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Abstract 

Biochar, a carbon-rich material that is obtained from forestry wood residues through 

thermochemical conversion in the absence of oxygen (i.e. pyrolysis), is a potential 

alternative to commercial adsorbents for acid gas treatment. Acid gases (CO2 and H2S) 

are present in landfill gases, fossil fuel gases, and mining operations. These gases must be 

treated to improve environmental safety and limit operational issues such as pipeline 

corrosion. Common processes for removal of acidic gases from landfill, flue, and natural 

gas streams include amine absorption processes, which are energy and space intensive 

due to required regeneration, and solid adsorbents (which can be costly to produce and 

dispose of). In this work, CO2 adsorption using biochar as a solid adsorbent was 

investigated. Use of biochar as an adsorbent for acid gas removal is relatively novel. The 

specific objectives included; characterize the biochar structure (i.e. chemical, physical, 

and morphological) through a series of analyses; determine the operating conditions for 

obtaining maximum adsorption capacity; modify the biochar surface to determine impact 

on adsorption; and develop a molecular model to simulate the adsorption process to 

determine if it can be used as a tool in experimental design. Chapter one gives an 

overview of the conceptual framework of acid gas purification and outlines the 

objectives, the scopes, and the significance of this study along with a summary of the 

thesis chapters. Chapter two provides a literature review to identify different types of 

biochar production methods, reaction conditions (e.g. temperature and residence time), 

and woody biomass as one of possible feedstock materials. The biochar was compared 

with commercial adsorbents and the results indicated biochar could be used as a feasible 
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alternative to activated carbon as it is environmentally friendly and a low-cost adsorbent. 

In addition, the impact of production conditions on biochar properties were investigated 

and it was found that carbon, hydrogen content, and surface area were significantly 

affected by pyrolytic temperature. The reported isotherms in the literature were compared 

and the Freundlich isotherm was the best fit with the biochar. The application of 

molecular modeling to describe adsorption process and different simulation methods were 

studied. The biochar for this research was produced from three different woody 

biomasses: softwood (sawdust and bark (Balsam fir)) and hardwood (Ash wood) through 

fast pyrolysis at 400-500 ºC and then compared in terms of chemical and physical 

properties in chapter three.  Chapter four looks at the impact of three operating 

conditions, temperature, inlet feed flow rate, and CO2 concentration, on biochar 

adsorption capacity and the interaction of these parameters were evaluated using response 

surface methodology. The operating conditions for maximizing CO2 uptake were 

determined and the Freundlich isotherm best represented the equilibrium adsorption and 

the pseudo first-order was selected as a kinetic model. Thermodynamic analysis indicated 

the adsorption process was spontaneous and exothermic. Further, we found that biochar 

derived from “waste” materials had better adsorption capacity relative to commercial 

zeolite. Chapter five describes chemical modification of the biochar using two novel 

methods of amine functionalization and the maximum adsorption capacity was measured 

at the conditions obtained in chapter four.  The results indicated functionalization 

decreased the pore volume, surface area, and subsequently the adsorption capacity of the 

biochar. In order to enhance capacity, the biochars (unmodified and chemically modified) 

were thermally activated via air diluted with nitrogen at a moderate 560 ºC. Some 
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nitrogen functionality retained in the biochar structure even after activation. The 

synthesized N-enriched biochar followed by thermal activation was found to have much 

higher adsorption capacity as compared with commercially available activated carbon 

(Norit CA1) and recent carbon based adsorbents in the literature. Chapter six is dedicated 

to molecular modeling and linking the experimental results with simulations. The effect 

of various functional groups on adsorption of CO2/H2S on biochar surface was 

investigated. It was found that the presence of functional groups promotes CO2 adsorption 

on the surface with exothermic adsorption energy. As expected, the DFT calculations 

showed amine functional groups enhanced CO2 adsorption with more exothermic 

adsorption likely because of stronger bonding compared to other functional groups. The 

thermodynamic outcomes (Enthalpy and Gibbs free energy) validated that the affinity of 

the chars for CO2 is on the same order of magnitude as H2S. The simulated 

thermodynamic parameters and IR vibrational frequencies were calculated and both 

showed reasonable agreement with experimental results (chapter four and five). The 

results of this study would be helpful for developing future work, on the scale-up of the 

adsorption system, further modification of the biochar, CO2 sequestration, regeneration, 

and atomic-level design of carbon surfaces.  
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The consumption of global energy has risen due to increasing populations globally and 

higher standards of living [1]. Acid gases, carbon dioxide (CO2) and hydrogen sulfide 

(H2S), naturally present in produced gases from oil and gas operations [2], landfill gases 

[3], and mining operations [4] among others. The gases must be removed prior to 

transport as they are both corrosive and represent a corrosion risk [5]. Further, H2S is a 

toxic gas at ppm levels and for safety reasons needs to be mitigated [6]. The most 

common method for acid gas removal are amine based absorption systems and 

commercial adsorption. Absorption based systems are energy and space intensive due to 

required regeneration and use hazardous chemicals [7]. Bio-based adsorbents have been 

used as an alternative to the existing acid gas removal techniques [8,9]. Bio-based 

materials are produced from biomass and biomass resources include waste from food 

processing, agricultural crops and their waste byproducts, wood and wood wastes, 

municipal solid waste, animal wastes, aquatic plants, and algae. Fig. 1-1 illustrates 

different source of biomass from industry, agriculture, forestry, and waste as well as their 

potential final bioenergy applications.  
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Figure 1-1: Biomass resources converted to bioenergy [1] 

 

Thermo-chemical technologies are established to produce more valuable products 

through biomass thermal treatment [11]. The different thermal conversion processes of 

biomass are summarized in Fig. 1-2.  

 

Figure 1-2: Thermo-chemical processes for bioenergy production and the corresponding 

products [2] 

 

Thermo-chemical conversions are defined based on temperature, duration, and the 

presence or absence of oxidants and based on these factors classified as pyrolysis, 

gasification, liquefaction, and combustion [13]. Pyrolysis of biomass is one of the 

techniques for production of biofuel in the form of char, oil, and gas [14].  This process 

has been applied by heating the raw biomass at high temperature in the absence of 

oxygen. Fast, intermediate, and slow are the three main modes of pyrolysis based on 

temperature and residence time [15].  The three main products of the pyrolysis of biomass 

are a carbon-rich solid (biochar), a condensed liquid phase (bio-oil), and non-condensable 

gases. Biochar can be used as a power generator [16], carbon sequester [17], soil 
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amendment to improve soil quality or fertilizer [18], amendment in concrete [19], 

adsorbent for pollutants [20], and a raw material for electrodes in microbial fuel cells 

[21].  In this work, biochar has been used as a bio-based adsorbent and the modified 

structure makes it ideal for efficient removal of acid gases compared to conventional 

adsorbents. 

Biochar was sourced from forestry residues (softwood and hardwood) that would 

otherwise be disposed or stockpiled, presenting safety and environmental risk. The 

feedstock from sawmill residues used in this study was a local biomass obtained from 

balsam fir and ash wood for production of biochar through fast pyrolysis at lab (semi-

batch) and pilot (auger reactor) scale for comparison. Based on the literature, using 

biochar as an adsorbent for acid gas removal is relatively novel and this type of feedstock 

for producing biochar is rare [22,23]. The value of this study was producing adsorbent 

from waste stream and developing market for biochar to maximize the sustainability of 

the fast pyrolysis process. The lab-scale fixed bed reactor was utilized during this 

research to study the adsorption capacity of different biochar samples. CO2 has been 

suggested to test the biochar as an effective indicator of adsorbent performance, because 

CO2 capacity measurement is less hazardous compared to other gases such as H2S. The 

preliminary experiments were conducted in order to study the independent and combined 

interaction effects of adsorption temperature, total inlet flow rate, and % (v/v) CO2 on the 

adsorption capability of the biochar. The methods used in this study for modifying 

biochar surface are novel and could improve the CO2 adsorption capacity of the studied 

biochar remarkably. In each step of the experiment, the biochar sample was compared 
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with commercial adsorbents (i.e. zeolite and activated carbon) and biochar proved 

superior in both comparisons.  Although the molecular modeling of the biochar system 

was challenging due to restrictions regarding the simulation package and experiments, the 

molecular simulation was successfully developed and validated with the experimental 

data obtained from the adsorption system. The results of this study are beneficial for 

future work, on the scale-up of the adsorption system, further modification of the biochar, 

CO2 sequestration, and regeneration. In addition, the information obtained in this study 

will be helpful for atomic-level design of carbon surfaces in order to improve CO2/H2S 

adsorption. This thesis includes a series of manuscripts (paper based) either published, in 

review processes, or to be submitted for publication. Figure 1-3 illustrates how chapters 

are integrated. 

Chapter two has been published in the Journal of Renewable and Sustainable Energy 

Reviews. The manuscript provided a literature review on common adsorbents for acid 

gases removal with focus on biochar. 

Chapter three has been published in The Canadian Journal of Chemical Engineering. 

The physicochemical properties of three different types of wood-derived biochars 

(sawdust and bark (Balsam fir) and hardwood (Ash wood)), were characterized and 

compared with a Metal Organic Framework (MOF) with respect to properties key for 

adsorbent applications. 

Chapter four has been published in the Journal of Environmental Science and 

Pollution Research, and describes the analysis of CO2 adsorption capacity of biochar in a 
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lab-scale fixed bed reactor. Response surface methodology was applied to determine 

operating conditions for maximum adsorption and to assess interaction of the adsorption 

parameters. 

Chapter five has been published in the Journal of Energy & Fuels, and consists of the 

modification of the biochar surface via amine functionalizing and thermal treatment.  The 

aim of this chapter was to enhance the adsorption capacity of the biochar and compare it 

with other synthesized adsorbents.  

Chapter six covers molecular modeling of biochar. In this chapter, the impact of 

various functional groups on the adsorption of CO2/H2S on the biochar surface was 

investigated using the density functional theory (DFT) method. In addition, the simulation 

results (i.e. thermodynamic parameters and FTIR frequencies) were validated by 

experimental outcomes. 

Chapter seven consists of a summary, conclusions, and recommendations. 

 

 

 

 

 

 

Figure 1-3: Illustration of integration of chapters 

Chapter 1 Chapter 2 Chapter 3 

Chapter 5 Chapter 4 

Chapter 6 

Chapter 7 
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Abstract 

Biochar, a product of pyrolysis of biomass, represents an attractive alternative to non-

renewable or unsustainably sourced biomass as an adsorbent material for treating gaseous 

effluents. Biomass from residues associated with agricultural and forestry operation, 

otherwise considered waste material or a storage issues, represents a potential sustainable 

source of adsorbent. There are several adsorbents for removal of contaminants from gases 

including carbon based, silica based, and metal oxide based adsorbents; however, 

availability of feedstock, low cost, and potential high adsorption capacity distinguish 

biochar from other adsorbents. This review includes common sorbents for removal of 

contaminants from gas, biochar production methods, and compares biochar with activated 

carbon as one of the most common commercial adsorbents. Adsorption isotherms, 

mechanisms, and process systems for removal of acid gases such as CO2 and H2S by 

biochars have been comprehensively reviewed. The application of molecular modeling to 

describe adsorption by activated carbons and possible extension to biochar were studied. 

There is still a lack of published information in the molecular modeling of biochars, and 

using these models to understand the complex adsorbent mechanisms on the very 

heterogeneous surfaces of biochar (relative to commercial adsorbent materials such as 

activated carbons). Therefore, further research needs to fill these gaps to identify all 

potentials of this promising adsorbent. 

Keywords: Acid gases, Adsorbents, Biochar, Molecular Modeling, Gas treatment 
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Introduction 

Hydrogen sulfide (H2S) and carbon dioxide (CO2) are common contaminants in oil and 

gas production/processing, wastewater treatment plants, fossil fuel combustion, and 

landfill gases and can result in corrosion, problematic gaseous emissions, and represent a 

safety risk [1]. In addition to light hydrocarbons, natural gas can contain variable amounts 

of carbon dioxide, nitrogen, sulfur compounds, water, aromatics and small amounts of 

helium (less than 1 vol.%) and mercury (generally 5–300 µgNm−3) [2]. On offshore 

platforms, the treatment of any gas or liquid effluent is challenging due to space 

restrictions and/or manpower on the platform (this limits operator intensive processes). In 

platforms where the main product is oil, any produced gas is re-injected, used for utilities, 

and/or flared and must be treated to a level appropriate for these applications. These 

challenges are not restricted to the offshore, any remote location (e.g. landfills, small 

wastewater treatment plants etc.) require smaller scale and less operationally intensive 

alternatives to gas treatment, particularly if the gas is to be used as a fuel. There are a 

number of processes used to remove CO2 and H2S (acid gases) from natural gas, 

including absorption and adsorption. In absorption, the acid gases are removed using 

solvents such as monoethanolamine (MEA) and diethylamine (DEA). Although the 

selectivity of this form of separation is relatively high, it is costly due to high energy 

needs in solvent regeneration and space requirements [3]. An alternative approach to 

absorption is adsorption in which, the contaminants are removed from the gas mixture by 

porous solid adsorbents. The most common adsorbents used in natural or produced gas 

treatment to remove acid gases are carbon based, silica based, and metal organic 
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frameworks (MOFs) [4–6] adsorbents. The porous solid adsorbents could have 

amorphous and/or crystalline structure at both the macro and nanoscale. The MOFs and 

silica are two common representative examples of ordered crystalline structure, while the 

structure of carbon based adsorbents such as biochar are amorphous but contain some 

local crystalline structures of aromatic compounds. As the feedstock and processing 

conditions determine the nature of the biochar, biochars will have different molecular 

architectures and variable topologies, making them difficult to characterize [5].  

Biochar produced from thermochemical conversion of biomass has been used for a 

number of different applications including structural fill and soil stabilization for 

construction[4], soil /water decontamination [7] and as adsorbents in gas effluent 

treatment [8]. The application depends on the properties of the biochars which in turn 

depend on the feedstock type, pyrolysis temperature, and residence time [9]. Biochar can 

be generated through thermal treatment of lignocellulose biomass, such as coconut [10], 

almond [11], palm  kernel [12], pistachio nut shell [13], and wood [14] as well as 

municipal and industrial waste and activated sludge [15,16]. Using biochar as an 

adsorbent in the gas treatment process could be a sustainable approach if the biomass 

source is a waste material.   

In this article, the application of biochar as an adsorbent for removal of contaminants 

from gaseous phase has been reviewed. This review includes a summary of the most 

common sorbents for removal of acid gases from natural or produced gas, processes used 

to produce biochar and the resulting properties, as well as research related to biochar 
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adsorption isotherms and mechanisms. Research in process systems and molecular 

modeling of H2S and CO2 adsorption by biochar is also reviewed. 

2.1. Common sorbents for removal of contaminants from gases  

There are key criteria that a sorbent material must satisfy, for the sequestration of 

contaminants to be both economical and operational, including; high adsorption capacity 

to reduce both adsorbent quantity and equipment size, low friction rate and the ability to 

tolerate high temperatures, fast adsorption kinetics, stability in oxidizing/reducing 

environments such as acid gas, steam, and hydrocarbons, and regenerability [17]. Several 

types of sorbents have been developed over the last two decades which are capable of 

removing acid gases: (1) carbon based adsorbents (2) microporous and mesoporous silica 

and (3) metal organic frame works. These three groups are applicable for adsorption of 

many gaseous compounds, especially hydrogen sulfide and carbon dioxide.  

2.1.1. Silica based adsorbents 

Silica gels have been used commercially as an adsorbent since World War I. The 

surface areas range from 200 to 800 m2/g [18]. Grafting amine functional groups to the 

pore walls of silica is a strategy for designing new adsorbents and catalysts for treatment 

of natural gas [19]. This sorbent is similar to aqueous alkaline amine based solvents 

where the amines covalently linked to the silica chemically bind to the target gaseous 

components. Amino-functionalized mesoporous silica provides large surface areas, pore 

volumes and well defined pore structures. Huang et al. [20] studied the feasibility of 

natural gas desulfurization by amine-grafted silica in 2003. Burwell and Leal [21] 
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reported selective chemisorption of sulfur dioxide on amine modified silica gel, and Leal 

et al. [22] investigated carbon dioxide adsorption on amine-grafted silica gel. Table 2-1 

illustrates some selected silica based adsorbents’ function used in acid gas removal field. 

Table 2-1: Silica based sorbents for acid gas removal 

Silica based adsorbents 
Adsorbed 

Gas 

Uptake 

(mmol/g) 
Operating 

Conditions 

Refs. 

Silica Xerogel/ 3-

aminopropyltriethoxy-silane 

 

CO2 
1.12 

25 ºC, 1 bar 
[23] 

MCM-41 Silica/ 

Dimethyldecylamine 
CO2 

2.5 

25 ºC, 1.4 bar 
[24] 

MCM-48 Silica/Aminopropyl 

(3.42 wt%) 
CO2 

0.8 

25 ºC, ~1 bar 
[25] 

Silica Xerogel H2S 
0.01 

30 ºC, 1 bar 
[26] 

Silica Xerogel/Diethylenetriamine 

(50 wt%) 
H2S 

0.3 

30 ºC , 1 bar 
[26] 

MCM-41 Silica/ 

Dimethyldecylamine 
H2S 

3.5 

25 ºC , 1.4 bar 
[24] 

 

The above experimental results indicate that the adsorption capacity of pure silica 

adsorbents is lower than amine functionalized silica. However, grafting amines to silica 

increases the cost and cannot increase the adsorption capacity notably compared with 

other adsorbents such as MOFs.  

2.1.2. Carbon based adsorbents 

One of the most important commercial adsorbents is activated carbon, typically 

derived from sources such as coals (e.g., bituminous coal, lignite), industrial by-products 

(e.g., scraps of polymeric materials, petroleum), and lignocellulose biomass (e.g., saw 
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dust, coconut shells, olive stones) [27]. The first step in producing activated carbon (AC) 

is carbonization in order to produce char. All moisture and volatile compounds are 

removed thorough this process and physical or a chemical activation follows [67]. 

Activating agents such as CO2, steam, and air, or a combination of these, at temperatures 

between 800 to 1250 K are used in physical activation, and alkaline metal and acids are 

used in chemical activation. Higher porosity increased surface area, and increased pore 

volume are the main advantages of the activation process [28]. Activated carbon is a 

widely used adsorbent in gas treatment, water purification, etc. The capacity of activated 

carbon decreases as the temperature increases; therefore, AC is suitable for low 

temperature (15-55 °C) application especially for CO2 capture [29].  

The industrial application of commercial adsorbents such as zeolite and activated 

carbon as acid gas adsorbents is restricted because of low selectivity at high temperature, 

poor adsorption in presence of water vapour, and high cost of regeneration.  The 

regeneration temperature of AC and zeolite is 400-500 ºC and 200 ºC, respectively 

[30,31].   

Several research groups have investigated activated carbon for gaseous sulfur 

compounds removal. Table 2-2 highlights the impact of activation conditions and source 

of activated carbon on the sorption properties. For instance, despite the larger surface area 

in activated wood carbon under acidic conditions, the palm carbon activated under basic 

conditions with a lower surface areas showed a comparable (although lower) capacity (68 

mg/g) for removing acid gases such as H2S. 
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Table 2-2: Physical and chemical activation conditions and characteristics of activated 

carbon for removal of SO2 and H2S 

Raw 

material 

Adsorbat

e 

Activatio

n Condition 

SBET*(m2/

g) 

Sorption 

capacity 

(mg/g) 

Refs. 

Palm 

shell 

SO2 
CO2, 1100 

ºC 
984 121.7 [32] 

H2S 
KOH, 30 

wt% 
1148 68 [33] 

Coconut 

shell 

SO2 

Steam, 

800 ºC 

Cu, 3 wt% 

1054 24 [34] 

H2S 
Base 

impregnation 
931 215.4 [35] 

Wood 

SO2 
H3PO4 

activation 
1708 120 [36] 

H2S 
H3PO4 

activation 
1470 30.9 [37] 

Pistachio 

nut shell 
SO2 

CO2, 

NaOH 

activation 

1064 89.6 [38] 

* Surface area measurement method: Brunauer-Emmer-Teller (BET) 

2.1.3. Metal Oxide based adsorbents 

Metal oxide based adsorbents can remove sulfur by forming insoluble metal sulfides. 

Pure metal oxides without a framework have low porosity, surface area, evaporation, and 

can sinter and mechanically decompose reducing life time and performance [39].  The 

general reaction between a metal oxide based sorbent and hydrogen sulfde is: 

𝑀𝑥𝑂𝑦(𝑠) + 𝑦𝐻2𝑆 ↔ 𝑀𝑥𝑆𝑦(𝑠) +  𝑦𝐻2𝑂 (𝑔)   [40–43] (1) 



17 

 

where M is the representative metal. Xue et. al studied low temperature removal of 

H2S from natural gas using simple oxides of Zn, Ag, Cu, Co, Ni, Ca, Mn and Sn, and 

mixed oxide of Zn containing Zr, Ti, Al, Cu, Mn, Co, Ni and Fe [44]. Table 2-3 

summarizes metal oxides removal of H2S from natural gas at low temperatures. Mixed 

metal oxides indicate higher H2S adsorption capacity compared to single used metal. 

Table 2-3: H2S sorbents at low temperature from selected publications 

Adsorbents Parameters Tested H2S Uptake Refs. 

Zn-O based 

Space velocity, 

Temperature (300-

400 °C), Steam 

concentration, and 

particle size 

0.1-0.8 (mmol S/g) [45] 

Cu-O based 

Adsorption 

Temperature, Space 

Velocity, and 

Calcination 

Temperature 

0.5 (mmol H2S/g) [46] 

Fe-Mn–Zn–Ti–O 

mixed-metal oxides 

 

Temperature 

(25-100 °C) 

 

2.5 -7.8 (mmol H2S/g) [47] 

Mixed metal oxide 

Cu-Zn- Al 

 

Temperature 

(40- 100 ºC) 

 

2.1-10.8 (mmol S/g) [48] 

 

Other groups have investigated moderate (400-600 °C) to high temperatures (600-850 

ºC) H2S removal using various oxides (Table 2-4). This table shows the high stability of 

metal oxide based adsorbents at high temperature (up to 900 ºC). 
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Table 2-4: H2S sorbents at mid to high temperature from selected publications 

Materials Sulfidation condition Refs. 

Zinc – Based 

Zinc oxide (ZnO) 

375- 800 °C Sasaoka et al.  [49] 

500 ºC Sasaoka et al.  [50] 

Zinc Ferrite (Zn Fe3O4) 500- 700 °C White et al. [51] 

Zinc Titanate (Zn-

TiO2) 
600- 650 ºC Lew et al. [52] 

Copper – Based 

CuO – Al2O3 550 - 800 °C Patrick et al. [53] 

Cu - V and Cu - Mo 300 – 700 ºC Yaserli et al. [54] 

Calcium – Based 

Uncalcined limestone 570- 850 °C Fenouil and Lynn [55] 

Limestone, dolomite 750- 950 ºC Yrjas et al. [56] 

Manganese – Based 

MnO/Al2O3 600 °C Atakul et al. [57] 

Mn Ore 550- 850 ºC Yoon et al.  [58] 

Iron – Based 

Ferric Oxide (Fe2O3) 

Ferrous Ferric Oxide 

(Fe3O4) 

600- 900 °C Tseng et al. [59] 

550- 700 ºC White et al. [60] 
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In the area of CO2 adsorbents, Sayyah et al. (2013) studied alkaline metal oxides: 

𝑀𝑂(𝑠) + 𝐶𝑂2(𝑔) ↔  𝑀𝐶𝑂3(𝑠) [61]                                                                               (2) 

CaO-based metal oxides are attractive due to relatively low cost, abundance, high 

adsorption capacity, and fast adsorption/ desorption kinetic [62,63]  Table 2-5 

summarizes some of this work. The mixed metal oxide based adsorbents represent better 

CO2 adsorption capacity, likewise for capturing H2S. 

Table 2-5: CO2 adsorbents at different adsorption temperature 

Material

s 

Adsorption Temperature 

(°C) 

Adsorption Capacity 

(mmol/g) 
Ref. 

CaO 750 2.73 [64] 

MgO 50,75,100 0.66,0.59,0.68 [65] 

FeO 25 0.031 [66] 

Fe2O3 25 0.068 [66] 

Fe3O4 25 0.028 [66] 

CaO/Mg

O 
750 3.86 [64] 

CaO/Al2

O3 
650 4.32 [67] 

MgO/Al

2O3 
60 1.36 [68] 

 

2.1.3.1. Metal Organic Frameworks (MOFs) 

Metal organic frameworks are inorganic–organic hybrid materials comprised of single 

metal ions or polynuclear metal clusters corners connected by organic ligands formed 

one, two or three dimensional structure [69]. The metal cations on the surface of these 

sorbents make it applicable to the desulfurization of natural gas [19]. Highly porous 
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MOFs featuring high localized charge density, large pore volumes and increased surface 

areas have the ability to improve the CO2 and H2S sorption energetics.  The targeted 

design and synthesis of MOFs is in early stages, however several groups have already 

made significant contributions looking at tailored MOFs for various gaseous compound 

removal. Fig. 2-1 outlines the synthesis of two common MOFs and Table 2-6 summarizes 

work in MOFs as adsorbents in acid gas removal. 

 
 

 

Figure 2-1: Synthesis of (a) MOF-5 [69] and (b) MOF-74 [70] 

Table 2-6: Various MOF gas sorbents  

MOFs 
Adsorbed 

Gas 

Uptake (mmol/g) 

Operation Condition 
Refs. 

MIL-53 

(amine 

functionalized) 

CO2 
6.7 

30 ºC, 5 bar 
[71] 

Cu-BTC 

 

CO2 

 

16.5 

25 ºC , 15 bar 
[72] 

Mg-MOF-74 CO2 
14.8 

30 ºC , 30 bar 
[73] 

Zn4

O 

Benzenedicarboxylic 

Acid 

M2O2(CO2)

2 

2,5-dioxidoterephthalate 
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Mg-MOF-74 CO2 
8.9 

30 ºC , 1 bar 
[73] 

HKUST-1-E H2S 
2.1 

25 ºC , 1 bar 
[74] 

CU-BTC/GOSA 
(Sulfanilic acid(SA) 

modified Graphite 

Oxide (GO)) 

H2S 
3.9 

25 ºC , 1 bar 
[75] 

MOF-5 H2S 
0.5 

25 ºC , 1 bar 
[76] 

MOF-5/GO 

(Graphite Oxide 

(2-7 wt%)) 
H2S 

0.7-3.8 

25 ºC , 1 bar 
[76] 

 

2.2. Production and properties of biochar 

2.2.1. Woody biomass as feedstock 

Typically, woody and agricultural biomass consists of four main components: 

cellulose, hemicellulose, lignin, and water (Fig. 2-2). Biomass is categorized into wet and 

dry based on initial moisture content. “Wet” biomass such as freshly cut wood, 

vegetable/animal waste, and sewage sludge contains additional water resulting in a total 

water content of more than 30% of the dry weight of the wood, where “dry” biomass 

contain 12-19% of water stored in the cellulose/lignin structure [77]. Wet and dry 

biomass can be further classified into two groups: purpose-grown biomass and waste-

biomass. Purpose-grown crops have low moisture content (below 10%), a relatively high 

yield and energy content, and generally need very low maintenance compared to other 

crops [78]. Waste biomass varies widely and includes agro-forestry waste, animal manure 
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waste, organic-food wastes, and sewage sludge [79]. The advantages of using waste 

biomass versus purpose grown or food crops as a feedstock in bioproducts is the 

utilization of material that would otherwise require disposal and no land requirement to 

produce the feedstock. Biochar is produced from biomass through a number of different 

processes outlined in the next section. 

