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a b s t r a c t

The function-led design of porous hydrochar from mineral-rich biowaste for environmental applications
inevitably suffers from carbon–ash recalcitrance. However, a method to alter the original carbon skeleton
with ash remains elusive and hinders the availability of hydrochar. Herein, we propose a facile strategy
for breaking the rigid structure of carbon–ash coupled hydrochar using phase-tunable molten carbonates.
A case system was designed in which livestock manure and NaHCO3 were used to prepare the activated
hydrochar, and NH3 served as the target contaminant. Due to the redox effect, we found that organic frac-
tions significantly advanced the melting temperature of Na2CO3 below 800 �C. The Na species steadily
broke the carbon–ash interaction as the thermal intensity increased and transformed inorganic con-
stituents to facilitate ash dissolution, rebuilding the hydrochar skeleton with abundant hierarchical chan-
nels and active defect edges. The surface polarity and mesopore distribution collectively governed the
five cycles NH3 adsorption attenuation process. Manure hydrochar delivered favorable potential for appli-
cation with a maximum overall adsorption capacity of 100.49 mg�g�1. Integrated spectroscopic character-
ization and theoretical computations revealed that incorporating NH3 on the carbon surface could
transfer electrons to chemisorbed oxygen, which promoted the oxidation of pyridine-N during adsorp-
tion. This work offers deep insight into the structure function correlation of hydrochar and inspires a
more rational design of engineered hydrochar from high-ash biowaste.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Driven by the ever-growing global population, rapid industrial
development, and urbanization, the demand for natural resources
continues to increase, causing tremendous waste production and
severe threats to planetary stability and human well-being [1].
Innovating valorization strategies for biowaste streams to promote
reduction, reuse, and recycling at distinct levels is closely con-
nected to targeting the United Nations’ Sustainable Development
Goals [2,3]. Developing biochar materials to convert renewable
resources is ideal for addressing many global issues [4]. Biochar,
a carbon-rich material converted from biomass by pyrolysis, gasi-
fication, torrefaction, and hydrothermal carbonization (HTC), has
stimulated significant interest in climate regulation and food secu-
rity over the past few decades [5–7]. Biochar is an emerging tool
for carbon sequestration owing to its economical and sustainable
properties and high environmental application potential as a func-
tional material, including contaminant immobilization, nutrient
recovery, and energy storage [8–11].

Notably, rich biomass waste resources endow biochar with
diverse properties and compositions, especially in terms of struc-
tural and inorganic components, contributing to the enormous
uncertainty and heterogeneity of hydrochar structures [12]. Exoge-
nous and inherent minerals can be immobilized by embedding and
chelating reactions with a carbon matrix, leading to numerous
obstacles in practical applications [13,14]. In fact, carbon–ash cou-
pling frameworks exist widely in carbon materials prepared from
biomass with high ash content (e.g., livestock manure, sewage
sludge, and rice straw) [15–18]. To further enhance the application
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performance, the design and modulation of biochar are inevitably
required by introducing chemical activators and innovative activa-
tion methods to rebuild skeletal structures [19–21]. Elucidating the
carbon–ash interaction of biochar is vital for establishing struc-
ture–application relationships.

Residual ash, typically included in the organic matrix mixture
and structural constituents, is collectively responsible for the recal-
citrance of biochars fabricated using distinct technologies [12,22].
Some mechanisms have been proposed to explain this effect:
➀ The intertwined ash and active components can reduce the car-
bonaceous structure accessibility by encapsulating the carbon
matrix [23]; ➁ minerals serve as barriers to block the diffusion of
heat and constrict the release of volatiles during the charring process
[24]; and ➂ condensed aromatic C confers distinct oxidation resis-
tance and thermal stability to biochar [25]. Mutual protection
between the inorganic and organic phases plays an important role
in the biogeochemical cycling of biochar [26]. It has been reported
that the gradually intense carbon cracking reaction caused the frac-
ture of organic layers and the exposure of silicon layers to increasing
pyrolytic temperatures, significantly improving the silicon dissolu-
tion performance of biochar [27]. This demonstrated that the rigidity
of the carbon structurewas crucial for the ash release. Hydrothermal
conversion arms produce hydrochar with a high carbon content,
well-developed aromatic nature, and abundant insoluble minerals,
as determined by feedstock, comparedwith pyrochar prepared from
pyrolysis [28]. In addition, owing to the differences in the carboniza-
tionmechanism,minerals can be effectively protected and dispersed
during the aromatization and nuclear reaction of organic matter in
HTC [29]. This indicates that hydrochar offers greater chemical
recalcitrance and resistance to decomposition during post-
carbonization [7]. For predicting the fate and reactivity of hydrochar,
it appears crucial to link the evolution of the carbon–ash structure of
char to its physicochemical properties.

