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Coagulation is a commonly adopted process as a pretreatment
step for minimizing membrane fouling. Three coagulants, poly-
aluminum chloride (PACl), alum, and FeCl3 were tested under four
mixing-settling schemes for turbidity and natural organic matters
(NOM) removal. The organic matters in the raw waters were frac-
tionated by high performance size exclusion chromatography
(HP-SEC) system and were characterized using the excitation-
emission matrix (EEM) fluorescence spectra. Sufficient rapid
mixing and slow mixing or applying two-stage coagulation benefit
turbidity removal using PACl or FeCl3 under ‘‘electrostatic patch
coagulation’’ (EPC) mechanism. The EPC mechanism is not
efficient for alum coagulation. At higher coagulant doses, the
NOM removal is not affected by mixing condition. Intensive rapid
mixing alone benefits NOM removal using PACl or FeCl3. Alum
is a poor coagulant for NOM removal under EPC mechanism.

Keywords charge neutralization; coagulant; mechanism; organic
matters

INTRODUCTION

Membrane separation presents a widely adopted
nonthermal dehydration means in chemical and pharma-
ceutical industries (1–4). Fast filtration with minimum irre-
versible membrane fouling is desired (5–15). Coagulation is
adopted by most drinking waterworks to agglomerate fine
particles into rapid-settling flocs for separation. Colloidal
destabilization can be achieved by adding aluminum or
ferrous salts to form cations to be adsorbed onto the nega-
tively charged surfaces, or to form hydroxide precipitation
to enmesh fine particles in water.

An enhanced coagulation process was commissioned to
remove natural organic matters (NOM) (16), which are
precursors of disinfection by-products (DBP) and other

synthetic organic compounds in the water (17). Mechanisms
corresponding to the coagulation removal of organic
substances had been discussed (18–20). Various mechan-
isms, such as colloidal destabilization, precipitation,
co–precipitation, and adsorption, affected the NOM
removal effectiveness (21). Narkis and Rebhun (22) showed
that when both mineral particles and dissolved humic
substances are present in raw water, the latter controls the
coagulation process. Coagulation of humic substance–
containing suspension would produce a highly turbid super-
natant (23,24). Sung et al. (25) showed how the levels of
mineral particles and of humic acid affect the stability of
the blanket in full–scale floc blanket clarifiers.

The efficiency of an enhanced coagulation process was
promoted by either acidifying the raw water or by applying
an increasing dosage of coagulants. However, high dosages
of coagulants lead to the corrosion of the iron pipe (26).
Another concern is of excess coagulants in water as they
are potential foulants to the membrane if the membrane fil-
tration is the next step following the coagulation step. Yan
et al. (27) demonstrated the role of the coagulant type on
the NOM removal efficiencies from micro-polluted raw
waters at high alkalinity. Jarvis et al. (28) compared the
coagulation behavior of high-level NOM from water using
ferric sulphate (Fe2(SO4)3) and zirconium oxychloride
(ZrOCl2). Sam et al. (29) adopted four coagulants, i.e.,
two monomeric (aluminium sulphate and ferric sulphate)
and two polymeric (polyaluminum chloride and polyferric
sulphate) coagulants to remove organics from raw waters.
Removal of humic acid by polyaluminum chloride (PACl)
was studied for the effects on different sequences of rapid
mixing, slow mixing, flocculation, and settling (30). The
iron-based coagulants (e.g., ferric chloride and ferric sulfide)
were reported to perform better in DOC removal than
aluminium-based coagulants (e.g., alum and PACl), especially
in those of low molecular weight organics (31).

Colloidal destabilization can be achieved by adding
aluminum or ferrous salts to form cations to be adsorbed
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onto the negatively charged surfaces, or to form excessive
hydroxide precipitation to enmesh fine particles.
Chowdhury and Amy (32) proposed that precipitation is
the main mechanism in the coagulation of alumina colloids
with alum. Studies on PACl focused on the mode of charge
neutralization (33). Dentel (34) proposed a combined
coagulation model considering precipitation charge neutra-
lization (PCN). The ‘‘electrostatic patch coagulation’’ (EPC)
mechanism was proposed by Gregory (35). Restated, when
part of the charged surface neutralized by adsorbing opposi-
tively charged ions, particle coagulation could be induced by
local contact between neutralized ‘‘patches’’ of surfaces
could induce coagulation. Wang et al. (36) applied the
EPC mechanism to interpret the coagulation behaviors of
their PACl. The general mechanisms of coagulation have
been summarized in a review by Duan and Gregory (37).
Applying EPC mechanism, if feasible, can save excess
coagulant dosage and produce less sludge.