 

Figure 2-2: Structure of Lignocellulosic biomass [80] 

2.2.2. Biochar production processes 

Pyrolysis, torrefaction, gasification, and hydrothermal carbonization produce biochar. 

In pyrolysis, biomass is heated between 300 to over 650 ºC (slow to flash pyrolysis) in the 

absence of oxygen. The three main products are a carbon-rich solid (biochar), a 

condensed liquid phase (bio-oil), and non-condensable gases such as CO, CO2, CH4, and 

H2 [81,82]. The types of pyrolysis process (slow, intermediate, fast, and flash) depend on 

temperature, residence time, and heating rate (see Table 2-7). Table 2-7 is beneficial for 
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comparison of amount of biochar produced in each process time. Slow pyrolysis is 

associated with a low peak temperature, slow heating rate, and long residence times. The 

major product is biochar (25-35%) [83]. In fast pyrolysis, the major product is the 

condensable liquid, with residence time in seconds to minutes; however, there is also 

small portions of granular biochar as a product. 

Gasification typically refers to the process of partial combustion of biomass at very 

high temperatures 600-1200 ºC. The main product of this process is a mixture of gases or 

synthetic gases (CO, H2, and CO2). Most of the organic materials are changed into gases; 

so, the amount of biochar produced in gasifiers is very small (<10%) [84]. 

Torrefaction is lower temperature (200-300 ºC) thermal treatment with residence times 

of 30 min to two hours, also referred to as mild pyrolysis, used to improve biomass 

properties [85]. The solid product of torrefaction is not truly a “biochar”, as the torrefied 

biomass still contains some volatile organic compounds and therefore has properties 

between raw biomass and biochar [86]. 

Hydrothermal carbonization (HTC), referred to as ‘’wet pyrolysis’, occurs at 

temperatures between 180-250 ºC in a biomass-water mixture under elevated pressure for 

one to twelve hours [87]. The HTC process results in the formation of three main 

products: solid particles (hydrochar), liquid (bio-oil mixed with water) and small fractions 

of gases (mainly CO2) [88]. 

Table 2-7: Different types of thermochemical reaction 

Processes Reaction Condition Biochar Liqu Gas 
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Tempera

ture  

Residence 

time 

wt% id wt% wt% Ref. 

Slow 

pyrolysis 

550-

950K 
45-550 sec 35 30 35 [89] 

Fast 

pyrolysis 

850-

1250K 
0.5-10 sec 12 75 13 [89] 

Flash 

pyrolysis 

1050-

1300K 
<0.5 sec 20 50 30 [89] 

Gasific

ation 

~900-

1500K 
10-20 sec 10 5 85 [90] 

HTC 
~500-

600 K 
1-12 h 50-80 5-20 2-5 [91] 

 

2.3. Biochar as a substitute for activated carbon (AC) 

As indicated above, activated carbons are widely used as adsorbents in the removal of 

contaminants from liquids or gases due to large internal surface area (typically 200–2000 

m2/g) [92] and pore volumes (0.1-1 cm3/g) [92].  Commercial processes to make activated 

carbons use degraded and calcified plant matter (e.g. peat, lignite, all ranks of coal) and 

various lignocellulose materials or agriculture wastes. Activated carbon used in hydrogen 

sulfide adsorption from gaseous phases, mainly implement impregnated carbon as an 

adsorbent [93,94].  A well-known side effect of impregnation is that the spontaneous 

ignition temperature (SIT) of the matrix is reduced. The oxidation of the organic 

compounds or impregnates, initiates a temperature rise accelerating the reaction rate or 

self-heating. When the temperature is high enough, the carbon starts to oxidize and 

contributes to further temperature increases. Ignition occurs when sufficient oxygen is 
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adsorbed in the form of oxygen complexes [95]. As a result, fire can sometimes occur 

during bulk shipping or even during its production. Therefore, special packaging is 

necessary to ensure safe shipment, which increases the costs of the products [96].  

Another disadvantage of impregnated carbons is the mechanism of oxidation of 

hydrogen sulfide, which is mainly converted to elemental sulfur [97]. Sulfur deposited on 

the surface blocks the pore structure making regenerating in situ difficult utilizing 

expensive methods such as washing with water [98,99]. The capacity of impregnated 

carbon is actually lower than unmodified for low concentrations of H2S [100–102]. AC 

production requires either physical or chemical activation processes involving high 

temperatures (up to 950 °C), pressures and often caustic chemicals that produce waste 

[103]. Additional modifications to improve AC performance, such as surface 

functionalization with amines and metal oxides, have been used [104,105]. These 

functionalized activated carbons often perform better, however the process of activation is 

time consuming and costly and regeneration may be difficult. Waste ACs made from 

lignite and coals can result in adsorption of moisture leading to oxidation reactions and 

resulting in desorption of pollutants, thus creating a hazardous environment [106]. 

Biochar is a plausible alternative to AC as an adsorbent for toxic gases (CO2, H2S) as it is 

environmentally sustainable, cost-effective (sourced from waste) and more easily 

remediated. Table 2-8 shows the comparison of biochar with other adsorbents, the uptake 

amount is corresponded to temperature range. Despite the much lower surface area, 

Gonzalez et al. [108] showed that biochar by single-step activation with CO2 generated 

from olive stone and almond shell was just more effective than commercial activated 
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carbon at uptake of CO2. The adsorption process highly depends on pressure as well as 

other factors such as temperature and surface area. Ranjani et al. reported the capacity of 

activated carbon ~9 mmol/g at 25 ºC up to a pressure of 300 psi (~15000 mm Hg) [107], 

twice that of biochar.   

Table 2-8: Comparison of biochar with other adsorbents 

Adsorbents 

Surface area 

(m2/g) 

Adsorba

te 

T 

(ºC) 

P (mm 

Hg) 

Uptake 

(mmol/g) Ref. 

Biochar 16.7-1063 

CO2 
0-

50 
900 1.5-4.5 [108] 

H2S 25 760 0.23 [8]  

Zeolite 924.1 

CO2 
25-

250 
500 0.3-0.2 [109] 

H2S 30 30002 2.5 [110] 

Activated 

Carbon 1470 

CO2 
25-

300 
500 2.0-0.2 [109] 

H2S 25 760 0.9 [37] 

Alumina 128.8 

CO2 300 500 0.3 [37] 

H2S 450 760 2.9 [111] 

Solid 

Amine 

1389 CO2 75 760 1.5-0.3 [43] 
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H2S 25 760 0.67 [23] 

MOF 290-3000 

CO2 25 0-3000 0.6-1 [112]  

H2S 
25-

100 
760 2.5-7.8 [47] 

 

2.4. Effect of production condition on biochar properties 

The adsorption efficiency of biochar depends on biochar properties, which are in turn a 

function of pyrolytic temperature, residence time, feedstock, and type of pyrolysis 

process. The temperature of pyrolysis has more influence on biochar properties than other 

production conditions [113,114]. Organic compounds in the biomass showed higher 

carbonization as temperatures increased and produce more ash.  In softwoods, the degree 

of carbonization is greater than hardwood as temperature is increased (Fig. 2-3 and 2-4). 

In addition, the surface area and pore size increases with increasing temperature.  BET 

results show that the surface area of woody biomass depends on temperature as well as 

type of feedstock as indicated in Fig 2-5. Oxygen and hydrogen content decreased with 

increasing pyrolysis temperature generating a hydrophobic biochar surface and effective 

adsorption of nonpolar molecules such as carbon dioxide (Fig. 2-6). The potential of 

utilizing biochar for various applications depends on these properties. As such, by 

changing operating conditions the suitable biochar with specific characteristics can be 

obtained.  
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Figure 2-3: Carbon content of softwood [114–116] vs. hardwood [117–119] as a 

function of pyrolysis temperature in fast pyrolysis process 

 

 

Figure 2-4: Ash content of softwood [114,115] vs. hardwood [116,118,120] as a 

function of pyrolysis temperature in fast pyrolysis process 
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Figure 2-5: Surface area of softwood [114,116] vs. hardwood [116,118,119] as a 

function of pyrolysis temperature in fast pyrolysis process 

 

 

Figure 2-6: Hydrogen content of softwood [114,116] vs. hardwood [117–119]as a 

function of pyrolysis temperature in fast pyrolysis process 
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2.5. Application of biochar for gas treatment 

The most common application of biochar is as a soil amendment to improve soil 

quality and mitigate greenhouse gas emissions [121]. Specific examples of other 

application include using biochar as a catalyst for syngas cleaning [122], conversion of 

syngas to liquid hydrocarbon [123], and sorbent for contaminant reduction in soil, water, 

and gases [124]. There is a limited research published on the applications of biochar as a 

gas adsorbent and/or catalyst.  

A review of studies on the H2S and CO2 adsorption mechanisms using biochar and 

molecular modeling of the adsorption is presented below. 

2.5.1. H2S and CO2 adsorption mechanisms on carbon surfaces 

Several mechanisms have been proposed for the reaction between hydrogen sulfide 

and carbon surfaces; however, it is not yet fully understood. Generally, the mechanism of 

hydrogen sulfide adsorption consists of seven steps as follows [125]; (1) transport of the 

gas from the bulk of a mixture to a solid particle, (2) transport of the reactants in the pores 

of the adsorbent particles to an active site, (3) adsorption of the reactants to the active site 

via Van der Waals forces, (4) reaction of reactants to form an adsorbed product, (5) 

desorption of the product from the active site, (6) transport of the products in the pores of 

the catalytic particle out of the particle, (7) and transport of the products from the particle 

to the bulk of the mixture. 

In 2000, Adib et al. [101] proposed a mechanism for H2S oxidation at low temperature 

(<100 ºC) and humid conditions on to carbon material. This mechanism consists of four 
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steps: (3) H2S adsorption on the carbon surface, (4) dissolution of H2S in water film, (5) 

dissociation of H2S, (6) Surface reaction with oxygen.  

 

P
h

y
si

ca
l 

A
d

so
rp

ti
o

n
 

𝑯𝟐𝑺𝒈𝒂𝒔
𝑲𝑯
→ 𝑯𝟐𝑺𝒂𝒅𝒔 (3) 

𝑯𝟐𝑺𝒂𝒅𝒔
𝑲𝒔
→ 𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒 

(4) 

𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒
𝑲𝒂
→ 𝑯𝑺𝒂𝒅𝒔

− + 𝑯+ (5) 

O
x
id

at
i

o
n

 

𝟐𝑯𝑺𝒂𝒅𝒔
− + 𝑶𝒂𝒅𝒔

∗
𝑲𝑹
→ 𝟐𝑺𝒂𝒅𝒔 +𝑯𝟐𝑶 

(6) 

O*: dissociative adsorbed oxygen 

In 2001, Bagreev et al. [126] examined three types of microporous activated carbon as 

hydrogen sulfide adsorbent as a function of pH. They concluded that moderately low pH 

in the acidic range promotes the oxidation of H2S to sulfur oxide and the water regenerate 

after reaction and the high pH results in H2S oxidation to elemental sulfur. In 2002, Yan 

et al. [127] expanded the mechanism proposed by Adib for alkaline carbons. The physical 

adsorption mechanism was the same however, the oxidation mechanism was expanded 

and determined the formation of sulfuric acid causes a significant decrease in adsorption 

capacity of adsorbent. 

𝑯𝑺𝒂𝒅𝒔
− + 𝑶𝒂𝒅𝒔

∗
𝑲𝑹
→ 𝑺𝒂𝒅𝒔 + 𝑶𝑯

− 
(7a) 

𝑯𝑺𝒂𝒅𝒔
− + 𝟑𝑶𝒂𝒅𝒔

∗
𝑲𝑹
→ 𝑺𝑶𝟐,𝒂𝒅𝒔 +𝑶𝑯

− 
(7b) 

𝑺𝑶𝟐,𝒂𝒅𝒔 + 𝑶𝒂𝒅𝒔
∗ +𝑯𝟐𝑶𝒂𝒅𝒔

𝑲𝑹
→ 𝑯𝟐𝑺𝑶𝟒𝒂𝒅𝒔 (8) 
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𝑯+ + 𝑶𝑯−
𝑲𝑹
→ 𝑯𝟐𝑶 

(9) 

 

Chiang et al. [128] proposed a conceptual reaction for H2S adsorption on activated 

carbon at low temperature. Fig. 2-7 illustrates the steps of adsorption of H2S on activated 

carbon. The H2S is transferred from the bulk phase into the pore of the activated carbon 

(Fig. 2-7b) H2S is adsorbed on activated carbon (Fig. 2-7c) The adsorbed-H2S reacts with 

the surface oxygen functional groups to dehydrate and form thiol structures on the carbon 

surface (Fig. 2-7d) Thiols react with each other to form disulfide bonds (Fig. 2-7e) The 

disulfides further react to form multi-connected sulfur. Finally, a stable crown structure of 

S8 is formed (Fig. 2-7f). 

 

 

Figure 2-7: Reaction of H2S adsorption on activated carbon [128] 

(a) (b) (c) 

(f) (e) (d) 



33 

 

In 2003, Leuch et al. [129] expanded the primary mechanism proposed by Adib et al. 

under dry conditions to quantify activated carbon cloth capacities in the removal of 

hydrogen sulfide present in air. The suggested mechanism is as follows: 

𝑯𝟐𝑺𝒈𝒂𝒔
𝑲𝑯
→ 𝑯𝟐𝑺𝒂𝒅𝒔 (1) 

𝑶𝟐,𝒈𝒂𝒔 ↔ 𝑶𝟐,𝒂𝒅𝒔 
(2) 

𝑯𝟐𝑺𝒂𝒅𝒔
𝑲𝒔
→ 𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒 

(3) 

𝑶𝟐,𝒂𝒅𝒔 ↔ 𝑶𝟐,𝒂𝒅𝒔−𝒍𝒊𝒒 
(4) 

𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒
𝑲𝒂
→ 𝑯𝑺𝒂𝒅𝒔

− + 𝑯+ 
(5) 

𝟐𝑪∗ + 𝑶𝟐 
𝑲𝑹
→  𝟐𝑪(𝑶∗) (6) 

𝑯𝑺𝒂𝒅𝒔
− + 𝑪(𝑶∗)𝒂𝒅𝒔

𝑲𝑹
→ 𝑺𝒂𝒅𝒔 + 𝑶𝑯

− (7a) 

𝑯𝑺𝒂𝒅𝒔
− + 𝟑𝑪(𝑶∗)𝒂𝒅𝒔

𝑲𝑹
→ 𝑺𝑶𝟐,𝒂𝒅𝒔 + 𝑶𝑯

− (7b) 

𝑺𝑶𝟐,𝒂𝒅𝒔 + 𝑪(𝑶
∗)𝒂𝒅𝒔

𝑲𝑹
→ 𝑺𝑶𝟑𝒂𝒅𝒔 (8) 

𝑯+ + 𝑶𝑯−
𝑲𝑹
→ 𝑯𝟐𝑶 (9) 

𝑺𝑶𝟑𝒂𝒅𝒔 +𝑯𝟐𝑶
𝑲𝑹
→ 𝟐𝑯+ + 𝑺𝑶𝟒

𝟐− (10) 

 

where C* is a radical form at the carbon surface. 

Bagreev et al. [130] suggested a mechanism for oxidation of hydrogen sulfide by 

activated carbon and unlike previous mechanisms, hydrogen sulfide does not adsorb on to 
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carbon surfaces. Instead the carbon surface plays an important role in the oxidation of 

H2S: 

(1) 
𝑪𝒇 + 𝟏/𝟐 𝑶𝟐 

𝑲𝑹
→  𝑪(𝑶) 

(2) 𝑪(𝑶) + 𝑯𝟐S 
𝑲𝑹
→ 𝑪𝒇 + 𝑺 +𝑯𝟐𝐎 

(3) 𝑺 + 𝒙𝑺 
𝑲𝑹
→ 𝑺𝒙+𝟏 

(4) 𝑺 + 𝑶𝟐
𝑲𝑹
→  𝑺𝑶𝟐 

where Cf is an active site of carbon  

Shang et al. [8] used three different types of biochar sourced from camphor, bamboo, 

and rice hull as a substitute for activated carbon. Initially it was speculated that the 

reaction between biochar and hydrogen sulfide is the same as the mechanism proposed by 

Yan et al. [127] for activated carbon. However, the work indicated H2S removal by 

biochars likely differs from the impregnated ACs with caustic (NaOH) due to the 

presence of caustics in the ACs. Caustics catalyze most of the bases to hydrogen sulfide 

and cause acidic conditions; therefore, the adsorption capacity of AC decreases 

significantly. However, the pH of environment of biochar system decreases slightly 

during reaction and results higher capacity than AC.   

Xu et al. [131] proposed a mechanism for hydrogen sulfide removal by biochars 

derived from pyrolysis of pig manure and sewage sludge. 

𝑯𝟐𝑺𝒈𝒂𝒔
𝑲𝑯
→ 𝑯𝟐𝑺𝒂𝒅𝒔

𝑲𝒔
→ 𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒 

(1) 
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𝑯𝟐𝑺𝒂𝒅𝒔−𝒍𝒊𝒒 + 𝑶𝑯
−
𝑲𝒂
→ 𝑯𝑺𝒂𝒅𝒔

− + 𝑯𝟐𝑶 
(2) 

𝑯𝑺𝒂𝒅𝒔
− + 𝑶𝟐

𝑲𝑹
→ 𝑺𝟎 

(3) 

𝑯𝑺𝒂𝒅𝒔
− + 𝑶𝟐 + 𝑯𝟐𝑶 

𝑲𝑹
→ 𝑺𝑶𝟒

𝟐−
 

(4) 

 

He [132] and Lehmann [133], using SEM-EDS, determined 𝑺𝑶𝟒
𝟐−

 was formed on the 

surface of the biochars while S0 was present in the pores of biochar. It was postulated the 

excess O2 on the surface oxidized the H2S to 𝑺𝑶𝟒
𝟐−

 but limited O2 in the pores resulted in 

an incomplete oxidation of H2S to S0; however, it needs further study.  

In contrast to H2S, the adsorption of carbon dioxide onto biochar is mainly controlled 

by physiosorption. In this type of adsorption, adsorbate adheres to adsorbent by weak 

interaction like Van der Waals forces. Studies indicate the amount of CO2 adsorbed 

decreased by increasing the temperature [134,135]. Overall, the heat of adsorption is 

between 5-800 kJ/mol and predominantly a function of the pore size distribution [136]. 

Physiosorption is typically 5-40 kJ/mol and the experimental results show that the CO2 

adsorption by activated carbon is primarily via physiosorption [11,137,138]. Since 

biochar is a heterogeneous surface with many different functional groups, predicting a 

suitable mechanism between surface functional groups and acidic gases is complicated. 

2.5.2. Application of adsorption isotherms 

The adsorption capacity (Qe) of the adsorbent is a function of the temperature, 

equilibrium concentration of adsorbate (Ce), and adsorption energy (E). At a constant 

temperature, E is constant and the adsorption capacity varies only with equilibrium 
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concentration of adsorbate. The relationship between Qe and Ce is characterized by the 

adsorption isotherm [139]. The equilibrium adsorption isotherm can provide information 

about the surface properties of adsorbent, the adsorption behaviour, design of adsorption 

systems, and characterize the adsorbate distribution on adsorbent. The most common 

adsorption models are Freundlich and Langmuir isotherms. For homogenous adsorptions 

the most common isotherm is the Langmuir. Assumptions made in developing the 

Langmuir equation (equation 3) include a fixed number of well-defined localized sites 

where molecules can adsorb; all sites are equivalent in terms of energy, monolayer 

adsorption, and no interaction between neighbouring adsorbed molecules [140]. 

(3) Langmuir Equation:  𝑄𝑒 = 
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
 

 

where Qe is the capacity of adsorption (mg/g), Ce is the equilibrium concentration 

(mg/L), Qmax is the calculated maximum adsorption capacity, and KL  is constant. 

 

The Freundlich isotherm associated with a decrease in binding strength with the 

increasing degree of site occupation, which means the sites with stronger binding 

affinities are occupied by adsorbate molecules before weaker sites [141]. In addition, 

Freundlich isotherms are associated with heterogeneous surfaces. 

(4) Freundlich Equation: 𝑄𝑓 = 𝐾𝑓𝐶𝑒
1
𝑛⁄  

Where Kf and 1/n are constants related to adsorption capacity and adsorption intensity, 

respectively. 



37 

 

The Freundlich isotherm is typically a better fit when there is chemisorption compared 

to the Langmuir due to the non-uniform energy of the surface assumed in the Freundlich 

versus the uniform surface in the Langmuir [140]. There are a multitude of other isotherm 

models which have been thoroughly reviewed by Alberti et al. [142]. Other developed 

isotherm models include Toth and Sips. The Toth isotherm is an empirical model that was 

developed to improve traditional Langmuir isotherm modeling.  It is often useful for 

describing heterogeneous systems [11]. The energy distribution of Toth isotherm is 

assumed to be an asymmetric quasi-Gaussian where sites have an adsorption energy 

lower than the maximum [143]. The Toth isotherm is outlined in equation 5. 

(5) Toth Equation:  𝑄𝑒 = 𝑄𝑚
𝐶𝑒

(𝐾𝑇+(𝐶𝑒)𝑛)
1
𝑛⁄
 

where Qe represents the amount adsorbed (mg/g), Qm is the saturation capacity, Ce is 

the equilibrium concentration (mg/L), n represents the system heterogeneity (0<1/n<1) 

and KT is the affinity constant. 

(6) Affinity Constant:  𝐾𝑇 = 𝐾0𝑒𝑥𝑝
𝑄

𝑅𝑇0
(
𝑇0

𝑇
− 1) 

where K0 is the affinity constant at standard temperature T0(K), Q is the heat of 

adsorption, T(K) is the system temperature and R is the universal gas constant. 

The Sips isotherm is a combination of the Langmuir and Freundlich isotherms. At low 

pressure, the Sips reduces to Freundlich isotherm; while at high pressure, it predicts a 

monolayer adsorption capacity characteristic of the Langmuir isotherm. The Sips 

isotherm is given in the following general form [144]: 
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(7) Sips Equation:  𝑄 = 𝑄𝑚
𝐾𝑠(𝐶𝑒)

1
𝑛⁄

1+𝐾𝑠(𝐶𝑒)
1
𝑛⁄
 

where Q represents the adsorbed concentration (mg/g), Qm represents the maximum 

adsorbed concentration, Ks is the affinity constant, Ce is the equilibrium concentration 

(mg/L), and n is a parameter that characterizes the heterogeneity of the system (0<1/n<1). 

All four types of isotherms described above have been used for acidic gas adsorption 

on biochars specifically Toth and Sips. Table 2-9 summarizes isotherms for CO2 and H2S 

removal systems. As Table 2-9 illustrates, different types of isotherms have been used up 

to the present. The Langmuir isotherm is used less than other isotherms, since this 

isotherm assumes monolayer coverage on a homogeneous surface with identical 

adsorption sites. These aforementioned simplifications could not reflect the adsorption 

system behaviour and the experimental data cannot correlate the isotherm appropriately. 

The Sips and Toth isotherms are the modified version of Freundlich and Langmuir and 

consequently more adsorption systems can fit with these isotherms.    

In addition to isotherms and mechanism, the adsorbent capacity must be determined 

through a series of experiments. 
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Table 2-9: Adsorption characteristics of CO2 and H2S removal systems 

Feedstoc

k 

Activatin

g agent 

Pyrolytic 

Temperature 

(ºC) 

Adsorb

ate 

Adsorptio

n 

Temperature 

Adsorpti

on Pressure 

Adsorpt

ion 

Capacity  

Isother

m 
Ref. 

Olive 

stone 

Air at  

400-500 

ºC 
600 2CO 

0, 25, 50 

ºC 
1bar 

1.95,1.5

6,0.4 

mmol/g 

Toth [11]  

Almond 

shell 

Air at  

400-500 

ºC 
900 2CO 

0, 25, 50 

ºC 
1bar 

1.43,1.1

4,0.25 

mmol/g 
Toth [11] 

Olive 

stones  

CO2 and 

ammonia at 

800 ºC 

600 2CO 0, 30 ºC  ~1 bar 
0.77 

mmol/g Sips [144]  

Almond 

shells 

CO2 and 

ammonia at 

800 ºC 

900 2CO 0, 30 ºC ~1 bar 
0.82 

 mmol/g Sips [144] 

Eucalypt

us wood 

H3PO4 and 

Ammonia  at 

400 and 800 

ºC 

450 2CO 30 ºC 1 bar 
3.22 

 mmol/g 

Langm

uir and 

Freundl

ich 

[14] 

Palm 

kernel shell 

CO2at 800 

ºC 700 2CO 30 ºC 4 bar 
7.32  

mmol/g 

Langm

uir 

and 

Freundl

ich 

[12] 
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Palm 

shell  4SO2H 700 S2H 25 ºC 1 bar 
2.24 

mg/g 

Freundl

ich 
[33] 
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2.6. Biochar Adsorption Capacity 

2.6.1. Biochar Adsorption Capacity using Dynamic systems  

In this method, a fixed bed reactor (volumetric sorption) or thermo gravimetric 

analyzer (TGA) (gravimetric sorption) is used to determine capacity. In the fixed bed 

reactor system, biochars are packed in one or more stainless steel or quartz glass columns 

(Fig. 2-8). The bed height of biochar in lab scale systems is set at 140-150 mm. Quartz 

sand or glass balls are packed both on top and on bottom of the biochar to ensure flow 

distribution. The source gas is passed through the fixed bed at a specific flow rate and 

inlet and outlet adsorbate gas concentration measured. When inlet and outlet 

concentrations are equal the experiment is terminated. The adsorption capacity of biochar 

is calculated by integration of the area below the breakthrough curves (ratio of outlet to 

inlet adsorbate gas concentration as a function of time plotted is the breakthrough curve). 

In the TGA method, the samples are dried in situ in airflow, and then allowed to cool 

down to 25 ºC. The adsorbate gas uptake is then evaluated from the mass gained by the 

sample when the feed gas is switched to a pure flow of adsorbate gas [8,131,145–148]. 

2.6.2. Biochar Adsorption Capacity using Static systems 

The difference between dynamic and static system is that the static system provides 

sufficient contact time for accumulation of adsorbate gas in the biochar. Therefore, the 

static tests can determine the maximum adsorption capacity and the corresponding 

underlying sorption mechanism. In contrast, dynamic tests can provide the useful 

information regarding the adsorption kinetic and rate equations. In the static method, a 
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specific amount of biochar is added to an evacuated bottle. The mixture of gas and 

biochar is shaken for 24 h to ensure equilibrium is reached. The residual concentration of 

adsorbate gas in the bottle is measured using gas chromatography. The experiment is 

repeated until the residual concentration of adsorbate gas was equal to the injection 

concentration [131]. Table 2-10 summarizes different process systems studied for 

adsorption of CO2 and H2S by biochar. 

