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Abstract 

The issue of digitalization in chemical technology production is currently quite pressing, and the 

available computational infrastructure is insufficient for assessing the technological properties of 
the products obtained through mathematical modeling tools. This problem is particularly relevant 

for polymer synthesis processes, where standard empirical evaluations require enormous 

computational resources, and existing methods and algorithms prove ineffective when organizing 
multiple computational trials to select optimal production scenarios. The aim of this study is to 

develop a cloud-based digital service that enables comprehensive research into complex 

physicochemical processes occurring via polymerization mechanisms. The implementation of all 
algorithms is based on the use of kinetic and statistical approaches to modeling, and the embedded 

calculation methods are adapted to the specifics of polymerization processes. The conceptual 

framework of the developed cloud service is represented by a three-tier network architecture, and 
the established mechanism of network interaction allows the service to operate in a 24-hour multi-

user mode. Task execution in the remote environment and the distribution of computational 

resources are handled using Docker containerization technology, which provides software-level 
virtualization within the operating system. The storage subsystem is managed by the MongoDB 

database management system, which supports distributed information storage functions. The 

organization of test computational experiments in evaluating the detailed properties of polymer 
products allowed for the assessment of the system’s core logic in web interface mode and the 

adequacy of the obtained calculation results. 
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1- Introduction 

In the chemical engineering sector, tasks related to improving product quality technology and increasing production 

profitability, which can be characterized as a complex physicochemical system operating under the influence of various 

chemical, physicochemical, and hydrodynamic phenomena and effects, are increasingly being set. The application of 

mathematical models and methods to describe these effects allows for comprehensive research of complex processes 

and determines the quantitative relationship between the composition of the reaction mixture, production conditions, and 

the properties of the resulting product. 

A classic example of complex systems characterized by significant non-stationarity and challenging analysis is 

polymer synthesis processes. The intricate structure of the resulting high-molecular-weight compounds and the non-

trivial nature of the elementary reactions necessitate the use of efficient modeling methods. The mathematical description 

for the known reaction mechanism is based on kinetic [1-3] and statistical [4-6] modeling approaches. The kinetic 
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approach involves the development of mathematical models that describe the changes in the concentration of various 

system components over time, represented as a system of ordinary differential equations, followed by their numerical 

solution. Unfortunately, the range of predicted properties is limited to average molecular characteristics [7], and detailed 

product properties at the macromolecular level cannot be achieved within the framework of the kinetic approach. The 

statistical approach is based on the use of probabilistic laws to describe and analyze various aspects of polymerization 

processes. The data obtained through the statistical approach are highly detailed but are only valid when a sufficiently 

large number of computational trials are conducted [8]. 

The description of processes at the scale of large-scale industrial production further complicates the modeling and 

necessitates consideration of the continuous flow of reactants and products through the reactor, including the dynamics 

of parameter changes over time and space [9]. In the framework of the kinetic approach, this requires the inclusion of 

appropriate recurrent relationships in the mathematical description, which define the mass transfer during the reaction 

process [10]. When modifying the statistical approach, it becomes necessary to constantly account for the parameters 

characterizing the position of the modeled macromolecules in each reactor within the cascade [11], leading to a 

significant increase in the volume under consideration. Consequently, the organization of computational trials for the 

empirical evaluation of the product demands enormous computational resources and is virtually impossible when setting 

and solving optimization tasks using the statistical approach. 

Similar challenges arise when addressing the task of finding optimal production modes. Most scientific research in 

this area focuses on using analytical representations of functions and leveraging knowledge of their gradients. Despite 

their popularity, gradient-based methods do not guarantee the achievement of a global optimum and tend to be ineffective 

when dealing with a large number of system parameters. In the context of optimizing complex processes, the best choice 

is to use heuristic optimization methods [12], which are based on the principles of stochastic search and global 

optimization. The main drawback of these methods, when identifying a large number of system parameters, is their high 

demand for computational resources and slow execution speed. The integration of parallelization technologies can 

mitigate these limitations by distributing tasks across multiple processors or computing nodes. Clearly, the integration 

of cloud computing technologies and the implementation of proprietary methods and algorithms as a unified software 

package will provide an efficient digital tool for conducting comprehensive research into complex processes governed 

by polymerization mechanisms. 

The goal of this work is to develop a cloud digital service that allows for comprehensive research of complex 

physicochemical processes occurring by the polymerization mechanism. The resulting digital product is a networked 

information system that can be used to conduct a series of computational experiments within the framework of empirical 

research and select optimal production organization modes. 

2- Functional Purpose of the Cloud Service 

Researching complex physicochemical processes implies the presence of a detailed mathematical description—a 

model that includes both the main equations describing the change in material balance for each reaction component and 

additional parameters affecting the process. When adapting the developed comprehensive methodology to polymer 

synthesis processes, we highlight the main types of tasks in the correct chronological sequence determining the functional 

purpose of the created digital product. 

2-1- Restoration of the Kinetic Mechanism of Elementary Reactions 

At the initial stage, from the primary physicochemical information in the form of a kinetic curve and the distribution 

of the product by molecular mass, it is necessary to solve the problem of restoring the kinetic scheme as a set of 

elementary stages and identifying the corresponding kinetic parameters [13]. If we are talking about homopolymerization 

processes, it is required to uniquely identify the picture of kinetic heterogeneity and determine the corresponding kinetic 

activity [14, 15] of each active center. Various approaches to assessing kinetic heterogeneity are based on the idea of 

representing the initial molecular weight distribution (MWD) of the polymer product as a superposition of n model 

distributions [16] characteristic of each type 

𝑞𝑒𝑥𝑝(𝑀) = 𝑝1𝐾(𝜆1, 𝑀) + 𝑝2𝐾(𝜆2, 𝑀)+. . . +𝑝𝑛𝐾(𝜆𝑛 , 𝑀),                (1) 

where 𝜆 is the Frenkel statistical parameter, 𝑀 is the molecular mass, 𝐾(𝜆,𝑀) is the expression defining one of the 

model distributions, 𝑝𝑖  represents the fraction of each active center (𝑖 = 1. . 𝑛). Figure 1 shows an example of visualizing 

such a decomposition for a catalytic system based on gadolinium chloride solvate [17]. 
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Figure 1. Decomposition of the initial MWD (solid line – experimental MWD curve, dashed line – distribution of the 

identified active centers) 

The classical approach is based on the use of the regularization method proposed by Academician A.N. Tikhonov 

[18] and adapted for solving inverse problems of MWD formation [19]. An alternative simulation approach to solving 

the inverse problem, developed by the authors [20, 21], is based on the idea of reproducing various process scenarios 

and numerically evaluating the corresponding parameters. 

