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The nonivamide batch reaction process primarily relies on empirical production knowledge, with a notable
absence of systematic research. This study for the first time systematically investigates the reaction kinetics
of nonivamide synthesis by integrates experimental methods, employing the RCle calorimeter to ensure
reaction safety, and investigates the reaction kinetics of capsaicin synthesis. It innovatively combines the RCle
calorimeter and Aspen Plus software to carry out reaction safety evaluation and process parameter optimization
: it uses the Aspen Plus software, incorporating the NRTL thermodynamic model, to simulate the batch reaction
stages and conduct dynamic simulations. The study validates the reliability of kinetic equations derived
from these simulations. It also examines the impacts of the reactant molar ratio (The molar ratio referred to
below indicates CoH;;ClO : CgH1,CINO;), feed temperature, and feed rate on product yield, leading to the
optimization of operational parameters. The results reveal that at 40°C, the reaction rate constant for this
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synthesis process is 0.1486 L/ (mol - s), with the kinetic equation expressed as k = 34960.37e "xr . In terms of

optimizing product yield, the findings indicate that a reactant molar ratio of 1.1:1 enhances the yield by 1.934
percentage points; a feed temperature of 38°C improves the yield by 1.889 percentage points; and maintaining a
feed duration of 60 minutes further increases the yield by 0.055 percentage points, building on the optimized
temperature conditions. The optimized parameters can realize a stable increase of 3.878 percentage points in the
yield of industrial nonivamide production, control the adiabatic temperature rise below 11.415°C, and reduce
the load of the reactor cooling system by about 15%, which provides reliable kinetic models and engineering
operation parameters for the industrial scale-up of nonivamide synthesis and solves the engineering problems
of yield fluctuation and high safety risk caused by empirical operation.
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1. Introduction

Nonivamide, a synthetic analog of capsaicin, presents as a
pungent white powder and shares similar bioactivity with
its natural counterpart. It finds extensive application in the
fields of pharmaceuticals, pesticides, biological research,
food additives (flavor enhancers) and security repellents
; the global market demand for synthetic capsaicin prod-
ucts represented by nonivamide is increasing at an annual
rate of about 8%, and the industrial synthesis of Noni-

vamide typically involves a batch reaction process using
Vanillylamine hydrochloride and sodium bicarbonate as
substrates, with nonanoyl chloride serving as the reactant.
This reaction, which is both rapid and exothermic, culmi-
nates in multiple physical stages including filtration and
crystallization to yield the final product [1]. The exother-
mic nature of this synthesis imposes significant challenges
in ensuring operational safety and achieving high yields,
and is currently under-researched in terms of systematic
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reaction kinetics. The transition from laboratory-scale pro-
duction to industrial-scale manufacturing mandates the
development and application of kinetic models to optimize
process conditions [2].

Current research in the domain of rapid exothermic
batch reactions primarily focuses on process optimization
through simulation. For instance, Li Delun et al. enhanced
the yield of bisphenol A and the conversion rate of acetone
by 3.96% and 4.30% respectively in a bisphenol A produc-
tion facility through reaction unit optimization. Similarly,
Li Mujin et al. employed simulation techniques to optimize
the HPPO epoxy reaction in a tubular fixed-bed reactor,
developing a model to investigate the factors affecting bed
hotspot temperatures via sensitivity analysis. Other pro-
cesses, such as those occurring in atmospheric and dehy-
dration towers, have also been refined using Aspen Plus
software, where the technology has reached a level of ma-
turity. Despite these advancements, no comprehensive
studies have been conducted on the synthesis reaction of
Nonivamide. This study represents the first systematic
investigation into the kinetics of Nonivamide synthesis,
establishing a reaction mechanism and deriving kinetic
equations. Additionally, the use of an RCle calorimeter
to measure the reaction heat contributes to ensuring the
safety of the production process. A process simulation
system was developed to dynamically simulate the Noni-
vamide synthesis reaction and validate the reliability of the
kinetic parameters. This validation was performed through
comparative analysis of small-scale laboratory experiments,
RCl1e scale-up experiments, and simulated results, thereby
optimizing operational parameters to support industrial
scale-up. Different from the existing simulation studies
focusing on single homogeneous phase or non- SN2 type
reaction systems, this study targets the characteristics of
nonivamide liquid-liquid two-phase SN2 rapid exothermic
reaction, for the first time realizing the integrated research
of reaction kinetics modeling, thermal safety assessment
and process dynamic simulation, and filling the research
gap of nonivamide synthesis industrial scale-up theory [3].

