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a b s t r a c t
Using antialgal allelochemicals to inhibit bloom-forming microalgae is regarded as a promising 
method to realize effective algal-bloom control. When allelochemicals enter the water body, if their 
location cannot be effectively controlled, there will be a great negative influence on their inhibi-
tory action, but the related research is rarely reported. In this study, the allelochemical lactic acid 
(LA) was incorporated into purified diatomite (PD), purified biochar (PB) and magnetic purified 
expanded perlite (MPEP) to fabricate a heavy composite LA-PD (LA incorporated into PD), a sus-
pended composite LA-PB (LA incorporated into PB) and a floated composite LA-MPEP (LA incor-
porated into MPEP), and their inhibition effects on the bloom-forming cyanobacterium Microcystis 
aeruginosa were investigated. The results demonstrated that the corresponding growth inhibi-
tion rates of 50 mg/L BLA-PD, BLA-PB, and BLA-MPEP (i.e., LA-PD, LA-PB, and LA-MPEP with 
the best algae inhibition performance) could be up to 100% after 5 d of treatment, and their EC50 
values were 30.50, 20.87 and 14.02 mg/L, respectively. Co-toxicity coefficient (CTC) was used to 
evaluate their joint effects of LA and PD, PB, MPEP. The CTC value of BLA-PD was 95.6, indicat-
ing an additive effect between LA and PD. The CTC values of BLA-PB and BLA-MPEP were 140.3 
and 149.0, which demonstrates synergistic effects between LA and PB, MPEP. The results hint these 
highly effective composites for location-based algal-bloom control a bright future.
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1. Introduction

Algal blooms which frequently break out in eutrophic 
water bodies and result in deterioration of water qual-
ity have raised worldwide concern [1]. Moreover, some 
microalgae can release algal toxins, posing a serious threat 
to human health and aquatic life [2]. Therefore, it is urgent 

and indispensable to explore efficient method for miti-
gating algal blooms [3]. Physical, chemical and biologi-
cal methods have been used extensively to eliminate or 
control the outbreak of algal blooms [4,5]. However, high 
cost and low efficiency are still bottlenecks hindering the 
large-scale application of physical methods [6,7]. Chemical 
methods can effectively and rapidly inhibit algal blooms, 
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but secondary pollution may largely limit the utilization of 
chemical methods owing to the toxicity of chemical agents 
[8,9]. Thus, enormous efforts have been given to biological 
methods, which are recognized as promising alternatives 
for suppressing algal blooms [10,11]. Traditional biological 
approaches still suffered from complex management and 
poor stability [12,13]. Therefore, it is still urgent to find a 
suitable biological method with convenient operation and 
good stability.

Since allelochemicals derived from plants or microor-
ganisms generally have low environmental risks, the alle-
lopathy as one of biological methods has attracted much 
attention in recent years, and the use of allelochemicals to 
control algal growth has also become a hot spot [14–16]. 
Allelochemical substances extracted from many aquatic 
plants were verified to be very efficient in the inhibition of 
algal growth, such as lactic acid (LA), tannic acid, pyrogallic 
acid and gallic acid [17,18]. Wang et al. [19] reported that LA 
derived from Potamogeton malaianus could inhibit the growth 
of Microcystis aeruginosa. Sinang et al. [20] reported that algal 
cells with the treatment of the allelochemicals extracted 
from Melastoma malabathricum, Pistia stratiotes, Cosmos cau-
datus and Etlingera elatior showed up to 50%, 42.6%, 35.3%, 
and 22.5% growth inhibition in contrast with the controls, 
respectively. Due to the good biodegradability of LA, it 
has innate potential to control algal blooms in actual water 
bodies [21]. However, Wen et al. [22] found that the rapid 
degradation of LA in the water environment also greatly 
reduced its inhibitory effect on the growth of Microcystis 
aeruginosa. Therefore, how to make the allelochemicals con-
tinue to inhibit algae after entering the water body without 
weakening the effect due to degradation and consumption 
is also a problem that needs to be considered and solved.

