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ferrooxidans improved H2S gas
sensing properties of tubular hydroxyapatite at
room temperature

Yanni Tan,a Huixia Li,a Yong Liu,*a Jianping Xie,b Jia Heb and Jun Pana
A novel H2S gas sensing composite based on tubular hydroxyapatite

(HAp) and Acidithiobacillus ferrooxidans (At.f) was prepared, and the

gas sensing properties of pure HAp and the composite to H2S were

studied. The microstructures, crystalline phases and chemical groups

of the composites were characterized by SEM, TEM, XRD, and FTIR.

Results show that jarosite was formed during the cultivation of At.f.

Compared to pure HAp, the composite exhibited a more excellent

response to H2S. With the increase of the amount of Acidithiobacillus

ferrooxidans added, the sensitivity of the composite to H2S increased.

The composite showed a highest sensitivity of 76% to H2S at 2000

ppm, which is 2.5 times that of pure HAp. The probable sensing

mechanisms of the composite to H2S were proposed. Other than the

At.f, the structure and the chemical groups of jarosite are also bene-

ficial for H2S gas sensing.
1. Introduction

Hydrogen sulde (H2S) is a toxic, inammable, corrosive, and
malodorous acid gas, produced in coal mines, petroleum
elds, sewage, and natural gas production. It is extremely
harmful to both the human body and the environment.
According to the safety standards established by the American
Conference of Government Industrial Hygienists (ACGIH), the
threshold limit value (TLV) dened for H2S is 10 ppm for 8 h.1,2

Even at a low concentration, H2S exerts a severe effect on the
nervous system, and may cause death at a concentration
higher than 250 ppm. Therefore, there is an urgent demand
for gas sensors with a low cost and high sensitivity for the
detection and monitoring of H2S.

Many efforts have been made to prepare H2S gas sensors.
The most studied materials are metal oxides, such as WO3,
SnO2, Fe2O3, TiO2, ZnO and In2O3, as well as the composites
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based on them, such as PPy/WO3,3 CuO/ZnO,4 In2O3/ZnO,5 Fe-
doped SnO2,2 Cu-doped SnO2,6 and Pt-doped Fe2O3.1 Usually,
the composites exhibit better gas sensing performance than
single oxides. However, most of the H2S gas sensing materials
reported need to be operated at elevated temperatures. For
instance, the operation temperatures of CuO/ZnO, TiO2, Fe2O3

sensors are 300–500 �C,4 225–325 �C,7 and 200–600 �C,8

respectively. Some materials have been studied as gas sensors
that can be operated at room temperature, such as SnO2/CuO,9

Fe-doped SnO2,2 and PPy/WO3 nanocomposite lms.3 PPy/WO3

has good sensitivity, reversibility and long-term stability at
room temperature, but it has low sensitivity at a low concen-
tration of H2S (<100 ppm).3

Hydroxyapatite (HAp) exhibits peculiar properties, such as
surface P–OH bond which interacts with the gas molecules to
be detected, highly porous structure and capability to
exchange ions, so HAp has attracted more and more attentions
in gas sensor led. The authors have reported the sensing
properties of tubular hydroxyapatite and composites.10–13 It
was found that tubular hydroxyapatite exhibits high sensi-
tivity, quick response and recovery time, excellent reproduc-
ibility and selectivity to ammonia gas at room temperature.10

Pure tubular HAp also showed response to H2S, but the
sensitivity is not high.

Acidithiobacillus ferrooxidans (At.f), a Gram-negative bacte-
rium, is a dominant organism in biohydrometallurgy in the
process of ore bioleaching, and has been utilized in the
processes of desulphurization of sour gases and coal.14 These
bacteria can obtain energy through the electrons released as
a consequence of the oxidation process of Fe2+ to Fe3+ and
elemental sulfur in acidic solution. During the oxidation
process, At.f acts as a catalyst of the formation of jarosite.15

Jarosite has been found to be an effective photocatalytic mate-
rial.15,16 However, the gas sensing properties of At.f or jarosite
have not been reported so far.

In this work, At.f bacteria was mixed with HAp to prepare
a novel gas sensing material, in order to improve the sensitivity
of HAp to H2S.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Microstructures of At.f (a–c), HAp (d and e) and At.f/HAp
composite (f).

