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Unit 1 — Introduction to Separation
Processes

1.1 Overview of separation processes and their importance

Separation processes are crucial in various industries, splitting mixtures into individual components
through physical and chemical methods. These processes purify raw materials, isolate products, treat
waste, and ensure quality control in operations like petrochemical refineries and water treatment plants.

Efficient separations have significant economic and environmental impacts. They reduce production costs,
improve product quality, enhance resource utilization, and lower energy consumption. Additionally, they
minimize waste generation, improve pollution control, and promote sustainable manufacturing practices.

Introduction to Separation Processes

Role of separation processes

+ Separation processes split mixtures into individual components through physical methods (distillation,
filtration, centrifugation) and chemical processes (extraction, adsorption, ion exchange)

« Utilized across industries including chemical manufacturing, pharmaceutical production, food and
beverage processing, oil and gas refining, and wastewater treatment

« Purify raw materials, isolate and recover products, treat waste, and ensure quality control in industrial
operations (petrochemical refineries, water treatment plants)

Objectives of separation processes
+ Achieve high purity of desired components to meet product specifications (99.9% pure ethanol)
* Maximize product yield to improve process economics and resource utilization
» Minimize energy consumption through efficient separation techniques (heat integration)
» Reduce operating costs by optimizing separation parameters (reflux ratio in distillation)

» Ensure process safety by controlling hazardous materials and conditions (explosive mixtures)

Significance of efficient separations

» Economic impact includes reduced production costs, improved product quality, enhanced resource
utilization, increased process efficiency, and lower energy consumption

» Environmental benefits encompass reduced waste generation, improved pollution control (scrubbers),
conservation of natural resources, regulatory compliance, and promotion of sustainable manufacturing
(green chemistry)

Components of separation systems
* Feed stream carries initial mixture for separation (crude oil)

* Separation unit houses equipment where separation occurs (distillation column)
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* Product streams contain purified components or fractions (gasoline, diesel)
« Utilities provide energy inputs like heat or electricity

* Flow patterns include: 1. Continuous flow with constant input and output 2. Batch operation for
intermittent processing 3. Semi-batch combining continuous and batch methods

« Mass balance principle governs system behavior: Input = Output + Accumulation

« Common separation units include columns (distillation, absorption), membranes (reverse osmosis),
centrifuges (solid-liquid separation), and extractors (liquid-liquid separation)

1.2 Classification of separation methods

Separation methods are crucial in chemical engineering, allowing us to isolate and purify substances.
These techniques fall into three main categories: equilibrium-based, rate-based, and property-based
separations, each exploiting different physical or chemical principles to achieve separation.

Industrial separation techniques like distillation, extraction, and filtration are widely used in various
industries. Each method has its own strengths and limitations, such as energy efficiency, purity levels, and
scalability. Understanding these trade-offs is key to choosing the right separation method for a specific
application.

Principles of Separation Methods

Classification of separation methods

* Equilibrium-based separations rely on differences in equilibrium distribution of components between
phases enables selective separation (distillation, liquid-liquid extraction, adsorption)

» Rate-based separations depend on differences in the rate at which components move through a
system allows separation over time (membrane separations, crystallization, chromatography)

* Property-based separations utilize differences in physical or chemical properties of components for
separation (centrifugation, flotation, electrophoresis)

Types of separation methods

* Physical separation methods based on differences in physical properties without chemical changes
occurring during separation process (filtration, sedimentation, size exclusion)

» Chemical separation methods involve chemical reactions or interactions changing chemical
composition or structure of components (precipitation, ion exchange, complexation)

* Biological separation methods utilize biological agents or processes often involving living organisms or
biomolecules for separation (fermentation, bioremediation, enzymatic separations)

Industrial Separation Techniques

Common industrial separation techniques

« Distillation separates components based on differences in volatility widely used in petroleum refining
and chemical industries

« Extraction includes liquid-liquid extraction separating components based on solubility differences and
solid-liquid extraction (leaching) removing soluble components from solids
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* Filtration separates solids from liquids or gases using a porous medium with various types (cake
filtration, depth filtration, membrane filtration)

 Adsorption separates components based on their affinity for a solid surface used in gas purification,
water treatment, and chromatography

* Crystallization separates solids from a solution by controlled precipitation common in pharmaceutical
and food industries

» Membrane separations use selective permeability to separate components (reverse osmosis,
ultrafiltration, gas separation)

Comparison of separation methods

« Distillation advantages include high purity, large-scale operation, well-established technology but
limitations involve energy-intensive processes and unsuitability for heat-sensitive materials

« Extraction advantages include separating components with similar boiling points and low temperature
operation but limitations involve additional solvent recovery step and potential solvent loss

* Filtration advantages include simple operation and low cost for many applications but limitations may
require frequent filter replacement and limited to particle size separation

 Adsorption advantages include high selectivity and ability to remove trace contaminants but limitations
involve adsorbent regeneration or replacement needed and potential for fouling

* Crystallization advantages include high purity products and combined separation and purification but
limitations involve complex process control and potential yield losses

* Membrane separations advantages include low energy consumption, continuous operation, and no
phase change required but limitations involve membrane fouling and limited selectivity for some
applications

1.3 Basic principles and thermodynamic concepts

Separation processes rely on fundamental principles like mass and energy balances, equilibrium
considerations, and material efficiency. These concepts govern how components are separated in various
systems, from distillation columns to batch reactors.

Thermodynamics plays a crucial role in separations. Phase equilibrium, fugacity, and activity coefficients
help describe non-ideal behavior in complex mixtures. Understanding these concepts is key to designing
effective separation processes like azeotropic distillation and liquid-liquid extraction.

Fundamental Principles and Thermodynamic Concepts

Principles of separation processes

» Mass balance governs conservation of mass in systems tracks input, output, generation, and
accumulation terms for steady-state and transient processes (distillation columns, batch reactors)

+ Energy balance applies first law of thermodynamics accounts for enthalpy changes, heat transfer, and
work interactions in separation units (heat exchangers, compressors)

« Equilibrium considerations drive separations through concentration gradients and establish theoretical
stages for mass transfer (absorption towers, extraction columns)
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* Material efficiency quantifies separation performance using metrics like recovery, purity, and
separation factor (membrane filtration, chromatography)

Thermodynamic concepts in separations

* Phase equilibrium described by Gibbs phase rule governs vapor-liquid (VLE) and liquid-liquid (LLE)
systems crucial for distillation and extraction processes

* Fugacity relates to chemical potential represents tendency of molecules to escape a phase used to
calculate equilibrium in non-ideal systems (high-pressure gas separations)

* Activity coefficients quantify deviations from ideal behavior in solutions modeled using NRTL or
UNIQUAC for complex mixtures (azeotropic distillation, liquid-liquid extraction)

+ Raoult's law predicts vapor pressure of ideal solutions while Henry's law applies to dilute solutions
both essential for VLE calculations (gas absorption, stripping)

Intermolecular forces in separations

* Van der Waals forces, hydrogen bonding, and dipole-dipole interactions influence physical properties
like boiling point, solubility, and miscibility

* Intermolecular forces impact separation techniques: 1. Distillation relies on differences in vapor
pressures 2. Extraction exploits solubility differences 3. Adsorption utilizes surface interactions

« Selectivity in separations depends on relative strengths of intermolecular forces between components
and separation medium (gas chromatography, ion exchange)

» Azeotrope formation occurs when intermolecular forces create non-ideal mixtures with constant
boiling points requiring special separation methods (extractive distillation)

Problem-solving for phase equilibria

* Vapor pressure calculations use Antoine equation for pure components and Clausius-Clapeyron
relation for temperature dependence (flash evaporation, vacuum distillation)

+ Equilibrium compositions determined using K-values and relative volatility enable flash calculations for
vapor-liquid separation (knock-out drums, flash distillation)

* Property estimation methods like Peng-Robinson equation of state and activity coefficient models
predict thermodynamic behavior of complex mixtures (supercritical extraction)

» Phase diagrams such as T-x-y plots and McCabe-Thiele method visualize and analyze binary
distillation processes (tray-by-tray calculations, minimum reflux ratio)

» Thermodynamic consistency tests verify experimental data quality and model predictions ensure
reliable design calculations (VLE data regression, process simulation)

* Gibbs energy minimization determines equilibrium compositions in multicomponent, multiphase
systems optimizes separation processes (reactive distillation, adsorption equilibria)

1.4 Selection criteria for separation processes

Separation process selection is a crucial step in chemical engineering. It involves weighing various factors
like feed composition, product purity requirements, and process constraints to choose the most effective
method. Understanding these factors helps engineers optimize separation efficiency and overall plant
performance.
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Heuristics and guidelines streamline the selection process, offering quick rules of thumb for initial
screening. These tools, combined with safety and regulatory considerations, ensure that chosen
separation methods are not only technically feasible but also economically viable, safe, and
environmentally responsible.

Factors Influencing Separation Process Selection

Factors in separation process selection

» Feed composition determines separation method effectiveness concentration of components impacts
process choice physical state affects equipment selection (gas, liquid, solid) impurities influence
separation difficulty

* Product purity requirements drive process design desired concentration dictates separation stages
allowable impurity levels affect process complexity

* Process constraints shape equipment design temperature limitations impact material selection
pressure restrictions influence vessel thickness material compatibility affects equipment longevity
throughput requirements determine equipment size

* Physical and chemical properties guide separation technique boiling point differences enable
distillation solubility differences allow extraction molecular size and shape differences enable
membrane separation

+ Scale of operation impacts equipment selection and economics laboratory scale for research pilot
plant for process optimization industrial scale for commercial production

* Energy requirements affect operating costs heating or cooling needs influence utility consumption
mechanical energy input impacts equipment selection (centrifuges, filters)

* Equipment availability and complexity influence capital costs and maintenance needs
* Operational flexibility allows adaptation to varying feed compositions or product specifications

« Batch vs continuous operation affects equipment design and process control strategies

Feasibility of separation methods

+ Technical feasibility assessment evaluates process viability separation efficiency determines product
yield achievable product purity influences market value process reliability impacts production
consistency scalability affects future expansion potential

» Economic viability analysis determines profitability capital costs include equipment purchase,
installation, auxiliary systems operating costs cover raw materials, utilities, labor, maintenance product
value and market demand influence revenue potential return on investment (ROI) measures profitability
payback period indicates investment recovery time

» Comparison of alternative separation methods weighs options pros and cons of each method highlight
strengths and weaknesses cost-benefit analysis quantifies economic impact

* Process integration considerations optimize overall plant efficiency compatibility with upstream and
downstream processes ensures smooth operation potential for heat integration or waste recovery
improves energy efficiency
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Guidelines and Considerations for Separation Process Selection

Heuristics for process screening

* Relative volatility heuristic guides distillation applicability if relative volatility > 1.5, distillation viable if
relative volatility < 1.05, alternative methods needed

» Azeotrope formation guideline identifies separation challenges check vapor-liquid equilibrium data for
azeotropes consider azeotropic or extractive distillation for azeotropic mixtures

» Energy-saving heuristics reduce operational costs use mechanical separation before thermal methods
(filtration before evaporation) consider membrane processes for dilute solutions (reverse osmosis for
seawater desalination)

« Ease of separation guideline ranks separation difficulty gas-liquid easiest (gas absorption) liquid-liquid
moderate (liquid-liquid extraction) gas-solid challenging (adsorption) liquid-solid most difficult
(crystallization)

* Phase creation heuristic minimizes process complexity avoid creating new phases unless necessary
(prefer liquid-liquid extraction over precipitation)

* Recycle stream guideline optimizes process efficiency minimize recycle streams to reduce energy and
equipment costs

» Separation sequence heuristics improve overall process efficiency remove most plentiful component
first (CO2 removal from natural gas) perform difficult separations last (trace impurity removal)

* Solvent selection guidelines for extraction optimize separation performance high selectivity for solute
improves separation low miscibility with feed prevents losses easy recovery and recycling reduces
operating costs

Safety and regulatory considerations

« Safety considerations protect personnel and assets process hazards identification covers flammability,
toxicity, reactivity risk assessment and mitigation strategies prevent accidents personal protective
equipment requirements ensure worker safety emergency response planning prepares for incidents

» Environmental aspects minimize ecological impact waste generation and management reduce
disposal costs emissions control limits air pollutants and greenhouse gases water usage and treatment
conserve resources energy efficiency and carbon footprint reduction mitigate climate change impact

» Regulatory compliance ensures legal operation local, state, and federal regulations dictate process
requirements industry-specific standards set best practices permitting requirements allow facility
operation reporting and documentation obligations ensure transparency

« Sustainable process design reduces long-term impacts green chemistry principles minimize
hazardous substances life cycle assessment evaluates overall environmental impact circular economy
concepts promote resource reuse

* Occupational health considerations protect worker well-being exposure limits for hazardous
substances prevent chronic health issues noise levels affect hearing protection requirements
ergonomic factors reduce repetitive strain injuries

« Community impact maintains positive relationships odor control prevents nuisance complaints visual
impact consideration maintains aesthetic appeal traffic and transportation considerations minimize
disruptions
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« Future-proofing ensures long-term viability anticipating changes in regulations allows proactive
adaptations adaptability to stricter environmental standards prevents obsolescence
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Unit 2 — Thermodynamics and Phase
Equilibria
2.1 Fundamentals of thermodynamics in separations

Thermodynamics is key to understanding separation processes. The laws of thermodynamics govern
energy conservation, entropy generation, and efficiency limits in separations like distillation and extraction.
Energy balances are crucial for both closed and open systems.

Important concepts include enthalpy, entropy, and Gibbs free energy. These help determine process
spontaneity, equilibrium conditions, and driving forces in separations. Thermodynamic efficiency compares
ideal to real separations, calculating the minimum work required for processes like gas separation.

Thermodynamic Principles in Separation Processes

Thermodynamics in separation processes

« First Law of Thermodynamics governs energy conservation in separations, quantifies internal energy
changes, work done, and heat transfer

» Second Law of Thermodynamics addresses entropy generation, distinguishes reversible from
irreversible processes, and sets efficiency limits (distillation, extraction)

» Energy balances crucial for closed systems (batch distillation) and open systems with mass flow
(continuous distillation column)

Thermodynamic concepts for separations

» Enthalpy measures heat content, relates to internal energy and PV work, critical in phase transitions
(vaporization in distillation)

+ Entropy quantifies system disorder, changes during mixing and separation, Third Law establishes
absolute entropy scale

* Gibbs free energy combines enthalpy and entropy effects, determines process spontaneity at constant
T and P, links to chemical potential in separations (membrane processes)

Thermodynamic Analysis and Calculations

Feasibility of separation processes

- Spontaneity determined by Gibbs free energy change (AG), relates to enthalpy and entropy changes

« Equilibrium conditions crucial in chemical (reactive distillation) and phase equilibrium (vapor-liquid
equilibrium in distillation)

+ Driving forces include concentration gradients (osmosis), temperature gradients (thermal diffusion),
pressure differences (reverse osmosis)

» Thermodynamic efficiency compares ideal to real separations, calculates minimum work required (gas
separation)
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Calculation of thermodynamic properties

» Equations of state model fluid behavior: Ideal gas law for low pressure, Van der Waals for real gases,
Peng-Robinson for complex mixtures

» Thermodynamic tables provide property data: Steam tables for water/steam systems, refrigerant
tables for cooling cycles, psychrometric charts for air-water mixtures

* Property estimation methods include corresponding states principle and generalized correlations for
unknown substances

« Fugacity and activity coefficients quantify non-ideal behavior in gas and liquid mixtures respectively

« Partial molar properties describe component contributions in mixtures (partial molar volume in liquid
solutions)

» Excess properties characterize non-ideal mixing behavior (excess Gibbs energy in azeotropic
mixtures)

2.2 Vapor-liquid equilibrium (VLE) and liquid-liquid equilibrium (LLE)

Phase equilibrium is crucial in separation processes, governing how components distribute between
different phases. Understanding phase diagrams and equilibrium calculations helps predict and control
separations in various systems, from simple binary mixtures to complex multicomponent systems.

Vapor-liquid equilibrium (VLE) is particularly important in distillation and other separation techniques.
Mastering VLE calculations, including Raoult's law, Henry's law, and flash calculations, enables engineers
to design and optimize separation processes for diverse applications in chemical and petroleum industries.

Fundamentals of Phase Equilibrium

Phase equilibrium and diagrams

* Phase equilibrium occurs when two or more phases coexist in thermodynamic equilibrium requiring
thermal, mechanical, and chemical potential equality (ice-water mixture at 0°C)

» Phase diagrams graphically represent equilibrium states showing relationships between pressure,
temperature, and composition (water phase diagram)

* Pressure-temperature (P-T) diagrams display phase boundaries and triple points (carbon dioxide P-T
diagram)

» Temperature-composition (T-x) and pressure-composition (P-x) diagrams illustrate phase behavior for
binary mixtures (ethanol-water T-x diagram)

* Gibbs phase rule F = C — P + 2 determines degrees of freedom in a system (binary mixture in VLE
has 2 degrees of freedom)

* Tie lines and lever rule determine compositions and amounts of coexisting phases (LLE of
phenol-water system)

Vapor-liquid equilibrium calculations

* Raoult's law P; = XfP,-* applies to ideal solutions predicting partial pressures (benzene-toluene
mixture)
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* Henry's law P; = H;x; describes behavior of dilute solutions (oxygen dissolved in water)

+ Dalton's law of partial pressures P = ZP,- relates total pressure to component partial pressures (air
composition)

* VLE calculations involve: 1. Total pressure calculation using component partial pressures 2. Bubble
point determination finding temperature or pressure at which first vapor bubble forms 3. Dew point
calculation identifying conditions for first liquid droplet formation 4. Flash calculations to determine
vapor and liquid compositions after partial vaporization

Advanced Phase Equilibrium Analysis

Binary and ternary phase diagrams
* Binary VLE diagrams:
* T-x-y diagrams show boiling and condensation curves (ethanol-water system)
» P-x-y diagrams illustrate pressure-composition relationships at constant temperature

» Azeotropes appear as minimum or maximum boiling points (ethanol-water azeotrope at 95.6 wt%
ethanol)

* Binary LLE diagrams display:

 Upper and lower critical solution temperatures (triethylamine-water UCST at 18.5°C)
* Partially miscible and immiscible systems (octanol-water immiscibility)

» Ternary LLE diagrams use triangular coordinate systems showing:

* Tie lines connecting equilibrium compositions

* Tie triangles for three-phase equilibria

* Plait point where two-phase region ends (acetone-chloroform-water system)

* Interpreting phase diagrams involves:

+ Identifying present phases

» Determining coexisting phase compositions

* Calculating relative phase amounts using the lever rule

Factors affecting phase equilibria

» Temperature effects:

* Increases vapor pressure following Antoine equation

* Alters solubility in LLE systems (nicotine-water miscibility gap closes with increasing temperature)
* Pressure effects:

« Shifts VLE according to Le Chatelier's principle

 Enables formation of supercritical fluids (CO2 becomes supercritical above 31.1°C and 73.8 bar)

» Composition effects:
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* Induces non-ideal behavior in mixtures

 Requires activity coefficients for accurate modeling (acetone-chloroform positive deviation from
Raoult's law)

* Le Chatelier's principle predicts equilibrium shifts (pressure increase favors liquid phase in VLE)

. . P, _ AH
+ Clausius-Clapeyron equation In(5) = %(% - T%) relates vapor pressure to temperature

* Van 't Hoff equation describes temperature dependence of equilibrium constants

* Gibbs-Duhem equation relates chemical potentials in a mixture ensuring thermodynamic consistency

2.3 Equations of state and activity coefficient models

Equations of state are mathematical models that describe fluid behavior under various conditions. They're
essential for predicting phase changes, calculating properties, and estimating equilibrium compositions in
separation processes.

From the ideal gas law to more complex cubic equations, these models account for molecular interactions
and non-ideal behavior. Activity coefficient models and parameter estimation techniques further refine our
understanding of mixture thermodynamics in real-world applications.

Equations of State

Principles of state equations

» Equations of state (EOS) describe thermodynamic behavior of fluids through mathematical
relationships between temperature, pressure, volume, and composition

* EOS models assume spherical molecules, averaged intermolecular forces, and no chemical reactions
occurring

* Used to predict phase behavior, calculate thermodynamic properties (enthalpy, entropy), and estimate
equilibrium compositions

+ Ideal gas law (PV = nRT) serves as simplest EOS, more complex models account for non-ideal
behavior (van der Waals, Redlich-Kwong)

Application of cubic state equations

» Van der Waals equation pioneered cubic EOS incorporating molecular attraction (a) and repulsion (b)
parameters: (P + %)(v —b) =RT

. Rengh-Kwong equation improved accuracy with temperature-dependent attraction term:
P = — #

v=b  Tvv+b)

» Peng-Robinson equation further refined liquid density predictions: P = % - Wﬂ)(v—b)

 Cubic EOS applications include vapor-liquid equilibrium calculations, critical point estimation, and
compressibility factor determination

Activity coefficient models for mixtures

* Activity coefficient models predict non-ideal behavior in liquid mixtures based on excess Gibbs energy

* Models assume local composition concept and utilize binary interaction parameters
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. : L . . A2
« Margules equation offers simplest approach with single adjustable parameter: /ny; = ij

A
+ Van Laar equation extends Margules with two parameters: Iny, = “A—lz(;))z

Az

Iny;=1- In(ij/\,,) — D Xl

 Wilson equation incorporates local composition concept: ij/\k,

* NRTL model accounts for non-random molecular orientations using three parameters (TU- Gy, aU)

* UNIQUAC model combines combinatorial and residual contributions to account for molecular size and
shape differences

Parameter estimation for thermodynamic models

* Regression analysis minimizes difference between predicted and experimental data using sum of
squared errors as objective function

* Vapor-liquid equilibrium (VLE) data utilized to fit model parameters through P-T-x-y experimental
measurements

* Least squares method applied for linear regression (simple models) and non-linear regression
(complex models)

» Maximum likelihood estimation accounts for experimental uncertainties in parameter fitting
* Cross-validation technique uses portion of data for fitting and remainder for model validation

« Sensitivity analysis evaluates impact of parameter changes on model predictions and identifies most
influential parameters

2.4 Phase diagrams and their applications

Phase diagrams are essential tools in separation processes, mapping out how substances behave under
different conditions. They show phase transitions, equilibrium states, and composition relationships,
helping engineers design efficient separation systems.

These diagrams come in various types, each offering unique insights. From pressure-temperature plots to
composition diagrams, they guide the analysis of complex systems and inform critical decisions in
distillation, extraction, and crystallization processes.

