


Preface: Where Chemistry Meets 
Mechanical Ingenuity 
The chemical industry is the backbone of the modern world. Every plastic in every product, 
every coating on every surface, every fertilizer that feeds every crop, every solvent that 
enables every manufacturing process — all of it flows through a processing chain that 
begins with raw materials and ends with engineered chemical products. At the center of 
that chain is processing equipment: the mixers, mills, extruders, and bulk handling 
systems that transform chemistry into commerce.	

Proc-X Manufacturing Group has spent decades at this intersection. We have built high-
shear dispersers for coatings manufacturers chasing finer pigment grinds. We have 
designed twin-screw extruders for polymer compounders who need precise fiber length 
distribution in glass-reinforced nylon. We have engineered internal mixers for rubber 
compounders who measure product quality in Mooney viscosity units and compound 
dispersion indices. We have supplied dense-phase pneumatic conveying systems for 
commodity chemical plants moving hundreds of tons per hour of corrosive powders 
through explosion-resistant pipelines.	

The chemical industry is demanding in a way that is different from pharmaceuticals and 
defense. Here, scale is relentless — production runs measured in thousands of tons per 
year, equipment that must run continuously for 8,000 hours between turnarounds, raw 
materials that are corrosive, toxic, reactive, or all three. The economics are unforgiving: a 
few tenths of a percent improvement in dispersion quality or specific energy consumption 
makes the difference between a profitable product and a commodity sold at cost.	

This book is our comprehensive technical reference for chemical industry processing. It 
covers the science of dispersion and the engineering of dispersers. The chemistry of 
polymer melt rheology and the design of twin-screw extruders that exploit it. The process 
safety architecture required when processing flammable, toxic, and reactive chemicals at 
industrial scale. The regulatory frameworks — ATEX, OSHA PSM, EPA RMP, REACH — 
that define the operating envelope within which every piece of processing equipment must 
function.	

Across 32 chapters and 8 parts, we cover every major chemical processing application 
where Proc-X equipment delivers value: specialty and fine chemicals, polymers and 
plastics, coatings and adhesives, and bulk commodity chemicals. We write not as 
equipment salespeople but as processing engineers who have worked these problems 
alongside our customers for decades. The specifications in these pages are real. The 
process parameters are drawn from actual production experience. The engineering 
principles are grounded in chemistry, physics, and thermodynamics.	

The Engineering Team 
Proc-X Manufacturing Group	
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PART  I 

FOUNDATIONS	

The Chemical Industry, Its Equipment, and the Processing Science 
Behind It 
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Chapter 1: Proc-X in the Chemical 
Processing World 

IN THIS CHAPTER	
▸  How Proc-X's four equipment competencies map to every major chemical industry 
segment	
▸  The First-Principles Processing Engineering philosophy in a chemical context	
▸  The chemical industry's unique demands: scale, corrosion, hazard, and continuous 
operation	
▸  Process intensification: doing more chemistry in less equipment	

	
	

1.1 The Chemical Industry's Processing Imperative 
The chemical industry processes approximately 100,000 different chemical substances at 
commercial scale worldwide, across 50,000+ manufacturing sites, producing products that 
underpin virtually every other industrial sector. The common thread — from a commodity 
ammonia plant running at 2,000 tonnes per day to a specialty flavor and fragrance 
manufacturer producing 50 kg batches of rare aroma chemicals — is the need for reliable, 
precisely controllable processing equipment.	

Proc-X serves this industry through four equipment competencies that together cover 
virtually every processing step in chemical manufacturing:	

• Mixers: From the gentle paddle mixers used to blend solid fertilizer grades to the 
10,000 kW internal mixers compounding carbon-black-filled rubber at 1,200 kg per 
batch, Proc-X mixers span ten orders of magnitude in energy density and cover 
every mixing application in chemical manufacturing.	

• Mills: Jet mills for fine chemical API precursors, bead mills for pigment dispersion in 
architectural coatings, attritor mills for chemical mechanical planarization (CMP) 
slurry preparation, three-roll mills for printing inks and adhesive pastes — Proc-X 
milling solutions cover every particle size target from 10 mm down to 100 nm.	

• Extruders: Twin-screw extruders for reactive polymer compounding, single-screw 
extruders for specialty polymer film production, roller extruders for rubber 
calendering feeds, and ram extruders for specialty elastomer profile production.	

• Bulk Material Handling: Dense-phase and dilute-phase pneumatic conveying for toxic 
and corrosive chemical powders, mechanical conveying systems for high-
temperature or high-moisture materials, explosion-protected weigh feeding systems 
for continuous chemical reactors, and loss-in-weight feeders for specialty chemical 
blending lines.	
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1.2 The First-Principles Philosophy in Chemical 
Processing 
In chemical manufacturing, the consequences of inadequate process understanding are 
measured in yield, quality, and safety. A mixing time that is 10% too short in a specialty 
chemical synthesis reactor can leave 2–5% of the reactants unreacted — wiping out the 
product margin and creating byproduct separation costs. A bead mill with the wrong media 
size for a pigment dispersion can consume 3× the energy of an optimized system while 
achieving inferior fineness of grind. A pneumatic conveying system designed without 
accounting for the cohesive properties of the powder it will transport will block within the 
first week of operation.	

Proc-X addresses these risks through what we call First-Principles Processing 
Engineering: before any equipment is specified, we model the physics governing the 
process — mass transfer, heat transfer, particle mechanics, fluid rheology — and design 
equipment that is optimized for the specific process, not adapted from a generic catalogue 
offering.	

PROC-X EQUIPMENT SPOTLIGHT  Every Proc-X chemical processing system begins with 
a Process Engineering Review (PER): a structured assessment of the material 
properties, process objectives, safety constraints, and operating environment conducted 
by a Proc-X application engineer. The PER output is a documented equipment 
specification that traces every design decision to a specific process requirement. This 
documentation becomes the baseline for the equipment qualification and the reference 
for any future modification.	

1.3 Scale, Corrosion, and Continuous Operation 
Three factors define the equipment engineering challenge in chemical manufacturing, 
distinguishing it from pharmaceutical and defense applications:	

• Scale: Chemical production operates at scales that dwarf pharmaceutical 
manufacturing. A single batch in a polymer compounding line may process 1,000+ 
kg. A continuous coating production line may produce 50,000 L per shift. Mixing 
equipment must deliver consistent performance across this scale, with power 
consumption and heat generation that present engineering challenges unknown at 
laboratory scale.	

• Corrosion: Chemical raw materials and products are often aggressively corrosive — 
strong acids, alkalis, chlorinated solvents, oxidizing agents. Equipment material 
selection must account for corrosion not just at ambient temperature but under 
process conditions. Proc-X constructs chemical processing equipment in a material 
portfolio that spans 316L SS, duplex stainless, Hastelloy C-276, titanium, PTFE-
lined steel, and glass-lined steel, with material selection guided by corrosion data 
and validated by Proc-X's materials engineering team.	

• Continuous Operation: Pharmaceutical and defense equipment typically operates in 
batch mode with planned cleaning downtime. Chemical production equipment is 
expected to run continuously — 8,000+ hours per year in a typical chemical plant. 
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Every maintenance requirement, every wear mechanism, and every cleaning need 
must be addressed by equipment designed for continuous operation, not periodic 
cleaning and restart.	
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Chapter 2: The Chemical Industry 
Landscape 

IN THIS CHAPTER	
▸  The four major chemical industry segments and their processing equipment requirements	
▸  Chemical production scale and its implications for equipment design	
▸  Key chemical industry standards: ATEX, OSHA PSM, EPA RMP, REACH, ISO 9001	
▸  Chemical feedstock categories and their processing properties	
▸  The sustainability imperative: green chemistry and its impact on processing	

	
	

2.1 The Four Major Chemical Industry Segments 
Segment	 Scale	 Key Products	 Primary Processing 

Operations	
Proc-X Equipment 
Focus	

Specialty & 
Fine Chemicals	

kg to 
tonnes/batch	

APIs, dyes, 
agrochemicals, 
flavors, fragrances	

Batch reaction 
mixing, crystallization, 
distillation, 
emulsification	

High-shear mixers, 
attritor mills, jet mills	

Polymers & 
Plastics	

100 kg to 
1,000 t/day	

PVC, PP, PE, nylon, 
elastomers, 
compounded grades	

Compounding, 
reactive extrusion, 
mixing, pelletizing	

Internal mixers, twin-
screw extruders, 
single-screw lines	

Coatings, 
Adhesives & 
Sealants	

500 L to 
100,000 
L/shift	

Architectural paint, 
industrial coatings, 
PSA, construction 
sealants	

Dispersion, milling, 
mixing, packaging	

High-shear 
dispersers, bead 
mills, three-roll mills, 
multi-shaft mixers	

Bulk & 
Commodity 
Chemicals	

1,000 to 10M 
t/yr	

Fertilizers, acids, 
solvents, 
petrochemicals, 
inorganic salts	

Continuous 
conveying, 
granulation, blending, 
classification	

Pneumatic 
conveying, 
granulators, weigh 
feeders, bin systems	

	

2.2 Chemical Processing Regulatory Framework 
Chemical manufacturing is one of the most heavily regulated industrial sectors. 
Processing equipment must be designed within — and documented to demonstrate 
compliance with — a complex, overlapping set of regulatory requirements:	

• ATEX (EU) / NEC (USA): Explosion protection requirements for electrical and 
mechanical equipment in hazardous areas where flammable gas, vapor, or dust 
may be present. Most chemical facilities include multiple ATEX/NEC classified 
zones requiring explosion-protected equipment.	

• OSHA 29 CFR 1910.119 (Process Safety Management, PSM): U.S. regulatory 
standard governing processes involving highly hazardous chemicals above 
threshold quantities. PSM requires Process Hazard Analysis (PHA), mechanical 
integrity programs, management of change (MOC) procedures, and incident 
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investigation — all affecting equipment specification, maintenance, and 
modification.	

• EPA 40 CFR Part 68 (Risk Management Program, RMP): Requires facilities with 
more than threshold quantities of regulated substances to develop and implement a 
Risk Management Plan, including worst-case and alternative release scenario 
analyses. Equipment design directly affects RMP consequence analyses.	

• REACH (EU): Registration, Evaluation, Authorisation and Restriction of Chemicals. 
Requires characterization of chemical hazards throughout the supply chain, 
including during manufacturing. Processing equipment that generates fugitive 
emissions or waste streams must be assessed for REACH compliance.	

• ISO 9001:2015: Quality management standard widely adopted in the chemical 
industry. Processing equipment qualification and maintenance programs must align 
with ISO 9001 requirements for calibration, preventive maintenance, and change 
control.	

2.3 Chemical Feedstock Properties and Their 
Processing Implications 

Feedstock Category	 Key Properties	 Processing Challenge	 Equipment Implication	
Reactive monomers	 Polymerization 

inhibitors required; 
exothermic reaction 
potential	

Heat removal during 
mixing; inhibitor 
distribution uniformity	

Jacketed vessels with 
precision temperature 
control; no hot spots	

Corrosive 
acids/alkalis	

pH extremes; attack on 
metals and elastomers	

Material compatibility; seal 
selection; containment	

Glass-lined, PTFE-lined, 
or Hastelloy construction	

Flammable solvents	 Flash point 
considerations; vapor 
pressure	

Explosion prevention; 
vapor recovery; static 
elimination	

ATEX Zone 1/2 
equipment; grounding; 
N2 inerting option	

Cohesive fine 
powders	

Poor flowability; 
bridging; electrostatic 
charge	

Transfer, feeding, and 
conveying reliability	

Fluidizing airlocks, 
vibrating hoppers, anti-
static grounding	

High-viscosity 
polymers	

Non-Newtonian 
behavior; shear-
thinning; elastic recoil	

Scale-up of mixing power; 
heat generation in high-
shear zones	

High-torque drives; 
precise screw geometry; 
barrel cooling	

Abrasive slurries	 High solids content; 
hard particles	

Wear of pump, valve, and 
mill internals	

Hardened (WC or 
ceramic) surfaces; 
particle size monitoring	

Temperature-
sensitive materials	

Degradation or phase 
change above 
threshold temp	

Temperature control 
during mixing and grinding	

Jacketed equipment; 
cryogenic cooling option; 
gentle processing	
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Chapter 3: Chemical Processing Safety 
— ATEX, PSM, RMP & REACH 

IN THIS CHAPTER	
▸  The chemical industry's unique hazard profile: toxic, flammable, explosive, reactive	
▸  ATEX zone classification for chemical processing facilities	
▸  OSHA PSM and EPA RMP: what they require of processing equipment	
▸  Process Hazard Analysis (PHA) and its interface with equipment design	
▸  Inherently safer design: how equipment choices reduce risk at the source	

	
	

3.1 The Chemical Industry Hazard Profile 
The chemical industry processes substances that present hazards absent in most other 
manufacturing sectors. Understanding these hazard categories is prerequisite to 
understanding the equipment design requirements they impose:	

• Flammability and explosion: Many organic solvents, monomers, and fine chemical 
intermediates have flash points below ambient temperature — meaning they 
generate flammable vapors at room temperature. Fine powders of organic 
materials, metals, and some inorganic materials form explosive dust clouds. ATEX 
zone classification (Zone 0/1/2 for gases; Zone 20/21/22 for dusts) governs all 
equipment in these areas.	

• Acute toxicity: Many fine chemical and agricultural chemical intermediates have 
occupational exposure limits (OELs) in the low ppm or even ppb range. Pesticide 
active ingredients, pharmaceutical precursors, and specialty chemical 
intermediates require fully contained processing with continuous air monitoring.	

• Reactivity: Peroxides, nitrates, azides, and other energetically unstable compounds 
present explosion risk from heat, shock, or contamination. Reactive monomers can 
polymerize exothermically if inhibitor is absent or temperature rises above the 
ceiling temperature.	

• Corrosivity: Strong mineral acids (HCl, H2SO4, HNO3, HF), strong bases (NaOH, 
KOH), and oxidizing agents (H2O2, ClO2) attack equipment materials and cause 
serious injury on contact.	

3.2 ATEX Zone Classification in Chemical Facilities 
Zone	 Gas/Vapor 

or Dust?	
Hazard Frequency	 Equipment 

Category	
Examples in Chemical Plants	

Zone 0	 Gas/Vapor	 Continuous or long 
periods	

Category 1G	 Inside storage tanks, reactor 
vessels	

Zone 1	 Gas/Vapor	 Likely during normal 
operation	

Category 1G or 
2G	

Pump and valve areas, solvent 
mixing rooms	
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Zone 2	 Gas/Vapor	 Not likely, short 
duration only	

Category 1G, 2G 
or 3G	

General areas adjacent to 
Zone 1	

Zone 20	 Dust	 Continuous or long 
periods	

Category 1D	 Inside dust collectors, 
pneumatic transfer vessels	

Zone 21	 Dust	 Likely during normal 
operation	

Category 1D or 
2D	

At fill/discharge points of 
powder systems	

Zone 22	 Dust	 Not likely, short 
duration	

Category 1D, 2D 
or 3D	

General areas of powder 
handling buildings	

	

All Proc-X equipment supplied for chemical processing facilities is specified and certified 
to the appropriate ATEX/IECEx category for the zone classification declared in the facility's 
Explosion Protection Document (EPD). Zone certification is confirmed in the equipment 
technical file supplied with each system.	

3.3 OSHA PSM and Its Impact on Equipment Design 
OSHA 29 CFR 1910.119 Process Safety Management requires facilities using highly 
hazardous chemicals above threshold quantities to maintain fourteen specified program 
elements. The elements most directly affecting processing equipment are:	

• Process Safety Information (PSI): Complete documentation of all hazardous 
chemicals, process technology, and equipment. Proc-X supplies a comprehensive 
Equipment Technical File (ETF) with every system — including design 
documentation, materials of construction, pressure ratings, temperature limits, 
safety system descriptions, and P&ID references — that satisfies PSI requirements 
for the equipment.	

• Process Hazard Analysis (PHA): Systematic review (HAZOP, FMEA, What-If) of 
hazards associated with each process. Proc-X engineers participate in customer 
PHA/HAZOP studies during design review, providing equipment-specific hazard 
identification and recommended safeguards.	

• Mechanical Integrity (MI): Written procedures and testing programs to ensure 
equipment is designed, installed, inspected, tested, and maintained properly. Proc-
X delivers detailed MI packages with every system: inspection intervals, test 
procedures, wear part replacement schedules, and critical instrument calibration 
requirements.	

• Management of Change (MOC): Documentation required before any change to 
process chemicals, technology, equipment, procedures, or facilities. Proc-X 
supports customer MOC processes by providing engineering impact assessments 
for equipment modifications requested after initial installation.	

REGULATORY INSIGHT  The PSM standard's Mechanical Integrity element requires 
inspection and testing of pressure vessels, piping systems, relief and vent systems, 
emergency shutdown systems, controls, and pumps. For mixing equipment, this typically 
means annual inspection of agitator shaft seals, pressure relief device testing, and 
calibration verification of all safety instrumentation. Proc-X includes a recommended MI 
schedule as a standard deliverable in the equipment startup package.	
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3.4 Inherently Safer Design in Processing Equipment 
Inherently safer design (ISD) eliminates or reduces hazards at the source, rather than 
managing them with protective systems. For processing equipment, ISD principles 
include:	

• Minimize: Reduce the quantity of hazardous material in the process at any time. 
Proc-X split-batch and continuous processing designs minimize the in-process 
inventory of hazardous chemicals versus large-batch processing.	

• Substitute: Replace a hazardous material or process with a less hazardous one. 
Proc-X high-efficiency mixing designs reduce solvent consumption by achieving the 
target viscosity and dispersion quality with less solvent, enabling substitution of 
high-VOC solvent systems with waterborne or high-solids alternatives.	

• Moderate: Use hazardous materials under less hazardous conditions. Processing at 
lower temperature, pressure, or concentration. Proc-X low-temperature mixing and 
grinding options expand the operating window below the point at which hazardous 
conditions arise.	

