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in treatment of hydrothermal
autohydrolysate for prebiotic applications

Derek B. Corbett, Changyoung Hong, Richard Venditti, Hasan Jameel
and Sunkyu Park *

The production of a high-value xylooligosaccharide (XOS) prebiotic product from lignocellulosic

autohydrolysate requires processing for the removal of non-carbohydrate components such as lignin

and furfural. In this research, the nature of XOS dissolved in autohydrolysate is evaluated including the

XOS degree of polymerization (DP) distribution and potential covalent association between XOS and

lignin (LCC). The impact of these factors on the yield of XOS during treatment of Miscanthus

autohydrolysate with hydrophobic resin is assessed. Over 30% of the XOS in autohydrolysate was found

to be likely associated with lignin (“tied” XOS), all of which was removed during hydrophobic resin

treatment along with over 90% of the dissolved lignin. However, loss of dissolved XOS during resin

treatment was found to not be due solely to XOS association with lignin. Over 50% of the “free,” non-

lignin-associated XOS was also removed by resin treatment. Interaction between “free” XOS and the

hydrophobic resin was found to be highly dependent on DP with higher DP XOS being removed far

more readily than low DP XOS. Over 80% of dissolved “free” XOS with a DP of six and above (X6+) was

removed from autohydrolysate during treatment while only 17% of xylose (X1) was removed. Efforts to

understand the interaction between the hydrophobic resin and XOS and to improve the recovery of XOS

during hydrophobic resin treatment are presented.
1. Introduction

Prebiotics are a class of carbohydrates that are not digestible by
the enzymes in the human stomach but are metabolized by
benecial bacteria once in the gut.1,2 Prebiotics promote human
digestive tract health including improved bowel and immune
function, reduction of blood glucose and cholesterol, improved
adsorption of minerals, and reduction of pro-carcinogenic
enzymes in the GI, among other benets.1–3 Currently, the
most common commercial prebiotics are inulin, fructooligo-
saccharides (FOS), galactooligosaccharides (GOS), lactulose,
and polydextrose.4 Xylooligosaccharides (XOS) are gaining
popularity due to their effectiveness and the potential for their
production from lignocellulosic sources.4,5 In addition to its
high prebiotic activity, the sweet taste of XOS makes it an ideal
food additive.3,6 Between 2014 and 2017 the world XOS market
grew from 81 million to 92 million USD, with projections for
2022 as high as 118 million USD.7 Conventionally, XOS are
produced from agricultural residues such as corn-cobs.

XOS prebiotics are a value-added product that have signi-
cant promise for production from lignocellulosic bioreneries
based on autohydrolysis or related pretreatment technologies.
Autohydrolysis and related technologies have been researched
nt of Forest Biomaterials, 2820 Faucette

-mail: sunkyu_park@ncsu.edu

hemistry 2019
extensively for the pretreatment of lignocellulosic biomass.8–14

The autohydrolysis process employs water and heat to cleave
acetyl groups and other organic acids present, primarily on
hemicelluloses. The process is simple, relatively low cost, and
effective at improving the pretreated solids for further pro-
cessing. Much research has been devoted to optimizing the
conditions of autohydrolysis for xylan dissolution and XOS
production. Previous reports have shown the dissolution of up
to 75% of xylan present in sugar maple hardwood during
autohydrolysis (175 �C for 2 hours).15 XOS yield reached as high
as 51% (but at less severe conditions: 152 �C for 4.5 hours).15

77% of the original xylan was solubilized during autohydrolysis
of apricot pit shells (160 �C for 2 hours).16 A maximum xylan
solubilization of �70% was reported during autohydrolysis of
Miscanthus x giganteus.17 XOS have been reported to account for
between 32 and 52 percent of the dry mass of dissolved solids in
autohydrolysate (AH) fromMiscanthus x giganteus depending on
experimental methods used.18,19

