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Abstract
Brewers’ spent grains (BSGs) represent the largest quantity of solid waste from brewing, while xylooligosaccharides (XOS)
produced from BSG show promising applications in food, beverage and health products. Production of XOS from a Weiss and
malt BSG was scaled-up in steam explosion hydrothermal treatment using process conditions from bench-scale liquid hot water
optimisations in stirred batch reactors. Three levels of moisture (15, 25 and 32% dry matter) achieved by screw press dewatering
were evaluated by varying the treatment temperatures and times. Results show the highest XOS yields (> 73.1%) were obtained,
for both BSGs, at process condition selected (180 °C, 10 min) with 25% initial dry matter content. These yields were higher than
reported bench-scale optimisations (61%), but obtained using 60% less water; hence, initial dry matter content was an important
variable affecting XOS yield. The pilot-scale steam explosion results provide a departing point for a cost-effective commercial
production of XOS from BSG.
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1 Introduction

Worldwide, around 40million tonnes of brewers’ spent grains
(BSGs) is produced annually [1], and it comprises of up to
85% of the solid waste produced by breweries [2]. BSG has a
high moisture content (about 75 to 85%) and is typically dis-
posed off without drying, mostly as a cheap ruminant feed
supplement [3, 4]. Regulations regarding animal feeds are
becoming increasingly stringent, compelling breweries to
consider alternative solutions for BSG disposal and
valorisation [4].

Recently, higher value food product applications from
processed BSG have been reported such as health-promoting,

i n d i g e s t i b l e , s o l u b l e p o l y s a c c h a r i d e s , i . e .
xylooligosaccharides (XOS) [1, 5]. BSG is reported to be well
suited for the production of XOS since it contains fibre (ca.
70%) that is high (with up to 40%) in xylan polymers [6–8].
Xylan is the major component of the hemicellulose fraction in
BSG and is more amorphous and accessible than cellulose or
lignin [8, 9]. Thus, xylan can be fractioned through selective
solubilisation and depolymerisation by hydrothermal treat-
ment (HTT) to produce XOS of varying degrees of polymer-
isation (DP) and substitution with arabinan, uronic acid, phe-
nolic acid and acetyl groups [6–8]. Short-chain (DP < 10)
XOS are valued for their prebiotic effect, in particular XOS
substituted with arabinan or arabino-oligosaccharide (ArOS)
[8]. Applications of XOS are found in functional food prod-
ucts as low-calorie sweeteners, prebiotics and texturisers, and
are also marketed as supplements [10–16].

HTT processes reported for lignocelluloses are applied,
with or without catalysts, in various reactor systems such as
stirred batch [8], stationary flow-through [17], plug flow [18]
or continuous process mode [19], while using steam injection,
conductive or microwave heating [20]. The reactions take
place using water mainly in the liquid phase, such as in stirred
[8] or unstirred batch vessels [21], in single-phase steam [22]
or in mixed liquid water and vapour phase such as in steam
explosion [20, 23–25].
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Steam explosion (SE) is widely reported as an efficient
HTT method specifically to maximise the production of
XOS from barley husk [20], corncobs [26] and bagasse [27];
however, no such optimisations of XOS production fromBSG
are reported. Recent SEHTT studies of BSG focus on improv-
ing digestibility [28, 29]. Another study optimised total xylan
recovery [30]. In the study, a maximum of 47% xylan yield
(33.5% XOS yield) was reported at 173 °C and 15.5 min. The
best XOS yields reported from BSG are from optimisations in
autocatalytic liquid hot water (LHW) HTT studies in stirred
batch reactors with less than 11% dry matter, with a maximum
XOS yield of up to 77% in nonisothermal LHW HTT up to
200 °C [8] and ca. 61% from isothermal (ca. 190 °C and 5
min) LHWHTT optimisations [6, 31]. However, it was shown
that isothermal HTT at even lower temperatures, with equiv-
alent severity, T = 180 °C for t = 12.2 min (severity factor =
3.65), increased the overall yield of XOS substituted with
arabinan (ArOS) [8]. Therefore, this preferred process condi-
tion for BSG for production of XOS high in ArOS can be used
as a guide for a scale-up in more efficient high solids pilot SE.
In order to investigate SE at higher solids loadings than pre-
vious studies, an appropriate pilot-scale method of dewatering
efficiently had to be applied. Mechanical dewatering of BSG
with a screw press was selected on the basis of several process
benefits [32, 33]: (i) reduced energy requirements compared
to conventional drying, (ii) removal of the protein fraction into
a separate by-product and (iii) increase in the fibre fraction of
the residual BSG, which is then more suitable for XOS pro-
duction. Additionally, the screw press could enhance the SE
HTT for XOS production by three mechanisms. Firstly, the
mechanical shear action of the screw press can cause defibril-
lation and shortening of fibres of the biomass, resulting in
increased surface area [34]. Secondly, screw press dewatering
can increase acidification of HTT of the biomass by the re-
duced acid neutralisation (buffering) capacity in the pressed
biomass, as a result of removed components in the water frac-
tion, such as soluble salts or ash [35], and reduction of the
biomass proteinaceous compounds [36]. Thirdly, screw press
dewatering can increase the rate of hemicellulose
depolymerisation by acidification in HTT by the increase in
H+ concentration as a result of water reduction in the biomass
[37].

Therefore, this study investigated the impact of screw press
dewatering on the XOS yield obtained from subsequent auto-
catalytic SE HTT using two types of BSG, namely, Weiss and
pure pale malt brew (WBSG and PBSG respectively). Three
levels of moisture contents were applied in such SE HTT, i.e.
raw BSG (15% dry matter) and screw pressed BSGs at 25 and
32% dry matter, for both types of BSG. The pH values of the
resulting hydrolysates were also used to compare acidification
in the SE HTT between the different BSG types and screw
press moisture levels, as based on the mol H+ per gram dry
BSG. Additionally, air-dried BSG (90% dm) was used to

benchmark for acidification in SE. Besides autocatalytic SE
HTT of the various BSGs, the acidification and the
depolymerisation rate of xylan were also enhanced by the
addition of external catalysts. SE treatments of BSG with
SO2 catalyst were done at the conditions for highest XOS
yield to compare XOS yields, and yields of short-chain XOS
oligomers xylobiose (X2) and xylotriose (X3) in the XOS
hydrolysate.

