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ABSTRACT

To maximise the output and optimise a given adsorbent-adsorbate system, tailoring the material to the specific
task at hand is a prominent approach. In the context of CO, adsorption, terminal amine groups are most common
due to their exceptional affinity towards carbon dioxide. However, other methods involving introduction of
alternative functionalities are often overlooked despite providing major benefits: e.g. cost-effectiveness of sor-
bent production and regeneration, thermal stability and etc. On these grounds, a physically activated carbon has
been chemically modified with a mixture of nitric and sulphuric acid to introduce novel acidic functional groups
to facilitate CO adsorption. The experimental campaign was conducted by employing a randomised Box-
Behnken design, evaluating the modification time and temperature as well as the ratio at which the acids (of
different concentrations) have been mixed. CO, uptake was maximised (0.96 mmol/g at 50 °C) when treating the
sorbent for 3 hours at 90 °C with 1 molar acids at a volumetric HNO3/H3SO4 ratio of 1:2. Successful grafting of
the nitro group was confirmed via spectroscopic studies, increased nitrogen content as well as other indicators.
The sample was shown to possess a high working capacity, losing less than 5 % of its original uptake even after
40 adsorption-desorption cycles. As such, nitration of the surface may be viewed as a novel yet cost-effective
surface modification method in the context of CO, adsorption.

1. Introduction

Within the realm of adsorption, there exists a sentiment that the
material and the system ought to be “married” in order to maximise the
benefits of the process [1,2]. As such, producing sorbents specifically for
the task at hand and optimising their performance based on the target
pollutant (as opposed to a generic indicator, i.e. methylene blue/iodine
number or other surface area proxies) are of utter importance. Surface
modification is an approach that has the potential to “tailor-fit” the
sample (e.g. via incorporation of desired functional groups) allowing to
achieve a multitude of benefits: enhance affinity towards the target
molecule, increase selectivity, avoid competitive adsorption and etc.
These merits are recognised by practitioners in this field and can be
evidenced by the increasing prominence (just under 50 % of all
adsorbent-related manuscripts focus on their modification) of such
publications by the Chemical Engineering Journal (Fig. 1a) in the last
couple of years. Yet, within the realm of CO5 adsorption, this trend can is
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observed on a lower scale (Fig. 1b). This may stem from the prominence
of amine-functionalisation of materials that, although immensely valu-
able for direct-air capture (DAC) applications, adsorb CO5 chemically.
This translates to higher enthalpies of adsorption, hence, larger regen-
eration energy requirements, which may (or may not) outweigh the
benefits of such surface modification. As such, alternative functional
groups should be studied that could bring similar benefits without (or
with less) limitations.

Post-synthesis modification of the sorbent is classically done in either
of two main pathways, namely, grafting and impregnation. The latter
involves dispersing the modifier species along the sorbent’s surface,
whilst grafting is based on chemical tethering, i.e. bonding, (as opposed
to physical distribution) of the desired functionalities. The technique of
physical impregnation commonly suffers from degradation (i.e. loss of
modifier) upon sorbent regeneration [3]; consequently, grafting is
considered to yield more stable materials, making it a more versatile
strategy for adsorbent surface modification.

Generally, grafting can be categorised into two types, namely,
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Nomenclature

AC Activated carbon
ANOVA Analysis of variance

ASTM  American society for testing and materials
ATR Attenuated total reflection

BBD Box-Behnken design

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

CAS Chemical abstracts service

DAC Direct-air capture

EDS Energy dispersive x-ray spectroscopy
FTIR Fourier transform infrared spectroscopy

MOF Metal-organic framework
NRMSE Normalised root mean square error
NSS Not statistically significant
OFAT One-factor-at-a-time

PEI Polyethylenimine

PFO Pseudo-first order

PSO Pseudo-second order

RSM Response surface methods
SEM Scanning electron microscopy
TEPA Tetraethylenepentamine

TGA Thermogravimetric analysis
vOC Volatile organic compounds

“grafting-on” and “grafting-to” [4]. The former enhances sorption char-
acteristics by modifying the existing surface functional groups (e.g.
reduction of nitro-groups to amines or oxidation of hydroxyls to car-
bonyls) as can be visualised from Fig. 2a. In contrast, the "grafting-to"
approach is mainly focused on adding desired groups to already existing
functionalities. A simple example for carbonaceous adsorbents would be
"opening up" sp? double bonds and attaching an agent with the desired
functional group (Fig. 2b) to the surface of the sorbent (i.e. change from
a framework carbon-framework carbon n bond to a framework
carbon-functional group ¢ bond). To summarise, grafting-on alters the
present functional groups (to the desired one), while grafting-to extends
the length of the functionality’s chain by adding the desired
functionality.

As mentioned previously, in the remit of carbon capture, a common
surface modification approach is loading of various supports with
different NHj-containing moieties. These vary greatly: from impregna-
tion with different amines (polyethylenimine (PEI), tetraethylenepent-
amine (TEPA) and etc.) onto a mesoporous silica [5] or a metal-organic
framework (MOF) [6], or zeolite [7] to grafting them onto different
classes of adsorbents [7-12]. Regardless, such a modification would
most likely facilitate increased CO, uptake and selectivity, which is
particularly useful in DAC applications, where a sorbent with an
exceptionally high affinity is required to facilitate capture from such a
diluted (~420 ppm) gas stream. These cases rely on the ability of amine
groups to (selectively) form carbamates as shown in Eq. 1.