The autohydrolysis liquor produced from hardwoods and
grasses contains a heterogeneous solution of hemicellulose-
derived monomers and oligosaccharides, lignin, hemi-
cellulose degradation products (furfural and hydrox-
ymethylfurfural), and organic acids (acetic acid, formic acid,
glucuronic acid).20 While unmodied lignin is not usually
soluble in water, it is believed that the close association of this
lignin with carbohydrates increases its hydrophilicity and,
RSC Adv., 2019, 9, 31819–31827 | 31819
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therefore, solubility in water.21–23 These dissolved compounds
have signicant potential for conversion into high-value prod-
ucts.21,24 However, the complex, heterogeneous nature of the
dissolved materials in pretreatment liquors complicates the
production of value-added products.25 A better understanding
of the nature of the relationship between lignin and carbohy-
drates is important for the further development of economically
viable technologies for valorization of lignin/carbohydrates
derived from autohydrolysis liquor.

Efforts to purify XOS from autohydrolysate liquor have been
undertaken previously.24,26,27 Methods that have been pursued
for rening autohydrolysate to produce XOS include solvent
extraction, solvent precipitation, ion-exchange, occulation,
adsorption, ultra-ltration, and freeze drying.26 Vegas and co-
workers reported on a processing scheme for the purication
of XOS from rice husk autohydrolysate.26 Nanoltration was
successful at removing some non-saccharide components from
the liquor while also concentrating the solution. A subsequent
double ion-exchange process (tested with and without prior
solvent extraction) was shown to substantially reduce the non-
carbohydrate non-volatile compound content in the liquor. A
yield of �10% (based on total oven-dried rice husk solids) was
reported for a product containing less than 6% non-
carbohydrate impurities. The overall yield of XOS was �69%
(as a percent of the XOS present in the starting liquor).

Hydrophobic resin has been identied as a low cost method
for removal of aromatic non-carbohydrate components from
autohydrolysis pretreatment byproduct streams.21 Hydrophobic
resins are used commercially for many applications where
selective adsorption of aromatic or hydrophobic chemicals is
desired. Resins can be regenerated relatively easily and require
comparatively simple equipment compared with membrane
and extraction processing methods. Current industrial appli-
cations for hydrophobic resins include high-value applications
such as the recovery of products from fermentation broth and
lower-value applications such as absorption of phenols from
waste water streams.28

Narron et al. reported on the use of hydrophobic resin for
recovery of dissolved lignin from maple and sugarcane bagasse
autohydrolysates. Lignin recovery was over 90%, however, it was
reported that the recovered solid adsorbate was highly
contaminated with carbohydrates (48.3% by weight).21 In addi-
tion, while monomeric xylose was not found to be removed by
hydrophobic resin, around a third of the oligomeric xylose
(determined by acid hydrolysis and subtraction) present in the
raw autohydrolysate was removed.21 The authors hypothesized
that the adsorption of oligomeric xylose and the associated
sugar contamination in the adsorbate solid might be due to
covalent association between lignin and XOS (LCC). However,
that hypothesis was never fully explored in their work.

Huang et al. also investigated the processing of autohy-
drolysates (sweetgum) utilizing hydrophobic resin for lignin
removal. They reported �7% loss of XOS (aer a substantial
water wash) and minor contamination of the recovered lignin
with XOS (�6%). In their report, as well as in the work by Vegas
et al., covalent association between lignin and oligosaccharides
by LCC linkages and the impact of XOS degree of
31820 | RSC Adv., 2019, 9, 31819–31827
polymerization (DP) on autohydrolysate processing was not
considered. In fact, in general, these issues have been neglected
in related literature up to this point.

The present work investigates the process of adsorption with
hydrophobic resin in more depth to determine the potential
role of LCC and DP on XOS adsorption. A novel strategy is
employed to quantify the “free” and “tied” fractions of xylose
and XOS in autohydrolysate. Additionally, the recovery of
oligosaccharides during the treatment process is examined for
individual DPs, revealing challenges and opportunities that
must be considered when designing a process for commercial
implementation. Finally, options to improve adsorption selec-
tivity are explored.

