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both temperatures on the structural features and activity were examined. The density func-
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tional theory method was used to calculate adsorption energies and further analyze their
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adsorption behavior on different slabs. Experiments revealed suitable drying and calcination
temperatures to be 60 and 500°C, respectively. The capacity reached 323.8 and 288.1 mg/g.

Keywords:

Adjusting drying temperature to 60°C is more inclined to form larger and structured grains

Temperatures

of CuO. Rising calcinating temperature to 500°C could increase the grain size and redox

H2 S

capacity of CuO to promote performance. Higher temperatures would destroy the surface

PH3

structure and lead to a crystal phase transformation, which was that the CuO and Al2 O3 were

CuO (111)

gradually recombined into CuAl2 O4 with a spinel structure. The exposed crystal planes of

CuAl2 O4 (100)

surficial CuO and CuAl2 O4 were determined according to characterization results. Calculation results showed that, compared with CuO (111), H2 S and PH3 have weaker adsorption
strength on CuAl2 O4 (100) which is not conducive to their adsorption and removal.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Hydrogen sulfide (H2 S) and phosphine (PH3 ), common coproducts in the industrial production of closed carbide fur-

∗

naces and yellow phosphorus tail gas, are regarded as strongly
toxic air pollutants harmful to human health and the environment (Abdolghaffari et al., 2015). Otherwise, they can poison
the related catalysts and then hinder the recovery of abundant CO in the tail gas, which can be used as an energy source
in the one-carbon chemical industry (Li et al., 2015a). There
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is a strong motivation for exploring methods to simultaneously remove these pollutants for this reason. We addressed
that challenge by using traditional catalytic oxidation methods in this work, where H2 S and PH3 might become oxidized to
yield easily recyclable or tractable species, such as elemental
sulfur, P2 O5, and H3 PO4 (Ning and Wang, 2014; Yi et al., 2010;
Zhang et al., 2015a). Corona discharge method also could be
used to do this while the energy and removal efficiency remains to be further improved (Ma et al., 2016).
As for the materials, mesostructured molecular sieve (SBA15 (Li et al., 2016), ZSM-5 (Liu et al., 2016), Y zeolite (Li et al.,
2008)), active carbon (AC) (Balsamo et al., 2016), and carbon
nanofibers (CNF) (Bajaj et al., 2018) are often used as support to
prepare catalysts, which show good performance for removing H2 S or PH3 after loading alkali and rare earth metal oxides, such as ZnO, Fe2 O3 , MnOx , Cux O, and CeO2 (Cara et al.,
2018; Yu et al., 2019). However, the carbon materials may affect the recovery of CO due to its low selectivity. Also, the Cubased metal-organic framework (MOF) catalyst can be used for
H2 S removal, and adding a small amount of AC can increase
its effectiveness (Fan et al., 2017). Following that idea, activated carbon fiber (ACF) and even graphene may also be quite
promising. While the preparation of the above MOF catalysts
was complicated comparing to the sol evaporation-induced
self-assembly (SEISA) method which was used in our previous work (Wang et al., 2018). A kind of Ce-Cu-Al trimetallic
composite catalyst has been prepared for the simultaneous
catalytic oxidation of H2 S and PH3 . Its sulfur and phosphorus
capacities reached 291.84 and 242.7 mg/g, respectively. By the
way, the role of CeO2 also has been explored before, which can
adjust the grain size of CuO for improving the specific surface
area and pore volume as well as building contacts with CuO
to decrease the activation energy (Wang et al., 2018). The interaction of CuO and CeO2 can be strengthened due to the enhanced surface lattice defects of CeO2 when the calcination
temperature is 500°C. The enhancement of CeO2 surface defects can play a role in capturing more O2 , thereby promoting the oxidation of CuO (Guo et al., 2016a; Wang et al., 2017;
Wu et al., 2010). Besides, the information showed that the thermal stability of CeO2 was fantastic which only could be affected and transformed under high pressure and temperature
(1000–1400°C) (Bulfin et al., 2013; Hayes and Stoneham, 1985).
Therefore, we did not discuss related content anymore in this
work.
In the SEISA method, drying and calcination temperature
are often considered to be the key factors in the preparation
of catalysts. The impact of the corresponding temperatures
on the catalysts has been widely reported. The drying temperature usually affects solvent evaporation and is considered to be a critical parameter in the formation of the pore
structure and in determining the distribution of each component during catalyst preparation (Albretsen et al., 2017).
The calcination temperature demonstrably affects the activity and selectivity of many catalysts (Li et al., 2015b), as well
as their specific surface area, average pore diameter, particle
size (Soler-Illia et al., 2002), and pore volume (Qiu et al., 2009).
This temperature even controls the morphology and the formation of active sites in the catalysts, which in turn determines their performance for oxidizing H2 S (Mureddu et al.,
2012). Hence, to further promote the performance of the cat-

