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Herein, an unusual strategy is reported to enhance the H2S uptake capacity by varying the ZnO-support
interaction and controlling the acid-basic environment of the pore channel; this is in place of the gener-
ally reported method of decreasing ZnO nanoparticle size and optimizing their porosity. With this regard,
coal based activated carbon (AC) is selected as the support and the interaction with ZnO is tuned by intro-
ducing N species on AC surface through a soft nitriding strategy. Our strategy is confirmed to be prospec-
tive based on the fact that the N-modifying AC supported ZnO adsorbent show a maximum breakthrough
sulfur capacity (BSC) of 62.5 mg S/g sorbent, two times larger than that without N-modification
(30.5 mg S/g sorbent). The enhanced BSC is attributed to the introduced N species, which not only
increases the basicity of the water film condensed in the pores, promoting the dissociation of H2S and
H2O, but also influences the electronic structure of ZnO, accelerating the rate of lattice diffusion during
in sulfidation process. It is also found that the high BSC of sorbent with N modification is related to
the doped N concentrations, ZnO dispersion and the material porosity. This paper provides a new insight
for designing supported ZnO based adsorbents.
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1. Introduction

Hydrogen sulfide (H2S) is a toxic contaminant that is found in
natural gas, syngas and coal-derived gas. The presence of H2S
causes damage to pipelines and equipment, and can also destroy
the downstream catalysts. Therefore, removing H2S from these
gases is needed before further use. Metal oxides are common
adsorbents for H2S removal due to their strong affinity. Westmore-
land et al. [1] thermodynamically screened various metal oxides
for H2S removal and showed that the oxides of Fe, Zn, Mn, Mo, V,
Ca, Sr, Ba, Co, Cu and W could be used as desulfurizer at high tem-
perature. Compared with high temperature desulfurization, low
temperature desulfurization has the advantages of facile operation,
low cost and high desulfurization precision. For instance, the
recently developed rapid proton exchange membrane fuel cells
need to lower the H2S concentration to 0.1 ppm in feed gas at
ambient temperature [2]. ZnO has favorable thermodynamics at
room temperature and has been extensively studied as a polishing
bed desulfurizer [3,4]. However, the problem of low sulfidation
extent due to the kinetic limitations is still a bottleneck for indus-
trial application.

Supporting ZnO nanoparticles onto porous material, such as
mesoporous silica [4–7], activated carbon (AC) [8], graphite oxide
[9], g-C3N4 [10] and sepiolite [11] et al., is a simple but efficient strat-
egy to alleviate slow sulfidation kinetics. This is because the support
matrix can well disperse ZnO and also prevent the agglomeration of
ZnO grains, eventually resulting in a higher availability of active
adsorption sites. Furthermore, their high porosity can reduce the
resistant of porediffusion. Thus evenlydispersing ZnOnanoparticles
on the support while keeping their important texture properties
intact is a hot topic for researchers aiming to improve the H2S
removal performance of the sorbents. For examples, Hussain et al.
[12] and Li et al. [4] investigated diversemesoporous silicamaterials
(MCM-41,KIT-6, SBA-15, SBA-16, andMCM-48)withdifferentphys-
ical properties being used as support; Geng et al. [13] adopted the
novelmelt infiltrationmethod to prepare the ZnO-based adsorbents
instead of using the impregnation method; Balsamo et al. [14,15]
improved the dispersion of ZnO on AC through adding the second
active component CuO, the enhanced sulfur capacity contributed
to the well dispersion of metal oxides and is also related to the syn-
ergistic effect between ZnO and CuO.

Metal oxides-support interactions are very important in cataly-
sis and have been widely studied, since the eligible interaction can
remarkably improve their catalytic performance [16,17]. Similarly,
this interaction is also of great significance in desulfurization. Ban-
dosz et al. [18,19] prepared a series of metal (oxy)hydroxide-
graphite oxide adsorbents for H2S removal. They found that the
interactions between active sites and the carbonaceous support
(such as the formation of surface chemical heterogeneity or the
formation of new chemical bonds) contributed to the enhanced
sulfur removal capacity. Cimino et al. [14,15,20] supported CuO
and ZnO on different supports, such as the c-alumina and AC.
The interaction between metal oxides and AC was believed to ben-
efit for increasing the complexity of surface sulfidation while the
strong interaction between active sites and c-alumina led to a
decrease in H2S removal capacity. Also, Ullah et al. [21] explored
the effect of crystallization temperature on thiophene conversion
and sulfur capacity of Ni/ZnO-Al2O3 sorbents. The authors con-
cluded that high crystallization temperature could lead a strong
interaction between ZnO and Al2O3 and the formation of inactive
ZnAl2O4; this dramatically decreased the reactive adsorption
desulfurization performance. Clearly, the active site-support inter-
action is also a non-negligible factor influencing the desulfuriza-
tion performance. Despite that, few endeavors have focused on
this aspect were done to improve the sorbent H2S uptake capacity.
Inspired by this, a novel idea on design of ZnO based adsorbent is
fabricated via tuning the ZnO-support interactions.

