dubinin—Radushkevich isotherm equation (eq 5) shows
the mechanism of adsorption with the Gaussian energy
distribution on the nonhomogeneous surface of a material. It
is usually applied for good active substances.”’

Ing =Inq - Kad-e2 (5)

where g, is the amount of adsorbed metal in the adsorbent at
equilibrium (mg g'), g, is the theoretical isotherm saturation

The Langmuir isotherm model was the best design for
depicting the Cu(II) removal of MTC because its R is larger
than that of the Freundlich, Temkin, and Dubinin—Radushke-
vich equations. Besides, y*, sum of absolute error (SAE), sum of
square of error (SSE), and Aq, values of the Langmuir equation
were smaller than the other three (Table 1).

With the Langmuir isotherm equation (Figure 9), the g,
coefficient could prove that the maximum adsorption capacity

L8

084
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04 -4

024

T T T T T
0.00 0.02 004 0.06 008 0.10 012

1/e,

Figure 9. Paradigm of the Langmuir isotherm equation.

with which MTC could remove the Cu(II) ion from the solution
was 106.3829 mg g~ The Ry value of 0 < Ry < 1 shows that the
adsorption was spontaneous. From Tables 1, 2, and 3, it can be
seen that the adsorption process of the above adsorbents almost
obeyed the Langmuir isotherm and the pseudo-second-order
equation. MTC had the lowest adsorption time (for 30 min)
with the capacity of 106.3829 mg g™, which was lower than only
thiosemicarbazide carboxymethyl cellulose. Under the same
conditions, there was no significant difference in the adsorption
capacity of MTC compared to the N(4)-nonsubstituted TSC
cellulose.”’*° Therefore, it can be concluded that the
heterocyclic substitute as the morpholine moiety at the N(4)
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Table 2. Comparison of Different Adsorbents

metal capacil order of
adsorbent ion time (mgg™) isotherm reaction ref
chitosan-coated cotton fiber Cu(I1) 15h 24,78 L F 30
chitosan/perlite Cu(ll) 24h 104.0 L 31
wood pulp citric acid Cu(ll) 2h 23.70 L 32
sunflower stalk acrylonitrile Cu(ll) 2h 39.0 F 33
carboxymethyl cellulose-based Na montmorillonite thermoresponsive Cu(ll) 48h 2.23 pseudo- 34
nanocomposite hydrogel second
carboxymethyl cellulose-based thermoresponsive nanocomposite hydrogel Cu(ll) 48h 2.14 pseudo-d 34
secon
chitosan/zeolite composite Cu(1I) 1h 25.88 L pseudo- 35
second
thiosemicarbazide carboxymethyl cellulose Cu(1I) 30 min 144.90 L pseudo- 13
second
MTC Cu(I1) 30 min 106.3829 L pseudo- present
second work
“L, Langmuir; F, Freundlich.
Table 3. Kinetic Constants of Adsorption
no concentration (mol L") k k, q. cal R? SSE SAE i Ag
Pseudo-First Order Equation 6
1 100 0.1298 25.647 0.8324 72.751 270.318 1274.101 81.3383
2 75 0.1364 24.944 0.9048 75.014 276.173 1213.522 83.8687
3 NU 0.1502 24.567 0.9467 84.774 308.472 1241.545 94.7802
Pseudo-Second Order Equation 7
1 100 0.00023 78.740 0.9967 0.573 2.245 0.028 0.6403
2 75 0.00020 86.206 0.9978 0.608 1.869 0.023 0.6803
3 NU 0.00020 86.956 0.9998 0.275 0.986 0.004 0.3071
position of thiosemicarbazide does not affect the adsorption AH®  AS°
capacity of TSC cellulose. K. =- RT + R (9)
2.4.2. Kinetic Investigation. The increase in the rate of the
adsorption process is due to the presence of many vacant sites. q
Compared with other adsorbents,””****> MTC shows a greater K. ==
rate. The fast adsorption is attributed to amine and sulfur groups Ce (10)

present in the MTC, which have a high affinity to the Cu(1I) ion.
The kinetic equation of adsorption of the Cu(II) ion by MTC
was developed based on the Lagergren equation.*

pseudo-first order equation: ln(qe - qt) =Ing, — kt
(6)
1 1

t
pseudo-second order equation: — = —t +

qt qe

kel )
where g, is the adsorption capacity (mgg™"), g, is the adsorption
at t (min), and k; and k, are the rate constants.

