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Influence  of  second  dose  on coagulation  efficiency,  floc  re-growth,  fractal  structure  and  residual  Al of
the effluent  in  humic  acid (HA)  coagulation  with  Al13 polymer  ([Al13O4(OH)24(H2O)12]7+) and  PACl were
comparatively  investigated  in this  study.  Effects  of  breakage  shear  on  the floc  properties  generated  in the
coagulation  with  and  without  additional  dose  were  also  investigated.  The  results  indicated  that  additional
dose  during  breakage  could  essentially  improve  the  HA removal  efficiency  and  floc  re-growth  in  both  Al13

and  PACl  coagulations.  Second  doses  of  Al13 at 0.5  and  1.0  mg/L  resulted  in  better  turbidity  and  UV254

removal  as  well  as  floc re-growth  rather  than  higher  additional  dose  of  1.5  and  2.0 mg/L;  while  in  PACl
econd dose
loc re-growth
ractal dimension
esidual Al

coagulation,  more  efficient  HA removal  and  better  floc  re-growth  were  obtained  at  higher  additional
doses  (1.0,  1.5  and  2.0  mg/L).  Small  additional  Al13 could  apparently  increase  the  Df of  re-formed  flocs
while  the  additional  PACl  displayed  inconspicuous  effect  on  floc  Df. The  additional  coagulant  dose  could
alleviate  the  further  decrease  of  re-grown  floc  size  with  increased  breakage  shear  for  both  coagulants.
The  residual  Al analysis  implied  that  two-stage  addition  contributed  to lower  residual  Al  in  effluent  than
one-time  addition  mode  with  the  same  total  coagulant  concentration.
. Introduction

Coagulation and flocculation remain the most important steps
n water treatment, allowing the removal of particles and natu-
al organic matter (NOM). Recently, several researches have been
evoted to improving the efficiency of coagulation–flocculation
rocess, and a main trend is the production of coagulants with

mproved properties than the conventional ones, such as AlCl3 or
l2(SO4)3 (alum). In recent years, polyaluminum chloride (PACl)
as been widely used and taken the place of many traditional
luminous coagulants. Al13 polycation ([Al13O4(OH)24(H2O)12]7+),
ecognized as the most active species in PACl and a novel coagu-
ant, has attracted much attention from researchers [1,2]. Previous
nvestigation demonstrated that Al13 species displayed higher
harge neutralization ability than other Al-based coagulants, and
hus could improve the coagulation efficiency and reduce con-
umption of coagulant dose in water treatment [3].  Our previous

tudies [4,5] have confirmed that Al13 polymer could effectively
nhance the particles aggregation and improve the floc structure,

∗ Corresponding author. Tel.: +86 531 88364832; fax: +86 531 88364513.
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which generally led to significant removal efficiency for contami-
nants in solid/liquid separation process [6].

The research to increase coagulation–flocculation efficiency also
focuses on the improvement of operation parameters, such as dos-
ing method, dosing time and shear force applied. Recently, Yu
et al. [7,8] found that two-stage coagulant addition of alum could
enhance floc re-growth after breakage due to freshly precipitated
aluminum hydroxide. The result was  meaningful because it over-
came the disadvantage of irreversible breakage of flocs, which has
been be confirmed by many previous researches [9–11]. The poor
re-growth ability of flocs was undesirable because the resultant
small particles would pose a challenge to the solid/liquid separa-
tion process [12]. However, the positive effect of two-stage addition
is supposed to be dependent on the characteristics of coagulants
according to the study by Yu et al. [13], which found that differ-
ent PACl species gave very different floc re-growth when added
as the second coagulant. Taking into consideration of the distinct
Al species distributions in pre-hydrolyzed aluminum coagulants
and alum, their coagulation behaviors and mechanisms as the sec-
ond coagulants may  obviously differ, which is worth studying.

Another important consideration is that the high velocity gradi-
ent (G) involved in coagulation has a fairly great influence on the
floc break-up and re-growth, which has been previously suggested
by other researchers [14,15].  Consequently, the impact of rapid

dx.doi.org/10.1016/j.jhazmat.2012.02.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:baoyugao_sdu@yahoo.com.cn
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130 W. Xu et al. / Journal of Hazardous Ma

Table  1
Properties of Al13 and PACl.