2 Materials and methods

2.1 Raw material and screw press

BSG was sourced from a local brewery in Newlands
(Cape Town, South Africa) in fresh 1m3 lots, either as a single
brew from a WBSG recipe consisting of 50/50 barley/wheat
or a PBSG made of a single brew from a pure malt recipe. A
2.2-kW single screw press (NEW Eco-tec Verfahrenstechnik
GmbH, Germany), with a screen cage of 0.3 m long × 0.15 m
diameter and 0.6 mm slotted opening, was used to reduce the
moisture contents in the two types of BSG. An adjustable
opening at the press outlet which allowed for a measure of
flow control was used to regulate the extent of pressure build-
up in the screw press as well as the resulting water removal
and dry mass content of the solid product. Triplicate runs were
conducted to compare the screw press operation with respect
to flow rate of each BSG type and the resulting moisture
contents. Selected feed samples were taken randomly of raw
feedstocks and pressed products (25 and 32% dry matter),
aliquoted in sealed vacuum bags and stored frozen at − 20
°C until required. Samples were defrosted in a water bath at
25 °C before use [38].

2.2 Steam explosion fractionation of BSG

SE experiments were carried out in a pilot-scale 19-L capacity
“steam gun” system that is well described elsewhere [39].
BSG was loaded manually at a top valve-operated opening
of a cylindrical high-pressure reactor vessel, and saturated
steam from an electrical boiler was used to heat the material
to the required temperature. An explosive flash discharge
cooled and released the BSG hydrolysate slurry into a flash
tank once the required treatment time had been reached. The
slurry of residue was collected from the flash tank and centri-
fuged to separate a liquid fraction for analysis. The resulting
solids fraction was washed with distilled water and stored at −
20 °C before analysis. The SE reactor vessel was preheated to
the required temperature by saturated steam and loaded with a
sample of 1 kg dry mass of BSG.

SE treatment times and temperatures of the two BSG feed-
stocks are given in Table 1: for WBSG (runs A-1–A-12) and
for PBSG (runs B-1–B-7). These HTT conditions used
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include 180 °C and 15 min which showed highest XOS yields
in autocatalytic LHW HTT using WBSG (15% dry matter)
(Table 3(b)). Preferred process conditions were selected from
reported optimisations for maximum XOS + ArOS yields: (i)
180 °C and 10 min from multivariate optimisations in LHW
HTT (11% dry matter) and (ii) 200 °C and 5 min (SF of 3.65)
from nonisothermal LHW HTT optimisation in stirred batch
reactors (11% dry matter) at 195 °C (SF of 3.65) [8].
Catalysed SE HTT runs (A-11/12 and B-7) with SO2 were
conducted at process conditions for highest XOS yield obtain-
ed in uncatalysed SE [39]. To achieve the desired SO2 loading
in the BSG, a 4.5 wt.% SO2 was added in BSG prior to SE
(runs A-11 and B-7); however, in run A-12, potassium
metabisulphite (K2S2O5) was added (57% wt.% equivalent
SO2) to reach the 30 mg equivalent SO2/g dry feedstock
(Table 1). Air-dried feedstock (WBSG-90%) was also pre-
pared for run A-9 from WBSG-25% for SE benchmarking
control run A-7.

SE HTT results of hemicellulose, gluco-oligosaccharide
(GlcOS), XOS, arabino-oligosaccharides (ArOS), monomeric
sugars and degradation products (acetic acid, formic acid,
hydroxymethylfurfural [HMF] and furfural) were used to
characterise the effects of screw press dewatering, SE treat-
ment time and temperature; these were compared to bench-
scale optimisation obtained under LHWHTT conditions from
literature [6, 8, 31]. GlcOS, XOS and ArOS yields after SE
treatment were calculated as the weight fraction of each of the
starting polysaccharides (glucan, xylan or arabinan, depend-
ing on which yield) in the feedstock BSG recovered in the
liquid hydrolysate as oligosaccharides [6, 8]. Hemicellulose
yield was calculated as the fraction of the starting amount of

hemicellulose that was recovered as pentose sugars and oligo-
saccharides in the liquid products. Inhibitor yields were cal-
culated as mass yields relative to the dry mass starting feed-
stock. The total oligosaccharide equivalent (TXeR) weight
recovered is the mass equivalent of reducing sugars and oli-
gosaccharides recovered in the hydrolysate liquid after treat-
ment [21]. Yields of xylobiose (X2) and xylotriose (X3) were
calculated as a fraction of the XOS in the hydrolysate. The
oligosaccharide yields relative to reducing sugar yield
(GlcOS%, ArOS% and XOS%) were calculated as the mass
oligosaccharides recovered relative to TXeR or sum total oli-
gosaccharide and reducing sugars as equivalent weight
recovered.

Additionally, a combined severity factor (CSF) was calcu-
lated for SE HTT, using the resulting pH in the slurry product,
for comparison of HTT results. The CSF is log R′0 = log R0 –
pH, where R0 = t.exp ((Tr − 100)/14.75) and that combines
time (t) and temperature (Tr), and incorporates pH to include
the contribution of added catalysts on biomass HTT [40]. The
contribution of increased dry matter content to changes in pHs
with HTT was considered using the resulting ratio as R[H+],
of mol H+ per gram BSG at the same process condition from
one dry matter content with another.

2.3 Analytical methods

Compositions of all solids, i.e. raw feedstock, screw press
products, residue from SE HTT and its moisture content, were
determined according to standard laboratory analytical proce-
dures (LAP) for biomass analysis from the National
Renewable Energy Laboratory (NREL, USA) [41]. Bulk

Table 1 Steam explosion runs for
WBSG and PBSG Feedstock type used Treatment parameters

WBSG PBSG Starting dry mass (wt.%) Temperature (°C) Time (min)

A-1 B-1 15 180 10

A-2 15 180 25

A-3 25 150 25

A-4 B-2c 25 180 10

A-5 B-3 25 180 15

A-6 25 180 25

A-7 B-4 25 200 5

A-8 B-5 32 180 10

A-9 B-6 32 200 5

A-10a 90 200 5

A-11 25 mg SO2 25 180 10

B-7 35 mg SO2 25 180 10

A-12 30 mg SO2 eq
b 25 180 10

aWBSG-25% air-dried to 90% dry matter
b SO2 loaded with K2S2O5 addition
c Run conducted in triplicate for SE experimental error estimate
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densities of all feedstocks were determined bymeasurement in
a graduated cylinder according to QAS/11.450 [42]. The BSG
total starch and residual starch were determined before and
after NREL extractives using a starch kit from Megazyme
(K-TSTA, Ireland) [43]. Nitrogen content of samples was de-
terment by crude nitrogen determination by the Kjeldahl
method (D-3 Velp, Italy), where N × 6.25 was applied [44].
Amino acids were determined using a Waters Acquity
(Milford, USA) ultra-performance liquid chromatograph
(UPLC) separator with ultraviolet (UV) or fluorescence detec-
t i on a f t e r de r iva t i on wi th 6 -aminoqu ino ly l -N -
hydroxysuccinimidyl carbamate (AQC).

