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Kemianteollisuuden prosessien jatevedet sisaltavat erilaisia epdpuhtauksia. Tastd syystéd
jatevedet on esiké&siteltava fysikaalisilla, kemiallisilla tai biologisilla yksikkdoperaatioilla
ennen niiden johtamista kunnalliseen viemariverkostoon, jotta niiden epapuhtauksien maaraa
saadaan laskettua turvalliselle tasolle. Solenis Finland Oy:n Tampereen tehtaan
tuotantolinjojen puhdistusvesia kéaytetddn kemikaalituotteiden laimentamiseen ja ylimaarainen
vesi ohjataan laitoksen jatevedenpuhdistamolle yhdessa kemikaalien lastauksesta syntyvien
jatevesien kanssa, mitkéd ovat kaksi paaasiallisinta jateveden kiintoaineldahdettd. Tasta syysté
jateveden laatu vaihtelee paivittdin, mika aiheuttaa ongelmia sen puhdistuksessa. Solenis
Tampereen jatevedet puhdistetaan fysikaaliskemiallisesti koaguloinnilla ja flokkuloinnilla
yhdistettyna painovoimaiseen laskeutukseen, ja siita syntyva liete suodatetaan.

Tamaén diplomityon tarkoituksena oli parantaa koagulointi- ja flokkulointiprosessin toimintaa,
jotta laskeutusprosessin toiminta ja tdten koko kasittelyketjun toiminta tehostuisi. Tehtévéana
oli 16ytaa prosessille sopiva koagulointikemikaali, jolla kirkasteen Kkiintoainepitoisuus
saataisiin alle 500 mg/l, ja jonka muodostamat flokit laskeutuvat. Koagulointia, suoraa
flokkulointia ja  yhdistettyd koagulointi-flokkulointia  testattiin  laboratoriokokeilla
optimaalisten prosessiolosuhteiden I0ytamiseksi pH:n, sekoitusnopeuden  ja
koagulointikemikaalin annoksen osalta, seka l0ytdmaan sopiva koagulointikemikaali.
Kirkasteen kolloidisten partikkelien pintavarauksia tutkittiin suhteessa koagulointikemikaalin
annoksen maaraan, jotta voitaisiin nahda, onko varauksen neutralointi merkittavassa roolissa
koaguloinnissa, ja voitaisiinko pintavarausta kéyttdd optimaalisen  annostuksen
maarittamiseen. Flokkulantteja tutkittiin laskeutuksessa ja lietteen kuivatuksessa, jotta
saataisiin selville, olisiko néista hyotya lietteen laskeutuksessa ja suodatuksessa.

Parhaimmat tulokset saatiin Chargepac 121 koagulanttisekoituksella, joka tarvitsi 200 pl/I
annoksen matalan Kiintoainepitoisuuden jatevedelld, 200 pl/l annoksen saostumanestoaine
Detac:ia siséltavalla jatevedelld ja 600 pl/l annoksen korkean Kkiintoainepitoisuuden
jatevedelld, jotta jateveden sameus saatiin laskettua alle 1000 FNU:n. Suoralla flokkuloinnilla



ja flokkulanttien kaytolla yhdesséd koagulanttisekoitusten kanssa ei havaittu parantavia
vaikutuksia jatevedenpuhdistukseen. Laboratoriokeiden tulosten perusteella prosessia
voitaisiin  parantaa  nostamalla  pH-s&&don  asetusten  aloitusarvoksi 10, jotta
koagulointikemikaalit toimisivat paremmin. Tulosten perusteella kalsiumhydroksidia
(Ca(OH).) suositellaan pH saatéa varten sen hyvien koagulointiominaisuuksien takia
orgaanisia epapuhtauksia sisdltdvaan jateveteen, jotta voitaisiin laskea tarvittavaa
koagulointikemikaalin annoksen maarda ja parantaa lietteen suodattumista. Koagulantin
annostusta pitéisi laskea nykyisestd 1000 pl/l vakiosta ja sadtdd annostus riippumaan jateveden
kiintoainepitoisuudesta, jotta voitaisiin vélttaa lietteen laskeutuksen ja kompressoituvuuden
ongelmat, jotka havaittiin testeissa yli 1000 pl/l koagulanttiannoksilla. Laboratoriokokeiden
havaintojen perusteella olisi my6s suositeltavaa, ettd koagulointiin ja flokkulointiin otettaisiin
kayttoon nopean sekoituksen vaihe, jolla voitaisiin parantaa koagulantin levittdytymisté
jatevedessd, ja hitaan sekoituksen vaihe, jolla voitaisiin parantaa partikkelien flokkaantumista
yhteen. Suodatuskokeiden perusteella lietteen kuivatuksen avuksi sopisi 11% Ca(OH), 60 — 80
ml/l annoksella tai matalan varauksen ja korkean molekyylimassan omaavia kationisia
Drewfloc 2610 tai 2675 polymeereja 40 ppm annoksella. Vuosittaisia jateveden kustannuksia
saataisiin laskettua huomattavasti, jos suositellut muutokset prosessiin auttaisivat jateveden
kasittelyketjua toimimaan normaalisti.
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Chemical industrial manufacturing processes create wastewater with various contaminants in
it. Industrial wastewater requires pretreatment with physical, chemical, or biological unit
operations to reduce its contaminant amount prior to discharging wastewater into municipal
sewer network. At Solenis Finland Oy Tampere chemical manufacturing plant’s production
line, washing waters are used to dilute products and excess water is directed to its water
treatment facilities along with chemical truck loading equipment washing waters which are the
two primary sources of suspended solid contaminants in its wastewaters. Treatment of this
type of chemical industry wastewater can be hard when wastewater quality can differ in
characteristics on a day-to-day basis. Solenis Tampere wastewater treatment facilities use
physicochemical coagulation and flocculation along with gravitational sedimentation, and
sludge filtration to treat its wastewater.

The aim of this thesis was to improve the coagulation and flocculation process in order to
enhance the sedimentation process and overall treatment train. Objective was to find a
coagulant that can reduce supernatant’s total suspended solid (TSS) concentration to below
500 mg/l with settleable flocs. Coagulation, direct flocculation, and combined coagulation-
flocculation laboratory scale jar tests were conducted to find optimal process conditions for
pH, mixing speed, coagulant choice, and dosage. Investigation of colloidal particle charges in
supernatant relative to coagulant dosage was done to see if charge neutralization plays a
significant role in the coagulation process and if it could be used to determine optimal
coagulant dosage. Investigation of flocculants in sedimentation and dewatering was done to
aid sludge settling and subsequent filtration process.

Best results were obtained with Chargepac 121 coagulant blend which required 200 pl/I
dosage for wastewater with low TSS, 200 ul/l for wastewater containing Detac deposit control
agent and 600 pl/l for wastewater with high TSS to reduce wastewater’s turbidity to below



1000 FNU. Direct flocculation and the use of flocculants with coagulant blends were not
found to be beneficial in treating the wastewater. Based on laboratory scale coagulation jar test
results the process should be improved by adjusting its initial pH setting to 10 for better
coagulant performance. Recommended alkali base to use for pH adjustment is calcium
hydroxide (Ca(OH).) for its coagulative effects on organic contaminant wastewater, which can
reduce the amount of coagulant needed, and improve sludge filterability. Coagulant dosage
should be adjusted according to wastewater TSS concentration instead of the static 1000 pl/I
dosage that is currently used as it was found during testing that dosages of and exceeding 1000
pl/l caused sludge settleability and compression issues. Based on observations on the
laboratory scale coagulation jar tests, the implementation of rapid mixing stage for better
coagulant dispersion and slow mixing stage for flocculation are highly recommended as well.
For better sludge dewaterability, the sludge could be conditioned with 11% Ca(OH). with 60 —
80 ml/l dosage or low charge high molecular weight cationic Drewfloc 2610 or 2675 polymers
with 40 ppm dosages based on filtration test results. Annual treatment costs can be
significantly reduced if the recommended process changes can allow the overall wastewater
treatment train to function normally.
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ABBREVIATIONS

AM Acrylamide

BOD Biochemical oxygen demand
CD Charge density

COD Chemical oxygen demand
EDL Electrical double layer

EKP Electrokinetic phenomena
FNU Formazin nephelometric unit
MW Molecular weight

TSS Total suspended solids

PDADMAC Polydiallyldimethyl-ammonium chloride

PACI Polyaluminium chloride
PAM Polyacrylamide
PEO Polyethylene oxide

PVA Polyvinyl alcohol
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1 Introduction

Industrial manufacturing processes in many various fields from food industry to chemical
industry create significant amounts of wastewater with different pollutants, and wastewater
qualities. Process water recirculation back into the process is dependent on the process in
question and is not often an option either since it can cause the buildup of constituents in the
water and disrupt the process or affect the quality of produce. Usually, unusable contaminated
wastewater is generated instead. Pretreatment of industrial wastewater is therefore necessary
prior to discharging it into municipal sewer network to ensure that the environment, sewer

network, and water treatment facilities can function and operate safely.

Various physical, chemical, and biological treatment methods are used to reduce pollutants
and suspended solids from wastewater. When water treatment facilities receive lighter
wastewater loads with less pollutants their processes are more economically able to produce
contaminant free, high-quality water to its customers. Strict environmental laws, and industrial
wastewater contracts, and regulations are enforced to ensure that industry operates in an
environmentally safe manner, and that the industry operators use best available technology to

pretreat wastewater prior to discharging.

Quality of industrial wastewater generated often determines, which available treatment
methods are effective, and best suited for it. Following things should be taken into
consideration when selecting water purification methods: 1) contaminant removal efficiency,
2) reliability to meet treatment objective, 3) flexibility to adapt to changes in water quality, 4)
successful operating history, 5) required maintenance and 6) costs involved (Crittenden, et al.
2012). Pretreatment of wastewater consisting of fine particulate solid matter dispersions with
particle sizes of 1 um or smaller can be challenging. Particles this small are unable to settle, or
the settling process can take a timespan of several months. Non-settleable particle suspensions
cause wastewater to appear murky or turbid (Bratby, 2006). Therefore, the addition of
chemicals, and turbulent mixing of the fluid are necessary steps in artificially increasing

particle sizes by aggregating particles, loosely binding them together as flocs. This



physicochemical process is called coagulation and flocculation (Svarovsky, 2000). Larger
particles or flocs are then able to settle faster and are separable from water in a physical
sedimentation process. If desired, clarified water or thickened sludge can further be filtered to
improve water quality and to ease sludge dewaterability, management, and disposal, which
can be very expensive otherwise. This time-tested popular treatment train consisting of
coagulation, flocculation, sedimentation, and filtration operations is often sufficiently
effective, easy to operate or automate, and relatively low-cost both economically and in terms
of energy required. (Crittenden, et al. 2012)

1.1 Background

This master’s thesis was commissioned by Solenis Finland Oy located in Tampere, Finland.
Solenis is an international chemical manufacturer and supplier, which produces chemicals for
pulp and paper, oil, mining, and water treatment industries. Solenis also provides
technological solutions for said industries (Solenis, 2020a). Internationally Solenis has 5200
employees in 120 different countries, and 39 manufacturing facilities in five different
continents (Solenis, 2020b). In fiscal year 2019, Solenis Finland Oy had a revenue that
amounted to 57 853 000 €, and the Finnish branch of the company had 62 employees overall
(Kauppalehti, 2020).

Solenis Finland Oy Tampere chemical manufacturing plant produces resins, emulsions and
process chemicals for pulp and paper industry. The manufacturing plant has four main
production lines for different products. Kymene process is used in the manufacturing of wet
and dry strength resins, HTP process is used in the manufacturing of rosin emulsions, and
AKD process is used in the manufacturing of AKD emulsions. Process chemicals are
manufactured in their own respective production line. Kymene and process chemical
production lines are batch processes while HTP and AKD are continuous processes. (Heikkild,
2015)



This master’s thesis was commissioned because the water treatment process is malfunctioning.
Varying wastewater qualities create problems in the coagulation process, which is currently
ineffective due to non-optimized process conditions with variables like pH, mixing speed,
coagulant selection and coagulant dosage ranges. Non-optimized coagulation setup therefore
affects the overall treatment train consisting of the subsequent flocculation, sedimentation,

dewatering, and filtration processes.

1.2 Objective

This master’s thesis is divided into literature and experimental parts. Objective in literature
examination was to establish theory and mechanisms involved in sedimentation, coagulation,
and flocculation processes. Theories of suspended colloidal particle surface and interface

chemistry, and electrokinetic phenomena measurements are also discussed.

In experimental part the objective was to find suitable coagulant and flocculant chemicals for
Solenis Tampere’s coagulation and flocculation process followed by sedimentation.
Laboratory scale coagulation jar tests were performed to investigate optimal coagulant dosage
and initial pH value necessary for efficient coagulation and clarification. Clarified water
leading to municipal wastewater treatment facility is required to have less than 500 mg/l of
total suspended solids (TSS) in it as it is the limit set in Solenis Tampere plant’s
environmental permit (Aluehallintovirasto, 2012). Solenis Finland Oy also has an industrial
wastewater treatment contract with Tampereen Vesi municipal wastewater treatment plant,
where the limit for TSS is < 2000 mg/l. Investigation of colloidal particle charges in
supernatant relative to coagulant dosage was done to see if charge neutralization plays a
significant role in the coagulation process and if it could be used to determine optimal
coagulant dosage. Investigation of flocculant aids in sedimentation and dewatering was done
to aid sludge settling and subsequent filtration. Experimental part was done in Solenis

Tampere Plant’s laboratory located in Tampere during January and June 2020.



2 Industrial wastewater

Industry generated wastewater varies in composition and characteristics which are dependent
on the nature of industry in question. Chemical industry wastewater may contain suspended
solids, acids, oils, fats, dye coloring, organic chemicals, paint, and detergent. Possible harm
caused to the operations of water utility sewer network and treatment facilities should be
prevented through suitable pretreatment of industrial wastewater before conveying it to the
municipal sewer network. (Vesilaitosyhdistys, 2018). Various treatment methods categorized
as physical, chemical, or biological exist to clean inorganic and organic impurities from
industrial wastewaters (Hendricks, 2011). Industrial operations are often heavily regulated and
monitored, and the operations often require several permits e.g. industrial wastewater

agreement and environmental permit (Vesilaitosyhdistys, 2018)
2.1 Pretreatment processes

Pretreatment of industrial wastewater can be classified as physical, chemical, or biological.
Overall wastewater treatment train is a combination of different unit operations. Selection of
wastewater treatment unit operations and processes depend on wastewater characteristics,
contaminant removal efficiency, treatment costs, process reliability and flexibility, utility and
maintenance, and energy consumption. Generally, techniques that have a history of being
successful in wastewater treatment operations tend to be used (Crittenden, et al. 2012). A
conventional treatment train consisting of coagulation, flocculation, sedimentation, and

filtration unit operations is presented in Figure 1.

Coagulation Conventional
Bapid mixing Flocculation sedimentation  Filtration

Wastewater = ‘ — |:|:|:| |:|:|:| —{ }— = Dizchargze

Figure 1 Typical unit operations in conventional wastewater pretreatment train. Adapted
using schematics from Hendricks (2011) and information from Crittenden, et
al. (2012).




Physical treatment methods used in water purification utilize physical forces, properties, and
gradients to treat wastewater. Typical physical unit operations include screening,
sedimentation, flotation, filtration, physical adsorption, gas stripping, distillation, radiation,
mixing, and flocculation. (Hendricks, 2011)

Chemical treatment methods used in water treatment require either the addition of chemicals
or a chemical reaction to treat wastewater. Typical chemical unit operations include
coagulation, precipitation, chemical adsorption, ion exchange, and oxidation. (Hendricks,
2011)

Biological treatment methods utilize bacterial digestion to remove biodegradable colloidal or
dissolved organic pollutants and nitrogenous components from the wastewater. Biological
treatment methods can utilize aerobic, anaerobic, and anoxic bacterial digestion, each of which
function differently and hence remove different pollutants. Typical biological unit operations
include activated sludge, anaerobic biological reactors and ponds, aerated lagoons, and
trickling filter. (Hendricks, 2011)

In pretreatment of industrial wastewater, the removal of suspended or colloidal particulate
matter is especially important. Contaminants are removed mainly for aesthetical and health
reasons, and to ensure that constituents which could cause harm to biological water treatment
processes of municipal water treatment facilities are removed. Particles suspended in
wastewater often cause it to appear murky, reducing its clarity i.e. particles induce turbidity or
color in wastewater (Crittenden, et al. 2012). Suspended particles inducing turbidity include
silt, bacteria, algae, viruses, protozoa, macromolecules, organic soil matter, minerals, and
other industrial pollutants (Bratby, 1980). Aesthetical reasons to remove particulate matter
from wastewater are related to water’s turbidity, color, odor, and taste. Health reasons to
remove particulate matter are related to its ingestion, which could cause disease, cancer, death,
genetic mutations, physiological malfunctions and deformations. Environmental reasons to
remove particulate matter are related to its discharge into water bodies and nature, which
could cause problems for aquatic life and animals (Hendricks, 2011). Conventional methods

used in the removal of particulate matter and a portion of the dissolved matter usually involve



coagulation, flocculation, sedimentation, and filtration unit operations (Crittenden, et al.
2012).

