
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:1

0:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrolysis of anh
aBioeconomy Institute, Iowa State Univ

Laboratory Building, Ames, 50011, Iowa, U

+1 515 294 7934
bDepartment of Mechanical Engineering, I

50011

† Electronic supplementary informa
https://doi.org/10.1039/d3se00240c

Cite this: Sustainable Energy Fuels,
2023, 7, 3361

Received 24th February 2023
Accepted 15th June 2023

DOI: 10.1039/d3se00240c

rsc.li/sustainable-energy

This journal is © The Royal Society o
ydrosugars derived from pyrolysis
of lignocellulosic biomass for integration in
a biorefinery†

Arpa Ghosh,a Jessica L. Brown,ab Ryan G. Smitha and Robert C. Brown *ab

The pyrolysis of iron sulfate pretreated lignocellulosic biomass can produce high yields of anhydrosugars

with levoglucosan being the most prominent carbohydrate-derived product. In principle, these

anhydrosugars can be acid hydrolyzed to fermentable sugars suitable for the production of ethanol fuel.

However, currently reported methods for hydrolyzing pyrolytic anhydrosugars fall short in addressing the

challenges of integrating the process into a pyrolysis biorefinery. Furthermore, the hydrolysis of

anhydrosugars produced from pyrolysis of biomass pretreated with iron sulfate has not been previously

explored. Among the important process variables are acid concentration and hydrolysis temperature.

Increasing the concentration of acid, although promoting hydrolysis, upon neutralization produces

soluble salts that can inhibit subsequent fermentation of the sugar. Processing at temperatures above the

boiling point of water also enhances hydrolysis rates but requires the use of expensive corrosion-proof

pressure vessels. In this work, we have developed a milder process suitable for hydrolyzing

anhydrosugars at temperatures as low as 95–115 °C using only 50–150 mM sulfuric acid concentrations.

We have applied this process to anhydrosugars produced from the autothermal pyrolysis of

lignocellulosic biomass. Using only 150 mM sulfuric acid at 115 °C a high concentration of glucose (154 g

L−1), suitable for downstream separation and fermentation, was achieved within 3 h of reaction time.

Overall, 100 wt% of levoglucosan in bio-oil was converted to glucose.
1 Introduction

Renewable liquid fuels and value-added chemicals can be
derived from thermochemical processing of lignocellulosic
biomass. Fast pyrolysis is a promising thermochemical process
that can decompose biomass in the absence of oxygen into
a liquid product, commonly known as bio-oil.1 Bio-oil contains
hundreds of oxygenated compounds with a wide range of
molecular weights and chemical functionalities.2 Primarily, bio-
oil is composed of anhydrosugars, aldehydes, ketones, furans,
phenolic compounds, and water.3,4 In bio-oil, the anhy-
drosugars serve as the main platform chemicals for upgrading
to bio-based fuels.5

The composition of bio-oil depends upon the type of ligno-
cellulosic feedstock and pyrolysis conditions such as reaction
temperature and residence time.6 As conventionally produced,
the bio-oil consists of aqueous and non-aqueous fractions
ersity, 1140E Biorenewables Research

SA. E-mail: rcbrown3@iastate.edu; Tel:

owa State University, Ames, Iowa, USA,

tion (ESI) available. See DOI:

f Chemistry 2023
which can be separated by a liquid–liquid extraction using
water. The water-soluble fraction of bio-oil contains mostly
cellulose-derived C6 anhydrosugars, namely, levoglucosan and
cellobiosan, and hemicellulose-derived C5 sugar, xylose.7 In
addition, phenolic monomers and furanic compounds are also
present in the aqueous extract of pyrolytic bio-oil.8 Acid-
catalyzed hydrolysis is commonly employed to convert these
pyrolytic anhydrosugars, chiey levoglucosan, into fermentable
sugars.9

Our research group has recently developed a novel
pretreatment technique for the pyrolysis of biomass using iron
sulfate, which can intensify production of lignocellulosic sugars
by several fold.10 Conventional sulfuric acid pretreatment
enhances sugar yield in pyrolysis by forming thermally stable
salts of the alkali and alkaline earth metals (AAEM) present in
biomass that catalytically degrade sugars.11 However, past
studies have indicated that the catalytic activity of AAEMs could
help mitigate the char agglomeration during thermal decon-
struction of biomass by facilitating the depolymerization of
lignin.12–15 Hence, passivation of AAEMs by acid pretreatment
has the unintended adverse effect of char agglomeration in
pyrolysis reactors, which ultimately lowers the volumetric
productivity of sugars.16

In contrast, iron sulfate pretreatment of biomass can help in
depolymerizing lignin without fragmenting cellulosic sugars,
Sustainable Energy Fuels, 2023, 7, 3361–3374 | 3361
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thus preventing char agglomeration and raising sugar produc-
tivity. Rollag et al.10 achieved volumetric productivity of ligno-
cellulosic sugar from corn stover of up to 2041 g L−1 h−1 using
ferrous sulfate pretreatment. This productivity is ten times
higher than for autothermal pyrolysis of acid pretreated corn
stover and thirty-two time higher than for conventional pyrol-
ysis of untreated corn stover.

Fig. 1 illustrates the process of producing pyrolytic sugars.
Biomass is pretreated by mixing with ferrous sulfate (10 wt%
biomass basis) solution continuously and drying to about 3 wt%
moisture content before being pyrolyzed in a uidized bed
reactor either in nitrogen (conventional pyrolysis) or air at low
equivalence ratios (autothermal pyrolysis). Pyrolysis products
pass through two-stages of particulate ltration to remove bio-
char while a fractional bio-oil collection system recovers the
heavy ends of bio-oil, containing primarily anhydrosugars,
phenolic monomers and oligomers in two stage fractions. The
rst stage fraction (SF1) utilized a water spray quench vessel to
cool down the pyrolysis product stream to 125 °C while the
second stage fraction (SF2) used a wet electrostatic precipitator
operating at 40 kV and 125 °C to capture and collect aerosols in
bio-oil. A liquid–liquid extraction with hot water followed by
centrifugation further helps in concentrating the above sugars
into an aqueous phase which can be converted to fermentable
sugars via acid hydrolysis.