Phase Diagrams and Their Applications

Types of phase diagrams

* Pressure-Temperature (P-T) diagrams map solid, liquid, and gas phase regions pinpoint triple point
and critical point illustrate phase boundaries and coexistence lines

» Temperature-composition (T-x-y) diagrams depict bubble point and dew point curves show
composition of liquid and vapor phases demonstrate tie lines and lever rule applications

» Composition-composition (x-y) diagrams reveal equilibrium relationships between liquid and vapor
phases include diagonal line (y = x) for reference highlight deviation from ideality (azeotropes, partial
miscibility)
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Phase equilibrium determination

* Gibbs' Phase Rule F = C — P + 2 calculates degrees of freedom (F) based on components (C) and
phases (P) guides analysis of system variability

* Binary systems analysis using T-x-y diagrams determines coexisting phase compositions calculates
relative phase amounts aids in distillation column design

» Ternary systems evaluation with tie lines locates overall composition point determines equilibrium
phase compositions useful for liquid-liquid extraction

» Multicomponent systems interpretation uses isothermal and isobaric sections visualizes complex
phase behavior applies to petroleum refining and chemical separations

Applications in separation processes

« Distillation column design leverages T-x-y diagrams determines minimum reflux ratio calculates
theoretical stages optimizes feed tray location improves energy efficiency

« Liquid-liquid extraction utilizes ternary diagrams identifies immiscibility region determines distribution
coefficients calculates extraction efficiency enhances solvent selection

* Crystallization process design employs solid-liquid equilibrium diagrams analyzes eutectic points and
compositions determines maximum theoretical yield optimizes cooling profiles

» Three-phase distillation considers VLLE identifies heterogeneous azeotropes optimizes operating
conditions for phase splitting improves separations of close-boiling mixtures

Concepts in phase behavior

» Azeotropes in binary systems appear as minimum or maximum boiling points form due to molecular
interactions broken by pressure swing or entrainer addition (extractive distillation)

+ Miscibility gaps in liquid-liquid systems exhibit upper and lower critical solution temperatures (UCST,
LCST) vary with temperature affect extraction and purification processes

« Critical points in phase behavior mark transition to supercritical fluid exhibit unique properties utilized
in supercritical extraction (caffeine removal)

* Retrograde condensation in gas-condensate systems occurs in specific pressure-temperature regions
impacts natural gas processing requires careful well management
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Unit 3 — Mass Transfer and Diffusion

3.1 Principles of mass transfer

Mass transfer is the movement of molecules between phases or regions, driven by concentration
differences. It's crucial for separating mixtures in industrial processes like distillation and absorption,
enabling purification and product recovery.

Understanding mass transfer involves grasping driving forces, modes of transfer, and resistance concepts.
These fundamentals help engineers design efficient separation processes, optimize equipment size, and
minimize energy requirements in various applications.

Fundamentals of Mass Transfer

Fundamentals of mass transfer

» Mass transfer involves movement of molecules between phases or regions driven by concentration
differences or chemical potential gradients

» Enables separation of mixtures into desired components crucial for purification, extraction, and
product recovery in industrial processes (distillation, absorption, adsorption, liquid-liquid extraction)

Driving forces for mass transfer

» Concentration gradients cause molecules to move from high to low concentration areas

» Chemical potential gradients account for non-ideal behavior in solutions

» Phase equilibria describes thermodynamic equilibrium between different phases (VLE, LLE, SLE)
» Temperature gradients induce mass transfer through thermodiffusion

* Pressure gradients influence mass transfer in gas-phase systems

Modes of mass transfer

+ Molecular diffusion involves random motion of molecules due to thermal energy described by Fick's
laws of diffusion

« First law: | = =D

LaC = patc
» Second law: gz = D35

» Convective mass transfer results from bulk fluid motion (forced or natural convection) described by
mass transfer coefficients

* Interphase mass transfer occurs at phase boundaries involving both diffusion and convection
explained by two-film theory

Mass transfer resistance concept

* Mass transfer resistance opposes movement of molecules between phases or regions inversely
proportional to mass transfer rate
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* Types include diffusion resistance within phases, convective resistance in bulk fluid, and interfacial

resistance at phase boundaries
- L . 114 1
* Overall mass transfer coefficient combines individual resistances: ¥ = x; ™ Fk,

 Impacts separation processes by determining rate of mass transfer, influencing equipment size and
efficiency, and affecting energy requirements

« Strategies to reduce resistance include increasing interfacial area, enhancing turbulence or mixing,
and selecting appropriate operating conditions

3.2 Fick's laws of diffusion

Fick's laws of diffusion are crucial for understanding how substances move through materials. The first law
relates diffusive flux to concentration gradients, while the second law describes how concentration
changes over time. These principles are key to solving real-world diffusion problems.

Applying Fick's laws involves solving differential equations with specific boundary conditions. These
conditions, like fixed surface concentrations or constant fluxes, shape the concentration profiles and
determine how quickly steady-state is reached. Understanding these concepts is essential for analyzing
various diffusion processes.

Fundamentals of Fick's Laws of Diffusion

Mathematical representation of Fick's first law

* Fick's first law of diffusion describes flux of substance in mixture due to molecular diffusion relates
diffusive flux to concentration gradient

« One-dimensional form: / = —D% quantifies diffusive flux (amount of substance per unit area per unit
time) using diffusion coefficient (area per unit time) and concentration gradient

» Three-dimensional form: ] = —DVC expresses diffusive flux vector in terms of concentration gradient
* Negative sign indicates flux occurs from high to low concentration regions (down the gradient)

» Assumes steady-state diffusion in isotropic medium with constant diffusion coefficient

Derivation of Fick's second law

+ Conservation of mass principle states rate of accumulation equals rate in minus rate out plus rate of
generation

« Derivation steps: 1. Consider differential volume element 2. Apply mass conservation to diffusing
species 3. Express rates using flux terms 4. Substitute Fick's first law for flux 5. Simplify to obtain

second law
. . aC — Ma’C . . .
* One-dimensional form: 5 = D? describes concentration change over time

« Three-dimensional form: &5 = DV?C extends concept to multiple dimensions

» Assumes constant diffusion coefficient throughout the medium
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Application of Fick's Laws

Solutions to diffusion problems

« Steady-state diffusion:

 Concentration profile remains constant over time

* First law suffices for problem-solving

« Common boundary conditions include constant surface concentration and constant flux at boundaries
* Examples: diffusion through thin films (membranes) or hollow cylinders (pipes)

 Unsteady-state diffusion:

« Concentration profile evolves with time

» Second law required for problem-solving

* Solution methods include analytical solutions for simple geometries, separation of variables, and
Laplace transforms

» Examples: diffusion into semi-infinite medium (soil contamination) or finite slab (heat treatment of
metals)

Boundary conditions in diffusion analysis

« Dirichlet condition specifies concentration at boundaries (fixed surface concentration)
* Neumann condition defines flux at boundaries (constant evaporation rate)

* Robin condition combines concentration and flux (convective mass transfer)
« Initial conditions describe concentration distribution at start of process

» Boundary and initial conditions:

» Ensure unique solution to diffusion equations

» Shape concentration profile and flux distribution

» Determine time required to reach steady-state

« Common scenarios:

« Constant surface concentration (absorption in liquid)

 Constant flux at surface (evaporation)

» Convective mass transfer at surface (drying processes)

» Symmetry conditions (radial diffusion in cylinders)

* Dimensionless numbers:

* Fourier number (Fo) compares diffusive transport rate to storage rate

* Biot number (Bi) relates surface mass transfer to internal diffusive resistance
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3.3 Convective mass transfer and mass transfer coefficients

Mass transfer is crucial in separation processes, involving both molecular diffusion and convective
transport. Understanding these mechanisms helps engineers design efficient systems for applications like
distillation and absorption.

Dimensionless numbers like Sherwood and Schmidt simplify mass transfer calculations. These numbers,
along with mass transfer coefficients, enable engineers to predict and optimize transfer rates in various
industrial processes.

Molecular Diffusion and Convective Mass Transfer

Molecular diffusion vs convective mass transfer

* Molecular diffusion

* Random molecular motion drives concentration gradients

* Fick's law governs process dominant in stagnant fluids or gases (still water)
» Convective mass transfer

* Bulk fluid motion influences flow patterns

* Enhances overall transfer rates in flowing fluids or gases (river water)

Mass transfer coefficients

» Mass transfer coefficient

 Quantifies rate between phases in units of length/time (m/s)
* Represents ease across an interface (evaporation rate)

« Significance in convective mass transfer

* Relates rate to concentration difference

* Accounts for fluid properties and flow characteristics

+ Enables calculation of overall rates

* Used in designing equipment (distillation columns)

Dimensionless Numbers and Mass Transfer Calculations

Dimensionless numbers in mass transfer

» Sherwood number (Sh)

« Ratio of convective to diffusive mass transfer

okl
-Sh= Das

« kc: mass transfer coefficient
« L: characteristic length

« Dag: diffusion coefficient
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* Schmidt number (Sc)

+ Ratio of momentum diffusivity to mass diffusivity

* V: kinematic viscosity

+ Other relevant dimensionless numbers

* Reynolds number (Re) characterizes flow regime (laminar or turbulent)

* Grashof number (Gr) describes buoyancy-driven flow (natural convection)

* Peclet number (Pe) ratio of advective to diffusive transport

Calculation of mass transfer rates
» General mass transfer rate equation
e Na=KA(Ca s —Ca,b)
» Na: mass transfer rate of component A
« A: interfacial area
« Ca, s: concentration at the interface
+ Ca,b: bulk concentration
* Factors affecting mass transfer rates
* Interfacial area impacts transfer surface (bubble size in gas absorption)
» Concentration gradient drives transfer direction and magnitude
* Fluid properties influence diffusion (viscosity, density)
* Flow conditions affect boundary layer thickness (turbulence)
» Mass transfer coefficient correlations
» Empirical relationships based on dimensionless numbers
« Specific to geometry and flow conditions

» Examples: flat plate (boundary layer flow), sphere (droplet evaporation), packed bed (absorption
column)

3.4 Interphase mass transfer and overall mass transfer coefficients

Interphase mass transfer is crucial in separation processes. Molecules move between phases across
interfaces, driven by concentration gradients. This phenomenon determines the efficiency of separations
and influences equipment design and operating conditions in various processes.

Mass transfer is modeled using overall coefficients that combine resistances from individual phases. These
coefficients help analyze and optimize separation processes. Understanding equilibrium and operating
lines is key to determining driving forces and designing effective separation equipment.
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Interphase Mass Transfer Fundamentals

Interphase mass transfer concept

* Molecules move from one phase to another across interface driven by concentration gradients
between phases

» Key components involve bulk fluid motion, diffusion through stagnant films, and interface crossing

* Governs rate of mass transfer between phases determining efficiency and effectiveness of
separations

* Influences equipment size and operating conditions in processes (absorption, distillation, extraction,
adsorption)

Overall mass transfer coefficient expressions

» Mass transfer resistances modeled as resistances in series with individual phase resistances

 Overall mass transfer coefficient measures overall rate of mass transfer related to individual phase
coefficients

T3

* Gas-liquid systems expression: k, = ,

1

* Liquid-liquid systems expression: K% = ka + mk,
« Equilibrium distribution coefficient (m) relates concentrations in equilibrium between phases

+ Units typically expressed as velocity (m/s or ft/s)

Process Analysis and Design

Equilibrium vs operating lines

» Equilibrium line represents thermodynamic equilibrium between phases determined by system
properties and conditions

« Operating line represents actual concentrations in contacting phases influenced by process conditions
and equipment design

* Driving force for mass transfer shown by vertical distance between equilibrium and operating lines
« Larger driving force leads to faster mass transfer with pinch points where lines approach each other

* Impact column design by determining number of theoretical stages and height of transfer units

Separation process design optimization

* Factors affecting interphase mass transfer include interfacial area, turbulence and mixing, and
physical properties of fluids

* Design considerations involve selecting appropriate contacting equipment (packed columns, tray
columns), determining required number of stages or transfer units, and sizing equipment based on
mass transfer rates

+ Optimization strategies focus on increasing interfacial area (structured packing, high-efficiency trays),
enhancing turbulence (baffles, impellers), and manipulating operating conditions (temperature,
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pressure, flow rates)

 Performance evaluation metrics include overall mass transfer coefficients, height of transfer units
(HTU), and number of transfer units (NTU)

« Scale-up considerations maintain similar mass transfer characteristics at larger scales and account for
changes in hydrodynamics and mixing patterns
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Unit 4 — Distillation Fundamentals and
Design

4.1 Principles of distillation and vapor-liquid equilibrium

Distillation is a key separation process that uses differences in boiling points to separate liquid mixtures.
It's widely used in industries like petroleum refining and alcohol production. Understanding the basics of
distillation is crucial for chemical engineers.

Vapor-liquid equilibrium diagrams and calculations are essential tools for designing distillation columns.
These help determine how feasible a separation is and how many stages are needed. The McCabe-Thiele
method is a popular graphical technique for binary distillation design.

Fundamentals of Distillation

Principles of distillation

« Distillation basics separate liquid mixtures by exploiting volatility differences through repeated
vaporization and condensation cycles

+ Driving force for separation stems from boiling point and vapor pressure differences between
components

» Key components of a distillation column include reboiler (provides heat), trays or packing (increase
contact area), and condenser (cools vapor)

* Applications of distillation span various industries including petroleum refining (crude oil fractionation),
alcohol production (ethanol purification), and chemical purification (pharmaceutical ingredients)

Vapor-liquid equilibrium diagrams

* Types of VLE diagrams include T-xy (temperature vs composition) and y-x (vapor vs liquid
composition) plots

* Interpretation of VLE diagrams reveals equilibrium compositions and identifies azeotropes (constant
boiling mixtures)

* Role in distillation design involves determining separation feasibility and estimating required stages

. . . . sat .
+ Raoult's Law describes relationship between vapor pressure and mole fraction YiP = XiP;"" where Y
. . . Xiic liqni . Psat .
is vapor mole fraction, P is total pressure, X/ is liquid mole fraction, and ;" is pure component vapor
pressure

Distillation Calculations and Design

Relative volatility in separation

_— . - . _ Ki _ yilx;
- Definition of relative volatility expresses ratio of vapor pressures or K-values @jj = F; = m

« Significance in distillation indicates separation difficulty with higher values suggesting easier
separation
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* Factors affecting relative volatility encompass temperature, pressure, and composition of mixture

* Impact on column design influences number of stages required and optimal reflux ratio

McCabe-Thiele method for stages

» McCabe-Thiele method overview utilizes graphical technique for binary distillation using operating
lines and equilibrium curve

+» Key concepts include minimum reflux ratio, feed quality line, and g-line (thermal condition of feed)
* Steps in McCabe-Thiele method:

1. Plot equilibrium curve

2. Determine operating lines

3. Step off stages

+ Pinch point occurs where theoretical stages approach infinity indicating minimum reflux ratio

* Relationship between number of stages and reflux ratio demonstrates trade-off between capital (more
stages) and operating costs (higher reflux)

4.2 Binary and multicomponent distillation

Binary distillation is a key separation process in chemical engineering. It uses differences in component
volatilities to separate liquid mixtures into purified products. The McCabe-Thiele method graphically
analyzes binary distillation, while equilibrium stage calculations model vapor-liquid interactions.

Column design optimizes separation efficiency and economics. Key parameters include the number of
stages, feed location, and reflux ratio. For complex systems, shortcut methods like the Fenske and
Underwood equations estimate minimum stages and reflux ratios. Azeotropes can limit separation,
requiring special techniques to overcome.

Binary Distillation

Design of binary distillation columns

* McCabe-Thiele method graphically analyzes binary distillation using y-x diagram

» Assumes constant molar overflow, negligible heat of mixing, adiabatic operation

* Operating lines connect equilibrium stages representing vapor-liquid contact

* Minimum reflux ratio determined at pinch point where g-line intersects equilibrium curve
* Equilibrium stage calculations use VLE data to model vapor-liquid interactions

» K-values express component volatility ratio in vapor vs liquid phases

+ Relative volatility @ compares K-values of two components, simplifies calculations

* Non-ideal systems deviate from Raoult's law due to molecular interactions

« Activity coefficients Vi account for non-ideal behavior in liquid phase

» Azeotropes form when vapor and liquid compositions become equal, limiting separation
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» Column design parameters optimize separation efficiency and economics
» Number of theoretical stages calculated using McCabe-Thiele diagram or shortcut methods
* Feed stage location balances rectifying and stripping sections

* Reflux ratio affects separation quality and energy consumption (higher reflux = better separation but
more energy)

» Material and energy balances ensure conservation of mass and energy

» Overall column balance accounts for feed, distillate, and bottoms streams

* Individual stage balances track component flows between stages

« Distillation column sizing determines physical dimensions

» Column diameter calculated based on vapor velocity and flooding considerations

* HTU and NTU concepts relate packing height to separation difficulty

Analysis of multicomponent distillation systems

* Fenske equation estimates minimum stages for specified separation

* Relates number of stages to relative volatility and product purities

* Focuses on separation of key components (light key LK, heavy key HK)

» Underwood equation determines minimum reflux ratio

* Involves iterative solution for non-key component distribution

+ Accounts for relative volatilities of all components

* Gilliland correlation relates actual to minimum stages and reflux ratios

» Empirical correlation based on extensive data from various systems

* Allows quick estimation of actual number of stages or reflux ratio

« Kirkbride equation approximates optimal feed stage location

» Based on feed composition and desired split between key components

* Provides starting point for more rigorous design calculations

» Shortcut method assumes constant relative volatilities, total condenser, total reboiler
* Application to complex systems requires careful component selection

* Light and heavy keys chosen based on desired separation and relative volatilities

» Non-key components distributed between products based on volatilities relative to keys

Azeotropes in distillation processes

» Azeotropes form when vapor and liquid compositions become identical
» Minimum boiling azeotropes boil below pure component boiling points (ethanol-water)

» Maximum boiling azeotropes boil above pure component boiling points (acetone-chloroform)
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* Pressure-sensitive azeotropes change composition with pressure (ethanol-benzene)
» Azeotrope formation stems from non-ideal molecular interactions

» Hydrogen bonding, dipole-dipole forces, or dispersion forces alter vapor pressures

+ Deviations from Raoult's law lead to non-ideal mixture behavior

» Azeotropes impact distillation by creating separation barriers

« Limit achievable product purities beyond azeotropic composition

+ Can result in multiple steady states depending on initial conditions

« Affect column operation near pinch points, influencing reflux ratio requirements

« Strategies to overcome azeotropic limitations: 1. Pressure-swing distillation exploits pressure-sensitive
azeotropes 2. Extractive distillation adds solvent to alter relative volatilities 3. Heterogeneous
azeotropic distillation uses phase splitting to break azeotrope

Selection of column internals

» Tray columns use horizontal plates to contact vapor and liquid

« Sieve trays have simple perforations, bubble cap trays use capped risers, valve trays have movable
caps

* Tray efficiency measures actual vs theoretical performance (typically 60-80%)

» Weeping (liquid flowing through perforations) and flooding (excessive liquid holdup) limit operation
» Packed columns use structured or random packing material

» Random packing (Raschig rings, Pall rings, saddles) dumped into column

« Structured packing offers lower pressure drop, higher efficiency (corrugated sheets)

* HETP concept relates packing height to equivalent theoretical stage

« Selection criteria balance performance, cost, and system requirements

+ Capacity determines maximum throughput, turndown ratio affects flexibility

* Pressure drop impacts energy consumption, especially for vacuum systems

* Fouling tendency and corrosion resistance affect long-term reliability

* Hydraulic considerations ensure proper liquid and vapor flow

« Liquid and vapor flow rates determine loading and flooding limits

* Physical properties (viscosity, surface tension, density) affect wetting and mass transfer
» Economic factors include both capital and operating costs

« Initial investment vs long-term energy and maintenance expenses

* Trays generally cheaper for large diameter columns, packing for smaller diameters

* Special applications may require specific internal designs

« High-purity separations benefit from structured packing's efficiency
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* Vacuum distillation needs low pressure drop internals (structured packing)

* Reactive distillation combines reaction and separation, may need catalyst-coated internals

4.3 Column design and sizing

Distillation columns are key to separating liquid mixtures. They use trays or packing to create vapor-liquid
contact, allowing components to separate based on boiling points. The design process involves sizing the
column and determining the number of stages needed for separation.

Calculating column diameter is crucial to prevent flooding and ensure efficient operation. The number of
theoretical stages is estimated using shortcut methods like the Fenske equation. Column height depends
on tray spacing or packing height, with additional considerations for internals and support structures.

Column Design Fundamentals

Describe the basic components of a distillation column

» Column shell houses separation process in cylindrical vessel constructed from corrosion-resistant
materials (stainless steel)

* Trays or packing facilitate vapor-liquid contact through horizontal plates or structured materials
(Raschig rings)

* Reboiler vaporizes liquid at column bottom using heat exchangers (kettle, thermosiphon)

» Condenser cools and condenses top vapor using cooling water or refrigerant (shell-and-tube)
* Feed inlet introduces mixture at optimal tray location determined by feed quality

* Product outlets withdraw distillate and bottoms streams for further processing or storage

* Reflux system returns portion of condensed liquid to column top enhancing separation efficiency

Explain the factors that influence column diameter
* Vapor flow rate determines required cross-sectional area to prevent flooding
» Liquid flow rate affects tray or packing hydraulics and liquid holdup
* Flooding point limits maximum vapor velocity to maintain stable operation (80-85% of flooding)
* Weeping point sets minimum vapor velocity to prevent liquid dripping through tray perforations
* Tray spacing or packing height impacts pressure drop and contact time (18-24 inches for trays)
* Operating pressure affects vapor density allowing smaller diameters at higher pressures

» Foaming tendency requires larger diameters to prevent entrainment (surfactants, hydrocarbons)

Column Sizing Calculations

Calculate column diameter using flooding correlations

* Flooding factor (F-factor) method relates vapor velocity to vapor density

+ Souders-Brown equation determines maximum vapor velocity based on fluid properties
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» Column cross-sectional area calculated from volumetric vapor flow rate and velocity

» Column diameter derived from cross-sectional area assuming circular cross-section

Determine the number of theoretical stages using shortcut methods

* Fenske equation estimates minimum number of stages for given separation
* Gilliland correlation relates actual to minimum stages and reflux ratios

* Eduljee approximation provides algebraic solution to Gilliland correlation

Estimate column height based on tray spacing or packing height

* Tray columns sum tray spacing and additional zones for total height
» Packed columns multiply HETP by number of stages and add redistributors

* Column internals include feed location, distributors, and support plates

4.4 Advanced distillation techniques and troubleshooting

Distillation columns can face issues like flooding, weeping, and entrainment. These problems reduce
efficiency and product quality. Troubleshooting involves adjusting flow rates, modifying column internals,
and optimizing operating conditions to maintain smooth operation.

