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Abstract

The under-treated wastewater, especially remaining carcinogenic aromatic compounds in wastewater discharge has been
expansively reported, wherein the efficiency of conventional wastewater treatment is identified as the primary contributor
source. Herein, the advancement of wastewater treatments has drawn much attention in recent years. In the current study,
combined sequential and hybridized treatment of thermolysis and coagulation—flocculation provides a novel advancement
for environmental emerging pollutant (EP) prescription. This research is mainly demonstrating the mitigation efficiency and
degradation pathway of pararosaniline (PRA) hybridized and combined sequential wastewater treatment. Notably, PRA deg-
radation dominantly via a linkage of reaction: thermal cleavage, deamination, silication and diazene reduction. Thermolysis
acts as an initiator for the PRA decomposition through thermally induced bond dissociation energy (BDE) for molecular
fragmentation whilst coagulation—flocculation facilitates the formation of organo-bridged silsesquioxane as the final degra-
dation product. Different from conventional treatment, the hybridized treatment showed excellent synergistic degradability
by removing 99% PRA and its EPs, followed by combined sequential treatment method with 86% reduction. Comprehen-
sive degradation pathway breakdown of carcinogenic and hardly degradable aromatic compounds provides a new insight
for wastewater treatment whereby aniline and benzene are entirely undetectable in effluent. The degradation intermediates,
reaction derivatives and end products were affirmed by gas chromatography—mass spectrometry, Fourier transform infrared
spectroscopy and ultraviolet—visible spectrophotometry (GC-MS, FTIR and UV-Vis). This finding provides valuable guid-
ance in establishing efficient integrated multiple-step wastewater treatments.
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Abbreviations

B-MAC Boron-doped mesoporous activated carbon
CF Coagulation—flocculation

DBD Dielectric barrier discharge

EPs Emerging pollutants

FTIR Fourier transform infrared spectroscopy
GC-MS Gas chromatography—mass spectrometry
M.W. Molecular weight

PRA Pararosaniline

PZC Point of zero charge

UV-Vis Ultraviolet—visible spectrophotometry
Introduction

Dyes and their cleaved intermediates are considered as
emerging pollutants (EPs) that are produced during textile
activities [1]. Organic dyes are commonly used for all dye-
stuff concerning production and the metabolic activation of
intermediates potentially generates carcinogenic and muta-
genic substances [2, 3]. Aromatic compounds such as aniline
and its derivatives are one of the anthropogenic persistent
organic EPs that are harmful to the human central nervous
system, liver and kidneys [4, 5]. Aromatic amines with an
active metabolic amino group are classified as mutagenic
since the hydroxylamine intermediate can cause DNA and
protein damage [6]. Briischweiler reported that there are
approximately 588 mg/kg of aniline and 134 mg/kg 4-eth-
oxyaniline was measured in textiles [7].

Pertaining to the negative impacts, this had brought forth
more progressively rigorous quality requirements for waste-
water effluent. Therefore, industries hold the responsibility
to ensure no under-treated wastewater was discharged [8].
However, production of the wastewater complexity derived
with industrial development had caused limitation to several
physical and chemical treatment methods which have been
evaluated by researchers to treat aniline-rich wastewater.
However, there were remaining untreated aniline deriva-
tives present in the effluent, such as adsorption by activated
kaolinite with 8% remaining [9], electro-catalytic oxidation
using boron-doped mesoporous activated carbon (B-MAC)
with 50-62% removal [10], photocatalytic using solar and
UV-C artificial radiation equipped rotating drum reactor
with 15% remaining [11], dielectric barrier discharge (DBD)
plasma with 9.8% remaining [12]. Biological treatment has
the capability to degrade 100% aniline by Pigmentiphaga
daeguensis AN-4a, at a very low concentration of aniline
(10 mg/L) for 15 h; however, the efficiency is too low to
apply for industries [13].

The constraint that was encountered has made the sin-
gle treatment method inadequate for the removal of aniline
from industrial wastewater. Thus, it is necessary to improve
wastewater treatment methodology to enhance wastewater
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reclamation. Researchers are constantly studying various
combined or hybridized treatment methods to improve
industrial wastewater treatment efficiency. The combined
process is where two or more treatment methods are operat-
ing in sequential sequences of one after another. On the other
hand, in a hybridized process one or more treatment methods
are integrated into a one-time operation treatment. Reviews
from few researchers revealed that combined or hybridized
processes such as electro-oxidation and UV/H,0,, ultra-
sound and ozonation, electro-Fenton are more promising to
treat aniline-rich wastewater [14—16].