In order to upgrade bio-oil to ethanol, the anhydrosugars in
bio-oil heavy ends undergo acid hydrolysis followed by acid
neutralization, cleaning and purication of sugars to produce
mainly a glucose-rich syrup for fermentation. Prior to fermen-
tation, the hydrolyzed sugars need to be separated from the
phenolic contaminants, which are derived from lignin during
pyrolysis and still remain in very small amounts in the hydro-
lyzed sugar fraction even aer adsorption-based chromato-
graphic separation.17 Glucose fermentation to ethanol is heavily
inhibited by the presence of toxic phenolic monomers in the
Fig. 1 Schematic of fast pyrolysis process with a fractional bio-oil colle
heavy ends (SF1 and SF2) by liquid–liquid extraction and concentration o

3362 | Sustainable Energy Fuels, 2023, 7, 3361–3374
aqueous hydrolysate with typically 1 g L−1 being the tolerance
for phenolics in the titer.18 In addition, glucose fermentation
rates are diminished at high concentrations of soluble salts
generated by neutralization of the mineral acid used in hydro-
lysis.19 It is important to note that the phenolic content of
cleaned sugar syrup cannot be lowered beyond a certain limit as
it would entail excessive solvent consumption in the adsorption
units.20 Therefore, to minimize the toxicity of hydrolysate sugar
solutions, an alternative strategy has to be developed that
enables attaining either zero or the lowest tolerable concen-
tration of soluble salt in the hydrolyzed sugar substrate prior to
fermentation.

An efficient pathway to reduce the effect of salts on sugar
fermentation aer neutralization of hydrolysate is to generate
the salts as water-insoluble precipitates by employing Ca(OH)2
or Ba(OH)2 agents.21,22 Other emerging processes include the
use solid acid catalysts for hydrolysis.23 The solid acid catalysts
such as ion-exchange resins have a catalytic activity per acid site
similar to that of sulfuric acid to produce glucose. In this case,
there is no need to involve the post treatment for neutralizing
the solution, allowing hydrolysis at a fast rate with high catalyst
concentration. Although the above options for acid hydrolysis of
bio-oil anhydrosugars offer several benets, it is still very chal-
lenging to successfully implement these methods in a large-
scale pyrolysis biorenery due to the difficulties that arise
from polymerization of phenolics at a signicant degree during
hydrolysis. In fact, a recent study from our research group has
demonstrated that about half of the phenolics react or poly-
merize and precipitate out of the solution during acid hydro-
lysis.17 Hence, either using a neutralizing agent that produces
water-insoluble salts aer hydrolysis or employing solid acid
catalysts would make it extremely challenging, if not impos-
sible, to separate these solid phenolic precipitates from the
neutralized salts prior to downstream separation and fermen-
tation. Moreover, losing the phenolics solid products is not
ction system through different stages followed by recovery of bio-oil
f sugars in an aqueous phase.

This journal is © The Royal Society of Chemistry 2023
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a desired option as it can be valorized as a lignin-based product
such as lignocoal.24 Hence, the best alternative approach to
advance the eld of hydrolysis of bio-oil anhydrosugars, with
the aim of integrating this processing step into a pyrolysis based
biorenery, is to implement the use of a homogeneous acid
catalyst at the lowest possible concentration that would be then
able to overcome any toxicity during sugar fermentation caused
by the post-hydrolysis neutralized soluble salts.

Despite being an integral processing step in a pyrolysis-
based biorenery and complex in nature, few researchers have
systematically evaluated the effects of reaction variables on acid
hydrolysis of pyrolytic bio-oil. Bennet et al.25 optimized the
reaction conditions including reaction temperature, reaction
time and acid concentration required for hydrolyzing levoglu-
cosan to glucose. Glucose yield of 216% (based on levoglucosan
as initial reactant) has been reported from hydrolysis of sugar-
rich bio-oil at 125 °C, 44 min reaction time using 0.5 M
sulfuric acid. Sugar production beyond the theoretical yield are
attributed to other precursors of glucose present in the bio-
oil.25,26 Blanco et al.27 recently demonstrated optimized glucose
production via acid-catalyzed hydrolysis of pyrolytic bio-oil. In
their work, the anhydrosugars in bio-oil were converted to
glucose at concentration of 35.3 g L−1 (117% yield) at hydrolysis
temperature of 135 °C, reaction time of 20 min and 0.2 molar
ratio of levoglucosan to sulfuric acid. Lian et al.22 pyrolyzed
washed poplar with an organic phase and an aqueous phase
containing anhydrosugars. These experiments hydrolyzed lev-
oglucosan at 120 °C for 42 min in 0.5 M H2SO4 to produce
glucose yields of 220%, about twice as high as would be ex-
pected from levoglucosan. The authors speculated that
unidentied oligosaccharides and anhydrosugars to explain
this result.

The past studies on acid hydrolysis of bio-oil anhydrosugars
mostly used relatively high temperatures and high concentra-
tions of sulfuric acid, up to 0.5 M, to maximize glucose yields.
Further, the neutralized hydrolysates may not be fully compat-
ible with downstream separation and fermentation wherein
a maximum allowable limit (<2 wt%) for salt content exists to
prevent any inhibitory effects of water-soluble salts on sugar
fermentation.28 Furthermore, as discussed earlier, current
research shows no feasible route to overcome the challenge of
separating the phenolics precipitates from solid acid catalysts
or neutralized insoluble salts aer hydrolysis without addi-
tional processing steps. In addition, hydrolysis is oen con-
ducted at higher temperatures up to 160–200 °C using solutions
containing acidic water to increase efficiency of the process.29

This type of operation can incur a greater cost of reactor for the
use of pressurized vessel and corrosion-resistant materials.30

Therefore, the above hydrolysis processes may not be econom-
ical and sustainable for the state-of-the-art pyrolysis based
bioreneries, particularly, for the upgrading of sugar-rich frac-
tion of bio-oil heavy ends to biofuels. Lastly, the pyrolytic bio-oil
produced from our newly developed iron sulfate pretreatment
has not yet been studied as a hydrolysis substrate for biofuel
production. We hypothesize that a new range of acid hydrolysis
conditions may have to be explored as existing literature might
not be fully applicable due to signicant differences in the
This journal is © The Royal Society of Chemistry 2023
composition of bio-oil heavy ends of our process with typical
pyrolysis processes.

