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Abstract 

Slow pyrolysis is a complex process that can convert biomass and waste into valuable 

products. An improved understanding of the influence of process conditions and feedstocks is 

required to inform process design and optimisation. A continuous auger reactor (300 g/h) was used 

to process wheat straw under slow pyrolysis conditions, to study the influence of pyrolysis 

temperature (400, 500, 600 C) and solid residence time (3, 6, 10 min) on the product yields and 

char properties. Production of char decreased with pyrolysis temperature (35.0 to 26.7 wt.%), 

while gas production increased (15.8 to 29.7 wt.%). The yield of liquid product achieved a 

maximum of 46.8 wt.% at 500 C. Solid residence time did not affect the product yields 

significantly.  

Increasing the pyrolysis temperature produced an increase in the calorific value of the char, 

mainly through an increase in carbon and fixed carbon (FC) contents and a decrease in oxygen and 

volatile matter (VM) content. Higher solid residence time caused a reduction in the volatile matter 

of the char. The surface areas from nitrogen porosimetry at 77 K were very low for all the chars 

tested (below 15 m2 g-1), suggesting that the pores of the char are blocked or narrowed during 
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operation. FTIR data showed a significant reduction in surface chemical functionalities with 

pyrolysis temperature, such as C-O and C=O, and the solid residence time had no significant effect. 

The produced chars have the potential to be used as solid fuel, as a soil amendment, or as 

adsorbents for aqueous phase contaminants.  

Multiple linear models were developed using literature data to estimate the product yields and 

properties of the char, including volatile matter, fixed carbon, ash content and higher heating 

values. The predicted values had a good agreement with the actual values with R2 values in the 

range of 0.75-0.95. Thus, the models can be used for the design and optimisation of char production 

by slow pyrolysis.  
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1. Introduction 

A need for sustainable energy and material sources is evident due to the emergence of 

excessive CO2 emissions and consequent climate change. Several advanced thermochemical and 

biological conversion technologies, such as gasification, pyrolysis, and anaerobic digestion, are 

available to utilise low-value resources. With these technologies, it is possible to utilise wastes and 

low-value materials as feedstock to produce a range of valuable products for various applications. 

For example, slow pyrolysis can process biomass, including agricultural wastes such as wheat 

straw, to produce char, a carbon-based solid product. Char has received increased interest recently 

due to its potential for valuable and practical applications, for example, as biochar for soil 

amendment and conditioning [1], as a catalyst [2] and catalyst support [3], or as an adsorbent for 

contaminant removal from gaseous [4] and aqueous streams [5]. 

Auger (or screw) reactors operate continuously, which can be seen as an advantage to other 

reactor systems commonly used for slow pyrolysis, such as batch kilns and twin-retorts. The 

biomass feedstock is transported along the reactor using a screw, and the solid product is usually 

discharged by gravity into a collection vessel. Advantages of auger reactors include: flexible and 

reliable control of residence time by varying the screw speed; compactness, and thus the possibility 

of making them modular and transportable [6], allowing for installation in decentralised or remote 

locations where the feedstock is abundant [7]; and their flexibility towards different feedstock 

types, shapes and sizes [8]. Limitations of auger reactor systems are the risk of blockages inside 

the reactor, which can damage the equipment (possibly leading to a replacement of the screw or 

even the complete reactor) and the hot moving parts, which restrict the materials used for 

construction. They require careful design to avoid leakages and air entrance, and there are 

particular challenges for scale-up, mainly due to heat transfer issues [9]. Nevertheless, continuous 
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auger reactors can be a cost-effective way to produce chars with beneficial uses. To aid their further 

development and implementation, there is a need to establish correlations between process 

conditions and product yields and properties.  

Research regarding pyrolysis in auger reactors has been performed for various materials, such 

as wastes (e.g. tyres [10], WEEE [11], organic fractions of MSW [12,13]), woody biomass (e.g. 

pine [6,14,15], beech [16]), and herbaceous biomass (e.g. corn stalk [17], rice husk [17,18], wheat 

straw [18], barley straw [14], switchgrass [19]). Pyrolysis temperature was found by Fassinou et 

al. [20] to be the main driver for the process yields from pinewood pyrolysis in an auger reactor. 

The solid residence time (SRT) and biomass flow rate did not affect the process as significantly as 

pyrolysis temperature, which is the main variable controlling product yields and properties [1,21].  

When using an auger reactor for slow pyrolysis between 350 and 600 C, Yu et al. [17] found 

that rice husk produced higher char yields than corn stalk, which was linked to a higher ash content 

in the rice husk and led to lower energy content in the rice husk chars compared to the corn stalk 

chars. A study of pyrolysis of pine wood chips (up to 20 mm nominal size) by Puy et al. [6] in an 

auger reactor found that the feedstock mass flow rate (3.9 to 6.9 kg h-1) did not affect the product 

yields and quality significantly. However, the solid residence time studied at 500 C and with 3.9 

kg h-1 of feedstock affected the product yield significantly when relatively low values were 

employed (1.5 to 3 minutes). An SRT of 5 minutes resulted in similar product yields to 3 minutes 

of SRT. A minimum of 2 minutes of SRT was required for pyrolysis (carbonisation) reactions to 

be completed. This parameter was seen to influence the proximate analysis of the chars, mainly 

through a decrease in the volatile matter. 

