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A R T I C L E  I N F O   

Keywords: 
Wheat straw 
Acetic acid washing 
Pyrolysis 
Bio-oil 
Levoglucosan 

A B S T R A C T   

This work discloses how the pretreatment of wheat straw with acetic acid (AA) solutions modifies the biomass 
composition, strongly affecting the pyrolysis product distribution. AA in diluted solutions is a renewable and eco- 
friendly reagent, being also one of the main components of the pyrolysis bio-oil* (water-free basis). In com
parison with water and diluted ammonia treatments, AA washing leads to a higher removal degree of alkali and 
alkaline-earth elements (AAEMs) from the biomass ash. In addition, the AA pretreatment reduces the content of 
char and gas precursors, as is the case of soluble lignin and extractives. Consequently, the bio-oil* yield is 
drastically increased up to ~53 wt% during the pyrolysis of the AA washed wheat straw, being much higher than 
the value obtained for the raw biomass (~35 wt%). Likewise, the bio-oil* composition is highly improved by the 
pretreatment with AA, dramatically increasing the concentration and yield of levoglucosan, which is a valuable 
precursor to produce both advanced biofuels and bio-based chemicals. In contrast, the opposite occurs during the 
pyrolysis of the extracted matter samples, recovered from the washing solutions, since its high content of AAEMs, 
lignin and extractives promotes the formation of char and gases in the detriment of the bio-oil fraction. Based on 
a preliminary techno-economic analysis, it is concluded that pretreatment with AA solutions may improve 
significantly the economic performance of the wheat straw pyrolysis process. This is due to the increased incomes 
coming from the higher yield of both bio-oil* and levoglucosan that largely compensate the additional capital 
and fresh AA costs.   

1. Introduction 

Lignocellulosic biomass is a promising substitute for fossil fuels due 
to its wide availability and distribution, low cost, and near-zero net CO2 
emissions [1,2]. It is estimated that more than 180 billion tons of 
lignocellulosic biomass residues are generated every year from agri
cultural and forestry industries [3]. Thus, their use as an energy and 
chemical resource could help mitigate the problems associated with the 
management and disposal of these solid wastes which are usually burned 
in uncontrolled or low-efficient ways, contributing to the release of 
significant amounts of GHG into the atmosphere [4,5]. 

Lignocellulose is mainly constituted of three structural biopolymers: 
cellulose (40 – 60 wt%), hemicellulose (20 – 40 wt%), and lignin (15 – 
25 wt%), whose proportion depends on the type of plant and their 
origin. In addition, it may also contain a variable proportion of non- 

structural components such as acetyls, organic extractives (lipids, 
essential oils, proteins, simple sugars, etc.) and inorganic compounds, 
usually known as ash [6]. Typically, this mineral fraction contains sig
nificant amounts of alkali and alkaline earth metallic species (AAEMs), 
including potassium, calcium, and magnesium. The ash content is 
generally less than 1 wt% in woody biomass but it may represent up to 
15 wt% in some herbaceous and agricultural residues [7,8]. 

The major challenge for lignocellulosic biomass valorization is the 
development of technically and economically feasible conversion 
routes. In this scenario, pyrolysis appears as an attractive option for 
biomass valorization due to its simplicity, low cost, and short operation 
times [9,10]. This process involves the thermal decomposition of 
biomass in the absence of oxygen at moderate temperatures (400 – 
700 ◦C) under atmospheric pressure. During pyrolysis, the thermal 
conversion and depolymerization of cellulose, hemicellulose, and lignin 
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lead to the generation of three products: a carbonaceous solid, known as 
char, a pyrolysis gas, mainly composed of non-condensable gases such as 
CO, CO2, H2, and light hydrocarbons, and a liquid phase (bio-oil), which 
is considered as a potential precursor for the production of biofuels and/ 
or high-value-added bio-based chemicals [11,12]. However, the final 
use of the bio-oil is limited to low-quality applications due to its high 
contents of water and oxygenated compounds (acids, furans, sugars, 
aldehydes, phenolics, ethers, esters, lignin oligomers, etc.), which re
sults in a high instability and viscosity, extremely acidic pH and low 
heating value [13]. 

The yield and properties of the pyrolysis bio-oil strongly depend on 
the chemical composition and structure of the biomass used as feedstock 
as well as on the operating conditions of the pyrolysis process. In this 
sense, one of the biomass components that most significantly influence 
the pyrolysis process, despite their low concentration, are alkali and 
alkaline earth metals (AAEMs). These elements are typically present in 
the form of water-soluble salts (mainly Na and K) as well as under 
mineral and/or organically-bonded states (i.e. Ca and Mg) [14]. AAEMs 
promote char forming and fragmentation reactions, reducing the bio-oil 
yield [15–17]. In particular, monovalent Na and K catalyze anhy
drosugars dehydration. In addition, K favors the formation of poly
phenols, at the expense of monophenols, and enhances the generation of 
light molecules such as acids and short aldehydes, which accelerate the 
bio-oil aging and reduce the selectivity towards added-value chemicals 
[16–18]. 

Water has been employed for lignocellulose deashing, although 
being only effective for the elimination of water-soluble AAEMs species 
[14,19]. In contrast, biomass washing with inorganic acids (typically 
HNO3, H2SO4, HF, HCl, etc.) has been reported to lead to a high degree 
of demineralization [7,20–23]. However, washing pretreatment with 
these strong mineral acids may alter significantly the physicochemical 
structure of the biomass [7,23], while it cannot be considered a green 
process due to the generation of high volumes of polluted aqueous 
streams. Interestingly, the use of organic acids for biomass deashing to 
improve bio-oil production during the pyrolysis process has been quite 
less investigated. In particular, lignocellulose washing with acetic acid 
can be highly interesting as it is one of the main components typically 
detected in bio-oils, which would lead to a self-sustained and eco- 
friendly process. In this sense, acetic acid should be recovered from 
the bio-oil to be used as a washing agent. For that purpose, different 
strategies have been recently explored such as fractional condensation 
[24,25], reactive distillation combined with esterification [26], extrac
tion using organic solvents [27], membrane filtration technologies [28] 
or anion-exchange columns [29]. 

Although the extraction of acetic acid from the pyrolysis bio-oil is 
still under study, there is enormous potential for its use as a washing 
agent for the demineralization of biomass, especially those with high ash 
contents, since it can be considered an eco-friendly reagent of renewable 
origin. In this context, biomass demineralization using acetic acid or 
even the bio-oil aqueous phase (which contains acetic acid and lights 
hydrophilic oxygenates) and their effect on the pyrolysis process have 
been explored in recent years [19,30,31]. However, these results are 
often based on TG/FT-IR analyses and, in most cases, non-direct in
dications about the lignocellulose structural modifications are provided. 
On the other hand, the improvement of the bio-oil quality is usually 
determined in terms of the area of GC–MS analyses, which is a semi- 
quantitative approach. 

In this sense, the current work investigates the effect of using acetic 
acid as a bio-based green solvent for the pretreatment of a lignocellulosic 
biomass (wheat straw) on its composition and how this influences the 
product distribution when subjected to a pyrolysis process. Moreover, 
the pretreatment with acetic acid solutions of different concentrations is 
compared with washing using both diluted ammonia and hot water. The 
article discloses that the acetic acid washing provokes a great 
enhancement in the yield of the pyrolysis bio-oil fraction, improving 
also significantly its composition as denoted by the sharp increase 

observed in the levoglucosan concentration, which is a highly valuable 
compound used as a precursor of both advanced biofuels and bio-based 
chemicals. The article deals also with the properties and pyrolysis 
behavior of the extracted matter, recovered from the washing solutions. 
This comprehensive study has allowed us to get a full understanding of 
the changes induced by the washing treatments on the biomass prop
erties and how this benefits the bio-oil production during pyrolysis. 

