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The lanthanum (La) modified bentonite Phoslock® has been proposed as dephosphatisation
technique aiming at removing Filterable Reactive Phosphorus (FRP) from the water and
blocking the release of FRP from the sediment. In the modified clay La is expected the
active ingredient. We conducted controlled laboratory experiments to measure the FRP
removal by Phoslock® in the presence and absence of humic substances, as La complex-
ation with humic substances might lower the effectiveness of La (Phoslock®) to bind FRP.
The results of our study support the hypothesis that the presence of humic substances can
interfere with the FRP removal by the La-modified bentonite. Both a short-term (1 d) and
long-term (42 d) experiment were in agreement with predictions derived from chemical
equilibrium modelling and showed lower FRP removal in presence of humic substances.
This implies that in DOC-rich inland waters the applicability of exclusively Phoslock® as
FRP binder should be met critically. In addition, we observed a strong increase of filterable
La in presence of humic substances reaching in a week more than 270 pg La 1~ that would
infer a violation of the Dutch La standard for surface water, which is 10.1 pg La 1%, Hence,
humic substances are an important factor that should be given attention when considering
chemical FRP inactivation as they might play a substantial role in lowering the efficacy of
metal-based FRP-sorbents, which makes measurements of humic substances (DOC) as well
as controlled experiments vital.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Eutrophication through excessive nutrient enrichment is

freshwater and coastal ecosystems (Conley et al., 2009; Smith
and Schindler, 2009). Water blooms of potentially toxic cya-
nobacteria (blue-green algae) — the most obvious symptoms of
eutrophication, are a threat to human and animal health

considered the most important water quality problem in
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(Codd et al., 2005; Dittmann and Wiegand, 2006), e.g. they
cause swimming bans, and have caused drinking water
shortages (Liirling and Van Oosterhout, 2013a; Yang and Liu,
2010). The attainment of a good water quality is required by
European legislation (EU, 2000) and the ‘good ecological state’
or ‘potential’ of lakes by 2015, as required from the EU WFD
(European Union, 2000), makes eutrophication control an
important challenge to water authorities.

It is widely accepted that excessive loadings with both ni-
trogen and phosphorus, are the major causes of blooms of cya-
nobacteria (Smith et al., 1999; Cooke et al., 2005), which would
indicate that mitigation should focus on dual reductions (Paerl,
2009). For practical purposes only phosphorus can be lowered
effectively to limiting concentrations, hence eutrophication
control has primarily focused on phosphorus control (Schindler
et al., 2008). Phosphorus control implies both strong reduction
of the external phosphorus inputs as well as phosphorus present
within the system (Klapper, 2003; Cooke et al., 2005; Mehner
et al., 2008). In-lake phosphorus control requires both water
column dephosphatisation as well as blocking phosphorus
release from the sediment (Cooke et al., 1993, 2005; Spears et al.,
2013a). Traditionally, aluminium-, calcium- and iron salts have
been applied for in-lake restoration (e.g. Cooke et al., 1993; Cooke
et al., 2005), while more recently solid-phase phosphorus sor-
bents have gained interest (Spears et al., 2013a). Solid-phase
phosphorus sorbents are mainly clays enriched with
aluminium (Al) (Gibbs et al., 2011), iron (Fe) (Zamparas et al., 2012)
or lanthanum (La) (Haghseresht et al., 2009; Yuan et al., 2009).

