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Abstract

Biochar, a green adsorbent produced from the thermochemical conversion of biomass,

has proved its CO2 capture potential in many research works. Nevertheless, when

considering industrial-scale utilization, it becomes crucial to explore scenarios that

closely resemble real-world emission points beyond the adsorption capacity of the

adsorbent. In this work, we conducted a thorough review of the existing literature

to assess whether all potential barriers and challenges related to the industrial-scale

application of biochar as a CO2 adsorbent have been investigated and addressed. In

later parts, we conducted research focused on areas we identified as research gaps in

our review of the literature.

A careful scanning of the literature revealed that the majority of research studies

on biochar CO2 adsorption are concentrated on its adsorption of pure CO2 or binary

CO2/N2 mixtures. However, in actual emission scenarios, CO2 is never discharged as

a pure gas; instead, it is emitted as part of a gas mixture. Water vapor is a component

that is always present in flue gas/gasification syngas and can adversely impact the

adsorption of many common CO2 adsorbents, such as zeolites, by strongly adsorbing

to the adsorption sites. For this reason, a pre-treatment drying stage is necessary for

many of the commercial adsorbents, adding to the capital and operational costs. The

literature was obscure regarding whether biochar performance would be negatively

impacted in the presence of water vapor.

Our investigation on the water vapor impact on woody biochar CO2 adsorption
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via computational and experimental methods revealed that the adsorption rate and

capacity of the biochar were not negatively impacted by the water vapor. In fact,

the biochar CO2 adsorption capacity was improved at higher CO2 partial pressures

(>80 vol.%). The experiments were performed with binary CO2/N2 mixtures (20-

80 vol.% CO2 balanced with N2) at 20 °C and 1.2 bar under dry and humid conditions.

For the wet experiments, N2 was saturated with water at 20 °C before being mixed

with CO2 resulting in 20-80% relative humidity (0.5-1.8 vol% H2O). The results

showed that for 20-60 vol.% CO2, the biochar CO2 adsorption capacity was not

impacted by the presence of water; however, at 80 vol.% CO2, the adsorption capacity

was improved by approximately 38% potentially due to carbonate formation as a

result of CO2 solution/reaction with water.

Another component that is often co-released with CO2 either due to incomplete

combustion of fuel in the flue gas or as one of the main components in gasification

syngas is CO. From our observation, no available literature experimentally challenged

the biochar co-adsorption of CO and CO2. In this work, the biochar CO/CO2 co-

adsorption was examined both by computational and experimental methods. The

binding energy calculations indicated that the adsorption of CO2 on the biochar

would release more energy than the adsorption of CO, demonstrating a stronger

affinity of biochar for CO2. Moreover, considering the adsorption capacities for pure

CO and CO2 on biochar (with a higher capacity observed for CO2 (2.325 mmol/g)

compared to CO (0.700 mmol/g)) led us to predict that if both gases were present in
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the feed gas, biochar would exhibit a preference for CO2 over CO. However, biochar

binary CO/CO2 co-adsorption experiments were necessary for a reliable conclusion.

The breakthrough curves of dynamic biochar CO/CO2 co-adsorption experiments

(10-90 vol.% CO2 balanced with CO) at 20 °C and 1.2 bar showed that although

CO and CO2 were both adsorbed on biochar when the adsorption bed was fresh,

some/all of the CO molecules were later removed by the more strongly adsorbed

CO2, resulting in 0 mmol/g biochar CO adsorption for experiments with lower partial

pressures of CO (10-50 vol% CO). As the flue gas/gasification syngas are released

at higher temperatures, examining the temperature impact on the biochar CO/CO2

co-adsorption was necessary. The pure CO and CO2 adsorption tests performed in

the temperature range of 20-100 °C revealed that although biochar CO2 adsorption

capacity decreased as the temperature increased, biochar CO adsorption capacity was

not impacted by temperature. Selected biochar binary CO/CO2 co-adsorption tests

repeated at 100 °C showed that the reduction of biochar CO2 adsorption capacity

at 100 °C compared to 20 °C resulted in lower removal of adsorbed CO molecules

by CO2, which consequently resulted in a higher CO adsorption from the binary

mixtures at 100 °C compared to 20 °C.
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Chapter 1

Introduction and Overview
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1.1 Introduction

Over time, climate change has emerged as one of the foremost worldwide concerns

[1, 2]. This global temperature surge is primarily driven by increasing levels of green-

house gases (GHGs) in the atmosphere, resulting from numerous human activities

[2]. Among different GHGs, such as CO2, CH4, and N2O, CO2 is the component

with the most pronounced influence primarily due to its higher emission levels [2, 3].

The CO2 level was reported as 414.7 ppm in the atmosphere in 2019, which is an

approximate 45% increase compared to CO2 level in the 1980s [4]. The global CO2

emission from fossil-fuel combustion was 36.1 Gt 2022 [5].

Fossil fuel-fired power plants are responsible for approximately 33-40% of the CO2

emissions, with coal-fired power plants being the predominant source [4]. Carbon

capture and storage offers a promising solution to mitigate the impacts of greenhouse

gas emissions. By capturing CO2 from its emission points, a significant portion of

CO2 can be prevented from entering the atmosphere [1, 6, 7].

There are different available technologies for CO2 capture, including absorption,

adsorption, membrane separation, and cryogenic separation [8]. CO2 absorption

using amine solvents, such as monoethanolamine (MEA), is the most conventional

CO2 removal technique [9, 10]. The main drawbacks of this method are possible

system corrosion by amine solvents, possible degradation of the solvent (which can be

thermal degradation due to high regeneration temperatures or chemical degradation

caused by the presence of O2 or some oxides), and high energy requirements for
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solvent regeneration (can be up to 4-6 MJ/kg CO2 for chemical solvents) [10].

Separation of CO2 using membranes is straightforward and cost-effective; how-

ever, its application for flue gas CO2 removal has some challenges. The membrane

needs to have a high selectivity to remove CO2 at low partial pressures from flue

gas. There is also the possibility of thermal and chemical degradation due to high

flue gas temperature and the presence of sulfur-containing materials, respectively.

Therefore, some pretreatment stages might be inevitable [11]. Cryogenic separation

is a relatively new approach among CO2 capture methods, in which CO2 is trans-

formed into a solid on the surface of a heat exchanger [9]. Although this method

offers the advantage of not requiring any chemical (as a solvent/adsorbent), there are

some challenges ahead of its way to commercialization, including the need for perfect

thermal insulation of the system to prevent heat transfer with the surrounding area

and the possible reduction of the heat transfer efficiency as the layers of solid CO2

appear on heat exchanger surface [9, 10]. In addition, the gas stream impurities, such

as water vapor, need to be removed before the process due to the possible destructive

impacts on the system, such as ice clogging the pipes or corrosive acids forming [10].

CO2 adsorption occurs using solid adsorbents [12]. Among the technologies for

CO2 capture, adsorption is the most cost-effective one due to adsorbents lower re-

generation energy requirements compared to absorption [12–14]. Carbon-based ad-

sorbents have generally shown a great CO2 capture potential [12]. The utilization

of carbon-based adsorbents produced from biomass (which is an abundant and re-
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newable source) is a sustainable process in two ways: it is used for CO2 capture and

sequestration, and it addresses biomass disposal concerns [1, 15].

Biochar, a carbon-based adsorbent produced from the thermochemical conversion

of biomass, has proved its CO2 capture capability [16–18]. Most of the research on

CO2 capture is focused on biochar adsorption from pure CO2 or binary CO2/N2 [19].

However, CO2 is never released as a pure gas in the real-life industrial-scale emission

points [19, 20]. For instance, flue gas from a coal-fired power plant is typically

composed of CO2, N2, H2O, and O2 with traces of NOx and SOx [21], while syngas

from gasification is a mixture of CO, H2, CO2, N2 along with some hydrocarbons,

such as CH4, and possible traces of H2S, NH3, and tars [20]. Therefore, before

the industrial-scale application of biochar, it is necessary to conduct comprehensive

research to assess its performance in the presence of different impurities.

No matter what the flue gas source is, there is typically water present [22–24].

Some of the common CO2 adsorbents, such as several zeolites and metal-organic

frameworks (MOFs), show such a great affinity toward water that CO2 adsorption

is reduced in the humid conditions [23]. Carbon-based adsorbents are generally

considered to be hydrophobic [24], so water may not have a drastic impact on their

CO2 adsorption. However, there is not sufficient research assessing CO2 adsorption

by carbon-based adsorbents, especially biochar, under humid conditions to have an

ultimate conclusion on this matter [19].

Another impurity in gas emissions containing CO2 is CO, whether it is the result
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of incomplete combustion of fuel [25] or in syngas as one of the main components [26].

Therefore, it is important to study the simultaneous adsorption of CO and CO2 on

biochar. There are limited research works predicting CO and CO2 co-adsorption on

carbon-based adsorbents by simulations or by comparing their pure gas adsorptions

[27, 28]. However, from our review of the literature, no prior research work has

experimentally challenged the CO/CO2 co-adsorption on biochar.

1.2 Objectives

The overall objective of this thesis is to investigate the challenges that need to be

addressed prior to the industrial-scale application of biochar as a CO2 adsorbent. We

focused on two of the most important challenges ahead of the larger scale utilization

of biochar, which are: 1. the impact of water vapor on biochar CO2 adsorption and

2. biochar simultaneous adsorption of CO2 and CO (the impact of CO on biochar

CO2 adsorption).

The biochar in this work was produced from softwood sawdust via fast pyrolysis

in an auger reactor at 500 °C at 1 kg/hr under a slight vacuum. The schematic

diagram of a pyrolysis process is presented in Figure 1.1. The physical and chemical

characteristics, such as elemental compositions, surface areas, and functionalities of

the biochar and softwood, were examined and compared to each other. Several dy-

namic tests at different conditions were performed to obtain satisfactory conclusions

for the primary research objectives of this thesis.
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Figure 1.1: Schematic diagram of pyrolysis process

This thesis consists of manuscripts that are either published or under review or

ready to be submitted to the journals. An outline of the chapters is provided in the

following:

Chapter 2 has been published in the Journal of Environmental Chemical Engi-

neering. This chapter provides all the necessary information on different methods

for biochar production and biochar characteristics (which can vary greatly depend-

ing on its feedstock and production conditions) impacting its CO2 capture ability.

This article provides a thorough examination of studies focused on the adsorption of

CO2 from gas mixtures by carbon-based adsorbents and clearly points out the lack

of research in the area of biochar CO2 adsorption from gas mixtures. In addition,

this article critically reviews the literature focused on carbon-based adsorbents CO2

adsorption under humid conditions. A thorough review of possible applications of
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biochar in syngas H2 purification is also presented in this chapter.

Chapter 3 is under review in the Journal of Fuel. In this chapter, the production

of biochar from softwood sawdust via fast pyrolysis is discussed, and the physical

and chemical properties of the biochar and softwood biomass are examined and

compared. This chapter discusses the impact of water vapor on CO2 adsorption

on biochar via computational and experimental methods. The biochar and CO2

binding energy was calculated via molecular modeling for the dry and wet conditions

(in the presence of water as a solvent). The results were compared to have a rough

estimation before the adsorption tests. The impact of water vapor on biochar CO2

adsorption was then tested with adsorption experiments of binary CO2/N2 mixture

under dry and partially saturated conditions. The adsorption capacities for similar

concentrations under dry and wet conditions were calculated and compared. In

addition, the adsorption rates of the experiments under dry and wet conditions were

compared to investigate the possible impact of water vapor on the rate of adsorption.

A conclusion based on the results of biochar CO2 adsorption performance under dry

and wet conditions was presented, and suggestions for future work were provided.

Chapter 4 is under review in the Journal of Separation and Purification Technol-

ogy. This chapter examines the co-adsorption of CO and CO2 with the purpose of

inspecting the impact of CO on CO2 adsorption on biochar. The co-adsorption of CO

and CO2 were studied by computational and experimental methods. The calculation

and comparison of binding energies of CO/CO2 on biochar provided an estimation
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of the affinity of biochar for these two gases before doing the experiments. The

dynamic adsorption tests for pure and binary CO/CO2 mixture were conducted at

different concentration levels of CO and CO2 (at 20 °C and 1.2 bar), and the results

were analyzed to determine the impact of CO on CO2 adsorption on biochar. As the

CO2 containing emitted gases are released at higher temperatures than ambient, the

pure and selected binary tests were re-performed at different temperatures ranging

from 20-100 °C. The results from this set of experiments enabled us to put together

a conclusion in which the impact of CO under conditions closer to an industrial-scale

emission could be predicted. In addition, some suggestions on the suitable next stage

of the research were presented.

Chapter 5 includes conclusions based on the results achieved in each of the chap-

ters of this thesis. This chapter also includes a series of recommendations for the

next steps of this research based on the conclusions reached. A summary of the

overview and objectives of each chapter is presented in Figure 1.2.

8



Figure 1.2: Summary of each chapter overview and objectives
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Abstract

Biochar produced from sources such as forestry, agricultural, and marine wastes

has demonstrated an ability to adsorb CO2. The adsorption capacity is a function of

biochar surface properties, which subsequently depend on biochar feedstock and pro-

duction conditions. This is a comprehensive review on the use of biochar as a carbon

capture adsorbent with a particular focus on the impact of the properties of biochar

and feed gas composition CO2 adsorption. Applying biochar in carbon capture at the

industrial scale requires detailed knowledge of the impact of co-adsorption effects of

other gases. This is particularly true of water, biogas, syngas, and other gas streams.

The study of these impacts is diffuse across the literature, where only one other gas is

typically studied. This review brings these studies together to give a comprehensive

picture of the impact of gas mixtures as a function of biochar properties on carbon

capture. This review highlights the limited study in this area, where the bulk of

research work is focused on gas mixtures, demonstrating more work is required on

this topic.

Examining biochar affinity toward various gases can also indicate if biochar has

potential applications in gas separations to recover gases such as H2. Articles focused

on H2 purification from gas mixtures using carbon-based adsorbents are also studied.

This review indicates the potential for biochar to separate H2 from syngas, particu-

larly using biochar produced during gasification to then purify syngas, making it a

closed-loop system.
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2.1 Introduction

Mitigation of carbon dioxide (CO2) emissions involves both minimization and cap-

ture/sequestration [1, 2]. The overall goal of carbon capture, sequestration or storage

is carbon neutrality or carbon negativity [2]. However, in the development of any

CO2 capture process, the nature of the gas mixture must be considered as CO2 is

rarely produced as a single component gas but rather as a gas mixture. In addition,

combustion, syngas, and other CO2-rich exhaust gases are typically rich in water va-

por, which could change the properties of the biochar surface and/or the adsorption

behavior of CO2.

Post-combustion gas streams from fossil fuel/biomass combustion consist of CO2

and N2, with varying amounts of volatile organic compounds (VOCs), H2O, O2, CO,

sulfur oxides (SOx), and nitric oxides (NOx) [3, 4] depending on the fuel source and

combustion conditions [3]. In addition to the combustion of fossil fuels and biomass,

gasification is becoming increasingly used in fuels [5]. Gasification product gases are

dominated by H2, CO, CO2, CH4, and lower weight hydrocarbons where the com-

position depends on the biomass feedstock and gasification conditions [6, 7]. For

instance, if the air is the gasifying agent, a large amount of N2 is present in the syn-

gas resulting in lower concentrations of other components [7]. A summary of some
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syngas compositions from different gasification processes is presented in Table 2.1

as an example of how CO2 is always emitted with other gases. Since gasification is

becoming increasingly used in fuels, the heating value is also an important character-

istic of the produced syngas. The syngas heating value is determined by the oxidizer

used for the gasification step. Air, which is the least costly option, produces the

lowest heating value syngas (4-7 MJ/Nm3), whereas oxygen as the oxidizer produces

the highest heating value syngas (12-28 MJ/Nm3) [8]. Therefore, the heating values

of the syngases have been reported in Table 2.1 as well. Another source of CO2

release is biogas from anaerobic digestion of the organic waste. Biogas can be used

as fuel and is typically a mixture of around 50-75 % of CH4, 25-50 % of CO2, 2-8 %

N2, and smaller amounts of gases such as H2S, NH3, H2, and other volatile organic

compounds [9]. This review focuses on the impact of the gases associated with com-

bustion (due to the ubiquitous nature of fossil fuel and biomass combustion) and/or

thermochemical biomass conversion (CO, CO2, H2O, and N2) as biochar is typically

produced as a by-product.
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Table 2.1: Compositions and lower heating values (LHV) of gasification syngas products

feedstock gasifier gasifying agent temperature (°C) Syngas Composition (vol.%) LHV (MJ/Nm3) Ref.

H
2

CO CO
2

CH
4

Coffee husk
Bubbling

fluidized bed
Air 740 8.74 9.84 7.1 3.97 3.61 [10]

Coffee husk
Bubbling

fluidized bed
Air 700 7.68 9.49 7.2 3.88 3.42 [10]

Sawdust
Bubbling

fluidized bed
Air 740 6.9 9.1 9.8 8.1 4.8 [10]

Sawdust
Bubbling

fluidized bed
Air 700 5.9 7.6 8.9 5.4 3.53 [10]

Coal Fluidized bed Air 813 27.7 10.87 13.35 3.9 5.19 [11]

Dried sewage sludge Fluidized bed Air 813 14.64 12.39 10.91 5.36 6.11 [11]

Straw pellet Fluidized bed Steam 685 13.42 9.38 69.96 4.34 6.5 [12]

Straw pellet Fluidized bed Steam 767 20.22 16.18 57.21 4.01 7.1 [12]

Straw pellet Fluidized bed Steam 824 19.52 24.67 49.46 4.66 7.9 [12]

Wood pellet Fluidized bed Steam 661 16.87 12.55 63.28 4.72 6.8 [12]

Wood pellet Fluidized bed Steam 720 23.84 19.15 49.82 4.87 8.2 [12]

Wood pellet Fluidized bed Steam 790 22.18 26.52 44.62 5.01 8.0 [12]

Wood chips Fixed bed Air 700-1000 17.3 17.1 11.9 1.7 4.7 [13]

Rice straw Fluidized bed O
2
enriched air 600 1.04 13.73 32.28 5.89 3.94 [14]

Rice straw Fluidized bed O
2
enriched air 800 7.51 19.46 2.45 5.9 5.4 [14]

Pine Cone Fixed bed Air 701-1046 18.76 23.62 11.87 1.83 N/A [15]

Wood Pellet Fixed bed Air 701-1046 21.62 27.74 9.43 2.30 N/A [15]

White pine Fluidized bed Air 750 8.13 10.36 15.13 2.37 3 [16]

White pine Fluidized bed Air-Steam 750 12.18 6.45 17.70 1.92 2.8 [16]

Citrus peels Fluidized bed Air 750 10.50 12.40 18.30 3.70 4 [16]

Citrus peels Fluidized bed Air-Steam 750 20.00 11.40 19.40 3.40 4.8 [16]

Posidonia Oceanica Fluidized bed Air 750 11.76 12.73 14.12 3.04 4 [16]

Posidonia Oceanica Fluidized bed Air-Steam 750 16.35 11.18 16.04 2.78 4.2 [16]
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Separation of CO2 from these gas streams can both recover CO2 for alternative use

and/or sequestration [17] and potentially purification of the gas stream for subsequent

use (e.g., H2 production) [18].

There are several processes used for CO2 removal, such as absorption, adsorption,

membrane separation, and cryogenic separation [19, 20]. In absorption, the liquid

solvent (typically amine for CO2) is in contact with the gas mixture in a packed or

tray column and CO2 is absorbed into the solvent. The CO2-rich solvent is then sent

to a stripper unit in which the solvent is regenerated by applying heat [21, 22]. These

systems typically require a large equipment footprint, high energy needs for solvent

regeneration, and relatively high corrosion rate of the equipment [23]. Membrane

processes have the advantage of high selectivity [24], not requiring a separate phase

(e.g., dissolving CO2 in solvent) [25], and potentially having lower operational costs

as there are no solvent regeneration requirements [26]. However, there are still issues

related to mechanical and thermal stability of membranes over time [27]. Cryogenic

processes remove CO2 through condensation by lowering the temperature and raising

the flue gas pressure. The condensation process can be followed by a distillation step

if high purity of CO2 is required [28]. This process requires a high amount of energy

and subsequently a high operational cost [27]. Adsorption uses a solid adsorbent to

remove target gases [29] (e.g., porous carbons, MOFs (metal-organic frameworks),

zeolites, mesoporous silica [30]). Adsorbent regeneration (if required) is a much

less costly and energy intensive process compared to absorption systems [31]. The
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primary disadvantage of adsorption over absorption is the gas-solid mass transfer

rate (i.e., CO2 removal) is lower compared to gas-liquid mass transfer. The rate can

be modified using different materials, but this could increase capital cost [32].

