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that has been studied and applied worldwide. Although it is well known that the distribu-
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tion of hydrolytic aluminum species in PAC affects its flocculation, little is known about the
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influence of particulars aluminum species on the microalgae removal efficiency of PAC-MC;
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this lack of knowledge creates a bottleneck in the development of more efficient MCs based
on aluminum salts. The ferron method was used in this study to quantitatively analyze the
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of microalgae removal by PAC-MC. The results showed that Ala , which made up 5%–20% of
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the total aluminum, and Alp , which made up 15%–55% of the total aluminum, significantly

Aluminum species

affected microalgae removal, with Pearson’s correlation coefficients of 0.83 and 0.89, respec-

Microalgal removal efficiency

tively. Most of the aluminum in the PAC-MC sank rapidly into the sediments, but the rate

Ecological safety

and velocity of settlement were affected by the dose of modified clay. The optimal dose of
PAC-MC for precipitating microalgae was determined based on its aluminum profile. These
results provide guidance for the precise application of PAC-MC in the control of harmful
algal blooms.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Recently, red tides in coastal areas around the world
have been occurring more frequently (Patricia et al., 2005;

∗

Xu et al., 2017; Yuan et al., 2017; Yu and Chen, 2019), and they
are larger in scale and longer lasting with more disastrous
effects and much wider distributions than those in previous
decades (Yu and Chen, 2019). To protect coastal ecological
and environmental quality from red tides, safe and effective
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prevention methods are urgently needed. At present, modified
clay (MC) is an effective method that has been successfully
applied to control large-scale red tides, and it has been widely
studied in many countries (Anderson, 1997; Sengco et al., 2001;
Lewis et al., 2003). Hydrolytic aluminum salts have become
a common material used in the preparation of MC due to
their positive surface charge and high flocculation efficiency.
To date, many different types of aluminum modified clays (AlMCs) have been applied for red tide control (Liu et al., 2016b; Yu
et al., 1994, 2017), and of these, polyaluminum chloride modified clay (PAC-MC) has been widely used.
The distribution of aluminum species in polyaluminum
chloride (PAC) greatly impacts its flocculation effectiveness
(Tang, 1998; Zhao et al., 2008); moreover, the fates of different kinds of hydrolytic aluminum are significantly different, which has an important impact on the ecological safety
of PAC-MC (Yang et al., 2010). The morphology of hydrolytic
aluminums is very complex, and it is typically analyzed after a given species has been classified. The classification
method often produces different results due to the properties of the study and the analysis method. The ferron method
is a classical method for quantitative analysis of dissolved
aluminum, and a relatively complete method for the classification and analysis of hydrolytic aluminum has been developed. Generally, Ala includes mononuclear and primary aluminum (Al2 , Al3 ), while Alb includes oligo-aluminum (Al6 Al8 ) and medium-polyaluminum (Al13 ). Alc includes all highpolyaluminum (such as Al30 and (Al13 )n ) that does not react
with ferron within 2 h (Tang. 2006).
Although breakthroughs have been made in terms of performing environmental safety assessments on PAC-MC and
understanding the molecular mechanisms of the application of PAC-MC (Liu et al., 2016a; Zhu et al., 2018), few
quantitative analysis have been performed on the aluminum
speciation distribution of PAC-MC and its influence on the
microalgae removal efficiency of PAC-MC; this lack of studies limits the development of highly efficient Al-MCs. In this
paper, PAC-MC was used to remove microalgae, and the speciation distribution and fates of the different types of aluminum were quantitatively analyzed and discussed according
to the ferron method. This study can provide scientific guidance for the preparation and application of high-efficiency
Al-MCs.

1.

Materials and methods

1.1.

Preparation of materials

The PAC-MC used in this experiment was prepared with
kaolin clay (Aladdin Industrial Corporation, China) and PAC
(B = 2.1˜2.3, Guangfu Fine Chemical, China), and the preparation method was performed as described by Yu et al. (1994).
Prorocentrum donghaiense (obtained from the Chinese Academy
of Science Key Laboratory of Marine Ecology and Environmental Sciences) was used as the microalgae for this experiment,
and the culture and counting methods were as described by
Zhang et al. (2013).
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Fig. 1 – The aluminum speciation in the system.

1.2.