Most information exists on the La modified bentonite
Phoslock® (Douglas, 2002). Phoslock® was developed by the
Australian CSIRO, as dephosphatisation technique aiming at
removing Filterable Reactive Phosphorus (FRP) from the water
and blocking the release of FRP from the sediment. Several
studies reported Phoslock® as promising technique to control
eutrophication (Robb et al., 2003; Akhurst et al., 2004; Ross
et al.,, 2008; Haghseresht et al.,, 2009; Van Oosterhout and
Liirling, 2013). Under favourable conditions La and FRP bind
to rhabdophane (LaPOy4), a mineral with an extreme low sol-
ubility (Ksp = 107**7to 10727 mol® 17?) (Johannesson and
Lyons, 1994; Liu and Byrne, 1997). The La-FRP bond is less
affected by non-neutral pH as compared with Al — and Fe-
based FRP binders (Douglas et al., 2004). The FRP binding ca-
pacity of La is not affected by altered redox conditions such as
those in anoxic waters (Ross et al., 2008). However, the efficacy
of this La modified clay in controlling phosphorus in an
enclosure experiment (Liirling and Faassen, 2012) and in the
first application in The Netherlands (Het Groene Eiland) did
not meet the expectations (Lurling and Van Oosterhout,
2013a). Recent experiments showed that the dose of 100:1
Phoslock®:P as recommended by the manufacturers was too
low (Reitzel et al., 2013a,b).

The effectiveness of La to bind FRP is hindered by naturally
occurring compounds such as humic substances. Although itis
plausible that naturally occurring oxyanions (in particular
carbonates) hinder this effectiveness as well (Johannesson and
Lyons, 1994), we focus on humic substances because the actual
DOC concentrations in many (Dutch) lakes (e.g. 2—20mg1~%; De
Lange, 2000) are in the range where a reduction of the effec-
tiveness might be expected. Complex-formation of La with
humic substances was predicted at 5 mg 1= DOC (Tang and

Johannesson, 2003) and experimentally demonstrated for
example at 10 mg 1-* Aldrich humic acids, natural organic
matter and Suwannee River fulvic acids (Sonke and Salters,
2006; Tang and Johannesson, 2010a,b). Chemical equilibrium
modelling suggested that La complexation with humic sub-
stances is dominated by humic complexes from pH 4 upward
(Sonke, 2006). It is suggested that humic substances may have
caused the La-modified bentonite clay (LMB) to be less effective
than theoretically expected (Liirling and Faassen, 2012; Liirling
and Van Oosterhout, 2013a; Reitzel et al., 2013b), i.e. through the
formation of complexes, the humic substances physically
hinder the precipitation of La with FRP. Humic substances are
known to form complexes with metals (Van Dijk, 1971; Rashid,
1974) and as such could potentially reduce the P-removal ca-
pacity of the LMB. This is an important notion as eutrophic/
dystrophic lakes tend to have higher DOC concentrations (on
average 1030 mgl %) than oligo/mesotrophic ones (on average
2—-3 mg1™") (Thurman, 1985). Furthermore, climate change is
predicted to increase leakage of terrestrial humic substances to
surface waters leading to “brownification” (Monteith et al,
2007; Ekvall et al., 2013). Hence, the potential effect of humic
substances on the efficacy of La modified clay for eutrophica-
tion control should be taken into consideration. To our knowl-
edge no controlled experiments testing the effect of humic
substances on the FRP removal by the LMB have been reported
in the scientific literature. As we suspected humic substances to
interfere with the FRP binding capacity of LMB, we conducted
controlled laboratory experiments to measure the FRP removal
by the LMB in the presence and absence of humic substances.
We tested the hypotheses that the presence of humic sub-
stances influences the FRP removal of the LMB and that this
influence depends on humic substance concentration.

2. Materials and methods
2.1. Chemicals

The lanthanum modified benthonite, LMB, (Phoslock®, alleged
5% La) was supplied by Phoslock Europe GmbH (Ottersberg,
Germany). Humic substance was obtained from
Sigma—Aldrich® Chemie GmbH (Steinheim, Germany) as
humic acid sodium salt, technical grade (CAS: 68131-04-4). Di-
potassium hydrogen phosphate (CAS: 7758-11-4) was obtained
from Merck KGaA (product no. 1.05104.1000, Darmstadt,
Germany).