Liquid fractions were analysed by high-pressure liquid
chromatography (HPLC) using an Aminex HPX-87H Ion
Exclusion Column equipped with a Cation-H cartridge (Bio-
Rad, Johannesburg, South Africa), to determine the concen-
trations of short-chain oligomers (X2 and X3), sugars (glu-
cose, xylose and arabinose) and inhibitors (acetic acid, formic
acid, HMF and furfural) [39]. Additionally, oligosaccharide
concentrations (GlcOS, XOS and ArOS) were determined as
the difference in the monomeric sugar concentration before
and after acid hydrolysis [27]. Correction factors of 0.9 for
pentose and 0.88 for hexose to anhydrous oligomers were
used [8, 21]. Difference in degradation products HMF and
furfural was corrected to glucose and xylose respectively with
correction factors 1.286 of 1.375 and for acetic acid to acetyl
group by 0. 0.717 factor. All samples were analysed at least in
triplicate.

3 Results and discussion

Two types of BSG, from a malt (PBSG) and Weiss (WBSG)
brew, were used as raw materials to investigate pilot-scale SE
HTT for XOS production. In particular, a screw press was
used to dewater the BSG both from 15 to 25 and 32% dry
matter contents prior to SE. A selection of process conditions
from optimised bench-scale LHW HTT investigations for
XOS production reported by [8] at 11% dry matter content,
and confirmed at dry matter contents up to 15% (data not
shown), was applied in the SE HTT. Results were evaluated
for the extent of hemicellulose solubilisation from BSG and
the recovery of XOS and associated oligosaccharides in the
hydrolysate.

3.1 Screw press operation in dewatering WBSG and
PBSG

The throughput rate (kg/h) of the equipment decreased with
increases in dry matter content of the resulting pressed BSG
(Supplementary Data). The energy requirement for processing
PBSG from a starting 15 to 36.6% dry matter (maximum
achieved) was 66.1 kWh/t BSG, similar to reported values

of 40 to 53 kWh/t BSG [45, 46]. Additionally, the type of
BSG used in the screw press had a significant influence on
the screw press operation, as the results show a higher
throughput rate of 794.7 ± 51.9 kg wetWBSG/h was achieved
compared to PBSG (282.2 ± 32.4 kg wet PBSG/h) to dewater
the raw BSG to ca. 25% dry matter content (Supplementary
Data). Literature reports that fine particles (0.2–0.8 μm) pres-
ent in BSG from adjuncts, like corn grits, or fines in the malt,
can affect screw press dewatering significantly by giving an
elastic or dough-like property to the BSG [47].

3.2 Characteristics of screw press–dried BSG product

Screw press–dried solids from WBSG and PBSG, of ca. 25%
and 32% dry matter, were selected in addition to the unpressed
feedstocks (15% dm), effectively creating 6 different BSGs
for subsequent use in SE treatment (Table 2). The screw press-
ing operation did not compact the press-dried BSG; on the
contrary, bulk density declined on a wet and dry basis
(Table 2). On a dry basis, bulk volume reduced from 0.15
kg/L for wet WBSG-15% to 0.11 kg/L with WBSG-32%,
which indicate an increased bed porosity and large void frac-
tion created in the screw pressed material as a result of the
removal of water, fines and soluble materials.

The compositional analysis shows total starch content on a
dry mass basis in rawWBSG-15% was 12.9%, nearly 3 times
that of PBSG-15% (Table 2). The screw press operation re-
duced total starch in both types of BSG (by ca. 33% in
WBSG-25% and PBSG-25%), though WBSG-32% still
contained 7.6% total starch. The reduction of starch was a
result of the selective removal of fine suspended starch parti-
cles and soluble starch within the large water fraction removed
with the press liquid [48, 49]. Together with the starch, fine
particles high in protein were removed with the press liquid
fraction in the screw press dewatering of raw PBSG and
WBSG, which decreased the crude protein for the solid press
products (Table 2). The fine insoluble particles in the press
liquid removed from WBSG and PBSG showed 35.5 and
46.5% crude protein content (and 43.0 and 50.6% amino
acids), respectively, obtained at 25% dry matter pressings
(Supplementary Data). The lowering of starch and protein
content with the screw press dewatering increased the ligno-
cellulose and hemicellulose fractions present in both types of
BSG; hemicelluloses increased in both WBSG (18.9 to
23.1%) and PBSG (20.8 to 24.1%) (Table 2). Raw PBSG
showed a higher starting xylan content (13.2%) compared to
WBSG (11.7%); nonetheless, screw pressing increased xylan
fractions in both BSGs. Importantly, the screw press
dewatering did not significantly change the composition of
the BSGs since the values found for components of the 6
feedstocks from WBSG and PBSG are within ranges of other
compositional values reported in literature, for hemicellulose
(19.2 to 41.9%), cellulose (0.3 to 33%), starch (1 to 12%),
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protein (14.2 to 31%), lignin (11.5 to 27.8%), lipids (3 to 13%)
and ash content (1.1 to 13%) [1]

3.3 XOS production scale-up in SE by using optimised
bench-scale LHW process conditions and comparison
of CSF

Bench-scale LHW optimisations in stirred batch reactors pro-
vide good starting points for process conditions to scale-up in
SE HTT. Firstly, from the LHW HTT process, conditions for
the highest XOS yield (78.0%) obtained using WBSG-15%

(180 °C and 15 min) did provide process conditions resulting
in similar high XOS yields (75.1%) in SE HTT (run A-5) at
the same process condition using 25% dry matter (Fig. 1a).
However, by a comparison of all the SE runs using CSF as
shown in Fig. 1, the preferred process conditions of 10 min at
180 °C selected from reported optimisations in LHW HTT
(11% dry matter) obtained the highest XOS yields (> 73%)
for both types of BSGs (25% dry matter) at a CSF of ca. − 0.48
(run A-4 and run B-2). XOS yields increased with increasing
CSF from − 2.5 to around − 0.48 to achieve the highest yields.
From a CSF of around 0, a further increase resulted in

Table 2 Main compositional changes in dry matter, starch, xylan and crude protein through screw pressing WBSG and PBSG

Raw unmodified Screw pressed 25% dm Screw pressed 32% dm

WBSG-15% PBSG-15% WBSG-25% PBSG-25% WBSG-32% PBSG-32%

Dry mass % ± SD 15.3 1.11 15.1 4.90 25.0 0.21 25.1 0.79 31.3 0.33 32.9 1.17

Ratio water to dry mass 5.5:1 5.6:1 3.0:1 3.0:1 2.2:1 2.0:1

pH 4.96 4.20

Bulk density

Wet basis kg/L ± SD

Compact 0.990 0.050 0.984 0.023 0.484 0.038 0.429 0.038 0.337 0.004 0.346 0.011

Loose 0.830 0.035 0.874 0.072 0.369 0.016 0.308 0.011 0.262 0.004 0.260 0.012

Dry basis kg/L ± SD

Compact 0.151 0.013 0.148 0.048 0.121 0.009 0.108 0.009 0.105 0.002 0.114 0.005

Loose 0.127 0.011 0.132 0.044 0.092 0.004 0.077 0.004 0.082 0.002 0.085 0.005

Composition (dry basis wt.%)

