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ARTICLE INFO ABSTRACT

Keywords: Lignin is the largest natural reservoir of aromatic compounds while its intricate polymeric structure complicates
Industrial lignin waste the reuse of lignin-derived waste. Herein, we report the development of lignin-based NH3 adsorbents by upcy-
Paper pulp

cling sodium lignosulfonate (SLS) from spent paper pulp liquor. The demethylation of SLS was carried out to
obtain the demethylated SLS (DSLS) and subsequently the pelletized DSLS@binder adsorbents were prepared
using DSLS and three binders. The results indicate that the optimized 95% DSLS@PVA pellets with binder dosage
of 5 wt% PVA (polyvinyl alcohol, PVA) exhibit the NHs adsorption capacity of 11.5 mmol g}, along with
remarkable selectivity uptake for NH3/N5 (3573) and NH3/CO4 (1380). Moreover, the 95% DSLS@PVA pellets
demonstrate ultra-fast adsorption kinetics (half-capacity uptake time of merely 38 s). Column breakthrough tests
showed that the 95% DSLS@PVA pellets achieved NH3 retention time of 370 min g~! in a ternary gas mixture of
NH3/Ny/CO3 (1 %/98 %/1%), with a dynamic adsorption capacity of 2.07 mmol g~1. In addition, the 95%
DSLS@PVA has a good balance between mechanical strength and NH3 uptake cycle performance. This work

Sodium lignosulfonate
Diluted NH3 adsorption
DFT

provides a sustainable strategy for valorizing lignin waste into high-performance NH3 adsorbents.

1. Introduction

Industrial production, while supporting societal development, inev-
itably generates waste materials and pollutants that pose environmental
challenges. For example, ammonia (NH3) emissions from industrial
chemical synthesis processes (e.g., fertilizers, pharmaceuticals, explo-
sives) and lignin waste from the paper industry are major sources of by-
products [1]. It is estimated that industrial activities worldwide release
> 10 million tons of NH3 exhaust gases annually, which contributes to
significant environmental burdens [2-4]. Similarly, the global yearly
output of lignin waste, such as sodium lignosulfonate (SLS), a by-
product of paper pulp liquor, is estimated at around 1.8 million tons,
which accounts for ~90 % of the total commercial market [5]. The
toxicity and corrosive nature of these wastes contribute to air and water
pollution, damage ecosystems and pose a public health risks [6,7]. In
this context, the principles of green and sustainable chemistry empha-
size the potential to convert waste materials into valuable resources.

* Corresponding authors.

Therefore, the sustainable reuse of waste SLS as an NH3 adsorbent offers
a novel perspective for resource recycling with significant practical
value.

Waste SLS contains functional groups such as phenolic hydroxyl,
alcoholic hydroxyl, and methoxy groups, which endow it with specific
chemical activity. Given the basic nature of NHs, adsorbents with acidic
sites have been widely explored as an NH3 capture strategy. Notably,
methoxy group can be demethylated to form weakly acidic phenolic
hydroxyl groups [8], which renders demethylated SLS (DSLS) a prom-
ising candidate for selective NHg capture. Therefore, DSLS has great
promise to be a sustainable alternative to conventional NH3 adsorbents.
It is noteworthy that the industrial standard for high-throughput gas
separation using pressure swing adsorption (PSA) requires durable and
moldable adsorbents with rapid mass transfer kinetics, high adsorption
capacity and selectivity [9,10]. To meet industrial demands, various
adsorbents have been developed for NH3 separation, such as activated
carbons [11-14], zeolites [15,16], metal-organic frameworks (MOFs)
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[17-19], and organic polymers [20]. However, most advanced adsor-
bents suffer from intrinsic rigidity, insolubility, or brittleness, which
limits their application in the PSA.

As a compromise, common methods involve impregnating or coating
active components onto solid surfaces to improve the adsorption per-
formance of molded materials. However, these techniques are not
without limitations, including limited adsorption capacity and poor
coating stability [20-22]. In contrast, polyhydroxy compounds with
strong binding affinity have proven to be as promising candidates for
improving the moldability of adsorbents [23]. For example, Xing et al.
demonstrated that using polyvinyl butyral (PVB) as a binder to mold
anion-pillared ultramicroporous MOFs into pellets could increase the
CoHy/CoHy selectivity after pelletization [24]. Inspired by this
approach, pelletizing DSLS powder with suitable binders can achieve
both high adsorption performance and enhanced mechanical strength
and moldability, which is of considerable significance for improving the
separation efficiency of NH3 from exhaust gases.