2.2.  Chemical equilibrium modelling

The effect of humic substances on the P-removal efficiency of
Phoslock® was evaluated by chemical equilibrium modelling
using the program CHEAQS Pro (release P2013.1; Verweij,
2013). In this program Model V/WHAM-W (Tipping and
Hurley, 1992; Tipping, 1994) was chosen to evaluate the for-
mation of complexes of lanthanum with humic acids. Model
V/WHAM-W is a discrete site model for humic-ion complex-
ation using carboxylic and phenolic groups as two main types
of functional groups (Sonke, 2006). The model was run with:
2182 pgl ' La (based on 50 mg 1~ Phoslock® containing 4.37%
La that was determined by ICP-MS in five different batches of
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Phoslock®; 43656 + 1567 mg kg™ ! and assuming all La in the
clay is available to bind FRP), 595 pg 1"* FRP at pH = 7 and
pH = 8 and varying humic substances concentrations as DOC
(0, 2, 4, 6, 8 10, 12 and 14 mg 1‘1). The proportion of
humic acids and fulvic acids was set at 100% HA — 0% FA and
50% HA — 50% FA. The La:P ratio modelled was comparable to
the ones used in the experiments.

2.3. Short-term (24 h) P-removal experiment

A short term (24 h) controlled experiment was done to test the
FRP-removal by Phoslock® in a standard FRP-solution at
different concentrations of humic substances. The experi-
ment consisted of two series (one without and one with
Phoslock®), eight DOC concentrations (0, 2, 4, 6, 8, 10, 12 and
14 mg DOC 1Y) and three replicates, yielding 2 x 8 x 3 = 48
experimental units. Humic substances were dissolved in pu-
rified water (Q-Pod, Millipore) in triplicate in the concentration
range 0, 1, 5, 10, 50, 100 and 1000 mg 1~*. The concentrations of
the humic substance in the solutions were determined as DOC
by a Shimadzu TOC analyzer at the Chemical—Biological Soil
Laboratory of the Department of Soil Sciences (Wageningen
University, The Netherlands). Below humic substance con-
centrations are referred to as DOC (mg 1™%) concentrations.
Two 2.5 1 stock solutions with a nominal FRP concentration of
600 pg 1~ (measured 595 pg FRP 17!) were made by dissolving
K,HPO, in purified water (Q-Pod, Millipore). To one of the
stocks humic substances was added at 14 mg DOC 171, Ali-
quots of both stocks were distributed over 48 glass tubes of
125 ml such that six replicate tubes contained a total volume
of 100 ml with different concentrations of humic substances
(0,2,4,6,8,10, 12 and 14 mg DOC 17%). Then these series were
split in two such that three replicates of each DOC concen-
tration were treated with Phoslock® dosed at approximate
50 mg 17! and the other three left untreated. The Phoslock®
was added by making a slurry with water from the designated
tubes and adding it quantitatively at the surface of the tubes.
The tubes were placed for 24 h in the dark at room tempera-
ture (~22 °C) without agitation, where after subsamples were
filtered through 0.45 um membrane filters (Whatman NC45)
and analysed on their FRP concentration on a Skalar SAN+
segmented flow analyser followed the Dutch standard NEN
6663 (NNI, 1986). The pH and electric conductivity (EC,
uS cm™?) were determined in an additional series to avoid
disturbance in the experimental tubes using a WTW Multi
3500i meter.

The intended statistical test for the residual FRP concen-
trations was a two-way ANOVA based on the factorial design
with different DOC concentrations in absence/presence of
Phoslock®. However, because the Normality Test (Shapir-
o—Wilk) failed (P < 0.050) and data transformation appeared
insufficient, FRP concentrations in the control series and the
Phoslock® series were tested against each other using Parallel
Lines Analysis in the tool pack SigmaPlot version 12.3. This
analysis compared the slopes and intercepts of the regression
lines of FRP concentrations at different DOC concentrations in
absence and presence of Phoslock®. Similarly, the effect of
DOC on the pH and EC in absence and presence of Phoslock®
was evaluated by Parallel Lines Analysis (SigmaPlot version
12.3).