2-2- Calculation of Physicochemical and Consumer Properties of the Product 

The main molecular characteristics of the polymer product are evaluated based on solving the direct problem using 

both kinetic and statistical approaches to modeling for any representation from the set of formal kinetic schemes of 

elementary reactions.  

The implementation of the kinetic approach to modeling is based on transforming the initial set of elementary 

reactions to form a system of ordinary differential equations. When describing polymer synthesis processes, the 

dimensionality of such systems becomes too high due to the rather large length of the formed macromolecules. In this 

case, statistical moments [1] of the molecular weight distribution 𝑚𝑗 are introduced for analyzing the polymer product 

𝑚𝑗 = ∑ 𝑥𝑗𝑀𝑥
∞
𝑥=2 ,  

𝑑𝑚𝑗

𝑑𝑡
= ∑ 𝑥𝑗

𝑑𝑀𝑥

𝑑𝑡
∞
𝑥=2 ,                     (2) 

where 𝑀𝑥 is the molar concentration of polymer chains of length 𝑥. The evaluation of the polymer product in this case 

is carried out by analyzing the averaged molecular characteristics [7], which include the number-average molecular mass 

𝑀𝑛,  the weight-average molecular mass 𝑀𝑤, and the z-average molecular mass 𝑀𝑧. To estimate these, the knowledge 

of the initial moments is required: 

𝑀𝑛 =
𝑚1

𝑚0
, 𝑀𝑤 =

𝑚2

𝑚1
, 𝑀𝑧 =

𝑚3

𝑚2
.                          (3) 

The implementation of the statistical approach to modeling implies the constant fixation in the computer’s dynamic 

memory of all variables determining the structure and molecular chain of each macromolecule. At the core of the 

statistical approach to modeling is an algorithm that allows forming possible solutions of systems using the Monte Carlo 

method [22] by organizing a series of trials.  

Since for a reaction of the type 𝑋𝐴 + 𝑋𝐵
 �̃� 
→   𝑋[𝐴+𝐵]the rate 𝑅𝑖 is determined according to the law of mass action 𝑅𝑖 =

�̃�𝑖𝑋𝐴𝑋𝐵 (where 𝑘�̃� is the constant characterizing the rate of the given reaction, and [XA], [XB] are the molar concentrations 

of reactants XA and XB) it is always possible to calculate the probability of each reaction by finding the ratio of the rate 

of a given reaction to the sum of the rates of all reactions 𝑝𝑖 = 𝑅𝑖/(𝑅1 + 𝑅2+. . . +𝑅) . Subsequently, according to the 

stochastic law, a reaction is chosen, and its modeling is carried out at the particle level. The number of molecules involved 

in the modeling determines the stability of the obtained results. The algorithm for implementing the kinetic and statistical 

approaches for modeling the processes of homo- and copolymerization is detailed in the works [23, 24]. 

2-3- Identification of Unknown Kinetic Parameters 

In the presence of an existing mathematical model and sufficient computational resources, it is logical to use the 

“direct problem method” to solve inverse problems of chemical kinetics. This method involves calculating the molecular 
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weight distribution function or other molecular characteristics for the proposed kinetic scheme of the process and 

comparing the results with the corresponding experimental data. If a group of kinetic parameters 𝑘𝑖  (𝑖 = 1. . 𝑝) affects 

the formation of a certain molecular characteristic 𝑀, the task of identifying them can be represented as an optimization 

problem 

𝐻(𝑘1, 𝑘2, . . , 𝑘𝑝) = ∑ [𝑀𝑖
𝑐𝑎𝑙𝑐

−𝑀𝑖
𝑒𝑥𝑝
]2 → 𝑚𝑖𝑛,𝑛

𝑖=1                     (4) 

where �̅�𝑖
𝑐𝑎𝑙𝑐 , �̅�𝑖

𝑒𝑥𝑝
 are the calculated and experimental values of the molecular characteristic 𝑀, respectively, for 𝑖 =

1. . 𝑛. 

The Equation 4 can be solved using classical numerical methods of gradient descent [25] or heuristic optimization 

methods [26, 27]. The computational core of the information system includes software complexes for implementing all 

these algorithms.  

2-4- Evaluation of Polymer Product Heterogeneity 

The analysis of the heterogeneity of the resulting products in terms of molecular mass, size-composition, and 

composition is carried out within the framework of implementing the statistical modeling approach. The authors 

developed a method for numerical processing of polymer macromolecules, based on the digital simulation of their 

fractionation procedure [28].  

In particular, for assessing the MWD of homopolymerization products, each modeled macromolecule is analyzed, its 

mass is calculated each time, and the resulting values are divided into groups (or fractions) with a given fractionation 

step. For each formed fraction, the sum of the fraction and its mass share are calculated, which ultimately allows 

reproducing the MWD curve of the product from a chaotic set of data (Figure 2). 

 

Figure 2. Methodology for evaluating the molecular weight distribution of the product as a result of digital fractionation of 

macromolecules 

The methodology for evaluating the size-composition distribution [29] for copolymers extends the idea of reproducing 

the MWD. The main difference is that when selecting macromolecules, it is necessary to check their compliance with 

the specified composition before performing further fractional division. 

