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Microwave-assisted hydrothermal (MHT) treatment of biomass has received significant attention owing to energy efficiency 

during internal energy transfer and the additional benefits to the hydrochar produced in terms of physicochemical composition. 

Therefore, this study proposes the combination of MHT pretreatment with the fast pyrolysis process, to evaluate and optimize 

the effect of this treatment on the quality of the hydrochar and, consequently, on the quality of the bio-oil. The optimization of 

MHT treatment using black spruce was carried out, followed by fast pyrolysis of the hydrochar produced under optimal 

conditions in an auger reactor at 550 °C to obtain a high-quality bio-oil. As a result, the pretreated biomass showed on the one 

hand a significant

 

decrease in the ash content by 58% and 43% in the content of the extractives. While on the other hand, the 

obtained hydrochar showed an increase in the availability of cellulose by 18.5% as a consequence of the reduction in the content 

of hemicellulose. Accordingly, hydrochar showed an increase in thermal stability during pyrolysis and it produced a higher total 

bio-oil yield, increasing by 24%. Most importantly, the oil obtained showed a 35% reduction in moisture content. Chemical 

composition of the oil was qualitatively examined through GC-MS analysis. It was observed that the bio-oil showed a dramatic 

increase in the relative content of levoglucosan, by 127%. A bio-oil with the characteristics obtained would be a suitable 

candidate for use in boilers for

 

heating purposes or chemical extraction. 

 

 

                                                                                                                                            

  

➢Microwave-assisted hydrothermal treatment 

(MHT) of biomass led to a decrease of 58% in ash 

content and 43% in extractives.
 

➢Pretreatment increased cellulose availability by 

18.5% via hemicellulose reduction.
 

➢MHT-pretreated hydrochar exhibited enhanced 

thermal stability during pyrolysis. 
➢Pyrolyzed hydrochar increased bio-oil yield by 

24% and decreased moisture by 35%. 

➢Relative content of levoglucosan significantly 

increased by 127% in hydrochar bio-oil. 
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1. Introduction 

 

The development of green technologies has emerged in recent years as a 
solution to the environmental crises caused by the growing utilization of fossil 

fuels. Fast pyrolysis is a promising green technology that uses biomass for the 

production of bio-oil, gas, and biochar. The pyrolytic oil produced is regarded 
as a potential substitute for fossil fuels in stationary combustion applications 

(Kalargaris et al., 2017; Krutof and Hawboldt, 2020) or can be used in diesel 

blends (Krutof and Hawboldt, 2016). Nevertheless, bio-oil quality remains poor 
and is limited by its chemical stability associated with aging, the low calorific 

value related to the high water content, the formation of deposits due to high 

solids and ash content, and high acidity and viscosity (Krutof and Hawboldt, 
2016; Imran et al., 2018; Pourkarimi et al., 2019; Qureshi et al., 2019). Hence, 

some upgrading techniques can be applied to biomass prior to pyrolysis for bio-

oil to be used in stationary combustion applications such as thermal, chemical 
or biological pretreatments (Dai et al., 2018; Soltanian et al., 2020).  

The use of pretreatments on biomass favors the production and quality of 

bio-oil and it has been studied as a viable method for the establishment of a 
production chain in the future. Chemical components of biomass and their 

interactions during pyrolysis play an important role in the quality and yield of 

products (Hilbers et al., 2015; Yu et al., 2017). Thermal pretreatments are 
generally used for the structural destruction of lignin and hemicellulose, hence 

increasing the availability of cellulose content. Hydrothermal treatment, among 

all thermal pretreatments, is characterized by solubilizing hemicellulose into 
aqueous compounds using saturated water as medium at a temperature of 150-

260 °C (Chang et al., 2013), preserving cellulose for the pyrolysis process 

(Holopainen-Mantila et al., 2013; Zheng et al., 2015). In addition, lower energy 
consumption has been reported in comparison with the other thermal treatments 

such as torrefaction, due to its lower temperature, resulting in reduced ash 
content and biochar yield (Kambo and Dutta, 2015; Alvarez-Chavez et al., 

2019b). After applying a hydrothermal pretreatment to the biomass, some of 

the changes in its physicochemical composition that have been reported are an 

improvement in the grindability and hydrophobicity (Le Roux et al., 2015; Dai 

et al., 2017), a decrease in the proportion of alkalis contained in the biomass 

(Zheng et al., 2015; Yao and Ma, 2018), and an increase in the fixed carbon 
and calorific value with no effect on the volatile content (Wu et al., 2015). 

The use of hydrothermally-pretreated biomass in fast pyrolysis results in a 

bio-oil with a lower content of acids, furans, ketones and aldehydes (Chang et 
al., 2013; Zheng et al., 2015; Yao and Ma, 2018). On the other hand, it 

significantly increases the production of sugars and phenolic compounds 

during pyrolysis (Le Roux et al., 2015; Dai et al., 2017 and 2018; Yao and Ma, 
2018).  

The use of microwave technology has triggered great interest to perform 

hydrothermal treatment due to its advantages over the use of conventional 
technologies, a lower cost, a shorter time taken to obtain optimal results, and a 

higher energy efficiency during treatment (Beneroso et al., 2017). The 

difference between the conventional and microwave heater resides in  the  type 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

of heat transfer. The first one occurs by conduction or convection from the 
outside to the inside, i.e., from the heater to the surface of the reactor vessel 

and then to the sample, water, and substrate. Consequently, the surface of 

the sample remains at a higher temperature than the core. In contrast, the 
hydrothermal treatment by microwave radiation occurs from the inside to 

the outside, by direct coupling of electromagnetic waves (in the range of 

300 MHz and 300 GHz) with the dipoles present in the reaction mixture. 
Correspondingly, the core of the sample generally remains at a higher 

temperature than the surface during the heating process (Bhattacharya and 

Basak, 2016; Sharma et al., 2020). In Figure 1, this difference in the heating 
mechanism between the two technologies can be clearly seen. The 

conversion of electromagnetic energy into thermal energy that occurs in 

microwave heating produces much faster heating rates than those observed 
in conventional heating, reducing reaction times to a few minutes (Sharma 

et al., 2020). Furthermore, microwave heating offers an improved heat 

distribution and it can break down hydrocarbon components present in the 
biomass into lighter components (Lam et al., 2019b). Microwave 

technology has been generally explored in recent years for its advantages 

over conventional technology in processing biomass to improve its quality 
before pyrolysis, or in performing the pyrolysis reaction (Lam et al., 2019a 

and b). 

