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a b s t r a c t 

Adsorption of CO 2 by solid sorbents has been proposed as a pathway to decrease the emissions associated with 
combustion of fuels. However, if employing the waste residues of the combustion process (e.g. biomass combus- 
tion bottom ash), a pathway towards a green circular zero-waste and zero-emissions economy may be achieved. 
As such, a carbonaceous adsorbent has been produced ( via chemical activation) using biomass combustion bottom 

ash as a precursor. This process entailed an intelligently designed experimental campaign based on a randomised 
Taguchi L9 orthogonal array, which revealed moderate activation temperatures ( ∼625 °C) and times (30 min) 
coupled with high ramp rates (10 – 15 °C/min) to be preferable. Following this method, a highly microporous 
( ∼93 %) material was produced possessing a surface area of 643.6 m 

2 /g. This, in turn, facilitated a substantial 
increase in CO 2 uptake, namely, 1.29 mmol/g at 50 °C (quadruple that of the parent carbon and double that 
of the physically activated counterpart). Additionally, the working capacity as well as the heat of adsorption 
were measured. The latter properties are often overlooked with main focus drawn towards purely the adsorption 
capacity; however, they are imperative for industrial deployment of CO 2 adsorbents. 
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. Introduction 

Climate change and its impact across the world is an ever grow-
ng and pressing concern that has been garnering increasing attention.
reenhouse gas (GHG) emissions, more specifically CO 2 emissions, play
 significant role in climate change, being responsible for 80 % of the
otal amount of released GHGs in 2021 in the UK ( Office for National
tatistics, 2023 ). For the foreseeable future, even with the progression of
reen technologies (e.g. solar/wind energy), CO 2 -heavy energy sources
ould still be a major part of the energy supply across the globe. There-

ore, carbon capture and storage (CCS) technologies are expected to be
ital to combat some of the associated CO 2 emissions in power, manufac-
uring and chemical sectors. This can be achieved by deploying partic-
lar point-source capture techniques followed by underground storage,
hus preventing release of carbon dioxide into the atmosphere. 

The energy sector is gradually developing more environmentally-
onscious processes, aiming to slow down and/or reverse their contri-
ution to global warming. For example, the biggest renewable power
tation in the UK ( BBC, 2022 ), operated by Drax Group in Selby, North
orkshire, aims to become carbon negative by 2030 ( Drax, 2019 ), and
as abandoned coal in favour of pelletised biomass. However, energy
eneration via combustion of biomass is accompanied by the genera-
ion of waste solid residues: fly ash (FA) and bottom ash (BA). This
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eads to ∼170 MT of biomass ash per year across the globe ( Zhai et al.,
021 ) highlighting the importance of managing this novel waste stream.
oal ashes find secondary applications (e.g. asphalt ( Woszuk et al.,
019 ) and cement ( Yun et al., 2022 ) filler manufacturing) yet their
iomass combustion counterparts cannot be used in the same applica-
ions ( Gorbounov, et al., 2023 ) due to excessive variation in biomass
sh ( Michalik and Wilczynska-Michalik, 2012 ) coupled with a greater
ontent of alkaline/alkali-earth metals (e.g. Na, Mg, Ca) than those of
oal ashes ( Vassilev et al., 2010 ). These wastes have found alternative
pplications in the synthesis of zeolites from FA ( Petrovic et al., 2021 ,
022 ) and carbonaceous adsorbents from BA ( Gorbounov et al., 2022 ).
he latter option has been selected due to presence of a high amounts
f unburnt biomass and carbon as part of BA. Utilising these combus-
ion by-products would facilitate management of hazardous waste and
aste valorisation as it would prevent the material from being directly

andfilled, allowing biomass power generation companies to save on as-
ociated costs (standard and lowered rates in the UK as of 01.01.2023
re £102.10 and £3.25 per tonne, respectively).Furthermore, use of FA
nd BA as the precursor for capture media could decrease the system’s
arbon footprint by producing and deploying these sorbents for CO 2 
dsorption on site, thus aligning with the UK’s ambitions to be carbon-
eutral by 2050 ( BEIS, 2021 ) and minimise biomass waste (‘ UK Biomass
olicy Statement’, 2021 ). 
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Within that, the carbon derived from BA is an especially promising
aterial. Classically, carbonaceous adsorbents can be produced from
 large variety of sources, often from agricultural sector waste like rice
usk ( Nandi et al., 2023 ), garlic peel ( Huang et al., 2019 ), sugar beet mo-
asses ( Kie ł basa et al., 2022 ), pine saw dust ( Quan et al., 2020 ), bamboo
 Ji et al., 2022 ) other woody materials and agro-waste ( Bade et al., 2022 ;
etabchi et al., 2023 ). However, prior to application as sorbents, the
aterials have to be treated using methods such as chemical activation

r physical activation. These methods aim to increase the surface area
nd pore volume of the carbonaceous materials, producing/opening
anopores that would be beneficial for CO 2 adsorption. 

Key differences between these activation methods include the en-
rgy requirements, activating agents used and synthesis times, amongst
 plethora of other factors that may differ depending on the precursor,
ctivation conditions and activating agents. Typically, physical activa-
ion uses high temperatures and oxidising gases (e.g. CO 2 and/or steam),
hilst chemical activation involves impregnation of the carbonaceous
recursor by a chemical activating agent and a washing step after ac-
ivation ( Ketabchi et al., 2023 ). There are a number of different ac-
ivating agents employed in chemical activation; however, acids (e.g.
 3 PO 4 , H 2 SO 4 ), salts (e.g. FeCl 3 , ZnCl 2 ) and bases (e.g. KOH, NaOH)
ave been most-commonly reported in the literature ( Taylor and Ma-
oudi Soltani, 2023 ). 

Naturally, there are benefits and limitations to physical and chemi-
al activation methods (as well as to different activating agents for the
atter). However, with regards to porosity generation, the benefits of
hemical activation often outweigh its limitations. Specifically, potas-
ium hydroxide (KOH) is known for effective development of microp-
rosity; therefore, this material is often opted for as the activating agent
n the context of CO 2 adsorption ( Wang et al., 2022 ; Quan et al., 2023 ).
n the other hand, KOH is not only corrosive but also environmentally
angerous and can lead to reaction equipment destruction ( Bai et al.,
023 ). 