AC, widely being used as support, has attracted much attentions
in the field of adsorption [14], catalysis [22] and supercapacitor
[23] due to the advantages of large surface area, high pore volume,
relatively high mechanical strength and enriched surface oxygen-
containing functional groups such as hydroxides and carboxylic
groups [24–26]. These fantastic characteristics motivate us to use
AC as support, especially for the enriched surface oxygen-
containing functional groups, which can help introduce heteroa-
toms that change the surface chemistry of AC, thereby achieve
the aim of manipulating the ZnO-AC interactions. Dependent on
its wide commercial availability in the Chinese market, the coal
based AC is selected as the support in this study. Nitrogen modified
AC is used as a media to tune the ZnO-AC interactions, because this
modification can alter the surface electronic structure and the acid-
ity/basicity related to the porous environment of AC which also
shows great influence on H2S removal [27–29]. However, the con-
ventional preparation of the N-functionalized AC matrix is based
on pyrolysis of precursors containing N species or high-
temperature annealing in an NH3 atmosphere [30,31]. The disad-
vantage of high energy-consumption is that it clearly cannot meet
the thesis of sustainable development.

Herein, a robust but green strategy was referenced to incorpo-
rate N species on AC surface through mild annealing with urea at
300 �C, namely the soft nitriding method [22,32]. The soft nitriding
method can successfully introduce N species on carbon surfaces
through reacting with NH3 and HCNO generated from thermal
decomposition of urea. At the basis, a series of nitrogen modifying
AC supported ZnO adsorbents with different nitrogen content
or/and ZnO loading content are prepared. Therein the nitrogen
content attached onto AC are controlled by modulating the urea/
AC weight ratio. The effects of N doped AC on their supported
ZnO adsorbents for H2S removal and the different adsorption
mechanism before and after N modification are discussed in detail.
This research provides new insights for designing novel supported
ZnO based adsorbents.
2. Experimental

2.1. Materials

Coal based AC was purchased from Shanxi Keling Co. Ltd. Zinc
nitrate hexahydrate (AR, 99.0%), urea (AR, 99.0%) and ethanol abso-
lute (AR, 99.7%) were obtained from Tianjin Kermel Chemical
Reagent Co. Ltd. All the chemicals were used without further
purification.
2.2. Preparation of the sorbents

Soft nitriding modifying AC matrix was carried out based on the
reference [22] but with some modification. Typically, given
amount of AC supports were physically ground and mixed with
urea controlling the weight ratio of urea/AC at 0, 0.5, 1, respec-
tively. The mixture was sealed in a crucible and then calcinated
at 150 �C for 2 h and at 300 �C for another 2 h. The product was
washed with deionized water and ethanol for 3 times and then
dried at 60 �C for 4 h. The obtained N-modified AC support was fur-
ther ground into 40–60 mesh particle and collected for use. The N-
modified AC supports were denoted as N-AC-X, X is the weight
ratio of urea/AC.

N-modified AC supported ZnO adsorbents were prepared as fol-
lows: 0.4 g of N-modified AC support was impregnated in 1 ml
deionized aqueous containing 0.3657 g of Zn(NO3)2�6H2O to pro-
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duce sample containing 20 wt% ZnO. The obtained mixture was
dried at 30 �C in oven for overnight to remove the solvent and then
calcinated in N2 atmosphere for 2 h at 300 �C. In addition, a series
of sorbents were prepared using N-AC-0.5 as support by varying
the ZnO loading content from 0 to 30 wt%, which could be tuned
by varying the added weight of Zn(NO3)2�6H2O The preparation
process was the same as above mentioned. The fabricated sorbents
were labelled as ZAN-X-Y, therein Z, A, N represented the ZnO, AC,
and nitrogen, respectively. X referred to the weight ratio of urea/AC
and Y was the wt% loadings of ZnO.