Dai et al. (2017) compared microwave and conventional hydrothermal 
pretreatment of bamboo sawdust. As a result, they reported that based on 

the ultimate and proximate analysis, microwave technology provided better 

results than the conventional, increasing higher heating value (HHV) and 
decreasing oxygen content. This was due to the increased removal of acetyl 

groups present in the hemicellulose. In a subsequent study, Dai et al. (2018) 
evaluated the effect of temperature and time during microwave-assisted 

hydrothermal pretreatment on hydrochar properties and behavior during 

pyrolysis. As a result, an increase in both calorific value as well as fixed 

carbon content and a reduction in oxygen content in hydrochar were 

reported at higher treatment severity, in accordance with the previous study. 

Furthermore, a significant increase in sugar content was observed due to 
the greater availability of cellulose. 

Although studies on microwave-assisted hydrothermal pretreatment are 

very scarce, this technology appears to be promising in the long term for 
obtaining a higher quality of bio-oil. However, there is a need to standardize 

and further analyze through statistical techniques, such as surface response, 

the effect of such hydrothermal pretreatments on key biomass properties 
and their final effect on pyrolytic oil quality. This study offers both 

processes, the microwave-assisted hydrothermal pretreatment optimization 

using black spruce and its subsequent evaluation in a fast pyrolysis auger 
reactor. This type of pyrolytic reactor has been recognized as one of the 

best for its versatility in the transformation of various types of biomass 

through fast, slow, and intermediate pyrolysis. Furthermore, it can be  used  
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as a portable installation for places with infrastructure and accessibility 

restrictions, as well as having a simple design that favors heat transfer during 
pyrolysis (Campuzano et al., 2019; Jalalifar et al., 2020). 

For more details of present study, optimization of microwave-assisted 

hydrothermal pretreatment is carried out using the Central Rotating Composite 
Design (CCRD) with three variables: temperature, time, and biomass-water 

ratio during pretreatment. Two responses are analyzed through response 

surface methodology to evaluate the effect of the variables, hemicellulose and 
ash content in the produced hydrochar. Subsequently, the optimum hydrochar 

with the lowest ash and hemicellulose content is pyrolyzed in an auger reactor. 

And finally, the quality of the products is evaluated, and solid 
recommendations are made. The aim of this study is to evaluate the effect of 

microwave-assisted hydrothermal pretreatment using pyrolytic oil quality 

through statistical analysis to standardize and optimize such processes, using 
black spruce as raw material. 

 

2. Materials and Methods 

 

2.1. Material preparation 

 

Black spruce (Picea mariana Mill.) used for this study was provided by the 

Research and Development Institute in Agri-Environment (IRDA) 

(Deschambault, QC, Canada). The selected biomass was obtained in two 
different batches six months apart, which corresponds to a mixture of wood, 

bark and impurities, giving its nature as forest waste. Prior to performing the 
experimental work, the biomass sample was ground to small particle size of 

1.0-2.4 mm. Then it was dried at 105 °C for 12 h to around 3 wt% moisture 

content. The two biomass batches were physically and chemically 

characterized. Cellulose, hemicellulose, and lignin were analyzed according to 

the AFNOR XP U44-162 method. Heating value was determined using an 

adiabatic bomb calorimeter (Parr Oxygen Bomb Model 1341EB, Calorimeter 
Thermometer Model 6772, Parr Instrument Company, Moline, IL, USA). Ash 

content was obtained using the standard EN 14775 for solid biofuels, at 550 °C.  

The first batch of biomass was applied for the evaluation and optimization 
of the microwave-assisted hydrothermal pretreatment and the second batch was 

applied for the evaluation of fast pyrolysis. 

 
2.2. Microwave-assisted hydrothermal pretreatment of black spruce 

 

The hydrothermal pretreatment of black spruce was carried out using a Mini 
WAVE Digestion Module (SCP Science Canada) that operates at a frequency 

of 2.45 GHz using 6 cylindrical quartz reactor vessels of 50 mL. The equipment 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 is available at the post-harvest lab of Bioresource Engineering Department 

of McGill University (Canada). 
Response surface analysis was used to define the effect of temperature, 

time, and biomass-water ratio during pretreatment on the chemical 

composition of biomass as well as the effect on calorific value. The 
response surface analysis was performed using Design Expert software 

(version 7.0 Stat-Ease Inc. Minneapolis, MN, USA). The experimental 

design was based on the Central Composite Rotatable Design (CCRD) with 
19 experimental runs. This design combines nF factorial runs, 2k axial runs, 

and C0 center points. The rotatable aspect of the design is given by the 

choice of the axial runs (α), which represent the extreme values (low and 
high). For three variables (temperature, time, and biomass- water ratio), the 

value of α is 1.682 (Ferreira et al., 2007). The number of factorial runs for 

the three variables were 8 factorial runs, 6 axial points, and 5 central points. 
Table 1 shows the factors and the levels proposed in the experimental 

design. 

 
Table 1. 

Experimental factors and levels used in Central Composite Rotatable Design. 
 