2.2 Laws and regulations

Finnish industrial wastewater which diverges from domestic wastewater is a customer of the
water utility services. Operators should therefore be aware of the quality of wastewater that is
discharged from the plant into the sewer network. Industrial operators make an industrial
wastewater agreement with the water utility services to agree upon wastewater loading limits,
requirements, restrictions, and monitoring obligations. Wastewater loading refers to
substances or pollutants that can affect water treatment plant operations like organic
substances (COD and BOD), phosphorus, nitrogen, heavy metals, and total solids (suspended
and dissolved), that are conveyed to the water treatment plant in a 24-hour time period. Failure

in achieving limit values will result in fines or other penalties. (Vesilaitosyhdistys, 2018)

Industrial wastewater agreement is usually an appendix to the environmental permit
application of the operator (Vesilaitosyhdistys, 2018). Environmental permit features
regulations regarding operator’s emissions and plans for reducing them (Aluehallintovirasto,
2020). Most industrial operators are subject to the Environmental Protection Act 527/2014,
and any industrial operation that could cause damage to the environment or human health
requires an environmental permit. The purpose of Environmental Protection Act 527/2014 is

to:

Prevent environmental harm and reduce emissions.
Guarantee safe, sustainable environment, and to prevent climate change.
Enhance sustainable use of resources and reduce waste generated.

Improve awareness and evaluation on environmentally harmful operations.

o~ 0D

Improve possibilities for citizens to have an influence over decisions regarding the

environment.



Therefore, the prerequisite of obtaining an environmental permit is that the industrial
operator’s actions cannot cause harm either to the environment or to human health.
Environmental permit is granted to the industrial operator by Regional State Administrative
Agency or municipality’s environmental protection official (Aluehallintovirasto, 2020). Other
officials that regulate and oversee industrial operations or the environmental permit obedience
of the operator include Finnish Safety and Chemicals Agency TUKES (TUKES, 2020), Centre
of Economic Development, Transport and the Environment ELY (ELY-keskus, 2020), and
environmental officials of municipalities (Municipal Environmental Protection Administration
Act, 1986/64).



3 Gravity sedimentation

Sedimentation is a physical solid-liquid separation process. During sedimentation liquid is
held stationary whilst particles settle freely within the liquid (Svarovsky, 2000). The
separation of suspended particulate solid matter from liquid media happens due to
gravitational forces affecting the particles, and particles settle out of liquid because they are
large and heavy enough (Crittenden, et al. 2012). Gravitational settling of suspended particles,
therefore, requires a solid-liquid density gradient and sufficiently sized particles to overcome
buoyancy force, frictional force (Svarovsky, 2000), diffusional forces, and Brownian motion
(Crittenden, et al. 2012). Sufficiently sized particles are also necessary due to various
interfacial phenomena and forces, which become more prevalent than gravitational forces
when particles are smaller than 1 um (Bratby, 1980). Generally, for gravitational settling
processes, particles or particle aggregates larger than 1 pm in size are required for settling to

occur.

Gravity being readily available inherently makes sedimentation a low-cost process, and all that
is essentially needed is a vessel e.g. rectangular basin or circular tank where particle settling
takes place. However, if either the particle size is too fine or density difference between solid
and liquid components is too low, the settling times and vessel size required for settling can be
excessive and uneconomic (Svarovsky, 2000). Parameters affecting spherical particle settling

in sedimentation can be illustrated with Stokes’ equation (Crittenden, et al. 2012):

1
vs = 54 (os = pp)d} (1)
where Vs particle settling velocity, [m/s]
g gravitational acceleration, [m/s?]

U dynamic viscosity, [Ns/m?] or [kg/ms]
Ps density of solid, [kg/m3]
P density of fluid, [kg/m]

dp spherical particle diameter, [m]



In wastewater treatment, sedimentation can be used in the beginning of the treatment train to
remove coarse particulate inorganic mineral material with specific densities between 2 - 3
g/cm®. This process is called presedimentation. However, when wastewater contains
suspended organic matter with specific densities between 1,01 — 1,10 g/cm?®, which is close to
water’s specific density, it requires conditioning by coagulation and flocculation due to very
long settling times if left unconditioned (Crittenden, et al. 2012). Coagulation and flocculation
promote aggregation of suspended particles to form larger sized clusters or flocs, therefore
increasing settling velocities, enabling more efficient settling to occur (Svarovsky, 2000). The
immediate benefit of combining sedimentation with coagulation and flocculation is the
reduction in sedimentation basin size needed for settling. Sedimentation process employed
after coagulation and flocculation is called conventional sedimentation (Crittenden, et al.
2012). Coagulation and flocculation processes are discussed further in detail separately in their

own dedicated Chapters 5 and 6, respectively.

3.1 Sedimentation basin design

Settling of particulate matter can be carried out in a batch or continuously operated unit. Batch
operated settling tanks are used in facilities where, relative to continuous operations, the
quantity of treatable water is smaller. Continuous sedimentation processes are usually favored
in larger industrial or water treatment facilities where huge water volumes are to be thickened
or clarified (Svarovsky, 2000).

Thickening refers to a process where the purpose is to produce a slurry with a high solid
concentration. Clarification refers to a process where the purpose is to produce clear overflow
(i.e. low solid concentration). Both thickening and clarification can, depending on the raw
water quality, be achieved in the same sedimentation basin in one stage with thickened settled
sludge at the bottom of the basin and clarified supernatant in the upper parts of the basin.
(Svarovsky, 2000)
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Two distinct types of sedimentation basin types are commonly used i.e. clarifiers and
thickeners. As the names suggest, clarifiers are used to produce clear overflow whilst
thickeners are used to produce underflow which is more concentrated than the feed stream.
Differences of thickener and clarifier basins can be very subtle as they look very much alike.
The shape of a sedimentation basins is often rectangular or circular (Svarovsky, 2000).
Conventional circular sedimentation basin design is presented in Figure 2.

/Launder! weir Circular bagi\ Launder/weir

Effluent

Influent - .
— I e Waste solids
zwg«ox oooooo 527 Hx”_::
Figure 2 Conventional circular sedimentation basin design schematic. (Hendricks, 2011)

Clarifiers usually involve the passage of feed stream in a horizontal manner from one end to
the other. In circular clarifiers, the influent is fed horizontally from the center and the clear
effluent exits from the outer perimeter. Clarifiers work well with feed streams that comprises
of low concentrations of high-density or aggregated larger particles that settle more easily than
particles with density close to water’s density. Sludge is removed from the bottom of the
sedimentation basin usually with rakes and baffles located at the bottom of the sedimentation

basin. Rakes direct the sludge towards the discharge canal (Svarovsky, 2000).
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Thickener feed stream has a higher concentration of solids than clarifier feed stream. In
circular thickeners, the influent is fed vertically below the water’s surface level and aimed
towards the bottom of the basin. Feed stream is often treated with flocculants to promote
particle aggregation so they can aggregate into larger particles as they collide with another and
settle more efficiently. Feed suspension will continue to settle until the surrounding
suspension’s density matches its own density. Solid concentration increases towards the
bottom of the thickener. Due to flocculant addition and influent being fed below the surface
level, the feed often settles fast and the supernatant is clear because particles will not be able
rise towards the surface level (Svarovsky, 2000).

3.2 Particle settling in different suspension types

Particle suspension type based on its solid concentration, morphology, and flocculant nature
determine the settling mechanisms and behavior that occur during sedimentation process.
Particle suspension and settling types can be separated into four different classifications
(Crittenden, et al. 2012). The four types are Type I: discrete, Type II: flocculent, Type III:
hindered, and Type IV: compression (Hendricks, 2011). The four settling types are presented

in Figure 3.
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and flocculant nature of the settling particles. (Crittenden, et al. 2012)

Type | suspension is called discrete because particles settle separately and do not interact with
one another due to repulsive forces caused by particle surface charge and low solid
concentration (Crittenden, et al. 2012). In Type | settling, particles settle with their individual
settling velocity affected by density and particle size (De, 2017). The fall velocity of particles
is constant and settles in accordance with Stokes’ law (Hendricks, 2011). Type | suspensions

are typically found in grit chambers and presedimentation of sand (Crittenden, et al. 2012).

Type 11 suspension particles can adhere to one another i.e. flocculate if they collide to form
particle aggregates or flocs. Flocculation by particle collision in sedimentation can be a cause

of (1) difference in settling velocity where faster particles collide with slower particles and (2)
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velocity gradients within suspension where faster moving particle regions overtake slower
particles in adjacent stream paths (Crittenden, et al. 2012). The settling velocity increases as
particle size grows in accordance with Stokes’ law (Hendricks, 2011). Type II suspensions are
typically a consequence of coagulation process in conventional sedimentation (Crittenden, et
al. 2012) e.g. various chemical flocs caused by metal hydroxides or activated sludge flocs
(Hendricks, 2011).

When the solid concentrations are higher than Type | and Il suspensions, Type 11l hindered
settling occurs (Crittenden, et al. 2012). As particles approach the bottom of the basin, the
concentrations of Type | and Il suspensions increase to become Type Ill. In Type Il settling,
discrete or flocculant particles interfere with one another during settling (Hendricks, 2011),
and particles settle in a blanket formation, trapping and dragging suspended solid particles
along as it descends (Crittenden, et al. 2012). A clear solid-liquid interface is seen as particle
blanket settles, and the settling velocity of particle blanket decreases as the solid concentration
increases due to increased frictional forces. Usually, Type 1l suspensions are typically found
in thickeners (Crittenden, et al. 2012) when Type 11 suspension enters and settles (Hendricks,
2011). The suspension finally becomes Type IV at the bottom of the sedimentation basin
(Hendricks, 2011).

Type IV suspension has a much higher solid concentration than Type 11l suspension. In Type
IV suspensions, the particles are not really settling (Crittenden, et al. 2012). Particles support
one another and the weight of the particles causes water to flow or drain out of the particle mat
very slowly (Crittenden, et al. 2012) and the particles compress into a smaller volume by
squeezing the water from the pore volume (Hendricks, 2011). Type IV suspensions are
typically found in sludge dewatering processes, and once the sludge is dewatered, the

suspension starts to look like a paste or a cake (Crittenden, et al. 2012).
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4 Wastewater suspension surface and interface chemistry

Solid particles dispersions in water can be perceived as colloidal when the dispersed particle
size is about 0,001 — 1 um (Bratby, 1980), whereas a coarse dispersion consisting of larger
particles is a suspension (Svarovsky, 2000). Visual representation of dispersion classification
based on particulate matter size is presented in Figure 4. It was established previously that
particles smaller than 1 pm are essentially non-settleable as they settle very slowly in water
(Svarovsky, 2000). This is because as particle size decreases the mass of the particle also
decreases, therefore, gravitational forces affecting the particle lessen. Therefore, decreasing of
particle size and mass, the surface area relative to mass increases and causes particle surface
and solid-liquid interfacial phenomena to become more prevalent than the gravitational forces.
The interfacial phenomena and electrostatic forces essentially keep the colloidal particles in a

state of permanent suspension (Bratby, 1980).

Coarse Molecular
L : Y ] : & \.
] bl
10040 1 nm
(1 pm) (0.001 pum}
1 i i E |
Colloidal
Figure 4 Classification of dispersion based on solid particulate matter size. (McCarty, et

al. 2003)

Colloidal particles in water can retain a uniform dispersion or dissolved state in liquid due to
interfacial phenomena arising from their inherent characteristics which keeps them stable
separate entities causing them to repel one another. These interfacial phenomena occurring in
particles in water include particles carrying a surface charge and a degree of hydration or
solvation of the particles’ solid surface layer (Bratby, 1980). Inorganic and organic colloidal

particles suspended in water usually carry a negative charge (Tang & Sillanpa4, 2018). The
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origin of particle surface charges arises from structural composition of molecules, ionization
and adsorption (Bratby, 1980; Crittenden, et al. 2012). Particle’s surface charge attracts
oppositely charged molecules and ions to neutralize it, which gives rise to an electrical double

layer (EDL) keeping colloidal particles stable in water (Svarovsky, 2000).

Destabilization of dispersed particles, i.e. reduction of EDL thickness (Crittenden, et al. 2012),
reduces charged particle repulsion forces and it is achieved via coagulation chemicals.
London-van der Waals forces then allow destabilized particles to aggregate and stick together
upon impact when fluid is agitated in a flocculation process (Bratby, 2006), hence the

importance of these processes in water treatment.

4.1 Surface charge

Most natural and artificially created inorganic and organic particles carry a charge on their
solid surface in water, which is usually a negative charge (Svarovsky, 2000). This surface
charge contributes to particle’s stability in water causing particles to stay uniformly dispersed
throughout it. These surface charges originate from four principal sources (Crittenden, et al.
2012):

1) Surface functional groups such as -NHz, -COOH and -OH that are ionizable i.e.
capable of proton (H") transfer. Positive or negative surface charge is dependent on the

functional group and pH value (Bratby, 1980).

2) Surface charge caused by isomorphous replacement. Metals of lower valence can
replace other metal atoms in a crystal structure, resulting in a negative charge. This charge is
independent of pH value (Bratby, 1980).

3) Surface charge caused by structural imperfections. These structural imperfections
are caused by broken bonds on crystal structure edges which may lead to particles developing
a surface charge e.g. in clay or other minerals (Crittenden, et al. 2012). This charge is

independent of pH value as well (Bratby, 1980).
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4) Adsorption of specific ions (Bratby, 1980). Adsorption of natural organic matter via
hydrogen-bonding for example can give particle a surface charge which is dependent on pH.
(Crittenden, et al. 2012)

In charged colloidal particle — water interface there exists a point in pH in which the surface
charge will be completely nullified, the point of zero charge or isoelectric point (Bratby,
1980). Particle surface charges are measured by electrokinetic potential called zeta potential,
which is introduced and discussed more specifically in Paragraph 4.3. According to Sposito
(1998) the point of zero charge is equal to isoelectric point only if the charged colloid particle
surface doesn’t have any strongly adsorbed electrolyte ions in it. Isoelectric point is a static
point in pH whilst the point of zero charge can vary depending on various factors such as
particle surface adsorption. Colloidal particle surface charge is negative (anionic) in pH values
above the point of zero charge pH value and positive (cationic) in pH values below the point
of zero charge pH value (Crittenden, et al. 2012).

4.2 Electrical double layer

Charged particles attract and accumulate oppositely charged counterions on its solid surface
region, and both counterions and like charged co-ions also accumulate to the surrounding
diffuse bulk phase to satisfy electroneutrality (Crittenden, et al. 2012). Charged particle
surface and the spatial distribution of ions surrounding the particles form the electrical double
layer (EDL), which acts as a repulsion field keeping particles uniformly dispersed in water i.e.
stable (Svarovsky, 2000). Graphical presentation of an EDL surrounding a negatively charged

particle is illustrated in Figure 5.
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Figure 5 Conceptual visualization of the electrical double layer (EDL) of a negatively

charged colloidal particle. (McCarty, et al. 2003)

EDL consists of an inner region and a diffuse region (Bratby, 2006). Inner region of the EDL
is referred to as the fixed layer, the Stern layer (McCarty, et al. 2003), or the Helmholtz layer
(Crittenden, et al. 2012). The Stern layer consists of adsorbed oppositely charged ions,
hydrated ions and water molecules (Bratby, 2006). The thickness of the Stern layer is about
0,5 nm (Crittenden, et al. 2012).

Beyond the inner region is the diffuse region which has a net negative or positive charge and
an electrical field depending on the nature of colloidal particle’s charge (Crittenden, et al.
2012). Diffuse layer is a mixture of charged ions (McCarty, et al. 2003) which are distributed
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around the charged colloidal particle due to electrical forces, random thermal motion (Bratby,
2006), and diffusive forces (McCarty, et al. 2003). Excess of counterions satisfy
electroneutrality within the diffuse layer (Bratby, 1980). Depending on solution characteristics
and ionic concentration, the EDL can extend as far as 30 nm into the solution (Crittenden, et
al. 2012).

4.3 Electrokinetic phenomena measurements

Usually the only available information on colloidal particle interface electrical properties is the
electrokinetic phenomena (EKP). These phenomena can be summarized as manifestations of
particle interface electrical properties in steady-state and isothermal conditions. Measuring
EKP involves tangential fluid motion parallel to the particle surface. Tangential fluid motion
can be induced by external electric field (electrophoresis and electro-osmosis) or by

mechanical force (streaming current and potential). (Delgado, et al. 2007)

When a particle moves in an electric field, a portion of the surrounding water adhered to the
particle surface moves with it. In this thin portion exists the shear plane, which is defined as a
mobile plane rather than a fixed layer (McCarty, et al. 2003) within the diffuse layer. Shear
plane is located outside the Stern layer (Crittenden, et al. 2012), and the exact location can be
seen from Figure 5. This movement induced electrokinetic potential between shear plane and
bulk solution is important because it can be measured with various techniques, and it gives an
indication on particle stability in water. This electrokinetic potential is called the zeta
potential, ¢ (Svarovsky, 2000).

