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The sol-gel transition of resorcinol-formaldehyde (RF) solutions in the presence of sodium carbonate as
a catalyst was monitored using in-line UV-vis measurements in real time by observing the absorbance
changes at various gelation temperatures using a fiber-optic probe. The two absorbance maxima at
around 340-400 and 500 nm were caused by different resorcinol derivatives and O-quinone methide
intermediates, respectively, which were formed during the gelation. The absorbance was measured until
visible turbidity appeared. The turbidity time (t.,) was determined, and it was found to decrease with
increasing gelation temperatures. The general absorbance behaviour and the trend in absorbance value

variations in correlation with time and at three different wavelengths (460, 485 and 510 nm) were
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1. Introduction

Resorcinol-formaldehyde (RF) aerogels have been studied
extensively since their discovery by Pekala et al.* RF aerogels
have high surface areas and porosities and low densities,
making them applicable in the field of thermal and acoustic
insulation.”* They are the most common initial materials for
the preparation of carbon aerogels, which involves their pyrol-
ysis under inert conditions. Carbon aerogels are a unique class
of porous materials that exhibit high porosities (90-98 vol%),
high surface areas, low thermal conductivities, and high elec-
trical conductivities, which make them suitable for different
applications, including in adsorbents and foundries, electro-
chemical devices (double-layer supercapacitors, batteries, and
fuel cells), gas storage, catalysis and gas separation.>* The
widely accepted mechanism for the RF reaction proceeds
through an initial addition between R and F followed by self-
condensation of oligomeric chains to form colloidal particles
and a 3D-gel network.” Several parameters in the sol-gel process
influence the porosity, morphology and total solid content of RF
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monitoring in industrial production seems possible.

aerogels, which include initial pH of the RF solution, R/F molar
ratio, R-to-catalyst (C) (R/C) ratio (includes type and concen-
tration of the catalyst), R-to-water (W) (R/W) ratio, dilution ratio
(D), i.e., D= W/(R + F + C), methanol content in formaldehyde,
gelation temperatures and drying methods.®® There are two
main mechanisms reported for the formation and control of
networks in RF aerogels: (i) microphase separation and (ii)
aggregation of primary colloidal particles to form different 3D-
gel network structures.”™ The investigations on the mechanism
of RF gel formation (physical or chemical) and the kinetics of
the reactions between R and F are limited to certain studies
because in most cases, the mechanism suggested by Pekala is
assumed and validated."” There are only a limited number of
studies reported in the literature on the kinetic monitoring of
early stages of RF gel formation using different physico-
chemical and microscopic techniques such as dynamic light
scattering (DLS)," small-angle X-ray scattering (SAXS)," scan-
ning electron microscopy (SEM),’ transmission electron
microscopy (TEM),” nuclear magnetic resonance (NMR),***
infra-red (FT-IR) spectroscopy and Raman spectroscopy.'®”

In general, RF aerogels are dark red to purple or brown (dark
or light) in color depending upon the initial pH of the RF
solution.'® UV-vis characteristic red color transition of the HCI-
catalysed RF solution in acetonitrile is observed at 543 nm, due
to the formation of reactive and unstable O-quinone methide as
an intermediate similar to the base-catalysed reaction between
phenol and formaldehyde (PF).* It requires a few minutes to
build up red color in acid catalysts, whereas it requires a few

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hours to several days in case of base-catalysed reactions." These
unstable O-quinone methide intermediates further react with
resorcinol to form stable methylene (-CH,) bridged structures.?
The simultaneous development of color and buildup of the
viscosity of the RF solution leads to gelation and results in
different colored aerogel monoliths. The appearance of
different colors in the aerogel monoliths is related to the
configurational locking of quinone and/or spiro derivatives.**
Hence, an extensive investigation dedicated to the monitoring
of the early-stage kinetics of the reaction between R and F by
observing the absorbance changes using in-line ultra-violet
visible (UV-vis) spectroscopy in real time is inevitable.

However, limited numbers of studies have been published
on the UV-vis investigation of early-stage reactions between R
and F. In 1936, Engeldinger* reported on a spectrophotometric
approach for investigating the kinetics of phenolic condensa-
tion by measuring the light absorption at 490 nm during the
reaction of R with F. Later, Stedry* studied reaction rates of
a mixture of R and F at temperatures from 286 to 316 K. The
most prominent transmittance changes were observed in the
wavelengths ranging from 300 to 400 nm with respect to reac-
tion time and temperature. It has been observed that trans-
mittance becomes weaker in the wavelength range of 300 and
500 nm.* Further, a peak at 245 nm shifted to higher wave-
lengths with the decrease in intensity in the course of the
reaction.” In recent years, UV-vis spectroscopy used to monitor
the reaction progress of RF gelation over the range of 200-800
nm with various metal carbonate catalysts.**