CO, + 2R-NH, — R-NH-COO™ + R-NH3 @

In the case of activated carbons (ACs) for CO5 adsorption, a single-
step grafting procedure is less common as opposed to, for example,
mesoporous silica modifications. The latter sorbent class possess
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Fig. 2. Generalised examples of the a) grafting-on and b) grafting-
to approaches.

terminal OH-groups, which can be readily modified with amine func-
tionalities. For ACs, however, there may not be a sufficient number of
hydroxyls to employ a single-stage process (as the high-temperature
activation (especially, physical) may have diminished the volume of
surface functional groups). Therefore, two-step procedures can be uti-
lised. To start, the AC first undergoes oxidation, which is then followed
by secondary treatment (e.g., with various amines [13] (including
halogenated [14]), ammonia [3], etc.). As such, in the context of ACs,
commonly grafting-on is first deployed, followed by grafting-to. Similarly
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Fig. 1. Analysis of publications on the topics of a) adsorbents and their modifications as well as b) CO, adsorption and tailored (for CO>) sorbents based on publications in

the Chemical Engineering Journal in the timeframe of 2020 — 2023.
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to other sorbents, the aim is often to generate basic surface functional-
ities (owing to the Lewis acid nature of the CO5 molecule) on the surface
of the AC, i.e. attach amine groups.

One approach to grafting this particular functionality onto AC in-
volves initially oxidising the carbon surface, followed by reducing the
generated acidic functional groups to amines (in step one). As such, the
oxidised AC is often unfairly overlooked in the realm of CO, adsorption;
yet it may considerably increase the capacity and selectivity of the
sorbent. Moreover, by omitting the latter reduction step, a more cost-
effective pathway that also aligns with environmental considerations
(lack of hazardous or toxic reducing agents, e.g. AlLiH4 or NaBH4 [4])
can be achieved. Finally, the proposed modification technique would
affect the regeneration energy penalty to a lesser extent by minimising
chemisorption reactions.

Based on the above discussions, in this work a previously produced
physically activated carbon derived directly (without pyrolysis) from
biomass combustion bottom ash [15] has been chemically treated (with
various mixtures of HoSO4 and HNO3) to oxidise the adsorbent’s surface.
In existing literature, such modifications are commonly conducted uti-
lising exclusively HNOs and following a one-factor-at-a-time (OFAT)
methodology [14,16-18] However, the OFAT approach does not ac-
count for potentially hidden interactions between the investigated var-
iables. However, by employing design of experiments (DoE) techniques,
an in-depth understanding of the process as well as the main effects of
parameters and their interplay can readily be elucidated as scrutinised in
our earlier work [19]. Additionally, improper functionalisation may
affect the performance of the sorbent (e.g. via pore blocking) instead of
improving the binding energies and selectivity over nitrogen [20] or
even destroy the porous network (if modification conditions are too
harsh [21]). Furthermore, many studies do not harness the potential of
employing a stronger acidic agent. By utilising a mixture of HySO4 and
HNOj (also referred to as nitration mixture), firstly, a stronger extent of
oxidation can be achieved while nitro-groups could be generated on the
surface of the carbon.

These alternative functionalities are widely overlooked in the liter-
ature on CO; adsorption with main focus being drawn to basic N-con-
taining functional groups [22,23]. However, they have previously been
shown to enhance CO5 uptakes. Functionalisation of UiO-66 with the
NO, group, for instance, increased the adsorption capacity by ~45 %
[24]. Moreover, He et al. showed a nitro-functionalised sorbent to
outperform a carbonyl-modified analogue [25] as well as improve
selectivity over Ns. Therefore, this study endeavours to modify the
surface of a biomass combustion ash-based AC with various mixtures of
H,S04 and HNOg (in terms of ratios and concentrations) to maximise the
CO4, adsorption capacity of a biomass combustion ash-based AC.

2. Materials and methods
2.1. Materials

The parent material (P-AC) in this study was the physically activated
biomass (white wood) combustion bottom ash-based carbon derived in
our previous work [15]. The modification reagents used were HySO4
(98 %; CAS 7664-93-9; Fisher Scientific) and HNO3 (>68 %; CAS
7697-37-2; Fisher Scientific).

2.2. Selection of factors and design of experiments framework

The experimental campaign evaluated the impact of several vari-
ables, namely, a) modification temperature, b) acid mixing ratio
(volumetric), ¢) contact time and d) the concentration of each individual
acid within a given solution. CO, uptake has been selected as the
response variable. The investigation was undertaken using a Box-
Behnken design (BBD), comprising a total of 27 experiments (three of
which were repetitions at the centre point of the design). This particular
DoE framework was opted for as it allows to eschew experiments located
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at the edge-points of the design [19]. For this (and other nitric
acid-based) campaigns avoiding simultaneous extreme points (i.e.
maximum time and temperature with high acid concentrations) is
advisable to minimise generation of brown gas (NOj) since NOj is
acutely toxic and poisonous. All experiments were conducted under a
fume hood to avoid exposure to NOs.

2.3. Preparation of chemically modified carbon

The first step of the modification process was heating of a three-
necked round-bottom flask (as can be visualised from Fig. 3) contain-
ing the prescribed acid mixture (210 mL) to the desired temperature.
This was achieved via a heating mantel as well as an air-cooled
condenser (Findenser, 400 mm) to prevent evaporation of the liquid
modifier. This particular type of glass reactor was selected to achieve
continuous temperature measurements (neck one) and condensation of
vapours (neck two, i.e. central neck), whilst leaving a (normally closed
with a glass stopper) port for addition of P-AC (neck three). Upon
reaching the designated temperature, 0.5 g of P-AC was introduced into
the reactor, thus, commencing the contact (modification/residence)
time. Through all these stages, the reaction mixture was continuously
stirred at 250 rpm using a magnetic stirrer.

