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Organosolv process for deconstruction of highly recalcitrant cotton stalks
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Burning crop residues in a cotton fields adds to environmental pollution and it demands a sustainable solution. As an
alternative to burning, cotton biomass can be fractionated into sugars which would not only mitigate the pollution concern
but also bring value addition. Here, we propose a process for deconstruction of the highly recalcitrant cotton stalk using a
combination of organic and mineral acid fractionation. It includes treatment with formic acid (67 wt. %) at a solid to liquid
ratio of 1:4 for 30 min at 130°C. Subsequent treatment with 2% (w/w) nitric acid and de-esterification with 0.5 % (w/v)
sodium carbonate resulted in delignification of about 89.01%. The enzymatic hydrolysis using 25 FPU of Cellic Ctec3 at a
biomass load of 5% (w/v) gave a glucan yield of 68% in 48 h. This is one of the few studies on deconstruction of a highly

recalcitrant biomass with high lignin content.
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The global cotton (Gossypium hirsutum L.)
production has continuously increased" up to current
estimates of about 26.15 million tons and India ranks
as the one of the largest producer with 6.42 million
tons per annum production. After harvesting, cotton
residues such as cotton stalks, cotton leaves and
cotton shells have limited use and mostly incinerated
directly on the field. This leads to release of
considerable amount of solid grains and smoke which
pollute the environment. Therefore, a desirable and
practical solution would be to convert the
lignocellulosic cotton stalks into value added products
such as biofuels viz. bioethanol, biobutanol and
chemicals'. This would also provide an
environmentally sound method of disposal and
simultaneous destruction of feeding and fruiting sites
of boll weevils and other insects.

Conversion of lignocellulosic biomass to biofuel is
thus far the most challenging process due to the
complex and recalcitrant structure of the plant cell
wall. Several different pretreatment methods have
been explored with variable success rate as the
process needs to be efficient, simple and cost-
effective. Adequate pretreatment is required to alter
the structural and chemical composition of biomass to
facilitate rapid and efficient enzymatic hydrolysis. A
variety of physical (comminution, hydrothermolysis),
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chemical (acid, alkali, solvents, 0zone),
physicochemical (steam explosion, ammonia fiber
explosion), and biological pretreatment technigques
have been developed to improve the accessibility of
enzymes to cellulosic fibers. Improved alkaline
pretreatment process for waste biomass have been
reported? and value-added chemicals such as poly 3-
hydroxy butyrate, have been produced using alkali
pretreated biomass hydrolysate®. Mild alkali such as
sodium bicarbonate have also been used as green
liquor chemical for biomass pretreatment in 2-3
butanediol production®. Mechanocatalytical
conversion is another pretreatmentt process applied
for conversion of barley straw into fermentable
sugars®. A comprehensive review covering all
pretreatment methods used in biorefinery process
development has recently been published®. Using
suitable method of pretreatment, economically viable
process can be developed’.

Organosolv pretreatment has provided a promising
route for clean fractionation of biomass feedstock to
produce multiple products in a concept of
lignocellulose biorefinery®®. The process involves
pretreatment of lignocellulosic biomass with organic
solvents or their aqueous solution systems with or
without added catalysts at a temperature range of 100-
250°C°. Organosolv pretreatment yields three separate
fractions such as lignin fraction, hemicellulosic syrup
and cellulose fraction with potential of conversion to
various high value products. The organic solvents
used in the organosolv process usually include
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methanol, ethanol, acetone, ethylene glycol,
triethylene  glycol, tetrahydrofurfuryl  alcohol,
glycerol, aqueous phenol or aqueous n-butanol, etc..
Due to the high cost of classical solvents and the
difficulty in their recovery, recent research is focused
on cheaper organic solvents such as acetic acid and
formic acid. The advantages of organosolv method
lies in easy separation and recovery of solvent by
thermal operations and environment friendly
treatment of effluents.

The solvents like formic and acetic acid are
commonly used for biomass delignification with
significant lignin solvency making it a sought after
process in organosolv pulping for pulp and paper
production®. However, potential of use of formic acid
or acetic acid for pretreatment of lignocellulose to
increase its bioconvertibility is still inadequately
explored”™, primarily due to formylation or
acetylation of cellulose in the presence of formic
acid”® or acetic acid® respectively. These
modifications can decrease the cellulose digestibility
and inhibit the growth of microorganism during the
ensuing process of saccharification and fermentation.
Nonetheless, use of formic acid in pretreatment does
merit some notice, as the formylation that occurs can
be reversed by mild alkali treatment. Importantly,
formic acid is a low-cost chemical, recoverable by
distillation, enabling recycling with ensuing process
cost reduction.

