


Preface: Precision at Every Step 
In pharmaceutical and nutraceutical manufacturing, the processing equipment is not a 
commodity — it is a regulated system. Every mixer, every mill, every extruder that comes 
into contact with a drug product or dietary supplement is a critical quality system element, 
subject to qualification, validation, and ongoing monitoring. The performance envelope of 
the equipment defines the performance envelope of the product. Get the processing right, 
and every tablet, every capsule, every sterile vial meets its specification. Get it wrong, and 
the consequences range from product recall to patient harm.	

At Proc-X Manufacturing Group, we have spent decades working at this intersection — 
the place where materials science meets mechanical engineering, where FDA regulations 
meet real-world manufacturing. We have designed mixing systems for high-potency APIs 
with occupational exposure limits (OELs) in the nanogram-per-cubic-meter range. We 
have built jet milling systems for APIs that cannot tolerate a single degree of temperature 
rise. We have integrated continuous manufacturing lines that compress weeks of batch 
processing into hours of continuous, fully monitored production.	

This book is our complete technical reference for pharmaceutical and nutraceutical 
processing. It covers the science of granulation, the engineering of fluid bed systems, the 
pharmacopeial requirements for API particle size, the cGMP implications of equipment 
surface finish and cleanability, and the regulatory framework — 21 CFR Part 211, 21 CFR 
Part 11, ICH Q8/Q9/Q10, and the emerging ICH Q13 continuous manufacturing guideline 
— that governs every decision in this industry.	

We have organized it around how the industry actually works: from raw API to finished 
dosage form, from small-scale R&D to full commercial production, from traditional batch 
manufacturing to the continuous processing frontier. The Proc-X equipment that appears 
throughout these pages is designed to serve every phase of this journey — and to make 
compliance not a constraint but a built-in feature of the process.	

The Engineering Team 
Proc-X Manufacturing Group	
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PART  I 

FOUNDATIONS	

The Science, the Industry, and the Regulatory Framework 
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Chapter 1: Proc-X and the 
Pharmaceutical Processing World 

IN THIS CHAPTER 

▸  Why pharmaceutical processing requires a different engineering philosophy 
▸  Proc-X's four equipment competencies and how each maps to pharma applications 
▸  The cGMP design philosophy built into every Proc-X machine 
▸  Key pharma processing concepts: CQA, CPP, design space, and the QbD framework 

	
	

1.1 Why Pharmaceutical Processing Is Different 
Every industry that uses mixers, mills, and extruders has its own performance 
requirements. Coatings must be smooth. Foods must be palatable. Plastics must be 
dimensionally stable. But pharmaceutical manufacturing has a requirement that 
supersedes all others: the product must be safe and effective for human consumption, 
every time, without exception. A tablet with 95% of label-claimed active ingredient is not a 
slightly inferior tablet — it is a potentially harmful drug product that could fail to treat a 
patient's condition. A tablet with 105% is equally problematic in the opposite direction.	

This fundamental requirement — that every unit of every batch meets its specification — 
shapes everything in pharmaceutical manufacturing, starting with the equipment. It 
explains why pharmaceutical mixers are equipped with sensors that validate blend 
uniformity rather than simply mixing for a fixed time. It explains why pharmaceutical mills 
are specified not merely for throughput but for the particle size distribution they produce, 
measured to a pharmacopeial standard. It explains why every surface that contacts the 
product must be smooth enough to clean, inert enough not to react with the drug, and 
documented well enough to prove it.	

Proc-X builds equipment for this environment. We bring the same engineering rigor to 
pharmaceutical processing that the industry applies to its products.	

1.2 Core Equipment Competencies in Pharmaceutical 
Service 
• Mixers: High-shear granulators, fluid bed processors, V-blenders, bin blenders, 

ribbon blenders, and tumble blenders. From first-in-human clinical batches (1–5 kg) 
to commercial production (500+ kg). cGMP construction standard — 316L SS 
product contact surfaces, Ra ≤ 0.8 µm finish, validated cleaning protocols.	

• Mills: Jet mills, pin mills, hammer mills, conical mills (Comils), and oscillating 
granulators. Particle size targets from D90 < 200 µm (milling for blend uniformity) to 
D90 < 5 µm (micronization of BCS Class II APIs for bioavailability enhancement). 
Cryogenic milling capability for thermolabile APIs.	
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• Extruders: Twin-screw extruders for hot-melt extrusion (HME), co-extrusion for 
layered dosage forms, and continuous wet granulation extruders. From laboratory 
11 mm systems through production 50–75 mm lines.	

• Bulk Material Handling: Contained powder transfer (high-potency APIs), loss-in-
weight feeders for continuous manufacturing, vacuum conveying systems, split 
butterfly valves, and contained charging/discharging for OEB 4/5 materials.	

REGULATORY CONTEXT  Quality by Design (QbD) is the modern framework for 
pharmaceutical product and process development, formalized in ICH Q8 (Pharmaceutical 
Development), Q9 (Quality Risk Management), and Q10 (Pharmaceutical Quality System). 
Under QbD, process parameters are linked to product quality through a structured design 
space. Proc-X equipment — with its comprehensive instrumentation, process monitoring, 
and electronic data recording — is purpose-built to generate the data needed to define and 
demonstrate this design space. 

1.3 cGMP Design Philosophy at Proc-X 
cGMP (current Good Manufacturing Practice) requirements under 21 CFR Part 211 
impose specific obligations on equipment used in pharmaceutical manufacturing. Proc-X 
translates these obligations into equipment design standards:	

• Surface finish: All product-contact surfaces 316L stainless steel, electropolished to 
Ra ≤ 0.5 µm (or Ra ≤ 0.8 µm for less critical surfaces). Documented with 
profilometer measurement certificates for each surface.	

• Cleanability: Equipment designed for CIP (Clean-in-Place) or WIP (Wash-in-Place) 
with no dead legs, no crevices, and no product-retention areas. Validated cleaning 
procedures included in the IQ documentation package.	

• Containment: Dedicated contained charging and discharging systems for OEB 4 (EL 
1–10 µg/m³) and OEB 5 (EL < 1 µg/m³) materials. Single-use contact parts 
available for clinical-phase manufacturing.	

• Documentation: Full material traceability, weld certificates, surface finish certificates, 
calibration records, and design documentation provided with every system.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X pharmaceutical equipment is designed from the 
ground up to meet 21 CFR Part 211.65 and 211.67 — the equipment construction and 
cleaning requirements. This is not a post-design consideration. Every Proc-X 
pharmaceutical mixer, mill, and extruder begins with a cGMP Design Specification 
reviewed against the relevant regulatory requirements before fabrication starts.	
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Chapter 2: The Pharmaceutical & 
Nutraceutical Manufacturing Landscape 

IN THIS CHAPTER 

▸  The scale and structure of global pharmaceutical and nutraceutical manufacturing 
▸  The four major processing application domains covered in this book 
▸  Dosage form taxonomy: solid oral, sterile, semi-solid, and liquid 
▸  The nutraceutical regulatory landscape vs. pharmaceutical — key distinctions 
▸  Key material classifications: BCS, OEB, DEA schedule 

	
	

2.1 Scale and Structure of the Industry 
The global pharmaceutical industry exceeded $1.4 trillion in annual revenues, with the 
nutraceutical and dietary supplement market adding another $400+ billion. The 
manufacturing infrastructure behind these products is vast — thousands of manufacturing 
sites worldwide, ranging from WHO-certified generics facilities in India and China to FDA-
inspected innovator plants in the United States, Europe, and Japan. What unites all of 
them is the need for reliable, validated processing equipment.	

The nutraceutical industry, while subject to FDA oversight under 21 CFR Part 111 (dietary 
supplements cGMP) rather than the pharmaceutical Part 211, shares many of the same 
processing challenges — and increasingly adopts pharmaceutical-grade equipment and 
practices as retailers and consumers demand higher quality standards.	

2.2 The Four Application Domains 
Solid Dosage Forms 
Tablets and capsules represent approximately 65% of all pharmaceutical dosage units 
manufactured globally. The processing sequence — granulation, blending, compression 
or filling, and coating — involves more processing equipment than any other dosage form 
category. Proc-X serves every step of this sequence.	

API Processing 
Active pharmaceutical ingredients (APIs) are the pharmacologically active components of 
drug products. API particle size, polymorphic form, and surface area directly affect 
bioavailability, dissolution rate, and content uniformity. API milling and micronization are 
among the most technically demanding and highly regulated processing operations in the 
pharmaceutical industry.	

Nutraceuticals & Supplements 
Botanical extracts, vitamins, minerals, omega fatty acids, probiotics, and sports nutrition 
products require processing equipment that can handle extraordinary diversity — from 
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hygroscopic vitamin powders to oil-based omega-3 concentrates to heat-sensitive 
probiotic cultures. Spray drying, encapsulation, and powder blending are the core 
processing operations.	

Sterile & Injectable 
Sterile drug products — injectables, ophthalmics, inhalation solutions — require the 
highest levels of processing control and environmental segregation. Aseptic mixing, sterile 
API micronization, lyophilization, and fill-finish are the key processing areas where Proc-
X equipment plays a role.	

2.3 Dosage Form Processing Chains 
Dosage Form	 Key Processing Steps	 Critical Quality 

Attributes	
Primary Proc-X 
Equipment	

Immediate release 
tablet	

Granulation → Blend → 
Compress → Coat	

Dissolution, content 
uniformity, hardness	

High-shear granulator, fluid 
bed, bin blender	

Modified release 
tablet	

Granulation → Blend → 
Compress → Film coat 
(functional)	

Release profile, 
dissolution, coat 
uniformity	

Fluid bed coater, Wurster 
coater	

Hard capsule 
(HPMC/gelatin)	

Blend → Fill → Seal	 Content uniformity, 
disintegration, flow	

Bin blender, V-blender, 
capsule filler	

Softgel capsule	 API dispersion in oil → 
Encapsulate	

Content uniformity, 
moisture, leakage	

High-shear disperser, 
encapsulation line	

Dry powder 
inhalation (DPI)	

Micronize API → Blend 
with lactose carrier	

Aerodynamic particle 
size (MMAD 1–5 µm)	

Jet mill, fluidized bed 
blender	

Parenteral solution	 Dissolve → Filter → Fill 
→ Sterilize	

Particulate matter, 
sterility, pH	

Pharmaceutical-grade 
mixer, sterile filter	

Lyophilized 
injectable	

Formulate → Fill → 
Freeze dry	

Residual moisture, cake 
appearance, 
reconstitution	

Precision filling/mixing, 
lyophilizer	

Dietary 
supplement 
capsule	

Extract → Standardize 
→ Blend → Fill	

Marker compound 
content, moisture	

Spray dryer, V-blender, bin 
blender	

	

2.4 Material Classification Systems Relevant to 
Processing 
Three classification systems directly influence equipment specification in pharmaceutical 
processing:	

• BCS Classification: The Biopharmaceutics Classification System classifies APIs by 
aqueous solubility and intestinal permeability. BCS Class II (high permeability, low 
solubility) APIs — which represent ~40% of new chemical entities — require 
particle size reduction to achieve adequate bioavailability. Jet milling or wet milling 
to D90 < 10 µm is routinely required for BCS Class II APIs. Proc-X jet milling 
systems are the standard solution.	

• Occupational Exposure Banding (OEB): APIs are classified by their occupational 
exposure limit (OEL) from OEB 1 (OEL > 1 mg/m³, standard industrial hygiene) to 
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OEB 5 (OEL < 0.1 µg/m³, maximum containment). OEB 4 and OEB 5 materials 
require fully contained processing equipment with < 1 µg/m³ operator exposure, 
verified by air sampling during contained transfer operations.	

• DEA Scheduling: Controlled substances (opioids, stimulants, benzodiazepines) 
require DEA-registered manufacturing facilities with physical security and 
accountability systems. Proc-X contained handling systems support controlled 
substance processing under DEA requirements.	
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Chapter 3: 21 CFR Part 211, Part 111 & 
the cGMP Framework for Processing 
Equipment 

IN THIS CHAPTER 

▸  What 21 CFR Part 211 actually requires of processing equipment — verbatim analysis 
▸  21 CFR Part 111 — the dietary supplement cGMP standard and how it mirrors Part 211 
▸  Equipment qualification under 21 CFR 211.68 — computerized systems 
▸  EU GMP Annex 11 and ICH Q10 — international harmonization 
▸  How equipment design decisions prevent 483 observations and warning letters 

	
	

3.1 21 CFR Part 211 — Pharmaceutical cGMP Equipment 
Requirements 
Title 21 of the Code of Federal Regulations, Part 211 (21 CFR 211) — Current Good 
Manufacturing Practice for Finished Pharmaceuticals — is the primary U.S. regulatory 
standard governing pharmaceutical manufacturing. Subpart D (Equipment) contains the 
core equipment requirements:	

211.63 — Equipment Design, Size, and Location 
'Equipment used in the manufacture, processing, packing, or holding of a drug product 
shall be of appropriate design, adequate size, and suitably located to facilitate operations 
for its intended use and for its cleaning and maintenance.'	

Proc-X compliance approach: Equipment design specifications include process-specific 
sizing calculations. Mixer bowl volumes are validated against minimum fill and maximum 
fill requirements for the intended batch size range. Equipment location within the facility 
layout is evaluated during conceptual design for access, maintenance clearance, and 
cleaning.	

211.65 — Equipment Construction 
'Equipment shall be constructed so that surfaces that contact components, in-process 
materials, or drug products shall not be reactive, additive, or absorptive so as to alter the 
safety, identity, strength, quality, or purity of the drug product beyond the official or other 
established requirements.'	

Proc-X compliance approach: All product-contact surfaces are 316L SS (ASTM A270 
standard) unless specific process requirements dictate otherwise (e.g., PEEK or PTFE 
contact surfaces for highly corrosive API solutions). Material certifications (mill certificates) 
and surface finish certificates are provided for all product-contact components. No painted 
surfaces in product zones. No cast iron, zinc, or other reactive metals.	
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211.67 — Equipment Cleaning and Maintenance 
'Equipment and utensils shall be cleaned, maintained, and sanitized at appropriate 
intervals to prevent malfunctions or contamination that would alter the safety, identity, 
strength, quality, or purity of the drug product.'	

Proc-X compliance approach: Equipment is designed specifically for cleanability. All 
internal radii ≥ 3 mm (no tight inside corners that trap material). Spray balls and CIP circuits 
sized for full internal coverage, verified by riboflavin spray tests. Cleaning validation 
support package included in delivery documentation.	

211.68 — Automatic, Mechanical, and Electronic Equipment 
'Automatic, mechanical, or electronic equipment or other types of equipment, including 
computers, or related systems that will perform a function satisfying a requirement of this 
part shall be calibrated, inspected, or checked according to a written program designed to 
assure proper performance.'	

'Input to and output from the computer or related system of formulas or other records or 
data shall be checked for accuracy... The degree and frequency of input/output verification 
shall be based on the complexity and reliability of the computer or related system.'	

Proc-X compliance approach: All Proc-X control systems (PLC, SCADA, HMI) are 
supplied with a full 21 CFR Part 11 compliance package: electronic records with complete 
audit trail, role-based access control, electronic signature capability, and system validation 
documentation (IQ/OQ/PQ protocols). See Chapter 30 for detail.	

REGULATORY INSIGHT  FDA 483 observations related to equipment are among the most 
frequent findings in pharmaceutical facility inspections. The top equipment-related 483 
categories include: (1) inadequate cleaning validation — using swab and rinse sample 
recovery data that was never actually demonstrated to correlate with visual inspection 
endpoints; (2) equipment not of suitable design — crevices, dead legs, and product-
retention areas not identified in the equipment qualification; (3) computer systems without 
adequate audit trails. Proc-X designs against all three proactively. 

3.2 21 CFR Part 111 — Dietary Supplement cGMP 
21 CFR Part 111 governs the manufacture, packaging, labeling, and holding of dietary 
supplements sold in the United States. While less prescriptive than Part 211, Part 111 
establishes the same fundamental equipment requirements: proper design for intended 
use, cleanable construction, and maintenance programs. Key distinctions from Part 211:	

• Part 111 requires component identity testing but does not mandate blend uniformity 
testing unless the manufacturer determines it is necessary — creating a risk area 
that forward-thinking nutraceutical manufacturers address voluntarily.	

