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Abstract: Aim: The aim of this study was to evaluate the performance of the coagulant
Polyaluminium chloride (PAC) in water quality improvement of six eutrophic shallow lakes in Brazilian
semiarid region. Methods: We evaluated the effect of PAC in turbidity, humic substances (U\/'25 >
total phosphorus and chlorophyll-z concentration through laboratory jar tests. Results: The results
showed that PAC had a good performance in reducing total phosphorus concentrations and turbidity,
with a reduced efficiency in removing chlorophyll-z and humic substances by sedimentation of flocks
formed. Conclusions: Addition of PAC is a potential tool for water quality improvement of eutrophic
shallow lakes in Brazilian semiarid region but its efficiency depends on the pH and particulate and
dissolved organic matter concentration in the lake or reservoir water.

Keywords: coagulation; phosphorus removal; turbidity removal; lake restoration; semiarid region.

Resumo: Objetivo: O objetivo deste estudo foi avaliar a performance do coagulante cloreto de
polialuminio (PAC) na melhoria da qualidade da 4gua de seis lagos rasos eutréficos na regiao semidrida
brasileira. Métodos: N6s avaliamos o efeito do PAC na turbidez, substancias htiimicas (UV,,,) e
concentragoes de fésforo total e clorofila-a. Resultados: Os resultados mostraram que PAC possui
uma boa performance em reduzir as concentragoes de fésforo total e turbidez, com uma eficiéncia
reduzida em remover clorofila-a e substincias hiimicas, através da sedimentagiao dos flocos formados.
Conclusdes: A adigio de PAC se apresenta como uma potencial estratégia para melhoria da qualidade
da dgua de lagos rasos eutréfico na regido semidrida brasileira, porém sua eficiéncia é dependente do
pH e da concentragao da matéria orginica particulada e dissolvida na dgua do reservatério ou lago.

Palavras-chave: coagulacio; remogio de fdsforo; remogao de turbidez; restauracio de lagos;
regido semidrida.
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1. Introduction

The internal phosphorus (P) loading from
P-rich sediments is considered the major cause of
delay in shallow lake restoration after reduction of
external P loading (Sendergaard et al., 2000, 2003).
As a result, several chemical methods have been
applied to control P internal loading worldwide
(Welch & Cooke, 1999; Reitzel et al., 2005;
Spears et al., 2013). The most used technique is
the precipitation and inactivation of phosphorus
by coagulants, especially those based on aluminium
(Al) (Cooke et al., 2005). When Al salts are added
to water, Al preferable reacts with PO,? and
forms a precipitate, which can be removed from the
water column after coagulation, flocculation and
subsequent sedimentation. Besides this, coagulation
and flocculation are also able to remove inorganic
and organic suspended particles (Jiang & Graham,
1998), turbidity and total phosphorus from the
water column. Among the Al-based coagulants,
the aluminium sulphate (AL(SO,),), or alum, is the
most commonly used chemical in lake restoration.
Its effectiveness in removing phosphorus has been
reported in several laboratory and whole-lake
experiments (Welch & Schrieve, 1994; Van
Hullebusch et al., 2002; Lewandowski et al., 2003).
However alum may result in high concentration of
residual Al and is strongly affected by temperature
(Van Benschoten & Edzwald, 1990) and pH.