Subsequently, a separation step via a Biichner-Bunsen funnel-flask
system was undertaken, where the samples were also washed with
deionised water until a neutral pH was reached. The produced material
was then placed in an oven for overnight drying (12 hours at 80 °C) and
characterised thereafter.

2.4. Sorbent characterisation

Thermogravimetric analysis (TGA) tests employing a Mettler Toledo
TGA 2 and pure gases (namely, N3 (N 4.8) and CO, (N 2.8), both pro-
cured from BOC, UK) were conducted to assess the CO» adsorption ca-
pacity. The programme contained a 15 min degassing/purge step at 150
°C (under 50 mL/min of N3). This was done to ensure alleviation of any
adsorbed from ambient air species off the surface of the AC. Then, the
sample was brought (-10 °C/min) to the prescribed adsorption temper-
ature, where CO, was introduced and maintained at a flow rate of
50 mL/min for 30 minutes. In the case of cyclic adsorption-desorption
trials, after the adsorption step, the desorption step commenced
following the same programme as the initial purge. The TGA was also
used to conduct proximate analysis following ASTM D3172 [26].
Spectroscopic analysis, i.e. Fourier Transform Infrared Spectroscopy
(FTIR), was also employed for characterisation via the Attenuated Total
Reflection (ATR) approach using Shimadzu IRSpirit. 20 scans (4 cm™!
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Fig. 3. Graphic representation of the glass modification reactor.
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resolution) were done in the region of 600 — 4000 cm™'. Scanning
Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS)
were conducted on a JOEL IT200. Within that, copper plates were
employed as the background material. In addition, as the carbonaceous
sorbent is electrically conductive, no gold sputter coating was required.
Further elemental characterisation was done via ultimate/CHN analysis
(Flash 2000 Organic Elemental Analyzer Thermo Scientific) with acet-
anilide being the standard reference. Surface area was analysed based on
the Brunauer-Emmett-Teller surface area (Sggr) measurements, i.e. N at
77 K, [27] in a Micromeretics ASAP 2020 apparatus. Prior to this, the
analysis chamber was degassed: 6 hours at 200 °C (at a ramping rate of
5 °C/min). Similar degassing procedure was adopted before the exper-
iments to measure CO5 adsorption isotherms (0 — 50 °C). The data from
these experiments were used for equilibrium model fitting and isosteric
heat of adsorption calculations (via the Clausius-Clapeyron equation).

3. Results and discussions
3.1. Modification and optimisation campaigns

In the field of organic chemistry, the HNO3/H3SO4 mixture is often
referred to as the "nitration mixture". Sulfuric acid protonates nitric acid
(Eq. (2)) generating the extremely reactive nitronium ion (i.e. NO3). As
such, this mixture is preferable over pure nitric acid as the agent to
introduce NO, groups (since pure HNOs mostly oxidises the surface
instead of nitrating it).

HNOj3 + 2H3804 — NO3 + H30™" + 2HSO; 2

Since carbon-based adsorbents possess an aromatic nature (as
depicted in Fig. 4), it is believed that once functionalised their properties
resemble those of the analogous aromatic hydrocarbon [21]. Therefore,
nitration of AC is believed to follow the mechanism of electrophilic ar-
omatic substitution [28], as shown in Fig. 4. Once grafted, the nitro
group is believed to attract the electron-deficient (§+) carbon atom of
CO», via electrostatic forces [23].

However, even for the HNO3/HSO4 mixture, nitration may be
transient and oxidation can still occur, especially in the cases of exces-
sively prolonged contact time [29]. This aspect highlights the impor-
tance of optimisation of modification time as part of the potentially
impactful variables as well as the value of optimal modification enve-
lope identification. Therefore, the modification temperatures and times
coupled with the ratios of acids within the nitration mixture as well as

@
CNOz

CO2
o+ 6 Adsorption

Fig. 4. Nitration mechanism of a carbonaceous sorbent as well as the attraction
mechanism between the CO, and the sorbent with the grafted NO, group.
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the individual acid concentrations within each modifying agent formu-
lation, are presented in Table 1.

3.2. Statistical analysis and significance of results

The experimental campaign was executed based on an experimental
design produced by Minitab (version 18). The randomised trials were
conducted and the CO, adsorption capacities of all of the produced
samples were analysed as the response variable, and employing analysis
of variance (ANOVA), as well as Response Surface Methods (RSM). The
outcomes of this are presented in Table 2 (and Fig. 5), elucidating which
factors were found to be most impactful and which were not statistically
significant (NSS).

The model results (R? = 0.911, adjusted R of 0.808, and a predictive
R? of 0.499) presented in Table 2 indicate that only the individual acid
concentrations and the modification temperature were statistically sig-
nificant, following the literature-standard criterion of p-values < 0.05.
Despite being a somewhat arbitrary and subjective value [30,31], the
p-value is believed to signify a 5 % chance of error in attributing the
observed effects to the proposed interaction/factor, i.e. a 95 % confi-
dence in its statistical significance. The robustness of this selection
criteria for significance, however, is supported by the "2¢ rule" which
suggests approximately 95 % of values to fall within two standard de-
viations from the mean of the examined dataset. As such, only the re-
action temperature and the concentration of the acids are considered to
have had a statistically significant impact on CO, uptake. Within this,
due to the extremely low p-values, the effects are believed to be backed
by strong evidence [32] and, due to high F values, can also be deemed
pronounced.

Further, the analysis presented in Table 2 may tempt to consider the
interaction between the mixing ratio and acid concentrations as “nearly”
statistically significant. Alternatively, a “significance in 90 % of cases”
may be opted for allowing this interaction to surpass the threshold.
These practices (as well as evaluating an abundance of responses to
increase the likelihood of model/parameter significance on a given
output and etc.) are frowned upon and are commonly referred to as "p-
hacking". These and other aspects (e.g. selective reporting, misrepre-
sentation) are elaborated on in [33]. Hence, adhering to the 0.05 p-value
threshold for statistical significance is recommended, and adopted by
the authors in this work.

