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� A novel method was developed for
the sensitive and visual detection of
PPD.

� DCM as a solid matrix played a vital
role in the enrichment of PPD.

� The proposed method gave two
linear ranges at 0.01e0.1 and 0.1
e1 mg L�1, respectively.

� The detection limit of PPD was
calculated to be 5.35 mg L�1.

� Detection mechanism was involved
in two-step Schiff base reaction and
AIE effect.
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a b s t r a c t

A novel method was developed for the sensitive and visual detection of p-phenylenediamine (PPD) via
immobilizing the target specie PPD on dialdehyde cellulose membrane (DCM) followed by the reaction
with salicylaldehyde. The obtained solid fluorescent membrane (S-PPD-DCM) emitted yellow fluores-
cence under 365 nm UV light. DCM was not only used as a solid matrix but also played a vital role in the
enrichment of PPD. Experimental variables influencing the fluorescence signal were investigated and
optimized. Under the optimum conditions, a detection limit of 5.35 mg L�1 was obtained and two linear
ranges were observed at 10e100 and 100e1000 mg L�1, respectively. Moreover, the fluorescence of the
resultant membrane can still be visualized by naked eye when PPD concentration was 50 mg L�1. The
detection of PPD was hardly affected by the coexistence of 1 mg L�1 of o-phenylenediamine, m-phe-
nylenediamine or phenylamine, exhibiting good selectivity. The developed method involved in a two-
step Schiff base reaction and enhanced the fluorescence emission via blocking nonradiative intra-
molecular rotation decay of the excited molecules. It was applied to determine the PPD in spiked hair dye
with satisfactory results.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

p-Phenylenediamine (PPD) is an important intermediate which

has been applied in aramid plastics, textile and hair dye industries
[1,2]. However, it can cause a number of allergic reactions and is
mutagenic [3,4]. Therefore, it is necessary to develop a simple and
sensitive method for the detection of PPD.

So far, several analytical techniques, including UV spectropho-
tometry [5], fluorescence spectroscopy [6,7], gas chromatography
(GC) [8], high-performance liquid chromatography (HPLC) [9], gas
chromatography�mass spectrometry (GC-MS) [10],
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electrochemical analysis [11,12], and capillary isotachophoresis
[13], have been adopted for detecting PPD. Among them, fluori-
metric methods have the advantages like rapid speed, high sensi-
tivity, simple manipulation and low-cost [14]. Especially, solid-
surface fluorescence (SSF) unites the enrichment of target species
on a solid matrix with its direct fluorescence measurement, which
can improve the sensitivity and selectivity of the determination
compared with the conventional liquid fluorescence [15]. In addi-
tion, the method is more environmental-friendly, as the waste does
not contain any reagent, which remains on the solid phase [16]. In
recent years, SSF has been applied for the determination of poly-
cyclic aromatic hydrocarbons [17], pesticides [18], nitroaromatic
explosives [19], antibiotics [20], inorganic gases [21], anions [22]
and metal ions [23,24]. However, to the best of our knowledge, no
related studies have been conducted to detect PPD via SSF method.

During the application of SSF, solid matrix plays a key role. The
reported matrix materials include C18 silica gel [25], nylon mem-
brane [26], PVC membrane [27], glucose gel [28], cellulose-based
materials [23,29] and so on. Among them, cellulose membrane
not only has the advantages of natural cellulose like renewability,
nontoxicity, biodegradability, biocompatibility and low price but
also has the attractive features such as good transparency, high
mechanical strength and low fluorescence background [30,31]. It
can be used as a promising matrix for solid-surface fluorescence
analysis [32].

In the present study, sensitive and visual detection of p-phe-
nylenediamine (PPD) was achieved via immobilizing target specie
PPD on dialdehyde cellulose membrane (DCM) and being followed
by the reactionwith salicylaldehyde. The obtained solid fluorescent
membrane (S-PPD-DCM) can emit strong yellow fluorescence. DCM
was not only used as a solid matrix but also played a vital role in the
enrichment of PPD. The experiment variables affecting the fluo-
rescence signal of S-PPD-DCM were studied and optimized.
Meanwhile, the selectivity and potential application of the pro-
posed method were evaluated. The related mechanism was
discussed.