• Part 111 requires equipment cleaning SOPs and records but does not require formal 
cleaning validation studies. However, the expectation of 'adequate cleaning' 
creates de facto validation requirements for high-risk situations (cross-
contamination of allergens, botanicals with active compounds at low label claims).	

• 21 CFR Part 111.27 requires that 'Equipment and utensils must be of appropriate 
design, construction, and workmanship to enable them to be suitable for their 
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intended use and to be adequately cleaned and properly maintained.' This is nearly 
identical language to 211.63 and 211.65.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X pharmaceutical-grade equipment — designed 
to meet 21 CFR Part 211 — is inherently compliant with Part 111. Nutraceutical 
manufacturers who specify Proc-X equipment get pharmaceutical-grade engineering at a 
price point appropriate for the nutraceutical market, with the added benefit that if they 
ever choose to manufacture an OTC drug product, their equipment is already qualified to 
the higher standard.	

3.3 EU GMP Annex 11 and ICH Q10 
For pharmaceutical manufacturers supplying EU markets, the European Commission's 
EU GMP Annex 11 (Computerised Systems) governs computer systems used in GMP-
regulated environments. Annex 11 requirements for computerized equipment systems 
include: risk assessment, validation, data integrity controls, audit trails, backup and 
recovery, and periodic review. The ICH Q10 Pharmaceutical Quality System guideline 
provides a global framework for quality management that encompasses equipment 
lifecycle management from design through retirement. Proc-X systems are designed to 
satisfy both Annex 11 and ICH Q10 requirements.	

3.4 How Equipment Design Prevents Regulatory 
Findings 

Regulatory Requirement	 Common Finding When Not 
Met	

Proc-X Design Response	

211.65 — Non-reactive 
construction	

Metal contamination in product; 
leachables in dissolution media	

316L SS, electropolished; full material 
certification package	

211.67 — Cleanable 
design	

Visual residue after cleaning; 
positive swab samples	

Ra ≤ 0.5 µm, all radii ≥ 3 mm, spray ball 
coverage mapping	

211.68 — Electronic 
records	

No audit trail; shared generic 
login; data integrity failure	

21 CFR Part 11 compliant SCADA, role-
based access, electronic signatures	

211.68 — Calibration	 Calibration records missing or 
expired	

Instrument calibration schedule in DQ 
package; IQOQPQ protocols	

211.63 — Appropriate 
size	

Segregation failure from 
equipment overload or underfill	

Min/max fill validation included in OQ 
protocol	

211.182 — Equipment 
logs	

Equipment log not completed; 
prior batch cross-contamination	

Automatic equipment log generation in 
PX-BMS batch records	
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PART  II 

SOLID DOSAGE FORMS	

Granulation, Blending, Compression & Coating 
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Chapter 4: Granulation Science — Wet, 
Dry, and Continuous 

IN THIS CHAPTER 

▸  Why granulation exists — the physics of powder flow, compressibility, and content 
uniformity 
▸  Wet granulation mechanisms: nucleation, growth, consolidation, and breakage 
▸  Dry granulation and roller compaction: the solvent-free alternative 
▸  High-shear vs. fluid bed wet granulation: critical differences 
▸  Continuous granulation: the process analytical technology (PAT) revolution 

	
	

4.1 Why Granulation? 
Powders are notoriously difficult to process directly into tablets. Fine API powders and 
excipients typically suffer from poor flowability (which causes tablet weight variation), low 
bulk density (which requires impractically large tablet presses), poor compressibility 
(which produces soft tablets that fail hardness and friability specifications), and 
segregation tendencies (which destroy content uniformity). Granulation solves all of these 
problems by converting the fine primary powder particles into larger, denser, more uniform 
granules with controlled properties.	

For an API with poor flow and compressibility — which describes the majority of new 
chemical entities (NCEs) — granulation is not optional. It is the only way to achieve the 
CQA targets for weight variation (< 5% RSD) and content uniformity (acceptance value ≤ 
L1 per USP <905>) that regulators require.	

4.2 Wet Granulation Mechanisms 
In wet granulation, a granulating liquid (water, ethanol, or aqueous binder solution) is 
added to the powder blend, and granules form through a sequence of mechanical and 
physicochemical events:	

• Nucleation: Liquid bridges form between primary particles at binder-addition sites. 
Nucleus granules (50–200 µm) form.	

• Growth: Nuclei grow by layering (coalescence of smaller granules) and coalescence 
(collision between nuclei). Granule size distribution broadens.	

• Consolidation: Granule porosity decreases as particles are packed more tightly 
under mechanical action.	

• Breakage: At high impeller speeds or over-wetted conditions, granules fracture back 
to smaller units. Breakage and growth equilibrate to define the final granule size 
distribution.	

The balance between these mechanisms determines the critical process parameters 
(CPPs) for the granulation: impeller speed, chopper speed, liquid addition rate, wet 
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massing time, and binder concentration. Proc-X high-shear granulators provide 
independent control of all these variables with data logging for every batch.	

ENGINEERING INSIGHT  The granule size distribution is the primary process output of wet 
granulation, and it directly determines tablet properties downstream. Granules too fine 
(D50 < 150 µm): poor flow, tablet weight variation, segregation during blending. Granules 
too coarse (D50 > 1,000 µm): poor compressibility, speckled appearance, slow dissolution. 
The CPP-to-CQA relationship for granule size is the core design space element in any 
QbD-based granulation development program. 

4.3 Dry Granulation and Roller Compaction 
Dry granulation avoids liquid entirely — critical when the API or binder is moisture-
sensitive, or when wet granulation drying times are prohibitively long. The roller compactor 
presses powder between two counter-rotating rolls at 3–50 kN/cm line force, producing a 
dense ribbon or flake that is then milled (typically in an oscillating granulator or Comil) to 
the target granule size.	

Critical roller compaction parameters and their effects:	

Parameter	 Range	 Effect on Ribbon / Granule	 Measurement	
Roll pressure	 3–50 kN/cm	 Higher pressure → denser ribbon, 

harder granule, slower dissolution	
Inline force transducer	

Roll speed	 1–10 rpm	 Higher speed → less dwell time, 
softer ribbon if pressure constant	

Encoder feedback	

Feed screw speed	 5–60 rpm	 Controls powder feed rate and 
compaction zone fill	

Motor current + torque	

Ribbon relative 
density	

0.65–0.85 
g/cc	

Primary CQA for roller compaction; 
predictor of granule flow	

NIR or inline density	

Milling screen size	 0.5–3.0 mm	 Controls granule D90 from ribbon 
milling step	

Sieve analysis, 
Mastersizer	

	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-RC roller compactors feature a patented 
gap control system that maintains constant roll gap (± 0.01 mm) regardless of feed rate 
variation, eliminating the ribbon density variation caused by powder flow fluctuations in 
conventional force-fed compactors. An inline NIR probe on the ribbon discharge monitors 
ribbon relative density in real time, with automatic roll force adjustment to maintain the 
target — achieving Cpk ≥ 1.67 for ribbon density at steady state.	

4.4 Continuous Granulation 
The pharmaceutical industry's shift toward continuous manufacturing (CM) has brought 
twin-screw wet granulation (TSG) to the forefront. In TSG, powder and granulating liquid 
are continuously fed into a co-rotating twin-screw extruder at controlled rates, granulation 
occurs within the screw barrel in 20–60 seconds, and granules are discharged 
continuously to a downstream fluid bed dryer. The entire process is monitored with PAT 
(Process Analytical Technology) instruments:	

• Inline particle size: Focused Beam Reflectance Measurement (FBRM) or spatial filter 
velocimetry (SFV) measures granule size in real time in the transfer line from 
granulator to dryer.	
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• Inline moisture: NIR spectroscopy measures granule moisture content in the fluid 
bed dryer discharge, replacing offline LOD (loss-on-drying) measurements.	

• Inline blend uniformity: NIR or Raman spectroscopy measures API content in the 
granule stream, enabling real-time release testing (RTRT).	
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Chapter 5: High-Shear Wet Granulation 
Equipment 

IN THIS CHAPTER 

▸  High-shear granulator design: bowl, impeller, chopper, and their functions 
▸  Torque and power monitoring as primary process endpoints 
▸  Scale-up from laboratory to production: the impeller tip speed principle 
▸  Proc-X PX-HSG series: design features, bowl sizes, and cGMP compliance 
▸  In-process controls: water addition endpoint, wet massing endpoint, granule sampling 

	
	

5.1 Equipment Architecture 
The high-shear granulator (HSG) consists of a hemispherical or cylindrical mixing bowl, a 
bottom-driven impeller rotating at 100–600 rpm, and a side-mounted chopper rotating at 
1,000–3,600 rpm. The impeller generates the bulk mixing action and supplies the 
mechanical energy for granule growth and consolidation. The chopper breaks up lumps 
and oversize agglomerates formed during wet massing, controlling the upper end of the 
granule size distribution.	

Component	 Design Variable	 Effect on Granulation	 Proc-X Specification	
Impeller	 Blade angle (45°–

90°)	
Steeper angle → more 
radial flow, faster liquid 
distribution	

Three-blade, 45° standard; custom 
geometries available	

Impeller	 Tip speed (2–12 
m/s)	

Higher tip speed → smaller, 
denser granules	

VFD control, ± 0.1 m/s; logged 
every second	

Chopper	 Speed (1,000–
3,600 rpm)	

Higher speed → narrower 
size distribution	

Independent VFD; explosion-proof 
motor option	

Bowl	 Volume (2–600 L)	 Determines batch size 
range	

2, 10, 25, 65, 150, 300, 600 L 
standard	

Bowl jacket	 Temperature (5–
60°C)	

Controls product 
temperature during 
granulation	

Glycol jacket, ± 1°C; dual 
thermocouple monitoring	

Spray nozzle	 Droplet size, spray 
rate	

Larger droplets → 
overwetting risk; slower 
spray → longer process	

Binary nozzle, 50–500 mL/min per 
nozzle, peristaltic control	

	

5.2 Power and Torque as Process Endpoints 
The most reliable process endpoint for high-shear wet granulation is motor power (or 
torque) monitoring. As binder liquid is added, the powder blend becomes a wet mass, and 
motor power increases. The power profile — specifically the rate of rise and the peak — 
correlates with granule size and density and is used to define the end of wet massing:	

• Level 1 (power onset): Powder bed has been wetted; binder is distributed. Granules 
are forming.	
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• Level 2 (power plateau): Granule growth has equilibrated; mean granule size is 
approaching target.	

• Level 3 (power peak / rapid rise): Over-wetting risk. Batch must be discharged 
immediately or liquid addition must stop.	

ENGINEERING INSIGHT  A frequently underappreciated source of batch-to-batch variability 
in high-shear granulation is the humidity and temperature of the granulation room. On a 
humid day, the same binder liquid addition can produce a wetter wet mass and smaller, 
denser granules than on a dry day — because the powder has already absorbed 
atmospheric moisture before granulation begins. Proc-X granulators with HVAC-
interlocked jacketed lids and real-time humidity monitoring inside the bowl address this 
variability source proactively. 

5.3 Scale-Up Principle: Impeller Tip Speed 
The most validated scale-up rule for high-shear granulation is constant impeller tip speed: 
v_tip = π × d × n / 60. If v_tip is held constant from lab scale to production scale, and the 
liquid-to-solid ratio (L/S ratio) is unchanged, the granule size distribution is generally 
preserved across scales. Proc-X documents the tip speed history for every batch, making 
scale-up validation a straightforward comparison of tip speed profiles across scales.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-HSG series high-shear granulators are 
available in 2, 10, 25, 65, 150, 300, and 600 L bowl sizes with matched impeller geometry 
scaled by constant tip speed. All models: top-driven (no bottom bearing exposed to 
product), cGMP polished 316L SS bowl, integrated spray nozzle system (binary 
atomizing nozzle, peristaltic pump, mass flow meter), real-time power and torque 
monitoring logged to PX-BMS, and vacuum discharge to contained dryer transfer. OEB 4 
contained charging available for all sizes.	
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Chapter 6: Fluid Bed Processing — 
Granulation, Drying & Coating 

IN THIS CHAPTER 

▸  Fluid bed physics: how a fluidized powder bed enables three distinct unit operations 
▸  Top-spray granulation: mechanism, binder distribution, and key parameters 
▸  Bottom-spray (Wurster) coating: sustained/delayed/enteric release coating 
▸  Tangential-spray (rotor) processing for pellet coating and densification 
▸  Spray drying integration and the fluid bed as a continuous dryer 

	
	

6.1 The Fluid Bed as a Multi-Function Platform 
The fluid bed processor is the most versatile single piece of equipment in solid dosage 
form manufacturing. In fluid bed operation, heated process air is forced upward through a 
perforated distribution plate at sufficient velocity to suspend the powder or granule bed in 
a fluidized state. In this state, every particle is in continuous motion and fully exposed to 
the surrounding air stream — enabling rapid heat and mass transfer. This single 
characteristic enables three distinct unit operations:	

• Drying: Water (or solvent) evaporation from wet granules after high-shear or tumble 
granulation. Fluid bed drying is 3–5× faster than tray drying for equivalent moisture 
removal.	

• Top-spray granulation: Binder solution sprayed down onto the fluidized powder bed 
from nozzles above. Wetting, agglomeration, drying — all in a single process step.	

• Coating: Film-forming coating solution sprayed onto the surface of granules, pellets, 
or tablets from below (Wurster insert) or tangentially (rotor insert) to produce 
immediate release, delayed release, enteric, or sustained release film coatings.	

6.2 Top-Spray Granulation Process Parameters 
Parameter	 Range	 CQA Impact	 Control	
Inlet air temp	 40–80°C	 Granule moisture, granule 

density	
PID temperature 
controller	

Process air volume	 200–2,000 m³/hr 
(scale-dependent)	

Fluidization quality, spray 
drying vs. granulation 
balance	

VFD fan speed + 
differential pressure 
control	

Spray rate	 5–200 g/min per 
nozzle	

Granule size: slow rate → 
larger granules; fast → finer	

Peristaltic pump, 
gravimetric control	

Nozzle air pressure	 0.5–3.0 bar	 Droplet size: higher pressure 
→ smaller droplets → finer 
granules	

Precision pressure 
regulator	

Product temperature	 30–55°C	 Primary process endpoint: 
correlates with moisture	

Inline thermocouple, 
NIR probe	
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Binder concentration	 2–20% w/w	 Higher conc → larger 
granules, more friable 
granule bed	

Binder solution prep + 
gravimetric verification	

	

6.3 Wurster (Bottom-Spray) Coating 
The Wurster coating insert produces the most uniform film coatings achievable in 
pharmaceutical manufacturing. A central partition tube creates a high-velocity air jet that 
lifts individual particles up through the coating zone, where they are exposed to the spray 
nozzle mounted below. Particles exit the top of the Wurster tube, travel outward through 
the expansion chamber (where the film dries), and re-enter the bottom of the Wurster 
column for the next coating pass. Each particle makes thousands of coating passes, and 
the film builds uniformly with each pass.	

Applications: enteric coating (pH-responsive polymers — Eudragit L30 D-55, HPMCAS), 
sustained release (ethylcellulose, Surelease), taste masking (HPMC, Opadry), delayed 
release (HPMCP). Film weight gain controls the release profile, and uniformity of film 
weight across the bed is the critical CQA.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-FBP fluid bed processors are available in 5, 
15, 30, 60, 120, 200, and 400 kg batch sizes with modular product container design. 
Each system ships with top-spray, Wurster, and rotor inserts included — no additional 
capital cost for process conversion between granulation and coating operations. 
Automated spray rate ramping, product temperature feedback control, and inline LOD 
measurement are standard on all models.	
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Chapter 7: Powder Blending for Solid 
Dosage Manufacturing 

IN THIS CHAPTER 

▸  Blending mechanisms: convective, diffusive, shear — and when each dominates 
▸  V-blenders: the workhorse of pharmaceutical blending 
▸  Bin blenders: the contained blending solution for OEB 3–5 APIs 
▸  Blend endpoint determination: thief sampling vs. PAT 
▸  Segregation: causes, consequences, and equipment solutions 

	
	

7.1 Blending Mechanisms and Equipment Selection 
Pharmaceutical blending involves three fundamental mechanisms. Convective mixing: 
bulk movement of powder groups from one region to another — dominant in low-speed 
tumble blenders and ribbon blenders. Diffusive mixing: random movement of individual 
particles across interfaces — dominant in high-speed blenders. Shear mixing: slip planes 
developing between layers of different concentrations. The relative contribution of each 
mechanism, and the optimal equipment choice, depends on the particle properties (size, 
density, shape, cohesion) and the target blend uniformity.	