2. Materials and methods 

2.1. Biomass washing pretreatment 

For this study, wheat straw (WS) coming from Segovia (Spain) was 
selected as a representative residue of the agricultural industry. Previ
ously to the washing pretreatments and characterization analyses, 
wheat straw was grounded in a cutting mill and sieved to a particle size 
of 0.5–1 mm. Then, several fractions of this biomass were washed with 
water, with a 2.5 wt% aqueous solution of NH3 (J. T. Baker, 28 – 30 wt 
%), and with diluted acetic acid (AA) (Sigma-Aldrich, purity >99.5 wt 
%) in different concentrations (0, 0.25, 0.5, 0.75, 1, 2.5, 5, and 10 wt%). 
For that, WS was mixed with the washing solution using a mass ratio of 
1:20 (and additionally 1:12 in the case of AA) at 50 ◦C for 2 h under 
continuous magnetic stirring. Thereafter, the mixture was filtered under 
vacuum and, in the case of AA and NH3 washings, rinsed with deionized 
water until reaching a neutral pH [32]. The recovered solid samples 
were oven-dried at 90 ◦C for 48 h and then weighted to determine the 
mass loss produced during the washing pretreatments. The pretreated 
WS samples were labeled as follows: WS-X-Y, where X denotes the 
washing agent employed (H2O, AA or NH3) and Y indicates the AA or 
NH3 concentration (2.5 wt% for NH3 or 0.25, 0.5, 0.75, 1, 2.5, 5 and 10 
wt% for AA). Washing yields were calculated according to Eq. (1): 

WWS-X-Y(wt%) = 100⋅
[

dry washed biomass (g)
dry raw biomass (g)

]

(1) 

Three samples of filtrated solutions (those corresponding to the 
washings with water, 2.5 wt% of acetic acid and 2.5 wt% of NH3) were 
dried in a rotary evaporator to recover the organic and inorganic solid 
fractions (extracted matter, EM) leached during the washing treatment. 

2.2. Biomass characterization 

Proximate analyses of raw wheat straw and samples subjected to the 
washing pretreatments were performed following European the stan
dards procedures UNE-EN ISO 18134-1:2016, UNE-EN ISO 18122:2016 
and UNE-EN ISO 18123:2016 to determine the moisture, ash, and vol
atile matter contents, respectively. Accordingly, moisture percentage 
was estimated by the difference of weight after heating the sample in an 
oven at 105 ◦C overnight while the mineral fraction (ash) content was 
calculated by weighting the sample residue obtained by calcination in a 
muffle furnace at 550 ◦C for 1 h under static air conditions. Volatile 
matter content was determined by thermogravimetric analysis (TGA) 
under inert flow using a thermobalance NETZSCH STA 449, heating the 
sample up to 900 ◦C at 10 ◦C/min, followed by an isothermal step of 10 
min. Finally, the fixed carbon percentage was calculated by the differ
ence between those values and the initial sample weight. To determine 
the effect of washing treatments on biopolymers decomposition tem
perature, thermal gravimetric analyses (TGA) were performed using a 
NETZSCH 449 Thermobalance, under an inert atmosphere with a 
heating rate of 5 ◦C/min up to 900 ◦C. The chemical composition of the 
mineral fraction (ash) recovered from the calcination of raw wheat 
straw, as well as that of washed samples, were measured by inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) using a Perkin- 
Elmer Optima 7300 DV instrument. Before these analyses, the samples 
were acid digested under microwave heating radiation. The difference 
with the total amount of ash sample is denoted as “others”. This fraction 

M. Pagano et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 454 (2023) 140206

3

is mainly composed of silica, whose concentration could not be deter
mined reliably by ICP analyses, and minor traces of Ba, Cu, Ni, Ti, Zn. 
[32–34]. Elemental organic C, H, and N composition was determined 
using a Thermo-Scientific Flash 2000 microanalyzer, calculating O 
content by difference, after subtracting the ashes. 

Determination of biopolymers content (cellulose, hemicellulose, 
lignin, and extractives) of raw WS and washed WS-H2O, WS-NH3-2.5, 
and WS-AA-2.5 samples were performed using an adapted procedure 
from the National Renewable Energy Laboratory described in the liter
ature [35]. Biopolymers composition of EM samples was calculated by 
difference according to Eq. (2): 

EM-Xz(wt.%) = 100⋅
WS-Rawz − WS-Xz⋅WWS-X-Y

(1 − WWS-X-Y)
(2)  

where z = cellulose, hemicellulose, lignin, acetyls or extractives content 
(wt.%). 

2.3. Pyrolysis tests 

To investigate the effect of the washing pretreatment on the bio-oil 
yield and composition, a set of pyrolysis assays were performed using, 
as feedstock, the raw wheat straw, the samples washed with water (WS- 
H2O) and aqueous solutions of 2.5 wt% of NH3 (WS-NH3-2.5) and 2.5 wt 
% of acetic acid (WS–AA–2.5) and the corresponding fractions of 
extracted matter (EM). An additional pyrolysis test was carried out by 
feeding the WS sample washed with 0.75 wt% of acetic acid solution and 
a water:biomass mass ratio of 12:1 (WS-AA-0.75). These experiments 
were carried out under an oxygen-free environment and atmospheric 
pressure using a downdraft stainless steel reactor (16 mm i.d. and 400 
mm length) equipped with two independent heating zones (upper and 
lower zones), the temperatures of which were set at 550 ◦C and 450 ◦C, 
respectively. A full description of the reaction setup and sample 
collection system was detailed in previous works [33,36–38]. Typically, 
4 g of the feed sample were loaded in the feedstock tank. The reaction 
system was subsequently purged using 100 ml/min of N2. Once both 
reaction temperatures were reached, the biomass was discharged into 
the reactor, being thermally decomposed to yield a solid residue (char) 
and a volatile fraction, which left the reactor through a condensation 
trap cooled by an ice-water bath, where the pyrolysis bio-oil was 
collected. The volume of non-condensable gases produced was quanti
fied using a drum-type gas meter (Ritter TG0.5/5) while the volumetric 
concentration of H2, CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8, C4H8 and 
C4H10 were analyzed in a Micro-GC Agilent 490 equipped with molec
ular sieve (Molsieve 5 Å) and PPQ columns and a thermal conductivity 
detector (TCD). 

Both proximate and elemental analyses of the char fraction were 
performed according to the same European Standard procedures used 
for the initial biomass characterization. Bio-oil water content was esti
mated by Karl-Fischer titration (Mettler-Toledo, V20). This value 
allowed the organic percentage present in the liquid fraction to be 
determined (i.e. bio-oil on a water-free basis), which was denoted as bio- 
oil*. Bio-oil chemical composition was analyzed by gas chromatography- 
mass spectrometry (GC–MS) in an Agilent 8860 GC-5977B GC/MSD 
instrument equipped with a fused silica HP5-MS UI column (30 m ×
0.25 mm × 0.25 mm). NIST 2017 spectral library was employed for the 
identification of compounds having a minimum matching factor of 85/ 
100 (typically over 90/100). Before the analyses, the bio-oil samples 
were diluted in dioxane (1:10 mass ratio) and 1000 ppm of cyclohexanol 
was added as an internal standard. The main components in each family 
(acids; ketones, esters, and ethers; aliphatic compounds; aromatics; fu
rans; oxygenated aromatics, and sugars) were calibrated to estimate 
their mass concentrations from the respective response factor using the 
internal standard calibration method. A mean response factor, deter
mined from those of the calibrated molecules of each family, was 
applied to determine the concentration of the non-calibrated molecules 

present in lower amounts (typically <1 % relative GC/MS peak area). 
The percentage of bio-oil* quantified by GC–MS was estimated as the 
sum of the mass concentrations of all compounds detected by GC–MS 
analyses regarding the total amount of bio-oil*. This parameter was 
denoted as bio-oil* total detected fraction. 