Factors Variable 

Levels 

-α -1 0 +1 +α 

Temperature (°C) A 110 120 135 150 160 

Time (min) B 6.4 20 40 60 73.6 

Biomass-water ratio C 1:8 1:10 1:13 1:16 1:18 

 

 
The microwave-assisted hydrothermal (MHT) experiments were 

conducted in duplicate using 3 g of biomass from the batch, 1 g in each 

vessel. The pressure in the reaction vessel was that associated with the 
temperature used for each experiment. For all the experiments, the mixture 

of black spruce and distilled water was introduced and homogenized in the 

50 mL reaction vessel and then sealed. After achieving the MHT 
pretreatment, the reaction vessels were cooled to room temperature and 

then black spruce was filtered, washed three times with distilled water, and 

finally dried at 105 °C for 12 h. The black spruce resulting from the MHT 
treatment is referred to in this study as hydrochar. 

By conducting response surface analysis, pretreatment optimization was 

proposed to locate the optimal values  to decrease  both  responses, i.e., the 
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Fig. 1. Conventional and microwave-induced heating patterns. Adapted from Bhattacharya and Basak (2016).
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optimal values to decrease hemicellulose and ashes in the biomass. The 

operational conditions calculated by the response surface analysis software 

were carried out to apply the MHT pretreatment to the biomass, for the 

subsequent fast pyrolysis stage. 

 
2.3. Characterization of black spruce hydrochar 

 

The black spruce hydrochar, produced with the MHT pretreatment, was 
characterized following the same methods of analysis of the raw material. 

Cellulose, hemicellulose, and lignin were analyzed according to the AFNOR 

XP U44-162 method. Heating value was determined using an adiabatic bomb 
calorimeter (Parr Oxygen Bomb Model 1341EB, Calorimeter Thermometer 

Model 6772, Parr Instrument Company, Moline, IL, USA). Ash content was 

obtained using the standard EN 14775 for solid biofuels, at 550 °C.  
 

2.4. Thermogravimetric analysis of raw black spruce and hydrochar 

 
In order to analyze and understand the thermal behavior of raw biomass and 

hydrochar, a thermogravimetric (TG) analysis was  performed. The equipment  

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

used was a TGA Q50 (TA Instruments, DE, USA). Prior to TG analysis, 

the samples were sieved into a mesh No. 60 and then dried at 105 °C until 

a constant weight was reached. High purity nitrogen was used to provide 

the inert atmosphere needed to perform pyrolysis. The TG analyses were 

performed following the method of stabilization at 25 °C and heating up to 
800 °C at a rate of 10 °C min-1 under a stream of 60 mL min-1 of N2.  

 

2.5. Pyrolysis system 
 

The pyrolysis tests were performed using the black spruce hydrochar 

resulting from the optimization of the MHT pretreatment (optimal 
hydrochar) and the untreated black spruce from batch 2, in order to evaluate 

the effect of the pretreatment on pyrolytic oil quality.  

Fast pyrolysis experiments were carried out in a lab-scale auger reactor 
with a capacity of 0.1-4.0 kg h-1 (Patent CA 2830968), located at the IRDA 

research centre (Deschambault, QC, Canada). The schematic diagram of 

the pyrolysis system is shown in Figure 2. This system is also described in 
previous research studies (Brassard et al., 2018; Alvarez-Chavez et al., 

2019a). The  system  mainly   consists  of  one  feeding  hopper, two  screw 
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Fig. 2. Experimental set-up for black spruce pyrolysis.
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 conveyors, an auger reactor with two 1500 W heating elements, a biochar 

container, two condensers, and two bio-oil containers. Thermocouples were 

installed at different positions in the system and data was collected every 10 s 

using a data logger (CR10X, Campbell Scientific, Edmonton, AB, Canada). 

Nitrogen was used as carrier gas. 
The operational conditions of the fast pyrolysis were taken from a previous 

study (Alvarez-Chavez et al., 2019a), where this auger reactor was optimized 

for obtaining bio-oil with less water content and higher yield. The conditions 
used were: 555 °C for the reaction temperature, 129 s for the residence time of 

the solids (0.47 kg h-1), a nitrogen flow of 6.9 l min-1, temperature of the first 

condenser of 120 °C using a glycol-water mixture, and the temperature of the 
second condenser of 4-5 °C using an ice bath. The bio-oil was recovered in two 

different collectors, the liquid product recovered in the first collector connected 

to the first condenser is referred to as "bio-oil" and the liquid product recovered 
in the second collector connected to the second condenser is referred to as " 

aqueous phase." 

Four fast pyrolysis tests were performed using 600 g of biomass each. Two 
pyrolysis tests were performed with raw black spruce of batch 2, and two tests 

with pretreated black spruce using the optimal conditions of the MHT 

pretreatment resulting from previous stage. The number of tests was decided 

considering the repeatability and accuracy of the pyrolysis system. 

 

 
2.6. Characterization of bio-oil 

 

The physical properties of the bio-oil were analyzed, such as water content. 
Water content was determined by Karl Fisher titration method. Average of 

three analyses were reported. The chemical components of the bio-oil were 

identified through a gas chromatography-mass spectrometer (GC-MS Agilent 
6890N) equipped with an HP-5MS column. The analysis samples were 

prepared by dissolving around 250 mg of bio-oil in 10 mL of GC grade acetone. 

Then, solutions were filtered through a 0.45 µm PTFE filter. The sample size 
used in the GC analysis was 0.1 µl. The GC oven was programmed at 45 °C for 

3 min and it was increased at a rate of 5 °C min-1 up to 260 °C, and finally held 

at isothermal regime for 5 min. The injector temperature was 260 °C and the 
split ratio was set to 50:1. The mass spectrometer was operated with an 

ionization energy of 70 eV. Helium was used as carrier gas at a flow of 1.0 mL 

min-1. The identification of the main chromatographic peaks was made using 
the NIST mass spectral library (National Institute of Standards and 

Technology) (Shen et al. 2017) and available literature. 

