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Cellulose/wollastonite membranes were prepared with an environmentally friendly process using N-methylmorpholine-
N-oxide (NMMO), which resulted in mesoporous membranes with slit-shaped pores. Cellulose and wollastonite were
extracted from rice straw with different methods. Some parameters, such as weight ratios of cellulose and wollastonite
in solution, concentration, thickness of the cast solution on the support layer and porosity of the support layer, influence
the formation of the porous cellulose/wollastonite membrane. It was concluded that the porosity and pore size of the
cellulose/wollastonite membrane decreased with lower cellulose and higher wollastonite amounts. The membranes
became more brittle by increasing the amount of wollastonite, while pure cellulose membranes did not have enough
strength to be placed on the polyester support layer. Also, the concentration of cellulose should not be too high or too
low. The thickness of the cast solution on the support layer should not be too high, as it reduces the porosity; on the
other hand, low thickness reduces the performance of the membrane.
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INTRODUCTION

Rice straw is an important by-product resulting
from harvesting crops. Due to an increase in
people’s environmental awareness, more and
more  researchers are investigating the
comprehensive utilization of rice straw and other
waste biomass resources. Typically, rice straw is
burned in the fields, causing local and regional air
pollution problems. Straw burning releases
particulate matter into the atmosphere, which is
associated with air pollution and human
respiratory ailments. The release of toxic
substances into the environment, such as carbon
monoxide (CO), black carbon from straw burning,
heavy metal loads in water and soil, efc., is
identified as causing human toxicity. Toxic
substances accumulate in vegetables, fruits, meat,
milk and other animal products, which, in turn,
are ingested by humans.' Thus, recovering straw
wastes is very important for preventing
environmental pollution. As known, rice straw is
mainly composed of cellulose (40-50%),

hemicelluloses (20-30%) and lignin (10-18%),
cellulose being trapped in the hemicellulose-
lignin matrix, which makes its separation
extremely difficult. Moreover, a complex
hydrogen bond network exists among the
cellulose molecules; thereby, cellulose is
insoluble in common solvents. At present,
inorganic acid-base cooking and organic solvent
extraction are the major methods for extracting
cellulose from crop straw.”

Cellulose can exist in at least 5 allomorphic
forms’ and possesses strong hydrogen bonds due
to the presence of the three hydroxyl groups on
the cycle. This key feature gives it high resistance
towards ordinary organic solvents (methanol,
ethanol, butanol, acetone, tetrahydrofuran (THF),
acetonitrile) and water.* Therefore, cellulose
should be considered as a potentially great
material for membranes. This lack of solubility
makes it harder to cast a solution containing
cellulose, but at the same time, it gives cellulose
membranes strong stability.
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This key property, in addition to its
biodegradability, enables cellulose to meet high
expectations when applied to filtration. Other
advantages of cellulose membranes are their
relatively low cost, good compatibility with
biological compounds and excellent hydrophilic
properties.”

Wollastonite (CaSiOs) is largely inert and has
a polymorph structure, either a-wollastonite
(pseudowollastonite), or B-wollastonite.”®
Wollastonite changes to pseudowollastonite at
1125 °C, and congruently melts at 1544 °C.
Calcium silicate hydrates are transformed into -
wollastonite by annealing in the temperature
range from 800 °C to 1150 °C."

Various raw materials have been used to
synthesize wollastonite (CaSiO;), derived from
chemical or mineral precursors, to produce an end
product with significant purity and good
mechanical properties.'' Previous studies have
successfully synthesized wollastonite using
chemicals and minerals, such as fumed silica,
commercial silica, silica sand and sodium silicate
as the precursor for silica. Silica can be derived
from rice straw ash.”'*'® Rice straw ash has been
widely used as a biomass resource, animal feed,
biosorbent and as bioethanol, in the effort to
better manage this by-product.'’ However, there
are fewer studies concerning the use of rice straw
ash for biomaterial purposes, compared to those
about rice husk ash.”" In recent years,
wollastonite has been widely used in cements and
ceramics due to its strength, low shrinkage, lack
of volatile constituents, and body permeability, as
well as its fluxing characteristics.”® Furthermore,
wollastonite is also widely applied in the
biomaterials field, owing to its bioactivity and
degradability. Calcium silicate has been proven to
be an extremely good material for in-vitro
bioactivity.”'

