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Features and mechanism for coagulation - flocculation
processes of polyaluminum chloride
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Abstract—The coagulazion - flocculation experiments for kaolinite suspension were carried out with
polyaluminum chloride of various basicities. The microclectrophoresis mobilizy and adsorption of alu-
minum species were determined simultanecusly. The quantitative relations between the surface cover-
age, zeta potential change and coagulating species were investigated to draw up a coagulation - staE]hty
diagram. The mechanism of high efficient coagulation effects for pre - produced polyaluminum chloride
was discussed on the basis of the experimental results,
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1 Introduction

The principle and mechanism of coagulaticn - flocculation processes with aluminum salts in
water /waste treatment units have been studied for several decades(Stumm, 1968; Amirthara-
jah, 1982), To set up a theoretical or operational model qualitatively may be the aim for pro-
gressing researches(Letterman, 1585; 1990; Dentel, 1988). In recent years, a new challenging
and stimulating factor has been put forward by the development of inorganic polymer flocculants.
The mechanism of their high efficient coagulation effect has not been studied systematically so
far. This weaknees becomes a key point for constructing their quantitative model and improving
the technology of production and application.

Pre - produced polyaluminum, in fact, is the intermediate products in the controlled process-
es of hydrolysis, polymerization, gelation and precipitation for aluminum species. In previous pa-
per {Luan, 1990), the chemical species distribution and transformation scheme polyaluminum
with different bacisities were identified and discussed. In this successive paper, their coagulation

- floceulation behaviors were investigated and the mechanism were discussed tentatively.

2 Methods and materials

2.1 Suspension system

Sieved kaolinite particles were dispersed into deionized water to make a suspension of 100
mg/L. The ionic strength of 11077 mol/L and available bulfer capacity were regulated with
NaHCO; - NaNQ;. The pH was regulated 10 designed vzlue with acid or base and measured by
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pH meter (Orion Model 901). The particle size distribution was determined by the Coulter
Counter TII. The number average size was 1. 96 pm with the maximum of 12. 0 pm, its 98. 4%
was <C5. 0 pm and 83. 52%<C2. 0 pm. The specific surface area was 23. 2m’/g determined by
nitrogen adsorption (BET). The total surface sites was N==2. 07 X 107 *mol/g determined by a
titroprocessor {Metrohm model 6822, then the specific surface sites was calculated as Ns=8&. 92
X 10 "¢ mol/m®.

2.2 Coagulation procedure

It was conducted on a jar tester (Japanese SUGIYAMA made) with the suspension volume
of 500mlx 6. Rapid mixing {140— 150 r/min) for 2 min after dosing and then slow mixing (40
r/min) for 5 min. , settling in subsidence for 10 min were operated and samples for determination
of turbidity and pH were collected under the surface of supernatant. A light scattering turbidme-
ter was used.

2.3 Microelectrophoresis mobilities(EM)

Tt was determined by a precision zeta meter (Japanese KYOWA ZP --OM). Samples were
collected just after rapid mixing. 10 particles at each direction were measured. Zeta potentials
were calculated by the EM values.

2.4 Coagulants

Analytical grade of AICl; was used for comparison as bacisity B* = 0. Polyaluminum chlo-
ride (PAC) with different basicities were pre - produced as those in previous paper (Buffle,
1985). Their characteristics are listed in Table 1. Species Ala, Alb, Alc were identified by the

Ferron method as before.

Table 1 Polyaluminum coagulants used in experiments

Type 8 Speciation,, % NMW,  Dominant possible
Al Als Al X163 species formulas
Ag 0 =80 <20 0 <01 Al, Al AKCH )2+
A 0.5 72 24 0 <1 Al Al (OHY
B 1.0 55 45 0 1-5 Alyy Al (OH!
C 2.0 22 72 4 5-10 Al AL COH )77+
D 2.5 4.6 32 13.4 10-50 Al AlO, (OH)§Exvi+

2.5 Adsorption experiments

Kaolinite suspensions of 100mg/L with ionic strength of 1X 10 *mol/l. and pH=125. 2+
0. 2. 50ml of suspension were contained in the polyethylene bottles of 100ml. AICL; and PAC of
B* =1.0 and 2. 5 were dosed respectively. The bottles were agitated for 10 min on an agitator at
254 1C. Standed for 30 min, the pH was determined and the suspensions were filtrated
through membrane of 0. 45 um, Then the filtrates were acidified to pH<CZ and the residues of a-

luminum were determined by arom adsorption spectrometer (Hitachi model 180—80).

