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Preparation of Magnetic Cellulose Nanocrystal -Modified Diatomite
for Removal of Methylene Blue
from Aqueous Solutions
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ABSTRACT: The Magnetic Cellulose Nanocrystal-Modified Diatomite (MCNCD) composite
was synthesized and its adsorption performance for removal of Methylene Blue (MB) dye from
aqueous solutions was investigated. The as-prepared MCNCD samples were characterized
by Fourier transform infrared spectroscopy, scanning electron microscopy, thermal gravimetric
analyzer, and vibration sample magnetometer, respectively. The adsorption parameters such as
temperature, initial concentration of MB, adsorption time, and pH, were studied. The adsorption
isotherms and kinetics were established. The results showed that adsorption isotherm and kinetics
fitted well to the Langmuir model and pseudo-second-order model, respectively. Furthermore,
the as-prepared MCNCD samples can be reused/ recycled after regeneration, with an adsorption

capacity of 46.21 mg/g after six cycles.
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INTRODUCTION

Organic dyes are widely applied in many industries
such as textile, leather, printing, and papermaking.
Annually, large amounts of these dyes are discharged from
manufacturing operations resulting in colored wastewater [1],
Dye is very difficult to be treated/ degraded in wastewater
treatment systems [2], which can cause harmful effects
on the human body and environment[1, 3-4]. Therefore,
the effective removal/ degradation of these dyes from
wastewater has been a popular topic in the research
community. Different approaches such as flocculation [5, 6],

membrane [7-10], oxidation [11-13], Electro-coagulation [14],
catalysis [15, 16], and adsorption [17-22], have been
studied. Among them, adsorption is considered
to be a competitive and effective method on account of its
low cost, easy operation, environmental friendliness, and
non-toxicity [20-22]. Various low-cost adsorbents were
developed for this purpose. In recent years, natural
materials as adsorbents, have received much attention
due to their renewability, biodegradability, nontoxicity,
and eco-friendliness [20, 21].
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INTRODUCTION

Diatomite is an inorganic material with low cost, high
porosity, low density, and chemical/ biochemical stability [22, 23].
Diatomite has been studied as an adsorbent for removing
pollutants from wastewater [24, 25]. The performance of
natural diatomite as an effective absorbent for dyes is limited
due to the presence of its impurities and inferior adsorption
sites on the surface [26, 27]. Further modifications of diatomite
can enhance its adsorption properties [28, 29]. For example,
organic modification can improve the performance and utility
of inorganic materials [29]. Cellulose NanoCrystal (CNC),
as organic material from nature, can be extracted from
lignocellulosic materials [30-32], and CNC can be used in
wastewater treatment because of its adsorptive property and
electrostatic interactions involving hydroxyl groups [31].
Similarly, magnetic materials are desirable as adsorbents to treat
water contamination [33-34], because it is convenient to separate
the adsorbents after use from an aqueous solution under the
external magnetic field so that they can be reused/ recycled [35].

In this study, natural diatomite was first modified with
CNC, then made magnetic by adding ferric chloride and
ferrous sulfate, resulting in the formation of Magnetic
Cellulose NanoCrystal-modified Datomite Composite (MCNCD).
Subsequently, the potential of the as-prepared MCNCD
as an effective adsorbent for the removal of cationic dye
(methylene blue, MB, as a model) was evaluated.
The regeneration/recycling of MCNCD for MB adsorption
was also investigated.

EXPERIMENTAL SECTION
Materials

The CNC was purchased from Tianjin Haojia Cellulose
nanocrystal Co., Ltd., China. The diatomite was supplied
from Jilin Yuantong Mining Co., Ltd., China.

Ferric chloride hexahydrate and ferrous sulfate
heptahydrate were purchased from Shenyang East China
reagents Co., China. Sodium hydroxide was purchased from
Tianjin Damao Chemical Industry, China. Methylene blue
was purchased from Shenyang Third Reagents Co., China.
Sulfuric acid was purchased from Yantai Shuangshuang
Chemical Industry Co., Ltd., China. All reagents were reagent
grade and were used without further purification.