2. Materials and methods
2.1 Biomass pretreatment and autohydrolysate liquor wash

Miscanthus biomass (Pennsylvania, US) was milled down to �0.5
inch size. Biomass was pretreated using an AdvanceBio contin-
uous screw reactor (2 kg per hour capacity) at Pennsylvania State
University. The pretreatment conditions were as follows: liquor-
to-wood ratio of 4 : 1, reaction temperature of 190 �C, 15 min
residence time. The pretreated biomass was stored in a cold
room at 4 �C until use. To effectively extract dissolved materials,
the pretreated biomass was soaked in de-ionized water at room
temperature. Vacuum ltration was then performed to remove
the pretreated solids producing the autohydrolysate liquor used
for all subsequent work in this study.

2.2 Hydrophobic resins

Three AMBERLITE™ XAD™ resins (DOW Chemical) were
purchased from Sigma Aldrich and used in this study:
AMBERLITE™ XAD™4, AMBERLITE™ XAD™16N, and
AMBERLITE™ XAD™1180N. Most analyses were performed
using XAD16N. XAD4 and XAD1180N were included to test the
impact of XAD physical properties such as specic surface area,
porosity, particle size, and average pore diameter on AH treat-
ment. AMBERLITE XAD is a non-ionic macroreticular cross-
linked aromatic polymer resin utilized for a multitude of
applications where adsorption of hydrophobic molecules is
desired. Hydrophobic resin has been proposed as an option for
selective removal of lignin from pretreatment liquor
streams.21,29

XAD resins are shipped coated with preservative salts. To
remove these salts, an extensive washing procedure was con-
ducted: (1) DI water wash until pH of wash water is neutral
(�2000 mL), (2) extensive methanol wash to remove an adsor-
bed impurity (�500 ml), and (3) water wash to remove methanol
(�500 ml). Prepared resins were stored in a refrigerator in
a sealed bag. Moisture content of the resin was determined
prior to use (typically �70% moisture).

2.3 Adsorption procedure

Adsorption experiments with hydrophobic resin were performed
as previously reported.21 Hydrophobic resin loading was 10 OD
grams resin/100ml of autohydrolysate liquor. Contact timewas 30
This journal is © The Royal Society of Chemistry 2019
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minutes in a constant stirring apparatus (�75 RPM). Multiple
100 mL water washes were conducted aer adsorption to remove
any weakly bound compounds. An extensive methanol wash was
then performed to recover adsorbed compounds from the
hydrophobic resin. The methanol was evaporated using a rotary
evaporator and the remaining solids were re-dissolved in water for
analysis (or in dimethyl sulfoxide d6 for NMR analysis). When pH
adjustment was needed, 2 N sodium hydroxide was utilized.
Dilution of the sample by water already present in the resin or by
pH adjustment was considered.
2.4 Compositional analysis

“Raw” autohydrolysate liquor, hydrophobic resin “cleaned”
autohydrolysate liquor, and adsorbate samples were exposed to
acid hydrolysis following the NREL procedure for determina-
tion of sugars in liquid fraction process samples.30 Briey, the
appropriate volume of 72% sulfuric acid was added to reach 4%
sulfuric acid concentration. Acidied liquor was autoclaved at
121 �C for 60 minutes. Aer hydrolysis the hydrolyzed sample
was neutralized (CaCO3), ltered (0.2 mm nylon lters), and
analyzed by HPLC. The HPLC set up was as follows: Shodex SP-
0810 column (8�A� 300 mm, Showa Denko, Japan) maintained
at 80 �C. Milli-Q water mobile phase, owing at 0.5 mL min�1

(60 min per sample). A refractive index detector was used for
detection of sugars in eluent. Calibration was performed with
commercial standards of glucose, xylose, galactose, mannose,
and arabinose. Due to co-elution of mannose and arabinose
both are reported together.

