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Abstract: To promote the conservation of aquatic ecosystems, it is essential to delve into restoration
techniques for selecting the most sustainable option for combating eutrophication. Hence, we study
the effects of novel phosphorus (P) adsorbents (magnetic carbonyl iron particles, HQ, and two
non-magnetic P adsorbents: CFH-12® and Phoslock®) on the growth and photosynthetic activity
of Chlorella sp. More specifically, the intrinsic photochemical efficiency of PSII (®pgy) and the
nonphotochemical quenching (NPQ) were measured in Chiorella sp. after different contact times
with different concentrations of these adsorbents. Our initial hypothesis was that non-magnetic P
adsorbents have more effects on the organisms than magnetic ones. However, our results did not
show strong evidence of inhibitory effects caused by HQ nor CFH-12® (no significant effect size on
®pgyr), while Phoslock® showed inhibitory effects on the photosynthetic activity of Chlorella sp. for
any of its concentrations (NPQ = 0). Lastly, we compared the effect of the studied P adsorbents in a
real application scenery (Honda wetland, Spain). For this study case, it is likely that CFH-12® and
HQ doses would not cause any negative effects on photosynthetic efficiency while Phoslock®, by
limiting light availability, will drastically reduce it.

Keywords: phosphorus; Chlorella sp.; toxicity; photosynthetic activity; eutrophication; lake restoration;
sustainability assessment

1. Introduction

Inland waters cover less than 2% of the Earth’s surface, but support 12% of known
species, and more than half of all fish species, with high levels of endemism. This biodi-
versity is being worldwide threatened by a multitude of stress agents. In fact, monitored
freshwater species populations have declined by an average of 84%, migratory fish by 76%,
aquatic megafauna by 88%, and mega-fishes by 94%. The main threats to the biodiversity
of inland waters are habitat loss, climate change, invasive species, and eutrophication [1-5].

Worldwide, eutrophication has negative effects on both ecological and economic
dimensions [2,6]. Anthropogenic activities such as agriculture have a key role in the eu-
trophication of aquatic ecosystems since this activity translocates high concentrations of
phosphorus (P) from agricultural lands to aquatic ecosystems by runoff [7,8]. Considering
that P is the main limiting nutrient for primary production in freshwater ecosystems, it
requires a reduction in its concentration in the water column in order to restore them.
To achieve this goal, three different but frequently complementary techniques are recom-
mended: (i) the reduction in external P loads; (ii) the increase in P retention; and (iii) the
increase in P export [1]. Although the reduction in the P external load is considered the
essential step for achieving a successful restoration project, the reduction in the internal
P load has notable impacts on lake water quality [9,10]. To obtain it, several P-sorbing
materials have been proposed as these adsorbents take the P from the medium being this
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P is no longer available for primary producers [11]. The P adsorbents most used for lake
restoration are iron (Fe) and aluminum (Al) oxides [12-14]. However, the use of these
compounds has shown several disadvantages such as (i) the reduction in P adsorption
efficiency with aging and the increase in toxicity at high values in the case of Al [15,16];
(ii) Fe is sensible to redox conditions [17]; (iii) both Fe and Al compounds produce flocs
when the pH of the lake water decreases [18]; and (iv) Al flocs reduce the sediment stability
hindering macrophytes colonization [19,20].

In order to counteract the disadvantages showed by Al and Fe salts, novel P adsorbents
have been proposed for use in inland water restoration projects. One of these P adsorbents
is Phoslock®, a lanthanum (La) modified bentonite, which has been widely used for
combating eutrophication [11,21]. Phoslock® has shown a high P removal efficiency in a
wide pH and even under anoxic conditions [21,22], although it is not cost-effective [23]
and it has shown chemical interferences with other substances [24,25]. On the other hand,
CFH-12%, a dried Fe oxide has been proposed to be used in lake restoration since it has a
high P removal efficiency (7.6-8.1 Fe: P molar ratio), it does not change water pH and it is
not sensible to redox conditions [26].

Nevertheless, none of these mentioned adsorbents nor the P adsorbed by them can
be recovered from the lake after their application. Accordingly, other novel P adsorbents,
magnetic particles (MPs), have been proposed to be used in lake restoration since they allow
recovering P-loaded MPs after their application [27-29]. These MPs are characterized by a
high efficiency for removing P from the water column [30] and once P is adsorbed, P-loaded
MPs can be recovered from the ecosystem by using magnetic separation techniques. Later
on, P can be desorbed by using basic solutions and reused as a fertilizer [31]. Therefore, the
use of MPs in lake restoration can support two important worldwide problems affecting
the biogeochemical P cycle: the eutrophication of the aquatic ecosystems [7,32,33] and the
exhaustion of P reserves used for making fertilizers [34-36]. In addition, the use of MPs is a
cost-effective method for restoring eutrophicated lakes in comparison with other methods
since they can be reused up to four times by achieving a high P removal efficiency [37].
Another advantage of using MPs is that they can be supplied by companies (i.e., BASF) or
synthesized in the laboratory optimizing some selected properties [29-31]. Among MPs,
carbonyl iron (Fe) particles (HQ) have been proposed as a promising tool for combating
eutrophication since they combine both high maximum P adsorption capacity and low
economic cost (e.g., [27-29]).

Before applying P-sorbing materials in a real whole-lake project, it is essential to carry
out a complete toxicological assessment of these compounds in order to choose the most
sustainable. Phytoplankton, as primary producers, plays a key role in aquatic ecosystems
and accordingly, any potential toxic effects would affect the entire aquatic food chain.
To date, there are some studies that evaluate the effect of adding P adsorbents on the
phytoplankton community. It is likely that the most complete study (due to the diversity
of adsorbents used) is that of Alvarez-Manzaneda [38], where short-term standardized
laboratory tests were carried out for evaluating acute toxicological effects of magnetic
(carbonyl Fe particles, HQ, and magnetite) and non-magnetic (CFH-12® and Phoslock®) P
adsorbents on Raphidocelis subcapitata. Doubtless, the most studied P adsorbent is Phoslock®,
with a wide variety of works that evaluate its effect on the phytoplankton community
(e.g., [39-41]). On the contrary, the effects of MPs have been much less studied ([38,42],
among others).

Despite this diversity of mentioned works, there is a lack of information about the
sublethal effects of these novel adsorbents. In particular, photosynthetic activity can be
useful in risk assessment due to their sensitivity to environmental changes [43-45]. In this
study, the chlorophycean algae Chlorella sp. was chosen as an organism test since microalgae
have shown to be excellent aquatic models, easy to culture, and sensitive to pollutants and
Chlorella sp. has a short growth cycle, which makes it suitable for ecotoxicity studies [46].
Our working hypothesis is that the addition of P adsorbents can affect photosynthetic
efficiency by affecting light and nutrient availability. Additionally, we hypothesize that non-
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magnetic adsorbents, that cannot be removed from the medium, have higher toxic effects
than MPs. More in detail, in this paper we study the effects of a magnetic (carbonyl iron
particles, HQ) and two non-magnetic P adsorbents (CFH-12® and Phoslock®) on the growth
and photosynthetic activity of Chlorella sp. The results obtained in these ecotoxicological
tests can undertake risk assessments of these adsorbents in aquatic ecosystems and assist
the environmental decision-making.

2. Materials and Methods
2.1. Test Species and Culture Medium

Chlorella sp. (365 um?; diameter: 8.8 um) was selected as the test species since this
unicellular green alga is cosmopolitan and can be easily cultured in the laboratory [47].
It was cultured from a collection of the University of Granada by using 2000 mL volume
with Bold’s Basal Medium (BBM; [48]). The stock was maintained with a photoperiod
of 12:12 h, at a temperature of 21 £ 1 °C, and with an agitation of 200 rpm to avoid the
sedimentation of algae cells. This culture was maintained in exponential growth for five
generations before the experiment, in order to ensure its proper growth and quality, as
recommended by the International Organization for Standardization (ISO, [49]).

2.2. General Characterization of Adsorbents

All adsorbents used in the present study have been commercially supplied. Table 1
summarizes the main characteristics of the studied P adsorbents. As can be observed, they
have different chemical compositions, maximum P adsorption capacity, and size. More
in detail, HQ (BASF, Ludwigshafen, Germany) are spherical, with a relative polydisper-
sion and a ferromagnetic behavior with negligible remnant magnetization. HQ has been
thoroughly characterized by previous studies [27,28]. CFH-12® (Kemira, Helsinki, Finland)
is a dried amorphous solid composed of non-magnetic Fe oxides with a high and stable
adsorption of P [50]. Phoslock® (CSIRO, Canberra, Australia) is a granular material; it is a
Lanthanum-modified clay that has been used as a P adsorbent due to its high P adsorption
capacity even in anoxic conditions or after sediment resuspension events [51,52]. Of all
these distinctive features, it is key to highlight the different particle sizes among the studied
P adsorbents since it is well known that it affects not only the maximum P adsorption capac-
ity (increasing as the particle size is reduced; e.g., [27]) but also affects the magnetization
(reducing as the particle size is reduced; e.g., [27]), sedimentation (reducing as the particle
size is reduced; Stokes’s law) and, the toxicity (increasing as the particle size is reduced;

e.g., [53]).

