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ABSTRACT 

In advanced oxidation processes, OH radicals play a crucial role in enhancing the removal efficiency of volatile 

organic compounds. In this paper, hollow polyaniline (PANI) spheres were coated onto a conducting ceramic 

honeycomb substrate to form a PANI sensor for detecting the concentration of OH radicals in the amorphous 

phase. The hollow PANI spheres were effectively synthesized through a double-surfactant-layer-assisted 

polymerization process by using Fe3O4 nanoparticle as the core template. The PANI shell thickness, morphology 

characterizations and specific surface area were controlled by altering the weight of aniline monomers. The 

electrical conductivity served as a function of the operating temperature and specific surface area, which is a 

characteristic behavior of conductive polymer materials in the atmosphere. At an optimized temperature of 

125°C and specific surface area of 1435 m
2
/g, the PANI sensor reacted with a high amount of OH radicals 

generated from the decomposition of ozone over α–FeOOH nanoparticles. The conductometric response after the 

OH radical attack increased exponentially with the concentration of the OH radicals. 
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I. INTRODUCTION 

 Volatile organic compounds (VOCs) 

deteriorate indoor air quality and human health. 

Advanced oxidation processes including transition 

metal oxide catalytic ozonation and photocatalysis 

can adequately remove gas-phase VOCs [1-3]. In 

these advanced oxidation processes, OH radicals 

play a crucial role in enhancing the VOC removal 

efficiency [4,5]. Measuring gas-phase OH radicals is 

extremely difficult because of their high reactivity 

and short lifetime (less than 10
−9

 s) [6]. 

Technologies such as laser-induced fluorescence, 

ultraviolet-visible optical emission spectroscopy, 

and high-performance liquid chromatography 

(HPLC) coupled with electrochemical detection 

facilitate adequately measuring OH radicals [7-9]. 

However, operating these technologies is expensive 

and complex. Therefore, developing easy-to-use, 

cost-effective, and highly sensitive electronic 

sensors for detecting OH radicals is imperative.  

Conducting polymers (CPs), such as polyaniline 

(PANI), polyacetylene, polyprrole, and 

polythiophere, have recently attracted considerable 

research attention because of their metallic 

conductivity [10-12]. The charge defects of CPs can 

be formed through chemically or electrochemically 

induced oxidation [13]. Therefore, CPs can scavenge 

for reactive oxygen species in the liquid phase [14-

16]. Among the various CPs, PANI has attracted  

 

considerable attention because of its superior 

electrical conductivity and chemical stability. In this 

study, we developed hollow PANI spheres and 

coated them on a conducting porous ceramic 

substrate to form a sensor (PANI sensor) for 

detecting OH radicals. Target gas was pumped onto 

the surface of the PANI sensor. The concentration of 

OH radicals can be determined by detecting the 

conductometric behavior of the PANI sensor.  

In situ polymerization of aniline in the presence 

of nanoparticles has been frequently used for 

preparing hollow polymer spheres [17,18]. The 

preparation process is described in Fig. 1. The PANI 

shell was coated on the surface of the core template 

through a polymerization reaction in a solution 

phase. When a homogeneous PANI shell was 

formed uniformly and completely on the core 

template, the hollow PANI sphere was obtained by 

etching the template core. 

core template
core-shell 

nanocomposite
hollow PANI 

capsule

polymerization etching

Fig. 1: Synthesis scheme for a monodisperse hollow 

PANI sphere 
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The main disadvantage of this approach is that 

controlling the thickness of the derived PANI sphere 

is difficult. Nanosized particles in aqueous solution 

are easily agglomerated [19], and because of this 

agglomeration, the rate of polymerization on the 

surface of the core cannot remain lower than that in 

the solution [20]. External forces such as ultrasound 

effects can break the nanoparticle agglomerates into 

smaller agglomerates; however, the process is 

complex and expensive to operate [21]. In addition, 

PANI is an organic semiconductor with thermally 

activated conduction mechanisms. 