Porous carbon-based adsorbents from biomass wastes have attracted much at-

tention for selective CO2 adsorption [33, 34]. Biomass-based adsorbents, where the

biomass is residue from forestry or agricultural activities, are attractive as they re-

purpose the biomass, thereby decreasing CO2 emissions associated with storage and

disposal [33]. Biomass-based carbon adsorbents are generally labeled as low-cost

materials due to the fact that the feedstock is abundant and renewable [35]. These

adsorbents are not only easily regenerated [35, 36] but have also shown stable per-

formance after multiple regenerations [36]. They have also exhibited high stability

in the presence of water, unlike some commercial adsorbents such as zeolites and

MOFs [35].

Biochar is a solid carbonaceous adsorbent produced from pyrolysis, gasification,

torrefaction, or hydrothermal processing of biomass [37]. It can be produced from a

variety of biomass such as woody biomass [38], animal manures [39], food wastes [40],

and marine biomass such as seaweed [41]. The porous structure of the biochar as

well as its surface functional groups have made this material an excellent candidate

for carbon capture and sequestration [42]. Some of the advantages of using biochar

as a CO2 adsorbent compared to other commercial adsorbents are:

• It is environmentally friendly and sustainable as its feedstock is biomass.
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• It can store CO2 for further utilization (e.g. in soil).

• It is cost-effective as its feedstock is abundant.

• Other than CO2 capture and storage, it addresses the biomass disposal con-

cerns.

There are multiple articles available discussing biochar adsorption of pure CO2

[43–45]. However, CO2 is rarely produced as a pure component. The adsorption

of CO2 from gas mixtures requires knowledge of the impact of the other gases on

the adsorption capacity [46]. Gases can compete for adsorbent sites, form complexes

with adsorbed compounds, and interact in the gas phase which will impact adsorption

efficiency [47].

One of the most common impurities in the gas streams is water vapor. Whether

the CO2 is adsorbed in post-combustion or pre-combustion stage, notable amount

of water is present in the gas stream [48]. Post-combustion flue gas (e.g., coal com-

bustion) contains approximately 6-12 % H2O (vol.%) while the syngas product from

gasification (e.g., coal gasification) is approximately 2-28 % H2O (vol.%) [48]. Water

in the mixture can cause issues for adsorbents such as zeolites and metal-organic

frameworks, which have higher affinity toward water molecules compared to CO2

molecules [49]. Previous studies have proposed H2O removal before the gas con-

tacts the adsorbent, such as inserting a layer of a moisture adsorbent material (e.g.

alumina) [50–52]. However, dehumidification units add to the overall capital and
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operating costs [49, 53] Although carbon adsorbents have generally shown more hy-

drophobicity and fewer issues with water vapor, given the ubiquitous nature of water

in these streams, studying biochar performance when H2O is present is required [53].

CO2 adsorption can also help purification of certain compounds. For instance, in

the case of syngas from gasification, the main purpose of CO2 adsorption may be H2

purification and the focus can be on using biochar to slip H2 and adsorb CO2 [54, 55].

This paper reviews the literature focused on biochar as a CO2 adsorbent, including

impact of competing gases, water vapor, and integrated purification/sequestration

process (e.g.,hydrogen separation from synthesis gas).

2.2 Biochar Production

Biochar is produced from the thermochemical conversion of biomass in low oxygen

or oxygen-free conditions [56]. Biochar is different from ash in the sense that ash

is the result of Incineration (burning in the presence of oxygen), where almost all

the carbon leaves the biomass structure as CO2, and what is left as ash is mostly

minerals [57]. Thermochemical processes include pyrolysis, gasification, torrefaction,

and hydrothermal carbonization [58]. The elemental composition, surface proper-

ties (including surface area and functional groups), and applications of biochar are

determined by its biomass precursor, production temperature, and residence time

[58, 59]. For instance, biomass containing high carbon content, such as lignocellu-

losic biomass from forestry and agricultural sources [60], has shown good potential as

23



a carbon sequestration material [61]. The two most common processes that produce

biochar are pyrolysis and gasification. Pyrolysis is increasingly common for convert-

ing low-quality biomass (waste residues from forestry and agriculture) to value-added

products. In slow pyrolysis, the primary product is biochar, and in fast pyrolysis

and gasification, bio-oil and syngas are the primary products, respectively. Biochar,

whether a primary or secondary product, can be used in fuel, soil, and adsorbent

applications [62]. These processes are appealing as they are able to produce energy

and sequester carbon [63].

2.2.1 Pyrolysis

Pyrolysis is performed at temperatures between 400-600 °C [64] in the absence of

O2 [65]. Liquid bio-oil, solid biochar, and non-condensable gases are the three main

products [65, 66]. Based on the final temperature and the residence time of reaction,

pyrolysis can be loosely classified into two groups: slow and fast pyrolysis [58]. In

slow pyrolysis, longer residence times (minutes to days) at approximately 400 °C

results in higher yield for char, whereas fast pyrolysis favors bio-oil production with

shorter vapor residence time (< 10s) at approximately 500 °C (Table 2.2) [58, 67].

The heating rate can vary from 0.1-10 °C/min for slow pyrolysis, and 10-1000 °C/min

for fast pyrolysis [68]. Although slow pyrolysis has a higher biochar yield, biochars

produced from fast pyrolysis exhibit a more defined pore structure and potentially

more surface functionality [69].
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As mentioned before, biochar chemical and physical characteristics is determined

by the type of biomass feedstock and pyrolysis conditions [70, 71]. Even biochar

yield during pyrolysis is affected by the feedstock and production condition. Studies

have shown that biochar yield decreases with increasing pyrolysis temperature [72–

75] and at the same pyrolysis temperature, biomass with higher ash results in higher

biochar yield due to higher inorganic content [73, 76]. A summary of product yields

of several pyrolysis processes is shown in Table 2.2.
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Table 2.2: Pyrolysis yields with respect to process conditions

Feedstock Pyrolysis type Reactor Temperature Heating rate Pyrolysis time Product yield (wt%) Ref.
(°C) (°C/min) (min) Biochar Bio-oil Syngas

Beech wood Fast Drop tube reactor 450 NA 20-90 40.6 47.5 6.1 [77]

Beech wood Fast Drop tube reactor 500 NA 20-90 13.6 62.4 15 [77]

Beech wood Fast Drop tube reactor 550 NA 20-90 10.3 48.3 25.6 [77]

Beech wood Fast Drop tube reactor 650 NA 20-90 8.2 39.7 51.5 [77]

Wood sawdust Slow Semi batch 350 10 NA 55.11 26.23 18.66 [78]

Wood sawdust Slow Semi batch 500 10 NA 41.01 41.10 23.05 [78]

Wood sawdust Slow Semi batch 650 10 NA 28.97 34.19 36.12 [78]

Wood sawdust Slow Semi batch 350 50 NA 52.85 27.86 19.29 [78]

Wood sawdust Slow Semi batch 500 50 NA 44.08 44.16 25.07 [78]

Wood sawdust Slow Semi batch 650 50 NA 26.19 34.24 39.42 [78]

Rice husk Fast
Downdraft circulating

fluidized bed
550 NA 0.033 26.0 48.1 25.9 [79]

Oak Fast Fluidized bed 500 NA 0.032 14.1 65.7 20.2 [80]

Eukalyptus Fast Fluidized bed 500 NA 0.032 14.9 59.2 25.9 [80]

Pitch pine Fast Fluidized bed 500 NA 0.032 16.5 61.6 21.9 [80]

Japanese cedar Fast Fluidized bed 500 NA 0.032 13.9 62.6 23.5 [80]

Yellow poplar wood Fast Fluidized bed 400 NA 0.02 28.9 50.2 20.9 [81]

Yellow poplar wood Fast Fluidized bed 550 NA 0.02 7.9 63.9 28.2 [81]

Yellow poplar wood Fast Fluidized bed 500 NA 0.063 8.9 61.8 21.8 [81]

Yellow poplar wood Fast Fluidized bed 500 NA 0.128 17.9 51.6 30.5 [81]

Halophyte grass Slow Stainless steel reactor 300 10 120 48 18 34 [82]

Halophyte grass Slow Stainless steel reactor 500 10 120 33 27 41 [82]

Halophyte grass Slow Stainless steel reactor 700 10 120 24 23 54 [82]

Cashew nutshell Slow Batch 700 22.5 50 30.4 10.7 31 [83]

Potato peel waste Fast Auger reactor 450 NA 0.13 30.5 22.7 NA [84]

Hybrid poplar Fast Auger reactor 450 NA 0.13 15.2 40.1 NA [84]

Tobacco residue Slow Tubular 400 7 NA 20.60 48.74 15.30 [85]

Tobacco residue Slow Tubular 550 7 NA 27.05 32.11 25.30 [85]

Tobacco residue Slow Tubular 700 7 NA 23.92 28.37 31.15 [85]

Tobacco residue Fast Tubular 400 300 NA 36.83 26.39 21.75 [85]

Tobacco residue Fast Tubular 550 300 NA 25.73 29.78 26.20 [85]

Tobacco residue Fast Tubular 700 300 NA 23.61 27.59 31.42 [85]

Softwood shavings Fast Auger reactor 450 NA NA 21 53 NA [86]

Hardwood sawdust Fast Auger reactor 450 NA NA 22 55 NA [86]

Softwood bark Fast Auger reactor 460 NA NA 30 39 NA [86]
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The elemental ratios in biochars are one of the important factors in determining

their adsorption performance. The H/C can be indicative of biochar aromaticity

[87, 88], while O/C can be a representative of deoxygenation, extent of charring [87]

and polarity [89]. Ji et al. [88] produced three biochars at 300, 500, and 700 °C

with a heating rate of 5 °C/min. The decrease in H/C ratio from 1.08-0.24 when

the biochar production temperature increased from 300-700 °C indicates an increase

in aromaticity with temperature. The decreasing O/C ratios (0.49-0.26) reported

for the same temperature increase indicates a reduction of the polarity with temper-

ature increase. Biochars with lower H/C and O/C values usually exhibit a higher

microporosity [90] and lower O/C value (lower polarity) generally results in higher

CO2 capture capacity [91]. The relationships between these ratios as a function of

temperature and feedstock are represented in Table 2.3.

During the thermal conversion, volatiles evolve, and high-density aromatic rings

are formed in the solid. The level of aromaticity relates to the level of fixed carbon

in the biochar and that can be related to the amount of carbon sequestered from

the biomass during its production [98]. Therefore, biochar is not only taking part

in carbon sequestration during adsorption, but carbon sequestration also happens

during the very production step of biochar [61]. Another important characteristic

of biochar that affects its adsorption capacity is its surface area [99]. Creamer et

al. [100] surface area analysis results of biochars produced at a temperature range

of 300-600 °C from sugarcane baggase and hickory wood indicated that biochars

27



Table 2.3: Biochar atomic ratios with regards to the production conditions

Feedstock Pyrolysis type Temperature (°C) Heating rate (°C/min) Pyrolysis time (min) H/C O/C Ref.

Moso bamboo NM 300 NM 30 0.71 0.32 [92]

Moso bamboo NM 400 NM 30 0.58 0.20 [92]

Moso bamboo NM 500 NM 30 0.43 0.12 [92]

Moso bamboo NM 600 NM 30 0.28 0.09 [92]

Moso bamboo NM 700 NM 30 0.22 0.06 [92]

Bamboo NM 700 15 NM 0.237 0.052 [93]

Spent coffee grounds Slow 400 5 60 0.63 0.10 [94]

Spent coffee grounds Slow 500 5 60 0.51 0.06 [94]

Spent coffee grounds Slow 600 5 60 0.43 0.02 [94]

Date palm waste NM 300 5 240 0.84 0.27 [95]

Date palm waste NM 400 5 240 0.63 0.13 [95]

Date palm waste NM 500 5 240 0.35 0.05 [95]

Date palm waste NM 600 5 240 0.28 0.03 [95]

Date palm waste NM 700 5 240 0.19 0.03 [95]

Date palm waste NM 800 5 240 0.14 0.02 [95]

Rice husk Slow 350 5 120 0.87 0.26 [96]

Rice husk Fast 550 NM NM 0.75 0.25 [96]

Rice husk NM 400 5 30 0.882 0.228 [97]

Rice husk NM 600 5 30 0.420 0.192 [97]

Rice husk NM 800 5 30 0.197 0.152 [97]

Peach branch Slow 550 5 120 0.46 0.11 [96]

Peach branch Fast 550 NM NM 0.57 0.19 [96]

Mixed wood sawdust Fast 550 NM NM 0.62 0.20 [96]

Corn stem Slow 350 5 120 0.89 0.27 [96]

Corn stem Slow 550 5 120 0.47 0.13 [96]

Yak manure Slow 350 5 120 1.06 0.23 [96]

Yak manure Slow 550 5 120 0.5 0.13 [96]

Eucalyptus softwood Slow 350 5 120 0.81 0.26 [96]

Eucalyptus softwood Slow 550 5 120 0.39 0.09 [96]

Walnut shell Slow 350 5 120 0.78 0.27 [96]

Walnut shell Slow 550 5 120 0.44 0.11 [96]

Wheat straw Slow 350 5 120 0.86 0.25 [96]

Wheat straw Slow 550 5 120 0.43 0.11 [96]

Pine wood NM 400 5 30 0.658 0.203 [97]

Pine wood NM 600 5 30 0.368 0.099 [97]

Pine wood NM 800 5 30 0.206 0.027 [97]

Rice straw NM 400 5 30 0.768 0.267 [97]

Rice straw NM 600 5 30 0.409 0.168 [97]

Rice straw NM 800 5 30 0.215 0.145 [97]
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produced at a higher pyrolysis temperature show a higher surface area compared to

those produced at lower temperatures. In a study by Kim et al. [72], surface areas

of biochars produced from pitch pine wood chips showed low surface areas below

500 °C (2.9-4.8 m2/g from 300-400 °C and 175.4 m2/g at 500 °C). Biochars with

higher surface areas are correlated to a higher capacity for CO2 capture [100]. The

pore volume of the biochar, specifically micropores, affects CO2 adsorption capacity

as higher pore volume means a more defined interconnected porous structure and

subsequently more space for adsorption [101]. Porosity analysis showed pore volume

increases with pyrolysis temperature from 500-900 °C in a study done by Zubbri et al.

[101]. As for the feedstock, the biochars produced from woody biomass typically show

higher surface area and a better-developed pore structure compared to the biochars

from non-woody biomass such as manures [102, 103]. Table 2.4 is a summary of the

surface areas of biochars produced at different temperatures and their CO2 capacities.

Data in Table 2.4 shows that for most of the feedstocks, surface area of the

biochar increases with the pyrolysis temperature. Furthermore, there is a positive

correlation between the surface area and CO2 adsorption capacity of biochars for all

the feedstocks in the reported studies.

Although biochar surface area plays a vital role in its CO2 adsorption capacity,

the nature and density of surface functional groups are also important [100]. For

instance, basic nitrogen functional groups such as amines are attractive for slightly

acidic CO2 molecules and can enhance CO2 adsorption capacity [100, 109]. Func-
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Table 2.4: Surface areas, pore volumes, and CO2 capacities of biochars produced from different

feedstocks at different temperatures

Feedstock Temperature (°C) Surface area (m2/g) Total Pore Volume (cm3/g) CO2 capacity (mg/g) Ref.

Rambutan peel 500 7.80 0.011 27.83 [101]

Rambutan peel 700 175.84 0.111 56.61 [101]

Rambutan peel 900 569.64 0.313 68.74 [101]

Hickory wood 300 0.10 NA 34.48 [100]

Hickory wood 450 12.90 NA 44.96 [100]

Hickory wood 600 401.00 NA 61.00 [100]

Sugarcane baggasse 300 5.20 NA 38.72 [100]

Sugarcane baggasse 450 13.60 NA 53.83 [100]

Sugarcane baggasse 600 388.30 NA 73.55 [100]

Perilla leaf 700 473.4 0.1 101.728 [104]

Soybean stover 700 420.3 0.2 31.108 [104]

Korean oak 400 270.8 0.1 26.268 [104]

Japanese oak 500 475.6 0.2 16.676 [104]

Spent coffee grounds 400 539 0.32 123.2 [94]

Spent coffee grounds 500 311 0.24 57.2 [94]

Spent coffee grounds 600 179 0.13 30.8 [94]

Pine sawdust 550 315.59 0.17 29.48 [105]

Pig manure 500 31.57 0.044 23.5 [106]

Wheat straw 500 20.20 0.041 34.4 [106]

Sewage sludge 500 10.12 0.022 18.2 [106]

Softwood 500 95.58 NA 105.6 [107]

Sargassum seaweed 400 5.8 0.03 16.28 [41] a

Sargassum seaweed 600 220.0 0.17 38.28 [41] a

Sargassum seaweed 800 291.8 0.24 46.2 [41] a

Enteromorpha seaweed 400 12 0.06 16.28 [41] a

Enteromorpha seaweed 600 30.6 0.09 21.56 [41] a

Enteromorpha seaweed 800 60.2 0.16 22.88 [41] a

Vine shoots 600 405 0.27 43.648 [108]b

Wheat straw 500 459 0.324 39.38 [108]b

a KOH activated biochar

b CO2 activated biochar
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tional groups are affected by the pyrolysis temperature [110]. Zhao et al. [111]

compared the functional groups of four biochars produced from apple tree branches

at 300, 400, 500, and 600 °C using FTIR. It was reported that O-H stretching at

3200-3500 cm-1 decreases with increases in temperature due to dehydration, while

aromatic C=C (1440 cm-1) and C-H (885 cm-1) increase due to the increase in the

formation of the aromatic rings. The C-O (1030-1110 cm-1) group which is related

to cellulose, hemicellulose, and lignin structure almost disappears as the tempera-

ture increases to 500-600 °C. In a study of Usman et al. [95], FTIR of biochars

produced at different temperatures (300-800 °C) from date palm waste were com-

pared with their feedstock. Similar to the previous study, the intense O-H stretch

related to the bonded water and volatiles in the feedstock is reduced in the biochar

as the production temperature is increased. The aliphatic C-H (2855-2920 cm-1),

found in cellulose and hemicellulose, was noticeable in the feedstock (due to cellulose

and hemicellulose) but intensity was reduced in the biochar and at temperatures

greater than 500 °C, completely disappeared due to complete degradation of hemi-

cellulose/cellulose. Different types of acids (quinine, lactone, and carboxylic acids)

from hemicellulose are associated with the C=O bond (1755 cm-1). This peak was

not present in any biochars. The peak attributed to carboxylic acids (-COOH) is lo-

cated at 1600 cm-1. The intensity of this peak decreased as the pyrolysis temperature

increased. The peak at 1430 cm-1 (aromatic and aliphatic O-H) decreased in inten-

sity as temperature increased and completely disappeared at 800 °C as a result of the
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elimination of O-H containing aliphatic groups. Suliman et al. [112] studied eighteen

biochars surface oxygenated functional groups (phenolic, lactone, and carboxylic) by

Boehm titration. The biochars were produced from three different feedstocks: dou-

glas fir wood, douglas fir bark, and hybrid poplar wood at six different temperatures

ranging between 350-600 °C). The results suggest that oxygenated functional groups

(C=O, -COOH, and O-H) decrease linearly with temperature increase. Of the three

feedstocks, douglas fir wood had the highest quantity of carboxylic groups. The basic

functional groups (e.g., C=O (attached to amides) and C=N [113]) increased with

temperature. Ash content of the biochar controls the fraction of the basic functional

groups; biochars produced from hybrid poplar wood with the highest ash content had

the highest portion of basic functional groups, while douglas fir wood biochars had

the lowest ash and basic functional groups. Another common way to produce biochar

is gasification [42, 114]. Gasification uses an oxidizing agent in biochar production

[115]. This results in different biochar trends and properties.

2.2.2 Gasification

Gasification is a thermochemical process that converts biomass to a high heating

value gaseous phase (syngas) and biochar [6]. Unlike pyrolysis, gasification requires

a gasifying agent (oxygen, steam, or air). In contrast to combustion, where bonds are

broken to release energy, gasification stores energy in the bonds of the compounds

released in the gas phase [8]. Gasification has four stages: drying, pyrolysis, partial
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oxidation of the gases/vapors/chars, and gasification of the previous stage products

[8, 116]. The oxidation is exothermic, and the other three stages are endothermic. A

summary of biochar yields at different gasification conditions and their atomic ratios

are presented in Table 2.5.

