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ABSTRACT

Fast pyrolysis of pre-treated birch wood in a super-heated steam environment produces a condensate rich in
anhydrosugars. With the objective to obtain several product streams from this condensate, the possibility of
extracting additional chemical species is explored, thus promoting the development of a pyrolysis-based biorefin-
ery. In this work, the extraction and recovery of pyrolytic phenols from birch wood pyrolysis condensate was stu-
died using ion exchange resins. With an aim to achieve effective phenol recovery, while obtaining high purity
levoglucosan, basic ion exchange resins, both in OH− and Cl− form, as well as polystyrene-divinyl resins without
functional groups were compared. This study characterizes the influence of sorbent matrix type and porosity,
functional group and counter ion on the sorption of various aromatic compounds. It was concluded that the
counter ion of the ion exchange resins had the most influence on the pyrolytic phenol adsorption, while in
the case of unfunctionalized resins smaller pore size improved removal of phenols from the pyrolysis liquids.
Of the resins tested, the most effective at the removal and recovery of pyrolytic phenols were strongly basic,
macroporous, anion exchange resins in OH− form. The possibility to reuse the sorbents and solvents is explored
to make the over-all process more environmentally friendly and economically feasible.
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Nomenclature
Acr Acrylic matrix
C Concentration
DVB Divinylbenzene
G Gelular matrix
IE Ion exchange
LG Levoglucosan
m Mass
Mp Macroporous matrix
NREL National Renewable Energy Laboratory
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SBA Strongly basic anion
St Styrenic matrix
tR Retention time
V Volume
WBA Weakly basic anion

1 Introduction

Among other renewables, biomass is unparalleled for the production of carbon containing products–
both materials and chemicals. Ergo, rational processing of biomass is a key factor in replacing the
unsustainable use of fossil resources in the chemical industry. Pyrolysis is a key process to transform
lignocellulosic biomass, such as wood, into valuable products. It is considered to be a comparatively
simple, economically feasible process which can be up-scaled for industrial applications [1,2].

Easily accessible biomass sources include agricultural and forestry wastes, which, from a chemical point
of view, consist primarily of three constituents–cellulose, hemicellulose and lignin. All three are natural
polymers, but each has its own peculiarities. At first glance, cellulose seems to be the most
straightforward structure simply consisting of (1→4) linked glucose units. Despite this, the pyrolysis
products of glucose [3], as well as cellulose [4] are numerous, including furan derivatives, anhydrosugars,
acetic acid, methanol, volatiles, etc. Furthermore the definitive mechanism of cellulose pyrolysis is still
under debate [5]. As stated in the relevant NREL (National Renewable Energy Laboratory) report [6],
one of the most abundant and promising pyrolysis products of cellulose–and lignocellulosic biomass as a
whole–is levoglucosan (LG) or 1,6-anhydro-β-D-glucopyranose. LG can be used for the synthesis of food
additives, polymers, pharmaceuticals and other products [7].

The pyrolysis of hemicellulose–a group of more complex, but unstable polysaccharides–is similarly a
source of a wide variety of low molecular weight products [8]. The chemical structure of lignin, on the
other hand, is made up mostly of phenylpropane units with different functional groups, which are a
source of aromatic pyrolysis products–2-methoxyphenols, 2,6-dimethoxyphenols, catechols, as well as
furfural, acetic acid, etc. [9], and oligomers known as pyrolytic lignin [10]. Consequently, liquid product
streams from pyrolysis are a mixture of hundreds of chemical compounds [11], with only a few of them
being produced in high enough concentrations for commercialization. For now, LG is practically the only
chemical, considered for individual isolation from the condensable pyrolysis products [12]. LG is a
beautiful illustration of the potential hidden in the chemical composition of pyrolysis condensates.
However it must be stressed that to ensure an economic profit from the pyrolysis process, it is necessary
to obtain a broader range of products. Therefore, the objective of this study is to examine the process for
recovery of phenol derivatives from pyrolysis products, to improve the economic feasibility of the wood
pyrolysis-based biorefinery. A successful recovery method should enable high levels of recovery and lead
to a pure LG stream.

The isolation of the multiple chemical product groups in pyrolysis condensate is known as fractionation
or separation [13–17]. Fractionation of high water bio-oils can be conducted by spontaneous phase
separation [14]. However, these bio-oils are targeted for fuel production and are less comparable to sugar-
rich fermentation-targeted bio-oil/aqueous pyrolyzate product streams. To minimize energy and material
consumption, fractionation would ideally be done at a condensation stage. Staged fractional condensation
has been observed in the literature [18]. However, the fast pyrolysis phenol and sugar fractions partially
co-condensate, due to their high temperature dew points. This leads to some portion of the phenolic
compounds being captured in the later condenser fractions [19]. For complete extraction of the phenolics
content, post-processing of a fully condensed stream is preferable. Depending on the condensation
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method, condensate can be obtained as either a typical bio-oil or an aqueous pyrolyzate [20,21]. “Water
washing” of bio-oils, particularly the sugar-rich fraction [22], is often conducted to yield an aqueous
stream of anhydrosugars such as LG. Without organic solvent extraction, these sugar rich fractions
contain a portion of phenolic compounds. Aqueous pyrolyzate potentially provides a direct route to a
similar product stream. These aqueous streams predominantly find applications in fermentation, as
opposed to fractionation for the range of products within them.

