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a b s t r a c t

The effect of polyaluminum chloride (PAC) dosage on the coagulation performance and the floc char-
acteristic with respect to the treatment of surface water with low specific UV absorbance (SUVA) value
was investigated in this paper. The subsequent effect on chlorine decay was studied by a first decay
model and AQUASIM modeling software. The results showed that natural organic matter (NOM) removal
increased with the increasing dosage of PAC, while the turbidity removal decreased as the zeta potential
further increased to the positive side. At low PAC dosages, charge neutralization was the main mech-
anism for NOM removal. For the dosage of PAC increased, entrapment, adsorption and complexation
played important roles in removing NOM. The growth rate of the flocs was raised with the PAC dosage.
Flocs formed at a PAC dosage of 3 mg/L were larger than those at high dosages (12 mg/L and 20 mg/L)
and became more compact during the slow stir process. Df values of flocs with 12 mg/L and 20 mg/L of
PAC exhibited a slight decrease at the end of slow stir stage. Floc breakage behavior showed that flocs

formed at different dosages of PAC gave different floc strength and the strength factors were in the order:
3 mg/L < 12 mg/L < 20 mg/L. While the floc regrowth factors at different dosages of PAC were in the order:
3 mg/L > 20 mg/L > 12 mg/L. Coagulation treatment with 20 mg/L of PAC resulted in lower chlorine decay
rate, but did not lower the total reacting compounds in the effluent when compared with coagulation with
the PAC dosage of 12 mg/L. Furthermore, minimal amount of disinfection by-products (DBPs) would be

reatm
tigati
possibly produced after t
in the water in this inves

. Introduction

Because of potentially toxic halogenated organics as disinfection
y-products (DBPs) produced by natural organic matter (NOM) in
rinking water after chlorination [1], research on drinking water
reatment shifted from the removal of particle toward the removal
f NOM [2]. The characteristics of source water, including the SUVA
3], affect the NOM removal and DBPs formation. The SUVA concen-
ration of the source water varies in different areas, which means
hat the NOM is quite different in different surface water source

4] and the DBPs concentration should also be different [5]. Coagu-
ation has been widely used for NOM removal in water treatment
nd is usually used to treat large concentration of NOM [6]. UV
bsorbance and SUVA were generally shown to correlate well with
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ent with 12 mg/L of PAC due to the minimal reacting compounds present
on.

© 2010 Elsevier B.V. All rights reserved.

DBPs formation, especially in waters with relatively high SUVA val-
ues [5]. However, there is limited information in the literature on
the NOM removal for waters with low SUVA value [5]. These waters
may be characterized by having NOM of hydrophilic character and
less aromaticity.

As the removal of NOM by coagulation has been extensively
researched, more and more interests have been attracted on the
floc properties [7,8]. The operational parameters of floc, such as
floc strength and floc regrowth after being broken in the coagu-
lation process, have a significant impact on the treatment works.
For example, small increases in shear during water works unit pro-
cesses give rise to floc breakage, reduce floc size, and then lower
the removal efficiency [9]. Furthermore the fractal structure and
particle size of flocs are generally recognized as two crucial physi-
cal properties [10]. The impact of organic matter on floc structure

is less well understood. Jarvis [11] has studied the NOM floc physi-
cal characteristics. However, for the specific purpose of examining
the NOM floc structure in low SUVA surface water, there has been
little published as most work has concentrated on flocs from the
NOM-rich water or turbidity-dominated water [11,12].
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Table 1
Raw water characteristics and methods of measurement.

Characteristic Value How measured

Dissolved organic carbon (DOC) (mg/L) 1.251–1.602 Prefiltered sample measured on a TOC analyzer (Shimadzu, Japan)
Ultraviolet light absorption at 254 nm (UV254) (cm−1) 0.044–0.050 Prefiltered sample measured on a UV-754 UV/vis spectrophotometer
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Turbidity (NTU) 3.32–8.43
Zeta potential (mV) −13.7 to −12
Specific UV absorbance (SUVA) (L/(mg m)) 2.87–3.51

Additionally, in order to comply with DBPs regulations, greater
evels of NOM removal is achieved which changes the water qual-
ty and then affects the chlorine decay kinetics after dosing chlorine
or disinfection. Rossman [13] studied the effects of advanced treat-

ent on the kinetics of chlorine and chloramine decay. While the
elationship between dosages of coagulants and the kinetics of
hlorine decay has not been well studied.