• Simplify: Eliminate complexity that creates opportunities for error. Proc-X integrated 
skid systems reduce the number of field-fabricated connections — each of which is 
a potential leak point — versus multi-vendor systems assembled in the field.	
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PART  II 

SPECIALTY & FINE 
CHEMICALS	

Batch Reaction Mixing, Crystallization & Emulsification 
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Chapter 4: Batch Reaction Mixing — The 
Heart of Fine Chemical Manufacturing 

IN THIS CHAPTER	
▸  The role of mixing in determining yield, selectivity, and impurity profile in chemical 
reactions	
▸  Mixing time, blending number, and the Damköhler number — when mixing controls 
chemistry	
▸  Agitator design selection: radial-flow, axial-flow, anchor, and close-clearance systems	
▸  Temperature control in batch reactors: jackets, coils, and reflux condensers	
▸  Scale-up from laboratory to production in batch reaction mixing	

	
	

4.1 Why Mixing Governs Chemistry 
In a chemical reactor, mixing serves three critical functions: it brings reactants together 
(so they can react), it distributes heat (preventing hotspots that cause unwanted side 
reactions or decomposition), and it maintains uniform concentration throughout the 
reaction mass (so the reaction proceeds at the intended rate). When mixing is adequate, 
the reaction is chemistry-controlled — the rate is determined by kinetics and 
thermodynamics. When mixing is inadequate, the reaction becomes mixing-controlled — 
the rate and selectivity are determined by how fast reactants can be brought together, and 
yield and impurity profiles deteriorate.	

The dimensionless Damköhler number (Da) quantifies this: Da = reaction rate / mass 
transfer rate. When Da << 1, chemistry is slow relative to mixing — mixing is never limiting. 
When Da >> 1, chemistry is fast relative to mixing — the reaction occurs wherever 
reactants first contact each other, before bulk mixing has occurred, producing local hot 
spots, concentration gradients, and off-spec byproducts. For high-Da reactions — fast 
exothermic reactions, rapid precipitation reactions, strongly acid-catalyzed reactions — 
mixing time and micro-mixing quality are critical design variables.	

4.2 Agitator Design for Chemical Reactors 
Agitator Type	 Flow Pattern	 Viscosity 

Range	
Applications	 Design 

Consideration	
Rushton turbine 
(flat blade)	

Radial; strong 
radial discharge	

< 5,000 cP	 Gas dispersion, liquid-
liquid emulsification	

High shear at tip; 
multiple impellers for 
tall vessels	

Pitched blade 
turbine (PBT)	

Axial; top-down 
or bottom-up	

< 10,000 cP	 Solid suspension, 
blending, heat transfer	

Lower shear than 
Rushton; gentler on 
shear-sensitive 
crystals	

Hydrofoil (A310, 
HE3)	

Axial; high 
pumping 
efficiency	

< 5,000 cP	 Blending, 
fermentation, heat 
transfer	

Very low shear; large 
blade area; efficient 
power use	
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Anchor	 Tangential; wall-
scraping	

1,000–
100,000 cP	

Viscous liquid mixing, 
heat transfer from wall	

Slow (< 60 rpm); wall 
clearance 5–15 mm	

Helical ribbon	 Axial + tangential; 
top-to-bottom	

10,000–
500,000 cP	

Highly viscous 
polymers, pastes, gels	

Very slow (< 30 rpm); 
full vessel sweep	

Gate / frame	 Tangential; wall-
scraping	

5,000–
200,000 cP	

Moderate viscosity 
reactive systems	

Intermediate between 
anchor and turbine 
capability	

Close-clearance 
gate + turbine	

Combined radial 
+ tangential	

1–50,000 cP 
(variable)	

Batch reactions with 
phase changes	

Handles both low and 
high viscosity phases	

	

4.3 Temperature Control in Batch Reactors 
Exothermic reactions — the majority of fine chemical synthesis steps — require controlled 
heat removal to maintain the reaction mass at the target temperature. The heat removal 
capacity determines the safe addition rate of the second reagent and the maximum batch 
size for a given jacket cooling capacity. Three heat removal configurations:	

• Jacket cooling: External jacket filled with heat transfer fluid (water, glycol, or steam). 
Heat transfer coefficient U = 200–500 W/(m²·K) for medium-viscosity batches. 
Adequate for mildly exothermic reactions. Proc-X jacketed reactor vessels with half-
pipe jackets achieve 30–40% higher heat transfer coefficient than dimple jackets of 
equivalent jacket area.	

• Internal coils: Heat exchange coils submerged in the reaction mass. Higher heat 
transfer area than jacket for a given vessel volume. Used when jacket capacity is 
insufficient for highly exothermic reactions or when rapid temperature change is 
needed.	

• External heat exchanger: Reaction mass circulated through an external plate or 
shell-and-tube heat exchanger. Highest heat removal capacity. Required for very 
fast or highly exothermic reactions where jacket and coil capacity is insufficient.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X jacketed reaction vessels are available in 50 L 
to 50,000 L sizes in 316L SS, Hastelloy C-276, titanium, and glass-lined carbon steel. All 
include: full-sweep agitator (pitched blade turbine + wall baffle or anchor for viscous 
systems), calibrated temperature sensors (Pt100 RTD, ± 0.1°C), redundant over-
temperature cutoff, jacket pressure test documentation, and PX-BMS integration for 
electronic batch record generation. ATEX Zone 1 (gas) classified as standard.	

4.4 Scale-Up of Batch Reaction Mixing 
Scale-up from laboratory reactor (5 L) to pilot (500 L) to production (10,000 L) while 
maintaining equivalent mixing performance requires maintaining the key dimensionless 
groups that govern mixing behavior. The most important scale-up criteria:	

• Constant tip speed (π × D × N / 60): Maintains similar shear rate at the agitator 
blade. As vessel diameter D increases, impeller speed N must decrease to 
maintain the same v_tip. Used for shear-sensitive reactions and crystallizations.	

• Constant power per unit volume (P/V): Maintains similar mixing intensity throughout 
the vessel volume. P/V scales as N³ × D² (for turbulent mixing). Used for blending 
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and gas dispersion. Typical P/V: 0.3–3 kW/m³ for standard blending; 1–5 kW/m³ for 
emulsification; 0.1–0.5 kW/m³ for gentle crystal suspension.	

• Constant mixing time (N × t = constant): Maintains equivalent blend time. Becomes 
increasingly difficult at large scale because N must decrease (speed decreases 
with scale) while t must stay the same, requiring larger impellers or multiple 
impellers.	

ENGINEERING INSIGHT  The single most common scale-up failure in fine chemical 
manufacturing is not getting the reaction chemistry wrong — it is getting the mixing 
wrong. A reaction that proceeds with excellent yield and impurity profile at 10 L 
consistently fails to reproduce at 500 L — same temperature, same addition rate, same 
reagent quantities. The culprit is almost invariably mixing: at 10 L, the agitator sweeps the 
entire vessel in < 5 seconds; at 500 L with the same impeller design (scaled 
geometrically but speed reduced to maintain equal power per volume), mixing time may 
be 30–60 seconds — long enough for a fast reaction to produce significant byproduct in 
the unmixed zones.	
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Chapter 5: Crystallization and Crystal 
Engineering 

IN THIS CHAPTER	
▸  The crystallization process: nucleation, growth, ripening, and their process determinants	
▸  Cooling crystallization vs. antisolvent crystallization vs. reactive crystallization	
▸  Mixing's role in nucleation rate, crystal habit, and particle size distribution	
▸  Agitator selection for crystallizers: protecting crystals while maintaining suspension	
▸  Crystal size distribution control: how equipment and process parameters interact	

	
	

5.1 Crystallization as a Separation and Purification Tool 
Crystallization is the primary purification method for fine chemicals, pharmaceutical 
intermediates, and commodity inorganic chemicals. When a solute crystallizes from 
solution, it partitions between the crystal lattice (high purity) and the mother liquor 
(containing impurities). Repeated crystallizations can achieve purities > 99.9% for many 
compounds — without the energy cost of distillation or the solvent consumption of 
extraction.	

The processing challenge is that crystallization is exquisitely sensitive to both process 
conditions and equipment. The same compound, crystallized from the same solvent at the 
same temperature, can produce crystals with D50 of 50 µm (fine, fast-dissolving, difficult 
to filter) or D50 of 500 µm (coarse, slow-dissolving, easy to filter and dry) — depending 
on cooling rate, agitation intensity, seed loading, and impurity levels. Getting crystallization 
right requires understanding all of these variables and controlling them with precision.	

5.2 Nucleation and Growth Mechanisms 
• Primary nucleation: New crystal nuclei form spontaneously from solution when 

supersaturation exceeds the nucleation threshold. The nucleation rate is 
exponentially sensitive to supersaturation. If nucleation occurs rapidly before 
growth can proceed, a large number of very small crystals form — often 
undesirably.	

• Secondary nucleation: New crystals form by fragmentation of existing crystals due to 
agitator impact, crystal–crystal collision, or crystal–wall collision. Secondary 
nucleation rate is directly proportional to agitation intensity. Over-agitation in a 
crystallizer generates excessive secondary nuclei and produces a bimodal, broad 
size distribution.	

• Crystal growth: The rate at which dissolved solute deposits onto existing crystal 
surfaces. Growth rate is controlled by diffusion of solute to the crystal surface and 
by integration kinetics at the surface. Slower cooling → lower supersaturation → 
fewer nuclei → larger final crystals.	
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5.3 Agitator Design for Crystallizers 
The crystallizer agitator must accomplish three conflicting objectives simultaneously: 
suspend the crystals uniformly (requires adequate fluid velocity), avoid crystal breakage 
(requires gentle shear), and maintain heat transfer (requires adequate wall velocity for 
jacketed crystallizers). The solution is typically a low-speed hydrofoil impeller (A310 or 
similar) at the minimum tip speed that achieves just-suspended agitation (N_js, 
determined by the Zwietering correlation):	

N_js = S × ν^0.1 × d_p^0.2 × (g × Δρ/ρ_L)^0.45 × X^0.13 × D^{-0.85}	

where S is an impeller-geometry constant, ν is kinematic viscosity, d_p is particle 
diameter, Δρ is the solid-liquid density difference, X is the solids loading, and D is the 
impeller diameter. Operating at 1.2 × N_js provides a practical margin. Operating 
significantly above N_js increases secondary nucleation rate without improving uniformity.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X crystallizer agitator systems use hydrofoil 
impellers specifically profiled to minimize pressure differential between the blade leading 
and trailing edges — reducing the turbulent wake behind the blade that is the primary 
source of secondary nucleation from crystal–agitator impact. Crystal breakage rate in 
Proc-X crystallizer agitators is typically 40–60% lower than in equivalent pitched-blade 
turbine designs, enabling operation at higher solids loading with equivalent product 
crystal size.	
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Chapter 6: Liquid-Liquid Extraction, 
Emulsification & Dispersion 

IN THIS CHAPTER	
▸  Liquid-liquid systems in fine chemical manufacturing: emulsions, dispersions, and 
extractions	
▸  The physics of droplet breakup: Weber number, capillary number, and viscosity ratio	
▸  High-shear rotor-stator mixers for emulsification	
▸  Microfluidization for ultrafine emulsions in specialty chemical and cosmetic applications	
▸  Phase inversion and HLB: formulating for stable emulsions	

	
	

6.1 Why Liquid-Liquid Systems Matter in Chemical 
Manufacturing 
Liquid-liquid systems are ubiquitous in fine chemical manufacturing: extraction of a 
product from its reaction solvent into an organic phase for purification; emulsification of an 
oil-phase active ingredient into a water-based formulation; dispersion of a water-
immiscible catalyst into an organic reaction medium for a phase-transfer catalytic reaction. 
In every case, the interface between the two liquid phases is the site of mass transfer, and 
the rate of mass transfer is directly proportional to the specific interfacial area — which is 
inversely proportional to the droplet size.	

Generating fine, uniform droplets — and stabilizing them against coalescence — is 
therefore both a processing objective and an equipment design challenge. The energy 
required to generate a new liquid-liquid interface is determined by the interfacial tension 
(γ, typically 1–50 mN/m for organic-aqueous systems) and the total new interfacial area 
created. High-energy emulsification equipment (rotor-stators, microfluidizers, ultrasonic 
processors) provides the specific energy input needed to achieve droplet sizes below 1 
µm.	

6.2 The Physics of Droplet Breakup 
The Weber number We = ρ × v² × d / γ compares the inertial force trying to break the 
droplet against the interfacial tension resisting breakup. At We >> 1, droplets break. The 
critical Weber number for breakup is typically 1–10. This establishes the minimum droplet 
size achievable at a given energy input: smaller droplets require either higher velocity (v) 
or lower interfacial tension (via surfactant).	

For viscous dispersed phases, the Capillary number Ca = µ_d × G × d / γ (where G is the 
shear rate and µ_d is the dispersed phase viscosity) determines whether droplets deform 
and break or simply deform and recover. When Ca > Ca_critical (typically 0.5–1.0), 
droplets break in shear. When µ_d / µ_c >> 1 (dispersed phase much more viscous than 
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continuous phase), rotor-stator impingement is more effective than simple shear flow for 
droplet breakup.	

6.3 High-Shear Rotor-Stator Mixers 
The rotor-stator mixer (also called in-line or batch high-shear mixer) generates the high 
shear rates needed for fine emulsification by passing the product through a narrow gap 
(0.1–2 mm) between a fast-rotating rotor (tip speed 10–40 m/s) and a stationary stator 
with slots or perforations. Shear rates of 10,000–100,000 s⁻¹ are achievable — compared 
to < 1,000 s⁻¹ in a standard turbine agitator.	

• Batch rotor-stator: Mounted on a shaft in a mixing tank. Product circulates through 
the rotor-stator zone multiple times. Used for cosmetic emulsions, agrochemical 
suspensions, and specialty chemical dispersions. Batch time 10–60 min for typical 
emulsions.	

• Inline rotor-stator: Single-pass or multi-pass inline mixer in a recirculation loop. 
Product passes through the rotor-stator zone in milliseconds. Used for continuous 
emulsification, high-volume personal care production, and food emulsions.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X inline rotor-stator mixers are available in flow 
rates from 50 L/hr (laboratory inline) to 100,000 L/hr (production inline) with rotor-stator 
gap adjustable from 0.2 to 2.0 mm while running. The gap control feature allows 
operators to optimize droplet size in real time against inline laser backscattering particle 
size measurement — reducing emulsification development time from weeks to days by 
enabling rapid parameter optimization on the production equipment itself.	
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Chapter 7: Agrochemical Formulation 
Processing 

IN THIS CHAPTER	
▸  The major agrochemical formulation types and their processing requirements	
▸  Wettable powder (WP) and water-dispersible granule (WDG) manufacturing	
▸  Emulsifiable concentrate (EC) and suspension concentrate (SC) production	
▸  Milling agrochemical active ingredients to required particle size specifications	
▸  Containment requirements for toxic agrochemical actives	

	
	

7.1 Agrochemical Formulation Types and Their 
Processing Logic 
The global agrochemical market produces over 1,000 active ingredients in thousands of 
formulation types. The formulation — not the active ingredient alone — determines the 
product's efficacy, safety, and usability. Each formulation type imposes specific 
processing requirements:	

Formulation Type	 Code	 Processing Method	 Key Equipment	 Critical Parameter	
Wettable powder	 WP	 Dry milling of active + 

carriers + wetting 
agents	

Jet mill or air 
classifier mill	

Particle size D90 < 44 
µm; wettability < 60 sec	

Water-dispersible 
granule	

WDG	 WP ingredients 
granulated for dust 
reduction	

Fluid bed granulator 
or spray dryer	

Disintegration time < 30 
sec; dispersibility	

Emulsifiable 
concentrate	

EC	 Active dissolved in 
organic solvent with 
emulsifier	

High-shear disperser 
or rotor-stator	

Emulsion stability (CIPAC 
MT 36)	

Suspension 
concentrate	

SC	 Active particle wet-
milled to 2–5 µm in 
water	

Bead mill + high-
shear pre-mixer	

Particle size D90 < 5 µm; 
2-year storage stability	

Capsule 
suspension	

CS	 Active encapsulated 
in polymer matrix	

Interfacial 
polymerization 
vessel	

Capsule size; 
encapsulation efficiency	

Oil dispersion	 OD	 Active in oil with 
dispersants, no water	

High-shear mixer + 
bead mill	

Particle size < 5 µm; oil 
compatibility	

Soluble liquid	 SL	 Active fully dissolved 
in water/solvent	

Simple agitator 
vessel	

pH; active concentration; 
clarity	

	

7.2 Suspension Concentrate Processing 
The SC formulation (aqueous suspension of micronized active) is now the dominant liquid 
agrochemical formulation globally, having displaced ECs in many applications due to 
lower organic solvent content and better environmental profile. The processing sequence:	
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• 1. Pre-mix: Coarse active ingredient slurried with water, dispersing agents, and 
auxiliary ingredients in a high-shear pre-mixer. Target: uniform pre-slurry at 10–
40% active loading.	

• 2. Bead milling: Pre-slurry circulated through a horizontal bead mill charged with 0.3–
1.0 mm zirconia or silica beads. Target: D90 < 5 µm, D99 < 10 µm. Typically 3–8 
passes through the mill or continuous circulation for 30–90 minutes.	

• 3. Adjuvant and stabilizer addition: Rheology modifier (thickener), antifreeze, biocide, 
pH adjuster, antifoam added under agitation.	

• 4. Quality control: Particle size (laser diffraction), viscosity (Brookfield), pH, active 
content (HPLC), suspensibility (CIPAC MT 15), wet sieve (CIPAC MT 59.3).	

ENGINEERING INSIGHT  The shelf life stability of SC formulations is the most demanding 
quality specification in agrochemical processing. A commercial SC must maintain its 
particle size distribution, suspensibility, and active content after 2 years at room 
temperature and after 14 days accelerated aging at 54°C (simulating tropical storage). 
Instability appears as crystal growth (Ostwald ripening), particle settling (inadequate 
suspension viscosity), and pH change. Bead mill product with D90 > 5 µm has 
dramatically shorter storage stability than the same formulation milled to D90 < 3 µm — 
which is why mill performance specifications are so tight in SC manufacturing.	
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Chapter 8: Flavors, Fragrances & 
Cosmetic Chemical Processing 

IN THIS CHAPTER	
▸  The flavor and fragrance supply chain and its processing requirements	
▸  Encapsulation for F&F: spray drying, coacervation, and cyclodextrin inclusion	
▸  Cosmetic emulsion manufacturing: cold process vs. hot process	
▸  Color cosmetics: the dispersion challenge for pigments in anhydrous systems	
▸  Regulatory requirements: COSMOS, ISO 22716, FDA 21 CFR Part 700	

	
	

8.1 Flavor & Fragrance Processing 
The global flavor and fragrance industry produces over 5,000 aroma chemicals and 
natural extracts, formulated into thousands of complex fragrance compositions used in 
personal care products, fine fragrances, household products, and food and beverages. 
The manufacturing processes span a remarkable range: from gentle blending of alcohol-
based fragrance concentrates (requiring only a simple agitator and temperature control) 
to ultrafine emulsion production for rinse-off hair care products (requiring a high-shear 
rotor-stator and homogenizer) to spray drying of encapsulated flavors for powdered food 
applications.	

