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Abstract

Apple pomace was studied as a possible raw material for biobutanol production. Five
different soft physicochemical pretreatments (autohydrolysis, acids, alkalis, organic
solvents and surfactants) were compared in a high pressure reactor, whose working
parameters (temperature, time and reagent concentration) were optimised to maximise
the amount of simple sugars released and to minimise the generation of inhibitors. The
pretreated biomass was subsequently subjected to a conventional enzymatic treatment to
complete the hydrolysis. A thermal analysis (DSC) of the solid biomass indicated that
lignin was mainly degraded during the enzymatic treatment. The hydrolysate obtained
with the surfactant PEG 6000 (1.96% wi/w) contained less inhibitors than any other
pretreatment, yet providing 42 g/L sugars at relatively mild conditions (100 °C, 5 min),
and was readily fermented by Clostridium beijerinckii CECT 508 in 96 h (3.55 g/L
acetone, 9.11 ¢/L butanol, 0.26 ¢/L ethanol; 0.276 gg/gs Yyield; 91% sugar
comsumption). Therefore, it is possible to optimise pretreatment conditions of
lignocellulosic apple pomace to reduce inhibitor concentrations in the final hydrolysate
and perform successful ABE fermentations without the need of a detoxification stage.
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Introduction

The world production of apples in 2014 attained 84,630,275 tonnes; of which
13,093,335 tonnes were harvested in the European Union (FAOSTAT 2016). It is
estimated that 25-30 % of the apple production is destined to apple processing
industries, where apples are mainly used for juice extraction (Dhillon et al. 2013).
Apple pomace is the solid waste generated after milling and pressing, and it constitutes
25-30 % of the total processed biomass (Dhillon et al. 2013). The average generation of
apple pomace in the EU-28 between 2010 and 2013 reached about 1,053,000
tonnes/year (Cosi¢ et al. 2016). Apart from their evident application as animal and
human food (Sudha et al. 2007), apple residues can be suitable feedstocks for
biorefineries, due to their high carbohydrate content. Apple residues with high
concentrations of free monosaccharides, like wet apple pomace, discarded apples,
filtration sludge or juice of rotten apples, have been assessed for the generation of
bioethanol (Tahir and Sarwar 2012) and biobutanol (\Voget et al. 1985; Jesse et al. 2002;
Maiti et al. 2016). However, to the best of our knowledge, apple pomace with high
lignocellulosic contents has never been successfully fermented.

Industrial butanol production between 1920 and 1960 was based on the fermentation of
carbohydrate-rich substrates (grain, molasses, potatoes, etc.) by solventogenic strains of
Clostridium sp. in a process known as the acetone-butanol-ethanol (ABE) fermentation
(Jones and Woods 1986). Due to the elevated costs of the abovementioned substrates,
this fermentative route was abandoned after the consolidation of petrochemistry, which
allowed the chemical synthesis of butanol from propylene (Chen et al. 2013). However,
the development of new technologies which could enable the use of low-cost feedstocks
might make the ABE fermentation profitable and interesting again (Jang et al. 2012,
Jurgens et al. 2012), especially for those countries without crude oil reserves. Agro-food
wastes, such as apple pomace, are composed of lignocellulosic biomass with high
proportions of complex carbohydrates, like cellulose and hemicellulose. Solventogenic
bacteria that have been traditionally used for ABE fermentation (C. acetobutylicum, C.
beijerinckii, etc.) are not able to directly ferment these polysaccharides (cellulose and
hemicellulose). Because of that, an expensive pretreatment is required to release
fermentable simple sugars (mainly glucose and xylose) from the intricate lignocellulosic
fibre network. Generally, the pretreatment begins with a physicochemical process to
alter the lignocellulosic structure (Salehi Jouzani and Taherzadeh 2015), followed by an
enzymatic hydrolysis of the polysaccharides. As a consequence, at present it is not
economically feasible to transform lignocellulosic residues into butanol at an industrial
scale. It is therefore essential to find a cost-effective pretreatment which can release
simple sugars from agro-food wastes.

Autohydrolysis is a pretreatment technique for lignocellulosic biomass consisting of the
use of hot water or steam as a single reagent. Its advantages are that corrosion problems
are limited, no sludges are generated and capital and operational costs are low (Garrote
et al. 1999). Hydronium ions from both water and in situ-generated compounds (acetic,
uronic and phenolic acids) catalyse the hemicellulose depolymerisation without
significantly degrading cellulose and lignin (Garrote et al. 1999). Autohydrolysis has a
wide range of applications, like pulping processes, defibration for fibreboard production
and as a pretreatment for the enzymatic hydrolysis of cellulose (Garrote et al. 1999). It
has been employed as a pretreatment for agriculture and food wastes, like corn stover or
coconut shell in ethanol fermentation processes (Buruiana et al. 2014, Gongalves et al.
2015), or pine and elm wood in ABE fermentation processes (Amiri and Karimi 2015).
Dilute chemical pretreatments consist of the use of an aqueous solution containing a



chemical reagent which can improve the degradation or hydrolysis of lignocellulosic
biomass. These processes usually take place at high temperatures (above 120 °C), but
lower temperatures can also be employed when working with high-pressure reactors.
The best-known dilute chemical pretreatments imply the use of acids (Lloyd et al. 2005,
Orozco et al. 2013) or alkalis (Jurgens et al. 2012, Guilherme et al. 2015), but other
reagents such as organic solvents (Araque et al. 2008, Mesa et al. 2011) and surfactants
(Kapu et al. 2012, Wei et al. 2011) have been evaluated too. Experimental butanol
production from agro-food wastes has been reported for sulfuric acid pretreatments
(Qureshi et al. 2010) and NaOH alkaline pretreatments (Gao and Rehman 2014).