Extractives 25.6 ± 25.9 21.5 ± 23.3 19.2 ± 20.7

Water NREL 13.9 0.04 13.6 0.02 10.1 0.03 10.7 0.08 9.4 0.03 9.5 0.06

Ethanol NREL 11.7 0.14 12.3 0.02 11.4 0.09 12.5 0.43 9.8 0.04 11.2 0.05

Water soluble 25 °C 11.5 0.57 9.6 0.09 8.8 0.96 6.0 0.52 5.6 0.17 4.2 0.93

Cellulose 10.4 0.42 12.9 0.04 11.8 0.23 12.6 0.02 11.9 0.19 12.7 0.15

Total starch 12.9 4.1 9.2 2.8 7.6 2.6

Starch 11.4 0.17 2.6 0.16 8.1 0.53 2.2 0.13 7.3 0.20 1.9 0.19

Maltodextrins 1.5 0.00 1.5 0.00 1.2 0.00 0.6 0.00 0.3 0.00 0.7 0.00

Hemicellulose 18.9 20.8 21.8 22.7 23.1 24.1

Xylan 11.7 0.10 13.2 0.43 14.5 0.05 15.6 0.11 15.6 0.19 16.7 0.27

Arabinan 5.9 0.21 6.1 0.30 6.5 0.17 6.2 0.18 6.7 0.06 6.3 0.03

Acetyl groups 1.2 0.00 1.5 0.63 0.7 0.20 0.9 0.10 0.8 0.09 1.1 0.08

Lignin 18.8 18.2 21.0 18.5 18.8 19.3

Acid soluble (AS) 5.3 0.12 6.0 0.27 6.7 0.44 5.8 0.16 6.9 0.13 3.9 0.06

Acid insoluble (AI) 13.4 0.06 12.3 0.07 14.3 0.03 12.7 0.43 11.8 0.10 15.4 0.21

Protein 24.3 21.5 21.8 18.2 22.4 20.2

Crude protein 24.3 0.35 21.5 0.08 21.8 0.65 18.2 0.30 22.4 0.06 20.2 0.08

Amino acids 23.3 25.6

Ash 2.9 0.01 4.4 0.01 3.1 0.02 3.6 0.07 3.1 0.03 3.1 0.03

Total 113.8 107.8 110.3 101.7 106.2 102.8

Corrected total* 100.9 103.4 102.4 98.2 99.4 97.9

The italicized values signify the standard deviations of the recorded % masses. The Bold values signify the total % masses of the main categorization of
the components of the BSGs

*Total adjusted for starch and protein in water and ethanol extracts
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significantly increased xylose formation from increased XOS
depolymerisation. Both BSGs show a turning point at CSF of
ca. − 0.48 for fractionating a large XOS fraction from BSG (>
73%) with minimal xylose formed (Fig. 1). Moreover, the
preferred process conditions of 10 min at 180 °C selected

provided the highest ArOS yield (Fig. 2a). An increased treat-
ment time from 10 to 15 min resulted in a reduction in ArOS
yields (Fig. 2a), while degradation by-product formation in-
creased significantly from 0.81 and 1.10 g/100 to 1.48 and
1.68 g/100 g dm, for WBSG and PBSG, respectively (Fig.
2b). Therefore, both the reported (11% dry matter) optimal
process conditions for maximum XOS production (XOS +
ArOS) from bench-scale multivariate optimised LHW HTT
of BSG [8] and process conditions found with highest XOS
yield in LHWHTT using 15% dry matter content did provide
process conditions for use in scale-up in SE HTT. This is in
agreement with literature that demonstrated the use of bench-
scale HTT optimisations for total xylan yield from corn stover
in HTT scale-up [24]. This study showed that less costly
smaller bench-scale HTT optimisations, even from literature,
can be useful to assist process condition in scaling up to larger
HTT systems like SE.

3.4 Effect of variations in chemical composition of
BSG on XOS production in SE HTT

The XOS production scale-up in SE was not significantly
affected by small differences in chemical compositions.
Applying a selected/preferred set of conditions to different
types of BSGs resulted in yields and XOS product qualities
that were comparable. The highest XOS yields for both
Weiss-(WBSG) and malt-based (PBSG) BSGs were obtained
at the same process condition of 180 °C and 10min using 25%
dry matter (Fig. 1a, b). Differences in composition between
WBSG and PBSG only led to significant differences in yields
of degradation products, acetic and formic acid. Moreover, the
significantly higher starch content in WBSG did not have a

Fig. 1 A comparison of steam explosion results ordered in increasing
CSF achieved. a WBSG and b PBSG using combined severity factor
(CSF): [ ] insoluble solid residue, [ ] XOS yield, [ ] xylose yield,

[ ] hemicellulose yield, [ ] CSF (right axes) (experimental 95%
confidence error bars of triplicate run B-2) (lines show trends)
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Fig. 2 SE treatment results for 180 °C and 25% dm. a Product yield and b
inhibitor yield (g/100 g dry BSG); (10/15 min [ / ] WBSG and 10/15
min [ / ] PBSG) (experimental 95% confidence error bars of triplicate
run B-2)
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significant effect on HMF yields from WBSG compared to
PBSG (Fig. 2b). These comparable HTT results can also be
found between various reported LHWHTT optimisation stud-
ies for BSGs where similar process conditions obtained com-
parable (ca. 60%) high XOS yields [6, 31]. Additionally, com-
paring the XOS and xylose yields across reported LHW HTT
from BSG [6] with SE HTT shows similar trends for xylose
and XOS formation when using CSF that incorporates the
resulting pH obtained from the HTT (Fig. 3). The xylose yield
increased significantly from a CSF of ca. − 0.5, at the condi-
tions of highest XOS yield, for both WBSG run A-4 and
PBSG run B-2 and the optimised process condition in LHW
HTT reported (Fig. 3). Therefore, as this study showed, opti-
mal process conditions from bench-scale HTT studies in liter-
ature that use other BSGs, with small differences in chemical
compositions, can be useful to find preferred process condi-
tions from scale-up.