Pretreatment methods for feedstocks such as corn
stover, wheat straw and rice straw have been
extensively investigated in the literature™. However,
there is barely any detailed report with complete mass
balance on the deconstruction of recalcitrant cotton
stalks, a topic of extreme importance in the Indian
context due to the environmental pollution. In the
current study, we made an attempt to develop an
optimized deconstruction process for cotton stalks
that can yield maximum amount of sugar.

Materials and Methods
Materials

Cotton stalks were sourced from Jetpur, Rajkot,
Guijarat, India and were subjected to size reduction in
a shredder to obtain 2 mm size particles.
Compositional analysis of the cotton biomass was
performed using the methods of Laboratory
Analytical Procedure (LAP) provided by the National
Renewable Energy Laboratory (NREL)Y. Moisture
content of crushed cotton biomass was determined by
moisture analyzer®®. Standard chemicals used for

HPLC calibration like glucose, xylose, arabinose and
cellobiose were procured from Sigma-Aldrich
(Shanghai). Laboratory grade formic acid and nitric
acid were procured from Merck. The cellulase
enzyme Cellic Ctec3 was supplied by Novozymes.

Process details

Detailed description of the process employed for
deconstruction of cotton stalk is elaborated in this
section. All steps and assays have been repeated thrice
to ensure reproducibility.

Formic acid pretreatment

The crushed dry biomass was subjected to mild
organic acid pre-treatment in a reactor. The pre-
treatment involved treating the biomass (16.6% wi/v)
with formic acid (67% w/v) at a solid to solvent ratio
of 1:4 in a total volume of 200 mL.

Reactor was maintained at 130°C for 30 min at
200 rpm agitation speed. After pre-treatment, the
slurry from the reactor was cooled to 50-60°C and
filtered through 297 pum mesh followed by 37 pm
mesh. The liquor passing through the mesh was
collected and kept at 4°C for further analysis on
HPLC. The pulp was subjected to RO water wash to
remove adhering formic acid, xylose and other
components. The washed pulp was dried and weighed
to check the mass loss after pre-treatment. Moisture
content of pulp was checked by moisture analyzer.
The pulp was subjected to compositional analysis for
determination of hexosan, pentosan and acid insoluble
lignin content using the methods of LAP provided by
the NRELY. The sugars in the pulp and liquor
fraction, such as glucose, xylose, arabinose and
inhibitory products such as hydroxylmethylfurfural,
furfural and levulinic acid were analyzed on HPLC™.

Nitration of formic acid pretreated pulp

The formic acid pre-treated pulp (4 g dry wt.) was
added to 100 mL RO water containing 2% (w/w)
nitric acid (67 wt % stock) and heated at 120°C for
30 min at 200 rpm. The slurry was cooled to 20°C
and pulp was washed under RO water using 37um
mesh filter until pH became neutral. After drying, the
moisture content of the pulp was checked by moisture
analyzer. Compositional analysis of the dried pulp
was done using the methods of LAP provided by the
NREL".

De-esterification of pretreated cotton pulp

It has been reported that de-esterification of acetate
groups from cellulose can be accomplished using
alkali®®. We attempted a similar approach in the
current study for de-esterification of the formylated
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cellulose. The pre-treated and nitrated dried pulp was
subjected to de-esterification using sodium carbonate.
The pre-treated pulp (4 g dry wt.) was added to 100 mL
RO water and pH of the slurry was raised to
11 using 1% w/v sodium carbonate. Subsequently, the
slurry was subjected to heating on hot plate with
stirring at 200 rpm for 10 min and washed under RO
water until the pH became neutral. The de-esterified
pulp was dried and the moisture content was
determined by moisture analyzer. The de-esterified
and dried pulp was subjected to compositional
analysis using the methods of LAP provided by the
NREL".

Enzymatic hydrolysis conditions

The pulp obtained after pre-treatment (formic
acid pretreatment followed by nitration) and de-
esterification was subjected to enzymatic hydrolysis
(pulp load 5 % wl/v, sodium citrate buffer pH 4.8
(50 mM), incubation temperature 50°C and agitation
200 rpm) using Cellic Ctec3. Enzyme loading was
100 FPU/g of biomass and the sugar released was
analyzed after 120 h of incubation.