NMMO (N-methyl morpholine-N-oxide) has a
strong electronegative oxygen atom that can break
the hydrogen bonds between cellulose chains; as a
result, new hydrogen bonds are formed with
NMMO to produce a viscous solution of
cellulose.”*** The particular characteristic of the
NMMO process is that it involves essentially
physical phenomena, so that no chemical reaction
takes place and no chemical by-products are
formed, which avoiding the problem of their
disposal as waste products or the need to
transform them back into the initial substances by
chemical methods.”** The use of NMMO as a
new organic solvent for cellulose opens up new
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perspectives for cellulose membrane development
and its application in separation processes.’

Porous membranes consist of a solid matrix
with defined holes or pores, which have diameters
ranging from less than 2 nm to more than 20
mm.”” The separation of solutes by porous
membranes is mainly a function of molecular size
and membrane pore size distribution.”® These
membranes are used to separate colloid particles
or large molecular weight solutes from the
solvent. High selectivity can be obtained when the
solute size or particle size is relatively larger than
the pore size of the membrane. Using the
definition of pore size as adopted by the [UPAC,”
the porous membrane with average pore
diameters larger than 50 nm is classified as
macroporous, and those with average pore
diameters in the intermediate range between 2 and
50 nm are classified as mesoporous. Membranes
with average pore diameters between 2 and 0.2
nm are classified as microporous. Below 0.2 nm,
membranes are classified as nonporous (or dense).

The techniques commonly used for
preparation of polymeric membranes include
phase inversion, sintering, stretching, track
etching, and template leaching. The phase
inversion process can be described as a mixing
process, whereby the initially homogeneous
polymer solution is transformed in a controlled
manner from a liquid to a solid state. Polymer
precipitation can be accomplished in several
ways, namely by immersion precipitation (or non-
solvent induced phase separation), thermal
precipitation (or thermally induced phase
separation), precipitation by solvent evaporation
and precipitation from vapor phase. Thus, the
phase inversion technique can be used to produce
porous membranes with a large variety of pore
size by varying the type of polymer, polymer
concentration, composition of cast solution,
precipitation ~ medium, and  precipitation
temperature. Table 1 summarizes membrane
processes based on macroporous, mesoporous,
and microporous membranes and their separation
mechanism and transport model.*° Related to this,
Feng et al’' studied the preparation of a rice
straw-based green separation layer for efficient
and persistent oil-in-water emulsion separation. A
low-cost and eco-friendly separation layer with a
rough structure and rich anionic groups was
fabricated from rice straw (RS) via a simple acid-
base treatment and slight squeeze process.

The purpose of the present work is to extract
cellulose and wollastonite from rice straw and use



them in the development of membranes by an
environmentally friendly process with the NMMO
solvent. The effects of preparation parameters,
such as weight ratio of cellulose and wollastonite

Table 1

Cellulose

in the mixture solution, solution concentration,
thickness of the cast solution on the support layer,
on the pores size and other properties of the
cellulose/wollastonite membrane were examined.