Xylose and xylooligosaccharide (XOS) composition was
determined in two ways. For compositional analysis of the
xylose and XOS content in autohydrolysate, HPLC was utilized.
Oligosaccharide content was determined as the difference in
monomer concentration before and aer acid hydrolysis. For
analysis of xylose and XOS adsorption onto hydrophobic resin,
and for determination of “free” and “tied” xylose and XOS
concentrations in autohydrolysate (terms explained in discus-
sion section), only ion-chromatography (IC) was utilized (even
for analysis of xylose monomer, which can be determined by
HPLC). This is important, because the two methods for deter-
mining xylose content (HPLC and IC) result in slightly different
results. The IC system was set up as follows: CarboPac PA200
column held at 30 �C. A 60minute gradient elution starting with
100 mM NaOH/180 mM sodium acetate solution and ending
with 100 mM NaOH/550 mM sodium acetate eluent solution.
Eluent solutions were produced with ultra-pure DI water.
Detection was achieved with a pulsed amperometric detector
(PAD). Since X1-X5 model xylooligosaccharides were used as
standards for IC, quantication of XOS with degrees of poly-
merization (DPs) higher than 5 was estimated. DP > 6 are pre-
sented as X6+. To quantify these higher DP oligosaccharides we
used amethod similar to that of Yang andWyman31 wherein the
calibration factor was used from X5 to quantify X6 and above.
Carbohydrate standards, xylose, xylobiose, xylotriose, xylote-
traose, xylopentaose, cellobiose, and dextran (Mr � 1500) were
purchased from Megazyme. All compositional analyses were
completed in at least duplicate.
This journal is © The Royal Society of Chemistry 2019
2.5 2D-HSQC NMR analysis

2D-HSQC NMR results were acquired as previously described.21

Briey: 100 mg of dry hydrophobic resin adsorbate solid was
completely dissolved in 0.5 ml dimethyl sulfoxide-d6 solvent
(20% solution). 2D-HSQC NMR spectra were acquired using
a 500 MHz NMR spectrometer equipped with 5 mm BBI probe
(Avance, Bruker, USA) at 25 �C (140 scans).
3. Results and discussion
3.1 Autohydrolysate characterization

Pretreatment followed by a room temperature wash resulted in
the solubilization of �22% of the rawMiscanthus biomass. Over
50% of the xylan inMiscanthus was recovered in the liquor aer
washing as either xylose or XOS. Hot water pretreatments such
as autohydrolysis are known to extract hemicelluloses from
lignocellulosic biomass, while leaving the cellulosic portion
relatively untouched.14 The removal of xylose is believed to have
been relatively low compared to other reports due to the low
temperature of the washing process utilized (room tempera-
ture). It is likely that higher DP XOS were not effectively solu-
bilized. Around 19% of the xylose present as xylan in the
starting biomass was unaccounted for in the pretreatment
solids and liquor. This is believed to be due at least partially to
the production of furfural and other degradation products from
xylan during autohydrolysis (Table 1).

The Miscanthus autohydrolysate was analyzed for mono-
meric and oligomeric sugars before and aer acid hydrolysis
(Table 2). Xylose and xylan were the main monomeric and
oligomeric components present in the autohydrolysate as ex-
pected based on previous reports on the composition of Mis-
canthus.18 The small presence of glucose monomers is likely
derived from glucuronoxylan hemicelluloses. Oligosaccharides
accounted for almost half of the total dissolved solids (�46%)
with the dominant oligosaccharide being xylooligossaccharide
(XOS; �37%).