Coagulants AlT (mol/L) Al species distribution (%)

Alm Al13 Alother

Nano-Al13 0.089 2.32 93.16 4.52
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PACl  1.076 24.34 32.61 43.05

hear rate should be fully considered in the evaluation of second
oagulant addition on coagulation.

Besides floc re-growth, fractal structure is another floc property
losely related to the final coagulation efficiency and it could also be
ssentially affected by the additional dose. To make a precise eval-
ation of the second addition effect on coagulation–flocculation
rocess, it is necessary to systematically investigate its effects on
oc size, strength and fractal dimension, which has not been pre-
iously reported.

What is also worth noticing is the impact of second coagulant
ddition on the residual Al in the finished water. It has been well
nown that Al-based coagulants, particularly alum, may  result in
levated concentrations of residual Al in finished water [16,17],
hich has been considered to be an undesirable aspect of treatment
ractice. The occurrence of Al in treated water is associated with
everal problems, including increased turbidity, reduced disinfec-
ion efficiency, a loss in hydraulic capacity and potential adverse
ffects such as Alzheimer’s disease [17,18].  In China, the total Al
oncentration in drinking water should not exceed 0.200 mg/L.
owever, the two-stage addition of Al coagulant could probably
ffect the residual Al concentration in the coagulation effluent,
hich has never been considered in the previous studies. Thus

he analysis and determination of residual Al in treated water after
he second coagulant dosing is very necessary and meaningful for
oth the water treatment plants and human health. Additionally,
he current studies on Al13 species mainly concern the coagulation
fficiency and floc characteristics [4,19,20]. There has not been a
pecial report addressing the effect of Al13 on the residual Al con-
entration in the finished water.

Consequently, the aim of the present paper is to investigate the
nfluence of second dosing of PACl and Al13 species on the coag-
lation efficiency, floc properties and the residual Al in effluent.
dditionally, a series of shear forces were applied in the floc break-
p and re-growth experiments to explore the influence of velocity
radient on the beneficial effect of second addition.

. Materials and methods

.1. Preparation and characterization of coagulants

The procedures of preparing PACl and Al13 polymer can be
escribed as follows: PACl with a basicity value (B, OH/Al molar
atio) of 2.0 was synthesized by adding pre-determined amount of
a2CO3 and AlCl3 slowly into deionized water under intense agita-

ion. The temperature was kept at 70.0 ± 0.5 ◦C by recycling water
ath. Al13 species was separated from the PACl by ethanol/acetone
eparation method and the details can be found in other paper [21].
ll the reagents used were of analytical grade and deionized water
as used to prepare all solutions.

Total Al concentrations were determined by titrimetric method
ccording to the national standard of China [22]. The Alm and Al13

pecies in different Al coagulants were analyzed by 27Al NMR  spec-
roscopy with 27Al NMR  spectra obtained from a Varian UNITY INOVA
500 MHz). The undetectable species, denoted as Alother, was AlT

inus Alm and Al13. The properties of Al13 and PACl coagulants are
ummarized in Table 1.
terials 215– 216 (2012) 129– 137

2.2. Water samples

Humic acid (HA), a major component of natural organic mat-
ter (NOM) [23], was used to prepare the suspension. HA used in
this study was commercial reagent grade solid (Shanghai, China).
The HA stock solution was  prepared as follows: 1.0 g of HA was
dissolved in 1 L of deionized water that contained 4.2 g of NaHCO3
under 3.0 h of continuous stirring, then stored in refrigerator at 4 ◦C
for later use. The synthetic test water was  prepared by dissolv-
ing 10.0 mL  of HA stock solution in deionized water and diluting
the solution to 1 L. The test water was  pre-filtered through a
0.45 �m glass fibre paper for UV254 absorbance and DOC  mea-
surements. UV254 absorbance was  tested by a UV-754 UV/VIS
spectrophotometer (Precision Scientific Instrument Co. Ltd., Shang-
hai, China) at 254 nm using 1 cm quartz cells, and DOC was analyzed
with a TOC analyzer (TOC-VCPH, Shimadzu, Japan). Turbidity was
directly measured by a 2100P turbidimeter (Hach, USA) without
filtration, and pH was  measured using a pH analyzer (pHs-3C, Luo-
qite, Shanghai). The properties of the synthetic test water used
were as follows: UV254 = 0.299 ± 0.02, turbidity = 4.35 ± 0.20 NTU,
DOC = 2.11 ± 0.03 mg/L, pH = 7.97 ± 0.2.

