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a b s t r a c t

Phosphorus (P) removal from lake/drainage waters by novel adsorbents may be affected by competitive
substances naturally present in the aqueous media. Up to date, the effect of interfering substances has
been studied basically on simple matrices (single-factor effects) or by applying basic statistical ap-
proaches when using natural lake water. In this study, we determined major factors controlling P
removal efficiency in 20 aquatic ecosystems in the southeast Spain by using linear mixed models (LMMs).
Two non-magnetic -CFH-12® and Phoslock®- and two magnetic materials -hydrous lanthanum oxide
loaded silica-coated magnetite (Fe-Si-La) and commercial zero-valent iron particles (FeHQ)- were tested
to remove P at two adsorbent dosages. Results showed that the type of adsorbent, the adsorbent dosage
and color of water (indicative of humic substances) are major factors controlling P removal efficiency.
Differences in physico-chemical properties (i.e. surface charge or specific surface), composition and
structure explain differences in maximum P adsorption capacity and performance of the adsorbents
when competitive ions are present. The highest P removal efficiency, independently on whether the
adsorbent dosage was low or high, were 85e100% for Phoslock and CFH-12®, 70e100% for Fe-Si-La and 0
e15% for FeHQ. The low dosage of FeHQ, compared to previous studies, explained its low P removal
efficiency. Although non-magnetic materials were the most efficient, magnetic adsorbents (especially Fe-
Si-La) could be proposed for P removal as they can be recovered along with P and be reused, potentially
making them more profitable in a long-term period.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Sewage, industrial discharge and agricultural runoff are the
main sources of phosphorus (P) inputs into freshwater bodies, be-
ing the main cause of eutrophication (Burkholder, 2000; Carpenter,
2005). At global scale, the accumulation of P in terrestrial and
freshwater aquatic ecosystems is 75% greater than pre-industrial
levels (Bennett et al., 2001). In-lake addition of adsorbents, with
the main objective of reducing lake water P concentration, is a
a, Facultad de Ciencias, Uni-
recommendable lake management tool when the external P load
has been previously reduced or the diffuse P sources are dominant
(Deppe and Benndorf, 2002; Cooke et al., 2005). A wide variety of P
adsorbents with different physico-chemical characteristics are
commercially available. Aluminum (Al), iron (Fe) and calcium (Ca)
salts (Hupfer and Hilt, 2008), modified clays (Phoslock® and Aqual-
P®) or Fe oxy-hydroxides (CFH-12®) are some examples of non-
magnetic materials proposed for P adsorption in natural systems
(Gibbs and €Ozkundakci, 2011; Zamparas et al., 2013; Copetti et al.,
2016). An important downside of non-magnetic materials is that
their effectiveness and longevity may depend on the physic-
chemistry and the stability of the water column, ageing and crys-
tallization of flocs or bioturbation, among others factors (Huser

mailto:afunes@ugr.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2018.05.029&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2018.05.029
https://doi.org/10.1016/j.watres.2018.05.029
https://doi.org/10.1016/j.watres.2018.05.029


A. Funes et al. / Water Research 141 (2018) 377e386378
et al., 2016). Bare and coated magnetic nano/microparticles such as
magnetite (Fe3O4) or zero valent Fe (ZVI) have been recently pro-
posed for P removal from freshwater bodies (de Vicente et al.,
2010a; Funes et al., 2017). The recovery of the P-loaded adsor-
bents by applying a magnetic separation gradient is the main
novelty of using magnetic adsorbents. This implies a short contact
time of the adsorbent with biota, cost savings when reusing it and
the possibility of recovering P for further use as potential fertilizer,
which is a challenge that deserves attention given the future
scarcity of rock P reserves (Cordell et al., 2009).

Apart from the physico-chemical characteristics of the adsor-
bent (e.g. particle size, specific surface area, surface charge, surface
functional groups and dosage), environmental conditions (e.g. pH,
ionic strength and competitive ions) play an important role in the P
removal efficiency (Li et al., 2016). Berkowitz et al. (2005) reported
a high affinity of reactive silicate (Si) for Al. The potential interfer-
ence of Si and humic acids in the adsorption of P by Al hydroxide
(de Vicente et al., 2008) and Fe oxy-hydroxides (goethite) (Sigg and
Stumm, 1981; Antelo et al., 2007) has been previously suggested.
Humic substances also interferewith the P adsorption on Phoslock®

(Lürling et al., 2014; Dithmer et al., 2016) and present high affinity
for the adsorption on magnetite surface (Ill�es and Tomb�acz, 2004).
Reitzel et al. (2013) found a negative correlation between P
adsorption capacity of Phoslock® and alkalinity. Apart from Dis-
solved Organic Carbon (DOC) and Si, major cations (Mg2þ, Naþ, Kþ)
and anions (SO4

2�, Cl�) are negatively related to P removal by ZVI
magnetic microparticles (grade HQ; hereafter FeHQ) (de Vicente
et al., 2011). Funes et al. (2017) also reported a reduction in DOC
and Si concentration when applying the same magnetic particles
(FeHQ) to microcosms containing lake water and surface sediment
from a hypertrophic lake. The high affinity of heavy metals for
bentonite, Fe3O4, Fe oxides and ZVI magnetic particles is widely
documented in the literature (Veli and Alyüz, 2007; Feng et al.,
2012; Hua et al., 2012; Funes et al., 2014).

