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Utilization of coal tailings (CTs) to enable ammonia (NH3) capture is of interest from pollution control and waste
management perspectives. In this work, CTs were surface modified by air oxidation at different temperatures and
varying duration to increase the uptake of NH3. The CTs treated at 300 and 250 °C for 5 h achieved an NH3
uptake of 52.5 and 45.3 mg g}, respectively, which was significantly higher than that of the untreated CT (2.1
mg g~ 1). A linear relationship between NH; uptake and concentration of acidic surface functional groups was
found (R? = 0.99). Spectroscopic analysis showed that NHz can be retained on the oxidized CT through chem-
isorption involving carboxylic groups, leading to the formation of amides. Kinetic studies in the temperature
range of 200-300 °C revealed an activation energy of 50.2 kJ mol ™" for the formation of acidic surface functional

groups on CTs. These comparably mild conditions for the oxidative surface modification make CTs versatile and
readily available materials for reducing agricultural NH3 emissions.

1. Introduction

Ammonia (NH3) emissions have widespread adverse impacts on the
environment and human health. Ammonia in the atmosphere is not only
an odour concern (Guffanti et al., 2018), but also contributes to the
formation of particulate matter with aerodynamic diameters <2.5 pm
(PMy5) (Gu et al., 2021). Atmospheric NH3 deposited on land surfaces
can ultimately lead to emissions of the greenhouse gas nitrous oxide
(N20O) (Petersen, 2018), soil acidification, water eutrophication, and loss
of biodiversity (Sutton et al., 2011). Agricultural activities such as the
use of synthetic nitrogen (N) fertilizer and livestock production are
responsible for up to 90% of total NHs emissions globally (Xu et al.,
2019; Beusen et al., 2008). In particular, the decomposition of urea (in
mammals) or uric acid (in birds) in livestock manure can release large
amounts of NHs into the atmosphere. On the other hand, the highly
energy-intensive Haber-Bosch process for NHs synthesis and industrial
fertilizer production consumes 1-2% of the annual global energy supply
(Nancharaiah et al., 2016). Given that fertilizer demand and livestock
production are expected to steeply increase in the coming decades in
response to agricultural intensification to feed the growing population,
conserving and utilizing N nutrient from livestock manure has economic
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and environmental benefits (Zhang et al., 2020b; Stokstad, 2014).
Manure additives can be used to reduce NH3 emissions from inten-
sive livestock operations and retain the valuable N nutrient in manure.
The most commonly employed manure additives are acidifying agents
that suppress NH3 volatilization by lowering manure pH (Mcllroy et al.,
2019), urease inhibitors that slow down the microbiological hydrolysis
of manure urea to ammonium (NHZ) (Bobrowski et al., 2021; Hagen-
kamp-Korth et al., 2015), and adsorbents with a high affinity for NHZ
(Wang et al., 2012). However, acidifying additives, such as sulfuric,
hydrochloric and nitric acids, are not only corrosive and hazardous, but
could also lead to an undesirable increase of the manure mineral con-
tent. On the other hand, urease inhibitors, such as N-(n-butylthio-
phosphoric triaminde (NBPT), are prone to hydrolysis and require
frequent applications to remain efficient. Although adsorbent materials,
such as zeolites, could be easily implemented in livestock farms, so far,
they have only been investigated under laboratory conditions. Our
group for the first time reported that application of lignite (i.e., brown
coal) to cattle pens reduced NHg emissions from cattle feedlots by 66%
(Chen et al., 2015). Lignite has rich pore structures, high concentrations
of surface functionalities and a low pH, which makes it an effective
adsorbent material for NHs (Han et al., 2021). However, the
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considerable weight of lignite due to its high moisture content (up to
70%) makes transport to distant livestock farms uneconomical, which
has negative impacts on the environment (Ng et al., 2020). Therefore, if
coal mining wastes could be surface-modified to enhance NHs capture, a
readily available alternative to lignite could be used in livestock farms
for mitigation of manure NH3 emissions.

