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a b s t r a c t 

In this study, the fibers consisted of poly(methyl methacrylate) (PMMA) and polyaniline (PANI) were fab- 

ricated by electrospinning method to detect relative humidity (RH). Moreover, various concentrations of 

PANI/PMMA were prepared and modified by UV/ozone treatment to increase the sensitivity of relative hu- 

midity. The characteristics of the PANI/PMMA electrospun fibers were measured by Fourier transformed 

infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and ultraviolet-visible (UV–vis) spec- 

troscopy, respectively. By the result of PANI/PMMA fibers extinction change with 30 min UV/ozone treat- 

ment, the sensor showed the highest sensitivity. In addition, the sensitivity for detecting RH increased as 

RH increased from 33 to 98% at room temperature. The experimental results revealed that at 2.0 wt% con- 

centration, the PANI/PMMA fibers had better response, better sensing performance, and showed a clearer 

indicator compared to other PANI/PMMA concentrations. 

© 2019 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Relative humidity sensitivity analysis has become greatly im-

portant in many agricultural and industrial applications, such as

food storage, pharmaceutical, cosmetics, meteorology, environment

protection, electronics, and industrial drying [1–3] . In many cases,

products have already spoiled before use, which may result in

serious effects on consumers and producers. For example, the

active ingredients in drugs may be degraded by humidity, result-

ing in deviations from expiry date [4,5] . High humidity tends to

make cereals crackle, yet low humidity reduces the water storage

in fresh fruits and vegetables. Therefore, food products should

be stored at a constant humidity range [6] . Based on different

demands in this field, various types of humidity sensors have been

developed, such as optical [7,8] , gravimetric [9] , capacitive [10] ,

resistive [11–13] , magnetoelastic sensors [14] , and etc. The resistive

and capacitive sensors have shown many advantages, such as high

sensitivity, good stability, and reversibility. However, the complex

system and high cost hinder its commercialization. In recent years,

optical sensors have gained a lot of attention because they are

simple, easy to manufacture, and distinguishable by the naked eye.

As such, they have become promising in many areas [15,16] . 
∗ Corresponding author at: Department of Chemical and Materials Engineering, 
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Many humidity sensing materials have outstanding advantages,

uch as lightweight, flexibility, easy fabrication, and low cost. As a

esult, the polymer material has become one of the most potential

aterials. Additionally, fabricating humidity sensing fiber by elec-

rospinning is one of the most suitable methods due to its high

fficiency, high versatility, high specific surface areas, and simple

tility [17–20] . Fibers fabricated by electrospinning process possess

ome special properties, including uniform diameter, microporous

tructure, and high surface areas, which can provide appropriate

onditions for moisture adsorption [21–23] . 

Derivatives of polyaniline (PANI) have been widely used in

umidity sensor fabrication due to its good stability, conductivity,

asy preparation, redox, and acid-base properties [24–28] . By the

ppearance of radical cation and dication, PANI has shown its spe-

ial color changing property between PANI emeraldine base (blue)

nd PANI emeraldine salt (green) ( Scheme 1 ) [29,30] . Among the

xidant-reduction chemicals with water or gas molecules, they

an be sensed by the electroconductive polymers through optical

bsorbance [19,30,31] . However, PANI has some disadvantages

s well, such as poor processing ability, mechanical properties,

nd soluble in inactive organic solutions [31,32] . Thus, the solu-

ion to deal with its disadvantages is to blend PANI with other

olymers. Polyethylene oxide (PEO), poly(methyl methacrylate)

MMA, and polystyrene (PS) are polymers commonly used in the

lectrospinning process. Moreover, PMMA acts as the matrix of

ANI in the electrospinning process because of many advantages
ights reserved. 
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Scheme 1. The molecular structure of PANI. 
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Fig. 1. FT-IR spectra of pure PMMA, PANI, PANI/PMMA with/without treatment. 
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ncluding being transparent, having good mechanical properties,

asily soluble, and low cost [33,34] . 

In our study, we fabricated a series of PANI/PMMA fibers

ith various blending concentrations by electrospinning process.

