
ORIGINAL ARTICLE

Neutrals influence on the water resistance coefficient
of phenol-formaldehyde resin modified by wood pyrolysis
liquid products

Sergey Zabelkin1,2
& Aygul Valeeva1 & Almira Sabirzyanova1 & Andrey Grachev1,2 & Vladimir Bashkirov1

Received: 16 June 2020 /Revised: 10 September 2020 /Accepted: 17 September 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
This article presents the results of the investigation of the properties of phenol-formaldehyde resin, obtained using the phenol-
replacing fraction. A two-step method was developed for phenol-replacing fraction separation from liquid pyrolysis products
with a yield up to 15%, and this fraction was used in the phenol-formaldehyde resin synthesis. Then, a work was conducted for
the removal of neutrals from the modified phenol-formaldehyde resin with organic solvents, n-hexane and benzene. As a result,
benzene was defined as a more efficient solvent because it removed more aromatics, like ethers and substituted phenols, that
cannot react and worsen the glue line water resistance. Benzene dissolved 3.2%weight of the resin, and n-hexane dissolved 2.5%
weight. The removal of neutrals increased the water resistance coefficient by more than 60%, so neutrals have a considerable
effect on the resin properties. The results can be used for production of resin from renewable feedstock with the similar properties
with the traditional resin.
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1 Introduction

Resol phenol-formaldehyde resins (PFR) are widely used in
the wood processing industry. They are a product of phenol
and formaldehyde polycondensation in alkaline medium with
an excess of formaldehyde and are primarily used in the pro-
duction of plywood and wood-particle boards [1]. Phenol to-
day is produced on a large scale from petroleum-derived feed-
stocks. Accounting for 95% of production is the cumene pro-
cess which involves the partial oxidation of cumene
(isopropylbenzene) via the Hock rearrangement [2]. Taking
into account the increased phenol demand and depletion of
fossil resources, phenol replacement by renewable feedstock
is becoming a topical issue [3].

About 25–40% of wood wastes are produced during wood
processing, and these wastes sometimes do not find useful
applications. One method for processing such a feedstock is
fast ablative pyrolysis. While it is related to the traditional
pyrolysis processes used for making charcoal, fast pyrolysis
is a more advanced process that can be carefully controlled to
give high yields of liquid [4]. Liquid products (pyrolysis liq-
uid, bio-oil), with a yield of up to 70%, are produced in this
process [5]. Fast pyrolysis is a thermal decomposition process
without oxygen access in a temperature range 450–550 °C,
during which a fast heating and fast removal of a gas-vapor
mixture occur with its following condensation into a liquid
product [6, 7]. Pyrolysis liquid (PL) includes acids, phenols
[8], alcohols, hydroxyls, esters, aldehydes, and unsaturated
hydrocarbons. The phenol content can be 12–30% [9–11].
Based on this data, the application of PL as a phenol substitute
in PFR synthesis was suggested.

Obtaining new resin is interesting for the industry from
both an ecological and economical point of view for the fol-
lowing reasons:

& Feedstocks for PL are forestry and wood processing
wastes, and their treatment decreases ecological impact.
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& PL application will reduce the price of PFR without de-
creasing its quality. The price of synthetic phenols is $10–
12/kg, while the price of PL is $0.02–0.25/kg.

& PL is a less toxic substance than phenol and will improve
the ecological aspect of PFR production. However, the
presence of neutral substances in PL and low functionality
can lead to worse resin properties [12–15].

Many works have been published in the area of green ad-
hesives from wood extractives [16–18].

Different types of PL and its fraction have been investigat-
ed as a phenol substitute: whole PL [1–23], separated lignin
[24], phenol-reach fraction [25–27], separated and cleaned
phenols [28, 29], methylolated bio-oil [30], bio-oil from palm
kernel shell [31], and bio-oil from kraft lignin [32, 33]. A deep
review in phenolic resin production from biomass conversion
liquids is presented in [34].

Such resins have some disadvantages (strength, odor, col-
or, etc.) compared with the control of PFR, requiring addition-
al attempts in this direction. Some of these disadvantages
come from neutral compounds in PL which do not participate
in the PFR synthesis.

This work presents one possible way for improving the
properties of PFR. Investigation of PFR showed that it con-
tains neutral substances, and neutrals and water-soluble sub-
stances can decrease the quality of resin and glue line. The
neutrals are different substances produced during pyrolysis of
main components of wood—cellulose, hemicelluloses, and
lignin. They can be separated from bio-oil by distillation and
solvent extraction. Therefore, the aim of this work was to
study the influence of neutrals from PL on PFR resin, pro-
duced with a 40% phenol substitution. This substitution level
was chosen basing on our previous work [12]. The influence
was investigated according to an ASTMD5266-13 method by
PFR glue line strength measurements before and after the
extraction of neutrals by different solvents [35–37].