Biochars produced from gasification typically have lower surface areas and pore

volumes compared to pyrolysis-produced biochars. This is due to the high tempera-

ture of gasification, which induces pore blockage by ash melting and pore destruction

and collapse. Although if oxygen or steam are used as the gasifying agent, they can

somehow mimic the effect of physical activation and mitigate pore collapse. As

such, the surface area and pore volume of gasification biochar might then be more

comparable with that of the pyrolysis biochar [115]. Tay et al. [117] studied the

effects that the gasifying agents have on the produced biochar by comparing the

biochars produced at 800 °C using three different gasifying agents: steam, O2/CO2,

and steam/CO2/O2 from brown coal. Steam is a reducing agent and CO2 and O2 are

oxidizers. The results suggested that the ratio of the small to large aromatic groups

in biochar decreased when steam was used as the gasifying agent. Liu et al. [118]

studied the effect of the gasifying agents (steam, CO2, and steam/CO2) on biochar

pore structure. For this study, biochars from mallee wood were produced at different

temperatures (700, 800, and 900 °C). Micropore and mesopore formation occurred

at lower temperatures (700 °C) when steam was used as the gasifying agent, while

when CO2 was used, the pore formation was negligible at the same temperature
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Table 2.5: Yields and atomic ratios of biochars produced from gasification

Feedstock Temperature (°C) Gasification agent Biochar yield(wt%) H/C O/C Ref.

Woodchip/sawdust/wood shavings 850 Air 1.4 0.19 0.04 [119]

Woodchip/sawdust/wood shavings 836 Air/steam 3.7 0.09 0.02 [119]

Poultry 580-680 Air 15.6 0.048 0.01 [120]

Cotton residues 764 Air 14 0.004 0.117 [121]

Conifer wood 1000 NA 10 0.47 NA [122]

Wood chips 800-900 Air 13.9 0.012 0.16 [123]

Wood chips/chicken manure 800-900 Air 7.2 0.029 0.37 [123]

Beech wood 700 CO2 12.77 NA NA [124]

Beech wood 800 CO2 7.26 NA NA [124]

Beech wood 700 steam 12.84 NA NA [124]

Beech wood 800 steam 5.92 NA NA [124]

Sawdust 750 Air NA 0.011 0.016 [125]

Sawdust 850 Air NA 0.014 0.056 [125]

(700 °C). In addition, the surface area of the biochar produced with steam/CO2 as

the gasifying agent was higher than the other two scenarios at 800 °C. The average

diameter of the micropores was larger when steam was used as the gasifying agent,

showing that steam can assist in micropore enlargement.

An additional physical chemical activation stage can improve biochar pore den-

sity, surface area, and properties in order to achieve a higher CO2 adsorption capacity

[126]. Dissanayake et al. [42] examined the activation effect on two biochars CO2

adsorption capacities. The two biochars were produced from 100% wood chips and

70% wood chips/ 30% chicken manure at 800-900 °C, respectively. Biochars were
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then activated with KOH with a 1:1 ratio between the biochar and KOH. Some of

the activated biochars were further activated with an additional activation step using

CO2 at 550 °C for 1 hour. The surface areas, pore volumes, CO2 adsorption capacities

of the activated and non-activated biochars are reported in Table 2.6. The results

suggested that the capacities of the biochars were significantly improved after the

activation owing to the notable increase of the surface areas and micropore volume

of the activated biochars. However, a balance must be struck between additional

processing steps (which would increase energy demands and potentially greenhouse

gas (GHG) emissions) and any marginal increase in adsorption capacity. In addi-

tion, harsh or toxic chemicals used in activation can reduce the overall environmental

sustainability of the activation process.

In general, slow pyrolysis biochar has a higher aromaticity compared to fast py-

rolysis and gasification chars due to longer solid residence time [127]. FTIR analysis

of biochars from slow pyrolysis, fast pyrolysis and gasification has shown that fast

pyrolysis biochar has the highest amount of oxygen-containing functional groups

compared to slow pyrolysis and gasification biochars [128]. Comparison of gasifica-

tion and pyrolysis biochars FTIR spectra also shows that gasification biochars have

less structured surface functionalities compared to pyrolysis biochars with a lower

number of visible peaks [128, 129]. In a study by Brewer et al. [127], the FTIR

spectra of switchgrass feedstock were compared to the biochars produced from this

feedstock via slow and fast pyrolysis (both at 500 °C) and gasification (at 760 °C).
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It was noted that the O-H stretch at around 3400 cm-1 had completely disappeared

in the gasification biochar while it was visible in all the other spectra. The peaks

notable in the gasification biochars, as well as other biochars, were 3000-2860 cm-1

for aliphatic C-H and the one around 3060 cm-1 for aromatic C-H. The peaks around

1590 and 1515 cm-1 attributed to aromatic rings were also noted.

The oxidation results in higher ash content and pH and lower carbon content com-

pared to pyrolysis biochars. This is due to carbon conversion to CO2 with oxygen

present [115]. Azargohar et al. [130] compared gasification and pyrolysis biochars

from canola hall and canola meal pellet and observed gasification biochars have the

same level of O/C as the pyrolysis biochars but higher H/C (indicative of aromatic-

ity). Some gasification biochar surface areas and CO2 capacities are summarized in

Table 2.6.

Another thermochemical conversion method where the primary product is a solid

carbon material is hydrothermal carbonization (HTC). HTC is performed in the pres-

ence of water [131] and produces hydrochar, an aqueous organic mixture, and small

amounts of gas [132]. Hydrothermal carbonization is performed at temperatures

lower than that of pyrolysis (∼ 150-250 °C) [133], and high pressures (up to 50 bars)

[134] for a reaction time that can vary from 1 to 16 hours [131]. The properties of

the produced hydrochar are dependent on the temperature, pressure, reaction time,

and biomass/water ratio of the hydrothermal process [131].

The main advantage of hydrothermal carbonization compared to the other men-
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Table 2.6: Gasification biochar CO2 capture performance

Feedstock
Temperature

(°C)
Gasification agent

Surface area

m2/g)

Total Pore Volume

(cm3/g)

CO2 capacity

(mg/g)
Ref.

Sawdust 450 Air 8.76 0.015 19.7 [125]

Sawdust 450 Air 0.61 0.009 19.1 [125]a

Sawdust 750 Air 11.36 0.016 45.2 [125]

Sawdust 750 Air 0.15 0.005 39.7 [125]a

Sawdust 850 Air 182.04 0.0036 47.5 [125]

Sawdust 850 Air 3.17 0.007 44.8 [125]a

Wood chips 700-1500 NM 125.7 0.07 84.5 [42]

Wood chips 700-1500 NM 1281.6 0.71 115.5 [42]b

Wood chips 700-1500 NM 1012.6 0.56 113.8 [42]c

Wood chips/chicken

manure (70/30)

700-1500 NM 255.6 0.15 70.5 [42]

Wood chips/chicken

manure (70/30)

700-1500 NM 1408.8 0.83 128.5 [42]b

Wood chips/chicken

manure (70/30)

700-1500 NM 1403.9 0.85 107.3 [42]c

a Amine treated

b KOH activated

c KOH and CO2 activated
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tioned thermochemical processes is that it does not require a drying step which can

be both cost and energy-effective, especially when the biomass has a high mois-

ture content [131, 132]. Some studies indicate up to 50% lower energy consumption

compared to pyrolysis for biomass with over 50% moisture level [134]. The disad-

vantage of the hydrochars versus biochars is that they have notably lower surface

area compared to biochars and may have limited application in adsorption without

an activation step [133]. There is limited work on hydrochars and gas adsorption, as

such, this review was limited to biochars.

Biochar properties, and hence CO2 adsorption capacity, are driven by its feedstock

and production conditions; however, the adsorption is also a function of the gas

matrix or competing/inhibiting gases in the gas mixture. In the next section, the

effect of biochar CO2 adsorption from gas mixtures is studied.

2.3 Biochar CO2 adsorption in gas mixtures

The bulk of CO2 removal from gas streams have focused on adsorption of CO2 from

pure CO2 or mixed CO2 and N2 streams [33, 105, 107, 135]. However, flue gas

from power plants and other industries is a mixture of different gases; therefore,

studying the effect of these components on CO2 adsorption is required to determine

the feasibility of an adsorbent [136]. Typical flue gas from a coal-fired power plant

is 68-77% N2, 10-16% CO2, 5-10% H2O, 2-5% O2, and small traces of NOx and SOx

gases [137, 138]. NOx and SOx in the gas flow can react with or adsorb on the
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adsorption sites reducing the number of the sites available for the adsorption of CO2

molecules [50]. As noted above, syngas, from gasification, is a mixture of H2, CO,

CO2, CH4, N2, and other light hydrocarbons [139] (Table 2.4). Biogas produced

during anaerobic digestion of organic materials in sewage digesters is 55-65% CH4,

35-45% CO2, <1% N2 and traces of O2, H2S, and aromatics [140]. The conventional

solution proposed for impurities is pre-treatment prior to CO2 adsorption stage [50].

Sethupathi et al. [104] investigated the adsorption of CO2, H2S, and CH4 using

four different biochars in pure and gas mixtures for CH4 production. Biochars were

produced from perilla leaf, soybean stover, Korean oak, and Japanese oak. The

perilla and soybean biochars were produced at 700 °C with a heating rate of 7 °C/min

while the oak biochars were produced at 400 °C (Korean) and 500 °C (Japanese)

(purchased as commercial biochars). The surface areas for the perilla leaf, soybean

stover, and Japanese oak were between 420-476 m2/g, while the Korean oak biochar

was 270.8 m2/g. Adsorption experiments were performed in a continuous fixed bed.

The gas mixture was 0.3% H2S, 40% CO2, and 59.7% CH4 at a relative humidity of

20%. The biochars showed negligible adsorption of CH4 even in the absence of the

other gases. Pore sizes of the biochars in this study were estimated to be larger than

1 nm, allowing CH4 molecules to slip. Based on this result, studying the adsorbate

molecule sizes and biochar pore size distribution will be useful as it can inform the

potential of molecules slipping through biochar pores.

All four biochars adsorbed CO2 and H2S well. The adsorption capacities were
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2.312, 0.707, 0.597, and 0.379 mmol/g for pure CO2 for perilla leaf, soybean stover,

Korean oak, and Japanese oak, respectively. Perilla leaf and soybean stover biochars

contained more nitrogen functional groups compared to the oak biochars; hence, the

higher adsorption of pure CO2. The CO2 capacities decreased by 90-95% when the

gas mixture was used. This was due to adsorption competition between CO2 and H2S,

where H2S was preferred. Acidic gases such as H2S can inhibit CO2 adsorption on the

biochar surface. However, the extent that the CO2 adsorption capacity may decrease

for each individual biochar is certainly different, and that needs to be considered if

the mixed gas contains gases such as H2S.

Ding et al. [41] produced non-activated and activated biochars (using KOH) from

seaweed biomass (sargassum and enteromorpha) at 400, 600, and 800 °C in a tubular

furnace for two hours. The biomass powder and solid KOH were mixed prior to

entering the furnace for a single-step activation. Activated sargassum seaweed had

a surface area 11 times higher than the non-activated form. The surface areas for

the activated biochars from sargassum seaweed produced at 400-800 °C and 1:1 ratio

between KOH and biomass varied from 5.8-291.8 m2/g and 12.0-60.2 m2/g for en-

teromorpha seaweed biochars. The CO2 adsorption experiments were performed in

a fixed bed column. Biochars had a higher CO2 adsorption capacity when operating

at lower temperatures (25 °C > 50 °C > 75 °C > 100 °C ) and higher inlet CO2

concentration (3% < 8% < 12% <18%). The maximum CO2 capacity was achieved

using the activated biochar produced at 800 °C and with inlet CO2 concentration
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of 18% (88% N2) (max capacity of 1.05 mmol/g for sargassum and 0.52 mmol/g for

enteromorpha). The biochars were then tested with a gas mixture of O2, SO2, or

NO. The O2 was varied from 0-8%. NO varied from 0-800 ppm and 0-1500 ppm for

SO2. The O2 and NO had little to no effect on CO2 adsorption capacity. However,

SO2 in the gas decreased CO2 adsorption capacity by approximately 3.8% for sar-

gassum biochar and 9.6% for enteromorpha. This result agrees with the results of

the previous article discussed as the competition over the adsorption sites was better

noted between the acidic gases, CO2 and SO2. This could also explain the lack of

impact of NO on CO2 adsorption capacity since NO is not an acidic gas. A summary

of CO2 adsorption from gas mixtures by biochar is presented in Table 2.7.
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Table 2.7: Biochar CO2 adsorption from gas mixtures

Feedstock Temperature (°C) Gas Mixture Results Ref.

Perilla leaf 700 CO2/H2S/CH4 CO2 adsorption capacity decreased 90-95% due to H2S and CO2 competition over active sites [104]

Soybean stover 700 CO2/H2S/CH4 CO2 adsorption capacity decreased 90-95% due to H2S and CO2 competition over active sites [104]

Korean oak 400 CO2/H2S/CH4 CO2 adsorption capacity decreased 90-95% due to H2S and CO2 competition over active sites [104]

Japanese 500 CO2/H2S/CH4 CO2 adsorption capacity decreased 90-95% due to H2S and CO2 competition over active sites [104]

Sargassum seaweeda 800 CO2/N2/O2 O2 did not have a notable impact on CO2 adsorption capacity [41]

Sargassum seaweeda 800 CO2/N2/NO NO did not have a notable impact on CO2 adsorption capacity [41]

Sargassum seaweeda 800 CO2/N2/SO2 CO2 adsorption capacity decreased around 3.8% [41]

Enteromorpha seaweeda 800 CO2/N2/O2 O2 did not have a notable impact on CO2 adsorption capacity [41]

Enteromorpha seaweeda 800 CO2/N2/NO NO did not have a notable impact on CO2 adsorption capacity [41]

Enteromorpha seaweeda 800 CO2/N2/SO2 CO2 adsorption capacity decreased around 9.6% [41]

a KOH activated biochar
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Although there are limited studies of CO2/mixed gas adsorption, there are studies

of biochar adsorption of gases other than CO2. These studies are useful in that they

can identify the properties of biochar, which may indicate an affinity for gases that

may be present in CO2 mixed gas streams. Khan et al. [141] investigated different

types of biochars in the adsorption of benzene from the air. The results from this

study suggested that KOH-activated biochar from mixed feed gasification showed

performance as good as that of granular activated carbon. Ro et al. [142] exam-

ined NH3 adsorption using red oak and chicken litter biochars (steam-activated and

non-activated) produced at different temperatures (250-500 °C) and residence times

(1.3-2.1 minutes). Steam activation enhanced biochar surface area but had little im-

pact on NH3 adsorption. Activation with phosphoric acid did improve biochar NH3

adsorption confirming that surface acidic oxygen functional groups are the control-

ling factor in NH3 adsorption rather than the adsorbent surface area. In addition,

biochar adsorption capacity of NH3 was proved to be comparable to that of the

common adsorbents.

It was already discussed that H2S had shown competition with CO2 over biochar

adsorption sites in one of the articles mentioned earlier. There is published work

studying biochars for H2S adsorption [143–145]. Shang et al. [144] produced biochar

from three different forestry wastes (camphor, rice hull, and bamboo) in a furnace

at 400 °C with a heating rate of 10 °C/min and residence time of 5 hours. The

biochars were then used in a column to adsorb H2S from a H2S and H2O mixture.
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The breakthrough capacity of the biochars were compared with that of a commer-

cial activated carbon and the results suggested that the biochars showed a higher

H2S adsorption due to their higher fraction of oxygen-containing functional groups.

Among the biochars, rice hull biochar had the highest pH and showed the highest

H2S capacity (382.7 mg/g). Sun et al. [143] produced biochar from potato peel

wastes by fast pyrolysis (5 solid minutes residence time) at 500 °C. A H2S capacity

of 53 mg/g was reported for this biochar. The dynamic experiments were conducted

both in dry and wet conditions. The H2S breakthrough time was higher for the wet

experiment indicating H2S adsorption was enhanced in wet condition. Ma et al. [145]

produced sawdust biochars in a furnace at different temperatures (600-900 °C) with

residence time of 2 hours. They examined the activated (with urea phosphate) and

non-activated biochars H2S adsorption capacities. The non-activated biochar showed

a low H2S adsorption capacity (0.24 mg/g) while activation enhanced the adsorption,

increasing it to 54.8 mg/g for activated biochar produced at 700 °C. The results from

these articles suggest that higher pH and the existence of some functional groups,

such as oxygen-containing ones, would result in higher adsorption of H2S. This is

expected to be the same for CO2 as well since both gases have shown acidic nature

and competition over the same adsorption sites.

Another gas that showed competition with CO2 over biochar adsorption sites

in the discussed articles was SO2. A study by Shao et al. [146] examined biochar

adsorption of pure SO2. The corncobs biochar from this study was produced at 600 °C
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with 60 minutes residence time (10 °C/min) and showed a 57.8 mg/g capacity for

SO2. The capacity increased to 156.2 mg/g after the biochar was impregnated with

Methyl diethanolamine (MDEA). Braghiroli et al. [147] produced biochars from

black spruce and white birch by fast pyrolysis at 454 °C. The biochars were then

activated by either KOH, CO2, or steam. Higher SO2 capacity was reported for the

steam-activated white birch biochar (76.9 mg/g), and in general, activated biochars

showed higher capacities than the non-activated biochars. While the gas stream

composition varies considerably, all these streams contain water and can impact

biochar performance. However, the bulk of the work on the impact of moisture is in

adsorption and activated carbon.

2.4 Biochar gas adsorption in the presence of wa-

ter vapor

For gas streams containing water vapor, such as post-combustion flue gas, carbon-

based materials may be a better adsorbent compared to common adsorbents, such as

zeolite, due to their rather hydrophobic surfaces. Other than hydrophobicity and high

stability in water containing gases, characteristics such as lower cost and lower energy

requirements for regeneration make the carbonaceous materials an attractive choice

of adsorbent [148–150]. However, water vapor can adversely affect CO2 adsorption

and potentially complicate regeneration (desorption). Typically, water is removed
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prior to adsorption, which adds to operational and capital costs [137, 148, 151]. As

noted above, carbon adsorbents contain both hydrophobic and hydrophilic sites. Un-

like water adsorption, which mainly occurs on hydrophilic sites by hydrogen bonding,

CO2 adsorption can take place on both hydrophobic and hydrophilic sites.

Water desorption from carbon is comparatively easier than other adsorbents and

can be accomplished by lowering its partial pressure [151]. Water molecules can

form clusters after being adsorbed on biochar polar hydrophilic sites and contribute

to micropore filling within the adsorbent, potentially completely occupying the mi-

cropores. Therefore, investigating the impact of humidity influence on the adsorption

of specific gases is essential as the water can compete with the target gas [151–153].

The biochar surface functionality in terms of hydrophobicity and hydrophilicity is

a determining factor in water adsorption. Although there are several studies in this

area, there is conflicting data on how biochar surface hydrophobicity changes with

feedstock type and operating conditions. There are several studies proposing biochar

hydrophobicity decreases with an increase in production temperature [153–155], the

details of which are discussed below.

Gray et al. [153] studied biochar’s hydrophobicity impact on water uptake as

a function of biomass type (hazelnut shells and Douglas fir chips) and temperature

(370, 500, and 620 °C). Specific surface areas for the hazelnut shell biochars varied

from 58.7-211 m2/g, and 153-280 m2/g for the douglas fir. The biochar porosi-

ties varied from 62.5-69.2% (volume fraction) for the hazelnut shell biochar and

46



from 83-85.1% for the fir. Production temperature impacted surface hydrophobic-

ity. The low-temperature biochars from both feedstocks showed lower water uptake

(higher hydrophobicity). The mean water uptake increased with temperature from

53.8-64.1 vol.% for hazelnut biochar and from 71.5-78.8 vol.% for fir biochars. The

decrease in aliphatic functional groups due to volatilization at higher temperatures

was proposed as the primary reason for the hydrophobicity reduction. Longer resi-

dent times and smaller particle sizes can decrease the hydrophobicity, again through

aliphatic functional groups volatilization.

Kameyama et al. [155] studied the hydrophobic nature of 21 different biochars

produced from cedar wood chips, cypress wood chips, moso bamboo, rice husk, sug-

arcane bagasse, poultry manure, and agricultural wastewater sludge at different tem-

peratures and a residence time of 2 hours. Biochars produced at 400 °C were found

to be extremely or strongly hydrophobic, while biochars produced at 600 °C and

800 °C were characterized as either hydrophobic or hydrophilic. Both of the men-

tioned articles pointed out that the hydrophobicity of biochar is inversely correlated

with its pyrolysis temperature due to the loss of aliphatic functional groups at higher

production temperatures.