For the removal and recovery of phenolics, there is a well-established and patented procedure developed
by the NREL. This procedure uses solvent extraction (primarily with ethyl acetate) followed by aqueous-
organic separation, alkali metal carbonate neutralization, and evaporation to isolate phenolics [23]. This
patented ethyl acetate extraction methodology is comparable to the extraction methodologies used to
quantify the phenolic fraction in bio-oils, which suggests that it removes a major fraction of phenolics
present [24]. However, some phenols do remain in the aqueous solution after this treatment, as literature
procedures suggest that a further detoxification step is required before use in fermentation [13]. Washed
bio-oil or aqueous pyrolyzate fractions are often detoxified using activated carbon [25] with the aim of
removing multiple fermentation inhibitors including phenolics. Activated carbon has been demonstrated
to remove phenolic compounds. However, a significant portion of compounds removed by activated
carbon are irreversibly adsorbed [26], depending on conditions of adsorption (low solution pH and low
activated carbon oxygen content is better for avoiding irreversible sorption) [27]. Developing effective
recovery of these removed compounds is an opportunity for diversification of biorefinery products
through an adsorption/desorption fractionation.

The widely used NREL extraction method has been highlighted as problematic for sustainability, due to
the large volumes of expensive to recover, often fossil derived, solvents it uses [28]. This has led to attempts
to develop alternative solvents for the same process [29]. Furthermore, as noted in its patent, this method
tends to produce a product which contains other neutral organic compounds. Although heterogeneous
adsorbents have a lower uptake capacity when compared to solvent extraction, the identification of re-
usable adsorbents could allow for more sustainable and selective separation of phenolic compounds.

Resins–rigid, crosslinked, synthetic polymers–are well known sorbents in the food industry for phenol
extraction [30,31] and sugar refining [32]. The resins are characterized by various physical properties, mostly
influenced by the crosslinking in the matrix, which defines the pore structure and surface area [33]. The
polymer can be functionalized with either basic or acidic groups, which add ion exchange (IE) to the
resin’s separation mechanism, by binding oppositely charged ions [34]. The advantages of resin-based
separations include adjustable selectivity, stability and long service life, simple operation, and the
possibility of up-scaling using a closed circuit [30,31]. The cost of adsorption processes is sometimes
controversially mentioned as an advantage by some authors [31], and a disadvantage by others [30],
especially, if the regeneration of the resins involves large amounts of wastewaters [32]. This uncertainty
demonstrates that the recovery and maintenance of the resins is of high importance to ensure the
economic feasibility of the separation process.

Various factors influence the adsorption and desorption mechanisms of phenols [31] on ion exchange
resins. This study aims to practically investigate the efficiency of the removal of phenols from pyrolysis
liquids, subsequent extraction efficiency for recovering phenols from resin sorbents, and the influence of
resin properties on the sorption mechanisms.

2 Methods

2.1 Materials and Reagents
The resins used in this study were as follows: Amberlite XAD-2 (purchased from Supelco, Bellefonte,

PA, USA), Sepabeads SP850 (Mitsubishi Chemical Group, Tokyo, Japan), and Lewatit S 5228, S 5528,
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S 5128, S 6368 A (kindly provided by LanXess, Cologne, Germany). Chemicals were purchased from
Sigma-Aldrich (Darmstadt, Germany) and used without additional purification.

2.2 Pyrolysis Products
The pyrolysis liquids were produced using the pilot equipment of Nova Pangaea Technologies Ltd.

(Redcar, UK). The feedstock was birch wood, which was first steam exploded with dilute acid as a pre-
treatment. The resultant lignocellulose was subjected to fast pyrolysis in a superheated steam reactor. The
typical pyrolysis condensate, which initially contained approximately 94% water, was evaporated for
more convenient storage. The evaporated sample was a dark, amorphous paste with 10% moisture,
according to gravimetric analysis. For the separation experiments, the paste was dissolved in water and
filtered through a Whatman 4 filter paper.

