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Introduction

Removal of organic matter in surface water 
treatment is an essential requirement due to its rap-
id eutrophication. One of the compounds of organic 
matter is phosphorus. The major sources of phospho-
rus in water are domestic and industrial sewage, ag-
riculture runoff, etc. Therefore effluents from human 
activities must be treated to remove the surplus P, in 
order to maintain the ecological balance of natural 
systems (Conley et al. 2009). However, the internal 
loading is a significant source of nutrients to phyto-
plankton dynamics in water bodies (Harris 1997). 

 A common practice for the treatment of lakes 
is to use aluminium salt (Cooke et al. 1993; Rydin and 
Welch 1998; Haghseresht et al. 2009; Özkundakci et 
al. 2010). The immobilization of phosphorus in sedi-
ments may be described as the Al – floc accumulates 
on the sediment surface, with precipitate, inactivat-
ing sediment P. The restoration of lakes by using alu-
minium salts depends on many factors, e.g. pH, tem-
perature, presence of oxygen, distribution of the floc, 
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etc. (Rydin and Welch 1998; Zhao et al. 2011). Given 
the recognized role of sediment nutrient supply in 
summer phytoplankton activity, a variety of research 
projects are searching for a solution to lock P perma-
nently to sediment. The most popular solution is to 
enhance sediment capacity by aluminium salts and 
their modifications. There is a great interest in the new 
coagulant with polyelectrolytes. Polyelectrolytes sup-
port the dynamics of floc formation and accelerate the 
sedimentation rate. Moreover, these compounds allow 
a large surface sorption of floc to be achieved. 

Size and structure of flocs after flocculation 
cause a critical effect on the solid/liquid separation 
process (Yu et al. 2009). The floc growth is the bal-
ance between floc formation and breakage (Parker et 
al. 1972; Francois 1987; Spicer et al. 1996; Ducoste and 
Clark 1998; Biggs and Lant 2000). It is reported that 
small particles generally had lower removal efficiency 
by flocculation, since smaller particles generally set-
tled down more slowly than larger particles of similar 
density. Li et al. (2007) also found that broken flocs 
were difficult to regrow. Reduced floc size slows down 
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the sedimentation rate and changes particle transport 
mechanisms (Aguilar et al. 2003; Cleasby and Logsdon 
1999). Chaignon et al. (2002) reported that the flocs 
formed by charge neutrality had complete recover-
ability. Therefore, floc strength and recoverability are 
considered as important parameters to provide valu-
able information in understanding the performance 
of a novel coagulant. 

This work was performed to gain insights into 
the phosphate uptake by ALCAT, PAX XL19H and 
PAX 18 by studying its physicochemical properties. 
The purpose of this research was the comparison 
of coagulation behaviour and floc characteristics of 
polyaluminium chloride with surface water treatment.

Methods

Study locations. The Łajskie Lake is a hyper-
eutrophic lake, which drains a semi-rural and forest 
catchment. It is a shallow reservoir with a mean depth 
of 6.4 m. Thermal stratification leads to hypoxic and 
anoxic conditions. Water quality in the lake is extreme-
ly poor with high nutrient concentrations in summer 
and autumn and cyanobacterial blooms through the 
summer. Mean TP concentrations have ranged from 
ca. 470 μg dm–3 (surface water) to 1078 μg dm–3 (bot-
tom water). 

Characteristics of coagulants. The experiment 
used the following coagulants: ALCAT, PAX 18 and 
PAX XL 19H. The ALCAT is a coagulant modified by 
polyelectrolyte (10%), its pH is 1.0 and alkalinity ca. 
40%; the second (PAX 18) is a coagulant with very low 
pH (1.0) and alkalinity (21%); the last (PAX XL 19H) 
is a coagulant with higher pH (3.5) and higher alka-
linity (85%). The density of all coagulants was similar 
(1360 kg m–3).

Experimental study. The experiment of phos-
phorus inactivation was carried out simultaneously in 
two series of containers. A single series consisted of 
four containers with surface water, hypolimnion wa-
ter and no perturbed core sediment and supernatant 
water from the test basin. Various types of coagulants 
(PAX 18, PAX 19H, ALCAT) were added to the three 
containers. The dosages of substance were specified in 
the initial experimental studies. One container served 
as a control. Coagulants were added evenly into sur-
face water.

Analysis. The pH was measured by the multi- 
parameter WTW Multi Line P4. The pH meter was 
calibrated daily using pH 4.01, pH 7.01 and 10.1 buff-

ers. The dissolved oxygen and percentage of oxygen 
saturation were determined using YSI PROODO. The 
turbidity and colour were analysed by the Spectro-
photometer UV/Vis (Nanocolor).

Floc formation. The dynamic floc sizes were 
measured visually as coagulation and flocculation 
processes proceeded. The rate of coagulation was 
measured in Imhoff cones. In a given time the volume 
of formed aggregates was noted. On this basis, the sed-
imentation curve was plotted on a graph.