Contrary to the studies by Gray et al. and Kameyama et al. [153, 155], there are

some other published works that have shown different results, where the hydropho-

bicity increased with an increase in production temperature. These studies measure

hydrophobicity using atomic ratios such as H/C, O/C, and (O+N)/C of biochars
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[89, 156]. As mentioned before, atomic ratios are widely used in biochar stability

studies as well [130, 157, 158]. Looking at the H/C and O/C of biochars presented in

Table 2.3, it can be concluded that raising pyrolysis temperature would result in the

reduction of both ratios [159] Ahmad et al. [89] suggested that there is a decrease

in char aromaticity (H/C) and polarity (O/C and (O+N)/C) with an increase in

pyrolysis temperature, which means a subsequent increase in hydrophobicity. This

is due to the loss of the polar functional groups, which are attractive sites for wa-

ter molecules to form strong hydrogen bonds. Therefore, loss of oxygen from the

biochar during the production process results in higher hydrophobicity. Figure 2.1

shows biochar CO2 adsorption capacities for different biochars with different O/C

atomic ratios. It can be observed that generally, with the decrease of O/C atomic

ratio with the increase of production temperature for a specific biochar, the CO2

adsorption would increase.

Biochar hydrophobicity can be increased post-production using heat treatment

in either hydrogen or inert atmospheres. This removes hydrophilic functional groups

from the surface [160]. Chemical activation methods can also be used for increasing

hydrophobicity by removing certain functional groups. For instance, acid activation

with nitric or hydrochloric acid at low temperatures can produce strong acidic groups

such as carboxylic acids, thereby increasing the hydrophobicity of the surface. How-

ever, this treatment would negatively impact the adsorbent affinity toward CO2 as

CO2 molecules are slightly acidic and are more attracted to basic surfaces [161].
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Figure 2.1: CO2 adsorption capacities for biochars with different O/C atomic ratios.

Data were obtained from [94, 100, 101]
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Wang et al. [162] did a series of experiments on CO2 and CH4 adsorption at

275 K using activated carbon made from bamboo chips (produced at 700 °C in

4 hours) comparing adsorption in dry conditions and in the presence of water. Unlike

CH4, water did not affect CO2 adsorption capacity (36 mmol/g). The only notable

difference was an inflection point appearing in the CO2 adsorption isotherm curve in

wet experiments due to CO2 condensation and reaction between water and CO2 to

form HCO –
3 . Therefore, for some adsorbents, CO2 adsorption capacity might stay

the same in dry and wet conditions, but the shape of the isotherm curve may be

different for the wet condition compared to the dry one.

Plaza et al. [163] evaluated the presence of water vapor on CO2 adsorption from

post-combustion flue gas under dry and wet conditions (65% humidity) using biochar

produced from olive stones. The breakthrough curves were evaluated to measure the

effect of humidity on the gas adsorption process. In the first 11 minutes of the

experiment, the CO2 capacity was 1.1 mmol/g which is approximately the same

capacity reported for the adsorption from pure CO2 stream. The H2O adsorption

capacity was 0.2 mmol/g which is approximately 3-4% of the capacity reported for

the pure H2O adsorption. Therefore, the water vapor does not impact the CO2

adsorption capacity if the adsorption-desorption cycles are short enough. This is

due to the slower adsorption kinetics of H2O. However, if the process continues for a

longer time, H2O can hinder CO2 adsorption by displacing adsorbed CO2 molecules.

Biochars used in this set of experiments could regain full adsorption capacity after
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regeneration. In subsequent work by Plaza et al. [164], a feed containing 84% N2,

14% CO2, and 2% H2O to the same biochars showed CO2 breakthrough time does

not change in the presence of H2O when the adsorbent is initially completely free

from any CO2 and H2O. Again, this is due to slower adsorption kinetics of H2O.

The breakthrough time was 4-5 minutes for CO2 and 127 minutes for H2O. The CO2

concentration in the feed was 7 times higher than H2O and the adsorbent pure H2O

capacity is approximately 11 times higher than its capacity for pure CO2. In order

to study the effect of the water adsorbed, a separate set of experiments were done in

which the adsorbents were saturated with H2O prior to the adsorption process. These

experiments showed that the CO2 breakthrough time decreases when the adsorbent

is saturated with water relative to unsaturated biochar. The decrease in capacity

depends on the amount of water adsorbed on the adsorbent at the beginning of the

process. The decrease in the capacity depends on the amount of water adsorbed at

the beginning of the process. CO2 adsorption can be reduced up to 64% if the gas

stream has a relative humidity of approximately 95%.

Manyà et al. [108] performed adsorption experiments in dry and humid conditions

for biochars produced from vine shoots (at 600 °C) and wheat straw pellets (at

500 °C). The heating rate for the pyrolysis process was 5 °C/min and the residence

time was 60 minutes (slow pyrolysis). The biochars were physically activated using

CO2 at 800 °C and atmospheric pressure. The dry experiment was performed with

13.75-14.25% CO2 feed (balance N2). For the wet experiments, 0.0226 cm3/min
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of water vapor was added to the stream to achieve a relative humidity of 100%

(11.2 vol.% H2O). The results from dynamic experiments suggest that vine biochar

showed similar results in both dry and wet conditions, whereas the wheat straw

biochar showed a decrease in CO2 uptake in wet conditions compared to the dry. The

CO2 capacity for the vine biochars at 50 °C and dry conditions was 0.543 mmol/g,

relatively the same as wet conditions at 0.542 mmol/g. The wheat straw biochar

capacity was 0.624 mmol/g for the dry condition and decreased to 0.486 mmol/g when

water vapor was added. Comparing adsorbed CO2 during ten cycles of adsorption-

desorption experiments for the wheat straw biochar showed that more H2O was

adsorbed on the adsorbent during the cycles; thus, less CO2 adsorption occurred.

The amount of CO2 adsorption remained the same after a few cycles for wheat

straw biochar, while it had little impact on the vine shoots biochar. The differences

in experiments with these two biochars compared to carbon-based adsorbents were

because of pore size distribution, pore connectivity, and surface functional groups.

Biochars with a hierarchical structure and high fraction of ultra-micropore volume

showed better CO2 adsorption capability. The differences in the impact of water

were related to polar sites and oxygen-containing functional groups such as carboxylic

groups. The adsorbed H2Omolecules were able to come together later, form a cluster,

and move within the adsorbent to fill the pores. From this set of experiments, it can

be concluded that biochar selectivity between CO2 and N2 does not change in wet

conditions. The presence of water in the feed or in the adsorbent material can lower
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the amount of bed available for adsorption.

Sadasivam et al. [165] studied wood pellet biochars produced from gasification

adsorption of CH4 from biogas under dry and wet conditions (50% and 75% of the

packed column water holding capacity). The biochars were produced in an updraft

gasifier at 500 °C. The feed gas was 5% CH4, 5% CO2, and 90% N2. The adsorption

was compared with granular activated carbon. Although there were decreases in both

of the adsorbents CH4 adsorption capacities as the water increased, the reduction was

higher for the granular activated carbon. The wood pellet biochar capacity decreased

from 0.00542 to 0.00213 mmol/g as the moisture level increased from 0% to 70%,

while for the activated carbon, the capacity decreased from 0.00546 to 0.000644

mmol/g. It can be concluded that water molecules establish stronger bonds with

oxygenated sites on activated carbon compared to the biochar sites. Some of the

oxygenated functional groups on biochar surface are phenolic, lactonic, carboxylic,

hydroxyl, and carbonyl groups [166].

La et al. [167] used mixtures of biochar and compost as an adsorbent for CH4

under both dry and humid conditions. Sawdust biochar was produced at 550 °C

over approximately 30 minutes. The adsorption experiments for dry and humid

conditions (15% and 30% saturation) were performed in both a batch and a fixed-

packed column using different ratios of biochar and compost. Pure CH4 (99% (v/v))

was used. A fraction of the adsorbent mixture was mixed with water to reach the

desired water-holding capacity. Batch experiments showed the highest adsorption
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capacity at 100% biochar and dry conditions (17.10 mg/g).

Removing CO2 from some gas mixtures may be used to purify certain gases. For

instance, syngas from gasification contains valuable H2 among other gases. Removing

CO2 can work in the purification of H2. If biochar, which is the by-product of gasifi-

cation, can be used for this purpose, it can work as a closed-loop system. The CO2

adsorption performance of some biochars and activated carbons in wet conditions

are summarized in Table 2.8.
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Table 2.8: Biochar and activated carbon performance in wet conditions

Adsorbent RHa(%) CO2 capacity (mg/g) Impact of water vapor presence Ref.

dry wet

Air-activated olive stone biochar 65 48.4 48.4 No differences were observed between dry and

wet conditions for CO2 adsorption in short

time scale (around 11 mins) (due to H2O de-

layed adsorption)

[163]

Pine sawdust AC b 55 91.52 61.16 Decreased CO2 capacity in wet condition com-

pared to the dry condition

[148]

CO2-activated vine shoot biochars 100 23.892 23.848 CO2 adsorption capacity was not impacted [108]

CO2-activated wheat straw biochars 100 27.456 21.384 Decreased CO2 capacity in wet condition com-

pared to the dry condition

[108]

Activated carbon fibers (ACFs) 55 30.170 30.193 CO2 adsorption capacity was not impacted [168]

KOH-activated ACFs 55 36.68 36.784 CO2 adsorption capacity was not impacted [168]

TEPAcfunctionalized ACFs 55 22.067 22.069 CO2 adsorption capacity was not impacted [168]

a Relative humidity

b Activated carbon

c Tetraethylenepentamine
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2.5 H2 Separation Using Biochar

Production of hydrogen from biomass is a growing research area [169–172] The two

most conventional methods to produce H2 from biomass are thermochemical (gasi-

fication) and biological. [173]. Gasification offers the synergy of producing biochar

that could remove CO2 and other gases to treat the syngas and recover H2 [172].

To favor the production of H2, a mixture of air and steam has been proposed as

the gasifying agent. Pure steam gasification produces higher amounts of H2 but is

endothermic and requires energy. Air gasification produces less H2 but is exothermic

[173]. H2 gas can also be produced from bio-oil, a by-product of gasification and

the main product of pyrolysis, through processes such as steam reforming [173, 174].

Chemical looping gasification can also produce H2 from biomass through a series

of reduction and oxidation reactions occurring over a metal oxide [175]. Hu et al.

[176] used chemical looping gasification to produce H2 from biochars produced from

camellia shell at 550 °C by using Fe/Ca as their oxygen carrier.

Regardless of the method used, pure H2 is not produced but rather a gas mixture

(syngas) of CO, CO2, CH4, H2S, N2, and H2O. The water-gas shift reaction converts

CO to CO2 and as such the focus is on the separation of H2 and CO2 [177]. Shamsudin

et al. [55] studied H2 purification from a mixture of H2 and CO2 stream using

activated carbon from dried palm kernel shell. The carbon was produced at 550 °C

for 1 hour under a pure 200 mL/min N2 stream. It was then chemically activated

using cerium chloride at 750 °C for 1 hour in a N2 atmosphere. The surface area of
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the adsorbent was 698 m2/g. Breakthrough curve analysis was done by adsorption

experiment with 100 mL/min feed stream (85% H2 and 15% CO2). The breakthrough

for H2 was 4 and the bed saturation occurred at 10 minutes, while CO2 breakthrough

occurred at 21 minutes and saturation at 45 minutes. The gas produced was 100%

H2 with 88.43% recovery using a pressure swing adsorption unit.

Lopes et al. [178] used a fixed bed adsorption system to separate H2 from binary

mixtures of H2 and CO2, a ternary mixture of 70% H2, 26% CO2, and 4% CO, and five

component feed streams of 79% H2, 17% CO2, 1.2% CO, 2.1% CH4, and 0.7% N2). A

commercial activated carbon was physically activated to enhance its microporosity.

The binary experiments were performed with 10%, 30%, and 80% CO2 (balanced

with H2) at 50 °C and 5 bar and a total flow rate of 50 mL/s. As H2 is not well

adsorbed, the breakthrough time was fast.

The order of breakthrough times from lowest to highest was N2, CO, CH4, and

CO2. A ten PSA (pressure swing adsorption) cycle adsorption was performed at 30 °C

and 5 bar with a flow rate of 50 mL/s. The resulting H2 purity was 99.981% with

a recovery of 81.6%. The Virial model extension for mixtures was used to predict

adsorption and indicated increasing the pressure of the feed stream would increase

H2 production rate from 101 mol kg-1 day-1 to 160 mol kg-1 day-1 for the current unit

without altering the high H2 purity (with recovery higher than 75%). The carbon-

based adsorbents in both of the mentioned articles showed a low affinity for H2 gas.

H2 broke through fastest among all components in the gas stream resulting in a high
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purity H2 gas stream (above 99%). This shows the great potential of carbon-based

materials in purifying H2.

Delgado et al. [179] used a model simulation to predict the ability of a two-

layer adsorption bed to purify H2 from a gas mixture containing CO2, CO, CH4, and

H2. Adsorbents used in this research were BPL activated carbon (BPL 4X10) and

13X zeolite. It was assumed that the water in the steam reforming process would

be removed in the initial layer of hydrophilic adsorbent (silica gel), the activated

carbon would adsorb the CO2 molecules, and the zeolite layer would separate the

lighter CO and CH4. The simulated feed gas had 76% H2, 4% CO, 17% CO2, 3%

CH4 at temperature of 25 °C. The simulations indicate a H2 purity of 99.99% with

90% recovery. Both adsorbents showed the highest affinity toward CO2 and the

lowest affinity toward H2. BPL activated carbon showed a higher affinity toward

CH4 than CO, while the 13X zeolite showed a higher affinity to CO. This was due

to the strong electrostatic force between Na cations in zeolites and CO molecules.

Yavary et al. [180] performed adsorption experiments for the same four gases with

two adsorbents (activated carbon and 5A zeolite) separately to design a two-layer

pressure swing adsorption system. The experiments were done at different pressures

and temperatures, and the results pointed to the same affinity order as the study by

Delgado et al. [179]. The activated carbon layer would ideally adsorb all the CO2

before the gas stream reaches the zeolite layer as the zeolite affinity for CO2 at lower

pressures is high. This would result in CO2 occupying zeolite activated sites and
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hindering CO and CH4 from being adsorbed.

Situmorang et al. [173] proposed producing H2 from both the bio-oil and biochar

(from pyrolysis of woody biomass in an auger reactor at 500 °C). H2 was produced

using a combination of catalytic steam reforming of the bio-oil and a chemical looping

using biochar. The simulation of these processes predicted 6.9 kg/h production of

H2 with a 100 kg/h inlet biomass rate. Jordal et al. [181] studied the recovery of

H2 from coal gasification syngas which has gone through a water-shift reaction. The

water-gas shift reaction converts CO to CO2 and is crucial in this H2 recovery process

as CO molecules can adsorb on the Pd-alloy membrane sites, which will subsequently

result in H2 reduced permeability in the membrane. This process was followed by a

low-temperature condensation process for capturing CO2. The simulated membranes

in this study showed recovery of 75% for H2. Many of the discussed articles have

analyzed the possibility of purifying H2 by carbon-based adsorbents using simulations

and got satisfactory results. However, experimental research is necessary for making

further progress in purifying H2 using carbon-based adsorbents and biochars. Purities

and recovery percentages of some H2 purification processes using different adsorbents

are summarized in Table 2.9.
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Table 2.9: H2 purification using different adsorbents

Adsorbent Process Gas mixture H2 Purity(%) H2 Recovery(%) Ref.

CuBTC (MOFs) PSA a CO2/H2 99.99+ 48.05 [182]

CuBTC (MOFs) PSA CO2/H2/CH4 99.97 45.76 [182]

CuBTC (MOFs) PSA CO2/H2/CO 99.99 37.99 [182]

CuBTC (MOFs) PSA CO2/H2/N2 94.66 51.44 [182]

BPL AC b PSA H2/CO2/CH4/CO 99.99+ 25.1 [183]

UTSA-16 (MOFs) PSA H2/CO2/CH4/CO 99.88 16.7 [183]

MIL-125(Ti) NH2 (MOFs) PSA CO2/H2 100 23.5 [184]

AC-zeolite 13X parallel two layered bed PSA H2/CO2/N2/CO 94.6-98.3 33.5-63.2 [185]

Modified AC (AC5-KS) 10 step Vacuum PSA H2/CO2/CH4/CO/N2 99.981 81.6 [178]

AC (2GA-H2J) 2-bed PSA H2/CO/N2/CO2/Ar 99.78 73.04 [186]

AC (2GA-H2J)-zeolite LiX 2 layered bed PSA H2/CO/N2/CO2/Ar 99.95 73.30 [186]

AC (2GA-H2J)-zeolite LiX 4 layered bed PSA H2/CO/N2/CO2/Ar 99.95 79.25 [186]

AC (2GA-H2J)-zeolite LiX 8 layered bed PSA H2/CO/N2/CO2/Ar 99.991 86.58 [187]

AC 6 step 2-bed PSA H2/CO/CO2 96.48 83.91 [188]

AC-zeolite 13X Pd-Cu CMR cwith 4 bed PSA H2/CO/CO2 99.9991 91.37 [189]

a Pressure swing adsorption

b Activated carbon

c Catalytic membrane reactor
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Biochar can also be used in methane purification from biogas, which is produced

from biowaste anaerobic digestion [190, 191]. Biogas is a mixture of 35-70% CH4,

15-45% CO2, and other gases such as H2S, NH3, N2, O2 [190]. Low CH4 production

and high percentages of CO2 are among the challenges of using biogas [191]. If

the methane from biogas is purified over 97% (biomethane), it can have the same

applications as natural gas [190]. Shen et al. [192] used corn stover biochar for

biogas methane purification in batch anaerobic adsorption units. Biochar removed a

good amount of CO2 and H2S from the biogas. The released biogases from this set

of experiments all had high CH4 concentrations (above 90%), and the H2S was lower

than 5 ppb showing biochar excellent capability for biomethane purification.

2.6 Conclusion

Processing residues from biomass offers the advantage of producing valuable prod-

ucts such as biochar and decreasing disposal and treatment costs. The economics

of producing biochar instead of landfilling and incineration of waste is a function of

the location, feedstock, biochar production process, regulations, and policy. How-

ever, the increased potential applications of pyrolysis (or other methods) products

(bio-oil, syngas, and biochar), potential to both capture and sequester carbon, and

increased regulations in the disposal of organic wastes, thermochemical conversion

of biomass has the advantage of decreased environmental costs and potentially at-

tractive economics [193]. In this work, we reviewed biochar as an adsorbent for CO2,
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focusing on biochar surface properties and the challenges ahead of biochar to become

a commercial adsorbent. As for the surface properties, the biochar elemental ratios

(H/C and O/C), which are indicative of its aromaticity and polarity, decrease with

the increase of production temperature. Decrease of O/C translates into decrease

of polarity and generally results in an increase of CO2 adsorption capacity. Surface

area of biochars generally increase with temperature (depending on residence time);

however, the biochar feedstock also affects the surface area as biochars from woody

biomass generally show a higher surface area. CO2 adsorption capacity of biochar

increases with biochar surface area. However, functional groups play a key role in

CO2 adsorption as well, potentially compensating for lower surface areas. Basic func-

tional groups are generally attractive sites for slightly acidic CO2 gas. The fraction of

basic functional groups such as C=N and C=O increases with the increase of biochar

production temperature. Increasing biochar production temperature also results in

the loss of volatiles and acidic groups such as carboxylic acids and the increase of

aromatic groups such as aromatic C=C and C-H.

There are challenges that should be addressed before the industrial application

of biochar as CO2 adsorbent. Biochar CO2 adsorption performance can be impacted

by the presence of other gases. According to the research done in this area, acidic

gases such as H2S and SO2 do compete with CO2 molecules over adsorption sites

and reduce the adsorption capacity, while non-acidic gases do not impact adsorption

capacity to the same extent. However, due to limited studies in this area, there is still
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room for research to better understand the impact of other gases on CO2 adsorption.

Another challenge is to see how biochar CO2 adsorption would change in wet

conditions. As noted in the review, water is typically co-produced with CO2 and

its impact on its adsorption is more complex. Typically, water is removed prior to

the CO2 adsorption process by adding a pre-treatment step. However, this adds

significant capital and operational costs. Carbon-based adsorbents such as activated

carbons have generally shown a steady performance when operating in wet condi-

tions due to the hydrophobic surface. Breakthrough curves of the CO2 and H2O in

biochars, indicate that CO2 adsorption would not be impacted over short adsorp-

tion times (approximately 10 minutes) due to the water delayed breakthrough time

compared to CO2. However, there is disagreement in the literature on the impact

of biochar production temperature on its hydrophobicity, longer adsorption cycles

(typical in the industry), and impact of water on CO2 adsorption capacity and rate

of adsorption. Therefore, more research is required in this area to better compare

the biochar CO2 adsorption in dry and wet conditions.