Generally, supplementation with additional salts to construct a
multi-component mixture system can alter the thermal and chem-
ical stabilities of mineral constituents in chars and produce porous
carbons with excellent porosity and distinct microstructures [30–
32]. Molten salts facilitate the cleavage of metal ions or ionic/cova-
lent bonds by providing intermediate active substances in a strong
polarization environment [33,34], whereas the catalytic perfor-
mance is determined by the properties of the molten salts and car-
bon precursors, such as melting temperature, thermal stability, and
chemical components [35]. Molten carbonate salts are considered
optimal media for the chemical cracking reactions of molecular
organic functional groups (OFGs) and structures. They are also
effective in dissolving metal compounds, such as silicon dioxide,
but are limited by their high melting points [36,37]. Several studies
have investigated the interactions of O-containing functional
groups on carbon surfaces with salts [33,38]. To date, the transfor-
mation and morphology of carbonate salts during the activation
and breakthrough of the recalcitrance of hydrochar, especially that
derived from high-ash biomass, remain unclear.

In response to the above knowledge gaps, we endeavor: ➀ to
clarify the breaking mechanism of high-ash hydrochar recalci-
trance during molten salts activation, involving the interaction C-
ash system of manure hydrochar with sodium carbonate, along
with the effect of chemical components of hydrochar on the trans-
formation of sodium carbonate, by X-ray photoelectron spec-
troscopy (XPS), differential scanning calorimeter (DSC), and
scanning electron microscope (SEM) analyses and so forth; ➁ to
introduce ammonia (NH3) as the target contaminant to investigate
the relationship of hierarchical structure of hydrochar with NH3

and determine the role of surface functionality in NH3 immobiliza-
tion through fix-bed NH3 adsorption test and density functional
theory (DFT).
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2. Materials and methods

2.1. Feedstock and chemical reagents

Cowmanure (CM) and pig manure (PM), which are typical high-
ash livestock wastes, were collected from local farms in Pinggu Dis-
trict, Beijing, China. The fresh manures were stored at �20 �C and
sealed with plastic bags before further usage. The detailed compo-
sition of the feedstock is provided in Table S1 in Appendix A.

For the HTC process, the thawed manure was first dried at
(80 ± 5) �C in the oven and was ground and passed through a
1.70 mm sieve. The slurry, which was mixed with the manure
powder and deionized (DI) water with a total solid content of
20%, was transferred into a stainless-steel hydrothermal reactor
(500 mL) (Parr 4848, Parr Instrument Co., USA) for hydrochar
preparation. The sealed reactor was heated electrically to varied
temperatures, ranging from 190 to 260 �C at intervals of 20 �C,
and then maintained for 2 h under autogenous pressure. The solid
residue was collected by vacuum filtration and then immersed in
1 L of HCl solution (0.1 mol�L�1) to remove the inorganic compo-
nents. DI water was continuously used to wash the acid residue
on the carbon surface until the pH of the supernatant was nearly
neutral. The carbon samples were dried overnight at 105 �C in
the oven afterward. The obtained CM and PM hydrochars, wherein
samples produced at 230 �C were employed as precursors for acti-
vation and referred to as HC and HP, respectively, were smashed
and stored for subsequent characterization.

NaHCO3 (� 85%, Macklin Inc., China) was the activator for
breaking the carbon–ash interaction. After thoroughly grinding
HC and HP with NaHCO3 (hydrochar/activator ratio of 1:2), the
mixtures (9.0 g) were weighed into a tube furnace and pyrolyzed
at specific temperatures (500, 650, and 800 �C) with a heating rate
of 10 �C�min�1 and 2 h duration under N2 flow (350 mL�min�1). The
activator was absent during the conventional pyrolysis of HC and
HP. Similarly, the resulting solid chars were subjected to the afore-
mentioned washing process, wherein for NaHCO3-activated hydro-
char, the pickling was terminated when no more bubbles were
produced in the suspension. After being dried and separated, the
processed activated hydrochars derived from CM and PM were
labeled as AHC-X and AHP-X, respectively, where X (X = 500, 650,
and 800 �C) represented the pyrolysis temperatures. The
thermal-treated hydrochars without introducing an activator were
similarly denoted as ‘‘HC-X” and ‘‘HP-X,” respectively.
2.2. Characterization

The thermogravimetry-infrared spectroscopy (TG-IR; STA
449F5 INVENIO-R, Bruker, Germany) experiments were performed
to analyze the gaseous products volatilized during pyrolysis pro-
cess with the temperature elevating from 30 to 1000 �C at a ramp
rate of 10 �C�min�1 in N2 stream. The melting point, enthalpy, and
thermodynamic processes were determined using a
thermogravimetric-differential scanning calorimetry (TG-DSC)
(1100LF, Mettler Toledo, Switzerland). XPS (ESCALAB 250Xi,
Thermo Fisher Scientific, USA) was used to analyze the elemental
composition and valence states of the hydrochars. The distribution
of elements (C, H, and N) was determined using a CHNS/O analyzer
(Vario EL III, Elementar, Germany). The ash of feedstocks and
hydrochars produced at 600 �C in a muffle oven under an air atmo-
sphere for 4 h was analyzed by X-ray fluorescence (XRF; Super-
mini200, Rigaku, Japan). The mineral phases of samples were
characterized by an X-ray diffractometer (XRD; Rigaku Ultima IV,
Rigaku) with Cu Ka radiation at a scanning rate of 5 (�)�min�1. Sur-
face morphology and elemental mapping details were observed
using SEM (SU3500, Hitachi, Japan) coupled with energy-
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dispersive spectrometry (EDS; SU3500, Hitachi, Japan) and high-
resolution transmission electron microscopy (TEM; Talos F200S,
Thermo Fisher Scientific). Based on the Brunauer–Emmett–Teller
(BET) method, the surface areas and pore volumes were deter-
mined by N2 adsorption at 77 K (ASAP 2460; Micromeritics,
USA). The aromatic ring structures of the materials were studied
using Raman spectroscopy (LabRAM HR Evolution, Horiba Scien-
tific, Japan).
2.3. Dynamic adsorption experiments of NH3