alyst, the drying and calcination temperature were investigated as key factors for optimizing the Ce-Cu-Al trimetallic
composite catalyst in the simultaneous removal of H2 S and
PH3 . Recently, there are many reports on the use of the DFT
method to study the adsorption reaction of H2 S on different
materials (Faye et al., 2020; Wei et al., 2018; Zhang et al., 2014),
but few for PH3 (Buasaeng et al., 2017). To obtain the adsorption behavior and strength of H2 S and PH3 on the catalyst,
this article also draws on this method for further analysis.
Moreover, the X-ray diffraction (XRD), Scanning electron microscopy (SEM), H2 temperature-programmed reduction (H2 TPR), and the Brunner-Emmet-Teller (BET) and Barrett-JoynerHalenda (BJH) method were used to know about the property
of the optimized catalyst.

1.

Materials and methods

1.1.

Catalyst synthesis

The catalysts were synthesized at different drying and calcination temperatures using the SEISA method (Wang et al.,
2018). Pluronic P123, HNO3 , Ce(NO3 )3 6H2 O, Cu(NO3 )2 , and
C9 H21 AlO3 were separately dissolved in ethanol (C2 H5 OH) and
then stirred. The ratio of P123 to C2 H5 OH was 1 g : 20 mL. The
mass ratios of Cu to Al was 3:2 and that of Ce to (Cu+Al) (total amount of Al+Cu was 20 mmol) was 0.6%. The catalysts
are denoted through their temperature conditions, such as 50,
60, and 70 means that the catalyst is dried at 50, 60, and 70°C
and calcined at fixed 400°C, respectively. The temperature 400–
800°C means that the catalyst is dried at fixed 60°C and calcined at 400–800°C, respectively.

1.2.

Evaluation of catalytic activity

Activity measurements were performed in a fixed-bed quartz
reactor (inner diameter 10 mm) at 70°C using around 1.5 g
of catalyst within 40–60 meshes. The concentrations of H2 S
and PH3 in the inlet and outlet gases were measured using a
FULI (company name) gas chromatography analyzer. The removal efficiency and adsorption capacity were calculated and
used to evaluate the sulfur and phosphorus removal performance of the adsorbents. The breakthrough adsorption capacity is defined as the mass of sulfur or phosphorus per gram of
fresh adsorbent Li et al., 2016). We calculated their removal efficiency and capacity using Eqs. (1) and ((2), respectively. The
reaction conditions were as follows: the total flow rate of the
feed gas was around 500 mL/min, corresponding to a space
velocity of approximately 10,000 hr−1 ; concentrations were
around 0.46 mg/L H2 S, 0.91 mg/L PH3 , and 1 vol.% O2 ; N2 was
used as the balance gas; the reaction temperature was set to
70°C. The conversion and removal capacity of H2 S and PH3 was
realized based on Eqs. (1) and (2).
Conversion rate (η, %):
η=

C0 − Coutlet
× 100%
C0

(1)

Removal capacity (q, mg/g):
q=

Q

t
0

(C0 − Coutlet )dt
×M
Vm × m

(2)
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Fig. 1 – Experimental flowchart for H2 S and PH3 simultaneous removal by Ce-Cu-Al trimetallic composite catalyst.

where C0 (mg/L) and Coutlet (mg/L) are the concentrations of
H2 S or PH3 at feed and outlet, respectively; Q (mL/min) is the
total flow rate; Vm (22.4 mol/L) is the standard molar volume;
m (g) is the catalyst mass; t (min) is the reaction time; M (g/mol)
is the molar mass. The experimental workflow is outlined in
Fig. 1.

