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1. INTRODUCTION

Chemical kinetics is a branch of science, that studies the rate of chemical reactions and the
factors influencing the speed of the reactions (Jere & Mpeta, 2024; Arndt & Schomacker,
2022; Musah et al., 2022; Campbell, 2017). Understanding reaction kinetics is essential in a
variety of scientific disciplines, including industrial, pharmaceutical, and environmental
chemistry, where reaction rate control plays a crucial role in process optimization (Zhang et
al., 2023; Aquilanti et al., 2017; Mills et al., 2007, Walker et al., 2020). Reaction rate
determination and kinetic model prediction do not only provide information about reaction
rates but also provide insight into the underlying reaction mechanism (Motagamwala &
Dumesic, 2020; Marin et al.., 2021). Indeed, the individual steps can make up the overall
reaction (Bhandari et al., 2020; Alnasif et al., 2023). Therefore, kinetic studies serve as a basis
for the development and improvement of chemical processes in industry and other scientific
applications.

One of the main goals in kinetic studies is to determine reaction orders and rate constants,
which describe the relationship between reactant concentration and reaction rate. The
reaction order explains how changes in reactant concentration affect the rate, while the rate
constant provides information about environmental factors influencing the rate, such as
temperature, process condition, and existence of catalyst (Razdan et al., 2023; Arcus &
Mulholland, 2020; Faraji et al., 2022; Lazaridou et al., 2023; Cama et al., 2002). Determination
of these parameters is usually carried out through experimental observations and
mathematical data analysis involving kinetic modeling. Commonly used experimental
techniques include spectroscopy, titration, and chromatography to monitor changes in the
concentration of reactants or products during the reaction (Marin-Garcia et al., 2022; Kukoc-
Modun et al., 2021; Srivastava, 2021; Tafazoli et al., 2020; Blazheyevskiy et al., 2022).

Various methods are used to determine reaction orders and rate constants. The initial rate
method is an approach that is often used to determine the reaction order by measuring the
reaction rate at different initial concentrations. Additionally, integral and differential methods
are applied to analyze the concentration-versus-time dataset to verify the most appropriate
kinetic models, such as zero-, first-, and second-order reactions (Taylor et al., 2023, Liao et
al., 2024). These approaches provide flexibility in evaluating diverse kinetic mechanisms and
allow in-depth interpretation of how external factors influence the reactions.

Chemical kinetics is not only theoretically useful but also has significant practical
applications. In the chemical industry, a deep understanding of kinetics is essential for
designing reactors and optimizing operating conditions for efficiency and safety (Westbrook
et al., 2021). Likewise, in the environmental field, knowledge of kinetics can be applied to
understand pollutant degradation or effective waste processing (Ganiyu et al., 2022; Ateia et
al., 2020). This article aims to explain the steps in determining the reaction order using
integral and differential methods by analyzing concentration data over time to verify the most
appropriate kinetic model.

2. BASIC THEORY OF CHEMICAL KINETICS
2.1. Reaction Rate

Chemical kinetics or reaction kinetics studies the reaction rate in the chemical reaction.
Analysis of the influence of various reaction conditions on the reaction rate provides
information about the reaction mechanism and transition states in the chemical reaction.
Chemical component changes are simply written in the reaction equation with balanced
coefficients. However, the reaction equation cannot answer the main important issue
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regarding how fast the reaction takes place. Chemical kinetics is the study of reaction rates
and changes in the concentration (either reactants or products) as a function of time as
illustrated in Figure 1. Reactions can take place at varying rates. Some occur immediately,
require quite a long time (combustion), or take a very long time. We can find the reaction in
the aging, coal formation, and some radioactive decay reactions. In general, the reaction rate
is the rate of reduction of reactants per unit of processing time. Or, it can be the rate of
product formation per unit of processing time. A simple explanation is shown in Eq. (1)
(Dybeck et al., 2017; Mavroudis et al., 2019).
A [reactant] Alproduct]

r=- At = At (1)

Concentration

Reactant

Time

Figure 1. Changes in the concentration of reactant and product concentrations per unit of
processing time.