The NH3 adsorption performances of the hydrochars were eval-
uated using a laboratory-type fixed-bed adsorption instrument.
The breakthrough curves and adsorption capacities were analyzed
under distinct parameters, including temperatures (25, 40, and
70 �C), surface humidity (0 and 20 wt%), and five-cycle adsorp-
tion–desorption test. Details are provided in Supplementary Text
S1 in Appendix A. AHC-X-E and AHP-X-E represented the activated
hydrochar derived from CM and PM after adsorption saturation,
and the sample after desorption was labeled by AHC-X-D and
AHP-X-D.
2.4. Computational method

The interaction energies of the carbon structure with the NH3

molecule were calculated using DFT and performed using Gaussian
16 software (Revision A.03; Gaussian Inc., USA) and Multiwfn
[39,40]. The energy barrier between the initial and final states
was calculated to analyze the potential oxidation reaction of the
N-containing groups triggered by active oxygen species during
NH3 exposure. The detailed implementations are described in Sup-
plementary Text S2 in Appendix A.
3. Results and discussion

3.1. The interaction of carbon surface and NaHCO3

The thermal properties of the hydrochar and NaHCO3 mixtures
were analyzed to reveal the activation mechanism involving ther-
mal stability and gaseous product distribution. A more obvious
adsorption band, assigned to the CO2 at 2450–2250 cm�1 during
the temperature 700–800 �C, was observed according to TG-IR
spectra (Fig. S1 in Appendix A) after the introduction of NaHCO3,
indicating an intense mutual reaction between the carbonate and
organic components of the hydrochars. For NaHCO3, the thermo-
gravimetric analysis curves (Fig. S2 in Appendix A) shifted towards
lower temperatures in the presence of hydrochar, which was likely
due to the effect of the surface chemical properties of hydrochar on
the volatilization activation energy [41]. DSC analysis (Fig. 1(a))
shows the heat changes of NaHCO3 and their correlation with the
ash of manure hydrochar and cellulose- (Hcellulose), lignin- (Hlignin),
and protein- (Hprotein) based hydrochar. Notably, the decomposi-
tion of NaHCO3 was significantly boosted by the above monocom-
ponent hydrochars, with the decline of the melting points from
845.65 to 771.41 �C. At the same time, the introduction of ash,
which altered the thermal properties of molten salts by forming
new eutectic systems, exhibited slight impacts [32]. These changes
demonstrate the occurrence of oxidation/reduction chemical reac-
tions during activation, primarily induced by the OFGs of the
hydrochar, which accelerate the transformation of Na species to
the corresponding atomic forms. The rich, accessible OFGs served
as active sites for cation–anion interactions, which could alter
the NaHCO3 atomization mechanisms, leading to the advanced
evaporation of oxides and Na.
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The graphitization and defect degrees of the activated hydro-
chars were analyzed using Raman spectroscopy (Fig. S3 in Appen-
dix A), wherein the characteristic peaks at 1350 and 1580 cm�1

corresponded to the disordered graphite structure (D-band) and
the graphitized structure which is assigned to the stretching of car-
bon atoms pairs of sp2 domains (G-band), respectively [42]. The
relative intensity of the D-band/G-band peak is commonly
employed to estimate the type and density of defects, as well as
the level of functionalization in a carbon material, owing to the
inevitable disruption of symmetry by local structural and chemical
defects [43]. The intensity ratios of the G-band peaks to D-band
peaks (IG/ID) of CM and PM hydrochars gradually decreased from
1.25 and 1.14 to 0.99 and 0.98 as activation temperature escalated,
respectively. This result suggesting more defect sites were gener-
ated thanks to the attack of aromatic ring matrix by molten salts,
which facilitated the exposure of active sites on the edge of the car-
bon layer and the activation of chemisorbed oxygen species to O2