2.3 Comparison of the Phenols Removal Efficiency with Different Resins
Six different resins (see Table 1) were tested for their ability to separate phenols from the pyrolysis

product sample. 0.5 g (dry weight) of each resin was weighed (±5 mg) into a glass beaker, 10 mL of
water was added, and the resin was allowed to swell for 1 h. Then the resins were washed by stirring the
resin in a beaker with 5 mL of water for 10 min, before removing the water by a syringe. This washing
was conducted two times.

To begin the adsorption tests, the water was replaced with 5 mL of the pyrolysis product solution
(12.5 g/L) and the mixture was stirred for 10 min. The solution was then removed with a syringe and the
resin was washed with 5 mL of water three times. When testing recovery of phenols, the final wash
solution was removed and replaced with 5 mL of a methanol/water/acetic acid mixture (50/40/10 v/v/v),
based on a procedure established in our previous work [35], and again stirred for 10 min. The IE resins
were also tested in OH− form, which was obtained by including a conditioning step between the swelling
and the first washing. The conditioning was done by adding 5 mL of 0.4% NaOH solution to the resin and
stirring for 10 min. The solution was replaced with a further 5 mL of 0.4% NaOH solution. The resin was
then repeatedly washed with deionized water until a neutral pH was measured with litmus paper (pH 1–14).

Table 1: Properties of the selected resins (information from the manufacturer)

Resin Denominator Matrix Functional
groups

Delivered
ionic form

pH
range

Ion exchange
capacity, eq/L

XAD-2 St90Å Styrenic, 90 Å
mean pore size

– – 0–14 –

SP850 St38Å Styrenic, 38 Å
mean pore size

– – 0–14 –

S 5228 AcrG-WBA Acrylic, gel Tertiary
amine

Free base 0–8 1.6

S 5528 AcrMp-SBA Acrylic,
macroporous

Quaternary
amine

Cl− 0–12 0.85

S 5128 AcrG-SBA Acrylic, gel Quaternary
amine

Cl− 0–12 1.35

S 6368 A StMp-SBA Styrenic,
macroporous

Quaternary
amine

Cl− 0–12 1.0
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To better understand the separation mechanisms, solutions (1 g/L) of syringic acid and syringaldehyde
were treated using the same procedure.

UV/Vis-spectrophotometric measurements were used to characterize the pyrolysis products solution,
and the recovered resin extraction fractions. UHPLC-UV was used to characterize the selectivity of each
resin, by comparing the pyrolysis product solution before and after mixing with the resins. The
experiments were carried out in triplicate.

Removal efficiency was calculated to quantitatively compare the separation of phenols from the
pyrolysis products with each resin. The percent of removal efficiency was calculated, based on the initial
Ci and final Cf concentrations of phenols (as determined by UV/Vis absorption), as follows [36]:

Removal efficiency %ð Þ ¼ 100 � Ci � Cf

Ci
(1)

Similarly, the phenol recovery was based on the initial concentration of phenols Ci and the concentration
in the extract Ce, which had the same volume, and calculated by the formula:

Phenol recovery %ð Þ ¼ 100� 100 � Ci � Ce

Ci
(2)

2.4 Regeneration of the Resins
To evaluate the possibility of sorbent regeneration and re-use, the cycle of adsorbing and desorbing

phenols from the pyrolysis liquids was repeated five times with each resin type, as described in
Section 2.3. The regeneration was characterized by the removal efficiency of phenols (Eq. (1)) after each
cycle. Each cycle was conducted in duplicate. Two types of regeneration were compared:

R1–desorption of phenols using 5 mL of the solvent mixture, consisting of methanol/water/acetic acid
mixture (50/40/10 v/v/v), followed by washing with water until a neutral pH was achieved;

R2–desorption of phenols with 5 mL of the same solvent mixture, followed by washing with water and
additional treatment with 5 mL of 0.4% NaOH solution, and again followed by washing with water until a
neutral pH was achieved.

2.5 Levoglucosan Crystallization
The pyrolysis product solution after treatment with the AcrMp-SBA resin was filtered through a paper

filter to remove resin particles, then evaporated under vacuum at 60°C to obtain an orange-brown syrup,
which partly crystallized upon cooling to room temperature. 10 g of the sugar fraction was dissolved in
20 mL ethanol, by mixing and heating. The solution was cooled down in an ice bath, vacuum filtered and
the obtained crystals were washed twice with cold solvent. Additionally, 0.2 g activated carbon (Norit,
Fluka, Amersfoort, the Netherlands) was added to the solution as a final polishing step for LG purification.
The hot solution was filtered to remove the carbon and then cooled down, filtered and washed as described
previously. The melting point (melting point instrument Mettler Toledo MP70, Giessen, Germany) and
specific rotation (polarimeter POLAX-2L, Saitama, Japan) of the pure LG product were determined and
compared to a 1,6-anhydro-β-D-glucose standard (99%, Sigma-Aldrich, Darmstadt, Germany).