Coal tailings (CTs) are fine (<2 mm diameter) wastes from the coal
washing process, which typically consist of fine coal particles and
gangue mineral matter such as clays (aluminosilicates) and quartz (sil-
icates) (Tremain et al., 2014). Handling large volumes of CTs is one of
the major challenges the coal industry is facing. Approximately 10% of
run-of-mine coal production is disposed of as tailings that are conven-
tionally pumped as an aqueous slurry to tailings dams (Radloff et al.,
2004), causing environmental and safety risks such as windblown dust,
water contamination, acid drainage and dam structure failure to mining
companies and surrounding communities (Santamarina et al., 2019;
Edraki et al., 2014). Therefore, the exploration of alternative uses of CTs
to eliminate these environmental and health hazards is an active area of
research. Furthermore, the proposed usage of CTs to capture agricultural
NHj has the potential to serve as a new source of revenue for mining
companies and a new waste management strategy for both mining
companies and livestock farms. Although activated carbon is the most
widely used carbon adsorbent owing to its porous structure and large
surface area, unfortunately, NHs adsorption capacities of commercial
activated carbons are very small (e.g., 0.15-5.3 mg g~ 1) (Goncalves
et al., 2011; Huang et al., 2008; Le Leuch and Bandosz, 2007). Previous
studies have revealed that acidic functionalities on surfaces of carbo-
naceous materials play an important role for the adsorption of NHj3
(Mochizuki et al., 2016; Zheng et al., 2016; Huang et al., 2008). Apart
from oxidation using gaseous and aqueous oxidants, such as strong
mineral acids, ozone and plasma treatments, which are hazardous or
require specialized equipment (Rehman et al., 2019), it has been
recently demonstrated that thermal air oxidation provides a simple,
environmentally benign and non-hazardous strategy to introduce acidic
functionalities on surfaces of black coal with high efficiency to increase
the NHj3 capture capacity (Zhang et al., 2020a). However, the adsorption
mechanisms of NH3 and the reaction kinetics of formation of acidic
surface functional groups during thermal air oxidation are not well
understood.

In the present study, we have therefore explored surface-modified
CTs by: (i) investigating the effects of air oxidation temperature and
time on the uptake of gaseous NHs and aqueous NH3; (ii) identifying the
adsorption sites and probable mechanisms involved; and (iii) studying
the reaction kinetics for the formation of acidic surface functional
groups on CTs.

2. Materials and methods
2.1. Thermal air oxidation of coal tailings

The CTs were sourced as a slurry from a coal mine in New South
Wales (NSW), Australia, and were concentrated by decanting the su-
pernatant liquid to increase the solid percentage by mass to approxi-
mately 60%. The CTs were filled into aluminium containers (internal
diameter 80 mm, height 36 mm) to a height of approximately 15 mm
and heated in a forced air-drying oven (Across International, model FO-
19070) at temperatures varied in 50 °C increments between 150 and
400 °C. The effect of oxidation time on the extent of surface modification
was investigated at 250 °C by removing containers from the oven after 1,
2, 3, 4,56 and 7 h, followed by grinding with a mortar and pestle to
ensure homogeneity. The sample nomenclature was assigned as CT,
followed by the time (hours) and temperature (°C) of air oxidation. For
example, the samples obtained at 250 °C for 5 and 7 h were denoted as
CT-5-250 and CT-7-250, respectively.
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2.2. Chemical characterization of coal tailings

The concentrated CTs (by decanting the supernatant liquid) were
oven dried at 70 °C until a constant weight was reached, followed by
grinding with a mortar and pestle. Elemental analysis was carried out in
accordance with the Australian Standard Methods (AS 1038.3). Total
carbon (C) and total N were analysed by dry combustion with an
elemental analyser (TruMac CN, LECO). Total oxygen (O) was deter-
mined by pyrolysis, and total hydrogen (H) was determined by com-
bustion with a FlashSmart Elemental Analyser (Thermo-Scientific).
Total sulphur (S) was determined by infrared method (AS 1038.6.3.3).
Mercury (Hg), antimony (Sb), selenium (Se) and boron (B) were deter-
mined using the acid digestion method with atomic absorption spec-
trometric (AAS, GBC SavantAA) and inductively coupled plasma optical
emission spectroscopy (ICP-OES, SPECTRO ARCOS) analyses (AS
1038.10.5.2). The other major, minor and trace elements were deter-
mined in CT ash using the acid digestion method with ICP-OES analysis
(AS 1038.10). Thermogravimetric (TG) analysis was undertaken using a
thermogravimetric analyser (TGA 8000, PerkinElmer) by heating about
10 mg sample from 40 to 800 °C at a heating rate of 5 °C min ! under an
air stream of 30 mL min~!. The Brunauer—-Emmett-Teller (BET) surface
area (Sggr) and total pore volume (Viota1) were determined after vacuum
degassing the sample for 24 h at 70 °C on a Micromeritics instrument
(ASAP, 2020) by fitting the amount of Ny adsorbed at —196 °C (Sumaraj
et al., 2020). Pore size distribution was obtained from application of
Barrett-Joyner-Halenda (BJH) method assuming Harkins-Jura’s (HJ)
equation on the N3 adsorption isotherm. Scanning electron microscopy
(SEM) images were performed on a sample powder without coating at an
accelerating voltage of 20 kV using a FlexSEM 1000.