3.5 Increasing solids loadings with screw press
dewatering for higher XOS yields in SE XOS
production

Higher dry matter concentrations (> 11% dm) in HTT can lead
to higher product yields. Based on literature [50], it is to be
expected that higher dm in HTT will have negative effects on
product yields, while increasing degradation by-product for-
mation. Yet, contrary to that expected, using 25% dm for both
WBSG (run A-4) and PBSG (run B-2) in SE HTT increased
the XOS yield > 73% at 180 °C and 10 min compared to only
21.1% and 50.0% using 15% dm for WBSG and PBSG re-
spectively (Fig. 4a1). The higher XOS yields from 25% dm
BSGs were obtained even with slightly higher xylan contents
in the 25% dm BSGs compared to the 15% dm (Table 2).
Nevertheless, these SE HTT findings of increasing XOS
yields from 15 to 25% dry matter BSG are in agreement with
studies of barley husks in SE that reported increasing dry

matter from 20 to 30% resulted in increased xylan recovery
[20] and in unstirred autocatalytic LHW of bagasse at 170 °C,
where XOS yield increased from 34 to 43% with increased
dry matter content of 10 to 25% at the same treatment time
[21]. The increase in XOS yield in SE HTT of screw pressed
BSG observed in this study can be as a result of a combination
of the effect of reduced moisture content and buffering capac-
ity, decreasing the resultant pH in the SE HTT [37].
Additionally, the screw press dewatering increased BSG bed
porosity (reduced bulk density; Table 2), increasing steam
penetration during heating in a screw press–dried BSG com-
pared to the raw BSG, creating faster and more uniform
heating patterns [51]. Since temperature is a key factor in
HTT, efficient exposure at the required temperature permits
improved HTT of biomass since improved steam penetration
will allow better temperature control, including more rapid
heat-up and more accurate control at the set point [52, 53].
Therefore, the increasing yields obtained with increasing
solids loading in SE HTT in this study support the inclusion
of dry matter content or moisture as an additional optimisation
parameter with time and temperature in HTT.

3.6 Screw press dewatering for optimising product
yields in SE HTT

The use of higher dry matter concentrations (> 11% dm) in
HTT can have significant process advantages if the negative
effects of increased degradation by-product formation on pro-
cess yields can be mitigated with effective optimisation strat-
egies. Screw press dewatering of BSG can enable optimisation
of XOS production in SE HTT by maximising the XOS yield
as seen from the results at the preferred process condition of
180 °C and 10 min for both BSGs (Fig. 4a1). XOS yields of
WBSG-15% (21.1%) increased to 75.3% forWBSG-25% and
then decreased to 48.3% for WBSG-32% (Fig. 4a1).
Similarly, for PBSG, the XOS yield increased at 180 °C and
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10 min, from 50.0%, for PBSG-15%, to 73.1% (highest XOS
yield) for PBSG-25%, and this decreased again to 64.8% with
PBSG-32%. Degradation by-product formation supports this
optimisation, as the acetic and formic acid formation increased
with dry mater content of BSG between 15 and 25% dry
matter and decreased between 25 and 32% drymatter, for both
types of BSG (Fig. 4a2). However at 200 °C, the further in-
crease in dry matter content to 32% further increased degra-
dation by-product formation from 1.54 to 1.57 g/100 g dm and
from 2.06 to 2.46 g/100 g dm for WBSG and PBSG, respec-
tively (Fig. 4b2), contributing in reduced XOS yields.
Moreover, at 200 °C, a significant negative effect of increased
dry matter content on XOS yield is evident from the treatment
of the air-dried 90% dry matter WBSG (original 25% dry
matter) where the SE yield of XOS dropped from 60.6%, with
25% dry matter WBSG, to 9.8%, with 90% dry matter (air-
dried WBSG-90%). From the results, it is clear that moisture
content significantly affects product and degradation by-
product formation in SE HTT and needs to be optimised in
the HTT in combination with time and temperature.

3.7 Overall XOS production process intensification by
screw press dewatering

Using higher dry matter concentrations (> 15%) of BSG
through screw press dewatering in a SE HTT process can
provide significant HTT process improvements for the inten-
sification of the production of XOS. This is achieved through
the following: (i) achieving similarly high (> 73%) XOS
yields in SE HTT compared to reported nonisothermal (200
°C) optimised LHW studies [8] and increasing (> 10%) XOS
yields from reported isothermal (190 °C and 5 min) optimised
LHW studies [6, 31]; (ii) together with a reduction in the

required process water in HTT of more than 60% by process-
ing 25% dry matter BSG in SE compared to 9–11% dry matter
in reported LHW studies. (iii) Additionally, reduced HTT
process temperatures by up to 20 °C were achieved compared
to the reported LHWHTT optimisations [6, 8, 31] while main-
taining or increasing product yields. (iv) Another is a further
reduction in degradation by-product formation compared to
stirred batch work as was shown in the application of appro-
priate high solids HTT processing of BSG in SE at 25% dm
(75.3% XOS yield) that resulted in degradation by-product
formation of only 0.81 g/100 g dm compared to 1.50 g/100
g dmwith 15% dm and 1.89 g/100 g dm reported at optimised
conditions (190 °C and 5 min) in stirred batch reactors [6],
conducted with 11% dm (61% XOS yield). (v) Moreover,
overall product recovery increased. Compared to the reported
SE HTT optimisation by Rojas Pérez (2018) on BSG for max-
imum (47.0%) total xylan yield (XOS + xylose), this SE HTT
study achieved significantly higher (> 30%) total xylan yields
at the preferred process conditions for bothWBSG and PBSG.

Thus, the combination of effects of higher XOS product
yield and concentrations, lower water usage, lower processing
temperature requirements and lower degradation by-product
formation achieved in this study could lower process energy
and reduced equipment requirements that when combined
may contribute to making BSG valorisation at small-scale
economically feasible.

3.8 XOS depolymerisation to short-chain XOSwith SO2

addition and high severity SE HTT

XOS is reported to be a functional food ingredient and an
antioxidant and, more importantly, short-chain XOS oligo-
mers with DP < 7 are reported to be prebiotic with bifidogenic

Fig. 4 SE treatment results forWBSG and PBSG. a 180 °C and 10min. b
At 200 °C and 5 min. (1) Product yield and (2) inhibitors yield (g/100 g
dry BSG) ([ ] 15% dm, [ ] 25% dm, [ ] 32% dm and [ ] 90% dm

WBSG and [ ] 15% dm, [ ] 25% dm and [ ] 32% dm PBSG) (exper-
imental 95% confidence error bars of triplicate run B-2 PBSG-25%)
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activity of which the xylobiose (X2) and xylotriose (X3) ob-
tained fromBSG showed the most activity [8]. However, BSG
SE results showed that, at conditions for the highest XOS
yield (180 °C at 10 min with 25% dm), the XOS obtained
contained low combined fractions (< 10%) of these two
short-chain XOS from both types of BSGs (Fig. 5a). As an
alternative to increase this fraction, by increasing the CSF at
the SE condition for the highest XOS yield, SO2 catalyst ad-
ditions were tested. Direct SO2 dosing in run A-11 forWBSG-
25% (Fig. 1a) produced a significantly higher CSF (0.68)
compared to the K2S2O5 addition (− 0.01) in run A-12. In
run A-11 for WBSG-25%, direct SO2 solution dosing,
25 mg SO2/g dry feedstock, increased the combined X2 and
X3 fraction to 16.5% (Fig. 5a) and obtained the highest yield

of hemicellulose (77.1%) and highest xylose yield (23.3%)
fromWBSG (Fig. 1a). The 35 mg SO2/g dry feedstock dosing
in SE of PBSG-25%, run B-7, increased the CSF to 0.83 (from
− 0.49 without SO2) which increased the combined X2 and
X3 fraction to 25.3% in run B-7 for PBSG (Fig. 5a). However,
the SO2 catalyst addition reduced XOS yield from 73.1 to
33.6% as a result of increased severity from the SO2 catalyst.
Yet, without additional chemical use, by only increasing the
SE HTT process conditions to 200 °C and 5 min (25% dm), a
similar increase of the combined fraction of X2 and X3
(27.0%) with an overall better XOS yield (49.7%) was
achieved. Additionally, the screw pressed PBSG-32% obtain-
ed the highest fraction of 31.3% at 200 °C and 5 min that also
show the increased severity effect from the screw press

