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ABSTRACT

Drinking-water-precipitated sludge, characterized as accumulated suspended solids and
organic or inorganic components is produced in large quantities during the coagulation pro-
cess. The proper recycling of drinking water residual sludge is an effective method to
enhance low-turbidity water treatment. The current research primarily focused on the settled
water quality in terms of bulk parameters, i.e. fine particle distribution, turbidity, CODMn,
total organic carbon, dissolved organic carbon and UV254 removal. Residual aluminum under
variable sludge recycle designs was also studied. In addition, flocs characteristics was
analyzed using optical microscopy and Image J software. The results indicated that recycled
sludge combined with activated silica (AS) exhibited excellent potential for turbidity and
particulates removal, which might be attributed to jointed effects of sweep floc, adsorption,
and bridging. Moreover, powdered activated carbon (PAC) addition was significantly further
improving organic matters elimination. Residual total aluminum or dissolved aluminum
exceeded the requirement of drinking water treatment standard (0.2mg/L) in China, indicat-
ing that pretreatments or subsequent treatments should be implemented or optimized to
avert secondary pollution. Image analysis of regrowth flocs confirmed that recycled sludge
combined with AS or/and PAC could be significant for the coagulation treatment of low-tur-
bidity water.
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1. Introduction

Waste residual streams, such as filter backwash
water, clarifier sludge, or the mixture of both refers to
as combined filter backwash water are largely

generated from drinking water treatment plants.
Commonly, those residual streams are characterized
by elevated concentrations of organics and inorganics,
as well as the chemical precipitates derived from inor-
ganic alum- or ferric-based coagulant. Various studies
[1–4] have also reported that elevated concentrations
of pathogenic microorganism, e.g. Cryptosporidium and*Corresponding author.
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Giardia, and enriched poisonous and deleterious sub-
stances, as well as other disinfection-resistant patho-
gens exist in residual streams. Since large amounts of
waste residual streams are daily generated all over
the world, the proper disposal, regeneration, or
recycling of waste residual streams has thus become a
significant environmental issue.

Conventional coagulation with recycling residual
streams is an alternative way to improve low-turbidity
water treatment. It is proposed that increased particle
concentration and adsorption sites, as well as changes
in coagulation chemistry can give rise to the enhanced
removal of particulates and organic matters. Also, this
process can accomplish the reuse and reclamation of
water resources, and fulfill a low-operational cost due
to lower coagulant addition and lower cost for residu-
als disposal. Currently, there are three dominant
issues regarding recycling residual streams in drink-
ing water treatment: (1) safety evaluation with or
without pretreatments before recycling [1,4–6]; (2)
operating conditions, i.e. recycling ratio, storage or
mixing terms [1,7]; (3) mechanism of enhanced
removal efficiency for pollutants [8]. Previous investi-
gation [4] demonstrated higher removal efficiencies of
Cryptosporidium oocyst and other pollutants were
achieved when residual streams were recycled in par-
ticular terms. However, Cornwell and Lee [9]
assumed that the chemical risk of the recycling
designs could be reduced only if some effective mea-
sures were made.

Generally, charge neutralization and sweep-floc-
culation are the two main mechanisms for pollutants
removal during coagulation. Charge neutralization
occurs at quite low coagulant concentrations. Under
conditions of rapid and extensive hydroxide precipi-
tation, impurity particles are enmeshed in a growing
hydroxide precipitate and are effectively removed
from suspension. This process has become known as
“sweep flocculation.” Meanwhile, hydroxide precipi-
tates tend to have a rather open structure, so that
even a small mass can give a large effective volume
concentration and, hence, a high probability of cap-
turing other particles. It is also possible that binding
(“bridging”) of particles by precipitated hydroxide
may give stronger aggregates. Additionally, the
adsorption and bridging of coagulation aids could
assist inorganic coagulant to exert charge neutraliza-
tion or sweep-flocculation.