Evaluation of the chemical changes in CTs following thermal air
oxidation was performed by measuring pH and surface oxygen-
containing functional groups using diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy, X-ray photoelectron spectroscopy
(XPS) and the Boehm titration method. The pH was measured after
shaking a 1:10 (1 g in 10 mL) suspension of sample in reverse osmosis
water overnight. DRIFT spectra in the range of 400-4000 cm™! with a
resolution of 4 cm™' were obtained using a Frontier Optica FT-IR
spectrometer (PerkinElmer) fitted with an AutoDiff II diffuse reflec-
tance autosampler (PIKE Technologies). XPS spectra were obtained
using a Kratos Axis Ultra XPS (Thermo Fisher Scientific, UK) under se-
vere vacuum pressure (1.3 x 107 Pa) with A1 Ka radiation and a fixed
photon energy of 1486.6 eV. In addition to a broad survey scan in the
range of 0-1200 eV with a resolution of 1.0 eV, high-resolution scans for
C 1s (282-294 eV), N 1s (396-408 eV) and O 1s (529-537 eV) were
conducted with a resolution of 0.05 eV. Data analysis and curve fitting
were performed using CasaXPS software (version 2.3.19PR1.0), and the
binding energies of C 1s in survey scan and C-C bond in high resolution
scan were calibrated at 285.0 eV (Sumaraj et al., 2020). The concen-
tration of acidic surface functional groups on CTs was determined by the
Boehm titration method (Goertzen et al., 2010). Briefly, 1.0 g of sample
was mixed with 50 mL of either aqueous sodium bicarbonate (NaHCOs3),
sodium carbonate (NaxCOs3), or sodium hydroxide (NaOH) (0.05 N so-
lutions in each case). The mixtures were shaken for 24 h, filtered (0.45
pm), and 20 mL of each filtrate was directly titrated with hydrochloric
acid (HCI, 0.05 N). The concentration of each type of acidic functional
groups per gram of sample (mmol g~') was calculated under the
assumption that NaHCO3 neutralized strong acidic groups (mainly car-
boxylic groups); NayCO3 neutralized strong and moderate acidic groups
(mainly lactones, which are included as they form acids upon hydroly-
sis); and NaOH neutralized all types of acidic groups, including strong,
moderate, and weak acidic groups (mainly phenols).

2.3. Determination of the NH3 and NHj uptake

Determination of the NH; and NHZ uptake was carried out at room
temperature (23.0 £ 0.3 °C) in a temperature-controlled lab. NHj
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uptake was determined using a gravimetric method by exposing 1.0 g of
each sample to NHs gas released from a 25% aqueous NH3 solution at
ambient pressure. The amount of NH3 captured by the sample was
gravimetrically recorded as a function of time using the microbalance.
The measurements were performed in triplicate and NH3 uptake was
determined from the weight gain of the sample after 60 min gas expo-
sure. Control experiments, where the sample was exposed to water
under otherwise identical conditions, were performed to determine the
uptake of water and to correct the data from the exposure to NHs gas
released from the aqueous NHj solution.

NHJ uptake was determined using a batch method by mixing 1.0 g of
each sample with 50 mL of an aqueous ammonium chloride solution
(NH4Cl, 500 mg L™1). The concentration of the NH,4CI solution chosen
was based on the NHZ -N concentration of 104-338 mg kg~ ! measured in
cattle manure in feedlot pen surfaces (Sun et al., 2016). All samples were
then shaken for 24 h at room temperature, followed by centrifuging and
filtering (Whatman #1). The NH} concentration in the supernatant was
measured by a continuous flow analyser (San++, Skalar), and the
amount of NH} taken up by the sample was calculated from the differ-
ence between the NHJ concentration in the initial solution and in the
supernatant. The percentage removal efficiency (%) of NH} from the
aqueous solution was calculated as the amount of NHj removed
compared to the initial NHJ. All chemicals used in this study were
analytical reagent grade and Milli-Q water was used throughout the
experiment.