The activation mechanism is mainly based upon two overlapping
edox reactions ( Taylor and Masoudi Soltani, 2023 ): 

 𝐾𝑂𝐻 + 2 𝐶 → 2 𝐾 + 2 𝐾 2 𝐶𝑂 3 + 3 𝐻 2 ↑ 

 𝐾𝑂𝐻 + 𝐶 → 4 𝐾 + 𝐶𝑂 2 ↑ +2 𝐻 2 𝑂 ↑ 

However, a multiplicity of other reactions involving KOH, the
volved gas molecules and other by-products are also believed to oc-
ur further contributing to porosity development ( Heidarinejad et al.,
020 ; Nandi et al., 2023 ). 

 𝐾𝑂𝐻 → 𝐾 2 𝑂 + 𝐻 2 𝑂 ↑ 

 2 𝐶𝑂 3 + 2 𝐶 → 2 𝐾 + 3 𝐶𝑂 ↑ 

 𝐾 2 𝐶𝑂 3 + 𝐶 → 4 𝐾 + 3 𝐶𝑂 2 ↑ 

 2 𝑂 + 𝐶 → 2 𝐾 + 𝐶𝑂 ↑ 

 + 𝐶 𝑂 2 → 2 𝐶 𝑂 ↑ 

 + 𝐻 2 𝑂 → 𝐶𝑂 ↑ + 𝐻 2 ↑ 

 2 𝑂 + 𝐶 → 𝐾 + 𝐶 − 𝑂 − 𝐾 

Upon activation the activated carbon (AC) has to be washed to re-
ove residual metallic species. Although, some potassium may interca-

ate into the carbon structure in-between the carbon layers or remain as
art of the sorbent in form of quasi-chemically bound potassium-oxygen
unctionalities ( Liu et al., 2015 ). However, the exact activation condi-
ions resulting in most suitable textural properties and surface morphol-
gy vary significantly across the plethora of potential precursors and
pplications. As such, identification of the most suitable operating enve-
ope is highly important for optimisation of the activation process. This
2 
an be achieved by deploying an intelligent design of experiments (DoE)
ramework followed by analysis of variance (ANOVA) and response sur-
ace methodology (RSM) ( Gorbounov et al., 2022 ). These allow to eval-
ate the experimental results, identify the impacts of individual param-
ters as well as any interactions amongst them and the residual error in
rder to produce a polynomial equation that facilitates maximising of
he chosen dependant variable ( Karimi et al., 2023 ). Unfortunately, this
spect of the activation process has largely been overlooked within the
urrent literature, and therefore, its implementation is not only timely,
ut also critical in complete optimisation of the process. Herein, we have
roduced and executed a randomised experimental campaign employ-
ng a Taguchi L9 orthogonal array in order to maximise the CO 2 ad-
orption capacity of the biomass combustion bottom ash-derived car-
onaceous adsorbent. 

. Materials and methodology 

.1. Chemical activation of carbon 

The parent biomass combustion bottom ash-based carbon was
erived as per the procedure outlined in our previous works
 Gorbounov et al., 2021 ; Gorbounov et al., 2023 ). KOH (85 % pure; CAS
310-58-3; Alfa Aesar) was employed as the chemical activating agent.
 randomised Taguchi L9 orthogonal array was applied to study the de-
ign space, with the evaluated factors being the activation time ( 𝜏act )
nd temperature (T act ), ramping rate (RR) as well as the impregnation
atio (IR) of the virgin carbon to KOH. 

To start, an appropriate amount (as per the randomised experimen-
al campaign matrix) of the materials was weighed before being trans-
erred to a pestle and mortar, where the potassium hydroxide was man-
ally crushed and mixed with the carbon (i.e. dry mixing). The mixture
as then transferred into an activation vessel (i.e. ceramic boat) and
laced into the centre of an insulated Inconel tube located in the fur-
ace (Carbolite Gero TF1 12) under 300 mL/min of N 2 (BOC, purity of
4.8). Upon completion of the thermo-chemical treatment, the samples
ere washed with deionised (DI) water using a Büchner flask-funnel sys-

em until the pH of the filtrate reached 7 (approximately). The resulting
aterial was then analysed as per Section 2.2 . The optimisation of the

ynthesis procedure was focused on maximising the CO 2 adsorption ca-
acity and was carried out using Response Surface Methodology (RSM)
s well as via studying the corresponding Signal-to-Noise (S/N) ratio.
he statistical analysis (as well as the development of the experimental
atrix) was conducted in Minitab (version 18). 

.2. Adsorbent characterisation 

The CO 2 uptake of the produced adsorbents was evaluated via ther-
ogravimetric analysis – TGA (Mettler Toledo TGA 2) using high purity

ases, i.e. N 2 (N 4.8) and CO 2 (N 2.8), purchased from BOC. The pro-
ramme commenced with a 15 min purge at 150 °C using 50 mL/min of
itrogen to eliminate pre-adsorbed matter. Afterwards, the sample was
ooled ( − 10 °C/min) to the desired adsorption temperature where the
as was switched to pure carbon dioxide for a 30 min adsorption step.
roximate Analysis was also conducted in the TGA as per ( ASTM, 2013 ).
urther, Fourier Transform Infrared Spectroscopy (Shimadzu IRSpirit)
s well as Scanning Electron Microscopy/Energy Dispersive X-ray Spec-
roscopy (JOEL IT200) were employed to characterise the sorbent. The
atter was conducted using a copper plate as background material. The
orosity was evaluated by obtaining the Brunauer – Emmett –Teller sur-
ace area (S BET ) as per ( Brunauer et al., 1938 ) on a Micromeretics ASAP
020 sorption analyser, using N 2 at 77 K. Prior to which, the material
as purged (i.e. degassed under N 2 ) at 200 °C (ramping rate of 5 °C/min)

or 6 h . 
The Fourier Transform Infrared (FTIR) spectra were obtained by em-

loying the standard Attenuated Total Reflection (ATR) method to min-
mise the use of KBr, in the region of 4000 and 600 cm 

− 1 (20 scans
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Table 2 

Results of the ANOVA for the conducted experimental campaign. 

