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Abstract 
The kinetics of products formation during adsorption at low temperature of gaseous 
H2S onto zinc and/or copper oxides supported on activated carbon is dealt in this 
work. Sorbents with a fixed total metal content and variable Zn:Cu ratios were 
prepared by impregnation of a commercial activated carbon. H2S (100 and 3000 
ppmv in N2) removal tests were run under dynamic conditions at 30 °C. Raw and 
spent sorbents were characterized via N2 porosimetry at  –196 °C to determine BET 
surface area and pore size distribution. XPS and TPD tests performed on partially 
converted and spent sorbents allowed the speciation of adsorbed sulphur species.  
 
Introduction 
Hydrogen sulphide is a noxious compound occurring in different gaseous fuel 
streams such as natural gas and biogas [1]. The removal of H2S from gaseous phase 
via adsorption offers numerous advantages related to the operating flexibility of this 
purification technology generally coupled with low costs. Nowadays, research 
efforts are devoted to develop sorbents based on metal oxides, hydroxides and 
carbonates supported onto high surface area substrates (e.g. mesoporous alumina, 
activated carbons) capable to efficiently capture H2S at room temperature [2]. 
Activated carbons (AC) are widely applied as support for the removal of H2S due to 
their favourable properties including high surface area and the presence of numerous 
functional groups that can remarkably influence the capture process [3]. The 
selection of optimal sorbents for H2S capture requires a proper identification of the 
products formed during reactive adsorption. Most literature studies highlight that the 
reaction between metal oxides and H2S leads to the formation of metal sulphides [4]. 
Nonetheless, different compounds can be formed onto supported metal oxides as 
function of both substrate microstructural properties/surface chemistry and adopted 
operating conditions of the adsorption process. For example, our research group 
recently observed the formation of CuSO4 and ZnSO4 after saturation with H2S of 
ZnO and CuO supported on a commercial activated carbon [5]. This work extends 
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the previous investigation focusing on the synergistic effect of the mixed metals in 
the active phase and on the identification of products formed during various stages 
of the H2S adsorption process.  
 
Materials and methods 
Hybrid adsorbents based on ZnO–CuO highly dispersed onto commercial AC (Darco 
G40, Norit) were produced by incipient wetness impregnation using aqueous 
solutions of metal nitrates, followed by heat treatment at 250 °C under N2 flow [5]. 
The nominal loading of metals (Zn+Cu) in functionalized sorbents was set to 10% 
wt., whereas the relative content of Zn and Cu was varied. The specific surface area 
(SBET) and pore size distribution (PSD) of sorbents were determined by N2 adsorption 
at –196 °C with a Quantachrome Autosorb 1-C apparatus. X-ray photoelectron 
spectroscopy (XPS) analysis was carried out on saturated sorbents using a XPS PHI 
5000 Versa probe instrument; assignation of XPS signals was based on the NIST 
spectral database. Dynamic adsorption tests at 100 ppmv H2S in dry N2 (20 SL h–1) 
were carried out at 30 °C in a fixed-bed reactor using 20–80 mg of sorbent (particle 
size range 125–200 μm) mixed with quartz. A continuous analyzer (ABB Optima 
Advance Limas 11 UV) was used for the simultaneous measurement of H2S (0–300 
ppmv) and SO2 (0–100 ppmv) concentrations. Some specific H2S adsorption tests at 
higher concentration (3000 ppmv) were carried out in a lab-scale plant presented 
elsewhere [5]. H2S specific adsorption capacity ωads [mmol g–1] was determined 

either at the break-point (����
���(�)/����

�� =0.02) and at saturation (����
���(�)/

����
�� =0.99). Temperature programmed desorption (TPD) tests were carried out in 

the same lab-scale plant: the sorbents (just after the adsorption test, without being 
exposed to air) were treated under a flow of 20 SL h–1 of high purity N2 and heated 
at 10 °C min–1 up to a maximum of 620 °C. The specific amount of sulphur desorbed 
during TPD tests (and obtained by integration of H2S and SO2 concentration profiles) 
was termed ����

���. 
 
