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Annual world production of sisal is estimated to be 400,000 tons, but the processing of sisal
fiber generates around 160,000 tons of waste per year. The sisal bagasse is discarded, even though
it is about 60% carbohydrates in its structure. Therefore, this work seeks to add value to sisal
bagasse through the production of cellulose acetate membranes aimed at removing inhibitors
from the fermentation process. The membrane was developed using a cellulose acetate polymer
synthesized from cellulose isolated from sisal bagasse. Alkaline and acid pre-treatments resulted
in 90% pure cellulose. The obtained cellulose acetate was confirmed by infrared spectroscopy. In
the synthesis of the membranes, the influence of agitation time and temperature of the bath on the
selectivity and porosity were evaluated in four tests, the third condition stood out with porosity
of 26.23% and selectivity of 94.51% in the removal of the furfural and 36.62% of the acetic acid.
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Introduction

The use of renewable resources is a priority in several
areas of research due to the scarcity of fossil fuels and the
growth of environmental concerns, resulting in increased
attention to bioenergy and chemicals derived from biomass
in recent years.! Lignocellulosic compounds are one of
nature’s most abundant renewable organic resources. In
this context, sisal (Agave sisalana) stands out due to its
biodegradability,” renewable nature, and a growing number
of industrial applications in various sectors.?

Sisal is a well-known source of hard fiber for the textile,
alcohol, and composite industries, with an estimated annual
production of 400,000 tons worldwide. It is a tropical plant
resistant to dry and hot climates and well adapted to semi-
arid climates.*> About 5% of the total mass of sisal is used
in fiber production. The residue from this process, known
as sisal bagasse, has a high carbohydrate composition.®’

*e-mail: martamaria8 @yahoo.com
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Lignocellulosic compounds are constituted by a complex
formed by cellulose, hemicellulose, and lignin. Because these
compounds are lignocellulosic, their components must be
selectively separated in order to use them. Pre-treatments can
be chemical, physical, thermal, biological, or a combination
thereof. The use of pre-treatments is a widespread, low-
cost technique that promotes the release of pentoses and
hexoses. From the solubilization of the present sugars,
biotechnological conversion into xylitol and ethanol in
biorefineries is possible.® One of the obstacles to use the
hydrolysate for bioconversion is the formation of inhibitors
during the biomass hydrolysis process. These products
are generated from the decomposition of sugars present
in hemicellulose and cellulose under severe conditions of
temperature and acid concentration. The main inhibitors are
furfural, acetic acid, 5-hydroxymethylfurfural (HMF), and
phenolic compounds derived from lignin. These compounds
inhibit the metabolism of the microorganism, causing
microbial death or reduced productivity.’

There are several ways to remove such inhibitors
from hydrolysates, where the efficiency of the process
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depends on the raw material, type of pre-treatment,
and the microorganism used. Detoxification can be
chemical, electrochemical, via membrane separation, and
via biological detoxification.”” Among these methods,
membrane separation is a technique that is currently
gaining prominence. Membrane separation methods can
be classified according to the pore size or the pressure
exerted to carry out the experiment; they include reverse
osmosis, ultrafiltration, and microfiltration. The use of these
techniques has been increasing due to advantages such as
low energy consumption, low capital investment, and the
recovery of by-products involved in the process.!!

Membranes can be classified as organic, inorganic and
mixed matrix. Organic membranes are prepared using
crystalline or amorphous organic polymers; and vitreous
polymers. Most organic membranes are derived from
cellulose from biomass. Cellulose is the most abundant
homopolymer in nature. Its application extends to several
industrial sectors, but, in addition to being used in pure
polymeric form, it is also possible to make modifications
to its structure to give it new characteristics for other
applications.'” Among the most used modifications is
acetylation, also known as the esterification method, which
consists of the chemical modification of cellulose, where the
three hydroxyl groups of the glucose molecule are replaced
by acetyl groups.!* By carrying out such modifications, it
is possible to obtain greater control over the morphology
of the membrane structure due to improvements in the
solubility properties of the modified cellulose in solvents
with different polarities. This provides variations in
experimental arrangements and thus membranes with
different morphological properties according to the desired
application.'