The reaction mass balance was calculated from the weight of the 
products collected at the end of the experiments and, in all cases, closed 
with an experimental error of less than 5 % compared to the amount of 
initial biomass loaded into the reactor. Then, product yields were 
determined according to Eq. (3): 

Mass yieldi(wt.%) = 100⋅
[

massi (g)
biomass (g)

]

(3)  

where i = gas, char, bio-oil* and water. Results from pyrolysis of washed 
WS and EM samples were combined with the respective washing yields 
to calculate a weighted sum for reaction yields, gas and bio-oil* 
composition, according to Eq. (4): 

(WS + EM)y yieldi(wt.%) = WSy yieldi⋅WWS-X-Y + EMy yieldi⋅(100

− WWS-X-Y) (4)  

where y denoted the washing pretreatment (H2O, 2.5 % AA or NH3 
washed samples) while i designated the pyrolysis product (i.e. gas, bio- 
oil*, H2O, char, CO, CO2, sugars, acids, etc.). 

3. Results and discussion 

3.1. Effect of the washing pretreatments on the biomass properties 

In this study, three types of washing solutions (water, diluted acetic 
acid or NH3) were used in the pretreatment of wheat straw. In the case of 
acetic acid, the biomass washing was performed varying its concentra
tion in the range of 1 – 10 wt%. 

First, the influence of the washing pretreatments on the chemical and 
structural properties of the raw biomass was evaluated (Table 1). Pure 
water leads to the highest washing yield (88.9 wt%), although this value 
indicates that the proportion of extracted matter is not negligible. The 
use of a weak acid (AA) slightly decreases the biomass yield (about 88 wt 
%) in comparison with water, whereas almost no variations in this 
parameter were observed when varying the AA concentration. In 
contrast, the utilization of diluted NH3 as a washing reagent extracts a 
higher proportion of matter, showing washing yields of 84.7 wt%. 

Proximate and ultimate analyses of raw biomass and washed samples 
are also shown in Table 1. All pretreatments decrease the ash content of 
the initial biomass. Water washing leads to a limited ash removal of the 
raw biomass with a demineralization degree of just 9 wt%. The reduc
tion in the mineral matter content increases when acetic acid is the 
washing reagent, achieving values in the range of 16.0 – 18.7 wt%, with 
no significant differences with the AA concentration. The highest 
demineralization percentage is attained by using diluted ammonia, 
which eliminates more than 40 wt% of the inorganic matter present in 
the raw wheat straw. Interestingly, the washing pretreatments also 
modify the composition of the biomass as reflected in the changes pro
duced in both proximate and elemental analyses. In general, a decrease 
in the fixed carbon content is observed in all cases, resulting in an in
crease in the volatile matter share. Thus, after water washing the fixed 
carbon passes from 21.3 wt% to 15.0 wt%, whereas the volatile matter 
content is augmented from 71.8 wt% to 79.2 wt%. These results evi
dence that just washing with hot water (50 ◦C) provokes significant 
changes in the distribution of the organic components present in the raw 
wheat straw. However, the elemental composition of biomass in terms of 
C, H, N, and O content is little affected by the pretreatments. In this way, 
the major variations are appreciated in the case of washing with diluted 
AA solutions, leading to an increase in the carbon content and a 
reduction in that of the oxygen. 
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As typical herbaceous biomass, wheat straw ash is rich in SiO2 and 
alkali and alkaline earth metals (AAEMs) [32]. AAEMs are known to 
catalyze secondary cracking reactions that reduce bio-oil* production 
and increase gas and char yields [32,39,40]. Ash composition deter
mined from ICP-OES analyses is depicted in Fig. 1. As it can be appre
ciated, K (4548 ppm) and Ca (1159 ppm) are the most abundant AAEMs 
in the ash of the raw wheat straw, followed by smaller proportions of Na 
(501 ppm) and Mg (418 ppm). K is the metal with the highest catalytic 
activity interfering in the biomass pyrolysis process among the AAEMs 
according to the literature [15,41]. Its content decreases by 68.3 % and 
87.2 % when treating the WS with H2O and NH3, respectively, while low 
concentrations of AA are sufficient to almost completely eliminate this 
element, reaching a decrease of ca. 99 %. Similarly, Na content is only 
partially removed with water and ammonia washings, but it is strongly 
reduced (by ca. 98 %) when using low concentrations of AA. Water 
treatment does not eliminate Ca and Mg, whereas ammonia washing is 
partially effective. In the case of AA, the leaching of Ca and Mg takes 
place in a higher extension, mainly when increasing the concentration of 
this acid reagent. In summary, low concentrations of acetic acid are 
sufficient to eliminate almost all AAEMs, while water treatment is less 
effective. Ammonia’s capacity of eliminating AAEMs is in between the 
previous pretreatments, despite this basic reagent caused the highest 
reduction in the overall ash content. This fact can be related to the 
significant reduction in the “others” group produced by ammonia 
washing as it dissolves preferentially the silica, which is the main con
stituent of the mineral fraction of raw wheat straw. SiO2 is considered an 
inert material without significant catalytic effects in biomass pyrolysis 
processes. 

Thermogravimetric analyses were performed to investigate the effect 
of pretreatments on biopolymers degradation temperature (cellulose, 
hemicellulose, and lignin). The weight loss and DTG curves are shown in 
Fig. 2. For the sample WS-Raw the main weight losses are observed in 
the temperature range of 160 – 400 ◦C, a shoulder at 282 ◦C followed by 
a major peak centered at 319 ◦C being appreciated in the DTG profiles, 
which is attributed to the overlapped breakdown of hemicellulose and 
cellulose, respectively. Hemicellulose, consisting of branched polymers 
of five and six carbon sugars, degrades at lower temperatures (250 – 
340 ◦C) than cellulose, which is a linear polymer of glucose (340 – 
400 ◦C). Lignin decomposes in a quite broad temperature interval (200 – 
700 ◦C), hence its weight loss is not clearly defined, partially over
lapping with those of cellulose and hemicellulose. Water, ammonia and 
the different acetic acid treatments give similar results: they reduce the 
overlapping between the polysaccharides by shifting cellulose conver
sion to higher temperatures, passing from about 319 ◦C for WS-Raw to 
ca. 344 ◦C in the case of WS-NH3-2.5. Other noticeable effect is that the 
shoulder present in the raw WS at about 220 ◦C disappears after the 
washing pretreatments. Consequently, the hemicellulose peak becomes 
better defined, showing clearly a maximum in the range of 281 – 292 ◦C. 
On the other hand, the broad lignin degradation signal at about 400 ◦C is 
not significantly affected by any of the investigated pretreatments. 
Reducing the overlapping in the thermal decomposition of cellulose and 
hemicellulose could facilitate the development of fractional pyrolysis 
processes, allowing two or more bio-oil streams with a more uniform 
chemical composition to be produced [42]. 

