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Thermodynamic and Kinetic Study on the Catalysis of
Isobornyl Acetate by a Cation Exchange Resin an
Intensified Fixed-Bed Reactor
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School of Chemistry and Chemical Engineering, Nanjing University, 210023 Nanjing, China

Abstract: Esterification Thermodynamic and Kinetic on acetic acid with camphene was studied
systematically in an intensified fixed bed reactor at 303-323 K with anhydrous NKC-9 resin. The catalyst
loading, initial molar ratio, temperature, and catalyst reusability were studied and optimized. The
method of UNIFAC was applied to calculate the activity coefficient of each component for correcting
the nonideality of the solution. Reaction enthalpy, entropy, and Gibbs free energy were calculated. The
kinetics of camphene esterification was studied by pseudo-homogeneous model (PH model), and the
fitting effect was good, which provided experimental reference and theoretical basis for the industrial
production of isobornyl acetate.
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1.Introduction

Isobornyl acetate, commonly known as leguminous ester, has a fresh woody and camphor fragrance.
As a raw material for flavors and synthetic flavors, it is widely used in indoor air fresheners and other
daily chemicals, pharmaceutical intermediates, solvents and lubricants synthesis of agent. Isobornyl
acetate can be synthesized by esterification reaction of camphene and acetic acid. The reaction
mechanism is shown in Figure 1. First, camphene forms an intermediate form of carbon ions under the
contact catalysis of acid catalysts, and then quickly rearranges. The rearranged carbocations undergo
dehydrogenation with the reaction of acetic acid molecules to form isobornyl acetate. In this reaction,
the choice of catalyst is crucial. Gu Y C et al. [1] discussed the effects of catalyst sulfuric acid dosage,
reaction time, reaction temperature and other factors on the esterification of low-grade fatty acids C1~C5
with camphene. The related conclusions obtained are that the molar ratio of carboxylic acid to camphene
was 1.2:1, the sulfuric acid dosage was 20% of camphene mass, and the reaction is carried out at 15°C
for 3 hours. The yields of several carboxylic acids and camphene were similar. Ivo j. Dijs et al. [2] used
three kinds of sulfonated crosslinked polystyrene resin (Dowex 50WX8, Amberlyst 15 and Purolite
MNS500) as catalysts to catalyze the reaction between acetic acid and camphene, using p-toluenesulfonic
acid monohydrate homogeneous the catalyst was investigated by comparative experiments. The
experiment found that Amberlyst 15 and Purolite MN500 have a reaction rate similar to that of a
homogeneous catalyst, and the catalytic effect is better. This is due to the rigid porous structure of the
catalyst, while Dowex 50WX8 is catalyzed by the low degree of crosslinking of the sulfonic acid group.
The effect is poor. Ma W L [3] used cationic exchange resin D72 as catalyst to optimize the synthesis of
isobornyl acetate in a stirring kettle and a fixed bed reactor. The results showed that the fixed bed had
higher catalyst utilization rate and continuous production. Augusto L.P et al. [4] used H3PW12040(PW)
solid acid catalyst supported by silicon dioxide for esterification of camphene and short-chain fatty acids.
The reaction conditions were mild and the yield was between 80% and 90%. Yang Y X et al. [5] prepared
solid acid catalyst with phosphotungstate supported by SO42/TiO to catalyze the reaction of camphene
and acetic acid. After the optimization of experimental conditions, the conversion rate reached 85.5%
and the purity of the product reached over 95% after distillation. Cui J T et al. [6] used Lewis acid as
catalyst, and through catalyst screening and process parameter optimization, FeCls has the best catalytic
effect, and the conversion rate of camphene is close to 99%.
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Liquid acid has been phased out due to its strong corrosiveness, difficulty in post-treatment, strict
production conditions, and serious environmental pollution. Although the solid super acid is easy to
separate after the catalytic reaction is completed, the regeneration and recycling of the catalyst is a
problem that is difficult to solve in industrial applications. Based on the above problems, in recent years,
cation exchange resins have been widely used due to their good chemical stability, easy separation and
recovery, safety and pollution-free, high catalytic activity and selectivity [7-12].