In comparison to other techniques, it is easy to set up UV-vis
measurements and interpret the results. The short integration
time in the millisecond range provides rapid results with high
sensitivity. The current study employs the use of in-line
measurements using a fiber-optic immersion probe in real time.
In-line UV-vis spectroscopy was used to study the dynamics of
cleaning in place of membrane filtration in whey filtration
plants,” monitoring of continuous hot melt extrusion
manufacturing process,** membrane fouling dynamics in the
low-filtration process,”” dissolution of the Al-Zn-Mg—-Cu alloy in
a HCI solution,? to find the concentration of hydroxyl radicals
formed during UV photolysis of hydrogen peroxide,* monitor
the metal-ligand exchange process,* and further more. Hence,
the investigation and monitoring of early stages of RF gelation
kinetics play crucial roles in understanding the physicochem-
ical changes occurring during the sol-gel process. This will
enable researchers to understand, optimize and quantify the
process time, energy consumption, chemical requirements,
mechanism, chemical species involved, and thus costs of aer-
ogel production.

In the current investigation, the monitoring of RF gelation
using a fiber-optic probe enabled UV-vis-Near Infra-red (UV-vis-
NIR) spectroscopy to be performed at different temperatures.
The molar ratios of the RF reactants were fixed as R/F 0.74, R/C
1500 and R/W 0.044. The initial pH of RF was measured
between 6.0 and 6.15 using a constant volume of mixtures
throughout the study. The gelation temperatures were varied
from room temperature to higher temperatures until 80 °C and
the absorbance changes were observed until permanent
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turbidity appeared. The main focus of this study is to under-
stand the absorbance changes appearing during the gelation
process with respect to two peaks at around 340 and 510 nm.

2. Experimental section

2.1. Materials

Resorcinol (solid, 98%) and sodium carbonate (solid, anhy-
drous, 99.8%) were purchased from Sigma-Aldrich, Germany.
23.5% formaldehyde, low concentrated methanol solutions
were procured from Carl Roth, Germany. Ethanol (99.9%) was
obtained from Th. Geyer, Germany for solvent exchange and
super-critical drying. Deionized water was used throughout the
experiments. All the reagents were used as received without
further purification.

2.2. Preparation of RF solution

RF solution was prepared by mixing the following reactants:
resorcinol, 23.5% formaldehyde, water and sodium carbonate.
The ratios of R/C, R/F and R/W were used as 1500, 0.74 and
0.044, respectively. First, resorcinol was mixed with water under
stirring for 10 minutes, and then a required amount of form-
aldehyde was added and stirred for another 10 minutes. After-
wards, the calculated amount of sodium carbonate catalyst was
added and stirred continuously for 40 minutes until the pH of
the solution was constant. The initial pH of the RF solution was
observed between 6.0 and 6.15 before placing the reaction
container at elevated temperatures inside the oven. Moreover,
we did not monitor the pH change during the gelation process
at elevated temperatures.

2.3. Instrument parameters

The monitoring of RF reaction was studied using an in-line
optical fiber probe (Hellma GmbH & Co. KG, Germany) con-
nected to a UV-vis spectrometer (MultiSpec®UV-NIR from tec 5
AG, Germany). The measurement scans covered a wavelength
range of 190-1100 nm, with a path length of 10 mm and
a resolution set at 1 nm.

2.4. Data analysis and graph processing

The plotting, smoothing and connections (B-spline) of the data
point were performed using the Origin 2019b (version 9.6.5.169)
software. Some of the data points were skipped to achieve good
shape of the graph during the graph processing stage. The
shifting of the first absorbance maximum value in the wave-
length region of 340-400 nm and the second absorbance
maximum value at three different wavelengths (460, 480 and
510 nm) were extracted automatically using the Origin software
with different commands.

2.5. In-line UV-vis spectroscopy measurements

The UV-vis spectra of the reaction mixture were recorded at
every step of reactant addition followed by 10 minutes of stir-
ring. After measuring the initial pH of the RF solution, the UV-
vis spectra were recorded again. Then, the RF solution was
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Fig. 1 Experimental set-up for conducting in-line UV-vis measure-
ments in real time.