Blender Type	 Mechanism	 Typical 
Batch	

Key Advantage	 Key Limitation	

V-blender	 Convective + 
diffusive	

5–2,000 kg	 Simple, cleanable, 
scalable	

Slow for cohesive 
powders; limited for OEB 
4+	

Bin blender (IBC)	 Convective + 
diffusive	

50–1,500 
kg	

Contained transfer; no 
sieving cross-
contamination	

Requires dedicated IBC 
investment	

Ribbon blender	 Convective + 
shear	

20–5,000 
kg	

Fast for large batches; 
handles wet masses	

Difficult to clean; 
segregation on discharge	

High-shear mixer 
(blending mode)	

Convective + 
dispersive	

2–600 kg	 Fast blend for cohesive 
powders	

Heat generation at high 
speeds	

Tumble blender 
(octagonal)	

Convective + 
diffusive	

5–500 kg	 Gentle for fragile 
granules/pellets	

Slow; limited shear for 
deagglomeration	

	

7.2 Bin Blenders for OEB 3–5 Processing 
The bin blender (also called IBC — Intermediate Bulk Container — blender) has become 
the preferred blending solution for potent compounds. The IBC itself is both the blending 
vessel and the transfer container — powder is charged into the IBC at the dispensing step 
(via a contained charging isolator for OEB 4/5), the IBC is transported to the blender, 
blended by tumbling on the bin blender drive, then transported directly to the tablet press 
or capsule filler and discharged without further transfer. The API never contacts room air 
after the contained charging step.	
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PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-IBC bin blenders are available in 50 to 
1,500 L IBC sizes and drive capacities up to 2,000 kg total loaded weight. The drive uses 
a horizontal roll-over tumbling action at 6–20 rpm with independent rotation speed 
control. All PX-IBC models include: automatic IBC recognition (RFID coupling), weight 
verification before and after blend (integral load cells), and PX-BMS data logging of every 
rotation counted. Contained charging stations (OEB 4: < 1 µg/m³; OEB 5: < 0.1 µg/m³) 
supplied as matched systems.	

7.3 Blend Endpoint Determination 
The traditional method for blend endpoint determination — thief sampling followed by 
HPLC or UV analysis — is slow (24–48 hour turnaround), invasive (sampling disturbs the 
blend), and subject to thief sampling error (particle segregation during sampling). The 
modern approach uses PAT:	

• NIR spectroscopy: NIR probes mounted in the blender wall or IBC chute monitor API 
spectral signature in real time. When blend uniformity (RSD < 3.0%) is achieved, 
the blend is considered complete — regardless of elapsed time. This eliminates 
both over-blending (which can cause segregation by reducing particle cohesion) 
and under-blending.	

• Moving block standard deviation (MBSD): A statistical analysis of the rolling RSD of 
NIR signals over a defined time window detects when the blend has reached a 
steady, uniform state.	
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Chapter 8: Film Coating and Pan Coating 
Systems 

IN THIS CHAPTER 

▸  Coating objectives: immediate release, extended release, enteric, taste masking 
▸  Side-vented coating pan design and its advantages over conventional coating pans 
▸  Spray system design: atomization, spray pattern, and coating uniformity 
▸  Process parameters: pan speed, inlet temperature, spray rate, and air flow 
▸  Coating defects and their root causes in processing 

	
	

8.1 Why Coat Tablets? 
Tablet coating serves multiple functions: taste masking (APIs with bitter taste), moisture 
protection (hygroscopic APIs), light protection, immediate release (smooth swallowability), 
extended release (rate-controlling polymer membrane), and enteric release (pH-
responsive polymer preventing gastric dissolution). Each functional coating type has its 
own polymer system, process requirements, and critical quality attributes.	

Coating Type	 Polymer System	 Key CQA	 Process Challenge	
Immediate release 
(IR)	

HPMC (Opadry), PVA	 Film uniformity, 
disintegration time	

Spray rate balance vs. 
drying capacity	

Enteric	 HPMCAS, Eudragit 
L100-55	

Acid resistance (< 10% 
dissolution in 0.1N HCl × 
2h)	

Coating weight uniformity; 
sticky spray	

Sustained release 
(SR)	

Ethylcellulose, 
Aquacoat	

In vitro dissolution profile 
match	

Film uniformity; permeability 
control	

Extended release 
(ER)	

Eudragit RS/RL blend	 Release rate and 
variability	

Blend ratio precision; 
process temp control	

Taste masking	 Eudragit E100, HPMC	 Dissolution in saliva (< 
60 sec); taste panel	

Thin, uniform coat; no film 
bridging	

	

8.2 Side-Vented Coating Pan 
The side-vented perforated coating pan is the standard production coating system in 
pharmaceutical manufacturing. Tablets tumble in a rotating drum; coating solution is 
sprayed by spray guns mounted on a spray arm inside the drum; process air flows through 
perforations in the drum wall for drying. Side-vented design allows continuous air flow 
through the tablet bed, achieving much faster drying (and thus higher spray rates) than 
conventional solid-wall pans.	

Key design parameters: drum diameter (300 mm laboratory to 2,000 mm production), fill 
volume (40–75% of drum volume), drum speed (3–20 rpm), and baffling configuration 
(straight baffles, zig-zag baffles, or no baffles for fragile tablets).	
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PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-COAT side-vented coating pans range from 
10 kg laboratory scale to 600 kg production scale. All include: infrared exhaust 
temperature measurement for process endpoint control, automated spray rate ramping 
protocol (prevents initial tablet wetting), and inlet/exhaust air dew point monitoring. The 
PX-COAT integrated PAT interface accepts inline NIR or UV probes for film weight gain 
monitoring without manual sampling.	

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 29	

PROPRIETARY — PROC-X MANUFACTURING GROUP  ·  www.procxinc.com	

Chapter 9: Twin-Screw Extrusion and 
Hot-Melt Extrusion in Pharma 

IN THIS CHAPTER 

▸  Hot-melt extrusion (HME): the most powerful tool for bioavailability enhancement 
▸  Amorphous solid dispersions: why they work and how HME makes them 
▸  TSE screw design for pharmaceutical applications 
▸  Downstream processing of HME extrudate: milling and tableting 
▸  Continuous wet granulation via twin-screw extrusion 

	
	

9.1 Hot-Melt Extrusion and Bioavailability Enhancement 
Approximately 40% of approved drug products and 70% of development pipeline 
compounds are classified as BCS Class II (high permeability, low solubility) — meaning 
their bioavailability is dissolution-rate limited. Hot-melt extrusion (HME) is the most 
effective approach to solving this problem for thermally stable APIs. In HME, the API is 
dispersed (or dissolved) in a polymer matrix at elevated temperature, producing an 
amorphous solid dispersion (ASD) with dramatically improved dissolution kinetics.	

The science: crystalline APIs have ordered lattice structures with high cohesive energy — 
they dissolve slowly. An amorphous form of the same API has no lattice — it is a 
supercooled liquid. Amorphous APIs dissolve 10–1,000× faster than their crystalline 
forms. An ASD produced by HME stabilizes the amorphous form by trapping the API in a 
polymer matrix (typically HPMC-AS, PVP-VA, or Eudragit EPO) that prevents 
recrystallization, both during storage and during dissolution in GI fluid. The result: 
supersaturated API solutions in the GI tract, far exceeding the crystalline solubility, and 
dramatically improved bioavailability.	

9.2 TSE Screw Design for HME 
• Conveying elements: move material forward and build pressure. Located at the feed 

zone and in the die approach zone.	
• Kneading blocks: provide distributive and dispersive mixing, melt the polymer, and 

distribute API in the melt. Most critical elements for ASD quality — block stagger 
angle (30°, 45°, 60°, 90°) and width determine shear intensity.	

• Mixing elements: additional mixing after kneading. Used when API–polymer 
miscibility requires high shear.	

• Reverse conveying elements: increase residence time and back-pressure in the 
mixing zone for APIs needing extended mixing for dissolution in the polymer melt.	

HME Parameter	 Range	 Effect on ASD	 Measurement	
Barrel temperature 
profile	

80–200°C (zone-
dependent)	

Above Tg of polymer 
required; below API 
degradation temp	

Thermocouple each zone; 
API stability limit as hard 
stop	
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Screw speed	 50–600 rpm	 Higher speed → more shear, 
faster melt, shorter residence 
time	

Encoder; melt 
temperature inline	

Throughput rate	 0.1–50 kg/hr	 Affects residence time and 
melt temperature at fixed 
screw speed	

Gravimetric feeder 
accuracy ± 0.1%	

Die pressure	 200–1,500 psi	 Affects extrudate density and 
shape consistency	

Inline pressure transducer	

Melt temperature	 100–230°C	 If too high: API degradation; 
too low: incomplete 
dissolution in polymer	

Inline melt thermocouple 
at die	

Residence time 
distribution	

30–180 seconds	 Narrow RTD → uniform ASD; 
wide RTD → amorphous 
content variation	

Tracer dye experiment 
(OQ)	

	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-HME twin-screw extruders for 
pharmaceutical HME are available in 11 mm (laboratory, 0.1–1 kg/hr), 24 mm 
(development, 0.5–5 kg/hr), and 40 mm (production, 5–50 kg/hr) screw diameters. All 
models feature: barrel temperature uniformity ± 1°C, gravimetric loss-in-weight feeders 
for API and polymer, inline melt pressure and temperature monitoring, co-rotating screw 
design for superior mixing, and PX-BMS 21 CFR Part 11 compliant data logging. GMP-
grade stainless steel contact surfaces with Ra ≤ 0.8 µm.	
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PART  III 

API PROCESSING	

Milling, Micronization & Nanosizing 
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Chapter 10: The API Particle Size 
Challenge 

IN THIS CHAPTER 

▸  Why API particle size is a critical quality attribute in almost every dosage form 
▸  The Noyes-Whitney equation: the physical chemistry of dissolution and its processing 
implications 
▸  Particle size specifications in pharmacopoeias: USP <429>, USP <811>, ICH Q6A 
▸  Polymorphism, crystal habit, and surface area — and how milling affects all three 
▸  Occupational exposure and containment requirements for API milling 

	
	

10.1 Why Particle Size Matters 
Particle size is a critical quality attribute (CQA) for APIs in virtually every dosage form 
category. The physical reasons are grounded in fundamental pharmacokinetics and 
dosage form physics:	

• Dissolution rate: For BCS Class II APIs, the Noyes-Whitney equation governs 
dissolution rate: dM/dt = (D × A × Cs × [Cs – Cb]) / h. Reducing particle size 
increases surface area A, which directly increases dM/dt. A 10-fold reduction in 
particle diameter produces approximately a 100-fold increase in specific surface 
area — and correspondingly faster dissolution and absorption.	

• Content uniformity: For low-dose tablets (API ≤ 5% w/w), particle size of the API 
directly determines the statistical probability of achieving the required content 
uniformity. USP <905> uses a sampling theory model that shows that for a 5 mg 
dose in a 200 mg tablet, a D90 of 125 µm is acceptable, but a D90 of 250 µm may 
cause unacceptable content uniformity variability.	

• Aerosol performance: Dry powder inhalers (DPIs) require API particles with mass 
median aerodynamic diameter (MMAD) of 1–5 µm to achieve adequate deep lung 
deposition. This requires jet milling to the micron range, with extremely tight particle 
size specifications (MMAD 2.5 ± 0.5 µm in some formulations).	

• Physical and chemical stability: Smaller API particles have higher surface energy 
and are more susceptible to polymorphic conversion, hygroscopic uptake, and 
oxidative degradation. The optimal particle size balances dissolution performance 
against stability risk.	

10.2 The Noyes-Whitney Equation in Practice 
dM/dt = (D × A × Cs) / h (simplified for sink conditions, where Cb << Cs)	

D = diffusion coefficient in GI fluid (~5×10⁻⁶ cm²/s for most small-molecule drugs), A = 
surface area of undissolved particles, Cs = intrinsic solubility, h = diffusion layer thickness. 
Of these parameters, A is the one most directly controlled by processing. For a given mass 
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of API, A ∝ 1/d, where d is particle diameter. Reducing d from 100 µm to 1 µm increases 
A by 100-fold and increases dM/dt by 100-fold.	

REGULATORY CONTEXT  The European Pharmacopoeia and USP define particle size by 
equivalent volume diameter using laser diffraction (Ph. Eur. 2.9.31, USP <429>). The 
specification format is typically: D(0.1) ≥ X µm, D(0.5) = Y µm ± Z%, D(0.9) ≤ W µm. For 
inhalation products, aerodynamic particle size distribution (APSD) by cascade impactor 
(Ph. Eur. 2.9.18, USP <601>) is the required method. Proc-X jet mill systems include a 
factory-tested PSD characterization using laser diffraction as part of the OQ protocol. 

10.3 Polymorphism and Milling 
Milling can induce polymorphic transitions in APIs — a critical concern when the active 
polymorph has different dissolution or stability properties than the inactive form. The high 
local temperature and shear stress generated by impact milling (hammer mills, pin mills) 
can cause surface amorphization or polymorph conversion. Jet milling with temperature-
controlled nitrogen carrier gas avoids this by keeping the milling zone at a controlled, low 
temperature. Cryogenic jet milling (with liquid nitrogen cooling to < −50°C) provides 
maximum protection against milling-induced polymorphism for thermally sensitive APIs.	
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Chapter 11: Jet Milling and Micronization 
of APIs 

IN THIS CHAPTER 

▸  How the opposed jet mill produces micronized API with a tight particle size distribution 
▸  Critical process parameters and their effect on API PSD 
▸  Nitrogen carrier gas systems for API milling: why air is usually not acceptable 
▸  cGMP design requirements for pharmaceutical jet mills 
▸  Scale-up from laboratory to production scale for API jet milling 

	
	

11.1 Jet Milling Mechanism 
In an opposed jet mill, two high-velocity gas jets (nitrogen or air at 80–150 psig) are 
directed at each other. API particles fed into the mill are accelerated by the gas jets and 
collide in the inter-jet zone at velocities of 300–500 m/s. Particle–particle collisions provide 
the energy for size reduction. A classification wheel (rotor) at the center of the mill rotates 
at 2,000–15,000 rpm, creating a centrifugal field that returns oversize particles to the 
grinding zone while allowing product-specification particles to pass through to the 
collector.	

The opposed jet mill's key advantages for API processing: no mechanical grinding 
surfaces in contact with the product (eliminating metal contamination risk), no heat 
generation at surfaces (protecting thermolabile APIs), extremely tight particle size 
distributions achievable (D10/D90 span < 3), and full containment capability for high-
potency APIs.	

Parameter	 Range	 Effect on API PSD	 cGMP Monitoring	
Classifier wheel 
speed	

2,000–15,000 rpm	 Primary D50 control — higher 
speed → finer product	

VFD tachometer, 
logged real-time	

Grinding gas 
pressure	

80–150 psig N2	 Higher pressure → more energy, 
finer D90	

Calibrated transducer, 
logged	

Feed rate	 0.1–50 kg/hr	 Higher feed → product 
coarsening if classifier not 
adjusted	

Gravimetric feeder, ± 
0.5%	

Nitrogen gas 
temperature	

−20°C to +25°C	 Cold N2 protects thermolabile 
APIs; prevents sticking	

Inline thermocouple	

Classifier cut point 
(D50 target)	

1–30 µm (API 
typical)	

Determines primary CQA — 
dissolution performance	

Inline laser diffraction 
preferred	

	

11.2 Nitrogen Gas Systems for API Milling 
Pharmaceutical API milling almost universally requires nitrogen as the carrier and grinding 
gas rather than compressed air. Reasons:	
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• Oxidation prevention: Many APIs are oxidation-sensitive. Nitrogen (O2 < 1%) 
prevents API surface oxidation that occurs within seconds on fine, high-surface-
area particles in air.	