Parameter F-Value p-Value Significance 

Activation Time ( 𝜏act ) 25.67 0.124 NSS 
Activation Temperature (T act ) 241.31 0.041 3 
Ramping Rate (RR) 470.01 0.029 2 
C: KOH Impregnation Ratio (IR) 29.57 0.116 NSS 
Quadratic Interaction of 𝜏act 162.18 0.050 4 
Quadratic Interaction of T act 1152.88 0.019 1 
Quadratic Interaction of IR 43.69 0.096 NSS 
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− 1 ). The Scanning Electron Microscopy/Energy
ispersive X-ray Spectroscopy (SEM/EDS) was conducted using copper
lates (to prevent confusion of the sample elements and background).
dditionally, the samples were not gold-coated as the carbonaceous na-

ure of the samples facilitated electrical conductivity. 
Elemental Analysis was conducted using acetanilide as a standard

aterial via a Flash 2000 Organic Elemental analyser (Thermo Scien-
ific). 

The heat of adsorption was calculated based on the volumetric CO 2 
dsorption isotherm measurements at 0, 10, 20, 30 and 40 °C. Prior to
he experiments, the material was degassed ex-situ at 350 °C overnight
t a vacuum level of 0.1 mbar a . The temperature was increased stepwise
o 50, 100, 200, and finally 350 °C when the vacuum level reduced back
o 0.1 mbar a . The isotherms were measured on a 3Flex (Micromeritics
nstruments Corporation), and in-situ degassing was performed at 350 °C
or two hours before each measurement. The isotherm data has also
een provided as supplementary information in AIF format ( Evans et al.,
021 ). 

. Results and discussions 

.1. Activation and optimisation campaigns 

A randomised four-parameter (at three levels each) L9 Taguchi DoE
ramework was developed prior to commencement of the experimental
ampaign. The factors and their respective values (presented in Table 1 )
ere based on an extensive literature review in conjunction with initial

rials used to identify the appropriate design space. 
The obtained results were evaluated via analysis of variance

ANOVA) with the dependant variable being the CO 2 adsorption ca-
acity. The regression coefficient (R 

2 ) of the produced model was cal-
ulated to be 0.9995. The predictive ability of the model, i.e. R 

2 
pred ,

as learned to be slightly weaker displaying a value of 0.9429. The lat-
er parameter is of utter importance when dealing with a high value of
he regression coefficient as it may stem from an overly complex model
hat is fitting random noise alongside the response signal(s). To deter-
ine R 

2 
pred every singular datapoint is removed from the set and the
Table 1 

Factors at the respective levels examined in the Taguchi L9 design. 

Parameter Levels 

Activation Time ( 𝜏act ), min 30 60 90 
Activation Temperature (T act ), °C 400 625 850 
Ramping Rate (RR), °C/min 5 10 15 
C:KOH Impregnation Ratio (IR) 1:1 1:2 1:3 
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ig. 1. (a) the S/N ratio for the evaluated L9 array (lines are to guide the eye only) a

3 
egression equation estimates each individual removed point, thus de-
ermining the predictive capabilities of the model. The results of the
tatistical analysis are presented in Table 2 and, as expected, some of
he parameters had a paramount impact on the process, whereas other
ere found to be not statistically significant (NSS). This is based on the
- and p-values which are (in simplified terms) the variation between the

ample means versus the variation within the sample set (i.e. mean square

etween groups over mean square within groups) and the probability of ob-

erving such a F-value under the given null hypothesis , respectively. 
The presence of non-linear relationships within the design space is

vident based on the data presented in Table 2 , with the quadratic term
f T act being the most statistically significant (followed by the impacts
f RR (linear), T act (linear) and 𝜏act 

2 ). Similar observations can be made
hen evaluating the S/N ratios shown in Fig. 1 a. S/N ratio is a measure
f robustness of the process that assesses how resistant a process is to
he changes in the input parameters. Since the goal of the experimental
ampaign was to maximise the adsorption capacity of the produced AC,
he “larger is better ” approach ( Eq. (1) ) was chosen for the analysis of
he S/N ratios. 

𝑆 

𝑁 

= −10 ⋅ log 
( ∑( 

1 
𝑦 2 

) 

∕ 𝑛 
) 

(1)

In Eq. (1) y stands for the given response stemming from the
arameter-level combination and n is the number of responses of that
arameter-level combination. 

Based on the gathered data alongside the conducted analysis, acti-
ation temperature and time as well as the RR are found to significantly
nfluence the adsorption capacity of the produced sorbent. The quadratic
ffect of T act is also evident from Fig. 1 ; which is associated with activa-
ion at excessively high temperatures resulting in micropores collapsing
nd producing mesopores instead (which are less desirable than micro-
ores in the context of CO 2 adsorption). On the other hand, i.e. low
emperatures, chemical activation has not reached its “full potential ” as
ignalled by the higher S/N ratios. Moreover, the RR plot presents a lin-
ar increase, suggesting longer thermo-chemical treatment times to be
nd (b) contour plots of CO 2 uptake with the normality plot on the bottom right. 
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Fig. 2. SEM image of ChAB with full-scale photo as insert. 
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ess desirable in terms of CO 2 adsorption capacity (as well as product
ield). Therefore, larger RRs were found to be beneficial (in terms of
oth attractiveness of sorbent and cost of material production). Inter-
stingly, the impregnation ratio was found to be NSS. However, similar
onclusions (i.e. change of the C:KOH ratio does not drastically impact
he CO 2 adsorption capacity at 50 °C) could be made if evaluating data
vailable in the literature ( Nandi et al., 2023 ). Nevertheless, this phe-
omenon, could be attributed to the inherent heterogeneity of the dry
ixing process. As such, future works might endeavour to avoid using

his technique and opt for wet mixing. However, this would, in turn, lead
o an alternative issue. The aqueous KOH solution would etch away at
he (ceramic) crucible/boat instead of activating (to the “full potential ”)
he carbonaceous sorbent resulting in an additional variation source
nd/or lurking variable as well as activation vessel degradation. Fur-
her, the quantities of the main exchangeable cations may be reduced
y activation with this alkaline solution ( Sajjadi et al., 2019 ). In case of
iomass combustion bottom ash-derived carbons, Ca 2+ may be the main
ictim of this phenomenon. A decrease in such cations might result in a
ower electrostatic potential of the adsorbent, hence, leading to reduced
apture capacity via physical adsorption. 

