Chapter 1
| nt roducti on

1.1 Background

Ur ban wet - weat her flow (WAF), which includes sanitary sewer
overflow (SSO, conbi ned sewer overflow (CSO, and stornmater

di scharge (SWD), contains significant quantities of toxic
substances. WA related toxic pollutants are major contributors
to the degradation of receiving waters. Urban WAF contains a
greater variety of toxic pollutants than sanitary wastewater.

Pol lutants carried off urban catchnments by drai nage systens
during wet weather originate fromnany sources, e.g., conmercial,
industrial, and residential parking areas; roadways; autonobile-
service stations; sewer infiltration from |l eaki ng underground
storage tanks; accidents and spills; park and residential |awns;
construction sites; and active and inactive industrial sites.
Past studies indicate that SSO CSO and urban SWD contain
significant quantities of toxic substances; a nunber of the
hazar dous-waste priority pollutants have been identifi ed.

Wt hout consideration of urban and industrial stormater-runoff

t oxi c- substance control, the various hazardous-substances-cl eanup
prograns will not be effective in controlling total area w de

em ssions of these substances.

Toxi c-organic chem cals (e.g., benzene, polynuclear aromatic
hydr ocar bons [ PAH], pol ychl orinated bi phenyls [PCB], etc.) and
heavy netals (arsenic [As], cadmium|[Cd], chromum[Cr], copper
[Cu], lead [Pb], mercury [Hg], and zinc [Zn]) in storminduced
di scharges contribute to receiving-water degradation (Pitt, et
al ., 1995). The US Geol ogical Survey reported that urban storm
runoff collected fromresidential, conmmercial, and industri al
areas around Phoenix, AZ was found to be toxic to fathead m nnows
and water fleas (Lopes and Fossum 1995). Industrial and
commercial parking lots, material storage areas, and vehicul ar
service stations are the nost significant contributors of such
pollutants to WAF as reported by Pitt, et al.(1995).

Sansal one et al. (1995) observed that |ead, predom nantly
associated with the particle fraction, was nore nobile than
copper for highway runoff. Water quality in a creek bel ow a

hi ghway construction site indicated that the sedi nent
concentrations of total hydrocarbons, aromatic hydrocarbons, and
heavy netal s and water concentrations of heavy netals and

sel ected ani ons increased downstream of roadway runoff (Maltby et
al . 1995). Hydrocarbon contam nation of sedi nents was positively
correlated with potential contam nant | oading functions (that is,
| ength of road drained/streamsize). Boudries, et al. (1996) and
Estebe, et al. (1996) reported that heavy netals and aliphatic
and aromati c hydrocarbons bound to particles in the River Seine
sedi ments near Paris are due to urban WAF di scharges. Such toxic



substances in sedinments create a |long-terminpact on ecol ogi cal
syst ens.

Most of the solids finer than 50 m croneters(umare the principal
vector of pollution in urban stormvater (Chebbo et al., 1990).
Table 1-1 that summarizes results fromurban stormrunoff
characterizations by Ellis and Revitt (1982) and Vi gnol es and
Herremans (1995) indicates the najority of heavy netals are
associated wth particles less than 10 pymwhich are well into the
coll oidal range. Thus, in order to effectively control toxic
heavy netals in urban stormwater, treatnment processes that are
capable to renpove fine particles (<10 unjand to be able to handl e
unst eady- nonuni form stormnvat er fl ow nust be used. However, very
few of the commonly applied physical-chem cal processes are cable
to renmove such fine particles effectively.

Tabl e 1-1. Metal Distribution Versus Particle Size

Suspended Metal Distribution (%
splids Si ze
(mcrometers) | o | oo | o | cu | M | N Pb | zn
> 100 18 9 5 7 8 8 4 5
10 -- 100 36 31 24 30 21 29 23 35
< 10 46 60 71 63 71 63 73 60

One approach of renmoving small particles in urban WAF is to apply
coagul ant to pronote colloid sorption during floc formation prior
to sedinentation than followed by filtration. These processes
achi eve better solids renoval than the plain sedinentation
(retention tank); but unsteady stormwater flow can detrinentally
affect the process efficiency. In recent years, mcro-sand has
been used as weighted mcrocarrier (MC) in ballast-coagul ation of
colloidal particles accelerating settling velocity. This is a new
hi gh-rate physical-chem cal clarification process. It was
originally designed for drinking water treatnent and recently
being tested for treating wastewater and WAF. This process
consists of the addition of a coagulant in the influent pipe, M
and coagulant aid (i.e., flocculant, polyner, polyelectrolyte) in
a m xing chanber, and than followed by maturation (floccul ation)
and sedinentation tanks. The initiation of the reaction of

coagul ation-fl occul ati on processes is inproved by the presence of
the MC and pol ynmer, which increases the bonding of the floc to



the MC, resulting in higher settling velocities. The M crosepD
(U.S. Filter Corporation) and the Actifl o (Omi um de Traitenent
et de Valorisation [OIV]) are two conmercially avail abl e systens

that use recycled MC (e.g., mcrosand), while DensaDegD(InfiIco
Degrenont, Inc.) recycles its sludge. Recently, these processes
are being evaluated at an increasing nunber of pilot units for
treating CSO