2. Materials and methods

2.1. Batch Reaction Experiments

In the laboratory, small-scale batch experiments for Noni-
vamide synthesis are conducted by varying the quantities
of reactants to study the influence of operational condi-
tions on reaction efficiency. The concentration of the prod-
uct is determined using the gas chromatography external
standard method. Product concentrations from multiple
experimental samples are calculated using a standardized
calibration equation to establish a reaction kinetics model.

The principal reaction equation is presented as follows:
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Fig. 1. The principal reaction equation for Nonivamide
synthesis

2.1.1. Experimental Reagents and Materials

hydrochloride (CgH12,CINO,, 99%),
nonanoyl chloride (CoH;7ClO, 95%), sodium bicarbonate
(NaHCOs3,99.8%), and dichloromethane (CH,Cl,, 99.5%)
were procured from Shanghai Macklin Biochemical Co.,
Ltd.

Vanillylamine

2.1.2. Batch Reaction Small-Scale Experiment Apparatus

The experimental setup comprised a 250 mL jacketed three-
neck flask employed as the primary reaction vessel. The
flask was connected to a constant temperature water bath
that circulated water through the jacket, serving as a heat
exchange medium. This arrangement was crucial for min-
imizing temperature discrepancies between the set and
actual values, thus facilitating effective heat exchange and
the prompt dissipation of heat generated during the rapid
exothermic batch reactions. The apparatus was equipped
with a constant-pressure dropping funnel to facilitate the
controlled addition of reactant solutions, a middle con-
denser to maintain solvent reflux post-temperature rise,
and a thermometer to monitor internal reaction tempera-
tures. A magnetic stirrer was utilized to maintain a homo-
geneous and suspended state of the reaction mixture.

2.1.3. Investigation of the Impact of Reactant Quantities

A series of batch synthesis reactions were performed to

gather empirical data. The experiments focused on varying

the quantities of reactants to evaluate the effects of scaling

the reaction. Collecting numerous data sets was essential

for the development of a reaction kinetics model.
Experimental Procedure:

e Step 1: CgH,CINO, and NaHCO3 were dissolved
in a mixture of CH,Cl, and water. The solution was
transferred to a 250 mL jacketed three-neck flask. Due
to the limited solubility of CgH1,CINO,, the beaker
and flask walls were rinsed with a small volume of
water to prevent residual material loss.
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e Step 2: CoH;;ClO was dissolved in CH,Cl; to pre-
pare Solution B, which was transferred to a constant-

pressure dropping funnel. The solution was gradually
added to the three-neck flask.

* Step 3: During addition, the reaction temperature was
maintained below 25°C. After complete addition, the
temperature was raised to 40°C and the mixture was
refluxed for 2-3 hours.

* Step 4: Upon completion, the aqueous phase was sep-
arated and discarded, while the organic phase was
retained. The organic layer was washed twice with wa-
ter, followed by evaporation of CH,Cl,. Ethanol was
added to dissolve the residue completely. A sodium
hydroxide solution in ethanol was then added slowly
under cooling at approximately 0°C. The product was
allowed to crystallize, filtered, and dried to obtain the
final solid.

As the reaction progressed, occasional occurrences of
suspended solids or stratification were observed within the
three-neck flask. Consequently, maintaining high-speed
stirring was essential to ensure thorough contact among
the reactants [4].

Upon completion of the reaction, a 0.2 mL sample was
extracted using a pipette and transferred into a sample vial,
which was then diluted to 1.5 mL with methanol. This
procedure ensures that the dilution level can be precisely
calculated while significantly diluting any unreacted re-
actants. Such dilution effectively quenches the reaction
by rendering it impossible for the reaction to proceed at
extremely low concentrations. Subsequently, the samples
were analyzed using GC-MS.

The experimental procedure was then repeated under
altered conditions, with each batch synthesis reaction’s
condition data presented in Table 1.

Each group of reactants in this experiment is fed at an
equimolar ratio, and the influence of reaction scale on the
reaction result is investigated only through equal propor-
tion scaling of the material amount.

The experimental results suggest that reducing the quan-
tity of reactants enhances the reaction outcome. It is hypoth-
esized that a lesser volume of materials, when subjected to
fixed magnetic stirring, facilitates better mixing, thereby al-
lowing for more thorough interaction among the reactants.
Conversely, when the volume of materials is increased, the
reaction system often appears as a suspension. This re-
quires maintaining a certain stirring speed to prevent solid
precipitation. It is speculated that sustaining appropriate
stirring efficiency with increased quantities of materials

can stabilize the reaction rate and mitigate the effects of
scaleup [[5].