2. Experimental

2.1. Materials

Cotton pulp cellulose was supplied by Bailu Chemical Fiber
Group Ltd., China. 40 wt% aqueous solution of tetrabutylammo-
nium hydroxide (TBAH) was purchased from Shanghai Meryer
Chemical Technology Co. Ltd., China. p-Phenylenediamine
(�99.5%), o-phenylenediamine (�99.0%), m-phenylenediamine
(�99.5%), phenylamine (�99.5%), salicylaldehyde, dimethylsulf-
oxide (DMSO), sodium periodate (NaIO4) and alcohol were pro-
vided by Chengdu Kelong Chemical Reagent Co., China. All reagents
were of analytical grade and used without further purification.

2.2. Preparation of dialdehyde cellulose membrane

Dialdehyde cellulose membrane (DCM) was prepared as our
previous work [33,34]. In a typical procedure, cotton pulp (2.5 g)
was dissolved in DMSO (37.5 g) and TBAH aqueous solution (10 g,
40 wt%) under stirring condition at room temperature. Then cel-
lulose solution was defoamed and poured into a film mold of poly
(tetrafluoroethylene) to obtain cellulose membrane (CM) with ca.
0.3 mm thickness. After that, 2 g of CM was immersed in a NaIO4
solution of 1 g L�1 and oxidized for 6 h at 25 �C in dark. The
resulting CM was washed with ultra-pure water and labeled as
dialdehyde cellulose membrane (DCM).

2.3. Detection of PPD

The detection of PPDwas performed based on a two-step Schiff-
base reaction. The prepared DCM was immersed in a PPD solution
and was agitated for different time (0.5 min-6 h) at given temper-
ature (4e55 �C). The desired pH (3-11) was adjusted by using
0.1 mol L�1 NaOH and 0.1 mol L�1 HCl. And then the PPD-
immobilized DCM (PPD-DCM) was immersed into a salicylalde-
hyde solution of different concentrations (0.01e1 wt%). After stir-
ring for 10min at 25 �C, the resultant membranes werewashed and
dried at 50 �C in an oven to obtain solid fluorescence membranes
(S-PPD-DCM). Their fluorescence spectra were recorded at 370 nm
excitation. All the experiments were replicated at least three times.

2.4. Characterization

The fluorescence spectra of the resultant samples were
measured by Hitachi F-7000 Fluorescence Spectrophotometer
equipped with a solid sample holder. Excitation wavelength was
fixed at 370 nm. Slit width was 5.0 nm for both excitation and
emission. Scanning rate was 1200 nm min�1, and scanning range
was from 200 to 700 nm.

The surface functional groups of the DCM, PPD-DCM and S-PPD-
DCM were determined by a FTIR spectroscope (Nicolet 6700,
Thermo Fisher Scientific, America). The data in the range of
4000e400 cm�1 were recorded at the resolution of 4 cm�1. Their
surface element compositions were obtained by XPS on an Escalab
250Xi X-ray electron spectrometer (Thermo Fisher Scientific, USA)
with an Al Ka source. The physical morphologies of the DCM, PPD-
DCM and S-PPD-DCM were observed on a JSM7800F PRIME (JEOL
Com., Japan) electron microscope. The samples were coated with a
gold film to improve their conductivity and the quality of the SEM
image.

3. Results and discussion

3.1. Effect of salicylaldehyde concentration

The Membranes obtained at different conditions exhibited good
transparency as presented in Fig. 1a. Under 365 nm UV light, the S-
PPD-DCM emitted yellow fluorescence. By contrast, no fluorescence
was observed for the DCM, DCM þ S and PPD-DCM. Their fluores-
cence spectra were determined as displayed in Fig. 1b. It can be
found from Fig. 1b that an emission peak appeared at 545 nm for
the S-PPD-DCM. This phenomenon suggested that the salicylalde-
hyde played a key role in the fluorescence emission except PPD.
Hence, the effect of salicylaldehyde concentration (Cs) on fluores-
cence intensity was first investigated before optimizing the
enrichment conditions. From the result shown in Fig. 2a, it was
clear that the emission intensity of the S-PPD-DCM samples rapidly
increased and then tended to a balance with the increase of sali-
cylaldehyde concentration. The reason was that the amino groups
of the immobilized PPD were consumed continuously because of
the Schiff base reaction between PPD and salicylaldehyde. In sub-
sequent experiments, the concentration of salicylaldehyde was
fixed at 0.5 wt%.

