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The bio-inspired silica (BIS) synthesis is a greener process that operates at ambient and mild pH conditions and
produces high-value products with applications in wide areas such as energy, environment, and medicine. In this
work, batch and continuous experiments of BIS synthesis were conducted. The experimental data and reaction
engineering approach were used to estimate key reaction kinetics relevant to BIS formation over a range of pH.
The BIS synthesis was performed in a continuous mode using CSTR and bubble column reactors, resulting in

yields comparable to small-scale batch experiments. Using the experimental results and the models, the effects of
residence time and feed concentrations were investigated, and optimum conditions were identified. These out-
comes will be useful for the scale-up of BIS synthesis, reactor design, and optimization of sustainable
manufacturing of high-value silicas.

1. Introduction

Porous silica has various applications in catalysis, adsorption, drug
delivery, environmental decontamination, carbon capture, etc. Critical
quality attributes (CQAs) of silica in such applications range from par-
ticle sizes, surface area, pore sizes, pore volume, degree of aggregation,
surface chemistry, etc. [1]. These CQAs depend on the synthesis route,
template or surfactant used, solvent properties, pH, and other operating
conditions. Silica is synthesized using various methods such as sol-gel
method, precipitation method, flame synthesis/pyrolysis, and micro-
emulsion method [2-5]. While each of these methods can produce
different types/grades of silica, the methods required for producing
high-value silicas are generally unsustainable, uneconomical, and/or
not scalable [6,7]. On the other hand, bio-inspired synthesis of silicas is
relatively greener, flexible to produce silica for wide applications,
potentially scalable and cost-effective [8,9]. Bio-silica is naturally pro-
duced in many biological organisms (viz. diatoms, sponges and plants)
at ambient and mild conditions. Researchers identified that bio-
molecules like proteins, peptides and polyamines help in the formation
of bio-silica and have explored use of simpler additives to mimic the bio-
silica synthesis leading to bio-inspired silica (extensively reviewed in

[8-101). Brambila et al. [6] have studied the greenness quantitatively
for different silica products. Among the different silica synthesis routes,
authors concluded that bio-inspired silica is a relatively greener process.
Furthermore, bio-inspired silica is operated at ambient conditions and
mild pH yet producing materials that are suitable for medium to high
value applications viz. catalysis, drug delivery and adsorption. More-
over, the additives in bio-inspired silica can be removed by simple acid
elution thus avoiding energy intensive calcination.

Silica formation is a complex reaction, and various researchers have
attempted to understand the kinetics particularly using alkoxysilane.
Reaction engineering models are useful for reactor design and optimi-
zation and there are some literature reports on the kinetics of conven-
tional silica syntheses. For example, Issa and Luyt [12] have reviewed
the kinetics of silica formation from sol-gel synthesis using alkoxysilane
as a precursor. Silica formation follows the polymerization mechanism,
including the hydrolysis of the precursor, followed by a series of
condensation reactions followed by the formation/nucleation of a solid
phase which grows to form the final structures such as particles, gels,
etc. The kinetics of alkoxysilane-based polymerization depends on the
concentration of alkoxysilane, water, acid/base, and alcohol [13] and
the order of reaction for various species depends on the solvent and
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catalysts. Generally, the hydrolysis reaction is first order or pseudo-first
order with respect to alkoxysilane while it varies from 0.8 to 4.4 with
respect to water. The condensation reaction was second order with
respect to organosilanetriol [12]. Bari et al. studied the effect of alcohols
used as solvents on the kinetics of hydrolysis and condensation with
tetraethyl orthosilicate as the starting material [14]. Conversely, in the
case of sodium silicate as a starting material, the order of silicic acid
condensation was found in the range of 1 to 8 in the literature [15]. The
significant variation in the order or reaction is mainly due to the pH of
the reaction and catalyst/template which can also affect the reaction
mechanism. The rate constant further depends on temperature, pH, and
ionic strength. Icopini et al. studied silica oligomerization kinetics and
obtained 4th-order dependence for a pH range of 3 to 11 and ionic
strength of 0.01 and 0.24 m [16]. However, despite the potential for
sustainable manufacturing of high-value silica, there are limited reports
on the kinetics of bio-inspired silicas [17]. Hence it is essential to
develop a kinetic model for better process understanding, reactor
design, and scalable process development. In this work, therefore we
aim to develop a kinetic model for BIS synthesis and further apply it to
continuous reactors. The manuscript is organized as follows: initially,
batch and continuous experiments are discussed, followed by kinetic
and reactor modelling. Subsequently, experimental, model validation
and simulation results are discussed.

2. Experimental section

BIS synthesis typically involves a reaction between sodium silicate,
an amine template, and an acid like hydrochloric acid or COy [11].
Different amine templates including a series of ethyleneamines, propy-
leneamines, natural amines, peptides and polyethyleneimine and poly-
allylamine are reported in the literature [10]. Furthermore, the amine
template can be easily removed after synthesis by acid elution [18,19].
In the present work, we selected pentaethylenehexamine (PEHA) as the
bioinspired additive given its fast reaction kinetics and available liter-
ature on its use in BIS synthesis. Hydrochloric acid (37%), sodium
metasilicate pentahydrate (>95%), and pentaethylenehexamine (tech-
nical grade) were procured from Merck Sigma-Aldrich and were used
without further purification.