Flavor encapsulation by spray drying is one of the most important processing applications 
in the F&F industry. Volatile aroma compounds — prone to evaporation, oxidation, and 
off-flavor development — are encapsulated in a matrix of modified starch, maltodextrin, or 
gum arabic to protect them during processing and storage and to enable controlled release 
in the application. The spray drying process for flavor encapsulation requires precise inlet 
temperature control (too hot: volatile flavor loss during drying; too cold: incomplete drying 
and sticky product), efficient emulsification of the flavor in the wall material solution before 
drying, and nitrogen gas as the inlet air where highly volatile alcohols or esters are present.	

8.2 Cosmetic Emulsion Manufacturing 
Cosmetic emulsions (creams, lotions, serums, sunscreens) are oil-in-water or water-in-oil 
dispersions stabilized by emulsifiers. The manufacturing process:	

• Phase preparation: Oil phase (oils, waxes, emollients, fat-soluble actives) and water 
phase (water, humectants, water-soluble actives, preservatives) are prepared 
separately in jacketed vessels with agitation. Both heated to above the melting 
point of the highest-melting wax in the oil phase (typically 70–85°C).	

• Emulsification: Water phase added to oil phase (or vice versa, depending on 
emulsifier system) under high-shear agitation. Rotor-stator at 3,000–8,000 rpm or 
high-pressure homogenizer at 200–500 bar creates the primary emulsion with 
droplet size 1–10 µm.	
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• Cooling and finishing: Emulsion cooled under agitation (anchor agitator maintains 
viscosity uniformity during cooling). Fragrance, heat-sensitive actives, and pH 
adjusters added at < 40°C. Final viscosity check (Brookfield or rheometer).	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X cosmetic manufacturing vessels combine a 
helical ribbon anchor (for heat transfer during heating/cooling and uniform temperature 
distribution) with an inline rotor-stator (for emulsification) in a single jacketed vessel. The 
dual-function design eliminates the second vessel required by traditional 'emulsify in a 
separate vessel, transfer to cooling vessel' process flows — reducing batch time by 35–
50% and eliminating the product loss associated with the transfer step.	
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PART  III 

POLYMERS & PLASTICS	

Compounding, Reactive Extrusion & Rubber Mixing 
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Chapter 9: Polymer Science and the 
Processing Connection 

IN THIS CHAPTER	
▸  Polymer melt rheology: viscosity, shear thinning, and the Carreau-Yasuda model	
▸  The key thermoplastic polymer families and their processing windows	
▸  Thermosets vs. thermoplastics: different chemistries, different processing philosophies	
▸  Filler reinforcement mechanisms: why carbon black and glass fiber behave so differently	
▸  Polymer degradation in processing: thermal, oxidative, mechanical, and hydrolytic	

	
	

9.1 Polymer Melt Rheology — Why It Governs 
Equipment Design 
Polymer melts are viscoelastic fluids — they have both viscous (liquid-like) and elastic 
(solid-like) characteristics simultaneously. This behavior profoundly affects mixing and 
extrusion equipment design in ways that have no analogue in Newtonian fluid processing:	

• Shear thinning: Polymer melts become dramatically less viscous as shear rate 
increases. Zero-shear viscosity (η₀) may be 1,000–100,000 Pa·s, but viscosity at 
the shear rates present in a twin-screw extruder (10–1,000 s⁻¹) may be only 10–
1,000 Pa·s. This means high-shear zones in mixers and extruders are much more 
effective at processing highly viscous polymers than simple viscosity 
measurements suggest.	

• Normal stresses: Viscoelastic fluids develop normal stress differences in shear flow 
— forces perpendicular to the flow direction. This causes the Weissenberg effect 
(fluid climbing the agitator shaft) and die swell (extrudate expanding after exiting 
the die). Die design must account for elastic recovery to achieve correct extrudate 
dimensions.	

• Melt strength: The ability of a polymer melt to support tensile stress without breaking. 
Critical for blow molding and film extrusion — a melt with low melt strength cannot 
be stretched into a film without tearing. Branched polymer architectures provide 
high melt strength at the cost of higher zero-shear viscosity.	

Equipment design for polymer processing must account for all of these rheological 
characteristics. Proc-X extruder screw geometries are designed using melt flow simulation 
(Ansys Polyflow, Ludovic, or equivalent) that accounts for the actual measured rheology 
of the polymer being processed — not simplified Newtonian assumptions.	

9.2 Key Thermoplastic Polymer Families 
Polymer	 Melt Temp 

(°C)	
Processing 
Window	

Key Filler/Additive	 Primary Compounding 
Need	
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Polyethylene (PE)	 180–240	 Wide	 Carbon black 
(pipe/film), glass fiber	

Dispersion of carbon 
black; masterbatch 
dilution	

Polypropylene (PP)	 200–260	 Wide	 Talc, glass fiber, 
nucleating agents	

Fiber length preservation; 
dispersion of flame 
retardants	

Polyamide 6/66 
(Nylon)	

230–290	 Narrow 
(moisture)	

Glass fiber, heat 
stabilizers	

Moisture control; fiber 
length; PA-GF specific 
screw	

PVC (rigid and 
plasticized)	

160–200	 Narrow 
(thermal 
stability)	

Plasticizers, 
stabilizers, fillers	

Stabilizer dispersion; 
avoid thermal degradation	

ABS / ASA	 220–260	 Medium	 Flame retardants, 
glass fiber	

FR dispersion; color 
matching; impact modifier 
distribution	

PEEK / PPS (HT 
thermoplastics)	

350–420	 Very narrow	 Carbon fiber, PTFE, 
MoS2	

Fiber length preservation; 
ultra-high temp 
barrel/screw	

TPE / TPU 
(thermoplastic 
elastomers)	

180–230	 Moderate	 Plasticizers, fillers	 Uniform plasticizer 
absorption; reactive 
compatibilization	

	

9.3 Polymer Degradation in Processing 
Polymer degradation during processing is the primary enemy of compound quality. Four 
mechanisms operate simultaneously in any melt processing operation:	

• Thermal degradation: At temperatures above the degradation onset temperature 
(typically 20–100°C above the melt temperature), thermal chain scission reduces 
molecular weight, generating volatile decomposition products (color, odor, smoke). 
The 'processing window' for each polymer is the temperature range between the 
onset of adequate melt flow and the onset of significant thermal degradation.	

• Oxidative degradation: Oxygen reacts with polymer chains at melt temperatures, 
initiating a radical chain reaction that causes chain scission and crosslinking 
simultaneously — reducing mechanical properties and generating discoloration. 
Nitrogen purging of the feed zone and anti-oxidant packages prevent oxidative 
degradation in sensitive polymers (polyolefins, TPEs).	

• Mechanical degradation: Very high local shear stresses — in the extruder screw 
channels or in tight kneading block geometries — can break polymer chains 
directly. More relevant for very high-MW polymers (UHMWPE, PTFE) where the 
chains are long enough to be mechanically cut.	

• Hydrolytic degradation: Moisture reacts with condensation polymers (polyesters, 
polyamides, polycarbonate) to reduce molecular weight. Drying to < 100 ppm 
moisture before processing is mandatory for these polymers. Proc-X extruder 
systems for hydrolysis-sensitive polymers include integrated venting sections that 
remove residual moisture from the melt under vacuum during processing.	
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Chapter 10: Internal Mixers for Rubber 
Compounding 

IN THIS CHAPTER	
▸  Why rubber compounding requires an internal mixer rather than any other mixing 
technology	
▸  The anatomy of an internal (Banbury-type) mixer: rotor types, chamber design, and 
cooling	
▸  The rubber compounding cycle: masterbatch, final mix, and the upside-down mixing 
sequence	
▸  Rotor design evolution: from 2-wing to 4-wing to intermeshing rotors	
▸  Process control: mixing time vs. energy endpoint vs. temperature endpoint	

	
	

10.1 Why Internal Mixers? 
Rubber compounding requires dispersing carbon black, silica, process oils, vulcanizing 
agents, accelerators, and other additives throughout an elastomer matrix at loadings of 
50–150 parts per hundred rubber (phr). The elastomer viscosity at processing temperature 
is typically 50,000–500,000 cP — 100–1,000× more viscous than the most viscous 
pharmaceutical or fine chemical batch. Only two equipment types can handle these 
viscosities at production scale: the open mill (two counter-rotating rolls) and the internal 
(Banbury-type) mixer.	

The internal mixer is preferred over the open mill for almost all production applications 
because: it is fully enclosed (no operator exposure to rubber dust), the mixing energy is 
more efficiently applied (no material ejection from the nip), temperature can be controlled 
precisely, and throughput per hour is 3–5× higher for equivalent batch quality.	

10.2 Internal Mixer Anatomy 
The internal mixer consists of a mixing chamber (a figure-8 cross-section cavity in a 
temperature-controlled steel body) containing two counter-rotating rotors, closed above 
by a floating weight (ram) that pushes material into the mixing zone. Key design features:	

• Rotor geometry: Early designs used 2-wing friction rotors (speed ratio 1:1.125). 
Modern designs use 4-wing tangential rotors (higher specific mixing energy, better 
temperature uniformity) or intermeshing rotors (lower energy but better distributive 
mixing — preferred for difficult black dispersion and silica compounds).	

• Chamber volume: Fill factor (ratio of batch volume to chamber volume) of 0.65–0.80 
is critical. Too little fill: inefficient mixing, slow temperature rise. Too much fill: 
material escapes past the ram, overloading and poor mixing.	

• Rotor cooling: Temperature-controlled water flows through internal channels in the 
rotors and chamber walls, controlling compound temperature during mixing. 
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Precise temperature control (±2°C) is critical for preventing premature vulcanization 
(scorching) and for reproducing Mooney viscosity batch-to-batch.	

Rotor Type	 Wing Count	 Mixing Action	 Best For	 Speed 
(rpm)	

2-Wing tangential (D-
type)	

2	 High shear, 
elongational flow	

Natural rubber, 
simple black-filled 
compounds	

20–60	

4-Wing tangential (F-
type)	

4	 Higher shear intensity, 
better temperature 
uniformity	

Synthetic rubbers, 
high-loading 
compounds	

20–80	

Intermeshing (IM)	 4 
(intermeshing)	

Lower shear but 
superior dispersion	

Silica compounds, 
hard-to-disperse 
additives	

15–40	

Variable speed (VS)	 4 or IM	 Adaptive — high 
shear for dispersion, 
low for cooling	

High-tech tire 
compounds, NR/SBR 
blends	

5–80 
(variable)	

	

10.3 The Rubber Compounding Cycle 
A typical rubber compounding cycle for a carbon-black filled compound:	

• Masterbatch mix: Elastomer added → ram down → 30–60 sec break-down. Process 
oil and half the carbon black added → ram down → mix 60–120 sec. Remaining 
carbon black and fillers added → mix to endpoint temperature (130–150°C). Ram 
up, sweep, ram down. Dump at 150–160°C.	

• Final mix (re-mill): Masterbatch returned from storage (cooled to < 50°C). Curatives 
(sulfur, accelerators, ZnO, stearic acid) added at low temperature (< 90°C) to 
prevent scorching. Mix to uniform distribution, dump at 100–110°C.	

ENGINEERING INSIGHT  The 'upside-down' mixing sequence — adding curatives in the 
masterbatch before the elastomer — is used in some production facilities to achieve 
better curative dispersion by taking advantage of the low viscosity of the curative melt 
before polymer is added. This approach requires very precise control of curative addition 
temperature and has higher scorch risk. Proc-X internal mixer temperature control 
systems with ±1°C precision are designed to safely enable upside-down mixing 
sequences where the formulation development data supports it.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-IM internal mixers are available from 1.6 L 
(laboratory) to 650 L (production) chamber volumes. All production models include: 4-
wing tangential rotors as standard (intermeshing available), variable-speed AC drive with 
torque measurement, PID jacket and rotor temperature control (±1°C), pneumatic ram 
with adjustable pressure, and PX-BMS batch record integration. Energy endpoint control 
(Wh/kg) is standard on all models, with optional compound temperature endpoint as a 
secondary endpoint.	

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 33	

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

Chapter 11: Twin-Screw Extrusion for 
Polymer Compounding 

IN THIS CHAPTER	
▸  Co-rotating vs. counter-rotating twin-screw extruders: which and when	
▸  Screw design for polymer compounding: mixing elements, conveying elements, and 
distributive mixing	
▸  Feeding technology for compounding lines: feeders, feeders, and more feeders	
▸  Devolatilization: removing moisture, solvents, and reaction byproducts from the melt	
▸  Die design, pelletizing, and strand vs. underwater pelletizing	

	
	

11.1 The Twin-Screw Extruder in Polymer Compounding 
The co-rotating intermeshing twin-screw extruder (TSE) is the dominant continuous mixing 
and compounding machine for thermoplastic polymer processing. Its fundamental 
advantage over single-screw extruders and batch internal mixers is the combination of 
excellent distributive mixing (in conveying elements), intense dispersive mixing (in 
kneading elements), controlled residence time distribution, and continuous operation — 
all in a single modular machine that can be reconfigured by swapping screw elements to 
optimize for any specific compounding task.	

TSE Type	 Screw 
Geometry	

Mixing 
Mechanism	

Best Application	 Throughput	

Co-rotating 
intermeshing (most 
common)	

Self-wiping helix	 Distributive + 
dispersive	

All thermoplastic 
compounding	

0.5–10,000 
kg/hr	

Counter-rotating 
intermeshing	

Tight meshing, 
positive 
displacement	

Calendering-type 
dispersive	

PVC dry blend 
compounding, wood-
plastic composites	

0.5–5,000 
kg/hr	

Counter-rotating 
non-intermeshing	

Wide-profile 
screws	

Elongational-
dominated	

Highly filled 
compounds, 
masterbatch	

100–5,000 
kg/hr	

	

11.2 Screw Design for Compounding 
A compounding screw is assembled from modular elements fitted onto a hex or spline 
screw shaft. The sequence and type of elements determine the mixing quality, residence 
time, and energy input in each zone of the barrel:	

• Conveying elements (forward pitch helix): Transport material forward; generate 
pressure to push it through the next section. Wide-pitch elements for fast transport 
at the feed zone; narrow-pitch elements to build pressure before restrictive 
kneading sections.	
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• Kneading blocks: Offset disc elements that generate high shear in the narrow gap 
between disc edges and barrel wall. Stagger angle (30°, 45°, 60°, 90°) and width 
determine mixing intensity. Neutral (90°) kneading blocks create the highest shear 
and most intensive dispersive mixing but also generate the most heat.	

• Reverse/mixing elements: Return elements retard forward flow, increasing residence 
time. Mixing rings and gear mixers provide additional distributive mixing without the 
high shear of kneading blocks.	

The screw design sequence for a 30-weight-percent glass fiber reinforced nylon 
compound, for example, might be: feed zone with deep-channel conveying → kneading 
block for polymer melt and nylon PA6 → glass fiber side feed (with wide-pitch gentle 
conveying to minimize fiber breakage) → neutral mixing elements for fiber distribution → 
forward conveying to die. Every element type, length, and position is specified by Proc-
X's screw design engineers using simulation software validated against production data 
from our customer base.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X twin-screw extruders are available in 11 mm 
(laboratory) through 200 mm (production) screw diameters, covering throughputs from < 
1 kg/hr to > 10,000 kg/hr. All production-scale machines include modular barrel 
construction, gravimetric side feeders at each barrel port, vacuum devolatilization at the 
standard vent position, and the PX-TSE Optimizer software that recommends screw 
configurations and process parameters for new materials based on Proc-X's proprietary 
compounding database of over 3,000 formulations.	
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Chapter 12: Reactive Extrusion — 
Chemistry in the Barrel 

IN THIS CHAPTER	
▸  What makes reactive extrusion unique: the extruder as a continuous chemical reactor	
▸  Key reactive extrusion chemistries: grafting, crosslinking, compatibilization, ring-opening 
polymerization	
▸  Residence time distribution in reactive extrusion: why it matters for conversion	
▸  Heat generation and removal in reactive extrusion: the thermal management challenge	
▸  Reactive extrusion process examples: maleic anhydride grafting of polyolefins	

	
	

12.1 The Extruder as a Chemical Reactor 
In reactive extrusion (REX), chemical reactions occur within the extruder barrel 
simultaneously with melting, mixing, and transport. The extruder serves as a continuous 
reactor with precise control of temperature, residence time, mixing intensity, and — in 
some cases — pressure. REX has displaced batch solution-phase chemistry for several 
important polymer modifications, offering: no solvent required (eliminating solvent 
recovery/disposal), continuous operation (no batch-to-batch variability), shorter reaction 
times (intensified mixing vs. solution stirring), and integrated product forming (polymer 
exits as a pellet, not a solution requiring drying).	

Key reactive extrusion chemistries in commercial production:	

• Maleic anhydride (MAH) grafting onto polyolefins: Produces functionalized PE-g-
MAH or PP-g-MAH compatibilizers used to bond polyamide to polyolefin in alloys 
and as adhesion promoters in glass fiber compounding. Requires peroxide initiator, 
controlled temperature (200–230°C for PP), and venting of unreacted MAH vapor.	

• Polyamide in-situ polymerization: Caprolactam ring-opening polymerization in a twin-
screw extruder. Eliminates the large, batch polymerization reactor required in 
conventional PA6 production. Proc-X has supplied REX systems for on-site PA6 
production at compound processors.	

• Rubber dynamic vulcanization (TPV production): Rubber phase crosslinked in situ 
while mixed with thermoplastic matrix, producing thermoplastic vulcanizate (TPV) 
— an elastomeric material that is melt-processable like a thermoplastic. Mixing 
intensity during vulcanization determines the rubber particle size distribution and 
the final TPV properties.	

• Chain extension of polyesters: PET and PLA from recycling or degraded production 
often have insufficient molecular weight for quality film or fiber production. Reactive 
extrusion with chain extenders (Joncryl ADR, carbodiimide) restores molecular 
weight in a single continuous pass.	
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ENGINEERING INSIGHT  The residence time distribution (RTD) of a twin-screw extruder is 
typically narrow — most material has a similar residence time within a factor of 2–3. But 
even this narrow RTD can cause variability in reactive extrusion: material with minimum 
residence time may have incomplete reaction (lower conversion), while material at 
maximum residence time may have over-reaction (degradation, side reactions). For REX 
processes with reaction kinetics comparable to the RTD, RTD characterization using 
tracer experiments (colored pellet injection, UV-absorbing tracer) is a required process 
design step — and Proc-X includes RTD characterization in the commissioning protocol 
for all REX systems.	
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Chapter 13: Masterbatch Production and 
Color Compounding 

IN THIS CHAPTER	
▸  The masterbatch concept: why concentrated additive pre-dispersions exist	
▸  Color masterbatch production: pigment types, loading levels, and dispersion quality	
▸  Carbon black masterbatch: the most demanding dispersion challenge in polymer 
processing	
▸  Flame retardant masterbatches: ATH, MDH, brominated systems, and intumescent FRs	
▸  Additive masterbatches: stabilizers, slip, anti-block, antistatic, and UV absorbers	

	
	

13.1 Why Masterbatches Exist 
A masterbatch is a concentrated mixture of pigments, additives, or fillers pre-dispersed at 
20–80% loading in a carrier resin — supplied to plastics converters (molders, extruders) 
who dilute it to usage concentration during their own processing. The masterbatch concept 
exists because the plastics converter cannot effectively disperse a raw pigment powder 
(which arrives in agglomerated form with primary particle sizes of 0.1–0.5 µm) using the 
short residence time and moderate shear of a single-screw injection molding or film 
extrusion machine. The masterbatch producer, using a high-performance twin-screw 
compounder with optimized screw geometry and long mixing residence time, disperses 
the pigment to near-primary particle level and fixes it in the carrier resin — from which the 
converter can dilute it without needing to re-disperse.	