2-5- Determining the Optimal Composition of the Initial Reaction Mixture 

Within the framework of the kinetic approach implementation, the mathematical model of the process represents a 

system of ordinary differential equations 

𝑑𝑋𝑖

𝑑𝑡
= 𝐹𝑖(𝑡, 𝑋𝑖(𝑡)), 𝑖 = 1. . 𝑛                      (5) 

with initial conditions 𝑋𝑖(0) = 𝑋𝑖
0 for all 𝑖 = 1. . 𝑛, where 𝑋(𝑡) – the vector determining the concentrations of all initial 

reaction components at the initial time 𝑡 ∈ [0, 𝑡𝑒𝑛𝑑]. To determine the optimal composition of the initial reaction mixture, 

it is necessary to find the vector of initial concentrations 𝑋∗(0) = (𝑥1
∗(0), 𝑥2

∗(0), . . . , 𝑥𝑛
∗(0)), for which, at the final 

modeling time 𝑡𝑒𝑛𝑑, the system reaches the target state �̃� by the 𝑚 system parameters. The optimization criterion is 

considered a functional 

𝐺(𝑋∗(0)) = ∑ |𝑋𝑖(𝑡𝑒𝑛𝑑) − 𝑋�̃�|
𝑚
𝑖=1 → 𝑚𝑖𝑛,  𝑚 ≤ 𝑛.                    (6) 

Heuristic optimization methods [27] are used to solve optimization problems (6), among which genetic algorithms 

[30-33] based on the mechanism of creating a population of potential solutions using probabilistic laws are predominant. 
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Based on the presented calculation methods, corresponding algorithms have been developed for each type of task, 

and their software implementation has been completed. Although each algorithm incorporates standardized calculation 

methods applicable to a wide range of physicochemical processes governed by different mechanisms, the core 

computational logic has been adapted to the specifics of polymerization processes. In particular, within the framework 

of the kinetic approach, implicit schemes of numerical methods (the fourth-order Adams-Moulton method) are used to 

predict the properties of the final product. To handle the vast number of operations within the statistical approach, the 

mechanism of CUDA core utilization of the GPU and cloud network resources has been employed. The tasks of 

experimental design and determining the optimal initial composition of the reaction mixture for polymer synthesis 

processes are solved using heuristic optimization methods, which ensure a solution is reached within a finite number of 

iterations. The graphical model illustrating the main methodological approach to investigating polymer synthesis 

processes, utilizing the previously described methods and approaches, is presented in Figure 3. 

 

Figure 3. The graphical model defines the methodological approach to the investigation of polymer synthesis processes 

3- Organizational Structure of the Information System 

The network interaction system of the developed cloud service aimed at comprehensive research of complex 

physicochemical processes has an extended network architecture [30-34] represented by three levels. 

3-1- The Client Part 

The client part is the first level of the information system, where the main interaction with users occurs, allowing the 

selection of the type of task to be solved and all necessary initial conditions. Since the information system is oriented 

towards multi-user mode, the functionality of this level includes managing all computational resources (CPU cores, 

CUDA GPUs, memory volume, etc.). For organizing this work, significant computational resources are not required, 

and any device falling under the definition of a "thin client" can handle the tasks. 

The client part also provides access to the calculation results in both graphical and tabular forms, preserving the 

history of all performed calculations in the user's personal account. For general convenience, the client part is presented 

as a web interface shell written using the Blazor C# web framework [35], supporting cross-platform work and allowing 

creating client-side application logic in C#, utilizing all advantages of the .NET ecosystem. Blazor, as part of the .NET 

ecosystem, offers the ability to use a single programming language — C# — both on the client and server sides, which 

significantly simplifies development and reduces the likelihood of errors related to using different programming 

languages at various levels of the architecture. Additionally, Blazor provides a high degree of integration with cloud 

services, making it an ideal choice for projects focused on cloud deployment and operation. This capability allows for 

easy scaling of the application depending on the load and ensures reliable resource management in a cloud environment. 

Blazor's performance advantages are particularly evident in scenarios where server-side computations and data security 

are critical. 

The visualization of the obtained task solution results is handled by the "plotly.js" library, which allows creating 

interactive graphs and visualizing data directly in the browser. Unlike other tools, the "plotly.js" library efficiently 

processes and visualizes large data sets, which is particularly relevant when analyzing the formed polymer 

macromolecules. 
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3-2- The Data Storage System 

The data storage system is the second level of the information system, ensuring the storage of computational 

experiment results and all reference information determining the main physicochemical data. Within the framework of 

implementing the simulation approach to modeling, the data volume can be extremely large, so this level is physically 

separated from the rest of the architecture and located on a separate server.  

The work of this level is organized under the control of the MongoDB [36] database management system (DBMS). 

Unlike other solutions, this DBMS initially supports the sharding function [37], allowing horizontal scaling and 

managing large volumes of data distributed across multiple servers/clusters. At the same time, for both the end user and 

the developer, these tables will be perceived as a unified database. In the context of researching physicochemical 

processes, this is especially relevant since the database structure and its size may exceed acceptable limits. These issues 

become particularly critical within the framework of simulation-based modeling, where the success of computations 

depends on the volume of data being processed. Additionally, MongoDB supports the replication function, allowing the 

creation and maintenance of data copies on multiple servers (replicas) to ensure fault tolerance, increase data availability, 

and improve performance. The use of this feature and the organization of corresponding duplication rules for changes 

simplify the operation of a hybrid cloud, where part of the computations is performed locally and part remotely. This is 

particularly relevant when organizing the logic of cloud computing execution. 

3-3- The Computational Organization System 

The computational organization system is the third level of the information system, responsible for organizing all 

calculations using remote network resources. The server on which this level is located has the highest technical 

requirements, the volume of which determines the speed and efficiency in solving tasks.  

All previously developed methods and algorithms by the authors constitute the main array of computational modules 

and libraries written in different programming languages and comprising the computational core of this information 

system. 