In this work, we developed a novel approach for acid
hydrolysis of the anhydrosugars in heavy ends of bio-oil from
iron sulfate pretreated biomass, which has the potential to
overcome the current challenges of integrating acid hydrolysis
process with downstream separation and fermentation for
biofuel production. The bio-oil was obtained from autothermal
pyrolysis of biomass. Autothermal pyrolysis technology was
developed in our laboratory for intensifying bio-oil production
by supplying the energy for pyrolysis through partial oxidation
of pyrolysis products within the reactor.31 The range of hydro-
lysis conditions were carefully selected to be strictly compatible
with downstream sugar cleaning, purication and fermentation
processes without the need to add new steps for recovery of
polymerized phenolics as a by-product. Inuence of different
key reaction variables on the conversion of pure levoglucosan
and bio-oil anhydrosugars as well as glucose production was
studied to optimize the hydrolysis process. Additionally, kinetic
modeling of hydrolysis of levoglucosan as model compound
and bio-oil anhydrosugars was studied in this work. We have
also investigated the hydrolysis of relatively large molecular
weight anhydrosugars in the bio-oil that may contribute to
glucose production.
2 Experimental section
2.1 Materials

The bio-oil used in this work was produced by autothermal
pyrolysis of ferrous sulfate pretreated corn stover by the Pyrol-
ysis Process Development Unit at BioCentury Research Farm,
Iowa State University. D-Glucose (purity > 99%) was obtained
from Fisher Scientic and D-xylose (purity > 99%) were shipped
from Acros Organics. Levoglucosan (purity > 99.2%) and cello-
biosan (purity > 98.7%) used in the study were obtained from
Carbosynth. Other carbohydrate standards and 5-hydrox-
ymethylfurfural (5-HMF, purity > 99%) were procured from
Sigma Aldrich, Fisher Scientic, Acros Organics or Carbosynth.
Sulfuric acid (H2SO4) of 96.6 wt% purity and 50 wt% NaOH
solution were obtained from Fisher Scientic. Deionized (DI)
water at 18.2 MU was supplied on-site in the laboratory.
2.2 Experimental procedure

2.2.1 Hydrolysis of sugar fraction of the heavy ends of bio-
oil and model compounds. In this work, SF1 bio-oil heavy ends
was produced from autothermal pyrolysis of ferrous sulfate
pretreated corn stover performed at 500 °C. The sugar-rich
fraction obtained from liquid–liquid extraction of the SF1 bio-
oil (heavy ends) with hot water (as shown in Fig. 1) was the
main substrate of hydrolysis in this study. The schematic of
hydrolysis procedure used is illustrated in Fig. 2.

Acid hydrolysis of the sugar fraction of SF1 bio-oil and
individual model compounds, levoglucosan and cellobiosan,
was performed at different temperatures, reaction times and
acid concentrations. Details of the hydrolysis reactor setup and
experimental design are given in Section 2.2.2 and 2.2.3 below.
Sustainable Energy Fuels, 2023, 7, 3361–3374 | 3363
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Fig. 2 Acid hydrolysis of the sugar fraction of SF1 bio-oil heavy ends.
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The ltered, hydrolyzed solution, aer reaction was used for
further analysis while the water-insoluble solids in this solution
were discarded.

2.2.2 Hydrolysis reactor setup. The hydrolysis reaction was
performed in sealed glass reactors using dilute sulfuric acid
solution. Fig. 3 shows the schematic of a laboratory setup for
hydrolysis tests.

A hot plate with oil bath and magnetic stirrer was used to
uniformly heat the glass reactors. Triangular stir bars rotating
at 500 rpm speed were placed in each glass reactor for mixing
the contents. Sealed glass reactor design ensured no sulfuric
acid solution was boiled off during the reaction. In each reactor,
60 mg of sugar fraction of SF1 bio-oil or 30 mg of a sugar model
compound was taken in 6 mL of sulfuric acid solution of
concentration of 50–150 mM. The temperature of the hydrolysis
reaction was varied between 95–115 °C, monitored by a ther-
mocouple, and the reaction time was set between 0 to 3 hours.
Aer the desired reaction time elapsed, the hydrolysis reactors
were removed from the hot oil bath and transferred to a freezer
Fig. 3 Schematic of hydrolysis reactor setup.

3364 | Sustainable Energy Fuels, 2023, 7, 3361–3374
for 15 min to allow them to cool down to room temperature.
Aer cooling, the liquid content of the reactors was extracted
and ltered for further analysis.

2.2.3 Optimization of hydrolysis experiment. A design of
experiments was used to evaluate the impact of three key vari-
ables on hydrolysis of levoglucosan: temperature, acid concen-
tration, and reaction time. Statistical soware JMP was used to
generate a design of experiments (DOE) table to conduct the
hydrolysis tests in a random order. A three-parameter factorial
design based on response surface method was implemented for
constructing the DOE table with a total of 27 experiments. Table
S1 in ESI† shows a matrix of the variables used in the design of
experiments. The temperature was varied as 95 °C, 105 °C, 115 °
C; acid concentrations was varied as 50 mM, 100 mM, 150 mM;
and reaction times tested were 1 h, 2 h, 3 h. Each variable was
coded at three levels (−1, 0, 1) where these values were obtained
according to eqn (1):

CV ¼ AV�M

HR
(1)

where CV is coded value, AV is the actual value, M is the mean
and HR is the half range. Here, the mean (M) values for
temperature, reaction time and acid concentration were 105 °C,
2 h, and 100 mM, respectively.