Synthesis of Magnetic Cellulose NanoCrystal-modified
Diatomite (MCNCD)
The preparation of MCNCD was described according
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to the previous works [17, 36] with minor modifications.
First, CNC suspensions were prepared using 0.5 g of CNC
dispersed in 500 mL deionized water and ultrasonic
treatment for 30 min. Then, 0.5 g of dry diatomite was added
to the CNC suspensions under the condition of pH 7, 60°C,
and magnetically stirred for 3 h. Subsequently, it was centrifuged
and washed several times with deionized water until
a constant pH was reached. After that, the obtained
Cellulose NanoCrystal-modified Diatomite (CNCD) was dried
for further usage.

Magnetic Modified Cellulose NanoCrystal-modified
Diatomite (MCNCD) composite was synthesized as follows.
1g CNCD was dispersed in 100ml deionized water. 0.27g ferric
chloride hexahydrate and 0.28g ferrous sulfate heptahydrate
were successively added to the CNCD suspension in a nitrogen
atmosphere and stirred at ambient temperature for 30 minutes.
Then sodium hydroxide (was dropped into suspension
to maintain the pH 10. Afterward, the black sediments
were washed with deionized water and ethyl alcohol alternately
until pH 0.1M) maintain constant. Finally, the composite
was dried in a vacuum at 60 °C for 12 hours.

Characterization

The chemical composition of the samples was determined
by Fourier Transform InfraRed spectrum (FT-IR, IRAffinity-1,
Japan). The TGA curves were obtained using a Q600
machine (TA Instruments, USA) in the temperature range
of 25 to 600 C at a heating rate of 10 °C /min under
nitrogen flow. X-Ray Diffraction (XRD) pattern of
samples was obtained on a Bruker D8 Advance
spectrometer (XRD-7000s, Shimadzu, Japan). Morphology of
samples was examined using a Scanning Electron
Microscope (SEM, JSM-7610F, Jeol, Japan), Thermal
Gravimetric Analyzer (TGA, DACI-TGA, Mettler Toledo,
Switzerland), and vibration sample magnetometer
(VSM, HH-12, China) were used to determine the structure
of samples and the magnetic saturation of MCNCD.

Adsorption Experiments
Effect of adsorption temperature

The adsorption experiments were performed in
a conical flask by contacting 0.005g MCNCD with 30mL
of 20mg/L MB dye solution. The conical flask was sealed
and left on a thermostatic shaker at 25°C, 30°C, 35°C,
40°C, 50°C, respectively. Samples of 5SmL were taken from
the solution after 420 min to determine adsorption capacity.
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Effect of initial pH

The initial pH values were adjusted to the target one
in a range of 3.0 to 11.0 using 0.1M NaOH or HCI
solutions as required. 5mL solutions of the sample
were extracted from the suspension on a pre-set schedule
(420 min) to determine the adsorption capacity.

Adsorption kinetic study experiments

Adsorption kinetic experiments were performed at
20mg/L of initial MB concentration and the adsorption
amount of dye by MCNCD was measured at pre-set time
intervals ranging from 5-700min. Samples of 5mL were taken
from the solution after 420 min to determine adsorption
capacity.

Adsorption isotherm study experiments

Adsorption isotherm experiments were conducted
with various initial MB concentrations (co=20-800mg/L)
for 420 min. Samples of 5mL were taken from the solution
after 420 min to determine adsorption capacity.

Analytical methods
The adsorption amount at the equilibrium (ge, mg/g)
was calculated by following Eq. (1).

g, =——— @)

Where ¢, and c, are the initial and equilibrium MB
concentration (mg/L), respectively. v is the volume of
solution (L) and m is the amount of adsorbent (g).