In the present work, apple pomace was studied as a possible raw material for biobutanol
production. Five different soft physicochemical pretreatments (autohydrolysis, acids,
alkalis, organic solvents or surfactants) with several reagents were compared in a high
pressure reactor; with a biomass-to-solvent ratio of 10 % (w/w). Working parameters of
the reactor (temperature, time and reagent concentration) were optimized via Response
Surface Methodology (RSM). The pretreated biomass was subsequently subjected to a
conventional enzymatic treatment to complete the hydrolysis. The main objective of
these pretreatments was to maximise the amount of simple sugars released and to
minimise the generation of fermentation inhibitors, in order to assess the fermentability
of the hydrolysates with the strain C. beijerinckii CECT 508, which is adequate for the
metabolisation of glucose/xylose mixtures. In addition, the transformations experienced
by the solid biomass throughout the pretreatment were evaluated by differential
scanning calorimetry (DSC).

Material and methods

Chemicals and reagents

Analytical grade H,SO,4, HCI, NaOH and KOH; chemical pure grade HNOj3; and HPLC
grade methanol were obtained from Panreac (Castellar del Vallés, Spain). Analytical
grade ammonia solution and ethanol were supplied by Scharlab (Sentmenat, Spain).
Tween 80 and HPLC grade acetone were purchased from Sigma-Aldrich (Steinheim,
Germany). Polyethylene glycol 6000 (PEG 6000) was provided by Acros Organics
(Geel, Belgium). Cetyltrimethylammonium bromide (CTAB) was obtained from
Ankom Technologies (Macedon, NY, USA).

The enzyme Celluclast 1.5L was supplied by Novozymes (Bagsvaerd, Denmark) and
Cellic CTec2 was provided by Novozymes (Tianjin, China). The measured enzymatic
activities were 88 FPU/mL for Celluclast 1.5L and 124 FPU/mL for Cellic CTec2.

Biomass description and processing

Dry apple pomace was provided by Muns Agroindustrial S.L. (Lleida, Spain) in June
2016. The biomass was ground in a SM100 Comfort rotary mill (Retsch GmbH, Haan,
Germany) and sieved to a size of 0.5-1.0 mm.

Moisture, ash, structural carbohydrates (cellulose and hemicellulose) and Klason lignin
were analysed according to the National Renewable Energy Laboratory procedures
(NREL 2008, 2012). Proteins were analysed with the Kjeldahl method, considering a
conversion factor of 6.25. Fats were quantified in an ANKOM XT15 extraction system



(AnkomTechnology). Total phenolic compounds were analysed following the method
described by Folin and Denis (1912) after an extraction according to Xu et al. (2011).
The chemical composition of apple pomace can be found in Table 1.

Table 1. Chemical composition of the studied apple pomace.

Apple pomace

Total carbohydrates (%) 55.86

Soluble carbohydrates (%) 15.55

Cellulose (%) 21.22

Hemicellulose (%) 14.75
Klason lignin (%) 18.50
Protein (%) 4.87
Fats (%) 1.42
Ash (%) 1.31
Moisture (%) 6.56
Total phenolic compounds (mg/g) 3.5

The effect of the pretreatments on the solid biomass was assessed with a differential
scanning calorimeter (DSC) STARe System DSC823e (Mettler-Toledo, Columbus, OH,
USA). Three different solid samples were considered in each case: original biomass,
biomass after the physicochemical treatment and biomass after the enzymatic
hydrolysis. For the DSC measurement, all samples were dried at 45 °C until constant
weight. Then, 7-10 mg biomass were introduced in a 40-ul aluminium crucible and
covered with a pierced lid. The crucible was placed in the DSC furnace and heated from
25 to 600 °C at a rate of 20 °C/min. The system was continually flushed with gaseous N,
at 50 mL/min.

Pretreatment

Preliminary selection of the most suitable chemical compounds for the physicochemical
treatment

In order to choose the most appropriate chemical compound for the physicochemical
treatment of apple pomace, twelve different substances belonging to four general groups
(acids, alkalis, organic solvents and surfactants) were solved in distilled water and
compared. This preliminary selection was not applied to autohydrolysis, because that
treatment does not require reagents.

Ten grammes of dry biomass were introduced in a glass bottle and 90 g aqueous
solution containing one of the tested substances were added. The bottle was closed in a
nonairtight manner so that gases could escape. Then, the bottle was placed in an
autoclave at 121 °C during 2 h. The experiments were performed in triplicate. The
selected compounds and their dosages were: 2% H,SO,, 2% HCI, 2% HNO3 (acids), 2%
NaOH, 2% KOH, 2.5% NH4OH (alkalis), 40% ethanol, 40% methanol, 40% acetone
(organic solvents), 3% Tween 80, 3% PEG 6000, and 3% CTAB (surfactants)
(expressed in %, w/w; referred to the total mass of 100 g mentioned above).