Previous studies have documented that the allelochem-
ical substances embedded within other matrixes could 
prevent the allelochemicals from consuming aimlessly 
during application [23–25]. Ni et al. [26] reported that 
artemisinin encapsulated into alginate-chitosan could 
exert continuous growth inhibition on Microcystis aerugi-
nosa within 30 d. It also has been found that the microal-
gae treated with 0.2 mg/L lactic acid began to regain rapid 
growth after 10 d of exposure, while the fatty acid incor-
porated into chitosan composite microsphere could make 
M. aeruginosa in an inhibited state during the experiment 
(30 d) [26]. The prolonged antialgal effect is attributed to 
the protection of LA by the chitosan composite microsphere 
[27]. Although preventing the rapid loss of allelochemi-
cals through the matrixes is a good way to prolong their 
effects, controlling the position of allelochemicals in the 
waterbodies is also very important for the efficient reali-
zation of their growth inhibition.

By controlling the density of the packaging matrixes 
for allelochemicals and following the scenarios before 
and during the outbreaks of algal blooms, it is possible to 
realize the positioning of the allelochemicals composite 
material to control the growth of blooms-forming microal-
gae in sediment, overlying water, and water surface in the 
water bodies. Several materials have been used as matrixes 
employed to encapsulate allelochemicals [28–30]. Especially, 
expanded perlite (EP), biochar and diatomite have aroused 
great research interest owing to its large surface area, high 

porosity, cheap price, and environmental friendliness [31–
34]. As is known, EP is obtained by the heat treatment of 
perlite at 850°C–1,150°C, which is a glassy volcanic holistic 
rock that could float on the water [35–37]. Biochar is a solid 
carbon that could suspend in the water body, which was pre-
pared by pyrolyzing plant derived feedstock under limited 
oxygen supply conditions at 300°C–1,000°C [38]. Diatomite 
is an earth-abundant siliceous sedimentary rock composed 
of amorphous silica and could sink to the bottom of the 
water body [39]. Using EP, biochar, and diatomite to encap-
sulate allelochemical LA for functional composites fabrica-
tion to achieve the fixed-point inhibition of blooms-form-
ing microalgae growth is worthy of research but it has not 
been reported yet.

In this study, LA was firstly encapsulated into purified 
diatomite (PD), purified biochar (PB) and magnetic puri-
fied expanded perlite (MPEP) to fabricate the sinked (LA-
PD), suspended (LA-PB) and floated materials (LA-MPEP), 
respectively. The surface morphology, surface functional 
group, thermal stability and composition of the resulting 
composites were characterized systematically through scan-
ning electron microscopy (SEM), Fourier-transform infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA). The 
algal inhibition performance, the medium effective concen-
tration (EC50) for algal growth inhibition, and the co-tox-
icity coefficient (CTC) of LA composites were analyzed 
and evaluated. This research will provide enlightenment 
and data reference for the development of location-based 
allelochemicals encapsulated by matrixes.

2. Materials and methods

2.1. Microalgae and culture medium

Microcystis aeruginosa (obtained from Freshwater Algae 
Culture Collection at the Institute of Hydrobiology, China) 
was cultivated in the BG 11 medium with a composition 
of 1,500 mg/L NaNO3, 40 mg/L K2HPO4·3H2O, 75 mg/L 
MgSO4·7H2O, 36 mg/L CaCl2·2H2O, 6 mg/L C8H8O7, 6 mg/L 
C8H8O7, 6 mg/L C6H8FeNO7, 20 mg/L Na2CO3, 10 mg/L 
Na2EDTA, 2.86 mg/L H3BO3, 1.81 mg/L MnCl2·4H2O, 
0.22 mg/L ZnSO4·7H2O, 0.079 mg/L CuSO4·5H2O, 0.39 mg/L 
Na2MoO4·2H2O, and 0.049 mg/L Co(NO3)2·6H2O. The 
microalgae culture solution was autoclaved at 121°C for 
30 min. After cooling, algae cells were cultivated in 500 mL 
Erlenmeyer flask with 300 mL of sterilized culture medium 
at 24°C–26°C under an irradiance of 40–60 µmol photons 
m–2/s (12 h light/12 h dark). The flasks were shaken 2–3 times 
per day, and the algae cells were cultivated to the loga-
rithmic growth phase for further experiments.