13.2 Carbon Black Masterbatch 
Carbon black (CB) is the most challenging dispersion challenge in polymer compounding. 
CB arrives as aggregates (50–500 nm) formed by fusion of primary particles (10–100 nm) 
during the carbon black manufacturing process. These aggregates form agglomerates 
(10–100 µm) held together by van der Waals forces. For electrical conductivity, 
electromagnetic shielding, or UV protection applications, the CB must be dispersed to 
primary aggregate level — breaking all agglomerates without breaking the aggregates 
themselves (which are sintered, not just held by van der Waals forces, and cannot be 
broken without reducing electrical conductivity).	

CB dispersion quality is measured by the dispersion index (ISO 11664-2), optical 
microscopy (counting agglomerates per unit area), or electrical resistivity (for conductive 
grades). A CB dispersion index < 1% undispersed by volume is typically required for 
conductive applications. Achieving this requires: proper screw design with extended 
kneading section, correct CB addition sequence (CB added to molten polymer, not fed 
with cold pellets), and fill factor optimized for the specific CB grade and loading.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X twin-screw extruders for carbon black 
masterbatch production are configured with extended kneading sections (4–5 sequential 



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 38	

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

kneading blocks totaling 6–8D mixing length) and a CB side feeder that adds the carbon 
black directly into the molten polymer at high-shear zone entry — the most effective 
configuration for breaking CB agglomerates while preserving the aggregate structure. 
Proc-X CB masterbatch extruders achieve dispersion indices < 0.5% at CB loadings up 
to 50 phr in PE carrier resin at 500–2,000 kg/hr throughput.	
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Chapter 14: Specialty Polymer Blends 
and Thermoplastic Elastomers 

IN THIS CHAPTER	
▸  Polymer miscibility and phase behavior: when polymers blend and when they phase-
separate	
▸  Compatibilization strategies for immiscible polymer pairs	
▸  Thermoplastic vulcanizate (TPV) production by dynamic vulcanization	
▸  Engineering polymer alloys: ABS/PC, PA/PP, and PA/ABS blends	
▸  Biopolymer and recycled content compounding	

	
	

14.1 Polymer Miscibility and Blending 
Most pairs of polymers are thermodynamically immiscible — they phase-separate on a 
molecular level when blended. This is governed by the Flory-Huggins interaction 
parameter (χ): miscibility requires χ × N < 2 (where N is chain length). For high molecular 
weight polymers, this condition is rarely met for unlike polymer pairs. The result is phase-
separated morphologies — dispersed droplets of one polymer in a matrix of the other — 
whose size, shape, and distribution determine the blend's mechanical properties.	

Phase-separated blends can have excellent properties if the phase morphology is 
optimized: small (< 1 µm), uniformly distributed dispersed phase with good interfacial 
adhesion produces toughened blends (e.g., rubber-toughened PA, toughened PBT). 
Achieving this requires compatibilization — adding a block or graft copolymer that adsorbs 
at the interface between the two phases, reducing interfacial tension and preventing 
droplet coalescence during processing.	

14.2 Biopolymer and Recycled Content Compounding 
The sustainability imperative is driving growth in two compounding areas that present 
unique processing challenges:	

• Biopolymers: PLA, PHA, PBAT, and TPS (thermoplastic starch) have narrow 
processing windows, high moisture sensitivity, and lower thermal stability than 
commodity thermoplastics. Proc-X TSE systems for biopolymer compounding 
include: precision drying feeder to maintain moisture < 250 ppm, low-shear screw 
configurations to minimize hydrolytic degradation, and carefully controlled barrel 
temperature profiles that stay below the degradation temperature (PLA: 230°C limit) 
while achieving adequate plasticization.	

• Recycled content compounding: Post-consumer recycled (PCR) and post-industrial 
recycled (PIR) polymers arrive with highly variable contamination (metals, non-
target polymers, printing inks, moisture), degraded molecular weight, and unstable 
color. REX chain extension restores molecular weight. Melt filtration (200 µm 
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screen pack as standard; 50 µm for sensitive applications) removes solid 
contaminants. Color correction masterbatch addition compensates for yellowing.	
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PART  IV 

COATINGS, ADHESIVES & 
SEALANTS	

Dispersion, Milling & Formulation Processing 
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Chapter 15: The Physics and Chemistry 
of Dispersion 

IN THIS CHAPTER	
▸  What 'dispersion' really means: the difference between wetting, deagglomeration, and 
stabilization	
▸  The dispersion process: three stages every pigment must pass through	
▸  Surface energy, wetting agents, and the role of dispersants	
▸  Measuring dispersion quality: Hegman gauge, fineness of grind, and particle size 
analysis	
▸  Shear rate requirements for different dispersion tasks	

	
	

15.1 Dispersion — More Than Just Mixing 
In the coatings, inks, and adhesives industries, 'dispersion' is the process of transforming 
a raw pigment, filler, or functional additive from its as-received agglomerated state into a 
stable suspension of deagglomerated primary particles in the liquid medium. It is not the 
same as homogeneous mixing — it involves a sequence of physicochemical events, each 
requiring different energy and equipment:	

• Wetting: The liquid medium (resin/solvent/water) must displace adsorbed air and 
moisture from the surface of the pigment agglomerate and penetrate between 
individual particles. Wetting is driven by surface energy — the liquid must have 
lower surface tension than the pigment surface energy. Wetting agents 
(surfactants, dispersants) lower the liquid surface tension and facilitate this step. 
Wetting time can be the rate-limiting step for hydrophobic pigments in waterborne 
systems.	

• Deagglomeration: Mechanical energy — shear stress, impact, or attrition — must 
break down the agglomerates into primary aggregates or primary particles. The 
energy required is proportional to the strength of the van der Waals attractive 
forces holding the agglomerates together, which is inversely proportional to the 
square of the particle separation distance. This step requires equipment that 
delivers sufficient specific energy per unit volume — high-speed dissolvers for 
coarser dispersions (Hegman 4–5), bead mills for finer dispersions (Hegman 6.5–
7+).	

• Stabilization: Deagglomerated particles must be prevented from re-agglomerating. 
Stabilization mechanisms include electrostatic repulsion (important in waterborne 
systems; zeta potential ≥ ±30 mV for stable dispersions) and steric repulsion (from 
adsorbed polymeric dispersants — the dominant mechanism in solventborne 
systems).	
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15.2 Measuring Dispersion Quality 
Test Method	 Instrument	 Measurement	 Specification 

Range	
Application	

Hegman gauge 
(fineness of 
grind)	

Grind gauge (ASTM 
D1210)	

Largest 
particle/agglomerate 
visible on gauge	

Hegman 4–7 
(100–13 µm)	

Production 
QC for all 
coatings/inks	

Laser 
diffraction	

Mastersizer, LS 
Particle Sizer	

Volume-weighted PSD 
(D10, D50, D90)	

D90 < 5–50 µm 
depending on 
application	

R&D; high-
precision QC	

Zeta potential	 Zetasizer, DelsaNano	 Electrostatic charge on 
particle surface (mV)	

≥ ±30 mV for 
electrostatic 
stability	

Waterborne 
systems; 
aqueous 
pigment 
slurries	

Tinting strength	 Colorimetry 
(spectrophotometer)	

Relative coloristic 
strength vs. standard	

95–105% of 
reference	

Color-critical 
coatings and 
inks	

Gloss	 Gloss meter 
(20°/60°/85°)	

Specular reflectance of 
applied film	

Depends on 
sheen class	

Quality 
indicator for 
dispersion 
fineness	
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Chapter 16: High-Speed Dissolvers and 
Multi-Shaft Mixers 

IN THIS CHAPTER	
▸  The Cowles blade dissolver: design, operating principle, and the donut vortex	
▸  Tank geometry for efficient dispersion: diameter, depth, blade submersion, and baffling	
▸  High-viscosity systems: when the Cowles blade alone is insufficient	
▸  Multi-shaft mixers: combining dispersive and distributive action	
▸  Vacuum mixing for void-free adhesives and sealants	

	
	

16.1 The Cowles Blade Dissolver 
The Cowles (sawtooth) blade high-speed dissolver is the most widely used dispersion 
device in the coatings, inks, and adhesives industries. A toothed blade rotating at 1,000–
3,000 rpm (tip speed 15–30 m/s) in a cylindrical tank generates a characteristic 'donut' or 
toroidal flow pattern: material is drawn up from below the blade, thrown radially outward 
at the blade tip, flowing down the tank wall and returning from below. The zone of high 
shear — where dispersion actually occurs — is at the blade tip and in the region 
immediately outside the blade disc where the tangential velocity is highest.	

The design rules for effective Cowles dispersion are well-established:	

• Blade-to-tank ratio: D_blade / D_tank = 0.30–0.40. Too small: insufficient radial 
velocity to sweep the tank; dead zones form. Too large: material is thrown against 
the tank wall without adequate mixing.	

• Blade submersion: H_liquid / H_blade = 1.0 (blade at mid-depth). Blade position 
affects vortex formation and blade-to-tank-wall velocity.	

• Speed: Tip speed v_tip = 15–25 m/s for standard organic pigments. Difficult-to-wet or 
hard pigments (carbon black, phthalocyanines): 25–30 m/s. Fragile materials or 
heat-sensitive systems: 10–20 m/s.	

16.2 Multi-Shaft Mixers for High-Viscosity Coatings 
High-solids coatings (> 70% solids), sealants, and adhesive pastes exceed the practical 
viscosity limit of a Cowles blade dissolver (typically > 20,000 cP). At these viscosities, the 
Cowles blade can no longer generate the donut vortex — the material stops flowing and 
the blade simply bores a hole in the center of the tank. The multi-shaft mixer addresses 
this by combining a slow-speed anchor (which scrapes the tank walls and provides bulk 
macro-circulation) with the Cowles blade (which provides the local high-shear zone for 
dispersion):	

• Anchor speed: 10–60 rpm. Sufficient to continuously move material through the 
Cowles blade zone.	

• Cowles speed: 500–2,000 rpm. Provides the dispersive shear in the blade zone.	
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• Rotor-stator option: Third shaft for additional high-shear dispersion in the 
recirculating flow. Suitable for very fine dispersion targets (Hegman ≥ 7) in high-
viscosity systems.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-MSM multi-shaft mixers for coatings 
production are available in 50 to 10,000 L vessel sizes with full vacuum capability (< 5 
mmHg absolute) for void-free adhesive and sealant production. All include: independent 
VFD control of anchor and Cowles drives, jacketed vessel for temperature control, high-
vacuum seal on all shaft penetrations, and the PX-BMS recipe control system that logs 
impeller speeds, temperature, vacuum level, and mixing time for every batch.	
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Chapter 17: Bead Mills and Three-Roll 
Mills 

IN THIS CHAPTER	
▸  Bead mills: the preferred technology for achieving Hegman ≥ 6.5 in coatings and inks	
▸  Bead mill configurations: vertical, horizontal, and disc vs. peg designs	
▸  Media selection: size, material, and how they affect grinding efficiency and product 
quality	
▸  Three-roll mills: the irreplaceable tool for pastes, sealants, and color concentrates	
▸  Roll gap control, calendering ratio, and the apron take-off	

	
	

17.1 Bead Mills for Fine Pigment Dispersion 
The bead mill (also called a pearl mill or media mill) achieves the finest dispersion levels 
attainable in liquid-phase systems: primary aggregate particle sizes of 0.1–1.0 µm, 
Hegman fineness ≥ 7, and narrow particle size distributions (D90/D50 ≤ 2). The principle: 
a cylindrical grinding chamber filled 70–85% with small (0.1–2.0 mm) grinding media is 
agitated by a shaft with disc, peg, or pin impellers. Product is pumped through the 
chamber; pigment agglomerates are broken by attrition and impact between media–media 
and media–particle collisions.	

Bead Size 
(mm)	

Application	 Achievable D50 (µm)	 Preferred Media Material	

2.0–3.0	 Pre-grind step; coarse 
dispersions	

2–10	 Steel or ceramic	

1.0–2.0	 General paint and ink 
production	

0.5–3	 Zirconia (ZrO2)	

0.3–1.0	 Fine pigment dispersion, 
automotive coatings	

0.2–1.0	 Zirconia (YSZ-stabilized)	

0.1–0.3	 Nanoparticle dispersion, 
transparent iron oxides	

0.05–0.3	 Zirconia < 0.3 mm	

0.05–0.1	 Ultrafine TiO2, CNT 
dispersion, quantum dots	

0.02–0.1	 ZrO2 or polystyrene (gentle)	

	

17.2 Three-Roll Mills for Pastes and Sealants 
The three-roll mill (also called a triple roll mill or calender) is irreplaceable for processing 
high-viscosity pastes, printing inks, color concentrates, and dental materials — materials 
that are too thick or too structured to be effectively processed by a bead mill. Three 
horizontal rolls rotate at different speeds (calendering ratio 1:3:9 is typical), and the 
product is drawn through the gap between rolls, subjected to extremely high shear stress 
(up to 1 × 10⁶ Pa in a 10 µm gap at 100 rpm).	
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The three-roll mill cannot be replaced by any other equipment for certain applications: 
electronic pastes (silver epoxy, solder paste) where the paste must remain high-viscosity 
but with complete elimination of all agglomerates; dental composites where filler-resin 
wetting must be maximized without introducing air voids; and printing inks where the ink 
must have a specific ink-tack profile that can only be achieved by multiple-pass roll milling.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X three-roll mills are available in 2" through 24" 
roll width in ceramic (Al2O3 or ZrO2) and hardened steel roll materials. For electronic 
paste applications, Proc-X supplies triple-roll mills with roll surface hardness Ra ≤ 0.05 
µm and a roll alignment accuracy of ± 0.001 mm across the full roll width — the precision 
required to produce uniform silver epoxy pastes for semiconductor die attach 
applications. All models include hydraulic gap control with digital readout and a product 
temperature monitoring system.	
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Chapter 18: Pressure-Sensitive 
Adhesives — Hot-Melt and Solvent-
Based 

IN THIS CHAPTER	
▸  PSA chemistry: why acrylic, rubber-based, and silicone PSAs require different processing 
approaches	
▸  Hot-melt PSA processing: the twin-screw extruder as continuous compounder and coater	
▸  Solvent-based PSA manufacturing: high-solids acrylic production and formulation	
▸  Crosslinked and UV-curable PSA systems	
▸  Key PSA performance properties and how processing affects them	

	
	

18.1 PSA Chemistry and Processing 
Pressure-sensitive adhesives bond to surfaces under light pressure without requiring heat, 
solvent, or other activation. The three major PSA chemistries have fundamentally different 
processing requirements:	

• Rubber-based PSAs: Natural rubber or SIS/SBS block copolymer tackified with 
hydrocarbon resins and extended with mineral oil. Processed by hot-melt extrusion 
at 130–180°C. The extruder serves as both the mixing/compounding machine and 
the continuous delivery system to the coating die. High melt strength elastomers 
(NR, SIS) require carefully designed screw to avoid mechanical degradation of the 
elastomer chains.	

• Acrylic PSAs: Random copolymers of 2-ethylhexyl acrylate (soft monomer, Tg 
−70°C) with acrylic acid or vinyl acetate (functional comonomer for crosslinking). 
Produced by solution polymerization in ethyl acetate or by emulsion polymerization 
in water. Solution PSAs formulated at 40–65% solids; processing requires high-
shear mixing for crosslinker and tackifier incorporation followed by high-precision 
coating.	

• Silicone PSAs: Polydimethylsiloxane (PDMS) gum crosslinked with silicone MQ 
resin. Used for high-temperature, low-energy surface, and medical applications. 
Processing: silicone gum and resin blended in planetary mixer or twin-screw, 
solvent added for viscosity adjustment, coated and crosslinked by peroxide or 
platinum-catalyzed cure.	

18.2 Hot-Melt PSA Compounding by Twin-Screw 
Extrusion 
The continuous twin-screw compounding line for hot-melt PSA production integrates:	
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• LIW feeders: Elastomer (pelletized SIS/SBS), tackifier resin (solid prill or flake), 
plasticizer (mineral oil via liquid injection port), antioxidant (pellet or powder).	

• Twin-screw compounding section: Melting of elastomer and resin, controlled mixing 
for uniform tackifier distribution without thermal degradation of the elastomer.	

• Gear pump: Constant pressure supply to the coating die, eliminating pressure 
pulsations that cause coat weight variation.	

• Slot die coating: Extrudate coated at 10–200 µm thickness onto release liner or 
substrate at line speeds of 50–300 m/min.	

ENGINEERING INSIGHT  The greatest quality risk in hot-melt PSA production is elastomer 
degradation during extended exposure to high temperature in the extruder. Rubber-
based PSAs in particular are susceptible to chain scission at the temperatures and shear 
rates present in a twin-screw extruder. Chain scission reduces MW, reducing cohesive 
strength and tack. Design mitigation: minimize residence time (short screw length, high 
throughput), use gentle kneading elements at the melting zone, and maintain barrel 
temperature within 10°C of the minimum needed for adequate melt flow.	
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Chapter 19: Industrial Sealants and 
Structural Adhesives 

IN THIS CHAPTER	
▸  Sealant and structural adhesive formulation types and their processing requirements	
▸  One-component (1K) vs. two-component (2K) systems: mixing and dispensing 
differences	
▸  Silicone sealant manufacturing: the planetary mixer process	
▸  Polyurethane sealant and adhesive production	
▸  Epoxy structural adhesive compounding and the 2K dispensing system	

	
	

19.1 Sealant and Structural Adhesive Market Overview 
The global sealant and structural adhesive market encompasses products ranging from 
consumer silicone bathroom sealants (1-component, moisture-cure) to aerospace 
structural adhesives (2-component, high-temperature cure, qualified to AMS 3255 or 
similar). Processing requirements span a similarly wide range: the consumer silicone 
sealant is produced in a planetary mixer and filled into cartridges; the aerospace structural 
adhesive is produced in a high-vacuum mixer to achieve < 0.1% void content, filled in 
precisely metered 1:1 or 2:1 volume-ratio cartridges, and shelf-life tested at −20°C for 12 
months before release.	