Further, as hinted at previously, both the fastest RR as well as the
inimum 𝜏act are shown to be most beneficial across their evaluated

evels. This combination may imply a potential for a reduction of en-
rgy requirement for this thermochemical AC synthesis route by further
ropping the activation time and further enhancing the ramping rate.
his hypothesis is corroborated by the contour plots ( Fig. 1 b) produced
s part of the RSM. 

When employing a Taguchi DoE, the optimal conditions are deduced
ased on the calculated S/N ratio. In this case (since the aim is to max-
mise the dependant variable), the suggested levels would be: 30 min,
25 °C, 15 °C/min and an IR of 1:3. On the other hand, RSM optimisation
roposed a slightly different temperature and IR (595.5 °C and 1:2.23,
espectively), whereas RR and 𝜏act were the same. However, neither of
hese experiments achieved the adsorption capacity predicted by the
odel. Such outputs might be associated with the uncontrollable varia-

ion inherent in waste or (as highlighted previously) the heterogeneity of
ry mixing as well as a lower predictive capability of the model. Future
esearch might, perhaps, employ a design with repeated runs (classi-
ally, at the centre points) to facilitate the incorporation of the inherent
eterogeneity of dry mixing into the design space. Additionally, when
ealing with a L9 array and analysing four factors at three levels each,
he model is inherently overfit (i.e. less degrees of freedom than terms
hat are estimated). Therefore, such model can be reduced by eliminat-
ng terms (in this case the interactions as well as the quadratic effect of
R) to allow for statistical analysis. This limitation is unavoidable for
uch a design. Future research, therefore, may focus on optimisation of
he production of such sorbent via a different DoE framework (e.g. Cen-
ral Composite design, Box-Behnken design). Although these designs are
ore complex and involve a much more extensive/comprehensive ex-
erimental campaign, they would, in turn, allow for higher accuracy. 

Nevertheless, the experimental campaign produced sorbents with a
uch higher CO 2 uptake with one of the samples outperforming the

est. The material that was chosen for further characterisation (labelled
s ChAB) was obtained at the design point corresponding to 30 min of
hemical activation at 625 °C with a ramping rate of 10 °C/min and
n IR of 1:2. These conditions allowed for a final product mass yield of
6 %. 

.2. Scanning electron microscopy/energy dispersive X-ray spectroscopy 

Scanning Electron Microscopy/Energy Dispersive X-ray Spec-
roscopy (SEM/EDS) are common analytical methods for exploring the
urface morphology ( Fig. 2 ) alongside the surface elemental composi-
ion of a given sample. Hence, their use in analysis of ChAB. 

The morphology of ChAB is, as expected, a fine powder with a highly
ough surface. This can be attributed to a combination of effects stem-
4 
ing from the parent virgin carbon as well as resulting from the process
f chemical activation. A further impact of the latter can be noted when
valuating the surface elemental composition of ChAB. 

EDS analysis suggests some residual presence of potassium (1.6 %)
hich has not been alleviated during the washing step post-activation.
his phenomenon is associated with DI water mainly removing potas-
ium carbonate (and/or potassium oxide) formed as by-product of ac-
ivation ( Liu et al., 2015 ). However, during activation K-containing
pecies also diffuse into the internal structure of the carbon as part
f pore creation and widening/opening ( Sajjadi et al., 2019 ) and free
otassium would penetrate between the graphene layers of the AC
 Heidarinejad et al., 2020 ) These intercalated metal atoms are believed
o occupy the position between the centres of the C hexagons of ad-
acent graphitic layers ( Kaloni et al., 2012 ) and have been shown to
ncrease AC’s affinity towards CO 2 as well as surface polarity ( Liu et al.,
015 ). The latter may occur as intercalation involves electron transfer
rom the metal to the delocalised 𝜋-electron cloud of the graphene sheets
 Taylor and Masoudi Soltani, 2023 ). However, quantities of slightly over
 % of K are believed to provide maximum benefit from intercalation
 Liu et al., 2015 ), which is the case for ChAB as elemental potassium is
carce and sparse (1.6 wt%) in the analysed sample. Interestingly, no Si
nd/or Al have been picked up during the single-point measurements.
his might be associated with the surface nature of EDS; hence, bulk
nalysis techniques would be better suited for holistically investigating
hAB and quantifying the inorganics. Alternatively, the aluminosilicate-
ased ash impurities may have been (partially) eliminated due to their
eaction with KOH, producing water soluble salts that were carried away
uring the final washing stage of AC production. Further, EDS has in-
rinsic limitations when quantifying elements with a lesser atomic mass
han that of sodium (due to lighter elements emitting weaker signals that
ay have been absorbed by the specimen before reaching the detector

 Konopka, 2013 )), hence, the estimations of C (70.2 %) and O (28.6 %)
ay be less accurate. As such, bulk analysis techniques are required to

valuate the composition of the produced sorbent. 

.3. Elemental analysis 

One of such bulk analyses is elemental analysis (often also referred
o as CHN(S)-analysis or ultimate analysis ). It allows for estimation of the
lemental C quantities readily (as opposed to EDS). The process involves
ombusting the sample in pure O 2 in order to quantify elemental C, H
nd N based on their final/full combustion products. The resulting gases
re then separated (e.g. gas-phase chromatography) and measured (e.g.
ia thermal conductivity detectors). 
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The reduction in C content (39.34 %) compared to the parent ma-
erial ( Gorbounov et al., 2023 ) are to be expected due to the intrinsic
ffects of the activation process. Interestingly, no nitrogen was found in
hAB. This is, however, unsurprising as KOH activation is not known

or producing nitrogen containing functional groups. Nevertheless, the
ecrease in the nitrogen (0.00 %) and hydrogen (2.05 %) contents (com-
ared to the parent virgin carbon) might stem from the loss of volatile
rganic compounds (VOCs), which has been next quantified via proxi-
ate analysis. 