Communication RSC Advances

Pu
bl

is
he

d 
on

 0
2 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
f 

C
he

m
ic

al
 T

ec
hn

ol
og

y 
on

 1
0/

09
/2

01
6 

08
:1

2:
55

. 
View Article Online
2. Materials and methods

HAp was fabricated using a cation exchange membrane assisted
electrochemical deposition method, as reported in our previous
work.10 At.f was conventionally cultivated using 9 K medium
with a pH value of 2. The inoculation size was 5 ml strain per
100 ml medium. The ask was incubated on a rotary shaker for
8 h at 30 �C. The alive bacteria were collected and washed by the
centrifugation method. At.f collected from different amounts of
medium (100 ml, 200 ml and 500 ml) were re-dispersed in 50 ml
water using a centrifugal tube, and were mixed with 0.21 g HAp
respectively by shaking for 4 h. The composites were denoted as
1At.f/HAp, 2At.f/HAp and 5At.f/HAp respectively. Finally, the
composite was centrifuged, washed and dried in vacuum at 50
�C. The bacteria in the composite should be dead.

The morphology was investigated by using eld emission
scanning electron microscope (FESEM; NOVA NANOSEM, USA),
and eld emission transmission electron microscope (FETEM;
JEOL JEM-2100F, Japan). The crystalline phase and chemical
groups were tested by X-ray Diffraction (XRD, D/ruax 2550PC)
and Fourier Transform Infrared Spectroscopy (FTIR, Thermo/
USA Nicolet Nexus 670FTIR).

Gas sensing properties were measured by a Chemical gas
sensor-8 (CGS-8, Beijing Elite Tech Co., Ltd, China) intelligent
gas sensing analysis system. The details of the detection
method has been reported before.13 Simply, HAp and At.f/HAp
composites were coated on a ceramic tube with 4 Au electrodes
to make the sensor. The gas sensing properties were measured
in a 1 l glass bottle. Firstly, the bottle was vacuumed, and
injected with a certain amount of H2S. Aer the H2S diffused
absolutely, the air was allowed to enter and mix homoge-
neously. Secondly, the sensor was put into the bottle immedi-
ately, and the electric resistance of the sensor changed rapidly.
When the resistance reached a stable level, the sensor was taken
out, and the resistance came back to the initial value. The
sensitivity of the sensors was denoted using the equation: S ¼
(Ra � Rg)/Ra � 100%, in which Ra and Rg were the resistance of
the sensors in dry air and target gas respectively.
Fig. 2 XRD patterns of At.f and 5At.f/HAp composite.
3. Results and discussion

The microstructural observations (Fig. 1(a–c)) show that At.f is
rod-like, 100–200 nm wide and 0.5–1 mm long, and is apt to
forming clusters. HAp exhibits tubular morphology, with
a diameter of 2.5–5 mm, and a length of 5–20 mm. The tubular is
made up of clusters of nanorods with a diameter of 10–20 nm
and a length of about 100 nm (Fig. 1(d and e)). At.f andHAp were
mixed physically (Fig. 1(f)).

From the XRD patterns of the At.f (Fig. 2), it can be seen that
the crystalline phase in At.f is jarosite (KFe3(SO4)2(OH)6, PDF 22-
0827). The formation process and mechanism of jarosite has
been reported else where.14,17 Simply, during the culture of At.f,
a series of chemical reactions occur, including the oxidation of
ferrous iron, hydrolysis of ferric iron, and nally jarosite
precipitation.17 The following is the formula for jarosite
precipitation:
This journal is © The Royal Society of Chemistry 2016
3Fe3+ + K+ + 2HSO4
� + 6H2O / KFe(SO4)(OH)6 + 8H+

The XRD patterns of At.f/HAp composite contain the char-
acteristic peaks of HAp and jarosite. Fig. 3 shows the spectra of
At.f and At.f/HAp composite. For At.f, the specic adsorption
bands are observed at 1643 and 1543 cm�1, which correspond to
amide I: C]O vibrations of different protein structures and
amide II: N–H and C–N vibrations of the peptide bond in
different protein conformations. There are several peaks of
jarosite. The intense absorption observed at 3389 and 1007
cm�1 can be attributed to O–H stretching and deformation. The
absorption bands at 1198 and 1086 cm�1 are due to the n3