In this study, Fe3O4 nanoparticles were used as 

the core template, and hollow PANI spheres were 

synthesized through a double-surfactant-layer-

assisted polymerization process [22,23]. The shell 

thickness was controlled by modulating the weight 

of aniline monomers, and the operating-temperature-

dependent conductivity was considered a function of 

shell thickness. At an optimized operating 

temperature and shell thickness, the conductometric 

behavior of the OH radical attacks was analyzed. 

The OH radicals were generated through ozone 

decomposition over α-FeOOH nanoparticles. The 

formed OH radicals were determined using the 

hydroxylation of salicylic acid (SAL) [24] caused 

from the catalytic ozonation. 

 
II. Experimental and Methods 

2.1 Preparation of the Fe3O4 Core 

Fe3O4 nanoparticles (mean crystallite size = 30 μm) 

served as the catalyst core. The selected Fe3O4 

nanoparticles (100 g) were dispersed in deionized 

water (500 mL), and polyethylene glycol (PEG; 100 

g) was added to this dispersion and then constantly 

stirred for 24 h. After the stirring was completed, the 

nanoparticles were washed repeatedly with dilute 

acetone until the unabsorbed PEG molecules were 

completely removed. Subsequently, the PEG–

absorbed Fe3O4 nanoparticles were dried at 60°C for 

another 24 h. 

2.2 Synthesis of the Core–Shell Nanocomposites 

The required amount of aniline monomer (Merck 

Company, Germany) was distilled for 60 min under 

vacuum and stored at 5 °C before use. The PEG-

absorbed Fe3O4 nanoparticles (100 g), dodecyl 

benzene sulfonic acid (DBSA; 20 g), potassium 

persulfate (20 g) and1000 mL pure water were 

thoroughly mixed using to obtain a uniform 

suspension. The aniline monomer and 500 mL of 

HCl solution (20 mM) were subsequently added to 

the derived suspension. The mixture was slowly 

stirred at room temperature for 24 h for 

polymerization. After the polymerization process 

was completed, the sample solution in the sample 

holder was cooled and completely frozen at -40°C. 

The obtained frozen samples were subsequently 

freeze-dried for 48 h in a vacuum chamber. In order 

to obtain the hollow PANI spheres, the resulting 

Fe3O4 (core)–PANI(shell) products (FP products) 

were immersed in 1.0 M HCl for 24 h. Hollow PANI 

capsules were obtained from the FP products by 

using 1 wt % HF to etch the silica layer and 1.0 M 

HCl to etch the Fe3O4 core [25]. The obtained PANI 

capsules were coated on a 200-g conducting Si3N4/Si 

ceramic honeycomb substrate (with a 5-cm 

diameter). Two electrodes composed of 200 Å Ag 

layers were deposited onto the substrate through 

plasma-enhanced chemical vapor deposition [26]. 

The amounts of aniline used in the experiments were 

50, 100, 150, 200, 250, and 300 g. 

2.3. Detection of OH Radicals 

Before the tests, a α-FeOOH catalytic filter was 

fabricated as follows. Under a vacuum, the as-

prepared α-FeOOH nanoparticles (20 g) were coated 

onto the surface of a 200-g ceramic honeycomb 

substrate (with a 5-cmdiameter). The coating steps 

followed those described in US Patent No. 7,521,087 

[27]. When the tests were started, clean air acted as a 

carrier gas, conveying ozone gas and then into the 

FP sensor and the α-FeOOH catalytic filter 

simultaneously for the OH radical measurements. 

The electrodes of the PANI sensor were connected 

to Keithely 2100 electrometer to monitor the DC 

conductivity. The ozone generator produced ozone 

gas with a maximal output of 0.1 L/min at 100 ppm. 