Manyà has underlined the need for an improved experimental understanding of the influence 

of feedstock-intrinsic conditions and critical process conditions (e.g. temperature and solid 
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residence time) on char production [1]. As far as the authors are aware, there is a lack of an in-

depth assessment of the effect of multiple variables on the char yields and properties from slow 

pyrolysis of biomass in a continuous auger reactor. A comprehensive comparison with the 

literature can optimise process parameters, and the main factors contributing to modifying product 

yield and properties can be established.  This research has explored the suitability of using an auger 

reactor system for slow pyrolysis, studying how different process conditions affect the product 

yields and properties, focusing on the char product, using statistical analysis. The slow pyrolysis 

of wheat straw was analysed by varying the pyrolysis temperature and solid residence time. The 

relationship between the product yields, properties of char and process conditions were quantified 

by multiple linear regressions. The findings from this research can support scale up and optimise 

the slow pyrolysis of biomass for the char production in a commercial scale. 

2. Materials and Methods 

2.1. Characterisation of feedstock and products 

An agricultural company in Belgium provided the wheat straw feedstock. The feedstock is 

mainly in the form of broken pellets, with dimensions ranging from small pieces of less than 0.5 

cm and broken pellets of up to 1.6 cm in length and 0.8 cm in diameter. No binder was used in 

feedstock production. The wheat straw pellets were used as received in the slow pyrolysis 

experiments. The feedstock was milled and sieved to particle sizes under 0.5 cm and further milled 

with a coffee grinder for all physicochemical analyses. 

The proximate analysis was performed with a thermogravimetric analyser (TGA/DSC2 

STARe System, Mettler Toledo), based on the ASTM method E1131-08 [22]. Under nitrogen flow 

(30 ml min-1), samples were heated up to 900 C with a heating rate of 10 C min-1. Under oxygen 

flow (20 ml min-1), samples were heated up to 575 C at 10 C min-1. Ultimate analysis of the 
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wheat straw feedstock was performed using an organic elemental analyser (CHNS/O Flash 2000, 

Thermo Fisher Scientific). The results from the ultimate analysis were used to determine the higher 

heating value (HHV), using the Channiwala and Parikh correlation for solid fuels [23]. The 

characterisation of the wheat straw feedstock in terms of proximate and ultimate analyses 

(averaged from triplicate analyses) and the calculated higher heating value can be seen in Table 1. 

Table 1. Proximate and ultimate analyses and the calculated higher heating value of the wheat 

straw feedstock. 

Proximate analysis (wt.%, dry basis) 

Moisture a) 4.8 

Volatile matter 79.4 

Fixed carbon b) 16.3 

Ash 4.3 

Ultimate analysis (wt.%, dry ash-free basis) 

Carbon 49.3 

Hydrogen 6.7 

Nitrogen 0.9 

Sulphur 0.1 

Oxygen b) 43.0 

HHV (MJ kg-1, dry basis) 19.2 
a) Wet basis; b) by difference 

For the product analyses, the chars from the pyrolysis experiments were ground with mortar 

and pestle and sieved to particle sizes less than 425 µm. Proximate analyses were performed in the 

same manner as the feedstock, except that the peak temperature under an oxygen atmosphere was 

750 C, based on ASTM D1762 [24]. Elemental composition analyses were performed by an 

external laboratory (Medac Ltd.), and the Channiwala and Parikh correlation for solid fuels [23] 

was used to calculate the HHV. 

The feedstock and char pH (in H2O) was analysed with a Sartorius PB-11 pH meter pre-

calibrated with pH buffers with pH = 4, 7 and 10. The suspensions in water were prepared with 1 

wt.% solid loading and stirred with a magnetic stirrer for 1 hour. Analyses were performed at least 

in triplicate and at a temperature of 20 C. 
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Nitrogen porosimetry was performed on chars using a Quantasorb Nova 4000e porosimeter. 

Oven-dried samples were degassed in a vacuum at 200 C for over 2 h. Specific surface areas were 

calculated with the Brunauer-Emmet-Teller (BET) theory over the range P/P0 of 0.03–0.20 of the 

adsorption isotherms. 

The feedstock and chars were also analysed for surface chemical functionalities using Fourier 

Transform Infrared (FTIR, on a Perkin Elmer FT-IR Spectrometer with PIKE Technologies 

GladiATR and Spectrum software). The FTIR analyses were performed under a range of 

wavenumber of 4000 to 400 cm-1, using 16 scans and 4 cm-1 resolution, and in triplicate to 

minimise experimental errors. A selected number of char products were also analysed by Scanning 

Electronic Microscopy (SEM), with a JEOL 7800 series equipment. 

2.2. Reactor system and experimental procedure 

The reactor system used in this work was a bench-scale auger system, comprising a reactor 

and feeding system, a vapour condensing and liquid collection system, a solid collection vessel, 

and a gas meter and analyser. The reactor system has been described elsewhere in detail [17], and 

a representation can be seen in Fig. 1. 
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Fig. 1. Representation of the auger reactor system used for the slow pyrolysis experiments with 

wheat straw pellets. 

Before starting the experiments, the system was purged with nitrogen (2 L min-1) to establish 

an inert atmosphere. The water used for the condenser was at 5 C. During operation, biomass was 

fed at a rate of about 5 g min-1 for a maximum of 1 h to obtain significant amounts of liquid and 

char products for post-production analyses. The employed temperatures were 400, 500 and 600C 

and the solid residence times were 3, 6 and 10 minutes. The solid residence time was controlled 

with an electric motor that moved the screw, and the temperature inside the reactor was measured 

with a K-type thermocouple. 

