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Highlights: 25 

 The used biochar were found to be reasonably effective in removing xylene isomers. 26 

 Access to surface functionality via biochar porous structure governs xylene sorption.  27 

 Simpler shape and smaller kinetic diameter give p-xylene more access to active sites.  28 

 π- π stacking, electrostatic and hydrogen bonding are main adsorption mechanisms. 29 
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Abstract 48 

Inland oil spillage is one of the widespread sources of crude oil volatile organic compound emissions 49 

(CVEs) for which the long-term remedial solutions are often complex and expensive. This paper 50 

investigates the potential of a low-cost containment solution for contaminated solids by volatile organic 51 

compounds (VOCs) using biochar. The results of an extensive experimental investigation are presented on 52 

the sorption kinetics of xylene isomers (one type of the most frequently detected CVEs) on commercial 53 

biochar produced by prevalent feedstocks (wheat, corn, rice and rape straw as well as hardwood) at 54 

affordable temperatures (300-500℃). Chemical and physical properties of biochar were analysed in terms 55 

of elemental composition, scanning electron microscopy, specific surface area, ATR-FTIR spectra and 56 

Raman spectrometry. We show that for high-temperature biochar with similar surface chemistry, the 57 

sorption efficiency is mainly controlled by porous structure and pore size distribution. Biochar samples 58 

with higher specific surface area and higher volume of mesopores showed the highest sorption capacity 59 

(45.37-50.88 mg/g) since the sorbate molecules have more access to active sites under a greater intra-60 

particle diffusion and elevated pore-filling. P-xylene showed a slightly higher sorption affinity to biochar 61 

compared to other isomers, especially in mesoporous biochar, which can be related to its lower kinetic 62 

diameter and simpler molecular shape. The sorption capacity of biochar produced at higher pyrolysis 63 

temperatures was found to be more sensitive to changes in ambient temperature due to dominant physical 64 

adsorption. Elovich kinetic model was found to be the best model to describe xylenes’ sorption on biochar 65 

which indirectly indicates π–π stacking and hydrogen bonding as the main mechanism of xylene sorption 66 

on these types of biochar. 67 

 68 

Keywords: VOCs; Biochar; Crude oil contaminated soil; Adsorption; Partitioning; Xylene isomers. 69 

 70 

 71 

 72 
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Nomenclature 73 

𝛼  the initial adsorption rate for Elovich model (mg.(g.min)-1)  74 

𝛽  the Elovich parameter related to the number of available adsorption sites (g/mg) 75 

C  carbon content (wt.%) 76 

𝐶𝑡𝑖  the outlet concentration of the ith chemical at the any given time t 77 

𝐶0𝑖  the inlet concentration of the ith chemical at t = 0  78 

c  the intra-particle diffusion constant (mg/g) 79 

H  hydrogen content (wt.%) 80 

𝑘𝑃𝐹𝑂𝑀  the rate constant for pseudo-first order model (min-1) 81 

𝑘𝑃𝑆𝑂𝑀  the rate constant for pseudo-second order model (g.(mg.min)-1)  82 

𝑘𝐼𝑃𝐷𝑀  the intra-particle diffusion rate constant (mg/(g.min1/2))  83 

N  nitrogen content (wt.%) 84 

𝑛  the number of data points 85 

O  oxygen content (wt.%) 86 

𝜌𝑖  the density of the ith chemical (kg/m3) 87 

𝑄𝑒𝑞𝑖𝑗   the total sorbed amount of the ith chemical at equilibrium per unit weight of the jth sorbent (mg/g)  88 

𝑄𝐸𝑥𝑝  the equilibrium sorbed mass obtained from experimental sorption (mg/g)  89 

𝑄𝑚𝑜𝑑𝑒𝑙   the equilibrium sorbed mass estimated by sorption models (mg/g) 90 

𝑄𝑡  the mass of sorbed chemicals per unit weight of the sorbent at time t (mg/g) 91 

𝑞𝑖  the injection rate of the ith chemical (ml/min) 92 

R2  the coefficient of determination  93 

S  sulphur content (wt.%) 94 

𝑆𝐵𝐸𝑇   BET surface area (m2.g-1) 95 

SSE  the sum of the squared errors 96 

t  the sorption time (min) 97 

𝑉𝑇𝑜𝑡𝑎𝑙−𝐵𝐸𝑇  BET total pore volume (cm3.g-1) 98 

𝑤𝑗   the mass of the jth sorbent (g)  99 
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1. Introduction 100 

Airborne volatile organic compounds (VOCs) are known to pose adverse effects on human health 101 

and contribute to the tropospheric ozone with regard to both Indoor Air Quality and ambient 102 