The above results indicate that acetic acid pretreatments show the 
best performance in terms of AAEMs removal from the raw biomass, 
hence having a high potential to improve the biomass pyrolysis process. 
In addition, comparing with mineral acid pretreatments extensively 
investigated in the literature, it presents the advantages of being a non- 
toxic and renewable origin substance. Moreover, acetic acid is a product 
of biomass pyrolysis itself, being one of the main components typically 
detected in the bio-oil aqueous phase. As concluded from the previous 
results, acetic acid concentrations higher than 2.5 wt% do not provoke a 
noteworthy improvement in the demineralization efficiency. Accord
ingly, the washing solution with 2.5 wt% of AA was selected for the 
subsequent characterization and pyrolysis tests. 

Although the biomass yield after the washing pretreatment is rela
tively high (between ca. 85 and 89 wt%), these figures denote that the 
amount of extracted components is clearly superior to the ash removal, 
and even significantly higher than the overall content of mineral matter 
in the raw WS. This fact, along with the changes observed in the prox
imate and ultimate analyses and the TG profiles, evidences that a sig
nificant part of the organic components is also extracted during the 
washing pretreatments. In order to get further insights into its nature, 
the extracted matter (EM) was recovered by evaporation and charac
terized (Table 2). Proximate analysis shows that all EM samples are 
richer in fixed carbon and ash, having lower volatiles and moisture 
contents than the starting biomass. These results suggest that the pre
treatments selectively extract substances that are more susceptible to be 

Table 1 
Proximate and ultimate analyses of raw and washed WS samples (wt%).  

Sample WS- 
Raw 

WS- 
H2O 

WS- 
NH3-2.5 

WS- 
AA-1 

WS- 
AA-2.5 

WS- 
AA-5 

WS- 
AA-10 

Error 
(±wt.%) 

Washing yield  –  88.9  84.7  87.3  88.1  87.7  88.4  0.6 
Moisture  3.6  2.8  4.6  1.8  2.0  1.9  2.2  0.01 
Volatile matter  71.8  79.2  77.3  78.6  79.6  78.3  78.5  0.5 
Fixed carbon  21.3  15.0  16.2  16.9  15.7  17.0  16.6  0.5 
Ash  3.3  3.0  2.0  2.8  2.8  2.8  2.7  0.3 
% Demineralization  –  9.0  41.0  16.0  16.9  16.3  18.7  1.00 
C  44.9  45.3  46.0  47.1  47.1  46.3  46.8  0.3 
H  5.8  5.9  6.1  6.0  6.0  5.9  6.0  0.05 
N  0.5  0.3  0.3  0.7  0.4  0.3  0.3  0.04 
O  45.5  45.6  45.7  43.4  43.7  44.7  44.3  0.4  

Fig. 1. Ash composition of raw and washed WS samples determined by ICP- 
OES analyses. 
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converted into char in addition to the ash removal. Elemental analysis of 
EMs (Table 2) shows that they all have a slightly lower carbon content 
than washed samples. The oxygen content of EM is very similar to the 
respective washed sample in the case of water and acetic acid, while EM- 
NH3-2.5 presents a lower value. However, the oxygen contents of the 
three EM samples are clearly superior to the values expected from lignin- 
like species (ca. 25 – 30 wt%), showing that the washing pretreatments 
also affect other components in the raw biomass, mainly complex mol
ecules typically considered as extractives but different from the ligno
cellulose biopolymers. This conclusion agrees well with the absence of 
the low temperature (ca. 200 ◦C) signal in the DTG curves after the 
washing pretreatments. 

Characterization analyses of the different biomass components have 
been performed over the two fractions (washed samples and extracted 
matter) obtained after washing with H2O, 2.5 % NH3 and 2.5 % AA 
(Fig. 3). Apart from the main structural polymers, the concentration of 
acetyls, acid-soluble lignin and extractives has been also determined. 
Acetyls groups are present on the side chains of lignin and hemicellu
lose, being one of the main acetic acid sources during pyrolysis [43], 
whereas acid-soluble lignin consists of the external syringyl groups that 

are present in the lignin structure. This last component is quantified 
differently from lignin since the reactivity of the functional groups can 
interfere with the quantification of non-acid-soluble lignin [44]. On the 
other hand, extractives are a set of organic compounds that are not an 
integral part of biomass polymeric structure. They include saccharides 
and other carbohydrates, proteins, phenols, organic acids, resins, waxes 
and sterols among many other compounds [45], so an exhaustive 
characterization of these components is difficult to be performed. The 
raw WS is rich in cellulose (32.6 wt%) followed by hemicellulose (27.2 
wt%), lignin (18.8 wt%) and extractives (10.8 wt%). The other com
ponents such as acetyls and acid-soluble lignin are present in smaller 
amounts. 

In general, ash, acetyl groups, extractives and a small fraction of 
lignin are selectively leached to form EM with any solvent used. 
Ammonia is particularly effective in extracting acetyls, their concen
tration increasing from 11.5 wt% in EM-H2O to 20.5 wt% in EM-NH3- 
2.5, while no significant changes are observed with respect to water 
washing when using acetic acid. Water mainly solubilizes extractives 
since they represent 51.1 wt% of EM-H2O, presenting a limited ability to 
attack and break leakages of biomass structural polymers under the 
pretreatment conditions here applied. Regarding the polysaccharide 
content, it can be seen that acetic acid extracts cellulose (15.0 wt% in 
EM-AA-2.5) while water and NH3 only dissolved a small amount of 
hemicellulose (ca. 8 wt% in EM-H2O and EM-NH3-2.5). As a result, 
holocellulose concentration increases in all washed samples, while 
lignin extraction is not sufficient to significantly change its concentra
tion in any case. As shown in Fig. S1, a great part of the weight loss 
during TG analysis of EM samples occurs at relatively low temperatures 
(170 – 270 ◦C), which agrees well with being formed mostly by non- 
polymeric species (extractives), while a minor weight loss can be 
appreciated at temperatures that correspond to lignin degradation (420 
– 460 ◦C). 

3.2. Effect of the washing pretreatments on the biomass pyrolysis products 

After studying how the washing treatments affect WS composition, 

Fig. 2. TG/DTG profiles of untreated and washed WS samples.  

Table 2 
Proximate and elemental analyses of raw WS and EM samples (wt%).  

Sample WS- 
Raw 

EM- 
H2O 

EM-NH3- 
2.5 

EM-AA- 
2.5 

Error 
(±wt. 
%) 

Yield —  11.1  15.4  11.9  0.5 
Moisture 3.6  5.7  4.1  4.9  0.01 
Volatile 

matter 
71.8  62.2  59.7  64.1  0.4 

Fixed carbon 21.3  26.4  25.4  23.5  0.5 
Ash 3.3  5.8  10.8  7.5  0.4 
C 44.9  42.0  42.8  41.8  0.2 
H 5.8  5.6  5.6  5.1  0.04 
N 0.5  1.6  1.1  1.7  0.1 
O 45.5  45.0  39.4  43.6  0.2  
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pyrolysis tests were carried out using the WS samples washed with water 
and aqueous solutions of ammonia (2.5 wt%) and acetic acid (2.5 wt%), 
as well as the corresponding extracted matter, as feedstock. Likewise, a 
pyrolysis test was performed with the raw wheat straw to be used as a 
reference. 