The regression coefficient R> of eq 7 was greater than that of
eq 6, and the error values (SSE, SAE, 7 Aq) of eq 7 were less
than those of eq 6. Therefore, the adsorption of MTC was of
pseudo-second order. Its order was independent of the
concentration of the Cu(Il) solution. The pseudo-second-
order and the adsorption data showed that the adsorption
process of the Cu(II) ion by MTC was a chemical reaction
(chemical adsorption, the Cu(Il) ion forms bonds with the S
and N atoms of MTC) but not a physical adsorption.'**’

2.4.3. Thermodynamic Parameters of the Adsorption. The
endothermic or exothermic adsorption can be concluded by
analyzing the enthalpy (AH®) and standard free energy (AG®),
respectively. Equations 8—10 were used to obtain the different
thermodynamic parameters.

AG° = —RT InK, (8)
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where R is the gas constant (8.314 J K™ mol™"), T is the
temperature (K), K_ is the thermodynamic equilibrium constant,
g. is the solid-phase equilibrium concentration (mg g™"), C, is
the equilibrium concentration of the solution (mg L™"), and AS°®
is the randomness of the system (J mol™ K™'), which was
obtained from the linear equation from Figure 10.

The linear equation was established as follows: y = 6125.3x —
17.261 with R* = 0.9903. As a result, AH® was —50.9257 k]
mol ™" and AS°® was —143.5079 J mol™' K™'. The AG® values

35

30 4

1.0

T T T
0.00326 0.00328 0.00330

T (K)

T T
000322 0.00324 0.00332

Figure 10. Graph of the van’t Hoff equation for the adsorption of MTC.

https://dx.doi.org/10.1021/acsomega.0c01129
ACS Omega 2020, 5, 14481-14493


https://pubs.acs.org/doi/10.1021/acsomega.0c01129?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01129?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01129?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01129?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01129?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

showed that the adsorption process of MTC was spontaneous in
the temperature range of 302—310 K. The AH® value showed
that the process was exothermic. The MTC showed the cellulose
structure to be fiber (the same as the Au-C-fiber) (Table 5),

Table 4. Thermodynamic Values of Adsorption

temperature (K) AG° (IJ mol™) AH°® (IJ mol™) AS° (J mol™ K™')

302 —7.586 —50.9257 —143.5079
304 —7.299
306 —7.012
308 —6.725
310 —6.438

which endowed MTC with the advantage of keeping the Cu(II)
ions without heating. So when the temperature increases, the
fiber structure expands and Cu(II) ions on the surface might
become loose and fall out of the fiber. The thermodynamic
values supported the results of the single-variable survey (T = 30
°C) that the rise in temperature decreased the performance
gradually.”® The AS° value showed that the randomness of the
system decreased. It is because when adsorption occurred, the
number of ions in the final solution decreased compared to the
original solution (Table 4).

2.5. Desorption and Reuse. Desorption was used with 0.1
M HCI. With the first adsorption, the removal was about 97%.
The change was clear in the tenth adsorption with 90% Cu(II)
removed. The percentages of desorption and adsorption were
very close. This proved that the adsorption of the MTC material
was reversible.

Compared to the other adsorbents, the performance
of MTC on the fourth reuse was 95.15% and on the fifth reuse it
was 94.62%, proving that MTC had equivalent performance to
the others. MTC could be reused efficiently 10 times because it
possessed the removal performance of 90%. Thus, it is promising
to use MTC in the removal of Cu(II) ions in contaminated water
sources (Figure 4d).