 
3. Results and Discussion 

 

3.1. Physicochemical and thermochemical characterization of black spruce 
 

Since the black spruce biomass used was obtained in two different lots six 

months apart, the characterization of both was performed. Both batch biomass 
consists of a mixture of wood, bark, and impurities, giving its nature as forest 

waste. Table 2 presents the chemical composition of black spruce (named BS) 

from both batches, including cellulose, hemicellulose, lignin, and soluble 
extracts, as well the heating value and ash content. The chemical composition 

of biomass in general is similar. However, there is a significant difference in 
the ash content, since Batch 2 contained more impurities due to the biomass 

mixture.  

 

3.2. Pretreatment optimization: microwave-assisted hydrothermal treatment 

 

3.2.1. Analysis of responses models 
 

The response surface methodology was used to evaluate the effect of the 

three variables (A: temperature of treatment, B: time of treatment, and C: 
biomass-water ratio), on the chemical composition (content of cellulose, 

hemicellulose, and lignin) of biomass as well as the effect on the calorific value. 

However, the results showed that significant models could only be obtained to 
predict and evaluate the effect of the three variables on ash content (Y1) and 

hemicellulose content (Y2). This coincides with the properties of biomass that 

have the greatest impact on the quality of the bio-oil obtained when this 
biomass is pyrolyzed. The three independent variables were correlated with the 

experimental responses in order to minimize both responses. The response 

model obtained using the Design Expert software for ash  content (Y1) was  of 

Table 2. 

Physicochemical characteristics of the two batches of black spruce. 
 

Physicochemical characteristics a
 BS Batch 1 BS Batch 2 

Cellulose (wt%) 35.7 34.8 

Hemicellulose (wt%) 9.81 8.23 

Lignin (wt%) 31.1 34.8 

Soluble extracts (wt%) 23.4 22.1 

a

 Dry basis 

 
second order. The results were significant at a level of 0.05. The only 

significant variable was the pretreatment temperature. For quadratic terms, 

only time was significant. Since there were some insignificant terms, the 
reduction of the complete quadratic model was carried out. However, the 

interaction between the significant factor, and the other two factors was 

maintained in the models to observe their effect with the response surface 
analysis. The reduced model was highly significant with a p-value of < 

0.0133, and it is shown with coded factors in Equation 1.  
 

 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 1.23 − 0.24 𝐴 − 0.05 𝐵 + 9.96−5 𝐶 +
0.10 𝐴𝐵 − 0.10 𝐴𝐶 + 6.25−3 𝐵𝐶 + 0.18  𝐶2                                                                        
                                                                                                                                               

                                                                                                                                       

Eq. 1

 
 

Figure 3 shows the response surface for the ash content. The graphs 

correspond to the interaction between the most significant variable, 

treatment temperature, with the other two variables. In Figure 3a, the 
interaction between temperature and time used during the MHT treatment 

is shown. It was observed that the minimum value of ash content was 

obtained using the highest value for temperature (160 °C) and at 
approximately 40 min of pretreatment duration. In Figure 3b, the 

interaction between temperature and the ratio of biomass-water is observed. 

Although in the model, the ratio of biomass-water is not significant, it can 
be seen that it slightly affects ash content. The higher the ratio, the lower 

the ash content.  

The response model obtained using the Design Expert software for the 
hemicellulose content (Y2) was fitted in a linear model. The results were 

significant at 0.05 level. The linear terms of the temperature of the treatment 
(A) and the time of treatment (B) were both significant. The linear model 

was highly significant with a p-value of < 0.0025. The reduced model with 

coded factors is shown in Equation 2.  
 

 

 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 8.61− 0.76 𝐴 − 0.55 𝐵 + 0.24 𝐶                 
                                                                                                              

Eq. 2

 
 

 
3.2.2. Optimization of both responses: ash and hemicellulose contents  
 

The optimization of the MHT pretreatment was carried out to minimize 

ash content and hemicellulose present in the black spruce, through response 
surface methodology. The optimal values calculated for the independent 

variables using the Design Expert Software were: 160 °C for the 

temperature (A), 40 min for the time (B) and 1:13 for the ratio of biomass-
water (C). At optimal conditions, the expected response for the ash content 

(Y1) is 0.83 wt% and the expected hemicellulose content (Y2) is 7.34 wt%, 

estimated using Equations 1 and 2. Table 3 shows a comparison of the 
chemical composition of raw black spruce and the hydrochar under optimal 

conditions. The values of both responses in the black spruce hydrochar are 
very close to those estimated with the model. Thus, the model confirmed 
the capability of prediction. It can be observed that the MHT treatment can 

reduce ash content by 58% and the hemicellulose content by only 12.5%. 
Besides these two main responses, a  decrease in  soluble  extracts by  43% 
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was observed. An increase in cellulose and lignin content after the MHT 
pretreatment by 18.5% and 15.43%, respectively, was obtained in the 

hydrochar. Nevertheless, no change in the calorific value was found. On the 

other hand, a change in the coloring of the biomass was observed.  

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

Consequently, a biomass with better characteristics for pyrolysis was 
obtained using the MHT pretreatment.  

The MHT pretreatment significantly reduced the ash content at the 

maximum temperature  tested. The decrease  in ash  content was  due to the  
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Fig. 3. Response surface plot of ash content. (a) Interaction AB, temperature and time. (b) Interaction AC, temperature and biomass-water ratio.
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Table 3. 

Chemical composition of raw black spruce and black spruce hydrochar. 
 