(outdoor) air pollution (Chaichan et al., 2018). Significant quantity of VOCs (142 tgc.year-1) with 103 

anthropogenic origins are annually released into the atmosphere from oil and gas industries, 104 

factories, landfill, agriculture sites, biomass combustion and transport (Zhang et al., 2017a). The 105 

crude oil processing from extraction-to-refinery is recognised as one of the major sources of global 106 

human-made VOC emissions. Crude oil VOC emissions (CVEs) can either directly affect human 107 

health via occupational exposure (during all stages of crude oil processing) or indirectly influence 108 

the communities living near major crude oil industries (via atmospheric pollution). The effects of 109 

continuous inhalation of VOCs on the human respiratory system, liver and kidney function, skin, 110 

eye and the neurological network may lead to serious health problems (cancerous and non-111 

cancerous) which have been well-documented (Rajabi et al., 2020). Petroleum contaminated soils 112 

are also recognised as a “hidden killer” to those people living near significant oil spills due to the 113 

high rate of infant mortality and serious health disorders as the result of exposure to the VOCs 114 

emitted (Hegarty, 2017). 115 

Various methods have been proposed for remediation of oil contaminated soils but there are four 116 

common methods in practice which include (i) biological treatment (bioremediation and 117 

phytoremediation), (ii) chemical methods (oxidation and electro-kinetic remediation), (iii) thermal 118 

techniques (incineration, thermal desorption, microwave heating) and (vi) physical-chemical 119 

solutions (solvent extraction, soil vapour extraction, flotation and ultrasonication). The 120 

remediation techniques are long-term solutions to the problem; some low-cost/time-consuming 121 

(e.g. biological treatment), some expensive/fast (e.g. thermal techniques) or some  122 
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environmentally-unfriendly (chemical methods that consume large amounts of solvents) (Lim et 123 

al., 2016). In addition, hydrocarbons are firmly adsorbed to the organic matter within the 124 

heterogeneous structure of soil, and the complete removal of these compounds from the soil is not 125 

often feasible and rapidly achievable (Rajabi and Sharifipour, 2017, 2018a, b, 2019). These 126 

treatment technologies are also case-specific since their efficiencies are highly depended on the 127 

severity of crude oil contamination. The high permeability of the host soil and moderate ambient 128 

temperature can facilitate the remediation process, particularly for chemical-physical techniques 129 

(Zhang et al., 2020a). Containment is a temporary remedial solution which is faster and more 130 

importantly affordable to control emissions from crude oil contaminated soils particularly for those 131 

low-income communities living near vast crude oil contaminated lands (e.g. Niger delta). 132 

Containment through adsorption is a well-established technique to control hazardous emissions 133 

even at very low concentrations. Organic (e.g., activated carbon) and inorganic (e.g., silica gels, 134 

zeolites and alumina) materials have been analysed as sorbents within landfill capping structures 135 

to control the emission of gas species from buried wastes (Xie et al., 2017; Xie et al., 2018; Anjum 136 

et al., 2019; Wang et al., 2019). Engineered carbon-based sorbents (activated carbon, activated 137 

carbon fibre, graphene materials, carbon-silica composites, ordered mesoporous carbons (OMCs) 138 

and carbon nanotubes) have demonstrated extensive capacity for the removal of VOCs from 139 

atmospheric and aquatic streams (Zhu et al., 2020). However, their cost and high-tech production 140 

make them unfeasible and less attractive for controlling CVEs. Biochar, on the other hand, is an 141 

affordable by-product of biomass combustion under limited oxygen which has recently received 142 

widespread attention for applications in energy production, carbon sequestration, decontamination 143 

and separation science particularly when affordability and abandonment factors are of importance 144 

(Ahmad et al., 2014; Zhang et al., 2017a). The porous structure and surface chemistry of biochar 145 
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provide characteristics to the material to adsorb a wide range of organic and inorganic pollutants 146 

ranging from water purification to gas cleaning technologies, with comparable efficiency to other 147 

engineered carbon-based sorbents (Do Minh et al., 2020). Low-cost mass production of biochar 148 

using local bio-waste materials can demonstrate its suitability for CVE’s control and the treatment 149 

of petroleum contaminated soils.  150 

This paper, for the first time, presents a set of comprehensive experimental analysis of the 151 

efficiency of biochar from a range of feedstock as an adsorbent to capture all xylene isomers. A 152 

recent review on global inventories of CVEs has highlighted that xylene isomers are among the 153 

most frequently- or highly-detected VOCs in regional emission inventories of crude oil 154 

exploitation and have detrimental effects on human health (Rajabi et al., 2020).  Studies reported 155 

on the sorption of xylenes on biochar are limited to a single isomer of xylene and biochar samples 156 

from a limited range of feedstock, e.g. m-xylene on birch/pine biochar (Baltrėnas et al., 2015), p-157 

xylene on peat moss-derived biochar (Kim et al., 2017), m-xylene on wood-chip biochar (Bushnaf 158 

et al., 2011; Meynet et al., 2014; Bushnaf et al., 2017), m-xylene on municipal solid waste 159 

(Jayawardhana et al., 2019) and xylenes on corn stalk (Zhang et al., 2020b). In this study, all three 160 

xylene isomers were studied to represent CVEs, and commercially available biochar produced at 161 

low costs from prevalent agriculture biowaste (rice, corn, rape and hardwood) at moderate 162 

pyrolytic temperatures (≤500 ℃) were selected to nominate affordable sorbents suitable for vast 163 

VOC contaminated lands. A bespoke experimental setup equipped by an in-line GC-FID was 164 

utilised to study the kinetics of the sorption process. Comprehensive characterisation including 165 

elemental composition, BET surface area, ATR-FTIR, Raman spectrometry and scanning electron 166 

microscopy were carried out to obtain physical and chemical properties of sorbents. The effects of 167 
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biochar pore properties and surface chemistry on sorption are discussed along with other important 168 

parameters such as temperature conditions and the molecular shape and size of xylene isomers.  169 

 170 

2. Material characterisations  171 

2.1. Chemicals and biochar 172 

Analytical grade (extra pure +99%) p-xylene, m-xylene and o-xylene in liquid form were 173 

purchased from Acros Organics (Table S1 in Supplementary Materials). Five types of commercial 174 

biochar sourcing from a range of feedstock have been used. These include Oxford hardwood 175 