Table 1. Main physico-chemical characteristics of the P adsorbents. Composition is referred to as
total ! and atomic surface 2 (%).

Maximum P Adsorption

Adsorbent Composition Capacity (mg g—1) Size References

Fe (98); C (0.9); N (0.9); O
HQ (0.5) ! (manufacturer) 18.83 805 £ 10 nm [27]
O (59); Fe (28); C (9); S (2); 0.85-2 mm (93%);
_1>®
CFH-12 Mg (0.5) and Ca (0.3) 2 151 <0.85 nm (6%) [26,30,52]

O (66); C (6); Si (19); AL (5); ~

Phoslock® La (1); Na (1); Mg (1); Ca (1) 13.6 -4 x 1-3 mm [30,52]

5 (manufacturer)
and Fe (1)

2.3. Toxicological Tests with Chlorella sp.

The concentrations of P adsorbents were selected according to previous results ob-
tained by Alvarez-Manzaneda et al. [38] in algal growth inhibition tests carried out with
Raphidocelis subcapitata. For the magnetic adsorbent (HQ), concentrations were 0.05, 0.1,
05 1,and15g L1 while for non-magnetic, concentrations were 0.02, 0.04, 0.1, 0.24, and
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06g L~ ! for CFH-12® and 0.1, 0.5, 1, 1.5, and 2 g L~ for Phoslock®. Each concentration
and control treatment comprised four replicates.

Once the algal stock culture was maintained in exponential growth for five generations,
algae were inoculated in each suspension. For the case of the magnetic adsorbent (HQ),
after 24 h of contact time and just before the experiment, the adsorbent was removed by
using a magnetic device specially designed by applying Comsol Multiphysics software®
version 5.3. (COMSOL Inc., Burlington, MA, USA). It consists of a handle and a rake
(@ =5 cm) with a platform that contains an array of 9 cylindrical neodymium magnets
individually inserted into its base. The removal process was carried out by immersing the
magnet twice for 3 s in each vessel. Later, all test vessels (30 mL) were located for 48 h in an
isolated room at 21 + 1 °C and a photoperiod of 12:12 h.

2.3.1. Effects of Adsorbent Addition on Physico-Chemical Variables

At the beginning and the end of the experiment, pH and dissolved oxygen saturation
(DO; %) were measured by using a multi-parameter probe (HI 9829, Hanna instruments,
Eibar, Spain) while turbidity was measured with a turbidimeter (LW-TN3024, XS, Carpi,
Italy) at the end of the experiment. Dissolved inorganic P (DIP; [54]) and total dissolved
Fe (Tot-Feg;s; [55]) concentrations were also quantified at the end of the experiment after
filtration (Whatman GF/F) and by using a spectrophotometer (Hitachi F-2000, Dynamica
Ltd., Livingston, UK and Biochrom-Libra S50, Biochrom Ltd., Cambridge, UK; respectively).
Tot-Fe4is was measured in all the adsorbent treatments except in Phoslock® since Fe does
not compose it.

2.3.2. Effects of the Adsorbents on Algal Growth

At the end of the experiment (15 h), 1 mL from each test vessel was sampled and
preserved with Lugol’s solution (1%, final concentration) for quantitative analysis. Cell
concentration (cell mL~!) of Chlorella sp. was estimated by using Neubauer’s counting
chamber for all treatments of each adsorbent.

2.3.3. Photosynthetic Activity of Chlorella sp.

For measuring in vivo chlorophyll a (Chl a) fluorescence of Chiorella sp., 3 mL were
collected from each test vessel at different times: 30 min and 1.5; 3; 5; 7.5; 10; 12.5; 13.5, and
15 h. Fluorescence was later measured by using a portable pulse-modulation fluorometer
(Water-ED PAM, Walz, Germany). Each measure was repeated six times for 10 s, immedi-
ately after sampling, so each sample was measured for 1 min. The PAM method was used
as it has been successfully used in toxicity experiments with Chlorella vulgaris [56].

The intrinsic photochemical efficiency of PSII (Photosystem II, ®pgyy) in the light was
determined according to this formula [57]:

AF  Fm-—Ft
¢ = —_— — 1
PSIl = 7 7 1)
where

F'm: instantaneous maximum fluorescence induced by a saturating light pulse (~5300 pmol
photons m~2 s~ 1in 0.8 s).

F't: current steady-state fluorescence of light-adapted cells induced by an actinic light
~419 W m~2 in light-adapted cells.

On the other hand, the nonphotochemical quenching (NPQ) was used as a proxy of
the excess energy dissipation as heat. It is the most important short-term photoprotective
mechanism activated by saturating radiation intensities. NPQ was determined directly
from the PAM fluorometer as follows:

Fm—F'm

NPQ =
Q F'm

(2)
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where

Fm: maximal fluorescence of the dark-adapted sample.
NPQ was calculated for each sample from the Fm value stored by the software.

Finally, the ®pgy; and NPQ areas were calculated for both diel cycles (in quadruplicate
for each treatment), according to Gonzalez-Olalla et al. [58] as:

A= /ba f(x)dx (©)

where

a = initial measurement time
b = final measurement time
f(x) = curve describing ®pgy; or NPQ over time for each treatment.

OriginPro 8.5 software (OriginLab Corporation, Northampton, MA, USA) was used
for calculating the area under the curve that represents the balance between photoinhibition
and repair of PSII throughout the diel cycle.

The effect size of adsorbents for each treatment on ®pgyy integral and NPQ areas was
calculated as follows:

Xc — X

Effect size of adsorbent(%) = L %100 4)
C

where
X = Variable response considered in samples under control (C) and treatments (T).

Negative values are indicative of a stimulatory effect and positive values indicate an
inhibitory effect of stress factors.

2.4. Statistical Analyses

After testing the requirements of normality (Shapiro-Wilk test), and homoscedasticity
(Levene test) of the residuals, significant differences in final pH values, final DO saturation
values, algal concentration, DIP, and Tot-Feg;s concentrations, effect size on ®pgy integral
and NPQ areas and turbidity values were tested by using one-way ANOVA, followed
by Tukey’s HSD post hoc test (95% confidence level). In the case that data did not sat-
isfy homoscedasticity assumptions (Levene test, p < 0.05) such as pH in CFH-12®, DO in
HQ, turbidity in HQ and CFH-12%, as well as Tot-Feg;s concentration in HQ experiment,
significant differences among treatments were tested by using Kruskal-Wallis test. Re-
garding the analyses for ®pg and NPQ diel cycles, since the data met the normality and
homoscedasticity assumptions, for testing the existence of significant differences over time
among treatments repeated measures ANOVA (RM-ANOVA) was used and Tukey HSD
was used as post hoc test. These analyses were carried out by using the R version 4.0.3 (R
Foundation for Statistical Computing, Vienna, Austria) program.

3. Results
3.1. Effect of Adsorbents Addition on Physico-Chemical Variables

Tables 2 and 3 show the mean values of the physico-chemical variables measured
at the initial and at the final time of the experiment and Table 4 summarizes the results
of the statistical analyses for those variables. Concerning pH values, significant effects
of treatment (adsorbent concentration) were observed for all adsorbents except for CFH-
12% (Kruskal-Wallis test; p = 0.28). However, the trends were not the same between the
adsorbents. While for HQ and Phoslock® an increase in pH has been observed as the
adsorbent concentration increases, that trend was not clear in CFH-12%. For the case of DO
saturation values, a significant decrease at the end of the experiment was observed for all
adsorbents except for Phoslock®, where all treatments had a 100%. In relation to the effect
on turbidity of adding P adsorbents, the same pattern for all adsorbents was observed. As
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expected, a significant increase in turbidity was observed as the adsorbent concentration
increased, recording the highest turbidity values for Phoslock© treatments.

Table 2. Mean values and standard deviations of the physico-chemical parameters were measured at

the beginning and the end of the experiment for the different adsorbents and treatments.