2.6 Analytical Methods

2.6.1 UV/Vis Spectrophotometry
65 µL of the sample solution was diluted up to 2.5 mL in deionized water, and its absorption at 280 nm

was measured in a 1 cm quartz cuvette with a Lambda 25 190–900 nm UV/Vis spectrophotometer. Deionized
water was used as a blank.
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UV/Vis spectrophotometry was used as the most straightforward quantification method of the separated
phenol fractions, but due to of the complexity of the pyrolysis product, calibration with any single model
chemical would not provide an accurate result to calculate the total phenolic yield. Therefore, gravimetry
was used as a complementary method, as described further.

2.6.2 Gravimetry
To evaluate the mass yields of the phenolic compounds, a series of desorption samples with a constant

mass of loaded resins were prepared, i.e., the AcrG-SBA resin was mixed with an aqueous solution of the
pyrolysis products, decanted, washed with water and allowed to dry at ambient conditions. 5 g of the
resins were mixed with various volumes (V)–5, 10, 15, 20, 25, 30 mL–of the desorption solvent mixture
for 10 min at room temperature. The UV absorption at 280 nm in the solutions was measured, and the
decanted solutions were dried at 103°C until a constant dry mass (m), which was used to calculate the
mass concentration in the phenol solutions as follows:

Phenol mass concentration
mg

mL

� �
¼ mdry residue

Vdesorption solution
(3)

The correlation of the phenol mass concentration and UVabsorption (Fig. 1) with R2 = 0.994 was used to
tentatively calculate the phenolic fraction yield in the extracts.

Gravimetry was also used to determine the solubility of the condensed pyrolysis product as follows.
Pyrolysis product solutions at concentration levels from 25 to 300 g/L were prepared by dissolving
concentrated pyrolysis product paste of known masses from 0.5 to 6.0 g in 20 mL of deionized water
each, by mixing with a magnetic stir bar for 30 min. This was completed in duplicate. The solutions were
filtered through a filter paper and two aliquots of each were dried at 103°C till a constant dry mass, and
the solubility was calculated:

Solubility %ð Þ ¼ 100% � mass concentrationdry residue
concentration level

(4)

2.6.3 Ultra-High Performance Liquid Chromatography
A Waters Acquity H-Class UPLC system with a PDA detector was used. The column was Waters

Acquity BEH C18 (2.1 mm × 50 mm, 1.7 µm) at temperature 30°C. The eluent consisted of water with
0.1% formic acid and acetonitrile at a flow rate of 0.35 mL/min. A gradient elution was conducted,
starting with 5% acetonitrile, which was increased to 25% from 0.2 to 2.6 min, and then to 95% from
3.6 to 5.0 min. The eluent mixture was held constant at 95% acetonitrile until 6.0 min, afterwards the
system was equilibrated back to 5% acetonitrile. The injection volume was 2 µL, and the sample
solutions were filtered with Nylon syringe filters (Kinesis, 25 mm, 0.2 µm). The UV measurements were

Figure 1: Relationship between pyrolysis-based phenol mass concentration and UV absorption
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done at 280 nm wavelength. These analyses were carried out in triplicate and the standard deviation of the
retention times was <1% in all cases. Retention times and UV spectra of the detected peaks were compared to
0.2 mg/mL phenol and furan derivative standards (furfural 99%, 5-hydroxymethylfurfural ≥99%, vanillic
acid 97%, vanillin 99%, 2,6-dimethoxyphenol 99%, syringaldehyde 98%, syringic acid ≥95%, 3,5-
dimethoxy-4-hydroxyacetophenone 97%) obtained from Sigma-Aldrich.

2.6.4 Chemical Analysis of the Pyrolysis Products
The pyrolysis product solution to be used in the resin tests was analyzed with previously reported

methods: iodometric titration [37] to determine the content of levoglucosan, potentiometric titration of
aldehydes [38], and the Folin-Ciocalteu method [16] for determining the content of phenols as gallic acid
equivalents. Additionally, the solubility of the pyrolysis product paste was characterized by gravimetric
analysis of the solution filtrate–the filtrate was dried at 103°C until a constant mass was reached.