The membrane separation process is based on the
transport of a chemical species across its surface, for this
to occur it is necessary to act on it by a force, which can be
a concentration, pressure or electrical gradient. According
to the pore size, and the driving force used, it is possible
to classify the filtration process. Removal of fermentative
inhibitors such as HMF and furfural generally depends
on the type of membrane used and the filtration method
employed. The methods that are most studied are reverse
osmosis, ultrafiltration and nanofiltration.'>"

Membranes derived from cellulose acetate stand out
due to their high levels of hardness, biocompatibility,
desalination, and flux, along with their relatively low cost.
However, membranes synthesized from cellulosic esters
are sensitive to thermal and biological degradation.'®
Cellulose derivatives such as cellulose acetate have been
gaining prominence within green chemistry because of
their high economic value and numerous applications
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in the manufacture of membranes, cigarette filters, and
cinematographic films, among other products."’

The objective of the present work was to add value to a
lignocellulosic residue through the production of an organic
membrane of cellulose acetate that removes inhibitors
from the fermentation process. Lignocellulosic materials
represent the most significant fraction of plant biomass, and
their derivatives provide low environmental impact and the
possibility of obtaining various products with high market
value such as membranes, biofuels, and other co-products.

Experimental
Materials

The sisal bagasse used in the study came from the
municipality of Nova Floresta, in the state of Paraiba,
Brazil. The reagents were used without further purification,
along with their purity, were sulfuric acid (> 95%,
Quimica Moderna, Sdo Paulo, Brazil), glacial acetic acid
(99.7%, Vetec, Sao Paulo, Brazil), acetic anhydride (97%,
Dinamica, Sdo Paulo, Brazil), dichloromethane (99.5%,
Vetec, Sdo Paulo, Brazil), sodium chlorite (> 80%, Sigma-
Aldrich, Saint Louis, USA), and sodium hydroxide (97%,
Vetec, Sdo Paulo, Brazil).

Determination of lignocellulosic composition

The sisal bagasse was ground in a knife mill, and
granulometric distribution was carried out to standardize
the material. Following Technical Association of the
Pulp and Paper Industry (TAPPI) standards,'® the main
lignocellulosic constituents were determined. The
holocellulose, alpha-cellulose, Klason lignin, and ash
contents were determined according to TAPPI T19 M-54,
TAPPI 203 cm-99, TAPPI 222, and modified TAPPI 413
om-11 standards, respectively. The hemicellulose content
was calculated by subtracting the percentage of alpha-
cellulose from the holocellulose contente.*

Cellulose isolation

All chemical pre-treatments were carried out in a
Biofoco stainless steel pressurized reactor (Sao Paulo,
Brazil) with an operating volume of 700 mL. The
treatments were intended to partially or totally remove the
hemicellulosic fraction and biomass delignification.

Acid pre-treatment

To examine the influence of sulfuric acid concentration,
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time, and temperature on the solubilization of sugars
present in the biomass, a 23 factorial design was used
with three replications at the central point. In the general
experimental procedure, the independent variables for the
experiments were temperature (100-120 °C), reaction time
(30-60 min) and acid concentration (1-3%). All experiments
were carried out at a ratio of 1:10 (m/v) sisal/acid solution.
The response variables were the concentrations of xylose
and glucose obtained in the hydrolyzed liquors, which were
quantified using high-performance liquid chromatography
(HPLC)."”

High-performance liquid chromatography

Analyses were performed on an Agilent chromatograph,
model 1260 Infinity LC (Agilent Technologies, Santa
Clara, CA, USA), equipped with a quaternary solvent
pump (model G1311C), degasser, thermostated column
compartment (model G1316A), and automatic sampler
(model G1329B) coupled to a diode array detector (model
G1315D) and refractive index detector (RID) (model
G1362A).

