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Abstract
This study reports on the evaluation of a two-stage pretreatment process for preparing cotton gin trash (CGT) for conversation to
ethanol. During the first stage, CGTwasmixed with acid at 12%H2SO4 on solids and heated to 180 °C for 15min in a pressurised
stirred reactor. Pressed first-stage pretreated fibres were heated to 200 °C for 5 min during the second stage. The two-stage
process facilitated excellent sugar recovery from both cellulose (84%) and hemicellulose (78%) fractions of CGT. Recombinant
yeast GSF335 propagated on first-stage liquors yielded 41.8 g kg−1 of dry CGT and was compared with the commercial yeast
during separate hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentations (SSF). SHF of pretreated
CGT fibre yielded the equivalent of 66.2 and 64.0 kg ethanol per tonne of unprocessed CGTwith GSF335 and the commercial
yeast, respectively. SSF ethanol yields for the commercial yeast were significantly lower (50.3 kg) while GSF335 correspond-
ingly produced 63.8 kg ethanol per tonne of raw CGT.
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Introduction

In Australia, cotton is a significant broad acre crop with more
than half a million hectares currently under cultivation. It has
been estimated that the ginning process in Australia generates
somewhere between 25 and 60 kg of cotton gin trash (CGT)
per bale of cotton; therefore, based on the 2017/2018 produc-
tion statistics, up to 280,000 tonnes of CGT is projected [1, 2].
The high concentration of CGT residues poses a significant
burden to the industry since the conventional practice of burn-
ing trash has ceased. The current practices for managing CGT
varies greatly across the industry but for most, handling, stor-
age, transport and disposal options add considerable cost to
cotton-ginning processes [1]. Owing to increased disposal
fees, stricter regulations on environmental applications and
emissions and higher fuel prices, interest in converting this
waste residue into bioenergy, particularly biofuels, is gaining
attention.

CGT has been examined by several researchers as an ex-
ploitable biomass resource, particularly as a renewable feed-
stock in reinforcing commercial bioenergy purposes [3]. For
instance, it has promising compositional attributes for effec-
tive conversion to biofuels and other valuable products rela-
tive to other candidate biomass feedstocks [4]. In biochemical
conversion-based approaches, high yields of fermentable
sugars have been generated from CGT and shown to support
cellulosic ethanol production systems [5–7]. CGT is an ideal
biorefinery feedstock because it is concentrated at processing
sites, consequently minimising operational costs associated
with harvesting and transportation. However, commercial pro-
duction of ethanol from CGT requires development of proto-
cols for cost-effective pretreatment and fermentation.

Converting lignocellulosic materials to fermentable sugars
entails a pretreatment step to break up the lignocellulosic struc-
ture thereby allowing enzymes to access and hydrolyse cellu-
lose to glucose. A number of approaches to pretreatment have
been investigated, with acid pretreatment the most commonly
reported [5–10]. By increasing the severity of acid pretreatment,
cellulose digestibility improves but as a consequence xylose
recovery declines, leading to an increase in degradation by-
products that inhibit enzyme digestion and fermentation. This
occurs because the pretreatment conditions that favour recovery
of cellulose are generally more severe than pretreatment condi-
tions that favour hydrolysis of hemicellulose. Thus, single-stage
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pretreatments are problematic for maximising recovery of glu-
cose without generating inhibitory compounds.

To overcome this issue, two-stage pretreatments are ap-
plied. Sequential dilute acid pretreatments with steam explo-
sion are often used for woody residues [11]. Mild conditions
during the first stage of pretreatment remove the
hemicellulose-derived pentose sugars, and cellulosic fibres
amendable to enzyme digestion are produced during the sec-
ond pretreatment stage. This approach requires sufficient re-
sidual acid on first-stage pretreated fibres for effective defi-
brillation during the second stage. Recently, a comparison of
multiple combinations of conditions for two-stage dilute acid
pretreatment of CGT to identify permutations that maximise
recovery of both C5 and C6 sugars was reported [12]. A pri-
mary rationale for developing this approach was that produc-
tion costs could be reduced by propagating recombinant
Saccharomyces cerevisiae yeast on C5-enriched liquors
pressed from first-stage pretreated CGT for use in subsequent
C6 fermentations. Thus, sequential pretreatment of residual
CGT fibre under optimal conditions may be undertaken with-
out detrimentally affecting C5 prehydrolysate liquors. The
criterion for this reasoning was based on the assertions that
xylose metabolism in engineered S. cerevisiae favours respi-
ration instead of fermentation [13] and that these yeast strains
are unable to simultaneously co-ferment C5 and C6 hydroly-
sate sugars into ethanol in an economical manner [14, 15].

In the recent paper, Vancov and co-workers [12] proposed
that propagating the recombinant yeast strain GSF335 [16] in
xylose-enriched first-stage pretreatment liquors would improve
efficiency by reducing processing steps and removing propaga-
tion media material costs. Although hydrolysates from first-
stage pretreatment were suitable for propagating GSF335 and
pretreated fibres from the successive stage were highly acqui-
escent to enzyme digestion, the two-stage process was only
validated at a miniaturised scale. Further, the suitability of
pretreated CGT fibres for ethanol fermentation was not evalu-
ated. Thus, the purpose of this study was to (1) confirm that the
optimal two-stage pretreatment process could be adapted to a
pressurised stirred reactor scale, (2) demonstrate that two-stage
pretreated CGT is suitable for ethanol fermentation and (3)
confirm that the recombinant xylose-fermenting strain
GSF335 propagated in first-stage liquors is comparatively pro-
ficient in producing ethanol from two-stage pretreated CGT
under SHF and SSF conditions. This is a relatively novel ap-
proach that has not been previously reported.