ANI/PMMA fibers were deposited on the surface of glass, and the

ensitivity was determined by the film optical extinction with UV–

is system to detect the relative humidity. In order to enhance the

ensor sensitivity, PANI/PMMA fibers were treated with UV/ozone

reatment to modify the fiber surface, which makes the diffusion of

ater molecules easier. These results are feasible for simple fabri-

ation for humidity sensor, and the final products can be commer-

ialized. 

. Experimental details 

.1. Materials 

Poly(methyl methacrylate) (PMMA, M.W. ∼ 996,0 0 0), polyani-

ine emeraldine base (PANI, M.W. ∼ 65,0 0 0), N-Methyl-2-

yrrolidone (NMP) were purchased from Sigma-Aldrich. 

.2. Fabrication of PANI/PMMA fibers 

The PANI solution was prepared by dissolving PANI in NMP

ith continuous stirring at 90 °C for 24 h. Then PMMA was added

o the PANI solution with continuous stirring at 60 °C for 24 h to

btain a viscous homogeneous electrospinning precursor solution.

able S1 shows the chemical composition details of the polymer

lending. The concentration of PANI/PMMA solution was 10.0 wt%. 

The electrospinning system (Fig. S1) has three main units in-

olving a high voltage power supplier (You-Shang Technical Co.

td., Taiwan), a syringe pump (KDS-100, KD Scientific Inc., United

tates), and a grounded aluminum rotary collector. The system is

et up in specific parameters before operation shown below. The

ip to collector distance is 10 cm; the applied voltage is 20 kV; the

peed of the collector is 600 rpm; the flow rate of PANI/PMMA so-

ution is 0.3 ml/h for 3 h. The PANI/PMMA fibers were prepared by

ttaching the glass substrates on the collector. 

.3. Characterizations 

Fourier transform infrared (FTIR) spectroscopic data were ob-

ained by Bruker Tensor 27 IR, and the FTIR spectra were recorded

n the range of 40 0 0–450 cm 

−1 with a resolution of 2 cm 

−1 . The

unctional groups on the PANI/PMMA fibers surface was mea-

ured by X-ray photoelectron spectroscopy (XPS). The morphol-

gy of the PANI/PMMA fibers was observed by a scanning electron

icroscope (Nano-eye SEM Series), and field emission scanning
lectron microscope (Hitachi SU8010) equipped with EDS (XFlash

etector 5030). The absorption spectra of the studied samples

ere analyzed using an ultraviolet-visible spectrometer (UV-VIS

pectrophotometer, V-730). 

.4. Relative humidity sensing measurements 

The relative humidity (RH) sensing measurement was carried

ut by an ultraviolet-visible spectrometer (UV-VIS Spectropho-

ometer, V-730) in the wavelength range of 40 0–110 0 nm. Fig. S2.

hows the schematic illustrations of the PANI/PMMA fibers ex-

inction. The RH was stabilized by various saturated salt solutions

anging from 33% to 98% as a closed system to test the response of

he sensor at room temperature in an 80 cm 

3 chamber. After be-

ng etched by UV/ozone treatment, the sensor was placed in the

hamber and the transmission ( T ) change can be obtained imme-

iately. The obtained data can be converted into the intensity of

he extinction signal ( E ) by the Eq. (1) : 

 t ( λ) = log 

(
100 − T t ( λ) 

100 

)
(1) 

here E t( λ) is an extinction signal with moisture exposure time of

 min, and T t( λ) is the transmittance value corresponding to the

xtinction signal. 

. Result and discussion 

The FTIR spectra of pure PMMA, PANI, and PANI/PMMA fibers

efore and after UV treatment are shown in Fig. 1 . The pure PANI

ain absorption peaks may appear at 1587 (I), 1495 (II), 1302 (III),

163 (IV), 827 (V), and 500 cm 

−1 (VI), respectively. Each of these

orresponds to (I) the stretching mode of N = Q = N, where Q rep-

esents the quinoid ring; (II) N – H stretching; (III) the stretch-

ng mode of C – N; (IV) the C = C stretching mode of the ben-

enoid rings and (V) quinoid ring; and (VI) C = C stretching [35] . By

lending PANI with PMMA, the stretching bands of PANI slightly

hifted to a lower wavelength with the corresponding peaks at

443, 1248, 1145, 987, 758, and 485 cm 

−1 . The formation of hy-

rogen bonding between PMMA and PANI might result in a shift
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Fig. 2. (a, b) C 1s and (c, d) N 1s XPS spectra of the PANI/PMMA fibers without (a, c) and with (b, d) UV/ozone treatment. 
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of the characteristic peaks, which confirmed that the PANI/PMMA