Advanced techniques like extractive, azeotropic, and reactive distillation tackle tough separations. Heat
integration and column configuration optimization boost energy efficiency. Environmental and safety
aspects, including emissions control and hazard prevention, are crucial for sustainable distillation
practices.

Operational Issues and Troubleshooting

Troubleshooting distillation column issues

* Flooding

* Liquid flow rate exceeds vapor handling capacity causing pressure drop increase and reduced
separation efficiency

+ Excessive vapor flow, insufficient tray spacing, or fouling lead to flooding
* Mitigate by reducing feed rate, adjusting reflux ratio, or cleaning column internals (demister pads)
* Weeping

« Liquid passes through tray perforations instead of flowing across tray reducing efficiency and
accumulating in downcomer

* Low vapor flow rate or oversized tray perforations cause weeping

+ Address by increasing vapor flow, modifying tray design (smaller perforations), or adjusting operating
conditions (temperature)

* Entrainment
+ Vapor flow carries liquid droplets upward decreasing separation efficiency and contaminating product

» High vapor velocity or improper demister design result in entrainment
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* Solve by reducing vapor velocity, improving demister design (mesh pads), or adjusting column
internals (tray spacing)

Advanced Distillation Techniques and Optimization

Advanced distillation techniques
* Extractive distillation

+ High-boiling solvent alters relative volatilities enabling separation of close-boiling components
(ethanol-water)

» Performance measured by separation factor and solvent recovery efficiency
» Azeotropic distillation
* Entrainers break azeotropes in homogeneous or heterogeneous systems

« Evaluate performance through product purity and entrainer recovery efficiency (isopropanol-water
separation)

* Reactive distillation
» Combines reaction and separation in single unit improving conversion and reducing equipment costs

 Performance indicators include conversion, selectivity, and product purity (production of methyl
acetate)

Heat-integrated distillation optimization

* Heat integration techniques

* Feed preheating using column heat reduces energy consumption

* Inter-column heat exchange optimizes overall process efficiency

* Heat pumps and vapor recompression recover low-grade heat

* Pinch analysis for distillation systems

* Identifies minimum energy requirements and optimizes heat exchanger network
+ Column sequencing and configuration

» Thermally coupled distillation columns, dividing wall columns, and Petlyuk configurations enhance
energy efficiency

* Energy performance metrics

* Specific energy consumption (SEC), thermodynamic efficiency, and exergy analysis quantify energy
performance

Environmental and safety aspects of distillation

* Environmental impact
» Energy consumption leads to greenhouse gas emissions

* Volatile organic compound (VOC) emissions affect air quality
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» Wastewater generation requires treatment (cooling tower blowdown)

« Life cycle assessment (LCA) evaluates overall environmental impact

« Safety considerations

* Pressure vessel regulations ensure proper design and maintenance

* Flammability and explosion risks necessitate proper ventilation and fire suppression systems
* Hazardous material handling requires proper PPE and containment measures

* Emergency shutdown procedures protect personnel and equipment

* Process safety management (PSM)

* Hazard and operability (HAZOP) studies identify potential risks

+ Failure mode and effects analysis (FMEA) assesses system reliability

« Safety instrumented systems (SIS) provide automatic safeguards (pressure relief valves)
« Sustainable distillation practices

* Alternative solvents and green chemistry principles reduce environmental impact

* Heat recovery and energy optimization minimize carbon footprint

* Process intensification techniques improve efficiency (reactive distillation)

* Membrane-assisted distillation reduces energy consumption for certain separations
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Unit 5 — Absorption and Stripping

5.1 Fundamentals of gas absorption and stripping

Gas absorption and stripping are crucial separation processes in chemical engineering. These techniques
involve the transfer of solutes between gas and liquid phases, driven by concentration gradients and
governed by principles like Henry's law and vapor-liquid equilibrium.

Equipment choices, operating conditions, and solvent selection greatly impact absorption and stripping
performance. Factors like temperature, pressure, and interfacial area play key roles in optimizing these
processes for applications ranging from natural gas purification to air pollution control.

Principles and Mechanisms of Gas Absorption and Stripping

Principles of gas absorption processes

» Mass transfer principles drive solute movement between phases

» Concentration gradient creates driving force for diffusion

* Solute molecules diffuse through stagnant films at interface

« Interfacial mass transfer occurs at gas-liquid boundary

» Gas absorption process dissolves solute gas into liquid solvent

* Solute transfers from bulk gas phase through interface into liquid

» Rate depends on solubility, diffusivity, and interfacial area

« Stripping process removes dissolved gas from liquid phase

* Reverses absorption, transferring solute from liquid to gas phase

* Used to purify liquids or recover dissolved gases

* Henry's law relates partial pressure to concentration in solution

« Pa = HaXa where PA is partial pressure, Ha is Henry's constant

» Assumes dilute solution and moderate pressures (methane in water)
+ Equilibrium considerations determine maximum absorption/stripping
* Vapor-liquid equilibrium (VLE) data shows composition relationship
+ Operating line represents actual concentrations in column

+ Equilibrium curve shows theoretical maximum transfer possible

Factors in absorption performance

» Temperature affects solubility and mass transfer rates
* Higher temps generally decrease gas solubility in liquids

« But can increase diffusion and reaction rates (CO2 in amine solutions)
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* Pressure influences driving force for mass transfer

« Higher pressure typically promotes absorption of gases

» Lower pressure enhances stripping and solute removal

» Gas-liquid contact area impacts overall transfer rate

* Increased interfacial area improves absorption efficiency

+ Achieved through packing, trays, or spray nozzles

* Solvent selection crucial for process effectiveness

* High solubility of target gas improves absorption

« Selectivity allows separation of specific components (MEA for CO2)
* Flow rates and ratios affect column performance

* Optimizing gas-to-liquid ratio maximizes efficiency

* Too little solvent limits absorption, excess wastes energy

* Mass transfer coefficients quantify resistance to transfer

» Gas-side resistance often dominates for sparingly soluble gases
* Liquid-side resistance important for highly soluble species

« Overall coefficient combines both resistances

Equipment for gas absorption

» Packed columns provide large contact area

» Random packing (Raschig rings) or structured packing used
* Liquid distributors ensure even flow over packing surface
* Tray columns use horizontal plates for gas-liquid contact
« Sieve trays have simple perforations for gas flow

* Bubble cap trays provide better liquid-gas mixing

* Valve trays offer adjustable gas flow paths

* Spray towers atomize liquid for simple gas treatment

* High throughput but limited mass transfer efficiency

+ Used for particle scrubbing or preliminary absorption

* Venturi scrubbers accelerate gas for particle removal

* High relative velocity between gas and liquid droplets

« Limited application in absorption due to short contact time
 Column internals support packing and distribute flow

» Packing support plates prevent settling and channeling
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* Liquid collectors and redistributors maintain even wetting
* Flow configurations optimize contact between phases
+ Countercurrent maximizes driving force along column height

* Cross-flow used in some specialized applications

Physical vs chemical absorption

* Physical absorption relies on solubility differences

* Reversible process allows easier solvent regeneration

» CO2 removal using cold methanol (Rectisol process)

» Chemical absorption involves reaction with solvent

+ Often achieves higher selectivity and absorption capacity

* Amine scrubbing removes acid gases (CO2, H2S) from natural gas
* Absorption mechanisms differ between types

* Physical: Van der Waals forces, hydrogen bonding dominate
* Chemical: Covalent bonds form, acid-base reactions occur

* Regeneration approaches vary based on mechanism

* Physical: Often use pressure or temperature swing

» Chemical: May require more energy to reverse reactions

* Solvent selection criteria depend on absorption type

* Physical: Focus on solubility parameters, volatility

» Chemical: Reactivity with target components, stability

* Process design implications vary between types

* Physical: Simpler equipment, often lower temperatures

» Chemical: May need corrosion-resistant materials, heat management

5.2 Equilibrium and mass transfer in absorption/stripping

Vapor-liquid equilibrium is crucial for understanding absorption and stripping processes. Henry's law,
Raoult's law, and K-values help predict how components distribute between phases. Absorption and
stripping factors quantify the ease of separating components in these operations.

Mass transfer in gas-liquid systems involves concentration gradients and film resistances. The two-film
theory models interface behavior, while overall mass transfer coefficients combine individual resistances.
Understanding these concepts is essential for designing efficient absorption and stripping columns.
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Vapor-Liquid Equilibrium and Mass Transfer in Absorption/Stripping

Vapor-liquid equilibrium in absorption

* Henry's law for dilute solutions describes solute concentration in vapor phase proportional to liquid
phase

« Expression: ¥ = HX relates mole fractions in vapor (y) and liquid (x) phases

* H: Henry's constant varies with temperature, pressure (atm-L/mol)

* Raoult's law for ideal solutions predicts vapor pressure of components in liquid mixture
- Expression: ¥ = X;P,-* /P calculates vapor composition from liquid composition

. P,-* : vapor pressure of pure component i at system temperature (kPa)

« P: total system pressure (kPa)

» K-values (vapor-liquid distribution ratios) measure tendency of component to vaporize
« Ki = yi/Xi represents ratio of mole fractions in vapor and liquid phases

* Related to equilibrium constant, indicates relative volatility of components

* Absorption factor quantifies ease of absorption process

« A=L/(mG) compares liquid flow rate to product of gas flow rate and equilibrium line slope
« L: liquid flow rate (mol/h), G: gas flow rate (mol/h), m: slope of equilibrium line

« Stripping factor measures difficulty of removing solute from liquid phase

* 5 =mG/L = 1/A inverse of absorption factor

« Higher stripping factor indicates easier removal of solute from liquid

Mass transfer in gas-liquid systems

 Two-film theory models mass transfer resistance at gas-liquid interface

+ Gas film resistance limits transfer of sparingly soluble gases (O: in water)

« Liquid film resistance controls transfer of highly soluble gases (NHs in water)

+ Overall mass transfer coefficient combines individual film resistances

« 1/Kc = 1/ks + m/k_ relates overall coefficient to gas and liquid film coefficients

« Kg: overall gas-phase coefficient, Kg: gas-phase coefficient, K: liquid-phase coefficient
» Concentration gradients drive mass transfer between phases

« Steeper gradients lead to faster mass transfer rates

« Diffusion in gas and liquid phases follows Fick's law

* Flux proportional to concentration gradient and diffusion coefficient

« Interfacial area affects absorption/stripping efficiency
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* Larger area increases mass transfer rate (packed columns, spray towers)

Mass transfer coefficients for columns

+ Gas-phase mass transfer coefficient (Kc) estimated using dimensionless correlations
» Sherwood number relates mass transfer to fluid flow and diffusion (Re, Sc)
+ Liquid-phase mass transfer coefficient (K1) predicted by theoretical models
* Penetration theory assumes unsteady-state diffusion into liquid elements

« Surface renewal theory considers continuous replacement of liquid surface
+ Overall mass transfer coefficient (Ke or Ki) combines individual resistances
+ K used for gas-phase controlled systems, K. for liquid-phase controlled

* Specific interfacial area (2) measures available surface for mass transfer

+ Defined as surface area per unit volume of column (m?/m?)

+ Volumetric mass transfer coefficient (Ks@ or K.a) crucial for column design
» Combines mass transfer coefficient and interfacial area

» Empirical correlations estimate coefficients for different packing types

» Random packing (Raschig rings, Pall rings) and structured packing (corrugated sheets)

Theoretical stages for separation

* McCabe-Thiele method graphically determines number of equilibrium stages
* Operating line represents material balance between phases

* Equilibrium curve shows composition relationship at equilibrium

« Step-wise construction between operating line and equilibrium curve

» Kremser equation for absorbers calculates theoretical stages analytically

N = 1oallA — 1)yalyn 1 — UA) + 1]
¢ logA

« N: number of theoretical stages, ¥1: inlet gas composition, ¥N +1: outlet gas composition

» Kremser equation for strippers determines stages for liquid purification

N = lodl(s — 1){xuixo — 1/5) +1]
¢ - log$S

« XN inlet liquid composition, X0: outlet liquid composition

* Height equivalent to a theoretical plate (HETP) relates packed height to stages

« HETP = total packed height / number of theoretical stages (m)

+ Height of a transfer unit (HTU) and number of transfer units (NTU) alternative approach
* HTU represents height of column in which concentration change equals driving force

* NTU measures difficulty of separation, analogous to number of stages
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5.3 Absorber and stripper design

Absorption and stripping columns are key to gas-liquid separation in chemical engineering. These
processes rely on mass transfer principles, with column design balancing efficiency and cost. Proper
sizing, internal selection, and operating conditions are crucial for optimal performance.

Designing these columns involves calculating dimensions, choosing between packing and trays, and
optimizing operating variables. Performance evaluation and troubleshooting are essential for maintaining
effectiveness. Energy-saving strategies and economic considerations guide the overall design process.

Absorption and Stripping Column Design

Design of absorption columns

* Mass transfer principles drive gas-liquid separation

» Gas-liquid equilibrium determines maximum achievable separation

» Mass transfer coefficients quantify rate of component transfer between phases
+ Overall mass transfer coefficients combine resistances in gas and liquid films

* Column sizing parameters determine physical dimensions

+ Diameter calculation based on vapor and liquid flow rates prevents flooding

+ Height calculation accounts for required contact time and number of stages

* Number of theoretical stages represents ideal equilibrium steps for separation
* Design equations model column performance

» Kremser equation for absorbers predicts solute removal efficiency

» Kremser equation for strippers estimates solute recovery from liquid

* Process requirements consideration ensures design meets specifications

» Feed composition impacts required solvent flow rate and number of stages

* Product purity specifications dictate minimum separation requirements

+ Operating pressure and temperature affect equilibrium and mass transfer rates
» Material and energy balances ensure conservation laws are satisfied

» Component balances track individual species through column

+ Overall mass balance accounts for total flows entering and leaving

* Energy balance for non-isothermal operations considers heat effects

Selection of column internals

+ Packing materials provide surface area for gas-liquid contact
* Random packing types (Raschig rings, Pall rings) offer high efficiency

« Structured packing types (sheet metal, wire mesh) provide low pressure drop
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« Packing characteristics (surface area, void fraction) influence mass transfer and hydraulics
* Tray types create discrete stages for gas-liquid contact

« Sieve trays use simple perforated plates for gas-liquid mixing

* Bubble cap trays offer good performance at low liquid rates

* Valve trays provide flexibility over wide operating ranges

« Selection criteria guide choice between options

* Pressure drop considerations impact energy consumption and flooding potential
* Liquid and gas flow rates determine required capacity and efficiency

* Fouling tendency affects long-term performance and maintenance needs

« Corrosion resistance ensures material compatibility with process fluids

» Cost factors include initial investment and ongoing operational expenses
 Packing vs tray comparison weighs pros and cons

« Efficiency typically higher for packing due to continuous contact

« Capacity generally greater for trays, especially at high liquid rates

* Flexibility in operation favors trays for varying process conditions

Performance evaluation of separation units

 Performance indicators quantify column effectiveness

« Separation efficiency measures overall solute removal or recovery

» Mass transfer efficiency compares actual to theoretical stage performance

* Pressure drop impacts energy consumption and column hydraulics

» Experimental methods provide data for analysis

» Sampling techniques collect representative fluid samples at key locations

» Composition analysis determines concentrations of key components

+ Calculation of actual number of transfer units (NTU) based on concentration profiles
» Comparison of actual vs theoretical performance identifies inefficiencies

* Troubleshooting common issues improves column operation

* Flooding occurs when excessive liquid holdup restricts vapor flow

» Weeping happens when liquid falls through tray perforations instead of flowing across
» Channeling results in poor gas-liquid contact due to maldistribution

» Foaming leads to reduced efficiency and potential entrainment
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Optimization of operating conditions

 Key operating variables affect column performance

+ Liquid-to-gas ratio (L/G) influences driving force for mass transfer

» Temperature profile impacts equilibrium and mass transfer rates

* Pressure affects relative volatility and equipment sizing

» Optimization techniques identify best operating points

+ Pinch analysis for energy efficiency minimizes utility consumption

* Sensitivity analysis of key parameters reveals most impactful variables
» Energy-saving strategies reduce operating costs

 Heat integration recovers energy between process streams

+ Solvent selection and recycling minimize fresh solvent requirements

» Economic considerations balance performance and cost

* Operating costs vs capital costs trade-off informs design decisions

« Utility consumption optimization reduces ongoing expenses

» Advanced control strategies maintain optimal performance

 Feedback control loops respond to measured deviations from setpoints
 Feed-forward control anticipates disturbances based on upstream measurements

* Model predictive control uses process models to optimize multiple variables simultaneously

5.4 Applications and case studies

Gas absorption and stripping are crucial industrial processes for purifying gases and recovering valuable
components. From natural gas processing to air pollution control, these techniques play a vital role in
enhancing product quality, reducing emissions, and ensuring regulatory compliance across various
industries.

Designing effective absorption systems involves careful consideration of equipment, operating parameters,
and potential challenges. Engineers must address issues like foaming, corrosion, and solvent degradation
while optimizing economic factors such as capital costs, operating expenses, and environmental impact to
create efficient and sustainable solutions.

Industrial Applications and Case Studies of Gas Absorption and
Stripping
Industrial applications of gas absorption

* Natural gas processing removes acid gases (CO2, H2S) and dehydrates natural gas enhancing
quality and safety

* Flue gas treatment eliminates sulfur dioxide (SO2) and captures carbon for storage (CCS) reducing
emissions
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« Air pollution control removes volatile organic compounds (VOCs) and controls odors in wastewater
treatment plants

» Chemical manufacturing produces hydrochloric acid and recovers valuable components from waste
streams

* Petroleum refining removes hydrogen sulfide from refinery gases and mercaptans from liquefied
petroleum gas (LPG)

Case studies in absorption design

* Amine gas treating unit in natural gas processing considers amine selection and operating parameters
affecting absorption efficiency

* Flue gas desulfurization (FGD) system in coal-fired power plants utilizes wet scrubber design and
limestone slurry preparation

* VOC recovery system in pharmaceutical manufacturing selects appropriate solvent for absorption and
regenerates through stripping

« Ethylene oxide scrubber in chemical plants prioritizes safety considerations and optimizes absorption
column parameters

Challenges in absorption processes

» Foaming in absorption columns caused by impurities, high gas velocities, or improper liquid
distribution

« Solutions include antifoaming agents, improved liquid distributors, or column redesign
« Corrosion in amine gas treating units results from acid gases, high temperatures, and oxygen ingress
« Mitigated by corrosion-resistant materials, inhibitors, or oxygen scavenging

+ Solvent degradation in stripping units occurs due to thermal decomposition, oxidation, or contaminant
buildup

» Addressed through regular solvent analysis, purge streams, or stabilizers
« Scaling in flue gas desulfurization systems caused by calcium sulfate or mineral precipitation

* Controlled by pH adjustment, scale inhibitors, or improved slurry preparation

Economic aspects of absorption systems

« Capital costs include equipment sizing, material selection, and auxiliary systems (pumps, heat
exchangers, storage tanks)

* Operating costs cover energy consumption for regeneration, solvent makeup and treatment, and
maintenance and labor

» Environmental impacts show reduction of air pollutants (SO2, NOx, VOCs) improving air quality and
health

» Waste management addresses spent solvent disposal or regeneration and solid waste from flue gas
desulfurization (gypsum)

» Regulatory compliance meets emission standards for various industries and reporting requirements
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« Sustainability considerations improve energy efficiency through heat integration and low-energy
solvents

» Water management focuses on cooling water requirements and wastewater treatment
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Unit 6 — Liquid-Liquid Extraction

6.1 Principles of liquid-liquid extraction

Liquid-liquid extraction is a powerful separation technique that leverages solubility differences between two
immiscible liquids. This process is crucial in various industries, from pharmaceuticals to petrochemicals, for
purifying and isolating target compounds.

The efficiency of extraction depends on factors like solute properties, solvent characteristics, and system
conditions. Understanding distribution coefficients and extraction efficiency is key to optimizing this process
and achieving effective separations in industrial applications.

Fundamentals of Liquid-Liquid Extraction

Principles of liquid-liquid extraction

» Liquid-liquid extraction separates components based on solubility differences utilizing two immiscible
liquid phases

* Process involves feed solution containing target solute mixed with extracting solvent immiscible with
feed

+ Raffinate emerges as depleted feed solution after extraction while extract contains extracted solute in
solvent

* Mass transfer mechanism drives solute from feed to extracting solvent via concentration gradient

» Widely applied in pharmaceutical production purifying active ingredients, petrochemical refining
separating aromatics, metallurgical processes recovering metals, food processing extracting flavors
(vanilla extract)

Immiscibility in extraction processes

 Immiscibility describes liquids that do not mix or form homogeneous solution crucial for maintaining
distinct phases

» Enables selective transfer of solute between phases based on relative solubilities
* Influenced by polarity differences between liquids, intermolecular forces, and temperature effects

« Common immiscible pairs include water and organic solvents (hexane, chloroform) or different density
organic liquids (mineral oil and ethanol)

Factors in solute distribution

* Solute properties affecting distribution include polarity, molecular size, and ionization state

* Solvent properties impacting extraction encompass polarity, dielectric constant, and hydrogen bonding
capability

» System conditions like temperature, pH, and presence of other solutes (salting out) influence
distribution

* Interfacial phenomena such as surface tension and emulsion formation affect mass transfer rates
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Distribution coefficient and efficiency

« Distribution coefficient (K) measures solute partitioning between phases at equilibrium K = g—,f

« Extraction efficiency calculated as percentage of solute extracted E = Tgx=<=d X 100%

« Higher K generally leads to better extraction, related through extraction factor £r = K X \\;—5

» Multi-stage extraction calculations utilize McCabe-Thiele diagram to determine number of theoretical
stages needed

6.2 Solvent selection and phase equilibria

Liquid-liquid extraction is a crucial separation technique that relies heavily on solvent selection. The right
solvent can make or break the process, affecting everything from efficiency to safety. This section dives
into the key criteria for choosing solvents and how to interpret ternary phase diagrams.

Selectivity and equilibrium composition calculations are also covered, providing essential tools for process
design. Understanding these concepts helps engineers optimize extraction processes, balancing factors
like separation effectiveness, cost, and environmental impact.

