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Accurate kinetic models for reaction systems allow for improved process understanding and greater quality control, which 
is particularly beneficial as the pharmaceutical industry shifts from batch to continuous manufacturing (CM). In this work, a 
first principles kinetic model has been developed for the synthesis of carbamazepine (CBZ) from iminostilbene and urea, 
starting in a batch reactor and subsequently in a continuous flow reactor. An eco-friendly reaction pathway using urea was 
selected to avoid the toxic reagents that are typically used for synthesis of CBZ. The kinetic parameters determined from 
batch reactions were utilized in a MATLAB based kinetic model to simulate the yield for the continuous process. Overall, 
good agreement between the model prediction and corresponding experimental values were observed for the batch and 
continuous reaction systems within the full factorial design space.  However, the model slightly overpredicted the yield of 
the continuous reaction system for higher conversion values (>60%) since it did not account for the reverse reaction that 
can occur at the studied reaction conditions. The use of broken order kinetics was compared with whole number orders, 
and it was determined that the whole number orders resulted in better agreement at all conversion values for the 
continuous system.

1 Introduction

Over the past few decades, the pharmaceutical industry has 
begun to consider the implementation and adoption of 
continuous manufacturing (CM) technology. The 
transformation is  driven by advantages of this emerging 
technology such as higher production rates, increased 
efficiency, smaller footprint, flexible production scale, better 
quality control, improved system safety, and the possibility of 
implementing novel synthesis pathways.1-5 The recent CM 
approvals of drug products from FDA are primarily  focused on 
drug product manufacturing for solid oral dosage forms, yet the 
momentum is growing toward further expansion of CM 
technology to upstream processes including the synthesis of 

active pharmaceutical ingredients (APIs).6 Continuous API 
synthesis can be achieved by flow chemistry using continuous 
flow reactors. Small scale continuous flow reactors are known 
to have faster mixing times as well as better temperature 
control in comparison to batch reactors due to their higher 
surface area to volume ratio.7, 8 To maintain the small scale 
nature of continuous flow reactors, desired throughput rates 
can be met by ‘scaling out’ rather than scaling up, meaning 
increasing the number of reactors not the size of the reactor.8, 9 
Moreover, because continuous systems can run significantly 
longer than batch systems, effective monitoring and control 
strategies are crucial for maintaining API quality and minimizing 
process line stoppages. 

One method for ensuring product quality during a CM 
process is model predictive control (MPC).10-13 MPC can be used 
for complex systems such as CM that includes multiple process 
units and input variables. MPC relies on detailed and accurate 
knowledge of the system behavior over a range of critical 
process parameters (CPPs) in order to implement feedforward 
control.14, 15 Accurate kinetic models can help to develop a 
design space, or the range of CPPs that have been shown to 

a.Address here.
b.Address here.
c. Address here.
† Footnotes relating to the title and/or authors should appear here. 
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produce assurance of quality.16 With the advent of quality by 
design (QbD), the development of  design spaces has become 
more prevalent in recent years.17-20 

Over the past few years, both mechanistic first principle and 
empirical models have been developed for a number of API 
synthesis processes ranging from simple to complex reaction 
schemes.21, 22 Computational fluid dynamics and chemical 
reaction models  have been utilized to model reaction pathways 
as well as to examine the kinetic and mass transfer limitations 
of API synthesis systems.23, 24 Design of experiments (DoE) or 
Monte Carlo simulations have also been used to identify the 
process parameters that affect the product yield.19, 23, 25, 26 In 
some systems, such as the deprotonation of weak Brønsted 
acids with n-butyllithium, researchers have utilized broken 
orders to improve model accuracy for systems with non-
elementary reaction mechanisms, though this strategy has not 
been evaluated for API syntheses.27 Moreover, empirical 
models such as dynamic response surface methodology or 
multivariate latent variable models have also been used to 
predict API yield in systems with complex reaction pathways.28, 

29  First-principle models though represent the physical reaction 
of the system and can provide mechanistic insights into the 
process. 

The present work describes the development and validation 
of a first principles kinetic model for an eco-friendly synthesis 
route for a model API, carbamazepine (CBZ) starting in batch 
and transferring to continuous flow synthesis. CBZ is a first 
generation anti-epileptic medication that is also often 
prescribed for nerve pains such as trigeminal neuralgia.30 CBZ is 
on the World Health Organization (WHO) list of essential 
medicines. As such, the global demand for CBZ is expected to 
remain high.31 A few decades ago multiple step routes were 
used for CBZ synthesis, but more recently single step routes 
have been developed.32 This study focuses on reacting 
iminostilbene (ISB) with urea to produce CBZ, a pathway 

originally suggested by Vyas et al.33 The reaction scheme for this 
chemical pathway is shown in Figure 1.  Various other CBZ 
synthesis pathways have been proposed other the last few 
decades, which are listed in Table 1. In contrast to these 
pathways, the reaction with urea was specifically designed to 
avoid toxic reagents including phosgene, halocyanogens, and 
cyanide.  The patent by Vyas et al. described rather high 
reaction times (6-8 hours) in batch at 80 – 90℃ thus suggesting 
that continuous flow reaction would not be feasible.33 However, 
this current work demonstrates that a much lower residence 
time can achieve high yield using a slightly elevated 
temperature (105-110℃).33 A similar reaction for converting an 
esterified ISB compound into eslicarbazepine acetate was 
attempted but failed.38 The authors claimed that the reaction 
failed due to the degradation of the starting material. Although 
they did not specify which reactants degraded, one possibility is 
the reaction between acetic acid and urea to form acetamide 
and carbamic acid which further decomposes to carbon dioxide 
and ammonia. However, literature shows that it is unlikely to 
have such reaction at the temperatures ranges described by 
Vyas et al.39, 40 No kinetic study has been conducted in batch or 
continuous nor any reactor model developed for this reaction 
in the literature. 