Reaction yields of the different pyrolysis products (bio-oil*, water, 
gas, and char) are shown in Fig. 4. Acetic acid pretreatment drastically 
increases the bio-oil* yield in comparison with the WS-Raw pyrolysis, 
passing from ca. 35 to 53 wt%. This means that the production of bio- 
oil* is augmented by a factor of 1.5. In contrast, the yields of the 
other fractions (water, gas and char) are significantly reduced compared 
to the test carried out with the raw wheat straw. This remarkable 
improvement of the bio-oil* yield can be attributed to the changes 
induced by the acetic acid pretreatment on the biomass composition. In 
contrast, very different product distribution is obtained when the 
extracted matter from the acetic acid pretreatment (EM-AA-2.5) is used 
as feedstock for the pyrolysis test. This sample produces a low amount of 
bio-oil* (about 20 wt%), generating more char and gases with respect to 
WS-Raw. These results can be attributed to the high proportion of ash, 
lignin and extractives that are present in the extracted matter [6,18]. On 
the other hand, an interesting and surprising finding is that the water 
yield obtained in the pyrolysis of both samples derived from the acetic 
acid pretreatment (WS-AA and EM-AA) is lower than that corresponding 
to the reference pyrolysis test with the initial wheat straw. This fact 
suggests that dehydration reactions are particularly promoted by the 
interaction of AAEMs components with the polysaccharides present in 

the raw wheat straw, probably through cross-linking condensation re
actions that finally result also in the production of additional char. 
Therefore, separating both components in different fractions by the AA 
washing treatments reduces significantly the extension of those dehy
dration reactions, which in turn leads to a decrease in the overall water 
generation. The bio-oil* yield obtained using the WS sample washed 
with diluted ammonia is quite similar to that achieved with the acetic 
acid pretreatment. This fact could be related to a balanced effect of the 
higher holocellulose content of WS-NH3-2.5, which leads to an increase 
of the organic liquid products, and the slightly higher residual amount of 
AAEMs that remains in the ammonia-washed sample, promoting the 
occurrence of bio-oil* conversion reactions. 

In the case of the water pretreatment, variations in the pyrolysis 
product distribution present similar trends to those of the AA and NH3 
washings, although quite less pronounced. Thus, for the WS–H2O sample 
the bio-oil* yield is ca. 40 wt%, which represents a slight increase in 
comparison with that of the WS-Raw (about 35 wt%). In this way, bio- 
oil*, water and char yield from WS-H2O pyrolysis are between those 
of WS-Raw and samples washed with AA and NH3. These results agree 
well with the intermediate efficiency of the ash removal, and in 
particular of AAEMs, achieved with the water pretreatment. 

On the other hand, the pyrolysis of the EM-H2O sample leads to a 
product distribution quite similar to that of the extracted matter derived 
from acetic acid pretreatment. Thus, the bio-oil* yield is practically the 
same for both EM samples (about 19 wt%). The pyrolysis of EM-NH3-2.5 
yields more char, water, and bio-oil* but lower production of non- 

Fig. 3. Components distribution in raw WS, washed WS (a) and EM (b) samples.  
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condensable gases than EM-AA-2.5 and EM-H2O, which can be assigned 
to the higher organic and AAEMs contents, in particular K, in this 
sample. 

Fig. 5 depicts the yield of the main components present in the 
gaseous stream for all the pyrolysis tests. For the samples pretreated 
with AA and NH3, an important reduction in the production of CO and 
CO2 occurs in comparison with the raw biomass. In contrast, the sample 
pretreated with water shows yields of the different gaseous compounds 
very similar to those of the pyrolysis of the WS-Raw material. On the 
other hand, some interesting variations can be appreciated in the py
rolysis tests of the EM samples according to the overall gas yields. Thus, 
for both extracted matters with H2O and AA, the CO2 yield increases 
with respect to the raw biomass but that of CO is reduced. These results 
suggest that the AAEMs present in the ash fraction are directly involved 
in promoting decarboxylation reactions over decarbonylation ones 
[19,22]. In this way, as illustrated in Fig. S2, the CO2/CO molar ratio is 
quite higher in the case of the EM pyrolysis in comparison with that of 
the raw biomass and washed samples. 

The elemental composition of all bio-oils* and char samples is shown 
in Table 3. All pretreatments slightly increase bio-oil* carbon content 
and reduce oxygen content. Water treatment is the most effective in 
terms of bio-oil* deoxygenation, which can be linked to the higher CO 
and CO2 production. As to the char elemental composition, all washed 
samples generate a solid residue with more carbon and less oxygen than 
the one produced from the raw biomass. Therefore, great differences are 
observed for these feedstock between the elemental composition of the 
liquid and solid fractions produced during the pyrolysis. However, this is 
not the case of the extracted matters coming from AA and water wash
ings, in which the differences in the C and O content between the bio- 
oil* and char products are quite less pronounced. In this way, the 
chars obtained in the pyrolysis of EM samples contain a relatively large 
share of oxygen (between ca. 32 – 36 wt%). These results, together with 

the high char yield derived from the EM pyrolysis, evidence the diffi
culty of generating volatile species from these materials. As EM samples 
accumulate most of the extracted AAEMs, it can be envisaged that the 
latter largely promote the extension of condensation transformations 
into high molecular species rather than cracking reactions leading to 
lighter components [34]. In the case of EM-NH3, both bio-oil* and char 
exhibit a lower oxygen content (35.6 and 15.0 wt%, respectively). This 
fact is related to the significant nitrogen amount present in those phases 
(12.1 and 4.9 wt%, respectively) as a consequence of the ammonia 
washing. This effect is accentuated in the resultant biochar due to the 
higher amount of ash accumulated as a result of the major demineral
ization efficiency of the NH3 pretreatment. 

The chemical composition of bio-oil is fundamental for the design of 
downstream processes since it would strongly affect the characteristics 
of the final desired product. Bio-oil* composition from calibrated 
GC–MS analysis is shown in Fig. 6, where compounds are grouped in 
families based on their main functional group. 

Washing the biomass with acetic acid reduces the concentration of 
ketones, ethers and acids, while the concentration of furans, phenols and 
sugars is enhanced. In particular, the increase of the sugar yield is 
amazing passing from about 0.5 wt% in the WS-Raw up to ca. 10 wt% in 
the bio-oil* produced from the AA washed feedstock. This finding can be 
connected with previous studies about the effects of inorganic metals on 
the thermal pyrolysis of biomass [33,46]. In fact, the elimination of 
almost all AAEMs from biomass ashes by acid washing avoids the 
occurrence of secondary reactions such as ring fission and glucose 
fragmentation, which are mainly catalyzed by potassium, yielding light 
oxygenated compounds and gaseous components [6]. Thus, previous 
studies demonstrated that acetic acid, which represents the 90 wt% of 
the acids family, can be produced from direct depolymerization and 
fragmentation of cellulose in the presence of potassium and not only 
from hemicellulose decomposition [15,47,48]. 

Fig. 4. Pyrolysis product yields of WS-Raw, WS-H2O, WS-NH3-2.5, WS-AA-2.5 (a) and WS-Raw, EM-H2O, EM-NH3-2.5 and EM-AA-2.5 (b).  
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The pyrolysis of the biomass washed with water produces a bio-oil* 
in which yields of the different compound families are intermediate 
between WS-Raw and WS-AA-2.5, except for carboxylic acids. The yield 
of the latter family from WS-H2O is higher than in the case of WS-Raw, 
while acids yield from WS-AA-2.5 is lower than for WS-Raw. In this case, 
the increase in the sugars concentration due to water treatment is very 
low compared to the effect of the AA pretreatment. These results indi
cate that the presence of a residual AAEMs content in sample WS-H2O 
may have a significant and detrimental catalytic activity. 