3 Experimental results

3.1 The characters of coagulation by polyaluminum
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Fig. 1 Turbidity removal and micro- electrophoretic

morbility of polyaluminum coagulants
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The coagulation of kaolinite suspensions
by AICL;(B* =0) and PAC (B*=0.5—2,
‘5) were accomplished at pH=6. 0 — 4. 2.
The curves for residual turbidity (RT) and
electrophoresis mobhility (EM ) versus dosing
of coagulants were plotte(j as Fig. 1. It is
shown that the positive EM and clarified ef-
{ects were increased as the basicity and dos-
ing raised. However, the RT and EM for
curves of B* = 2. 5 were lower than that of
B'=20.

All the curves can be divided into three
areas; (1) Neo evident coagulation area, RT
<50%, EM still negative; (2) Destabilized
coagulation area, RT>>50%, EM turned to
positive. The maximum K (70% — 90%)
occurred at about EM = 0; (3) Resabilized
area, EM raised to high positive and the

clarified effect was deteriorated.

The unified critical values of parameters can be summarized by the data for polyaluminum of

different basicities, The results are listed in Table 2. The critical coagulation concentration
(CCC) was assumed to be located at about RT=50% and critical EM = —2. 0. The optimum
destabilization occurred at the range of EM=-1. 0, which at EM =90, the optimum destabilized

concentration (ONC) was related. It was assumed that the restabilization occurred above EM =

4+ 1. 0 and the critical concentration {CRC) was related. In addition, CNC was the aluminum

needed for neutralizing the charges on particle surface to EM = 0 and EMy was the saturated

maximum positive EM value.

Table 2  Critical dosages and effects For different sorts of pelyaluminum

ccC onc CNC CRC EMeu,

Type B
EM T.% mol/L EM T.% mol/L mot/m? EM T.% mol/l. pmrcm/sev

A 0 20 40 2.0%x107% O 74 1.2X1075 5.17X10-05 +1.0 <60 2.0x10-5 H2Z.46
A 0.5 -2.0 45 2.0x107% 0 76 1.0X1075 1,31X10°% +1.0 <67 2.0X1075 +2.83
B L0 -20 48 L5X10°¢ 0 81 86X107° 0.71x107¢ +1.0 <70 2.0X1075 +3.02
C 260 20 53 1L0X10°° 0 8 45X10°° L94X10°° +1.0 <70 2,0X10°5 -+3.56
D 25 -.0 54 L0X10"% 0O 90 5.0X107% £.16%107¢ +1.0 <70 2.0X107% +3.12

By the results shown in Fig. 1 and Table 2, it is evident that the cosgulation effects of PAC
was much higher than that of AlCl;(type A;). The CCC and ODC of AICl; were the highest but
the related removal of turbidity (T %) were the lowest among the coagulants. The CCC and ODC
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for the PAC of B* —2. 0(type C) were only 1/2—1/3 of that for AlCl; and the corresponding
T% was about 15% higher.

With the increase of basicities (8" ) the values of CCC and ODC decreased a_nd the T%
raised. It can be explained from the species distribution. Directly dosed AIC]; and slightly basified
type A were similar in the species of monomer and dimer i. e. oligomers with lower molecular
weight (NMW) and charge. Prepared polyaluminum of type B(B® =1. 0) consisted of low poly-
mers but with more Alb(h,) of medium NMW and charge. Polyaluminum type C ané D be-
longed to the same category approxirhately. Both were dominated by Alb with higher NMW and
charge and in addition contained to some extent of Ale with high NMW but decreased charge. In
type IJ the content of Alc, became significant »therefore their charges and neutralizing ability were
lower than type C, that can be verified in comparison of their ODC,CNC and EMy values. In
general, the optimum B® may bc in a range of 1. 8—2. 3 which can reserve the optimum coagu-
lating form of species in solutions of pH 6—7.

