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Abstract

Process validation is a fundamental element of pharmaceutical quality assurance that ensures manufacturing processes
consistently produce products meeting predefined quality standards. In recent years, regulatory agencies have shifted
from traditional end-product testing toward a lifecycle-based approach that focuses on building quality into the
manufacturing process. This approach is particularly important for effervescent formulations because these products are
highly sensitive to moisture, environmental conditions, and process variations. Polyethylene Glycol (PEG) 3350
effervescent powder, widely used as an osmotic laxative, requires careful control of raw materials, blending, granulation,
drying, packaging, and storage to maintain its efficacy, stability, and patient acceptability.

This review discusses current advances in process validation strategies for PEG 3350 effervescent powder, with
particular emphasis on critical process parameters (CPPs), critical quality attributes (CQAs), risk assessment, process
analytical technology (PAT), Quality by Design (QbD), and continuous process verification. The article also summarizes
recent regulatory expectations from international agencies, including the US FDA, ICH, EMA, and WHO, highlighting
their role in ensuring robust pharmaceutical manufacturing. Furthermore, challenges associated with moisture-sensitive
effervescent formulations and future opportunities involving artificial intelligence, digital manufacturing, and real-time
monitoring are explored. Overall, this review provides a comprehensive understanding of modern process validation
approaches that support the consistent production of safe, effective, and high-quality PEG 3350 effervescent powder.

Keywords: Process Validation, PEG 3350, Effervescent Powder, Critical Process Parameters, Quality by Design,
Process Analytical Technology, Continuous Process Verification, Pharmaceutical Manufacturing, Regulatory
Guidelines, Quality Assurance

1. Introduction

The pharmaceutical industry is responsible for producing medicines that are consistently safe, effective, and of high
quality. Achieving this goal requires not only high-quality raw materials but also well-designed and well-controlled
manufacturing processes. Process validation plays a central role in ensuring that every manufacturing step consistently
delivers products that meet predefined quality specifications. Rather than relying solely on testing the finished product,
modern pharmaceutical manufacturing emphasizes understanding and controlling the entire manufacturing process.[1]
Polyethylene Glycol (PEG) 3350 is a commonly prescribed osmotic laxative used in the treatment of constipation. When
formulated as an effervescent powder, it offers improved patient convenience, rapid dissolution, and enhanced
palatability. However, manufacturing such formulations requires strict control over environmental conditions, blending
uniformity, particle size distribution, moisture content, and packaging integrity. Consequently, modern validation
strategies integrating Quality by Design (QbD), Process Analytical Technology (PAT), risk management, and continuous
process verification have become increasingly important.[1]

1.1 Overview of Pharmaceutical Process Validation

Definition

Process validation is a documented scientific approach that provides evidence that a manufacturing process consistently
produces pharmaceutical products meeting predetermined quality standards. Instead of depending only on final product
testing, validation focuses on understanding, controlling, and continuously monitoring the manufacturing process to
ensure consistent performance.[1,24]
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Historical Evolution

Initially, pharmaceutical manufacturers relied mainly on testing finished products to confirm quality. Over time,
regulatory authorities recognized that product quality should be built into the manufacturing process rather than verified
only at the end. This led to the development of lifecycle-based process validation, incorporating process design, process
qualification, and continuous process verification. Today, validation is closely integrated with Quality Risk Management
(QRM), Quality by Design (QbD), and Process Analytical Technology (PAT), enabling manufacturers to improve
process understanding while reducing variability.[1,6]

Importance

Process validation offers numerous benefits beyond regulatory compliance. It improves manufacturing consistency,
minimizes batch failures, reduces product recalls, enhances patient safety, lowers production costs, and increases overall
manufacturing efficiency. For moisture-sensitive formulations such as PEG 3350 effervescent powder, effective
validation helps maintain chemical stability, ensures rapid effervescence, preserves product performance, and extends
shelf life.

1.2 Importance in Oral Solid Dosage Forms

Oral solid dosage forms remain the most commonly used pharmaceutical formulations because they are convenient,
cost-effective, and provide accurate dosing. Their quality depends on multiple manufacturing stages, including
dispensing, blending, granulation, drying, lubrication, compression, and packaging. Small variations during these
processes can significantly influence content uniformity, dissolution, hardness, friability, and stability. Therefore,
process validation ensures that each manufacturing step remains under control and consistently produces high-quality
products.[1,3,4]

1.3 Process Validation in Effervescent Products

Effervescent formulations require particularly stringent process validation because they contain acid-base components
that react rapidly in the presence of moisture. Environmental humidity, drying conditions, blending time, particle size,
and packaging quality directly influence product performance. Validation therefore focuses on controlling moisture
levels, ensuring blend uniformity, maintaining appropriate drying temperatures, and using moisture-resistant packaging
materials. Continuous monitoring of these parameters helps preserve product stability, rapid dissolution, and patient
acceptability throughout its shelf life.[10,13]

1.4 Scope of Review

This review presents a comprehensive overview of modern process validation strategies for PEG 3350 effervescent
powder. It discusses lifecycle-based validation approaches, critical process parameters, critical quality attributes, Quality
by Design, Process Analytical Technology, risk assessment tools, continuous process verification, and recent
technological advances. In addition, it summarizes current regulatory expectations from international agencies and
highlights future opportunities for improving pharmaceutical manufacturing through digital technologies and artificial
intelligence[1,7]
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Figure 1: Evolution of Pharmaceutical Process Validation

2. PEG 3350: Pharmaceutical Overview

2.1 Chemical Structure

Polyethylene Glycol 3350 (PEG 3350), also known as Macrogol 3350, is a high-molecular-weight polymer composed
of repeating ethylene oxide units. It has an average molecular weight of approximately 3350 Da, which limits its
absorption through the gastrointestinal tract. The polymer consists of the repeating structural unit (—CH>—CH2—O-),,
where n represents the number of ethylene oxide monomers.[8,14]

2.2 Physicochemical Properties

PEG 3350 is a white to off-white, odourless, and free-flowing hygroscopic powder with excellent aqueous solubility. It
is chemically inert, non-volatile, and compatible with many pharmaceutical excipients. The polymer exhibits high
osmotic activity, allowing it to retain water within the intestinal lumen without undergoing significant metabolism or
systemic absorption. [10,13,14]

2.3 Pharmacology

PEG 3350 acts locally within the gastrointestinal tract and produces its therapeutic effect without direct interaction with
intestinal receptors. Owing to its large molecular size, it remains largely unabsorbed after oral administration and is
eliminated unchanged in the faeces. Its excellent safety profile, minimal systemic exposure, and predictable
pharmacological action make it suitable for both short-term and long-term management of constipation under
appropriate medical supervision.