3.2. 2 optimization of enrichment conditions

Other important parameters in the present work included so-
lution pH, PPD concentration (CPPD), reaction time (t) and reaction
temperature (T) in the process of PPD enrichment. They were
optimized for improving the sensitivity of the proposed method.

Fig. 2b showed the influence of solution pH. It was evident that
the fluorescence intensity gradually increased at first and then
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decreased with raising the pH from 3 to 9. It was attributed that the
amino groups of PPD were protonated at strong acid condition,
impeding the amineealdehyde condensation reaction. The self-
condensation of aldehyde groups could happen at too high basicity,
which was not conducive to the introduction of PPD. After that, a
new fluorescence emission peak appeared at 450 nm with the
further increase of solution pH (Fig. S1). To give an explanation for
the new peak, the DCM was directly immersed in a salicylaldehyde
solution at pH ca. 10. The resultant membrane also exhibited a
fluorescence emission peak at about 450 nm (Fig. S2). The reason is
that salicylaldehyde is a weak acid (pKa = 8.37) and was deproto-
nated at higher pH. And the deprotonated salicylaldehyde dis-
played a strong fluorescence at about 500 nm. The interaction
between DCM and deprotonated salicylaldehyde can cause the
blue-shift of its maximum emission wavelength. Hence, the new
fluorescence emission peak appearing at 450 nm in Fig. S1 was
related to the undeprotonated salicylaldehyde. Finally, the optimal
pH value was 8 which corresponded to the natural pH of PPD
solution.

Reaction time was an important factor in the formation of PPD-
DCM. Therefore, its effect on the fluorescence intensity was inves-
tigated while maintaining other experimental conditions constant.
The obtained result was illustrated in Fig. 2c. It was obvious that the
fluorescence intensity of the prepared S-PPD-DCM quickly
increased within the initial 15 min, and the increment became
gradually slow afterward. No maximum value was found in the
experimental range. In follow-up experiments, 60 min was chosen
as the optimum reaction time.

Considering that the concentration of target specie had a direct
effect on fluorescence intensity, PPD concentration was varied in
the range of 0e1000 mg L�1 as shown in Fig. 3a and b. It was clear
that the fluorescence intensity of the S-PPD-DCM gave a gradual
increasewith increasing the PPD concentration. The same trend can
be found from the inset of Fig. 3a that the fluorescence emission of
the membranes became more and more bright under 365 nm UV
light. This was ascribed that more PPD was immobilized on the
DCM. When PPD concentration was as low as 50 mg L�1, the yellow
fluorescence of the resultant membrane can still be visualized by

Fig. 1. (a) The colors of the DCM, DCM þ S, PPD-DCM and S-PPD-DCM under visible light (top) and 365 nm UV light (bottom); (b) Fluorescence emission spectra (lex ¼ 370 nm) of
the DCM, DCM þ S, PPD-DCM and S-PPD-DCM (CS ¼ 0.5 wt%, CPPD ¼ 250 mg L�1, pH ¼ 8, t ¼ 60 min, T ¼ 25 �C). (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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naked eye.
Finally, the effect of reaction temperature was optimized as

presented in Fig. 2d. With varying the temperature from 4 to 55 �C,
the fluorescence intensity increased initially and then decreased.
25 �C was confirmed to be the optimal reaction temperature, It was
due to the fact that the molecular motion was slow at a low tem-
perature, reducing the chemical reaction activity of PPD. At a high
temperature, the molecular motion became vigorous, but part of
the PPD was oxidized, which decreased the available PPD content.