2.3. Characterization

The phase composition of the samples before and after desulfu-
rization were detected on a Rigaku D/max-2500 diffractometer
using Cu Ka radiation and the scan rate is 8�/min. The data
between 5 and 80� was used for wide angle XRD studies. Textural
properties were obtained by measuring the N2 adsorption
isotherms at �196 �C with a Quantachrome Autosorb iQ Station 1.
Before measurement, samples were outgassed at 200 �C for 8 h.
The surfaces area was calculated according to BrunauerEmmett-
Teller (BET) method. Micropore volume was obtained from the
t-plot method. DFT method was used to calculate the total pore
volume and pore size distribution of the sorbents. The surface chem-
ical states of elements was analyzed by X-ray photoelectron
spectroscopy (XPS) on an AXIS Ultra DLD Spectrometer with Al K
radiation. Transmission electron microscopy (TEM) images were
collected on Tecnai G2F20 electron microscopy. Temperature-
programmed desorption of CO2 (CO2-TPD) was operated in a
fixed-bed continuous flow micro-reactor at atmospheric pressure.
0.1 g of sample was pretreated at 300 �C for 2 h in helium. After
cooling down to 50 �C, the CO2 was passed to the sample for 1 h.
Then the TPD process was proceeded raising temperature from
50 to 300 �C with a heating rate of 10 �C min�1.

2.4. Breakthrough tests

The H2S removal performance of the sorbents was tested on a
fixed bed by removing H2S from a gas stream in moist N2.
Typically, the fabricated adsorbents were loaded into a U-tube
micro-reactor (inner diameter 6 mm) with a packing height of
2 cm. Subsequently, the loaded sorbents was pre-humidified for
1.5 h using the moist N2 (ca. 3% moisture), which obtained by bub-
bling N2 in water at 30 �C. After that, the mixed gases containing
H2S, moist N2 passed through the U-tube micro-reactor. The total
flow rate was controlled at 100 ml/min. The inlet concentration of
H2S was 600mg/m3 and the reaction temperature was 30 �C. The
inlet and outlet H2S concentrations were determined by gas chro-
matograph equipped with a flame photometric detector (FPD).
The breakthrough tests were stopped when the outlet concentra-
tion of H2S reached 0.15 mg/m3. The sulfur capacity of the sorbents
was calculated by integrating the breakthrough curves area.
3. Results and discussion

3.1. Soft nitriding modification of activate carbon

The AC support before and after N functionalization using the
soft nitriding technique are characterized by N2 adsorption and
XPS spectra, the results are shown in Fig. 1. The N2 adsorption-
desorption isotherms demonstrate that all the supports show type
I sorption isotherms with a small H4 type hysteresis loop according
to IUPAC classification. The inflection point appeared at relative
pressures below 0.1 and the hysteresis loop emerged at relative
pressure of 0.4 suggest the presence of micropores and mesopores
in these supports [33]. Moreover, the amount of micropores
account for a large proportion, because a steep rise of N2 adsorp-
tion volume at P/Po < 0.1 is found in all the material. Compara-
tively, the volume of N2 uptake decrease in sequence of AC, N-
AC-0.5 and N-AC-1, demonstrating a decrease of the surface area
and porosity of the support after N modification.

The surface elemental composition of the supports were sur-
veyed by XPS spectra, the results are shown in Fig. 1b. Apart from
the peak of C1s, all supports depict the characteristic peak of O1s,
indicating the presence of oxygen-containing species on their
surface. Differently, a new peak corresponding to N1s is observed
in N-AC-0.5 and N-AC-1 [34]. Both the N2 adsorption and XPS
spectra results strongly validate the successful incorporation of N
species into AC matrix via soft nitriding technology. Moreover,
the concentration of N species attached to AC surface can be con-
trolled in a straightforward manner by changing the weight ratio
of urea and AC.

3.2. Characterization of fresh sorbents

Fig. 2a shows the wide XRD pattern of AC, N-AC-0.5 and sam-
ples ZAN-X-20. Both AC and N-AC-0.5 show two obvious broad
diffraction peaks at 2h = 28� and 43�, which attribute to the diffrac-
tion of (0 0 2) and (1 0 0) lattice planes of hexagonal graphite struc-
ture [35,36]. Nitrogen modification causes no obvious change to
the XRD pattern compared with the pristine AC matrix. After sup-
porting ZnO, these two broad diffraction peaks become weak,
together with some new diffraction peaks corresponding to wurt-
zite structured ZnO [2] appeared. This indicates that zinc nitrates
decompose to ZnO during the calcination and that the ZnO grains
disperse well on the AC surface. Interestingly, the characteristic
ZnO peaks intensify when supporting ZnO on Nmodified AC. More-
over, the peak intensity becomes even stronger with the increasing
nitrogen content on the AC surface, illustrating that N-modified AC
leads to the agglomeration of ZnO grains. This is thought to be
caused by the decreased surface area of the N-modified AC support.
In addition, varying the ZnO loading content on the N-AC-0.5 sup-
port can also lead to the variation of the ZnO diffraction peak inten-
sity. The peaks intensify with increasing the ZnO loading content,
just as shown in Fig. 2b.