This study aims at studying the coagulation behavior of
three different commonly used coagulants on the removal
of constituents of NOM of different molecular weights.
The organic matters in the raw waters were fractionated
by high performance size exclusion chromatography
(HP-SEC) system and were characterized using the
excitation-emission matrix (EEM) fluorescence spectra.

MATERIALS AND METHODS

Raw Water Characteristics

The raw water was sampled from the intake port of a
major water treatment plant in Taipei city (Chang Shin
Water works). Basic water qualities are shown in Table 1.
Turbidity and dissolved organic matter (DOM) of the

raw waters was 8.18 NTU and 0.50mgl�1 as C, respect-
ively. The EEM fluorescence spectra of the two raw water
samples are also listed in Table 1.

Experimental Set-up and Procedures

Jar tests were performed in 2-liter square tanks equipped
with a six-paddle stirrer. Prior to jar tests, the raw water
samples were adjusted to pH 7 using sulfuric acid and
sodium hydroxide. The water sample was then placed in
the jar tester to evaluate the coagulation efficiencies with
studied coagulants, aluminium sulphate salt, polyalumi-
num chloride (PACl), and ferric chloride under the scheme
listed in Table 2. In Process 1–3 the coagulant was added at
the start of the rapid mixing; while in process 4 the coagu-
lants was added at half of the dosed quantity at the start of
the first stage of rapid mixing, and at the other half at the
second stage of rapid mixing. Process 1 was a typical
coagulation process adopted in waterworks, which com-
prised a rapid mixing step at 100 rpm for 3min followed
by a slow mixing at 25 rpm for 20min. The suspension
was placed still for 30min before sampling. Process 2
consisted of a rapid mixing stage of 180 rpm for 3min
followed directly by the 30min settling. Process 3 had a
rapid mixing step at 180 rpm for 3minþ slow mixing at
25 rpm for 3min settling. Process 4 comprised of two rapid
mixing steps, each at 100 rpm for 3min, followed by slow
mixing (25 rpm, 20min)þ 30min settling. The suspension
at two-of-third height of the tanks was sampled after
30min settling. The turbidities of the collected samples
were measured by a turbidimeter (2100P, Hach, USA).
The NOM in the collected samples were fractionated by
the HP-SEC.

TABLE 1
Characteristics of three studied water samples

Sample Raw water

Sampling date 2008.05.27
Water temperature (�C) 31
PH 7.39
Turbidity (NTU) 8.18
DOC(mgl�1 as C) 0.50
Alkalinity (mgl�1 as CaCO3) 31

EEM plot
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Chemicals

Ferric chloride and aluminium sulfate were from
ACROS (Geel, Belgium), which were used to make mother
liquors containing 1000mgl�1 as Fe3þ or as Al3þ for
dosing. The PACl was purchased from Miaoli United
Carbon Co., Taiwan, which supplies the coagulants used

by the Changshin Waterworks (the sampled site), which
contains 10% w=w Al2O3, with sulfate and nitrate contents
less than 3.5% and 0.01% w=w, and the basicity and pH
between 45–60 and 3.5–5, respectively. The contents of
metals (Mn, As, Pb, Cd, Hg, and Fe) in the PACl were
all less than 0.01%w=w.

TABLE 2
Coagulation scheme for the three tested coagulants

Coagulation process

Coagulant adding

Way of mixing

Setting time
Rapid Slow

180 rpm 100 rpm 100 rpm 25 rpm
Single-stage Two-stage 3min 3min 3min 20min 30min

0 .

1 . . . .

2 . . .

3 . . . .

4 . . . . .

FIG. 1. Residual turbidities and zeta potentials of raw and coagulated water samples. PACl. (a) PACl; (b) Alum; (c) FeCl3.