Classification of hydrolytic aluminum

The aluminum in this research was classified according to its
morphological characteristics, as shown in Fig. 1. Firstly, according to the effect of sedimentation, the total aluminum
(Alt ) can be divided into the aluminum in water (Alw ) and
the sedimentary aluminum (Als ). Specifically, Alw is the aluminum existing in the water at the time of sampling, while Als
is the aluminum existing in the rapidly forming sediments.
For Alw , a 0.45 μm filter was used to further subdivide the
sample into the total dissolved aluminum (DAlt ) and the suspended particle aluminum (Alp ) according to the difference
in solubility. Alp is the active aluminum retained on the filter (Yang et al., 2010; Zhang et al., 2016), which is mainly the
aluminum absorbed on the surface of clay.
DAlt is the total dissolved aluminum in the solution and
can be further subdivided into Ala , Alb and Alc according to its
chromogenic reaction ability with ferron (Zhou et al., 2006).
Therefore, as a refinement of the common classification approach (Tang, 2006), Alc refers only to high-polyaluminum
with a particle size of less than 0.45 μm in water in this study
(Table 1).

1.3.
Microalgae removal experiment and aluminum
separation method
PAC-MC (5 g) was dispersed into 100 mL seawater to form an
MC suspension (50 g/L). A certain amount of the suspension
was added to a flocculator. The flocculator was filled with
400 mL microalgae such that the concentrations of PAC-MC
in the system were 0.05, 0.1, 0.25, 0.5 and 1 g/L. The flocculator was reversed three times until the suspension was mixed
evenly, and then the flocculator was placed vertically. The flocs
were removed from the bottom of the flocculator to prevent
the aluminum from redissolving, and then the flocculator was
reversed again to mix the whole system. A 10 mL water sample
was removed with a sterile pipette from the top of the flocculator, and this sample was regarded as 0 hr. The flocculator was
placed in the culture environment, and water samples were
removed after floc removal and mixing at 3 hr, 12 hr, 1 day, 3
day, 5 day and 10 day. The time from the preparation of the
MC suspension to the addition of microalgal suspension was
less than 5 min. Three parallel experiments were performed,
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Table 1 – Comparison of the classifications of hydrolytic aluminum.
Classification in this study

Normal classification

Ala

Ala

Alb

Alb

Alc

Alc

Alp

Als

Hydrolytic aluminum
3+

2+

Al , Al(OH) ,
Al(OH)2 + , Al(OH)4 −
Al2 (OH)2 4+ , Al2 (OH)15 3+ , Al3 (OH)8+, Al3 (OH)4 5+
Al6 (OH)12 6+ , Al6 (OH)15 3+ , Al7 (OH)16 5+, Al8 (OH)20 4+
Al13 (OH)32 7+ , Al13 O4 (OH)24 7+
Al15 (OH)36 9+, Al30,
Alx (OH)y (3x-y)+, (Al13 )n
Colloidal aluminum
(>0.45 μm)
Aluminum adsorbed
to clay
[Al(OH)3 ]n
Aluminum in sediments

General nomination
Mononuclear aluminum
Primary aluminum
Oligo-aluminum
Medium-polyaluminum
High-polyaluminum
Micrograins

Sediments

coefficient between Alx and Re. Alx represents different aluminum species, such as Ala , Alb , Alc and Alp .

2.

Results and discussion

2.1.
Aluminum speciation distribution for microalgae
removal at 0 hr and 3 hr

Fig. 2 – Flowchart of aluminum separation.

and a microalgal suspension without MC was established as
the control. The calculation method for the removal efficiency
(Re) was that described in Zhang et al. (2013).
The aluminum species in the water sample was separated
and analyzed according to the process shown in Fig. 2. The
10 mL water sample was divided into three parts. The first part
was filtered with a 0.45 μm filter. HNO3 was added to the second part to adjust the pH to 1 for 2 hr after filtration. The final
part was directly acidified without filtration. Finally, the 3 processed samples were analyzed by the ferron method.

1.4.

Data processing methods

The statistical computations and correlation analysis were
performed with IBM SPSS Statistics 25. To quantitatively analyze the contribution of Alx , the aluminum species at 0 hr,
to the microalgae removal efficiency (Re), Rex was calculated
with Eq. (1):
mAl ∗ rAlx
∗ Re
Rex =  x
mAlx ∗ rAlx

(1)

where m (mg/L) is the mass of Alx at 0 hr and Re (%) is the
removal efficiency of microalgal. r is the Pearson’s correlation

