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Abstract

We investigated the effects of turbidity and concentration of humic acid on the steady-state behavior of the blanket,
which was coagulated using polyaluminum chloride (PACI) as coagulant. The three-dimensional solid-flux plot was
constructed. Based on fixed PACI dosage, the iso-humic-acid solid-flux surfaces stacked that enveloped the feasible
regime for the blanket bed. The steady-state point moved toward low solid flux and low solid fraction regime with
decreasing initial raw water turbidity and/or increasing humic-acid concentration. Low water turbidity and high humic-
acid concentration yielded a bulky blanket, with the former producing clean, and the latter turbid effluent. The presence
of humic acid was thereby harmful to blanket strength, except for the case of low raw water turbidity. An optimal range
of humic acid for blanket strength and clarification efficiency existed at 1 mgl~'. Low level of humic acid is beneficial to

blanket development with low-turbidity raw water.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Flocculation clarifier provides more efficient coagula-
tion of suspended particles, thereby yielding a surface
loading two to three times higher than conventional
coagulation—sedimentation basin (Kawamura, 1991;
Masschelein, 1992; Stevenson, 1997; Edzwald et al.,
1999). The floc blanket acts as both a particle coagulator
and a filter, and thus is essential for clarifiers to produce
quality drinking water (Gregory et al., 1996; Head
et al., 1997). Stringent operational control is required to
prevent sludge washout from the clarifiers (AWWA/
ASCE, 1990).
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Ives (1968) proposed a model for particle removal in
the clarifier. This model nonetheless overestimated the
particle removal efficiency of the clarifier and predicted
an unrealistic solid concentration distribution in the
blanket. Could (1974) modeled the blanket by assuming
that the change in blanket height is controlled by the
upflow velocity and the settling velocity. Based on
Could’s model, Head et al. (1997) modeled the removal
of particle entering the blanket by applying the solid-flux
theory by Could. Head et al.’s model assumed a
completely mixed blanket. As Sung et al. (2003)
reported, when blanket carryover occurred at the
reduction in coagulant dose, a concentration ‘“‘wave”
emerged from the tank bottom and moved upward.

Chen et al. (2003) proposed the simplified, one-
dimensional model for the spatio-temporal variation of
solids fraction in the blanket considering both the
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hydrodynamic dispersion and the convection effects
as follows:

oc_, PC  OC{U — Vger(C,AVL, dy, ...)} .
o~ a2 oz ’ M
where C (-) is the solid fraction, D (m?) the effective
diffusivity of flocs in the blanket, U the upflow velocity
(mh™Y), Ve the local settling velocity (mh™'), AVI the
floc volume (%), and ¢ (h) the process time. Field
observation normally revealed a rather uniform dis-
tribution of solid fraction in the floc blanket (Head
et al., 1997). In addition, at steady-state operation, the
blanket surface presented as a distinct surface from the
clear supernatant. Hence, the steady-state blanket
concentration, Cs, could be obtained by solving

CU — CyVieu(Cs, AVL dg,...) = 0. )

Restated, by equating the solid-fluxed CU and CVyy,
the steady-state Cs could be found graphically.

Based on experimental observation, Su et al. (2004)
utilized the simplified one-dimensional model for
exploring the dynamic characteristics of the blanket in
a fluidized bed. Experiments with synthetic raw water
coagulated with PACI were conducted to verify their
theoretical findings. Briefly, at D =0 limit, the no-
dispersion approximation, Eq. (1) becomes a wave
equation as follows:

oc {a(C(U - VSen(C)))} oc _ocC oc

o ac o O =0
3)
which has a shock-wave solution with v(C) (mh™") being
the characteristic velocity.
Fig. 1 shows the schematics of the solid-flux curves

(Su et al., 2004). According to Eq. (3), regardless of the
shape of the initial distribution, the solid fraction in the
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Fig. 1. Solid-flux plot for upflow suspension bed. Cj is the solid
fraction at which spatial derivative of (CU—CV) vanishes.

blanket would converge to a shock wave-like solution at
C = Cy. That is, C within the blanket is uniformly
distributed above in which the supernatant existed with
C~0. To balance the mass in the blanket, subsequently,
the blanket would evolve to another shock wave
solution at C = C; (Fig. 1), determined by the intersec-
tion of CU and CVs, curves. Disturbance always
occurred in the blanket, such as the change in raw water
quality or that in coagulant dose. The blanket afterward
evolved with time, with how fast the blanket would
approach the steady-state distribution determined by
Eq. (3). The solid-flux plots together with the so-called
“critical velocity”, Uei = lim (0(CVee)/0C) (ms™h),
are essential for realizing {he” blanket dynamics. At
U> U, there would be no steady-state solution of C,
indicating complete loss of blanket.

