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Lucas G. dos Santos ', Renan S. Nunes !, Dalmo Mandelli !, Wagner A. Carvalho "

! Center for Natural and Human Sciences, Federal University of ABC (UFABC), Santo André, Brazil.
* Corresponding author: wagner.carvalho@ufabc.edu.br

ABSTRACT: Excess nitrate in aquatic environments poses a potential threat to ecosystems and human health,
contributing to eutrophication and several health problems. Thus, the present work aimed to evaluate the retention
behavior of nitrogen in the nitrate form present in synthetic effluents by adsorbents developed from an abundant
raw material: glycerol, a biodiesel co-product. The study investigated the impact of introducing nitrogenous
functional groups onto solid surfaces on nitrate retention. This was achieved through a thermal treatment under
NH; flow (ammonization) at 400, 600, and 800 °C... The carbon derived from glycerol (CGO0) did not initially
exhibit nitrate retention capacity. However, through ammonization (entrained 30% NH4OHy by Ny), nitrogen
groups were incorporated at 400 °C and 600 °C, with the most significant porous structure observed at 800 °C
(1034 m?/g). This structural change allowed for the adsorption of 0.18, 2.09, and 2.86 mg/g of nitrate, respectively.
The adsorption kinetics and isotherm studies indicated a preference for the pseudo-second order model, with both
Langmuir and Freundlich models providing a good fit. The maximum adsorption capacity was determined to be
2.45 mg/g. The mechanism of nitrate adsorption was likely governed by hydrogen bonding, electrostatic
interaction, complexation, and/or ion exchange. Ammonization was shown to be a crucial step to generate nitrate
adsorption capacity and increase the nitrogen content of a material with pre-existing oxygenated acid groups. This
finding suggests potential applications of these materials not only as adsorbents but also as fertilizers.
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1. INTRODUCTION

Nitrogen is the main component of the Earth's atmosphere and an extremely important nutrient, essential
for the survival and development of various living beings, including plants [1]. The nitrogen cycle involves several
oxidation states, with the primary forms in the aqueous environment being nitrate (NOs’), ammonium (NH4"),
nitrous oxide (N20), and molecular nitrogen (N2) [2,3]. A series of anthropic actions, including excessive and
improper use of inorganic nitrogenous fertilizers and manures, leaks from sewage collection networks, and
irregular industrial disposal are responsible for several changes in the natural nitrogen cycle that end up result in
an increase in the concentration of this nutrient in receptors water bodies [3—5]. Another important factor is the
lack of economically viable nutrient removal technologies (tertiary treatment) to be applied in wastewater
treatment plants (WWTP) resulting in concentrations of nitrogen in the effluents close to the ones present in raw

sewage [6].

Nitrate (NO5") is found naturally in the environment. As the final product of the ammonia nitrification
stage, nitrate is considered one of the species resulting from the oxidation of molecular nitrogen. It exhibits high
solubility, stability, and mobility in water, indicating a low tendency for precipitation. This characteristic makes it
a significant contaminant, easily spreading through groundwater and often serving as an indicator of contamination
[2,7,8]. Excess of nitrate in aquatic environments poses a potential threat to ecosystems and human health,
contributing to eutrophication and even causing severe health problems such as methemoglobinemia and related
to thyroid effects [9—11]. The nitrate potability standard for human consumption is defined by the World Heathy
Organization (WHO) [12] as 50 mg/L as nitrate ion (NO3").



Recovering nitrate from nitrogen-rich environments holds potential for its reuse as fertilizer in
agriculture and for minimizing the need for mineral removal. Additionally, it reduces the environmental impact
associated with nitrate disposal in water bodies. In Brazil, conventional biological sewage treatment systems are
designed to remove only solids and dissolved organic matter, referred to as primary and secondary treatment.
However, these systems typically do not effectively remove nitrogen, leading to effluents with nitrogen
concentrations like raw sewage [6]. Various treatment techniques, such as chemical reduction [13,14] and
biological (biological denitrification, nitrification) [15], have been used to retain nitrate present in aqueous media
(industrial and domestic sewage effluents) [9,16,17]. Adsorption is a physicochemical technique that has been
gaining recognition as a practical, flexible, and cost-effective operation. When compared to biological and
chemical methods, it has a lower potential for secondary pollution [18]. Different adsorbents, like metal oxides
and hydroxides, carbon-based materials, organic polymers, and agricultural residues, have been prepared and
applied for the removal of nitrate from aqueous solutions [19]. The use of biomass, such as glycerol, to produce
biochar arouses interest in adsorption as they typically have high carbon content and low commercial cost [20—
24].

