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Abstract In this paper, the interaction of cellulose and
montmorillonite in a hydrothermal process was discussed.
The preparation of the composite was performed at 230 °C
for different periods of time from 0.5 to 16 h. The hydro-
xypropyl methyl cellulose was set to 50 wt.% in the com-
posite and multiple sets of data were compared. The
samples were characterized by X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron micro-
scopy, thermogravimetry-differential thermal analysis, spe-
cific surface area and electric potential for evaluation of
interactions. Hydrochar is a solid carbon-rich mixture pro-
duced from the hydrothermal carbonization of the cellulose.
The cellulose can be adsorbed at the surface of montmor-
illonite. The pores of montmorillonite are partially blocked
by the hydrochar. The state of the hydrochar has a sig-
nificant effect on the order of montmorillonite. The zeta
potential of the composite is mainly affected by hydrochar.
In turn, the Fourier transform infrared spectroscopy results
indicate that montmorillonite affects the hydrochar struc-
ture, and the thermal stability of hydrochar is improved. The
experimental results show that the presence of hydrochar in
the composite causes significant changes in surface prop-
erties and the interlayer structure. Meanwhile, montmor-
illonite plays a protective role on the hydrochar.
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1 Introduction

Recently, the interaction of mineral and organic matter has
attracted increasing interest in fields of soil science, geo-
graphy, physics, chemistry, environmental science, etc.
Montmorillonite (MMLt) is one of the most important types
of clay minerals, which has attractive features such as
large surface area, swelling behavior, brilliant adsorption
capacity, and ion exchange properties [1, 2]. Organic mat-
ters can not only be adsorbed by MMt, and be immobilized
at the surface, but also can enter the interlayer spaces of
MMt [3-5]. The MMt layers are negatively charged due
to the isomorphous substitutions of Si*" and/or A" by
cations of lower charges. The negative charge is always
balanced by cations as Na", K", Li", and Ca®"
[6, 7]. However, these cations can be exchanged by
organic ions, and more organic substances are able to be
adsorbed by MMt due to its large specific surface
area (SSA). Thus, the two dimensional MMt with
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expandable interlayer spaces has been used as an inorganic
template to prepare high surface area of carbonous materials
[8—-10].

As is known, the natural carbonous materials were
produced via in situ carbonization of biomass, which was
always completed with the aid of clay minerals, e.g., the
formation of soils. However, knowledge on the mutual
effects between the biomass and clay minerals was less
known. Usually, carbonization of biomass is carried out
by pyrolysis. In recent years, hydrothermal carbonization
(HTC) has been developed to transform labile biomass
into a more stable end product (hydrochar) [11]. HTC is a
process of heating biomass with presence of water at a
temperature of 180-250°C in a sealed vessel, and the
hydrolysis is performed under a self-generated pressure
[12]. The carbonizations are commonly found in the nat-
ural/geological processes. For example, the evolution of
biomass was found in many sealed systems such as peats,
soils, river marine sediments, biological origins of silica
sedimentary rock-diatomite, and so on. The interaction of
biomass and clay minerals at the interface is the main job
to be investigated in clarifying this carbonization pro-
cesses. More important this investigation helps to find a
way of reducing CO, emission when the biomass was
degraded in the pyrolytic carbonization process. The
nature gives us an elegant example, i.e., the diatomite with
higher content of bio-carbon was produced in a geological
hydrolysis with burning of biomass [13, 14]. It was
indicated that the carbon layer has an great influence on
the phase transition and crystal structures of the diatomite
[15]. The effect of clay on organic matter confirms that the
minerals influence the transition of organic matter [16].
For example, the mineral-hydrochar nanocomposites have
been developed through the HTC of natural biomass and
layered minerals [17].

The interaction of biomass and clay minerals is widely
existed in nature. However, the effects on the coexistence of
mineral and biomass in HTC processes were less studied.
In this paper, the interaction of hydroxypropyl methyl
cellulose (HPMC) and MMt was discussed to research MMt
surface effects in HTC processes. Therefore, we focus on
the interaction of MMt and the cellulose under hydro-
thermal conditions. We combine the information that can be
gathered with other known techniques, such as X-ray dif-
fraction (XRD), SSA, thermal analysis, zeta potential and
others. They are beneficial for the assessment of
additional information regarding properties and structure of
materials. The role of MMt in the evolution of the
cellulose to hydrochar and the effect of HTC on the
structure and surface properties of MMt are explored. The
possible mechanism is proposed to provide a scientific basis
for the preparation of new carbon materials and modified
MMLt.