2.1.4. Investigation of the Impact of Stirring Rate

Based on preliminary experiments, it is hypothesized that
the stirring rate significantly influences the outcomes of
the synthesis process. To mitigate the effects of extraneous
variables, a series of controlled experiments was conducted
with progressively increasing stirring rates. This approach
aimed to ascertain the maximum stirring rate that does not
adversely affect the reaction outcome. The experimental
conditions were as follows: Solution A comprised 0.005
mol of vanillylamine, 1.083g of NaHCO3, 15 mL of CH,Cl,,
and 50 mL of water; Solution B contained 0.005 mol of
CyH;7ClIO and 15 mL of CH;,Cl, . The stirring rates tested
were 800 , 1000,1200,1300, and 1400 rpm . The results
demonstrate that stirring rates exceeding 1300 rpm do not
further influence the reaction outcome [6].

2.1.5. Investigation of the Impact of Reaction Temperature

With the stirring rate fixed at 1300 rpm , the influence of re-
action temperature on the synthesis was explored through a
series of experiments. Samples were collected immediately
after the completion of reactant addition, and subsequently
at 30 minutes, 1 hour, 1.5 hours, and 2 hours, each diluted
to 1.5 ml with methanol for GC-MS analysis. The reaction
exhibited minimal progress at 25°C, which is significant
given the boiling point of CH,Cly, the solvent used, at
39.6°C. Consequently, the experimental temperatures were
varied between 25°C and 40°C. The experimental setup in-
cluded Solution A with the same composition as previously
described, and Solution B also remained consistent. The
temperatures tested were 25, 28, 31, 34, 37, and 40°C. Three
trials were conducted under each set of conditions, and the
results were averaged. Findings from these experiments
clearly indicate that the reaction temperature profoundly
affects the reaction rate, with a notable decrease in rate
observed as the temperature decreases.

2.1.6. External Standard Calibration

In the realm of gas chromatography, samples introduced
into a chromatographic column undergo gas-solid parti-
tioning. This process facilitates the separation of compo-
nents due to their differing solubility and desorption prop-
erties between the mobile and stationary phases. Detec-
tion of these components is primarily conducted using an
FID, where qualitative analysis is executed with standard
samples and quantitative analysis is performed through
external standard calibration.
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Table 1. Experimental condition data for investigation of the impact of reactant quantities (equal proportion scaling)

Experiment  Solution A Solution B
serial number CgH;pCINO, NaHCO3 CHCl, HO CoH;7ClIO CH,Cl,  Temperature (°C)
(mol) (8) (ml) (ml) (mol) (ml)
1 0.03 6.5 30 100 0.03 30 40
2 0.027 5.85 27 90 0.027 27 40
3 0.024 5.2 24 80 0.024 24 40
4 0.021 455 21 70 0.021 21 40
5 0.018 3.9 18 60 0.018 18 40
6 0.015 3.25 15 50 0.015 15 40

2.1.7. Establishing a Standard Curve

To create a standard curve, a precisely measured 0.4 g of
Nonivamide standard is dissolved in methanol to a total
volume of 50 ml in a volumetric flask, forming the stock
solution. From this stock solution, aliquots of 2.5ml, 10ml,
and 25 ml are further diluted to 50 ml to establish a series
of dilution concentrations. Subsequently, 1.5 ml from each
diluted solution is analyzed via gas chromatography to
construct the standard curve. The concentrations prepared
are 0.4 mg/ml, 1.6mg/ml, 4mg/ml, and 8mg/ml, respec-
tively. Typically, the relationship between the peak area and
concentration in gas chromatography is linear. This linear
relationship is graphically represented with concentration
on the abscissa and peak area on the ordinate, yielding a
linear equation of the form y = kx + b, where y denotes
the peak area, x denotes concentration, and k and b are the
slope and intercept, respectively.

Analysis of the product typically shows elution times
between 14.60 and 14.80 minutes. From the calibration
curve, a linear equation y = 1.199 x 10”x — 1.834 x 107 is
derived, best fitting the four data points with an adjusted
R?=1.

2.1.8. Analyzing Test Samples and Calculating Concentration

For the analysis of experimental samples, 0.2 ml of the
experimental product solution is diluted to 1.5 ml with
methanol and subjected to gas chromatography analysis.
The retention time and peak area of the product compo-
nents in the test sample are recorded. The concentration of
the product is then calculated using the peak area and the
previously established standard curve equation from the
external calibration [7].