• Moisture exclusion: Compressed air, even after drying, contains trace moisture that 
can affect hygroscopic APIs and cause product agglomeration in the classifier.	

• Explosion prevention: Fine API powders at the concentrations present in a jet mill 
can be in the explosive dust range. Nitrogen inerting prevents the oxygen 
atmosphere needed for dust explosion.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-API jet mill systems are supplied as 
complete, validated pharmaceutical milling systems: the mill, N2 supply and control, inline 
O2 monitoring (with alarm and auto-shutoff at > 2% O2), product collection (contained 
cyclone + HEPA filter system), and contained discharge under N2 blanket. All product-
contact surfaces: 316L SS, electropolished to Ra ≤ 0.5 µm. Available with OEB 4 (< 1 
µg/m³) and OEB 5 (< 0.1 µg/m³) containment configurations for high-potency APIs.	

11.3 Scale-Up for API Jet Milling 
Scale-up from laboratory jet mill to production scale is governed by the principle of 
constant classifier tip speed (v_tip = π × d_classifier × n / 60). If the classifier tip speed is 
held constant from lab to production, and the specific energy input per kilogram of feed is 
maintained, the PSD typically scales with accuracy ± 10% on D50. Proc-X provides 
laboratory systems (100 g/hr to 2 kg/hr), pilot systems (2–20 kg/hr), and production 
systems (20–500 kg/hr) with documented scale-up packages for each platform.	
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Chapter 12: Wet Milling, Nanosizing, and 
Media Milling 

IN THIS CHAPTER 

▸  When wet milling is better than jet milling for API size reduction 
▸  Nanosizing: the science, the regulatory pathway, and why < 1 µm sometimes matters 
▸  Planetary ball mills and bead mills for wet API nanosizing 
▸  Stabilizer selection and suspension formulation for nanosized APIs 
▸  Scale-up challenges unique to wet API milling 

	
	

12.1 Wet Milling vs. Jet Milling 
Wet milling suspends the API in a liquid medium (typically water with a 
stabilizer/surfactant) and mills using a planetary ball mill or bead mill. It is preferred over 
jet milling when:	

• Target particle size < 1 µm: Jet mills reliably achieve D50 ≥ 1 µm. Wet bead mills 
achieve D50 down to 100–200 nm consistently.	

• API has very low density: Low-density APIs accelerate poorly in a gas jet, limiting 
micronization efficiency. Wet milling is size-reduction mechanism independent of 
particle density.	

• API is thermolabile: Even cold-gas jet mills introduce brief surface temperature 
spikes. Wet milling with jacketed systems can maintain < 10°C throughout.	

• Liquid dispersion is the final form: For parenteral suspensions, lyophilized 
injectables, or oral suspensions, wet milling produces the final suspension directly, 
eliminating a redispersion step.	

12.2 Nanosizing Technology 
Nanosized API particles (100–1,000 nm) represent the ultimate solution to dissolution-
limited bioavailability for BCS Class II compounds. A 200 nm particle has 500× the specific 
surface area of a 100 µm particle. When dosed orally as a nanoparticulate suspension or 
as a dry redispersible formulation (produced by spray drying a nanosuspension), 
nanosized APIs achieve AUC values approaching IV administration for some compounds.	

Wet bead milling with 0.1–0.3 mm zirconia or polystyrene beads at 2,000–4,000 rpm 
achieves nanosized API suspensions in 4–24 hours (batch) or 30–120 minutes per pass 
(continuous). Stabilizers (Poloxamer 188, HPMC, SDS, PVP) are essential to prevent 
Ostwald ripening (particle growth) and maintain the nanosuspension during downstream 
processing.	

ENGINEERING INSIGHT  The most common failure mode in API nanosizing is Ostwald 
ripening during storage — the thermodynamic process by which small particles dissolve 
and redeposit on larger particles, increasing mean particle size over time. The solution is 
proper stabilizer selection: Poloxamer 188 at 0.5–2% is effective for hydrophobic BCS 
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Class II APIs; HPMC-AS provides both steric stabilization and precipitation inhibition 
during dissolution. The selection of stabilizer type and concentration should be part of the 
nanosizing formulation development program, not an afterthought. 
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Chapter 13: Cryogenic Milling for 
Thermolabile APIs 

IN THIS CHAPTER 

▸  Why ambient milling fails for thermolabile and thermoplastic APIs 
▸  Cryogenic jet milling and cryogenic pin milling systems 
▸  Liquid nitrogen usage, safety, and facility requirements 
▸  APIs requiring cryogenic milling: examples and process parameters 

	
	

13.1 The Thermolabile Milling Challenge 
Many pharmaceutical APIs have low melting points (< 80°C), decompose at moderate 
temperatures, or undergo polymorphic conversion in response to the brief thermal spikes 
generated during particle–particle collisions in conventional milling. For these APIs, 
standard jet milling (even with nitrogen) can produce: polymorphic conversion that 
changes dissolution rate, localized surface decomposition that generates genotoxic 
impurities, or particle agglomeration caused by surface softening.	

Cryogenic milling uses liquid nitrogen (LN2) or liquid CO2 to cool the API feed, the mill 
interior, and the carrier gas to temperatures of −50°C to −150°C. At these temperatures, 
APIs below their glass transition temperature (Tg) become brittle glass-like solids that 
fracture cleanly without plastic deformation, polymer softening, or thermal degradation.	

API Category	 Milling Challenge	 Cryogenic Approach	 Target Conditions	
Thermoplastic 
polymorphic APIs	

Polymorph conversion at > 
40°C	

LN2 jacketed jet mill, pre-
cooled feed	

Milling zone < 
−30°C	

Low melting point 
APIs (Tm < 70°C)	

Particle 
fusion/agglomeration	

Cryogenic pin mill or 
impact mill	

Feed and mill at 
−50°C to −70°C	

Amorphous ASDs 
(HME extrudate)	

Recrystallization on milling 
energy input	

Cryogenic 
cutter/granulator for 
extrudate	

< Tg − 30°C during 
size reduction	

Protein and peptide 
APIs	

Denaturation, aggregation 
from mechanical stress	

Cryogenic ball mill 
(precooled, gentle)	

−196°C (LN2 bath), 
very low energy	

Moisture-sensitive 
APIs	

Hygroscopic uptake → 
agglomeration	

Cryogenic milling + N2 dry 
gas sweep	

Dew point < −40°C 
in milling zone	

	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X cryogenic milling systems use a proprietary pre-
cooling feed screw that reduces API temperature from ambient to below Tg before the 
feed enters the grinding chamber, eliminating the transient thermal spikes that occur 
when ambient-temperature feed contacts the cold grinding chamber walls. LN2 
consumption is reduced by 35% versus competing systems that rely entirely on gaseous 
N2 purge cooling of the mill chamber.	
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Chapter 14: Continuous API 
Manufacturing and PAT Integration 

IN THIS CHAPTER 

▸  ICH Q13 Continuous Manufacturing — the regulatory framework that makes CM viable 
▸  The continuous API processing line: from synthesis to finished API powder 
▸  PAT instruments for continuous API processing: NIR, Raman, FBRM, laser diffraction 
▸  Real-time release testing (RTRT): what it requires from processing equipment 

	
	

14.1 ICH Q13 and Continuous Manufacturing 
ICH Q13 (Continuous Manufacturing of Drug Substances and Drug Products), finalized in 
2022, established the global regulatory framework for continuous pharmaceutical 
manufacturing. Key principles from ICH Q13 directly relevant to processing equipment:	

• Control strategy: The control strategy for CM must address system dynamics — how 
the process responds to disturbances, and how monitoring and control systems 
detect and respond to out-of-range conditions.	

• Residence time distribution (RTD): CM processes must characterize and control the 
RTD — the distribution of time that material spends in the process. A wide RTD 
means material from different input lots can exit simultaneously, complicating batch 
definition.	

• Diversion strategy: Procedure for diverting potentially out-of-spec material must be 
established. Proc-X diversion valves with < 0.5-second response time integrated 
into the control architecture are the standard solution.	

• Batch definition in CM: ICH Q13 allows batch definition by time duration, material 
volume, or material mass — flexible, but requiring clear documentation in the 
Process Control Description (PCD).	

14.2 PAT in Continuous API Processing 
PAT instruments provide the real-time quality monitoring that makes continuous 
manufacturing viable. For continuous API milling and granulation:	

• NIR spectroscopy: Identifies API polymorphic form, measures moisture content, and 
monitors blend uniformity in real time. Sample interval: 1–10 seconds.	

• Raman spectroscopy: Higher chemical specificity than NIR. Distinguishes 
polymorphs with very similar NIR spectra. Also monitors API concentration in wet 
milling suspensions.	

• Inline laser diffraction: Measures particle size distribution of the milled product 
stream in real time. Classifier wheel speed adjusts automatically when PSD drifts 
out of specification.	
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• FBRM (Focused Beam Reflectance Measurement): Chord length distribution 
measurement in wet granulation and wet milling systems. Provides real-time 
granule size trend without the sampling errors of offline measurements.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X continuous API processing lines include the PX-
PAT integration platform — an open-architecture data hub that accepts data streams 
from any PAT instrument vendor (Metrohm, Mettler-Toledo, Kaiser Optical, Malvern 
Panalytical, Innopharma) through standard OPC-UA connections. The platform applies 
multivariate statistical models in real time to detect out-of-spec conditions and trigger 
automated diversion — no manual intervention required for routine control actions.	
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PART  IV 

NUTRACEUTICALS & 
SUPPLEMENTS	

Botanical Extracts, Spray Drying & Encapsulation 
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Chapter 15: The Nutraceutical 
Processing Landscape 

IN THIS CHAPTER 

▸  Market structure of the global nutraceutical industry 
▸  Key raw material categories: botanicals, vitamins, minerals, omega fatty acids, probiotics 
▸  21 CFR Part 111 requirements and how they shape processing choices 
▸  The quality challenge: identity, purity, and potency in botanical processing 

	
	

15.1 The Nutraceutical Market and Its Processing 
Demands 
The global dietary supplement and nutraceutical market is one of the fastest-growing 
sectors in consumer healthcare, driven by self-care trends, aging demographics, and 
growing consumer demand for preventive health products. Behind every capsule of 
turmeric extract, every protein powder, every omega-3 softgel, and every probiotic tablet 
is a processing chain that must deliver consistent identity, purity, and potency — now 
increasingly under the scrutiny of FDA GMP inspections, third-party certifications (NSF, 
USP-V, Informed Sport), and private-label retailer specifications.	

The raw materials in nutraceutical manufacturing span an extraordinary range of 
physicochemical properties:	

• Botanicals: Herbal extracts (spray-dried or liquid), powdered plant materials, 
standardized extracts. High lot-to-lot variability in marker compound content, 
moisture, and particle size. Processing challenge: standardization of concentration 
and particle size.	

• Vitamins and minerals: Ascorbic acid, tocopherols, zinc oxide, magnesium glycinate. 
Highly variable bulk densities and flow properties. Processing challenge: content 
uniformity in low-dose formulations.	

• Omega fatty acids: Fish oil, algal DHA, flaxseed oil. Oil-based, susceptible to 
oxidation. Processing challenge: encapsulation, oxidative stability, moisture control.	

• Probiotics: Live bacterial cultures at 10⁸–10¹¹ CFU/g. Heat-sensitive, moisture-
sensitive, oxygen-sensitive. Processing challenge: survival through processing, 
packaging, and shelf life.	

• Sports nutrition: Protein concentrates, amino acids, creatine, beta-alanine. Large-
volume, commodity-type ingredients. Processing challenge: blend uniformity, flavor 
masking, clumping prevention.	

15.2 21 CFR Part 111 Processing Requirements 
Under 21 CFR Part 111, dietary supplement manufacturers must establish and follow 
written procedures for all manufacturing operations, maintain equipment cleaning and 
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maintenance logs, verify component identity before use, and conduct in-process checks 
for physical characteristics (blend uniformity, moisture, tablet weight, dissolution or 
disintegration where applicable). Proc-X equipment for nutraceutical manufacturing 
includes:	

• Integrated moisture monitoring for botanical powders and granules — inline NIR 
reduces the drying time uncertainty that leads to out-of-spec moisture in botanical 
products.	

• Weight verification systems for bin blenders — automatic logging of IBC weight 
before and after blending provides documentary evidence of batch integrity.	

• Clean-in-place (CIP) systems validated to eliminate cross-contamination risk in 
allergen-managed facilities.	
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Chapter 16: Spray Drying for 
Nutraceutical Powder Production 

IN THIS CHAPTER 

▸  Spray drying fundamentals: how a liquid becomes a powder in < 30 seconds 
▸  Microencapsulation by spray drying: protecting sensitive ingredients 
▸  Process parameters and their effect on particle properties 
▸  Spray drying of probiotics, omega oils, and botanical extracts 
▸  Agglomeration and instant powder production by spray bed drying 

	
	

16.1 The Spray Drying Process 
Spray drying converts a liquid feed — solution, suspension, or emulsion — into a dry 
powder in a single, continuous step. The liquid is atomized into fine droplets (50–200 µm) 
by a rotary atomizer or two-fluid nozzle, and the droplets are introduced into a hot air 
chamber (inlet temperature 150–250°C) where rapid evaporation (< 5 seconds residence 
time) dries each droplet to a particle before it reaches the chamber wall. Product 
temperature typically reaches only 40–80°C despite the high inlet air temperature, 
because the evaporative cooling of the droplet limits the surface temperature during 
drying.	

Spray drying produces powders with controlled properties: moisture content (typically 1–
5%), particle size (10–200 µm, controlled by atomizer speed or nozzle pressure), particle 
morphology (solid, hollow, or porous spheres), and — for encapsulated products — core 
material retention and encapsulation efficiency.	

16.2 Microencapsulation for Sensitive Ingredients 
Spray drying microencapsulation is the primary method for protecting nutraceutical 
ingredients against oxidation (omega oils, fat-soluble vitamins), moisture (hygroscopic 
botanicals), heat (probiotics in low-inlet-temperature spray drying), light (carotenoids, 
chlorophyll), and GI degradation (probiotics, enzymes). The ingredient (core material) is 
emulsified or dispersed in an aqueous solution of the wall material (typically modified 
starch, maltodextrin, gum arabic, whey protein, or their combinations), and the emulsion 
is spray dried.	

Core Material	 Wall Material System	 Critical Parameter	 Target Product Spec	
Fish oil (omega-3)	 Modified starch + WPC	 Emulsification droplet size < 

1 µm	
Peroxide value < 5 
meq/kg; encap. 
efficiency > 90%	

Probiotic cultures	 Skim milk / maltodextrin	 Inlet temp ≤ 140°C; outlet ≤ 
70°C	

Survival ≥ 80%; target 
CFU/g ± 0.3 log	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 45	

PROPRIETARY — PROC-X MANUFACTURING GROUP  ·  www.procxinc.com	

Spray-dried 
botanical extract	

Maltodextrin 10–20 DE	 Feed total solids 20–40%	 Moisture ≤ 5%; marker 
compound retention ≥ 
95%	

Vitamin D3 (oil 
solution)	

Starch + tocopherols 
(antioxidant)	

O2 exclusion in feed 
preparation	

Potency ≥ 95% of 
label; peroxide value < 
3	

Curcumin (lipophilic)	 HPMC + lecithin	 Emulsion stability before 
spray drying	

Water dispersibility OD 
> 0.8 at 1 mg/mL	

	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X spray drying systems for nutraceutical 
applications range from 5 kg/hr evaporative capacity (laboratory/development) to 500 
kg/hr (production). All units include an oxygen-depleted drying chamber option (N2 or 
CO2 inlet gas) for oxidation-sensitive materials, integrated cyclone and bag filter, CIP-
capable atomizer, and PX-BMS data logging. The PX-SDB-Agglomerate models add a 
fluid bed bottom section for simultaneous agglomeration, producing instant-dispersing 
granules directly from the spray dryer — eliminating a separate granulation step.	