The solid and liquid products from each experiment were cooled down to room temperature 

before collection. Then, the solid products were removed from the char pot and stored in sealable 

plastic bags. The liquid products typically separated into two distinct phases by gravity, namely 

an organic phase and aqueous phase, and were collected separately when this occurred.  All the 

organic phases had a lower density than the aqueous phases and hence appeared in an upper layer. 

The non-condensable gases were analysed by Gas Chromatography (on a Varian CP-4900 

MicroGC, with 5Å Molsieve and PoraPLOT Q columns, and helium as carrier gas). 

Each experiment was performed in duplicate, with average values reported, except for 

experiments at 500 and 600 C with SRT of 3 minutes, because of an exchange of motor and the 

impossibility of employing SRT lower than 5 minutes.  

2.3. Statistical analysis 

To evaluate the effects of feedstock properties and process conditions on the slow pyrolysis 

in continuous auger reactors, experimental data was collected from literature and tabulated in 

Table S1 in the supplementary material. The data were analysed using the software Design Expert 
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12 by analysis of variance (ANOVA). In addition, multiple linear regressions were used to evaluate 

the relationship between the input variables (pyrolysis temperature, SRT, feedstock's volatile 

matter and ash content) and the responses (product yields, char's volatile matter, fixed carbon and 

ash content, and HHV).   

3. Results and discussion 

3.1. Product yields from slow pyrolysis experiments 

The pyrolysis products' mass yields (dry feedstock basis) with varying pyrolysis temperature 

and solid residence time are listed in Table S1 and visualised in Figs. 2, 3 and 4. A closure of over 

95 wt.% was obtained in all cases.  
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3.1.1. Char 

 

Fig. 2. Char yields (wt.%, dry basis) for the slow pyrolysis experiments with wheat straw pellets: 

effects of SRT and pyrolysis temperature. 

As shown in Fig. 2, the contour lines of the char yield are nearly vertical, which implies that 

the char yield mainly depends on the pyrolysis temperature while the solid residence time has little 

effect on the char yield. The char yield decreased with increasing pyrolysis temperature (35.0 to 

26.7 wt.%, averaged for all three SRT). Experiments by Yu et al. using rice husk and corn stalk in 

the same reactor [17] have revealed similar trends at temperatures between 350 and 600 C. In 

Yu's work, char yields (dry feedstock basis) dropped from 43.9 to 31.1 wt.% for rice husk and 

from 33.4 to 27.0 wt.% for corn stalk. The char yields from the wheat straw feedstock were similar 

to corn stalk but lower than rice husk. This could be due to the differences in ash and volatile 

matter content (on a dry basis) in the feedstock: the rice husk had a higher ash content of 16.0 wt. 

% and lower volatile matter contents of 67.2%.  



11 
 

The solid residence time is reported in the literature to have a lesser influence on the product 

distribution than pyrolysis temperature, often being dominated by other factors such as temperature 

and heating rate [21]. Indeed, the effect of SRT on the char yields was practically negligible, 

indicating that carbonisation is complete at the shortest SRT of 3 minutes. For example, Puy et al. 

reported a minimum of 2 minutes for the complete devolatilization of pine wood chips at 500 °C 

and a feedstock flow rate of 3.9 kg h-1 [6]. The standard deviations of the average char yields for 

different SRT but the same pyrolysis temperature were 0.5, 1.3, and 0.2 wt.% (dry feedstock basis) 

for 400, 500, and 600 C, respectively. This relatively small variation was considered within 

experimental error (the relative standard deviation is under 5 %). 

3.1.2. Liquid product 
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Fig. 3. Liquid yields (wt.%, dry basis) for the slow pyrolysis experiments with wheat straw pellets: 

effects of SRT and pyrolysis temperature.  

The liquid product yields have an upside-down V-shape in the contour map (Fig. 3). Liquid 

product yield with the wheat straw feedstock had a maximum (about 46.8 ± 2.8 wt.%) at a 

temperature of 500 C. The literature has recognised that the maximum liquid product yield is 

achieved at biomass pyrolysis temperatures around 500 C [8]. In terms of aqueous and organic 

fractions of the pyrolysis liquid, the proportion of the aqueous phase decreased with temperature 

(39.3 to 33.1 wt.%), while the organic phase increased (5.7 to 9.3 wt.%). This trend can be 

connected to the fact that more of the lignocellulosic structure in the biomass is decomposed with 

temperature and contributes to the organic liquid phase, especially lignin, when temperatures are 

over 400 C. Furthermore, reforming reactions are promoted at temperatures above 450 C, 

reducing the yield of reaction water and thus aqueous phase [25]. This was contrary to what was 
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observed for wood waste pyrolysis in a lab-scale auger reactor by Solar et al., which can be due to 

the higher temperatures employed in that work (750 and 900 C) [15]. 

3.1.3. Gas products 

 

Fig. 4. Gas yields (wt.%, dry basis) for the slow pyrolysis experiments with wheat straw pellets: 

effects of SRT and pyrolysis temperature.  
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Fig. 5. Distribution of gaseous species (vol.%) from the slow pyrolysis experiments using wheat 

straw with varying pyrolysis temperature and solid residence time. 