3.3. Analytical performance

3.3.1. Linear response range and precision
Based on the fluorescence intensity (F) obtained at different PPD

concentrations, the sensitivity of the developed method was eval-
uated. As shown in Fig. 3b, two good linear relationship with
regression equations of F ¼ 19.4986C þ 361.8076 (R2 ¼ 0.9865) and

F ¼ 7.5982C þ 1445.8924 (R2 ¼ 0.9970) can be observed in the
range of 10e100 and 100e1000 mg L�1, respectively. The detection
limit according to 3s/s, where s represented the standard deviation
from 12 replicate blank responses and s was the slope of the cali-
bration curve (n ¼ 5), was calculated to be 5.35 mg L�1. The relative
standard deviation (RSD) for the determination of 250 and
500 mg L�1 of PPD was 2.04% and 2.73% (n ¼ 5), respectively.

Compared with other fluorescence methods reported in the
literature, the detection limit of the presentmethodwas superior to
those obtained by most of the liquid fluorescence methods for PPD
analysis (Table 1). Moreover, the SSF method was simpler and more
environmental-friendly. It was not involved in the synthesis of new
fluorescent probes, which can minimize the amount of reagents
and organic solvents. In addition, the analyte PPD was retained on
the solid matrix and measured directly, thus reducing the genera-
tion of hazardous waste during the analysis process.

In order to further demonstrate the advantage of SSF analysis in

Fig. 2. Influence of salicylaldehyde concentration (a) and enrichment conditions including solution pH (b), reaction time (c), reaction temperature (d) on the fluorescence intensity
of the resultant samples. Aalicylaldehyde concentrations from 0.01 to 1 wt% (CPPD ¼ 250 mg L�1, pH ¼ 8, t ¼ 60 min, T ¼ 25 �C); Solution pH from 3 to 11 (CS ¼ 0.5 wt%,
CPPD ¼ 250 mg L�1, t ¼ 60 min, T ¼ 25 �C); Reaction time from 0.5 min to 6 h (CS ¼ 0.5 wt%, CPPD ¼ 250 mg L�1, pH ¼ 8, T ¼ 25 �C); Reaction temperature from 4 to 55 �C (CS ¼ 0.5 wt%,
CPPD ¼ 250 mg L�1, pH ¼ 8, t ¼ 60 min).
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this study, contrast experiments were designed to investigate the
performance of liquid fluorescence for the detect of PPD. According
to the optimum conditions used in SSF analysis and the stoichio-
metric relationship between PPD and salicylaldehyde, the fluores-
cence spectra of the liquid system were determined by varying
salicylaldehyde concentrations from 0.25 to 10,000 mg L�1 with
250 mg L�1 PPD or PPD concentrations from 0.05 to 1000 mg L�1

with 0.5 wt% salicylaldehyde. The results were shown in Fig. S3.
From Fig. S3, it was evident that the fluorescence spectra of the
liquid system presented an irregular shape when changing the
concentration of PPD or salicylaldehyde. Furthermore, their fluo-
rescence intensity was very low. The reasonwas attributed that the
formed fluorophores had aggregation-induced emission
(AIE) characteristics. When they were well dispersed in the solu-
tion, their intramolecular vibration and rotation were not
restricted. As a result, their fluorescence was self-quenched.
Meanwhile, the excess reactants could interfere with the weak
fluorescent signal.

3.3.2. Selectivity
To assess the selectivity of the developed method, other aromatic

amines including phenylamine, o-phenylenediamine and m-phe-
nylenediamine were investigated as a substitute of PPD. Their con-
centrations were fixed at 1 mg L�1 and the collected fluorescence
spectra were shown in Fig. 4a. Notably, there was no fluorescence
emission peak observed for the above amines. By contrast, the
fluorescence intensity of the prepared S-PPD-DCM was above 9000
when the PPD concentration was 1 mg L�1, indicating the proposed
method had superior selectivity. This was further confirmed from
the insert of Fig. 4a. It was clear that no yellow fluorescence was
observed for the phenylamine, o-phenylenediamine and m-phenyl-
enediamine. In addition, the PPD detectionwas also performed in the
coexistence of 1 mg L�1 phenylamine, o-phenylenediamine or m-
phenylenediamine. According to the results presented in Fig. 4b, the
existence of other aromatic amines only had a very small effect on
the fluorescence intensity of the S-PPD-DCM. The calculated relative
errors of 250 mg L�1 PPD were 0%, 1.69% and 7.61% when the coex-
isting aromatic amines were phenylamine, o-phenylenediamine and
m-phenylenediamine, respectively. Therefore, the proposed method
had good selectivity for the detection of PPD.