Effect of formic acid concentration

Pre-treatment of dry cotton biomass involved
treating the biomass (16.6% wi/v) with varying
concentrations of formic acid (50, 67 and 84% w/v) in
a total volume of 200 mL in a reactor maintained at
130°C for 30 min with 200 rpm agitation speed. All
other steps were similar to that described previously.
The pre-treated pulp was subjected to de-esterification
using sodium carbonate as described in methods.
Effect of pretreatment temperature on cellulose recovery and
enzymatic hydrolysis

Dry biomass (16.6% wi/v) was mixed with formic
acid (67% wi/v) in a total volume of 200 mL and the
reactor was maintained at various temperatures such
as 115, 130 and 145°C for 30 min at 200 rpm. The
washed and dried pulp was subjected to de-
esterification using 1% w/v sodium carbonate. The
pulp prepared after pretreatment at various
temperatures and de-esterification was subjected to
compositional analysis and enzymatic hydrolysis as
explained in methods.

Effect of cold and hot filtration

Two pretreatment batches of dry cotton biomass
(16.6% wi/v) with formic acid (67% w/v) at a solid to
solvent ratio of 1:4 was taken in a total volume of
200 mL. Reactor was maintained at 130°C for 30 min
with 200 rpm agitation speed. After pre-treatment,
one batch of slurry from the reactor was cooled to

50-60°C and filtered through 297 pm mesh and
37 um mesh. Another batch of slurry was filtered
immediately under hot condition at 130°C using hot
filtration assembly. Pulp prepared under cold filtration
and hot filtration were washed, dried and subjected to
de-esterification using 1% w/v sodium carbonate. The
pulps were subjected to compositional analysis and
enzymatic hydrolysis as explained in methods.

Effect of alkali as de-esterification agent

Effect of various alkali as de-esterification agent on
cellulose recovery and enzymatic hydrolysis was
explored. The formic acid treated, washed and dried
pulp was subjected to de-esterification using either
1% wi/v of either sodium carbonate, NaOH, KOH,
Ca(OH), or 1% v/v liguid ammonia (35 wt % stock).
The pulp prepared after pretreatment and de-
esterification with various alkali was subjected to
compositional analysis and enzymatic hydrolysis.

Optimization of nitric acid concentration

The formic acid pre-treated pulp (4 g dry wt.) was
added to 100 mL RO water containing various
concentrations of nitric acid (67 wt % stock) such as
1, 2 and 3% w/w and heated at 120°C for 30 min at
200 rpm. The slurry was cooled at 20°C and pulp was
washed under RO water using 37 um mesh filter until
the pH became neutral. The pulp was subjected to de-
esterification with sodium carbonate. The pulp
prepared after pretreatment, nitration and de-
esterification was subjected to compositional analysis
and enzymatic hydrolysis.

Optimization of sodium carbonate concentration

For optimization of concentration of sodium
carbonate as de-esterification agent, the formic acid
pre-treated pulp (4 g dry wt.) was added to 100 mL
RO water having either 0.5% w/v or 1% wi/v sodium
carbonate. The slurry was subjected to heating at
100°C, 200 rpm for 10 min, cooled to 20°C. The pulp
was washed under RO water using 37 pum mesh filter
until the pH became neutral. The de-esterified pulp
was dried and subjected to the moisture content
determination, compositional analysis and enzymatic
hydrolysis.
Analytical methods

The main components of cotton stalk, pretreated
pulp and biomass liquor were determined using the
methods of LAP provided by the NREL*. Cellulose
(glucan) and hemicellulose (xylan, galactan, and
arabinan) content was determined based on monomer
content measured after a two-step acid hydrolysis
procedure to fractionate the fiber. A first step of
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treatment with 72% H,SO, at 30°C for 60 min was
followed by a second step wherein the reaction
mixture was diluted to 4% H,SO, and autoclaved at
121°C for 1 h. This liquid hydrolysate was then
analyzed for sugar content by HPLC with refractive
index detector. An AMINEX HPX-87H carbohydrate
analysis column operating at 85°C with 5 mM H,SO,
as mobile-phase (0.6 mL/min) was used. The solid
residue remaining after this acid hydrolysis is
considered as acid insoluble lignin.