The same conclusion can be drawn from the composition of the bio- 
oil generated from the sample WS-NH3-2.5. Thus, despite having the 
highest holocellulose content, sugars and furans yields are in the middle 

of WS-H2O and WS-AA-2.5 in agreement with the intermediate AAEMs 
content, especially K and Mg, which contribute to the conversion of 
those compounds in light oxygenated species, such as ketones and 
ethers. 

On the other hand, the EM samples lead to a bio-oil* that is rich in 
acetic acid and light oxygenated compounds, agreeing with its high 
content of acetyls and extractives [49]. In contrast, the yields of sugars 
and furans are very low since the holocellulose biopolymers are not 
extracted in significant amounts during the pretreatments but concen
trated in the washed samples. In this way, the concentration of 
oxygenated aromatics is slightly higher than those of sugars and furans, 
which agrees with the higher share of lignin in EM samples with respect 
to cellulose and hemicellulose. 

Bio-oil* may also contain lignin and cellulose oligomers, as well as 
other heavy species, that contribute to increase its viscosity and insta
bility over time. Most of these components cannot be detected directly 
by GC–MS technique [50]. Nonetheless, thanks to an accurate deter
mination of the detected components via internal standard calibration, 
their overall concentration/yield can be estimated by difference. As 
shown in Fig. 7, the total bio-oil* detected and identified fraction does 
not change significantly by washing the biomass, being ca. 50 wt% of the 
total bio-oil* yield. Since both bio-oil* detected and non-detected frac
tions are enhanced when total bio-oil* yield increases, it can be deduced 
that the negative effect of secondary reactions promoted by AAEMs af
fects both light and heavy components in the bio-oil*. On the other 
hand, the bio-oil* obtained from the EM samples presents a higher 
content of heavy and oligomeric species than the raw and washed wheat 
straw materials, which also denotes the difficulty of transforming these 
materials into light components. 

Product yields, bio-oil* elemental composition and compounds dis
tribution from WS-Raw pyrolysis have been compared with the sum of 

Fig. 5. Gas components yields derived from the pyrolysis of WS-Raw, WS-H2O, WS-NH3-2.5 and WS-AA-2.5 (a) and WS-Raw, EM-H2O, EM-NH3-2.5 and EM-AA- 
2.5 (b). 

Table 3 
Elemental composition of bio-oil* and char samples (wt%).   

Sample C H N O Ash 

Bio-oil WS-Raw  50.3  6.8  1.8  41.2 n.a. 
WS-H2O  55.8  6.8  1.3  36.2 n.a. 
EM-H2O  45.7  9.0  4.9  40.4 n.a. 
WS-NH3-2.5  52.4  6.6  1.1  39.8 n.a. 
EM-NH3-2.5  42.7  9.6  12.1  35.6 n.a. 
WS-AA-2.5  53.1  6.2  1.1  39.6 n.a. 
EM-AA-2.5  46.2  8.0  3.5  42.3 n.a.  
Error (±wt.%)  0.68  0.04  0.37  1.01 n.a 

Char WS-Raw  68.7  3.2  0.8  14.2 13.1 
WS-H2O  71.4  2.9  0.7  10.9 14.0 
EM-H2O  49.0  2.4  1.4  32.4 14.8 
WS-NH3-2.5  74.8  3.3  0.8  11.1 10.1 
EM-NH3-2.5  54.0  2.9  4.9  15.0 23.1 
WS-AA-2.5  72.4  3.0  0.9  10.2 13.5 
EM-AA-2.5  41.8  2.4  1.1  36.7 18.0  
Error (±wt.%)  0.69  0.04  0.37  0.70 0.50  
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the results obtained for washed WS and EM pyrolysis, weighted on the 
respective washing yields according to Eq. (4). Results of the calculation 
are shown in Fig. S3. The weighted addition of the results of WS-H2O 
and EM-H2O pyrolysis does not change significantly in comparison with 
the values corresponding to WS-Raw. Minor differences include a lower 
bio-oil* oxygen content and ketones and ethers yield, while bio-oil*, 
CO2, acids and sugars yields are slightly higher than those of WS-Raw. 
In contrast, important differences can be appreciated when comparing 
the WS-Raw pyrolysis results with the weighted sum of WS-AA-2.5 and 
EM-AA-2.5. In particular, both total bio-oil* and levoglucosan yields are 
quite higher in the addition results than those in WS-Raw, while char, 
gas and water production are lower. The weighted addition of WS-NH3- 
2.5 and EM-NH3-2.5 provides similar results to acetic acid washing in 
terms of pyrolysis product yields, but the bio-oil* composition is inter
mediate between samples washed with water and acetic acid. These 
results confirm that, among the WS washings here investigated, acetic 
acid pretreatment is the one that most positively affects the pyrolysis of 
holocellulose components, largely avoiding their interaction with 
AAEMs species, rather than having a simple additive effect caused by the 
extraction of biological and inorganic matter. However, this is not the 
case of lignin since all pretreatments do not almost affect phenols yield 
when comparing the pyrolysis results of the WS-Raw sample with the 
weighted addition values. Probably, this is related to the fact that a 
significant part of the lignin is leached during the washing treatments, 
being then recovered in the extracted matter. 

To illustrate the main conclusions from this section, Fig. 8 depicts 
how the WS washing pretreatment with acetic acid changes the biomass 
composition, provoking its speciation into two fractions, which subse
quently has remarkable effects on the product distribution derived from 

Fig. 6. Molecular composition of bio-oil* samples derived from the pyrolysis of WS-Raw, WS-H2O, WS-NH3-2.5 and WS-AA-2.5 (a) and of WS-Raw, EM-H2O, EM- 
NH3-2.5 and EM-AA-2.5 (b). 

Fig. 7. Overall yield of GC–MS detected and non-detected components in the 
bio-oil* fractions derived from the pyrolysis of WS-Raw, WS-H2O, EM-H2O, WS- 
NH3-2.5, EM-WS-NH3-2.5, WS-AA-2.5 and EM-AA-2.5 samples. 

M. Pagano et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 454 (2023) 140206

10

the pyrolysis process. 

3.3. Relationship between the bio-oil* and levoglucosan yields and the 
AAEMs and polysaccharide contents 

Previous results have demonstrated the strong influence of the 
washing pretreatment of wheat straw on the yields of the pyrolysis 
product, especially on the bio-oil* production. This fact is related to the 
efficiency of the washing for the removal of AAEMs species, which are 
responsible of the occurrence of non-desired secondary reactions [6]. 
This effect is illustrated in Fig. 9.a, showing that the bio-oil* yield is 
inversely proportional to the AAEMs content in the WS-Raw, WS-H2O, 
WS-NH3-2.5 and WS-AA-2.5 samples. However, this trend is not fol
lowed when comparing the EM samples as in this case the material 

derived from the AA treatment presents a slightly higher bio-oil* yield 
despite having quite more AAEMs content. This apparent anomaly can 
be explained with Fig. 9.b that denotes also an important correlation 
between the bio-oil* yield and the holocellulose content of the samples. 
In fact, for materials with high AAEMs contents and a low share of 
cellulose and hemicellulose (EM samples), the latter seems to be the 
limiting factor for the bio-oil* production. This conclusion agrees with 
the high content of other components (mainly soluble lignin and ex
tractives) present in the EM samples leading mostly to char and gases 
during the pyrolysis process, as earlier highlighted. 