Herein, PRA dye which had laboratory proved contained
mutagenic compounds is used as amino model to evaluate
the advanced treatment performance [17]. The advanced
treatment applied in this study is combined and hybridized
coagulation—flocculation (CF) and thermolysis processes.
CF was selected since CF is the extensively used treatment
method in industrial application, whereas thermolysis is
used due to its specialty mechanism of thermal molecular
structure decomposition. This research is primarily focused
on the best-driven treatment methods of PRA-containing
wastewater by elucidating the degradation kinetics. Besides,
mineralization of the treatment methods is demonstrated and
compared to identify the structural attributions towards PRA
reduction.

Materials and methods
Chemicals and materials

Pararosaniline hydrochloride (PRA) of 323.83 gmol~! was
supplied by Sigma-Aldrich (Selangor, Malaysia). 1000 mg/L
concentration of PRA was prepared by dissolving 1 g of
powder in 1000 mL of deionized water. Hydrochloric acid
(HC1), sodium hydroxide (NaOH) and other analytical
grade reagents were purchased from Fisher Scientific (M)
Sdn. Bhd. (Selangor, Malaysia), and used without further
purification.

Experimental procedure
Thermolysis

Thermolysis experiments were carried out using thermal
catalytic reactor, see Fig. 1a. A 500 mL three-necked round
bottom flask was heated using a stirring heating mantle
(Mtops Model MS-ES303). A vertical water-cooled con-
denser was attached at the center of the three-necked round
bottom flask to prevent loss of water through vaporization;
one of the glass necks was attached with a temperature probe
to observe the temperature stability and the other glass neck
was enclosed and open for sample withdrawal when needed
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Fig. 1 Schematic diagram of

a thermolysis, b coagulation—
flocculation and ¢ hybridized

reactor

to collect the wastewater for analysis. While the sample
was heated to desired temperature, a constant stirring speed
using a magnetic stirrer in the rotamantle was constantly
applied throughout the process to ensure the heating was in
equilibrium state [18].

Coagulation-flocculation

Experiments on PRA wastewater were performed using
Jar-Test equipment (JLT6 VELP Scientifica) for coagula-
tion—flocculation, refer Fig. 1b. The previous study on opti-
mum pH of silifloc (a.k.a laterite soil, bi-functionality natu-
ral coagulant—flocculant) was identified at pH 2, which was
the point of zero charge (PZC) for silifloc to be activated
[19]. The behavior of silifloc in treating PRA was inves-
tigated by varying the silifloc dosage. The mixtures were
stirred rapidly at 200 rpm for 2 min, and then decreased
to 100 rpm for 15 min. Subsequently, the mixtures were
allowed to settle for 30 min.

Hybridized process

The thermolysis and coagulation—flocculation were carried
out simultaneously using thermal catalytic reactor and an
attached mixing stirrer. The lab-scale reactor was set up as
shown in Fig. Ic. A 500 mL three-necked round bottom flask
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=
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was heated using a stirring heating mantle (Mtops Model
MS-ES303) and a mixing stirrer (IKA overhead Model
RW?20) was attached at the center of the three-necked round
bottom, one of the glass necks was attached with water-
cooled condenser and the other glass necks were attached
with a temperature probe.

Experimental design

Experiments were carried out by designing the combined
sequential and hybridized treatment methods stated as
below:

(i) Thermolysis followed by coagulation—flocculation
(thermolysis—CF) as a combined sequential treat-
ment. The dye wastewater was first treated by ther-
molysis; hence, the thermolysis-treated wastewater
was cooled to room temperature before proceeding
to coagulation and flocculation. The treatment pro-
cesses is illustrated in Fig. 1a followed by Fig. 1b.

(i) Coagulation—flocculation followed by thermolysis
(CF-thermolysis) as a combined sequential treat-
ment. At first, the dye wastewater was treated with
coagulation—flocculation, and then the mixture was
filtered to collect the supernatant. Subsequently, the
supernatant was treated with thermolysis process.

@ Springer



362

Bioprocess and Biosystems Engineering (2023) 46:359-371

The process of treatments is presented in Fig. 1b fol-
lowed by Fig. la.