Biochar performance for CO2 capture from gas mixtures can also indicate if it can

assist the purification of certain gases. For instance, syngas from gasification contains

a notable amount of H2 along with other gases such as CO, CO2, and CH4. H2 is

a valuable gas, especially when it is ultra-pure. If the biochar which is produced

along syngas during gasification can be applied to separate the CO2 and possibly

other gases, it can an efficient way to produce H2 at a rather low cost. Hence, doing
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research in this area can assist in coming up with an efficient, cost-effective way of

producing H2.
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Chapter 3

Wood biochar as a point source

CO2 adsorbent-impact of humidity

on performance

Amodified version of this chapter has been submitted for publication; Z.Ghanbarpour

Mamaghani, K. Hawboldt, S. MacQuarrie, M. Katz. Wood biochar as a point source

CO2 adsorbent-impact of humidity on performance.
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Abstract

Adsorption of carbon using biobased materials is a sustainable approach to point

source carbon capture and storage, particularly if the biomass is a “waste” and

the adsorbent can then be re-used in soils. In this work, biochar derived from fast

pyrolysis of softwood residues (sawdust) was investigated as a CO2 adsorbent under

humid conditions to determine the effect of water on biochar adsorption performance.

Dry and wet adsorption experiments were run at concentrations of CO2 between 20-

80 vol.% (balanced with N2) at 20 °C. Water concentrations were set by saturating

the N2 stream and resulted in 0.5-1.8 vol.% (relative humidity of 20-80%). For the

dry gas experiments, the adsorption capacities doubled (0.83-1.98 mmol/g) as the

CO2 concentration increased from 20% to 80%. The capacity did not change between

wet and dry experiments for 20, 40, and 60 vol.% CO2; however, at 80 vol.% CO2,

the adsorption capacity increased by 38% for the “wet” gas from the dry gas. This is

potentially due to carbonates formed due to CO2 dissolution/reaction in water. The

adsorption time was not impacted by the range of water concentrations studied. The

Avrami kinetic model best represented the rate of adsorption in both dry and wet

conditions. The fact that neither the biochar adsorption capacity nor its adsorption

rate was negatively impacted by water shows that biochar can be a promising option

for stack gases, which contain water vapor. However, more experiments at higher

temperatures are required.

Keywords: CO2 capture; Biomass-based adsorbents; Biochar; Humid conditions;
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Breakthrough analysis; Adsorption kinetics

3.1 Introduction

Stationary (point) sources of CO2, including flue gas from power plants, gasification,

and other types of stacks, are contributors to climate change [1]. These flue gases

contain water, which can impact the removal performance of the physical adsorbent

used in carbon capture [2, 3]. For instance, zeolites show a high affinity toward water;

therefore, CO2 adsorption capacity decreases when water is present [3]. Adding a

pre-treatment step to remove the water before CO2 adsorption is an option, but

it increases the costs. Another option is using adsorbents that are not negatively

affected by water [2]. Carbon-based adsorbents are generally hydrophobic [3, 4].

Given this, it may be possible to create opportunistic cooperative effects between

water vapor and CO2 gas by forming carbonates that might lead to improvement of

CO2 adsorption on biochar [3].

Biochar is a carbon-based material produced by the thermochemical conversion

of biomass [5–7]. Biochar characteristics can differ depending on its feedstock and

production conditions resulting in variation in adsorption ability [5]. For instance,

in a study by Manyà et al. [8], CO2 adsorptions on biochars produced from pyrolysis

of vine shoots and wheat straw (at 600 and 500 °C, respectively) were tested in dry

and wet conditions. The CO2 adsorption capacity did not change for the vine shoot

biochars, but the capacity reduced for the wheat straw biochar in wet conditions.
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The water content of the feed gas was 11.2 vol.% in feed gas (100% relative humidity).

In a related study, CO2 capacity was almost doubled when the adsorbent was wetted

beforehand (ratio of water to the solid particles=1.65). In addition, the adsorption

isotherm changed from a type I isotherm with a plateau to an S-shaped isotherm

with an inflection point. The behavior was attributed to the formation of HCO –
3 from

the dissolution of CO2 in water [9]. Another study on olive stone biochars showed

that CO2 adsorption capacity did not change in wet conditions when the adsorption

test was less than eleven minutes. This was attributed to the slow water rate of

adsorption relative to CO2. However, beyond eleven minutes, the CO2 adsorption

decreased [10].

The importance of producing an adsorbent that performs well in both wet and

dry conditions is evident; however, limited study has been done in this area [5]. To

address this data gap, in this work, biochar was first produced from softwood biomass

in an auger reactor via fast pyrolysis. Pyrolysis was performed at 500 °C and a feed

flow of approximately 1 kg/hr under a slight vacuum. Biochar and softwood char-

acterization were performed to gather information on the elemental composition,

surface properties, functional groups, and thermal stability. To examine the CO2

adsorption performance of the biochar in the presence of water, a series of dynamic

adsorption experiments were performed under both dry and wet conditions using

an automated breakthrough analyzer (ABR) at 20 °C and 1.2 bar. Dry adsorption

experiments were performed with different mixtures of CO2 and N2 (20-80 vol.% of
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CO2 balanced with N2). For the wet experiments, the N2 gas was first saturated

with water at 20 °C in a water bath before being mixed with CO2 and entering the

adsorption column resulting in relative humidity of 20-80 vol.% or water concentra-

tions of 0.5-1.8 vol.%. The breakthrough curves were collected, and the adsorption

capacities and rates were compared for the dry and wet experiments to understand

the impact of water vapor on CO2 adsorption on biochar.

3.2 Materials and Methods

3.2.1 Preparation of biochar

Softwood shavings were supplied by Sexton Lumber Co sawmill, Bloomfield, NL,

Canada. The shavings were grounded to <2 mm and dried at 75 °C overnight prior

to pyrolysis. The ground and dried softwood was then pyrolyzed in an auger reactor

(Figure 3.1) at 500 °C. The softwood was fed to the auger reactor at a flow rate of

1 kg/hr (Figure 3.1: 100 and 101). The woody biomass went through fast pyrolysis

inside the reactor and biochar was collected (Figure 3.1: 305). The gases produced

were cooled down in two condensers and the condensable portion was collected as

bio-oil (Figure 3.1: 405). A detailed explanation of the auger reactor operation is

presented elsewhere [11].
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Figure 3.1: Process flow diagram (PFD) of the auger reactor

3.2.2 Characterisation of the biochar

The produced biochar and its softwood feedstock were characterized by different

characterization techniques. Elemental analysis was conducted using a Perkin-Elmer

2400 Series II CHN/O analyzer at the Aquatic Research Cluster (ARC) at Memorial

University of Newfoundland. The samples were placed in an oven at 60 °C for

24 hours to remove any moisture. Samples were then weighed using a Mettler Toledo

UMT 2 balance into tin capsules (Isomass, Calgary, AB), folded to ensure there was

no sample loss, and placed into a 96-well plate. The plate was stored in a desiccator

until the samples could be run on the Perkin Elmer 2400 Series II CHN/O analyzer.

The carbon, nitrogen, and hydrogen weight fractions were determined and the oxygen

portion of the biochar was then calculated by deducting the wt.% of C, N, and H
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from the total elements.

A Micrometrics Tristar II plus device was used to assess the surface properties of

the biochar and the softwood by measuring the N2 accessible adsorption isotherm at

77 K. Approximately 0.3 g of samples were put into a sample tube and degassed at

120 °C for 24 hours under N2 gas flow. The Brunauer–Emmett–Teller (BET) theory

[12] was applied to determine the biochar and softwood specific surface areas. The

desorption data were analyzed using Barrett-Joyner-Halenda (BJH) [13] method to

gather information on the total pore volume and average pore width of the biochar

and softwood.

Fourier-Transform Infrared Spectroscopy (FTIR) was conducted at Cape Breton

University, Sydney, NS, Canada, using a Nicolet Summit Mid-infrared FTIR spec-

trometer (KBr method). The FTIR diagrams show the percentage of transmittance

for the wavenumber of 4000-600 cm-1 with a resolution of 4 cm-1. This analysis was

performed to collect data on biochar and softwood functional groups.

Thermogravimetric analysis (TGA) was performed at Cape Breton University us-

ing an Sdt Q600 V20 9 Build 20 Thermal Gravimetric Analyzer. TGA and Derivative

Thermogravimetry (DTG) plots from this analysis were used to analyze the thermal

stability via mass reduction as a function of temperature. Approximately 18 mg of

the biochar was heated from 30 to 800 °C with a heating rate of 10 °C under a con-

stant 20 mL/min flow of N2 gas. The mass was recorded as temperature increased.

The TGA diagram shows the decomposition profiles of the biochar and sawdust at
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the temperature range of 30-800 °C, while the DTG diagram shows the rate of mass

loss at different temperatures.

3.2.3 Molecular modeling

In this work, the adsorption behavior of CO2 on the biochar surface was studied by

computational methods by calculating the binding energy. The purpose was to use

the molecular model as a tool in assessing the impact of water on CO2 adsorption

in an effort to optimize the approach to experiments. Gaussian 09 [14] software (on

ACENET) was used to calculate the binding energy of CO2 on biochar both under

dry condition and when water was present.

The molecules were first drawn using Avogadro software [15] and the geometries

were optimized using the Avogadro built-in optimization tool. DFT simulations

in Gaussian 09 were done based on B3LYP theory and 6-31G(d) basis set as the

previous research with our setup (same feedstock and production conditions) has

shown that the calculations with this theory had great accuracy for our biochar and

shorter running time compared to other theories [16]. The Gaussian 09 input file was

generated in Avogadro software. The first set of calculations run by Gaussian was

Geometry optimization for each molecule. This was a more thorough optimization

calculation compared to the optimization conducted in Avogadro software. After

securing the optimized geometry, the frequency calculation was run in the Gaussian

09 software using the keywords opt and freq. The energy of the structure was then
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derived from the results. For calculating the binding energy, the same procedure was

performed for CO2 molecule, and the adsorbent/CO2 molecules close to each other.

The initial distance of the CO2 molecule to the adsorbent molecule was approximately

set to the summation of the Van der Waals radius of the carbon atom (1.85 Å) of CO2

and the atom on the surface of the biochar that was closest to the CO2 [16] (This was

the initial assumption as the distances changed during the geometry optimization).

The binding energy was calculated using the equation below [17]:

Eads = Ebiochar-adsorbate − (Ebiochar + Eadsorbate) (3.1)

E ads is the adsorption energy, and Ebiochar-adsorbate, Ebiochar, and Eadsorbate are the

energies of the adsorbate adsorbed on biochar, biochar, and adsorbate, respectively

(kJ/mol). The lower (more negative) number indicates a higher affinity between

adsorbent and adsorbate [17].

To calculate the binding energy in wet experiments, the same calculations were

reperformed in the Gaussian 09 software. However, this time the keyword SCRF was

added to the Gaussian 09 input file. This keyword requests the calculations to be

done in the presence of a solvent. The solvent is determined by adding the following

phrase to the input file: “SCRF=(Solvent=Water)”. Therefore, the amount of water

and the specification of the feed stream could not be specified. Still, it could provide

a rough estimation of how the water presence can impact the binding energy.

The binding energies for CO2 and biochar calculated with and without the pres-
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ence of water as a solvent were then compared to study the possible increase/ decrease

of the affinity of the biochar toward CO2 in the presence of water.

A second set of simulations was performed to study the impact of carbonates,

which could potentially form due to the water. As noted above, CO2 dissolves in

water could form HCO –
3 [18]. Therefore, the binding energy calculations were also

performed for HCO –
3 and biochar functional groups, and the results were compared

with that of the CO2.

3.2.4 Adsorption experiments

Adsorption experiments were performed using an automated breakthrough analyzer

(ABR) supplied by Hiden Isochema, Warrington, U.K. (Figure 3.2). Approximately

0.5 g of the biochar sample was placed in the fixed bed column (2 cc). Before each

run, the samples were degassed using helium through valve B at 10 mL/min at

120 °C and 1.2 bar for 2 hours. The system was then cooled to 20 °C before the CO2

mixtures (20-80 vol.% CO2 balanced with N2) were fed to the bed (the overall flow of

the feed gas was 5 mL/min in all experiments). The experiments were performed at

20 °C and 1.2 bar. In the wet experiments, the N2 flow first traveled through a water

bath (at 20 °C) to saturate the N2 with water. CO2 and N2 were then mixed and fed

to the adsorption bed, and the composition of the effluent gas was determined using

the mass spectrometer. All the experiments were performed twice.
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Figure 3.2: A schematic diagram of the adsorption experiment setup
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3.2.4.1 Adsorption breakthrough and capacity

Breakthrough curves are created by plotting the normalized outlet concentration

of an adsorption system against time. The time at which the ratio of the outlet

concentration to the initial concentration is at 0.05 is considered the breakthrough

time [19]. Capacity at any time (t) can be calculated using the area above the

breakthrough curve by the following equation:

q =
F × C0 ×

∫
t

0
(1− C

C0
) dt

m
(3.2)

Where q is the adsorption capacity (mmol/g), F is the volumetric flowrate of the

feed gas (mL/min), C/C0 is the ratio of the outlet to inlet concentration at time t

(min), and m is the biochar mass (g).

3.2.4.2 Adsorption kinetic

In the design and scale-up of adsorption systems, the rate of adsorption must be

established. Different kinetic models are available in the literature for analyzing the

rate behavior of CO2 adsorption on biochar. Three kinetics models, the pseudo-first-

order, the pseudo-second-order, and the Avrami model, were tested to describe the

rate of CO2 adsorption under dry and wet conditions.

The pseudo-first-order kinetic model assumes that the adsorption rate is propor-

tional to the free active adsorption sites on the adsorbent and is typically suitable

to describe the physical adsorptions (physisorption) [20]. The equation is written as
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[21]:

q = qe[1− exp(−k1t)] (3.3)

Where q and qe are the capacity at each time (t) and the capacity at the equi-

librium, respectively (mmol/g). k1 is the pseudo-first-order kinetic rate constant

(min-1).

The pseudo-second-order kinetic model assumes that the adsorption rate is pro-

portional to the square of the number of adsorption sites and is mostly used to de-

scribe the chemical adsorption process (chemisorption) [22]. The equation is written

as:

q =
q2
e
k2t

1 + qek2t
(3.4)

Where q and qe are the capacity at each time (t) and the capacity at the equi-

librium, respectively (mmol/g). k2 is the pseudo-second-order kinetic rate constant

(g mmol-1min-1).

The Avrami model [23] is able to predict rates under hybrid physisorption/chemisorption

adsorption [20], and is written as:

q = qe[1− exp(−(kAt)
n] (3.5)

Where q and qe are the capacity at each time (t) and the capacity at the equi-

librium, respectively (mmol/g). kA is the Avrami kinetic constant (min-1), and n is
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the Avrami exponent. The Avrami exponent is proposed to allow the model to be

used under adsorption processes where phase changes may be occurring [22].

3.3 Results and discussions

3.3.1 Characterization of the absorbent

3.3.1.1 Elemental analysis

The elemental analyses for biochar and its softwood feedstock are presented in Ta-

ble 3.1. As expected, hydrogen and oxygen fractions have decreased from feedstock

to biochar, resulting in carbonization. Elemental ratios of biochar relative to the

feedstock can be used to evaluate quality. A decrease in the H/C ratio is an indica-

tor of an increase in aromaticity, while a decrease in O/C ratio indicates an increase

in stability due to the loss of oxygen-containing functional groups [24]. Both the

H/C and O/C ratios are lower in biochar compared to softwood. This confirms that

a more stable aromatic structure is produced as the softwood decomposes during

pyrolysis [25]. The elemental composition and other physicochemical properties of

the biochar in this work are compared to published works in Table 3.2. It can be

noted that all the woody biochars have a notable fraction of carbon atoms, which is

resulted from the hydrogen and oxygen lost during the thermochemical degradation

process.
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Table 3.1: Biochar and softwood surface area, pore volume, pore width, elemental compositions and ratios

Sample Surface areaa Total pore volumeb Average pore widthc Elemental composition (wt%) Elemental ratios

m2/g cm3/g nm C H N Od H/C O/C

Biochar 48.852 0.026 7.092 73.176 2.919 0.184 23.721 0.040 0.324

Softwood 1.313 0.005 5.922 47.70 5.68 0.01 46.62 0.12 0.98

a BET surface area

b BJH desorption cumulative pore volume

c BJH desorption average pore width

d Calculated by difference

Table 3.2: Physicochemical properties of woody biochars produced at different temperatures

Feedstock Temperature Pyrolysis Surface areaa Total pore volumeb Elemental composition (wt%) Ref.

°C type m2/g cm3/g C H N

Softwood 500 Fast 48.852 0.026 73.176 2.919 0.184 This work

Hickory wood 450 Slow 12.90 NA 83.62 3.24 0.17 [26]

Gliricidia sepium tree 500 Slow 76.30 0.010 73.29 3.55 0.84 [27]

Mix softwood 600-700 NA 25.2 NA 68.2 3.66 0.51 [28]

Pine softwood 500-650 NA 4.9 NA 71.2 2.88 0.91 [28]

Eucalyptus sawdust 550 Slow 23.1 NA 83.80 2.75 0.82 [29]

Mixed wood sawdust 550 Fast 4.30 NA 49.81 2.57 0.53 [29]

Peach branch 550 Fast 1.72 NA 63.87 3.03 1.30 [29]

Wood bark 500 Slow 13.6 NA 84.84 3.13 1.83 [30]

a BET surface area

b BJH desorption cumulative pore volume
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3.3.1.2 Surface area analysis

Biochar and softwood surface area, pore volume, and average pore size are presented

in Table 3.1. The loss of the volatiles and the decomposition during pyrolysis has

left biochar with a higher surface area and pore volume than its softwood precursor.

The surface area increased from 1.313 to 48.852 m2/g. Comparing the surface area

of the biochar studied in this work to other woody biochars in Table 3.2 show that

biochars surface areas vary depending on the feed source and production process;

however, the biochar produced in this study is in the same range as the other woody

biochars.

3.3.1.3 FTIR analysis

FTIR analyses for the biochar and its softwood feedstock are presented in Figure 3.3.

The wide peak at 3600-3000 cm-1 region in the softwood FTIR corresponds to O-H

stretching [31]. The notable O-H stretching in the sawdust is mostly due to water.

The peak is not that visible in biochar plot, due to the loss of moisture at high

temperatures of biochar production. Also, the presence of other O-H containing

functional groups, such as phenol and hydroxyl, are probably too low compared to

other functional groups to be detected by the FTIR, considering the heterogeneity

and non-transparency of the biochar [32]. The peak at 2950-2800 cm-1 represents

alkyl C-H [33]. The disappearance of this peak in the biochar FTIR diagram is

likely due to the loss of alkyl groups as a result of aromatization. The peak at
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approximately 1020 cm-1 in the softwood FTIR plot corresponds to aliphatic ether

C-O stretching. The peaks at approximately 1500 cm-1 and 1260 cm-1 are due to

aromatic C=C ring stretching and aromatic C-H stretching, respectively. The small

peaks in the regions of 1400-1300 cm-1 are due to aliphatic CH3 and CH2 deforma-

tions. The peaks at approximately 800 and 860 cm-1, noted in both softwood and

biochar plots, represent aromatic C-H deformation. The peak at the 630 cm-1 of the

softwood FTIR diagram corresponds to phenol O-H deformation, and its absence in

the biochar IR confirms the lack of O-H stretching in the 3000 cm-1 region. The

peaks at 1570 cm-1 and 1700 cm-1, present in both biochar and softwood diagram,

correspond to C=C stretching and aromatic carbonyl/carboxyl C=O stretching, re-

spectively [34]. The overall comparison of the biochar and softwood FTIR suggests

that most of the aliphatic function groups are lost during the pyrolysis resulting in

a biochar structure with a higher density of aromatic groups.

3.3.1.4 TGA analysis

TGA and DTG plots for the biochar and the softwood feedstock, are presented in

Figure 3.4. Thermal degradation of woody biomass generally shows three major

stages [35]. The first step, initiating at approximately 200 °C, represents moisture

and light volatiles loss [35]. The dried softwood mass loss was 1.96% up to 200 °C. The

second step in woody biomass decomposition is devolatilization in the temperature

range of 200-600 °C [35]. The main carbohydrates associated with woody biomass
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Figure 3.3: FTIR plots for the biochar and the softwood feedstock

degrade during this step. Hemicellulose decomposition initiates at approximately

220 °C and is completed by approximately 315 °C, and cellulose decomposition occurs

from 315-400 °C. Lignin degrades over a wide range of temperatures from 160 °C up

to 900 °C [31]. The softwood lost 87.4% of its mass during this step. The last step

of woody biomass degradation is the stabilization stage, in which the rate of mass

loss is lowered, and the mass becomes almost constant [35]. Toward the end of the

TGA process (∼ 800 °C), the softwood lost approximately 92.83%. Over the same

ranges, biochar behavior is quite different, losing approximately double the mass up

to 200 °C (2.39%). The cellulose and hemicellulose were already degraded in the

pyrolysis process; therefore, biochar mass loss was approximately 13% from 200-

600 °C. The biochar lost approximately 17% of its mass in the temperature range of
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Figure 3.4: TGA (a) and DTG (b) plots for the biochar and the softwood feedstock

600-800 °C leading to a total mass loss of approximately 30% up to 800 °C. From the

DTG plot, it can be noted that the rate of mass loss for the biochar increased after

500 °C, peaking at approximately 750 °C due to the degradation of lignin fraction

that decomposes at temperatures higher than the biochar production temperature

(500 °C).