19.2 Silicone Sealant Manufacturing 
Silicone sealant (1K, moisture-cure, RTV-1) is one of the highest-volume specialty 
chemical formulations processed by planetary mixer worldwide. The manufacturing 
sequence:	

• Base polymer preparation: PDMS polymer (viscosity 50,000–100,000 cSt), fumed 
silica (as reinforcing filler), and process aid (silanol fluid) compounded in an internal 
mixer or high-power planetary mixer to form the reinforced silicone base.	

• Filler addition: Calcium carbonate (ground limestone or precipitated), additional 
fumed silica, and pigments dispersed into the base polymer in a planetary mixer.	

• Curative incorporation: Crosslinker (methyltrimethoxy silane or oxime), catalyst 
(organotin compound), and adhesion promoter added and mixed under vacuum (< 
1 mmHg) to prevent moisture exposure before cartridge filling.	

• Filling: 1K sealant is moisture-curing — it must be filled and sealed in moisture-free 
cartridges immediately after manufacturing. Proc-X cartridge filling systems operate 
under nitrogen blanket with cartridge sealing before the sealant is exposed to 
ambient humidity.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-DPM planetary mixers for silicone sealant 
production are available in 10 to 500 gallon sizes with < 1 mmHg vacuum as standard. 
The PX-SIL configuration adds: nitrogen inert-atmosphere headspace during mixing; 
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PTFE-coated bowl for easy silicone release; and a bottom-outlet discharge port that 
allows gravity-assisted batch transfer to the filling line under nitrogen, without exposing 
the curing sealant to atmospheric moisture at any point.	
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Chapter 20: Waterborne Coatings, High-
Solids Systems & VOC Reduction 

IN THIS CHAPTER	
▸  The regulatory drivers for waterborne coatings: EPA architectural coating rules, EU 
Directive 2004/42/EC	
▸  Waterborne alkyd and acrylic dispersion technology	
▸  High-solids solventborne coatings: formulation and processing strategies	
▸  Powder coating production: extruder compounding and electrostatic application	
▸  UV/EB curable coatings: the solvent-free alternative and its processing requirements	

	
	

20.1 The VOC Reduction Imperative 
Volatile organic compounds (VOCs) from coating application and manufacture contribute 
to ground-level ozone formation and human health risks. Regulatory pressure to reduce 
VOC emissions from coatings has been the dominant driver of coatings technology 
development since the 1990s and continues to accelerate. The major VOC-reduction 
approaches each impose specific processing requirements:	

Technology	 VOC 
Content	

Processing Requirement	 Key Proc-X Equipment	

Conventional 
solventborne	

300–600 g/L	 Standard mixing; solvent-
rated equipment	

Standard mixer; ATEX Zone 1	

High-solids 
solventborne	

200–350 g/L	 Low-viscosity resins; 
precision mixing	

High-shear mixer; ATEX Zone 1	

Waterborne 
(latex/dispersion)	

< 150 g/L	 Low-shear mixing; 
surfactant-sensitive	

Low-speed dissolver; paddle 
mixer	

Waterborne (high-PVC)	 < 100 g/L	 Pigment dispersion at high 
water content	

High-speed dissolver; bead mill	

2K crosslinked 
waterborne	

< 100 g/L	 Separate storage; 
controlled mix ratio	

2K metering and mixing system	

Powder coating (100% 
solid)	

0 g/L	 Dry extrusion 
compounding; grinding	

Twin-screw extruder; ACM pin 
mill	

UV/EB curable	 < 50 g/L 
(reactive 
diluents)	

Inert atmosphere; viscosity 
management	

Vacuum planetary mixer; 
protected filling	

	

20.2 Powder Coating Production 
Powder coatings (zero-VOC) are produced by dry blending and extrusion compounding 
of thermosetting resins (polyester, epoxy, polyurethane, acrylic) with crosslinkers, 
pigments, fillers, and additives, followed by jet milling or pin milling to the application 
particle size (D50 30–50 µm, D90 < 100 µm for electrostatic spray application).	
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The powder coating extrusion compounding step: raw materials tumble-blended to pre-
mix, fed into a twin-screw extruder (single-screw for simple systems) at 90–130°C, 
compounded below the gel temperature of the crosslinker (which must not cure during 
processing), and extruded as a ribbon that is cooled on a water-cooled conveyor belt and 
broken into flake. The flake is then ground in an ACM or pin mill to the target PSD, and 
classified by cyclone and vibrating screen to remove coarse oversize and fine fraction 
(which would cause coating defects).	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X powder coating compounding lines integrate the 
feed system (V-blender pre-mix, LIW feeders for each component), the PX-TSE twin-
screw extruder with an optimized low-shear screw design that stays below gel 
temperature, a water-cooled haul-off belt and flake breaker, and the PX-ACM air 
classifier mill with cyclone collector and bag filter. Throughput from 200 to 3,000 kg/hr. 
The complete line occupies approximately 25 m × 8 m floor space and is supplied as a 
fully tested, pre-commissioned skid system.	
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PART  V 

BULK & COMMODITY 
CHEMICALS	

Fertilizers, Pneumatic Conveying & Continuous Chemical Lines 
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Chapter 21: Fertilizer Processing — 
Granulation, Coating & Blending 

IN THIS CHAPTER	
▸  The global fertilizer market and its scale: why processing efficiency is everything	
▸  Urea, ammonium nitrate, and NPK fertilizer production and the role of granulation	
▸  Rotary drum granulators vs. pan granulators vs. compaction granulation	
▸  Fertilizer coating: controlled-release technology and sulfur coating	
▸  Bulk blending and the accuracy challenge in NPK blend production	

	
	

21.1 Fertilizer Production Scale 
The global fertilizer industry produces approximately 200 million tonnes of nitrogen, 
phosphate, and potassium fertilizer nutrients annually — equivalent to roughly 500 million 
tonnes of product, making it one of the largest volume chemical processing industries on 
earth. At this scale, even fractional improvements in energy efficiency, product uniformity, 
or process reliability translate to enormous economic value. A single urea granulation plant 
producing 3,000 tonnes/day of granular urea generates revenues of $1.5–3 million per 
day at prevailing market prices; an unplanned 12-hour shutdown costs $750,000–
1,500,000 in lost production.	

Fertilizer Product	 Production Process	 Key Processing 
Equipment	

Critical Quality Parameter	

Granular urea	 Melt spray into 
fluidized bed or drum 
granulator	

Drum granulator or 
spouted bed 
granulator	

Granule size D50 2.0–4.0 mm; 
crushing strength > 2 kgf	

Ammonium nitrate 
(AN)	

Melt spray + prill tower 
or drum granulation	

Drum granulator; prill 
tower	

Size uniformity; oil absorption 
(for ANFO)	

DAP / MAP 
(ammonium 
phosphate)	

Slurry granulation in 
drum	

Rotary drum 
granulator + dryer + 
cooler	

P2O5 content; size uniformity; 
moisture < 2%	

NPK compound 
fertilizer	

Slurry granulation or 
compaction	

Drum granulator or 
compactor + crusher	

N+P+K guaranteed analysis; 
size; moisture	

Sulfur-coated urea 
(SCU)	

Urea core + molten 
sulfur coat + sealant	

Rotary drum coater	 S coat weight; release rate (7-
day dissolution)	

Polymer-coated 
fertilizer (PCF)	

Urea core + polymer 
membrane	

Drum coater + curing 
oven	

Release period (3–12 months); 
coat integrity	

Bulk blend NPK	 Blending of 
prill/granule 
components	

Ribbon blender or 
drum blender	

Coefficient of variation (CV) < 
5% for each nutrient	

	

21.2 Rotary Drum Granulation 
Rotary drum granulation is the most widely used granulation technology for large-scale 
fertilizer production. The drum granulator — a large rotating cylinder (1.5–6 m diameter, 
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6–20 m long, rotating at 6–15 rpm) — receives recycled fine product (undersize) and fresh 
feed (slurry, solution, melt, or powder), and agglomerates them into granules by a 
combination of nucleation on fine particles, layering of fresh feed onto existing granules, 
and coalescence of wet granule surfaces.	

The granule size distribution from a drum granulator is controlled by: the feed moisture 
content (higher moisture → larger granules; stickier product → broader distribution), the 
recycle ratio (ratio of undersize recycle to product; higher recycle → finer nuclei → smaller 
product granules), the drum fill fraction (30–40% typical), and the drum slope and rotation 
speed (higher slope and speed → shorter residence time → less time for granule growth).	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X drum granulators for fertilizer production are 
available in diameters from 1.2 to 5.5 m and lengths from 4 to 20 m, handling throughputs 
from 50 to 5,000 tonnes/day. All Proc-X drum granulators include: variable-speed VFD 
drive, hydraulically adjustable slope (±2°), a slurry spray system with spray coverage 
mapping from Proc-X's process engineering team, and a distributed refractory brick lining 
in the feed zone for protection against the hot slurry spray. Integration with downstream 
rotary dryer and cooler in a complete granulation circuit is a standard Proc-X supply 
scope.	

21.3 Controlled-Release Fertilizer Coating 
Controlled-release fertilizers (CRF) use a barrier coating on the fertilizer granule to slow 
the release of nutrients into the soil, matching nutrient delivery to crop uptake and reducing 
the nitrogen loss (leaching, volatilization, denitrification) that makes conventional soluble 
fertilizers environmentally problematic. Two dominant CRF technologies:	

• Sulfur-coated urea (SCU): Molten sulfur (135–145°C) sprayed onto warm urea 
granules in a rotary drum coater, forming a 1–3 mm sulfur shell. A sealant polymer 
(microcrystalline wax) fills pinholes in the sulfur coat. Release rate controlled by 
sulfur coat weight (14–20% of total granule weight). Proc-X SCU coaters produce 
product with 7-day dissolution rates of 20–35% as measured by AOAC 955.04.	

• Polymer-coated fertilizer (PCF): Urea or other fertilizer granule coated with a 
thermoplastic polymer (polyolefin, alkyd, or polyurethane) by spray application in a 
rotary drum or pan. The polymer membrane controls release by osmosis — water 
vapor diffuses in, dissolves the fertilizer, and the resulting concentrated solution 
diffuses out through the membrane. Release period tunable from 30 to 360 days by 
coat thickness and polymer permeability.	
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Chapter 22: Pneumatic Conveying for 
Bulk Chemical Plants 

IN THIS CHAPTER	
▸  Dense-phase vs. dilute-phase pneumatic conveying: when to use each	
▸  Material characterization for pneumatic conveying system design	
▸  Pipe routing, bends, and the conveying distance limitations of each mode	
▸  Conveying toxic, corrosive, and explosive chemical powders: safety and containment 
design	
▸  Explosion venting and suppression in chemical powder handling systems	

	
	

22.1 The Two Regimes of Pneumatic Conveying 
Pneumatic conveying uses a gas stream (air, nitrogen, CO2) to transport bulk solid 
materials through pipelines. The two fundamental conveying regimes differ in gas velocity, 
material-to-gas ratio, and suitability for different materials:	

Parameter	 Dilute Phase 
(Suspension)	

Dense Phase (Non-
suspension)	

Plug/Piston Flow	

Gas velocity	 15–35 m/s	 3–12 m/s	 1–5 m/s	
Solids/gas ratio (kg/kg)	 < 10	 10–100	 > 100	
Pressure	 0.3–0.8 bar(g)	 0.5–3.0 bar(g)	 1.0–6.0 bar(g)	
Degradation	 High (impact, attrition)	 Low to moderate	 Very low	
Segregation risk	 Low (suspended)	 Low	 Very low	
Applications	 Light free-flowing 

powders at moderate 
rates	

Cohesive, fragile, or 
abrasive materials	

Highly cohesive or 
very abrasive 
materials	

Proc-X system	 PX-DP dilute phase	 PX-DPh dense phase	 PX-PP piston flow	
	

22.2 Material Characterization for Conveying System 
Design 
The most common cause of pneumatic conveying system failure is poor material 
characterization during design. Materials that appear similar in basic physical description 
(fine white powder, flowable, non-hazardous) may have dramatically different conveying 
behavior depending on their cohesivity, compressibility, and air retention characteristics. 
Proc-X's conveying system design process begins with a full material characterization:	

• Particle size distribution (laser diffraction): D10, D50, D90, D99. Fine particles (D50 < 
50 µm) may be cohesive and require dense-phase conveying. Very coarse 
particles (D50 > 1 mm, D90 > 5 mm) require high gas velocity in dilute phase or 
plug-flow conveying.	
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• Bulk density: Loose bulk density, tapped bulk density, and compressibility index 
(Carr Index). High compressibility (CI > 35%): cohesive material — avoid dilute 
phase.	

• Flow function (Jenike shear cell): Unconfined yield strength vs. consolidation stress. 
Determines arching diameter for hopper design and identifies materials that will 
block in dense-phase conveying.	

• Air retention: Time for an aerated bed to de-aerate by half. High air retention (fine, 
low-permeability powders like carbon black, fly ash) — excellent dense-phase 
conveying candidates.	

• Abrasivity (Hardgrove Grindability): Hard, abrasive materials (silica, alumina, quartz) 
require abrasion-resistant pipeline bends (basalt-lined, ceramic tile-lined, or cast 
iron tee-bend type).	

ENGINEERING INSIGHT  Proc-X requires complete material characterization data before 
issuing a pneumatic conveying system guarantee. When customer material data is 
unavailable (new product, no previous conveying history), Proc-X's Process Evaluation 
Laboratory accepts material samples for a full characterization program including 
conveying trials in our 100 mm bore test rig, covering dilute-phase and dense-phase 
regimes to identify the optimal conveying mode and the key design parameters 
(conveying velocity, pressure drop, solids loading) that will be used for the production 
system design.	

22.3 Hazardous Chemical Powder Conveying 
Bulk chemical plants routinely convey materials that are toxic, flammable, explosive, or all 
three. Pneumatic conveying system design for hazardous chemical powders requires 
additional engineering beyond the standard conveying design:	

• Inert gas conveying: Replacing air with nitrogen (or CO2 for some applications) 
eliminates the oxygen needed for combustion or oxidation. Required for: pyrophoric 
powders (aluminum, zinc in fine particle form), materials with auto-ignition 
temperatures below conveying gas temperature, and materials that oxidize to 
produce hazardous products. Proc-X inert-gas conveying systems include: gas 
recirculation (to recover expensive nitrogen), oxygen analyzer in return gas line 
(continuous monitoring, alarm and shutdown at > 2% O2), and gas-tight rotary 
feeders and filter receivers with nitrogen-purged seals.	

• Containment for toxic dusts: Materials with OEL < 1 µg/m³ (high-potency chemical 
intermediates, certain agrochemical actives) require fully contained conveying 
systems with negative-pressure operation, continuous ambient air monitoring, and 
glove-box-level containment at all sampling, maintenance, and connection points. 
Proc-X OEB 4/5 conveying systems meet these requirements with documented 
containment performance data from air sampling during standard maintenance 
operations.	

• Explosion protection for dust clouds: Combustible dust conveying systems must be 
protected against ignition (ATEX Zone 20/21 equipment, anti-static grounding, 
elimination of hot-work during operation) and against explosion propagation 
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(explosion venting on receivers and filter housings, rotary valve explosion isolation 
between conveying sections, chemical suppression systems for areas where 
venting is impractical).	
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Chapter 23: Continuous Chemical 
Processing Lines 

IN THIS CHAPTER	
▸  The shift from batch to continuous manufacturing in specialty chemicals	
▸  Flow chemistry: microreactors and continuous stirred tank reactors (CSTRs) in series	
▸  Continuous granulation and drying for solid chemical products	
▸  Process analytical technology (PAT) in continuous chemical production	
▸  Equipment integration: from reactor to packaged product in one continuous line	

	
	

23.1 The Batch-to-Continuous Transition 
For most of the 20th century, specialty and fine chemical manufacturing was synonymous 
with batch processing: a recipe-driven sequence of additions and reactions in a stirred 
tank reactor, each step performed in turn, the product isolated at the end and transferred 
to the next step. This model is under pressure from all sides: increasing competition drives 
cost pressure that demands higher asset utilization and lower labor cost per unit; 
regulatory requirements for process reproducibility and traceability drive interest in 
continuous processes with real-time process monitoring; and the sustainability imperative 
drives interest in processes with lower solvent consumption and energy input per kg of 
product.	

Continuous flow chemistry — processing in microreactors (< 1 mL volume), meso-reactors 
(1–100 mL), and tubular plug-flow reactors (100 mL to several liters) — offers specific 
advantages for certain chemistry types:	

• Fast, highly exothermic reactions: The small volume of a flow reactor limits the 
maximum energy release per unit time, enabling safe processing of reactions that 
are uncontrollably exothermic at batch scale. The high surface-area-to-volume ratio 
of tubular and microreactors provides heat removal capacity 100–1000× greater 
than a conventional batch reactor jacket.	

• Reactions requiring extreme conditions: Superheated solvent (above atmospheric 
boiling point), high pressure (> 10 bar), or cryogenic temperature (-78°C or below). 
These conditions are achievable continuously at small scale with simple equipment, 
whereas batch-scale operation requires large, expensive pressure vessels.	

• Hazardous intermediates: Generation and immediate consumption of unstable 
intermediates (e.g., diazonium salts, peracids, azides) can be done safely in a flow 
reactor where the inventory of hazardous material is measured in grams rather than 
kilograms or tonnes.	
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23.2 Continuous Granulation and Drying 
Solid chemical products that were formerly produced by batch crystallization followed by 
batch drying can now be manufactured continuously using integrated continuous 
crystallizer → continuous filter → continuous dryer lines. The advantages: consistent 
crystal size distribution (uniform supersaturation in a steady-state continuous crystallizer, 
versus varying supersaturation throughout the cooling profile in a batch crystallizer), 
continuous product quality monitoring, and dramatically higher space-time yield.	

• Mixed-suspension mixed-product removal (MSMPR) crystallizer: A continuous stirred 
crystallizer operating at steady state. Feed solution added continuously, product 
slurry removed continuously at the same mass flow rate. Crystal size distribution 
and mean crystal size determined by residence time, feed supersaturation, and 
seed distribution. Proc-X MSMPR crystallizer systems include integrated 
temperature control, feed dilution control, and downstream continuous vacuum 
filtration.	