Solvent Selection in Liquid-Liquid Extraction

Criteria for solvent selection

« Solubility characteristics ensure high solute solubility and low feed solution solubility enabling efficient
separation (ethyl acetate for caffeine extraction)

* Distribution coefficient quantifies solute partitioning between phases with higher values preferred for
efficient extraction (butanol for acetic acid extraction)

« Selectivity measures ability to preferentially extract desired component over others (hexane for oil
extraction from soybeans)

* Physical properties like density difference, viscosity, and surface tension affect phase separation and
flow behavior (carbon tetrachloride for iodine extraction)

» Chemical stability prevents unwanted reactions with feed components or equipment corrosion (MIBK
for acetic acid extraction)

« Ease of recovery considers boiling point difference from solute and miscibility gap with raffinate for
solvent regeneration (ethanol for essential oil extraction)

» Economic factors include cost and availability impacting process feasibility (water as a low-cost
solvent for sugar extraction)

 Safety and environmental considerations address toxicity, flammability, and biodegradability
(supercritical CO2 for decaffeination)

Interpretation of ternary phase diagrams

* Three vertices represent pure components with composition expressed in mass or mole fractions
(water-ethanol-benzene system)

* Binodal curve separates single-phase and two-phase regions with points on curve representing
saturated solutions (acetone-water-chloroform system)
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* Tie-lines connect equilibrium compositions in two-phase region with endpoints representing extract
and raffinate phase compositions (n-butanol-water-acetic acid system)

* Plait point marks tie-line convergence representing critical solution composition
(methanol-hexane-water system)

* Operating regions include feed introduction line and solvent introduction line guiding process design
(acetone-water-toluene system)

* Triangle rule determines relative amounts of phases based on lever arm principle
(isopropanol-water-ethyl acetate system)

Selectivity in extraction processes

« Selectivity ratio of distribution coefficients for two components S = E—’; quantifies preferential extraction
(ethyl acetate selectivity for caffeine over chlorogenic acids)

* Higher selectivity leads to better separation reducing required extraction stages (MIBK selectivity for
acetic acid over water)

* Factors affecting selectivity include temperature, pressure, pH, and presence of other components
(salt addition in aqueous two-phase extraction)

+ Trade-offs exist between high selectivity and capacity or cost/availability (supercritical CO2 vs organic
solvents)

* Process design impact influences equipment size and solvent-to-feed ratio (column diameter and
height for ethanol-water-benzene system)

Equilibrium composition calculations

« Distribution coefficient K = % relates solute concentrations in extract (y) and raffinate (x) phases (K =
2.5 for acetone in water-trichloroethylene system)

« Material balance equations: 1. Overall balance: F = E + R 2. Component balance: FxXr = Exg + Rxg
(F: feed, E: extract, R: raffinate)

« Equilibrium relationship ¥ = KX links phase compositions (y = 0.8x for ethyl acetate-water system)

« Calculation steps use tie-line data, material balances, and distribution coefficient (extracting acetic
acid from water using isopropyl ether)

* Graphical methods include operating line on ternary diagram and McCabe-Thiele diagram for binary
systems (acetone extraction from water using methyl isobutyl ketone)

* Iterative calculations for multi-component systems employ flash calculations and Rachford-Rice
equation (extracting aromatics from naphtha using sulfolane)

6.3 Extraction equipment and design considerations

Extraction equipment comes in various types, each with unique characteristics. Mixer-settlers, extraction
columns, and centrifugal extractors offer different approaches to liquid-liquid separation, balancing factors
like flow dynamics, separation efficiency, and space requirements.

Choosing the right extractor involves weighing technical and economic considerations. Physical properties,
separation needs, costs, scale, and process integration all play crucial roles in selecting the most suitable
equipment for a specific extraction application.
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Extraction Equipment Types and Characteristics

Types of extraction equipment

Mixer-settlers combine mixing vessel and settling tank for continuous countercurrent flow handles slow
separation and long settling times

Extraction columns utilize vertical cylindrical vessels with internal components for continuous
countercurrent flow accommodates multiple theoretical stages

» Spray columns
» Packed columns
* Sieve tray columns

Pulsed columns

Centrifugal extractors employ centrifugal force enhancing phase separation in compact design with high
throughput and short residence time suited for similar densities or emulsification-prone systems

Principles of extraction equipment operation

Mixer-settlers operate through mixing stage creating interfacial area for mass transfer followed by settling
stage separating phases by gravity

Extraction columns function via countercurrent flow of phases with internal components providing staging
and enhancing mass transfer

Centrifugal extractors utilize rapid rotation creating high centrifugal force with continuous feed and product
withdrawal

Advantages vs limitations of extractors

Mixer-settlers offer simple design, easy scalability, and suitability for high viscosity fluids but require large
footprint, high solvent inventory, and limited stages per unit

Extraction columns provide compact design with multiple stages, low solvent inventory, and suitability for
moderate to fast kinetics systems but face complex hydrodynamics, potential backmixing, and sensitivity to
flow rate variations
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Centrifugal extractors feature small footprint, low holdup volume, and rapid phase separation suitable for
thermally sensitive materials but incur high capital and maintenance costs, limited capacity per unit, and
scale-up complexity

Selection criteria for extractors

Technical considerations encompass physical properties (density difference, interfacial tension, viscosity)
and separation requirements (theoretical stages, mass transfer rates, residence time constraints)

Economic considerations involve capital costs (equipment purchase, installation, auxiliary equipment) and
operating costs (energy consumption, maintenance, labor requirements)

Scale of operation factors in production capacity, space limitations, and flexibility for future expansion

Process integration addresses compatibility with upstream and downstream processes, automation and
control requirements, and safety and environmental considerations

6.4 Multistage extraction and extraction efficiency

Multistage extraction boosts efficiency by repeatedly contacting solvent with feed or raffinate. This process
reduces solvent use and tackles tough separations like azeotropes. Mass transfer principles drive
concentration gradients in each stage, approaching equilibrium.

The McCabe-Thiele method visually determines theoretical stages using operating lines and equilibrium
curves. The Kremser equation calculates stages algebraically. Optimizing factors like solvent-to-feed ratio
and stage efficiency enhances overall extraction performance.

Multistage Extraction Fundamentals

Concept of multistage extraction

» Multistage extraction uses multiple extraction stages in series allowing solvent to contact feed or
raffinate repeatedly

» Advantages over single-stage extraction boost overall extraction efficiency reducing solvent
consumption

* Better separation of components handles more difficult separations (azeotropes, close-boiling
mixtures)

* Mass transfer principles drive concentration gradient in each stage approaching equilibrium

Graphical analysis of extraction processes

* McCabe-Thiele method determines number of theoretical stages graphically using operating line and
equilibrium curve
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« Steps in McCabe-Thiele analysis plot equilibrium curve determine operating line draw stepwise
construction between curves count steps (theoretical stages)

* Interpretation of McCabe-Thiele diagram shows vertical distance between curves indicating driving
force closer curves mean more difficult separation (similar boiling points)

Extraction Efficiency and Optimization

Calculation of theoretical stages

log[(1 — E)/(1 —EA
« Kremser equation calculates number of theoretical stages algebraically N = W where N
is number of theoretical stages E is overall extraction efficiency A is absorption factor

« Stage efficiency concept compares ratio of actual to theoretical stages accounting for non-ideal
behavior in real systems (wall effects, incomplete mixing)

« Extraction factor measures ratio of solute distribution between phases influencing number of stages
required (higher factor needs fewer stages)

Optimization of extraction factors

+ Solvent-to-feed ratio optimization increases extraction efficiency trading off with higher solvent costs
(higher ratio for difficult separations)

« Stage efficiency improvements enhance mixing and contact time through proper equipment design
and maintenance (baffles, packing materials)

+ Countercurrent flow advantages maximize concentration gradient improving overall mass transfer
(used in liquid-liquid extraction columns)

» Temperature effects influence solubility and mass transfer rates requiring optimal temperature based
on system properties (higher temps for viscous liquids)

* Solvent selection criteria include high selectivity for desired component low miscibility with feed stream
easy recovery and recycling (supercritical CO2 for caffeine extraction)
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Unit 7 — Leaching and Washing

7.1 Fundamentals of leaching and washing processes

Leaching and washing processes are crucial for extracting valuable components from solids using liquid
solvents. These techniques, applied in industries like mining and food processing, rely on principles of
solubility, mass transfer, and diffusion to separate target compounds efficiently.

Factors like particle size, temperature, and solvent properties significantly impact leaching efficiency.
Understanding these variables helps optimize extraction processes, whether in batch or continuous
operations, to achieve desired separation results in various applications.

Fundamentals of Leaching and Washing Processes

Leaching and washing processes

* Leaching extracts soluble components from solid mixtures using liquid solvents separates valuable or

unwanted components (gold extraction from ore)

» Washing removes residual soluble components from solids after leaching improves overall separation

efficiency (sugar beet processing)

» Enables selective extraction of target compounds facilitates purification of solid materials applied in
various industries (mining, food processing, pharmaceuticals)

Principles of leaching operations

* Solubility determines maximum solute dissolution in solvent affected by temperature, pressure,
solvent properties (salt in water vs oil)

» Mass transfer moves solute from solid to liquid phase driven by concentration gradient (coffee
extraction)

« Diffusion transports solute molecules through solvent described by Fick's laws (tea steeping)

» Governing principles include equilibrium distribution coefficient, mass transfer coefficient, effective
diffusivity

Batch vs continuous leaching

« Batch leaching processes fixed amount of solid material with solvent operates in cycles suitable for
small-scale or specialty products (herbal extracts)

+ Continuous leaching maintains steady flow of solid material and solvent operates without interruption

suitable for large-scale industrial applications (sugar extraction from sugarcane)
» Comparison factors:

* Production capacity

* Equipment complexity

* Operating costs

* Process control requirements
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Factors in leaching efficiency

* Particle size affects surface area and diffusion path length smaller particles increase efficiency
(ground coffee vs whole beans)

» Temperature influences solubility and diffusion rates higher temperatures generally increase efficiency
(hot vs cold brew tea)

« Solvent properties impact selectivity, mass transfer, and diffusion rates (ethanol vs water for plant
extracts)

+ Agitation speed enhances mass transfer and reduces boundary layer thickness
* Solid-to-liquid ratio affects concentration gradient and equilibrium
* pH influences solubility of target compounds and impurities (metal ore leaching)

* Presence of impurities or competing solutes can affect selectivity and efficiency

7.2 Equipment types and selection

Leaching and washing equipment play crucial roles in separating valuable components from mixtures.
From percolation tanks to centrifuges, each type serves specific purposes in industries like mining and food
processing.

Selecting the right equipment involves considering process requirements, material properties, and
economic factors. Safety and environmental concerns also influence choices, ensuring efficient and
responsible separation processes.

Equipment Types for Leaching and Washing

Types of leaching equipment

+ Percolation tanks facilitate stationary solid-liquid extraction allowing solvent to seep through solid bed
(ore processing)

« Agitated vessels employ mechanical stirrers ensuring continuous solid-solvent mixing enhancing
mass transfer (sugar extraction from beets)

 Countercurrent extractors utilize multi-stage systems moving solids and solvent in opposite directions
maximizing extraction efficiency (vegetable oil extraction)

* Rotating drum extractors promote mixing through cylindrical vessel rotation ideal for continuous
operation (coffee bean extraction)

» Pachuca tanks use air injection for agitation in tall cylindrical tanks with conical bottoms suitable for
slurry handling (gold cyanidation)

Construction of washing equipment

+ Thickeners separate solids from liquids via gravity settling in circular tanks with slow-moving rakes
concentrating solids in underflow (mineral processing)

* Filters

* Plate and frame filters stack alternating plates and frames using pressure to force liquid through filter
media ideal for batch operations (wine clarification)
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* Rotary vacuum filters employ cylindrical drums covered with filter cloth for continuous
vacuum-assisted filtration (dewatering of mineral concentrates)

* Centrifuges

+ Basket centrifuges utilize perforated baskets rotating at high speed separating solids from liquids
using centrifugal force (sugar crystallization)

* Decanter centrifuges feature horizontal cylindrical bowls with internal screw conveyors for continuous
solid-liquid separation (wastewater treatment sludge dewatering)

Equipment suitability for applications

* Leaching applications
* Percolation tanks suit coarse materials with slow dissolution rates (metal recovery from ores)

* Agitated vessels excel for fine particles and rapid extraction processes (pharmaceutical active
ingredient extraction)

» Countercurrent extractors achieve high recovery of valuable solutes efficiently (rare earth element
extraction)

» Washing applications
* Thickeners handle large-scale solid-liquid separation effectively (coal slurry dewatering)
« Filters provide high-efficiency solid-liquid separation for various industries (beverage clarification)

« Centrifuges enable rapid separation and dewatering in compact footprints (biomass recovery in
fermentation processes)

* Factors influencing suitability include particle size distribution, solubility of target compounds, required
production capacity, and desired separation efficiency

Factors in equipment selection

* Process requirements encompass throughput capacity, separation efficiency, operation mode (batch
vs continuous), and operating conditions (temperature, pressure)

 Material properties influence selection based on particle size and shape, solubility of target
compounds, liquid viscosity, and material abrasiveness or corrosiveness

» Economic considerations involve capital costs, operating expenses (energy, labor, maintenance),
equipment lifespan, reliability, and space constraints

» Environmental factors include waste generation, disposal methods, emissions control, and regulatory
compliance measures

« Safety considerations address handling of hazardous materials and operator exposure risks (chemical
leaching processes)

* Flexibility and scalability account for varying feed compositions and potential future capacity
expansion needs
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7.3 Design and operation of leaching systems

Leaching systems are crucial in separation processes, extracting valuable compounds from solids using
solvents. Mastering mass balances, optimizing conditions, and analyzing performance are key to efficient
leaching operations. These skills help engineers design and improve extraction processes across
industries.

Intensification strategies take leaching to the next level, boosting efficiency and sustainability. From
microwave-assisted techniques to green chemistry approaches, these innovations push the boundaries of
what's possible in separation technology, paving the way for more effective and eco-friendly processes.

Leaching System Design and Operation

Mass balance in leaching systems

 Conservation of mass underpins leaching calculations ensures all material accounted for

* Input-output analysis tracks material flow through system identifies inefficiencies

» Accumulation term accounts for material buildup or depletion within system over time

« Steady-state assumption simplifies calculations for continuous operations no net accumulation

* Transient behavior analysis crucial for batch processes and system startup/shutdown

Optimization of leaching conditions

» Temperature effects increase solubility and reaction rates accelerate leaching process (higher yield)
* pH influence controls selectivity and prevents unwanted precipitation optimizes target extraction
* Solvent-to-solid ratio optimization enhances mass transfer and impacts economics (cost vs efficiency)

* Pressure effects modify solubility and influence equipment design (autoclaves for high-pressure
leaching)

« Agitation speed improves mass transfer and can reduce particle size increases extraction efficiency

« Particle size impacts surface area and diffusion limitations smaller particles generally increase yield

Performance analysis of leaching processes

« Extraction yield calculated as ratio of extracted to initial solute quantifies process efficiency

« Selectivity measures ability to extract target compound while leaving others behind crucial for
purification

* Energy efficiency analyzes energy consumption and explores heat recovery options reduces
operating costs

» Mass transfer efficiency evaluated through overall mass transfer coefficient identifies rate-limiting
steps

« Kinetic efficiency examines reaction rates and identifies rate-limiting step guides process optimization

» Economic performance indicators include operating costs and capital investment informs
decision-making
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Intensification strategies for leaching

» Microwave-assisted leaching enhances heating and mass transfer reduces processing time and
energy use

« Ultrasound-enhanced extraction improves mass transfer through cavitation increases yield and
efficiency

* Solvent recycling and recovery methods (distillation, membrane separation) reduce costs and
environmental impact

« Continuous improvement methodologies (Six Sigma, Lean) systematically optimize processes reduce
waste

» Advanced control strategies (model predictive control, Al) improve process stability and product
quality

» Equipment design optimization focuses on column design and agitator efficiency increases overall
performance

» Green chemistry approaches explore bio-based solvents and supercritical fluid extraction reduce
environmental impact

7.4 Applications in various industries

Extraction and leaching are crucial separation processes used across industries. From mining to food
production, these techniques selectively dissolve and recover valuable components from complex
mixtures, improving efficiency and product quality.

In this section, we'll explore applications in ore extraction, food processing, environmental remediation, and
innovative leaching methods. Understanding these processes is key to grasping how industries extract and
purify materials on a large scale.

Extraction and Leaching Applications in Various Industries

Leaching in ore extraction

« Leaching in mineral processing selectively dissolves desired minerals from ores using acids, bases, or
cyanide solutions

+ Gold extraction via cyanidation process uses sodium cyanide solution to form gold-cyanide complex
recovered through carbon-in-pulp (CIP) method

+ Copper extraction employs heap leaching with acid leaching of low-grade ores followed by solvent
extraction and electrowinning (SX-EW) process

* Rare earth elements extraction utilizes acid leaching of ores and ion-exchange separation techniques

» Washing processes in ore beneficiation remove impurities and gangue minerals improving
concentrate grade

Leaching applications for food

« Sugar extraction involves diffusion process for sucrose from sugar beets and hot water leaching of
sugar cane

* Vegetable oil extraction uses solvent extraction with hexane or supercritical CO2 for specialty oils
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+ Coffee and tea production leaches flavor compounds and caffeine with separate decaffeination
processes

« Extraction of bioactive compounds targets polyphenols from fruits and vegetables and flavonoids from
herbs and spices

* Natural colorant extraction obtains anthocyanins from berries and carotenoids from plant sources
(carrots, tomatoes)

Leaching for environmental remediation

+ Soil remediation removes heavy metals through acid leaching and extracts organic contaminants with
solvents

 Phytoremediation uses plants (sunflowers, mustard) to extract pollutants from soil with
hyperaccumulator species for specific contaminants

» Waste treatment leaches valuable metals from electronic waste and recovers rare earth elements
from industrial waste

» Groundwater remediation employs pump-and-treat systems for contaminant removal and in-situ
leaching for subsurface cleanup

» Washing techniques in remediation include soil washing for particulate contaminants and
surfactant-enhanced washing for hydrophobic pollutants

Innovations in leaching processes

* Bioleaching uses microorganisms (Acidithiobacillus ferrooxidans) to extract metals from ores applied
in low-grade ore processing with potential for space mining operations

« Supercritical fluid extraction (SFE) utilizes supercritical fluids offering selectivity and environmental
friendliness in nutraceuticals and pharmaceuticals

« lonic liquid leaching employs room-temperature ionic liquids as solvents with potential for rare earth
element extraction

» Microwave-assisted leaching enhances kinetics and selectivity providing energy efficiency in mineral
processing

« Electrokinetic leaching applies electric field for contaminant removal with potential in soil and sediment
remediation
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Unit 8 — Adsorption and lon Exchange

8.1 Principles of adsorption and ion exchange

Adsorption and ion exchange are crucial separation processes in chemical engineering. These techniques
rely on molecules adhering to surfaces or ions swapping between solutions and materials. Understanding
the principles and mechanisms behind these processes is key to their effective application.

Physical factors like temperature, pressure, and pH greatly influence adsorption and ion exchange.
Equilibrium in these processes is described by isotherms and selectivity coefficients, which help engineers
predict and optimize separations in various industrial applications.

Fundamentals of Adsorption and lon Exchange

Principles of adsorption and ion exchange

* Adsorption process molecules adhere to surface driven by concentration gradient between bulk fluid
and adsorbent surface (activated carbon)

» Adsorbate substance being adsorbed attaches to adsorbent material (methylene blue dye onto
activated charcoal)

* lon exchange process exchanges ions between solution and ion exchanger through electrostatic
attraction between ions and charged functional groups (water softening)

* Reversible process allows regeneration of ion exchange materials (zeolites)

+ Equilibrium in both processes described by adsorption isotherms (Langmuir, Freundlich) and ion
exchange selectivity coefficients

Physical adsorption vs chemisorption

* Physical adsorption involves weak van der Waals forces forming reversible process with low heat of
adsorption 20-40 kJ/mol

* Physical adsorption allows multiple layers without electron transfer (nitrogen gas on silica gel)

« Chemisorption forms strong chemical bonds often irreversible with high heat of adsorption 80-400
kJ/mol

» Chemisorption creates monolayer formation with electron transfer occurring (hydrogen on palladium)

Mechanisms of ion exchange

+ Counter-ion exchange replaces ions of same charge in solution with those on exchanger
 Co-ion exclusion prevents ions of same charge as fixed groups from entering exchanger
» Donnan equilibrium maintains electroneutrality between solution and exchanger phases
* lon exchangers contain fixed ionic groups and mobile counter-ions in porous structure

* Applications include water softening removing calcium and magnesium ions

» Wastewater treatment removes heavy metals and other contaminants
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* Metal recovery extracts valuable metals from solutions
» Chromatography separates complex mixtures based on ionic interactions

+ Catalysis uses ion exchange resins as heterogeneous catalysts

Factors and Equilibria in Adsorption and lon Exchange

Factors in adsorption equilibria

» Temperature affects adsorption exothermically decreases with increasing temperature

* lon exchange can be endo- or exothermic temperature impact varies

* Increased pressure generally increases gas adsorption (methane on activated carbon)

* pH influences surface charge of adsorbents and ionization state of adsorbates

» Smaller particles and larger surface area increase adsorption capacity (nanoparticles)

* Pore size distribution affects accessibility of adsorption sites (mesoporous materials)

« Higher concentrations of adsorbate or ions generally increase adsorption or exchange

» Competing species can reduce adsorption or ion exchange efficiency (mixed metal solutions)

 Nature of adsorbent or ion exchanger chemical composition and surface functionality impact
performance

* Solvent polarity and dielectric constant affect adsorption and ion exchange processes

8.2 Adsorbents, ion exchange resins, and their properties

Adsorbents and ion exchange resins are key players in separation processes. From activated carbon to
zeolites, these materials have unique properties that make them ideal for various applications.
Understanding their types and characteristics is crucial for effective separations.

Selecting the right adsorbent or resin is vital for specific separation needs. Whether it's water treatment,
gas purification, or metal recovery, each material has its strengths. Regeneration and reuse processes
extend their lifespan, making them cost-effective and environmentally friendly options.