   

Figure 2-8: The fixed bed adsorption dynamic system for H2S (left side) [148] and 

CO2 (right side) [146] capture 

 

Table 2-10: Experimental setup for adsorption  

Adsor

bate 

Biochar 

feedstock 

Adsorp

tion 

System 

Operatin

g conditions 

Factors 

investigate

d 

Res

ults 
Refs. 

C
O

2
 

Olive 

stones (OS) 

Dynami

c (fixed-

bed) 

ID:9.2٭

mm 

 

Tads: 25, 

27 ºC 

Pads:130, 

Water 

vapour 

No 

signific

ant 

reducti

on in 

adso

[145] 
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LB:147٭

mm 

Wchar:2٭

.8g 

 

1.5 bar 

Flow rate 

: 2.7, 2.8, 15 

g/h 

rption 

of CO2 

Cotton 

stalk 

Dynami

c (fixed-

bed) 

ID:15mm 

Wchar:5 

g 

 

Tads: 120 

ºC 

Pads: 

Ambient 

Flow rate 

: 10 mL/min 

CO2-

ammonia 

modificati

on 

 

Surf

ace 

area 

increas

ed 

signific

antly 

 

[146] 

Almond 

shells and 

olive stones 

Dynami

c (TGA) 

ID: 

20mm 

LB:45 cm 

Wchar:3 

g 

 

Tads: 25-

100 ºC 

Pads: 

Atmospheric 

Flow rate 

: 50 cm3/min 

 

 

Activati

on  (Air at 

400–500 

ºC) 

 

Narr

owed 

porosit

y 

[11] 

H
2
S

 

Camphor

, bamboo 

, and rice 

hull 

Dynami

c (fixed-

bed) 

ID:12mm 

LB:150

mm 

LR:30٭

0mm 

 

Tads: 

Room 

temperature 

Pads: 

Ambient 

Flow rate 

: 40 mL/min 

 

Type of 

feedstock 

Rice 

hull 

biochar 

highest 

capacit

y 

[8] 

C. 

camphora 

branches 

Dynami

c (fixed-

bed) 

Tads: 

room 

temperature 

- 

Pyrolysis 

temperatur

e - pH of 

Max

imum 

sorptio

n 

[147] 
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ID:12mm 

LB:150

mm 

LR:300

mm 

Pads: 

ambient 

Flow rate 

: 40 mL/min 

the 

Surface

- Particle 

size 

capacit

y 

occurs 

at 0.3-

0.4 mm 

particle 

size and 

400 ºC 

Sewage 

sludge and 

Pig manure 

waste 

Dynami

c and 

Static ID: 

9mm 

LR:550mm 

Wchar:10 

g, 5.5g 

Tads: 

Room 

temperature 

Pads: 

Ambient 

Flow rate 

: 0.5 L/min 

Moistur

e- Type of 

feedstock 

Pig 

manure 

biochar 

had 

higher 

capacit

y- 

moistur

e 

remove

s H2S   

[131] 

 

*ID: Inner Diameter, LB: Length of Bed, LR: Length of Reactor, Wchar: Weight of 

biochar 

 

Experiments are valuable for establishing the capacities and other key operational 

parameters. However, experiments can be costly and time consuming and therefore 

development of tools/methods to reduce the number of experiments required are 

important. One method is to use molecular modeling to simulate the interaction of the 

surface with the target compound. This type of modeling allows for “testing” the 

suitability of the surface with and without activation for target compounds. This type of 

modeling requires complete characterization of the surface and must be combined with 

experimental data to validate the approach and results. 
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2.7. Molecular modeling simulation of adsorption 

Molecular simulations have been widely used to study the fluid adsorption on porous 

solids. These methods provide a link between the microscopic (molecular) and 

macroscopic level and simulate large systems with numerous molecules in relatively short 

times [149–151]. The very first computer simulation of the system consists of hard 

spheres in gas phase was conducted by Alder and Wainwright in 1960 in order to predict 

the equilibrium behavior of the system by the equation of state [152]. One of the 

limitations of simulation is the lack of realistic structure models. In some simulation 

studies, highly simplified geometric models such as infinite slit or cylindrical pores were 

used to model surfaces; however, these models did not predict the experimental 

adsorption isotherms well [153,154]. Adsorbents can be chemically heterogeneous, 

variable with respect to functional groups, and have finite length pores which play an 

important role in determining the adsorption mechanism and adsorbed phase equilibrium 

properties. The edge heterogeneity effect in a slit pore structure named “randomly etched 

graphite” model (REG) was simulated by Seaton et al. [155]. The REG model was 

selected because the kinetic selectivity between model and experimental data was in good 

agreement.  Several authors have used heterogeneous surfaces in simulations [156,157], 

and the results have shown that changes in surfaces lead to varied adsorption isotherms. 
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2.7.1. Potential Models 

2.7.1.1. Fluid-Fluid interaction 

The interactions between fluid molecules are due to Lennard-Jones and electrostatic 

interactions. The Lennard-Jones (LJ) potential (U) are described as below [158]: 

𝑈(𝑟𝑖𝑗) = {
4𝜀𝑖𝑗 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
)
12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)
6

]

0                               𝑟 > 𝑟𝑐

          𝑟 ≤ 𝑟𝑐                                                         (9) 

 

where 𝜀𝑖𝑗 (kJ/mol) is the wall depth and shows how strongly the two particles attract 

each other, 𝜎𝑖𝑗 is the diameter (nm), and 𝑟𝑖𝑗 is the distance between interacting atoms i 

and j (nm), and 𝑟𝑐 is the cut-off radius.  

CO2 is modeled as a three charged center LJ molecule with εOO/kB = 80.507 K, σOO = 

0.3033 nm, εCC/kB = 28.129 K, σCC = 0.2757 nm [159]. The O-O and C-O distances are 

0.2298 nm and 0.1149 nm respectively. The intermolecular potential UCO2-CO2 is assumed 

to be a sum of the interatomic potentials between the atoms of the interacting molecules, 

plus the electrostatic interactions due to CO2 quadruple moment with point partial charges 

where q1 =q3= -0.3256e and q2 = +0.6512e [160]. 

𝑈𝐶𝑂2−𝐶𝑂2 = ∑ ∑ [𝑢𝑖𝑗 +
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
]3

𝑗=1
3
𝑖=1                                                                          (10) 

 

where ε0 is the permittivity of vacuum. The indices i (j) refer to the sites of the first 

(second) interacting molecules. All cross interaction potential parameters between two 
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sites, are calculated according to the Lorentz-Berthelot rules (𝜎𝑖𝑗 =
𝜎𝑖𝑖+𝜎𝑗𝑗

2
, 𝜀𝑖𝑗 =

(𝜀𝑖𝑖𝜀𝑗𝑗)
1/2). 

The H2S and SO2 molecules are modeled as 3-site rigid molecules where a 3-site LJ 

potential plus a set of partial point charges are distributed at three electrostatic sites. The 

LJ potential parameters of CO2, H2S, and SO2 are summarized in Table 2-11. 

Table 2-11: LJ potential parameters for CO2, H2S, and SO2 

Adsorbate Site 
σ 

(nm) 
ε/kB (K) q(e) 

Angle 

(º) 

Bond 

length 

(nm) 

Ref. 

CO2 

C 
0.275

7 

28.12

9 

+0.651

2 
180 

0.114

9 
[159] 

O 
0.303

3 

80.50

7 

-

0.3256 
  

H2S 
H 0.098 3.9 +0.124 91.5 

0.136

5 [161] 

S 0.372 250.0 - 0.248   

SO2 

S 
0.358

5 
154.4 +0.470 

119.

5 

0.143

21 
[162] 

O 
0.299

3 
62.3 - 0.235   

 

 

2.7.1.2. Solid-Fluid interaction 

The solid-fluid interaction is described by the site-to-site method where the solid-fluid 

interaction is a summation of all LJ and electrostatic interactions of the sites on fluid 

molecule “i” with the sites on solid atom “j”. The interaction between an adsorbate and a 

single pore solid is described as follows [163], 

𝑈𝑓𝑠(𝑧) = 2𝜋𝜌𝑠𝜀𝑓𝑠𝜎𝑓𝑠
2 ∆ {0.4 [

𝜎𝑓𝑠

𝑧
]
10

− [
𝜎𝑓𝑠

𝑧
]
4

− [
𝜎𝑓𝑠
4

3∆(0.61∆+𝑧)3
]}                                   (11) 
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where 𝜌𝑠  is the surface density of carbon atoms in the adsorbent layer, Δ is the 

separation between layers in adsorbent, Z is the normal distance from the site of an 

adsorbate molecule to the nuclei of the carbon atoms in the surface adsorbent layer; 𝜎𝑓𝑠  

and 𝜀𝑓𝑠  are the cross interaction parameters determined by the Lorentz-Berthelot mixture 

rules: 

𝜎𝑓𝑠 =
𝜎𝑓𝑓+𝜎𝑠𝑠

2
                                                                                                                    (12) 

𝜀𝑓𝑠 = (𝜀𝑓𝑓𝜀𝑠𝑠)
1/2                                                                                                             (13) 

𝜎𝑠𝑠 and  𝜀𝑠𝑠 are the LJ parameters for the carbon surface atoms. 

The total external potential (Upore) for a fixed slit pore with width H (distance between 

the nuclei of carbon atoms on the opposite wall) can be given by [164]: 

𝑈𝑃𝑜𝑟𝑒 = 𝑈𝑓𝑠(𝑧) + 𝑈𝑓𝑠(𝐻 − 𝑧)                                                                                        (14) 

 

The total energy of N molecules confined in slit pore is [164]: 

𝑈𝑡𝑜𝑡𝑎𝑙 = ∑ ∑ 𝑈𝑖𝑗(𝑟𝑖𝑗  ) + ∑ ∑ 𝑈𝑝𝑜𝑟𝑒
2
𝑗=1

𝑁
𝑖=1

𝑁
𝑖+1

𝑁−1
𝑖=1                                                            (15) 

If the adsorbent surface has chemical impurities the total energy would be: 

𝑈𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑈𝑖𝑗(𝑟𝑖𝑗  )𝑖,𝑗 + ∑ 𝑈𝑖𝑘(𝑟𝑖𝑘  )𝑖,𝑘                                                                             (16) 

where i and j are adsorbate particles and k is carbon atom or chemical impurity. The LJ 

potential parameters for different carbon surfaces are showed in Table 2-12. 
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Table 2-12: Lennard-Jones parameters used for different carbon surfaces 

Adsorbent Site σ (nm) ε/kB (K) Ref. 

Activated Carbon C 0.34 89.44 [165] 

Graphene C 0.34 28.2 [166] 

Graphite C 0.34 28.0 [167] 

Graphite, H appended 
C 0.34 28.0 

[167] 
H 0.24 12.0 

Graphite, OH 

appended 

C 0.34 28.0 

[167] O 0.31 79.0 

H 0.13 30.0 

Graphite, COOH 

appended 

C 0.34 28.0 

[167] 

C 

(COOH) 
0.34 28.0 

O (=O) 0.31 79.0 

O (-O-H) 0.31 79.0 

Single-Walled 

Carbon 

Nanotubes(SWNT) 

C 0.34 28 [168] 

 

2.7.2. Simulation Methods 

There are two common approaches to performing molecular simulations: stochastic 

and deterministic. In the stochastic approach, or Monte Carlo (MC), the sample 

configurations are generated randomly. In the deterministic approach, or Molecular 

Dynamics (MD), the initial state determines the microstates of the whole system. The 

information obtained from MD simulation methods can be used to fully characterize the 

thermodynamic state of the system, the time evolution, and the actual direction of the 

molecular system [169]. Two simulation packages, VASP and Grande Canonical Monte 

Carlo, are outlined below to explain each simulation method. 
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2.7.2.1. Vienna Ab-initio Simulation Package (VASP)   

The Vienna Ab-initio Simulation Package is used to perform ab-initio quantum-

mechanical molecular dynamics (MD) using pseudo potentials and a plane wave basis set. 

The code uses iterative techniques for the diagonalization of the density-functional theory 

(DFT). A Hamiltonian matrix calculates the total energy and optimizes the structure of 

system which contains thousands of atoms [170]. One of the advantages of ab-initio 

method is they are parameter-free and require no other input than the atomic number 

[171].  The basic calculation for an ab initio is the Kohn-Sham (KS) energy functional 

[172]: 

𝐸𝐾𝑆[𝜌(𝑟)] = 𝑇𝑛𝑖[𝜌(𝑟)] + 𝑉𝑛𝑒[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] + ∆𝑇[𝜌(𝑟)] + ∆𝑉𝑒𝑒[𝜌(𝑟)]                 (17) 

          

𝜌(𝑟) = ∑ 𝑓𝑛|∅𝑛(𝑟)|
2

𝑛                                                                                                      (18) 

where 𝑓𝑛 = 1 is for occupied bands and 𝑓𝑛 = 0 for unoccupied bands, the electronic wave 

functions is ∅𝑛, Tni, Vne, Vee, ΔT, ΔVee refer to the kinetic energy of non-interacting 

electrons, the nuclear-electron interaction, the classical electron-electron repulsion, the 

correction to the kinetic energy deriving from the interacting nature of the electrons, and 

all non-classical corrections to the electron-electron repulsion energy. 

2.7.2.2. Grand Canonical Monte Carlo (GCMC)  

The GCMC method uses a collection of microscopic systems with fixed volume (V), 

temperature (T) and chemical potential (μ) [173]. Each microscopic system (microstate) is 

an identical simulation box containing a prescribed number of pores and a unique 
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configuration of adsorbate particles. During the simulations, the adsorbents are treated as 

a rigid material with atoms frozen. The periodic boundary conditions are imposed in three 

dimensions to mimic the crystal boundaries associated with the structure. Under these 

conditions, there is density and energy fluctuation and the averages of the fluctuating 

quantities are evaluated. The adsorption isotherm is then expressed as the average number 

of adsorbate molecules (or output density) versus chemical potential (N=f(μ)) at a fixed 

temperature [160]. In microscopic systems, for single component simulations, three 

particle actions are possible: attempts to move particles, attempts to delete particles, and 

attempts to create particles. One particle is chosen at random and given a random 

displacement. The new configuration of selected particle is accepted with a probability 

that depends on the energy difference between the new (trial) and the old (current) 

configuration. The maximum amount of probability for displacing particle is 

approximately 50% [174]. 

For a movement attempt:                         

𝑃𝑀𝑂𝑉
𝐴𝐶𝐶 = min[1, exp (−𝛽∆𝐸𝐶)]                                                                                         (19) 

For a creation attempt:                         

𝑃𝐶𝑅
𝐴𝐶𝐶 = min [1,

𝑍𝑖𝑉

𝑁𝑖+1
exp (−𝛽∆𝐸𝐶)] ,  𝑍𝑖 =

exp (𝛽𝜇𝑖)

Ʌ𝑡,𝑖
3 Ʌ𝑟,𝑖

                                                        (20) 

For a deletion attempt:                         

𝑃𝐷𝐸𝐿
𝐴𝐶𝐶 = min [1,

𝑁𝑖

𝑍𝑖𝑉
exp (−𝛽∆𝐸𝐶)]                                                                                   (21)    
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∆𝐸𝐶 is the change in configurational energy resulting from the trial, V is the volume of 

system, Ni is the number of particles of component i in the system, Zi is the absolute 

activity, Ʌ𝑟,𝑖 is the reciprocal of the translation molecular partition function for i, Ʌ𝑡,𝑖 is 

the reciprocal of the translation molecular partition function of i. 

Common simulation methods such as GCMC and Ab-initio used for adsorption of 

acidic gases on different carbon surfaces and concluding results are summarized in Table 

2-13.  
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Table 2-13:  Simulation methods used for adsorption of acidic gases 

Research area Adsorbate Adsorbent 
Simulation 

Method 
Results Ref. 

Adsorption and 

separation of acidic 

gases 

H2S/CH4, 

CO2/CH4  

H2S/CO2  

CH4/CO2/H2S 

Nano porous 

carbon (NPC) 
MC 

Uptake values and heats of 

adsorption for pure gases at low 

pressures in the constricted slit 

models > simple slit 

[175] 

Adsorption of 

acidic gases, 

Comparison between 

Single Walled 

Carbon Nano 

Tube(SWCNT) and 

Graphene/nanotube 

hybrid structures 

(GNHS) 

CO2 and CH4 

binary mixture 
GNHSs MC 

GNHSs show better separation 

than SWCNT 
[176] 

Influence of 

specific functional 

groups on the 

adsorption selectivity 

 

CO2/N2 binary 

mixture 

Graphene 

nanoribbon 

functionalized 

with OH, NH2, 

NO2, CH3 and 

COOH 

MC 

Functionalization increases the 

adsorption of both CO2 and N2 

COOH functionalization gives 

a 28% increase in selectivity 

compared to H 

[177] 

Adsorption of 

acidic gases, 

Selectivity of the 

different adsorbent 

surfaces under a 

 

 

CO2/CH4 mixt

ures 

Mesoporous 

carbons, carbon 

foams, carbon 

nanotubes 

(CNTs), and 

MC 

Foam structures have the 

highest adsorption capacity 

because of its special architecture 

Selectivity enhanced after 

modification, especially at low 

[178] 
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wide range of 

temperature and 

pressure 

nanopore models 

modified with 

hydrophilic 

carboxylic 

groups 

pressures 

Modified CNTs have the 

highest selectivity among the 

systems tested. 

 

Effect of Fe doping on 

adsorption of gases 

 

 

 

CO2/N2 

mixtures 

Single-walled 

carbon nanotube 

(CNT) 

MD 

Combining DFT and van der 

Waals correction is very effective 

for describing the long-range 

interaction between N2/CO2 and 

the carbon nanotube (CNT), 

Doping of  Fe atom onto the CNT 

surface will only affect the 

adsorption energy of CO2 molecule 

[179] 

Elimination of H2S 

Contained in Biogas 
H2S 

Metal-supported 

active carbon 
MD 

The results of energy 

calculations suggest that Cu0 and 

Cu＋ species have the highest 

adsorption affinity with H2S 

among various metal and metal 

ions 

[180] 

Evaluating adsorption 

energies of the gases 

H2O, CH4, 

CO, CO2, O2, 

and H2 

Nano porous 

Graphene 
MD 

Water represents indeed a 

particularly interesting case for 

filtration by Graphene-based 

membranes 

[181] 

Adsorption of acidic CO2, CH4 Defected MD The interaction with a defected [182] 
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gases, Comparing gas 

interactions with 

different surfaces 

Graphene surface Graphene surface with one carbon 

atom missing (vacancy 0001) 

yields stronger CO2-surface 

interactions compared to those of 

perfect Graphene surface  

 

Choosing between Monte Carlo (MC) and Molecular Dynamic (MD) largely depends on the phenomenon under investigation. 

Both simulation methods can provide thermodynamic and structural properties of the systems. However, MC is preferable for 

simulation of low-density systems. There are a large number of rejected moves in MC calculations as random moves are selected 

with probability and these random moves cause barrier crossing. In contrast, in MD simulations the molecular collisions 

transform energy to other molecules and solve the barrier crossing trouble. Some studies compare the specific system with both 

MD and MC computational methods and found that the results of thermodynamic properties and conformer populations are in 

accord; however, MC runs are ~2-2.5 times faster than MD to achieve the same level of convergence [183]. The biochar surface 

and the adsorption of CO2/H2S can be modeled using software (e.g. Gaussian, VASP, and MOPAC). The molecular modeling is 

being used as a tool to determine target adsorbates, interaction between adsorbates, and relative binding energies. It does not 

replace experiments but rather informs the adsorption experiments to save time. Further, one is able to better understand the 

adsorption equilibria and role of functional groups on biochar surface in order to simulate the adsorption process and obtain the 

thermodynamic parameters. 
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2.8. Conclusion 

The authors of this review focused on three types of adsorbent used for purifying 

gases. The production processes of biochar by diverse source of feedstock under different 

reaction condition were surveyed. The results of comparing biochar with activated 

carbon, one of the most prevalent commercial adsorbent, showed that biochar could be 

used as a feasible alternative to AC as it is environmentally friendly and low-cost 

adsorbent. The properties of resultant biochars such as carbon, hydrogen content, and 

surface area were profoundly affected by pyrolytic temperature. The Freundlich isotherm 

is associated with heterogeneous surfaces and typically has a better fit with biochar due to 

the non-uniform energy of the surface assumed in the Freundlich model. The adsorption 

of H2S on plain carbon surfaces were proposed to occur by the same basic mechanism 

(Adib et al.) with minor discrepancy. Biochar is a heterogeneous surface with many 

different functional groups, as such; more study is required in linking surface 

functionality to the adsorption of acidic gases. Two different process systems dynamic 

and static tests were used in the literature to determine adsorption capacities and rates. 

Molecular modeling provides much needed additional information on the properties of 

different carbon surfaces, acidic gases and common simulation methods for adsorption. 

As indicated in this work, further investigations are required to the best compounds to 

target and applications in biochar adsorption. 
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Abstract 

The literature review indicated that the characterizations of biochar were profoundly 

affected by pyrolysis conditions and feedstock. As such, in this study, biochar produced 

from three different woody biomasses softwood (sawdust and bark (Balsam fir)) and 

hardwood (Ash wood), were compared in terms of chemical and physical properties. The 

biochar was produced via fast pyrolysis at 400-500 ºC in a 4 kg/h capacity auger reactor. 

The produced biochars were characterized for elemental composition, surface area, 

morphology, proximate analysis, crystalline structure, and thermal properties. These 

biochars were then compared with a Metal Organic Framework (MOF) with respect to 

properties key for adsorbent applications. All biochars were basic (pH 8.9-10.7), while 

MOFs were acidic. Based on TGA results, biochars are less resistant to heat compared to 

MOFs. The morphology of biochar and MOF-5 differ in pore size, chemistry, and 

structure. Biochar has higher carbon content and more aromatic functional groups than 

MOFs, which could play an important role in the adsorption of acidic gases from 

natural/produced gas. 

Keywords: Biochars, Metal Organic Frameworks (MOFs), Physiochemical 

characterization tests, Gas adsorbents 

Introduction 

Hydrogen sulfide (H2S) and carbon dioxide (CO2) are common contaminants in oil and 

gas production/processing, wastewater treatment plants, fossil fuel combustion, and 

landfill gases, which can all result in corrosion, negative environmental effects, and 
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represent a safety risk [1]. In addition to light hydrocarbons, natural gas can contain 

variable amounts of carbon dioxide, nitrogen, sulfur compounds, water, and small 

amounts of helium (less than 1 vol.%) and mercury (generally 5–300 µgNm−3) [2]. On 

offshore platforms, the treatment of any gas or liquid effluent is challenging due to space 

restrictions on the platform and/or manpower on the platform. In platforms where the 

main product is oil, any produced gas is re-injected, used for utilities, and/or flared, and 

must be treated to an appropriate level for these applications. These challenges are not 

restricted to offshore and any remote location (e.g. landfills, small wastewater treatment 

plants etc.) require smaller scale, less operationally intensive alternatives to gas treatment, 

particularly if the gas is to be used as a fuel. There are a number of processes used to 

remove CO2 and H2S (acid gases) from natural gas, including absorption and adsorption. 

In absorption, the acid gases are removed using solvents such as monoethanolamine 

(MEA) and diethylamine (DEA). Although the selectivity of this form of separation is 

relatively high, it is costly due to high energy needs in solvent regeneration and space 

requirements [3]. An alternative approach to absorption is adsorption, in which the 

contaminants are removed from the gas mixture by porous solid adsorbents. The most 

common adsorbents used in natural or produced gas treatment to remove acid gases are 

metal organic framework adsorbents, commercial adsorbents such as biochars, and silica.  

Biochar produced from thermochemical conversion of biomass has been used for a 

number of different applications, including structural fill for construction and soil 

stabilization [4], soil/water decontamination [5], and as adsorbents in gas effluent 

treatment [6,7].The application depends on the properties of the biochars, which in turn 
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depend on the feedstock type, pyrolysis temperature, and residence time [8]. Biochar can 

be generated through thermal treatment of lignocellulosic biomass, such as coconut, 

almond, hazelnut, palm kernel shells, rice husk and wood [9,10], as well as municipal and 

industrial waste, and activated sludge  [11,12]. Using biochar as an adsorbent in the gas 

treatment process could be a sustainable approach if the biomass source is a waste 

material. 

Metal Organic Frameworks (MOF) are an emerging class of inorganic–organic hybrid 

materials comprised of single metal ions or polynuclear metal cluster corners connected 

by organic ligands that formed one, two or three dimensional structures [13]. MOFs are 

particularly effective for the removal of H2S from natural gas due to the chemical affinity 

of H2S to metal cations on the surface of these sorbents [14]. There are a number of 

studies in MOF applied to carbon dioxide capture [15–17]. MOF exhibit properties 

advantageous for gas purification, such as high selectivity, uniform micropores, high 

surface areas, and thermal and chemical stability [18], however there are high synthesis 

costs, time consuming production, low hydrothermal stability, and high regeneration costs 

[19].  Biochar, as a by-product of an existing process, is less intensive to produce, more 

environmentally friendly, and the surface area properties can be enhanced.  

One of the key aspects in determining adsorbents’ application to gas treatment is to 

characterize the structural properties of the adsorbents. The objective of this study is to 

investigate the physiochemical properties of biochars sourced from different woody 

biomasses and compare them with metal based adsorbent (Metal Organic Frameworks 
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(MOF)), one of the adsorbents in gas industries, to determine the potency of acid gas 

removal form natural or produced gas.   

3.1. Experimental Methodology 

3.1.1. Feedstock 

Biochar was sourced from feedstock that would otherwise be stockpiled and the action 

of microorganism convert it to landfill gases (mainly consist of CH4 and CO2). Three 

types of feedstocks including softwood sawdust and bark (Balsam fir) and hardwood 

sawdust (Ash wood) were obtained from Sexton Lumber sawmill (Bloom- field, 

Newfoundland, and Labrador) and ABRI-tech, Quebec. The feedstocks were dried for 2 

days at ambient temperature to decrease the moisture to ∼12%. The samples were 

ground through a cutter mill to produce an average particle size of less than 2 mm. After 

grinding, biomasses were dried in the oven at 70 ºC overnight to about 2% moisture 

content prior to fast pyrolysis.  

3.1.2. Biochar Production 

The feedstocks were pyrolyzed at different pyrolysis temperatures in an auger reactor 

(Fig. 3-1).  
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Figure 3-1: Process flow diagram (PFD) of pyrolysis system 

Biooil, char, and gas are the pyrolysis products, with biooil as the main product, which 

has a highest yield at 450 ºC. In this study, we focused on producing biochar by fast 

pyrolysis method because the primary objective was producing biooil, and then the 

biochar market was developed in order to maximize the sustainability of the process. This 

process includes a feeder consisting of two augers (100 and 101), an auger reactor (201) 

for converting biomass to products, an incline reactor for feeding the heat carrier steel 

shot (202), a cyclone for char separation (303), followed by two condensers (401 and 

402) and an electrostatic precipitator (403) for biooil collection.  The biochar is collected 

(305) at the back of the system. Two vacuum fans are used (304 and 404) to recover char 

and gas respectively. The biochar from sawdust, hardwood, and bark are called SW 

biochar, HW biochar, and BK biochar followed by produced temperature hereafter. The 

changes in feedstock after pyrolysis can be observed by product appearance in Fig. 3-2. 
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The final form of all biochars looks the same because the auger reactor act as grinder and 

crush all feedstocks. 