1.2 Purpose of Study

In view of the difference between MC and conventi onal

coagul ation-fl occul ati on processes, the existing bench-scal e
testing procedures or standard Jar Test may not be adequate.
Thus, there is a need for developing a new set of bench-scale
testing procedures. The main purpose of this study is to devel op
and eval uate new MC bench-scal e (Jar Test) procedures for

engi neers or plant operators to screen and select the effective
conbi nation of type-dosage of coagul ant, MC, and coagul ant aid
for renoving WAF col |l oidal particles. Determ nation of the
particle size distribution and zeta-potential of colloids enable
a better selection of coagulation-floccul ation agents for the MC
wei ght ed coagul ati on process. Results of the experinental study
herein may offer useful information to provide a framework for
further evaluation on MC wei ghted coagul ati on for subsequent
researchers.

bj ecti ves
The objectives of this investigation are to:

- Evaluate the applicability of conventional jar test
procedure to the MC wei ghted coagul ation, and if needed,
nodi fy the jar test procedure for screening MCs, coagul ants,
and coagul ant ai ds;

« Test the effects of different types and dosages of coagul ant
and coagulant aid in conjunction with MC for selection of
the nost effective conbination;

« Investigate the effect of MC on particle size distributions
and zeta potential of colloids in urban WAF by using the
nodi fied jar test procedure.

Presented belowis a brief reviewrelated to the phenonenon of
coagul ati on.

1.3 Col | oi ds Coagul ati on Anal ysi s

Col | oi d coagul ation is a conplex process which depends on a
nunber of factors such as colloid type, particle concentration,
pH, coagul ant concentration, particle size distribution, surface
area, surface charge, interfacial reactions and collisions

bet ween suspended particles (G egory, 1993). Mathematically, the



coagul ation process is known to be a binary process that has been
nodel ed as a second-order rate process (for exanple, O Mli a,

1993): dn/dt=kn* , where n is the concentration of particles in

suspension at tinme t, and k is a second order rate constant.
From a nmechani stic point of view coagul ati on depends on two

di stinct influences: (a) particles nust nove in such a way that
collision occurs; and (b) interaction between colliding particles
must be such that permanent contacts can be fornmed. These two
factors are related to the rate constant nathematically as

k=ap, where a is a dinensionless sticking coefficient

associated with the colloidal stability while B is a nass

transport coefficient depending on the transport nmechanics and
their particle interactions. Various approaches have been

proposed for determining these coefficients. 1In general, B is
eval uated froma m cro-hydrodynam cs standpoint and a is
determned indirectly fromexperinmental results. It should be

poi nted out that although m cro-nmechani sns of colloidal particle
coagul ati on have been studi ed extensively for chem cal and

bi ol ogi cal applications, interest in water and wastewater
treatment applications only began in the late 1960's. |In any
case, the interest in environnental studies was provided by the
advances in environnental engineering, especially in the theory
of interparticle forces, coupled with the devel opnent of new
experinmental techniques.

Mass Transport Coefficient (B)

Suspended particle collisions occur in water due to velocity
variations caused by three different processes, nanely, Brownian
di ffusion, fluid shear, and differential settling. Generally,
particles less than 0.1 mcroneter in dianmeter my be dom nated
by Browni an diffusion while particles |arger than about 5

m croneters may be transported by settling. Particles in the
range of 0.1 to 5 mcroneters are too |large for Brownian
diffusion and too small for settling.

By assum ng that all particles nove in straight |ines until
contacts occur between them a rectilinear nodel was established
by Snol uchowski. The expressions of B for each of the three
different transport mechani sms have been determ ned anal ytically
(e.g., Cark, 1996). This nodel is considered to be the nost
fundament al approach in colloidal coagul ati on anal ysis. However,
the rectilinear nodel neglects the hydrodynam c influence and the
short-range interactions between approaching particl es.

Mor eover, as aggregates grow in size, transport nechani snms
change, aggregate norphology is altered, and breaking up by
hydrodynam ¢ forces can occur. Recently, questions were raised
with regard to the validity of the rectilinear nodeling approach
Han and Lawl er (1991) nodified this nodel using a curvilinear
track for particle notions by addi ng hydrodynam ¢ consi derati ons.