2.2. Preparation of the matrix for LA encapsulation

The diatomite was sufficiently ground and placed into 
porcelain boat, which was heated at 450°C for 6 h under Ar 
atmosphere. Then 5 g of the powder was added to 50 wt.% 
H2SO4 under magnetic stirring at 500 rpm for 5 h to remove 
the impurities, then the resulting mixture was filtered, 
washed with deionized water three times and dried at 
60°C for 8 h to obtain the PD.

Biochar was prepared through the high temperature 
calcination method. Finely ground barley straw powder 
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was placed in a porcelain boat, which was then put into a 
muffle furnace and purged with Ar gas by repeated evac-
uating and filling Ar gas. The boat was heated to 600°C in 
a current of Ar gas, and maintained at 600°C for 6 h, and 
the biochar powder was obtained by grinding after cool-
ing to room temperature. Then 5 g of the prepared biochar 
was then dispersed in 50 wt.% H2SO4 with magnetic stir-
ring for 5 h at the speed of 500 rpm. The mixture was fil-
tered, washed with deionized water three times and dried 
at 60°C for 8 h to obtain the PB.

Typically, 5 g expanded perlite with a diameter 0.5 mm 
and 50 wt.% H2SO4 were mixed in a beaker. The resulting 
mixture was stirred in the magnetic stirrer for 5 h at the 
speed of 600 rpm. Then, the PEP was obtained by filtration 
and further washed with distilled water before they were 
dried at the temperature of 60°C for 1 h. The prepared PEP 
(0.5 g) was dissolved in 32 mL ethylene glycol by ultrasonic 
shaking to obtain a homogeneous suspension. Afterward, 
1.08 g of FeCl3·6H2O, 0.80 g polyethylene glycol and 2.88 g 
CH3COONa were added into the suspension with magnetic 
stirring for 10 min at the speed of 400 rpm. The mixture was 
then transferred to 20 mL Teflon-lined stainless-steel auto-
clave and went through hydrothermal treatment by heat-
ing up to 190°C and lasting for 8 h. After cooling down to 
room temperature, the black precipitate was collected and 
washed using ethanol and deionized water three times. 
Finally, MPEP was obtained by drying at 60°C for 6 h.

2.3. Preparation of LA composites

Co-impregnation method was used for the preparation 
of LA-PD, LA-PB and LA-MPEP. Typically, 5 g of the PD, 
5 g of the PB, and 1 g of the MPEP was separately added 
in 30 mL lactic acid (Analytical reagent) with magnetic stir-
ring, followed by filtering, washing and drying. The result-
ing powder was labelled as LA-PD, LA-PB and LA-MPEP, 
respectively. To identify the optimal preparation condition 
of the LA nanocomposites, the influencing parameters of 
the preparation process, including reaction temperature 
of 50°C, 60°C, 70°C, magnetic stirring speed of 120, 150, 
180 rpm and reaction time of 2, 5, 8 h were selected for the 
L9(33) orthogonal experiment. The detailed information is 
shown in Fig. S1.

2.4. Characterization of PD, PB, MPEP, and LA composites

The scanning electron microscope (FESEM, SU8010) 
was applied to investigate the structure of composites. The 
crystal structure of composites was determined by X-ray 
diffraction using a D8 ADVANCE, Bruker. The thermal sta-
bility of composites was analyzed with TGA using a GA-55 
Thermal Gravimetric Analyzer. The surface functional 
group of the composites was obtained on the Vertex 70 type 
FTIR Spectrometer.