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 46	

PROPRIETARY — PROC-X MANUFACTURING GROUP  ·  www.procxinc.com	

Chapter 17: Botanical Extract Processing 
and Standardization 

IN THIS CHAPTER 

▸  The botanical supply chain challenge: natural variability and its consequences 
▸  Extraction processes: percolation, maceration, supercritical CO2 
▸  Spray drying and vacuum belt drying for extract concentration 
▸  Marker compound standardization: milling and blending to specification 
▸  Quality systems for botanical identity: authentication vs. adulteration 

	
	

17.1 The Natural Variability Challenge 
Botanical raw materials present a processing challenge unique to the nutraceutical 
industry: extreme lot-to-lot variability in the concentration of the active marker compound, 
driven by differences in growing region, harvest season, plant age, agricultural practices, 
and post-harvest handling. A standardized elderberry extract specified at 13% 
anthocyanins may arrive from different suppliers or lots ranging from 8% to 25% 
anthocyanins — all meeting generic 'elderberry extract' identity testing, but requiring very 
different blend ratios to achieve the label claim.	

The processing solution is standardization blending: characterize each lot for marker 
compound content, then blend lots (or blend a high-marker lot with inert diluent) to achieve 
the target concentration with a defined specification window. Proc-X V-blenders and bin 
blenders with inline NIR monitoring enable the statistical validation of blend uniformity 
needed to support standardization claims.	

17.2 Milling Botanical Extracts 
Spray-dried botanical extracts are typically produced as fine powders (D90 < 200 µm) from 
the spray dryer. However, some botanical materials — dried whole plant material, root 
powders, bark powders — require milling before extraction or before encapsulation. Proc-
X hammer mills (for fibrous botanical materials resistant to impact milling) and oscillating 
granulators (for friable spray-dried extracts) are the primary botanical milling tools.	

• Fibrous materials (valerian root, ashwagandha root, turmeric): Hammer mill at 
3,000–4,500 rpm through 0.5–1.5 mm screen. Target D90 < 500 µm for extraction 
efficiency or capsule fill uniformity.	

• Spray-dried extracts: Oscillating granulator or Comil at low speed to break up cakes 
without heat generation or electrostatic charging of the fine powder.	

REGULATORY CONTEXT  Authentication of botanical raw materials is a regulatory 
requirement under 21 CFR Part 111.75 — every dietary supplement manufacturer must 
verify the identity of each component before use. The FDA expects this to include a 
scientifically valid identity test, not merely visual inspection. For standardized extracts, 
identity testing typically uses HPLC for marker compound quantitation, combined with 
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FTIR or DNA barcoding for species verification. Processing cannot compensate for a 
misidentified raw material — robust incoming quality control is the first line of defense. 
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Chapter 18: Encapsulation, Softgel & 
Delivery System Processing 

IN THIS CHAPTER 

▸  Hard capsule filling: types, fill weights, and cGMP considerations 
▸  Softgel encapsulation: gelatin vs. non-gelatin shells and oil-fill processing 
▸  Modified release bead and pellet production for capsule fill 
▸  Liquid-filled hard capsule technology for BCS Class II APIs 

	
	

18.1 Hard Capsule Filling 
Hard capsule filling involves dosing a measured quantity of blend, granule, pellet, or 
powder into a two-piece hard-shell capsule (gelatin or HPMC) and closing the capsule. 
The capsule filling machine — either a dosing disc or tamping pin machine for powders, 
or a vibrating tray for pellets/tablets — is the final size-controlling step in the solid dosage 
manufacturing chain. Critical quality attributes are weight variation (± 5% of target for most 
products, ± 3% for potent APIs) and content uniformity.	

Upstream processing directly determines capsule filler performance: if the blend has poor 
flow, the capsule filler will have high weight variability. Proc-X processing systems 
optimize the upstream steps (granulation, blending, milling) specifically for the capsule 
filling step, using the flow function coefficient (FFC) and basic flowability energy (BFE) as 
the measured endpoints of upstream processing to ensure fill weight consistency.	

18.2 Softgel Encapsulation 
Softgel capsules consist of a one-piece gelatin or non-gelatin (HPMC-based Vcaps soft) 
shell enclosing a liquid, suspension, or paste fill. The primary application in nutraceuticals 
is oil-based materials: omega-3 fish oils, vitamin D3 in oil, vitamin E, fat-soluble botanical 
extracts, and CBD oil. The Rotary Die Encapsulation process forms and fills the capsule 
simultaneously — gelatin ribbon is formed on two counter-rotating die rolls, fill is injected 
between the ribbons as the dies close, and filled sealed capsules are cut from the ribbon.	

Critical processing steps upstream of the encapsulation machine: API or ingredient 
dispersion in the fill oil (using a high-shear mixer or rotor-stator), nitrogen sparging to 
reduce dissolved oxygen (preventing oxidation during encapsulation), and de-aeration of 
the fill mass to prevent bubbles in the sealed capsule.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X high-shear dispersers for softgel fill preparation 
are equipped with vacuum de-aeration as standard — the fill vessel is evacuated to < 50 
mmHg during mixing to remove dissolved air before the fill mass is transferred to the 
encapsulation machine. Dissolved oxygen in the fill oil is one of the primary drivers of 
omega-3 oxidation during shelf life. Proc-X systems achieve dissolved oxygen levels < 1 
ppm in the fill mass before encapsulation.	
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PART  V 

STERILE & INJECTABLE	

Aseptic Processing, Lyophilization & Sterile API Milling 
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Chapter 19: Aseptic Processing 
Principles and Equipment 

IN THIS CHAPTER 

▸  The sterility assurance level (SAL) and why 10⁻⁶ is the pharmaceutical standard 
▸  Aseptic mixing equipment: closed, steam-sterilizable vessels 
▸  Environmental monitoring and cleanroom classifications (ISO 5 through 8) 
▸  Single-use vs. stainless steel for sterile mixing: the trade-offs 
▸  Mixing validation for sterile drug products: mixing uniformity and time studies 

	
	

19.1 Why Sterile Manufacturing Requires a Different 
Approach 
Sterile drug products — injectables, ophthalmic solutions, inhalation solutions, and 
lyophilized powders — are administered by routes (IV, IM, SQ, intrathecal) that bypass 
the body's microbial defense systems. A non-sterile parenteral product can cause sepsis, 
meningitis, or death. The regulatory and engineering consequences of this risk are 
profound: every equipment surface that contacts the sterile drug product must be 
sterilizable, every connection must be aseptic, and every manufacturing operation must 
be performed in a classified cleanroom with validated environmental monitoring.	

The FDA's Aseptic Processing Guidance (2004) and the EU GMP Annex 1 (2022 revision) 
establish the current regulatory expectations for aseptic manufacturing. The 2022 Annex 
1 revision placed Contamination Control Strategy (CCS) at the center of the regulatory 
framework — manufacturers must demonstrate that every potential contamination source 
has been identified, assessed, and controlled. Processing equipment is the most 
significant contamination risk in aseptic manufacturing, and equipment design is the 
primary mitigation.	

19.2 Sterile Mixing Equipment 
Mixing operations for sterile drug products include: dissolution of API in sterile water for 
injection (WFI), blending of lyophilized formulation components, compounding of 
concentrated solutions before sterile filtration, and pH adjustment. Equipment 
requirements:	

• Sterilization: All product-contact surfaces must be sterilizable. Methods: steam 
sterilization (SIP — sterilize-in-place, 121°C × 30 min), or H2O2 vapor sterilization 
for single-use components. Proc-X sterile mixing vessels have full SIP capability 
with validated drain points and steam distribution.	

• Enclosed design: No open-top mixing vessels in ISO 5 cleanrooms. All product 
contact via closed, sealed vessels with aseptic connections (tri-clamp, aseptic 
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coupling). No gaskets or O-rings in product zones that cannot be validated for 
extractables/leachables.	

• Surface finish: Ra ≤ 0.5 µm in product zones (vs. Ra ≤ 0.8 µm for oral solid). 
Electropolished 316L SS. Passivated per ASTM A967. Full boroscope weld 
inspection with documentation.	

• Mixing mechanism: Magnetic coupling (preferred for sterile vessels — eliminates 
shaft seals that are contamination risk points) or triple mechanical seal for larger 
vessels.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X sterile mixing vessels (PX-SV series) use 
bottom-mounted magnetic drive mixers as standard for vessels up to 2,000 L — 
eliminating the top mechanical seal that is the single most common source of particulate 
contamination in traditional sterile mixing vessels. The magnetic drive has zero dynamic 
seals in the product zone. Magnets are encapsulated in 316L SS. Full SIP capability 
validated to F0 ≥ 12 at all product-contact surfaces.	

19.3 Single-Use vs. Stainless Steel for Sterile Mixing 
Criterion	 Single-Use (SUB)	 Stainless Steel (Fixed)	 Recommendation	
Capital cost	 Lower (no vessel 

purchase)	
Higher	 SUS for clinical; SS 

for commercial	
Cleaning validation	 Not required (disposable)	 Required (full validation 

package)	
SUS advantage for 
multi-product	

Sterilization	 Pre-sterilized (gamma or 
EO)	

SIP required each use	 SUS simpler for 
batch-to-batch	

Extractables/leachables	 Higher risk (polymer 
contact)	

Lower risk (316L SS, 
established profiles)	

SS advantage for 
high-risk formulations	

Scale range	 50–2,000 L (most 
commercial)	

1–50,000 L	 SS advantage for 
large volume	

Turnaround time	 Faster (no cleaning/SIP 
cycle)	

Slower (cleaning + SIP + 
release)	

SUS advantage for 
fast-turn clinical	
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Chapter 20: Sterile API Milling and 
Micronization 

IN THIS CHAPTER 

▸  The added complexity of milling an API that must remain sterile 
▸  Sterile jet milling: equipment, environmental control, and validation 
▸  Micronization of inhalation APIs: the DPI particle size imperative 
▸  Contained sterile milling for high-potency cytotoxics 

	
	

20.1 The Sterile Milling Challenge 
Milling an API that will be used in a sterile drug product without a terminal sterilization step 
requires the milling operation to be performed aseptically — the API must be sterile before 
milling, the milling equipment must be sterilized, and the entire milling operation must be 
conducted in a classified environment (ISO 7 or better) with validated environmental 
monitoring. This is rare — most APIs are terminally sterilized by gamma irradiation after 
milling — but for gamma-sensitive APIs (proteins, peptides, oligonucleotides), aseptic 
milling is required.	

20.2 DPI API Micronization 
Dry powder inhalers (DPIs) require API particles with MMAD 1–5 µm for adequate lung 
deposition. The particle size specification is among the tightest in all of pharmaceutical 
manufacturing — a shift in MMAD from 2.5 µm to 3.5 µm can reduce fine particle fraction 
(FPF, the fraction of the dose that deposits in the lung) by 30–40%, dramatically reducing 
clinical efficacy. Jet milling parameters for DPI API micronization are defined tightly and 
controlled with inline monitoring:	

DPI API	 MMAD Target	 Classifier Setting	 Critical Control	
Budesonide (corticosteroid)	 1.5–2.5 µm	 12,000–14,000 rpm	 N2 feed; humidity < 10% RH in 

mill zone	
Salbutamol sulfate 
(bronchodilator)	

2.0–3.5 µm	 9,000–12,000 rpm	 Crystal form verification before 
and after milling	

Tiotropium bromide (LAMA)	 1.8–2.8 µm	 11,000–13,000 rpm	 OEB 4 containment; N2 
inerting	

Fluticasone propionate	 1.5–2.5 µm	 12,000–15,000 rpm	 Electrostatic charge control; 
humidity monitoring	

	
ENGINEERING INSIGHT  Electrostatic charge is the single greatest source of variability in 
DPI API jet milling. Fine particles (< 5 µm) generated by jet milling accumulate electrostatic 
charge that causes them to adhere to equipment surfaces and to the lactose carrier 
particles in the DPI formulation — changing the aerodynamic performance of the finished 
product. Proc-X DPI jet mill systems include static-dissipative linings on all product 
contact surfaces, nitrogen (< 1% RH) carrier gas, and anti-static grounding of the cyclone 
and filter systems. 
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Chapter 21: Lyophilization Preparation — 
Formulation Mixing and Filling 

IN THIS CHAPTER 

▸  Lyophilization (freeze-drying) overview: why it's chosen and what it demands of upstream 
processing 
▸  Formulation compounding for lyophilized injectables 
▸  Fill accuracy, stopper placement, and the role of mixing in lyo success 
▸  PAT for lyo primary drying endpoints 

	
	

21.1 Why Lyophilize? 
Lyophilization (freeze-drying) converts a liquid drug formulation into a stable dry cake by 
freezing the solution and then subliming the ice under vacuum. It is chosen when: (1) the 
drug is unstable in aqueous solution with insufficient shelf life; (2) the drug degrades at 
elevated temperatures, excluding spray drying; (3) the drug has a very short reconstitution 
window and must be delivered as a powder. Biopharmaceuticals (monoclonal antibodies, 
enzymes, peptide hormones) and chemically labile small molecules (vancomycin, 
cephalosporins, proton pump inhibitors) are the primary lyo candidates.	

The formulation mixing step before fill-finish is critical to lyophilization success. The 
excipients — bulking agents (mannitol, sucrose, trehalose), lyoprotectants (sucrose, 
trehalose), cryoprotectants (glycerol, PEG), and buffering agents — must be dissolved 
completely and uniformly distributed before filling. Any concentration gradient in the filled 
vials will produce non-uniform cake structure and potentially non-uniform API content. 
Proc-X sterile mixing vessels with integrated conductivity and pH monitoring ensure 
complete dissolution and homogeneity before each fill.	

21.2 Fill Accuracy Requirements 
For lyophilized injectables, fill weight accuracy is directly linked to the dose accuracy of 
the reconstituted product. USP <1> requires that the volume of injections meet the labeled 
volume when reconstituted. Overfill requirements (e.g., 10 mg/vial with 10% overfill for 
reconstitution losses) mean the fill weight must meet a tight window. For high-potency 
lyophilized oncology drugs, fill weight specification may be ±1–2% of target. Upstream 
mixing homogeneity determines whether this specification is achievable.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X sterile compounding vessels for lyo preparation 
use a mixing verification protocol (PX-MVP) that monitors conductivity and API 
concentration via inline UV or NIR throughout the compounding step, with automatic 
endpoint detection when conductivity and concentration have stabilized within 
specification. The PX-MVP eliminates the offline sampling-and-analysis cycle that has 
historically added 2–4 hours to the lyophilization preparation timeline.	
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PART  VI 

EQUIPMENT DEEP DIVES	

The Machines Behind the Medicine 
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Chapter 22: High-Shear Granulators and 
Fluid Bed Processors 

IN THIS CHAPTER 

▸  Complete design anatomy of the high-shear granulator — every component explained 
▸  The fluid bed processor control architecture and how it manages the four critical process 
variables 
▸  Scale-up from 2 L to 300 L: the data you need and the equipment choices that matter 
▸  Combination systems: one-pot processors integrating granulation, drying, and coating 

	
	

22.1 High-Shear Granulator Design Anatomy 
A complete high-shear granulator consists of the following subsystems, each critical to 
cGMP operation:	

• Bowl and lid assembly: 316L SS, electropolished, jacketed. Lid seals with inflatable 
EPDM gasket that can be sterilized and integrity-tested. All lid penetrations 
(impeller shaft, chopper shaft, spray nozzle, sampling port, exhaust) are sealed 
with FDA-compliant elastomers.	

• Impeller drive: Top-mounted or bottom-mounted (bottom-mounted preferred for 
contained discharge). AC induction motor with VFD providing 0.5–100 rpm in low 
speed (discharge) and 100–600 rpm in granulation mode. Torque sensor on drive 
shaft, resolution 0.1% of full scale.	

• Chopper drive: Side-mounted, 0.5–4 kW motor, 1,000–3,600 rpm via VFD. Chopper 
blade geometry: 4-blade flat bar (standard) or 3D profiled blade for sensitive 
granules.	

• Spray system: Peristaltic pump (0.1–2,000 mL/min range) driving a binary atomizing 
nozzle (compressed air + liquid streams). Droplet size D(4,3) 50–150 µm at 
standard operating conditions. Proc-X systems include gravimetric spray 
verification — the binder vessel is weighed in real time and the PLC compares 
actual liquid added against the recipe setpoint.	