(iii) Hybridized treatment process whereby the treatment
processes of thermolysis and coagulation—floccula-
tion are integrated into a single reactor to perform a
simultaneous reaction on the dye wastewater as in
Fig. 1c.

Analytics
pH values

The pH values of each sample were measured with a pH
meter (826 pH mobile, Metrohm). The desired pH values
were adjusted using HC1 and NaOH.

PRA concentration

The concentration of PRA was analyzed by UV-Vis-
ible scanning spectrophotometry (Hitachi U-2810) and
the UV-Vis absorption spectra were recorded from 200 to
800 nm. The PRA reduction efficiency was calculated using
the correlation of baseline and final absorbance (Eq. 1) at
the absorbance bands of 290, 232 and 545 nm.

(Ao _At)
— | % 100, (H

o

where A is the initial absorbance (abs) and A, is the final
absorbance (abs).

Degradation intermediates and products

The molecular formula and weight of the degradation inter-
mediates and products were distinguished by gas chro-
matography—mass spectrometry, GC-MS (GC 2010 Plus,
Shimadzu) equipped with BPX 5 capillary column (30 m
length, 0.25 mm thickness and 0.2 mm internal diameter).
Supernatant was extracted using dichloromethane, subse-
quent helium was used as the carrier gas at 220 °C injec-
tion temperature, meanwhile the column temperature was
increased from 40 to 250 °C with 20 min holding time. The
functional groups of the degradation products were analyzed
using Fourier-transform infrared (Bruker Tensor II). FTIR
was performed with total attenuated reflectance (ATR) from
4500 to 650 cm™'. UV—visible scanning spectrophotometry
(Hitachi U-2810) was used to study the degradation kinetics
at the specific wavelength.
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Statistical analysis

All experiments were carried out three times. One-way
ANOVA was used to determine the significant level of the
evaluated factors statistically. A threshold significance level,
p value of 0.05, was applied to all the engineering parameter
analysis.

Results and discussion

In the course of study, combined sequential treatment pro-
cesses were performed in two successive steps with two
means: thermolysis was followed by coagulation—floccu-
lation (thermolysis—CF) and coagulation—flocculation was
followed by thermolysis (CF-thermolysis). Taking the color
reduction as the performance indicator, the effects of differ-
ent pH values on the various treatments, reaction time and
dosage of silifloc were investigated. The significance of the
operating parameters correlation were statistically analyzed
by ANOVA as shown in Table 1.

Thermolysis-CF treatment processes performance
study

Figure 2 demonstrates the performance of thermolysis—CF
under various experimental conditions. The effect of react-
ing thermolysis temperature on color reduction rate was
carried out from pH 2 to 9 at thermolysis treatment time
30 min as shown in Fig. 2a and the factors are statistically
significant because the p values are less than 0.05 as pre-
sented in Table 1. The color reduction rate increases with
the increase of the initial pH of the PRA dye wastewater.
When the pH reaches 9, color reductions are observed
at the highest PRA removal rate for both temperatures,
23% at 60 °C and 39% at 90 °C. The temperature at 90 °C
gives higher removal due to the presence of higher bond
dissociation energy (BDE) to further break the stronger
molecular bond and destabilize the PRA dye molecular
structure [20]. The final pH after the treatment was also
measured and a decrease in pH from its initial pH of 9 to
pH 5.84 was observed. The reason for this phenomenon
may attribute to the release of H* ion in solution during
the course of catalytic hydrolysis [21] with cleavage of
the PRA dye structure as the main conversion as shown
in Eq. 2.
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Table 1 ANOVA analysis of color reduction for (a) thermolysis—CF, (b) CF-thermolysis and (c) hybridized treatments

(a) DF? Adjusted SS° Adjusted MS© F value p value*
pH 4 769.00 192.25 8.68 0.030
Temperature 1 176.40 176.40 7.96 0.048
Error 4 88.60 22.15

Total 9 1034.00

S R? Adjusted R? Predicted R?

4.70638 91.43% 80.72% 46.45%

(b) DF? Adjusted SS° Adjusted MS© F value p value*
pH 4 7.000 1.750 11.670 0.018
Temperature 1 0.900 0.900 6.000 0.070
Error 4 0.600 0.150

Total 9 8.500

S R? Adjusted R? Predicted R?

