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Abstract
Purpose  Brewers’ spent grain (BSG) is a major processing residue from the beer brewing industry, often applied for low-
value animal feed or, process energy, or otherwise disposed. The processing of BSG into xylooligosaccharides (XOS), a 
proven prebiotic with application in the food, beverage and health industries, can be achieved through selective solubilisation/
hydrolysis of its hemicellulose content.
Methods  In this study, the sequential processing of BSG to maximise the yield of XOS was achieved by screw-pressing to 
remove a protein-rich press liquid fraction, followed by steam explosion pretreatment prior to enzymatic hydrolysis of the 
remaining hemicellulose in the feedstock.
Results  A combined XOS yield of 37% (kg XOS/kg hemicellulose) was achieved from the steam explosion liquor (two-thirds) 
and the enzymatic hydrolysis of pretreated solids (one-third). The crude, longer-chain XOS products were subsequently 
depolymerised through an additional enzymatic hydrolysis step, to achieve the desired XOS molecules with degrees of 
polymerisation between 2 and 3, resulting in an overall XOS yield of 16%.
Conclusion  The overall XOS yield was increased by adding enzymatic hydrolysis of the solids fraction to the XOS produc-
tion process, however, the findings of the study presented a potential trade-off between the increase in XOS yield and the 
cost of the increased enzyme requirements.
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Introduction

The beverage industry is a major contributor to global waste 
[1]. Thus, the utilisation of waste or by-products from the 
beverage sector to produce value added compounds can 
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avoid disposal through valorisation and diversion from 
landfill. This approach links with the emerging concept of 
biorefineries, where bio-catalytic, thermal, chemical and 
physical techniques are used to extract valuable compounds 
from low-cost feedstocks [2–4].

Brewers’ spent grain (BSG) is a by-product from the 
beer-brewing industry and a suitable candidate for use as 
feedstock in biorefineries due to its availability and composi-
tion. It has a staggering global production rate of around 39 
million tons per year [1]. BSG constitutes roughly 85% of all 
by-products generated during beer production and consists 
mainly of malted barley grain (Hordeum vulgare L.) and 
barley husks [5, 6]. While BSG is a ubiquitous source of 
biomass, the majority is generally still discarded in landfills 
or utilised as low-value animal feed [7, 8]. Both of these 
solutions to BSG disposal are faced with their own logisti-
cal and environmental challenges. The nutrient-rich nature 
of BSG and its relatively high moisture content (75% to 
85%), typically leads to rapid microbial spoilage, making 
this feedstock difficult to store, especially at high volumes 
[9, 10]. Opportunities for animal feed are therefore limited, 
since high energy inputs would be required to dry BSG as a 
method of preservation prior to application or disposal [11]. 
Furthermore, large quantities of BSG in landfills can cause 
ecological issues due to the unstable nature of the biomass 
and the emission of greenhouse gasses, such as methane, due 
to decomposition in the typical anaerobic environment [12].

Some studies have started investigating alternative uses 
for BSG, including anaerobic digestion to recover bioenergy 
for use in brewing, to render the process more sustainable 
and circular [13, 14]. However, while promising, produc-
tion of bioenergy from BSG is still considered a low-value 
application. It is therefore imperative to investigate alterna-
tive higher-value opportunities for the valorisation of waste 
streams such as BSG for the purpose of alleviating the envi-
ronmental strain of disposal, while creating additional rev-
enue streams for the brewing industry. Several other applica-
tions, using BSG, have also gained attention [5, 8]. These 
applications include BSG flour used in food production [8, 
15–17], aqueous BSG solutions used for bioremediation 
in textile and paper industries [18, 19] as well as BSG as 
feedstock for biogas [20, 21] and ethanol production [22]. 
Moreover, BSG has been utilised as a feedstock in fermen-
tation to produce high-value products such as laccase and 
polyphenols, hydroxycinnamic acids and α-amylase [23–25], 
as well as in fractionation processes to produce highly valu-
able xylooligosaccharides (XOS) [26].