The majority of laboratory P adsorption studies are focused on
determining P removal efficiency in different matrices (i.e. Auvray
et al., 2006; de Vicente et al., 2010a). Actually, the number of
studies that assess the effect of interfering substances on the
removal process by carrying out, either single-ion experiments
(Borggaard et al., 2005; de Vicente et al., 2008; Merino-Martos
et al., 2015), or adsorption experiments with natural lake water
(de Vicente et al., 2008, 2011; Reitzel et al., 2013) is growing.
Single-ion experiments aim at evaluating the individual effect of
each substances/ions on the performance of the adsorbents to
remove P. Given the simplicity of this approach (single factor), the
simple linear regression has been previously applied to study the
relationship between an independent variable and P removal (de
Vicente et al., 2008, 2011). However, natural lake waters are
complex matrices in which the P removal efficiency is finally
controlled by the interactions between coexisting substances/
ions, the adsorbate and the adsorbent. Up to now, the statistical
approaches applied in experiments with lake water are correla-
tion analysis (Reitzel et al., 2013), simple linear regression (de
Vicente et al., 2011) and principal component analysis (de
Vicente et al., 2008). Unfortunately, correlation analysis and
simple linear regression do not allow to distinguish if each factor
by itself is interfering on P removal or if it is a consequence of the
high correlation with other factors. Instead, the linear mixed
models (LMMs) approach would be more suitable in these com-
plex systems although they have not been previously used in
similar studies.

Mediterranean ponds are ecosystems characterized by a high
catchment area to volume ratio (�Alvarez-Cobelas et al., 2005). This
circumstance causes that the effect of the human activities gener-
ated in its drainage basin is of greater influence than in temperate
lakes. Therefore, this “diffuse pollution” is responsible for the high
concentrations of nutrients, heavy metals, DOC and other ions in
these Mediterranean shallow ecosystems (Smith, 2009). These high
concentrations make that, in a context of lake restoration, it is
crucial to evaluate the main drivers controlling P adsorption in
natural lake waters. In this work, we hypothesize that the chemical
composition of lake water would affect P removal efficiency by
different P adsorbents. To test this hypothesis, in this manuscript
we run laboratory experiments by using four different P adsorbents
-two non-magnetic (CFH-12® and Phoslock®) and two magnetic
[FeHQ and hydrous lanthanum (La) oxide loaded silica-coated
magnetite, hereafter, Fe-Si-La]- in water samples from 20 Medi-
terranean aquatic ecosystems at two adsorbent dosages. All these
adsorbents have been previously used to efficiently remove P in
laboratory/microcosms experiments (e.g. de Vicente et al., 2010a;
Reitzel et al., 2013; Lyngsie et al., 2014; Lai et al., 2016; Funes et al.,
2017) and, specifically Phoslock®, at field scale (e.g. Robb et al.,
2003; Meis et al., 2012). Finally, our objective was to determine
the major drivers (e.g. humic substances, Si, major cations/anions)
affecting P removal efficiency when using the above mentioned
adsorbents by using LMMs.
2. Materials and methods

2.1. Sampling and chemical analysis of lake water

In March 2017, water samples with different chemical
composition (Table 1) were collected from 20 inland aquatic
ecosystems in southern Spain (see supplementary information SI
Fig. S1). Once in the laboratory, pH and conductivity were
measured with a pH meter (pH 196, WTW, Germany) and a con-
ductivity meter (InoLab Con Level 1, WTW, Germany), respec-
tively. Water samples were filtered through glass microfiber filters
(GF/F, 0.7 mm) and the dissolved reactive P (Murphy and Riley,
1962), total dissolved Fe (Fe2þ and Fe3þ; Gibbs, 1979), Si (APHA,
1995) and color were spectrophotometrically analysed (Bio-
chrom Libra S50). Color was determined at 440 nm in 1-cm cu-
vettes. Water color was expressed as absorption coefficient ða440Þ
in units of inverse meters (m�1) according to the following
equation (Reche and Pace, 2002):

a440 ¼ 2:303 A440

Z
(1)

where A440 is the measured absorbance at 440 nm and Z is the
optical path length (in m). Lake water used for measuring major
cations [sodium (Naþ), potassium (Kþ), magnesium (Mg2þ) and
calcium (Ca2þ)], major anions [nitrates (NO3

�), sulphates (SO4
2�) and

chlorides (Cl�)] and heavy metals [manganese (Mn2þ), arsenic
(As3þ or As5þ), copper (Cu2þ) and nickel (Ni2þ)] was filtered
through Millipore 0.22 mm filters. Major cations and anions were
measured by Ion Cromatography (IC; 940 Professional IC Vario,
Metrohm) and heavy metals were analysed by inductively coupled
plasma-mass spectroscopy (ICP-MS; Perkin Elmer NexION 300D).
All physico-chemical parameters above mentioned were measured
in the water samples four times along the experiment (six weeks):
once at the beginning, twice during the experiment and the last one
at the end of the experiment. Salinity of the systems was estimated
by using conductivity measurements and the equation proposed by
Alcorlo et al. (1996) for lakes located in the Guadalquivir Depres-
sion in southern Spain [salinity (g L�1)¼ 0.8211 conductivity (mS
cm�1)¼ 0.18389]. Finally, DOC concentration was estimated from
the relationship between DOC (measured with a Shimadzu TOC
analyzer) and color (expressed as absorption coefficient, a440;
r2¼ 0.61; de Vicente et al., 2010b).



Table 1
Chemical characterization of the studied lakes (average values of four analysis). The aquatic systemswere classified according to Hammer (1986) as freshwater (F), subsaline (S)
or hyposaline (H) systems.