Aer each hydrolysis experiment, the hydrolyzed sugars were
analyzed using High Performance Liquid Chromatography
(HPLC) and the concentrations of different carbohydrate
compounds were determined using their respective calibration
curves. Conversion of standard substrates, such as levogluco-
san, was determined according to eqn (2):

Xs ¼
�
Cis � Cfs

�

Cis

� 100 (2)

where Xs is the mass conversion of carbohydrate substrate
in wt%, Cis and Cfs are concentrations of the substrate in g L−1

in the reaction solution at initial and nal conditions, respec-
tively, during the hydrolysis reaction.
This journal is © The Royal Society of Chemistry 2023
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Based on conversion of carbohydrates, the unreacted
carbohydrate wt% was calculated according to eqn (3):

Xu = (100 − Xs) (3)

where Xu is the weight percentage of unreacted carbohydrate
remaining in hydrolysis solution.

Yield of glucose from hydrolysis of pure levoglucosan was
calculated using the following expression:

Yg ¼ Cfg

Ag � Cis

� 100 (4)

where Yg is the mass yield of glucose in wt%, Cfg is the nal
concentrations of glucose and Cis is the initial concentration of
carbohydrate substrate (levoglucosan or cellobiosan) in g L−1 in
hydrolysis solution. Ag is an anhydro-correction factor, which is
determined as the ratio of molecular weight of glucose to that of
levoglucosan and is used to account for additional mass in
glucose arising from water via hydrolysis. The molecular weight
of glucose and levoglucosan used in this calculation is 180 and
162 g mol−1, respectively.

It is important to note that hydrolysis of pure levoglucosan
was studied in terms of conversion (or unreacted
carbohydrate wt%) of levoglucosan and glucose yields, whereas
hydrolysis of anhydrosugars in SF1 bio-oil had to be charac-
terized by a combination of levoglucosan conversion and
glucose concentration due to the possibility of glucose
production via hydrolysis of other unknown C6 carbohydrates
present in the sugar fraction of SF1 bio-oil.

2.3 Analytical methods

2.3.1 High performance liquid chromatography analysis.
Carbohydrates such as glucose, xylose, levoglucosan, cellobiose
and cellobiosan from acid hydrolysis of the sugar fraction of SF1
bio-oil were characterized using HPLC system. For this study,
HyperREZ XP Carbohydrate H+ 8 mm (300 × 7.7 mm) column
was used at 8 bar pressure at 25 °C with ultrapure 18.2 MU

deionized water as the mobile phase with 0.2 mL min−1
ow

rate. Refractive Index (RI) detector and appropriate calibration
standards were used for identication and quantication of the
sugars.

2.3.2 Gas chromatography analysis. A Gas Chromatograph
with Mass Spectrometer and Flame Ionization Detector (Agilent
7890B GC-MS/FID) instrument was employed to analyze
furfural, 5-HMF, carbohydrate species such as 1,6-anhydro-b-D-
glucofuranose (AGF), and phenolic monomers. As this analyt-
ical work involved the compound identication by GC-MS only,
the FID part of the GC is not described in this section. The gas
chromatograph was equipped with two identical Phenomenex
ZB 1701 (60 m × 0.250 mm and 0.250 mm lm thickness)
capillary columns for product separation. One of the columns
was connected to the MS and the other was connected with the
FID. The GC injection port and FID back detector were heated at
250 and 300 °C, respectively. Helium was used as carrier gas at 1
mL min−1

ow and an injection volume of 1 mL for samples was
used in this procedure. The temperature of GC oven was raised
from 40 °C (3 min hold time) to 240 °C (4 min hold time) at
This journal is © The Royal Society of Chemistry 2023
a heating rate of 3 °C min−1. To identify compounds of interest
using GC-MS spectra, the database available from National
Institute of Standards and Technology (NIST) Mass Spectral
Library was employed.

2.3.3 Ion chromatography analysis. Ion chromatography or
IC (Dionex ICS 5000 series) was used to determine concentra-
tion of cellobiosan before and aer hydrolysis of the sugar
fraction of SF1 bio-oil when the concentrations were not
detectable by the above HPLC method. In the IC instrument,
a 52 mM NaOH solution served as the mobile phase which was
own at 0.75 mL min−1 while the column was maintained at
25 °C throughout the analysis. An electrochemical gold detector
was used for identication of cellobiosan. Calibration stan-
dards for cellobiosan were prepared for its quantication.

2.3.4 Gel ltration chromatography analysis. Gel ltration
chromatography (GFC) was employed to analyze large molec-
ular weight water-soluble carbohydrates before and aer
hydrolysis in the sugar fraction of SF1 bio-oil. GFC was con-
ducted using Dionex Ultimate 3000 series HPLC system equip-
ped with a Shodex Refractive Index (RI) detector and Diode
Array Detector (DAD) where water was used as the eluent with
a ow rate of 0.8 mL min−1. Two type PL-aquagel-OH-20 5 mm
columns were joined in series in the HPLC system maintained
at 25 °C. Pullulan polysaccharides standards were used to
prepare a calibration curve for analyzing the molecular weight
distribution of water-soluble carbohydrates with MW$ 162 Da.
The molecular weight of polysaccharide standard was in the
range of 180 to 22 000 Da. Common sugars were identied by
comparing their retention times with that of standards
including levoglucosan, D-glucose, xylose, fructose, maltose,
galactose, mannose, sorbitol, arabinose, cellobiosan, cello-
biose, cellotriose, cellotriosan, cellotetraose and maltotetraose,
and yellow dextrin.