DO (%)

Treatment (g L™1) Initial Final Initial Final
Control 7474002 7524001  100.00 £0.00 96.00 & 1.04
0.05 749+ 006 7554004  100.00 +0.00 9475+ 1.05
HO 0.1 7634005 7704005  100.00 +0.00  93.60 & 0.34
05 826+ 007  833+009 98304092  93.70 + 0.64
1 830+0.11 8304004  9208+198  91.63+023
15 844+ 004 8284004 8890+ 141  91.63 + 0.40
Control 7424004 7274029 93754554 91334021
0.02 7414003 7444001 8688 +057  91.23 + 037
EEL1o® 0.04 739+ 002 7444004 8750+ 0.85  90.38 + 0.26
- 0.1 7444005 7434002 8540 +6.66 9038+ 0.57
0.24 744+ 005 7434001 8680 +510  88.13 -+ 1.18
0.6 736 +0.03 7404002  80.07+7.14 8727 +0.12
Control 7834010  770+0.16  100.00 +0.00 100.00 = 0.00
0.1 785+ 004 7824007  100.00 +0.00 100.00 - 0.00
o 0.5 7924001 7924006  100.00 +0.00  100.00 - 0.00
Phoslock 1 7944004  795+010  100.00 +0.00 100.00 = 0.00
15 7954002 7984009  100.00 +0.00 100.00 % 0.00
2 7934005 8164010  100.00 +0.00 100.00 % 0.00

Table 3. Mean values and standard deviations of the physico-chemical parameters were measured at
the end of the experiment for the different adsorbents and treatments. n.d. means non-detectable as
values were below the limit of detection (0.01 mg Fe L.

Treatment Turbidity DIP Tot-Fegy;s
L™ (NTU) (mg L) (mgL™1)
Control 28.23 + 2.00 145.77 + 8.49 nd.
0.05 5734+ 7.15 142.81 + 8.28 nd.
HO 0.1 69.50 + 6.45 137.64 + 7.83 0.01 + 0.02
05 254.00 + 15.71 100.12 + 4.00 18.67 - 0.60
1 223 4+ 15.72 88.96 -+ 1.54 19.81 + 1.50
15 157.75 + 24.10 72.86 -+ 4.38 15.97 + 3.48
Control 32.80 + 15.66 63.57 & 1.53 nd.
0.02 4237 4 0.85 67.22 + 0.99 nd.
CEEL1D® 0.04 46.74 4 3.44 65.58 & 3.73 n.d.
- 0.1 64.50 + 3.11 64.72 + 1.34 nd.
0.24 98.75 + 4.27 62.50 -+ 4.71 nd.
0.6 261.00 + 32.91 58.95 4 2.27 nd.
Control 121.25 + 10.60 71.65 + 1.72 -
0.1 106.50 + 12.45 56.63 + 0.56 -
o 05 137.75 + 29.33 54.08 + 0.90 :
Phoslock 1 204.75 + 8.77 50.68 + 1.59 -
15 264.50 4+ 9.11 44.68 + 5.86 -
2 366.50 + 8.96 42.84 4 2.55 y
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Table 4. Results of the statistical analyses of physico-chemical parameters and algal concentration for
the different adsorbents. df = degrees of freedom; * (p < 0.05); ** (p < 0.01); *** (p < 0.001). Statistical
values generated come from the 2: Kruskal-Wallis test and P: one-way ANOVA.

HQ CFH-12% Phoslock®

df F P df F p df F p
pH 2P 5 29207 * 5 0.59 ns 5 8.40

DO 2P 5 101.83 *** 5 2.90 * - - -
Turbidity P 5 1236 5 1187 5 17801

DIP P 5 18299 5 1.39 ns 5 6.69 *

Tot-Fedis &P 5 1076 - - - - - -
Algal concentration P 5 0.68 ns 5 3.87 ** 5 10.53 o

In the case of DIP, it is important to note that, as it was foreseeable, significant differ-
ences among treatments were found for magnetic adsorbents and Phoslock® evidencing
a DIP reduction as adsorbent concentrations increase. By contrast, CFH-12® caused a
DIP reduction but no significant differences were achieved (Table 4). Finally, Tot-Fegjs
concentrations higher than the detection limit were just measured for HQ, and only for
concentrations of this adsorbent greater than 0.1 g L1

3.2. Effect of Adsorbents Addition on Algal Growth

Algal growth was measured at the end of the experiment (Figure 1). Significant
differences in algal concentration among treatments were found for all adsorbents except
for HQ (Table 4). More in detail, for CFH-12°® significant differences among control and
0.1 and 0.24 g L~! were found (Tukey HSD post hoc; p < 0.005 and p < 0.05, respectively).
In the case of Phoslock®, significantly higher values were found for 2 g L.~! compared to
the control and to 0.1 g L~! of this adsorbent (Tukey HSD post hoc; p < 0.05).
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Figure 1. Cont.
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Figure 1. Algal concentration in the different treatments of the four adsorbents tested. (a) HQ;
(b) CFH-12® and (c) Phoslock®. Data are expressed as mean values £ SD. Significant differences
(p < 0.05) based on post hoc multiple comparisons are indicated by different letters.

3.3. Effects of the Adsorbents on the Photosynthetic Activity of Chlorella sp.

As expected, a similar pattern in diel cycles of ®ps;; was found for all adsorbents and
treatments (Figure 2). It consisted of a U-shaped curve evidencing the highest values at
the beginning of exposure and after the radiation stress was removed. If we compare the
effects of the different concentrations of each adsorbent on the photosynthetic efficiency,
we can observe that in the case of HQ, there are significantly higher values of ®pgp in
the control compared to the highest concentrations only when there were no radiation
conditions (Figure 2a). For CFH-12% (Figure 2b), no significant differences were detected
between treatments, but significant differences were observed over time just under light
conditions (Tukey HSD post hoc; p < 0.05). Finally, for Phoslock®, only significant differ-
ences between the control and the highest concentration were obtained at 11:00, 20:30, and
23:00 h (Figure 2c; Tukey HSD post hoc; p < 0.05).

In addition, in order to identify in which treatments the effect compared to the con-
trol is more remarkable, we calculated the effect size of the different treatments of each
adsorbent on the ®pgyy area (Figure 3). For HQ, although no significant differences among
treatments were observed (one-way ANOVA; p > 0.05), an inhibitory effect (reflected by
positive values) on ®pgj; was observed for the three highest concentrations (Figure 3a).
For CFH-12%, no significant differences among treatments were found (Figure 3b). Finally,
all Phoslock® concentrations resulted in an inhibitory effect on ®pgy; (Figure 3c), being
this inhibition significantly higher at the highest concentration compared to the lowest
concentration (Tukey HSD post hoc; p < 0.05).

On the other hand, NPQ diel cycles exhibited a clear response to the adsorbents
exposition (Figure 4). Our results show significant differences over time for HQ (Figure 4a)
and additionally, the two highest concentrations exhibited significant differences with all
the other concentrations from 9.30 h onwards (Tukey HSD post hoc; p < 0.05). For CFH-
12® (Figure 4b), significant differences were just found over time during light conditions
(Tukey HSD post hoc; p < 0.05) but no significant differences were found among treatments
(RM-ANOVA; p > 0.05). Finally, for all Phoslock® treatments, the value of NPQ was zero
throughout the experiment and so, no figure is included.
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Figure 2. Effective quantum yield (®PSII) of Chlorella sp. exposed to different concentrations of
(a) HQ; (b) CFH-12% and (c) Phoslock®. Data are expressed as mean values £ SD. Shaded areas
represent dark exposure periods.

Due to the biological meaning of the NPQ variable coping with adsorbent stress, a
positive value of the effect size means low stress. From Figure 5 it can be seen that a similar
pattern exists for HQ, with only positive effects (which means less stress on the algae) at
lower adsorbent concentrations (<0.5 g L~1). However, for CFH-12® a positive effect has
been observed for all concentrations except for 0.04 g L1
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are expressed as mean values £ SD. Significant differences (p < 0.05) based on post hoc multiple
comparisons are indicated by different letters.
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Figure 4. Non-photochemical quantum yield (NPQ) of Chiorella sp. exposed to different concentra-
tions of (a) HQ and (b) CFH-12®. Data are expressed as mean values £ SD. Shaded areas represent
dark exposure periods.
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values + SD. Significant differences (p < 0.05) based on post hoc multiple comparisons are indicated
by different letters.

4. Discussion

Although various methods are available for restoring eutrophic aquatic ecosystems,
none has received universal acceptance as the most effective approach (e.g., [30]). When
selecting the P adsorbent to be applied in the chemical inactivation technique (for reducing
P internal load), it is essential to take into account not only the maximum capacity to
adsorb P or its stability regardless of the physical-chemical conditions but also its harmless
nature for aquatic organisms at the dose to be applied in a real scenario. Although there
is a wide variety of studies focussed on studying the sublethal effects of P adsorbents
(e.g., [24,39,42,59], it is necessary to delve even deeper into these effects.