Herein, we successfully prepared a series of DSLS pellets via the wet
pelletization process. The NH3 adsorption performance was evaluated
by varying binder types and dosages, and density functional theory
(DFT) and natural bond orbital (NBO) were used to study the adsorption
mechanism of SLS before and after demethylation. Furthermore, the
adsorption kinetics were analyzed based on the diffusion time constants
correlated with Fick’s diffusion model. Moreover, the thermodynamic
parameters of DSLS pellets were estimated by establishing the rela-
tionship between temperature and NH3 adsorption behavior. Finally, the
NHj separation selectivity, breakthrough tests, reusability, pellet size
and compressive strengths were investigated to validate the separation
performance of DSLS pellets for industrial PSA applications.

2. Experimental section
2.1. Materials

Anhydrous lithium bromide (99.99 %) and hydrobromic acid (48 wt
%) were purchased from Shanghai Adamas Reagent Co., Ltd. Sodium
lignosulfonate (SLS, 96 %), hydroxyethyl cellulose (1000-1500 mpa.s)
and carboxymethyl cellulose (200-500 mpa.s) were obtained from
Shanghai McLean Biochemical Technology Co., Ltd. Polyvinyl alcohol
(97.0 %) and anhydrous ethanol (98 %) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. NH3 (99.999 %), N3 (99.999
%), CO2 (99.999 %), and NH3/CO,/Ny mixture (1/1/98, v/v) were
purchased from Jiangxi Huahong Special Gases Co., Ltd. These chem-
icals were used without additional purification.

2.2. Preparation of DSLS

The preparation method for DSLS is similar to our previously re-
ported work [8]. In detail, 6.1 g of lithium bromide and 3.9 g of water
were added into the inner chamber of a hydrothermal reactor. The
mixture was stirred for 2 min until the lithium bromide was fully dis-
solved. Subsequently, 0.5 g of SLS was added and dissolved into the
above solution. Meanwhile, 1 mL of concentrated hydrogen bromide
(1.48 g, 48 % w/w) was added to achieve a final lithium bromide con-
centration of 53 %. The reaction mixture was then heated to 373 K and
maintained at this temperature for 4 h. After the reaction, the precipitate
was separated by centrifugation and washed successively with ethanol
solution and deionized water. Finally, the dark black solid was freeze-
dried to yield DSLS.

2.3. Preparation of DSLS pellets

The structures of PVA, HEC, or CMC binders are presented in Fig. S1.
The preparation of DSLS pellets via binders with DSLS powder is
described in Scheme 1. Specifically, 0.5 g of a 5 wt% PVA solution was
combined with 0.475 g of degassed DSLS powder in a mortar and small
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Scheme 1. DSLS pellets molding process.

quantities of distilled water were added to achieve a uniform mixture,
resulting in a black agglomerate with a specific viscosity. The agglom-
erate was then shaped into strips and pelletized using a pellet-rolling
plate, forming homogeneous spherical pellets with a diameter of ~1.9
mm. The pellets were placed in a vacuum drying oven at 333 K for 24 h,
obtaining 95% DSLS@PVA pellet. The remaining two adsorbent pellets
were manufactured following the procedures described above and
named 95% DSLS@HEC and 95% DSLS@CMC pellets, respectively.
Additionally, the 90% DSLS@PVA pellet adsorbent was obtained by
changing the binder dosage to 10 wt%.

2.4. Characterizations

The Fourier transform infrared spectrometer (FT-IR) spectral anal-
ysis of the samples was carried out using a Nicolet 6700 spectrometer
(Therm Fisher Scientific Corporation, USA), with a scanning range of
400 to 4000 cm !, X-ray photoelectron spectroscopy (XPS) on an AXIS
SUPRA instrument (Shimadzu Corporation, Japan) was used to char-
acterize the elemental composition of the samples. The surface
morphology and structure of the samples were examined via scanning
electron microscope (SEM) using an S-3400 N model (Hitachi Corpo-
ration, Japan). The elemental compositions of the samples were
analyzed using an EA3000 organic elemental analyzer (EuroVector
Corporation, Italy) to quantify the content of C, H, and O elements. The
Ny adsorption—desorption experiment and specific surcface area mea-
surements were conducted at 77 K using a Micromeritics TriStar I 3020
analyzer (Micromeritics Instrument Corporation, USA). The compres-
sive strengths of the pellets were tested on the KQ-3 automatic particle
strength analyzer (Guorui Analytical Instruments Corporation, China).
The adsorption experiments were performed at 298.2 K under a pressure
range of 0 to 101.3 kPa, with all samples pre-activated under vacuum at
333 K for 24 h. The phenolic hydroxyl contents (Fpy_oy) were deter-
mined using the Folin-Ciocalteu (FC) reagent method, the samples were
reacted with the FC reagent under basic conditions to produce a colored
complex, and the absorbances were measured at 760 nm using a U-3310
UV-Vis spectrophotometer (Hitachi Corporation, Japan).