The experiments were conducted at a constant 

voltage (220 V). Table 1 lists the operating 

conditions used in the experiments. 

clean air

conductivity detector

rotameter

sensor

catalyst filter

ozone generator

suction pump

 
Fig. 2: Schematic of the experimental setup for 

detecting the OH radicals 

TABLE 1: Experimental Conditions in the 

Detection of OH Radicals 

Condition Value 
Gas flow rate (L/min) 2.5 
Reaction temperature (°C) 25–300 
Relative humidity (%) 0–80 
Retention time (s) 0.5 
Initial concentration of 

ozone gas (ppm) 

1–100 

Duration of experiment in 

each run (min) 

60 

 

III. ANALYSIS 

3.1 Physical Characterizations of the Samples 

The morphology of the samples was observed under 

a Cam Scan MV 2300 scanning electron microscope 

(SEM) with an accelerating voltage of 100 kV. X-

ray diffraction (XRD) patterns were taken on a 
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Siemens D5000 X-ray diffractometer with a Cu Kα 

X-ray radiation (λ= 0.154 nm). Specific surface area 

measurements of the fresh catalyst were based on the 

N2 adsorption–desorption porosimetry at 77 K, and 

the surface areas were measured using the 

Brunauer–Emmett–Teller (BET) method 

(Micromeritics Gemini-2380). The crystalline size 

was determined using XRD patterns and the 

Scherrer equation at 2θ = 30°. The mean pore 

diameter (


d  in nm) was determined using the 

following equation (1) [28]: 

 )/()102(
3

BET
Sed




  (1) 

where the pore volume (e) is expressed in cm
3
/g 

and the BET surface area (SBET) is expressed in m
2
/g 

3.2 Concentration of Ozone 

Ozone concentrations were monitored using an 

ozone ultraviolet photometry analyzer (Seki 

Electronics SOZ-302C, Japan). 

3.3 Concentration of OH Radicals 

The formed OH radicals were determined through 

the hydroxylation of salicylic acid (SAL). The OH 

radicals emitted from the α-FeOOH catalytic filter 

were collected on a sheet of filter paper (inner 

diameter, 200 mm). The paper was dripped equably 

with a 15-mL solution containing 1.0 g of SAL and 

anhydrous ethanol (99.9%). The paper was dried and 

weighed until the entire solution was loaded onto it. 

Throughout the hydroxylation of SAL by OH 

radicals at the gas–solid interface, the film collection 

efficiency approached 100%. Chemicals on the 

paper were carefully removed using 500 mL of pure 

water and subjected to characterization. The OH 

radical concentration was measured by monitoring 

the concentrations of 2,3-dihydroxybenzoic acid, 

catechol, and 2,5-dihydroxybenzoic acid resulting 

from the attack of OH radicals. The presence of 2,3-

dihydroxybenzoic acid, catechol, and 2,5-

dihydroxybenzoic acid in the DI water was 

determined using a high-performance liquid 

chromatography instrument (Waters 600, Japan). 

The obtained chromatographic parameters were 

similar to those reported previously [29]. The 

photocatalytic activity was determined using the OH 

radical concentration, which was calculated as 

follows: 

 
tF

NVC

=C

g

Li

OH



 (2) 

where COH is the concentration of OH radicals, 

Ci is the concentration of hydroxylated derivatives 

formed during sampling (mol/L), VLis the volume of 

the scrubbing solution after sampling (L), N is 

Avogadro’s number, Fg is the air flow rate 

(mL/min), and t is the sampling period (min). 

3.4 Electrical Conductivity of the PANI Sensor 

The DC conductivities of the nanocomposites were 

measured according to a four-probe method by using 

a Keithley 2400 meter. Moreover, the DC 

conductivities of the samples were obtained by 

measuring the current flowing through a piece of the 

material and by using the sample dimension 𝜎, 

which was determined as follows [30]: 

 I
AV

d
=σ 








 (3) 

where σ is the DC conductivity (s/cm), 𝑑 (cm) is 

the sample thickness of the material, 𝐴 is the 

material area (cm
2
), 𝑉 is the potential difference 

across the material, and 𝐼 is the current flowing 

through the material. The conductometric value 

related to the OH radicals was calculated as follows: 

 %100

2

21







 =Δ  (4) 

where Δσ (%) is the conductivity drop in the FP 

sensor, and σ1 and σ2 are the conductivity values 

before and after the OH radical attack from the 

consumption of the required ozone. 

