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Abstract: In this work, phosphoric acid pretreatment (0.6% H3sPQO4, 160°C, 40 min) of
eucalyptus residues was performed to recover the hemicellulosic fraction for further
conversion to L-lactic acid by fermentation with Weizmannia coagulans DSM 2314
(formerly Bacillus coagulans). The hemicellulosic hydrolysate was composed of
xylosaccharides 24.8 g/L (mainly xylose, 20.3 g/L), acetic acid 7.8 g/L, furfural 0.7 g/L,
and acid soluble lignin (ASL) 2.1 g/L. It was subsequently purified by using anion
exchange or adsorption resins. Different liquor-to-resin ratios were evaluated to obtain a
high concentration of xylosaccharides in the eluate and high removal of components that
inhibit lactic fermentation. The best performance was observed when using Amberlite®-
XAD-4 resin at a liquor-to-resin ratio of 3:1. An eluted hydrolysate was obtained,
preserving 80% of the xylosaccharides and effectively removing almost all furfural, 90%
of ASL, and 32% of acetic acid. Subsequently, L-lactic acid production by W. coagulans

DSM 2314 was evaluated using concentrated non-detoxified and detoxified hydrolysate
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obtained through vacuum oven. For the non-detoxified hydrolysate, 12 g/L of L-lactic
acid was obtained after 48 h showing a yield of 0.56 g jactic acid/g sugar and a xylose
consumption of 62%. The detoxification of the liquor significantly improved the
fermentation performance of W. coagulans, resulting in a concentration of 16 g/L of lactic
acid after 24 h, with a yield of 0.73 Qiactic acid/Jsugar, and almost complete xylose

consumption.

Keywords: Xylosaccharides purification, adsorptive and anionics resin, L-lactic acid, W.

coagulans, lignocellulosic residue

Practitioner Points

« Xylan solubilization of 76% was achieved by phosphoric acid pretreatment.

+ Resin detoxification of hemicellulosic liquor improved L-lactic acid fermentation.

» W. coagulans achieved complete xylose consumption and L-lactic yield of 0.73 g/g.

1. Introduction

Bio-based products market is expected to grow strongly globally over the next years.
Lignocellulosic biorefineries are foreseen to play a key role in this bio-based economy
through the efficient conversion of feedstocks from agriculture, forestry, and agro-
industrial residues to value-added compounds such as fuels, chemicals, and
biomaterials.»? Forestry lignocellulose biomass can be used as a potential substrate in an
integrated biorefinery, given the wide variety of products that can arise from the chemical
structure of its components (cellulose, hemicellulose, lignin, and extractives). Eucalyptus

wood residues are a common forestry byproduct in Latin America, mainly generated in
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cellulose pulp mills and through the mechanical processing of wood for timber, plywood,
MDF, etc.?

The use of forestry residues, particularly wood residues, within a biorefinery enables
a more efficient use of the lignocellulosic material through the fractionation of all its main
components in an industrial plant, maximizing its value with the commercialization of a
broad products portfolio.* In the context of a wood residues biorefinery, dilute acid and
hydrothermal pretreatments are widely recognized methods for solubilizing the
hemicellulosic fraction into monomeric or oligomeric sugars, while most of the lignin and
cellulose remains on the solid matrix.>’ Thus, the hemicellulosic fraction can be
recovered in a separate stream for valorisation.8-1° However, utilizing this hemicellulosic
fraction is more challenging compared to the cellulosic fraction due to the formation of
decomposition compounds (such as furans, carboxylic acids, phenols) during
pretreatment.

Sulphuric acid (SA) is the most common acid employed for dilute acid pretreatment
of lignocellulosic materials.!* However phosphoric acid (PA) pretreatment has some
advantages over SA pretreatment. PA is less corrosive than SA, which implies a lower
industrial plant investment; it also generates smaller amount of decomposition
compounds as furfural or hydroxymethylfurfural (HMF), which could cause some
inhibition during downstream operations such as enzymatic hydrolysis and/or
fermentation. In addition, PA pretreatment incorporates a source of phosphorus into the
medium, which is a necessary nutrient for the development of microorganisms in the
fermentation. This could eliminate the need of salts addition and lower operational costs
during downstream operations. 81213

Lactic acid is one of the main industrials bioproducts from a commercial perspective.

It is a highly versatile chemical that can be used in the pharmaceutical, food, and textile
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industries. It is also considered a relevant platform product since it can be converted into
other demanded chemicals. Its demand has significantly increased due to its use as a
monomer to produce polylactic acid (PLA) polymers.'* The production of lactic acid
through microbial fermentation has the advantage of producing only one of the two lactic
acid isomers (D or L), depending on the microorganism used for the fermentation process.
The production of lactic acid through chemical methods are less environmentally friendly,
resulting in racemic mixtures of both D and L isomers. The optical purity of lactic acid
results important for its application. For instance, in PLA synthesis, the proportion of the
lactic acid isomers affects the physical properties of PLA.* In addition, L-lactic acid is
desirable for food and pharmaceutical industry since it is better metabolized by the human
body. *°