0.5 92.94% 84.12% 55.88%

(c) DF* Adjusted SS° Adjusted MS*¢ F value p value*
pH 4 413.600 103.400 25.220 0.004
Temperature 1 67.600 67.600 16.490 0.015
Error 4 16.400 4.100

Total 9 497.60

S R? Adjusted R? Predicted R?

2.02485 96.70% 92.58% 79.40%

*Significant (p <0.05)

4DF degree of freedom
5SS sum of squares

‘MS mean square

NH

3 :
A 60°C / 90°C N
—_—
| NaOH + +ou (2
o aQ
H,N NH

2

Pararosaniline cyclohexa-2,5- 4,4'-methylenedianiline Hydrogen
dien-1-imine ion
Unstable 4,4’ -methylenedianiline tends to decompose to With the presence of excessive H" during thermolysis,
a more stable structure, aniline as shown in Eq. 3 the release rate of NH," attached to the benzene rings also
O O 3 2 @\ + CnH2n+2
H,N NH, NH, 3)
4,4'-methylenedianiline Aniline Methane
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Fig.2 Study of combined sequential treatment (thermolysis—CF). Effect of a PRA solution initial pH, b thermolysis reaction time and c silifloc
dosage on color reduction rates

increases [22]. Attribution to the spontaneous hydrolytic The time course of the thermolysis treatment has been
deamination reaction is illustrated in Egs. 4 and 5. studied at the optimum pH as shown in Fig. 2b. The color
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reduction rate increases gradually with the increase of time
until 30 min with a maximum PRA color reduction of 44%;
no changes were observed beyond 30 min. This scenario
may be because the organic molecules’ decomposition has
formed precipitation, and higher BDE is required to break
through the surface area with stronger molecular bonding
[23]. After thermolysis treatment, the pretreated (thermoly-
sis) wastewater was subjected to the CF to study the com-
bined effect. The PRA reduction efficiency through the CF
process with respect to the dosage of coagulant silifloc is
depicted in Fig. 2c. The color reduction rate increases as
the silifloc dosages increase with a maximum pretreated
wastewater removal of 42%. Therefore, the maximum color
reduction for combined sequential thermolysis—CF is 86%.

CF-thermolysis treatment process performance
study

CF-thermolysis performance under various operating
parameters is depicted in Fig. 3. The initial pH wastewater
is essential for CF owing to the effect on floc characteris-
tics and coagulant hydrolysis mechanism. As can be seen in
Fig. 3a, the effect of pH was carried out from pH 2 to 9 and
the optimum pH is observed at pH 2 with a maximum color
reduction rate of 47%; this fact was also verified by Lau et al.
[19]. This can be ascribed to the reaction of cationic PRA,
which tends to react with silica that presents in the form of
Si0;*~ in Eq. 6:
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This performance is probably due to the bridging
mechanism of Si0,% as this substance reacts with desta-
bilized PRA molecular intermediates and aggregates into
large floc sizes to form an organosilicon tetrahedral pol-
ymer, silsesquioxane [24]. Subsequently, the pretreated
(CF) PRA wastewater had undergone thermolysis treat-
ment under various pH range and thermolysis tempera-
ture as revealed in Fig. 3b. As the pH increases from
acidic (pH 2) to alkaline (pH 9) condition, the pretreated
PRA only shows an additional slight color removal at
which thermolysis temperature of 60 °C with additional
11% reduction and 90 °C with additional 12% reduction
rate. The ANOVA analysis in Table 1 reveals that the
initial solution of pH is significant (p <0.05), whereas
the temperature of thermolysis is not statistically sig-
nificant (p > 0.05). Additionally, a wavelength scan was
performed, and it can be seen from Fig. 3c that this phe-
nomenon attributes to the cleaved structures have agglom-
erated into floc during the CF process and the complex
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a
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structured floc is hardly breakable through thermolysis.
The slight color reduction rate may due to the presence of
chromophores intermediates that can further be degraded
by thermolysis. Lastly, thermolysis reaction time under
temperature 90° is taken into consideration. Obviously,
there are no changes in color reduction rate from 25 min
onwards as shown in Fig. 3d, which implies the prolonged
reaction time does not destruct the complex structured
floc formed during CF. Therefore, the maximum PRA
reduction rate under CF—thermolysis is 60% at optimum
operating parameters.