Activated silica (AS) has been detected to be an
efficient coagulant aid and has been noticed to
enhance the bridging ability of poly-aluminum chlo-
ride (PACl) [10]. However, the recycling sludge com-
bined with AS may be not effectively eliminating low
or medium molecule weight and biodegradable

organic substances. Meanwhile, the trapped organic
matters may release from the sludge into water dur-
ing recycling, which ultimately may lead to a compro-
mised performance for organic matter (OM) removal.
The removal efficiency of the recycle process can be
improved in case the recycled sludge contains pow-
dered activated carbon (PAC), which is an excellent
adsorbent commonly used for the removal of organics
including OM and synthetic organic compounds [11–
13]. Additionally, the retention time of PAC can be
prolonged, as that in conventional process is limited
to only 10–20min.

Therefore, the overall purpose of the research was
to investigate the impacts of precipitated sludge com-
bined with AS and/or PAC on settled water qualities
in terms of bulk parameters, e.g. fine particle distribu-
tion, turbidity, CODMn, total organic carbon (TOC),
dissolved organic carbon (DOC), and UV254 removal,
and the residual aluminum speciation with respect to
total alum AlT, dissolved alum AlD and particle alum
AlP. Additionally, surface morphology analysis of
flocs formed at the end of flocculation was conducted.
It is intended to investigate the feasibility of combined
effects of AS, PAC, and recycling sludge for low-tur-
bidity water treatment.

2. Materials and methods

2.1. Materials and simulated test water

All reagents used were analytical grade. PAC
made of wood was 180mesh (Actview carbon technol-
ogy Inc., China); carbon size 98%>180mesh. PACl
used was reagent grade (with 28% Al2O3 content,
basicity was 72.3%, GongYi, China). AS was prepared
by adding 57.442 g Na2SiO3·9H2O into Milli-Q water
and diluted to 0.3M (calculated as SiO2). Afterwards,
33.8mL H2SO4 (2M) as activated medicament was
added to react 1 h under rapidly mixing, and final pH
was adjusted to �2 to yield a 0.15M AS. The natural
colloid stock solution (about 1,000 NTU) prepared
according to the reference [14] was used as turbidity-
causing matter.

The synthetic raw water was prepared through add-
ing natural colloids and filtered domestic wastewater
into local tap water (Harbin, China) at a volumetric
ratio of 4: 5: 142, then stabilized at room temperature
for 1 day. Main water characteristics of the simulated
water were as follows: temperature = 24 ± 1˚C; pH 7.19
± 0.12; turbidity = 17.1 ± 1.14NTU; CODMn= 3.61
± 0.17mgL�1; TOC=3.051± 0.075mgL�1; DOC=2.820
± 0.112mg/L; UV254 = 0.039 ± 0.001 cm�1; AlT = 0.369
± 0.044mgL�1; AlD= 0.236 ± 0.086mgL�1 and
AlP = 0.177 ± 0.063mgL�1.

4706 Z. Zhou et al. / Desalination and Water Treatment 52 (2014) 4705–4714



2.2. Experimental set-up and sampling

Before on-line recycling trials, jar tests were per-
formed on a programmable jar test apparatus (ZR4–6,
Water Industry Technology Development Co. Ltd.,
China) to determine the optimal PACl and AS dosage.
The operation procedures as follows: 1.0 L of raw
water was transferred into a 1.4-L square beaker with
sampling port 3 cm below water surface; the jar tester
was initially started with a rapid mixing at 300 rpm;
after1min, a certain dose of PACl or/and AS was
added, with simultaneously 1min of rapid mixing at
120 rpm again; the sample was subsequently exposed
to a slowing mixing at 50 rpm for 15min; and then
after 20min of quiescent settling, samples were taken
for water quality measurement. The optimal dosage of
PACl and AS was 9 and 1.485mg/L (calculated as
SiO2), respectively. Considering the changes in con-
centration and characteristics of OM released from
sludge, the PAC dosages were investigated at 4, 6, 8
and 10mg/L in this study. Variable recycle designs
were listed in Table 1.