First principles modeling in this work was conducted in 
MATLAB. The kinetic model which was developed in the batch 
system was effectively transferred to a continuous plug flow 
reactor (PFR) model to explore the performance of the 
continuous system. A full factorial DoE was conducted in the 
continuous system to examine the model’s accuracy given any 
combination of the key process parameters (KPPs), or 
parameters that have a significant effect on product yield. The 
use of broken orders was considered for the developed model 
against a whole number order kinetic model. Lastly, the 
developed model was used to examine the reaction pathway 

Figure 1. Reaction scheme for the production of Carbamazepine and byproduct ammonia from Iminostilbene and urea 
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Table 1. CBZ Synthesis routes proposed since 1960.

Patent # Patent 
Year Authors Reaction Step 1 Reaction Step 2

U.S. 2,948,71834 1960 W. Schindler ISB + Phosgene Ammonia Add.
German 2,307,17435 1973 H. Roehnert, et al. ISB + Acylisocyanate Hydrolysis
European 29,40936 1981 E. Aufderhaar, et al. ISB + Halocyanogen Hydrolysis

European 277,09537 1988 G. Acklin, et al ISB + Hydrogen Cyanide -
U.S. 6,245,90833 2001 K. Vyas, et al. ISB + Urea -
U.S. 7,015,32232 2006 R. Eckardt et al. ISB + Alkali Cyanate -
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including a potential reverse reaction between CBZ and the 
ammonium ions. 

2 Materials and Methods

2.1 Materials

Iminostilbene (ISB, 97% purity) was purchased from 
Carbosynth. Urea (99.5% purity), acetic acid (99% purity) and 
acetonitrile (ACN, 99.9% purity) were acquired from Sigma-
Aldrich. Additionally, Ammonium Chloride (99.5% purity) was 
obtained from Alfa Aesar. MilliQ pure water was used in the 
work.

2.2 HPLC method

Reaction product solutions were diluted by a ratio of 30 µL 
of reaction mixture in 900 µL of ACN both sampled using a 
micropipette (Biohit). These samples were analyzed for ISB 
conversion and CBZ yield by High-performance Liquid 
Chromatography (HPLC) (Agilent, 1100 series) equipped with an 
Zorbax Eclipse XDB-C18 column. The mobile phase consisted of 
60 vol% MilliQ pure water and 40 vol% ACN and was maintained 
at a flow rate of 0.8 ml min-1 at 30℃. A UV-vis detector with 
detection wavelengths of 211 nm and 254 nm were used for 
quantifying CBZ and ISB concentrations, respectively. 

2.3 Batch reaction for CBZ synthesis

The synthesis of CBZ in the batch reaction was conducted in 
a 35 mL glass pressure tube reactor (Ace Glass Inc.) that was 
held in a brass reactor holder as shown in Figure 2 (a). The brass 
reactor was heated by a stirring hot plate. A glass fiber mat was 
placed to cover the surface of the brass reactor holder as 
insulating material to minimize temperature loss/variation. This 
is represented in Figure 2a and labeled as ‘Insulating material’. 
In a typical batch reaction, 12 mL acetic acid was added into the 
pressure tube first, followed by addition of desired amount of 
urea to reach the set concentration (refer to Tables 2-4). The 
pressure tube reactor was then inserted into the heating block 

(see Figure 2 (a)) and heated to the desired reaction 
temperature using an electronic hot plate with a thermocouple 
and stirring set to 300 rpm (VWR 815). When the heating block 
reached the desired temperature, the set amount of ISB was 
added to the mixture. Product samples were collected after the 
set reaction time, diluted and analyzed by HPLC as detailed in 
section 2.2. 

2.4 Continuous flow reaction for CBZ synthesis

The continuous flow synthesis of CBZ from the mixture of 
ISB and urea in acetic acid was conducted using an inhouse 
designed PFR. Figure 2 (b) shows the reactor scheme that 
contains a syringe pump (Harvard Apparatus, pump 33), 1/16” 
stainless steel delivery tubing, and 1/4” O.D. (0.18” I.D.) 
stainless steel tubing as the reaction zone. The total reactor 
volume was calculated to be 2.2 mL. An oven (Blue M Electric 
Company, SW-11TA) was used to keep the reaction at desired 
temperature. To make an easy connection between the PFR 
reactor inside the oven and the reactant feeding syringe, we 
connected the syringe needle (outer diameter = 1/16”) to a 
piece of 1/16” stainless steel tubing and then adapted the 
tubing size to 1/4” stainless steel. The 1/4" stainless steel tubing 
has larger inner diameter which can allow larger residence time 
using shorter tubing given the fact that the oven has a small 
chamber to hold the PFR reactor. The temperature of reaction 
delivery tubing was maintained at ~40℃ using a heating tape 
(Briskheat, Adjustable Thermostat Control, 120V AC, 288W). In 
the experiment, the feed solution was prepared by dissolving 
ISB in acetic acid at room temperature and then adding urea to 
the solution. ISB has limited solubility in acetic acid at ambient 
temperature (6 mg/mL), and so to reach higher inlet ISB 
concentrations, the feed solution was preheated to 40-50℃ in 
batch mode to assist its dissolution. The reactant solution was 
loaded into a syringe and the syringe was fed into the reactor 
by the syringe pump at the set flow rate required to obtain the 
desired residence times. The inlet solution was observed and 
remained homogeneous throughout each reaction. The 
reaction effluent was received at the end of the delivery tubing 

Figure 2. Schematics of experimental set-up for (a) 2 simultaneous batch reactors and (b) continuous plug flow reactor for the synthesis 
of CBZ from ISB and Urea. 