PRE-TREATMENT OF NATURAL ORGANIC MATTERS 913

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Analysis

Zeta potential measurement of particles in suspensions
was carried out in a Zetasizer (Nano-ZS, Malvern Co.,
UK). The cell repeated flushing by DI water and ethanol
several times before the measurement. The pH of the
samples was measured using a calibrated pH meter
(WTW pH-315, Weilheim, Germany). The TOC data of
water samples were analyzed by Aurora Model 1030 TOC
analyzer (OI Analytical, Co., College Station, USA). The
non-purgable dissolved organic carbon (NPDOC) is an
index of organic composition concentration. The DOC
data were averaged over triplicate analysis.

The high performance size exclusion chromatography
(HP-SEC) system was comprised of a degasser (DEGASYS
DG-1310, Uniflows Co. Ltd, Tokyo, Japan), a feed pump
(BETA 10 Gradient pump, Ecom spol. s.r.o., Prague,
Czech Republic), a chromatography column (TSK
G2000SWx1, TOSOH Co., Tokyo, Japan), and two on-line
detectors. The first detector is a UV-vis variable wave-
length detector (SAPPHIRE 600, Ecom spol. s.r.o.,
Prague, Czech Republic) and the second is a refractive

index detector (IOTA 2, Precision Instruments, Marseille,
France). Both detectors were connected in-series and
monitored simultaneously via a software Peak-ABC on
the computer. Since the characteristics of mobile phase
affected the resolution of HP-SEC system significantly:
the priority concern of the solvent is that it will not inter-
fere with analytical samples. A phosphate mobile phase
(0.0024mol l�1 NaH2PO4 and 0.0016mol l�1 Na2HPO4,
pH 6.8) was chosen for low UV absorbance and low inter-
ference with samples and freshly prepared for each experi-
ment. The flow rate of the feed pump was set as 1ml �min�
1. The mobile phase and samples were conditioned by pH
7.0� 0.1 and filtered by 0.45 mm PTFE membranes prior
each HP-SEC measurements. 200 mL sample was manually
injected into the sample injector of the feed pump.
Polyethylene glycols (PEG, 200, 1000, 4000, 8000, and
20000Da) were used for apparent molecular weight
(AMW) calibration of chromatograms. The absorption
wavelength of the UV detector was set at 254 nm.

The EEM analysis was measured by a Cary Eclipse
fluorescence spectrophotometer (Varian Inc., Palo Alto,

FIG. 2. SEC-UV254 spectra for raw and coagulated water samples. (a) PACl; (b) alum; (c) FeCl3.
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CA, USA). Due to the fact that the fluorescence
measurement is more easily affected by instruments,
sample preparation methods, sample pH, concentration,
temperature, ionic strength, and solvent, it is necessary to
control the samples in the same condition prior to each
measuring. All samples were conditioned by pH 7.0� 0.1
and filtered by 0.45 mm PTFE membranes prior to each
of the EEM measurements. EEM spectra were gathered
with subsequent scanning emission spectra from 250 to
550 nm at 1 nm increments by varying the excitation
wavelength from 200 to 400 nm at 10 nm increments. The
spectra were recorded at a scan rate of 1200 nmmin�1,
using excitation and emission slit bandwidths of 5 nm.
The voltage of the photomultiplier tube (PMT) was set to
800V for low level light detection. Data were saved as
ASCII format, and removed Rayleigh scattering by Perl
code editing. The EEM fluorescence spectra listed in
Table 1 revealed that the raw water contains more fulvic
acid-like dissolved organic matters than the raw water A,
based on the comparison of EEM signal intensity in
‘‘region III’’ according to the classification of Chen
et al. (38).