A 500-pL aliquot of the hydrolyzed liquor was diluted in
1.0 mL of ultrapure water, filtered through a 0.45-um nylon
membrane, and a volume of 10 uLL was injected. The ion
exchange column was Agilent Hi-Plex H (300 x 7.7 mm)
with 8.0-um internal particles and PL Hi-Plex H guard
column (5 x 3 mm) (Agilent Technologies, Santa Clara,
CA, USA). The column compartment temperature was
maintained at 70 °C, and the RID flow cell was maintained
at 50 °C. The applied flow rate was 0.5 mL min™. The
mobile phase was 4.0 mmol L' H,SO, in ultrapure water.

Alkaline delignification

The alkaline pre-treatment was carried out in the
best condition obtained after analyzing the proposed
experimental design. The biomass after acid treatment and
a 5% sodium hydroxide (NaOH) solution in the proportion
1:10 (m/v) were inserted into the reactor with a heating
ramp until reaching a temperature of 100 °C, using a
reaction time of 30 min. The solid fraction was separated
from the liquid fraction by vacuum filtration and then
washed with distilled water. The material was dried at room
temperature and stored.”

Bleaching
The resulting cellulose underwent a bleaching process

in order to remove the remaining lignin from the complex.
In a polypropylene container, the biomass was mixed with
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distilled water in the proportion of 10% (m/v). The mixture
was stirred and heated to 70 °C. Subsequently, 3 mL of
glacial acetic acid (CH;COOH) and 3 g of sodium chlorite
(NaClO,) were added. The mixture was stirred and heated
for 3 h. Then, the sample was filtered and washed with
distilled water.

The effectiveness of the treatment was measured
through the parameters of lignocellulosic composition
and Kappa number. The methodology used to determine
the Kappa number followed the Brazilian standard
ABNT NBR ISO 302:2018 for cellulosic pulps.?!

Synthesis of cellulose acetate

From the recovered sisal bagasse cellulose, the synthesis
of cellulose acetate was carried out using the methodology
described by Candido er al.* First, 24 mL of glacial acetic
acid was added to 10 g of sisal bagasse cellulose, and then
this mixture was stirred at 38 °C for 1 h. Then, 40 mL of
glacial acetic acid and 0.08 mL of sulfuric acid were added
to the mixture, which was stirred for 45 min. Then, the
mixture was cooled to room temperature, and 28 mL of
acetic anhydride and 0.6 mL of sulfuric acid were added.
The temperature was raised to 38 °C, and the mixture
was stirred for 1.5 h. Finally, the obtained material was
filtered and washed with distilled water. The cellulose
acetate precipitate was dried in an oven at 50 °C for 6 h
and characterized by infrared absorption spectroscopy.

Production of membranes

To evaluate the influence of the temperature of the
non-solvent and the agitation time on the dissolution of
the polymeric matrix, four conditions for the synthesis of
cellulose acetate membranes were studied (Table 1). The
solutions were prepared using cellulose acetate from sisal
bagasse, following the phase inversion method. First, 3 g of
the material were weighed, and 50 mL of dichloromethane
were added and stirred. Then, the solution was degassed in
an ultrasonic bath to remove air bubbles. Next, the solution
was spread on a glass plate that, after the solvent had

Table 1. Experimental conditions for the synthesis of cellulose acetate
membranes

Membrane Shaking time / h ?;Ef;;zttiuorg ]/33tch
M1 4 5
M2 4 25
M3 5 5
M4 5 25
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evaporated, was immersed in a coagulation bath containing
distilled water for 2 h or until the phase inversion process
was completed.?>?

The experimental parameters adopted in this research
were based on Candido et al.,'” Xavier et al.,' Candido et al.*°
and Upadhyaya et al.”? In these references, the polymers
used as raw material showed similar properties to cellulose
acetate produced from sisal bagasse. Thus, they were used
as initial research conditions.

Characterization of membranes

The produced membranes were characterized according
to their physical properties and selectivity through scanning
electron microscopy (SEM), porosity, permeated water
vapor flow, and removal of sugars and inhibitors.