• CIP spray balls: Two 360° rotating spray balls mounted on the lid, providing full 
coverage of all internal surfaces with cleaning solution at ≥ 5 psi impact pressure.	

22.2 Fluid Bed Processor Control Architecture 
The fluid bed processor control system must manage four interdependent variables 
simultaneously: product temperature, moisture content, fluidization quality (bed pressure 
drop and visual bed stability), and spray rate. Proc-X PX-FBP control architecture:	

• Cascade control: Spray rate is the manipulated variable in a cascade control loop 
where the primary controller is product temperature (or outlet air dew point for 
moisture-endpoint control). When product temperature falls below setpoint 
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(insufficient drying), spray rate decreases automatically. This prevents overwetting 
without operator intervention.	

• Fluidization control: Differential pressure across the product bed is maintained in the 
target range (10–50 mm H2O) by adjusting the supply air fan speed via VFD. Low 
differential pressure (loss of fluidization) triggers an alarm and spray rate cutoff 
before the bed collapses.	

• Process endpoint control: LOD (loss on drying) endpoint is determined either by 
offline sampling (traditional) or by inline NIR measurement of moisture in the 
product bed (PAT approach). NIR endpoint reduces drying time variation by ± 30% 
versus time-endpoint control.	

PROC-X EQUIPMENT SPOTLIGHT  The Proc-X PX-ONE one-pot processor combines high-
shear granulation and fluid bed drying in a single vessel. After high-shear wet 
granulation, the impeller is retracted and process air is introduced through the perforated 
base plate to fluidize and dry the wet granules without transfer. Eliminates the wet 
granule transfer step that is a primary source of granule attrition, segregation, and 
contamination risk. Available in 10, 25, 65, and 150 L sizes.	
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Chapter 23: Pharmaceutical Mills — 
From Comil to Jet Mill 

IN THIS CHAPTER 

▸  The complete pharmaceutical mill taxonomy: when to use each type 
▸  Conical mills (Comils): the workhorse for granule milling and deagglomeration 
▸  Pin mills and hammer mills: high-throughput dry size reduction 
▸  Oscillating granulators: gentle milling for fragile granules 
▸  The complete mill selection decision tree 

	
	

23.1 The Pharmaceutical Mill Taxonomy 
Mill Type	 Mechanism	 Product 

D90	
Throughput	 Key Pharma Application	

Conical mill 
(Comil)	

Impeller + screen	 0.5–3 mm	 5–2,000 kg/hr	 Granule milling after HSG/RC, 
deagglomeration	

Oscillating 
granulator	

Oscillating bar + 
screen	

1–5 mm	 20–500 kg/hr	 Gentle milling of friable 
granules, slugs	

Pin mill	 High-speed pin disc 
impact	

50–500 
µm	

50–5,000 
kg/hr	

Spray-dried powders, botanical 
extracts	

Hammer mill	 High-speed 
hammer impact	

100 µm – 
5 mm	

100–10,000 
kg/hr	

Botanical powders, API pre-
milling	

Air classifier mill 
(ACM)	

Impact + integrated 
classif.	

10–200 
µm	

10–500 kg/hr	 Fine API milling, excipient 
particle sizing	

Jet mill (fluidized 
bed)	

Particle-particle 
impact	

1–50 µm	 0.5–500 kg/hr	 API micronization, DPI 
formulations	

Bead mill (wet)	 Media–particle 
attrition	

0.1–10 µm	 1–1,000 L/hr	 API nanosizing, wet grinding	

	

23.2 Conical Mills — the Pharma Workhorse 
The conical mill (Comil) is the single most widely used size reduction device in solid dose 
pharmaceutical manufacturing. Its rotating impeller forces material through a conical 
screen, and the gap between impeller and screen controls the product particle size. 
Variable parameters: impeller type (round, square, grater-style), impeller speed (200–
3,600 rpm), and screen aperture (0.075–6.0 mm). Advantages: gentle milling action 
(preserves granule morphology), easy screen changeover, and contained design for OEB 
3–4 applications. Proc-X Comil equivalents offer continuous product temperature 
monitoring and screen integrity monitoring via differential pressure.	

23.3 Mill Selection Decision Logic 
Selecting the right pharmaceutical mill for a given application depends on: (1) target 
particle size, (2) API sensitivity (thermal, mechanical, electrostatic), (3) throughput 
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requirement, (4) batch vs. continuous operation, (5) containment requirement (OEB 
classification), and (6) downstream process requirements (flowability, bulk density). When 
target D90 is > 500 µm and the material is not fragile, a hammer mill or Comil is 
appropriate. When target D90 is 50–500 µm and heat is a concern, an air classifier mill 
with cooling option is preferred. When target D90 is < 50 µm, a jet mill with nitrogen gas 
is required. When the suspension is the desired form, a wet bead mill achieves the finest 
particle sizes.	
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Chapter 24: Twin-Screw Extruders and 
Continuous Processing Equipment 

IN THIS CHAPTER 

▸  TSE design fundamentals for pharmaceutical HME and continuous wet granulation 
▸  Scale-up from 11 mm to 40 mm: the geometric similarity principles 
▸  Continuous wet granulation by TSE: equipment, process, and PAT integration 
▸  Downstream HME processing: cooling conveyors, pelletizers, and milling 

	
	

24.1 TSE Design for Pharmaceutical Applications 
The pharmaceutical co-rotating twin-screw extruder differs from its industrial counterpart 
in several critical ways: all product-contact surfaces are 316L SS or GMP-grade polymer 
(PEEK, PTFE); the barrel is modular with individual temperature-controlled zones; a 
vacuum vent is available to remove trapped air or residual solvent from the melt; and the 
screw is fully removable for cleaning and inspection without dismantling the entire gearbox 
assembly.	

Screw designs for pharmaceutical HME are custom-developed using process simulation 
software (PolyFlow, SIGMA, TSIM) that predicts melt temperature, shear rate, and 
residence time distribution for each screw configuration. Proc-X supplies reference screw 
configurations for the most common HME applications (HPMC-AS ASD, PVP-VA ASD, 
enteric matrix extrusion) and custom screw design services for novel formulations.	

24.2 Continuous Wet Granulation by TSE 
In continuous wet granulation (CWG), powder and granulating liquid are continuously fed 
into a co-rotating TSE. Granulation occurs in the wetted zone of the screw barrel in 20–60 
seconds. Key advantages over batch high-shear granulation:	

• No scale-up: The same screw configuration operates from development (< 1 kg/hr at 
11 mm) to production (> 100 kg/hr at 40–50 mm). The TSE operates continuously 
at all scales — scale-up is achieved by increasing throughput rate, not by changing 
process geometry.	

• Narrow residence time distribution: Batch granulators have broad within-batch 
variability in granule processing time. TSE RTD is typically < ± 5 seconds, 
producing much more uniform granule properties.	

• Real-time process control: Inline PAT instruments (FBRM, NIR) provide continuous 
feedback, enabling closed-loop control of liquid-to-solid ratio and granule size in 
real time.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-CWG continuous wet granulation lines 
integrate the PX-TSE granulator with: dual gravimetric feeders (powder + liquid), inline 
FBRM probe for granule size monitoring, a purpose-designed transfer chute to the PX-
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FBP fluid bed dryer, and the PX-BMS data system — all controlled from a single HMI. 
The complete line occupies 8 m × 3 m floor space and operates from 5 kg/hr 
(development) to 150 kg/hr (full commercial production) on the same equipment frame.	
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Chapter 25: Bulk Material Handling in 
Pharmaceutical Facilities 

IN THIS CHAPTER 

▸  Contained powder transfer for high-potency APIs — OEB 1 through OEB 5 
▸  Vacuum conveying for pharmaceutical facilities: design and validation 
▸  Bin (IBC) management systems in continuous and batch manufacturing 
▸  Loss-in-weight feeders: the critical link in continuous manufacturing 

	
	

25.1 Contained Powder Transfer for High-Potency APIs 
High-potency APIs (HPAPIs) — cytotoxics, hormones, cardiovascular agents, and 
oncology compounds — require contained handling to protect operators from occupational 
exposure. The containment approach scales with the OEB classification:	

OEB 
Level	

OEL Range	 Transfer Approach	 Proc-X Solution	

OEB 1	 > 1 mg/m³	 Standard engineering controls, 
local exhaust ventilation	

Standard IBC charging, ventilated 
booth	

OEB 2	 0.1–1 mg/m³	 Closed charging, dust extraction	 Split butterfly valve, closed charging 
station	

OEB 3	 10–100 µg/m³	 Contained charging isolator or 
glove bag	

PX-CBV contained charging with 
HEPA exhaust	

OEB 4	 1–10 µg/m³	 Fully enclosed isolator, HEPA 
filtered	

PX-ISO containment isolator (< 1 
µg/m³ verified)	

OEB 5	 < 1 µg/m³	 Highest containment — 
dedicated facility/equipment	

PX-HPISO (< 0.1 µg/m³ with 
continuous air monitoring)	

	

25.2 Vacuum Conveying in Pharmaceutical Facilities 
Vacuum (dilute-phase pneumatic) conveying is the preferred method for transferring 
pharmaceutical powders between processing steps within a facility. Advantages over 
mechanical conveying: completely enclosed (no open powder exposure), gentle transport 
(suitable for granules that would attrit in mechanical conveyors), and easy cleaning (piping 
can be CIP or WIP cleaned). Proc-X pharmaceutical vacuum conveying systems use: 
food-grade polyurethane or PTFE-lined stainless steel tubing, gravity-assisted vertical 
drops where possible (minimizes particle attrition), and a pulsed compressed air cleaning 
cycle that dislodges product from pipe walls between batches.	

25.3 Loss-in-Weight Feeders for Continuous 
Manufacturing 
Loss-in-weight (LIW) feeders are the heart of any continuous pharmaceutical 
manufacturing line. They provide the precise, continuous mass flow rates needed to 
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maintain constant drug-to-excipient ratios in a continuous process. Performance 
requirements:	

• Feed accuracy: ± 0.5% of setpoint for all materials in the formulation (API, excipients, 
binders).	

• Refill strategy: Automated refill from overhead IBC without significant flow rate 
disturbance. Proc-X PX-LIW feeders use fast-refill (< 30 second refill cycle) with 
feedforward compensation that maintains flow rate accuracy during and after refill.	

• API segregation monitoring: Low-dose APIs (< 5% of formulation) require 
independent verification that the API feeder is actually delivering. Inline Raman or 
NIR spectroscopy confirms API presence in the blend stream after mixing.	

ENGINEERING INSIGHT  The refill transition in a continuous process is the single highest-
risk event for product quality. During the 15–60 seconds required to refill a LIW feeder 
hopper, the feeder briefly transitions from gravimetric (closed-loop weight-based) to 
volumetric (open-loop speed-based) mode. If the bulk density of the material in the refill 
batch differs from the previous batch — which occurs routinely with natural variation in 
excipient lots — the volumetric mode will deliver an incorrect flow rate during the 
transition. Proc-X LIW feeders use a proprietary fast-refill algorithm that characterizes the 
bulk density of each refill batch automatically and updates the volumetric mode speed 
setting before the transition occurs. 
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PART  VII 

COMPLIANCE, QUALITY & 
THE DIGITAL FUTURE	

Validation, Data Integrity & Continuous Manufacturing 

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 65	

PROPRIETARY — PROC-X MANUFACTURING GROUP  ·  www.procxinc.com	

Chapter 26: 21 CFR Part 211 — Complete 
cGMP Compliance for Processing 
Equipment 

IN THIS CHAPTER 

▸  Every equipment-relevant section of 21 CFR Part 211 — requirements and Proc-X 
compliance approach 
▸  The FDA's 483 observation and warning letter landscape for equipment 
▸  How the Quality by Design (QbD) framework changes equipment specification 
▸  Pharmaceutical Inspection Co-operation Scheme (PIC/S) and ICH Q10 alignment 
▸  Building a compliance file: the documentation Proc-X provides with every system 

	
	

26.1 Complete 21 CFR Part 211 Equipment 
Requirements 
21 CFR Part 211 Subpart D (Sections 211.63 through 211.68 and 211.182) governs 
equipment in pharmaceutical manufacturing facilities. This chapter provides a section-by-
section analysis of every equipment-relevant requirement and the specific Proc-X design 
response to each.	

Section 211.63 — Equipment Design, Size, and Location 
Requirement: Equipment must be of appropriate design, adequate size, and suitably 
located to facilitate operations for its intended use and for its cleaning and maintenance.	

Proc-X approach: Every Proc-X system is delivered with a Design Qualification (DQ) 
document that records the equipment specification rationale — why the bowl size was 
selected for the batch range, why the impeller geometry was chosen for the material 
properties, and why the equipment location in the facility layout supports cleaning and 
maintenance access. The DQ is part of the Equipment History File (EHF) maintained 
throughout the equipment lifecycle.	

Section 211.65 — Equipment Construction 
Requirement: Surfaces that contact components, in-process materials, or drug products 
must not be reactive, additive, or absorptive so as to alter the safety, identity, strength, 
quality, or purity of the drug product.	

Proc-X approach: All product-contact materials are documented in the Material of 
Construction (MoC) Certificate provided with every system. Primary materials: ASTM 
A270 316L SS for metal surfaces; FDA 21 CFR 177.2600-compliant elastomers (EPDM, 
silicone, PTFE) for seals and gaskets; borosilicate glass for sight glasses; PEEK or PTFE 
for bearings in product zones where metal contact is unacceptable. No cadmium, lead, or 
hexavalent chromium plating on any surface. No painted surfaces in product zones.	
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Section 211.67 — Equipment Cleaning and Maintenance 
Requirement: Equipment shall be cleaned, maintained, and sanitized at appropriate 
intervals to prevent malfunctions or contamination that would alter the safety, identity, 
strength, quality, or purity of the drug product.	

Proc-X approach: (1) Cleanability by design — all internal radii ≥ 3 mm; no dead legs in 
piping; spray ball coverage verified by riboflavin fluorescent dye test documented in the 
IQ package. (2) CIP/WIP design — all Proc-X systems include CIP circuits as standard. 
(3) Cleaning SOP — Proc-X provides a draft cleaning SOP based on equipment geometry 
for customer validation adaptation. (4) Maintenance access — all bearings, seals, and 
wear parts accessible without product zone disassembly; PM schedule in the IQ 
documentation.	

Section 211.68 — Automatic, Mechanical, and Electronic Equipment 
Requirement: Computerized systems used to perform GMP functions must be validated, 
calibrated, and protected against unauthorized changes. Input and output verification must 
be performed at a frequency appropriate to the complexity and reliability of the system.	

Proc-X approach: All PX-BMS control systems are validated under GAMP 5 Category 4 
(configured product) protocols. System includes: role-based access control with password 
authentication, complete electronic audit trail (who changed what, when, and why), 
electronic batch records locked after batch completion, and calibration management 
module that tracks all instrument calibration schedules and alerts to upcoming calibrations.	

Section 211.182 — Equipment Cleaning and Use Log 
Requirement: Written records shall be maintained for equipment used in the manufacture, 
processing, packing, or holding of a drug product. Records shall include: date, time, 
product, lot number, operator name for each use; cleaning and sanitizing performed; and 
identification of the person who performed these activities.	

Proc-X approach: PX-BMS automatically generates the equipment use log for every batch 
— date, time, operator ID (from electronic login), product, batch number, process 
parameters, and cleaning confirmation (with electronic signature from cleaning operator). 
The log is part of the electronic batch record and is retained indefinitely in the historian.	

REGULATORY INSIGHT  The FDA issued 68 warning letters citing equipment-related GMP 
violations in the most recent three-year reporting period — primarily related to data 
integrity failures in computerized equipment systems (manipulated audit trails, shared 
logins, backdated records) and inadequate cleaning validation. Proc-X GAMP 5-validated 
control systems are designed specifically to make these violations impossible: audit trails 
cannot be disabled, logins cannot be shared, and timestamps are generated by a 
synchronized network clock that cannot be altered by any user at any access level. 

26.2 The QbD Framework and Equipment Specification 
Quality by Design (ICH Q8) connects product quality to process parameters through a 
structured development program. For processing equipment, QbD changes the equipment 
specification approach from 'specify a mixer and validate it works' to 'define the design 
space for mixing, specify equipment capable of operating throughout the design space 
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with measurement of all critical parameters, and demonstrate the equipment's control 
capability across the design space.'	