Fig. 5 a XOS composition: [ /
] xylobiose (X2) and [ / ]

xylotriose (X3) from steam ex-
plosion of 25 and 32% dm (left
axis: yield in XOS, dashed /
for WBSG and solid [ / ] for
PBSG; right axis: [ ] CSF, [ ]
XOS yield and [ ] xylan eq
yield). b Monomeric xylose and
glucose formation relative to
oligomers in HHT: steam explo-
sion of [ ]WBSG and [ ] PBSG
(experimental 95% confidence
error bars of triplicate run B-2
PBSG-25%) (lines show trends);
and WBSG in liquid hot water, [
] autocatalytic and [ ] extreme-
ly low acid (ELA) catalysed
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dewatering step. These findings are significant as a possible
single production step of XOS with SE that could provide a
large portion of prebiotic X2 and X3, either at high severity
(200 °C and 5 min) or aided with SO2 catalyst.

3.9 Effect of screw press dewatering on HTT,
acidification and the resulting hydrolysate pH

Screw press dewatering of BSG in SE was shown to have a
significant effect on the HTT process, affecting the hemicel-
lulose xylan solubilisation, XOS yields, resulting pH and CSF
(Table 3). Similar to the increased xylan solubilisation obtain-
ed in SEHTT at 180 °C and 10min by screw press dewatering
BSG from 15% and 25% dm, screw press dewatering also
accelerated starch hydrolysis in SE HTT with reducing the
residual starch in the remaining insoluble solid from WBSG-
15%, from 8.1 to 0.8%with the pressedWBSG-25% and from
2.2 to 0.1% with the PBSG-25% at the same process condi-
tions (Supplementary Data). Yet in HTT, the rate of
solubilisation and depolymerisation of xylan and glucan poly-
saccharides is related proportionally to the H+ concentration
in the hydrolysate [37]. In autocatalytic HTT, the effect of
water as a weak acid is the main catalyst affecting the H+
concentration and, during HTT, acidification can be acceler-
ated through the release of acetic, furanic, uronic and phenolic
acids [9, 54]. External catalysts such as H2SO4 or SO2 can be
added to increase the H+ concentrations in autocatalytic HTT
such with ELA (extremely low acid) dosing.

R[H+] basis of gram dry BSG

3.10 Screw press dewatering modification of
polysaccharide solubilisation and depolymerisation in
SE HTT

The autocatalytic HTT solubilisation and depolymerisation of
hemicellulose xylan and starch (glucan) in the steam explo-
sion and LHW are comparable. Xylan and glucan
depolymerisation yields change proportionally, even consid-
ering the small differences in the compositions of WBSG and
PBSG, and modifications with the screw press dewatering
(Fig. 5b). However, the addition of SO2 catalyst in SE (runs
A-12 and B-7 ) changed the xy l an and g lucan
depolymerisation significantly compared to autocatalytic
HTT with catalyst additions resulting in significantly more
glucose formation relative to xylose. Autocatalytic
depolymerisation even with the highest CSF 1.25, in run
A-10, from the 90% air-dried WBSG (original WBSG-25%)
obtained xylan and glucan depolymerisation results similar to
other more dilute and less severe autocatalytic SE runs of
WBSG and PBSG (Fig. 5b). This is consistent with literature
that showed, for straw, that mainly HTT reactions are activat-
ed with temperatures of up to 200 °C, even at high dry matter
content (< 80%) [9]. This suggests that the effect of composi-
tional modifications with screw press dewatering on BSG
could affect rates of polysaccharide solubilisation and
depolymerisation similar to moisture reductions. Screw press

Table 3 Effect of dry matter content achieved by screw press dewatering on the resulting pH and H+/g dry BSG in autocatalytic HTT. (a) Comparison
of SE treatments for different screw press dewatered BSGs. (b) Comparison between SE and LHW treatments using similar starting BSG

(a) Steam explosion (b) Steam explosion vs LHW

BSG type BSG type

WBSG PBSG WBSG

Temperature (°C) 180 180 180 200 200 180 180 200 Temperature (°C) 180 180 180

Time (min) 10 25 10 5 5 10 10 5 Autocatalytic LHW Parr

Set A - run A-1 A-2 A-4 A-7 A-7 B-1 B-2 B-4 Set A - run AHA2 AHA3 AHB2

dm% 15 15 25 25 25 15 25 25 Time (min) 5 15 5

pH 4.55 4.29 4.02 3.33 3.33 3.99 3.92 3.71 dm% 15 15 25

CSF − 1.16 − 0.82 − 0.47 0.36 0.36 − 0.60 − 0.49 − 0.03 pH 3.84 4.02 3.54

XOS yield% 21.1 21.4 75.3 60.6 60.6 50.0 73.1 49.7 CSF − 0.30 − 0.40 − 0.06

XOS yield% 65.0 78.0 65.3

Set B - run A-4 A-6 A-8 A-9 A-10 B-2 B-5 B-6 Steam explosion

dm% 25 25 32 32 90 25 32 32 Set B - run A-1 A-4 A-4

pH 4.02 3.76 3.93 3.07 2.43 3.92 4.16 3.59 Time (min) 10 10 10

CSF − 0.47 0.36 − 0.54 0.61 1.25 − 0.49 − 0.77 0.10 dm% 15 25 25

XOS yield% 75.3 53.7 47.3 44.1 9.8 73.1 64.8 37.0 pH 4.55 4.02 4.02

CSF − 1.16 − 0.47 − 0.47

XOS yield% 21.1 75.3 75.3

Resulting ratio (R[H+]) mol H+ in B/in A 2.17 1.43 0.66 1.15 1.54 0.65 0.43 1.26 0.29 0.73 0.44
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dewatering is effective to modify the rate of polysaccharide
solubilisation and depolymerisation in autocatalytic HTT.