Physicochemical characteristics a Raw black spruce Black spruce hydrochar 

Cellulose (wt%) 35.7 42.30 

Hemicellulose (wt%) 9.81 8.58 

Lignin (wt%) 31.1 35.90 

Soluble extracts (wt%) 23.4 13.30 

Heating value HHV (MJ kg-1) 20.62 20.11 

Ash content (wt%) 1.88 0.79 

a Dry basis 

 

removal of minerals from the biomass during pretreatment, as the saturated 

water acts as a catalyst in the reaction facilitating the demineralization process 
(Alvarez-Chavez et al., 2019b). This trend of ash reduction with increasing 

temperature has also been observed in hydrothermal pretreatments using 

conventional furnaces. In a study by Wu et al. (2015) which was conducted to 
evaluate the effect of this treatment with conventional technology, a similar ash 

reduction was observed, 60% when using bamboo sawdust as biomass under 

conditions of 190 °C for 30 min; at 200 °C for 20 min the ash content was 
reduced by 55%; and, at 230 °C for 20 min the ash content was reduced by 

61%. In a similar study by Yao and Ma (2018), discrete results were presented 

for the palm tree with a decrease of about 20% in ash content using 210 °C for 
60 min. In contrast, the use of microwave technology in pretreatment results in 

the same tendency to reduce the ash content but at lower temperature and/or 

time. Research conducted by Dai et al. (2018) showed that MHT pretreatment 
at a power of 800 W to reach 210 °C in 35 min reduced around 92% of the ash 

content, and 230 °C in 15 min reduced around 92% of the ash content, moreover 

the treatment enhanced the carbon content and heating value. 

 

3.3. Thermogravimetric analysis of raw black spruce and hydrochar 

 
TG and derived thermogravimetric (DTG) curves are commonly used to 

understand and analyse the pyrolysis behaviour of biomass and hydrochars. 

Generally, thermal decomposition of biomass occurs in three stages. The first 
stage corresponds to the evaporation of water and the partial degradation of 

light organic compounds, which occurs in the range from room temperature to 

approximately 240 °C.  In the second stage, the main process of devolatilization 
of hemicellulose, cellulose, and lignin present in the biomass is observed, 

which ranges from approximately 200 to 400 °C. And finally, in the third stage, 

which ranges between 400 and 800 °C, the carbonization process occurs (Zhang 
et al., 2016; Dai et al., 2018). Therefore, TG and DTG analyses were performed 

on the hydrochar samples from the 19 runs of the experimental design, as well 

as on the initial biomass and on the hydrochar at optimal conditions of the MHT 
pretreatment.  

Figure 4 shows the TG and DTG curves of the axial points of the central 

composite design in which the effect of each independent variable on the 

pyrolytic behaviour of hydrochars can be clearly seen. The figure consists of 

three panels, where in each panel the hydrochar samples obtained at the extreme 

values of the experimental design are compared with the initial biomass. In 
Figure 4a, the TG curves corresponding to the axial points of the temperature 

(110 °C and 160 °C) together with the central points for the other two variables 

(40 min and biomass-water ratio of 1:13) are presented. The DTG curve of the 
raw biomass shows the small shoulder corresponding to the decomposition of 

hemicellulose, which occurs at about 300 °C, as well as the larger curve 

corresponding to the decomposition of cellulose, which occurs at about 360 °C 
(Ren et al., 2013; Dai et al., 2018). Since temperature is the most significant 

variable to decrease hemicellulose, it is proven that after using 160 °C in the 

MHT pretreatment, the hemicellulose curve practically disappears. The value 

of the TG derivative also turned out to be the highest in all the experiments 

performed, with a weight loss rate value of 20.1% min-1. Figure 4b shows the 
effect of the residence time of MHT pretreatment on thermal decomposition of 

hydrochars. Although time is not as statistically significant as the 

temperature, it can be seen that it has the same effect as the use of high 

temperatures, even if the temperature is lower. When the pretreatment time 

was 73 min at a temperature of 135 °C, a significant value of the weight 

loss rate was obtained (18.8% min-1), as well as the elimination of the 
hemicellulose curve. Finally, Figure 4c demonstrates that there is no 

significant effect on the hemicellulose curve or weight loss rate value due 

to the biomass-water ratio during MHT pretreatment. 
Table 4 compares the typical parameters of TG decomposition of 

hydrochar samples corresponding to the axial points of the experimental 

design, optimal hydrochar samples, and raw black spruce. The aim of Table 

4 is to show the thermal behavior of samples during pyrolysis. These 

characteristic parameters of TG decomposition are initial decomposition 

temperature (Ti), which corresponds to the weight loss of about 5 wt%; 
temperature of maximum loss rate (Tmax) which corresponds to DTG max; 

final temperature (Tf); and differential temperature of initial and final 

temperature. It can be found from Table 4 that MHT pretreatment increased 
the Ti and Tmax of all the samples. In accordance with Table 4, it is shown 

that the highest values for Ti and Tmax are obtained using the maximum 

pretreatment temperature (160 °C), followed by the values obtained for the 

maximum time used during pretreatment (73.6 min).  

When comparing the thermal decomposition parameters of raw black 

spruce with those of hydrochar obtained under optimal conditions, a 
decrease in the temperature differential at which the decomposition of the 

materials occurs was found, from 132.9 to 118.2 °C. Moreover, an increase 

in the mass loss rate (DTG) from 14.2 to 17.0% min-1 was observed. These 
results indicate that through MHT treatment an improved cellulose content 

and greater thermal stability can be achieved in biomass, facilitating 

pyrolysis. Similar phenomenon was observed in other studies of 
hydrothermal pretreatment (Zheng et al., 2015; Dai et al., 2017). This 

enhanced thermal stability during pyrolysis also occurs in other types of 

pretreatment such as acid washing (Asadieraghi and Daud, 2014) or ionic 
liquids (Brunner et al., 2019).  