a) b)
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connected to reactor and stored in a glass vial with septum 
bonded cap for a secure seal to avoid solvent loss. The reaction 
was run for 1 hour before samples were taken to allow the 
system to reach steady state. Then 5 product samples were 
taken at intervals of 12 min, diluted and analyzed by HPLC as 
detailed in section 2.2.  The concentrations of these samples 
were analyzed to confirm steady state and averaged to 
determine the yield. Samples of the inlet were also collected 
before and after reaction completion and it was found that little 
to no conversion occurred in the syringe (at most 0.9%). To 
thoroughly examine the continuous synthesis, a two-level full 
factorial DoE was conducted on four KPPs: the initial 
concentrations of ISB, urea, residence time, and temperature as 
summarized in Table 5. The range of the low and high 
temperature values in this study were a result of limitations 
with temperature control in the oven, and the upper 
temperature range was limited by the boiling point of the acetic 
acid (118℃). The detailed experimental conditions for each 
continuous flow experiment can be found in Table 6. For some 

of the continuous flow experiments, the feed solution was 
allowed to react during the dissolution step resulting in some 
degree of conversion in the pre-heated feed solution. This pre-
conversion was roughly controlled by varying the time allotted 
for the pre-heating step between 15 and 30 minutes. For 
experiments with a high ISB inlet concentration at least 15 
minutes of heating was required to dissolve all of the material.    
This pre-conversion step was conducted for two purposes: (a) 
to make validating the reaction kinetics at higher ISB conversion 
values (or CBZ yields) feasible; and (b) to formulate kinetics 
covering higher ISB feed concentrations by avoiding mixing two 
separate feed solutions. A typical process would involve 
separate flows of each reactant mixing just prior to the PFR, 
however, such a scheme in combination with the very limited 
solubility of ISB would result in a reduced outlet concentration 
and thus a lower CBZ production rate. The degree of pre-
conversion and the inlet CBZ concentrations can be seen in 
Table 6. Additional continuous flow experiments (Exp 17-24 in 

Table 2. Experimental conditions and end product values used for determining reaction orders for ISB and urea at 105℃ in the 
batch reaction mode.

Exp. # Reaction time 
(min)

Initial concentration (mol L-1) CBZ Yield
(%)

 (mol L-1) [𝑰]𝒇 Reaction rate 
(mol L-1 min-1)Urea ISB

1 10 2.78 0.018 51.6 8.70∙10-3 9.3∙10-4

2 10 2.78 0.020 58.0 8.40∙10-3 1.2∙10-3

3 10 2.78 0.038 35.0 0.025 1.3∙10-3

4 15 2.78 0.039 45.3 0.021 1.2∙10-3

5 20 2.78 0.103 32.7 0.069 1.7∙10-3

6 20 2.78 0.121 32.4 0.082 2.0∙10-3

7 20 2.78 0.133 33.8 0.088 2.2∙10-3

8 20 0.69 0.111 4.1 0.106 1.95∙10-4

9 20 2.08 0.099 27.1 0.072 1.34∙10-3

10 8 3.70 0.086 32.1 0.058 3.44∙10-3

11 5 4.17 0.084 19.4 0.068 3.27∙10-3

12 5 5.56 0.099 34.5 0.065 6.83∙10-3

Table 3. Experimental conditions and end product values used of the validation reactions performed at 105℃ in the batch reaction 
mode.

Exp. # Reaction time (min) Initial concentration (mol L-1) Experimental Yield (%) Model Yield (%)
Urea ISB

1

6

2.78 0.183

7.9 10.9
20 30.7 33.4
40 67.3 59.2
60 88.0 78.2
90 93.4 95.4

120 95.1 100.0
140 95.0 100.0

2

5

3.48 0.117

27.6 18.5
15 50.7 49.4
25 84.7 72.6
35 89.6 88.7
45 92.7 97.8
70 93.5 100.0

3 20 3.70 0.086 75.7 76.6
4 20 4.17 0.084 90.4 90.0
5 20 5.56 0.099 97.1 100.0

Page 4 of 14Reaction Chemistry & Engineering
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Table 6) were manually designed to focus on higher conversion 
and to better understand the effects of pre-conversion. 

2.5 Model Development

All first principles modeling work was conducted in MATLAB 
2021b environment. The ordinary differential equation of the 
reaction rate (Eq. 1) was solved using ODE45 with a step size of 

0.5 minutes. In order to develop a model kinetic equation for 
this reaction system, the following rate equation was used,

(1)
𝒅[𝑪]

𝒅𝒕 = 𝒌(𝑻)[𝑰]𝒊[𝑼]𝒖

where [C], [I], and [U] are the molar concentrations of CBZ, ISB, 
and urea, respectively; t is time, i, and u are the reaction orders; 
and  is defined by the Arrhenius equation:𝒌(𝑻)

Table 4. Experimental conditions and end product values used for determining Arrhenius parameters at temperatures from 95-112℃ in 
the batch reaction mode.

Exp. 
#

Reaction 
time (min)

Reaction 
temperature (℃)

Initial concentration (mol L-1) CBZ Yield
(%)

k (from MATLAB)
(L1.29 mol-1.29 min-1)Urea ISB

1 6 95 2.78 0.024 14.4 4.44∙10-4

2 6 100 2.78 0.022 28.5 8.74∙10-4

3 6 105 2.78 0.021 41.9 1.31∙10-3

4 6 108 2.78 0.022 67.4 2.40∙10-3

6 4 105 2.78 0.023 32.3 1.52∙10-3

7 4 110 2.78 0.024 53.1 2.78∙10-3

8 4 112 2.78 0.024 53.1 2.80∙10-3

Table 5. High and low values for continuous flow reactor full factorial study.
Low Value High Value

Initial ISB Concentration (mol L-1) 2.40-2.60∙10-2 4.11-5.32∙10-2

Initial Urea Concentration (mol L-1) 1.390 2.664
Residence Time (min) 6 12

Temperature (℃) 95-100 105-110

Table 6. Experimental conditions used for continuous flow reactor experiments alongside experimentally measured and model 
predicted CBZ yields.

Exp. 
#

Inlet Concentration (mol L-1)
Temp. 