��

[44–46].
XPS was used to confirm the carbon configuration estimation

further (Fig. S4 in Appendix A, Fig. 1(b)). The C 1s spectra could
be deconvoluted to four peaks, including C=C ((284.6 ± 0.2) eV),
C–O ((285.9 ± 0.2) eV), C=O ((287.3 ± 0.3) eV) and O=C–OR (R: func-
tional group, (288.8 ± 0.4) eV) [47,48]. In contrast to the pyrolysis
process without NaHCO3 addition, the peaks of C=C decreased with
increasing activation intensity, which agreed with the results of
the abovementioned Raman analysis. In the O 1s peaks, the binding
energy of (530.8 ± 0.4) eV, (532.8 ± 0.2) eV, and (534.1 ± 0.1) eV
corresponded to C-O in carbonyl or quinine (O-I), C–O bond in
phenol or ethers (O-II), and C–O in lactone or carboxylic anhydride
(O-III), respectively [49,50]. The scarce content of O-I in hydrochars
activated at 800 �C temperature demonstrated the decomposition
of functional groups related to aromatization. The addition of
NaHCO3 accelerated the cracking of C=O groups, which released
large amounts of free radicals, while Na species such as Na2O inte-
grated with vacancies at the edge of the carbon matrix, leading to
an increase in C–O groups [33]. These exothermic chemical reac-
tions during carbonization and activation may serve as a heat sup-
ply to change the thermal properties of the molten salts, which
have efficient thermal conductivity. The ions in the Na salts accel-
erated the breaking of chemical bonds in the hydrochar precursors,
thereby affecting the surface chemistry of the activated samples
[51]. N 1s spectrum identified pyridinic N (N-6, (398.4 ± 0.1) eV),
pyrrolic N (N-5, (400.2 ± 0.2) eV), graphitic N (N–Q, (401.5 ± 0.2)
eV), and pyridine-N-oxide (N–O, (403.1 ± 0.3) eV) [49,52]. The
relatively unstable N species, pyridine-N, and pyrrole-N, tend to
form N–Q through depolymerization and rearrangement reactions
as the pyrolysis temperature increases, considering the difference
in thermal stability [53]. A higher N–Q content was obtained with
the assistance of NaHCO3, which indicated that the molten salt
contributed to the reduction of the activation energy for cracking
nitrogen-containing heterocycles and rebuilding the carbon matrix
with a higher graphitization degree. The abrupt emergence of N–O
in AHC-800 and AHP-800 indicated that free Na oxides, such as
Na2O, easily reacted with receptors located at the defect or edge
of the carbon structure and grafted oxygen atoms onto N-6 to pro-
mote the removal of contaminants.

The detailed morphology and pore distribution of all samples
were characterized by SEM, BET, and TEM analyses (Figs. S5 and
S6 and Table S2 in Appendix A and Fig. 1(c)). A larger surface area,
ranging from 133.11 to 844.62 m2�g�1, was obtained on activated
hydrochars compared to precursors that possessed an almost non-
porous nature (0.92–2.59 m2�g�1). The original HC and HP textures
were reshaped through Na–salt corrosion into rough, porous, and
hierarchical structures, which generated rich functional groups
that acted as interfacial active sites. The cross-stacking of the
striped graphite layers on AHP-800 indicates the presence of a



Fig. 1. (a) DSC analysis of NaHCO3 and the mixture of NaHCO3 with hydrochar compositions, wherein the grey line denoted the upper limit of activation temperature and the
abbreviation Exo stood for exothermic; (b) the proportion of each C, O, and N groups in hydrochar before and after activation; (c) TEM images of activated hydrochar.
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uniform aromatic cluster. With excellent mobility to enclose feed-
stocks and catalytic performance, the liquid-state carbonate
caused more expanded meso- and micro-pores and the formation
of worm-like structures with intricate micro-tunnels on AHC-800
and AHP-800, offering additional adsorption sites and dispersive
forces for NH3 storage.

3.2. Ash transformation during the activation process

Distinct inorganic compounds mingled in the excrement during
the manure harvesting process in livestock production (Fig. S7 in
Appendix A). XRF analysis suggested that the hydrothermal treat-
ment facilitated the transfer of soluble components in manure,
such as Na- and K-containing salts, into the aqueous phase. Si salts
(44.38%) dominated the inorganic phase of CM, whereas more P
(34.33%) and Ca (40.01%) salts were observed in the PM hydrochar.
Without adding activator, the ash contents of livestock manure
increased after pyrolysis (43.09%–62.05%) (Fig. 2(a)), indicating
the slim impact of acidic washing on ash removal. This can be
attributed to the dehydrogenation and deoxidation of organic mat-
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ter, resulting in a more compact carbon mantle after thermal treat-
ment, significantly deterring total ash dissolution [54]. A carbon
surface dominated by C, O, and N was observed through SEM-
EDS (Fig. 2(b) and Table S3 in Appendix A), whereas the ash signals
decreased as the pyrolysis temperature increased, which was
inconsistent with the variation in the ash content described above.
XRD analysis was performed to provide deeper scanning for the
crystal morphology of the unactivated hydrochar (Fig. 2(c)). In
addition to the characteristic peak of SiO2, the appearance of
diffraction peaks of acid-soluble substances, such as calcium iron
oxide and K2O, suggests that a large amount of ash was still
embedded in the internal layer of the carbon structure, strongly
demonstrating the protective model of carbon towards ash in man-
ure hydrochar. Metal nanoparticles exhibit much better-ordered
carbon structures with straight stacked graphitic layers via auto-
catalytic reactions with local organics [55].