3.2 The effects of pH in coagulation by polyaluininum

In suspensions of different pH the behaviors of different types of coagulants in experirﬂents
are shown in Fig. 2, in which B* =0,1 and 2 represented type Ay A, type B and type €, D,
respectively. At low pH (5. 2-5.5), the curves were similar to Fig. 1 but had narrower coagula-
tion areas i.e. stronger trends of restabilization. As pH raised to above 7. 0, the coagulation ar-
eas were significantly widened and the restabilization were weakened. As pH raised further to
above 9, the coagulation effect of AlCl; was worsened, while the polyaluminum still get good re-
sults at higher dosing. The EM value, correspondingly, for AIC remained to be negative while

for polyaluminium could still reverse their sign though barely.
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Fig. 2 Coagulation curves under various pH values
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Accordingly , at high pH the hydrolysis tendency of congulants was strengthened. AICI,
transformed easily into the low charged gel or amorphous AI(OH}; and its sweeping function can
be evident only at high dosing. At the other hand, preproduced aluminum polymers could reserve
their forms with higher charge after dosing.

The curves for EM as the function of pH with constant dosing of 7. 4 X 10 *mol Al/L were
plotted in Fig. 3, for comparison the curves of Al;(80,); and kaolinite were also included. It was
assumed that the EM of flocs were the synthetic value from that of kaolinite and adsorbed alu-
minum species,

Under this constant dosing, at pH 4—6 the EM showed positive maximum and increased
with . Above pH %, EM decreased gradually and reached their isoelectric point (JP) in sue-
cession above pH 8. For the floc of kaolinite with aluminum sulfate the IP was pH 7. 6—7. 8,
with aluminum chloride, pH 8. 0—&. 2, and with polyaluminum, pH 8. 5—9. 4 which moved to
higher pH with B*. It meant that at pH above 7. 5 the charges of hydrolysis products for alu-
minum chloride or sulfate decrcascd cvidently but for polyaluminum remained to have more
charges.

3.3 Adsorption of aluminum coagulants

Adsorption of different aluminum coagulants were carried out in the kaolinite suspension of
pH=5. 040. 2. The experimental results for AlCl; and polyaluminum of 8° =1. 0 and 2. 5 were
shown in Fig. 4 as isotherms of adsorbed species G(mol Al/m?) versus equilibrium concentration
of residual aluminum in solution C (mol Al/L). In the same initial concentration of aluminum,

the adsorbed species cn the surface of kaolinite were increased with B~.

The adsorption curves were plotted by Langmuir isotherm .
G=GC/(A+O), {a)
or 1/G=1/G"+(A/G" (1/Cy. ' (b)
B=2.5

EM ,um. cm/s. V

i 1 Il 1 VR T
0 0.5 LO L5 20 256 3.0
[ABt ], 107 *mol/L '

Fig. 3 The micrc - electrophoretic mebility change Fig. 4 The adsorption isotherm of polyaluminum coagulants

of particles

where, G°is the saturated adsorption value and A is a coefficient which is reverse related to the
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adsorption strength. The calculated parameters by Equation(b) and the regression coefficient
are listed in Table 3.

Table 3 The adsorption characteristie For different sorts of polyaluminum

Type B G°,mol/m? Asmol/L r
Aq 0 9.65X107° 1.38X 1064 0. 9987
1.0 1.36X10°% 1.01X10°1 0. 997¢
D 2.5 2.11x10°% 5.36X107F 0. 9960

It is evident that with the increasing B* , G’ increased and A decreased i. e. , the adsorption
tendency was strengthened. The G° for polyaluminum of type D were twice as large as that of
type A,. It means that the pre - produced species were adsorbed much stronger on the surface of

particles.

4 Discussion

4.1 Optimum ceagulating species and stability
On the basis of experimental data for species distribution and coagulation - adsorption pro-

cesses, some comprehensive parameters can be set as shown in Table 4.

Table 4 Comprehensive parameters of adsorption and coagulation for polyaluminum

Type B ALLY)  GUY%)  GYmol/m? % Glf,f fé((‘;\gl))
AD o <20 4060 9.55X10°°  1.08 6.35 5. 72 10%
1.0 45-54 50-70 1.36X10°5 1.52 0. 30 6. 83X 10°
D 2.5 72-82 §0-90 2.11x10°% 2.37 0. 25 9.10%108

In Table 4 Al,% is the portion of Al, species before dosing and G% is the portion of ad-
sorbed species. These two values for type B and D are similar but G is bigger slightly. Tt is as-
sumed that the adsorbed species are mainly Al, because of they have both larger molecular and
higher charge. For type A;s G% is much bigger than Al, %, the adsorbed extra Al, may be pro-
duced after dosing by hydrolysis of AICl; in solution.

