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Abstract
In this study, the reaction of hydroxylamine with acetamide to acetohydroxamic acid 
was carried out at different temperatures, and the complete reaction processes were 
monitored using online infrared spectroscopy and pH probe. Regarding the reac-
tion as first-order for both reactants, the obtained experimental data were fitted to 
evaluate kinetic parameters, including the second-order rate constant k of the reac-
tion at different temperatures, and the activation energy EA. It was found that when 
fitting online infrared spectral data, the traditional hard-modeling method was not 
able to obtain reasonable evaluated values of kinetic parameters due to the influence 
of rotation ambiguity. In this study, spectral similarity was innovatively applied to 
restrain the rotational ambiguity during IR spectra fitting and has achieved favorable 
effects. The values of the apparent dissociation constants of weak acidic or basic 
substances in the reaction model were additionally evaluated during online pH pro-
file fitting. In addition, a multi-objective optimization method, NSGA-II, was also 
carried out to fit online IR spectra and pH profile simultaneously. The EA evaluation 
results obtained by the three mentioned methods were similar, with values of 85.10, 
84.48, and 83.72 kJ  mol−1, while the multi-objective optimization method provided 
evaluation results for the rate constant k with the smallest relative standard deviation 
(maximum 5.72%).
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Introduction

Acetohydroxamic acid is widely used in agriculture, medical, and environment 
protection fields [1]. One of the common procedures for the synthesis of aceto-
hydroxamic acid involves the reaction between hydroxylamine and acetamide [2]. 
In order to efficiently control and optimize such a procedure, it is essential to 
comprehend the kinetics of this reaction. Chemical reaction kinetics provide a 
quantitative measurement of the rates of reactions and provide insight into the 
influencing factors of reaction rates, such as concentration, temperature, pressure, 
and catalysts. Establishing a proper reaction model with precise reaction param-
eters (such as rate constants, activation energies, and reaction orders) is critical 
for controlling a reaction for the desired outcome.

The experimental determination of reaction kinetic parameters often involves 
measuring the concentrations changes of reactants or products during the reaction 
process, or at least signals that correlate with the turnover of reactants to prod-
ucts. Various monitoring instruments meeting the above requirement have been 
used for chemical reaction kinetic analysis. These instruments can be divided into 
two groups by their monitoring method: offline monitoring and online monitoring.

Although the offline monitoring instruments can distinguish the components in 
the mixture, they suffer from limited time resolution, potential sample contamina-
tion, and the inability to capture transient species accurately [3, 4]. By compari-
son, online monitoring technologies, such as online infrared spectroscopy, online 
UV–visible spectroscopy, online Raman spectroscopy, and reaction calorimetry, 
seem to be better choices to acquire kinetic data [5–9]. These techniques enable 
continuous and real-time monitoring of the reaction progress, providing detailed 
information on reaction progress. Besides, by directly probing the reaction mix-
ture without the need for manual sampling, online measurements reduce the risk 
of sample contamination and preserve the integrity of the reaction system, and 
have been increasingly used in the kinetic analysis of the reaction process.

Among the various online monitoring technologies used for kinetic analysis, 
online infrared spectroscopy stands out as a commonly used approach as the inter-
pretation of the results is generally straightforward [10]. Its broad wavenumber 
range enables the identification of diverse chemical bonds and functional groups, 
and the absorbance correlates with the concentration of detected substances. The 
widely used kinetic parameter evaluation method based on online infrared spectra is 
referred to as the ’hard-modeling’ method. It directly uses the spectral data set of the 
entire reaction as the fitting object and evaluates the kinetic parameters during the 
fitting process. This approach is calibration-free and does not require the establish-
ment of a quantitative model [11–14]. The traditional hard-modeling approach, how-
ever, is easily affected by rotational ambiguity and leads to erroneous fitting results 
[14–17]. In this study, we tried to restrain the adverse effect of rotational ambiguity 
on the parameter fitting by introducing the similarity between the calculated pure 
spectra and the measured ones into the objective function of the fitting process.

Facile access to utilize a variety of online monitoring techniques allows for 
the simultaneous use of more than one such technique in numerous cases, and 
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multiple techniques can mutually validate or complement each other [4]. Car-
valho et  al. [18] monitored a second-order reaction between benzophenone and 
phenylhydrazine using online UV/vis and mid-infrared spectroscopic probes and 
obtained consistent rate constant evaluation results from the independent analy-
sis of both types of data. Chung et al. [19] applied tandem online infrared spec-
troscopy and offline HPLC–MS to monitor the dysprosium (III) triflate-catalyzed 
aza-Piancatelli rearrangement of 2-furylcarbinols. The offline HPLC revealed the 
formation of a transient intermediate that was not visualized in the IR data. How-
ever, neither of these studies has demonstrated the idea of combining different 
types of data and analyzing them together in a same calculation process.