Porosity

The membrane was initially impregnated with
distilled water and weighed after drying its surface water.
Subsequently, the wet membrane was placed in an air
circulation oven at 80 °C for 24 h until it reached constant
mass.>* The dry membrane was weighed and the porosity
calculated using equation 1:

P(%)=(Q[:;§‘jx100 (1)

where P: membrane porosity; Q,: wet membrane
weight (g); Q,: dry membrane weight (g); A: membrane
surface area (cm?); and h: membrane thickness (mm).

Flow of water vapor

To determine the permeated water vapor flow, the
methodology of Candido er al.'” was applied using a
Payne cup. The membranes were cut into discs with a
diameter equal to the container. The set was assembled
with distilled water occupying 50% of the volume of the
beaker, weighed on an analytical scale, and inserted into
a desiccator. The system mass variation was monitored
in the 1-hour interval between weighings. From the data
obtained, a graph of mass variation as a function of time
was constructed. By means of linear regression, the
equation of the straight line was obtained, in which the
value of the angular coefficient was used to calculate the
water vapor flow by equation 2:

jbm 1

At A @

where J: mass flux of water vapor (mg h'! cm?); Am: change
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in mass (mg); At: time variation (h); and A: membrane
area (cm?).

Removal of sugars and inhibitors

Membranes synthesized from cellulose acetate from
sisal bagasse were characterized in terms of their ability
to remove inhibitors from the fermentation process, using
a “dead end” filtration system. The tests were performed
using a fixed pressure of 1 bar. Initially, acid hydrolysis of
the untreated material was performed using 3% sulfuric acid
at a temperature of 140 °C. Then, an aliquot was removed
for chromatographic analysis. This hydrolysate was used in
the removal tests for all synthesized membranes. At the end
of the tests, the permeate solutions were analyzed by HPLC
to determine the concentration of sugars and inhibitors and
thus to calculate the percentage of removal in the cellulose
acetate membranes.

The filtration module used in this research is of the
“dead end” type, a class of modules whose operation occurs
when a current containing the analyte (what you want to
separate) passes through it and from there accumulates on
the surface and in the inside the filter medium (membrane).
The equipment used to analyze the properties of the
synthesized membranes it refers to a vertical “dead end”
module coupled to a pump to pressurize the system at
constant pressure.

General methods

Absorption spectroscopy in the infrared region

Treated and untreated samples were analyzed by Fourier
transform infrared spectroscopy (FTIR) on a Shimadzu IR
Prestige Spectrophotometer (Japan), using KBr in the range
of 4000-400 cm™.

Scanning electron microscopy (SEM)

The morphology and the change in the physical
structure of the synthesized membranes were evaluated by
SEM. The samples were cut into squares measuring about
1 cm? and metallized with gold. The analysis was carried
out in SEM Quanta Fei 450-EDS BRUKER 30 (Czech
Republic) at a voltage of 5 kV.

Results and Discussion
Statistical analysis of acid pre-treatment

Isolation of cellulose with the lowest presence of
hemicellulose and lignin implies using fewer steps for

delignification and purification in order to obtain purer
cellulose at the end of the recovery process. First, the acid
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Table 2. Factorial design and experimental values of xylose, glucose, and acetic acid concentrations for sisal bagasse

Experiment Concentration / % Temperature / °C time / min Xylose / (g L") Glucose / (g L") Acetic acid / (g L")
1 1 100 30 0.17 1.51 0
2 3 100 30 0.43 1.46 0
3 1 120 30 0.91 1.54 0
4 3 120 30 3.55 2.82 0.42
5 1 100 60 0.16 1.40 0
6 3 100 60 0.98 1.56 0
7 1 120 60 1.26 1.62 0
8 3 120 60 3.71 3.04 0.45
9 2 110 45 1.89 1.87 0.58
10 2 110 45 1.74 1.82 0.73
11 2 110 45 1.37 1.64 0

treatment was conducted by removing the hemicellulosic
fraction.”? When carrying out the acid pre-treatment under
conditions described in Table 2, hydrolysate was produced
and then separated by filtration, and a solid fraction was
washed and dried for the delignification step. Aliquots
were taken from the hydrolyzed liquor for HPLC analysis
(Table 2).