In addition, in the choice of reactor, an intensified fixed bed reactor (IFBR), improved from the
traditional fixed bed reactor by our research group [13], was applied to conduct esterification reactions
of camphene with acetic acid in the existence of anhydrous NKC-9 resin. Compared with the stirred tank
reactor, a fixed-bed reactor can effectively solve the mechanical wear problem of the solid catalyst and
greatly simplify the process of catalyst recovery and utilization. Compared with the traditional fixed bed
reactor, driven by a circulating pump, the liquid passes through the catalyst bed at high speed, which
solves the problem that channel flow is easily formed in a conventional fixed-bed reactor due to its slow
velocity. Previous studies have shown that the mass transfer coefficient in the IFBR can generally be
increased by more than 30% compared with traditional reactors, and the mass transfer area between
liquid phases can be more than double [13].

This paper mainly studied the effect of cation exchange resin NKC-9 on the esterification reaction
of camphene and acetic acid in the IFBR device. Based on the optimized experimental conditions, the
reaction thermodynamics and kinetics were calculated, and the corresponding Thermodynamic and
kinetic parameters provide a theoretical basis for industrialized production.
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Figure 1. Reaction scheme for the
esterification of camphene

2.Materials and methods
2.1 experiment reagent

Camphene (>93%), Xiamen Zhongkun Chemical Co. LTD, Ice Acetic Acid (> 99%), Alighting
Chemical Co. LTD, NKC-9, Tianjin Bohong Resin Technology Co. LTD, Acetone (analyte pure),
Nanjing Chemical Reagent Co. LTD. deionized water.

2.2 Experimental apparatus

The reactions were conducted in the IFBR shown in Figure 2, which was equipped with a 250 mL
preheating tank, a heating medium circulator (298—373 K), a peristaltic pump (<720 mL/min), and a
stainless steel fixed bed. The preheating tank and fixed bed reactor were specially made and both
equipped with the corresponding material for the water bath. The peristaltic pump was obtained from
Baoding Lead Fluid Technology Co., LTD, for precise control of raw material flow. The heating medium
circulator was equipped with a circulating pump to deliver heat flow to the preheating tank and fixed
bed.
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Figure 2. IFBR diag;ram
(1.fixed bed reactor 2.preheating tank
3.heating medium circulator 4.peristaltic pump)

2.3 Gas chromatographic analysis conditions

The samples were analyzed by Shimadzu GC-2014C chromatography. The gas chromatography
conditions are as follows: The chromatographic column is a WondaCap-5¢ capillary column
(30m x 0.32mm x 0.25um), using an FID detector, the carrier gas is N», the pre-column pressure:
45.2kPa; the flow rate of makeup gas (N2): 30 mL/ min; Hz2: 40 mL/min; air: 400 mL/min. The
temperature of the chromatographic column was increased by program: the initial temperature was 90°C
and kept for 2min; then it was increased to 230°C at a rate of 20°C/min and kept for 10min. The
gasification chamber temperature is 290°C, and the detector temperature is 280°C. The injection volume
was 0.2uL, and the area normalization method was used for quantitative analysis.

3.Results and discussions
3.1 The influence of the amount of catalyst

Anhydrous NKC-9 was used as the catalyst, the reaction temperature was 303K, and the initial molar
ratio of the materials was camphene: acetic acid = 1:3. The effect of the amount of catalyst on the
esterification reaction of camphene was explored. The results are shown in Figure 3. Figure 3 (a) clearly
shows that conversion of camphene increases from 92.1% to 97.0% with catalyst loading from 5 to 15
wt % at 90 min. while that the conversion of camphene is around 97.0% with catalyst loading from 15
to 25 wt %. This is because the mechanism of the esterification reaction of camphene with acetic acid is
a carbanion reaction mechanism, and the more the amount of catalyst is, The more acidic active sites the
catalyst can provide, and the higher the concentration of carbanion produced per unit time, so the
conversion rate of camphene in the same time is also increased. However, the increase in the amount of
catalyst will lead to a decrease in the selectivity of the reaction and more by-products. When the amount
of catalyst exceeds 15%, it can be seen that the selectivity of the reaction target product decreases
significantly, as shown in Figure 3 (b). Therefore, it is more appropriate to choose 15% for the catalyst
amount in this and subsequent reactions.
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Figure 3. The effect of the amount of catalyst on the esterification of camphene (temperature: 303K;
Catalyst: NKC-9; initial molar ratio of materials: camphene: acetic acid =1:3).
(a) The effect of the amount of catalyst on the conversion of camphene, (b) The influence of the
amount of catalyst on the selectivity of the target product