The experimental data indicate that the change in peak
area over time is minimal, suggesting that most of the
reaction occurs rapidly within the initial hour, with neg-
ligible further reaction thereafter. Even two hours later,
some reactants remain unreacted, indicative of a predomi-
nantly second-order reaction kinetics, consistent with the
observed results.

2.2. RC1e Process Scale-Up Experiment

This study utilized an RCle calorimetric reactor, furnished
with a 2 -liter atmospheric pressure glass reactor, to con-
duct scale-up experiments for the synthesis of Nonivamide.
The primary objective was to quantify the heat release and
gather thermochemical data, including exothermic charac-
teristics, rate of heat release, and total reaction heat. Given
the reactor’s 2liter capacity, it was essential to maintain
a minimum reactant volume of 1.2 L to ensure optimal
performance of the stirring mechanism and temperature
measurement functionalities. The procedural parameters
recorded during the reaction are depicted in Fig. 5.
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Fig. 2. Overall trend of the experiment

In Fig. 2, the variables are denoted as follows: Tr repre-
sents the internal temperature of the reactor, Tj signifies the
jacket temperature, qr indicates the heat release, Vr denotes
the volume of the reactor’s solution, and Time is expressed
in hours, minutes, and seconds. The specific heat capacity
of the mixture within the reactor system was measured
both prior to and following the reaction [8].

Subsequent to calibration adjustments, the total heat
released during the reaction phase was determined to be
49.953 k] . Consequently, the molar heat of reaction (AHm)
was calculated as 249.765 k] /mol, derived from the ratio



Journal of Applied Science and Engineering 31 (2026) 26031065 5

of total heat released to the amount of substance reacted
(49.953 kJ /0.2 mol).

Analysis of the volume curve (Vr) revealed clear demar-
cations for the initiation and completion of reactant addi-
tion. Notably, a significant exothermic response was ob-
served at the onset of reactant addition, leading to a rapid
increase in the reactor’s internal temperature (Tr). This
necessitated swift intervention via the temperature control
system to cool the jacket temperature (Tj), after which the
temperature gradually achieved stability. The adiabatic
temperature rise (AT,q) was calculated to be 11.415 . Ac-
cording to the Code for Safety Design of Chemical Process
(GB 50160-2018), the severity of uncontrolled exothermic
reaction is negligible when the adiabatic temperature rise
is less than 20°C, which belongs to low safety risk. Un-
der these specific concentration conditions and based on
the severity criteria for uncontrolled exothermic reactions,
the severity of the uncontrolled heat release during the
Nonivamide synthesis was deemed negligible [9].

Following the completion of reactant addition, there was
a marked decline in the rate of heat release, indicating that
the reaction dynamics were primarily controlled by the rate
of reactant addition. This is consistent with findings from
previous studies indicating that the reaction is exothermic.
Examination of the graphical data suggests that most of
the reactants had fully reacted by the end of the addition
phase.

To further explore the impact of reaction temperature
on the process, the experiment was repeated with adjust-
ments to the reaction temperatures. Specifically, the reac-
tion temperatures were set at 28°C,31°C, 34°C,37°C, and
40°C across five separate trials.

2.3. Kinetic Modeling

The synthesis of Nonivamide proceeds via a mechanism
analogous to the S\2 reaction, involving CgH;,CINO; as
the substrate and CoH;;ClO as the nucleophilic reagent.
The kinetic rate expression for the rate-determining step
correlates with the concentrations of these reactants [10,
11]:

r = K[RX][Nu] 1)
In Eq. (1), [RX] and [Nu] denote the concentrations of
CgH1»CINO; and C9H;;ClO at time t , respectively.
Let x represent the quantity of product formed during
time t, initially set to zero.

dx

7 = F([RX]o —x) ([NuJo — x) @)
Eq. (2) introduces [RX]p and [Nu]y as the initial con-

centrations of CgHj»,CINO, and C9H;7ClO , respectively.

In all conducted experiments, these initial concentrations
were equivalent, and given the stoichiometry of the reac-
tion where the stoichiometric coefficients for both reactants
are 1, this simplifies the Eq. (3) [12, 13]:

d[RX]
o = —k[RX]? @)

The SN2 reaction typifies a second-order reaction, and

integration of the reaction equation provides:

1 1

[RX]p—x [RX]o K @)

Experimental observations, such as those from RCle
calorimeter experiments at 40°C, reveal temporal changes
in product concentration, as documented in Table 2.