The gas product yields had a maximum at the top-right corner of the contour map (Fig. 4). 

Higher pyrolysis temperature and longer SRT led to higher gas product yield. The yield increased 

from 17.3 (for 3 min SRT at 400 oC) to 36.5 wt.% (for 10 min SRT at 600 C). The distribution of 

the gaseous species that comprise the gas product from the slow pyrolysis experiments with 

varying temperature and solid residence time are presented in Fig. 5. CO2 was the main fraction, 

comprising at least half of the gas product, followed by CO, CH4, light hydrocarbons (sum of 

ethene, ethane, propene and propane) and H2. Hydrogen gas was only seen in insignificant amounts 

(≈1 vol.%) when the pyrolysis temperature was below 500 C), with a considerable increase to ≈5–

6 wt.% at 600 C. The proportion of CO2 decreased with pyrolysis temperature, while CH4, other 

light hydrocarbons and H2 increased. The fraction of CO did not show a clear trend with 

temperature. The changes in gas composition with pyrolysis temperature had the positive 
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consequence of raising the heating value of the gas product since the proportion of combustible 

gases was increased. Similar trends were found by Yu et al. in their study of corn stalks and rice 

husks in the same auger reactor [17], with CH4 having a noticeable increase and CO2 a pronounced 

decrease. For those feedstocks, a pyrolysis temperature of 500–550 C was required for significant 

H2 production, while CO was seen to increase slowly with pyrolysis temperature. 

With increasing SRT, more gas was produced at the expense of the liquid product, which has 

been reported by other researchers using auger reactors and justified by the occurrence of 

secondary reactions, including cracking, reforming and dehydration to produce lower molecular 

weight organics and gases [15]. The reactions involved would cause an increase in the proportion 

of lower molecular weight gaseous species such as H2, CH4, and light hydrocarbons, which was 

verified by the MicroGC results (Fig. 5). CO2 was seen to decrease with SRT. The cracking 

reactions were probably catalysed by the char product (or the inorganic contents), and therefore its 

yield may not change, which was the case.  

According to a TGA study of thermochemical decomposition of lignocellulosic components, 

Yang et al. found that CO2 was more connected to primary pyrolysis reactions of cellulose and 

hemicellulose, while CO and CH4 originated more from secondary reactions and their proportion 

increased upon extending the residence time of gaseous products and higher pyrolysis 

temperature.[26] This explains well the distribution of the gas products in our work.  

3.1.4. Statistical analysis of the effects on product yields 

Table 2 shows the ANOVA results on the effects of process conditions and feedstock 

properties on the product yields. The fixed carbon content of feedstock was not included in the 

analysis as it is a variable dependent on volatile matter and ash contents. The most significant 

effects of the operating conditions on the product yields are plotted in Fig. 6. The ANOVA analysis 
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shows that the pyrolysis temperature, SRT and ash content in feedstock were the most important 

parameters determining the product yields. The effect of pyrolysis temperature was significant (p 

< 0.01) for the yields of all products. Higher pyrolysis temperatures led to lower char yield but 

higher gas yield. A maximum liquid product yield could be found at 500 oC. The SRT had a 

significant effect on the liquid and gas yields but no effect on the char yield, which was confirmed 

by the experimental results in this study. Longer SRT led to lower liquid yield and higher gas yield.  

Volatile matter content in feedstock significantly affected (p < 0.01) the char yield negatively.  

Table 2. Effect of process conditions on the product yields from wheat straw pellets in a 

continuous auger reactor by ANOVA. 

Product yields Temperature SRT Feedstock volatile matter Feedstock ash 

Char **(-) ns **(-) ns 

Liquid **(-) **(-) ns ns 

Gas **(+) **(+) ns ns 

Abbreviations: ns = not significant; ** p value <0.01; (+) positive effect; (-) negative effect. 

The modified linear models to predict the yields of char, liquid and gas products are listed as 

Eq. 1–3. All input variables that had no significant effects (p > 0.05) on the responses were 

excluded from the models. Because the linear regression approach assumes a linear relationship 

between variables and responses, the ability of the linear models to interpret relationships in 

complex systems may be limited [27]. However, these models provide a simple method to estimate 

products yield with limited information. The estimation of char yield was not as accurate as the 

estimation of liquid and gas yields. The plots of actual and predicted values are shown in Fig. 7. 

Nevertheless, all three models have good prediction performance.  

𝐶ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 = 96.378 − 0.0275 × 𝑇𝑒𝑚𝑝 − 0.673 × 𝑉𝑀    R2=0.7511 (1) 

𝐿𝑖𝑞𝑢𝑖𝑑 𝑦𝑖𝑒𝑙𝑑 =  63.981 − 0.0302 × 𝑇𝑒𝑚𝑝 − 0.426 × 𝑆𝑅𝑇   R2=0.8360 (2) 

𝐺𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 =  −15.551 + 0.0716 × 𝑇𝑒𝑚𝑝 + 0.272 × 𝑆𝑅𝑇    R2=0.9105 (3) 
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Fig. 6. Effects of the operating conditions on the product yields (a. pyrolysis temperature vs char 

yield; b. pyrolysis temperature vs liquid yield; c. pyrolysis temperature vs gas yield; d. solid 
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residence time vs liquid yield; e. solid residence time vs gas yield; f. feedstock volatile matter 

content vs char yield) 

  

 

Fig. 7. Comparison between the actual values vs predicted values of the linear models for (a) char 

yield, (b) liquid yield and (c) gas yield. 

