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Abstract - Batch polymerization reactors exhibit strong
nonlinear behavior, time-varying dynamics, and
significant uncertainties arising from complex reaction
mechanisms, gel and glass effects, and heat and mass
transfer limitations. These characteristics
effective temperature regulation and product quality
control particularly challenging using conventional
control  strategies.  This presents a
comprehensive overview of modeling, estimation, and
control approaches developed for batch polymerization

make

review

processes, with a primary focus on methyl
methacrylate—based systems. Early efforts addressing
diffusion limitations and viscosity effects through
mechanistic modeling are discussed, followed by
nonlinear control techniques such as globally
linearizing control and observer-based methods. The
review further examines the evolution of data-driven
and adaptive control strategies,
networks, recursive least squares—based identification,

including neural
model predictive control, and hybrid adaptive—
predictive frameworks. Comparative analyses reported
in the literature highlight the trade-offs between
advanced model-based controllers and classical PID
schemes in terms of robustness, computational
complexity, and economic feasibility. Emphasis is
placed on adaptive control methodologies as a practical
solution to handle model uncertainties and rapidly
varying process dynamics. Finally, key implementation
challenges and future research directions aimed at
bridging the gap between advanced control theory and
industrial batch polymerization

identified.

applications are
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1. INTRODUCTION

Batch polymerization reactors are widely used in
the production of high-value polymers such as methyl
methacrylate (MMA), polystyrene, and specialty resins
due to their operational flexibility and suitability for
small-to-medium scale manufacturing. Despite their
industrial importance, these reactors present significant
control challenges. The absence of steady-state
operation, highly nonlinear reaction kinetics, strong
exothermic behavior, gel and glass effects, and time-
varying heat and mass transfer characteristics make
temperature and product quality control particularly
complex. Small deviations in temperature can lead to
substantial variations in molecular weight distribution,
conversion rate, and final polymer properties.
Traditional  proportional—integral—derivative  (PID)
controllers have been widely implemented in industrial
practice because of their simplicity and ease of tuning.
However, their performance often deteriorates under
rapid dynamic changes, especially in the gel effect
region where reaction rates accelerate sharply. To
overcome these limitations, researchers have developed
advanced model-based strategies including nonlinear
control, globally linearizing control, and model
predictive control (MPC). While these approaches
improve tracking performance and disturbance
rejection, their industrial adoption is frequently
constrained by modeling complexity, computational
burden, and robustness concerns.
In recent years, adaptive and data-driven control
techniques have gained attention as promising
alternatives. Methods based on recursive least squares
(RLS), neural networks, extended Kalman filtering, and
self-tuning control enable online parameter estimation
and dynamic model updating, thereby addressing plant—
model mismatch and process uncertainties. This review
briefly outlines the evolution of modeling, estimation,
and control strategies for batch polymerization reactors,
highlighting their advantages, limitations, and potential

directions for future research.
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2. MODELING OF GEL AND GLASS EFFECTS
Batch and semi-batch polymerization reactors,
particularly those involving methyl methacrylate
(MMA), exhibit complex nonlinear dynamics arising
from gel and glass effects, diffusion limitations, heat
transfer variations and the absence of steady-state
operation. These intrinsic characteristics make
temperature regulation and product quality control
highly challenging. Over the past three decades,
extensive research has focused on model development,
state estimation, nonlinear control, and adaptive control
strategies to address these challenges.
The work of Ray et al. (1995) addressed fundamental
control challenges in polymerization processes. A
comprehensive dynamic model was developed to
account for gel and glass effects in batch and semi-batch
reactors. To represent diffusion limitations, the free
volume theory proposed by Vrentas and Duda (1977)
was incorporated to describe changes in diffusion
coefficients during reaction progression. Model
parameters were tuned using experimental data from
isothermal bulk and solution polymerizations of MMA.
The model successfully predicted conversion histories
and molecular weight distributions in semi-batch
operation. It was
dynamics depend on a complex interplay among

demonstrated that conversion
polymer concentration, molecular weight evolution and
temperature. Furthermore, the variation in reaction mass
viscosity was analysed in detail, highlighting its strong
impact on heat and mass transfer.

3.NONLINEAR AND MODEL-BASED CONTROL
APPROACHES

Nonlinear control strategies were explored to
improve reactor temperature regulation. Soroush and
Kravaris (1992) applied a globally linearizing control
(GLC) technique to a batch polymerization reactor and

experimentally compared its performance with
conventional PID control. Although improved
performance was observed, practical industrial

implementation remained limited due to robustness and
stability concerns.

Similarly, Khalid and Omatu (1992) compared a
classical PI controller with an Artificial Neural
Network (ANN)-based controller trained offline for
temperature regulation in batch chemical processes.
The model-based controller demonstrated superior
performance relative to classical control schemes.

State estimation techniques have also played a
critical role in improving control performance. Crowley
et al. (1996) conducted an experimental and theoretical
investigation of online estimation and control in

suspension polymerization of MMA. The gel effect was
identified as a major source of temperature control
difficulty. An extended Kalman filter (EKF) algorithm
was employed to estimate the effective reactor wall heat
transfer coefficient, which was subsequently used to
determine the jacket temperature set point in a cascade
control framework. The proposed strategy significantly
reduced temperature  overshoot compared to
conventional PID control. In addition, the EKF was
used to estimate monomer conversion indirectly
through heat generation rate calculations. However,
filter performance was found to be highly sensitive to
model accuracy and covariance tuning parameters.

