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a  b  s  t  r  a  c  t

Real-time  ammonia  (NH3) detection  in  anaerobic  digestion  is  highly  desirable,  due  to the  ammonia  inhi-
bition  on  methane  production.  Here,  the interconnected  nanocomposite  network  of  polyaniline  (PANI)
nanoparticle-coated  carbon  nanotube  (CNT)  and  PANI  nanofiber  is  fabricated  by adding  ammonium  per-
sulfate  into  CNT-containing  aniline  solution  for PANI  polymerization  and  film  deposition.  The  film  is
assembled  as  high-sensitive  ammonia  sensors,  exhibiting  highly  sensitive  NH3 sensing  from  200  ppb  to
50  ppm,  fast  response/recovery  time,  room-temperature  operation  without  external  aid,  reliable  flexi-
bility and  excellent  selectivity  to  NH compared  to  other  volatile  organic  compounds.
eywords:
naerobic digestion
mmonia inhibition
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olyaniline
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. Introduction

The rapidly growing global concerns over the structure of energy
emand and the environment pollution have stimulated efforts to
evelop renewable energy [1,2]. As a method to produce renew-
ble energy, anaerobic digestion has attracted a lot of attention
n the world [3]. Anaerobic digestion technology is an important

eans to dispose organic solid waste, including manure, indus-
rial waste and food waste, for preventing corruption and stink,
nd to produce methane by fermentation as valuable renewable
nergy resources for employed in vehicles after purification [4].
rganic wastes containing nitrogen, such as protein, urea and
mino acid, are converted to ammonia (NH3) by anaerobic diges-
ion. Thus, the concentration of ammonia nitrogen will accumulate
n a long term. However, ammonia inhibition of anaerobic diges-
ion caused by ammonia accumulation is one of the main reasons
o lead the low efficiency and poor stability for anaerobic diges-

ion [5]. High concentration of ammonia has inhibitory and toxic
ffects on anaerobic digestion operation for degrading organic mat-
ers and methane production [6,7]. Thus, it is highly expected that
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ammonia inhibition phenomenon can be discovered earlier and
timely for real-time adjustment of reaction conditions to eliminate
the inhibitory effect on anaerobic digestion for both environmen-
tal and economic concern. Therefore, real-time ammonia detection
in anaerobic digestion by high-sensitive room-temperature elec-
tronic gas sensors, is highly desirable.

Some ammonia detection instruments have actually been avail-
able, such as gas chromatograph and the traditional ceramics
tube or inter-finger probe based gas sensing devices. However,
they are lack of relative portability, real-time sensing, low cost,
transparency and flexibility [8,9]. Therefore, they cannot meet the
growing future application call for flexible gas sensors.

Recently, flexible conductive film-based gas sensors have
attracted widely scientific attention due to the wearability, flex-
ibility, transparency and compatibility over curved substrates of
integrated electronics [10–14]. Among the various nanomaterials-
based flexible electronic gas sensors, CNT film-based sensors
demonstrated stable room-temperature NH3 sensing performance
[15–18]. But they displayed relatively low sensing performance.
Meanwhile, polyaniline (PANI) based sensors have been well
established due to the facile synthesis, simple acid/base dop-

ing/dedoping chemistry and high NH3 sensing response [19–21].
A dramatic conductance decrease can be observed for PANI gas
detection by transforming emeraldine salt form of PANI into its
emeraldine base form exposed to the strong electron donating
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ig. 1. Schematic illustration for the fabrication of the interconnected nanocompo
exible  gas sensor.