Based on Eq. (1), the A sign is defined as the difference/change between the final condition
and the initial condition. The negative sign in front of A [reactant] indicates a decrease in the
concentration of the reactant over time. In contrast, the positive sign in front of A [product]
indicates an increase in the concentration of the product over time. Here, square brackets, [
], are used to express concentration. The expression of the reaction rate is based on the rate
equation, depending on the concentration of reactants and products in the chemical reaction,
as well as the stoichiometric coefficients of the reaction (see Eq. (2)):

aA+bB > cC+dD (2)

where g, b, ¢, and d, are the stoichiometric coefficients of the reactants and products. A, B, C,
and D are the chemical species involved in the reaction. The expression for the reaction rate
(r) from Eq. (2) can be written as in Eq. (3):

_ _1A[Al_ _ 1Al _ , 1A[c] _ | 1AD]
r="%"a * bAt_+cAt_+cAt

(3)
2.2. Factors Influencing the Reaction Rate

Chemical reactions may or may not take place and cannot be explained using collision
theory only. Collisions between reactant/product components produce a reaction if they have
sufficient energy and are in the right direction of collision (effective collision). Several factors
are involved in getting excellent collisions to make a reaction:

(i) Surface area. The surface area gives more possible contact between reactants to make
reactions. Indeed, surface area can be obtained by the change in component size and
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porosity. In short, reactants in liquid or powder form produce a faster reaction rate than
those in flake form in the same concentration (Hu & Xia, 2016; Leng et al., 2021; Qu et
al., 2021).

(ii) Concentration. In most cases, if the reactant concentration increases, it creates more
numbers of collisions, allowing a faster reaction rate (Li et al., 2012).

(iii) Temperature. In most cases, temperature accelerates the reaction rate. Increases in
temperature cause the reactant components to move faster in the reactor, resulting in
more opportunities for effective collisions. Many reactions proceed twice faster for every
10°C increase in temperature (Wei et al., 2020).

(iv) Catalyst and Inhibitor. Catalyst and inhibitor are involved in the collision process between
reactants, but at the end of the reaction, they will be found again (exist in the final
condition after the reaction is finished). In short, during the reaction, the catalyst can
speed up the reaction rate, while the inhibitor can slow down the reaction rate. They play
in creating an alternative (different) reaction mechanism, changing activation energy (Eq)
(Lin et al., 2018).

2.3. Rate Law and Reaction Order

In chemical kinetics, the reaction order of a substance (such as reactants, catalysts, or
products) is the number of concentration factors that influence the speed of the reaction. The
reaction rate is shown in Eq. (4).

r =k [A]™[B]" (4)

where m and n are the reaction orders of the reactants A and B.

In reaction kinetics, the reaction order is often not the same as the stoichiometric
coefficient since it is determined from experiments. The reaction order for each reactant
often has a positive number, but some are fractional or zero. Several examples in the reaction
order are the following:

(i) Zero-Order. The reaction rate is independent of the concentration of the reactants. The
change in concentration does not change the reaction rate. The reaction can be done as
long as the number of reactants is enough to be converted into a product. Examples are
various reactions catalyzed by enzymes (Ray & Mandal, 2008).

(ii) First-Order. The reaction rate is directly proportional to the concentration of one of the
reactants. Any change in the concentration of a reactant will affect the reaction rate
proportionally (Allen, 2018).

(iii) Second-Order. The rate of reaction is affected by the concentration of one or more
reactants by a total power of two (Haraldsrud & Odden, 2023).

(iv) Kinetic Fractional Order. The rate of reaction is not in the cardinal number. Most reaction
orders are in decimal and fractional numbers.

Kinetics with fractional order reactions include (Al-Basir et al., 2015; Sokolov et al., 2002;

Elio et al., 2018):

(i) One-fourth order (m = %). A reaction of one-fourth order is an example of fractional
kinetics, which is often observed in complex reactions or reactions involving non-simple
mechanisms. Unlike whole-order reactions (such as 0, 1, or 2), fractional kinetics show
that the reaction rate is not directly proportional to the concentration of the reactants.
A one-fourth reaction order shows that the reaction rate is not directly proportional to
the concentration of the reactants, but rather depends on [A] as a power of 0.25. Changes
in the concentration of the reactants will have a smaller effect on the reaction rate than
a first- or second-order reaction.
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(ii) Half order (m = %). Half-order kinetics is a form of fractional kinetics in which the reaction
rate is proportional to the square root of the reactant concentration. Half-order reactions
are often found in more complex processes, such as enzymatic reactions or reactions
involving free radicals. Increasing reactant concentration will increase the reaction rate
at a slower rate than in a first-order reaction.

