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ABSTRACT: Currently available liquid absorbents and porous adsorbents for
capturing NH; are often unfavorable in terms of possessing high stability and
reusability. Herein, three novel sulfonated phenol—formaldehyde (SPF) resins with
almost non-porosity were prepared through a facile polymerization of various phenol
sulfonates with formaldehyde and applied to the adsorption of NHj. It is
demonstrated that the SPF—Na resin displayed excellent reversibility and good
stability for efficient NH; adsorption (12.87 mmol-g™') and superior ideal
adsorption solution theory selectivities for 3% NH;/97% N, (5076) and 3%
NH,/97% H, (2619) at 298.2 K and 1.0 bar even in 20 adsorption—desorption
cycles, whereas common PF resin only achieved a very low capacity of 1.9 mmol-g~".
Column breakthrough results further confirmed that the SPF—Na resin showed good
performance in selective adsorption of 3% NH; in the mixture of NH;/N,/H,.
Nonporous SPF resins with high stability, desired capacity, and outstanding
reversibility are perceived as promising solid adsorbents for effectively capturing NH; in the ammonia industry.
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Bl INTRODUCTION

Ammonia (NH;), as an irreplaceable raw material in our daily
lives, especially for the agriculture and industry, is widely used
for the synthesis of fertilizers, pharmaceutical products, and
many nitrogen-containing inorganic salts and organic inter-
mediates.' > With the help of a popular freezing method, NH;

Recently, various phenol-based liquid absorbents were
widely reported for efficient absorption of NH,.*'~** NH,
can be captured by utilizing the acidity of the phenolic
hydroxyl group. However, it is seen from Scheme 1 that a fresh
phenol-based deep eutectic solvent is easily oxidized in air and
turns from colorless to purple, showing that phenol-based deep

can be mostly separated from H, and N,, but the tail gas
containing a low concentration of NHj is hard to be recycled
efficiently. Besides, NHj is a toxic, corrosive, and reactive gas
giving rise to the problems of industrial safety and the
environment. For example, NH; in the air would combine with
SO, and NO, to form PM 2.5, which is a severe menace to
public security.*”” Thus, it is an important task for effective
and reversible adsorption of low-concentration NH;, which
needs adsorbents possessing abilities to quickly capture NH;
and release it reversibly.

To this demand, many endeavors have been focused on
exploring efficient solid adsorbents, such as zeolites,®
mesoporous  silica,” activated carbons,'® porous dyes,"
covalent organic frameworks (COFs),"> porous polymers,"
and metal—organic frameworks (MOFs),"*™"° to capture toxic
NH,;. However, the synthesis of most of these materials is
tedious, or the raw materials are difficult to obtain. In addition,
harsh conditions including the higher temperature and longer
time for regeneration of these materials would lead to a serious
collapse of their porous structure, as illustrated in Scheme
1.7772° As a result, the reused adsorbent materials mentioned
above usually have a decrease in adsorption capacity and
selectivity of NH; after several recycles.
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eutectic solvents are not stable enough. By contrast, phenol—
formaldehyde (PF) resin as a common polymer is popularly
used in many industries owing to its unique properties
including heat resistance and excellent mechanical stability.”***
Bandosz et al. reported that a kind of resorcinol-based PF
resins could be employed for adsorption of NH;.** However,
the uptake capacity of NH; was too low (<2.0 mmol/g), and
the NH; adsorption process is even irreversible. Given the
basicity of NHj, it is possible that doping acidic sites into PF
resin would achieve highly efficient and selective adsorption of
NH;. As is well-known, sulfonated phenol—formaldehyde
(SPF) resin has a molecular structure similar to that of PF
resin, which is synthesized from formaldehyde and 4-
hydroxybenzenesulfonic acid.”” The resulting SPF resin has a
high density of sulfonate groups, which can show a strong
interaction with NH;. Considering the inadequate research on
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Scheme 1. Comparison of NH; Capture by Porous Materials, Liquid Absorbents, and SPF Resin Adsorbents
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Scheme 2. Schematic Process for the Preparation of Three SPF-Based Resins
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SPF resins for adsorption of NHj, it is very promising to
prepare a new SPF resin for efficient and reversible adsorption
of NHj,.