In this study, an online pH probe was combined with the online infrared spectrom-
eter for reaction monitoring, given its simple operation, and the correlation between 
pH changes and variations in the concentrations of acidic or basic substances in the 
system. A commonly used multi-objective fitting algorithm, Non-dominated Sort-
ing Genetic Algorithm II (NSGA-II) [20], was used to evaluate experimental data 
of infrared and pH simultaneously, in order to improve the accuracy of evaluation 
results. The results demonstrated the feasibility of this method in improving the 
accuracy and stability of the evaluation results.

Materials and methods

Reaction

The reaction of hydroxylamine and acetamide that synthesize acetohydroxamic acid 
(Scheme 1) [21, 22] was studied here.

The reaction was carried out using a molar ratio of 1:1 hydroxylamine to aceta-
mide. As one of the reactants, hydroxylamine was prepared by dissolving a calcu-
lated amount of hydroxylamine hydrochloride and NaOH in 50 mL deionized water. 
In order to ensure that the pH change caused by the concentration changes of weak 
acidic or basic substances during the synthesis of acetohydroxamic acid can be 
observed, the NaOH amount (5.70 g, 0.14 mol) was slightly less than hydroxylamine 
hydrochloride (10.43 g, 0.15 mol) to ensure the complete consumption of NaOH. 
8.86 g acetamide was then put into the prepared hydroxylamine solution as another 
reactant to generate acetohydroxamic acid and ammonia.

Experimental setup

Isothermal batch experiments were carried out separately at 55, 50, 45, 40, and 
35 °C. For each temperature, the experiment was repeated three times to validate 

Scheme 1  Acetohydroxamic acid synthesis
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the repeatability of the experiment, and each experiment was terminated after 
5 h of reaction. The reactor was sealed during the reaction process. The reaction 
process was monitored by an online FTIR spectrometer (ReactIR-702L, Met-
tler Toledo, USA) and an online pH probe (SIN-PH-6002, Sinomeasure, China) 
simultaneously. The infrared spectra were collected with a resolution of 2  cm−1 
and a sampling interval of 15 s. The pH data were recorded every 5 s.

The pH probe has automatic temperature compensation function and was cali-
brated with calibration buffers of known pH values before each experiment. The 
infrared spectrum of the solvent water was measured before adding the reac-
tants and used as the background, which was subtracted from the raw reaction 
spectra. The processed infrared spectra were then evaluated in the range of 
1800–850   cm−1, and formed the matrix Dexp, while the pH data were concat-
enated to a single vector pHexp.

Establishment of reaction kinetic model

In order to simplify the calculation process, the synthesis reaction of acetohy-
droxamic acid was considered as a second-order reaction overall, and first-order 
with respect to each reactant [22]. In addition, according to the description in 
the reference [22], there is no accumulation of any additional intermediate that 
can be observed by infrared spectrometer in the reaction process (our experi-
mental results also proved this). Therefore, the kinetic model can be described 
by the following equations [23]:

It needs to be emphasized that since acetohydroxamic acid and ammonia were 
generated synchronously and in the same amount, they are both represented 
by the component P in the kinetic model, while A and B represent hydroxy-
lamine and acetamide separately. cA, cB, and cP are the concentrations of the 
corresponding substances in the solvent (mol  L−1). r(k) is the reaction rate (mol 
 L−1  s−1), which is proportional to the product of the concentrations of the reac-
tants. The proportional constant k (L   mol−1   s−1) is the isothermal rate constant 
of the reaction and is the only unknown parameter of the reaction kinetic model.

(1)

NH2OH + CH3CONH2

k
⟶CH3CONHOH + NH3

A + B
k

⟶ P

r(k) = k ⋅ cA ⋅ cB

dcA

dt
= −r(k)

dcB

dt
= −r(k)

dcP

dt
= r(k).
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Evaluation of the rate constant using online IR spectra

According to the Beer-Lambert law, the reaction spectrum (matrix D) can be 
decomposed into the pure spectra of all absorbing chemical components of the 
reaction mixture (matrix S) and their corresponding concentration–time profiles 
(matrix C) (Eq. 2) [24]:

The matrix E describes the matrix of residuals that cannot be explained by the 
resolved components including the random noises.