However, the most interesting finding is the correspondence be
tween the AAEMs content in the feedstock and the levoglucosan pro
duction, which is especially high when the wheat straw is treated with 
acetic acid, achieving values close to 10 wt% (Fig. 10). Thus, the almost 

Fig. 8. Scheme of main effects produced by the WS washing pretreatment with AA on both the biomass composition and the product distribution derived from the 
pyrolysis process. 

Fig. 9. Bio-oil* yield versus (a) total AAEM content and (b) holocellulose content of raw WS, washed WS and EM samples. Bio-oil yields are calculated considering 
the washing yields of every WS and EM sample. 
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complete elimination of K, Na, and Mg attained with AA washing 
significantly reduces the promotion of ring scission reactions, leading to 
an increased availability of cellulose, which is the main precursor of 
levoglucosan [51]. 

3.4. Preliminary study of techno-economic feasibility 

In order to complement the previous identified benefits of the wheat 
straw pretreatment with AA, a preliminary feasibility assessment is 
addressed in this section, considering technical and economic aspects, 
by comparison with a reference pyrolysis process using non-pretreated 
biomass (WS-Raw). 

Firstly, an exploratory optimization of the AA washing pretreatment 
was performed. Thus, the water:biomass mass ratio was progressively 
reduced to determine the minimum value that allowed the biomass to be 
properly stirred and suspended. This value was 12:1 w/w. Using this 
ratio, the AAEMs removal efficiency of solutions with acetic acid 

concentrations ranging from 0.25 to 1 wt% were also evaluated. These 
results are summarized in Table S1 together with those obtained using 
water and AA solutions of 1 wt% and a water:biomass mass ratio of 20:1 
w/w. It can be observed that the washing yield is little affected by the AA 
concentration neither by the water:biomass mass ratio. However, the 
same is not observed with the content of AAEMs, which increases when 
both AA concentration and water:biomass ratio are reduced. Neverthe
less, in all cases, the AAEMs contents are clearly lower than those ob
tained using pure water as washing agent. In this sense, washing with a 
solution of 0.75 wt% of acetic acid, the AAEMs removal, washing yields 
and ash content in the WS were quite close to those attained with higher 
AA concentrations. Accordingly, the solution of 0.75 wt% of AA with a 
water:biomass ratio of 12:1 w/w was selected for this preliminary 
feasibility study as these conditions involve a smaller need of AA as well 
as lower consumption of energy for filtering and drying stages that 
should be carried out before the pyrolysis process. 

Using this sample (WS-AA-0.75) as feedstock, an additional pyrolysis 
assay was carried out to determine the experimental data required for 
this study. Table S2 summarizes the yields and composition of the py
rolysis products, as well as the levoglucosan production obtained under 
these conditions. These results denote that using these washing condi
tions also improves significantly both the bio-oil* and levoglucosan 
yields regarding the reference case (pyrolysis of WS-raw). 

Fig. 11 (a and b) presents the process diagram considered for both 
the WS-raw and WS-AA-0.75 pyrolysis processes. In both cases, the ca
pacity of the plant has been set at 300,000 tons of raw wheat straw per 
year, operating 8000 h a year. 

In the conventional process, raw wheat straw (15 wt% moisture 
[52]) is firstly milled to reduce the particle size, dried up to 7 wt% 
moisture and fed to the pyrolysis reactor at 550 ◦C. The product fractions 
from pyrolysis (gases, bio-oil and char) are then separated, and the gas 
fraction and part of the char are considered to be burnt to satisfy the heat 
requirement in the pyrolysis operation. The leaving exhaust gases, at 
700 ◦C, are used to provide the thermal needs in the biomass dryer. The 
main results of this process, including material and energy balances, are 
detailed in Table 4. 

The process involving acetic acid WS pretreatment also begins with 
the milling of the biomass. After reducing the particle size, the WS un
dergoes the extraction operation with an aqueous solution of acetic acid 
(AA, 0.75 wt%), being washed with water to adjust pH to neutral con
ditions. As a consequence of these operations, around 12 wt% of the dry 
biomass mass is dragged with the extractive solution and water, mainly 
comprising ash and extractive organic compounds. On the contrary, the 

Fig. 10. Levoglucosan* yield versus (a) total AAEM content of raw WS, washed 
WS and EM samples. (Levoglucosan yields are calculated considering the 
washing yields of every WS and EM sample). 

Fig. 11. Process diagram of (a) reference pyrolysis process (WS-raw) and (b) pyrolysis process considering WS pretreatment with AA washing (WS-AA-0.75).  
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biomass undergoes a weight gain in terms of water content, thus being 
required a subsequent step of press filtering to eliminate it. After this 
operation, the biomass reaches a moisture content of approximately 43 
wt% (observed experimentally), next entering the dryer to reduce it up 
to 7 wt% and being fed to the pyrolysis reactor at 550 ◦C. Thereafter, the 
product from the pyrolysis (gases, bio-oil and char) are separated, and 
bio-oil and gas fractions are used to preheat the inlet AA solution in 
respective heat exchangers. Again, pyrolysis gases and part of the char 
are considered to be burnt to satisfy the heat requirement in the pyrol
ysis operation, and the exhaust gases, at 700 ◦C, are used to heat up the 
AA solution to the required temperature of the extraction (50 ◦C) and to 
provide the remaining heat in the drying step. The main results of this 
process are also collected in Table 4. 

Comparing the assessed processes, it is observed a decrease in the 
production of gases and char yields in favor of the bio-oil* yield for the 
WS-AA-0.75 case (+2740 kg/h). Despite the decrease in the gas phase 

production, the quality of this fraction is improved as higher LHV is 
obtained. On the other hand, besides the enhancement of bio-oil* yield, 
the content of levoglucosan (LG) increases significantly, which is a high- 
added value chemical [53]. However, it is found some reduction in the 
AA production, which is assumed to be potentially recirculated to the 
extraction process, thus lowering the consumption of fresh AA, previous 
separation and purification. 

On the other hand, the heat consumption is increased when the AA 
washing pretreatment is performed, principally due to the WS drying 
operation. Nonetheless, considering the produced amounts of gases and 
char, as well as their LHV, there is enough chemical energy available to 
satisfy the required heat, thus demonstrating its potential self- 
sufficiency. Additionally, power consumption results higher when 
compared to the WS-raw case, mainly associated with the extraction and 
filtration steps, which directly influences the economic balance. 

Regarding the preliminary economic feasibility of the pretreatment, 
Table 5 summarizes the main figures in terms of production costs dif
ference between both options, i.e. the extra cost or savings for each item 
of the WS-AA-0.75 process relative to the reference WS-Raw process. As 
can be observed, costs associated with fresh AA and extra power con
sumption are higher with the pretreatment (+9069 and +999 k€/y, 
respectively), as well as capital costs associated with equipment of the 
related operations (i.e. extraction tank, agitator, filter, heat exchangers 
and increase on the dryer capacity). On the other hand, capital costs 
derived from the pyrolysis reactor are reduced (-148 k€) since its ca
pacity also decreases, while potential incomes from the enhanced pro
duction of bio-oil* and, especially, levoglucosan contribute to tilt the 
balance to an economically feasible scenario (+3695 and +48526 k€/y, 
respectively). Indeed, a final reduction of 43237 k€/year in the costs is 
found for the WS-AA-0.75 case compared with WS-raw case, which 
potentially indicates a feasible and better economic scenario for the 
biomass pretreatment. 