(OHW), wheat straw (WS), corn straw (CS), rice straw (RS) and rape straw (RPS) produced at a 176 

range of pyrolytic temperatures (300, 400 and 500℃). Apart from the OHW which was procured 177 

from Oxford Charcoal Company (UK), the rest of biochar’s were obtained from Nanjing 178 

Zhironglian Technology (China). All samples were firstly ground using mortar and pestle, and 179 

sieved to a uniform particle size of 0.5-1 mm (Zhang et al., 2017b; Zhang et al., 2020c). The 180 

powder samples obtained were then washed using deionised (DI) water to remove impurities. The 181 

samples were oven-dried at 85℃ for 24h to avoid any alteration of the biochar composition at 182 

higher temperatures. The completion of the drying process was confirmed based on stabilisation 183 

of the sample weight over 24h for all cases. The dried samples were kept in sealed containers prior 184 

to the adsorption kinetic tests.  185 

 186 

2.2. Characterisation of biochar 187 

The sorption mechanism of aromatic compounds onto carbon-based materials is a complicated 188 

process mainly governed by elemental composition, morphology, specific surface area, pore 189 

volume and surface functional groups of the sorbent (Dai et al., 2019). This section summarises 190 
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the detailed analyses carried out on biochar samples. The elemental compositions of biochar 191 

samples were determined using a CHNS elemental analyser (Thermo Scientific™ FLASH 2000). 192 

A Micromeritics Surface Area Analyser was employed to analyse the porous structure of biochar 193 

samples via Brunauer, Emmett & Teller (BET), and pore size distribution (PSD) was indirectly 194 

calculated based on N2 adsorption-desorption isotherms, according to the Nonlocal Density 195 

Functional Theory (NL-DFT) (Kim et al., 2019). Scanning Electron Microscopy (Quanta 650 FEG 196 

SEM, FEI Company, USA), Fourier-Transform Infrared spectroscopy (Spotlight 400 FTIR 197 

Microscopy, Perkin Elmer, USA) and Raman microspore (XploRA™ PLUS, Horiba, Japan) were 198 

also employed to examine the physical properties and surface chemistry of the biochar samples.  199 

 200 

2.2.1. Biochar Elemental analysis 201 

The results of biochar CHNSO elemental analysis are presented in Table 1. The oxygen content 202 

was measured by the deduction of CHNS mass from the total mass of each sample according to 203 

Chen et al. (Chen et al., 2008). Based on the elemental analysis, OHW500 has the highest carbon 204 

content (72.70 wt.%) and the lowest ratios of aromaticity (H/C). The analysis also confirms that 205 

the carbon content has increased with an increase in pyrolytic temperature, whereas the oxygen 206 

content has decreased. Similarly, aromaticity (H/C) and polarity (O/C & (O+N)/C) have decreased 207 

at elevated pyrolytic temperatures. Similar observations have been reported for biochar 208 

manufactured from corn straw (Chang et al., 2018) and wheat straw (Cao et al., 2019a). The 209 

variations of both aromatic ratios (O/C & (O+N)/C) with temperature also indicates an increase in 210 

hydrophobicity of biochar as the result of decrease in polar functional groups (Zhang et al., 2017b). 211 

The low polarity index (H/C) in high-temperature biochar refers to high carbon contents and 212 
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enhanced aromatic structures, whereas a high-polar biochar has an organic-rich structure which 213 

usually contains fatty acids, lignin and polar compounds (e.g., cellulose) (Cao et al., 2019b). 214 

Table 1. Physical, chemical and porous characteristics of biochar used in this study. 215 

Biochar  Feedstock 

Pyrolysis 

Temperature 

(℃) 

C (%) 
H 

(%) 

N 

(%) 

S 

(%) 

O 

(%) 
O/C H/C (O+N)/C 

SBET 

(m2.g-1) 

VTotal-BET  

(cm3.g-1) 

OHW500 Hardwood 500 72.7 3.01 0.56 NF 23.73 0.326 0.041 0.334 19.92 0.0468 

WS300 
Wheat 

straw 

300 61.91 4.35 0.94 <0.3 32.55 0.526 0.070 0.541 1.67 0.0128 

WS400 400 64.28 3.66 1.57 <0.3 30.39 0.473 0.057 0.497 18.37 0.0361 

WS500 500 66.57 2.66 0.98 <0.3 29.49 0.443 0.040 0.458 38.38 0.0586 

CS300 

Corn straw 

300 47.05 4.14 3.02 <0.3 45.69 0.971 0.088 1.035 1.23 0.0075 

CS400 400 49.92 3.07 2.55 <0.3 44.26 0.887 0.061 0.938 8.74 0.0155 

CS500 500 61.82 1.87 2.02 <0.3 34.14 0.552 0.030 0.585 15.67 0.0298 

RS300 Rice straw 300 47.36 3.74 1.43 <0.3 47.27 0.998 0.079 1.028 2.96 0.0095 

RPS500 Rape straw 500 68.92 2.77 1.18 0.46 26.67 0.387 0.040 0.404 12.56 0.0225 

  216 

2.2.2. ATR-FTIR analysis 217 

Surface functional groups of biochar play an important role in VOC sorption along with the 218 

partitioning effect and electrostatic attractions between polar and non-polar VOC molecules and 219 

biochar surface (Ahmad et al., 2014). ATR-FTIR spectra of biochar samples are presented in Fig. 220 

