
Journal Pre-proof

Effect of pretreatment biomass by gas from polyvinyl chloride dehydrochlorination
process on maize cob pyrolysis with integrated CO2 capture

Wojciech Jerzak, Izabela Kalemba-Rec, Aneta Magdziarz

PII: S0960-1481(25)00328-3

DOI: https://doi.org/10.1016/j.renene.2025.122666

Reference: RENE 122666

To appear in: Renewable Energy

Received Date: 28 December 2024

Revised Date: 25 January 2025

Accepted Date: 12 February 2025

Please cite this article as: Jerzak W, Kalemba-Rec I, Magdziarz A, Effect of pretreatment biomass by
gas from polyvinyl chloride dehydrochlorination process on maize cob pyrolysis with integrated CO2
capture, Renewable Energy, https://doi.org/10.1016/j.renene.2025.122666.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2025 Published by Elsevier Ltd.

https://doi.org/10.1016/j.renene.2025.122666
https://doi.org/10.1016/j.renene.2025.122666


 

Effect of pretreatment biomass by gas from polyvinyl chloride dehydrochlorination 

process on maize cob pyrolysis with integrated CO2 capture 

Wojciech Jerzak*, Izabela Kalemba-Rec, Aneta Magdziarz 

AGH University of Krakow, Faculty of Metals Engineering and Industrial Computer Science, 

Department of Heat Engineering & Environment Protection 

Mickiewicza 30, 30-059 Krakow, Poland 

*e−mail: wjerzak@agh.edu.pl 

Jo
urn

al 
Pre-

pro
of



 

 

 

Jo
urn

al 
Pre-

pro
of



1 

 

Abstract 1 

This study investigates the effects of pretreatment of maize cob with hydrogen chloride gas 2 

obtained from polyvinyl chloride dehydrochlorination on pyrolysis yields and integrated CO₂ 3 

capture. The dehydrochlorination process was conducted at 320 °C, while the pyrolysis of the 4 

pretreated biomass was performed at 500 °C. Pretreatment significantly altered composition of 5 

biomass, reducing hemicellulose from 34.3% to 3.7%, increasing fixed carbon from 15.8% to 6 

20.3%, and increasing the chlorine content from 0.27% to 1.48%. These changes influenced on 7 

the thermal decomposition characteristics of maize cob. During fast pyrolysis, the bio–oil yield 8 

increased by 17%, from 32.9% to 38.4%, while gas production decreased from 38.7% to 30.3%, 9 

indicating a shift towards liquid biofuel production. Integration of calcium hydroxide in the 10 

pyrolysis reactor reduced CO₂ emissions by 87%, from 56.5% to 7.5%, and captured chlorine 11 

from the pyrolysis gases, minimising harmful residues. Additionally, the use of calcium 12 

hydroxide facilitated the generation of hydrogen, increasing its content to 44.7% in the gas 13 

phase. The bio–oil produced contained 0.8% chlorine, demonstrating the effectiveness of in–14 

situ chlorine capture. This approach, utilising hydrogen chloride derived from polyvinyl 15 

chloride waste, not only reduces environmental impact but also enhances the efficiency and 16 

sustainability of bio–oil production.  17 

Keywords: Biomass pretreatment, Fast pyrolysis, PVC dehydrochlorination, Drop–tube 18 

reactor, Hydrogen chloride, Calcium hydroxide  19 
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1. Introduction 20 

The vulnerabilities of the fossil fuel era and its associated environmental hazards are 21 

evident and prompt scientists to look for ways to produce clean energy. According to recent 22 

report of the Intergovernmental Panel on Climate Change (IPCC) [1], a profound, rapid, and 23 

sustainable reduction in greenhouse gas emissions is necessary. The agreement mandates a 24 

reduction in global greenhouse gas emissions by 43% by 2030 relative to 2019 levels, with the 25 

ultimate goal of achieving net–zero carbon dioxide emissions by 2050. 26 

Biomass represents a promising alternative to fossil fuels due to its abundance, 27 

renewability, and carbon neutrality [2]. Diverse methodologies enable the conversion of 28 

biomass into biofuels and biochemicals [3,4]. The most prevalent techniques can be classified 29 

as either biochemical or thermochemical. Unlike biochemical conversion, thermochemical 30 

pathways can process large amounts of feedstock in relatively short time to produce the desired 31 

products and energy [5]. Among the thermochemical conversion processes for biomass, 32 

pyrolysis has garnered significant attention due to its focus on producing high–energy–density 33 

bio–oil or char, which are advantageous for transportation [6,7]. Over the past decades, biomass 34 

pyrolysis has been recognised as one of the most popular and promising methods for producing 35 

high–value liquid fuels and chemicals [8]. However, the intricate structure of lignocellulosic 36 

biomass poses a formidable challenge because of its resistance to thermal degradation. The 37 

structural heterogeneity and resistance of lignin pose challenges to the conversion of cell wall 38 

biomass into economically viable products at an industrial scale [9]. Consequently, effective 39 

pretreatment strategies are imperative to improve conversion. Various pretreatment techniques 40 

have been developed to facilitate the separation of cellulose, hemicellulose, and lignin 41 

components in lignocellulosic biomass [10,11]. Figure 1 shows the five basic types of 42 

pretreatments of lignocellulosic biomass: physical, biological, physicochemical, chemical, and 43 

their combinations. Kumar and Sharma's analysis of pretreatment methods concluded that 44 
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pretreatment is a 'tailor–made' process for each specific type of biomass, which requires careful 45 

selection and planning based on the unique characteristics of the biomass [11]. So far, no single 46 

pretreatment method has been developed that achieves complete delignification of biomass in 47 

both an economical and environmentally friendly way. Although combined pretreatment 48 

approaches have shown some success, significant research is still required to fully optimise 49 

their potential. 50 

 51 

Figure 1. Biomass pretreatment techniques 52 

The significance of pretreatment in the context of lignocellulosic biomass has been well 53 

established over time. Through various pretreatment methodologies, reduction in biomass size 54 

is achieved, accompanied by the separation of lignin and hemicellulose from the biomass 55 

matrix. Moreover, these processes serve to diminish the crystalline structure of cellulose and 56 

improve biomass porosity [12]. 57 

In recent years, several studies have been carried out on biomass pretreatment using: i) 58 

wet acids [13–17], ii) dry acids [18–22], and iii) gaseous acids [23–26]. Acid concentration (in 59 
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wet acid pretreatment) significantly influences the efficiency of acid–based biomass 60 

pretreatment by promoting diverse structural changes in lignocellulosic biomass through the 61 

use of concentrated or dilute acids. After pretreatment, the biomass should be washed with 62 

deionised water until the pH value of the filtrate is close to neutral. To reduce wastewater 63 

discharge associated with conventional wet acid pretreatment, dry acid pretreatment is 64 

proposed, which maintains both the initial feedstock and the final product in the solid state by 65 

eliminating the use of water [18]. An alternative method to dry acid pretreatment is the use of 66 

acidic gas. The main findings of the literature regarding acid pretreatment of biomass with all 67 

methods are summarised in Table 1. 68 

Table 1. Review of the literature on the conditions for acid pretreatment of biomass and the 69 

main research findings. 70 

Wet pretreatment conditions Use of biomass 

after 

pretreatment 

Main findings Ref. 