Non-carbohydrate components make up �25% of the
composition of the autohydrolysate solids. The most notable
non-carbohydrate components are acetic acid and dissolved
lignin (15.3% and 7.8%, respectively). The acetic acid is derived
from acetyl groups on hemicelluloses, which is one of the major
reasons for the pH reduction during autohydrolysis. The pH of
the autohydrolysate liquor was 3.2, which is comparable to
autohydrolysis liquors from woody hardwoods.22 The lignin
content in the autohydrolysate liquor (determined by UV anal-
ysis at 205 nm) was�7.8% (1.94 mgml�1). Approximately 5% of
the total non-volatile solids remained uncharacterized.
3.2 Xylooligosaccharide present in Miscanthus
autohydrolysate

A combination of acid hydrolysis and chromatography was
employed to analyze xylose and XOS in Miscanthus autohy-
drolysate. We dene the term “free” xylose as xylose detected by
IC prior to acid hydrolysis. Similarly, we dene “tied” xylose as
the additional xylose detected by IC aer complete acid hydro-
lysis (“tied” xylose was calculated by subtracting “free” xylose
RSC Adv., 2019, 9, 31819–31827 | 31821
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Table 1 Xylan mass balance throughout pretreatment and wash

Raw biomass

Aer pretreatment and wash

Total aer pretreatment,
g

Mass balance,
%

Insoluble
fraction Soluble fraction

% g % g % g

Xylana 21.7 149.6 8.25 44.3 50.43 76.7 121.0 81

a Xylose in autohydrolysate converted to xylan.
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from “total” xylose). “Free” and “tied” XOS can be calculated.
“Tied” XOS was calculated by subtracting “free” XOS (detected
by IC with no acid hydrolysis) from “total” XOS (determined by
difference in xylose concentration before and aer acid hydro-
lysis). When calculated in this way, the “tied” XOS fraction
represents the fraction of XOS that is likely to be associated with
lignin via LCC. Note that the “tied” XOS fraction could include
xylose units attached to lignin if such structures are present.

The concentrations of “free” and “total” xylose were �5 mg
ml�1 and �21 mg ml�1 in the autohydrolysate liquor, respec-
tively (21.7% and 100% of total xylose, respectively). The
concentration of “total” XOS was calculated to be �16 mg ml�1

(78.3% of total xylose; Table 3).
“Free XOS” includes xylooligosaccharides with a DP of 2 and

above and was present at a concentration of 11.1 mg ml�1

(�69% of total XOS). The concentration of “tied XOS” was
4.91 mg ml�1 (�31% of total XOS). These results indicate that
almost one-third (by mass) of the XOS present in theMiscanthus
autohydrolysate was present as “tied XOS”.

2D-HSQC NMR analysis of hydrophobic resin adsorbate
produced from Miscanthus autohydrolysate showed the pres-
ence of correlations corresponding to both lignin and carbo-
hydrates, as expected. Additionally, correlations associated with
g-uronosyl ester and phenyl glycoside LCC structures were
observed, in accordance with previous reports (Fig. 1).21,32 The
demonstrated presence of LCC linkages provides support to the
claim that the “tied” XOS fraction is associated with lignin. A
signal associated with the benzyl ether type LCC linkage was not
observed. This is believed to be due to the cleavage of ether
linkages in the mild acid conditions of autohydrolysis.

In addition to LCC, clear signals associated with xylan and
notably, 4-O-methyl glucuronic acid side-groups, were observed
(GluA, shown in purple). The presence of these signals indicates
Table 2 Characterization of autohydrolysate including oligosaccharides
were below 0.07 for all tests conducted and are therefore not included

Monomers Oligosaccharides

Glu Xyl Gal Ara/Man Glu Xyl Gal

mg ml�1 0.27 3.72 0.14 1.62 1.19 9.28 0.37
% 1.1% 14.9% 0.5% 6.5% 4.8% 37.3% 1.5%

a Quantity of unknown solids was calculated by difference from total diss
drying).

31822 | RSC Adv., 2019, 9, 31819–31827
that there are branched xylans present in the adsorbate. These
branched xylans may be expected to be included in the “tied”
XOS fraction as well.