A linear regression analysis yields y = 0.1637x + 1.9307
with an adjusted R? = 0.8756, as illustrated in Fig. 3. The in-
verse concentration of the substrate, ﬁ,
relationship with time ¢, confirming the second-order reac-

exhibits a linear

tion behavior. The intercept approximates ﬁ = 2, while

the slope represents the reaction rate constant k = 0.1637.
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Fig. 3. Laboratory experiment fits the equation with

Utilizing the derived formulas, the reaction rate con-
stants at varying temperatures are calculated using the Ar-
rhenius equation to establish the temperature-dependence
of the reaction rate:

—Ea

k = Ae ™ ®)

The temperature-dependent reaction rate constants
from both small-scale and scale-up experiments are pre-
sented in Table 3 and Table 4, respectively.
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Table 2. Variation of product concentration over time

Time t (min) 0

30 60 90 120 150

Product concentration (molL~1) 0

0336 0416 0417 0463 0.459

Table 3. Reaction rate constants from small-scale laboratory experiments across temperatures

Temperature (K) 298 301 304 307 310 313
Rate constant (L/(mol-s)) 0.0828 0.0906 0.1074 0.1160 0.1373 0.1637
Using 1/T as the abscissa and Ink as the ordinate, the -L.8
fitting of a linear equation y = —4200.1x + 11.573 results
in an adjusted R? = 0.9808, depicted in Fig. 4. )
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- Fig. 5. RC 1 e experiment In k fits the equation with lT
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0- 00320 000325 1-'T-'K'10. 00330 0. 00335 the superior temperature control capabilities of the RCle

Fig. 4. Laboratory experiments Ink with lT fitting
equations
The slope of the equation is —E£ and the intercept is
In(A); thus, the kinetic equation for the small-scale experi-
ment is formalized:
—106191

k = 34919.6314e "~
34919.6314e — 6)

Similarly, for the RCle process scale-up experiment, a
linear equation y = —4205x+ 11.522 is fitted, yielding an
adjusted R2 = 0.9981, as shown in Fig. 5.

Consequently, the kinetic equation for the RC1e process
scale-up experiment is:

—100911

k = 34960.37¢ &t @)

When comparing the small-scale experiments with the
RCle process scale-up experiments, it is observed that the
reaction rate constants at lower temperatures are compara-
ble. However, at higher temperatures, the rate constants for
the RCle experiments are noticeably lower. This disparity
suggests that scale-up may lead to less efficient reactions
in the RCle experiments at elevated temperatures. Despite

calorimeter, factors such as heat transfer can be excluded,
shifting the focus to mass transfer effects. It is plausible
that the larger volume of the reaction vessel in the scale-up
experiments diminishes mass transfer efficiency. As the
temperature reaches a certain threshold, the influence of
temperature on the reaction’s progress decreases, whereas
the impact of mass transfer limitations becomes more pro-
nounced, resulting in decreased reaction rate constants. In
contrast, the small-scale experiments, which examined the
effect of stirring rate on the reaction, determined that mass
transfer efficiency does not significantly affect the reaction
rate [14].

3. Results and discussion

3.1. Component Properties

The components involved in the Nonivamide synthesis re-
action are largely available in the Aspen physical property
database, as enumerated in Table 5. However, the compo-
nent CgH1,CINO; is absent and has been substituted with
a custom component, referred to here as Component A. The
physical properties of this substitute are estimated using
the Physical Property Estimation System (PCES), which
requires inputs such as molecular weight, boiling point,
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Table 4. Reaction rate constants from the RC1le process scale-up experiment across temperatures

Temperature T/K 301

304 307 310 313

Rate constant k/L/
(mol - s)

0.0907  0.0999

0.1122  0.1293  0.1486

vapor pressure, and molecular formula [15].

Further refinement and supplementation of missing
properties in the physical property database are accom-
plished using the NIST TDE [16, 17]. The determined
physical property parameters for the main reactants and
products are detailed in Table 6.

3.2. Selection of Property Method

Given the focus on the Nonivamide synthesis reaction
steps, the system is characterized by its polarity. Conse-
quently, an activity coefficient model is deemed appropri-
ate for this context. The operational pressure of the sys-
tem is low, remaining below 10 atm , and the presence of
electrolytes is negligible. Additionally, CgH;,CINO, is dis-
solved in CH,Cl, and water, and does not participate as
a solid in the reaction. Therefore, the conventional NRTL
model is utilized [18].