A reasonable and unique decomposition is only possible if appropriate physi-
cal constraints are applied. Here the measured reaction spectrum Dexp was decom-
posed using a specified kinetic model with unknown parameters as a physical 
constraint for the concentration–time profiles, which is called the hard-modeling 
approach [16, 25]. The parameters of the kinetic model can be evaluated directly 
through the decomposition process. This so-called hard-modeling approach can 
be roughly divided into the following three steps: First, the concentration matrix 
Ccalc(k) is calculated according to the kinetic model. Second, the complete matrix 
of pure component spectra Scalc is calculated by linear least squares (Eq. 3):

Here Ccalc(k)+ represents the pseudo inverse matrix of Ccalc(k). Third, a nonlin-
ear optimization was conducted with an objective function FIR as Eq. 4:

and the calculation restarts at step one. The optimization process was con-
ducted with Matlab using the lsqnonlin function for the nonlinear least square 
optimization.

The fitting of the rate constant k is completed simultaneously in the decom-
position process by constantly adjusting the given value of the parameter during 
the iterative process until the objective function reaches the minimum value. The 
nonlinear optimization process requires specifying the initial value of the kinetic 
parameter to start.

It should be noted that the decomposition of the infrared spectra is eas-
ily affected by the rotational ambiguity, and even if the kinetic model has been 
added as a constraint, it may still lead to inappropriate results. See Supplemen-
tary Information for more details. Therefore, in this study, we propose a method 
that involves comparing the decomposition results Scalc with the measured spectra 
of pure substances and treating the similarity between them as an additional part 
of the iterative objective function. This approach aims to add a further physical 
constraint into the fitting process.

The vectors of difference between calculated and measured spectra are com-
bined with �exp − �calc(k)�calc to form a new matrix, and the objective function 
FIR is now changed to Eq. 5:

(2)� = �� + �

(3)�calc = �calc(k)
+�exp

(4)FIR =
‖‖‖�exp − �calc(k)�calc

‖‖‖
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Here different l represents different substances, whose measured pure spectra can 
be obtained. For the synthesis of acetohydroxamic acid, the spectra of hydroxylamine, 
acetamide, and product were measured (scaled according to the concentration of the 
corresponding component in a pure liquid) and compared with the decomposition 
results.

Note that measured spectra of pure components have been utilized in the optimiza-
tion process in other studies [16, 26, 27], but they were directly used to replace the cor-
responding line of Scalc in the objective function. However, due to the influence of other 
substances and external conditions, the spectrum of the substance in the reaction sys-
tem may differ from the one measured from the pure substance [15]. Therefore, simply 
replacing Scalc with measured pure spectra may not achieve the desired effect, as will be 
further discussed in Sect. “Fitting results of online IR spectra” below. In comparison, 
using the similarity of the calculated and measured spectra as a part of the optimized 
function seems to be a more flexible method to improve the creditability of the decom-
position process.

Evaluation of the rate constant using online pH profile

The fitting process of pH data is similar to that of infrared data, except that the objec-
tive function changes to FpH = ‖‖‖��exp − ��calc

‖‖‖ . Therefore, before introducing the 
evaluation process of the rate constant based on the pH profile, it is necessary to intro-
duce the simulation method for calculating the pH profile of the reaction process which 
forms the vector pHcalc.

Simulation of pH profile of reaction process

During the synthesis reaction of acetohydroxamic acid, the acidic and basic substances 
that affect the pH value include hydroxylamine, acetohydroxamic acid, and ammonia. 
These substances are weak electrolytes and have ionization equilibrium processes in 
aqueous solutions as same as water molecules. Their ionization equilibrium equations 
and ionization equilibrium constants (Ka for acid, and Kb for base) are expressed as fol-
lows [28–31]:

(5)FIR =

�����������

⎡⎢⎢⎢⎢⎢⎣

�exp − �calc(k)�calc
�exp,1 − �calc,1

⋮

�exp,l − �calc,l
⋮

⎤
⎥⎥⎥⎥⎥⎦

�����������

(6)NH2OH + H2O
KbNH2OH

⇌ NH3OH
+ + OH−

KbNH2OH
=
[
NH3OH

+
]
[OH−]

/[
NH2OH

]
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Here [X] is the concentration of the substance X (mol  L−1).
The pH of the reaction system can be calculated according to the charge balance 

equation [32–34]:

Here  Na+ and  Cl− were introduced by NaOH and hydroxylamine hydrochloride 
when generating hydroxylamine.