1. Spectra of the biochar samples indicate similar peaks assigned to C-H bending except for 221 

OHW500. For CS and WS biochar, the peaks are reduced at elevated pyrolysis temperatures except 222 

for C-H bending at 748-879 cm-1. The trend on which peaks emerge for RS300 is generally similar 223 

to CS and WS biochar. The spectra of RPS500 and OHW500 are more or less similar with strong 224 

peaks at 874 and 1412 cm-1 and moderate peaks at 1410-1412 cm-1 associated with C–O 225 

asymmetric stretching and O–H deformation of carboxyl groups. RPS500 is the only biochar that 226 

showed an obvious peak at 1118 cm-1 related to OH association and C–O deformation. It can be 227 

concluded that the biochar used are rich in surface oxygen- and hydrogen-containing groups which 228 
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provide active sites equipped by carbonyl and carboxyl groups to adsorb xylene isomers as also 229 

observed by (Jiang et al., 2019) since these functional groups are rich in electrons and able to 230 

attract hydrophobic VOCs (Kim et al., 2017). 231 

 232 

Fig. 1. ATR-FTIR spectra of all biochar samples. 233 

 234 

2.2.3. Pore structure analysis  235 

Gas adsorption onto carbon-based materials is highly influenced by the adsorbent’s porous 236 

structure and surface area (Dai et al., 2019). Table 1 also summarises the specific surface area 237 

(SSA) and pore volume (PV) of biochar samples based on the results of BET method and 238 
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calculated based on N2 adsorption-desorption isotherms. The samples were degassed at 105℃ for 239 

approximately 12h prior to analysis (Kim et al., 2012). From 300℃ to 400℃, aromatic C=C 240 

stretching and C=O stretching of conjugated ketones and quinones left the outer surface of biochar 241 

structure and resulted in obvious jumps in SSA for WS400 and CS400. With elevated pyrolysis 242 

temperature to 500℃, the removal of C–O stretching vibration in ester and aliphatic ether as well 243 

as aromatic skeleton vibration and C–H vibration in plane (lignin) led to further enhancement in 244 

SSAs, as also observed by (Lee et al., 2013; Zhao et al., 2013). RS300 has a higher SSA (2.96 245 

m2.g-1) compared with WS300 and CS300 since 1,3-disubstituted C-H bending (cellulose) and 246 

C=C ring stretching vibrations of lignin did not emerge in RS300 spectra. Overall, the small SSA 247 

in biochar with low-temperature pyrolysis may be attributed to pore blockages due to the 248 

agglomeration of amorphous carbon in pores and channels (Cao et al., 2015), whereas pyrolysis 249 

under higher temperatures cease pore obstructions and generates new pores into intact channels 250 

(Sun et al., 2014). The  feedstock of biochar is another important factor affecting the porous 251 

structure of biochar and SSA (Qin et al., 2020) due to differences in lignin, hemicellulose and 252 

cellulose contents (Zhang et al., 2017b). This would explain the variations of SSA observed among 253 

the high-temperature biochar samples of this study. 254 

The PSD analysis of biochar samples is presented in Fig. S1. The PDS was calculated using NL-255 

DFT method and based on N2 adsorption-desorption isotherms (Kim et al., 2019). Although the 256 

biochar samples with high SSA (WS500, WS400, OHW500 and CS500) demonstrate a meso-level 257 

PSD at 5-40 nm, OHW500 provides a wider PSD extended to macro level. The PSD of low-SSA 258 

samples has several peaks at various pore levels which shows a complex structure with 259 

interconnected channels at macroscopic level (160-200nm). The results of PSD analysis confirm 260 

that for the biochar samples manufactured at similar pyrolysis temperature (i.e. WS500, CS500, 261 
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and OHW500), the high SSA observed for WS500 can be attributed to the higher number of 262 

mesopores available within its structure. A mesoporous biochar with high SSA/PV can provide  263 

narrow channels with more active sites (surface functional groups) which also elevates the sorption 264 

capacity via a better pore-filling and intra-particle diffusion (Gao et al., 2018). Fig. 2 shows SEM 265 

images of RPS500 which shows a different porous structure with a high SSA but very low 266 

mesopore volume in comparison to WS500, WS400 and OHW500, which can be attributed to their 267 

differences in their feedstock type. 268 

 269 

 270 
Fig. 2. SEM images of RPS500 with various magnifications (a) 100x, (b) 500x, (c) 1000x, (d) 271 

2000x. 272 
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3. Sorption experiments  273 

3.1. Experimental setup 274 

A bespoke testing system was designed for conducting the dynamic sorption experiments and 275 

analyse the biochar performance for removing volatile organic compounds (Fig. S2). In this 276 

system, the VOCs in liquid phase are first converted into gas phase using a stripping method. Pure 277 

nitrogen (99%) is used as the carrier gas with a constant flow of 0.2L/min which is regulated by a 278 

FR2000 Series Variable Area Flow Meter (accuracy: 0.1L/min). Chemically resistant and non-279 

contaminating tubing (Tygon® SE-200) was used to ensure isolated and leak-free connection is 280 

established throughout the testing system. A gas-tight microsyringe (Hamilton-1725 TLL; 250μl) 281 

driven by a dual-syringe infusion pump (Cole-Parmer, USA) was employed to slowly inject the 282 

liquid chemicals (0.01-0.04 ml/h) through a metal needle into the flow of carrier gas. On average, 283 