Materials and Methods

Cotton Gin Trash and Materials

CGT was sourced from the Yarraman Gin from the 2017 har-
vest, New South Wales, Australia. The raw CGT biomass

material was dried at 50 °C for 48 h prior to grinding in a rotary
mill (Gelder & Co., New South Wales, Australia) fitted with a
No. 5 American Standard Test Sieve (ASTM). Samples were
pulverised for 60 s (Labtechnics Pulveriser, WA, Australia) to
improve uniformity and reduce particle size (≤ 4.00mm) of raw
CGT. NREL methods [17] were applied to determine the com-
position of the milled CGT. The chemical composition of dry-
milled CGT is presented in Table 1. Milled material was stored
at room temperature in air-tight containers until use.

Unless otherwise stated in the text, all chemicals including
acid, bases, salts, solvents and analytical standards were of
reagent grade or higher and purchased from Sigma Chemical
Co. (St. Louis, MO). Yeast extract and peptone were pur-
chased from AMYL Media (VIC, Australia).

Two-Stage Pretreatment

Pretreatment was carried out in two stages under conditions
previously described byVancov et al. [12]. These pretreatment
conditions were identified to be ideal in generating
prehydrolysate liquors (stage 1) for optimal propagation of
recombinant yeast and CGT fibres (stage 2) highly acquies-
cent to enzyme hydrolysis.

For the first stage, a total of 1.9 kg of CGTwas processed
over 19 runs in a 2-L pressurised stirred reactor (Parr
Instruments, USA). For each run, 100-g CGT was subjected
to dilute acid (DA) pretreatment using conditions described by
Vancov et al. [12]: CGT was mixed with liquids at a ratio of
1:6 w/w with 12 wt% H2SO4 and the mixture held at 180 °C
for 15 min. The pressurised stirred reactor (Parr reactor) was
heated by an external aluminium block heater and water
cooled through the heating block internal cooling coil. The
heating controller was set on maximum output and reaction
material was stirred at 60 rpm. Water was pushed through the
cooling coil using the maximum water valve opening to rap-
idly cool the system (about 15 min). Following pretreatment,
the vessel was rapidly cooled to 90 °C and then the slurry was
immediately decanted. The liquors and solids were separated

Table 1 Chemical composition of oven-dried raw untreated, first- and
second-stage pretreated cotton gin trash (CGT). Data represents the mean
values and standard deviation in brackets between replicates (n = 4)

Component % Raw CGT 1st stage 2nd stage

Glucan 20.5 (5.0) 24.7 (0.5) 35.7 (0.2)

Xylan 7.9 (1.6) 3.2 (0.1) 1.7 (0.0)

Arabinan 1.8 (0.3) 0.5 (0.0) –

Lignin (acid-insoluble) 25.6 (0.7) 42.3 (0.5) 48.0 (0.6)

Extractives 25 (0.8) – –

Ash 11.2 (0.1) 4.0 (0.5) 5.0 (0.9)
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by vacuum filtration using Whatman® glass microfibre GF/A
filters mounted in a Büchner funnel.

For second-stage pretreatment, 400 g of first-stage
pretreated solids—equivalent to 129.2 g dry wt.—was
placed in a 2-L stirred pressurised reactor and mixed with
300 mL of type 1 (ultrapure) water to give a biomass-to-
liquids ratio of 1:5.4 w/w. The slurry was mixed at 60 rpm
in the reaction vessel and heated to 200 °C for 5 min. After
cooling, liquors were pressed from a subsample of the wet
solids for compositional analysis (‘Analytical Methods’
section). The moisture content of pretreated solids was de-
termined by drying at 70 °C with compositional analysis
carried out on dried samples. Pretreated solids and liquors
were stored at − 20 °C until use. All acids and chemicals
associated with pretreatment processing were of reagent or
analytical grade (Sigma-Aldrich, USA).

Cellulase Hydrolysis

The activity of Cellic® CTec 2 cellulase (kindly supplied by
Novozymes, Denmark and herein referred to as CTec 2) was
determined as 103 filter paper units (FPU) per millilitre ac-
cording to NREL laboratory procedure LAP006 [18]. Enzyme
hydrolysis reactions were set up in 50 mM citrate buffer (pH
5.2) containing 0.02% sodium azide and 30 mg peg 6000 g/
dry wt. added solids. Cellic® CTec 2 cellulase was added to
provide 20 FPU g/glucan and solids added to provide a glucan
loading of 2%w/v or 3.75%w/v. Unwashed and washed solids
were compared during cellulase hydrolysis. Washing was car-
ried out by passing distilled water through pretreated solids
until the filtrate was pH 6.0. Hydrolysis mixtures were incu-
bated at 50 °C on a rotatingwheel at 50 rpm for up to 72 h with
1 mL of each sampled at 0 h, 12 h and 24 h and then at 24-h
intervals to 96 h. Hydrolysate samples were centrifuged at
8000g for 5 min and stored at − 20 °C prior to analysis.
Glucan digestibility after enzymatic hydrolysis was calculated
as described by Vancov et al. [12].