Types and Properties of Adsorbents and lon Exchange Resins

Types of adsorbents and resins

» Adsorbents

* Activated carbon derived from carbonaceous materials (coal, wood, coconut shells) forms highly
porous structure with large surface area facilitates adsorption of organic compounds

« Silica gel synthesized as amorphous silicon dioxide creates highly porous network structure enables
moisture absorption and chromatographic separations

* Zeolites occur as aluminosilicate minerals with uniform pore sizes (natural or synthetic) allow selective
adsorption based on molecular size

* lon exchange resins
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« Cation exchange resins incorporate negatively charged functional groups exchange positively charged
ions used in water softening

* Anion exchange resins contain positively charged functional groups exchange negatively charged ions
applied in deionization processes

« Chelating resins feature specific functional groups selectively bind metal ions employed in metal
recovery and purification

Properties of adsorbents and resins

+ Surface area measured in m?/g by BET method higher values increase adsorption capacity
(1000-1500 m?/g for activated carbon)

+ Pore size classified as micropores (< 2 nm), mesopores (2-50 nm), macropores (> 50 nm) affects
selectivity and adsorption kinetics determined through nitrogen adsorption-desorption isotherms

+ Functional groups determine chemical nature of surface influence selectivity and affinity (carboxyl,
sulfonic, quaternary ammonium groups)

* Particle size impacts mass transfer rates and pressure drop in fixed-bed operations typical range
0.3-1.2 mm for ion exchange resins

* Mechanical strength withstands pressure and physical stress during operation measured by crush
strength or attrition resistance

» Chemical stability resists degradation in various pH conditions and solvents crucial for long-term
performance and regeneration

Applications and Regeneration

Selection for separation applications

» Water treatment uses activated carbon for organic contaminant removal and ion exchange resins for
softening and demineralization

+ Gas purification employs zeolites for gas drying and CO2 removal activated carbon adsorbs volatile
organic compounds (VOCs)

« Chromatography utilizes silica gel for normal-phase separations and ion exchange resins for protein
purification

« Catalysis applies zeolites as shape-selective catalysts in petrochemical processes (fluid catalytic
cracking)

» Metal recovery implements chelating resins for selective metal ion removal from wastewater (copper,
nickel)

* Sugar purification uses ion exchange resins for decolorization and demineralization in food industry
Regeneration and reuse processes

* Regeneration methods 1. Heat adsorbents to desorb contaminants (thermal regeneration) 2. Apply
acids, bases, or salt solutions to displace adsorbed species (chemical regeneration) 3. Use
high-temperature steam to desorb volatile compounds (steam regeneration)
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* Regeneration efficiency measured by percentage of original capacity restored affected by number of
cycles typically 80-95% for ion exchange resins

* Reuse considerations include gradual capacity loss over multiple cycles potential fouling or poisoning
economic trade-off between regeneration costs and replacement

* Disposal and environmental impact require proper handling of spent materials potential recovery of
valuable components from regeneration streams (metals, organic compounds)

8.3 Adsorption equilibria and kinetics

Adsorption equilibria models are crucial for understanding how substances stick to surfaces. Langmuir and
Freundlich isotherms describe this process, helping us predict how much a material can adsorb under
different conditions. These models are key to designing effective separation processes.

Adsorption kinetics and process optimization focus on how fast adsorption happens and how to make it
work better. By studying breakthrough curves and mass transfer zones, we can fine-tune adsorption
columns for maximum efficiency. This knowledge is essential for real-world applications in water treatment
and chemical separations.

Adsorption Equilibria Models

Adsorption isotherm model applications

* Langmuir isotherm model

» Assumes monolayer adsorption with finite adsorption sites, often used for gas adsorption on metal
surfaces

, K.C , . . . ,
* Equation: ge = f”j KLLCEG describes relationship between adsorbed and solution concentrations at

equilibrium

« Parameters: 9e represents equilibrium adsorption capacity, 9m maximum adsorption capacity, K¢
Langmuir constant related to affinity, Ce equilibrium concentration in solution

 Freundlich isotherm model

» Assumes heterogeneous surface with multilayer adsorption, applicable for organic compounds on
activated carbon

» Equation: Qe = KFCel,/" empirically describes non-ideal adsorption

« Parameters: Kr indicates adsorption capacity, 11 represents adsorption intensity or surface
heterogeneity

« Linearization techniques transform equations to straight lines for easier parameter estimation
(graphical methods)

» Model applicability depends on adsorbent-adsorbate system, concentration range, and temperature
Adsorbent capacity and selectivity

 Adsorption capacity

» Quantifies amount of adsorbate retained per unit mass of adsorbent (mg/g)

* Calculated from isotherm data using equilibrium concentrations and mass balance
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* Selectivity

» Measures adsorbent preference for one adsorbate over another in mixture

« Selectivity factor calculated as ratio of distribution coefficients for competing adsorbates

» Capacity and selectivity influenced by:

» Adsorbent surface area and pore structure (activated carbon vs zeolites)

» Chemical compatibility between adsorbent and adsorbate (polar vs non-polar interactions)

* Operating conditions: temperature affects adsorption equilibrium, pressure impacts gas adsorption

Adsorption Kinetics and Process Optimization

Adsorption kinetics modeling

« Kinetic models describe adsorption rate and mechanism: 1. Pseudo-first-order model assumes rate
proportional to difference between equilibrium and current adsorption 2. Pseudo-second-order model
considers rate proportional to square of driving force 3. Intraparticle diffusion model accounts for
diffusion within adsorbent pores

» Mass transfer coefficients quantify:
» External mass transfer: adsorbate movement from bulk fluid to adsorbent surface
* Internal mass transfer: adsorbate diffusion within adsorbent pores

+ Rate-limiting steps in adsorption process: 1. Film diffusion: adsorbate transport through stagnant fluid
layer around particle 2. Pore diffusion: adsorbate movement within adsorbent pores 3. Surface reaction:
actual adsorption onto active sites

Breakthrough curve prediction

* Breakthrough curve

* Plots effluent concentration vs time, showing adsorbent saturation progress

+ S-shaped curve indicates initial complete adsorption, gradual breakthrough, and final saturation
« Curve shape affected by:

* Bed depth: longer beds increase breakthrough time

* Flow rate: faster flows reduce contact time, leading to earlier breakthrough

« Initial concentration: higher concentrations saturate bed more quickly

* Mass transfer zone (MTZ) represents active adsorption region moving through bed
» Optimization parameters:

* Bed depth service time (BDST) model predicts performance at different bed depths
* Empty bed contact time (EBCT) determines residence time for adsorption

* Process design considerations:

» Column dimensions affect flow distribution and pressure drop
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 Adsorbent particle size impacts surface area and mass transfer rates

* Regeneration cycles influence overall process efficiency and economics (thermal vs chemical
regeneration)

8.4 Design of adsorption and ion exchange systems

Adsorption columns are crucial in separation processes, utilizing adsorbent beds to remove specific
components from fluid streams. This section covers the design, operation, and calculations involved in
fixed-bed adsorption columns, emphasizing key parameters like bed dimensions and mass transfer zones.

Process design for adsorption systems involves integrating various components, from feed tanks to
regeneration units. We'll explore performance metrics, economic factors, and comparisons with alternative
separation technologies to evaluate the effectiveness of industrial adsorption processes across different
applications.

Adsorption Column Design and Operation

Design of fixed-bed adsorption columns

* Fixed-bed adsorption column components form core structure

» Adsorbent bed holds separation media (activated carbon, zeolites)

» Column shell encloses and protects bed

* Inlet and outlet distributors ensure uniform flow (perforated plates, spray nozzles)
* Support grid prevents bed movement and channeling

* Adsorption column design parameters impact performance

* Bed diameter affects flow distribution and capacity

+ Bed height determines contact time and separation efficiency

* Particle size influences mass transfer and pressure drop

* Flow rate affects residence time and breakthrough

* Mass transfer zone (MTZ) concept crucial for column efficiency

« Active region where adsorption occurs moves through bed

* Factors affecting MTZ length include flow rate, particle size, and diffusion rates
* Breakthrough curve analysis provides key operational insights

* Breakthrough point marks initial detectible adsorbate in effluent

» Exhaustion point indicates bed saturation and need for regeneration

+ Column capacity determined from breakthrough curve integration

* Scale-up considerations ensure successful industrial implementation

* Pilot plant studies validate design parameters

« Similarity criteria maintain performance across scales (Reynolds number, bed height to diameter ratio)
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Calculations for adsorption columns

* Bed height calculation involves multiple factors

» Mass balance equations account for adsorbate removal

» Equilibrium data utilization determines adsorption capacity

« Safety factor incorporation ensures robust design (typically 10-20% extra height)

* Pressure drop estimation critical for system design

= 1-¢e)?pv 1—g)pv?
* Ergun equation: % = 150(6—35”(;_’3 +1.75¢ s3£)pd_p

+ Factors affecting pressure drop impact energy requirements

* Particle size inversely related to pressure drop

* Bed voidage affects fluid flow paths

* Fluid velocity directly influences pressure drop

» Regeneration cycle determination optimizes process efficiency
 Adsorption capacity utilization affects cycle frequency

* Breakthrough time prediction based on column dynamics

+ Desorption kinetics influence regeneration duration

* Heat of adsorption considerations for thermal regeneration methods

Process Design and Evaluation

Process diagrams for separation systems

» Key components in adsorption systems form integrated process

* Feed tank and pump supply influent at controlled rate

* Pretreatment units remove interfering substances (filters, pH adjustment)

+ Adsorption columns perform primary separation

* Regeneration system restores adsorbent capacity (thermal, chemical, pressure swing)
* Product collection tank stores purified effluent

* lon exchange system components enable selective ion removal

* Resin beds contain cation and anion exchangers (strong acid, weak base)
* Regenerant storage and dosing system replenishes ion exchange capacity
* Rinse water system removes excess regenerant

« Auxiliary equipment ensures smooth operation

* Valves and piping control flow paths

* Instrumentation and control systems monitor and adjust process parameters
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* Multiple column configurations enhance process flexibility
« Series operation improves separation efficiency
« Parallel operation increases throughput

* Merry-go-round systems allow continuous operation during regeneration

Performance of industrial separation processes

» Performance metrics quantify process effectiveness

« Separation efficiency measures contaminant removal

* Product purity indicates final quality

* Recovery rate assesses valuable component retention

» Throughput determines process capacity

» Economic factors influence feasibility and profitability

* Capital costs include initial investment

» Equipment purchases (columns, pumps, tanks)

* Installation expenses (labor, site preparation)

* Auxiliary systems (utilities, control systems)

+ Operating costs affect long-term viability

+ Adsorbent or resin replacement frequency

* Energy consumption for pumping and regeneration

« Labor requirements for operation and maintenance

» Waste disposal costs for spent materials

« Life cycle analysis considers broader impacts

* Environmental impact assesses ecological footprint

« Sustainability considerations include resource use and emissions
» Comparison with alternative separation technologies guides process selection
+ Distillation for volatile mixtures

* Membrane processes for size-based separations

« Extraction for liquid-liquid systems

+ Case studies in various industries demonstrate versatility

» Water treatment removes contaminants (heavy metals, organics)
» Pharmaceutical purification isolates active ingredients

» Gas separation produces high-purity products (hydrogen, nitrogen)

» Metal recovery extracts valuable elements from waste streams
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Unit 9 — Membrane Separation Processes

9.1 Types of membrane processes and their applications

Membrane separation processes are vital in various industries, from water treatment to food processing.
These techniques, including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, use different
pore sizes to separate particles, molecules, and ions from solutions.

Each process has unique advantages and limitations. Microfiltration offers high flux rates but can't remove
dissolved solutes, while reverse osmosis provides excellent salt rejection but requires high energy.
Understanding these differences is crucial for selecting the right process for specific applications.

Membrane Separation Processes Overview

Types of membrane separation processes

* Microfiltration (MF) employs pore sizes ranging from 0.1 - 10 um separates particles and large
molecules effectively removing bacteria and suspended solids (dust, pollen)

« Ultrafiltration (UF) utilizes pore sizes between 0.001 - 0.1 ym removes macromolecules and colloids
including proteins, viruses, and large organic molecules (hemoglobin, albumin)

» Nandfiltration (NF) features pore sizes from 0.0001 - 0.001 pym separates multivalent ions and smaller
molecules retaining sugars and divalent salts (calcium, magnesium)

* Reverse Osmosis (RO) employs the smallest pore size < 0.0001 ym removes dissolved salts and
small molecules producing nearly pure water (seawater desalination, pharmaceutical purification)

Principles of membrane separation

* Microfiltration operates through sieving mechanism pressure-driven process retains particles larger
than pore size allowing smaller particles and molecules to pass through (blood cells, yeast)

« Ultrafiltration relies on size exclusion and charge effects requires higher pressure than MF molecular
weight cut-off (MWCO) determines separation efficiency (protein concentration, fruit juice clarification)

 Nanofiltration combines size exclusion and Donnan effect enables charge-based separation for ions
partial salt rejection occurs based on ion valence and size (water softening, pesticide removal)

* Reverse Osmosis employs solution-diffusion mechanism utilizes osmotic pressure difference as
driving force achieves nearly complete salt rejection (brackish water treatment, concentration of fruit
juices)

Applications in various industries
» Water treatment industry utilizes:
1. MF for removal of bacteria and suspended solids improving water clarity
2. UF for virus removal and water clarification enhancing water safety
3. NF for softening and removal of organic matter reducing scale formation

4. RO for desalination and ultrapure water production meeting stringent water quality standards
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* Food processing sector benefits from:

» MF for clarification of juices and wines improving product appearance and stability

+ UF for concentration of milk proteins in cheese production increasing yield and quality

* NF for demineralization of whey reducing salt content in dairy products

* Biotechnology industry applies:

+ UF for concentration and purification of enzymes improving product purity and yield

* NF for separation of small molecules from fermentation broths enhancing downstream processing

» RO for concentration of valuable products in bioreactors increasing product recovery efficiency

Advantages vs limitations of processes

* Microfiltration advantages include low operating pressure high flux rates effective for particle removal
(turbidity reduction, bacteria removal) Limitations involve inability to remove dissolved solutes
membrane fouling reducing efficiency over time

« Ultrafiltration benefits from selective separation based on molecular size lower energy consumption
than NF and RO (protein fractionation, virus removal) Drawbacks include limited ability to remove small
molecules and ions concentration polarization affecting separation efficiency

» Nanofiltration offers selective ion removal lower operating pressure than RO (pesticide removal,
partial desalination) Challenges involve higher energy consumption than MF and UF membrane scaling
reducing membrane lifespan

» Reverse Osmosis provides high salt rejection produces high-quality permeate (seawater desalination,
wastewater reclamation) Constraints include highest energy consumption membrane fouling and
scaling limited recovery rates increasing operational costs

9.2 Membrane materials and characteristics

Membrane materials play a crucial role in separation processes. From polymeric to ceramic and composite
membranes, each type offers unique properties that affect performance. Understanding these materials is
key to selecting the right membrane for specific applications.

Membrane structure and characterization techniques are essential for optimizing separation efficiency.
Factors like pore size, porosity, and surface chemistry influence membrane performance. Methods such as
SEM, AFM, and contact angle measurements help evaluate membrane properties and predict behavior in
real-world applications.

Membrane Materials and Characteristics

Properties of membrane materials

* Polymeric membranes
+ High flexibility and processability allow easy manufacturing and module design

* Polysulfone withstands high temperatures, polyamide offers excellent salt rejection, cellulose acetate
provides good fouling resistance
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Susceptible to chemical attack (oxidizing agents) and thermal degradation limits long-term use in harsh
conditions

Ceramic membranes

« Excellent thermal stability operates at high temperatures (>800°C) and chemical stability resists
corrosive environments

» Higher mechanical strength than polymers withstands high pressure operations (>60 bar)
« Alumina used for ultrafiltration, zirconia for nandfiltration, titania for photocatalytic applications

Brittle nature requires careful handling and higher production costs limit widespread use
Composite membranes
» Combine advantages of multiple materials enhances overall performance
* Thin selective layer (polyamide) on porous support (polysulfone) optimizes flux and selectivity
* Enhanced performance and durability extends membrane lifetime and reduces operational costs

* Thin-film composite (TFC) membranes widely used in reverse osmosis desalination

Membrane structure and performance
* Pore size
* Determines size of particles or molecules that can pass through membrane

* Microfiltration (0.1-10 pm), ultrafiltration (1-100 nm), nandfiltration (0.1-1 nm), reverse osmosis (<0.1
nm)

Affects selectivity and permeability trade-off between rejection and flux
Porosity
* Ratio of void volume to total membrane volume affects available flow paths
« Higher porosity generally leads to increased flux improves membrane productivity

Influences mechanical strength and fouling resistance affects membrane durability
Surface chemistry

« Affects membrane-solute interactions determines separation mechanism (size exclusion, charge
repulsion)
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» Determines hydrophilicity or hydrophobicity influences water flux and solute rejection
« Influences fouling propensity and cleaning requirements impacts membrane performance over time

+ Can be modified to enhance separation performance or reduce fouling (surface grafting, plasma
treatment)

Techniques for membrane characterization

+ Scanning Electron Microscopy (SEM)
* Provides high-resolution images of membrane surface and cross-section reveals pore structure
* Reveals pore size distribution and membrane morphology helps understand separation mechanism

Energy-Dispersive X-ray Spectroscopy (EDX) analyzes elemental composition of membrane surface
Atomic Force Microscopy (AFM)

* Measures surface roughness and topography at nanoscale resolution

* Provides information on pore size and distribution helps predict membrane performance

Studies membrane-foulant interactions reveals fouling mechanisms

Contact angle measurements
» Determines membrane hydrophobicity or hydrophilicity predicts water affinity
* Indicates surface energy and wettability affects membrane-solute interactions

Helps predict fouling tendency and cleaning effectiveness optimizes membrane maintenance
Other characterization techniques

» Gas adsorption-desorption measures porosity and surface area (BET method)

« Zeta potential measurements determine surface charge affects electrostatic interactions

* Fourier Transform Infrared Spectroscopy (FTIR) analyzes chemical composition identifies functional
groups

Selection criteria for membrane materials

* Separation requirements

« Target molecules or particles to be separated defines required pore size and chemistry

Fiveable archived study guides

Page 63



Required selectivity and permeability determines membrane structure and composition

Operating conditions
» Temperature range affects membrane stability and performance (polymers <80°C, ceramics >800°C)
* Pressure requirements influence mechanical strength needed (RO >60 bar, MF <2 bar)

pH of feed solution impacts chemical stability and surface charge
Chemical compatibility
* Resistance to feed components and cleaning agents ensures long-term stability

Long-term stability in process environment prevents membrane degradation
Fouling propensity
» Tendency to accumulate foulants on surface or within pores affects separation efficiency

Ease of cleaning and regeneration impacts operational costs and downtime
Mechanical strength
* Ability to withstand applied pressure and physical stress ensures membrane integrity

Durability and lifetime expectations influence total cost of ownership
Cost considerations
« Initial material and fabrication costs affect capital investment (polymers cheaper than ceramics)

Long-term operational and replacement expenses determine economic feasibility
Environmental factors
+ Biodegradability and disposal requirements address end-of-life concerns

* Energy efficiency of separation process impacts overall sustainability
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9.3 Transport phenomena in membrane separations

Membrane separations rely on diffusion, convection, and sieving to move molecules across barriers. These
mechanisms, driven by concentration gradients, pressure differences, and size exclusion, form the basis
for various industrial separation processes.

Understanding mass transfer equations is crucial for modeling membrane behavior. Fick's law, the
solution-diffusion model, and Darcy's law describe different transport phenomena. Factors like
concentration polarization and fouling impact membrane efficiency, while strategies such as surface
modification and hybrid processes enhance performance.

Transport Mechanisms in Membrane Separations

Transport mechanisms in membrane separations

« Diffusion drives spontaneous movement of molecules from high to low concentration areas primarily in
dense membranes

« Concentration gradient propels molecular motion

Predominant in gas separation and reverse osmosis
Convection moves molecules via bulk fluid flow in porous membranes
* Pressure gradient or external forces induce movement

Prevalent in ultrafiltration and microfiltration processes
Sieving separates based on size exclusion rejecting larger molecules
* Pore size determines separation efficiency

* Applied in protein fractionation and particle removal (blood cells)

Mass transfer equations for membranes

* Fick's law of diffusion quantifies diffusive flux relative to concentration gradient
/= —D% where J represents diffusive flux, D diffusion coefficient, C concentration, x distance

Utilized in modeling gas permeation through polymeric membranes
Solution-diffusion model applies to dense membranes involving sorption, diffusion, desorption

* Flux equation: /; = —D,K,-% with D_i as diffusion coefficient, K_i solubility coefficient, p_i partial
pressure
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Describes transport in reverse osmosis and pervaporation
Darcy's law characterizes convective flow through porous media
— _kdP . . .
o= ~tidx Where k denotes permeability, py viscosity, P pressure

* Applied in modeling ultrafiltration and microfiltration processes

Factors affecting membrane performance

« Concentration polarization accumulates rejected species near membrane surface

« Creates additional mass transfer resistance

Reduces effective driving force in desalination processes
Fouling deposits particles or solutes on membrane surface or within pores
* Types include cake formation, pore blocking, adsorption

Decreases permeate flux and alters selectivity in wastewater treatment
Membrane compaction densifies membrane structure under pressure
* Reduces permeability particularly in polymeric membranes

Affects long-term performance in high-pressure applications (seawater desalination)
Temperature influences diffusion rates and solution viscosity
 Generally increases permeability but may decrease selectivity

Critical in gas separation and pervaporation processes
pH and ionic strength impact membrane charge and solute-membrane interactions
« Affect both permeability and selectivity

* Important in protein separation and electrodialysis
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Strategies for enhancing membrane efficiency

* Hydrodynamic improvements reduce concentration polarization
* Increase cross-flow velocity

Implement turbulence promoters or spacers in spiral-wound modules
Membrane surface modification enhances selectivity and reduces fouling
« Alter surface chemistry (hydrophilicity, charge)

Introduce functional groups for specific interactions (affinity membranes)
Pulsed or variable pressure operation periodically relieves concentration polarization and fouling
* Applied in reverse osmosis and ultrafiltration systems

Enhances long-term membrane performance
Feed pretreatment removes foulants and adjusts solution properties
* Implement filtration, pH adjustment, or chemical addition

Crucial in wastewater treatment and desalination processes
Membrane cleaning protocols maintain performance
» Chemical cleaning removes foulants (acids, bases, enzymes)

Backwashing for porous membranes in water treatment
Advanced module designs optimize flow patterns and reduce dead zones
+ Spiral-wound configuration for high packing density

Hollow fiber modules for large surface area-to-volume ratio

Hybrid processes combine membrane separation with other techniques
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* Membrane bioreactors integrate biological treatment with membrane filtration

 Forward osmosis-reverse osmosis systems for enhanced water recovery

9.4 Design and optimization of membrane systems

Membrane separation systems are crucial in various industries, relying on key parameters like membrane
area, flow configuration, and operating conditions. These systems utilize mass transfer principles, fluid
dynamics, and specialized transport models to achieve efficient separations.