3.2 The influence of material ratio

Anhydrous NKC-9 was used as the catalyst, the catalyst dosage was 15 wt%, and the reaction
temperature was 303K. The effect of the ratio of the amount of camphene and acetic acid on the
esterification of camphene was investigated. The results are shown in Figure 4. Shown. Figure (a) shows
that when the ratio of the amount of camphene to acetic acid increases from 1:1.2 to 1:3, the conversion
rate of camphene rises from 89.6% to 97.3%, but when the ratio of the amount of substances increases
from 1:2 to 1:3, the conversion rate of camphene per unit time increases little, just rises from 96.2% to
97.3%, indicating that the increase in the amount of acetic acid at this time has a relatively small effect
on the reaction. When the ratio increases from 1:1.2 to 1:3, the selectivity of the target product gradually
increases, as shown in Figure (b). Taking into account the economic requirements of the process, when
the amount of acetic acid is excessive, continuing to increase the amount of acetic acid will increase the
consumption of materials and the energy consumption in the operation of the separated products.
Therefore, the ratio of camphene to acetic acid is preferably 1:1.5.
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Figure 4. The effect of material ratio on the esterification of camphene (temperature: 303K Catalyst:
NKC-9; Catalyst loading: 15% (w/w)). (a)The effect of material ratio on camphene conversion, (b)
The influence of material ratio on target product selectivity
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3.3 Effect of reaction temperature

Anhydrous NKC-9 is used as the catalyst, the amount of catalyst is 15 wt%, the initial molar ratio of
materials is camphene: acetic acid = 1:1.5. The effect of temperature on the esterification of camphene
is explored, and the result is shown in Figure 5. Shown. Figure (a) shows that as the temperature increases
from 303K to 323K, the rate of esterification of camphene increases. We found that when the catalytic
temperature of the reaction is greater than 308K, its catalytic activity is significantly higher than that at
low temperatures (temperature less than 308K) Catalytic activity. However, as the temperature increases,
as shown in Figure (b), the selectivity of the target product decreases, and with the extension of the
reaction time, the selectivity of the target product also decreases, indicating that the increase in
temperature is likely to increase the isomerization of camphene, The resulting product isobornyl acetate
will also be isomerized into other products. It can also be seen from Table 1 that when the temperature
is high, the yield of the target product decreases, and the lower the temperature, the higher the yield of
the target product. Therefore, the comprehensive reaction time, camphene conversion rate, and reaction
product yield are selected 308K as the reaction temperature.
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Figure 5. Effect of temperature on the esterification camphene
(catalyst: NKC-9; Catalyst loading: 15% (w/w); initial molar ratio of materials: camphene:
acetic acid =1:1.5). (a) The effect of reaction temperature on camphene conversion,
(b) The effect of reaction temperature on the selectivity of the target product

Table 1. Yield of camphene esterification product at different temperature

T/K 303K 308K 313K 318K 323K
Time
10 49.907 70.856 75418 76.850 80.685
20 69.376 81.373 83.746 83.800 84.172
30 77.226 84.932 86.152 85.627 84.768
40 82.650 87.235 86.777 85.672 84.334
50 86.707 88.049 87.164 85.550 83.581
60 86.962 88.202 87.173 85.287 83.034
90 88.420 88.428 86.603 84.385 81.564
120 89.184 88.127 86.282 83.635 80.343

3.4 Reusability of Catalysts

The reusability of the NKC-9 resin in the optimal reaction conditions was investigated in the IFBR.
The experimental results showed that the conversion after 20 h hardly changed after the catalyst was
recycled 10 times (Figure 6). The SEM results also showed that the resin had almost no wear after 10
repetitions in the IFBR (Figure 7). In summary, the NKC-9 resin showed stable activity in the synthesis
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of isobornyl acetate catalysis in the IFBR, which has certain practical application significance and
potential industrial use.
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Figure 7. SEM of unused (A) and 10-time used (B) NKC-9

3.5 Thermodynamic calculation

The reaction system of camphene and acetic acid is not ideal, and the interaction between the
components must be considered. In order to correct the non-ideality of the solution, the activity is used
instead of the concentration to calculate the equilibrium constant of the reaction, and the activity
coefficient is estimated by the UNIFAC group contribution method [14,15]. The UNIFAC group
contribution method regards the solution as a mixture of groups, and links the activity coefficient of each
component in the mixture with the group parameters of the groups constituting the molecules of the
mixture, and uses limited group parameters Instead of solutions composed of countless compounds, in
this way, for unknown solutions, the activity coefficient can still be reasonably estimated.