 

3.4. Fast pyrolysis and products  
 

The pyrolysis of raw black spruce and hydrochar was performed in 

duplicate, as the reproducibility of the test results has been previously 
demonstrated by the pyrolysis system (Alvarez-Chavez et al., 2019a). The 

pyrolysis conditions were the same for both materials, regarding pyrolysis 

temperature, nitrogen flow, and temperature in both condensers. Figure 5 

shows the temperature profiles of raw black spruce and optimal hydrochar 

during pyrolysis, including the reaction temperature and the vapor 

temperatures produced by pyrolysis at different points in the system. The 
locations where the temperature of the pyrolysis vapors was measured are 

specified in Figure 2, at the end of the auger reactor (outgas 1), in the T-

type connection located at the entrance of condenser 1 (outgas 2), the 
intermediate area between both condensers (outgas 3), and at the exit of 

condenser 2 (outgas 4). The results of the pyrolysis of each biomass seem 

to coincide with the TG analyses of these materials. The temperature profile 
graph shows a decrease in the temperature at which are produced the gases 

in hydrochar pyrolysis. The lower content of hemicellulose and inorganic 
compounds present in hydrochar affects the pyrolysis reaction, since 

cellulose content and its availability increases to release the volatile 

compounds. Due to this, a change in the temperature profile is observed. 

Therefore, a higher thermal stability is achieved during pyrolysis. 

The products of fast pyrolysis obtained from raw black spruce and from 

MHT optimal hydrochar are summarized in Table 5. The MHT 
pretreatment led to a marked effect on the distribution of pyrolysis products. 

The pretreated black spruce gave a lower biochar yield, with a decrease of 

about 13%, while the liquid product yield showed an increase of about 24%, 
and the non-condensable gas yield did not show a significant change. From 

the total liquid produced during fast pyrolysis, two separate products were 

obtained due to the nature of the condensing system used, the oily phase 
and an aqueous phase (Fig. 6). The distribution of the total liquid produced 

during pyrolysis is reported in Table 5. Using the untreated biomass, 40.3% 

of the total liquid obtained corresponded to the production of the oily phase 
and about 46.7% corresponded to the production of the aqueous phase. 

After applying the pretreatment to the biomass, an advantageous effect on 

the distribution of the liquid  products  was observed. It was found that  the  
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Fig. 4. Thermogravimetric (TG) curves of raw biomass and the hydrochars samples obtained with the microwave-assisted hydrothermal (MHT) pretreatment. (a) TGA-Temperature axial points, (b)

TGA-Time axial points, and (c) TGA-Ratio axial points.
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Table 5. 

Products distribution in fast pyrolysis of original and pretreated black spruce (hydrochar). 

 

Parameter Raw black spruce Black spruce hydrochar 

Biochar yield (wt%) 50.87 44.19 

Non-condensable gases yield (wt%) 33.05 35.87 

Total liquid yield (wt%) 16.08 19.93 

Oily phase (wt%) 40.33 48.75 

Aqueous phase (wt%) 46.76 41.85 

Water content in oily phase (wt%) 16.31 10.53 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

production of the oily phase was increased by about 8.5%, while for the 

aqueous phase it was decreased by about 5%.  
Nevertheless, the MHT pretreatment not only affected the distribution 

of the pyrolysis products, but a substantial change in the water content of 

the oily part was also observed. In Table 5, it can be seen a decrease of 
about 35.4% of the total water content in oily phase obtained using raw 

black spruce. This reduction in oil moisture is due to the partial elimination 

of hemicellulose and ash in black spruce. This indicates that the MHT 
pretreatment has a great potential in fast pyrolysis applications to improve 

the quality of the bio-oil. 

Changes in the chemical composition of biomass after the MHT 
pretreatment are responsible for the variation in the distribution of pyrolysis 

products, due to the increased availability of cellulose content and the 

significant degradation of hemicellulose in biomass. Likewise, this change  

Table 4.  

Thermogravimetric (TG) analysis of raw black spruce and black spruce hydrochar samples.  

CCD Experimental Design 
 

TG and DTG analysis 

Temperature (°C) Time (min) Biomass-water Ratio  Ti 
a (°C) Tmax 

b
 (°C) Tf 

c  (°C) DTGmax 
d   

(% min-1) ΔT
e
 

110 40 1:13  250.9 349.4 383.0 15.2 132.1 

160 40 1:13  267.0 355.4 386.6 20.1 119.6 

135 6.4 1:13  251.6 350.8 384.5 15.4 132.9 

135 73.6 1:13  257.5 347.2 384.2 18.8 126.7 

135 40 1:8  253.4 347.3 384.9 15.1 131.5 

135 40 1:18  252.3 350.4 384.0 15.7 131.7 

Raw black spruce  248.1 343.2 381.0 14.2 132.9 

Optimal hydrochar (160 °C, 40 min, 1:13)  265.2 356.1 383.4 17.0 118.2 

a
 Ti, initial decomposition temperature.  

b

 
Tmax, temperature of maximum loss rate.

 

c Tf, final decomposition temperature.

 

d

 

DTGmax, mass loss rate of corresponding.

 

e

 

ΔT, Temperature differential (Tf-Ti).

 

 

 

Fig. 5. Thermal profile during fast pyrolysis of raw black spruce and hydrochar. 
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in chemical composition of the material used in pyrolysis, is responsible for the 

change in appearance of the liquid products, specifically in the coloring of 

aqueous part, which can be seen in Figure 6. Hence, bio-oil yield obtained 
through fast pyrolysis of MHT-pretreated black spruce hydrochar is enhanced. 

In addition, reducing the content of inorganic compounds present in the ash of 

pretreated biomass can also contribute to slowing down the formation of 
gaseous and biochar products, as well as to improving the bio-oil yield in fast 

pyrolysis by reducing the catalytic cracking reaction. Similar results were 

obtained by applying hydrothermal treatment in conventional equipment 
(Chang et al., 2013). 

