1. Introduction to Enzymatic Degradation of Pollutants 
Enzymatic degradation is a biochemical process in which enzymes act as catalysts to convert harmful pollutants into non-toxic or less toxic compounds.
Enzymes are proteins produced by microorganisms, plants, and animals. In environmental biotechnology, enzymes are often isolated from microbes and used directly.
Why enzymes are important:
· They lower activation energy, speeding up reactions. 
· They are substrate-specific, meaning they act only on certain pollutants. 
· They function under mild conditions (normal temperature, pH). 
👉 Example: Laccase enzyme breaks down toxic dyes into simpler compounds.

Types of Pollutants Degraded by Enzymes 
A. Organic Pollutants
These are carbon-based compounds and are the main targets of enzymatic degradation.
1. Dyes
· Released from textile industries 
· Difficult to degrade due to complex structure 
· Enzymes break chromophore groups → remove color 
2. Phenols
· Found in industrial effluents (paper, petrochemical) 
· Toxic and carcinogenic 
· Enzymes convert phenols into less harmful compounds 
3. Pesticides
· Persistent in soil and water 
· Enzymes degrade them into simpler molecules 
4. Hydrocarbons (PAHs)
· From oil spills and combustion 
· Very stable compounds 
· Oxygenases help in their breakdown 
B. Inorganic Pollutants
· Heavy metals (Pb, Hg, Cd) 
· Cannot be degraded but can be: 
· Converted into less toxic forms 
· Immobilized or precipitated

4. Mechanism of Enzymatic Degradation 
Enzymatic degradation follows a biochemical reaction pathway where enzymes interact with pollutants (substrates) and convert them into simpler, less toxic products.
The overall reaction: 
E + S ⇌ ES → E + P
Where:
· E = Enzyme 
· S = Substrate (pollutant) 
· ES = Enzyme-substrate complex 
· P = Product 
Step 1: Adsorption (Binding of Pollutant to Enzyme)
What happens:
· The pollutant (substrate) comes into contact with the enzyme. 
· It binds to a specific region on the enzyme called the active site . 
Important concepts:
1. Active Site
· A small, specific pocket or groove on the enzyme surface. 
· Has a unique 3D shape and chemical properties . 
· Only specific pollutants can fit into it. 
👉 This is called specificity .
2. Types of Binding Forces
The binding is usually through weak interactions:
· Hydrogen bonds 
· Ionic interactions 
· Hydrophobic interactions 
· Van der Waals forces 
3. Models of Binding
Lock and Key Model
· Substrate fits exactly like a key into a lock. 
Induced Fit Model
· Active site changes shape slightly to fit substrate better. 
👉 In real systems, induced fit is more accurate.
4. Environmental Importance
· Determines which pollutants an enzyme can degrade. 
· Example: Laccase binds phenolic compounds specifically. 
Step 2: Enzyme-Substrate Complex Formation (ES Complex)
Reaction:
E + S → ES
What happens:
· After binding, a temporary enzyme-substrate complex (ES) is formed. 
· This is an unstable intermediate state . 
Why is ES complex important?
1. Lowers Activation Energy
· Enzymes reduce the energy required for the reaction. 
· Makes degradation faster. 
2. Proper Orientation
· Enzyme positions the pollutant correctly. 
· Ensures the right bonds are targeted. 
3. Strain on Bonds
· Enzyme may stretch or weaken bonds in pollutant molecules. 
· Makes them easier to break. 
Example:
In phenol degradation:
· Phenol binds enzyme 
· Hydroxyl group is positioned for reaction 
🔥 Step 3: Catalysis (Chemical Transformation)
What happens:
· The enzyme chemically modifies the pollutant. 
· Complex molecules are broken down into simpler ones. 
Types of Catalytic Actions
1. Bond Breaking (Degradation)
· Large molecules → smaller molecules 
· Example: Dye molecules → colorless compounds 
2. Oxidation-Reduction
· Electrons are transferred 
· Example: 
· Laccase removes electrons → oxidizes pollutant 
3. Hydrolysis
· Water is used to break bonds. 
· Example: 
· Proteins → amino acids 
4. Oxygen Insertion
· Oxygen is added to pollutant 
· Helps in breaking stable aromatic rings 
What happens structurally:
· Bonds in pollutants become unstable 
· Intermediate products form 
· Finally converted into: 
· CO₂ 
· H₂O 
· Simple organic acids 
Example (Phenol Degradation Pathway):
Phenol → Catechol → Ring cleavage → CO₂ + H₂O
🚪 Step 4: Product Release
Reaction:
ES → E + P
What happens:
· The final products detach from the enzyme. 
· Products are usually: 
· Less toxic 
· More soluble 
· Easier to remove from environment 