The production of lactic acid has been studied using different lignocellulosic biomass
types such as sugarcane bagasse, wheat straw, elephant grass, among others.>8 Studies
demonstrate that an efficient bioconversion of lignocellulosic biomass into lactic acid can
be achieved through the selection of an optimal combination of pretreatment and
fermentation process configuration. Lactic acid bacteria (LAB) are the classical
microorganisms used for lactic acid production.'® However, they present complex
nutritional requirements as they are not capable of producing some aminoacids and B-
vitamins.?® Nowadays, Weizmannia coagulans DSM 2314 (formerly Bacillus coagulans),
has gain popularity for its use for microbial lactic acid production from different
lignocellulosic substrates. One of the main advantages of this bacteria over other
microorganism is its capability of metabolizing pentose (C5) sugars via the pentoses
phosphate (PP) pathway and producing optically pure L-lactic acid at high yields. 2 These
features make these bacteria a proper candidate for industrial production of L-lactic acid

by the valorization of the hemicellulosic sugars under a biorefinery concept.
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The hemicellulosic liquor obtained after acid treatment of hardwood biomass,
mainly composed of xylose as the main product, contains other components as part of the
liquor, like aliphatic acids such as formic and acetic acids, furfural, HMF, lignin
fragments, extractives, and other saccharides such as cellulose, glucose and
arabinose.*1*22 Considering that some of these compounds could result inhibitory to
bacterial growth or lactic acid production, it could be interesting to completely or partially
remove some of them prior to lactic acid fermentation. Liquid—liquid extraction (LLE),
organic solvents precipitation, ion exchange and adsorption resins, and membrane
filtration, among others, are some useful methods employed for the purification and
concentration of value-added compounds from the hemicellulosic liquor.®?22" While
both adsorption and ion exchange involve the retention of compounds from a solution by
a solid matrix, the underlying mechanisms are different. Adsorption encompasses diverse
interactions, while ion exchange, a specific electrostatic adsorption, relies on counterion
exchange governed by Coulombic forces for selectivity. This exchange occurs due to
differences in the strength and selectivity of these electrostatic interactions between the
exchanging ions and the functional groups.?® Particularly, anion exchange resins are
widely used for the detoxification of glucose or xylose streams prior to the production of
ethanol, butanol or xylitol by fermentation. Commonly, anion exchange resins are used
in series configuration with other resins (also anionic or cationic resins) or with other
detoxification method (such as liming, membrane filtration, solvent precipitation or
LLE).?222%3L |n the same way, non-polar adsorption resins are used to separate lignin
derivatives, furfural and HMF from lignocellulosic hydrolysates, with the aim of
removing inhibitors prior to the fermentation process®3® or to recover valuable

compounds. 273435
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Figure 1 shows the biorefinery scheme proposed for the valorisation of wood
residues, specifically eucalyptus sawdust, to coproduce a biofuel (bioethanol) and value-
added products (L-lactic acid and lignin-derived products). In this work, the conditioning
of the hemicellulosic fraction extracted through PA pretreatment from eucalyptus sawdust
for L-lactic acid production by microbial fermentation was assessed (left side of the
scheme). For this, adsorptive and anionics resins with different resin-to-liquor ratios were
first evaluated for the detoxification of the hemicellulosic liquor. Once the operating
conditions were selected, a vacuum concentration step was incorporated into the
processing scheme to enhance product concentration. The novelty of this work relies on
the implementation of adsorptive and anionics resins as a detoxification method prior to
L-lactic acid fermentation from eucalyptus hemicellulosic liquor. To the best of the
authors’ knowledge, there are no reports on lactic acid production from eucalyptus
residues within a biorefinery context where lignin-derived products and bioethanol are
also co-produced. Furthermore, studies on L-lactic acid production from eucalyptus wood
hemicellulosic liquors are scarce, particularly liquors obtained after PA pretreatment.
While sulfuric acid is the most widely used acid, the utilization of PA in the pretreatment
as an alternative, offers advantages such as reduced formation of toxic compounds and

lower corrosiveness.

2. Materials and Methods

2.1. Raw material

Eucalyptus sawdust was obtained from a local pulp mill (UPM, Fray Bentos,
Uruguay), corresponding to the discard fine fraction of the chips screening process.
Eucalyptus sawdust was composed of a mixture of three Eucalyptus species: Eucalyptus

grandis (~55%), Eucalyptus globulus (~30%) and Eucalyptus dunnii (~15%). Particle
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size of the sawdust was as follows: 87% between 1198 and 3360 um, 7% between 500
and 1198 um, and 6% higher than 3360 um. The material was dried at 40°C until moisture

content of 8% and stored in closed bags at room temperature in a dry place.

2.2. Phosphoric acid (PA) pretreatment

The eucalyptus sawdust was subjected to phosphoric acid (PA) treatment, which was
performed in a Parr reactor model 4522M, with a nominal capacity of 2 L and a solid
stirrer to ensure proper mixing of the material. The reactor was provided with automatic
sensors for pressure, temperature, and reaction time control. The sawdust was mixed with
distilled water in a liquid to solid ratio (L/S) of 7 g/g. The pretreatment conditions were
determined previously based on the maximal recovery of xylosaccharides and the
maximal xylose to xylosaccharides ratio content in the liquid fraction with the minimum
PA consumption.® Accordingly, the pretreatments were carried out with a PA
concentration of 0.6% (g of H3PO4 per 100 g of dry sawdust), and a reaction time of
40 min at the maximum temperature of 160°C.