2.5. Adsorption experiment and breakthrough test

The apparatus employed for the adsorption experiments (Fig. S2),
and the column breakthrough equipment (Fig. S3) are elucidated in the
Supporting Information. Detailed experimental procedures are
described in the Supporting Information. The primary materials utilized
for adsorption were as follows: DSLS powder, 95% DSLS@PVA pellets,
95% DSLS@HEC pellets, and 95% DSLS@CMC pellets. The break-
through performance of the adsorbent was evaluated using a mixture of
gases (1 % NHgs, 1 % CO3, 98 % N3) at 303 K. Before the experiment, the
samples were degassed at 333 K for 24 h under a vacuum.
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2.6. Abrasion test and cyclic experiment

The abrasion experimental method is as follows: a total of 100
adsorbent pellets with regular shapes and uniform smooth surfaces were
selected and loaded into a YXQM-1L planetary grinder. The pellets were
rotated in the forward direction at a speed of 200 rpm min . The wear
rate of the adsorbent pellet was then calculated using equation (eq.) 1
[22].
c="0"" 1 100% eH)

mo

Where Cl is the cumulative mass loss, my is the initial mass of the
adsorbent pellet (g), and m; is the mass of the residual adsorbent pellet
(g) after the experiment.

The cyclic experiment method is as follows: The adsorbent was
placed at 353 K and regenerated at 0.1 kPa for 2.5 h to obtain a re-
generated adsorbent pellet. Subsequently, the pellet is regenerated and
reused for NH3 adsorption, repeating the above process to test the
reversibility of the pellet material.

3. Results and discussion
3.1. Characterization

The phenolic hydroxyl contents (Fpp_og) in SLS and DSLS samples
were determined using the Folin-Ciocalteu reagent method [25].
Elemental analysis was carried out to evaluate the elemental composi-
tion of each sample. The results are summarized in Table 1. It can be
observed that the Fpy_oy content in DSLS sample is 2.52 mmol g’l,
which is significantly higher than that of SLS sample (1.06 mmol g™ 1).
This differential result provides evidence for the successful demethyla-
tion of SLS sample. Meanwhile, the elemental analysis reveals that DSLS
sample has reduced C content and elevated O content compared to SLS
sample. This finding confirms the increase in phenolic hydroxyl groups
and supports the expected reduction in methyl (-CHs) groups after
demethylation. Moreover, the reduction in H content in DSLS sample is
consistent with this interpretation, further validating the effectiveness of
the demethylation reaction.

Moreover, the chemical changes associated with the demethylation
of SLS to DSLS were analyzed by FT-IR spectroscopy (Fig. 1a). In SLS and
DSLS spectra, the broad adsorption peaks at 3440 cm ™! can be ascribed
to the O-H stretching vibration of the alcohol hydroxyl and phenolic
hydroxyl groups [26]. In addition, the vibrational frequency of the ar-
omatic skeleton is increased after SLS sample is demethylated, which
leads to a blue shift of the C-C/C=C stretching vibrations from 1592
em ™! to 1629 em ™! [27]. Additionally, the differences in peak shape at
1548 to 1218 cm ! (pink color-block in Fig. 1a) correlate with —~CHs
groups removal, which triggers a reduction in the content of soluble
sodium salts in DSLS sample [28], as evidenced by complementary XPS
analysis (Fig. S4). Overall, these findings align with the significant in-
crease in Fpy_oy values shown in Table 1, which corroborates that the
demethylation reaction of SLS sample led to the formation of additional
phenolic hydroxyl groups in DSLS sample.

Subsequently, the structural and morphological influences of binder
types on the pelletized DSLS@binder samples were investigated by FT-
IR and SEM (Fig. 1b and Fig. 2). As anticipated, the characteristic
spectral adsorption bands of pelletized DSLS@binder closely resembled

Table 1
Phenolic hydroxyl groups and elemental analysis of SLS and DSLS samples.

Sample Fph_on Elemental analysis
1
(mfrf;) C (wt H (wt O (wt N (wt Others (wt
8 %) %) %) %) %)
SLS 1.06 38.69 4.90 51.76 0.73 3.92
DSLS 2.52 36.73 4.57 54.88 0.79 3.02
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those of powdered DSLS. FT-IR results suggest that the low dosages (5 wt
%) of the binder have a negligible effect on the structural integrity of the
pelletized adsorbents, which means that the active sites necessary for
NH; separation are well retained during the pelletization process.
Furthermore, SEM images revealed that pure DSLS powder exhibited
irregular polymer-like aggregates, which were partially stacked into
larger aggregates under the action of PVA, HEC and CMS binders. These
results imply that the binder exhibits suitable bonding ability for the
moldability of pelletized adsorbents. As a result, it ensures powdered
DSLS samples can be molded into a specific shape of DSLS@binder ad-
sorbents and used for NH3 adsorption in PSA. TG analysis shows that
DSLS powder and the 95% DSLS@PVA pellets undergo dehydration in
the range of 298-373 K and pyrolysis onset temperature at about 460 K
(Fig. S5). In addition, the pyrolysis temperature of DSLS@PVA is slightly
higher than that of pure DSLS, indicating that the incorporation of the
binder improved the thermal stability of the pelletized adsorbents.