In this paper, PAC, one form of inorganic polymer coagulants
hich contains high level of charged polymeric Al hydrolysis prod-
cts [14,15], was used to treat the surface water with low SUVA
alue. According to the coagulation efficiency, comparatively inves-
igation was carried out in terms of floc strength and regrowth
roperties in the coagulation process. The properties of strength
nd regrowth were measured in terms of response to increasing
hear levels through breakage and subsequent regrowth poten-
ial. The fractal dimension of the resulting aggregate, which was
mployed as a measure of the aggregate structure, was deter-
ined by small-angle laser light scattering technique (SALLS).

he relationship between dosage and chlorine decay process was
lso discussed. The fast and slow reacting compounds were cal-
ulated through a chlorine model and the formation of DBPs
as estimated in order to evaluate the treated water qual-

ty.

. Materials and methods

.1. Preparation of coagulant

PAC with a basicity value (B, OH/Al molar ratio) of 2.0 was
ynthesized by adding pre-determined amount of Na2CO3 slowly
nto AlCl3 solution under intense agitation. The temperature was
ept at 80.0 ± 0.5 ◦C by using recycling water bath [16]. The total
l content in PAC was determined by titrimetric method accord-

ng to the national standard of China [17]. The properties of PAC
ere indicated as follows: total Al (AlT) content = 0.8605 mol/L,
la = 24.8%, Alb = 32.1%, Alc = 43.1%, pH = 2.85 ± 0.10. The dosages
f PAC are calculated as mg/L of Al during coagulation experi-
ents.

.2. Raw water

All experiments were carried out on the raw water collected
rom Queshan reservoir, an important drinking water source in
inan, China. The raw water characteristics are shown in Table 1,
long with the methods of measurement [18]. It is generally indi-
ated that natural waters with high SUVA values, e.g., ≥4 L/(mg m),
ave relatively high contents of hydrophobic, aromatic and high
olecular weight NOM fractions, such as humic substances. This

ortion of NOM is more readily removed by coagulation [19,20].
n this study, the SUVA of the raw water is less than 4 mg/L,
hich indicates that the DOC is hydrophilic, non-humic, low
n molecular weight, and difficult to be removed. Because of
ndustrial and domestic wastewater discharge, synthetic organic

atter has become an important organic matter source in the raw
ater.
(Shanghai Jinhua Group Co., Ltd., China)
Turbidimeter 2100P (Hach, America)
Zetasizer 3000HSa (Malvern Instruments, UK)
SUVA = UV254

DOC × 100

2.3. Coagulation tests

Coagulation experiments were performed on a program-
controlled jar test apparatus (ZR4-6, Zhongrun Water Industry
Technology Development Co. Ltd., China) containing 1 L samples
of water. Water samples were flash mixed at 200 rpm for 1 min
and slow mixed at 40 rpm for 15 min. Flocs were allowed to settle
for 25 min. At the end of each jar test, the supernatant sample was
withdrawn by a syringe from about 2 cm below the water surface
for analysis.

2.4. Floc size, breakage and regrowth measurement

Floc size and breakage experiments were performed using an
experimental setup similar to Jarvis et al. [21] and also similar to
previous work by other authors [22,23]. Coagulation test was car-
ried out on a cylindrical jar tester with a 50 × 40 mm flat paddle
impeller. Dynamic floc size was measured during the growth of
the flocs using a laser diffraction instrument (Malvern Mastersizer
2000, Malvern, UK). The suspension was monitored by drawing
water through the optical unit of the Mastersizer and back into
the jar by a peristaltic pump at a flow rate of 2.0 L/h. Size measure-
ments were taken every 0.5 min for the duration of the jar test and
logged onto a PC.