On a dry mass basis, BSG consists of hemicellulose (ca. 
24.4% w/w), cellulose (ca. 19.7% w/w), starch (ca. 6.7% 
w/w), protein (ca. 18.6% w/w) and lignin (ca. 14.5% w/w), 
with smaller amounts of lipids and phenolic compounds 
[5, 27]. The predominant component, hemicellulose, con-
sists of a xylan backbone, arabinan side chains and acetyl 

groups [28]. The hemicellulose can be broken down into 
xylan chains constituting 2 to 20 xylose residues, otherwise 
referred to as XOS [28]. Shorter XOS molecules, specifi-
cally those with degrees of polymerisation (DP) between 2 
and 6, have prebiotic properties [29, 30] with proven health 
benefits [31, 32]. In 2023, these sought-after prebiotic XOS 
compounds had a global market size of 31 million US$ per 
annum which is estimated to steadily grow to about 34 mil-
lion US$ per annum by the year 2029 [33], suggesting sub-
stantial economic potential.

XOS is generally produced by means of fractionation of 
hemicellulose using hydrothermal technologies [34–36]. 
During fractionation pretreatment, acetyl groups are released 
from the xylan backbone, which decreases the system’s pH 
and results in the xylan being broken down [28]. Following 
pretreatment, long-chain XOS, typically consisting of six 
or more xylose residues are recovered in the autohydrolysis 
liquor at varying yields [26, 35]. A study by Álvarez et al. 
(2021) reported a XOS yield of 62.9% after steam explosion 
of barley straw at a solids loading of 10% (w/w) [35], while 
Swart et al. (2020) reported respective XOS yields of 50% 
and 21.1% after steam explosion of pure pale malt BSG and 
Weiss malt BSG at a solids loading of 15% (w/w) [26]. The 
XOS yields using pure pale malt BSG and Weiss malt BSG 
were further increased to 75.3% and 73.1% (w/w), respec-
tively, when adding screw press dewatering to the process 
prior to steam explosion [26].

Production of the short-chain XOS with DP of 2 to 6 has 
also been demonstrated through enzymatic hydrolysis of the 
lignocellulosic autohydrolysis (hydrothermal) pretreatment 
liquor [34, 35, 37]. Long-chain XOS compounds in the auto-
hydrolysis liquor are treated with complex enzyme cock-
tails usually consisting of enzymes such as endo-β-(1,4)-D-
xylanase, α-L-arabinofuranosidase, acetylxylan esterase and/
or feruloyl esterase [28, 35, 38]. Short-chain XOS yields of 
up to 59% of the original xylan content, have been reported 
using enzymatic hydrolysis of autohydrolysis liquor obtained 
from lignocellulosic materials such as Miscanthus, barley 
straw, poplar, wheat straw and corn straw [34, 35, 37, 39, 
40]. However, limited information dealing with the depoly-
merisation of crude XOS obtained from the hydrothermal 
pretreatment of BSG is available.

While results on other feedstocks are promising, a sig-
nificant portion of the xylan in the lignocellulosic feedstock 
(23.5% to 42.1%) remains in the solid residue after auto-
hydrolysis, which generally remains untapped [34–36]. As 
a result, enzymatic hydrolysis of low solid loadings of the 
solid fraction residues ranging between 1 to 10% residual 
xylan from wheat straw, Miscanthus, rye grass, rye grass 
pulp and corn powder obtained after hydrothermal treatment 
have been investigated for the production of short-chain 
XOS [34, 41, 42]. However, to the authors’ knowledge, no 
work has been done on the production of short-chain XOS 
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using the solid residue resulting from pretreatment of BSG 
at high solids loadings. Furthermore, many different streams 
are produced during the fractionation of BSG through screw 
press dewatering and hydrothermal pretreatment; thus, to 
attain ‘whole-waste’ exploitation of BSG in terms of hemi-
cellulose content, there is a need for greater investigation 
into the effective valorisation of all these different streams 
containing hemicellulose.

This study aimed to produce depolymerised XOS through 
enzymatic hydrolysis of both the steam explosion pretreat-
ment liquor (SEL) and residual solid fractions after steam 
explosion (RSSE) of mechanically dewatered BSG.