3.2. Adsorption performance and mechanism

The NH3 adsorption performance of powdered and pelletized ad-
sorbents was evaluated at 298.2 K and 101.3 kPa. As shown in Fig. 3a,
the demethylation of SLS confers a remarkable improvement in NHj
capture capacity of DSLS. As a result, DSLS achieves a 577.4% increase
over SLS (11.5 vs. 1.7 mmol g’l). Moreover, DSLS shows a satisfactory
fast NH3 adsorption rate, which reaches saturation capacity of 71.3%
(8.2 mmol g’l) within 0.5 min (30 s) and achieves an adsorption
equilibrium within 10 min. This dramatic performance improvement
stems from acidic phenolic hydroxyl groups (Ph—OH) present in DSLS
sample, which serve as high-performance active sites for NHg capture.
Fig. 3b and Table 2 show the effect of binder dosages on the pelletized
DSLS@PVA adsorbents. The results indicate that 95% DSLS@PVA has
superior low-pressure NH3 adsorption capacity and near-ideal perfor-
mance retention across the entire pressure range (0-101.3 kPa). The
control experiments with pure PVA, HEC, and CMS binders confirm that
their contribution to NH3 adsorption performance is negligible (Fig. S6).
Specifically, based on the mass ratio of 95:5 for DSLS to binders, the
theoretical contributions to NH3 adsorption in DSLS@binder adsorbents
are estimated to be about 0.13 mmol g’1 (PVA), 0.14 mmol g’1 (HEC)
and 0.18 mmol g’1 (CMC), which mean that DSLS is the dominant active
site.

In addition, the optimized 95% DSLS@PVA has an NH3 adsorption
loss of 2.3% compared with powdered DSLS. However, the binder dos-
ages were further increased to 15 wt% (85% DSLS@binder) reduces NH3
capacity to ~9 mmol g ! (Fig. S7). Moreover, when the binder dosage is
tuned to 10 wt% (90% DSLS@PVA), the NH3 adsorption isotherm to
linear behavior, which indicates the loss of its advantage in low-pressure
adsorption ability (Fig. 3b). These results can be attributed to the fact
that the higher binder dosage can cover or block the active sites, leading
to a more linear adsorption behavior. It is worth noting that the adsor-
bent exhibits a denser packing structure after molding, as confirmed by
SEM. Therefore, it can be inferred that the reduction in NHg uptake for
the DSLS@PVA adsorbents are primarily attributed to increased internal
gas diffusion resistance, which restricts NH3 adsorption efficiency. Alos,
this result suggests that the delicate balance between binder dosage and
active site accessibility is required in optimizing the NH3 adsorption
performance of pelletized adsorbents. Next, the comparative analysis of
various binders with different functional groups demonstrated that PVA
has a minimal impact on the low-pressure NH3 uptake of the pelletized
adsorbents (Fig. 3c, 3d and Table 2). It was found that 95% DSLS@PVA
consistently outperformed the other binder formulations under
increasing pressure conditions, which suggests that PVA improved DSLS
moldability and its NH3 adsorption capacity was closer to that of DSLS.
Therefore, based on the study of the effects of various binder types and
dosages on pelletization in the mentioned experiments, PVA was
selected as the binder for pelletization of DSLS, which showed the
minimal impact and the optimal NHj3 capture efficiency in terms of NHg
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Fig. 1. FT-IR spectra of (a) powdered SLS, DSLS samples, and (b) DSLS and pelletized DSLS@binder samples.
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Fig. 2. SEM images of (a) DSLS powder, (b) 95% DSLS@PVA, (c) 95% DSLS@HEC and (d) 95% DSLS@CMC samples.

separation at low-pressure conditions.

In addition, DFT calculations were used to study the mechanism
underlying the differences in the gas adsorption performance before and
after SLS demethylation. First, the binding energies of the three gases
with SLS and DSLS were analyzed (Table 3). The data indicates that SLS
exhibits strong adsorption for both CO, and NHs, with adsorption en-
ergies of —25.48 kJ mol ! and -22.82 kJ mol !, respectively, while the
adsorption energy for Ny is the lowest at —2.94 kJ mol~*. This suggests a
strong affinity of SLS for NH3 and CO,. After demethylation, the
adsorption energy of NH3 on DSLS increases significantly to —73.77 kJ

mol !, whereas the energy for CO, decreases to —12.58 kJ mol ™}, and
that for N, slightly decreases to —2.49 kJ mol~'. These findings
demonstrate that SLS demethylation enhances NH3 adsorption while
substantially reducing the adsorption of CO, and Ng, thereby improving
the selectivity for NHj3. This trend is consistent with experimental
results.