Biomass Acid  Temperature 

and time 

corn straw HCl 

0.1M a 

25 C 

4h 

feedstock for fast 

pyrolysis 

Biomass pretreatment: 

i) increased the content 

of carbon and cellulose 

while reducing oxygen 

and effectively 

removing most metals, 

especially calcium; ii) 

decreased the relative 

content of furans, 

ketones, phenols, acids, 

[13] 
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and aldehydes in the 

bio–oil produced by 

pyrolysis. 

corn stover H2SO4 

0.1M a 

room 

temperature 

4h 

feedstock for fast 

pyrolysis 

The acid washing and 

the infusion of acid 

into the biomass were 

compared. In contrast 

to acid infusion, acid 

washing reduced the 

ash content of the 

biomass. Pyrolysis of 

acid–washed biomass 

promoted levoglucosan 

production by 

removing alkali and 

alkaline earth metals 

(AAEMs) from the 

biomass. 

[14] 

pine 

sawdust 

CH3COOH 

1%, 3% a 

non–

reported 

6 h 

feedstock for 

gasification 

The acid–sensitive 

AAEMs present in the 

biomass would be 

noticeably depleted, 

leading to a decrease in 

catalytic activity in the 

reactions and, 

[15] 
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consequently, a 

reduction in gas 

production. 

pine wood, 

straw, 

bagasse 

CH3COOH 

10% a 

30 C 

10 min 

feedstock for fast 

pyrolysis 

The pyrolysis of acid–

leached biomass 

resulted in a reduced 

char yield and a lower 

CO2 content in the 

pyrolysis gas compared 

to untreated biomass. 

The use of pyrolytic 

acids for biomass 

pretreatment was most 

cost–effective when 

the yield of sugars and 

bio–oil was 50 t/h. 

[16] 

palm 

kernel 

shell, 

sawdust 

CH3COOH 

5M a 

HCOOH 

5M a 

H2SO4, 

3M, 5M a 

HCl 

3M, 5M a 

room 

temperature 

4 h 

feedstock for fast 

pyrolysis 

All acid solutions 

remove inorganic 

material, enhancing the 

production of volatile 

compounds during 

pyrolysis. Under the 

pretreatment conditions 

analysed, the relative 

content of ketones and 
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acids decreased. Lignin 

decomposition was 

mainly caused by 

depolymerisation and 

demethoxylation, 

forming guaiacol and 

phenol–type 

compounds, 

respectively. 

Dry pretreatment 

corn stover H2SO4 

25 mg/g b 

185 C 

3 min 

feedstock for 

hydrolysis 

The pretreatment of the 

biomass most favoured 

the formation of 

glucose and xylose. Up 

to 80% ethanol can be 

obtained from biomass 

after pretreatment. 

[19] 

corn stover H2SO4 

25 mg/g, 

50 mg/g b 

175 C 

90 min 

– This method reduced 

corrosion problems by 

approximately 85% 

and paved the way for 

large–scale application. 

[20] 

sunflower, 

artichoke, 

H2SO4 

25 mg/g, 

175 C, 

185 C 

feedstock for 

biodetoxification 

The efficiency of 

pretreatment was 

[21] 
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and stevia 

stalks 

50 mg/g b 5 – 

15 min 

mainly influenced by 

concentration of 

H2SO4. The reduction 

in the solid–liquid ratio 

(2:1 to 0.5:1) increased 

degradation products, 

while increasing the 

temperature (175 °C to 

185 °C) significantly 

reduced the xylan 

content and increased 

inhibitor formation. 

wheat 

straw 

H2SO4 

10 – 

25 mg/g b 

175 – 

185 C 

3 min 

feedstock for 

hydrolysis 

It was shown that 66% 

of the carbon from 

lignocellulose was 

recovered as ethanol, 

xylose, and reactive 

lignin. 

[22] 

Pretreatment with acid gases  

corn starch HCl 25–45 C 

1–8 h 

– As the degradation 

time and temperature 

increased, the 

molecular weight of 

starch gradually 

[23] 
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decreased, and the 

range of gelatinization 

temperatures widened. 

scots pine HCl room 

temperature, 

2, 6 and 18 

h 

– The initial moisture 

content of biomass 

before HCl treatment 

had a more significant 

impact on hydrolysis 

than the duration of 

exposure to the acidic 

gas. In particular, a 

higher initial moisture 

content was associated 

with increased 

hemicellulose 

degradation. 

[24] 

aspen 

wood, 

flour  

HCl room 

temperature 

0.5–24 h 

– Biomass samples were 

effectively hydrolysed 

using HCl gas, 

allowing the selective 

and efficient removal 

of C5 sugars. The 

optimal conditions 

were determined to be 

a 60–40% moisture 
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content and a 6–hour 

reaction time, 

achieving a recovery of 

84% of the available 

xylan from the 

biomass. 

birch pulp HCl room 

temperature 

1–335 h 

– HCl can effectively 

degrade cellulose into 

glucose when the 

moisture content of the 

cellulosic fibres is 

maintained at 50%. 

Additionally, the 

introduction of  

chlorite into the system 

prevents the formation 

of harmful humins. 

[26] 

a – concentration of acid in solution, bacid usage – expressed as the mass of acid per mass of 71 

dry mass. 72 

The primary objective of this research is to investigate the impact of pretreatment of 73 

maize cob biomass with hydrogen chloride (HCl) derived from the dehydrochlorination of 74 

polyvinyl chloride (PVC), on the yields of the pyrolysis product and the integration of CO₂ 75 

capture during the process. This study aims to: (i) Evaluate the chemical and structural 76 

modifications induced in biomass through gaseous HCl pretreatment, (ii) Examine the effects 77 

of these modifications on pyrolysis efficiency, including the distribution of bio–oil, gas, and 78 
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char yields, (iii) Assess the role of calcium hydroxide (Ca(OH)₂) in capturing chlorine and CO₂ 79 

during pyrolysis to improve environmental sustainability, and (iv) Identify potential 80 

applications of pyrolysis products in biofuels and material science. 81 

This study introduces a new approach to biomass pretreatment and pyrolysis by using 82 

hydrogen chloride gas derived from the dehydrochlorination of polyvinyl chloride (PVC) 83 

waste. This method offers dual benefits: it valorises PVC waste and enhances biofuel 84 

production. The research highlights significant advancements in three key areas: i) the 85 

pretreatment process for biomass, which improves thermal decomposition characteristics; ii) 86 

the enhancement of bio-oil yield and quality, indicating the potential for efficient liquid biofuel 87 