(doublet) vibrations of SO4
2�. The absorption at 631 cm�1 can

be attributed to the n4 vibration mode of SO4
2�. The bands

observed at 512 and 475 cm�1 are attributed to vibrations of
RSC Adv., 2016, 6, 76874–76878 | 76875
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Fig. 3 FTIR spectra of At.f and At.f/HAp composite.
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FeO6 coordination octahedra.18 For At.f/HAp composite, besides
the adsorption bands of At.f, there are the characteristic peaks
at 567, 1036, and 1079 cm�1, corresponding to n4 PO4

3� bending
vibration mode (567 cm�1), and n3 PO4

3� stretching vibration
mode (1036, 1079 cm�1) respectively. The band at 1384 cm�1

may correspond to n3 asymmetric stretch vibration mode of
CO3

2� due to the reaction between OH of HAp and CO2 in the
air.

From the response–recovery curves (Fig. 4(a)), it can be seen
that when the HAp and the At.f/HAp composite sensors are
exposed to H2S atmosphere, the resistance decreases and nally
reaches a minimum value. When the sensors are taken out, the
resistance recovers to the initial level gradually. For pure HAp,
the sensitivity to H2S is very low. For example, the sensitivity at
100 ppm and 2000 ppm are 18.4% and 31.2% respectively.
Besides, with the increase of H2S concentration, the sensitivity
of HAp sensor increases a little. The response/recovery time is
very short, and the smooth curve indicates good stability.
Fig. 4 Response–recovery curves (a) and gas sensitivities curves (b) of H
concentrations in range of 100–2000 ppm at room temperature.

76876 | RSC Adv., 2016, 6, 76874–76878
Compared to pure HAp, the H2S sensing properties of
composites are improved signicantly. With the increase of At.f
in composites, the sensitivity is improved to a large degree. For
1At.f/HAp, the sensitivity at concentrations below 400 ppm
increases little, but at high concentrations above 600 ppm, the
sensitivity improves by about 35%. The sensitivity of 2At.f/HAp
in ranges of 100–1000 ppm improves by 35%, and by 67% at
concentrations of 600 ppm and 1000 ppm. The sensitivity of
2At.f/HAp is two times that of pure HAp at 2000 ppm. The sensor
based on 5At.f/HAp exhibits the highest sensitivity, reaching
75% at 2000 ppm. In ranges of 100–600 ppm, the sensitivity
increases 100% compared to pure HAp, and at high concen-
trations above 1000 ppm, the sensitivity improves by about 135–
150%. The response time is short and stable. However, the
recovery time of 5At.f/HAp is longer than the other sensors and
not stable enough.

From the curves of the sensitivity vs. H2S concentration
(Fig. 4(b)), it is found that at low concentrations (100–1000 ppm
for 5At.f/HAp and 100–600 ppm for others), the sensitivity has
a linear relationship with the concentration of H2S, while at
high concentrations (above 1000 ppm for 5At.f/HAp and 600
ppm for others), the sensitivity increases a little and tends to be
saturated.

Since the 5At.f/HAp composite exhibits the highest sensi-
tivity to H2S, the sensing properties of 5At.f/HAp at H2S
concentrations lower than 100 ppm was further studied. Fig. 5
shows the linear ranges of 5At.f/HAp composite to H2S. It can be
concluded that the H2S sensing properties of At.f/HAp at low
concentrations are more stable than that at high concentra-
tions. The response/recovery time at 20, 40, 80, 100 ppm of H2S
(Fig. 5(a)) are about 60 s, which is much shorter than that at
high concentrations. Besides, the response sensitivity linearly
depends on the increase of H2S concentration from 20 ppm to
100 ppm. The broken line was tted into a linear equation with
a slope of 0.33, and correlation coefficient (R2) is 0.98, indi-
cating the data points correspond well to the regression equa-
tion. The degree of linearity between the sensitivity and H2S
Ap, 1At.f/HAp, 2At.f/HAp and 5At.f/HAp composites to H2S at different

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Response–recovery curves and gas sensitivity curves of 5At.f/HAp composites to H2S at different concentrations in range of 20–100 ppm
(a), linear relations between the gas sensitivities of 5At.f/HAp to H2S at concentrations in range of 100–1000 ppm at room temperature (b).
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concentration is very high. At concentrations from 100 ppm to
1000 ppm (Fig. 5(b)), the sensitivity of 5At.f/HAp to H2S also
increases linearly with the increase of H2S concentrations. But
the slope is 0.031, much smaller than that in ranges of 20–100
ppm, showing that the sensitivity linearly increases more
quickly with the increase of concentrations from 20 ppm to
100 ppm.