Herein, three novel SPF resins were designed and prepared
through the polymerization of various phenol sulfonates with
formaldehyde (Scheme 2). By making use of different kinds of
phenol sulfonates, the interaction of NH; with the hydroxyl
group in phenol sulfonate can be effectively improved. As
expected, the SPF resins showed highly efficient NH; capture
and high selectivity for NH;/H, and NH;/N,. Column
breakthrough tests were further performed using 3% NHj; in
NH;/N,/H, mixed gas to examine the dynamic separation
performance. The reusability and stability of the SPF resin
were also investigated in NH; adsorption and desorption
recycles.

B EXPERIMENTAL SECTION

Materials. 4-Hydroxybenzenesulfonic acid (85%), form-
aldehyde (37 wt % in water), ethanol (99%), sodium
hydroxide (NaOH, 96%), tetramethylammonium hydroxide
(TMAOH, 25 wt % in water), and ammonia (NH;-H,O, 25 wt
% in water) were supplied from Shanghai Titan Scientific Co.,
Ltd. Ammonia gas (NHj,), nitrogen (N,), and hydrogen (H,)
were purchased with a grade of 99.99 vol % from Jiangxi
Huahong Special Gas Co., Ltd. All reagents and chemicals
were used as received without further treatment and
purification.

Preparation of SPF Resins. As shown in Scheme 2, the
SPF resins were prepared by a two-step process: one is the
neutralization of 4-hydroxybenzenesulfonic acid with a base
(i.e, NaOH, NH;-H,0, and TMAOH), and the other is the
polymerization of phenol sulfonate with formaldehyde. In a
typical run, 4-hydroxybenzenesulfonic acid (2.0 g) and NaOH
(1.6 g) were dissolved in deionized water (5 mL). After stirring
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for 2 h, 1.6 g of formaldehyde was added to the mixture and
heated at 373.2 K for 18 h under a N, atmosphere. After
cooling, the solid product was filtered and washed with
deionized water and ethanol five times. Finally, a light brown
solid powder was obtained after drying at 333.2 K in vacuum
for 12 h, which is designated as SPF—Na. Similarly, the resins
SPF—NH, and SPF—=TMA were prepared by the same process,
except that the raw material NaOH was replaced with NH;-
H,0 and TMAOH, respectively.

Characterizations. Fourier transform infrared (FTIR)
spectra were collected on a NEXUS870 FTIR spectrometer.
The X-ray diffraction (XRD) pattern was recorded using a
Rigaku RINT-2200 diffractometer. X-ray photoelectron spec-
troscopy (XPS) was performed using an AXIS SUPRA
spectrometer. Thermogravimetric analysis (TGA) was per-
formed on a PerkinElmer Diamond analyzer under a N,
atmosphere. Field emission scanning electron microscopy
(SEM) images were obtained using a HITACHI S-3400N
microscope, and transmission electron microscopy (TEM)
tests were performed using a JEOL JEM-2100 microscope. H,
and N, sorption analyses were conducted on a Micromeritics
Tristar II 3020, and the Brunauer—Emmett—Teller (BET)
method was used to calculate the surface area of samples.

NH; Adsorption Procedure. The dual-chamber apparatus
was used to measure NH; adsorption capacity (Figure SI,
Supporting Information).”® In a typical run, a known mass of
the sample was deposited in the adsorption chamber. NH; in
the storage chamber was introduced into the adsorption
chamber. After reaching equilibrium, the adsorption data were
calculated by a dual-chamber volumetric method. Three
repeated operations were run for obtaining average values of
NH; adsorption. For recycling, the NH;-loaded SPF resin was
heated at 353.2 K under vacuum for 2 h to release NH3, and
the regenerated resin was used for the next test.
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Figure 1. (a) FTIR and (b) XPS spectra of the SPF resins.

Binding Energy (eV)

Breakthrough Tests. The breakthrough experiment of
three SPF resins for NH; adsorption was measured on a home-
made breakthrough apparatus at 298.2 K (Figure S2,
Supporting Information). The detailed procedure is shown in
the Supporting Information.

