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Chemical coagulation is a robust and efficient method used in both water supply
and wastewater treatment mainly for particle removal, but also for removal of
dissolved components. The use of the coagulation process in various process
combinations in modern treatment plants generates not only possibilities but also
challenges, especially regarding the downstream processes of recovery and reuse
of valuable material from waste streams. Potential process combinations together
with efficient solutions to meet the above challenges are presented. The potential
role of coagulation in managing emerging micropollutants and microplastics is also
discussed.

1. Process of Coagulation

1.1. Introduction to Coagulation

Coagulation is a process where particles are efficiently removed. Coagulation was first used by
the ancient Egyptians as early as 2000 B.C.E. and has rapidly developed over the last few decades.
Today, it is the most common treatment process for drinking water and is widely used for wastewater
treatment. Some countries, like Norway, treat more than 70% of their wastewater using coagulation
(1).

Coagulation, followed by a separation process, is the most efficient and robust unit process for
removing particulate matter (typically with diameters > 10 nm) from water and wastewater. It also
removes dissolved fractions of certain components like natural organic matter (humic substances) in
raw drinking water and phosphates in domestic and industrial wastewater.

Particulate matter contains both colloids (typically 10 nm to 1 µm) and small particles (typically
>1 µm). In wastewater, it may also represent a fraction of organic matter (typically 40–60%) and
nitrogen compounds (typically 15–30%). Thus, efficient removal of particulate matter from
wastewater will also remove a fraction of organic matter and nitrogen, though in amounts often below
the required levels.
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1.2. Definitions

Coagulation is often referred to as the process of destabilization of colloidal systems, leading
to the agglomeration of particulate material in water and wastewater. However, coagulation in
wastewater treatment is defined as the process that leads to the removal of colloids, particles, and
phosphates through precipitation and agglomeration into bigger and easily settable particulate
material.

The coagulation process in practice consists of coagulation, flocculation, and separation unit
processes. After the coagulation, the destabilized colloids and other precipitates form smaller
agglomerates that need to be grown further into large, stronger, and compact flocs. This process
is called flocculation and is defined as a process of contact and adhesion whereby the particles of
dispersion form larger-size clusters. The agglomerated particulate matter can then be separated using
sedimentation, flotation, or filtration processes.

The chemicals used during the coagulation and flocculation processes are called coagulants
and flocculants, respectively. Also, we have to be aware of the incorrect use of “flocculation and
flocculants” for coagulation and coagulants, which, unfortunately, continue to appear even in some
modern scientific literature.

1.3. Stability of the Colloidal System

Most water and wastewater in nature are negatively charged, stable colloidal systems. The
positively charged ions in the solution, or so-called counter-ions, strongly attach to the particle
surface and form the Stern layer. In addition to these counter-ions, many other positive ions are also
attracted to the same particle, due to their positive charge and the negative charge of the particle,
although somewhat loosely due to the repulsion from the positive ions in the Stern layer, as well as
due to the competition for attachment by other positive ions. This results in a dynamic equilibrium
forming the diffuse layer. The concentration of the counter-ions in the diffuse layer gradually reduces
with the distance from the particle. The negatively charged ions in the solution, also called co-ions,
gradually increase their presence in the diffuse layer, forming an equilibrium. The Stern layer and the
diffuse layer form the so-called double layer. These layers are illustrated in Figure 1.

The same negative charge of the particles, as well as the width of the double layers, prevents
agglomeration of particles with each other. For this reason, the particles remain dispersed in
suspension, until their charges and the double layers are significantly reduced.

The stability of the colloidal systems is described by the Derjaguin–Landau–Verwey–Overbeek
theory, which suggests that the stability of a particle in solution is dependent upon its total potential
energy function VT, which is the sum of three forces:

where VS is the potential energy due to the solvent, which is insignificant in practice.
The attractive force is described by

where A is the Hamaker constant and D is the distance between the particles. VA is also called the van
der Waals force.
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Figure 1. Electrical double layer and distribution of co-ions and counter-ions. Reproduced with permission
from reference (2). Copyright Zetameter.