3 Results and Discussion

3.1 Characteristics of the Pyrolysis Liquids
The evaporated pyrolysis product was comparable to low-moisture bio-oil in terms of its overall

characteristics (dark viscous mass with a distinct odour [39]), but was rich in levoglucosan. Chemical
analysis, as described in Section 2.6.4, showed that the sample contained 525 ± 11 mg/g LG, 294 ±
6 mg/mL aldehydes (as furfural equivalents), and 200 ± 20 mg/g phenols (as gallic acid equivalents
determined by the Folin-Ciocalteu method). UHPLC analysis showed the presence of such compounds as
vanillic acid, syringic acid, vanillin, syringaldehyde, syringol, acetosyringone, as well as furan
derivatives–furfural, 5-hydroxymethylfurfural, and 5-methylfurfural. Pyrolysis liquids are generally
complicated samples, which require a combination of various analytical methods to fully understand their
chemical composition [40]. The analysis reported in this paper does not aim to completely characterize
the composition of the pyrolysis liquid, but serves to highlight the potential of pyrolysis products as a
source of a high yield of LG, as well as several aromatic compounds. For example, lignin-based vanillic
acid and syringic acid have been recently praised for their bioactivity and potential use in medicine [41],
and phenol derivatives in general are viewed as antioxidants [42].

To reduce water consumption in the whole biorefinery system, it would be practical to work with as
concentrated solutions as possible, therefore, Fig. 2 illustrates the solubility of the pyrolysis product in
water. It was decided to work with up to 20 g/L concentration for the small-scale study for convenience,
but for up-scaling higher concentrations (up to 100 g/L) may be considered to save dilution water and
energy for evaporation. The results from this study should also be applicable to pyrolysis condensates
directly obtained from steam-assisted pyrolysis condenser systems without a dilution step.

Figure 2: Solubility of the pyrolysis product in water depending on the concentration level
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3.2 Removal of Phenols from Pyrolysis Liquids with the Various Resins
Nine resin forms were compared in small scale batch experiments to evaluate their phenols removal

efficiency for a real pyrolysis product sample (Fig. 3). Two resins were unfunctionalized polystyrene-
DVB polymers with different pore sizes (St90Å and St38Å). Another three of the resins were strongly
basic anion exchange resins. These three were tested both in their original Cl− form, and also in OH−

form. Among these three, one was macroporous polysterene-DVB based (StMp-SBA), another was a
macroporous polyacryate-based SBA resin (AcrMp-SBA), and one was a gelular polyacrylate-based SBA
resin (AcrG-SBA). One final resin, which was used as received in its free base form, was a weakly basic
anion exchange resin with a gelular polyacrylate matrix (AcrG-WBA).

3.2.1 Evaluation of the Phenols Removal Efficiency by UV/Vis Spectrophotometry
Fig. 3 summarizes the removal of phenols from the pyrolysis products, i.e., adsorption efficiency of all

the resins when applied to a sample of pyrolysis liquid. In the case of styrenic resins, the pore size made a
significant difference in the phenol adsorption. The St38Å resin, with smaller pores, was approximately three
times more effective (removal efficiency: 50 ± 1% compared to 15 ± 1%) at adsorbing phenols than the
macroporous unfunctionalized resin St90Å. However, the results obtained with the third styrenic resin
StMp-SBA showed that even a macroporous resin achieved higher phenols removal efficiency when
functionalized with strongly basic groups (61 ± 1% in Cl− form, and 88 ± 2% in OH− form), which
indicates that the phenols’ interaction with the functional groups of the resins plays a more significant
role that the π-π interactions with the resin matrix.

All the functionalized resins showed comparable phenol removal efficiency, which supports the
hypothesis, that resin functional groups had a more significant impact on the adsorption of phenols than
the differences in the resin matrix. The SBA resins in their OH− forms showed comparable removal
efficiency, with results ranging from 83 ± 2% to 88 ± 3% (within error of one another). The WBA resin

Figure 3: The phenols removal efficiency of six resins when applied to a pyrolysis liquid sample (the grey
arrows denote the increase of the phenols removal efficiency based on the replacement of the Cl− ions with
OH− ions)
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in its free base form showed slightly lower removal efficiency with a 74 ± 1% result. The results of the
acrylic SBA resins in the Cl− form were also very similar, regardless of pore size (from 41 ± 7% for the
AcrG-SBA to 44 ± 2% for the AcrMp-SBA). The styrenic SBA resin in the Cl− form had a higher
phenol removal efficiency than the other resins in their Cl− forms (61 ± 1% compared to the 41%–44%
range of the acrylic resins), indicating that the phenol π-π attraction with the aromatic rings in the resin
matrix may have a complementary impact on the phenol removal from the pyrolysis liquids, even though
in other instances acrylic resins have been reported as more efficient for adsorption of hydrophilic
compounds [43]. That being said, the overall trend was for the counter-ion to have the greatest effect on
the efficiency of the removal of phenols. When their Cl− counter-ions were exchanged with OH− counter-
ions, the increase of the phenol removal was by 97%, 105% and 45% for the AcrMp-SBA, AcrG-SBA
and StMp-SBA resins, respectively. It has been reported [44] that, in case of natural organic matter
removal from water, the Cl− ion is more efficient when the ion exchange mechanism dominates, while
the OH− ion provides H-bonding with hydroxyl groups of the sample compounds, which coincides
with the effective removal of the pyrolytic phenols, which often contain methyl esters and always contain
OH−groups.