Overall, our results indicate that there is no strong evidence to infer that neither HQ
nor CFH-12® caused an effect on the photosynthetic activity of Chlorella sp., since significant
effects have only been observed in very specific situations and for adsorbent concentrations
so high that are very unlikely to be used in real conditions. Regarding Phoslock®, our results
suggest the existence of inhibitory effects on the photosynthetic activity of Chlorella sp. for
any of the concentrations tested. Therefore, we should reject our initial hypothesis that
non-magnetic P adsorbents (as they are not removed from the medium) have more effects
on the organisms than magnetic ones since there are substantial differences between the
non-magnetic P adsorbents used in this study (CFH-12® and Phoslock®). As the primary
producer, the main physico-chemical and chemical drivers of Chlorella sp. photosynthetic
activity are light and nutrient availability. In relation to light conditions, all P adsorbents
drastically caused a significant reduction in light availability. For HQ results, significant
differences between the control and the two highest concentrations (1 and 1.5 g L™!) in
the photosynthetic efficiency were observed only during the dark period. In addition,
the significant effects of the two highest concentrations during the light period on NPQ
may be due to the synergistic effects of HQ addition and light incidence that increased
the stress on Chlorella sp. at those concentrations. The high values in NPQ even during
dark conditions and the lowest values in ®pgy; during the dark period may indicate an
enhancement of the sensitivity of Chlorella sp. due to HQ addition. In fact, there are several
studies that show additive or synergistic interactions between different compounds such
as metals and light conditions [60]. More specifically, an increase in the effects of metals on
the photosynthesis of different algal species when combined with light irradiation has been
observed [61,62]. At this point, and despite the inherent limitations for these comparisons
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(BBM vs. natural lake water), it is interesting to note that Funes et al. [30] recorded that,
although turbidity measurements were not included, the addition of 1.4 g HQ L~! did not
cause significant changes in the concentration of total suspended solids with respect to the
controls, in experiments carried out with water from a eutrophic natural aquatic ecosystem.
Therefore, if even in the very unfavorable conditions that are included in the present study
(linked to the high turbidity caused by HQ), negative effects have not been observed on the
photosynthetic efficiency of Chlorella sp., it is expected that in a real application scenario,
this P adsorbent does not cause any negative effect on photosynthetic efficiency. For CFH-
12® and Phoslock®, it is especially interesting that during light exposure, and despite the
notable increase in water turbidity, photosynthetic efficiency was not significantly affected
after the addition of CFH-12%; however, an opposite pattern for Phoslock® was observed
where a significant decrease in photosynthetic efficiency was found but just for the highest
concentration at certain moments. Similarly, the effect size showed the existence of an
inhibition of photosynthetic efficiency in all treatments. That inhibition in the PSII may
be a consequence of the extremely high turbidity values caused by Phoslock® addition
that would block the radiation causing a “shading effect”. In fact, turbidity values for this
adsorbent were the highest among all P adsorbents and very similar to those obtained by
van Oosterhout and Liirling [39]. This result is consistent with zero values reported for
NPQ in the present study for all Phoslock® treatments since NPQ is expected to be zero or
close to zero in darkness [63,64].

On the other hand, it is striking that Phoslock®, which has the bigger particle size, is
the most harmful adsorbent. Even though some authors have shown that differences in
toxicity may be linked to particle sizes by promoting the aggregation/sedimentation of the
particles [65], in the present study the reduction in photosynthetic activity is mainly related
to the generation of a color that prevents the penetration of solar radiation. Anyway, the
particle sizes of the adsorbents used must be considered in order to distinguish among
possible long-term effects although, as we previously mentioned, the smallest adsorbent:
HQ was removed from the medium after 24 h of contact so long-term effects are not
expected for this adsorbent. Contrary to our results, Kang et al. [41] did not observe any
effect of Phoslock® (1 g L™! as the highest concentration) on the photosystem II efficiency
of Microcystis aeruginosa, although these authors noted a decline in the microcystins/Chl a
ratio related to a reduction in light availability at higher Phoslock® doses.

Regarding changes in nutrient availability after P adsorbents addition, all P adsorbents,
except CFH-12%, caused a significant reduction in DIP concentration. Despite this reduction,
no nutrient deficiency was found in any of the treatments, as DIP concentrations always
exceeded the minimum concentrations needed for phytoplankton growth (3 ug P-DIP L~1;
Reynolds [66,67]). At this point, it is relevant to consider that, depending on aqueous
chemical composition, P adsorbent addition may significantly affect not only P but also
Fe availability which could cause indirect effects on aquatic organisms. In the present
study, significantly higher Tot-Feg;s concentrations, compared to the control, have only
been found when HQ was added at concentrations greater than 0.5 g L~!. Our results
confirm those obtained by Alvarez-Manzaneda and de Vicente [42] who measured a drastic
increase in Tot-Fegjs concentrations when HQ concentrations were higher than 0.5 g L~1.
Similarly to those values recorded by Alvarez-Manzaneda and de Vicente [42], Tot-Feg;q
concentrations are much higher than others reported by Funes et al. [29] when adding HQ
under anoxic and oxic conditions, to natural waters. Therefore, and as Alvarez-Manzaneda
and de Vicente [42] suggested, our results confirm that HQ is better dissolved in BBM (algal
growth medium) than in natural waters. Anyway, these high Tot-Feg;s concentrations did
not have any significant effect on either algal concentration or photosynthetic efficiency.
However, the addition of CFH-12® which is a non-magnetic Fe oxide, did not cause any Fe
release to the medium. Similarly, Fuchs et al. [26] performed a laboratory experiment using
undisturbed sediment cores from three Danish lakes, under anoxic conditions and found
that CFH-12® addition did not significantly affect Fe efflux relative to the untreated cores.
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Apart from light and nutrient availability, other factors affecting microalgae growth
may include pH or aeration of the system [68]. All treatments and controls were kept
well oxygenated throughout the experiment (DO > 80%), while significant changes in pH
are relevant to be mentioned. HQ and Phoslock® addition conducted a significant pH
increase while no effect on pH was observed after CFH-12% addition. Previous studies
have also detected the same tendency after HQ addition but no significant effects on
Chlorella sp. growth associated with pH changes were observed [42]. Similarly, Alvarez-
Manzaneda et al. [38] carried out an experiment with Raphidocelis subcapitata in contact
with HQ and these authors found that pH values remained within the validity criteria
specified by the guideline [49]. Nevertheless, additional research is required as some
authors have observed negative effects on the photosynthetic activity of different algal
species when pH increases [69]. However, these effects were found when pH was higher
than 9 [70], a much larger value than that recorded in the present study. Regarding
Phoslock®, van Oosterhout and Liirling [39] recorded a pH reduction after 2 h of contact
time with 3.2 g L~1. By contrast, other studies have found no significant changes in pH after
Phoslock® addition [22,51]. Despite pH changes recorded in the present study, pH ranged
from 7.3 to 8.5, which are similar values to those used in standardized experiments [42,71]
and also in the range of the values reported by Rachlin and Grosso [72] as harmless for
Chlorella vulgaris, so negative effects of the pH on Chlorella sp. are not expected.

In this work, no significant effect has been observed on the algal concentration when
adding HQ and CFH-12® while a significant increase in algal concentration was found
for Phoslock® concentrations higher than 1 g L™!. For the case of HQ, it is striking that
for the same algae (Chlorella sp.) and for the same P adsorbent, Alvarez-Manzaneda and
de Vicente [42] observed algal growth inhibition (please note that they both are different
endpoints) higher than 50% for HQ concentrations above 0.15 g L~ (ECs was 0.15 g L.
Actually, those authors measured an average inhibition of 83% for the highest HQ concen-
tration (2 g L~!) while no changes in algal concentration have been found in the present
study for 1.5 g HQ L~!. One of the possible explanations for the observed differences could
be the different turbidity values recorded in both studies as turbidity values were much
lower in the present study than those measured by Alvarez-Manzaneda and de Vicente [42]
who measured up to 1000 NTU at 1.5 g L~!. Additionally, it is important to note that, even
though the algae used in both experiments was the same, the experimental performance
was very different regarding the duration of the experiment and the initial algal concentra-
tion in the test vessels. The shorter duration of this experiment (14.5 h) in comparison with
that carried out by Alvarez-Manzaneda and de Vicente [42] which extended for 72 h, may
be the main reason for the different results obtained for both experiments since toxicity
depends not only on dose but also on exposure time [73]. In fact, several authors pointed
out that effective and lethal concentrations decrease when exposure time increases [74,75].