In order to better understand the influence of N-modified AC on
the dispersion and the grain size of ZnO nanoparticles, TEM chara-
terization was performed. Fig. 3(a, d) firstly presents the images of
AC support, which is a layer-like material composed of a disor-
dered arrangement of nanosheets. After loading ZnO, the morphol-
ogy of the support remains undistorted, and ZnO grains with
irregular shapes are well dispersed onto the AC support (shown
in Fig. 3(b, e)). Compared with ZAN-0-20, supporting ZnO grains
on N-modified AC has no difference in morphology but influences
the dispersion associated with the ZnO grains. Agglomeration of
ZnO grains were observed according to Fig. 3(c, f), and are consis-
tent with XRD results. Additionally, some mesoporous voids are
observed in both samples loaded with ZnO because of the random
packing of the carbon nanosheet or/and ZnO nanograins.

Fig. 4 shows the N2 adsorption and desorption isotherms and
the corresponding pore size distribution (PSD) curves of ZAN-0-
20 and ZAN-0.5–20. For comparison, the N2 adsorption results of
pristine AC and N-AC-0.5 are also included. The results demon-
strate that introducing ZnO into AC or N-AC-0.5 does not remark-
ably destroy their support framework structures, which continue
to show type I sorption isotherms with a small H4 type hysteresis
loop [37]. A significant decrease in N2 adsorption volume com-
pared to their bare support is observed due to the partial filling
of the pore channels by nanosized ZnO grains. ZAN-0.5-20 presents
a lower N2 adsorption volume than that of ZAN-0-0.5, thus there is
a lower surface area and porosity expressed in ZAN-0.5-20. The
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corresponding PSD curves suggest that all the samples have a tri-
model PSD, which distributes at 0.8 nm, 1.3 nm and 3 nm. Support-
ing ZnO on AC or N-AC-0.5 causes the amount of micropores to
decrease remarkably, consistent with findings from the N2 adsorp-
tion results.

Table 1 shows the detailed texture parameters of the support
and the fabricated samples. The pristine AC matrix takes a large
surface area of 1119.8 m2/g and pore volume of 0.59 cm3/g, imply-
ing that the selected AC matrix is suitable for use as a support.
N-modified AC (N-AC-0.5) exhibits decreased surface area and pore
volume at 815.9 m2/g and 0.45 cm3/g, respectively. Dispersing ZnO
nanoparticles on the support result in a significant decrease in
their surface area and pore volume. Specifically, ZAN-0-20 has a
surface area of 764.4 m2/g and the total pore volume is 0.41 cm3/g;
ZAN-0.5-20 exhibits the corresponding values of 495.1 m2/g and
0.28 cm3/g, respectively. The decrease of surface are and pore
volume suggest that the ZnO nanoparticles successfully occupy
the pore channel of their support. This result is consistent with
the N2 adsorption isotherms.

The variation of the fabricated sorbents respect to ZnO-support
interaction and surface characteristics before and after N modifica-
tion are investigated by the XPS characterizations. Fig. 5 shows the
Zn2p XPS spectra. As shown, the Zn 2p spectra of both samples
show a doublet peaks with a binding energy gap of 23 eV, the dou-
blet peaks are assigned to Zn2p3/2 and Zn2p1/2 lines with binding
energies of 1022.5 eV and 1045.5 eV, respectively. These indicate
the presence of a ZnO phase in both samples [38]. Zn 2p spectra
of ZAN-0.5-20 displays a clear red shift in regard of binding energy
compared with that of in ZAN-0-20. This suggests a decrease in
electron density of ZnO in ZAN-0.5-20, highlighting the presence
of interaction between ZnO and the N-modified AC support [9].

Fig. 5b displays high resolved O1s spectra of ZAN-0-20 and
ZAN-0.5-20, illustrating the influence of N modification on the sur-
face oxygen species of the adsorbents. Both of them are fitted into
four components with binding energies of 531.2 ± 0.2 eV,
Table 1
Physical properties of support and the as-prepared samples.