Batch experiments were performed to generate kinetic data and to
understand the effect of the mole ratio of hydrochloric acid on the
synthesis pH and yield. Continuous experiments were performed in
various reactor geometries. The residence time was maintained in the
range of 2.5 to 30 min. Stock solutions of sodium silicate pentahydrate
(1.0 M), PEHA (0.17 M), and hydrochloric acid (2.0 M) were prepared in
deionized (DI) water. The stock solutions were used to prepare feed
solutions for all the experiments. All reactions were near isothermal
conditions and performed at ambient temperature (18.8 + 0.6 °C).

2.1. Batch experiments

The initial sodium silicate and PEHA concentrations were 30 mM and
5 mM respectively (i.e. [Si]:[N] = 1) [2] for all experiments unless
mentioned otherwise. Batch experiments were performed to study the
kinetics and also understand the sensitivity of the HCl mole ratio ([HCI]:
[Si]) to the final pH value. The effect of the mole ratio on the final pH is
shown in Fig. 1. This experimental data was described by a sigmoidal Eq.
(1), which was later used to obtain the desired pH in subsequent ex-
periments. The sigmoidal nature of the Fig. 1 is similar to acid-base
titration curve. In the current reaction system, HCI and sodium silicate
serve as an acid-base pairs which generate silicic acid. This silicic acid
further oligomerizes in presence of PEHA (basic) which also contributes
to pH variation in Fig. 1. The Eq. (1) obtained by fitting data can be used
to estimate the mole ratio of HCl required for obtaining desired target
pH. Experiments were performed in a Corning Gosselin straight plastic
container (180 mL). Two different addition protocols were performed in
batch experiments. In the first protocol (reaction volume = 20 mL), HCI
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Fig. 1. Relationship between mole ratio (6) and synthesis pH at the end of
batch reaction.

(acid) was added to the basic solution of silicate and PEHA. In contrast,
in the second protocol (reaction volume = 100 mL), PEHA (basic) was
added to the acidic mixture of silicate and HCI.

Initially, experiments were performed (reaction volume = 20 mL)
using the first protocol to measure the concentration profiles. The initial
silicate (or monomer) concentration was 50 mM and [Si]:[N] = 1. In this
batch experiment silicate and PEHA were premixed in the reactor and
HCI was added quickly in one step. Sample collection was started after
the HCI addition. For this batch experiment, the initial pH was ~12.5
and gradually decreased to ~7 at the end of the reaction. The monomer/
silicic acid concentration was quantified using the molybdenum
method, also known as the molybdate blue method. It involves reacting
silicic acid (monomer) with ammonium molybdate to form a yellow
silicomolybdic acid complex, which is then reduced to a blue-colored
complex and measured spectrophotometrically [2]. Samples were
collected for 6 min. Since the analysis of oligomer and polymer requires
additional steps and is more complex and time-consuming only the final
concentration was measured [2].

In the second protocol (reaction volume = 100 mL), the effect of pH
on kinetics and yield was studied. The mole ratio of HCI to sodium sil-
icate was varied from 2.0 to 2.65. Initially, a precalculated volume of
HCI (2.0 M) was introduced in a batch reactor (3-3.975 mL depending
on the mole ratio) with 50 mL of DI water. To this 3 mL of sodium silicate
stock solution (1.0 M) was added using a 10 mL micropipette and then
DI water was added to the reactor to make 97 mL of reaction volume. To
this mixture, 3 mL of PEHA (0.17 M) stock solution was added rapidly
using a 10 mL micropipette. The pH was monitored using a METTLER
TOLEDO SevenExcellence S470 Benchtop Meter. After 5 min synthesis,
further HCl was added (1.5-1.8 mL) to reduce the reaction pH to ~2 and
elute the amine additive to purify silica [18]. This pH ~2 was reached
within 1.5 to 3 min depending on the synthesis endpoint pH. The re-
action mixture was stirred at 750 RPM to ensure good mixing and silica
suspension. The silica slurry was centrifuged, washed multiple times,
and dried at ambient temperature to evaporate water and later in the
oven at 60 °C overnight [11].

—-4.77
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2.2. Continuous experiments

For continuous synthesis, two feed solutions were prepared. Feed
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solution-1 was prepared by mixing sodium silicate and HCl solution. The
sequence of addition during this feed solution preparation was critical.
Initially, 73.5 to 75.6 mL (mole ratio of 2.45 to 2.52) of hydrochloric
acid (2.0 M) was diluted with approximately 500 mL of DI water in a
volumetric flask. After this dilution, 60 mL sodium silicate stock solution
(1.0 M) was added to this in 6 aliquots (10 mL x 6 times) with periodic
shaking of flask. After this addition, the feed solution was further diluted
to 1 L with DI water to get the feed concentration of silicate as 60 mM.
The feed solution was transferred to a 1 L bottle and the pH was
measured. The typical pH of this solution was 1.50 + 0.02. Moreover, if
this addition sequence is not followed sodium silicate can react with HCI
in the feed solution to form a silica gel precipitate (undesired). Feed
solution-2 contained 60 mL of PEHA stock solution (0.17 M) diluted
with DI water to 1 L to get a feed concentration of 10 mM. The pH of this
feed solution was 11.23 + 0.04. Fig. 2 shows the schematic of the
experimental setup.