8,13,41—43

3. CONCLUSIONS

By the single-variable analysis, the optimal conditions for the
oxidation process were determined. Cotton was oxidized in a
CH,COOH/CH,COONa buffer solution (pH 3.0) at 45 °C for
6.0 h with the mass ratio of TCR/KIO, of 1:8 and in a dark
condition. The optimal condition for the condensation process
was also estimated: mass ratio of TC/N(4)-morpholinothiose-
micarbazide, 1:2; pH of the solution, 5.0; reaction time, 6.0 h;
and temperature, 80 °C. The removal was processed in pH 6.0 at
30 °C for 30 min with 80 RPM. With two-variable ANOVA with
replicates, pairs of factors were seen to affect the performance of
adsorption of MTC: pH—time, pH—temperature, and time—
temperature. The adsorption was of pseudo-second order; the
isotherm equation correlated best with the Langmuir equation

with the estimated thermodynamic values (AH® was —50.9257
kJ mol™" and AS°® was —143.5079 J mol™" K™'). All of the data
showed that the adsorption process was spontaneous at room
temperature. The adsorption capacity of TSC cellulose depends
on the number of active sites such as oxygen atoms of hydroxyl
groups, sulfur atoms of thioketone, and nitrogen atoms of imine
groups. The substitute as morpholine at the N(4) position does
not support the adsorption capacity. Desorption of MTC
occurred in 0.1 M HCl and could be reused 10 times. MTC can
be used to treat wastewater from industrial factories due to its
ability of Cu(II) removal, which can adsorb 95—97% of Cu(1I)
ions in polluted water. Based on the results of this study, in our
next work, we expect to transform MTC into a stationary phase
in ion-exchange chromatography.

4. MATERIALS AND METHODS

4.1. General. Chemicals: Sodium hydroxide, hydrogen
peroxide 30%, hydrochloric acid 36.5%, potassium iodide,
potassium permanganate, potassium hydroxide, sodium hydrox-
ide, sodium chloride, starch, sodium thiosulfate pentahydrate,
boric acid (solid), concn acetic acid, concn phosphoric acid,
concn sulfuric acid, carbon disulfide, ammonia, hydrazine
hydrate, ethanol, copper sulfate pentahydrate, and ethyl acetate
were purchased from Xilong, China; potassium iodate was from
BDH-England; and morpholine and sodium chloroacetate were
from Sigma-Aldrich-America. Cotton was collected from GLE
Logistics warehouse, Ho Chi Minh City, Vietnam.

Equipment: The structural analyses of TCR, TC, and MTC
were carried out by FT-IR in the scan range of 4000—450 cm ™
(TENSOR 27-BRUCKER with compressed KBr pellets).
Changes in crystallinity were determined using D8 Advance
Eco (Bruker AXS-German) with a Cu target 4 = 0.154 nm at 40
kV and 260 of 10°—80°. Adsorption data were obtained with the
help of UV photometry (Perkin-Elmer Lamda 25 UV—vis
spectrum; wavelength 200—800 nm). The pH was monitored by
a pH calorimeter (Winlab). Surface area data of TCR, TC, and
MTC were studied by operating Nova Station A, Quantach-
rome. The surface morphologies were observed by SEM
HITACHI S-4800 (HI-9039—0006). The elemental composi-
tion was analyzed by EDX 2800 (Skyray). Thermal stabilities of
TCR, TC, and MTC were tested in a nitrogen environment in
the range of 50—700 °C and heating speed of 10 °C min™"
(Labys Evo TG-DSC-1600 °C).

4.2, Synthesis Process and Adsorption of Modified
Cellulose (MTC). The process of cleaning raw cotton was based
on a traditional method.*” To synthesize KIO,, 10 g of KI and 20
g of KOH were added into a 100 mL beaker containing 60 mL of
water and then stirred with a magnetic stirrer. The chlorine
generated by the reaction between KMnO, and concn HCI was
bubbled to the alkaline iodide solution for 3 h. The precipitate
was filtered and dried at 70 °C. N(4)-Morpholinothiosemi-
carbazide was prepared by the traditional method."”