3 Results and discussion
3.1 Acid hydrolysis of levoglucosan

The conversion of levoglucosan to glucose via acid hydrolysis at
95–115 °C for 1–3 h using 50–150 mM sulfuric acid is presented
in Fig. 4. Generally, levoglucosan conversion increased with
acid concentration at all temperatures and reaction times which
correlated with an enhanced yields of glucose at these condi-
tions. For all acid concentrations and reaction times, both lev-
oglucosan conversion and glucose yields increased strongly
with increasing hydrolysis reaction temperature. For any
temperature and acid concentration, levoglucosan conversion
and glucose yields were enhanced by longer reaction times.

Overall, the effect of acid concentration and temperature on
levoglucosan conversion and glucose yield were more prom-
inent than the effect of reaction time. For instance, Fig. 4a and c
show that both levoglucosan conversion and glucose yields at
95 °C with 50 mM sulfuric acid increased by only 1.2 and 2.2
times, respectively, when reaction time increased from 1 to 3 h
in hydrolysis. On the other hand, increasing acid concentration
from 50 to 150 mM at this temperature enhanced the levoglu-
cosan conversion and glucose yield by 5.3 and 2.7 times,
respectively, within only 1 h of reaction time, indicating
Sustainable Energy Fuels, 2023, 7, 3361–3374 | 3365
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Fig. 4 Unreacted levoglucosan in wt% (hollow) and glucose yields in wt% (solid) with increasing acid catalyst concentrations at 95 °C (circle),
105 °C (triangle), and 115 °C (square) at different acid hydrolysis reaction times: (a) 1 h; (b) 2 h; (c) 3 h.
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a stronger effect of acid concentration on hydrolysis compared
to reaction time. Furthermore, a change of temperature from 95
to 115 °C at 1 h of reaction using 50 mM acid facilitated a rise of
14.3 and 5.2 times in levoglucosan conversion and glucose
yield, respectively. Similar trends at 2 and 3 h of hydrolysis
(Fig. 4b and c) show that temperature had the strongest positive
3366 | Sustainable Energy Fuels, 2023, 7, 3361–3374
effects on hydrolysis of levoglucosan, followed by acid concen-
tration and reaction time. Furthermore, this general trend of
strongest inuence of temperature on levoglucosan hydrolysis,
especially below 120 °C, followed by acid concentration and
reaction time, is in agreement with the observations reported by
other researchers in the past.25,27,32
This journal is © The Royal Society of Chemistry 2023
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Interestingly, above 105 °C, higher acid concentrations (100–
150 mM) did not exhibit a signicantly larger improvement in
glucose yields from levoglucosan hydrolysis than did longer
reaction times (2–3 hours). In fact, hydrolysis at 105 °C clearly
demonstrates that enhancing glucose yields from 55 wt% to
75 wt%was possible simply by extending the reaction time from
2 to 3 h during hydrolysis using 100 mM acid (see Fig. 4b and c).
In contrast, a similar improvement in glucose production
(55 wt% to 70 wt% yield) could only be obtained at 2 h by adding
more acid (i.e. increasing from 100 to 150 mM H2SO4) at the
same temperature. The above phenomena can help a great deal
in conducting hydrolysis of levoglucosan and bio-oil at signi-
cantly more dilute loadings of acid catalyst utilizing the bene-
cial combination of high temperatures and long reaction
times. However, the downside of longer reaction times is the
need for a larger volume of reactor. Nevertheless, an optimum
design of the ow reactor (e.g. plug ow or reactors-in-series)
could in principle lower the cost for a high space time.

The effects of the hydrolysis reaction conducted at different
temperatures and acid concentrations were combined to create
a matrix and obtain a contour plot for maximum glucose yields
observed at 3 h of reaction time from levoglucosan hydrolysis
(see Fig. 5).

Fig. 5 indicates glucose yields greater than 70 wt% can be
achieved in hydrolysis of levoglucosan at temperatures between
105 and 115 °C, while keeping the acid level at above 100 mM in
the solution. The maximum levoglucosan conversion and
glucose yield achieved were, 97 wt% and 106 wt%, respectively,
at 115 °C and 3 h reaction time using 150 mM sulfuric acid.
Previously reported optimum conditions for achieving up to
99 wt% levoglucosan conversion and 100 wt% glucose yields
from levoglucosan hydrolysis require a temperature over 120 °C
and up to 500 mM concentration of sulfuric acid in the
reactor.29,32 In comparison, the optimum reaction condition for
levoglucosan hydrolysis developed in this work enables oper-
ating at a lower temperature, and signicantly lower acid
concentration, which is generally more desired for sustainable
and economic biorening.
Fig. 5 Glucose yields (wt%) with temperature and acid concentrations
for hydrolysis of levoglucosan observed at 3 h reaction time shown as
a contour plot.

This journal is © The Royal Society of Chemistry 2023
3.2 Acid hydrolysis of sugar fraction of the heavy ends of bio-
oil

Fig. 6 depicts levoglucosan conversion and simultaneous
glucose production during hydrolysis of sugar fraction of SF1
bio-oil at different temperatures and acid concentrations over
the course of 1 to 3 h of reaction times. An overall similar trend
between acid hydrolysis of pure levoglucosan and bio-oil was
noticed. In general, increasing acid concentration led to an
increase in levoglucosan conversion and glucose production at
all temperatures and reaction times. For any acid concentration
and reaction time, levoglucosan conversion and glucose
production both enhanced sharply with increasing reaction
temperature. Further, at a xed temperature and acid concen-
tration, levoglucosan conversion and glucose production
increased with reaction time.