placed inside a pre-heated oven at different temperatures,
namely, RT, 40, 50, 60, 70 and 80 °C, which was maintained
constant throughout the process. The fiber-optic probe was
placed inside the RF solution by making a 20 mm opening on
the lid of the reaction container (Fig. 1). The UV-vis spectra
during the gelation process were recorded at elevated temper-
atures without stirring. The total volume of the RF solution was
fixed as 41 + 0.1 mL in order to completely cover the optical
path length of 10 mm. The volume was calculated by combining
the reactant volume (formaldehyde and water) and measured
using a measuring cylinder before transferring into the reaction
container. The visual progress and the color changes during the
sol-gel process are depicted in Fig. 2. The RF solution appeared
initially transparent, and turned to different colors with respect
to the gelation temperatures over time. The solution turned
from transparent to light yellow, light brownish and dark
brownish red colors and then changed to turbid appearance
followed by gel formation. The wet gel monolith appeared as
yellowish brown in color. The direct quantitative link for color
changes is not provided with the absorbance values, as the
formation of RF polymer cluster is complex. The turbid

Light Brownish

Light Yellow
Red Colour

Colour

Transparent

Fig. 2 Progress in the color change during the RF gelation process.
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Fig. 3 Plot of turbidity time versus gelation temperature (inset: tran-
sition from brownish red color to turbid formation).

formation during the course of the reaction resulted from the
formation of structures with a size relatable to the visible light
wavelength.’"*> The absorption spectrum was recorded in situ
during the gelation process with different time intervals until
turbidity appeared. The time of turbid formation with respect to
different gelation temperatures showed a decreasing trend with
the increase in gelation temperatures (Fig. 3). The turbidity time
is an indication of the physical manifestation of the gelation
(i.e., particle formation and aggregation with sizes exceeding
visible wavelength) rather than a direct only measure of the
chemical reaction kinetics of the system.

3. Results and discussion

3.1. Approach of the study

As mentioned in Section 2.3, the UV-vis spectra of the reaction
mixture were measured after step-wise addition of the reactants
and stirring. The initial pH of the RF solution was noted down
after 30 min of stirring, and the UV-vis spectrum was also
recorded. Then, the mixture was placed inside the preheated
oven at different gelation temperatures, which was defined as
the beginning of the gelation process (0 min). The raw spectrum
(absolute absorbance) was subtracted from the water spectrum
to obtain the absorbance spectra of the reactant mixtures (cor-
rected absorbance), as depicted in Fig. 4, S1 and S2.7

The UV-vis spectra of RF mixtures in the expanded region are
shown in Fig. 5, and the unsaturated spectra of the same are

.
Y
Turbidity Point

Dark Brownish Gel Formation

Red Colour
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Fig. 4 UV-vis spectra of reactant mixtures: (a) before and (b) after
water spectra subtraction.

shown in Fig. S3.1 The spectrum of resorcinol solution exhibits
two absorbance peaks at 273 and 300 nm. The peak at 273 nm is
attributed to the aromatic ring present in resorcinol and the
peak at 300 nm is assigned to the lone pair of electrons in
oxygen atoms.** After formaldehyde is added to the mixture, two
more absorbance bands are observed at 242 and 280 nm due to
n-m and w-7* transitions, respectively.** The peak at 283 nm
showed an overlapping peak from the sodium carbonate cata-
lyst (Fig. S21). The short peak observed at 340 nm after mixing
all the reactants is assigned to the absorbance of the derivatives
of resorcinol formed without heating during the RF solution
preparation stage, which are not considered for the evaluation
within this work. The spectra were recorded and considered for
evaluation at 0 min after placing the reaction container together
with a UV-vis probe inside a preheated oven at elevated
temperatures.

Fig. 6 represents the UV-vis spectra of the RF mixture, which
were recorded at 0 and 60 min at 60 °C. The absolute spectrum
at 0 min (Fig. 6a) shows a peak at 340 nm that indicates
resorcinol derivatives. The peak at 340 nm is shifted to a higher
wavelength of 400 nm and a new less intense peak is formed at
around 500 nm after 60 min at 60 °C. The peak ranging between
340 and 400 nm results from the conjugated benzene rings
present in the different derivatives of resorcinol (substituted
resorcinol or hydroxymethyl derivatives with mono-, di- and tri-
substituted resorcinol)*® formed. Very recently, the presence of
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Fig. 5 Expanded regions (200-400 nm) of the UV-vis spectra of the
reactant mixtures.
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Fig. 6 UV-vis spectra of RF mixtures at 0 and 60 min: (a) before and (b)
after O min spectra subtraction.

conjugated rings in RF resins has been evidenced by Shiraishi
et al.*® RF resins produced under high-temperature and high-
pressure hydrothermal conditions result in large numbers of
quinonoid forms of resorcinol, which act as electron acceptors.
The electron acceptors are mw-conjugated with inherent benze-
noid forms of resorcinol. The second less intense absorption
peak at around 500 nm results from the O-quinone methide
intermediate formed during the reaction. Mulik et al.** observed
a strong absorption peak at 543 nm, indicating the O-quinone
methide intermediate developed during the HCl-catalysed RF
gel formation, which was well supported by the development of
strong red color.”* They reported that the brick red color of the
aerogel results from the configurationally locked O-quinone
derivative. Furthermore, they visually observed that RF aerogels
produced with an R/F ratio of 0.1 were much lighter in color
than the gels with an R/F ratio of 0.5 due to the difference in the
amount of O-quinone methide formed. It clearly confirms that
the nature and intensity of the color are dependent on the
amount of O-quinone intermediate formed.