The repulsive force due to the electrical double layer is described by

where a is the particle radius, ε is the solvent permeability, κ is a function of the ionic composition,
and ζ is the zeta potential.

The energy barrier resulting in the sum of forces (Figure 2) prevents particles, which are in
Brownian motion, from approaching sufficiently closer where the attraction forces dominate. During
the coagulation of wastewater, these conditions are manipulated so the particles will fall into the areas
where attractive forces dominate.

1.4. Mechanisms of Coagulation

There are several classifications of coagulation mechanisms in the literature. The four
mechanisms presented below cover all classifications.

1.4.1. Mechanism of Particle Removal

The first of the four mechanisms is double layer compression. The compression of the double layer
reduces the energy barrier so the particles can come closer. This is achieved by adding indifferent
electrolytes to the wastewater. The Schultz–Hardy rule indicates that the influence of the indifferent
electrolytes increases with the valence of the ions, by sixth exponential power. For example, one
mole of Ca2+ has the same influence as 26 ions of Na+ on the double layer compression. To get the
advantage of this phenomenon, some wastewater treatment plants add seawater to the wastewater
influent, as seawater has high concentrations of Ca2+ and Mg2+ ions.
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Figure 2. Total potential energy of two particles approaching each other. Reproduced with permission from
reference (2). Copyright Zetameter.

Adsorption-charge neutralization is the second mechanism. This is the most cost-efficient
mechanism in coagulation, where the positively charged ions and species cover the negatively
charged particles, thereby reducing the surface charge and by that the energy barrier. It is cost-
efficient because the neutralization process takes place stoichiometrically between the positively and
negatively charged ions. Coagulation by this mechanism can be achieved using inorganic coagulants
or cationic organic polymers. As described in Section 1.5.1, inorganic coagulants produce a series of
positively charged ions and species during the hydrolysis.

Interparticle bridging is the third mechanism and occurs when organic coagulants or organic
polymers are used. Polymers have threads and fibers that bind the particles into large and compact
agglomerates. Polymers with higher molecular weight are usually more effective, due to their long
chains.

The fourth mechanism is called colloidal entrapment or “sweep floc.” The final product of the
hydrolysis of inorganic coagulants is the hydroxide precipitates, which can entrap particles. This
mechanism consumes coagulants in excess of stoichiometry, but it is undoubtedly the dominating
mechanism in wastewater coagulation.
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1.4.2. Mechanisms of Organic Matter Removal

Natural organic matter (NOM) is the source of natural color in raw waters. NOM removal is
crucial in drinking water treatment as it may produce carcinogenic disinfection by-products such as
trihalomethanes. NOM mainly consists of humic substances but also has other organic matter. The
average size of humic substances is 0.47–3.3 nm. NOM is measured by color, ultraviolet adsorption,
and Total Organic Carbon (TOC). NOM is reported to be removed via all particle removal
mechanisms, and NOM may control coagulant dosage and selection of water treatment rather than
particles (3).

1.4.3. Mechanisms of Phosphate Removal

Phosphates in wastewater are found in particulate and dissolved forms. The particulate
phosphates are removed as particles, described above. The dissolved phosphates can be efficiently
removed with inorganic coagulants. Two main mechanisms are widely accepted for the removal of
dissolved phosphates.

Chemical precipitation is the dominant mechanism for phosphate removal:

The dissolved phosphates react with metal ions and form phosphate precipitates, which are then
efficiently removed through the particle removal mechanisms.

Phosphate ions may also precipitate together with metal hydroxides and integrate into other
complex products that are generated during the reaction with water. They could also adsorb into the
hydroxide flocs and other precipitates, and thereafter be removed from the wastewater.

1.4.4. Dominance of Particle Removal Mechanisms

Broadly speaking, there are two mechanisms dominant in practice: adsorption-charge
neutralization and colloidal entrapment (4). In addition to these two mechanisms, the double layer
compression mechanism can influence the coagulation process with the presence of electrolytes,
as noted later. Colloidal entrapment only takes place when inorganic coagulants are present. The
interparticle bridging takes place only when organic coagulants are present. Table 1 summarizes the
operational dominance of coagulant mechanisms.