Lower ash contents (10.37%–25.40%) of activated samples indi-
cated the effective destruction of carbon–ash complex structure by
NaHCO3 via catalyzing the successive aromatization of labile
organic phase of hydrochar, thereby leading to the exposure of



Fig. 2. (a) Ash content of carbon samples; (b) surface elements distribution of pyrolyzed hydrochars without NaHCO3 via SEM-EDS analysis; and (c) XRD spectra of pyrolyzed
hydrochars without activator and ash of activated hydrochar, wherein h represented the angle of incidence of X-rays with respect to the crystal lattice plane and the
abbreviation a.u. stood for arbitrary unit.

Z. Wang, L. Zhang, Y. Zhang et al. Engineering 36 (2024) 167–177
ash layers and considerable mineral loss after acid washing espe-
cially for metallic oxides. Notably, in contrast to the slight fluctua-
tion for hydrochars activated at low temperatures, the significant
decrease for AHC-800 and AHP-800 implies that the Na species
contributed to the transformation of insoluble Si substances into
soluble salts. The considerable dissolution of sodium silicate can
be recycled to produce water glass and refractory materials [56].
From the XRD pattern (Fig. 2(c)), the ash composition of the acti-
vated hydrochars mainly contained SiO2, Fe2O3, and NaAlSi3O8,
among which the characteristic peaks of insoluble Na-salt com-
pounds may have been caused by the high-temperature reactions
between sodium oxide and Al/Si compounds. These reactions pro-
mote the dissolution of minerals and alter the presence of Si-
containing species in the carbon structure as follows:

NaAlSi3O8 þ 3Na2O ! NaAlO2 þ 3Na2SiO3 ð1Þ

SiO2 þ Na2O ! Na2SiO3 ð2Þ

P2O5 þ 3Na2O ! 2Na3PO4 ð3Þ
3.3. Breakthrough mechanism insight

The reactivity of metals in chemicals during activation affects
the carbon structure and functionality. The NaHCO3 was first
decomposed at near 150 �C to generate CO2 and Na2CO3, contribut-
ing to the physical damage of the original hydrochar structure and
perforating with meso- and macro-pores [57]. The spiky curves at a
pore size of 52 nm can be attributed to the loss of inorganic frac-
tions (Fig. S6 in Appendix A). Limited by the absence of ion mobil-
ity, which was owing to the insufficiency of mechanical mixing and
the agglomeration effect of ionic crystals, the activator etched car-
bon surface through solid–solid thermal contact and promoted
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gasification reaction for the development of mesopores in the
range of 2–50 nm at relatively low catalytic temperatures (500
and 650 �C) (Figs. S5 and S6). When the temperature reached
800 �C, the melting of Na2CO3 appeared early due to the interaction
of functional groups with Na species. This liquid medium possesses
high thermal conductivity and disperses the feedstock effectively,
improving the regional heat transfer and activation performance
in dynamic solid/liquid interfaces [58,59]. The carbon lattice
expansion caused by the intercalation reaction of metallic Na and
the release of various volatile substances (e.g., CO2, CO, H2O, and
vaporized Na) during the process further enhanced the porosity
of the hydrochar, particularly for the generation of micropores. A
breakthrough mechanism for carbon–ash recalcitrance in manure
hydrochar is proposed in Fig. 3.

The skeletal structure of manure hydrochar evolved from amor-
phous aromatic carbon clusters to a graphitic matrix with increas-
ing pyrolysis temperature, sheltering the ash matter inlaid
irregularly within the hydrochar by a compact carbon frame. The
O-containing groups of hydrochar can interact with minerals via
ligand exchange, cation bridges, hydrogen bonding, ion exchange,
and van der Waals interactions, forming mineral-organic protec-
tive associations [60]. The introduction of NaHCO3 resulted in the
formation of a reaction region at a temperature range from 600
to 800 �C during the pyrolysis process (Fig. S2). In contrast to the
relatively steady carbonization processes of the independent
pyrolysis of HC and HP, the significant mass loss rates observed
in the mixture of NaHCO3 with HC and HP further demonstrated
the enhanced cleavage of chemical bonds in the hydrochar precur-
sors induced by activated molten salt ions. Engaging NaHCO3 in
activation accelerated carbon cracking and formed hierarchical
channels to break the carbon–ash hybrid, exposing ash particles
and depriving the protective effect of the organic phase on ash.
The dissolution of ash is governed by the comprehensive



Fig. 3. Breakthrough mechanism of carbon–ash recalcitrance in manure hydrochar using NaHCO3, wherein NOx referred to nitrogen oxides. g: gas.
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interactions of inorganic components with carbon and Na salts,
which significantly influence the structure and morphology of
hydrochar and its environmental applications, such as adsorbents.