Fig. 1 presents the flow diagram of the experimen-
tal system. As indicated, the experimental system
included a mixer, 3-stage flocculating reactor,
sedimentation unit and sludge recycling system. In
detail, the retention time and stirring speed of the
mixer was 2min, 600 rpm accordingly. The 3-stage
flocculating reactor of each with retention time was 6,

6, and 3min, respectively, and the stirring speed was
350, 250, and 150 rpm in sequence. The upstream flow
rate of sedimentation unit was 1.0–2.0mm/s and
retention time of 6–8min.

During the experiments, PACl or/and AS blended
with raw water were pumped into the mixer. When
necessary, PAC was pumped into 1-stage flocculation
by metering pump. In the individual sludge recycle,
the optimal sludge recycling ratio by volume was
determined to be 8%, from sludge control tank to the
beginning of 1-stage flocculation. Before each recycle
trial, the sludge in control tank was completely
updated. The solid content of recycling sludge in
every recycle tests was found to be 0.085–0.10w/w%.

All recycling trials were carried out in continuous
flow, and the settled water samples and flocs samples
were intermittently collected twice per day. The loca-
tion of water samples and flocs samples were labeled
in Fig. 1.

2.3. Analytical methods

TOC was analyzed by a TOC Analyzer (Shimadzu,
TOC-VCPN, Japan). DOC was monitored by TOC ana-
lyzer. UV absorbance at 254 nm (UV254) was deter-
mined using a spectrometer (UV754, Cany, China).
Both DOC and UV254 were measured after filtration
through 0.45lm membrane. CODMn was analyzed by
acid potassium permanganate oxidation method. Tur-
bidity was measured by Hach 2100 P Turbidimeter.
The total number of particulates and the particle diam-
eter distribution was determined with Versa Count TM
particle counter (IBR Inc., USA). The size was selected
in the ranges 2.00–28.95lm. Alum concentration was
determined with Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES, PerkinElmer Optima
2000, USA). AlT and AlD concentrations were measured
without and with sample filtration through 0.45lm
membrane, respectively. Prior to analysis, the samples
were digested by nitric acid. AlP concentration was the
difference between the AlT and AlD. Each trial was con-
ducted in duplicated. pH was determined by pHS-3C
(Shanghai, China) pH meter, which was calibrated
daily using pH buffer solution. Solid content was mea-
sured using standard methods.

2.4. Image analysis of the flocs

In this study, samples of flocs formed at the end of
flocculation were acquired by a hollow plastic tube.
The tube was open at both ends; one end of the tube
was inserted gently about 25mm into the flocculated
solution. The flocs in the tube were withdrawn care-
fully by covering the other end of the tube with a

Table 1
Variable sludge recycling processes

PACl
(mg/L)

Sludge recycling
ratio (%)

AS
(mg/L)

PAC
(mg/L)

A 9 0 0 0

B 9 8 0 0

C 9 8 1.485 0

D 9 8 1.485 10

E 9 8 1.485 8

F 9 8 1.485 6

G 9 8 1.485 4

Raw
water

DischargedMixing tank

Settling
unit

Sludge control
tank

Settledwater

Sludge recycling pumpPowdered activated carbon

Raw water pump

Chemicals pump

2# 3#
Sludge

storage tank

1#

Flocculation stages

activated silica acidPoly-aluminum chloride
Water sampling point

Flocs sampling point

Fig. 1. Diagram of on-line sludge recycling trial.
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finger. After transferring the sample to a flat micro-
scope slide, the images of the flocs were captured by
an optical microscope (Olympus, BX51TF, Japan)
equipped with a video camera (Olympus, C-5,050
200M, Japan). The camera had a sensor matrix con-
sisting of 1,360 (horizontal)� 1,024 (vertical) pixels.
The floc dimensions were obtained by processing the
floc image using Image J software to obtain values for
the average size, perimeter P and the projected area
A. The perimeter-based fractal dimension Dpf was
obtained from Eq. (1) [15,16].