B RESULTS AND DISCUSSION

Characterization. Figure 1a shows the FTIR spectra of the
as-prepared SPF—Na, SPF—NH,, and SPF—TMA resins. It is
found that these three SPF resins displayed the typical benzene
ring skeleton stretching vibration at 1475 and 1631 cm™ and
the O—H stretching peak in phenol at around 3436 cm™ >~
The characteristic peak at 1400 cm ™" was assigned to the group
of NH," in SPF—NH,,'" and the peak at 948 cm™' was
attributed to the asymmetric C—N stretching from quaternized
ammonium groups of SPF=TMA.”” Subsequently, the results
of XPS characterization confirmed the presence of N, S, C, and
O elements in these three SPF resins (Figure 1b). These
demonstrate that the SPF—Na, SPF-NH,, and SPF-TMA
resins were successfully prepared using the raw materials
phenol sulfonate and formaldehyde. Moreover, the crystal
characteristic of these SPF resins was examined. XRD patterns
(Figure S3, Supporting Information) show that only a
broadened peak at 20 = 22° was observed, which verifies the
amorphous feature of these SPF resins.

In addition, the thermal stability of SPF resins was tested
(Figure S4, Supporting Information). It is found that all three
SPF resins remained largely intact when the temperature was
as high as 533.2 K, suggesting their good thermal stability. The
porosity feature of SPF resins was studied by N, sorption
analysis at 77 K (Figure 2). It is indicated that all these three

60
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Figure 2. N, adsorption/desorption isotherms of the SPF resins at 77
K
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SPF resins exhibited very low N, uptake capacities and their
surface area were much less than 11 m*g™'. As shown in
Figure 3, the SPF—Na resin showed the features of irregularity

Figure 3. (a) SEM and (b) TEM images of the SPF—Na resin.

and amorphousness (Figure 3a), which is similar to the
morphologies of SPF—NH, and SPF—TMA (Figure SS,
Supporting Information). Especially, the TEM image (Figure
3b) verified the dense framework and nonporous property of
the SPF-Na resin.

NH; Adsorption Performance. Figure 4a shows the NH;
adsorption rate of the as-prepared SPF resins and common PF
resin at 298.2 K and 1.0 bar. It is observed that the SPF resins
exhibited much faster adsorption rates than the common PF
resin. The SPF resins could quickly reach adsorption
equilibrium within 3 min, while the common PF resin still
could hardly reach the equilibrium even after more than 20
min with a very low capacity of 1.9 mmol-g~". The NH, uptake
capacities after reaching the equilibrium for the SPF resins
were 4—6 times as high as that of the common PF resin. This is
because the SPF resins have a sulfonate group in contrast with
the common PF resin, and the electron-withdrawing sulfonate
group on the benzene ring can greatly improve the interaction
of the phenolic hydroxyl group with NH;. As a result, the SPF
resins showed a better NH; adsorption rate and resulted in a
higher NH; uptake capacity. In addition, the SPF—NH, and
SPF—Na resins exhibited very high NH; uptake capacities of
12.90 and 12.87 mmol-g™, respectively, which are much better
than that of many reported solid materials such as active
carbon, zeolites, and MOFs.**** However, the SPF—TMA
resin exhibited a relatively low NH; uptake capacity of 9.83
mmol-g~". This finding demonstrates that choosing different
cations can have an effective impact on the interaction of SPF
resin with NH;. The sequence for the size of the cation is as
follows: Na* < NH," < TMA". That is to say, the smaller
cation has lower steric hindrance and facilitates the binding of
the sulfonate anion with NHj to achieve the large NH; uptake

capacity.
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Subsequently, the effect of temperature and pressure on
NH; adsorption by the SPF resins was examined. It is found
that for these three SPF resins, all the adsorption capacities of
NH, reduced with increasing temperature (Figures 4b and S6,
Supporting Information), which follows the rule that the
adsorption process is exothermic. Moreover, the NH;
adsorption capacity could enhance linearly with the increase
in NH; pressure from 0.2 to 1.0 bar (Figure 4b). This is to say,
a high NH; partial pressure is favorable for the adsorption of
NH;. However, in the low pressure area of 0.01—0.2 bar, the
SPF—Na resin notably had a steep increase in the NH;
adsorption capacity (Figure 4b). For example, when the NH,
partial pressure increased from 0.01 to 0.08 bar, the NH;
uptakes sharply improved from 2.3 to S5.78 mmol-g~'. The
trend of the NH; adsorption on the SPF—Na resin at the low
pressure obviously deviated from the ideal linear. This shows
that except for physical adsorption, a chemisorption interaction
would take place between NH; and the SPF—Na resin.