After the slow stir phase of coagulation, the effect of increased
shear was investigated by increasing the rpm on the jar tester for a
further 5 min. Separate experiments were carried out and repeated
for rpm of 50, 75, 100, 150, 200, 250 and 300, respectively. Dynamic
floc size was measured during growth and breakage of the flocs. The
rate at which a floc size decays on exposure to shear is an indication
of the floc strength. The empirical relationship between the applied
shear and broken floc size which has been used by many researchers
to evaluate the floc strength [24–26] was computed as:

log d = log C − � log G (1)

where d, C, G and � are the floc diameter (�m), floc strength, average
velocity gradient (s−1) and stable floc size exponent, respectively.
A modified version with the velocity gradient G being replaced by
rpm has also been used by a few researchers [7,8,11,27,28] and was
shown as:

log d = log C ′ − � ′ log rpm (2)

Then, the broken floc size after 5 min shear was plotted against
the rpm on a log–log scale, and the slope of this line (� ′) gives an
indication of the rate of degradation. A larger � ′ value is indicative of
flocs that are more prone to break into smaller sizes with increasing
shear force.

In the floc regrowth tests, flocs were exposed to the shear force

at 200 rpm after the slow stir phase was completed. After the
breakage phase, the slow stir at 40 rpm was reintroduced for a
further 15 min. Floc size was monitored as before. Floc strength
and recovery factors, which have previously been used to compare
the relative breakage and regrowth of flocs in different flocculated
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ystems [11,27,29] were calculated as follows:

trength factor = d2

d1
× 100 (3)

ecovery factor = d3 − d2

d1 − d2
× 100 (4)

here d1 (�m) is the average floc size of the steady phase before
reakage, d2 (�m) is the floc size after the floc breakage period, and
3 (�m) is the floc size after regrowth to the new steady phase. A
arger value of strength factor indicates that flocs are better able to

ithstand shear, and thus should be considered stronger than the
ocs with a lower factor. Likewise, the floc with a larger recovery

actor shows better regrowth after high shear.

.5. Floc fractal dimension

Light scattering method was used here for the determination of
ggregate mass fractal dimension. Details in the theory of the mass
ractal dimension using SALLS have been reported in a few litera-
ures [30,31]. The light scattering technique involves measurement
f light intensity I as a function of the scatter vector Q. The vector is
efined as the difference between the incident and scattered wave
ectors of the radiation beam in the medium [31], which is given
s follows:

= 4�n sin(�/2)
�

(5)

here n, �, and � are the refractive index of the medium, the
cattered angle, and the wavelength of radiation in vacuum, respec-
ively.

For independently scattering aggregates, the relationship
mong I, Q and the fractal dimension Df can be represented by:

∝ Q−Df (6)

Df can be determined by the slope of a plot of I as a function of Q
n a log–log scale. If this gives a straight line, the slope of which is
sed to give Df. A larger value of Df indicates that flocs are compact

n the coagulation process.

.6. Chlorine decay experiments

Chlorine decay experiments were conducted on dark brown bot-
les to prevent light penetration or algal growth. Thereby the decay
f chlorine was due to reducing compounds present in water sam-
les. A chlorine decay study was carried out on two samples of
reated water that was chlorinated at two different concentrations
2 mg/L and 2.5 mg/L Cl2), respectively. The chlorine stock solution
as prepared by diluting NaOCl (A.R.) to a final chlorine concen-

ration of 1.5 g/L using deionized water. Free and total chlorine
oncentrations were measured for 7 days with a free and total
hlorine measuring meter HI93711 (Hanna, Italy).