A / P2=Dpf ð1Þ

Thus, the 2/Dpf may be found as the slope of a
plot of (lg A) vs. (lg P). Unlike that of a Euclidean
object, the value of Dpf of a fractal object is not an
integer but a decimal, ranging from 1 (a circle) to 2 (a
line). Objects with smoothly varying contours (circles)
have Dpf = 1, whereas extremely convoluted plane-fill-
ing contours (line) have Dpf = 2. Thus, the irregularity
of a bounding contour is characterized by 15Dpf5 2.
As the object area becomes larger, the perimeter
increases more rapidly than for Euclidean objects,
indicating that the boundary of the objects is
becoming more convoluted and the shape of the
objects is more irregular. Generally, a smaller Dpf rep-
resents a more regular floc structure, meaning a
higher flocs density that has a major effect on solid/
liquid separation.

3. Results and discussion

3.1. Turbidity and particulate removal

As shown in Fig. 2, a substantial reduction in
residual turbidity was initially observed, afterwards, it
became steady in all processes at about 180min. As

compared to A process, the lowest residual turbidity
was 3.22 ± 0.23 NTU in process C, and the residual
turbidity varied according to the following order:
D>E>G>B>F>C. It can be inferred that AS com-
bined with recycling sludge played the most impor-
tant role in facilitating coagulation.

Former studies [14] have reported that single recy-
cling sludge showed less potential of favoring coagu-
lation, but the increase in seeding and nuclei for flocs
was more significant. PAC in recycling sludge and
continuous fresh preloaded was significant to increase
the number of particles or nuclei in flocculated water;
moreover, the PAC adsorption capacity on organic
was available to compress the space between the
droplets or minimize the exclusion effect of the double
layer. However, the results of PAC and AS combined
with recycling sludge in D/E/F/G processes were not
as expected that residual turbidity were lower.

The higher particles concentration and larger parti-
cles diameter contributed to higher probability of colli-
sion, which favored the flocculation process, especially
for low turbidity water according to Eq. (2) [14].
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Fig. 2. Comparisons of residual turbidity in the settled
water vs. time.

Table 2
Particle size distribution in settled water

Particle size (lm) Raw water A B C D E F G

Total particles 23,675 8,897 11,762 8,596 9,876 9,767 9,456 9,633

2 Percentage (%) 40.4 50.2 60.9 28.8 50.4 44 53.8 48.2

2.79 28.4 32.8 4 25.6 30.7 27.6 28.9 33.3

3.90 18.2 13.3 23.4 22.7 13.4 17.7 9.8 15.4

5.45 7.7 1.6 8.1 12.3 3.7 5.5 6.1 2

7.61 2.9 0.9 2.2 5.4 1.1 3 0.6 0.8

10.63 2.3 0.7 0.8 3 0.4 1.1 0.4 0.2

14.84 0.7 0.3 0.3 1.7 0.2 0.6 0.3 0

20.73 0.3 0.1 0.1 0.5 0.1 0.3 0.2 0

28.95 0.1 0 0 0.1 0 0.1 0 0
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N ¼ 12pbn2d3
ffiffiffiffiffiffiffiffi
n=l

p
ð2Þ

where N is frequency of collision (1/(cm3 s)); b is a
constant; n is concentration of particles (counts/cm3);
d is diameter of particles (cm); n is dissipation rate of
water energy in per time per volume; l is dynamical
viscidity degree of water (Pa s). As indicated in Eq.
(2), the collision probability between particles was
positively relative to “d3”and “n2.” In recycling pro-
cess, the “d” and “n” improved since the addition of
recycling flocs particles. As a result, the collision fre-
quencies and efficiencies were promoted. In process
C, the adsorption and bridging of AS was benefit to
produce larger and denser flocs. The incorporation of
PAC into larger flocs may reduce the collision proba-
bility, and the turbidity removal efficiency could be
somewhat decreased.