Based on the lignin and “tied” XOS content in the autohy-
drolysate, the number of “tied” xylose units per lignin C9 unit
was estimated to be between two and three. Previous reports21

have estimated that LCC linkages account for �9.5 C9 units
per 100 C9 units in lignin recovered from autohydrolysis
liquor of non-wood biomass (sugarcane bagasse). An earlier
study estimated that the total LCC linkages are in the range of
at least ve to more than een units per 100 C9 units,
depending on the biomass species and LCC isolation
method.32 These values together imply that the average DP of
XOS attached to LCC is quite high (>10 units). Based on these
results, it is apparent that techniques for the selective frac-
tionation of lignin from autohydrolysate must be investigated
with consideration for the signicant amount of XOS that is
associated with lignin.

3.3 Adsorption of autohydrolysate on hydrophobic resin

Hydrophobic resin was investigated for the selective separation
of non-carbohydrate components from XOS in Miscanthus
autohydrolysate with particular focus on the fate of XOS (both
“free” and “tied”). Almost �90% of the dissolved lignin was
removed from the autohydrolysate aer 30 minutes of contact
time (Fig. 2) in agreement with previous reports.21 A bit less than
20% of the free xylose was removed during this process,
however, a large amount of “free” XOS was removed by the
hydrophobic resin treatment. Interestingly, all of the “tied” XOS
was removed, providing further evidence that the “tied” XOS
fraction may be associated with lignin. This result further
implies that cleavage of LCC bonds could be advantageous for
improved recovery of XOS from autohydrolysates.
and organic acids (% of solids in AH). Standard deviations of replicates

FA AA HMF Furfural Lignin UnknownaAra/Man

0.60 0.64 3.79 0.012 0.031 1.94 1.27
2.4% 2.6% 15.3% 0.05% 0.1% 7.8% 5.1%

olved solids present in 100 ml of autohydrolysate (determined by oven

This journal is © The Royal Society of Chemistry 2019
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Table 3 Characterization of autohydrolysate xylooligosaccharides by
ion chromatography. “Tied XOS” are believed to be associated with
LCC

mg ml�1
% (of
OD solid)

Free xylose 5.12 21.7%
Free X2 2.29 9.7%
Free X3 1.73 7.3%
Free X4 1.51 6.4%
Free X5 1.48 6.3%
Free X6+ 4.09 17.3%
Tied XOS 4.91 20.8%
Lignin 1.94 8.2%
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In conducting an overall mass balance of XOS and lignin
throughout the hydrophobic resin treatment process, 100% of
the “free” xylose and xylobiose (X2) in the raw autohydrolysate
was accounted for in the “clean” autohydrolysate and the resin
adsorbate recovered with methanol. However, the total mass
balance for the higher DP XOS and for lignin was not as good.
Only�60% of starting X6+ XOS was accounted for in the “clean”
autohydrolysate and adsorbate streams aer treatment. Simi-
larly, the overall mass balance for lignin was �70%. This result
implies that some high DP XOS and lignin remains adsorbed to
the hydrophobic resin even aer extensive washing with water
and then methanol.

3.4 Effect of XOS degree of polymerization (DP) andwater wash

The removal of XOS by hydrophobic resin treatment was highly
dependent on the XOS DP (Fig. 2). The amount of XOS removed
increased with increasing XOS DP. To minimize the removal of
xylose and XOS from the autohydrolysate liquor, an extensive
water wash was employed following adsorption. The resin,
containing adsorbed compounds, was washed ve times with
100 mL of DI water each time to remove any loose or weakly
Fig. 1 2D-HSQC NMR spectrum of hydrophobic adsorbate from Miscan
associated with uronosyl ester and phenyl glycosidic LCC linkages.

This journal is © The Royal Society of Chemistry 2019
adsorbed compounds. The extensive wash signicantly
improved recovery of xylose and XOS. However, large amounts
of XOS still remained adsorbed onto the resin (Fig. 2).