.7. Chlorine decay model

The simplest model for chlorine decay is the first-order decay
odel in which the chlorine concentration is assumed to decay

xponentially [32,33]. The chlorine decay equation can fairly be
resented as follows:

dc

dt
= −kbc (7)
The integral form is written as:

t = c0 exp(−kbt) + b (8)

here ct (mg/L) is the chlorine concentration at time t; c0 (mg/L)
s the initial chlorine concentration; kb (h−1) is the chlorine decay
g Journal 161 (2010) 60–67

constant and proportional to the rate of chlorine decay; b (mg/L) is
the final free chlorine concentration; t (h) is the time.

Moreover, the chlorine decay data obtained were also mod-
eled by AQUASIM to estimate the initial concentrations of reacting
compounds [34,35]. The general chlorine decay model includes the
following reactions between chlorine and other constituents in the
water [36]:

Cl2 + fast reducing agents(organic compounds) (FRA)

→ inert products (9)

Cl2 + fast reducing nitrogenous compounds (FRN)

→ combined chlorine (10)

Cl2 + slow reacting agents (organic compounds) (SRA)

→ inert products (11)

Cl2 + slow reacting nitrogenous compounds (SRN)

→ combined chlorine (CC) (12)

Combined chlorine → inert products (13)

While Cl2 indicates the available free chlorine present in the water
and the sum of Cl2 and combined chlorine (CC) indicates the total
chlorine present in the water. The experimental chlorine decay
data were used to estimate the initial concentrations of reacting
compounds (FRN, SRN, FRA and SRA).

3. Results and discussions

3.1. Effect of PAC dosages on the coagulation performance

The effects of PAC dosages on NOM and turbidity removal as well
as the zeta potentials were shown in Fig. 1. The various removals
of DOC and UV254 with dosages showed the similar trends: DOC
and UV254 removals increased with the PAC dosage increasing and
the increasing rate became slowly when the dosage was high. The
zeta potential of the raw water was less than −13 mV and the tur-
bidity was close to 5 NTU. When the PAC dosage was less than
3 mg/L, the zeta potential of the flocs increased rapidly with the
dosage, and meanwhile the turbidity removal efficiency increased
sharply. However, as the PAC dosage was greater than 3 mg/L,
the zeta potential grew up slightly and the turbidity remained
approximately constant. When the dosage was further increased
and greater than 10 mg/L, the zeta potential was still increased,
however, turbidity removals began to decrease gradually.

Istv’an [37] proposed that the hydrolysis of metal ions occurred
immediately after contacting with water. After added to water,
PAC rapidly undergoes hydrolysis reactions to form other dissolved
Al species or Al-hydroxide precipitates [38]. At the low dosage of
PAC, aluminum hydroxide precipitation was minimal. Charge neu-
tralization was the mechanism used to explain the precipitation
of NOM [39]. Positive aluminum interacts electrostatically with
anionic NOM to form insoluble charge neutral products. This mech-
anism was effective on removing the colloidal and higher molecular

weight NOM, which could act as nuclei for precipitate formation.
When the concentration of PAC was high enough to cause rapid
precipitation of Al(OH)3, NOM can be removed by surface adsorp-
tion. Additionally, a small portion of Al reacted with NOM to form
Al–NOM complex [38,40]. The complex of metal cation and NOM
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itive (zate potentials results in Fig. 1) and repel each other [43,44],
which hampered the aggregation of flocs and reduced the floc
size.
ig. 1. UV254, DOC and turbidity removal efficiency along with the zeta potentials
y coagulation as a function of PAC dosage.

emained in solution until either the binding capacity of the NOM
as been saturated or the solubility of the metal–NOM complex
as exceeded.

On the other hand, the removal of NOM was favored at acid
ange. It is worth noticing that the solution pH dropped toward the
cid range with high dosage. For example, after coagulation, the
H of the effluent was 6.96 for the PAC dosage of 40 mg/L, 7.56 for
he dosage of 3 mg/L. This may be another reason for the high NOM
emoval efficiency at high PAC dosage [14,41,42].