3.4. The NH3 adsorption performance of the open structure

All samples activated could adsorb NH3 effectively under
dynamic adsorption conditions compared with the negligible
adsorption capacities of inactivated hydrochars (0.71–6.83 mg�g�1)
with almost vertical breakthrough curves (Figs. 4(a) and (b)). In
addition, the mineral components exhibited slight contributions
to NH3 adsorption (Fig. S8 in Appendix A). This indicates that the
sorption performance was dominated by the carbon surface chem-
istry and pore structure [61]. Despite the superior surface area and
porosity, AHP-800 (10.83 mg�g�1) and AHC-800 (11.82 mg�g�1)
showed the lowest adsorption capacities among activated hydro-
chars because of the shortage of heteroatoms which incurred
the insufficient surface functionality and weak NH3 affinity
(Fig. 4(b)). Pores offer channels for NH3 transmission, improving
the utilization efficiency of surface-active sites, while the adsorp-
tion capability largely depends on the strength of adsorbent–ad-
sorbate interaction [62–64]. Nevertheless, the hierarchical
structures enhanced the pore diffusion of NH3 and the armed
hydrochar with rapid adsorption rates and surface reactivity. All
samples displayed an evident decline trend for adsorption capaci-
ties as the temperatures elevated (Fig. 4(c)). This decline can be
attributed to the increased adsorbate vapor pressure and adsorbed
molecule energy level, which provided additional energy to
enhance molecular vibration amplitude and induce a portion of
the adsorbed NH3 molecule surmounting the weak van der Waals
force and escaping into the gas phase [65].

After pre-humidifying the carbon surface from 0 to 20%, there
was an observed increase in the NH3 adsorption capacities. Specif-
ically, at room temperature, hydrochars activated at 500 and
650 �C exhibited enhanced capacities, ranging from 7.36% to
19.24% (Fig. 4(d)). The presence of H2O facilitates proton transfer
to NH3 and the dissolution of NH3. The formation of NH4

+ in the
water film strengthens NH3 fixation on the pore walls by incorpo-
rating dissociated acidic functional groups through ion exchange
[45]. Humidity negatively impacted the NH3 uptake of AHC-800
and AHP-800, which could be ascribed to the condensed water
vapor in the abundant micropores, limiting the direct interaction
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of NH3 molecules with graphite layers via dispersive forces. NH3

adsorption under humid conditions occurs via an NH3

solubilization-like mechanism following Henry’s law, which pre-
vails when half of the micropore volume is filled with moisture
[61]. The lack of surface polarity and blocking of micropores with
water transcended the NH3 dissolution effect and determined
NH3 capture significantly.

A multi-cycle adsorption test was performed to evaluate the
engineering application potential of the hydrochars (Fig. 4(e)).
The total NH3 adsorption capacities of CM- and PM-activated
hydrochars were 52.03–68.54 mg�g�1 and 51.17–100.49 mg�g�1

at 25 �C without prehumidification. Despite its maximum cumula-
tive adsorption capacity after thermal regeneration, the adsorption
capability of AHP-650 tumbled from 25.65 to 10.59 mg�g�1. Rela-
tively low total adsorption attenuations were obtained on AHC-
800 and AHP-800 at 36.53% and 42.83%, respectively (Fig. 4(f)).
Notably, all the samples exhibited an obvious decline in the first
cycle adsorption; thereafter, the adsorbed amounts varied slightly.
These results demonstrate that the cyclic NH3 adsorption on
hydrochars is limited by several steps. This inference was further
verified by the poor relationship (R2 = 0.77, P < 0.05) between
(N + O)/C and total adsorption attenuation (Fig. 4(f) and Fig. S9
in Appendix A), indicating that the multi-cycle adsorption process
was not dependent on the electronic environment at the interface
between carbon and the adsorbate. The superior linear correlations
of (N + O)/C and the volume ratio of mesopore to total pore (Vmeso/
Vtotal) with first-round adsorption attenuation (R2 = 0.93, P < 0.05)
and subsequent round adsorption attenuation (R2 = 0.90, P < 0.05)
revealed that ➀ the electron donor–acceptor interactions of het-
eroatoms with NH3 molecule played an important role during
adsorption which provided strong forces to stabilize the NH3 bond-
ing; ➁ the mesopores served as transmission channels for the dif-
fusion process of erratic adsorbates, which interacted with carbon
surface via weak interaction such as van der Waals force and H-
bonding, from external surfaces to internal active sites, contribut-
ing to the mass transfer of NH3 at the solid–gas interface during
adsorption–desorption process. Compared to the literatures
(Table 1 [45,63,64,71–77]), the activated manure hydrochar in this
study had a favorable NH3 adsorption capacity and significantly
superior performance to commercial activated carbon. NaHCO3-
activated hydrochar from livestock waste is a promising green
and low-cost adsorbent for NH3 capture.