3.11 Screw press dewatering and initial dry matter
content to adjust H+ concentration, pH and CSF in
autocatalytic SE HTT

As expected, the screw press dewatering and temperature
played a significant role in SE HTT hydrolysate acidification
from both types of BSGs. Two distinct trends were found
when looking at the effects of screw press dewatering on hy-
drolysate acidification (mol H+ per gram dry BSG) in SEHTT
from WBSG and PBSG (Fig. 6). Firstly at 180 °C, increasing
screw pressed dry matter content from 25 to 32% resulted in
reduced acidification of between 35 and 57% in autocatalytic

SE HTT for both BSGs (Fig. 6) when compared to 25% dm
and accounting for the resulting dilution effect of SE in the
hydrolysates (Supplementary Data). This reduction in acidifi-
cation is also shown in the ratio of R[H+] 0.43 for PBSG 32%/
25% and R[H+] of 0.66 for WBSG 32%/25% (Table 3), even
though with 32% dm WBSG the hydrolysate H+ concentra-
tion increased slightly (lowered pH). This reduced acidifica-
tion at 32% dm for both WBSG and PBSG can explain the
reduced XOS yields from 60.6 to 9.8% obtained with the 32%
dry matter BSGs in this study (Table 3), compared to 25% dm.
This is in agreement with reported findings where rate of
xylan solubilisation reduced by 66% with a doubling in dry
matter content in HTT [55].

Secondly, at 200 °C, the same dewatering increased hydro-
lysate acidification in HTT (Fig. 6). Increased screw pressed
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Fig. 6 The effect of screw press
dewatering on acidification in
HTT of a WBSG and b PBSG:
steam explosion at [ ] 180 °C for
10 min and [ ] 200 °C for 5 min
and; stirred batch reactor at [ ]
150 °C for 10 min and [ ] 180 °C
for 5 min and [ ] 15 min
(experimental 95% confidence
error bars of triplicate run B-2
PBSG-25%)
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dry matter content from 25 to 32% dry matter leads to in-
creased acidification compared to 180 °C and 10 min for both
BSGs with R[H+] for WBSG-32%/25% at 200 °C relative to
180 °C being 1.75 (1.15/0.66) and for PBSG 32%/25% being
2.15 (0.92/0.43) (Table 3). This significant increased acidifi-
cation at 200 °C compared to 180 °C could be as a result of
more exothermic hydrothermal carbonisation reactions acti-
vated from temperatures around 200 °C accelerating HTT
acidification [9]. This increasing acidification at 200 °C with
dry matter was also found to be similar for screw press
dewatering and moisture reduction.

The screw press dewatering of BSG could be considered as
a moisture reduction step, since the acidification (mol H+ per
gram dry BSG) in the hydrolysate from screw pressed BSG in
autocatalytic SE HTT was not significantly different from that
obtained by moisture reduction alone. A reduced water con-
tent or increasing the dry matter content from 25 to 90% dm
(air-dried) process at the same conditions (5 min and 200 °C)
in the SE HTT resulted in a significant reduction in hydroly-
sate pH (from pH 3.33 in run A-7 to pH 2.43 in run A-10)
(Table 3), which increased severity in SE HTT with increased
CSF (from 0.36 (A-7) to 1.25 (A-10)). However, this in-
creased acidification at 200 °C and 5 min for WBSG-90%
(air-dried) was proportional to the increased acidification with
WBSG-32% (screw pressed) by the reduction in water (Fig.
6a). Therefore, the H+ concentration obtained and H+ re-
leased during SE HTT of screw pressed BSG seem related
to the reduced water content, and the fractionation of compo-
nents including starch, protein and buffering components did
not show a significant effect. Similarly, the autocatalytic
LHWHTT in stirred batch reactors found similar acidification
(mol H+ per gram dry BSG) raw and pressed WBSG-25%.

3.12 Screw press dewatering in pilot-scale autocata-
lytic SE HTT compared to bench-scale autocatalytic
LHW

The stirred batch was more suitable for lower (up to 15% dm)
solids loading autocatalytic HTT of BSG compared to
unstirred SE since the acidification (mol H+ per gram dry
BSG) was almost constant in stirred reactors, while SE HTT
was better suitable for higher (ca. 25% dm) solids loadings
(Fig. 6a). SE HTT of WBSG-15% at 180 °C for 10 min (run
A-1) achieved only 29% of the acidification of 5 min autocat-
alytic LHW HTT in a stirred batch reactor (Table 3).
However, the screw press dewatering of WBSG-15% to
WBSG-25% improved acidification in the pilot-scale SE
HTT that was more beneficial to XOS production in compar-
ison with the bench-scale LHW HTT since this increased
acidification with dewatering increased XOS yields in SE
(Table 3). SE HTT screw pressedWBSG-25% at the preferred
process conditions (run A-4) achieved 73% acidification and
similar CSF conditions than LHW (run AH-A3) of raw

WBSG-15% in the stirred batch Parr reactor (Table 3), treat-
ments that both resulted in maximum XOS yields (78.0% and
75.3%). This observation could be attributed to the screw
press process creating large void fractions, increasing the
bed porosity ofWBSG-25%, resulting in increased steam per-
meability, more efficient heating with a reduction in moisture
content, summing up to a significantly improved autocatalytic
effect in the SE HTT process [51–53]. In summary, a high dry
matter content (WBSG-25%) in a SE HTT is as effective in
the production of XOS as a low dry matter content (WBSG-
15%) in a LHW HTT process.

3.13 Effect of screw press dewatering on SE
hydrolysate purity

Hydrolysed starch, proteins and other soluble by-products in-
cluding degradation products formed from components dur-
ing SE of BSG negatively affect the purity of the XOS pro-
duced. Purification of the hydrolysate for XOS is the largest
cost component in XOS production and improving the purity
needs to be considered [56].

Higher oligosaccharide fractions in total dissolve solids
(TDS) were obtained from SE HTT with short residence
times, lower temperatures and high dry matter content screw
pressed BSGs (Table 4). The total oligosaccharide (OS) frac-
tion (XOS and ArOS) increased in the TDS of the SE hydro-
lysates from screw pressed BSGs through selective removal of
water-soluble materials and impurities which include min-
erals, starch and proteins. Results show the highest OS/TDS
of 51.9% and 42.2% was obtained for WBSG (32% dm) and
PBSG (32% dm), respectively, both at 180 °C and 10min (the
preferred HTT process conditions) (Table 4). To improve on
the process minimising purification cost, through increasing
the purity of XOS, the screw press could be used to dry the
BSG to the minimum moisture content of ca. 40% dry matter
and then, the water content can be readjusted to the dry matter
content required (25% dm) for optimum yield of the XOS.
Additionally, such increased screw press intensity can result
in higher recovery of protein in the press water as a valuable
by-product.

The addition of SO2 catalysts at the process conditions for
the highest XOS yield resulted in increased soluble compo-
nents in the hydrolysate that reduced OS/TDS from 37.1% for
WBSG (run A-4) without catalyst addition to between 23.9
and 25.9% (Table 4). Therefore, the catalyst addition at the
tested conditions did not improve XOS purity or yield in au-
tocatalyt ic SE process mainly since it increased
depolymerisation.