 
IV. DISCUSSIONS 

4.1 Physical Properties of the Prepared Samples 

Fig. 3 shows the XRD patterns of the FP samples 

obtained by altering the PF ratio. The patterns 

corresponded to pure Fe3O4, and this finding is 

confirmed by JCPDS Pattern No. 75-0033 [31,32]. 

The diffraction peaks of Fe3O4 were adequately 

maintained in the FP samples, and the peak intensity 

of Fe3O4 decreased as the content of aniline 

monomer increased in the FP sample. The 

performance indicates that the crystallite size of 

Fe3O4 remained unchanged during the 

polymerization process. Abroad diffraction peak 

centered at 2θ = 25° was observed for PANI, and 

this peak was overwhelmed by the strong diffraction 

peaks of Fe3O4 in the FP materials. This indicates 

that the PANI layer had formed on the surface of the 

Fe3O4 nanoparticles. 

 
Fig. 3: The XRD patterns associated with the 

various added aniline monomer 

 

The SEM results further confirm the successful 

polymerization of aniline onto the Fe3O4 core (Fig. 

4a). The PANI particles and aggregation in the FP 

samples could not be found in the SEM images. The 

observation indicated that PANI was uniformly 

coated on the Fe3O4 nanoparticles during the 
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polymerization process. In addition, Fig. 4 shows the 

hollow PANI spheres, which were obtained by 

etching the Fe3O4 templates with HF solution. It can 

be seen that although Fe3O4 particles had been 

removed, the structural of the PANI sphere was still 

maintained after the etch reaction in acidic 

condition. This means that Fe3O4 nanoparticle acts a 

template for the deposition of PANI during the 

reaction. The PANI thickness is linearly proportional 

to the weight of aniline. These results mean that the 

double–surfactant assist polymerization method can 

appropriately control the fabrication of the PANI 

shell on the surface of the Fe3O4 core. 

 

 
Fig. 4: (a) Scanning electron microscope image and 

(b) PANI thickness with the added aniline monomer 

The forming mechanism of the PANI shell 

uniformly coated on the Fe3O4 core is proposed as 

follows. In the double–surfactant polymerization, 

PEG and DBSA act as surfactants. Adding PVP can 

improve the dispersibility of the Fe3O4 nanoparticles 

in aqueous solution. Before the polymerization 

reaction, DBSA was added to the PEG-absorbed 

TiO2 solution. DBSA could dissociate into dodecyl 

benzene sulfonic (DBS) ions and a double-surfactant 

layer (PEG–DBS layer), which was expected to form 

with polar amide groups of PEG surrounded on the 

surface of the Fe3O4 core and the negative side of 

DBS molecule facing out to the solution. 

Subsequently, aniline monomers were added and 

converted into cationic anilinium ions under an 

acidic condition. The cationic anilinium ions were 

adsorbed on the surface of the negatively charged 

Fe3O4 core because of electrostatic forces. The 

adsorption engendered a considerable increase in the 

local concentration of aniline monomers near the 

core surface. This consequently initiated the 

polymerization of aniline at low concentration of 

aniline monomers. Therefore, the polymerization 

was initiated, propagated, and terminated on the 

surface of the Fe3O4 core rather than in solution. A 

homogeneous, continuous, and uniform PANI shell 

was eventually formed on the surface of the Fe3O4 

core. 