 

Figure 3-2: The appearance of feedstocks and biochars 

3.2. Analytical Methods 

The pH of the biochars was measured with a ratio of 1:5 (wt/wt), 1 g of produced char 

and 5 g of distilled water weighed into a 20 mL glass scintillation vial and shaken for 30 

minutes using a solution mixer (Thermo Scientific Vortex Maxi Mix II). The solution was 

then measured using a pH meter (SympHony B10P), which was calibrated using an 

alkaline buffer. The elemental analysis of the biochar was performed using a CHN/O 

Analyzer (Perkin Elmer Series II 2400) and the oxygen content was determined by the 

difference of total elements and wt.% of C, H, and N. 

The ash content of the biochar was determined as follows: 2 g of char was placed into 

a porcelain crucible. The crucible was transferred to a muffle furnace set at 600 ºC and 



79 

 

left overnight. The mass remaining was ash, and percentage ash was calculated as (wt. 

ash/wt. char) * 100.  

The surface morphology of biochar was studied using a Scanning Electron Microscope 

or SEM (FEI 650F). In the SEM analysis, samples were mounted on carbon adhesive tabs 

of 12 mm diameter, which were put on aluminum stubs using carbon tape to avoid the 

formation of electric charge on the surface during scanning. Images were taken at low 

vacuum, with a pressure of 0.7 torr. 

The average pore size, pore volume, and surface area of biochar were measured by N2 

adsorption at 77K (Micrometrics Tristar II Plus), and the BET (Brunauer–Emmett–Teller) 

equation was used to calculate the surface area of the biochar. The bulk densities of the 

biochars were computed based on the weight of biochar compacted into the mold over the 

volume of the mold by using the Wilson (1970) [20] test method. 

The thermogravimetric Analysis (TA Instruments model Q500) method was used to 

measure percent moisture, volatiles, ash, and fixed carbon of the biochar produced. For 

the Thermogravimetric Analysis (TGA) experiment, 5-10 mg sample of biochar was 

prepared and heated from room temperature to 750 ⁰C, under a steady 50 mL/min flow of 

nitrogen. At 750 ⁰C, the gas was switched to air at 50 mL/min and held isothermally for 

15 minutes in order to fully oxidize the sample. 

Infrared spectra were obtained by using a FTIR (Bruker Alpha FTIR spectrometer) 

with a range of 400 to 4000 cm-1, a resolution of 4 cm-1, and a total of 24 scans for both 

background and sample measurement. X-Ray Diffraction (XRD) analysis (Rigaku 
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Ultima-IV at 40 kV and 44 mA using Cu-Kα energy source) were also performed to 

measure XRD patterns within an angular range of 5–100º (2θ). 

Fig. 3-3 summarizes the characterization tests used in this work. In order to compare 

biochars with metal organic frameworks, the physiochemical properties of MOFs 

including SEM, BET, TGA, FTIR and XRD were obtained from the literature. 

 

Figure 3-3: Flowchart of applied characterization tests on biochars 
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3.3. Results and discussion 

3.3.1. Characterization 

3.3.1.1. Chemical properties 

The elemental composition and pH of the biochars are presented in Table 3-1 and 3-2, 

respectively. All biochars were basic (8.9-10.7), whereas MOFs are mostly acidic due to 

the synthesis process [21].  Surfaces with higher pH could be more favourable to adsorb 

acidic gases [22], however other factors impact the adsorption process. C, H, N 

elementals for all of the three feedstock were in a similar range, as carbon content was 

from 48% to 49.6%. The H and N contents ranged between 5.7% to 6% and 0.01 to 0.3 

%, respectively. The C content of bark as feedstock was the highest between all 

feedstock, which is consistent with the TGA results. Hardwood (feedstock) showed the 

highest H and N content and sawdust contained the most O content amongst feedstock. 

As seen in Table 1, the biochar samples have higher carbon contents and less hydrogen 

and oxygen contents compared to raw feedstock.  The atomic H:C and O:C ratios of 

biochars decreased with an increase in pyrolysis temperature, which may be due to 

dehydration, decarboxylation, and decarbonylation [23]. These structural alterations 

induce more carbonization process [24].  Biochars with lower H:C ratios produced under 

higher thermal transformation results in greater loss of H and N relative to C [25]. Based 

on the H:C results, it is evident that highest carbonization with the lowest H:C ratio 

occurred in sawdust at 500 °C biochar. The (O+N):C ratios (polarity index) were 

decreased by increasing pyrolysis temperature [26]. More polar surfaces have the 

potential to adsorb polar molecules such as hydrogen sulfide more readily [27]. 
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Table 3-1: Elemental analysis of feedstock and biochar samples (wt%, dry basis) 

 Samples C H N O H:C O:C (O+N):C 
F

ee
d

st
o
ck

 

Sawdust 47.70 5.68 0.01 46.62 0.12 0.98 0.98 

Hardwood 48.70 6.05 0.35 44.90 0.12 0.92 0.93 

Bark 49.63 6.00 0.19 44.18 0.12 0.89 0.89 

B
io

ch
a
r 

SW450-

labscale 
79.40 3.40 0.05 12.90 0.04 0.16 0.16 

SW400 70.90 3.10 0.07 25.93 0.04 0.37 0.37 

SW450 74.79 3.51 0.24 21.46 0.05 0.29 0.29 

SW500 76.37 2.36 0.15 19.12 0.03 0.25 0.25 

HW400 72.53 3.12 0.15 24.21 0.04 0.33 0.34 

HW450 73.25 3.64 0.16 22.95 0.05 0.31 0.315 

HW500 74.84 2.34 0.22 22.60 0.03 0.30 0.30 

BK450 67.67 3.11 0.42 28.61 0.05 0.42 0.43 

Mix BK-

SW450 
69.88 2.45 0.20 27.46 0.04 0.39 0.40 

AC 

(Norit) 
81.34 2.10 0.28 16.28 0.02 

0.2

0 
0.20 

 

3.3.1.2. Physical properties 

The bulk densities of all dry biochars were less than 1 g/cm-3 (Table 3-2), which is 

consistent with the results proposed by Byrne and Nagle [28]. The observed low density 

of biochars may be due to high internal porosity [25].   
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Thermo Gravimetric Analysis (TGA) was carried out to determine the structure [24] 

and thermal stability of the feedstock and biochar samples. The feedstock and biochar 

TGA curves are shown in Fig. 3-4. The biochar source (woody biomass) is made up of 

four main components: water, cellulose, hemicellulose, and lignin. The ratio of these 

components is a function of the wood type and is reflected in the produced char. The first 

stage of mass loss (~7%) was due to moisture evaporation up to 135 °C in all three 

feedstocks. The decomposition of hemicellulose occurs much quicker than cellulose or 

lignin at a relatively low temperature range (200 °C to 300 °C) [29]. Hemicellulose is a 

mixture of various polymerized monosaccharaides (xylose, glucose, arabinose, mannose 

etc.) with a lower degree of polymerizing. Due to its amorphous structure and large 

number of branches, the thermal stability is lower than that of cellulose [30]. The 

temperature range for hemicellulose degradation in the feedstock partially overlaps the 

cellulose degradation (300 °C-400 °C) as seen in our study [31]. The decomposition of 

lignin occurs in a broader range of temperature between 300 °C and 700 °C due to a three 

dimensional heterogeneous aromatic structure and subsequently higher thermal stability 

[29]. In all three cases, bark feedstock exhibited higher lignin content than sawdust and 

hardwood. The compositions of the three biomasses are summarized in Table 3-3.  

In the biochar samples, the first weight loss on the TGA curve is related to moisture 

loss (up to 150 ºC) and medium volatiles, the second and third is attributed to fixed 

carbon and ash, respectively. The type of feedstock used to obtain biochars influenced the 

moisture and the volatile-matter content [32]. Fig. 3-4 shows there is a significant change 

in the thermal degradation profiles as pyrolysis temperature increased. The TGA curves 
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of biochar show the fixed Carbon content increased with pyrolysis temperature due to 

increasing concentrations of volatile matter being released. Biochar produced from 

sawdust at 500 °C exhibited the highest fixed carbon content in comparison to the other 

biochar samples. The ash concentration of the biochar was impacted mainly by feedstock 

type [33]. Comparing these findings with related literature also revealed the ash content 

was increased by increasing the pyrolysis temperature [34]. The increase in ash content is 

the result of a progressive concentration of minerals and destructive volatilization of 

lignocellulosic matters as temperature increased [34,35].  The weight loss curve of bark 

char differs from sawdust and hardwood char because the lignin content (and resulting 

pyrolysis products) in bark is higher than sawdust and hardwood [36]. The decomposition 

initiates at 300-400 ºC for biochar and 400-500 ºC for MOF-5 [21]. Therefore, MOF-5 is 

more resistant to thermal degradation compared to biochars. Table 3-3 exemplifies the 

proximate analysis results of the three samples. Fixed carbon ranged from 62–65%, 

volatile matter from 26–34%, and ash contents from 3–7.55%, depending on the biochar 

type. The ash percentage analyzed by TGA (Table 3-3) is different from the ash 

percentage found with a muffle furnace (Table 3-2). In general, the muffle furnace is a 

more precise method to determine ash content. 

Table 3-2: Physiochemical characteristics of obtained biochars 

 SW biochar HW biochar BK biochar 

pH 9.982 10.740 8.977 

Ash (wt.%, dry basis) 10.960 8.247 9.734 

Bulk Density (g cm-3) 0.323 0.342 0.356 
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Figure 3-4: TGA curves of biomasses and biochars 

Table 3-3: Proximate analysis of the feedstocks and samples 

Compositions 

(wt%) 

Sawdu

st 

Hardwo

od 
Bark SW45

0 biochar 

HW45

0 

biocha

r 

BK45

0 biochar 

Volatile 

matter 
89.87 82.44 75.97 32.74 34.61 26.97 

Fixed carbon 7.81 12.5 18.73 62.94 62.32 65.48 

Ash 2.32 5.06 5.3 4.32 3.07 7.55 

 

3.3.1.3. Morphological properties 

SEM images (Fig. 3-5) illustrate the amorphous and heterogeneous structure of the 

biochars. A comparison between SEM micrographs of all chars and MOF-5 highlight the 

difference between the heterogeneous unstructured biochars and the developed structure 
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of the MOFs (Fig. 3-5). Among the biochars sourced from different feedstock, hardwood 

char has a distinctive honey comb structure and is more porous than the other two biochar 

samples, with the pore diameters in the range of µm to nm. By increasing the pyrolysis 

temperature (SW and HW 400-500 °C), low molecular-weight volatiles released more 

from the matrix structure, resulting in the development of rudimentary pores in the 

biochar [37]. The BET surface area experiments were duplicated and the average was 

reported in the Table 3-4. The BET results (Table 3-4) indicate the specific surface areas 

for softwood and hardwood at 450 °C were 2.8m2/g and 15.3m2/g, respectively. From the 

above results, it can be seen that the BET surface area of biochar from hardwood was five 

times higher than of softwood.  At this temperature, the BET surface area for bark char 

was calculated to be 8.69 m2/g. This difference could be attributed to the compositional 

compounds such as lignin, cellulose, and hemicellulose in the original feedstock [38].  

The average pore size of hardwood char is lower than the other biochar samples at 450 

°C. This may be advantageous in gas adsorption as studies have concluded that small and 

narrow pores absorb fluids faster than larger ones due to driving pressure [39,40]. Table 

3-4 demonstrates that an increase in pyrolysis temperature considerably promotes 

porosity development, since both surface area and pore volume were higher for materials 

prepared at higher pyrolysis temperatures. This is because with the increase in charring 

temperature, the size of volatile molecules evolved micropores in biochar leading to an 

increase in BET surface area [41]. The surface area drastically rose for the char produced 

from mixing two different feedstocks (bark and sawdust) at 450 °C. Overall, the highest 

BET surface area seen among biochars produced from woody biomass was for sawdust 

pyrolyzed at 500°C, 95.6 m2/g due to releasing more volatile matters at high temperature. 



87 

 

The BET surface area of MOFs is reported as 290-3000 m2/g [19,39] in the literatures, 

depending on the materials and methods of synthesis. 
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Figure 3-5: SEM micrographs: first row: hardwood biochar produced at 450 ºC-

16000x (left) and 2000x (right); second row: bark biochar produced at 450 ºC-14000x 

(left) and 7000x (right); third row: sawdust biochar produced at 450 ºC-15000x (left) and 
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2000x (right); fourth row: sawdust biochar produced at 400 ºC-10000x (left) and 1000x 

(right); fifth row: sawdust biochar produced at 500 ºC-8000x (left) and 1000x (right); 

sixth row: mix of sawdust and bark biochar produced at 450 ºC-8000x (left) and 1000x 

(right); seventh row: MOF-5 1000x (left) MOF-5 550x (right) [27]  

  

Table 3-4: Morphological properties of biochar samples and activated carbon 

Samples 
SA 

(BET)(m2/g) 

Avg. Pore size 

(nm) 

Micropore 

volume (cm3/g) 

SW450-labscale 2.47 6.62 N/A 

SW450 2.76 7.23 N/A 

SW400 7.15 7.18 N/A 

HW400 7.35 7.08 0.0004 

BK450 8.68 9.09 0.0007 

HW450 15.30 6.80 0.0039 

Mix BK-SW450 30.52 6.99 0.009 

HW500 50.91 5.79 0.0171 

SW500 95.58 4.36 0.0328 

AC (Norit) 1166.49 3.63 0.3246 

 

In the FTIR spectra of all biomasses (Fig. 3-6), there is a broad band at 3400-3200 cm-

1 indicating O-H stretching which may be attributed to the presence of moisture, phenol 

or hydroxyl groups. The disappearance of the O-H group in the char samples could be due 

to the moisture evaporation during pyrolysis process [42].  Previous studies [43,44] 

indicated hemicellulose begins to decompose at 160 °C; however, some parts of cellulose 

and lignin will be remaining in the biochar structure after the pyrolysis process [45].  The 

peaks in the range of 700 to 1800 cm-1 and 2800 to 3500 cm-1 suggest the presence of 

lignin and cellulose, respectively. The absorption peak at 900-700 and 1600-1500 cm-1 
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found in the lignin spectra of all char and biomass, correspond to aromatic C-H stretch, 

and C=C in the aromatic ring, respectively [46]. The bands attributed to aliphatic and 

aromatic CHn decreased in sawdust char samples as the temperature increased, possibly 

due to the breaking of the weak bonds between the C and H of the groups [47]. All of the 

biomass samples showed a strong and broad peak around 1000 cm-1, which could 

correspond to aliphatic C-O-C stretching [48]. These peaks were much weaker in char 

samples because of decomposition of cellulose and hemicellulose during conversion 

process [49]. The peak at 1700-1600 cm-1 was related to C=O stretching attributed to the 

carbonyl group [50] while the small peak in the 3000-2700 cm-1 region illustrates the 

aliphatic C-H stretch vibration and/or C-C chains in the biochar spectrum [51]. However, 

in all types of biomasses, the C-H stretching was more noticeable, suggesting the 

thermochemical conversion may destroy some of the C-H groups in biochar samples [48]. 

The phenol functional group peaks (O-H) were observed (3300-3900 cm-1) as well, with 

lost intensity by increasing temperature in char samples [52]. The FTIR spectra of 

biochars and MOF-5 [21] are almost identical, however, the C=O functional group peaks 

in biochars intensify more than MOF-5.  This outcome is consistent with 

thermogravimetric analysis results in that the carbon content (aromaticity) of biochar 

samples is higher than MOFs. 
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Figure 3-6: FTIR spectra of feedstocks (a) and biochar samples (b) 

XRD analysis indicates the crystalline salts, inorganic phase (minerals) [52] of 

biochars and MOF-5 (Fig. 3-7). Two narrow, sharp peaks in MOF-5 around 12º and 17º 
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were attributed to zinc hydroxide (Zn(OH)2) [21]. In biochar samples, the peaks are 

almost the same. The profiles at 16º and 20º were assigned to the cellulose crystalline 

region of wood. These results are in agreement with previous studies [53,54]. Peaks at 

27º, 30º, 32º, 36º, and 43º confirmed the formation of Quartz (SiO2), Calcite (CaCO3), 

Dolomite (CaMg(CO3)2), Magnetite (Fe3O4), and C70(Carbon) during pyrolysis, 

respectively (Table 3-5). The type and amount of inorganic crystalline phase depend on 

the biomass and produced temperature [49]. 

 

Figure 3-7: X-ray diffraction profiles of MOF-5[27] and biochars; Q: Quartz 

(SiO2), Ca: Calcite (CaCO3), Dolomite (CaMg(CO3)2), Magnetite (Fe3O4), 

C70 (Carbon), Zn: (Zn(OH)2) 

 

Table 3-5: XRD results for biochars and MOF-5 

 Mineral list Formula 
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Quartz SiO2 

Calcite CaCO3 

Dolomite CaMg(CO3)2 

Magnetite Fe3O4 

Carbon C70 

M
O

F
-5

 

Zinc Hydroxide Zn(OH)2 

3.4. Conclusion 

In this study, physical and chemical properties of three different types of wood-derived 

biochars were characterized, and results were compared with those of MOFs reported in 

the literature. The experimental results of pH tests showed that the biochar samples were 

basic which may indicate possible better acidic gas adsorption. The elemental analysis 

showed polarity of bark biochar (BK biochar) possibly favourable for polar gas 

adsorption. Based on FTIR and TGA results, biochar has higher carbon content and more 

aromatic functional groups in compare with MOFs.  The thermal stability and surface 

area of MOFs are higher than the biochars. The SEM and XRD results showed the 

differences in the morphology, pore size, mineral content, and structure of biochar and 

MOF-5.  The MOFs had uniform micropore structure while biochars had honey comb 

structure with variable pore diameters. Although all the biochar samples almost had the 
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same physiochemical properties, sawdust biochar 500 °C had the highest surface area, 

which can be chosen as the best biochar for adsorption. 

Overall, the results comparing biochar with MOFs showed that MOFs have high 

surface area, uniform porosity and high thermal stability. It is difficult to predict if the 

heterogeneous nature of the surface morphology and chemical content of the biochars will 

be beneficial or a limitation to use as an adsorbent. Typically, this is determined through 

experiments. However, with this characterization data it is possible to use molecular 

modeling as a tool for the “best” application and/or treatment of the biochar to enhance 

adsorbency. These characteristics make MOFs attractive for high selectivity adsorption 

applications. However, the analysis of biochars showed they have good adsorption 

properties and may be more desirable, due to cost and environmental sustainability, when 

applied to bulk gas removal applications. In these applications, such as gas injection on 

offshore platforms, the gas quality standards are far less stringent than domestic utility or 

pipeline specifications. There are still some important challenges to consider for practical 

application of biochars for removing acid gases from produced and natural gas such as 

capacities, effect of impurities (e.g. water) and regeneration. As such, further research is 

required to identify all potentials of this promising adsorbent.  
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4. CHAPTER FOUR 

 

 

Application of biochar for acid gas removal:  

Experimental and statistical analysis using CO2 
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Abstract 

Acid gases such as carbon dioxide and hydrogen sulphide are common contaminants 

in oil and gas operations, landfill gases, and exhaust stacks from power plants. While 

there are a processes currently used to treat these effluents (e.g. amine absorption and 

adsorption using zeolite), many of these processes require high energy, space and 

hazardous chemicals. Removal using biochar derived from the fast pyrolysis of forestry 

residues represents a more sustainable option. In addition to the biochar properties 

determined through various characterization tests in chapter three, the significant 

adsorption parameters have an impact on the adsorption capacity of the biochar and must 

be optimized. In this chapter, adsorption using CO2 as a surrogate for acid gases was 

investigated using various biochars produced from fast pyrolysis of sawmill residues. 

Response surface methodology was used to determine operating conditions for maximum 

adsorption and assess interaction of the adsorption parameters, i.e., temperature, inlet feed 

flow rate, and CO2 concentration, on biochar adsorption capacity. The Freundlich 

isotherm best represented the equilibrium adsorption and the kinetic model was pseudo 
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first-order. Thermodynamic analysis indicated the adsorption process was spontaneous 

and exothermic. The biochar had better adsorption capacity relative to commercial 

zeolite. Our results suggested that biochar could be used as a sustainable and cost-

effective option for contaminant removal from acid gases produced in landfill gas 

treatment, fossil fuel extraction and/or combustion.  

Keywords: Acid gases; carbon dioxide; adsorption; biochar; RSM  

Introduction 

Acid gases (CO2 and H2S) are present in landfill gases (due to anaerobic digestion of 

organic matter), fossil fuel extraction, production and combustion gases, and exhaust 

from power plants among other gas streams. H2S is a toxic, corrosive gas and produces 

SO2 on combustion, resulting in acid rain. The control of carbon dioxide (CO2) is critical 

not only from a global warming and climate change perspective, but also from issues 

related to corrosion. Absorption has practical limitations in the removal of carbon dioxide 

and other acidic gases (e.g. H2S) in operations such as offshore oil and gas platforms or 

remote regions (e.g. landfills). The most common method for acid gas removal (CO2 and 

H2S) from flue/produced/natural gas is gas-liquid amine-based absorption columns. In 

remote operations such as offshore oil and gas platforms, these processes have practical 

challenges including equipment space footprint (e.g. column plus regenerator), chemical 

storage, motion issues, and solvent regeneration energy requirements (Shafeeyan et al. 

2010). An alternative approach to absorption processes is adsorption using porous solids. 

A review of common adsorbents used in natural/produced gas treatment were previously 
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reported (Bamdad et al. 2016). Among adsorbents, biochar is a low-cost sustainable 

option with excellent adsorbent properties that can be enhanced by further activation 

and/or surface functionalization (Wang et al. 2011). Biochar surface properties are a 

function of production conditions and feedstock, which in turn determines the capacity to 

adsorb various contaminants from aqueous or gaseous phases (Rajapaksha et al. 2014). In 

fast pyrolysis, the main product is bio-oil, as such biochar is a by-product. However, the 

biochar from fast pyrolysis contains functional groups which make it ideal for acid gas 

capture. 

There have been several studies on biochar production (Guerrero et al. 2005; Kim et 

al. 2012, 2013), characterization (Spokas et al. 2011; Abnisa et al. 2013), and application 

as a gas adsorbent (Heidari et al. 2014; Plaza et al. 2014a).  To the best of our knowledge, 

there is only limited research focused on statistical optimization of carbon-based 

adsorbents, specifically biochar, related to acid gas/CO2 sorption. Pevida et al. (García et 

al. 2011) optimized commercial activated carbon (Norit R2030) using response surface 

methodology (RSM) to evaluate the combined effect of the CO2 partial pressure and 

temperature (independent variables) on CO2 capture capacity and breakthrough time 

(response variables). They found no interaction effect between the two independent 

variables on the responses and maximum adsorption was obtained at 25 ºC and a CO2 

partial pressure of 3 bar. There are limited data on the adsorption isotherm and kinetic 

models associated with this process. These are critical first steps in determining feasibility 

of process and designing larger scale systems.  
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In this work, the biochar capacity (from wood residues) for CO2 removal is determined 

using “fast” pyrolysis biochars. CO2 has been suggested to test the biochar as an effective 

indicator of adsorbent performance for other gases such as H2S and measuring CO2 

capacity is less hazardous. The pyrolysis conditions were at temperatures from 400–

500 ºC, with vapour residence times in 10 seconds. Biochar was sourced from sawmill 

residues (softwood (balsam fir) and hardwood (ash wood)) and produced at lab (semi-

batch) and pilot (auger reactor) scale for comparison. Details of these systems are 

described elsewhere (Papari et al. 2015, 2017). The impact of three significant variables, 

i.e., adsorption temperature, total inlet flow rate, and % (v/v) CO2, and combined 

interactions on the adsorption capacity were investigated. After determining the 

adsorption operating conditions where maximum adsorption occurred, sample screening 

among chars was performed to select the adsorbent with the highest capacity and 

compared with commercial adsorbent. The thermodynamic parameters, isotherm, and 

adsorption kinetics were obtained.  

4.1. Materials and Methods 

4.1.1. Materials 

To validate our experimental apparatus a commercial chemically activated wood-based 

carbon supplied by Sigma Aldrich (Norit CA1) was tested. Once the system was 

validated, two sets of experiments were performed: one studying the impact of adsorption 

process parameters on capacity of a selected biochar (softwood bark feedstock pyrolyzed 

at 450 ºC), and a second comparing biochars produced from different feedstocks and 
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pyrolysis temperatures. The other biochars were also randomly tested with respect to the 

impact of adsorption parameters to confirm the RSM results. The experiments and 

feedstock are summarized in Table 4-1.  

Table 4-1: List of samples and production conditions  

Sample 
Feedst

ock 

Type 

of 

pyrolysi

s 

Scale 

Oper

ating 

tempera

ture 

(°C) 

Applicatio

n 

Abbrevi

ated names 

Activate

d Carbon 

(Norit CA1) 

Wood N/A N/A N/A 
Validation, 

Optimization 
AC 

Biochar 
Softw

ood Bark  
Fast Pilot 450 

Maximum 

adsorption,  

Compariso

n 

F-P-

BK450 

Biochar 

Softw

ood 

Sawdust  

Fast Lab 450 
Compariso

n 

F-L-

SW450 

Biochar 

Softw

ood 

Sawdust  

Fast Pilot 
400, 

450, 500 

Compariso

n 

F-P-

SW400,  

F-P-

SW450, 

F-P-

SW500 

Biochar 
Hardw

ood 
Fast Pilot 

400, 

450, 500 

Compariso

n 

F-P-

HW400,  

F-P-

HW450,  

F-P-

HW500 

Biochar 

Softw

ood Bark 

and 

Sawdust  

Fast Pilot 450 
Compariso

n 

F-P-Mix 

BK-SW450 
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Adsorbents were dried in the oven at 60 ºC overnight before each experiment. A 

detailed description of production process and physiochemical properties of fast pyrolysis 

biochar have been reported elsewhere (Bamdad and Hawboldt 2016).  

4.1.2. Characterizations 

Textural properties of all samples were measured by N2 adsorption isotherms obtained 

at 77 K with a Micrometrics Tristar II Plus, USA. The average pore size and micropore 

volume were measured by the pore size distribution techniques, BJH (Barrett-Joyner-

Halenda), and t-plot method, respectively. The BET (Brunauer–Emmett–Teller) equation 

was used to calculate the surface area of the biochar. Prior to the gas adsorption 

measurement, the samples were degassed at 200 ºC, overnight. Elemental analysis of the 

biochar was performed using a CHN elemental analyzer (Perkin Elmer Series II 2400). 