.4. Proximate analysis 

An alternative bulk analysis method is proximate analysis . It allows to
uantify, firstly, the moisture and VOC content by increasing the tem-
erature under an inert gas flow to appropriate temperatures as per
STM D3172 ( ASTM, 2013 ). Afterwards the gas is switched to an oxi-
ising atmosphere (pure oxygen or air) to allow for loss of fixed carbon.
he amount of the latter is calculated based on the ash that has remained

n the crucible at the end of the test. 
As expected, upon chemical activation, the percentage of VOCs

20 %) has notably decreased compared to the parent material
 Gorbounov et al., 2023 ). This is attributed to the activation being con-
ucted at elevated temperatures, leading to the evolution of VOCs off the
urface of the adsorbent. This decrease may, in turn, have inflated (in
ercentage terms) the amount of ash (to 33.5 %). However, this also
ay stem from their lesser dissolution due to dry mixing as well as

ome additional potassium-based inorganic components. Furthermore,
he fixed carbon content (33 %) is in agreement with the data gathered
ia ultimate analysis. Lastly, the increased amount of moisture (13.5 %)
etained by the sample may be attributed to the elevated surface area
s well as the presence of surface functional groups that can be visu-
lised from spectroscopic analysis. These techniques can also elucidate
he nature of the ash impurities. 

.5. Spectroscopic analysis 

The presence of the silica-based ash impurities has been further cor-
oborated via Fourier Transform Infrared Spectroscopy (FTIR). Addition-
lly, the produced spectrum for the ChAB sample shows a number of
ifferent identifiable peaks ( Fig. 3 ). 

Starting from left to right, the first band is located at ∼ 830 cm 

− 1 

nd can be accredited to the bending vibrations of the C 

–H bonds found
n the sample ( Merck, 2023 ). The next identifiable peak is found at
957 cm 

− 1 and corresponds to the vibrations of Si –O bonds that are
haracteristic of ash particulates ( Assad Munawar et al., 2021 ). This is
o be expected as the AC is derived from biomass combustion ash, hence,
he presence of some impurities of this nature. Further, the C 

–O func-
ionalities have been identified at ∼1306 cm 

− 1 and also at ∼2100 cm 

− 1 

 Williams et al., 2022 ; Merck, 2023 ). These peaks may also stem from
he quasi-chemical bonds that allow the potassium to remain (after
Fig. 3. FTIR spectrum of ChAB. 
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5 
ashing with deionised water) as part of the adsorbent in form of a
 

–O 

–K functionality ( Liu et al., 2015 ). Additionally, peaks represent-
ng O 

= C and C 

= C at 1530 cm 

− 1 and 1992 cm 

− 1 , respectively, were
dentified. The former may stem from keto- or quinone-like structures
 Shafeeyan et al., 2010 ), while the latter was ascribed to the asymmetric
tretching of C 

= C bonds ( Map: Organic Chemistry (Wade), Infrared Spec-

ra of Some Common Functional Groups , 2020 ). Finally, the peak found at
2358 cm 

− 1 can be attributed to background CO 2 ( Derrick et al., 1999 ).
The identified peaks are largely in-line with the typical FTIR peaks

or KOH-activated carbons ( Sajjadi et al., 2019 ); however, degradation
f some surface functional groups in the presence of KOH has also been
uggested in the literature ( Nandi et al., 2023 ). Further, thermal treat-
ent also promotes loss of volatiles, hence, some functionalities. As

uch, the presence or lack of functional groups can have a pronounced
ffect on the adsorption capacity of the material, for instance, by acting
s active adsorption sites (classically, in the cases of chemisorption) or
y producing a distribution of electrical charge on the surface of the
arbon (impacting physisorptive properties). However, apart from the
forementioned factors, the porous structure and surface area play a key
ole in determining the uptake capacity. This is discussed in the follow-
ng section. 

.6. Porosity and surface area analysis 

The BET analysis is a common method for evaluation of the surface
rea for a given sorbent. In the case of ChAB, the S BET has been calcu-
ated using the P/P 0 region of 0.13 and 0.32 to be 643.6 m 

2 /g (compar-
ng to the parent carbon with 4.6 m 

2 /g and the physically-activated ana-
ogue with 248 m 

2 /g ( Gorbounov et al., 2023 )) with the N 2 adsorption
sotherm obtained at 77 K (shown below in Fig. 4 ). As an alternative,
he BET surface area was also determined based on the CO 2 isotherms
t 0 °C. For this, the calculations were performed using SESAMI with
efault settings ( Sinha et al., 2019 ; Terrones et al., 2023 ), an adsorbed
ross-sectional area of 21.8 Å2 ( McClellan and Harnsberger, 1967 ) and a
aturation pressure of 34.851408 bar a ( Lemmon et al., 2023 ). The latter
ethod suggested the results to be slightly higher, namely, 687 m 

2 /g. 
As evident from Fig. 4 , ChAB presents a type IV physisorption

sotherm featuring a type H4 hysteresis. Such loops are common when
ealing with carbonaceous adsorbents (especially if significant burn off
pon activation is observed ( Bottani and Tascón, 2008 )) which pos-
ess slit-shaped micropores ( Rouquerol et al., 2013 ). This hypothesis of
OH activation leading to highly microporous powdered ACs ( Molina-
abio and Rodríguez-Reinoso, 2004 ) is further corroborated by ChAB’s
-plot microporous area of 597.9 m2/g, hence, constituting ∼93 % of
he total surface area. However, an observed hysteresis loop in general
uggests presence of pore sizes of over 4 nm ( Thommes et al., 2015 ) also
o be present on the surface of the AC. These observations are confirmed
y pore size distribution plot (as seen insert of Fig. 4 ) and the average
ore size of 4 nm (summarised in Table 3 ). 

As such, the proposed activation conditions lead to a mesoporous
aterial with a significant degree of microporosity. The latter is be-

ieved to be most beneficial for increasing CO 2 adsorption by providing
 substantial portion of the pore volume and surface area thus to a con-
iderable extent determine the uptake of an AC ( Bansal and Goyal, 2005 )
s well as by increasing the material’s affinity towards the gaseous ad-
orbate ( Patel et al., 2017 ; Petrovic et al., 2022 ); whereas the former
ssist with diffusion of CO 2 into the framework, hence enhancing the
verall adsorption kinetics. These phenomena can be corroborated by
he conducted investigations in Section 3.7 . 

.7. CO 2 adsorption studies 

Most experiments reported in the literature on the topic of CO 2 ad-
orption in the post-combustion CCS context, have been run at an ad-
orption temperature of 25 °C. However, industrial flue gas discharged
rom the stack is more often received in the temperature range of 40 –
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Fig. 4. BET N 2 adsorption isotherm of ChAB 
with the pore size distribution plot as insert 
(lines are to guide the eye only). 