3.14 BSG protein in SE hydrothermal treatment

WBSG compared to PBSG had similar amounts of essential
amino acids (37.3% and 36.8%); the hydrophilic amino acids
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in WBSG was higher (44.2%) compared to PBSG (40.3%).
The screw press protein fractions separated, for both PBSG
and WBSG, show selectivity to the non-essential amino acid
proline and glutamine (Supplementary Data). The overall
protein balance of the process for SE conditions of
highest XOS yield (run B-2), using the crude protein con-
tents for the starting PBSG and SE residue, shows up to
73.6% of PBSG protein can be recovered as insoluble
residue (press liquid and SE residue). The SE of PBSG-
25%, aided with addition of SO2 catalyst, removed more
proteins compared to autocatalytic SE. Low severity SE
HTT had a better recovery of PBSG proteins in the re-
maining solids. SE process conditions at 200 °C and
5 min removed 32.3% from the overall crude protein of
raw PBSG-15% compared to 26.4% at 180 °C and 10
min. While lower severity is preferred, SE of BSG can
recover protein (rich in essential amino acids) in the re-
maining solid fraction. However, the SE residue compo-
sition at the near optimal conditions for PBSG-25% (run
B-2) results shows 81.7% of the nitrogen of PBSG-25%
removed in SE was accounted for in the hydrolysate. The

hydrolysate for run B-2 showed 15.3% crude nitrogen in
TDS, of which 66.2% was accounted for as amino acids
(Supplementary Data). The solubilised crude nitrogen
made up 53.4% of other components non-determined,
which is similar to reported autocatalytic LHW optimised
conditions for XOS production [8].

BSG proteins degrade in SE. The crude protein from the SE
residues was consistently higher than the total amino acids
even though tryptophan and cysteine amino acids were not
quantified (reportedly < 2% combined content in total BSG
amino acids) as shown in the Supplementary Data. The solid
residue from SE run B-4 at 200 °C showed a crude protein of
19.6% while the amino acid total was 14.4%. That shows that
almost 20% of the nitrogen was degraded in the insoluble
residue in the SE HTT. Acid insoluble (AI) fractions from
raw WBSG and PBSG (22.4% to 24.5%) showed an increase
of up to 32.3 to 34.5% respectively in residues from SE treat-
ment (Supplementary Data). The AI fraction from SE run B-2
at 180 °C for the highest XOS yield contained 39.6% crude
protein, and the addition of SO2 in SE reduced the crude
protein fraction in the acid insoluble fraction to 35.7%.

Table 4 Steam explosion results for WBSG and PBSG

Run Dry
mass%

Temp
(°C)

Time
(min)

XOS
yield

ArOS
yield

Hemi
yield

%XOS %ArOS Inhibitor
(g/100 g)

OSe/
TDS

Final
dm%

CSF Mass
balance

WBSG

B-1 15 180 10 50.0% 32.8% 51.3% 93.9% 62.1% 0.62 29.4% 11.9% − 0.60 70.7%

B-2d 25 180 10 73.1% 36.9% 77.8% 91.9% 49.3% 1.10 40.6% 19.9% − 0.49 94.6%

B-3 25 180 15 67.9% 32.0% 71.7% 89.9% 55.2% 1.68 41.5% 20.6% 0.11 86.8%

B-4 25 200 5 49.7% 17.5% 58.4% 76.2% 44.0% 2.06 21.4% 18.6% − 0.03 81.3%

B-5 32 180 10 64.8% 37.5% 67.0% 94.0% 57.2% 1.03 42.2% 24.9% − 0.77 89.0%

B-6 32 200 5 37.0% 8.7% 42.9% 72.2% 36.7% 2.46 24.6% 19.5% 0.10 73.5%

B-7e 35 mg
SO2

25 180 10 33.6% 12.2% 55.3% 55.7% 25.8% 2.52 21.1% 15.6% 0.83 76.9%

PBSG

A-1 15 180 10 21.1% 16.8% 21.2% 95.3% 75.8% 0.18 21.0% 13.7% − 1.16 84.5%

A-2 15 180 25 21.4% 14.0% 21.1% 92.9% 68.4% 0.23 15.5% 8.6% − 0.52 65.9%

A-3 25 150 25 14.7% 11.7% 16.0% 95.6% 60.8% 0.24 18.6% 9.0% − 2.23 79.6%

A-4 25 180 10 75.3% 39.6% 76.2% 92.8% 57.7% 0.81 37.1% 20.2% − 0.47 88.6%

A-5 25 180 15 75.1% 37.0% 76.9% 93.0% 58.1% 1.46 36.9% 22.6% − 0.47 94.5%

A-6 25 180 25 53.7% 15.6% 60.8% 78.9% 41.7% 1.78 27.1% 18.2% 0.36 82.2%

A-7 25 200 5 60.6% 20.0% 66.6% 78.8% 41.9% 1.54 29.2% 27.7% 0.36 86.5%

A-8 32 180 10 47.3% 38.6% 50.3% 95.9% 70.1% 0.51 51.9% 35.4% − 0.54 66.2%

A-9 32 200 5 44.1% 12.4% 51.7% 72.4% 35.6% 1.57 24.8% 32.3% 0.61 75.7%

A-10a 90 200 5 9.8% 0.9% 13.2% 55.4% 23.0% 2.41 7.5% 59.9% 1.25 67.2%

A-11b 25 mg
SO2

25 180 10 57.7% 22.4% 77.1% 71.2% 31.2% 0.96 25.9% 17.8% 0.68 82.6%

A-12c 30 mg
SO2eq

25 180 10 56.0% 27.4% 63.3% 85.1% 44.7% 1.13 23.9% 19.0% − 0.01 84.5%

a Pressed and air-dried to 10%moisture. b Added as 4.5% SO2 solution.
c Added as K2S2O7 solid.

d Triplicate runs. e OS Oligomers XOS and ArOS yield
combined
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Reports have shown that BSG proteins degrade in SE by ag-
gregation, combined with heat-induced cross-linking, which
remain insoluble [28, 57]. BSG proteins can also bind with
lignin in SE HTT as pseudo-lignin that increase the insoluble
lignin fraction [57].

4 Conclusions

XOS production from BSG for application in novel food and
beverages can reduce brewery waste streams and increase
resource efficiency. XOS production optimisations reported
in bench-scale LHW HTT of BSG can be used for scale-up
to pilot-scale SE, achieving similar and higher XOS yields (>
73%) by using > 60% less water. Moisture content was shown
as an important HTT optimisation variable. Small variations
in BSG compositions did not significantly affect near optimal
conditions. SE severity adjustment through SO2, catalyst ad-
dition or process conditions can increase the valuable short-
chain X2 and X3 oligomers in the XOS up to 31.3%.
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