The integrated management program is responsible for launching these computational programs and libraries in 

remote mode [38]. Resource distribution is carried out using Docker containerization technology [39-41], representing 

software virtualization at the operating system level managed by its kernel. Unlike virtual machines, containers do not 

require a separate operating system and instead use the host's operating system kernel, making them more efficient. 

Docker containers allow easy system scaling by increasing computational power through the addition of new application 

instances. Additionally, Docker simplifies dependency management, facilitating the deployment and updating of 

complex systems. The main challenges of Docker containerization are related to the fact that containers typically do not 

retain state, necessitating the use of external storage for data. The conceptual scheme of interaction between all three 

levels of the information system is presented in Figure 4.  

 

Figure 4. Conceptual scheme of the remote computation system organization 
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The organization of direct network communication using standard GET and POST requests is not feasible [41] due 

to the periodic load on the central server. Therefore, to ensure the continuous operation of all presented layers, the 

developed service implements an algorithm for contactless network interaction. The core of the algorithm is based on 

designing and utilizing a specialized task scheduler that uses a dedicated table in the central database. 

The table's structure is organized in such a way as to contain data on the status of each task, from its creation to the 

completion of all calculations. The table structure is shown in Table 1. 

Table 1. Structure of the table for organizing network interaction 

Field Name Description Data Type 

id_task Task identifier Numeric 

date_task Task creation date and time Date/Time 

author_task Task author identifier Numeric 

status Task status Text 

type_of_task Task type Text 

priority Priority Numeric 

parameters Initial conditions Reference 

bin_file Execution program Text 

results Execution results Text 

The operation of the cloud service can be outlined in the following chronological order: 

When a new task is created, an entry is automatically generated in the table, where it is assigned a unique identifier. 

The "status" field in the table reflects the status of the task as "not started." 

The control program, which operates at the computation management system level, periodically checks the table. If 

a new task is detected and free computational resources are available, the control program, based on the type of task and 

its assigned priority, invokes the corresponding executable file for execution and changes the task status to "in progress." 

During the task execution, the control program periodically checks the task scheduler to identify the task based on its 

unique identifier. Since the task might not be completed and could fail with an unexpected error (due to incorrect 

formulation or inability to compute using the chosen method), the control program additionally verifies the task 

completion status. If the task is successfully completed, the status is updated to "calculation finished." 

The module responsible for the client-side also periodically checks the status updates of tasks. Once the calculation 

for the current task is fully completed, a link to all the execution results is generated. 

Since it is almost impossible to structure different types of tasks under a single format, the principle of data 

transmission via typed input (input.) and output (output.) files are used for interaction between the interface part and the 

computational organization system. 

The input.dat file is used to transfer data from the interface part to the calculator, and the output.dat file – to transfer 

calculation results back to the interface part. The data flow diagram (DFD) between the interface part and the 

computational organization system is presented on Figure 5. 

The management program's functions include periodically monitoring the completion status of previously set tasks. 

This control is necessary for constant accounting and operational division of free computational resources. All 

calculation results are recorded in the respective working tables of the central database, accessible from the client part 

of the information system. 

The developed digital product supports the integration of new computational modules from third-party developers. 

Currently, the system supports the integration of software modules written in C, C++, Python, and Java. To address the 

challenge of forming the interface and creating corresponding dialog windows, a third-party computational module is 

integrated into the system along with a configuration file (*.ini file). Based on the contents of this file, the system 

automatically generates the interface elements. The dynamic rendering of input parameters for the dialog window, which 

defines all the initial task parameters, is carried out each time the configuration *.ini file is detected in the directory of 

the executable program. 
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Figure 5. DFD diagram of data flows between the interface part and the computational organization system 

4- Computation Organization 

To start working with the cloud service, you need to go to the appropriate network address to access the user's personal 

account, where the history of previously conducted calculations is reflected by default, each of which has a unique 

identifier— the "id" field (Figure 6). 

 

Figure 6. Calculation history in the user's personal account 

If the calculation has not yet been initiated by the user, there is only the possibility to edit the initial conditions in the 

"actions" field. If the task has already been solved, corresponding menu items appear allowing you to view both all initial 

task parameters ("view params") and the solution results in graphical form ("show result").  

4-1- Comprehensive Study of the Homopolymerization Process 

We use the information system's functionality to solve the task of restoring the nature of kinetic heterogeneity on the 

example of 1,4-cis-polyisoprene production in the presence of a titanium-containing catalyst. The suspension was 

obtained at -10ºC by mixing toluene solutions of 𝑇𝑖𝐶𝑙4 (catalyst) with 𝐴𝑙(𝑖 − 𝐶4𝐻9)3 (co-catalyst), the p-electron donor 

additive diphenyl oxide (DPO), and the σ-electron donor additive piperilene (Pip) in a ratio of 𝑇𝑖𝐶𝑙4/𝐴𝑙(𝑖 −

𝐶4𝐻9)3/Pip/DPO = 1 mol/1 mol/0.2 mol/0.15 mol. The conditions for preparing the catalyst and obtaining the polymer 

product are described in detail by Nasyrov et al. [42]. 

The obtained polyisoprene was studied by gel permeation chromatography using the "Alliance GPCV-2000" liquid 

chromatograph (Waters) equipped with refractometric and viscometric detectors. The results of the analysis in the 

discrete representation of the initial MWD curve are presented on Table 2. The width of the molecular weight distribution 

of the product is represented by the polydispersity value 𝑀𝑤/𝑀𝑛= 2.56. 
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Table 2. Discrete representation of experimental results 

𝒍𝒈𝑴 𝒒𝒊 𝒍𝒈𝑴 𝒒𝒊 𝒍𝒈𝑴 𝒒𝒊 

4.2 0 5.2 0.34 6.2 0.67 

4.4 0.03 5.4 0.44 6.4 0.5 

4.6 0.08 5.6 0.54 6.6 0.27 

4.8 0.15 5.8 0.71 6.8 0.07 

5.0 0.25 6.0 0.78 7.0 0.01 

The input of initial information is performed via an uploadable typed file, in accordance with the format in which the 

data needs to be presented in two columns: the first column - lgM, the second column - 𝑞𝑖 values, defining the MWD 

curve. The file will look like this: 