It was noted that turbidity removal efficiency reached the opti-
al values when zeta potential was close to the isoelectric point
here the charge neutralization was the main mechanism as men-

ioned above. As the dosage was excessive, further PAC hydrolysis
ed to the formation of polymer bridges between particle, which
ridged the particle and destabilized Al–NOM complex and caused
he particles to repel each other [43,44]. Thus, the turbidity removal
fficiency decreased as the dosage further increased.

Fig. 2 showed the variation of SUVA value as a function of the
oagulant dosage. It was found that the SUVA value of the treated
ater was less than that of the raw water at low dosage of PAC and

ncreased when the dosage was greater than 5 mg/L. Coagulation
referentially removed high molecular weight and hydrophobic
ractions of organic matter. At low dosage of PAC, the high molecu-
ar weight organic matter was removed. The hydrophobic fractions

ere low and the SUVA value was slightly decreased. As the dosage
f PAC was increased, the hydrophilic fractions were then gradually
emoved, resulting in higher SUVA values.
.2. Floc size

The flocs’ size and structure may be affected significantly by
he dosage of coagulant [27]. Floc formation kinetics was investi-
Fig. 2. SUVA values by coagulation as a function of PAC dosage.

gated and the results were shown in Fig. 3. The median equivalent
volumetric diameter (d50) was selected as the respective floc size,
although, the same trends were seen for the whole range of floc
sizes investigated.

The general trend showed that when the dosage of PAC was less
than 3 mg/L, floc size was seen to increase as the dosage increased.
The flocs at a dosage of 3 mg/L reached a maximum size of 800 �m. A
substantial reduction in floc size was seen for the dosage of 12 mg/L
and 20 mg/L as the maximum floc size approached 350 �m and
200 �m, respectively. At high dosages (12 mg/L and 20 mg/L), the
floc size presented a slight decrease at the end of the slow stir,
which could be explained by the surface erosion of flocs during
coagulation.

Flocs formed more quickly at higher dosage. The growth rate
of the flocs was much quicker for the floc at a dosage of 20 mg/L
with the maximum size being reached between 2 min and 4 min.
Flocs at a dosage of 1 mg/L gave much lower growth rate and the
peak flocs did not appear within the coagulation time. In the coag-
ulation process, efficient collisions were increased as the increase
in PAC dosage. More particles were destabilized throughout effi-
cient collisions, which led to abrupt increase of the aggregation
rate at the initial aggregation. Thus, the growth rate of the flocs
was raised with dosage. At a high dosage, microflocs became pos-
Fig. 3. The growth rates of flocs for coagulation as a function of PAC dosage.
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Fig. 4. The growth and breakage profile of fl

.3. Floc breakage

After the flocs had reached their steady state size at the end of
low stir period, they were exposed to increased shears. The change
f floc size versus coagulation time was shown in Fig. 4.

It can be seen that the floc d50 decreased with increasing shear
ate and the response of the floc d50 were similar for the three
osages of PAC. At low rpms (50 and 75), there was only a grad-
al decline in floc size. At an rpm of 100 and above, a significant
rop in floc d50 can be seen immediately after the introduction
f increased shear, and then followed by a gradual decline. Then,
hese observations were quantified in Fig. 5 according to Eq. (2) to
ompare the difference of the three dosages in the response of floc
50 to increased shear. As mentioned above, the slope (� ′) of this
ine gives an indication of floc size degradation rate. The smaller
he gradient of the slope, the stronger the floc. It can be seen that
PAC dosage of 20 mg/L gave a more gently decrease in floc size

han other two dosages with the increase of rpm, as reflected by
he lowest value of � ′ (0.42). Thus the flocs were far more resis-
ant on exposure to increased shear. The next largest floc decrease

n size was obtained by a dosage of 12 mg/L (� ′ = 0.60). A dosage of
mg/L gave the most rapid drop in floc size and the highest � ′ value

0.88). Larger flocs become more affected by the microscale eddied
hat are attributed to floc breakage. At small sizes, flocs are more

Fig. 5. Floc breakage rates at three dosages of PAC.
ith increasing rpm at three dosages of PAC.

likely to become entrained within eddies rather than be broken by
them [45]. This may explain why large flocs formed at 3 mg/L of
PAC were broken more extensively.