(iii) Three-quarter order (m = %). In a three-quarter order reaction, the reaction rate
increases more rapidly than in a lower order reaction (such as one-fourth or half orders),
but it is slower than in the first-order reaction.

2.4. Understanding Reaction Order in the Integration Theory

The reaction order can be determined by the existence of a rate law. The rate law for any
chemical reaction must be determined from experiments and cannot be predicted from the
chemical reaction equation directly. The initial rate method is often used to determine the
rate law, namely by observing the effect of changes in the initial reactant concentration on
the initial rate of the reaction. The integrated rate law equation is obtained by integrating the
rate law. The following are the integration steps for zero, first, second, and fractional orders.
In short, the integration process is done and derived from the concept in Eq. (4) to equations.
(5), (6), and (7):

r = k[A]™ (5)
— A = kA (6)
% = —kdt (7)
[t = =k Jy dt ®)

Then, the following steps are done:
(i) For zero-order integration (m = 0), we can get equations (9) and (10):

— [ d[A] =k [, dt (9)
[A] = [A]o- kt (10)

(ii) For first-order integration (m = 1), we can get equations (11), (12), and (13):

_pAdAl_
on o k[, dt (11)
T R (12)
[4]o
In[A] = In[A], — kt (13)
(iii) For second-order integration (m = 2), we can get equations (14) and (15):
Acd[A] _, ot
Lo up=kh -
1 1
A= A + kt (15)

(iv) For kinetic fractional integration, such as m = %, %, and %), using a similar method, we
can get equations (15), (16), and (17), respectively:
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[A]* = [Aol+ — 2kt (16)
[A]? = [A]: — 2kt (17)
[A]* = [Ao]s — kt (18)

2.5. Reaction Order Determination

The unified rate allows the prediction of reaction order by plotting and regressing data of
reactant concentration data against t. Each reaction order has different characteristics of the
curve (Table 1). By analyzing the curve shape, the reaction order can be accurately
determined. Then, the information regarding curve data fitting, calculations, and parameters
of the kinetic order model is presented in Table 2.

Table 1. Reaction order characteristics in plotting concentration vs t.

Order [A]vst In[A] vs t 1/[A]vs t

° |i
— ky
ks

—
ks

[A]
In[4)
1/[A]

kz —

1 d f
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\ _ — ky
\k3
T t t
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2 K
= 3
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Table 1 (Continue). Reaction order characteristics in plotting concentration vs t.

Order [A]vs t In[A] vs t 1/[A]vst
2 L2 Lo A
| 2 T
B 5 e
// k,
/”/
t t t
Table 2. Curve data fitting for zero-, first-, second-, and fraction-order reactions.
Kinetic Linear Equation or Plotting k-value Rate Law Unit for k
Order Integrated Rate Law obtainment
Zero [A] = [A]o - kt [Alivs t - slope r=k mol/L.s
First In[A] = In[A], — kt In[A]; vst - slope r = k[A] 1/s
Second -1 Lkt 1/[Alcvs t + slope r = k[A]? L/mol.s
[A]  [Ao]
1 3/4 _ - 3/4 0.75 /] 0.75
: [A]7 = [A,]T — >kt [A]*vs t 4/3 slope r = k[A] mol®7>/L%7>s
1 1 1 1/2 _ - 1/2 0.5/10.5
> [A]Z = [A,]2 — =kt [A]Y2 vs t 2 slope r = k[A] mol®>/L%>s
3 1 1 1/4 _ - 1/4 0.25 /) 0.25
- [A]Z = [4,]% — kt [A]Y*vs t 4 Slope r = k[A] mol%-2>/10-255
3. METHOD

This study showed how to analyze experimental data to predict reaction order and kinetics.
Data was obtained from literature in Internet sources, especially from articles published in
international journals.