Table 3 

Textural properties of ChAB based on the BET N 2 adsorption isotherm. 

BET surface area, m 

2 /g Micropore area, m 

2 /g Micropore volume, cm 

3 /g Average pore size, nm 

643.6 597.9 0.29 4.0 

Table 4 

Comparison of CO 2 uptakes of ChAB and other samples (1 bar at 25 °C). 

Sample Activation technique Uptake, mmol/g Reference 

Biomass combustion bottom ash-derived AC Chemical (KOH) 1.93 (This work) 
Biomass combustion bottom ash-derived AC Physical (CO 2 ) 1.04 ( Gorbounov et al., 2023 ) 
Commercial AC Physical 1.23 ( Gorbounov et al., 2023 ) 
Commercial AC Physical (steam) 1.88 ( Rashidi and Yusup, 2021 ) 
AC from petroleum coke Chemical (K 2 CO 3 ) 2.26 ( Rashidi and Yusup, 2021 ) 
N/S doped AC from chestnut shell Chemical (KOH) 3.16 – 4.54 ( Ma et al., 2022 ) 
N doped AC from macadamia nut shell Chemical (KOH) 3.76 – 4.35 ( Bai et al., 2023 ) 
AC from coconut shell Chemical (KOH) 3.16 – 4.15 ( Bai et al., 2023 ) 
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Table 5 

Equilibrium isotherm models employed in this work. 

Equilibrium isotherm name Equilibrium isotherm equation 

Freundlich 𝑞 𝑒 = 𝐾 𝐹 ⋅ 𝑃 
1 ∕ 𝑛 

Langmuir 𝑞 𝑒 = 
𝑞 𝑚𝑎𝑥 ⋅𝐾 𝐿 ⋅𝑃 
1+ 𝐾 𝐿 ⋅𝑃 

Multi-site Langmuir 𝑞 𝑒 = 
𝑧 ∑

𝑖 =1 

𝑞 𝑚𝑎𝑥 ( 𝑖 ) ⋅𝐾 𝐿 ( 𝑖 ) ⋅𝑃 

1+ 𝐾 𝐿 ( 𝑖 ) ⋅𝑃 

Toth 𝑞 𝑒 = 
𝑞 𝑚𝑎𝑥 ⋅𝐾 𝑇 ⋅𝑃 

( 1+ ( 𝐾 𝑇 ⋅𝑃 ) 
𝑛 ) 
1 
∕ 𝑛 
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0 °C. As such, uptake at these relevant temperatures is believed to be
 more appropriate metric. On this ground, the adsorption capacity (at
 bar) at not only 25 °C but also 50 °C and 75 °C were calculated to be
.93 mmol/g, 1.29 mmol/g and 0.84 mmol/g, respectively. 

The chemical activation with KOH facilitated a substantial increase
n the uptake compared to the virgin carbon powder ( Gorbounov et al.,
023 ). At 25 °C and 50 °C the uptake is approximately quadruple that
f the parent material, whereas at 75 °C ChAB adsorbed six times more
O 2. Further, the uptake of ChAB at 50 °C is double that of the physically
ctivated biomass combustion bottom ash-derived AC ( Gorbounov et al.,
023 ). Apart from ChAB’s physically activated analogue, the material
as also been compared to other alternative sorbents ( Table 4 ). 

However, apart from these values, investigations into the applica-
le equilibrium adsorption isotherms ( Section 3.7.1 ) are paramount
o envisage the capacity and behaviour at more appropriate to post-
ombustion CCS concentrations of carbon dioxide. Additionally, kinetic
 Section 3.7.2 ) and cyclic ( Section 3.7.3 ) adsorption studies as well as
eat of adsorption data ( Section 3.7.4 ) are often overlooked despite be-
ng paramount for industrial deployment. 

.7.1. Equilibrium adsorption studies 

Equilibrium isotherm models are a pivotal point in understand-
ng of both the mechanism of adsorption as well as characterising
he adsorbent-adsorbate interactions, the adsorbent surface and etc.
 Hossain et al., 2013 ; Calzaferri et al., 2022 ; Zhang et al., 2022 ). Classi-
ally, Freundlich and Langmuir models are commonly applied to the
ata ( Masoudi Soltani et al., 2015 ). Additionally, the Toth isotherm
an also often be used to describe adsorption from gaseous media as
6 
t avoids some challenging aspects of the previously mentioned funda-
ental models ( Mozaffari Majd et al., 2022 ). An alternative approach

o overcoming some of their limitations is to apply the Multi-site Lang-
uir adsorption isotherms. As such, herein, these isotherm models have

een applied to the CO 2 adsorption data of ChAB: (in alphabetical or-
er), Freundlich, Langmuir, Multi-site Langmuir (namely, Dual-site and
ri-site Langmuir) and Toth isotherms as presented in Table 5 . 

The goodness-of-fit of the models has been evaluated non-linearly us-
ng the regression coefficient, R 

2 , and the normalised root mean square
rror (NRMSE) following our previous work ( Gorbounov et al., 2023 ).
dopting non-linear regression instead of linear regression (the more
ommonly-employed method in the literature) allows for more accurate
escription of the system. The results of such fitting are shown in Fig. 5 .

The Triple-site Langmuir isotherm is believed to provide the most
ccurate fitting to this chemically activated carbon, suggesting ChAB
o possess a heterogenous surface with different types of active sites to
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Fig. 5. Comparison of equilibrium adsorption model and experimental data at 
0 °C as well as the parameters of the best fit and the results of the error analysis. 
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Fig. 6. Kinetics of CO 2 adsorption on ChAB at 50 °C. 
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e present as well as, possibly, involving different adsorption mecha-
isms. These might stem from different surface functional groups, pres-
nce of both crystalline and amorphous carbon as part of the AC struc-
ure or varying pore sizes (i.e. micro- and mesopores which would
ndergo volumetric filling and capillary condensation, respectively).
n volumetric filling, the (in this case) CO 2 molecule occupies the
ore “fully ” due to the similar size of the adsorbate and the pore ra-
ius ( Dubinin, 1975 ). This phenomenon is dependent upon overlap
f adsorption force fields/potentials of the pore walls ( Bottani and
ascón, 2008 ) and does not involve phase-change of adsorbate. Mean-
hile, capillary condensation occurs when the CO 2 molecules undergo
ultilayer adsorption producing a condensed adsorbed film on either

ide of the mesopore wall, which would then bridge the gap between
hem forming a meniscus ( Hattori et al., 2013 ). This phenomenon is
scribed to the saturation vapour pressure for the confined adsorbate
hase to be higher than the condensation pressure due to surface ten-
ion effects and a reduction in free energy of the adsorbate in the
ore( Bansal and Goyal, 2005 ). 