Materials and Methods

Raw Materials and Enzymes

Fresh BSG with a moisture content of 79% was provided 
by Stellenbrau Microbrewery (Stellenbosch, South Africa) 
in four different batches over a period of six weeks. Pento-
pan® Mono BG (Novozymes®, Denmark), a commercial 
xylanase preparation from Aspergillus oryzae, was used as 
the enzyme during enzymatic hydrolysis. Pentopan® Mono 
BG is reported to target the production of XOS with DP 
in the range of 2 to 5, while minimising the formation of 
xylose monomers, as these are undesired in the final XOS 
product [29, 43]. A xylanase activity of 20 2931.7 U/g was 
determined according to an activity assay outlined by Bailey 
et al. (1992). Activity units (U) were defined as the amount 
of enzyme required to produce 1 μmol of xylose from xylan, 
at a temperature of 50 °C [44].

Hydrothermal Pretreatment of BSG

The fresh BSG was dewatered using a continuous screw 
press (NEW Eco-tec Verfahrenstechnick GmbH, Mühldorf, 
Germany), with screen cage dimensions of 0.3 m × 0.15 m. 
The processed solids then underwent steam explosion pre-
treatment in a “steam gun” (IAP GmBH, Graz, Austria) 
with a 19 L stainless steel reactor vessel [45]. Pressed BSG 
with a dry matter content of 27% (w/w) and mass of 1 kg 
was loaded into the reactor and directly heated to 180 °C 
using saturated steam (30 bar absolute). The temperature 
was maintained at 180 °C for 10 min following which the 
BSG content was discarded to an expansion vessel, allow-
ing for depressurisation at atmospheric pressure. The steam 
exploded slurry was centrifuged to obtain two different sub-
strates used for enzymatic hydrolysis: (i) steam explosion 
liquor (SEL); and, (ii) residual solids after steam explosion 
(RSSE).

Enzymatic Hydrolysis of Steam Explosion Liquor 
(SEL)

Enzymatic hydrolysis of the SEL was conducted in 500 mL 
shaking flasks with a working volume of 300 mL. The 
reaction mixtures were agitated at 150 rpm and maintained 
at 50 °C. The pH was adjusted to 6 using 5 M NaOH and 
the substrate was treated with an enzyme dosage of 1, 5, 
25 or 50 U/mL liquor. Samples were taken at 1, 3, 6, 9 and 
24 h and the samples were boiled for 10 min immediately 
after sampling to inactivate the enzyme. Experimental 
runs were conducted in triplicate to allow for statistical 
analysis.

Enzymatic Hydrolysis of Residual Steam Explosion 
Solids (RSSE)

The RSSE were washed with water to remove any soluble 
sugars. High solids enzymatic hydrolysis was conducted 
using roller bottle reactors with a working volume of 6 L, 
rotating at 12.6 rpm. The reactors were loaded with 300 g of 
slurry (solids + water), at a high solids loading of 25% (w/w) 
and the temperature was maintained at 50 °C. The substrate 
was treated with enzyme dosages of 25, 100, 500, 1000 or 
1500 U/g dried solids. Samples were taken at 3, 6, 9 and 
24 h and the samples were boiled for 10 min immediately 
after sampling to inactivate the enzyme. Experimental runs 
were conducted in triplicate to allow for statistical analysis.

Analytical Methods

Compositional analysis of the lignocelluloses in BSG was 
done according to the method outlined by NREL LAP [46]. 
Total starch content of BSG was analysed using the K-TSTA 
starch kit from Megazyme (Ireland). Protein content of BSG 
was analysed using the Dumas method, whereby the nitrogen 
of the samples is measured and converted to protein content 
using a conversion factor of 6.25 [47].

High performance liquid chromatography (HPLC) was 
used to determine the concentrations of monosaccharides 
(xylose, arabinose and glucose), short-chain XOS (xylo- 
biose, -triose, -tetraose, -pentaose and -hexaose) and deg-
radation products (furfural, hydroxymethylfurfural (HMF), 
acetic acid, formic acid, glycerol and ethanol). The HPLC 
was equipped with an Aminex HPX-87H Ion Exclusion 
Column and a Cation-H cartridge (Biorad, Johannesburg, 
South Africa). Note that to quantify the oligosaccharides, 
i.e., XOS, glucooligosaccharides (Glc-OS) and arabino-
oligosaccharides (Ar-OS), liquid samples underwent post-
hydrolysis following the protocol outlined by NREL LAP 
[46]. Oligosaccharides were indirectly quantified as the 



	 Waste and Biomass Valorization

difference between the monosaccharide concentration before 
and after post-hydrolysis [30].