Although the lowest residual turbidity was
obtained in C process, the particles size distribution of
each process was investigated, as summarized in
Table 2.

There were about 23,675 particles (>2lm)/mL in
raw water, and 8,897, 11,762, 8,596, 9,876, 9,767, 9,456,
and 9,633 particles (>2 lm)/mL, respectively, after
being treated by A, B, C, D, E, F, and G processes. As
observed in Table 2, the particle number in the
range> 3.9lm were greatly decreased by process A,
which could be attributed to the adsorption of these Al
(OH)3 complexes and precipitates [17]. Conversely, the
number of particles ranging from 3.9–5.45 lm and
<2lm increased from 25.9 to 31.5%, 40.4 to 60.9%
respectively in process B. In process C, the enhanced
removal of turbidity may be attributed to the removal
of particles with size <2 lm. The varied dosages of
PAC (D/E/F/G processes) on particle removal showed
the similar trends that fine particles with the size <2lm
increased while that of >3.9 lm decreased. Some inves-
tigations [18] have observed that turbidity removal
ability could be prohibited in case flocs incorporated
PAC into their structure, for reducing the concentration
of the PAC particles and the nuclei of flocs.

3.2. Organic carbon removal

As illustrated in Fig. 3(a), all recycling processes
could effectively enhance the removal of CODMn.
Moreover, the adsorption of PAC significantly
improved the CODMn removal efficiency. At opti-
mum dosages of 6mg/L (F process), it was
maximally reduce CODMn from 3.61 ± 0.17mg/L in
raw water to 2.53 ± 0.10mg/L, which was 17.5%
higher than A process (11.6 ± 3.55)%. On the other
hand, Fig. 3(b) shows that TOC removal was
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Fig. 3. The organics removal in settled water of different pro
cesses (a) CODMn, (b) TOC, (c) UV254 and (d) DOC (Error bars
represent one standard deviation, number of samples= 4).
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dissimilar with CODMn removal. Specifically, a
higher TOC removal highly resulted from a higher
dosage of PAC, processes D could contribute to the
equally enhanced removal, which could eliminate
TOC from 3.051 ± 0.075mg/L in raw water to 1.92
± 0.16mg/L, with the removal efficiency 38.1 ± 5.32%.

As illustrated in Fig. 3(c), the UV254 removal
showed the same trend with CODMn. The raw water
had the UV254 level of 0.039 ± 0.001 cm�1, it was
reduced to 0.027 ± 0.003 cm�1 in D process, with the
removal efficiency reaching up to (32.5 ± 0.58)%. As to
DOC removal, as compared to 2.820± 0.112mg/L in
raw water, (43.4 ± 2.24)% of DOC was eliminated in F
process with the residual DOC concentration as low
as 1.686 ± 0.010mg/L.

Thus, the recycling sludge combined with AS and
PAC exhibited excellent potential for organics
removal. The mechanisms to explain the coagulation
of OM in this simulated water include charge neutral-
ization, precipitation, bridge aggregation, adsorption
and sweep-flocculation. Under different conditions,
the different mechanisms or their combination may be
dominant [19]. The organics removal in the current
research was determined to AS and/or PAC since the
zeta potential of suspension solution coagulated by
9mg/L of PACl was from �0.482 to �0.506mV and
the zeta potential of recycling sludge was from �8.86
to �15.15mV, which implied that charge neutraliza-
tion played limited positive role on organic enhance-
ment. In addition, adsorption and bridging of AS
could help PACl exert sweep flocculation. Moreover,
PAC was one of the most excellent adsorbents for
organics removal due to its strong affinity for organic
compounds.