Dynamic Breakthrough Performance. Since the com-
petitive gases (N, and H,) coexist with NH; in the ammonia
industry, it is highly important and necessary to examine the
ability to selectively capture NH;. As shown in Figure Sa, the
adsorption isotherms of NH;, H,, and N, on the SPF—Na
resin were investigated at 298.2 K with the pressure ranging
from 0 to 1.0 bar. The NHj; adsorption capacity was found to
be as high as 12.87 mmol-g~" at 1.0 bar, while it was only 0.048
and 0.02 mmol-g~' for H, and N,, respectively. The SPF—NH,
and SPF—TMA resins also exhibited very low adsorption
capacities of N, and H, (Figure S7, Supporting Information).
The exclusion of N, and H, adsorption by these three SPF
resins is mainly due to their special non-porous feature.
Furthermore, the selectivities of NH;/N, and NH;/H, on
these SPF resins were calculated based on the ideal adsorption
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solution theory (IAST).*® It is indicated that all SPF resins
displayed excellent NH;/N, and NH;/H, selectivities at 1.0
bar and 298.2 K (Figures Sb and S7, Supporting Information).
For example, superior IAST selectivities for 3% NH;/97% N,
(5076) and 3% NH,/97% H, (2619) were achieved for SPF—
Na resin at 1.0 bar and 298.2 K.

To investigate the adsorption separation of the simulated
mixture gas NH;/H,/N,, a dynamic breakthrough test was
performed with a gas flow rate of 30 mL-min™" at 298.2 K. As
shown in Figure 6, all SPF resins showed a good retention time
of higher than 29 min-g~' for NH; adsorption. Especially for
the SPF—Na resin, the retention time on NH; could reach up
to 52 min-g”'. However, the breakthrough of H, and N,
occurred almost instantaneously. These confirm that the SPF—

1.2

3% NH,, 72.75 %H,, 24.25% N, Flow: 30 mL/min
1.0 S Sy ETEVETAVETETETE R R R
0.8

O 0.6- —o—SPF-NH,
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0.0
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Time (min/g)

Figure 6. Experimental column breakthrough curves for 3% NH,/
72.75% H,/24.25% N, separation on the SPF resins at 298.2 K.
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Na resin can selectively capture NH; from H, and N,,
indicating that the SPF—Na resin can be adopted for selective
adsorption of NH; in an ammonia plant.

Thermodynamic Analysis. The empirical formula®” was
employed to study the chemical and physical adsorption
behavior between NH; and the SPF—Na resin, and the total
NH, uptake capacity (eq 1) is composed of two parts including
xg and xy, which represent the abilities of chemical adsorption
(eq 2) and physical adsorption (eq 3), respectively.

p
FEmE AT Ty (1)
KP
TR kP )
p
Ty (3)

where x, is the maximum adsorption capacity of chemical
adsorption (mol-kg™), k is the adsorption equilibrium
constant (kPa™'), and H is the Henry constant (kPa-kg-mol™").

The fitting curves of NH; adsorption on the SPF—Na resin
is shown in Figure 4b, and the estimated parameters are listed
in Table 1. It can be seen that the curves fitted well with the

Table 1. Calculated Henry’s Constant (H), Reaction
Equilibrium Constants (K), and x, for NH; Adsorption on
the SPF—Na Resin

temperature (K) H (kPakg'mol™) K (kPa™') . (molkg™) R?
298.2 15.47 47.62 6.8210 0.996
313.2 2222 22.52 6.0046 0.995
333.2 34.72 8.25 4.3742 0.991

experimental data with R* > 0.99. Then, the chemical and
physical adsorption curves of NH; on the SPF—Na resin were
calculated and are shown in Figure 7. It is found that the
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Figure 7. Total, chemical, and physical adsorption of NH; on the
SPF—Na resin.

chemisorption dominated at the pressure range from 0 to 0.2
bar and the chemical adsorption capacity became flat at the
pressure range from 0.2 to 1.0 bar. On the other hand, the
physical adsorption capacity could enhance linearly with the
increase of NHj partial pressure. Furthermore, the relationship
between the adsorption equilibrium constant (K) and
temperature (T) could be described by the following equation

(eq 4)
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The linear fitting results are shown in Figure 8. The chemical
adsorption enthalpy (AH,.,,) is found to be —41.4 kJ-mol™".