3. Results and discussion
3.1. Characterization of coal tailings

The untreated CT had a high ash content of 44.4% and significant
quantities of silicon (Si, 13.5%) and aluminium (Al, 8.0%), indicating a
high level of mineral matter such as silica and aluminosilicate (Tremain
et al., 2014), whereas the sulphur content (S, 0.4%) was very low
(Table 1). The TG analysis of the untreated CT revealed a slight decrease
of 0.7% in weight at a temperature below 104.4 °C due to the evapo-
ration of moisture (Fig. 1). The weight then slightly increased by 1.1%
with increasing temperature (up to 322.6 °C), which could be caused by
the incorporation of oxygen (O) into CTs through the reaction of coal
with Oz leading to the formation of labile O-O functionalities (e.g.,
peroxides and hydroperoxides) as well as more stable phenolic, carbonyl
and carboxyl groups (Zhang et al., 2017; Wang et al., 2003). Further
increase in temperature resulted in a rapid decrease of weight due to
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Fig. 1. Thermogravimetric (TG, red line) analysis of the untreated coal tailing
for weight loss as a function of temperature and derivative thermogravimetric
(DTG, blue line) curve.

coal combustion, with a maximum weight loss rate peak point at
558.5 °C on the DTG curve. These results suggest that air oxidation
should be performed at temperatures <322.6 °C to achieve the desired
CT surface functionalization.

3.2. Improvements of surface functionalities

The pH of an aqueous suspension of CTs was used as an indicator for
the degree of surface oxidation and formation of acidic functional
groups. While the untreated CT was alkaline (pH = 10.0), increasing the
oxidation temperature to 250 and 300 °C resulted in a drop of the pH to
6.4 (Fig. 2a). However, at higher temperatures the pH increased to
values > 7, possibly due to the thermal decomposition of less stable
acidic surface functionalities (Vivo-Vilches et al., 2014). Keeping the
oxidation temperature at 250 °C revealed a continual decrease of the pH
upon increase of the oxidation time from 1 to 7 h (Fig. 2b). It should be
also noted that the pH can be lowered to 7.4 even only after 1 h of
treatment (at 250 °C), showing that thermal air oxidation is a rapid and
effective way to alter the surface and chemical properties of CTs.

The concentrations of strong, moderate and weak acidic functional
groups (mainly carboxylic groups, lactones and phenols, respectively)

Table 1

Composition of the untreated coal tailing (CT) and an exemplary CT sample exposed to thermal air oxidation (CT-5-250).
Proximate analysis (%) Volatile matter Fixed carbon Ash
Untreated CT 17.4 38.2 44.4
Oxidized CT 18.2 36.8 45.0
Elemental analysis (%) C N (¢] H S
Untreated CT 39.5 1.1 8.7 2.9 0.4
Oxidized CT 40.1 1.1 14.7 2.0 0.4
Major elements (%) Si Al Fe Ti P Ca Mg Na K
Untreated CT 13.5 8.0 1.4 0.3 0.1 1.3 0.4 0.3 0.8
Oxidized CT 14.6 8.5 1.4 0.3 0.1 1.2 0.4 0.3 0.8
Trace elements (mg kg™!) Cr Cu Hg Mn Ni As Pb Zn Ccd
Untreated CT 20.7 35.5 0.2 115 13.5 3.5 121 25.5 <0.1
Oxidized CT 19.7 32.3 0.1 95.2 13.0 3.0 11.4 25.3 <0.1

Porous characteristics” Sper” (m? g™h) Viotal” (cm® g™

6.8
5.3

0.013
0.013

Untreated CT
Oxidized CT

@ Pore size distribution (Fig. S1 in the SI) was obtained from application of Barrett-Joyner-Halenda (BJH) method assuming Harkins-Jura’s (HJ) equation.
b Specific surface area was determined by the Brunauer-Emmett-Teller (BET) method.