Propagation of GSF335 Yeast

Recombinant S. cerevisiae GSF335 (VIB, Belgium) was
propagated using first-stage pretreatment liquors as the exclu-
sive source of carbon/sugars. A seed culture of GSF335 was
initially grown in 500-mL baffled Erlenmeyer flasks contain-
ing 100 mL sterile YPD broth consisting of 10 g L−1 yeast
extract, 20 g L−1 peptone and 20 g L−1 dextrose. Incubations
were carried out overnight at 30 °C while agitated in an orbital
shaker at 250 rpm. Following growth, the yeast culture was
centrifuged and recovered cells were washed twice and resus-
pended in 0.9% sterile saline prior to measuring the optical
density at 600 nm (OD600) of the cell suspension. The OD600

reading was then used to calculate the dry weight biomass
against pre-determined growth curves.

Production of GSF335 yeast biomass for use in fermenta-
tions was carried out in 1-L baffled Erlenmeyer flasks contain-
ing a filter-sterilised medium consisting of 200 mL first-stage
liquors with 10 g L−1 yeast extract, 20 g L−1 peptone and
10 mg L−1 tetracycline. Each flask was inoculated with the
GSF335 seed culture added at a rate of 1 g yeast L−1 medium
and incubated overnight at 30 °C in an orbital shaker with a
rotation speed of 250 rpm. Following incubation, the biomass
of the yeast cultures was estimated using a pre-determined
OD600 curve. The amount required to achieve 4 g L−1 in the
fermentations was transferred to sterile tubes and centrifuged
at 2100 rpm for 5 min. The supernatant was removed and
yeast cells were washed in 0.9% sterile saline and then centri-
fuged with the supernatant removed. The cells were resus-
pended in sterile 0.9% saline and used as inoculum.

Separate Hydrolysis and Fermentation

For SHF the enzyme hydrolysis step was carried out in 1-L
glass stirred reactor vessels (Duran GLS80©) fitted with an
overhead stirrer (RZR 2020 Heidolph, Germany). Reactor
vessels contained a total mass of 700 g consisting of 10%
dry wt. unwashed pretreated solids corresponding to a
3.75% glucan loading, 462.6 g of dissolved reagents added
to give final concentrations of 30 mg peg 6000 g/dry wt. of
added solids and 20 FPU CTec 2 cellulase per gram of added
glucan with the balance made up with 20 mM citrate buffer
(pH 5.0). Enzymatic hydrolysis was carried out over 72 h at
50 °C with the stirring speed maintained at 100 rpm. The
resulting hydrolysate was recovered by filtering through a
1.2-μm glass micro-fibre filter. The pH was adjusted to pH
5.0 with KOH and then the hydrolysate was refrigerated for
12 h to allow fine particles to settle. The hydrolysate was then
vacuum-filtered through a 0.45-μm cellulose nitrate mem-
brane filter. To prepare the hydrolysate for fermentation, the
following was added: 10 g L−1 yeast extract, 20 g L−1 peptone,
860 mg L−1 MgSO4, 52 mg L−1 ZnSO4 and 294 mg L−1

CaCl2. The SHF medium was then filter-sterilised and stored
in a sterile container at 4 °C for a short period prior to use.

SHFs were performed in 120-mL serum glass bottles with
silicone crimp top closures, containing 60-mL filter-sterilised
medium. The medium consisted of above CGT digested hy-
drolysate plus 10 g L−1 yeast extract, 20 g L−1 peptone,
0.86 g L−1 MgSO4, 0.052 g L−1 ZnSO4, 0.294 g L−1 CaCl2,
300 μL 0.1% antifoam 204 and 10 μg mL−1 tetracycline.
SHFs were inoculated at a cell range of approx. 4.0 g L−1

(dry weight equivalent), sparged with nitrogen gas for
10 min to ensure total anaerobic conditions and performed
in batch mode equipped with a water trap to release CO2

and exclude oxygen. The temperature was set to 30 °C and
agitation to 50 rpm. Prior to inoculation and filtration, the pH
of all cultivation media was adjusted to 5.0 with 10 M KOH.
GSF335 yeast inoculum was prepared as described in the
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‘Propagation of GSF335 Yeast’ section. The commercial eth-
anol S. cerevisiae strain Fali (herein referred to as Fali) which
was supplied as an active dry preparation (AB Mauri,
Australia) is well suited for use in industrial SSF processes.
Fali was prepared by transferring 4 g dry into 4 mL 0.9%
saline. Time series sampling—1-mL volume on each
occasion—was carried out at 2-h intervals up to 12 h and then
at 24, 30 and 48 h. These samples were used to determine
OD600 values at each time point and for compositional analy-
sis by HPLC. Incubations were carried out in triplicate and the
experiment was repeated twice.

Simultaneous Saccharification and Fermentation

SSFs were carried out in 1-L glass stirred reactor vessels (Duran
GLS80©) fitted with an overhead stirrer (RZR 2020 Heidolph,
Germany). Moist pretreated solids were added to the vessel at a
ratio of 10%—corresponding to a 3.75% glucan loading—
relative to the total reaction mass of 700 g. The SSF medium
also contained yeast extract, peptone, MgSO4, ZnSO4, CaCl2,
PEG 6000 and tetracycline at concentrations described for SHF
media. The balance of the 700-g reactionmasswasmade upwith
sterile type 1 water, with the amount adjusted depending on the
moisture content of the pretreated solids. The slurry was adjusted
to pH 5.0 with KOH prior to addition of 10 mg L−1 tetracycline
and 20 FPU CTec 2 cellulase per gram of added glucan.