H3. However, they are lack of long-term environmental stability.
onductive polymer nanocomposites based gas sensors have been
ell reported. J. F. Feller and co-workers fabricated polycarbonate-
NTs transducers with hierarchical structure prepared by spray
ayer by layer for vapour sensing [22]. S. Abdulla and coworkers
emonstrated a room temperature gas sensor based on PANI/CNTs
anocomposite for ammonia detection [23]. However, compared

ig. 2. SEM images of (a) PANI/CNT network (scale bar: 1 �m)  and (b) PANI fiber (scale b
d)  PANI fiber (scale bar: 200 nm).
etworks of PANI nanoparticle-coated CNT and PANI nanofiber, and the assembled

to these sensors, highly sensitive room-temperature electronic gas
sensors are greatly desirable. Thus, the combination of these mate-
rials into nanocomposite network films with intrinsic mobility,

chemical stability, and high-sensitive NH3 performance for NH3
sensors remains to be addressed.

Herein, we fabricated a hierarchical polyaniline/carbon nan-
otube (PANI/CNT) nanocomposite network films to be assembled

ar: 1 �m).  Enlarged SEM images of (c) PANI/CNT network (scale bar: 200 nm) and
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Fig. 3. FTIR spectra of the hierarchical PANI/CNT nanocomposite, PANI fiber and
CNT.

Fig. 4. (a) Gas sensing performance of PANI/CNT nanocomposite, the PANI fiber aggreg
50  ppm. (b) The detailed gas sensing response of PANI/CNT nanocomposite, the PANI fiber 

to  1500 ppb.
tors B 244 (2017) 47–53 49

as gas sensors for high-sensitive NH3 detection. The hierarchical
nanocomposite films are obtained by adding ammonium persul-
fate (APS) into CNT-containing aniline solution for in-situ PANI
polymerization and film deposition on PET substrate. The PANI
nanoparticle coated CNT and PANI nanofiber were successfully
interconnected to form the hierarchical nanocomposite network.
The assembled gas sensor exibits highly sensitive NH3 sensing from
200 ppb to 50 ppm, fast response/recovery time, room-temperature
operation without external aid, and reliable flexibility (Fig. 1).
The hierarchical nanocomposite film sensor demonstrated a bet-
ter sensing response and cycle stability than CNT and PANI based
films, which thus holds a great promise for real-world sensor appli-
cations.

2. Experimental details

2.1. Materials
Ammonium persulfate (APS), concentrated HCl, concentrated
H2SO4, concentrated HNO3 and ethanol, were purchased from Bei-
jing Chemical Reagent Factory. Aniline (distilled before use) was

ate and the CNT film devices to different concentrations of NH3 from 200 ppb to
aggregate and the CNT film devices to different concentrations of NH3 from 200 ppb
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ig. 5. (a) The selectively sensing response to 10 ppm NH3 and other volatile organi
he  PANI/CNT nanocomposite network film in bending and extending states to 1 pp

urchased from J&K Chemical. Polyethylene terephthalate (PET,
25 �m)  film was  obtained from Hui Zhixing Company (Hangzhou,
hina). Multi-walled carbon nanotubes are commercially obtained

rom Cnano (FloTubeTM 9000).

.2. Preparation of PANI/CNT nanocomposite films

The 25 mg  multi-walled carbon nanotubes are added into the
ixture of 45 mL  H2SO4 and 15 mL  HNO3 acid, and sonicated for

 h, then diluted to neutral state [24]. The functionalized CNTs are
ispersed in ethanol solution to prepare 0.5 mg/ml CNT solution.

200 �L functionalized CNTs ethanol solution was  added to 15 mL
f 1 M HCl and sonicated for 15 min. Then 82 �L aniline was  added.

he mixture was refrigerated in the refrigerator for 15 min  at 4 ◦C.
hen, 15 mL  of 0.06 M APS in 1 M HCl was dropped into the above
olution. After that, the PET substrate treated by O2 plasma was
ipped into the above solution to react for 0.5 h at 4 ◦C. Then the
pounds for the PANI/CNT nanocomposite network film. (b) Gas  sensing response of
3.

films were taken out and washed with ethanol and dried at room
temperature for further characterization. The PANI fiber films were
prepared by the same methods without adding CNTs. And CNT film
was prepared by dropping 200 �L CNT ethanol solution onto PET
substrate.