Chemical equilibrium modelling (CHEAQS Pro release
P2013.1; Verweij, 2013) was done to estimate the theoretical
residual FRP concentrations in the standard P-solution at
different concentration of humic substances in absence and
presence of La. In this model it is assumed that all La in
Phoslock® is available to FRP binding as is suggested from
information provided by the manufacturer (http://www.
phoslock.eu/en/phoslock/about-phoslock/;  last accessed
January 21st 2014). The input values for the model were
derived from the measured FRP concentration in controls
(without Phoslock®), the concentration of La added
(2182 pg 1Y), the added DOC concentration (0, 2, 4, 6, 8, 10, 12
and 14 mg DOC 1") as 100% humic acids and measured pH
values. The slopes and intercepts of the regression lines were
compared using Parallel Lines Analysis (SigmaPlot version
12.3).

2.4. Long-term (6 week) P-removal experiment

The effect of humic substances on the FRP-removal efficiency
by Phoslock® was tested in a 6 weeks controlled experiment. A
stock solution of 600 pg FRP 17! was made by dissolving
K,HPO, in purified water. Six cylinders were filled with 11 of
the stock solution, to three cylinders humic substances were
added at 10 mg DOC 17%, where after all cylinders were treated
with 50 mg 17! Phoslock®. The cylinders were covered and
placed in the laboratory in the dark (~22 °C). After 1 h, 1 day, 3
days, 1 week, 2, 4 and 6 weeks 30 ml subsamples were filtered
through 0.45 ym membrane filters (Whatman NC45). Of these
20 ml was used for measurement of their FRP concentration
on a Skalar SAN+ segmented flow analyser following the
Dutch standard NEN 6663 (NNI, 1986). The remaining 10 ml
was acidified with 100 ul 7 M HNO3; and subsequently the La
content was determined by ICP-MS in the Chemical—Bio-
logical Soil Laboratory of the Department of Soil Sciences
(Wageningen University).

The FRP and La concentrations were statistically evalu-
ated by repeated measure ANOVAs (IBM® SPSS® Statistics
version 19.0.0.1). The data were checked for normality using
Shapiro—Wilk test of Normality. The non-significance indi-
cated data fitted the normal curve well, while Mauchly’s test
indicated that the assumption of sphericity had not been
violated.

Chemical equilibrium modelling (CHEAQS Pro release
P2013.1; Verweij, 2013) was done to estimate theoretical re-
sidual FRP concentrations in the Phoslock® treated P-solutions
without and with humic substances (10 mg DOC 17%). The pH
of both solutions was measured in a series of 4 cylinders
without and 4 with 10 mg DOC17?, yielding mean pH = 6.9 and
pH = 7.6 in controls and DOC treatments, respectively, that
were used as input in the model.

3. Results
3.1 Chemical equilibrium modelling
The chemical equilibrium modelling indicated no effect of

humic substances (i.e. DOC) on residual FRP concentrations in
the absence of La. Simulating a Phoslock® treatment (adding
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La) pointed out that in the absence of humic substances all La
precipitated with FRP. Because La was somewhat under dosed
to FRP, the percentage P as LaPO, is not 100%, but 81.7% which
is the maximum based on available La (Fig. 1A). Simulating
increasing concentrations of humic substances (DOC) reduced
FRP binding by La, in which the reduction depended on DOC
concentrations (Fig. 1A). Furthermore, the modelling indicated
an interactive effect of pH and composition of the humic
substances, i.e. humic and fulvic acids (Fig. 1A). Over all, in the
presence of humic substances, FRP binding by La is lower at
pH=8thanitisat pH =7.In case 50% of the humic substances
were present as FA, FRP binding by La was less than in the
absence (0%) of FA. This modelled reduction in LaPO, precip-
itation seemed to be caused by formation of complexes of La
with humic acids (Fig. 1B).