Allin all, our results are more consistent with those observed for Raphidocelis subcapitata
by Alvarez-Manzaneda et al. [38] who found ECs of 1.50 g HQ L~!. Again, it is important
to take into account the difficulty of comparing the results obtained in different studies
due to, among others, interspecies differences in sensitivity [76] and also to methodological
aspects such as contact time and different medium composition as described by Chen
etal. [77] and Millington et al. [78]. Concerning CFH-12%, there are very few studies carried
out to evaluate the toxicity on phytoplankton (Alvarez-Manzaneda et al. [38]). While those
authors obtained for R. subcapitata, an ECs of 0.42 g L~ after 72 h of contact time, in the
present study no significant effect on algal concentration was found between 0.6 g L.~!
and controls after 14.5 h. In the case of Phoslock®, we have observed an unexpected
and significant increase in algae concentration for concentrations higher than 1 g L~1.
Contrarily, van Oosterhout and Liirling [39] noted negative effects of Phoslock® on the
growth rate of Scenedesmus obliquus and Microcystis aeruginosa in concentrations higher than
0.5 g L~! while Alvarez-Manzaneda et al. [38] did not observe any inhibition patterns in an
experiment carried out with with R. subcapitata.
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Therefore, if we compare the results of the effects of the studied P adsorbents on
photosynthetic efficiency and on algal concentration, strong discrepancies emerge. Similar
results were found by Ouyang et al. [79] who observed different responses in growth and
photosynthesis of C. vulgaris after their contact with zinc and cadmium. By contrast, other
studies evidenced a link between the inhibitory effect of different toxicants on algal growth
and the suppression of photosynthesis [80,81].

Lastly, we aim to compare the effect of the studied P adsorbents in a real application
scenery such as the well-studied hypereutrophic Honda wetland of the Albufera de Adra
(Almeria, Spain; e.g., [29,82]). Based on the mass of sedimentary mobile P in the lake and
the maximum P adsorption capacity of each adsorbent, and even considering an overdose
linked to the possible chemical interferences in P adsorption mechanisms (e.g., [29]), it is
likely that CFH-12® and HQ doses would not cause any negative effects on photosynthetic
efficiency while Phoslock®, by limiting light availability, will drastically reduce it.

5. Conclusions

Considering that eutrophication is a worldwide and growing environmental problem,
it is imperative to prioritize efforts to study the best method to face eutrophication before its
use in a whole-lake application. In this context, this study was focused on the assessment
of the toxicological effects of different P adsorbents (one magnetic and two non-magnetic
adsorbents) on the growth and photosynthetic activity of Chlorella sp. Basically, our results
indicate that there is no strong evidence to infer that neither HQ nor CFH-12% caused
an effect on the photosynthetic activity of Chlorella sp., since significant effects have only
been observed in very specific situations and for adsorbent concentrations so high that
are very unlikely to be used in real conditions. If we take into account the abiotic factors
that could affect photosynthetic efficiency, the absence of effect in the presence of these
two adsorbents was unexpected taking into account the high turbidity recorded after their
addition, although in no case there was P limitation of the primary production. Regarding
Phoslock®, our results suggest the existence of inhibitory effects on the photosynthetic
activity of Chlorella sp. for any of the concentrations tested. Therefore, we should reject
our initial hypothesis that non-magnetic P adsorbents (as they are not removed from the
medium) have more effects on the organisms than magnetic ones since there are substantial
differences between the non-magnetic P adsorbents used in this study (CFH-12® and
Phoslck®). When comparing the effects of P adsorbents on algal concentration and on
photosynthetic activity based on previous studies reported in the literature, it is important
to take into account the inherent difficulties due to, among others, interspecies differences
in sensitivity and also to methodological aspects such as contact time and different medium
composition. While the results suggest that based on the mass of sedimentary mobile P
in the lake and the maximum P adsorption capacity of each adsorbent, under controlled
conditions, CFH-12® and HQ doses are unlikely to negatively impact photosynthetic
efficiency, the potential real-life application of these adsorbents requires further study.
Environmental conditions in a real ecosystem introduce additional variables, such as
chemical interactions, changes in physico-chemical variables, and long-term effects, which
are difficult to simulate in a laboratory experiment. Moreover, while Phoslock® reduced
light availability and subsequently impacted the photosynthetic efficiency of Chlorella
sp., the extent of these effects in a natural ecosystem remains uncertain and should be
further examined. Therefore, caution is warranted when extrapolating these findings to real
application sceneries, as further research in more complex ecological contexts is necessary
to validate these conclusions.

Author Contributions: Conceptualization, I.d.V. and LA-M,; methodology, I.d.V. and LA.-M.; soft-
ware, 1.d.V.; validation, 1.d.V., A.C.-H. and I.A.-M.; formal analysis, LA-M.; investigation, 1.d.V.,
A.C.-H. and LA.-M.; resources, 1.d.V; data curation, L.d.V. and LA.-M; writing—original draft prepa-
ration, LA.-M.; writing—review and editing, 1.d.V.; visualization, I.d.V. and LA.-M.; supervision,
1.d.V,; project administration, I.d.V.; funding acquisition, I.d.V. All authors have read and agreed to
the published version of the manuscript.



Sustainability 2024, 16, 8305 15 of 18

Funding: This work was supported by PID2021-1224290B-100 project, TED2021-129384B-C21 and
TED2021-129384B-C22 projects funded MCIN/AEI/10.13039 /501100011033 and European Union
NextGeneration EU/PRTR. This work was also supported by the European Commission (H2020-
MSCA-IF-2019, Grant no. 897535).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Presentacion Carrillo for providing the portable pulse-
modulation fluorometer, and Juan Manuel Gonzalez-Olalla and Marco Jabalera-Cabrerizo for helping
with the interpretation of the results.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hupfer, M.; Hilt, S. Lake Restoration. In Ecological Engineering; Jorgense, S.E., Fath, B.D., Eds.; Elsevier: Oxford, UK, 2009;
Volume 3, pp. 2080-2093.

2. Dodds, W.K.; Bouska, WW.; Eitzmann, J.L.; Pilger, T.].; Pitts, L.; Riley, A.J.; Schloesser, ].T.; Thornbrugh, D.J.; Pitts, K.L. Policy
Analysis Policy Analysis Eutrophication of U.S. Freshwaters: Damages. Environ. Sci. Technol. 2009, 43, 12-19. [CrossRef]
[PubMed]

3. Garcia-Moreno, J.; Harrison, L].; Dudgeon, D.; Clausnitzer, V.; Darwall, W.; Farrell, T.; Savy, C.; Tockner, K.; Tubbs, N. Sustaining
freshwater biodiversity in the Anthropocene. In The Global Water System in the Anthropocene: Challenges for Science and Governance;
Bahuri, A., Bogardi, J., Leentvaar, J., Marx, S., Eds.; Springer: Dordrecht, The Netherlands, 2014; Volume 17, pp. 247-270.

4. Smith, V.H. Eutrophication of freshwater and coastal marine ecosystems: A global problem. Environ. Sci. Pollut. Res. Int. 2003, 10,
126-139. [CrossRef] [PubMed]

5. Stendera, S.; Adrian, R.; Bonada, N.; Cafiedo-Argtielles, M.; Hugueny, B.; Januschke, K.; Pletterbauer, F.; Hering, D. Drivers
and stressors of freshwater biodiversity patterns across different ecosystems and scales: A review. Hydrobiologia 2012, 696, 1-28.
[CrossRef]

6. Ansari, A.A; Gill, S.S.; Khan, FA. Eutrophication: Threat to Aquatic Ecosystems. In Eutrophication: Causes, Consequences and
Control; Ansari, A.A., Singh Gill, S., Lanza, G.R., Rast, W., Eds.; Springer: Dordrecht, The Netherlands, 2011; pp. 143-170.