The feed solutions were dosed using a KNF SIMDOS 10 dosing pump
(units 3 and 4 in Fig. 2). Different reactors used were a continuous
stirred tank reactor (CSTR) (100 mL), helical coil (~62 mL, ID = 4 mm
and length = 5 m), a fluidic oscillator (FO) with recirculation loop (49.5
mL), vortex diode (VD) with recirculation loop (42 mL) and bubble
column reactor (66 mm ID and 600 mL reactor volume) [11]. Occa-
sionally, a helical coil was used in series with FO and VD. A residence
time of 2.5 min to 30 min was maintained in the reactor. The steady-
state sample was collected after 4-5 residence times. 600 mL of
steady-state sample was collected during each continuous experiment.
After sample collection, the silica slurry was acidified to pH ~2 to elute
the amine. This acidified slurry was stirred for 5-10 min and later
centrifuged, washed, and dried as discussed in the previous section. The
samples were analysed to measure surface area as detailed in our pre-
vious work [11].

3. Reaction engineering modelling

The main objective of developing a reaction model was to under-
stand the kinetics of the BIS synthesis and use it to predict the yield and
find optimum operating conditions. The room temperature synthesis is a
novelty of BIS compared to other methods. The long term goal of the
work is to develop manufacturing based on this greener process and
hence the synthesis was kept at room temperature. Further, the use of
high temperature increases operational cost and environment impact.
Moreover, it was found that pH is the most critical process parameter
affecting yield and particle properties. Hence, in this study we focused
on investigating the effect of pH on kinetics.

The BIS synthesis involves simultaneous chemical (conversion of
silicic acid to silica) and physical processes (nucleation and further
growth of particles by aggregation and agglomeration). Here we are
developing a lumped kinetic model (chemical process) involved in the
BIS formation. Bio-inspired silica formation is a complex series of re-
actions involving self-assembly/clustering between the additives and
silicate species, hydrolysis of the precursor to form monomer silicic acid,
and condensation and polymerization steps via the formation of various
intermediate oligomers, finally leading to the formation of silica and
their additive-driven aggregation, leading to precipitation of BIS. The
early stages reactions (pre-nucleation) and additive-driven aggregation
of primary particles control the porosity of BIS (e.g. surface area), which
is most important in its intended applications in adsorption and oral
drug delivery. Hence, in this work, we focussed on quantifying the in-
fluence of pH and residence time on yield by modelling reaction kinetics
instead of modelling the particle size distributions. The first reaction in
the sequence involves a reaction between sodium silicate (basic) and
HCI (acidic) in the aqueous medium (R1). Generally, the acid-base re-
action is fast, and the rate of such reactions is controlled by micro-
mixing [20]. This reaction is also the fastest in the entire reaction
network. However, this reaction takes place in the feed solution since
the precursor is acidified before reaching the reactor, hence, modelling
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this reaction is not considered here. As such, it was assumed that the
sodium silicate completely reacts with acid to form silicic acid in the
feed solution. This silicic acid reacts in the presence of the amine ad-
ditive (PEHA) and undergoes condensation reactions to initially form
dimers and trimers, leading to the formation of oligomers. This has been
shown in a simplified form as R2'. PEHA (or amine) is known to have
multiple roles in the synthesis viz. catalyst, structure directing agent,
growth promoter, template, etc. [10]. Oligomerisation reactions
(collectively) are reported as higher-order reactions with orders ranging
from 3 to 8 [15-17]. The oligomers further condense/polymerise to
form silica as shown in R3. It was assumed that the polymer formation
was first order with respect to oligomer concentration. Furthermore,
oligomers will grow as a chain and precipitate at a critical chain length;
this precipitation is aided by the presence of PEHA, which lowers
colloidal stability through surface charge neutralisation [21]. Typically,
there will be a distribution of the chain length of the oligomer or poly-
mer [22]. Estimating the exact chain length or the chain distribution of
the polymer silica is practically difficult. However, it is known that the
lower chain lengths of oligomer viz. dimer and trimer don't precipitate.
The oligomer will precipitate at a critical chain length. Here we consider
that this average chain length was ‘n’ for the oligomer and polymer.
During the synthesis, depending on the pH, the amine additive, PEHA is
protonated (R4), which was assumed to be first order with respect to
amine and HCI respectively. The rate constant of this reaction (k4) was
varied from 0 to 0.05 M~! s7!, and it had a negligible impact on the yield
of BIS. Hence, Reaction 4 was ignored by setting k4 as zero for estimating
other kinetic parameters.

NaySiOs + 2HClL + H,0 3 H,Si0, + 2NaCl R
nH,Si04 + C1oHogNg 5 (H4Si04),...C10H2sNe (R2)
(H,Si04),...CroH2Ne <5 (Si0,),...CroHasNs + n2H,0 (R3)
C1oHasNo + 6H" = C1oH34 N (R4)

Overall, 5 parameters were fitted: rate constants ky and ks, order of
reaction with respect to monomer (o), parameter for accounting the
effect of final synthesis pH (or steady-state pH in the case of continuous
experiments) on rate constants (¢) and parameter for accounting the
effect of pH profile (p) on the BIS synthesis. These parameters were
estimated in 3-stages using different experimental datasets. In stage one,
ko, k3, and o were estimated using batch experimental data at pH 7. In
the second stage, ¢ was estimated using batch experimental data at
various pH values. In the third stage parameter “f” was estimated using
continuous experimental data. The system of ODEs was solved in
MATLAB 2022a using an odel5s solver and kinetic data was fitted using
Isqcurvefit solver.