Meanwhile, based on the conservation law of atoms, the following equation also 
exists in the system:

Combining Eqs. 6, 7, 8, 9, 10, 11, 12 and 13 then Eq. 10 can be converted into the 
form below:

Here  [Na+] is the feed amount of NaOH (mol  L−1) and  [Cl−] is the one of hydrox-
ylamine hydrochloride (mol  L−1), both of which are known. The concentrations C of 
other substances change during the reaction and can be calculated with the kinetic 
model. Therefore, if all ionization equilibrium constants are known, the above equa-
tion becomes a unary equation about  [OH−], and the value of  [OH−] can be calcu-
lated by solving the equation.

(7)CH3CONHOH + H2O
KaCH3CONHOH

⇌ CH3CONOH
− + H3O

+

KaCH3CONHOH
=
[
CH3CONOH

−
][
H+

]/[
CH3CONHOH

]

(8)NH3 + H2O
KbNH3
⇌ NH+

4
+ OH−

KbNH3
=
[
NH+

4

]
[OH−]

/[
NH3

]

(9)
H2O

KW

⇌ H+ + OH−

KW =
[
H+

]
[OH−]

(10)

[
H+

]
+
[
NH3OH

+
]
+
[
NH+

4

]
+
[
Na+

]
= [OH−] + [Cl−] +

[
CH3CONOH

−
]

(11)
[
NH3OH

+
]
+
[
NH2OH

]
= CNH2OH

(12)
[
CH3CONHOH

]
+
[
CH3CONOH

−
]
= CCH3CONHOH

(13)
[
NH3

]
+
[
NH+

4

]
= CNH3

(14)

KW

[OH−]
+ CNH2OH

⋅

KbNH2OH

KbNH2OH
+ [OH−]

+
[
Na+

]
+ CNH3

⋅

KbNH3

KbNH3
+ [OH−]

= [OH−] + [Cl−] + CCH3CONHOH
⋅

KaCH3CONHOH

KW

[OH−]
+ KaCH3CONHOH
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The calculated value of pH can then be obtained by Eq. 15:

Here KW is the ionization constant of water, which has different values at dif-
ferent temperatures, and the specific values used in this study were referenced 
from [35].

In order to simplify the pH calculation process, the influence of activity coeffi-
cients of each component on the dissociation constants [34, 36] is neglected. There-
fore, we refer to the dissociation constants involved in the calculation process as 
apparent dissociation constants [36, 37]. From the subsequent discussion of the cal-
culation results, it can be seen that such neglect does not seem to have a great impact 
on the fitting results of the kinetic model parameters, thus it should be feasible.

Evaluation of the rate constant

As described previously, if CNH2OH
,CNH3

,CCH3CONHOH
 , and all apparent dissociation 

constants are known, the pH of the reaction process can be calculated by Eqs. 14 
and 15, and the values of CNH2OH

,CNH3
 , and CCH3CONHOH

 can be calculated by the 
kinetic model. Although the dissociation constants of various substances can be 
found in the literature, their values may not be applicable here due to the influence 
of temperature and other existing components. Therefore, in this study, the apparent 
dissociation constants are taken as unknown parameters to be fitted in the optimiza-
tion process, as well as the rate constant k of the kinetic model. The identification 
process of unknown parameters based on the pH profile of the reaction process can 
be summarized as follows:

Step 1: A set of initial values of the rate constant k and the apparent dissociation 
constants of each weak acidic or basic substance are given, and the value range of 
each parameter is specified to start the nonlinear iterative optimization process.

Step 2: Ccalc(k) is calculated based on the kinetic model and the value of k.
Step 3: The values of CNH2OH

,CNH3
 and CCH3CONHOH

 at different times are taken 
from the corresponding columns of Ccalc(k), and pHcalc(k, Kai, Kbi) is calculated 
through Eqs. 14 and 15.

Step 4: An objective function FpH = ‖‖‖��exp − ��calc
‖‖‖ is fed to the nonlinear opti-

mization, and the optimization algorithm will suggest new estimates for the rate 
constant k and the apparent dissociation constants ( KbNH2OH

 , KaCH3CONHOH
 , and 

Kb
NH

3
 ). The calculation then restarts at step 2 until a minimum FpH is found. The 

optimization process was conducted with Matlab using the lsqnonlin function for 
the nonlinear least square optimization.

The fitting of the pH profile not only reveals the kinetic model parameters but 
also obtains the values of the apparent dissociation constants of weak acidic or basic 
substances in the reaction model as additional results. The fitting of the pH profile 
does not involve the problem of rotational ambiguity. As long as the measurement of 
pH is accurate and the established pH model is comprehensive, the only result with 
physical significance can be obtained.