3.2.2 Evaluation of the Purity of the Anhydrosugars Fraction after the Removal of the Phenols
To better understand which specific compounds are removed by these resin treatments, the pyrolysis

liquid solution was analyzed with UHPLC-UV before and after treatment. Fig. 4 shows the
chromatograms of the initial pyrolysis liquids and the purified samples after the removal of phenols. The
main components which were identified in the pyrolysis condensate were 5-hydroxymethylfurfural (1–tR
0.87 min), syringic acid (5–tR 2.54 min), vanillin (6–tR 2.91 min), syringic aldehyde (7–tR 3.11 min),
acetosyringone (8–tR 3.34 min), and traces of furfural (2–tR 1.21 min) and vanillic acid (4–tR 2.37 min).
A significant unidentified peak (3) was detected at 1.35 min, which is likely to be a furan derivative
based on its early retention. The chromatograms show that all resins were selective in adsorbing phenols,
but not 5-hydroxymethylfurfural. Semi-quantitative observations show that the peak area of
5-hydroxymethylfurfural did not significantly change, while the peak areas of the phenols were reduced
(using unfunctionalized resins and the Cl− form ion exchange resins) or completely removed (using OH−

form ion exchange resins). The results obtained with the unfunctionalized resins showed that the pore
size influenced the resins’ specificity toward acidic and neutral phenols. In case of St90A, phenol removal
efficiency was low comparatively for all identified aromatic compounds, while the St38A resin almost
completely removed neutral phenols, but only partly removed the acidic ones. This phenomenon was also
later confirmed with syringic acid and syringaldehyde standard solutions in Section 3.2.3. Additionally, it
must be noted that the SBA resins in OH− form not only efficiently removed all aromatic compounds, but
also appear to have caused the formation of furfural (Peak 2), possibly as a product of the conversion of
the unknown compound (Peak 3).

UHPLC-UV analysis showed that the pyrolysis liquids after treatment with IE resins could give a
purified anhydrosugars fraction. Fig. 5 illustrates the pathway from the dark amorphous pyrolysis product
(1) to the anhydrosugars fraction (2) after the removal of phenols by treatment with the AcrMp-SBA
resin, all the way to pure LG (3). The yield of the anhydrosugars fraction was 60% of the pyrolysis
product mass, and the yield of the white crystalline LG was 20% after crystallization with ethanol.
However, the yield of the final product can be significantly increased by a more efficient continuous
crystallization procedure for industrial use or by application of more advanced crystallization techniques,
such as ultrasonic-assisted crystallization [45]. The purity of the obtained LG was 97.5 ± 0.9%. The
melting point of the obtained LG was 180.6 ± 0.3°C, compared to the 191.5 ± 0.4°C of the commercial
standard. The optical rotation was −69 ± 2, compared to −65 ± 2 of the standard.
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To further discuss the adsorption mechanisms involved in the separation of phenols by the different
resins, standard solutions of syringic acid and syringaldehyde were treated with the resins, as described in
the next section.

Figure 4: UHPLC-UV chromatograms of the pyrolysis liquids as they were (untreated), compared to after
the treatment with the different resins: top–unfunctionalized resins; middle–IE resins in Cl− form; bottom–IE
resins in OH− form (peaks: 1–5-hydroxymethylfurfural; 2–furfural; 3–unknown; 4–vanillic acid; 5–syringic
acid; 6–vanillin; 7–syringic aldehyde; 8–acetosyringone)
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3.2.3 Standard Phenol Derivative Sorption Test with the Various Resins
Fig. 6 shows some trends in the separation of phenol derivatives, specifically syringic acid and

syringaldehyde, from standard solutions. The adsorption of both standards with the St90Å resin
(9 ± 2 and 10 ± 2%) was of a similar magnitude to the case of the pyrolysis product sample (15 ± 1%).
Likewise, the trend of smaller pores improving the phenols removal efficiency from the sample solution
was present. However, it was interesting to observe that syringic acid adsorption on the St38Å resin was
lower (36 ± 0.3%) compared to that of syringic aldehyde (89 ± 0.4%), which may be explained by
electrostatic exclusion from the tighter pores. The H-bonding of the OH− form resins and the hydroxyl
group at C4 position in both standards appears to have had the most significant impact on the adsorption,
as seen from the complete removal of both standards (approximately 100%) from the solutions for all IE
resins in their basic forms. The slight pH differences in the solutions of syringic acid and syringaldehyde
are likely to influence the ion exchange mechanism efficiency in the Cl− form of the IE resins.