It was found that condition 8 of the factorial design (3%
sulfuric acid concentration at 120 °C for 1 h) solubilized the
highest concentration of xylose and glucose, in addition to
producing a small amount of acetic acid. This is considered
an important parameter since acetic acid is one of the
inhibitors of the fermentation process in the conversion
of hydrolyzed liquor into, for example, ethanol or xylitol.
The hydrolyzed liquor in the best condition of sisal bagasse
presented 3.71 g L' of xylose and 3.04 g L' of glucose.

The experimental results were statistically analyzed
by analysis of variance (ANOVA) and linear regression
analysis to define the best acid treatment conditions for the
solubilization of pentoses and removal of hemicellulose
from the structure. Table 3 describes the equations that
would reproduce the xylose and glucose concentrations as
predicted by the model as a function of the coded variables.
The parameterized model contains only statistically
significant terms at 95% confidence, as well as the respective
coefficients of determination (R?) and the values of the F-test.

Table 3. Linear regression models for the response variables xylose and
glucose

Regression model R? F-test
Xylose = 1.47 + 0.77C + 0.96T + 0.49CT 96.41 14.81
Glucose = 1.84 + 0.35C + 0.39T + 0.32CT 97.20 18.64

C: H,SO, concentration; T: temperature; t: time; R* coefficient of
determination.

According to the equations presented in Table 3, the
linear models of sisal bagasse are statistically significant for
xylose and glucose because they present a ratio Fcalculated/
Ftabled greater than 1."” The model for xylose removal
showed a 96.41% coefficient of determination and an F-test
equal to 14.81, indicating statistical significance with 95%
confidence.

The Pareto chart is widely used to represent the
significance of parameters and their interactions in
experimental designs. In Figure 1, the horizontal bars
display the importance of the input variables for the
proposed experimental design in descending order. Any
parameter that crosses the dashed line is considered
significant according to the confidence level adopted, which
in this case was 95% or a of 0.05.% The Pareto diagram
was obtained when performing the statistical analysis of
the data for the concentration of removed sugars (Figure 1).

As seen in the Pareto chart, the increase in xylose
removal was significantly affected by the increase in acid

Pareto Chart of Standardized Effects; Variable: Xilose (g L)
2**(3-0) design, MS Pure Error=,0730409
DV: Xilose (g L")

Temperature (T) 10.06

Concentration (C) 8.08

CXT

Time (t)

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 1. Pareto diagram for the concentration of xylose removed from
sisal bagasse.
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concentration and temperature, with a positive value for
the effects. In this case, time did not significantly influence
xylose removal. Regarding the interactions between the
variables, only the interaction between concentration
and temperature was statistically significant. Thus, the
concentration of xylose removed from the sisal bagasse
increased as the acid concentration and temperature
increased, up to the maximum condition of the range
studied. According to the analysis of the effects shown
in the Pareto diagram and in the experimental matrix,
condition 8 was the best test to hydrolyze the sugars present
in the hemicellulose.

Lignocellulosic composition

Untreated sisal bagasse had a lignocellulosic
composition of 36.09% cellulose, 21.46% hemicellulose,
12.11% lignin, and about 21% ash and extractives. The
results are corroborated by data in the literature. In
Lima et al.’® work with sisal as a source of biomass, the sisal
bagasse had a cellulose content of 27.6% and hemicellulose
content of 20.6%, about 8% lower than the data obtained
in the present work. After acid and alkaline pre-treatments
in the current study, the sisal bagasse had a lignocellulosic
composition of 59.77% cellulose, 9.89% hemicellulose,
5.15% lignin, and about 8.24% ash and extractives.