After the autoclave pretreatment, an enzymatic hydrolysis was performed inside the
bottles as follows. The bottles were allowed to cool down, and then a 5-mL solution
containing 0.97 g citric acid was added. In the case of samples treated with organic
solvents, a small but significant mass of sample had evaporated inside the autoclave;



and this loss was compensated by adding an equivalent mass of distilled water in this
step. The pH was adjusted to 5.0 with a concentrated NaOH or HCI solution. This made
a buffer citrate of about 50 mM and pH 5.0. Afterwards, 409 pl of the enzyme
Celluclast 1.5 L were added. The bottles were capped and placed in an orbital shaker at
50 °C and 180 rpm during 72 h. At the end of the enzymatic hydrolysis, the sample was
filtered through a nylon mesh and the liquid was centrifuged at 4100 rpm during 10 min
(centrifuge Jouan CR3i, Chateau-Gontier, France). For the chemical analyses of sugars
and inhibitors, each liquid sample was filtered through a nylon syringe filter (0.20 pum
pore; Agilent, Santa Clara, CA, USA) and analysed according to the procedure
described in section Chemical Analyses.

The most efficient reagent of each group was selected (i.e. one acid, one alkali, one
organic solvent and one surfactant) to perform an optimization of the pretreatment
conditions as explained in the next subsection.

Optimisation of pretreatment conditions

Pretreatments were performed with a high-pressure 2-L reactor made of alloy
Carpenter-20 (Parr Instrument Company, Moline, IL, USA). Similarly, a biomass ratio
of 10% (w/w) was also used. Forty grammes of dry biomass were placed in the reactor
container and 360 g of the corresponding aqueous solution were added. The reaction
mixture was heated at a rate of about 7.6 °C/min with continuous stirring, until the
programmed working temperature was attained. Then, the reactor was kept at that
temperature during a certain time. Time zero was considered at the beginning of the
isothermal stage. At the end of the process, the reactor was cooled and the solid/liquid
mixture was recovered. For working temperatures and times, see Table 2.

Table 2. General characteristics of the Complete Central Design experiments performed to
optimize the physicochemical pretreatment of apple pomace.

Factors Runs | Number of cube, | Alpha Axial ranges
(variables to central and axial
optimize) points

Autohydrolysis | 2 13 4,5, 4 1.41421 | T (°C): 120-220
t (min): 5-120

Acids 3 20 8,6,6 1.68179 | T (°C): 100-200

t (min): 5-120

Acid (%, wiw): 0.5-
3.5

Alkalis 3 20 8,6,6 1.68179 | T (°C): 100-200

t (min): 5-120

Alkali (%, w/w): 0.5-
5

Solvents 3 20 8,6,6 1.68179 | T (°C): 100-200

t (min): 5-120
Solvent (%, w/w):
10-70

Surfactants 3 20 8,6,6 1.68179 | T (°C): 100-200

t (min): 5-120
Surfactant (%, w/w):
0.3-5.7

After the thermal pretreatment, an enzymatic hydrolysis was performed on the biomass
solid/liquid mixture obtained in the reactor. For technical reasons, only one fourth part




of this mixture was used (i.e. about 100 g), paying special care to keeping the
proportion of solids and liquid hydrolysates. Each sample was placed in a 500-mL
Erlenmeyer flask, and then a 5-mL solution containing 0.97 g citric acid was added. The
pH was adjusted to 5.0 with a concentrated NaOH or HCI solution. This made a buffer
citrate of about 50 mM and pH 5.0. Afterwards, 290 pl of the enzyme Cellic CTec2
were added. The flasks were capped and placed in an orbital shaker at 50 °C and 180
rpm during 72 h. In the case of samples treated with organic solvents, two different
strategies were used: a) the samples were processed as explained before, and this
experiment was identified as “slurry”, and b) the solid biomass was separated from the
liquid by filtration after the reactor pretreatment, and that liquid was substituted by an
equivalent amount of water to perform the subsequent enzymatic hydrolysis, and this
experiment was identified as “water”. This was done to reduce the presence of organic
solvents in the final broth, which might hinder bacterial fermentation. The pH
adjustment, enzyme addition and enzymatic hydrolysis conditions were the same as
those described previously. After the enzymatic hydrolysis, all the samples were
filtered, centrifuged and prepared for chemical analyses as explained in the previous
subsection. Simple sugars as well as potential fermentation inhibitors were analysed.

In the case of autohydrolysis experiments, two variables were optimized regarding the
pretreatment in the reactor: temperature and time. In the case of acidic, alkaline, organic
solvent or surfactant treatments, three variables were optimized: temperature, time and
reagent amount. In order to perform the optimization, complete central design (CCD)
and response surface methodology (RSM) experiments were performed for each
pretreatment type. The enzymatic hydrolysis process was the same for all the samples.
Some characteristics of these RSM experiments can be found in Table 2. A response
surface was calculated and the resulting equations were used to estimate the optimal
temperature, time and reagent concentration values to obtain the highest amount of total
sugars released and the lowest amount of total inhibitors in the broth after the
physicochemical treatment in the reactor and the subsequent enzymatic hydrolysis.
Total inhibitors were calculated as the sum of formic acid, acetic acid, levulinic acid,
furfural, 5-hydroxymethylfurfural (5-HMF) and total phenolic compounds
concentrations. Afterwards, all the mathematically estimated optimal points were
validated with experiments.