2.5. Inhibition assay of LA-PD, LA-PB and LA-MPEP 
on microalgae growth

M. aeruginosa was inoculated into a 300 mL culture 
medium in a 500 mL Erlenmeyer flask. All flasks were 
cultivated at under the conditions of 24°C–26°C and 

40–60 µmol photons m–2/s (12 h light/12 h dark). Then 4 mg 
LA-PD, LA-PB and LA-MPEP fabricated from different 
preparation conditions were added to a 300 mL Erlenmeyer 
flask containing microalgae with an initial algal density of 
5 × 105 cells/mL to obtain the optimal preparation condi-
tions of LA composites with the best algal-inhibition rate, 
which was labelled as BLA-PD, BLA-PB and BLA-MPEP. 
Afterward, the concentration gradients of BLA-PD, BLA-PB, 
and BLA-MPEP were set as 1, 2.5, 5, 10, 25, and 50 mg/L to 
determine the medium inhibitory concentration (EC50).

Algal cells were counted using hemocytometer under 
microscope (XSZ-HS3, Chongqing Optoelectronic Instrument 
Co., Ltd., China) every day. All experiments were repeated 
three times. Then, the growth inhibition rate (IR) of M. 
aeruginosa was estimated by Eq. (1) [26].
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where N0 is the algal density of the control group, NX is the 
algal density of experimental group. The value of IR was 
employed to calculate EC50. The probit fitting curves were 
obtained based on the inhibition rate under six concen-
tration conditions at 5 d by probit method [40].

2.6. Joint effect analysis of LA composites in contrast with 
matrixes and LA

CTC is used to evaluate the joint effect of two exoge-
nous chemicals [41]. In this paper, the joint algal inhibition 
effects of PD, PB, MPEP, and LA were analyzed by CTC, 
respectively. The CTC was calculated with the following 
Eqs. (2)–(5) based on the previous study [42].
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where TI represents the toxicity index, ATI represents the 
actual toxicity index, TTI represents the theoretical tox-
icity index, Ai represents other material except for LA, CAi 
represents the concentration of Ai. If CTC > 120, which is 
indicative of a synergistic effect; If 80 < CTC < 120, which 
represents an additive effect; If CTC < 80, which indicates 
an antagonistic effect [42].
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3. Results and discussion

3.1. Growth inhibition effects of LA composites

The influence of the different preparation parameters 
of LA-PD, LA-PB, LA-MPEP on their growth inhibition 
effects of M. aeruginosa are shown in Fig. 1. As presented 
in Fig. 1a, the algal density increased with culture time in 
the control group, which could reach up to 5.95 × 106 cells/
mL after 7 d. LA-PD had obvious inhibition on M. aerugi-
nosa growth. The algal density was only 2.99 × 106 cells/mL 
with the treatment of 13.3 mg/L LA-PD (70°C, 180 rpm, 5 h) 
at 7 d, the corresponding inhibition rate of M. aeruginosa 
was 49.74% (Fig. 1b), which possessed the best inhibition 

efficiency compared to the LA-PDs prepared in other con-
ditions. As illustrated in Fig. 1c, LA-PB showed significant 
suppression against M. aeruginosa, and algal cells decreased 
obviously after exposure to 13.3 mg/L LA-PB. As exposure 
time extended to 7 d, the algal density could only reach 
up to 2.97 × 106 cells/mL under 13.3 mg/L of LA-PB (50°C, 
180 rpm, 8 h), and the corresponding inhibition rate of M. 
aeruginosa was 50.08% (Fig. 1d), which was the highest inhi-
bition ratio among these prepared conditions. The influence 
of the different preparation parameters of LA-MPEP on 
its growth inhibition effect were presented in Fig. 1e. The 
growth inhibitory effects of LA-MPEP could be negligi-
ble at 24 h of treatment. The density of the algae began to 

 
Fig. 1. The influence of the different preparation parameters of BLA-PD (a, b), BLA-PB (c, d), BLA-MPEP (e, f) on their growth 
inhibition effects.
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decline from 48 h, it was 2.75 × 106 cells/mL at the dosage 
of 13.3 mg/L LA-MPEP (50°C, 180 rpm, 8 h) and the inhi-
bition rate was up to 53.78% after 7 d of treatment (Fig. 1f), 
which was superior to those of LA-MPEPs under other pre-
pared conditions. On the basis of the above results, it could 
be summarized that the LA-PD (70°C, 180 rpm, 5 h), LA-PB 
(50°C, 180 rpm, 8 h) and LA-MPEP (50°C, 180 rpm, 8 h) 
present the best algae inhibition ability, which were labeled 
as BLA-PD, BLA-PB, and BLA-MPEP, respectively.