(15)pH = − log
(
KW

)
+ log ([OH−])
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Evaluation of the rate constant using muli‑objective fitting

NSGA‑II for finding pareto‑optimal set

Note that both parameter evaluation methods mentioned above are based on fit-
ting a single type of experimental data, to further analyze the experiment and 
fuse the data collected from the two sensors, a multi-objective optimization algo-
rithm, NSGA-II, is executed to fit IR and pH experimental data simultaneously. 
The concept of NSGA-II is based on the non-dominated sorting and elitist selec-
tion theory [20, 38]. For the specific calculation process of NSGA-II, please refer 
to Reference [20].

When NSGA-II terminates, it will obtain a set of non-dominated solutions 
known as the Pareto optimal set. This set contains a group of solutions in a multi-
objective optimization problem that cannot be improved in any one objective 
without worsening another [39]. The corresponding objective function values 
of the Pareto optimal set form the Pareto frontier. In this study, there were two 
objective functions, FIR and FpH, to be minimized, representing the fitting error 
of infrared and pH data. Each solution consisted of a set of evaluation values for 
the model parameters, including the rate constant k and the apparent dissociation 
constants of each weak acidic or basic substance. The multi-objective optimiza-
tion process was conducted with Matlab using the gamultiobj function.

Weighted sum method (WSM) for finding the optimal solution among the pareto 
optimal set

The resolution of a multi-objective optimization problem does not end when 
the Pareto optimal set is found. In practical applications, a single solution must 
be selected from the Pareto frontier [40]. The selection of the optimal solution 
involves a multi-criteria decision making (MCDM) problem [41], where the non-
dominated solutions of the Pareto frontier and the objective function of optimiza-
tion are redefined as alternatives and criteria of the MCDM problem.

The weighted sum method was used to select the final optimal solution from 
the Pareto optimal set. As one of the most widely used MCDM methods, WSM 
is based on the assumption of independent values of an attribute from each other. 
See Eqs. S2-S9 in the Supplementary Information for the specific calculation pro-
cess of WSM.

Evaluation of the activation energy

According to the Arrhenius equation, the relationship between temperatures and 
rate constants k is as follows [42]:

(16)ln (k) = ln (A) −
EA

RT
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where k is the reaction rate constant at temperature T(K); A is the pre-expo-
nential factor, which is a constant; EA (kJ  mol−1) is the activation energy of the 
reaction; R is the molar gas constant. Therefore, there exists a linear relationship 
between ln(k) and 1/T with a slope of − EA/R. Once the rate constants for each 
reaction temperature are obtained, a linear regression can be performed on the 
logarithm (base e) of these values, then the activation energy can be calculated 
based on the slope of the linear equation.

Results and discussion

Experimental results

Fig. 1 shows the infrared spectra obtained by sampling every half hour from three 
replicates of the reaction progress at 55 °C and averaging the results. See Fig. S1 for 
the infrared spectra of the reaction processes at other temperatures.

The characteristic peaks in Fig. 1 are highlighted, where the intensity of absorp-
tion peak at around 1184  cm−1 gradually decreased, which belongs to the -NH2 wag-
ging vibration of hydroxylamine according to the literature [43]. The absorption 
peaks at around 1090 and 988  cm−1 gradually increased, and both of them may cor-
respond to the vibration of –CH3 and N–O groups in acetohydroxamic acid accord-
ing to the literature [44]. A point with no change in absorption throughout the reac-
tion process is observed in the infrared spectra (Fig. 1). This point is referred to as 
an isosbestic point, and is good evidence of a reaction without the accumulation of 
intermediates, because isosbestic points will be lost if changes in reaction conditions 
occur, such as temperature variations during the reaction or presence of an interme-
diate [18].

Fig.  2 shows the characteristic profiles that can represent the reaction progress, 
and the influence of temperature on the reaction rate can be seen in all four panels. In 
Fig. 2a, the characteristic peak absorbance of the reactant decreases more rapidly with 
increasing reaction temperature, while in Fig. 2b, the characteristic peak absorbance 
of the product shows an accelerated increase with rising reaction temperature. Fig. 2c 

Fig. 1  Online IR spectra of acetohydroxamic acid synthesis reaction at 55  °C (the average of three 
repeated experiments). The peak at around 1184  cm−1 belongs to the reactant, and shows a falling trend 
as the reaction proceeds, while the peaks at around 1090 and 988  cm−1 belong to the product, and show 
rising trends as the reaction proceeds. The mark (*) shows the isosbestic point
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shows the pH profiles of the reaction process at different temperatures. The increasing 
temperature leads to a faster pH change of the system, and this effect can be seen more 
clearly in Fig. 2d, where the pH is converted to the concentration of  OH− in the system 
using Eq. 15.