As soon as PAC-MC was added to the microalgal suspension,
the aluminum instantly combined with free OH− and became
hydrolytic aluminum. Their distribution is shown in Fig. 3a.
When PAC-MC was administered at a low dose (0.05–0.1 g/L),
the proportion of DAlt in Alt was approximately 25%–40%, of
which Ala was approximately 20%, Alc was approximately half
of Ala , and Alb was much lower than Ala and Alc . At this dose,
Alp was clearly the dominant species, with a proportion of
more than 50% of Alt . With the increase in the dose of PAC-MC,
the proportions of Alp and DAlt gradually decreased; when the
dose of PAC-MC was higher than 0.5 g/L, the sum of Alp and
DAlt made up less than 50% of Alt . Als began to form when
the PAC-MC was added, and its concentration increased with
the increasing PAC-MC dose, eventually making up the highest
proportion of Alt . For example, there was 5% Als of Alt when
the dose of PAC-MC was 0.05 g/L and approximately 80% of Alt
as the PAC-MC dose increased to 1 g/L.
Previous studies have found that Al13 is the chief component of Alb in PAC (Gao et al., 2005). Al13 not only has a
stable structure and resists hydrolysis but also shows strong
charge neuralization and adsorption bridging ability due to its
chain-like structure; therefore, it considered to be a more efficient flocculation species than other Al species (Gao et al.,
2003; Chu et al., 2005). Due to the negative charge on the surface of the kaolin clay, it readily combines with Al13 , which
has a strong positive charge, to form a stable combination
(Yu et al., 1994). Therefore, at the beginning of microalgae removal with PAC-MC, Alb made up a lower proportion of Alt , but
it was replaced by Alp . Compared with Al13 , other aluminum
species with low surface charges, such as Ala , have lower binding affinity for kaolin clay, so they generally become the main
forms of DAlt .
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Fig. 3 – (a) Aluminum speciation distribution at 0 hr during microalgae removal and (b) Aluminum speciation distribution
after 3 hr of microalgae removal.

Fig. 4 – (a) The concentrations of DAlt and Alp at 0 hr and 3 hr of microalgae removal, (b) The concentrations of Als at 0 hr
and 3 hr of microalgae removal and (c) The changes in DAlt , Alp and Als between 0 hr and 3 hr of microalgae removal.

After 3 hr of microalgae removal, the aluminum speciation
distribution changed significantly compared with that at 0 hr
(Fig. 3b). The proportion of Alp decreased with each increase in
the dose of PAC-MC and decreased to less than 5% at PAC-MC
doses greater than 0.1 g/L. Correspondingly, the proportion of
Als increased significantly to more than 80% at a dose of PACMC greater than 0.25 g/L; with a further increase in the dose
of PAC-MC, the proportion of Als increased to more than 95%,
and Als became the most dominant species. Every species of
DAlt decreased gradually with the increase in the dose of PACMC, and DAlt was no longer the main species of Alt at a certain
point. Within DAlt , Alb approached the detection limit of the
ferron method, and DAlt was almost entirely Ala at a high dose
of PAC-MC.
In the process of adding PAC-MC to the microalgae for
0-3 hr, most Alp was separated from water via a flocculation
reaction, and the proportion of Alp was significantly reduced.
At the same time, dissolved aluminum exhibited a slight rehydrolysis reaction and flocculation reaction, and the proportion of Ala , Alb and Alc decreased infinitesimally. Both the flocculation reaction of Alp and the re-hydrolysis reaction of DAlt

resulted in the formation of sediments; therefore, the proportion of Als increased significantly.