Results and Discussion

Chemical Composition of Raw BSG

The fresh BSG had hemicellulose, cellulose, and lignin 
contents of 19.3% ± 1.2%, 17.9% ± 2.2%, and 33.7% ± 1.7% 
(w/w), respectively, on a dry mass basis (Table 1). Lignocel-
lulosic materials like rice straw, wheat straw, barley straw, 
oat straw and rice husks typically have a hemicellulose con-
tent of around 16% to 23% [8], while BSG generally has a 
slightly higher hemicellulose content in the range of 18.9% 
to 29.6% (w/w) [5, 26, 48, 49]. The hemicellulose fraction 
of the BSG in this study had double the amount of xylan 
(68% w/w of the hemicellulose content) compared to ara-
binan (32% w/w of the hemicellulose content), coinciding 
literature [26, 50]. The combination of high xylan and low 
arabinan contents is beneficial to XOS production, as XOS 
is derived from the xylan backbone and the low arabinan 
content renders the hemicellulose more susceptible to enzy-
matic degradation [5]. Refer to Supplementary Information, 
Table A-1 for the detailed chemical composition of the raw 
BSG material.

The mass balance presented in Table 1 was constructed 
based on the measured fractions in the raw BSG, screw 
pressed solids, RSSE and SEL streams. Minor discrepancies 
in mass balance closure are attributed to unavoidable experi-
mental losses during sampling and handling, as well as to 
the potential formation of low‑molecular‑weight degradation 
products or soluble compounds below the detection limits 
of the analytical techniques employed. Additionally, small 
mass losses due to evaporation during thermal processing 
were not explicitly corrected for. Collectively, these factors 

might explain any unaccounted for fractions in the overall 
mass balance.

Fractionation of BSG into Various Useable Streams

A step-by-step representation of the fractionation process to 
maximise the short-chain XOS yield is depicted in Fig. 1. 
Screw press dewatering of the raw BSG reduced the mois-
ture content of the material from 79 to 73% (w/w), while 
respectively removing 35% and 20% (dry mass basis) of the 
starch and protein content from the BSG solids as co-prod-
ucts. This enriched the hemicellulose fraction of the mate-
rial, while providing valuable protein- and starch-containing 
streams (Table 1; Fig. 1).

Steam explosion pretreatment is a critical step in the pro-
cess. The conditions of hydrothermal pretreatment (180 °C 
for 10 min) result in the partial solubilisation of hemicellu-
lose into the liquid fraction, while disrupting the lignocellu-
losic structure [28]. This enhances enzymes’ accessibility to 
digest the remaining hemicellulose in the solid fraction after 
pretreatment [28]. At elevated temperatures, xylan is con-
verted to XOS and released from the lignocellulosic matrix, 
yielding a hemicellulose-rich liquid and a cellulose- and 
lignin-rich solid fraction (Fig. 1; Table 1).

Following steam explosion, 76% (w/w) of the hemi-
cellulose content in the raw BSG was recovered in the 
steam explosion slurry, stream c in Fig. 1. Based on the 
hemicellulose content of the screw pressed BSG (stream b 
in Fig. 1), 88% (w/w) of the hemicellulose was recovered 
in the steam explosion slurry, stream c in Fig. 1 (Sup-
plementary Information, Table A-1). This corroborates 
hemicellulose yields of 76.2% and 77.8% previously 
reported following steam explosion of BSG at 180 °C for 
10 min [26], as well as the hemicellulose yield of 76.3% 
after autohydrolysis of waste wheat straw at 180 °C for 
40 min [39]. The remaining hemicelluloses not detected 

Table 1   Mass balance of main streams generated from screw press dewatering and steam explosion of BSG

a Mass balance based on 1000 kg of raw BSG; bn.a.: not analysed

Mass (kg)