Sample SBET (m2/g) Vt (cm3/g) Vmic (cm3/g)

AC 1119.8 0.59 0.34
N-AC-0.5 815.9 0.45 0.22
ZAN-0-20 764.4 0.41 0.24
ZAN-0.5-20 495.1 0.28 0.15

SBET, BET specific area; Vt, total pore volume; Vmic, micropore volume.
531.8 ± 0.1 eV, 532.6 ± 0.2 eV and 533.5 ± 0.3 eV. The former two
peaks are ascribed to the lattice oxygen in ZnO [9] and the surface
hydroxyl groups [3,9], respectively. The last two peaks are associ-
ated with the presence of sp2 CAO bond [39,40] and the loosely
bound oxygen species such as adsorbed O2, or adsorbed H2O on
the surface [41,42]. Compared with ZAN-0-20, the ratio of surface
hydroxyl groups accounting for total O in ZAN-0.5-20 shows an
obvious increase (22.5% vs 19.9%), illustrating that N-
functionalized AC support increases the basicity of the material.
In addition, both samples have adsorbed oxygen accounting for
22–23% of the total O composition; this adsorbed oxygen can be
used as oxidizer for catalytic oxidation of H2S during desulfuriza-
tion process.

The introduced N species have successfully changed the interac-
tion between ZnO and AC matrix based on the results presented in
Fig. 5a. However, the mechanism by which the introduced N spe-
cies tune the interaction is unclear. In order to better understand
this, the bonding configurations of the nitrogen species within
the AC matrix before and after supporting ZnO are analyzed and
shown in Fig. 5c, d. According to the XPS results, N-AC-0.5 has an
atomic composition of 86.48% C, 4.61% N and 8.9% O. Generally,
the introduced N atom has three bonding configurations within
the carbon lattice, including graphitic N (or quaternary N), pyri-
dinic N, and pyrrolic N [43]. Herein, a large percentage of N atoms
(64.8%) possessing a binding energy of 400 eV, are indexed to
amine and amide groups (or pyrrolic N) [22,32]. The peak posi-
tioned at 401.1 eV is attributed to graphitic N (8.3%) that replaced
carbon atoms in the hexagonal ring [30,44]. The peak centered at
398.7 eV is assigned to the pyridine N (26.9%) [43,45]. After sup-
porting ZnO, the atomic composition changed into 75.8% C, 2.34%
N, 15.08% O and 6.79% Zn. In comparison to N-AC-0.5, the number
of surface N atoms in ZAN-0.5-20 dramatically decreased, which is
interpreted by the coverage of ZnO nanoparticles. In addition,
although the category of nitrogen atoms is unvaried, the percent-
age remarkably changes. The percentage of pyrrolic N decreases
from 64.8% to 43.8%, while the percentage of pyridine N and the
graphitic N increase to 43.2% and 13.0%, respectively. These infor-
mation imply that partial pyrrolic N converts to pyridine N and
graphitic N after supporting ZnO onto N-modified AC; this is
thought to be a result of the deprotonation of amine and amide
groups which occur during thermal decomposition of zinc nitrates,
resulting in the conversion of pyrrolic N to pyridine N or graphite
N. Such a conversion at a mild temperature was also found by
other groups [46,47].



394 396 398 400 402 404 406

526 528 530 532 534 536 538 540

394 396 398 400 402 404 406

1020 1025 1030 1035 1040 1045 1050

c

(8.3%)

(64.8%)

graphitic N

pyrrolic N

pyridinic N

N-AC-0.5

N 1s

In
te

ns
ity

 (a
.u

.)

Binding energy (ev)

(26.9%)

b

22.5%

22.4%

19.9%

O1s

ZAN-0.5-20

ZAN-0-20

In
te

ns
ity

 (a
.u

.)

Binding energy (ev)

22.5%

dN 1s

ZAN-0.5-20

In
te

ns
ity

 (a
.u

.)

Binding energy (ev)

pyridinic N
(43.2%)

(43.8%)
pyrrolic N

(13.0%)
graphitic N

ZAN-0.5-20

ZAN-0-20

Zn 2p3/2Zn 2p3/2

Zn2p

In
te

ns
ity

 (a
.u

.)

Binding energy (ev)

(23 eV)

a

Fig. 5. XPS spectra of Zn2p (a), O1s (b), N1s (c, d) for the selected samples.

50 100 150 200 250 300

 AC
 N-AC-0.5
 ZAN-0-20
 ZAN-0.5-20

In
te

ns
ity

 (a
.u

.)

Temperature (oC)

Fig. 6. CO2-TPD curves of the supports and their corresponding samples.