4.2. Adsorption-desorption experiments  

Three parameters (pressure, mass, and gas flow) can be measured to determine 

equilibrium gas adsorption capacity (Rouquerol et al. 2013). The experimental procedures 

generally classified into static (using mass and pressure) and dynamic (using gas flow) 

systems. In static or batch experiments, the closed system is loaded with adsorbent and 

followed by loading with the adsorbate and the pressure monitored. Once the system 

pressure equilibrates, equilibrium adsorption capacity is calculated. The static set up 

allows for accurate equilibrium measurements. However, the process is time consuming, 

is not representative of fixed bed flow systems, and the accuracy decreases dramatically 

at low adsorbate partial pressure (Schaefer 1991).  In dynamic experiments, the adsorbate 
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gas continuously flows through a column packed with adsorbent. The true equilibrium is 

potentially difficult to reach in this method, due to mass and heat transfer resistances 

(Valenciano et al. 2015, Schaefer 1991).  However, this method is reliable for equilibrium 

predications where the bed is isothermal and there is negligible pressure drop across the 

bed (Wu et al. 2007).  In our design system, the temperature was held constant and no 

measurable pressure drop was observed (see supplementary-Table S2).  

A single-bed adsorption-desorption unit (Length: 300 mm, i.d.: 15 mm) was 

constructed from borosilicate glass for conducting the dynamic adsorption-desorption 

experiments. Figure 4-1 shows the process flow of the adsorption-desorption setup.  

 

 
 

 Figure 4-1: Schematic of lab-scale adsorption system 

 

Adsorbents were dried in the oven at 60 ºC overnight before each experiment. Prior to 

the analysis, the samples were degassed at 150 °C by purging N2 flow through the 
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adsorption column for 1 hour and then cooled to room/desired temperature.  The drying 

and degassing steps are sufficient to remove water and subsequent impact on the 

adsorption.  A mixture of CO2/N2 was used as an inlet gas stream for the adsorption 

process. The adsorption bed temperature was controlled with a tube furnace connected to 

the temperature controller (OMEGA®). The temperature probe was located directly above 

the adsorbent bed. The composition of the outlet gas stream was continuously monitored 

as a function of time with a gas analyzer (OXYBABY® M+). Each experiment was 

terminated when CO2 broke through the bed, i.e., bed saturation time was reached. The 

adsorption capacity of biochar was calculated through the integration of the area below 

the breakthrough curves (Wang et al. 2014) (Equation 1), which is determined by the ratio 

of outlet to inlet adsorbate gas concentration as a function of time. 

𝑄 =
𝐹 ∫ (𝐶0−𝐶)𝑑𝑡

𝑡

0

𝑚
                                                                                              (1) 

where Q is adsorption capacity (mmol g-1), F is the inlet CO2 flow rate (mL min-1), C0 is 

inlet CO2 concentration (mmol L-1), C is outlet CO2 concentration (mmol L-1), and m is 

adsorbent mass (g). To verify our dynamic system, data from the flow system compared 

to data from a static system at the same temperature, pressure, and CO2 concentration.  

The static experiments were conducted in a 3Flex surface characterization analyzer 

(MicroMeritics). The equilibrium adsorption capacity from the static system and the flow 

system agreed within less than 8%. Based on this, we continued with our system. 

The desorption experiment was done using N2 at 100 mL/min and ambient 

temperature. Nitrogen was flowed through the dynamic system and again CO2 measured 
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at the exit. The spent biochar after regeneration was then reused in the CO2 adsorption 

experiment (CO2 at 60 mL/min). 

The adsorption column was packed with 1.53 g of Norit activated carbon to validate 

the experimental setup and compare the obtained result (adsorption capacity) with the 

literature (Gil et al. 2015). The adsorption process was performed at 20 ºC and 1 bar. A 

total flow rate of 30 mL min-1 (STP) was maintained during adsorption with an inlet CO2 

concentration of 70% (v/v). One of the key factors in gas adsorption processes is 

determining an optimum adsorbent loading range. 1, 2, and 2.5 g of Norit AC were 

loaded into the adsorption column to investigate the effect of loading. These experiments 

were performed with pure carbon dioxide as an inlet gas at ambient temperature and 

pressure in the flow range of 60–200 mL min-1 (STP).  

4.3. Response surface Methodology 

Design of experiment software (Design-Expert 9.0.0) is a tool for management and 

optimization of a set of experiments. In this work, RSM was coupled with central 

composite design (CCD) (Box and Wilson 1951) to investigate the influence of 

independent variables on the response. Three significant variables were identified based 

on our experience and literature review (Thouchprasitchai et al. 2017): temperature (A), 

total inlet gas flow rate (B), and CO2 concentration (C). (A) was studied between 20–80 

ºC, (B) between 60–200 mL min-1, and (C) between 20–100% (v/v). The responses, or 

dependent variables, are those which were measured during the experiments. In this 

study, the dependent variable was the CO2 adsorbent capacity. Overall, 20 experiments 

were performed, including eight factorial points (23 full factorial design), six axial points, 
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and six replicates of the centre of the design. Each run was carried out in duplicate. As 

indicated above, the conditions where maximum adsorption occurred were determined by 

an experimental design methodology using bark biochar produced in a fast pyrolysis 

auger reactor at 450 ºC (F-P-BK450).  

4.3.1. Statistical Analysis 

A polynomial function was fitted to the data set collected from the CCD. A quadratic 

model was used to study the CO2 adsorbent capacity (Q) as a function of A, B, and C: 

𝑌𝑘 = 𝛽0 +∑𝛽𝑖𝑋𝑖 +∑∑𝛽𝑖𝑗𝑋𝑖𝑋𝑗

3

𝑗=1

3

𝑖=1

3

𝑖=1

+∑𝛽𝑖𝑖𝑋𝑖
2

3

𝑖=1

 

 

      k=1                                     (2)                

where Y1 represents CO2 capture capacity (Q). The coefficients β0, βi βij, and βii were 

obtained from fitting the model, and Xi and Xj are the factors being studied, i.e., 

temperature, total inlet flow rate, and %CO2. This model only applies to F-P-BK450; 

however, the same interactions and impacts were observed in all chars studied. 

The above equation describes the behaviour of the response in the defined 

experimental boundary as a function of the independent variables. The factors were 

normalized to vary between +1 and −1(Papari et al. 2015), to compare variables with 

different units and affect the response evenly.  

𝑋𝑖 =
𝑥𝑖 − 𝑥𝑖

0

∆𝑥𝑖
 

       (3) 
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where xi
0 is the midpoint, xi is the real value, Δxi is the half range, and Xi is the coded 

value which varies from −1 to +1. The model coefficients (β0, βi, βij, and βii) were 

calculated using the following equations: 

𝛽0 = 𝑎1∑𝑌𝑢

𝑛

𝑢=1

+ 𝑎2∑∑𝑌𝑢𝑋𝑖𝑢
2

𝑛

𝑢=1

𝑘

𝑖=1

 

 

(4) 

𝛽𝑖 = 𝑎3∑𝑋𝑖𝑢𝑌𝑢

𝑛

𝑢=1

 
 

(5) 

𝛽𝑖𝑗 = 𝑎4∑𝑋𝑖𝑢𝑋𝑗𝑢𝑌𝑢

𝑛

𝑢=1

 
 

(6) 

𝛽𝑖𝑖 = 𝑎5∑𝑌𝑢𝑋𝑖𝑢
2

𝑛

𝑢=1

+ 𝑎6∑∑𝑌𝑢𝑋𝑖𝑢
2

𝑛

𝑢=1

𝑘

𝑖=1

− 𝑎7∑𝑌𝑢

𝑛

𝑢=1

 

 

(7) 

where a1, a2, a3, a4, a5, a6, and a7 were determined by design expert software (Draper and 

Smith 1998). 

The model was statistically evaluated using analysis of variance (ANOVA) and a lack 

of fit test. The main objective of using ANOVA was to determine which of the proposed 

models, factors, and interactions were statistically significant. The derived model can be a 

polynomial type, e.g., quadratic, cubic, etc., or factorial type with n-factor interaction, 

e.g., 2FI, 3FI, etc. (Morero et al. 2016). The P-value (or probability value) is a parameter 

related to the probability of matching a result as extreme as the observed value (Bruce 

2016). The P-value will help us determine whether a parameter is significant with respect 

to impact on response if P-value < 0.05. The predicted model equation is illustrated 

through response surface and contour plots. The three-dimensional plot, the response 
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surface plot, shows the response(s) as a function of independent variables. In the contour 

plot the lines of constant response are plotted on the plane of the two independent 

variables(Baş et al. 2007). It should be noted, this model is specific to this system and 

only used to evaluate the impact of the variables, not to be used directly as a scale up tool. 

4.4. Adsorption Isotherm and Thermodynamics  

As indicated previously, adsorption isotherms and kinetics can be determined by static 

and dynamic methods each with their own limitations (Schaefer 1991). Dynamic systems 

are particularly appropriate when the proposed application is fixed bed adsorption design. 

There are numerous examples in the literature where dynamic systems have been used to 

determine isotherms and kinetic models (e.g.  Pseudo-first and second order models). The 

CO2 adsorption isotherm on the biochar with the highest adsorption capability after 

sample screening was obtained to gain insight into the adsorption equilibrium, adsorbent 

surface properties, and to characterize the adsorbate distribution on the adsorbent 

(Bamdad et al. 2016). The most common adsorption isotherms are the Freundlich and 

Langmuir isotherms. For homogenous adsorptions, the most common isotherm is the 

Langmuir isotherm. Assumptions inherent in this model include a fixed number of well-

defined localized sites where molecules can adsorb, all sites are equivalent in terms of 

energy, monolayer adsorption, and no interaction between neighbouring adsorbed 

molecule (Langmuir 1916):  

(8)  𝑄𝑒 = 
𝑄𝑚𝑎𝑥𝐾𝐿𝑃

1+𝐾𝐿𝑃
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where Qe is the adsorption capacity (mmol g-1), P is the adsorbate’s partial pressure or 

equilibrium pressure (bar), Qmax is the maximum amount of CO2 adsorbed, and KL is a 

constant. 

The Freundlich isotherm is an empirical equation applied to multilayer adsorption with 

non-uniform distribution of heat of adsorption and affinity over the heterogeneous surface 

(Freundlich 1926). Freundlich isotherms predict a decrease in binding strength with the 

increasing degree of site occupation, which means the sites with stronger binding 

affinities are occupied by adsorbate molecules before weaker sites (Khan et al. 2015).  

 

(9) 𝑄𝑒 = 𝐾𝑓𝑃
1/𝑛 

 

where Kf and 1/n are constants related to adsorption capacity and adsorption intensity 

(heterogeneity factor), respectively. 

Thermodynamic parameters, including ΔG (Gibbs free energy change), ΔH (Enthalpy 

change), and ΔS (Entropy change) can provide the information regarding adsorption 

mechanism and behaviour (Chen and Zhang 2014). The degree of spontaneity of an 

adsorption process can be assessed by the Gibbs free-energy change, and a higher 

negative value reflects a more energetically favourable adsorption (Liu 2009). According 

to the laws of thermodynamic, ΔG can be calculated as follows: 

∆𝐺 = −𝑅𝑇𝑙𝑛
𝑃

𝑃𝑠
 

(10) 
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The heat of adsorption at a selected adsorbed amount (Q) can be determined by the 

Clausius–Clapeyron equation: 

 

∆𝐻 =  𝑅 (
𝑑𝑙𝑛𝑃

𝑑
1
𝑇

)

𝑄

 

  (11) 

 

Entropy change can be obtained from the definition of Gibbs energy (Equation 12). 

 

∆𝑆 =  
∆𝐻 − ∆𝐺

𝑇
 

(12) 

where P is the CO2 equilibrium pressure, Ps is the standard pressure, T is the absolute 

temperature in K, and R is the gas constant with a value of 8.314 J mol-1 K-1.   

4.5. Adsorption Kinetics 

Adsorption kinetics can provide useful information on adsorption rate and mechanism 

of the process at specific initial adsorbate pressure and constant temperature. Two 

different kinetic models, including pseudo-first order and pseudo-second order, were 

studied to assess the CO2 adsorption rate. The differential and integral form of pseudo-

first order can be written as below (Liu et al. 2011): 

 

𝑑𝑞𝑡
𝑑𝑡
=  𝑘(𝑞𝑒 − 𝑞𝑡) 

  (13) 

ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘𝑡  (14) 
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The pseudo-second order rate equations is shown as below (Ho and McKay 1999): 

 

𝑑𝑞𝑡
𝑑𝑡
=  𝑘(𝑞𝑒 − 𝑞𝑡)

2 
(15) 

𝑡

𝑞𝑡
= (

1

𝑘𝑞𝑒2
) + 

𝑡

𝑞𝑒
 

(16) 

 

where qe and qt are the adsorption capacity at equilibrium and at time t, respectively, 

(mmol g-1), k is the rate constant of the adsorption. If each of the above kinetic models is 

applicable for the system, then the plot of the integral form of the model should be linear 

(correlation coefficient R2 near to 1). 

4.6. Results and Discussion 

4.6.1. Biochar Properties 

The physiochemical characteristics of the studied biochars are summarized in Table 4-

2 (data presented is mean of the observed results). Pyrolysis temperature and feedstock 

type significantly affect the biochar properties. The BET surface areas for the biochars 

produced in this study ranged from 2–96 m2 g-1. An increase in fast pyrolysis temperature 

promotes porosity development, because both surface area and pore volume are 

increased. This is a result of the release of smaller molecules enhancing pore development 

and BET surface area of biochars (Lua et al. 2004; Li et al. 2016). Increasing pyrolysis 

temperature influences not only textural properties, but also chemical make-up. Based on 
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the elemental analysis results, the highest carbonization with the lowest H:C ratio 

occurred for F-P-SW500 among chars.  

 

Table 4-2: Properties of biochar samples  

Samples 
SA* 

(m2 g-1) 

Avg. pore 

size (nm) 

Micropore 

volume 

(cm3 g-1) 

C 

(%) 

H 

(%) 

N 

(%) 
H:C 

F-L-SW450 2.47 6.62 N/A 79.40 3.40 0.05 0.04 

F-P-SW450 2.76 7.23 N/A 74.79 3.51 0.24 0.05 

F-P-SW400 7.15 7.18 N/A 70.90 3.10 0.07 0.04 

F-P-HW400 7.35 7.08 0.0004 72.53 3.12 0.15 0.04 

F-P-BK450 8.68 9.09 0.0007 67.67 3.11 0.42 0.05 

F-P-HW450 15.30 6.80 0.0039 73.25 3.64 0.16 0.05 

F-P-Mix BK-

SW450 
30.52 6.99 0.009 69.88 2.45 0.20 0.04 

F-P-HW500 50.91 5.79 0.0171 74.84 2.34 0.22 0.03 

F-P-SW500 95.58 4.36 0.0328 78.37 2.36 0.15 0.03 

*BET 

4.6.2. Validation  

The reference material used for validation was activated carbon (Norit CA1).  The AC 

adsorption capacity was measured to be 1.03 mmol g-1 (Equation 1), which is in good 

agreement with the work conducted by Gil et al. (1.02 mmol g-1) (Gil et al. 2015) under 

the same operating conditions. The experiments indicate the system cannot handle an 

amount of adsorbent higher than 2 grams due to back pressure. Figures 4-2a and b 

summarize the breakthrough curves of the adsorption system at inlet gas flow rates of 60 
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and 200 mL min-1 with 1 and 2 g of AC, respectively. The adsorption capacity varied 

from 3.12-3.4 (mmol g-1) at 60 mL min-1 and 2.97-3.29 (mmol g-1) at 200 mL min-1 for 1 

and 2 g adsorbent loading, respectively. The adsorbate uptake increased with an increase 

in the adsorbent mass, and could be due to the higher number of binding sites with 

increasing adsorbent bed height, resulting in high removal efficiency (Geethakarthi and 

Phanikumar 2011). The optimum adsorbent loading in our lab scale system was taken as 

2 g for the operating gas flow rate of our system (60–200 mL min-1).   

 

 

 

Figure 4-2: The AC breakthrough curves at total inlet flow rates of 60 and 200 mL min-1, 

adsorbent mass: (a) 1 and (b) 2 g 

 

4.6.3.  Dynamic Adsorption Experiments 

The impact of adsorption process parameters was investigated on the adsorption 

capacity of a selected biochar (F-P-BK450). To verify these results held, regardless of the 

biochar used, additional experiments were performed to ensure the same trends were 

observed. In the dynamic experiments, the temperature was varied from 20–80 ºC, total 

inlet flow rates from 60–200 mL min-1, and inlet carbon dioxide concentrations from 20–

100% (v/v) CO2. The CO2 outlet concentration was recorded over time, and the 

breakthrough curves were obtained (Figure 4-3). In a fixed bed adsorption system, 
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maximum mass transfer occurs at the start of the experiment. The adsorption zone moves 

further up the adsorbent bed as time passes and the front part of the adsorption bed 

becomes saturated. This process continues until the adsorbate concentration at the exit 

becomes equal to the inlet concentration and the adsorbent column becomes entirely 

saturated (Ghorai and Pant 2005). The general shape of breakthrough curves along the 

column is determined by adsorption capacity of the adsorbent with respect to the inlet 

flow rate, feed concentration, and adsorbent temperature (García et al. 2011). It was 

observed that (Figure 4-3a–d, and f) higher feed flow rates showed shorter breakthrough 

time (steeper curve) since the bed became saturated more quickly due to the higher mass 

of CO2 flowing into the column per unit time compared to a lower flow rate (Monazam et 

al. 2013). At high flow rates, the mass transfer zone becomes narrower and the mass 

transfer coefficient increases because of a higher Reynold’s number (Mulgundmath et al. 

2012). In contrast, the equilibrium adsorbent capacity was higher at lower flow rates due 

to longer residence time, resulting slow transport of the adsorbate molecules with a large 

diffusion coefficient (Auta and Hameed 2014). At the flow rates and CO2 concentrations 

studied, increasing temperature results in a shorter breakthrough time (Figure 4-3a, c, and 

g). These observations are in accordance with other studies (Gallucci and Van Sint 

Annaland 2015; Shafeeyan et al. 2015).  A slightly longer breakthrough time can be seen 

(Figure 3e) by decreasing the concentration of CO2 in the inlet feed. The plausible 

interpretation of this result is that the binding sites became more quickly saturated in the 

system with high CO2 inlet concentration. Conversely, the lower concentration gradient at 

low initial CO2 concentrations resulted in slower transport in the dynamic adsorption 

process (Tamez Uddin et al. 2009). 
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Figure 4-3: Breakthrough curves for 20% (v/v) of CO2 at varying adsorption temperatures 

and flow rates (The rest is in supplementary material) 

 

4.6.4.  ANOVA Analysis 

A quadratic mathematical model was developed based on the backward elimination 

method using the analysis of important combinations of variables, fitting experimental 

data, and evaluating the model errors. The adsorption performance of the biochar was 

obtained by the analysis of CO2 adsorption capacity (Q) as a response parameter. The 

adsorption capacity (Q) varied from 0.07–2.21 mmol g-1. 

The ANOVA test (Table 4-S1) determines the statistically significant terms (P-value < 

0.05) in the model at 95% confidence interval. The quadratic terms represent the 

interaction between temperature–total flow rate (AB), temperature–%CO2 (AC), 

temperature (A), and %CO2 (C) have a significant effect on adsorption capacity of 

biochar. The F-value (46.88) is adequately large and the P-value is small (<less than 0.05) 

which indicates the mathematical model is in good agreement with the experimental data 

(Chen et al. 2009a). The values of R2 (0.9558) and adjusted-R2 (0.9354) are close to one, 
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and predicted R2 (0.8189)  and the adjusted R2 are within 0.20 of each other, indicating 

that the adopted model is appropriate (Baroutaji et al. 2015). The achieved adequate 

precision (Adeq=23.352), which measures the signal-to-noise ratio, is greater than 4, 

which demonstrates good model discrimination (Zhu et al. 2010). Adeq precision 

compares the range of predicted values at design points to the average prediction error 

(Anderson and Whitcomb 2013).  

Response surface and contour plots for adsorption capacity of CO2 as a function of 

temperature (°C) and total flow rate are presented in Figure 4-4. Total flow rate (B) has 

insignificant influence on adsorption capacity compared to other variables. However, a 

slight decrease of adsorption capacity can be seen by increasing the flow rate from 60 to 

130 mL min-1. This decrease may be because of the lower contact time between adsorbent 

and adsorbate gas (CO2). In contrast, the adsorption capacity increased by increasing the 

flow rate from 130 to 200 mL min-1. This could be due to a higher convective mass 

transfer rate which dominates over contact time in high flow regions. The QCO2 decreases 

as adsorption temperature (A) increases because of the exothermic nature of the 

adsorption process (Lua and Yang 2009; González et al. 2013). At low flow rates, i.e., 60 

mL min-1, the impact of temperature is less pronounced than at higher flow rates, i.e., 

200 mL min-1. Since B2 is a significant term according to ANOVA, the trend for factor B 

in the contour plot exhibits a noticeable curvature compared to A2 and C2.  
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Figure 4-4: Effect of temperature and total inlet flow rate on CO2 adsorption capacity of 

biochar; 60% CO2 

 

Figure 4-5 shows the effect of two significant parameters, temperature and %CO2, on 

adsorption capacity simultaneously. Adsorption capacity decreased as CO2 concentrations 

decreased. At higher adsorbate concentration, the concentration difference results in a 

higher driving force and hence higher adsorbent capacities (O’Mahony et al. 2002). At 

low temperatures, the CO2 adsorbent capacity increased as the CO2 concentration in the 

inlet increased. At higher temperatures, this effect was negligible. The highest CO2 

capture capacity (2.21 mmol g-1) was obtained at an adsorption temperature of 20 ºC, 

100% CO2, and an inlet flow rate of 60 mL min-1. The equation was obtained by using the 

above statistical parameters and eliminating non-significant coefficients (Table 4-3). 

Although the developed equation is specific to our system, the parameter interactions and 

trends would apply to scale up. 
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Figure 4-5: Response surface and contour plots for CO2 capture capacity as a function of 

temperature (A) and %CO2 (C), Total inlet flow rate: 60 mL min-1 

 

Table 4-3: Quadratic model (QM) for bark biochar (F-P-BK450) adsorption capacity in 

terms of coded factors 

QM with 

interactions 

0.61 - 0.16A + 0.083B + 0.78C + 0.14A×B - 0.11A×C + 

0.32B2  
(8) 

Code A: Temperature, B: total flow rate, C: %CO2  

 

4.6.5. Sample Screening: CO2 uptake 

The CO2 adsorption capacity of the biochar samples was compared at 20 °C, 60 

mL min-1, and pure CO2 (Figure 4-6).  The CO2 uptake of all of the biochars was between 

1.4–2.4 mmol g-1. Softwood sawdust biochar (sample F-P-SW500) produced in the auger 

reactor at 500 ºC showed the highest capacity, reflected in the highest surface area and 
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total micropore volume of the series, and the average pore width was significantly 

narrower compared to other samples (95.58 m2 g-1, 0.03 cm3 g-1, and 4.36 nm, 

respectively). Future work will incorporate modifying the surface and structure of SW500 

that are capable of increasing the surface area and promoting CO2 capture performance.  

 

Figure 4-6: Adsorption capacity of different biochar samples at maximum adsorption 

condition  

 

The results showed a range of CO2 adsorption capacity of biochar from 1.5 to 2.4 

mmol g-1. This compares very well with a commercial adsorbent, Zeolite-13X, with an 

adsorption capacity of 1.7 mmol g-1 for pure CO2 at atmospheric pressure and room 

temperature. Tests of CO2 adsorption for zeolite were carried out in a BelCat equipment 

(BEL-Japan) with a quartz reactor (Espejel-Ayala et al. 2014).   
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4.6.6.  Isotherm and Thermodynamic Analysis 

The char which demonstrated the highest capacity (F-P-SW500) was used to study 

isotherm behaviour. Results for the Langmuir and Freundlich models are summarized in 

Figure 4-7. The calculated values of both equations’ constants are listed in Table 4-4.  

The regression coefficient (R2) of Freundlich model (0.99) was higher than that of the 

Langmuir model (0.86), which suggested that the model was more suitable to predict the 

experimental data. The Freundlich model is a better fit because of the non-homogeneous 

nature of the surface of the biochar and possible multilayer adsorption (Halsey 1948). 

Based on Giles (Giles et al. 1974) and Sing et al. (Sing et al. 1985) classifications, a 1/n 

value greater than 1 corresponds to sigmoidal-shaped (S) or type III isotherm classes, 

respectively. The type III isotherm indicates weak adsorbate-adsorbent and relatively 

strong adsorbate-adsorbate interactions (Ryu et al. 1999). 

 

Figure. 4-7: Adsorption isotherms of CO2 on biochar (F-P-SW-500 ºC) at 20 ºC, 60 

mL min-1, Q: adsorption capacity, P: equilibrium CO2 pressure  
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Table 4-4: Langmuir and Freundlich model constants 

Langmuir model  Freundlich model 

KL qmax  R2  KF 1/n R2 

3.86 0.94 0.86  2.15 1.47 0.99 

 

To analyze the thermodynamic properties, adsorption tests were performed at various 

temperatures, 293–353 K. At each temperature, the corresponding CO2 equilibrium 

pressure was obtained and the Gibbs free energy was calculated according to Equation 10. 

The values of the thermodynamic parameters of CO2 adsorption on F-P-SW-500 ºC are 

summarized in Table 4-5.  

 

Table 4-5: Thermodynamic parameters of CO2 adsorption on biochar 

Sample 
Qe 

(mmol g-1) 

ΔH 

(kJ mol-

1) 

ΔG (kJ mol-1) 
ΔS 

(J mol-1 K-1) 293K 313K 333K 353K 

F-P-SW-

500  

0.1 -15.39 -5.61 -4.94 -4.46 -2.93 -33.7 

0.5 -5.64 -2.23 -2.08 -1.92 -1.25 -11.66 

1.2 -3.49 -0.87 -0.55 -0.45 -0.26 -9.16 

 

The negative values of ΔG at each temperature indicate the adsorption take place 

spontaneously. The decreasing absolute values of ΔG with increasing the temperature 

show that the adsorption process is in favoured at lower temperatures (Seyhi et al. 2011). 

The heat of adsorption (ΔH) was calculated from the slope of plot of ln P vs. 1/T at 

surface loadings of 0.1, 0.5, and 1.2 mmol g-1 (Figure 4-8). The negative value of ΔH 

illustrates the adsorption process is exothermic in nature, which is in agreement with 

other studies (Creamer et al. 2014; Plaza et al. 2014b). Physical adsorption typically 

produces a heat of adsorption between 0-20 kJ mol-1; whereas chemisorption is typically 
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between 80–400 kJ mol-1 (Gereli et al. 2006). Based on the values in Table 5, the CO2 

adsorption on unmodified biochar was dominated by physisorption (Heidari et al. 2014). 

The heat of adsorption (absolute value) decreased with increasing surface coverage (Qe), 

which can be attributed to surface heterogeneity and adsorbate–adsorbate interaction, 

followed by adsorbate–adsorbent interaction (Srivastava et al. 2007). The negative 

entropy of adsorption (∆S) reflects the randomness reduction and the affinity of the 

adsorbate material toward biochar surface (Chen et al. 2009b).    