¢ Single point adsorption total pore volume.
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Fig. 2. pH and concentration of acidic surface functional groups (strong, moderate, and weak acidic groups) of oxidized coal tailings (CTs) determined by Boehm
titration: effect of (a, c¢) temperature (i.e., 150, 200, 250, 300, 350 and 400 °C for 5 h) and (b, d) time (i.e.,, 1, 2, 3, 4, 5, 6 and 7 h at 250 °C) of air oxidation.

on oxidized CTs were determined by the Boehm titration method. As
shown in Fig. 2¢, raising the oxidation temperature from 200 to 300 °C
led to an increase of the concentration of total acidic groups from 1.1 to
3.3 mmol g~!, whereas further temperature increases resulted in a
reduction of the concentration of acidic groups (Fig. 2c¢). When the
temperature was kept constant at 250 °C, the concentration of total
acidic groups increased from 0.7 to 3.2 mmol g~ as the time of oxida-
tion increased from 1 to 7 h (Fig. 2d). These findings show that air
oxidation at relatively mild temperatures can introduce acidic func-
tional groups onto the surfaces of CTs, whereas oxidation at high tem-
peratures results in their partial decomposition, confirming the findings
from the pH studies (see Fig. 2a). Overall, air oxidation at temperatures
of 250-300 °C for several hours appears to be favourable for the gen-
eration of acidic functional groups on CTs. Interestingly, the weak and
moderate acidic groups are the main products formed on CTs during
thermal air oxidation, whereas the strong acidic groups are only minor
contributors. Generally, surface oxidation of carbonaceous materials is

performed with strong mineral acids, such as nitric acid, which is a
powerful oxidant and can produce a larger amount of strong acidic
groups than oxidation by O (air) (Rehman et al., 2019; Jaramillo et al.,
2010). However, no studies are currently available that would suggest
preferential NH3/NH{ adsorption on any specific types of acidic surface
functional groups, and oxidation with aqueous oxidants possess the
disadvantages of high maintenance cost and emission of secondary
wastes. Using O, in air as oxidant provides a simple, environmentally
friendly and non-hazardous alternative for the oxidative surface modi-
fication of carbonaceous materials.

The changes in surface functionality resulting from thermal air
oxidation were further investigated using DRIFT and XPS. As shown in
Fig. 3a, the DRIFT spectrum of the untreated CT revealed stretching
vibrations at 3045 cm™! (aromatic C-H) and at 2926 and 2855 em !
(aliphatic C-H), whereas the intensity of these signals decreased in the
oxidized CT (CT-5-250 was exemplary analysed). Moreover, the in-
tensity and relative peak area for the carbonyl (C=O) stretch of

(a) (b)
Untreated CT Oxidized CT
O-H Experimental curve —— Experimental curve
[—Fitted curve [——Fitted curve
——C-C 73.3% l—c-C 647%
-/ —C-0 18.2% ——C-0 185%
3 - ~ |—cC=0 56% —c=0 83%
3 idized CT S |——COOH 29% ——COOH 8.4%
- S
3 =
2 z
H 2
5 treated CT 8
3 c
2 -
<
Lk

T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

202 290 288 286 284 282 292 290 288 286 284 282
Binding energy (eV)

Fig. 3. Spectroscopic characterization of the untreated coal tailing (CT) and an exemplary CT sample exposed to thermal air oxidation (CT-5-250): (a) DRIFT spectra
and (b) high-resolution XPS C 1s spectra. High-resolution XPS O 1s spectra are shown in Fig. S3 in the SL.
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carboxylic acids at 1720 cm ™! increased remarkably after oxidation, in

accordance with our previous observations for black coal (Zhang et al.,
2020a). These findings suggested an oxidative transformation of aro-
matic and aliphatic C-H bonds into oxygen-containing functional groups
during thermal oxidation. However, no significant changes were
observed in the intensity of the broad band between 3200 and 3500
cm™! caused by formation of phenolic or carboxylic O-H groups due to
adsorbed water in the CTs. Furthermore, the incorporation of
oxygen-containing functional groups during thermal air oxidation was
confirmed by the XPS C 1s spectra, which revealed significant increases
from 5.6 to 8.3% for carbonyl (C=0) and from 2.9 to 8.4% for car-
boxylic (COOH) groups (Fig. 3b). These findings are in line with the bulk
elemental composition of the oxidized CT which has a greater O content
(14.7%) compared with the untreated CT (8.7%, see Table 1).

3.3. NH;3 and NHJ uptake

Compared with the untreated CT, the oxidized CTs showed an
excellent NH3 uptake. In particular, the CTs treated at 250 and 300 °C
for 5 h achieved an NH; uptake of 45.3 and 52.5 mg g™}, respectively
(Fig. 4a). The result is similar or even exceeds the uptake capacity of
previously described functionalized carbon materials (see Table S1 in
the SI). Higher oxidation temperatures than 300 °C lowered the uptake
capacity, which correlated with the observed partial decomposition and
loss of acidic surface functional groups (see Fig. 2¢). On the other hand,
extending the oxidation time from 1 to 7 h, which was exemplary tested
at 250 °C, resulted in a steady increase of the NH3 uptake from 2.1 to
47.2 mg g~ ! (Fig. 4b).