Cui and Atkinson [25] reported that the synthesis of activated carbon from glycerol, without the
presence of an acid catalyst such as sulfuric or phosphoric acid, only leads to the evaporation of glycerol (boiling
temperature = 290 °C). Both Ribeiro et al. [26] and Mantovani et al. [27] reported the synthesis of glycerol
carbonized with sulfuric acid at 180 °C, but not activated (<10 m%g). Ribeiro et al [26] reported that after two
more thermal activations under inert (N, at 800 °C) and air atmosphere at different temperatures (150-350 °C),
there was greater development of the porous structure (surface area = 598 m?/g). Fe (III) salt has also been used
as an activating agent for the polymerization of glycerol through heat treatment at 800 °C for 3 h (136 m?/g) [28],
which happens because between 330-700 °C, the iron oxide-hydroxide species formed by the hydration of the
precursor salt decomposes into hematite, which is capable of oxidizing the matrix carbon by reducing itself to the
magnetic species Fe;04 [29]. Glycerol’s carbon has already been tested for removing different pollutants (Pb?",
methylene blue, and paracetamol) from wastewater [30,31], but it is noteworthy that until the moment this work
was completed, no articles were found that addressed the adsorption of nitrate by adsorbents produced from

glycerol [17,32,33].

Since anions such as nitrate are negatively charged, it seems logical to explore physicochemical
modifications to increase the positive surface charge of an adsorbent. In this context, the introduction of surface
nitrogenous groups has demonstrated the ability to increase the nitrate removal capacity in several materials:
activated carbon based on melon seed shells functionalized with ethylenediamine (AC-NH) [34], coconut-based
activated carbon with a quaternary ammonium epoxide surfactant [35], amine-functionalized magnetic chitosan
[36], wood-based activated carbon treated with urea [37], bamboo-based activated carbon modified with
acetonitrile [38] and activated carbons nitrified by ozone/ammonia or modified with urea [39] were successfully

used to improve the removal of nitrate.

Thus, the present work aimed to assess the adsorption behavior of nitrogen in the nitrate form present
in synthetic effluents, using adsorbents developed from glycerol carbonized in the presence of sulfuric acid and Fe

(IIT) salt, followed by thermal activation in an N atmosphere at 515 °C. Furthermore, through a thermal treatment



under NH3 flow (ammonization) under different temperatures [40], the effect of inserting nitrogenous functional

groups on glycerol’s carbon and how they influence the retention of nitrate was investigated.

2. MATERIALS AND METHODS

2.1 Materials and Chemicals

All the chemicals used in this work were of analytical grade and were used as received without any
prior treatment. Glycerin (99.5%) and concentrated sulfuric acid (95-98%) was obtained from Labsynth (Diadema,
Brazil). FeCls) was obtained from Sigma-Aldrich (Cotia, Brazil). Nitrate adsorption was evaluated using a

synthetic solution made from pure KNOs).

2.2 Adsorbents synthesis
2.2.1  Glycerol’s carbon (CGO)

CGO was prepared by hydrothermal carbonization [27] of glycerin with concentrated sulfuric acid (1:3),
and 0.15 g of Fe (IIT) per gram of glycerin (FeCls) [25]. The mixture was kept in an autoclave for 15 min at 180
°C. The solid subsequently obtained was washed with deionized water followed by washing with acetone. The
solid was then dried, macerated, and sieved to homogenize the particle size. The resulting sample went under a
heat treatment in an electric tubular furnace under a constant flow (50-80 mL/min) of N gas (ultrapure), with a
heating ramp of 10 °C/min up to a temperature of 515 °C [29], in which they were hold for 90 min. The solid was
stored and identified as CGO.