C. Yang et al. / Journal of Colloid and Interface Science 555 (2019) 548–557 553
The influence of N modification on the basicity of supports and
their corresponding samples are recorded by CO2-TPD curves in
Fig. 6. Both the supports and samples exhibit a broad CO2 desorp-
tion peak ranged from 100 �C to 300 �C. As known, CO2 desorption
volume of the material positively relies on the surface area and the
amount of surface basic groups [48]. In terms of these two supports
(AC and N-AC-0.5), the virgin AC matrix has a larger surface area
but shows a lower CO2 adsorption volume, suggesting that the sur-
face basicity of the AC is enhanced after introducing N species
(including pyrrolic N, pyridine N and graphitic N). The enhanced
surface basicity is related to the introduced N species, which pro-
vide basic sites for interacting with CO2 [48]. It is noted that the
desorbed CO2 from the virgin AC is attributed to physically
adsorbed CO2 on the AC surface; the unique micro-porosity leads
to a high desorbed temperature. Introducing ZnO nanoparticles
on pristine AC and N-AC-0.5 resulted in an further improved sur-
face basicity, which is attributed to the surface hydroxyl formed
by the hydroxylation of ZnO [3]; this is confirmed by the release
of a larger CO2 desorption volume observed from their CO2-TPD
curves. The surface basicity of the supports and the samples vary
in order of largest to smallest as: ZAN-0.5-20, ZAN-0-20, N-AC-
0.5, AC. In brief, N modification significantly increases the amount
of basic sites both in support and in the samples, which aids in the
dissociation of H2S.
3.3. Evaluation of H2S removal performance

Fig. 7a shows the breakthrough curves of ZAN-X-20 series. For
comparison, the breakthrough curves of virgin AC and N-AC-0.5
are also included. Clearly, the AC matrix has an ignored H2S
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Fig. 7. Breakthrough curves of samples ZAN-X-20 (a), ZAN-0.5-Y (b) and the corresponding BSC (c).
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removal capacity while the N-AC-0.5 expresses a breakthrough
time of 105 min. This clearly demonstrates that N-modified AC
contributes to the H2S removal. In respect to ZAN-X-20 sorbents,
the breakthrough time of the samples prolongs from 150 min
(ZAN-0-20) to 345 min (ZAN-0.5-20) and then drastically
decreases to 120 min (ZAN-1-20) with increasing concentration
of N atoms on the AC matrix. As presented in Fig. 7c, ZAN-0-20,
ZAN-0.5–20 and ZAN-1-20 show a BSC of 30.5, 62.5 and 20.9 mg
S/g sorbent, respectively. The reduced H2S uptake ability of ZAN-
1-20 is caused by the introduced high concentration of N atoms
that remarkably reduces the specific surface area and the pore vol-
ume of the support. This results in the agglomeration of ZnO grains
and leads to a decrease in H2S uptake ability.

Fig. 7b shows the H2S removal performance of sorbents ZAN-
0.5-Y. With an increase of the ZnO loading content from 0 to
30 wt%, the H2S removal performance of the sorbents ZAN-0.5-Y
also presents a volcano type variation, thus ZAN-0.5–20 is the best
candidate for H2S removal. Compared with N-AC-0.5 (24.2 mg S/g
sorbent), ZAN-0.5-10 (43.1 mg S/g sorbent) and ZAN-0.5-20
(62.5 mg S/g sorbent) take an enlarged sulfur capacity, moreover
their values are larger than that of ZAN-0-20 (30.5 mg S/g sorbent).
This highlights the presence of synergistic effect between ZnO and
N modified AC support during desulfurization. In regards to sor-
bents ZAN-0.5-Y, the amount of active sites initially increases with
an increased ZnO loading content, however, an excessive increase
will cause an aggregation of ZnO grains that results in a reduction
of the active sites and porosity [49], thus the sulfur capacity of the
sorbent decreases.

Table 2 summaries the performance of supported ZnO adsor-
bents to remove hydrogen sulfide at room temperature. The sor-
bents with different types of support such as mesoporous sieves,
AC, and graphite oxide are included. As is seen, ZAN-0-20 shows
a similar BSC compared with the sorbents reported in the refer-
ences; however, ZAN-0.5-20 takes a higher BSC than most of the
other supports, demonstrating the high efficiency of this strategy.

3.4. Analysis of the sulfide products

According to the characterization and breakthrough results
from fresh samples, although ZAN-0-20 and ZAN-0.5-20 show
some similar characteristics (such as ZnO loading content, ZnO
grain size and the dispersion), ZAN-0.5-20 possesses a BSC
(62.5 mg S/g sorbent) two times larger than that of ZAN-0-20
(30.5 mg S/g sorbent). To clearly illustrate the contributors for
boosting a robust H2S uptake on the sample ZAN-0.5-20, the spent
samples ZAN-0-20E and ZAN-0.5-20E were characterized.