production; and iii) the integration of CO₂ through the application of calcium hydroxide in the 88 

pyrolysis reactor, which enables the production of hydrogen-rich gas. This innovative 89 

combination of PVC waste-derived HCl pretreatment, sustainable bio-oil production, and 90 

integrated pollutant mitigation provides a new solution for biomass conversion that aligns with 91 

sustainable waste management practices. 92 

2. Materials and methods 93 

2.1. Materials 94 

The maize cob (MC) from a farm located in Lesser Poland constituted the basic research 95 

feedstock. Preparing processes included grinding maize cobs and sieving to obtain a repeatable 96 

drying fraction of approximately 3 mm in diameter. The prepared ground maize cob, hereinafter 97 

referred to as MC, was the first batch of material for pyrolysis. The second batch of material 98 

was maize cob pretreatment with hydrogen chloride (named MC_Cl) from the low temperature 99 

dehydrochlorination process of polyvinyl chloride (PVC). The PVC powder was purchased 100 

from Sigma–Aldrich (No. 81388). The additional material used for the pyrolysis of MC and 101 

MC_Cl was calcium hydroxide purchased from Chempur (1305–62–0) with a purity of min. 102 

95% Ca(OH)2 and max. 4% CaCO3. The basic criterion for the selection of calcium hydroxide 103 
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was the economic aspect. Calcium hydroxide is almost twice cheaper than calcium oxide, which 104 

justifies the choice of this material. As a result, costs are reduced by building a larger scale of 105 

the process. At the same time, as recently reported by Dostie et al. [27], calcium oxide in contact 106 

with humid air is easily covered with a thin film of water, which favours the formation of 107 

calcium hydroxide. Moreover, in contact with air, it captures CO2 to form CaCO3. The increased 108 

changes in the composition of CaO make the use of pure CaO for the pyrolysis process 109 

extremely difficult and require the establishment of appropriate conditions. 110 

2.2. Research methods 111 

2.2.1. Pretreatment and pyrolysis 112 

 Maize cob (MC) pretreatment consisted of rinsing the biomass with gas from the PVC 113 

dehydrochlorination process, as shown in Fig. 2a). The most important parameters of the 114 

dehydrochlorination process are listed in Table 2. A glass bottle containing 200 g of MC was 115 

blown with gas resulting from the dehydrochlorination PVC. The temperature of the PVC 116 

dehydrochlorination process (320 oC) and the composition of the resulting gas were previously 117 

determined on the basis of thermogravimetry–Fourier transform infrared spectroscopy tests, in 118 

previous work [28]. The dominant pyrolysis product was hydrogen chloride (HCl) diluted with 119 

a nitrogen flow of 100 ml/min. Biomass pretreatment was carried out at a temperature of 25 oC. 120 

After the pretreatment time of MC with hydrogen chloride was completed, the MC_Cl was 121 

poured into the microfeeder of the pyrolysis reactor. The mechanism of HCl removal from PVC 122 

has been extensively investigated in the literature [29,30], involving successive steps such as 123 

dehydrochlorination with the formation of conjugated double bonds, polymer chain scission, 124 

and the formation of organic compounds from the fragmented chains. The HCl gas was 125 

absorbed by the water (i.e. moisture) present on the MC surface and led to a hydrolysis reaction. 126 
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 127 

Figure 2. Photographs featuring descriptive elements illustrating the experimental procedures: 128 

a) dehydrochlorination of PVC and b) pyrolysis of maize cob for the variants analysed 129 

The pyrolysis process was carried out in a drop–tube reactor at 500 °C, with a biomass 130 

feed rate of 1.76 g/min (see Table 2). A nitrogen atmosphere with a flow rate of 1 l/min provided 131 

a residence time of the vapour of 34 s. The lower section of the reactor contained a char bin and 132 

a calcium hydroxide (Ca(OH)2) bed to capture chlorine from the hot pyrolysis gases. The 133 

temperature in the Ca(OH)2 bed was kept at 450 °C, with 7.0 g of Ca(OH)2 in the bed. After the 134 

bio–oil was condensed, the cooled pyrolysis gas was collected in a Tedlar bag for composition 135 

analysis. 136 

Table 2. The most important parameters of the PVC dehydrochlorination process and maize 137 

cob pyrolysis. 138 

Process parameters Value 

Dehydrochlorination  

Nitrogen flow (ml/min) 100 

Temperature (oC) 320 

Residence time at 320 oC (min) 40 

Mass of sample (g) 2 

N2

PVC - after

MC_Cl

after 12h2-4 mm

Maize cob 

(MC) MC    NaOH

HCl

+

N2

PVC - before

a)                                                                                 b)

char bin
(450 oC)

wool

Ca(OH)2

bed (7g) Cooler
Bio-oil (aqueous phase 

and organic phase)

char

gas

Pyrolysis variants:

✓ MC

✓ MC_Cl

✓ MC+Ca(OH)2

✓ MC_Cl+Ca(OH)2
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Number of PVC samples (–) 18 

Pyrolysis  

Nitrogen flow (l/min) 1 

Temperature (oC) 500 

Vapour residence time (s) 34 

Feeding rate (g/min) 1.76 

Heating rate (oC/s) 500 

2.2.2. Proximate, ultimate and fibre analysis 139 

The parameters included in the proximate analysis, i.e. moisture, volatile matter, and 140 

ash content, were determined in accordance with the standards ISO 18134 [31], ISO 18123 [32] 141 

and ISO 18122 [33], respectively. Fixed carbon was calculated as a difference. 142 

The ultimate analysis of biomass, char and bio–oil including carbon, hydrogen and 143 

nitrogen content was determined using a Truspec CHNS 628 Leco analyser, according to ISO 144 

16948 [34]. The chlorine content was determined on the basis of ISO 587 [35]. Oxygen was 145 

calculated as the difference. 146 

Biomass fibre analysis was performed, based on the van Soest method, to determine 147 

acid detergent fibre, acid detergent lignin, and neutral detergent fibre. The analyses were carried 148 

out on the basis of ISO 16472 [36] and ISO 13906 [37]. All analyses were repeated at least 149 

twice. 150 

2.2.3.  Fourier transform infrared spectroscopy 151 

The Fourier transform infrared spectroscopy technique was used to identify the functional 152 

groups of organic compounds present in the studied maize cobs and their derived chars. The 153 

analyses were performed using a Bruker Alpha II spectrometer, covering the infrared absorption 154 

range of 400 to 4000 cm⁻1. 155 
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2.2.4. Gas analysis 156 

The composition of pyrolytic gas was analysed using an Agilent Technologies 7890A 157 

gas chromatograph equipped with a thermal conductivity detector and a flame ionisation 158 

detector. Helium was used as the carrier gas at a flow rate of 30 ml/min. This setup allowed the 159 

detection of CH₄, H₂, O₂, N₂, CO, CO₂, and hydrocarbons (CxHy). Each sample was analysed at 160 

least twice to ensure repeatability of the result. 161 

2.2.5. Scanning electron microscopy 162 

The morphology of the biomass and chars was examined by Inspect S50 scanning 163 

electron microscopy. The biomass and char particles studied were mounted on metal stubs using 164 

double–sided carbon adhesive discs. The samples were observed in low–vacuum mode by 165 

secondary electrons using a large–field–detector detector. The applied accelerating voltage was 166 