The combined thermolysis—CF treatment process prom-
ised a better PRA reduction compared to the combined
CF-thermolysis process. This is because when thermolysis
as the primary treatment, PRA was thermally cleaved and
led to instability of the molecule structure. During the subse-
quent CF process, these cleaved molecules will tend to react
with silifloc to form flocs through the bridging mechanism.
Whilst for combined CF-thermolysis reflects poor PRA
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Fig.4 Study of hybridized treatment. Effect of a PRA solution initial pH and b thermolysis reaction time on color reduction rates
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ysis—CF (conditions: initial pH solution of 9, thermolysis temperature
of 90 °C, 50 mg/L of silifloc). b UV-Vis degradation kinetics of PRA
for hybridized treatment (conditions: initial pH solution of 4, ther-

reduction as during pre-treatment of CF, the destabilized
molecules will adhere to form a larger and denser floc by
forming complex ligands. The formation of the complex
ligands is hardly breakable and more stable, therefore sub-
sequent thermolysis process hardly observed any removal.

Hybridized treatment process performance study

When both thermolysis and CF processes were integrated
and carried out simultaneously in a single vessel, the process
is known as hybridized process [25]. Figure 4 summarizes
the effect of pH and temperature in hybridized process, and
the ANOVA analysis in Table 1c shows the significant rela-
tion of both operating parameters, initial pH and tempera-
ture. As displayed in Fig. 4a, when the pH varies from 2 to
4, PRA removal increases from 83 to 89% at 60 °C, whereas
for 90 °C, removal increases from 90% at pH 2 to 98% at pH
4. As the basicity of the solution increases, removal shows
a reduction of 15-22%, this phenomenon happens because
with the presence of excessive hydroxide, silifloc tends to
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molysis temperature at 90 °C, 50 mg/L of silifloc). ¢ GC-MS spec-
trum for silsesquioxane. d FTIR spectra of (i) PRA (ii) sludge after
thermolysis—CF and (iii) hybridized treatment

form SiOH+2, which inhibits the neutralization reaction with
the cationic PRA. At the optimum pH of 4, both treatment
methods were co-functioning simultaneously. The effect
of reaction time is illustrated in Fig. 4b. During the initial
10 min, the color reduction rate is 98%. Further prolonged
the reaction time to 30 min, the maximum color removal
achieves is 99%. Therefore, the optimum conditions for the
hybridized process were at initial pH solution of 4, ther-
molysis temperature at 90 °C and 10 min reaction time.

Mechanism and degradation study

From the PRA ability studies, it was found that hybridized
process promises the best treatment efficiency compared to
combined sequential processes. Further analysis was con-
ducted for combined thermolysis—CF and hybridized pro-
cesses to understand the degradation mechanisms of these
two treatment processes.

Research on degradation roadmap for both treatment
methods is evaluated through UV-Vis absorbance of PRA
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by analyzing the molecular structure fragmentation at the
respective wavelength bands. It can be seen in Fig. Sa, before
reaction, PRA has a main band in the visible region located
at 545 nm, which attributes to the chromophores that make
up from ethenyl (-C=C-) and imino (-C=N-) groups [26].

Besides, the other absorption bands at 232 and 290 nm in the
UV region are associated with the benzene ring and amino
group, respectively [27].

During combined thermolysis—CF, as the reaction initi-
ates by heating the PRA wastewater at 90 °C for 30 min,
the visible band reduces gradually indicating fragmentation
of chromophores with the presence of sufficient BDE. The
first cleavage of PRA structure is ethyl group chromophores