Aer washing, 100% of the xylose was recovered, as was most
of the xylobiose and xylotriose (94% and 74% of original,
respectively). The removal of XOS with DPs of four and above
was more signicant. Only 26% of the (starting) XOS with a DP
of six and above was recovered even aer extensive washing.
Extensive washing was found to have little impact on the
removal of lignin.

To conrm adsorption of free XOS onto hydrophobic
resin, and to show that DP inuences adsorption, oligosac-
charide model compounds (cellobiose and dextrans) were
contacted with hydrophobic resin. Since cellobiose is only
a dimer, adsorption of a dextran (�1500 Mr; Sigma) was
tested as well. Results showed that the amount of oligosac-
charide removed by adsorption with hydrophobic resin (as
a percent of starting oligosaccharide) increased linearly with
increasing DP (Fig. 3), conrming the results of autohy-
drolysate adsorption tests.

As has been demonstrated, a large portion of the XOS
removed by hydrophobic resin treatment is likely associated
with lignin, however, a large amount of “free” XOS is removed
as well. The interaction of oligosaccharides (which are typi-
cally considered hydrophilic) with hydrophobic surfaces is
supported by literature. Previous research has indicated that
certain conformations of oligosaccharides show amphiphilic
behavior.33,34 These structural conformations are such that all
hydrogens present to one face and all hydroxyl groups
present to the other. b-1-4-D-linked oligosaccharides, such as
XOS, are less capable of entering these conformations
compared with a-1-4-D-linked oligosaccharides. However,
xylose is one of the more hydrophobic monosaccharides.
Additionally, increased DP improves the capacity of oligo-
saccharides to enter amphiphilic conformations, in support
of our ndings.33,34
thus autohydrolysate showing the presence of cross-correlated peaks

RSC Adv., 2019, 9, 31819–31827 | 31823
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Fig. 2 Recovery of free XOS, tied XOS, and lignin during hydrophobic resin treatment. White bar represents additional component recovered
during extensive washing *No wash performed.
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In accordance with our ndings, previous reports on the
treatment of lignocellulosic autohydrolysates with hydrophobic
resin also indicated removal of XOS. Narron et al. reported
substantial loss of XOS during resin treatment (�30% of olig-
omeric xylose).21 Huang et al. employed an extensive wash to
minimize the removal of XOS, but �10% of XOS were still lost.29

Narron et al. hypothesized that LCC may be to blame for XOS
removal, however, our results indicated that even XOS that was
denitely not associated with lignin was removed by hydro-
phobic resin treatment. Previous reports have not discussed the
impact of DP on XOS removal during this process.
3.5 Impact of hydrophobic resin physical properties on XOS
adsorption

Physical properties of the hydrophobic resin, such as pore-size,
specic surface area, porosity, and particle size were hypothe-
sized to impact XOS adsorption due to the potential for physical
interaction between oligosaccharide chains and the resin
structure. Three different hydrophobic resins were tested for
removal of non-carbohydrate components and recovery of XOS
from Miscanthus AH. The chemical compositions of the three
hydrophobic resins were identical. However, the physical
properties were all different between the three resins. There-
fore, observed differences in adsorption could be attributed to
a combination of resin properties.
Fig. 3 Impact of DP on model oligosaccharide removal by hydro-
phobic resin (3 mg ml�1 starting concentration).

31824 | RSC Adv., 2019, 9, 31819–31827
Results indicated that the average pore size of the resin had
very little impact on adsorption of XOS regardless of DP (Fig. 4).
Interestingly, however, the physical properties of the hydro-
phobic resin were observed to impact the removal of lignin
during adsorption. Adsorption of autohydrolysate by XAD 4
resulted in the removal of almost 25 percentage points less
lignin (data not shown). While the use of hydrophobic resin
with different physical properties was not altogether irrelevant
to the adsorption process, adsorption of XOS appears to be
independent of the physical structure of the hydrophobic resin
within the range tested in this study (Fig. 4).
3.6 Impact of pH on adsorption of autohydrolysate onto
hydrophobic resin