2.3. Jar tests

Initially, coagulation optimization tests were performed using a
conventional jar-test apparatus (ZR4-6, Zhongrun Water Industry
Technology Development Co. Ltd., China) to ascertain the optimum
coagulant dosage for HA removal by Al13 polymer and PACl. The
experiments were conducted at a room temperature of 15 ± 1 ◦C.
Predetermined amount of coagulant was  added at the start of coag-
ulation; thereafter, 1.5 min  rapid mixing at 200 revolutions per
minute (rpm) was  applied, followed by 15 min  of slow stirring at
40 rpm. Then after 30 min  of quiescent settling, the sample was
collected from 2 cm below the surface for subsequent analyses,
including residual turbidity, UV254 and final pH. Zeta potentials
were measured immediately after the 1.5 min  of rapid mixing using
a Zetasizer 3000HSa (Malvern Instruments, UK).

Floc breakage tests were programmed similarly in floc growth
phases as aforementioned. After the slow stir phase (15 min  at
40 rpm), the suspension was exposed to a high shear of 200 rpm
(or 75, 100, 150, 300 and 500 rpm) for a further 5 min, and then a
slow stirring at 40 rpm was  reintroduced for flocs re-form, followed
by 30 min  of settlement. Yu et al. [7] stated that the second coagu-
lant addition near the end of the breakage period gave better than
100% re-growth of broken flocs. So in the case of coagulation with
a second coagulant addition, the additional coagulants were added
into the stirred suspension 15 s before the breakage period finished
in this study.

A  continuous laser diffraction instrument (Mastersizer 2000,
Malvern, UK) was used to measure the dynamic floc size as the
coagulation proceeded. More details have been reported in other
paper [24]. Size measurements were taken every 30 s for the dura-
tion of the jar test and the 50 percentile floc size (d50) was used to
denote flocs size in this study.

2.4. Determination of floc recovery factor and fractal structure

In order to quantitatively investigate the floc re-growth abilities,
floc recovery factors were calculated as follows [14]:

Recovery factor (Rf ) = d3 − d2

d1 − d2
× 100 (1)
where d1, d2 and d3 are the sizes of flocs in the steady phase before
breakage, after the breakage period and after the re-growth to
another steady phase, respectively. A higher Rf value indicates a
better re-growth capacity of flocs.
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The complicated structure of floc aggregates is now well
escribed by the application of fractal geometry theory [25–27],
here the floc structure is simply described by the mass frac-

al dimension Df. Commonly, compact aggregates have higher
f, while aggregates with loose structures have lower Df values.
ecently, small angle laser light scattering (SALLS) has been suc-
essfully used for the determination of Df of aggregates covering

 wide range of particle size, including tiny hematite parti-
les (5–13 �m)  [28], medium salt-humic flocs or salt-kaolin flocs
60–650 �m)  [29,30] and large ferric precipitate (1000 �m)  [31].
etails about SALLS have been well described previously [26,27]
nd the method is briefly given as follows: the scattered intensity

 is a function of the magnitude of the scattering wave vector Q,
hich is shown as:

 = 4�n sin(�/2)
�

(2)

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, I is related to Q and
he fractal dimension Df [32]:

 ∝ Q−Df (3)

So, on a log–log scale if there is a straight line, the slope of which
s Df. This relationship is valid only when the length scale of the
nalysis is much larger than the size of primary particles and much
maller than the size of floc aggregates [27,31].

.5. Measurement of residual aluminum content

Both the residual Al contents of raw and purified water after
oagulation were analyzed by chrome azurol S colorimetric analysis
ccording to the national standard of the People’s Republic of China
33]. The residual Al content was obtained through consulting the
tandard curve of Al content, which was prepared before sample
easurement, after measuring the absorbance at 620 nm wave-

ength with UV-754 spectrophotometer. The residual Al caused by
l-based coagulant was equal to Al content of the finished water
inus that of the raw water.