fibers have successfully fabricated. The PANI/PMMA fibers after

UV/ozone treatment had a new peak at 1379 cm 

−1 , which repre-

sented NO 2 , and the peak at 485 cm 

−1 almost disappeared, indi-

cating that PANI/PMMA have reacted with O 3 during the UV/ozone

treatment. When reacting with O 3 , the surface of PANI/PMMA

fibers can be modified, both NO 2 and CO 2 molecules can be re-

leased additionally. By the surface modification, many holes will

generate on the fiber surface, and thus making the absorption

of water molecules easier. According to the result, the sensing

sensitivity of the fiber was enhanced. 

Fig. 2 shows XPS spectra for the elements existed in the

PANI/PMMA fibers such as carbon, oxygen, and nitrogen. Sev-

eral functional groups involving C − C, C − N, C − O, C = C, and

O − C = O are located at the binding energy of 284.6, 285.4, 286.1,

287.3 and 289 eV, respectively ( Fig. 2 (a) and (b)). We can ob-

serve some groups reduced after UV/ozone treatment. Oxygen rad-

icals could oxidize these groups to decrease their composition in

the PANI/PMMA fibers. Fig. 2 (c) and (d) shows the N 1s signal

of − N = , and − NH without and with UV/ozone treatment. Remark-

ably, the XPS signal of nitrogen increases with UV/ozone treat-

ment owing to the collapse and decomposition of PMMA surface.

Thus, the − NH group can be detected humidity clearly after the

UV/ozone treatment. 

Fig. 3 shows SEM images of PANI/PMMA fibers without (a, b,

c) and with (d, e, f) UV/ozone treatment at various PANI con-

centrations. By the SEM images, PANI/PMMA fibers were success-

fully fabricated by electrospinning process with fairly uniform di-
meter fibers. The total weight of PANI and PMMA in the solu-

ion did not vary with the PANI concentrations (Table S1). How-

ver, the diameter of the fiber increased from 533 nm to 567 nm,

s PANI concentration increased from 1.0% to 3.0% (Fig. S3). More-

ver, the uniformity of the diameter of the fibers also decreased as

he PANI concentration increased. The surface of the PANI/PMMA

bers showed rough morphology and the N elemental mapping

Fig. S4 (a), (b)), corresponding to most of the PANI molecules dis-

ributed on the fiber surface. That the background noise of N el-

mental mapping was less than O elemental mapping shows the

ifferent distribution of N and O atom. It can be determined that

he chemical composition distribution of the phase separated do-

ains of the PANI/PMMA fibers due to the appearance of O atom

nly in PMMA. The significant changes in the fiber optical behav-

or are attributed to the phase separation of PANI and PMMA in

he electrospinning process [36] . After 30 min of UV/ozone treat-

ent on the PANI/PMMA fibers, the structure of PANI/PMMA fibers

as broken off due to the reaction with ozone. Some of the fibers

n the surface of PANI/PMMA film stuck together which resulted in

he increment of the fiber’s diameter. However, the fibers structure

hanging from cylindrical to ribbon like was shown more clearly in

ig. 4 because the degradation reaction of PANI and PMMA in the

V/ozone treatment may have lost several C 

–OH, C 

= O, C 

= N groups

37] . 

The absorption spectra of PANI/PMMA fibers ( Fig. 5 ) were

tudied by UV–Vis spectroscopy. Before being etched by UV/ozone

reatment, the absorption spectra of three sample all showed

 peak at 590 nm ( Fig. 5 (a)) because of the blue color of PANI.
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Fig. 3. SEM image of the PANI/PMMA fibers before and after 30 min UV/ozone treatment with various PANI concentrations: (a, d) 1.0 wt% PANI/PMMA, (b, e) 2.0 wt% 

PANI/PMMA, (c, f) 3.0 wt% PANI/PMMA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. FESEM image of the 2.0 wt% PANI/PMMA fibers (a) before and (b) after 30 min UV/ozone treatment. 