7. Withers, PJ.A.; Neal, C.; Jarvie, H.P.; Doody, D.G. Agriculture and Eutrophication: Where Do We Go from Here? Sustainability
2014, 6, 5853-5875. [CrossRef]

8. Zhou, ],; Leavitt, PR.; Zhang, Y.; Qin, B. Anthropogenic eutrophication of shallow lakes: Is it occasional? Water Res. 2022, 221,
118728. [CrossRef]

9. Sendergaard, M.; Jensen, ].P,; Jeppesen, E. Role of Sediment and Internal Loading of Phosphorus in Shallow Lakes Martin.
Hydrobiologia 2003, 506, 135-145. [CrossRef]

10. Nikolai, S.J.; Dzialowski, A.R. Effects of Internal Phosphorus Loading on Nutrient Limitation in a Eutrophic Reservoir. Limnologica
2014, 49, 33-41. [CrossRef]

11. Spears, B.M.; Mackay, E.B.; Yasseri, S.; Gunn, .D.M.; Waters, K.E.; Andrews, C.; Cole, S.; De Ville, M.; Kelly, A.; Meis, S.; etal. A
Meta-Analysis of Water Quality and Aquatic Macrophyte Responses in 18 Lakes Treated with Lanthanum Modified Bentonite
(Phoslock®). Water Res. 2016, 97, 111-121. [CrossRef]

12.  Cooke, D.G.; Welch, E.B.; Peterson, S.A.; Nicholas, S.A. Restoration and Management of Lakes and Reservoirs, 3rd ed.; CRC Press:
Boca Raton, FL, USA, 2005; 658p.

13. Bakker, E.S.; Van Donk, E.; Immers, A K. Lake Restoration by In-Lake Iron Addition: A Synopsis of Iron Impact on Aquatic
Organisms and Shallow Lake Ecosystems. Aquat. Ecol. 2016, 50, 121-135. [CrossRef]

14. Kuster, A.C.; Kuster, A.T.; Huser, B.J. A Comparison of Aluminum Dosing Methods for Reducing Sediment Phosphorus Release
in Lakes. . Environ. Manag. 2020, 261, 110195. [CrossRef]

15. de Vicente, I; Jensen, H.S.; Andersen, F. Factors Affecting Phosphate Adsorption to Aluminum in Lake Water: Implications for
Lake Restoration. Sci. Total Environ. 2008, 389, 29-36. [CrossRef] [PubMed]

16. Pacioglu, O.; Cornut, J.; Gessner, M.O.; Kasprzak, P. Prevalence of Indirect Toxicity Effects of Aluminium Flakes on a Shredder-
Fungal-Leaf Decomposition System. Freshw. Biol. 2016, 61, 2013-2025. [CrossRef]

17.  Kleeberg, A.; Herzog, C.; Hupfer, M. Redox Sensitivity of Iron in Phosphorus Binding Does Not Impede Lake Restoration. Water
Res. 2013, 47, 1491-1502. [CrossRef]

18. Reitzel, K; Jensen, H.S.; Egemose, S. PH Dependent Dissolution of Sediment Aluminum in Six Danish Lakes Treated with
Aluminum. Water Res. 2013, 47, 1409-1420. [CrossRef]

19. Egemose, S.; Wauer, G.; Kleeberg, A. Resuspension Behaviour of Aluminium Treated Lake Sediments: Effects of Ageing and pH.

Hydrobiologia 2009, 636, 203-217. [CrossRef]


https://doi.org/10.1021/es801217q
https://www.ncbi.nlm.nih.gov/pubmed/19209578
https://doi.org/10.1065/espr2002.12.142
https://www.ncbi.nlm.nih.gov/pubmed/12729046
https://doi.org/10.1007/s10750-012-1183-0
https://doi.org/10.3390/su6095853
https://doi.org/10.1016/j.watres.2022.118728
https://doi.org/10.1023/B:HYDR.0000008611.12704.dd
https://doi.org/10.1016/j.limno.2014.08.005
https://doi.org/10.1016/j.watres.2015.08.020
https://doi.org/10.1007/s10452-015-9552-1
https://doi.org/10.1016/j.jenvman.2020.110195
https://doi.org/10.1016/j.scitotenv.2007.08.040
https://www.ncbi.nlm.nih.gov/pubmed/17900664
https://doi.org/10.1111/fwb.12529
https://doi.org/10.1016/j.watres.2012.12.014
https://doi.org/10.1016/j.watres.2012.12.004
https://doi.org/10.1007/s10750-009-9949-8

Sustainability 2024, 16, 8305 16 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Egemose, S.; Reitzel, K.; Andersen, F.@.; Flindt, M.R. Chemical Lake Restoration Products: Sediment Stability and Phosphorus
Dynamics. Environ. Sci. Technol. 2010, 44, 985-991. [CrossRef]

Robb, M.; Greenop, B.; Goss, Z.; Douglas, G.; Adeney, ]. Application of PhoslockTM, an Innovative Phosphorus Binding Clay, to
Two Western Australian Waterways: Preliminary Findings. Hydrobiologia 2003, 494, 237-243. [CrossRef]

Meis, S.; Spears, B.M.; Maberly, S.C.; O’'Malley, M.B.; Perkins, R.G. Sediment Amendment with Phoslock® in Clatto Reservoir
(Dundee, UK): Investigating Changes in Sediment Elemental Composition and Phosphorus Fractionation. . Environ. Manag.
2012, 93, 185-193. [CrossRef] [PubMed]

Spears, B.M.; Meis, S.; Anderson, A.; Kellou, M. Comparison of Phosphorus (P) Removal Properties of Materials Proposed for the
Control of Sediment p Release in UK Lakes. Sci. Total Environ. 2013, 442, 103-110. [CrossRef]

Liirling, M.; Tolman, Y. Effects of Lanthanum and Lanthanum-Modified Clay on Growth, Survival and Reproduction of Daphnia
Magna. Water Res. 2010, 44, 309-319. [CrossRef]

Liirling, M.; Waajen, G.; Van Oosterhout, F. Humic Substances Interfere with Phosphate Removal by Lanthanum Modified Clay
in Controlling Eutrophication. Water Res. 2014, 54, 78-88. [CrossRef] [PubMed]

Fuchs, E.; Funes, A.; Saar, K.; Reitzel, K; Jensen, H.S. Evaluation of Dried Amorphous Ferric Hydroxide CFH-12® as Agent for
Binding Bioavailable Phosphorus in Lake Sediments. Sci. Total Environ. 2018, 628—629, 990-996. [CrossRef] [PubMed]

de Vicente, I.; Merino-Martos, A.; Cruz-Pizarro, L.; de Vicente, J. On the Use of Magnetic Nano and Microparticles for Lake
Restoration. J. Hazard. Mater. 2010, 181, 375-381. [CrossRef] [PubMed]

Merino-Martos, A.; de Vicente, J.; Cruz-Pizarro, L.; de Vicente, I. Setting up High Gradient Magnetic Separation for Combating
Eutrophication of Inland Waters. |. Hazard. Mater. 2011, 186, 2068-2074. [CrossRef] [PubMed]

Funes, A.; del Arco, A.; Alvarez-Manzaneda, 1; de Vicente, J.; de Vicente, I. A Microcosm Experiment to Determine the
Consequences of Magnetic Microparticles Application on Water Quality and Sediment Phosphorus Pools. Sci. Total Environ. 2017,
579, 245-253. [CrossRef]

Funes, A.; Martinez, FJ.; Alvarez-Manzaneda, 1.; Conde-Porcuna, J.M.; De Vicente, J.; Guerrero, E,; De Vicente, I. Determining
Major Factors Controlling Phosphorus Removal by Promising Adsorbents Used for Lake Restoration: A Linear Mixed Model
Approach. Water Res. 2018, 141, 377-386. [CrossRef]

Alvarez-Manzaneda, I.; Laza, N.; Navarro, EB.; Suarez-Rey, E.M.; Segura, M.L.; de Vicente, I. Assessing the Viability of Recovered
Phosphorus from Eutrophicated Aquatic Ecosystems as a Liquid Fertilizer. J. Environ. Manag. 2021, 285, 112156. [CrossRef]
Glibert, PM. Eutrophication, Harmful Algae and Biodiversity—Challenging Paradigms in a World of Complex Nutrient Changes.
Mar. Pollut. Bull. 2017, 124, 591-606. [CrossRef]

Nesme, T.; Metson, G.S.; Bennett, E.M. Global Phosphorus Flows through Agricultural Trade. Glob. Environ. Chang. 2018, 50,
133-141. [CrossRef]

Gilbert, N. Environment: The Disappearing Nutrient. Nature 2009, 461, 716-718. [CrossRef]

Cordell, D.; Rosemarin, A.; Schroder, J.J.; Smit, A.L. Towards Global Phosphorus Security: A Systems Framework for Phosphorus
Recovery and Reuse Options. Chemosphere 2011, 84, 747-758. [CrossRef] [PubMed]