1.3.

Calculation method and model

1.3.1.

Calculation method

All calculations in this study were carried out using the Dmol3
program in the Materials Studio 8.0 software package (BlackHole2 computer system) (Delley, 2000; Perdew et al., 1996). The
Generalized Gradient Approximation / Perdew - Burke - Ernzerhof (GGA/PBE) functional was used for calculating and optimizing H2 S, PH3 , CuO, and CuAl2 O4 , according to previous
studies (Asadi and Vaezzadeh, 2017; Hu et al., 2017). A density functional semi-core pseudopotential method was used
for the core electrons of Cu, and the all-electron method was
used for the core electrons of O, H, S, and P. A double-numeric
quality basis set with polarization functions (DNP) was used.
The tolerances of the SCF (self-consistent field), energy, gradient, and displacement convergence were 1.0 × 10−6 Hartree
(Ha), 1.0 × 10−5 Ha, 2.0 × 10−3 Ha/Å, and 5.0 × 10–3 Å, respectively. The adsorption energy (Eads ) was defined as:
Eads = Esystem (A + B ) − (Efreemolecule (A ) + Eslab (B ) )

(3)

where E (A) is the energy of free H2 S or PH3 ; E (B) is the energy
of a bare CuO (111) or CuAl2 O4 slab; E (A + B) is the total energy
of the system after adsorption.

1.3.2.

Calculation model

CuO (111) was used as the computational model because previous theoretical studies have indicated that the (111) surface
was the most stable surface of CuO (Mishra et al., 2016). It
has been widely used as an ideal model to investigate the
structure and other properties (Zhang et al., 2016). Similarly,
CuAl2 O4 (100) (Yin et al., 2003) was selected for this study. The
CuO (111) (Fig. 2a and b) and CuAl2 O4 (100) surfaces (Fig. 2c

and d) were cleaved from the CuO and CuAl2 O4 unit cell, respectively. Two-layer (2 × 2) CuO (1 1 1) (Zhang et al., 2015b) and
(1 × 2) CuAl2 O4 (100) slabs were fabricated with a 10 Å vacuum
gap above their surface to eliminate spurious interactions between the adsorbate and the periodic image of the bottom
layer of the surface (Zhang et al., 2015b). Moreover, comparing the data of 15 Å vacuum layer, it is found that 10 Å is fully
satisfactory for the adsorption process of the system.
The CuO unit cell has a monoclinic structure (C2/c space
group, a = 0.468 nm, b = 0.342 nm, c = 0.512 nm, and β = 99.54°)
(Hu et al., 2010), in which each Cu atom bonds with four O
atoms. The CuO unit cell (0.196 nm) and the calculated Cu-O
bond lengths in the CuO (100) surface (0.194 nm) are in good
agreement with other theoretical (0.195 nm) (Zhang et al.,
2015b) and experimental results (0.195 nm) (Massarotti et al.,
1998). The CuAl2 O4 unit cell has a cubic structure (Fd/3 m
space group) (Sun et al., 2015). Moreover, the calculated lattice
parameter for CuAl2 O4 is a = b = c = 0.815 nm, which is comparable to other calculation (Liu and Liu, 2011) and experimental
results (Cooley and Reed, 1972). In summary, the above data
support the credibility of the model, parameters, and specified accuracy.

1.4.

Catalyst characterization methods

XRD (D8 Advance, Bruker, Germany) patterns were recorded
using a Rigaku diffractometer operating at 36 kV and 30 mA
using Ni-filtered Cu Kα radiation (λ = 0.15406 nm) at a rate
of 5°/min, with 2θ ranging from 10 to 90°. A surface-area analyzer (BELSORP-max, BEL, Japan) was used to measure the
adsorption-desorption isotherm of the catalysts, with all samples degassed at 300°C for 5 hr. The specific surface area and
pore-size distributions were calculated by BET and BJH, respectively. SEM images were measured (Nova NanoSEM 450,
FEI, USA). H2 -TPR experiments were tested using chemical
adsorption instruments (MicrotracBEL Belcat, Japan). H2 consumption was calculated in terms of the reduction peak area.
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Fig. 2 – (a, b) Front and top view of CuO (111) slab and (c, d) CuAl2 O4 (100) slab and molecular structure of (e) H2 S and (f) PH3 .