3.2. Characterisation of char products 

3.2.1. Proximate and ultimate analyses 

The proximate and ultimate analyses of the char products are presented in Table 3, along with 

the calculated higher heating values (HHV). The sulphur content of the char was lower than 0.1 

wt.%, so it was not shown. 
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Table 3. Proximate (wt.%, dry basis) and ultimate analyses (wt.%, dry ash-free basis) and the 

calculated higher heating value (MJ kg-1, dry basis) of the chars produced from slow pyrolysis of 

wheat straw pellets. 

Pyrolysis 

temperature (C) 

SRT 

(min) 

Volatile 

matter 
Ash 

Fixed 

carbon a) 
C H N O a) HHV 

400 3 33.4 13.9 52.7 77.6 5.0 1.7 15.6 26.9 

6 32.9 15.0 52.5 76.8 4.5 1.3 17.1 25.7 

10 30.0 12.9 57.1 78.5 4.6 1.3 15.5 26.6 

500 3 23.6 13.9 62.5 82.5 4.1 1.5 11.7 27.5 

6 21.5 16.8 61.7 82.9 4.2 1.2 11.6 26.9 

10 20.4 14.4 65.2 83.2 3.8 1.2 11.7 27.1 

600 3 17.5 15.0 67.5 87.0 3.4 1.4 8.2 28.1 

6 15.7 17.5 66.8 87.1 3.3 1.3 8.1 27.3 

10 12.9 17.4 69.7 89.7 3.1 1.1 6.0 28.0 

a) By difference 

An increase in pyrolysis temperature leads to a decrease in the volatile matter in the char 

product and an increase in the fixed carbon proportion since devolatilisation keeps occurring when 

the pyrolysis temperature increases. This suggests that the chars produced at higher pyrolysis 

temperatures could be more appropriate for carbon sequestration in a soil application due to the 

higher fixed carbon content, which is correlated with the chars' higher recalcitrance and stability 

[1,28]. The ash proportions also increase with pyrolysis temperature since virtually all the 

inorganic matter remains in the char as the volatile matter is lost. Since the wheat straw feedstock 

had a relatively low ash content (4.3 wt.%, dry basis), the resulting chars have lower ash contents 

when compared with chars from other feedstocks. For example, the corn stalk and rice husk 

feedstocks pyrolysed by Yu et al. had ash contents of around 10 and 16 wt.%, and the resulting 

chars had ash contents (dry basis) of 20 to 33 wt.%, for corn stalk feedstock, and of 30 to 44 wt.%, 

for rice husks [17]. Higher ash content is connected to more significant fouling and corrosion risk 
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when the char is applied for energy production through combustion [29]. Soil applications are also 

influenced by the ash fraction and its contents [28]. 

The data from this work and a similar reactor were also analysed. As shown in Fig. 8a, the 

VM/FC ratio of the char samples, an indicator of coal rank, was a function of pyrolysis 

temperature, independent of the type of biomass and other operating conditions. The ash content 

was dependent on the pyrolysis temperature and feedstock ash content (Fig. 8b). Higher 

temperature and higher ash content in feedstock led to high ash content in produced char. 

  

Fig. 8. Effect of pyrolysis temperature on (a) VM/FC ratio and (b) ash content. 

Regarding the effect of SRT, it was seen that volatile matter decreased with this parameter for 

all three pyrolysis temperatures tested. This effect was also reported by Puy et al. for SRT between 

1.5 and 5 minutes [6]. This was related to a higher exposure time of the char product to the 

pyrolysis vapours, which can continue secondary reactions with the char surface. The effect of 

SRT on ash proportion seemed positive, but this trend was more challenging to ascertain. 

The carbon proportion in the chars increased with pyrolysis temperature, while hydrogen 

decreased. As a result of this and oxygen fraction decreasing, the char heating value increased 

since the ash content increased. However, it was not as significant as the effects on the elemental 

proportions. The increase in carbon proportion and decrease in hydrogen and oxygen relates to the 
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reactions happening during the pyrolysis process, e.g. dehydration (removal of hydroxyl groups) 

and decarboxylation (removal of carboxyl and carbonyl groups) [30]. The trends of elemental 

composition with pyrolysis temperature indicate that the char's resistance to degradation (related 

to the O/C ratio) and aromaticity (related to the H/C ratio) was increased [31]. The solid residence 

time did not have such a noticeable effect on the elemental distribution of the char products. 

However, with some exceptions, the carbon proportion increased whilst the hydrogen and oxygen 

fractions decreased, which can be correlated to the decrease in the volatile matter and was 

attributed to more secondary reactions taking place for greater SRT. This was verified by Solar et 

al., using pine wood (0.5–2.0 mm size) in an auger reactor (750–900 C): the carbon content of 

the char product increased when the SRT was raised from 32 to 64 minutes [15]. 

To evaluate the carbonisation process, H/C and O/C atomic ratios of the feedstock and their 

derived char were plotted in a van Krevelen diagram (Fig. 9b). The slow pyrolysis of 

lignocellulosic biomass is mainly a dehydration process accompanied by decarboxylation. It is 

interesting to see that the H/C ratio of the chars was a function of temperature despite different 

feedstocks and reactors (Fig. 9c), whilst the O/C ratio of the char was relevant to the pyrolysis 

temperature and O/C ratio of the feedstock (Fig. 9a). 
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Fig. 9. (a) van Krevelen diagram (b) H/C ratio vs pyrolysis temperature (c) O/C ratio vs pyrolysis 

temperature. 