Results and discussion 
Table 1 reports the SBET values of fresh and spent sorbents after capture tests with 

����
�� =3000 ppmv at T=30 °C. Figure 1 shows the PSD determined for raw and spent 

Zn/AC, Cu0.5Zn0.5/AC sorbents and for the pristine activated carbon. Results for raw 
sorbents confirm that the preparation technique allowed obtaining a high dispersion 
of the metal oxides onto the support, thus largely preserving the PSD of the raw AC. 
However, it is clear that the active phase composition affects the sorbent PSD. In 
particular, Zn/AC sorbent displayed a prevailing loss of porosity with respect to the 
AC substrate in the region of micropores smaller than 10 Å. On the other hand, 
Cu0.5Zn0.5/AC sorbent showed a micropore size distribution rather similar to the one 
retrieved for raw AC, whereas a minor reduction of mesoporosity in the size range 
26–33 Å was detected. The PSD of Cu/AC (not shown) and AC raw overlapped in 
the micropore size range, but the deposition of CuO resulted in a more evident 
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reduction of mesoporosity with respect to Cu0.5Zn0.5 sample. Therefore, it can be 
argued that ZnO and CuO phases showed a different tendency to be preferentially 
dispersed onto the surface of micro- and meso-pores, respectively.   
 

 
Figure 1. Pore size distributions of raw AC, Zn/AC and Cu0.5Zn0.5/AC before and 

after saturation with ����
�� =3000 ppmv in N2, T=30 °C. 

 
After saturation with H2S, all of the spent sorbents experienced a significant 
reduction of surface area and porosity due to the formation and accumulation of 
different S-bearing compounds. More specifically, among the saturated sorbents, the 
Zn-containing materials displayed an evident and similar loss of BET surface area 
(–40%) down to ca. 330 m2 g–1 that was mainly due to the occlusion of micropores. 
Furthermore, Zn-rich sorbents also showed signs of partial occlusion of their 
smallest mesopores (Fig. 1). On the other hand, the spent Cu/AC material retained a 
higher value of SBET (426 m2 g–1). Table 1 compares the performance of H2S capture 

of the tested sorbents, in terms of ωads, for tests carried out at ����
�� =100 and 3000 

ppmv and T=30 °C. For both H2S inlet concentration levels, raw AC is characterized 
by low H2S adsorption capacity. The functionalization treatment by single, and 
particularly by composite Zn and Cu oxides, resulted into a significant increase in 
ωads, confirming the existence of a clear optimum of the performances for the 
Cu0.5Zn0.5/AC sorbent (i.e. with equimolar Cu and Zn content). TPD of spent 
sorbents were carried out in order to investigate the species formed after H2S 
adsorption and to study the sorbents regenerability. All the functionalized spent 
sorbents released about the 40% of ωads in the form of SO2 deriving mainly from 
thermal decomposition of ZnSO4 and CuSO4 [5]; no H2S was released during TPD 
tests. The remaining fraction of captured sulphur can be imputed to both Cu and Zn 
sulphides, that decompose to temperature higher than 1000 °C in inert atmospheres 
[6], and to elemental or organic S, not detected by the analyzer. XPS analysis was 
conducted on a spent Cu0.5Zn0.5/AC sorbent after recovery in air under ambient 
conditions: deconvolution of signals in the range 160‒172 eV allowed the 
identification of S-containing compounds (Figure 2). 
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Table 1. Main parameters of the sorbents under investigation. Values of SBET after 

saturation with ����
�� =3000 ppmv in N2, T=30 °C are reported in brackets.  

Sorbent SBET  
[m2 g–1] 

����
��  

[ppmv] 

����
��� /����

��  

[–] 

ωads 

[mmol g–1] 

����
��� 

 [mmol g–1] 

AC raw 641 
 

(604) 

100 
100 

3000 

0.02 
0.99 
0.99 

– 
0.08 
0.20 

– 
0.08 
0.20 

Zn/AC 558 
 

(330) 

100 
100 

3000 

0.02 
0.99 
0.99 

0.21 
0.73 
0.97 

0.21 
0.29 
0.41 

Cu0.05Zn0.95/AC 520 
 

(327) 

100 
100 

3000 

0.02 
0.99 
0.99 

0.22 
0.88 
1.28 

0.22 
0.34 
0.58 

Cu0.5Zn0.5/AC 570 
 

(327) 

100 
100 

3000 

0.02 
0.99 
0.99 

0.40 
1.00 
1.46 

0.27 
0.39 
0.59 

Cu/AC 559 
 

(426) 

100 
100 

3000 

0.02 
0.99 
0.99 

0.22 
0.88 
1.36 

0.15 
0.33 

– 

 
The predominant form of surface S-species was copper and zinc sulfates with their 
characteristic S 2p3/2 and 2p1/2 lines respectively centered at 168.83 eV and 170.01 
eV. A minor presence of Zn sulphide was also identified with S 2p3/2 and 2p1/2 lines 
at 162.11 eV and 163.29 eV, respectively. Interestingly, the S 2p3/2 and S 2p1/2 peaks 

observed at BE=164.02 eV and 165.20 eV are representative of sulphur directly 
adsorbed on activated carbon as they can be ascribed to the occurrence of some 
elemental sulphur as well as to organic sulphur compounds, such as sulphide (C-S-
C), thiol (C-S-H), thiophene (C4S-H) and disulphide (C-S-S-C). 
 