Humic substances commonly presented in the raw
water of Taiwan, particularly after heavy showers that
brought in highly turbid raw water (Annadurai et al.,
2003). Mechanisms corresponding to the coagulation
removal of organic substances had been discussed
(Dempsey et al., 1984; Dempsey, 1989; O’Melia, 1991).
Narkis and Rebhun (1990) 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 highly turbid supernatant
(Tambo and Watanabe, 1979; Rebhun, 1990). However,
how the levels of mineral particles and of humic acid
affect the blanket behavior remains unclear. We
investigated in this work the effects of turbidity and
concentration of humic acid on the blanket stability,
evaluated by recording blanket behavior subjected to
different upflow velocities. The critical velocity and the
maximum velocity corresponding to C = Cp,, Wwere
identified. A three-dimensional solid-flux plot was
constructed to demonstrate the role of humic acid and
water turbidity on steady-state blanket.

2. Experimental

The synthetic raw water was prepared by mixing a
prescribed amount of UK ball clay powders and 107> N
NaClOy solution to a solids content of 62.5-1000 gl’l,
giving a turbidity of 40-1000 NTU. The suspension
alkalinity was adjusted by adding NaHCO; salt to
100mg 1! equivalent. The pH was adjusted at 7.0 using
HCIlO,4 and NaOH. Humic acid with a carbon content of
52.6% was purchased from the International Humic
Substances Society (IHSS). The stock solution of humic
acid was made by first dissolving the chemicals in a
solution at pH 12. After filtering with a 0.45 um cellulose
nitrate membrane, the pH of filtrate was adjusted back
to 7.0. The humic acid was dosed at the prescribed
amount and mixed with the clay suspension overnight
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Table 1
Experimental conditions and the legend used

Turbidity (NTU) Humic acid (mgl™")

0 1 3 7
40 #1 #2 #3 #4
100 #5 #6 #7 #8
200 #9 #10 #11 #12
1000 #13 #14 #15 #16
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Fig. 2. Residual turbidity of coagulated water after 2-h settling.

before use. Table 1 lists the legends for the experimental
conditions adopted.

The suspension was coagulated in a jar tester. The
1000mg1~! PACI solution, with 11% available Al,Os,
was slowly injected into the stirred suspension at 90 rpm
for 1.5min, and then at 50 rpm for 8.5 min. Fig. 2 shows
the supernatant turbidity of coagulated water after 2-h
settling. On this plot the optimal dose for 100-NTU raw
water was estimated, 5.3 mgl*1 as Al. To demonstrate
the effects of presence of humic acid and of initial
turbidity of raw water, the PAC dose was fixed at
5.3mgl™" as Al in this work.

The sediment of the coagulated raw water was
carefully collected, and was gradually poured into a
cylindrical column of diameter 5.7cm and of height
87cm with care. A low upflow velocity was applied
continuously from the column bottom during the
sediment pouring. Su et al. (2004) revealed that this
low upflow velocity was essential to keep the sediment in
a suspended state for getting reproducible data since the
compaction of sediment at the column bottom would

yield irreversible change in its structure (Chu and Lee,
2001; Chu et al., 2002a, b).

The equilibrium heights of blanket interface were
recorded at various upflow velocities. A turbidimeter
(HACH Model 2100 AN) measured the turbidities of
the effluent from the fluidized bed.