The adsorption experiments were based on OFAT
approach. And the experimental data were statistically
analyzed with one-way Analysis of Variance (ANOVA)
using Statistical Package for Social Sciences (SPSS)
software for the effect of different factors on the MB
adsorption by MCNCD. P<0.05 is considered significant.

Regeneration experiments

Regeneration of the MCNCD adsorbent was conducted
as follows: the MCNCD was separated using a magnet and
dried after the adsorption experiment. The dried sample
was added to a conical flask with 1 mol/L HCI solution,
and the flask with its contents was placed on a platform-
shaker for 48h (25 °C). Subsequently, the sample was washed
with ethanol in a centrifuge a few times until the
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supernatant was neutral. Finally, the recycled MCNCD
sample was separated and dried in a vacuum box.

The regenerated MCNCD was reused to adsorb MB
in an aqueous solution under the same optimal conditions.
Samples of 5mL were taken from the solution after 420 min
to determine adsorption capacity.

RESULTS AND DISCUSSION
Characterization

The FT-IR spectra of CNC, diatomite, and MCNCD
were presented in Fig.1. A strong peak for CNC and
MCNCD at 3344 and 3348 were related to the O-H group
and, peaks at 2901cm-1 and 2899 cm-1 were due to
the C-H stretching of cellulose. In the spectrum of
MCNCD, a strong peak of 798 cm and 1033 cm® were detected,
which was produced by the joint action of Si-O-Si
in diatomite [37].

The adsorption peak of MCNCD at 702 cm is the Fe-O
band in FesO4. The above results support the conclusion that
the Magnetic Cellulose NanoCrystal/Diatomite (MCNCD)
composite was synthesized successfully.

XRD patterns of CNC, diatomite, and MCNCN were
shown in Fig.2. The XRD pattern of CNC displayed four
characteristic peaks of crystalline nature of cellulose I 26
at 14.9°, 16.5°, 22.8°, corresponding to the diffraction
planes of (110), (110), and (020), respectively [38]. Two
wide peaks were shown at 21.8° and 36.1° for diatomite,
characteristics of SiO, [39]. In addition, the peaks
occurring at 26 of 30.1°, 35.4°, 43.1°, 56.9°, 62.5° showed
that the prepared MCNCD had pure FesOs with spinel
structure [40]. The XRD patterns confirmed the existence
of CNC, diatomite, and Fe3O4 in the MCNCD composite.

SEM measurement was used for characterizing
the microscopic structure of samples. The SEM images
of samples are shown in Fig.3. Fig. 3 (a) was TEM image
of CNC supplied by Tianjin Haojiao co. Itd. The spindle
morphology of CNC was shown in TEM image. For diatomite
morphology, the porous structure of pure diatomite was
obviously presented in Fig. 3 (b). By comparison, the CNC
with a spindle covered on a diatomite surface can be seen
in the enlargement of SEM image in Fig. 3 (c), illustrating
CNC attached to the surface of diatomite. This was shown
that the CNC was successfully composited with diatomite.
Furthermore, it is easy to find that magnetic material
dispersed in CNCD from SEM image of the MCNCD

(Fig. 3 (d)).
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Fig. 1: FTIR spectra of CNC, Diatomite and MCNCD.
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Fig. 2: XRD patterns of CNC, Diatomite and MCNCD.
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Fig. 3: TEM photograph of CNC (a), SEM photographs of Diatomite (b), CNCD (c) and MCNCD (d).