(℃)
Residence 
time (min)

Pre-
Conversion 

(%)

Experimental 
Outlet Yield (%)

BO 
Model 
Outlet 

Yield (%)

WNO 
Model 
Outlet 

Yield (%)
ISB Urea CBZ

1 2.47 10-2∙ 1.39 0 99.3 6 0.0 11.3 8.2 8.2
2 5.21∙10-2 1.39 1.17∙10-3 97 6 2.2 10.7 6.3 8.6
3 2.47∙10-2 1.39 0 107.3 6 0.0 15.9 20.2 18.3
4 4.14∙10-2 1.39 7.98∙10-3 104.4 6 16.2 27.6 25.4 27.8
5 2.40∙10-2 2.664 2.78∙10-4 100.1 6 1.1 28.7 30 29.9
6 3.17∙10-2 2.664 9.44∙10-3 97.8 6 23.0 36.7 38.1 41.2
7 2.23∙10-2 2.664 2.47∙10-3 107.7 6 10.1 66.5 68.2 58.5
8 3.76∙10-2 2.664 8.91∙10-3 104.7 6 19.2 52.3 49.9 54.2
9 2.54∙10-2 1.39 0 95.8 12 10.0 18.3 10.7 11

10 5.29∙10-2 1.39 4.15∙10-4 96.5 12 0.8 13 8.5 12.7
11 2.55∙10-2 1.39 0 106.2 12 0.0 30 33.8 30.3
12 5.17∙10-2 1.39 6.97∙10-5 107.5 12 0.1 28.3 27 34.1
13 2.58∙10-2 2.664 2.16∙10-4 97.9 12 0.8 44.4 42.2 42.3
14 3.22∙10-2 2.664 8.92∙10-3 98.6 12 21.7 52.4 53.1 56.3
15 2.53∙10-2 2.664 1.91∙10-4 109 12 0.7 71.9 99.8 83.4
16 4.65∙10-2 2.664 1.46∙10-3 106.9 12 3.1 62.6 75.3 76.7
17 2.40∙10-2 2.664 2.78∙10-4 96.3 6 1.1 16.8 20.3 21.4
18 2.48∙10-2 2.664 4.20∙10-4 108.4 6 1.7 60.9 66.7 57.6
19 7.67∙10-3 2.647 1.68∙10-2 107.8 6 68.7 83 98.5 85.6
20 1.57∙10-2 2.654 9.61∙10-3 106.2 12 37.9 82.4 99.4 83.6
21 3.74∙10-2 2.664 9.55∙10-3 105.1 12 20.4 76.8 76.4 75.6
22 3.74∙10-2 2.664 9.37∙10-3 105.6 9 20.0 62.9 67.2 68.7
23 4.92∙10-2 2.664 1.50∙10-3 105.3 9 3.0 43.8 51.8 60.8
24 4.07∙10-2 2.664 7.19∙10-3a 107.4 30 1.1 85.7 100 98

a This conversion did not occur while in contact with air but rather while the feed solution was being heated in the syringe since this 
reaction was run for 6 hours to allow the system to reach steady state due to the high residence time
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 (2)𝒌(𝑻) = 𝑨𝒆 ―
𝑬𝒂
𝑹𝑻

where T is the temperature of the system, R is the universal gas 
constant in J mol-1 K-1, and Ea and A are the activation energy 
and the pre-exponential factor, respectively.

For modeling the continuous flow system, the full factorial 
study was analyzed using JMP software to determine which 
input variables had significant effect on the PFR conversion. An 
empirical model was also developed from this analysis for 
comparison with the first principles model. For the first 
principles model of the PFR, the kinetic equation is similar to the 
batch reactor equation except that conversion in a PFR occurs 
along the reactor length (z) rather than with time (t). This can 
be expressed as, 

(3)
𝒅[𝑪]
𝒅𝒛 =

𝒌(𝑻)[𝑰]𝒊[𝑼]𝒖

𝒗

where  is the linear flow rate of the feed solution. The linear 𝒗
flow rate was calculated using the inner radius of the PFR in 
conjunction with volumetric flow rate of the feed solution. For 
the continuous reactions ODE45 solved the system using 100 
segments along the reactor length not including the -inch 𝟏/𝟏𝟔
stainless steel delivery tubing. Nonlinear least-squares curve 
fitting (i.e., Lsqnonlin function in MATLAB) was also used, as 
needed, to refine kinetic parameter values. 

3 Results and Discussion

3.1 Rate equation determination from kinetics study in batch 
reactions

The input conditions used to determine reaction kinetics are 
summarized in Table 2 along with the experimentally measured CBZ 
yields. The reaction orders were initially determined by running 
batch reactions at relatively low conversions where the reaction rate 
is pseudo-linear and not affected by the decreasing reactants 
concentration. In order to determine the reaction order with respect 
to ISB, batch order experiments were conducted in which the 
concentration of urea was kept in excess of ISB. The initial 
concentration of ISB, represented by , was varied from 0.018 to [𝑰]𝒊

0.133 mol L-1 (refer to Exp 1-7 in Table 2). The following equation is 
obtained by linearizing Eq. (1): 

(4)𝐥𝐧 (𝜟[𝑪]
𝜟𝒕 ) = 𝐢 ∙ 𝐥𝐧([𝑰]) + 𝐮 ∙ 𝐥𝐧 ([𝑼]) + 𝐥𝐧 (𝒌(𝑻))

where Δ[C] is the difference in the concentration of CBZ from the 
start to the end of the reaction, and Δt is the total reaction run time. 
Since urea concentration [U] was nearly constant in these 

experiments, plotting  vs.  yielded a linear 𝐥𝐧 (𝜟[𝑪]
𝜟𝒕 ) 𝐥𝐧([𝑰]𝒊)

relationship with i as the slope. As shown in Figure 3(a-b), the 

reaction rate (r = , mol L-1 min-1) increased with ISB concentration, 
𝜟[𝑪]

𝜟𝒕

Figure 3. Dependence of CBZ production rate on ISB concentration at a fixed urea concentration of 2.78 mol L-1 (a) and on urea 
concentration at a fixed ISB concentration of ~0.096 mol L-1 (c). (b) and (d) show the corresponding log-log plots based on the linearized 
power rate equation of these data sets. The dashed lines in (b) and (d) represent predictions from Eq. 4. (105℃, 12 mL acetic acid, 
0.018-0.133 mol L-1 ISB, 0.69-5.56 mol L-1 Urea).
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and the slope of the linearized graph yielded the ISB order value of 
0.430 (R2 of 0.983). 