Lake pH Conductivity PO4
3- Naþ Kþ Mg2þ Ca2þ NO3

� Cl� SO4
2- Si Color Mn As Ni Cu

mS cm�1 mg L�1 mg L�1 mg L�1 mg L�1 mg L�1 mg L�1 mg L�1 mg L�1 mg L�1 m�1 mg L�1 mg L�1 mg L�1 mg L�1

1 Charco del Negro (F) 7.46 321 16.81 0.40 2.20 0.99 44.50 3.86 4.23 42.43 3.85 2.99 1.00 1.39 3.25 2.43
2 Grande (H) 6.97 3928 6.49 104.60 5.61 147.68 733.86 3.84 184.38 2268.67 9.32 2.82 74.87 3.23 29.40 6.96
3 Chica (H) 7.91 7415 0.00 543.03 12.22 352.44 727.31 7.36 991.16 2937.76 0.55 2.59 666.06 9.16 31.99 33.98
4 Puerto Alazores (F) 8.14 310 0.13 0.00 0.00 4.71 38.71 2.44 6.85 19.54 2.28 1.61 0.79 1.32 2.86 1.77
5 Puerto Zafarraya (F) 8.10 332 3.95 5.80 0.86 3.79 39.70 1.82 12.43 11.71 0.00 1.23 0.99 0.98 3.08 1.21
6 Alhama (F) 8.26 359 0.00 0.00 0.00 12.71 42.94 8.49 5.31 14.66 2.53 0.46 0.79 1.18 2.08 0.35
7 Bermejales (S) 8.26 549 0.00 0.00 0.61 29.65 57.43 5.74 7.06 135.75 1.08 0.38 0.71 1.57 3.63 0.65
8 Padul (S) 8.30 574 4.08 0.93 0.91 33.38 58.00 6.65 10.22 38.85 0.73 3.07 1.10 3.06 4.37 0.95
9 Colomera (S) 8.05 656 0.00 15.69 1.75 17.92 66.84 8.76 35.02 157.54 1.46 0.58 0.78 1.48 4.68 1.81
10 Cubillas (S) 8.11 686 0.00 7.48 1.19 25.48 78.34 8.21 20.74 161.07 1.70 0.92 0.52 1.61 5.79 1.07
11 Charca Su�arez (S) 8.01 1474 141.54 95.86 19.10 57.07 81.89 0.00 192.32 130.41 10.10 10.31 3.22 11.07 6.18 6.57
12 Yeguas (F) 7.57 110 0.13 0.09 0.00 0.29 3.96 5.92 7.16 11.73 2.44 1.21 0.90 3.65 0.91 1.29
13 Rumblar (F) 7.30 235 0.00 0.24 0.25 6.41 15.45 5.25 8.04 59.64 0.00 0.77 0.85 2.66 2.39 1.77
14 Guadal�en (F) 7.84 353 1.40 8.69 2.85 11.44 28.67 6.33 17.12 45.34 0.00 0.77 0.69 1.82 4.20 1.69
15 Castillo (S) 7.24 798 1.53 3.47 14.20 25.48 95.12 1.22 16.01 336.97 0.02 2.25 2.79 3.29 7.92 13.85
16 Orcera (S) 8.08 678 0.00 0.00 6.74 31.93 75.78 5.06 15.00 164.16 0.34 3.28 1.68 3.27 5.97 1.43
17 La Franciscuela (F) 8.13 336 0.00 0.00 0.00 9.40 41.87 3.35 4.27 12.39 0.38 1.00 0.57 0.41 2.62 0.14
18 Canales (F) 7.77 179 9.04 0.00 0.00 1.99 16.97 5.11 4.43 25.32 0.21 0.38 1.47 1.20 1.28 0.15
19 Francisco Abell�an (S) 8.20 565 0.00 1.86 0.62 29.06 54.84 5.59 12.33 114.42 0.15 0.46 0.46 1.26 3.25 0.38
20 Balax (F) 5.82 101 5.22 0.00 0.10 0.33 5.41 16.72 5.16 22.35 3.03 0.29 52.52 0.77 6.92 0.46
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2.2. Synthesis of hydrous lanthanum oxide loaded silica-coated
magnetite (Fe-Si-La)

Fe-Si-La particles were synthesized following the procedure of
Lai et al. (2016) with slight modifications. Briefly, 10 g of commer-
cial bare Fe3O4 (Sigma Aldrich; 50e100 nm) was dispersed in a
mixture of ethanol (1.6mL) and distilled water (400mL). The sus-
pensionwas horizontally shaken for 10min at 200 rpm. Afterwards,
100mL of ammonia (28%) and 3.26mL of tetraethyloxysilane
(TEOS, 98.6%) were added to the suspension and left for shaking for
6 h at 200 rpm. The Si coated Fe3O4 was magnetically separated and
the supernatant was removed. Then, 500mL of LaCl3 (0.02M) was
added to the Si coated Fe3O4 and the pH of the suspension was
raised to 10 by adding 3M NaOH. After magnetic separation for
5min, the Fe-Si-La particles were washed twice with distilled wa-
ter, twice with absolute ethanol and the last time with acetone. In
each washing step, the particles were sonicated for 15min. Then,
particles were air dried and stored at 4 �C until used.
2.3. Adsorbents

CFH-12® (Kemira, Finland) is a dry, granular and amorphous
ferric oxy-hydroxide with a Fe content of ~44% w/w. As specified by
the manufacturer (CSIRO, Australia), Phoslock® is a dry and gran-
ular compound consisting of La-modified clay (~5% w/w La). To
obtain a homogenized fine powder (~250 nm), CFH-12® and
Phoslock® were crushed in a mortar.

Both, Fe-Si-La and bare Fe3O4 particles were characterized with
the following techniques for comparison. Surface morphology and
particle size were determined by focus ion beam field-emission
scanning electron microscopy (FIB-FESEM, AURIGA, Carl Zeiss
SMT Inc.). A SQUID magnetometer (Quantum Design MPMS XL)
was used to determine the magnetization curves of the powders at
293 K. Quantitative chemical composition of the surface was
determined by X-ray photoelectron spectroscopy (XPS; Kratos Axis
Ultra-DLD) with monochromatic Al Ka radiation. The wide spec-
trum (pass energy 160 eV) and spectra of the detected elements
(pass energy 20 eV) were obtained using an electrostatic lens.

FeHQ magnetic particles were supplied by BASF (Germany).
According to the manufacturer, the composition of this powder is
97.5% iron, 0.9% carbon, 0.5% oxygen, and 0.9% nitrogen. These
particles are spherical in shapewith an average diameter of 800 nm
[see de Vicente et al. (2010a) for further characterization details].