Results and Discussion

Compositional analysis indicated that the dry
cotton stalk biomass used in this study consisted of
32.2% glucan, 14.11% xylan, 20.55% lignin, 1.83%
acid soluble lignin and 2.3% ash (on dry wt. basis).

Pretreatment of cotton stalk

Compositional  analysis  confirmed the
relatively high lignin content of cotton stalks®. A
systematic optimization regime was designed to
enable maximal release of the C5 and C6 sugars.

Several pretreatment processes reported in
literature involve reaction of biomass with alkali
which helps in removal of lignin®. In the current
study, we attempted two methods viz. alkali treatment
and formic acid treatment and evaluated their efficacy
for high cellulose recovery in pulp (data not shown).
Formic acid pretreatment was found to be a better
process, giving 33% more cellulose recovery than
alkaline pretreatment process. Hence, all further
experiments were carried out using formic acid
pretreatment.

Lignin can absorb enzymes and is known to
adversely affect the action of cellulases. Formic acid
pretreatment is regarded as an efficient method for
removing lignin from lignocellulosic biomass™.
Formic acid pretreatment also aids in hemicellulose
removal thereby increasing porosity and enzymatic
digestibility®. At the solvent:solid ratio of 3:1, formic
acid treatment resulted in 20% delignification with
83% cellulose recovery. To improve the
delignification, higher solvent:solid ratio was
evaluated. However, it was observed that increasing
formic acid concentration enhanced degree of
delignification only up to a point beyond which there
was an adverse effect on recovery of cellulose
(Fig. 1). The solvent:solid ratio of 5:1 showed better
delignification albeit with reduced cellulose recovery
by 13 % as compared to that of 3:1 ratio. This could
be due to the loss of cellulose into the biomass liquor
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Fig. 1 — Effect of formic acid concentration on cellulose

recovery and delignification of cotton pulp. [Solid bar, %
Cellulose recovery; Diagonal Striped bar, % Delignification]

at higher concentration of formic acid. The
intermediate ratio of 4:1 gave a reasonable
delignification of 30.4% with 10% loss in cellulose.
As all subsequent steps of deconstruction relies on
easy access to cellulose, which is hindered by lignin,
all further optimizations were carried out at the
solvent:solid ratio of 4:1. One of the key determining
factors for an economical pretreatment step is the
ability to recycle the solvent used. This would lower
the operating cost and prevent any inhibitory effect on
the subsequent procedures®. In the current process,
80% (v/v) of the formic acid used in pretreatment
could be recovered by the distillation process.

Formic acid treatment of cellulose leads to
formylation of cellulose, which can inhibit the
enzymatic hydrolysis of cellulose. Therefore, a de-
esterification step where the formyl group is removed
with mild alkali such as sodium carbonate, thereby
aiding in cellulose hydrolysis was introduced.
Enzymatic treatment of the de-esterified pulp with
Cellic Ctec3 resulted in 78.78% hydrolysis (Fig. 2).
It was significantly higher compared to cellulose
conversion with only formic acid pretreated pulp
(70%). This 8% increase in cellulose hydrolysis of the
de-esterified pulp was probably aided by the
improved delignification (31.61%), which was 2-fold
higher as compared to only formic acid treated pulp.

Effect of temperature
The temperature at which the formic acid
pretreatment step is carried out also plays an essential
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Fig. 2 — Effect of cotton pulp de-esterification on cellulose
recovery, delignification and enzymatic hydrolysis. [Solid bar,
After formic acid pretreatment; Striped bar, After de-
esterification. Process conditions were pretreatment with 67% wi/v
formic acid, de-esterification with 1% w/v sodium bicarbonate,
enzymatic hydrolysis using Cellic Ctec3 at 100 FPU/g]

role in the cellulose recovery and lignin removal.
Mild pretreatment conditions preserved the sugars as
compared to severe conditions®®. As expected,
increasing pretreatment temperature from 115°C to
130°C increased delignification by 2.7-fold, which in
turn improved cellulose hydrolysis by 2-fold (Fig. 3).
No further improvement was seen either in lignin
removal or cellulose hydrolysis at higher temperature
of 145°C.

Effect of cold and hot filtration

Lignin is a major hurdle in enzymatic hydrolysis of
pulp. For maximum removal of lignin the formic acid
treated biomass was filtered under hot conditions.
However, this resulted in delignification increase by
only 2% with increased cellulose loss (17.03%)
compared to cold filtration (Fig. 4). This could
probably be due to the highly recalcitrant nature of the
cotton stalk biomass®®. A 7 % increase in cellulose
hydrolysis was observed with hot filtered pulp.