2.4 Mechanism of Action

The therapeutic action of PEG 3350 is based on its osmotic properties. After oral administration, the polymer binds and
retains water molecules within the intestinal lumen through hydrogen bonding. The increased water content softens the
stool, increases stool volume, and promotes intestinal distension. This stimulates normal peristaltic movement of the
colon, facilitating comfortable bowel evacuation without causing significant electrolyte imbalance when used as
recommended. [11,12]

2.5 Clinical Applications

Constipation

PEG 3350 is widely recommended as a first-line osmotic laxative for the management of chronic and occasional
constipation in both adults and children. It improves stool consistency, increases bowel movement frequency, and
reduces straining during defecation. Clinical studies have consistently demonstrated its superior efficacy and favourable
tolerability compared with several traditional laxatives.[11,12,14]

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM66686 | Page 3


https://ijsrem.com/

International Journal of Scientific Research in Engineering and Management (I[JSREM)
Volume: 10 Issue: 08 | Aug - 2026 SJIF Rating: 8.659 ISSN: 2582-3930

@REM
Colonoscopy Preparation
PEG 3350 is also extensively used in bowel cleansing regimens before colonoscopy and other gastrointestinal diagnostic
procedures. When combined with electrolytes, it effectively cleanses the colon while maintaining fluid and electrolyte
balance, allowing optimal visualization of the intestinal mucosa and improving diagnostic accuracy.[11,12,14]
2.6 Advantages
PEG 3350 offers several therapeutic and pharmaceutical advantages, including excellent safety, minimal systemic
absorption, predictable osmotic action, favourable patient tolerability, compatibility with various dosage forms, and
suitability for long-term use under medical guidance. In effervescent formulations, rapid dissolution and improved
palatability further enhance patient compliance.[10,12]
2.7 Limitations
Despite its clinical benefits, PEG 3350 has certain limitations. Its hygroscopic nature makes moisture control critical
during manufacturing and storage, especially in effervescent dosage forms. Improper storage may result in premature
effervescent reactions and reduced product stability. [10,12,14]

Table 1. Physicochemical Properties of PEG 3350

Property Description
Official name Polyethylene Glycol 3350 (Macrogol 3350)
Molecular Formula H(OCH:CH2),OH
Average Molecular Weight ~3350 Da
Appearance White to off-white powder
Odour Odourless
Taste Slightly sweet
Solubility Freely soluble in water
Melting Range Approximately 53-58°C
Hygroscopicity Slightly hygroscopic
pH (5% solution Approximately 4.5-7.5
Systemic Absorption Neglible
Metabolism Not metabolized
Elimination Excreted unchanged in faeces
Therapeutic use Osmotic laxative
Storage Store in a tightly closed, moisture-resistant container
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Flgure 2 : Mechanism of Action of PEG 3350 in the Gastrointestinal Tract

3. Effervescent Powder Technology
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3.1 Principle
Effervescent powder is a unique pharmaceutical dosage form designed to dissolve rapidly in water before administration.
The formulation contains an acid source and a carbonate or bicarbonate source that react immediately upon contact with
water, releasing carbon dioxide (CO2). This effervescence produces a pleasant sparkling solution that improves drug
dispersion, masks unpleasant taste, and enhances patient acceptance. [10,11,25]
3.2 Components of Effervescent Powder
PEG 3350
PEG 3350 serves as the active pharmaceutical ingredient (API) and functions as an osmotic laxative. It retains water
within the intestinal lumen, softens stools, and promotes comfortable bowel evacuation. Its excellent water solubility
makes it highly compatible with effervescent formulations.[10,14]
Citric Acid
Citric acid is the primary acidic component responsible for initiating the effervescent reaction. Upon dissolution in water,
it reacts with sodium bicarbonate to generate carbon dioxide, facilitating rapid dispersion of the formulation. It also
contributes a pleasant sour taste that improves overall flavour.[10]
Malic Acid
Malic acid acts as a secondary acidulant, complementing citric acid by providing a smoother, longer-lasting acidic taste.
It enhances flavour balance, improves mouthfeel, and supports controlled effervescence, resulting in a more acceptable
patient experience.[10]
Sodium Bicarbonate

Sodium bicarbonate functions as the alkaline component of the effervescent system. When it comes into contact with
water, it reacts with citric and malic acids to release carbon dioxide gas. This reaction produces the characteristic fizzing
effect that accelerates powder dissolution and ensures uniform drug dispersion.[10]

Sweeteners

Sweeteners such as sucralose, aspartame, acesulfame potassium, or stevia are incorporated to mask the sour taste of the
acids and improve palatability. They play an important role in increasing patient compliance, particularly during repeated
administration.[10]

Flavours

Flavouring agents including lemon, orange, mixed fruit, or mint provide a pleasant taste and aroma, making the
formulation more acceptable to patients of different age groups. Appropriate flavour selection further enhances the
overall patient experience.[10]

3.3 Advantages

Effervescent powders provide several pharmaceutical and patient-related advantages. They dissolve rapidly in water,
offer a pleasant taste, improve patient compliance, reduce swallowing difficulties, ensure uniform drug dispersion, and
provide faster onset of action compared with many conventional oral dosage forms. In addition, the dissolved solution
reduces gastrointestinal irritation and provides a convenient dosage option for elderly and paediatric patients.[11,25]
3.4 Limitations

Despite these advantages, effervescent formulations require careful manufacturing and storage because they are highly
sensitive to environmental moisture. The formulations generally require specialized moisture-resistant packaging, have
relatively higher manufacturing costs, and demand strict control of humidity during production. Improper storage may
trigger premature effervescent reactions, reducing product quality and shelf life.[11,25]

3.5 Manufacturing Challenges

Moisture Sensitivity

Moisture is the most critical factor affecting effervescent formulations. Even small amounts of absorbed moisture can
initiate premature acid-base reactions, resulting in carbon dioxide loss, reduced effervescence, and compromised product
stability. Therefore, environmental humidity must be carefully controlled throughout manufacturing and
packaging.[10,11,23]

Hygroscopicity

Several formulation ingredients readily absorb atmospheric moisture. Increased moisture uptake may cause powder
aggregation, caking, reduced flowability, and impaired dissolution characteristics. [10,13]

Flowability
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Good powder flow is necessary to ensure uniform blending, accurate filling, and consistent dose delivery. Poor flow

properties may lead to segregation, weight variation, and batch inconsistency. Optimization of particle size distribution
and the use of suitable flow-enhancing excipients are therefore important during formulation development.[10,13]

Stability

The long-term stability of PEG 3350 effervescent powder depends on maintaining low moisture content, appropriate
environmental conditions, and protective packaging. Stability studies evaluate changes in appearance, moisture level,
dissolution time, effervescence, assay, and overall product performance throughout the product's shelf life.[10,11]