3.3.3. Detection of PPD in hair dye
Hair dye was used as a representative sample for evaluating the

potential application of the developed method. The detailed pro-
cedure was as follows: Hair dye cream (100 mg) was added into
20.0 mL of ethanol, and the mixture was stirred for 10 min at room
temperature. And then 1.0 mL of the supernatant was diluted to
100 mL with ethanol and stored at 4 �C for further use.

In spiked recovery experiments, moderate volumes of PPD
standard solution were spiked into a certain volume of stored
sample. Afterward, the developed method was applied to the

Fig. 3. (a) Effects of different PPD concentrations on the fluorescence emission spectra of S-PPD-DCM (the inset shows the colors of part of the prepared S-PPD-DCM under 365 nm
UV light). (b) The linear relationship between the fluorescence intensity and PPD concentration. The PPD concentrations (from top to bottom) were: 1000, 800, 600, 500, 400, 200,
100, 80, 60, 50, 40, 20, 10, 0 mg L�1; CS ¼ 0.5 wt%, pH ¼ 8, t ¼ 60 min, T ¼ 25 �C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 1
Comparison of the developed method for the determination of PPD with previously reported fluorescence methods.

Methods Linear range (mg L�1) LOD (mg L�1) Refs

Liquid fluorescence 3240e43200 3240 [2]
Liquid fluorescence 2.16e162 0.756 [6]
Liquid fluorescence 10.8e108 6.05 [7]
Liquid fluorescence 1080e75600 9.68 [35]
Liquid fluorescence 54,000e10800,000 9639 [36]
Solid surface fluorescence (SSF) 10e100 5.35 This work

Table 2
Surface composition (atom fraction, %) of the samples obtained at different stages
from XPS survey spectra.

Samples C N O

DCM 61.0 ± 1.3 0.7 ± 0.1 38.3 ± 1.2
PPD-DCM 61.8 ± 1.5 1.5 ± 0.2 36.7 ± 1.3
S-PPD-DCM 64.8 ± 1.3 1.4 ± 0.2 33.8 ± 1.4
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determination of PPD in real sample solutions and the spiked
samples under the optimum conditions. The calculated recoveries
were 94.7% and 98.1% when the added amount of PPD was 300 and
500 mg L�1, respectively. Their RSD of three parallel experiments
was calculated to be 2.97% and 3.87%, respectively. Considering that
no any pretreatment was used in the whole process, the proposed
method had good precision and recovery.

3.3.4. Detection mechanism of PPD
FTIR spectrum can give some information about the functional

groups on a sample. Therefore, the FTIR spectra of the DCM, PPD-
DCM and S-PPD-DCM were recorded as shown in Fig. 5. Mean-
while, an enlarged range from 1800 to 400 cm�1 was also pre-
sented. In the DCM spectrum, a characteristic peak corresponding
to the C¼O stretching vibration appeared at 1735 cm�1. The strong
adsorption at 3435 cm�1 was due to the OeH stretching vibration.
The bands in the range of 3000-2800 cm�1 represented the C-H
stretching vibration inmethyl or methylene. The peak at 1642 cm�1

was associated with the absorbed water, and the bands ranging
from 1450 to 1200 cm�1 were attributed to the CeH and OeH
deformation vibrations. The band at 1160 cm�1 belonged to the

stretching vibrations of glycosidic linkages while the sharp peak at
895 cm�1 corresponded to the ring stretching of glucose. The strong
absorption between 1100 and 900 cm�1 was ascribed to the CeOH
deformation vibration and/or CeO stretching vibration in cellulose.

