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Abstract — Furfural is a biomass derived-chemical that can be
used to replace petrochemicals. In this study, dilute sulphuric
acid hydrolysis was used for hemicelluloses secession from birch
wood. The reaction was investigated at different biomass
treatment times (10-90 min, increasing it by 10 min). We found
that the greatest amount of furfural 1.4-2.6%, which is 9.7-17.7%
from theoretical possible yield, was formed in the first 30 min of
the beginning of birch wood pentoses monosaccharide
dehydration, but the greatest yield of furfural 10.3%, which is
70.0% from the theoretical yield, can be obtained after 90 min.
Given that furfural yield generally does not exceed 50% from the
theoretical amount, the result can be considered as very good.
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I. INTRODUCTION

However rich our planet's nature and however varied its
resources, these reserves are not inexhaustible. With the
increasing consumption, some of the resources will be
depleted faster than they can be reproduced or faster than
science and the production industry will be able to offer
solutions for replacing them with other resources or raw
materials. One of the alternatives is to start to use biomass as a
raw material for the production of various chemical products.

Generally biomass is understood as organic materials such
as wood, grass, algae, agricultural crops and their residues and
wastes, including some animal waste [1]. All of these
materials originally result from the biological photosynthesis
from readily available atmospheric CO,, water and sunlight
[2]. Therefore, biomass is a sustainable and green feedstock
for the generation of organic chemicals with net zero carbon
emission that can eventually replace those that derived from
petrochemical resources [2], [3], [4] and is a major challenge
for green chemistry [3], [4].

The components of biomass include a large number of
organic molecules such as carbohydrates, fats, oils, lipids,
proteins and other compounds [2], [5]. Among them,
carbohydrates are the primary energy-storage molecules.
Carbohydrates are the main structural components of the cell
walls of plants, in which they consist of three polysaccharides
— cellulose, hemicelluloses and pectins [6], and are tightly
bound to the lignin [7]. Any materials rich in cellulose,
hemicelluloses, and lignin are commonly referred to as
lignocellulosic biomass. For example, agriculture residues
(e.g., sugarcane bagasse, corn stover, rice straw, etc.), wood,
herbaceous and woody energy crops are typical sources of
lignocellulosic biomass [8].

Due to the complex structure of plant cell walls,
lignocellulosic biomass is more difficult to break down into
sugars than starch [9]. Therefore, processing of lignocellulosic
biomass to bioethanol consists of four major unit operations:
pretreatment, enzymatic hydrolysis, fermentation and product
separation/purification [10], [11].

Pretreatment is one of the most important stages of
bioethanol extraction, where the mechanical structure of the
lignocellulosic biomass cell wall is changed [10], [11], [12].
Pretreatment effects include: an increase of the accessible
surface area, cellulose decrystallization, partial cellulose
depolymerization, hemicelluloses and/or lignin solubilization,
and the modification of the lignin structure [11].

Degradation products with an inhibitory effect on the
fermentation process may form during the lignocellulosic
biomass pretreatment process. These inhibitors have toxic
effects on the fermenting organisms, thus reducing bioethanol
yield and productivity [13], [14]. Therefore, the optimal
approach is to prevent the formation of inhibitors as much as
possible through (adaptation of) the pretreatment process
conditions or other measures.

One of the greatest inhibitors in the pretreatment process is
2-furaldehyde or furfural (Figure 1) [14] which is generally
derived from Cs polysaccharides - pentosans (Figure 2),
mainly xylose and arabinose, that are contained in the
hemicellulose of lignocellulosic materials [15], [16], [17],
[18]. However furfural itself has been identified as one of the
top 30 high-value, bio-based chemicals. In the chemical
industry it is an important chemical solvent which has been
used for separating saturated and unsaturated compounds in
petroleum refining, gas, oil and diesel fuel. In addition,
furfural and its derivatives are also in high demand for use in
the plastic, food, pharmaceutical and agricultural industries
[3], [16], [17], [18], and have also been used to make jet and
diesel fuel range alkanes, to serve as a gasoline blendstock
[19], [20].
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Fig. 1. Furfural chemical structure

So it is very important to combine the production of furfural
and bioethanol in the same process, but so far this was not
possible even in theory, because in all known furfural
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extraction technologies 40-50% of the cellulose is destroyed
during furfural formation when biomass with high pentosan
content is used [17].

Therefore, to resolve this problem and at the same time
improve ecology and economy of the pretreatment process, the
kinetic parameters of furfural formation need to be changed.

The main objective of this study is to determine the
influence of time on the formation of furfural dynamics and its
yield from lignocellulosic biomass with high pentosan content
in the biomass pretreatment process. Acid-catalytic
dehydration, which is the only route for production of furfural
in today's chemical industry [17], [18] was used as the
biomass pretreatment method in this research.