Elser, J.J. Phosphorus: A Limiting Nutrient for Humanity? Curr. Opin. Biotechnol. 2012, 23, 833-838. [CrossRef] [PubMed]
Alvarez-Manzaneda, 1.; Guerrero, E; Cruz-Pizarro, L.; Rendén, M.; de Vicente, L. Magnetic Particles as New Adsorbents for
the Reduction of Phosphate Inputs from a Wastewater Treatment Plant to a Mediterranean Ramsar Wetland (Southern Spain).
Chemosphere 2021, 270, 128640. [CrossRef] [PubMed]

Alvarez-Manzaneda, L.; Baun, A.; Cruz-Pizarro, L.; De Vicente, 1. Ecotoxicity Screening of Novel Phosphorus Adsorbents Used for
Lake Restoration. Chemosphere 2019, 222, 469-478. [CrossRef] [PubMed]

van Oosterhout, F; Liirling, M. The Effect of Phosphorus Binding Clay (Phoslock®) in Mitigating Cyanobacterial Nuisance: A
Laboratory Study on the Effects on Water Quality Variables and Plankton. Hydrobiologia 2013, 710, 265-277. [CrossRef]

Su, Y,; Zhang, C.; Liu, J.; Weng, Y.; Li, H.; Zhang, D. Assessing the Impacts of Phosphorus Inactive Clay on Phosphorus Release
Control and Phytoplankton Community Structure in Eutrophic Lakes. Environ. Pollut. 2016, 219, 620-630. [CrossRef]

Kang, L.; Mucci, M.; Liirling, M. Compounds to Mitigate Cyanobacterial Blooms Affect Growth and Toxicity of Microcystis
Aeruginosa. Harmful Algae 2022, 118, 102311. [CrossRef]

Alvarez-Manzaneda, I; de Vicente, I. Assessment of Toxic Effects of Magnetic Particles Used for Lake Restoration on Chlorella sp.
and on Brachionus calyciflorus. Chemosphere 2017, 187, 347-356. [CrossRef]

Solovchenko, A.; Baulina, O.; Ptushenko, O.; Gorelova, O. Ultrastructural Patterns of Photoacclimation and Photodamage to
Photosynthetic Algae Cell under Environmental Stress. Physiol. Plant. 2019, 166, 251-263. [CrossRef]

Figueroa, FL.; Israel, A.; Neori, A.; Martinez, B.; Malta, E.J.; Put, A.; Inken, S.; Marquardt, R.; Abdala, R.; Korbee, N. Effect of
Nutrient Supply on Photosynthesis and Pigmentation to Short-Term Stress (UV Radiation) in Gracilaria Conferta (Rhodophyta).
Mar. Pollut. Bull. 2010, 60, 1768-1778. [CrossRef]

Long, S.P.; Humphries, S.; Falkowski, P.G. Photoinhibition of Photosynthesis in Nature. Annu. Rev. Plant Biol. 1994, 45, 633—662.
[CrossRef]

Chen, X.; Zhu, X,; Li, R;; Yao, H.; Lu, Z.; Yang, X. Photosynthetic Toxicity and Oxidative Damage Induced by Nano-FezO,4 on
Chlorella vulgaris in Aquatic Environment. Open J. Ecol. 2012, 02, 21-28. [CrossRef]

Silva, A.; Figueiredo, S.A.; Sales, M.G.; Delerue-Matos, C. Ecotoxicity Tests Using the Green Algae Chlorella vulgaris—A Useful
Tool in Hazardous Effluents Management. J. Hazard. Mater. 2009, 167, 179-185. [CrossRef] [PubMed]


https://doi.org/10.1021/es903260y
https://doi.org/10.1023/A:1025478618611
https://doi.org/10.1016/j.jenvman.2011.09.015
https://www.ncbi.nlm.nih.gov/pubmed/22054585
https://doi.org/10.1016/j.scitotenv.2012.09.066
https://doi.org/10.1016/j.watres.2009.09.034
https://doi.org/10.1016/j.watres.2014.01.059
https://www.ncbi.nlm.nih.gov/pubmed/24565799
https://doi.org/10.1016/j.scitotenv.2018.02.059
https://www.ncbi.nlm.nih.gov/pubmed/30045587
https://doi.org/10.1016/j.jhazmat.2010.05.020
https://www.ncbi.nlm.nih.gov/pubmed/20554113
https://doi.org/10.1016/j.jhazmat.2010.12.118
https://www.ncbi.nlm.nih.gov/pubmed/21255924
https://doi.org/10.1016/j.scitotenv.2016.11.120
https://doi.org/10.1016/j.watres.2018.05.029
https://doi.org/10.1016/j.jenvman.2021.112156
https://doi.org/10.1016/j.marpolbul.2017.04.027
https://doi.org/10.1016/j.gloenvcha.2018.04.004
https://doi.org/10.1038/461716a
https://doi.org/10.1016/j.chemosphere.2011.02.032
https://www.ncbi.nlm.nih.gov/pubmed/21414650
https://doi.org/10.1016/j.copbio.2012.03.001
https://www.ncbi.nlm.nih.gov/pubmed/22465489
https://doi.org/10.1016/j.chemosphere.2020.128640
https://www.ncbi.nlm.nih.gov/pubmed/33757273
https://doi.org/10.1016/j.chemosphere.2019.01.103
https://www.ncbi.nlm.nih.gov/pubmed/30721804
https://doi.org/10.1007/s10750-012-1206-x
https://doi.org/10.1016/j.envpol.2016.06.029
https://doi.org/10.1016/j.hal.2022.102311
https://doi.org/10.1016/j.chemosphere.2017.08.129
https://doi.org/10.1111/ppl.12912
https://doi.org/10.1016/j.marpolbul.2010.06.009
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.4236/oje.2012.21003
https://doi.org/10.1016/j.jhazmat.2008.12.102
https://www.ncbi.nlm.nih.gov/pubmed/19185992

Sustainability 2024, 16, 8305 17 of 18

48.
49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

Bold, H.C. The Morphology of Chlamydomonoas Chlamydogama. Bull. Torrey Bot. Club 1949, 76, 101-108. [CrossRef]

ISO 8692:2012; Water Quality-Fresh Water Algal Growth Inhibition Test with Unicellular Green Algae. ISO: Geneva, Switzerland,
2012.

Lyngsie, G.; Penn, C.J.; Hansen, H.C.B.; Borggaard, O.K. Phosphate Sorption by Three Potential Fi Lter Materials as Assessed by
Isothermal Titration Calorimetry. J. Environ. Manag. 2014, 143, 26-33. [CrossRef]

Reitzel, K.; Andersen, ET.; Egemose, S.; Jensen, H.S. Phosphate Adsorption by Lanthanum Modified Bentonite Clay in Fresh and
Brackish Water. Water Res. 2013, 47, 2787-2796. [CrossRef]

Funes, A.; Alvarez-Manzaneda, 1.; Arco, A.d.; de Vicente, J.; de Vicente, L Evaluating the Effect of CFH-12%® and Phoslock®
on Phosphorus Dynamics during Anoxia and Resuspension in Shallow Eutrophic Lakes. Environ. Pollut. 2021, 269, 116093.
[CrossRef]

Ivask, A.; Kurvet, I.; Kasemets, K.; Blinova, I.; Aruoja, V.; Suppi, S.; Vija, H.; Kdkinen, A.; Titma, T.; Visnapuu, M.; et al. Size-
Dependent Toxicity of Silver Nanoparticles to Bacteria, Yeast, Algae, Crustaceans and Mammalian Cells In Vitro. PLoS ONE 2014,
9, €102108. [CrossRef]

Murphy, J.; Riley, ].P. A Modified Single Solution Method for the Determination of Phosphate in Natural Waters. Anal. Chim. Acta
1962, 27, 31-36. [CrossRef]

Gibbs, M.M. A Simple Method for the Rapid Determination of Iron in Natural Waters. Water Res. 1979, 13, 295-297. [CrossRef]
Juneau, P; El Berdey, A.; Popovic, R. PAM Fluorometry in the Determination of the Sensitivity of Chlorella vulgaris, Selenastrum
capricornutum, and Chlamydomonas reinhardtii to Copper. Arch. Environ. Contam. Toxicol. 2002, 42, 155-164. [CrossRef] [PubMed]
Maxwell, K.; Johnson, G.N. Chlorophyll Fluorescence—A Practical Guide. J. Exp. Bot. 2020, 51, 659-668. [CrossRef]
Gonzalez-Olalla, ].M.; Medina-Sanchez, ].M.; Cabrerizo, M.].; Villar-Argdiz, M.; Sanchez-Castillo, PM.; Carrillo, P. Contrasting
Effect of Saharan Dust and UVR on Autotrophic Picoplankton in Nearshore versus Offshore Waters of Mediterranean Sea. J.
Geophys. Res. Biogeosci. 2017, 122, 2085-2103. [CrossRef]