Fermentation of the liquid hydrolysates from the pretreatment

Strain culture was performed according to Diez-Antolinez et al. (2016). In brief, the
strain Clostridium beijerinckii CECT 508 (NCIMB 8052) was obtained from the
Spanish Collection of Type Strains (CECT, Paterna, Spain). The lyophilised cells were
resuspended in synthetic medium consisting of 19 g/L Reinforced Clostridial Medium
(Oxoid, Basingstoke, UK) and 10 g/L lactose (Sigma-Aldrich, Steinheim, Germany)
and exposed to a thermal shock (2 min at 80 °C in a water bath and 5 min in ice). They
were subjected to sporulation according to the CECT protocol. Then, 500 pl spores
were added to 100 mL of the above-mentioned synthetic medium, which was placed in
glass bottles capped with a rubber septum, and exposed to a thermal shock. Afterwards,
gaseous N was bubbled into the headspace of the closed bottles during 5 min to obtain
anaerobic conditions. The bottles were incubated for 20 h at 35 °C and were employed
as inocula, containing an approximate bacterial density of 6-10° cells/mL. For
fermentability tests, after filtration and centrifugation, hydrolysates were supplemented
with nutrients (5 g/L yeast extract, 2.1 g/L NH4CI, 0.5 g/L K;HPQy4, 0.5 g/L KH,POy,



0.01 g/L FeSO,4-7H,0, 0.2 g/L MgSQ,4-7H,0, and 0.5 g/L cysteine) and 5 g/L CaCOs3
for pH control. All these compounds were autoclaved within the fermentation medium,
except cysteine and iron and magnesium salts, which were added as a microfiltered
concentrated solution after autoclaving. The initial pH was adjusted to 6.00 with NaOH.
Then, 1.5 mL of inoculum were added to 48.5 mL of fermentation medium in rubber-
capped bottles. Gaseous N, was bubbled into the bottom of the closed bottles during 5
min to guarantee anaerobic conditions. Fermentation bottles were incubated at 35 °C
and 100 rpm in an Infors HT Minitron orbital shaker (Infors AG, Bottmingen,
Switzerland) during 96 h.. These experiments were performed in triplicate.
Fermentation controls were prepared with aqueous solutions containing glucose and
xylose mixtures at similar concentrations to those of the apple pomace hydrolysates, and
supplemented with the abovementioned nutrients and salts.

Chemical analyses

Aqueous samples were centrifuged at 13,000 rpm in a microcentrifuge for 3 min
(Minispin, Eppendorf, Hamburg, Germany). The supernatant was filtered through a
nylon syringe filter (0.20 um pore; Agilent, Santa Clara, CA, USA) prior to analysis.
The sugars cellobiose, glucose, xylose, rhamnose and arabinose, and the potential
inhibitors formic acid, acetic acid, levulinic acid, 5-hydroxymethylfurfural (5-HMF) and
furfural were analysed by HPLC with an Agilent 1200 HPLC equipment (Agilent
Technologies) provided with a 300 x 7.8 mm i.d. cation exchange column Aminex
HPX-87H (Biorad, Hercules, CA, USA) and a Refractive Index Detector (RID)
G1362A (Agilent Technologies). The mobile phase was 5 mM H,SO, at a flow rate of
0.6 mL/min. The column temperature was set at 60 °C. The injection volume was 20
pL. In this HPLC analytical method, galactose and mannose are quantified together
with xylose; whereas maltose is quantified together with cellobiose. Other inhibitors,
like phenolic compounds, were analysed by Folin-Denis’ assay. Total phenolic
compounds were expressed as gallic acid equivalents (GAE).

Fermentation metabolites, like acetone, butanol, ethanol, acetic acid and butyric acid
were determined by GC using an Agilent 7890 GC equipped with a flame ionization
detector (FID) and provided with a HP Innowax 30 m x 0.530 mm, 1.00 um column
(Agilent Technologies, Santa Clara, CA, USA). The FID flame was maintained with a
mixture of 30 mL/min H; and 400 mL/min air, using N, as make-up gas. An agueous
sample of 1 pl was injected in split mode (split ratio 25) at a temperature of 250 °C. The
oven temperature was set at 40 °C during 2 min, then raised to 45 °C at a rate of 5
°C/min and finally raised to 225 °C at a rate of 20 °C/min. The detector temperature was
set at 250 °C. Helium at 2 mL/min was used as the carrier gas. Fermentation yields (Yis,
0/g) were calculated as the ratio between the metabolite (i) produced and the total sugars
consumed (S). Metabolite productivity rates (W;, g/(L-h)) were calculated as the ratio
between the metabolite (i) expressed in concentration (g/L) and the fermentation time
(h). Sugar recovery or sugar conversion efficiency (%) was calculated as the ratio
between the amount of simple sugars in the hydrolysate and the total amount of
carbohydrates in the untreated apple pomace.

Statistical analyses

Comparisons among treatments were assessed with one-way ANOVA and the Tukey
HSD test using the software Statistica 7 (StatSoft Inc., Tulsa, OK, USA); differences



were considered significant when p < 0.05. For the optimisation step, experimental
designs, such as Response Surface Methodology (RSM) were generated and interpreted
with the software Minitab 16 (Minitab Inc., State College, PA, USA). Bar graphs were
created with the software SigmaPlot v.11 (Systat Software Inc., San Jose, CA, USA).

Results

Preliminary selection of suitable chemical compounds for the pretreatment

The preliminary comparison tests were used to select one reagent of each group to
perform the pretreatment optimization in the high-pressure reactor. The most suitable
reagent in each case was selected according to the Tukey HSD statistical test, by
prioritizing high concentrations of total released sugars and low concentrations of total
inhibitors (Table 3). The highest sugar concentrations were provided by acidic
pretreatments (44-53 g/L), followed by surfactants and organic solvents (31-37 g/L).
Regarding dilute acid pretreatments, nitric acid was significantly more efficient than the
other compounds (Table 3). Alkalis yielded much lower sugar concentrations than the
other reagent groups (17-19 g/L), an amount which was considered insufficient for ABE
fermentation. Therefore, the use of alkalis in the subsequent RSM optimisation step was
excluded, because it did not seem appropriate for apple pomace. The three tested
organic solvents offered similar results; but acetone was finally chosen due to its lower
price and toxicity in comparison to ethanol and methanol. In the case of surfactants,
there were no significant differences between PEG 6000 and CTAB, but the former
offered less variable results.