Regarding the percentage of cellulose, there was an
increase in the cellulose content of 59.77%, indicating that
the resulting material had the most exposed cellulose and
had not undergone hydrolysis by acid attack; regarding
the percentage of lignin, there were lower values present
in the complex. The glucose concentration present in the
hydrolyzed liquor is possibly derived from the hemicellulose
structure and the most amorphous part of cellulose.”” The
diluted acid pre-treatment helps to increase the percentage
of cellulose in the raw materials. The effectiveness of the
pre-treatment can be evaluated by removing hemicellulose
and lignin components, in addition to improving surface
accessibility to cellulose.’

The alkaline treatment removed about 58% of the
lignin. According to Ismail et al.,”® studying of the effect of
NaOH concentration in alkaline pre-treatment in different
biomass species, the final composition of the residue was
affected by concentrations above 5% (m/v). Ldinez et al.,’
working on the alkaline delignification of sisal fiber to
produce fermentable sugars, used a NaOH concentration of
4% (m/v) and obtained about 60% lignin removal, reflecting
very similar results to those observed in the present work.

The Kappa number, calculated for the pulp sample
obtained under the best conditions, was found to be 26.63.
The Kappa number is an experimental value that determines
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the percentage of non-cellulose components present in
the sample. Comparing the Kappa number and the lignin
contents, it was verified that the sisal bagasse had a low
lignin value at the end of the pre-treatments.

The choice of delignification method used can affect
the final pulp obtained due to the possibility of lignin
being decomposed into different products. In alkaline
medium, cleavage of the structure’s ester bonds occurs,
generating free phenolic groups. The resulting lignin
fragments are water-soluble and can be easily isolated
from the liquor through precipitation.”® Thus, a bleaching
step was necessary for a purer cellulose that was free from
interferences for its acetylation step.

The cellulose is preserved in the bleaching step while
hemicellulose and lignin are solubilized in this process.'” In
the present study, the cellulose of the sisal bagasse obtained
a Kappa number of 9.18 after the bleaching process, which
was lower than the sample from the previous step. Although
there were still other components in addition to the cellulose
from the sisal bagasse, the value obtained for the Kappa
number after bleaching is within the standard found in the
literature. Obtaining membranes derived from sugarcane
bagasse, Candido er al.*' bleached the samples before
modifying their structure and, in the best condition, found
a Kappa number close to 15.

Obtaining cellulose acetate

The cellulose sample obtained was acetylated using
homogeneous acetylation, and the resulting cellulose
acetate was evaluated by FTIR. The spectra obtained for
the bleached cellulose and the cellulose acetate were then
compared (Figure 2).

From the acetylation reaction, it was possible to obtain
several mono-, bi-, and tri-substituted compounds. Several

100
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Figure 2. FTIR (KBr) spectra of cellulose and cellulose acetate
synthesized from sisal bagasse cellulose.
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factors can affect the degree of substitution including
temperature, concentration of reagents, and time. Analyzing
the infrared spectra, four changes in the structure that
characterize the formation of cellulose triacetate stand out:
the appearance of three new bands and the reduction in
the transmittance intensity in the region of 3330 cm.2%%
The reduction in intensity in this region is caused by
the reduction of hydroxyls in cellulosic chains since the
acetylation reaction causes the replacement of hydroxyls
by acetyl groups. As a result of the replacement of these
functional groups, bands referring to ester bonds and the
acetyl group appear. At the same time, there was a reduction
in the region of 2914 cm™' which represents the typical C-H
bond elongation of the cellulose molecule.”! The region
situated at 1750 cm! refers to the carbonyl (C=0) stretch
of esters; 1370 cm! refers to C—H strain and 1230 cm’!
refers C—O stretch in acetyl groups.' In the spectrum, a
band at 1040 cm™' was observed, which can be attributed
to O=C-0O-CH,.»! The variations shown indicate the
replacement of hydroxyl groups by acetyl groups occurring
in the acetylation process.™!