Performance evaluation of membrane systems focuses on metrics like flux, rejection, and energy
consumption. Optimization strategies include process intensification, fouling mitigation, and energy
efficiency improvements. Scale-up challenges and economic considerations are vital for successful
industrial implementation.

Membrane System Design Fundamentals

Parameters of membrane separation systems

* Membrane area affects separation capacity and system footprint determined by required flux and feed
flow rate

* Flow configuration includes cross-flow, dead-end filtration, co-current vs. counter-current
arrangements

* Operating conditions encompass transmembrane pressure, feed flow rate, temperature, and pH

* Membrane properties include pore size, porosity, thickness, and material compatibility (PVDF,
cellulose acetate)

» Feed characteristics involve concentration, viscosity, and particle size distribution

Mass transfer in membrane design

» Mass transfer principles cover concentration polarization, boundary layer theory, and Fick's law of
diffusion

* Fluid dynamics involve Reynolds number, pressure drop calculations, and shear stress at membrane
surface

» Module design considerations include spacer design in spiral-wound modules, fiber packing density in
hollow fiber modules, and channel height in plate-and-frame systems

* Membrane transport models encompass solution-diffusion model, pore-flow model, and
convection-diffusion equations

+ Concentration profile modeling utilizes film theory and gel layer model
Performance Evaluation and Optimization

Performance metrics for membranes

* Flux measures volume of permeate per unit membrane area per unit time affected by pressure,
concentration, fouling

* Rejection calculatedas R =1 — E—‘; influenced by membrane properties and solute characteristics
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» Energy consumption measured by specific energy consumption (SEC) depends on operating
pressure, recovery rate, pump efficiency

* Selectivity expressed as separation factor compares permeabilities for different components

* Recovery rate balances permeate to feed flow rate trade-off between recovery and energy
consumption

Optimization of membrane systems

* Process intensification techniques utilize membrane cascades and hybrid membrane systems
(nanofiltration-reverse osmosis)

* Fouling mitigation strategies employ pretreatment options, cleaning protocols, backwashing and
forward flushing

+ Energy efficiency improvements implement pressure exchangers for reverse osmosis and variable
frequency drives for pumps

» Membrane module optimization focuses on module length and diameter, feed spacer design

* Operating condition optimization explores pressure-flux relationships and temperature effects on
permeability and selectivity

Scale-up challenges for membranes

* Scale-up challenges address non-uniform flow distribution, concentration polarization effects at larger
scales, mechanical stability of large membrane modules

« Integration opportunities explore process intensification through membrane integration and waste heat
recovery for thermal membrane processes

» Economic considerations balance capital cost vs. operating cost trade-offs and membrane lifetime and
replacement frequency

* Environmental impact highlights reduced energy consumption compared to traditional separation
methods (distillation) and potential for water and solvent recovery

» Emerging applications include gas separation for carbon capture, organic solvent nanofiltration, and
membrane distillation for desalination
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Unit 10 — Crystallization and Precipitation

10.1 Fundamentals of crystallization and precipitation

Crystallization and precipitation are key separation processes in chemical engineering. These techniques
form solid particles from liquid solutions, but differ in speed, product purity, and particle characteristics.
Understanding their fundamentals is crucial for optimizing industrial separations and product quality.

Factors like temperature, pressure, and pH influence solubility, driving crystallization and precipitation. The
metastable zone is vital for controlled crystal growth. Key steps include generating supersaturation,
nucleation, crystal growth, agglomeration, and product recovery. Mastering these concepts enables
efficient separations across industries.

Fundamentals of Crystallization and Precipitation

Crystallization vs precipitation

* Crystallization forms solid crystals from homogeneous solution in supersaturated conditions purifies
and separates solids (sugar refining)

* Precipitation rapidly forms solid phase from liquid solution through chemical reaction yields smaller,
less organized particles (water treatment)

* Key differences:
* Crystallization slower than precipitation creates larger, more uniform crystals

* Crystallization typically produces purer products than precipitation

Factors affecting solubility

» Temperature increases solubility for most solids some exhibit inverse solubility (calcium carbonate)

* Pressure primarily affects gas solubility in liquids increases with higher pressure (carbonated
beverages)

* pH influences weak acid/base solubility affects amphoteric compounds (aluminum hydroxide)

« Common ion effect decreases solubility when shared ion present (calcium carbonate in hard water)
+ Solvent composition polarity affects solute solubility (oil in water vs hexane)

« Particle size smaller particles have higher solubility due to increased surface area (nanoparticles)

+ Supersaturation solution contains more dissolved solute than equilibrium allows drives
crystallization/precipitation

Metastable zone in crystallization
* Region between solubility curve and spontaneous nucleation curve
* Supersaturated state where crystals grow without spontaneous nuclei formation
» Width affected by cooling rate, agitation, impurities

« Significance:
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 Determines optimal crystal growth conditions
« Controls nucleation rate and crystal size distribution

» Enables seeded crystallization techniques (sugar crystallization)

Key steps of crystallization

1. Generate supersaturation: - Cooling crystallization lowers solution temperature (ice cream making) -
Evaporative crystallization removes solvent (salt production) - Anti-solvent addition reduces solubility
(pharmaceutical crystallization) - Chemical reaction produces less soluble compound (precipitation of
silver chloride)

2. Nucleation: - Primary nucleation forms new crystals without existing crystals
* Homogeneous spontaneous formation in pure solution

» Heterogeneous induced by foreign particles/surfaces

» Secondary nucleation forms new crystals with existing crystals present

3. Crystal growth: - Solute molecules diffuse to crystal surface - Surface integration of molecules into
crystal lattice - Growth rate affected by supersaturation, temperature, impurities

4. Agglomeration and breakage: - Agglomeration clusters smaller crystals into larger particles -
Breakage fractures crystals due to collisions or mechanical stress

5. Separation and recovery: - Filtration/centrifugation separates crystals from mother liquor - Washing
removes impurities from crystal surface - Drying removes residual moisture

10.2 Nucleation and crystal growth kinetics

Crystals form through nucleation, either primary (without existing crystals) or secondary (with existing
crystals). Primary nucleation requires higher supersaturation, while secondary needs less. Understanding
these mechanisms is crucial for controlling crystallization processes.

Crystal growth depends on factors like supersaturation, temperature, and impurities. These influence
growth rate, crystal habit, and size distribution. Calculations for nucleation rates and growth kinetics help
predict and optimize crystallization outcomes in industrial applications.

Nucleation Mechanisms

Primary vs secondary nucleation

 Primary nucleation occurs without existing crystals requiring higher supersaturation levels
(supersaturation ratio > 1.5)

» Secondary nucleation happens with existing crystals needing lower supersaturation levels
(supersaturation ratio 1.01-1.5)

* Primary types include homogeneous (pure solution) and heterogeneous (foreign surfaces)

» Secondary mechanisms involve contact nucleation (crystal-crystal collisions), fluid shear nucleation
(fluid flow breaks crystal fragments), and attrition (mechanical breakage)
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Homogeneous and heterogeneous nucleation

* Homogeneous nucleation forms spontaneously in pure solutions demanding high supersaturation
levels (supersaturation ratio > 2)

+ Gibbs free energy change for homogeneous nucleation: AG = —§HF3AGV + 4nr’y balances volume
and surface energies

» Heterogeneous nucleation occurs on foreign surfaces or impurities requiring lower supersaturation
levels (supersaturation ratio 1.5-2)

- 2 . .
- Contact angle factor for heterogeneous nucleation: f(8) = (2+0s8UL = €08 yetermines nucleation

barrier reduction
Crystal Growth and Kinetics

Factors in crystal growth

» Supersaturation drives crystal growth affecting rate and habit (needle-like, plate-like)

» Temperature influences solubility and diffusion rates impacting growth mechanisms (spiral growth, 2D
nucleation)

« Impurities inhibit or promote growth on specific crystal faces altering morphology (cubic, octahedral)

* Fluid dynamics affects mass transfer and boundary layer thickness influencing growth rate and size
distribution

« Crystal surface characteristics like roughness factor, kink and step densities determine growth sites
and mechanisms

Calculations for nucleation rates

* Nucleation rate equation: | = Aexp(—%) where AG " is critical free energy for stable nucleus
formation

« Crystal growth rate equations: 1. Diffusion-controlled growth: G = kq(c — ¢ *) 2. Surface

integration-controlled growth: G = k,(c — ¢ )" 3. Overall growth rate: K—IG = kld + k%

* Supersaturation calculation:

.
* Relative supersaturation: 0 = <=

- Supersaturation ratio: © = ==

« Induction time: tind = Bl] where B is shape factor and J is nucleation rate

10.3 Crystallizer types and design

Crystallizers are essential in separation processes, transforming solutions into solid crystals. From tank to
tubular designs, each type serves specific applications, balancing factors like mixing, heat transfer, and
residence time to achieve desired crystal properties.

Batch and continuous crystallizers offer distinct advantages for different production scales. Understanding
design considerations and performance factors is crucial for optimizing crystallizer operation, ensuring
product quality, and meeting production goals in various industries.
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Crystallizer Types and Design

Types of crystallizers and applications

* Tank crystallizers facilitate controlled crystallization in vessels

« Batch crystallizers operate cyclically for small-scale or specialized production

+ Continuous stirred tank crystallizers (CSTR) maintain steady-state for large-scale operations

* Tubular crystallizers promote uniform growth in elongated chambers

* Forced circulation crystallizers use pumps to enhance mixing and heat transfer

« Draft tube baffle (DTB) crystallizers improve suspension and classification

» Scraped surface crystallizers prevent scaling on heat transfer surfaces (ice cream production)
* Fluidized bed crystallizers suspend growing crystals in upward-flowing solution (sugar refining)

» Vacuum crystallizers operate at reduced pressure for temperature-sensitive materials
(pharmaceuticals)

* Melt crystallizers separate components based on freezing point differences (purification of organics)
* Cooling crystallizers induce supersaturation by temperature reduction (salt production)
 Evaporative crystallizers remove solvent to increase concentration (table salt)

» Reaction crystallizers form crystals through chemical reactions (precipitated calcium carbonate)

Batch vs continuous crystallizer principles

« Batch crystallizers operate in cycles 1. Charging the crystallizer with feed solution 2. Creating
supersaturation (cooling, evaporation, or reaction) 3. Inducing nucleation and crystal growth 4.
Harvesting final product 5. Cleaning and preparing for next batch

+ Suitable for small-scale production and specialized products (pharmaceuticals)

+ Continuous crystallizers maintain steady-state operation

* Constant feed input and product withdrawal

« Classified by suspension characteristics

» Mixed suspension, mixed product removal (MSMPR) uniform crystal distribution

» Mixed suspension, classified product removal (MSCP) selectively removes larger crystals

« Ideal for large-scale production and consistent quality (commodity chemicals)

Crystallizer design and sizing considerations

* Product specifications drive design choices
* Crystal size distribution determines equipment selection
« Purity requirements influence crystallization method and post-processing

* Feed characteristics impact crystallizer configuration
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» Concentration affects supersaturation generation method

« Impurities may require pretreatment or special materials of construction

* Production capacity dictates equipment size and number of units

* Heat transfer requirements determine jacket or coil design

* Mixing intensity influences impeller selection and power input

* Materials of construction chosen based on corrosion resistance and product contamination risk
* Energy efficiency considerations optimize heating/cooling systems

+ Operational flexibility allows for product grade changes or capacity variations

* Maintenance and cleaning requirements affect equipment accessibility and CIP systems

+ Capital and operating costs balanced against product value and market demand

Factors affecting crystallizer performance

» Mixing effects crucial for product quality

* Suspension uniformity prevents settling and ensures consistent growth
* Mass transfer enhancement accelerates crystal growth rates

» Secondary nucleation control by adjusting shear forces

» Agglomeration prevention through proper particle dispersion

* Heat transfer considerations impact supersaturation control

* Cooling or heating rate determines nucleation and growth kinetics

» Temperature uniformity prevents localized supersaturation variations
« Supersaturation management balances nucleation and growth rates
* Residence time influence on crystal properties

* Crystal growth duration affects final size distribution

« Size distribution control through residence time manipulation

* Yield optimization by allowing sufficient time for solute depletion

* Product quality consistency maintained by steady-state operation

10.4 Applications in industry and product quality control

Crystallization is a crucial separation process in various industries, from pharmaceuticals to food
production. It purifies compounds, creates controlled release formulations, and refines materials like sugar
and metals. Understanding its applications is key to grasping its importance in industrial processes.

Quality control in crystallization involves analyzing crystal size distribution and addressing common issues.
Techniques like sieve analysis and laser diffraction help monitor particle size, while solutions for nucleation
control and growth rate variations ensure product quality. These aspects are vital for successful industrial
crystallization.
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Industrial Applications of Crystallization

Importance of industrial crystallization

* Pharmaceutical industry crystallization purifies drugs and creates controlled release formulations
enhancing therapeutic efficacy

* Food and beverage industry uses crystallization to refine sugar and produce salt for various products
(table salt, road salt)

» Chemical industry employs crystallization to separate isomers and purify bulk chemicals improving
product quality

* Metallurgy relies on crystallization for metal refining and alloy production shaping material properties

» Environmental engineering utilizes crystallization in wastewater treatment and desalination processes
addressing water scarcity

Crystallization for purification and formulation

« Purification mechanisms involve selective crystallization targeting specific compounds and fractional
crystallization separating mixtures based on solubility differences

+ Product formulation benefits from crystallization improving stability and enhancing bioavailability of
active ingredients

« Crystal engineering controls polymorphism and enables co-crystallization tailoring physicochemical
properties

* Separation from impurities achieved through mother liquor removal and subsequent washing and
filtration steps

* Crystallization enables precise control over particle size, shape, and purity critical for product
performance

Quality Control in Crystallization Processes

Crystal size distribution analysis

* Particle size analysis methods include sieve analysis for larger crystals and laser diffraction for finer
particles

* Online monitoring techniques like focused beam reflectance measurement (FBRM) and process
analytical technology (PAT) provide real-time data

« Crystal size distribution control strategies involve seeding to initiate controlled nucleation and growth
rate control through supersaturation management

» Modeling and simulation using population balance equations and computational fluid dynamics (CFD)
predict and optimize crystal growth

Solutions for crystallization issues

* Nucleation control challenges addressed through controlled seeding techniques preventing undesired
spontaneous nucleation
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» Growth rate variations mitigated by temperature cycling promoting uniform crystal growth
 Agglomeration and breakage minimized through optimized stirring and suspension conditions
* Impurity incorporation reduced via multi-stage crystallization or zone refining enhancing product purity

* Polymorphism managed through precise temperature and solvent control ensuring desired crystal
forms

* Scale-up issues resolved through pilot plant studies and CFD modeling bridging lab to industrial-scale
production
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Unit 11 — Drying and Evaporation

11.1 Principles of drying and evaporation processes

Drying and evaporation are key processes in separation, relying on heat and mass transfer to remove
moisture from materials. These techniques involve complex interactions between air properties, material
characteristics, and moisture types, impacting drying rates and efficiency.

Understanding equilibrium moisture content is crucial for optimizing drying processes and storage
conditions. Factors like air temperature, humidity, and velocity, along with material properties, influence
drying rates and the transition between constant and falling rate periods.

Fundamentals of Drying and Evaporation

Principles of drying and evaporation

» Heat and mass transfer drive moisture removal through conduction (direct contact), convection (fluid
movement), and radiation (electromagnetic waves)

* Vapor pressure difference between material and surrounding air propels moisture evaporation

» Psychrometry relates air temperature and humidity affecting drying capacity (wet bulb, dry bulb
temperatures)

* Fick's law of diffusion describes moisture movement within solids based on concentration gradients

+ Latent heat of vaporization quantifies energy required for liquid-to-vapor phase change (2257 kJ/kg for
water at 100°C)

Types of moisture in materials
* Free moisture easily removed during initial drying unbound to material structure (surface water)
* Bound moisture held in small capillaries (physically) or attached through chemical bonds (chemically)
* Equilibrium moisture content represents minimum achievable moisture level under given conditions
» Unbound moisture exceeds equilibrium moisture content removable through drying

* Moisture types impact drying process altering rates and energy requirements throughout stages

Factors affecting drying rates
« Air properties influence drying capacity and efficiency
» Temperature increases drying rate by enhancing vapor pressure difference
» Humidity affects air's moisture-holding capacity (lower humidity accelerates drying)
+ Velocity improves convective heat and mass transfer (faster air movement)
» Material properties affect moisture removal and heat transfer
* Particle size impacts surface area for evaporation (smaller particles dry faster)

+ Porosity influences internal moisture movement (higher porosity facilitates faster drying)
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» Thermal conductivity affects heat transfer within material (higher conductivity improves drying)
« Critical moisture content marks transition between constant and falling rate periods
« Constant rate period characterized by steady surface evaporation dominating drying process

* Falling rate period controlled by internal moisture diffusion resulting in decreasing drying rate

Equilibrium moisture content concept

+ Equilibrium moisture content (EMC) represents moisture in balance with surrounding air

* EMC influenced by relative humidity, temperature, and material composition

* Sorption isotherms graphically depict EMC vs relative humidity relationship

* Hysteresis in sorption isotherms shows difference between adsorption and desorption curves

* EMC applications include: 1. Determining minimum achievable moisture content 2. Optimizing drying
process endpoints 3. Designing appropriate storage conditions for dried materials (preventing moisture
regain)

11.2 Psychrometrics and humidity measurements

Psychrometric properties are crucial in drying processes, affecting moisture removal and energy efficiency.

Understanding these properties helps optimize operations, control product quality, and prevent
degradation. Mastering their relationships is key to effective separation process design.

Psychrometric charts visually represent air properties, making it easier to analyze and optimize drying
processes. Measuring humidity accurately is essential, with various methods available. Calculations using
psychrometric equations allow for precise control and analysis of air-drying systems.

Psychrometric Properties and Measurements

Psychrometric properties in drying processes

* Dry bulb temperature measures air temperature without moisture influence using standard
thermometers

» Wet bulb temperature indicates evaporative cooling potential determined by wrapping wet wick around

thermometer bulb

» Dew point temperature signals vapor condensation onset crucial for preventing undesired
condensation in processes

* Relative humidity expresses moisture content as percentage of maximum possible at given
temperature affects drying rates

» Humidity ratio quantifies actual water vapor mass per unit mass of dry air directly relates to moisture
removal capacity

« Enthalpy represents total heat content of moist air system impacts energy calculations in drying
operations

Specific volume denotes volume occupied by unit mass of dry air affects flow rates and equipment sizing
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Moisture removal rate influenced by temperature and humidity gradients between air and material being
dried

* Energy requirements impacted by initial and final moisture content, air properties, and desired drying
rate

Drying endpoint determined by monitoring psychrometric properties ensures product quality and process
efficiency

Product concentration control in evaporation processes requires precise monitoring of air properties

+ Energy efficiency optimization achieved through careful manipulation of temperature and humidity
levels

* Product degradation prevention ensured by maintaining appropriate psychrometric conditions
(temperature, humidity)

Interpretation of psychrometric charts

* Axes typically display dry bulb temperature (x-axis) and humidity ratio (y-axis) with additional
properties plotted

* Property lines include constant relative humidity, wet bulb temperature, and enthalpy facilitate quick
property determination

Constant property curves show relationships between different psychrometric properties aid in process
analysis

Locating points based on known properties done by finding intersections of relevant property lines

Tracing process paths involves connecting initial and final states to visualize changes in air properties
Initial and final conditions identified on chart to determine overall changes in air properties during drying

» Heat and mass transfer determined by analyzing changes in enthalpy and humidity ratio between
process points

Energy requirements calculated by evaluating enthalpy changes along process path

Drying equipment sizing based on required moisture removal rate and air property changes

+ Operating conditions optimized by identifying most efficient process path on psychrometric chart
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Methods for measuring humidity

* Wet and dry bulb thermometers utilize evaporative cooling principle to determine humidity
« Accuracy affected by air velocity and wick condition
« Limitations include difficulty in precise measurements at very high or low humidities

Applications include HVAC systems and industrial drying processes
Dew point meters measure temperature at which condensation occurs
* Chilled mirror technique uses optical detection of condensation on cooled surface
* Optical dew point sensors employ laser technology for precise dew formation detection

Advantages include high accuracy and suitability for wide range of humidity levels
Relative humidity sensors directly measure moisture content in air

« Capacitive sensors use moisture-sensitive dielectric material

* Resistive sensors measure electrical resistance changes due to moisture absorption

Thermal conductivity sensors detect changes in air thermal properties with humidity

Accuracy varies with sensor type and environmental conditions (capacitive sensors typically +2-3% RH)
* Response time ranges from seconds (capacitive) to minutes (chilled mirror)
* Cost increases with accuracy and sophistication (simple hygrometers to advanced dew point meters)
» Maintenance requirements differ (regular calibration for most, cleaning for chilled mirror devices)

» Environmental suitability depends on temperature range, pressure, and presence of contaminants

Calculations with psychrometric equations

» Humidity ratio (W) calculated using partial pressure of water vapor (pv) and total pressure (p)

Example: At 101.325 kPa total pressure with 2 kPa vapor pressure, W = 0.622 x (2/(101.325 - 2)) =
0.0124 kg water/kg dry air

Relative humidity (¢) determined by comparing actual vapor pressure to saturation pressure
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Example: If actual vapor pressure is 1.5 kPa and saturation pressure at given temperature is 3 kPa, ¢ =
(1.5/3) x 100% = 50%

Dew point temperature (Td) approximated using dry bulb temperature (T) and relative humidity (RH)
Example: For air at 25°C with 60% RH, Td = 25 - ((100 - 60) / 5) = 17°C
Partial pressure of water vapor (pv) calculated from relative humidity and saturation pressure

« Saturation vapor pressure (psat) determined using Antoine equation with temperature-dependent
constants

* Constants for water: A =8.07131, B = 1730.63, C = 233.426 (for temperature in °C and pressure in
mmHg)

11.3 Types of dryers and evaporators

Drying and evaporation are crucial separation processes in chemical engineering. These techniques
remove moisture from materials, concentrating solutions or producing dry products. Understanding the
types of dryers and evaporators is essential for selecting the right equipment for specific applications.