Raw BSG Screw pressed solids Residual steam explo-
sion solids

Steam explosion liquor

Solids 210.01 ± 6.06 177.7 ± 4.5 119.2 ± 3.11 53.15 ± 2.97
Moisture 789.99 ± 6.06 485.81 ± 29.98 294.7 ± 24.15 973.15 ± 62.72
Cellulose 37.43 ± 3.68 29.14 ± 1.21 23.56 ± 2.14 n.a.b

Hemicellulose 40.52 ± 3.17 35 ± 3.75 18.73 ± 3.11 12.08 ± 1.48
Lignin 70.78 ± 5.51 64.39 ± 4.51 48.8 ± 0.73 n.a
Ash 6.9 ± 0.45 8.26 ± 0.83 4.57 ± 1.11 2.65 ± 0.31
Crude starch 36.37 ± 0.81 23.59 ± 2.22 6.78 ± 1.21 n.a
Crude protein 46.93 ± 2.59 37.65 ± 2.09 27.38 ± 2.1 n.a
Total 1000 ± 0.00a 663.51 ± 32.99 413.89 ± 27.21 1026.3 ± 65.58
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by compositional analysis were likely converted to degra-
dation products, despite the mild steam explosion condi-
tions intended to minimise such losses [26]. Furfural and 
5-HMF were present in trace amounts.

Approximately 34.5% (w/w) of the hemicellulose content 
in the screw pressed BSG was recovered in the polymeric 
fractions of the SEL, stream d in Fig. 1, which consisted of 
66% (w/w) xylan and 34% (w/w) arabinan (Table 1). Aside 
from these polymeric hemicellulose components, the SEL 
also contained 20% (w/w) of hemicellulose-derived oligo-
saccharides, which included XOS, Ar-OS and acetal-oligo-
saccharides (acetal-OS). Up to 44% ± 17.8% of the XOS in 
the SEL had a DP ≥ 7, although short-chain XOS were also 
observed. These included viz. 17% ± 7.8% XOS with DP of 
2, 0.44% ± 0.77% with a DP of 4, 38% ± 11.8% with a DP 
of 5 and 1% ± 1.7% with a DP of 6 (Supplementary Infor-
mation, Table A-1). This DP distribution was supported by 
previous reports, which further highlighted the requirement 
for downstream depolymerisation of the long-chain XOS 
components through enzymatic hydrolysis [26, 35, 39].

The RSSE, stream f in Fig. 1, contained approximately 
53.5% (w/w) of the original hemicellulose content in the 
screw pressed BSG (Table 1). The hemicellulose fraction in 
RSSE consisted of 78.5% (w/w) xylan and 21.2% (w/w) ara-
binan (Supplementary Information, Table A-1), which points 
to the potential of this feedstock for XOS production. The 
RSSE also contained the cellulose, lignin, crude starch and 
crude protein that had not been removed through screw press 
dewatering, nor steam explosion (Fig. 1; Table 1). Refer to 
the Supplementary Information, Table A-1 for a detailed 
breakdown of the composition of the different fractionation 
streams.

Enzymatic Hydrolysis of SEL in the Production 
of Short‑Chain XOS

Following steam explosion of screw‑pressed BSG, 
long‑chain XOS (DP ≥ 7) in the SEL were hydrolysed with 
xylanase to produce targeted short‑chain XOS (DP 2–3) with 
prebiotic properties [29, 30].

Effect of Enzymatic Hydrolysis on Depolymerisation of XOS

Given that steam explosion generates XOS with varying DP, 
operating conditions should be optimised to promote the 
formation of short‑chain XOS, especially xylobiose (DP 2) 
and xylotriose (DP 3), which are key prebiotic compounds 
[29, 30]. At the start of enzymatic hydrolysis of the SEL 
fraction, the SEL consisted mainly of XOS with DP ≥ 7. 
Upon the addition of endoxylanase, depolymerisation was 
evident from an increase in XOS with DP 2 to 6 over time 
(Fig. 2a). After 3 h into the reaction, XOS with DP 2 to 6 
had increased from 2.1 g/L to around 5 g/L for most enzyme 
dosages (Fig. 2a), which suggested that the endoxylanase 
was successfully depolymerising the long-chain XOS, as 
also previously reported [39]. The rate of depolymerisa-
tion into XOS with DP 2 to 6 was dosage‑dependent, with 
more rapid hydrolysis observed at enzyme dosages of 5 U/
mL and higher, particularly within the first hour. However, 
the XOS DP 2 to 6 concentrations converged after approxi-
mately 10 h, suggesting that lower enzyme dosages (e.g. 
1 U/mL) can ultimately achieve comparable XOS concen-
trations, albeit at longer reaction times (Fig. 2a). These 
results qualitatively indicate a trade‑off between enzyme 
dosage and processing time, where higher enzyme inputs 