According to Fig. 2c, the pH of the reaction process changed within the range of 7.5 
to 9.5, and the system basically remained in a weak basic environment. Therefore, it 
was assumed that the change in pH did not significantly impact the rate constant, and 
the pH profile was used as another fitting object for the kinetic parameter evaluation of 
the acetohydroxamic acid synthesis reaction, in addition to the online infrared spectral 
data.

The data obtained from each experiment were separately fitted to obtain the evalu-
ated kinetic parameters. The mean and standard deviation of the parameter evaluation 
results at the same temperature were summarized in Tables 1, 2 and 3. For detailed 
parameter evaluation results of each experiment and the goodness of fit of the kinetic 
model to the experimental data, refer to Tables S1–S3.

Fig. 2  Characteristic profiles of reaction process at 55, 50, 45, 40, and 35 °C. All profiles only show the 
part after the start of the reaction, and the start time of each reaction was set to zero for comparison: a 
the absorbance-time profile at 1184  cm−1 extracted from online IR spectra; b the absorbance-time profile 
at 1090  cm−1 extracted from online IR spectra; c the pH-time profile measured by online pH probe; d the 
concentration of  OH−-time profile calculated by Eq. 15. The error bars were determined by the experi-
mental repeats mentioned in Sect. “Experimental setup”
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Table 1  Evaluated values of 
rate constant k at different 
temperatures obtained by 
fitting the online IR spectra 
using nonlinear least square 
optimization method with 
different objective function

a Method A: traditional hard-modeling approach where the objective 
function of the fitting process is Eq. 4
b Method B: directly replacing the corresponding rows in Scalc with 
the measured pure spectra in the fitting process
c Method C: introducing the similarity between the calculated and 
measured pure spectra into the objective function of the fitting pro-
cess, and changing the objective function to Eq. 5

Temperature 
(°C)

Rate constant k  (10–5 L  mol−1  s−1)

Method Aa Method Bb Method Cc

55 2.867 ± 1.100 6.217 ± 3.410 6.896 ± 0.571
50 2.335 ± 0.863 3.589 ± 0.383 3.947 ± 0.091
45 3.049 ± 2.828 4.025 ± 2.941 2.243 ± 0.180
40 6.069 ± 1.709 2.323 ± 0.601 1.573 ± 0.068
35 3.357 ± 5.267 2.898 ± 1.638 0.862 ± 0.090

Table 2  Evaluated values of rate constant k and apparent dissociation constants of substances at different 
temperatures obtained by fitting the online pH profile using nonlinear least square optimization method

a Reference [35]
b Reference [45]

Tempera-
ture (°C)

Rate constant k
(10–5 L  mol−1  s−1)

Apparent dissociation constants

pKbNH
2
OH pKa

CH
3
CONHOH

pKbNH
3

Fitting Results 55 6.792 ± 0.710 7.001 ± 0.020 9.639 ± 0.014 4.814 ± 0.008
50 3.827 ± 0.322 7.010 ± 0.012 9.726 ± 0.108 4.839 ± 0.086
45 2.134 ± 0.235 7.045 ± 0.024 9.690 ± 0.007 4.748 ± 0.006
40 1.451 ± 0.195 7.071 ± 0.026 9.702 ± 0.107 4.784 ± 0.068
35 0.894 ± 0.108 7.090 ± 0.055 9.753 ± 0.075 4.839 ± 0.058

Literature 25 – 8.060a 9.370b 4.750a

Table 3  Evaluated values of rate constant k and apparent dissociation constants of substances at different 
temperatures obtained by simultaneously fitting the online IR spectra and pH profile using multi-objec-
tive fitting method

Temperature 
(°C)

Rate constant k
(10–5 L  mol−1  s−1)

Apparent dissociation constants

pKbNH
2
OH pKa

CH
3
CONHOH

pKbNH
3

55 6.314 ± 0.009 6.997 ± 0.008 9.598 ± 0.110 4.775 ± 0.084
50 3.520 ± 0.002 6.988 ± 0.028 9.687 ± 0.038 4.806 ± 0.027
45 2.308 ± 0.132 7.059 ± 0.014 9.754 ± 0.185 4.815 ± 0.129
40 1.495 ± 0.004 7.101 ± 0.087 9.671 ± 0.115 4.773 ± 0.079
35 0.804 ± 0.018 7.064 ± 0.035 9.622 ± 0.110 4.722 ± 0.087
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Fitting results of single‑objective fitting

Fitting results of online IR spectra

Before fitting the online infrared spectra to evaluate kinetic parameters, the appli-
cability of the Beer-Lambert law was validated within the concentration range of 
0.5–5 mol  L−1 for the relevant substances. This validation process ensures the feasi-
bility of the parameter evaluation method based on the Beer-Lambert law. See Sup-
plementary Information for more details.