2.3. Gas sensing measurement

The gas sensing measurement was  performed in a WS-30A mea-
suring system (Zhengzhou Winsen Electronics Technology, China)
as reported previously[9]. The functional films (8 mm by 8 mm)
were attached on the probes of voltage-testing devices with silver

paint (the operating humidity range at 30–47%, and the operating
temperature at 25–35 ◦C in Beijing), as shown in Fig. S1. By drop-
ping calculated amount of ammonium hydroxide onto a hot plate in
the chamber, the corresponding NH3 concentrations were rapidly
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Fig. 6. The sensing repeatability for PANI/CNT nanocomposite, the PANI fiber aggre-
L. Xue et al. / Sensors and

enerated in the chamber. The response of NH3 is defined as the
ormalized resistance change.

 = (Rg − R0)/R0 = �R/R0

here Rg is the resistance of the film after exposure to gas analytes
nd R0 is the resistance of the film in the air.

.4. General techniques

SEM images were obtained from a Zeiss Supra 55 instrument
t a voltage of 20 kV. UV–vis transmittance spectra were recorded
y a Shimadzu UV-3150 UV spectrophotometer. Fourier transform

nfrared (FTIR) spectra were collected on a Nicolet 6700 FTIR spec-
rometer. The sheet resistance was measured by four-probe tester
RST-8).

. Results and discussion

.1. Morphology and structure

Hierarchical PANI/CNT nanocomposites were obtained, as
hown in Fig. 2a and c. After treatment with inorganic acid,
NTs were functionalized with various oxygenated groups (e.g.,
arbonyl, hydroxyl and epoxy groups) (Fig. S2), providing well dis-
ersibility for CNTs in aqueous solutions [24]. The functionalized
roups acted as active sites for attaching anilinium ions via elec-
rostatic attraction for the further PANI polymerization [25,26]. By
dding APS into CNT-containing 0.06 M aniline solution (the ratio
f [aniline]/[APS)] = 1:1) for in-situ PANI polymerization and film
epostion, the hierarchical nanocomposite with the interconnec-
ion of PANI nanoparticle-coated CNT and PANI nanofiber were
btained and deposited on PET substrate. For comparison, the PANI
ber aggregates were obtained in aniline polymerizing solution
ithout CNTs on PET film, as demonstrated in Fig. 2b and d. In our

revious report, after aniline was dropped into the mixed solution
f CNT and APS (an aniline concentration at 0.01 M and a ratio of
aniline]/[APS] at 1.75:1), PET was dipped into the solution to react
or 6 h, 8 h, 10 h, or 12 h. The hierarchical nanocomposite network
f the PANI nanorods-coated FMWCNTs was obtained[17].

FTIR spectra were conducted to confirm the formation of the
ierarchical PANI/CNT nanocomposites. As shown in Fig. 3, for
NTs, the main peaks at 1630 cm−1 are attributed to the stretch-

ng of the C C in the quinoid ring. For PANI, characteristic bands
re observed at 1560 cm−1 (C C stretch of the quinoid ring),
470 cm−1 (benzenoid ring) and 1300 cm−1 (C−N stretch of the sec-
nd aryamine), respectively[25]. For PANI/CNT nanocomposite, the
ain peaks centred at 1575 cm−1 and 1470 cm−1 are attributed to

he C C stretching vibration of the quinoid ring and the benzenoid
ing in the PANI chains, indicating the presence of the emeraldine
alt state of PANI

.2. Gas-sensing properties of PANI/CNT nanocomposite

NH3 is a volatile, corrosive and poisonous gas, which can cause
nhibitory and toxic effects on anaerobic digestion for methane
roduction[27]. The prepared hierarchical PANI/CNT nanocom-
osite films were assembled as flexible gas sensors at room
emperature for highly sensitive NH3 sensing to potential real-time
iscovery of ammonia inhibition phenomenon. Fig. 4 demonstrates
he gas sensing response for PANI/CNT nanocomposite, PANI fiber
ggregate and the CNT film devices to different concentrations of

