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Abstract

Industrial wastewater varies sharply with the materials and reactions used in production. Metal finishing
discharges dissolved metals and complexing agents; textile processing contributes dyes and salts;
chemical manufacturing may release refractory organic compounds. Chemical treatment changes the
form, reactivity, or separability of these pollutants through acid-base reactions, precipitation,
coagulation, oxidation, reduction, adsorption, and ion exchange. This review explains the chemical
principles, practical operating variables, and limits of major treatment methods. No reagent is universally
effective: a process must be selected from measured wastewater composition, discharge requirements,
sludge management options, and pilot testing. A useful treatment train often begins with segregation and
equalization, removes metals or colloids by precipitation and coagulation, treats persistent dissolved
compounds by selective oxidation or adsorption, and finishes with polishing and verification. Attention

to reaction products is as important as disappearance of the original contaminant.
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Introduction

Industrial wastewater is a mixture rather than a single chemical problem. Its composition depends on
raw materials, production schedules, cleaning practices, and water reuse. Common concerns include
high chemical oxygen demand (COD), suspended and dissolved solids, extreme pH, color, toxic metals,
cyanide, oils, and persistent organic compounds. An effluent can look clear yet contain dissolved ions;

conversely, a visibly colored sample can have a modest mass of organic carbon. Treatment therefore
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starts with analysis rather than the selection of a fashionable reagent. Representative sampling should
include peak and average flows, pH, conductivity, COD, total organic carbon when appropriate, total

and dissolved metals, alkalinity, and compounds relevant to the industry [1,2].

Chemical methods are especially valuable when a pollutant resists biological breakdown, inhibits
microbes, or must be transformed before a separation step. They can also be applied before biological
treatment to reduce toxicity or after it to meet a stringent target. Their disadvantages are reagent
consumption, reaction byproducts, energy use, and residual solids. The central engineering question is
which reaction produces a stable, removable, and acceptable product under the conditions of the actual
effluent. This paper reviews established and emerging methods from that chemical perspective, with

particular attention to pH, speciation, competing constituents, and safe handling of residuals.

Wastewater Chemistry and Process Selection

pH governs many treatment reactions because it changes the charge and solubility of pollutants as well
as the active form of reagents. Metal ions may form insoluble hydroxides at one pH but soluble hydroxo
complexes at a higher pH. Organic acids become ionized as pH rises, changing adsorption and membrane
behavior. Oxidants can react with the target, background organic matter, chloride, carbonate, or bromide;
the measured dose thus differs from the theoretical stoichiometric requirement. Before design, bench
tests should compare candidate reagents over a realistic range of pH and doses. The resulting filtrate and

solids should both be analyzed.

A mass balance prevents misleading interpretations of removal. Precipitation and adsorption transfer
contaminants into sludge or spent media; oxidation may transform them into smaller molecules without
fully mineralizing them. COD reduction, toxicity reduction, and compliance with an individual chemical
limit are distinct outcomes. An operator should track influent and effluent concentration, flow, reagent
mass, sludge quantity, energy per volume treated, and any hazardous reaction products. Source control
and segregation may make all subsequent treatment easier: concentrated plating baths, for example,

should not be diluted into a large combined stream simply to reduce the measured concentration.

Neutralization and pH Adjustment
Acid-base neutralization is often the first controlled reaction. Acidic waste can be dosed with sodium
hydroxide or lime, while alkaline waste may be treated with mineral acid or, when suitable, carbon

dioxide. The basic reaction H* + OH~ — H:O describes proton transfer but does not capture buffering
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or precipitation. A wastewater containing weak acids and bicarbonate requires titration data; pH alone
cannot predict reagent demand. Lime adds calcium, which can form scale with carbonate, sulfate, or
phosphate. Carbon dioxide can reduce a high pH with less risk of extreme local acidity, although its

effectiveness depends on gas transfer and carbonate equilibrium.