Fig. 1   Schematic diagram of the fractionation of BSG into several different streams (percentages indicate the amount of hemicellulose originally 
in the screw pressed BSG (stream b), which is recovered in the relevant streams during the fractionation process)
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accelerate depolymerisation but lower dosages may reduce 
enzyme consumption at the expense of longer reaction 
times (Fig. 2b). While no quantitative economic analysis 
was performed in the current study, such trade‑offs are well 
recognised in enzymatic biomass conversion processes and 
are relevant for future process optimisation and techno‑eco-
nomic evaluation, in the context of enzyme pricing and reac-
tor productivity [51].

The effect of enzyme dosage was more pronounced for 
depolymerisation into DP 2 and 3 (Fig. 2b). This suggested 
that longer reaction times are required to reach a DP 2 and 
3. Increasing the enzyme dosage also clearly accelerated the 
reaction. Therefore, the enzyme dosage was shown to be a 
critical control variable when deciding the nature of the tar-
get XOS molecule. Where an enzyme dosage of 1 U/mL was 
sufficient to reach the maximum XOS concentration with a 
DP of 2 to 6, a substantially higher enzyme dosage of up to 
25 U/mL would be required should XOS with a DP of 2 to 
3 be desired. These findings further suggest the need for a 
careful cost–benefit analysis to assess the trade-off between 
the value of the product and cost of the enzyme, especially 
at higher dosages.

Effect of Enzymatic Hydrolysis on Monosaccharide 
and Oligosaccharide Production

After proving successful depolymerisation of the crude long-
chain XOS into short-chain XOS, monomer formation was 
investigated to ensure that it remained at a minimum during 
enzymatic hydrolysis. The xylose and arabinose monomer 

concentrations in the SEL remained relatively constant at 
concentrations of 1.0 g/L and 2.5 g/L, respectively (Fig. 3a 
and b). This behaviour is primarily attributed to endoxyla-
nase binding to internal sites within the xylan backbone or 
longer XOS, rather than to reducing ends, thereby favouring 
XOS formation over xylose (or arabinose) monomers typi-
cally released by β-xylosidase activity [52]. This was fur-
ther supported by the constant XOS concentration (~ 10 g/L) 
observed across varying enzyme dosages (Fig. 3c), indicat-
ing that minimal XOS was broken down to monomeric sug-
ars, but rather to shorter-chain XOS.

Enzymatic Production of Short‑Chain XOS from RSSE

As shown in Table 1 and Fig. 1, up to 53.6% of the hemicel-
lulose content in the BSG remained in the RSSE. Therefore, 
the XOS yield obtainable from the RSSE was also investi-
gated to maximise overall XOS yield from BSG.

High Solids Enzymatic Hydrolysis of Pretreated BSG Solids 
for Production of Short‑Chain XOS

During high solids hydrolysis of RSSE, a long-chain XOS 
(DP ≥ 7) concentration greater than 7 g/L was recorded 
within 3 h from the start of hydrolysis for almost all enzyme 
dosages investigated, whereas the rate at which XOS with 
DP 2 to 6 was produced was markedly slower (Fig. 4a). 
This agrees with previous work showing that xylanase with 
low β-xylosidase activity first produces long-chain XOS 

(a) (b)

Fig. 2   Time profile of XOS concentrations during enzymatic hydrolysis of the steam explosion liquor, at different endoxylanase dosages (U/mL): 
(a) XOS with DP 2 to 6, (b) XOS with DP 2 and 3 (Error bars indicate the standard deviation of triplicate experiments) 
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(DP ≥ 7), which are subsequently depolymerised into short-
chain XOS (DP of 2 – 6) [39].