• Continuous spray dryer: Feed solution or slurry atomized by rotary atomizer or two-
fluid nozzle, droplets dried in a concurrent or countercurrent hot gas stream, 
product collected by cyclone and bag filter. Continuous operation at steady state 
produces more consistent particle size and moisture content than batch spray 
drying.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X has supplied fully integrated continuous 
chemical production lines combining: continuous MSMPR crystallizer (50–2,000 L 
operating volume), continuous rotary vacuum filter (belt filter or drum filter), continuous 
paddle dryer or spray dryer, and continuous pneumatic conveying to packaging. Line 
throughputs of 50–5,000 kg/hr of crystalline chemical product. All lines include online 
product quality monitoring (particle size, moisture, chemical purity by NIR) integrated into 
the PX-CCS continuous control system, with automatic closed-loop control of product 
quality against set points.	
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Chapter 24: Corrosive Chemical 
Handling — Acids, Alkalis & Oxidizers 

IN THIS CHAPTER	
▸  Corrosion science: choosing construction materials for the chemical being processed	
▸  Sulfuric acid, hydrochloric acid, nitric acid, and hydrofluoric acid — material selection 
matrix	
▸  Caustic soda and potassium hydroxide: alkali corrosion and stress corrosion cracking	
▸  Hydrogen peroxide: the unique challenges of a strong oxidizer	
▸  Seals, gaskets, and linings for corrosive chemical service	

	
	

24.1 Materials Selection for Corrosive Chemical 
Processing 

Chemical	 Concentration	 Temperature	 Recommended 
Material	

Materials to Avoid	

Sulfuric acid 
(H2SO4)	

< 65%	 < 30°C	 316L SS, FRP, PTFE-
lined CS	

Carbon steel, cast iron 
at < 65%	

Sulfuric acid 
(H2SO4)	

> 93%	 < 60°C	 Carbon steel, cast iron	 316L SS (excessive 
corrosion > 65%)	

Hydrochloric acid 
(HCl)	

All	 < 50°C	 FRP, HDPE, rubber-
lined CS, Hastelloy C-
276	

All grades of stainless 
steel	

Nitric acid (HNO3)	 < 65%	 < 65°C	 304/316L SS, glass	 Carbon steel, copper 
alloys	

Hydrofluoric acid 
(HF)	

Anhydrous or 
aq.	

< 30°C	 Monel 400, carbon 
steel (forms FeSiF6 
film), PTFE	

Glass, most ceramics, 
SS (above trace 
concentrations)	

Sodium hydroxide 
(NaOH)	

< 50%	 < 60°C	 Carbon steel, 
304/316L SS	

Aluminum, zinc, and 
tin-containing alloys	

Sodium hydroxide 
(NaOH)	

> 50% hot	 > 60°C	 Nickel 200, Hastelloy 
C-276	

CS and SS (caustic 
SCC risk)	

Hydrogen 
peroxide (H2O2)	

< 30%	 < 40°C	 316L SS, titanium, 
HDPE	

Carbon steel, copper, 
brass (catalytic 
decomposition)	

Hydrogen 
peroxide (H2O2)	

> 50%	 < 30°C	 Titanium Gr 2, 
passivated SS	

Any organic 
contamination 
(explosion risk)	

	

24.2 Agitation and Mixing in Corrosive Chemical Service 
Agitators in corrosive chemical service require not only corrosion-resistant wetted 
materials but also careful attention to the seal system, which is the most common failure 
point in corrosive service agitators. Options:	
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• Double mechanical seal with barrier fluid: Two mechanical seals in series with a 
pressurized compatible barrier fluid between them. The barrier fluid is maintained at 
higher pressure than the process fluid, so any leakage is barrier fluid into the 
process — not process fluid out. Required for toxic or highly corrosive chemicals 
where any external leakage is unacceptable.	

• Magnetic drive (magnetically coupled): The motor is outside the vessel; the shaft 
seal is replaced by a magnetically coupled drive through a containment shell. Zero 
seal leakage — completely hermetically sealed. Suitable for highly toxic, extremely 
corrosive, or volatile chemicals. Torque limitation: max 30–40 kW in standard mag-
drive configurations.	

• PTFE bellows seal: Flexible PTFE bellows provides static seal with no dynamic 
contact. Suitable for highly corrosive service (HCl, HF) where mechanical seal face 
materials cannot be made compatible with the process fluid. Limited to lower shaft 
speeds and pressures than mechanical seals.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X corrosive chemical agitator systems are 
engineered to the full corrosion data for the specific chemical, concentration, and 
temperature. Every Proc-X corrosive-service quotation includes a material selection 
report citing NACE corrosion data or Proc-X coupon test data (for exotic chemistries 
where published data is limited) for every wetted component. This documentation 
satisfies the Process Safety Information (PSI) requirement of OSHA PSM for material 
compatibility.	
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PART  VI 

EQUIPMENT DEEP DIVES	

Complete Technical Anatomy of Every Proc-X Chemical Equipment Line 
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Chapter 25: Industrial Mixers — The 
Complete Proc-X Chemical Portfolio 

IN THIS CHAPTER	
▸  Selecting the right mixer for any chemical application: the Proc-X selection matrix	
▸  Low-viscosity liquid mixing: turbine agitators, jet mixers, and static mixers	
▸  Medium-viscosity batch mixing: anchor, gate, and helical ribbon systems	
▸  High-viscosity and paste mixing: planetary mixers and Z-blade (sigma blade) kneaders	
▸  Continuous mixing: inline mixers, CSTR trains, and loop reactor systems	

	
	

25.1 The Proc-X Mixer Selection Framework 
Mixer Type	 Viscosity 

Range	
Shear Level	 Best Chemistry 

Application	
Available Sizes	

Turbine agitator 
(standard vessel)	

< 5,000 cP	 Low to 
medium	

Reaction, blending, heat 
transfer	

50 L – 100,000 L	

High-shear rotor-
stator (batch)	

< 50,000 cP	 Very high	 Emulsification, 
dispersion	

10 L – 20,000 L	

Anchor agitator	 1,000 – 
100,000 cP	

Low (wall 
scraping)	

Viscous reaction; heat-
transfer-limited	

20 L – 50,000 L	

Helical ribbon	 10,000 – 
500,000 cP	

Low (bulk 
flow)	

Highly viscous polymer 
blending	

20 L – 20,000 L	

Planetary mixer 
(multi-planetary)	

1,000 – 
1,000,000 cP	

Medium to 
high	

Adhesives, sealants, 
pastes, batteries	

5 L – 5,000 L	

Z-blade (sigma) 
kneader	

50,000 – 
10,000,000 cP	

Very high	 Rubber, chewing gum, 
dough, explosives	

2 L – 3,000 L	

Internal mixer 
(Banbury-type)	

50,000 – 
5,000,000 cP	

Extremely 
high	

Rubber compounding, 
masterbatch	

1.6 L – 650 L	

Static mixer (inline)	 Any 
(Newtonian)	

Proportional 
to flow	

Continuous blending, 
neutralization	

DN25 – DN500	

Multi-shaft (anchor + 
Cowles)	

5,000 – 
500,000 cP	

High 
(localized)	

Coatings, inks, high-
solids adhesives	

50 L – 10,000 L	

	

25.2 Z-Blade Kneaders: The Extreme Viscosity Solution 
The Z-blade (sigma blade) kneader is the workhorse for processing materials too viscous 
for any agitator-type mixer: rubber compounds before the internal mixer era, chewing gum 
bases, carbon paste for electrodes, gun propellants, and battery electrode slurries at > 
70% solids loading. Two counter-rotating Z-shaped blades intermesh in a trough-shaped 
mixing bowl, generating a complex combination of shear, compression, and folding action 
that homogenizes extremely viscous materials inaccessible to impeller-type mixers.	

Unlike the internal mixer — which operates as a closed system — the Z-blade kneader is 
an open-top trough that allows addition of materials during mixing, visual observation of 
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the mix, and direct temperature measurement from the surface of the batch. This makes 
it particularly valuable for development and process understanding of difficult-to-mix 
systems, and for production processes that require sequential additions at specific mix-
state milestones.	

ENGINEERING INSIGHT  Battery electrode manufacturing is one of the fastest-growing 
applications for Z-blade kneaders and planetary mixers. Cathode slurries for lithium-ion 
batteries (NMC, LFP, or NCA active material, PVDF binder, carbon black, NMP solvent at 
60–75% solids) require intense mixing to fully wet the active material particles and carbon 
black agglomerates with PVDF binder solution without introducing air voids or causing 
agglomerate breakage that would alter the electrode microstructure and battery 
performance. Proc-X has developed a dedicated battery slurry mixing process — 
validated against electrode coating performance, particle size distribution, and void 
fraction — that is the basis for all Proc-X battery materials processing system quotations.	
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Chapter 26: Grinding and Milling for 
Chemical Applications 

IN THIS CHAPTER	
▸  The full Proc-X chemical milling portfolio: from jaw crushing to jet milling	
▸  Jet mills: the standard for fine chemical and agrochemical micronization	
▸  Wet bead milling: scales, configurations, and the energy efficiency argument	
▸  Attritor mills and high-energy ball mills for specialty chemical applications	
▸  Pin and hammer mills for intermediate and coarse chemical powder production	

	
	

26.1 Selecting the Right Mill for the Chemistry 
Mill Type	 Feed Size 

(max)	
Product D50 
Target	

Throughput	 Best Chemical 
Application	

Jaw / cone crusher	 500 mm	 5–50 mm	 1–500 t/hr	 Mineral acids feedstocks; 
bulk chemical ores	

Hammer mill	 50 mm	 200 µm – 5 mm	 100 kg – 50 t/hr	 Fertilizer granule 
breakdown; chemical 
mineral grinding	

Pin mill (ACM)	 5 mm	 20–200 µm	 50 kg – 10 t/hr	 Powder coating; fine 
chemical intermediates; 
resins	

Air classifier mill 
(ACM)	

3 mm	 10–100 µm (tight 
PSD)	

20 kg – 5 t/hr	 Wettable powder 
agrochemicals; fine 
chemicals	

Jet mill (loop / 
spiral)	

< 3 mm	 1–50 µm	 0.5 – 2,000 kg/hr	 Fine/specialty chemicals; 
APIs; agrochemical AIs	

Fluidized bed jet 
mill	

< 3 mm	 1–30 µm (tight 
PSD)	

0.5 – 5,000 kg/hr	 Specialty chemicals 
requiring narrow PSD	

Attritor (dry)	 < 5 mm	 5–50 µm	 1 – 500 kg/hr	 Pigments; ceramic 
powders; specialty 
inorganics	

Horizontal bead 
mill	

< 200 µm 
pre-
dispersed	

0.1 – 5 µm	 50 L – 10,000 L/hr	 Pigment dispersion; SC 
agrochemicals; inks	

Nano bead mill (< 
0.1 mm media)	

< 10 µm 
pre-
dispersed	

0.02 – 0.3 µm	 5 – 2,000 L/hr	 Transparent iron oxides; 
CNT; quantum dots	

	

26.2 Fluidized Bed Jet Milling 
The fluidized bed opposed jet mill is the most sophisticated and widely applied fine 
chemical micronization technology. Material is fed into a cylindrical grinding chamber and 
fluidized by high-velocity grinding gas jets (compressed air or nitrogen at 6–12 bar, 
expanding to supersonic velocity through Laval nozzles). Particles accelerate toward the 
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opposing jet from another nozzle — or toward each other at a central collision zone — 
and are comminuted by particle-on-particle impact at the jet intersection. An integrated 
dynamic air classifier on the upper section of the mill returns oversized particles to the 
grinding zone and discharges product at or below the set particle size.	

The key advantage of the fluidized bed jet mill versus the older spiral/loop jet mill is that 
the classifier is internal and independently driven — enabling precise control of the product 
top size (D97 or D99) independent of the grinding gas pressure and feed rate. This control 
is critical for pharmaceutical and fine chemical micronization where the specification is 
typically D90 < 10 µm, D99 < 30 µm with no particles above 50 µm (which could cause 
dosing uniformity failure in tablet formulations or filter blinding in SC agrochemical 
formulations).	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X fluidized bed jet mills are available in lab scale 
(PX-JM-100, 100 mm grinding chamber, throughput 0.5–5 kg/hr) through production 
scale (PX-JM-500, 500 mm chamber, throughput 50–2,000 kg/hr depending on material). 
All models include: integrated dynamic air classifier with independent drive, nitrogen 
operation as standard for flammable or oxidation-sensitive materials, product collection in 
BIBO (Bag-In Bag-Out) filter housing for toxic or potent materials, and an online laser 
backscattering particle size analyzer in the discharge gas stream for real-time product 
size monitoring and automatic classifier speed adjustment.	
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Chapter 27: Twin-Screw Extruders in 
Chemical Manufacturing 

IN THIS CHAPTER	
▸  Beyond polymer compounding: TSE applications specific to the chemical industry	
▸  Reactive extrusion for chemical synthesis: SNAr reactions, esterification, and 
polymerization	
▸  TSE for continuous mixing of reactive chemical systems without solvent	
▸  Chemical product shaping: extruded catalyst pellets, desiccant rods, and battery 
electrode strips	
▸  Scale-up from laboratory to production in chemical TSE applications	

	
	

27.1 Chemical-Specific TSE Applications 
The twin-screw extruder's role in chemical manufacturing extends far beyond the polymer 
compounding applications described in Part III. In the broader chemical industry, the TSE 
serves as:	

• Solvent-free chemical reactor: For reactions that can be driven to completion by 
mechanical activation, high temperature, or short residence time 
(transesterification, polyurethane prepolymer synthesis, maleation of waxes), the 
TSE provides an intensified, continuous, solvent-free alternative to batch reactor 
synthesis. Elimination of solvent reduces batch size, eliminates solvent recovery, 
and dramatically improves green chemistry metrics.	

• Continuous paste extruder for catalyst support production: Alumina, titania, and 
zeolite catalyst supports are formed by extruding a paste of the catalyst powder 
with water and binder through a die with the desired hole pattern (star, trilobe, 
quadrilobe cross-sections are common). The TSE provides the most precise control 
of the extrusion force and shear history applied to the paste, which determines the 
pore structure and surface area of the calcined catalyst support.	

• Battery electrode extrusion: Dry electrode technology — extruding PVDF-bound 
cathode or anode material without NMP solvent — eliminates the toxic solvent 
drying step from lithium-ion battery electrode production. The electrode tape 
extruded by a twin-screw followed by a calendar is an active area of Proc-X's 
chemical processing R&D.	

27.2 Catalyst Pellet Extrusion 
Heterogeneous catalysts — used in refinery hydroprocessing, ammonia synthesis, sulfuric 
acid production, and specialty chemical reactions — are typically supported on extruded 
alumina or silica pellets in cylindrical, trilobal, or quadrilobal cross-sections chosen to 
maximize geometric surface area while minimizing bed pressure drop. Precise control of 
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the pellet geometry (diameter tolerance ± 0.05 mm, length uniformity ± 0.5 mm) requires 
careful management of the paste rheology during extrusion:	

• Paste moisture: The paste must be wet enough to flow through the die without 
cracking but dry enough to hold shape after exiting. Water content 15–30% 
depending on alumina source and binder type.	

• Extrusion pressure: Too high — pellet density is excessive, pore structure is 
compressed, surface area reduced. Too low — pellets crack or collapse before 
calcination.	

• Die temperature: Elevated die temperature reduces paste viscosity; critical for very 
high-solids or binder-rich formulations.	

ENGINEERING INSIGHT  Catalyst extrusion paste rheology is one of the most challenging 
characterization problems in chemical processing engineering. Alumina pastes are highly 
non-Newtonian (viscoplastic, Bingham-type behavior with a yield stress of 1,000–50,000 
Pa), meaning they don't flow below a critical applied stress. Conventional viscometers are 
inadequate — a rotational rheometer with a vane geometry or a capillary extrusion 
rheometer is needed to characterize the true yield stress and flow consistency index. 
Proc-X applications engineers perform paste rheology characterization as a standard part 
of catalyst extrusion project development — the rheology data directly determines the 
screw design and die geometry for the production extruder.	
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Chapter 28: Bulk Material Handling 
Systems for Chemical Plants 

IN THIS CHAPTER	
▸  The complete Proc-X bulk handling portfolio for chemical applications	
▸  Silo and hopper design for cohesive chemical powders: mass flow vs. funnel flow	
▸  Mechanical conveying for high-temperature, high-moisture, or aggressive materials	
▸  Weigh feeding and loss-in-weight feeding for continuous chemical processes	
▸  Dust containment and explosion protection in chemical bulk handling systems	

	
	

28.1 Silo and Hopper Design for Chemical Powders 
The silo or hopper is the critical interface between bulk material supply (tank trucks, 
railcars, supersacks) and the chemical process. The most common — and most expensive 
— failure mode in chemical bulk material handling is arching or ratholing in the discharge 
hopper, which causes flow stoppage and process shutdown. Two key design principles 
prevent this:	

Mass flow design: In a mass flow silo, all the material in the silo is in motion whenever 
material is discharged. There are no stagnant zones. The criterion for mass flow is that 
the hopper half-angle (θ) is less than the critical angle determined by the wall friction angle 
(φ_w) and the effective angle of internal friction (δ) of the material. Jenike's flow factor 
charts provide this design criterion for all common hopper geometries (conical, wedge-
shaped).	

Rathole prevention: For cohesive materials that form a stable arch across the hopper 
outlet, the minimum outlet size must exceed the critical arching diameter (B_critical = H(α) 
× UYS / γ_b, where H(α) is a geometry factor, UYS is the unconfined yield strength, and 
γ_b is the bulk density). When arching would require an impractically large outlet, flow 
promotion devices — bin activators (vibrating plates), air cannons, fluidizing pads — are 
added to break incipient arches.	