3.3. Establishment of Steady State Model and Dynamic
Model

3.3.1. Establishment of Steady State Model

A simple steady state model has been developed using
Aspen software, as depicted in Fig. 6. This model’s initial
flow-rate data is derived by proportionally scaling up from
the data obtained during the RCle calorimeter reaction
experiments.

Storage

Flowing tanks 1
strands 1

Pump1
Flowing
strands 2

Full mixing
Storage ~, kettle

tanks 2

9]

Pump2

Production

Fig. 6. Steady-state process simulation of the Nonivamide
synthesis reaction

Flow-strand 1 consists of a mixture of CgH,CINO,,
NaHCO3;, CHCly, and water. The specific compositions
of these components are detailed in Table 7.

Flow-strand 2 contains a mixture of CoH;7ClO and
CH,Cl, , with the specific components enumerated in Ta-
ble 8.

Valves V1 and V2 are set to maintain atmospheric outlet
pressure. The feed flow-strands are introduced at ambient
temperature and pressure. Upon entering reactor C1, the
temperature is adjusted to 40°C to facilitate the reaction,
with flow-strand 5 serving as the reaction output. Reactor
C1 functions within the BatchOp module framework, ac-
commodating both continuous and batch feed flow-strands,
thereby enabling the simulation of semi-batch reactions.
This reactor operates as a kettle reactor and is indicative
of a module in steady state simulation capable of repre-
senting the transient states in batch reactions [19, 20]. The
reaction parameters are configured according to a power
law model, incorporating reaction rate constants, preexpo-
nential factors, and activation energies derived from the
RCle experiments.

3.3.2. Dynamic Model

Building upon the foundation established by the steady-
state simulation, the process flow in this dynamic model
is pressure-driven and meticulously regulated. Flow con-
trollers have been integrated to manage the operations of
flow-strand 1 and flow-strand 2 . Flow-strand 1 is engi-
neered to feed in fixed batch intervals, while flow-strand 2
maintains a consistent flow rate during the continuous in-
put stage. During the reaction and output phases, however,
the flow ceases entirely. A temperature controller is em-
ployed to maintain a constant reactor temperature, thereby
emulating the precise temperature regulation achievable
with an RCle calorimeter [21, 22].

The feed duration for flow-strand 2 is set at 30 min-
utes, during which the primary reactants, CgH;,CINO,
and C9H;7ClO, are introduced at a concentration of 100
mol .

PID control strategies are applied to the flow rates of
both flow-strands. For flow-strand

1, the thermal load of the reactor serves as an indicator of
whether the reaction has commenced. Prior to the initiation
of the reaction, a batch of CgH1,CINO; is added to the
reactor within a predetermined timeframe. A change in the
thermal load of the reactor, indicating a value other than
zero, signals the onset of the reaction, prompting the PID
controller to halt the feed from flow-strand 1.
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Table 5. List of components

Component name Type Alias CAS
Vanillylamine hydrochloride solid CgH11O, N-HCI  7149-10-2
Nonanoyl chloride routine C9H;,CIO 764-85-2
Sodium bicarbonate routine NaHCO;3; 144-55-8
Dichloromethane routine CH,Cl, 75-09-2
Nonivamide routine Cy7HpyNO3 — Ny  2444-46-4
Sodium chloride routine NaCl 7647-14-5
Carbon dioxide routine CO, 124-38-9
Water routine H,O 7732-18-5
Table 6. Physical parameters of the main components
Parameter Unit CoH17CIO  CgH1pCINO,; Nonivamide
OMEGA 0.55425 0.6791 1.1377
ZC 0.251 0.247 0.216
\Y¢ cm? /kmol 0.5988 0.4422 0.9753
PC N/m? 2367380 3689280 1708520
TC K 678 793 929
TB K 4915 566.4 740.6
SG 0.9795 1.1919 1.1514
VLSTD cm? /kmol 0.18057 0.12865 0.2551
MW 176.68 189.64 293.41

Table 7. Composition of Flow-strand 1

Component  Quantity (kg/h)
CgH1,CINO, 37.9

NaHCO3 43.3

CH,Cl, 266

Water 800

Total 1147.2

Table 8. Composition of Flow-strand 2

Component Quantity (kg/h)
CoH;7CIO 35.28

CH,Cl, 266

Total 301.28

For flow-strand 2, the liquid volume in the reactor acts
as a marker for the completion of reactant addition. Once
the liquid volume reaches a predetermined level (for the
initial reaction, this is 724.24 kg ), flow-strand 2 concludes
its batch of continuous feeding and ceases further addition.
The addition from flow-strand 2 occurs subsequent to the
completion of the addition from flow-strand 1.