From direct and indirect dryers to batch and continuous systems, each type has unique advantages. Tray,
rotary, flash, and spray dryers handle various materials, while evaporators like falling film and forced
circulation tackle liquid concentrations. Choosing the right equipment depends on material properties,
capacity needs, and product quality requirements.

Types of Dryers

Types of dryers and evaporators

« Direct dryers expose materials to hot air contact facilitates rapid moisture removal used in tray dryers,
rotary dryers, flash dryers, and spray dryers

* Indirect dryers transfer heat through barriers minimize product contamination commonly used in
vacuum dryers and freeze dryers

« Batch dryers process discrete material quantities allow precise control ideal for tray dryers and
vacuum dryers

+ Continuous dryers handle uninterrupted material streams enhance efficiency suitable for rotary dryers,
flash dryers, and spray dryers

Principles of common dryers

* Tray dryers spread materials on trays circulate hot air used for food products (fruits), pharmaceuticals
(tablets), and chemicals (pigments)

* Rotary dryers tumble materials in rotating cylinders flow hot air through applied to minerals (ores),
fertilizers (granules), and biomass (wood chips)
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* Flash dryers suspend materials in high-velocity hot air streams quickly dry powders (starch), granules
(salt), and filter cakes (metal hydroxides)

* Spray dryers atomize liquids into fine droplets contact with hot air produce milk powder, instant coffee,
and detergents

Types of Evaporators

Types of dryers and evaporators

« Natural circulation evaporators drive liquid circulation through density differences used in long-tube
vertical evaporators (sugar solutions)

* Forced circulation evaporators use mechanical means to circulate liquids enhance heat transfer
applied in crystallization processes (salt production)

« Single-effect evaporators perform one evaporation stage suitable for small-scale operations
(laboratory concentrations)

» Multiple-effect evaporators conduct several evaporation stages in series improve energy efficiency
used in large-scale industrial processes (pulp and paper)

« Batch evaporators process discrete material quantities allow precise control ideal for small production
runs (specialty chemicals)

 Continuous evaporators handle uninterrupted material streams enhance efficiency suitable for
large-scale production (dairy products)

Characteristics of evaporator types

* Falling film evaporators flow thin liquid films down heated tubes minimize residence time suitable for
heat-sensitive materials (fruit juices)

* Forced circulation evaporators pump liquids through heating tubes handle viscous or fouling liquids
(tomato paste) achieve high heat transfer rates

+ Multiple-effect evaporators use steam from one effect to heat the next improve energy efficiency
reduce steam consumption applied in desalination plants

Selection of drying and evaporation equipment

* Material properties considerations include moisture content (initial and final), heat sensitivity
(maximum allowable temperature), and particle size and shape (powders vs. granules)

+ Capacity requirements determine batch vs. continuous operation based on production rate (kg/h or
L/h)

* Energy efficiency factors involve heat recovery options (heat exchangers) and multiple-effect
configurations (steam economy)

* Product quality considerations include residence time (degradation prevention) and temperature
exposure (nutrient retention)

» Economic factors encompass capital costs (equipment purchase), operating costs (energy
consumption), and maintenance requirements (cleaning frequency)

Fiveable archived study guides Page 82



11.4 Design and energy considerations

Drying and evaporation are key separation processes that remove water from materials. These techniques
rely on mass and energy balances to track water removal and energy flow. Understanding these principles
is crucial for designing efficient systems and optimizing performance.

Energy efficiency in drying and evaporation is a critical consideration. By analyzing energy consumption
metrics, heat transfer calculations, and thermal efficiency, engineers can improve process performance.
Strategies like heat integration and advanced control systems further boost efficiency and reduce
environmental impact.

Mass and Energy Balances in Drying and Evaporation

Mass and energy balance in drying systems
» Mass balance equations form foundation for system analysis
« General form Input = Output + Accumulation gpplies to all components
» Steady-state assumption simplifies to Input = Output, crucial for continuous processes
* Energy balance equations ensure conservation of energy
« First law of thermodynamics AU = Q — W governs energy transformations

» Enthalpy balance mehf = Ztmoho tracks energy flow through system
mn ou

* Drying systems require specialized calculations

» Moisture content calculations determine water removal requirements

» Psychrometric charts visualize air-water relationships (humidity, temperature)

+ Evaporation systems utilize different configurations

* Single-effect evaporators concentrate solutions through simple boiling

» Multiple-effect evaporators increase efficiency by reusing vapor

» Material and energy flow diagrams provide visual representation of process streams

« Latent heat of vaporization accounts for energy needed to change liquid to vapor

Energy efficiency of evaporation processes

» Energy consumption metrics quantify process performance

* Specific energy consumption (SEC) measures energy use per unit of product

* Energy efficiency ratio (EER) compares useful output to energy input

+ Heat transfer calculations determine equipment sizing

* Overall heat transfer coefficient incorporates all heat transfer resistances

* Log mean temperature difference (LMTD) accounts for varying temperature gradients

» Thermal efficiency assesses energy utilization
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* First law efficiency measures useful energy output vs input

» Second law efficiency (exergy analysis) considers quality of energy

+ Drying efficiency focuses on moisture removal

* Moisture removal rate indicates drying speed

* Drying curve analysis reveals different drying stages (constant rate, falling rate)

« Evaporation efficiency improves with multiple effects

» Economy ratio for multiple-effect evaporators measures steam utilization

* Boiling point elevation effects impact temperature driving forces

» Steam economy calculations determine steam requirements per unit of evaporation

» Mechanical vapor recompression (MVR) systems boost efficiency by recompressing vapor

Optimization strategies for energy utilization

* Heat integration techniques minimize external energy requirements

* Pinch analysis identifies optimal heat recovery opportunities

* Heat exchanger network optimization maximizes energy recovery

» Advanced process control improves operational efficiency

» Model predictive control (MPC) anticipates future process behavior

» Adaptive control systems adjust parameters based on changing conditions
* Equipment design improvements reduce energy losses

« High-efficiency heat exchangers enhance heat transfer (plate, spiral)

* Improved insulation materials minimize heat loss to surroundings

* Process intensification combines multiple unit operations

* Hybrid drying systems combine different drying mechanisms (convection, radiation)
* Membrane-assisted evaporation reduces thermal energy requirements

» Waste heat recovery captures low-grade energy

» Thermal energy storage systems store excess heat for later use

* Heat pumps upgrade low-temperature heat for process use

« Alternative energy sources reduce fossil fuel dependence

+ Solar thermal integration harnesses renewable energy for drying

* Biomass-fired systems utilize organic waste as fuel source

Environmental impact of drying operations

« Life cycle assessment (LCA) evaluates overall environmental impact
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» Greenhouse gas emissions contribute to climate change

* Direct emissions from fuel combustion in dryers and evaporators

« Indirect emissions from electricity generation for process equipment

» Water conservation strategies reduce water footprint

* Closed-loop systems recirculate process water

» Water recycling and reuse minimize freshwater intake

* Air pollution control protects local air quality

* Particulate matter removal prevents dust emissions (cyclones, bag filters)
* Volatile organic compound (VOC) abatement reduces odors and air toxics
» Waste heat recovery applications improve overall efficiency

* Preheating feed streams reduces primary energy consumption

* District heating systems utilize excess process heat for community benefit
« Sustainable design principles guide process development

» Green chemistry concepts minimize hazardous substance use

« Circular economy approaches aim for zero waste

» Regulatory compliance ensures environmental protection

» Emissions standards limit pollutant release

* Energy efficiency regulations promote best practices

» Environmental impact mitigation strategies reduce ecological footprint

* Best available techniques (BAT) represent industry benchmarks

* Cleaner production strategies prevent pollution at the source
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Unit 12 — Mechanical-Physical
Separations

12.1 Filtration theory and equipment

Filtration is a crucial separation process that removes solids from fluids using a porous medium. It's
essential in various industries, from water treatment to pharmaceutical production. Understanding the
principles, equipment types, and cake formation is key to optimizing filtration processes.

Calculations play a vital role in analyzing filtration performance. Equations for filtration rate, constant
pressure, and constant rate filtration help predict and optimize processes. Determining cake properties and
considering scale-up factors are crucial for efficient industrial applications.

Filtration Fundamentals

Principles of filtration

* Separation of solids from fluids using porous medium enables purification and concentration (water
treatment, pharmaceutical production)

* Pressure difference across filter medium drives fluid flow and particle retention (vacuum filtration,
pressure filtration)

* Filtration mechanisms trap particles:

+ Sieving blocks larger particles than pore size

* Interception captures particles approaching filter surface

* Inertial impaction collects particles deviating from fluid streamlines
* Diffusion traps submicron particles through Brownian motion

« Filtration performance affected by multiple factors:

* Particle size distribution influences capture efficiency (sand, clay, bacteria)
* Fluid viscosity impacts flow resistance (water, oil, syrup)

* Filter medium properties determine particle retention:

* Pore size controls smallest particle captured

* Porosity affects flow rate and cake formation

* Thickness influences pressure drop and particle capture

* Operating conditions optimize process:

* Pressure drop drives filtration rate

* Flow rate affects particle capture and cake formation

» Temperature alters fluid viscosity and particle behavior
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« Filtration efficiency measures particle removal effectiveness calculated as ratio of retained to total feed
particles

Types of filtration equipment

* Plate and frame filter press handles high-pressure batch operations for slurry dewatering (mining
tailings, chemical processing)

* Rotary vacuum filter provides continuous low-pressure filtration for suspension dewatering (food
processing, wastewater treatment)

« Belt filter offers continuous gravity or vacuum-assisted dewatering of sludges (paper manufacturing,
municipal wastewater)

« Cartridge filters use disposable or cleanable elements for liquid and gas filtration removing fine
particles (hydraulic systems, HVAC)

+ Bag filters employ fabric or synthetic media for dust collection and air pollution control (cement plants,
power stations)

* Membrane filters separate particles based on size:

* Microfiltration removes bacteria and large colloids

« Ultrafiltration captures proteins and viruses

* Reverse osmosis rejects dissolved salts and small molecules

* Depth filters utilize porous media for particle capture throughout filter volume:
« Sand filters remove suspended solids from water

» Multimedia filters combine materials for improved particle retention

Cake formation in filtration

« Cake filtration theory explains solid accumulation on filter medium creating growing cake layer over
time

» Cake properties determine filtration performance:

* Porosity affects fluid flow through cake

* Specific cake resistance quantifies flow hindrance

» Compressibility describes cake behavior under pressure

« Darcy's law for cake filtration relates flow rate to pressure drop across filter cake and medium
» Cake resistance represents intrinsic resistance of accumulated solids layer affected by:

* Particle size and shape influence packing density

+ Cake thickness increases with filtration time

* Applied pressure may compress cake altering structure

+ Filter medium resistance constitutes initial clean filter resistance

* Total filtration resistance combines cake and medium resistances determining overall filtration rate
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Filtration performance calculations

e , , . dV — __AAP
* Filtration rate equation describes flow behavior: ‘gt = R, + R)

« V: filtrate volume, t: time, A: filtration area
» AP: pressure drop, p: fluid viscosity

* R_c: cake resistance, R_m: medium resistance

apc v HRm
2A%0P AAP

 Constant pressure filtration analyzes time-volume relationship: % =
* a: specific cake resistance, c: solids concentration in feed

- Constant rate filtration examines pressure-time relationship: AP = Z1(Rm + acV/A)

* g: constant filtration rate

» Cake properties calculations determine:

* Specific cake resistance from experimental data

+ Cake porosity using particle and cake densities

» Cake compressibility index from pressure-resistance data

« Scale-up considerations transition from laboratory to industrial scale estimating required filtration area
 Optimization of filtration processes aims to:

* Minimize filtration time increasing throughput

» Maximize filtrate clarity improving product quality

* Balance energy consumption and filtration efficiency reducing operational costs

12.2 Centrifugation and sedimentation

Centrifugation and sedimentation are key separation techniques that rely on particle settling. These
processes exploit differences in particle size, shape, and density to separate mixtures. Understanding the
principles behind these methods is crucial for designing effective separation systems.

Calculations play a vital role in optimizing separation efficiency. From Stokes' Law to sigma theory, various
equations help predict settling velocities and compare centrifuge performance. These tools enable
engineers to design and select appropriate equipment for specific separation needs.

Principles and Processes

Principles of centrifugation and sedimentation

* Gravitational force drives sedimentation while centrifugal force powers centrifugation
* Particle settling velocity influenced by size, shape, density, fluid viscosity and density

205 _
+ Stokes' Law describes settling velocity of particles in laminar flow v = %

» Buoyancy opposes settling dependent on fluid density and particle volume

+ Drag force resists particle motion through fluid increases with settling velocity

Fiveable archived study guides Page 88



Centrifugation vs sedimentation processes

» Sedimentation uses gravity for slower separation suitable for larger particles (settling tanks)

« Centrifugation employs centrifugal force for faster separation of smaller particles (disc stack
centrifuges)

* Centrifugation generally achieves higher separation efficiency

» Sedimentation applied in wastewater treatment while centrifugation used in biotechnology

Design of centrifuges and settlers

* Gravity settlers use rectangular or circular tanks with inclined plates to improve efficiency

» Hydrocyclones have conical shape with tangential inlet for particle separation

* Disc stack centrifuges contain series of conical discs for continuous high-throughput operation

* Tubular centrifuges feature long narrow bowl for high-speed batch or semi-continuous processing

+ Decanter centrifuges use horizontal cylindrical bowl with screw conveyor for continuous solids
discharge

Calculations for separation efficiency

 Terminal settling velocity calculated using Stokes' Law (laminar) or Newton's Law (turbulent)

d’(pp = pAw’r

+ Centrifugal settling velocity given by v = 81

+ Sigma theory compares centrifuge performance to equivalent settling tank area
+ Separation efficiency determined by F =1 — e %
« Cut size represents particle size at which 50% separation occurs

+ Residence time affects separation efficiency calculated as volume divided by flow rate

12.3 Size reduction and classification

Size reduction is a crucial process in many industries, breaking down materials into smaller particles. From
crushing rocks to grinding pharmaceuticals, various techniques and equipment are used to achieve
specific particle sizes and distributions.

Energy efficiency is key in size reduction, with different laws describing the relationship between energy
input and particle size reduction. Particle analysis and classification techniques ensure the final product
meets desired specifications, optimizing downstream processes and product quality.

Principles and Equipment of Size Reduction
Principles of size reduction
» Size reduction principles

* Particle breakage mechanisms reduce material size through different methods

» Compression squeezes particles between two surfaces (jaw crushers)
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* Impact fractures particles through high-velocity collisions (hammer mills)

« Attrition wears down particles by rubbing against surfaces or other particles (ball mills)

« Cutting slices particles into smaller pieces (knife cutters)

* Objectives of size reduction

* Increase surface area enhances reaction rates and extraction efficiency (catalyst preparation)
+ Improve material handling facilitates transport and storage (coal processing)

» Enhance reactivity accelerates chemical reactions (pharmaceutical ingredients)

* Facilitate separation processes improves efficiency of downstream operations (mineral processing)
* Classification principles

+ Separation based on particle size or density sorts materials into uniform fractions (screening)
* Improve product uniformity ensures consistent quality (food processing)

* Remove unwanted size fractions eliminates over- or undersized particles (aggregate production)

Types of reduction equipment

* Crushers break down large particles into smaller pieces

+ Jaw crushers use reciprocating plates to compress and fracture material (rock crushing)

« Gyratory crushers employ a rotating cone to break material against a fixed shell (mining)

* Cone crushers utilize a gyrating cone to crush material in a reduced space (aggregate production)
* Grinders further reduce particle size for finer products

+ Ball mills use tumbling balls to grind material in a rotating cylinder (cement production)

* Rod mills employ long rods instead of balls for more uniform grinding (ore processing)

* Hammer mills utilize high-speed rotating hammers to impact and shatter material (recycling)
« Ultrafine grinders produce very small particle sizes

* Fluid energy mills use compressed air to create particle collisions (pigment production)

« Stirred media mills employ small grinding media in a stirred chamber (nanoparticle synthesis)
« Cutting machines slice or chop materials into specific shapes or sizes

* Knife cutters use sharp blades to slice soft materials (plastic recycling)

+ Granulators employ rotating knives to cut materials into small, uniform pieces (rubber processing)

Energy in size reduction

 Energy laws for size reduction describe relationships between energy input and particle size reduction

+ Kick's law: E = CIn(D¢/D;) applies to coarse crushing where E is energy, Ck is a constant, Dr is final
size, and Dj is initial size

« Rittinger's law: E = C(1/Dr — 1/D;) used for fine grinding where Cr is Rittinger's constant
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* Bond's law: E = Cb(l/\/Ef — 1/D;) applicable for intermediate size reduction where Cp is Bond's
work index

* Factors affecting energy efficiency

» Feed material properties influence breakage behavior (hardness, brittleness)

» Equipment design impacts energy transfer to particles (mill geometry, liner design)

* Operating conditions affect grinding efficiency (feed rate, rotation speed)

* Energy efficiency metrics

* Specific energy consumption measures energy used per unit mass of product (kWh/ton)

« Size reduction ratio quantifies extent of size reduction (feed size / product size)

Particle analysis and classification

* Particle size measurement techniques

« Sieve analysis uses stacked screens to separate particles by size (soil analysis)

« Laser diffraction measures particle size through light scattering patterns (pharmaceutical powders)
+ Image analysis employs microscopy and software to analyze particle dimensions (quality control)
* Particle size distribution representation

» Cumulative distribution curves show percentage of particles below a given size

* Frequency distribution curves display proportion of particles within size ranges

« Classification techniques

* Screening separates particles using perforated surfaces

« Vibrating screens use oscillating motion to improve separation efficiency (mineral processing)

* Rotary screens employ rotating cylindrical screens for continuous operation (compost screening)
« Air classification sorts particles based on their aerodynamic behavior

* Cyclones use centrifugal force to separate particles in a spinning air stream (dust collection)

* Elutriators employ upward air flow to classify particles by terminal velocity (flour milling)

* Hydraulic classification separates particles in liquid media

+ Hydrocyclones utilize centrifugal force in a conical chamber (mineral beneficiation)

« Settling tanks allow particles to settle based on size and density (wastewater treatment)

« Efficiency of classification processes

+ Cut size defines the particle size at which separation occurs (50% probability of separation)

« Sharpness of separation measures the precision of the classification process (steepness of efficiency
curve)
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12.4 Flotation and magnetic separation

Flotation and magnetic separation are key techniques in separation processes. These methods exploit
differences in surface properties and magnetic susceptibility to separate valuable materials from waste.
Understanding the principles behind these techniques is crucial for effective application in various
industries.

Equipment plays a vital role in flotation and magnetic separation. Flotation cells and magnetic separators
come in various designs to suit different materials and process requirements. Optimizing equipment
selection and operation is essential for achieving high separation efficiency and product quality.

Principles and Equipment

Principles of flotation and separation

* Flotation

« Surface chemistry principles underpin separation process

» Hydrophobicity repels water allows particles to attach to air bubbles
 Hydrophilicity attracts water keeps particles suspended in solution

« Surface tension creates stable bubble-particle aggregates

* Bubble attachment mechanism exploits differences in surface properties

Froth stability maintains separation until collection
Magnetic separation
» Magnetic susceptibility measures material's response to magnetic field
» Magnetic field strength determines force exerted on particles
« Magnetic force equations (F = XVBVB) describe particle behavior
» Diamagnetic materials weakly repelled (water, organic compounds)
» Paramagnetic materials weakly attracted (aluminum, platinum)

» Ferromagnetic materials strongly attracted (iron, nickel, cobalt)

Equipment for flotation and separation
* Flotation equipment
* Flotation cells create environment for bubble-particle attachment
* Mechanical cells use impellers for agitation and air dispersion
* Column cells rely on countercurrent flow of slurry and air bubbles

« Air spargers introduce fine bubbles into slurry
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Froth collection systems recover mineral-laden froth

Flotation process steps 1. Conditioning mixes reagents with slurry 2. Aeration introduces air bubbles 3.
Mineral collection occurs as particles attach to bubbles 4. Froth removal recovers concentrated minerals

Magnetic separation equipment
* Low-intensity magnetic separators (LIMS) for strongly magnetic materials
* High-intensity magnetic separators (HIMS) for weakly magnetic materials
» Wet magnetic separators process slurries

Dry magnetic separators handle dry, free-flowing materials

Magnetic separation process steps 1. Feed preparation ensures proper particle size and consistency 2.
Magnetic field application creates separation force 3. Particle separation based on magnetic properties 4.
Product collection of magnetic and non-magnetic fractions

Performance Factors and Applications

Factors affecting separation performance

* Flotation performance factors

« Particle size distribution impacts bubble attachment efficiency

+ Pulp density affects collision frequency between particles and bubbles
* pH alters surface chemistry and reagent effectiveness

» Temperature influences reagent activity and bubble stability

* Reagent dosage and type control selectivity and recovery

+ Collectors enhance particle hydrophobicity

* Frothers stabilize bubble formation

» Modifiers adjust pH or selectively activate/depress minerals

+ Aeration rate determines bubble surface area available

Retention time allows sufficient particle-bubble contact
Magnetic separation performance factors
« Particle size affects magnetic force relative to competing forces

» Magnetic field strength and gradient determine separation efficiency
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* Feed rate impacts particle retention time in magnetic field
* Particle composition influences magnetic response
» Magnetic susceptibility differences enable selective separation

» Competing forces (gravity, fluid drag) can hinder separation

Applications of separation techniques

* Flotation applications

* Mineral beneficiation concentrates valuable minerals

« Sulfide ores (copper, lead, zinc) exploit natural hydrophobicity

» Oxide ores (iron, rare earth elements) require surface modification
* Coal cleaning removes ash and sulfur impurities

» Wastewater treatment removes oils and suspended solids

Plastic recycling separates different polymer types
Magnetic separation applications
« Iron ore beneficiation upgrades low-grade ores
* Rare earth element concentration from ore or recycled materials
* Removal of magnetic contaminants from industrial products (glass, ceramics)

Recycling of electronic waste recovers valuable metals

Selection criteria for separation technique
 Material properties determine feasibility (magnetic susceptibility, surface chemistry)
* Desired product purity influences process design

Economic considerations balance recovery, grade, and cost
Process optimization strategies
» Reagent selection and dosage adjustment fine-tune separation
» Equipment modifications improve efficiency (new impeller designs, magnetic matrix materials)

« Circuit design and configuration optimize overall performance
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Unit 13 — Process Design and
Optimization

13.1 Conceptual design of separation processes

Separation processes are crucial in chemical engineering, involving steps from problem definition to safety
analysis. These processes require careful planning and design, using tools like process flow diagrams and
P&IDs to visualize complex systems and equipment layouts.