12.5 kV.  167 

2.2.6. Thermal analysis 168 

The thermal analysis of the sorbent, i.e. Ca(OH)2 was performed using a Mettler Toledo 169 

TGA/DSC Star System analyzer. The sample masses were approximately 5 mg. The analyses 170 

were carried out in air atmosphere (40 ml/min) at temperatures ranging from 25 °C to 950 °C 171 

in sapphire crucibles. 172 

2.2.7. Carbon dioxide adsorption of char 173 

The CO2 sorption–desorption experiments were conducted using a gravimetric sorption 174 

analyzer (IGA–001, Hiden Isochema, UK). Approximately 0.4 g of the sample were dried at 175 

105 °C for 12 hours before analysis. Before sorption measurement, the sample was subjected 176 

to a degassing process for 12 hours using a turbomolecular pump to ensure the removal of 177 

adsorbed gases or moisture. To determine the sorption capacity for CO2, the temporal changes 178 

in the weight of the sample were monitored until stabilisation (i.e. no significant weight increase 179 

was observed). Sorption isotherms were obtained by repeating the gas dosing procedure 180 
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multiple times and waiting for equilibrium stabilisation at various CO2 pressures (0.05, 0.1, 0.2, 181 

0.3, 0.4, and 0.5 MPa). The desorption process was initiated by stepwise depressurisation of 182 

CO2 within the reactor chamber, during which the weight loss of the sample was recorded until 183 

stabilisation. The stabilisation point indicated the complete release of the adsorbed gas. 184 

The Langmuir isotherm model was used to describe the sorption of carbon dioxide on 185 

the tested chars in the form [38]: 186 

𝑞𝑒 =
 𝑞𝑚⋅𝐾𝐿⋅𝑝

1+𝐾𝐿⋅𝑝
           (1) 187 

where: 188 

𝑞𝑒 – equilibrium adsorption at pressure p, mg CO2/g, 189 

𝑝  – equilibrium pressure, Pa, 190 

𝑞𝑚   – maximum sorption capacity of the char at 25 °C with p approaching ∞, mg CO2/g, 191 

𝐾𝐿  – Langmuir constant, Pa. 192 

2.2.8. Specific surface area 193 

The textural properties of the sorbents were characterised by nitrogen adsorption 194 

measurements performed at −195.8 °C using a Micromeritics ASAP 2020 Plus analyzer. The 195 

nitrogen adsorption isotherms were utilised to determine the Brunauer–Emmett–Teller specific 196 

surface area. 197 

3. Results 198 

3.1. Effect of pretreatment on biomass and char 199 

3.1.1. Proximate, ultimate, and fibre analyses of maize cob 200 

The results of the proximate, ultimate, and fibre analyses for MC and MC_Cl are shown 201 

in Table 3. Moisture, ash, and fixed carbon contents increased in MC_Cl. Pretreatment of the 202 

maize cob with hydrogen chloride (MC_Cl) promoted the formation of H2O by reactions (2) 203 

and (3) with functional groups containing oxygen (such as hydroxyl and carboxyl groups) in 204 

biomass: 205 
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𝑅 − 𝑂𝐻 + 𝐻𝐶𝑙 → 𝑅 − 𝐶𝑙 + 𝐻2𝑂        (2) 206 

𝑅 − 𝐶𝑂𝑂𝐻 + 𝐻𝐶𝑙 → 𝑅 − 𝐶𝑂𝐶𝑙 + 𝐻2𝑂       (3) 207 

where: 208 

R   – any organic fragment in which a carbon atom is directly bonded to a functional group. 209 

As a result, the moisture content of MC_Cl was two times higher than that of MC. The observed 210 

upward trend is due to the use of a gaseous form of acid. The opposite trend of changes was 211 

reported when biomass was washed with acids, during which, among other things, inorganic 212 

elements were washed [13–15]. In interpreting the results of the ultimate analysis, the effect of 213 

acid pretreatment on carbon content was negligible. The expected result of the biomass 214 

pretreatment with hydrogen chloride was a slight increase in hydrogen and a significant increase 215 

in chlorine. The chlorine content in MC_Cl was 0.27%, while after 12 hours of pretreatment 216 

with hydrogen chloride it increased to 1.48%. In terms of interpreting the fibre results, the 217 

significant reduction in the cellulose content was observed suggesting that the pretreatment with 218 

hydrogen chloride effectively breaks down structure of cellulose. Cellulose depolymerization 219 

occurs by breaking glycosidic bonds to release glucose [39]. The evident decrease (from 34.3% 220 

to 3.7%) in hemicellulose indicates that hemicellulose is highly susceptible to acid pretreatment 221 

[40]. Lignin is more resistant to acid hydrolysis tend to increase in relative content. 222 

Table 3. Proximate, ultimate, and fibre analysis of raw maize cob (MC) 223 

and maize pretreatment with hydrogen chloride (MC_Cl) 224 

Proximate analysis a (%) MC MC_Cl 

Moisture, M 8.35 17.46 

Volatile matter, VM 74.35 59.98 

Ash, A 1.46 2.22 

Fixed carbon, FC 15.84 20.34 
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Ultimate analysis a (%)   

Carbon, C 43.94 43.67 

Hydrogen, H 6.15 6.32 

Nitrogen, N 0.35 0.27 

Chlorine, Cl 0.27 1.48 

Oxygen, O 47.83 46.04 

Fibre analysis a (%)   

Cellulose 45.32 34.69 

Hemicellulose 34.31 3.71 

Lignin 4.14 11.27 

Extractives  14.77 48.11 

aad: air–dried basis.   