Equalization tanks reduce sudden changes in flow and composition before automatic dosing. Reagent
addition should be mixed sufficiently to avoid localized corrosive or high-pH zones, followed by enough
reaction time for a stable endpoint. A feedback pH probe must be calibrated and positioned after mixing.
Neutralization itself does not remove dissolved salts or organic molecules. It usually prepares the water

for precipitation, coagulation, biological treatment, or a final discharge pH requirement [1].

Chemical Precipitation of Metals and Inorganic Pollutants

Dissolved metal pH adjustment Solid separation

M2+ in wastewater ) Add OH- and mix ) M(OH): precipitate

ldealized reaction: M+ + 20H~ - M(OH)2(s); actual removal depends on metal speciation and pH.

Figure 1. Hydroxide precipitation and subsequent solid separation.

Precipitation converts dissolved species into insoluble solids that can be settled or filtered. For a divalent
metal, the idealized hydroxide reaction is M?** + 20H~ — M(OH)z(s). The solubility product gives
[M>*][OH"]* = Ksp at equilibrium. Raising pH can lower free metal concentration, but real wastewater
contains ligands such as ammonia, citrate, and ethylenediaminetetraacetic acid that hold metals in
solution. Moreover, amphoteric hydroxides, including those of aluminum and zinc, may redissolve at

excessive pH. A single pH target cannot be assumed suitable for every mixture [1,2].

Carbonate precipitation can form MCOs(s), while sulfide can produce highly insoluble metal sulfides.
Sulfide treatment may reach low dissolved-metal concentrations, yet dosing requires strict control: at
low pH, toxic hydrogen sulfide gas can form, and leftover sulfide may itself be regulated. Hydroxide
precipitation is more familiar operationally but may create a greater volume of wet sludge. Selective

precipitation is possible when individual metal chemistry and pH ranges differ enough, although
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industrial mixtures often complicate clean recovery. Phosphorus-containing wastes can also be treated

by forming insoluble calcium, iron, or aluminum phosphates.

After reaction, small particles must be separated by clarification, flotation, or filtration. Fine solids
escaping the separator can make a total-metal measurement exceed its limit even when the truly
dissolved fraction is low. The sludge must be characterized for disposal or metal recovery; moving
metals from water into an unstable solid is incomplete treatment. EPA guidance identifies chemical
precipitation as an established method for industrial metal-bearing wastewater, while emphasizing the

role of wastewater-specific testing [1,2].

Coagulation and Flocculation

Colloidal particles remain suspended because electrostatic repulsion and their small size prevent rapid
settling. Iron or aluminum salts destabilize these particles; hydrolysis produces positively charged
species and metal hydroxide flocs. A simplified iron reaction is Fe** + 3H.O — Fe(OH)s(s) + 3H*. The
released acid lowers pH and consumes alkalinity, so coagulant dose and pH control are linked. Charge
neutralization, adsorption to hydroxide surfaces, and sweep flocculation can all contribute to removal.
A polymer flocculant may bridge destabilized particles into larger aggregates, but overdosing can

restabilize a suspension or leave residual polymer.

Jar tests assess rapid mixing, slow floc growth, settling, and final turbidity using the actual wastewater.
Color removal is especially dependent on dye structure and charge; a result from one dye bath should
not be generalized to another. Coagulation can remove suspended solids, emulsified material,
phosphorus, and some organic matter, but dissolved salts and many small neutral compounds remain.
The method generates sludge containing coagulant hydroxides and captured contaminants. Its best place
in a treatment train is frequently before filtration, adsorption, or oxidation, where reducing turbidity can

improve downstream performance [1].

Oxidation and Reduction

Oxidation changes electron-rich pollutants into more oxidized products, whereas reduction supplies
electrons to species such as hexavalent chromium. Chlorine-based oxidants, hydrogen peroxide, ozone,
and permanganate have different selectivity and byproduct profiles. For Cr(VI), reduction to Cr(Ill) may

be followed by hydroxide precipitation. A representative acidic half-reaction is Cr.O*~ + 14H* + 6~ —
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2Cr** + TH20. Separating these stages matters: incomplete reduction leaves the more mobile and toxic

oxidation state, while precipitation requires an appropriate subsequent pH.