According to the experimental data presented in 

Table 2, the PANI sample with weight of aniline 

monomer reached 50 g exhibited a special surface 

area (SBET) of 1030 m
2
/g, mean pore size of 6.4 nm 

and porosity of 75.4 %. The SBET is evidently higher 

than previously reported value [29], which can be 

attributed to the reduced aggregation states of the 

Fe3O4 nanoparticles and the highly porous structure 

induced by the freeze-drying process of the synthesis 

of the core–shell nanocomposites [23]. In addition, 

the data of the materials slowly increases until the 

weight value reached 250 g, and subsequently, the 

data decreased as the weight value increased to 300 

g. The performance can be explained by the pore 

formation of a freeze-dried polymer. Studies have 

reported that the freeze-drying technique is based on 

sublimation [26]. The material to be dried is frozen 

quickly at a low temperature and then dried in a 

vacuum. The solvent molecules directly sublimate 

and escape as vapors, and porous structures are 

formed from the voids created by the removal of the 

solvent. Finally, a polymer porous film with an 

interpenetrating network structure can be obtained. 

When the PANI content is excessively low, the 

PANI shell structure demonstrates larger pores, 

preventing it from forming a stable porous surface. 

By contrast, when the PANI content is excessively 

high, maintaining satisfactory fluidity is difficult, 

affecting the growth of solvent crystals. The theory 

was confirmed with the SEM results. When the 

aniline monomers were 50 g, the PANI shell 

demonstrated a nonuniform mesh-like structure (Fig. 

5a); when the aniline monomers were 100–200 g, 

the shell exhibited a lamellar structure (Figs. 5b–5d). 

Moreover, when the aniline monomers were 250 g, 

the PANI shell demonstrated a lamellar structure, 

with nonuniform pores occurring between the 

polymer layers (Fig. 5e). In addition, when the 

aniline monomers were 300 g, the PANI shell 

exhibited lamellar polymer layers arranged in 

various orientations (Fig. 5f). 

 
Fig. 5: Surface structure characterization with the 

added aniline monomer 
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TABLE 2: Physical characterization with the 

added aniline monomer 

Aniline 

monomer 

(g) 

Shell 

thickness  

(nm) 

SBET 

(m
2
/g) 

Mean 

pore 

size 

(nm) 

Porosity  

(%) 

50 130 1030 6.4 75.4 
100 165 1131 7.5 78.6 
150 184 1236 8.8 83.1 
200 210 1442 10.8 86.5 
250 235 1452 12.9 87.4 
300 260 654 6.5 55.4 

 

4.2 DC Conductivity 

Table 3 shows the variation in DC 

conductivity as a function of the temperature and 

PANI thickness. The conductivities remained 

unchanged until the temperature was up to 50°C, and 

they proportionally increased as the temperature 

increased from 50 to 125°C. Moreover, the 

conductivities decreased when the temperature 

increased up to 200°C. This phenomenon can be 

explained as follows. In the amorphous phase of the 

CPs, each atom contains a certain number of 

electrons and is electrically neutral [33,34]. At low 

temperatures, an electron requires a certain amount 

of activation energy to move away from a site. 

Insufficient energy engenders failure in the 

formation of charged defects [35]. However, 

sufficient energy increases the charge propagation 

along one-dimensional conjugated domains with 

cross-conjugation defects at the tunneling junction. 

The reduction in the conductivities can be attributed 

to the occurrence of a thermally activated barrier. 

The bonding in the conjugated backbone of the CP is 

not highly strong; therefore, as the thermal energy 

exceeds a critical value, the thermal vibrations of 

PANI contribute to an increase in electrical 

resistance, consequently degrading the skeletal 

PANI chain structure [36]. At the characteristic 

temperature of 125°C, the conductivity gradually 

increased until the amount of aniline was up to 250 

g. Moreover, when the amount of aniline increased 

to 300 g, the conductivity clearly decreased. The 

result is similar to the distribution of the specific 

surface area presented in Table 2. A larger specific 

surface area leads to more electrochemically active 

sites and longer conjugation length [37], and this is 

useful in the formation of a complete charge-transfer 

network in the PANI chains, providing a more 

favorable path for electron delocalization. 