Fig. 3 – (a) X-ray diffraction (XRD) patterns of the Ce-Cu-Al trimetallic composite catalysts prepared at different drying
temperatures and (b) the grain size distribution of different panels of CuO.

2.

Results and discussion

2.1.

Effect of drying temperature

2.1.1.

XRD

XRD was used to investigate the impact of the drying temperature on the changes in the material phase structure and the
crystallite size of the catalysts. The results were displayed in
Fig. 3. Diffraction peaks at 32.5°, 35.3°, 38.6°, 48.7°, 53.5°, 58.2°,
61.5°, 66.4°, 68.9°, 72.5°, and 75.1° were associated with the different planes in the CuO crystal (Fig. 3a) (Wang et al., 2018).
As the drying temperature increases, the positions of peaks
were highly consistent between the catalysts while their intensities varied. The strongest signal was observed on the surface of 60°C. Further, the average crystal sizes for the different
catalysts were calculated using the Scherrer formula from the
half-peak width of the (111) diffraction peak and the data has
been listed in Table 1. The 50°C displayed the lowest crystal
size (13.6 nm) and 60°C showed the largest (17.1 nm). Moreover, the crystal planes of CuO at 60°C had very similar dimensions (Fig. 3b), indicating a high degree of order within
the grain. This may be caused by different assembly methods
under different evaporation rates which followed the drying
temperatures changing.

2.1.2.

BET

Fig. 4 showed the N2 the adsorption and desorption isotherms
and the pore-size distributions for the samples of 50, 60, and
70°C. All the N2 adsorption and desorption isotherms of the
catalysts displayed H-3 hysteresis rings and were of type IV
(Rouquerol et al., 1999), characteristic of mesoporous materi-

Table 1 – Physical parameters for each catalyst.

Samples

CuO crystal
size (nm)

BET surface
area (m2 /g)

Average pore
diameter
(nm)

50°C
60°C
70°C
400°C
500°C
600°C
700°C
800°C

13.6 (0.3)
17.0 (0.4)
15.2 (0.3)
17.0 (0.3)
17.6 (0.2)
16.5 (0.2)
16.0 (0.1)
20.0 (0.3)

29.0 (1.5)
45.2 (1.3)
36.1 (1.2)
43.2 (5)
37.0 (3)
28.0 (3)
27.9 (2)
18.9 (5)

13.1 (0.6)
5.7 (0.5)
9.0 (0.5)
6.2 (0.4)
10.4 (0.5)
12.9 (0.4)
14.0 (0.3)
14.8 (0.3)

The value in the “()” means the range of error should be allowed.

als (Kim et al., 2010). The inset in Fig. 4 showed the BJH pore
size distribution calculated from the desorption isotherms.
Data in Table 1 listed that sample of 50°C had the smallest BET
surface area (29.0 m2 /g) and the largest average pore diameter
(13.1 nm). In contrast, 60°C had the largest BET surface area
(45.2 m2 /g) and the smallest average pore diameter (5.7 nm),
indicating that changing the drying temperature could doubtless affect the physical properties of catalysts.

2.1.3.

H2 -TPR

Only the physical properties of the catalysts were insufficient
to thoroughly assess their performance. H2 -TPR was used to
investigate the redox ability of the catalysts dried under different temperatures, with results showed in Fig. 5. There is
only one reduction peak on each catalyst and the peak posi-
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with the analysis results of XRD and BET. The duration of 100%
H2 S and PH3 removal was until 475 and 450 min, respectively.
Capacities of up to 263.8 and 219.3 mg/g were achieved. In
general, drying temperature could affect the performance of
catalysts by changing their physical and chemical properties.
When the drying temperature is 60°C, the particle size of the
active material of the catalyst is more uniform, the average
pore size is smaller, the specific surface area is larger and the
oxidation–reduction property is better.