2.2.
Changes in the aluminum speciation distribution by
different dosages during 0–3 hr of microalgae removal
The concentration of different aluminum species at 0 hr
changed as the dose of PAC-MC increased, as shown in Fig. 4a
and 4b. With the increase in the PAC-MC dose, the concentration of DAlt presented an inverted “V”-shaped change: it
peaked at 0.5 g/L PAC-MC and decreased at higher and lower
PAC-MC doses. The concentration of Alp increased exponentially as the PAC-MC dose increased from 0.05 g/L to 0.25 g/L,
and the increasing trend slowed after the dose of PAC-MC was
greater than 0.25 g/L. There was a linear correlation between
the concentration of Als and the PAC-MC dose (Fig. 4b), which
indicated that increasing the dose of PAC-MC could enhance
the generation of Als .
As microalgae removal progressed, the concentrations of
DAlt and Alp decreased gradually, while the concentration of
Als increased. The rate of the change in Alp was much higher
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than that in DAlt (Fig. 4a), which indicated that flocculation
was stronger than hydrolysis during microalgae removal 0–
3 hr. Aluminum hydrolysis was completed immediately, while
flocculation remained active throughout the 3 hr. The highest
concentrations of DAlt and Alp both occurred at the 0.5 g/L
PAC-MC dose, indicating that this dose resulted in the highest residual aluminum level after microalgae removal. At 3 hr,
the concentration of Alp was lower than that of DAlt at each
dose of PAC-MC, and Ala was by far the dominant species of
DAlt . Taking the 0.5 g/L PAC-MC dose as an example, Ala initially made up approximately 75% of the DAlt but increased
significantly, to more than 90%, at 3 hr, which indicated that
the reduction rates of Alb and Alc were higher than that of Ala .
The concentration of Als increased exponentially with the
increasing PAC-MC dose (Fig. 4b), and the increase rate increased significantly at the 0.25 g/L PAC-MC dose, indicating
that the flocculation efficiency increased significantly when
the PAC-MC dose increased to a certain concentration. From
0–3 hr during microalgae removal, the changes in Als at 0.05–
0.25 g/L PAC-MC dose showed a linear correlation with the
dose of PAC-MC, increases in Als corresponded to decreases in
Alp , and DAlt hardly decreased. Therefore, the increase in Als
is likely the result of the capture of microalgae, such that the
amount of Als is an indicator of the Re. When the dose of PACMC was higher than 0.25 g/L, Als increased significantly more
slowly during 0–3 hr of microalgae removal (Fig. 4c), and the
increase in the flocculation efficiency was not observed at this
dose. The increase in Als during 0–3 hr of microalgae removal
was due not only to the decrease in Alp but also to the decrease
in DAlt ; these results indicate that at this dose of PAC-MC, the
rate of the flocculation reaction was higher than that of the
hydrolysis reaction, and therefore part of the increase in Als
was derived from the self-flocculation of PAC-MC.

2.3.
Analysis of the aluminum speciation distribution in
relation to microalgae removal efficiency (Re)
PAC-MC is a high-efficiency flocculant: as soon as it is added to
microalgal suspensions, aluminum hydrolyses immediately
and transforms into different species. On the one hand, some
components of the DAlt transformed into Alp by combining
with clay; on the other hand, Alp combined with microalgae and rapidly separated from water as Als . As a result, the
concentration of Alp continued to decrease, while the Als increased rapidly (Fig. 4). When correlation analysis was performed between the mass of Als and the Re after 3 hr of microalgae removal, it was found that the two were correlated
by a logarithmic relationship (R2 =0.9987) (Fig. 5). The Als derived from MC self-flocculation and the microalgae removal
by MC indicated that when the dose of PAC-MC exceeded a
certain range, many aluminum species in the PAC-MC did
not directly combine with microalgae but underwent selfflocculation. However, when the dose of PAC-MC was 0.05–
0.25 g/L, the Re was linearly correlated with the mass of Als ;
in other words, the influence of self-flocculation in this dose
range was negligible. To avoid the effect of self-flocculation, a
low dose of 0.05–0.25 g/L was selected for the analysis and discussion of the connection between the aluminum speciation
distribution and Re.

Fig. 5 – Exponential correlation between the mass of Als
and the Re at 3 hr of microalgae removal.

Table 2 – Correlation analysis between the 0 hr mass of
aluminum species and Re at PAC-MC doses between 0.05–
0.25 g/L.
Aluminum
species

Pearson’s
correlation
coefficient (r)

Significance
level (P)

Number of
samples (n)

Ala
Alb
Alc
Alp

0.834
0.138
0.163
0.892

P<0.01
P>0.05
P>0.05
P<0.01

9

Table 3 – The Rex of aluminum species.
Dose of
PAC-MC (g/L)

Re

Rex of aluminum species

0.05
0.1
0.25

34.28
53.80
80.77

Ala

Alp

9.06
12.46
10.65

23.89
40.33
69.27

Statistical and correlation analyses were conducted on the
mass of the aluminum species at 0 hr of microalgae removal
and the Re by using SPSS software. The results showed that
Alp (r>0.89, P<0.01) and Ala (r>0.83, P<0.01) had the strongest
correlations with Re among Ala , Alb , Alc and Alp and that the
correlation between Alb and Alc was weak (Table 2).
The contribution of the 0 hr mass of Ala and Alp to Re,
called Rex , was additionally calculated and analyzed (Table 3).
The results showed that the Rex of Ala was relatively stable
within the dose range of PAC-MC and that the Rex was basically maintained at approximately 10%. However, the contribution of Alp increased significantly with increasing PAC-MC
dose; it increased from 23.89% to 69.27% as the PAC-MC dose
increased from 0.05 g/L to 0.25 g/L.
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Fig. 6 – (a) The change of Ala in the concentration of effective aluminum in PAC-MC during 0–10 days of microalgae removal
and (b) The change of Alp in the concentration of effective aluminum in PAC-MC during 0–10 days of microalgae removal.