3.3. Residual aluminum in settled water

In China, residual alum concentration of finished
water is limited to 0.2mg/L by the regulation of

national drinking water sanitary standard (GB5749–
2006). The average value and standard deviation (SD)
of residual alum speciation by different processes
were summarized in Table 3.

As indicated in Table 3, the AlT in the raw water
was 0.369 ± 0.044mg/L (alum component in nature
colloid and filtered domestic wastewater, as well as in
the tap water), the AlT in the settled water of sludge
processes significantly increased and varied according
to the following order: B>D>C>F>G>E. The
increase in residual AlT was accounted for the enrich-
ment of destabilized alum in recycling flocs, while
decreased in C process since the alum enmeshed in
flocs was repacked and easily separated. Moreover,
the moderate dosage of PAC (process E, 8mg/L)
could further adsorb AlT and ultimately reduce it
to1.069 ± 0.071mg/L.

As shown in Table 3, the residual AlD in all pro-
cesses was irrelative to the AlD content in raw water.
The AlD in the raw water was 0.236 ± 0.086mg/L and
that in the effluent kept stable around or marginally
above 0.296mg/L except in the process C (0.08505
± 0.0068mg/L).

Residual AlP was the difference of AlT and AlD.
Suspended or particulate aluminum could be simply
eliminated from the water by coagulation/sedimenta-
tion process. Generally, the less quantity of Alp indi-
cates the lower residual turbidity of treated water. In
Table 3, the residual Alp varied according to the fol-
lowing order: B>C>D>F>E>G>A. The introduc-
tion of recycling sludge to the destabilized source
water subsequently combined with AS and PAC low-
ered the content of Alp.

It is worth noting that the residual AlT or AlD in the
effluent exceeded 0.2mg/L. This may be ascribed to the
higher background in raw water and addition of sludge
in recycling process, as well as the alum dissolved out
into settled water. Therefore, some pretreatments or
subsequent treatments should be further implemented
or optimized to avert secondary pollution.

Table 3
Residual aluminum speciation in settled water (Unit: mg/L)

Influent Effluent Influent Effluent Influent Effluent

qAlT SD qAlT SD qAlD SD qAlD SD qAlP SD qAlP SD

A 0.353 0.010 0.421 0.045 0.286 0.011 0.296 0.031 0.066 0.017 0.125 0.042

B 0.305 0.020 1.679 0.067 0.171 0.0070 0.304 0.0070 0.132 0.13 1.375 0.074

C 0.387 0.088 1.281 0.077 0.226 0.13 0.0851 0.0068 0.162 0.075 1.195 0.070

D 0.377 0.044 1.414 0.011 0.089 0.0049 0.292 0.036 0.027 0.039 1.122 0.025

E 0.357 0.017 1.069 0.071 0.131 0.0064 0.296 0.020 0.226 0.023 0.774 0.091

F 0.403 0.0057 1.145 0.037 0.244 0.018 0.332 0.058 0.159 0.024 0.880 0.094

G 0.408 0.013 1.131 0.011 0.297 0.0076 0.361 0.0097 0.112 0.057 0.770 0.0016
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3.4. Characteristics analysis of the flocs

The morphological analysis was applied to study
the physical property of the flocs. As we know, the
size and number concentration of particles would
directly impact the density and sedimentation rate of
flocs [20,21]. In addition to particle size, surface mor-
phology of the flocs also affected the behavior of
aggregated particles, particularly with regard to colli-
sion efficiency and settling velocity. In recent years,

irregular aggregate shapes have been described in
terms of two-dimensional fractal dimension [15,16,22].
A higher Dpf means a more open or irregular floc
structure and the lower effective density. The fractal
dimension Dpf of derived floc was displayed in Fig. 4.