TGA is an important tool for detecting the thermal
stability of materials. The TGA curves of CNC,
diatomite, and MCNCD are given in Fig. 4. The TGA
curve of diatomite showed a slight mass loss of about 3%,
which was mainly due to the evaporation of water and
decomposition of some impurities. For CNC, there were
three stages of mass losses in the range of 20-600°C.
In the first stage, an initial small weight loss of about 10%
between 20 °C and 200 °C corresponded to absorbed
moisture. The second stage and third stage were in the
range of 200-350 °C and 350-600°C with weight loss of
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55% and 35%, respectively, which attributed to CNC
thermal degradation. The TGA thermograms of the
MCNCD showed that there were three steps for thermal
degradation of the samples, the first degradation (20-300 °C)
characterized the loss of moisture in samples with
approximately 5% of mass loss. The maximum values of
mass loss for MCNCD with about 17% mass occurred
in the second stage of 200-350 °C, which were mainly
related to the degradation of CNC. The third stage above
350 °C was related to CNC degradation, the mass of
MCNCD was nearly unchanged. The results obtained
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Fig. 4: TGA curves of cellulose, diatomite, and MCNCD.
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Fig. 5. Hysteresis loops of the MCNCD sample at room
temperature.
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Fig. 6. Effect of temperature on the adsorption capacity
of the MCNCD for MB.

in TGA confirms magnetic ferroferric oxide in the
prepared MCNCD.

The magnetic property of the MCNCD was
characterized by a Vibrating Sample Magnetometer (VSM)
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at room temperature (25°C), and the results are presented
in Fig. 5. It was shown that the saturation magnetization of
the MCNCD was 25.3 emu/g at the applied magnetic field
of 20000 Oe, showing a strong magnetic response
for the magnetic field. The results demonstrated that
the MCNCD can be used as an adsorbent for removing
MB from the aqueous medium, subsequently, it can be
recovered/reused by using a magnetic field.

Adsorption
Effect of temperature

The effect of temperature on MB removal by MCNCD
is presented in Fig. 6. The effect of temperature on MB
adsorbed onto MCNCD is small. The small increase
in adsorption capacity is due to the improvement of the rate
at that MB molecules diffuse into polyporous MCNCD
due to the decrease in the viscosity of the solution with the
temperature increasing [41]. The reduction of adsorption
capacity from 30 to 50°C may be attributed to the
exothermic nature of the adsorption process. The
maximum adsorption capacity appeared at 30 °C, so
further adsorption experiments were conducted at 30 °C.

Effect of pH

The pH of the solution can distinctly affect the
adsorption capacity of MB from an aqueous medium [42].
The results of the effect of pH on the removal of MB
are shown in Fig.7. It was clear from the diagram that,
the adsorption capacity of MB increased with increasing
pH, it was increased from 31.7 mg/g to 60 mg/g with
an increase in the pH from 3 to 9. The adsorption
efficiency was in significant when pH increased above 9.
This variation tendency was in accordance with
the literature [43]. MB was adsorbed onto MCNCD
because of the electrostatic reaction between the cationic
MB dye and the negative hydroxyl groups on CNC and
diatomite. The surface of MCNCD is more negatively
charged with increasing the pH of the medium, so the
electrostatic interactions between MB and negative groups
of MCNCD increase and facilitate MB adsorption.
The adsorption capacity equilibrated after pH 9; therefore,
pH 9 was used in the next adsorption experiments.

Adsorption kinetics

Adsorption is a physicochemical phenomenon, which
encompasses the mass transfer of a solute from the solution
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Fig. 7: Effect of pH on the adsorption capacity of the MCNCD
for MB.
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Fig. 8: Effect of time on the adsorption capacity of the MCNCD
for MB.
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Fig. 9: Pseudo-first (a) and second (b) kinetics modeling MB adsorption.

to the adsorbent. The effect of time on the adsorption of
MB onto MCNCD is shown in Fig. 8. It can be seen that
the capacity of adsorption for MB increased with contact
time and the maximum adsorption capacity reached 56 mg/g.
The adsorption amounts increased when extending
the time, as a result of more adsorption of MB molecules
onto the MCNCD structure. Then adsorption rate
gradually decreases because of the gradual saturation of all
active sites of MCNCD by MB molecules [44]. The
experiment results showed that adsorption capacity
reached equilibrium after 300min, so further adsorption
experiments were performed for 300min.

The adsorption data were fitted using the pseudo-first-
order and pseudo-second-order kinetic models for further
investigating the adsorption process and mechanism. The
pseudo-second-order Kinetic curve showed in Fig. 9.