It is important to note that the economic results are strongly influ
enced by the LG price, which is difficult to be estimated due to the lack of 
reliable data at industrial scale. It has been reported that the LG price 
may vary in a wide range (10 – 50 $/kg) [55]. On the other hand, some 
recent works have concluded that the production costs for LG could be 
set from 1.3 $/kg to 4.5 $/kg [53,55]. Taking into account these figures, 
in the current work, a conservative value of the LG selling price of 3.3 
$/kg has been considered. Despite this value being lower than other 
reported selling prices, a remarkable economic improvement is obtained 
regarding the reference process. Nevertheless, it must be taken into 
consideration that these are preliminary results and further research 
would be required in a number of aspects, like the optimization of the 
operations for the AA recovery from the bio-oil and the possibility of 

Table 4 
Summary of material and energy balances of main influenced items for WS-raw 
and WS-AA-0.75 processes.  

Material 
balance 

WS-raw WS-AA-0.75  

Stream T 
(◦C) 

Mass 
flow 
(kg/h) 

Moisture 
(wt.%) 

Mass 
flow 
(kg/h) 

Moisture 
(wt.%) 

Comment 

1 25 37,500 15.0 37,500  15.0 Raw biomass 
2 25 37,500 15.0 37,500  15.0 Milled 

biomass 
3 80 34,270 7.0 30,250  7.0 Dried 

biomass 
4 550 5312 0.0 2977  0.0 Gas fraction; 

LHV = 5.99 
MJ/kg in base 
case; LHV =
6.79 MJ/kg 
in extraction 
case 

5 550 20,048 40.2 20,764  29.0 Bio-oil 
fraction; LG 
= 0.9 wt%, 
AA = 11.9 wt 
% in base 
case; LG =
9.6 wt%, AA 
= 5.3 wt% in 
extraction 
case 

6 550 8910 0.0 6510  0.0 Char fraction; 
LHV = 26.9 
MJ/kg 

14 25 – – 49,232  42.9 Pressed wet 
biomass 

20 50 – – 450,000  – Water (99.25 
wt%) + AA 
(0.75 wt%) 

Energy balance 
Heat pyrolysis 

(GJ/h) 
34.1 30.1  

Heat dryer 
(GJ/h) 

8.3 48.8  

Heat 
extraction 
(GJ/h) 

– 43.7  

Potential heat - 
gases (GJ/h) 

− 31.8 − 20.2 Based on LHV 

Potential heat - 
char (GJ/h) 

− 239.8 − 175.2 Based on LHV 

Power 
Power 

filtration 
(MW) 

– 1.2  

Agitator 
extraction 
(MW) 

– 0.6   
Table 5 
Summary of preliminary economic implications of WS-AA-0.75 process 
compared to WS-raw.   

Unit price Increment yearly cost (k€/ 
y) 

Comments 

AA 500 €/t  9,069.1 from [54] 
LG1 3300 $/t  − 48,526.4 from [55] 
BO* (-LG) 2 200 €/t  − 3,694.7 from [56] 
Power 115.2 

€/MWh  
999.1 EU-2019S2 from  

[57] 
Equipment3 k€   
Pyr. Reactor − 148.4  − 14.8 from [56] 
Ext. tank 269.9  27.0 calculated as in [58] 
Exchangers 117.7  11.8 calculated as in [58] 
Agitator 331.5  33.2 from [59] 
Dryer 289.9  29.0 from [60] 
Filter 127.7  12.8 from [61] 
Total   − 43,237.1  
1LG: levoglucosan. 

2BO* (-LG): bio-oil on a water-free basis without levoglucosan. 
3Capital costs related to equipment has been annualized assuming a linear amortization of 
10 years.  
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reusing the AA washing solution to reduce the input of fresh AA. In any 
case, results in the literature are in line with this work, reporting techno- 
economic feasibility of processes producing LG from biomass, which 
contributes to prove the benefits of this type of pretreatment process in 
biomass pyrolysis [53,55,61,62]. 

4. Conclusions 

Wheat straw can be effectively demineralized by washing with 
diluted acetic acid solutions, showing removal rates of Na, K, Mg, and Ca 
much higher than those achieved by pretreatment with water or diluted 
NH3. In addition, these three reagents partially dissolve the organic 
fraction (between ca. 11 and 14 wt% of the raw biomass), inducing 
significant changes in the composition and contents of the biopolymers 
(cellulose, hemicellulose and lignin) and other non-structural compo
nents (extractives, acetyls, etc). Thus, washed samples showed a lower 
percentage of fixed carbon and a higher proportion of holocellulose, 
while soluble lignin and extractives are concentrated in the extracted 
matter. 

These modifications in the composition and structure of the raw 
biomass, caused by the washing pretreatments, have important impacts 
on the product distribution obtained in a subsequent pyrolysis process. 
Interestingly, the bio-oil* (bio-oil in dry basis) yield was significantly 
increased, passing from 35 wt% when the raw wheat straw is used as 
feedstock up to 53 wt% in the case of the biomass sample washed with 
acetic acid. In addition, acetic acid pretreatment lowered the formation 
of the other fractions (char, water and gases). Relevant changes are also 
observed in the bio-oil* composition, with a reduction in the concen
tration of aldehydes, ketones, and carboxylic acids and a sharp 
enhancement in the production of furans, and especially of levoglucosan 
(yield over 10 wt%), which becomes the main component of the bio-oil* 
fraction. Ammonia has a stronger effect than acetic acid in extracting 
and dissolving both organic and inorganic matter, resulting in a washed 
biomass with the highest holocellulose content, but not in terms of 
AAEMs extraction. As a result, pyrolysis product yields obtained from 
the biomass washed with NH3 are similar to that washed with AA, but 
the bio-oil* quality is not enhanced to the same extent since levoglu
cosan and furans production is much lower. 

In contrast, pyrolysis of the extracted matter samples, recovered 
from the washing solutions, leads to quite larger production of char, 
yielding also more gases and rather less bio-oil* than the raw wheat 
straw. Likewise, the bio-oil* obtained from the EM samples presents a 
higher content of heavy and oligomeric species than the raw and washed 
wheat straw materials. 

Considering together the results obtained in the pyrolysis of all 
materials (raw, washed and extracted matter samples), it is concluded 
that the production of high bio-oil* yields can be linked not only to the 
removal of AAEMs species, thus avoiding undesired secondary reactions, 
but also with the increase of the share of holocellulose components, 
which are the main precursors of both furans and anhydrosugars. 

In summary, acetic acid washing is a promising pretreatment to 
improve the quantity and quality of the bio-oil* produced by pyrolysis. 
In this way, pretreatment with acetic acid in diluted solutions is as 
effective as the use of strong acids, extensively investigated in the 
literature, for the deashing of this kind of agricultural residues. Addi
tionally, acetic acid is a biodegradable, non-toxic and non-polluting 
solvent and can be produced through biomass pyrolysis, leading to a 
self-sustained process. Finally, a preliminary study of techno-economic 
feasibility found that wheat straw washing with acetic acid can signifi
cantly improve the economic performance of the process since the 
enhanced bio-oil* and, in particular, levoglucosan yields generate 
remarkable additional revenues that compensate the extra-costs asso
ciated with the pretreatment. 
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