4. RESULTS AND DISCUSSION

For determining data, several steps are done:
(i) Step 1: Take data from the experiment to obtain concentration [A] versus t.

(ii)
(iif)
(iv)

(v)

Step 2: Tabulate concentration [A] into other forms, including In[A] and 1/[A].
Step 3: Plot data into: [A], In[A], 1/[A] versus t.
Step 4: Compare the curves created in step (iii) and the curves in Table 1. The nearest
curve shape represents the type of reaction order.

Step 5: After analyzing and comparing data with curves in Table 1 (as in step (iv)), predict

the reaction order. Then, calculate the value for reaction order and constant as well as
select possible reaction rate equation, as explained in Table 2.

(vi)

Step 6: Based on step (vi), take data from Table 2 and select from the “plotting” column

to understand what curve should be made (for the x- and y-axis) for getting the k value.
Following the best curve fitting from Table 2 in the “k-value” obtainment column, re-put
the regression equation for understanding reaction kinetics.

4.1.

Example Case 1

For the chemical reaction of hydrazine to form water and oxygen (reaction (CR1)):
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2H>0;7 - 2H,0 + Oy

(CR1)

The determination of the reaction order is explained as follows:
(i) Step 1:Find data for the concentration of the reactant [H,0,] at various t (Table 3).

(i) Step 2: Tabulate data [H;0;] into In[H,02] and 1/[H,0;] (see Table 4).

(iii) Step 3: Fit curves from step (ii) in Table 4 and put a linearization curve to get slope and

R? (see Figure 2).

Table 3. Data collection of [H.0;] concentration against t.

t (min) [H.0,]
0 1.000
2 0.800
4 0.600
6 0.400
8 0.200
10 0.000

Table 4. Tabulated concentration and t dataset of H,0,.

t (min) [H20:] In[H,0,] 1/[H,0:]
0 1.000 0.000 1.000
2 0.800 -0.223 1.250
4 0.600 -0.510 1.666
6 0.400 -0.916 2.500
8 0.200 -0.160 5.000
10 0.100 -4.605 100.0
1.0 -1
(a) (b)
0.8 -2
_ Y =-0.0993x + 0.9981
S 06 R?=0.9999 T3 Y =-0.3941x + 0.6699
& = R? =0.7429
0.4 =
-4
0.2
0 -5
0 2 4 6 10 12 0 2 4 6 8 10 12
t (mun) t (min)
120
100 (c)
80
60 Y= 7.244x+17.651
5 R? = 0.461
= 40
- 20
0
-20
-40
2 6 8 10 12
t (mun)

Figure 2. Data [H,0:] for several conditions: (a) zero order ([A] vs t), (b) first order (In[A] vs
t), and (c) second order (1/[A] vs t).
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(iv) Step 4: Compare the type of curve gained in step (iii) in Figure 2 to the various types of
curves listed in Table 1. Figure 2(a) is fit for the model curves (a), (b), and (c) in Table 1.
The curve also in Figure 2(a) produces a straight line with R? value > 0.999 (the R? value is
greater than the other model plots). This value indicates that the reaction follows a zero-
order kinetic model.

(v) Step 5: Based on the information in Table 2, the curve that has been created has a
predicted linearization plot as a function of [H,0.]: vs t with the predicted rate equation
of [H,0,]; = [H,0,]o — kt and the predicted rate of % = —k[H,0,]°.

(vi) Step 6: Taking data from Table 2, select from the “plotting” column to understand what
curve should be made (for the x- and y-axis) for getting the k value. Following the best
curve fitting from Table 2, we can get Figure 2(a) with the linearization regression of y =
—0.0993x + 0.9981. Compared to Table 2 in the “k-value obtainment” column, the k
value for zero order is — slope, showing the k value of 0.0993.

4.2. Example Case 2
A reaction following the formula (CR2) is carried out at a certain temperature.
A>B+C (CR2)

The determination of reaction order follows:
(i) Step 1: Collect data for the concentration of reactant A ([A]) at various t (Table 5).