4 to 5 hours are required to produce a stable gas stream of desired VOC concentrations (100-400 284 

ppmv). The stabilisation of the VOC concentration in the gas stream is noted when the differences 285 

in the VOC concentrations between the four successive readings by the gas analyser are less than 286 

5%. An in-line non-sorptive bead-pack was used to ensure homogeneity of the inflow gas before 287 

injecting that into the sample column. To avoid condensation, the bead-pack was placed in a water 288 

bath with a constant temperature.  289 

The sorption column (No. 11 in Fig. S2) consists of a gas-tight solvent-resistant Plexiglass cell and 290 

two valves to regulate inlet/outlet flows. Two layers of glass bead (thickness ≈ 3cm) were used to 291 

introduce well-mixed gases to sorbent layer (2±0.1g) and prevent layer perforation which was 292 

separated from sorbent layer by a filter paper (Whatman™, grade 1, retention>11μm) and non-293 

adsorbent cotton. A GC-FID (GC 866, Chromatotec, France) was utilised for continuous 294 

measurement of the outflow gas composition. After achieving a stable influent concentration, the 295 
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flow was introduced to the sorption column using valves, and the effluent concentrations of VOCs 296 

are analysed at 15-minute intervals by the GC-FID unit until a steady gas composition is observed 297 

in the effluent gas which indicates completion of sample saturation. It is noted that the control tests 298 

(i.e. without sorbent layer) were also carried out to ensure there is no leakage in the system and 299 

therefore reductions in gas concentrations can be reliably attributed to sorption process. Each 300 

sorption test was repeated three times for assessing the repeatability of the results and the mean 301 

value was used.  302 

 303 

3.2. Data analysis 304 

The dynamic sorption of VOCs onto biochar was estimated based on the fundamental of mass 305 

conservation equations (Gangupomu et al., 2016): 306 

 307 

𝑄𝑒𝑞𝑖𝑗 =
1

𝑤𝑗
[∑ 𝑞𝑖 × 𝜌𝑖 × (

𝐶𝑡𝑖 − 𝐶0𝑖

𝐶𝑡𝑖
) × 𝑡

𝑡=𝑡

𝑡=0

] 

(1) 

 

 308 

where, 𝑄𝑒𝑞𝑖 is the total sorbed amount of the ith chemical at equilibrium per unit weight of the jth 309 

sorbent (mg/g); 𝑤𝑗 is the mass of the jth sorbent (g); 𝑞𝑖 is the injection rate of the ith chemical 310 

(ml/min); 𝜌𝑖 is the density of the ith chemical (mg/ml); 𝐶𝑡𝑖 is the outlet concentration of the ith 311 

chemical at the any given time t (min); 𝐶0𝑖 is the inlet concentration of the ith chemical at t = 0 and 312 

t is the sorption time (min).  313 

3.3. Effect of gas concentration on biochar sorption behaviour 314 

In order to assess the uncertainties of sorption experiments, all sorption tests were repeated three 315 

times with strong repeatability limited to a variation of <4.96%. The mean values are reported and 316 
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used to estimate the final capacity of each biochar. The influence of initial concentration on the 317 

sorption capacity was investigated for three xylene isomers on biochar WS500. A range of gas 318 

concentrations (i.e. 100, 200, 300 and 400 ppmv) were injected into 2g of biochar at 25±1℃, and 319 

the quantity of sorbed gas was calculated for each concentration. The results are shown in Fig. S3.  320 

From the results, it can be observed that by increasing the initial gas concentration, the equilibrium 321 

time (te) is reduced. The reduction in te is more evident for p-xylene (by about 86% in C0=400 322 

ppmv, 50% in 300 ppmv and 15% in 200 ppmv) which may be attributed to variations in kinetic 323 

diameter of xylene molecules at different concentrations. At lower concentrations, it seems that 324 

active sites on biochar are occupied slowly which leads to higher te. By increasing the initial 325 

concentration, the interactions between xylene molecules and active sites of biochar intensify 326 

which facilitates sorption mechanism via higher intra-particle diffusion and reduces the 327 

equilibrium time (Zhang et al., 2017a). This may explain the longer equilibrium time observed for 328 

o-xylene and m-xylene, which have larger kinetic diameters compared to p-xylene molecules 329 

(Table S1). For the case of o-xylene, the equilibrium time was slightly reduced at the highest gas 330 

concentration, whereas for m-xylene, similar sorption behaviour was observed for all gas 331 

concentrations. 332 

 333 

3.4. Effect of biochar feedstock on gas sorption behaviour 334 

It is well demonstrated that the initial structural configuration of feedstock is an influential 335 

parameter on structural properties of the resultant biochar and its sorption capacity (Zhao et al., 336 

2013). Fig. 3 presents dynamic sorption curves of xylene isomers on WS500, CS500, OHW500 337 

and RPS500. From the results, it can be observed that WS500 and OHW500 offer the highest 338 

sorption capacities for the xylene isomers (36.82-50.87 mg/g), while CS500 demonstrated a 339 
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moderate sorption capacity (23.81-25.88 mg/g) and RPS500 showed the lowest capacity (6.54-340 

7.22 mg/g). Although these biochar are commercially available at relatively low costs, their 341 

sorption capacity is comparable to engineered carbonaceous materials designed for removal of 342 

xylene isomers, e.g. multi-walled carbon nanotubes with average sorption capacities of 15.27,  343 