Overview of membrane processes based on membrane pore size and transport model

Type of . .. Separation mechanism/
Process P Applied driving force p
membrane mode of transport
Microfiltration Macroporous Hydrostatic pressure Size exclusion, convection
Membrane Temperature difference e
o Macroporous . . Diffusion
distillation partial pressure gradient
. . Macroporous . . . .
Ultrafiltration P ’ Hydrostatic pressure Size exclusion, convection
Mesoporous
e Hydrostatic pressure Size exclusion, electrostatic
Nanofiltration Mesoporous - - . . . o
concentration gradient interactions, solution/diffusion
Dialysis Microporous Concentration gradient Diffusion
. Microporous Hydrostatic pressure Knudsen diffusion
Gas separation . . . oo
(Or dense) concentration gradient (solution/diffusion)

EXPERIMENTAL
Extraction of cellulose from rice straw

Rice straw was obtained from a local source
(Guilan, Iran). Dried rice straws, with 4-5 cm length,
were soaked in 17.5 wt% NaOH solution (sodium
hydroxide powder purchased from Merck) for 2 h, and
then the fibers were washed with distilled water to
neutralize the pH. In order to remove the
hemicelluloses, pectin and semi-crystalline regions, the
fibers were hydrolyzed with HCl (2M) solution
(hydrochloric acid purchased from Merck) at 80 °C for
2 h and washed with distilled water for several times.
The acid hydrolyzed pulp was treated with 2 wt%
NaOH solution at 80 °C for 2 h to remove the
remaining hemicelluloses and soluble lignin. The alkali
treated fibers were washed repeatedly. The stock was
bleached by a 20 wt% NaClO, solution at 50 °C for 1 h
to remove the insoluble lignin.’n‘33

The liquid was removed by filtering to separate
pure cellulose. The cellulose was washed with distilled
water until neutralization.® Acid hydrolysis of rice
straw was conducted according to the method of
Battista.”> Forty grams of extracted cellulose was
hydrolyzed in 1000 mL of 2.5N hydrochloric acid at
100 °C for 30 min with constant agitation. The reaction
mixture was allowed to cool at room temperature and
filtered. The white residue obtained was washed
repeatedly with distilled water until it became acid-free
(the filtrate showed a near neutral pH). The residue
was then dried in a vacuum oven to constant weight for
5 h at 70-80 °C and ground to fine powder afterwards.
Figure 1 shows parts of this process.

Synthesis of wollastonite (CaSiO;) from rice straw
ash (RSA)

The preparation of wollastonite from the
agricultural waste was carried out by following a

previously described procedure.*® Rice straw collected
from the field was washed, and treated with HCI (1N)
in boiling conditions and washed with distilled water;
the pH was adjusted to neutral. The resultant was
calcined at 550 °C up to 5 h to obtain white silica ash.
A predetermined amount of white rice straw ash was
dissolved in 0.8M of NaOH solution in boiling
condition; finally, the resultant sodium silicate was
obtained. Equimolar amounts of calcium nitrate and
sodium silicate were mixed to obtain a clear white
precipitate. The precipitate was washed several times
with deionized water and ethanol, then centrifuged and
dried at 60 °C to obtain wollastonite.*” Figure 2 shows
parts of this process.

Preparation of cellulose/wollastonite solution

First, a 15 wt% cellulose solution was prepared by
the N-methyl morpholine-N-oxide (NMMO) method
(NMMO monohydrate purchased from Sigma-
Aldrich). Cellulose and NMMO monohydrate were
stirred at 70 °C (melting point of NMMO
monohydrate) until NMMO started to melt. Then, 70
°C water was added to the mixture powder over a
period of 1 h under stirring, using a magnetic stirrer at
4000 rpm. Then, wollastonite was added to the
solution. The mixing of the polymer solution was
finished when the solution became clear. The
cellulose/wollastonite solution was prepared in 50/50,
70/30 and 90/10 weight ratios.

Preparing cellulose/wollastonite membranes on
nonwoven polyester

For preparing the membrane, an MTI-20-32 doctor
blade (China) was used. Doctor blading was performed
on nonwoven polyester, which was used as a support
for the substrate. The solution was cast on nonwoven
layers with 4 different thicknesses: 20, 50, 100 and 500
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um (Fig. 3). The coated membranes were dried in an

oven at 60 °C for 4 h.