Table 5. Data collection of concentration A against t.

t (min) [A]
0.00 2.000
2.00 1.107
4.00 0.612
6.00 0.338
8.00 0.187
10.00 0.103

(i) Step 2: Tabulate data into In[A] and 1/[A] (see Table 6).

Table 6. Tabulated concentration and t dataset of reactant A.

t (min) [A] In[A] 1/[A]
0.00 2.000 0.693 0.500
2.00 1.107 0.102 0.903
4.00 0.612 -0.491 1.630
6.00 0.338 -1.085 2.950
8.00 0.187 -1.677 5.350
10.00 0.103 -2.273 9.710

(iii) Step 3: Fit data (see Figure 3). Then, take linearization to get R? and slope.

(iv) Step 4: Compare curve in step (iii) to data for various types of curve images in Table 1.
Based on the fit analysis, Figure 3 has a good match with the curve images (m), (n), and
(o) in Table 1. The R? value is more than 0.90, indicating the reaction order is following

the first-order model.
. . . dlA
(v) Step 5: Predict the reaction rate based on Table 2, resulting % = —k[A].
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(vi) Step 6: Similar to above Case 1 for getting data from Table 2 in the “plotting” and “k-
value obtainment” columns, we can get Figure 3(b) with the linearization of y =
—0.2966x + 0.694. Thus, from the “k-value obtainment” columns in Table 2, the k value

for the first order is — slope, showing the k value of 0.2966.

25

(a)

y=-0.2966x + 0.694

R?=0.998

(b)

- <05
< y=-0.1788x + 1.6187 = 10
R?=0.8577
15
0.5
- 20
0
0 2 4 6 8 10 T 2 :
t {min)
12
o (c)
8
g 6 y=0.8673x—0.8292
-~ \ R2=0.8558
2
I
0

t (min)

Figure 3. Data [A] for several conditions: (a) zero order ([A] vs t), (b) first order (In[A] vs t),

and (c) second order (1/[A] vs t).

4.3. Example Case 3

A NO, decomposition reaction occurs at a temperature of 330°C based on the reaction

equation shown by the formula in reaction (CR3).

2NO2 (g 2 2NO (g + 02 (g)

(CR3)

The determination of the reaction order and the rate law expression can be determined

through the following steps:
(i)

Table 7. Data NO; concentration against t.

t(s) [NO;]

0 1x 1072
60 6.83 x 1073
120 5.18 x 1073
180 418 x 1073
240 3.00 x 1073
300 3.01x 1073
360 2.64x 1073

(i) Step 2: Tabulate data into In [NO;] and 1/[NO;] (Table 8).

Step 1: Take the concentration of the reactant NO; at various t (Table 7).

Table 8. Tabulated concentration and t dataset of NO, reactant.

t(s) [NO;] In[NO,] 1/[NO,]
0 1x 1072 -4.605 100
60 6.83 x 1073 -4.986 146.412

120 5.18 x 1073 -5.263 193.050
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Table 8 (Continue). Tabulated concentration and t dataset of NO; reactant.

t(s) [NO-] In[NO,] 1/[NO,]
180 418 x 1073 -5.477 239.234
240 3.00 x 1073 -5.809 333.333
300 3.01 x 1073 -5.805 332.225
360 2.64 x1073 -5.937 378.788

(iii) Step 3: Using data in Table 8 from step (ii), take a linearization curve and calculate slope
and R? (Figure 4).

(iv) Step 4: Compare the obtained curves gained in step (iii) in Figure 4 to Table 1. Figure 4
has a good match with the curve images (p), (q), and (r) in Table 1 with a straight line
and R? =0.9722. The reaction order follows the second-order model.

(v) Step 5: Based on the information in step (iv) and compared to Table 2, the function of

1/[NO2] versus t correlates with — % = k[NO,]?.
(vi) Step 6: Similar to above Case 1 for getting data from Table 2 in the “plotting” and “k-
value obtainment” columns, we can get Figure 4(c) with the linearization regression of

y = +0.8025x + 101.69. Compared to Table 2 in the “k-value obtainment” column, the
k value for the second order is + slope, showing the k value of 0.8025.