In the first stage, monomer concentration data was used to fit rate
constants ko and order of reaction with respect to monomer (o). After
fitting the monomer data, the yield of oligomer and polymer was used to
fit the rate constant k3. The ratio of ko/ks will remain constant as the
temperature is constant for all the experiments. In the second stage, the
effect of pH on the rate constants (ks and k3) was estimated. Additional
batch experiments were designed at varying HCl molar ratios to achieve
arange of pH values. In the batch process, pH gradually reduces to reach
the setpoint, while in the case of CSTR, the pH is constant during the
synthesis. The final synthesis pH in the batch experiment (or steady state
pH in the case of the continuous experiment) was considered for
modelling the effect of pH on kinetic parameters. It was assumed that the
rate constants (ks and kg) can be related to the pH by Eq. (2). Here pHyef

1 The dotted line between silicates and PEHA indicates a close association
without a chemical bond.
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Fig. 2. Continuous synthesis of bio-inspired silica. (1) Feed solution 1, (2) Feed solution 2, (3) and (4) KNF SIMDOS 10 diaphragm pumps, (5) Reactor configuration
viz., CSTR, Bubble column, HC, VD with recirculation, FO with recirculation and their combination. (6) Longer Peristaltic pump BT100-3 J-DMD15-13-B for CSTR or
bubble column reactor, and (7) Product collection. Feed solution 1: sodium silicate + HCIl and feed solution 2: PEHA.

is a reference pH and k. corresponds to the rate constant value at pHyef.
In this work, pHy.r was taken as 7.00 for further analysis. The parameter
¢ was estimated by comparing the isolated yield synthesized at different
pH values in the batch reactor. In the third stage, the parameter “f§” was
estimated. The parameter “p” accounts for the effect of pH profile during
synthesis. In batch synthesis, the pH profile can vary from basic to
neutral (or acidic) or from acidic to neutral (or basic) depending on the
nature of the addition of the reagents. On the contrary, for CSTR the
synthesis pH will be constant, and the kinetic parameters estimated will
be free from any effect of the pH profile. Hence kinetic parameters were
estimated using continuous experiments at various pH values and the
parameter “p” was set as 1 for the continuous experiments. The
parameter “p” was further estimated by back-calculating it from the rate
constants at pHy.r for previously discussed batch experiments.

k pH !
- = Lol 2
kref ﬂ (pHref ) ( )

Eq. (3) is the generalized mole balance equation for CSTR and batch
reactors. The flow rates q; and q; correspond to feed solution 1 (silicate-
HCl mixture) and feed solution 2 (PEHA). The flowrates (qi, q2, and qr)
are set to zero for batch reactors. Table 1 shows the rate expression/
source terms for all the species considered here.

dCy

Vﬁ = q1Cx1in + q2Ckain — qrCk + V Ry 3

For estimating kinetic parameters, a combined CSTR and semi-batch
model was used, and the rate constant was fitted manually by comparing
the isolated yield. The CSTR and semi-batch model resembles the actual
CSTR reactor and product collection respectively. The predicted outlet
concentrations of CSTR model were used as inlet conditions for semi-
batch model, and the semi-batch model was integrated till the product
collection time. The product collection time was calculated based on the
total flowrate in the actual experiment to achieve final collected volume
of 600 mL. The product collection volume (600 mL) was constant for all

Table 1

Rate expression for different species.
Species Symbol Rate
Silicic acid (monomer) M — nk2CyCa
PEHA A — k2CCa
Oligomer [¢] k2C3Ca — k3Co
Silica (polymer) P k3Co

experiments (irrespective of residence time in the CSTR). Solving the
CSTR and semi-batch reactor models in series is representative of the
actual experiment operated at a steady state of CSTR. Since, the reaction
and product collection happen at same temperature and pH, the same
kinetic parameters were used for both the models. It should be further
noted that simulations ‘with product collection’ involved both CSTR and
semi-batch model while simulations ‘without product collection’
involved only CSTR model.

4. Results and discussion
4.1. Estimation of reaction kinetics

In batch experiments, silicic acid concentration was measured over
the reaction duration, and the concentrations of the polymer and olig-
omers were measured only at the end of the reaction. These experi-
mental data were considered for the estimation of kinetic parameters.
Batch reaction equations were solved for monomer (silicic acid), and
PEHA to estimate kinetic parameters ky and order of reaction with
respect to monomer (o). The chain length (n) was kept at 20 while
estimating the above parameters. It was observed that the overall re-
action of 5th order with respect to monomer gives the best fit (see Fig. S1
in the Supplementary Information).