31.36, and 21.88 mg/g for p-xylene, m-xylene, and o-xylene, respectively (Yu et al., 2012), and 344 

rice husk activated carbon with sorption capacity of 23.15 mg/g for p-xylene (Yakout, 2014). This 345 

range of sorption capacity can be sufficient to demonstrate biochar applications to control VOC 346 

emissions from contaminated soils, for example, according to real monitoring of volatile vapours 347 

from hydrocarbon contaminated soils (Bocos-Bintintan et al., 2019). The concentrations of VOCs 348 

emitted from crude oil contaminated lands highly depend on various factors controlled by the type 349 

of host soil, crude oil composition, environmental conditions, and history of contamination (Tran 350 

et al., 2018). Recent works on remediation of petroleum contaminated lands have reported the 351 

range of initial concentrations of low-carbon hydrocarbons (such as xylenes) within the soil 352 

structure to be about 12.2-16.1 mg/g (e.g., (Tran et al., 2018; Labianca et al., 2020)), On the other 353 

hand, the adsorption capacity of proposed biochar-based capping system has been found to be 354 

much higher (23.81-50.87 mg/g) which suggest the efficiency of proposed solution for 355 

containment of VOC emissions from crude oil contaminated lands.  356 

High xylene sorption capacities of WS500 and OHW500 can be attributed to their strong affinity 357 

towards hydrophobic VOCs as the result of their low molarity and high aromaticity (Wang et al., 358 

2016). The OHW500 has a comparable carbon content (72.7 wt.%) to WS500 but shows lower 359 

sorption capacity. This can be explained by its wider range of OHW500 PSD and higher O-360 

containing surface groups in OHW500. As the result the interactions between hydrophobic xylenes 361 

and rich-in-π-electron sites of biochar being hindered by oxygen groups. In addition, CS500 362 
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showed a lower sorption capacity compared to WS500 and OHW500, probably due to its lower 363 

volume of mesopores. RPS500, WS500 and OHW500 have similar carbon contents and SSA/PV, 364 

however RPS500’s lower sorption capacity can be related to its pore structure and pore size 365 

distribution, i.e. smaller volume of mesopores and wider range of macropores (Fig. 2a) have led 366 

the xylene molecules to pass through larger channels in biochar without any interactions with its 367 

active sites and pore-filling.  368 

 369 

 370 

Fig. 3. Sorption of xylene isomers on biochar with various feedstocks at 25℃; (a) WS500, (b) 371 
OHW500, (c) CS500 and (d) RPS500. 372 

(a) (b) 

(c) (d) 
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 373 

3.5. Effect of pyrolysis temperature on the sorption behaviour of biochar 374 

The maximum sorption capacity of xylene isomers on WS and CS biochar with different pyrolytic 375 

temperatures (300, 400 and 500℃) are presented in Fig. 4. Sorption capacity of xylenes increased 376 

on both types of biochar as pyrolytic temperature increased. The effect of increasing pyrolytic 377 

temperature on sorption capacity was found to be stronger for WS biochar compared with CS. By 378 

considering a dual adsorption-partition mechanism for VOC sorption on carbonaceous materials 379 

(Xiang et al., 2020), the increase in sorption capacity observed at elevated pyrolysis temperatures 380 

for WS and CS biochar can be attributed to their increased carbon contents and confirms adsorption 381 

on carbonised mass as the dominant mechanism. This is particularly evident for CS biochar in 382 

which increasing pyrolysis temperature from 300 to 500℃ has resulted in increased carbon 383 

contents from 47.05 to 61.82%. On the other hand, the carbon content in WS biochar does not 384 

increase considerably by temperature, and therefore the increase in sorption capacity of WS at 385 

higher pyrolysis temperature may be related to other factors such as the evolution of biochar porous 386 

structure (new pores generation and pore blockage mitigation) during the pyrolysis process which 387 

can be also confirmed by the improvement in SSA and PV of WS chars. 388 
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 389 

Fig. 4. Effects of pyrolysis temperature on xylene sorption capacity of WS and CS biochar at 390 

25℃. 391 

 392 

3.6. Effects of biochar SSA and surface chemistry on sorption capacity 393 

Fig. S4 presents maximum sorption capacity of biochar samples for xylene isomers versus SSA. 394 

In general, increased SSA and PV would improve the accessibility of xylene molecules to the 395 

carbonised mass of biochar which highlights the importance of porous structure in sorption 396 

behaviour of biochar. For instance, WS500 (SSA:38.38 & PV:0.0586) and CS500 (SSA: 15.67 & 397 