3.4. Floc strength and recovery

In the case of 5 min shear period, the floc breakage could be
observed and the floc size decreased for all the three dosages of
PAC. As the shear was reduced again, the flocs began to regrow. The
strength and recovery factors of shear (200 rpm) on floc breakage
and regrowth for d50 were summarized in Table 2.

In the case of 5 min shear period, the d50 size of the flocs after
shear was about 250 �m for a dosage of 3 mg/L. Flocs with 12 mg/L
and 20 mg/L PAC were broken into smaller floc sizes of around
140 �m and 110 �m, respectively. It can be seen that 12 mg/L and
20 mg/L flocs did not generally break to the same extent as larger
flocs at a dosage of 3 mg/L. After 15 min of regrowth, the d50 size
of the flocs after shear was about 450 �m, 180 �m and 130 �m
for PAC dosage of 3 mg/L, 12 mg/L and 20 mg/L, respectively. The
strength and recovery factor for d50 were summarized in Table 2.
Flocs at a PAC dosage of 20 mg/L were better able to resist shear
with the floc strength factor of 50. Flocs formed at 3 mg/L of PAC
were poor to resistant increasing sheer with the lowest strength
factor of 32. There were not enough physical bonds between the
flocs formed under charge neutralization, thus, the flocs formed at
a dosage of 3 mg/L were the weakest and the size decreased sharply
with the shear force. While the floc strength formed under a PAC
dosage of 20 mg/L was the strongest, which could be ascribed to
the strong bonds of polymer chains. The result was consistent with
that obtained in the “floc breakage” section of this paper.

Flocs with a PAC of 3 mg/L were able to regrow after the increas-
ing sheer with the recovery factor of 35. The regrowth capacities
of flocs under different dosages were in the following order: flocs

with 3 mg/L of PAC > flocs with 20 mg/L of PAC > flocs with 12 mg/L
of PAC. Previous research has reported that recoverability of flocs
gives some indication of the floc internal bonding structure [7]. The
flocs formed by charge neutralization should give total recoverabil-
ity [46], while sweep flocs give poor regrowth after breakage [47].

Table 2
Strength and recovery factors of flocs (d50) after 5 min of breakage followed by
regrowth for 15 min.

Dosage of PAC (mg/L) 3 12 20

Strength factor 32 38 50
Recovery factor 35 18 22
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ig. 6. Fractal dimensions (Df) of flocs during coagulation process as a function of
AC dosage.

his is the possible reason why flocs at 3 mg/L of PAC showed better
egrow ability after the increasing sheer than the flocs at 20 mg/L
f PAC.

.5. Fractal dimension

The fractal dimension (Df) of the flocs formed by PAC coagula-
ion at various dosages were presented in Fig. 6. When the PAC
osage was less than 3 mg/L, Df was raised with the increasing
osage. That was because, at the low dosage, increasing PAC signif-

cantly reduced the interior repulsion of flocs, which contributed
o the formation of compacted flocs [48]. From the analysis of the
ntire coagulation process, a continuous and gentle increase in Df
ould be seen as the increase of coagulation time for a PAC dosage
f less than 3 mg/L, and the Df values reached the maximum at
he end of slow stir stage, which suggested that the floc structures
ecome more compact during the coagulation process. A possible
eason was that floc structure became more compact and stable by
estructuring and rearrangement [49]. In addition, the rupture of
eak points under prolonged mixing and shear conditions also con-

ributes to the formation of a homogeneous and dense floc structure
50]. Df value of flocs at a dosage of 20 mg/L was much lower
han that of flocs with a dosage of 12 mg/L. As the dosage further
ncreased (from 12 mg/L to 20 mg/L), polymer bridges enhanced

hich resulted in the formation of open-structure flocs. For high
osages of 12 mg/L and 20 mg/L, Df value increased at the initial
ggregation, but a gentle decrease in Df values could be seen at the
nd of slow stir stage, which could be explained by the breakage
f flocs during coagulation. The flocs with high dosages contained
arge porosity and then were easily broken by surface erosion of
ddies splitting (i.e. large-scale fragment) [21].