3.1.2. Fourier transform infrared spectroscopy 225 

The presence of functional groups in the pyrolysis feedstocks (MC, MC_Cl) and 226 

products (char, and char_Cl) was analysed using Fourier transform infrared spectroscopy 227 

(FTIR). Figure 3 shows the effect of pretreatment with hydrogen chloride of MC on peak FTIR 228 

spectra. When comparing the spectra for the MC and MC_Cl samples, the noteworthy peaks 229 

are marked with dashed lines in Figure 2. The spectra of the MC and MC_Cl samples are 230 

similar, and no new functional groups were formed in the MC_Cl sample. The peaks at 3327 231 

and 3282 cm⁻1 correspond to stretching vibrations of O–H, indicating the presence of hydroxyl 232 

groups of cellulose and hemicellulose [13]. The peaks are slightly less intense in MC_Cl, 233 

suggesting a minor reduction in the hydroxyl content due to hydrogen chloride pretreatment. 234 

The absorption at 2918 and 2854 cm⁻1 represent the stretching of –CH3 and –CH2 [41]. The 235 
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peaks are slightly less intense in MC_Cl, suggesting a minor reduction in the hydroxyl content 236 

due to hydrogen chloride pretreatment. 237 

 238 

Figure 3. FTIR spectra of feedstocks and chars 239 

A slight shift in wavenumber is also observed in the C=O peaks stretching vibrations from 240 

carbonyl groups, due to pretreatment of the MC sample with hydrogen chloride [42]. This 241 

suggests the degradation of hemicellulose as a result of hydrogen chloride pretreatment. In both 242 

feedstocks, the peaks responsible for aromatic compounds (C=C at 1602 cm⁻1) and 243 

carbohydrates (C–H bending at 1427 cm⁻1) and (C–O stretching vibrations at 1249 cm⁻1) are 244 

identified. The last peak that is most intense corresponds to the stretching of C–O (1028 cm⁻1) 245 

in polysaccharides [17]. The breakdown of these structures during pyrolysis confirmed the 246 

flattening of the char and char_Cl spectrum. In turn, peaks 870, 811, and 749 cm⁻1 can represent 247 

both aromatic compounds in char and char_Cl such as bending out–of–plane C–H and 248 

stretching C–Cl. Enhanced formation of carbonyl and aromatic structures in char_Cl, suggests 249 

that hydrogen chloride pretreatment before pyrolysis facilitates the production of these 250 

compounds. In the char_Cl sample, two bands at 1580 cm⁻1 (C=C stretching) and 1165 cm⁻1 251 
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(C–O stretching) are characterised by significantly higher intensity compared to the char 252 

sample. These are characteristic peaks for lignin [43]. 253 

3.1.3. Scanning electron microscopy 254 

Figure 4 shows scanning electron microscopy (SEM) micrographs of biomass (MC and 255 

MC_Cl), its chars and calcium hydroxide Ca(OH)2 – before pyrolysis, Ca(OH)2-MC – after 256 

pyrolysis MC, and Ca(OH)2-MC_Cl – after pyrolysis MC_Cl. The MC particles are dense with 257 

less developed surface compared to the MC_Cl particles. The pretreatment of the MC with 258 

hydrogen chloride evidently increased the porosity of the MC_Cl particles. The pyrolysis 259 

process causes damage to the structure of the biomass. The chars are characterised by typical 260 

3–dimensional char structure. Both chars exhibited the tubular–shaped structure with 261 

micropores. The effect of chlorine is observed on the surface of char_Cl. Chlorine caused the 262 

more degraded structure of char_Cl. The SEM examination had proved that the Ca(OH)2 263 

particles before the pyrolysis process had irregular (agglomerated) shapes. The surface of 264 

Ca(OH)2 particles was frayed. The Ca(OH)2 particles exhibit high surface roughness. The 265 

particles of Ca(OH)2-MC and Ca(OH)2-MC_Cl are more solid, but the surface is also rugged. 266 

The particle size of Ca(OH)2-MC_Cl is smaller than that of the Ca(OH)2-MC particles. Finer 267 

particles can be described as the reaction of Ca(OH)2 with chlorine and CO2. The Ca(OH)2 bed 268 

has a catalytic effect on the pyrolysis gas leaving the reactor, leading to its coking. 269 
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 270 

Figure 4. SEM micrographs of feedstocks, chars, and calcium hydroxide 271 

3.1.4. Carbon dioxide adsorption on char 272 

To evaluate the potential application of chars, carbon dioxide (CO₂) sorption capacity 273 

experiments were conducted. Figures 5a and 5b present adsorption and desorption isotherms of 274 

CO₂ on char and char_Cl samples, respectively. The adsorption capacity, qe (mg CO₂/g sample), 275 

is shown as a function of relative pressure (p/p0). The experimental data were fitted to the 276 

Langmuir isotherm model, and the Langmuir constants are provided in the legend. The 277 

Langmuir model assumes the occurrence of an energetically homogeneous surface, i.e. identical 278 

sorption centres. The quality of the fit of mathematical models to the data obtained from the 279 

sorption experiments was analysed. For the char sample (Fig. 5a), the adsorption and desorption 280 

isotherms are well described by the Langmuir model, as indicated by the high determination 281 

coefficients (R² > 0.9959). In particular, the KL parameter for desorption (1.277) is higher than 282 

for adsorption (1.121), suggesting differences in the binding mechanisms of CO₂ during the 283 

adsorption and desorption processes. A similar trend is observed for the char_Cl sample (Fig. 284 

5b), with the model also exhibiting a high degree of fit (R² > 0.9966). Here, the KL parameter 285 
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for desorption (1.168) exceeds that for adsorption (1.078), indicating comparable adsorption–286 

desorption characteristics to the char sample. 287 

However, the CO₂ adsorption capacity of the char_Cl sample is slightly lower compared 288 

to the char sample. At a pressure of 0.1 MPa (25 °C) the adsorption of CO2 on char was 32.4 289 

mg CO2/g while on char_Cl it was 31.2 mg CO2/g. This reduced adsorption capacity may result 290 

from changes in microporosity or the creation of less favourable adsorption sites due to 291 

structural modifications that could limit the materials ability to retain CO₂ molecules 292 

effectively. A similar result (33 mg CO2/g) was reported for unmodified chars derived from corn 293 

kernel [44].  294 

  295 

Figure 5. Carbon dioxide adsorption/desorption Langmuir isotherms chars from a) MC and b) 296 

MC_Cl samples 297 
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3.2. Characteristics of pyrolysis process 298 

3.2.1. Yield of pyrolysis 299 

Figures 6a – d) illustrate the yields of gas, bio–oil and char from the pyrolysis of: a) 300 

untreated maize cob (MC), b) untreated maize cob (MC+Ca(OH)2) with the flow of hot 301 

pyrolytic vapours through the Ca(OH)2 bed, c) pretreatment of the maize cob with hydrogen 302 

chloride (MC_Cl) and d) pretreatment of the maize cob with hydrogen chloride followed by the 303 

use of Ca(OH)2 to capture chlorine gas (MC_Cl+Ca(OH)2). The pretreatment of MC with 304 

hydrogen chloride significantly alters the yield distribution of the pyrolysis products. There is 305 

a notable reduction in the gas yield from 38.7% (for MC pyrolysis) to 30.3% (for MC_Cl 306 

pyrolysis). This decrease indicates that acid pretreatment likely influences the decomposition 307 

pathways of the biomass, reducing the formation of gaseous products. The bio–oil yield 308 

increases substantially from 32.9% (for MC pyrolysis) to 38.4% (for MC_Cl pyrolysis), 309 

suggesting that hydrogen chloride pretreatment enhances the conversion of biomass into liquid 310 

products. Char yield shows a slight increase from 28.4% (Fig. 6a) to 31.3% (Fig. 6c). The 311 

pyrolysis of MC_Cl significantly enhances the bio–oil yield while reducing the gas yield. 312 