A further output of the model that facilitates a better visualisation of
the examined design space are the contour plots, as depicted in Fig. 5.

As depicted in Fig. 5, the CO, uptake appears to increase towards the
edge-points of the design space. However, given the absence of experi-
mental points at the corners of the framework (the stand-out feature/
limitation of BBD), these have to be estimated and extrapolated and may
not as representative and accurate the internal volume of the design. As
such, BBD-based models often point towards the edges as the optimum
conditions, and the case of the chemical modification outlined above
was not an exception. However, this was, indeed, the case in this work
based on a verification experimental trial that confirmed successful
optimisation of this operating envelope. The optimum point that maxi-
mised the material’s CO, adsorption capacity was found to be at the
maximum studied temperature (90 °C) and time (3 h) whilst employing
the minimum acid ratio (1:2) and minimum concentration (1 M). These
conditions led to a material yield of ~79 wt%.

Prior work indicated using lower acid mixing ratios could increase

Table 1

The investigated factors and their levels studied via the box-behnken design.
Factors Levels
Time, h 1 2 3
Temperature, °C 30 60 90
HNO3/H,S04 Ratio (vol) 1:2 1:3 1:4
Concentration, M 1 6 11
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Table 2

Results of ANOVA for the modification experimental campaign.
Factors F-Value p-Value Significance
Time 2.63 0.131 NSS
Temperature 57.01 0 1
Acid Ratio 3.26 0.096 NSS
Concentration 43.3 0 2
Time*Time 0.83 0.379 NSS
Temperature*Temperature 1.61 0.229 NSS
Ratio*Ratio 0.66 0.433 NSS
Concentration*Concentration 3.37 0.091 NSS
Time*Temperature 0.67 0.43 NSS
Time*Ratio 1.35 0.268 NSS
Time*Concentration 0.1 0.753 NSS
Temperature*Ratio 1.29 0.278 NSS
Temperature*Concentration 0.19 0.67 NSS
Ratio*Concentration 4.47 0.056 NSS

CO uptake due to a larger N-content of samples [28]. Additionally,
extending treatment time and temperature may more effectively
dissolve ash impurities (present in P-AC) consequently leading to higher
specific adsorption uptakes. Moreover, lower acid concentrations are
associated with generation of nitro groups rather than O-hetero-
atom-based groups (e.g., keto, hydroxy, etc.) [34,35]. The NO, func-
tionality is more polar than C=O [23], hence, providing a more
electrostatically robust surface that may attract more CO2 molecules. As
such, the optimally modified (90 °C, 3 h, 1 M, HNO3:H5SO4 ratio of 1:2)
edge-point sample was labelled as AC-Mod and taken for extensive
characterisation.

3.3. Characterisation of the optimum sample (AC-Mod)

3.3.1. SEM/EDS
AC-Mod underwent examination using Scanning Electron Micro-
scopy (SEM). The resulting images of AC-Mod are shown in Fig. 6.
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Similar to the parent AC, AC-Mod exhibits substantial heterogeneity
and surface roughness, which is expected of waste-derived carbonaceous
adsorbents. The shard-like form is also attributed to their amorphous
nature. The performed acidic modification did not significantly change
the surface morphology of the sample as it was intended to chemically
adjust its surface by grafting functional groups. In order to examine the
surface elemental composition of AC-Mod, Energy Dispersive X-ray
Spectroscopy (EDS) was conducted.

As indicated in Table 3, the acidic treatment has induced changes in
the material compared to P-AC [15]. Notably, sulphur-containing moi-
eties, albeit in only 0.1 % by mass, have been detected on the surface of
AC-Mod (P-AC did not present a surface S-content). These may have
persisted despite washing with deionised water. Interestingly, no
elemental N has been identified on the surface of AC-Mod. This absence
could be attributed to the limitations of this analytical technique:
characterising only surface (and not bulk) elemental composition, and,
secondly, struggling to accurately quantify elements with a low atomic
mass (<23 amu of sodium) [36]. In order to address this issue, CHN
(ultimate) analysis was performed to determine the N and C contents of
AC-Mod. The inorganic elements (namely, Ca, Si, Al) found as part of the
sample persist from the ash precursor. Notably, no Mg or K as well as a
lesser amount of calcium have been observed, suggesting the acidic
modification to have also purified the material via dissolution of some
inorganic species. These materials may also have an influence on the
CO4, adsorption capacity of the material mainly by changing the charge
distribution along the surface of the adsorbent. To accurately quantify
them, however, a bulk technique, such as proximate analysis, is
preferred.

3.3.2. Ultimate analysis

Ultimate analysis has been utilised to quantify the lighter elements
(namely, carbon, nitrogen and hydrogen) as part of the bulk of AC-Mod
with corresponding data is presented in Table 4.

Contour Plots of Uptake, mg/g

Uptake,

mg/g
[ ] < 39
39 - 40
. 40 - M
B 4 - 42
|| > 42

Hold Values
Time, h 2

40 60 80

Temperature, °C 60
Ratio 3
Concentration, M 6

Fig. 5. Contour plots of CO, uptake vs examined factors.
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Fig. 6. SEM images of AC-Mod.