Table 2. Functions of Formulation Ingredients

Ingredients Primary function Additional benefits
PEG 3350 Active pharmaceutical ingredient | Softens stool and promotes bowel
(osmotic laxative) movement
Citric Acid Acid source Initiates effervescent reaction,
improves taste
Malic Acid Secondary acidulant Enhances flavour and provides

sustained acidity

Sodium Bicarbonate Alkaline component

Produces carbon dioxide for rapid
dissolution

Sweeteners Taste masking Improves patient compliance

Flavours Palatability enhancer Improves aroma and patient
acceptance

Purified Water  (during | Reaction medium Initiates effervescence

administration)

Moisture-resistant
Packaging

Product protection

Prevents premature reaction and
improves stability
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Figure 3 : Composition of PEG 3350 Effervescent Powder

4. Pharmaceutical Process Validation
4.1 Definition
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Pharmaceutical process validation is a systematic, science-based, and well-documented approach used to demonstrate
that a manufacturing process can consistently produce pharmaceutical products that meet predetermined quality
standards. Rather than relying only on testing the finished product, modern validation focuses on understanding the
manufacturing process.[1,24]

4.2 Validation Life Cycle

Modern pharmaceutical process validation follows a lifecycle approach recommended by the US Food and Drug
Administration (FDA). This approach emphasizes continuous process understanding and ongoing quality assurance
rather than considering validation as a one-time activity. The lifecycle consists of three interconnected stages that
collectively ensure robust pharmaceutical manufacturing.[1]

Stage 1: Process Design

The first stage focuses on developing a scientifically sound manufacturing process. During process design,
manufacturers identify the desired product characteristics, select suitable raw materials, establish formulation
composition, optimize manufacturing parameters.[1,2,16]

Stage 2: Process Qualification

Process qualification confirms that the designed manufacturing process performs consistently under commercial
production conditions. This stage includes qualification of manufacturing equipment, utilities, facilities, analytical
methods, and personnel. Consecutive validation batches are manufactured and evaluated to verify that the process
consistently produces products meeting predefined quality specifications. Comprehensive documentation generated
during this stage provides evidence of process reliability and reproducibility.[1,5]

Stage 3: Continued Process Verification

Continued Process Verification (CPV) is the ongoing monitoring of the manufacturing process throughout the
commercial lifecycle of the product. Manufacturers continuously collect and analyse process data to detect trends,
identify deviations, and implement corrective actions before product quality is affected.[1,4]

4.3 International Regulatory Perspectives

US FDA

The FDA introduced the lifecycle-based process validation framework in 2011, emphasizing scientific process
understanding, risk-based decision-making, and continuous process verification. Rather than validating a process only

once, the FDA recommends maintaining continuous assurance of process performance throughout commercial
manufacturing.[1]
European Medicines Agency (EMA)

The EMA supports a science- and risk-based validation approach that aligns closely with Quality by Design principles.
The agency encourages manufacturers to demonstrate comprehensive process understanding, maintain effective quality
systems, and continuously monitor manufacturing performance to ensure consistent product quality.[7]

World Health Organization (WHQO)

WHO validation guidelines provide globally accepted recommendations for pharmaceutical manufacturers, particularly

those supplying medicines to international markets. The guidelines emphasize proper documentation, equipment
qualification, process validation, cleaning validation, and continuous quality improvement as essential elements of
pharmaceutical quality assurance.[6]

ICH Q8 — Pharmaceutical Development

ICH Q8 promotes the concept of Quality by Design by encouraging manufacturers to develop a thorough understanding

of formulation variables and manufacturing processes. It recommends defining design space, identifying critical process
parameters, and establishing scientifically justified control strategies during product development.[2]

ICH Q9 — Quality Risk Management

ICH Q9 provides a structured framework for identifying, assessing, controlling, communicating, and reviewing risks
that may affect pharmaceutical quality. Risk management tools such as Failure Mode and Effects Analysis (FMEA),

Hazard Analysis and Critical Control Points (HACCP), and risk ranking methods support effective decision-making
throughout the validation lifecycle.[3]

ICH 010 — Pharmaceutical Quality System
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ICH Q10 describes a comprehensive Pharmaceutical Quality System (PQS) that integrates product development,
technology transfer, commercial manufacturing, and continual improvement. It supports lifecycle process validation by
promoting effective quality management, knowledge management, change control, corrective and preventive actions
(CAPA), and continuous process improvement.[4]

Table 3. Comparison of International Regulatory Guidelines

Guideline | Primary focus Major contribution to process validation
FDA (2011) | Lifecycle Process Validation | Process Design, Process Qualification, Continued
Process Verification
EMA Science- and Risk-based | Process understanding and continuous monitoring
Validation
WHO GMP and Validation Documentation, qualification, validation, quality
assurance
ICH Q8 Pharmaceutical Development | Quality by Design (QbD), Design Space, CPPs and CQAs
ICH Q9 Quality Risk Management Risk assessment and risk control throughout the product
lifecycle
ICH Q10 Pharmaceutical Quality | Continual improvement, CAPA, change management,
System knowledge management
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Figure 4 : Lifecycle Approach to Pharmaceutical Process Validation

5. Critical Process Parameters (CPPs)

Critical Process Parameters (CPPs) are the operating conditions that have a direct influence on the quality, safety,
efficacy, and consistency of a pharmaceutical product. Maintaining these parameters within predefined limits is essential
for ensuring that every manufacturing batch consistently meets the desired Critical Quality Attributes (CQAs). For PEG
3350 effervescent powder, careful control of processing conditions is particularly important because the formulation is
highly sensitive to moisture, temperature, and processing variations. [1,5,23]

5.1 Raw Material Control

The quality of raw materials forms the foundation of a robust manufacturing process. All incoming materials should
comply with predefined pharmacopoeial specifications for identity, purity, assay, particle size distribution, and moisture
content. Special attention should be given to PEG 3350, citric acid, malic acid, and sodium bicarbonate because
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variations in these materials can significantly affect effervescence, blend uniformity, and final product stability. Proper
storage under controlled humidity conditions further prevents moisture uptake before manufacturing.[1,5]

5.2 Fluidized Bed Dryer (FBD)

The Fluidized Bed Dryer plays a crucial role in reducing residual moisture while maintaining the physical integrity of
the formulation.

o Temperature: Drying temperature should be carefully optimized to remove excess moisture without causing
degradation of heat-sensitive ingredients or initiating premature effervescent reactions.

o Drying Time: Adequate drying time ensures uniform moisture removal throughout the powder bed. Insufficient
drying may leave excessive moisture, whereas prolonged drying may affect powder characteristics and increase
processing time.

o Loss on Drying (LOD): LOD is a critical quality indicator used to confirm that the final moisture content
remains within the specified acceptance limits. Appropriate LOD ensures improved stability, better flow properties, and
reduced risk of premature effervescence.[10,11]