As indicated, the Dpf was slightly decreased to
1.650 in the recycling sludge solely and sharply
decreased in the processes that recycling sludge com-
bined with AS or/and PAC as comparison with
process A (Dpf = 1.732). The impacts of PAC dosages
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Fig. 4. Fractal dimension of derived flocs (R2 and n represents correlation coefficient and number of aggregates,
respectively).
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on Dpf were nearly the same except that in D process,
which may be ascribed to the fewer number of aggre-
gates for calculating. Therefore, it can be inferred the
flocs structure in process C was more regular than
those formed in the processes with PAC. There are
two explanations for the relatively irregular floc struc-
tures: (1) PAC played an important role in increasing
the concentration of the particles and being the con-
densation nuclei of flocs, with larger flocs incorporat-
ing PAC into their structure; (2) the breakage of flocs
occurred and the broken flocs may be difficult to
recover to their initial size before breakage [20]. The
small flocs increased after breakage and recovery,
affecting the calculation of Dpf according to Eq. (1).

The decrease in Dpf was associated with an
increase in floc size. As shown in Fig. 5, the maximum
average size of the flocs formed in process D was 2.63
times larger than the process A (42.3lm), re-growing
to 153.4 lm. The results suggested that recycling

A

B

C

D

E

F

G

0 20 40 60 80 100 120 140 160

Average size of flocs (µm)

Fig. 5. Average size of the flocs.

(a)  A (200× magnification) (b)  B (100× magnification) (c)  C (40× magnification)

(d)  D (40× magnification) (e)  E (40× magnification) (f)  F (40× magnification)

(g)  G (40× magnification)

Fig. 6. Microscope images of the flocs.
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sludge combined with AS or/and PAC contributed to
formation of stronger flocs. Therefore, the average size
of flocs in CDEFG processes was much larger than
that in process A. Furthermore, PAC in recycling
sludge and fresh “preloads” played a negative role on
flocs structure, but a limited positive role on flocs for-
mation. This was probably because the new formed
hydroxide precipitates were distinct in surface charac-
teristics from the aged precipitates. It is likely that
there were more active groups on the fresh precipitate
particles, which were capable of binding the aged pre-
cipitates together. Thus, the adsorption of newly
formed soluble Al species on the surface of the aged
flocs gives improved adhesion [23]. Besides, the
adsorption and bridging of AS could further bind the
new and aged flocs together.

The images of flocs obtained by optical microscopy
are shown in Fig. 6. The surface image of flocs in pro-
cess A was finer and looser, having an adverse effect
on subsequent sedimentation unit. The process B in
Fig. 6(b) produced more compact and denser flocs,
which was benefit to increase the settling rate and also
improve the water. As to process C, the flocs was
even larger and more readily to settle, and the flocs
characteristics were improved due to the adsorption
and bridging of AS. As to the PAC effect, as shown in
Figs. 6(d-g), the flocs were larger and more compact
than those without PAC (A/B/C processes). Regret-
fully, larger flocs could incorporate PAC into their
structure to reduce the efficiency of mixing, and
adsorption capacity sites for organics. Consequently,
the highest concentration of PAC (10mg/L) did not
necessarily indicate the most excellent contaminates
removal, which was consistent with the previous
results.

4. Conclusion

The main conclusions of this work were as fol-
lows: Recycling sludge combined with AS exhibited
excellent potential for turbidity and particulate
removal and the number of fine particles (<2 lm)
was greatly decreased. PAC addition was signifi-
cantly further improving organic matters elimination.
The residual AlT varied according to the following
order: B >D>C>F>G>E>A. Besides recycling
sludge combined with AS exhibited the least con-
centration of residual AlD, followed by processes
DEABFG (in increasing order). The residual AlT or
AlD exceeded 0.2mg/L. Therefore, to limit the con-
tent of aluminum under control, some pretreatments
or subsequent treatments should be carried out.
Applied during the coagulation process, recycling

sludge combined with AS and/or PAC could be sig-
nificant for the low-turbidity source water treatment.
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