Fig. 4 – N2 adsorption-desorption isotherms of catalysts
prepared at different drying temperatures. Inset: the pore
size distribution; Vads : volume adsorbed; STP: standard
temperature and pressure; V: pore volume; D: pore
diameter.

Fig. 5 – H2 temperature-programmed reduction (H2 -TPR)
patterns for the catalysts dried at different temperatures.

tions are the same at 300.5°C. It can be ascribed to the characteristic reduction peak of CuO crystallites (Fei et al., 2014),
indicating that it is tough to change the difficult degree of catalyst reduction by changing the drying temperature of material preparation. Moreover, the reducibility ability of catalysts
was discussed by calculating the H2 consumption and the data
have been summarized in Table S2. From Table S2, it is obvious that the H2 consumption over the catalysts decreases in
the sequence of 60°C > 50°C > 70°C. The catalyst dried under 60°C presents the highest reducibility, which may be connected with its large grain size with a high degree of order.
The above results suggest that the catalyst dried at 60°C also
promoted the redox ability of CuO.

2.1.4.

Experimental results

The simultaneous removal efficiency of H2 S and PH3 under various drying temperatures of the catalysts was shown
in Fig. 6. The calcination temperature was fixed at 400°C
for preparing the catalysts. The removal efficiency showed a
waterfall-shaped reaction curve and the tendency initially increased and then decreased with increasing drying temperature below the boiling point of ethanol (78.3°C). As previously
analyzed, due to the better physical and chemical properties,
the sample of 60°C exhibited the highest catalytic activity for
both H2 S and PH3 removal compared to other catalysts, showing better catalysis and cooperativity properties. It is in line

2.2.

Effect of the calcination temperature

2.2.1.

XRD

Fig. 7 has shown XRD patterns for the catalysts calcined at
various temperatures. The main reflections at 2θ = 32.5°, 35.3°,
38.6°, 48.7°, 53.5°, 58.2°, 61.5°, 66.4°, 68.9°, 72.5°, and 75.1° correspond to the different planes of the CuO crystal (#48–1548)
(Wang et al., 2018). Other diffraction peaks observed at 31.3°,
36.8°, 44.7°, 59.9°, and 65.3° for the sample of 800 °C correspond to CuAl2 O4 according to the (#33–0448) (Ponmudi et al.,
2019). The positions of the CuO diffraction peaks were visibly identical for all catalysts. Their intensities slightly varied
with increasing temperature, reaching a maximum at 500°C.
The above results suggested that the calcination temperature not only affected the CuO crystal grain size and could
even drive a transformation of CuO from a monoclinic system
(Arjmand et al., 2012) to a cubic system typical of spinel structures (Reimanis and Kleebe, 2009) with Al atoms. A high calcination temperature could break Cu-O bonds to allow superficial Cu atoms to move to the center of the cubic system, hence
forming a tetrahedral structure with four O atoms (which constitutes 1/8 of the unit structure of a typical spinel (Reddy et al.,
1999)). This phase transition caused a reduction in the number of active sites (CuO) on the catalysts’ surface, which has
been confirmed by XPS analysis in Table S4. The average crystal sizes of the catalysts (Table 1) were calculated using the
Scherrer formula, based on the half-peak width of the (111)
diffraction peak of the CuO crystal. The data had shown that
the sample of 500°C had a bigger crystal size of 17.6 nm than
that of 400°C, which might mean that slightly increasing the
calcination temperature (500°C) would help the growth of the
CuO crystal. While its size would first decrease and then gradually increase following the gradual increase in temperature
from 500 to 800°C. This was likely to indicate that the phase
transition was a gradual process, which has started after 500°C
(Menon et al., 2016; Zhou et al., 2015). This process caused the
conflict that the sample of 600 and 700°C did not show an
increased grain size compared with the sample of 500°C. In
other words, the required CuO has been completely formed
by 500°C. With the increase of calcination temperature, there
might be a change of crystal type while it was not large, indicating that the catalyst was still at a temperature state, that
is, the general composition has not changed. At 800°C, a new
substance (CuAl2 O4 ) was produced, thereby the catalyst structure changed a lot which strongly affected the crystal size of
the CuO.

2.2.2.