2.2.2  Ammonization

The CGO underwent an ammonization procedure [40]. The samples went under another heat treatment
in a reactor contained in an electric tubular furnace at 400, 600, and 800 °C, temperatures at which they were
holding for 360 min. At the beginning the reactor was under a constant flow of N (ultrapure) until a switch was
made to an ammonia gas, resulting from a 30% NH4OH solution entrained by N, (ultrapure) gas. The resulting
solids were identified as CG0,-NH3-T (according to the temperature used). An illustration of the procedure can be

seen in Figure S1.
2.3 Characterization techniques

To better understand their physical-chemical characteristics and how they affect nitrate adsorption, the
adsorbents were characterized using the techniques of elemental analysis (CHNS), Zeta Potential, Energy-
dispersive X-ray spectroscopy (EDS), N> Adsorption/desorption and X-ray photoelectron spectroscopy (XPS). For
elemental analysis, the samples were subjected to combustion in an Elemental Analyzer Flash EA 1112. The
Energy Dispersive Spectroscopy (EDS) analyses were performed using a JSM-6010LA JEOL electronic
microscope (10-20 kV). Previously, the samples were fixed on an aluminum stub with carbon tape, dried (100 °C)
and metalized with gold for 240 s (10 mA), using a thin coating sputter (Sputtering Leica EM ACE 200). For ICP
OES analysis, the samples were dispersed in 2.50 mL of concentrated nitric acid, 0.625 mL of hydrogen peroxide
and 0.312 mL of concentrated hydrochloric acid to be digested by a microwave. After digestion, the sample was
analyzed in a Thermo iCap7600 device. For the analysis of N, adsorption/desorption, the samples were degassed

for 12 h at 200 °C, the analysis measurements were carried out at -196 °C on ASAP 2420 (Micrometrics)



equipment. Before XPS analysis on a ThermoFisher Scientific equipment (ESCALAB 250Xi), the samples
underwent an ion beam etching procedure for 5 seconds to clean the surface. An AlKa radiation source (hv =
1486.6 eV) with a high-resolution monochromator was used for XPS analysis, the step values used were 1.0 eV
(low-resolution) and 0.1 eV (high-resolution) and the data obtained was processed using Avantage Software. For
zeta potential analyses [41], approximately 10.0 mg of sample were dispersed in 50.0 mL (0.2 g/L) of deionized
water, with the pH of the medium being previously adjusted (1, 2, 3, 4, 5, 6, 7, 8, 9 and 10) through HCl 4 or
NaOH,q) solutions. The suspensions were under magnetic stirring (300 rpm) for 24 h. Finally, they were taken to

an ultrasonic bath for 30 min and subsequently analyzed on a Malvern Zetasizer Nano ZS equipment.
2.4 Bach adsorption procedure

Nitrate adsorption tests were carried out in triplicate by suspending the adsorbents at a dosage of 1.0
g/L in a potassium nitrate (KNO3) solution containing 5.0 mg/L of nitrate at pH = 5.5. The dispersions were
maintained under magnetic stirring at 300 rpm at a temperature of 23 °C for 60 min. At the end of the process, an
aliquot of the supernatant was removed and filtered through a syringe filter (diameter 13 mm and pore size 0.45
pm) for nitrate quantification on an ion chromatograph (883 Basic IC Plus, Metrohm), using the following
parameters: anionic column metrosep A Supp 4 — 250/4.0 mm, pump flow = 0.2-1.5 mL/min and conductometric

detector. The nitrate removal efficiency (E) was calculated according to Equation 1.

E(%) = % * 100 (Equation 1)
0

Where E is the nitrate removal efficiency (%), Co is the initial concentration of nitrate (mg/L), and Cy is

the concentration of nitrate at the end of the adsorption experiment (mg/L).
2.5 Adsorption kinetics and Isotherms

Adsorption kinetics studies were carried out by suspending 0.1 g of adsorbent in 50.0 mL (2 g/L) of
solution with pH = 5.5, under magnetic stirring (300 rpm), temperature of 23 °C and fixed time of 360 min.
Aliquots of 0.5 mL were withdrawn at predetermined intervals. The isotherms were carried out by suspending 0.02
g of adsorbents in 10.0 mL of synthetic nitrate solutions of different initial concentrations (3.0; 5.0; 8 .0; 10.0;
15.0; 30.0 and 50.0 mg/L) at pH = 5.5. The systems were kept under agitation at 160 rpm for 90 min at a
temperature of 23 °C on an EloScientific orbital shaker table (SP-180/DT). The typical Langmuir, Freundlich, and
pseudo-first/second order models were adjusted to the experimental data by non-linear and linear regression using
the Originpro software. Nitrate quantification in both studies was carried out after filtering the aliquots with a
syringe filter (diameter 13 mm, pore size 0.45 pm) using a UV-VIS Spectrophotometer (UV-M51, Bel Photonics).
The measurements were taken in the maximum absorption range of 200 nm, identified after scanning the samples

[42].