After the enrichment of PPD, the peak at 1735 cm�1 showed a
weak intensity, suggesting that a chemical reaction had happened
between the dialdehyde groups of DCM and PPD. The peak at
1642 cm�1 became stronger, which was related to the C¼N for-
mation, indicating that a Schiff base reaction was involved. Mean-
while, the adsorption locating at 3435 cm�1 gave a red shift to
3420 cm�1 and became broader, which was attributed to the
overlapping of NeH and OeH stretching vibrations. The C-H
stretching vibration at 3000-2800 cm�1 and the adsorption at
1600-1400 cm�1 became stronger because of the introduction of
benzene rings. In the FTIR spectrum of the S-PPD-DCM, most of the
peaks/bands became stronger because of the introduction of sali-
cylaldehyde. The stronger peak at 1642 cm�1 indicated that the
formation of S-PPD-DCM was involved in another Schiff base re-
action. The broader adsorption at 3420 cm�1 was ascribed to the
overlapping of phenolic hydroxyl. In addition, two new peaks can
be clearly observed at 1573 and 830 cm�1, respectively. The former

Fig. 4. (a) Fluorescence emission spectra of the samples prepared in 1 mg L�1 of phenylamine, o-phenylenediamine, m-phenylenediamine and PPD solution, respectively (the insert
shows their colors under 365 nm UV light). The preparation conditions were: CS ¼ 0.5 wt%, pH ¼ 8, t ¼ 60 min, T ¼ 25 �C. (b) Fluorescence emission spectra of the samples prepared
in the coexistence of different aromatic amines and PPD (CS ¼ 0.5 wt%, CPPD ¼ 250 mg L�1, aromatic amine concentration 1 mg L�1, pH ¼ 8, t ¼ 60 min, T ¼ 25 �C). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. FTIR spectra of the DCM, PPD-DCM and S-PPD-DCM.
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was assigned to the skeleton vibration in benzene rings, and the
latter was due to para-substituted benzene derivatives. These re-
sults confirmed that a two-step Schiff base reaction had happened
during the preparation of S-PPD-DCM.

XPS can provide a more accurate analysis of chemical reactions
occurring in the PPD detection process. Hence, the surface chemical
composition of the DCM, PPD-DCM and S-PPD-DCM were investi-
gated by an XPS study. Their survey spectra and atom concentra-
tions were shown in Fig. S4a and Table 2, respectively. After PPD
enrichment, the N atom concentration of the PPD-DCM increased
from 0.7% to 1.5% while O atom concentration gave a decrease,
verifying the introduction of PPD. As the PPD-DCM reacted with
salicylaldehyde, it was anticipated that the N atom concentration
presented a slightly decrease.

The high resolution XPS spectra of the C1s and N1s were dis-
played in Figs. S4bec. They were decomposed into subcomponents
by using software XPS-Peak 4.1. From Fig. S4b, it was clear that the
C1s spectra of the samples can be fitted into four components. The
peaks, centered near 284.7 eV and 285.2 eV, were assigned to CeC
and C-N bonds, respectively. The bands, centered at approximately
286.5 eV and 288.0 eV, were attributed to the CeO and C¼O bonds,
respectively. Their trend accorded with the proposedmechanism of
two-step Schiff base reaction. After PPD enrichment, it can found
that the N1s spectrum (Fig. S4c) of the PPD-DCMwas deconvoluted
into two peaks centered at ca. 399.5 eV (eN ¼ ) and 400.0 eV
(eNHe/eNH2) [37]. As the salicylaldehyde was introduced to the
PPD-DCM, the eN ¼ peak increased and shifted slightly from
399.4 eV to 399.6 eV. These confirmed the formation of Schiff base
in detecting PPD.

The SEM images of the DCM, PPD-DCM and S-PPD-DCM were
exhibited in Fig. S5. No obvious changewasobserved from the surface
morphologies of three samples, suggesting that the PPD and salicy-
laldehyde were not simply deposited on the membrane surface.

On the basis of the above results, it was proposed that the
detection mechanism of PPD was involved in a two-step Schiff base
reaction (see Fig. 6 for the schematic illustration of the detection
process of PPD) and the aggregation-induced emission (AIE) effect.
Firstly, the target specie was immobilized on the cellulose mem-
brane via a Schiff base reaction between PPD and DCM. Afterward,
When the obtained PPD-DCM was immersed into the salicylalde-
hyde solution, the other Schiff base reaction happened between the

primary amines of PPD and the aldehyde groups of salicylaldehyde.
At the same time, the “solid” state blocked the nonradiative intra-
molecular rotation decay of the excited molecules, enhancing the
fluorescence emission.