After PA pretreatment, the slurry obtained was separated in two fractions (solid and
liquid) by centrifugation at 1000 rpm, followed by filtration through a nylon tissue in a
Buchner funnel. The solid (pretreated sawdust) was washed by immersion in distilled
water for 30 min at room temperature and then filtered using a Bulchner funnel. This
procedure was repeated four times until pH 5 in the washing waters. Part of the liquid
fraction (PA hemicellulosic liquor) was analyzed and purified by resins and the other part
was concentrated in a vacuum oven at 60°C until volume was reduced to one half. The
concentrated liquor was then separated into two batches: one of them was subjected to
lactic acid fermentation and the other one was subjected to purification by resins prior to

fermentation. Both batches were stored below 4°C.
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2.3. Resin treatment of hemicellulosic liquors

The PA hemicellulosic liquor was subjected to anionic and adsorption resins
treatment to evaluate the removal of possible fermentation inhibitors that were produced
during sawdust pretreatment. The performance of a weak anion exchange resin (Dowex®
66 Free Base), a strong base anion (type 1) resin (Dowex® Marathon 11) and an adsorption
resin (Amberlite® XAD-4) were compared. All resins were purchased to Sigma-Aldrich
and washed with distilled water before the first used. Dowex® 66 Free Base was
regenerated with NaOH 4%, and Dowex® Marathon 11 with a mixture of 10% NaCl / 1%
NaOH according to producers’ recommendation; Amberlite® XAD-4 was regenerated
with 75% acetone according to Scwartz and Lawoko.>” Experiments were firstly
performed at a small scale to determine the best resin and the conditions to be employed
for the liquor detoxification. For this, the three different PA hemicellulosic liquor-to-resin
ratios of 1:1, 3:1 and 5:1 (v:v) were studied, and the experiments were performed at room
temperature. The procedure was as follows: a fixed volume of the PA hemicellulosic
liquor (10, 30, or 50 mL) was passed through the column filled with one of the resins at
a time. It was stirred with a rod for 1 min to ensure contact with the liquor and then left
undisturbed for 10 min. This time was previously set as the minimum time that assures
complete exchange in the resin system. Subsequently, the detoxified liquor was eluted
from the column at a 1 mL/min rate, and then the resin was washed to recover eventually
occluded xylosaccharides. The resin was rinsed twice with 30 mL of distilled water,
eluting from the column at 1 mL/min. The washing waters were also collected and
analyzed along with the detoxified hemicellulosic liquors.

Resin treatment was also evaluated for the concentrated hemicellulosic liquor. For
this, Dowex® 66 Free Base and Amberlite® XAD-4 resins were used at the former liquor-

to-resin ratios tested, following the procedure previously described. Finally, once the best
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resin and operation conditions were selected, a bigger assay using 450 mL of concentrated
liquor was performed in order to detoxify the concentrated hemicellulosic liquor used for

lactic acid fermentation.

2.4. Microorganism and inoculum preparation

Weizmannia coagulans DSM 2314 was obtained as a freezed dried stock from the
Germany Collection of Microorganisms and Cell Cultures (DSMZ, Leibniz Institute,
Germany). Stock cultures were maintained in Tryptic Soy Broth and 20% glycerol, and
stored at —80°C. For inoculum development, stocks were cultured on Tryptic Soy Agar
(Merck Millipore) at 55°C for 27 h. Biomass used for inoculation was grown in 500 mL-
Erlenmeyer flasks with 200 mL of Man, Rogosa and Sharpe (MRS) broth (Merck

Millipore) at 55°C in an orbital shaker at 150 rpm for 13 h.

2.5. L-lactic acid fermentation

L-lactic acid fermentation by W. coagulans was studied in a 1-L Biostat A Plus
(Sartorius) bioreactor with 350 mL of working volume at 55°C, pH 7, 150 rpm and under
anaerobiosis condition. The pH was controlled by automatic inyection of 2 M NaOH.
Two media cultures were prepared from the concentrated PA hemicellulosic liquor as a
source of xylose. The composition of the media was equal to the MRS broth except for
the replacement of glucose as carbon source by the concentrated hemicellulosic liquor
which was detoxificated by resin XAD-4. Also, a control test was performed with XMRS
media culture, using Xxylose instead of glucose as carbon source. Initial xylose
concentration was 25-29 g/L for all the media cultures. Samples were taken periodically

to monitor cell growth, L-lactic and acetic acid production, and xylose consumption.