3. Important Enzymes in Pollutant Degradation (Detailed)
A. Oxidoreductases
These enzymes catalyze oxidation-reduction reactions.
1. Laccase
· Multi-copper enzyme 
· Uses oxygen to oxidize pollutants 
Mechanism:
· Removes electrons from pollutants 
· Breaks aromatic rings 
Applications:
· Textile dye degradation 
· Lignin degradation in paper industry 
2. Peroxidases
Require hydrogen peroxide (H₂O₂) to function.
Types:
· Lignin peroxidase (LiP) 
· Manganese peroxidase (MnP) 
Function:
· Break strong chemical bonds in complex molecules 
· Degrade phenols and lignin 

B. Hydrolases
These enzymes break bonds using water.
Mechanism:
Hydrolysis reaction: 
Compound + H₂O → Simpler products
Examples:
· Proteases → proteins → amino acids 
· Lipases → fats → fatty acids 
· Cellulases → cellulose → glucose 
C. Oxygenases
Introduce oxygen into pollutants.
Types:
· Monooxygenases → add one oxygen atom 
· Dioxygenases → add two oxygen atoms 
Importance:
· Break stable aromatic rings 
· Initiate degradation of hydrocarbons
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Key points:
1. Enzyme is Unchanged
· Enzyme structure remains intact 
· Can participate in another reaction cycle 
2. Turnover Number
· One enzyme can degrade many pollutant molecules 
· Makes enzymes highly efficient 
3. Product Diffusion
· Products diffuse away into environment 
· Prevents re-binding to enzyme 
🔁 Overall Cycle (Continuous Process)
1. Enzyme binds pollutant 
2. Forms ES complex 
3. Catalysis occurs 
4. Products released 
5. Enzyme reused 
👉 This cycle repeats many times.
🌍 Environmental Significance
· Converts toxic pollutants into harmless substances 
· Reduces environmental pollution 
· Supports sustainable bioremediation

5. Enzyme Immobilization 
📌 Definition 
Enzyme immobilization is the process of physically or chemically confining enzymes onto or within a solid support or matrix , such that they retain their catalytic activity while being restricted in movement.
👉 In simple words: 
The enzyme is “fixed” in one place but still works efficiently.
🎯 Why Immobilization is Needed 
Free enzymes (in solution) have several problems:
· Difficult to recover after reaction 
· Cannot be reused 
· Easily denatured by temperature or pH 
· High operational cost 
👉 Immobilization solves these problems by stabilizing enzymes and making them reusable .
🎯 Purpose of Enzyme Immobilization 
1. Improve Enzyme Life (Stability Enhancement)
What happens:
· Free enzymes are sensitive to environmental conditions. 
· Immobilization provides a protective environment around the enzyme. 
How it helps:
· Prevents enzyme denaturation (loss of structure) 
· Maintains proper folding of protein 
· Reduces degradation by external factors 
Example:
· Laccase immobilized in alginate beads remains active for longer than free laccase. 
2. Enable Repeated Use (Reusability)
What happens:
· Immobilized enzymes are attached to a solid support. 
· After reaction, they can be easily separated. 
How it helps:
· Enzyme can be reused multiple times 
· Reduces cost of enzyme production 
Example:
· Immobilized enzyme beads can be filtered and reused in wastewater treatment. 
3. Increase Resistance to Harsh Conditions
Harsh conditions include:
· High temperature 
· Extreme pH 
· Presence of toxic chemicals 
What happens:
· Immobilization creates a microenvironment around enzyme. 
· This protects enzyme structure. 
Result:
· Enzyme becomes more resistant to: 
· Heat denaturation 
· Chemical inhibition 
· pH changes 
🔬 How Immobilization Works 
When an enzyme is immobilized:
· Its movement is restricted. 
· Its active site remains exposed 
· Substrate can still enter and react 
👉 Only the enzyme's position is fixed , not its function.
🧫 Types of Supports Used
1. Solid Supports
· Glass beads 
· Silica 
· Activated carbon 
2. Gel Matrices
· Sodium alginate 
· Agarose 
· Polyacrylamide 
3. Membranes
· Semi-permeable capsules 
⚙️ Microenvironment Concept 
Immobilization creates a localized environment around the enzyme.
Effects:
· Maintains optimum pH near enzyme 
· Reduces exposure to toxins 
· Controls substrate diffusion 
👉 This is why immobilized enzymes are more stable.
🔁 Reusability Cycle (Industrial Importance)
1. Add immobilized enzyme to reaction mixture 
2. Pollutant degraded 
3. Remove enzyme (filtration/settling) 
4. Wash and reuse 
👉 This cycle can be repeated many times.
🏭 Importance in Pollution Control
Immobilized enzymes are widely used because:
· They can work continuously in reactors 
· Easy to separate from treated water 
· Reduce operational costs 
· Provide consistent performance 