3. RESULTS AND DISCUSSION
3.1 Characterization

3.1.1  Elemental composition and physiochemical properties

Table 1 shows both surface area and percentages of nitrogen, carbon, oxygen, iron, and sulfur referring
to the analysis of glycerol-based materials by N adsorption/desorption, elemental analysis, low-resolution XPS,

and ICP OES.

Table 1 — Elemental composition and surface area of glycerol carbons referring to elemental analysis (CHN-S), X-ray
photoelectron spectroscopy (XPS) and Inductively Coupled Plasma Optical Emission Spectrometry (ICP OES).

Sample %N %0 %Fe %S SeeT M?/g
CGO 0.4%and 0.0° 6.7° 1.1°and 0.63° 0.3 and 0.86° 652
CG0:-NH3-400 1.2%and 1.5° 5.8° 0.6°and 0.69°  0.5° and 0.66° 558
CG0:-NH3-600 1.1%and 2.2° 6.5° 0.7°and 0.72¢  0.5°and 0.77° 600
CG0;-NH3-800 0.2%and 0.3° 41> 0.2°and 0.76°  0.2°and 0.87° 1034

2Elemental analysis (%ow/w); "XPS analysis (%at.); © ICP OES analysis (%ow/w)

The results of elemental analysis and XPS presented in Table 1 allow us to infer that the precursor
material of ammonized glycerol carbons (CGO) has a negligible nitrogen content and that there was an increase in
this content after ammonization at 400 °C and 600 °C. At temperatures exceeding 600 °C, greater instability in the
insertion of nitrogen groups is observed, as evidenced by the lack of increase in nitrogen content in CGO0,-NH3-
800. The effectiveness of ammonization in enhancing the nitrogen content suggests potential applications for these
solids not only as adsorbents but also as potential fertilizers (nitrogen sources). It is possible to identify from the
XPS results (Table 1) a more abrupt reduction in the oxygen content above 600 °C (6.7 to 4.1% oxygen), possibly
due to the loss of carboxylic and sulfonated groups [27], demonstrating the instability of the oxygenated acid
groups present on the surface. The small sulfur content in all glycerol’s carbons is related to the low thermal
stability of the sulfonated groups (<350 °C), considering that CGO itself faces heat treatment at 515 °C [43]. The
residual iron content in all adsorbents results in the absence of magnetic response presented by the solids, which
likely resulted from leaching during the washing step of CG0. The complete results from elemental analysis and

XPS tables can be found in Tables S1 and S2.

According to Table 1, glycerol carbons exhibit high surface area values (558 to 1034 m?/g). Previous
studies [27] have reported surface areas smaller than 10 m%g for glycerol carbons that underwent only the
hydrothermal carbonization step without the presence of Fecls), However, activation through thermal treatment
(515 °C; 90 min of pyrolysis) under N flow following the hydrothermal carbonization step, resulted in significant
development of the porous structure of CG0, with a specific surface area of 652 m?/g and total pore volume = 0.34
cm?/g. After ammonization at 800 °C (CG0,-NH3-800), there was an even greater increase in both values to 1034
m?g and 0.55 cm?®/g, respectively. This increase likely occurred because glycerol completes its carbonization at
this temperature [25]. However, there was a reduction for all these properties after ammonization carried out at
400 °C (558 m?/g and 0.30 cm?/g) and 600 °C (600 m?/g and 0.31 cm?®/g). This reduction is possibly related the
insertion of nitrogenous groups on their surfaces, which can lead to the obstruction of pores present in the

adsorbents. The N adsorption/desorption isotherms and pore distributions for CG0 and CG0;-NH;-T (Figures S2



and S3, respectively) indicate a mesoporous solid (20-500 A) associated with micropores (<20 A) [44]. All pore

volumes values from glycerol carbons can be found in TS3.