Since the sugar fraction of SF1 bio-oil is primarily rich in
anhydrosugars, particularly levoglucosan, we hypothesized that
the key variables in hydrolysis of bio-oil anhydrosugars would
have similar overall effects as observed in the hydrolysis of pure
levoglucosan. Indeed, acid concentration and temperature in
hydrolysis of bio-oil anhydrosugars exhibited stronger effects
on levoglucosan conversion and glucose production compared
to the reaction times. At 95 °C and 50mM acid concentration, as
shown in Fig. 6a and c, conversion of levoglucosan in bio-oil
increased by only 50% when hydrolysis time increased from 1
to 3 hours. A well-corresponded 50% increase in glucose
concentration occurred due to the same change in hydrolysis
conditions. As hypothesized, raising acid concentration from 50
to 150 mM within 1 h of reaction at this temperature boosted
the levoglucosan conversion and glucose production by 65%
and 61%, respectively, indicating a stronger effect of this vari-
able on hydrolysis than reaction time. At higher temperatures,
the effect of reaction time on levoglucosan conversion was
signicantly more pronounced at a xed acid concentration.
Furthermore, ramping the temperature from 95 to 115 °C at 1 h
reaction time with 50 mM acid increased levoglucosan conver-
sion and glucose production by 3.9 and 1.5 times, respectively.
Similar trends at 2 and 3 h of hydrolysis (Fig. 6b and c) suggest
that temperature had the most positive effect on hydrolysis of
bio-oil anhydrosugars, followed by acid concentration and
reaction time. The above general trend of effects of temperature,
acid concentration and reaction time on hydrolysis of bio-oil
anhydrosugars is in agreement with the past research
studies.25,27

The enhancement of levoglucosan conversion and glucose
production by reaction time could be further improved at
higher acid concentrations and temperatures. For instance,
hydrolysis of bio-oil anhydrosugars at acid concentration of
50 mM at 95 °C boosted both levoglucosan conversion and
glucose concentration by 1.5 times when reaction time was
increased from 1 to 3 h. At this temperature, a higher acid
concentration of 150 mM further helped in reaching 2.3 and
1.75 times improvement in levoglucosan conversion and
glucose concentration, respectively, for the same change in
reaction time. In addition, a larger increase in levoglucosan
conversion and glucose concentration of 1.85 and 1.72 times,
Sustainable Energy Fuels, 2023, 7, 3361–3374 | 3367
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Fig. 6 Concentration of levoglucosan (hollow) and glucose (solid) in sugar fraction of SF1 bio-oil with increasing acid catalyst concentrations at
95 °C (circle), 105 °C (triangle), and 115 °C (square) at different acid hydrolysis reaction times: (a) 1 h; (b) 2 h; (c) 3 h.
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respectively, could be seen due to elevating the temperature
from 95 to 115 °C at 50 mM acid concentration owing to the
same change in reaction time. Similar to the inuences of acid
concentration and temperature on reaction time, acid concen-
tration and temperature were positively inuenced by the other
two variables in hydrolysis of bio-oil anhydrosugars.
3368 | Sustainable Energy Fuels, 2023, 7, 3361–3374
Importantly, as observed in the case of pure levoglucosan
hydrolysis, reaction time had nearly the same or stronger effect
on glucose production during the hydrolysis of bio-oil anhy-
drosugars as compared to acid concentrations in between 100 to
150 mM at all temperatures. In fact, hydrolysis at 115 °C
demonstrates (see Fig. 6b and c) that a 9% increase in glucose
This journal is © The Royal Society of Chemistry 2023
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Table 1 Composition of sugar fraction of SF1 bio-oil before and after
acid hydrolysis at 115 °C, 3 h using 150 mM H2SO4

Sugar products

Concentrations (g L−1)

Before hydrolysis Aer hydrolysis

Levoglucosan 123.33 0.00
Glucose 0.00 154.16
Xylose 26.32 55.88
Cellobiosan 3.26 0.00
Total sugars 152.91 210.04
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concentration could be achieved from 2 to 3 h of hydrolysis with
100 mM acid concentration. However, loading more acid in
solution, i.e. using 150 mM of sulfuric acid at 2 h of reaction at
this temperature, improved the concentration of glucose by 8%
only. The choice of longer reaction time over higher acid
concentration at relatively high temperatures to produce the
same or higher concentration of glucose during the hydrolysis
of sugar fraction of the heavy ends of bio-oil could be greatly
favorable for downstream fermentation of glucose. Reducing
acid concentration from 150 to 100 mM in hydrolysis translates
to about 32% decrease in salt production by acid neutralization
with NaOH. This effect, in addition to improving sugar
fermentation rates, could also benet the economics of scaling
up hydrolysis for a pyrolysis-based biorenery.
3.3 Best result of acid hydrolysis of sugar fraction of the
heavy ends of bio-oil

For acid hydrolysis of sugar fraction of SF1 bio-oil, the effects of
hydrolysis temperatures and acid concentrations on maximum
glucose production observed at 3 h reaction time were inte-
grated in amatrix to obtain a contour plot as presented in Fig. 7.
It can be seen from Fig. 7 that glucose concentrations higher
than 100 g L−1 can be attained in hydrolysis of this bio-oil
fraction between 105 and 115 °C, if acid concentration is
maintained at over 100 mM.

Based on the above results, we identied the best condition
for hydrolysis of SF1 bio-oil anhydrosugars to be 115 °C and 3 h
with 150 mM sulfuric acid. The above hydrolysis process
producing glucose at 154 g L−1 concentration employs a milder
condition and uses signicantly less sulfuric acid as compared
to the previous reports on hydrolysis of bio-oil anhydrosugars,
which makes this process more compatible with downstream
adsorption-based sugar cleaning and fermentation processing
units in a pyrolysis biorenery targeting to produce bio-ethanol
or other chemicals.19,27

Composition of carbohydrates in the sugar fraction of SF1
bio-oil before and aer acid hydrolysis at this optimum condi-
tion is presented in Table 1. Initially, the sugar fraction of SF1
Fig. 7 Glucose production (g L−1) with temperature and acid
concentrations for hydrolysis of sugar fraction of SF1 bio-oil observed
at 3 h reaction time shown as contour plot.

This journal is © The Royal Society of Chemistry 2023
bio-oil mainly consisted of levoglucosan (123 g L−1), xylose (26 g
L−1) and cellobiosan (3 g L−1), which were the major carbohy-
drates detected. Aer hydrolysis at the optimum, levoglucosan
and cellobiosan in sugar fraction of SF1 bio-oil were completely
converted to glucose. In fact, the nal concentrations of glucose
surpassed the stoichiometric amounts produced from full
conversion of levoglucosan and cellobiosan in the above bio-oil
fraction. Post-hydrolysis nal concentration of xylose was also
signicantly higher than the initial concentration of the sugar
in this bio-oil fraction, showing more than 100% increase in
concentration. Final glucose and xylose concentration attained
by hydrolysis were 154 g L−1 and 56 g L−1, respectively, consti-
tuting the majority of hydrolyzed sugar fraction of SF1 bio-oil.