5.3 Vacuum Tray Dryer (VTD)

Vacuum tray drying provides efficient moisture removal under reduced pressure and is particularly useful for moisture-
sensitive pharmaceutical formulations.

o Temperature: Drying should be performed at controlled temperatures to preserve product stability while
effectively removing moisture.

o Vacuum Pressure: Maintaining an appropriate vacuum lowers the boiling point of water, enabling efficient
drying without exposing the formulation to excessive thermal stress.

o Drying Time: The drying duration should be optimized to achieve the desired residual moisture while
preventing over-drying, which may alter powder characteristics and affect downstream processing.[10,20]

5.4 Sieving

Sieving ensures a uniform particle size distribution by removing oversized particles and agglomerates. A consistent
particle size improves powder flowability, blend homogeneity, filling accuracy, and dissolution performance. Proper
sieve selection also minimizes segregation during subsequent manufacturing steps.[10,11]

5.5 Blending

Blending is one of the most critical operations in manufacturing PEG 3350 effervescent powder because it directly
affects dose uniformity and product performance.

o Blender Speed (RPM): The blending speed should be optimized to achieve complete mixing while avoiding
particle segregation or excessive mechanical stress on the powder.

o Blending Time: Adequate mixing time is essential to ensure homogeneous distribution of the active ingredient
and excipients. Under-blending may result in poor content uniformity, whereas over-blending can promote segregation
or alter powder characteristics.

o Blend Uniformity: Uniform distribution of PEG 3350 and excipients is verified through blend uniformity
testing. Consistent blend homogeneity ensures accurate dosing, reproducible product quality, and reliable therapeutic
performance.[10,11,18]

Table 4. Critical Process Parameters and Their Impact

Process step Critical process parameter | Impact on product quality
(CPP)
Raw Material Control Identity, purity, particle size, | Batch consistency and formulation
moisture quality
Fluidized Bed Dryer | Temperature Moisture removal and product stability
(FBD)
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Fluidized Bed Dryer | Drying Time Uniform drying and prevention of

(FBD) degradation

Fluidized Bed Dryer | Loss on Drying (LOD) Residual moisture control and stability

(FBD)

Vacuum Tray Dryer | Temperature Protects heat-sensitive ingredients

(VTD)

Vacuum Tray Dryer | Vacuum Pressure Efficient drying under reduced pressure

(VTD)

Vacuum Tray Dryer | Drying Time Prevents under- or over-drying

(VTD)

Sieving Mesh size / Particle size Improved flowability and blend
uniformity

Blending RPM Uniform mixing without segregation

Blending Mixing Time Content uniformity

Blending Blend Uniformity Dose accuracy and product consistency
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Figure S : Critical Process Parameters (CPPs) Flow Diagram

6. Critical Quality Attributes (CQAs)

Critical Quality Attributes (CQAs) are the physical, chemical, and performance characteristics of a pharmaceutical
product that must remain within predefined acceptance limits to ensure consistent quality, safety, and therapeutic
efficacy. These attributes are identified during product development and are continuously monitored throughout
manufacturing and process validation. For PEG 3350 effervescent powder, CQAs are particularly important because the
formulation is highly sensitive to moisture and environmental conditions. Careful control of these attributes ensures
batch-to-batch consistency, product stability, rapid dissolution, and reliable clinical performance.[2]

6.1 Appearance

Appearance is the first quality parameter evaluated during product inspection. A high-quality PEG 3350 effervescent
powder should be a free-flowing, uniform white to off-white powder without visible lumps, discoloration, foreign
particles, or signs of moisture uptake. Any deviation in appearance may indicate poor processing or inadequate storage
conditions.[2,16]
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6.2 Moisture Content
Moisture content is one of the most critical quality attributes for effervescent formulations. Excess moisture can trigger
premature acid—base reactions, resulting in carbon dioxide loss, reduced effervescence, caking, and decreased product
stability. Therefore, maintaining moisture within the validated acceptance limits is essential to preserve product quality
throughout its shelf life.3,20]
6.3 Particle Size Distribution
Uniform particle size distribution contributes significantly to blend homogeneity, powder flow, filling accuracy, and
dissolution performance. A well-controlled particle size minimizes segregation during processing and ensures consistent
manufacturing performance.[13,18]
6.4 Blend Uniformity
Blend uniformity confirms that PEG 3350 and all excipients are evenly distributed throughout the formulation. Uniform
blending is essential for ensuring accurate dose delivery, therapeutic consistency, and compliance with pharmacopeial
content uniformity requirements.[10,18]
6.5 Bulk Density
Bulk density represents the mass of powder per unit volume before tapping. It provides valuable information regarding
powder packing characteristics, storage requirements, and filling behaviour during manufacturing.[13]
6.6 Tapped Density
Tapped density is determined after mechanically tapping the powder until a constant volume is achieved. It reflects the
compressibility of the powder and is commonly used to evaluate flow characteristics and packing efficiency.[13]
6.7 Carr Index
Carr Index is an important indicator of powder compressibility and flowability. Lower Carr Index values indicate
excellent flow properties, whereas higher values suggest poor flow and increased risk of processing difficulties.
Monitoring this parameter helps optimize powder handling during manufacturing.[13]
6.8 Hausner Ratio
Hausner Ratio is another widely accepted measure of powder flow behaviour. Values close to 1 indicate good flowability,
while higher values suggest increased cohesiveness and poor powder flow. Maintaining an appropriate Hausner Ratio
supports efficient blending, filling, and packaging operations.[13]
6.9 Angle of Repose
The Angle of Repose evaluates the natural flow behaviour of powder by measuring the angle formed when powder is
allowed to flow freely into a cone. Lower angles indicate superior flowability, which is essential for achieving consistent
processing and accurate filling.[13]
6.10 Assay
Assay determines the amount of PEG 3350 present in the finished formulation and confirms that the product contains
the intended drug concentration within established pharmacopeial limits. Consistent assay results demonstrate uniform
manufacturing and reliable therapeutic performance.[8,14]
6.11 Loss on Drying (LOD)
Loss on Drying measures the residual moisture remaining after the drying process and serves as a critical indicator of
product stability. Appropriate LOD values confirm effective drying while minimizing the risk of premature effervescent
reactions during storage.[10,20]

Table 5. Critical Quality Attributes of PEG 3350 Effervescent Powder

Critical quality Importance Impact on product quality

attribute

Appearance Visual quality Detects caking, discoloration, and
moisture exposure

Moisture Content Product stability Prevents premature effervescence and
degradation

Particle Size | Powder performance Improves  flowability and  blend

Distribution Improves flowability and blend | uniformity

uniformity
Blend Uniformity Dose consistency Ensures uniform API distribution
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Bulk Density Powder packing Influences filling efficiency