Selecting the right separation technique is key, considering factors like physical properties, feed
composition, and economic viability. Evaluating process configurations involves using heuristics,
simulation tools, and economic analysis to optimize performance and sustainability in separation
processes.

Process Design and Visualization

Key steps in conceptual design

* Problem definition identifies feed composition and properties specifies desired product purity and
recovery

« Literature review and data collection gathers relevant physical and chemical data researches existing
separation technologies (distillation, extraction)

» Generation of alternatives brainstorms potential separation techniques considers various process
configurations (series, parallel)

* Preliminary process synthesis develops block flow diagrams estimates material and energy balances

* Process analysis and optimization performs economic evaluation assesses environmental impact
optimizes operating conditions (temperature, pressure)

* Detailed design sizes equipment specifies materials of construction (stainless steel, glass-lined)

« Safety and hazard analysis conducts HAZOP studies implements safety measures (relief valves,
containment systems)

Process flow diagrams and P&IDs

* Process Flow Diagrams include major equipment and process streams show material balances
indicate operating conditions

* Piping and Instrumentation Diagrams represent all piping, valves, and instruments use standardized
symbols show control loops and instrumentation

» Key components in separation P&IDs include feed and product streams separation units (distillation
columns, membrane modules) heat exchangers and utilities pumps and compressors control valves
and flow meters

* Software tools for diagram creation include AutoCAD Microsoft Visio SmartDraw
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Selection of separation techniques

* Physical property differences guide technique choice relative volatility for distillation solubility for
extraction molecular size for membrane separations

» Feed composition and state influence selection liquid-liquid mixtures (extraction) gas-liquid mixtures
(absorption) solid-liquid mixtures (filtration)

* Product purity requirements determine method high-purity products for distillation or crystallization
moderate purity for extraction or adsorption

+ Scale of operation affects choice large-scale for distillation small-scale for chromatography

* Energy efficiency considerations impact decision low energy for membrane separations high energy
for distillation

» Economic factors guide selection capital costs (equipment) operating costs (utilities, labor)

» Environmental impact influences choice solvent use in extraction waste generation in crystallization

Evaluation of process configurations

* Heuristics and shortcut methods provide initial estimates Fenske equation for minimum stages in
distillation Kremser equation for liquid-liquid extraction

+ Rigorous simulation tools enable detailed analysis Aspen Plus ChemCAD PRO/II

» Key performance indicators assess efficiency separation factor recovery purity energy consumption
per unit of product

» Economic analysis evaluates viability capital expenditure (CAPEX) operating expenditure (OPEX)
payback period net present value (NPV)

* Sensitivity analysis examines robustness effect of feed composition variations impact of utility costs

* Process intensification options improve efficiency reactive distillation dividing wall columns membrane
cascades

« Sustainability metrics evaluate environmental impact carbon footprint water usage E-factor (mass of
waste per mass of product)

13.2 Process simulation and modeling tools

Process simulation tools are essential for designing and optimizing separation processes. These
computer-aided tools use mathematical models to replicate physical and chemical processes, helping
engineers size equipment, estimate costs, and analyze safety.

Commercial software like Aspen Plus and HYSYS offer powerful features for flowsheet development and
optimization. Engineers use these tools to define processes, select components, and analyze results,
ultimately improving process understanding and reducing experimental costs.

Process Simulation and Modeling Tools

Role of simulation in process design

* Process simulation and modeling tools employ computer-aided design software and mathematical
models replicating physical and chemical processes
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* Applications include equipment sizing and selection, process optimization, cost estimation, and safety
analysis

* Benefits encompass reduced experimental costs, faster design iterations, improved process
understanding, and risk mitigation

« Limitations stem from accuracy dependent on input data quality, simplifying assumptions affecting
results, and need for validation with real-world data

Use of commercial simulation software

» Common software packages include Aspen Plus, HYSYS, PRO/II, and gPROMS

+ Key features incorporate thermodynamic property databases, unit operation models, flowsheet
development tools, and optimization algorithms

« Simulation process involves: 1. Defining process flowsheet 2. Selecting components and property
methods 3. Specifying operating conditions and feed streams 4. Running simulation and analyzing
results 5. Performing sensitivity analysis and optimization

 Optimization techniques utilize sequential modular approach, equation-oriented approach, and hybrid
methods

Analysis of simulation results

+ Key performance indicators (KPIs) for separation processes evaluate product purity, recovery rates,
energy consumption, and operating costs

« Sensitivity analysis identifies critical process parameters and evaluates impact of parameter changes
on KPls

» Economic evaluation calculates capital costs, operating costs, and profitability analysis
» Environmental impact assessment predicts emissions and waste generation

+ Decision-making criteria weigh technical feasibility, economic viability, environmental sustainability,
and safety considerations (HAZOP studies)

Validation of simulation models

* Model validation ensures accuracy and reliability of simulations and builds confidence in design
decisions

» Experimental data sources include laboratory experiments, pilot plant studies, and industrial plant data

« Validation techniques employ statistical analysis of model predictions vs. experimental data,
regression analysis, and goodness-of-fit tests (R 2, chi-square)

* Model refinement process identifies discrepancies between model and experimental results, adjusts
model parameters or equations, and incorporates additional phenomena or interactions

+ Scaling considerations address differences between lab-scale and industrial-scale processes (heat
transfer, mass transfer coefficients)

» Documentation and reporting describe validation methodology, present results and limitations, and
recommend further studies or improvements
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13.3 Economic evaluation and cost estimation

Separation processes in chemical engineering involve complex economic considerations. From capital and
operating costs to net present value calculations, understanding the financial aspects is crucial for making
informed decisions about process design and implementation.

Cost drivers like energy consumption and equipment expenses significantly impact separation process
economics. Strategies such as process intensification and heat integration can reduce costs, while
comparing alternatives helps determine the most economically viable option for a given application.

Cost Estimation and Economic Analysis for Separation Processes

Cost estimation for separation processes

* Capital costs

* Fixed capital investment (FCI) encompasses direct costs including equipment purchase, installation,
piping, instrumentation and indirect costs covering engineering, construction, contingency

» Working capital funds day-to-day operations (raw materials, labor, utilities)

* Operating costs

+ Variable costs fluctuate with production volume (raw materials, utilities, waste disposal)

* Fixed costs remain constant regardless of production (labor, maintenance, insurance, taxes)
* Cost estimation methods

* Order-of-magnitude estimate uses factor method for quick, rough calculations

* Preliminary estimate employs equipment factored approach for moderate accuracy

* Definitive estimate provides detailed breakdown for high accuracy

* Cost indices adjust historical data

» Chemical Engineering Plant Cost Index (CEPCI) tracks overall plant costs

» Marshall & Swift Equipment Cost Index focuses on specific equipment prices

NPV and IRR calculations

* Time value of money concepts

* Present value calculates current worth of future cash flows
* Future value determines growth of current investments

* Discount rate reflects risk and opportunity cost

* Net Present Value (NPV)

n
« Formula: NPV = z % sums discounted cash flows
t=0

* Decision criteria accepts projects with positive NPV

* Internal Rate of Return (IRR)
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* IRR finds discount rate making NPV zero

+ Calculation uses trial and error or financial software

» Decision criteria compares IRR to required return

+ Other evaluation methods

» Payback period measures time to recoup initial investment

+ Return on investment (ROI) assesses profitability relative to costs

+ Sensitivity analysis examines impact of variable changes on profitability

Cost drivers in separations

* Major cost drivers

» Energy consumption for heating, cooling, compression in distillation and gas separation

» Equipment costs influenced by column size, material selection, heat exchangers

» Raw material costs affected by feed composition and product purity requirements

* Operating conditions like pressure and temperature impact overall costs

* Cost reduction strategies

* Process intensification combines unit operations (dividing wall columns, reactive distillation)
» Heat integration optimizes energy use through pinch analysis

» Advanced control systems improve efficiency (model predictive control)

* Alternative technologies reduce energy use (membrane separations)

+ Optimization of operating conditions minimizes costs (reflux ratio in distillation)

Economic viability of process alternatives

» Comparison of separation technologies evaluates distillation, absorption, extraction, membrane
separation

« Life cycle cost analysis considers initial investment, operating costs, maintenance over project lifetime
* Risk assessment examines technical, market, regulatory challenges

» Environmental impact considerations evaluate carbon footprint, waste generation

* Flexibility and scalability assess adaptability to feed variations and expansion potential

» Technology maturity weighs proven vs emerging options, operator expertise availability

* Process integration examines compatibility with existing upstream and downstream operations

* Multi-criteria decision analysis uses weighted scoring for technical and economic factors
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13.4 Optimization techniques for separation processes

Optimization in separation processes is all about finding the best way to do things. We'll look at how to set
up problems, choose what's important, and use math to find solutions. It's like creating a recipe for the
perfect separation.

We'll also dive into some fancy math techniques and practical ways to make optimization work in the real
world. From genetic algorithms to monitoring performance, these tools help engineers fine-tune
separations for maximum efficiency and effectiveness.

Formulating and Solving Optimization Problems

Formulation of separation process optimization

* Define optimization problem components encompassing objective function expresses goal
mathematically, decision variables represent adjustable parameters, constraints limit feasible solutions

« Identify economic objectives minimize operating costs reduce energy and material expenses,
maximize profit increase revenue and reduce expenses, minimize capital investment lower initial
equipment and installation costs

» Determine performance objectives maximize product purity achieve higher quality output (99.9% pure
ethanol), maximize recovery extract more valuable components from feedstock, minimize energy
consumption reduce utility costs and environmental impact

* Develop mathematical models incorporate mass balance equations track material flows, energy
balance equations account for heat transfer, equilibrium relationships describe phase behavior
(vapor-liquid equilibrium)

 Consider multi-objective optimization balance conflicting goals using Pareto optimality identifies
non-dominated solutions, weighted sum method combines objectives with importance factors

Mathematical programming for separations

« Linear programming solves problems with linear objective and constraints using simplex method
iteratively improves solution, interior point methods move through feasible region

* Nonlinear programming handles nonlinear objectives or constraints with gradient-based methods like
steepest descent iteratively moves towards optimum, Newton's method uses second derivatives for
faster convergence

» Sequential quadratic programming (SQP) approximates nonlinear problem as sequence of quadratic
subproblems

» Mixed-integer linear programming (MILP) includes discrete variables solved by branch and bound
algorithm systematically explores solution space

» Mixed-integer nonlinear programming (MINLP) combines discrete and continuous nonlinear variables
using outer approximation iteratively refines linear approximations, generalized Benders decomposition
decomposes problem into master and subproblems

» Convex optimization guarantees global optimum for certain problem classes using second-order cone
programming handles quadratic constraints, semidefinite programming works with matrix inequalities
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Advanced Optimization Techniques and Implementation

Heuristics in complex optimization

* Genetic algorithms mimic evolution with population initialization creates initial set of solutions,
selection chooses fittest individuals, crossover combines parent solutions, mutation introduces random
changes

+ Simulated annealing inspired by annealing in metallurgy uses temperature scheduling controls
exploration vs exploitation, acceptance probability allows uphill moves

« Particle swarm optimization models social behavior with swarm intelligence collective problem-solving,
velocity update guides particles towards optimal solutions

» Tabu search uses memory structures with tabu list prevents cycling, aspiration criteria allows
overriding tabu status

+ Ant colony optimization inspired by ant behavior uses pheromone trails guide solution construction,
probability rules determine path choices

Implementation of optimization results

« Sensitivity analysis evaluates result stability through parameter perturbation assesses impact of small
changes, shadow prices quantify constraint impact

* Robustness assessment ensures solution reliability using Monte Carlo simulation analyzes random
variations, scenario analysis considers different future states

* Implementation strategies ensure smooth transition with gradual implementation introduces changes
incrementally, pilot-scale testing validates solutions at smaller scale

 Performance monitoring tracks optimization effectiveness using key performance indicators (KPIs)
quantify important metrics, statistical process control detects abnormal variations

 Continuous improvement maintains optimal performance through feedback loops incorporate new
data and insights, re-optimization adjusts solution as conditions change
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Unit 14 — Emerging Tech in Separation
Processes

14.1 Advanced materials for separation processes

Advanced materials like Metal-Organic Frameworks, Covalent Organic Frameworks, and Zeolitic
Imidazolate Frameworks are revolutionizing separation processes. These materials offer tunable pore
sizes, high surface areas, and enhanced stability, making them ideal for various applications.

These frameworks outperform traditional materials in selectivity, capacity, stability, and versatility. Case
studies showcase their effectiveness in gas separation, liquid-liquid extraction, and adsorption processes,
demonstrating improved performance in real-world applications.

Advanced Materials for Separation Processes

Properties of advanced framework materials

Metal-Organic Frameworks (MOFs) feature crystalline porous structures composed of metal ions or
clusters coordinated with organic ligands enabling high surface area and tunable pore size for gas storage
and separation (H2, CO2), catalysis, and drug delivery applications

Covalent Organic Frameworks (COFs) comprise crystalline porous polymers formed by light elements (C,
H, O, N, B) linked via covalent bonds creating highly ordered structures with uniform pore sizes utilized in
gas separation and storage (CH4, CO2), catalysis, and optoelectronics

Zeolitic Imidazolate Frameworks (ZIFs) represent a subset of MOFs exhibiting zeolite-like topologies
composed of metal ions coordinated with imidazolate linkers providing exceptional thermal and chemical
stability for gas separation (CO2, H2), catalysis, and sensing applications

Advantages over traditional materials

Selectivity achieved through tunable pore size and chemistry enables specific molecule separation
enhancing shape and size selectivity (CO2/N2, H2/CH4) and improving molecular recognition capabilities

Capacity increased due to higher surface area compared to traditional adsorbents (activated carbon,
zeolites) resulting in greater adsorption capacity per unit volume reducing equipment size and operational
costs

Stability enhanced by greater thermal resistance for high-temperature applications (500-600°C), improved
chemical resistance in harsh environments (acidic, basic), and enhanced mechanical strength for
prolonged use
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Versatility provided by tailorable structures for specific separation needs and multifunctional properties
combining separation and catalysis capabilities (one-pot reactions)

Case studies in separation processes

Gas Separation: 1. CO2 capture using amine-functionalized MOFs achieving high selectivity and capacity
2. Hydrogen purification with ZIF-8 membranes demonstrating excellent H2/CO2 separation factor 3.
Methane/nitrogen separation using flexible MOFs exhibiting unique "gate-opening" behavior

Liquid-Liquid Extraction:

» Removal of organic pollutants (pharmaceuticals, dyes) from water using COFs with high adsorption
capacity and recyclability

* Rare earth element extraction with functionalized MOFs showing improved selectivity over traditional
extractants

Oil-water separation using hydrophobic ZIFs demonstrating high flux and separation efficiency

Adsorption:

* Desulfurization of fuels using Cu-BTC MOF achieving lower sulfur content than conventional
adsorbents

* Removal of heavy metals (Pb, Cd, Hg) from wastewater with COF-based adsorbents showing high
uptake and selectivity

* Volatile organic compound (VOC) capture using ZIF-derived carbon materials demonstrating
enhanced adsorption capacity and stability

14.2 Hybrid and intensified separation techniques

Hybrid separation techniques combine multiple processes, boosting efficiency and reducing environmental
impact. These methods offer higher yields, fewer stages, and improved purity while lowering energy use
and waste. They're a game-changer for separating tricky mixtures.

Membrane-distillation, adsorption-membrane, and extractive distillation are key hybrid methods, each with
unique pros and cons. Implementing these techniques at industrial scale requires careful economic and
technical analysis, considering factors like costs, scalability, and regulatory compliance.

Hybrid and Intensified Separation Techniques

Benefits of hybrid separation techniques

+ Hybrid separation techniques combine two or more separation processes integrating different
separation mechanisms synergistically
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* Intensified separation techniques enhance separation processes with improved performance utilizing
novel equipment or operating conditions

* Process efficiency increased through higher separation yield, fewer separation stages, and improved
product purity

» Energy consumption lowered per unit of separation utilizing waste heat or energy integration reducing
carbon footprint

* Environmental impact decreased through less solvent usage, minimized waste generation, and
smaller equipment footprint (compact designs)

Comparison of hybrid separation methods

» Membrane-distillation combines selective permeation with thermal driving force operating at lower
temperatures than conventional distillation effective for separating azeotropic mixtures (ethanol-water)

» Advantages: lower energy consumption, handles heat-sensitive materials

Limitations: membrane fouling and degradation, limited flux rates, higher capital costs (specialized
membranes)

Adsorption-membrane combines selective adsorption with size-based separation effective for removing
trace contaminants (heavy metals from wastewater)

» Advantages: reduced regeneration energy, high selectivity for specific components

Limitations: complex system design and operation, potential membrane clogging, adsorbent capacity
limitations

Extractive distillation enables separation of close-boiling or azeotropic mixtures improving relative volatility
of key components (acetone-methanol)

» Advantages: flexibility in solvent selection, high purity products

« Limitations: additional energy for solvent recovery, potential product contamination, higher operating
costs (solvent makeup)

Feasibility of industrial-scale implementation

Economic feasibility factors: 1. Capital investment includes equipment costs for novel separation units and
retrofitting existing processes 2. Operating costs cover energy consumption, raw materials, solvents,
maintenance, and replacement 3. Return on investment (ROI) analyzed through payback period and net
present value (NPV)

Technical feasibility factors:
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* Process scalability addressed through pilot plant studies tackling scale-up challenges

* Integration with existing processes ensures compatibility with upstream and downstream operations
implementing process control and automation

Operational reliability considers equipment lifespan, maintenance needs, and process stability
Industry-specific considerations:
* Regulatory compliance adheres to environmental regulations and product quality standards
* Market demands dictate product purity requirements and production capacity needs

» Technological readiness level (TRL) assesses commercial availability of equipment and industry
acceptance rates

14.3 Green separation technologies

Green separation technologies aim to reduce waste, increase energy efficiency, and use renewable
resources. These methods minimize environmental impact while enhancing worker safety and product
quality. They're crucial for sustainable industrial practices.

Key green solvents include ionic liquids, supercritical CO2, and bio-based options. These enable efficient
separations with lower toxicity and emissions. However, challenges like high initial costs and regulatory
hurdles slow widespread adoption in various industries.

Green Separation Technologies: Principles and Applications

Principles of green separation technologies

» Waste reduction minimizes environmental impact and resource consumption (landfill diversion,
recycling)

* Energy efficiency lowers operational costs and carbon footprint (heat integration, process
intensification)

* Use of renewable resources reduces dependence on fossil fuels (biomass-derived solvents, solar
energy)

» Non-toxic processes enhance worker safety and product quality (aqueous-based separations,
supercritical CO2)

» Atom economy maximizes resource utilization and minimizes waste generation (catalytic reactions,
selective separations)

Green solvents in separation processes

« lonic liquids with low vapor pressure and tunable properties enable efficient extractive distillation and
gas separation (CO2 capture, aromatic/aliphatic separation)

« Supercritical CO2 as an adjustable density solvent facilitates extraction processes and particle
formation (decaffeination, pharmaceutical crystallization)
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* Bio-based solvents derived from renewable resources offer lower toxicity for liquid-liquid extraction
and membrane separations (natural product isolation, wastewater treatment)

* Green solvents reduce volatile organic compound emissions improving worker safety and lowering
carbon footprint (solvent recycling, closed-loop systems)

Challenges of green separations in industry

« Higher initial capital costs and scale-up difficulties hinder widespread adoption (pilot plant studies,
economic feasibility assessments)

* Regulatory hurdles and resistance to change in established industries slow implementation
(compliance with GMP, industry partnerships)

+ Continuous manufacturing processes in pharmaceuticals enable more efficient use of green solvents

(flow chemistry, integrated separations)

* Membrane-based gas separations and adsorption processes for sulfur removal improve
petrochemical industry sustainability (natural gas purification, desulfurization)

« Supercritical CO2 extraction and membrane filtration enhance food processing efficiency (coffee
decaffeination, juice clarification)

* Long-term cost savings through improved efficiency and market differentiation drive economic
incentives (reduced energy consumption, eco-friendly product labeling)

« Future research focuses on novel green solvents, process modeling, and integration with other unit

operations (machine learning optimization, hybrid separation systems)

14.4 Future trends and challenges in separation processes

Separation processes are evolving rapidly, driven by demands for purity and sustainability. Advanced

membranes, hybrid systems, and green solvents are reshaping the field, while energy efficiency remains a

key focus through process intensification and renewable energy integration.

Challenges like scalability and cost-effectiveness are being tackled through collaborative R&D and modular
designs. Emerging tech, including Al and smart materials, promises to revolutionize separations, enabling

more precise and efficient processes across industries.

Future Trends in Separation Processes

Future trends in separation processes

* High-purity product demand drives development of advanced membrane technologies (reverse
osmosis) and hybrid separation systems combining multiple techniques (membrane distillation)

* Environmental regulations push shift towards green solvents (supercritical CO2) and closed-loop
systems minimizing waste generation

 Energy-efficient processes adopt process intensification techniques like reactive distillation and utilize

renewable energy sources (solar thermal)

Challenges for advanced separation technologies

« Scalability issues arise when maintaining performance at industrial scales requires specialized
equipment design and extensive pilot testing
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* Cost-effectiveness concerns stem from high initial investments for novel materials (graphene
membranes) and increased operational expenses

* Long-term stability challenges include material degradation, membrane fouling, and maintaining
consistent performance under fluctuating conditions

Strategies for innovative technology adoption

* Collaborative R&D fosters partnerships between academia and industry through open innovation
platforms and government-funded initiatives

» Modular and flexible designs incorporate scalable units (skid-mounted systems) and standardized
components for easier implementation across sectors

« Life cycle cost analysis integrates sustainability metrics and predictive maintenance to optimize
long-term economic viability

* Training programs upskill workforce through industry-specific workshops and updated engineering
curricula on emerging separation technologies

Impact of emerging technologies

* Al and machine learning enable predictive modeling for process optimization and real-time monitoring
systems detecting faults autonomously

* Process intensification miniaturizes separation units (microfluidic devices) and enhances mass
transfer through novel geometries (structured packings)

» Advanced materials like smart membranes (stimuli-responsive polymers) and nanostructured
adsorbents enable highly selective separations

+ Digital twins create virtual process designs for optimization and operator training in simulated
environments before physical implementation
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