3.2. In-line monitoring of RF gelation at various gelation
temperatures in real time

3.2.1. Gelation at RT. The raw (representative 3D spectrum
in Fig. S41) and background subtracted (using 0 min spectra)
spectra of the RF solution measured at RT during the gelation
are presented in Fig. 7 and S5.7 Table 1 represents the turbidity
time and absorbance value time trends for the first and second
peaks. The absorption spectrum of RF at RT was recorded until
the turbid point (~2040 min) and the peak at 340 nm appears
from the beginning of the gelation. As the gelation progresses,
first absorbance maximum is increased and red shifted towards
a higher wavelength (400 nm). The red shift is an indication of
growing conjugation in the RF polymer network.* A similar
kind of red shift was shown by colloidal Cg, particles dispersed
in water compared to free Cgqo.>” The appearance of two broad
absorption peaks in the wavelength range of 250-750 nm is the
characteristic of aqueous colloidal C60 particles yellow in color
(RF solution shows yellow color). The two strong absorption
peaks of an aqueous solution of Ce, particles with different sizes
(110 and 230 nm) are red shifted with respect to the increase in
particle size, which is proportional to the size of the particles. As
shown in Fig. 7, the increased absorption and red shift of the
peak at 340 nm can be correlated with the following: a change in
the color of RF solution (colorless to orange red, Fig. 2), growing
T-conjugations,®® increase in primary particle size and

RSC Adv, 2025, 15, 27084-27095 | 27087
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Fig. 7 UV-vis spectrum of the RF mixture during gelation at RT after
background subtraction.

viscosity®® and growth or aggregation of primary particles or
clusters® as the polycondensation reaction proceeds.

The peak at around 500 nm related to O-quinone methide
requires a minimum induction time (discussed later) to appear
during the gelation process (Fig. 7). The reaction chemistry of
the RF polymer is quite similar to the PF polymer. According to
Li et al,*” the formation of O-quinone methide is the rate-
determining step during the condensation reaction of the PF.
The reactive intermediates at the molecular level are important
in determining the rate of the condensation reaction.*” DFT
calculations of the base-catalysed PF reaction confirmed that
the mechanism involved not only the formation of O-quinone
methide but also the formation of P-quinone methide. The
formation of P-quinone methide is much faster than O-quinone
methide, which is evidenced from the potential energies of O-
quinone methide and P-quinone methide as 108.0 and
83.6 k] mol ', respectively. The latter must overcome
24.4 k] mol " less energy barrier than the former.*® Hence, RF
condensation has a much high energy barrier and requires
more energy and more time for the formation of intermediates
(~200 min) at RT. The increase in the absorption value with
regard to the first and second absorption maximum is dis-
cussed in detail below.
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Fig. 8 Kinetic monitoring of the UV-vis absorbance of the RF solution
at RT: (a) first absorbance value and its respective wavelength
maximum versus time and (b) second absorbance value versus time
with respect to three different wavelengths.

The kinetic absorbance values of RF solution at RT with
respect to the first and second absorption peaks are depicted in
Fig. 8. In Fig. 8a, the absorbance values until 4 is presented.
However, the discussions are limited to absorbance values of
=1.5 considering the deviation of the non-linear behavior of the
calibration curve according to Beer-Lambert's law. A strategic
cut-off line is placed at an absorbance value of 1.5 in all the UV-
vis spectra in order to meticulously show that the evaluation
and discussion are limited to an absorbance value =1.5. The
first absorption peak attains the absorption value of 1 at