4.3.1 Zeta potential relation to particle stability

Zeta potential from shear plane is measured in millivolts (Tang & Sillanpad, 2018). It is an
indicator of the electrical state of the double layer (Svarovsky, 2000). The value of zeta

potential can give indication on whether the particle is stable or not, and the reduction of zeta
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potential value towards zero destabilizes the particle. Particles are considered stable when zeta
potential value is above £20 mV and unstable in values below that (Crittenden, et al. 2012).
Addition of electrolytes and wastewater pH level have an influence on zeta potential value
(Bratby, 1980). Coincidentally, zeta potential value is zero at particle’s isoelectric point
(Delgado, et al. 2007). Relation of particle zeta potential versus solution pH is presented in

Figure 6.
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Figure 6 Relation of zeta potential and pH. Stable dispersions are marked as green

sectors and unstable dispersion sector is marked as red. (Malvern, 2015)

From Figure 6 it is seen that pH affects zeta potential value, and therefore the stability of
particle can be influenced with the addition of base alkali and acid. In this case dispersion is
considered stable when pH is less than 4 and greater than 7.5. Unstable dispersion can be
achieved when pH is adjusted to values between 4 — 7.5, which reduces zeta potential value to
below £30 mV.
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When trying to achieve clarification in water treatment, it has been said that zeta potential is
one of the most significant controlling factors (Svarovsky, 2000), but only if the
destabilization mechanism is primarily due to charge neutralization adsorption (Bratby, 1980).
Clarification should be achieved when zeta potential value approaches zero as the particles are
then destabilized (Svarovsky, 2000). Dosage of electrolytes can then be controlled so that zeta
potential is lowered to correct range for processes relying on destabilization (Bratby, 1980).

4.3.2 Electrophoresis and electro-osmosis

When liquid is held stationary and an electric field (potential gradient) is applied to the
dispersion, the charged particles will start to move towards the positive or negative electrodes
depending on whether the particles carry a negative or positive charge, respectively (Bratby,
1980). This movement is called electrophoresis (Crittenden, et al. 2012). Charged particle
movement relative to liquid, called electrophoretic velocity, is then measured (Bratby, 1980).
Electrophoretic mobility is the electrophoretic velocity divided by electric field strength or
current and it is considered as positive if particles are moving towards lower potential or
negative electrode and vice versa (Delgado, et al. 2007). Sedimentation potential is the
opposite of electrophoresis. In sedimentation potential measurements, the potential develops
when charged particles precipitate through the stationary liquid (Svarovsky, 2000), which is
then measured by two identical electrodes placed some distance apart (Delgado, et al. 2007).

Electrophoresis is presented in Figure 7.
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Figure 7 Charged particle movement in electrophoresis. (Crittenden, et al. 2012)

Electro-osmosis is the opposite of electrophoresis in the sense that when electric field is
applied to charged solid, the liquid moves as the charged solid in the form of capillary, plug or
membrane is stationary (Svarovsky, 2000). Movement of ions drag the liquid along causing it
to move, and the volume flow velocity is then measured and divided by electrical field
strength or current (Delgado, et al. 2007). Pressure can also be applied to the system until it
stops the liquid movement. This pressure is called the electro-osmotic pressure (Delgado, et al.
2007; Svarovsky, 2000).

4.3.3 Streaming current and potential

Streaming current and streaming potential occur in capillaries and plugs as a result of applied
mechanical pressure which induces the liquid phase to move tangentially to the solid. This
causes charge displacement in the electrical double layer resulting in an electric field which is

then measured by electrodes (Delgado, et al. 2007).
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Streaming current measurements involve placing samples into a cylindrical measuring cell,
which contains electrodes at the top and bottom. The measuring cell contains a loose-fitting
piston which is partially submerged in the sample. Oscillation of the piston along the
measuring cell promotes movement of liquid and counter-ions through the space between
piston and measuring cell to create an alternating streaming current. Streaming current is then
measured by the equipment. Streaming current measurements are advantageous because
system’s average surface charge results are available immediately (Bratby, 1980). Streaming

current equipment schematic is presented in Figure 8.
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Figure 8 Streaming current measurement schematic. Edited from Mitek PCD-03
operation manual (2003).

Streaming potential is the opposite of electro-osmosis (Svarovsky, 2000). When bulk liquid
phase is forced through a stationary charged porous plug or tube with applied mechanical
pressure, a potential gradient called streaming potential is generated (Hendricks, 2011;
Svarovsky, 2000) as a result of charge accumulation caused by the flow of counter-charges.
The potential gradient at zero electric current is measured between the ends of the tube or plug
(Delgado, et al. 2007.
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5 Coagulation

Colloidal particle stability in water is determined by the size, area, and charge of the surface
(Tang & Sillanpéa, 2018). Coagulation is the chemical process where the addition of
coagulation chemicals i.e. coagulants are used to destabilize suspended and colloidal particle
charges to reduce or remove the repulsion forces. Rapid mixing of fluid is used as means to
cause contact between coagulants and particles (Hendricks, 2011). As zeta potential value
approaches zero i.e. isoelectric point, the particles become unstable (Svarovsky, 2000).
Destabilization followed by fluid stirring then allows the particles in it to aggregate via
London-van der Waals forces of attraction (Bratby, 1980), which can form particle
agglomerates or flocs up to 1 mm in size (Svarovsky, 2000). Coagulation is therefore a critical
process step in creating conditions for particulate matter removal in subsequent flocculation,

sedimentation, and filtration processes (Crittenden, et al. 2012).

Destabilization of colloidal particle charges is achieved via the addition of electrolytes to the
water. Electrolytes used for coagulation are called primary coagulants (Bratby, 1980).
Commonly used inorganic coagulants for destabilization are often trivalent, either ferric Fe*
or aluminium AIP* ion-based sulphate or chloride salts e.g. Al(SO4)s and FeCls (Crittenden, et
al. 2012). Coagulants used to suppress or compress the EDL are called indifferent electrolytes
e.g. NaCl and MgSOg4 (Svarovsky, 2000). Other coagulants used in water treatment include
divalent calcium Ca?* or magnesium Mg?* ion-based coagulants e.g. Ca(OH). or MgCOs
(Bratby, 1980). Natural or synthetic organic polymers, known as polyelectrolytes due to their
structure having multiple charged functional groups or monomers, are also used in
coagulation, and depending on their structure, molecular weight and charge, are also used as

flocculants or sludge conditioners (Crittenden, et al. 2012).

5.1 Destabilization mechanisms

Coagulation hydrolyzation speciation (hydrolysis), polymerization, and subsequent

destabilization mechanisms start to occur instantaneously the second that the primary
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coagulant is added to wastewater. Therefore, rapid mixing and uniform dispersion of the
coagulant is required for efficient particle destabilization, especially when metal salts are used
(Bratby, 1980). Coagulants exhibit four different destabilization mechanisms in wastewater: 1)
compression of the EDL, 2) charge neutralization via adsorption, 3) interparticle bridging via
adsorption, and 4) precipitation and enmeshment. Coagulation process is a synergy of these
different destabilization methods happening simultaneously. (Crittenden, et al. 2012)

First destabilization method is to compress the EDL reach (Crittenden, et al. 2012). London-
van der Waals forces of attraction between particles has a very short reach but it will dominate
over smaller distances. Because EDL reaches intermediate distances, it will repulse particles
from reaching a distance where London-van der Waals forces become predominant (Bratby,
1980). Addition of coagulants or indifferent electrolytes to increase the ionic strength of the
solution compresses the EDL thickness. If more ions are introduced to wastewater or if the
ions have a charge greater than monovalent, then the electroneutrality of EDL can be satisfied

in a shorter distance causing the EDL reach to compress (Crittenden, et al. 2012).

Second destabilization method is charge neutralization via adsorption of oppositely charged
ions and polymers on the particle surface. When particle surface net charge is neutralized,
EDL ceases to exist and London-van der Waals forces can aggregate particles. Most
negatively charged particles in wastewater can be neutralized with the addition of cationic
organic polymers or hydrolyzed metal salts. Trivalent inorganic coagulants and high charge
density organic polymers require lower dosages to neutralize the charge than divalent or

monovalent coagulants (Crittenden, et al. 2012).

Third destabilization method is interparticle bridging via adsorption. Bridging between
particles can be a result of 1) Coulombic interaction (opposite electrical charges attract one
another), 2) dipole interaction, 3) hydrogen bonding, and 4) London-van der Waals forces.
Bridging of particles results in the formation of larger particle agglomerates or flocs that can
settle more efficiently. Interparticle bridging adsorption occurs when high molecular weight
(i.e. long chain) polymers with non-ionic or low charge density are used (Crittenden, et al.
2012).
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Fourth destabilization method is precipitation and enmeshment. With high aluminium and
ferric salt dosages exceeding saturation, insoluble hydrolysis products (solid metal
hydroxides) precipitate and particles become trapped in the amorphous precipitate.
Wastewater pH affects the solubility of hydrolysis products of aluminium and ferric salts, and
pH value should be maintained between 6 to 8 (Crittenden, et al. 2012), where the solubility of
aluminium and iron hydroxides is the lowest (McCarty, et al. 2003).

Prevalent particle destabilization mechanism in coagulation process depends considerably on
the nature of the particle in the fluid, e.g. if the particle is lyophobic or lyophilic for the
medium. In water — solid interfaces the terms hydrophobic and hydrophilic are used to
describe whether the particle repels or attracts water molecules in its surface layer. Both
hydrophobic and hydrophilic interface parts can exist within different regions of the same
particle’s surface and can fluctuate between hydrophobicity and hydrophilicity (Bratby, 1980).

5.2 Coagulants

Coagulants used in the destabilization of colloidal particles can be separated to inorganic
electrolytes and organic polyelectrolytes. Basics of inorganic coagulants and organic

polyelectrolytes are presented in this chapter.

5.2.1 Inorganic coagulants

It has been established that inorganic coagulants used for destabilization are often trivalent
(Crittenden, et al. 2012). This is due to Hardy-Schulze rule, which states that the efficiency of
coagulation effect is dependent on the valency of the ion used for the destabilization of
counter-charged colloids. The approximate ratio of coagulating powers of mono-, di-, and
trivalent ions is often quoted to be 1:100:1000 (Svarovsky, 2000). The coagulating power of
multivalent ions is not directly a result of having high valence. It is most likely caused by their

tendency to form specifically adsorbing complexes with water (Lyklema, 2012).
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Inorganic coagulants are available in both liquid and solid form. When inorganic coagulants
are added to water, many parallel and sequential reactions occur, and they dissociate into ions
(Crittenden, et al. 2012). Simplified dissociation scheme of trivalent metal cations AI** and

Fe3* are shown on equations (2) and (3), respectively:
Al,(S0,); & 2 A3t + 3502 (2)
FeCl; & Fe3t +3Cl~ (3)

Hydration of inorganic cations and anions, e.g. Na*, K*, Ca?*, Mg?*, Fe3*, AI**, CI- and SO2%~
also occurs in water (Svarovsky, 2000). Hydration of cations results in aquometal complex
formation, e.g. Fe(H,0)3* and Al(H,0)3* (Crittenden, et al. 2012). Hydrated ions will then
hydrolyze except for monovalent cations and the common anions CI- and SO3~, which will not
hydrolyze in pH range of 1 — 14 (Svarovsky, 2000). Due to the high charge on trivalent metal
ions, the water molecules (H20) in aquometal complexes are polarized and this leads to the
loss of protons, which is dependent on solution pH and hydroxyl ion (OH") concentration
(Bratby, 1980; Duan & Gregory, 2003). In hydrolyzation, H,O is replaced by OH in
aquometal complexes, which gives a lower positive charge. Simplified mononuclear

hydrolyzation speciation scheme is presented in equation (4):
Me3*t - Me(OH)?** - Me(OH)} - Me(OH); » Me(OH); 4)

Hydrolysis equation (3) proceeds accordingly as solution pH increases, and Me(OH); species
becomes dominant in higher solution pH (Duan & Gregory, 2003). Formation of dimeric,
trimeric and polynuclear hydrolysis speciation products of metal ions is also possible under
specific conditions but are very unlikely in coagulation with simple Al and Fe salts (Duan &
Gregory, 2003). The hydrolysis products of metal cations i.e. metal hydroxides are insoluble,
which is important for coagulation because they offer significant adsorption capabilities.
Greater degree of hydrolyzation results in more extensive adsorption (Bratby, 1980).
Solubility of various aluminium and ferric based mononuclear hydroxide species in different

concentrations and solution pH are presented in Figure 9.
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Figure 9 Solubility diagram of (a) aluminium and (b) ferric hydroxide species at 25 °C.

(Crittenden, et al. 2012)

Hydrolyzation speciation of aluminium and ferric coagulants is hard to control in lower
dosages (Crittenden, et al. 2012). This has led to the development and use of alternate
coagulants in the form of prehydrolyzed polynuclear metal salts (Duan & Gregory, 2003).
They are manufactured in controlled conditions resulting in polymeric hydrolysis products
with varying metal ion monomer amounts. For example, commercially used prehydrolyzed
coagulant, polyaluminium chloride (PACI) has the following general formula:
Al3(OH)b(Cl)c(SOas)d. (Crittenden, et al. 2012). Although their mode of action is not fully
understood (Duan & Gregory, 2003), prehydrolyzed metal salts have the following advantages
over common inorganic coagulants: 1) lower dosage required for effective coagulation, 2) less
sludge generated because flocs are more dense and shear resistant, 3) performance is less
temperature dependent (Crittenden, et al. 2012), and 4) they have smaller effect on solution

pH level and thus require less pH adjustment (Duan & Gregory, 2003).

Ferric as FeCl, 6 H.O, mglL
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5.2.2 Synthetic organic polyelectrolytes

Synthetic organic polyelectrolytes are organic polymers consisting of multiple monomer units
held together by covalent bonds (Bratby, 1980). The monomers contain charged or neutral
functional groups capable of hydrogen bonding with water, which makes the polymers polar
and water soluble, therefore making the polymer behave like an electrolyte in it. The
functional groups in polymer determine its water solubility, charge, and reactivity (Drew,
1990). Types of charges present in polymer can be used to classify the polymers to be non-
ionic, anionic, cationic, or amphoteric (Chong, et al. 2014). Functional groups found in

monomer units are illustrated in Figure 10.
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Figure 10 Charged and neutral functional groups found in polymers. (Drew, 1990)

Along with charge or ionicity of the polymers, they have two distinct characteristics which
define whether they are used as coagulants or flocculants (Rathilal & Tetteh, 2019): 1) density
of charged monomers or charge density and 2) average molecular weight (Svarovsky, 2000).
Organic polyelectrolytes used for coagulation have high charge density (CD), which leads to
good destabilization, and low molecular weight (MW), which enables better diffusion and
distribution around colloidal particles (Rathilal & Tetteh, 2019). Classifications of CD and
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MW from low-to-high can vary depending on the manufacturer (Hendricks, et al. 2011).
Typical classifications of CD and MW of polymers are presented in Table I.