As mentioned above, to investigate the positive impact of introducing the similar-
ity between the calculated spectra of components and the measured ones as addi-
tional physical constraints in the online infrared fitting, the online infrared data were 
additionally analyzed using two different methods: A) fitting without considering the 
measured spectra of components, i.e. traditional hard-modeling method, using Eq. 4 
as the objective function, and B) directly replacing the corresponding rows of Scalc 
in Eq. 4 with the measured pure spectra in the fitting process. The main difference 
among the mentioned three methods is the objective function of the fitting process.

The evaluation results of the rate constants at different temperatures obtained by 
different methods are summarized in Table 1. Neither Method A nor B provided con-
vincing values of k consistent with the pattern in Fig. 2, which shows that the reac-
tion rate increases with the temperature. Compared with them, the evaluation results 
obtained by introducing the similarity between the calculated spectra and the meas-
ured pure ones into the objective function of the fitting process (Method C) are more 
reasonable. Further details can be found in the Supplementary Information.

Fig.  3 shows the comparison between the modeling results and experimen-
tal measurements. By using the online infrared spectra from a single experiment 
conducted at 55  °C as the fitting object, and Eq.  5 as the objective function, the 
evaluation value of k and the calculated infrared spectra of the reaction process can 
be obtained. Fig.  3a shows the comparison between the calculated and measured 
absorbance values at corresponding wavenumbers, indicating a good fit and confirm-
ing that the reaction can be described by the second-order kinetic model developed 
in this study. Fig. 3b shows the corresponding calculated pure spectra (solid lines) 

Fig. 3  a Solid lines: the absorbance-time profiles calculated by the kinetic model (Eq.  1), where the 
value of rate constant k was evaluated by fitting the online IR spectra at 55 °C using Eq. 5; points: the 
absorbance-time profiles measured by the online IR spectrometer at 55 °C; b Solid lines: spectra of sub-
stances calculated by kinetic model; dashed lines: measured spectra of pure substances
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obtained by Eq.  3 compared to the measured spectra of pure substances (dashed 
lines), which are in good consistency at the peak positions.

Fitting results of online pH profile

The evaluation results of the rate constant at different temperatures obtained from the 
online pH profile fitting are summarized in Table 2. In addition to the rate constant 
k, the fitting results of online pH profile also include the evaluation values of appar-
ent dissociation constants, as shown in Table 2, where pKbNH2OH

,pKaCH3CONHOH
 and 

pKbNH3
 are the negative logarithms (base 10) of KbNH2OH

,KaCH3CONHOH
 and Kb

NH
3
.

Fig.  4 shows the comparison between the modeling result and experimental 
measurement. By using the pH data from a single experiment conducted at 55 °C 
as the fitting object, the evaluation value of k and the calculated pH of the reaction 
process can be obtained. It can be seen from Fig. 4 that the calculated result shows 
good consistency with online measured pH profile.

In the pH fitting process, the simulation equation of pH was simplified by neglect-
ing the influence of the activity coefficient of each component on the dissociation 
constant. The fitting results shows that such simplification has no great influence 
on the fitting results of rate constants. However, the obtained dissociation constants 
exhibit inconsistencies compared to those reported in the literature, possibly due to 
variations in temperature and changes in the activity coefficient caused by stronger 
ionic strength in high concentration solutions. Therefore, we refer to the dissocia-
tion constants we used in Eq. 14 as apparent dissociation constants, which actually 
represent the result of combining the activity coefficient and the actual dissociation 
constants [37].

Fitting results of multi‑objective fitting

Fig. 5 shows the Pareto frontier calculated by NSGA-II, using both IR spectra and 
pH data from a single experiment conducted at 55 °C as the fitting objects. The final 
optimal solution determined by WSM is highlighted. Specific parameter evaluation 
results corresponding to the Pareto frontier are summarized in Table S4. Note that 
since pH is one of the fitting objects, the multi-objective fitting also provided the 
evaluations of the apparent dissociation constants as additional results. Table S4 also 
shows the scores of each group of solutions calculated by WSM, and the solution 

Fig. 4  Solid line: the pH-time 
profile calculated by the kinetic 
model, where the value of rate 
constant k was evaluated by 
fitting the online pH profile 
at 55 °C using nonlinear least 
square optimization method; 
points: the pH-time profiles 
measured by online pH probe 
at 55 °C
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with the highest score was automatically selected as the final solution for multi-
objective fitting.