Production of an excess amount of glucose compared to its
theoretical yield by hydrolysis of C6 anhydrosugars in the sugar
fraction of SF1 bio-oil was anticipated as a result of other
carbohydrates in the sugar fraction being hydrolyzed along with
levoglucosan, as previously reported in literature.22 Dilute acid
hydrolysis of dimeric C6 anhydrosugars in pyrolytic bio-oil, such
as cellobiose and cellobiosan, can contribute to glucose yield
beyond that expected for levoglucosan hydrolysis.26 However,
glucose concentrations achieved at the optimum condition in
this work cannot be fully explained by theoretical conversion of
levoglucosan and cellobiosan solely. Further, the doubling of
xylose concentration aer hydrolysis point toward the possi-
bility of undetected hydrolyzable carbohydrates being present
in the sugar fraction of SF1 bio-oil. Therefore, we hypothesized
that hydrolysis of additional water-soluble C6 and C5 carbohy-
drates of molecular weight larger than mono- and dimeric
structures, present in the sugar fraction of SF1 bio-oil, could
contribute to excess glucose and xylose production. A detailed
investigation of this possible reaction pathway using GFC
method is further discussed in Section 3.4 below.
3.4 Hydrolysis of large molecular weight carbohydrates in
sugar fraction of the heavy ends of bio-oil

GFC analysis of the water-soluble carbohydrates in initial and
hydrolyzed sugar fraction of SF1 bio-oil is illustrated through
Fig. 8a and b. These chromatographs clearly show that water-
soluble species of molecular weight larger than 364 (cellobio-
san MW = 364) appeared in the sugar fraction of SF1 bio-oil.
Aer hydrolysis at 115 °C for 3 h using 150 mM sulfuric acid,
these large molecular weight (MW) species completely dis-
appeared along with levoglucosan and cellobiosan. Only
Sustainable Energy Fuels, 2023, 7, 3361–3374 | 3369
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Fig. 8 GFC spectra of (a) initial and (b) hydrolyzed sugar fraction of SF1 bio-oil, and (c) hydrolyzed individual carbohydrates standards. Hydrolysis
was performed at 115 °C for 3 h with 150 mM sulfuric acid.
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glucose and xylose could be detected by GFC aer hydrolysis at
the above condition in this bio-oil fraction. This indicates that
the larger MW water-soluble species detected in GFC must be
hydrolyzable C6 and C5 sugar oligomers.

GFC spectra of hydrolyzed levoglucosan, cellobiosan and
xylose standards, as shown in Fig. 8c, further supports the
argument that glucose and xylose were the only products in the
hydrolysis solution. The absence of any water-soluble large MW
species post-hydrolysis further conrms that glucose and xylose
did not go through dehydration and repolymerization to
generate newmolecules of C6 and C5 sugar oligomers that could
subsequently participate in hydrolysis. This corroborates the
claim that sugar fraction of SF1 bio-oil produced from pyrolysis
is the main source of hydrolyzable C6 and C5 sugar oligomers,
responsible for excess production of glucose and xylose. The
above hypothesis was further supported by GFC analysis of
individual carbohydrate standards.

As shown in Table 2, GFC retention times of several biomass-
derived monomeric and oligomeric C6 and C5 sugar standards
conrmed that the above water-soluble large MW species are
3370 | Sustainable Energy Fuels, 2023, 7, 3361–3374
indeed non-monomeric and could closely resemble with
cellulose-derived water-soluble sugar oligomers. In fact,
cellulose-derived carbohydrate moieties of degree of polymeri-
zation greater than 2, such as cellotriosan, cellotriose, cellote-
traosan, cellotetraose as well as yellow dextrin (products of
thermal processing of starch) exhibited a similar range of GFC
retention times with the water-soluble large MW carbohydrates
detected in sugar fraction of SF1 bio-oil shown in Fig. 8a.

Furthermore, as depicted by Table 3, the complete absence
of 5-HMF and furfural before and aer hydrolysis in the GC-MS
spectra of the sugar fraction of SF1 bio-oil suggests that the
GFC-detected large MW species could not be generated by
condensation of 5-HMF, a dehydration product of glucose.
Rather, according to Table 3 data, the presence of anhydrosugar
dimers in sugar fraction of SF1 bio-oil, such as 1,4:3,6-dianhy-
dro-a-D-glucopyranose, could attribute to excess glucose
production by hydrolysis. Therefore, water-soluble large MW
species detected by GFC were concluded to be C5 and C6 sugar
oligomers which were hydrolyzable to excess glucose and xylose.
This journal is © The Royal Society of Chemistry 2023
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Table 2 Retention times of pure standards of water-soluble C6 and C5 sugar monomers and oligomers in gel filtration chromatography

Carbohydrate standard GFC retention time (min)

Levoglucosan 26.863
Glucose 23.588
Xylose 24.160
Cellobiose 23.065
Cellobiosan 24.158
Maltose 23.174
Galactose 23.480
Mannose 23.975
Fructose 23.879
Sorbitol 23.537
Arabinose 23.931
Cellotriosan 23.489
Cellotriose 22.604
Cellotetraosan 22.980
Cellotetraose 22.257
Maltotetraose 22.491
Yellow dextrina 10.822, 19.105, 20.674, 23.538, 24.158, 26.849, 28.231

a Yellow dextrin: This is a group of low-molecular weight C6 carbohydrate products of the dry thermal processing of starch. The product is also
known as pyrodextrin. Researchers have suggested that dextrin is formed by depolymerization of the starch chain, accompanied by dehydration
reaction, into smaller molecules terminated by levoglucosan type units. Due to their formation process, dextrin has variable molecular weight
and hence appears over a range of retention times during the GFC analysis.33
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Past literature suggests that hydrolyzable sugar oligomers
present in bio-oil are likely derived as anhydro-oligosaccharides
from pyrolysis of biomass.34,35 Further characterization of these
large MW carbohydrate species using advanced analytical
techniques, is required to fully investigate their role in the
hydrolysis of the sugar fraction of bio-oil heavy ends which was
outside the scope this work.34–36
3.5 Kinetic modeling of acid hydrolysis of levoglucosan and
bio-oil anhydrosugars