GSF335 yeast biomass was prepared as described in the
‘Propagation of GSF335 Yeast’ section and Fali yeast inocu-
lumwas prepared as described in the ‘Separate Hydrolysis and
Fermentation’ section. Immediately after adding yeast inocu-
lum, the reactor vessel was sparged with N2 for 10 min and
then incubation was carried out at 30 °Cwith the stirring speed
maintained at 100 rpm. A 1-mL sample of the hydrolysate was
taken at 4-h intervals up to 12 h, followed by 12-h intervals up
to 48 h and then 24-h intervals through to 120 h. The compo-
sition of these samples was determined by HPLC as described
in the ‘Analytical Methods’ section. SSFs were performed in
duplicate and repeated twice.

Calculations

The maximum specific growth rate of yeast (μmax) and the
maximum specific glucose uptake rate (qsmax,glucose) were cal-
culated as described by Jeon et al. [19].

The maximum specific ethanol production rates (qpmax)
were calculated over the exponential phase of growth and
based on the following formulae:

qpmax ¼
1

xav

� �
Δp
Δt

� �
ð1Þ

where Δs and Δp are the changes in the glucose and ethanol
concentrations, respectively, over the time period Δt, and xav

is the average biomass concentration over Δt.
In the xylose utilisation phase, the formulae for maximum

specific xylose uptake rate is defined as follows:

qsmax;xylose ¼
1

xav

� �
Δs
Δt

� �
ð2Þ

where Δs is the change in the xylose concentration over the
time period Δt, and xav is the average biomass concentration
over Δt.

Ethanol product yield is based on total sugar consumption
and is accordingly determined by:

Yp=s ¼ E f−Eint

Sint−S f
ð3Þ

where Eint and Ef are the initial and final concentrations of
ethanol, and Sint and Sf are the initial and final concentrations
of total fermentable sugars (glucose + xylose).

The theoretical ethanol yields for SHF and SSF were cal-
culated according to the following equations, respectively:

SHF YE ¼ Yp=s

0:51

� �
� 100 ð4Þ

SSF YE ¼ E½ ��
0:51� Gþ Xyl½ �

0
@

1
A� 100 ð5Þ

where [E] is the final ethanol concentration and [G] and [Xyl]
are the theoretical glucose and xylose content in the substrate.

Analytical Methods

Raw and pretreated biomass and fermentation liquids were
prepared for compositional analysis according to standardised
NREL methods, and the composition of pretreatment liquors
was determined before and after dilute acid hydrolysis (DAH)
[17]. Analysis of monosaccharide sugars, xylitol, glycerol,
furfural, hydroxymethylfurfural (HMF), organic acids and
ethanol content was determined by HPLC. The HPLC system
consisted of a solvent delivery system (Controller 600,
Waters, USA) equipped with an autosampler (Model 717,
Waters) and a refractive index detector (Model 412, Waters)
managed by the Waters Empower® software program. Sugars
were determined using Phenomenex Rezex™ RHM-
Monosaccharide column (7.8 mm × 300 mm) fitted with a
Carbo-Pb guard column. The column was maintained at
60 °C and compounds were eluted with 0.005 M H2SO4 at a
flow rate of 0.5 mL min−1. The refractive index detector was
maintained at 50 °C for all applications. Peaks detected by the
refractive index detector were identified bymatching retention
times and quantified by comparison, with analytical standards
(Sigma-Aldrich, USA) included within each run.
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Residual acid on second-stage pretreated fibres was deter-
mined by titration. Preparation of samples for titration was
carried out by mixing 7-g dry solids in 60 mL type 1 water
(ultrapure deionised) for 2 h with a further 1-h mixing after an
additional 60 mL type 1 water was added. Liquids were sep-
arated from solids by vacuum filtration with titrations carried
out on the liquid fraction against 0.025 M CaCO3 using an
automatic titrator (Titralab TIM 870, Radiometer, Australia).

Statistical Analysis

Enzyme digestibility data was analysed using analysis of var-
iance (ANOVA) to determine significant differences between
the means. A Tukey HSD post hoc analysis (α = 0.05) was
conducted using the real statistics data analysis tool in
Microsoft Excel (2016) to reveal where the differences be-
tween the groups stand. A t test (Microsoft Excel) was used
to determine the significant difference between the yeast’s
fermentation parameter means.

Results and Discussion

Characteristics of Feedstock, Pretreatment Liquors
and Solids

CGT is uniquely different in composition to most other agri-
cultural residues in that it consists of a heterogeneous mixture
of cotton stems, leaf motes, burrs, lint and seeds. The propor-
tion of these varies substantially and primarily depends on the
ginning operation and time of cotton harvest. The CGT used
in this study comprised of high acid-insoluble lignin and ash
(Table 1). The latter presumably arises from the manner in
which the CGT was stockpiled—stored directly on gravel-
strewn earth pads. Better stowage (paved/concrete pads) of
CGT should minimise grit, dust and gravel contamination,
ensuring fewer downstream processing concerns and its part
in the biomass feedstock mix. On an extractive and ash-free
basis, the lignin content approaches 46%, which is markedly
higher than most reported crop residues, and is more akin to
hardwoods, while the carbohydrate content is significantly
lower [20–22]. Seasonal variation and geographical location
accounts for discrepancies between samples used in this
study—low sugar to lignin ratio (1.18)—and previously re-
ported values between 1.82 and 3.8 for CGT [6, 8, 12, 23].
This profoundly impacts the hydrolysis (lignin recalcitrance)
and ethanol yields.