3. Results and discussion
3.1. Blanket behavior

Fig. 3 shows the blanket dynamics for test #4, with
coagulated sediment with low clay content and high
humic-acid concentration (7mgl™!). At U= 1.1mh™!,
the blanket stably existed at a height of 5.5 cm with clear
interface (Fig. 4a) and supernatant turbidity of 6 NTU.
At U=2.2mh™!, the interface of the blanket was still
distinguishable (Fig. 3), with its height increased to
16cm. The corresponding supernatant turbidity was
12NTU. Further increase in U to 2.6 mh™! resulted in,
small flocs being carried upward from the clarifier, with
interface becoming blurred (Fig. 3). The blanket height
was 22cm and the supernatant turbidity was 15 NTU.
Complete blanket loss occurred at U>2.6mh™". Fig. 3
also reveals the case with U=4.0mh™", showing a
conveying bed characteristic. The critical velocity of the
blanket in test #4 was as estimated 2.6 m/hr.

Fig. 4 also shows the blanket heights for tests #1—#3.
Apparently, with humic acid <1mg1~", the blanket was
compact in structure, leading to a low blanket height.
For instance, for tests #1 and #2, the blanket height was
only 2.5 and 4.5cm at U= 1.1 and 2.2mh™ !, respec-
tively. The corresponding supernatant turbidities were
3.5 and 4 NTU, respectively. The critical velocities were
4.5mh™! for test #1, and 4.7mh™"' for test #2. On the
other hand, test #3, with humic acid of Smgl_l, had
dynamic characteristics resembling those of test #4.

Fig. 4b shows the solid-flux plots for tests #1-#4
and the contours of upflow velocities. The solid flux
revealed an increasing—decreasing characteristic, with
Cax = 1.0% and 0.71% for tests #1 and #2, and #3 and
#4, respectively. The corresponding maximum solid
fluxes were 2.1 wt%mh ™! and 0.92wt%mh™!, present-
ing a relatively low solid flux. With a low raw water
turbidity of 40 NTU, overdosing in PACl led to a loosely
structured blanket, while the presence of humic acid in
greater amounts than 3mgl™! assisted in making an
even more bulky blanket.

Fig. 5 shows the blanket dynamics for test #16, with
coagulated sediment with both high initial turbidity
(1000NTU) and high humic-acid concentration
(7mgl™Y. At U=2.0mh™", the blanket stably existed
at a height of 12 cm with blurred interface (Fig. 6a) and
supernatant turbidity of 96 NTU. At U = 2.8 mh™"', the
interface of the blanket was not distinguishable (Fig. 5),
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Fig. 3. Blanket behavior at various upflow velocities. Test #4. (Left to right): U= 1.1, 2.2, 2.6, 4.0mh™".
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Fig. 4. Experimental results #1-4. Initial turbidity of water to
make a blanket = 40 NTU. (a) Blanket height versus upflow
velocity plot; (b) solid flux versus solid concentration plot.

with its height increased to 20cm. The corresponding
supernatant turbidity was still around 100NTU.
Further increase in U led to sludge carryover. Hence,
both high clay and humic-aicd concentrations probably
underdosed the coagulation, leading to poorly devel-
oped networks among particles. The blanket was easily
expanded under upflow, and easily eroded to yield high
turbidity in supernatant.

Fig. 6b shows the solid-flux plots for tests #13-#16
and the contours of upflow velocities. The solid flux
revealed an increasing—decreasing characteristic, with
Cinax = 5.4%, 4.3%, 2.5%, and 2.2% for tests #13-#16,
respectively.

With high clay concentration, the stability of the
coagulated blanket still deteriorated with humic acid,
but with less influence as revealed in tests #l1-#4.
Insufficient coagulation yielded turbid supernatant,
and a less effect of humic acid on the network of
coagulated particles.

Tests #5-#12 are not shown here for brevity. The
corresponding solid-flux curves located among those are
shown in Figs. 4 and 6.

3.2. Characteristic velocities

On each solid-flux curve, the straight line of CU,,
represents the asymptotic behavior of the solids flux at
C— 0 limit, which was used to bound the left margin of
the solid-flux curve. Theoretically one could operate this
blanket up to U.;. However, as experiments revealed,
the blanket interface became blurred at an upflow
velocity lower than U, Without theoretical justifica-
tion, Gregory et al. (1996) recommended to operate the
blanket at C = Cp,,x based on field observation. Since
Upnax < Ugie, Gregory’s proposal could be used as a
convenient index in the operation.