3.2. Characterization of LA composites with the best 
algae inhibition ability

SEM images of PD, PB, MPEP, and LA composites are 
summarized in Fig. 2. Fig. 2a reveals the abundant pores 
in the surface of PD, its diameter was approximately 5 nm, 
and these pores could enable PD to store sufficient LA to 
suppress the growth of algae. As shown in Fig. 2b, no pores 

were seen on the surface of BLA-PB, which demonstrated 
the LA had encapsulated into PD successfully [43]. The 
SEM image of PB is shown in Fig. 2c, the PB was found to 
be consisted of the irregular pore, which was an adequate 
platform for storing LA. As could be seen from Fig. 2d, 
the hole was hardly observed in BLA-PB, implying that 
the LA had entered the hole of PB [44]. Fig. 2e presented 
that MPEP exhibited pentagonal-like pore structure. There 
was no existence of hole in the SEM image of BLA-MPEP 
(Fig. 2f), which demonstrated that the formation of LA 
encapsulation BLA-MPEP [45].

Thermogravimetric (TG) analysis was employed to 
determine the thermal ability of LA composites. The ther-
mogravimetric (TG) curves of PD, PB, MPEP, LA-PD, LA-PB, 
and LA-MPEP are shown in Fig. 3. As shown in Fig. 3a, the 
weight loss for PD from 30°C to 81°C was 3%, which was 
attributable to the loss of water crystallization. For BLA-PD, 
the first stage occurred at 30°C–88°C with a weight loss rate 

 
Fig. 2. Scanning electron microscope images of PD (a) and BLA-PD (b), PB (c) and BLA-PB (d), MPEP (e) and BLA-MPEP (f).
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of 5.76% is corresponded to the evaporation of free water, 
crystal water and adsorbed water. The weight loss of the 
second stage for BLA-PD between 88°C and 342°C (36.44%) 
was due to the loss of the LA, which contained the largest 
amount of LA compared with LA-PDs under other prepa-
ration parameters. The third stage was observed to occur 
from 342°C to 493°C mainly because of the burn of carbona-
ceous residue. In Fig. 3b, the 2.79% weight loss of PB start-
ing at about 31°C and ending at about 78°C was stemmed 
from the loss of water. The TG curves of BLA-PB could be 
divided into three stages, the first one (31°C–91°C) with 
weight loss of 4.43% was associated with the dehydration 
of the BLA-PB. The second stage (91°C–332°C) accounting 
for 31.48% of total mass was ascribed to the breakdown 
of the LA, while the LA content of LA-PBs prepared by 
other conditions were lower than BLA-PB. The third stage 
occurred at 332°C–482°C mainly caused by the loss of car-
bonaceous residue. The TG curves of MPEP and LA-MPEPs 
under different preparation parameters are shown in Fig. 
3c. As illustrated in Fig. 3c, the decrease in mass loss of 
MPEP was relatively similar to LA-MPEP under different 
preparation parameters from 52°C to 96°C, which indicated 
the dehydration of samples [46]. The sharp decline of mass 
loss occurred from 96°C to 303°C for LA-MPEP under dif-
ferent preparation parameters were corresponded to the 
decomposition of LA within the LA-MPEP [47]. Compared 
with LA-MPEPs under other preparation parameters, 
BLA-MPEP exhibited the largest mass loss at the range 
of 116°C–218°C (Δm = 68.48%), demonstrating that the 
best preparation condition was 50°C of reaction tempera-
ture, 8 h of time, and 180 rpm of magnetic stirring speed, 
which was consistent with results from Fig. 3. 1f. In com-
parison with BLA-PD and BLA-PB, BLA-MPEP possessed 
the highest LA content, which was likely to have the best 
inhibition effect on M. aeruginosa. The decomposition tem-
perature values of BLA-PD, BLA-PB and BLA-MPEP were 
much higher than the application temperature, indicat-
ing that BLA-PD, BLA-PB and BLA-MPEP had excellent 
thermal ability at the range of application temperature.