Table 1. Dominance of the Coagulation Mechanism in Operational Practice
Water Type Drinking Water Coagulation Wastewater Coagulation

Mechanism and
coagulant type

Inorganic
coagulants

Organic coagulants Inorganic
coagulants

Organic coagulants

Double layer
compression

Occasionally Not applicable Used when
seawater is available

Not applicable

Adsorption-charge
neutralization

Dominant Occurs with
cationic polymers

Occurs frequently Occurs with
cationic polymers

Interparticle bridging Not applicable Dominant Not applicable Dominant

Colloidal entrapment
(sweep floc)

Occasionally Not applicable Dominant Not applicable
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1.5. Coagulants and Flocculants

1.5.1. Inorganic Coagulants

The fate of the coagulants in wastewater is described as follows:

where Me represents Al3+, Fe3+, or Ca2+ ions, while Me(PA) and Me(PO) are the portion of
coagulants that engage in particle removal and phosphate removal (5). Me(IN) is the interior part of
the coagulant, which will not contribute to particle or phosphate removal.

Although the early studies believed that only the remaining portion of coagulants after
precipitation of phosphates are available for particle removal, it was documented that both reactions
take place simultaneously and competitively, while the dominance of one or the other reaction
depends on the concentration of particles and phosphates, as well as the coagulant type (6).

The particle removal is mainly based on the hydrolysis of inorganic coagulants:

The above hydrolysis reaction goes through a number of stages that produce several intermediate
species which are favorable for coagulation. Depending on the conditions, there could be several
different mononuclear hydroxides (e.g., [AlOH]2+, [Al(OH)2]+, [Al(OH)3], and [Al(OH)4]-) or

polymerization reactions to polycations (e.g., [AlO4Al12(OH)24(OH2)12]7+) (7). Over 80 species
of aluminum could be generated (8), while Figure 3 presents examples of monomers in a solubility
diagram. The hydrolysis reaction completes within seconds, and to utilize these positively charged
species for coagulation, the wastewater mass should be efficiently and momentarily mixed with the
coagulant.

Figure 3. Solubility diagrams of Al(III) and Fe(III), with monomeric species. Reproduced with permission
from reference (9). Copyright McGraw–Hill 2013.
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Figure 4 illustrates the typical mechanisms related to the concentration (dosages) of coagulants
and pH.

Figure 4. Typical coagulation operational diagram. Reproduced with permission from reference (10).
Copyright John Wiley & Sons 2012.

The most common coagulants in the market are aluminum sulfate, ferric chloride, ferric sulfate
chloride, and calcium hydroxide. Research in the late 1980s has led to the production of
prepolymerized aluminum hydroxychlorides, enabling better utilization of mono- and polynuclear
species. The ratio of OH/Al is a key parameter in these coagulants.

Coagulants with high OH/Al ratios function at higher pH ranges and remove relatively less
phosphates, while achieving maximum removal of particles. They are thus more suitable for waste
water treatment plants (WWTPs) with precoagulation stages, as they result in less pH reduction and
leave some phosphates required for biological activity. The same coagulants are popular in drinking
water treatment in Scandinavia, where the raw water is soft, so using less pH-reducing coagulants has
advantages, especially in relation to corrosion in distribution systems.

Innovative coagulants with combinations of calcium (to increase the double layer effect), water
glass (to increase sedimentation characteristics), flocculants (to avoid the need for two dosing
systems), and so on are reported, although not widely used in practice.

1.5.2. Organic Coagulants

Organic coagulants have synthetic and biological origins. The synthetic polymers are dominant
both as coagulants and flocculants. The synthetic polymers are mainly polyamines,
Polydiallyldimethylammonium chloride (poly-DADMACS), dicyandiamide resins, and
melamine–formaldehyde resins. The polyacrylamides and poly-DADMACs are probably the most
popular cationic coagulants. These coagulants are characterized by their molecular weight (3000–
3,000,000) and cationic charge density (low to extra high).