Comparison of various alkali as de-esterification agent

As described earlier, pretreatment with organic
acids such as formic or acetic acid results in
esterification of the cellulose moiety making it
unavailable for enzymatic hydrolysis'*'®. The
mechanism of interference of formyl group with
enzymatic hydrolysis of cellulose in case of formic
acid treated pulp has not been elucidated in great
detail™. Formyl group might inhibit the formation of
productive binding (hydrogen bonds) between
cellulose and the catalytic domain of cellulases. It has
been found that enzymatic digestibility can be
recovered after formyl groups are removed by
saponification'®. De-esterification by alkali helps to
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Fig. 3 — Effect of temperature on pretreatment of cotton stalk.
[Solid bar, % Cellulose recovery after de-esterification; Diagonal
Striped bar, % Delignification; Horizontal striped bar,
% Cellulose hydrolysis. Process conditions were pretreatment
with 67% wi/v formic acid, de-esterification with 1% w/v sodium
bicarbonate, enzymatic hydrolysis using Cellic Ctec3 at
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Fig. 4 — Effect of cold and hot filtration of cotton pulp after
pretreatment reaction. [Solid bar, Cold filtration; Diagonal Striped
bar, Hot filtration. Process conditions were pretreatment with
67% w/v formic acid, de-esterification with 1% w/v sodium
bicarbonate, enzymatic hydrolysis using Cellic Ctec3 at
100 FPU/g]

overcome this hurdle and also removes lignin thereby
efficiently increasing the accessibility of cellulose.
Besides, it also gives numerous beneficial traits that
helps in the deconstruction process. These include
cellulose swelling, decrease in polymerization degree,
increase of internal surface area, disruption of the
lignin structure and separation of structural linkages
between lignin and carbohydrates.

Since de-esterification using sodium carbonate
improved the cellulose hydrolysis in formic acid
pretreated pulp, efficacy of few other alkali viz.,



SANKH & RANGASWAMY: DECONSTRUCTION OF COTTON STALKS 69

NaOH, KOH, Ca(OH), and liquid ammonia were
explored to determine their influence on cellulose
hydrolysis. KOH showed highest cellulose hydrolysis
(87.51%) compared to other alkali agents albeit with
low cellulose recovery (Fig. 5). Sodium carbonate, a
mild alkali proved to be a better reagent as it gave the
highest cellulose recovery of 80.80% with reasonably
good hydrolysis efficiency. Besides, strong alkali
treatment is less preferred in commercial processes
due to ensuing high neutralization costs and their
impact on the effluent stream.

Optimization of enzymatic hydrolysis time and enzyme load

Other than the pretreatment steps, the factor that
has profound effect on the economics of any biomass
deconstruction process is the cost of the enzyme.
This, in turn, is dictated by the amount of enzyme
used and the incubation time for hydrolysis. Other
factors that influence enzymatic cellulose digestibility
include cellulose crystallinity which affects its
susceptibility for cellulase action and the presence of
residual hemicellulose and lignin®’. It was reported
that adsorption of cellulase onto lignin restricted the
movement of cellulase and hindered the cellulase
recycling in bioconversion of lignocellulose?®.

Table 1 represents optimization of enzymatic
hydrolysis time and enzyme load for hydrolysis of
formic acid pretreated and de-esterified pulp using
Cellic CTec3. The results indicated that after 120 h of
hydrolysis time at 100 FPU enzyme load, maximum
cellulose hydrolysis of 88.22% was observed and the
total glucose released was 22.63 g /100 g of biomass.
Considering the recalcitrant nature of cotton stalks, this
68% recovery of the glucan is significant. However,

% Cellulose recovery and Cellulose
hydrolysis

Na2CO3 NaOH Ammonia Ca(OH)2 KOH
Alkali 1% wiv

Fig. 5 — Screening of various alkali for de-esterification. [Solid
bar, % Cellulose recovery; Diagonal Striped bar, % Cellulose
hydrolysis. Process conditions were pretreatment with 67% w/v
formic acid, enzymatic hydrolysis using Cellic Ctec3 at
100 FPU/g]

the enzyme loading of 100 FPU and the long
incubation time of 120 h is still a matter of concern.
Importantly, the pulp still contains 75% of its original
lignin content giving scope for further improvement in
efficiency of the enzymatic hydrolysis.
Optimization of nitric acid concentration