. Results and discussion

.1. Effect of initial dose on coagulation efficiency

Coagulation experiments without breakage were performed in
he coagulant dose range of 1–10 mg/L to determine the optimum
osages of nano-Al13 and PACl for HA removal. Fig. 1 shows the
A removal efficiencies with increasing coagulant doses as well as

he zeta potentials and pH values of effluents. It could be observed
hat at low doses (lower than 3.0 mg/L), both the turbidity and
V254 removal efficiencies increased steeply with coagulant con-
entration regardless of the coagulant used. With coagulants doses
urther increased, the HA removal efficiencies increased slowly and
nally reached the plateaus for both coagulants. The turbidity and
V254 removal efficiencies varied slightly in the optimum dosage

ange. Compared with PACl, Al13 polymer gave rise to better UV254
emoval especially at lower dosages. That could be attributed to the
igher positive charge of Al13 than PACl as shown in Fig. 1b, which
as expected to contribute to better charge neutralization mecha-
ism especially at low coagulant concentrations [3,34]. It could be

ound from Fig. 1b that the effluents pH decreased after coagulants
ddition and with the dosages increased from 0.5 to 10.0 mg/L, pH

howed a continuous decline from around 8.0 to 7.38 and 7.15 for
l13 and PACl coagulations, respectively. At high coagulant concen-

rations and at neutral pH, Al(III) species could rapidly transform
nto voluminous amorphous aluminum hydroxide (Al(OH)3(am)),
Fig. 1. Effect of coagulants doses on (a) turbidity and UV254 removal efficiencies and
(b)  zeta potentials and effluent pH in HA coagulations by Al13 and PACl.

where HA could be mainly removed by surface adsorption for both
PACl and Al13 coagulations [3,19,35]. Consequently, the differences
between coagulation efficiencies of Al13 and PACl were lessened
despite their different charge neutralization abilities. Considering
the cost of coagulants and coagulation efficiency, the initial dosages
of Al13 and PACl were fixed at 3.0 mg/L for the subsequent experi-
ments in this study.

3.2. Effect of additional dose on coagulation efficiency

Coagulation experiments with 5 min  of breakage at 200 rpm
along with different additional doses during breakage phases were
conducted. The effect of different second dosages on the turbid-
ity and UV254 removals are shown in Fig. 2. For comparison, the
coagulation efficiencies obtained at single doses of 3.0 and 4.0 mg/L
without additional dosing were also provided. It could be observed
that for both Al13 and PACl, obvious improvement of turbidity and
UV254 removal efficiencies could be achieved by a small second
dosing. However, the coagulation efficiency was not positively cor-
related with the additional dose. For Al13, the turbidity removal
efficiency was around 82% at a single dose of 3.0 mg/L, and a sec-
ond dose of 0.5 and 1.0 mg/L could obviously improve the efficiency
to nearly 90% as shown in Fig. 2a. However, the additional doses
at 1.5 and 2.0 mg/L led to an efficiency of about 85%, indicating
that a higher additional dose could not further enhance the tur-
bidity removal. Similarly, the best UV254 removal efficiency was

also obtained at the second dose of 0.5 and 1.0 mg/L, but the
enhancement displayed a smaller degree than that of turbidity.
By contrast, the improvement contributed by 0.5 mg/L of PACl was
much less than that induced by higher additional doses of 1.0, 1.5
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rise to amorphous hydroxide precipitates [39]. Coagulants with
ig. 2. Turbidity, UV254 removal and zeta potentials by various second doses of nano-
l13 and PACl after breakage and re-growth.

nd 2.0 mg/L, by which the turbidity and UV254 removal efficiencies
ould be increased from the initial 77% and 71% to around 86% and
0%, respectively.

In order to further study the coagulation mechanisms of addi-
ional coagulants, samples were taken after dosing and rapid

ixing for zeta potential measurement. The measurements were
lso made on samples at the end of breakage phases and large
articles in the samples were removed by sedimentation before
he measurements. It is evident from Fig. 2 that zeta potentials
ecreased conspicuously after breakage for both coagulants with-
ut second doses. For Al13, the original zeta potentials at 3 and