Table 5. Thermodynamic Values of the Other Adsorbents

adsorbent AH® (kJ mol™) AS° (J mol™' K1) ref
Au-C-PTS fibers —109.62 39
Ni-C-PTS fibers —13.39 —8.17 39
TSC-NH;-OCS Ag(I) unary 74.96 40
TSC-NH,-OCS Ag(I)—Cu(II)—Ni(II) tertnary —43.42 —126.22 40
thiosemicarbazide carboxymethyl cellulose 1.101 30.95 13
MTC —50.9257 —143.5079 this study
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TCR and KIO, were mixed in a 100 mL Erlenmeyer flask with
the mass ratio TCR/KIO, of 1:8 in an acetic buffer solution (pH
= 3.0) at 45 °C for 6 h and kept without sunlight. The product
was filtered, washed with water, and dried at 70 °C, which led to
the obtaining of oxidized cotton (TC)."> TC was condensed
with N(4)-morpholinothiosemicarbazide with the mass ratio of
1:2 and pH 5.0. The solution was heated at 80 °C for 6 h. After
that, the product was filtered, washed with hot ethanol, and dried
at 70 °C, which led to the obtaining of condensed cotton
(MTC).

First, 0.05 g of MTC was added into a SO mL Erlenmeyer flask
containing 100 mg L™ CuSO,, with the pH of the solution
adjusted to 6.0, temperature at 30 °C, and the removal
proceeded in 30 min at the speed of 80 RPM.

4.3. Investigation of the Optimal Conditions. 4.3.1. Op-
timal Conditions for Process (1). All single-variable samples had
a blank sample to compare; samples were measured at
wavelength 287.80 nm.** All single-variable conditions for the
investigation of the process (1) are listed in Table 6.

Table 6. Single-Variable Conditions for Investigation of
Optimal Conditions of Process (1)

buffer solutions H,SO, H,PO, CH;COOH
pH buffer solutions 2.0 2.5 3.0 3.5 40 45 S0
oxidized time (h) 4.0 5.0 6.0 7.0 8.0 9.0
temperature (°C) 25 35 45 sS 65

mass ratio 1:1 1:2 1:4 1:8 1:10
TCR/KIO,
concentration of 0.05 0.10 0.15 0.20 0.25

NaCl (mol L")

4.3.2. Optimal Conditions for Process (2). MTC adsorbed
Cu(1I) ions, and the solution after removal was compared to the
initial CuSO, solution to calculate the performance of the
removal of MTC. The solution was measured at wavelength
800.0 nm. All single-variable conditions for the investigation of
process (2) are listed in Table 7.

Table 7. Single-Variable Conditions for Investigation of
Optimal Conditions of Process (2)

condensation time (h) 2 4 6 8
condensation temperature (°C) 40 60 80

4.3.3. Optimal Conditions for Process (3). MTC adsorbed
Cu(1I) ions, and the solution after removal was compared to the
initial CuSO, solution to calculate the performance of the
removal of MTC. The solution was measured at wavelength
800.0 nm. All single-variable conditions for the investigation of
process (3) are listed in Table 8.

4.4. 1sotherm, Thermodynamic, and Kinetic Equations
for the Adsorption Process of MTC. MTC (0.0S g) adsorbed
Cu(II) ions with the solution pH of 6.0 at speed 80 RPM and
different conditions, which are listed in Table 9."**°

Table 8. Single-Variable Conditions for Investigation of
Optimal Conditions of Process (3)

pH of solution 1.0 2.0 3.0 4.0 5.0 6.0

removal time (min) 10 20 30 40 Nu 60

solution temperature 30 40 S0 60 70 80
(°C)

speed (RPM) 80 160 240 320

4.5. Factors Affecting Removal Efficiency of Cu(ll).
MTC (0.0 g) adsorbed Cu(II) ions at the concentration of 100
mg L™ at 80 RPM and with different pairs of elements (Table
10).

4.6. Desorption and Reuse. Desorption: MTC (0.05 g)
was added in a beaker containing 50 mL of 0.1 M HCI and
stirred for 10 min. The solution was used to measure absorption
to determine the desorption percentage of MTC."?

Reuse: After desorption, MTC was added into a beaker
containing 0.1 M NaOH solution for neutralization; then, MTC
was washed with water many times, dried at 70 °C, and could be
reused.