Table 3

Surface elemental composition of AC-Mod and P-AC acquired via EDS.
Element Weight %

P-AC AC-Mod

C 26.7 77.6
(6] 72.0 21.3
Ca 0.6 0.4
Si 0.3 0.4
Al 0.2 0.2
S 0 0.1
Mg 0.1 0
K 0.1 0

The modification of the carbon led to a non-negligible rise in N-
content, specifically from 0.26 % [15] to 1.43 % (i.e. a 5.5-fold in-
crease). This elevation is attributed to the presence of
nitrogen-containing surface functionalities stemming from the treat-
ment with the nitration mixture. Furthermore, increases in carbon and
hydrogen content (P-AC exhibited 54.47 % and 1.00 %, respectively
[15]) may arise from the dissolution of ash due to the acidic treatment.
This hypothesis is supported by the EDS results (Section 3.2.1) that show
presence of inorganic species on the surface. Yet, an alternative bulk
quantification technique, i.e. proximate analysis, is preferred as a more
reliable method.

3.3.3. Proximate analysis

Proximate analysis [26] was employed to assess the produced sor-
bent in terms of bulk composition, namely, quantification of moisture,
volatile organic compounds (VOC), fixed carbon and ash contents.

According to Table 5, AC-Mod exhibits a moisture content of 7.2 %,
significantly more than the parent material (1.5 %). This discrepancy
may suggest that the modified sample has a greater affinity for moisture
than the parent material as the HyO was most likely adsorbed from
ambient air. This is in-line with the hypothesis of polar functionalities

Table 4
Ultimate analysis results of AC-Mod and P-AC.
Element Weight %
P-AC AC-Mod
C 54.47 65.45
H 1.00 1.38
N 0.26 1.43
Other 44.27 31.74

Reference [15] This work

Table 5

Proximate analysis results of AC-Mod and P-AC.
Sample Moisture, wt  VOC, wt Fixed C, Ash, wt Reference
name % % wt% %
AC-Mod 7.2 21.3 58.4 13.1 This work
P-AC 1.5 7 49 42.5 [15]

serving as points of attraction for the H,O molecule via hydrogen
bonding [22]. Yet, the nitro group is less polar than the amine group
[23], which may serve as a benefit in terms of competitive adsorption
with water vapours present in air or flue gases (for the purposes of DAC
and post-combustion capture applications, respectively).

Additionally, there is an observed increase in VOCs, rising from 7 %
to 21.3 %. This may stem from a rise in number of volatile functional-
ities on the surface of the AC as a result of the modification (i.e. nitration
and/or oxidation). This is corroborated by the greater C, H and N values
(all would contribute to the rise in VOC content) as evidenced by the
ultimate analysis. Simultaneously, a decline in ash content is noted. This
is believed to be caused by various reactions between some inorganic
ash impurities and the employed acids. Resulting in water-soluble salts
that have been alleviated from the bulk of the sorbent during the final
washing step. As such, this modification may also serve as a purification
treatment, providing an additional benefit to this approach.

Finally, all of these aforementioned changes affect the resulting fixed
carbon content. Therefore, no conclusive statements can be made as to
the changes to the carbon matrix based on the data from Table 5. As
such, further characterisation is required to envisage the full impact of
the modification onto the sorbent.

3.3.4. Spectroscopic analysis

3.3.4.1. Fourier-transform infrared spectroscopy. The FTIR spectrum of
AC-Mod (Fig. 7) supports the hypothesis of successful oxidation and
nitration, as evidenced by the presence of O-H (3192 em ™) and N-O
(1557 em™Y) stretching as well as O-H bending (1399 cm ™)) vibrations
[37], since the parent AC lacked these bonds. According to the literature,
in surface treatment with pure nitric acid, oxidation with higher con-
centrations of HNOj3 tends to favour the development of carbonyl (and
then carboxyl) functionalities [34]. On the other hand, lower HNO3
concentrations allow for the persistence of nitro groups [35]. The
spectrum of AC-Mod aligns well with this hypothesis since a 1 M solu-
tion was employed as the result of the DoE optimisation.

Furthermore, the FTIR spectrum reveals the presence of skeletal
C=C bonds at 1652 cm ! [15] as well as stretching vibrations of C-H at



M. Gorbounov et al.

c-0
100 T
? rec i::n P-AC
~ g
~ 90 | /\_’_,_,_/’_’_’_A
[]
g " |/w,,«/
N-O
£ A | AC-Mod
= 70 | |
£ = |
C-H
2 60 L Si-0 ‘ c=C ’
[+ region O-H O-H
S
= 50 1 1 1 1 . 1
550 1050 1550 2050 2550 3050 3550

Wavenumbers (cm-)

Fig. 7. Infrared spectra of AC-Mod (red; bottom) and P-AC (blue; top).

2959 cm ! [37]. Finally, the observed Si-O peaks (at wavenumbers of
1019 and 1080 cm™! [15]) are associated with the remnants of ash
species as part of the sorbent (consistent with FTIR spectrum of P-AC).

3.3.4.2. Raman spectroscopy. As a complementary (to FTIR) character-
isation technique, Raman spectroscopy was also deployed. This analysis
method allows to discern between ordered/graphitic (or sp>-hybridised)
and disordered/diamond (or sps—hybridised) carbon atoms via the G and
D band peaks, respectively [38]. Based on the spectrum presented in
Fig. 8, the Ip/Ig ratio (i.e. D band to G band intensity ratio) is estimated
to be 0.72, representing an ~12 % decrease compared to the P-AC. This
observation is somewhat unexpected. It was reported that the Ip/Ig ratio
is highly dependent on treatment time (exhibiting a non-linear rela-
tionship), albeit for carbon fibres treated at 60 °C with a concentrated
HNO3/H5SO4 mixture at a volumetric ratio of 1:3 [29]. However, in
those cases, an increase in the D-band was noted. The unexpected
decrease observed in this study may be attributed to the use of a parent
material with high surface heterogeneity, (based on the Raman spec-
troscopy and porosity analysis of our P-AC [15]), hence, large D band
peak intensity and Ip/Ig ratio, unlike the pristine (i.e. non-activated)
fibres in the study of Zhang et al. [29], which do not possess large
amounts of surface defects.