2 Experimental procedures
2.1 Materials and chemicals

The bentonite which was composed mainly with MMt was
supplied by Panshi, Jilin province, China. After purification
via the Stocks method, the bentonite was found to contain a
high percentage (90%) of Ca-MMt. Other minor mineral
phases were identified as quartz, calcite, and feldspar. The
chemical composition of the bentonite is listed as followed:
68.31% SiO,, 16.39% Al,03, 2.27% MgO, 2.27% Fe,03,
0.53% K50, 1.94% CaO and 0.60% Na,O. The cation
exchange capacity is determined to be 80.45 meq/100 g.
The biomass selected for this study is HPMC (C;,H500,
FW:318.23) of analytical purity, which was purchased from
YanXing Chemical, and used without further purification.
The cellulose content is above 99.89 wt.%.

2.2 Preparation of MMt-hydrochar composite

The HTC of cellulose was carried out according to the
following procedures. The MMt dispersion was prepared by
adding 1.5 g of MMt powder in 20.0 mL DI water under
vigorous stirring for 30 min. A portion of HPMC (1.5 g)
was then added into the MMt dispersion, and the mixture
was stirred at room temperature for another 30 min. The
resultant mixture was transferred into a 50 mL Teflon-lined
stainless steel autoclave, and was hydrothermally treated
under autogenic pressure at 230 °C. To study the effects of
hydrothermal time, a series of samples was prepared treat-
ing for 0.5, 1.0, 2.0, 4.0, 8.0, 12.0, and 16.0h. Subse-
quently, the MMt-hydrochar composite was reclaimed by
vacuum filtration followed by washing with DI water. The
product was dried at 90 °C overnight. Finally the dried cake
was ground to obtain MMt-hydrochar with particle size of
300 meshes.

2.3 Characterizations

The XRD measurements were carried out on the DX-2700
with a CuKa radiation at 35kV and 25 mA. A Nicolet 380
Fourier transform infrared spectroscopy (FT-IR) spectro-
meter was used to collect FT-IR spectra. The zeta potential
measurements were measured on a JS94J2 zeta apparatus.
The thermo gravimetric analysis (TG) and differential
thermal analysis (DTA) were performed on a HCT-3 TG/
DTA system at a heating rate 10 °C/min from room tem-
perature to a maximum temperature of 1000 °C in the
atmosphere of air. The SSA was determined by using the
Brunaver Emmett Teller method performed on a
Micromeritics SSA-3600 analyzer. The scanning electron
microscope (SEM) analyses were used to analyze the
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Fig. 1 XRD patterns of raw MMt and the MMt-derived composites treated at 230 °C for different periods of time a wide angle b narrow angle

micro-structure of the MMt composite samples, and the
measurements were performed on a JSM-6700F apparatus.

3 Results and discussion
3.1 XRD analysis

The XRD patterns of the bentonite (raw MMt) and the
MMt-derived composites treated for different periods of
time (0.5, 1.0, 2.0, 4.0, 8.0, 12.0, and 16.0 h) are displayed
in Fig. 1. The corresponding dyy; values are also labeled in
Fig. 1. The characteristic diffraction peaks were marked as
triangles. The XRD spectra of the composite samples are
basically identical to the raw MMt. Compared to the raw
MMLt, no new diffraction peaks of MMt-derived composites
were generated. These results suggest that the cellulose
carbonization does not change the structure of MMt, just
changes the interlayer distance. The difference was found in
the dyo; values, which was caused by the cellulose carbo-
nization. After hydrothermal treatment the color of MMt
gradually changes from white to brownish black, indicating
that the surface is coated by carbonaceous species [18].
With the development of HTC, the interlayer distance
decreases from 1.621 to 1.347 nm. The interlayer distance
of the MMt-derived composites decreases gradually with
increasing retention time. From 0.5 to 4 h, the interlayer
distance of the MMt-derived composites was found to have
a decreasing trend. This can be explained by the loss of
water from the interlayer due to hydrophobicity of carbo-
nizing HPMC at the surface of MMt. The interlayer distance
decreases from 1.621 to 1.483 nm, and the final dyg =
1.483 nm of MMt composite is very close to that of the raw
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MMt. However, the interlayer distance increases to 1.497
nm for 8 h. After 8 h, the (001) reflection peak changes to be
wide and low, which shows the layered structure of MMt is
being destroyed by the HTC.