Compared with the wheat straw feedstock (19.2 MJ kg-1, in Table 1), the heating value was 

significantly increased, to an average for all chars of 26.5 MJ kg-1 (± 1.5 MJ kg-1). The slow 

pyrolysis process has thus created a char product significantly more valuable for energy generation 

(e.g., through combustion), mainly by decreasing the oxygen content. The results are comparable 

with those obtained from fixed bed slow pyrolysis of straw pellets by Ronsse et al. [32]. In that 

study, for chars produced at 450 and 600 C, the HHVs were between 25 and 26 MJ kg-1. In a 
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study performed with the same auger reactor as in this work [17], corn stalk and rice husk chars 

(350–600 C) had lower HHV than the wheat straw chars in this present work, especially the rice 

husk chars. The HHV for the corn stalk chars was 19.9–26.0 MJ kg-1, while the rice husk chars 

were 17.1–21.3 MJ kg-1. This can be explained mainly by the higher ash content in these feedstocks 

(around 10 and 16 wt.%, dry basis, respectively) [17]. This shows the greater value that the wheat 

straw feedstock possesses for energy production through combustion compared with other 

herbaceous feedstocks. The obtained char HHV is comparable to or even higher than the HHV of 

some types of coals [33]. The chars produced at higher pyrolysis temperatures have a greater 

heating value than those from lower temperatures, although the effect is insignificant. The solid 

residence time did not produce a clear trend on the HHV of the chars. 

3.2.2. N2 porosimetry 

The chars were evaluated in terms of their surface area with nitrogen porosimetry at 77 K and 

BET theory, which yielded surface areas under 15 m2 g-1. There was no relevant effect of the 

studied process conditions on the char surface areas. The maximum temperature of 600 C was 

not enough to develop porosity, which other researchers have seen. Values reported in the literature 

for char surface areas vary depending on the conditions used and range from lower than 10 to 

values over 2000 m2 g-1 [34]. Similar low values of surface area (8.1 m2 g-1) have been reported 

for chars from different feedstocks (poultry litter, vine prunings, orange pomace, and seaweed) 

and produced at temperatures up to 600 C in a fixed bed reactor [35]. In a study with agricultural 

residues by Fu et al. [36], char surface areas only reached values above 20 m2 g-1 when pyrolysis 

temperatures were above 800 or 900 C, depending on the feedstock. Low surface areas indicate 

that most pores are blocked or very narrow, restricting nitrogen adsorption at 77 K [37]. The ash 

content of the feedstock was found by Ronsse et al. [32] to be correlated with low surface areas in 
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chars produced from wood biomass and other biomass with high ash contents, such as wheat straw 

and algae. In that study, at a pyrolysis temperature of 600 C, the woody feedstock (low ash content 

of 0.2 wt.%) produced chars with a surface area of up to 127 m2 g-1, while the chars from wheat 

straw (7.9 wt.% ash content) and the algae (38.4 wt.% ash content) had a surface area of 22 and 

19 m2 g-1, respectively. The inorganic contents could be deposited in the pores after being molten 

and re-fused. In the present study, however, the ash content of the wheat straw feedstock is not 

significantly high (4.3 wt.%, in Table 1), so this effect would not be as noticeable. However, the 

effect of pore-blocking could be increased during pyrolysis due to the lack of carrier gas, which 

increases vapour residence time and the contact time between the chars and the produced vapours. 

The higher contact time could potentially promote the entrapment of volatiles within the char 

matrix and consequent closure of the char pores. 

3.2.3. pH of char products (in H2O) 

The results of the pH analysis of the chars from the experiments with varying temperature and 

solid residence time can be seen in Fig. 10. Error bars represent standard deviation. 
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Fig. 10. pH (in H2O) of the produced chars with varying temperature and solid residence time. 

The pH values were situated in the range 8.5–9.6, indicating a basic character of the chars and 

an increase of pH compared to the wheat straw feedstock, which had a pH (in H2O) of 7.3. The pH 

of the chars produced from the as-received wheat straw pellets shows an increase with pyrolysis 

temperature. An increase of char pH with pyrolysis temperature was also seen for several 

feedstocks, for example, by Ronsse et al. [32], which also verified that chars from pine wood had 

lower pH than wheat straw, green waste and algae chars. The pH values obtained in that study for 

wheat straw chars were in the range of 9.8–11.3 (450–600 C pyrolysis temperature). Similar pH 

values, between 9.0 and 10.0, were obtained by Budai et al. for chars from corn cob and 

Miscanthus produced in a retort at 400 to 600 C [38]. The original feedstocks had a pH between 

5.0 and 6.0, and the increase was correlated to the loss of volatiles during pyrolysis, which reduced 

surface functionalities. In the work of Tag et al. [35], feedstocks with a higher ash content were 

found to produce chars with greater pH values. In terms of the influence of solid residence time 
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for conditions used in the present work, the observed trend on char pH was 3 min > 10 min > 6 

min. This does not correlate with the variation of char ash content with SRT (highest for 6 min 

SRT; in Table 3) unless the ash has an acidic character. Chars with basic character can be used in 

soil applications to reduce acidity in poor-quality soils, e.g. to rehabilitate former mine grounds 

[39]. Furthermore, chars with relatively high (basic) pH values have been found to reduce the 

mobility of heavy metals in soils [40]. 