0.012 fIJ
oo | (@ (b)

y=-2x10"%x + 0.084
R?=0.8535

0.008

Ln[NO,)

S
2 0008 = y=-0.0037x— 4.7498

0.004 - R?=0.9428
0.002 \_’\
6

0

0 100 200 300 400 T o 100 200 300 300
tis) tis)

350
300
250
Z 200
~ 150

100

50

y= 0.8025x + 101.69
R?=0.9722

0 100 200 300 400
t(s)

Figure 4. Data [NO;] for several conditions: (a) zero order ([A] vs t), (b) first order (In[A] vs t),
and (c) second order (1/[A] vs t).

4.4. Example Case 4

The decomposition reaction of ozone in the gas phase at a certain concentration is shown
by the reaction (CR4).

2035 2 303 (g (CR4)

Based on equation (2), the following steps can be used to determine the reaction order
and rate law expression.:
(i) Step 1: Take data for the concentration of reactant [Os] at various t (Table 9).
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(i) Step 2: Tabulate into In[O3], [05]'/2, and 1/[0s] (Table 10).
(iii) Step 3: Using data in Table 10 from step (ii), make a linearization curve (Figure 5).

Table 9. Data collection of O3 concentration against t.

t (min) [0s]
0 0.00792100
10 0.00476100
20 0.02621440
30 0.00102400
40 0.00023104
50 0.00000001

Table 10. Tabulated concentration and t dataset of the Os reactant.

t (min) [05] [05]1/2 In[Os] 1/[0s]
0 0.00792100 0.0890 -4.83824 126.24669
10 0.00476100 0.0690 -5.34730 210.03991
20 0.02621440 0.0512 -5.94403 381.46973
30 0.00102400 0.0320 -6.88404 976.56250
40 0.00023104 0.0152 -8.37292 4328.2548
50 0.00000001 0.0001 -18.4207 100000000

0.008

(a} 0.08 (b)
0.006 N
Y = -0.0002x + 0.0067 o D06 Y=-0.0018x + 0.0874

3 o X o 2_
) 2 > R?=0.998
= 0.001 RZ = 0.8994 S o

0.002 0.02

i —
4
0 10 20 30 a0 50 60 0 10 20 . jg 0 50 60
t (min)
’ 1200000
(c) )

— 4
Q’ —_ 900000
= 3

* = ¥ = 1E+06x — 2E+07

- 2 _
12 Y =-0.2227x + 2.7348 600000 R =0.4286
R? = 0.6638
e 300000
-20 o
] 10 20 30 40 50 60
0 10 20 30 a0 50 60

t (min) t (min)

Figure 5. Data [Os] for several conditions: (a) zero order ([03]vs t), (b) half-order
([03]*/? vs t) (c) first order (In [03] vs t), and (d) second order (1/[03] vs t).

(iv) Step 4: Compare data gained from step (iii) in Figure 5 to various types of curve images
in Table 1. Based on the fit analysis, Figure 5 has a good match with the curve images
(g), (h), and (i) in Table 1 with a straight line and has an R? value of 0.998. This indicates

that the reaction order is following the half-order model.
. . . d[o3 1
(v) Step 5: Based on step (iv), predict the reaction model. It results —% = k[O3]=.
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(vi) Step 6: Similar to above Case 1 for getting data from Table 2 in the “plotting” and “k-
value obtainment” columns, we can get Figure 5(b) with the linearization regression of
y = —0.0018x + 0.0874. Compared to Table 2 in the “k-value obtainment” column, the
k value for zero order is — 2 slope, showing the k value of 0.0036.

4. CONCLUSION

This study provides a step-by-step guide on how to determine reaction rates and reaction
orders, presenting real-world case studies to clarify the chemical process. The process for
determining reaction rates and orders involves collecting experimental data, mathematical
manipulation of the rate equation, and selecting the most appropriate kinetic model based
on linearity and statistical parameters such as R? and slope values. The article emphasizes the
importance of curve-fitting analysis, such as plotting [A] vs t, In[A] vs t, and 1/[A] vs t to
identify linearity patterns that match to predicted model for reaction orders. In addition, the
case studies presented in the article help to strengthen the understanding of how these
techniques are applied in real-world scenarios, both for simple and more complex reactions.
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