The sensing properties as well as sensing mechanisms of
tubular HAp to NH3 and some volatile organic compounds
(VOCs) have been discussed in precious work.10 As reported, the
preferential growth along (002) orientation (c-axis), poor crys-
tallinity, high surface-to-volume ratio, mesoporous feature and
tubular structure provide the tubular HAp abundant adsorption
sites for the target gases to be sensed. A small amount of H2S
was adsorbed by hydrogen bonding with H2O that are absorbed
on the surface of HAp. The low sensitivity of pure HAp to H2S
indicates the limited adsorption of H2S. But the sensitivity of
At.f/HAp composites to H2S improved signicantly. Therefore,
the chemical components and structural characteristics of At.f
may be helpful for the adsorption of H2S. The cell wall of At.f is
Fig. 6 Structure of jarosite: single unit.

This journal is © The Royal Society of Chemistry 2016
composed of various proteins and polysaccharides, making the
surface of At.f enriched of chemical active groups such as
mercapto-group, hydroxyl and carboxyl. This active groups can
easily react with gas molecules resulting in the strong adsorp-
tion capacity of the composites. Besides, due to the existence of
Fig. 7 Gas sensingmechanism diagram of At.f/HAp composite to H2S:
H2S gas absorbed on the surface of HAp (a); H2S gas molecules sensed
on At.f/HAp composite (b).

RSC Adv., 2016, 6, 76874–76878 | 76877
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vapor, H2S may be dissociated to HS� and H+. Since proton was
acknowledged to be the charge carrier of HAp, the dissociation
of H2S increases the density of proton in HAp, so the resistance
of the HAp decreases when exposing to H2S.

Another reason for the improvement of the sensitivity is
attributed to jarosite that is formed during the cultivation of
At.f. Recently, jarosite has been used to enhance the photo-
catalytic activity of TiO2,16 and as a heterogeneous Fenton
catalyst for dye decolorization,19 as well as the photocatalyst for
degradation of methyl orange (MO) azo dye.15 The structure of
jarosite (Fig. 6) is made up of layers of tilted Fe(OH)4O2 octa-
hedra, joining layers of combined sulphate tetrahedral and
alkali coordination icosahedra,20 which may be benecial for
the adsorption of H2S. Fe

3+ is coordinated by four OH� groups
and two oxygen atoms from two separate SO4

2� groups. As
a catalyst, hydroxyl radical in jarosite plays the predominant
role in MO degradation.15 The enhancing effect of sensing
properties of HAp to H2S may also be due to the multiple OH�

groups in jarosite, which can provide the adsorption sites for
H2S. In addition, it was shown that the catalysts containing the
oxide and sulfate compounds of iron provide the selective
oxidation of hydrogen sulde to sulfur.21 So, Fe3+ and SO4

2� in
jarosite may also be benecial for the sensitivity to H2S. Based
on the above discussion, a simple mechanism diagram was
shown in Fig. 7.

4. Conclusions

A novel sensing material composing of Acidithiobacillus fer-
rooxidans (At.f) and tubular hydroxyapatite for H2S was devel-
oped. The sensing properties were signicantly improved by
At.f. The sensitivity of 5At.f/HAp was 2.5 times of pure HAp. The
response/recovery time of the composite is short and stable. The
sensing mechanism of the composites to H2S was proposed to
be closely associated with the structure and the chemical
composition of At.f. The layered structure of jarosite, as well as
the OH�, Fe3+ and SO4

2� groups in jarosite plays an important
role for the enhancement of the sensing properties to H2S.
The At.f/HAp composites shows promising application to sense
H2S gas.
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