Chitosans, derived from crab and shrimp shells, are considered as efficient biological coagulants
in drinking water with several advantages. In addition to the common advantage of functioning
over a broader pH range without altering the pH of the treated water, they also do not cause any
residual aluminum. However, one disadvantage is the price, as the organic polymers are considerably
more expensive than inorganic coagulants, and biopolymers are even more expensive than synthetic
organic polymers.
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1.5.3. Flocculants

The synthetic organic polymers are used as flocculants. They could have various levels of anionic,
non-ionic, or cationic charge and may have molecular weights of 3,000,000 to 20,000,000. The
flocculants can drastically increase the floc formation speed and the strength of the flocs and make
them much heavier, so the surface loads in sedimentation tanks could be increased even by 5–10
times. Flocculants are efficient products that increase the length of filtration (delayed breakthrough)
in drinking water treatment.

1.6. Coagulation Process Alternatives

1.6.1. Conventional Drinking Water Treatment

Conventional drinking water is presented in Figure 5. It is common to have sieves or microsieves
prior to coagulation and disinfection of the final treated water. If the water has low pH/alkalinity, the
pH/alkalinity will be adjusted after the disinfection. Depending on the components in between these
two stages, a variety of coagulation processes are defined. The most common coagulation processes
have a coagulant mixing zone followed by a flocculation stage where the flocs are gradually built
up. After flocculation, the flocs are separated by a sedimentation or flotation stage. To secure a very
good removal of flocs, it is more and more common to have a filtration stage in addition, which
may also include a Granular or Powder Activated Carbon (GAC or PAC filter, which can remove
any remaining organic compounds, odor, and taste). When the raw water has low particle content,
coagulation may occur without sedimentation or flotation, and the separation of the microflocs
occurs indirectly in the filter. Depending on if there is a flocculation stage or not, the process
combinations are called contact filtration or direct filtration. Early studies on the fundamentals of
contact filtration have laid the groundwork for process optimization (11). The latter configurations
are quite popular in Scandinavia and northern Europe but require a high level of process control.
Maintaining the coagulation pH within the working ranges of the respective coagulants is important,
and in some situations, especially when the raw water source is soft, the coagulants are added together
with CO2 and lime to control the pH, which also positively contributes to combating corrosion in the
distribution system.

1.6.2. Conventional Wastewater Treatment

In wastewater treatment, there are two main process alternatives: chemically enhanced primary
treatment (CEPT) and primary precipitation, which is also called direct precipitation (Figure 6).

The CEPT process is usually an addition of coagulants directly at the beginning of the
sedimentation tank so the removal of particles, as well as the sedimentation efficiency, increases. This
process is common in the U.S.A. and many big cities in Asia and Latin America.

The primary precipitation process consumes 2–5 times higher dosages of coagulants as
compared to CEPT and achieves particle and phosphate removals over 95%. The high coagulant
dosage also results in a higher amount of chemical sludge, which results in higher costs both for
coagulants and sludge management. However, it is the preferred alternative in many European
countries, especially in Scandinavia.
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Figure 5. Coagulation process alternatives in drinking water treatment.
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Figure 6. Coagulation process alternatives in wastewater treatment.

When coagulation processes in wastewater are combined with biological treatment processes, it
will be noted as pre‑, post‑, or simultaneous precipitation processes, depending on the positioning
of the coagulation stage compared to the biological stage. During the simultaneous coagulation, the
coagulant is added to the aeration tank. This is the only configuration where Fe(II) can function
as a coagulant, as it will be oxidized to Fe(III) by aeration. There are advantages and disadvantages
between the pre- and postprecipitation; the preprecipitation will remove most of the particulate
organic material, thereby drastically reducing the load to the biological process. However, the
reduced pH and too-low phosphates after preprecipitation can negatively affect the biological process
(see Section 2.1.2). The postprecipitation can function also as a polishing stage, securing extremely
high removal rates of particles and phosphates, and the process can be optimized without considering
downstream processes.

1.6.3. Electrocoagulation

Coagulation can also be achieved using electrochemical methods. An electrochemical cell
equipped with iron or aluminum electrodes will produce hydrolysis species, leading to coagulation
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like when using inorganic salts. Electrocoagulation offers the simplicity of dosing control by
adjustment of the electrical current intensity in accordance with Faraday’s law and reduced transport
costs compared with inorganic salts containing 5–10% of active Al or Fe (12). Electrocoagulation
has also had reported disinfection properties (13). Electrocoagulation is widely used in industrial
wastewater treatment, although its full potential in the water supply and domestic wastewater
treatment is yet not met.