Fig. 7 shows the Up.x and U, data for the 16
mentioned tests. Except for test #2, the two character-
istic velocities decreased linearly with increasing humic-
acid/clay concentration ratio. The blanket with higher
characteristic velocities exhibits a network of higher
strength. Therefore, the presence of humic acid would
deteriorate the blanket structure, while that of clay
particles would strengthen it. In addition, the universal
correlation noted in Fig. 7 shows that the humic-acid/
clay concentration ratio is an essential factor that
controls the blanket stability.

3.3. Solid-flux plot

Fig. 8 shows the three-dimensional solid-flux plot
summarizing the results of tests #1-—#16. The critical
velocity became a CU = CU,;, plane in the figure, to the
left of which the blanket could not stably exist. Based on
fixed PACI dosage, the iso-humic-acid solid-flux surfaces
stacked that enveloped the feasible regime for the
blanket. Each point on the surface represented a
steady-state operation of the blanket; hence, based on
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Fig. 5. Blanket behavior at various upflow velocities. Test #16. (left to right): U = 2.0, 2.2,2.8, 4.0mh~".
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Fig. 6. Experimental results #13-16. Initial turbidity of water
to make a blanket = 1000 NTU. (a) Blanket height versus
upflow velocity plot; (b) solid flux versus solid concentration in
blanket plot.

this 3D plot, the blanket behavior could be realized. The
steady-state point moved toward low solid flux and low
C, regime with decreasing initial raw water turbidity
and/or increasing humic-acid concentration. Nonethe-
less, although the characteristic velocities shown in
Fig. 7 could be correlated with the humic-acid/clay
concentration ratio, the solid-flux surfaces shown in
Fig. 8 could not be easily described by a universal
surface by simply adopting the concentration ratio

instead of the raw water turbidity as independent
parameter.

Fig. 8 could be used to control the blanket dynamics.
As revealed in Su et al. (2004) once an originally stable
blanket was “disturbed”, by change in raw water
quality, PACI dose, start-up, shut-down, etc., the
blanket concentration profile would first evolve to a
shock wave-like distribution of C = C,,,. Afterward, it
would compact to another shock-wave distribution of
C = C,. The blanket concentration presents an impor-
tant process parameter determining its capability to
screen off coagulated particles (Gregory, 1979). How-
ever, the present study revealed that the blanket
concentration is a strong function of raw water turbidity
and humic-acid concentration, and is not an adequate
performance index subjected to a wide range of raw
water quality.

3.4. Blanket clarification

With high raw water turbidity, the dosed coagulant
was insufficient for satisfactory coagulation; conse-
quently, the blanket was not fully developed under
upflow and presented a compact sediment layer at the
column’s bottom. The corresponding effluent turbidity
was high while the blanket presented no active role to
particle coagulation and catchments. At low raw water
turbidity the present coagulant was overdosed, leading
to a bulky blanket structure. A bulky blanket was noted
beneficial to particle coagulation and capture in a
previous investigation (Su et al., 2004). However, the
humic acid would compete for fine particles in suspen-
sion with the available coagulant (Rebhun and Lurie,
1993). Since the blanket deteriorated in structural
networks due to humic acid, the produced blanket was
also bulky, with its effluent high in turbidity. At a high
humic-acid concentration, the blanket itself easily
eroded by upflow to produce small pieces of flocs that
contributed to effluent turbidity. Therefore, a bulky
blanket is not always beneficial to particle removal.

As mentioned above, the suspensions with either none
or high humic acid were not ideal candidates for
producing the “ideal” blanket, not loose enough in
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Solid Flux (Yo-m/hr)

Fig. 8. Three-dimensional solid-flux plot for steady-state
blankets. Top to bottom: humic-acid concentration =0, 1, 5,
and 7 ppm.

structure to allow satisfactory particle coagulation and
catchments, and also not tough enough in strength to
prevent floc erosion by upflow. There possibly existed an
“optimal” concentration range of humic acid with which
the ideal blanket could be satisfactorily developed. The
characteristic velocities of test #2, circled in Fig. 7, were

higher than that expected from the trend lines. With
1 mgl~" humic acid, the blanket produced by coagula-
tion of low-turbidity raw water would therefore have
higher structural strength than those without or with
more humic acid. Fig. 9 shows the microphotographs of
the floc appearance produced by different levels of
humic acid. The flocs by 1mgl™' humic acid were
larger in size than those without or with high levels of
humic acid.