Alternatively, the produced functionalities could have absorbed
some of the incident light assuming they are located at the more easily
accessible edges and defects of the graphene sheets. This would hinder
inelastic (Raman) scattering of the "defective" carbon atoms leading to a
drop in intensity of the associated D-band. Supporting this theory is the
fact that the produced functionalities, namely nitro and hydroxyl, would
not be prominently displayed on Raman spectra as a distortion of the
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Fig. 8. Raman spectra of AC-Mod (red) and P-AC (blue).
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electron cloud around the atoms is required [39], resulting in the
absence of polar groups (hydroxyl and nitro) in Fig. 8.

Furthermore, C-C skeletal stretching as well as CHy rocking peaks
have been observed at Raman shifts of ~879 cm ™! and ~775 cm’l,
respectively [40]. Additionally, the bigger depth of the troughs between
the D and G bands for AC-Mod could probably be associated with
enhanced dispersal of the amorphous and graphitic phases. This may be
the result of the removal of the ash impurities during acidic modification

process.

3.3.5. Surface area analysis

Analysis of the surface of AC-Mod elucidated further changes as a
result of modification. AC-Mod exhibits a type IV isotherm and a hys-
teresis loop similar to the parent material. Yet in Fig. 9, the adsorption
and desorption branches of the BET physisorption isotherm of AC-Mod
do not meet at lower relative pressures, displaying an open hysteresis
curve. This phenomenon can be attributed to "pore swelling" [41], which
involves deformation of the shape (and a rise in volume) of the pore
[42]. The carbon scaffold may suffer permanent damage as a result of
the polyaromatic structure of an AC collapsing, trapping gas molecules
as part of the adsorbent [43]. This underscores the significance of cyclic
adsorption-desorption studies (Section 3.2.6.5).

Alternatively, an open hysteresis loop could also be caused by
chemisorption of adsorbate [41], but for Ny adsorption isotherms, pore
swelling would be a more plausible explanation due to the inherently
physical nature of the interaction between nitrogen and ACs.

Compared to the parent AC, two other notable observations can be
made, namely, a lower inflection point as well as total uptake. The latter
is responsible for the decrease in Sggy (221 m?/ g compared to 248 m?/ g
for P-AC); whilst the reduced initial sharp increase stems from a lower t-
plot micropore volume (0.0633 em®/ g compared to 0.0936 em®/ g). This
outcome is largely anticipated since surface modification increases the
possibility of pore blockage by the generated functionalities, causing
reductions in both of these values. This hypothesis can be further backed
up by investigating the pore size distribution following the Barrett-
Joyner-Halenda (BJH) model (using the desorption branch) as pre-
sented in Fig. 10.

Within this, the average pore diameter is found to be 3.6 nm,
maintaining the same value as P-AC. As such, the described acidic
modification did not facilitate production of further porosity. It has
mostly enhanced the surface electrostatic properties, which have influ-
enced adsorption of not only Ny but also CO,.

3.3.6. CO; adsorption experiments
The efficacy of surface acid modification has also been evaluated
based on the interaction between AC-Mod and CO,.

3.3.6.1. Adsorbent’s microstructure analysis. Apart from the N5 isotherm
at —196 °C, a CO, isotherm at 0 °C has also been deployed as this
method is preferred for characterisation of micropores due to a) lack of
adsorbate diffusion limitations arising from the cryogenic temperatures
[44] and b) the lesser kinetic diameter of the CO5 molecule. These
benefits allow for a more accurate determination of the adsorbent’s
micropore structure presented in Fig. 11.

Their similar shapes suggest that the modification did not generate
new porosity (corroborating the hypothesis from Section 3.2.5). On the
other hand, the larger micropore volume of AC-Mod compared to P-AC
has been noted. This may stem from the ash dissolution, which, in turn,
leads to the greater microporosity and dictates enhanced adsorption
performance of the sample. Additionally, these results highlight the
value of CO3 adsorption at0 °C tests for micropore analysis as opposed to
nitrogen at —196 °C isotherm.

3.3.6.2. Adsorption capacity. CO, adsorption on AC-Mod follows the
expected physisorption trend of a rise in uptake as the temperatures are
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lowered. These trends can be noted across the realm of biomass com-
bustion ash-based sorbents [45,46].This is indicated in Table 6, which
presents the uptake values acquired gravimetrically. The values of 50 °C
and 75 °C were used as they are representative of post-combustion
carbon capture conditions, whereas 25 °C was used as a standard tem-
perature that is used for comparison to other adsorbents in Table 7.

The proposed modification facilitated a ~35 % rise in adsorption
capacity across the evaluated temperature range, hence, outperforming
a commercial analogue [15], yet is modest in comparison to other
biomass combustion ash-based sorbents as well as alternative more
elaborate carbonaceous adsorbents (as presented in Table 7).

Similar increases in adsorption capacity (~45 %) have previously
been reported upon grafting NO, groups onto UiO-66 [24]. In the case of
AC-Mod, however, this may be attributed to not only the grafted SFGs
but also the purification (i.e. dissolution of ash) aspect described in
Section 3.2.6.1.

3.3.6.3. Equilibrium adsorption isotherms. Table 8 presents the goodness
of fit for various equilibrium CO adsorption isotherms for AC-Mod at
0 °C. In order to discern between the models and select the option with
best fit, the R? and normalised root mean square error (NRMSE) were
employed.