Owing to the very low solubility of ISB in acetic acid, a similar 
experiment scheme could not be used to determine the reaction 
order for urea. To overcome this limitation, a nearly constant ISB 
concentration (lower than urea) was maintained while the initial 
concentration of urea, , was varied from 0.69 to 5.56 mol L-1 [𝑼]𝒊
throughout the experiments (refer to Exp 8-12 in Table 2). Since ISB 
concentration cannot be assumed to be constant over the reaction 
period, the average ISB concentration value (denoted as ) [𝑰]𝒂𝒗𝒈
between the initial  and the final ISB concentration, ,  was [𝑰]𝒊 [𝑰]𝒇
used in the reaction order calculation, u in Eq. (1). Therefore, plotting 

 vs.  in Eq. (4) yielded a linear 𝐥𝐧(𝜟[𝑪]
𝜟𝒕 ) ―𝒊 ∙ 𝐥𝐧([𝑰]𝑨𝒗𝒈) 𝒍𝒏([𝑼])

relationship with u as the slope. Figure 3(c-d) shows that the reaction 
rate increases with urea concentration, and the slope of the 
linearized graph yields the urea order value of 1.857 (R2 of 0.965). 
The observed high R2 values further justifies the linear relationship 
assumption. 

The rate constant was also calculated from each plot. According 
to equation 4, the y-intercept of each graph will give 𝐥𝐧 (𝒌) + 𝒖 ∙ 𝐥𝐧

 and  for the ISB and urea plots, respectively. The   ([𝑼]) 𝐥𝐧 (𝒌) 𝒌
parameter for each plot was found to be 8.86 10-3 and 1.01 10-2 ∙ ∙
L1.29 mol-1.29 min-1 for the ISB and urea plots, respectively. Both values 
were tested for modeling all the data available at 105℃ and it was 
determined that 1.01 10-2 L1.29 mol-1.29 min-1 gave more accurate ∙
results possibly because this value came from the modified 
linearization. The rate equation determined from the kinetics in the 
batch reactions is therefore 

.      (5)
𝒅[𝑪]

𝒅𝒕 = 𝟎.𝟎𝟏𝟎𝟏 
𝑳𝟏.𝟐𝟗

 𝒎𝒐𝒍𝟏.𝟐𝟗 ∙ 𝒎𝒊𝒏
 [𝑰]𝟎.𝟒𝟑𝟎[𝑼]𝟏.𝟖𝟓𝟕

3.2 Batch reaction model validation and temperature dependence

To verify the kinetic model derived from the batch reaction 
conditions for CBZ synthesis, five validation experiments were 
designed (See Table 3). The first two (Exp. 1 and 2 in Table 3) had 
varying ISB and urea concentrations and allowed to reach nearly full 
conversion in order to test the obtained kinetic parameters over a 
range of initial reactant initial concentrations and conversion values. 

Figure 4. Comparison between experimental and model 
predicted CBZ production as a function of reaction time in two 
batch validation reaction conditions. (Experimental #1 condition: 
105℃, 12 mL acetic acid, 0.183 mol L-1 ISB, 2.78 mol L-1 Urea; 
Experimental #2 condition: 105℃, 12 mL acetic acid,  0.117 mol 
L-1 ISB, 3.48 mol L-1 Urea).

Figure 5. Comparison of the CBZ yields predicted by the batch 
reaction model to the experimentally measured yields for all 
batch experiments (the corresponding experimental conditions 
are included in Tables 2 and 3).
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Figure 6. CBZ production rate constant as function of reaction temperature (a) alongside the Arrhenius plot of this data set (b) in batch 
reaction mode (the corresponding experimental conditions are included in Table 4).
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Experiments 3-5 were performed with high concentration of urea to 
focus specifically on the model’s ability to predict yield at high 
conversions. Validation run 1 was started with initial ISB and urea 
concentrations of 0.183 mol L-1 and 2.78 mol L-1, respectively. 
Validation run 2 started with initial concentrations of 0.117 mol L-1 
and 3.48 mol L-1. As shown in Figure 4, the kinetic model showed a 
good agreement with the experimental results, although it slightly 
underpredicted at moderate to high conversions (e.g., 60-85%), and 
slightly over predicted at higher conversion (e.g., >85%). A 
comparison between yields of predicted (model) and measured 
(experimental) data for the batch reactions is shown in Figure 5, with 
dotted line indicating the 95% confidence intervals of the predicted 
yields. Most data points fell within the confidence intervals with the 
exception of a few data points that corresponds to low conversion.

After the kinetic model was determined at a fixed temperature, 
its dependence on reaction temperature was further measured by 
running batch reactions with 0.024 mol L-1 ISB and 2.78 mol L-1 urea 
for 4-6 minutes with temperatures ranging from 95 to 112℃ (Exp 1-
8 in Table 4). Lower residence times were used for higher 
temperatures to maintain low conversion. Then, k values were 
calculated for each temperature in MATLAB using the previously 
determined power law exponent values. The relationship between k 
and temperature is shown in Figure 6 (a). As expected, the k value 
increases with increasing reaction temperature. The relation 
between the rate of reaction and temperature was quantified by 
Arrhenius equation (Eq. 2). As shown in Figure 6 (b), plotting 𝐥𝐧(𝒌) 
vs.  yields the activation energy (Ea) and pre-exponential factor 𝟏/𝑻
(A) values of 137.1 kJ mol-1 and 1.297E+16 L1.29 mol-1.29 min-1, 
respectively. The same four kinetic parameters (i.e., i, u, A and Ea), 
from batch experiments, were then employed in modeling the 
continuous synthesis of CBZ, as discussed in section 3.3. 