Subsequently, the interactions between the two types of SLS and gas
molecules were systematically investigated. The optimized structures of
SLS, DSLS (Fig. 4a and 4b), and their respective interactions with NHg
are presented in Fig. 4c and 4d. Prior to demethylation, the interaction
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Fig. 3. (a) The NH;3 adsorption rate curves of (a) SLS and DSLS powder (b) NH3 adsorption isotherms of DSLS@PVA with different dosage (c) NH3 adsorption rate
curves of 95% DSLS@binder and (d) NH3 adsorption isotherms of 95% DSLS@binder samples at 298.2 K and 101.3 kPa.

Table 2
The NH; adsorption capacity of powder and pellets based on isotherms at 298.2
K and 101.3 kPa.

Samples NH; uptake (mmol-g 1) Uptake loss (per gram
1kPa 10 101.3 DSLS)
kPa kPa
DSLS powder 2.33 5.22 12.26 -

95% DSLS@PVA 1.20 4.46 11.50 2.3%
pellet

95% DSLS@HEC 0.48 1.49 11.40 3.3%
pellet

95% DSLS@CMC 0.25 1.18 11.12 6.0 %
pellet

Table 3

The binding energies and their ratios of the samples with the adsorbed gases.

Samples Guest gases Binding energy
ratios
NH; (kJ CO, (kJ N, (kJ NH3/ NH3/
mol 1) mol 1) mol 1) CO, N>
SLS -22.82 —25.48 —2.94 0.90 7.76
DSLS -73.77 —12.58 -2.49 5.86 29.61

between SLS and NHj is relatively weak, as indicated by the large
intermolecular distance (Fig. 4c). Specifically, the distance between the
nitrogen atom (N1) in NH3 and the nearest hydrogen atom (H4) in SLS
extends to 2.47 A. Additionally, the C1-H4 bond length (1.09 /o\) remains
unchanged upon interaction with NHs, confirming the absence of sub-
stantial hydrogen bonding. In contrast, in the case of DSLS (Fig. 4d), the

NHj3 molecule is positioned much closer, with the N1-H4 distance
significantly reduced to 1.52 A. Moreover, the lengthening of the 01-H4
bond reaches 0.08 A, suggesting the formation of a moderate hydrogen
bond, which, according to Jeffrey’s hydrogen bonding classification
[29], almost approaches the strongly covalent type. Furthermore, for
DSLS interacting with COy or Ny, the hydroxyl bond length (O1-H1)
remains constant at 0.97 A after interaction (Fig. S8), indicating an
absence of significant hydrogen bonding with these gas molecules.
Natural bond orbital (NBO) analysis provides an effective approach
for investigating charge delocalization in hydrogen-bonded complexes.
NBO analysis was then employed to probe the intermolecular interac-
tion in greater depth. The natural population analysis (NPA) charges of
all atoms in NHg within the binary complexes of SLS and DSLS with NH3
are summarized in Table 4. Negligible charge transfer (AQ) is observed
between NH3 and SLS, with AQ as low as 0.007. In contrast, a significant
charge transfer occurs for NH3 and DSLS, where AQ reaches 0.119,
highlighting the presence of a much stronger hydrogen bond interaction.
Additionally, the NPA charges and AQ for the interactions of CO3 and Ny
with SLS and DSLS are presented in Table S1 and Table S2. It can be
observed that the Q values are all very small, indicating that the inter-
action between CO, and N with SLS regardless of demethylation is very
weak. To quantitatively assess the donor-acceptor interactions in
hydrogen-bonded structures, the second-order perturbation approach
was applied [30]. Through above analysis, it could be found the stron-
gest interaction site of DSLS with the NH3 molecule is located at the
N1-H4 atoms. The stabilization energy E(2) for the interaction between
the lone pair (LP) orbital of N1 and the anti-bonding lone pair orbital
(LP*) of H4 reaches 99.76 kcal mol’l, exhibitting the strongest
donor-acceptor orbital interaction. Fig. 5b visually demonstrates the
isosurface map (isovalue = 0.05 au) of valence NAOs (Natural atomic
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Fig. 4. Optimized structures of (a) SLS, (b) DSLS, and their corresponding interactions with NHjs: (¢) SLS-NH3 and (d) DSLS-NHj.

Table 4
NPA charges of atoms in NH3 within the binary complexes of SLS and DSLS with
NH; and net charge transfer AQ.