4.2 0 

4.4 0.03 

… 

6.8 0.07 

7.0 0.01 

After uploading the file, it is necessary to specify the error magnitude of the experimental data, choose the method 

for solving the inverse problem, and launch the software module. The computational core of the information system 

contains two executable files for organizing the calculations: method_regul.py (A.N. Tikhonov's regularization method) 

and imitation_method.py (imitation approach), both written in Python. During the functional testing of the information 

system, the imitation approach was chosen for solving the inverse problem, and the graphical results are presented in 

Figure 7 as curves characterizing the distribution for each active center. Thus, the computations demonstrate that for the 

given catalytic system, two types of active centers can be identified — type A and type B, with characteristic average 

molecular masses for each type: 𝑙𝑛𝑀=11.5 (A) and 𝑙𝑛𝑀 =13.4 (B). The content of type A active centers in the catalyst 

is 8.1%, while type B accounts for 91.9%. The obtained numerical assessment of kinetic heterogeneity aligns with 

previously reported results [43], and the applied approach shows higher accuracy without the need for additional analysis 

of the active center distribution curve. 

 

Figure 7. Results of solving the inverse problem of MWD formation 

On this same page, there is an option to download the program execution results as a text file. With information on 

the dynamics of the active centers, it is possible to set and successfully solve the tasks of calculating the physicochemical 

and consumer properties of the product depending on the composition of the initial reaction mixture. To do this, a new 

task needs to be created, and the executable file 2typeAC_polymer.py should be selected as the main method of solution. 

In the dialog box that appears (Figure 8), it is necessary to set the main technological parameters of the process, including 

the number of active center types, the modeling time, the batch composition, and the kinetic parameters characterizing 

the rates of individual reactions. 
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Figure 8. Determination of the main technological parameters of production 

After obtaining a unique identifier for the specified technological conditions, the task will be solved in order of queue 

and availability of free computational resources. The "show result" menu item allows you to obtain the results both in 

graphical form (Figure 9) and in tabular representation. In the same window, there is an option to configure the display 

and visualization parameters of the results. In particular, the presented graph reflects the dependence of the polydispersity 

of the polymer product, determined by the ratio 𝑀𝑤/𝑀𝑛. The points on the graph represent the results of a previously 

conducted laboratory experiment, and their consistency with the calculated data allows for the evaluation of the accuracy 

of the obtained results. 

 

Figure 9. Presentation of task solution results 
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The advantages of the developed digital service include the ability to utilize cloud network resources for implementing 

a simulation-based approach to modeling and assessing the detailed properties of the product at the macromolecular 

level. In particular, Figure 10 presents the results of the software module focused on evaluating the molecular weight 

distribution of the polymerization product for each active center, and the obtained results are consistent with the initial 

molecular weight distribution. 

 

Figure 10. Molecular weight distribution of the isoprene polymerization product in the presence of a titanium-containing 

catalytic system (dashed line – active center type 1, solid line – active center type 2) 

4-2- Evaluation of Compositional Heterogeneity of the Copolymerization Product 

To test the capabilities of the developed cloud service, the most computationally challenging task was addressed — 

the evaluation of the compositional heterogeneity of the butadiene-styrene copolymerization product. According to 

production conditions, the copolymerization process takes place in a cascade of 12 continuous stirred-tank reactors with 

a monomer mass feed rate of 3.5 t/h. The process is initiated using pinane hydroperoxide at a dosage of 0.054 parts by 

mass per 100 parts by mass of monomers. The hydrocarbon phase is prepared by continuously mixing butadiene and 

styrene in a mass ratio of 70/30. The mass ratio of water to monomers is 220/100. Molecular weight regulation is carried 

out by adding a 5% solution of tert-dodecyl mercaptan (0.125 parts by mass per 100 parts by mass of monomers) at the 

beginning of the process, followed by the addition of a 1% emulsion at 0.027 parts by mass per 100 parts by mass of 

monomers into the third and sixth polymerizers. The kinetic mechanism and the model description for the specified 

experimental conditions are detailed in Miftakhov et al. [29]. 

In accordance with the specified conditions, the minimum statistical ensemble with a total volume of 106 molecules 

was calculated. During a series of computational trials simulating the formation of macromolecules until reaching a final 

monomer conversion of 70%, an evaluation of the resulting size-composition distribution curves was conducted (Figure 

11). The mass content of butadiene in the modeled macromolecules was set in the range of 76 to 80%, as the most 

probable based on the given initial monomer ratio. 

A visual assessment of the curves shows that the resulting product is heterogeneous and contains copolymers of 

varying compositions. The most probable composition of the copolymer at the specified conversion corresponds to a 

butadiene content of 76% (by mass) (curve 1), which aligns with the stated parameters of continuous industrial 

production. The lowest proportion of high-molecular-weight copolymers is observed when the butadiene-to-styrene ratio 

in the copolymerization product is 80:20. The obtained results are consistent with the previous evaluation from 

Miftakhov et al. [29] but demonstrate higher accuracy in reproduction. 
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Figure 11. The size-composition distribution of macromolecules for different butadiene-to-styrene mass ratios in the 

copolymerization product at 70% conversion (curve 1– 76%: 24% (solid line); 2 – 78%: 22% (dashed); 3 – 80%: 20%) 

It is evident that the superposition of the size-composition distribution curves, constructed for different copolymer 

compositions, represents the molecular weight distribution of the final product. It is important to note that the developed 

tools for evaluating the compositional heterogeneity of the product, integrated as software modules in the cloud service, 

are universal and can be applied to other copolymerization processes, where the kinetic mechanism and model 

description are known.  