2.4. Adsorption isotherms

The adsorption isotherms of the three adsorbents (CFH-12®,
Phoslock® and Fe-Si-La) were conducted at room temperature
(25 �C) using the batch technique. The stock magnetic suspension
(50 g L�1) was prepared by adding 2.5 g of Fe-Si-La in a final volume
of 50mL. Prior to its use, the stock magnetic suspension was son-
icated for 5min. A volume of 1mL of the stockmagnetic suspension
wasmixedwith 40mL of 3mMNaHCO3 in a polyethylene container
and agitated for 24 h at 150 rpm. In the case of non-magnetic ad-
sorbents (CFH-12® and Phoslock®), 0.05 g were added as dry ma-
terial to polyethylene containers alongwith 40mL of 3mMNaHCO3
and agitated under the same conditions. 1mL of different P stock
solutions ranging from 5 to 60mMP was added to the containers
and the pH was adjusted to 7 with 1M NaOH or HCl. Suspensions
were agitated again for 24 h at 150 rpm. After 24 h of agitation, pH
was readjusted to 7 and suspensions weremade up to 50mL to give
P concentrations ranging from 0.1mM to 1.2mM. The adsorbent
concentration in the adsorption experiments was 1 g L�1 for all the
adsorbents. Adsorbents were then separated from the supernatant
by centrifugation (10min, 3000 rpm) or using a variable gap mag-
net (5min; PASCO scientific; EM-8641). Supernatant was filtered
through glass microfiber filters (GF/F, 0.7 mm) and dissolved reac-
tive P was spectrophotometrically determined (Murphy and Riley,
1962). The equilibrium adsorption capacity was calculated as
follows:

q ¼ C0 � Ce
Ma

V (2)

where C0 is the initial P concentration (mg L�1); Ce the equilibrium
P concentration (mg L�1); Ma the mass of adsorbent (g) and V the
total volume of the suspension (L).

2.5. Adsorption experiments with lake water

The standard suspensions (25 g L�1) of magnetic adsorbents (Fe-
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Si-La and FeHQ) were prepared as follows: (i) 625mg of magnetic
adsorbent were mixed with distilled water in a polypropylene
container (25mL); (ii) To ensure homogeneity of the sample, the
suspension was sonicated for 5min prior to its use in the adsorp-
tion experiments. A standard solution of 5mMP was prepared by
adding 136mg of KH2PO4 to distilled water (200mL).

For the batch adsorption experiments, nine different treatments
were applied in which four adsorbents -CFH-12®, Phoslock®, Fe-Si-
La and FeHQ- were tested at two dosages and one treatment, with
no adsorbent addition, served as control. Each treatment was per-
formed with six replicates, measuring one replicate of each treat-
ment per week (six weeks in total). Depending on the P
concentration measured in water samples, different volumes of a
standard solution (5mM P) were added to obtain a fixed concen-
tration of 20 mMP in all systems in a volume of 25mL. The adsor-
bents were then added to 25mL of lake water to test a low
(0.2 gmg�1) and a high (0.5 gmg�1) adsorbent:P ratio, as follows:
3.3 and 7.8mg of non-magnetic adsorbents (CFH-12® and Phos-
lock®) were weighed and added to the lake water in order to test
the low and high adsorbent:P ratio, respectively, for each adsor-
bent. Since the active ingredient in Phoslock® is La (5%), the dosage
for this compound corresponds to 10mg La mg�1 P and 25mg La
mg�1 P for the low and high ratio, respectively. The magnetic ad-
sorbents (Fe-Si-La and FeHQ) were added as suspensions by using a
volume of 124 or 310 mL from the standard magnetic suspension
(25 g L�1) to obtain the lowand high adsorbent:P ratio, respectively.
Samples were then agitated for 20 h in a horizontal shaker
(150 rpm). After this time, the supernatant was separated from the
adsorbents by centrifugation (3min, 3000 rpm) or by using the
variable gap magnet for 1min (PASCO scientific; EM-8641). Finally,
the supernatant was filtered for dissolved reactive P analysis ðCe). P
removal efficiency (Pr, %) was calculated as follows:

Pr ¼ Ccont � Ce
Ccont

100 (3)

Likewise, adsorbed P (in mmol) was calculated as:

ðCcont � CeÞV (4)

where (in eqs. (3) and (4)) Ccont is the P concentration in the control
treatment, that is, the P concentration in lake water 24 h after P
addition and without adsorbent; Ce is the equilibrium P concen-
tration in mmol L�1 and V is the same as in eq. (2). Ccont was different
Fig. 1. Adsorption isotherms of CFH-12®, Phoslock® and Fe-Si-La. Adsorbent concen-
tration 1 g L�1; pH¼ 7. Standard deviation is represented by vertical bars.
across the lakes. We used Ccont to calculate Pr instead of the starting
P concentration (20 mM) to avoid including the interaction of P with
water chemistry in the calculation.

The adsorbent dosages (low and high) were established ac-
cording to the adsorption isotherms represented in Fig. 1. As seen in
Fig. 1, P adsorption capacity of the three adsorbents ranges between
1.6 and 2.6mg P g�1 adsorbent (the mean value is 2mg P g�1

adsorbent; adsorbent:P ratio of 0.5 gmg�1) for P concentrations
below 0.1mM (which is a more similar concentration to eutro-
phicated waters). Accordingly, a lower (0.2 gmg�1) and the same
(0.5 gmg�1) adsorbent:P ratio were tested in order to study the
effect of adsorbent dosage on P removal efficiency.