The dry weight of solids recovered following first-stage
DA pretreatment was 67.7% of the initial CGT biomass. The
chemical composition of recovered fibres is listed in Table 1.
Liquors pressed from first-stage pretreated solids contained
low concentrations of degradation products with 1.43 g L−1

acetic acid, 0.48 g L−1 HMF and 0.82 g L−1 furfural. Xylose

release into the liquor fraction corresponded to 58.4% of its
original content in the CGT, which was slightly higher than
the amount (56.1%) recovered during the mini-scale trials
under similar pretreatment conditions [12]. The ratio of total
xylose released during first-stage pretreatment relative to the
theoretical maximum release of xylose—as determined by
DAH—was 78% and relatively lower than the theoretical
hemicellulose dissolution attained at miniaturised scale
(87%). Free and total glucose release into prehydrolysate li-
quors was consistent with miniaturised scale (7 and 12%, re-
spectively) and other studies [5, 7, 12]. Depolymerisation and
solubilisation of glucan from CGT is attributed to the unique
composition of the biomass and corresponds to the amount of
exposed naked cotton fibre [7]. It thus renders the cellulose
more susceptible to depolymerisation than other lignocellulos-
ic feedstock. Overall, the conditions applied during the first-
stage DA pretreatment achieved the goal of maximising re-
covery of xylose in liquors with minimal loss of fibre, glucan
and production of inhibitory compounds.

Following the second-stage pretreatment, the dry weight
of recovered solids was 72% of added first-stage pretreated
solids. Besides greater fibre recovery, post second-stage
pretreated fibres were notably more enriched in glucan and
xylan compared to those arising from the previously report-
ed mini-scale study [12]. This finding was somewhat ex-
pected because the pretreatment settings (temperature) dur-
ing the pressurised stirred reactor treatment were intrinsi-
cally more accurately regulated. The composition of recov-
ered second-stage pretreated fibres is presented in Table 1
and represents recoveries of 84.8% glucan, 10.4% xylan,
91.4% lignin and 21.8% ash. Glucan recovery of 84.4%
using the two-stage process described herein is comparable
to recoveries of 86 and 91% with steam exploded and alkali
pretreatment of cotton gin waste (CGW) [7, 23]. Moreover,
the results presented in this work surpasses reported studies
on CGW exploiting dilute sulphuric acid single-step pre-
treatment regimes with theoretical glucan recoveries rang-
ing from 62 to 71% [5, 8].

Approximately half of the residual xylose in the first-
stage fibre, 3.3 g L−1—equivalent to 11.7% in the original
dry matter (ODM)—was recovered in second-stage liquors.
Loss of glucose from the solids fraction was minimal within
second-stage liquors containing 1.32 g L−1 (corresponding
to 1.8% in the ODM). Compounds that inhibit enzyme di-
gestion or interfere with yeast fermentation were also min-
imal with liquors pressed from second-stage solids contain-
ing 0.96 g L−1 acetic acid, 0.44 g L−1 HMF and 0.85 g L−1

furfural. Effective second-stage pretreatment requires suffi-
cient residual acid on solids to maximise enzyme digestibil-
ity [5, 24]. In this instance, 0.02 g g−1 residual acid on first-
stage pretreated solids appears to have been adequate, as
indicated by the results from cellulase saccharification of
second-stage pretreated fibres (Fig. 1).
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Cellulase Digestibility of Recovered Second-Stage
Fibre

In determining the enzymatic digestibility of second-stage
pretreated solids, glucan loadings of 2% w/v (equivalent to a
5.7% w/v solids loading) and 3.75% w/v (equivalent to a 10%
w/v solids loading) with 20 and 40 FPU Ctec 2 cellulase were
compared. Unwashed pretreated solids—which is atypical of
industrial practices—with washed pretreated solids were also
compared. The results obtained after 92 h of hydrolysis at
nominate time points are presented in Fig. 1 and correspond

to conversion (%) in relation to the substrate glucan content
(Fig. 1a) and as the corresponding total glucose release (mg)
in the CGT fibre digest (Fig. 1b). Since most of these values
were statistically different (p < 0.05 in the ANOVA), Tukey’s
test was used to identify which of the individual responses
were different from one another.