PV: 0.0298) which have fairly similar carbon contents (CWS500: 66.57% & CCS500:61.82%) have 398 

presented different sorption behaviour mainly due to their different porous structure. RPS500 is 399 

the only sample with low sorption capacity whilst possessing a relatively high SSA. This can likely 400 

be related to its wide range of macro-level pore sizes (Fig. 2) which provides open channels for 401 

the gas molecules to pass through without being adsorbed onto the active sites. Another influential 402 

factor to be taken into account when interpreting the possible correlations between the VOC 403 

sorption capacity of biochar and the SSA/PV is the total amount of oxygen- and hydrogen-404 

containing functional groups on biochar surfaces. The ATR-FTIR spectra (Fig. 1) show that the 405 
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WS and CS biochar contain similar O- and H-containing functional groups, and the access to these 406 

functional groups is improved with increased SSA/PV.  407 

In general, there are four main interactions among xylene isomers and biochar: 408 

i. Surface functional groups (carbonyl and carboxyl) of biochar which can react with the 409 

hydrogen atoms of xylene methyl groups (mostly p-xylene due to higher polarity) via 410 

hydrogen bonding (Kim et al., 2017),  411 

ii. Benzene rings of xylenes (mostly m-&o-xylene due to their relative non-polarity) that can 412 

generate strong hydrophobic bonds with aromatic compounds of biochar surface (lignin) 413 

via π-π stacking (Navarro Amador et al., 2018),  414 

iii. Electrostatic attractions (Solanki and Boyer, 2019) and; 415 

iv. Partitioning in non-carbonised mass (Chen et al., 2017).  416 

 417 

 418 

 419 

3.7. Effects of xylene properties on the sorption capacity of biochar 420 

The physical properties of sorbate molecules are effective on the sorption capacity of carbonaceous 421 

sorbents since intra-particle diffusion within porous media and affinity between sorbate and 422 

sorbent are affected by molecular characteristics of sorbate (Qian et al., 2015). As observed in Fig. 423 

4, the sorption of p-xylene is slightly higher than m-xylene and o-xylene on most biochar samples. 424 

Although all xylenes have a fairly similar cross-sectional area about 0.375-0.380 nm2 (Table S1), 425 

the kinetic diameter of p-xylene (5.8Å) is lower than that of m-xylene and o-xylene (6.8Å). This 426 

difference is derived from different position of methyl chains around the central benzene ring 427 

shaping a bigger lateral dimensions for m- and o-xylene (Gonzalez et al., 2018). A simpler 428 
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molecular shape gives p-xylene a priority to have access to active sites of sorbent via mesopores. 429 

Slightly larger molecules of m- and o-xylene prevents their access to all pores and canals, and the 430 

entrance to some pores may be even blocked by other similar molecules in competitive process of 431 

single-component sorption.  432 

The Raman spectra of WS500 before and after sorption of xylene isomers are presented in Fig. S5. 433 

Raman spectrometry provides information about the vibrational modes of sample molecules (in 434 

this case, xylene isomers) which is widely used to characterise carbon-based sorbents (Shu et al., 435 

2017). As shown in Fig. S5, the Raman spectra of WS500 before and after sorption has two major 436 

peaks at 1326 and 1577cm-1 related to D and G bands which are typically observed in carbon-437 

based sorbents (Alcaraz et al., 2018). D band confirms the presence of hexagonal graphitic sheets 438 

with symmetry breaking defects and lattice distortions in carbon materials, while G band points to 439 

in-plane stretching of hybridised carbon atom in the graphitic structure (Anjum et al., 2019). The 440 

Raman intensity ratio of ID/IG remained relatively unchanged (~0.978-0.985) which indicates that 441 

there were no alterations in the carbonaceous structure of biochar due to gas sorption process. 442 

Moreover, the overall Raman intensities of biochar reduced due to sorption of xylene isomers 443 

which can be attributed to the vibrational modes of surface molecules in biochar being limited by 444 

attached xylene’s molecules. This reduction is higher for the case of p-xylene in comparison with 445 

m- and o-xylene which also verifies higher sorption of p-xylene on WS500 determined by 446 

experiments. The spectra of WS500 after sorption of m- and o-xylene are more or less similar 447 

which may be attributed to their comparable sorption capacities. 448 

 449 

3.8. Effects of ambient temperature on sorption 450 
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In order to assess the effect of ambient temperature on VOC sorption behaviour of biochar, two 451 

types of biochar, WS500 and WS300, were selected which showed higher sorption capacities 452 

within their comparative groups. The sorption column was submerged in the water bath to provide 453 

constant temperatures throughout the tests. The dynamic sorption experiments were then carried 454 

out at 35 and 45℃ to simulate the range of ambient temperatures reported for major crude oil 455 

contaminated sites (Das and Chandran, 2011), and the results are presented in Fig. 5. 456 

 457 

Fig. 5. Effects of ambient temperature on sorption capacity of xylene isomers on (a) WS500 and 458 
(b) WS300. 459 

 460 

As it can be observed, for both biochar types, increasing temperature reduces the sorption capacity, 461 

and WS500 shows much higher reduction in capacity (~80-91%) compared to WS300 (63-71%). 462 

This can be related to the different mechanisms of xylene sorption on biochar WS300 and WS500. 463 

As discussed in section 3.5, the physical adsorption is the dominant mechanism in biochar 464 

produced at high pyrolysis temperature, while partitioning governs sorption process in biochar 465 

produced at low pyrolysis temperature. Physically-induced sorption is more sensitive to 466 

temperature changes in comparison with partitioning-induced sorption, therefore, higher reduction 467 

in sorption capacity observed for WS500 at higher ambient temperatures can be related to its 468 