It clearly shows that the retention time has a significant
effect on the order of MMt. The (001) reflection decreases
in intensity with the increase of time after hydrothermal
treatment. In addition, the water in the interlayer is dis-
charged because of long retention time. This is reasoned by
the replacement of hydrated exchangeable cations with
hydrochar, depleting the exchangeable cations. This means
that the carbonizing HPMC affects the interlayer distance of
the composite greatly.

3.2 FT-IR analysis

Figure 2 shows the FT-IR spectra of raw MMt and the
MMt-derived composites treated for different periods of
time (0.5, 1.0, 2.0, 4.0, 8.0, 12.0, and 16.0 h). The FT-IR
spectroscopy is further employed to determine the func-
tional groups on the MMt-derived composites. The char-
acteristic band of MMt at 3620 cm ™' is assigned to the
vibration of Al-O-H, and the peaks at 3430 and 1630 cm ™"
are stretching and bending vibrations of the H-O-H in
absorbed water, respectively. The stretching vibration of
Si—O-Si can be found at 1040 cm ™' [18]. The peak at 915
cm™! is associated with the hydroxyl vibration of MMt. As
shown in Fig. 2, there are two obvious absorption bands of
MMt in low frequency region. The bands at 529 and 467
cm ! related to the stretching vibration of Si-O-Al and
bending vibration of Si—-O-Si show increasing intensity for
the MMt-derived composites [19]. The characteristic peaks
corresponding to carbonaceous components can be also
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Fig. 2 FT-IR spectra of raw MMt and the MMt-derived composites
treated at 230 °C for different periods of time

clearly visible. In relation to the MMt-derived composites,
the HPMC is evidenced by the 2925 and 2895 cm ™' bands,
related to asymmetric stretching of CH; and stretching of
CH, groups from the silane [19].

Figure 3 shows the FT-IR spectra of raw HPMC treated
at 230 °C for different periods of time (Fig. 3a) and the
HPMC of MMt-derived composites in toluene solution
(Fig. 3b). The small molecules can be extracted by toluene.
There are three kinds of absorption peaks for the HPMC in
the infrared spectrum. The band at 1705 cm ™' is assigned to
C=0 stretching vibration, and the skeletal C=0 stretching
vibration is at 1025 cm™. And there are several bands which
reveal that aromatization processes take place during HTC.
The presence of aromatic rings is also evidenced by the
band at 1620 cm™", attributed to C=C vibrations [20], and
the band at 799 cm™ is assigned to aromatic C—H out-of-
plane bending vibration from the aromatic ring [21]. The
band at 1510cm™ originates from the aromatic skeletal
C=C vibration of benzene [22]. These vibrations are pre-
sent in the spectrum of raw cellulose in Fig. 3a, which
represents the conversion from cellulose to hydrochar [23].
But the band at 1510 cm™ is not observed in Fig. 3b.

These hydrochar materials also possess aliphatic struc-
ture, as can be deduced from the bands at 2815-3000 cm™!,
which correspond to stretching vibrations of aliphatic C-H
[19]. In Fig. 3b, the bands at 1465 and 1401 cm ! are
assigned to C—H stretching vibrations implying that the
aliphatic compounds are present [24]. However, they are
not observed in the spectra of raw hydrochar samples in
Fig. 3a. The main body of aliphatic chain enters into the
interlayer of expansive MMt, which causes the interaction
of methylene and oxygen in the bottom of silicon oxygen
tetrahedral [25]. Therefore, the MMt plays a protective role

on hydrochar, and the stability of hydrochar is obviously
enhanced. In addition to the above, other peaks show
similarity to those of raw HPMC. The findings clearly
demonstrate that the hydrochar is strongly influenced by
MMLt.