 

3.5. GC-MS analysis of bio-oil 
 

The oily phase obtained from fast pyrolysis of raw black spruce and MHT 

optimal hydrochar are named B-BS and B-MHT, respectively. The chemical 

composition of the bio-oils was qualitatively examined by GC-MS. Figure 7 

shows the relative content of the main organic compounds identified in the bio-

oils obtained from both, black spruce and hydrochar. The identified compounds 
are grouped into nine general categories, namely carboxylic acids, non-

aromatic aldehydes, non-aromatic ketones, alcohols, carbohydrates, 

benzenediols, furans, phenols, and methoxyphenol derivatives.  
Detailed information of chemical composition of both bio-oils is shown in 

Table 6. The main compound of the bio-oil obtained from raw black spruce are 

guaiacols (methoxyphenols), followed by non-aromatic ketones and 
carbohydrates, in which levoglucosan is the only compound detected. Owing 

to the MHT pretreatment of the black spruce, a significant change in the 

chemical composition of the bio-oil was observed. The bio-oil obtained from 
MHT hydrochar contained a lower content of acids, phenols, methoxyphenols, 

alcohols, ketones, and aldehydes. This is mainly due to the reduction of 

hemicellulose in black spruce, which also increases its thermal stability (Chang 
et al., 2013). 

The main organic acid present in bio-oils is acetic acid and, after MHT 

pretreatment, its relative content decreased from 7.23% to 4.98%. This was 

due to the removal of acetyl group present in hemicellulose structure of the 

biomass. Moreover, the reduced ash content in the resulting hydrochar 

played an important role in reducing the acid content and low molecular 
weight compounds in the bio-oil, since the inorganic salts present in the ash 

act as catalysts in the primary reactions of pyrolysis (Alvarez-Chavez et al., 

2019b). The relative content of phenols and methoxyphenols was reduced, 
although not significantly. Likewise, it was observed that the relative 

content of ketones, aldehydes, and alcohols was slightly reduced (ketones 

from 17.7% to 14.6%, aldehydes from 7.2% to 6.2%, and alcohols from 
3.3% to 1.6%). The groups of chemicals that remained constant in their 

relative content were furans and benzediols. However, although in general 

the furan group remained almost constant, it is necessary to note that 
compounds such as furfural, 2-furanmethanol, 2(5H)-Furanone decreased 

while 2(3H)-Furanone, dihydro-4-hydroxy- and 2-Furancarboxaldehyde, 5-

(hydroxymethyl)- increased. The reason for this is that the first group of 
   produced  mainly from hemicellulose and the second group is 

produced mainly from cellulose, which increased during MHT pretreatment 

(Chang et al., 2013). 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

However, the most significant change was the content of carbohydrates, 

namely levoglucosan, which increased more than twice from 13.2% to 
30.0% relative content. This remarkable increase of sugars in the bio-oil is 

due to the MHT pretreatment which increased the accessibility and quantity 

of cellulose, as well as the removal of inorganic compounds in the biomass, 
reducing the opening of the sugar rings during pyrolysis (Dai et al., 2018). 

An interesting study was conducted to evaluate the effect of inorganic salts 

on cellulose under the pyrolysis reaction (Patwardhan et al., 2010). Their 
results showed that the reaction products of primary pyrolysis are formed 

by competitive reactions. Minimal inorganic salt concentrations are enough 

to dramatically change the chemical composition of the products. This is 
due to the inorganic compounds catalyzing the primary reactions, that leads 

to the formation of lower molecular weight species, such as formic acid, 

glycolaldehyde, and acetol, from the cellulose. And finally, as a result of 
faster reactions, lower yields of levoglucosan were observed. These results 

have been confirmed by other authors (Pecha et al., 2015; Chang et al., 

2018).  
In comparison with other studies of conventional hydrothermal 

treatment, the same trend in decrease of acetones, aldehydes, acids, and 

phenols was observed, while the trend in increase of sugar or carbohydrate 
content was confirmed (Le Roux et al., 2015; Zheng et al., 2015; Yao and 

Ma, 2018). The same trend is generally observed when contrasting the 

current   results   with    previous   works,   evaluating   the  effect  of  MHT 
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Fig. 6. Liquid products obtained from the fast pyrolysis of raw black spruce (left side) and MHT-

pretreated black spruce hydrochar (right side): (a) aqueous phase, (b) oily phase, and (c)

comparison of the aqueous and oily phase.

Fig. 7. Relative content of chemical groups identified in the bio-oil obtained from raw black 

spruce (B-BS) and hydrochar (B-

furans  is

MHT).
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No. Retention time Compounds Chemical group 

Relative content (%) 

B-BS B-MHT 

1 3.687 Acetic acid, methyl ester Carboxylic Acids 7.23 4.98 

                                                                                 Total Carboxylic Acids 7.23 4.98 

2 3.898 1,4-Butanedial Nonaromatic Aldehydes 4.62 1.58 

3 11.238 Acetaldehyde, hydroxy- (Glycolaldehyde) NA Aldehydes 0.80 -- 

4 15.22 Butanal, 3-methyl NA Aldehydes 0.98 1.26 

5 15.79 Heptanal NA Aldehydes 0.80 3.32 

                                                                          Total Nonaromatic Aldehydes 7.2 6.2 

6 3.626 1-Hydroxy-2-butanone Nonaromatic Ketones 1.10 -- 

7 4.154 2-propanone, 1-hydroxy Nonaromatic Ketones 1.85 1.33 

8 5.826 2-Butanone Nonaromatic Ketones 6.62 6.16 

9 6.24 2-Propanone, 1-(acetyloxy)- Nonaromatic Ketones 0.97 0.00 

10 7.706 1,2-Cyclopentanedione Nonaromatic Ketones 2.59 2.28 

11 10.033 3,4-Dihydroxy-3-cyclobutene-1,2-dione Nonaromatic Ketones 2.03 2.86 

12 10.918 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- Nonaromatic Ketones 2.51 1.99 