(a) (b) 
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dominant physical adsorption towards xylenes, while partitioning still takes place in both biochar 469 

samples (Zhang et al., 2017b).  470 

 471 

3.9 Sorption modelling 472 

Based on the experimental data generated in this work, we adopt the conventional kinetic models 473 

to develop an insight into the mechanisms involved in VOC sorption on biochar. A number of 474 

well-established kinetic models including the PFOM and PSOM (which are pseudo-first and 475 

second-order models, respectively), the Elovich model (ELM) and the Weber–Morris intra-particle 476 

diffusion model (IPDM) are adopted (Wu et al., 2009). The equations describing these adsorption 477 

kinetic models are as follows (Largitte and Pasquier, 2016):  478 

PFOM:   𝑄𝑡 = 𝑄𝑒𝑞[1 − 𝑒𝑥𝑝(−𝑘𝑃𝐹𝑂𝑀𝑡)]    (2) 479 

PSOM:   𝑄𝑡 = (𝑘𝑃𝑆𝑂𝑀𝑄𝑒𝑞
2 𝑡)/(1 + 𝑘𝑃𝑆𝑂𝑀𝑄𝑒𝑞𝑡)   (3) 480 

ELM:    𝑄𝑡 =
1

𝛽
𝑙𝑛(1 + 𝛼𝛽𝑡)      (4) 481 

IPDM:    𝑄𝑡 = 𝑘𝐼𝑃𝐷𝑀𝑡1/2 + 𝑐      (5) 482 

where 𝑄𝑡, is the mass of sorbed chemicals per unit weight of the sorbent at time t (mg/g),  𝑘𝑃𝐹𝑂𝑀 483 

is rate constant for pseudo-first order model (min-1), 𝑘𝑃𝑆𝑂𝑀 is rate constant for pseudo-second 484 

order model (g.(mg.min)-1), 𝛼 is the initial adsorption rate for ELM model (mg.(g.min)-1), 𝛽 is the 485 

Elovich parameter related to the number of available adsorption sites (g/mg); 𝑘𝐼𝑃𝐷𝑀, is the intra-486 

particle diffusion rate constant (mg/(g.min1/2)) and c is the intra-particle diffusion constant (mg/g).  487 

The coefficient of determination (R2) and the sum of the squared errors (SSE) are used to compare 488 

the best fit of the models with the experimental results of VOC sorption on biochar:   489 
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𝑆𝑆𝐸 = ∑(𝑄𝐸𝑥𝑝 − 𝑄𝑚𝑜𝑑𝑒𝑙)
2

𝑛

𝑖=1

 (6) 

where, 𝑄𝐸𝑥𝑝 is the equilibrium sorbed mass obtained from experimental sorption (mg/g); 𝑄𝑚𝑜𝑑𝑒𝑙 490 

is the equilibrium sorbed mass from the sorption models (mg/g), and 𝑛 is the number of data points.  491 

Fig. 6 presents the experimental and modelled dynamic sorption for xylene isomers on selected 492 

biochar (WS500 and CS500). The obtained models’ parameters are provided in Table S2. The 493 

results show that the best fit by the PFOM and ELM models present strongest agreement with the 494 

experimental data based on both criteria of maximum R2 and minimum SSE. The best fits using 495 

PSOM and IPDM models present an acceptable fit based on R2, but significantly higher values of 496 

SSE compared to the other two models. The amount of sorption near equilibrium is underestimated 497 

by the PSOM model by 12.7% and overestimated by the IPDM model by 18%. Although Langmuir 498 

PFOM and ELM have relatively similar assumptions (localised sites with no interactions among 499 

sorbed ions (Largitte and Pasquier, 2016)), ELM has noticeably lower SSE than the PFOM 500 

(SSEELM=3.0574≪ SSEPFOM=20.6452) to estimate xylenes sorption on biochar materials as higher 501 

order models were also suggested to estimate sorption of most volatile compounds on biochar 502 

structures (Creamer et al., 2014). Adsorbates are usually interacted with biochar surface via 503 

chemical reactions (electrostatic interactions, π–π stacking and hydrogen bonding) as well as pore 504 

filling (Rajapaksha et al., 2019). Elovich is generally related to chemical adsorption (Mohammed 505 

et al., 2018), and the obtained data fitting again indicates π–π stacking and hydrogen bonding as 506 

the main interactions of xylene isomers and these types of biochar.   507 

 508 

4. Conclusions 509 
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This study presents the sorption behaviour of xylene isomers on a number of commercially 510 

available biochar samples with a diverse range of feedstock and pyrolysis temperatures. WS-based 511 

biochar provided the highest sorption capacity which highlights the influence of feedstock on 512 

biochar removal of xylene isomers. Biochar porous structure governs xylenes sorption via pore-513 

filling in mesopores as well as providing accessibility to surface functional groups. P-xylene 514 

showed slightly higher affinity to certain types of biochar which was correlated with the higher 515 

volume of mesopores in those biochar, smaller kinetic diameter and simpler molecular shape of p-516 

xylene. High-temperature biochar indicated higher gas sorption sensitivity to changes in ambient 517 

temperature. It may be attributed to their physical sorption mechanisms, while partitioning is 518 

believed to be the main sorption mechanism of low-temperature ones. The most satisfactory match 519 

(by fitting) with the experimental results was provided by Elovich kinetic model which indirectly 520 

points to electrostatic attraction, π–π stacking and hydrogen bonding as main chemical interactions 521 

between xylenes and biochar. This study demonstrates extensive potential for biochar to be used 522 

as an engineered barrier and containment system to tackle the challenge of VOC contaminated 523 

lands. Biochar based capping systems can potentially provide an efficient and cost-effective 524 

containment solution for VOC emission from oil contaminated sites prior to implementation of 525 

long-term remediation of crude oil-contaminated lands. 526 
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Fig. 6. Experimental and modelled sorption dynamic curves for all xylene isomers on WS500 527 
and CS500. 528 

 529 
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