Similar to the results obtained for hydrolysis of SEL, 
conversion to short-chain XOS, specifically DP 2 and 3, 
increased with increasing enzyme dosage (Fig. 4b). Differ-
ent enzyme dosages were preferred for producing different 
XOS derivatives. An enzyme dosage of 1000 U/g and reac-
tion time of 24 h were required to target the production of 
XOS with a DP of 2 and 3, achieving a concentration of 
5.4 ± 0.13 g/L (Fig. 4b).

According to the mass balance, a XOS yield of 25% 
(kg XOS/kg hemicellulose) was achieved after enzymatic 
hydrolysis of the SEL, however, by adding enzymatic 
hydrolysis of the RSSE stream, this yield was increased to 
37% (Supplementary Information, Table A-1). That is, two 
thirds of the total XOS from the process was produced from 
the SEL stream (stream d in Fig. 1), while one third was 
produced from RSSE (stream f in Fig. 1). Furthermore, the 
DP 2 and 3 XOS yield was around 10% after enzymatic 
hydrolysis of the SEL and similarly increased to 16% by add-
ing enzymatic hydrolysis of the RSSE stream. Based on the 
amount of xylan initially in the raw BSG, the yield of XOS 
with a DP of 2 and 3 increased from 16 to 24% by adding 
the XOS from enzymatic hydrolysis of the RSSE. Previous 
studies have reported short-chain XOS (DP 2 and 3) yields 

of between 26% (w/w) and 43% (w/w) based on the amount 
of xylan initially in the raw lignocellulosic material – these 
studies used feedstocks including poplar sawdust, micanthus, 
corn straw as well as waste wheat straw, all pretreated via 
similar autohydrolysis methods [34, 37, 39, 40]. Thus, while 
the yields are still relatively low for the RSSE process, this 
study highlights a notable increase in overall yield by incor-
porating the RSSE stream in the process of XOS production 
from BSG. To date, little work has been done on the optimi-
sation of the enzymatic hydrolysis steps of XOS production 
from BSG, particularly when using the RSSE. As such, the 
findings from this study provide valuable insight into the 
operating conditions at which short-chain XOS with a DP 
of 2 and 3 can be obtained, especially when using both the 
SEL as well as the RSSE streams to maximize XOS yield.

Effect of High Solids Enzymatic Hydrolysis 
on Monosaccharide and Oligosaccharide Production

High solids enzymatic hydrolysis can be characterised by 
two key steps: (i) solubilisation of the xylan in the solids to 
form long-chain XOS – crude hydrolysate; and, (ii) depoly-
merisation of the long-chain XOS to short-chain XOS. Gen-
erally, the concentration of monomeric xylose remained 
relatively low, not exceeding approximately 1 g/L, even at 

Fig. 3   Time profiles of 
monomer and oligosaccharide 
concentrations during enzy-
matic hydrolysis of the steam 
explosion liquor, at different 
endoxylanase dosages (U/mL): 
(a) monomeric xylose, (b) 
monomeric arabinose, (c) XOS, 
(d) Ar-OS (Error bars indicate 
standard deviation of triplicate 
experiments)

(a) (b)

(c) (d)
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high enzyme dosages of 1 500 U/g (Fig. 5a). Moreover, no 
arabinose monomers were formed (Fig. 5b), presumably due 
to a higher specificity to xylan hydrolysis. Oligosaccharide for-
mation was directly proportional to enzyme dosage (Fig. 5c 
& d), but although the mean XOS concentration at 1500 U/g 
(14.3 ± 0.39 g/L) was higher than at 1000 U/g (12.9 ± 0.72 g/L), 
the difference was not statistically significant (n = 3, t‑test, 
p = 0.058, α = 0.05). Therefore, the maximum XOS concentra-
tion was determined as 12.9 ± 0.72 g/L after 24 h of treatment 
at an enzyme dosage of 1000 U/g (Fig. 5c).