The functional groups of the BLA-PD, BLA-PB and 
BLA-MPEP were analyzed by FTIR spectra (seen in Fig. 4). 
As presented in Fig. 4a, for BLA-PD, the adsorption peak 
located at 1,015 cm–1 caused by the stretching vibration of 
Si–O–Si [48]. The peak at 1,734 cm–1 is ascribed to C=O [49]. 
Additionally, it was also found that the stretching vibra-
tion of functional group of C–H at 2,995 and 2,945 cm–1 
[50]. There was an absorbance peak at 3,331 cm–1, which 
belonged to the bending vibration of O–H group [51]. Fig. 
4b shows the FTIR spectra of BLA-PB, the peak approxi-
mately at 1,735 cm–1 owing to the stretching vibration of the 
C=O group [52]. The appearance of the adsorption peaks in 
the region of 2,900–3,000 cm–1 were ascribed to the stretch-
ing vibration of the C–H group, which were caused by the 
CH2 and CH3 [53]. The peaks appear at 3,404 cm–1 was cor-
responded to the vibration peak of O–H [54]. For the BLA-
MPEP (Fig. 4c), the peak situated at 1,742 cm–1 is assigned to 
C=O [55]. The presence of the peak at 2,939 and 2,990 cm–1 
reflected the asymmetrical and symmetrical stretching 
vibration of the C–H group, which were generated by the 
CH2 and CH3 [56]. The band at 3,445 cm–1 represented the 
bending vibration of O–H [57]. The C=O adsorption peak 

 
Fig. 3. Thermogravimetric curves of PD, LA-PDs under different 
preparation parameters (a), PB and LA-PBs under differ-
ent preparation parameters (b), MPEP and LA-MPEPs under 
different preparation parameters (c).
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of lactic acid appeared at 1,730 cm–1, while the C=O char-
acterize peak of BLA-PD, BLA-PB and BLA-MPEP shifts 
from 1,730 to 1,734, 1,735 and 1,742 cm–1, respectively [58]. 
In comparison with LA, the red shifts of C=O characterize 
peak indicated that there were hydrogen bond interactions 
between the functional groups of PD, PB, MPEP and LA 
[59]. The interactions such as hydrogen bond and surface 
tension forces could enable LA easily encapsulated into 
the holes of the PD, PB, and MPEP, which could prevent 
the LA leaking from the PD, PB and MPEP to achieve long 
term inhibition on the growth of algal cells. On the basis 
of the above results, the BLA-PD, BLA-PB and BLA-MPEP 
were considered to achieve long term algal inhibition.