Table 1 Turbidity time and absorption time trend for the first and second peaks

First absorbance
peak value time

min
Gelation temperature Turbidity time (min) Second absorbance peak
Sample codes (°C) (min) 1 1.5 induction time (min)
S1 RT 2040 200 260 200
S2 40 780 45 55 100
S3 50 325 35 41 75
S4 60 142 25 29 35
S5 70 68 16 17 20
S6 80 49 14 15 15
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200 min and exceeds 1.5 at 260 min. The absorptions between
250 and 2040 min show an increased absorbance value between
1.5 and 4 (spectra above 2 is not presented). The spectrum
cannot be measured after the turbid point which means that the
gelation at RT requires a minimum of 2040 min in order to
result in the formation of structures with a size in the visible
region. It evidenced the slower reaction (or gelation) kinetics of
RF solution at RT with a longer gelation time.** Li et al.** re-
ported that the low-temperature growth of low-concentrated RF
solutions (R/C = 100, F/R = 2 with densities of 100 and 200 mg
ecm ? (varied R/W ratio)) adopts the nucleation-dominant
growth model of network, which requires longer nucleation
and gelation time. However, high-concentration RF solutions
(densities of 300, 400 and 500 mg cm > (varied R/W ratio))
adopt the diffusion-dominant growth model. It has also been
reported that the viscoelastic component of RF reactants at the
gel point decreased with the increase in gelation temperature.
The viscoelastic moduli of RF solution (density of 200 mg cm ™)
at 30 and 60 °C were found to be 162 and 1.9 Pa, respectively.
The higher viscoelastic modulus at a lower temperature
supports the adaptation of the growth-dominant model during
a longer gelation process. Overall, the gelation temperature
shows great influence on the growth mechanism of the RF
particles. The growth mechanism is correlated with respect to
the absorbance changes and turbidity point at a lower gelation
temperature. The appearance of second absorbance requires an
induction time of 200 min to appear and exhibit a steady-state
behavior. Further, it has a linear behavior until the turbid point.

3.2.2. Gelation at 40 °C. The in-line UV-vis absorption
spectrum of RF solution was recorded at 40 °C until the
appearance of turbidity at 780 min in real time. The raw and
background-corrected spectra at 40 °C are depicted in Fig. 9 and
S6.7 The increase in gelation temperature from RT to 40 °C
drastically decreased the turbidity time from 2040 to 780 min,
which evidenced the increase in speed and rate of the reaction.
Among several process variables influencing the textural and

Corrected Absorbance (a.u.)

500
Wavelength (nm)

600 700 800 900

Fig. 9 UV-vis spectrum of the RF mixture during gelation at 40 °C
after background subtraction.
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structural properties of the gel formed, the gelation tempera-
ture has a great impact on the overall process cost.”” The
decrease in the turbidity time is directly related to the formation
of particle structures at a faster rate, which adopts the diffusion-
dominant model proposed by Li et al.** for the particle network
growth and well supported by the decrease in viscoelastic
strength at high temperatures. This phenomenon is quite
relevant for the understanding of the decrease in turbidity time
with respect to the increase in gelation temperatures in our
study. The UV-vis kinetic monitoring of first and second
absorbance maxima in correlation with their respective wave-
lengths is presented in Fig. 10. The first absorbance value
exceeds a maximum of 1 and 1.5 at gelation times greater than
45 and 55 min, respectively. The second absorbance value with
respect to three different wavelengths exhibits a steady-state
behavior up to 100 min and shows a linear trend after
100 min until turbidity appeared.

3.2.3. Gelation at 50 °C. The absolute and corrected spectra
of the RF solution at 50 °C were measured up to 325 min, and
are presented in Fig. 11 and S7. The gelation temperature is
doubled from room temperature (~23 °C) to 50 °C, which
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Fig.10 Kinetic monitoring of the UV-vis absorbance of the RF solution
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with respect to three different wavelengths.
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Fig. 11 UV-vis spectrum of the RF mixture during gelation at 50 °C
after background subtraction.

resulted in a 6.5-fold decrease in turbidity time from 2040 to
325 min. The appearance of turbidity is because of the forma-
tion of particles, which is in good correlation with the DLS
investigations of RF solutions at 55 °C reported by Gaca et al.’
They observed that the mean hydrodynamic radius of primary
RF clusters formed during the initial stage is independent of the
R/C ratio but dependent on the gelation temperatures. The
hydrodynamic radius of the hydrated resorcinol molecule was
found to be 0.4 nm. The size of the primary clusters increased
from 1.5 to 3.5 nm at 10 and 50 min, respectively, at 55 °C.?
These primary clusters led to aggregation and subsequent
gelation over time. We observed a strong violent fluctuation of
the absorbance at the turbid point due to large particle forma-
tion, which is the limitation of UV-vis technique to follow the
absorbance changes beyond turbidity. Li et al.** investigated the
particle growth kinetics of RF using time-resolved DLS (TR-DLS)
at 50 °C. They observed violent fluctuation in the scattered
intensity, I(t), after the gelation threshold because of the non-
uniform and multiple scattering of gel particles. Tamon
et al.® has also reported that doubling the gelation temperature
from 25 to 50 °C did not influence the mesoporous structure of
the aerogels. However, the increase in gelation temperature can
thermodynamically speed up the formation of more clusters
and shorten the turbidity and gelation time. The increase in
absorbance value with respect to first and second absorbance
maxima is presented in Fig. 12. The first absorbance value at
50 °C exceeds absorption maxima of 1 and 1.5 at 35 and 41 min,
respectively. The second absorbance value exhibits a steady and
linear behavior until 75 min and increases rapidly up to 300 min
and attains maximum at the turbid point. This sharp increase
in absorbance value is in good correlation with the formation of
large clusters and further aggregation, which leads to turbidity.