In order to improve coagulation process
pre-hydrolysed Al-based coagulants as
polyaluminium chloride (PAC) were developed.
Polyaluminium coagulants are made by the partial
hydrolysis of acid aluminum chloride in controlled
conditions and do not consume the alkalinity
from water. Thus, PAC has a superior coagulation
performance than alum due to its wider pH range,
lower sensitivity to low water temperature, lower
doses required and lower residual Al concentrations
(Jiang & Graham, 1998). A number of laboratory
and field experimental studies has shown the
superior performance of PAC in both turbidity and
phosphorus removal (Reitzel et al., 2003; Gao et al.,
2005; Chen & Luan, 2010; De Julio et al., 2010;
Yang et al., 2010; Noyma et al., 2015; Aratjo et al.,
2016). The application of PAC in whole lake
experiments has shown its efficacy in removing
phosphorus from the water column (Reitzel et al.,
2005; Lopata & Gawroniska, 2008; Egemose et al.,
2011; Janc¢ula & Marsdlek, 2012) and turbidity
even at low dose (1.5 mg ALL") in shallow lakes
(Van Hullebusch et al., 2002), and it has been
suggested as a lake restoration measure.
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Coagulation-flocculation process is directly
affected by the presence of particles and dissolved
organic matter present in the water (Edzwald, 1993)
and also by water chemistry (pH and alkalinity)
(Pernitsky & Edzwald, 2006). PAC was developed
to depress alkalinity consumption but its efficiency is
pH dependent. The effectiveness of PAC coagulation
is affected by aluminium speciation after its
application in water which in turns is determined by
pH (Edzwald, 1993). At pH 0f 6.0-7.0 the chemical
species of hydrolyzed aluminium are highly charged
and very efficient in particles and dissolved organic
matter removal (Yan et al., 2008a, b). Algae also
can affect coagulation due to characteristics such as
morphology, motility, surface charge and algogenic
organic matter (Henderson et al., 2008a, b, 2010).

In the tropical semi-arid region of Northeastern
Brazil there are thousands of eutrophic man-made
lakes are used for water supply despite of constant
blooms of toxic cyanobacteria. Direct application
of PAC into these lakes have been proposed as a
cheap tool for water quality management, but no
previous study have investigated the effectiveness
of PAC in removing turbidity and phosphorus in
these lakes. The aim of this study was to evaluate the
performance of polyaluminium chloride in water
quality improvement of six eutrophic shallow lakes
in Brazilian semiarid region through laboratory
jar tests. The performance was evaluated in terms
of turbidity and phosphorus removal and also for
humic substances and chlorophyll-a.

2. Material and Methods
2.1. Raw water

Water samples were collected from the pelagic
region of six reservoirs in Rio Grande do Norte
State, Brazil: Gargalheiras, Passagem das Trairas,
Boqueirdo, Dourados, Cruzeta and Timbadba
reservoir. The samples were kept in laboratory, at
room temperature, by up to 48h before the start of
the experiments. The turbidity (NTU; Turbidimeter
AP2000), concentrations of chlorophyll-z (Jespersen
& Christoffersen, 1988) and concentrations of total
phosphorus (Valderrama, 1981; Murphy & Riley,

1962) were measured to caracterize the raw water.
2.2. Coagulant dose

The coagulant used were polyalumnium chloride
(PAC; PANFLOCTE1018 — Pan-Americana S/A),
as liquid (16-18% of AL O,). A stock solution was
prepared at a concentration of 1 g ALL™. Six doses
were tested: 0, 2, 4, 6, 8 and 10 mg ALL".
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2.3. Jar test

Standard jar test equipment (6 probes with two
liters capacity each) was used in a conventional
assay method: rapid mixing, flocculation and
sedimentation (Table 1). Two liters of raw water
were transferred to each 2 L probes. The coagulant
was dosed just after starting the rapid mixing
step. All experiments were carried out in room
temperature at 24°C (£1°). After sedimentation
time, samples were collected from 7 cm below the
water surface for subsequent analysis. Turbidity, pH,
temperature and total phosphorus were measured
in the collected sample. A subsample was filtrated
(1.2 pm membrane) to measure chlorophyll-z and
also UV, absorbance (1 cm quartz cell; Shimadzu
spectrophotometer). UV, was measured to
indicate the content of dissolved organic matter
(DOM), mainly as humic substances (Leenheer &
Croué, 2003).

2.4. Data analysis

PAC performance was evaluated in terms of
removal efficiency (R.E.) by sedimentation of
flocks, as percentage reduction of chlorophyll-2
and total phophorus concentration, turbidity and
UV, absorbance. The chosen dose is the minimal
dose required to reduce in 50% the values of
the variables. We evaluated correlations between
the PAC performance at the chosen dose and
initial chlorophyll-z concentration and pH using
Spearman correlation test (r; o < 0.05).