SEM

Fig. 8 had shown the surface structures of catalysts calcined
at temperatures between 400 and 800°C. The simplicity of the

282

journal of environmental sciences 104 (2021) 277–287

Fig. 6 – Activity of catalysts dried at different temperatures. (a) H2 S; (b) PH3 .

Fig. 7 – (a) XRD patterns for the Ce-Cu-Al trimetallic composite catalysts prepared at different calcination temperatures and
(b) grain size distribution of CuO at different panels.

Fig. 8 – Scanning electron microscopy (SEM) images of catalysts prepared at different calcination temperatures: (a) 400°C, (b)
500°C, (c) 600°C, (d) 700°C, and (e) 800°C.

surface structures was also illustrated. The effect of the calcination temperature on the surface structure could be considered as two phases that were low (from 400 to 500°C) and high
temperatures phase (after 500°C). At the low temperatures
stage, the enlarged CuO particles could be easily observed in
Fig. 8b, indicating that increasing the calcination temperature
could promote its growth. This speculation also could be supported by the data from Table 1 (crystal size). The regularity

of CuO crystal grain had been lightly affected, comparing to
others (Fig. 8b). During the high-temperature stage, there was
a different change way of the surface structure, which looked
like it had been reorganized. A large amount of CuO particles
were agglomerated and covered the surface as well as the size
gradually increased, sintering also intensified with increasing
temperature (Gaudin et al., 2016; Ye et al., 2017). This result can
be explained by a tendency toward the minimization of the
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Fig. 9 – (a) Nitrogen adsorption and desorption isotherms and (b) the pore size distribution of catalysts calcined at different
temperatures.

interfacial surface energy (Rouquerol et al., 1999). The above
analysis and the data in Table 1 (crystal size) supported that
the morphology of materials and the size of CuO were strongly
influenced by the higher calcination temperature.

2.2.3.

BET

Nitrogen adsorption-desorption isotherms were measured to
further analyze the physical properties of the catalysts. Fig. 9a
showed the nitrogen adsorption and desorption isotherms of
catalysts calcined at different temperatures. All the catalysts
exhibited a type-Ⅳ isotherm with an H-3 hysteresis loop, illustrating the presence of mesoporous structures (2–50 nm)
which can be attributed to the hollow cores and unrestricted
multilayer adsorption in mesopores (Gao et al., 2018; Guo et al.,
2016b). The slow decrease in the adsorbance reflected a reduction in the specific surface area of the catalysts, which
matched the data in Table 1 (BET surface area). Sintering
should be the main reason, which was caused by burning at
higher temperatures (Gong et al., 2017; Koçyiğit, 2018). The reason for the decrease of the specific surface area should be that
part of the small pores had been blocked by the enlarged CuO
grains at the low-temperatures stage. The BJH pore-size distribution calculated from the desorption isotherms was shown
in Fig. 9b, where the most probable distribution of their holes
was 3–5 nm. Data from Table 1 have shown that the average
pore diameter of the catalysts was gradually increased with
calcination temperature increasing. These results indicated
that higher calcination temperature would further push the
growth of CuO grains (Zhang et al., 2015a) and subsequently
drive a transition from a mesoporous to a macropore structure
and loss specific surface area (Guan et al., 2017). In general, a
catalyst prepared at a much higher calcination temperature
may not beneficial to the simultaneous removal of H2 S and
PH3 .

2.2.4.

H2 -TPR

H2 -TPR was used to evaluate the relationship between the
calcination temperature and the redox property of the catalysts. Fig. 10 displayed the profiles for the catalysts calcined
at different temperatures and the H2 consumption was listed
in Table S2. The reduction peaks located at 300.5°C (α) and
288.2°C (β) were respectively attributed to the reductions of
bulk CuO on the surface and the combined CuO–CeO2 system action (Wang et al., 2018). The reduction peak at 393.6°C
(γ ) was associated with the reduction of CuAl2 O4 (He et al.,

Fig. 10 – H2 -TPR profiles for catalysts calcined at different
temperature.