3.1.2  High-resolution XPS analysis

Figure 1 shows the deconvolution of the high-resolution XPS spectra of C, for the materials CGO and
CGO0;-NH;-T. Table S3 contains the binding energies and the respective proportions of the identified peaks from
Figure 1. It is noteworthy that calibration of all high-resolution peaks obtained by XPS was conducted using the
main peak of the Cy, spectrum at 284.4 eV.
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Figure 1 - Deconvolution of the high-resolution XPS spectra of Cis for glycerol carbons (CGO, CG01-NH3-400, CGO1-NHs-
600 and CG01-NH3-800)

The high-resolution C, peak in Figure 1 is centered around 284.6~284.7 ¢V (C-C) for glycerol carbons.
This peak, which represents the highest proportion for all materials (>50%), indicates the presence of a graphite
structure [45]. All spectra are accompanied by a tail around 289.5~291.4 eV referring to the pi—pi* satellite shake-
up phenomenon which is originated from the sp? band. In CGO, the presence of C-O (31.6%) and O-C=0 (7.3%)
bands is revealed, referring to -COH (phenol) and -COOH (carboxylic acid) groups, respectively [27,46—48]. For
CGO0;-NH3-400 and CGO0,-NH3-600, the band centered at 285.3 eV and 285.9 eV, respectively, appear much wider
due to an overlap of C=N, C-N, and C-O, which is a consequence of the insertion of nitrogenous groups after the
ammonization of CGO [47—49]. Simultaneously, the disappearance of the -COOH group band is observed in all
ammonized solids. Since CG0;-NH3-800 did not exhibit any nitrogen content, it is assumed that carboxylic acids
were decomposed before the introduction of ammonia gas. This decomposition likely closed off the pathway for
the introduction of nitrogenous groups, which typically occurs through the ammonia gas and oxygenated acidic
groups [50]. Furthermore, CG0;-NH3-800 presents a much less broad C-O band and a timid band due to the
presence of C=0 carbonyl groups (9.1%) [47,48].



Figure 2 presents the deconvolution of the high-resolution spectra of N performed for the materials
CGO and CGO,-NH3-T. It is noteworthy that the Njs peak was not detectable for CGO and CGO;-NH3-800.

Additionally, the calibration of all high-resolution peaks was carried out using the main peak of the Ci spectrum
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at 284.4 eV.
Figure 2 - Deconvolution of the high-resolution XPS spectra of N1s for glycerol carbons (CG01-NH3-400 and CGO0:1-NH3-600)

Table 2 displays the binding energy range and proportions of the deconvoluted peaks corresponding to
the N spectra of glycerol carbons (CG0,-NH3-400 and CG0;-NH3-600).

Table 2 - Binding energy and their respective assignments and percentage referring to the N1s peaks obtained from the high-
resolution XPS spectra of glycerol carbons (CG01-NH3-400 and CG0:1-NH3-600)

Sample N1 (eV) N2 (eV) N3 (eV) NS (eV)
3984 3995

CGO,-NH;-400 o o2 1% ; ;
3989 4002 4032

€G0:-NH3-600 (66.8%) - (30,7%) (2,5%)

N1 = pyridine. N2 = amino/imine/amide. N3 = pyrrole/lactam/pyridone/aniline. N5 = pyridine oxide
Source: [50-53]

Figure 2 and Table 2 illustrate that the solid ammonized at 400 °C (CG0;-NH3-400) exhibited 2 peaks
in Nys, with a predominance of the N2 type (92.1%). This peak corresponds to bonds between carbon and nitrogen
(398~400 eV) and typically indicates the presence of nitrogen functional groups such as amino, imine and/or
amide. Furthermore, within the same range, there is evidence of the presence of N1 group, which appear in a
considerably smaller proportion (7.9%). This peak corresponds to the binding energy between carbon and nitrogen
specifically present in pyridine. At higher temperatures (600 °C), the formation of N2 groups was not observed.
Instead, N1 groups were predominant (66.8%) in CG0,-NH3-600. Additionally, the appearance of N3 groups
(30.7%) was noted, which corresponds to the range related to nitrogen-hydrogen bonds (400.5~401.0 eV). These
groups may consist of functional groups such as pyridone, lactam, pyrrole, protonated amines, and anilines. Finally,
it is still possible to verify a timid presence of the N5 group (2.5%), which is in the range of nitrogen-oxygen bonds
(403~406 eV) and refers to the oxidized form of pyridine [50-53]. The results indicate that at low ammonization
temperatures (400 °C) the formation of N2 groups predominates. Conversely, at higher temperatures (600 °C),
there seems to be a preference for the formation of nitrogenous groups, mainly from N1 type, along with the

appearance of a lower content of N3 and N5 groups.