Table | Typical polymer charge density and molecular weight. (Chong, et al. 2014)
Characteristic Category Amount
Molecular weight Low 1 — 3 million
Medium 3 — 6 million
Standard 6 — 10 million
High 10 — 15 million
Very high > 15 million
Charge density Non-ionic <1%
Low 1-10%
Medium 10-40%
High 40 - 80 %
Very high 80 — 100 %

One distinct advantage of organic polyelectrolytes is the ease of modification of polymer
structure, which can be used to manufacture optimized polymers for different applications
(Rathilal & Tetteh, 2019) e.g. coagulation, flocculation, sludge conditioning and thickening
(Hendricks, 2011). Co-polymerization of polymer structure with various monomers can be
controlled to affect the ionic character of polymer (Svarovsky, 2000). Monomers in polymer
structure can be linearly aligned or branched (Hendricks, 2011). Examples of commonly used

monomers in polymer synthesis are presented in Figure 11.
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Figure 11 Common cationic, anionic, and non-ionic monomers used in polymer synthesis.
(Hendricks, 2011)

Organic polyelectrolytes can be used as primary coagulants in coagulation process instead of
inorganic coagulants (Bratby, 1980). Organic coagulants are effective over a wider pH range
than inorganics, typically from pH 4 to 10.5, and organic coagulants require less dosage than
inorganic coagulants (Drew, 1990). Potential advantages whenever polyelectrolytes are usable
as primary coagulants include: 1) less soluble metal carryover from sedimentation, 2) less pH
adjustment required, 3) less light floc carryover, 4) overall sludge volume is reduced, and 5)
less soluble anions. Organic polyelectrolytes have been reported to be successful as primary
coagulants in the removal of turbidity, colour and microorganisms from wastewater. (Brathy,
1980)
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6 Flocculation

Flocculation refers to the physical process where destabilized small particles form larger
particle aggregates by making contact (Bratby, 1980). These larger particle aggregates or flocs
can then be removed by subsequent solid-liquid separation processes like gravity
sedimentation or filtration. There are two principal ways for particles to collide with each
other in wastewater dispersion, microscale perikinetic flocculation and macroscale
orthokinetic flocculation. During sedimentation, differential settling velocities can also

promote particle flocculation. (Crittenden, et al. 2012)

Perikinetic flocculation refers to floc formation where thermal molecular agitation called
Brownian motion causes particles to collide with one another and form flocs (Svarovsky,
2000). Perikinetic flocculation occurs as soon as particles are destabilized. However, when
particles become larger, the velocity gradient induced by Brownian motion alone starts to lose
its effect and becomes insignificant. Therefore, perikinetic flocculation is only able to create

flocs up to 1 um in size. (Bratby, 1980)

Orthokinetic flocculation refers to floc formation where velocity gradient induced by gentle
stirring or mixing of the dispersion causes particles to make contact and flocculate.
Orthokinetic flocculation can form particles significantly larger than 1 um which makes it the
primary flocculation method (Bratby, 1980). The flow in flocculators is turbulent (Svarovsky,
2000), and the greater the velocity gradient in dispersion, the more particles will collide
(Bratby, 1980). Flocs formed in intense velocities tend to be more compact and stronger than

flocs formed in gentle mixing (Svarovsky, 2000)

Larger flocs formed during gentle mixing are less dense making them more susceptible to
shear, which might lead to floc breakup. Abrasion of smaller particles and mixing force can
lead to flocs shearing into smaller fragments. Shear strength can be affected by adjusting
mixing conditions and using flocculating chemicals, flocculants. Flocs formed by inorganic
hydroxide products used in coagulation tend to be smaller and weaker than flocs formed with

the addition of organic polymers, polyelectrolytes. Mixing can also be sequential in the sense
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that during the start of orthokinetic flocculation process, the velocity gradient is larger, and the
gradient is lowered as the flocs become larger. Care must be taken in adjusting the mixing
speed because too forceful mixing can break flocs that have already formed. This practice is

called taper flocculation and it is illustrated in Figure 12. (Svarovsky, 2000)

Taper flocculation sequence
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Figure 12 Floc formation — velocity gradient diagram. As flocs become larger, the
velocity gradient must be adjusted to avoid shearing. (Svarovsky, 2000)

Flocculation can also occur during sedimentation. Differential settling velocities between
particles promote flocculation when faster settling particles start to overtake slower particles
and form cluster with them. Velocity gradients within the liquid can also cause particles in
higher velocity regions to overtake slower particles in adjacent stream paths. Integration of
flocculation within sedimentation process is beneficial for two reasons. First, formation of
larger particles results in faster settling. Second, larger particles sweep smaller particles from
the suspension due to larger particles’ faster settling velocity. Sweeping effect removes tiny

particles that would have settled slowly otherwise. Net benefit from integration results in
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smaller sedimentation basin required for effective clarification or thickening processes, and
improved water quality. (Crittenden, et al. 2012)

6.1 Flocculation mechanisms

Formation of flocs after the addition of polyelectrolytes happens in a sequential manner

involving following steps:

e Uniform dispersion of flocculant into wastewater

e Diffusion of flocculant towards colloidal particle solid-liquid interface
e Adsorption between the flocculant and the particle

e Collision with other particles

e Microfloc formation

e Growth of microflocs by further collision and adsorption (Chong, et al. 2014)

The mechanisms behind floc formation and flocculation involves interparticle polymer
bridging, charge neutralization (Svarovsky, 2000), electrostatic patch, depletion flocculation
and displacement flocculation (Chong, et al. 2014). Most studied and discussed main
mechanisms out of these are charge neutralization, polymer bridging and electrostatic patch
(Cameron, et al. 2016; Chong, et al. 2014). Visual illustration of these main flocculation

mechanisms is presented in Figure 13.
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Figure 13 Illustration of flocculation mechanisms: (a) charge neutralization, (b) polymer
bridging, and (c) electrostatic patch. (Cameron, et al. 2016)

Surface charge neutralization in flocculation is the same mechanism as introduced in
coagulation destabilization mechanisms in Paragraph 5.1. Charge neutralization mechanisms

is most prevalent when charged polymers are used to destabilize oppositely charged colloids
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(Cameron, et al. 2016). Charged polymers neutralize the surface charge of colloidal particles
and allow van der Waals forces of attraction to physically adsorb polymer to the particle
surface, which causes flocculation and particles aggregate into microflocs. Microflocs formed
with charge neutralization have been found to be loosely packed, fragile, and slowly settleable.
Therefore, additional high molecular weight polymer is needed to bridge the microflocs
together (Chong, et al. 2014). Hydrophobic colloidal particles and pollutants often have
negative surface charge, and therefore cationic polymers are used in charge neutralization

flocculation (Cameron, et al. 2016).

Polymer bridging involves the addition of long chain linearly structured high molecular weight
polymer (Cameron, et al. 2016) with low charge density (Chong, et al. 2014). The polymer can
adsorb onto particle surfaces with hydrogen bonding, electrostatic interaction, van der Waals
forces, or chemical bonding (Cameron, et al. 2016). After polymer has adsorbed onto particle
surface, the rest of the polymer length dangles into the water with extended loops and tails to
adsorb onto more particles, which creates a bridge between multiple particles. Bridging leads
to flocculation of particles onto the floc (Cameron, et al. 2016). Therefore, it is important that
polymer is long enough to adsorb onto multiple particles. Flocs formed by bridging are larger,

stronger and more shear resistant than flocs formed in other ways (Chong, et al. 2014).

Electrostatic patch mechanism requires the use of low molecular weight polymer with high
charge density (Chong, et al. 2014), which is oppositely charged to colloidal particles in water
(Cameron, et al. 2016). When highly charged polymer adsorbs onto particles with weak charge
to satisfy electroneutrality, it is not possible for all charged surface adsorption sites to be
occupied and neutralized by the polymer segment (Chong, et al. 2014). This induces localized
charge reversal sites on particle surface, which forms ‘patches’ of oppositely charged areas
that interact with other particles to form flocs (Cameron, et al. 2016). This electrostatic
attraction between positive patches and negative particle surface areas produces flocs that are
not as strong as flocs formed by bridging but are stronger than flocs formed by inorganic

coagulants or charge neutralization (Chong, et al. 2014).
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6.2 Flocculants

Organic polyelectrolytes are often used in conjunction with inorganic coagulants as coagulant
aid or flocculant (Svarovsky, 2000). Flocculants are used to supplement orthokinetic
flocculation on destabilized suspensions and altering floc characteristics to increase floc size,
density, permeability, compressibility and shear strength. Use of flocculants leads to
accelerated flocculation, and better settleability and filterability (Bratby, 1980).

Information on synthetic organic polymers introduced in Paragraph 5.2.2 also applies to
flocculants. Polymers used in flocculation can be classified based on charge, charge density
and molecular weight. Usually, organic polymers used in flocculation have high molecular
weight (Svarovsky, 2000) because larger sized polymers become tangled with suspended
solids more easily and produce the largest flocs (Drew, 1990). Flocculants are often based on
polyacrylamide (PAM) and its derivatives, since acrylamide (AM) monomer is very reactive
and can be used to manufacture very high molecular weight water-soluble polymers
(Cameron, et al. 2016).

Anionic and non-ionic flocculants are often paired with cationic inorganic coagulants to form
larger and denser flocs. Cationic medium charge density high molecular weight flocculants are
used in direct flocculation approach in which flocculants replace coagulants to destabilize
colloidal particles and bridge them to form flocs. Direct flocculation is limited to wastewaters
containing high concentration of suspended organic contaminants, which are often found in

food, pulp and paper and textile wastewaters (Chong, et al. 2014).

Different cationic, anionic and non-ionic polymers are commercially available. Non-ionic
polymers are usually based on PAM, polyethylene oxide (PEO) and polyvinyl alcohol (PVA).
Commonly used cationic polymers are polydiallyldimethyl-ammonium chloride (PDADMAC)
and cationic polyacrylamide (C-PAM). Anionic polymers are often anionic homopolymers
e.g. polyacrylic acid (Chong, et al. 2014) or acrylamide co-polymers with ammonium or alkali
metal salts of acrylic acid. Amphoteric polymers have both cationic and anionic functional

groups but currently have very little industrial use as flocculants (Cameron, et al. 2016).
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Optimum dosage of flocculants depends on the polymer characteristics and flocculation
mechanisms involved. Charge neutralization flocculation has been found to be most effective
when polymer dosage is just enough to neutralize the particle surface charges or when zeta
potential is close to zero at isoelectric point (Chong, et al. 2014). Polymer bridging dosage is
dependent on the amount of particles in water (Crittenden, et al. 2012), and because
unoccupied particle surface area adsorption sites are limited, the dosage should not be
excessive to avoid suspension restabilization (Chong, et al. 2014). Nevertheless, optimum
polymer choice, dosage, and process conditions for best results are often determined by
laboratory jar testing (Svarovsky, 2000), which should be performed as an initial result
screening prior to full-scale testing (Hendricks, 2011).
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7 Experimental part

The aim in experimental part of this thesis was to improve Solenis Tampere chemical
manufacturing plant’s water treatment process by investigating various coagulants and
flocculants. Solenis Tampere’s environmental permit has set the following limits concerning
the wastewater quality that is discharged to Rahola wastewater treatment facility: 1)
wastewater pH must be between 6 — 11 and 2) total suspended solid (TSS) concentration must
be less than 500 mg/l (Aluehallintovirasto, 2012). By testing various coagulants and
flocculants on Solenis Tampere plant’s wastewater samples, suitable chemical(s), dosage
range, and process conditions could be found that allow coagulation and flocculation,
sedimentation, and filtration processes to work as intended and therefore reduce the TSS
concentration of effluent. Streaming potential measurements on supernatant were also

investigated to see if it could help with coagulation process dosing.

The experimental part consists of Solenis Tampere plant’s water treatment schematic
presentation, its wastewater characteristics, equipment and analytical apparatus used for
testing, general laboratory jar test procedure, and information about the coagulants and
flocculants used in jar testing. Jar test results are presented and discussed, and the
recommendations for Solenis Tampere water treatment process based on the results are

presented at the end of the experimental part.

7.1 Solenis Tampere water treatment schematic

Wastewater treatment in Solenis Tampere plant is based on chemical water treatment. Average
amount of wastewater treated daily is 50 m® in batches of 25 m®. The treatment process is a
batch process, which can be roughly summarized in six steps: 1) influent pH adjustment, 2)
coagulation & flocculation, 3) sedimentation 4) thickening, 5) filtration, and 6) effluent pH

adjustment and discharge. Water treatment flow chart schematic is presented in Figure 14.
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Figure 14 Solenis Tampere water treatment process flow chart.

All wastewater generated by cleaning of process vessels and tanks, loading pipes and washing
of filtration socks used in chemical truck loading is gathered to the drainage canal that collects
wastewater in Solenis industrial complex area. Drainage canal leads to ‘Wastewater Basin A’,
where the pH adjustment of the influent wastewater is carried out with sodium hydroxide
(NaOH) and sulphuric acid (H2SO4). NaOH consumption is much higher than H2SO4 because
the pH of influent wastewater is often acidic, around 3 — 4.5 pH. Settings currently adjust

influent wastewater pH to 9.

Wastewater height level in the ‘“Wastewater Basin A’ is measured, and after reaching a certain
height the wastewater is pumped to the ‘Sedimentation Basin’. Total suspended solids (TSS)

concentration is measured during pumping and ideally the coagulation chemical dosage would
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be adjusted accordingly to the pumping stream. Currently, however, a fixed coagulant
chemical dosage of 1000 ul/l is fed to the stream. Either Kemira PIX-105A ferric sulphate or
Chargepac 121 polyaluminium chloride (PACI) is used as the coagulant. Wastewater is fed
into the sedimentation basin from wastewater basin A until a certain water height level
corresponding to a wastewater volume of 25 m?® is reached. Mixing of wastewater in the
sedimentation basin begins after the correct water level is reached to start the coagulation and
flocculation process. Mixing time is 5 minutes after which the flocs formed during mixing are

then settled for 6 hours in the sedimentation basin.

After sedimentation process, the supernatant is drained from the sedimentation basin by
opening a valve to a pipeline connected to ‘Wastewater Basin B’ where clarified wastewater
pH is adjusted if necessary, in case that pH is not between 6 — 11 pH. Sludge at the bottom of
the sedimentation basin is pumped to the sludge basin where thickening of sludge takes place.
Thickened sludge is then pumped to chamber filter press where sludge is dewatered by
filtering. Dewatered sludge ends up in the sludge container, which is disposed when container
is full. Filtered water is directed to wastewater basin B where pH is adjusted, if necessary.
After adjusting pH of the pretreated wastewater effluent in wastewater basin B and a certain
water level height is reached, the effluent is then automatically discharged into the
municipality’s sewer network. Water utility services lead effluent further into Rahola’s
municipal wastewater treatment plant (Aluehallintovirasto, 2012) for biological activated
sludge treatment (Tampereen Vesi, 2020). Discharged effluent wastewater quality is

monitored hourly by taking TSS and pH measurements.

Sludge basin and chamber filter press are currently not operated because the coagulation
process is malfunctioning. The settled sludge formed during coagulation and flocculation is
returned back to the wastewater basin A where it is drained monthly by a vacuum truck.
Circulation of sludge back into wastewater basin A increases the total suspended solid
concentration over time and causes problems in the treatment train as it increases the total

suspended solids concentration of both the influent and the effluent.
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7.2 Characteristics of Solenis Tampere wastewater

The source of organic-based suspended solid containing wastewater on Solenis Tampere plant
mainly comes from washing the equipment used in loading of chemicals into delivery trucks
and cleaning of process vessels and tanks. Washing of loading pipes, filter socks, process
vessels and the manufacturing environment causes different reagents and chemical products to
end up in the wastewater, which causes a lot of variance in the quality of the wastewater on a
day-to-day basis.

Wastewater study done in Solenis Tampere plant found that during an examination period of
12 months, the plant’s processes produced approximately 6444,2 m? of wastewater with 10410
kg of solid waste in it. Manufacturing processes generate 98% of overall process wastewater
with 44% of total suspended solids contribution. Some of the vessel and pipe washing water is
used in the dilution of the products. However, the surplus washing and process waters are
released into the drainage canal because product cannot be diluted too much. Cooling water
used in pumping and mixing is also discharged into the drainage canal leading to wastewater
basin A, which increases the pretreatable wastewater volume. However, this cooling water is

clean and free from solid waste (Heikkild, 2015).

The loading procedure of chemical transport trucks was found to produce 2% of
manufacturing plant’s overall process wastewater but with the highest amount of suspended
solids in it, 56% of total (Heikkild, 2015). This would lead to solid containing wastewater
having 1615 mg/l of TSS in it on average. However, overall wastewater volume treated during
a year is 13000 m*® (Ramboll, 2014), which means the estimated overall TSS of wastewater

could be roughly 801 mg/l on average.

According to analyses done between 2006 — 2011 on pretreated effluent wastewater, the
average amount of TSS in effluent was 1138 mg/l (Aluehallintovirasto, 2012). In 2014
Ramboll Finland Oy measured TSS in Solenis Tampere plant’s wastewater samples taken
prior to pH adjustment (A), and after treatment (B). Wastewater was collected on a 2-week

period during which wastewater (A) was collected on 10 different days and treated wastewater
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(B) was collected on 4 different days. Total amount of samples collected was 14. TSS in
wastewater (A) was between 140 to 6200 mg/l with an average of 1591 mg/l, and TSS in
wastewater (B) was between 300 to 3600 mg/l with an average of 1700 mg/l. In 2017, KVVY
measured TSS in 4 wastewater samples taken prior to pH adjustment which were delivered to
them for testing. TSS of samples were 330, 1520, 2320 and 5800 mg/I.

7.3 Analytical apparatus

Sample pH and conductivity (uS/cm) measurements were done using a Hach Sension+
MM374 meter. Electrical pH meter was calibrated with 4, 7, and 10 pH buffers prior to
measurements. Measurement of charge potentials (mV) was done using Mitek PCD-03
Streaming Current equipment. Streaming current equipment can measure charge potentials in
a range of 800 mV. Potential could be affected by sample conductivity, viscosity, particle
sizes, temperature, cleaning of the measuring cell and chemical properties (Mitek, 2003).
Measurement of turbidity was done using Hach 2100Qis Portable Turbidimeter. It uses a
primary nephelometric light scatter signal in 90-degree angle to the transmitted light scatter
signal and measures the signal ratio to get a turbidity reading. Unit of turbidity is FNU
(Formazin Nephelometric Unit). Hach 2100Qis turbidimeter is capable of measuring turbidity
in a 0 — 1000 FNU range (Hach, 2017). Turbidimeter was calibrated every time prior to using
it. Mitek PCD-03 Streaming Current equipment and Hach 2100Qis turbidimeter are presented
in Figure 15.
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Figure 15 Mitek PCD-03 Streaming Current equipment (left) and Hach 2100Qis
turbidimeter (right).