Proc-X equipment is specified to be 'design space aware': every controllable process 
parameter (speed, temperature, time, vacuum, spray rate) has a validated operating range 
documented in the equipment's OQ protocol, and the ranges are cross-referenced to the 
formulation design space established in the QbD development program. When the 
process design space changes during development, the equipment OQ update is 
straightforward — because the relationship between equipment parameters and product 
quality was built in from the start.	

26.3 The Compliance Documentation Package 
Document	 Content	 Regulatory Basis	
Design Qualification (DQ)	 Equipment design rationale vs. URS 

requirements	
21 CFR 211.63, GAMP 5	

Factory Acceptance Test 
(FAT)	

Function testing at Proc-X facility pre-
shipment	

ICH Q10, PIC/S PI 006	

Site Acceptance Test (SAT)	 Function testing at customer site post-
installation	

ICH Q10, PIC/S PI 006	

IQ Protocol & Report	 Installation correctness — utilities, 
materials, documentation	

21 CFR 211.68, GAMP 5	

OQ Protocol & Report	 Equipment operates per spec across full 
operating range	

21 CFR 211.63, GAMP 5	

PQ Protocol & Report	 Process + equipment consistently 
produces conforming product	

21 CFR 211.100, ICH Q10	

Material of Construction 
(MoC) Certificate	

All product-contact materials documented	 21 CFR 211.65	

Surface Finish Certificate	 Profilometer measurement of all product-
contact surfaces	

21 CFR 211.65	

Calibration Records	 Pre-delivery calibration of all instruments	 21 CFR 211.68	
Weld Certificates	 Boroscope inspection and passivation 

records for all welds	
21 CFR 211.65	

Cleaning Validation Support 
Package	

CIP spray ball coverage study, riboflavin 
test results	

21 CFR 211.67	

Computer System Validation 
(CSV) Package	

GAMP 5 Category 4 validation 
documentation for PLC/SCADA	

21 CFR 11, EU Annex 11	
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Chapter 27: Process Validation — Stage 
1, Stage 2, and Stage 3 

IN THIS CHAPTER 

▸  FDA Process Validation Guidance (2011): the three-stage lifecycle model 
▸  Stage 1 — Process Design: where equipment performance data feeds into development 
▸  Stage 2 — Process Qualification: PPQ batches and statistical acceptance criteria 
▸  Stage 3 — Continued Process Verification: the SPC and CPV program 
▸  Equipment performance verification within the continued process verification framework 

	
	

27.1 The Three-Stage Validation Lifecycle 
The FDA's 2011 Process Validation Guidance replaced the traditional three-batch 
validation concept with a continuous, lifecycle-based approach. The guidance recognizes 
that a process cannot be considered validated after three batches at a fixed set of 
parameters — rather, validation is an ongoing activity that encompasses process 
development, qualification, and continued monitoring throughout the commercial lifecycle.	

Stage 1 — Process Design 
Process design uses the knowledge gained during pharmaceutical development (QbD, 
design of experiments, risk assessment) to establish the commercial manufacturing 
process. For processing equipment, Stage 1 activities include: equipment characterization 
(mapping of temperature uniformity in dryers, blending kinetics in blenders, milling PSD 
as a function of classifier speed), design space definition (the range of equipment 
parameters within which the process produces conforming product), and failure mode 
analysis (PFMEA identifying potential equipment-related failure modes before they occur 
in commercial manufacturing).	

Stage 2 — Process Performance Qualification (PPQ) 
PPQ confirms that the commercial manufacturing process, as defined in Stage 1, performs 
as expected and produces a product meeting all CQAs. For processing equipment, PPQ 
requires demonstrating equipment performance under commercial-scale conditions using 
commercial-grade raw materials, commercial batch sizes, and the commercial process 
parameters defined in the process description. Statistical acceptance criteria (typically n 
≥ 3 consecutive conforming batches, with Cpk ≥ 1.33 for all CQAs) confirm that the 
process is in control.	

Stage 3 — Continued Process Verification (CPV) 
CPV is the ongoing monitoring program that provides statistical evidence that the process 
remains in a state of control throughout commercial manufacturing. For equipment, CPV 
monitors the relationship between critical process parameters (CPPs) and critical quality 
attributes (CQAs) using statistical process control. Proc-X PX-BMS provides the CPV data 
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infrastructure: all batch data is automatically exported to the customer's statistical analysis 
system, and Shewhart control charts (X-bar/R charts for CPPs) and capability indices (Cpk 
for CQAs) are updated after each batch.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X CPV support package includes 24 months of 
trending analysis on all PX-BMS-logged process parameters, generating monthly CPV 
reports that identify parameter drifts before they cause product failures. For facilities 
without a dedicated statistical analyst, Proc-X offers managed CPV services: monthly 
reports prepared by Proc-X validation engineers, reviewed with the customer's quality 
team, and filed in the customer's quality management system. This service has prevented 
7 product quality deviations by detecting equipment parameter drift in the early stages 
across our customer base.	
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Chapter 28: Data Integrity, 21 CFR Part 
11, and EU Annex 11 

IN THIS CHAPTER 

▸  The ALCOA+ framework: Attributable, Legible, Contemporaneous, Original, Accurate — 
plus Complete, Consistent, Enduring, Available 
▸  21 CFR Part 11 requirements for electronic records and electronic signatures 
▸  EU GMP Annex 11 — computerised systems in pharmaceutical manufacturing 
▸  Common data integrity failures in processing equipment and how to prevent them 
▸  GAMP 5 Category 4 validation for PLC-based pharmaceutical equipment 

	
	

28.1 The Data Integrity Imperative 
Data integrity — the completeness, consistency, and accuracy of GMP data throughout 
its lifecycle — has become the FDA's and EMA's top inspection focus. Between 2014 and 
2024, data integrity failures were cited in the majority of FDA import alerts and warning 
letters against pharmaceutical manufacturers, particularly those in Asia. The 
consequences are severe: import alerts, consent decrees, facility shutdowns, and criminal 
prosecution of company executives.	

For processing equipment, data integrity requirements mean: every instrument reading 
must be recorded by the system itself (not manually transferred); audit trails must capture 
all changes to electronic records; electronic signatures must meet 21 CFR Part 11 
requirements; and no single user may have the ability to both create and approve a record 
(segregation of duties).	

28.2 ALCOA+ in Processing Equipment Systems 
• Attributable: Every data record must identify the person or system that created it. 

Proc-X PX-BMS requires individual user login for all data entry; shared generic 
logins are architecturally impossible.	

• Legible: Records must be readable throughout the retention period. PX-BMS stores 
records in an open-standard format (CSV + XML) readable by standard tools, not 
proprietary binary formats that become inaccessible when software versions 
change.	

• Contemporaneous: Records must be created at the time of the activity. PX-BMS 
timestamps all records at the moment of creation, synchronized to a network time 
server. Time zones are recorded with UTC offset.	

• Original: The first record of an observation is the original record. PX-BMS never 
modifies original records — changes create new records with the original preserved 
in the audit trail.	
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• Accurate: Records must reflect what actually happened. Proc-X instrument 
calibration program and instrument error monitoring ensure that recorded process 
parameters accurately represent actual process conditions.	

• Complete, Consistent, Enduring, Available: All data from every batch is archived 
indefinitely. Full data sets are available for regulatory inspection on demand. No 
selective data archiving.	

28.3 21 CFR Part 11 Requirements for Electronic 
Records 
21 CFR Part 11 applies to electronic records and electronic signatures used to satisfy a 
requirement or regulation administered by the FDA. For pharmaceutical processing 
equipment, the relevant records include: batch production records (21 CFR 211.188), 
equipment use logs (211.182), calibration records (211.68), and cleaning records 
(211.67). Part 11 requirements:	

• Validation: Systems must be validated to ensure accuracy, reliability, consistent 
intended performance, and the ability to discern invalid or altered records.	

• Audit trail: Systems must use computer-generated, time-stamped audit trails to 
independently record the date and time of operator entries and actions that create, 
modify, or delete electronic records.	

• Access controls: Systems must limit access to authorized individuals via use of 
passwords, biometric devices, or other authority checks.	

• Electronic signatures: Must link the signer's name to the specific record, include the 
date and time of signing, and include the meaning of the signature.	

28.4 Common Data Integrity Failures in Processing 
Equipment 

Failure Mode	 How It Occurs	 Proc-X Prevention	
Shared generic login	 Operators share 'admin' or 

'operator' password	
Named user accounts only; shared accounts 
architecturally impossible	

Disabled audit trail	 System administrator disables 
audit trail to save storage 
space	

Audit trail cannot be disabled by any user 
level; storage auto-expands	

Manual data 
transcription	

Process data printed and 
hand-entered into LIMS or 
EBR	

PX-BMS exports directly to LIMS/EBR via 
OPC-UA; no manual transcription	

Clock manipulation	 System clock changed to 
backdate records	

Hardware clock synchronized to network time 
server; clock change requires dual 
authorization and creates audit event	

Selective printing	 Only favorable batch data 
printed; rest deleted	

All data retained in historian; print function 
prints complete batch record only	

Test/practice entries in 
production system	

Operators use production 
system for training	

Separate training environment provisioned on 
all Proc-X installations	
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Chapter 29: Continuous Manufacturing 
and ICH Q13 

IN THIS CHAPTER 

▸  What makes continuous manufacturing different from batch — and why regulators now 
support it 
▸  ICH Q13 requirements: control strategy, RTD, diversion, and batch definition 
▸  The complete continuous solid oral dose manufacturing line 
▸  Real-time release testing (RTRT) — the quality system that enables continuous 
manufacturing 
▸  PAT instrument network architecture for continuous pharmaceutical manufacturing 

	
	

29.1 Continuous Manufacturing — the Paradigm Shift 
Continuous pharmaceutical manufacturing (CM) produces drug product in a continuously 
flowing process rather than discrete batches. Raw materials are fed continuously into the 
process and finished product is collected continuously at the other end, with the entire 
process running at steady state. The business case for CM is compelling: smaller 
equipment footprint (because throughput is governed by time × flow rate, not vessel size), 
faster production (hours instead of days per batch cycle), reduced in-process inventory, 
lower energy consumption, and — critically — better process control through real-time 
monitoring of every unit of product.	

The regulatory acceptance of CM has transformed from skepticism (pre-2012) to active 
encouragement. The FDA's 2019 guidance on adopting pharmaceutical continuous 
manufacturing, followed by ICH Q13 in 2022, provides a clear regulatory pathway for CM 
submissions in new drug applications (NDAs) and abbreviated new drug applications 
(ANDAs).	

29.2 The Complete Continuous Solid Dose Line 
Process Step	 Equipment	 Key PAT Instruments	 Control Strategy	
Continuous feeding	 LIW feeders (API + 

excipients)	
Gravimetric mass flow, 
Raman (API ID)	

Closed-loop feed rate control; 
API ID confirmation	

Continuous 
blending	

Continuous tube 
blender or plow 
blender	

NIR (blend uniformity, 
API content)	

NIR feedback to feeder speed; 
endpoint by MBSD	

Continuous 
granulation	

TSE wet granulator	 FBRM (granule size), 
NIR (moisture)	

Liquid-to-solid ratio control; 
spray rate cascade	

Continuous drying	 Fluid bed dryer 
(continuous)	

NIR (moisture), 
product temp	

Spray rate / air flow cascade; 
NIR endpoint	

Continuous milling	 Comil or ACM	 Inline PSD (laser 
backscatter)	

Classifier speed feedback to 
PSD target	

Continuous 
blending (final)	

Continuous V-blender	 NIR (content 
uniformity)	

API feeder cascade; diversion 
on out-of-spec	
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Continuous 
compression	

Rotary tablet press	 Weight + hardness (in-
press monitoring)	

Force feedback; automatic 
diversion on weight OOS	

Continuous coating	 Perforated drum 
coater (continuous)	

NIR (film weight gain)	 Spray rate + pan speed for film 
weight target	

	

29.3 Real-Time Release Testing (RTRT) 
RTRT replaces end-product testing with real-time monitoring of surrogate process 
attributes that have been shown to predict end-product quality. The regulatory basis is ICH 
Q8 (pharmaceutical development) and the FDA's 2004 PAT guidance. For a continuous 
solid dose line with RTRT:	

• Content uniformity: NIR blend uniformity monitoring replaces the 30-unit USP <905> 
end-product test. ICH Q13 requires demonstration that the NIR model predicts CU 
acceptance value with appropriate statistical confidence.	

• Dissolution: NIR physical characterization of granule surface area and particle size 
can predict dissolution in some formulations. Where not possible, rapid in-line 
dissolution testing (fiber optic UV cell in a compact dissolution vessel) is used.	

• Identity: Raman or NIR spectroscopy in the blend stream provides continuous 
identity confirmation, replacing periodic offline HPLC identification testing.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X continuous manufacturing lines are supplied 
with the PX-RTRT data package: a multivariate calibration model library for NIR/Raman-
based content uniformity and moisture monitoring, pre-built for the most common 
pharmaceutical excipient systems (MCC/HPMC/magnesium stearate and 
lactose/starch/PVP). Custom model development for novel formulations is available 
through Proc-X's pharmaceutical science team.	
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Chapter 30: The Digital Pharmaceutical 
Facility — Data, AI, and the Future 

IN THIS CHAPTER 

▸  Industry 4.0 in pharmaceutical manufacturing: the promise and the regulatory constraints 
▸  The pharmaceutical digital twin: simulating process performance before it happens 
▸  Machine learning for process optimization and failure prediction 
▸  The fully connected facility: OPC-UA, ISA-88/95, and the pharma data backbone 

	
	

30.1 Industry 4.0 and Pharma's Unique Regulatory 
Context 
Industry 4.0 — the integration of cyber-physical systems, Internet of Things connectivity, 
advanced analytics, and artificial intelligence in manufacturing — is transforming 
pharmaceutical manufacturing. But the pharmaceutical context adds a regulatory 
dimension that distinguishes it from every other industry: any algorithmic system used to 
make a GMP decision must be validated under GAMP 5 or an equivalent framework. An 
AI model that adjusts a critical process parameter based on PAT data is a regulated 
computer system — it requires qualification, validation, periodic review, and change 
control.	

The FDA's 2021 discussion paper on AI and machine learning in drug manufacturing 
acknowledges this challenge while encouraging innovation. The paper establishes that 
AI/ML systems used in GMP contexts are subject to Part 11 and GAMP 5 requirements, 
and that the validation framework for these systems must address the additional 
complexity of models that may drift or change performance over time.	

30.2 The Pharmaceutical Digital Twin 
A digital twin of a pharmaceutical manufacturing process is a continuously updated 
mathematical model that represents the current state of the physical process in real time. 
For a Proc-X-equipped granulation line, the digital twin would incorporate: first-principles 
models of high-shear granule growth kinetics, fluid bed drying mass transfer, and blender 
mixing kinetics; calibrated against historical batch data from the PX-BMS historian; and 
updated in real time with incoming PAT data from the production line. The digital twin 
enables:	

• Predictive scale-up: Simulate the effect of batch size change before committing 
production equipment.	

• Process troubleshooting: Identify root cause of batch deviation by simulating 
alternative process histories.	

• Optimization: Find the parameter combination that minimizes cycle time while 
maintaining all CQA specifications within the design space.	
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30.3 Machine Learning for Pharmaceutical Processing 
• Batch failure prediction: LSTM recurrent neural networks trained on PX-BMS 

historian data predict tablet hardness, content uniformity, and dissolution from mid-
process granulation parameters — enabling early batch diversion decisions before 
downstream processing costs are incurred.	

• Predictive maintenance: Vibration and temperature monitoring of gearboxes, impeller 
drives, and fluid bed fan motors combined with ML anomaly detection identifies 
bearing and seal failures 2–6 weeks before they cause production shutdowns.	

• Formulation optimization: Gaussian process regression models in the design of 
experiments framework accelerate formulation screening by predicting the optimal 
binder concentration and granulation endpoint for new APIs from a limited set of 
characterization data.	