The results in Fig. 1a reveal that for both unwashed and
washed solids, the conversion of glucan to glucose peaked at
72 h with statistically insignificant (p < 0.05) increases in glu-
can digestibilities thereafter. At a glucan loading of 3.75% w/v
(10% solid loading), the digestibility of unwashed solids was
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Fig. 1 Glucan conversion rates
(a) and total glucose release (mg)
(b) of washed and unwashed
recovered solids following
second-stage pretreatment in the
pressurised stirred reactor.
Enzyme hydrolysis conducted at
50 °C with specified glucan load
and Ctec 2 enzyme. Error bars
represent the standard error. n = 6
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significantly better (p < 0.05) at a 40 FPU Ctec 2 loading than
at 20 FPUs for all time points except for the first 12 h. After
the initial 12 h, digestibility of unwashed 2% w/v glucan load-
ing was significantly better than its 3.75% w/v glucan coun-
terpart at enzyme concentrations of 20 FPUs. Increasing the
enzyme load to 40 FPUs notably improved enzyme hydrolysis
in 3.75% w/v glucan digests. Similar trends were noted
amongst the glucan digestibilities of washed samples (Fig.
1a), except for the initial 12 h of digestion. Enzyme hydrolysis
significantly increased with glucan and enzyme load during
this period. Washing pretreated solids also significantly im-
proved digestibility of 3.75% w/v glucan load peaking at 58%
with 20 FPU Ctec 2 and 68% with 40 FPU Ctec 2. Similarly,
at the lower glucan ratio of 2%w/v, the digestibility of washed
solids with 20 FPUCtec 2 reached a maximum of 70%. These
results are consistently better than most reported pretreatment
and digestion studies of cotton gin and cropping residues, for
example 18% digestibility for microbially treated cotton stalks
[25], 23% for ultrasonication with hot water and enzyme pre-
treatment of CGT [26], 24% for sulphuric acid–pretreated
cotton stalks [10], 39% for alkali pretreated CGW [6] and
67% for steam exploded CGW [7] and a two-step organic acid
and alkali treatment of CGW [8]. Although significantly lower
than the 89% theoretical conversion reported with single-step
DA pretreatment of CGT [5], the cellulase load in latter was
8.7-fold higher (174 FPU g−1 glucan or 80FPU g−1 of fibre)
than that in this study. However, at comparable fibre and en-
zyme loads (viz. 10% solids with 40 FPU g−1 glucan), glucan
hydrolysis of two-stage pretreated solids was greater than that
produced from single DA pretreatment (68.0 vs 60.6% con-
version, respectively).

The glucose yield for a 2% w/v glucan loading was
significantly less (p < 0.05) than that for a 3.75% w/v
loading (Fig. 1b) irrespective of washing. For unwashed
solids, the glucose yield for a 2% w/v glucan loading was
137 mg and 156 mg for washed solids after 72 h of hy-
drolysis. For a 3.75% w/v loading, the glucose yield was
219 mg with 20 FPU Ctec 2 and 240 mg with 40 FPU
Ctec 2 for unwashed solids. In comparison to other treat-
ments, glucose yield was significantly (p < 0.05) higher
for washed solids at a 3.75% glucan loading which
yielded 282 mg glucose with 40 FPU Ctec 2 and
240 mg with 20 FPU Ctec 2. The improved digestibility
of washed solids likely resulted from the washing process
leading to a reduction in organic acid and salts which are
recognised cellulase inhibitors [27, 28]. Increasing the dry
fibre load to 10% significantly reduced digestibility at the
lower enzyme load (20 FPUs)—presumably owing to the
fibre’s higher lignin content. It is generally acknowledged
that lignin acts as a substrate-specific barrier and limits
cellulase access via unproductive binding and or steric
hindrance [29]. During this study, increasing the enzyme
load appears to have reduced lignin-associated inhibition,

leading to a higher rate of glucan conversion. This was
particularly evident with the washed 10% fibre digestions
(Fig. 1a), which matched the 5.7 wt% fibre’s rates of
glucan conversion up to time point 72 h. This result indi-
cates that added cellulase was not instantaneously ren-
dered inactive by higher lignin substrates, but rather that
its activity slowed as the lignin to accessible cellulose
ratio increased [30].

While these results indicate that washing pretreated solids
improves enzyme digestibility of pretreated fibres, the process
introduces additional processing costs and improvements in
glucose yield need to be weighed against these. Similarly, the
highest glucose yields were attained using a 3.75% w/v glucan
loading with 40 FPU Ctec 2. However, for unwashed fibres
with a 3.75% w/v glucan loading, doubling the enzyme rate
from 20 FPU Ctec 2 to 40 FPU Ctec 2 led to only a 10% gain
in glucose yield. This indicates that a 3.75% w/v glucan load-
ing with 20 FPU Ctec 2 is an efficient combination if using
unwashed solids. This combination was thus used for the fer-
mentation experiments.

Ethanol Fermentation of Second-Stage Pretreated
CGT

Two approaches for producing ethanol by fermentation of
second-stage pretreated CGT were investigated. These were
separate hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF). For both SHFs and
SSFs, the performance of the recombinant xylose-fermenting
yeast GSF335 was compared with that of Fali. Unwashed
second-stage pretreated solids were used as the primary sub-
strate in SSFs and enzyme hydrolysates for SHFs from the
3.75% glucan (10% fibre) loading with 20 FPU Ctec 2
treatment—as described in the ‘Characteristics of Feedstock,
Pretreatment Liquors and Solids’ section. The glucan and xy-
lan conversion efficiencies for SHF hydrolysate production
were 71.7 and 100.0%, respectively.