Based on literature data [38,50,52—54], the formation of N2 groups (imine, amine, and/or amide) is
favored at low temperatures (200-450 °C). These groups are typically produced by the reaction between ammonia
gas and carboxylic acids, as well as by the dehydration of two adjacent carboxylic groups followed by their reaction
with ammonia. However, increasing the temperature to 600 °C favors the predominance of N1 (pyridine) groups
and the appearance of N3 groups. This is attributed to the higher energy available, which facilitates the nitration
of aromatic rings. N3-type groups can be formed via the substitution of phenolic hydroxyls to produce anilines,
for example. Hence, the absence of N1 and N3 groups (protonated amine, pyrrole, aniline and/or lactam/peridone)
in CG0;-NH3-800, which are expected to be favored at higher temperatures, is attributed to the complete evolution
of carboxylic groups (COOH) at temperatures exceeding 600 °C. This evolution reduces the reactivity between
the surface of the glycerol carbon (CG0) and ammonia gas, thus preventing the insertion of nitrogenous groups
[38,50,52—54]. Figures S4 and S5 depict the structures of the primary nitrogen groups potentially inserted in CG0;-
NH3-400 and CGO0,-NH3-600, respectively.

3.1.3 Zeta Potential

The point of zero charge (PZC), or isoelectric point, is where the charge surface is considered neutral.
When the pH of the reaction medium is above the pHpzc, the surface of the adsorbent will be negatively charged,
otherwise it will be positively charged [55,56]. CGO has a low pHpzc value of 1.1, that can be attributed to the
presence of oxygenated acid groups (carboxylic and sulfonated) on its surfa‘ceL In an aqueous medium, these groups
tend to deprotonate, leading to the generation of a negative charge. It was not possible to detect the point of zero
charge from CG0;-NH3-400, which appears to be close to 1. After ammonization, the point of zero charge (PZC)
of materials CG0;-NH3-600 and CGO0;-NH3-800 increased to pHezc =3.2 and 3.4, respectively. This finding is
consistent with reports in the literature, which suggest that the insertion of nitrogenous groups from ammonia
treatment can cause an increase in the PZC of activated carbon. This is due to the incorporation of basic sites on
the surface, leading to the generation of positive charges [50]. This suggests that at 600 °C, there was the formation
of groups with a more basic character (pyridine), whereas at 400 °C, among the possible N2 group formations,
imine and/or amide were predominantly produced, which are weaker bases than amine [52]. Since CG0;-NH3-800
did not exhibit nitrogenous functional groups, the increase in PZC for both materials could be attributed to a
reduction in the content of oxygenated acidic groups and/or the formation of basic groups containing nitrogen.
This formation could have occurred through the reaction between oxygenated groups and ammonia gas. The graph

representing the zeta potential measurements can be found in Figure S6.
3.2 Preliminary batch adsorption tests

The results of preliminary tests with glycerol carbons carried out in batches using a synthetic solution
with an initial concentration of 5.0 mg/L NOs5, a dosage = 1 g/L (adsorbent: solution), pH = 5.5, magnetic stirring

300 rpm for 60 min at a 23 °C, are present in Figure 5.
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Figure 5 — Removal rate and adsorption capacity of nitrate in synthetic nitrate solution (5.0 mg/L), under magnetic stirring at
ggg)l‘pm, dosage = 1.0 g/L, pH = 5.5 and T = 23 °C for glycerol carbons (CG0, CG01-NH3-400, CG01-NH3-600, CGO01-NH3-

Table 5 shows that CGO did not show adsorption capacity during preliminary tests, most likely due to
its negatively charged surface in an aqueous medium. This characteristic would certainly hinder the retention of
anions such as nitrate. The ammonization was responsible for generating removal capacity on the glycerol carbons
produced at 400, 600, and 800°C (0.18, 2.09 and 2.86 mg/g, respectively). At 400°C, the ammonization of CG0
promoted the insertion of nitrogenous groups N2 (amino and/or imine = 92.1%) and N1 (pyridine = 7.9%) that
resulted in the lower adsorption capacity (0.18 mg/g). The rise in pyridine content correlated with the increase in
nitrate adsorption capacity (400°C = 0.18 mg/g and 600°C = 2.09 mg/g). This can be explained by the stronger
basic character of pyridine compared to the nitrogen groups inserted at 400°C. Pyridine's stronger basicity
facilitates its protonation (formation of positive charges) in an aqueous medium, thus promoting the retention of
anions such as NOj". At 800 °C the increase in the surface area (1034 m?/g) and pHpzc (3.4) resulted in the highest
nitrate retention capacity observed in preliminary adsorption tests (2.86 mg/g). Therefore, the increase of pyridine
content and the development of the surface area seems to be a key factor in the nitrate retention capacity for CGO;-
NH3-600 and CG0;-NH3-800, respectively. This is likely due to the greater availability and/or access to the
adsorptive sites present. Further studies were carried whit the two adsorbents with great adsorption capacity (CGO;-
NH;-600 and CG0;-NH3-800). Aspects regarding possible adsorption mechanisms will be further explored in more
detail in Topic 3.3 (Adsorption isotherms).
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3.3 Adsorption kinetic and isotherm adsorption studies