The oxidized CTs also showed an enhanced NHj uptake compared
with the untreated material. Similar to NH3, with increasing oxidation
temperature the uptake of NHj by CTs increased, reaching a maximum
removal efficiency of about 26% after treatment at 300 °C, but dropped
at oxidation temperatures >300 °C (Fig. 4c). Likewise, increasing the
oxidation time led to a continual increase of the NHj uptake (Fig. 4d),
although the absolute uptake capacity for NH4 was much lower than for
NHs. This finding could be rationalized by the acidic environment of
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oxidized CTs (see Fig. 2a and b), where the acidic functional groups
responsible for NHJ adsorption were only partially deprotonated
(Sumaraj et al., 2020; Fidel et al., 2018; Wang et al., 2015). In addition,
in the acidic aqueous NH4Cl solution created by the oxidized CTs, H30™"
and soluble cations (e.g., K*, Na*, Mg?* and Ca®") present in CTs may
potentially compete with NH4 for the same adsorption sites (Vu et al.,
2017; Wang et al., 2015).

Overall, our data suggest that 300 °C is the optimum temperature for
the oxidative surface modification of CTs with regards to capturing NHg
and NHj, where longer oxidation times improve uptake capacities. In
the previous work, we have shown that lignite and oxidized black coal
enable NH3 uptake of 45.9-48.8 mg g~! (which is similar to that of
oxidized CTs shown here) can effectively reduce NH3 volatilization form
cattle manure by 36-44% (Zhang et al., 2022). Thus, considering the
costs and energy consumption for thermal oxidation and the future ap-
plications of surface-modified CTs as agricultural amendments, treat-
ment at 250-300 °C for 4-5 h appears to be a reasonable compromise for
practical operation.

3.4. Role of surface functionalities on NH3 uptake

The amount of NH3 gas uptake by the oxidized CTs was linearly
dependent on the concentration of total acidic groups, as indicated by a
coefficient of determination (R?) of 0.99 (Fig. 5a), whereas the R? values
were slightly lower for the individual acidic groups (0.80, 0.89 and 0.91
for strong, moderate and weak acidic groups, respectively; see Fig. S4 in
the SI). Obviously, all acidic functional groups on the oxidized CTs were
involved in taking up NHs. The slope of the linear relationship between
the amount of NH3 uptake and the concentration of total acidic groups,
0.85, is close to 1, indicating that NH3 reacts with acidic groups in a 1:1
ratio on a molar basis, while the intercept of the linear regression (0.13)
suggests that some level of physical adsorption also occur. On the other
hand, a relatively weak relationship was found between the amount of
NHJ uptake from an aqueous solution and the concentration of acidic
functional groups (R? < 0.85, see Fig. 5b and Fig. S4 in the SI), sug-
gesting that NH4 uptake was much less governed by the concentration of
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Fig. 4. Uptake of gaseous NH; (within 60 min) and NH4 from an aqueous solution (after 24 h of equilibration) by the untreated and oxidized coal tailings (CTs):
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acidic groups. These data suggest that at the pH of oxidized CTs the
acidic groups are only partially deprotonated, which would reduce the
amount of NHZ held through electrostatic forces and which could be
further exacerbated by competition with H30* and metal cations for the
same adsorption sites, as discussed in the previous section.

The mechanism for the reaction of NH3 with acidic functional groups
was further investigated by analysing the untreated CT and an exem-
plary oxidized CT sample (CT-5-250) before and after exposure to NH3
gas using DRIFT and XPS. Previous studies have proposed that NHj
could be taken up by carboxylic groups on oxidized carbonaceous ma-
terials through an acid-base reaction (Fig. 6, pathway 1) and/or through
nucleophilic addition, which leads to formation of amides with elimi-
nation of water (Fig. 6, pathway 2) (Goncalves et al., 2011; Seredych and
Bandosz, 2007).