H3 from 200 ppb to 50 ppm at room temperature (the detailed

esponse to NH3 from 200 ppb to 1500 ppb in Fig. 4b). The response
ncreased gradually with the increased NH3 concentration. Mean-

hile, the response for the PANI/CNT nanocomposite film is better
gate and the CNT film sensors to 10 ppm NH3.

than that for the PANI fiber aggregate and the CNT film devices,
displaying the special synergistic effects of PANI/CNT nanocom-
posite by combined excellent properties of individual materials for
high-performance gas sensing. The sensing response of PANI/CNT
nanocomposite could still be obtained for NH3 concentration as low
as 200 ppb, implying its high-sensitive NH3 sensing in chemical
detection.

Meanwhile, the selectively sensing response to NH3 for the
PANI/CNT nanocomposite network film was  shown in Fig. 5a,
compared to other volatile organic compounds with the likely con-
centrations of interfering gases inside a potential fermentation
reactor[1,3,6]. The sensing repeatability for PANI/CNT nanocom-
posite, the PANI fiber aggregate and the CNT filmsensors was
displayed in Fig. 6, showing well NH3 sensing cycles. The reliable
flexibility of the chemical gas sensor device is vitally important for
potential integration into wearable electronics. Thus, the flexibility
of chemical gas sensing performances was measured. As shown in
Fig. 5b, no obvious changes were observed for the sensing response
in bent and extending states after 800 bending/extending cycles
at room temperature, due to the superior confined nanocompos-
ite network film, revealing the reliable and robust flexibility of the
device.

3.3. Sensing mechanisms of PANI/CNT nanocomposite to NH3

As can be seen from Fig. S3, the response/recovery time is
85 s/20 s, respectively. This high-sensitive sensing performance
could be attributed to the synergistic properties of CNT and PANI,
the interconnected nanocomposite network with high surface area
(Fig. 7) [28]. Firstly, the nanocomposite network with relatively
high surface area (54.187 m2/g), compared to 43.296 m2/g for PANI,
is helpful to the reversible adsorption of more NH3 for the enhanced
sensing response. Secondly, the interconnected network worked
as efficiently sensing channels to strengthen the fast charge trans-
port. Thirdly, electrons provided from the adsorbed NH3 molecules
onto PANI, transfer easily from PANI to CNT, because of the lower
conductivity of PANI and lower energy barrier between PANI and
carbon nanomaterials (∼101 meV). Then, the electrons effectively
transfer from CNT to the PANI fiber due to lower energy barrier,

and finally to the electrodes [19–21,28–31]. Therefore, the sens-
ing response was effectively improved in PANI/CNT nanocomposite
network.
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Fig. 7. The proposed NH3-sensing mech

. Conclusions

In conclusion, we have fabricated a real-time ammonia (NH3)
etection sensor for potential sensing ammonia in anaerobic diges-
ion for maximum the renewable energy recovery because of the
mmonia inhibition of anaerobic digestion for producing renew-
ble energy sources. The sensor was assembled from a hierarchical
ANI/CNT nanocomposite network film fabricated by adding APS

nto CNT-containing aniline solution for PANI polymerization and
imultaneous film depostion. It exhibited highly sensitive NH3
ensing from 200 ppb to 50 ppm, fast response/recovery time
85 s/20 s), room-temperature operation without external aid, reli-
ble flexibility and excellent selectivity to NH3 compared to other
olatile organic compounds. The excellent sensing performance is
robably ascribed to the synergetic effects of PANI and CNT, the
igh surface area (54.187 m2/g) of nanocomposite films, and effec-
ive network sensing channels. The film with simple preparation,
igh sensitivity, small size and robust flexibility, could be implanted

nto electronic devices for potentially monitoring NH3 in anaerobic
igestion in real-time for the high efficiency and better stability of
naerobic digestion for renewable energy sources.
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