For CG0;-NH3-600 and CG0,-NH3-800, Figure 6 a and b illustrate the data depicting the kinetic studies
and the adsorption isotherms (non-linear Langmuir and Freundlich models) for CG0;-NH3-600 and CGO0;-NH3-
800.
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Figure 6 a) Kinetic study curves for nitrate adsorption (5 mg/L; pH= solution; T= 23 °C; dosage - 2.0 g/L) of CG0:-NH3-600
and CG01-NH3-800; b) Nitrate adsorption isotherms (pH = 5.5; T =23 °C; Dosage = 2.0 g/L; 160 rpm; 90 min) for CGO1-NH3-
600 and CG01-NH3-800 containing the curves of the nonlinear Langmuir and Freundlich models

Figure 6 shows that the adsorption capacity (Qe) of CG0-NH3-600 and CGO0;-NH3-800 reached
equilibrium in 60 min with nitrate adsorption capacities of 0.94 + 0.06 mg/g and 2.08 + 0.06 mg/g, respectively.
Within 10 min, CG0;-NH3-800 already achieves a higher adsorption capacity (Qe = 1.52 +0.13 mg/g) than the
maximum value presented by CG0;-NH3-600 in 360 min (Qe = 1.04 £ 0.09 mg/g). In both cases, the pseudo-
second order kinetic model showed a better fit (R? closer to the unit value), indicating that the determining step of
nitrate adsorption is predominantly governed by chemisorption. This implies thatthe nitrate adsorption rate is more
dependent on the availability of the adsorptive sites than on the initial nitrate concentration [17,57]. The parameters
obtained from the first and second pseudo-order models are presented in Table S4. The intraparticle diffusion
model for CG0;-NH3-600 and CGO0;-NH;3-800 (Figure S3) shows three main linear segments for both adsorbents.
However, since none of these segments passes through the origin point of the graph (0,0), this suggests that

adsorption is influenced by multiple processes [17,58-60].

Figure 6b shows that both nonlinear Langmuir and Freundlich models applied to the experimental data
of the adsorption isotherms (CGO;-NH3-600 and CGO0;-NH3-800) provide good fits, as confirmed by their
respective parameters on Table S4 (R>>0.90). However, for CG0;-NH3-600 the Langmuir model was more
predominant (R?>= 0.97>0.94), while for CG0,;-NH3-800 the Freundlich model prevailed (R>=0.97>0 ,92). The
maximum adsorption capacities (Qmax) were 1.18 mg/g (CG0,-NH;3-600) and 2.45 mg/g (CG0,-NH3-800), values
close to those found experimentally: Qeex,= 1.34 mg/g and Qec,=2.58 mg/g, respectively. The parameters (Table
S4), following the results obtained so far, indicate a higher affinity between CG0;-NH3-800 and nitrate in aqueous
medium [17,57,61,62]. The best fit to the Langmuir model indicates a predominance of chemisorption processes
(Pseudo-second order), and a monolayer adsorption, while the good fit of the Freundlich model suggests multilayer

adsorption [57,63-65]. The good fit of both the Langmuir and Freundlich models reinforces the assumption that



there is more than one adsorption mechanism in action in both adsorbents, which will be explored in the next

section (3.4).
3.4 Possible Mechanisms

The mechanisms for nitrate adsorption in aqueous media were proposed according to the literature
[17,36,37,60,66—70] and all functional groups and species identified on the surface of the adsorbents CG0-NH3-
600 and CG0,-NH3-800. Some of the proposed mechanisms are illustrated in Figure 7.