The effect of pH on the adsorption of lignin by hydrophobic
resin was tested in order to improve the selectivity of the resin to
lignin adsorption. The main mechanism by which solutes are
adsorbed onto the XAD’s aromatic surface are hydrophobic
interactions. However, pH is expected to have an important
impact on the charge of the dissolved polymers. Lignin and
hemicelluloses are known to feature ionizable functional
groups. Furthermore, pH may have an impact on oligosaccha-
ride conformation in solution. Since lignin is known to
Fig. 4 Impact of XAD average pore diameter onrecovery of XOS (as
a function of degree of polymerization; DP). Error bars represent one
standard deviation above and below the average.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Impact of pH on (a) lignin removal and (b) “free” XOS recovery by XAD resin. (c) Adsorption selectivity (mg lignin removed by XAD/mg XOS
removed by XAD) as a function of pH. “Free” XOS recovery is for an average of all degrees of polymerization. No “extensive”wash was used during
these experiments.
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precipitate at reduced pH, the pH was only increased (from 3.2
up to a maximum of 12).

The pH of the autohydrolysate had an impact on both lignin
and XOS adsorption onto hydrophobic resin (Fig. 5). Increased
pH reduced the adsorption of lignin onto the resin from �90%
at a pH of 3.2 to �70% at a pH of 12 (as a percent of lignin in
starting autohydrolysate). Increased pH initially reduced
recovery of XOS, but above a pH of �8 the recovery of XOS
increased dramatically. Utilizing the lignin and XOS removal
results, a selectivity value was determined for each pH based on
eqn (1).

Adsorption selectivity ¼ Lignin removedðmg=mlÞ
XOS removedðmg=mlÞ (1)

Based on this analysis, the highest selectivity for the hydro-
phobic resin adsorption process occurred at high pH (12) due to
the reduced removal (increased recovery) of XOS. However, the
reduced removal of lignin at high pH makes this condition
unfavorable.

Motivated by the results of pH testing, we additionally tested
a three step process wherein initial adsorption was conducted at
pH 3.2 followed by removal of adsorbates by methanol. Then,
following the methanol wash, a high pH (12) water wash was
conducted to remove XOS still adsorbed on the hydrophobic
resin. The high pH water wash was found to preferentially
This journal is © The Royal Society of Chemistry 2019
remove higher DP XOS (X6-X12). However, most (>95%) of the
adsorbed XOS that was not removed by methanol also remained
attached to the resin surface even aer washing at high pH.
4. Conclusions

In this study, xylooligosaccharides (XOS) in raw Miscanthus
autohydrolysate were found to be present in a complex mixture
including a broad range of DPs and around 30% present as
“tied” XOS, either associated with lignin or branched. Treat-
ment with hydrophobic resin resulted in the complete removal
of the “tied” portion of XOS. However, “free” XOS was found to
be removed by resin treatment as well, at rates that were highly
dependent on DP. The physical properties (pore-size, specic
surface area, porosity, and particle size) of the resin were found
to have no impact on adsorption of XOS. pH was found to
impact both XOS and lignin adsorption to hydrophobic resin.
High pH (�12) improved the adsorption selectivity to lignin
removal, but hampered the total removal of lignin. A high pH
wash was successful at removing only a small portion of the
high DP XOS that remained adsorbed aer water washing of the
resin.

Based on the results of these studies, it can be concluded
that strongly hydrophobic resin may not be ideal for purica-
tion of higher DP XOS (>4), which has the capacity to behave
hydrophobically in certain environments. The relatively lower
RSC Adv., 2019, 9, 31819–31827 | 31825
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removal of low DP XOS during adsorption indicates the poten-
tial for a viable process utilizing hydrophobic resin if all of the
XOS in AH is reduced to a DP of 2–4 prior to treatment with
hydrophobic resin. However, further development is needed
before such a process is economically viable for purication of
autohydrolysate streams for prebiotic applications.
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