Figure 3: Preparation of membrane by an automatic film coater doctor blade

RESULTS AND DISCUSSION
Fourier-transform infrared spectroscopy

The FTIR spectra of all the samples (cellulose,
wollastonite and cellulose/wollastonite film) are
presented in Figure 4. A broad peak around 3478
cm™' due to stretching vibration of the O-H bond
was observed in cellulose, while peaks due to C-H
bond stretching frequency were detected at 2915
cm™. Owing to the increased cellulose content
and decreased lignin and hemicellulose portions
of the raw biomass, these peaks appeared sharper.
A diffused peak at 1638 cm™ was due to the
adsorbed moisture and indicated cellulose—water
interaction. Also, the C-H vibration of the
glycosidic bond was observed at 1383 cm™ and
1164 cm™, while the peak due to C-O-C
glycosidic bond vibration (pyranose C-O-C ring
stretching) appeared at 1060 cm™'. The peak at
896 cm™' was due to C-H rocking vibrations and
could be correlated to the purity of the cellulose
structure.® The absorption bands visible at
wavelengths of 2915.49-3478.58 cm™, 1430.74
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cm™, 1383.83 cm™' and 1060.26 cm™' were
associated with tensile vibrations of the O-H and
C-H groups, flexural and modified vibrations of
the C-H group, and flexural vibrations of the C-O
group, respectively. The absorption bands
recorded for the pure cellulose were observed in
the FTIR spectrum of the prepared
cellulose/wollastonite membrane as well.”

The FT-IR spectra of the wollastonite shows a
broad band in the region of 3462.46 cm” and
1792.15 cm™ by the stretching and the bending
vibration of O-H groups due to the moisture
content of the sample. The peak at 873.87 cm’
was due to the CO;* ions of CaCO;.The broad
band at 1086.10 cm” was observed due to the
formation of amorphous silica. This indicates the
formation of a calcium carbonate phase and
amorphous silica after the combustion process.
The spectrum did not display the bands at 868 cm’
! after calcination and 1381 cm™, which shows
that calcium carbonate and amorphous silica got
converted into single-phasic wollastonite. The



bands occurred in the region of 1086.10 cm’,
which was attributed to the Si—O-Si stretching
vibration, and 873.87 cm™', which was due to Si—
O-Ca groups. The band near 470.15 cm™ was due
to the rocking vibration of the Si—O bond.

The strong peaks in Figure 4 (b) indicate
single phasic wollastonite, without any secondary
phases.*” The intense bands at 712.64 and 470.15

Cellulose

cm’ correspond to Si-O" and Si0,", while the
absorption band at 1792.15 cm™ can be assigned
to the vibration mode of the Si-O-Si bond. The
absorption band at 873.87 cm™ represent Si-CHj
functional groups. The band between 1340-1260
cm’ is associated with the Si- CH; and SiO,*
functional groups or Si-O' stretching.”'
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Figure 4: FTIR spectra of (a) cellulose, (b) wollastonite and (c) cellulose/wollastonite membrane
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Figure 5: Frequency-diameter (nm) histogram for cellulose powder

Measurement of cellulose powder size

The size of the cellulose powder was measured
by SEM. 50 particles of cellulose powder were
randomly picked and examined in terms of

diameter. Then, a histogram was plotted (Fig. 5)
for frequency-diameter (nm). As can be seen from
the diagram, the diameter of 40 nm was the most
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frequent one. The mean diameter of the cellulose
powder is 40 nm.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy is useful to
focus on the characterization of membrane
structure. Since polymeric membranes are not
conductive, they need to be coated before the
imaging, but still low electron contrast prevents
high magnification images.

Figure 6 shows SEM images of pure cellulose
membranes with different thickness: 500, 100, 50,
20 pm, cast on polyester backing. The thickness
of 100 pm was selected as it allowed the best
covering, without frangibility.