3.3.2 Molecular Modeling

Previous work in our lab (the same feedstock and production conditions) established

a biochar molecule structure based on work by Zhao et al. [36]. The structure was

validated as a suitable representation of the biochar produced in our lab by comparing

the elemental composition and the surface functional groups [32]. Figure 3.5 shows

the biochar molecular structure based on the model presented by Zhao et al. [36].
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Figure 3.5: Biochar molecular structure based on the model presented by Zhao et al.

[36]
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Figure 3.6: Seven functional groups put close to CO2 as a part of binding energy

calculations: (a) nitrile (b) carboxyl (c) ether (d) furan (e) methyl ether (f) carboxyl

hydroxyl (g) carboxyl furan. Nitrogen atoms are colored blue, oxygen atoms are

colored red, carbon atoms are colored dark gray, and hydrogen atoms are colored

light gray

Calculating the binding energy using the whole biochar structure and CO2 was not

feasible due to the excessive calculation time and memory required for convergence.

As such, seven different functional groups of the biochar surface were selected, based

on occurrence in multiple biochar samples tested, to examine the binding energies

in dry and wet conditions. The seven functional groups (near CO2 molecules) are

shown in Figure 3.6.

The results from the energy calculations for CO2 adsorption in dry, saturated
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conditions (in the presence of solvent), and HCO –
3 (formed as the result of CO2

dissolution/reaction with water) adsorption energy calculations are presented in Ta-

ble 3.3. Negative binding energy indicates that the energy is released as the result

of the adsorption. A lower (more negative) value, therefore, indicates the molecules

higher affinity toward one another and stronger adsorption. It can be noted that

binding energies with carboxyl are the most negative among functional groups for

all three studied structures, meaning that carboxyl had the strongest adsorptions.

Comparing dry and wet binding energies indicates that all of the functional groups

other than carboxyl had higher binding energies and stronger adsorptions with CO2

when water was present. The carboxyl group is extremely hydrophilic and highly

polar, which is the reason the adsorption drops when water is present, i.e. water

adsorbs or bonds to surface over CO2 because of its hydrophilicity, causing its CO2

binding energy to be higher in the presence of water (less affinity toward CO2 in

wet conditions). Functional groups such as ether and furan are hydrophobic and

nonpolar, and Nitrile is hydro neutral [37]; therefore, water existence did not affect

their affinity toward CO2 negatively.

Comparing the adsorption energies of HCO –
3 and CO2 with functional groups of

biochar shows that the binding energy is much lower in value (higher energy) for

HCO –
3 . This is due to the reactive nature of ions, where they are ready to donate

their excess electrons and bond with other molecules. The modeling indicates CO2

adsorption may increase when water is present, assuming HCO –
3 forms. It should be
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Table 3.3: Calculated binding energies for different

biochars functional groups in dry and wet condi-

tions

Functional group Binding energy (kJ/mol)

CO2 CO2 (wet) HCO –
3

Nitrile -9.128 -10.533 -63.197

Carboxyl -17.557 -15.296 -203.960

Ether -12.410 -13.970 -44.186

Furan -11.232 -13.122 -58.977

Methyl ether -4.408 -9.932 -77.083

Carboxyl hydroxyl -11.482 -13.428 -13.658

Carboxyl furan -10.671 -14.308 -124.526

noted that this type of simulation is only a rough tool but can potentially reduce the

number of experiments or focus of experiments.

3.3.3 Adsorption breakthrough and capacity

Breakthrough curves for the CO2 adsorption under dry and partially saturated condi-

tions are provided in Figure 3.7, and the breakthrough times are in Table 3.4. There

was a 58% increase in the breakthrough time for 80 vol.% CO2 under humid condi-

122



Table 3.4: Breakthrough times (C/C0=0.05) for different dry and wet ex-

periments

CO2 (vol.%) 19.6 20 39.5 40 59.5 60 79.6 80

Relative humidity (%) 80 0 60 0 40 0 20 0

H2O (vol.%) 1.8 0 1.4 0 0.9 0 0.5 0

Breakthrough time (min) 7.98 7.62 6.53 6.18 5.83 5.38 6.62 4.19

tions compared to dry conditions. Longer breakthrough time translates to a higher

adsorption capacity [19]. Therefore, it would appear adsorption has been enhanced

by wet conditions for 80 vol.% CO2. This was not reflected at the lower CO2 inlets.

The CO2 adsorption capacities for the dry and wet experiments are presented in

Table 4.3 (qexp). The adsorption capacities mirror the breakthrough curves, where

humid conditions did not impact capacity when inlet CO2 is less than 80 vol.%. At

80 vol.% CO2, the CO2 adsorption capacity increased by 38% compared to the dry

experiment.

As indicated above, the capacity increase for the CO2 adsorption is potentially

due to the formation of HCO –
3 as the result of the dissolution/reaction of CO2 in

water. The molecular modeling indicated a stronger potential for adsorption of

HCO –
3 compared to CO2. Carbonates (HCO –

3 ) have a higher polarity compared

to CO2 molecules, which makes them attractive for polar sites on biochar, such as

oxygen-containing functional groups (C-O/C=O) [38], resulting in a boost in the
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Figure 3.7: Breakthrough curves of biochar CO2 adsorption under dry

and wet conditions. Compositions (vol.%): (a) dry: CO2/N2:20%/80%;

wet: CO2/N2/H2O: 19.6%/78.6%/1.8%; (b) dry: CO2/N2: 40%/60%; wet:

CO2/N2/H2O: 39.5%/59.2%/1.4%; (c) dry: CO2/N2: 60%/40%; wet: CO2/N2/H2O:

59.5%/39.6%/0.9%; (d) dry: CO2/N2: 80%/20%; wet: CO2/N2/H2O:

79.6%/19.9%/0.5%.
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adsorption capacity. The reason for the lack of impact at lower CO2 inlets could

be that even though carbonates could be forming, according to Henry’s law, the

higher the partial pressure of CO2 in the feed gas would result in higher dissolved

gas in the water. Therefore, at 80 vol.% CO2 level, the concentration of HCO –
3 would

be higher. From our results, it appears that for the HCO –
3 to have an observable

impact on adsorption, a minimum CO2 to water ratio (or partial pressure to water)

is required. The minimum will vary depending on the system.

Although the capacities have approximately the same value for the first three

experiments, a slight roll-up can be seen in the breakthrough curves of the experi-

ments with 40% and 60% CO2, which is more visible in the experiment with 60% of

CO2. Breakthrough curve roll-up happens when the outlet concentration exceeds the

inlet concentration temporarily. The general cause for roll-up is when the initially

adsorbed component is displaced by another component with a higher affinity to

the adsorbent. Roll-ups can also happen during non-isothermal operations when the

heat released during the adsorption of the heavier/ more strongly adsorbed compo-

nent detaches the lighter/ more weakly adsorbed component [39]. In this work, the

process was isothermal, so the second theory does not apply here. For the exper-

iments with 40% and 60% CO2 levels, initially, an additional amount of CO2 may

be adsorbed due to the formation of carbonates, but as the experiment proceeds

the lower partial pressure in the gas phase (as CO2 is adsorbed), results in water

displacing the adsorbed CO2, resulting in the same capacity as the dry tests. The
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roll-up effect due to water has been reported in other works [40–42]. Due to the low

concentration of CO2 in the feed gas for the experiment with 20% CO2 (lower partial

pressure), the amount of CO2 dissolved in the water was lower; therefore, if formed

the carbonates were low enough not to influence the adsorption. In 80% CO2, the

higher partial pressure of CO2 in the feed gas resulted in higher dissolved CO2 in the

water and the formation of enough carbonates to have an impact. The high partial

pressure of CO2 in the gas phase inhibited the evolution of adsorbed CO2 back to

the gas, which resulted in higher adsorption capacity compared to dry experiment.

Comparing the adsorption capacities for dry experiment and wet experiments

separately (Table 4.3 and final capacities in Figure 3.9) indicates the impact of ini-

tial CO2 initial concentration on the adsorption capacity. The adsorption capacity

increased with the initial concentration of CO2 under both dry and wet conditions as

a result of a greater mass transfer driving force between the surface of the adsorbent

and the gas flow.

3.3.4 Adsorption kinetics

The rate of adsorption capacity for dry and wet experiments at each CO2 concen-

tration level are presented in Figure 3.8. The adsorption rate is not affected by the

presence of water. The adsorption rate plots for the first three experiments (20,

40, and 60 vol.%) are approximately the same. Small roll-ups can be noted in the

kinetic plots of the wet experiments with 40 vol.% and 60 vol.% concentrations of
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CO2, which were also visible in their breakthrough curves as previously discussed.

At 80 vol.% CO2 inlet, there was a capacity increase during the wet experiments,

which was discussed previously. However, the rate of adsorption was not impacted

as noted by the slopes of the curves (Figure 3.8 (d)).

The adsorption rate plots of the (a) dry and (b) wet adsorption tests are presented

in Figure 3.9. It can be noted that the increase in the initial concentration of CO2

under both dry and wet conditions resulted in an increase in the driving force of the

adsorption, and that caused an increase in the adsorption rate.

The fitted parameters of the three kinetic models tested are presented in Table 4.3.

Judging from the correlation coefficient of the fitted models (Table 4.3), as well as

the plots (Figure 3.10 and Figure 3.11), it is evident that the Avrami kinetic model

fits the adsorption data for both dry and wet experiments the best. This shows that

both physical and chemical interactions are involved in the adsorption of CO2 on

biochar under dry and wet conditions. The Avrami exponent (n) for all of the tests

is higher than 1, which shows that CO2 adsorption in both dry and wet experiments

was heterogeneous, reflecting that the adsorption was not uniform over the surface

[43]. This reflects the heterogeneous nature of the surface functional groups on the

biochar.
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Figure 3.8: CO2 adsorption rate plots of experiments under dry and

wet conditions. Compositions (vol.%): (a) dry: CO2/N2:20%/80%; wet:

CO2/N2/H2O: 19.6%/78.6%/1.8%; (b) dry: CO2/N2: 40%/60%; wet: CO2/N2/H2O:

39.5%/59.2%/1.4%; (c) dry: CO2/N2: 60%/40%; wet: CO2/N2/H2O:

59.5%/39.6%/0.9%; (d) dry: CO2/N2: 80%/20%; wet: CO2/N2/H2O:

79.6%/19.9%/0.5%.
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Table 3.5: Fitted parameters of pseudo-first-order, pseudo-second-order, and Avrami kinetic models for the

CO2 adsorption on biochar in dry and wet conditions

CO2 RHa qexp Pseudo-first-order Pseudo-second-order Avrami

(vol.%) (%) (mmol/g) qe k1 R2 qe k2 R2 qe kA n R2

±0.4% (mmol/g) (min-1) (mmol/g) (g/mmol min) (mmol/g) (min-1)

19.6 80 0.86 1.20 0.104 0.975 1.91 0.036 0.971 0.91 0.166 1.550 0.993

20 0 0.83 0.95 0.162 0.973 1.74 0.044 0.968 0.87 0.173 1.564 0.993

39.5 60 1.29 1.49 0.198 0.947 2.06 0.077 0.929 1.33 0.232 1.727 0.986

40 0 1.31 1.28 0.223 0.834 2.07 0.075 0.944 1.33 0.230 1.652 0.992

59.5 40 1.65 1.82 0.258 0.933 2.38 0.098 0.903 1.71 0.273 1.787 0.982

60 0 1.70 1.61 0.243 0.721 2.45 0.088 0.934 1.72 0.268 1.662 0.993

79.6 20 2.74 3.15 0.181 0.961 4.45 0.032 0.946 2.78 0.221 1.654 0.992

80 0 1.98 1.85 0.259 0.674 2.65 0.106 0.937 1.98 0.307 1.582 0.996

a Relative humidity
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Figure 3.9: Adsorption rate plots of (a) dry and (b) wet experiments

3.4 Conclusions

The CO2 capture capability of the biochars produced from softwood sawdust via fast

pyrolysis at 500 °C was examined by performing dynamic adsorption tests using an

automated breakthrough analyzer under dry and wet conditions. The adsorption

capacities increased with an increase in the concentration of CO2 in the feed gas

for both dry and wet experiments, 0.83 mmol/g at 20 vol.% CO2 to 1.98 mmol/g

at 80 vol.% CO2 for the dry experiments and 0.86 mmol/g at 19.6 vol.% CO2 to

2.74 mmol/g at 79.6 vol.% CO2 for the wet experiments. Comparing the adsorp-

tion capacities under dry and wet experiments, the water did not impact adsorption

at CO2 concentration between 20-60 vol.%. However, at 80 vol.% CO2, the capac-

ity increased by 38% when water was added to the system, which is attributed to

carbonates formation from CO2 dissolution/reaction in water. This result was also
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Figure 3.10: Experimental data and fitted kinetic models of CO2 adsorption ca-

pacity over time on biochar under dry conditions. Compositions (vol.%): (a)

CO2/N2:20%/80%; (b) CO2/N2: 40%/60%; (c) CO2/N2: 60%/40%; (d) CO2/N2:

80%/20%.
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Figure 3.11: Experimental data and fitted kinetic models of CO2 adsorption

capacity over time on biochar under wet conditions. Compositions (vol.%):

(a) CO2/N2/H2O: 19.6%/78.6%/1.8%; (b) CO2/N2/H2O: 39.5%/59.2%/1.4%; (c)

CO2/N2/H2O: 59.5%/39.6%/0.9%; (d) CO2/N2/H2O: 79.6%/19.9%/0.5%.
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confirmed by the approximation of binding energies using Gaussian software, where

the binding energies of functional groups of biochar and HCO –
3 were much lower

(higher energy released) than that of the CO2.

The 80 vol.% CO2 was the point of the increase in the adsorption capacity for

this work; however, this minimum may be different for different biochars and water

contents. It should be noted that the experiments in this work were performed

at ambient temperature, whereas most stack gases are between 150-300 °C. Higher

flue gas temperatures translate into higher water holding capacity. Flue gas from a

natural gas-fired power plant and a coal-fired power plant contains approximately

18-20 vol.% and 8-10 vol.% H2O, respectively [44]. Therefore, although this work has

produced important baseline data on biochar CO2 adsorption from wet gas streams,

more research at higher temperatures where the gas can contain higher levels of water

is necessary.

Adsorption kinetic is another parameter that needs to be studied to check the

performance of biochar under dry and wet conditions. The adsorption rate study

of dry and wet experiments separately showed that the adsorption rate increased

with the increase of initial concentration of CO2 in the feed gas as the result of the

increase in the mass transfer driving force. Comparing the adsorption rate plots of

CO2 on biochar under dry and wet conditions showed that the presence of water

did not impact the adsorption rate. Therefore, not only water presence did not

have a negative impact on the adsorption capacity, but it also did not impact the
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rate of adsorption. The Avrami kinetic model fits the adsorption data for both

dry and wet experiments the best, which shows that both physical and chemical

interactions are determining factors in the CO2 adsorption on biochar. The Avrami

exponent, which was above 1 for all of the tests, shows that the adsorption of CO2

on the biochar was not homogeneous, meaning that CO2 adsorption probability on

different regions of biochar was not the same. This kinetic study in this work was

on adsorption experiments at ambient temperature (20 °C). As the adsorption rate

is highly dependent on the temperature, performing the dry and wet experiments at

temperatures closer to that of real flue gas is necessary in future studies.
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Chapter 4

Evaluating the impact of CO in

the gas mixture on CO2

adsorption on biochar

A modified version of this chapter has been submitted for publication; Z. Ghanbar-

pour Mamaghani, K. Hawboldt, S. MacQuarrie, M. Katz. Evaluating the impact of

CO in the gas mixture on CO2 adsorption on biochar.
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4.1 Abstract

Biochar capability in CO2 adsorption has already been confirmed by multiple research

works. However, CO2 is never emitted as a pure gas; therefore, studying the impact

of other components in the gas mixture on CO2 adsorption on biochar is necessary.

One of the components that is always co-released with CO2 is CO. In this work,

the affinity of biochar for CO and CO2 was first predicted using molecular modeling

binding energy calculations. The results suggested that CO2 would be favored over

CO for adsorption on biochar because of its stronger adsorption (higher released

adsorption energy). The biochar adsorption of pure CO and CO2 were then studied

using batch and dynamic experiments, where the isotherm and kinetic models of the

pure gas adsorptions were derived. Dual-site Langmuir isotherm fitted both of the

gases equilibrium adsorption data the best, confirming the non-homogeneous surface

of biochar. The Avrami kinetic model was the best-fitted model for the adsorption

rate of the gases, which showed that both chemical and physical interactions were

involved in the adsorption processes.

The results from molecular modeling matched the results from pure CO and CO2

adsorption on biochar, as the capacity of pure CO2 was more than three times greater

than that of pure CO. The dynamic binary CO/CO2 adsorption experiments with

10-90 vol.% CO2 (balanced with CO), carried out at 20 °C, showed that although

both of the gases were adsorbed on biochar when the adsorption bed was fresh, some

of the CO molecules were later removed by the more favored CO2 molecules to the
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extent that for up to 50 vol.% CO, all of the CO molecules were removed by the CO2

molecules, and the CO overall capacity was 0.

For examining the impact of temperature on CO2 and CO adsorption on biochar,

the pure CO and CO2 along with three selected binary CO/CO2 adsorption tests were

repeated at 100 °C. The pure adsorption tests of the two gases on biochar at 100 °C

suggested that although CO2 adsorption capacity was negatively impacted by the

temperature increase, CO adsorption capacity was not altered by the temperature.

Results from binary adsorption tests at 100 °C confirmed that at 100 °C, more CO

would adsorb on biochar at the same input levels of the two gases compared to 20 °C

due to CO2 decreased adsorption at higher temperatures.

Key words: CO2 capture; Biomass-based adsorbents; Biochar; Mixture adsorp-

tion; Breakthrough analysis; Temperature impact

4.2 Introduction

The capture/separation of CO2 from stationary sources via adsorption is used widely

[1].  Biochar, produced from the thermochemical conversion of biomass, has demon-

strated good CO2 adsorption capacities and, when sourced from renewable feedstock

(biomass residues), is potentially a more sustainable process compared to other com-

mon adsorbents [2–4]. The bulk of the research in biochar and CO2 adsorption is

focused on pure CO2 or binary CO2/N2 mixtures [5]. However, flue gas emissions

from different sources are never pure, but a mixture of different gas components [5]
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and the other gases in the mixture could inhibit/enhance CO2 adsorption, resulting

in a lower/higher adsorption capacity [6]. As such, before the application of biochar

in industrial settings, the effect of gas mixture on CO2 adsorption must be assessed.

One of the most common gases present in combustion or gasification emission is CO

[7]. Traces of CO are found in power plant flue gases (as high as 400 ppbV (parts

per billion by volume), as the result of incomplete combustion of fuels) [7], and CO

is one of the main products released in syngas from gasification (the composition

varies based on the feedstock and the process conditions, but it can have values as

high as 27 vol.%) [5].

There are limited publications on carbon-based adsorbents (especially biochar)

involving CO and CO2. Wilson et al. [8] examined the adsorption of pure CO

and CO2 on three different activated carbons (BPL, Xtrusorb A754, and Xtrusorb

HP115). Based on the pure gas studies, it was proposed in the co-adsorption, CO2

will be favored over CO as the adsorbents showed a higher adsorption capacity and

heat of adsorption for pure CO2 compared to pure CO. The adsorbents capacities for

pure CO2 at pressures greater than 1 atm were approximately 5 times greater than

pure CO, and at approximately 10 atm, the adsorbents pure CO2 capacities were

over 3 times greater than pure CO. The affinity of activated carbon for CO and CO2

was analyzed by Monte Carlo simulation in research by Lithoxoos et al. [9]. In this

study, pure CO and CO2 adsorption on activated carbon was compared using the

simulation, showing higher uptake (adsorption) of CO2 molecules compared to CO.
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Based on a review of the literature, there are no published experimental studies on

the co-adsorption of CO and CO2 on biochar. In this work, aside from pure CO and

CO2 adsorption on wood biochar, the co-adsorption of CO and CO2 were examined

using computational and experimental approaches.

The adsorption experiments for pure CO and CO2 were conducted in a batch

setup to obtain the pure adsorption isotherms and predict the adsorption isotherm

of the binary mixture. The computational study served as the foundational frame-

work prior to the dynamic adsorption experiments. For the computational study, the

adsorptions of CO and CO2 on biochar were simulated using molecular modeling, and

the binding energies were calculated and compared. The dynamic adsorption exper-

iments were then performed for pure CO and CO2 and binary mixtures containing

different levels of these two gases. The breakthrough curves were collected, and ca-

pacities were calculated for different trials to study the co-adsorption of CO and CO2

on the wood biochar.