Yamada-Ferraz, T.M.; Sueitt, A.PE.; Oliveira, A.F.; Botta, C.M.; Fadini, PS.; Nascimento, M.R.; Faria, B.M.; Mozeto, A.A.
Assessment of Phoslock® application in a tropical eutrophic reservoir: An integrated evaluation from laboratory to field
experiments. Environ. Technol. Innov. 2015, 4, 194-205. [CrossRef]

Cheloni, G.; Slaveykova, V. Combined Effects of Trace Metals and Light on Photosynthetic Microorganisms in Aquatic Environ-
ment. Environments 2018, 5, 81. [CrossRef]

Corcoll, N.; Bonet, B.; Leira, M.; Montuelle, B.; Tlili, A.; Guasch, H. Light history influences the response of fluvial biofilms to Zn
exposure. . Phycol. 2012, 48, 1411-1423. [CrossRef]

Xu, K;; Li, Z.-K,; Qiu, B.-S.; Juneau, P. Different responses to high light stress of toxic and non-toxic Microcystis aeruginosa
acclimated under two light intensities and zinc concentrations. Toxicol. Environ. Chem. 2013, 95, 1145-1156. [CrossRef]

Murchie, E.H.; Lawson, T. Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications.
J. Exp. Bot. 2013, 64, 3983-3998. [CrossRef]

Serddio, J.; Lavaud, J. A model for describing the light response of the nonphotochemical quenching of chlorophyll fluorescence.
Photosynth. Res. 2011, 108, 61-76. [CrossRef]

Hjorth, R.; Skjolding, L.M.; Serensen, S.N.; Baun, A. Regulatory adequacy of aquatic ecotoxicity testing of nanomaterials.
Nanolmpact 2017, 8, 28-37. [CrossRef]

Reynolds, C.S. Eutrophication and the Management of Planktonic Algae: What Vollenweider Couldn’t Tell Us. In Eutrophication:
Research and Application to Water Supply; Sutcliffe, D.W.,, Jones, G., Eds.; Freshwater Biological Association: Ambleside, UK;
International Water Supply Association, Queen Anne’s Gate: London, UK, 1992; pp. 4-29.

Reynolds, C.S. Metabolic Sensitivities of Lacustrine Ecosystems to anthropogenic forcing. Aquat. Sci. 1999, 61, 183-205. [CrossRef]
Daliry, S.; Hallajisani, A.; Mohammadi Roshandeh, J.; Nouri, H.; Golzary, A. Investigation of Optimal Condition for Chlorella
vulgaris Microalgae Growth. Glob. |. Environ. Sci. Manag. 2017, 3, 217-230. [CrossRef]

Badar, S.N.; Mohammad, M.; Emdadi, Z.; Yaakob, Z. Algae and their growth requirements for bioenergy: A review. Biofuels 2018,
12, 307-325. [CrossRef]

Borowitzka, M.A. Limits to growth. In Wastewater Treatment with Algae; Wong, Y.S., Tam, N.EY., Eds.; Springer: Heidelberg/Berlin,
Germany, 1998; pp. 203-226.

Organization for Economic Cooperation and Development. Guideline for Testing of Chemicals; No.201. Alga Growth Inhibition Test;
Organization for Economic Cooperation and Development: Paris, France, 1984.

Rachlin, ].W.; Grosso, A. The Effects of pH on the Growth of Chlorella vulgaris and Its Interactions with Cadmium Toxicity. Arch.
Environ. Contam. Toxicol. 1991, 20, 505-508. [CrossRef]

Rozman, K.K.; Doull, ]. Dose and Time as Variables of Toxicity. Toxicology 2000, 144, 169-178. [CrossRef]

Nyholm, N. Response Variable in Algal Growth Inhibition Tests—Biomass or Growth Rate? Water Res. 1985, 19, 273-279.
[CrossRef]

Conrnell, D.W.; Yu, QJ.; Verma, V. Influence of Exposure Time on Toxicity—An Overview. Toxicology 2016, 355-356, 49-53.
[CrossRef] [PubMed]

Menard, A.; Drobne, D.; Jemec, A. Ecotoxicity of Nanosized TiOy. Review of in Vivo Data. Environ. Pollut. 2011, 159, 677-684.
[CrossRef]


https://doi.org/10.2307/2482218
https://doi.org/10.1016/j.jenvman.2014.04.010
https://doi.org/10.1016/j.watres.2013.02.051
https://doi.org/10.1016/j.envpol.2020.116093
https://doi.org/10.1371/journal.pone.0102108
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/0043-1354(79)90209-4
https://doi.org/10.1007/s00244-001-0027-0
https://www.ncbi.nlm.nih.gov/pubmed/11815806
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.1002/2017JG003834
https://doi.org/10.1016/j.eti.2015.07.002
https://doi.org/10.3390/environments5070081
https://doi.org/10.1111/j.1529-8817.2012.01223.x
https://doi.org/10.1080/02772248.2013.849347
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1007/s11120-011-9654-0
https://doi.org/10.1016/j.impact.2017.07.003
https://doi.org/10.1007/s000270050061
https://doi.org/10.22034/gjesm.2017.03.02.010
https://doi.org/10.1080/17597269.2018.1472978
https://doi.org/10.1007/BF01065839
https://doi.org/10.1016/S0300-483X(99)00204-8
https://doi.org/10.1016/0043-1354(85)90085-5
https://doi.org/10.1016/j.tox.2016.05.015
https://www.ncbi.nlm.nih.gov/pubmed/27216426
https://doi.org/10.1016/j.envpol.2010.11.027

Sustainability 2024, 16, 8305 18 of 18

77.

78.

79.

80.

81.

82.

Chen, C.-Y;; Lin, K.-C.; Yang, D.-T. Comparison of the Relative Toxicity Relationships Based on Batch and Continuous Algal
Toxicity Tests. Chemosphere 1997, 35, 1959-1965. [CrossRef]

Millington, L.A.; Goulding, K.H.; Adams, N. The Influence of Growth Medium Composition on the Toxicity of Chemicals to
Algae. Water Res. 1988, 22, 1593-1597. [CrossRef]

Ouyang, H.L.; Kong, X.Z.; He, W.; Qin, N.; He, Q.S.; Wang, Y.; Wang, R.; Xu, EL. Effects of Five Heavy Metals at Sub-Lethal
Concentrations on the Growth and Photosynthesis of Chlorella vulgaris. Chin. Sci. Bull. 2012, 57, 3363-3370. [CrossRef]

Xiao, A.; Wang, C.; Chen, J.; Guo, R;; Yan, Z.; Chen, J. Carbon and Metal Quantum Dots Toxicity on the Microalgae Chlorella
pyrenoidosa. Ecotoxicol. Environ. Saf. 2016, 133, 211-217. [CrossRef] [PubMed]

Deng, X.Y.; Cheng, J.; Hu, X.L.; Wang, L.; Li, D.; Gao, K. Biological Effects of TiO, and CeO, Nanoparticles on the Growth,
Photosynthetic Activity, and Cellular Components of a Marine Diatom Phaeodactylum tricornutum. Sci. Total Environ. 2017, 575,
87-96. [CrossRef] [PubMed]

de Vicente, I; Serrano, L.; Amores, V.; Clavero, V.; Cruz-Pizarro, L. Sediment Phosphate Fractionation and Interstitial Water
Phosphate Concentration in Two Coastal Lagoons (Albuferas de Adra, SE Spain). Hydrobiologia 2003, 492, 95-105. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0045-6535(97)00270-1
https://doi.org/10.1016/0043-1354(88)90173-X
https://doi.org/10.1007/s11434-012-5366-x
https://doi.org/10.1016/j.ecoenv.2016.07.026
https://www.ncbi.nlm.nih.gov/pubmed/27467021
https://doi.org/10.1016/j.scitotenv.2016.10.003
https://www.ncbi.nlm.nih.gov/pubmed/27728848
https://doi.org/10.1023/A:1024813811763

	Introduction 
	Materials and Methods 
	Test Species and Culture Medium 
	General Characterization of Adsorbents 
	Toxicological Tests with Chlorella sp. 
	Effects of Adsorbent Addition on Physico-Chemical Variables 
	Effects of the Adsorbents on Algal Growth 
	Photosynthetic Activity of Chlorella sp. 

	Statistical Analyses 

	Results 
	Effect of Adsorbents Addition on Physico-Chemical Variables 
	Effect of Adsorbents Addition on Algal Growth 
	Effects of the Adsorbents on the Photosynthetic Activity of Chlorella sp. 

	Discussion 
	Conclusions 
	References