2.6. Data analysis

The aim of the statistical analysis was to identify major factors
affecting P removal efficiency by different adsorbents. The experi-
mental design corresponds to a factorial design 4� 2 in which the
first factor (type of adsorbent) has 4 levels and the second factor
(adsorbent dosage) has 2 levels, being 6 the number of replicates.
Given the high number of experimental units, one replicate of each
treatment and lake was measured each week (time needed to
complete an adsorption experiment), in a total period of 6 six
weeks (one replicate per week). This type of design involves that all
treatments are simultaneously tested every week but not all the
replicates. To avoid pseudoreplication, a LMM was performed
considering the replicates (week) and the lakes (location) as random
factors. In consequence, replicates and lakes are considered a
random sample of all possible replicates and all possible lakes,
respectively. The adsorbed P data were power-transformed (x2)
prior to analysis to meet the assumption of normality of residuals.
The absence of outliers and multicollinearity (vif function) were
fulfilled. At the initial stage, the variables studied were selected
according to the following criteria: (1) potential interference of the
variable in P removal according to the literature (see introduction)
and (2) high enough value/concentration to cause interferences.
The variables initially studied were: type of adsorbent, adsorbent
dosage, conductivity, major cations and anions, pH, color, Si, heavy
metals (Mn2þ, As3þ or As5þ, Cu2þ and Ni2þ) and Ccont . Aiming at
avoiding redundancy between independent variables, Spearman's
correlation test with the Holm's correction was firstly accom-
plished. As a result, major cations, major anions and Ni were not
included in the global model due to their high correlation with
conductivity (Naþ r¼ 0.70; Kþ r¼ 0.92; Mg2þ r¼ 0.92; Ca2þ

r¼ 0.96; Cl� r¼ 0.96; SO4
2� r¼ 0.82; Ni2þ r¼ 0.73; p values for all

correlations< 0.0001). A global model containing the factors (1)
type of adsorbent, (2) adsorbent dosage, (3) conductivity, (4) pH, (5)
color, (6) Si, (7) NO3

�, (8) Mn2þ, (9) As3þ or As5þ and (10) Cu2þ and
(11) Ccont (P in lake water after 24 h without adsorbent) was finally
analysed by using lme4 package (Bates et al., 2015). Model selection
was conducted using MuMIn package (Barto�n, 2012). The Akaike
information criterion (AICc) values allowed to establish a ranking of
candidate models. Models with a DAICc (differences in AICc values
of themodel and themodel with the smallest AICc) less than 2were
given similar support (Posada and Buckley, 2004). The best model
was the model with the minimum AICc value showing a difference
higher than 2 AICc units with other models (Burnham and
Anderson, 1998; Posada and Buckley, 2004). A final model
including all variables retained in the selected models was per-
formed. The Tukey's post hoc test was done with multcomp pack-
age (Hothorn et al., 2013). The significant interactions between
factors were studied by testing the simple main effects performing
contrasts across the levels of one factor when the values for other
factors are fixed at a certain level, and by slope testing for the
interaction with covariates with phia package (de Rosario-
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Martínez, 2015). We also tested the contribution of random effects
using the likelihood ratio test (Bolker et al., 2009). The model an-
alyses were performed in R software (R Development Core Team,
2017). Significant differences were considered when p< 0.05.

3. Results and discussion

3.1. Characterization of hydrous lanthanum oxide loaded silica-
coated magnetite (Fe-Si-La)

SEM images of bare Fe3O4 and the Fe-Si-La particles are shown
in SI Fig. S2a and Fig. S2b, respectively. As observed, both particles
are quasi-spherical in shape and polydisperse in size with a mean
particle size of ~100 nm. SI Fig. S3 shows the magnetic hysteresis
curves of bare Fe3O4 and Fe-Si-La particles at 293 K. Both particles
behave as soft magnetic materials with negligible coercitive field
and remnant magnetization, which means that magnetization be-
comes zero when removing the field. The saturation magnetization
(Ms) of Fe-Si-La (81 emu g�1) is slightly lower than bare Fe3O4 (89
emu g�1) due to the presence of the non-magnetic inorganic
coating. The surface chemical composition of bare Fe3O4 is 59.0% of
C, 31.4% of O and 9.6% of Fe whereas for the case of Fe-Si-La is 28.6%
of C, 49.5% of O, 3.5% of Fe, 13.0% of Si and 5.3% of La. This analysis
evidenced a significant presence of Si and La at the surface of the
Fe-Si-La particles.

3.2. Maximum phosphorus adsorption capacity of the adsorbents

P adsorption capacity of CFH-12®, Phoslock® and Fe-Si-La was
assessed bymodelling the adsorption data. Experimental datawere
fitted to Langmuir and DubinineRadushkevich (DR) adsorption
isotherms (see solid lines in Fig. 1). Langmuir isotherm model as-
sumes a homogeneous adsorption surface in which a monolayer of
adsorbate is formed and is defined by the eq. (5):

qe ¼ KLMLCe
1þ KLCe

(5)

where qe is the amount of adsorbed adsorbate at equilibrium (mg
g�1), KL (L g�1) is an adsorption constant related to the energy of
adsorption, ML (mg g�1) is an empirical saturation constant that
represents the maximum adsorption capacity and Ce is the same as
in eq. (2). The DR equation is widely used to describe the pore filling
adsorption mechanism on microporous surfaces such as activated
carbon, zeolites and clays and it is represented by the eqs. (6) and
(7) (Nguyen and Do, 2001; Brezovska et al., 2004; Chen, 2015):

qe ¼ qs exp
�
� KDR ε

2
�

(6)

ε ¼ RT ln
�
1þ 1

ce

�
(7)

where qs (mg P g�1) is a constant representing the maximum
Table 2
Best models predicting P adsorption obtained through model selection (DAICc< 2).
AICc values, AICc differences (D) and Akaike weights (u) of the subset of models
generated. l is the maximized log likelihood. (1) type of adsorbent, (2) adsorbent dose,
(5) color, (7) NO3

� and (11) Ccont.