The Tri-site Langmuir model was determined to provide the best fit
for the examined data (high R? and minimal NRMSE), although both
Toth and Bi-site Langmuir models closely follow. However, it is impor-
tant to mention that a higher number of fitting parameters also poten-
tially contributes to the better fit of this model (due to overfitting).
Regardless, AC-Mod is believed to possess a highly heterogenous surface
morphology with a plethora of pore sizes and shapes (as evidenced by
the high quality of fit for the aforementioned isotherms). Nevertheless,
the values for the Tri-site Langmuir isotherm parameters are shown in
Table 9, while

Fig. 12 illustrates a comparison between the model fitting and the
experimental data.

The variations in active adsorption sites can be attributed to not only
the variety of pore shapes and sizes (which may stem from P-AC) but
also different surface functionalities originating from the acidic treat-
ment. These, potentially, lead to a variety of different physical adsorp-
tion mechanisms (e.g. micropore filling as well as capillary
condensation) for CO5 on AC-Mod.

3.3.6.4. Adsorption kinetics. A myriad of kinetic models (as per our
previous work [46]) has also employed to evaluate the interaction of
CO, and AC-Mod. Firstly, since the worst fits are provided by the
intraparticle diffusion models and the Pseudo-First Order (PFO),
adsorption is not diffusion-controlled [52-54]. The generated active
adsorption sites (via activation and modification) are believed to have a
more pronounced impact on the process, which is corroborated by the
best fit of the Pseudo-Second Order (PSO) and the modified Ritchie
models. The results of the kinetic model fitting are presented in
Table 10.

Between the two models, the Modified Ritchie equation is considered
to have a better fit. Hence, this model is presented in Fig. 13 and
Table 11.

The more accurate fit of the Modified Ritchie model (as in the case of
the Tri-site Langmuir) may arise from an additional fitting parameter, i.
e. the model term associated with initial particle loading. On the other
hand, this may suggest AC-Mod to not have been completely purged

Table 6
Results of AC-Mod CO- adsorption tests at different temperatures (pure CO,
flow).

Uptake at 25 °C, mmol/g Uptake at 50 °C, mmol/g Uptake at 75 °C, mmol/g

1.39 0.96 0.61

Next Materials 6 (2025) 100321

Table 7
Comparison of CO, uptakes between AC-Mod and other samples (1 bar at 25 °C).
Sample Uptake, Reference
mmol/g
Biomass combustion bottom Chemically 1.39 This work
ash-derived AC Modified
Chemically 1.93 [46]
Activated
Physically 1.04 [15]
Activated
Commercial AC 1.23 [15]
1.88 [47]
S-doped coconut-shell-derived chemically activated 2.86 - 3.59 [48]
carbon
Disodium 2,6-naphthalene disulfonate-derived self- 1.76 - 2.36 [49]
S-doped porous carbon
Chitosan-derived chemically activated carbon 3.56 — 4.40 [50]
Biomass combustion fly ash-derived zeolite 2.27 [51]

Table 8

Equilibrium isotherm models fitted to experimental data at 0 °C (AC-Mod).
Isotherm Model R? NRMSE
Langmuir 0.9813 0.1168
Freundlich 0.9876 0.0124
Bi-site Langmuir 0.9998 0.0050
Tri-site Langmuir 0.9999 0.0017
Toth 0.9999 0.0026

Table 9
AC-Mod equilibrium adsorption isotherm models’ parameters at 0 °C.

Temperature  Isotherm Model Identified Parameters

0°C Tri-site
Langmuir

Gmax(1) = 91.23 mg/g
Imax(z) = 11.73 mg/g
dmax(3) = 54.05 mg/g

K1, (1) = 0.9663 1/bar
Ky (2 = 157.6 1/bar
K (3 = 14.39 1/bar

prior to the test.

3.3.6.5. Adsorption working capacity. Cyclic adsorption-desorption
studies have also been employed to envisage the working capacity of
AC-Mod (Fig. 14).

As anticipated, a decline in adsorption loading is evident after the
first cycle. After exposure of an adsorbent to a stream of pure CO,, the
highest energy sites may not desorb completely, reducing the capacity
from the first cycle to the second. Consequently, AC-Mod adsorbed 2 %
less during the second adsorption test. This observation highlights the
significance of such studies. Subsequently, another 2 % of uptake was
lost in cycle three. After cycle four until cycle 40 (end of observation),
fractional coverage (0) fluctuated between 0.95 and 0.96.

One possible explanation for these fluctuations could be incomplete
desorption (as proposed by the best fit of Modified Ritchie equation) of
various heterogeneous adsorption sites (as per the Tri-site Langmuir fit)
with different adsorption energies (discussed in the following section).
Alternatively, slight changes in ambient conditions and/or instrument
error may have also impacted the observed minor fluctuations.

Nevertheless, AC-Mod acts in a manner, similar to the parent AC-
Mod, maintaining a high fractional loading even after 40 adsorption-
desorption cycles, whereas a chemically activated analogue reaches
end of its work-life (i.e. 6 = 0.85) after the same number of steps [46]. In
addition, AC-Mod presents a significantly lesser decrease in capacity
than alternative amine-functionalised zeolitic [55] and silicas [56,57]
and ACs (both modified [14] and non-modified [58]) adsorbents, un-
derlying the advantage of the method employed in this work over the
existing reports in the scientific domain.