Results and discussion

Figures 1 and 2 show the variation of residual 
turbidity and colour removal efficiencies in terms of 
coagulant dosages (3.67 and 7.54 mg dm–3 for PACl 
as Al). Figure 1(a) shows that the coagulant type and 
dosage significantly affected the colour and turbidity. 
For PACl the residual turbidity of effluents decreased 
with the increasing coagulant dosages and consist-
ently increased as the coagulant dosages further in-
creased. The residual turbidity was higher than 5 NTU 
at the coagulant dosage 7.54 mg dm–3 as Al. 

The final pH values (Fig. 3) of the solutions 
for each experiment were also recorded. It should be 
noted that the effluent pH after all PACl flocculation 
remained neutral. Based on the experimental results 
mentioned above, a combined optimal dosage for tur-
bidity and colour removal was about 3.67 mg Al. dm–3 
for PACl, but greater phosphorus decrease required a 
higher dosage. For example, turbidity removal efficien-
cies by PAX 18, PAX XL 19H and ALCAT were 81.8%, 
85.7% and 88.3% at the optimal dosage, respectively; 
turbidity removal efficiencies of PAX 18, PAX XL 19H 
and ALCAT were 61.1%, 55.6% and 72.2% at the op-
timal dosage, respectively. Xu et al. (2010) also found 
that coagulating species with higher cationic charge 
perform better than those with lower cationic charge.

The final DO (dissolved oxygen) values (Fig. 4) 
of the solutions for each experiment were also noted. 
It should be recorded that the values of DO after AL-
CAT and PAX 18 flocculation decreased by about 20%, 
while the DO values after PAX XL19H flocculation 
were lower by ca. 15%. A similar finding was reported 
by Hanson et al. (2006), suggesting that the decrease in 
DO was caused by lower primary production.

Dynamic variation of floc size during floccula-
tion. The analysis of sedimentation of flocs was meas-
ured for 220 min at the two dosages and the results are 
shown in Fig. 5. Compared to all substances, PAX 18 
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Fig. 1. The dynamic of changes in turbidity for ALCAT, PAX 18 and PAX XL19H; A – at lower dose, B – at higher dose

Fig. 2. The dynamic of changes in colour for ALCAT, PAX 18 and PAX XL19H; A – at lower dose, B – at higher dose

Fig. 3. The dynamic of changes in reaction for ALCAT, PAX 18 and PAX XL19H; A – at lower dose, B – at higher dose
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Fig. 4. The dynamic of changes in dissolved oxygen (DO) for ALCAT, PAX 18 and PAX XL19H; A – at lower dose, B – at higher dose

Fig. 5. The curve of sedimentation of coagulants; A – at lower dose, B – at higher dose
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and ALCAT exhibited faster floc growth rate and larg-
er floc size. The floc trough during of the ALCAT and 
PAX 18 flocculation process showed a sharp increase 
in size during the first 40 min, followed by a slight in-
crease in floc size during the next period, and formed 
huge aggregates consisting of particles of organic mat-
ter and coagulant and settled down. The sharp growth 
in floc size in the first 40 min is likely due to the ag-
gregation of particles. Boller and Blaser (1998) report-
ed that larger particles generally settled down more 
quickly than smaller particles of similar density. So, 
both coagulants had a short retention time. In con-
trast, the flocs formed by the ALCAT coagulant were 
more stable and the breakage of flocs seldom appeared 
during the growth period. The dynamics of sedimen-
tation of flocs at a lower dosage were very unstable. In 
a given time only small particles were formed, which 
were not linked in larger forms (ALCAT) or decom-
posed (PAX 18 and PAX XL 19H). After 220 minutes, 
the presence of micro-flocs was revealed in the vol-
ume of samples, which did not avoid density and did 
not settle at the bottom. A similar rate was observed 
during rapid mixing, when the flocs broke and the 
curve of balance was disturbed (Zhao et al. 2011). 

Conclusions

The coagulation and sedimentation perform-
ance of PAX 18, PAX XL 19H and ALCAT was inves-
tigated with Łajskie Lake water in terms of the basic 
water quality parameters, and the coagulation and 
sedimentation mechanism of aggregated flocs. AL-
CAT and PAX 18 were very effective in removing tur-
bidity and colour compared to PAX XL 19H. The av-
erage size of flocs formed by ALCAT was larger than 
those by PAX during the growth period. However, the 
sedimentation rate by ALCAT appeared to be better; 
this is caused by the addition of polyelectrolyte, which 
stabilizes the flocs. The flocs were formed not only by 
a charge neutralization mechanism but also might be 
held together by a chemical bonding rather than a 
physical bond. The dosage impacted on linking flocs. 
At a lower dosage, flocs were characterized as small 
particles, which very slowly settled down. However, 
a small difference in phosphorus removal from wa-
ter was noted. At double the dose, the percentage of 
phosphorus removal was higher by about 20% and the 
curve of sedimentation was more stable.
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