The evaluation results at different temperatures obtained by the multi-objective 
fitting method are summarized in Table 3. From the standard deviation of the rate 
constant evaluation results at each temperature, it can be seen that the results of 
multi-objective fitting exhibit high stability.

Comparison between different fitting methods

The logarithms (base e) of the rate constant evaluation results at different tempera-
tures using the mentioned three different fitting methods were subjected to linear 
regression. The linear regression results are shown in Fig. 6. The evaluation values 
of activation energy and pre-exponential factor derived from the slope and intercept 
of the regression lines, and the coefficient of determination (R2) for each regression 
line are shown in Table 4.

It can be seen that lnk obtained from both infrared and pH data fitting have good 
linear relationships with 1/T, as shown by their R2 values (0.994 and 0.992). The 
regression lines obtained by these two methods are highly coincident, indicating that 

Fig. 5  Pareto frontier obtained 
by simultaneously fitting the 
online IR spectra and pH profile 
of a single experiment at 55 °C 
using NSGA-II, and the final 
optimal solution selected by 
WSM

Fig. 6  Linear regression of ln(k) against 1/T. Points represent the average of the parameter evaluation 
results at the same temperature, and error bars were determined from the standard deviation

Table 4  Evaluated values of 
activation energy EA and pre-
exponential factor A 

EA (kJ  mol−1) ln(A) R2

IR fitting 85.096 ± 3.909 21.556 ± 1.478 0.994
pH fitting 84.476 ± 4.479 21.289 ± 1.694 0.992
multi-objective fitting 83.719 ± 3.373 20.976 ± 1.276 0.995
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although online pH probe can provide less data than online infrared spectroscopy, 
the amount of online pH data is enough to support the kinetic analysis of a complete 
reaction process, and the kinetic fitting of pH data shows a good agreement with 
the infrared fitting result. However, it can be seen from the standard deviations in 
Table 2 and the error bars in Fig. 6 that despite the high reproducibility of pH data 
obtained from multiple repeated experiments, the parameter evaluation values may 
still exhibit noticeable instability. This may be attributed to the smaller data amount 
of pH measurement and more model parameters involved.

Regarding the multi-objective fitting results, the R2 of the regression line 
increases to 0.995, and the relative standard deviation of the rate constant k eval-
uated through this method is the smallest among the three methods (maximum 
5.719%). This improvement demonstrates its potential to take full advantage of the 
complementary information provided by the two online sensors and reduce the devi-
ation in parameter evaluation results caused by measurement errors from a single 
instrument, leading to more accurate and stable kinetic parameter evaluation results.

Conclusions

In this study, the online infrared spectra and pH profile were separately used as fit-
ting objects to evaluate the kinetic parameters of the acetohydroxamic acid synthesis 
reaction, including the rate constant and the activation energy. A multi-objective fit-
ting method was further utilized to evaluate both online data simultaneously. The fit-
ting results of kinetic parameters obtained by these three methods were close, which 
demonstrated the credibility of the results.

The infrared spectra data of the reaction process is extensive and contains abun-
dant information, but the kinetic fitting based on online infrared spectra is easily 
affected by the rotational ambiguity, and even if the calculated concentrations have 
been forced to conform to the kinetic model, the wrong result may still be obtained. 
In this study, the similarity between the calculated spectrum and the measured pure 
one of each substance was introduced as an additional physical constraint, and the 
obtained fitting results showed that the rotational ambiguity was well restrained.

Regarding the fitting of pH data, the apparent dissociation constants of the weak 
acidic and basic substances participating in the reaction were also evaluated as addi-
tional results through the fitting process of the pH profile. However, the amount of 
pH data is significantly smaller than the infrared spectra data, making the accuracy 
of parameter evaluation based on pH data fitting easily influenced by the measure-
ment precision of the pH probe.

The above limitations of kinetic parameter evaluation based on single fitting 
object can be easily overcome through multi-objective fitting. Monitoring a reac-
tion with multiple instruments enables the acquisition of diverse data and supple-
mentary information about the reaction. By considering the tradeoff between the 
fitting of different experimental data, the multi-objective fitting method has more 
chance to lead to reasonable and steady results. Therefore, the multi-instrument 
measurement in the experimental process and multi-instrumental data analysis in 
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the same time can become one of the effective directions to improve the accuracy 
of the kinetic parameter evaluation results.
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