 

Figure 4-8: Enthalpy determination at different temperatures (293–353 K), P: equilibrium 

CO2 pressure, q: surface loading (mmol g-1) 

4.6.7. Kinetic Analysis 

Pseudo first-order and pseudo second-order, two widely used kinetic models, were 

assessed with obtained experimental data at maximum adsorbency (Figure 4-9).  
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Figure 4-9: Kinetic model fittings of CO2 adsorption on biochar (F-P-SW-500ºC) at 

maximum adsorbency, Experiments were performed in duplicate (circle and square 

symbols) 

 

Table 4-6: Obtained parameters of kinetic models for CO2 adsorption on biochar 

Initial %CO2 

(v/v) 

Qe 

(Exp.) 

 Pseudo first-order   Pseudo second-order 

 
Qe  

(mmol g-1) 

k 

(min-1) 
 

Qe  

(mmol g-1) 

k 

(g mmol-1 min-1) 

20 0.19  0.27 0.01  0.28 0.016 

40 0.60  0.55 0.007  0.82 0.007 

60 1.01  0.9 0.01  1.23 0.009 

80 1.45  1.94 0.02  1.84 0.007 

100 2.21  2.24 0.02  2.79 0.005 

 

Table 4-6 summarizes the experimental values and calculated kinetic model constants. 

The results show the pseudo first-order model is a better fit to the experimental data (the 

correlation coefficient is close to 1). The pseudo-first order model applied to processes 

that involve physical adsorption or reversible interaction between adsorbent and 
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adsorbate, such as CO2 adsorption on activated carbon or zeolite sorbents (Ammendola et 

al. 2017). This agrees with the thermodynamics, which indicate a physisorption process. 

Previous studies also proposed likewise the pseudo-first order kinetic model in CO2 

adsorption at low initial partial pressure (Wang et al. 2015; Goel et al. 2016), which is 

consistent with our results. 

4.6.8. Regeneration of biochar 

Key to any adsorbent large-scale application is determining if the adsorbent can be 

regenerated and if not how well the adsorbent binds the target contaminant (to determine 

re-use in other applications). As such, a preliminary set of experiments was performed to 

evaluate the performance of the loaded biochar. Regeneration experiments are typically 

conducted at high temperature (ranging from 100-500 °C), as these temperatures 

accelerate the desorption process (Chatterjee et al. 2018). However, these temperatures 

could degrade the biochar and are energy and cost intensive. Given these factors and that 

this is a screening study, we choose to study desorption at the same temperatures used for 

adsorption. This temperature also fits well given one of the longer term application of the 

spent char is as a soil amendment. CO2 adsorption-desorption tests were carried out in 

three consequent cycles at ambient temperature. 
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Figure 4-10: Adsorption capacity of biochar (F-P-SW-500ºC) for three cycles 

 

The results in Figure 4-10 indicate that the adsorption capacity slightly decreased after 

each cycle. After three cycles, the adsorption capacity was reduced by 0.8%, which shows 

the high stability of biochar with no significant loss compared to fresh adsorbent. The 

BET surface area of the spent biochar (after single-step adsorption) with and without 

regeneration was 83.9 (avg. pore size: 4.78 nm, pore volume: 0.029 cm3/g) and 76.6 m2/g 

(avg. pore size: 4.8 nm, pore volume: 0.026 cm3/g), respectively, while the original 

biochar surface area was 95.6 m2/g (avg. pore size: 4.36 nm, pore volume: 0.033 cm3/g).  

The results demonstrate the 12% reduction in surface area after the 1st cycle of 

adsorption-desorption led to slightly decrease the adsorption capacity. In another study 

(Plaza et al. 2007), where three cycles were done on nitrogen enriched carbons for CO2 

capture, the decrease in capacity was 5-20% depending on the nature of the nitrogen 

groups. The regeneration in this case was done under vacuum and 25 ºC.  
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The TGA analysis results of spent biochar with and without regeneration are shown in 

Figures 4-11.  

 

Fig. 4-11: TGA curves for original and spent biochar 

In the TGA graphs, the specified difference (d) between original biochar and spent 

biochar without regeneration could indicates the amount of CO2 adsorbed by biochar.  

𝑑 =  
(50.21 − 35.96)𝑔

100 𝑔
×

1000

44 𝑔/𝑚𝑜𝑙
= 3.2 𝑚𝑚𝑜𝑙/𝑔 

The adsorption capacity of the SW500 ºC biochar obtained 2.4 mmol/g 

experimentally. The calculated amount (d) is higher than the experimental result because 

“d” shows the accumulative volatile matters released during the approximate analysis and 

the volatile matters such as moisture content of the two samples may be different initially. 

Figure 4-12 illustrates the IR frequencies of original and spent biochars. 
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Fig. 4-12: IR vibrations of biochars (F-P-SW-500ºC), (a) with background, (b) without 

background 
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The IR frequencies of original and spent biochars with background did not show any 

CO2 peaks due to presence of background CO2 (Figure 4-12a). When the background was 

removed for both regenerated and spent biochar, CO2 peaks were observed (Figure 4-

12b). This indicates CO2 remains in the biochar sample even after desorption with 

nitrogen. This was corroborated by desorption tests in 3Flex surface characterization 

analyzer –MicroMeritics, which showed some CO2 remains on the structure after 

regeneration.  This is potentially another reason for the decrease in adsorption capacity as 

in this experimental system the outlet CO2 is measured. This also observed elsewhere 

(Plaza et al. 2007). Our work shows that the biochar shows good regeneration potential 

however, more studies are required to determine the strength of the CO2 binding (e.g. 

higher temperatures and/or lower pressures in desorption). 

4.7. Conclusion 

A fixed bed adsorption system was designed, validated, and used to study biochars 

derived from different feedstock, in the adsorption of CO2. Response surface 

methodology was used to evaluate the combined effect of temperatures (20–60 ºC), total 

inlet flow rates (60–200 mL min-1), and CO2 concentrations (20–100 (v/v) %) on the CO2 

adsorbent capacity of a number of biochars derived at different fast pyrolysis 

temperatures.  The breakthrough time decreased with increasing temperature, inlet feed 

flow rate, and CO2 concentration. The interactions between temperature–total flow rate 

and temperature–%CO2 were significant and the CO2 inlet concentration was the most 

influential variable in the adsorbent capacity of the biochar. The operating conditions for 

maximizing CO2 uptake in this system were 20 °C, 60 mL min-1
 flow rate, and pure CO2. 



133 

 

Softwood biochar produced at 500 °C (F-P-SW500) resulted in the highest adsorption 

capacity (2.4 mmol g-1) compared to the other studied chars while a commercial zeolite 

has 1.7 mmol g-1 CO2 uptake capacity. The Freundlich isotherm best predicts the isotherm 

behaviour of the studied chars. The calculated thermodynamic properties indicate the CO2 

adsorption is a spontaneous process, involving physical adsorption, and is exothermic in 

nature. A pseudo first-order model showed an excellent fit with the data. The regeneration 

tests demonstrated that biochar is a good option for CO2 sequestration. This work shows 

that biochar derived from “waste” materials, e.g., softwood residues, is a viable 

sustainable alternative to existing adsorbents. Next steps include determining the 

characteristics of the char for instance further experiments for maximizing regeneration, 

and if the char can be further optimized through activation or functionalization to increase 

adsorption capacity and/or binding strength. In addition, other gases (e.g. H2S, trace 

hydrocarbons) will be introduced to determine interference/competition effects. 
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Figure 4-3-rest: Breakthrough curves for different % of CO2 at varying adsorption 

temperatures and flow rates 

 

Table 4-S1: Results of multiple regression analysis and ANOVA for response surface 

reduced quadratic model 

Source 
QCO2 (mmol/g) 

SSa DFb MSc F-value P-value Mark 

Quadratic 

Model 
7.19 6 1.20 46.88 < 0.0001 Significant 

A, Temperature 0.25 1 0.25 9.95 0.0076  

B, Flow rate 0.068 1 0.068 2.66 0.1268  

C, %CO2 6.11 1 6.11 238.84 < 0.0001  

AB 0.15 1 0.15 5.86 0.0308  

AC 0.10 1 0.10 3.92 0.0694  

B2 0.51 1 0.51 20.08 0.0006  

Residual 0.33 13 0.026    

Lack of fit 0.33 8 0.042   Not Significant 

Pure error 0.000 5 0.000    

Cor total 7.53 19     

a Sum of Square 

b Degree of Freedom 

c Mean Square 

 

Ergun’s law is used to estimate the bed pressure drop (Chahbani and Tondeur 2001). 

−∆𝑃

𝐿
= 150

𝜇𝑢(1 − 𝜀)2

𝑑𝑝
2𝜀3

+ 1.75
𝜌𝑓𝑢

2(1 − 𝜀)

𝑑𝑝𝜀3
 

where −ΔP is the Pressure drop through the packed bed (Pa), u is the interstitial fluid 

velocity, (m/s), dp is the particle diameter (m), ε is the bed porosity, ρf is the fluid density 
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(kg/m3), μ is the viscosity of the fluid flowing through the packed bed (Pa.s), and L is the 

length of column (m). 

The adsorbent porosity can be defined as below (Brewer et al. 2014). 

𝜀 = 1 −
𝜌𝑒
𝜌𝑠
= 1 −

0.5

1.5
= 0.67 

Table 4-S2: All the properties for the fixed bed setup 

Property Value Unit 

Temperature 20 ºC 

Fluid density 1.84 kg/m3 

Fluid dynamic Viscosity 1.47*10-5 Pa.s 

Fluid velocity 0.006 m/s 

Bed porosity 0.67 - 

Particle diameter 45*10-6 m 

Column length 0.03 m 

Envelope density of adsorbent 0.5 (Brewer et al. 2014) g/cm3 

Skeletal density of adsorbent 1.5 (Brewer et al. 2014) g/cm3 

 

−∆𝑃 = [150
1.47 ∗ 10−5 ∗ 0.006 ∗ (1 − 0.67)2

(45 ∗ 10−6)2 ∗ 0.673
+ 1.75

1.84 ∗ (0.006)2(1 − 0.67)

45 ∗ 10−6 ∗ 0.673
]  

       ∗ (0.03𝑚) = 67 𝑝𝑎 = 0.0007 𝑏𝑎𝑟 
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Graphical abstract 

 

Abstract 

In the previous chapter, the operating conditions for maximizing CO2 uptake was 

obtained. In addition, it was found that biochar can be used as a sustainable and cost-

effective option for removal of acid gases; however, further modifications still required to 

enhance adsorption capacity of biochar aimed at this chapter. In this study, biochar was 

thermally and chemically (thermo-chemically) modified and compared to the unmodified 

parent char in carbon dioxide adsorption. The biochars were sourced from sawmill 
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residues and produced via fast pyrolysis in an auger reactor. The biochar was chemically 

functionalized using two novel methods of amine functionalization: i) nitration followed 

by reduction and ii) condensation of aminopropyl triethoxysilane on the surface. The 

obtained outcomes indicated functionalization resulted in a reduction in the pore volume 

and surface area of the biochar. The biochars (unmodified and chemically modified) were 

thermally activated via air diluted with nitrogen at moderate 560 ºC to determine if the 

adsorption properties could be enhanced.  The thermally treated functionalized chars had 

a lower H:C ratio, higher surface area, micropore volume, and sufficient amount of 

nitrogen compared to the unmodified char. The thermally treated aminopropyl 

triethoxysilane char had the highest adsorption capacity of 3.7 mmol/g with 0.24 wt% 

nitrogen. Biochars sourced from residues demonstrated high efficiency of carbon dioxide 

removal, comparable to some synthesized adsorbents reported in the literature. 

 

Keywords: Biochar; Adsorption; Functionalizing; Thermal activation; CO2 

Introduction 

Sawmill residues in the form of bark, sawdust and saw chips are currently stockpiled 

and represent a safety and environmental liability; this is particularly problematic in 

remote regions where transport of this material offsite is costly. Thermal conversion of 

this biomass via pyrolysis 1, to bio-oil 2 and/or biochar, is one method of monetizing these 

residues. Biochar can be used as a soil amendment, adsorbent for contaminants in water, 

wastewaters 3, and gas 4,5, among others. The removal of acid gases such as H2S and CO2 

from gas streams (such as vent/flare gases) is one such application. Traditional methods 
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to remove these gases can be energy and space intensive, may require expensive and/or 

toxic chemical, and complex infrastructure 6.  In offshore and any other remote locations 

(e.g. landfills, small wastewater treatment plants etc.), small scale and less operationally 

intensive method for gas treatment are required. The common method for acid gas 

removal is absorption; the acid gases are removed using solvents such as 

monoethanolamine (MEA) and diethylamine (DEA). Although the selectivity of this form 

of separation is relatively high, amines are corrosive and highly volatile and the method is 

cost-intensive due to high energy needs for solvent regeneration (around 85 kJ/mol CO2) 
7 

and space requirements (separate column for regeneration). Adsorbent systems using 

porous solids are an attractive alternative to traditional gas-liquid contacting systems. 

Adsorbents sourced from waste biomass is potentially a more sustainable approach to gas 

treatment, however factors such as adsorption efficiency, needs of the operator (e.g. bulk 

removal vs. high purity gas products), regeneration and disposal options must be 

considered. In order to assess these factors experiments are required to determine 

adsorption capacities, regeneration potential, and stability of the spent adsorbent.  In 

previous chapter, we have demonstrated that biochar based adsorbents, sourced from 

forestry residues and produced via fast pyrolysis, are a feasible alternative to traditional 

solid CO2 adsorbent systems. CO2 was chosen as target since it is often associated with 

H2S in petroleum and landfill gases, and can serve as a surrogate for H2S (a safety and 

environmentally problematic gas). However, there is potential to improve the adsorbent 

characteristics by chemically and/or thermally activating the biochar. Incorporating 

nitrogen functional groups into carbon-based adsorbents enhances surface basicity and 

could improve adsorption of particular compounds (e.g. H2S and CO2) and/or the added 
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nitrogen can chemically interact with these acidic gases, i.e. dipole–dipole, hydrogen 

bond, covalent bond, etc. 8. Another motivation for selecting biochar as an adsorbent was 

low cost/availability even after additional functionalization steps relative to other 

adsorbents. The biochar price is only 1/6 of that of commerce activated carbon 9. 

There are several methods for functionalizing carbon surfaces with nitrogen groups. 

Ammonia is commonly used 10 where adsorbent particles are placed in a tube furnace. 

The adsorbent is gradually heated up to the specified temperature typically with N2 

purging. Once the set point temperature is reached, the N2 is replaced with NH3 or NH3 

mixture. Zhang et al. 11 modified soybean straw biochar by NH3 over a temperature range 

of 500-900 ºC. This not only enhances the surface area (from 1.5 to as high as 496 m2/g), 

but also increased the CO2 adsorption capacity up to 1.8 mmol/g.  Other methods of 

introducing nitrogen include addition of nitrogen rich proteins and amino acids. Jayshri et 

al. 12 synthesized nitrogen enriched carbon using local soybean as the nitrogen source 

(soy protein) followed by chemical activation using zinc chloride and physical activation 

using CO2 . The surface area of synthesized nitrogen enriched carbon increased to 811 

m2/g and the breakthrough adsorption capacity to 0.5 mmol/g at 120 °C.  Pevida et al. 13 

applied different alkylamines to activated carbon (Norit CGP) through a wet 

impregnation method to increase the basicity and nitrogen content. The impregnation 

decreased the surface area (from 1762 to 90 m2/g) and there was no increase in adsorption 

capacity. In fact, the raw activated carbon showed the highest CO2 adsorption capacity. It 

was proposed the amine might block a fraction of the pores, reducing the surface area for 

adsorption. In order to enhance CO2 adsorption capacity, Zhang et al. 11 used CO2 
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activation at high temperatures (500-900 ºC) on the soybean straw based biochar. The 

surface area of the aminated modified chars increased from 5.5 to 397 m2/g and the CO2 

adsorption capacity at 30 ºC increased from 1 to 1.7 mmol/g with increasing activation 

temperature (500 to 800 ºC). Further increasing activation temperature to 900 ºC resulted 

in a decrease in adsorption capacity to 1.5 mmol/g. The decrease could be a result of 

thermal degradation of some amine functional groups, indicating an optimum activation 

temperature(s) to maximize adsorption.  

Thermal activation of biochar has focussed on high temperatures (up to 900 ºC), 

however at high temperatures the role of the nitrogen functional groups in adsorption is 

partially or completely lost. As such, in this work we focussed on activating the biochars 

in an air or oxygen environment at moderate temperature (below 600 °C) in order to both 

achieve higher surface area while minimizing functionalization loss. The biochar was 

produced from fast pyrolysis of local softwood residues in an auger reactor. Two novel 

methods to introduce nitrogen functionality to the biochars were used. A subset of the 

biochars was thermally activated using a diluted air-nitrogen mixture at a moderate 

temperature (560 ºC) and compared with non-activated chars. The relationship between 

the impact of porous structures and nitrogen-containing group on upgrading CO2 

adsorption capacity of biochar was assessed. Further investigation on functionalizing of 

these biochars can enhance the adsorption and allow the chars to be “tailored” to a target 

gas (such as other acid gases, H2S). 
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5.1. Materials and Methods 

5.1.1. Materials 

 

A commercial chemically activated wood-based carbon (Norit CA1) from Sigma-

Aldrich was used to compare against the biochars. Sexton Lumber sawmill (Bloomfield, 

Newfoundland and Labrador) supplied the softwood sawmill sawdust (balsam fir) 

feedstock. All chemicals utilized in the functionalizing sector were reagent grade 

chemicals purchased from Sigma-Aldrich and Fischer Scientific. The chemicals used for 

functionalizing were sulphuric acid, nitric acid, 2-propanol, ammonium hydroxide, 

sodium hydrosulfite, acetic acid, aminopropyl triethoxysilane, hydrochloric acid, and 

ethanol. 

5.1.2. Adsorbent Preparation  

The sawdust was dried for 2 days at ambient temperature to decrease the moisture to 

~0.12 g/g (12 %). The average particle size of the samples was reduced to less than 2 mm 

after grinding and then dried again at 70 °C overnight to further decrease the moisture 

content to 2 % prior to pyrolysis. Fast pyrolysis (at 500oC) was used to produce the 

biochar in an auger reactor. Details on the fast pyrolysis reactor is reported elsewhere 14. 

The biochar samples are labelled according to the type of activation/functionalization, 

temperature of pyrolysis and, when required, temperature of activation.  

The biochars were aminated based on a modified literature method 15 comprised of two 

steps. The first step is nitration of the biochar. Concentrated sulphuric acid (18 M, 50 mL) 

was added slowly to concentrated nitric acid (15.7 M, 50 mL) at 0 oC. A 9 g sample of 
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washed biochar was added to the acid mixture and stirred for 50 min. The mixture was 

filtered and washed with distilled water and 2-propanol. The residue was then air-dried at 

ambient temperature resulting in the introduction of nitro groups to the surface of the 

biochar. The nitrated biochar was then reduced by addition of 50 mL distilled water and 

20 mL of ammonium hydroxide (3 M) and stirred for 10 min without heating. Sodium 

hydrosulfite (28 g) was added to the solution and allowed to mix overnight under a reflux 

condenser to avoid solvent evaporation. 20 mL of glacial acetic acid (17.5 M) was diluted 

in 100 mL water and added to the solution and stirred for 5 h. The solution was then 

cooled to room temperature, filtered, washed with distilled water and 2-propanol, and air-

dried. The final product is aminated biochar and the samples’ name was prefixed with 

“AM” in the text.  Figure 5-1 outlines the synthesis. 

 

Figure 5-1: Schematic example of the nitration and reduction of biochar 15 under reflux 

(exothermic)  

  

Aminopropyl triethoxysilane (APTES) was grafted to the surface of the biochar by 

suspending biochar in distilled water in a 10:1 ratio (char/water) and slowly adding 

APTES (20% by weight).  The APTES-biochar solution was sonicated for 10 min. To 
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promote the condensation reaction, the pH of the suspension was then adjusted between 3 

and 4 using concentrated hydrochloric acid (11.7 M) and allowed to sit for 1 h at ambient 

temperature, and condensed (refluxed) over 6 h at 70 ⁰C. The resulting biochar was 

filtered and washed with ethanol followed by distilled water, and dried under vacuum at 

40 ⁰C overnight. The biochar produced is labeled with “AP” (Figure 5-2).  

 

Figure 5-2: Surface modification of biochar with APTES 16–18 under reflux at 70 °C 

Samples of the biochars were thermally activated at 560 °C using air flow diluted with 

nitrogen (5% oxygen) for two hours at a 100 mL/min flow rate and labeled as “A-560”. 

The biochar samples were heated up gradually to the specified temperature in the tube 

furnace with N2 purging and once the set point temperature is reached, the N2 is replaced 

with air-nitrogen mixture. 

5.1.3. Adsorbent Properties 

The microstructure of the biochars was obtained using a scanning electron microscope 

(SEM) (FEI 650F). Samples were mounted on carbon adhesive 12 mm diameter tabs, 
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which were put on aluminum stubs using carbon tape to avoid the formation of an electric 

charge on the surface during scanning. Images were taken at low vacuum, with a pressure 

of 93.3 Pa. The instrument has a secondary-electron (SE), a backscattered-electron (BSE), 

and a mix of (SE) and (BSE) imaging modes for morphological analyses of the samples. 

Textural properties of all samples were determined by N2 adsorption-desorption isotherms 

obtained at 77 K with automatic equipment (Micrometrics Tristar II Plus, USA). Prior to 

measurement, the flowing-gas degassing was employed at 200°C over night which 

removes adsorbed contaminants from the surface and pores of the samples. The average 

pore size and micropore volume were measured via the pore size distribution technique, 

BJH (Barrett-Joyner-Halenda) and the t-plot method, respectively. The BET (Brunauer–

Emmett–Teller) was used to calculate the surface area of the biochar. The bulk elemental 

analysis of the biochar was performed using a CHN elementary analyzer (Perkin Elmer 

Series II 2400). Infrared spectra were determined by using a FTIR (Bruker Alpha FTIR 

spectrometer, accessory type: Single-bounce diamond crystal ATR) with a range of 400 

to 4000 cm-1 and a total of 24 scans for both background and sample measurement. 

5.1.4. Adsorption-desorption experiments in a fixed bed reactor 

A single-bed adsorption unit was made from borosilicate glass for conducting the 

adsorption experiments. Figure 5-3 illustrates the schematic of the adsorption-desorption 

setup.    
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Figure 5-3: Schematic of lab-scale adsorption-desorption system 

 

Before each experiment, the adsorbent was dried in the oven at 60 ºC overnight. 

Approximately 2.0 g of biochar was placed in the fixed bed reactor (length: 300mm, ID: 

15mm), and pure CO2 at 60 mL/min was introduced into the reactor. The adsorption 

experiments were conducted at room temperature (20 °C). The flow rate of CO2 was 

controlled with mass flow controller and the composition of the outlet gas stream was 

continuously monitored with a gas analyzer (OXYBABY® M+). The process was 

terminated when the bed was saturated as measured by CO2 detected at exit (break 

through). The adsorption capacity was calculated by integration of the area below the 

breakthrough curves 19 (equation 1) which is determined by the ratio of outlet to inlet 

adsorbate gas concentration as a function of time. 

 

𝑄 =
𝐹 ∫ (𝐶0−𝐶)𝑑𝑡

𝑡

0

𝑚
                                                                                          (1) 
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where Q is adsorption capacity (mmol/g), F is flow rate of inlet CO2 (mL/min), C0 is 

concentration of inlet CO2 (mmol/L), C is concentration of outlet CO2 (mmol/L), and m is 

weight of the biochar (g). 

The desorption experiment was done using N2 at 100 mL/min and ambient temperature. 

Nitrogen was flowed through the system and again CO2 measured at the exit. The spent 

biochar after regeneration was then reused in the CO2 adsorption experiment (CO2 at 60 

mL/min). 

5.2. Results and Discussion 

5.2.1. Characterizations 

Physical, chemical, and morphological properties of raw and modified biochars are 

summarized in Table 5-1. 

 

Table 5-1: Properties of biochar samples and activated carbon 

Samples 

Surface 

Area 

(BET) 

(m2/g) 

Avg. 

Pore 

size 

(nm) 

Micropore 

volume 

(cm3/g) 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 
H:C N:C 

AM-SW500 3.22 7.20 N/A 61.99 2.56 3.90 0.04 0.063 

AP-SW500 59.18 3.89 0.026 74.58 2.55 0.30 0.03 0.004 

SW500 95.58 4.36 0.033 76.37 2.36 0.15 0.03 0.002 

SW500-A-560 391.76 3.12 0.159 77.24 1.90 0.12 0.025 0.002 

AM-SW500-

A-560 
343.32 2.97 0.133 68.37 1.46 3.17 0.021 0.046 

AP-SW500-A- 394.12 3.08 0.160 80.15 1.63 0.24 0.020 0.003 
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560 

AC (Norit) 1166.49 3.63 0.325 81.34 2.10 0.28 0.026 0.003 

 

 The BET surface areas for the biochars produced in this study ranged from 3 

(aminated char) to 394.1 (thermally activated modified biochar) m2/g. The commercial 

activated carbon (Norit) has the highest surface area at 1166.5 m2/g. The pore volume of 

the functionalized samples (Table 5-1- row 1 and 2) decreased compared to the other 

chars. This indicates the amine molecules may be “blocking” smaller pores, thereby 

reducing surface area, which has been reported by others during functionalization of 

porous materials 20,21. The textural properties of the samples were further developed by 

thermal activation, which increased the surface area (~3 times) and pore volume of the 

product (Table 5-1- row 4-6). This occurred due to thermal degradation and volatilization 

processes 21. The impact of activation on the functional groups is discussed below through 

FTIR analyses. 

The nitrogen content increased following amine functionalization for both methods 

(Table 5-1). In biochar without addition of nitrogen groups, lower H:C ratio indicates a 

hydrophobic char that can favour adsorption of nonpolar molecules (such as CO2). 

However, this trend was not noted in the aminated chars as will be discussed in more 

detail in subsequent sections. The carbon content increased, while the nitrogen and 

hydrogen decreased during the activation process for both functionalized samples, 

indicating the degradation of some functional groups 22,23.  The reduction of the H:C ratio 

after heat treatment has the potential to increase the adsorption capability of the biochar.  
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The highest surface area with the lowest H:C was in the activated aminated char, AP-

SW500-A-560. 

To determine the impact of functionality, the FTIR spectra of all samples were 

analyzed in Figure 5-4. 

 

 

Figure 5-4: FTIR analysis of different biochar samples 

 

The identification of nitrogen functional groups in IR diagrams can be challenging, as 

they are present in the same wavelength as other functional groups and can be masked. 

The absorption peak at 900-660 cm-1 is likely N-H bending, as it was found in all N-

functionalized biochar samples and are visible in nitrogen functionalized chars but not in 

the unmodified biochar samples. C-N groups were observed at 1250-1000 cm-1, more 

predominantly in amine functionalized samples due to higher nitrogen content. The peaks 

in the range of 1000 to 1200 cm-1 were present only in the APTES chars (AP-SW500, 
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AP-SW500-A-560), could indicate Si-OR. This was expected due the (EtO)3Si(CH2)3NH2 

used in the ATPES process (Figure 5-2). All chars showed identical peaks at 1650-1550 

cm-1 likely corresponding to C=C and/or N-H bending. The C-N and N-H peak intensities 

for aminated samples (AM-SW500, AM-SW500-A-560) were strongest due to higher 

loadings of nitrogen. The peak appeared in the range of 1700 cm-1 could be related to 

C=O (Carboxyl group). The carboxyl group could be displaced by amide after 

functionalizing and therefore, the C=O peak was less prominent for aminated samples 

(Figure 5-5). Phenol functional groups (O-H) were observed as small peaks in the range 

of 1390-1310 and 3900-3300 cm-1. The absorption peak intensities decreased for 

activated samples (dashed lines) likely due to loss of some functional groups. For 

instance, the intensity of C-N functional group in AM-SW500 reduced after activation. 