RESULTS AND DISCUSSION

Coagulation of Raw Water in Process 1

The coagulation process 1 (100 rpm rapid mixing for
3minþ 25 rpm slow mixing for 20minþ settling) was
conducted to determine the dosage quantity needed in the
coagulation tests. Figures 1a–c show the residual turbid-
ities and zeta potentials for the PACl, alum, and FeCl3-
coagulated water, respectively. PACl at 1.9mgl�1 as Al3þ

or alum at 12mgl�1 as Al3þ were needed to neutralize
the surface charge of the suspended particles in water.
However, adding PACl of only 0.63mgl�1 as Al3þ reduced
the residual turbidity from 8.3 to 2.9 NTU or to 4.9 NTU,
respectively. Further increase of the PACl dose to 12mgl�1

or alum dose to 24mgl�1 as Al3þ reduced the residual tur-
bidity further to 0.75 NTU.

Dosing FeCl3 up to 12mgl�1 as Fe3þ could not neutra-
lize the surface charge of the particles. The zeta potential of
particles levelled off at around �12mV. However, adding
FeCl3 at 1.2mgl�1 as Fe3þ reduced the residual turbidity
from 8.3 to 3.8 NTU. Further increase of the FeCl3 dose
to 12mgl�1 reduced residual turbidity to around 1.0 NTU.

FIG. 3. SEC-UV254 areal removal versus coagulant dosage curves for peak 1–5. (a) PACl; (b) alum; (c) FeCl3.
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We denoted the coagulation tests with PACl dose of
0.63, 1.90, and 6.35mgl�1 as EPC, CN, and EM points
studied for the water sample. The corresponding doses
for alum were 1.2, 12, and 24mgl�1 as Al3þ for the EPC,
CN, and EM points, while the three doses for FeCl3 were
selected at 1.2, 4.0, and 12mgl�1 at Fe3þ for the sake of
comparison.

NOM and Turbidity Removal using Process 1

There exist five UV-254 absorption peaks for the SEC
diagram for raw water (Figs. 2a–c), with apparent
molecular weights at 8600 (peak 1), 7200 (peak 2), 5600
(peak 3), 3700 (peak 4), and 2200Da (peak 5). The sharp
peak at around 1500Da is the water peak containing most
dissolved ions. The present SEC resin system gives a
distinct peak resolution for the organic matters in water
compared with those applied by Chow et al. (39).

The addition of 0.63mgl�1 PACl nearly completely
removed the peak 1, but only partially removed peak 2.
With the PACl dose of 1.27mgl�1, peak 2 was effectively
removed. Then the intensity of peak 3 was gradually
removed with the PACl dose further increased up to
6.35mgl�1. The PACl coagulation has negligible effects
on peak 4. On peak 5, the peak intensity increased rather
than decreased with increasing the PACl dose. Restated,
the impurity in the dosed PACl contributed to the AMW
of 2100Da in the tested samples.

The addition of 2.4mgl�1 alum nearly completely
removed peak 1, but only partially removed peak 2. With
the alum dose of 24mgl�1, peak 2 was effectively removed.
The intensity of peak 3 was slightly removed with the alum
dose. The alum coagulation has negligible effects on peak
4. On peak 5, the peak intensity also increased rather than
decreased with the increasing alum dose.

The addition of 3.6mgl�1 FeCl3 nearly completely
removed peak 1, but only partially removed peak 2. Peak
2 was gradually removed with the increasing FeCl3 dose
up to 12mgl�1. The FeCl3 coagulation negligibly removed
peaks 3 and 4.

The behavior of coagulation using three different coagu-
lants is quite similar. The areas under UV254 (in mV) versus
AMW (in Da) curves were numerically evaluated by
Simpson’s algorithm (Fig. 3). The PACl dosage at
>2mgl�1 completely removed peak 1. With >6mgl�1

PACl, peak 2 could be completely removed. Similarly,
the alum dosage at >2.4mgl�1 or FeCl3 dosage >6mgl�1

completely removed peak 1. With >7mgl�1 PACl, peak 2
could be completely removed.

Coagulation of Raw Waters using Process 1–4 by EPC,
CN and Sweep Mechanism

The three tested coagulants removed most turbidity at
the highest dose studied (Table 3). Among Process 1–4,
process 2 always produced the worst turbidity removal

efficiencies. The EPC coagulation efficiencies for turbidity
removal using the three coagulants followed PACl>
FeCl3> alum. Under high dosage, there is no difference
between the performances from the three coagulants.