It has been reported that complete release of lignin
from sugarcane biomass was successful by treating
with nitric acid at variable concentration of 2-6% for
300 min at temperature of 100-128°C%. Nitric acid
reacts with lignin at higher temperature and releases
the monomers of lignin into solution leaving white
colored cellulose pulp as precipitate. The treatment
removes most of the hemicellulose and lignin from
the sample, rendering the cellulose fibres accessible
for enzymes. A nitration step was therefore
introduced between formic acid pretreatment and de-
esterification in the current study. As expected,
nitration of pulp with 2% wi/w nitric acid (67 wt. %
stock) gave 89% delignification and 92.89% cellulose
hydrolysis with 25 FPU Cellic Ctec 3 in 48 h (Fig. 6).

Table 1 — Optimization of enzymatic hydrolysis time and
enzyme load after formic acid pretreatment and de-esterification
grams of glucose released/100 g of cotton stalk (% of hydrolysis)

Hr  E-25FPU/g E-50FPU/g  E-75FPU/g E-100FPU/g
24 11.1242.29 14.45+2.31 1551+4.62 16.36%3.46
(43.37) (56.34) (60.48) (63.80)
48 12.78+3.56 16.89+2.34 17.68+1.15 19.51+2.40
(49.83) (65.87) (68.94) (76.06)
120 13.43+3.50 18.61+3.48 19.73+3.56 22.63+3.52
(52.37) (72.56) (76.94) (88.22)
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Fig. 6 — Optimization of nitric acid concentration. [Solid bar,
% Cellulose recovery after de-esterification; Diagonal Striped bar,
% Delignification; Horizontal striped bar, % Cellulose hydrolysis.
Process conditions were pretreatment with 67% wi/v formic acid,
de-esterification with 1% w/v sodium bicarbonate, enzymatic
hydrolysis using Cellic Ctec3 at 100 FPU/g]
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Cotton Stalks: 100g
Cellulose: 32.18 %
Hemicellulose:12.86 %
Lignin+Ash: 25 %

Pulp: 63.05 g
Cellulose: 42.25 %

Hemicellulose: 4.34 %
Lignin+Ash: 34.38 %

Pulp: 4033 g
Cellulose: 59.42 %
Hemicellulose: 3.23 %
Lignin+Ash: 13.3 %

Pulp :3288 ¢
Cellulose: 71.64 %
Hemicellulose: 2.78 %
Lignin rich black liquor

I
Lignin+Ash: 12.66 %
Black Liquor I
Glucose: 77.97 %

Fig. 7 — Process flow sheet for deconstruction of cotton stalks

Enzymatic hydrolysis
25FPU, 48 h

Table 2 — Glucan yield with optimized conditions
% % g glucose/100 g
Cellulose Deligni-  cotton stalk

Pre-treatment steps Recovery fication (% Cellulose

hydrolysis)
Formic acid pre-treated 82.78 14.19 6.36+1.15
+3.56 +2.41 (23.87)
Formic acid pre-treated +  74.49 60 17.41+2.32
2% wi/w Nitric acid +4.62 +4.56 (72.65)
Formic acid + 2% w/w
Nitric acid + 1% wiv Na Si# ig:gé 22(.3;3;3)24

carbonate

This step helped in reducing the enzyme load from
100 FPU to 25 FPU and assisted in the hydrolysis step
by decreasing the time from 120 h to 48 h thereby
clearly suggesting its potential as one of pretreatment
steps.

A flow sheet summarizing the process for
deconstruction of cotton stalks in the current study is
represented in Fig. 7. The process gave 71% recovery
of the glucan content as glucose (22.88% glucose
from 32.2% glucan) while achieving 89%
delignification (Table 2). The glucose thus obtained
can be used in variety of applications including
production of biofuels and biochemicals. The process
developed proved to be reasonably efficient for high
lignin containing recalcitrant biomass such as cotton
stalk and can find application for fractionation of such
types of biomass.