Model l AICc DAICc u

(A)1* þ 2*þ1 � 2* þ 11* 1666.84 �30308.98 0.00 0.49
(B)1* þ 2*þ1 � 2* þ 11*þ7 þ 1 � 7* 1669.92 �30307.17 1.82 0.20
(C)1* þ 2*þ1 � 2* þ 11*þ5* 1666.74 �303.04 1.95 0.19

*p < 0.001.
adsorption capacity, KDR (mol2 kJ�2) is a constant related to the free
energy of adsorption, R is the universal gas constant (8.314 Jmol�1

K�1), T (K) is the absolute temperature and Ce is the same as in eq.
(2). Attending to r2 values, Phoslock® (a modified bentonite)
showed a better fit to DR isotherm (SI Table S1). These results were
expected as bentonite is a microporous material (Brezovska et al.,
2004) and accordingly, the adsorption process is well explained
by the pore filling mechanism described by DR isotherm. In
contrast, CFH-12® and Fe-Si-La fitted better to Langmuir isotherm.
Comparison of the four adsorbents evidenced that FeHQ had the
highest adsorption capacity (18.8mg g�1; see de Vicente et al.,
2010a), followed by CFH-12® (15.1mg g�1), Phoslock®

(13.6mg g�1) and Fe-Si-La (6.7mg g�1). Fe-Si-La showed higher
adsorption capacity compared to bare Fe3O4 (5.85mg g�1, data not
shown). In general, similar values were obtained in previous works
for the same adsorbents. The manufacturer reported a ML of
10.0mg P g�1 for Phoslock® (CSIRO, Australia). Fuchs et al. (2018)
obtained a ML of 30.6mg P g�1 for CFH-12® which is twice the
value of this work presumably due to longer contact time [3
months of exposure to 50 mM of dissolved inorganic P (DIP)].
However, the maximum P adsorption capacity of our Fe-Si-La
particles was much lower than that reported by Lai et al. (2016)
with similar particles (27.8mg g�1). This discrepancy may arise
from differences in the preparation method. In fact, a much lower
La content is present in our Fe-Si-La particles as indicated by XPS
(5.3% of surface La content) compared to Lai et al. (2016).
3.3. Factors affecting phosphorus adsorption

According to the AICc values and the Akaike weights (u, condi-
tional probabilities of each model) of the models, three models
received noticeable support and were considered plausible to
identify factors controlling P adsorption (Table 2). Model A had the
smallest AICc value (best model) and contained as independent
variables: type of adsorbent, adsorbent dosage, their interaction
term (type of adsorbent x adsorbent dosage) and Ccont . Additionally
to the variables present in model A, model B included NO3

� and the
interaction type of adsorbent x NO3

� whereas model C added color
as independent variables. As a result, a final model containing all
the variables present in the three selected models was obtained.
Results of the LMM are shown in Table 3. As seen, all parameters
except for NO3

� (type of adsorbent, adsorbent dosage, color and
Ccont) and the interactions included in the model had a significant
effect (p< 0.05) on P adsorption. In the following sections the effect
of each parameter is studied in detail.

Results showed that none of the random factors showed a sig-
nificant effect on P adsorption (replicate: p¼ 0.813; lake: p¼ 1).
These results allow us to extrapolate the results obtained in the
model to other lakes.
Model coefficients. Estimate (the model-based estimate for the coefficient for each
parameter without weighting), standard error (SE), associatedWald's z score (z) and
significance level (p) for the fixed factors explaining P adsorption.

Fixed Factors df c2 p

Intercept
Type of adsorbent 3 2663.60 <0.001
Adsorbent dosage 1 156.66 <0.001
Ccont 1 794.28 <0.001
Color 1 39.36 <0.001
NO3

� 1 0.21 0.6
Type of adsorbent x NO3

� 3 50.26 <0.001
Type of adsorbent x adsorbent dosage 3 509.95 <0.001



Fig. 2. P removal efficiency (Pr in %) for the merged data of all studied systems as a
function of type of adsorbent and adsorbent dosage. Standard deviation is represented
by vertical bars.
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3.3.1. Effect of the type of adsorbent
As seen in Table 3, the type of adsorbent had a significant effect

on P adsorption. P removal efficiencies at low and high adsorbent
dosage are represented for all the adsorbents in Fig. 2. Data
represent the average for all aquatic ecosystems. As expected, those
adsorbents with the highest maximum P adsorption capacities,
CFH-12® and Phoslock® (SI Table S1), showed the highest P removal
efficiencies (>85%). Fe-Si-La was also very efficient with P removal
efficiencies greater than 70% whereas FeHQ showed the lowest
(�15%). Tukey's post hoc test (data not shown) showed that
Phoslock® removed significantlymore P than CFH-12®, Fe-Si-La and
FeHQ (p¼ 0.037, p¼ 0.01, p< 0.001, respectively). P removal was
significantly lower for FeHQ compared to the rest of the adsorbents
(p< 0.001). This result is particularly striking in view of the high
maximum P adsorption capacity of FeHQ (de Vicente et al., 2010a);
however different explanations can be suggested. First, the low
adsorption capacity of FeHQ (0.5mg g�1; de Vicente et al., 2010a) at
low P concentrations (<0.1mMP) compared to the rest of the ad-
sorbents (1.6e2.6mg g�1; see Fig. 1). Second, the adsorbent:P ratios
used in this work (0.2 and 0.5 gmg�1) are seven and three fold
lower, respectively, than the optimum adsorbent dosage
(1.5 gmg�1) calculated by Merino-Martos et al. (2011) to efficiently
remove P from solution. Even more, de Vicente et al. (2011) applied
much higher adsorbent dosages (6.45 and 25.81 gmg�1) when
using the same particles to remove P from different natural aquatic
ecosystems. Given the low P removal by FeHQ, a complementary
model was run in which FeHQ was removed, determining that the
type of adsorbent was not significant (p¼ 0.793) for the overall
model (data not shown). In this case, differences between the three
other adsorbents are not relevant as determined by Tukey's test
(p¼ 0.622, p¼ 0.514, p¼ 0.877).
3.3.2. Effect of the adsorbent dosage
The adsorbent dosage is, as expected, a significant factor

explaining the mass of adsorbed P (Table 3). As seen in Fig. 2, the
high adsorbent dosage led to higher P removal efficiencies.
Table 4
Post hoc analysis of the simple main effects for the interaction type adsorbent x
adsorbent dosage. The Holm's method correction of p was used to protect the
family-wise error rate.