The EPC coagulation efficiencies for turbidity removal
using the three coagulants followed Process 4>Process
3>Process 1>Process 2. Intensive and prolonged rapid
mix stage and the slow mix stage are needed for efficient
turbidity removal using the EPC mechanism. At high
dosage, the coagulation efficiencies for turbidity removal

TABLE 3
Residual turbidities under process 1–4 with different

coagulants. Initial turbidity 8.18 NTU

Coagulant Dosage Process Residual turbidity (NTU)

PACl EPC P1 2.91
P2 6.02
P3 2.10
P4 1.38

CN P1 0.89
P2 1.75
P3 0.73
P4 0.59

Sweep P1 0.53
P2 0.87
P3 0.50
P4 0.64

Al2(SO4)3 EPC P1 4.97
P2 4.98
P3 4.80
P4 4.42

CN P1 0.84
P2 2.47
P3 0.55
P4 0.57

Sweep P1 0.45
P2 0.89
P3 0.30
P4 0.41

FeCl3 EPC P1 3.81
P2 4.50
P3 2.73
P4 3.19

4.0mgl�1 P1 1.18
P2 1.67
P3 0.77
P4 0.78

12mgl�1 P1 0.79
P2 0.83
P3 0.45
P4 0.45
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followed Process 4¼Process 3¼Process 1>Process 2. The
intensive and prolonged rapid mix stage is not a required
stage at high dosing regime.

The EPC coagulation efficiencies for NOM removal
using Process 1–4 were demonstrated in Table 4. The total
peak aeral removal rate increased with increasing rapid mix
time and intensity and with increasing dosage. The NOM
removal rates for the three coagulants follows PACl>
FeCl3> alum. Using PACl, the Process 4 yields >50%
NOM removal rate. The use of FeCl3 with Process 2–4

all produced >40% overall NOM removal. The use of alum
led to poor NOM removal capability.

Comparing the performances for PACl and FeCl3 using
Process 1 and Process 3 under EPC mechanism in Table 3
revealed that intensive rapid mixing benefits turbidity
removal, likely being attributable to the so-induced more
uniform dispersion of dosed PACl or FeCl3 over the entire
suspension and the more frequent particle collision to form
nuclei flocs at extensive mixing. However, the use of alum
has yielded no such experimental observation. At a higher

TABLE 4
Aeral removal rates for UV-SEC peaks under process 1–4 with different coagulants

SEC-UV254 areal removal rate (%)

Coagulant Dosage Process Peak 1 Peak 2 Peak 3 Total

PACl EPC P1 93.7 29.5 �21.0 7.7
P2 94.2 46.3 �5.0 12.3
P3 100.0 68.6 �0.2 22.2
P4 100.0 64.2 3.8 38.3

CN P1 100.0 82.9 32.8 41.1
P2 100.0 88.8 40.0 29.1
P3 100.0 89.3 33.7 24.4
P4 100.0 85.4 27.1 50.4

Sweep P1 100.0 94.7 52.8 46.9
P2 100.0 97.1 57.9 40.6
P3 100.0 91.3 42.0 28.9
P4 100.0 100.0 58.7 53.2

Al2(SO4)3 EPC P1 49.8 �29.5 �42.9 �13.1
P2 18.1 �38.0 �54.1 1.9
P3 �14.2 �44.2 �53.7 �1.3
P4 39.0 �32.0 �61.4 �0.1

CN P1 100.0 70.4 8.8 21.2
P2 100.0 79.6 18.5 42.2
P3 100.0 68.9 2.6 37.2
P4 100.0 80.9 11.1 42.4

Sweep P1 100.0 94.4 26.0 24.1
P2 100.0 84.9 22.2 42.7
P3 100.0 83.2 13.1 39.6
P4 100.0 87.3 23.6 43.1

FeCl3 1.2mgl�1 P1 90.3 33.2 �15.8 9.4
P2 95.8 47.4 �19.1 28.3
P3 100.0 60.0 5.1 32.9
P4 82.2 21.1 �61.1 �4.5

4.0mgl�1 P1 100.0 84.8 30.8 36.7
P2 100.0 93.2 39.5 50.6
P3 100.0 88.5 37.7 43.5
P4 100.0 94.4 48.2 44.1