O’Melia (2004) recently noted that the coagulant dose
would be much less than expected to satisfactorily
coagulate low-turbidity water if a small amount of
organic substance was present (O’Melia, 2004). How-
ever, organic substance could not assist coagulation
when the water turbidity was high.

To demonstrate the efficiency of particle clarification,
the blankets produced by tests #1—#4 were placed in the
upflow bed, through which a synthetic raw water stream
was allowed to flow. The influent raw water was made at
pH 7.0 and 1072N NaClO,, with clay suspension, to
reach turbidities of 40 or 450 NTU and PACI dosed at
53mgl™! as Al The effluent was sampled, whose
turbidities are shown in Fig. 10.

The blanket had better clarification efficiency when
1-ppm humic acid was present during blanket genera-
tion. With higher humic-acid content, the produced
blanket failed to satisfactorily clarify the coagulated
water stream. In fact, at a humic-acid concentration of
7mgl~!, the effluent turbidity was even higher than the
influent turbidity (40 NTU), indicating that part of the
blanket was eroded upstream that yielded more turbid-
ity than the incoming stream. Hence, an optimal range
of humic acid does exist for yielding an ideal blanket.

4. Conclusions

We coagulated the humic-acid-containing clay sus-
pension using polyaluminum chloride (PACI) as coagu-
lant, and recorded the steady-state blanket behavior in
an upflow bed. At prescribed upflow velocity, the
blanket would have a loose structure when the suspen-
sion to produce the blanket was of low-turbidity and/or
of high humic-acid content. Based on the one-dimen-
sional model by Su et al. (2004) the solid-flux curve and
the critical upflow velocity were identified for various
blankets.

When raw water turbidity was high, the blanket was
compact in structure with insufficient PACI dose. The
corresponding solid flux was high. With low water
turbidity, on the other hand, the blanket was bulky and
yielded low effluent turbidity. With high humic-acid
concentration, the blanket was deteriorated in structure
and also led to a bulky structure. However, the
corresponding effluent turbidity was high. A bulky



S.S. Sung et al. | Water Research 39 (2005) 831-838 837

Fig. 9. Microphotographs of the coagulated flocs. PACI 5.3 ppm as Al. Initial raw water turbidity = 40 NTU. (left to right): Humic-

acid concentration = 0, 1, 3, 7 ppm.
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Fig. 10. Residual turbidity of effluent with influent stream of 40
or 450NTU flowing through the blanket (produced by clay
concentration 0.0625gL~", pH 7, and humic-acid concentra-
tions indicated in the figure).

blanket is therefore not always beneficial to particle
clarification.

Based on the solid-flux data, the three-dimensional
solid-flux plot was constructed, characterized by the
critical velocity and the upflow velocity at maximum
solid flux. The critical velocity presented a plane in the
figure, to the left of which the blanket could not stably
exist. Based on fixed PACI dosage, the iso-humic-acid
solid-flux surfaces stacked that enveloped the feasible
regime for the blanket. The steady-state point moved
toward low solid-flux and low solid-fraction regime with
decreasing initial raw water turbidity and/or increasing
humic-acid concentration. The present study revealed
that the blanket concentration is a strong function of
raw water turbidity and humic-acid concentration, and
is not an adequate performance index subjected to a
wide range of raw water quality.

The blanket produced by coagulation of low-turbidity
raw water had large flocs when 1-ppm humic acid was
present. This blanket also showed the best particle
clarification efficiency compared with those without or
with higher humic acid. There existed an optimal range
of humic acid, approximately 1 mgl™" in the present
suspension, to yield a blanket that had strong structural
strength to resist erosion under shear, and also had
satisfactory particle clarification efficiency.
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