.6. Effect of dosages on chlorine decay

Chlorine with an initial concentration of 2.0 mg/L (as Cl2) was
dded to the treated water with three dosages of PAC. Degrada-
ions of free chlorine residuals were presented in Fig. 7. A higher
egradation rate was observed in the solution at the first 10 h and
he residual chlorine became changing slightly after 10 h. The rapid
nd slow decay rates are likely due to different competing reac-

ants, such as the oxidation of inorganic compounds (rapid) and
ubstitution reactions with NOM (relatively slow).

The decay constants of first-order chlorine decay equation were
iven in Table 3 along with the quality of the treated water.
reated water by different dosages of PAC obtained different chlo-
Fig. 7. Free chlorine decay profile for raw water and treated water by PAC (chlorine
2.0 mg/L (as Cl2)).

rine degradation rates and the order of degradation rate were:
20 mg/L < 12 mg/L < 3 mg/L by studying the value of Kb. Different
chlorine decay rate may due to the charge density of aggregation
[51]. Zeta potential of the effluent after coagulation at a PAC dosage
of 20 mg/L was positive and the value was 6.24 mV which was
higher than that of the other effluents. Although the electrostatic
attraction was large between OCl− and the aggregation the reac-
tivity of OCl− with NOM was less influenced by the attraction. It
is proposed that more NOM was entrapped in the aggregates at a
PAC dosage of 20 mg/L and could not contact with chlorine, which
inhibited the reaction between chlorine and the organics that has
been entrapped in the aggregates.

As shown in Table 3, the water quality improved significantly
after the coagulation. Though aromatic compounds of NOM were
more preferentially removed by coagulation, the small aromatic
molecules and linear molecular matter was difficult to remove
which may easily react with chlorine to form DBPs [29]. A higher
residual DOC in the sample resulted in greater potential to form
DBPs [52]. After coagulation at a PAC dosage of 3 mg/L, there were
more residual DOC in the effluent which would react with chlo-
rine after dosing chlorine. So there was less free chlorine and more
DBPs would be produced during the reaction between chlorine and
NOM.

The effluent after treatment with 12 mg/L of PAC contained max-
imum amount of final free chlorine residuals by comparing the
value of b. More free chlorine residuals indicated that there were
less NOM to consume chlorine. The result was in accordance with
the DOC value which indicated that the effluent contained less
NOM.

When the PAC dosage was 20 mg/L, the colloidal floc came into
being because of the electrostatic repulsion. The colloidal flocs can-
not settle down in the jar test apparatus after the PAC coagulation
process, but it can be filtered off by filtration through 0.45 �m filtra-
tion membrane [39]. Though the DOC at a dosage of 20 mg/L which
was measured by filtered through 0.45 �m membrane was low, the
NOM and turbidity was higher in the effluent than that at a dosage
of 12 mg/L. Therefore, the effluent with 20 mg/L of PAC contained
less DOC, but there were less free chlorine remained.

Values for various fast and slow reacting nitrogenous and
organic compounds were provided in Table 4, as estimated by the
chlorine decay model using AQUASIM modeling software. Coagula-

tion with PAC was effective in removing fast reacting compounds.
FRN and FRA were reduced with increased PAC dosage. Coagulation
with 12 mg/L of PAC removed more SRN and SRA, while SRN and SRA
were increased at 20 mg/L of PAC. The highest removal efficiency
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Table 3
Fitted equations of chlorine decay and the characteristics of raw water and treated water.