However, when Ca(OH)2 is added to the pyrolysis system, the gas yield increases again, 313 

suggesting a trade–off between gas and bio–oil production, depending on the pretreatment used. 314 

The char yield remains relatively stable across in pretreatments. These findings highlight the 315 

importance of pretreatment methods in optimising the yield of the desired pyrolysis products 316 

and suggest that the combination of chemical pretreatments can effectively modulate the 317 

distribution of the pyrolysis products. The application of Ca(OH)2 to MC_Cl pyrolysis increases 318 

the gas yield from 30.3% to 39.9%. This suggests that Ca(OH)2, possibly through its role in 319 

chlorine capture, facilitates the breakdown of biomass into gaseous products, reversing some 320 

of the effects of hydrogen chloride pretreatment. Bio–oil yield decreases from 38.4% to 28.8% 321 

with the addition of Ca(OH)2. This reduction implies that while Ca(OH)2 may help capture 322 
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chlorine and mitigate its adverse effects, it also shifts the balance toward increased gas 323 

production at the expense of bio–oil yield. The char yield remains constant at 31.3% after the 324 

addition of Ca(OH)2, indicating that the formation of solid residues is not significantly affected 325 

by the presence of Ca(OH)2 in the system. Overall, the main advantages of Ca(OH)2 used in 326 

MC pyrolysis are non–toxicity and low cost. 327 

   328 

Figure 6. Yields of products from pyrolysis: a) MC, b) MC+ Ca(OH)2, c) MC_Cl and d) 329 

MC_Cl+ Ca(OH)2 330 

3.2.2. Composition of pyrolysis products – condensed phase and calcium 331 

hydroxide 332 

Figure 7 shows the composition of the products from pyrolysis MC and MC_Cl that 333 

reveals key insights into their potential applications. Bio–oil included two phases: organic 334 

condensed (OC) and aqueous condensed (AC), which were separated by gravity separation. 335 

Char from MC pyrolysis exhibits a high carbon content at 72.4%, typical of biochar, which 336 

makes it suitable for soil amendment and carbon sequestration [45]. Importantly, the chlorine 337 

content of char (0.3%) and char_Cl (1.5%) does not prevent its use as a soil amendment. 338 

Chlorine, in small amounts, is a micronutrient for plants and could provide this essential 339 

nutrient. Additionally, the presence of chlorine can help to alter soil pH [46]. The carbon content 340 
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of char_Cl increases to 76.7%, suggesting an enhancement in the fixed carbon fraction due to 341 

the pretreatment with hydrogen chloride of MC. The chars have a relatively low hydrogen 342 

content (4.8 and 3.7%), while OC, OC_Cl, AC and AC_Cl have higher hydrogen contents (7.7, 343 

9.4, 7.1, and 8.5%, respectively), reflecting more hydrogen–rich organic compounds and water. 344 

On the basis of the carbon and hydrogen content, OC is more attractive for future applications. 345 

The OC and AC phases have lower carbon contents at 53.9% and 24.4%, respectively. Chlorine 346 

in the maize cob matrix can lead to the formation of organochlorine compounds. These 347 

compounds can retain oxygen in the bio–oil (OC_Cl and AC_Cl) instead of releasing it as CO 348 

in the gas phase. Despite the use of a Ca(OH)2 bed, the OC and OC_Cl fraction contained 0.07% 349 

and 0.8% chlorine, respectively. OC_Cl containing 0.8% chlorine can have potential 350 

applications in several areas where the low chlorine content is manageable and does not pose 351 

significant risks. OC and OC_Cl can serve as feedstocks to produce valuable chemicals, such 352 

as phenols, furans, and other bio–based chemicals [47]. OC and OC_Cl can also be used in the 353 

production of adhesives, binders, and resins [48]. 354 

 355 

Figure 7. Composition of condensed pyrolysis products and calcium hydroxide 356 

The low chlorine content ensures that the final products are free of harmful and corrosive 357 
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properties, making them suitable for various industrial applications. Ca(OH)2 coked relatively 358 

quickly. The results presented in Fig. 7 show the analyses for Ca(OH)2-MC and Ca(OH)2-359 

MC_Cl performed after 4 minutes of the pyrolysis process. In particular, Ca(OH)2-MC had a 360 

lower carbon content (7.2%) than Ca(OH)2-MC_Cl (9.9%). The progress of coke formation on 361 

the Ca(OH)2-MC_Cl surface was influenced by the chlorine content in the gas. The pyrolysis 362 

gas of the MC_Cl sample contained more chlorine than the pyrolysis gas of the MC sample. 363 

Chlorine reacted with Ca(OH)2 to form calcium chloride, changing the reactivity of Ca(OH)2, 364 

which was less susceptible to coking. Notably, the retention of chlorine in Ca(OH)2 allowed for 365 

the reduction of the acidity of the pyrolysis gas. The detailed distribution of chlorine into 366 

pyrolysis products and calcium hydroxide is shown in Fig. 1S (supplementary materials). 367 

3.2.3. Composition and yield of pyrolysis gas 368 

Table 4 provides a nitrogen–free composition of gas obtained from the pyrolysis of: 369 

MC, MC+Ca(OH)2 (MC with a Ca(OH)2 bed), MC_Cl, and MC_Cl+ Ca(OH)2. As part of the 370 

analysis, the percentage contents of CO, CO2, H2, CH4 and other hydrocarbons (CxHy) were 371 

measured in the pyrolysis gas. Two main components, CO (61%) and CO2 (38.4%), were 372 

revealed in the pyrolysis gas of MC. At the same time, this gas was the richest in CO among 373 

the pyrolysis variants considered. The CO2 content was highest for the MC_Cl pyrolysis, 374 

indicating that hydrogen chloride pretreatment promotes CO2 formation. However, the addition 375 

of Ca(OH)2 significantly reduces the CO2 content in both MC and MC_Cl cases, suggesting 376 

that Ca(OH)2 absorbs CO2 [49]. The use of a Ca(OH)2 bed, that is, pyrolysis of the MC+ 377 

Ca(OH)2 sample promoted the formation of H2 up to 35.2%, 5.4% CH4 and reduced the CO2 378 

content to 5.5%, compared to MC pyrolysis. With respect to samples pretreated with hydrogen 379 

chloride (MC_Cl and MC_Cl+Ca(OH)2), the CO2 reduction result obtained should be 380 

considered satisfactory, because the change from 56.5% to 7.5% means a reduction in CO2 of 381 

87%. The results also show that H2 is present only when Ca(OH)2 is used, with the highest 382 
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content during the pyrolysis of MC_Cl+Ca(OH)2 samples. This indicates that Ca(OH)2 383 

significantly promotes H2 production, especially when combined with pretreatment with 384 

hydrogen chloride, suggesting a synergistic effect. Similar conclusions can be drawn for CH4, 385 

which means that Ca(OH)2 improves CH4 formation during pyrolysis. The CxHy content 386 