3.3 Continuous CBZ synthesis and modelling

Table 7. JMP Effects Summary on the PFR conversion for the 
full factorial study with 4 KPPs effect and their two-way 
interactions 

Source LogWorth PValue
Urea 4.811 0.00002

Temperature 4.050 0.00009
Residence 
Time (RT) 3.653 0.00022

ISB 2.826 0.00149
Urea*Temp 2.630 0.00234

ISB*Urea 1.901 0.01257
Urea*RT 1.347 0.04493
Temp*RT 1.174 0.06706

ISB*RT 0.435 0.36764
ISB*Temp 0.180 0.66057

Table 8. JMP Parameters Estimates for the reduced empirical 
model using 4 KPPs effect and the Urea – Temperature two-
way interaction terms 

Term Estimate Std 
Error t Ratio Prob>|t|

Intercept -216.8 33.21 -6.53 <.0001*
ISB -518.2 150.0 -3.45 0.0062*

Urea 19.65 2.184 9.00 <.0001*
Temperature 1.979 0.3149 6.28 <.0001*

Residence Time 2.410 0.4638 5.20 0.0004*
(Urea-2.027) 

*(Temp-102.3) 1.543 0.4943 3.12 0.0108*
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To implement continuous synthesis of CBZ, a PFR was used as 
shown in Figure 2b. The experimental conditions and measured 
outlet yields of the continuous synthesis full factorial study are 
shown in Table 6 (exp. 1 – 16). JMP software was utilized for data 
analysis to determine which KPPs had the greatest effect on the CBZ 
yield. The effect summary of the four KPPs (ISB, urea inlet 
concentration, temperature, and residence time) are shown in Table 
7. The LogWorth values in this table show that the effect terms of all 
four KPPs were statistically significant, with urea concentration being 
the most significant, followed by temperature, residence time, and 
ISB concentration. This finding aligns with the first principles batch 
model since the high urea reaction order and activation energy 
indicate that any change in urea concentration or temperature 
would have considerable effect on the yield. The low ISB reaction 
order in the batch model indicates that changes in ISB concentration 
have the least effect on the yield. Table 7 also demonstrates that the 
two-way interaction between temperature and urea concentration 
is also significant. This effect is not expected and what it might 
represent chemically is unclear. 

An empirical model was subsequently constructed in JMP using 
only the effects shown to be significant in Table 7. Table 8 shows the 

parameter estimates for each term in this empirical model. The 
resulting model equation can be expressed as: 

𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 = ―𝟐𝟏𝟔.𝟖 ― 𝟓𝟏𝟖.𝟐[𝑰] + 𝟏𝟗.𝟔𝟓[𝑼] + 𝟏.𝟗𝟕𝟗𝑻

     (6)+𝟏.𝟓𝟒𝟑𝝉 + ([𝑼] ― 𝟐.𝟎𝟐𝟕)(𝑻 ― 𝟏𝟎𝟐.𝟑)  

where conversion is the percent of ISB from the feed that converted 
to CBZ in the PFR,  is residence time in minutes, and T is the 𝝉
temperature in ℃. Note that the ISB coefficient is negative, which is 
expected since ISB is the limiting reagent and therefore an increase 
in ISB will decrease the yield. A comparison between experimentally 
measured conversion and conversion predicted by this empirical 
model for all continuous flow experiments can be seen in Figure 7. 
This Figure demonstrates that the empirical model gives good 
agreement with the continuous flow reaction data for all the full 
factorial experiments except for exp. 2 (Table 6), for which it 
underpredicts yield. However, the model overpredicts yield for some 
of the validation experiments that had high experimental yield, the 
conditions of which lie outside those tested in the full factorial study. 
This is an expected drawback of the empirical model approach. 
Moreover, the empirical model cannot give insight as to why it fails 
for certain experiments and not for others. A first principles model 

Figure 7. Comparison of the CBZ yield predicted by the empirical model to the experimentally measured yield for (a) the full factorial 
experiments, and (b) all continuous flow experiments with experiments from the augmented portion of the design of experiments 
indicated in red. 
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Figure 8. Comparison of the CBZ yield predicted by the first-principles PFR model to the experimentally measured yield for all 16 full 
factorial experiments using: (a) kinetics obtained from batch reaction, and (b) kinetics obtained from running lsqnonlin on continuous 
experiments 1-14) (the corresponding experimental conditions are included in Table 6). 
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on the other hand handles changes in the reaction conditions more 
accurately and provides greater insight into any model inaccuracies. 

First principles modeling of the continuous flow synthesis of CBZ 
was conducted by using the kinetic parameters obtained from the 
batch reaction mode and the reaction design equation of a PFR. It 
was assumed that the reaction ran under steady state condition 
without heat and mass transfer resistance, and in the absence of 
reverse and side reactions. The reactor dimensions were kept the 
same as experimental setup shown in Figure 2 (b). The predicted and 
experimentally measured yield values are shown in Figure 8 (a). A 
relatively good linear relationship can be observed for the model 
prediction and corresponding experiments 1 to 14, whereas the 
kinetic model seems to slightly overpredict experiments 15 and 16. 
The observed over-prediction behavior of the model at higher 
conversion is discussed in more detail later.