3.2.4. Gelation at 60 °C. The absorbance changes during
RF gelation were monitored at 60 °C, and their respective
spectra are presented in Fig. 13 and S8.f The increase in gela-
tion temperature from 50 to 60 °C further decreased the
turbidity time from 325 to 142 min. It is clearly evident that the

27090 | RSC Adv, 2025, 15, 27084-27095

View Article Online

Paper

375 3.0
370 4 2.5 3
S
= -
E 365 203
- >
£ ©
2 360 - L15 2
©
S o
2 355 1.0 é
s -
?
350 0.5 &
—=-Wavelength M

-« First Absorbance Value
345 T T L) L] L] L L) L] L) L} L] L] 00
0 25 50 75 100 125 150 175 200 225 250 275 300 325
Time (min)
2.00

—e—@ 460 nm (b)
1.75 {—*— @485 nm

—&— @510 nm

Second Absorbance Value (a.u.)

0.25 4

o'oo “ T T L) L) T L) T Ll T T T T 1
0 25 50 75 100 125 150 175 200 225 250 275 300 325
Time (min)

Fig.12 Kinetic monitoring of the UV-vis absorbance of the RF solution
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Fig. 13 UV-vis spectrum of the RF mixture during gelation at 60 °C
after background subtraction.

turbidity time is reduced by a factor of 2.6 times at 60 °C in

comparison to 50 °C. The gelation temperature >55 °C is a key
factor in initiating the growth of RF clusters once the reactant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixture attains 55 °C. This is in good agreement with the
decreased turbidity time with regard to the increase in gelation
temperature by more than 5 °C after attaining the minimum
threshold temperature of 55 °C for water as a solvent, as re-
ported by Prostredny et al.** It can be clearly seen that the
gelation temperature >55 °C is an important factor to achieve
faster RF particle cluster growth. The particle growth mecha-
nism of RF solutions of different R/C ratios by DLS has been well
studied and reported by Taylor et al.** at a temperature >55 °C.
They also observed that irrespective of the R/C ratios, hydro-
dynamic radii were less than 1 nm and do not grow for a certain
period of time. The hydrodynamic radius of the hydrated
resorcinol molecule is 0.4 nm.? The delay in particle growth was
correlated with the time taken for achieving the gelation
temperature of 55 °C. Taylor et al.>* recommended that pre-
heating of the initial reactant solution to 55 °C can eliminate
such a delay of particle growth. In our investigation, we clearly
observed the decrease in turbidity time by factors of 2.6, 6.5 and
14.5 for 40, 50 and 60 °C, respectively, in comparison to RT. The
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Fig. 14 Kinetic monitoring of the UV-vis absorbance of the RF solution
at 60 °C: (a) first absorbance value and its respective wavelength
maximum versus time and (b) second absorbance value versus time
with respect to three different wavelengths.
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kinetic monitoring of first and second absorbance maxima with
respect to wavelengths is presented in Fig. 14. The first absor-
bance value exceeds 1 and 1.5 at a gelation time greater than 25
and 29 min, respectively. The second absorbance value with
respect to the O-quinone methide derivative at three different
wavelengths exhibited steady behavior until 35 min and
increased rapidly up to 120 min and reached the maximum
close to the turbid point. The curve (Fig. 14b) seems to exhibit
an S-shape and is quite flat at the early stages of gelation up to
35 min, which is a kind of an ‘induction’ time (minimum time
required to form an intermediate). The ‘induction’ time of
35 min is the time required to reach first absorbance maximum
of 2 and the appearance of second absorbance peak. As dis-
cussed in Section 3.1, first and second absorbance peaks
correspond to derivatives of resorcinol and the formation and
interlocking of O-quinone methide and/or their spiro deriva-
tives, respectively. This hypothesis was proven by Mulik et al.**
by decolorizing the HCl-catalysed RF aerogel by immersing it in
a NaBH, solution and redeveloping the red color by washing
and exposing them to air. After the induction period, the second
absorbance value starts to evolve and reaches a high value near
the turbid point.