 mg/L were −5.5 and −2.8 mV,  and decreased to −7.5 and −4.9 mV
fter breakage, respectively. A possible reason was that during the
reak-up process, the flocs were broken into many smaller flocs.
he newly exposed surfaces of aggregates might have a net nega-
ive charge, which led to decrease in zeta potentials [36]. The study
y Yu et al. [7],  however, demonstrated that the zeta potentials
fter breakage were indistinguishable from their original values.
his inconsistence might result from the different coagulation con-
itions, including characteristics of coagulants and water samples,
reakage intensity and duration time. The different positive charges
nd hydroxide reactions of different Al-based coagulants after dos-
ng into the HA suspension could probably be an essential reason.
evertheless, there has not been a clear understanding of the rela-

ionship between zeta potentials and velocity gradient and further
ork is needed to get a full comprehension.
Second dose during breakage could definitely improve the zeta
otentials (Fig. 2), and larger second dose led to higher zeta
otentials. It could be observed that at the same total coagulant
terials 215– 216 (2012) 129– 137

concentration, the two-stage addition mode gave rise to higher
zeta potentials than one time addition. This indicated that the
additional coagulant caused significant charge neutralization in the
re-coagulation of broken flocs. Under the same initial and second
doses, Al13 tended to produce higher zeta potentials than PACl. It
should also be noticed that when the additional doses of Al13 were
1.5 and 2.0 mg/L, charge reversal occurred and the surface charges
of aggregates became positive. This might be the reason why the
HA removal efficiencies at second doses of 1.5 and 2.0 mg/L were
smaller than those at 0.5 and 1.0 mg/L, which proved that charge
neutralization played an important role in the second-coagulation.
Nevertheless, the coagulation efficiency for two-stage dosing were
still higher than that for 1-shot dosing of 3 and 4 mg/L regardless
of the charge reversal, implying that besides charge neutraliza-
tion, other mechanisms such as adsorption and entrapment of the
freshly formed hydroxide precipitates, also played crucial parts in
coagulation [7].

3.3. Effect of second addition on floc re-growth and fractal
structure

Results from continuous monitoring of HA floc formation, break-
age by 5 min  of high shear at 200 rpm and re-growth with a series
of additional Al13 and PACl doses are shown in Fig. 3a and b. In
all cases, floc size significantly increased initially and then arrived
at a stable phase, implying that an appropriate balance between
floc growth and breakage was attained [37,38]. PACl produced
larger stable floc size than nano-Al13. Once the high shear rate
(200 rpm) was introduced, an immediate and sharp decrease in
floc size occurred. When the stirring rate returned to 40 rpm, flocs
began to reform rapidly and then grew gradually. To make the
results clearer, enlarged views of the floc re-growth curves are
provided in Fig. 3c and d. It could be observed that for coagula-
tions with additional coagulants, flocs could re-grow to a larger
size after breakage; while smaller re-grown flocs were obtained
for the one-time dosing coagulations. The final reformed floc size
depended largely on the second dose. For Al13 species, flocs re-grew
to a larger size with the additional dose of 0.5 and 1.0 mg/L; while
they re-grew to a relatively smaller size when the second dose
was 1.5 and 2.0 mg/L, where charge reversal occurred (Fig. 2). This
implied that charge neutralization played an important role in floc
re-growth after breakage. It should also be noticed that additional
Al13 at 1.5 and 2.0 mg/L could also improve the floc re-formation
sizes than one-shot dosing even with the charge reversal, which
indicated that charge neutralization was  not the sole mechanism
in floc re-growth. Adsorption of particles on the Al hydroxide pre-
cipitates and other mechanisms such as bridging and enmeshment
might also contribute to the floc re-aggregation [7].  This seemed
to be consistent with the conclusions obtained in Section 3.2.  The
reformed floc size in PACl coagulation increased with the addi-
tional dose as well as zeta potentials (Fig. 2b). It should be noticed
that although the second addition coagulant could promote the re-
growth of broken flocs, the aggregates could not re-grow to their
previous size. This is totally different from the results obtained by
Yu et al. [7],  which demonstrated that the broken HA flocs could
re-grow to higher than 100% of the previous size by the additional
alum. That could be ascribed to the different Alm, Al13 and Alother
proportions in alum and the pre-hydrolyzed coagulants (PACl and
Al13) used in this study. Compared to alum, Al13 and PACl with more
Al13 and Alother species had higher positive charge and were more
stable after being dosed into the suspension; while alum mainly
composed of Alm species could immediately hydrolyze and gave
different Al species distributions resulted in distinct coagulation
mechanisms when they were used as the second coagulants, which
probably led to different re-grown floc size. Additionally, previous
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ig. 3. The floc formation, breakage and re-growth of HA flocs formed by (a) Al13 p
f  floc re-growth phases for Al13 and PACl, respectively.