Although high solids loadings are industrially relevant, they 
are well known to impose significant process limitations dur-
ing enzymatic hydrolysis. At a solids loading of 25% (w/w), 
the RSSE slurry likely exhibited high viscosity, increased 

yield stress, and reduced free water availability, all of which 
can hinder effective mixing and restrict enzyme mobility [53, 
54]. These rheological constraints limit mass and heat transfer, 
reduce effective enzyme accessibility to xylan substrates, and 
may promote localized product accumulation, even in rolling 
reactor systems. Consequently, enzyme–substrate interactions 
can become transport‑limited, such that increases in enzyme 
dosage do not necessarily result in proportional increases in 
hydrolysis products. These effects likely contributed to the rela-
tively low XOS concentrations observed and to the absence 
of a statistically significant increase in XOS yield at enzyme 
dosages above 1000 U/g (Fig. 5c). Similar limitations have 
been widely reported for high‑solids lignocellulosic hydrolysis 

(a) (b)

(c)

Fig. 4   Time profile of XOS concentrations during enzymatic hydroly-
sis of the residual solids after steam explosion (25% w/w solids load-
ing), at different endoxylanase (U/g) dosages: (a) XOS with DP ≥ 7, 

(b) XOS with DP 2 and 3, (c) XOS with DP 2 to 6 (Error bars indi-
cate standard deviation of triplicate experiments)
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systems, where mixing inefficiencies and mass‑transfer con-
straints dominate process performance [53, 54].

In addition to xylose and XOS, the resulting hydrolysate also 
consisted of various other oligosaccharides, monomers and by-
products including Glc-OS, Ar-OS, acetal-OS, glucose, ethanol 
and acetic acid (Fig. 6). The control hydrolysate (untreated) 
contained approximately 34% of XOS and Ar-OS, which 
increased to 61% after treatment with 100 U/g of endoxylanase. 
Furthermore, the Glc-OS content in the control also notably 
decreased from 64% to about 28% after enzymatic hydrolysis, 
with some of the Glc-OS in the control being hydrolysed to glu-
cose monomers (Fig. 6). This was mainly ascribed to the Pen-
topan® Mono BG enzyme cocktail used in the current study, 

likely containing amylase and cellulase activity in combination 
to its high endoxylanase activity.

Conclusions

Short-chain XOS was produced through fractionation of the 
SEL and the RSSE streams of BSG, followed by enzymatic 
hydrolysis of the hemicellulose in both fractions to produce 
short-chain XOS down to a DP of 2.

Steam explosion was successfully applied for the frac-
tionation of mechanically dewatered BSG, to allow for the 

(a)

(c) (d)

(b)

Fig. 5   Time profiles of monomer and oligosaccharide concentra-
tions during enzymatic hydrolysis of the residual solids after steam 
explosion (25% w/w solids loading), at different endoxylanase (U/g) 

dosages: (a) monomeric xylose, (b) monomeric arabinose, (c) XOS, 
(d) Ar-OS (Error bars indicate standard deviation of triplicate experi-
ments)
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production of XOS from both the liquid and the residual solids 
fractions. While most of the hemicellulose generally partitions 
to the liquid fraction after steam explosion, this study found that 
up to a third of the final XOS yield may come from the solid 
fraction. Therefore, it is imperative to target both the liquid as 
well as the solids fractions to maximise XOS production from 
BSG.

Endoxylanase successfully enabled the production XOS 
from BSG, with minimal formation of monomeric sugars. 
The target DP of the final XOS product was dependent on the 
enzyme dosage. XOS products with DP of 4 to 6 could be pro-
duced from the SEL with enzyme dosages as low as 1 U/mL 
in a relatively short time period of 10 h; however, much higher 
enzyme dosages were required to achieve a similar extent of 
depolymerisation when using the solids fraction as feedstock. 
Furthermore, while longer enzymatic reaction times were 
required to obtain short-chain XOS molecules with DP of 2 and 
3, the long reaction times could still be countered by increasing 
the enzyme dosage.

Collectively, the overall XOS yield was increased by adding 
enzymatic hydrolysis of the solids fraction to the XOS pro-
duction process, however, the findings of the study presented 
a potential trade-off between the increase in XOS yield and 
an increase in enzyme requirements. From an industrial per-
spective, this trade-off suggests that optimisation of enzyme 
dosage will be critical to ensure that gains in XOS yield are 
not offset by increased operating costs, highlighting the need 
for techno-economic evaluation to define commercially viable 
process windows.
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