(mainly ethylene and ethane) in the pyrolysis gas remained very low for the samples analysed, 387 

ranging from 0.1% to 0.5%. On the basis of the content of each gas components, the higher 388 

heating value (HHV) of the pyrolysis gas was calculated from Eq. (4).  389 

𝐻𝐻𝑉𝑔𝑎𝑠 =
𝐶𝑂⋅12.63+𝐻2⋅12.48+𝐶𝐻4⋅39.82+𝐶2𝐻4⋅63.41

100%
      (4) 390 

where: 391 

𝐶𝑂, 𝐻2, 𝐶𝐻4, 𝐶2𝐻4 – percentages of pyrolysis gas components (%) from Table 2. 392 

Ethylene (C2H4), the main component of hydrocarbons, has been used to calculate the HHV 393 

of CxHy. As shown in Table 4, the highest HHV were obtained when hot pyrolytic gases 394 

flowed through the Ca(OH)2 bed. It was 13.6 MJ/m3 and 13.3 MJ/m3 for the MC+ Ca(OH)2 395 

and MC_Cl+ Ca(OH)2 samples, respectively. This confirms the catalytic effect of Ca(OH)2. 396 

The HHV of gas without flow through the Ca(OH)2 bed was much lower and amounted to 7.9 397 

MJ/m3 for MC and 5.8 MJ/m3 for MC_Cl. 398 

To look more objectively at the gases produced during pyrolysis, their yields were 399 

expressed in cm3 per gramme of feedstock. For this purpose, the following were calculated: 400 

density under standard conditions (𝑑𝑔𝑎𝑠) using Eq. (5); gas volume flow (𝑉̇𝑔𝑎𝑠) using Eq. (6), 401 

and finally the yield of individual gas components (Y𝐶𝑂, Y𝐶𝑂2
, Y𝐻2

, Y𝐶𝐻4
, Y𝐶𝑥𝐻𝑦

) from Eq. (7). 402 

𝑑𝑔𝑎𝑠 =
𝐶𝑂⋅𝑑𝐶𝑂+𝐶𝑂2⋅𝑑𝐶𝑂2+𝐻2⋅𝑑𝐻2+𝐶𝐻4⋅𝑑𝐶𝐻4+𝐶2𝐻4⋅𝑑𝐶2𝐻4

100%
      (5) 403 

𝑉̇𝑔𝑎𝑠 =
𝑚̇𝑔𝑎𝑠

𝑑𝑔𝑎𝑠
           (6) 404 

𝑌𝐶𝑂 =
𝐶𝑂⋅𝑉̇𝑔𝑎𝑠

100%
           (7) 405 

where: 406 
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𝑑𝐶𝑂 – density (g/cm3) of CO under standard conditions, 407 

𝑚̇𝑔𝑎𝑠 – gas mass yield (g gas/g feedstock) from Figure 6, 408 

𝐶𝑂 – percentages of CO (vol. %) from Table 3. 409 

Table 4. Composition of pyrolysis gas and corresponding HHV  410 

Gas component MC MC+Ca(OH)2 MC_Cl MC_Cl+Ca(OH)2 

CO (%) 61.0 53.4 42.6 42.1 

CO2 (%) 38.4 5.5 56.5 7.5 

H2 (%) 0 35.2 0 44.7 

CH4 (%) 0 5.4 0.8 5.5 

CxHy (%) 0.1 0.5 0.12 0.3 

HHV (MJ/m3) 7.9 13.6 5.8 13.3 

 411 

The yields of gas components determined on the basis of Eq. (7) are shown in Fig. 8. 412 

The use of a Ca(OH)2 bed evidently promoted the production of CO, H2, CH4 and CxHy. CO 413 

formation increased from 155 cm3/g to 268 cm3/g when MC was used as the feedstock, and 414 

from 78 cm3/g to 222 cm3/g when MC_Cl sample was used. Pretreatment with maize cob with 415 

hydrogen chloride changes the paths of thermal decomposition of biomass. The CO yield from 416 

MC_Cl was half that of MC. This may suggest suppression of the decarbonylation reaction (8). 417 

𝑅 − 𝐶𝐻𝑂 → 𝑅 − 𝐻 + 𝐶𝑂         (8) 418 

The presence of chlorine can change the catalytic properties of inorganic compounds in MC_Cl 419 

(such as alkali metals and alkaline earth metals), leading to different pyrolysis pathways. 420 

Chlorine might facilitate the formation of more stable oxygenated compounds rather than 421 

gaseous CO. Additionally, biomass pretreatment significantly enhanced hydrogen (H₂) 422 

production. The hydrogen yield increased from 177 cm³/g for MC+Ca(OH)₂ to 236 cm³/g for 423 

MC_Cl+Ca(OH)₂. For comparison, previous studies under similar temperature conditions 424 
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(550 °C) reported the following results: Magoua Mbeugang et al. [50] achieved a hydrogen 425 

yield of 189.88 cm³/g from cellulose in the presence CaO, while Tang et al. [51] reported 0.57 426 

mmol/g from the co-pyrolysis of biomass and plastics in the presence of CaO. 427 

 428 

Figure 8. Yield of pyrolysis gases for studied samples 429 

3.3. Analysis of calcium hydroxide 430 

Thermal analysis (TG and DTG) was conducted for three samples: Ca(OH)₂, Ca(OH)₂ 431 

exposed to pyrolysis gases from maize cob (Ca(OH)₂-MC), and Ca(OH)₂ exposed to pyrolysis 432 

gases from maize cob after pretreatment with HCl (Ca(OH)₂-MC_Cl) and they are shown in 433 

Figure 9. The first major peak at ~415 °C, observed in all samples, corresponds to the 434 

dehydroxylation of Ca(OH)₂ according to the reaction: 435 

𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝑂 + 𝐻2𝑂         (9) 436 

The peak in the DTG curve corresponding to the most intense reaction (3) occurs above 400 °C, 437 

which has been confirmed in the literature [52]. A slight upward shift to 424 °C in the Ca(OH)₂-438 

MC sample suggests the influence of additional compounds, such as residues of pyrolysis gases, 439 

on the thermal stability. The peaks representing Ca(OH)2 are much lower in the Ca(OH)2-MC 440 

and Ca(OH)2-MC_Cl samples than in the raw calcium hydroxide. This can be explained by the 441 

course of the reaction (3) in the bed before the pyrolysis process, where the system was purged 442 
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with nitrogen and the bed temperature was 450 °C. The distinct peaks at 664 °C and 704 °C in 443 

the Ca(OH)2 samples after pyrolysis as a result of the CaCO3 decomposition reaction [53]: 444 

𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2         (10) 445 

The total weight loss is the lowest (25.5%) for raw Ca(OH)₂, as the process is dominated by 446 

dehydroxylation. Higher weight losses (32.7%) for Ca(OH)₂-MC and (37.5%) Ca(OH)₂-MC_Cl 447 

indicate the presence of non–volatile residues deposited during the adsorption of pyrolysis 448 

gases. During pyrolysis of the MC_Cl sample gases containing HCl through reaction with 449 