Complexes Q(N1) Q(HI) Q(H2) Q(H3) AQ(NH3)
SLS-—NHj3 -1.129 0.371 0.381 0.384 0.007
DSLS--NH3 —1.065 0.383 0.417 0.384 0.119

Note: Q is the charge of specified atom.

orbitals) of LP(c) N1 (composed of N(sp5‘45)) and LP*(c) H4 (composed
of H(s)). It can be observed that these two orbitals exhibit a highly
distinct overlap. This extensive orbital overlap suggests strong electron
delocalization, which is the fundamental reason behind the prominent
hydrogen bonding between DSLS and NHjs. Differently, the interaction
between SLS and NHj3 is markedly weaker. The strongest donor—acceptor
interaction occurs between the LP orbital of N1 (composed of N(splz'w))
and the anti-bonding orbital BD*(C1-H4) (composed of O.6200C(sp2'75)-
0.7864H(s)), with the largest stabilization energy E(2) of only 2.28 kcal
mol L. Fig. 5a shows that these two orbitals exhibit a noticeable gap,
indicating poor electron delocalization and thus an extremely weak
interaction between SLS and NHs.

3.3. Adsorption kinetic analysis

The time-dependent NHj adsorption kinetics of DSLS and

DSLS@binder were analyzed through the Fick diffusion model (eq. (2))
[31,32]. The model fitting was conducted on data exceeding 70 % of the
adsorption capacity to exclude the confounding factors of initial
chemical-physical adsorption, thereby providing a more accurate rep-
resentation of diffusion-dominated kinetics.

g exp (—IZDCt)
2

where m, is the NH3 uptake at time, m,,,, is the uptake capacity of
NH;s when adsorption equilibrium is reached. D, is the diffusion coeffi-
cient of the gas in the adsorbent, r. is the equivalent radius of the
adsorbent, D, /r? is the diffusion time constant.

As shown in Fig. 6, the fitted normalized curves demonstrate
goodness-of-fit [®R? > 0.91), which indicates that the Fick diffusion
model accurately describes the NH3 adsorption kinetics of both DSLS
and DSLS@binder samples [33]. The calculated diffusion coefficients
show differences between samples, which implies variations in internal
diffusion resistance due to the different binders combined with DSLS.
For pure DSLS (Fig. 6a), the diffusion coefficient was found to be 0.112
min~!, which reflects relatively fast NHz transport within the DSLS
compared to DSLS@binder. In contrast, the 95% DSLS@PVA and 95%
DSLS@CMC samples (Fig. 6b, 6¢) exhibited similarly lower diffusion
coefficients (about half of pure DSLS). The results suggest that the
addition of binder increases the NH3 diffusion resistance of pelletized
DSLS@binder, which is consistent with the agglomeration of adsorbent

m
1-——=—
Mpyax T

(2

(b)

Fig. 5. Isosurface map (isovalue = 0.05 au) of valence NAOs of (a) LP(c) N1 and BD*(C1-H4) in SLS--NHjs, (b) LP(c) N1 and LP*(c) H4 in DSLS-—NHj.
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Fig. 6. Fitting curves of the Fick diffusion model for (a) DSLS, (b) 95% DSLS@PVA, (c) 95% DSLS@CMC, and (d) 95% DSLS@HEC samples.

pellets shown by SEM. This reduction in diffusion coefficient due to
binder addition implies a potential trade-off between the mechanical
properties provided by the binder and the adsorption kinetics. In
particular, the 95% DSLS@HEC sample has the lowest diffusion coeffi-
cient, possibly due to interactions between its carboxyl groups and DSLS,
which significantly increase the tortuosity of the diffusion pathway
(Fig. 6d). Therefore, the pelletized 95% DSLS@PVA is suitable for ap-
plications requiring rapid adsorption. On the other hand, the 95%
DSLS@HEC may be more appropriate for applications where controlled
diffusion rates are beneficial..

3.4. Thermodynamic analysis

The adsorption isotherms of 95% DSLS@PVA sample were tested at
298.2 K, 318.2 K and 338.2 K to elucidate the effect of temperature and
pressure on NHg adsorption (Fig. 7a). The results show that NHj3
adsorption capacities increase nonlinearly with rising pressure at all
temperatures, while the NHjz adsorption capacities decrease with
increasing temperature. The above-mentioned trend suggests that NHs
adsorption is an exothermic process, where higher temperature weakens
the binding affinity of the Ph—OH active sites to NH3 molecules via
destabilizing the interactions between adsorbent and adsorbate. In
parallel, adsorbent analyses were carried out using empirical equations
(egs. 3-5) to dissect the total adsorption into chemical and physical
adsorption [34]. The fitted curve for the adsorption of NH3 on 95%
DSLS@PVA pellet is shown in Fig. 7b, and the corresponding parameters
are listed in Table S3. It can be observed that chemisorption dominates
at 0-20 kPa, as evidenced by the rapid initial ascent of the adsorption
capacity. This dominance of chemisorption can be attributed to the
interaction of NH3 with Ph—OH groups on 95% DSLS@PVA. However,
the adsorption isotherm changes to a near-linear pressure dependence at