.7.2. Kinetic studies 

In addition to the equilibrium capacity, an understanding of the ad-
orption kinetics is also imperative, especially when considering the in-
erently dynamic nature of CO 2 adsorption processes. In addition, key
nsight into the adsorption process can be deduced via adsorption ki-
etic models such as: Pseudo-First Order (PFO), Pseudo-Second Order
PSO), Modified Ritchie, Avrami, Elovich and Intraparticle Diffusion. As
uch, ChAB adsorption data has been non-linearly fit to the equations
resented below. 

As with the equilibrium isotherms, the fitness of the models from
able 6 has also been evaluated using the R 

2 and the NRMSE. Addi-
Table 6 

Kinetic models employed in this work. 

Model name Equation 

Pseudo-First Order (PFO) 𝑞 𝑡 = 𝑞 𝑒 (1 − exp ( −

Pseudo-Second Order (PSO) 𝑞 𝑡 = 
𝑘 2 ⋅𝑞 

2 
𝑒 
⋅𝑡 

1+ 𝑘 2 ⋅𝑞 𝑒 ⋅𝑡 

Modified Ritchie 𝑞 𝑡 = 𝑞 𝑒 ( 1 − 
1 

𝛽+ 𝑘 𝑚 ⋅𝑡

Avrami 𝑞 𝑡 = 𝑞 𝑒 ( 1 − exp ( 1
Elovich 𝑞 𝑡 = 

1 
𝛽
ln ( 𝛼 ⋅ 𝛽) +

Intraparticle Diffusion 𝑞 𝑡 = 𝑐 + 𝑘 𝑑 ⋅ 𝑡 0 . 5 

7 
ionally, partially based on recommendations by Simonin (2016) , the
odels have also been evaluated using their fractional form. Regard-

ess of the approach, however, the equations presented highly similar
esults and followed the same trends, namely, Avrami, Elovich, Modi-
ed Ritchie, PSO, Intraparticle Diffusion, PFO (in descending order). As
uch, the Avrami equation is believed to provide the best description
or the process, although its applicability towards adsorbate-adsorbate
ystems has faced some criticism ( Oladoja, 2016 ). The calculated fitting
arameters are summarised in Fig. 6 . 

The calculations suggest n A to be fractional. In such cases, the Avrami
odel is believed to be complex and multi-pathway ( Songolzadeh et al.,
015 ), potentially following different kinetic orders and/or changing
hilst the adsorbent-adsorbate system is in contact ( Sivarajasekar and
askar, 2019 ). This phenomenon would be in line with the best fit of
he Dual-site Langmuir equilibrium model. 

.7.3. Cyclic adsorption studies & adsorbent’s working capacity 

The cyclic adsorption capacity is much more seldomly evaluated
n the literature in stark contrast to industrial needs and requirements
or wide adoption of CCS. Herein, the ChAB sample’s cyclic working
apacity was evaluated via a temperature swing process. The adsorption
emperature was kept at 50 °C, whereas the initial purge as well as
he desorption temperatures were held at 150 °C. Furthermore, the gas
upply was switched from 50 mL/min of pure CO 2 to 50 mL/min of
ure N 2 , respectively. 

The decrease in uptake can be seen from Fig. 7 . The sharp drop of 4%
rom the first cycle to the second is a clear indication of the importance
f such evaluations. Further, the rate of decline slows down leading to
 2 % decrease between cycles 2 and 3. After 10 cycles, the capacity
Fractional equation 

 𝑘 1 ⋅ 𝑡 )) 𝜃 = 1 − exp ( − 𝑘 1 ⋅ 𝑡 ) 

𝜃 = 𝑘 2 ⋅𝑞 𝑒 ⋅𝑡 
1+ 𝑘 2 ⋅𝑞 𝑒 ⋅𝑡 

 

) 𝜃 = 1 − 1 
𝛽+ 𝑘 𝑚 ⋅𝑡 

 − ( 𝑘 𝐴 𝑡 ) 
𝑛 𝐴 ) ) 𝜃 = 1 − exp ( 1 − ( 𝑘 𝐴 𝑡 ) 

𝑛 𝐴 ) 
 

1 
𝛽
ln ( 𝑡 ) 𝜃 = 1 

𝑞 𝑒 
( 1 
𝛽
ln ( 𝛼 ⋅ 𝛽) + 1 

𝛽
ln ( 𝑡 )) 

𝜃 = 1 
𝑞 𝑒 
( 𝑐 + 𝑘 𝑑 ⋅ 𝑡 0 . 5 ) 
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Fig. 7. Cyclic adsorption tests. 
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Fig. 8. ChAB heat of adsorption data. 
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s 90 % of the original value (followed by 87 % after 20 cycles) until
evelling at 85 % coverage between cycles 30 and 40. 

ChAB shows a slightly more modest working capacity after 10 cycles
han the physically activated AC derived from biomass combustion bot-
om ash ( Gorbounov et al., 2023 ) though outperforms other alternative
dsorbents, e.g. tetraethylenepentamine functionalized SBA-15 ( Sanz-
érez et al., 2013 ). Another amine-modified mesoporous silica (albeit
n a pressure swing adsorption set-up) was shown to lose 4 % of capac-
ty over 5 cycles ( Dao et al., 2020 ), which is on par with ChAB. 

The decreasing level of working capacity of the material developed
n our work can be associated with the not full (i.e. partial) desorption
rom cycle to cycle. This phenomenon may have led to blockage of some
ores as well as supressed capillary condensation upon desorption. 

.7.4. Heat of adsorption 

Isosteric heat of adsorption (Q st ) is a paramount parameter for eval-
ating materials, especially in the context of temperature swing adsorp-
ion processes. Generally, it is calculated based on the volumetric gas
dsorption measurements by utilising the Clausius–Clapeyron equation
 Eq. (2) ). 