Eletrostatic
interaction

“— lon exchange
— Complexation

Hydrogen
bond

|

Figure 7 - Possible adsorption mechanisms involved in nitrate adsorption according to the functional groups and species present
on the surface of CG01-NH3-600 and/or CG01-NH3-800

Figure 7 illustrates the potential mechanisms of nitrate adsorption in an aqueous medium for CGO;-
NH3-600, where the nitrogenous functional groups (N1 = pyridine and N3 = pyrrole, aromatic amines (anilines)
and/or lactam/peridone) may be present, retaining the nitrate through hydrogen bonding. This bonding occurs due
to the electrostatic interaction between a proton (H") and the oxygen contained in the nitrate ion [37,58,69].
Another possible mechanism for the protonated nitrogen groups is electrostatic interaction, which consists of the
long-range interaction between species charged with opposite charges. Additionally, ion exchange could occur,
where nitrogen groups with a positive charge attract OH- molecules present in the reaction medium [35,36,65].
The iron species, present in both adsorbents, may be involved in ion exchange (OH- for NO5’), inner sphere
complexation since iron is a transition metal with an unfilled orbital, and/or electrostatic interaction, particularly
in the case of hydration [65,67]. Finally, the hydroxyl groups (phenol), which are also present in both adsorbents,
may contribute to nitrate removal through hydrogen bonding or electrostatic interaction [17].

The greater variety of adsorption sites in CG0;-NH;3-600 appears to contradict the results indicating a
higher adsorption capacity for CG0;-NH3-800, However, the latter has a superior porous structure and a more

developed surface area, which are key factors for adsorption (a surface phenomenon). Furthermore, among the
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nitrogenous groups present in CG0;-NH3-600, it is unlikely that all are fully protonated due to the pH of the
reaction medium (5.5). It is probable that the nitrogenous groups primarily responsible for nitrate adsorption under
the studied conditions are of the pyridine-type groups (N1). These groups are likely in a conformation that provides
them with stronger basic properties (more available pair of electrons for bonding with hydrogen) than N3 and N2
species, thereby favoring their greater protonation in the aqueous medium. This protonation aids in retaining an
anion such as nitrate by generating a higher positive charge on the surface, thereby enhancing the effectiveness of

mechanisms such as electrostatic interaction, ion exchange, and hydrogen bonding [37,65,66,68,70]

4 CONCLUSIONS

Ammonization (from 30% NH3) was found to be an essential step in creating nitrate adsorption capacity
and enhancing the nitrogen content of a material previously containing oxygenated acid groups (carboxylic), which
opens doors to the study of these materials not only as adsorbents but also as fertilizers (nitrogen sources).
Preliminary adsorption tests revealed that glycerol’s carbon (CGO) initially did not exhibit nitrate retention
capacity, likely due to a negative charge induced by the presence of oxygenated acid groups (carboxylic and
sulfonated). However, after ammonization (under 30% NH3(g) flow), its behavior was significantly altered,
enabling it to achieve nitrate retention levels of 0.18-2.86 mg/g (at 400, 600, and 800°C). According to XPS,
ammonization was responsible for the introduction of nitrogen content in CG0;-NH3-400 (1.5%) and CGO;-NH3-
600 (2.2%). The increase in pyridine content (7.9-66.8%) with the temperature rise (400 to 600°C) seems to be a
key factor in generating nitrate adsorption capacity (0.18 to 2.09 mg/g NOs"). CG0;-NH3-800 did not undergo the
insertion of nitrogenous groups, but it exhibited the largest surface area (1034 m?%g) and pHpcz (3.4), resulting in
the highest adsorption capacity (2.86 mg/g NOs3") among the developed carbons. Adsorption kinetics and isotherm
studies demonstrated that the adsorbents CG0;-NH3-600 (Qmax=1.2 mg/g) and CG0;-NH3-800 (Qmax =2.4 mg/g)
reached equilibrium in 60 min, showing a preference for the same kinetic model (Pseudo-second order) but
different isotherm models (Langmuir and Freundlich, respectively). These studies indicated that nitrate adsorption
in aqueous solution was governed by more than one process in both adsorbents, possibly including hydrogen
bonding, electrostatic interaction, complexation, and ion exchange. Therefore, besides collaborating for the
availability and sustainable management of water and sanitation, glycerol carbons developed at this work can also

be studied as fertilizers, which is directly correlated with sustainable agriculture.
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