4.7. Error Analysis. For the comparison of models in kinetic
and isothermal equations, error analysis was carried out. The
error functions are the sum of square of errors (SSEs) (eq 11),
sum of absolute errors (SAEs) (eq 12), Chi-square (¥*) (eq 13),
and standard deviation Aq (%) (eq 14), which were estimated
from experimental and calculated values.

" (g

SSE = Z

i=0 n (11)

— )2
e,exp qe,cal i

SAE = lg, . —aq, .
; e,exp e,cal (12)

" (g

)2
=Y

i=1 qe,cal (13)

e,exp - qe,cal

%) = |1 —g )
Aq(%) = \/ — l(qe,exp 4, )i (14)
where g, ., and g, correspond to experimental and calculated
adsorption capacities, respectively (mg g™'). n is the number of
measurements.

For accuracy and precision of the two methods (titration and
UV—vis) in the process (1), error analysis was also carried out.
The error functions, which are the Student coefficient (¢) (eq
15) and the Fisher coefficient (F) (eq 16), were evaluated.

2
oo | X~ dy) _dy
! n—1 4 (15)
2 Z(x,-—v?)z \/572
N :7—)‘;%:—
n—1 n
£=ts, CV =~ x 100
X

2
F="1 whereS? > S?
s; e (16)

where s, is the relative standard deviation; d; and d, are the
differences of titration and UV—vis value and the average of d,
values, respectively; s is the standard deviation; x; and % are the
values in each experiment of titration/UV—vis and the average
of x; values; ¢ is the absolute error; and CV is the coefficient of
variation.

4.8. Analysis of Cu(ll) Concentration. For analysis of
Cu(1I) concentration, experiments are described in Tables 11
and 12. For the preparation of the standard CuSO, solution, it
was acidified by 50 mL of 1 M H,SO, solution before it was
diluted to 1 L. The maximum absorption of the standard CuSO,,
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Table 9. Investigation Conditions of Kinetic, Thermodynamic, and Isotherm Equations

thermodynamic
kinetic equation equation
time (min) 15, 20, 25, 30 min 30 min
concentration of Cu(Il) (mg L™") 100, 75, 50 mg L™ 100 mg L™*

temperature (°C) 30 °C

29, 31, 33, 35,38 °C

isotherm equation

30 min

10—100 mg L™ (the difference in concentration in each experiment was
10mgL™")
30°C

Table 10. Effect of Pair of Factors on Removal Efficiency of Cu(II)

temperature-time

pH solution-time pH solution-temperature

temperature (°C) 30, 40, 50, 60 °C 30 °C 30, 40, 50, 60 °C

time (min) 10, 20, 30, 60 min 10, 20, 30, 60 min 30 min

pH solution 6.0 4.0, 5.0, 6.0 4.0, 5.0, 6.0

Table 11. Investigation of Optimal Conditions of Processes (2) and (3)

no. 1 2 3 4 S 6 7 8 9 10
V, (mL) 2 2 2 2 2 2 2 2 2 2
V, (mL) 26 28 30 EY) 34 36 38 40 2 44

Diluted to 100 mL

Coaa (mg L) 1664 1792 1920 2048 2176 2304 2432 2560 2688 2816

Table 12. Investigation of Thermodynamic, Kinetic, and
Isotherm Experiments, and Effect of Factors on Adsorption,
Desorption, and Reusability

no. 1 2 3 4 S
Vv, (mL) 2 2 2 2 2
V, (mL) 30 32 34 36 38
Diluted to 100 mL
Cogq (mg L) 1920 2048 2176 2304 2432

solution is observed at a wavelength of 800 nm. Therefore, the
absorption values of the samples were measured at 800 nm. The
functions of the absorption values versus C,4q were plotted. The
regression equation for each case was built up, and its x-intercept
was calculated where the linear line crossed the x-axis (at the
point y = 0). The Cu(II) concentration is the absolute value of
the x-intercept.

Here, V, is the volume of the solution after adsorption (mL),
V, is the volume of the additional standard solution (mL), and
C,44 is the additional concentration (mg L™").
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