3.3 TG/DTA analysis

The TG/DTA thermograms of the MMt-derived composites
treated at 230 °C are shown in Fig. 4. The mass loss of
MMt-derived composites can be divided into three stages.
The first stage is mainly the loss from 50 to 170 °C, which is
caused by the removal of physically adsorbed water in the
interlayer. The second one is mainly the burn and decom-
position of hydrochar from 300 to 500 °C. In this range, the
burn and decomposition lead to the formation of primary
hydrochar, volatiles, and gases [26]. This phenomenon can
be explained by the extended breaking down of C-H and
C—C bonds, which results in continuous hydrochar devo-
latilisation [27]. The decomposition undergoes a slow pro-
gress after 350°C since the rest of the hydrochar is
decomposed [28, 29]. The first peak occurs at 340 °C due to
the pyrolysis, whereas the second one is originated from
char oxidation at 490 °C [30]. The third stage is attributed to
the dehydroxylation from 600 to 700 °C. The property of
MMt is completely destroyed at this stage.

The mass loss of the composite is much lower than raw
MMt at 90.9 °C because of the reduction of MMt content.
The second stage of mass loss (300-500 °C) accompanies
with three exothermic DTA peaks at 313, 393, and 455 °C.
It can be assigned to the removal for burn and decom-
position of hydrochar. The exothermic peaks at around
313.3 and 455.2°C are visible after 2h, which can be
attributed to the heat transfer of the HPMC cut off by MMt.
When the conversion from HPMC to hydrochar has fin-
ished, barrier effect of the MMt is meaningless. It shows
MMt has an important influence on the heat transfer of
HPMC instead of hydrochar. With the development of
HTC, the decomposition temperature of hydrochar raises at
second stage. The maximum decomposition temperature of
the MMt-derived composites reaches the highest at 16 h.
The TG/DTA results indicate that the thermal stability of
hydrochar is improved.

The mass loss between 200 and 500 °C is 31.2% for 4 h,
26.4% for 8 h, 22.5% for 12 h, 23.9% for 16 h, respectively.
The mass loss of the MMt-derived composites for 4 and 8 h
is the fastest at second stage. Because the hydrochar contain
a large number of aromatic ring structures and oxygen
functional groups that are hydrophilic [31], which is in good
agreement with the results obtained by FT-IR. The oxygen
functional groups of the hydrochar decrease with raising the
temperature. And the structure becomes more and more
compact, which is in good agreement with the results
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Fig. 4 TG (a) and DTA (b) patterns of the MMt-derived composites treated at 230 °C for different periods of time

obtained by SEM. Therefore, the mass loss of the MMt-
derived composites is fewer after 12 h.

The composite and HPMC treated at 230 °C for 4 h are
present in Fig. 5. Exothermic peak and heat release are
significantly different. The mass loss of the composite is
from 300 to 500 °C, accompanied with three exothermic
DTA peaks at 314, 395, and 445 °C. The mass loss of
HPMC is 100% at 550 °C, accompanied with three exo-
thermic DTA peaks at 265, 333, and 498 °C. Moreover, the
weight loss rate is slightly different. The HPMC from
composite burns more slowly because of the heat prevent by
MMt. However, the final mass loss of the composite is less
than 50%. The hydrochar loses a part of mass because of the
dehydrogenation and deoxygenation in the process of

@ Springer

carbonization. It leads the declining mass proportion for
HPMC in the composite.

3.4 Zeta analysis

The effects of raw HPMC, raw MMt and the MMt-derived
composites on the zeta potential of deionized water for
different periods of time are shown in Fig. 6. It could be
seen that the zeta potential of the MMt-derived composites
decreases greatly with increasing retention time. It means
that the longer retention time, the more surface charges of
the MMt-derived composites generate. The HPMC and
MMt particles carry negative electric charges. The HTC of
HPMC at MMt surface enhances the density of negative
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Fig. 5 TG-DTA pattern of the MMt-derived composites and HPMC
treated at 230 °C for 4 h

electric charge. Thus the electrostatic repulsive interaction
of MMt and HPMC particles increases, the synergetic and
steric effects enhance the stability of the composite.