Figure 5: Images of the evaporated pyrolysis product (1), the anhydrosugars fraction after phenol
removal (2) and the crystallized levoglucosan (3)

Figure 6: Adsorption of syringaldehyde and syringic acid from standard solutions with different resins
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Adsorption curves in Fig. 7 give a closer look at the syringaldehyde and syringic acid removal from the
standard solutions with two SBA resins. The OH− form resins reached maximum phenolic compound
removal efficiency at very low resin mass to standard solution volume ratio, i.e., 0.05 g resin to 5 mL
solution (1 g/L). In their Cl− forms, both SBA resins could eventually reach adequate syringic acid
removal efficiency (around 90%) by increasing the resin mass to solution volume ratio. However, in case
of the neutral syringaldehyde solution, the acrylic matrix of the resin had an inhibitory effect on the
removal efficiency. Based on results from the pyrolyzate, which were discussed in Section 3.2.1, and
model compound adsorption studies, the impact of the various resin (or adsorbate) characteristics on the
removal of phenols from aqueous solutions appears to follow the series: chemical structure of the resin
matrix < pore size < adsorbate acidity << presence of basic functionality. The OH− counter ion
consistently ensured the highest removal efficiency in all cases.

3.3 Recovery of Phenols from the Various Resins
Since the aim of this study was not to simply remove phenols from the pyrolysis liquid sample, but to

recover the phenolic fraction as a source of value-added products, the phenolic desorption efficiency of each
resin was further investigated. Comparison of the UVabsorption of the initial pyrolysis product solution and
the recovered extracts allowed for the recovery of phenols to be quantified for each resin according to Eq. (2)
(Fig. 8). The overall trend of the recovery of phenols was similar to the trend in phenolic removal efficiency
shown in Fig. 3, with the exception that the acrylic gelular resins provided a lower recovery result than
expected. This indicates that larger pores in the IE allow for better phenolic extraction with the solvent
mixture. Based on the calibration curve in Fig. 1, the maximum mass yield of phenols with the AcrMp-
SBA in OH− form resin was up to 15% of the pyrolysis product.

Further to this, the influence of temperature on the recovery of phenols was tested by carrying out the
extraction at room temperature (22 ± 1°C), 40°C, and 60°C. The recovery of phenols from the AcrG-SBA
resin at the three temperatures was 29.5 ± 0.1%, 35.2 ± 0.8%, 33.4 ± 1.2%, respectively. The unremarkable
increase of the recovery by approximately 15% is unlikely to justify the energy consumption necessary
for process heating. However, if a pyrolysis condensate is treated directly from the condenser system in
an industrial biorefinery, energy could be saved by reducing cooling duty on condenser systems
and adsorbing phenolic compounds at higher temperatures. Further investigations, including a
techno-economic assessment, could provide a definitive answer about the most economically feasible
extraction method.

Figure 7: Adsorption curves of syringaldehyde and syringic acid from standard solutions
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3.4 Regeneration and Re-Use of the Resins
The resins were tested in small batch experiments of pyrolysis liquid separation with repeated

regeneration of the resins. Each resin was regenerated and used five times. Two regeneration conditions
were compared, as shown in Fig. 9: R1–regeneration only by extracting phenols with the desorption
solvent, consisting of methanol, water and acetic acid; R2–regeneration by desorption with the mentioned
solvent, followed by a solution of NaOH.

Figure 8: Recovery of phenols from the resins with four repeated extractions

Figure 9: Efficiency of phenols removal from the pyrolysis liquids by the resins with two regeneration
conditions: R1–regeneration with the solvent mixture (methanol/water/acetic acid); R2–regeneration with
the solvent mixture followed by NaOH
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Fig. 9 shows the changes in phenols removal efficiency across the various resins during the five
regeneration cycles. When assessing trends in these changes, removal efficiency % was the criteria for
confirming a successful regeneration.

The trends of reusability for the various resins over several regeneration cycles were as follows. The
three functionality types of the resins–unfunctionalized, WBA and SBA–showed different results after
regeneration with the two conditions. The unfunctionalized resins had a significant improvement in the
adsorption of phenols after the first regeneration with both methods R1 and R2. This increase could be
explained by a pore activation induced by treatment with the methanol-containing solvent mixture. This
hypothesis was confirmed by an additional experiment, in which phenolic removal efficiency was tested
for St90Å, St38Å and AcrG-SBA with an alternative conditioning step before mixing with the pyrolysis
product solution. These alternative conditioning tests were done by stirring each resin with either
deionized water, methanol, or the desorption solvent mixture consisting of methanol, water and acetic
acid. The results in Table 2 illustrate how the phenol removal efficiency improved for both
unfunctionalized resins, after having been soaked in methanol or methanol-containing solution, while the
SBA resin maintained the same efficiency. It should be noted that the two unfunctionalized resins showed
different magnitudes of increase in their phenolic removal efficiency, when comparing water and the
solvent mixture. The St90Å resin improved 4.6 times, while the St38Å only had an 8.3% improvement.
St90Å resin showed the same improvement in Fig. 9 (improved removal efficiency 4.5 times after the 1st
cycle), while the St38Å resin improved 1.9 times.