The DRIFT spectrum revealed that exposure of the oxidized CT to
NHs (solid red curve) increased the absorption intensity in the
3200-3500 cm ! region of O-H and N-H stretching vibrations (Mia
et al., 2017; Petit, 2012; Goncalves et al., 2011), whereas similar
changes were not observed in the untreated CT (solid black curve,
Fig. 7a). Furthermore, for the oxidized CT the intensity of the C—=0O
bands at 1720 cm™! decreased compared with the spectrum obtained
prior to NH3 exposure, whereas the intensities of the bands in the
1600-1700 cm ™! region corresponding to the amide C=0 considerably
increased (Fig. 7b). An increase of the absorbance was also found for the
amide N-H and C-N bands at 1557 cm ™, suggesting that NH3 can be
retained on the oxidized CT surface through formation of amides
(Goncalves et al., 2011; Seredych and Bandosz, 2007).

Analysis of the high-resolution XPS N 1s spectra of the CTs revealed
three peaks with binding energies of 402.3-403.1 (corresponding to
quaternary N, blue line), 400.2-400.8 (corresponding to pyrrolic N, pink
line), and 398.2-399.4 eV (corresponding to pyridinic and amide N,
green line, Fig. 7c and d). The relative proportions of each N species
calculated from their peak areas for the untreated and oxidized CTs
before and after exposure to NH3 are summarized in Table 2. Thermal air

Pathway 1: acid-base reaction

o} o
NH,
OH

Qo

Pathway 2: nucleophilic addition/elimination
o} o® o}

NH;
Qo Q@ mre

Fig. 6. Mechanism of NH3; uptake by carboxylic groups on carbon surfaces
(symbolized by the grey ball).

oxidation increased the proportion of quaternary N (55.8%) on CTs at
the expense of pyrrolic N (33.3%) but without affecting pyridinic/amide
N. The result may probably be ascribed to the protonation of pyridinic-N
caused by adjacent or nearby located functional groups (e.g., hydroxyl,
carboxyl and phenol) (Gong et al., 1999; Pels et al., 1995), and thermal
degradation of pyrrolic-N (Phiri et al., 2017; Deng et al., 2013) and
organic N (Gong et al., 1999).

Exposure to NHg gas resulted in an increase of the quaternary N peak
for the untreated CT (from 46.3 to 55.1%) but not for the oxidized CT. In
addition, the pyridinic/amide N proportion increased significantly from
10.9 to 20.1% when the oxidized CT was exposed to NHs gas, with the
peak shifting to a higher binding energy of 399.4 eV, whereas the pyr-
rolic N decreased from 33.3 to 26.1%. The increased quaternary N sites
in the untreated CT indicated NH3 was captured by physical adsorption
or as NHj species (Fig. 6, pathway 1), whereas the increase and shift to a
higher binding energy in the pyridinic/amide N region in the case of the
oxidized CT could be indicative for the formation of amide N through
pathway 2 (see Fig. 6) (Krounbi et al., 2020; Wang et al., 2014; Petit,
2012). These results confirm the findings of DRIFT analysis that NH3 can
be retained on the oxidized CT surface through chemisorption as an
amide.

It should be noted that the reaction of carboxylic acids with NH3 to
form amides is usually very slow at room temperature. We therefore
suggest that this reaction could occur in microcracks formed during
thermal oxidation of the CTs (Wang et al., 2022), where the high pres-
sure caused by the surrounding material and the close proximity of the
reaction partners in such a confined space are providing the driving
force (Bandosz, 2021). On the other hand, the linear correlations be-
tween amount of NH3 uptake and concentration of acidic functional
groups (see Fig. 5a, Figure S4a,b and c) show that the weak and mod-
erate acidic groups have also contributed to NH3 uptake. However, the
detection of such interactions may be impaired in spectroscopic analysis
as the retention of NH3; by weak and moderate acidic groups, such as
hydroxyl groups, occurs through formation of hydrogen bonds (Petit,
2012). As these non-covalent interactions are relatively weak, the ma-
jority of H-bonded NHj could easily desorb from the adsorbent surface
during analysis.

3.5. Kinetic analysis of the formation of acidic groups

The effect of oxidation temperature on the formation of acidic sur-
face functional groups as a function of time was investigated at 200, 250
and 300 °C. As shown in Fig. 8a, the concentration of acidic groups on
CTs increased continuously over the 7 h of exposure as the temperature
of oxidation increased from 200 to 300 °C. The data were further ana-
lysed using the pseudo-first-order kinetic model (eq. (1)) since the
oxidant (air) was present in large excess (Moore, 1972):

0,/=0x(1-¢™) (eq. 1)
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spectra for the oxidized CT.