 𝑠𝑡 = − 𝑅 

[ 
𝜕 ln 𝑝 ∕ 𝜕 

(
1 
𝑇 

)] 
𝑞 𝑒 

(2)

here R is the universal gas constant, p i is the pressure at which an
ppropriate (same) adsorption capacity ( q e ) is reached, whilst T i is
he temperature at which the isotherm measurements have been con-
ucted. Common practice in the literature suggests employing four/five
sotherms each spread no more than 10 – 15 °C apart. Alternatively, a
inimum of two isotherm measurements within 20 °C from each other

or Δ10 °C for three) can also be used ( Nuhnen and Janiak, 2020 ). Fol-
owing this method, the isosteric heat of adsorption (pure CO 2 ) for ChAB
as been calculated to be ∼30.5 kJ/mol. As such, ChAB presents a heat
f adsorption that is comparable to other similar physisorbents for CO 2 
nd lower than that of chemisorbents. For example, for KOH-activated
arbonaceous adsorbents (derived from rice husk) the isosteric heats of
dsorption were calculated to be in the range of ∼25 – ∼26.5 kJ/mol
 Nandi et al., 2023 ). However, experimental values were not gathered
or this particular adsorbent. With regards to measured heats of ad-
orption, experiments (adsorption of pure CO 2 at 40 °C) conducted on
 number of amine-functionalised silicas proposed their Q st values to
ary in the range of 68 – 104 kJ/mol ( Dao et al., 2020 ). Measurements
or zeolites 13X and 5A show Q st to be 47.6 and 53 kJ/mol, respec-
ively ( Gutierrez-Ortega et al., 2022 ). However, the latter values were
btained using a 15 % CO 2 + 85 % N 2 (v/v) mixture at 50 °C. An
lternative measurement method (employing Helium as the purge and
alance gas across different partial pressures of CO 2 ) showed the val-
es for zeolite 13X to plateau at ∼36.5 kJ/mol at 25 °C, whilst at 50 °C
 st stabilised at approximately 38 – 39 kJ/mol ( Son et al., 2018 ). The
8 
atter results corroborate the hypothesis of the heat of adsorption being
emperature dependant ( Nuhnen and Janiak, 2020 ). 

However, within the classical adsorption temperature range, a
tronger dependence on adsorbate loading (rather than the tempera-
ure) is commonly observed (as can be visualised from Fig. 8 ). This oc-
urs due to the high-energy (thermodynamically favoured) sites being
ccupied preferentially/first. As such, in the initial seconds a sharp in-
rease in the enthalpy of adsorption can be observed which levels off
nce a plateau is reached ( Son et al., 2018 ). The former phenomenon
s associated with adsorption at zero coverage and the heat of adsorp-
ion at this stage often differs significantly from the data for the energy
eleased (since adsorption is an exothermic process) from the “bulk ” ad-
orption ( Nuhnen and Janiak, 2020 ). In the cases of adsorption at high
emperatures (less thermodynamically favourable conditions), the low
nergy sites (also less thermodynamically favourable) would not be oc-
upied at all or to a lesser degree. Therefore, the adsorption process
ould not reach the “bulk ” adsorption conditions, hence, preventing a

trong decline in material’s heat of adsorption. 
Nevertheless, Q st is of paramount value for industrial deployment of

orbent. This is due to the isosteric enthalpy of adsorption being the re-
erse of the enthalpy of desorption ( Nuhnen and Janiak, 2020 ). As such,
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inimising this parameter would lead to a lesser energy requirement
or regeneration. Additionally, suboptimal heat of adsorption has been
hown to prevent sorbents being highly selective as well as preclude
hem from having a high cyclic capacity ( Wilmer et al., 2012 ). 

Finally, since the absolute value of Q st for ChAB is higher than the en-
halpy of condensation of CO 2 ( − 17 kJ/mol), the sample is believed not
o have reached full pore filling at the evaluated conditions ( Nuhnen and
aniak, 2020 ). 

. Conclusion 

Biomass combustion bottom ash-derived carbon has been chemically
ctivated with KOH utilising a Taguchi DoE array to investigate the im-
act of different parameters onto the CO 2 adsorption capacity of the
roduced material. The findings suggest KOH to be an appropriate ac-
ivating agent for CO 2 capture as a high degree of microporosity was
bserved on the surface of the carbon. Within that, moderate activation
imes (30 min) and temperatures ( ∼625 °C) at relatively high ramp rates
10 – 15 °C/min) are suggested to be most favourable and impactful,
hilst the impregnation ratio was found not to be statistically signifi-

ant. The latter phenomenon could be attributed to the inherent hetero-
eneity of dry mixing (as opposed to wet mixing of activating agent and
arbon). Additionally, the uncontrollable variation of waste matter also
ay have impacted the system. Nevertheless, following this approach,

n adsorbent with a CO 2 uptake of 1.93 mmol/g and 1.29 mmol/g at
 bar and 25 °C and 50 °C, respectively; cyclic stability of 85 % (fol-
owing 40 adsorption-desorption cycles) and heat of adsorption of ∼
0.5 kJ/mol was produced and characterised. 

Such approach to biomass combustion ash valorisation would facil-
tate (if implemented) waste management as well as constitute mone-
ary savings for Drax (and/or any other biomass combusting facility).
he problems associated with landfilling of any waste are well-known
nd addressing them by producing capture media for CO 2 (to be imple-
ented in-situ ) would help address two environmental issues simultane-

usly. 
Further research may consider focusing on further purification of

he precursor to minimise ash impurities as well as further characteri-
ation of the adsorbent surface (e.g. X-ray photoelectron spectroscopy
XPS) and Boehm titration). Additionally, issues of adsorbent’s selec-
ivity (over both N 2 and moisture) as well as scale-up (in terms of the
ppropriate adsorbent particle shape (e.g. bead, pellet, tablet) and its
ize) can be investigated. This would allow to move forward towards
reakthrough studies, hence, solving the questions of application within
 particular adsorption reactor configuration (e.g. fixed or fluidised bed)
tilising a particular regeneration regime (e.g. temperature or pressure
wing adsorption) under conditions that would mimic those of a given
ost-combustion carbon capture system. These are imperative for gen-
ration of accurate and sophisticated process models which could then
e deployed for techno-economic analysis purposes. 
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