Fig. 4. (a, b) Time-dependent (a) NH3 adsorption breakthrough curves and (b) adsorption capabilities of hydrochars with and without NaHCO3 treatment (at 25 �C, 0 wt%);
(c) the temperature effect on NH3 adsorption capacities of hydrochars; (d) NH3 uptake on 20 wt% prehumidified carbon surfaces; (e) the NH3 adsorption performance with
recycled activated hydrochars during 5 cycles; (f) the relationships of adsorption attenuations with surface polarity and pore distribution, where the subplots (i), (ii), and (iii)
depicted the correlation of total adsorption attenuation with (N + O)/C, the dependence of first round adsorption attenuation on (N + O)/C, and the relationship between
subsequent rounds adsorption attenuation and Vmeso/Vtotal, respectively.
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3.5. The role of exposed functional groups on NH3 retention

To further explore the adsorption mechanism of NH3 on the car-
bon surface, the N 1s and O 1s spectra of the adsorbed/desorbed
samples were analyzed using XPS (Figs. S10 and S11 in Appendix
173
A and Fig. 5(a)). The signal of chemisorbed oxygen species (O-IV),
which suggested the generation of superoxide ions, materialized
after exposure to NH3 (Fig. 5(b)). Typically, the chemisorbed oxy-
gen species are reduced to O2

�� in the presence of oxygen- and
nitrogen-containing groups, such as hydroquinone, phenolic



Table 1
NH3 adsorption performance of different materials.

Raw materials Adsorbents Activators Analysis condition Measurement
type

Adsorption
capacity
(mg�g�1)

Feature Reference

Coconut Commercial
activated
carbon

— 0.6–2.4 mg�g�1 NH3, 0 relative
humidity, 40–120 �C

Fixed bed 0.60–1.80 Negative correlation between
adsorption capacity and adsorption
temperature

[72]

Coal, wood, and coconut Activated
carbon

ZnCl2, CuCl2, vanadium and molybdenum
oxides, hydroxyaluminium and
hydroxyaluminium–zirconium polycations

1 mg�g�1 NH3, 70% relative
humidity, room temperature

Fixed bed 1.40–70.00 Importance of proper combinations of
the strength, type, and number of
functional groups

[71]

Coconut Activated
carbon

HNO3, H2SO4, HCl, H3PO4 and CH3COOH 10 mg�g�1 NH3, 80% relative
humidity, 30 �C

Fixed bed 2.27–41.65 Predomination of the total amount of
acidic groups

[73]

Phenol-formaldehyde novolac Activated
carbon

HNO3 1 mg�g�1 NH3, 0 or 70% relative
humidity, prehumidified 20–70
wt%, 23 �C

Fixed bed 1.90–20.10 Prevalence for the Brønsted and Lewis
acid–base interactions

[63]

Coconut Activated
carbon

Ammonium metatungstate and ammonium
molybdate

1 mg�g�1 NH3, 70% relative
humidity, room temperature

Fixed bed 0.90–5.70 Complexing effect and acid–base
interactions of metallic sites

[74]

4-Ammonium styrene-
sulfonic acid and 4-
styrenesulfonic acid-co-
maleic acid

Activated
carbon

— 1 mg�g�1 NH3, 0 relative
humidity, room temperature

Fixed bed 3.20–44.00 The synergistic effect of N- and S-
functional groups

[75]

Polymers Activated
carbon

H2SO4 1 mg�g�1 NH3, 0 or 70% relative
humidity, prehumidified 70 wt%,
room temperature

Fixed bed 9.50–46.80 Oxidation of S-functional groups [64]

CM Hydrochar H3PO4 0.35 mg�g�1 NH3, 0 relative
humidity, prehumidified 20 wt%,
25 �C

Fixed bed 6.02–19.89 Oxidation of P-functional groups [45]

ZSM-5 Zeolites Microporous organic polymers 4.5 mg�g�1 NH3, 0–76% relative
humidity, 20 �C

Fixed bed 1.60–6.40 Favorable cyclic adsorption
performance on modified hydrophobic
surface under humid conditions

[76]

Zirconium chloride and 1,4-
benzenedicarboxylic acid

Metal–
organic
frameworks

2-Sulfo-1,4-benzenedi-carboxylic acid
monosodium salt, 1,2,4,5-benzenetetra-
carboxylic acid

2.876 mg�g�1 NH3, 0 or 80%
relative humidity, 20 �C

Fixed bed 24.65–48.11 Slow internal diffusion caused by
overly bulky groups

[77]

CM and PM Hydrochar NaHCO3 0.350 mg�g�1 NH3, 0 relative
humidity, prehumidified 0 or 20
wt%, 25–70 �C

Fixed bed 5.21–27.55,
maximum
100.49 in five
cycles
adsorption

Oxidation of N-functional groups,
distinct contributions of open structure
on multi-cycle adsorption