HO OH HO OH HO OH
N/ \ \ A
CH—CH CH—CH CH—CH CH—CH
\ 0 \
HO CH /CH—O—CH CH—O +H —» HO CH /CH—8—0< CH—O
H,C—O H,C—O H,C—O H,C—O
n n
Pentosans ’
OH OH OH OH OH OH
/ \ N/
CH—CH CH—CH CH—CH
\o / N\ /\
OH—CH CH + OH--CH CH—O0—cCH CH—O
/ \ /
CH,—O CH,—O CH,—O
n-1
OH OH OH OH OH OH
CH—CH CH—CH CH—CH
@ ® / ®
OH—cCH CH +H,0 —» OH—CH CH—OH, — OH—CH CH—oOH +H
CH,—O CH,—O CH,—O
Pentose
CH—CH\ ¢ H
©c//H \CH OH &5—H
| N/
< © CH—cCH
H— \\

o OH—CH CH—OH

/ N/
-H,0 HC——CH CH,—O
) H o

J N\ 7
CH—CH
H\ o // \\ HC\ /C_C\o l H,0
o—=C CH—OH o
/ Furfural X
" C\ \CH—C®H
H/ \o \

\ OH—C}< /CH—OH
H

/N \
OH—CH CH—OH SH—CH
/C\ :[F OH—CH CH—OH
H o] -
CH=—0

T, p, H®
Overall reaction: (C5H304)n - nH,0 — nCsH0,

Fig. 2. The mechanism for the hydrolysis of pentosans and dehydration of pentose to furfural [18]
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II. EXPERIMENTAL

A. Preparation of birch wood

Birch wood was used as the raw material, because it is one
of the most widespread tree species in Latvia [21] and has a
high content of cellulose and hemicellulose (Table I).

At first birch wood logs were chipped to technological
woodchips scale (Figure 3) and air-dried to room moisture,
then sorted to a size between 10 and 20 mm and stored in
sealed plastic barrels for further use.

Fig. 3. Prepared birch wood chips for experiments

B. Chemical composition analysis of birch wood

In order to create the diffusion of reagent into the material
and ensure complete reaction of analytical process, the test
material has to be crushed up to 0.25 — 0.40 mm particle size
in the laboratory. Therefore chipped and sieved birch wood
chips were milled by a Wiley-type mill to 0.30 mm particle
size according to the TAPPI 257 method [22]. The milled
birch wood shavings were kept in a sealed plastic barrel at
room temperature until used. Extractives were analyzed as
described by the ASTM [23] and TAPPI methods [24], [25]:
samples were extracted with acetone (4 h) and hot water (3 h)
at boiling temperature. Hemicelluloses was analyzed as
described by the “Easily hydrolysable polysaccharides”
method [26], whereby the extracted test material samples were
hydrolyzed 3 h with 5% sulfuric acid at boiling temperature.

The lignin content of the hydrolyzed material was
determined in accordance with the “Difficult hydrolysable
polysaccharides” method [26].

The cellulose content was determined by today's most
widely used and experimentally most simple determination —
the Kirschner-Hoffer method, where the test material is
exposed to a concentrated nitric acid and ethanol solution [26],
and the theoretical furfural yield was determined by the
method “Determination of potential furfural” [31].

TABLE I
CHEMICAL COMPOSITION OF BIRCH WOOD
Detected content In literature data
Component (%, from oven- (%, from References
dried wood) oven-dried wood)

Extractives 4.0 34-45
Hemicelluloses 26.3 26.5-28.7 [271, [28]
Cellulose 44.9 35.4-43.9 [291. [31]
Lignin 23.8 19.1-25.8
&;‘;ﬁg‘;il q 14.67 143-16.6 1291, [31]

C. Hydrolysis

Before the furfural extraction from birch wood was started,
the prepared woodchips were mixed with a catalyst solution in
a specially constructed blade shape mixer. A dilute sulfuric
acid solution which is commonly used in industrial practice
for obtaining furfural from different plant raw materials was
used as a catalyst [17].

The birch wood chips that were mixed with a dilute
sulphuric acid solution were treated with a continuous steam
flow in an original pilot plant (Figure 4), which makes it
possible to model the industrial process. The diameter of the
main reactor of this pilot plant is 110 mm, height 1450 mm
and volume 13.7 dm’.

To ensure a constant temperature in the reaction zone
during the whole process, the reactor has a heat insulation
system with corresponding automatic equipment, making it
possible to maintain a constant temperature during the whole
process.

In this reactor, the material was treated with flow of a
continuous steam. The time of biomass pretreatment was
changed from 10 to 90 min, increasing it by 10 min, with the
catalyst concentration, catalyst amount and process
temperature as the constant parameters of the hydrolysis
process. Condensate samples which contain furfural were
taken after each 10 minute time period.

Fig. 4. The original pilot plant

D. Determination of furfural concentration

The “Potassium bromide-bromate” method [26] was used to
study the influence of time on the formation of furfural
dynamics and its yield. This method is based on the
disruption of furfural double bonds by the action of bromine
(Figure 5).