5- Conclusion 

Thus, a comprehensive study of complex processes, which necessitates the processing of large streams of 

physicochemical data, requires the use of non-trivial computational schemes capable of handling the given tasks. In this 

regard, all previously developed proprietary models, methods, and algorithms were adapted for polymer synthesis 

processes and integrated into a cloud-based web service characterized by a three-tier network architecture, providing 

innovative principles for performing computations. The computational core of this system includes software modules 

and algorithms that have previously been successfully tested in real production processes. The core algorithms for 

organizing calculations are based on kinetic and statistical modeling approaches. The developed digital product enables 

a sequential methodological approach for conducting a comprehensive study of the declared processes, including various 

types of direct and inverse problem-solving in chemical kinetics. The developed network interaction algorithm allows 

the use of this service in a 24-hour mode for both standard empirical assessments and the selection of optimal continuous 

production scenarios. Despite the extensive list of built-in libraries for organizing calculations, this system is open to 

third-party developers. Thanks to the mechanisms of dynamic rendering, the web interface part of this service does not 

require additional configuration and is updated every time depending on the selected module for task solving. 

Computational experiments conducted for homo- and copolymerization processes have demonstrated the system's 

efficiency in solving various types of problems and its high accuracy in detailed assessments of the physicochemical 

properties of the resulting product. 

6- Declarations  

6-1- Author Contributions 

Conceptualization, E.M. and S.M.; methodology, E.M. and A.K.; software, E.M. and S.M.; validation, A.A. and 

A.K.; formal analysis, E.M. and A.A.; investigation, S.M. and A.K. All authors have read and agreed to the published 

version of the manuscript. 

6-2- Data Availability Statement 

The data presented in this study are available in the article. 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

qw

Degree of polymerization

76-24

78-22

80-202

3

1



Emerging Science Journal | Vol. 8, No. 6 

Page | 2551 

6-3- Funding 

The study was supported by the grant from the Russian Science Foundation №24-21-00380, 

https://rscf.ru/en/project/24-21-00380/.  

6-4- Institutional Review Board Statement 

Not applicable. 

6-5- Informed Consent Statement 

Not applicable. 

6-6- Conflicts of Interest 

The authors declare that there is no conflict of interest regarding the publication of this manuscript. In addition, the 

ethical issues, including plagiarism, informed consent, misconduct, data fabrication and/or falsification, double 

publication and/or submission, and redundancies have been completely observed by the authors. 

7- References  

[1] Podvalny, S. L., Belyanin, A. M., Tikhomirov, S. G., & Khvostov, A. A. (2016). Simulating dynamic modes of polymer synthesis, 

based on the method of moments for multimodal distributions. Bulletin of the Russian Academy of Sciences: Physics, 80(9), 

1150–1151. doi:10.3103/S1062873816090379. 

[2] Ulitin, N. V., Nasyrov, I. I., Deberdeev, T. R., & Berlin, A. A. (2012). Kinetic approach to modeling the radical polymerization 

of butyl acrylate in the presence dibenzyl trithiocarbonate. Russian Journal of Physical Chemistry B, 6(6), 761–768. 

doi:10.1134/S1990793112060218. 

[3] Miftakhov, E. N., Nasyrov, I. S., Mustafina, S. A., & Zakharov, V. P. (2021). Study of Kinetics of Isoprene Polymerization in the 

Presence of Neodymium-Containing Catalytic Systems Modified in Turbulent Flows. Russian Journal of Applied Chemistry, 

94(1), 77–83. doi:10.1134/S1070427221010110. 

[4] Mavrantzas, V. G. (2021). Using Monte Carlo to Simulate Complex Polymer Systems: Recent Progress and Outlook. Frontiers 

in Physics, 9. doi:10.3389/fphy.2021.661367. 

[5] Yang, B., Liu, S., Ma, J., Yang, Y., Li, J., Jiang, B. P., Ji, S., & Shen, X. C. (2022). Monte Carlo Simulation of Surface-Initiated 

Polymerization: Heterogeneous Reaction Environment. Macromolecules, 55(6), 1970–1980. doi:10.1021/acs.macromol.1c02575. 

[6] Huang, Z., Gu, C., Li, J., Xiang, P., Liao, Y., Jiang, B. P., Ji, S., & Shen, X. C. (2024). Surface-Initiated Polymerization with an 

Initiator Gradient: A Monte Carlo Simulation. Polymers, 16(9), 1203. doi:10.3390/polym16091203. 

[7] Tippur, H. (2021). Introduction to Plastics Engineering. Journal of Engineering Materials and Technology, 143(3), 036501. 

doi:10.1115/1.4051082. 

[8] D’hooge, D. R., Trigilio, A. D., Marien, Y. W., & van Steenberge, P. H. M. (2020). Gillespie-driven kinetic Monte Carlo 

algorithms to model events for bulk or solution (bio)chemical systems containing elemental and distributed species. Industrial 

and Engineering Chemistry Research, 59(41), 18357–18386. doi:10.1021/acs.iecr.0c03888. 

[9] dos Santos Silva, J., Albuquerque Melo, P., Marinho, R., Castro de Jesus, N. J., Márcio, M. H., & Pinto, J. C. (2024). Modeling 

of suspension polymerizations in continuous oscillatory baffled reactors (COBR) - Part I: Vinyl acetate polymerization. Chemical 

Engineering Science, 288. doi:10.1016/j.ces.2024.119845. 

[10] Rapp, J. L., Borden, M. A., Bhat, V., Sarabia, A., & Leibfarth, F. A. (2024). Continuous Polymer Synthesis and Manufacturing 

of Polyurethane Elastomers Enabled by Automation. ACS Polymers Au, 4(2), 120–127. doi:10.1021/acspolymersau.3c00033. 

[11] Trigilio, A. D., Marien, Y. W., De Smit, K., Van Steenberge, P. H., & D'hooge, D. R. (2024). A Signal‐ To‐ Noise‐ Ratio‐

Based Automated Algorithm to accelerate Kinetic Monte Carlo Convergence in Basic Polymerizations. Advanced Theory and 

Simulations, 7(2), 2300637. doi:10.1002/adts.202300637. 