Characterization of cellulose acetate membranes

The cellulose acetate membrane was prepared using the
phase inversion method, which ensures greater stability and
control for membranes derived from biomass, mainly due
to the use of low synthesis temperatures. There are several
parameters that affect the formation of the membrane
structure: choice of solvent, mass ratio of polymer/solvent,
concentration and evaporation time before immersion in
the bath, and bath temperature.”? The cellulose acetate
membranes produced in the present study had a firm surface
and were opaque and flat, with an average thickness of
0.16 mm (Figure 3).

Membrane morphology indicates formation differences
during the synthesis process. The cellulose acetate
membrane formed in all cases had an asymmetric
structure. The upper surface of the membrane was denser
on membranes M1 and M3, where the coagulation bath
temperature was 5 °C. In the M4 condition, the surface of
the cellulose acetate membrane was irregular, unlike the M3
membrane. Assays M4 and M3 presented morphologies that

Table 4. Physical parameters and performance of cellulose acetate membranes
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Figure 3. Micrographs of cellulose acetate membranes.

suggest that the temperature of the coagulation bath was not
a determining factor in their structure. This was confirmed
by the fact that in membranes M1 and M2, which had shorter
agitation times, the polymeric matrix was not completely
dissolved in the solvent, leaving clusters of polymers that
did not react during the phase inversion process and were
encrusted on the surface of the membranes. This finding
suggests that stirring time is a determining factor in the
morphology of the membranes. This morphology is in line
with the findings of Meireles et al.*> and Vatanpour et al.,*
who noted that the presence of lignin fragments affected
the interactions between the polymeric chains, resulting in
regions of low density in the polymer.

The porosity analysis determined the percentage of
pores present in the membrane structure. It was found
that the four membranes were porous, corroborating the
morphological structure data. However, it should be noted
that this percentage is not related to the pore size or its
distribution in the structure.'” Data on physical properties
and removal rates of inhibitors from the fermentation
process are shown in Table 4.

Comparing the porosity and water vapor flow data shows
inversely proportional values between the membranes, that

Membrane Porosity / % Water vapor flow / (mg h'' cm? pm") Removal of furfural / % Acetic acid removal / %
Ml 12.92 1.44 x 107 81.88 17.92
M2 9.85 579 x 107 77.23 22.93
M3 26.23 1.16 x 10 94.51 36.62
M4 22.07 2.99 x 107 90.54 5.55
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is, the greater the porosity, the lower the water vapor flow
(Table 4). The porosity indicates only the amount of pores,
but when related to the amount of permeated vapor, show
the M3 membrane had the highest percentage of pores
(26.23%) among the produced membranes, which probably
have a smaller pore size compared to those synthesized in
other assays.** In addition, we may infer that the solvent
agitation time was the parameter that most influenced the
formation of pores in the membrane structures. More time
spent stirring the solvent led to greater porosity. The longer
stirring time led to greater compaction of the cellulose
acetate chain and consequently greater pore formation. On
the other hand, temperature was not an impacting factor
since membranes synthesized with identical temperatures
such as M1 and M3 presented very different values.

All membranes showed water vapor flux, and M2
and M4 membranes, which had a higher coagulation
bath temperature, showed higher flux. This longer
agitation time allowed the formation of a more uniform
membrane, promoting the passage of solvent more
directly through the membrane. Despite having the
lowest porosity, the M2 test had the highest water vapor
flow (5.79 x 102 mg h' cm? um™), confirming that pore
arrangement is a determining factor for the passage of water
vapor through the membrane.*? Other authors that used
biomass to produce membranes, such as Meireles et al.,*
mentioned similar values for the permeate water flux. These
authors used membranes derived from mango seed biomass,
obtaining value of 3.11 x 10° g s cm™

Comparison of the membranes revealed that increasing
the stirring time and decreasing the temperature of the
coagulation bath increased the porosity of the membrane.
Thus, the phase inversion rate was increased, which
increased the thermodynamic instability of film formation
during the phase inversion process. Membranes with similar
synthesis parameters (M3 and M4) did not show great
difference in their porosity percentages (around 4%), as
observed in M1 and M2 membranes, which also presented
values close to each other.