2.6. Analytical methods
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The chemical composition of the raw material, pretreated raw material, PA
hemicellulosic liquor, concentrated PA hemicellulosic liquor, eluted liquor and resin
washing waters were determined by the NREL laboratory analytical procedures.38%
Xylo-oligosaccharides (XOS) and gluco-oligosaccharides (GOS) contents in the liquors
and washing waters were determined as the difference between the xylose or glucose
content before and after hydrolysis by dilute sulfuric acid. Xylosaccharides (XS) was also
reported as xylose measured after acid hydrolysis. HPLC was used for the quantification
of sugars (glucose, xylose, arabinose), organic acids (acetic, formic, lactic), furfural and
5-hydroxymethylfurfural (HMF) concentrations as previously reported.*® Acid soluble
lignin (ASL) in the liquors and washing waters were determined with NREL procedure
and using 210 nm wavelength and an absorptivity coefficient of 110 L/g.cm (TAPPI
UM250-91). Analytical conditions used were the same as previously reported.® Cell
growth during fermentation was measured by optical density at 600 nm with a Genesys
10S UV-vis (Thermo Scientific) spectrophotometer. Samples were diluted with distilled
water to obtain absorbance values lower than 0.9 units. The relationship between optical
density and dry cell weight was determined, and biomass concentrations were reported as

grams of dry cells per liter of culture medium (g/L).

3. Results

3.1. Raw material and composition after PA pretreatment

The composition of the eucalyptus sawdust and the PA pretreated solid are presented
in Table 1. After PA pretreatment, the solid recovery was 70.0 + 0.3 %, which was mainly
due to hemicelluloses and extractives solubilization. Particularly, xylan solubilization
accounts for 76.4 + 3.5 % of the xylan initially present in the raw material. Table 2

presents the PA hemicellulosic liquor composition. In the hemicellulosic fraction, as

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

expected, XS were the major components. Due to the extent of the treatment, XS not only
separated from the lignocellulosic matrix but also hydrolysed to their monomeric form.
In addition, there was an undesired, slight decomposition to furfural.1**! Xylose-to-XOS
ratio in the PA hemicellulosic liquor was 81.9 + 1.0. The second compound present in the
liquor was acetic acid, produced from the excision of the acetyl groups of the eucalyptus
hemicelluloses.** Consequently, since cellulose and lignin were degraded to a much
lower extent, the spent solid was richer in these compounds (62.9% glucan and 36.4%
lignin). Therefore, it is interesting to consider further valorisation of these compounds, as

shown in Figure 1.

3.2. Resin treatment of hemicellulosic liquor

Figure 2 shows the fraction of XS, acetyl groups, AIL and ASL, and furfural retained
after the diferent resin treatments. Each fraction was calculated considering the
concentrations determined in the eluate liquor (detoxified liquor) and the washing waters
for each component. The aim of the resin treatment was to minimize the retention of XS
while maximizing the retention of the other compounds which could result inhibitory to
the downstream lactic acid fermentation. All three resins evaluated were capable of
retaining a large amount of AIL, with complete retention observed under all conditions
except for the strong base anion resin (Marathon® 11), used in the most exhaustive
condition applied (hemicellulosic liquor-to-resin ratio of 1:1) (Figure 2). XAD-4 showed
the best results for the retention of ASL. For acetyl groups retention, the best results were
obtained using the Dowex® 66 resin with a hemicellulosic liquor-to-resin ratio of 5:1,
reaching a maximum retention of 55.6 £ 0.3 %. Due to the strong anion base character of
Marathon® 11 resin, it was not possible to remove acetyl groups with this resin. XS
retention in the resins ranged from 4.8 + 0.1 % in the Dowex® 66 resin with a

hemicellulosic liquor-to-resin ratio of 5:1 to 31.2 = 0.3 % in the XAD-4 resin with a
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hemicellulosic liquor-to-resin ratio of 1:1. It is important to mention that the XS that were
not bound to the resin, but occluded in the bed, were recovered in the washing waters. In
the best case, only 4% of them were recovered after the second washing. Also, both acetyl
groups and ASL compounds eluted with the washing water, but in a much lower

percentage than XS. This behaviour was previously reported by Schwartz and Lawoko.*’

A vacuum concentration step was incorporated in order to increase the Xxylose
concentration in the hemicellulosic liquor with the aim to maximize the lactic acid
production. In this step, some of the volatile compounds present in the hemicellulosic
liquor were lost by evaporation (in particular, acetyl and formic groups, and HMF). This
represent an advantage of this method over other concentration methods, since the
removal of these components would result beneficial for the downstream processing as
they may be inhibitors of the lactic acid fermentation. This behaviour explained why some
components increased their concentration in a lower factor. On the other hand, xylose
concentration was expected to duplicate in the concentrated hemicellulosic liquor, but
this was not observed. A clear explanation for this phenomenon was not found, assuming
that the mild conditions used are not sufficient to dehydrate xylose to furfural.
Additionally, the concentration of furfural did not increase to an extent that could justify
the losses of XS.