Oxidation of cyanide in metal finishing can reduce acute hazard under carefully controlled alkaline
conditions, but inappropriate pH control may release hydrogen cyanide or generate undesirable
chlorinated species. Such treatment requires professional process design and continuous safeguards. For
organic contaminants, an oxidant may break chromophores and remove visible color without fully
converting organic carbon to CO:. Chlorination can create disinfection byproducts when reactive organic
matter is present. Reaction products and toxicity therefore require direct assessment, rather than treating

disappearance of color or parent compound as proof of detoxification.

Advanced Oxidation Processes

Reagents Radical formation Organic oxidation

Fe2* + H20: ) *OH generated ) Transformation products

Simplified Fenton pathway; mineralization and toxicity must be checked separately.

Figure 2. Reaction pathway in conventional Fenton oxidation.

Advanced oxidation processes generate highly reactive species, often hydroxyl radicals (*OH), that
attack diverse organic molecules. In the Fenton reaction, Fe?" + H.O. — Fe** + «OH + OH". Conventional
Fenton treatment commonly operates in acidic conditions because iron speciation and precipitation
affect catalyst availability. It may improve the biodegradability of refractory wastewater, but excess
peroxide, dissolved scavengers, and iron sludge increase cost. The apparent reaction speed measured in
clean water can fall in a complex effluent because radicals also react with bicarbonate and natural organic

matter [3].

Ozone can react directly with susceptible organic groups or generate reactive radicals under suitable
conditions. Its low solubility and short lifetime require effective gas—liquid transfer and on-site
generation. Ozone treatment demands assessment of bromate when bromide is present, along with off-
gas destruction. UV/H:20: uses ultraviolet photons to split peroxide into radicals; colored and turbid

wastewater can absorb or scatter the light before it reaches the reagent. Photocatalysis, commonly
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studied with TiO-, can also generate reactive charge carriers, but catalyst recovery, light penetration, and
scale-up remain practical barriers. An advanced oxidation process is justified when a defined target or
improved biodegradability warrants its energy and chemical use. It should not be specified merely

because a high laboratory percentage removal was reported [3].

Electrochemical Treatment

Electrocoagulation generates coagulant in situ when a sacrificial iron or aluminum anode dissolves. For
iron, Fe(s) — Fe?" + 2e7; subsequent hydrolysis and oxidation form species that capture pollutants.
Cathodic reactions can change local pH and release hydrogen bubbles that assist flotation. Compared
with dosing a metal salt, electrocoagulation gives a different distribution of reactive species and requires
electricity, electrode replacement, and cleaning. Conductivity, current density, passivation, and

competing ions influence performance [4,5].

Electrochemical oxidation can act directly at an anode or indirectly through electrogenerated oxidants.
Electrode material strongly affects the balance between pollutant destruction and side reactions. In
chloride-rich water, active chlorine formation may aid treatment while also creating chlorinated
byproducts; this is a reason to analyze the treated effluent, not merely COD. Cathodic metal recovery or
reduction can be attractive for concentrated streams. Published reviews describe substantial promise for
electrochemical methods, but energy demand, electrode lifetime, and results from real rather than

synthetic wastewater determine whether a full-scale application is sound [4,5].

Adsorption and Ion Exchange

Adsorption transfers dissolved compounds from water to a solid surface. Activated carbon is useful for
many organic molecules because of its high surface area and pore structure. Uptake depends on
molecular size, charge, hydrophobicity, contact time, and competition from other dissolved organics. A
breakthrough curve, plotting effluent concentration against treated bed volumes, is more useful for
design than a single equilibrium removal percentage. Spent carbon must be regenerated or disposed of
responsibly. Other sorbents, including engineered oxides and biochar, can bind selected metals or dyes,

but reported laboratory capacity often decreases in mixed industrial wastewater.