Pseudo-first and second-order models, which can define
the mechanism of adsorption, were used for characterizing
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the MB adsorption progress by MCNCD.
The linearized pseudo-first-order equations are expressed
as Eq. (2) [45]:

In(qe—qt):lnqe—Klt 2

Where g: and ge represent the adsorption capacity of
MB at time t and equilibrium (mg/g), respectively. Kj is
the pseudo-first-order rate constant (min2).

The linearized pseudo-second-order equations are expressed
as(3):

2 ©)

Where g; and g. represent the removal capacity of MB
at time t and equilibrium (mg/g) respectively. K is the
pseudo-second-order rate constant (g/ mg.min).
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Table 1: Kinetics modeling of MB adsorption progress.

/ Temperature Kinetics model ge(mg/qg) Ki(min?) Kz(g mg* min?) R? \
25C Pseudo-first-order 46.48 0.011 - 0.9104
K Pseudo-second-order 100 — 0.00016 0.9977 /
0.020
5.0 a
0.018 - (a) //- (b) /./
e o =
0.016 _ 48 e
/’// 4.6 /
g 0.014 /// o -0+ .
= 0.012 B - = 44 //
0.010 4 el
//// 42\ ) //
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Fig. 10: Langmuir (a) and Freundlich isotherm model of MB removal.

The parameters of fitting results were exhibited in Fig. 9
and Table 1. As shown in Fig. 9 and Table 1, the MB
adsorption of MCNCD fitted well to both pseudo-first-order
and pseudo-second-order models, with all correlation
coefficient values (R? being higher than 0.90. But the
pseudo-second-order model fitted the test data better than that
of the pseudo-first-order model, with R? value of 0.9977,
indicating that chemical adsorption was the dominating
adsorption. Similar results were reported in [46]. However,
ammonium adsorption by biochars derived from biogas waste
materials presented fit well with the Elovich model [47].

Adsorption isotherms

Adsorption isotherms can reflect the interaction
between adsorbents and adsorbates. The Langmuir and
Freundlich adsorption isotherm models were used to analyze
the mechanism of MCNCD adsorbed MB.

Langmuir adsorption isotherm model is given in
Equation (4):

c c 1

(4)

qt qmax

aqmax

Where Qmax iS the maximum amount of adsorption
(mg/g), o is isotherm constant (L/mg), c. and . are the
equilibrium  solution  concentration (mg/L), and
equilibrium adsorption (mg/g).
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Freundlich adsorption isotherm model is given in
Equation (5):

Inqe=InKF+Ince/n 5)

Where Kg evaluates the adsorption performance of
adsorbent (mg/g), n is adsorption tension (L/mg), ¢ and Qe
are the equilibrium solution concentration (mg/L), and
equilibrium adsorption (mg/g).

The fitting curves and fitting parameters of two
isotherm models are presented in Fig.10 and Table 2,
respectively. The results show that the correlation
coefficient of the Langmuir model (R?=0.9981) is higher
than that of Freundlich (R?=0.9272), indicating that the
adsorbing MB action by MCNCD is monolayer
adsorption, which is attributed to chemical adsorption,
and the maximum MB adsorption capacity of MCNCD
is 166.67 mg/g in theoretical value. Comparatively,
the Freundlich model assumes that adsorption takes place
in multilayer [48]. For multi-layer adsorption, the
adsorption can be a multi-molecular layer due to existing
a certain space of adsorption force field near the adsorbent
surface, which belongs to physical adsorption.

Various adsorbents have been developed for the removal
of MB from an aqueous solution. Therefore, it is necessary
to compare MCNCD with other adsorbents applied for
the adsorption of MB. The prepared samples showed a higher
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Table 2: Isotherm models of MB adsorption progress.

4 Model Gm (Mg/g) a (L/mg) Ke n R? N
Langmuir 166.67 0.050 - - 0.9917
Freundlich - 32.07 3.57 0.9105

- J

Table 3: Comparison of maximum adsorption capacities of different adsorbents for MB removal.