REGULATORY INSIGHT  The FDA's CDER (Center for Drug Evaluation and Research) has 
received over 200 submissions containing real-time release testing components since 
2006, and the number is accelerating with the adoption of continuous manufacturing. The 
message from these submissions is clear: regulators are fully prepared to accept PAT and 
RTRT when the analytical method is validated, the process model is sound, and the data 
integrity systems are robust. The barrier to RTRT adoption is not regulatory — it is the 
investment in method development and system validation that most manufacturers have 
been reluctant to make. Proc-X's RTRT support packages are designed to eliminate this 
barrier. 
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APPENDIX A: Glossary of Key Terms 
ALCOA+: Data integrity framework: Attributable, Legible, Contemporaneous, Original, Accurate, plus 
Complete, Consistent, Enduring, and Available. 
Amorphous Solid Dispersion (ASD): A solid pharmaceutical form in which the API is molecularly 
dispersed in a polymer matrix in an amorphous (non-crystalline) state, producing enhanced 
dissolution rate. 
API: Active Pharmaceutical Ingredient. The pharmacologically active molecule in a drug product. 
BCS: Biopharmaceutics Classification System. Classifies APIs by aqueous solubility (high/low) and 
intestinal permeability (high/low). BCS Class II (high permeability, low solubility) requires particle 
size reduction for bioavailability. 
cGMP: Current Good Manufacturing Practice. The minimum standard required for manufacturing, 
processing, packing, and holding of drugs. Governed in the U.S. by 21 CFR Parts 210 and 211. 
CIP: Clean-in-Place. A method of cleaning pharmaceutical equipment in place without disassembly, 
using automated spray systems and cleaning solution circulation. 
CPP: Critical Process Parameter. A process parameter whose variability has an impact on a critical 
quality attribute and therefore should be monitored or controlled to ensure the process produces the 
desired quality. 
CQA: Critical Quality Attribute. A physical, chemical, biological, or microbiological property or 
characteristic that should be within an appropriate limit, range, or distribution to ensure the desired 
product quality. 
CPV: Continued Process Verification. Stage 3 of the FDA Process Validation lifecycle — ongoing 
statistical monitoring of process performance in commercial manufacturing. 
Design Space: The multidimensional combination and interaction of input variables (material 
attributes) and process parameters that have been demonstrated to provide assurance of quality. 
Defined in ICH Q8. 
DQ: Design Qualification. Documents that equipment/system has been designed to meet defined 
requirements. 
FBP: Fluid Bed Processor. Equipment in which heated air is forced upward through a powder bed to 
suspend it in a fluidized state for granulation, drying, or coating. 
GAMP 5: Good Automated Manufacturing Practice, 5th edition. Industry guidance for validation of 
automated systems in pharmaceutical manufacturing, published by ISPE. 
HME: Hot-Melt Extrusion. A process in which API and polymer are melted and extruded to form an 
amorphous solid dispersion for bioavailability enhancement. 
HPAPI: High-Potency Active Pharmaceutical Ingredient. An API with an occupational exposure limit 
≤ 10 µg/m³ (OEB 4) or ≤ 1 µg/m³ (OEB 5). 
ICH Q13: International Council for Harmonisation guideline on Continuous Manufacturing of Drug 
Substances and Drug Products (2022). 
IQ: Installation Qualification. Documented verification that equipment has been installed correctly 
and consistently with supplier recommendations and industry standards. 
LIW Feeder: Loss-in-Weight Feeder. A gravimetric continuous feeder that measures material feed 
rate by monitoring the rate of weight loss from the feeder hopper. 
MMAD: Mass Median Aerodynamic Diameter. The aerodynamic particle diameter at which 50% of the 
inhaled mass is larger and 50% is smaller. Target MMAD for DPI lung deposition: 1–5 µm. 
OEB: Occupational Exposure Band. Classification system for API potency and required containment 
level: OEB 1 (lowest potency) through OEB 5 (highest potency). 
OQ: Operational Qualification. Documented verification that equipment operates per its 
specifications across its operating range. 
PAT: Process Analytical Technology. A system for designing, analyzing, and controlling 
manufacturing through timely measurements of critical quality and performance attributes of raw 
and in-process materials. 
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PQ: Performance Qualification. Documented verification that the process and equipment 
consistently produce a product meeting all critical quality attributes. 
PX-BMS: Proc-X Batch Management System. The SCADA, historian, and electronic batch record 
system integrated into all Proc-X pharmaceutical processing lines. 
QbD: Quality by Design. A systematic approach to pharmaceutical development beginning with 
predefined objectives and emphasizing product and process understanding based on sound science 
and quality risk management. 
RTRT: Real-Time Release Testing. Evaluation and certification of an in-process or final product 
based on process data, which provides greater assurance of product quality than end-product 
testing. 
SIP: Sterilize-in-Place. Sterilization of a vessel or system in situ using saturated steam at 121°C for ≥ 
30 minutes without dismantling. 
TSE: Twin-Screw Extruder. A co-rotating or counter-rotating twin-screw processing machine used in 
pharmaceutical HME, continuous wet granulation, and polymer compounding. 
21 CFR Part 11: Title 21 CFR Part 11. FDA regulation establishing criteria under which the agency 
considers electronic records and electronic signatures to be trustworthy, reliable, and equivalent to 
paper records. 
21 CFR Part 211: Current Good Manufacturing Practice for Finished Pharmaceuticals. The primary 
U.S. regulatory standard governing pharmaceutical manufacturing equipment, facilities, and 
processes. 
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APPENDIX B: Equipment Selection 
Guide 

Process Task	 Material / Application	 Recommended 
Equipment	

Key Process 
Parameter	

Wet granulation 
(batch)	

All solid dose 
formulations	

PX-HSG High-Shear 
Granulator	

Impeller tip speed, L/S 
ratio, power endpoint	

Dry granulation	 Moisture-sensitive 
APIs, low-dose	

PX-RC Roller Compactor 
+ Comil	

Roll pressure, ribbon 
density, screen aperture	

Fluid bed granulation	 Free-flowing powders, 
top-spray	

PX-FBP (top-spray insert)	 Inlet temp, spray rate, 
product temp endpoint	

Fluid bed drying	 Wet granules from 
HSG or TSG	

PX-FBP or PX-ONE (one-
pot)	

Inlet temp, product 
temp, LOD / NIR 
endpoint	

Wurster coating	 Pellets, granules, 
tablets (ER/enteric)	

PX-FBP (Wurster insert)	 Spray rate, coat weight 
gain, partition gap	

Pan coating (tablets)	 Immediate release, 
taste masking	

PX-COAT side-vented 
pan	

Pan speed, spray rate, 
inlet air, exhaust RH	

API micronization (D90 
< 50 µm)	

BCS Class II APIs, DPI 
formulations	

PX-API Jet Mill + N2 
system	

Classifier speed, 
grinding pressure	

API nanosizing (< 1 
µm)	

BCS Class II oral 
suspension, injectable	

Wet bead mill (0.1 mm 
ZrO2 media)	

Milling time / passes, 
bead fill, temperature	

Cryogenic milling	 Thermolabile APIs, 
amorphous ASDs	

Proc-X cryo jet mill or 
cryo pin mill	

LN2 feed rate, mill zone 
temperature	

HME (bioavailability 
enhancement)	

BCS Class II ASD 
production	

PX-HME Twin-Screw 
Extruder	

Barrel temp profile, 
screw speed, throughput	

Continuous wet 
granulation	

High-throughput 
continuous solid dose	

PX-CWG TSE + FBP 
dryer	

Liquid addition rate, 
screw speed, FBRM 
endpoint	

Bin blending (potent 
APIs)	

OEB 3–5 blending, 
multi-component 
blends	

PX-IBC Bin Blender + 
contained charging	

Rotations, tip speed, 
NIR blend endpoint	

Sterile mixing	 Parenterals, 
lyophilized injectables	

PX-SV Sterile Vessel 
(magnetic drive)	

Mixing speed, time, 
temperature, 
conductivity	

Softgel fill preparation	 Oil-based 
nutraceuticals, 
lipophilic APIs	

High-shear disperser + 
vacuum de-aeration	

Shear rate, de-aeration 
time, dissolved O2	

Contained powder 
transfer	

OEB 4/5 HPAPIs	 PX-ISO containment 
isolator	

OEL verification (air 
sampling), glove 
integrity	

Continuous API 
feeding	

Continuous 
manufacturing lines	

PX-LIW Loss-in-Weight 
Feeder	

Feed rate accuracy, refill 
transition algorithm	
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APPENDIX C: Process Parameter 
Reference Tables 
C.1 High-Shear Wet Granulation Reference Parameters 

Binder System	 Concentration	 Addition Rate	 Wet Massing 
Speed	

Power Endpoint	

PVP K30 (aqueous)	 5–10% w/w in 
water	

10–50 mL/min/kg 
powder	

High (600 rpm 
impeller)	

1.2–1.5× dry 
blend power	

HPMC E5 (aqueous)	 3–8% w/w in water	 8–40 mL/min/kg	 Medium (400 
rpm)	

1.3–1.6× dry 
blend power	

Hydroxypropyl starch	 5–15% w/w in 
water	

10–60 mL/min/kg	 Medium (400 
rpm)	

1.2–1.5× dry 
blend power	

Ethanol (dry binder 
solvent)	

95% ethanol, no 
dissolved binder	

5–20 mL/min/kg	 High (500–600 
rpm)	

Visible wet mass 
formation	

Aqueous dispersion 
(Aquacoat ECG)	

15% solids 
dispersion	

5–15 mL/min/kg	 Low–medium 
(300 rpm)	

By granule PSD 
offline	

	

C.2 Jet Milling Reference Parameters for Common API 
Classes 

API Class	 Target D50 
(µm)	

Classifier (rpm)	 N2 Pressure 
(psig)	

Feed Rate 
(kg/hr)	

BCS Class II oral	 5–20	 5,000–10,000	 90–110	 5–50	
DPI inhalation API	 1.5–3.5	 11,000–14,000	 110–130	 0.5–5	
Low-dose (< 1% w/w)	 5–15	 6,000–10,000	 90–110	 1–10	
High-potency (OEB 4)	 3–15	 6,000–12,000	 90–120	 0.5–20	
Thermolabile (cryogenic)	 5–25	 5,000–9,000	 80–100	 2–20	
Nutraceutical botanical	 10–50	 3,000–7,000	 80–100	 10–200	
	

C.3 Fluid Bed Drying Reference Parameters 
Granule Type	 Inlet Temp 

(°C)	
Product 
Temp (°C)	

LOD Target 
(%)	

Typical Drying Time	

Standard aqueous 
granulation	

60–80	 35–50	 1.0–3.0%	 30–90 min	

Moisture-sensitive API	 40–60	 25–40	 0.5–2.0%	 60–150 min	
High-dose (> 70% API)	 55–70	 40–55	 1.0–2.5%	 45–120 min	
Ethanol granulation	 50–70 

(solvent-rated 
FBP)	

35–45	 0.5–1.5%	 20–60 min	

Sustained release pellets	 50–65	 35–48	 1.0–2.5%	 60–120 min	
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APPENDIX D: Regulatory Standards 
Index 

Standard	 Title	 Issuing Body	
21 CFR Part 210	 Current GMP in Manufacturing, 

Processing, Packing, or Holding 
of Drugs — General	

FDA	

21 CFR Part 211	 Current GMP for Finished 
Pharmaceuticals	

FDA	

21 CFR Part 111	 Current GMP in Manufacturing, 
Packaging, Labeling, or Holding 
Operations for Dietary 
Supplements	

FDA	

21 CFR Part 11	 Electronic Records; Electronic 
Signatures	

FDA	

21 CFR Part 820	 Quality System Regulation for 
Medical Devices	

FDA	

EU GMP Part I	 Basic Requirements for 
Medicinal Products	

EMA	

EU GMP Annex 11	 Computerised Systems	 EMA	
EU GMP Annex 1 (2022)	 Manufacture of Sterile Medicinal 

Products	
EMA	

EU GMP Annex 15	 Qualification and Validation	 EMA	
ICH Q7	 Good Manufacturing Practice for 

Active Pharmaceutical 
Ingredients	

ICH	

ICH Q8(R2)	 Pharmaceutical Development 
(QbD Framework)	

ICH	

ICH Q9(R1)	 Quality Risk Management	 ICH	
ICH Q10	 Pharmaceutical Quality System	 ICH	
ICH Q11	 Development and Manufacture of 

Drug Substances	
ICH	

ICH Q13	 Continuous Manufacturing of 
Drug Substances and Drug 
Products	

ICH	

USP <1>	 Injections and Implanted Drug 
Products — General	

USP	

USP <429>	 Light Diffraction Measurement of 
Particle Size	

USP	

USP <601>	 Aerosols, Nasal Sprays, 
Metered-Dose Inhalers, and Dry 
Powder Inhalers	

USP	

USP <711>	 Dissolution	 USP	
USP <905>	 Uniformity of Dosage Units	 USP	
Ph. Eur. 2.9.31	 Particle Size Analysis by Laser 

Light Diffraction	
Ph. Eur.	

Ph. Eur. 2.9.18	 Preparations for Inhalation: 
Aerodynamic Assessment of 
Fine Particles	

Ph. Eur.	

GAMP 5	 Good Automated Manufacturing 
Practice, 5th Edition	

ISPE	

PIC/S PI 006	 Recommendations on Validation 
Master Plan, IQ, OQ, NQ, PQ	

PIC/S	

ISO 14644-1	 Cleanrooms and Associated 
Controlled Environments — 
Classification of Air Cleanliness	

ISO	

ASTM A270	 Standard Specification for 
Seamless and Welded Austenitic 

ASTM	
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Stainless Steel Tubing for 
General Service	

ASTM A967	 Standard Specification for 
Chemical Passivation 
Treatments for Stainless Steel 
Parts	

ASTM	
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APPENDIX E: Proc-X Pharmaceutical 
Equipment Quick-Reference Index 

Model 
Series	

Equipment Type	 Size Range	 Primary Application	 Key cGMP Feature	

PX-HSG	 High-Shear 
Granulator	

2–600 L	 Wet granulation, all 
solid oral dose	

Power/torque logging; 
gravimetric binder control	

PX-RC	 Roller Compactor	 Lab–
production	

Dry granulation, 
moisture-sensitive 
APIs	

Gap control ± 0.01 mm; 
inline NIR ribbon density	

PX-FBP	 Fluid Bed Processor	 5–400 kg	 Granulation, drying, 
Wurster coating	

Modular inserts; inline 
NIR LOD; cascade 
control	

PX-ONE	 One-Pot Processor	 10–150 L	 Combined HSG + fluid 
bed drying	

Single vessel eliminates 
transfer contamination 
risk	

PX-COAT	 Side-Vented Coating 
Pan	

10–600 kg	 IR, ER, enteric, taste-
mask coating	

IR exhaust temp control; 
inline NIR film weight	

PX-API	 Pharmaceutical Jet 
Mill	

100 g–500 
kg/hr	

API micronization, DPI 
particle sizing	

N2 system; OEB 4/5 
containment; inline PSD	

PX-HME	 Hot-Melt Extruder	 11–40 mm 
screw	

ASD production for 
BCS Class II APIs	

Zone temp uniformity ± 
1°C; 21 CFR Part 11 
logging	

PX-CWG	 Continuous Wet 
Granulation Line	

5–150 kg/hr	 Continuous solid dose 
manufacturing	

Integrated FBRM + NIR + 
FBP dryer + PX-BMS	

PX-IBC	 Bin (IBC) Blender	 50–1,500 L	 Potent compound 
blending OEB 3–5	

Contained charging; 
RFID IBC tracking; NIR 
blend endpoint	

PX-SV	 Sterile Mixing Vessel	 50–10,000 L	 Parenteral 
compounding, lyo 
preparation	

Magnetic drive (no shaft 
seal); full SIP; Ra ≤ 0.5 
µm	

PX-LIW	 Loss-in-Weight 
Feeder	

0.1–5,000 
g/hr	

Continuous 
manufacturing 
API/excipient feeding	

Fast-refill bulk density 
compensation; Raman 
API ID	

PX-BMS	 Batch Management 
System	

1–200 nodes	 All Proc-X 
pharmaceutical 
systems	

GAMP 5 Cat. 4; 21 CFR 
Part 11; OPC-UA; RTRT-
ready	

	

	



	