3.3. Inhibition effects of LA composites with the best algae 
inhibition ability on the growth of M. aeruginosa

The histograms of inhibition rate and the probit fitting 
curves of inhibition rate under different concentrations 
of BLA-PD, BLA-PB, and BLA-MPEP are shown in Fig. 
5. Fig. 5a shows different concentrations of BLA-PD on 
algae inhibition. In the 1 mg/L BLA-PD treatment group, 
the inhibition rate of M. aeruginosa at 7 d was only 4.98%. 
When algae cells exposed to 2.5, 5, and 10 mg/L BLA-PD, 
the inhibition rate were not significantly increasing com-
pared with 1 mg/L BLA-PD. In contrast to the inhibition 
rate of 1 mg/L BLA-PD, there was an obvious increase 
when the algae were under 25 and 50 mg/L of BLA-PD. 
The algae inhibition rate was gradually increasing during 
7 d of treatment with 50 mg/L BLA-PD, which was up to 
100% after 7 d of treatment. Fig. 5b displays the inhibitory 
efficiency of 1, 2.5, 5, 10, 25, and 50 mg/L BLA-PB. Algal 
growth in the treatment with 1 mg/L BLA-PB was slightly 
suppressed, the algal inhibition rate showed a peak (8.2%) 
after 3 d of exposure. The inhibition rate increase accompa-
nying with BLA-PB concentration increasing. The highest 
algae inhibition rate appeared after 7 d of exposure with 
50 mg/L of BLA-PB, which was closed to 100% at 7 d. As 
depicted in Fig. 5c, the algae inhibition rate was improved 
with an increase in the concentration of BLA-MPEP, and the 
50 mg/L BLA-MPEP showed up to nearly 100% inhibition 
during 4–7 d, which exhibited a more positive inhibition 
effect when compared with those of 1, 2.5, 5, 10, 25 mg/L 
BLA-MPEP. The prohibit fitting curves of BLA-PD, BLA-PB, 
and BLA-MPEP are shown in Figs. 5d–f, respectively. The 
EC50 of BLA-PD was 30.85 mg/L, while those of BLA-PB 
and BLA-MPEP were 20.87 and 14.02 mg/L, respectively. 
In a previous report, it was demonstrated that the EC50 
at 6 d of the allelopathic extracts from Nelumbo nucifera 
stem was 8.79 g/L for M. aeruginosa [60]. Deng et al. [61] 
reported that the EC50 of allelochemical dibutyl phthal-
ate extracted from straw on the growth of M. aeruginosa 
at 6 d was 2.1 g/L. Therefore, compared with the Nelumbo 
extracts and dibutyl phthalate, LA composites obviously 
possessed the lower EC50 and higher inhibition efficiency, 
which had excellent application prospects in the field of 
usage of allelochemical composites for algae inhibition.

To analyze the algal inhibition effects of BLA-PD, 
BLA-PB, and BLA-MPEP in contrast with LA, PB, MPEP, 
and PD, the histograms of inhibition rate and the probit fit-
ting curves of inhibition rate under different concentrations 

 
Fig. 4. Fourier-transform infrared spectroscopy of BLA-PD (a), 
BLA-PB (b), and BLA-MPEP (c).
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of PD, PB, and MPEP were also investigated (shown in 
Supporting Information). As shown in Fig. S1, the 50 mg/L 
LA had the best algal inhibition ability, the inhibition rate 
was close to 100% at 7 d, and the corresponded EC50 of LA 

was 19.83 mg/L. Fig. S2 shows the influence of different 
concentrations of PD on algae inhibition and probit fitting 
curve of PD, the PD has relatively low anti-algae effect, the 
optimal inhibition rate achieved by 50 mg/L PD at 5 d was 

Fig. 5. The histograms of inhibition rate under different concentrations of BLA-PD (a), BLA-PB (b), BLA-MPEP (c) on algae inhibi-
tion; The probit fitting curve of inhibition rate under different concentrations of BLA-PD (d), BLA-PB (e), BLA-MPEP (f).
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51.59%, which was much lower than that of the LA and 
BLA-PD, and the EC50 of PD was 39.87 mg/L. It was observed 
that 50 mg/L PB at 5 d was 50.89%, and the EC50 of PB was 
37.48 mg/L (Fig. S3). As shown in Fig. S4, the highest inhi-
bition rate of MPEP was 52.83% and the EC50 of MPEP was 
23.65 mg/L. Based on the results, the PD, PB and MPEP had 
weak inhibition effect on algae cells, which indicated that 
the LA within BLA-PD, BLA-PB, and BLA-MPEP played a 
vital role in the process of algae inhibition. Additionally, 
BLA-MPEP possessed superior algae inhibition ability 
compared to the other two, which may be attributed to its 
largest LA content per package.