Prior to setting up fermentations, GSF335 inoculum was
propagated in C5 sugar-enriched liquors pressed from first-
stage pretreated solids. As presented in Fig. 2, the yeast
GSF335 preferentially grows on glucose and once depleted
(4 h) shifts to xylose. Between 12 and 24 h, GSF335 biomass
continues to increase as xylose and acetic acid levels decline.
Extending growth beyond 24 h resulted in marginal biomass
gains. GSF335 did not consume any arabinose. Interestingly,
GSF335 failed to consume all of the xylose implying either a
bottleneck in the xylose pathway or the presence of other
poorly metabolisable sugars co-migrating on the HPLC col-
umn (e.g. galactose). Nevertheless, the prehydrolysate liquor
yielded up to 7.75 g yeast L−1 corresponding to 41.8 g kg−1 of
dry CGT. Propagation of recombinant yeast in unmodified
xylose laden prehydrolysate liquors has yet to be reported.
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Separate Hydrolysis and Fermentation

During SHFs, GSF335 and Fali yeast strains demonstrated
similar fermentation kinetics (Table 2; Fig. 3). GSF335 con-
sumed the glucose fraction within the first 10 h and con-
sumed the xylose fraction within 24 h, to yield a maximum
of 15.2 g L−1 ethanol after 10 h with an MEVP (maximum
ethanol volumetric productivity) of 2.4 g L−1 h−1. This com-
pares with Fali yeast which consumed all glucose within the
first 8 h to yield a maximum of 14.7 g L−1 ethanol after 10 h
with an equivalent MEVP. The rapid conversion of sugars to
ethanol by both yeasts indicates that any inhibitors present
in the hydrolysates had little impact on ethanol production.
Ethanol yields for GSF335 and Fali were 96 and 99%, re-
spectively, of the theoretical yields based on sugars present
in the hydrolysate. The MEVP and theoretical yields report-
ed in this study are comparatively higher than those reported
for CGT enzyme hydrolysate fermentations derived from
acid-pretreated and/or alkali-delignified fibre [5, 8, 23].
However, if fibre hydrolysis efficiency during sugar hydro-
lysate preparation is taken into account, the actual ethanol
yields per pretreated wet fibre (w/w) are c.a. 60 and
62% for Fali and GSF335, respectively. The cited stud-
ies above did not disclose the hydrolysis efficiency of
their fermentation liquor, consequently making it diffi-
cult to draw firm conclusions.

Table 2 SHF kinetic parameters of GSF335 and Fali in enzyme sugar
hydrolysates produced from unwashed CGT pretreated fibres. SHFs
conducted at 35 °C

Kinetic parameters GSF335 Fali

μmax (h
−1) 0.12 (0.01) 0.08 (0.02)

qsmax,glucose (g g−1 h−1) 1.20 (0.15) 1.36 (0.36)

qsmax,xylose (g g−1 h−1) 0.12 (0.02) 0.14 (0.04)

qpmax (g g−1 h−1) 0.62 (0.11) 0.56 (0.17)

Yp/s (g g−1) 0.49* (0.02) 0.51* (0.02)

Yx/s (g g
−1) 0.08 (0.00) 0.05 (0.01)

Ygly/s (g g
−1) 0.08 (0.01) 0.05 (0.00)

MEVP (g g−1 h−1) 2.4 (0.6) 2.4(0.5)

Maximum ethanol produced (g L−1) 15.2* (1.3) 14.7* (0.4)

YE ethanol yield (% theoretical) 96.2* (3.9) 99.0* (3.7)

qsmax,glucose, represents the maximum specific glucose uptake; qsmax,xylose,
represents the maximum specific xylose uptake rate; qpmax, maximum
specific Ethanol rate; MEVP, represents maximum ethanol volumetric
productivity; Yp/s, represents the ethanol yield based on the total sugar
consumption; Yx/s, represents the biomass yield based on the total sugar
consumption; Ygly/s, represents the glycerol yield based on the total sugar
consumption; YE, represents % theoretical ethanol yield. Data represents
the mean values and standard deviation in brackets between biological
replicates (n = 6)

*Calculated at time point 10 h
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The kinetic parameters presented in Table 2 reveal that both
strains behaved similarly during the fermentation. Significant
differences were noted in each strain’s maximum specific growth
rate (μmax), and yield of cell mass and glycerol per substrate
consumed. GSF335 had a μmax of 0.12 h−1, which was signifi-
cantly (p< 0.05) higher than Fali’s (μmax of 0.08 h−1). During
rapid growth, GSF335 increases production of glycerol to redress
NAD+/NADH redox balances caused during synthesis of bio-
mass and ethanol [31]. Thus, the faster growth rate and cell mass
of GSF335 likely explains why glycerol production was higher
in GSF335 fermentations than in Fali SHFs. The consequence of
higher glycerol production during fermentation is that the sub-
strate is diverted away from ethanol production, which likely
explains why ethanol titres for GSF335 were slightly less than
anticipated. During fermentations with Fali, xylose concentra-
tions declined during the initial 8 h. This was unexpected as
Fali does not have the metabolic capacity to ferment xylose to
ethanol and there was no indication that xylitol was produced
during fermentations either. Thus, this result is perplexing but
may be explained by other fermentable sugars (e.g. fructose)
co-migrating on the HPLC column to give a false reading for
xylose at the start of the fermentation. The presence of residual
xylose (1 g L−1) at the end of the Fali fermentation (Fig. 3) and its
relatively high qsmax,xylose value indicates that this may have been
the case (Table 2).