4.3 Materials and Methods

4.3.1 Preparation and characterization of biochar

Softwood shavings were provided by Sexton Lumber Co sawmill, Bloomfield, NL,

Canada. The softwood was grounded to <2 mm and dried overnight at 75 °C.

Biochar was produced via fast pyrolysis in an auger reactor under a slight vacuum
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at 500 °C at 1 kg/hr of feed rate. Detailed descriptions of the production process

and characterization of biochar are presented elsewhere [10].

4.3.2 Molecular modeling

The molecular modeling of the adsorption was conducted for two purposes: The pre-

vious work with the biochar produced from the same feedstock, setup, and operation

conditions has confirmed the biochar affinity toward CO2 [11]. However, it was un-

clear if CO would also adsorb on biochar surface. Therefore, the first purpose was to

figure out if biochar had an affinity for CO. In addition, in the case of biochar having

an affinity for both of the gases, CO could compete for adsorption sites. Therefore,

the second purpose of molecular modeling in this work was to compare the adsorption

affinities of the two gases on the biochar surface.

The molecular modeling was performed using the Gaussian 09 [12] software. The

adsorbent and adsorbate molecules were first drawn and optimized separately using

the Avogadro software [13]. The Gaussian calculations were then performed using

the input files from the Avogadro software. The first set of calculations conducted

in Gaussian software is optimization, and after reaching the optimized structure,

frequency calculations are conducted. The energy of the structure was derived from

the Gaussian output file. The same calculation steps were performed for the adsor-

bent and adsorbate molecules put close to each other. The initial distance was set

to the sum of the Van der Waals radius of the two atoms in each of the molecules
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that were closer to each other. For instance, if carbon dioxide was put close to a

nitrogen group, the initial distance of the carbon (in CO2) and nitrogen (in the ni-

trogen group) would be 1.85 Å (Van der Waals radius of C) + 1.54 Å (Van der Waals

radius of N). It should be noted the initial distance changed during the optimization

process. The binding energy was calculated using the following equation [14]:

Eads = Ebiochar-adsorbate − (Ebiochar + Eadsorbate) (4.1)

E ads is the adsorption energy, and Ebiochar-adsorbate, Ebiochar, and Eadsorbate are the

energies of the adsorbate adsorbed on biochar, biochar, and adsorbate, respectively

(kJ/mol). The lower value (higher absolute value) of Eads means that larger energy is

released during adsorption; therefore, the stronger the adsorption [14]. The binding

energies of CO and CO2 on biochar were calculated and compared to have a rough

estimation of the affinity of biochar for these two components.

4.3.3 Adsorption isotherm

Adsorption isotherm, which is determined based on the adsorption equilibrium data,

represents the interaction mechanism of the adsorbate and the adsorbent [15, 16].

An understanding of the adsorption mechanism is required for designing the adsorp-

tion systems [16]. Pure isotherm data are typically used to study the gas mixture

isotherms since collecting the equilibrium data for the gas mixture adsorption can

be challenging and time-consuming [17]. Adsorption equilibrium data points for the
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pure gas adsorption data in a batch system were collected using a Micromeritics 3flex

device. Approximately 0.5 grams of biochar were put in the sample tubes and de-

gassed at 150 °C overnight under vacuum conditions. The adsorption data were then

collected with pure CO and CO2 at 20 °C (in the pressure range of approximately 0

to 100 kPa). The data were fitted to the adsorption isotherms to find the best model

for describing the adsorption behavior of the pure gases.

4.3.3.1 Pure gas isotherm

There are various pure gas isotherm models in the literature. The Langmuir isotherms

that is commonly used [18]:

q =
qmKLP

1 +KLP
(4.2)

Where q (mmol/g) is the adsorption capacity, qm (mmol/g) is the maximum

adsorption capacity, KL (1/kPa) is the inverse of Langmuir constant (the actual

Langmuir constant is based on desorption), which is dependent on the temperature,

P (kPa) is the pressure of the adsorbate. Langmuir isotherm considers the adsorbent

to be homogeneous with identical adsorption sites. According to this theory, the

adsorption is monolayer, meaning that each adsorption site can only adsorb a single

molecule at a time, and the adsorbed molecules do not have any interactions with

each other [19].

Another common pure gas adsorption isotherm used is the Freundlich isotherm.
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This isotherm is a two-parameter isotherm like Langmuir but is suitable for multi-

layered adsorption on heterogeneous surfaces [20]:

q = KFP
1
n (4.3)

Where q (mmol/g) is the adsorption capacity, KF (mmol/(g kPa1/n)) is the Fre-

undlich constant, P (kPa) is the pressure of the adsorbate, and n is another Freundlich

constant. 1/n value between 0 and 1 shows favorable adsorption, while 1/n>1 shows

unfavorable adsorption, and 1/n=1 shows irreversible adsorption [20].

Langmuir-Freundlich (Sips) isotherm is derived from the combination of Lang-

muir and Freundlich isotherms [21]:

q = qm
(KLFP )n

1 + (KLFP )n
(4.4)

Where q (mmol/g) is the adsorption capacity, qm (mmol/g) is the maximum

adsorption capacity, KLF is the isotherm coefficient (1/kPa), and P (kPa) is the

pressure of the adsorbate. This isotherm can represent both Langmuir and Freundlich

isotherms behaviors at the same time. The “n” is the heterogeneity index and can be

between 0 and 1. If n=1, the equation will turn into the Langmuir equation, which

shows that the adsorbent was homogeneous, while an n value lower than 1 shows the

heterogeneity of the adsorbent [22].

As addressed before, Langmuir assumes a homogeneous surface for the adsor-

bents; however, a perfect homogeneous surface is an unrealistic assumption for most
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of the adsorbents, particularly biochar. The Dual-site Langmuir isotherm model has

been established to compensate for the heterogeneity of the surfaces by considering

two different adsorption sites on the adsorbent surfaces:

q = qm1
KL1P

1 +KL1P
+ qm2

KL2P

1 +KL2P
(4.5)

Where q (mmol/g) is the adsorption capacity, qm1 (mmol/g) and qm2 (mmol/g)

are the maximum adsorption capacities for site type 1 and type 2, respectively.

KL1 (1/kPa) and KL2 (1/kPa) are the inverse of Langmuir coefficients for the two

types of sites. P (kPa) is the pressure of the adsorbate.

4.3.3.2 Gas mixture isotherm

The Ideal Adsorbed Solution Theory (IAST) [23] is used to integrate the mixed gas

adsorption isotherm from the pure gas adsorption isotherms. This theory consid-

ers the equilibrium between the adsorbed phase and the gas phase to resemble the

equilibrium between liquid and gas phases. As such, in this theory, the equilibrium

between the adsorbed phase and the gas phase follows Raoult’s Law [24]. This theory

can use the pure gas isotherms to generate the mixed gas adsorption isotherm. The

general equations of this equation can be written as [24]:

1

qt
=

N∑

i=1

xi

qi
(4.6)

Where qt (mmol/g) is the total adsorbed capacity of all the components, qi (mmol/g)
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is the adsorption capacity for component i, and xi is the mole fraction of component i

in the adsorbed phase. The component i capacity can be written as [24]:

qi = xi/qt (4.7)

The IAST++ software [25] was used for deriving the mixture adsorption isotherm

based on the best-fitted pure gas adsorption models.

4.3.4 Adsorption experiments

Adsorption experiments were performed, and the breakthrough curves were collected

using an automated breakthrough analyzer (ABR) supplied by Hiden Isochema,

Warrington, U.K. A schematic diagram of the setup is shown in Figure ??. Ap-

proximately 0.5 grams of the biochar sample was put in the adsorption fixed bed

(2 cc volume). In order to degas the biochar, the adsorption bed was purged with

helium gas (through valve B) with a flow of 10 mL/min at 120 °C and 1.2 bar for

two hours. The system was then cooled down to 20 °C, and different compositions

of CO/CO2 mixture were fed to the adsorption column. The concentrations of CO

and CO2 were varied from 0-100 vol.% at 20 °C and 1 bar (100% CO2, 90%/10%

CO2/CO, 70%/30% CO2/CO, 50%/50% CO2/CO, 30%/70% CO2/CO, 10%/90%

CO2/CO, 100% CO). The adsorption column outlet gas composition was analyzed

using a mass spectrometer.
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4.3.5 Adsorption breakthrough curve and capacity

The adsorption breakthrough curves (outlet to inlet concentration of the adsorbate

vs time) were plotted. The adsorption capacity (at time t) of the dynamic adsorption

experiments can be calculated using the area above the breakthrough curves using

the equation below:

q =
F × C0 ×

∫
t

0
(1− C

C0
) dt

m
(4.8)

Where q is the adsorption capacity (mmol/g), F is the volumetric flowrate of the

feed gas (mL/min), C/ C0 is the ratio of the outlet to inlet concentration at time t,

and m is the biochar mass (g). The capacities from dynamic experiments of pure CO

and CO2, along with their various binary mixtures, were calculated and compared

to study the co-adsorption of these two gases on the biochar surface.

4.3.6 Adsorption rate

The rate of the adsorption system is important as a suitable adsorbent needs to

show an adequate adsorption rate to be feasible [26]. The rate of the adsorption is a

determining factor in system sizing (capital cost) [27]. In this work, the adsorption

data of CO and CO2 were fitted to three different rate models: pseudo-first-order,

pseudo-second-order, and Avrami to determine the model that best describes the

adsorption rate.

The pseudo-first-order kinetic model can be written as [28]:
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q = qe[1− exp(−k1t)] (4.9)

Where q and qe are the capacity at each time (t) and the capacity at the equi-

librium, respectively (mmol/g). k1 is the pseudo-first-order kinetic rate constant

(min-1). The pseudo-first-order theory assumes reversible adsorption [27], where the

adsorption rate is proportional to the availability of the vacant sites [26].

The pseudo-second-order kinetic model considers the adsorption rate to be pro-

portional to the square of the number of vacant sites on the adsorbent [26] and can

be written as:

q =
q2
e
k2t

1 + qek2t
(4.10)

Where q and qe are the capacity at each time (t) and the capacity at the equi-

librium, respectively (mmol/g). k2 is the pseudo-second-order kinetic rate constant

(g mmol -1min-1). The pseudo-second-order kinetic model considers the chemical

interactions to be the governing force in the adsorption [27].

Avrami kinetic model can be written as [29]:

q = qe[1− exp(−(kAt)
n] (4.11)

Where q and qe are the capacity at each time (t) and the capacity at the equilib-

rium, respectively (mmol/g). kA is the Avrami kinetic constant (min-1), and n is the
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Avrami exponent. The significant advantage of this kinetic model is that it can take

both physical and chemical interactions in an adsorption system into account [30].

4.3.7 Impact of temperature on adsorption

The temperature at CO2 emission sources are generally higher than ambient temper-

atures. For instance, the typical temperature of flue gas leaving a coal-fired power

plant is in the range of 120-130 °C [31]. Adsorption temperature is an important

factor that needs to be considered when designing the adsorption process [32]. For

most gases, the adsorption capacity decreases with temperature increase due to the

higher adsorbate vapor pressure and higher energy of the adsorbed phase molecules.

This results in the adsorbed molecules to overcome the Van der Waals force between

the adsorbent and the adsorbate and be released [33]. For this purpose, the dynamic

adsorption of the pure CO and CO2 were performed at different temperatures in

the range of 20-100 °C. After studying the temperature effect on the pure gases, the

adsorption experiments were repeated at 100 °C for three selected binary CO/CO2

mixtures, and the results were compared to the tests at 20 °C.
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4.4 Results and discussions

4.4.1 Molecular modeling

Due to biochar molecule complexity, calculating the binding energies for CO and CO2

on biochar was not feasible (requiring extreme computational time and memory).

Therefore, the binding energies of adsorption of CO and CO2 on seven different and

common functional groups of biochar [34] were calculated. Figure 4.1 is a visual of

the CO molecule and the seven functional groups after the optimization.

The calculated binding energies for CO and CO2 on different functional groups

on biochar surface are presented in Table 4.1. The negative numbers show that the

energy is released as the result of adsorption, and a lower number (higher absolute

value) can translate to higher affinity. The binding energy of CO and CO2 on all

functional groups were negative, showing that the biochar has affinities for both of

the gases. Carboxyl had the lowest binding energy (highest released energy) among

all the functional groups, which shows its stronger affinity to both of the gases, while

methyl ether has the highest binding energy (lowest released energy) for both gases.

For all of the functional groups, the released energy (binding energy) was higher for

CO2 compared to CO, meaning that biochar would most likely show a higher affinity

for CO2 compared to CO when both components are present. The higher affinity of

carbon-based adsorbents toward CO2 compared to CO has been reported by both

simulation and experimental methods in other research works [8, 9].
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Figure 4.1: Seven functional groups put close to CO as a part of binding energy

calculations: (a) nitrile (b) carboxyl (c) ether (d) furan (e) methyl ether (f) carboxyl

hydroxyl (g) carboxyl furan. Nitrogen atoms are colored blue, oxygen atoms are

colored red, carbon atoms are colored dark gray, and hydrogen atoms are colored

light gray
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Table 4.1: Calculated binding energy for seven different functional groups with

CO and CO2

Functional group CO binding energy (kJ/mol) CO2 binding energy (kJ/mol)

Nitril -6.743 -9.128

Carboxyl -9.509 -17.557

Ether -6.520 -12.409

Furan -4.648 -11.232

Methyl ether -3.064 -4.408

Carboxyl hydroxyl -4.893 -11.482

Carboxyl furan -6.294 -10.671
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4.4.2 Adsorption isotherm

Different pure gas isotherms were studied for the CO and CO2 adsorption equilibrium

data and results are summarized in Table 4.2. The R2 value of the isotherms suggests

that the Dual-site Langmuir isotherm is the best representative for gases (Figure 4.2).

This reflects the heterogeneity of the biochar surface.

The resulting IAST model of CO/CO2 mixture at 100 kPa is presented in Fig-

ure 4.3. This figure shows the capacity for each of the gas components on biochar

according to ideal adsorption solution theory at different levels of CO2 based on the

data from CO and CO2 pure gas adsorption isotherms.

4.4.3 Pure gas dynamic adsorption experiments

Dynamic adsorption experiments for pure CO and pure CO2 were performed using

the ABR device, and breakthrough curves were collected. The breakthrough curves

for pure CO and CO2 are included in Figure 4.4 (Figure 4.4:(a) and Figure 4.4:(g)).

As noted in the plots, the CO and CO2, the C/C0 increased until a value of one is

reached, where the adsorbent was saturated with the adsorbates, and no further ad-

sorption occurs. Comparing the breakthrough curves of pure CO and CO2 indicates

that CO breaks through the adsorption bed faster than CO2 (CO breakthrough time

was 0.860 min and CO2 breakthrough time was 4.568 min). The higher breakthrough

time of an adsorbate translates to a higher affinity of the adsorbate and higher ca-

pacity (due to a longer time for the adsorbent to be saturated with the adsorbate)
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Table 4.2: Fitted pure gas isotherm parameters for CO2 and

CO

Isotherm Parameters
Adsorbate

CO2 CO

Langmuir

qm (mmol/g) 1.276 0.652

KL (1/kPa) 0.030 0.002

R2 0.998921 0.999984

Freundlich

KF (mmol/(g kPa1/n)) 0.099 0.002

n 1.979 1.131

R2 0.998909 0.999891

Langmuir-Freundlich

qm (mmol/g) 1.897 0.815

KLF (1/kPa) 0.011 0.002

n 0.754 0.973

R2 0.99999 0.999997

Dual-site Langmuir

qm1 (mmol/g) 0.281 0.078

qm2 (mmol/g) 1.369 1.452

KL1 (1/kPa) 0.151 0.008

KL2 (1/kPa) 0.011 0.0007

R2 0.999995 0.999998
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Figure 4.2: (a) CO and (b) CO2 isotherms along with the fitted Dual-site Langmuir

model
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Figure 4.3: CO and CO2 binary mixture adsorption isotherms derived from IAST
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[35]. These results mirror the molecular modeling.

The capacities calculated using the breakthrough curves are presented in Ta-

ble 4.4. The biochar adsorbs CO2 and CO. However, the pure adsorption capacity of

CO2 (2.325 mmol/g) is much higher than CO (0.700 mmol/g). From our observations

of the literature, there have not been any articles experimentally examining woody

biochar pure CO adsorption, and as for CO2, woody biochars produced in the range

of 300-600 °C showed CO2 adsorption capacities in the range of 0.379-2.4 mmol/g

[3, 4, 11, 35]. This shows that the biochar in this work is on the high-end of adsorption

of pure CO2.

As mentioned in the materials and method section, the isotherms were derived

from equilibrium adsorption data collected from the static experiments, while the

dynamic adsorption experiments were performed in a continuous flow. Comparing

the pure gas adsorption capacities from the static and dynamic adsorption experi-

ments shows that the adsorbents showed higher capacities in the dynamic adsorption

experiments. The biochar capacity for pure CO was 0.700 mmol/g at 20 °C in dy-

namic experiments, and in static experiments at the same temperature, the capacity

was lower at 0.134 mmol/g. Likewise, the biochar CO2 capacity was 2.325 mmol/g

in the dynamic adsorption tests and 1.01308 mmol/g at the same temperature in

the static experiments. The higher adsorption capacities in the dynamic adsorption

experiments may be partially due to the higher pressure of the dynamic experiments

(120 kPa) compared to the static experiments (max ∼ 100 kPa). However, calculated
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capacities at 120 kPa using the fitted Dual-site Langmuir model (based on the static

adsorption tests) still show lower biochar adsorption capacities for both of the gases

at 120 kPa compared to that of the dynamic experiment (1.045 and 0.151 mmol/g

for CO2 and CO, respectively). The comparison of dynamic and static experiments

in other research shows the same result with respect to higher adsorption under dy-

namic conditions [36, 37]. The reason is attributed to the difference in the static vs.

dynamic nature of the experiments. In batch tests, a fixed volume of gas is introduced

to the adsorbent, while in dynamic adsorption, the fresh feed is fed to the adsorbent

constantly, resulting in a continuous driving force between the fresh feed and the

adsorbed phase. This results in higher adsorption and a higher capacity [36, 38].

4.4.4 Adsorption kinetic

The dynamic adsorption experiment capacities, along with the fitted adsorption rate

models for pure CO and CO2 adsorption, are presented in Table 4.3. Comparing the

R2 values for both CO and CO2 adsorption shows that the Avrami model represents

the adsorption rate behaviors of both gases the best. This result indicates both

physical and chemical forces were involved in CO and CO2 adsorption. The Avrami

exponent was higher than 1 for both of the components, which indicates adsorption

on the surface of the biochar varies, reflecting the heterogeneity of the biochar surface.
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Table 4.3: Fitted parameters of pseudo-first-order, pseudo-second-order, and Avrami kinetic models for

the pure CO2 and CO adsorption on biochar

Component qexp Pseudo-first-order Pseudo-second-order Avrami

(mmol/g) qe k1 R2 qe k2 R2 qe kA n R2

±0.4% (mmol/g) (min-1) (mmol/g) (g/mmol min) (mmol/g) (min-1)

CO 0.70 0.67 1.127 0.964 0.73 2.684 0.856 0.68 1.061 1.457 0.988

CO2 2.33 2.41 0.332 0.946 2.98 0.114 0.906 2.31 0.334 1.721 0.990

4.4.5 Binary CO/CO2 dynamic adsorption experiments

The competitive adsorption of CO and CO2 on biochar surface was studied by the

dynamic adsorption experiments using the ABR device. The breakthrough curves

of binary mixtures of CO and CO2, along with their pure gas, are shown in Fig-

ure 4.4. Breakthrough curves of the gas mixtures are more complex than pure gases

as they commonly contain a roll-up when the weaker adsorbed component is replaced

by the stronger adsorbed component. This results in the outlet to inlet concentra-

tion (C/C0) of the weaker adsorbed component to temporarily exceed one before

decreasing back to one [39].

In the breakthrough curves for the binary CO/CO2 mixtures, a roll-up can be

noted for CO (component weaker adsorption). Initially, C/C0 for both CO and CO2

increased. The C/C0 value for CO at some point temporarily exceeded one, indicating

more CO in the gas outlet than in the inlet or some of the initially adsorbed CO was
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being removed by the CO2.

The capacities as a function of initial CO/CO2 are provided in Table 4.4. Overall,

it is evident that the biochar was more selective toward CO2 compared to CO. For

the tests with 10, 30, and 50 vol.% CO, the final capacity for CO was 0 mmol/g.

The breakthrough curves show that in all of the tests, there was some CO loading

on biochar initially; hence, it can be concluded that in the tests with up to 50 vol.%

of CO, all of the initially adsorbed CO was later removed by the CO2 molecules.