12mgl�1 P1 98.3 82.2 36.8 35.0
P2 100.0 95.8 70.0 54.3
P3 100.0 95.9 77.8 56.5
P4 100.0 95.3 57.9 45.5
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dose, the rapid mixing is not essential for improved tur-
bidity removal. Comparing the turbidity removal rates
for Process 2 and Process 3 reveals the significant role of
slow mixing to allow large flocs to form for the separation.
Rapid mixing without subsequent slow mixing left numer-
ous fine particles that could not settle well. Again, such an
observation is not justified for alum at the EPC dose.
Comparing turbidity removal for Process 1 and Process 4
indicated that the use of two-stage coagulation with PACl
produced nuclei flocs in the first 3-min rapid mix phase
assisted the capture of fine particles to reach higher
turbidity removal in slow mix and settling stages. This
trend is not noticeable for alum or FeCl3.

On peak 1 on SEC-UV254 spectra, comparing the perfor-
mances for PACl and FeCl3 using Process 1 and Process 3
under EPC mechanism in Table 4 revealed that intensive
rapid mixing benefits NOM removal. The use of alum on
the contrary led to the negative removal of peak 1. At a
higher dose, the rapid mixing is not essential for the
improved peak 1 removal. Comparing peak 1 removal for
Process 2 and Process 3 reveals the insignificant role of
slow mixing to the removal of NOM of AMW of
8600Da. Slow mixing is not essential to remove NOM
peak 1. Comparing peak 1 removal for Process 1 and
Process 4 indicated that the use of the two-stage coagu-
lation with the three studied coagulants is not significant
for enhancing NOM removal.

On peak 2 on SEC-UV254 spectra, comparing the perfor-
mances for PACl using Process 1 and Process 3 under CN
mechanism in Table 4 revealed that intensive rapid mixing
benefits NOM removal. The use of alum on the contrary
led to the negative removal of peak 2. At a higher dose,
the rapid mixing is not essential for improved peak 1
removal. Comparing peak 2 removal for Process 2 and Pro-
cess 3 reveals the certain role of slow mixing to the removal
of NOM of AMW of 7200Da. Comparing peak 2 removal
for Process 1 and Process 4 indicated that the use of the
two-stage coagulation with PACl is significant for enhanc-
ing NOM removal. However, two-stage coagulation had
no role on alum or FeCl3 coagulation.

Restated, the mechanisms corresponding to NOM
removal differ from those for turbidity removal. The
association with particle aggregation does not correlate
with the NOM removal. Hence, the proposal that NOM
was adsorbed on the suspended particles or on the coagu-
lated particle flocs is not physically relevant. Additionally,
the PACl is much better than alum for NOM removal.
FeCl3 has an intermediate performance.

CONCLUSIONS

Polyaluminum chloride (PACl), alum, and FeCl3 for tur-
bidity and natural organic matters (NOM) removal were
tested under four mixing-settling schemes. The EPC coagu-
lation efficiencies for turbidity removal or NOM removal

using the three coagulants followed PACl>FeCl3> alum.
Under high dosage, there is no difference between the
performances from the three coagulants. Sufficient rapid
mixing and slow mixing or applying two-stage coagulation
benefit turbidity removal using PACl or FeCl3 under EPC
mechanism. The EPC mechanism is not efficient for alum
coagulation. At higher coagulant doses, the NOM removal
is not affected by the mixing condition. Intensive rapid
mixing alone benefits NOM removal using PACl or FeCl3
at low coagulant dosage. Alum is a poor coagulant for
NOM removal under the EPC mechanism.

ACKNOWLEDGEMENT

This project is financially supported by the Water
Resources Agency (WRA) of Ministry of Economic Affairs
(MOEA), Taiwan, Republic of China, via Grant No.
MOEAWRA0980288.

REFERENCES

1. Srisukphun, T.; Chiemchaisri, C.; Yamamoto, K. (2008) Modeling of

RO flux decline in textile wastewater reclamation plants using variable

fouling index. Sep. Sci. Technol., 43: 1704–1721.

2. Asmatulu, R. (2008) Removal of moisture from the ultra fine particles

using both high centrifugal force and air pressure. Sep. Sci. Technol.,

43: 265–274.