Fig. 5. Absorbance spectra of the PANI/PMMA fibers (a) before and (b) after 30 min UV/ozone treatment. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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owever, after 30 min of UV/ozone treatment, the blue color

isappeared, leading to the disappearance of the peak as shown

n Fig. 5 (b). From the result of absorbance spectra, the extinction

hanges ( �E) were calculated by Eq. (2) 

E 590 = E 0 ( 590 ) − E t ( 590 ) (2) 
here E 0(590) is the extinction signal before exposure to moisture

t 590 nm ( i.e. , 0 min), E t (590) is the extinction signal recorded with

oisture exposure time t at 590 nm. 

Fig. 6 shows the extinction signal exposure to 59% RH

or 120 min with various UV/ozone treatment times of 2.0 wt%

ANI/PMMA fibers. By the extinction signal figure, it showed that
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Fig. 6. Extinction spectra of 2.0 wt% PANI/PMMA with various UV/ozone treatment time when exposed to 59% relative humidity: (a) 0 min; (b) 10 min; (c) 20 min; (d) 30 min; 

(e) 40 min and (f) extinction change at 590 nm of 2.0 wt% PANI/PMMA with various UV/ozone treatment time. 
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the extinction signal degraded with the increasing UV/ozone treat-

ment time. Moreover, with 10 and 20 min UV/ozone treatment,

a slight decrease in extinction signal was observed. When the

UV/ozone treatment time reached 30 min, the extinction signal

suddenly dropped sharply. With the UV/ozone treatment, the de-

cline of C 

–OH, C 

= O, and COOH groups resulted in the degrada-

tion reactions. The great extent of carbon oxidation occurred be-

cause the nitrogen heteroatoms were oxidized into the NO x form

after long-time treatment [37] . The UV/ozone treatment process

required sufficient time to have ozone react with PANI/PMMA

fibers, which may have caused changes in the fiber form. In

Fig. 6 (f), it is obvious that the highest extinction change appeared

at 590 nm with 30 min UV/ozone treatment. As a result, 30 min

UV/ozone treatment is the optimized time to improve the humid-

ity sensitivity of the PANI/PMMA fibers. When further increases

the UV/ozone treatment time, the extinction change starts to de-

crease. The PANI/PMMA fibers might be completely broken off after

a long-time UV-ozone treatment and result in the minor extinction

change. The dramatically decreased in extinction change might be

due to the loss of nitrogen heteroatoms which hinder the moisture

absorption behavior of PANI/PMMA fibers. 
In order to stabilize the humidity conditions, a series of sat-

rated salt solutions (MgCl 2 : 33%, K 2 CO 3 : 43%, NaBr: 59%, NaCl:

5%, KCl: 85%, K 2 SO 4 : 98%) were utilized. The selective sensi-

ivity of various PANI/PMMA concentrations were calculated by

xtinction change at 590 nm ( Fig. 7 ). With 1.0 wt% PANI/PMMA, it

howed the highest sensitivity on extinction change from 0.003 to

.108, and the relative humidity is varied from 33% to 98%. In addi-

ion, the extinction change decreased with increasing PANI/PMMA

oncentration. The diameter of the 1.0 wt% PANI/PMMA fiber is

he shortest. As PANI/PMMA concentration increased, the diameter

f the fibers increased as shown in Fig. 3 . Moreover, the blue color

f PANI absorbs light, which may result in more PANI molecules

eneration and more optical signal degradation. However, in

he sensitivity region, the 2.0 wt% PANI/PMMA showed the best

umidity sensing ability ranging from 33% to 98%. The 1.0 wt%

ANI/PMMA fibers did not show any significant difference at high

elative humidity, whereas the 3.0 wt% PANI/PMMA fibers showed

ow sensitivity in low relative humidity. 

The PANI emeraldine based structure exists in both oxidized

nd reduced (non-oxidized) forms ( Scheme 1 ). Either of them

an be protonated because of the unbonded electron pair in the
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Fig. 7. Extinction change at 590 nm of (a) 1.0 wt% PANI/PMMA, (b) 2.0 wt% 

PANI/PMMA, and (c) 3.0 wt% PANI/PMMA after exposure to relative humidity. 