Although aluminum is the most abundant metallic element in the Earth’s crust, it is widely known that excessive
aluminum harms the physiological processes and activities
of humans and other organisms. A study reported that low
doses of aluminum can promote the growth of phytoplankton by promoting the absorption of nutrients such as nitrogen
and phosphorus (Zhou et al., 2018). However, a high dose of
aluminum can damage the cell membrane structure of microalgae (Shi et al., 2015) and the rhizomes of higher plants
(Zhang and Zhou, 2005). Excessive aluminum can damage
nerve cells and cause diseases such as Alzheimer’s disease
(Berthon, 2002). Previous studies have found that the toxicity
of aluminum is highly correlated with its speciation and concentration (Wang et al., 2010); in particular, DAlt had a considerable impact on the activity of microalgae, higher plants and
animals (Szatanik-Kloc and Józefaciuk, 2007).
Therefore, the concentration of Ala was tracked and observed for 10 days at each dose of PAC-MC (Fig. 6). The concentration of Ala at 0 hr microalgae removal showed a trend
of first increasing and then decreasing with increasing PACMC dose, and the highest concentration of Ala appeared in
the range of 0.5–0.7 g/L (Fig. 6a). For example, the concentration of Ala reached over 1.15 mg/L when the dose of PAC-MC
was 0.5 g/L. The concentration of Ala generally decreased as
time passed at each dose of PAC-MC, but the decrease was
smaller within the 3 hr of microalgae removal; the concentration of Ala was generally maintained at 0.5 mg/L. After 1 day
of microalgae removal, the concentration of Ala was reduced
to less than 0.2 mg/L at a dose of PAC-MC less than 0.25 g/L,
which met the standards for drinking water quality (according to the Chinese standards for drinking water quality, GB
5749–2006). If the PAC-MC were applied to remove red tides, a
concentration of Ala of above 0.5 mg/L for 3 hr would be sufficient to exert physiological stress on microalgae, which is consistent with the results of previous studies (Liu et al., 2016a;
Zhu et al., 2018). However, after 3 hr of treatment, the Ala was
rapidly hydrolyzed and deposited. When the dose of PAC-MC
was less than 0.25 g/L, the concentration of Ala rapidly decreased to below the safe concentration within 1 day, but there
was still a high residual Ala after microalgae removal when

the PAC-MC dose was more than 0.25 g/L. This level of Ala may
have an impact on ecological safety and still requires further
assessment.
The composition of Alp is complex but mainly consists of
the combination of Al13 and clay. These composite particles
have a strong flocculation ability that not only plays an effective role in microalgae removal but also makes them settle easily in water; therefore, Alp is especially unstable in water (Wu et al., 2007, 2008). Consequently, the concentration of
Alp decreased rapidly to below 0.5 mg/L during microalgae removal for 3 hr at each dose of PAC-MC and remained at a very
low level for the following 10 d (Fig. 6b).
Therefore, when PAC-MC was added to the microalgal suspension, the synergistic effect of Ala and Alp produced a
good microalgae removal effect. Moreover, the concentration
of toxic active aluminum rapidly decreased to the safe concentration range, indicating that this treatment would not cause
lasting harm to the aquatic areas in which it was applied.

3.

Conclusion

When using PAC-MC to remove red tide microalgae, the aluminum in the PAC-MC mainly consisted of Alp and Als , and
their concentrations increased significantly with the increasing PAC-MC dose. DAlt was not the main form of Alt , and
its concentration changed little among the different doses of
PAC-MC. The proportion of Als in Alt increased rapidly with
increasing flocculation time, while both Alp and DAlt proportions presented decreasing trends.
The microalgae removal efficiency improved with the increasing PAC-MC dose, and Ala and Alp were the main contributors to the improvement. The high concentration of Alp
in PAC-MC provides the dominant form of flocculation and microalgal removal through adsorption, bridging and electrical
neutralization. Moreover, Ala exerts some surface modification and physiological stress effect on microalgal cells, which
can enhance the flocculation ability of Alp and improve microalgal removal efficiency.
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