In the tests with 70 and 90% CO, some of the CO was retained on the biochar. It

is clear that CO2 could replace CO more effectively at higher CO2 partial pressures

as a result of higher driving force and the resultant mass transfer. Even in the test

with 90% CO, some CO molecules were removed by CO2 (judging from the >1 C/C0

values for CO in the breakthrough curve); however, the roll-up in the plot is not that

visible as a result of lower CO2 partial pressure and lower removal of CO compared

to the other tests.

4.4.6 Impact of temperature

4.4.6.1 Pure CO and CO2

The impact of temperature on CO and CO2 adsorption was studied between 20-

100 °C in the dynamic gas adsorption system. The breakthrough curves for pure CO

and CO2 at different temperatures are presented in Figure 4.5. As the temperature

increased, the breakthrough and saturation time for CO2 decreased, while for CO

167



Figure 4.4: Breakthrough curves of dynamic adsorption experiments with various

concentrations (vol.%) of CO and CO2: (a) 100% CO2, (b) 90%/10% CO2/CO, (c)

70%/30% CO2/CO, (d) 50%/50% CO2/CO, (e) 30%/70% CO2/CO, (f) 10%/90%

CO2/CO, (g) 100% CO
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Table 4.4: Adsorption capacities of pure and binary CO/CO2 from

dynamic experiments

CO2 (vol.%) CO (vol.%) Adsorption capacity (mmol/g) ±0.4%

CO2 CO

100 0 2.325 0

90 10 1.804 0

70 30 1.880 0

50 50 1.482 0

30 70 1.064 0.084

10 90 0.477 0.423

0 100 0 0.700
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Figure 4.5: Breakthrough curves of adsorption of (a) pure CO and (b) pure CO2 on

biochar at different temperatures

there were no discernible changes with temperature.

The capacities calculated using the area above the breakthrough curves are re-

ported in Table 4.5. The biochar CO2 adsorption capacity decreased by 43.48% as

the adsorption temperature increased from 20 to 100 °C (2.325 mmol/g at 20 °C

and 1.314 mmol/g at 100 °C). This is a typical behavior of an exothermic process,

where the process would shift to the direction of releasing less heat in response to

the temperature increase.

The CO adsorption capacity did not show a notable change as the capacity fluc-

tuated at approximately 0.700 mmol/g. The molecular modeling indicated that CO

adsorption was also exothermic. However, the degree of exothermicity may be too

low to show any impact at these conditions.
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Table 4.5: Adsorption capacities of pure CO and CO2 at different tem-

peratures

Component Temperature (°C) Adsorption capacity (mmol/g) ±0.4%

CO

20 0.700

40 0.737

60 0.684

80 0.682

100 0.686

CO2

20 2.325

40 1.877

60 1.712

80 1.468

100 1.314
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Figure 4.6: Breakthrough curves of dynamic adsorption experiments at 100 °C with

(a) 50%50% CO2/CO, (b) 30%/70% CO2/CO, (c) 10%/90% CO2/CO (vol.%)

4.4.6.2 Binary CO/CO2 mixtures

In order to examine the adsorption of the binary mixture of CO and CO2 at higher

temperatures, three of the binary mixtures of CO/CO2 were selected (CO/CO2:

50%/50%, 70%/30%, and 90%/10%). These ratios were selected based on the results

at 20 °C, which indicated CO adsorption. The breakthrough curves of these binary

mixtures at 100 °C are presented in Figure 4.6. Similar to the binary gas adsorption

experiments at 20 °C, a roll-up can be seen for CO, meaning that some of the initially

adsorbed CO were later removed by CO2, which had a stronger adsorption on the

biochar surface.
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Table 4.6: Adsorption capacities of selected binary CO/CO2 mixtures at 20 and

100 °C

CO2 (vol.%) CO (vol.%) Temperature Adsorption capacity (mmol/g) ±0.4%

(°C) CO2 CO

50 50 20 1.482 0

50 50 100 0.714 0.238

30 70 20 1.064 0.084

30 70 100 0.491 0.459

10 90 20 0.477 0.423

10 90 100 0.190 0.605

The capacities of CO and CO2 for the experiments at 100 °C, along with the

experiments with the same concentrations at 20 °C, are reported in Table 4.6. It can

be noted that the CO adsorption capacity was higher in the experiments at 100 °C

compared to the experiments at 20 °C. This is a result of the higher exothermicity

of CO2 adsorption, which resulted in less CO molecules removal by CO2 molecules.

4.5 Conclusions

In this work, the co-adsorption of CO and CO2 on wood biochar was studied. CO

is always co-released with CO2, and it was unclear if CO would also adsorb on
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biochar and if there was going to be any competition between the two gases over the

adsorption sites. The binding energies of different functional groups of biochar with

CO and CO2 were calculated separately to have an estimation of biochar affinity

toward the gases before the adsorption tests. The results suggested that all of the

functional groups on the biochar had a higher affinity toward CO2 compared to CO.

The isotherms of the two gases were derived from their batch equilibrium adsorption

experiments. Fitting the adsorption experiments showed that the Dual-site Langmuir

isotherm was best fitted to both of the gases equilibrium adsorption data, which

showed that the biochar surface was not a homogeneous one. The pure dynamic

adsorption tests also pointed to the same results as the molecular modeling (higher

affinity of biochar for CO2 compared to CO). The breakthrough time for pure CO2

(4.568 min) was so much higher than that of pure CO (0.860 min), and the calculated

capacity was also higher. The adsorption capacity for pure CO2 (2.325 mmol/g) was

more than 3 times greater than that of pure CO (0.700 mmol/g). The Avrami kinetic

model fitted the pure dynamic adsorption experiments of CO and CO2 on biochar

the best, which showed that both chemical and physical forces were involved in the

adsorption processes.

Based on molecular modeling and pure gas adsorption experiments, it was pre-

dicted that in the case of the competition between CO2 and CO over biochar ad-

sorption sites, CO2 would be favored; however, dynamic co-adsorption experiments

of CO and CO2 were required to have a credible conclusion. Breakthrough curves of
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biochar adsorption of binary CO/CO2 (different concentrations in the range of 10-

90 vol.%) indicated that both CO and CO2 initially adsorbed on biochar; however,

some CO were later removed by the more strongly adsorbed CO2. The CO adsorp-

tion on biochar was not notable (0 mmol/g) in the binary adsorption tests for up

to 50 vol% CO, as the result of CO and CO2 competition over adsorption sites and

CO2 removing all of the initially adsorbed CO. However, at lower partial pressures of

CO2 (30 and 10 vol.%), CO2 could not remove all of the initially adsorbed CO. The

biochar CO capacity at 70 and 90 vol.% CO (30 and 10 vol% CO2) was 0.084 and

0.423 mmol/g, respectively. This result suggested that for the gas streams at the

ambient temperature if the CO2 concentration is beyond 50 vol.%, biochar cannot

adsorb a notable amount of CO.

It is clear that flue gas from power plants or syngas from gasification is released at

higher temperatures than 20 °C. Therefore, biochar CO and CO2 adsorption study at

higher temperatures is required for examining the biochar adsorption performance at

more practical operation conditions. In order to examine the impact of temperature

on CO and CO2 adsorption on biochar, pure CO and CO2 adsorption tests were

conducted at different temperatures in the range of 20-100 °C. The results of these

adsorption tests suggested that CO2 adsorption capacity on biochar declined as the

temperature increased, but CO adsorption was not impacted by temperature. The

results from three selected CO/CO2 binary mixture adsorption on biochar at 100 °C

showed that biochar CO adsorption from the binary mixture increased at 100 °C
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compared to the same adsorption experiment at 20 °C. On the other hand, CO2

adsorption from the binary mixture was reduced at 100 °C compared to the same

experiment at 20 °C. This result showed that lower biochar capacity for CO2 at higher

temperatures caused CO2 to not be able to remove as many CO molecules as in the

experiments at 20 °C, suggesting that at the higher temperatures, the biochar CO

adsorption would be enhanced as a result of declined adsorption of CO2 on biochar.

Emitted gases from power plants or gasification (syngas) contain other com-

pounds in the mixture as well. The next proper stage in the research in this area

would be studying impact of other gases (such as CH4, which is present in gasifi-

cation syngas) on CO2 adsorption, as well as studying mixtures of CO2 containing

more than just two gases at temperatures close to that of the power plant flue gas

or gasification syngas.
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5.1 Summary and conclusions

Biochar is a green CO2 adsorbent produced from the thermochemical conversion of

biomass. The use of biochar for CO2 adsorption offers sustainable waste manage-

ment (by biochar production from waste materials) in addition to mitigating the

CO2 atmospheric emissions. In this thesis, after a thorough review of the previous

research work in the literature (Chapter 2), we pinpointed the areas where further

investigation is required to facilitate the industrial-scale application of biochar. It

is evident that flue gas/ syngas from gasification is never pure CO2 but rather a

mixture of different gases. Since each of these impurities can potentially influence

the adsorption of CO2 on biochar by competing over adsorption sites, it is crucial to

assess the effects of these impurities on biochar CO2 adsorption. Such investigations

are notably absent in the literature. In addition, the emitted gases are never dry

and carry a significant moisture content. Examining the influence of water vapor on

the adsorption of CO2 by biochar is necessary before industrial-scale applications,

as it can determine whether pre-treatment steps for removing water are necessary.

Our observations indicate that not many research works have studied biochar CO2

adsorption under humid conditions, and it is clear that more study is required in this

area.

In this work, two of the important challenges in the industrial-scale application

of biochar were tackled: the impact of water vapor on CO2 adsorption (Chapter 3)

and the impact of CO on CO2 adsorption in co-adsorption of CO/CO2 on biochar
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(Chapter 4). In this thesis, we have shown fast pyrolysis wood-based biochar can

capture CO2 from CO2/N2 binary mixture, and the adsorption efficiency is not im-

pacted by the presence of humidity. The study of co-adsorption of binary CO/CO2

on biochar revealed that biochar favored CO2 over CO when both gases were present

in the gas mixture, and biochar adsorb CO2 without any issues in the presence of

CO. The summary and conclusions of each chapter are followed.

5.1.1 Literature review

In this chapter, two of the main production technologies (pyrolysis and gasification)

and their biochar yields were discussed. The impact of biochar feedstock and its pro-

duction conditions on its properties was analyzed, followed by a study of the impact

of the biochar physical and chemical properties on its CO2 adsorption capacity. The

review of biochar-related literature suggested that for the same feedstock, the higher

production temperature generally results in a higher surface area (it should be noted

that for each feedstock, there is a max temperature before the surface area starts

to decrease due to the pore destruction at high temperatures). A higher surface

area usually results in a higher adsorption capacity. Aside from surface area, surface

functionality also plays a role in the biochar CO2 adsorption capacity and, in some

cases, can even compensate for the lower surface area. For instance, basic functional

groups have an enhancing impact on CO2 adsorption on biochar, which is attributed

to CO2 slightly acidic nature.
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In this chapter, the research gaps in biochar CO2 adsorption study were identified.

This chapter clearly showed a lack of research in biochar CO2 adsorption from gas

mixtures. Some research works suggested that acidic gases such as H2S and SO2

compete with CO2 and decrease the adsorption capacity, while the other gases do

not reduce the adsorption capacity to that extent. Nonetheless, there is not sufficient

research in this area to validate this claim. This chapter also points out the research

gap in biochar CO2 adsorption in the presence of water vapor. A limited number

of research works have been conducted in the area of carbon-based adsorbent CO2

adsorption under humid conditions. Some of these research works suggested that

carbon-based adsorbents would have a steady performance under humid conditions

due to their hydrophobic surfaces, but due to the lack of research in the carbon-

based adsorbents, especially biochar, CO2 adsorption under humid conditions, more

investigation in this area is necessary.

This chapter also presents a potential application of biochar in purifying compo-

nents, such as H2. Gasification syngas contains a notable amount of H2, and if the

biochar produced during gasification can be used for H2 purification by adsorbing

other syngas components and letting H2 pass, it would be a cost-effective and sus-

tainable way of purifying H2. However, the review of the literature in this chapter

showed that there are not many research works focused on carbon-based adsorbents,

especially biochar, H2 purification. Therefore, more research is required to assess

the feasibility of this process, including an assessment of the capacity of biochar
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to adsorb all other syngas components, an evaluation of potential additional steps

requirements like the water-gas shift reaction (to convert syngas CO to CO2), and

a comparison of the attained level of purified H2 with the required threshold for

industrial H2 utilization.

5.1.2 Impact of water vapor on biochar CO2 adsorption

The impact of water on CO2 adsorption on woody biochar was studied through com-

putational and experimental methods. The binding energies of different functional

groups of biochar and CO2 were calculated under two conditions: dry and in the

presence of water vapor as a solvent. Comparing the results suggested that all the

functional groups of biochar had higher affinities for CO2 (higher released energy and

stronger adsorption) when water was present, which may be in part due to carbon-

ate formation as a result of CO2 solution/reaction with water. In order to check the

affinity of the biochar for the formed carbonate (HCO –
3 ), binding energies of biochar

functional groups and HCO –
3 were also calculated. The results confirmed that all the

studied functional groups of biochar had a much stronger affinity to HCO –
3 compared

to CO2.

The results from dynamic binary CO2/N2 adsorption tests under dry and humid

conditions (where N2 was saturated with water before being mixed with CO2) at

20 °C and 1.2 bar showed that under both dry and humid conditions, biochar CO2

adsorption capacity increased with CO2 concentration in the feed gas. Comparing
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the dry and humid adsorption tests indicated that biochar CO2 adsorption capacity

was not impacted by the presence of water for CO2 levels of 20-60 vol.%; however,

at 80 vol.% CO2 the biochar CO2 capacity increased by 38% under humid conditions

compared to dry, which was attributed to the formation of carbonates. These find-

ings confirmed that at the ambient conditions and 20-80% of humidity, the woody

biochar CO2 adsorption capacity was not negatively impacted by the water presence,

and at higher CO2 partial pressures (> 80 vol.%), the capacity was even improved.

Comparing the adsorption rates of biochar CO2 adsorption under dry and wet con-

ditions revealed that for all the adsorption tests (20-80 vol.% CO2), the presence of

water did not have a notable impact on the adsorption rate. It should be noted that

water levels at this temperature (20 °C) are low (less than 2 vol.%).

5.1.3 Impact of CO on biochar CO2 adsorption

The biochar CO/CO2 co-adsorption was studied using computational (molecular

modeling) and experimental methods. The binding energies of CO and CO2 with

different biochar functional groups showed that all the studied functional groups had

a higher affinity for CO2 compared to CO; therefore, it was predicted that biochar

would favor CO2 over CO if both gases were present in the feed stream. The results

from pure CO and CO2 adsorption tests on biochar at 20 °C and 1.2 bar supported

the outcome from binding energies calculations (higher affinity of biochar for CO2

compared to CO) as the adsorption capacity for pure CO2 (2.325 mmol/g) was so
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much higher than pure CO (0.700 mmol/g).

Although the results from molecular modeling and pure gas adsorption suggested

the favored adsorption of CO2 in co-adsorption of CO/CO2 on biochar, binary co-

adsorption experiments were required to have a reliable conclusion. The binary

CO/CO2 co-adsorption tests on biochar were conducted at 20 °C and 1.2 bar with 10-

90 vol.% CO2 balanced with CO. A roll-up was notable in all the CO breakthrough

curves from CO/CO2 binary adsorption tests on biochar, meaning that although

there was some CO adsorption on biochar initially, some/all CO molecules were later

removed by more strongly adsorbed CO2 molecules, which resulted in the outlet to

inlet ratio of CO concentration to be temporarily higher than 1. The calculation of

CO and CO2 adsorption capacities from the co-adsorption experiments showed that

for up to 50 vol% CO, all of the initially adsorbed CO molecules were removed by

CO2, resulting in 0 mmol/g biochar CO adsorption capacity. However, for the tests

with 70 and 90 vol.% of CO, not all of the initially adsorbed CO were removed by

CO2 due to CO2 lower partial pressures in these tests, and that resulted in biochar

CO adsorption capacity of 0.084 and 0.423 mmol/g, respectively.

As the CO2 containing emitted gases (whether they are flue gas or syngas from

gasification) are generally at higher temperatures than ambient, the study of tem-

perature impact on CO and CO2 biochar adsorption was necessary. The pure CO

and CO2 adsorption tests at temperatures in the range of 20-100 °C showed that

although CO2 adsorption decreased as the temperature increased, CO adsorption on
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biochar was not impacted by the temperature as much. Results from the adsorp-

tion of selected binary CO/CO2 mixtures on biochar at 100 °C indicated that CO2

adsorption from the binary mixture decreased at 100 °C compared to 20 °C. The

decrease of CO2 adsorption at 100 °C resulted in lower removal of adsorbed CO and

a higher final biochar CO adsorption capacity at 100 °C compared to 20 °C.

5.2 Recommendation for future work

• As mentioned in Chapter 2, there is a potential application of biochar in the

purification of certain components, such as H2. This potential application of

biochar should be first examined at the laboratory scale with feed gas con-

taining CO2 and H2. Subsequently, this study can be extended to biochar

adsorption experiments in which the feed gas composition and temperature

resemble those of gasification syngas.

• The CO2 adsorption under dry and humid conditions were performed at 20 °C.

The results from this research work created the baseline data on the impact of

water vapor on biochar CO2 adsorption. However, flue gas/gasification syngas

is emitted at higher temperatures (stack gases are typically released at temper-

atures between 150-300 °C [1]), and gases can contain higher amounts of water

at higher temperatures. Therefore, the experiments should be performed at

different temperature levels to analyze the water vapor impact on biochar CO2
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adsorption at more realistic conditions.

• Adsorption experiments under humid conditions can be repeated using an al-

ternative approach. Instead of introducing the water vapor by mixing it with

the gas mixture, biochar can be wetted beforehand. Analyzing the outcomes of

these sets of experiments could enhance the understanding of the process. In

addition, examining the hydrophobicity of the biochar may provide additional

insights into the results.

• A more detailed study of the change in the biochar surface before and after

adsorption and after repeated adsorption cycles is required. This would inform

the longevity of the biochar, mechanism of adsorption, changes in surface prop-

erties, etc., all of which are required for modeling transport phenomena at a

larger scale.

• Other than CO and water vapor, there are other gases that are often co-released

with CO2, such as CH4 and other hydrocarbons, SOx, NOx, H2S, etc. [2]. It

is important to study the co-adsorption of each of these components with CO2

as a binary mixture to understand the impact of these components on CO2

adsorption.

• After thoroughly understanding the impact of each flue gas component on

biochar CO2 adsorption, it is necessary to conduct adsorption experiments

with gas mixtures containing more than two components with compositions
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resembling powerplant flue gases or gasification syngas at temperatures close

to real-life emissions.
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A.1 Adsorption rate plots

The adsorption rate plots for pure CO and CO2 at temperature range of 20-100 °C

is followed:

Figure A.1: Adsorption rate plots for (a) pure CO and (b) pure CO2 at different

temperatures

A.2 More detailed steps of molecular modeling

First, the biochar (functional groups) and the adsorbate (e.g. CO2) should be drawn

separately in the Avogadro software. The molecules then undergo an initial opti-

mization step using the optimization tool in the Avogadro. Although molecules are

optimized using the Avogadro built-in optimization tool, an additional more pre-

cise optimization stage is required. Therefore, the initial Gaussian calculation is

optimization. The Gaussian input file is generated in the Avogadro (the type of cal-
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culation is set as geometry optimization and the theory and basis set are chosen based

on the type of molecules). The input files should be then uploaded to the ACEnet

supercomputers (the ACEnet supercomputers were used in this work) and using the

shell scripting tool the tasks should be requested, which will be then scheduled in the

system. After the results are in, the next step would be creating the Gaussian input

file for the frequency calculation using the optimized structures (from the Gaussian

optimization calculation results). Figure A.2 shows how the Frequency calculation

was requested in one of our calculations.

After the Gaussian frequency calculation is completed, the different molecular

vibrations of the structure can be seen in the Avogadro. The energy of the structure

can be read from the output text file in the A.U. unit. This energy would be used for

the later calculations. The same procedure should be repeated when the adsorbates

are put close to biochar functional groups (the initial distance of the adsorbent and

adsorbate for these calculations were explained in the chapters of the thesis). The

calculated energies of the adsorbent, adsorbate, and their combined structure would

be used for binding energy calculation as discussed.

In order to repeat the calculations for adsorption under humid conditions, the

SCRF keyword was used in Gaussian calculation input files (Figure A.3). Adding

this keyword would result in the Gaussian calculations to be performed with the

presence of the water as a solvent.
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Figure A.2: Creating input file for frequency calculation in Gaussian (opt+freq key-

words)
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Figure A.3: Creating input file for frequency calculation in Gaussian in the presence

of water as a solvent (SCRF keyword)
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