Bulk Solid Category	 Flow Class 
(Jenike)	

Hopper Design	 Recommended Proc-X 
Solution	

Free-flowing granules 
(fertilizer prills, salt)	

Very free-flowing 
(FF > 10)	

Standard cone 
hopper, 60° half-
angle	

PX-BH standard hopper; gravity 
discharge	

Easy-flowing powders 
(coarse PVC resin, 
sand)	

Free-flowing (FF 
4–10)	

Mass flow cone 
hopper, θ < 30°	

PX-BH mass flow hopper; screw 
feeder	

Cohesive powders 
(carbon black, fumed 
silica)	

Cohesive (FF 2–
4)	

Wedge-shaped mass 
flow hopper; bin 
activator	

PX-BH wedge hopper + PX-BA 
bin activator	

Very cohesive powders 
(clay, fine TiO2)	

Very cohesive (FF 
1–2)	

Mass flow; enlarged 
outlet; fluidizing pads	

PX-BH with PX-FP fluidizing 
pads; vibrated discharge	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 72	

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

Non-flowing (wet cake, 
highly compacted)	

Non-flowing (FF < 
1)	

Live-bottom hopper 
with full agitation	

PX-LB live-bottom bin with PX-
LBR rotating bottom	

	

28.2 Loss-in-Weight Feeding for Continuous Chemical 
Processes 
Continuous chemical processes — continuous reactors, continuous mixers, continuous 
extruders — require precision metering of multiple raw material streams simultaneously. 
Loss-in-weight (LIW) feeders accomplish this by continuously weighing the feeder and its 
contents and adjusting the discharge rate (screw speed, belt speed, or vibration 
amplitude) to maintain the programmed mass flow rate setpoint. Accuracy: ±0.5–2.0% of 
setpoint at steady state; refill control maintains feedrate accuracy during the brief hopper 
refill transient.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X PX-LIW loss-in-weight feeders are available for 
powders (twin-screw, single-screw, or vibrating-trough discharge), granules (single-screw 
or vibratory trough), and liquids (peristaltic pump or gear pump with load-cell-based 
control). All models include: IP65 wash-down rated construction (316L SS contact 
surfaces), ATEX Zone 1/21 certification as standard for chemical plant use, and 
integration into the PX-CCS continuous control system with OPC-UA communication. 
Feedrate accuracy: ± 0.5% of setpoint for powders; ± 0.3% for granules and liquids at 
standard conditions.	
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PART  VII 

PROCESS SAFETY, 
COMPLIANCE & DIGITAL	

Regulatory Compliance, Environmental Management & Industry 4.0 

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 74	

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

Chapter 29: ATEX, OSHA PSM & Process 
Safety Management Deep Dive 

IN THIS CHAPTER	
▸  ATEX Directive 2014/34/EU and its requirements for equipment suppliers vs. facility 
operators	
▸  The OSHA PSM 14 elements and their interface with processing equipment	
▸  Process Hazard Analysis methodologies: HAZOP, FMEA, What-If, and Checklist	
▸  Layer of Protection Analysis (LOPA) and Safety Integrity Levels (SIL)	
▸  Pre-Startup Safety Review (PSSR) for new Proc-X chemical processing equipment	

	
	

29.1 ATEX Directive Requirements 
The ATEX Directive 2014/34/EU (Equipment and Protective Systems intended for use in 
Potentially Explosive Atmospheres) establishes the conformity assessment requirements 
for manufacturers of equipment intended for use in explosive atmospheres. Proc-X, as an 
equipment manufacturer, is responsible for:	

• Equipment group and category determination: Group II (surface industries including 
chemical plants); Category 1G/1D (Zone 0/20), 2G/2D (Zone 1/21), or 3G/3D (Zone 
2/22) based on the frequency of explosive atmosphere presence.	

• Ignition hazard assessment: Systematic evaluation of all potential ignition sources 
(hot surfaces, sparks, electrical faults, static electricity, mechanical impacts) and 
demonstration that each is effectively controlled to the required probability level for 
the equipment category.	

• Technical documentation: Full design and manufacturing documentation 
demonstrating conformity to the applicable EN/IEC harmonized standards (IEC 
60079-0 through -35 for gas; IEC 60079-0, IEC 80079-36, IEC 80079-37 for dust).	

• CE marking and ATEX declaration of conformity: Supplied with every piece of Proc-X 
equipment intended for ATEX classified areas.	

ATEX Category	 Zone	 Required SIL / Protection 
Concept	

Proc-X Standard Features	

Category 2G (Zone 1 
gas)	

1	 Two independent faults 
permitted before ignition risk	

Ex d (flameproof) or Ex e (increased 
safety) motor; ATEX-rated gearbox; 
anti-static shaft seals	

Category 2D (Zone 
21 dust)	

21	 Two independent faults 
permitted	

IP6X enclosures; dust-tight cable 
entries; no hot surfaces > T-class limit	

Category 3G (Zone 2 
gas)	

2	 Single fault permitted before 
ignition risk	

Ex ec (increased safety) motor 
standard; ATEX-rated VFD	

Category 3D (Zone 
22 dust)	

22	 Single fault permitted	 IP5X or IP6X; surface temperature < 
ignition temperature of dust	
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29.2 HAZOP Methodology and Equipment Interface 
HAZOP (Hazard and Operability Study) is the most widely used PHA methodology in the 
chemical industry. A HAZOP study is a structured, team-based examination of a process 
design, conducted using guide words (MORE, LESS, AS WELL AS, PART OF, 
REVERSE, OTHER THAN) applied to each process parameter (Flow, Temperature, 
Pressure, Composition, Phase) on each pipeline and equipment node to identify possible 
deviations and their causes, consequences, and safeguards.	

Proc-X engineers participate in HAZOP studies at the P&ID design stage — before 
finalization of the equipment design — specifically to identify hazardous deviations caused 
by equipment failure modes that can be eliminated or mitigated by design changes. 
Common HAZOP findings that Proc-X addresses in equipment design:	

• HAZOP deviation: REVERSE Flow on agitator shaft seal. Consequence: process 
fluid contacts motor. Safeguard: double mechanical seal with barrier fluid at higher 
pressure than process — Proc-X standard supply for toxic or corrosive service.	

• HAZOP deviation: MORE Temperature in mixer jacket. Consequence: reaction 
runaway, vessel overpressure. Safeguard: independent high-temperature cutout on 
jacket inlet; Proc-X PID + redundant cutout as standard.	

• HAZOP deviation: LESS Agitation (agitator failure). Consequence: stratification, hot 
spot, delayed exotherm. Safeguard: agitator torque monitoring with alarm and feed 
shutdown — Proc-X standard on all reactor agitator systems.	

29.3 Layer of Protection Analysis (LOPA) 
LOPA is a quantitative risk assessment technique that evaluates whether the existing 
layers of protection (basic process control, alarms, relief devices, emergency shutdown 
systems, dikes, etc.) reduce the frequency of a hazardous event to an acceptable level. 
The key LOPA concept is the Independent Protection Layer (IPL): a safeguard that is 
independent of the initiating cause of the event and of all other IPLs, is auditable, and has 
a demonstrated probability of failure on demand (PFD) typically 0.01–0.1 for a single IPL.	

When LOPA shows that existing IPLs are insufficient, a Safety Instrumented Function 
(SIF) — a dedicated Safety Instrumented System (SIS) implementing a specific safety 
action — is required. SIFs are rated by Safety Integrity Level (SIL 1, 2, or 3), corresponding 
to PFDs of 0.01–0.1, 0.001–0.01, and 0.0001–0.001, respectively. Proc-X designs SIL-
rated safety functions into processing equipment when required by the customer's LOPA, 
in accordance with IEC 61511 (functional safety for process industries).	
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Chapter 30: Environmental Compliance 
— REACH, EPA & Waste Minimization 

IN THIS CHAPTER	
▸  REACH: what chemical manufacturers must do and how equipment contributes	
▸  EPA Toxic Release Inventory (TRI) and its equipment-related reporting triggers	
▸  VOC control: condensers, carbon adsorbers, thermal oxidizers, and scrubbers	
▸  Wastewater from chemical processing: segregation, pre-treatment, and discharge	
▸  Waste minimization as equipment design principle: cleaner production in practice	

	
	

30.1 REACH and Its Equipment Implications 
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals, EU 
Regulation EC 1907/2006) requires manufacturers and importers of chemical substances 
at > 1 tonne/year to register them with ECHA (European Chemicals Agency), characterize 
their hazard and exposure profiles, and demonstrate safe use. Equipment manufacturers 
like Proc-X have REACH obligations in two areas:	

• Articles and substances in equipment: Proc-X equipment may contain substances of 
very high concern (SVHCs) above 0.1% w/w — in lubricants, elastomer seals, 
coatings, or electronic components. REACH Article 33 requires Proc-X to notify 
customers if SVHC content exceeds the threshold. Proc-X maintains a REACH 
compliance database for all standard materials of construction and notifies 
customers in writing of any SVHC above the threshold at time of equipment 
delivery.	

• Emissions from chemical processing equipment: REACH Exposure Scenarios (ES) 
for registered substances include manufacturing exposure scenarios that describe 
the operating conditions and risk management measures (RMMs) required for safe 
manufacturing. Equipment must be designed to operate within the conditions 
specified in the applicable ES — which may require specific enclosure, ventilation, 
or containment design. Proc-X reviews applicable ES documentation for all new 
chemical processing systems and designs containment accordingly.	

30.2 VOC Emission Control 
Chemical processing operations that involve volatile organic solvents generate VOC 
emissions during open mixing, filling, cleaning, and from storage tank breathing losses. 
EPA regulations (40 CFR Part 63 NESHAPs, EPA Method 21 leak detection) and EU 
Directive 2010/75/EU establish VOC emission limits that require emission control 
equipment on chemical manufacturing operations above threshold quantities. The primary 
VOC control technologies:	
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• Condenser: For concentrated solvent vapors (> 10% VOC in vent stream), a 
refrigerated condenser recovers solvent at 80–98% efficiency. Capital-efficient; 
recovered solvent has economic value. Limited to vapors above the condensation 
temperature at the cooler's operating temperature.	

• Carbon adsorption: Activated carbon bed adsorbs VOCs from dilute vent streams 
(100 ppm – 10,000 ppm VOC). Regeneration by steam stripping recovers solvent 
for reuse or incineration. Efficiency: > 98% removal. Unsuitable for ketones (react 
with water during steam regeneration) or high-boiling VOCs (poor desorption).	

• Thermal oxidizer (TO) / Regenerative thermal oxidizer (RTO): Combustion at 700–
900°C destroys VOCs at > 99% efficiency. RTO recovers 95–97% of combustion 
heat — dramatically reducing operating cost versus straight TO. Applicable to any 
VOC; no solvent recovery. Required for streams too dilute or complex for carbon 
recovery.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X chemical processing skid systems for solvent-
based operations are offered with integrated vent collection and connection points for 
customer-supplied VOC control equipment, as well as complete vent-to-RTO or vent-to-
condenser packages designed, supplied, and installed by Proc-X as part of the complete 
processing system scope. The integrated approach ensures that emission control is 
designed in from the start — not retrofitted — and that the equipment layout allows for 
safe maintenance of both processing and emission control equipment.	
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Chapter 31: Industry 4.0 in Chemical 
Manufacturing 

IN THIS CHAPTER	
▸  Digital twins for chemical processing equipment: what they model and how they add 
value	
▸  Predictive maintenance in chemical plants: vibration, temperature, and current signature 
analysis	
▸  Process analytical technology (PAT) for chemical manufacturing: inline sensors and 
closed-loop control	
▸  Data integration: from PLC historian to MES to ERP in a chemical plant architecture	
▸  Cybersecurity for chemical plant OT/IT systems: NIST, IEC 62443	

	
	

31.1 Digital Twins in Chemical Processing 
A digital twin is a virtual model of a physical processing asset that receives real-time data 
from the physical asset and uses it to simulate current operating state, predict future 
behavior, and optimize operation. In chemical manufacturing, digital twins are most 
valuable for assets where the operating environment (chemical composition, temperature, 
pressure) changes between batches or continuously, making simple historical trending 
inadequate for predicting maintenance needs or optimizing performance.	

Proc-X has developed digital twin capabilities for four primary equipment types in chemical 
manufacturing:	

• Internal mixer digital twin: Receives rotor speed, temperature, power consumption, 
and ram pressure data in real-time. Predicts compound viscosity development 
using a rheological model calibrated to the specific rubber formulation. 
Recommends optimum dump point (in Wh/kg) based on real-time compound state 
versus target viscosity — replacing fixed-time mixing cycles with quality-endpoint 
mixing cycles that reduce batch-to-batch variability by 40–70%.	

• TSE compounding digital twin: Simulates melt temperature, pressure, and shear rate 
in each zone of the extruder barrel based on online torque and temperature 
sensors. Identifies approach to material degradation limits in real time. Enables 
automatic adjustment of barrel temperature setpoints to maintain consistent product 
temperature within the target range despite variations in feed rate, material lot, or 
ambient conditions.	

• Pneumatic conveying system digital twin: Predicts pipeline pressure drop profile from 
online measurements of conveying air flow and pressure. Detects early-stage 
material buildup in bends before the buildup progresses to a blockage. Generates a 
maintenance recommendation with estimated time to cleaning need, allowing the 
cleaning to be scheduled at a planned downtime instead of an unplanned 
shutdown.	
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31.2 PAT in Continuous Chemical Manufacturing 
Process Analytical Technology (PAT) — the use of inline or online analytical instruments 
to monitor and control the chemical process in real time — is the enabler of true closed-
loop quality control in continuous chemical manufacturing. Key PAT instruments for 
chemical applications:	

PAT Tool	 Measurement	 Application	 Integration Point	
Near-infrared (NIR) 
spectrometer	

Chemical 
composition; 
moisture; particle 
size	

Continuous reaction 
conversion monitoring; 
drying endpoint	

Inline probe in reactor or 
dryer	

Raman spectrometer	 Molecular structure; 
polymorph	

Crystallization 
polymorph monitoring; 
reaction extent	

Inline probe in crystallizer	

Laser diffraction 
(inline)	

Particle size 
distribution (D10, 
D50, D90)	

Milling product size; 
crystallizer crystal size	

Slipstream loop off main 
process	

Focused beam 
reflectance (FBRM)	

Chord length 
distribution (proxy for 
PSD)	

Crystallization 
monitoring; 
agglomeration detection	

Inline probe in 
crystallizer/vessel	

Viscometer (inline)	 Process viscosity	 Polymer melt quality; 
reaction conversion in 
viscous systems	

Cone-and-plate or falling 
cylinder inline	

Raman / FTIR gas 
analyzer	

Gas composition	 Reaction off-gas 
analysis; stoichiometry 
control	

Extractive sample from 
reaction headspace	

	

ENGINEERING INSIGHT  The integration of PAT with the control system is the critical step 
that transforms measurement from a monitoring tool to a control tool. When NIR 
measures conversion in a continuous reactor and closes the loop on reagent feed rate, 
the result is not just a record of what happened but active prevention of off-spec product. 
Proc-X supplies PAT integration as a standard service for all continuous processing 
system installations: sensor selection and qualification, integration with PX-CCS control 
system, PID or model-predictive control loop configuration, and validation test protocol. 
This 'PAT-as-a-service' model means the customer receives a qualified, closed-loop 
quality control system — not just a sensor and an OPC-UA data feed.	
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Chapter 32: Turnkey Chemical Plant 
Integration — From Process Design to 
Handover 

IN THIS CHAPTER	
▸  The case for single-source supply: why turnkey reduces risk and accelerates 
commissioning	
▸  Engineering services: FEED, detailed design, P&ID development, and 3D plant layout	
▸  Factory Acceptance Testing (FAT) for chemical processing systems	
▸  Site Installation and Commissioning (SAC): the Proc-X process	
▸  Operator training, spare parts, and long-term service agreements	

	
	

32.1 The Turnkey Philosophy 
Chemical plant projects that source process equipment, control systems, structural steel, 
utilities, and installation from separate vendors face a fundamental coordination risk: the 
interfaces between systems become the responsibility of no single party. The extruder 
manufacturer blames the feeder manufacturer for bridging that feeds the extruder 
inconsistently. The control system integrator blames the instrumentation vendor for sensor 
signals that don't match the control logic. The installation contractor blames the equipment 
supplier for inadequate documentation. Project schedules slip; commissioning drags out; 
startup performance lags the original design basis.	

Proc-X's turnkey supply model eliminates interface risk by encompassing all processing 
system components — equipment, controls, utilities, structural steel, and installation — 
within a single contract and a single point of accountability. Every interface is owned, 
designed, and tested by Proc-X before the equipment arrives at the customer's site. The 
FAT — performed at Proc-X's manufacturing facility before shipment — runs the entire 
processing system at full production conditions, with all safety systems active, and 
documents the performance against the specification. By the time the equipment arrives 
at site, the only unknowns are site utility quality and the specific behavior of the customer's 
raw materials.	

32.2 Front-End Engineering Design (FEED) 
For new chemical processing projects, Proc-X offers a Front-End Engineering Design 
(FEED) service that bridges the gap between process concept and equipment 
specification. The FEED study:	

• Process simulation: Mass and energy balances for the proposed process. 
Establishes throughput, heat loads, utility requirements, and yield projections. 
Tools: Aspen Plus, CHEMCAD, or ProII depending on chemistry type.	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 81	

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

• Equipment selection and preliminary sizing: First-pass equipment specifications for 
all major items — reactor size, mixer power, mill throughput, feeder accuracy, 
conveying system capacity — based on the process simulation results.	

• P&ID development: Process and Instrumentation Diagrams defining all 
instrumentation, control loops, and safety interlocks. FEED-level P&IDs are the 
basis for the HAZOP study.	

• Plot plan and 3D layout concept: Equipment arrangement with maintenance access, 
piping corridors, and structural requirements. Identifies any layout constraints that 
require equipment design adjustment before detailed engineering begins.	

• Capital cost estimate: ± 15–20% accuracy (AACE Class 3) based on FEED 
equipment list and installation scope.	

PROC-X EQUIPMENT SPOTLIGHT  Proc-X FEED studies for chemical processing projects 
are performed by a dedicated process engineering team with chemical engineering 
degrees and 15+ years of hands-on chemical plant experience. Every FEED study is 
reviewed by a senior Proc-X process safety engineer before delivery, specifically 
checking for inherently safer design opportunities and ensuring that the proposed design 
is consistent with OSHA PSM, EPA RMP, and applicable NFPA standards. Proc-X FEED 
studies are deliverable in 4–8 weeks for typical specialty chemical processing systems; 
8–16 weeks for complex multi-step continuous processing lines.	

32.3 Operator Training and Long-Term Service 
A chemical processing system is only as good as the operators and maintenance 
technicians who run and maintain it. Proc-X's commissioning scope includes a structured 
operator training program:	

• Classroom training: Process fundamentals (mixing science, milling mechanisms, 
conveying physics, control theory), equipment mechanical description, normal 
operating procedures, abnormal situation management, and emergency shutdown 
procedures. Typically 2–3 days on-site or at Proc-X's training center.	

• Hands-on equipment training: Supervised operation of the commissioned equipment 
during the Performance Acceptance Test (PAT). Operators run the system at 
design rates under Proc-X engineer supervision, with immediate coaching on 
process control, product quality endpoints, and equipment care.	