 

TABLE 3: DC conductivity (10
−2 

s/cm) on exposure 

for various operating temperatures 

PANI 

thickness 

(nm) 

Reaction temperature  

25 
0
C 

50 
0
C 

75 
0
C 

100 
0
C 

125 
0
C 

150 
0
C 

175 
0
C 

200 
0
C 

130 0.2 0.25 0.48 0.96 1.92 1.81 0.22 0 

165 0.2 0.28 0.76 1.56 3.64 3.5 0.24 0 

184 0.2 0.36 1.45 2.69 5.74 3.54 0.31 0 

210 0.2 0.49 3.85 5.55 7.16 3.24 0.42 0 

235 0.2 0.52 6.86 8.12 13.65 0.49 0.28 0 

260 0.2 0.22 0.35 1.42 3.48 0.15 0.19 0 
 

4.3 Detection of OH Radicals 

Fig. 6 shows that the OH radical yield increased 

linearly with the amount of ozone consumed. When 

the ozone consumption was 10–100 ppm, α-FeOOH 

generated 1.8×108 to 9.75 ×108 radicals/cm
3
, 

yielding an average OH-radical-to-ozone molar ratio 

of 0.29–0.31. The yield rate of OH radicals 

generated through catalytic ozonation was a second-

order kinetic relative to the ozone and OH group 

concentrations on the surface of the catalyst. When 

the OH group was fixed, the generation of OH 

radicals on the catalyst surface was proportional to 

the ozone consumed. At the characteristic 

temperature of 125°C, the Δσ values of the PANI 

sample with the highest SBET were exponentially 

proportional to the OH radicals produced from the 

consumption of ozone. The result showed high Δσ 

values for more than 5% change in the concentration 

of OH radicals from 5.23 × 108 to 11.3 × 108 

radicals/cm3. The results reveal that the high amount 

of OH radicals in air positively influenced the drop 

in conductivity in the PANI sample. The 

conductivity of PANI can be reduced through an 

oxidative doping process by using strong oxidants. 

Gas-phase OH radicals are one of the strongest and 

most sensitive oxidants. Therefore, when the PANI 

composite was exposed to air containing OH 

radicals, the insufficient OH radicals were easily 

self-decomposed across the OH radical–PANI chain 

collision interface. The sufficient OH radicals 

diffused into the surface of the PANI shell, the 

adsorbed OH radicals inserted anionic species in the 

PANI backbone structure, leading to the formation 

of a material exclusively displaying the property of 

anionic species [38,39]. Consequently, a decrease in 

the electrical conductivity of the PANI composite 

was associated with a reversible strong oxidation by 

the OH radicals [40]. 

 
Fig. 6: Conductivity recorded after the OH radical 

attack by adjusting the ozone consumed. 
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V. CONCLUSIONS 

 In summary, Fe3O4 nanoparticles were used 

as a template to produce hollow PANI spheres 

through a double-surfactant-layer-assisted-

polymerization process. The surface structure and 

shell thickness could be effectively controlled by 

modulating the added aniline monomers. The 

implemented electronic OH radical sensors were 

fabricated by coating hollow PANI capsules on a 

Si3N4/Si substrate with deposited gold metal 

electrodes. At the characteristic activation 

temperature of 125 °C, the conductivities 

engendered an increase in sensitivity for the PANI 

composite with increasing SBET. Among all 

composites, the PANI sensor with a characteristic 

SBET of 1452 m
2
/g exhibited the highest 

conductivity. The conductometric behavior induced 

by the OH radical attack was exponentially 

proportional to the concentration of OH radicals. 

Hence, we suggest that hollow PANI spheres are a 

promising material for high-performance gas-phase 

OH radical sensing applications.  
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