Mixing of test samples was done using a VWR VOS 14 overhead stirrer. The stirrer has a
mixing speed range of 100 — 2000 rpm. Propeller used for mixing was a 3-bladed pitched
propeller. Propeller was washed and wiped before mixing to avoid contamination from other

substances and coagulants. VWR VOS 14 overhead stirrer and the 3-bladed pitched propeller
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are presented in Figure 16. Filtration of sludge was done using Buchner funnel and Whatman

grade 589/3 ashless blueband round filter papers with a pore size of 2 pm.

Figure 16 VWR VOS 14 overhead stirrer (left) and 3-bladed pitched propeller (right).
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7.4 Analysis of wastewater

Raw wastewater samples used for testing were collected hourly from morning to afternoon
(8:30 — 15:30) from a vent connected to a pipeline located between factory wastewater
drainage canal and wastewater basin A. This was done in order to ensure that the collected
wastewater is not subjected to the pH adjustment that occurs in wastewater basin A.
Wastewater samples were collected on days when chemical truck loadings were scheduled
because chemical truck loading is the main source of solids in Solenis Tampere plant’s
wastewater. Roughly 10 litres of wastewater were collected overall from morning to
afternoon. Wastewater sample characteristics determined were pH, conductivity, streaming
potential and total suspended solid (TSS) concentration. Table of wastewater sample
characteristics and sample collection dates can be found in APPENDIX I.

Collected wastewater samples were shook to mix the wastewater inside the container. After
shaking the container, a portion of the wastewater was poured into a 500 ml beaker. Electrical
pH and conductivity meters were used on the 500 ml sample to determine these
characteristics. Roughly 20 ml of sample was poured into Mitek PCD-03 streaming current

equipment to determine the particle charge potential.

Measurement of TSS concentration of raw wastewater samples was done in the following
steps. 50 ml sample was poured into a graduated cylinder. Sample was then filtrated through a
Buchner funnel using a 1,6 um pore size filtration paper. Filter cake sample was put into an
aluminium dish and then dried for 2 hours in Binder vacuum oven heated to 145 °C. Filter
paper and aluminium dish were weighed prior to filtration. After drying, the sample was put
into desiccator for 5 minutes to let the temperature settle so that the sample does not gather
moisture. Sample was then weighed using Mettler Toledo analytical scale. Suspended solids

concentration was then calculated using the equation (5):

m-mg

TSS =

(5)

where TSS total suspended solids, [mg/l]
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m mass of filtered sample and aluminium dish, [mg]
Mo mass of filtration paper and aluminium dish, [mg]

\Y volume of wastewater sample, [I]

7.5 Laboratory test procedures

Laboratory scale jar testing is used to determine the amount of coagulants and flocculants
needed to clarify wastewater samples. Jar testing usually involves the following steps:
adjustment of pH, addition of coagulants, rapid mixing of coagulant, and slow mixing phase to
flocculate destabilized particle aggregates. Flocs formed during testing are then settled for a
set amount of time. Jar testing setup and equipment used in this thesis is presented in Figure
17.
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Figure 17 Laboratory scale jar test setup and equipment used for coagulation and
flocculation. Propeller was positioned roughly at 1/3 of the beaker’s height.
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Laboratory jar tests were conducted with 600 ml beakers filled to the 500 ml mark with
wastewater. Wastewater sample pH was adjusted to 9 or 10 with a maximum deviation of £0.1
using either NaOH or Ca(OH): as the alkali and H>SOs as the acid. After pH adjustment the

pH and conductivity readings were measured and documented.

Coagulant was then added to the pH adjusted samples and the samples were mixed with two
phases, rapid mixing and slow mixing. Rapid mixing was done with roughly 300 — 400 rpm
mixing speed for 30 seconds, and slow mixing with 100 rpm mixing speed for 3 minutes. If
flocculants were used, they were added at the start of the slow mixing phase. After slow
mixing the stirrer was stopped and propeller was lifted carefully out of the wastewater sample
and flocs were settled for 20 minutes. After 20-minute settling, the supernatant’s turbidity, pH,
conductivity and streaming current readings were measured and documented. Coagulant
dosage was increased in 200 pl/l increments and mixing procedure repeated until a suitable
dosage for the given wastewater sample was found. List of tested coagulants and flocculants

can be found in Paragraph 7.5.4.

Sludge formed during coagulation testing was also filtered apart from the first coagulation test
set in which only some of the samples were filtered. 50 ml of sludge samples were filtered
using Buchner funnel and Whatman grade 589/3 ashless blueband round filter papers with a

pore size of 2 um. Observations in filtration performance and filtrate clarity were documented.

7.5.1 Coagulant testing

Due to the variance of TSS concentration in Solenis Tampere plant’s wastewater, coagulants
were tested with following wastewater qualities: 1. test set with wastewater that contains low-
to-moderate amount of TSS (806 mg/l), 2. test set with wastewater that contains Detac, and 3.
test set with wastewater that contains high amount of TSS (7122 mg/l). Coagulant test sets all

followed the jar test procedure described in Paragraph 7.5.

In the first test set all available coagulants were tested on regular wastewater quality to see

how they perform. Sludge formed by coagulation and flocculation has had dewaterability
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issues in the past, so in this test set it was also tested whether it was helpful if pH adjustment
was done with Ca(OH): instead of NaOH, which was suggested by KVVY (2017). The first
test set was done on wastewater collected on 27.02.2020.

In the second test set all available coagulants were tested on wastewater that contains Detac.
Detac is a pitch and stickies control agent manufactured in Tampere plant that is used to
eliminate deposits from specialty papers and packaging material. 1t works by detackifying the
colloidal material via adsorption and hydrogen bonding (Solenis, 2020c). Detac retains the
colloidal material in it and essentially stabilizes the colloids. Detac therefore inhibits the
coagulants” mode of action by stabilizing the colloids. Stabilization of colloids is the opposite
of what coagulants do to colloids in wastewater, and therefore the treatment of Detac
containing wastewater has been difficult with some coagulants. The second test set was done

on wastewater collected on 26.03.2020.

In the third test set four of the best performing coagulants were tested on wastewater with high
TSS concentration. Coagulants were tested with pH adjusted to 9 and 10 to see if initial pH
had an impact on the coagulation results. The third test set was done on wastewater collected
on 16.04.2020.

7.5.2 Direct flocculation testing

Direct flocculation testing of Solenis Tampere plant’s wastewater was done to see if mostly
cationic polymers could be used instead of inorganic coagulants to destabilize and bridge the
colloidal particles. Polyelectrolytes can be used for flocculation and coagulation depending on
their dosage, ionicity, charge density and molecular weight. Solenis’ product technical data
sheets for polymers recommend 1 — 20 ppm dosages for flocculation, 5 — 100 ppm dosages for
coagulation, and 100 — 500 ppm dosages for dewatering. It is recommended that the polymers
are diluted into 0.5 % mass concentration for testing and they should be used as soon as
possible after dilution to avoid loss of activity. Recommended pH range for cationic polymers

was 1 — 10. Technical data sheets did not give any recommendations for anionic polymer
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usage, but typically they work best in neutral to basic pH conditions, which also depends on
the polymer degree of anionicity i.e. charge density (Pillai, 1997).

Preliminary direct flocculation polymer tests were performed on wastewater collected on
17.02.2020 with TSS concentration of 2980 mg/I. 500 ml wastewater sample pH was adjusted
to 7 using NaOH. 20 — 200 ppm of flocculant was added to the sample with 20 ppm
increments. Flocculants were diluted to 0.5 % mass concentration before testing. Upon
addition of the flocculant to the wastewater sample, the sample was mixed in 100 rpm with an
overhead mixer for 5 minutes followed by 5 minutes of settling. Rapid mixing phase was not
used in direct flocculation tests because mixing with 300 — 400 rpm could potentially inflict
enough shear and mechanical force to tear the polymer chains and therefore reduce the

polymer efficiency.

7.5.3 Combined coagulation-flocculation testing

Three of the best performing coagulants were chosen for combined coagulation-flocculation
testing. Coagulants were tested together with an anionic and a cationic flocculant. Sample
volume was 500 ml and it was adjusted to pH 10 with Ca(OH).. Coagulant dosage was kept
constant during the tests, and 800 pl/I constant was chosen according to the results from
previous coagulant tests on the same wastewater collected on 16.04.2020. Recommended
flocculant dosage was taken from Solenis polymer technical data sheets, which recommend a
dosage of 1 — 20 ppm, and flocculants were tested in 5 — 20 ppm dosages with 5 ppm

increments.

Combined coagulation-flocculation test set followed the same procedure as the previous
coagulation tests where rapid mixing stage lasted for 30 seconds and slow mixing lasted for 3
minutes. Flocculant was added during the slow mixing stage. Mixing speed for rapid mixing
was roughly 300 — 400 rpm and slow mixing speed was 100 rpm. Sample was left to settle for
20 minutes and afterwards the supernatant was analysed for turbidity, pH, conductivity and

streaming potential.
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7.5.4 Tested coagulants and flocculants

Ten coagulants and seven flocculants for testing were recommended by Solenis water
treatment unit’s sales representative personnel. The Chargepac coagulants are mostly dual
system coagulant blends featuring both the inorganic coagulant and the organic flocculant
components. The inorganic component in tested coagulants was either aluminium or ferric
based. The only coagulant exception with no inorganic component is Amerfloc 10LF, which
is a low molecular weight, highly charged cationic liquid polymer based on melamine-
formaldehyde resin. Coagulants used for testing are presented in Table II.

Table II Overview of tested coagulants provided by Solenis.
Coagulant pH Density  Inorganic component Organic component
[g/cm?]
Chargepac 4 1,235 Aluminium based Dimethylethanolamine-
12 (Formula unknown) epichlorohydrin polymer
Chargepac 1,2 1,37 Aluminium hydroxide Unknown organic component
121 chloride
Chargepac 3,8 1,27 Aluminium based Dimethylethanolamine-
36 (Formula unknown) epichlorohydrin polymer
Chargepac 3,5 1,255 Aluminium based Dimethylethanolamine-
39 (Formula unknown) epichlorohydrin polymer
Chargepac = 2,1-3,5 1,17 Polyaluminium Dimethylethanolamine-
40 hydroxide chloride epichlorohydrin polymer
sulphate
Chargepac 3,7 1,25 Aluminium hydroxide Dimethylethanolamine-
312 chloride epichlorohydrin polymer
Chargepac <20 1,337 Aluminium chloride Dimethylethanolamine-
340 epichlorohydrin polymer
Chargepac 1,1 1,34 Aluminium hydroxide  2-propen-1-aminium, N,N-
9332 chloride dimethyl-N-2-propen-1-yl-,
chloride (1:1), homopolymer




Chargepac <30

9632

Amerfloc 15-25

10LF

1,385

1,0-11

Ferric chloride

No inorganic
component

Dimethylethanolamine-
epichlorohydrin polymer
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Melamine-formaldehyde resin

The ionicity of polyelectrolytes that were recommended were mostly cationic because Solenis

Tampere Plant’s wastewater contains negatively charged organic colloidal contaminants.

Furthermore, since Tampere Plant does not have a polymer dilution device, the recommended

polyelectrolytes were dispersion polymers. Unlike powder and emulsion polymers, dispersion

polymers are already in water phase and can be neatly fed to the process without prior

demulsification, oil-to-water transfer or ageing. Polymers used for testing are presented in

Table 11I.
Table I11 Overview of tested polyelectrolytes provided by Solenis.

Polymer Charge Charge density Molecular weight
Drewfloc 2610 Cationic Low High
Drewfloc 2640 Cationic High Medium
Drewfloc 2643 Cationic Unknown Unknown
Drewfloc 2655 Cationic High Medium
Drewfloc 2663 Cationic Unknown Unknown
Drewfloc 2675 Cationic Low High
Drewfloc 2733 Anionic Unknown Unknown
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8 Results

In this chapter, results from raw wastewater samples, coagulant tests, flocculant tests, and
combined coagulation-flocculation tests are presented. Full results and data are available in
APPENDICES I to VI in table form. The results are presented visually as graphs whenever
possible and discussed. For raw wastewater samples, graphs of TSS and pH are presented. For
coagulation tests, graphs of turbidity reduction, streaming potential, and pH in relation to

coagulant dosage are generally presented.

Testing of wastewater samples in coagulation and flocculation test sets were preferably
performed on fresh wastewater samples. Wastewater samples used for testing were collected
on 5 different dates and the overall volume collected per day was roughly 10 litres. Measured
TSS concentrations of wastewater samples are presented in Figure 18. Full results of collected

wastewater samples can be found in APPENDIX I.

Wastewater Suspended Solids
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Sample collection date
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Figure 18 TSS concentration of wastewater samples collected for testing.

Figure 18 illustrates that raw wastewater samples’ TSS had a lot of variance. Measured TSS of
wastewater samples varied between 518 to 7122 mg/l. Variance in wastewater sample TSS

concentrations are largely dependent on the amount of chemical truck loadings per day and on
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the performance of operators doing the truck loading. When many chemical truck loadings are
carried out during the day, the TSS concentration can be very high, and other days when there
are fewer truck loadings, the TSS concentration can be very small. Occasionally, vessel
cleaning and pump cooling water was discharged on the drainage canal at the same time as
samples were taken and the wastewater appeared dilute and less turbid. Dilution by cleaning
and cooling waters could also influence wastewater pH as well. Measured pH of wastewater
samples are presented in Figure 19.

Wastewater pH

pH
OO P N W b U1 O N

9-Feb  19-Feb  29-Feb  10-Mar 20-Mar 30-Mar  09-Apr  19-Apr
Sample collection date

Figure 19 Measured pH of wastewater samples collected for testing.

It can be seen from Figure 19 that collected wastewater samples were mostly acidic in a pH
range of 3.37 to 4.24 except for wastewater containing Detac (26.03.2020), which had a pH of
7.38. Lower TSS concentration and higher pH of Detac containing wastewater could originate
from the dilution caused by washing waters from process vessel cleaning, which occurred

during Detac wastewater collection.

Most of the preliminary coagulation tests were done on 17.02.2020 and 20.02.2020
wastewater samples with moderate-to-high amount of TSS in preparation for actual

coagulation testing to find optimal pH range for coagulation. Preliminary coagulation tests
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were performed mostly with Chargepac 40 in pH values of 7, 8, 9, 10, 11 and 12, and samples
were adjusted using NaOH. Coagulant dosages of 200 to 1000 pl/l were used. Mixing
procedure for preliminary testing involved 15 seconds of rapid mixing in roughly 300 — 400
rpm and slow mixing for 3 minutes in 100 rpm. Turbidity, conductivity and streaming current
values were not measured, and any noticeable turbidity reduction and floc formation were
visually observed instead. Wastewater sample pH after 1000 ul/l coagulant addition was
measured. These wastewaters were not used for the actual coagulation test sets because
17.02.2020 and 20.02.2020 wastewaters did not have enough wastewater left after preliminary
testing to do a full actual test set with all 10 different coagulants, as each coagulant consumes
500 ml of wastewater. However, 17.02.2020 wastewater had some water left after preliminary
testing and it was used in direct flocculation tests for the polymers. Therefore, another
wastewater sample was collected on 27.02.2020 which was used in the first actual coagulation
test set. Thereafter, Detac wastewater was collected on 26.03.2020 and high TSS

concentration wastewater on 16.04.2020, which were used for actual coagulation testing.

Coagulation test pH settings of 9 and 10 were chosen based on previous tests by KVVY
(2017), in which NaOH adjusted pH values of 9.5, 10.5 and 11.5 were used. However, the
flocs tended to float on pH values greater than 9.5 i.e. in pH 10.5 and 11.5. After some
experimentation and practice testing with 17.02.2020 and 20.02.2020 wastewater samples
prior to actual coagulation tests, it was noticed that coagulants generally did not perform well
when NaOH adjusted pH was set to less than 9, e.g. pH 7 and 8. This was probably because
the addition of coagulants decreased the pH to around 5 or 6 in which floc formation and
coagulation was not observed and the samples remained turbid. When NaOH adjusted pH was
set to values greater than 10, e.g. 11 and 12, the coagulants seemed to work well as visually
turbidity reduced significantly and floc formation was abundant, but flocs did not settle and
floated instead. Also, flocs formed in pH 11 and 12 appeared fragile and small. In pH values
of 9 and 10 coagulation seemingly performed as it should because turbidity reduced, abundant

floc formed, and flocs settled after mixing.
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8.1 Coagulation of wastewater samples adjusted with NaOH or Ca(OH):

Wastewater sample collected on 27.02.2020 had a TSS concentration of 806 mg/l, which is
good when the purpose is to test which coagulants work on Solenis Wastewater. Sample
turbidity was greater than 1000 FNU for all the samples after pH adjustment to 9 with either
NaOH or Ca(OH)2 when coagulant dosage was at 0 pl/l. Slight coagulation and floc formation
were noticed on samples where pH adjustment was done using Ca(OH).. After the addition of
coagulants, every sample had a vivid visual reaction and floc formation. Turbidity of
supernatant was measured after allowing sludge to settle for 20 minutes. Turbidity reduction
results of the coagulation with different coagulants on 27.02.2020 wastewater samples are
presented in Figure 20. Full coagulation test results can be found in APPENDIX 1.
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Figure 20 Effects of coagulant dosages of 200 and 400 pl/l on turbidity reduction of
27.02.2020 wastewater sample with 806 mg/l TSS when pH was adjusted to 9
with (a) NaOH and (b) Ca(OH).. Wastewater sample rapid mixing time = 30

seconds, slow mixing time = 3 minutes, and settling time = 20 minutes.