The impact of N-functional groups and decomposition after activation on CO2 adsorption 

process will be outlined in subsequent sections. 

 

SEM analyses on the fresh (SW500), aminated, and activated surfaces are shown in 

Figure 5-5 in order to study the appearance effects of functionalizing and activation on 

biochar samples.  
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Figure 5-5: SEM images at different resolutions (Best mode was selected for 

each), left column (low resolution: 300-500µm), right column (high resolution: 30-

100µm) 

 

The overall morphology of the samples (Fig. 5-5a,c,e) at low resolution instrument 

(i.e., at large length scales) reveals no marked differences between samples. At high 

resolution (Fig. 5-5d,f), the porous structure of the samples is partly diminished after 

functionalizing, indicating the amine groups were distributed unevenly and occluding 

some of the pores.  The reduction in the surface area and pore volume of functionalized 

chars validates the SEM results 24. After one step physical activation, the carbon 

framework was observed more clearly and the pores became developed and broadened in 

both low and high resolutions (Fig. 5-5g,h,i,j,k,l). The etching action between the walls 

and the activating agent (oxygen diluted with nitrogen) at a high temperature as a result of 

pore skeleton development which leads to more large-volume pores 25.  

5.2.2. CO2 Adsorption-desorption 

As indicated above, our ultimate goal is to study the adsorption of acidic/sour gases 

(H2S and CO2). CO2 is used as a surrogate for both in these screening experiments, as it 

does not have the safety issues associated with H2S. We have also shown through 

k   l 
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molecular modeling that the affinity of the chars for CO2 is on the same order of 

magnitude as H2S. The impact of amine modification on CO2 adsorption capacity was 

studied at maximum adsorption capacity conditions (20 °C, 60 mL/min, pure CO2). These 

conditions were determined from previous work (Chapter four). The adsorption 

performance for all samples and breakthrough curves of two samples (original and 

modified) are presented in Figure 5-6.  

 

Figure 5-6: Comparison of maximum adsorption capacity of biochars at 20 °C, 

inlet feed flow rate of 60 mL/min, and pure CO2; breakthrough curves: green for 

SW500 and blue for AP-SW500-A-560 

 

As the nitrogen loading increases, the adsorption capacity decreases likely due to 

blocking of pores and/or coating the adsorbent surface by the larger amine groups, 

preventing CO2 diffusion  on to the pores 26,27 particularly at low temperature 28. For 

instance, among functionalized samples, AP-SW500 showed a higher adsorption capacity 

in spite of the lower nitrogen loading relative to the AM chars. This result is consistent 
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with the characterization tests such as BET surface area and elemental analysis as 

discussed in the previous section. To further increase the surface area and promote CO2 

adsorption, the samples were activated by diluted airflow for two hours. The CO2 

adsorption was lower for the two sets of functionalized samples compared to non-

functionalized char, but higher after the activation step. For AM-SW500, the adsorption 

after functionalization with nitrogen is 1.8 mmol/g with 39 mg N/g; while, after 

activation, the CO2 adsorption capacity rose to 3.4 mmol/g. This indicates there is a 

balance between functionality and surface area when adding groups (such as amine) to 

enhance CO2 adsorption 29. Further testing is required to determine the optimum(s) 

nitrogen loading and assess the impact of the thermal treatment on the nature of the 

nitrogen and other functional groups. The nitrogen amounts decreased from 18-20% in 

the activation process of the biochars (Table 5-1). In addition to nitrogen loss, there was a 

decrease in the nitrogen functional peaks in the FTIR. The nitrogen loss through 

volatization and decomposition of the nitrogen functionality is likely the reason for the 

peak reduction. 

Comparing the activated N-loaded biochars (AP-SW500-A-560 and AM-SW500-A-

560) to the commercial carbon (Norit), the overall SA is lower, but they demonstrate 

enhanced adsorption. The reason could be due to a trade-off between the textural and 

chemical properties; that is, even at lower SA and pore volume the added functionality 

enhances the adsorption via chemical interaction between the adsorbate and the amines 30 

and the more hydrophobic surface. After activation, the adsorption for the N-

functionalized chars is almost the same, while the non-functionalized char is lower. As 
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there was no loss of inherent functional groups for the non-functionalized chars and an 

almost equivalent increase in SA for all chars, this shows that the nitrogen groups are 

playing a role in adsorption. The activated material, AP-SW500-A-560, with a surface 

area of 394 m2/g and 0.24 wt% N, was the best adsorbent tested (3.7 mmol CO2/g). The 

adsorption capacity of this type of biochar was higher (30-40%) compared to original 

biochar (SW500). Table 5-2 summarizes the prepared biochar and other carbon based 

adsorbents in the literature including templated carbons and chemical activated 

adsorbents.  

Table 5-2: Summary of comparison between prepared sample and other adsorbents 

Sorbents Feedstock 

Activation 

agent, 

Temp.(°C) 

CO2 

Capacity 

(mmol/g

) 

Experimental 

Conditions 

(T,P,%CO2,F) 

Proces

s 

Scale 

Ref. 

N-doped 

Microporo

us Carbon 

Urea 

formaldehyde 

resin 

KOH, 

500-800 
1.8-3.76 

25 °C, 

1atm,100, 

30mL/min 

Lab [23] 

N-doped 

Activated 

Carbon 

Bean dreg 
KOH, 

600-800 
3-4 

25 °C, 1 atm, 

100, N/A 
Lab [24] 

N-doped 

template 

carbon 

Zeolite N/A 4 

25 °C,  

1 atm, 100, 

50mL/min 

Lab [25] 

N-doped 

porous 

carbons 

Polyimine 
KOH,  

600-750 
2-3.1 

25 °C, 1 atm, 

100, N/A 
Lab [26] 

Ultra- Cyanopyridiniu N/A 3.68 25 °C, 1 atm, Lab [27] 
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Microporo

us Carbons 

m dicationic 

salt 

100, N/A 

AP-

SW500-A-

560 

Sawdust 

softwood 
Air, 560 3.2-3.7 

25 °C,  

1 atm, 100, 

60mL/min 

Lab 

 

This 

work 

 

The functionalized, activated char showed adsorbent capacities on par with or 

exceeding those of other commercial or synthetic adsorbents. The advantage with this 

char is in addition to producing the char; fast pyrolysis of forestry residues produces oil 

with energy and high value chemical potential applications 31. 

The stability of the samples AP-SW500-A-560 and AM-SW500-A-560 was studied by 

a series of adsorption and subsequent regeneration (using N2 at room temperature) cycles. 

Regeneration experiments are typically conducted at high temperature (ranging from 100-

500 °C), since these temperatures accelerate the desorption process 32. At this stage of the 

study, we used room temperature to regenerate the char in an effort to assess the binding 

of CO2 at these conditions. The reasons were two fold, i) to assess the spent biochars use 

in soils and understanding the CO2 sequestration capacity of the char at ambient 

conditions is more relevant ii) to decouple the change in char structure from the impact of 

temperature so we can assess impacts of cycling. Figure 7 illustrates the impact on 

adsorption capacity as a function of regeneration. 
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Figure 5-7: CO2 adsorption capacity of cyclic adsorption-desorption experiments 

 

After three cycles, the regeneration capacity is slightly decreased. By five cycles, the 

adsorption capacity has decreased by 4-8% and by ten cycles, the decrease is 20%. In 

another study 13, where three cycles were done on nitrogen-enriched carbons for CO2 

capture, the decrease in capacity was 5-20% depending on the nature of the nitrogen 

groups. The regeneration in this case was done under vacuum and 25 ºC. The FTIR 

analyses of the “regenerated” biochar indicated that a small percentage of CO2 remains on 

the surface (likely due to chemisorption). This was corroborated by desorption tests in 

(3Flex surface characterization analyzer -MicroMeritics) which showed some CO2 

remains on the structure after regeneration. This could account for the decrease in 

adsorption capacity as in this experimental system the outlet CO2 is measured. This also 

observed elsewhere 13. Our work shows that the modified biochar shows good 
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regeneration potential however, more studies are required to determine the strength of the 

CO2 binding (e.g. higher temperatures and/or lower pressures in desorption). 

5.3. Conclusion 

In this work, N-functionalized biochars were prepared and CO2 adsorption experiments 

were conducted comparing both functionalized and non-functionalized chars. Non-

activated functionalized biochars adversely affecting CO2 adsorption. However, moderate 

thermal activation enhanced the SA and retained enough functionality to generate a 

material capable of adsorbing CO2 efficiently. After thermal treatment, there was a 

decrease in the nitrogen content, indicating possible decomposition of some N-containing 

functional groups and loss of nitrogen. However, thermal activation of the functionalized 

chars led to higher surface area, pore volume, and lower H:C ratio and ultimately N-

enriched biochar followed by moderate physical activation (AP-SW500-A-560) was 

found to have much higher adsorption capacity compared with commercially available 

activated carbon (Norit CA1) and recent carbon-based adsorbents in the literature. It 

appears that retaining some nitrogen functionality enhances adsorption and makes up for 

a decreased SA limiting the physical adsorption. This study reports the use of moderate, 

rather than extreme activation temperatures, combined with tailored functionalization of 

readily available and sustainably sourced biochar as an alternative to more costly 

adsorbents. Further investigations should focus on optimization of activation conditions, 

nitrogen loading, and desorption conditions to evaluate the impact of the thermal 

treatment on the nature of functional groups responsible for chemical adsorption.  
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Abstract 

The adsorption of CO2 onto different original and modified biochars was investigated 

in chapter four and five, respectively. The obtained results from previous chapters were 

used in this chapter for validation of molecular modeling outcomes. The functionality of 

biochar surfaces depends on the nature of the feedstock, pyrolysis temperature, and 

residence time. In this chapter, molecular modeling was used as a tool to determine the 

types of functionalization that could enhance adsorption and to pre-screen the target 

adsorbate for the sake of minimizing experimental time. The impact of single functional 

group and interaction between them (including nitrile, methyl, ether, furan, carboxyl, 

hydroxyl, amine, and amide) on the adsorption of target adsorbate onto biochar was 
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investigated. Among biochar inherent functional groups simulated, the lowest heat of 

adsorption occurred with carboxyl and hydroxyl for CO2 adsorption due to hydrogen 

bonding, which demonstrates these two functional groups are the best candidates for 

interacting with CO2. The simulations showed amine/amide functional groups enhanced 

CO2 adsorption with more exothermic adsorption, possibly because of stronger bonding 

compared to other functional groups.  The interaction of H2S with biochar released higher 

heat of adsorption in comparison to CO2, but approximately equal Gibbs free energy, 

indicating CO2 can be used as a surrogate to H2S. The simulation results were compared 

against experimental results and the thermodynamic properties were satisfactorily 

matched.  

Introduction 

Biochar sourced from forestry residues is potentially more environmentally sustainable 

and cost-effective alternative to adsorbents used in removing acid gases (CO2/H2S) from 

gas streams when compared to traditional methods. Biochar surface properties are a 

function of production conditions (i.e. temperature and residence time) and feedstock; 

therefore, biochars produced at different conditions may vary structurally, however they 

maintain interesting and applicable functionalities. In fact, these surface functional groups 

formed during production, enhance the ability of biochar to adsorb certain chemicals 

including small gases, compared to commercially available, expensive activated 

charcoals. The heterogeneous nature of the surface has led to much of the research in this 

area using a process of experimental trial and error to determine the best target molecules. 

We have implemented molecular modeling paired with experimental results to better 
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design adsorption experiments by modeling interactions between target gas and the 

adsorbent surface to get an idea of the propensity for adsorption and comparing to bench 

top experiments.  

Some researchers [1–3] have modeled the molecular structure of biochar produced 

from fast pyrolysis, slow pyrolysis, and gasification systems quantitatively using 13C 

nuclear magnetic resonance spectroscopy (13C-NMR). In this work, we have employed 

molecular modeling as a tool to pre-screen the adsorbates minimizing the experimental 

time, reducing waste, energy, risk concerns of handling chemicals, etc. Further, it can be 

used to determine the types of functionalization that could enhance adsorption of target 

adsorbates. Acid gases are common contaminants in oil and gas operations, landfill gases, 

and other industrial effluents. One of the methods for removal of acid gases (CO2/H2S) is 

adsorption, which can solve the practical limitations of conventional techniques (e.g. 

absorption). Absorption processes are space and cost intensive; however, common 

adsorbents (e.g. metal oxide based, carbon based, and silica based) represent a potentially 

more sustainable approach for removal of acid gases. Simulations of CO2/H2S adsorption 

on carbon materials have been done by a number of researchers [5-7].  Dang et al. [4] 

studied CO2 adsorption on brown coal using GCMC (grand canonical Monte Carlo) 

computational approach. The adsorption energy (Eads) of CO2 on brown coal surfaces 

calculated using DFT indicated the basicity of the oxygen- and nitrogen-containing 

groups controls the adsorption strength of CO2. Lim et al. [5] carried out calculations 

based on the Vienna ab initio simulation package (VASP, version 5.2.12) on carbon 

structures with N-functional groups (such as cyanide, pyrrole, pyridone, pyridine, amine, 

and quaternary amines). A model of carbon material with 9 aromatic rings consisting of 
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32 C atoms and 16 H atoms was constructed. They showed that pyridone and pyridine 

groups showed the most enhancements on adsorption of CO2 compared to other 

functional groups (such as cyanide, pyrrole, etc.).  The adsorption of pure SO2 and H2S 

and their selective adsorption from various gas mixtures by porous aromatic frameworks 

(PAFs) were investigated by Zhang et al. [6] using GCMC simulations. A periodic PAF 

unit cell was constructed and the influence of functional groups including -CH3, -CN, -

COOH, -COOCH3, -OH, -OCH3, -NH2 and -NO2 on the adsorption was investigated. The 

binding energy calculations showed inclusion of any of the functional groups enhanced 

adsorption but the electron withdrawing groups such as -CN, -COOH, -COOCH3 and -

NO2 were more effective. 

The bulk of publications used a simplified char structure with one functional group as 

a model [8–10]. In this work, we constructed a biochar structure with multiple 

functionalities in order to approximate actual biochar. In this study, a surface 

composition/structure of biochar was selected from published char structure as a basis 

compound and built in software. The model was compared with analyses of char 

generated in our labs to ensure the model was an accurate representation of the actual 

biochar. The model was then used to test the char’s affinity for CO2/H2S as a function of 

the functional group. The impact of modifying the surface with nitrogen functional 

groups on adsorption was compared with unmodified biochar.  
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6.1. Theoretical and experimental details 

6.1.1. Surface construction and validation  

The first step is to construct the biochar surface. A limited number of molecular 

representations of biochar have been proposed in the literature [7–9]. For this study, the 

most comprehensively characterized molecular structure was selected from literature in 

order to study the adsorption of CO2 onto biochar [3]. The selected surface was 

constructed by Zhao et al. [3] based on solid state 13C nuclear magnetic resonance (NMR) 

and pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) analyses. The 2D and 

3D structure of biochar as Gaussian input files were modeled using Marvin Sketch amd 

64 and Jmol 14.4.4 software, and are outlined below (Figure 6-1).  

  

 

Figure 6-1: (a) 2D model of biochar structure, (b) 3D model of optimized biochar 

structure, Colors Code: C= gray; N= blue; H= white; O=red 

 

To assess the ability of the model to simulate our actual biochar, the infrared spectra 

and elemental compositions of prepared biochar produced in our lab [10] were compared 

with that of the simulated surface. The structure has 111 atoms, 508 electrons, and a 

(b) 

 

(a) 
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neutral surface. This was further divided into seven carbon surfaces with different 

functionality: 1) nitrile, 2) methyl, 3) ether, 4) furan, 5) carboxyl, and 6) hydroxyl. 

Sections were compared to determine effect of functional group on CO2 adsorption 

(Figure 6-2a-g).  

   

a) Portion 1 

nitrile 

b) Portion 2 

methyl, ether 

c) Portion 3 

ether 

   

d) Portion 4 

furan  

e) Portion 5 
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 carboxyl, furan  
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carboxyl, hydroxyl 
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Figure 6-2: Structure of different functionalized biochar portions (a-g) 

Amine functionalized of carbonaceous surfaces can improve the adsorption capacity 

based on previous studies [23-25]. To study the impact of these groups, in separate 

simulations the functional groups of all 7 portions were replaced with amine groups, 

nitrile and ether were replaced with amine functional groups (Figure 6-3 a and b). 

 

a) Portion 1 

amine 

 

b) Portion 3 

amine 

 

Figure 6-3: Structure of two portions of amine functionalized biochar as an example 

6.1.2. Computational methodology and simulation 

After constructing the structure, the electronic interaction between target and the surface 

was performed using Gaussian 09 [11] software (on ACENET consortium at Memorial 

University). Initially, the energy of the simulated surfaces and gas phase adsorbates were 

reduced (optimization) by fixing the bond length and angles to stabilize the system. The 

CO2 molecule then introduced to each structure portion with specified distance (outlined 

in section 2.2). Thermodynamic properties and vibrational frequencies were calculated by 

density functional theory (DFT). DFT is a computational method simulates the molecules 
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based on electron density [12]. Figure 6-4 illustrates the algorithm of DFT for computing 

the molecule properties.  

 

Figure 6-4: Algorithm of density functional theory (DFT) [13] 

The basis set (6-31G(d) in our study) and molecular geometry are first specified by 

user. The software then suggests the density matrix (ρ(r,t)) at time zero (t=0) and the 

density matrix elements (Equation 1) are updated accordingly. Gaussian software uses as 

default initial estimate from the extended Hückel theory. The total electron density is 

expanded in terms of the molecular orbitals (Equation 1) and then each orbital can be 

expanded in terms of a set of atomic orbitals or the basis set (Equation 2). 
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𝜌(𝑟, 𝑡) = ∑𝑛𝑖 𝑓𝑛|𝜓𝑖(𝑟, 𝑡)|
2                                                                                               (1) 

𝜓𝑖(𝑟, 𝑡) = ∑𝑐𝑖 𝜒                                                                                                                (2) 

where 𝑛𝑖  is number of occupied orbitals, r is the position of particles in the system, t is the 

time, 𝜓𝑖(𝑟, 𝑡) is the molecular orbitals (square root of electrons/(atomic unit)3) at distance 

r and time t, χ is the atomic orbitals (square root of electrons/(atomic unit)3), and 𝑐𝑖 is 

constant.  

Once convergence of the density matrix is achieved, the final energy of the system is 

computed by inserting the calculated final density matrix (ρ(r)) as below [10]: 

𝐸𝐾𝑆[𝜌(𝑟)] = 𝑇𝑛𝑖[𝜌(𝑟)] + 𝑉𝑛𝑒[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] + ∆𝑇[𝜌(𝑟)] + ∆𝑉𝑒𝑒[𝜌(𝑟)]                   (3) 

where Tni is the kinetic energy of non-interacting electrons, Vne is the nuclear-electron 

interaction energy, Vee is the electron-electron repulsion energy, ΔT is the correction to 

the kinetic energy deriving from the interacting of the electrons, ΔVee is the correction to 

the electron-electron repulsion energy. The atomic unit of all terms in equation 3 is in 

Hartree.  

DFT simulations were based on the B3LYP/6-31G(d) level of theory. The B3LYP 

theory is a hybrid method for doing DFT calculations, comprising parts of ab initio (such 

as Hartree-Fock) with improvement on DFT mathematics (faster with better accuracy). 

The selected level of theory (B3LYP/6-31G(d)) provides reliable vibrational frequencies 

with high accuracy, low cost, and shorter running time in comparison with the other DFT 

calculation methods (such as Local Density Approximation [LDA] and Gradient Correct 
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[GC]) [14]. The B3LYP/6-31G(d) method has shown good performance in describing the 

CO2 adsorption on the microporous carbon materials [4]. Although the DFT methods 

underestimate weak interactions such as Van der Waals forces [15,16], they still provide a 

valuable assessment of interaction energies for relative comparison.  

6.1.3. Adsorption energy calculation 

After running simulations with Gaussian software, the output energies were obtained. 

The bonding energy was calculated by subtracting the summation of the output energy of 

optimized target gas (CO2/H2S) and adsorbent surface (biochar) from the optimized 

adsorbate-adsorbent complex. All the products and reactants should be at the same 

temperature and pressure.  

∆𝐸𝑎𝑑𝑠(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒) = 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡−𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒) (6) 

where Eadsorbent, Eadsorbate, and Eadsorbent-adsorbate is the energy of isolated biochar, CO2/H2S, 

and biochar-CO2/H2S system, respectively. Lower (negative) adsorption energy indicates 

stronger bonding between adsorbate and surface [17]. Frequency calculations were 

performed to obtain a minimum energy and IR vibrations. The energy minima for all 

optimized geometries of reactants and products allowed us to estimate Enthalpy and 

Gibbs free energy for the system based on Equation 3. 

To gain better insight into adsorption process, the Mulliken population analysis was 

performed using GaussView 5.0.8 software to calculate the amount of charge transferred 

to/from surface/CO2 molecules. The most favourable adsorption regions are determined 

by the interaction between the electrostatic potential of the surface and that of the guest 
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molecule [18]. Population analysis shows the charge distribution in the system and 

determines partial charge amount and location within the molecule. The Mulliken charge 

distribution is the most common population analysis and is highly dependent on the basis 

set function. This analysis is applicable for comparing partial charge of atoms between 

two different geometries with the same basis set. The charge distribution of each atom 

(Δqi) of the biochar surface was calculated with and without the adsorbate (CO2 

molecule) to determine the amount of charge transferred during adsorption [19] using the 

following equations: 

∆𝑞𝑖 = 𝑞𝑖,𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑎𝑓𝑡𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝑞𝑖,𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛                                          (4) 

∆𝑞𝑗 = 𝑞𝑗,𝐶𝑂2 𝑎𝑓𝑡𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝑞𝑗,𝐶𝑂2 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛                                                    (5) 

where i is a biochar surface atom, and j is a CO2 atom. 

6.1.4. Preparation and characterization of biochar 

The actual biochar was prepared via fast pyrolysis in a 4 kg/h capacity auger reactor, 

details of this system are reported in [10] from softwood (balsam fir). The elemental 

analysis of the biochar was performed using a CHN/O Analyzer (Perkin Elmer Series II 

2400) and the oxygen content was determined by the difference of total elements and 

wt.% of C, H, and N. Infrared spectra were obtained using a FTIR (Bruker Alpha FTIR 

spectrometer) with a range of 400 to 4000 cm-1, a resolution of 4 cm-1, and a total of 24 

scans for both background and sample measurement. 
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6.2. Results and discussion 

6.2.1. Validation of the surface model 

To obtain a reliable picture of the surface of the biochar samples in terms of functional 

groups and to compare with simulated spectra, a calculated IR spectrum for the whole 

biochar surface model and functionalized one were produced and compared to the 

experimental analysis (Figure 6-5).  

 

Figure 6-5: Experimental and simulated IR frequencies for original and functionalized 

biochar (SW500: sawdust produced at 500 °C, Am-SW500: amine functionalized sawdust 

produced at 500 °C)  
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The absorption peak at 900-700 cm-1 correspond to aromatic C-H stretch and 1600-1500 

cm-1 ,to C=C in aromatics, respectively [20]. The peak at 1700-1600 cm-1 could be related 

to C=O stretching in the carbonyl group [21]. The small peak in the 3000-2700 cm-1 

region is the aliphatic C-H stretch vibration and/or C-C chains and only presented in the 

simulated biochar spectrum [22]. C-N groups were more pronounced in the simulated 

biochar at 1250-1000 cm-1, due to higher amount of nitrogen in simulated biochar 

compared to the prepared biochar. The peaks are quite visible for the simulated 

functionalized biochar since amine groups are the only functionality on the surface. 

However, in practice most of the amine functional groups are usually in the same zone as 

other groups and subsequently masked by them. The N-H peaks were found at 780-730, 

3500-3200, and around 1600 cm-1. A qualitative comparison suggests that many 

simulated spectra correspond well with the experimental one and few peaks are 

unmatched. As expected, the IR frequencies of simulated char were more transparent with 

nice sharp peaks. The reason could be due to using a single carbon surface with defined 

functional groups in the simulation study, while in each experimental runs, the complex 

sample structure interacts with infrared radiation more and correspondingly shows spectra 

that are more vibrational. Table 6-1 shows that the empirical formula of the simulated 

biochar is very close to that of the actual biochar.  

Table 6-1: Elemental analysis of actual and simulated biochar 

Sample 
Elemental composition (%) 

Empirical Formula 
C H N O 

Actual Biochar 73.25 3.64 0.16 22.15 C60 H36 N0.1 O14 

Simulated Biochar - - - - C60 H37 N O13 
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Slight differences between the two IR frequencies and empirical formulas are due to 

using different sources. The biochar was pyrolyzed from woody biomass (Sawdust) at 

500 ºC; while, the simulated biochar was sourced from crop straw at 500 ºC.  In general, 

these two methods demonstrate that the biochar surface model could represent properties 

of the actual biochar well and can be used as an alternative to actual biochar in order to 

investigate the effect of functional groups.  

6.2.2. CO2 adsorption on biochar surface 

Given the heterogeneous nature of the biochar, it is challenging to determine 

experimentally which functional groups can enhance or potentially inhibit the adsorption 

of target adsorbate. In this section, molecular modeling was used to assess the adsorption 

potential. The first set of CO2 adsorption simulations were performed on the surface with 

the functional groups outlined in Figure 6-2. The CO2 molecule was introduced to each 

functional group with specified distance. This distance was determined by summation of 

the van der walls radius of each atom (Table 6-2), for instance this distance is 

1.54A°+1.85A° in portion 1. 

Table 6-2: Van der Waals radii of selected atoms (in A°) [23] 

Element R0 

C 1.85 

H 1.20 

N 1.54 

O 1.40 
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It is worth mentioning that the CO2 molecule remained in linear conformation even 

after energy minimization of the system that shows weak adsorption, deviation from 

linearity indicates stronger adsorption. The calculated CO2 heat of adsorption for each 

portion is outlined in Figure 6-6(a-g).  