                                                                            Total Nonaromatic Ketones 17.7 14.6 

13 4.252 Glycidol Alcohols 2.58 1.65 

14 6.185 Cyclobutanol Alcohols 0.72 -- 

                                                                                       Total Alcohols 3.3 1.6 

15 16.137 1,2-Benzenediol Benzenediols 2.38 2.32 

16 18.688 1,2-Benzenediol, 3-methyl- Benzenediols 0.78 1.20 

                                                                                  Total Benzenediols 3.2 3.5 

17 22.487 1,6-Anhydro-. beta. -D-glucopyranose (levoglucosan) Carbohydrates 13.2 30.0 

                                                                                  Total Carbohydrates 13.2 30.0 

18 5.142 Furfural Furans 1.61 1.39 

19 5.747 2-Furanmethanol Furans 0.88 0.48 

20 7.425 2(5H)-Furanone Furans 2.70 1.59 

21 16.374 2(3H)-Furanone, dihydro-4-hydroxy- Furans 0.64 2.45 

22 16.974 2-Furancarboxaldehyde, 5-(hydroxymethyl)- Furans 0.84 1.51 

                                                                                         Total Furans 6.7 7.4 

23 9.573 Phenol Phenols 0.72 -- 

24 12.478 Phenol, 4-methyl- Phenols 1.11 1.05 

                                                                                        Total Phenols 1.8 1.0 

25 12.912 Phenol, 2-methoxy- Guaiacols 5.11 3.30 

26 16.015 Phenol, 2-methoxy-4-methyl- Guaiacols 5.60 6.06 

27 18.46 Phenol, 4-ethyl-2-methoxy- Guaiacols 1.69 1.67 

28 19.411 2-methoxy-4-vinylphenol (4-vinylguaiacol) Guaiacols 3.51 3.73 

29 20.581 Eugenol Guaiacols 3.00 2.61 

30 21.628 Vanillin Guaiacols 2.04 2.22 

31 21.9 Phenol, 2-methoxy-4-(1-propenyl)- Guaiacols 1.18 1.12 

32 22.943 Phenol, 2-methoxy-4-(1-propenyl)-, (E)- (trans-Isoeugenol) Guaiacols 6.82 7.01 

33 23.833 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- (Acetoguaiacon) Guaiacols 1.55 -- 

34 24.932 Homovanillyl alcohol Guaiacols 0.74 0.88 

35 27.614 Benzeneacetic acid, 4-hydroxy-3-methoxy- (Homovanillic acid) Guaiacols 0.72 -- 

36 29.468 4-Hydroxy-2-methoxycinnamaldehyde Guaiacols 1.83 1.84 

                                                                    Total Guaiacols (methoxy phenols) 33.8 30.4 

 

Table 6. 

Chemical composition of B-BS and B-MHT (% of relative content). 

. 

. 

. 
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pretreatment on vapors composition produced during pyrolysis (Py-GC-MS). 

Dai et al. (2017) in a study reported that MHT at conditions of 150 °C for 30 

min led to an increase in relative content of 60% in levoglucosan and about 

23% in phenolic compounds, while they observed a reduction of 11% in acetic 

acid. In the same study, the authors tested increasing the temperature to 190 °C 
for 30 min, obtaining an increase of 70% in levoglucosan and 28% in phenolic 

compounds while acetic acid presented a reduction of 31%. However, in this 

study, using the same pretreatment concept and an auger pyrolizer, it was 
observed that the optimal MHT conditions of 160 °C for 40 min resulted in a 

128% increase in levoglucosan, and a 31% reduction in acetic acid. 

Nevertheless, the content of phenolic compounds decreased by about 11%, due 
to the change in chemical composition and lignin content of hydrochar. 

The results of the present study reveal that MHT pretreatment significantly 

promotes the formation of levoglucosan, as well as the reduction of acids and 
other light oxygenated organic compounds. Therefore, MHT pretreatment 

might offer the possibility of using bio-oil as a source for the extraction of 

chemicals of interest, such as levoglucosan, besides the use of bio-oil as fuel in 
stationary combustion applications. Levoglucosan has a commercial price, 

according to Sigma-Aldrich, of USD 110 g-1 and it is commonly used for the 

synthesis of high-value compounds and materials (esters, films, binders, UV 

polymers, and singular drugs) (Ermolenko, 2013). Recent studies have 

demonstrated the feasibility of extraction and subsequent distillation of 

levoglucosan from pyrolytic oil (Wang et al., 2016; Dobele et al., 2020). Hence, 
it is recommended to deepen in this subject, for optimization of levoglucosan 

production using pyrolysis plant at pilot level. 

 
4. Conclusions and future directions 

 

The effect of temperature, time, and biomass-water ratio in the MHT 
pretreatment was evaluated and then it was optimized through response surface 

methodology as an upgrading technique to the biomass before fast pyrolysis. 

Hydrochar characteristics indicates that MHT can reduce the ash content and 
hemicellulose which was both promoted by the augment of temperature. The 

optimal hydrochar produced showed a higher thermal stability due to the 

dissociation of acetyl groups, present in hemicellulose. Consequently, the use 
of optimal hydrochar in fast pyrolysis resulted in a bio-oil with an enhanced 

quality, with a 35% decrease in moisture content, lower relative content of 

acids, and a levoglucosan production dramatically promoted. Therefore, MHT 
pretreatment is an attractive and efficient technique for improving the quality 

of pyrolytic bio-oil. For future work, it is sought to combine the MHT treatment 

with fractionation techniques of different phases of the bio-oil, to obtain a phase 
enriched in levoglucosan to seek its extraction. 
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