Value df c2 p

CFH-12® 0.0416 1 156.66 <0.001
Phoslock® 0.0063 1 3.80 0.102
Fe-Si-La 0.0949 1 807.43 <0.001
FeHQ 0.0008 1 0.05 0.819
Likewise, there is an interactive effect of the factors type of adsor-
bent x adsorbent dosage on adsorbed P (Table 3). As a result, a post
hoc analysis of this interaction was carried out. Table 4 shows the
results of simple main effects interaction analysis for type of
adsorbent x adsorbent dosage. In consequence, the effect of
adsorbent dosage at the different types of adsorbents was tested,
and it was found that the adsorbent dosage has a significant effect
on adsorbed P (p< 0.001) when using CFH-12® and Fe-Si-La but not
when using Phoslock® and FeHQ (p> 0.05). Specifically, when
comparing adsorbent dosages for CFH-12® (Fig. 2), we observed
that the high adsorbent dosage removed significantly more P (>99%
on average for all the systems) than the low adsorbent dosage
(86.1%). Similarly, when adding Fe-Si-La P removal efficiencies were
significantly higher for the high dosage (>99%) than for the low
dosage (71.2%; Fig. 2). However, no differences in P removal were
found between the high and low adsorbent dosage for the case of
Phoslock® (97.5e99.1%) and FeHQ (12.0e15.5%). Differences in the
effect of adsorbent dosage on adsorbed P among the studied ad-
sorbents explain the significant interaction between the factors
type of adsorbent x adsorbent dosage obtained in the model.

3.3.3. Effect of the matrix
Among all the variables included in the model, Ccont and color in

lake water were the only ones related to water chemical compo-
sition that significantly affect adsorbed P (Table 3). On the one
hand, the coefficient for Ccont is positive, pointing out a positive
relationship between Ccont and themass of adsorbed P. In particular,
Phoslock® showed the strongest Pearson correlation coefficient
(r¼ 0.940) between Ccont and P adsorbed followed by CFH-12®

(r¼ 0.731) and Fe-Si-La (r¼ 0.428). Therefore, high Ccont would
enhance the mass of adsorbed P. This trend has been also observed
for anionic dyes (Banerjee and Chattopadhyaya, 2017). By contrast,
a negative and weak correlation (r¼�0.060) between both vari-
ables were found for FeHQ as a result of the insufficient adsorbent
dosage. On the other hand, the coefficient for color was negative,
reflecting that the mass of adsorbed P responded inversely to
increasing values of this parameter. Color in water has been re-
ported to be a good indicator of the humic substances (humic and
fulvic acids) concentration (Cuthbert and del Giorgio, 1992). In
more details, Fig. 3a shows the relationship between adsorbed P
and color for all the adsorbents. As indicated by r values, high
Fig. 3. a) Relation between adsorbed P and color for the four studied adsorbents. b)
Relation between adsorbed P and NO3

� for the four studied adsorbents. r is the Pearson
correlation coefficient. The y-axis values are power-transformed (x2).



Table 5
a) Post hoc analysis of the pairwise comparisons between the types of
adsorbent for the interaction type adsorbent x NO3

�. The Holm's method
correction of p was used to protect the family-wise error rate. b) Post hoc
analysis of the interaction between the type of adsorbent and NO3

� (slope
testing of the relationship between adsorbed P and NO3

� for each adsorbent).

Value df c2 p

a)

CFH-12® - Fe-Si-La �0.0006 1 0.78 0.376
CFH-12® - FeHQ �0.0030 1 21.33 <0.001
CFH-12® - Phoslock® 0.0014 1 5.22 <0.050
Phoslock® - FeHQ 0.0044 1 48.79 <0.001
Phoslock® - Fe-Si-La 0.0020 1 10.14 <0.010
Fe-Si-La - FeHQ 0.0024 1 13.92 <0.001

b)

CFH-12® �0.0002 1 0.21 0.936
Phoslock® �0.0017 1 12.83 <0.010
Fe-Si-La 0.0003 1 0.53 0.936
FeHQ 0.0028 1 32.41 <0.001
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values of color and thus, high lake water concentrations of humic
substances, would noticeably affect the mass of adsorbed P by Fe-
Si-La (r¼�0.164) and by CFH-12® (r¼�0.109). Previous works
have reported potential interferences of humic acids on the
adsorption of P onto Fe oxy-hydroxides, a similar Fe based com-
pound to CFH-12® (Antelo et al., 2007) and onto Fe-Si-La (Lai et al.,
2016). Humic substances may interact with colloids in different
ways. H-bonding, ligand exchange and electrostatic interactions are
the main sorption mechanisms of humic substances onto iron ox-
ides (goethite and hematite) (Philippe and Schaumann, 2014).
Frequently, several mechanisms act at the same time. The humic
substances that mostly affect P adsorption onto iron oxides are
fulvic acids due to a stronger electrostatic interactions with P
(Weng et al., 2008).