401  InK=4979.21/T-12.82

AH hem= —41.4 kJ/mol

3.6

0.0030 0.0031 0.0032 0.0033 0.0034
T

Figure 8. Linear fit of In K and 1/T for NH; adsorption on the SPF—
Na resin.

This value is much lower than the NH; adsorption enthalpy by
the reported adsorbents in the literature.””*" Also, Figure S8
(Supporting Information) shows the fitting diagram of the
relationship between the Henry constant (H) and temperature
(T). The value of AH,,, was only —19.0 kJ/mol, further
indicating the weak interaction of NH; physical adsorption.
Regeneration Performance. Figure 9a shows the
recycling performance of the SPF—Na resin during 20 cycles.
It is demonstrated that the SPF—Na resin had almost the same
adsorption capacity after 20 cycles. This indicates the excellent
reversibility of NH; adsorption on the SPF—Na resin. FTIR
spectra (Figure 9b) of the SPF—Na resin were further obtained
to investigate the interaction and stability change during NH;
adsorption and desorption. After NH; adsorption, a new peak
at 1540 cm™' was observed and assigned to the bending
vibration of N—H in the adsorbed NH;. After the release of
NH;, the FTIR spectra (Figure 9b) and the XRD patterns
(Figure S9, Supporting Information) of the reused SPF—Na
resin were observed to remain nearly unchanged in comparison
to those of the fresh SPF—Na resin after 20-cycle runs,
indicating that the chemical structure of the SPF—Na resin did
not change during the adsorption and desorption of NH;.
Therefore, the SPF—Na resin shows an outstanding stability
and good reusability for reversible adsorption of NHj.
Comparison of the SPF—Na Resin with Other
Adsorbents in the Literature. The comparison of the
SPF—Na resin with other reported porous adsorbents such as
PDVB-2.0AA,'"> Mg,(dobpdc), Ni,(dobpdc),'”
Co,CL(BBTA),”* COF-10," NU-1000-Cl-120, NU-1000-Cl-
300,"" and NU-300"" in terms of NH; adsorption capacity and
reversibility is summarized and listed in Table S1 (Supporting
Information). It is indicated that the adsorption capacities of
NH; on porous adsorbents NU-1000-Cl-120, NU-1000-Cl-
300, and NU-300 were obviously lower than the performance
of the SPF—Na resin. In particular, porous adsorbents PDVB-
2.0AA, Mg,(dobpdc), Ni,(dobpdc), Co,CL(BBTA), and
COF-10 had a big decrease in their NH; adsorption capacities
after a few cycles (e.g, ~30% loss after three cycles). This is
because their adsorption sites have a relatively stronger
interaction for binding with NH; and the adsorption enthalpies
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Figure 9. (a) Recycling performance of the SPF—Na resin for NH; adsorption and (b) FTIR spectra of SPF—Na resin before and after NH,

adsorption.

are often higher than —50 kJ-mol™'. Thus, an amount of
residual NH; could not be desorbed and released even under
high temperature and a long desorption time. By contrast, the
SPF—Na resin had almost no loss NH; adsorption capacity
during 20 cycles, and the regeneration condition was very mild.
Therefore, the SPF—Na resin exhibited comprehensive
performance including high NH; adsorption capacity, good
NH; adsorption reversibility, and outstanding selectivity of
NH,/H,/N.,.

B CONCLUSIONS

In summary, three SPF resins were synthesized and employed
for efficient adsorption of NH;. The results indicated that these
SPF resins with the nature of non-porosity exhibited
satisfactory NH; adsorption capacity, good reversibility, and
high selectivity with an almost exclusion of N, and H, uptakes.
Particularly, the SPF—Na resin exhibited high NH; capacity at
298.2 K and 1.0 bar, with the amount of 12.87 mmol-g”!, and
the selectivities of NH;/N, and NH;/H, were up to 5076 and
2619, respectively. Dynamic column breakthrough tests further
verified the outstanding performance of the SPF—Na resin in
selective adsorption of 3% NHj in the mixture of NH;/N,/H,.
The 20 cycle tests also showed that the SPF—Na resin had
excellent reusability and reversibility in NH; adsorption/
desorption.
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