3.2.5. Gelation at 70 °C. The absorbance changes and
kinetic information of RF at 70 °C were monitored, and are
presented in Fig. 15, S9 and S16.f The increase in gelation
temperature from 60 to 70 °C caused a double-fold decrease in
the turbidity time from 142 to 68 min. Job et al.** reported the
influence of synthesis condition (R/C ratio) and temperature on
gelation time observed by rheology and/or visually. The gelation
temperature is the driving force to speed up the transition from
sol to gel that leads to the development of inter-connected
structures at gelation time via turbidity. The inter-connections
between particles were formed either by weak and/or strong
interactions for reversible and/or permanent gels.**** As per our
investigation, the absorbance changes associated with chemical
reactions during the gelation greatly depend on the

1.5

Corrected Absorbance (a.u.)
b =

500 600 700 900
Wavelength (nm)

800

Fig. 15 UV-vis spectrum of the RF mixture during gelation at 70 °C
after background subtraction.
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temperature, which also influences the viscosity of the system.*®
It has been observed that the rise in viscosity directly depends
on the temperature. The initial increase in viscosity is attributed
to the polymerization and particle generation, which remains
constant for a particular period of time. During this time
interval, particles collide with each other due to Brownian
motion and aggregate via reactions of the surface functional
groups. The second increase in viscosity was observed with
linearity with respect to gelation time. They also observed that
the increase in gelation temperatures from 60 to 70 °C and
further to 80 °C resulted in a shorter gelation time, which can be
correlated with the faster particle aggregation because of the
greater Brownian motion. We strongly believe that a similar
kind of phenomena is attributed to the decreased turbidity time
of 68 min at 70 °C. The monitoring of changes associated with
the first and second absorbance values with respect to time is
presented in Fig. 16. The first absorbance exceeds the values of 1
and 1.5 at short time-intervals of 16 and 17 min, respectively
(Fig. 16a). The second absorbance values (Fig. 16b) show
a linear increasing trend until 20 min, increase rapidly up to
60 min and attain maximum close to the turbidity time.
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Fig. 16 Kinetic monitoring of UV-vis absorbance of the RF solution at
70 °C: (a) first absorbance value and its respective wavelength
maximum versus time and (b) second absorbance value versus time
with respect to three different wavelengths.
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3.2.6. Gelation at 80 °C. In Fig. 17 and S10, the absorption
changes of RF at 80 °C before and after background subtraction
are presented. The increase in gelation temperature from 70 to
80 °C further decreased the turbidity time from 68 to 49 min.
The increment of 10 °C caused a decrease in turbidity time by
a factor of 1.4, as expected. Gaca et al.** performed time-resolved
DLS experiments of the RF solution at 55 and 80 °C after
quenching them at 20 °C. They reported that both temperatures
have the same kind of autocorrelation functions, exhibiting
transition from monodisperse population of primary clusters
initially through polydisperse collection of aggregated clusters
to a gel network of interconnected clusters. They also noticed
that the aggregation stage was observed only after 50 min at 55 °
C, whereas it was just 10 min at 80 °C. The decrease in the
aggregation time at a higher temperature greatly supports our
claim of decrease in turbidity time to 49 min at 80 °C. The
turbidity times at RT and 80 °C clearly indicate the strong
dependence of chemical or gelation kinetics of the RF system on
temperature. As mentioned earlier, resorcinol reacts with
formaldehyde to yield hydroxymethyl resorcinol, which forms
the polymer. The degree of polymerization (DP), i.e., DP = DP(¢),
and the volume fraction of the polymers, ¢(¢), are time depen-
dent.”” Ratke and Gurikov*” pointed out that the RF system may
exhibit a miscibility gap similar to the one present in the phase
diagram of the polymer and solvent system described by the
Flory-Huggins (FH) model.*® They also pointed out that the RF
system exhibits a lower critical solution temperature. We
observed that the RF solution maintained at 60 °C is present
without gelation when it is suddenly transferred to a fridge
(Fig. S11 and S127). This phenomenon is never possible if the
system exhibits upper critical solution temperature. It has been
proposed that during the gelation process under heating, the
miscibility gap develops and miscibility point shifts towards
a two-phase region. In two-phase regions, polymer-rich droplets
start to appear and their volume of fraction and size will change
with respect to time. Further, the solution starts to turn into

Corrected Absorbance (a.u.)

— T T ¥
600 700 800 900
Wavelength (nm)

Fig. 17 UV-vis spectrum of the RF mixture during gelation at 80 °C
after background subtraction.
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Fig. 18 Kinetic monitoring of UV-vis absorbance of the RF solution at
80 °C: (a) first absorbance maxima and its respective wavelength
maximum versus time and (b) second absorbance maxima versus time
with respect to three different wavelengths.

a suspension (turbid) of droplets in a polymer-depleted solvent
and transform into a wet gel particle.”” The solid-like gel poly-
meric network particles are formed in a liquid matrix with
varying degrees of polymerization at the end of phase
separation.