The results obtained after resin treatment of the concentrated hemicellulosic liquor is
shown in Figure 3. In this case, AlL retention was also complete in all the resin treatments
evaluated, even though the liquor concentration was higher and the resin exchangeable
sites were less available. The XAD-4 resin had better performance in removing ASL than
Dowex® 66, reaching retention yields over 80% with all three ratios tested. Also, XAD-
4 resin retained more furfural than Dowex® 66. However, as it was expected, due to

resins intrinsic characteristics, Dowex® 66 had a better performance regarding acetyl
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groups retention. Within each resin, the expected behaviour was an increase in the
retention of components as the liquor-to-resin ratio decreased. However, the retention of
different components in various assays did not follow this trend. The selectivity of the
resin for the different compounds present in the hemicellulosic liquor could explain this
phenomenon. Regarding XS retention, Dowex® 66 resin generally presented the lowest
values. However, it was observed that as the concentration of components in the
hemicellulosic liquor decreased in relation to the resin exchange sites, the retention of
XS, which have lower affinity to the resin, increased. Figure 4 shows the appearance of
the hemicellulosic liquors before and after resin treatment, along with the washing waters.
It is clear that compounds contributing to the colour of the liquor were retained in the
resin, as the eluted fraction had lower absorbance and a lighter colour. Also, it should be

mentioned that the resin changed its colour from a faint to brownish yellow (hot shown).

3.3. L-lactic acid production from eucalyptus hemicellulosic liquor by W.

coagulans DSM 2314.

Hemicellulosic liquor obtained from the PA treatment and vacuum-concentrated by
oven (non-detoxified and detoxified by resin) was fermented to evaluate its potential as
substrate for L-lactic acid production by W. coagulans DSM 2314. Additionally,
fermentation with XMRS medium was performed as a control to evaluate the possible
inhibitory effect of certain compounds (e.g., furfural, HMF) present in the hemicellulo-
sic liquor on lactic acid production by W. coagulans. Figure 5 shows the biomass,
substrate and products concentration profiles obtained, and Table 3 summarizes the fer-
mentation parameters. In non-detoxified liquor-based media, the maximum L-lactic acid
concentration (12 g/L) was reached at 48 h (Figure 5b). However, xylose consumption
was only 52% of the initial xylose concentration. Instead, the L-lactic acid concentration

in detoxified liquor-based media reached a higher concentration (16 g/L) compared to
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non-detoxified based media. As shown in Figure 5c, in detoxified liquor-based media,
maximum L-lactic acid concentration was reached at 24 h, reaching a complete xylose
consumption at approximately 30 h. Consequently, L-lactic acid volumetric productivity
resulted in 0.7 g/Lh and 0.3 g/Lh, and L-lactic acid yield based on xylose consumption
was 0.73 g/g and 0.92 g/g in the detoxified and non-detoxified liquor-based media,
respectively. According to the chemical characterization (Table 2), the non-detoxified
hemicellulosic liquor presented, before the resin treatment, 0.3 g/L of 5-HMF, 0.3 g/L of
furfural and 2.4 g/L of phenols. After resin treatment, concentrations decreased to 0.1 g/L
for 5-HMF and 0.6 g/L for phenols, with complete removal of furfural. Therefore, the
lower L-lactic acid concentration and volumetric productivity reached in the non-
detoxified media could be attributed to the presence of these inhibitory compounds.
Acetic acid was the only by-product detected during fermentation of this strain, but a
formation below 0.5 g/L was observed for all the media evaluated. A maximum biomass
concentration of around 3.5 g/L was achieved in both the detoxified liquor-based and the
XMRS medium, which resulted higher than that obtained in the non-detoxified liquor
(2.5g/L).

The results achieved in the detoxified liquor-based media resulted similar to those
obtained in the control fermentation, except for lactic acid yield (Table 3, Figure 5a).
These results showed that W. coagulans was able to produce L-lactic acid from both non-
detoxified and detoxified hemicellulosic liquor fractions. However, the application of the
resin treatment as a detoxification method improved the lactic acid production in

approximately 33%.

4. Discussion

Composition of the raw material was similar to previous work of the group using

eucalyptus sawdust provided by the same company. However, in this case the biomass
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has a slightly higher amount of glucan and acetyl groups and a lower amount of
lignin.84? The biomass composition is also comparable with eucalyptus residues
reported by other authors, despite being different eucalyptus species.*>*

XS production directly from the PA treatment of eucalyptus sawdust was effective
in a large extent. As it was mentioned, most of XS were in the liquid fraction as xylose,
with minimum degradation to furfural. Rojas-Chamorro et al. studied the best PA
pretreatment conditions to produce bioethanol with brewer’s spent grain, working at a
maximum temperature range of 140-180°C with 2-6 % (w/w) of PA.*® They reported
hemicellulose (mostly xylose and arabinose) solubilization ratios above 70% for the
conditions evaluated, achieving a maximum solubilization of 89.4 % at 140°C and 6%
of PA. The results obtained by these authors regarding hemicelluloses solubilization
resulted in the range or higher than the results reported in this work. However, they
worked with a higher PA charge (even 10 times in the best condition achieved) and a
biomass that had a higher hemicellulosic content (25%) and a lignin content of 12.5%,
which implies lower carbohydrate-lignin complexes interactions, making the
lignocellulosic biomass more susceptible to acid hydrolysis.*®