In order to verify that the fluorescence “turn-on” mechanism
was related to an AIE effect, the following experiments were carried
out. A series of mixed solutions of 0.5 wt% salicylaldehyde and
different PPD concentrations (0, 250, 500, 1000 and 10,000 mg L�1)
were prepared. Then they were filled in five plastic tubes, respec-
tively. Afterward, dumping the solution, the unwashed plastic tubes
were dried at 50 �C in an oven. Their images under visible light and
365 nmUV light were presented in Fig. 7. It was evident from Fig. 7a
that the mixed solution of salicylaldehyde and PPD only had a very
weak fluorescence even if the PPD concentration was increased to
1000 mg L-1. When the PPD concentration reached 10,000 mg L�1, a
enhanced yellow fluorescence was observed while some yellow
precipitate was formed. By contrast, the residue in all the plastic
tubes can emit strong yellow fluorescence as shown in Fig. 7b.
These further confirmed that the yellow fluorescence of S-PPD-
DCM was involved in an AIE effect.

4. Conclusions

A novel SSF method was developed for the detection of PPD. The
target specie PPD was immobilized on dialdehyde cellulose mem-
brane followed the reaction with salicylaldehyde. The resultant
membrane S-PPD-DCM emitted yellow fluorescence under 365 nm
UV light, which can be used for the qualitative and quantitative
analysis of PPD. Experimental variables affecting the fluorescence
intensity were investigated and optimized. Under the optimum
conditions, a detection limit of 5.35 mg L�1 was obtained and two
linear ranges were observed at 10e100 and 100e1000 mg L�1,
respectively. When PPD concentration was as low as 50 mg L�1, the
yellow fluorescence of the membrane can still be visualized by
naked eye. Moreover, the detection of PPD was hardly affected in
the coexistence of 1 mg L�1 of o-phenylenediamine, m-phenyl-
enediamine or phenylamine, exhibiting good selectivity. It was the
first time that SSF analysis was employed to the determination of
PPD. The developed method was satisfactorily used to determine
the PPD in the spiked hair dye with recovery rate more than 94%
and RSD of three parallel experiments less than 5%. The FTIR and

Fig. 6. The schematic illustration for the enrichment and SSF detection of PPD on cellulose membrane.
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Fig. 7. (a) The colors of the mixed solution containing 0.5 wt% salicylaldehyde and different concentrations of PPD under visible light (top) and 365 nm UV light (bottom). The PPD
concentrations were: 0, 250, 500, 1000, 10,000 mg L�1 (b) The colors of the residue in the plastic tubes under visible light (top) and 365 nm UV light (bottom). (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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XPS results confirmed that the PPD detection was involved in a
two-step Schiff base reaction. At the same time, the “solid” state
blocked the nonradiative intramolecular rotation decay of the
excited molecules, enhancing the fluorescence emission.
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Fig. S1 Effect of solution pH in the process of PPD enrichment on the fluorescence spectra of 

the samples (CS=0.5 wt%, CPPD= 250 μg L-1, t=60 min, T=25 °C). 
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Fig. S2 Fluorescence spectrum of the DCM immersed in a 0.5 wt% salicylaldehyde solution 

with pH ca. 10 and then dried at 50 °C.   
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Fig. S3 Fluorescence emission spectra (λex=370 nm) of the liquid system in the coexistence of 

PPD and salicylaldehyde: (a) changing PPD concentraions (CS=0.5 wt%); (b) changing 

salicylaldehyde concentraions (CPPD= 250 μg L-1). 
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Fig. S4  (a) Survey spectra of the DCM, PPD-DCM and S-PPD-DCM. (b) High-resolution 

XPS spectra of C1s. (c) High-resolution XPS spectra of N1s. 

 

 

 

 

 

 

 

 

 

 

 



   

 

Fig. S5  SEM images of the DCM, PPD-DCM and S-PPD-DCM. 
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