For comparison between the batch continuous systems, the 
values of A and Ea were recalculated via a non-linear least squared 
error solver in MATLAB (lsqnonlin function) by minimizing the error 
in the yield for Exp 1-14 of Table 6. Only the error of these 14 
experiments were minimized since they fit the linear trend [ Figure 8 
(a)]. Here, the i and u values were held constant at the values 
determined from the batch reactions. After recalculating A and Ea, 
the value of A remained unchanged while Ea was recalculated to be 
136.6 kJ mol-1, only a -0.44% difference from the batch value. This 
small difference could be a result of the PFR not quite reaching the 
observed temperature of its surroundings. However, it still 
demonstrates good agreement between the batch and continuous 
Arrhenius model parameters. The experimental yield of the full 
factorial experiments in comparison with the model predicted yield 
using the re-calculated Ea value is shown in Figure 8 (b). This revised 
model shows the same linear trend in Exp 1-14 and gives better 
agreement with the experimental values. The linear trendlines in 
both Figures 8 (a) and 8 (b) did not include Exp 15-16 as they did not 
fit the trend of the rest of the data. 
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The model predicted yield values for all continuous reactions can 
be found in Table 6 under the broken order (BO) model heading. 
Figure 9 (a) shows the comparison between the experimental and 
model yield values for all continuous reactions using the recalculated 
Ea value and the A, i, and u values obtained from the batch study. 
From this Figure, we see that the model gives good agreement with 
the experimental values up to 60% reaction conversion. The 
observed overestimation at higher conversions is fairly common in 
modeling such systems.23 Nevertheless, one benefit of first principles 
modeling is that the model can give insights into the system that 
empirical models cannot. For instance, in this case, the over-
prediction at yields above 60% could be a result of either ammonia 
evolution or a reverse reaction. Had ammonia evolved into the gas 
phase in the PFR the newly formed gas would push the liquid phase 
out of the reactor faster thus reducing the residence time. For 
reactions that had undergone greater yield, more ammonia would 
form thus reducing the residence time more and causing the 
experimental yield to be lower than predicted. It is also possible that 
the ammonia did not escape into the gas phase but remained in the 
liquid as ammonium and contributed to a  reverse reaction that was 
not considered in the first principles model equation. To verify the 
presence of a reverse reaction, a batch reaction was run starting with 
14.7 mg mL-1 CBZ, 3.32 mg mL-1 NH4Cl, and 79.78 mg mL-1 urea in 12 

mL acetic acid at 110℃. This simulates the product solution of 
continuous experiment 7 (assuming 100% conversion). This reaction 
was run for ~6 hours to let it reach equilibrium. Upon HPLC analysis 
it was determined that the solution underwent 7.45% conversion 
from CBZ to ISB. Modeling this reverse reaction is outside of the 
scope of this work, but its occurrence could explain why the model 
overpredicts yield at high conversions. The addition of ammonium 
acetate shoed the same effect as that of the ammonium chloride in 
the reverse reaction. 

Another question that this study sought to answer was why the 
reverse reaction was more prevalent in the continuous system than 
it had been in the batch system. Comparing Figure 5 with Figure 9 (a), 
one can see that the model does not over-predict for batch reactions 
nearly as much as it does for the continuous reactions. From this 
data, it was hypothesized that in the batch system, ammonia was 
able to escape into the air in the pressure tube reactor and was not 
present to feed the reverse reaction. If this hypothesis were true, 
then one would expect the model to be more accurate for 
continuous reactions that underwent greater pre-conversion (>10%) 
while in contact with air since ammonia could escape during the pre-
conversion step. Therefore, the model error for experiments with 
less than 5% pre-conversion and for those with greater than 10% pre-

Figure 9. Comparison of the CBZ yield predicted by the continuous reaction model to the experimentally measured yield for all PFR 
experiments using broken reaction orders (a), and integer reaction orders pairs i = 1, u = 2; i = 0, u = 2; i = 1, u = 1 (b-d, respectively). 
In (Figure 9a), points with a green outline underwent >10% conversion with exposure to air, while points with a violet outline 
underwent <5% conversion with exposure to air (the corresponding experimental conditions are included in Tables 6).
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conversion were compared (only considering reactions with over 
50% yield since that is where the over-prediction error existed). For 
the five experiments whereby the feed solution underwent <5% pre-
conversion, the model average error was 13.7% (data points are 
marked by violet circle outlines in Figure 9 (a)). On the other hand, 
for the seven experiments whereby the feed solution underwent 
>10% pre-conversion, the model average error was 5.2% (marked by 
green circle outlines in Figure 9 (a)). I.e., the overprediction error was 
less (p = 0.093) for experiments with greater than 10% pre-
conversion while in contact with air. 

3.4 Broken vs. whole number order kinetics for continuous 
reaction mode

In order to further improve the accuracy of the model, whole 
number orders (WNOs) were considered for both urea and ISB in 
place of the experimentally determined broken orders (BOs). It is 
possible that the BOs measured in batch were not completely 
accurate since these values were found using low to medium CBZ 
yield values (see Table 2) that may not have represented the exact 
initial reaction rates. Therefore, three WNO pairs (i = 1, u = 2; i = 0, u 
= 2; and i = u = 1) were considered, and the model prediction 
accuracy of these three models were compared against the BO 
model. For each WNO pair, the activation energy and pre-
exponential factor were recalculated, using lsqnonlin MATLAB 
function, on the reaction yields of Exp 1-14, in Table 6. Only the first 
14 experiments of the full factorial study were considered here 
because they showed a linear relationship when using the batch 
measured parameters indicating that they were not as affected by 
the reverse reaction (as seen in Figure 8 (a)). Exp 15 – 24 from Table 
6 were utilized for model validation. Most of these validation 
reactions had experimentally high yields. These were utilized to 
examine how accurate a model that did not consider the reverse 
reaction would be for experiments that were measured to have high 
yields. 

Figure 9 (a-d) shows the comparison between the accuracy of the 
BO model and the WNO model on all continuous reaction data as 
well as the 95% upper and lower confidence intervals for all models. 
From Figure 9 (a-d), it can be seen that of all the order pairs 
considered (both broken and whole), the WNO model with i= 1, u= 
2, and re-calculated 126.5 kJ mol-1 activation energy and 4.14E+15 L2 
mol-2 min-1 pre-exponential factor provides the most accurate overall 
trend. This WNO model resulted in a decrease in the overall average 
error from 6.27% in the BO model to 4.87% in the WNO model. It is 
worth mentioning that although the model prediction is improved 

using the WNO model, there is still a slight over-estimation of yield 
at high conversion even for the best WNO model. Moreover, this 
model (Figure 9(b)) may be less consistent than the BO model (Figure 
9(a)), since it shows more points that lie outside of the 95% 
confidence interval. As was the case for the in the BO model, these 
errors in the WNO model are likely due to the reverse reaction that 
was not accounted for in either model. 