Figure =7 shows images of the
cellulose/wollastonite membranes with different
ratios: 90/10, 70/30, 50/50, with 100 pm
thickness, cast on the polyester support layer. A
more porous structure can be seen in Figure7 (A)
for the cellulose/wollastonite membrane with
90/10 ratio. This indicates that using a lower
percentage of wollastonite results in a more
porous membrane. The membrane porosity was
also investigated by BET analysis. The
membranes become more brittle with an
increasing amount of wollastonite, while pure

cellulose membranes do not have enough strength
to be placed on the nonwoven polyester support
layer.

Figure 8 shows cross-sectional views of the
90/10 cellulose/wollastonite membrane, with 100
pum thickness, cast on the polyester support layer.
These images confirm the uniformity of the
cellulose/wollastonite membrane on the polyester
layer.

Brunauer Emmett Teller analysis (BET)
One of the techniques used to measure the

porosity of membranes is gas
adsorption/desorption analysis. Nitrogen
adsorption/desorption isotherms for

Brunauer—-Emmett—Teller (BET) surface area
determination were obtained using a BELSORP
MINI 1II instrument. It has a molecular pump and
increases the vacuum to 10 Pascal. The pressure
resolution in this device is up to 4 Pascal. The
vacuum rate is between 1 and 500 milliliters per
minute and the controlled pressure spread is 1
meter per kilopascal. The samples were degassed
for 5 h at 100 °C under high vacuum to remove
any adsorbed species before nitrogen adsorption
analysis.

Figure 6: Pure cellulose membranes with different thickness: A) 500 um, B) 100 pm, C) 50 pm, and D) 20 pm, cast on
polyester backing
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SEM MAG: 1.00 kx Det: InBeam

WD: 4.85 mm BI: 7.00 WD: 4.74 mm
View fleld: 208 ym _Date(midiy): 0912/21

View fleld: 41.5 pm  Date(midry): 091221

(A)
Figure 7: Cellulose/wollastonite membranes with different ratios: (A) 90/10, (B) 70/30 and (C) 50/50, with 100 um
thickness, cast on polyester support layer

View field: 208 ym _Date(m/dly): 09/12/21

Cellulose

SEM MAG: 500 x Det: InBeam

50 pm WD: 4.50 mm Bl: 7.00

View field: 415 ym | Date(m/dy): 09/12/21

Figure 8: Cross-sectional views of 90/10 cellulose/wollastonite membrane with 100 um thickness, cast on polyester
support layer

The surface area and pore size of porous
materials can be measured by this technique.
Generally, nitrogen is used as condensable gas at
its boiling point and the volume of adsorbed gas
is recorded at various vapor pressures. The data is
drawn from the adsorption isotherm (amount of
gas adsorbed versus relative pressure) and
analyzed by assuming capillary condensation. The
Brunauer-Emmett-Teller (BET) theory is mostly
used to explain the physical adsorption of gas
molecules on the surface of a solid material.
According to this theory, the monolayer

molecular adsorption (Langmuir theory) is
extended to multilayer adsorption by assuming
that gas molecules adsorb infinitely and the layers
have no interaction between each other, while the
Langmuir theory is applicable to each separate
layer.

In the present study, when the
drying/degassing process before the BET analysis
was not successful, no data was recorded for long
time taking experiments. After several attempts,
drying and degassing at 100 °C for 5 hours was
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selected as the optimum treatment before BET
analysis.

The volume of micropores and mesopores is
measured using the T-plot mode and the
distribution of cavities in mesopores is studied by
the BJH method (method of Barrett, Joyner and
Halenda). Figure 9 (A-D) shows various modes of

Adsorption / desorption isotherm

4/5

V,Jem¥(sTP) g

o
&

V,/em3(STP)g !

o

1
t/nm

~

analysis, namely, adsorption/desorption isotherm,
BET plot, T plot and BJH plot, respectively,
while Table 2 presents the values obtained from
porosity analysis. The pore shape can be roughly
approximated by any of the following three basic
pore models: (a) cylindrical, (b) ink-bottled and
(c) slit-shaped pores.