 
Figure 2. XPS analysis on a saturated Cu0.5Zn0.5/AC sorbent (����

�� =3000 ppmv in 

N2, T=30 °C) recovered in air, showing the 2p spectral region of S. 
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The TPD investigation was extended to materials previously undergoing adsorption 

only up to the breakpoint (����
�� =100 ppmv) in order to obtain deeper insights into 

the type of S-based species early formed during the H2S capture process and into the 
role of copper. Notably, for Zn/AC and Cu0.05Zn0.95/AC (Zn-rich sorbents), all of the 
H2S adsorbed up to the breakpoint was stored as ZnSO4 and released as SO2 during 
the following TPD (����

���= ωads, Table1). On the contrary, Cu0.5Zn0.5/AC and Cu/AC, 
adsorbed more H2S up to the breakpoint but ����

���=0.7ωads, due to the formation of 
species that cannot be desorbed (i.e. copper and zinc sulphides) or detected (i.e. 
elemental S).  
Deconvolution of TPD profiles of the spent sorbents up to breakpoint (not reported) 
indicated that the degree of conversion of ZnO to ZnSO4 increased progressively 
from 10.1% up to 21.0%, moving from Zn/AC to Cu0.5Zn0.5/AC. Therefore, copper 
substitution promoted the ZnO conversion to ZnSO4 mainly in the first stages of the 
capture process, likely due to a sacrificial role of copper as oxygen donor to 
accelerate the formation of zinc sulphate.  
 

 
Figure 3. SO2 release during TPD tests from Cu0.5Zn0.5/AC after adsorption carried 

out at different sulphur loadings (corresponding to different process times). 
 
Moreover, TPD tests performed for Cu0.5Zn0.5/AC with increasing S loadings 
(corresponding to adsorption tests of increasing durations) suggest that ZnSO4 
formed at a faster rate with respect to CuSO4. In fact the SO2 peak related to ZnSO4 
decomposition did not experience any substantial modification, whereas the intensity 
of the CuSO4-deriving peak of SO2 emission increased progressively as shown in 
Figure 3.  
Altogether the results indicate that, for the best performing sorbent with equimolar 
Cu:Zn content, ZnSO4 was formed at a faster rate with respect to CuSO4 with copper 
likely acting as oxygen donor/structural promoter enabling a faster conversion rate 
and a higher utilization factor of the ZnO phase. On the other hand, the final degree 
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of conversion of both Zn and Cu oxides to form their sulphates was equivalent and 
most probably limited by oxygen availability on the sorbent. 
  
Conclusion 
Sorbents for the deep removal of H2S from gas streams at room temperature were 
prepared by dispersing mixed oxides (ZnO–CuO) onto a commercial granulated 
activated carbon, at fixed total metal loading of 10% wt. Pore size distribution 
analysis indicated that Zn and Cu oxides have a different tendency to be 
preferentially dispersed onto the surface of micro- and meso-pores, respectively. The 
sorbent with an equimolar amount of Cu and Zn (Cu0.5Zn0.5/AC) outperformed both 
counterparts containing 100% Zn or Cu in terms of H2S adsorption capacity both at 
the breakpoint and at saturation, discovering an evident synergic effect between the 
two metal oxides.  
XPS and TPD analysis of saturated sorbents demonstrated that metal sulphides, 
commonly recognized in the literature as the main reaction products from metal 
oxides, started to be formed with slow overall kinetics after the corresponding 
sulphates, probably due to the lack of oxygen available from the sorbent.  
In particular copper substitution promoted the ZnO conversion to ZnSO4 mainly in 
the early stages of the capture process, likely due to a sacrificial role of copper oxide 
as oxygen donor to accelerate the formation of zinc sulphate. Considering the large 
increase in the molar volumes of zinc and copper sulphates with respect to their 
corresponding oxides as well as sulphides, micropores (partially) clogged during 
adsorption thus slowing down the overall capture kinetics due to increased 
intraparticle diffusion limitations or even inhibiting direct access to the unreacted 
active phase.  
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