Dosage of PAC (mg/L) Fitting equation R2 Turbidity (NTU) UV254 (cm−1) DOC (mg/L) pH Zeta (mV)

Raw water – – 3.82 0.044 1.602 7.78 −13.0
3 y = 1.46 × exp(−x/4.93) + 0.18 0.880 0.50 0.034 1.179 7.76 0.66
12 y = 1.33 × exp(−x/7.18) + 0.20 0.883 0.60 0.028 0.7861 7.56 4.68
20 y = 1.27 × exp(−x/12.13) + 0.17 0.936 0.82 0.027 0.6895 7.54 6.24

Table 4
The initial concentrations of reacting compounds.

Dosage (mg/L) FRN (mg/L) SRN (mg/L) FRA (mg/L) SRA (mg/L) Initial chlorine demand
(FRN and FRA)

Constant chlorine demand
(SRN and SRA)

Total chlorine demand

3.03
0.63
0.19
0.05

i
a

h
h
r
T
u
w
f
t
(
p
e
w

4

t
t
l
w
m
l

(

(

(

[

[

Raw water 2.856 0.287 0.183 2.424
3 0.294 0.010 0.342 2.592
12 0.108 0.274 0.090 1.650
20 0.009 0.404 0.050 2.560

n total chlorine demand was achieved at a PAC dosage of 12 mg/L
nd the efficiency was up to 63%.

Studies have presented that coagulants preferentially remove
ydrophobic material but are relatively poor at removing
ydrophilic, low molecular weight organics [53]. Shin et al. [54]
eported that low molecular weight NOM were prone to form DBPs.
hus, most SRN and SRA were probably compounds with low molec-
lar weight and were hydrophilic. Then, a PAC dosage of 12 mg/L
hich could reduce SRN and SRA to a large extent would lower the

ormation of DBPs. The result was consistent with that found from
he free chlorine residuals mentioned above. Increasing PAC dosage
20 mg/L) would generate fine flocs which were more prone to sus-
end in the supernatant and thus might result in lower removal
fficiencies of SRN and SRA although the DOC removal efficiency
as slightly higher than that of a dosage of 12 mg/L.

. Conclusions

A series of experimental procedures were developed to study
he coagulation behavior and floc characteristic with respect to the
reatment of surface water with low SUVA. The effect of coagu-
ant dosage on the chlorine decay performance was investigated as

ell as estimating the various reacting compounds using AQUASIM
odeling software. The main conclusions from this work were

isted as the following:

1) NOM removal was increased with the increasing dosage of
PAC. The SUVA value decreased initially due to the low con-
tent of hydrophobic organic fractions and increased when
the hydrophilic fractions were gradually removed. The tur-
bidity removal was increased at a low PAC dosage where
charge neutralization was the main coagulation mechanism,
but decreased as the zeta potential further increased to the
positive side, where entrapment, adsorption and complexation
played important roles in treating the surface water.

2) The growth rate of the flocs was raised with the PAC dosage.
The floc size was increased for the dosage of less than 3 mg/L
and sharply decreased for PAC dosage of 12 mg/L and 20 mg/L.
Large flocs formed at a PAC dosage of 3 mg/L were easily broken
by the increasing sheers, but able to regrow after the sheers.
Small flocs with a 20 mg/L of PAC gave better resistance to the
increasing sheers but poor recoverability.

3) Flocs with a dosage of 3 mg/L became more compact during

the slow stir process. For high dosage of 12 mg/L and 20 mg/L,
Df value increased at the initial aggregation, but decreased at
the end of slow stir stage. As the dosage was increased from
12 mg/L to 20 mg/L, the flocs became more open and less com-
pact resulted in Df decreasing.

[

[

[

9 2.711 5.750
6 2.602 3.238
8 1.924 2.122
9 2.964 3.023

(4) The coagulated effluent at a PAC dosage of 12 mg/L would pos-
sibly produce minimal amount of DBPs due to the minimal
reacting compounds present in the water and contained the
maximum free chlorine residuals. A PAC dosage of 20 mg/L
achieved a lower chlorine degradation rate. Though less DOC
retained in the treated effluent, coagulation treatment with
20 mg/L of PAC resulted in less free chlorine residuals and more
total reacting compounds in the effluent when compared with
coagulation with the dosage of 12 mg/L.
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