ork by Yu et al. [13] showed that the fresh amorphous hydroxide
recipitate formed from PACl with more Alm was  highly effec-
ive in promoting the re-growth of broken flocs, whereas the PACl
ith more Al13 species was ineffective. This agrees well with the

esults shown in Fig. 3b. However, the interaction between flocs
nd freshly dosed coagulant was complicated and it was hard to
learly verify the different coagulation mechanisms of various Al
pecies as the second coagulant. Further work is needed to get a

horough understanding.

The aggregate structures of the re-generated flocs were inves-
igated in terms of fractal dimension (Df), which was derived from
he scattered light intensity (I) as a function of wavenumber (Q).
r and (b) PACl at various initial and second doses; (c) and (d) the enlarged reviews

To keep the power law relationship valid as shown in Eq. (3),  the
values of log Q for Df calculation were maintained in the range
of −4.0 to −2.4 as presented in Fig. 4. For the coagulations with
one time addition at 3 and 4 mg/L, Al13 species produced flocs with
larger Df than PACl. Additional Al13 dose at 0.5 and 1.0 mg/L could
remarkably improve the floc Df (Fig. 4a). However, the floc com-
pact degree decreased significantly with further increase of the
second dose. Additional dose of Al13 at 1.5 and 2.0 mg/L yielded

loose aggregates with Df of 2.42 and 1.82, respectively, which were
even much lower than those of flocs formed with one time addition
of 3 mg/L (2.52). This could be also attributed to the charge rever-
sal by the overdosed second addition of Al13. According to Fig. 2,
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ig. 4. Determination of the fractal dimension of flocs after breakage and re-growth
n  coagulation by (a) Al13 without and with additional doses; and (b) PACl without
nd with additional doses.

eta potentials were nearly zero in the case of coagulation with
dditional Al13 of 0.5 and 1.0 mg/L, where the negative charges on
roken aggregates and particles were mostly neutralized, acceler-
ting the re-aggregation of broken fragments and particles. With
dditional dose further increased, charge reversal occurred and the
roken flocs became re-stabilized. The re-generation of flocs was
ominated by the adsorption and bridging of the newly added Al-
ased coagulants, which resulted in loosely constructed aggregates
40,41].

The influences of second PACl dose on the fractal dimen-
ion of re-formed flocs were not obvious. At additional doses of
.5 and 1.0 mg/L, the Df values were slightly improved due to
he weaker charge neutralization ability of PACl. Moreover, the

onomeric and dimeric Al species in PACl easily hydrolyzed and
ransformed into aluminum hydroxide precipitates after addition
nto the suspension, which tended to produce incompact aggre-
ates as aforementioned.
.4. Effect of breakage shear force on floc properties

The shear rate applied in floc breakage is expected to have
 major effect on the floc breakage and re-growth, which has
Fig. 5. Effect of shear rate on the recovery factors of HA flocs formed by Al13 and
PACl at different initial and additional doses.

been reported in previous studies [4,31].  In order to comparatively
investigate the influences of enhanced shear force on the floc prop-
erties in two-stage addition coagulation, a further series of tests
with various shear rates (75, 100, 150, 200, 300 and 500 rpm)
applied in the breakage phases were conducted. Two additional
coagulant concentrations, 0.5 and 1.0 mg/L were used in the tests.

The dynamic floc size was  continuously monitored by the laser
diffraction instrument (Mastersizer 2000) as before and the recov-
ery factors under different coagulant dosing modes were calculated
based on Eq. (1).  The average floc sizes before breakage, after break-
age and after re-growth in all cases are listed in Table 2 and the
recovery factors are shown in Fig. 5. It could be observed that for
coagulation with 1-shot dose, Rf of flocs steadily decreased with
the increasing shear regardless of the initial dose and coagulant
applied. However, with a second dose of 0.5 or 1.0 mg/L, the flocs
exposed to high shears (200, 300 and 500 rpm) presented even
larger Rf than those exposed to low shears (75, 100 and 150 rpm)
for both coagulants. It is evident from Fig. 5 that the small second
doses during breakage could definitely improve Rf. When the shear
rate for breakage was  75 and 100 rpm, the Rf with additional dose
was undistinguishable from that without additional dose. However,
with the shear force further increased, small additional doses (0.5
and 1.0 mg/L) of Al13 and PACl could markedly improve the Rf. Nev-
ertheless, the floc sizes after re-growth still presented an overall
descending trend with the increasing breaking in all the cases as
shown in Table 2. Additional dosing during breakage phase could
just help alleviate the further decrease of the re-grown floc sizes
with the continuously increasing breakage shear.