The zeta potential of the MMt-derived composites
increases within 2 h. It is indicated that the coalescence of
the particles do take place due to the electrostatic attraction
interaction. It decreases the difficulty for the MMt and
hydrochar particles to approach toward each other [32]. On
the other hand, the zeta potential decreases when the
retention time increases from 2 to 8 h, which is related to the
HTC. It can be seen that the zeta potential decreases sharply
within 8 h. With the further increase of the retention time,
the zeta potential is to stabilize, which is attributed to the
adsorption of HPMC at the surface of MMt is mainly car-
bonized. After 8h, the zeta potential decreases slowly,
which illustrates that less HPMC is carbonizing. Within 4 h,
the trend of the composite is consistent with MMt, which
illustrates MMt plays a leading role. After 4 h, the compo-
site basically follows HPMC, which illustrates HPMC
makes important effects after HTC.

The negative charge increases with the development of
HTC. The adsorption of HPMC can reach equilibrium after
the conversion from HPMC to hydrochar, resulting in a
constant value of zeta potential. Thus, the MMt and
hydrochar particles are simultaneously present in the deio-
nized water to cause the difficulty of the MMt-derived
composites coalescence. Although the carbonization of
HPMC can increase the negative electric charge through the
formation of hydrochar, it can also compress the diffuse
double layer of MMt to increase the zeta potential after 8 h.

3.5 SSA analysis

The SSA of raw MMt, the MMt-derived composites and
raw HPMC for different periods of time are shown in Fig. 7.
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Fig. 6 The effects of raw HPMC, raw MMt and the MMt-derived
composites treated at 230 °C for different periods of time on the zeta
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Fig. 7 The SSA of raw MMt, the MMt-derived composites and raw
HPMC treated at 230 °C for different periods of time

The SSA of raw MMt increases from 48.8 to 65.4 m*/g,
while the HPMC changes little over time. Compared to the
raw MMt, the SSA of MMt-derived composites are lower
on the whole, which is probably because the pores of MMt
are partially blocked by the carbonaceous particles in the
HTC process [18]. This result is in accordance with that of
SEM analysis.

3.6 SEM analysis
The SEM images are showing the changes in morphologies

of the composite for different retention time. It reveals the
MMt has a rough surface that is a considerable potential for
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the adsorption of HPMC (Fig. 8a and b) [33]. The MMt
exhibits a typical layered structure with a smooth surface
(Fig. 8a and b). The MMt-derived composites for longer
retention time directly or slowly yield a tightly packed
pattern in SEM micrographs (Fig. 8c and d) [34]. These
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tightly packed structures and flower-like pores may result
from the carbonization of HPMC, which causes a change at
the surface charge of the particles [35]. The morphology
and size variation of the MMt-derived composites particles
are explored as a function of interaction time after the HTC
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of HPMC at the surface. At the initial stage of HTC process,
the morphology of MMt-derived composites displays typi-
cal multi-layered shape. While, after 8 h HTC treatment, the
conversion process from HPMC to hydrochar obscures the
boundary space between MMt layers, which thicken the
MMt-derived composites. Thus the MMt-derived compo-
sites particles are irregular in shape and mostly present in
aggregates because of the hydrochar (Figs. 8e and f).

4 Conclusions

In conclusion, the MMt-hydrochar composites are suc-
cessfully synthesized in the aqueous dispersion. The state of
HPMC has a significant effect on the order of MMt. With
the development of HTC, the interlayer distance decreases
from 1.621 to 1.347 nm. The HPMC can be adsorbed at the
surface of MMt. The pores of MMt are partially blocked by
the hydrochar in the HTC process. The dispersive properties
of the composite improve over hydrothermal time. The zeta
potential of the composite is mainly affected by MMt when
HPMC is not completely carbonized. Moreover, the MMt
plays a protective role on the hydrochar and its thermal
stability is enhanced. The MMt has an important influence
on the heat transfer of HPMC instead of hydrochar. The
presence of hydrochar in the composite causes significant
changes in surface properties and the interlayer structure.
Meanwhile, MMt plays a protective role on the hydrochar.
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