4.2 Adsorption and charge neutralization

The charge neutralization effects for kaolinite particle are achieved by the adsorption of alu-
minum species with different sign. The coverage of aluminum species on the surface can be repre-
sented by G/Ns, Ns is the density of surface adsorption sites(mol/m?). In Table 4, G°/Ns rep-
resents the coverage of saturated adsarption. It is shown that G°/Ns=1 approximately for type
Aq. Ut seems that a monolayer coverage has been approached for the saturated adsorption. How-
ever, (G°/Ns are significantly larger than unit for type B and D. That may be explained as the
multilayer adsorption at saturation. Tn fact, it can be understand as the polymeric species com-

bined to the surface sites with only a part of Al atoms directly.
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In Fig. 5, the curve of adsorption G versus electrephoresis EM for polyaluminum of type R
was plotted. It may be divided into 3 areas; (1) charge neutralization ;particle surface was cov-
ered by Al species partly. EM increased as the negative charge was neutralized successively,
When EM = 0, the isoelectric point was achieved and the optimum coagulation was obtained.
The coverage at this time was Gene/Ns=0. 30+0. 05 for type B and also for type Aq,(Table
4). It means that the optimum coagulation occurred at surface coverage of about 1/3; (2) charge
overload : EM continued to increase with G and the charge reverse to positive value. As EM=
2.0, the coverage approached 1. 0, about all the adsorption sites were occupied, the restibiliza-
tion became evident; (3) charge constant:if adsorption G continued to increase and oversaturat-
ed, the EM would achieved to a constant value which represent that of the multilayer adsorbed
Al species. This surface constant charge are described in Table 2 by the parameter EMy, the val-
ues of which are different between the types of aluminum species. Type C had the maximum val-
ue and type I} had less due to the mare content of lower charged Alc. 7

When EM<22. 0, G/Ns<<1. 3, Al species adsorbed on partial surface with monolayer and
EM vs. (G changed linearly with a constant slope as AEM /AG, then a constant ratic between &
and charge was reserved in this case. Assume that §(mV)=14.1 EM , A8(mV)/AG(mol) can
be calculated and represented the change of zeta potential aifected by adsorbed Al species, in turn
it represented the reverse charge of Al species. It is shown in Tzble 4 that the values of A§/AG
increased to about twice from type A, to type B and D, In fact the species transformed in the hy-
drolysis and polymerization processes as(Jardine, 19853 AT, AL (OH);™, Al (OH), AlL,O,
(OH. '

The tendencies of species transformation, charges evolution and the effects of neutralization

are corresponding each other,

3.5

NP 1 | b |
1.0 15.0 0S8 7 89 10 11
G, 10~ *mol/m? pH

Fig. 5 The EM as a function of adsorption Fig. 6 The ceagulation diagram for pelyaluminum

coagulants

4,3 The coagulation - stability diagram
According to the experimental results, if assume the residual turbidity lower than 30% was
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the good coagulation area, a diagram of coagulation - stability can be drawn as Fig. 6, in which
the dosing vs. pH was plotted for both type A; and type C, D(B"=2.0—2.5). The area be-
tween curves A and E was good coagulation zone for polyaluminium, and curves 1 in it was its
optimum of EM==0. At the other hand, the area between curves ‘A and C was good coagulation
zone for AICIL with curve 2 as its optimum of EM =0. It was shown that zll of this zone was in-
cluded in the coagulation zone II for polyaluminum. In the left side of diagram was the zone of
restability III and at the lower right side of curve B was the bad coagulation zone I due to insuffi-
cient dosing. It was also evident that a large area out of curve C, i. e, in the bad coagulation zone
for AlCI; was still in the good zone for polyaluminum.

This rough diagram demonstrates clearly the different efficiency and mechanism between Al-
Cl, and polyaluminum. The much broader good working area and lower dosing for optimum co-

agulation indicate the significant efficiency of pre - produced inorganic polymer flocculants.
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