Regarding total inhibitors (calculated as a sum of formic, acetic and levulinic acids,
furfural, 5-HMF and phenolic compounds), acid pretreatments generated the highest
quantity, followed by surfactant- and organic solvent-pretreatments (Table 3).

Table 3. Reagents selected for apple pomace in the preliminary autoclave tests. Note:
Superscripts (a, b) represent statistical differences among treatments (p < 0.05). For a certain
treatment type (e.g. acids), two reagents with distinct letters differ significantly.

Treatment type | Reagent Total sugars (g/L) | Total inhibitors (g/L) | Selected reagent
Autohydrolysis | - - - -
Acid H,SO,4 44.0+0.33° 8.96+0.11° HNO;
HCI 445+0.31° 9.16 + 0.05 *
HNO; 53.1+1.16° 4.05+0.08°
Alkali NaOH 19.1+0.63° 8.06+0.13° Not efficient
KOH 18.8+3.10 ¢ 6.86 + 0.53 "
NH,OH 17.4+0.24° 3.96 +0.04 ¢
Organic solvent | Ethanol 33.0+0.44° 0.97 £ 0.07 ° Acetone
Methanol | 31.4+1.63°% 1.03+0.09°
Acetone 33.4+0.30° 0.92 +0.04 °
Surfactant Tween 80 | 32.4+2.13° 4.42 +0.15° PEG 6000
PEG 6000 | 36.8 +0.98 % 1.07+0.05"
CTAB 30.7 +4.67° 1.23+0.14°

According to the results (Table 3), HNOg3, acetone and PEG 6000 were chosen as the
most adequate reagents within their groups (acids, organic solvents and surfactants,
respectively). Their optimal working conditions were established via RSM, together
with those of autohydrolysis (see next subsection).



Optimisation of pretreatment conditions

Optimal working conditions in the reactor (temperature, time and amount of reagent)
were calculated via RSM experimental design for autohydrolysis, nitric acid, acetone
and PEG 6000 pretreatments. Table 4 shows the suggested values for each parameter
and pretreatment. The lowest operational temperature was obtained for surfactant
hydrolysis (100 °C), whereas the highest one was recorded for autohydrolysis (142 °C).
Treatment times were remarkably short for all the pretreatments (below 12 min), and the
amount of reagents needed to perform an efficient hydrolysis was always relatively low
(Table 4), which makes the treatments economic and environmentally-friendly.

The theoretical values estimated for total sugars and total inhibitors were validated
experimentally (Table 4). Some small differences were observed between estimated and
experimental values (especially in the cases of nitric acid and PEG 6000), but in general
the models were acceptable. It must be remembered that enzymatic hydrolysis in the
case of “Acetone (water)” was slightly different, since it was performed on the filtered
solid biomass coming out the reactor (in order to remove acetone, which could be
harmful to ABE fermentation). However, the optimal working conditions for acetone
were also checked performing the enzymatic hydrolysis on the whole pretreatment
slurry [Acetone (slurry)]; thus obtaining more sugars than estimated by the model,
mainly because the xylose released during the pretreatment in the reactor was conserved
in the slurry which was further subjected to the enzymatic step.

Table 4. Optimal working conditions, estimated responses (calculated with RSM) and validation
experimental responses for apple pomace in the high-pressure reactor for each pretreatment
method. Note: Enzymatic hydrolysis was performed on the whole pretreatment slurry for all the
samples except “Acetone (water)”.

Physicochemical treatment Estimated responses .

ogtimal conditions (RSM) (RSM)p Experimental responses

_ Reagent Total _ Tot_al Total _ T_ot_al
T(°C) | t(min) (%, Wiw) sugars inhibitors sugars inhibitors

’ (g/L) (g/L) (g/L) (g/L)
Autohydrolysis 142.4 12.0 - 40.6 0.97 42.7+0.53 | 1.30+0.38
HNO3 124.2 7.3 1.83 49.2 1.99 51.8+1.17 | 2.97+0.02
Acetone (water) 112.1 5.0 10 32.6 0.64 27.3+0.06 | 0.55+0.06
Acetone (slurry) 112.1 5.0 10 - - 40.6 +3.16 | 0.72 £ 0.06
PEG 6000 100.2 5.0 1.96 46.0 0.0 42.0+0.46 | 0.80+0.17

The most efficient pretreatment in terms of total sugar release was nitric acid hydrolysis
(51.8 g/L), whereas all the other treatments offered values about 40-43 g/L (Fig. 1a),
except obviously the “Acetone (water)” sample (27.3 g/L sugars). The main simple
sugars obtained from apple pomace hydrolysis were glucose and xylose, whereas
cellobiose, rhamnose and arabinose were present at low concentrations (Fig. 1a).
Considering the carbohydrate composition of apple pomace (55.86 %; Table 1) and the
hydrolysate volumes collected, sugar recovery performances ranged between 38 % for
the less efficient acetone treatment and 76 % for nitric acid (Fig. 1b).