The UNIFAC group contribution method divides the activity coefficient of the component into the
combined part and the remaining part:

Iny; = Iny;© + Iny;® 1)

Among them, lnyl.(c) reflects the combination of molecular size and shape, and, lnyi(R) reflects the
mutual influence between the remaining groups.

In the formula, the combined term formula is:

Iny, @ = ln:;: + %q,-ln% +1; — %_'ZJ- x;1; )

In the formula, the coordination number z=10:

z

L=-(i—q)— (-1 3)

2
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In the formula, the remaining term formula is:

Iny;®) = ¥, v D [In;, — lnrkfi)] (8)
) Om¥Ymn
Inl}, = Q1 - ln(Zm Bmlpmn) -2 M] 9)
; 0! B "W
e = Q1 =10 (i O W) = T2 (10)
) _ Qm)?m
M Y Qnfim (11)
A () _ Q"
m B Xn Qn)?n(i) (12)
5 TivmWxy
Xim = Yi Yk v Dx; (13)
o () _ vy®
Am = Y vre® (14)
Wn = exp (— aTﬂ) (15)

Y, is determined by the interaction parameter a,,, of the m-type group and the n-type group. The
interaction parameter a,,, can be found in the book "Physical Property Estimation Principles and
Computer Calculations".

The expression of the chemical equilibrium constant expressed with activity instead of concentration
is:

K=Ha1i)i= aia :( X14 )( Y14 ):KxKy (16)

AcamaIA XCamXAA YcamYAA

UNIFAC group volume parameter, group area parameter and group interaction parameter a,,,, are
shown in Table 2 and Table 3. According to formula (16), the activity coefficients and equilibrium
constants of different components at different temperatures are calculated, as shown in Table 4. Show.

Table 2. UNIFAC group volume parameters and group area parameters

Group classification Volume Avrea parameter
Component Vk parameter

Group name Main group Sub groups Rk Qx

CHs 1 1 2 0.9011 0.848

CH: 1 2 3 0.6744 0.540

Cam CH 1 3 2 0.4469 0.228
C 1 4 1 0.2195 0

CH2=C 2 7 1 1.1173 0.988

AA CHs 1 1 1 0.9011 0.848

COCOH 20 43 1 1.3013 1.224

CHs 1 1 3 0.9011 0.848

CH: 1 2 3 0.6744 0.540

1A CH 1 3 2 0.4469 0.228
C 1 4 2 0.2195 0

CHsCOO 11 22 1 1.9031 1.728
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Table 3. The interaction parameters of the groups(amn)
1 2 11 20
CHo c=C CCO0 COOH
1 CHz 0 86.02 232.1 663.5
2 c=C -35.36 37.85 3189
11 CCO0 114.8 132.1 0 660.2
20 COOH 3153 1264 -256.3 0
Table 4. Activity coefficients and equilibrium constants of different components
T/K 303 308 313 318 323
Yeam 2.095 2.073 2.053 2.033 2.015
Yaa 0.245 0.247 0.250 0.252 0.255
Yia 1.526 1515 1.504 1.493 1.482
K 180.754 148.177 122.087 103.646 87.236

According to the Vanter Hoff equation and the Gibbs free energy calculation formula, the
relationship between the equilibrium constant of the reaction and the thermodynamic parameters can be
expressed as:

A,G® = AH®° —TA,S° (17D
0 0 0
InK = =26 _ _ArH | ArS (18)
RT RT R

It can be seen that there is a linear relationship between In K and 1/T, and A,.H° and A,.S° can be
obtained from the linear slope and intercept. When the temperature is known, the Gibbs free energy can
be obtained. Plot InK versus 1/T, as shown in Figure 8. According to the slope and intercept of the image,
the enthalpy change A, H® is-29.54kJ/mol, and the entropy change A,-S° is -54.35J/(mol-K) .According
to the Gibbs free energy formula (17), the Gibbs free energy A,.G° is -13.55kJ/mol, so the chemical
equilibrium constant expression for the reaction of camphene and acetic acid can be expressed as:

3553.477

K =exp ( —6.537)

——— Linear

LCTEALT] (L3S (LEHIE20 (LOHIR 25 000330
K

Figure 8. Linear fitting of In K and 1/T
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3.6 Kinetic calculation
3.6.1 External diffusion elimination

Outer diffusion refers to the process in which reactant molecules diffuse from the main body of the
solution to the surface of the catalyst and are adsorbed on the surface of the catalyst. After the reaction
occurs, the product desorbs and diffuses from the surface of the catalyst to the main body of the solution.
For IFBR, when the volume flow rate reaches a certain value, the reaction rate basically no longer
changes, indicating that the influence of the entire process of external diffusion on the reaction rate can
basically be ignored [16], Based on the relevant literature analysis of our research group, When the liquid
circulation flow in the IFBR unit is set at 40 mL/min, the influence of external diffusion can be
eliminated [17].