3. Jiang, J.Q.; Wang, H.Y. (2008) Comparative coagulant demand of

polyferric chloride and ferric chloride for the removal of humic acid.

Sep. Sci. Technol., 43: 386–397.

4. Zhu, H.T.; Wen, X.H.; Huang, X.; Noguchi, M.; Gan, Y.P. (2008)

Membrane fouling in the reclamation of secondary effluent with an

ozone-membrane hybrid system. Sep. Sci. Technol., 43: 1221–130.

5. Sung, S.S.; Ju, S.P.; Hsu, C.; Mujumdar, A.S. (2008) Floc strength

evaluation at alternative shearing with presence of natural organic

matters. Drying Technol., 26: 996–1001.

6. Ramesh, A.; Lee, D.J.; Wang, M.L.; Hsu, J.P.; Juang, R.S.; Hwang,

K.J.; Liu, J.C.; Tseng, S.J. (2006) Biofouling in membrane bioreactor.

Sep. Sci. Technol., 41: 1345–1370.

7. Chen, M.Y.; Lee, D.J.; Tay, J.H. (2006) Excellular polymeric

substances in fouling layers. Separ. Sci. Technol., 41: 1467–1474.

8. Lee, D.J.; Hsu, Y.H. (1994) Use of capillary suction apparatus for

estimating the averaged specific resistance of filtration cake. J. Chem.

Technol. Biotechnol., 59: 45–51.

9. Chu, C.P.; Lee, D.J. (2004) Multiscale structures of biological flocs.

Chem. Eng. Sci., 59: 1875–1883.

10. Chen, G.W.; Chang, I.L.; Hung, W.T.; Lee, D.J. (1996) Regimes for

zone settling of waste activated sludge. Water Res., 30: 1844–1850.

11. Chang, I.L.; Lee, D.J. (1998) Ternary expression stage in biological

sludge dewatering. Water Res., 32: 905–914.

12. Chen, G.W.; Lin, W.W.; Lee, D.J. (1996) Capillary suction time

(CST) as a measure of sludge dewaterability. Water Sci. Technol.,

34: 443–448.

13. Lee, D.J.; Lee, S.F. (1995) Measurement of bound water-content in

sludge – The use of differential scanning calorimetry (DSC). J. Chem.

Technol. Biotechnol., 62: 359–365.

14. Chen, G.W.; Hung, W.T.; Chang, I.L.; Lee, S.F.; Lee, D.J. (1997)

Continuous classification of moisture content in waste activated

sludge. J. Envir. Eng. ASCE, 123: 253–258.

15. Chang, I.L.; Chu, C.P.; Lee, D.J.; Huang, C. (1997) Polymer dose

effects on filtration followed by expression of clay slurries. J. Colloid

Interf. Sci., 185: 335–342.

918 Y.-L. CHENG ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



16. USEPA, Enhanced coagulation and enhanced precipitative softening

Guidance Manual. May 1999, Office of Water and Drinking Ground

Water.

17. Chowdhury, S.; Champagne, P.; McLellan, P.J. (2009) Models for

predicting disinfection byproduct (DBP) formation in drinking

waters: A chronological review. The Sci Total Environ., 407:

4189–4206.

18. Dempsey, B.A.; Ganho, R.M.; O’Melia, C.R. (1984) The coagulation

of humic substances by means of aluminum salts. J. Am. Water Works

Assoc., 76: 141–150.

19. Dempsey, B.A. (1989) Reactions Between Fulvic Acids and Alumi-

num. In: Aquatic Humic Substances: Influence on Fate and Treatment

of Pollutants, Suffer, I.N.; MacCarthy, P., eds.; American Chemical

Society: Washington, D.C. 409–424.

20. O’Melia, C.R. (1991) Practice, theory, and solid-liquid separation. J.

Water SRT-Aqua., 40: 371–379.

21. Volk, C.; Bell, K.; Ibrahim, E.; Verges, D.; Amy, G.; LeChevallier, M.

(2000) Impact of enhanced and optimized coagulation on the removal

of organic matter and its biodegradable fraction in drinking water.