Unlike what happened to CFH-12® and Fe-Si-La, humic sub-
stances had negligible effect on adsorbed P by Phoslock®

(r¼�0.042) despite the fact that the DOC concentration in the
studied aquatic systems were high enough to cause interferences
(Lurling et al., 2014; Dithmer et al., 2016). Specifically, half of the
lakes presented a DOC concentrations between 1 and 10mg L�1 and
half presented values ranging from 10 to 30mg L�1 except for
Charca Su�arez which showed much higher value (118mg DOC L�1).
Contrarily to our results, the competition of humic substances and P
for the adsorption sites on Phoslock® has been previously reported
(Dithmer et al., 2016). Similarly, Lurling et al. (2014) reported a
reduced P binding by Phoslock (actually by La which is the active
ingredient) when DOC concentrations were as low as 2mg L�1 and
the effect became stronger when increasing up to 14mg DOC L�1.
The stronger effect of humic substances on P adsorption by CFH-
12® and Fe-La-Si than by Phoslock® may be explained by several
reasons. Firstly, the high adsorption capacity of Phoslock®

compared to the others adsorbents (see SI Table S1). According to
the results, P removal by Phoslock® was not affected by coexisting
ions and substances (almost 100% of P removal whatever the
adsorbent dosage and lake water) because there are still free
adsorption sites for P. However, in Fe-Si-La and CFH-12®, the
adsorption sites (OH functional groups) could be blocked by the
presence of humic substances and not available for P adsorption,
thus reducing P removal efficiency (Lai et al., 2016; Borggaard et al.,
2005). A second explanation would be the lower affinity of humic
substances for clays compared to iron oxides due to the unfav-
ourable electrostatic pattern (Philippe and Schaumann, 2014).
Another reason maybe that the adsorption of humic substances on
CFH-12® and on Fe-Si-La could reduce their point of zero charge
(pzc) and increase electrostatic repulsion for the adsorption of
anionic phosphate (Antelo et al., 2007).

As seen in Table 3, there are not significant main effects of NO3
�

on the adsorbed P. However, there is a significant effect of the
interaction type of adsorbent x NO3

�. This means that the effect of
NO3

� on the adsorbed P depends on the type of adsorbent. Table 5a
shows the post hoc analysis of this interaction in which the
adjusted values of the slope with respect to the adsorbed P for the
level and contrasts of the type of adsorbent are indicated. Accord-
ing to it, the proportional relation between NO3

� and adsorbed P is
significantly greater (and direct, see Fig. 3b) for FeHQ compared to
the rest of adsorbents (p< 0.001). Likewise, this proportional
relation is significantly different (and negative, see Fig. 3b) for
Phoslock® compared to CFH-12® and Fe-Si-La (p< 0.05 and p< 0.01,
respectively). In fact, Table 5b points out that the relation between
adsorbed P and NO3

� is only significant for FeHQ and Phoslock®. As,
according to Fig. 3b, there could be an apparent correlation caused
by water from one single lake (Balax), we repeated the previous
model of Table 3 excluding Balax lake. The results again showed
significant relationships between adsorbed P andNO3

� for FeHQ and
Phoslock® (post hoc analysis of the interaction: p< 0.01 and
p< 0.05, respectively). This result may have implications in lake
restoration. The efficiency of Phoslock® in removing P could be
reduced in lakes with high NO3

� concentration whereas the effi-
ciency of FeHQ would increase. Pr in each aquatic ecosystem is
shown in Fig. 4 and Fig. 5 for non-magnetic and magnetic adsor-
bents, respectively. For CFH-12®, Pr was similar between lakes at
lowadsorbent dosage. At high adsorbent dosage of CFH-12®, Charca
Su�arez showed the lowest Pr (94.2%) compared to the highest value
found in Grande, Padul and Cubillas (99%). For Phoslock® and Fe-Si-
La, Pr was similar across lakes at high adsorbent dosage but the
values were different at low adsorbent dosage. Pr by Phoslock® was
slightly lower in Charca Su�arez (81.3%) compared to Balax (99.9%).
Pr by Fe-Si-La was notably lower in Charca Su�arez (38.3%) and
Canales (63.0%) compared to Colomera (82.6%), Cubillas (89.5%) and
Guadal�en (80.0%). For the case of FeHQ, Pr was similar between
lakes at low adsorbent dosage whereas it was different at high
adsorbent dosage, being Pr much lower in Puerto de los Alazores
(5.3%) compared to Balax (49.0%).

The lower Pr reported in Charca Su�arez for all the adsorbents
could be attributed to its extremely high color value (10.31m-1),
which ultimately reflects high humic substances concentration
(Cuthbert and del Giorgio,1992). Similarly, and although Aswas not
selected in the model as explanatory variable for P adsorption, the
high concentration of this metal in Charca Su�arez (11.7 mg L�1) may
have reduced adsorbed P by CFH-12® due to competition. In fact, P
and As have been reported to have a similar structure, chemical
reactivity and adsorption kinetic onto iron oxides (Luengo et al.,
2007; Lukkari et al., 2007).

4. Conclusions

For the practical application of novel P adsorbents used for lake
restoration, it is essential to assess the effects that natural sub-
stances/ions have on P removal efficiency. In this study, adsorption
experimental data from 20 aquatic ecosystems, have been used for
obtaining a LMM. This novel methodological approach has deter-
mined that the major drivers controlling P removal are: type of
adsorbent, the adsorbent dosage and the concentration of humic
substances. The studied adsorbents showed the following P
removal efficiency order: Phoslock® (~100%)> CFH-12®

(85e100%)> Fe-Si-La (70e100%)> FeHQ (0e15%) for both adsor-
bent:P ratios 0.2 and 0.5 gmg�1. Phoslock® was the most efficient P
adsorbent independently of adsorbent dosage and water chemical
composition. Contrarily to previous studies, FeHQ showed a low P



Fig. 4. P removal efficiency (Pr in %) of non magnetic adsorbents (CFH-12® and Phoslock®) for each lake. High adsorbent dosage in blackand low in grey. Standard deviation is
represented by vertical bars.

Fig. 5. P removal efficiency (Pr in %) of magnetic adsorbents (Fe-Si-La and FeHQ) for each lake. High adsorbent dosage in black and low in grey. Standard deviation is represented by
vertical bars.
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uptake due to a notable underdosing. P removal efficiency of CFH-
12® and Fe-Si-La was negatively affected by high color values (high
concentration of humic substances). With respect to the P removal
efficiency, the non-magnetic adsorbents employed in this work
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were more efficient than their magnetic counterparts. However, it
is important to remark that the former cannot be reused. All in all,
differences in chemical properties -adsorption capacity or surface
charge- and the affinity to the adsorbate and to other substances/
ions play an important role in the performance of each adsorbent to
remove P.
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