Conclusion

The current study describes an efficient
defractionation process for recalcitrant cotton biomass
that yields maximum amount of sugar. A sequence of
steps consisting of treatments with formic acid
followed by nitric acid and de-esterification by

sodium carbonate rendered the cotton stalk amenable
to enzymatic hydrolysis. Optimized conditions for
deconstruction of cotton stalk includes treatment with
formic acid (67 wt. %) with subsequent treatment
with 2% (w/w) nitric acid and de-esterification with
0.5% (w/v) sodium carbonate which resulted in
delignification by about 89.01% and glucan recovery
of about 68%. Optimized enzymatic load gave net
glucan yield of 22.88 g per 100 g of cotton stalk in 48
h with a hydrolysis efficiency of 92.89%. About 80%
of the formic acid used was recovered by distillation
and reused in the process thereby bringing down the
process cost. This is the first report for deconstruction
of high lignin content biomass such as cotton stalks
and has a significant bearing on the environmentally
safe disposal of this surplus agricultural biomass,
especially in Indian context.

Conflict of interest
The authors declare no conflict of interest

References

1  Egbuta MA, Mclntosh S, Waters DLE, Vancov T & Liu L,
Biological importance of cotton by-products relative to
chemical constituents of the cotton plant. Molecules,
22 (2017) 1.

2 Saratale GD & Oh MK, Improving alkaline pre-treatment
method for preparation of whole rice waste biomass feedstock
and bioethanol production. RSC Adv, 5 (2015) 97171.

3 Saratale GD & Oh MK, Characterization of poly-3-
hydroxybutyrate (PHB) produced from Ralstonia eutropha
using an alkali-pretreated biomass feedstock. Int J Biol
Macromol, 80 (2015) 627.

4  Saratale GD, Jung MY & Oh MK, Reutilization of green
liquor chemicals for pre-treatment of whole rice waste
biomass and its application to 2,3-butanediol production.
Bioresour Technol, 205 (2016) 90.

5  Schneider L, Dong Y, Haverinen J, Jaakkola M, & Lassi U,
Efficiency of acetic acid and formic acid as a catalyst in
catalytical and mechanocatalytical pretreatment of barley
straw. Biomass Bioenergy, 91 (2016) 134.

6 Kumar G, Dharmaraja J, Arvindnarayan S, Shoban S,
Bakonyi P, Saratale GD, Nemestothy N, Katalin BB,
Yoon JJ & Sang HK, A comprehensive review on
thermochemical, biological, biochemical and hybrid
conversion methods of bio-derived lignocellulosic
molecules into renewable fuels. Fuel, 251 (2019) 352.

7  Saratale RG, Saratale GD, Kyungcho S, Sukim D, Ghodake
GS, Kadam A, Kumar G, Ram NB, Banu R & Seungshin
H, Pretreatment of kenaf (Hibiscus cannabinus L.) biomass
feedstock for polyhydroxybutyrate (PHB) production and
characterization. Bioresour Technol, 282 (2019) 75.

8 Pan XJ, Gilkes N, Kadla J, Pye K, Saka S, Gregg D,
Ehara K, Xie D, Lam D & Saddler J, Bioconversion
of hybrid poplar to ethanol and co-products using an
organosolv fractionation process: optimization of process
yields. Biotechnol Bioeng, 94 (2006) 851.


https://doi.org/10.1039/2046-2069/2011
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20MY%5BAuthor%5D&cauthor=true&cauthor_uid=26820921
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oh%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=26820921
https://www.sciencedirect.com/science/journal/09608524
http://www.sciencedirect.com/science/journal/09619534
http://www.sciencedirect.com/science/journal/09619534/91/supp/C
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/article/pii/S0960852419302913#!
https://www.sciencedirect.com/science/journal/09608524

10

11

12

13

14

15

16

17

18

SANKH & RANGASWAMY: DECONSTRUCTION OF COTTON STALKS 71

Zhao X, Cheng K & Liu D, Organosolv pretreatment of
lignocellulosic biomass for enzymatic hydrolysis. Appl
Microbiol Biotechnol, 82 (2009) 815.

Taherzadeh MJ & Karimi K, Pretreatment of lignocellulosic
wastes to improve ethanol and biogas production: A review.
Int J Mol Sci, 9 (2008) 1621.

Muurinen E, Organosolv pulping. A review and distillation
study related to peroxyacid pulping. Ph. D. thesis,
Department of Process Engineering, University of Oulu,
Finland, (2000).

Baeza J, Fernandez AM, Free J, Pedreros A, Schmidt E &
Duran N, Organosolv-pulping Ill: the influence of formic
acid delignification on the enzymic hydrolysis of Pinus
radiata D. Don sawdust. Appl Biochem Biotechnol,
31 (1991) 273.