The concentration of inhibitors generated by nitric acid was the highest (Fig. 1c),
especially for formic acid (0.57 g/L) and acetic acid (1.49 g/L). Autohydrolysis and
nitric acid caused the appearance of relevant concentrations of phenolic compounds
(0.67 g/L). On the contrary, PEG 6000 and acetone produced hydrolysates with low



inhibitor concentrations (< 0.80 g/L total inhibitors), especially in the case of “Acetone
(water)”.
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Fig. 1 Composition of apple pomace hydrolysates for each pretreatment under optimal
conditions. a) Concentration of released sugars. b) Sugar recovery. ¢) Concentration of
inhibitors generated. Note: Galactose and mannose were quantified together with xylose; and
maltose was quantified together with cellobiose

Fermentability

All the hydrolysates tested were fermentable, except that of nitric acid (Table 5). This
could be due to the highest content of inhibitors generated in the acidic treatment,
especially formic acid (Fig. 1c). The greatest butanol concentrations were obtained in
the hydrolysates coming from the autohydrolysis (6.27 g¢g/L) and the PEG 6000
surfactant-pretreatment (9.11 g/L). In fact, the results observed for the PEG 6000
hydrolysate were better than those recorded for its respective control (Table 5), reaching
91% sugar consumption with a butanol yield of 0.28 g/g and a productivity of 0.095
g/(L-h). This implies that all the inhibitors present in this hydrolysate were below
toxicity levels for this bacterial strain.
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Table 5. Sugar consumption and ABE parameters for a 96-h fermentation of apple pomace hydrolysates by C. beijerinckii CECT 508. (*) Total sugars include
cellobiose, glucose, xylose, rhamnose and arabinose.

Sugar consumption (%) ABE metabolites (g/L) Yield Productivity
Treatment Sample Glucose | Xylose | Total sugars* Acetone Butanol Ethanol Acetic acid | Butyric acid Ys (9/9) Ws (g/L-h)
) Control 100 84 94 1.98 8.26 0.15 0.53 0.56 0.21 0.086
Autohydrolysis
Apple pomace 974 96+1 91+3 1.85+0.41 | 6.27+1.04 | 0.20+0.02 | 3.93+0.39 3.95+0.43 0.174£0.02 | 0.065+0.011
HNO Control 81 73 77 2.60 9.80 0.16 1.20 0.80 0.23 0.102
? Apple pomace 3+2 13+10 6+1 0 0.11+0.03 0 1.58+0.14 1.2741.47 0.03+0.00 | 0.001+0.000
Control 100 91 96 1.73 6.94 0.12 1.14 1.79 0.19 0.072
Acetone (slurry)
Apple pomace 98+2 9016 9242 4.96+0.86 | 5.70+2.33 | 4.47+4.08 | 3.09+1.10 1.1740.11 0.16+0.07 | 0.059+0.024
Control 100 99 99 0.76 4.06 0.1 1.27 2.07 0.15 0.042
Acetone (water)
Apple pomace 98+1 91+0 96+1 8.58+0.24 | 5.05+0.16 | 0.20+0.01 | 2.35+0.01 0.85+0.06 0.19+0.01 | 0.053+0.002
PEG 6000 Control 95 79 88 1.83 8.72 0.14 0.88 0.74 0.24 0.091
Apple pomace 99+0 94+0 91+0 3.55+0 9.11+0.21 | 0.26+0.00 | 1.80+0.13 0.82+0.04 0.284+0.01 | 0.095+0.002

Table 6. Enthalpy values and their associated temperatures for solid biomass samples. Notes: R: after physicochemical treatment in the reactor, E: after
enzymatic hydrolysis.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Pretreatment Stage T (°C) Enthalpy (J/g) T (°C) Enthalpy (J/g) T (°C) Enthalpy (J/g) T (°C) Enthalpy (J/g) T (°C) Enthalpy (J/g)
None (apple pomace) - 183 -380.2 - - 356 27.9 - - - -
. R 101 -421.8 - - 360 30.3 432 10.0 - -
Autohydrolysis
E 105 -208.3 - - 349 10.4 403 2.3 - -
. ) R 144 36.8 252 5.5 357 48.1 - - - -
Nitric acid
E 102 -206.9 242 1.1 329 57.1 395 3.2 444 3.1
R 142 -296.8 - - 360 30.1 - - - -
Acetone (slurry)
E 106 -215.1 286 4.2 347 18.3 417 9.1 - -
R 142 -296.8 - - 360 30.1 - - - -
Acetone (water)
E 105 -177.1 295 3.1 349 21.0 421 11.1 - -
R 123 -321.9 310 1.7 361 13.7 417 8.5 - -
PEG 6000
E 114 -165.1 290 6.8 349 13.3 414 35.8 - -
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It must be highlighted that the two samples obtained with the acetone treatments were
fermentable, in spite of the relatively high initial concentrations of this solvent in the
broth, which were 38.57 g/L for “Acetone (slurry)” and 14.45 g/L. for “Acetone
(water)”. In the case of the “Acetone (water)” sample, the solid biomass was not washed
after filtration, so it still contained some acetone absorbed. This sample attained a
butanol concentration of 5.05 g/L after the fermentation, despite its apparently low
sugar initial concentration (27.3 g/L). Another remarkable phenomenon was the
decrease of acetone concentration in these two samples after fermentation (Table 5). It
was checked that the employed strain was not able to convert acetone into isopropanol
(in a control with an initial concentration of 20 g/l acetone, only 0.14 g/l isopropanol
were produced, and acetone concentration did not diminish); therefore, this reduction
could be hypothetically due to evaporation, adsorption onto suspended solids,
degradation or an unknown metabolic pathway in the complex hydrolysate matrix.