2. Challenges in Coagulation

2.1. Challenges in Drinking Water Coagulation

2.1.1. Health Hazards in Drinking Water Coagulation

As mentioned earlier, coagulation is the most common method in water treatment, and
aluminum salts are the most widely used coagulants. As shown in Figures 3 and 4, aluminum species
are found in dissolved forms beyond pH ranges relevant to their concentrations. Nonoptimal dosing
of coagulants, especially in water with low alkalinity, may change the coagulation pH to undesirable
ranges where some of the aluminum will be in dissolved form. The common separation processes
are unable to remove dissolved fractions, and they may end up in the supplies to the consumers.
There are shreds of evidence of a linkage between the aluminum concentrations in drinking water
and Alzheimer’s disease (14). In a previous study involving 4000 older adults in southwest France,
it was found that aluminum consumptions in excess of 0.1 g/day were associated with a doubling
of dementia and tripling of Alzheimer risk (15). However, there are studies arguing there is no
conclusive relationship between aluminum concentration and Alzheimer risk (16). Using Fe-based
coagulants may avoid this challenge, sometimes with positive impacts on denser flocs, leading to
better sedimentation properties (17).

The excessive aluminum concentrations in water supply systems can be efficiently managed by
defining optimal coagulant dosages to avoid over- and underdosages combined with overriding with
coagulation pH range control to secure favorable pH ranges. Another option is to use biopolymers
such as chitosan, although the use is not yet economically feasible in bigger treatment facilities. The
real-time measurement of residual aluminum concentration is a good surveillance system.

2.1.2. Over- and Underdosage Leading to Disinfection By-Products in the Water Supply

Many treatment facilities prefer to use raw water from lakes rather than from rivers, due to its
more stable water qualities. The disadvantage is that some lake waters, in most lakes in the northern
Americas, Europe, and Asia, contain a high concentration of NOM, which may generate
carcinogenic compounds such as trihalomethanes during chlorination. The legislation in these areas
requires substantial removal of NOM prior to chlorination. However, the nonoptimal coagulant
dosing and unfavorable pH ranges may result in poor removal of NOM, leading to health risks. The
challenge has increased during the last few decades with the increase of NOM concentrations in lake
water, assumed to be a result of climate change.

Using more optimal dosing control systems, which rapidly respond to variations in raw water
quality and maintain favorable pH ranges, is a potential solution.
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2.2. Challenges in Wastewater Coagulation

2.2.1. Excessive Sludge Production in Wastewater Plants

One of the main disadvantages of coagulation of wastewater is the potential for the generation
of excessive amounts of sludge. During the hydrolysis process, aluminum or iron hydroxide is
produced, which will add to the sludge. To secure high particle and phosphate removal, some plants
add excessive amounts of coagulants, leading to excessive sludge production. Such dosages will not
only increase the cost of operation due to the coagulant costs but also increase the sludge treatment
costs unnecessarily.

The use of an optimal coagulant dosage is the most efficient solution for this challenge. The
optimal dosage in coagulation is a function of the flow, pH, particles, and phosphates, while these
parameters do not vary proportionally to each other. Nevertheless, most treatment plants use flow-
proportional dosing, at best with pH overriding. There are innovative solutions available for defining
optimal dosing with good results, and a multiparameter-based dosing control system is one example
(18) and is further described in Section 3.2.1.

Flocculants may play an important role in producing compact and better dewaterable sludge, in
addition to enhancing the flocculation and separation processes. However, it is a challenge to select
the optimal flocculants from the plethora of flocculants available in the market, partially due to the
limited product descriptions disclosed by the producers.

2.2.2. Negative Impact on Downstream Biological Processes

Coagulation is the most robust and efficient process for the removal of phosphates from
wastewater. Many biological treatment plants in Europe are adding coagulation stages to meet the
discharge permits requiring high phosphate removal rates. High dosages of coagulants may reduce
the pH of the treated water, which will negatively impact the biological processes downstream (19).
It is also reported that biological processes may be retarded if there is too little phosphate (20).