CTC is used to evaluate the joint algal inhibition effects 
of PD, PB, MPEP, and LA. Table 1 shows the CTC value of 
BLA-PD, BLA-PB and BLA-MPEP (detailed CTC calculation 
process in Supporting Information 5). Xu et al. [62] founded 
a synergistic effect of bt and an chlorbenzuron mixture on 
Hyphantria cunea Drury, which could effectively improve the 
toxicity of chlorbenzuron on the H. cunea. Chen et al. [42] 
reported that the methoxyfenozide and lufenuron exhib-
ited optimum synergistic toxicity on Spodoptera exiguaata 
mass ratio of 4:6, and the CTC value was 165.705. The CTC 
values of BLA-PD, BLA-PB, BLA-MPEP were 95.6, 140.3, 
149.0, respectively. The result demonstrated that an addi-
tive or synergistic effect between LA and PD, PB, MPEP, 
which was beneficial to suppress the growth of algae.

4. Conclusions

In this study, the heavy composite BLA-PD, the sus-
pended composite BLA-PB, and the floated composite BLA-
MPEP were prepared by incorporating lactic acid (LA) into 
purified diatomite (PD), purified biochar (PB), and magnetic 
purified expanded perlite (MPEP) using co-impregnation 
method. SEM images pointed out that LA had introduced 
into PD, PB and MPEP. Thermogravimetric analysis results 
displayed that the BLA-PD, BLA-PB, and BLA-MPEP pos-
sessed outstanding thermal ability at the range of applica-
tion temperature. FTIR spectra further confirmed that the 
LA had introduced into PD, PB and MPEP. The algae inhi-
bition assay showed that inhibition actions of BLA-PD, 
BLA-PB, and BLA-MPEP were superior to those of LA, PD, 
PB, and MPEP. The CTC values of BLA-PD (95.6), BLA-PB 
(140.3), and BLA-MPEP (149.0) indicated additive or syn-
ergistic effects between LA and PD, LA and PB, LA and 
MPEP. To develop lactic acid-encapsulating composites 
BLA-PD, BLA-PB, and BLA-MPEP for bottom-mud, over-
lying water, and water surface directed algal-bloom pre-
vention and control will have a great application potential.
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Supplementry Information

Table S1
Orthogonal experimental factors design for LA-PD, LA-PB and LA-MPEP

Factors Temperature (°C) Speed (r/min) Time (h)

1 50 120 2
2 50 150  5
3 50 180  8
4 60 120  5
5 60 150  8
6 60 180  2
7 70 120  8
8 70 150  2
9 70 180  5

Fig. S1. Influence of different concentrations of LA on algae inhibition (a) and probit fitting curve of LA (b).
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Fig. S2. Influence of different concentrations of PD on algae inhibition (a) and probit fitting curve of PD (b).

Fig. S3. Influence of different concentrations of PB on algae inhibition (a) and probit fitting curve of PB (b).

Fig. S4. Influence of different concentrations of MPEP on algae inhibition (a) and probit fitting curve of MPEP (b).
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In this paper, LA was selected as a standard material, 
the CTC value of theBLA-PD, BLA-PB and BLA-MPEP were 
calculated as follows:

BLA-PD:

TILA = EC50 LA/EC50 LA × 100 = 100

TILA = EC50 LA/EC50 LA × 100 = 19.83/39.87 × 100 = 49.7

ATI = 19.83/30.50 × 100 = 65.0

TTI = 100 × 0.364 + 49.7 × 0.636 = 68.0

CTC = ATI/TTI × 100 = 65.0/68.0 × 100 = 95.6

BLA – PB:

TILA = EC50 LA/EC50 LA × 100=100

TIPD = EC50 LA/EC50 PB × 100 = 19.83/37.48 × 100=52.9

ATI = 19.83/20.87 × 100 = 95.0

TTI = 100 × 0.315 + 52.9 × 0.685 = 67.7

CTC = ATI/TTI × 100 = 95.0/67.7 × 100 = 140.3

BLA – MPEP:

TILA = EC50 LA/EC50 LA × 100 = 100

TIMPEP = EC50 LA/EC50 MPEP × 100 = 19.83/23.65 × 100 = 83.8

ATI = 19.83/14.02 × 100 = 141.4

TTI = 100 × 0.685 + 83.80 × 0.315 = 94.9

CTC = ATI/TTI × 100 = 141.4/94.9 × 100 = 149.0
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