20-101.3 kPa, which indicates that physisorption is becoming the pre-
dominant mechanism while chemisorption approaches a plateau.
Moreover, the fact that R? > 0.99 further supports the high reliability of
the model. Besides, the NH3 adsorption isotherm of 95% DSLS@PVA at
298.2 K was fitted using the Langmuir and Freundlich models, with the
results shown in Fig. S9. It can be found that the Freundlich model (R =
0.99) more accurately describes the adsorption process than the Lang-
muir model (R? = 0.96), which implies that the adsorption sites of 95%
DSLS@PVA are uneven [35]. Also, the results suggest that NHj
adsorption behavior of 95% DSLS@PVA is multilayer adsorption, which
is consistent with the coexistence of distinct chemisorption and phys-
isorption. In short, these results suggest that the synergistic adsorption
of 95% DSLS@PVA is the key to efficient NH3 separation, where
chemisorption provides a fast NHg adsorption rate and selectivity at low
pressures, and physisorption increases NH3 capacity at higher pressures.

o o Y KP p
T Tt Tu= Tt -
o _ o KP
PR=T 9 kp 4
P
Y=g ®)

Where & is the total adsorption capacity of the sample for NHs,
including #°; is chemical adsorption capacity and #y is physical
adsorption capacity, #°. is the maximum adsorption capacity for
chemical adsorption, K is the adsorption equilibrium constant for the
reaction, and H is Henry’s constant.

Subsequently, thermodynamic analyses were performed using egs.

(6) and (7) to calculate the equilibrium constant (K) and Henry’s
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N, and CO, at 298.2 K and 101.3 kPa, and (d) the separation selectivity at varying pressures on 95% DSLS@PVA samples.

constant (H). The linear fits of In K versus 1/T (Fig. 8a) and In H versus
1/T (Fig. 8b) reveal a strong temperature correlation. The calculated
chemisorption enthalpy (AHepem = — 31.13 kJ-mol™?) is notably lower
than that of most NH3 adsorbents reported in the literature [13,36],
which means that a moderate binding energy reflects an optimal balance
between suitable chemical interaction and manageable regeneration
energy requirements. Meanwhile, the calculated physisorption enthalpy
(AHphy = — 19.6 kJ .mol™1) indicates weaker Van der Waals in-
teractions, which enable rapid capture and release of NH3 under mild
conditions.

Q) InK = 37473.67/T-14.02
301 7 AH,,,=-31.13 kJ - mol"
2.5
”
=
= 2.0
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1.0 . ; . .
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3.5. IAST selectivity and breakthrough curves
The ability of pelletized adsorbents to selectively capture NHs in the

presence of competing gases (e.g., COz and Ny) is crucial for industri-
alization. The adsorption performance of 95% DSLS@PVA pellets was
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Fig. 8. The linear fits of (a) InK and 1/T and (b) InH and for NH;3 adsorption on 95% DSLS@PVA samples.
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assessed for NH3, CO, and N at 298.2 K and 101.3 kPa (Fig. 7c). The
results show that 95% DSLS@PVA selectively adsorbs NH3 compared to
other gases under the same conditions, while its shows almost negligible
adsorption of CO5 and Nj. Next, the gas selectivity metrics were quan-
tified using the Ideal Adsorbed Solution Theory (IAST) method, and the
result is shown in Fig. 7d. The selectivity values for NH3/CO5 (10/90, v/
v) and NH3/N> (10/90, v/v) reached 1380 and 3753, respectively. These
results can be attributed to the presence of active sites (Ph—OH) on 95%
DSLS@PVA that preferentially bind NHs, coupled with the reduced
specific surface area due to binder incorporation, which suppresses
physisorption of CO; and Ny. In addition, a comparison of 95%
DSLS@PVA pellets with similar NH3 adsorbents revealed that the NH3
adsorption capacity of 95% DSLS@PVA is highly competitive among
similar adsorbent materials, especially considering cost and sustain-
ability, and the comparative results are presented in Table S4.

To simulate practical conditions, column breakthrough experiments
were carried out with a ternary gas mixture (1 % NHs, 1 % COo, 98 % N»)
at 303 K and a flow rate of 30 mL-min ! (Fig. 9a). The breakthrough
curves show that NHj3 is retained for up to 370 min g_l, which is well
above the breakthrough times for CO, and N». Furthermore, integration
of the breakthrough curves gave a dynamic adsorption capacity of 2.07
mmol-g~! for NHs. Therefore, the thermodynamic and IAST selectivity
analysis shows chemisorption contributed by Ph—OH groups plays a
dominant role in the selective capture of NHs, while physical adsorption
helps to maintain the capacity over a longer period.