3.6.2 Internal diffusion elimination

Internal diffusion refers to the diffusion of reactant molecules along the pores of the catalyst to the
inside of the catalyst. After the reaction, the product diffuses from the pores of the catalyst to the surface
of the catalyst. In an intensified fixed bed reactor, the reactant molecules diffuse from the main body of
the solution to the surface of the catalyst, and then from the surface of the catalyst to the inside of the
catalyst. At the same time, the molecules on the surface of the catalyst will react, that is to say, the
driving force of internal diffusion. It is constantly decreasing. However, if the effective diffusion
coefficient of each component in the solution is large, the concentration of the reactant in the catalyst
pore is almost equal to the concentration at the pore opening, and the diameter of the catalyst is also a
factor influencing internal diffusion. To evaluate the influence of internal diffusion, the Schiller modulus
[18] and the effective coefficient of internal diffusion are used, and the expression is as follows:

¢="2 | (19)
In the formula, D, can be estimated by formula (20) [19]:
D, = 224 (20)
The expression of D, in the formula is [20]:
D, = 7.4 X 10—8% (21)
The formula for the effective coefficient of internal diffusion is:

it 1
=5 [tan(3¢) 3¢>]

(22)

Among them, t can be represented by 1/¢p[21], and the value of &, /7 is generally between 0.25-0.5
[18,22]. When the Schiller modulus ¢ < 0.4 and the effective coefficient of internal diffusion n tends
to 1, the influence of internal diffusion can basically be ignored [23]. As shown in Table 5, within the
experimental temperature range, the calculated n value tends to 1, indicating that NKC-9 can be ignored
as the internal diffusion of the reaction catalyst.

Table 5. Thiele moduli and internal diffusion efficiency coefficient

T/K 303 308 313 318 323
) 0.024 0.031 0.039 0.045 0.053
i 1.000 0.999 0.999 0.998 0.998

3.6.3 Kinetic model

Pseudo-homogeneous model (PH model) [24-28], Eley-Rideal (ER) model [29-31], Langmuir-
Hinshelwood-Hougen-Watson (LHHW) model [32-36] is widely used in resin-catalyzed reactions
System. In IFBR, the NKC-9 catalyst particles can be regarded as acid sites. The reaction is analogous

Rev. Chim., 72(1), 2021, 110-123 118 https://doi.org/10.37358/RC.21.1.8408


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie @ @

https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

to a pseudo-homogeneous reaction system. Therefore, the PH model is used to fit the reaction. The
reaction equation of camphene and acetic acid is as follows:
kf

Cam+ AA=1A

k

r

In the formula, k represents the positive reaction rate constant, k,. represents the reverse reaction

rate constant, Cam represents camphene, AA represents acetic acid, and 1A represents isobornyl acetate.
The reaction rate equation derived from the PH model is as follows:

r=— dacam - _ dXcam¥ cam _ _ dxgamyCam(l - X)
dt dt dt
= Mcqt (kfaCamaAA - kraIA) (23)

1
= Mcqt (kfaCamaAA - ;aIA)

Equilibrium constant K = k¢ /k,., Mcat represents the mass of catalyst per unit volume of solution.
Substituting the experimental data into the above formula, using 1Stopt software for simulation
calculation, the simulation solution method uses the fourth-order Runge-Kutta method, and the objective
function is expressed by the minimum residual square sum of the experimental value of camphene
conversion and the calculated value. The expression is as follows:

SRS = Z(xexp - xcal)z (24)

In the formula, SRS represents the minimum residual sum of squares; x represents the conversion
rate of camphene at each time point, x.,,, represents the actual value measured by the experiment, x4,
represents the theoretical calculation value.

The Arrhenius equation is used to describe the relationship between the reaction rate constant and
temperature, and its expression is:

k = kqexp (— i—;‘,) (25)

Taking the logarithm of both sides can be expressed as:

Ink = Ink, — = (26)

In the formula, k, is the pre-factor, and E, is the activation energy. According to the above
expressions, plot Ink; and Ink,. versus 1/T, and calculate the pre-explicit factor k, and activation energy
E, according to the slope and intercept of the straight line, as shown in Figure 9. Through the 1Stopt
software fitting, the forward and reverse reaction rate constants of camphene and acetic acid at different
temperatures can be obtained. The results are shown in Table 6.