• Long-Term Service Agreement (LTSA): Proc-X LTSAs provide: annual preventive 
maintenance visits (Proc-X engineer + customer technician), priority spare parts 
availability, 24/7 remote technical support (PX-Connect remote monitoring 
platform), and software update service for the PX-CCS control system. LTSA 
customers achieve 15–25% lower unplanned downtime than non-LTSA customers, 
based on Proc-X customer data from 2019–2025.	
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PART  VIII 

APPENDICES	

Technical Reference, Standards, Glossary & Equipment Index 
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Appendix A: Glossary of Chemical 
Processing Terms 

IN THIS CHAPTER	
▸  Key terms and definitions from mixing, milling, extrusion, and bulk handling	
▸  Chemical processing regulatory terminology	
▸  Rheological and physical chemistry terms used throughout this book	

	
	

Term	 Definition	
ATEX	 ATmosphères EXplosibles — EU Directive governing equipment in explosive 

atmospheres (Directive 2014/34/EU)	
Bingham plastic	 Fluid model with a yield stress (τ₀) plus linear viscosity: τ = τ₀ + η_pl × γ̇. Common 

for concentrated slurries and pastes.	
Carr Index (CI)	 Measure of powder compressibility: CI = 100 × (ρ_tapped − ρ_bulk) / ρ_tapped. CI 

> 35 = highly cohesive.	
Cowles blade	 Sawtooth disc blade used in high-speed dissolvers for coatings and adhesives.	
Da (Damköhler 
number)	

Ratio of reaction rate to mass transfer (mixing) rate. Da >> 1: mixing controls 
reaction selectivity.	

Dead zone	 Region of a vessel with negligible fluid velocity; site of poor mixing and product 
quality variability.	

Dense phase 
conveying	

Pneumatic conveying in non-suspension mode at low velocity and high pressure; 
gentle on fragile materials.	

Dilute phase 
conveying	

Pneumatic conveying in suspension mode at high velocity and low pressure; 
simple but erosive.	

EPD	 Explosion Protection Document — required by ATEX Workplace Directive for 
chemical facilities.	

FEED	 Front-End Engineering Design — process engineering study establishing 
equipment specifications before detailed design.	

Fill factor	 Ratio of batch volume to internal mixer chamber volume. Optimal: 0.65–0.80 for 
rubber compounding.	

Flow function	 Jenike measure of powder flowability: FF = consolidating stress / unconfined yield 
strength.	

Hegman gauge	 Fineness-of-grind gauge (0–8 scale) used in coatings industry; Hegman 7 ≈ 13 
µm.	

HLB	 Hydrophile-Lipophile Balance — scale of surfactant hydrophilicity; HLB 3–6: W/O 
emulsifier; HLB 8–18: O/W.	

IPPC / IED	 Industrial Emissions Directive (EU) — sets emission limit values for large 
industrial plants including chemical facilities.	

Jenike shear cell	 Instrument for measuring powder flow properties (cohesion, internal friction, wall 
friction) used in hopper design.	

Kneading block	 Twin-screw extruder screw element consisting of offset discs; primary dispersive 
mixing element.	

LOPA	 Layer of Protection Analysis — semi-quantitative risk assessment tool for 
chemical processes.	

LIW feeder	 Loss-in-Weight feeder — continuously weighs feeder contents and controls 
discharge rate by mass flow.	
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Mass flow	 Hopper flow regime where all material is in motion during discharge; no stagnant 
zones.	

Mechanical integrity	 OSHA PSM element requiring inspection, testing, and maintenance of process 
equipment.	

MSMPR	 Mixed-Suspension Mixed-Product Removal crystallizer — continuous steady-state 
crystallizer.	

NEC	 National Electrical Code (USA) — governs electrical equipment in hazardous 
classified areas (equivalent to ATEX).	

OEB	 Occupational Exposure Band — classification of pharmaceutical and chemical 
potency for containment design.	

PAT	 Process Analytical Technology — real-time in-process measurement for quality 
control.	

PHA	 Process Hazard Analysis — systematic identification and assessment of process 
hazards (HAZOP, FMEA, What-If).	

PSM	 Process Safety Management — OSHA 29 CFR 1910.119 standard for highly 
hazardous chemical processes.	

Rathole	 Stable void formed in a silo when cohesive material arches at the outlet; causes 
flow stoppage.	

REACH	 Registration, Evaluation, Authorisation and Restriction of Chemicals — EU 
chemical regulation (EC 1907/2006)	

REX	 Reactive Extrusion — chemical reactions performed in a twin-screw extruder as a 
continuous reactor.	

RMP	 Risk Management Program — EPA 40 CFR Part 68 standard for processes with 
regulated substances.	

RTD	 Residence Time Distribution — statistical distribution of time spent by material in a 
continuous reactor or mixer.	

SIL	 Safety Integrity Level (1–4) — measure of the reliability of a safety instrumented 
function (IEC 61511).	

SVHC	 Substance of Very High Concern — REACH classification for substances with 
carcinogenic, mutagenic, or PBT properties.	

TSE	 Twin-Screw Extruder — primary continuous compounding and reactive processing 
equipment.	

VOC	 Volatile Organic Compound — organic chemical with vapor pressure > 0.01 kPa 
at 20°C; regulated air pollutant.	

Weber number	 We = ρv²d/γ — ratio of inertial force to surface tension; governs droplet breakup in 
emulsification.	

Zeta potential	 Electric potential at the diffuse layer of a particle in suspension; |ζ| > 30 mV 
indicates electrostatic stability.	

	

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 85	

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

Appendix B: Chemical Processing 
Equipment Selection Guide 
Use this rapid selection guide to identify the most appropriate Proc-X equipment for any 
chemical processing application. Match the application description to the recommended 
equipment and the chapter reference for detailed engineering guidance.	

Application Description	 Recommended 
Equipment	

Proc-X Model 
Series	

Chapter 
Reference	

Blending soluble components in 
aqueous solution	

Turbine agitator vessel	 PX-RA Reactor 
Agitator	

4	

Batch organic synthesis, 
exothermic, viscosity < 5,000 cP	

Jacketed turbine reactor, 
double mechanical seal	

PX-RA + PX-JV	 4	

Batch crystallization from solution	 Low-speed hydrofoil 
agitator in jacketed vessel	

PX-CR Crystallizer	 5	

Emulsification, droplet size 1–10 
µm	

Batch or inline rotor-stator	 PX-RSM Rotor-
Stator	

6	

Nano-emulsion or micro-emulsion 
(< 0.5 µm)	

High-pressure 
homogenizer or micro-
fluidizer	

PX-HPH	 6	

Agrochemical SC formulation 
(D90 < 5 µm)	

Pre-mixer + horizontal 
bead mill	

PX-BM Bead Mill	 7	

Cosmetic cream / lotion 
manufacturing	

Vacuum multi-shaft mixer	 PX-MSM	 8	

Silicone sealant production	 Planetary disperser mixer	 PX-DPM	 19	
Rubber compounding (SBR, NR, 
NBR)	

Internal mixer	 PX-IM Internal Mixer	 10	

Thermoplastic polymer 
compounding	

Co-rotating twin-screw 
extruder	

PX-TSE	 11	

Reactive extrusion / solvent-free 
chemistry	

Twin-screw extruder with 
side feeders	

PX-TSE REX	 12	

Carbon black masterbatch 
production	

Extended kneading TSE + 
CB side feeder	

PX-TSE CB	 13	

Coatings dispersion (Hegman 5–
6)	

High-speed Cowles 
dissolve	

PX-HSD Dissolver	 16	

Coatings high-solids (Hegman 6–
7)	

Multi-shaft mixer (anchor 
+ Cowles)	

PX-MSM	 16	

Coatings or ink ultra-fine 
dispersion (Hegman 7+)	

Horizontal bead mill	 PX-BM Bead Mill	 17	

Paste, sealant, or adhesive (very 
high viscosity)	

Z-blade kneader	 PX-ZBK Kneader	 25	

Battery electrode slurry	 Planetary mixer or Z-
blade kneader	

PX-DPM / PX-ZBK	 25	

Powder coating production 
(extrusion + milling)	

TSE compounding + ACM 
mill	

PX-TSE + PX-ACM	 20	

Fine chemical micronization (D90 
< 10 µm)	

Fluidized bed jet mill	 PX-JM Jet Mill	 26	

Agrochemical AI micronization	 Spiral jet mill or fluidized 
bed jet mill	

PX-JM	 7, 26	
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Fertilizer drum granulation	 Rotary drum granulator	 PX-DG Drum 
Granulator	

21	

Controlled-release coating of 
fertilizer	

Rotary drum coater	 PX-DC Drum Coater	 21	

Bulk chemical powder conveying 
(cohesive)	

Dense-phase pneumatic 
conveying	

PX-DPh	 22	

Bulk chemical conveying (toxic, < 
OEL 1 µg/m³)	

Closed-loop dense-phase, 
N2 inert conveying	

PX-DPh Contained	 22	

Continuous reactor feed metering	 Loss-in-weight feeder	 PX-LIW	 28	
Silo discharge for cohesive 
chemical powder	

Mass-flow hopper + bin 
activator	

PX-BH + PX-BA	 28	
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Appendix C: Chemical Processing 
Parameter Reference Tables 
Engineering constants and typical operating parameters referenced throughout this book.	

Parameter	 Symbol	 Typical Range 
/ Value	

Units	 Notes	

Power number (Rushton 
turbine, turbulent)	

Np	 5.0–5.5	 —	 Re > 10,000 fully turbulent	

Power number (pitched 
blade, 45°, 4-blade)	

Np	 1.0–1.3	 —	 Pumping down configuration	

Power number (hydrofoil 
A310)	

Np	 0.30–0.37	 —	 Energy-efficient impeller	

Mixing time correlation 
constant (baffled tank)	

N × θ_m	 25–40	 —	 Dimensionless blend time for 
95% homogeneity	

Minimum just-suspended 
speed (Zwietering S)	

S	 3.0–7.0 
(depends on 
impeller)	

—	 Conical base and 6SRBT 
impeller: S ≈ 7.0	

Critical Weber number for 
droplet breakup	

We_c	 1–10	 —	 Depends on viscosity ratio	

Typical rotor-stator tip 
speed	

v_tip	 15–40	 m/s	 Low end: gentle emulsification; 
high end: nano-emulsification	

Optimal fill factor, internal 
mixer	

FF	 0.65–0.80	 —	 Below 0.65: inefficient; above 
0.80: spillage	

Typical kneading block 
shear rate	

γ̇	 100–2,000	 s⁻¹	 In TSE kneading elements	

Specific energy, TSE 
compounding	

E_sp	 0.1–0.5	 kWh/kg	 Depends on polymer and 
formulation	

Compressed air pressure, 
jet milling	

P	 6–12	 bar(g)	 Higher pressure → finer 
product	

Typical bead mill specific 
energy	

E_sp	 50–500	 kJ/kg	 For pigment dispersion to D90 
1–5 µm	

Optimal bead fill fraction	 ε_b	 70–85	 vol%	 Above 85%: excessive bead-
bead collisions	

Minimum conveying 
velocity, dilute phase	

v_min	 15–25	 m/s	 Depends on particle density 
and size	

Dense-phase conveying 
solid/gas ratio	

µ	 10–100	 kg 
solid/kg 
gas	

Higher = more material per unit 
energy	

Zeta potential for colloidal 
stability	

|ζ|	 ≥ 30	 mV	 < 25 mV: risk of flocculation	

ATEX temperature class 
T3 (max surface)	

T_surface	 200	 °C max	 For Group IIA gases (most 
organics)	

ATEX temperature class 
T4 (max surface)	

T_surface	 135	 °C max	 For Group IIA/IIB gases 
including ethyl ether	

PSM threshold quantity, 
NH3	

TQ	 10,000	 lb (4,536 
kg)	

29 CFR 1910.119 list	

PSM threshold quantity, 
chlorine	

TQ	 1,500	 lb (680 
kg)	

29 CFR 1910.119 list	
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RMP threshold quantity, 
chlorine	

TQ	 2,500	 lb (1,134 
kg)	

40 CFR Part 68	

Typical MSMPR 
crystallizer residence time	

τ	 0.5–4	 hr	 Longer τ = larger crystals	

Jenike mass flow cone 
angle limit (Al2O3)	

θ_max	 ~20°	 degrees 
from 
vertical	

Smooth SS hopper wall	

Hegman scale equivalent 
particle sizes	

—	 0→100 µm, 
8→0 µm	

µm	 Scale 0–8; 4=100 µm; 6=50 
µm; 7=13 µm	
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Appendix D: Chemical Regulatory 
Standards Index 

Standard / Regulation	 Issuing Body	 Scope	 Relevance to Proc-X 
Equipment	

ATEX Directive 
2014/34/EU	

European 
Commission	

Equipment in explosive 
atmospheres	

Zone classification; ATEX 
category; CE marking	

IECEx System	 IEC	 International explosive 
atmosphere equipment 
certification	

Alternative to ATEX for non-
EU markets	

NEC (NFPA 70)	 NFPA / USA	 US electrical code for 
hazardous classified areas	

NEC Class I Div 1/2; Class II 
Div 1/2 equivalents to ATEX	

OSHA 29 CFR 1910.119 
(PSM)	

OSHA / USA	 Process Safety 
Management for HHCs	

PHA participation; MI 
documentation; MOC 
support	

EPA 40 CFR Part 68 
(RMP)	

EPA / USA	 Risk Management 
Program for regulated 
substances	

Process design 
documentation for 
consequence analysis	

EU Industrial Emissions 
Directive 2010/75/EU	

European 
Commission	

Emission limit values for 
industrial facilities	

VOC control; dust emission; 
wastewater standards	

REACH (EC 1907/2006)	 ECHA / EU	 Chemical substance 
registration and risk 
management	

SVHC notification; exposure 
scenario compliance	

IEC 61511	 IEC	 Functional safety for 
process industries 
(SIS/SIF)	

SIL-rated safety functions in 
Proc-X equipment	

ISO 9001:2015	 ISO	 Quality management 
systems	

Proc-X QMS certification; 
customer QMS interface	

EN 12547	 CEN / EU	 Centrifuges — common 
safety requirements	

Applicable to Proc-X 
centrifuge-type separators	

PED 2014/68/EU	 European 
Commission	

Pressure Equipment 
Directive	

Jacketed vessels; 
pneumatic conveying 
pressure systems	

Machinery Directive 
2006/42/EC	

European 
Commission	

Safety of machinery	 CE marking for all Proc-X 
machinery	

ISO 80079-36/37	 ISO	 Non-electrical equipment 
for explosive atmospheres	

Mechanical ATEX 
equipment certification	

NFPA 68	 NFPA / USA	 Explosion venting for 
deflagrations	

Vent area sizing for dust 
collector and receiver relief	

NFPA 654	 NFPA / USA	 Combustible particulate 
solids safety	

Dust hazard analysis; 
housekeeping requirements	

21 CFR Part 111	 FDA / USA	 Current Good 
Manufacturing Practice — 
Dietary Supplements	

Relevant for chemical plants 
producing nutraceutical 
ingredients	

ISO 14001:2015	 ISO	 Environmental 
management systems	

Proc-X green manufacturing 
commitment	

UN/DOT Dangerous 
Goods Regulations	

UN/DOT	 Transport of hazardous 
materials	

Equipment design for DOT-
classified material handling	

	

	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 90	

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

Appendix E: Proc-X Chemical Equipment 
Model Index 

Model 
Series	

Equipment Type	 Size Range	 Key Chemical 
Applications	

Part 
Reference	

PX-RA / PX-
JV	

Reactor agitator + 
jacketed vessel	

50 L – 100,000 L	 Batch reaction, 
crystallization, dissolution	

Part II, III	

PX-CR	 Continuous crystallizer 
(MSMPR)	

50 – 5,000 L 
operating volume	

Continuous fine chemical 
production	

Part VII	

PX-RSM	 Rotor-stator mixer 
(batch/inline)	

1 L – 100,000 
L/hr	

Emulsification, dispersion, 
homogenization	

Part II, IV	

PX-HPH	 High-pressure 
homogenizer	

10 – 5,000 L/hr	 Nano-emulsions, 
pharmaceutical emulsions	

Part II	

PX-MSM	 Multi-shaft mixer 
(anchor + Cowles)	

50 – 10,000 L	 Coatings, adhesives, 
sealants, cosmetics	

Part IV	

PX-DPM	 Dual-planetary mixer	 5 – 5,000 L	 Sealants, adhesives, 
battery slurries	

Part IV, VI	

PX-ZBK	 Z-blade kneader (sigma 
blade)	

2 – 3,000 L	 Rubber prep, adhesives, 
battery electrode	

Part VI	

PX-IM	 Internal mixer (Banbury-
type)	

1.6 – 650 L	 Rubber compounding	 Part III	

PX-TSE	 Co-rotating twin-screw 
extruder	

11 – 200 mm 
screw	

Polymer compounding, 
REX, powder coating	

Part III, IV, 
VI	

PX-SSE	 Single-screw extruder	 25 – 300 mm 
screw	

Profile extrusion, pump 
extruder	

Part III	

PX-JM	 Fluidized bed jet mill	 100 – 500 mm 
chamber	

Fine/specialty chemical 
micronization	

Part II, VI	

PX-ACM	 Air classifier mill (pin 
mill)	

DN100 – DN600 
rotor	

Powder coating grinding, 
resin powder	

Part IV, VI	

PX-BM	 Horizontal bead mill	 0.5 – 200 L 
chamber	

Coatings, inks, SC 
agrochemicals, inks	

Part II, IV, VI	

PX-TRM	 Three-roll mill	 2" – 24" roll width	 Electronic paste, printing 
inks, dental	

Part IV	

PX-DG	 Rotary drum granulator	 1.2 – 5.5 m × 4–
20 m	

Fertilizer granulation	 Part V	

PX-DC	 Rotary drum coater	 0.6 – 3.5 m 
diameter	

CRF coating (sulfur or 
polymer)	

Part V	

PX-DP / PX-
DPh / PX-
PP	

Pneumatic conveying 
(dilute/dense/plug)	

DN50 – DN400 
bore	

All bulk chemical powder 
conveying	

Part V, VI	

PX-LIW	 Loss-in-weight feeder	 0.1 – 30,000 
kg/hr	

Continuous chemical 
process feed	

Part V, VI	

PX-BH	 Mass-flow storage 
hopper/silo	

0.5 – 5,000 m³	 Chemical powder storage 
and discharge	

Part VI	

PX-BA	 Bin activator	 DN300 – DN3000	 Cohesive powder flow 
promotion	

Part VI	

PX-CCS	 Continuous control 
system (DCS/PLC)	

All sizes	 All continuous chemical 
processing lines	

Part VII	



THE ARSENAL ENGINEER  |  PROC-X MANUFACTURING GROUP 91	

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

PX-BMS	 Batch management 
system	

All sizes	 All batch chemical 
processing	

Parts II–IV	
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