Fig. 8a shows the XRD pattern of the sulfided samples. Clearly,
the diffraction peaks of graphite structure at 2h = 28� is still
retained, suggesting the desulfurization process does not damage
the support structure. Compared with the fresh samples, the



Table 2
Summary of BSC of supported ZnO based adsorbents at room temperature.

Samples Cout (H2S) (ppm) Loadings (wt%) BSCs (mg S/g sorbent) Reference

ZnBW 100 12.5 [24]
Cu0.5Zn0.5/AC 60 10 27.2 [14]
TRGZ-3 15 50 114 [50]
Z30/K6 0.1 30 37.6 [4]
M-Z20/M41 0.1 30 54.9 [13]
ZAN-0-20 0.1 20 30.5 In this work
ZAN-0.5-20 0.1 20 62.5 In this work
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Fig. 8. XRD pattern (a), the wide survey scan of the XPS spectra (b), and S2p XPS spectra of the spent adsorbents.
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characteristic peaks of ZnO become weakened but still appreciable
in ZAN-0-20E. In contrast, the characteristic peaks in ZAN-0.5-20E
almost disappear, indicating the low reactivity of ZnO toward H2S
in ZAN-0-20. Additionally, although a large amount of H2S was
adsorbed by these two sorbents, no signal peaks related to sulfur
species, such as ZnS or/and elemental sulfur, are found in their
XRD patterns.

XPS characterizations are further performed to distinguish the
formed sulfur species in the spent samples. Fig. 8b shows the wide
survey scan XPS spectra of these two spent samples, in which the
signal peak of S2p are found in both samples. Based on the high
resolution XPS spectrum of S2p shown in Fig. 8c, d, the doublet
peaks located at ca. 162.0 ± 0.2 eV and 163.1 ± 0.2 eV are attributed
to S species in ZnS. These two peaks correspond to the spin orbit
splitting of S2p3/2 and S2p1/2 in ZnS, respectively [51]. While
the doublet peaks positioned at ca. 163.7 ± 0.2 eV and
164.8 ± 0.2 eV are assigned to elemental sulfur [52]. Therein, the
formed S2� in ZnS accounts for 59.2% of total S in ZAN-0-20E and
67.9% in ZAN-0.5-20E, respectively. Therefore, it concludes that
the main component of the sulfide products are ZnS and elemental
sulfur in both samples.

3.5. Adsorption mechanism of the sorbents with and without N
modification

Based on the results from Fig. 8, ZnS and elemental sulfur are
the products of these two adsorbents after desulfurization, sug-
gesting that the desulfurization process includes chemical adsorp-
tion and catalytic oxidation. As mentioned, the dynamic
breakthrough tests in this study were performed under an anaero-
bic condition, the oxygen containing groups or/and the adsorbed
oxygen on the surface of AC matrix are inferred to act as an oxi-
dizer for oxidizing H2S to elemental S. The pristine AC matrix
shows negligible H2S uptake capacity, not only demonstrating that
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the physical adsorption of H2S by the sorbents is negligible, but
also indicating that a driven force is required for catalytic oxidation
of H2S. As reported, alkali (such as MgO, Na2CO3, nitrogen contain-
ing species) modified AC is usually used as catalyst for catalytic
oxidation of H2S to elemental sulfur under wet conditions. The
alkali salts improve the basicity of the water film condensed on
the surface of AC, beneficial for H2S dissociation [25,30,53,54].
Therefore, we can surmise the sulfidation process in ZAN-0-20 is
that the water vaper in the feedstock firstly condensates as a water
film on the sorbent surface. Then hydroxylation occurs on the sur-
face of ZnO nano-grains, which provides a weak alkali environment
[3,49]; the molecular H2S diffused to the water film to dissociate
into HS� or S2�. Eventually the dissociated HS� and S2� are oxi-
dized into elemental S by the adsorbed oxygen species on the AC
surface [55]. In addition, the dissociated HS� and S2� can also react
with ZnO to form ZnS.

Whereas in ZAN-0.5-20, aside from the hydroxylated ZnO nano-
grains, the introduced N species (including pyrrolic N, pyridine N
and graphitic N) attached to AC surface can also increase the local
basicity of the water film, further facilitating the dissociation of
H2S. Similar results were concluded in previous studies
[25,27,56,57]. Because the dissociation of H2S into HS� is the rate
determining step for catalytic oxidation of H2S [53], thus the higher
concentrations of HS� will generate more elemental S by oxidation.
In addition, the introduced N species can also participate in the
oxidation of H2S [58].This is further validated by the breakthrough
results of AC and N-AC-0.5, where AC has a sulfur capacity of
2.7 mg S/g sorbent while the N-AC-0.5 is 24.2 mg S/g sorbent.