Performance evaluation of cellulose acetate membranes

The hydrolyzed liquor used to evaluate the performance
of the membranes regarding the removal of sugars and
inhibitors from the fermentation process presented
5.39 gL' glucose, 11.09 g L' xylose, 4.10 g L' acetic acid,
and 5.57 g L' furfural. Among the tested membranes, the
M3 membrane showed the highest percentage of removal
of inhibitors, with 94.51% removal of furfural and 36.62%
of acetic acid. Table 4 shows that all membranes showed
excellent results for furfural reduction (M1: 81.88%;
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M2: 77.23%; M4: 90.54%) when compared with other
works. Ozay et al.*® studied the use of commercial
membranes in ultra and nanofiltration processes for
the recovery of acetic acid in wastewater, obtaining
rejection of 39.6%, a value very similar to that found for
the M3 membrane. Sawatdiruk er al.* obtained 75.6%
selectivity in furfural recovery using membrane separation.
In general, all membranes showed lower results for acetic
acid selectivity when compared to furfural selectivity;
however, these values are similar to other separation
techniques employed: distillation, precipitation, liquid-
liquid recipe and adsorption.*

As for the physical properties and retention values, the
synthesis parameters with longer agitation time and lower
temperature produced membranes with better furfural and
acetic acid removal values. Factors such as concentration
of analytes in the solution to be tested, pore size, and
physical-chemical interactions can define the efficiency
of the separation process.*

The M3 membrane had greater porosity and almost non-
existent roughness on its surface, resulting in greater removal
of inhibitors. The M4 and M1 membranes had remnants of
other polymeric components, which hindered their pore
distribution and consequently the removal of sugars. A
justification for the membranes produced in these studies
to present different morphologies is the synthesis method
used. Membranes synthesized by the phase inversion method
tend to be asymmetrical and present different morphologies.
Khan et al.’” mentions that the greater interaction between
the coagulation bath and the polymeric solution causes a
more uniform pore size distribution and high porosity in the
membrane structure. This method is the most applied for
cellulose acetate derivatives where changing phase inversion
conditions, such as cellulose acetate concentration, type of
solvent, coagulation bath temperature, addition of different
additives, it is possible to prepare membranes with different
pore sizes, morphologies and applications.?

The initially characterized membranes showed high
permeate water flux and porosity. According to their
physical characteristics and high selectivity for inhibitory
compounds, these membranes would be suitable for micro
or ultrafiltration processes. Membranes derived from
lignocellulosic biomass can be applied in various filtration
methods, where their application is related to the synthesis
method used, degree of purity, cellulose crystallinity, and
chemical modification."

Conclusions

Cellulose acetate membranes obtained from sisal bagasse
were successfully synthesized. After the pre-treatment and
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bleaching steps, the isolated cellulose showed about 10%
of other lignocellulosic components remaining, mainly
impairing the synthesis of the M2 membrane. Infrared
spectra confirmed the replacement of free OH groups
by acetyl groups and formation of cellulose acetate.
The synthesized membranes showed good mechanical
characteristics, supporting pressures above 1 bar.

According to the synthesis parameters studied, the
agitation time was the factor that most influenced the
performance of the membranes. Membranes M3 and M4,
which were produced with longer stirring times, showed
higher percentages of removal of furfural and acetic
acid. The M2 membrane showed the best water vapor
flow (5.79 x 10 mg h' ecm? pm™) while M3 showed
the highest percentage of pores (26.23%). Thus, the M3
membrane demonstrated the best performance among
the synthesized membranes, both in terms of its physical
properties and its selectivity in the removal of furfural from
the lignocellulosic hydrolysate, with 94.51% removal.

In view of the data obtained, the cellulose acetate
membranes synthesized from sisal bagasse can be applied
in processes of separation, concentration, purification, and
drug release, among others. Sisal bagasse is a renewable
raw material, constituting an agro-industrial waste with a
high carbohydrate content in its structure. In this way, the
synthesized membrane presents low production cost, added
value to a waste discarded in nature, and an efficient method
for removing inhibitors from the fermentation process, thus
contributing to environmental sustainability.
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