Table 2

XPS N 1s binding energies and relative proportions of the three N species for the
untreated coal tailing (CT) and an exemplary oxidized CT sample (CT-5-250)
before and after exposure to NH3 gas.

Sample Binding energy (eV) and proportion
N1s Quaternary Pyrrolic N Pyridinic/
N Amide N
Untreated CT 400.0; 403.0; 400.8; 398.5; 9.9%
0.9% 46.3% 43.7%
Untreated CT + 400.0; 403.1; 400.7; 398.7; 10.7%
NHj3 1.3% 55.1% 34.2%
Oxidized CT 401.0; 402.3; 400.2; 398.2; 10.9%
1.5% 55.8% 33.3%
Oxidized CT + 400.0; 402.5; 400.3; 399.4; 20.1%
NHj3 1.9% 53.8% 26.1%
@) 4
—— Pseudo-first-order k=055 h"
i kinetic model 2_
~3%7 & 200C RU=099
® 250°C

ol
o
|

A 300°C
254 R® = 0.99
2.0
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R*=0.97

Total acidic groups (mmol g1
o

0.0 T T T T T
1 2 3 4 5 6 7

Oxidation time (h)

where Q; (mmol g™ 1) is the concentration of acidic groups per gram of
sample generated at time t (h) determined by Boehm titration, Q.
(mmol g~1) is the amount of acidic groups generated when time t — oo,
and k (h™1) is the pseudo-first-order rate coefficient. The formation of
acidic groups on CTs fitted well with the pseudo-first-order kinetic
model (the fitted lines are included in Fig. 8a), giving the rate co-
efficients of k = 0.06, 0.32 and 0.55 h™! for 200, 250 and 300 °C,
respectively. With these data, the activation energy (E,) for the acidic
group formation was obtained using the Arrhenius equation (eq. (2)):
E, 1

Ink=InA—— =

RT (eq. 2)

where A is the pre-exponential factor, R is the universal gas constant
(8.314J mol ! K’l), E, (kJ mol’l) is activation energy, and T (K) is the
absolute temperature. The activation energy (E,) of 50.2 kJ mol ! for
the acidic group formation on CTs was obtained using the slope of the

b
®) 4o
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Fig. 8. (a) Effect of temperature (i.e., 200, 250 and 300 °C). on the formation of acidic groups on coal tailings and (b) Arrhenius plot to determine the activation

energy (E,) of acidic group formation in the range of 200-300 °C of oxidation.
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line of the Arrhenius plot (Fig. 8b). To the best of our knowledge, this is
the first time that the Arrhenius activation energy for the generation of
surface functional group on carbonaceous materials has been
determined.

In comparison with the activation energies for the thermal oxidation
of aromatic compounds such as benzene and toluene (189.9 and 189.3
kJ mol’l, respectively) (Everaert and Baeyens, 2004), the relatively low
activation energy for acidic group formation on CTs determined here
suggests a considerable amount of structural defects in the carbon
framework of coals, which are prone to oxidation. Previous studies
revealed a highly defective disordered structure of the carbon frame-
work for coals by utilizing Raman spectroscopy (Nikitin et al., 2019;
Song et al., 2019). Thus, formation of acidic groups on coal surfaces can
occur with a low energy input, confirming that thermal air oxidation is a
simple but effective method to surface modify carbonaceous materials
for enhanced NHjs uptake.

4. Conclusions

In this work we have demonstrated that coal tailings can be surface
modified by thermal air oxidation to enable capture of NH3 gas and NHZ
from an aqueous solution. Further analysis of the NH3 capture process
revealed a linear relationship (R? = 0.99) between NH; uptake and the
concentration of total acidic surface functional groups that were formed
during thermal oxidation of CTs. According to the data from the XPS and
DRIFT analyses, carboxylic acid functional groups present on oxidized
CT surfaces can capture NH3 through formation of amides. Arrhenius
plots revealed a remarkably low activation energy (E, = 50.2 kJ mol™1)
for the formation of acidic functional groups on CTs during thermal air
oxidation, clearly showing that thermal air oxidation is a simple and
effective surface modification method to generate acidic surface func-
tional groups on CTs to capture NHs gas. The abundance and ready
availability of CTs and the comparably mild conditions and short reac-
tion times required for surface modification of CTs make these materials
promising candidates for mitigation of manure NH3 emissions in live-
stock farms.
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