In the same way, Nair et al. used wheat straw sawdust and optimize the extraction
conditions for the further production of bioethanol. They worked in the range of 0.5-
3.0% (w/v) PA concentrations, 150-210°C of temperature, and 5-20 min of reaction
time at maximum temperature. They reported a xylan hydrolysis yield of 76%, similar
to the results reached in this work.*®

Comparing the results of this study with those reported by other authors using the
same type of biomass, the results were higher than those reached by Castro et al.'® They
reported xylose yields ranging from 23.5% to 58.3% working with dilute PA steam

explosion pretreatment of Eucalyptus benthamii chips at 180-200°C and 5-15 min, with
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a PA concentration of 0.5-1.0 % (w/w). In their study, chips were utilized, and a liquid-
to-solid ratio of 14 was used during pretreatment. Probably, the smaller size of the raw
material (eucalyptus sawdust) used in this study and the more concentrated system used
during pretreatment (liquid-to-solid ratio of 5) could explain the better results in terms
of xylose yields obtained in this work.

Regarding resin treatment, as it was expected, weak anionic resin resulted effective
to remove acetic acid at a great extent, while adsorption resin resulted better in terms of
phenolic retention. While the exchange capacity of anionic resins is primarily attributed
to the presence of hydrogen bonds, the factors responsible for the adsorption
effectiveness of adsorption (non-polar) resins are believed to be hydrophobicity, large
specific surface area and highly interconnected macroreticular structure. Particularly,
the adsorption capacity of phenolic compounds on adsorption resins is attributed to the
hydrophobic IT- IT interaction between the phenolic rings and the resin exchangeable
groups.3 Also, strong anion resins were selected because they are cheaper, and are
normally available in the industries, for power boiler water treatment. Despite previous
authors reported very good results in the removal of acetyl acids with this type of resin,
its performance in this study was insufficient. Although acetate and formate, which are
conjugate bases of weak acids with relatively high dissociation constants (Ka 1.8x10°
for acetic acid and Ka 1.8x10 for formic acid), could theoretically be adsorbed by the
strong anion resin, the presence of phosphate groups in the medium hindered their
removal. This competition for binding sites arose from the resin's higher affinity for
phosphate, a consequence of its strong negative charge and greater electron density
compared to the carboxylic anions.

The capacity of XAD-4 resin in the removal of fermentation inhibitory compounds

from autohydrolysis pretreatment liquors is widely reported.23337 For instance, Weil et
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al.® studied the effect of XAD-4 treatment on corn fiber rich hydrolysate to produce
ethanol, with particular focus on furfural removal. They worked with an 8% (w/v) XAD-
4 resin in batch mode for a contact time of 1.5 h at room temperature and found that the
resin did not remove a significant quantity of sugars, but furfural removal was of 0.5 %
to 0.02% (w/w). Schwartz and Lawoko®' analyzed the performance of XAD-4 resin on
the removal of ASL from autohydrolysis liquors from (w/w) a mixed of southern U.S.
hardwood chips, and the fermentation of the detoxified liquors with E. coli K011 to
produce ethanol. They worked in a relation of 1.2 g resin/mL of hydrolysate in column
and with a contact time of 10 min. Their results showed that 88% of ASL and 20% of
acetyl groups could be removed with a loss of sugars lower than 5% (after the second
water wash of the resin). Yu and Christopher®® worked on the detoxification of
hemicellulose-rich poplar hydrolysate in batch placing the hydrolysate and resin (in a
ratio of 1.6 - 3.6 Qnydrolysate/Qresin) in @ flask overnight at 150 rpm. They found that the
adsorption capacities of XAD-4 for xylose and XOS were negatively correlated with the
liquor-to-resin ratio, indicating that the XAD-4 resin had a higher affinity for phenolic
compounds than for XS. They reported a removal of 97% for ASL using XAD-4 resin,
as well as with a strong anion resin (Amberlite® IRA-400 (OH")), both working at a ratio
of 1.6 Qhydrolysate/Qresin, With XS higher losses than 90% and 40%, respectively. When
they worked with a 3.6 g hydrolysate/Qresin ratio, the ASL removal was about 75% with
XAD-4 resin, and with a XS loss nearly 20%; and about 90% with the anion strong resin
with a XS loss of 60%. They did not report acetic acid removal. The results obtained by
these authors were similar to the ones obtained in this work when XAD-4 resin was used
in a 3:1 ratio. In this work, XS losses were lower than those reported by the authors

when a lower resin-to-hydrolysate ratio was used. The results obtained with the strong
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anion resin were not comparable but, the performance of the resin in terms of XS
retention was detrimental in both cases.