Ca(OH)₂ (11)  or with CaO (12) at 450 °C, the formation of calcium chloride (CaCl₂): 450 

𝐶𝑎(𝑂𝐻)2 + HCl → 𝐶𝑎𝐶𝑙2 + 2𝐻2𝑂        (11) 451 

𝐶𝑎𝑂 + HCl → 𝐶𝑎𝐶𝑙2 + 𝐻2𝑂         (12) 452 

 453 

Figure 9. TGA and DTG curves of calcium hydroxide before and after pyrolysis 454 

The resulting CaCl₂ is thermally stable and does not decompose within the typical temperature 455 

range of the TGA analysis (from room temperature to around 950 °C). Therefore, CaCl₂ is 456 

formed, and it will not exhibit decomposition peaks in the TGA results. The absence of 457 

additional peaks at high temperatures (e.g., above 700 °C) in the TGA and DTG curves suggests 458 

that CaCl₂ remains in a stable form in the residue after thermal analysis. Practically, the 459 
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presence of CaCl₂ can reduce the total percentage of weight loss, as it does not decompose 460 

during heating. This can be observed in the lower weight loss values for the Ca(OH)₂-MC and 461 

Ca(OH)₂-MC_Cl samples compared to raw of Ca(OH)₂. These results highlight the effects of 462 

pyrolysis gases, including chlorine, on the decomposition behaviour of Ca(OH)₂. 463 

The nitrogen adsorption-desorption isotherms and pore size distributions for sorbent 464 

samples are shown in Fig. S2 and Fig. S3 (see supplementary material). According to Fig. S2, 465 

the nitrogen adsorption-desorption isotherms demonstrate that adsorption occurs predominantly 466 

at higher relative pressures (p/p₀ > 0.8), which is characteristic of macroporous materials [54]. 467 

The isotherms display a distinct hysteresis loop, a feature typically attributed to capillary 468 

condensation occurring within mesopores, confirming the coexistence of macropores and 469 

mesopores in the samples. Based on the classification [55], these isotherms exhibit a hybrid 470 

Type I–IV shape. The Type I component indicates the presence of micropores that contribute to 471 

adsorption at lower relative pressures, whereas the Type IV behaviour reflects mesoporosity 472 

with multilayer adsorption and capillary condensation. A comparison between the isotherms of 473 

Ca(OH)₂-MC and Ca(OH)₂-MC_Cl reveals differences in adsorption capacity and isotherm 474 

shape. The Ca(OH)₂-MC_Cl sample, exhibits a slightly higher adsorption capacity throughout 475 

the pressure range. Furthermore, the relative positions and slopes of the adsorption and 476 

desorption branches in the hysteresis loops suggest variations in pore size distribution and shape 477 

between the samples. The pore size distribution curves showed that pore network was mainly 478 

composed of mesopores (2–50 nm) [56] and macropores (50–90 nm). The specific surface area 479 

results for the sorbents are shown in Table 5. Unfortunately, the presence of residual water in 480 

Ca(OH)₂ was a significant factor influencing the result of the Brunauer–Emmett–Teller (BET) 481 

analysis. Even after drying at 120 °C for 24 h, chemically bound water or the water adsorbed 482 

in the pores of the material was not completely removed, which led to problems with the 483 
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measurement of adsorption. Negative adsorption values appeared in the isotherm, and pore size 484 

analysis was not possible. Therefore, the results for raw Ca(OH)2 are not provided in Table 5. 485 

In turn, heating Ca(OH)₂-MC in the reactor to 450 °C led to a dehydration reaction. This process 486 

likely promoted the development of material porosity through the removal of crystallisation 487 

water, resulting in the formation of new pores and the specific surface area was 11.65m2/g. 488 

During pyrolysis, Ca(OH)₂-MC acted as both a catalyst and a CO₂ adsorbent, interacting with 489 

reactive gases. CO₂ reactions facilitated the formation of calcium carbonate (CaCO₃) and 490 

contributed to pore opening or enlargement during the process, resulting in an increase in the 491 

specific surface area (14.05 m2/g). Moreover, an increase in the cumulative volume of pores 492 

(Barrett-Joyner-Halenda (BJH) method) and a decrease in the average pore diameter were 493 

observed in calcium hydroxide after MC_Cl pyrolysis compared to calcium hydroxide after MC 494 

pyrolysis. The presence of HCl in the pyrolytic gas stream likely contributed to the increased 495 

surface area of Ca(OH)₂ compared to conditions without HCl. This effect can be attributed to 496 

chemical interactions between HCl and Ca(OH)₂, leading to the formation of calcium chloride 497 

(CaCl₂). These reactions may have altered the surface morphology of the material, created new 498 

pores, or enhanced existing ones. 499 

Table 5. Specific surface area of applied sorbents 500 

Sample 

Surface area 

analysis (BET), 

(m2/g) 

Cumulative volume of pores (BJH) 

adsorption/desorption, (cm3/g) 

Average pore 

diameter (BJH) 

ads/des (nm) 

Ca(OH)2-

MC 
11.65 

0.0491 / 0.0471 17.68/ 14.73 

Ca(OH)2-

MC_Cl 
14.05 

0.0525/ 0.0508 16.10 / 11.72 

4. Conclusions 501 

This study demonstrates that pretreatment of maize cob biomass with hydrogen chloride 502 

derived from dehydrochlorinated PVC influence on significant structural changes, including 503 

Jo
urn

al 
Pre-

pro
of



33 

 

increased porosity and decomposition of hemicellulose, (reduction from 34.3% to 3.7%). The 504 

fixed carbon fraction also increased, favouring higher yields of the pyrolysis products. Such 505 

compositional adjustments make biomass more reactive, allowing better utilisation during 506 

thermal conversion processes. 507 

The application of calcium hydroxide within the pyrolysis reactor emerged as a dual-508 

purpose solution: capture of chlorine and CO₂ while promoting desirable gas–phase reactions. 509 

This process resulted in a reduction in CO₂ emissions and a significantly higher hydrogen 510 

content in the pyrolysis gas, highlighting its role in improving the environmental performance 511 

and energy potential of the system. Moreover, the stabilisation of chlorine within solid products 512 

ensures safer bio–oil and char, which can be effectively utilised in various industrial 513 

applications. 514 

The innovative use of gaseous hydrogen chloride as a pretreatment agent, sourced from 515 

PVC waste, provides an environmentally conscious pathway for biomass upgrading. This 516 

method integrates waste management with renewable energy production, addressing critical 517 

challenges in both sectors. These findings open new possibilities for enhancing biomass 518 

pyrolysis through tailor–made pretreatment strategies and reactor designs aimed at maximising 519 

efficiency and minimising environmental footprint. 520 
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