Water Res., 34: 3247–3257.

22. Narkis, N.; Rebhun, M. (1990) Flocculation of fulvic acids-clay

minerals suspension. Proc. 21st Annual Meeting of the Fine Particle

Society, San Diego, 1–25.

23. Tambo, N.; Watanabe, Y. (1979) Physical characteristics of flocs. I:

The floc density function and aluminium floc. Water Res., 13:

409–419.

24. Rebhun, M. (1990) Floc Formation and Breakup in Continuous Flora

Flocculation and in Contact Filtration. In: Chemical Water and Waste-

water Treatment, Hahn, H.H.; Klute, R., eds.; Springer: Berlin, 117–126.

25. Sung, S.S.; Lee, D.J.; Huang, C. (2005) Steady-state humic-

acid-containing blanket in upflow suspended bed. Water Res., 39:

831–838.

26. Shi, B.; Taylor, J.S. (2007) Potential impact of enhanced coagulation

on corrosion by-product release in a distribution system. Desalination,

208: 260–268.

27. Yan, M.; Wang, D.; Qu, J.; Ni, J.; Chow, C.W.K. (2008) Enhanced

coagulation for high alkalinity and micro-polluted water: The third

way through coagulant optimization. Water Res., 42: 2278–2286.

28. Jarvis, P.; Banks, J.; Molinder, R.; Carroll, S.; Parsons, S.A.;

Jefferson, B. Processes for enhanced NOM removal: Beyond Fe and

Al coagulation, in IWA specialist conference Natural Organic Matter:

from Source to Tap. 2008: Bath, UK.

29. Sam, S.; Yukselen, M.A.; Gregory, J. Comparison of coagulation

performances of monomeric and polymeric hydrolysing coagulants

under increasing humic acid and pre-ozonation conditions, in IWA

specialist conference_Natural Organic Matter: from Source to Tap.

2008: Bath, UK.

30. Nagare, H.; Aso, T.; Yoshida, S.; Ebie, K. Removal of humic sub-

stances by repeated mixing with PACl in IWA specialist conference_

Natural Organic Matter: from Source to Tap. 2008: Bath, UK.

31. Lovins, W.A.; Duranceau, III, S.J.; Gonzalez, R.M.; Taylor, J.S.

(2003) Optimized coagulation assessment for a highly organic surface

water supply. J. Am. Water Works Assoc., 95: 94–108.

32. Chowdhury, Z.K.; Amy, G.L. (1991) Coagulation of submicron

colloids in water treatment by incorporation into aluminum hydroxide

floc. Environ. Sci. Technol., 25: 1766–1773.

33. Gray, K.A.; Yao, C.H.; O’Melia, C.R. (1995) Inorganic metal

polymers: preparation and characterization. J. Am. Water Works

Assoc., 87: 136–146.

34. Dentel, S.K. (1988) Application of the precipitation-charge neutraliza-

tion model of coagulation. Environ. Sci. Technol., 22: 825–832.

35. Gregory, J. (1973) Rates of flocculation of latex particles by cationic

polymers. J Colloid Interface Sci., 42: 448–456.

36. Wang, D.S.; Tang, H.X.; Gregory, J. (2002) Relative importance of

charge neutralization and precipitation on coagulation of kaolin with

PACl: Effect of sulfate ion. Environ. Sci. Technol., 36: 1815–1820.

37. Duan, J.M.; Gregory, J. (2003) Coagulation by hydrolyzing meal

salts. Adv. Colloid Interface Sci., 100: 475–502.

38. Chen, W.; Westerhoff, P.; Leenheer, J.A.; Booksh, K. (2003) Fluores-

cence excitation–emission matrix regional integration to quantify

spectra for dissolved organic matter. Environ. Sci. Technol., 37:

5701–5710.

39. Korshin, G.; Chow, C.W.X.; Fabris, R.; Drikas, M. (2009) Absor-

bance spectroscopy-based examination of effects of coagulation on

the reactivity of fractions of natural organic matter with varying

apparent molecular weights. Water Res., 43: 1541–1548.

PRE-TREATMENT OF NATURAL ORGANIC MATTERS 919

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