4 Adsorbent Adsorption capacity ( gm. mg/g ) Reference I
NH2-MWCNTs@Fe304 178.57 [43]
Nanocrystalline cellulose 101.16 [49]
Porous carbon monoliths 127.53 [49]
Activated lignin-chitosan 36.25 [50]
Chitosan/zeolite 24.00 [51]
Graphene oxide/Fe304 154.00 [52]
MWCNTSs/Gly/B-CD 90.90 [53]
Tungsten oxide nanowire 188.00 [54]
Diatomite 27.86 [55]
Purified diatomite 105.03 [56]
\ MCNCD 166.67 Present work /

adsorption capacity than other adsorbents reported in the
literature, as shown in Table 3. The high adsorption ability
of MCNCD could be attributed to the abundant hydroxyl
groups existing in CNC and diatomite with negative charge
properties, which can interact with cationic MB dye through
strong electrostatic interaction. These results support the
conclusion that the as-prepared MCNCD is a potential
adsorbent for removing MB from an aqueous solution.

Statistical analysis

In order to estimate the effect efficiencies of different
factors, experimental data were analyzed with one-way
ANOVA using SPSS software. The experimental results
were presented in Table 4.

One-way ANOVA explained obviously different
adsorption capacities in the various factor. The analytical
data were shown in Table 5. In Table 5, temperature
showed the standard deviation (1.421), which represented
obviously lower than that of the pH (12.321), initial
concentration (34.899), and adsorption time (10.148)
(P<0.001). The analytical results were consistent with
experimental results, namely, the temperature had
no significant effect on the adsorption of MB by MCNCD.
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Regeneration experiments

To investigate the regeneration of adsorbent, the
MCNCD was reused/recycled for a number of repeating
cycles. The results showed that, after six cycles, the
adsorption capacity of MCNCD was 82.5% of the original
value (Fig. 11). Hence, we conclude that MCNCD has high
adsorption capacity and can be reused/ recycled for MB
adsorption, which makes it a cost-effective adsorbent
for MB removal from an aqueous medium.

CONCLUSIONS

In this work, a Magnetic Cellulose NanoCrystal-modified
Diatomite (MCNCD) composite was successfully
synthesized, and subsequently characterized based on
FTIR, XRD, SEM, TGA, and VSM techniques. The
adsorption results of MCNCD for methylene blue dye
support the conclusion that the as-prepared MCNCD
can be effectively applied to remove cationic dyes from
aqueous solutions. Adsorption kinetic studies showed that
the adsorption process fitted the pseudo-second-order model
and the adsorption isotherm well followed the Langmuir
model. The MCNCD can be reused/ recycled. These results
imply that the as-prepared MCNCD can be applied as a low-cost
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Table 4: The results of adsorption experiment.

Preparation of Magnetic Cellulose Nanocrystal -Modified Diatomite...

( Factor ge(mo/g) \
Temperature (C) 25 56.00
30 56.72
35 54.93
40 53.75
50 53.40
pH 3 31.75
5 42.58
7 55.92
9 59.57
11 59.62
Initial concentration (mg/ L) 20 55.92
50 93.73
100 122.11
200 128.56
300 144.59
Adsorption time (min) 30 29.52
60 34.92
120 42.55
180 46.45
240 52.09
300 55.00
420 55.94
K 660 56.00 /

Table 5: Difference in adsorption properties concerning
various factors.

/ Factor N Meanzstandard deviati(h
Temperature 5 54.9600+1.421
pH 5 49.8880+12.321
Initial concentration 5 108.9820+34.899
K Adsorption time 8 46.5587+10.148 /
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Fig. 11: Effect of regeneration frequencies on the adsorption
capacity of the MCNCD for MB.

and efficient adsorbent for cationic dye removal from
wastewater. Furthermore, as renewable lignocellulosic
biomass, CNC would be widely applied as an inexpensive
material for the pollution treatment of the environment.
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