Regarding Dowex® 66 resin performance, it could be mentioned that this type of
resin was developed for the purification of carbohydrate-rich solutions in the sugar
industry. Therefore, effective aliphatic acids removal and high recovery of carbohydrate
was expected. However, in this work, the removal of phenolic compounds was also
important. Previous reports have indicated the use of weak anionic resins for removal
of acetic acid from XS solutions. Vallejos et al. evaluated different serial detoxification
strategies for xylitol production.?? They used liquors from the hydrothermal treatment
of sugar cane bagasse. For acetic acid removal, they used a weak anionic resin,
Amberlite® IRA-67 in 6.6 and 10 Gnydrolysate/Tresin. This procedure was carried out after
stages of liming, calcium removal with cationic resins, and the use of activated carbon.
They reported 80 - 85% of acetic acid removal, higher than those obtained in this work,
but XS retention was not reported by the authors. As the other inhibitors were eliminated
in previous steps, their extraction in the anion exchange were also not reported. Maciel
de Mancilha and Karim*’ worked with sugarcane bagasse acidic hydrolysate, using a
weak anionic resin developed for the sugar industry (Purolite® A 103S) in continuous
mode. They reported the complete removal of acetic acid, HMF, and 95% of the furfural
in a corn stover hydrolysate with a xylose recovery of 94%. Phenolic compounds
removal was not reported.

Han et al.*® used the weak anionic resin 335 for the detoxification of acidic corncob
hydrolysate. The adsorption of acetic acid, furfural, lignin, and xylose in 335 resin was
evaluated in different resin-to-hydrolysate ratios (1:5 to 1:40 w/v), placing the mixture
in a baker for 2 h at 150 rpm. They achieved the best inhibitors removal when the resin

had a higher ratio of exchangeable sites (1:5), reaching removal yields higher than 80%
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for acetic acid, furfural, and lignin, with XS losses of about 20%. These results show
more promising outcomes than those obtained in this work. However, as the resin-to-
hydrolysate ratios decreased, the removal rates decreased, reaching 40% for acetic acid
and lower than 15 % for furfural and lignin (with a XS losses lower than 10%). The
authors also analyzed the effects of initial XS concentration on the inhibitor removal
(20 to 55 g XS/L). As the concentration of XS increased, the removal of the inhibitors
decreased, and the XS retention decreased accordingly. Consequently, the best resin-to-
hydrolysate depends on the concentration and distribution of inhibitors and XS in the
solution, and the retention of inhibitors and XS is strongly influenced by the availability
of the active sites in the resin. Previous works from our group, using the same type of
resins but with eucalyptus hydrolysate from steam-exploded treatment, confirmed this
behavior.®4°

The XAD-4 resin, with a liquor-to resin ratio of 3:1, was chosen for detoxifying the
concentrated liquor to be fermented. This selection was based on the recognition that
lignin compounds are considered more toxic for fermentation than acetyl groups,® and
the XS losses in this selected case were acceptable to achieve good fermentation yields.

Studies on L-lactic acid production from eucalyptus wood hemicellulosic liquors
are scarce, particularly liquors obtained after PA pretreatment. Considering that no
previous work carried out by other authors with adsorption or weak anionic resins as
detoxification methods has been found, the results obtained in this work were compared
to reported works which addressed the fermentation of hemicellulosic hydrolysates from
different lignocellulosic residues using W. coagulans strains and different detoxified
methods (Table 4). The results achieved in this study were similar to the lactic acid
yields and productivities obtained in previous studies using different W. coagulans

strains. For instance, Yamakawa et al.*® studied lactic acid production from
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hemicellulosic hydrolysate of Pinus tadea by W. coagulans DSM 2314. The
detoxification process used by the authors involved various steps as acid post-
hydrolysis, solid-phase extraction, and liquid-liquid extraction. The highest lactic acid
production (5.32 g/L) was achieved by diluting the raw hydrolysate to 28% to reduce
the effect of inhibitors and supplementing it with a high concentration of yeast extract
(24 g/L). The experiments with non-diluted partially detoxified hydrolysate did not
succeed, indicating that the removal of the majority of phenolic compounds was
insufficient to promote an efficient microbial growth. Moreover, Cubas-Cano et al.*!
studied hemicellulosic hydrolysates from gardening residues for lactic acid production
by Bacillus coagulans DSM 2314. The results reached by these authors were similar to
those obtained in this work, being lactic acid concentration (~22.5 g/L) and volumetric
productivity (1.6 g/Lh) slightly higher. However, the Bacillus strains used in their work
were reported as resistant to inhibitory compounds.

On the other hand, higher initial sugar concentrations were used by other authors.
Although higher lactic acid concentrations and volumetric productivities were achieved
by using a strain of B. coagulans DSM 1D 14-300 isolated from hemp leaves, the similar
lactic acid yields indicated similar utilization of the sugars for lactic acid production.
Further research could be carried out using high sugar concentrations in eucalyptus

hemicellulosic hydrolysates.

5. Conclusions

The present study highlights an efficient alternative for the valorization of hemi-
cellulose recovered from eucalyptus sawdust through acid pretreatment within the
framework of a biorefinery concept. The application of resin treatment proved to be an
effective detoxification method for removing compounds that adversely affect the

fermentation performance of the LAB strain. Particularly, adsorption resin was chosen
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as a detoxification method due to its better efficiency in the removal of acid-soluble
lignin, which is considered more toxic for fermentation than acetyl groups.
Consequently, the fermentation performance of W. coagulans improved, achieving
complete xylose consumption and a higher L-lactic acid yield.