3.6. Mechanical stability and reusability
Mechanical stability is a critical parameter for solid adsorbents in

industrialization, where wear resistance under continuous cycling de-
termines long-term operational suitability. Firstly, the pellet sizes of the

Chemical Engineering Journal 507 (2025) 160639

95% DSLS@PVA were measured to ensure the accuracy of the me-
chanical strength tests (Fig. S10a). The results show that 79.87 % of the
pellet sizes were within 2 + 0.1 mm or 2 + 0.2 mm, with an average
diameter of ~1.96 mm. Next, the wear resistance of 95% DSLS @PVA
pellets was tested to evaluate mechanical durability. As illustrated in
Fig. 9b, the cumulative mass loss rate of the 95% DSLS@PVA pellets
showed a minor increase, from 3.52 % after 12,000 rotations to 4.31 %
after 24,000 rotations. In addition, the free-fall (1 m height) drops test
and compressive strength test demonstrated that 95% DSLS@PVA
adsorbent had excellent impact resistance and compressive strength,
and could withstand external applied loads in range from 16.64 N to
27.47 N (Fig. S10b). The results show the effectiveness of the PVA binder
in forming compact and durable mechanical properties that ensure
sustainable wear resistance in industrial-scale NHs capture and
separation.

The industrial deployment of adsorbents requires not only mechan-
ical stability but also sustained performance over repeated adsorp-
tion—desorption cycles. The long-term reusability of 95% DSLS@PVA
sample was evaluated through nine consecutive adsorption-desorption
tests at 298.2 K and 101.3 kPa. The samples were desorbed at 353 K
under a vacuum of 0.01 kPa for 30 min before each cycle. Fig. 9c shows
the NH;3 adsorption capacity of the 95% DSLS@PVA pellets over fresh
and the next nine cycles. It is found that after the initial adsorption, the
reused 95% DSLS@PVA consistently retained about 80 % of its full
adsorption capacity (11.5 mmol g~!) over the subsequent nine cycles.
The results mean that this consistent cyclic performance during
adsorption—desorption tests highlights the excellent durability and
structural stability of 95% DSLS@PVA for NH3 separation applications.

Furthermore, the FT-IR spectra of 95% DSLS@PVA FT-IR samples
before and after NH3 adsorption were compared to analyze the possible
causes of incomplete NH3 desorption. As evidenced by the FT-IR spectra
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Fig. 9. (a) Column breakthrough curves, (b) the wear test, (c) cycling performance of 95% DSLS@PVA samples, and (d) FT-IR spectra of 95% DSLS@PVA samples

before and after NH3 adsorption and after cycling.
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in Fig. 9d, the characteristic peaks at 1384 cm™! (N-H bending) and
3160 cm ™! (N-H stretching) confirm the presence of residual NHs [16].
These NH3 molecules are likely to remain trapped within the micropores
of 95% DSLS@PVA pellets and are difficult to be completely desorbed
within 30 min at 353 K and 0.01 kPa. It is inferred that the incomplete
NHj; desorption observed in the reuse tests is due to the combined effect
of the interaction between Bronsted acid sites and NH3 molecules, as
well as the structural changes in the pelletized 95% DSLS@PVA adsor-
bent resulting from the pelletization process. In fact, this partial
desorption phenomenon aligns with findings reported for similar ad-
sorbents [37-39], where harsher desorption parameters (e.g., higher
temperatures or extended times) are necessary for complete NHj3
removal. However, such conditions would increase energy consumption
and operational costs. As a result, the desorption parameters in this work
strike a balance between efficient NH3 removal and practical energy use.
Besides, it is worth noting that the sustained high adsorption capacity
(~9 mmol g_l) and mechanical stability of the 95% DSLS@PVA pellets
after repeated cycles demonstrate their excellent regeneration perfor-
mance and durability. Therefore, combined with the advantage of
upcycling waste lignin, DSLS@PVA pellets are suitable for separation of
diluted NH3 gas, particularly in industrial operations that require sus-
tainable and cost-effective cyclic adsorption.

4. Conclusion

In this work, we present a sustainable and industrially viable
approach to valorize waste SLS into high-performance pelletized ad-
sorbents for diluted NH3 capture. The successful demethylation of SLS
significantly increased the Fpy_op content of DSLS, enabling DSLS to
achieve an exceptional NHs adsorption capacity of 12.26 mmol g~ ! at
298.2 K and 101.3 kPa. In addition, the optimizations of pelletization
have improves the applicability of pelletized DSLS@binder for NHg
adsorption and separation in PSA. The optimized 95% DSLS@PVA pel-
lets exhibited an NH; adsorption capacity of 11.5 mmol g~* and ultra-
fast adsorption kinetics (half-capacity uptake time of 38 s). Moreover,
the pelletized 95% DSLS@PVA demonstrates excellent IAST selectivities
for the separation of NH3/CO, (1380) and NH3/N; (3753). The break-
through experiment has further verified the effective separation of the
NH3/CO2/N2 (1:1:98, v/v/v) gas mixture by the 95% DSLS@PVA. In
addition, the 95% DSLS@PVA also exhibits favorable mechanical sta-
bility and reusability. Therefore, we believe that pelletized DSLS@PVA
adsorbents have significant potential for efficient adsorption and sepa-
ration of dilute NH3 in industrialization.
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