It can be seen from Figure 20 that most of the coagulants worked reasonably well on low TSS

wastewater aside from ferric based Chargepac 9632, which had mediocre turbidity reduction

results. The overall better performance of coagulants on (b) Ca(OH). adjusted wastewater

samples compared to the (a) NaOH adjusted wastewater samples can be attributed to the more
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effective particle destabilization of divalent electrolytes compared to monovalent electrolytes
i.e. the addition of Ca(OH). destabilizes particles more efficiently than NaOH. Hardy-Schulze
rule suggests that the greater valency of electrolytes causes coagulation to require less
electrolyte addition (Bratby, 1980). For example, Chargepac 12 had the worst performance out
of all the coagulants on (a) NaOH adjusted wastewater samples but it performed very well on
(b) Ca(OH). adjusted wastewater sample. Using Ca(OH). for pH adjustment therefore reduces
coagulant dosages needed for better turbidity reduction. Further coagulation test sets were
done using Ca(OH). pH adjustment instead of NaOH based on the overall better turbidity
reduction results of Ca(OH): adjusted samples.

Streaming potential of supernatant was measured after allowing the sludge to settle for 20
minutes. Streaming potential results of the coagulation on 27.02.2020 wastewater samples are

presented in Figure 21.



250

200

150

100

50

Streaming potential [mV]

-50

-100

250

200

150

100

50

Streaming potential [mV]

i ol

200

(a) NaOH

400

Dosage [ul/I]

(b) Ca(OH),

200 400

Dosage [ul/I]

Amerfloc 10LF
Chargepac 12
Chargepac 121
Chargepac 36
B Chargepac 39
B Chargepac 40
M Chargepac 340
B Chargepac 312
B Chargepac 9332
B Chargepac 9632

Amerfloc 10LF
Chargepac 12
Chargepac 121
Chargepac 36
B Chargepac 39
M Chargepac 40
B Chargepac 340
B Chargepac 312
B Chargepac 9332
B Chargepac 9632

59

Figure 21 Effects of coagulant dosages of 200 and 400 ul/l on streaming potential of
27.02.2020 wastewater sample with 806 mg/l TSS when pH was adjusted to 9
with (a) NaOH and (b) Ca(OH).. Wastewater sample rapid mixing time = 30

seconds, slow mixing time = 3 minutes, and settling time = 20 minutes.

Zeta potential and coagulation literature suggests that colloidal destabilization and particle

aggregation occur when zeta potential is within £30 mV (Malvern, 2015) or +20 mV
(Crittenden, et al. 2012). Adjustment of pH with Ca(OH). might result in restabilization of the
suspension more easily than if NaOH is used for pH adjustment. Ca(OH). adjusted samples
had better turbidity results but slightly worse settleability with 400 ul/I dosage. Figure 21 (b)

potential readings strongly suggest that dispersion could be restabilized for Chargepac
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coagulants at 400 pl/l dosage. Therefore, 200 ul/l coagulant dosages could be good for
wastewater containing 1000 mg/l or less TSS.

Coagulant dosage relation to pH had very similar results for NaOH and Ca(OH). adjusted
samples. In general, after the addition of coagulants, NaOH adjusted samples had a slightly
lower pH value when compared to Ca(OH). adjusted samples. Differences in solution pH
could be attributed to the coagulative effect of Ca(OH). or it could be because NaOH is a
stronger alkali than Ca(OH). and therefore the solution might have less NaOH in it than
Ca(OH)2, which could result in Ca(OH). adjusted samples buffering acidity of coagulants’
anions slightly better. However, no literature was found regarding this matter. The only
exception to this was Chargepac 12, which had a lower pH when adjusting with Ca(OH)2,
which might be a result of vastly better coagulation in Ca(OH)2 adjusted sample. Measured pH

results of the coagulation on 27.02.2020 wastewater samples are presented in Figure 22.
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Effects of coagulant dosages of 200 and 400 pl/l on pH of 27.02.2020
wastewater sample with 806 mg/l TSS when pH was adjusted to 9 with (a)
NaOH and (b) Ca(OH).. Wastewater sample rapid mixing time = 30 seconds,
slow mixing time = 3 minutes, and settling time = 20 minutes.

Sludge filterability differences of NaOH and Ca(OH)2 adjusted samples were briefly tested as

well. 50 ml of NaOH and Ca(OH)2 adjusted Chargepac 40 sludge samples were filtered using

a Bichner funnel with Whatman grade 589/3 ashless blueband round filter papers with a pore

size of 2 pm. NaOH adjusted samples’ sludge passed through the filter media pores with

minimum retention of solids on filter media surface and the filtrate was turbid. NaOH adjusted

samples’ sludge therefore exhibited poor filterability. Ca(OH). adjusted samples’ sludge,
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however, retained on the filter media and formed a filter cake on the filter media, and the
filtrate was visually clearer. Filtration of Ca(OH). adjusted samples was rather slow as the
filtrate dribbled droplet by droplet through the filter media which could indicate that the filter
media was fouled during the filtration process, and that more Ca(OH). would be needed for

better sludge dewaterability.

8.2 Coagulation of wastewater samples containing Detac

Wastewater samples containing detackifying agent (Detac) from production collected on
26.03.2020 had the lowest TSS concentration of 518 mg/l. Regardless of the low TSS
concentration, the turbidity of samples after pH adjustment with Ca(OH)2 remained over 1000
FNU. It was noticed that the addition of Ca(OH). did not have any coagulation destabilization
effect or floc formation on Detac containing wastewater as it did with the previous coagulation
tests on 27.02.2020 wastewater. This is because the presence of Detac in the wastewater
inhibits the precipitation and coagulative effects of coagulants to varying degrees depending
on the coagulation chemicals used. After the addition of coagulants, some coagulation was
observed with the lowest dosage. Many of the coagulants performed poorly when Detac was
present in the wastewater and a larger dosage was needed. Turbidity of supernatant was
measured after allowing sludge to settle for 20 minutes. Turbidity reduction results of the
coagulation on 26.03.2020 wastewater samples are presented in Figure 23. Full coagulation

test results of Detac containing wastewater can be found in Appendix IlI.
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Figure 23 Effects of coagulant dosages of 200, 400 and 600 pl/l on turbidity reduction of
26.03.2020 wastewater sample containing Detac and 518 mg/l TSS.
Wastewater sample adjusted to pH = 9, rapid mixing time = 30 seconds, slow
mixing time = 3 minutes, and settling time = 20 minutes.

It can be seen from Figure 23 that turbidity reduction results of ferric based Chargepac 9632,
aluminium based Chargepac 312 and Melamine-resin based Amerfloc 10LF remained poor
(>1000 FNU) regardless of dosage. Chargepac 40, 39 and 12 had mediocre results, and
Chargepac 39 and 12 could have potentially benefited from having a lower starting pH as
these two coagulants lower the pH less than most other coagulants tested. In terms of turbidity
reduction, the best results were achieved with Chargepac 9332, 340, 121 and 36. Chargepac 36

had problems with sludge compressibility and settleability when dosage of 600 pl/l was used.

Streaming potential of supernatant was measured after allowing the sludge to settle for 20
minutes. Streaming potential results of the coagulation on 26.03.2020 wastewater samples are

presented in Figure 24.
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Figure 24 Effects of coagulant dosages of 200, 400 and 600 ul/l on streaming potential of
26.03.2020 wastewater sample containing Detac and 518 mg/l TSS.
Wastewater sample adjusted to pH = 9, rapid mixing time = 30 seconds, slow
mixing time = 3 minutes, and settling time = 20 minutes.

Looking at the streaming potential results of Detac containing wastewater in Figure 24, there
seems to be no consistent correlation between turbidity reduction and streaming potential
values. Best coagulants Chargepac 9332, 340, 121 and 36 had very different results.
Chargepac 9332 had mildly positively charged streaming potential results between 0 — 25 mV,
which increased slightly with higher dosage and had good turbidity reduction results.
Chargepac 340 had a very negatively charged result of -70 mV with the lowest dosage and the
result grew increasingly positive as dosage increased, with 85 mV at 600 pl/l dosage. With
Chargepac 121 the streaming potential results were positively charged between 50 — 80 mV
throughout. Chargepac 36 streaming potential results grew with increased dosage ending up
with 60 mV at 600 pl/l dosage. Chargepac 340 and 121 ended with more positive streaming
potential results than Chargepac 36 but did not suffer from hindered compressibility and
settleability of sludge. Also, Chargepac 12 performed poorly even with streaming potential
results between -15 — 15 mV, which is cited to be ideal for destabilization. This could indicate

that the problem is caused by pH 9 being too high initial pH value for Chargepac 12.
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Measured pH results of the coagulation on 26.03.2020 wastewater samples are presented in
Figure 25.
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Figure 25 Effects of coagulant dosages of 200, 400 and 600 ul/l on pH of 26.03.2020
wastewater sample containing Detac and 518 mg/l TSS. Wastewater sample
adjusted to pH = 9, rapid mixing time = 30 seconds, slow mixing time = 3
minutes, and settling time = 20 minutes.

It can be seen from Figure 25 that Chargepac 36 remained on higher pH value than the rest of
the better performing coagulants Chargepac 121, 340 and 9332, which could indicate that
Chargepac 36 has more organic coagulants than inorganic coagulants in it. Inorganic
coagulants generally affect the pH values more during coagulation due to sulphate or chloride
anions in them. Chargepac 9332, 340 and 121 also lowered the pH more than the rest of the
coagulants excluding Chargepac 9632, which could indicate that effective destabilization and

reduction of turbidity (and TSS) results in lower solution pH values as well.

This time, all the sludge samples formed by coagulants were filtered after coagulation testing.
Every filtrate was visually clear, but the filtration was again rather slow as the filtrate dribbled
droplet by droplet through the filter media. In other words, the filter media was fouled again

during the filtration process. There were exceptions to this, however. Sludge formed by
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Chargepac 36 and 340 filtered faster through the 2 um filter paper with seemingly less fouling
than other coagulants and the filtrate was visually clear.

8.3 Coagulation of wastewater samples with high TSS concentration

Wastewater sample collected on 16.04.2020 had a TSS concentration of 7122 mg/l, which is
very high, but also good for testing the coagulants’ performance on high TSS wastewater.
Four of the best performing coagulants Chargepac 9332, 340, 121 and 36 were chosen for this
coagulation test set based on the results from previous tests. High TSS wastewater was
adjusted to pH 9 and 10 with Ca(OH).. Slight coagulation and floc formation were noticed on
samples after pH adjustment was done. After the addition of coagulants, every sample had
abundant floc formation but remained turbid with smaller dosages. Turbidity of supernatant
was measured after allowing sludge to settle for 20 minutes. Turbidity reduction results of the
coagulation on 16.04.2020 wastewater samples are presented in Figure 26. Full coagulation
test results can be found in APPENDIX 1.
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Figure 26 Effects of coagulant dosages of 200, 400, 600, 800, 1000, 1200 and 1400 pl/I
on turbidity reduction of 16.04.2020 wastewater sample with 7122 mg/l TSS.
Wastewater sample adjusted to (a) pH = 9 (b) pH = 10, rapid mixing time = 30
seconds, slow mixing time = 3 minutes, and settling time = 20 minutes.

It can be seen from Figure 26 that the turbidity reduction performance of all coagulants was

much better when the starting pH value was greater than 9. Only Chargepac 36 managed to
reach a turbidity of less than 1000 FNU in (a) pH 9, but the dosage was rather high (1200 —
1400 pl/l). Both Chargepac 36 and 121 required the least dosage of 600 pl/l in (b) pH 10 to
reduce turbidity below 1000 FNU, whilst Chargepac 340 required a dosage of 1200 pl/l to
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reduce turbidity below 1000 FNU. Overall better performance of inorganic coagulants in
higher pH could be explained by their hydrolysis speciation. Both the solubility and the
amount of charge that the hydroxide species have are affected by the solution pH. Increase in
pH causes hydroxide species to become charged resulting in a change in coagulation
mechanism, which increases the coagulant performance. Increase in pH value can also affect
the protonation of hydrophilic colloids comprised of acids, which can be a factor as well
(Rathilal & Tetteh, 2019).

Streaming potential of supernatant was measured after allowing the sludge to settle for 20
minutes. Streaming potential results of the coagulation on 16.04.2020 wastewater samples are

presented in Figure 27.
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Figure 27 Effects of coagulant dosages of 200, 400, 600, 800, 1000, 1200 and 1400 pl/I
on streaming potential of 16.04.2020 wastewater sample with 7122 mg/l TSS.
Wastewater sample adjusted to (a) pH = 9 (b) pH = 10, rapid mixing time = 30
seconds, slow mixing time = 3 minutes, and settling time = 20 minutes.

It can be seen from Figure 27 that Chargepac 9332 had a very negatively charged result of -90
mV in (a) pH 9 with 200 pul/lI dosage and very positively charged result of 170 mV in (b) pH
10 with 600 pl/I dosage. Reason for this vast contrast or “spike” in results is unknown and
could be caused by inefficient cleaning of streaming current measurement cell. Otherwise

results look similar in the sense that the streaming potential was lower in pH 10 compared to
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pH 9 (except for Chargepac 36) and generally increase in dosage increased the streaming
potential. Reason for lower streaming potential results at higher pH could be due to more
effective destabilization and turbidity reduction. Measured pH results of the coagulation on

16.04.2020 wastewater samples are presented in Figure 28.
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Figure 28 Effects of coagulant dosages of 200, 400, 600, 800, 1000, 1200 and 1400 pl/I
on pH of 16.04.2020 wastewater sample with 7122 mg/l TSS. Wastewater
sample adjusted to (a) pH = 9 (b) pH = 10, rapid mixing time = 30 seconds,
slow mixing time = 3 minutes, and settling time = 20 minutes.
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It can be seen from Figure 28 that increase in dosage lowers the pH of solution as coagulation
destabilizes more particles and more acidic anions are released into solution. Chargepac 36
lowered the solution pH less than other coagulants, and Chargepac 121 lowered the solution
pH more than other coagulants, which are in line with pH results from previous tests as well.
In (b) pH 10 it was also noticeable that Chargepac 36 lowered pH even less when dosages of
over 1000 pl/l were used. This could be due to less turbidity reduction and destabilization
occurring after a certain dosage threshold in which most particles are already destabilized.

Sludge settling volumes after 20 minutes of settling with different coagulant dosages in pH 10
were also loosely documented as it was noticed during testing that higher coagulant dosages
for Chargepac 36, 121 and 9332 caused floc settleability and compressibility issues, and the
flocs appeared to be smaller compared to lower dosages. This could be because excess
cationic coagulant dosages increase zeta potential values and can cause charge reversal and
restabilization of suspension, which disrupts bridging due to available surface area being
reduced by the excess coagulants (Bratby, 1980). Flocs formed by Chargepac 340 did not have
the same issues, but this could be attributed to its otherwise poor turbidity reduction
performance. Rough estimation of settling volume results after 20 minutes of settling can be

seen from Figure 29.
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Figure 29 Effects of coagulant dosages of 200, 400, 600, 800, 1000, 1200 and 1400 pi/l
on settled sludge volume of 16.04.2020 wastewater sample with 7122 mg/I
TSS. Wastewater sample adjusted to pH = 10, rapid mixing time = 30 seconds,
slow mixing time = 3 minutes, and settling time = 20 minutes.

Sludge formed by Chargepac 36 filtered through the 2 um filter paper faster and with less
fouling than other coagulants and the filtrate was visually clear. Addition of 11% Ca(OH)2
using roughly 60 — 80 ml/l dosage to another 50 ml sludge sample of Chargepac 36 pH 10
caused slight foaming when sample was filtered but the filtration was noticeably faster this
time i.e. roughly 1 minute of filtration versus few seconds of filtration when Ca(OH), was
added. Addition of anionic Drewfloc 2733 polymer was tested with 40 ppm dosage on 50 ml
of Chargepac 36 pH 9 sludge sample to see if it could help the filtration but no beneficial
effect was noticed.