If considered exclusively on an ethanol yield efficiency
basis, minor gains were achieved with GSF335 which pro-
duced an equivalent of 66.2 kg tonne−1 of raw CGTcompared
with 64.0 kg tonne−1 for Fali. Although the performances of
both yeast strains during the SHF process are similar, the
relatively modest ethanol yields for the entire process are
slightly vexing. Partitioning of up to 35% of CGT’s sugar

components (equivalent 80.5 and 31.5 kg t−1 CGT of xylose
and glucose, respectively) into the prehydrolysate liquors part-
ly accounts for the modest yields. Although this portion
equates to an additional 57 kg of ethanol, the large diluted
volumes of liquor makes it commercially impractical.
Moreover, the ability to propagate GSF335 yeast inoculum
in C5-rich liquors and generate up to 41.8 kg of yeast inocu-
lum per tonne of raw CGT potentially offers a better option for
industrial scale-up. This is more than sufficient inoculum for
succeeding C6-fibre fermentations. Notwithstanding, the
modest estimated ethanol yields are directly attributed to the
uncharacteristically low carbohydrate and high lignin content
of the CGT sample provided by the cotton gin.

Simultaneous Saccharification and Fermentation

During SSFs, GSF335 rapidly metabolised residual glucose
and xylose contained within second-stage pretreated solids to
yield 7.5 g L−1 ethanol within 12 h (Fig. 4). Thereafter, uptake
of glucose and xylose by GSF335 maintained sugar levels
below cellulase inhibition thresholds, with ethanol production
continuing up to 120 h and a maximum yield of 12.8 g L−1.
The rate of ethanol production in fermentations inoculated
with Fali was slightly greater than that in fermentation with
GSF335 during the initial 24 h, but ethanol production was
negligible thereafter, reaching a maximum of 10.1 g L−1. As
occurred in SHFs (‘Separate Hydrolysis and Fermentation’
section), GSF335 channelled its carbon flux toward produc-
tion of glycerol, which is indicative of active growth. GSF335
produced up to 2.7 times more glycerol than Fali and similar
quantities of acetic acid to Fali but its activity was less affected
by these. Thus, GSF335’s robust proliferation under SSF
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conditions confirms that it is better suited to lignocellulosic
ethanol production than Fali yeast. It is also likely that
GSF335’s performance was enhanced by preconditioning dur-
ing cultivation in C5 laden first-stage pretreatment liquors.

Ethanol yield for Fali SSFs was significantly lower than
GSF355 but similar to its counterpart SHFs (‘Separate
Hydrolysis and Fermentation’ section), owing in part to
GSF335’s capacity to ferment xylose (albeit xylose content
in the fibre was minor) and its prior exposure and growth in
prehydrolysate liquors. Based on mass data, ethanol yields
were calculated at 50.3 and 63.75 kg dry tonne−1 of raw
CGT of for Fali and GSF335 respectively. The final ethanol
yield efficiency of 50.6% and 60.1% for Fali and GSF335,
respectively, was below anticipated levels. The low conver-
sion rate and yield during SSFs is mainly attributed to the
change in the substrate’s composition and in part to the tem-
perature compromise at 35 °C—being suboptimal for cellu-
lase activity and yeast fermentation. As noted above, cellulose
hydrolysis and consequently ethanol production were presum-
ably hampered by increasing lignin to accessible cellulose
ratio as hydrolysis progressed. Fermentation temperatures at
35 °C sustained over prolonged periodsmay have also impact-
ed yeast cell viability [32–34]. At temperatures beyond their
growth optimum (28 °C), S. cerevisiae is more susceptible to
stresses such as ethanol accrual and can result in stuck fermen-
tations [34]. Ethanol accumulation has also been noted to di-
minish cellulase activity over time [35, 36]. Post-treatment
strategies leading to CGT fibre with reduced lignin content
and fed-batch SSF processing—whereby yeast, enzyme and
possibly substrate are incrementally added—are currently un-
der investigation to overcome these challenges.

Nonetheless, ethanol yields from these SSFs were nota-
bly higher than or comparable with reported studies for oth-
er highly lignified DA-pretreated biomass. For example,
Manfredi et al. [37] achieved 42.6 kg ethanol per tonne of
corn stover, which was 45% of the theoretical yield. Cuevas
et al. [38] conducted SSFs with a thermotolerant
S. cerevisiae strain using 80 FPU cellulase incubated at
40 °C to achieve 53% of the theoretical ethanol yield or
81 kg t−1 of olive stones. Although ethanol yields from
SSFs during the present study were relatively lower than
previous observation of 110.7 kg t−1 CGT for SSF of
single-stage pretreated CGT [5], the latter study used CGT
with higher carbohydrate content, four times the quantity of
cellulase compared to the present and commercially sup-
plied yeast inoculum. This adds significant cost to process-
ing and thus negates gains in ethanol yield.

Conclusion

This study confirms that the sequential two-stage pretreatment
process proposed by Vancov et al. [12] is repeatable at the
pressurised stirred reactor bench scale-up and demonstrates
good prospects for valorisation of C5 and C6 sugars in CGT
and other biomass resources. The two-stage pretreatment de-
livered xylose laden liquors fitting for yeast propagation
(42 kg t−1 dry CGT) intended and underpins subsequent fer-
mentations and highly digestible glucan-enriched CGT fibres.

The recombinant GSF335 performed marginally better un-
der SHF conditions delivering 66.2 kg ethanol tonne−1 of raw
CGT. The source of feedstock used and its progressive
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recalcitrance—especially under SSF conditions—account for
the modest conversion efficiencies and yields. Future research
should address problems affecting enzymatic hydrolysis and/
or yeast performance during SSF prior to process validation
and demonstration at pilot.
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