2 Materials and methods

2.1 Properties of initial materials

PL was obtained from birch (Betula pendula) wood chips at
the FPP02 plant [38]. The plant is able to process wood chips
with a size less than 10 by 20 mm.

An FPP02 fast pyrolysis plant is designed for thermochem-
ical processing and utilization of biomass and other organic
polymeric wastes to produce liquid organic products and fine

char. It allows processing wood wastes into a liquid fuel and
fine biochar.

Appearance of the FPP02 plant is presented in Fig. 1.
A schematic diagram of the FPP02 plant is presented

in Fig. 2.
The technological process at the FPP 02 plant is conducted

in the following way: wood wastes crushed and dried to a
moisture content of 10 ± 2 w% are fed to the feed hopper of
the loading module, from where it is fed to the reactor through
a two-valve sluice device. In the reactor, a mechanically acti-
vated thermal processing of the feedstock without oxygen
occurs due to the heat generated in the energy module. Fast
pyrolysis was completed at 450–550 °C. In the result, char and
vapor-gas mixtures are produced.

The vapor-gas mixture is then fed to a purification module.
In this module, the mixture is separated from the char dust.
After that, the purified mixture is transported to a condensa-
tion module.

The fine char from the reactor is fed in a discharging mod-
ule by a screw feeder. The discharging module carries out
accumulation and distribution of the char. Char can be sent
either to discharging or to combustion in the energy module.

Fast cooling and condensation of the vapor-gas mixture in
the condensation module result in the separation of a liquid
and a combustible gas. The gas is fed to combustion in the
energy module.

The PL moisture content was measured on a Titration
Compact V 20 Karl-Fischer apparatus, according to ASTM
E 203-16 [39]. The pH value was determined at 25 ± 0.5 °C
with a pH-150MI pH meter. PL viscosity was measured at 25
± 0.5 °C using a VZ-246 viscometer with a 4-mm-diameter
nozzle.

The chemical compositions of the liquids were investigated
by gas chromatography-mass spectrometry (GCMS) on a
Shimadzu QP2010 device with a HP-1 MS column under
the following conditions: grade A helium carrier gas, 300 °C

Fig. 1 Appearance of the FPP02 plant
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injector temperature, 1 mL/min flow rate through the column,
and a thermostat temperature program at 80 °C for 2 min,
followed by heating to 200 °C at 10 °C/min, and finally,
holding the temperature at 200 °C for 6 min. Mass spectrom-
eter parameters included an ion source at 270 °C, a scanmode,
registered peaks in the range of 35–600, and a solvent elution
time of 2 min. A 1-μL PL sample was taken with a Gilson
precise syringe.

2.2 Biophenol separation from PL

The biophenol (the phenol-substituting fraction (PSF) of bio-oil)
separation process consisted of two stages. In the first stage,
water, volatiles, and acetic acid were removed. For this, an
IKA RV 10 digital V rotational evaporator was used.
Distillation parameters were as follows: 80 °C, a residual pres-
sure of 0.01–0.02 MPa, and a rotation rate of 45 min−1. In the
second stage, non-volatile hydrocarbon compounds, like salts,
oxyacids, and other water-soluble substances, which negatively

influence the resin, were removed. A water extraction of PL was
conducted for the removal of the non-volatile hydrocarbon com-
pounds. This process is the diffusion of water-soluble substances
from bio-oil into an aqueous solution, and its driving force is the
concentration difference. Distilled PL was mixed with hot water
in a 1:1 ratio; the mixture was settled in a dropping funnel and,
then, was separated. The lower fraction, or biophenol, was used
for the synthesis.

The diagram of PSF separation is presented in Fig. 3.

2.3 Resol PFR synthesis

The resin synthesis was carried out at a 1:1.75 molar ratio of
phenol to formaldehyde; phenol substitution by PSF was 40%.
Sodium hydroxide was added in two portions to maintain the
alkaline medium. The first portion contained 65% weight of the
total sodium hydroxide. The ratio of total phenol, including PSF,
to sodium hydroxide was 1:1.1. The procedure also included
water; its content was calculated based on the PSFwater content.

A 0.5-L three-necked glass flask with a reflux condenser was
used as the reactor. The flask was installed in a water bath, and
the stirrer in the flask was set to 155 min−1. At the beginning,
PSF, melted phenol, water, and the first portions of sodium hy-
droxide and formalin were put into the reactor. Then, continuous
mixing at 50 °C was maintained for 1.5 h. After this stage, the
solution was boiled at 94–99 °C. After boiling, the second por-
tion of sodium hydroxide was added at 70–75 °C, and continu-
ous mixing was, again, maintained for 15 min. A control PFR
sample without phenol substitution was synthesized under iden-
tical conditions for reference.