Table 6. The rate constant of reaction at different temperatures

TIK 303 308 313 318 323
ke(mol - (g -h)™1) 0.224 0.361 0515 0.618 0.862
k, X 103(mol - (g - ™)) 1.239 2.435 4.216 5.961 9.886
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Through the linear fitting of Ink to 1/T, the rate constant of the forward and reverse reaction and the
activation energy of the reaction can be obtained from the slope and intercept, as shown in Table 7.

Table 7. Kinetic parameters of PH model

ko(mol - (g-h)™") Eq(kJ - mol™™)
Positive reaction 3.01 x 108 52.75
Reverse reaction 1.84x 1011 81.99
k. = 3.01 x 108 5.28 x 10*
= 3. exp ( BT
8.20 x 10*
k, = 1.84 x 10 exp (— )

As shown in Figure 10, the comparison between the calculated value obtained by the pseudo-
homogeneous model (PH model) and the experimental value shows that the two are in good agreement,
indicating that NKC-9 is used as a catalyst to catalyze camphene and acetic acid in the IFBR. The kinetics
of the esterification reaction can be expressed by a pseudo-homogeneous model.

= 00K ”
J & Ek
3K
o FI8K
e Figure 10. Comparison of
s experimental and
Zost f calculated values of camphene
S oal conversion at different temperatures

] [N} 02 [{ ] 04 (1] i (i s E s 1

Experamental

4.Conclusions

The cation exchange resin NKC-9 was selected as the catalyst for the esterification reaction of
camphene, and the influence of factors such as the amount of catalyst, the initial molar ratio of raw
materials, and the reaction temperature on the esterification process of camphene and acetic acid was
investigated and optimized process parameters. The final optimized reaction conditions are that the
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catalyst loading is 15wt%, the initial molar ratio of raw materials is 1:1.5, and the reaction temperature
is 308K. The recycling of the catalyst has industrial application value.

Using the UNIFAC group contribution method to calibrate the thermodynamic parameters, the
equilibrium constant of the reaction based on the activity of camphene and acetic acid at 303-323K is
calculated, and the enthalpy change A, H° of the reaction is -29.54kJ/mol, the entropy Change A,.S° to -
54.35J/(mol-K), Gibbs free energy A,.G° to -13.55kJ/mol.

The pseudo-homogeneous model (PH model) was used to study the reaction kinetics, and the kinetic
equation was obtained:

dac
e d;m = Mear (R Acam@a — kraiq)
N 4
among them:ky = 3.01 x 10%exp (=222, k, = 1.84 x 10Mexp (— 25,

The data obtained provides guidance for the industrial production of isoborny! acetate in a fixed bed
reactor.

Nomenclature

y; — Component activity coefficient

yi(c) — Combined partial activity coefficient

yl.(R) — Remaining part activity coefficient

6; — i component area fraction

¢; —i component volume fraction

r; — i component volume fraction

q; — i component area fraction

I, — Residual activity coefficient of k group in solution

F,Ei) — Residual activity coefficient of k group in pure component

6,, — Area fraction of group m in solution

9,(,? —Area fraction of group m in component i

X, — Fraction of m-type groups in solution

)?,(,? —Fraction of m-type groups in component i
a,, — Group interaction parameters

acam — Activity of Camphene, mol/L

ay4 — Activity of Acetic acid, mol/L

a; 4 — Activity of isobornyl acetate, mol/L

D, — Diffusion coefficient at infinite dilution, cm?/s
D, — Effective diffusion coefficient, cm?/s

E, — Activation ability, KJ/mol

k¢ — Positive reaction rate constant, mol/(g-min)
k, — Reverse reaction rate constant, mol/(g-min)
ko — Pre-reference factor, mol/(g-min)

M, — Catalyst mass per unit volume, g/L

R, — Average catalyst particle size, mm

w/w — Catalyst mass/total mass of liquid materials
V, — Molar volume of solution, cm®/mol

X.q — Calculated value of camphene conversion
Xexp — Experimental value of camphene conversion rate
¢ — Association factor

u — Viscosity, mPa-s

&, — Porosity

T — Tortuosity factor

A, G° — Gibbs Free Energy, kJ/mol

A, H° — Reaction enthalpy change, kJ/mol

A,.S° — Reaction entropy change, ki/mol
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