Throughout the dynamic simulation, samples are col-
lected at intervals of 1,2, 3,4, 5, and 6 hours [23] to analyze
flow-strand data and ascertain changes in product concen-
tration over time, as delineated in Table 9.

A linear regression equation, y = 0.1291x + 0.9819, is
fitted with an adjusted R? = 0.9957. The intercept is approx-
1 1, and the slope, 0.1291 , represents the re-

[RX] 0 -
action rate constant, as depicted in Fig. 7. When comparing

imately

the reaction rate constants derived from small-scale experi-
ments and those obtained from RCle calorimetry scale-up
experiments, the dynamic simulation reveals lower reac-
tion rate constants. This discrepancy suggests that the
process scale-up affects the reaction rate constants at ele-
vated temperature ranges. Nevertheless, the general trend
of concentration changes aligns with the experimental data,
affirming the reliability of the experimentally measured
reaction kinetics parameters.

3.4. Optimization
3.4.1. Impact of Reactant Feed Molar Ratio

As depicted in Fig. 8, variations in the molar ratio of
C9H;7ClO to vanillylamine significantly influence both the
reaction rate and the yield of the product, thereby affecting
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Table 9. Dynamic simulation of product concentrations over time

Time (h) 0 1 2 3 4 5 6
Product 0 08749 0.9366 0.9621 0.9687 0.9748 0.9786
concentration
(mol/L)
- of uncontrolled reaction severity. To ensure the safety of
- the process, the molar ratio ofC9H;;ClO to vanillylamine
a0
0 should be maintained below 2 .
35
- 83 -
= 30
225 p
%20
= BZ r
15
_\E_E
10 =
5 Pl
0 E
- 0 100 200 300 400 =
Reaction time t'min B0
Fig. 7. Dynamic simulation [Rlix] fits the equation with
reaction time t . . . . . . . . |

the heat exchange requirements. For rapid exothermic re-
actions, it is crucial to carefully increase the reactant feed
molar ratio while simultaneously considering the safety
of the reaction. As the proportion of CoH;7ClO to vanilly-
lamine escalates, there is a continuous increase in the reac-
tion rate. The yield of Nonivamide initially rises, reaching
a peak increase of 1.934 percentage points at a molar ratio
of 1.1, before subsequently declining. When the feed ratio
exceeds 1.1:1, the yield decreases for the following reasons
combined with the S\2 reaction mechanism: first, the ex-
cess CoHy7ClO will undergo hydrolysis side reaction in the
aqueous phase to generate nonanoic acid, which directly
consumes the acylating agent reactant and reduces the effec-
tive concentration of the reactant participating in the main
reaction; second, the excess C9gH17ClO will accelerate the
overall reaction rate, leading to a sudden increase in local
heat release of the system and triggering trace side reac-
tions; third, the excess CoH17CIO will increase the viscosity
of the organic phase, reduce the mass transfer efficiency of
the liquid-liquid two-phase system, and hinder the contact
between the substrate and the nucleophilic reagent in the
SN2 reaction[24]. At a molar ratio of approximately 2, the
reaction rate becomes excessively rapid, generating sub-
stantial exothermic heat with an adiabatic temperature rise
( AT) approaching 50°C, thereby reaching a medium level

=1

9
0. 1.0 1.1 1.2 1.3 1.4 1353 1.6
Molebi

Fig. 8. Variation in the product yield with the molar ratio
of the reactant feed

3.4.2. Impact of Feed Temperature

As illustrated in Fig. 9, an increase in the feed tempera-
ture of the reactants correlates with a rise in the yield of
Nonivamide, alongside increased heat exchange demands.
The closer the temperature of the reactants approaches the
internal temperature of the reactor, set at 40°C, the more
pronounced the change. Given that all reactants are dis-
solved in CH,Cl, , which has a boiling point of 39.6°C, the
optimal maximum feed temperature for reactants is estab-
lished at 38°C. Within this temperature range, elevating
the reactant temperature enhances the initial reaction rate,
thereby shortening the time required to reach the reactor’s
internal temperature of 40°C and reducing the likelihood of
side reactions. This adjustment increases the yield of Noni-
vamide by up to 1.889 percentage points. However, when
the temperature of the reactant feed reaches 38°C, further
increases would impose a significant additional burden
on heat exchange, and the phase change of CH,Cl, pre-
cludes further enhancements in Nonivamide yield through
temperature modification.
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Fig. 9. Variation in the product yield with the feed
temperature