With the increasing prepolymerization ratio (OH/Al ratio of coagulants), the pH will be less
affected, and phosphates will not be removed to the same levels as with aluminum sulfates (7). Thus,
the selection of suitable coagulants for preprecipitation tanks is a potential solution. Another option
is to consider postprecipitation instead of preprecipitation, where the coagulation process functions
also as a polishing stage and with no downstream processes depending on pH or residual phosphates.

2.2.3. Challenges with Resource Reuse

Wastewater and sludge are rich in organic matter, nitrogen, and phosphates. The circular
economy is in focus also in the water sector, so the recovery and reuse of these species from
wastewater processing are a priority. The more accessible phosphates, for example, are estimated
to be in deficit within this century, while 16% of the world fertilizer need for phosphates can be
provided from wastewater (21). One popular option is to use the wastewater sludge in agriculture as
it functions as a soil conditioner and a valuable source of phosphates. However, some studies suggest
that the plant availability of phosphates in coagulated sludge could be reduced by 80–90% compared
with mineral fertilizers or biological sludge (22). They also suggest that there is a direct relationship
between the aluminum or iron content in the sludge and the reduction in plant availability. Although
the most common precipitates (AlPO4) require only 1 mole aluminum per phosphate mole, in
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practice some WWTPs use 3–7 moles. This is far higher than the estimates of optimal dosages, which
are closer to 1.4 moles of aluminum considering the competing hydrolysis reaction.

The aluminum and iron content in the sludge can be efficiently reduced by more optimal dosing
of coagulants, for example, dosing not only proportional to the flow but also proportional to particles
and phosphates. The concept presented in Section 2.2.1 is a potential solution to achieve this.
WWTPs with such concepts have successfully reduced the Al:P ratio during coagulation (18).

3. Recent Developments as Potential Solutions

3.1. Use of Coagulants

3.1.1. New Coagulants

Traditionally, Ca2+, Fe3+, and Al3+ salts have been used as coagulants. While Ca2+ coagulants
have become less common, Al3+ has become the dominant coagulant in the water supply. To increase
the efficiency of these traditional coagulants, prepolymerized coagulants were introduced in the
1980s. They are prepared by carrying out partial hydrolysis, enabling more efficient utilization of
positively charged hydrolysis species mainly in an adsorption-charge-neutralization mechanism.
While the first generation of prepolymerized coagulants were polyaluminum chlorides and polyferric
chlorides, a new generation of coagulants such as polyaluminum silicate sulfate, polyferric sulfate,
and polyaluminum ferric sulfates are well studied (23). As noted in Section 2.2.2, prepolymerized
coagulants have several advantages over traditional aluminum sulfate or alum, for various reasons.

Recently, Ti4+ and Zr4+ salts have been proposed as highly efficient coagulants, considering their
high valency (24, 25). However, they are not yet used at commercial scales, mainly due to the cost of
the coagulant. There is ongoing research on improving the coagulation efficiency of chitosan and the
reintroduction of ancient coagulants like moringa (Moringa oleifera seeds) and zeolites (26). Although
there are full-scale facilities using chitosan, their capacities are limited at present (27).

3.1.2. Combined Coagulation

It is generally valuable to reduce the use of inorganic coagulants, for example, to avoid excessive
sludge and reduce the plant availability of phosphates. When an inorganic coagulant is added to
wastewater, the hydrolysis and the phosphate precipitation take place simultaneously. Organic
coagulants (cationic polymers) are quite efficient in particle removal, while they have no effect on
dissolved phosphates. Thus, if one can use an organic coagulant to work with particles and use the
inorganic coagulants predominantly to remove phosphates, the use of inorganic coagulants could
be minimized, leading to positive results such as less sludge and increasing the fertilizer value of
the sludge. It is also argued that since the competition for aluminum species for hydrolysis and
phosphates precipitation is heavily influenced by the content of particles and phosphates in the
water, stepwise coagulation, where the coagulation with organic coagulants is followed by inorganic
coagulants, may give better results. Various laboratory and pilot-scale tests are reported, but no
successful full-scale applications are reported (28).
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3.2. Innovative Process Control