Scheme 2. Activation of the nitrogen atom and the acid-base reaction of PANI. 
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Fig. 8. The photographs of various PANI/PMMA concentration se
itrogen atom. For PANI, it can absorb moisture by the following

cid-base reaction [38,39] ( Scheme 2 ). The humidity adsorption of

ANI leads to the color change and the extinction change of the

ANI/PMMA fibers before and after exposure to relative humid-

ty. As for low PANI concentration, it provide insufficient active

ite like − NH − to react with H 2 O. Therefore, the color change

s unapparent for 1.0 wt% PANI/PMMA even when we further

ncrease the RH to 75%, 85% and 95%. For the PANI/PMMA with

ANI concentration higher than 3.0 wt%, the excessed active site

an rapidly react at low H 2 O concentration, but the few formation

f − NH 

+ = results in an unapparent extinction change. As a result,

.0 wt% PANI/PMMA is much more suitable for sensing humidity. 

The 2.0 wt% PANI/PMMA fibers sensors before and after 30 min

V/ozone treatment were kept in the glove box with low relative

umidity (under 5% RH) for 2.0 h to measure the extinction change

n that time. Both sensors stayed almost unchanged with the ex-

inction change of about 0.0 0 05 (Fig. S5). Therefore, when the ex-

inction change rose above 0.0 0 05, we defined the response time

f the fibers film in low humidity which diminish the sensing error

ignal. The response times for 59% RH or higher were under 1 min,

hile the response times for 43% and 33% RH were about 2 min. 

The color changes of the sensors exposed to various relative hu-

idity were shown in Fig. 8 . The naked eyes can recognize that the

ensor tends to lose color faster with higher relative humidity. The

olor change was very clear when the humidity changed from 33%

o 98%. Therefore, the sensor can be used as a potential indicator

o test moisture in the environment immediately. 

The 2.0 wt% PANI/PMMA fibers with 30 min UV/ozone treat-

ent were exposed to different relative humidity for 2 min to mea-

ure the extinction change of each sample. The results indicate

hat the PANI/PMMA fibers fabricated by electrospinning process

emonstrate high uniformity ( Fig. 9 (a)). It seems that we can pro-

uce large quantities of sensing materials with high stability for

ommercialization. To calculate the moisture content easier, we

onstructed the relationship between RH and extinction change

epresented by the Eq. (3) 

E 590 = 0 . 043 

(
RH 

100 

)5 . 04 

(3) 
nsors after 30 min exposure to various relative humidity. 
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Fig. 9. (a) Variation of RH with extinction change at 2 min and (b) the degradation 

of extinction change sensors after exposed to moisture for 120 min with various 

retention times. 
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where RH is the relative humidity (%), and �E 590 is the extinction

change at 590 nm after 2 min of exposure to humidity. 

To study the stability of the PANI/PMMA fibers with UV/ozone

treatment, 2.0 wt% PANI/PMMA fibers with UV/ozone treatment

was kept in the glove box at various times to measure the sensi-

tivity of relative humidity. In Fig. 9 (b), the degradation of the sen-

sor extinction change after 2.0 h exposure to moisture was minute

with various retention times. After 30 days retention in the glove

box, the extinction change decreased by about 7% comparing to

brand new sensors. The result has shown the relatively high sta-

bility of the sensors after UV/ozone treatment if the sensors are

stored in low humidity or without air. 

4. Conclusion 

In summary, PANI/PMMA fibers were successfully fabricated

by electrospinning technique with specific parameters. Espe-

cially, when the treatment time of UV/ozone toward PANI/PMMA

fibers reached 30 min, the extinction change showed significant

improvement. By the calculated extinction change, the 2.0 wt%

PANI/PMMA fiber showed the widest region sensitivity from 33%

to 98% RH. With high moisture, short response times ranging from

under 1 min to 2 min were observed. Moreover, the PANI/PMMA

fibers had good stability in low relative humidity condition. These

results demonstrated that the PANI/PMMA fibers may be poten-

tially applied to practical use in the determination of relative

humidity. 
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