Sludge formed by Chargepac 121, 340 and 9332 did not filter efficiently as filtration was very
slow due to fouling. Addition of 11% Ca(OH)2 using roughly 60 — 80 ml/I dosage to another
50 ml sludge sample of Chargepac 340 pH 10 helped filterability immensely as filtration was
much faster with noticeable filter cake and filtrate was clear. Low cationic charge high
molecular weight Drewfloc 2610 & 2675 polymers were tested separately with 40 ppm
dosages on 50 ml of Chargepac 9332 pH 10 sludge samples. This is because high molecular
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weight polymers are used in dewaterability processes (Bratby, 1980). Both polymers were
found to be helpful in filtration process, which was faster than without polymers and with a

clearer filtrate.

8.4 Direct flocculation of wastewater samples

Turbidity of preliminary direct flocculation polymer test samples remained over 1000 FNU for
all the polymers tested with dosages of 20 — 200 ppm with 20 ppm increments on 17.02.2020
wastewater with TSS concentration of 2980 mg/l. Since the results were mostly poor and only
one of the polymers (Drewfloc 2655) seemed to produce a vivid visual reaction upon addition,
it was decided that regular sample measurements were not to be taken, and instead visual
observation was enough to determine the usefulness of the polymers in wastewater treatment.

Results of visual observation and comments are listed in Table IV.

Table IV Flocculation test visual observation comments on 17.02.2020 wastewater with
TSS concentration of 2980 mg/I.

Polymer Comments

Drewfloc 2610 Floc formation even with the smallest dosage. However, wastewater
does not clarify with the polymer alone.

Drewfloc 2640 Floc formation even with the smallest dosage. However, wastewater
does not clarify with the polymer alone.

Drewfloc 2643 No visible reaction. The sludge displayed sticky behavior.

Drewfloc 2655 Floc formation even with the smallest dosage. Moderate amounts of
very large floc (visually roughly few mm in diameter) formed.
However, the floc is very light and essentially non-settleable as it stays
floating in the wastewater. Wastewater stays turbid with 20 to 200 ppm
dosages.

Drewfloc 2663 A lot of small visible floc at 200 ppm dosage. However, wastewater
does not clarify with the polymer alone.

Drewfloc 2675 No visible reaction, and small amounts of floc.
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Drewfloc 2733 No visible reaction or floc formation.

Addition of polymers alone seems not to have a significant impact in purifying the Solenis
Tampere plant’s wastewater. Effective purification by coagulation most likely requires a
proper inorganic coagulant, possibly coupled with a polymer to try and enhance the
flocculation, sedimentation and filtration process performance. Poor performance could be
linked to overhead stirrer equipment having a minimum of 100 rpm mixing speed, which is
most likely too fast for flocculation testing. Poor performance could also be related to the
wastewater sample pH value of 7, and screening in different pH values could have yielded
different results. The number of ionic groups or charge density (CD) in polymer that become
charged can be both independent and dependent on the pH value, which can affect the
efficiency of coagulation by organic polymers (Rathilal & Tetteh, 2019).

Cationic Drewfloc 2655 polymer and anionic Drewfloc 2733 polymer were chosen to be
tested with Chargepac 36, 121 and 9332 coagulants based on flocculation test observations
and coagulation test streaming potential readings. Streaming potential readings were mostly
positively charged which indicates that anionic flocculants could be useful in lowering the
positive charge to avoid restabilization of suspension and therefore increase settleability and
floc size. Since only 1 anionic flocculant was available for testing it was decided that 1

cationic flocculant should be tested as well.
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8.5 Combined coagulation and flocculation of wastewater samples with high TSS

concentration

Turbidity remained over 1000 FNU for all the samples with all the dosages when coagulants
and flocculants were tested together on 16.04.2020 wastewater sample with high TSS
concentration of 7122 mg/l. The reason for bad turbidity reduction could be caused by
wastewater sample not being fresh anymore at the time of testing. Higher conductivity (+200
puS/cm) was also noticed when compared to the results from previous round of coagulation
testing on the same wastewater, which could be a factor as well. Full results can be found in
APPENDIX VI.

Flocculant dosage was tested using a flocculant dosage range recommended by Solenis
Drewfloc technical data sheets which recommend a 1 — 20 ppm range for flocculation, and
flocculant dosages of 5, 10, 15 and 20 ppm were used. Streaming potential results of combined

coagulation and flocculation on 16.04.2020 wastewater samples can be seen in Figure 30.
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Effects of constant coagulant dosage of 800 pl/l and (a) anionic (b) cationic
flocculant dosages of 5, 10, 15 and 20 ppm on streaming potential of
16.04.2020 wastewater sample with 7122 mg/l TSS. Wastewater sample
adjusted to pH = 10, rapid mixing time = 30 seconds, slow mixing time = 3
minutes, and settling time = 20 minutes.

It can be seen from Figure 30 that tests with (a) anionic flocculant had more variability in

streaming potential results than tests with (b) cationic flocculant. Reason for very positively

charged streaming potential values with (a) anionic flocculant at 10 ppm dosages for every

coagulant is unknown. Normally the addition of anionic polymers should bring potential
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values towards negative values (Barany, et al. 2012). Further (a) anionic flocculant addition

caused streaming potential values to lower as expected.

It was noticed during testing that the pH results were a bit higher than in previous coagulation
test set. Reason for higher pH could be due to less destabilization occurring in this test versus
the previous coagulation testing. Effective coagulation and turbidity reduction could cause the
pH value to lower more. Slightly higher conductivity after pH adjustment could also have
caused differences in results. Overall, there was not much difference in solution pH results
when either (a) anionic or (b) cationic flocculant was used with the coagulants. Combined
coagulation-flocculation testing pH results are presented in Figure 31.



78

(a) Anionic Drewfloc 2733

10,5
10
95 —@— Chargepac 9332 +
T Drewfloc 2733
o
9 —@— Chargepac 36 +

Drewfloc 2733

8> @ —— 4&‘: Chargepac 121 +

8 Drewfloc 2733
5 10 15 20
Dosage [ppm]
(b) Cationic Drewfloc 2655
10,5
10
95 —@— Chargepac 9332 +
- Drewfloc 2655
Q.
9 —@— Chargepac 36 +

Drewfloc 2655

8> . =‘<‘ Chargepac 121 +

8 Drewfloc 2655

5 10 15 20
Dosage [ppm]

Figure 31 Effects of constant coagulant dosage of 800 pl/l and (a) anionic (b) cationic
flocculant dosages of 5, 10, 15 and 20 ppm on pH of 16.04.2020 wastewater
sample with 7122 mg/l TSS. Wastewater sample adjusted to pH = 10, rapid
mixing time = 30 seconds, slow mixing time = 3 minutes, and settling time =
20 minutes.

Sludge settling volumes after 20 minutes of settling were also measured to see if the addition
of flocculants could have a beneficial effect on the settleability and compressibility of flocs.

Settling volume results after 20 minutes of settling can be seen from Figure 32.
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Figure 32 Effects of constant coagulant dosage of 800 pl/l and (a) anionic (b) cationic
flocculant dosages of 5, 10, 15 and 20 ppm on settled sludge volume of
16.04.2020 wastewater sample with 7122 mg/l TSS. Wastewater sample
adjusted to pH = 10, rapid mixing time = 30 seconds, slow mixing time = 3
minutes, and settling time = 20 minutes.

It can be seen from Figure 32 that the addition of (a) anionic flocculant seems to have kept the
settled sludge volume for Chargepac 36 and 9332 at constant volumes of 225 and 200 ml,
respectively. Addition of (a) anionic flocculant when coupled with Chargepac 121 seems to
have decreased the sludge settleability slightly as with 5 ppm dosage the sludge settled at 200

ml and after further flocculant addition it settled at 250 ml. Addition of (b) cationic flocculant
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seemed to heavily impact the settleability of Chargepac 36 flocs, which could be caused by
restabilization of the suspension causing sludge to compress less. For Chargepac 121, the
addition of (b) cationic flocculant seemed to enhance the settleability a little bit.

Addition of anionic or cationic flocculants did not seem to have any beneficial effect on the
filtration performance when compared to previous coagulation test filtration results with
16.04.2020 wastewater. Chargepac 36 sludge filtered faster and with a clearer filtrate than
Chargepac 121 and 9332 sludge samples. Only noticeable difference during filtration for all
the samples was strong foaming of sludge samples at the start and at the end of the filtration,

which could be caused by the addition of flocculants.



81

9 Discussion

10 different coagulants were tested in laboratory scale coagulation tests on Solenis Tampere
chemical manufacturing plant’s wastewater. Most of the coagulants performed reasonably
well when tested on wastewater which had a low TSS concentration. Low TSS concentration
wastewater was pH adjusted using either NaOH or Ca(OH): as the alkali base chemical. From
NaOH & Ca(OH). adjusted coagulation test results it can be gathered that when Ca(OH): is
used for pH adjustment it can help coagulants reduce turbidity and therefore reduce the
amount of coagulant dosage needed for coagulation. Sludge from Ca(OH). adjusted samples
was also more easily filtered than NaOH adjusted samples’ sludge. These results are in-line
with a study by Li, et al. (2018), which compared the coagulative behaviour of alkaline
neutralizers NaOH, Ca(OH). and combined NaOH + Ca(OH). on Fenton oxidation effluent.
The study found that Ca(OH). neutralized effluent had the highest TOC removal of 24.02%,
whilst NaOH neutralized effluent removed 9.68% of TOC.

Streaming potential results of low TSS wastewater samples were very cationic with Ca(OH)>
adjusted samples, which could suggest the possibility of using an anionic polymer to reduce
potential to avoid restabilization of suspension, and ease settleability. Increased streaming
potential value could also cause suspension to be more easily restabilized when Ca(OH): is

used, which also prompts the reduction of inorganic coagulant dosage.

Coagulation tests done on wastewater containing detackifying agent (Detac) revealed which of
the coagulants are generally the best suited for Solenis Tampere plant’s wastewater. Based on
the results four of the best coagulants were Chargepac 36, 121, 340 and 9332. Out of all these
coagulants, Chargepac 121 performed the best when wastewater contained Detac and required
the least dosage (200 ul/I) for effective turbidity reduction (247 FNU). Filtration of
wastewater samples’ sludge revealed that Chargepac 36 and 340 were easier to filter than
sludge formed by other coagulants. Reason for this could be because these coagulants have
more organic component and less inorganic component in them (Solenis, 2020d), which forms
larger flocs that are easier to filter. Nevertheless, it could be worthwhile to consider using

Chargepac 121 as the coagulant of choice whenever Detac is scheduled to be loaded into
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chemical trucks so that wastewater is being treated with the coagulant that is the most
effective against the contaminants in it. Chargepac 36 required more dosage (600 ul/l) to be as
efficient at reducing turbidity (196 FNU) as the rest of the four best performing coagulants

when wastewater contained Detac.

Additional challenge for Solenis Tampere plant’s water treatment are cases when wastewater
contains very high TSS concentration. From coagulation tests done on wastewater that
contained high TSS concentration it can be gathered that initial pH adjustment setting played a
big role on coagulation efficiency. Coagulants chosen for these tests were Chargepac 36, 121,
340 and 9332. Coagulants other than Chargepac 36 did not reduce turbidity below 1000 FNU
on pH 9 setting so elevated pH setting of 10 was tested. In pH 10, Chargepac 36 and 121
reduced the turbidity most with the least dosage (600 pl/I) required for turbidity to be reduced
below 1000 FNU. Chargepac 340 was able to reduce the turbidity to below 1000 FNU in very
high dosages (1200 — 1400 pl/l). Whenever wastewater contains high TSS it could be
worthwhile to use Chargepac 36 or 121 coagulants to destabilize it. Generally, for all the
coagulants except for Chargepac 340 it was noticed that dosages of 1000 pl/I and more caused

flocs to have poor settleability and sludge compression.

During filtration of sludge samples, addition of Ca(OH). with 60 — 80 ml/l dosages and
Drewfloc 2610 & 2675 polymers with 40 ppm dosages were found to be beneficial for
filterability of sludge samples with Ca(OH)2 having the most impact. Higher polymer dosages
(>100ppm) could be needed for better filterability according to Solenis technical data sheets
for Drewfloc flocculants. 40 ppm addition of anionic Drewfloc 2733 polymer was not found to

be beneficial for filtration performance.

Seven different polymers were tested in the direct flocculation tests. Direct flocculation tests
done on wastewater with moderate amount of TSS with Drewfloc dispersion polymers
generally had poor results in comparison to coagulation tests with Chargepac coagulants. It
can be gathered from direct flocculation polymer testing that overall wastewater purification in
Solenis Tampere plant most likely needs inorganic coagulants to reduce wastewater turbidity
below 1000 FNU.
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Results from combined coagulation and flocculation tests with anionic Drewfloc 2733 and
cationic Drewfloc 2655 polymer used in conjunction with Chargepac 36, 121 and 9332
suggest that the addition of additional flocculants might not be needed either since no
significant beneficial effect on floc settleability, turbidity reduction or filterability of sludge
was noticed compared to using only Chargepac coagulants. This might be because Chargepac
coagulants have a blend of both inorganic electrolyte and organic polyelectrolyte components
in them, so in essence they already contain both the coagulant and the flocculant. Therefore,
Chargepac coagulants themselves should be enough for the coagulation and flocculation
processes. However, addition of anionic Drewfloc 2733 flocculant did reduce the streaming
potential towards neutral, which might be beneficial to reduce the risk of restabilization of
suspension. Additionally, anionic Drewfloc 2733 hindered the sludge settleability of flocs
created by Chargepac 121 coagulant, and therefore pairing these two together should probably
be avoided.

Whenever inorganic coagulants are used, charge neutralization has a role in the destabilization
of colloidal particles (Chong, et al. 2014). Looking at the streaming potential results from
various coagulation tests versus turbidity reduction results, it is very hard to deduce the
optimal coagulation dosage needed for efficient turbidity reduction solely based on the
streaming potential readings from the tests. This could be due to Solenis Tampere plant’s
wastewaters having mostly organic-based contaminants with unknown affinity towards water
(polarity i.e. hydrophobic or hydrophilic) which could indicate that the dominant coagulation
mechanism involved in the destabilization of colloidal particles is most likely not charge
neutralization and multiple mechanisms are involved instead (Bratby, 1980). Therefore,
streaming potential readings are probably not very useful in the determination of optimal

dosage needed for Solenis Tampere Plant’s wastewater.

Particle aggregation and floc settleability in laboratory scale coagulation jar testing could have
been negatively affected by the equipment used in coagulation and flocculation testing.
Overhead stirrer that was used in testing was not optimal for flocculation as it had a mixing
speed scale of 100 — 2000 rpm, meaning that in the minimum speed of 100 rpm the

mechanical force could have induced enough shear to limit the floc size and cause adverse
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effects on the floc settleability. Usually, in laboratory scale coagulation jar test procedures
performed in different studies the slow mixing in flocculation uses much lower mixing speeds
e.g. 40 rpm with flocculants (Ahmad, et al. 2008; Ahmad, et al. 2011) or 20 rpm with
inorganic coagulants (Aguilar, et al. 2005). Also, flat bladed stirrers are preferably used
instead of propeller type stirrers (Bratby, 1980). Rapid mixing stage with roughly 300 — 400
rpm mixing speed instead of 100 rpm was observed visually to be more beneficial in the
dispersion of coagulant throughout the solution to destabilize colloidal particles more
efficiently, which is something that could be implemented in the full-scale application along
with slow mixing stage to promote flocculation of destabilized particles. Implementation of
rapid mixing of coagulant in full-scale application is important because insufficient mixing

leaves the coagulation process incomplete (MRWA, 2020).

All in all, Chargepac 121 seems to be the most logical choice for the coagulant to treat Solenis
Tampere plant’s wastewaters given its ability to perform well in all differing wastewater
qualities in different TSS concentrations and when wastewater contains Detac. Chargepac
9332 performed reasonably well too but required slightly higher dose of 800 pl/l to reduce
turbidity of high TSS wastewater. Chargepac 36 performed well on low and high TSS
wastewaters but struggled when wastewater contained Detac. Estimation of optimal coagulant
dosages for Chargepac 121, 9332 or 36 proves to be hard when wastewater composition and
TSS values change a lot. Keeping in mind that floc started to have settleability and
compressibility issues in dosages of 1000 pl/l in wastewater containing high TSS
concentration, the suggested coagulant dosage dependent on the wastewater TSS could be
interpolated with a linear line between the two extreme wastewater cases of wastewater with
low TSS and wastewater with high TSS. Interpolation is presented in Figure 33. This linear
line does not consider the possibility of wastewater containing Detac, in which case for
Chargepac 36 coagulant the dosage would need to be at least 400 ul/l to be efficient in
turbidity reduction. Another thing to take into consideration is that coagulant dosage might not
be linearly dependent on TSS, and that the estimated dosages might not be enough in the full-

scale application. Moreover, reduction of current coagulant dosage of 1000 pl/l could be
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dependent on whether Ca(OH): is used as the pH adjustment alkali, and therefore slightly
higher coagulant dosages (+100 pl/l) are estimated to be needed if NaOH is used.