4. NEURAL NETWORK AND DATA-DRIVEN

TECHNIQUES

Data-driven modeling approaches have gained
increasing attention. Xiong and Zhang (2005) applied
neural networks to predict polymer properties resulting
from peroxide-initiated batch polymerization of MMA
with satisfactory accuracy.

In another contribution, Chunfu Li et al. (2007)
proposed recursively updated nonlinear partial least
squares (NLPLS) models for predicting final product
quality based on batch control trajectories. Applied to
simulated styrene polymerization, the method achieved
rapid convergence of product quality within a few
batches and outperformed conventional PLS modeling.

Cheng Wang and Jing Xun (2016) proposed two
recursive  identification strategies for nonlinear
multiple-input single-output (MISO) autoregressive
systems. Their study introduced an auxiliary model-
based generalized least squares approach alongside a
filtered recursive least squares algorithm. Through an
illustrative example, they demonstrated that the
filtering-based recursive least squares method provides
more precise parameter estimation compared to the
recursive  generalized least squares technique.
Furthermore, Zhongyi et al. (2016) incorporated a
forgetting factor into the RLS framework to reduce
noise accumulation and enhance sensitivity to recent

data, significantly improving adaptive performance.

5. ADAPTIVE AND PREDICTIVE CONTROL

STRATEGIES

Adaptive control has emerged as a promising
approach for handling model uncertainties and time-
varying dynamics. Mehdi Rafizadeh (2001) designed a
PI adaptive controller for tracking the temperature
trajectory in solution polymerization of MMA.
Although satisfactory tracking was achieved,
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conventional PID tuning via bound minimization
proved ineffective, and a MIMO control strategy was
suggested for improved performance.

Mhammad Shahrokhi et al. (2002) compared GLC
schemes, fixed PI and adaptive PID controllers in
suspension polymerization of MMA. Simulation and
real-time results indicated superior performance of
GLC-based controllers, whereas adaptive PID exhibited
poor performance in the gel effect region due to rapid
model variations.

Model predictive control (MPC) and nonlinear
MPC (NMPC) have also been investigated extensively.
Khaniki (2007) proposed a feedback-linearization-
based GLC-MPC framework for MISO systems,
demonstrating robust trajectory tracking despite output
noise. Nagy et al. (2007) applied NMPC to industrial
free-radical polymerization in a jacketed batch reactor.
A parameter-adaptive EKF was integrated for state and
parameter estimation. Although NMPC improved
tracking performance relative to PI control, it was
deemed economically less attractive for the specific
application.

Self-adaptive predictive functional control was later
introduced by Karer et al. (2008) for hybrid exothermic
batch reactors. The method incorporated recursive
least-squares parameter identification and discrete
switching logic, achieving accurate reference tracking,
reduced actuator wear and improved energy efficiency.

Adaptive internal model control (IMC) strategies
were further developed by Ho Yong Kuen et al. (2010),
integrating recursive least squares with IMC. Sampling
time and closed-loop parameters were optimized via
genetic  algorithms.  The  adaptive  controller
demonstrated superior stability, disturbance rejection
and minimal overshoot compared to conventional PID
control.

6. ADAPTIVE CONTROL FRAMEWORKS AND
IDENTIFICATION CONSIDERATIONS
Adaptive control methodologies are generally

categorized into model-reference adaptive control

(MRAC) and self-tuning control (STC). In MRAC,

process outputs are compared with a reference model,

and controller parameters are adjusted to minimize
deviation. In contrast, STC estimates controller
parameters online using identification algorithms such
as RLS. In certain implementations, both approaches
may converge to similar controller structures.

Model identification, a critical component of
adaptive control, may be performed under open-loop or
closed-loop conditions. Open-loop identification is

straightforward but unsuitable for unstable processes.
Closed-loop identification enables online modeling
during operation but introduces bias due to input—
output disturbance correlations.

7. CONCLUSIONS

The control of batch polymerization reactors
remains a challenging problem due to nonlinear
kinetics, strong exothermicity, gel and glass effects,
diffusion  limitations and wunavoidable model
uncertainties. While model-based nonlinear controllers,
NMPC, and observer-based techniques provide
improved performance, their industrial implementation
is often limited by computational
robustness issues, and economic considerations.

Adaptive control strategies, particularly those
incorporating recursive identification methods with
forgetting factors and online parameter estimation, offer

complexity,

a promising alternative. By treating the process as a
black box and continuously updating model parameters
based on input—output data, adaptive controllers can
accommodate time-varying dynamics and uncertainties.
However, successful implementation requires careful
attention to modeling accuracy, identification
algorithms, estimator tuning, computational demands
and uncertainty management.

Future research should focus on hybrid adaptive—
predictive frameworks, robust estimation techniques
and computationally efficient algorithms to bridge the
gap between advanced control theory and industrial
polymerization reactor applications.
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