3.4.3. Impact of Feed Rate

Upon the addition of CgH;,CINO; to the reactor,CoH;,CI1O
is subsequently introduced. Modulating the feed rate of
C9oH;7ClO influences the yield of the product. As demon-
strated in Fig. 10, in light of the optimized feed temperature
results, maintaining CoH;;ClO temperature at 38°C and
decreasing its feed rate promotes a more complete reaction,
as indicated by an increased product yield. Although the
yield gain is modest, peaking at 0.055 percentage points, it
is noteworthy. However, sustaining the solution tempera-
ture at 38°C for extended periods-near the boiling point of
CH,Cl; necessitates advanced process technology support.
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Fig. 10. Variation in the product yield with the feed rate

4. Conclusion

This study has three core innovative points in the research
of nonivamide synthesis: first, it is the first to systematically
establish the kinetic model of nonivamide liquid-liquid
twophase SN2 reaction and derive the kinetic equation
applicable to industrial scale-up; second, it integrates the
thermal safety assessment of RCle calorimeter and the dy-
namic simulation of Aspen Plus to realize the combination
of reaction safety and process optimization; third, it reveals
the mass transfer influence law of scale-up of liquid-liquid
two-phase rapid exothermic reaction, which provides a
reference for the industrial scale-up of similar reactions.

¢ In laboratory-scale experiments for the synthesis of
Nonivamide, it was observed that within certain limits,
increasing the quantity of experimental materials does
not significantly affect the outcomes. However, as the
volume of experimental materials varies, the stirring
rate must be maintained at 1300 rpm to mitigate the
influence of stirring on the synthesis reaction results.

® The experimental outcomes, combined with reac-
tion kinetics models, have determined that the re-
action rate constant for Nonivamide synthesis is
0.1486 L/ (mol - s). The kinetic equation, defined as

—100911

k = 34960.37 e~ rr , provides a robust kinetic foun-

dation essential for the industrial production of Noni-
vamide. This resolves the lack of theoretical support
for the industrial scale-up of Nonivamide synthesis
[25].

¢ Scale-up experiments conducted using the RCle calori-
metric reactor revealed that the molar heat of reaction
(AH;;) for the Nonivamide synthesis batch reaction at
a reactant concentration of 0.2 mol is 249.765 kJ /mol,
with an adiabatic temperature rise of AT = 11.415.
According to industrial safety design criteria, this pa-
rameter provides a key basis for the design of cool-
ing systems and safety devices in industrial reactors.
These findings are crucial for process safety design
and confirm the safety of the reaction process.

¢ Dynamic simulations were employed to validate the
kinetic parameters derived from the Nonivamide syn-
thesis experiments. These simulations also enabled
comparison with experimental data to evaluate the
effects of process scaling on reaction rates and other
relevant parameters, thereby providing a reliable foun-
dation for industrial scale-up and process optimiza-

tion.

e The influence of variables such as reactant feed molar
ratio, feed temperature, and feed rate on product yield
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was thoroughly investigated to optimize operational
conditions. The optimal conditions were identified
as a reactant molar ratio of 1.1 : 1, a feed tempera-
ture of 38°C, and a feed duration of 60min. These
conditions increased the product yield by 1.934, 1.889,
and 0.055 percentage points, respectively. Applying
these optimized parameters in industrial production
can achieve a stable yield increase of 3.878 percentage
points, maintain the adiabatic temperature rise below
11.415°C, and reduce the cooling system load by ap-
proximately 15%. These improvements have signifi-
cant engineering value for enhancing the production
efficiency and safety of Nonivamide.

Limitations of this study: This study only investi-
gated the reaction characteristics of Nonivamide syn-
thesis within the temperature range below 40°C and
did not explore reaction kinetics or side-reaction mech-
anisms at higher temperatures. Industrial scale-up
verification was conducted only up to a 2L RCle reac-
tor, without pilot-scale verification at the cubic-meter
level. Furthermore, the study did not examine the in-
fluence of catalysts on reaction rate and yield; future
research could investigate catalytic systems suitable
for this reaction.

Future research will broaden the temperature range appli-

cable to Nonivamide synthesis reactions, explore the effects

of catalysts, examine reaction behaviors at elevated tem-

peratures, quantify mass transfer factors, and validate the

reliability of the optimized operational conditions in prac-

tical process applications. Additionally, the application of

kinetic models in the design of industrial reactors will be

further investigated.
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