The changes in absorbance value with respect to time and
wavelength for the first and second absorbance maxima are
presented in Fig. 18a and b. The first absorbance exceeds the
value of 1 and 2 after 14 and 15 min. The second absorbance
values at different wavelengths show a linear trend until 15 min
and rapidly increase until 45 min. It reaches a maximum value
near to the turbid point of 49 min. The curve exhibits an
increasing trend of assumed ‘S’-type shape.

4. Summary

The current study presents the kinetic monitoring of gelation of
RF solutions using real-time UV-vis spectroscopy by in-line
measurements through a fiber-optic probe. The two character-
istic absorbances of RF solutions were monitored at different
gelation temperatures until the appearance of visible turbidity.
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The first absorbance peak ranging from 340 to 400 nm caused
by the conjugated benzene ring started to appear immediately,
whereas the second absorbance peak ranging from 460 to
510 nm related to O-quinone methide intermediate required
a minimum induction time due to its high energy barrier
(108.0 k] mol™*).** The gelation at RT required a longer time for
the attainment of absorbance value of 1 (200 min) and for the
appearance of turbidity (2040 min). The increase in gelation
temperature to 40 °C greatly influenced the speed and rate of
the reaction, which is clearly evident from the decrease of
turbidity time from 2040 to 780 min. The decrease in turbidity
time is directly correlated with the fast formation of particle
structures within a short time of 780 min. Moreover, the
attainment of an absorbance value of 1 required only 45 min
(for 40 °C) in comparison to RT (200 min). In the case of 50 °C,
a 6.5-fold decrease in turbidity time from 2040 to 325 min was
observed. This is in accordance with the growth of primary
clusters at 55 °C, as reported by Gaca et al.* The fast growth of
primary clusters led to faster aggregation and gelation at 55 °C
with a faster turbidity time of 325 min. The first absorbance
value reached a maximum of 1 within a short time of 35 min.
The increase in gelation temperature to 60 °C further decreased
the turbidity time by a factor of 2.6 (325 to 142 min for 50 to 60 °
C). The first absorbance maximum reached a value of 1 at
25 min and the appearance of the second absorbance peak at
around 500 nm required an ‘induction time’ of 30 min, where
the first absorbance maxima reached a value of 2. The further
increase in gelation temperature to 70 °C resulted in a 2-fold
decrease in turbidity time. The increase in gelation temperature
increases the Brownian motion of the particles, which leads to
the faster aggregation of the particles, thereby decreasing the
turbidity and gelation time. The first absorbance value reached
a maximum value of 1.5 at a short time-interval of 17 min. A
further increase in gelation temperature to 80 °C decreased the
turbidity time to 49 min. The increase in gelation temperature
has a direct influence on the transition of monodisperse pop-
ulation of primary clusters through polydisperse collection of
aggregated clusters into a gel network. This phenomenon was
clearly reflected in the faster turbidity time and rapid attain-
ment of the first absorbance value of 1.5 within 15 min at 80 °C.
This type of UV-vis kinetic investigation of RF solutions at
different gelation temperatures by monitoring absorbance
changes will provide an important insight into the early-stage
gelation kinetics and mechanisms of RF. This study should not
be limited to only UV-vis, but it should be coupled with other
techniques such as DLS or SEM to understand the complete
gelation kinetics and mechanisms and further the influence on
the microstructure and other properties of RF aerogels. In addi-
tions, investigations on costs should be considered in order to
make the sol-gel process of RF less time and energy intensive.

5. Conclusions

The real-time monitoring of the gelation process of resorcinol-
formaldehyde solutions by in-line UV-vis spectroscopy using
a fiber-optic probe was studied at different gelation tempera-
tures. The changes in the two characteristic absorption peaks at
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around 340-400 and 500 nm were followed during the sol-gel
transition. The turbidity time of RF solution was 2040 min at RT
and decreased to 49 min at 80 °C. The first absorbance peak
appeared at the beginning of the gelation reaction and the
second absorbance peak evolved after a certain period of
induction time to form O-quinone methide. The increase in the
second absorbance peak was steady and linear in the cases of
RT and 40 °C, whereas the trend at temperatures =50 °C was
a kind of ‘S’-type curve. Further investigations are in progress to
understand the very early stages of reaction kinetics and
quantify the species formed by changing the recipe and other
parameters and also the reaction rate and rate constants.
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