Fig. 9 shows that the SBA resins lost significant capacity of phenolic adsorption (by 46%–58%) in case
of R1, when NaOH solution was not used, because the OH− counter ions were not restored, and the removal
capacity of phenols dropped to the level of Cl− form resins as was seen in Fig. 2. This suggests that the
adsorption of the phenols on SBA resins is not influenced by the Cl− counter ion at all. In the case of
R2 regeneration, when NaOH solution was used, the removal capacity of phenols remained at an overall
80–90 % for the SBA resins. The molar equivalents of NaOH required to induce this regeneration [46]
should be further investigated to fully understand regeneration efficiency in this process. Although the
StMp-SBA resin showed successful regeneration of its adsorption capacity, it physically degraded after
mechanical mixing and could be used through only four cycles. However, with shaking instead of mixing
this obstacle could be overcome in batch experiments, while in industrial applications, resins are often
applied using packed columns. A resin bed with backwash and regeneration cycles is likely to see less
mechanical attritional breaking. This could be included in a further study on the industrial application of
this process.

In case of the WBA resin, there was a similar trend of a decreased removal capacity in case of
R1 regeneration. The WBA resin also showed a relatively small capacity drop (13%) with the
R2 regeneration, indicating that for the regeneration of WBA resin the concentration of the NaOH

Table 2: Effect of resin conditioning on the efficiency of the removal of phenols with selected resins

Resin Phenolic removal efficiency, %

Conditioned
with water

Conditioned
with methanol

Conditioned with
methanol/water/acetic acid

St90Å 14.1 ± 3.6 69.3 ± 4.2 65.5 ± 1.1

St38Å 80.3 ± 1.2 87.1 ± 0.1 86.9 ± 0.1

AcrG-SBA 88.7 ± 0.1 89.5 ± 0.5 88.3 ± 0.2
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solution may need to be adjusted for optimal performance. The level of the recovery of phenols was also
maintained after the five cycles, proportionate to the efficiency of the removal of phenols for all resin types.

To further adhere to green chemistry principles which state that the recovery and reuse of solvents is a
significant step towards better sustainability [47], the reusability of the desorption solvent was tested. When
the phenolic extract in the mixture of methanol/water/acetic acid was concentrated by evaporation, the
condensed solvent was reused for repeated extraction of phenols. Upon reuse, a decrease of extraction
efficiency by 35%–40% was observed. This decrease was determined to be due to acetic acid loss during
the evaporation step. However, the acetic acid content can be controlled by simple titration, and the acid
loss can be compensated by spiking with respective amounts of acetic acid, which returned functionality
to the solvent mixture. This confirms that it is possible to recycle most of the solvents used in the
desorption step.

4 Conclusions

These experiments provide insights into the sorption mechanisms of pyrolytic phenols on various resins.
And the results support the hypothesis that SPE is suitable for the separation of LG and phenols from the
condensable wood pyrolysis products. SPE using porous resins provides an anhydrosugars rich fraction
for the purification of LG, and a phenolic compound fraction as a potential value-added product in a
wood pyrolysis-based biorefinery. Based on results from adsorption, recovery and regeneration trials, the
adsorption of the pyrolytic phenols on the resins is influenced by various factors in the following
ascending order: chemical structure of the resin matrix < pore size < adsorbate acidity << counter ion.
The dominance of resin counter ion as a factor to determine the effect of adsorption is evidenced by the
significant increases in resin removal efficiency towards phenols when functionalized, particularly OH−

form resins are used. The contribution from adsorbate acidity was determined through examination of the
specific phenolic compounds that were adsorbed by each resin. Therefore, the most suitable resins of
those tested for the removal of phenols from pyrolysis condensates are strongly basic anion exchange
resins in OH− form. The results also demonstrate that recovery of phenols is possible by solvent
extraction. Recovery of phenols by desorption is more effective in macroporous resins, when compared to
gelular. This was demonstrated by the improved recovery of phenols with these resins through solvent
extraction. To further advance this method, green chemistry aspects need to be considered for
environmental and economic benefits when implementing solid phase extraction for the separation of
pyrolysis products. Potential approaches to improving resource efficiency include treating condensate
directly or at higher concentrations to save evaporation energy, avoiding energy use from heat transfer by
assessing adsorption efficiency vs. pyrolyzate temperature, as well as the reuse of sorbent materials and
solvents.
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