Complete bromination of furfural to tetrabromfurfural ends
only after 1 hour. During the first 4 min period of the
bromination reaction, 50% of all bromine is used, and it can be
assumed that dibromfurfural is formed from furfural. The
remaining 50% of bromine is used in the last 56 min that form
up tetrabromfurfural from dibromfurfural. Therefore, the 4
min bromination time period is used for analysis to save time.
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Then the free iodine is treated with the sodium thiosulfate
solution:

2Na2 SZO3+12—>2NaI+NaZS406

The amount of furfural is determined by the amount of the
used bromine that is equivalent to the isolated quantity of
iodine. The amount of furfural in hydrolyzate was calculated
by the equation (1):

(a-b)'V-0.0024
n-Go '

Furfural,%— 100 M

where

a — thiosulphate volume in the blank test, mL;

b — thiosulphate volume in the condensate test, mL;

V-volume of the condensate, which was obtained in the
hydrolysis process, mL;

n—volume of the condensate, which was taken for analysis,
mL;

G,oven-dry mass of the sample, which was taken for
analysis, g;

0.0024— mass of furfural, which corresponds to 1 mL of
sodium thiosulphate solution.

III. RESULTS AND DISCUSSION

The time of biomass treatment is one of the main
technological parameters. To study the influence of the
biomass pretreatment time on the formation of furfural
dynamics and its yield, we selected nine different residence
times, i.e. 10, 20, 30, 40, 50, 60, 70, 80 and 90 min. In order to
compare the results of the study with theoretical results, all the
results obtained were calculated on oven-dried wood.

Fig. 6. Amount of furfural from birch wood after the 1st 10 min period from
the beginning of the birch wood dehydration process.

A similar amount of furfural, i.e. 2.09-2.33% (Figure 7),
which is 14.25-15.88% of the theoretically possible amount,
was also obtained in the next 10 min period from the
beginning of the process. In the next 10 min period, the
amount of furfural was from 1.42% to 1.67% (Figure 8),
which, respectively, was from 9.68% to 11.38% of the
theoretically possible amount.

Continuing birch wood hydrolysis, the amount of furfural
formation gradually reduced. In the S5th 10 min period, the
amount of furfural was only from 0.79% to 0.87%, but in the
9th 10 min period the average amount of furfural was 0.32%.

og
o

A

o O

ftom®vep-dried
o o

— Amoynt |Q_,f f%furlgl, %,
o

‘™
o

a e*P-

20 o 20 ol -ﬁ? ol

o
e 2nd 1(?’?nin period

Fig. 7. Amount of furfural from birch wood after the 2nd 10 min period from
the beginning of the birch wood dehydration process.
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Fig. 8. Amount of furfural from birch wood after the 3rd 10 min period from
the beginning of the birch wood dehydration process.

In summary, it could be said that the greatest amount of
furfural was formed in 10 to 30 min from the beginning of the
birch wood pentoses monosaccharide dehydration process. As
shown in Figures 6, 7 and 8, however, the obtained yields of
furfural at the same time intervals vary. This can be explained
by the fact that, in spite of the initial pretreatment of birch
wood chips, the furfural obtaining reaction (Figure 2) occurs
in heterogeneous media, because the chips poured in the
reactor can form an uneven layer and the wood chips
themselves are not a homogeneous. Consequently, the furfural
yield may vary. For example, as shown in Figure 6, the lowest
furfural yield 2.34% was obtained in the 50 min experiment,
that from the average yield of furfural, that is 2.52%, diverse
by 6.6%, but the largest yield 2.62% by 4.6%. Taking into
account the above factors, which have an affect on the amount
of furfural formation and the fact that, during the first 2 min of

and pressure must be achieved, the obtained results can be
considered as good.

Similar correlations are also observed in the subsequent
intervals of time.

B. Influence of time on furfural yield

The results of the study on the yield of furfural from birch
wood have shown (Table II) that the greatest yield of furfural
10.27%, which is 70% of the theoretical yield, can be obtained
after 90 min. Given that the furfural yield generally does not
exceed 50% of the theoretical amount, the result can be
considered as very good. Thus, it is possible to obtain a high
added value product and create a cleaner production
technology using the dilute acid hydrolysis pretreatment
method for preparing biomass for bioethanol production.

Iv.

1. The greatest amount of furfural was formed from 10 min to
30 min of the beginning of birch wood pentoses
monosaccharide dehydration.

2. By increasing the time of biomass treatment in the range
from 10 to 90 min, the amount of furfural increased from
2.6% to 10.3%, which is 17.6-70.0% of the theoretical
yield. Given that furfural yield generally does not exceed
50% of the theoretical amount, the result can be considered
as very good.

3. Due to the fact that lignocellulose remains after the
extraction of furfural, as it has become more accessible for
bacteria or enzymes, the results of this study will be the
basis for further research on the acquisition of second-
generation biofuel from birch wood.

CONCLUSIONS
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