Fig.6 PRA degradation mecha-
nisms and attributes

NH
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Diazene Formation 'i_
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since bond enthalpy of ethyl group (356 kJ/mol) is lower
compared to imino group (644 kJ/mol) [28, 29]. Breakage of
ethyl group forms degradation intermediates of cyclohexa-
2,5-dien-1-imine and 4,4'-methylenedianiline. Dissocia-
tion of energy further destabilizes 4,4'-methylenedianiline
by producing sufficient enthalpy of reaction to attack the ¢
bond of —-C—C- and decomposes to a more stable degrada-
tion substance, aniline [30]. Only a slight reduction in wave-
length 232 and 290 nm indicates benzene structure in aniline
compound that hardly thermal decomposed which accounted
for insufficient heat is transferred to energy to scissor ani-
line with higher heat enthalpy of 770 kJ/mol [13, 31]. Sub-
sequently, the pretreated (thermolysis) PRA wastewater
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proceeds with the CF process. Once the wastewater is coagu-
lated by silifloc, an instant reaction is observed with a com-
plete diminish of chromophores absorbance at 545 nm and
sharp reduction of benzene ring and amino groups absorb-
ance at 232 and 290 nm. It could be proposed that the degra-
dation intermediates cyclohexa-2,5-dien-1-imine and aniline
are easily cleaved at the —NH sides due to extended valence
shell and their electron donating property. Silifloc facilitates
the reaction of deamination to the formation of (4-methylcy-
clohexa-2,5-dien-1-ylidene)silane and phenylsilane through
silication. Meanwhile, detachment of =NH tends to form
diazene (HN=NH) which is a strong reducing agent for car-
bon—carbon double bond, (-C=C-) [32]. Diazene leads the
fragment of -C=C- in benzene rings; hence, the aromatic
ring decomposes to linear products of hydrocarbon, forming
organo-bridged silsesquioxane.

On the other hand, during the hybridized treatment pro-
cess, the UV-Vis degradation kinetics of PRA is depicted in
Fig. 5b. A markedly spontaneous reaction took place within
5 min; the absorbance bands at visible region (545 nm) and
ultra-violet region (290 and 232 nm) diminished entirely.
This phenomenon indicates the complete decay of the PRA
structure. Meanwhile, thermolysis thermally cleaves the
PRA molecular structure, CF process reaction took place
spontaneously on those cleaved molecules, which prevents
the destabilized molecule intermediates to re-bind or form
secondary products with other substances. The instant min-
eralization of PRA disallowed the degradation intermediates
to be studied as the degradation happened rapidly. The iden-
tical UV-Vis degradation of combined thermolysis—CF and
hybridized proposed a similar degradation mechanism with
silsesquioxane as the degradation products. Diminishment of
aromatic amine and formation of the final product, silsesqui-
oxane is supported by GC-MS analysis as shown in Fig. 5c.

The evidence of the similarity degradation for thermoly-
sis—CF and hybridization treatment is further supported by
FTIR analysis with similarity up to 97.9%. FTIR spectra
of PRA, sludge from thermolysis—CF and hybridized pro-
cesses are illustrated in Fig. 5d. In the FTIR spectrum of
PRA, the main intensity peaks corresponds to the following:
3284-3296 cm™! represents the —NH stretching, 1639 cm™!
represents -C=C—, 1579-1606 cm™! represents aromatic
rings, 12841353 cm™! represents -C—N— and 690-800 rep-
resents phenyl group of PRA, which are entirely diminished
after treatment [33]. The disappearance in the functional
groups was evident, confirming the reduction of PRA using
thermolysis—CF and hybridized treatment. After both treat-
ments, strong bands observed at the peaks 1000 cm™! are
related to the Si—~O—Si asymmetry stretching vibration and
3690 cm™! represents organosilicon structure [34] whereas
a weak peak recorded at 754 cm™! represents phenylsilane.
This explained that the degradation final product, silses-
quioxane, and the intermediates of phenylsilane previously

undergo diazene reduction to form silsesquioxane. The over-
all degradation pathway is manifested in Fig. 6.

Conclusion

Combined sequential and hybridized processes of thermoly-
sis and CF were employed to study the efficiency in treating
PRA wastewater. Different operating conditions, such as tem-
perature, pH, reaction time, silifloc dosage, were evaluated
to optimize the treatment conditions for each of the treat-
ment methods. Two conditions of combined processes in
two sequential steps, thermolysis followed by CF and CF
followed by thermolysis, were assessed. These two com-
bined processes carried out at optimum operating parameters
shows 86 and 60% of PRA reduction for thermolysis—CF
and CF-thermolysis, respectively. The hybridized thermoly-
sis—CF process gave the best result with 99% reduction. Fur-
ther degradation kinetics of combined thermolysis—CF and
hybridized process was evaluated. From the UV-Vis analysis,
all the absorbance bands at visible region (545 nm) and ultra-
violet region (290 and 232 nm) were completely diminished,
which indicated complete mineralization of chromophores
and auxochromes of PRA. The analysis result of FTIR sup-
ported the disappearance of PRA functional groups. The end
degradation product with the formation of organo-bridged
silsesquioxane was detected in GC-MS and FTIR.
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