After estimating the above kinetic parameters (ks and o), equations
for the batch reactor were solved for all the species, and experimental
data of the monomer, oligomer, and polymer were used to estimate the
rate constant k. The estimated kinetic parameters are shown in Table 2.
After estimating the order of reaction and kinetic parameters, the effect
of chain length (n) on the predicted conversion and yield was studied.
Different n values were tested (n = 20, 30, and 40). Since the source of
the monomer consumption (Table 1) has the term “n x k", the product
“n x ky” was held constant (1.30 x 107) during fitting. The fitting was
good for all “n” values. Table S1 in the Supporting Information shows the
conversion of monomers and yields of different species for different
fitted parameters (see Table S1 of the supplementary information).
There is a slight variation in conversion and yield as the rate of

Table 2

Rate constants for BIS synthesis (at pH = 7.02).
Rate constant [unit] Value
ko [M s~ '] forn = 20 6.49 x 10°
ks [s7'] 0.0039
Order of reaction with respect to monomer (0) 5
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consumption of PEHA only depends on kz and is independent of n. Since
the fitting was good for all “n” values, n = 20 was considered. Fig. 3
shows the kinetic data and model comparison for the batch experiment.
Additional details about the fitted parameters are given in the Sup-
porting Information (see Table S2).

It should be noted that in this experiment the starting pH in the
reactor was basic (~12.5) and reached neutral pH towards the end of the
reaction. The concentration profile of monomer reaches a near constant
value at ~0.01 M due to higher order of reaction (5th order with respect
to monomer and 1st order with respect to PEHA). Higher order reactions
usually don't go to completion as the rate of reaction is significantly
reduced at lower concentrations (towards the end of reaction). This is in
agreement with the literature reports [15-17]. Though the silica for-
mation may exhibit reversibility theoretically, the lower solubility of
silica in water drives the reaction in forward direction. Hence the
backward reaction was not considered here.

After estimating the kinetic parameters at pH ~7 (Fig. 3), additional
batch experiments were performed for various HCI molar ratios (2.0 to
2.65) to understand the effect of pH on silica yield and kinetics (Section
2.1). It should be noted that this method involves adding PEHA to the
mixture of silicate-HCI, unlike the previous protocol where HCl is added
to the mixture of silicate-PEHA [2]. This addition protocol was selected
as it provides an advantage when translating to a continuous process
discussed in the later section. No significant precipitation was observed
during the reaction timeframe for the mole ratio of 2.6 and 2.65 cor-
responding to final pH values of 6.24 and 5.90 respectively. Moreover,
silica gel-like material was formed at a lower mole ratio of 2.0 (pH =
10.16) instead of bio-inspired silica. Both results are consistent with the
literature and the known mechanisms of the effects of pH on silica for-
mation [13,23]. Hence the HCI molar ratio range of 2.2 to 2.5 was
considered to understand the impact of pH on BIS yield and kinetics. The
PH of the precursor-acid mixture before adding PEHA was in the range
of ~1.9 to ~3.4 for the mole ratio of 2.5 to 2.2 respectively. Fig. 4 (A)
shows the isolated yield for the batch experiments at various pH values
measured at 5 min. Fig. 4 (B) shows the corresponding surface area of
silica particle. All the batch experiments were planned for 5 min, how-
ever, during quenching it takes ~2 min to reach the pH ~2 value. Thus,
effective reaction time was considered during kinetic parameter esti-
mation and simulation.

As discussed earlier, the ratio ky/ks will be constant as the temper-
ature is constant. Initially, kinetic parameters (ky and k3) were fitted to
match the isolated yield for pH 7.05 + 0.15 experiment. Further, Eq. (2)

0.06 1
(:) o Cy Exp —— Cy Model
0.05 7 o Co Exp —— Cp Model
g 0.04 ] o Cp Exp —— Cp Model
c ]
Re] b
® 0.03 3
= ]
5
5 0.02 ]
© ]
0.01 ] @
0 ] T T T T T T T T T T T T T T T T T T T
0 100 200 300 400
Time (s)

Fig. 3. Prediction of monomer, oligomer, and polymer concentrations using
estimated kinetic parameters. The actual concentration of oligomer and poly-
mer is multiplied by chain length, n = 20 during plotting for better visualiza-
tion. The final pH at the end of synthesis was 7.02.
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Fig. 4. Effect of pH on (A) Yield of BIS and (B) BET surface area in Batch
Reactor for mole ratio of 2.2 to 2.5.

was used to fit the parameter ¢ by comparing the isolated yield with the
predicted yield and using the above estimated kinetic parameters (koef
and kger estimated at pHyer) as reference points. It can be seen from
Fig. 4(A) that ¢ = 6 gives a better fit. Furthermore, ¢ = 6 also has a
relatively lower sum of squares error (see Fig. S2 in the SI). Hence ¢ = 6
was selected for further analysis. It should be noted that the estimated
rate constants for the batch experiments are lumped with “p” which was
estimated later. Additional details about the fitted kinetic parameters
and associated errors in yield prediction are given in the Supporting
Information (see section S2).

Interestingly, the kinetic parameters estimated at near ~7 pH in the
case of Figs. 3 and 4 (A) differ by ~26% (or by factor 1.26). This can be
attributed to different pH profiles and addition methods. Fig. 4 (A) in-
volves the addition of basic PEHA solution into the acidified silicate
precursor solution (pH in the reactor changes from 1.96 to ~7). On the
contrary, Fig. 3 represents the results from the synthesis where the acid
was added to the basic mixture of silica and PEHA (pH in the reactor
changes from ~12.5 to ~7). This results in different lumped rate con-
stant values despite the same final pH. Furthermore, isolated yield data
(Fig. 6A) from continuous experiments (CSTR) were used to fit the ki-
netic parameters kp and ks. Since the pH is constant in the CSTR, the
kinetic parameters estimated are not lumped by the effect of the pH
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profile, unlike batch experiments. Hence the parameter § was set as one
for the case of CSTR and was used to calculate the p for batch experi-
ments discussed previously by comparing the estimated rate constants
(koref and ksyef) at pHyet. Fig. 5 shows the effect of the final pH and the pH
profile (or synthesis addition method) on the estimation of lumped rate
constants (ko and ks).