[12] Miftakhov, E. N., Kashnikova, A. P., & Ivanov, D. V. (2024). Using genetic algorithms to solve the problem of finding the 

optimal composition of the reaction mixture. Scientific and Technical Journal of Information Technologies, Mechanics and 

Optics, 24(4), 637–644. doi:10.17586/2226-1494-2024-24-4-637-644. 

[13] Monakov, Y. B., Sigaeva, N. N., Urazbaev, N., & Zaikov, G. E. (2005). Active sites of polymerization: Multiplicity: 

Stereospecific and kinetic heterogeneity. Active Sites of Polymerization: Multiplicity: Stereospecific and Kinetic Heterogeneity. 

Brill Academic Publishing, Leiden, Netherlands.  

[14] Zakharov, V. P., Mingaleev, V. Z., Berlin, A. A., Nasyrov, I. S., Zhavoronkov, D. A., & Zakharova, E. M. (2015). Kinetic 

inhomogeneity of titanium- and neodymium-based catalysts for the production of cis-1,4-polyisoprene. Russian Journal of 

Physical Chemistry B, 9(2), 300–305. doi:10.1134/S199079311502013X. 



Emerging Science Journal | Vol. 8, No. 6 

Page | 2552 

[15] Miftakhov, E. N., Mustafina, S. A., Nasyrov, I. S., & Daminov, A. K. (2021). Kinetic Heterogeneity of Polymer Products 

Obtained in the Presence of Microheterogenic Catalytic Systems Based on Gel Chromatograms. Periódico Tchê Química, 

18(38), 27–37. doi:10.52571/ptq.v18.n38.2021.03_miftakhov_pgs_27_37.pdf. 

[16] Teraoka, I. (2020). Polymer solution: An Introduction to Physical Properties. Physics of Polymer Gels. John Wiley & Sons, New 

York, United States. 

[17] Miftakhov, E. N., Mustafina, S. A., Nasyrov, I. S., & Faizova, V. Y. (2022). Kinetic Heterogeneity of the Catalytic System 

Based on Gadolinium Chloride Solvate in 1,4-cis-Polyisoprene Production. Russian Journal of Applied Chemistry, 95(3), 423–

429. doi:10.1134/S1070427222030120. 

[18] Tikhonov, A. N., Goncharsky, A. V., Stepanov, V. V., & Yagola, A. G. (1995). Numerical Methods for the Solution of Ill-Posed 

Problems. Numerical Methods for the Solution of Ill-Posed Problems. Springer Science and Business Media, Dordrecht, the 

Netherlands. doi:10.1007/978-94-015-8480-7. 

[19] Usmanov, T. S., Usmanov, A. S., Yagola, A. G., & Usmanov, S. M. Inverse problems of formation for the molecular-weight 

distribution in polymerization processes. Numerical Methods and, Programming, 7(4), 294–299. 

[20] Miftakhov, E., Mustafina, S., Akimov, A., & Mustafina, S. (2024). Simulation approach to study kinetic heterogeneity of 

gadolinium catalytic system in the 1, 4-cis-polyisoprene production. E-Polymers, 24(1), 20230131. doi:10.1515/epoly-2023-

0131. 

[21] Patent 2023669372 (2023). Simulation Approach to Solving the Inverse Problem of MMR Formation. Moscow, Russian 

Federation. 

[22] Gu, Z., Yang, R., Yang, J., Qiu, X., Liu, R., Liu, Y., Zhou, Z., & Nie, Y. (2018). Dynamic Monte Carlo simulations of effects 

of nanoparticle on polymer crystallization in polymer solutions. Computational Materials Science, 147, 217–226. 

doi:10.1016/j.commatsci.2018.02.009. 

[23] Patent 2020610226 (2020). Solution of the direct problem of the continuous process of isoprene polymerization in the presence 

of microheterogeneous catalytic systems in a cascade of reactors. Moscow, Russian Federation. 

[24]  Patent 2021612334 (2021). "IsoprenePolyMCM" for Monte Carlo simulation of the batch process of isoprene polymerization 

in the presence of a polycenter catalytic system. Moscow, Russian Federation. 

[25] Braun, G., Carderera, A., Combettes, C. W., Hassani, H., Karbasi, A., Mokhtari, A., & Pokutta, S. (2022). Conditional gradient 

methods. arXiv preprint arXiv:2211.14103. doi:10.48550/arXiv.2211.14103. 

[26] Simon, D. (2013). Evolutionary optimization algorithms. John Wiley & Sons, New York, United States.  

[27] Panteleev, A. V., Skavinskaya, D. V., & Aleshina, E. A. (2017). Metaheuristic Algorithms of Search of Optimum Program 

Control. Infra-M, Moscow, Russia. 

[28] Miftakhov, E., Mikhailova, T., & Mustafina, S. (2024). Methods and Algorithms for Implementation of Imitation Approach to 

Modeling of Physicochemical Processes. Proceedings - 2024 International Russian Smart Industry Conference, 

SmartIndustryCon 2024, 829–833. doi:10.1109/SmartIndustryCon61328.2024.10515621. 

[29] Miftakhov, E. N., Mustafina, S. A., Nasyrov, I. S., & Morozkin, N. D. (2023). Algorithm for Evaluation of the Molecular 

Characteristics of a Polymer Product under Conditions of Multipoint Control. Engineering Technologies and Systems, 33(2), 

270–287. doi:10.15507/2658-4123.033.202302.270-287. 

[30] Xu, D., & Xu, H. (2024). Application of genetic algorithm in model music composition innovation. Applied Mathematics and 

Nonlinear Sciences, 9(1), 1-15. doi:10.2478/amns.2023.2.00070. 

[31] Osaba, E., Del Ser, J., Martinez, A. D., & Lobo, J. L. (2022). A Multifactorial Cellular Genetic Algorithm for Multimodal 

Multitask Optimization. 2022 IEEE Congress on Evolutionary Computation, CEC 2022 - Conference Proceedings, 1–8. 

doi:10.1109/CEC55065.2022.9870324. 