Optimal coagulant dosage

8000
7000
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2000
1000

Wastewater TSS [mg/I]

0 200 400 600 800 1000
Dosage [pl/I]

Figure 33 Interpolation of estimated coagulant dosage dependent on wastewater TSS.
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10 Conclusions

The aim of this thesis was to find suitable chemicals and process conditions to improve
Solenis Tampere plant’s water treatment facility’s coagulation, flocculation and sedimentation
process performance to an acceptable level so that the discharged pretreated wastewater
effluent can meet the total suspended solid (TSS) limitations set by its environmental permit.
The environmental permit given to Solenis Tampere requires the effluent wastewater to have
less than 500 mg/l of TSS in it with a pH of 6 — 11 when discharged to municipal water
treatment facility. Thought was also given to the subsequent sludge dewatering and filtration
process performance when choosing the suitable chemicals for improved coagulation and

flocculation processes.

Laboratory scale coagulation jar tests coupled with filtration tests were carried out to find
suitable chemicals, dosage ranges and process conditions for improved performance.
Laboratory scale coagulation tests were performed with 200 — 1400 ul/l coagulant dosages
depending on wastewater TSS concentration, and whether wastewater contains Detac in it.
Rapid mixing time of 30 seconds in 300 — 400 rpm followed by slow mixing of 3 minutes in
100 rpm and 20 minutes of settling was the general jar test procedure. Sludge was filtered
through a 2 um pore size filter paper for evaluation. Recommendations based on the results

from jar tests can be summarized as follows:

1. Switching pH adjustment chemical alkali from NaOH to Ca(OH).. Ca(OH): is known
to work as a coagulant and flocculant. Therefore, it can reduce the amount of
aluminium coagulant needed for the process. It can improve the overall process
performance by improving the filtration performance and dewaterability of the sludge.
However, higher dosages of Ca(OH)., than what goes into pH adjustment, are needed
for sludge conditioning for better sludge dewaterability in filtration, which could be
dosed after sludge is moved into sludge basin.

2. Changing process pH adjustment settings from 9 to 10 pH. Adjusting pH to 9 can work
if the TSS concentration is low e.g. around 1000 mg/l. However, it was noticed during

higher TSS concentration (>7000 mg/l) coagulation testing that coagulant performance
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was generally poor for all coagulants when pH was adjusted to 9. Coagulation test
results in pH 10 were much better in terms of turbidity reduction and required lower
coagulant dosages.

. Switching the current coagulant chemical from Kemira PI1X-105A to Chargepac 121.
Chargepac 121 coagulant performed well on all the coagulation tests in terms of
turbidity reduction and sludge settleability. However, during filtration the sludge
tended to foul the 2 pum filter paper, and sludge conditioning is required for filtration. If
Chargepac 121 does not perform well on industrial scale testing, then Chargepac 36
and 9332 could potentially be used instead.

Reducing the current static coagulant dosage of 1000 ul/I. During laboratory scale
coagulant testing it was noticed that coagulant dosages greater than 1000 pl/l suffered
from poor sludge settleability, and the sludge would not compress. Overdosage
induced particle charge restabilization or charge reversal seems to be the cause of this,
which can ruin the overall process performance. Suggested coagulant dosage is
between 200 to 800 pl/l using a scaled dosage system based on wastewater TSS
concentration, e.g. coagulant dose of 200 pl/l if wastewater contains less than 1000
mg/l TSS up to 800 pl/l for wastewater containing up to 7000 mg/l TSS. If NaOH is
used as the pH adjustment alkali, then a slightly higher coagulant dosage (+100 pl/l) is
estimated to be needed to compensate for the coagulative effects of Ca(OH)..

. Currently no rapid mixing stage is implemented in the process. To improve coagulant
dispersion throughout wastewater, a rapid mixing stage could be implemented at the
start of the coagulant mixing process in the sedimentation basin. Mixing time suitable
for rapid mixing could be from 1 to 2 minutes to disperse the coagulant within the
wastewater. Addition of rapid mixing stage could help enhance the coagulation process
destabilization and microfloc formation significantly. Suitable mixing speed could be
anywhere from 200 to 400 rpm.

Implement a slow mixing stage after rapid mixing stage to improve flocculation. Slow
mixing phase could last for 5 — 15 minutes to combine the microflocs into larger flocs
to improve sludge settleability. Suitable mixing speed for flocculation could be from

20 to 40 rpm. Additional flocculants might not be needed since Chargepac coagulant
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blends have both the inorganic coagulant component and organic flocculant
component. However, if additional flocculants are used, they should be dosed during
this stage.

7. Ca(OH),, Drewfloc 2610 or Drewfloc 2675 could be used for sludge conditioning and
dewatering as a filtration aid. 11% Ca(OH). dosages of 60 to 80 ml/l were found to be
needed for filtration to perform well. For Drewfloc 2610 and 2675 dosages of 40 ppm
were used to enhance sludge filtration. However, higher polymer dosages are
presumably required for better filtration performance as with this dosage the filtration
times were longer than with Ca(OH) conditioned sludge. Solenis Drewfloc 2610 &
2675 product technical data sheets recommend 100 — 500 ppm dosage for dewatering.

Achieving a low turbidity of 10 - 100 FNU is not worth it if the cost of crystal-clear
supernatant is a non-settleable sludge due to overdosing coagulant. Achieving a turbidity of
less than 1000 FNU is within the regulations of having less than 500 mg/l TSS concentration,
which would be an excellent result given that currently the plant’s discharged pretreated
wastewater effluent can have a TSS concentration between 300 to 3600 mg/l, usually
averaging around 1100 mg/l TSS according to Ramboll (2014) and Aluehallintovirasto (2012),

respectively.

Another critical thing to get working is the sludge thickening and dewatering process to avoid
circulation of sludge in the process as it only increases the total TSS of influent wastewater
which completely ruins the treatment process, and increases costs because the sludge has to be
vacuumed from the basin monthly. Hopefully when applying these recommended changes to
the process it can meet the requirements of the environmental permit, and have the dewatering
and filtration processes operational, and have a steady effluent TSS concentration of less than

500 mg/l consistently.
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Collected wastewater sample analytical data and composition.

APPENDIX | 1(1)

Sample date  Total suspended solids Streaming Conductivity _ _
[dd/mm/yyyy]  concentration [mg/l] ~ potential [mv] PH [uS/cm] Chemicals contained
17/02/2020 2980 N/A 3,80 1166 Aquapel (AKD), Hi-Phase, Kymene
20/02/2020 2028 315 3,37 994 Aquapel (AKD), Hi-Phase, Spectrum, Infinity
27/02/2020 806 70 4,24 924 Aquapel (AKD), Kraton resin, Nopcote,
Epichlorohydrin

26/03/2020 518 20 7,38 2010 Hi-Phase, Forchem resin, Hercobond, Detac
16/04/2020 7122 200 4,20 1816 Aquapel (AKD), Hi-Phase, Kymene, Spectrum




Coagulation test results on 27.02.2020 wastewater adjusted to pH 9 with NaOH.

APPENDIX II 1(2)

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]

0 9,02 1207 -40 > 1000
Chargepac 9632 200 6,72 1303 50 593
400 4,78 1356 60 426

0 9,01 1235 -40 > 1000
Chargepac 9332 200 7,63 1271 30 298
400 6,58 1290 180 56,5

0 9,00 1207 - > 1000
Chargepac 312 200 8,26 1220 -30 420
400 7,51 1253 200 226

0 9,05 1226 - > 1000
Chargepac 340 200 7,55 1285 40 221
400 6,28 1339 185 58

0 8,99 1202 - > 1000
Chargepac 40 200 7,94 1234 20 315
400 6,83 1277 130 96,5




APPENDIX II 2 (2)

Coagulation test results on 27.02.2020 wastewater adjusted to pH 9 with NaOH continued.

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]

0 9,05 1230 - > 1000
Chargepac 39 200 8,66 1241 20 464
400 8,42 1244 100 179

0 9,01 1190 - > 1000
Chargepac 36 200 8,58 1197 0 545
400 8,14 1220 85 149

0 9,02 1304 - > 1000
Chargepac 121 200 7,57 1362 -70 304
400 5,79 1432 135 32,2

0 8,96 1204 - > 1000

Chargepac 12 200 8,77 1203 15 > 1000
400 8,53 1227 60 745

0 9,01 1138 - > 1000
Amerfloc 10LF 200 8,53 1127 -50 209
400 8,15 1133 -25 172




Coagulation test results on 27.02.2020 wastewater adjusted to pH 9 with Ca(OH)..

APPENDIX 111

1(2)

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]

0 9,10 1211 20 > 1000
Chargepac 9632 200 7,02 1387 110 477
400 5,39 1487 190 517

0 9,04 1143 20 > 1000
Chargepac 9332 200 7,73 1230 60 243
400 7,13 1266 180 57,5

0 9,09 1139 - > 1000
Chargepac 312 200 8,55 1185 85 373
400 7,74 1244 180 245

0 9,09 1303 - > 1000
Chargepac 340 200 7,94 1494 150 77
400 6,80 1585 210 10,9

0 9,05 1389 - > 1000
Chargepac 40 200 8,17 1427 135 109
400 7,29 1496 205 20,2
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Coagulation test results on 27.02.2020 wastewater adjusted to pH 9 with Ca(OH)2 continued.

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]

0 9,10 1243 - > 1000
Chargepac 39 200 8,78 1250 205 178
400 8,51 1301 230 93,4

0 9,00 1376 - > 1000
Chargepac 36 200 8,58 1379 80 87,3
400 8,19 1409 180 32

0 8,98 1278 - > 1000
Chargepac 121 200 7,44 1371 150 49,1
400 6,05 1475 235 6,43

0 8,93 1217 - > 1000
Chargepac 12 200 8,60 1229 60 202
400 8,40 1264 210 110

0 9,09 1095 - > 1000
Amerfloc 10LF 200 8,75 1086 60 161
400 8,40 1098 20 150




APPENDIX IV 1(2)

Coagulation test results on 26.03.2020 wastewater containing Detac adjusted to pH 9 with Ca(OH)s.

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]
0 9,06 1937 - > 1000
Chargepac 9632 200 8,67 2140 55 > 1000
400 8,03 2390 -10 > 1000
600 6,70 2580 -20 > 1000
0 9,03 1842 - > 1000
Chargepac 9332 200 8,85 2100 0 445
400 8,58 2260 15 54,8
600 8,11 2400 25 34,2
0 9,02 2060 - > 1000
Chargepac 312 200 8,92 1909 -5 > 1000
400 8,78 2090 55 > 1000
600 8,58 1911 40 > 1000
0 9,02 2030 - > 1000
Chargepac 340 200 8,78 2140 -70 541
400 8,38 2160 25 46,6
600 7,74 2450 85 38,2
0 9,01 1757 - > 1000
Chargepac 40 200 8,79 1792 35 > 1000
400 8,53 1869 5 > 1000
600 8,27 2270 -20 701




APPENDIX IV 2 (2)

Coagulation test results on 26.03.2020 wastewater containing Detac adjusted to pH 9 with Ca(OH)2 continued.

Coagulant Dosage [pl/1] pH Conductivity Streaming potential | Turbidity [FNU]
[uS/cm] [mV]

0 9,00 2030 - > 1000

Chargepac 39 200 8,94 1775 -10 > 1000
400 8,84 1803 90 670
600 8,73 2050 90 268

0 9,07 1942 - > 1000

Chargepac 36 200 8,99 1822 10 > 1000
400 8,89 1738 0 596
600 8,75 1903 60 196

0 9,00 1961 - > 1000
Chargepac 121 200 8,66 1859 60 247
400 8,05 2340 50 145
600 7,22 2500 80 165

0 9,00 2110 - > 1000

Chargepac 12 200 8,92 2030 -10 > 1000
400 8,83 1881 -5 679
600 8,73 1910 15 362

0 9,01 1805 - > 1000

Amerfloc 10LF 200 8,91 2140 60 > 1000

400 8,84 1778 20 > 1000

600 8,75 1815 30 > 1000




APPENDIX V 1 (2)

Coagulation test results on 16.04.2020 wastewater with high total suspended solids (TSS)
concentration adjusted to pH 9 with Ca(OH)a.

Coagulant Dosage pH Conductivity |  Streaming Turbidity
[/ [uS/cm] potential [mV] [FNU]
0 8,98 2740 - > 1000
200 8,28 2890 -90 > 1000
400 7,84 2970 -10 > 1000
Chargepac 600 7,40 3110 0 > 1000
9332 800 7,15 3220 40 > 1000
1000 6,94 3280 35 > 1000
1200 6,63 3400 90 > 1000
1400 6,28 3500 80 > 1000
0 9,07 2690 - > 1000
200 8,21 2840 50 > 1000
400 7,59 3050 35 > 1000
Chargepac 600 7,22 3170 70 > 1000
121 800 6,85 3280 70 > 1000
1000 6,42 3400 115 > 1000
1200 5,99 3460 115 > 1000
1400 5,50 3570 95 > 1000
0 9,07 2670 - > 1000
200 8,72 2770 5 > 1000
400 8,23 2890 25 > 1000
Chargepac 600 7,81 3050 40 > 1000
340 800 7,55 3090 40 > 1000
1000 7,28 3270 80 > 1000
1200 7,06 3350 70 > 1000
1400 6,80 3480 40 > 1000
0 9,01 2690 - > 1000
200 8,39 2760 70 > 1000
400 8,15 2810 25 > 1000
Chargepac 600 7,92 2900 65 > 1000
36 800 7,79 2900 60 > 1000
1000 7,64 2930 75 > 1000
1200 7,55 3030 85 728
1400 7,49 3050 115 613




APPENDIX V 2 (2)

Coagulation test results on 16.04.2020 wastewater with high total suspended solids (TSS)
concentration adjusted to pH 10 with Ca(OH)s.

Coagulant Dosage pH Conductivity |  Streaming Turbidity
[/ [uS/cm] potential [mV] [FNU]
0 10,01 2650 - > 1000
200 9,07 2820 -20 > 1000
400 8,60 2970 -30 > 1000
Chargepac 600 8,26 3040 170 > 1000
9332 800 7,95 3200 60 596
1000 7,67 3390 35 313
1200 7,47 3510 60 117
1400 7,26 3560 35 13,6
0 10,07 2640 - > 1000
200 9,08 2850 0 > 1000
400 8,48 3020 0 > 1000
Chargepac 600 8,09 3240 40 604
121 800 7,71 3410 20 468
1000 7,37 3580 25 267
1200 7,10 3740 75 32,6
1400 6,71 3810 30 113
0 9,99 2600 - > 1000
200 9,14 2750 5 > 1000
400 8,57 2860 20 > 1000
Chargepac 600 8,18 3040 40 > 1000
340 800 7,92 3160 40 > 1000
1000 7,63 3260 45 > 1000
1200 7,42 3390 20 963
1400 7,20 3490 50 898
0 10,02 2650 - > 1000
200 9,18 2790 50 > 1000
400 8,70 2840 30 > 1000
Chargepac 600 8,48 2900 70 391
36 800 8,30 2990 75 193
1000 8,11 3040 95 112
1200 8,09 3080 85 62,6
1400 8,04 3140 85 61,4




APPENDIX VI 1 (1)

Combined coagulation and flocculation test results on 16.04.2020 wastewater with high total
suspended solids (TSS) concentration adjusted to pH 10 with Ca(OH).. Coagulant dosage kept
at a static 800 pl/I. Turbidity remained over 1000 FNU and is not therefore listed.

Coagulant Dosage [ppm] pH Conductivity | Streaming Sludge amount after
[uS/cm] potential [mV] settling [ml]

Chargepac 0 10,09 2860 - 500
9332 + 5 8,46 3460 75 200
Drewfloc 10 8,38 3420 115 200
2733 15 8,40 3430 65 200
20 8,29 3480 25 200
Chargepac 0 10,03 2860 - 500
36 + 5 8,62 3230 75 200
Drewfloc 10 8,51 3210 120 225
2733 15 8,51 3220 105 225
20 8,42 3230 80 225
Chargepac 0 10,00 2860 - 500
121 + 5 8,11 3590 70 200
Drewfloc 10 8,06 3590 105 250
2733 15 8,07 3630 70 250
20 8,01 3680 40 200
Chargepac 0 10,03 2880 - 500
9332 + 5 8,62 3340 5 200
Drewfloc 10 8,52 3390 5 225
2655 15 8,46 3390 10 225
20 8,42 3410 10 200
Chargepac 0 9,98 2870 - 500
36 + 5 8,66 3330 30 200
Drewfloc 10 8,45 3250 50 250
2655 15 8,41 3190 25 250
20 8,30 3270 20 325
Chargepac 0 10,02 2890 - 500
121 + 5 8,20 3660 25 250
Drewfloc 10 8,08 3660 -5 225
2655 15 8,10 3720 10 225
20 8,02 3700 -5 200