4.2. Application of model to simulate continuous experiments

Continuous synthesis experiments were performed to generate
experimental data for validating the model and evaluating the effects of
reactor geometries. Initially, we conducted continuous experiments
using the traditional continuous method [11]. This method involves
using a silicate-PEHA mixture as the first feed solution and HCI as the
second feed solution. However, with this approach, it was difficult to
maintain the desired pH of ~7 owing to small variations in volumetric
ratios or feed concentrations, caused by pump fluctuations or using new
stock solutions. While syringe pumps have excellent accuracy and pre-
cision in dosing on average, they may cause instantaneous fluctuations
and are generally unsuitable for long operation times or milli-scale re-
actors. To address this challenge, we developed a relatively robust

2.2E+06 +
] —B =1.66 (Batch: Base to acid addition)
2.0E+06 ]
] B = 1.31 (Batch: Acid to base addition)
1.8E+06 7
] =1 (CSTR: Constant pH
1.6E+06 ] B=1 PH)
— 1.4£406 ]
mlh 1
S 126406
~' 1.0E+06 ]
8.0E+05 1
6.0E+05 1
4.08405 ]
2.0E+05 F—+————+————+T+—+—T—T—————
6 6.5 7 7.5 8 8.5
pH (-)
(A)
1.36-02 4 —B =1.66 (Batch: Base to acid addition)
] B = 1.31 (Batch: Acid to base addition)
1.1-02 1 B =1 (CSTR: Constant pH)
9.0E-03
L ]
< 7.0E-03 ]
5.0E-03 1
3.06-:03
1.0£-03 +—0—1—"+—"—"T"1+—"+—""r—"r"rr—r—"rr+—rrrrr-r-"1
6 6.5 7 7.5 8 8.5
pH (-)
(B)

Fig. 5. Estimated rate constants and the impact of pH profile modelled using
the fitting parameter p. Here ¢ = 6, koref = 3.32 X 10° M~ ° s7! and kgyer = 2.03
x 1073 s71(A) k, and (B) k.
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method with a modified HCI addition strategy, where the HCI and sili-
cate were premixed in the feed solution (Section 2.2). This ensures that
the mole ratio of HCI and silicate is always constant and not sensitive to
pump fluctuations. Eq. (1) was used to get the desired HCI mole ratio for
the target pH value during feed solution preparation. This strategy was
supplemented with predesigned batch experiments for every new stock
solution preparation (see Fig. 1).

Initially, Continuous experiments were performed in a CSTR, helical
coil (HC), fluidic oscillator (FO), and vortex diode with helical coil in
series (VD + HC) with a residence time of 5 min. It was observed that
there was significant fouling in the helical coil, fluidic oscillator, and
vortex diode. The fouling resulted in a significant accumulation of silica
particles lowering the yield and causing operational issues. There was
also occasional clogging in the fluidic oscillator at a higher initial silicate
concentration (60 mM). The isolated yields for the helical coil, fluidic
oscillator (FO), and vortex diode with the helical coil in series (VD + HC)
were 35%, 30%, and 16% respectively. On the contrary, there was
reasonably low fouling in the CSTR. Fouling in the case of the CSTR
mostly occurred on the outlet tube, reactor walls, and the pH probe.
However, this did not affect the isolated yield significantly (~52%).
Hence, we decided to use CSTR for further model validation. Given the
constant steady-state pH in CSTR, the kinetic parameters estimated from
continuous synthesis were not lumped with the pH profile. Hence the
parameter f was set as one for the continuous synthesis (Eq. 2).
Furthermore, the rate constants estimated at pH ~7 were used as
reference values to calculate f for batch experiments (see Fig. 5 and Eq.
2).

Continuous syntheses were performed at different residence times
and pH values in the CSTR. Fig. 6 (A) shows the comparison of the
isolated yield with the predicted yield. Note that the predicted yield
considers both residence and collection time for calculations. Since the
synthesis and product collection also happen at ambient conditions, the
reaction will continue to happen during the product collection time. This
was accounted for when comparing the predicted and isolated yield of
silica by modelling product collection as a semi-batch process. Ignoring
the semi-batch model will not provide the true representation of the
current experimental system. The semi-batch model may be ignored if
continuous separation is employed or if reaction is quenched in-line.
However, in the present case batch centrifugation was employed mak-
ing semi-batch modelling essential. The outlet concentration of the
CSTR model was used as input or initial conditions for the semi-batch
model and was simulated till 600 mL final volume with the product
collection time ranging from 15 to 60 min depending on the flowrates.
The model was able to accurately predict the yield as can be seen from
the comparison with the experimental data in Fig. 6 (A). Small varia-
tions can be attributed to fouling and losses during downstream
purification.