Zeta potentials under various breakage shears were measured
and the results are shown in Fig. 6. It was observed that zeta poten-
tials decreased with increasing shear rate in all cases. The reduction
in zeta potentials could be alleviated by the additional dose dur-
ing breakage for both coagulants. Compared with PACl, additional
Al13 at the same dose contributed to obviously larger zeta poten-
tials. Unexpectedly, the re-grown flocs by additional Al13 were not
obviously larger than those by PACl, which might be attributed to
the better ability of hydroxide precipitates formed from PACl to
promote floc re-growth as aforementioned [13].
The fractal dimensions of re-grown flocs under various breakage
shear rates were determined by the same method in Fig. 4 and the
results are displayed in Fig. 7. It could be found that for one time
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Table 2
Mean diameters of flocs before breakage, after breakage and after re-growth under various breaking rates for Al13 and PACl at different initial and additional doses.

Breakage
rate
(rpm)

Coagulant dose (mg/L)

3 3 + 0.5 3 + 1.0 4

d1 d2 d3 d1 d2 d3 d1 d2 d3 d1 d2 d3

Al13

75 324.4 268.6 293.4 311.2 247.3 275.0 317.8 258.6 283.5 331.8 240.0 281.4
100 320.2  199.7 246.3 333.7 204.1 255.3 318.3 196.7 245.2 318.1 179.7 234.7
150 315.1  120.7 183.8 311.0 127.4 200.5 310.5 134.6 207.5 330.4 143.4 205.5
200 316.9  100.3 169.5 326.3 102.4 228.3 315.7 100.7 223.1 326.3 106.3 175.7
300  318.6 72.0 133.4 332.7 73.9 200.3 305.0 71.1 187.0 321.6 87.6 149.8
500  314.9 49.7 118.3 332.0 48.3 206.9 326.9 46.7 204.8 335.2 57.7 121.5
PACl

75 359.0  261.7 300.6 367.1 284.6 315.5 367.0 288.0 318.5 366.9 287.8 319.3
100 366.4  223.7 277.7 374.5 218.9 278.0 381.2 216.3 282.0 362.4 226.3 278.4
150 369.5  135.5 208.5 380.0 144.4 225.8 372.2 155.7 241.0 363.4 162.3 227.1

38.9 

13.2 

92.9 
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200  363.5 107.0 184.4 373.2 110.3 2
300  375.5 93.8 159.9 370.8 95.5 2
500  373.0 61.4 125.0 375.3 62.0 1

oagulant addition, the Df increased first and then decreased with
he increasing shear for both coagulants at doses of 3 or 4 mg/L. And
mall second doses at 0.5 and 1.0 mg/L could always improve the Df
alues of the re-formed aggregates for the shear rates investigated
n this study. However, the improvement caused by additional PACl

as not so obvious as that by additional Al13. More significantly, the

f for Al13 coagulation with small additional dose increased con-

inuously with the shear rates, which agreed with the point that
nhanced shear rate could elevate the compact degrees of flocs by
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371.5 61.6 195.7 371.9 70.8 148.5

restructuring and rearrangement [42]. By contrast, the Df of PACl-
HA flocs declined evidently when they were exposed to high shears
above 200 rpm even with the additional dose. That was because the
rapid velocity gradient caused quite severe damage to the aggre-
gates and the relatively poor charge neutralization of additional
PACl could hardly neutralize the negative charges on floc fragments.