Sindhu R, Binod P, Satyanagalakshmi K, Janu KU,
Sajna KV, Kurien N, Sukumaran RK & Pandey A, Formic
acid as a potential pretreatment agent for the conversion of
sugarcane bagasse to bioethanol. Appl Biochem Biotechnol,
162 (2010) 2313.

Vanderghem C, Brostaux Y, Jacquet N, Blecker C &
Paquot M, Optimization of formic/acetic acid delignification
of Miscanthus x giganteus for enzymatic hydrolysis using
response surface methodology. Ind Crops Prod, 35 (2012)
280.

Vazquez G, Antorrena G, Gonzalez J, Freire S & Crespo |,
The influence of acetosolv pulping conditions on the
enzymatic hydrolysis of Eucalyptus pulps. Wood Sci
Technol, 34 (2000) 345.

Pan X, Gilkes N & Saddler JN, Effect of acetyl groups on
enzymatic ~ hydrolysis ~ of  cellulosic  substrates.
Holzforschung, 60 (2006) 398.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D
& Crocker D, Determination of structural carbohydrates and
lignin in biomass, Laboratory. Analytical Procedure,
NREL/TP-510-42618, NREL Publication  database,
USA (2008) 1.

Zambrano MV, Dutta B, Mercer DG, MacLean HL &
Touchie MF, Assessment of moisture content measurement
methods of dried food products in small-scale operations in
developing countries: A review. Trends Food Sci Technol,
88 (2019) 484.

19

20

21

22

23

24

25

26

27

28

29

Llano T, Quijorna N, Andres A & Coz A, Sugar, acid and
furfural quantification in a sulphite pulp mill: Feedstock,
product and hydrolysate analysis by HPLC/RID. Biotechnol
Rep, 15 (2017) 75.

Tulos N, Harbottle D, Hebden A, Goswami P & Blackburn RS,
Kinetic Analysis of Cellulose Acetate/Cellulose Il Hybrid
Fiber Formation by Alkaline Hydrolysis. ACS Omega, 4
(2019) 4936.

Afif RA, Pfeifer C & Proll T, Bioenergy recovery from
cotton stalk. In: Cotton Research, (Intechopen, UK), 2019
doi:10.5772/intechopen.88005.

Chang M, Li D, Wang W, Chen D, Zhang Y, HUH & Ye X,
Comparison of sodium hydroxide and calcium hydroxide
pretreatments on the enzymatic hydrolysis and lignin
recovery of sugarcane bagasse. Bioresour Technol,
244 (2017) 1055.

Chen Y, Sharma-Shivappa R, Keshwani D & Chen C,

Potential of agricultural residues and hay for
bioethanol  production.  Appl  Biochem  Biotechnol,
142 (2007) 276.

Sun Y & Cheng J, Hydrolysis of lignocellulosic materials
for ethanol production: a review. Bioresour Technol,
83(2002) 1.

Noparat P, Prasertsanb P, Thong S & Pan X, Dilute Acid
Pretreatment of Oil Palm Trunk Biomass at High
Temperature for Enzymatic Hydrolysis. Energy Procedia,
79 (2015) 924.

Yan L, Zhang L, & Yang B, Enhancement of total sugar and
lignin yields through dissolution of poplar wood by hot
water and dilute acid flow through pretreatment. Biotechnol
Biofuels, 7 (2014) 76.

Yang B & Wyman CE, BSA treatment to enhance enzymatic
hydrolysis of cellulose in lignin containing substrates.
Biotechnol Bioeng, 94 (2006) 611.

Lu X, Wang C, Li X & Zhao J, Temperature and pH
influence adsorption of cellobiohydrolase onto lignin by
changing the protein properties. Bioresour Technol,
245 (2017) 819.

Chong AR, Rammuiez JA, Garrote G & Vazquez M,
Hydrolysis of sugar cane bagasse using nitric acid: a kinetic
assessment. J Food Eng, 61 (2004) 143.


http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314062#!
http://www.sciencedirect.com/science/article/pii/S0960852417314530#!
http://www.sciencedirect.com/science/article/pii/S0960852417314530#!
http://www.sciencedirect.com/science/article/pii/S0960852417314530#!
http://www.sciencedirect.com/science/article/pii/S0960852417314530#!