2006). Similarly, the analysis of H2 -TPR can also be divided
into two stages. In the low-temperature stage (400–500°C), although two catalysts had the same peak position (300.5°C), a
higher H2 consumption (2.49 mg/g) proved 500°C to better reducibility and catalytic activity. In the high-temperature stage
(600–800°C), all catalysts had two reduction peaks (β and γ ).
The peak temperature of β was reduced from 300.5 to 288.2°C
and H2 consumption also gradually decreased with increasing
calcination temperature. This may be the effect of agglomeration caused by high temperatures. Agglomeration leads to the
formation of more low-valent copper oxides, which results in
lower hydrogen consumption (Marrero-Jerez et al., 2015). At
the same time, H2 consumption of γ was gradually increased.
The above results firstly represented that the redox of CuO
was promoted at the low-temperature stage while continuously decreased once the temperature was over 500°C. Then,
the H2 consumption of the CuAl2 O4 gradually increased from
600 to 800°C, which also confirmed the transformation from
CuO and Al2 O3 to CuAl2 O4 was a progressive process as we
discussed in XRD part (Section 2.2.1).

2.2.5.

Experimental results

Fig. 11 displays the results for the simultaneous removal of
H2 S and PH3 using catalysts calcined at different temperatures. The drying temperature was fixed at 60°C based on our
previous experimental results. Generally, as the calcination
temperature increases, the catalyst’s tendency to remove H2 S
and PH3 is consistent with that shown in the drying tem-
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Fig. 11 – Activities of catalysts calcined at different temperatures for removing (a) H2 S and (b) PH3 .

Table 2 – Adsorption energy (Eads ) for H2 S and PH3 on
different sites of different slabs.
Adsorption
sites

H2 S Eads (eV)

PH3 Eads (eV)

CuO(111) CuAl2 O4 (100)

CuO(111) CuAl2 O4 (100)

Cu3f
Cu4f
O3f
O4f
O3fc
O4fc
Hollow

−0.54
−0.51
−0.17a
−0.15a
−0.25
−0.41
−0.33

−0.64
−0.58
−0.51b
−0.48b
−0.12
−0.09
−0.39

a
b
c

−0.21
−0.17
−0.27
−0.23
−0.34
−0.39
−0.28

−0.17
−0.11
−0.46
−0.40
−0.10
−0.08
−0.40

S adsorbed on O site;
P adsorbed on O site;
H adsorbed on O site.

perature stage, and both first become better and then become worse. The sample of 500°C showed a greater simultaneous and cooperative removal of H2 S and PH3 as previous analysis and reference showed (Oh et al., 2007). The duration of 100% H2 S and PH3 removal could be 475 and 450 min,
respectively. Capacities of up to 323.2 and 288.3 mg/g were
achieved, which was much higher than previously reported as
35.3 and 104.8 mg/g (Li et al., 2016). The above results showed
that the calcination temperature had a gently effect on their
material performance. While compared to that of the drying temperature, the adsorption capacity has been definitely
improved.

2.3.

Effect of CuO (111) and CuAl2 O4 (100) slabs

The DFT method was used to observe the adsorption behavior of H2 S and PH3 on the CuO (111) and CuAl2 O4 (100) slabs
from a microscopic perspective. By comparing the intensity of
adsorption to determine which model was better to the target
gas adsorption reaction. The CuO (111) and CuAl2 O4 (100) were
chosen based on the analysis of XRD and TEM results (Fig. S2).
Many adsorption situations have been considered and the adsorption energies have been listed in Table 2. Here, only the
situation of S or P atom adsorbed on Cu3f has been displayed
in Fig. 12 because of the strongest adsorption strength. The
Fermi energy has been set equal to zero marked with a vertical dashed line. Table S3 shows the Mulliken atomic charges