However, interparticle reactions have not been included in the
anal ysi s.

Colloidal Stability (a)

G ven the possible collisions between particles, stable particles
have to be transfornmed into unstable ones in order to conplete

t he coagul ati on process. Experinents to determ ne the coll oi dal
stability in aquatic systens are scarce. Theories about the
origins of colloidal stability in aquatic systens are few and
gualitative and none has been tested experinentally. The present
status is described well by Professor O Melia: "Theories of
colloidal stability are hel pful in understanding why particles
are stable and in identifying inportant chem cal properties of
solutions and solids that affect stability, but they are not able
to provide accurate quantitative predictions of coagul ation rates
when chem cal repul sive interactions produce | ow attachnment
probabilities (low al phas).” (O Melia, 1993).

Particle Interactions

The earliest and still the only quantitative analysis of colloid
stability is the DLVO theory, devel oped independently by
Derjaguin and Landau (1941) and Verwey and Overbeek (1948).
Essentially, they conbine the Van Der Waal s attraction (caused by
di pole nonments in the constituent nol ecul es of two approachi ng
colloidal particles) and the electrical double |ayer repulsion to
give the total energy of interaction between particles as a
function of the separation distance. All other types of
interactions are ignored. In addition, the theory is dependent
on factors such as colloid type, particle concentration, pH and
coagul ant concentrati on.

Anal ytical formnulation of the double | ayer was devel oped

i ndependently by Gouy and Chaprman who derived the fundanent al
equation relating electrical potential to charge in the diffuse

| ayer (Russel, et al, 1989). The potential at the plane of
shear within the double layer is known as the Zeta potential. It
depends on the thickness of the double layer and its val ue
determ nes the extent of the electrostatic forces of repulsion
bet ween charged particles. The seta potential is a useful and
important tool in providing informati on on the opti num coagul ant
dosage for the mcrocarrier process.

Fractal Approach

The probl em of characterizing particle size becones sonewhat
conplicated for natural particles and their random aggregat es.
Fractal theory has been explored to study this process (e.g.,
Lin, et al., 1989; Meakin, 1988). Since random aggregates
contain greater surface area than any equival ent sphere or other



shape, the aggregate is nore of a 'tenuous' surface (two-

di mrensional ) rather than a three-dinmensional object. For a |large
nunber of aggregates, if the nmass is plotted agai nst aggregate
size on a log-log scale, the plot nmay be linear with a non-

i nteger slope. The relationship between aggregate nass (M and

size (L) can be expressed as M=L" , where the 'slope' (d) of

the line is called the fractal dinmension. For a regular two or

t hr ee- di nensi onal object, the slope is either two or three,
respectively. The lower the fractal dinension, the nore open the
aggregate structure. As the coagulation of solid particle
proceeds, fluid is incorporated into pores in the aggregates that
are fornmed. Aggregate density decreases and total aggregate

vol unme increases as the process continues. The result is that
the target cross sections or collision dianmeters of the
aggregates increase thereby increasing the rates of interparticle
contact brought about by Brownian diffusion, fluid shear and
differential sedinentation. GCbservations of natural and
technol ogi cal systens indicate that the aggregates in these
systens are fractals and have fractal dinensions |ess than three.

Rel evant Aspects

In the past, considerable attention has been given to describing
ai rborne-particle capture in flow past sinple collector
geonetries, especially cylinders (Pruppacher and Klett, 1978;

Wen, 1996). There are simlarities between the capture of gas-
borne particles and |iquid-borne particles based on conputed
forces fromfluid mechanics theory. However, inportant
dissimlarities exist for kinds and magni tudes of other forces
not based upon the field of fluid nmechanics such as electrostatic
force. Oher factors such as different nol ecular nean free paths
for gases and liquids also play an inportant role in the
coagul ati on process.

1.4 Organi zation of Report

This report consists of six chapters and two appendi xes with
associ ated references. First, Chapter 1 presents a background
review on the MC process foll owed by statenent of the primary

obj ectives of the study and a brief review of colloid coagul ation
phenonena of colloids related to water treatnent. Chapter 2
descri bes the major apparatus, instrunents and testing procedures
used in this study. The experinental programis presented in
Chapter 3, which includes sanple preparation and three stages of
experinmental design, nanely, prescreening, screening, and
confirmative tests. Chapters 4 and 5 present experinental
results for surface runoff and CSO jar-tests, respectively.
Summary and reconmendati ons are di scussed in Chapter 6. Appendix
A presents a quality assurance statenent. Appendi x B descri bes
the zeta potential neasurenent procedures recommended by the
manufacturer. In addition, experimental results are presented in
Appendi x C.
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