A kinetic modeling for the hydrolysis of levoglucosan as model
compound and bio-oil anhydrosugars was developed assuming
rst order kinetics of levoglucosan conversion to glucose. The
kinetic rate constant related to temperature and acid concen-
tration was applied using the following Arrhenius relationship
as given in eqn (5):
Table 3 Retention times of major products of initial and hydrolyzed sug

Product

Acetic acid derivative
Furfural
5-HMF
1,6:2,3-Dianhydro-4-O-acetyl-b-D-gulopyranose
2,3-Anhydro-D-mannosan
1,4:3,6-Dianhydro-a-D-glucopyranose
Phenolic monomer
Xylose
Methyl 4-O-acetyl-2,3,6-tri-O-ethyl-a-D-galactopyranoside
Levoglucosan
1,6-Anhydro-b-D-glucofuranose

a N.D.: not detected.

This journal is © The Royal Society of Chemistry 2023
k1 = [H2SO4]
nA e−E1/RT (5)

where [H2SO4] is the acid concentration, n is order of reaction, A
is pre-exponential factor (empirically derived), R is the universal
gas constant, E1 is the activation energy, and T is the tempera-
ture (in Kelvin). Kinetic rate constants and pre-exponential
factors were calculated using data reported by Helle et al.32

The model, computed in Python, calculated the concentra-
tions of levoglucosan and glucose (with anhydro-correction) for
all the temperatures and reaction times studied in this work.
Fig. 9 shows that these modeling data of levoglucosan conver-
sion and glucose formation matched well in the overall trend
with the experimental data of hydrolysis of control levogluco-
san. It is important to note that while the modeling data for
levoglucosan conversion were slightly lower than our experi-
mental data, the reverse was true for glucose production. A
ar fractions of SF1 bio-oil detected by GC-MS

GC-MS retention time (min)

Before hydrolysis Aer hydrolysis

N.D.a 6
N.D. N.D.
N.D. N.D.
40 N.D.
40.5 N.D.
41 N.D.
42–45 N.D.
48 N.D.
56.5 N.D.
57.5 N.D.
63 N.D.
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Fig. 9 Kinetic modeling data of (a) levoglucosan conversion and (b) glucose production from levoglucosan hydrolysis.

Fig. 10 Kinetic modeling data of (a) levoglucosan conversion and (b) glucose production from hydrolysis of sugar fraction of SF1 bio-oil.
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similar trend was observed for kinetic modeling of hydrolysis of
the bio-oil anhydrosugar as shown in Fig. 10. For hydrolysis of
bio-oil anhydrosugars, the modeling data underestimates the
experimental data of glucose concentrations by a larger gap
compared to that observed in case of hydrolysis of pure levo-
glucosan. This phenomenon can be attributed to excess glucose
production from C6 sugar oligomers. This suggests that a good
initial estimate of glucose yields from the tested hydrolysis
conditions can be attained using this kinetic modeling but
further validation with experiments is necessary for process
design and optimization.
4 Outlook and prospects

Minimizing the use of liquid sulfuric acid is an important
aspect to consider in process development of acid hydrolysis of
bio-oil anhydrosugars from the perspective of sustainability. In
addition, calls to rapidly decarbonize the economy are predicted
to create a massive shortfall of sulfuric acid supply by 2040.37

This growing challenge of sulfuric acid availability and thus
cost, difficult handling and wastewater treatment related to
waste acid neutralization demand for minimal use of acid or
3372 | Sustainable Energy Fuels, 2023, 7, 3361–3374
replacement in chemical processes. Currently, researchers are
working on to design solid acid catalysts for hydrolysis of
anhydrosugars which could be great alternatives if the associ-
ated challenges of catalyst deactivation and recovery of solid
phenolics as by-product are addressed.23 Another option can be
to use bio-based organic acids such as oxalic acid or acetic acid.
Future research should focus on development of alternative
acid catalysts that are cost-effective, greener, thermochemically
stable and easily separable from the by-products downstream
for sustainable growth of any pyrolysis based biorenery.
5 Conclusions

We have developed a mild hydrolysis process to convert bio-oil
anhydrosugars produced from autothermal pyrolysis of iron
sulfate pretreated biomass into glucose that can be upgraded to
biofuel by fermentation. The study on the effects of hydrolysis
temperature, reaction time and acid concentration on levoglu-
cosan conversion and glucose production led to identifying an
optimum at 115 °C aer 3 h reaction using 150mM sulfuric acid
for maximizing glucose production from the sugar fraction of
the heavy ends of bio-oil. Overall, the effect of temperature and
This journal is © The Royal Society of Chemistry 2023
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acid concentrations were more pronounced in increasing
glucose production as compared to the hydrolysis time. The
mild hydrolysis of bio-oil anhydrosugars helped in reaching
a 100 wt% levoglucosan conversion and a remarkably high
glucose concentration of 154 g L−1 at optimum conditions
owing to the hydrolysis of large molecular weight, water-soluble
carbohydrate oligomers, present in the sugar fraction of bio-oil
heavy ends in addition to levoglucosan and cellobiosan.
Compared to commonly available routes, this mild hydrolysis
process uses signicantly lower homogeneous acid concentra-
tions and low temperatures, which makes it an excellent t for
downstream separation and fermentation processes and also
promising as a cost-effective, scalable technology for integra-
tion into a pyrolysis-based biorenery.
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