3.3.6.6. Heat of adsorption. The isosteric heat of adsorption is a
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Table 10

CO, adsorption kinetic model fits for AC-Mod at 50 °C (flow rate: 50 mL/min).
Kinetic Model R? NRMSE
Pseudo-First Order (PFO) 0.6526 0.0869
Pseudo-Second Order (PSO) 0.9838 0.0188
Modified Ritchie 0.9843 0.0185
Intraparticle diffusion 0.6608 0.0858
Avrami 0.9595 0.0297
Elovich 0.9093 0.0444

valuable metric when selecting adsorbents as it is directly related to the
amount of energy required for regeneration, hence, the energy penalty
of CO, separation. Therefore, it should not be overlooked. The proced-
ure for obtaining this value is described in our previous work [46].
Briefly, a number of isotherms at different temperatures are required as

inputs to the Clausius-Clapeyron equation (Eq. 3) to produce a curve
displaying the heat of adsorption as a function of uptake or loading.
Fig. 15 illustrates the plot obtained for AC-Mod.

o sfam/ (]

As anticipated, the heat of adsorption decreases with an increase in
CO uptake. This is linked to occupation of low energy sites, i.e. con-
ditions of bulk adsorption. For AC-Mod, this trend continues until the

3

Table 11
CO, adsorption kinetics on AC-Mod at 50 °C.

Kinetic Model Identified Parameters

Modified Ritchie Kr) = 0.02264 p= 1.155

e o
o N

Fractional Coverage, %
o
(4]
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Fig. 13. Experimental data (blue triangles) and the kinetic model (red crosses) for pure CO, adsorption on AC-Mod at 50 °C and 1 bar.
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uptake of 2.18 mmol/g, where the heat of adsorption is calculated to be
30.5 kJ/mol. This constitutes a notable increase from P-AC (26.5 kJ/
mol) suggesting the generated functionalities to increase the affinity
towards CO».

Moreover, as discussed in Section 3.2.6.5, the observed relatively
strong decline in cyclic capacity of AC-Mod from the first cycle to the
second is in line with a high isosteric heat of adsorption values at/near
zero coverage as can be seen in Fig. 15. These would suggest the high
energy adsorption site to possess a very strong affinity towards COy;
preventing full regeneration of the sorbent, hence, declines during the
consecutive cycle steps.

Generally, final/bulk isosteric heat of adsorption values below
40 kJ/mol are ascribed to physical adsorption, whilst high values
(>80 kJ/mol) often stem from chemical interactions with the adsorbate
(i.e. chemical bonding). However, this indicator on its own is not suf-
ficient to ascribe chemisorption (as it merely describes high affinity
between the adsorbate and the adsorption site) and, in the case of AC-
Mod, it is not the case as no functional groups with the ability to form
substrates with CO, were noted (Section 3.2.4.1). Further, zero loading

11

heat of adsorption is notoriously known to be less accurate compared to
bulk adsorption as there are less data points collected [59]. Neverthe-
less, the higher values at the initial stages of adsorption are believed to
be culpable for the drop in working capacity.

4. Conclusion and future work

An acidic (H2SO4 and HNO3) surface modification technique of a
biomass combustion ash-based physically activated carbon has been
investigated. This campaign aimed to introduce novel functional groups
(namely, nitro groups) and investigate their impact onto the interaction
between CO; and the sorbent. The experiments were conducted based
on a randomised Box-Behnken design (four parameters at three levels
each). As a result of the optimisation campaign, the reaction tempera-
ture and the individual concentrations of the employed acids were found
to have statistically pronounced effects, whilst the CO, uptake was
maximised under the following modification conditions: 3-hour treat-
ment at 90 °C with 1:2 HNO3/H5SO4 volumetric ratio 1 molar acid
mixture.

As a result of such surface modification, an enhanced affinity to-
wards CO, was noted as evidenced by a larger adsorption capacity
(0.96 mmol/g at 50 °C) as well as a greater heat of adsorption (30.5 kJ/
mol). This was ascribed to a combination of AC purification via disso-
lution of ash impurities as well as the impact of the introduced func-
tional groups. The former was evidenced by proximate analysis, whereas
the latter was corroborated by FTIR spectroscopy and ultimate analysis.
Further, the modified adsorbent has a high working capacity: losing no
more than 5% of the original uptake value over 40 adsorption-
desorption cycles.

The proposed modification outlines a more facile and cost-effective
route as opposed to amine grafting, i.e. the conventional approach.
However, this modification is not without its limitations. For instance,
the CO5 adsorption capacity of the modified sample falls short of the
conventional benchmark of 2 mmol/g at 25 °C. Additionally, the
elevated moisture content (compared to the parent AC) suggests the
sample to be potentially fallible to competitive (H,0O and CO2) adsorp-
tion. Finally, although this modification approach avoids usage of
harmful reducing agents, the co-generation of brown NO; gas is a further
limitation of this modification technique (requiring the synthesis pro-
cedure to be conducted with strong fumes extraction procedures to be in
place).

Further work could explore introduction of alternative heteroatoms
(e.g. S or P) via respective pure acids. Such investigations may also
deploy the presence/quantity of the desired species (functional groups
or heteroatom) as the dependent variable to provide insight into the



M. Gorbounov et al.

reaction between the sorbent and modifier. Alternatively, based on the
results of this experimental campaign, two potential avenues for
exploration may be of interest. Firstly, since the optimum point was
found to be on the corner of the design space, adjusting the levels of the
studied factors (to incorporate the current edge-point into the internal
volume of the design framework) may allow to further optimise this
modification procedure. Alternatively, future work may look into min-
imising energy costs of the proposed treatment by decreasing the tem-
perature and time. This approach, however, may not modify the sorbent
but only dissolve the ash species, hence, act as a purification step.
Finally, investigations into impacts of moisture onto the CO, adsorption
of such functionalised samples would be of practical benefit for appli-
cations under a real flue gas stream.
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