3. Results
3.1. Initial conditions of raw water

All reservoirs were classified as eutrophic
according to Thornton & Rast (1993) as they had
chlorophyll-a concentrations > 15 pg L' and total

Table 1. Jar test conditions.

Step Rotation Time Gradient
Rapid mixing 300 30s 600 s™
Flocculation 30 20 min 20s™

Sedimentation 0 30 min 3 m day’

phosphorus concentration > 50 pg L'(Table 2).
Gargalheiras and Passagem das Trairas showed
the highest chlorophyll-z and total phosphorus

concentrations.
3.2. PAC performance

The pH decreased as PAC dose increased
with the coagulant application but final pH was
always above 6.5 (data not shown). In general,
the removal efficiency increased sharphly from
dose 0 to 4 mg ALL", achieving higher values
between the dose 4 to 6 mg AL.L! for all variables
(Figure 1). Then, two situations were observed: the
increasing in the dose did not cause an increasing
in the efficiency for total phosphorus, chlorophyll-#
and turbidity removal; or the efficiency increased
continuously with the increasing of the Al dose for
UV, removal where only the highest doses showed
an efficiency above 50%. None Al dose was efficient
in removing at least 50% of total phosphorus,
turbidity, UV, and chlorophyll-z for Passagem das
Trairas reservoir (Figure 1). The increasing in Al dose
from 6 to 10 mg ALL" decreased the chlorophyll-2
removal efficiency for Cruzeta and Passagem das
Trairas reservoirs (Figure 1d).

For most reservoirs, the minimal dose required
to reduce in at least 50% the concentrations of the
variables was 4 mg ALL"" (Figure 2). This dose resulted
in turbidity values < 10 NTU, total phosphorus
concentration < 50 pg.L' and chlorophyll-2
concentration < 15 pg.L" for Cruzeta, Timabuba
e Dourados reservoirs. Boqueirdo reservoir water
achieved a turbidity of 10.3 NTU and had total
phophorus concentration reduced to values below
50 pug L' but clorophyll-z concentration remained
above 15 pg.L". The total phosphorus, turbidity and
UV, removal efficiency for dose of 4 mg ALL™" was
significantly negatively correlated with the initial
chlorophyll-z concentration and pH (Figure 3).
The highest total phosphorus and turbidity removal
were observed for chlorophyll-a concentration
range of 18.8-39.9 pg.L! and pH range of 6.8-7.9.
The highest UV, removal was observed for the
same pH range but for even lower chlorophyll-a
concentration (18.8-27.3 ug.L").

Table 2. pH, Turbidity, absorbance at UV 254 nm, total phosphorus (TP) and chlorophyll-z concentrations in raw

water used for jar tests.

Reservoir pH Turbidity (NTU) uv254 TP (pg L) Chl-a (ug L)
Cruzeta 7.95 11.8 0.263 127.00 18.82
Timbauba 6.85 21.4 0.327 89.50 27.30
Dourados 7.35 20.8 0.402 153.67 39.93
Boqueirdo 8.43 24.2 0.264 62.00 46.10
Passagem das Trairas 8.46 35.0 0.509 163.75 89.79
Gargalheiras 8.66 15.5 0.401 189.50 90.83
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Figure 1. Removal efficiency (%) for total phosphorus (TP), turbidity, humic substances (UV,.) and chlorophyll-a
(Chl-a) in raw water from Dourados (DOU), Timbadba (TIM), Boqueirdo (BOQ), Cruzeta (CRU), Gargalheiras
(GAR) and Passagem das Trairas (PT) reservoirs, after coagulation-flocculation with different concentrations of
aluminium (0, 2, 4, 6, 8 and 10 mg Al L'") and 30 minutes of sedimentation.
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Figure 2. Removal efficiency (%) for total phosphorus
(TP), turbidity (TURB), humic substances (UV_,,)
and chlorophyll-a (Chl-a) in raw water from Dourados
(DOU), Timbatba (TIM), Boqueirao (BOQ), Cruzeta
(CRU), Gargalheiras (GAR) and Passagem das Trairas
(PT) reservoirs, after coagulation-flocculation with the
dose of 4 mg Al L' and 30 minutes of sedimentation.