W. coagulans demonstrated its ability to produce L-lactic acid from eucalyptus
hemicellulosic liquor, both in the presence and absence of well-known inhibitory
compounds. The novelty of this work relies on the implementation of adsorptive and
anionics resins as the sole detoxification method prior to L-lactic acid fermentation from

eucalyptus hemicellulosic liquor.
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Figure captions:

Figure 1. Process scheme for the coproduction of L-lactic acid and bioethanol from
eucalyptus sawdust under a biorefinery approach. The processes studied in this work are

depicted with thick lines.

Figure 2. Percentage of retention for the different components (inhibitors and
xylosaccharides) after the different resin assays performed using the PA hemicellulosic

liquor.

Figure 3. Percentage of retention for the different components (inhibitors and
xylosaccharides) after the different resin assays performed using the concentrated PA

hemicellulosic liquor.

Figure 4. From left to right: concentrated PA hemicellulosic liquor; eluted liquor
(detoxified liquor) from XAD-4 resin (3:1); washing water from the first resin wash;

washing water from the second resin wash.

Figure 5. Biomass, xylose, L-lactic acid, and acetic acid concentrations profile during
fermentation of W. coagulans DSM 2314 in bioreactor at 55°C, pH 7, 150 rpm under
anaerobiosis in (a) XMRS media, (b) concentrated non-detoxified liquor-based media,

and (c) concentrated detoxified liquor-based media.
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Table 1. Chemical composition of untreated and pretreated raw material (% dry weight
of each solid).

Component Raw material Pretreated raw material

Glucan 445+1.6 629+19

Xylan 13.7+0.8 3.3%+0.3
Arabinan <0.3 Not detectable
Acid-insoluble lignin 25.8+0.5 345+£0.1(%
Acid-soluble lignin 28x0.2 19+£0.2

Acetyl groups 44 %05 1.4+0.2

Ash 0.17 £ 0.03 Not detectable
Extractives in water + ethanol 4.6+0.7 (*) see AIL

(*) Includes acid insoluble lignin and the fraction of the extractives that are insoluble in

acid media.
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Table 2. Characterization of hemicellulosic liquor from PA pretreatment of eucalyptus

sawdust.
PA hemicellulosic PA hemicellulosic liquor after
liquor concentration at vacuum oven
pH 2.13+£0.04 2.09 £0.04
Xylose (g/L) 20.3+£0.2 29.4+0.4
XOS (g/L) 45+0.2 9.7+0.1
Glucose + GOS (g/L) 21+0.1 39x0.1
Arabinose (g/L) 0.12 £ 0.02 0.25+0.02
Acetyl groups (g/L) 78+0.1 6.7+0.1
Formic groups (g/L) 0.62 £ 0.02 0.86 £ 0.02
Acid-soluble lignin (g/L) 21+0.1 3.8%0.1
Acid-insoluble lignin (g/L) 0.8+0.2 21+0.2
Furfural (g/L) 0.72 £0.05 0.75+0.03
HMF (g/L) 0.25+0.08 0.17 £ 0.05
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Table 3. Results obtained for the L-lactic acid production by W. coagulans in XMRS

(control) and concentrated non-detoxified and detoxified hemicellulosic liquor-based

media.
Concentrated Concentrated
Parameter Control non-detoxified detoxified
liquor-based media  liquor-based media

Biomass (g/L) 3.6 2.2 34
Fermentation time (h) 24 48 24
Xylose consumption (%) 100 54 92
L-lactic acid (g/L) 19 12 16

Y prs (Qlactic acid/Jsugar) 0.95 0.92 0.73

Qp (lactic acia/LLh) 0.8 0.3 0.7
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Table 4. Comparison of L-lactic acid production by microbial fermentation using B. coagulans spp. from lignocellulosic biomass with

other reported data.

_ Initial sugars | Lactic acid Qp (Qractic
Substrate Pretreatment Strain Ypis (Qlactic acid/Jsugar) Reference
(g/L) (g/L) acia/Lh)
Phosphoric acid
Eucalyptus sawdust | (160°C, 40 min,
) ) B. coagulans _
hemicellulosic | 0.6% H3POg4) + ~25 16 0.73 0.7 This study
) DSM 2314
hydrolysate Resin
detoxification
Steam explosion
(195°C, 7.5 min)
) B. coagulans
Steam-exploded + Activated 13.9 13.4 0.96 0.54 15
DSM 2314
sugarcane bagasse carbon
detoxification
Diluted Pinus taeda
hemicellulosic | Steam explosion| B. coagulans
_ 7.6 5.32 0.7 0.22¢ 53
hydrolysate (28%) | (200°C, 10 min)| DSM 2314
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Gardening residues

Acid-catalyzed

) ) steam explosion | B. coagulans
hemicellulosic _ ~28 22.5 0.80! 1.63 51
(180°C, 10 min, | DSM 2314
hydrolysate
0.33 M H2S04)
Concentrated )
Hydrochloric
sugarcane bagasse _ B. coagulans
) ) acid (140°C, 62 56 0.87 1.70 52
hemicellulosic _ DSM ID 14-300
15 min, 0.5%
hydrolysate
(v/v) HCI)

! Parameter calculated from reported data.
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