3.2.4. FTIR analysis 

The char products from slow pyrolysis of wheat straw pellets were further analysed using 

FTIR to assess the presence of chemical functionalities on the surface. Fig. 11 presents the spectra 

for the chars from the experiments using the wheat straw feedstock, as well as the feedstock's 

spectrum for comparison. The spectra correspond to chars produced with 10 minutes SRT. Since 

IR manifestation of the char materials was not significant for the region of wavenumbers 4000–

2000 cm-1, the spectra shown here only have the region of 2000–400 cm-1 wavenumbers. The 

peaks/bands present in the spectra were assigned to the surface chemical functionalities [37,41–

43]. 
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Fig. 11. FTIR spectra for the wheat straw feedstock and chars produced from slow pyrolysis with 

10 minutes SRT. 

The FTIR spectra showed a reduction of chemical functionalities between the chars and the 

feedstock, especially in the regions corresponding to O–H (band centred around 3300 cm-1), 

aliphatic C–Hn (3000–2850 and 1200–1500 cm-1), and C–O (1150–1050 cm-1) bond vibrations. 

Overall, for the slow pyrolysis chars, the spectra had only relevant IR manifestation for 

wavenumbers in the region 1800–400 cm-1. The reduction in chemical functionalities is connected 

to a loss of surface chemical compounds in the form of volatiles and the development of an 

aromatic structure on the char product's surface when exposed to higher temperatures under 

pyrolysis conditions [41,44]. The C–O bonds present in the feedstock and significantly reduced in 

the chars can be attributed to carboxylic and ester groups and aromatic rings, while the aliphatic 
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C–Hn bonds originate from the feedstock lignocellulosic biopolymers and fatty acids [45,46]. In 

the work of Tag et al., the FTIR spectra for the chars produced from agricultural residues at the 

highest studied temperature of 600 C were considered to be similar to that of graphite (practically 

no IR manifestation) [35]. Fu et al. considered this graphitisation to occur only at pyrolysis 

temperatures above 800 C for chars from agricultural residues [36]. The increasing upwards drift 

in the region 1200–400 cm-1 for the char produced at 600 C was a baseline drift, which has been 

identified by other authors and attributed to an increase in carbonisation degree from high 

temperature [37]. 

The impact of solid residence time is not shown here since there were no significant feature 

changes with different SRTs. Therefore, the temperature was the only parameter that significantly 

affected the IR manifestation of the slow pyrolysis chars produced from the as-received wheat 

straw feedstock. The lack of effect of SRT on the surface functional groups can be correlated to 

the fact that this parameter was seen to not significantly change the elemental composition of the 

produced chars (Table 3). 

A noticeable change with pyrolysis temperature is the absence of IR manifestation in the 

wavenumber region 1750–1650 cm-1, corresponding to carbonyl (C=O) stretching bond vibrations, 

in the spectra of the chars produced at 600 C. This peak was present for both feedstock and chars 

produced at 400 and 500 C, and from both as-received feedstock and feedstock after disintegration 

by soaking with water. This effect was seen by Chen et al. for chars produced from pine needles 

when the employed pyrolysis temperature was higher than 500 C [43]. For the chars produced at 

600 C, more functionalities were present in the region 900–600 cm-1 (C–Hn bending bond 

vibrations, out-of-plane), which were indicative of an increase in aromatic features on the char 

surface as a consequence of the higher pyrolysis temperature [41]. 
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The changes in chemical surface features (e.g. polar groups) impact the basic/acidic character 

of the char's surface and its hydrophobicity and therefore influences potential applications [47]. 

The interaction of the char with a cationic compound can be improved if the basicity of the char is 

increased, e.g. by introducing –OH functionalities on the surface [5]. Functional surface groups 

containing oxygen, such as –OH and –COOH, can act as binding sites for heavy metals, for 

example, through complexation [48], which benefits liquid-phase adsorption and soil applications. 

The processing of the wheat straw at lower pyrolysis temperatures can therefore possess 

advantages for these applications in relation to higher pyrolysis temperatures since some 

potentially advantageous chemical functionalities remain. 

3.2.5 Microscopic analyses with SEM 

The produced chars at different temperatures with a SRT of 3 minutes were analysed with 

Scanning Electron Microscopy (SEM) to assess morphological features at microscopic level. 

Examples of micrographs of the chars from slow pyrolysis of wheat straw with varying pyrolysis 

temperature are presented in Fig. 12. The pictures on the left correspond to zoomed-in areas from 

the pictures on the left. The highlighted pore in the zoomed-in area of the 600 °C char micrograph 

has a diameter of ≈3.6 µm, according to SEM measurement. 

The size of microscopic particles varied significantly, generally ranging 0.5-300 µm, with 

fractures seen on some particles, especially the larger ones. Particles were irregularly shaped, some 

with rough external surfaces and others with smoother surfaces. The particle sizes and shapes were 

influenced by the post-production grinding and sieving of the char (425 µm sieve). The char 

particles produced at the lowest temperature possessed smoother surfaces and less fractures 

compared to chars from 500 and 600 °C. This could be related to lignin, which goes through 
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different processes such as softening, plasticisation and glass transition, depending on 

temperature[37].  