Ion exchange replaces counterions on a resin with target ions in solution. A cation-exchange resin may
capture metal cations, while an anion-exchange resin may capture chromate or other anions. Selectivity

depends on ionic charge, hydrated size, competing salts, and pH. Regeneration produces a smaller but
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concentrated waste stream that still needs treatment or recovery. Both adsorption and exchange are
particularly useful as polishing stages after bulk contaminants and suspended solids have been removed;

premature application leads to rapid fouling or exhaustion.

Integrated Treatment and Evaluation

Equalization Precipitation Clarification Polishing

Stable feed - Metal removal - Solids removal - Target residuals

lllustrative sequence; the final process order follows measured wastewater chemistry.

Figure 3. Example chemical treatment sequence for industrial wastewater.

A practical sequence begins by minimizing pollutants at the source and segregating streams that require
incompatible reactions. Equalization stabilizes the feed, followed by pH adjustment and metal
precipitation where needed. Coagulation, sedimentation, and filtration remove the solids. Biological
treatment can then address biodegradable organics, while advanced oxidation, adsorption, or ion
exchange polishes defined residual pollutants. The order may change: pretreatment oxidation can
improve biodegradability, whereas post-biological oxidation often costs less because background

organic demand is lower.

Selection should be based on matched performance criteria: final dissolved and total metal concentration,
COD and total organic carbon, toxicity, sludge generation, chemical consumption, and energy use. A jar
test or batch reactor is only a screening tool. Continuous pilots reveal variations in feed composition,
reagent control, scaling, and media breakthrough. Costs should include chemicals, electricity, operator
time, instrument maintenance, sludge dewatering, residual disposal, and off-gas management. Finally,
compliance must be checked against the applicable local discharge or reuse requirement, which varies
by industry and jurisdiction. The chemical mechanism suggests a treatment option; measurements of the

real effluent establish whether it succeeds.
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Monitoring and Residual Management

Monitoring should distinguish rapid operating checks from slower laboratory confirmation. Online pH,
oxidation—reduction potential, flow, and conductivity can flag a failed dose or an unexpected production
discharge. Laboratory measurements of dissolved and total metals, COD, and target compounds verify
what the instruments cannot. Samples for dissolved metals should be filtered using an appropriate
validated protocol; otherwise a comparison of dissolved and total results has little meaning. Composite
samples describe an average, but grab samples may be necessary to detect short, concentrated releases.
Quality assurance includes calibration, blanks, duplicate samples, and a documented chain from

collection to analysis.

Treatment residues need the same chemical scrutiny as the liquid outlet. Metal hydroxide sludge may
release metals if later exposed to acid; spent carbon can retain concentrated organic pollutants; resin
regeneration produces a saline concentrate. Dewatering reduces transport volume but does not remove
contaminant mass. Where valuable metals are present at sufficient concentration, recovery may be
preferable to disposal. Performance reporting should therefore pair effluent quality with a residue
inventory and the measured consumption of chemicals and energy. This broader accounting prevents a

process from appearing successful simply because contamination has been moved to another phase.

Conclusion

Chemical treatment provides a flexible set of reactions for pollutants that cannot be separated by settling
alone or reliably removed by biological treatment. Neutralization creates suitable conditions;
precipitation and coagulation move metals and colloids into separable solids; redox chemistry changes
hazardous oxidation states or attacks organics; adsorption and ion exchange concentrate residual
dissolved pollutants. Advanced and electrochemical oxidation extend the options for persistent
compounds but introduce energy demands and possible reaction byproducts. Effective design connects
pollutant speciation, reaction kinetics, physical separation, and management of residuals. The strongest
treatment train is consequently tailored by wastewater characterization, bench and pilot testing, and

verification of both the effluent and the material removed from it.
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