3.2.1. Multiparameter-Based Dosing Control

The optimal coagulant dosage is a function of the concentration of species that consumes
coagulants (particles, NOM, and phosphates), the amount of water, and operational conditions
(coagulation pH, ionic strength, mixing and settling conditions). Thus, to define the optimal
coagulant dosage, it is necessary to measure particles, NOM, pH, and flow in drinking water and
phosphates in wastewater. These parameters may rapidly vary within a few minutes and not
proportionally to each other. Thus, it is critically important to measure or estimate these parameters
in real time, especially for water types with rapidly varying conditions, for example, river water
after rains. Although the mixing and settling conditions are also important, they are, in most cases,
indirectly correlated to the flow, so these physical conditions are accounted for. Since there are
no universally acceptable conceptual models for coagulation, it is difficult to estimate the optimal
coagulant dosage. Also, because most treatment plants have several hours of separation time, it is not
possible to use a feedback model. One successful example is the use of a feed-forward model with
coagulation pH as the only feedback variable in an empirical model. Coagulant savings of up to 30%
are reported (18).

However, one challenge is the availability and affordability of real-time sensors for such models.
For example, measurement of phosphates is still complicated and expensive but represents a critically
important parameter. It is possible to overcome this challenge to a certain degree by using advanced
statistical tools like multivariate analysis.

Nevertheless, due to the limited accessibility of advanced systems, most utilities use the
traditional jar tests, which can define the optimal coagulant dosage for a given water type. The
frequency of carrying out jar tests will depend on changes in the raw water or wastewater qualities.

3.2.2. Floc Sensor

Although the multiparameter sensor-based systems are capable of defining the optimal dosage
in real time, the affordability of the sensors is still a challenge. Another challenge is that such systems
must be calibrated for each treatment plant to consider physical conditions such as mixing and
settling. Real-time measurement of floc growth and floc structure has great potential in this context.
Image analysis such as fractal geometry was studied several decades ago as a tool for coagulant
dosing control (29). However, progress was delayed by the weakness of the analytical tools and the
accuracy and affordability of imaging equipment. However, with time, powerful analytical tools, as
well as affordable imaging equipment, have appeared, and new studies are now appearing in the
research literature. The development of innovative floc sensors is reported (30), although no full-
scale applications are reported yet. Such a sensor can efficiently reduce the number of real-time
sensors required in systems like in Section 3.2.1, making optimal coagulant dosing affordable for any
size of treatment plant.

3.3. Managing Emerging Pollutants

3.3.1. Removal of Micropollutants

Micropollutants are inorganic and organic substances that can affect the environment in a
negative way even at very low concentrations. Heavy metals are traditionally known as
micropollutants. Organic micropollutants include both traditional (dichlorodiphenyltrichloro-
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ethane, polychlorinated biphenyls, polycyclic aromatic hydrocarbons, pesticides) and emerging
contaminants (hormones, endocrine disruptors, pharmaceuticals, and personal care products).
There is an increasing concern for micropollutants in water, and the European Union recently
adopted a “watch list” of potential priority substances, including pesticides, pharmaceuticals, and
personal care products that need to be monitored to determine their environmental risk. The
conventional water and wastewater treatment methods are generally not focusing on the removal of
these components. However, there is a need to remove them during water and wastewater treatment.
An overview of micropollutant removal technologies indicates that coagulation can remove various
micropollutants at 6–90% (31). They indicate the potential of coagulation, but there is still a need to
establish operational conditions that can maximize the removal of micropollutants.

3.3.2. Microplastics

European and international organizations recognize that microplastics are found in drinking
water resources, and especially in wastewater and sludge. Microplastics may cause a danger to human
health and the environment, and many national and regional laws focus on monitoring and removing
them from wastewater. Coagulation can be used as an efficient method for this purpose. Coagulation,
in combination with, for example, ultrafiltration, has shown great potential for the removal of
microplastics from water and wastewater. They have identified a superiority of aluminum salts
compared with iron salts, but that requires increased dosages compared to that required for the
removal of traditional pollutants (32).
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