BET-Plot

(B)

Pl Vilpop)

0/6

0 0/25
LEY

0/5

dv/dr,

Figure 9: (A) Adsorption/desorption isotherm, (B) BET plot, (C) T plot and (D) BJH plot

Table 2

Results of porosity analysis for the 90/10 cellulose/wollastonite membrane with 100 um thickness

Parameter BET plot

Vi 0.3686 [cm*(STP) g']

a per 1.6042 [m® g]

C 14.754

Total pore volume (p/p, = 0.990) 0.0052654 [em® g

Mean pore diameter 13.129 [nm]
BJH plot

Plot data Adsorption branch

v, 0.0055036 [em® g

Tp, peak (Area) 1.21 [nm]

a, 2.1298 m*g']
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Figure 10: Relationship between pore shape and adsorption-desorption isotherm**

Further information about the porosity of the
membrane was obtained from the isotherm data
by means of BET analysis. According to the
results listed in Table 2, the values of the specific
surface area and the mean pore diameter obtained
from the BET plot are 1.6042 m* g and 13.129
nm, respectively. According to the classification
proposed by IUPAC, materials with intermediate
pore sizes, between 2.0 and 50.0 nm, are
mesoporous. Thus, judging by these results, the
membrane prepared in this study clearly presents
mesopores.

The correlation between the shape of the
hysteresis loop and the texture of porous
materials, namely, their pore size and geometry
etc., has been generally acknowledged (Fig. 10)."
According to the IUPAC classification, type H,
hysteresis is often associated with porous
materials consisting of well-defined cylindrical-
like pore channels or agglomerates of
approximately uniform spheres. Type H, is
ascribed to materials that are often disordered,
where the distribution of pore size and shape is
not well-defined and also indicative of bottleneck
constrictions. Materials that give rise to Hj
hysteresis have slit-shaped pores (the isotherms
revealing type H; do not show any limiting
adsorption at high P/Po, which is observed with
non-rigid aggregates of plate-like particles). The
desorption curve of Hj hysteresis contains a slope
associated with a force on the hysteresis loop, due
to the so-called tensile strength effect (this
phenomenon occurs perhaps for nitrogen at 77 K
in the relative pressure range from 0.4 to 0.45).
On the other hand, type H, hysteresis is also often
associated with narrow slit pores.*

The shape of the hysteresis loop was most
likely caused by capillary condensation taking
place in the mesoporous structures. From the data
obtained from BET analysis and by comparing the

adsorption-desorption curves in Figures 9 and 10,
it can be concluded that the cellulose/wollastonite
membranes prepared in this work are mesoporous
and give rise to H; hysteresis, therefore have slit-
shaped pores. Thus, the obtained membranes can
be suggested for nanofiltration.”

CONCLUSION

Cellulose/wollastonite films for membrane
application were successfully prepared through a
simple and environmentally friendly process from
N-methylmorpholine N-oxide, using an automatic
film coater doctor blade, on a polyester support
layer. It was observed that the porosity and pore
size of the cellulose/wollastonite membrane
decreased with lower cellulose and higher
wollastonite amounts. The membranes became
more brittle with increasing amounts of
wollastonite, while pure cellulose membranes do
not have enough strength to be placed on the
polyester support layer. The thickness of the
solution cast on the support layer also affects the
membrane’s porosity, specifically, too high
thickness reduces porosity, while too low
thickness reduces the membrane’s performance.

According to BET analysis, the specific
surface area and the mean pore diameter
determined for the prepared cellulose/wollastonite
membrane are 1.6042 m? g'1 and 13.129 nm,
respectively. Thus, obtained material is a
mesoporous membrane with slit-shaped pores.

The presence of mesopores in the membrane
indicates it can be applied in nanofiltration
processes.
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