of related atoms. Besides, the energies of H2 S and PH3 adsorbing on other different faces were calculated for a better understanding of their adsorption behavior (Table S1 and Fig. S3).
Consider first the adsorption behavior of H2 S on the two
models. The data in Table 2 showed that there was a stronger
adsorption strength with the −0.54 eV of Eads when S1 adsorbed on Cu1 (Fig. 12a), which is much higher than that of
S2 adsorbed on Cu2 (−0.21 eV) (Fig. 12b). This also could be
read from the change amount of Mulliken atomic charges.
The charge transferred from S1 to Cu1 is about three times
that of S2 to Cu2 (Table S3). This shows that the former adsorption process is more intense. The partial density of states
(PDOS) of S1, Cu1, S2, and Cu2 has been displayed in Fig. 12c.
It was found that the states of S1 shifted downward with the
s and p orbits markedly broadened compared with that of
S2, meaning that it’s more stable when S1 adsorbed on Cu1
(Xiang et al., 2012). A resonance was observed between the Cu1
d state and the S1 p state at approximately −0.2 Ha (5.4 eV).
The weakly hydrogen bonds should be formed between the
H-S…Cu (Greenwood and Earnshaw, 1997). It should belong to
the chemisorption (Sun et al., 2015). Based on the above analysis, the adsorption strength of H2 S on CuO (111) was better
than that of CuAl2 O4 (100), especially when the S atom was
adsorbed on the Cu3f.
The adsorption of PH3 on CuO (111) or CuAl2 O4 (100) is similar to that of the H2 S. There was a stronger adsorption strength
with the −0.64 eV of Eads when P2 adsorbed on Cu3 (Fig. 12d).
The large amount of Mulliken atomic charge transfer between
P1 and Cu3 showed that P1 had a stronger reaction on CuO
(111) (Table S3). Besides, P1 shifted downward with the s and
p states markedly comparing to P2 in Fig. 12f, indicating enhanced dispersion and strong interactions with the surface Cu
(Xiang et al., 2012). Meanwhile, the resonance was observed at
−0.15 Ha (4.07 eV), signifying a strong interaction between PH3
and CuO (111) again. The weakly hydrogen bonds should be
formed between H-P…Cu (Greenwood and Earnshaw, 1997). It
also should belong to the chemisorption (Sun et al., 2015). The
above analysis suggested that the adsorption behavior of PH3
on CuO (111) was better than that of CuAl2 O4 (100), especially
when the P atom was adsorbed on the Cu3f. Similarly, we also
can get the adsorption strength of PH3 on CuO (111) is better
than that of CuAl2 O4 (100), especially when the P atom is adsorbed on the Cu3f. Referring to the results of catalytic activities, the point can be put forward very cautiously, that is the
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Fig. 12 – Model state after calculation and the partial density of states (PDOS) for different atoms: H2 S adsorbed on (a) CuO
(111) and (b) CuAl2 O4 (100); (c) the PDOS of S1, S2, Cu1, and Cu2; PH3 adsorbed on (d) CuO (111) and (e) CuAl2 O4 (100); (f) the
PDOS of P1, P2, Cu3, and Cu4. E: energy.

CuAl2 O4 (100) was unfavorable to H2 S and PH3 simultaneous
adsorption.

3.

and the Science and Technology Program of Yunnan province
(No. 2019FB069).

Conclusions
Appendix A. Supplementary data

Here, the influence of drying and calcination temperatures
was studied for the Ce-Cu-Al trimetallic composite catalysts
on simultaneous removal H2 S and PH3 . DFT method was
also used to further analysis. We found that a catalyst dried
at 60°C and calcinated at 500°C yielded the best simultaneous catalytic oxidation of H2 S and PH3 . A moderate drying
temperature (60°C) helped to improve removal efficiency by
forming larger and structured CuO grains. Besides, the influences of the calcination temperature can be divided into
low-temperatures (400–500°C) and high-temperatures (600–
800°C). Rising calcinating temperature to 500°C could increase
the grain size and redox capacity of CuO to promote performance. However, much higher temperatures (600–800°C)
would dramatically destroy the surface structure and effect
CuO grain size and lead to a crystal phase transformation,
which was that the CuO and Al2 O3 were gradually recombined
into CuAl2 O4 with spinel structure. Data of adsorption energies showed that there was weaker adsorption strength with
the −0.34 and −0.11 eV of Eads when H2 S and PH3 respectively adsorbed on CuAl2 O4 (100) than that of CuO (111), which
has certainly proofed that the CuAl2 O4 (100) was not beneficial to the H2 S and PH3 adsorption and following removal. In
conclusion, the physicochemical properties and catalytic activity of catalysts are affected by the drying and calcination
temperatures.
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