The surface area of BIS ranged from 292 m%/g to 579 m?/g for
various pH and residence times investigated. It can be seen that a higher
surface area was obtained at lower pH. This trend is in agreement with
the published literature [24]. More details about BIS characterization
and its comparison with different silica products can be found in the
literature [6-8,11,24].

The trade-off between yield and surface area as a function of pH
makes operating at pH ~7 desirable. Furthermore, the developed kinetic
model can be used to find the optimum residence time for synthesis at
lower pH to get both higher yield and higher surface area respectively.

Fig. 7 (A) shows the isolated yield and productivity for continuous
synthesis for various pH and residence times and the trend is similar to
that seen for batch experiments (Fig. 4). In the case of continuous ex-
periments, the final isolated yield not only depends in the reactor resi-
dence time but also on pH, product collection time, and operational
factors like fouling and work-up which lead to yield losses. Recovering
silica particle from a dilute reaction mixture (~30 mM) and low yield
experiments (residence time = 2.5 min) is challenging. Furthermore,
fouling is stochastic phenomenon affected by factors such as reactant
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Fig. 6. (A) Comparison of isolated yield and predicted yield in the CSTR and
(B) BET surface area of pH 2 silica samples (1) T = 5 min, pH = 7.02 + 0.03, (2)
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pH = 6.69 + 0.04. (1)-(5) represents CSTR (reactor volume = 100 mL) and (6)
represents bubble column reactor (reactor volume = 600 mL with N5 bubbling
at 1 LPM for mixing).

flow rates, reactor scale, pH, and mechanical vibrations.

These combined effects on yield can be explained by comparing the
experiments conducted at 10-minute and 30-minute residence times. In
the 10-minute experiment, a reactor volume of 100 mL was used with a
total flow rate of 10 mL/min and a product collection time of 60 min.
The lower flow rate and longer operation time led to increased fouling
and yield loss. To minimize fouling and extended operation, the 30-min-
ute experiment was conducted using a larger reactor (600 mL) with a
higher total flow rate of 20 mL/min and a shorter product collection
time of 30 min. As a result, the effective reaction durations (residence
time plus collection time) were comparable in both experiments (70 min
vs. 60 min, respectively). Although the isolated yields were similar,
fouling was significantly higher in the 10-minute residence time
experiment. This resulted in higher error between predicted and
experimental yield for 10 min residence time. It can be seen that the
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yield for a residence time of 10 min was only marginally higher (by
~1.5%) than a residence time of 30 min, perhaps indicating that there is
no added benefit from running the reaction beyond 10 min at this
experimental scale. These yields were converted to productivity
(amount of BIS produced per volume per time) and a maximum

productivity of 11.34 g/L/h was obtained for CSTR with 5 min residence
time and pH of ~7.

Additional simulations were performed to quantify the yield at the
reactor outlet conditions without product collection (Fig. 8). This result
may be useful for optimizing the process if the silica slurry is directly
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processed continuously without any collection time (or negligible
holding time). Initial concentration, residence time, and pH (or HCI
mole ratio) can be optimized to get the desired yield and surface area.

4.3. Optimization and design space

After validating the model, we used the model to quantitatively
understand influence of backmixing in the reactor. Tubular reactors
with appropriate configurations like helical coil or coiled flow inverter
may approach ideal plug flow reactor (PFR) while vigorously stirred
vessel may approach fully backmixed reactor (CSTR). Tubular reactors
will give higher (than CSTR) conversion and yield for any positive order
reaction. However, due to better solid handling ability, CSTR may be a
practical choice for the reactor. Multiple CSTRs in series may also be
used to achieve performance close to PFR without problems due to solids
handling. With this background, we used the developed model to
simulate performance of PFR and CSTR. We selected an initial silicate
concentration and residence time as 30 to 150 mM and 5 to 60 min. Rate
constants at pH 7 were considered. The monomer conversion is an
overall 6th-order reaction with Sth-order with respect to monomer and
1st-order with respect to PEHA. The simulated results are shown in
Fig. 9.

The rate of higher-order reaction is sensitive to the initial concen-
tration. This can be seen in Fig. 9 (A) and (B) respectively. There is a
significant increase in conversion from 30 mM to 80 mM, which is
consistent with previously reported small-scale batch results [23,25],
and the conversion becomes relatively constant above 80 mM. For lower
concentrations, below 40 mM, conversion is slightly sensitive towards
residence time, however, it reaches a constant value after ~30 min. For
higher concentrations, the conversion is almost independent of the
residence time. A lower yield of the oligomer and higher monomer
conversion is desired to maximise the polymer (silica) yield. Fig. 9 (C)
and (D) show that the oligomer yield is independent of the initial con-
centration of the monomer as the reaction is first order with respect to
the monomer. The oligomer yield decreased significantly from 5 min to
25 min residence time (for PFR) and from 5 min to ~30 min (for CSTR)
and reached a plateau. This residence time range ensures that the olig-
omer is converted to the desired polymer. Fig. 9 (E) and (F) show the
polymer (silica) yield for PFR and CSTR respectively. The rate of poly-
mer formation depends on both the monomer and oligomer consump-
tion. Hence it is dependent on both initial concentration and residence
time. While high silicate concentrations seem to favour higher yields, at
higher concentrations of the silicate-HCI feed solution (>100 mM), the
higher viscosity of the mixture can cause mixing/handling issues and is
likely to result in premature gelation [25]. Furthermore, after 30 min
residence time, there was no significant improvement seen in the yield,
however, yield from CSTR was lower compared to the PFR.