Thermal analysis

The effect of the different pretreatments on apple pomace is reflected on the thermal
behaviour of the resultant biomass. Enthalpy changes during the heating of the samples
are shown in Fig. 2. Enthalpy values and their associated temperatures are given in
Table 6.

mWﬁ

Apple pomace
Autohydrolysis
Nitric acid
Acstone

PEG 6000

[]

25 65 105 145 185 225 265 305 345 385 425 465 505 545  °C
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Apple pomace

8 —  Autohydrolysis
1 ——  Nitric acid
6 —  Acetone (slurry)
Acetone (water)

PEG 6000

b 25 65 105 145 185 225 265 305 345 385 425 465 505 545  °C

Fig. 2 Diagrams of the differential scanning calorimetry (DSC) of solid biomass. a) Samples
after physicochemical pretreatments in the reactor. b) Samples after the sequential
physicochemical and enzymatic hydrolyses. Note: The curve of the untreated apple pomace is
shown in both diagrams as a reference

The untreated apple pomace showed a broad endothermic peak below 240 °C, followed
by a small exothermic shoulder and a sharp exothermic peak at 356 °C. The
physicochemical treatments in the reactor resulted in some modifications in the DSC
curves (Fig. 2a). In general, all the treated samples were characterized by an exothermic
peak at about 355-360 °C, although in the case of the PEG 6000-pretreatment its
specific enthalpy was slightly lower than that of the untreated biomass (Fig. 2a, Table
6). These data indicate that lignin is still present after physicochemical pretreatments in
the reactor. Moreover, the PEG 6000 treatment caused the appearance of a new
exothermic peak at about 415 °C (which does not seem to coincide with the pyrolysis of
pure PEG 6000, Fig. 3). In addition, autohydrolysis and especially nitric acid hydrolysis
altered the curve shape in the temperature range below 240 °C, obtaining less
endothermic results. All the phenomena registered above 290 °C were exothermic, both
for untreated and treated samples.
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Fig. 3. Diagram of the differential scanning calorimetry (DSC) of PEG 6000.

The samples coming out the reactor were subjected to a common enzymatic hydrolysis.
Their thermal analysis offered DSC curves with softer and rounder peaks (Fig. 2b).
Once more, treated samples showed a well-defined exothermic peak at 330-350 °C, with
a shift towards lower temperatures in comparison to the untreated sample (356 °C); a
fact which was more evident for the nitric acid hydrolysate. The enthalpies of this peak
had diminished in comparison to the previous pretreatment stage (Table 2). This
decrease might indicate the degradation of lignin during the enzymatic pretreatment.
The only exception was nitric acid, whose lignin peak showed an area increase. Again,
the sample treated with PEG 6000 exhibited an exothermic peak at about 415 °C (Fig.
2b). It must be pointed out that the autohydrolysis curve showed negative (i.e.
endothermic) values until a temperature of 480 °C was attained (Fig. 2b), a phenomenon
whose interpretation would need a deeper study.

Discussion

Biomass pretreatment

Preliminary tests suggested that HNOj3 (acid), acetone (organic solvent) and PEG 6000
(surfactant) were the most adequate reagents within their groups for apple pomace
pretreatment (Table 3). Nevertheless, sulfuric acid is the most commonly reported acid
in scientific literature (LIoyd and Wyman 2005; Ezeji et al. 2007; Qureshi et al. 2010).
The most frequent organic solvents employed in biomass pretreatment are acetone
(Araque et al. 2008) and especially ethanol (Kurabi et al. 2005; Mesa et al. 2011).

As shown in Table 4, operational temperatures ranged between 100 °C for surfactant
hydrolysis and 142 °C for autohydrolysis. Conventional autohydrolysis temperatures are
above 170 °C (Lee et al. 2009; Buruiana et al. 2014; Gongalves et al. 2015), and acid-,
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organosolv- and surfactant-mediated hydrolyses are usually performed at 135-195 °C
(Mesa et al. 2011; Wei et al. 2011; Orozco et al. 2013). The short treatment times
observed for apple pomace for all the pretreatments (Table 4) were in agreement with
data provided in scientific literature (Araque et al. 2008; Orozco et al. 2013). The
amount of reagents (1.83-10%) employed to hydrolyse apple pomace (Table 4) was
similar to data available in scientific literature. Previous works have reported reagent
concentrations of 0.1-3% for acids like H,SO, and H3PO, (Jurgens et al. 2012; Orozco
et al. 2013), 30-80% for organic solvents (Araque et al. 2008; Mesa et al. 2011; Obama
et al. 2012) and 0.2-1% for surfactants combined with acids (Wei et al. 2011; Kapu et
al. 2012;).

Sugar recovery efficiencies for apple pomace hydrolysis ranged between 38 % and 76
% (Fig. 1b). These efficiency percentages are in accordance with previous works. For
instance, Gama et al. (2015) tested the feasibility of enzymatic hydrolysis on an apple
pomace containing 19.8% acid-insoluble lignin. Without pretreatment, the biomass was
subjected to a hydrolysis with various enzymes and doses, obtaining a hydrolysate with
4.2 g/L glucose and 16.8 g/L reducing sugars under optimal conditions, which
represents a sugar yield of 75 %. The experiments were performed with a biomass-to-
solvent ratio of 20 % d.w. (~2 % w.w.). However, the concentrations obtained by Gama
et al. (2015) were considerably lower, since they did not apply a pretreatment and they
worked with smaller biomass ratios.