 

 
 

 

a) Portion 1 

ΔHads=  -5.2 kJ/mol 

b) Portion 2 

ΔHads= -0.4 kJ/mol 

c) Portion 3 

ΔHads= -4.5 kJ/mol 

   

d) Portion 4 

ΔHads= -7.3 kJ/mol 

e) Portion 5 

ΔHads= -2.1 kJ/mol 

f) Portion 6 

 ΔHads= -4.2 kJ/mol 
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 g) Portion 7 

ΔHads= -10.6 kJ/mol 

 

 

Figure 6-6: Interaction configurations and adsorption energies (in kJ/mol) for CO2 and 

surface functional groups at 25 °C and 1 atm 

 

The minimum and maximum enthalpy of adsorption was -0.4 kJ/mol (portion 2 and -

10.6 kJ/mol (portion 7) as outlined in Figure 6-6 b,g. The results suggested carboxyl and 

hydroxyl in portion 7 have higher affinity for CO2 adsorption when compared to methyl 

and ether in portion 2.  This is due to the hydrogen bonding between O-H (hydroxyl) and 

the nearest O of CO2 (O-H…O=C). The proton in H atom and electronegative O in the 

CO2 molecule enhances electrostatic attraction between adsorbate and surface. Figure 6-7 

illustrates the electrostatic potential map (EPM) or Mulliken population analysis on the 

electron density of the sample. 



192 

 

 

 

Figure 6-7: Mulliken charge distribution of biochar surface, Colour range: -0.64 e (red) to 

0.64 e (green) 

 

The EPM is a useful tool for understanding electrophilic and nucleophilic sites for 

different reactions [24]. In the figure, green represents a positive potential, red represents 

a negative potential, and black indicates neutrality. For instance, the charge of H47 (Light 

green, hydroxyl) of portion 7 are higher than the H54-56,108-110 (Dark green, methyl (53) 

and ether (107) functional groups) in portion 2 (Figure 6-7). This validates the weaker 

interaction of C53/107-H54-56/108-110 
…O (portion 2) than typical hydrogen bond of O46-

H47
…O (portion 7) observed in adsorption energy [25,26].  The charge distribution of 

electrostatic interactions of CO2 by biochar surface in each portion is represented in 

Figure 6-8.   
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Figure 6-8:  Distribution of electrons among the elements according to the Mulliken 

molecular orbital population analysis in different portions   
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Figures 6-8 (a) to (f) were used to analyze the adsorption of CO2 in terms of biochar 

surface charges below.  The charge of each atom will be changed through adsorption. 

Although the absolute values of these charges are typically not accurate, the focus here is 

on relative changes before and after adsorption [27].  

The impacts of different functional groups on CO2 adsorption are shown in Figure 6-9.  

 

Figure 6-9: The effect of different functional groups on heat of adsorption at 25 °C and 

1 atm, ‒●‒ Portions with functional groups, ‒■‒ Portions with functional groups 

removed, □ Portion 2- methyl, ○ Portion 2 - ether, ◊ Portion 5 - two carboxyl by 

distance, × Portion 5 - one carboxyl, + Portion 6 - carboxyl and methyl, Δ Portion 6 - 

furan and methyl, ▲ Portion 7 - carboxyl, ♦ Portion 7 – hydroxyl 

 

The line “‒■‒” are the simulation results using a pure carbon surface, with no 

functionality, while line “‒●‒” is the original surface with portions as outlined in Figure 

6-2. The points on the graph are the results of simulations where different functional 

groups are removed or added depending on portions. In general, functional groups (‒●‒) 
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improved the CO2 adsorption in all portions (lower adsorption energies) excluding 

portion 2 compared to the pure carbon surface.  In portion 2, the single ether (○) shows 

better adsorption when compared to the original structure (Figure 6-2) with methyl and 

ether present (■). When only the methyl group (□) is included the adsorption is the 

weakest. This could be due to the very low charge transfer (i.e. weak bond) from 

hydrogen in methyl groups (dashed boundary) to oxygen in CO2 (red boundary in Figure 

8) compared to other functional groups. For portion 5, in the original structure (Figure 6-

2), the two carboxyl groups are attached at adjacent carbons (‒●‒). There is potential for 

the carboxyl groups to bind through hydrogen bonding and therefore hinder CO2 

adsorption. As such, two cases were studied, one where only one carboxyl group was 

present (×) and the second where the one carboxyl group was moved to a non-adjacent 

carbon (◊). When one carboxyl group was removed, the energy of adsorption decreased 

approximately four times (~-9 kJ/mol). For the second case, the energy of adsorption 

reduced significantly (~9 times) indicating hydrogen bonding was likely occurring 

between adjacent carboxyl groups. Carboxyl, methyl, and furan are present in portion 6. 

The energy of adsorption decreased by removing furan (+) and increased when removing 

the carboxyl group (Δ). The reason behind this fact could be due to the weak bonding 

occurring between methyl and furan (C-H…O), increasing the adsorption enthalpy. The 

lowest adsorption enthalpy in portion 7 was with the original structure (Figure 6-2) with 

both functional groups (carboxyl and hydroxyl) attached to non-adjacent carbon (‒●‒). In 

contrast to portion 5, there was no hydrogen bonding to interfere with adsorption. In 

Figure 6-8, both functional group (dashed boundary) and target adsorbate charges were 

shown by red boundary, indicating the highest charge distribution among portions and 
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subsequently lowest adsorption energy. Portion 7 with carboxyl (▲) showed better 

adsorption compared to the hydroxyl group (♦). This sequence suggest that the polarity 

(COOH > OH > C=O > C2O) determines the adsorption strength of CO2 on the oxygen-

containing functional groups [4]. 

6.2.3. CO2 adsorption on functionalized biochar surface 

In this set of simulations, all 7 portions were replaced with primary amine groups, as 

demonstrated below (Figure 6-10) in portions 1 and 3 where nitrile and ether was 

replaced by amine, respectively. 

 

  

a) Portion 1 

ΔHads= -9 kJ/mol 

b) Portion 3 

ΔHads= -6.4 kJ/mol 

 

Figure 6-10: Interaction configurations and adsorption energies (in kJ/mol) for CO2 and 

amine functionalized biochar as an example (a,b) at 25 °C and 1 atm  

 

A second set of simulations were performed where only portions 5,6, and 7 were 

replaced with amide groups. The carboxyl functional groups, located in portion 5, 6, and 

7 could be converted to amide groups while functionalizing with nitrogen (Figure 6-11). 
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a) Portion 5 

amide 

b) Portion 6 

amide 

c) Portion 7 

            amide 

 

Figure 6-11: Optimized interaction configurations of CO2 with amide functionalized 

surface  

 

The amine and amide functional groups interact with CO2 through stronger bonding. 

The proposed mechanism in this section is physisorption interaction. In all portions (other 

than portion 7) the amine groups showed lower heat of adsorption and consequently 

bonded more strongly in comparison to other functional groups (Figure 6-12). 
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Figure 6-12: The impact of amine and amide functional groups vs. the other functional 

groups at 25 °C and 1 atm, -▲- amine functional groups, Δ amide functional group, -●- 

original functional groups 

 

For portion 1, the π-π interaction could be between the orbitals of C≡N (nitrile) and 

C=O (CO2). The π bonds are non-covalent bonds, which interact weaker with CO2 

compared to hydrogen bonding in this portion. Figure 6-6 indicates two hydrogen bonds 

(O-H…O) in portion 7 (carboxyl and hydroxyl groups) which shows stronger bonding 

than the single hydrogen bond between amine and CO2 (N-H…O). The reason is because 

oxygen is more electronegative (tendency to attract a shared pair of electrons) than 

nitrogen. The Mulliken charge distribution (Figure 6-8 and Table 6-3) back this up as the 

charge transfer from hydrogen to oxygen in O-H…O is higher than N-H…O in portion 7. 

Among all portions functionalized with amine groups, portion 2 and 5 have the lowest 

heat of adsorption (~-12kJ/mol). The reason is that more electrons were transferred to N 

and from C in CO2 molecule, resulting in a stronger bonding with CO2 in comparison to 

other portions (Table 6-3).  

Table 6-3: Charge distribution of CO2, N, and H in amine and amide groups 

 O1 ⃰ C O2 ⃰ 
Functional 

group 
N H (avg.) 

Portion 1 -0.008 0.023 -0.025 amine -0.012     0.006   

Portion 2 -0.010 0.025 -0.036 amine -0.015 0.01 

Portion 3 -0.026 0.022 -0.005 amine -0.012 0.01 

Portion 4 -0.011 0.024 -0.016 amine -0.015 0.009 

Portion 5 
-0.025 0.030 -0.008 amine -0.014 0.004 

-0.022 0.023 0.025 amide -0.016 0.005 

Portion 6 
-0.017 0.023 -0.016 amine -0.013 0.006 

0.002 0.028 -0.039 amide -1.103 0.437 
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⃰ Oxygen atoms of CO2 molecule 

 

The amide functional groups (portion 5, 6, and 7) produced the lowest heat of 

adsorption due to high polarity of amide groups (Figure 6-11). As Table 6-3 illustrates, 

the amount of charge gained by nitrogen in amide groups is higher than amine, leading 

the hydrogen with higher fractional positive charge and stronger bonding with CO2.  

Portion 6 and 7 with the highest fractional charge distribution (Table 6-3) released the 

lowest adsorption enthalpy (~-17 kJ/mol) among portions (Figure 6-12). In general, 

amide functional groups can have better performance in CO2 adsorption but the position 

of functionalizing is another factor affecting the process. 

6.2.4. H2S adsorption vs. CO2 adsorption on biochar surface 

The adsorption of H2S on the biochar surface at 20 ºC and 1 atm was evaluated via the 

same method as described above for CO2. It should be noted, it was assumed that the 

molecule does not disassociate, but adsorbs as H2S (in the absence of water). This is in 

line with the physical adsorption proposed by other work [28]. Figure 6-13 compares the 

enthalpy and free energy of H2S and CO2 adsorption on biochar at the same condition.  

Portion 7 
-0.026 0.022 -0.006 amine 0.038 -0.004 

0.004 0.029 -0.040 amide -0.020 0.015 
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Figure 6-13: Thermodynamic information for CO2/H2S systems 

The enthalpy of the H2S interaction with biochar ranged from -13.3 to -26.7 kJ/mol. 

The mean of these values is between physisorption and chemisorption [29]. The average 

Gibbs free energy of CO2/H2S-biochar systems were approximately the same (-3.73 and -

3.81 kJ/mol), indicating both processes are spontaneous (favourable) and potentially CO2 

could be used as a surrogate for H2S in initial screening experiments of this biochar. This 

is important, as there are significant costs and safety issues when working with H2S. 

Molecular modeling allows one to screen modified and unmodified chars with a surrogate 

such as CO2 and should the char show potential the more elaborate lab set up for H2S can 

be created. 

6.2.5. Comparison of theoretical results with experimental data 

In this section, the obtained thermodynamic properties from DFT calculations and 

experiments were compared. Table 6-4 summarizes the interaction energy, enthalpy, and 

free energy of the adsorption system at 20 °C and 1 atm.  
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Table 6-4: Calculated and experimental values of adsorption energy, enthalpy, and free 

energy for unaltered biochar 

System ∆𝑬𝒏𝒐𝑪 ∆(𝒁𝑷𝑬)† ∆(𝑻𝑬)‡ ∆𝑬𝑪 ∆𝑯𝑪𝒂𝒍
°  ∆𝑯𝒆𝒙𝒑

°  ∆𝑮𝑪𝒂𝒍
°  ∆𝑮𝒆𝒙𝒑

°  

Portion 1 -10.39 1.23 0.21 -8.95 -11.48 

 

-10.53 

 

Portion 2 -4.30 1.52 0.36 -2.42 -0.82 1.73 

Portion 3 -6.76 0.95 -2.33 -8.13 -6.54 2.43 

Portion 4 -12.26 1.74 0.30 -10.22 -7.54 -4.81 

Portion 5 -6.09 0.91 0.15 -5.03 -2.03 -6.24 

Portion 6 -4.34 0.85 0.03 -3.46 0.34 -2.12 

Portion 7 -14.70 1.96 0.50 -12.25 -14.33 -6.57 

CO2/biochar* 

Avg. 
-8.41 1.31 -0.11 -7.21 -6.06 -8.17 -3.73 -2.90 

*All results are reported in kJ/mol, †ZPE: zero-point energy, ‡TE: thermal contribution to energy 

Regarding energetics, the B3LYP contribution to the interaction energy is not 

corrected (ΔEnoc); therefore, the thermal contribution to energy, Δ(ΤE), and zero-point 

energy, Δ(ZPE), should be added up to give the final corrected interaction energy (ΔEC). 

Zero-point energy (ZPE) is the lowest possible energy that a quantum mechanical system 

may have and is the energy of the ground state [30]. Calculated results for the zero-point 

energy, Δ(ZPE), and the thermal contribution to energy and enthalpy, including Δ(ΤE), 

Δ(ΤG), and Δ(ΤH), were also reported by the software (some results not presented here 

for the sake of brevity). It should be noted that Δ(ΤG) and Δ(ΤH) included the correction 

terms, Δ(ZPE) and Δ(ΤE).   ΔEnoc and Δ(ΤH) were added up to give the adsorption 

enthalpy, ΔH0
Cal, to be compared with the corresponding experimentally determined 

value, ΔH0
exp [31]. The average heat of adsorption (ΔH0

exp) was calculated experimentally 

to reflect the realistic thermodynamic property [32]. ΔG0
Cal was determined by 

summation of ΔEnoc and Δ(ΤG) and compared with ΔG0
exp [31]. In Table 6-4, calculated 
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values of thermodynamic parameters, ΔH0 and ΔG0, showed reasonable agreements with 

those experimentally found (~20% deviation). In addition, both thermodynamic 

parameters demonstrate the adsorption is favourable. The difference between theoretical 

and experimental results could be due to several reasons: the experiments were conducted 

in dynamic mode, but the simulation runs were static; the DFT simulations underestimate 

weak interaction energies [15]; and the thermodynamic parameters were calculated 

experimentally based on the degree of filling of the adsorbent; however, all the degree of 

filling or surface loading cannot be covered in practice. 

The thermodynamic properties were not determined experimentally for the 

functionalized biochar. As such, the comparison between simulation and experiments was 

conducted qualitatively in this case. The experimental outcomes obtained in our lab 

showed that the CO2 adsorption capacity for aminated char is higher than the unaltered 

one, similar to the absolute value of heat of adsorption in simulation results (Figure 6-12).   

Conclusion 

In this study, we have highlighted the role of surface functional sites of biochar in the 

CO2/H2S adsorption. The biochar surface model was validated by two methods: 

comparison of IR analysis and empirical formula. The optimized interaction between 

different portions of pristine biochar and CO2 as an adsorbate illustrated that the 

minimum and maximum heat of adsorption (i.e. -10.6 and -0.4 kJ/mol) attributed to 

carboxyl-hydroxyl and methyl-ether groups, respectively. The more exothermic CO2 

adsorption was due to hydrogen bonding interaction (O-H…O) which is stronger than C-

H…O bonding. The carboxyl functional groups showed lower enthalpy of adsorption 
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compared to hydroxyl due to higher polarity. To confirm the impact of functional groups 

on CO2 adsorption, all of the functional groups were removed and consequently the 

adsorption enthalpy was increased in most of the portions. The amine functional groups 

replaced with all other functional groups, improved CO2 adsorption due to stronger 

bonding. The investigation of H2S adsorption on the biochar surface showed the mean 

enthalpy of the reaction was ~-20 kJ/mol and accordingly chemisorption was 

accompanied by physisorption in this case. CO2 can be used as an effective substitute for 

H2S since the Gibbs free energy for adsorption of both on biochar were roughly the same. 

Further, the thermodynamic parameters were computed and they were in reasonable 

accordance with experimental results.  In this study, molecular modeling was employed 

as a tool to pre-screen the types of functionality that could improve or impede adsorption 

onto heterogeneous structure of biochar in addition to determining the target adsorbate 

gas in shorter time without doing experiments. Further investigations are still required to 

develop molecular modeling with regard to realistic conditions of adsorption process (i.e. 

temperature and pressure) and adsorbate mixtures such as natural or produced gas. 
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The research presented in this thesis contributes new information and observations 

with respect to how operating conditions, feedstock properties, functional groups, and 

modification impacts on CO2 adsorption by specific type of biochar. The overall 

conclusion was that biochar can be used as an alternative to commercial adsorbent as it is 

more environmentally-friendly, a low cost adsorbnet, and showed better adsorption. The 

biochar was produced through the lab-scale tube furnace reactor and the pilot 2-4 kg/h 

auger reactor and the adsorption experiments were conducted in the designed fixed bed 

reactor. Several analytical techniques were employed to characterize the biochar samples. 

In addition, the biochar surface was simulated in order to investigate the effect of various 

functional groups on adsorption of CO2/H2S. This thesis was comprised of five sections: 

literature review (chapter two), characterization of biochar (chapter three), biochar 

adsorption via theoretical and experimental study (chapter four), modification of biochar 

structure (chapter five), and molecular modeling of biochar surface (chapter six). 

7.1. Literature Review 

The purpose of the first phase of this study was to investigate biochar production 

methods, isotherms, molecular modeling, and different adsorption units to use this 

information further. The literature was reviewed to compare biochar with commercial 

adsorbents and the results indicated biochar could be used as a feasible alternative to 

activated carbon as it is an environmentally friendly and low-cost adsorbent. The results 

showed the properties of biochar such as carbon, hydrogen content, and surface area was 

profoundly affected by pyrolytic temperature. The adsorption of H2S on plain carbon 

surfaces is proposed to occur by the mechanism proposed by Adib et al.  Two different 
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process systems, including dynamic and static, were used in the literature to determine 

adsorption capacities and rates. The application of molecular modeling to describe 

adsorption process and different simulation methods were studied. 

7.2. Characterization of biochar 

The aim of this phase of the thesis was to evaluate the biochar properties produced 

from three different woody biomasses: softwood (sawdust and bark (Balsam fir)) and 

hardwood (Ash wood) through fast pyrolysis at 400-500 ºC and then to compare them in 

terms of chemical, physical, and morphological properties with those of MOFs reported 

in the literature. MOFs are one of the effective adsorbents for removal of H2S from 

natural gas and CO2 capture. The experimental results of the pH tests illustrated that the 

biochar samples were basic, which may indicate possible better acidic gas adsorption. The 

FTIR and TGA results showed biochar had higher carbon content and more aromatic 

functional groups in comparison with MOFs. However, the thermal stability and surface 

area of MOFs was found to be higher than the biochars. The SEM and XRD results 

showed structural differences in the morphology, pore size, mineral content of biochar 

and MOF-5.  The MOF-5 had uniform micropore structure while biochars had 

honeycomb structure with variable pore diameters. Although all the biochar samples had 

almost the same physiochemical properties, sawdust biochar produced at 500 °C had the 

highest surface area, which can be chosen as the best option for adsorption experiments. 
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7.3. Biochar Adsorption 

This phase of the study investigated the impact of operating parameters and their 

interactions on adsorption capacity of the biochar. A fixed bed rector was designed and 

validated in order to study biochars sourced from different types of feedstock. A series of 

adsorption experiments on biochar were carried out to determine the impact of 

temperature (°C), total inlet flow rate (mL min-1), and carbon dioxide concentration 

(%V/V) on adsorption capacity (mmol g-1) of char. The operating conditions which 

maximized adsorption were 20 °C, 60 mL min-1 flow rate, and pure CO2. The CO2 inlet 

concentration was the most influential variable and the interactions between temperature–

total flow rate and temperature–%CO2 were significant in the adsorbent capacity of the 

biochar.  The highest adsorption capacity (2.4 mmol g-1) was found for softwood biochar 

produced at 500 °C (F-P-SW500) compared to the other studied chars while a commercial 

Zeolite-13X had 1.7 mmol g-1 CO2 uptake capacity. The isotherm study indicated the 

Freundlich model was a better fit because of the non-homogeneous nature of the surface 

of the biochar and possible multilayer adsorption. The thermodynamic properties results 

showed CO2 adsorption was a spontaneous process (ΔG<0), involving physical 

adsorption (ΔH<20 kJ mol-1), and was exothermic in nature (ΔH<0).  Through kinetic 

analysis, a pseudo first-order model showed an excellent fit with the data, because the 

pseudo-first order model applied to processes that involve physical adsorption or 

reversible interaction between adsorbent and adsorbate, such as CO2 adsorption on 

activated carbon or zeolite sorbents. The results of this chapter suggested that biochar 

derived from “waste” materials could be used as a sustainable alternative to existing 
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adsorbents for contaminant removal from acid gases. However, it should be noted this 

work is limited to 100% CO2 more extensive studies where CO2 composition is varied 

and inhibiting/competing gases are added must be studied. 

7.4. Modification of biochar structure 

This phase of the study focused on modification of biochar structure in order to 

improve adsorption capability of the biochar. In this chapter, unmodified, thermally 

activated, and chemically modified biochars were compared based on the ability to adsorb 

carbon dioxide. Two novel methods, 1. Nitration followed by reduction and 2. 

Condensation of condensable siloxanes, were used to functionalize the biochar surface.  

The results indicated the CO2 capture capacity decreased due to reducing the surface area 

and pore blockage. The biochars (unmodified and chemically modified) were thermally 

activated via air diluted with nitrogen at a moderate 560 ºC to enhance the capacities. The 

presence of nitrogen in functionalized samples was confirmed by elemental analysis. 

However, after thermal treatment the intensity of nitrogen group peaks decreased, 

indicating possible decomposition of the functional groups. Based on characterization 

results, the activated functionalized samples had a higher surface area, pore volume, and 

lower H:C ratio compared to unmodified ones, which could enhance the adsorption 

capability of biochars. The synthesized N-functionalized biochar followed by physical 

activation (AP-SW500-A-560) showed much higher adsorption capacity compared to 

commercial activated carbon (Norit CA1) and recent carbon-based adsorbents. The 

activated N-loaded biochar had an overall lower surface area than chemically activated 
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commercial carbon (Norit CA1) but higher adsorption due to retaining some nitrogen 

functionality enhances adsorption and makes up for a decreased surface area. 

7.5. Molecular modeling of biochar surface 

The purpose of this phase of the study was to use molecular modeling to determine the 

“best” target adsorbate for adsorption onto biochar and to screen the type of functional 

groups, which could enhance adsorption. The impact of each functional group (including 

nitrile, methyl, ether, furan, carboxyl, hydroxyl, amine, and amide) and interactions were 

investigated through molecular simulation and experiment. The surface 

composition/structure of biochar was selected from published char structure as a basis 

compound and built in the software. The model was validated with analyses of char 

generated in our labs to ensure the model was an accurate representation of the actual 

biochar. The electronic interaction between target gases (CO2/H2S) and the surface was 

performed using Gaussian 09 software. The results illustrate the minimum and maximum 

heat of adsorption (i.e. -10.6 and -0.4 kJ/mol) obtained for carboxyl-hydroxyl and methyl-

ether groups, respectively. The interaction between CO2 and carboxyl-hydroxyl of 

biochar occurred with hydrogen bonding (O-H…O), while methyl-ether groups interact 

weaker with CO2 by C-H…O bonding. By removing all of the functional groups, the 

adsorption enthalpy was increased in most of the portions. The simulations of nitrogen 

functionalized biochar showed amine/amide functional groups enhanced CO2 adsorption 

with more exothermic adsorption. The investigation of H2S adsorption on the biochar 

surface showed the heat of adsorption released was higher in comparison to CO2, but 

approximately equal Gibbs free energy, indicating CO2 can be used as a surrogate to H2S. 
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The simulation results were compared against experimental results and the 

thermodynamic properties were reasonably in agreement. 

7.6. Recommendations for Future Work 

The application of biochar as gas adsorbent with efficient removal of acid gases were 

investigated through this study; however, further efforts are still required to modify 

and/or design the biochar structure at a molecular-level, improve the adsorption capacity, 

regenerate the biochar, and sequester the adsorbate. The recommendations for future 

work based on the results of this dissertation are summarized below:    

 The inlet gas used in this study was pure CO2 or mixed with N2. However, in 

actual conditions, such as natural gas or produced gas from industries, the mixture 

fractions are different and associated with some impurities. As such, it is 

recommended to introduce feed gas similar to the actual condition at the same 

operating temperature and pressure to evaluate interference/competition effects. 

 From a safety point of view, working with H2S in the lab environment poses an 

exceptionally high risk due to toxicity. Therefore, it is suggested if all the on-site 

risks (engineering controls e.g. ventilation systems) and proper protections (e.g. 

PPE) were identified, the adsorption capacity of H2S can be experimentally 

determined separately or with CO2.  

 In chapter three, the biochar characterizations including physical, chemical, and 

morphological were determined and compared with MOFs as one of the 

adsorbents for purification of natural/produced gas. The author suggests to 
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experimentally measuring the CO2/H2S or CO2-H2S mixture adsorption capacity 

of the MOFs and other commercial acid gas adsorbents along with biochars in 

chapter four to have better comparison of these adsorbents. The selectivity can be 

calculated as well when using CO2-H2S mixture. 

 The water content typically combined with natural/produced gas and it can have 

impact on the adsorption.  The effect of H2O on CO2/H2S adsorption should hence 

be taken into consideration.    

 In chapter four, the optimum temperature, CO2 concentration, and total inlet flow 

rate were obtained according to a series of lab-scale experiments in the fixed bed 

reactor in order to maximize adsorption capacity. The developed model via 

response surface methodology is specific to the designed system and type of 

biochar. The author recommends adding the type of biochar to independent 

variables in the CCD model to demonstrate the impact of this parameter and the 

interactions on adsorption capacity of biochars. Further, the breakthrough time can 

be added to response parameters. 

 In addition to co-pyrolysis of different types of sawmill residues, co-pyrolysis of 

these residues with other waste materials (e.g. aquatic waste or coffee waste) or 

catalyst (e.g. HZSM-5) could change/modify biochar structure. This change might 

be in favour of better adsorption for the application of biochar. 

  Based on the current study and the literature review, the thermal modification was 

conducted at 560 °C using air flow diluted with nitrogen (5% oxygen) for two 

hours to activate biochar samples in chapter five.  The author suggests designing a 
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set of experiments to find the optimum condition(s) for activating. The 

independent parameters for developing the CCD model could be activation 

temperature, time, and activating agent.  

 In chapter five, two methods were used for amine functionalizing of biochars. The 

amount of nitrogen loading was determined by elemental analysis before and after 

functionalizing. The obtained results indicated an optimum amount of nitrogen 

functionalizing can enhance the adsorption capacity compared to pristine biochar. 

As a result, it is suggested to use a technique to control the nitrogen loading in 

order to maximize the adsorption capacity (optimization of loading condition).  In 

addition, the activation process could be done before functionalizing to compare 

with the current results. 

 The desorption characteristics study was limited in this work due to time 

restrictions. Further investigations regarding regeneration of biochar and CO2 

sequestration are still required. The impact of different parameters including 

temperature, time duration, cycle numbers, and purging gas on regeneration of 

biochar could be an interesting topic in future work. 

 The adsorption process of CO2 and H2S on biochar was simulated individually in 

this study and the thermodynamic parameters and FTIR results were validated 

with experimental data obtained from adsorption of CO2 on unmodified biochar. 

This simulation can also be done by CO2 and H2S simultaneously and/or with 

other gases in natural/produces gases, then validate with experimental data 

adsorption on modified/unmodified biochar.   
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 The molecular dynamic (MD) software is usually used as a tool to simulate 

sophisticated systems with considering position of atoms over time. The author 

suggests applying MD in order to consider space and time evolution of a system 

and running millions of atoms in each job.  

 Based on the results found from statistical analysis (chapter four), the operating 

parameters interaction and trends were identified. Using this information would be 

very helpful for scaling-up the fixed bed reactor in future work.  

 

 

 

 

 

 

 

 