Higher concentrations (>100 mM) may be feasibly in general, if
silicate and HCl are directly mixed in the reactor instead of preparing the
feed solution separately. This may avoid undesired premature precipi-
tation of silica gel as discussed previously. Additionally, despite rela-
tively lower concentrations, the bio-inspired silica synthesis have shown
promising properties and cost advantages compared to other silica
synthesis routes [6,8].

Since CSTRs were found to be practically easier for BIS synthesis, in
order to explore if CSTRs in series could be better, we performed sim-
ulations of 5 CSTR in series and 30 min total residence time with initial
silicate concentration ranging from 30 mM to 90 mM. Fig. 10 shows the
yield comparison of PFR and CSTR in series. Additional results on the
simulated conversion and yield of oligomer and polymer are presented
in the Supporting Information (Fig. S4). The residence time is 30 min for
the five CSTR-in-series case and thus, the individual residence time for
each CSTRs is 6 min. As expected, there is a significant improvement in
the conversion and yield after 3 CSTRs and the performance approaches
PFR for five CSTR in series.

An alternative to CSTRs is a bubble column reactor where inert gas
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like air or nitrogen can be used for mixing. We evaluated the feasibility
of BIS synthesis in a bubble column reactor (see Fig. 6 (A), entry 6). The
bubble column had a lower aspect ratio (<3), resembling a CSTR. The
ratio of residence time and mixing time for both these reactors were of
the order 10% suggesting that both the reactors have homogeneously
mixed slurry. Therefore, for the BIS synthesis and modelling point of
view, there are no significant differences in the performance of CSTR
and bubble column reactors. However, bubble column reactor is rela-
tively easy to construct and operate and does not require an agitator as
mixing can be achieved by gas bubbling. Overall CSTR and bubble
column reactors both give comparable results and are scalable.

In summary, the developed kinetic model successfully captures the
effect of pH and residence time on yield in spite of the practical exper-
imental challenges like fouling and yield losses during work-up. While,
some deviations in experiments are observed due to pH sensitivity and
fouling, model still provides valuable insights for researchers and en-
gineers working on continuous synthesis of bio-inspired silica and
similar nanoparticle systems.

5. Conclusions

In this work, we have developed a kinetic model and continuous
process for bio-inspired silica using PEHA as an amine template and
hydrochloric acid. Kinetic parameters were estimated at various pH
values using batch and continuous experimental data. A power law
correlation was developed to predict the rate constants for various
synthesis methods and pH values. The developed correlation can be used
to estimate the rate constants for transient pH experiments in batch
reactors (acid-to-base addition and vice versa) and constant pH experi-
ments in the case of CSTR. The kinetic model was validated using
continuous reactors viz. CSTR and bubble column reactor. A maximum
yield of over 55% was obtained in the CSTR and bubble column reactor
with relatively low fouling. The maximum productivity of 11.34 g/L/h
was obtained in CSTR for 5 min residence time. The surface area of BIS
particles in continuous experiments was 292 m?/g to 579 m2/g for the
pH range of 6.5 to 7. The surface area of BIS particles in batch experi-
ments was 352 m2/g to 474 m?%/g for the pH range of 6.6 to 9.2. Sim-
ulations were performed for a range of residence times (5-60 min) and
feed concentrations (30-150 mM) to generate design space for finding
optimum conditions using PFR and CSTR models. The presented kinetic

100 -
10 J
so T T T T T T ——
4 ]

. 60 ]

S ]

o 50 1

< ]

> 40 1 ———CSTR (90 mM)
30 | ~ — -PFR (90mM)

] ———CSTR (60 mM)
20 1 — — PFR (60 mM)
10 - ———CSTR (30 mM)
] — — -PFR (30 mM)
0 ]
1 2 3 4 5

Number of CSTRs in series

Fig. 10. Yield comparison of PFR and 5-CSTR in series for different concen-
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model and results will be useful for further reactor design and devel-
oping scalable processes for bio-inspired silica production.

Nomenclature

Cm concentration of silicic acid or monomer (M)
Ca concentration of PEHA (M)

Co concentration of Oligomer (M)

Cp concentration of Polymer (M)

Ci concentration of species ‘k’ (M)

Ckilin concentration of species ‘k’ (M)

k1 rate constant for Monomer formation (M~! s~ 1)
ko rate constant for Oligomer formation ™m>sh
Koref reference rate constant for ky at pHyef (M™> sh
ks rate constant for Polymer formation sH

Ksref reference rate constant for kg at pHyef s™H

kg rate constant for PEHA-salt formation (M~ s 1)
n stoichiometric coefficient or chain length

o order of reaction with respect to monomer
PHref reference pH = 7

q1 feed 1 flowrate (L/s)

Q2 feed 2 flowrate (L/s)

qr total or outlet flowrate (L/s)

Rk rate of reaction for k' species M™s™H

t time (s)

o mole ratio of HCl with respect to sodium silicate
0 exponent parameter for the effect of pH on rate constants
B kinetic parameter for the effect of pH profile
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