3.5 Reverse reaction modeling

Upon verification of the reverse reaction with ammonium in the 
PFR system, a simple reaction network was suggested, which can be 
seen in figure 10(a). This network involves the intermediate reaction 
step in which urea breaks down to form cyanate and ammonium (Rxn 
1). The cyanate subsequently reacts with ISB to form CBZ (Rxn 3). The 
intermediate reaction has been suggested to be reversible in the 
literature (Rxn 2).41 This fits the data from this study because an 
increased amount of ammonium in the system will shift this 
equilibrium toward urea decreasing the concentration of cyanate 
and thus decreasing the rate of Rxn 3. It has also been observed that 
CBZ will break down to form ISB in acetic acid without the presence 
of any other reagents, and so reaction 4 has been included in the 
network. 

To model this reaction network each reaction was assumed to be 
first order with respect to each reactant. The rate constants were 
expressed using the Arrhenius equation. These can be expressed as

(7)𝒓𝟏 = 𝒌𝟏(𝑻)[𝑼]

 (8)𝒌𝟏(𝑻) = 𝑨𝟏𝒆 ―
𝑬𝒂𝟏
𝑹𝑻

(9)𝒓𝟐 = 𝒌𝟐(𝑻)[𝑪𝒚][𝑨]

 (10)𝒌𝟐(𝑻) = 𝑨𝟐𝒆 ―
𝑬𝒂𝟐
𝑹𝑻

(11)𝒓𝟑 = 𝒌𝟑(𝑻)[𝑪𝒚][𝑰]

 (12)𝒌𝟑(𝑻) = 𝑨𝟑𝒆 ―
𝑬𝒂𝟑
𝑹𝑻

(13)𝒓𝟒 = 𝒌𝟒(𝑻)[𝑪]

 (14)𝒌𝟒(𝑻) = 𝑨𝟒𝒆 ―
𝑬𝒂𝟒
𝑹𝑻

where  and  are the Arrhenius parameters that must be 𝑨𝒋 𝑬𝒂𝒋
calculated, and [Cy] and [A] are the concentrations of cyanate and 
ammonium (mol/L), respectively.  Based on these reaction rates, the 

a)

Reaction network: 

Rxn 1: Urea  Cyanate + Ammonium

Rxn 2: Cyanate + Ammonium  Urea 

Rxn 3: Cyanate + ISB  CBZ

Rxn 4: CBZ  Cyanate + ISB

b)

Figure 10. (a) Reaction network involving the reverse reaction with ammonium and (b) comparison of the CBZ yield predicted 
by the reaction network model to the experimentally measured yield for all PFR experiments including the 2 reactions 
conducted to verify the reverse reaction.
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change in the concentrations of the reactants along the length of the 
PFR can be expressed as

(15)
𝒅[𝑼]

𝒅𝒛 =
𝒓𝟐 ― 𝒓𝟏

𝒗

(16)
𝒅[𝑪𝒚]

𝒅𝒛 =
𝒓𝟏 ― 𝒓𝟐 ― 𝒓𝟑 + 𝒓𝟒

𝒗

(17)
𝒅[𝑨]
𝒅𝒛 =

𝒓𝟏 ― 𝒓𝟐

𝒗

(18)
𝒅[𝑰]
𝒅𝒛 =

𝒓𝟒 ― 𝒓𝟑

𝒗

(19)
𝒅[𝑪]
𝒅𝒛 =

𝒓𝟑 ― 𝒓𝟒

𝒗

which were solved using ODE45 in MATLAB with similar methodology 
to that described in section 2.5. The Arrhenius parameters values 
were determined by minimizing the error on the yield for all PFR 
experiments including the two run for studying the reverse reaction 
using MATLAB function lsqnonlin. These values can be seen in table 
9. During the optimization process, the A value for reaction 4 was 
calculated to be <100 so this reaction was eliminated from the final 
model. The high activation energy of reaction 1 shows that the 
decomposition of urea is the rate limiting step. Figure 10(b) shows 
the accuracy of this model for all PFR experiments. This figure shows 
that the reaction network model tended to overpredict yield at low 
yields and underpredict at high yields. This could be a result of 
overestimating the significance of the reverse reaction. Some 
limitations of this model include the first order assumption for all 
reactants, and the assumption that the feed contained no ammonia 
or cyanate even when some pre-conversion had occurred. This 
second assumption was necessary as HPLC cannot measure the 
concentration of either of these compounds. 

4 Conclusions
In summary, this work developed a first principles kinetic 

model for the synthesis of carbamazepine from iminostilbene 
and urea that was used for modeling both batch and continuous 
flow systems. For both kinetic models, a good agreement 
between model prediction and experimental results was 
observed, though the developed continuous model was 
susceptible to overpredicting the reaction yield at higher 
conversions. Some data also indicated that the reverse reaction 
was less prevalent for continuous experiments conducted with 
a pre-conversion step because this step allowed the byproduct 
ammonia to escape into the gas phase. This hypothesis should 
be further explored as separating the byproduct ammonia from 
the reaction mixture would minimize the reverse reaction and 
maximize the yield. Either a series of CSTRs that are open to the 
air similar to the batch reactor or a tubular membrane reactor 
with an ammonium permeable membrane could be studied for 

continuous synthesis with ammonia removal. Both the 
existence of the reverse reaction and the ammonia escape into 
air were insights gained by the use of a first principles model 
demonstrating the value of the enhanced process 
understanding provided by the mechanistic model.
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