ABE fermentation of lignocellulosic apple pomace

As explained in the Results section, all the hydrolysates tested were fermentable, except
that of nitric acid, and this could be related to inhibitor concentrations. It has been
suggested that formic acid concentrations above 0.24-0.5 g/L can inhibit ABE
fermentation (Zverlov et al. 2006; Sun et al. 2010), a threshold which was only
surpassed by the acidic pretreatment in the present study. Inhibitor concentrations in the
other hydrolysates (Fig. 1c) - especially in those treated by autohydrolysis and PEG
6000, which were successfully fermented - were probably below toxicity levels for this
bacterial strain. In fact, concentrations above 2.9 g/L furfural (Zverlov et al. 2006), 3
g/L 5-HMF (Zhang et al. 2012), 5 g/L acetic acid (Kotai et al. 2013) and 1 g/L total
phenolic compounds (Cho et al. 2009) can be detrimental to solventogenic Clostridia.
Even apple pomace samples treated by acetone hydrolysis were fermentable, in spite of
their high initial concentration of this solvent. Koétai et al. (2013) have suggested that
solventogenic Clostridium strains are able to tolerate high concentrations of acetone
(above 29 g/L).

The ability to efficiently ferment glucose/xylose mixtures differs among bacterial
strains. The employed strain was selected due to its capacity to deplete xylose even in
the presence of glucose (Paniagua-Garcia et al. in preparation). For instance, the PEG
6000 hydrolysate contained 23.8 g/L glucose, 15.4 g/L xylose, 1.2 g/L cellobiose, 0.9
g/L arabinose and 0.6 g/L rhamnose, and during the fermentation most glucose and
xylose were consumed (>93%, Table 5). This proves that C. beijerinckii CECT 508 is a
suitable microorganism for the fermentation of apple pomace. According to Kotai et al.
(2013), the selection of raw material for ABE processes cannot be independent from the
selection of the bacterial strain.

As mentioned in the Introduction, apple residues with high contents of free sugars have
been assessed as fermentation feedstocks. Voget et al. (1985) used a wet apple pomace
with high concentrations of free monosaccharides (10.8 %) and low fibre concentrations
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(4.5 %) to perform an ABE fermentation with Clostridium acetobutylicum NRRL B-596
and C. beijerinckii (NRRL B-592 and NRRL B-593), obtaining butanol concentrations
of 8.35-9.45 g/L and vyields of 0.22-0.26 g/g from a broth with an initial sugar
concentration of 43.2 g/L. Jesse et al. (2002) prepared a mixture of discarded apples,
cracked corn, packing peanuts and water with a concentration of 96.4 g/L fermentable
sugars, and obtained 9.8 g/L butanol with C. beijerinckii BA101. Maiti et al. (2016)
obtained 1.4 g/L butanol by fermenting an apple pomace ultra-filtration sludge with 30
o/L reducing sugars with C. beijerinckii NRRL B-466 and they needed dilution and
detoxification steps to reduce inhibitor concentrations. However, to the best of our
knowledge, this is the first time that a lignocellulosic-rich apple waste (21% cellulose,
15% hemicellulose, 18% lignin) is efficiently pretreated to obtain a directly fermentable
hydrolysate which can produce acceptable butanol amounts without the need of
detoxification.

In addition, these results confirm that enzymatic hydrolysis can be performed directly
on the pretreatment slurry from the physicochemical reactor, containing solid biomass
and liquid. This avoids the filtration step, contributes to water saving and preserves the
xylose and other sugars released during hemicellulose degradation in the reactor, a
strategy followed by several authors (Dien et al. 2006; Qureshi et al. 2010).

Thermal analysis of apple pomace samples

Regarding the untreated apple pomace biomass, which exhibited a broad endothermic
peak below 240 °C, followed by a small exothermic shoulder and a sharp exothermic
peak at 356 °C; it must be noted that the heating of lignocellulosic biomass is
characterised by endothermic reactions below 100-167 °C, which are related to moisture
evaporation and heating (He et al. 2006; Yang et al. 2007). The exothermic peak that
appeared at 356 °C could correspond to lignin pyrolysis (Yang et al. 2007). The
exothermic shoulder at about 275 °C might be linked to hemicellulose pyrolysis (Yang
et al. 2007).

The physicochemical treatments in the reactor resulted in some modifications in the
DSC curves, and all of them showed an exothermic peak at about 355-360 °C probably
linked to lignin (Fig. 2a). When these samples were subjected to a subsequent
enzymatic hydrolysis, their DSC curves showed a shift towards lower temperatures in
the lignin-related peak, and also lower enthalpies of this peak in comparison to the
previous pretreatment stage (Table 2). This decrease might indicate the degradation of
lignin during the enzymatic pretreatment. The only exception was nitric acid, whose
lignin peak showed an area increase. Hirata and Nishimoto (1991) observed that DSC
peaks in cellulose samples treated with different inorganic compounds experienced
shifts to lower temperatures and increases or decreases of enthalpy. It has been reported
that the presence of ashes or inorganic salts in biomass reduces the onset temperature of
these thermal reactions (Varhegyi et al. 1997). This could explain the abnormal
observations recorded for nitric acid; and lignin degradation with this specific treatment
cannot be discarded. In the endothermic region (< 270 °C), the inflexion point of most
curves moved to lower temperatures, in the range of 90-110 °C. This could suggest the
hypothetical disappearance of cellulose from the treated samples, since cellulose
degradation is an endothermic process with a shallow and broad peak at 200-300 °C
(Hirata and Nishimoto 1991).
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