Tapped Density Compressibility Evaluates packing characteristics

Carr Index Flowability Predicts powder handling performance

Hausner Ratio Powder cohesiveness Indicates ease of processing

Angle of response Flow behaviour Supports smooth manufacturing
operations

Assay Drug content Confirms correct PEG 3350
concentration

Loss on Drying (LOD) | Residual moisture Ensures product stability and shelf life

7. Moisture Control in PEG 3350 Manufacturing

7.1 Importance of Moisture Control

Moisture control is one of the most critical aspects of manufacturing PEG 3350 effervescent powder. Unlike
conventional powders, effervescent formulations contain acidic and alkaline components that react immediately in the
presence of water. Even a small increase in residual moisture can initiate premature carbon dioxide generation, resulting
in caking, loss of effervescence.[10,20]

7.2 Karl Fischer Moisture Determination

Karl Fischer titration is considered the gold-standard analytical method for measuring water content in pharmaceutical
materials. It provides accurate and highly sensitive determination of residual moisture in raw materials, intermediates,
and finished products. During process validation, Karl Fischer analysis is routinely performed after drying operations to
verify that the moisture content remains within validated acceptance criteria. This ensures that the formulation possesses
adequate stability and minimizes the risk of premature effervescent reactions.[20]

7.3 Fluidized Bed Drying (FBD)

Fluidized Bed Drying serves as the primary moisture reduction step in the manufacturing process. In this operation,
warm filtered air fluidizes the powder bed, enabling rapid and uniform removal of free surface moisture. Careful
optimization of drying temperature, airflow, and drying time is essential because excessive heat may adversely affect
the physical properties of PEG 3350 and other formulation components. Appropriate FBD processing improves powder
flowability and prepares the material for subsequent low-moisture drying.[10,20]

7.4 Vacuum Drying

Although Fluidized Bed Drying effectively removes the majority of free moisture, a small amount of residual moisture
may remain within the powder particles. Therefore, a secondary drying step using a Vacuum Tray Dryer is employed to
achieve the final moisture specification. Under reduced pressure, water evaporates at a lower temperature, allowing
efficient drying while minimizing thermal stress on the formulation. This approach is particularly advantageous for PEG
3350 because of its relatively low melting characteristics and sensitivity to elevated temperatures. [10,20]

7.5 Environmental Monitoring

Maintaining a controlled manufacturing environment is equally important for moisture-sensitive products. Continuous
monitoring of room temperature, relative humidity, differential pressure, and airborne particulate levels helps prevent
moisture uptake during processing. Routine environmental monitoring also supports compliance with current Good
Manufacturing Practices (¢cGMP) and minimizes process variability.[6,19]

7.6 Humidity Control

Strict humidity control is essential throughout dispensing, blending, drying, sieving, filling, and packaging operations.
Manufacturing areas are generally maintained at controlled relative humidity using HVAC systems and industrial
dehumidifiers. Moisture-resistant containers, laminated foil sachets, and desiccants further protect the finished product
from environmental moisture during storage and distribution.[20]
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7.7 Impact on Product Stability

Effective moisture control directly influences the long-term stability of PEG 3350 effervescent powder. Maintaining low
residual moisture preserves effervescence, prevents caking and powder agglomeration, improves flowability, supports
blend uniformity, and enhances dissolution performance. [1,3]

7.8 Rationale for Sequential FBD and Vacuum Tray Drying

During formulation development, PEG 3350 exhibited relatively high initial moisture content and thermal sensitivity
because of its low melting characteristics. Using high temperatures alone to achieve the desired moisture specification
could increase the risk of particle softening, agglomeration, or changes in powder characteristics. Therefore, a sequential
drying strategy was adopted. Fluidized Bed Drying was first used to remove the majority of free moisture rapidly and
uniformly. Subsequently, Vacuum Tray Drying was employed to eliminate the remaining bound moisture under reduced
pressure and at comparatively lower temperatures. This two-step drying approach improved drying efficiency,
maintained powder flowability, minimized thermal stress, and ensured that the final moisture content consistently met
the validated acceptance criteria. Consequently, sequential FBD—VTD drying became an important process optimization
strategy that supported robust process validation and enhanced the overall stability of PEG 3350 effervescent
powder.[10,23]

FLURCRZED BED DRYER MOISTUSE TRSTING VACULM vunl-m- ENVIRORMINTAL & 0
' LE PRODUCT
m {KARL PO HIMIDITY CONTROL ARSI
FEL XIB0 Prwiber ol Flaares Tiirmies ‘Q\ L e il
. 4 d K - ad
Q
N
n PRG350
; muvlnm
I8 -
\__) | ==
P bl Medatire -
Hewahint Manbion Aanai
an Maniie
& ) oo e
Py raden, - veratod leoe L o ) oo
R e t Kaptvrdiodt > Bt v s -
Q Pt b @) Yeretiee b rvbebie D s o by
D ewenarwrars 8 Serivies Baans Meditie (Towapmnst.on B4 | Avaniont g Bt L
Nrgroomil hrashiny
RULTY Ganlaren reed) boe Freteetn Law Mot “ M Conmibue wout Wl LIk
il iy e wosma Y iy Sovavin® ML) Voo thott Uk
* Valubated Qualty
Maw saidas i in Livnarem mudatrw wm b Ashbauns Cargel wew Premirts satetie g iabe
T — roess vy reelire bevel Avirng prewseinyg & rerage Conoiutont wasivty o
o agreni oo vw manve s
SEQUENTIAL MOISTURE REDUCTION SUMMARY
|
AT Myl it mo Kt ¥ incher Vacuwm Trey Contruted wpd| Watde FTQ 1m0
WA Mt ’ u»..qu ’ -, Yerfsaten * Ll Pryng (VT0) * ) Covinoremont -\ EMevessiont
v ) } ‘ P
Vg e Commntpnn ’/ Detter Pasons ) Wadur el Kk of (5 W Putient
Frostun) Matety [T ..“ Notaimrens et b o D Satwry

Figure 6 : Sequential Moisture Reduction Strategy

8. Analytical Evaluation during Process Validation

Analytical evaluation is an essential component of pharmaceutical process validation because it confirms that every
manufacturing stage consistently produces material meeting predefined quality specifications. During the validation of
PEG 3350 effervescent powder, analytical testing is performed at different stages of manufacturing to monitor product
quality, verify process performance, and ensure compliance with regulatory requirements. [8§]

8.1 Assay

Assay is performed to determine the amount of PEG 3350 present in the formulation and to verify that the active
ingredient remains within the specified acceptance limits. Consistent assay values across validation batches demonstrate
uniform drug distribution and reliable manufacturing performance. Accurate assay results also confirm that the
formulation will deliver the intended therapeutic dose to patients.[8,14]

8.2 Loss on Drying (LOD)

Loss on Drying (LOD) is evaluated after the drying process to determine the amount of residual moisture present in the
formulation. For moisture-sensitive effervescent powders, maintaining LOD within validated limits is essential to
prevent premature acid—base reactions, preserve effervescence, and improve long-term product stability. Routine LOD
testing also verifies the effectiveness of the drying process during manufacturing.[10,20]