4. Discussion

In general, PAC showed good performance
in removing total phosphorus concentrations
and turbidity, but its efficiency was affected by
chlorophyll-z and humic substances concentration.
We suggested that4 mg ALL" is the best dose (better
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cost-benefit) to be applied in most of reservoirs
tested. This dose changed the trophic state of water
from eutrophic to oligo-mesotrophic conditions
in Cruzeta, Timabtba e Dourados reservoirs and
had intermediary effects on Boqueirdo water in
laboratory tests. The efficiency in total phosphorus
removal is reported for in-lake PAC application
(Reitzel et al., 2005; Lopata & Gawroniska, 2008;
Egemose et al., 2011; Janc¢ula & Marsilek, 2012).
However, PAC showed a low efficiency in improving
water quality in Gargalheiras and Passagem das
Trairas reservoirs.

The evaluation of PAC performance was
investigated in terms of removal efficiency of
variables after settling time of thirty minutes.
Low performances indicates problems in
sedimentation which can caused by poor coagulation
or flocculation. High chlorophyll-z concentration,
pH and humic substances in initial conditions
probably are the causes of the low efficiency removal
of flocks formed by PAC in Gargalheiras and
Passagem das Trairas water. Our correlations showed
that total phosphorus, turbidity and UV, removal
efficiency are correlated with higher values in initial
pH and chlorophyll-2 concentrations. Initial pH
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Figure 3. Correlations between chlorophyll-z concentration and pH with total phosphorus (TP), turbidity and UV,

removal efficiency (%) based on the dose of 4 mg Al L.

has been reported to affect coagulation performance
of PAC (Yang et al., 2010). In the maximal PAC
performance pH was found to be around the neutral
(Hu etal., 2006; De Julio et al., 2010). Coagulation
is favorable for a pH range of 6.0-7.0 due to
presence of positively charged Al species promoting
flock formation (Pernitsky & Edzwald, 2006) which
determines the coagulation performance (Yan etal.,
2008a). The dose of 4 mg Al.L" resulted in pH > 8.0
in Gargalheiras and Passagem das Trairas water
thereby making the coagulation difficult. It has
been suggested that high alkaline waters requires a
higher PAC dose to achieve pH values favorable to
coagulation (Hu et al., 2006).

'The coagulation process induces the formation of
focks with differents size, charge and density, factors
that influence directly in flock sedimentation. Flocks
formed by algae cells have low density making them
difficult to settle (Edzwald, 1993; Henderson et al.,
2008a). Algae cells contains components that
provide a density lower than water to allow them to
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stay at euphotic zone. Lipid accumulation, mucilage
production, ionic regulation and gas vesicules are
components of algal cell to avoid sedimentation
(Reynolds, 2006). Extracellular and surface-retained
organic matter produced by algae are reported to
inhibit floc formation (Henderson et al., 2008b,
2010). Lipopolysaccharide on cell surface of
Microcystis aeruginosa produced by the excess
of growth exhibited inhibitory effects on PAC
coagulation (Takaara et al., 2010), which can be
one important cause of the increase in coagulant
demand in algae-rich waters (Takaara et al., 2007).
Also the flocculation process is negatively affected
by the presence of dissolved organic matter present
in the water (Edzwald, 1993), particularly humic
susbtances. Humic substances are highly negatively
charged (Yan et al., 2008a), which increases with
increasing the pH and by adsorbing onto the surfaces
of natural particles (Pernitsky & Edzwald, 2006).
Maximal UV, removal was observed to be found
around pH 6.0 (Yan et al., 2008b). The aquatic
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humic substances form complexes with dissolved
aluminium species which are removed by adsorbing
onto a solid, making the coagulation difficult
in waters with both algae and humic susbtances
(Pernitsky & Edzwald, 2000).

In summary we consider PAC application a good
restoration technique for Cruzeta, Timbatba and
Dourados reservoirs. Addition of polyaluminium
chloride is a potential tool for water quality
improvement of eutrophic shallow lakes in Brazilian
semiarid region but its efficiency depends on the
pH and particulate and dissolved organic matter
concentration in the lake or reservoir water.
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