Fig. 3 Diagram of biophenol (PSF) separation

Fig. 2 Schematic diagram of the
FPP02 plant
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2.4 Neutrals removal from the resin

The synthesized resin was treated with two organic solvents using
a liquid-liquid one-stage extraction. Two types of solvents were
used, benzene and n-hexane. These solvents were chosen as typ-
ical solvents for aromatic and aliphatic hydrocarbons. The balance
comparison could show us which type of the neutral hydrocar-
bons is dominant. The treatment method was similar for the both
solvents. Resin and solvent weremixed in a reaction flask in a 1:1
ratio over 30min at 30–40 °C. Themixture, then, was poured into
a 500-mL dropping funnel and was allowed to settle for at least 3
h. Raffinate was exposed to vacuum drying at 30 °C for 1 h to
remove the solvent. Solvent extracts were analyzed by GCMS as
described in Section 2.1.

2.5 Sample preparation for GCMS

Three samples were collected for GCMS analysis: the water
extract after hot water extraction of dried PL, n-hexane extract
of modified PFR, and benzene extract of modified PFR. The
hexane and benzene extracts were analyzed without pretreat-
ment. The water extract sample was preliminarily dried to a
constant weight, and then, the resulting residue was dissolved
in acetone in a 1:1 ratio.

GCMS analysis was conducted as described in Section 2.1.

2.6 Gluing and destruction of the samples

Four resin types were used for gluing and strength testing of
the glue line:

& Control PFR without PSF
& PFR modified with PSF
& PFR modified with PSF and cleaned with benzene
& PFR modified with PSF and cleaned with hexane

Wooden test samples, 7 by 2 by 1 cm in size, were
prepared for glue line testing. Gluing was conducted in
a Nordberg ECO N3620L laboratory press with mobile
heating plates with the following parameters: gluing area,
2 cm2; temperature, 126–130 °C; pressure, 1.96–2.45
MPa; press time, 7 min. The samples were tested accord-
ing to ASTM D5266-13 on a LDS.5.L.01 universal labo-
ratory testing machine (producer Jinan Liangong Testing
Technology Co., Ltd., China).

Samples were divided into two groups. The first
group was destroyed after boiling and the second one
without boiling. Boiling was conducted in a boiling wa-
ter bath for 60 min. After that, the samples were kept at
air for 10 min and, then, were destroyed at the testing

machine [40]. The water resistance coefficient was cal-
culated by the formula:

Kwr ¼ Rw

Rdr

where Rw describes the wet samples’ shear strength and
Rdr describes the dry samples’ shear strength, both in
MPa.

3 Results and discussion

3.1 Properties of initial materials

The products yielded from the FPP02 fast pyrolysis plant are
presented in Table 1. The yield was calculated as a percentage
of a measured product mass to the initial feedstock mass.

Properties of water-insoluble and water-soluble fractions of
PL are presented in Table 2.

3.2 Biophenol separation from PL

The material balance of the PSF separation from PL is pre-
sented in Table 3. The target fraction yield, which was used in
the PFR synthesis, was 14.77% of PL or 8.27% of the dry
wood weight.

The water extracted during the second stage of the PSF sep-
aration was 57.2% of the PL weight after distillation, and the
yield of the water-insoluble fraction was 36.5% of the PL weight
after distillation. Analysis of the water extract by GCMS showed
that the extract contained significant amounts of anhydro-
derivatives of carbohydrates, like 3,4-anhydro-D-galactozane
and 2,3-anhydro-D-mannosane, but the main constituent was D-
allose (C3 epimer of glucose), accounting for 50.28% of the
peaks. These substances are products of cellulose decomposition.
The reactions of their formation during cellulose decomposition
can be found in [41]. The extract also contained phenols, which
were dissolved in water because of the partial solubility.

Table 1 FPP02 material
balance Product Yield, weight

Char 22%

PL 56%

Including tar 8.9%

Gas 22%
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3.3 Neutrals removal from the resin

Mass fractions of the compounds, which were dissolved in the
solvents, were 2.5% for hexane and 3.2% for benzene.

The higher solubility of benzene shows that the neutrals
include more aromatic compounds than aliphatic. We can as-
sume that they include fully substituted phenols. The
substituted phenols have lower acidity and less participate in
the PFR synthesis reactions. These compounds disrupt the
structure of the glue line and decrease its water resistance.

The compositions of hexane and benzene extracts are pre-
sented in Fig. 4. The organic compounds were classified by
the type of functional groups.