8.3 Particle Size Distribution

A controlled particle size minimizes segregation, enhances powder flow, improves blend uniformity, and contributes to
consistent product performance throughout manufacturing.[13]
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8.4 Flow Properties

Good powder flow is critical for obtaining uniform filling, accurate dosing, and efficient processing. Flow characteristics
are commonly evaluated using parameters such as bulk density, tapped density, Carr Index, Hausner Ratio, and Angle
of Repose. These measurements help determine whether the powder possesses suitable handling characteristics for large-
scale manufacturing while reducing the risk of segregation and processing variability.[13,18]

8.5 Blend Uniformity

Blend uniformity testing confirms that PEG 3350 and all formulation excipients are evenly distributed throughout the
powder mixture before filling and packaging. Uniform blending is essential to ensure consistent drug content, accurate
dose delivery, and batch-to-batch reproducibility. Satisfactory blend uniformity results indicate that the blending process
has been adequately optimized and validated.[10,18]

8.6 Moisture Analysis by Karl Fischer Titration

Karl Fischer titration is the preferred analytical technique for determining trace amounts of water in pharmaceutical
formulations because of its excellent sensitivity and accuracy. During process validation, Karl Fischer analysis is
performed after drying and before final packaging to verify that the moisture content remains within established
acceptance criteria. Maintaining low residual moisture is particularly important for PEG 3350 effervescent powder, as
excessive moisture can initiate premature effervescent reactions, reduce stability, and compromise overall product
quality [1,3,8]
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Figure 7: Analytical Evaluation Workflow during Process Validation

9. Quality Risk Management (ICH Q9)

9.1 Introduction to Quality Risk Management

\Quality Risk Management (QRM) is a systematic and science-based approach that helps pharmaceutical manufacturers
identify, evaluate, control, communicate, and continuously review risks that may affect product quality. According to
ICH Q9, risk management should be integrated throughout the entire product lifecycle, beginning with pharmaceutical
development and continuing through commercial manufacturing and post-marketing activities.

For PEG 3350 effervescent powder, QRM is particularly important because the formulation is highly sensitive to
moisture, environmental conditions, and process variability.[3,4]

9.2 Risk Identification

Risk identification is the first step in Quality Risk Management. It involves systematically identifying all potential
hazards that may influence the manufacturing process or product quality.During the manufacturing of PEG 3350
effervescent powder, common risks include variability in raw material quality, excessive moisture uptake, improper
drying, inadequate blending, particle size variation, equipment malfunction, operator error, and packaging defects.
Identifying these risks early allows manufacturers to establish appropriate control measures before they affect the
finished product.[3]
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9.3 Risk Analysis

After identifying potential hazards, each risk is evaluated based on its likelihood of occurrence, severity of impact, and
probability of detection. Various scientific tools, including Failure Mode and Effects Analysis (FMEA), Hazard Analysis
and Critical Control Points (HACCP), and risk ranking methods, are commonly used to prioritise risks requiring
immediate attention.

For PEG 3350 effervescent powder, risks associated with moisture control, drying efficiency, blend uniformity, and
environmental humidity are generally considered high priority because they have a direct influence on product stability
and performance.[3]

9.4 Risk Mitigation

Risk mitigation involves implementing preventive and corrective measures to reduce identified risks to an acceptable
level. Effective mitigation strategies include strict raw material specifications, environmental humidity control, validated
drying procedures, optimized blending conditions, routine equipment qualification, in-process analytical testing, and
continuous process monitoring.

Modern pharmaceutical manufacturing also incorporates Process Analytical Technology (PAT), Quality by Design
(QbD), statistical process control, and digital monitoring systems to strengthen risk mitigation and improve process
robustness.[3,4]

9.5 Failure Modes

Failure modes describe situations in which a manufacturing process may not perform as intended. Understanding
potential failure modes helps manufacturers establish appropriate preventive controls before product quality is

compromised.

Typical failure modes during PEG 3350 effervescent powder manufacturing include:
o Excessive residual moisture causing premature effervescent reactions.

o Inadequate drying resulting in poor product stability.

o Particle size variation leading to poor flowability and blend segregation.

o Insufficient blending causing non-uniform drug distribution.

o Equipment malfunction affecting process consistency.

o Packaging failure allowing moisture ingress during storage[3]

9.6 Corrective Actions
When deviations or process failures occur, timely corrective actions are necessary to restore process control and prevent
recurrence. Typical corrective actions include recalibration of equipment, adjustment of drying parameters, optimization
of blending conditions, improvement of environmental humidity control, retraining of personnel, revision of Standard
Operating Procedures (SOPs), and implementation of Corrective and Preventive Actions (CAPA).
Continuous review of manufacturing data enables early detection of process trends and supports continual improvement
in accordance with ICH Q9 and ICH Q10 principles.|3,4]
9.7 Significance of Quality Risk Management
An effective Quality Risk Management programme enhances process understanding, reduces manufacturing variability,
minimizes batch failures, improves regulatory compliance, and strengthens patient safety. For PEG 3350 effervescent
powder, integrating QRM throughout the validation lifecycle supports consistent product quality, improved stability,
efficient manufacturing, and successful commercial production. [3,4]

Table 6. Risk Assessment Matrix for PEG 3350 Effervescent Powder Manufacturing

Manufacturing Potential risk | Severity | Probability | Risk Mitigation strategy

step level

Raw Material | High moisture | High Medium High Supplier qualification and

Control content incoming material testing

FBD Drying Inadequate High Medium High Optimize  temperature,
drying drying time and LOD

monitoring

Vacuum Tray | Excess High Low Medium | Vacuum optimisation and

Drying residual Karl Fischer analysis
moisture
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Sieving Medium | Medium Medium | Appropriate sieve
Non-uniform selection and particle size
particle size monitoring
Blending Poor  blend | High Medium High Optimized RPM,
uniformity blending time and blend
uniformity testing
Environmental High relative | High High Critical HVAC control,
Coondition humidity dehumidification and
environmental
monitoring
Packaging Moisture High Low Medium | Moisture-resistant  foil
ingress sachets and desiccants

10. Recent Advances in Process Validation

The pharmaceutical industry is rapidly transitioning from conventional manufacturing practices to intelligent, data-
driven manufacturing systems. Modern process validation is no longer viewed as a one-time regulatory requirement but
as a continuous, lifecycle-based activity supported by advanced analytical technologies, automation, and digital tools.
These innovations have significantly improved manufacturing efficiency, process understanding, product quality, and
regulatory compliance. For PEG 3350 effervescent powder, such advancements provide better control over moisture-
sensitive manufacturing processes, reduce batch variability, and support consistent product performance.[1,16,22]