 

  

Fig. 12. SEM micrographs of chars produced at (a) 400, (b) 500 and (c) 600 °C in the screw reactor 

with 3 minutes SRT and no carrier gas. Zoomed-in areas highlighted in green rectangles are 

depicted on the right. The highlighted pore has ≈3.6 µm diameter. 
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Pores were seen on some particles, which appeared to be channels from the original 

lignocellulosic matrix of the feedstock, through which the plant would conduct water and nutrients 

through. The micrographs suggest the pyrolysis process did not produce new pores besides the 

already existing ones from the biomass skeletal structure, and process temperature had little effect 

on microscopic appearance. This was in line with the results obtained from N2 porosimetry, which 

showed low porosity development regardless of process temperature. 

3.2.6. Statistical analysis of the effects on product's properties 

Table 4. Effect of process conditions on the product yields from wheat straw pellets in a 

continuous auger reactor by ANOVA. 

 Pyrolysis temperature SRT Feedstock volatile matter Feedstock ash 

VM **(-) ns *(-) **(-) 

FC **(+) ns ns *(-) 

Ash **(+) *(-) ns **(+) 

HHV **(+) ns **(+) ns 

Abbreviations: ns = not significant; * 0.01 < p value < 0.05; ** p value < 0.01; (+) positive effect; 

(-) negative effect. 

Table 4 shows the ANOVA results on the effects of process conditions and feedstock 

properties on the product's properties. Pyrolysis temperature was the most critical parameter. It 

had significant (p<0.01) effects on all study responses, including the char's volatile matter, fixed 

carbon, ash content and HHV values. Increasing the pyrolysis temperature would reduce the 

volatile matter in the produced char but increase the char's fixed carbon, ash content and HHV. 

Ash content in the feedstock is the second most important parameter. It had a significant negative 

effect (p<0.01) on the volatile matter in char, a significant positive effect (p<0.01) on the ash 

content in char, and a less significant negative effect (0.01<p<0.05) on the fixed carbon. However, 
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the ash content in feedstock had no significant effect on the char's HHV. The volatile matter in the 

feedstock had a significant positive effect on char HHV and a less significant adverse effect on the 

volatile matter in the produced char. SRT was a less critical parameter, which only had a negative 

effect on the produced char's ash content. The most important operating conditions that affected 

the product yields are plotted in Fig. 13.   
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Fig. 13. Effects of the operating conditions on the product yields (a. pyrolysis temperature vs char's 

VM; b. feedstock ash vs char's VM; c. pyrolysis temperature vs char's ash; d. feedstock ash vs 

char's ash; e. pyrolysis temperature vs char's FC; f. Pyrolysis temperature vs char's HHV; g. 

feedstock volatile matter vs char HHV) 

The modified linear modules to predict the char properties, including volatile matter, fixed 

carbon, ash content and HHV, are listed as Eq. 4–7. Like the models for the product yields, all 

input variables that had no significant effects were removed. The plots of actual and predicted 

values are shown in Fig. 14. Again, all four models have good prediction performance. 

𝐶ℎ𝑎𝑟 𝑉𝑀 = 117.150 − 0.0710 × 𝑇𝑒𝑚𝑝 − 0.652 × 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑉𝑀 − 1.286 × 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐴𝑠ℎ  

           R2=0.8090 (4) 

𝐶ℎ𝑎𝑟 𝐹𝐶 = 43.131 + 0.0553 × 𝑇𝑒𝑚𝑝 − 1.710 × 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐴𝑠ℎ   R2=0.9250 (5) 

𝐶ℎ𝑎𝑟 𝐴𝑠ℎ = −4.343 + 0.0167 × 𝑇𝑒𝑚𝑝 − 0.189 × 𝑆𝑅𝑇 + 2.219 × 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐴𝑠ℎ  

           R2=0.9447 (6) 

𝐶ℎ𝑎𝑟 𝐻𝐻𝑉 = −30.917 + 0.0196 × 𝑇𝑒𝑚𝑝 + 0.610 × 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑉𝑀  R2=0.9193 (7) 
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Fig. 14. Comparison between the actual values vs predicted values of the linear models for (a) 

char's VM, (b) ash, (c) fixed carbon and (d) HHV. 

4. Conclusions 

Chars were produced from wheat straw in a continuous auger reactor with varying temperature 

and solid residence time, which had different effects on the product yields and char properties. 

Pyrolysis temperature was the dominant variable in determining product distribution, with a more 

significant effect than solid residence time. As expected, char yields decreased with temperature, 

while gas yields increased. The statistical analysis confirmed the findings. Linear models were 

developed to predict the yields of the products from slow pyrolysis with reasonable accuracy, R2 

values greater than 0.75. 
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The properties of the chars were also affected by the process parameters, especially by 

pyrolysis temperature. An increase in carbon content and decrease in oxygen content with 

increasing pyrolysis temperature increased the char's calorific value. Higher solid residence time 

caused a reduction in the volatile matter of the char, which could be due to secondary reactions. 

The linear models developed were able to predict the char properties, including volatile matter, 

fixed carbon, ash content and HHV. Apart from the volatile matter, the prediction of the other 

three char properties had R2 values greater than 0.91.  

The results from the experimental investigation and the linear models can be used to design 

and optimise char production by slow pyrolysis.  
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