Table 3 provides the surface atomic concentrations of ZAN-0-20
and ZAN-0.5-20 before and after desulfurization based on the XPS
results. As seen, the atomic concentrations of C, Zn, N of these two
samples before and after desulfurization have no obvious change,
while the atomic concentrations of O decreases. ZAN-0.5-20E
(3.36%) shows the atomic concentration of sulfur is higher than
that of ZAN-0-20E (2.24%), indicating ZAN-0.5-20 adsorbs more
H2S during desulfurization process, this is consistent with the
breakthrough results. Notably, these detected values by XPS char-
acterization, which only reflect the surface information of the sor-
bents, are much lower than their actual BSC. This suggests that the
reaction between H2S and ZnO in these sorbents also permeates in
the bulk of ZnO [59]. Hence, the rate of lattice diffusion plays an
important role in enhancing the BSC of the sorbents. Because the
characteristic peaks of ZnO completely disappeared in ZAN-0.5-
20E while remaining appreciable in ZAN-0-20E, it is concluded that
more ZnO in ZAN-0.5-20 participates in the reaction with H2S. This
provides further evidence that ZAN-0.5-20 has a faster lattice diffu-
sion rate. As aforementioned, the interaction between ZnO and the
N-modified AC lead to a decrease of electron density of ZnO, which
can induce the generation of some defect sites, such as oxygen
vacancies and grain boundaries [60]. These defective sites are
believed to promote the lattice diffusion. In addition, the higher
concentrations HS� or S2� in the water film in ZAN-0.5-20 will also
contribute to the fast lattice diffusion.

As discussed above, the water vapor in the feedstocks, which
firstly condensate as water film on the adsorbent surface, and then
catalyze the dissociation of H2S into HS� or/and S2�, is very
Table 3
The atomic composition in ZAN-0-20 and ZAN-0.5-20 before and after
desulfurization.

Sample C (%) O (%) Zn (%) N (%) S (%)

ZAN-0-20 78.81 14.08 7.11 0 0
ZAN-0-20E 78.42 12 7.24 0 2.24
ZAN-0.5-20 75.8 15.08 6.79 2.34 0
ZAN-0.5-20E 75.61 11.33 6.72 2.98 3.36
important for improving H2S uptake capacity. The positive role of
water on H2S removal was tested by the breakthrough experiment
carried out in dry conditions, as shown in Fig. 9. Both ZAN-0-20
and ZAN-0.5-20 show a lower BSC at dry conditions than those
operated in wet conditions. The lower BSC of the sorbents in dry
conditions, besides the catalytic effect of water, maybe also relate
to the solvation of ZnO in the water film [61].

In brief, the enhanced BSC in ZAN-0.5-20 compared with
ZAN-0-20 is attributed to the introduced nitrogen species on the
AC surface, which not only serve as basic sites that increase the
basicity of the water film in the pores and promotes the dissocia-
tion of H2S and H2O, but also can produce an electron defective
state of ZnO that accelerates the rate of lattice diffusion. In addi-
tion, water vapor in the feedstock also plays a positive effect on
H2S removal. These results validate the effectiveness of our strat-
egy: tuning the pore acid-basic environment and the interaction
between the support and active sites to boost a robust H2S uptake
over the fabricated sorbents.
4. Conclusion

A series of highly efficient N modified AC supported ZnO adsor-
bents were prepared by tuning the ZnO-AC interaction via intro-
ducing N species on AC surface. The nitrogen content attached
onto the AC surface was controlled by modulating the weight ratio
of urea/AC. H2S breakthrough results indicated that N-modified AC
with ZnO as an adsorbent could significantly improve the H2S
removal capacity. The maximum BSC of the fabricated samples
was 62.5 mg S/g sorbent, two times larger than that sorbent with-
out N-modification. The enhanced BSC was attributed to the
introduced nitrogen species, which not only served as basic sites,
but also increased the basicity of the water film in the pores, pro-
moting the dissociation of H2S and H2O, while also modifying the
electronic structure of ZnO, resulting in an acceleration of the rate
of lattice diffusion. In addition, it was found that the high BSC of
the sorbent was also related to the doped N concentrations, ZnO
dispersion and the material porosity.

Further improvement on using the different types of AC as a
support could be made in order to examine the versatility of this
new strategy.
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