10.1 Process Analytical Technology (PAT)

Process Analytical Technology (PAT) is an advanced quality assurance approach introduced to monitor and control
pharmaceutical manufacturing in real time. Instead of relying solely on end-product testing, PAT enables continuous
measurement of critical process parameters and critical quality attributes during production. Sensors, spectroscopic
techniques, and automated analytical instruments provide immediate feedback, allowing manufacturers to identify
process deviations at an early stage. In PEG 3350 effervescent powder manufacturing, PAT can be used to monitor
moisture content, blending efficiency, particle size distribution, and drying performance, thereby improving process
reliability and reducing product variability.[17]

10.2 Industry 4.0

Industry 4.0 has transformed pharmaceutical manufacturing through the integration of automation, interconnected
equipment, cloud computing, industrial internet of things (IIoT), robotics, and digital communication systems.
Manufacturing equipment continuously exchanges process information, enabling rapid decision-making and improved
production efficiency. This digital ecosystem supports smarter process validation by reducing human intervention,
improving traceability, and ensuring better control of moisture-sensitive formulations such as PEG 3350 effervescent
powder.[22]

10.3 Artificial Intelligence (AI)

Artificial Intelligence is becoming an important tool for pharmaceutical development and manufacturing. Al algorithms
can analyse large volumes of manufacturing data, identify hidden process trends, predict equipment failures, and
recommend process optimisation strategies. During process validation, Al supports faster decision-making, early
detection of deviations, and continuous improvement, resulting in enhanced product quality and reduced manufacturing
risks.[22]

10.4 Machine Learning

Machine Learning, a subset of Artificial Intelligence, uses historical manufacturing data to develop predictive models
that continuously improve with experience. These models help predict product quality, optimise process parameters,
estimate drying endpoints, and identify potential process failures before they occur. In the manufacturing of PEG 3350
effervescent powder, machine learning can assist in predicting residual moisture content, improving drying efficiency,
and maintaining consistent blend uniformity across production batches.[22]
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10.5 Digital Manufacturing

Digital manufacturing integrates electronic batch records, automated production systems, digital documentation, cloud-
based databases, and real-time process analytics into a unified manufacturing platform. This approach enhances data
integrity, simplifies regulatory compliance, improves traceability, and enables rapid investigation of process deviations.
Digital manufacturing also supports continuous quality improvement throughout the product lifecycle.[22]

10.6 Continuous Manufacturing

Unlike conventional batch manufacturing, continuous manufacturing integrates multiple production steps into a
seamless and uninterrupted process. Raw materials enter one end of the production line, while finished products are
continuously produced at the other end. This approach minimizes process variability, improves manufacturing efficiency,
reduces production time, and supports real-time quality assurance. Regulatory agencies increasingly recognize
continuous manufacturing as an innovative strategy for enhancing pharmaceutical quality.[21]

10.7 Real-Time Monitoring

Real-time monitoring has become one of the most valuable tools in modern pharmaceutical manufacturing. Advanced
sensors continuously monitor temperature, humidity, pressure, blending efficiency, moisture content, and other critical
process parameters throughout production. These data are analysed instantly, allowing immediate corrective actions
whenever process deviations occur. Real-time monitoring therefore strengthens process validation, improves product
consistency, reduces manufacturing failures, and supports continual process verification.[17,22]

10.8 Future Perspective

The future of pharmaceutical process validation lies in the integration of Artificial Intelligence, Machine Learning,
Industry 4.0 technologies, Process Analytical Technology, and continuous manufacturing systems. These smart
technologies will enable predictive quality management, autonomous process optimisation, digital twins, remote
monitoring, and real-time release testing.[17,21]
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Figure 8 : Future Smart Manufacturing for PEG 3350 Effervescent Powder

11. Regulatory Perspectives

11.1 Introduction

Regulatory compliance is a cornerstone of pharmaceutical manufacturing, ensuring that medicines are consistently
produced to the highest standards of quality, safety, and efficacy. In the manufacture of PEG 3350 effervescent powder,
adherence to international regulatory guidelines is particularly important because the formulation is highly sensitive to
moisture and process variability. Regulatory agencies encourage manufacturers to adopt a science-based, risk-oriented,
and lifecycle approach to process validation while maintaining comprehensive documentation and continuous quality
monitoring.[1,7]

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM66686 | Page 17


https://ijsrem.com/

¢a" TRy
‘;‘IJSREM'»'
&" i# International Journal of Scientific Research in Engineering and Management (I[JSREM)
fa) Volume: 10 Issue: 08 | Aug - 2026 SJIF Rating: 8.659 ISSN: 2582-3930

11.2 United States Food and Drug Administration (FDA)

The US Food and Drug Administration (FDA) promotes a lifecycle approach to process validation, consisting of Process
Design, Process Qualification, and Continued Process Verification (CPV). The FDA encourages manufacturers to
develop a thorough understanding of their manufacturing processes, identify Critical Process Parameters (CPPs) and
Critical Quality Attributes (CQAs), implement effective control strategies, and continuously monitor process
performance throughout commercial products.[1]

11.3 European Medicines Agency (EMA)

The European Medicines Agency (EMA) recommends a science- and risk-based approach to pharmaceutical
manufacturing. EMA guidance closely aligns with Quality by Design (QbD) principles, emphasizing process
understanding, quality risk management, and continual process improvement. Manufacturers are expected to
demonstrate that their processes remain in a state of control through effective monitoring, validation, and
documentation.[7]

11.4 World Health Organization (WHO)

The World Health Organization (WHO) publishes internationally accepted Good Manufacturing Practice (GMP)
guidelines that are widely adopted, particularly in developing and emerging pharmaceutical markets. WHO places strong
emphasis on equipment qualification, process validation, cleaning validation, personnel training, documentation, and
quality management systems. These recommendations help ensure the consistent production of safe, effective, and high-
quality medicines worldwide.[6]

11.5 International Council for Harmonisation (ICH)

The International Council for Harmonisation (ICH) provides globally harmonized guidelines that facilitate consistent
pharmaceutical development and manufacturing across different regulatory regions. Among the most influential
guidelines are:

o ICH Q8 (Pharmaceutical Development): Encourages Quality by Design (QbD), systematic product
development, identification of Critical Quality Attributes (CQAs), Critical Process Parameters (CPPs), and
establishment of a design space.

o ICH Q9 (Quality Risk Management): Provides a structured framework for identifying, assessing, controlling,
communicating, and reviewing risks that may affect product quality.

o ICH Q10 (Pharmaceutical Quality System): Describes an integrated quality system that supports product
lifecycle management, continual improvement, knowledge management, CAPA, and effective change control.
Together, these guidelines promote a proactive approach to pharmaceutical quality by integrating scientific knowledge
with effective risk management and quality systems.[2,5]