The re-formation of flocs was  mainly dominated by adsorption and
entrapment of the freshly formed Al hydrolyzate, which tended to
result in incompact aggregates with open-structures [40,41].
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.5. Effect of second addition on residual Al in effluent

The residual Al in effluents after breakage and consequent
e-growth with and without additional dose were comparatively
easured in this study and the results are displayed in Fig. 8. The

igher total residual aluminum concentration than legislation limit
ould be ascribed to the high Al concentration in the raw water (Al
omponent in HA and some possible impurities in the tap water)
ogether with the fraction caused by Al-based coagulants. For Al13,
dditional dose at 0.5 and 1.0 mg/L enhanced the residual Al slightly
ompared to the 1-shot dose of 3 mg/L; while second dose further
ncreased to 1.5 and 2.0 mg/L led to unexpected higher residual
l concentrations, which could be ascribed to the charge rever-
al as aforementioned. Based on the results shown in Fig. 2a, zeta
otentials for Al13 with additional dose of 0.5 and 1.0 mg/L were
egative and close to zero, which could facilitate the re-aggregation
f floc segments and therefore most of the additional Al could be
onsumed and then removed together with the aggregates. How-
ver, higher additional doses at 1.5 and 2.0 mg/L turned the surface
harges into positive, which inhibited the re-aggregation of floc
ragments and thus more additional Al remained in the effluent. In
he case of PACl, no charge reversal occurred and consequently the
esidual Al increased steadily and slowly with the increasing addi-
ional dose without any abrupt rise. However, Al13 led to lower
esidual Al concentrations than PACl, except for 1.5 and 2.0 mg/L
econd doses. That was due to the complexation of monomeric
l species in PACl with HA molecules. The complexes were non-

abile, negatively charged and could not be easily removed through
onventional coagulation process [17]. Final pHs of the effluents
n all cases were measured and the results are also provided in
ig. 8. It could be found that as the total coagulant concentrations
ncreased, pH decreased from around 7.7 to 7.6 and 7.7 to 7.4 for
l13 and PACl, respectively. Previous work by Yang et al. [43,44]

ndicated that residual Al increased slightly when the pH increased

rom 7.0 to 8.0. That was due to the formation of soluble Al(OH)4

−1

t higher pH, which was much more difficult to be removed from
he water during sedimentation process than the unstable and sus-
ended or particulate aluminum. Thus the decrease of pH by second
Coagulant dose (mg/L)

ation for (a) Al13 and (b) PACl coagulations at different initial and second doses.

coagulant was expected to cause the reduction in residual Al. How-
ever, the variation of residual Al with pH change in the range of
7.0–8.0 was slight according to previous work [43,44], and addi-
tionally, the variation of pH was  minor in this study (Fig. 8).
Consequently, it could not prevent the residual Al from increasing
as the coagulant dose increased.

It should also be noted that for both Al13 and PACl, the two-stage
addition with 3 mg/L initial dose and 1 mg/L second dose resulted in
lower residual Al concentration than the one-time dose at 4 mg/L.
That is, for the same total coagulant concentration, two-stage addi-
tion led to lower residual Al in effluent than one-time addition
mode, indicating that the coagulants could fully react with the con-
taminants and thus were more consumed when they were dosed
for several times.

4. Conclusions

The main conclusions of this work are:

(1) Small additional dose of Al13 could remarkably improve the
HA removal efficiency and charge neutralization played an
important role; while larger additional dose, which induced
charge reversal, could slightly enhance the coagulation effi-
ciency through the newly formed Al hydroxide precipitates.

(2) The charge neutralization and adsorption of freshly formed
hydroxide precipitates formed by additional Al13 and PACl were
less effective in promoting floc re-growth than that of alu-
minum hydroxide precipitates formed by additional alum. Al13
additional dose at the isoelectric point could largely improve
the Df of re-formed flocs, while the additional PACl contributed
to inconspicuous influence on floc Df.

(3) Additional coagulant dose could alleviate the decrease of re-
grown floc size which resulted from the increase of breaking
shear. For the coagulation with one-time dose, floc Df increased

initially and then decreased with the increasing shear rates
for both coagulants. Small additional Al13 could keep the floc
Df increased continuously with the shear rates, which did not
occur in the case of PACl.
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4) Two-stage addition induced lower residual Al in effluent than
one-time addition for a certain total Al coagulant concentration.
For the additional doses at isoelectric point, Al13 led to lower
residual Al than PACl at the same initial and additional doses.
Charge reversal induced by the overdosed second Al13 addition
could sharply increase the residual Al in the finished water.
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