When we compare the solubility of different chemical
groups in two solvents, we see that benzene extracts more
aromatics than n-hexane. The hexane extract contains more
alkanes (tetradecane, dodecane, pentadecane, eicosane,
etc.). Benzene extracts aromatic compounds like xylol
(up to 9.2%) and 2,3,5-trimethylphenol (up to 0.55%).
The hexane extract contained aromatics like phenanthrene
(up to 3.27%) and 2,6-dimethoxy-4-(2-propenyl)-phenol
(up to 1.49%). Generally, the main portion of the aromatics
found in the extracts represented 3-substituted phenols,
which have low reactivity and practically do not participate
in the PFR resin synthesis reactions. Both solvents extract
methyl ether of palmitic acid (0.28% in benzene and 1.14%
in hexane) and 2,4-di-tert-butylphenol (2.08% in benzene
and 3.11% in hexane). Hexane extracted acetophenol
(2.49%), which was not detected in benzene. However,
the benzene extract contained 1,2,4-trimethylphenol
(10.87%), which was not found in the hexane extract.

3.4 Gluing and destruction of the samples

Results of strength tests of the glue line before and after boil-
ing and water resistance coefficients are presented in Fig. 5.

The presented data show that the shear strength of the sam-
ples glued with PFR and modified with PSF but not treated by
solvent (sample 2, Fig. 5a) significantly decreased after boil-
ing. It can be concluded that neutral compounds in this resin
distinctly influence the water resistance of this resin, which is
the lowest one (0.56; Fig. 5b). Shear strength before and after
boiling stays almost the same for resins cleaned from neutrals
by solvents (samples 3 and 4, Fig. 5a), and their water

Table 2 Properties of water-insoluble and water-soluble PL fractions

Property Water-insoluble fraction Water-soluble fraction

рН 3.2 ± 0.5 2.3 ± 0.5

Moisture (%) 11 ± 2 54 ± 2

Density (kg/m3) 1145 ± 1 1112 ± 1

Viscosity (s) 64 ± 1 11 ± 1

Table 3 Material balance of PSF separation from PL

Fraction Mass yield
from PL

Mass yield from
dry wood

Residue 1 (after distillation) 40.43% 22.63%

Residue 2 (PSF, after water extraction) 14.77% 8.27%

Fig. 4 Hexane and benzene
extract compositions
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resistance coefficients (0.91 and 1.04, respectively) are close
to the control resin (1.02).

The next step in this work will be a preliminary PSF treat-
ment by solvent and investigation of the formation or decom-
position of neutrals in alkali media during synthesis.

4 Conclusion

The results presented in the article show a significant influ-
ence of neutral substances from fast pyrolysis liquid products
on the quality of resole PFR modified by PSF. PFR modified
by PSF had the lowest water resistance coefficient of all the
studied resins, meaning that the strength properties of the resin
dramatically decrease after boiling. Separation of the neutral
compounds by organic solvents increased the water resistance
coefficient to 0.91 for hexane and 1.04 for benzene.

The results demonstrated a usefulness of PFR treat-
ment by organic solvents benzene or hexane, for in-
creasing water resistance of the glue line. However, it
should be mentioned that the glue line strength of PFR
modified by PSF without boiling is almost equal to that
of the control resin. This could potentially be caused by
a plastifying effect of some neutrals.

Also, the data show that benzene is a more effective solvent
than hexane; mass fractions of the compounds, which were
dissolved in the solvents, were 2.5% for hexane and 3.2% for
benzene. The higher solubility of benzene shows that the neu-
trals include more aromatic compounds than aliphatic.We can
assume that they include fully substituted phenols. The
substituted phenols have lower acidity and less participate in
the PFR synthesis reactions. These compounds disrupt the
structure of the glue line and decrease its water resistance.
Strength values of the resin cleaned by benzene stay stable
before and after boiling, 3.17 MPa and 3.31 MPa,

Fig. 5 Shear strength of the PFR
glue line before and after boiling
(a) and water resistance
coefficients (b): (1) control PFR
without PSF, (2) PFR modified
with PSF, (3) PFR modified with
PSF and cleaned with benzene,
and (4) PFR modified with PSF
and cleaned with hexane
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respectively, and the water resistance coefficient of this resin
is comparable to that of the control resin.

Many extracted compounds are aromatics. This can lead to
a decrease of PFR smell, which is a positive aspect.

Generally, it can be concluded that the PSF made from bio-
oil included neutrals which decreased the properties of PFR.
Separation of these compounds increased the water resistance
and decreased the smell of the resin. As they are represent
products of cellulose pyrolysis, additional studies in neutrals
removal during PSF production should be interesting for fur-
ther application.
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