11.6 United States Pharmacopeia (USP)

The United States Pharmacopeia (USP) establishes official standards for pharmaceutical ingredients, finished dosage
forms, analytical methods, and quality testing procedures. USP monographs provide validated specifications for identity,
assay, impurities, dissolution, and other quality attributes. Compliance with USP standards helps manufacturers ensure
product consistency and supports regulatory acceptance in many international markets.[8,14]

11.7 British Pharmacopoeia (BP)

The British Pharmacopoeia (BP) provides legally recognised quality standards for medicines and pharmaceutical
substances used in the United Kingdom and many Commonwealth countries. Similar to USP, BP includes official
monographs, analytical procedures, acceptance criteria, and reference standards that support consistent product quality
throughout manufacturing and quality control.[[9]

11.8 Comparison of Global Regulatory Expectations

Although regulatory agencies differ in terminology and implementation, their expectations are highly aligned. They all
advocate scientifically justified manufacturing processes, effective quality risk management, lifecycle-based process
validation, comprehensive documentation, continual monitoring, and ongoing quality improvement. [1,9]
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Table 7. Global Regulatory Expectations for Pharmaceutical Process Validation

Regulatory Primary focus Key expectation
authority
FDA Lifecycle Process Validation | Process Design, Process Qualification, Continued
Process Verification (CPV)
EMA Science- and Risk-based Quality by Design (QbD), continual monitoring,
process understanding
WHO Good Manufacturing | Equipment qualification, process validation,
Practice (GMP) documentation, personnel training
ICH Q8 Pharmaceutical Design Space, CQAs, CPPs, Quality by Design
Development
ICH Q9 Quality Risk Management Risk identification, assessment, mitigation, and
review
ICH Q10 Pharmaceutical Quality | CAPA, change management, knowledge
System management, continual improvement
USP Official Quality Standards Assay, impurities, analytical methods, quality
specifications
BP Pharmacopoeial Standard Monographs, analytical testing, reference
standards, product quality

12. Challenges and Future Perspectives

12.1 Current Challenges

Despite significant advancements in pharmaceutical process validation, manufacturing PEG 3350 effervescent powder
continues to present several technical and operational challenges. The hygroscopic nature of the formulation, together
with the presence of acid—base components, makes the product highly susceptible to environmental moisture.
Consequently, strict control of manufacturing conditions is essential to maintain product stability and ensure consistent
performance.[10]

Moisture Sensitivity

Moisture sensitivity remains one of the greatest challenges in the manufacture of PEG 3350 effervescent powder. Even
small amounts of absorbed moisture can initiate premature effervescent reactions, resulting in carbon dioxide loss,
caking, reduced dissolution efficiency, and decreased product stability. Therefore, maintaining controlled humidity,
appropriate drying conditions, and moisture-resistant packaging is essential throughout manufacturing and
storage.[10,20]

Scale-Up Challenges

Transferring a formulation successfully from laboratory development to commercial-scale production requires careful
optimisation of process parameters. Differences in equipment design, batch size, mixing efficiency, drying performance,
and environmental conditions may influence product quality. Maintaining consistent Critical Process Parameters (CPPs)
and Critical Quality Attributes (CQAs) during scale-up is therefore essential to achieve reproducible manufacturing
performance.[1,16]

Continuous Process Validation

Modern regulatory agencies encourage manufacturers to adopt continuous process verification rather than relying solely
on traditional end-product testing. Although this approach provides better process understanding and real-time quality
assurance, it requires advanced analytical technologies, effective data management systems, and skilled personnel
capable of interpreting large volumes of manufacturing data.[1]
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12.2 Future Perspectives

The future of pharmaceutical manufacturing is moving towards intelligent, automated, and data-driven production
systems. Emerging technologies are expected to strengthen process validation, improve manufacturing efficiency, and
further enhance product quality.[17]

Process Analytical Technology (PAT)

PAT enables real-time monitoring of critical process parameters and product quality during manufacturing. The
integration of PAT into PEG 3350 effervescent powder production can facilitate early detection of process deviations,
optimise drying performance, improve moisture control, and reduce batch failures.[17,22]

Artificial Intelligence (AI)

Artificial Intelligence has the potential to transform pharmaceutical manufacturing by analysing large process datasets,
predicting quality outcomes, identifying hidden process trends, and supporting data-driven decision-making. Al-based
predictive models can help optimise manufacturing parameters, minimise variability, and improve overall process
robustness.[22]

Automation

Automation is increasingly replacing manual operations within pharmaceutical manufacturing. Automated dispensing,
blending, drying, packaging, and electronic documentation reduce human error, improve process consistency, enhance
traceability, and strengthen regulatory compliance. Automation also supports efficient lifecycle process validation
through continuous monitoring and rapid corrective action.[17,22]

Green Manufacturing

Sustainable pharmaceutical manufacturing is becoming an important global priority. Future manufacturing strategies are
expected to focus on reducing energy consumption, minimising solvent usage, lowering carbon emissions, and
improving resource efficiency. Adoption of environmentally responsible drying technologies, recyclable packaging
materials, and energy-efficient manufacturing systems will contribute to greener production while maintaining product
quality and regulatory compliance.[21,22]

13. Conclusion

Pharmaceutical process validation plays a fundamental role in ensuring the consistent production of safe, effective, and
high-quality medicines. This review has highlighted the importance of adopting a lifecycle-based validation strategy for
PEG 3350 effervescent powder by integrating scientific process understanding, Quality by Design (QbD), Quality Risk
Management (ICH Q9), and continuous process verification. The discussion emphasised the significance of controlling
Critical Process Parameters (CPPs) and monitoring Critical Quality Attributes (CQAs), particularly for moisture-
sensitive formulations. Sequential Fluidized Bed Drying followed by Vacuum Tray Drying was identified as an effective
moisture reduction strategy that improves product stability while preserving the physical characteristics of PEG 3350.
In addition, analytical evaluation, environmental control, and comprehensive regulatory compliance were shown to be
essential for maintaining consistent product quality throughout manufacturing.From an industrial perspective, robust
process validation enhances manufacturing efficiency, minimises batch-to-batch variability, reduces product rejection,
and supports compliance with international regulatory expectations established by the FDA, EMA, WHO, ICH, USP,
and BP. The adoption of advanced technologies such as Process Analytical Technology, Artificial Intelligence, Machine
Learning, digital manufacturing, and continuous manufacturing is further transforming pharmaceutical production into
a more intelligent, predictive, and quality-focused process.Despite these advancements, challenges including moisture
sensitivity, commercial scale-up, implementation of continuous validation, and integration of advanced digital
technologies remain important areas for future investigation. Continued research should focus on developing smarter
process control strategies, Al-assisted predictive models, sustainable manufacturing practices, and advanced real-time
monitoring systems to further strengthen process robustness.
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