[32] Kii, T., Yaji, K., Fujita, K., Sha, Z., & Seepersad, C. C. (2024). Latent Crossover for Data-Driven Multifidelity Topology Design. 

Journal of Mechanical Design, 146(5), 051713-1-15. doi:10.1115/1.4064979. 

[33] Kim, C., Batra, R., Chen, L., Tran, H., & Ramprasad, R. (2021). Polymer design using genetic algorithm and machine learning. 

Computational Materials Science, 186. doi:10.1016/j.commatsci.2020.110067. 

[34] van Wyk, M., & Bekker, J. (2023). Application of metaheuristics in multi-product polymer production scheduling: A case study. 

Systems and Soft Computing, 5, 200063. doi:10.1016/j.sasc.2023.200063. 

[35] Roth, D., Fritz, J., Southwick, T., Addie, S., & Smith S. (2021). Blazor for ASP.NET web forms developers (Microsoft 

Corporation), Redmond, Washington, United States. 

[36] Daly, D. (2021). Performance Engineering and Database Development at MongoDB. Companion of the ACM/SPEC 

International Conference on Performance Engineering, 129–129. doi:10.1145/3447545.3451199. 

https://doi.org/10.48550/arXiv.2211.14103


Emerging Science Journal | Vol. 8, No. 6 

Page | 2553 

[37] Ljungdahl, V. (2022). Performance comparison of distributed MySQL and MongoDB in a cloud environment. Faculty of 

Computing, Blekinge Institute of Technology, Karlskrona, Sweden.  

[38] Erl, T., & Monroy, E. (2023). Cloud Computing: Concepts, Technology, Security, and Architecture (2nd Edition). Pearson, 

London, United Kingdom. 

[39] Mouat, A. (2015). Using Docker: Developing and Deploying Software with Containers. O'Reilly Media, Inc. California, United 

States. 

[40] Kane, S.P., & Matthias K. (2023). Docker: Up & Running (3rd Edition). O'Reilly Media, Inc. California, United States. 

[41] Öggl, B., & Kofler, M. (2023). Docker: Practical Guide for Developers and DevOps Teams. Rheinwerk Publishing, 

Massachusetts, United States. 

[42] Nasyrov, I.S., Zhavoronkov, D.A., Faizova, V.Y., Zakharov, V.P., & Zakharova E.M. (2016). Evaluation of the efficiency of 

using a tubular turbulent apparatus in the step of titanium catalyst preparation in isoprene rubber production. Russian Journal of 

Applied Chemistry, 89(6), 960-964. doi:10.1134/S1070427216060197.  

[43] Zakharov, V.P., Mingaleev, V.Z., Berlin, A.A., Nasyrov, I.Sh., Zhavoronkov, D.A., & Zakharova, E.M. (2015). Kinetic 

heterogeneity of titanium and neodymium catalysts for the production of 1,4-cis-polyisoprene. Chemical Physics. 34(3), 69–75. 

doi:10.7868/S0207401X15030139. 

https://www.google.com/search?num=10&client=firefox-b-e&sca_esv=ead86818698e8678&sxsrf=ADLYWIKOIJTMKXk5fUJHKz_BhII1C1cIYA:1732372575627&q=London&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqmwjWS1GpASk1HDW3xVkgXxw9FxGvVk32UGmAi3VjpmTmKRdPxChMo0-vBJeOJwXYaMLo-9qGBqQ84kJPVkHyciGnsWGuYsDMfKcrV0qWdHPxpZKnWk-yYKfh5ws_Zhg2xVfz1MYq6O6FYSLiFqr7J5NQgpeJ&sa=X&ved=2ahUKEwjdrfTf1vKJAxUOyAIHHZy3M3cQmxMoAHoECDEQAg
https://www.google.com/search?num=10&client=firefox-b-e&sca_esv=ead86818698e8678&sxsrf=ADLYWIKUKuGQ0r0-jIjFD4tCUdvA3nc98A:1732372675370&q=Sebastopol&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqm3Y4pMzEEkUgnIkgS_lh5tEedhfMvy2MsaTeFud1VKZdBFtdVQpwZ_p0nBnTSdI5pt9rz7ZHO4YiOtDx3nqr3CRc6OWHDnSxhDA0jPMGBm7Ork_xgwi5h8K7WI946tSID3roBkkLbFmRrm5qpiRpk0UTikGn&sa=X&ved=2ahUKEwiflLyP1_KJAxV--AIHHfEXJFkQmxMoAHoECD4QAg
https://www.google.com/search?num=10&client=firefox-b-e&sca_esv=ead86818698e8678&sxsrf=ADLYWIKUKuGQ0r0-jIjFD4tCUdvA3nc98A:1732372675370&q=Sebastopol&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqm3Y4pMzEEkUgnIkgS_lh5tEedhfMvy2MsaTeFud1VKZdBFtdVQpwZ_p0nBnTSdI5pt9rz7ZHO4YiOtDx3nqr3CRc6OWHDnSxhDA0jPMGBm7Ork_xgwi5h8K7WI946tSID3roBkkLbFmRrm5qpiRpk0UTikGn&sa=X&ved=2ahUKEwiflLyP1_KJAxV--AIHHfEXJFkQmxMoAHoECD4QAg
https://www.google.com/search?num=10&client=firefox-b-e&sca_esv=ead86818698e8678&sxsrf=ADLYWIKUKuGQ0r0-jIjFD4tCUdvA3nc98A:1732372675370&q=Sebastopol&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqm3Y4pMzEEkUgnIkgS_lh5tEedhfMvy2MsaTeFud1VKZdBFtdVQpwZ_p0nBnTSdI5pt9rz7ZHO4YiOtDx3nqr3CRc6OWHDnSxhDA0jPMGBm7Ork_xgwi5h8K7WI946tSID3roBkkLbFmRrm5qpiRpk0UTikGn&sa=X&ved=2ahUKEwiflLyP1_KJAxV--AIHHfEXJFkQmxMoAHoECD4QAg