This
study

Z.W
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Fig. 5. (a) Distribution of N-containing groups of hydrochars before and after NH3 adsorption and desorption; (b) XPS spectra of O 1s for exhausted AHP-500; (c) the oxidation
mechanism of N-doped carbon surface; (d) changes of excitation energy barrier of surface oxidation in the presence of NH3; (e) the interaction energy of NH3 with N species.
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moiety, carbonyl, and pyridine-N groups, and oxidized the surface
groups [66–68]. Electrons are captured and stored by the abundant
functional moieties on the carbon surface and transferred to the
adsorbate with a lower-lying unoccupied orbital for auto-redox
reactions [69]. The lifespan of the free radicals mentioned above
is short and vulnerable to environmental parameters. The higher
relative content of O-IV was obtained on the hydrochar activated
at 500 �C, which indicated that the presence of superoxide ions
might be associated with the quantity and variety of functional
groups. Accordingly, the hydrochar activated with NaHCO3 derived
from livestock waste led to an increase in the percentage of N–O
(4.62%–11.25%) and a decrease in the percentage of N-6 (3.29%–
12.18%) following NH3 adsorption (Fig. 5(a)). The finding indicated
the conversion of pyridine-N to pyridine-N-oxide after NH3 adsorp-
tion, providing evidence that the oxidation of the heterogeneous
nitrogen-doped carbon surface was triggered by O2

��. This observa-
tion supports the assumption that incorporating NH3 molecules on
the carbon surface alters the electrostatic potential of the carbon
structure, leading to electron accumulation on the adsorbed O2
175
surface due to electron compensation by localized electrons
(Fig. 5(c)). The graphite-like sheet with electron conductivity func-
tioned as a bridge to shuttle electrons because the delocalized p
electrons in aromatic rings could resonate and migrate mutually,
facilitating the charge transfer [67,70].

The oxidation reaction occurring during NH3 adsorption was
further verified by DFT calculations (Fig. 5(d)). The introduction
of the NH3 molecule regulated the electron distribution in the delo-
calized p rings, which contributed to the transfer of electrons to
oxygen because of the differences in valence electron and elec-
tronegativity of the O, N, and H atoms and reduced the Gibbs free
energy of the oxidation process from 26.8 to 23.1 kJ�mol�1. The
distinct optimized conformations of carbon structures with
NH3 demonstrated that polar functional groups led to the stable
affinity of NH3 through acid–base interaction and H-bonding
[45,64,71], with the interaction energies varied from �14.40 to
�47.29 kJ�mol�1 (Fig. S12 in Appendix A). The potential adsorption
active sites in N-doped carbon structures derived from protein-rich
animal manures differed owing to the distinct influences of the
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lone pair of electrons of the N atoms on the p electron conjugation
system (Fig. S13 in Appendix A). NH3 served as both the H-bonding
acceptor and donor, wherein the interaction between the N atom
in the NH3 molecule and the H atom doped on the edge of the
carbon surface exhibited a more robust adsorption force. The
higher adsorption energy between pyridine-N-oxide and NH3

revealed that the oxidation reaction intensified the NH3 affinity
because of the significant increase in charge accumulation and
additional NH3 binding sites (Fig. 5(e)). Incorporating additional
oxygen atoms contributed to the shift of electrons from the carbon
surface, enhancing the localized electron density, which triggered
the strong chemisorption of NH3.

4. Conclusions and further work

We used manure hydrochar activated with NaHCO3 for NH3

capture through a dynamic adsorption test. We found that the
carbon–salt interaction altered the thermal characteristics of
sodium carbonate, leading to more significant advanced melting
than mixing with minerals. Molten sodium carbonate promoted
the breaking of the carbon–ash protective relationship in high-
ash hydrochar, significantly facilitating the dissolution of inorganic
components and enhancing the quality of functional hydrochar
from livestock manure. The swine manure hydrochar exhibited a
maximum single adsorption capacity of 25.65 mg�g�1 and a five
cycles overall adsorption capacity of 100.49 mg�g�1. The presence
of moisture facilitated the fixation of NH3 on the hydrochar. Func-
tional groups served as active sites, and surface oxidation simulta-
neously contributed to the excellent NH3 uptake performance. Our
results indicate that the oxidation of pyridine-N triggered by
superoxide ions was mainly caused by electron transfer on the gra-
phite layer after NH3 incorporation, which is essential for under-
standing the response of the surface electronic environment of
carbon materials to the NH3 adsorption process. We clarified the
relationship between multi-cycle adsorption performance, het-
eroatom doping, and pore structure, supporting the evaluation of
the NH3 adsorption capability of carbonaceous adsorbents in prac-
tical engineering application scenarios.

Understanding and improving the structure–application rela-
tionship of hydrochar plays an important role in designing func-
tional hydrochar-based materials to address environmental
issues. This work clarified how NaHCO3 breaks the carbon–ash
recalcitrance while ameliorating the surface chemistry and struc-
ture of hydrochar and investigated the adsorption and diffusion
performance of NH3 at the modified surface. Future research
should focus on salt treatment. The wastewater produced after
washing the hydrochar can be further valorized via cutting-edge
technologies, such as electrocatalysis, porous medium evaporation,
and ion exchange membranes, to recycle the molten salt ions and
trace inorganic residues (e.g., Si, Ca, P, and Mg) derived from high-
ash biomass, avoiding the potential environmental concerns of
heavy metal accumulation and eutrophication. The separation,
purification, and reuse of salt mixtures are necessary to minimize
the cost of functional hydrochar fabrication. More rational model
structures should be developed to better represent the chemical
properties of hydrochar. Precise computational simulations require
insightful studies of the main features of disorganized carbon
structures to unveil the correlation between texture and
performance.
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