3.2.  Short-term (24 h) P-removal experiment

Adding DOC to the control (FRP solutions) or Phoslock® series
(FRP solution + Phoslock® added) resulted in a linear increase
in pH and EC. The slopes of these increases were similar
(Table 1). In the Phoslock® series the intercept of EC was
significantly higher than in de control (Table 1).

The residual FRP concentration in the control series
remained approximately 600 ug 17 (Fig. 2A). In the Phoslock®
series the residual FRP concentrations were lower than in
the controls, but tended to increase with higher DOC con-
centrations (Fig. 2A). The Parallel Line Analysis revealed that
the slopes of regressions in control series and Phoslock®
treatments were significantly different (Fq 1 17.97;
P = 0.001).

The residual FRP was higher — and thus the reduction in
FRP was less — than predicted from the amount of Phoslock®
added. In the absence of DOC the addition of Phoslock® could

have reduced FRP from 595 to 108 ug 17! — only a reduction to
333 pug 1! was measured (Fig. 2B). Parallel Line Analysis of
measured and modelled FRP concentrations revealed that the
slopes of their regression lines were similar (F1,, = 0.72;
P = 0.412), but that the intercepts were significantly different
(F1,13 = 218.4; P < 0.001). The measured reduction of the FRP-
binding efficiency by Phoslock® is in agreement with the
predictions from chemical equilibrium modelling. However,
the magnitude of FRP-removal after 24 h is far lower than
expected (Fig. 2B).

3.3.  Long-term (6 week) P-removal experiment

In the absence of DOC the model predicted La binding to result
in a residual FRP of 68 ug17%, while in the presence of DOC the
model predicted a residual FRP concentrations of 152 pg 17?
(Fig. 3). The measured residual FRP concentration in the
absence DOC (controls) gradually decreased towards this
predicted value and levelled off around 90 pg 17! (Fig. 3). In
contrast, in the presence of 10 mg DOC 1~* residual FRP con-
centrations levelled off around 230 pg 17, which is 2.5 times
more than the expected concentration assuming no interfer-
ence from DOC (Fig. 3). The repeated measure ANOVA
revealed that in both treatments the FRP concentrations
decreased significantly over time (Fs,4 = 1585; P < 0.001).
However, in the presence of DOC the residual FRP concen-
trations were significantly higher than in their absence
(F1, 4 = 161.5; P < 0.001). The course of the decline of FRP
concentrations in controls deviated significantly from those in
the DOC treatments (Fg 04 = 24.9; P < 0.001).

The filterable La concentration in the sole Phoslock® series
(controls) reached 3.3 pg 17! after one day and then gradually
decreased to <0.2 pg 1! at the end of the experiment. In
contrast, in presence of DOC filterable La concentrations
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Fig. 1 — Proportions of phosphorus as rhabdophane (LaPO,4, Panel A) and lanthanum (La) speciation as humic complexes
(Panel B) under two pH (7 and 8) and two humic acid (HA) — fulvic acid (FA) scenarios (100% HA — 0% FA; 50% HA — 50% FA) as
predicted from chemical equilibrium modelling in waters varying in humic acid concentration (as DOC) from 0 to 14 mg 1~ ™.
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Table 1 — Results of linear regressions of pH and electric conductivity (EC, uS cm~?) against different DOC concentrations

(0-14 mg1™") in FRP solutions (0.6 mg FRP 1~ ") and FRP solutions with 50 mg Phoslock® 1~* added, including r2; of the fits
and F- and P-values of comparison of slopes and intercepts of the regressions.

pH

EC

FRP solution

FRP + Phoslock® pH = 6.621 + (0.0877 x DOC) r2

F11, = 1.69; P = 0.218
F115 = 4.08; P = 0.065

Equality of slopes
Equality of intercepts

pH = 6.45 + (0.100 x DOC) r2y; = 0.973

adj

EC = 983.750 + (100.193 x DOC) rzdj =0.963

a

= 0.955 EC = 1161.667 + (91.190 x DOC) rgdj = 0.988

F11, = 1.17; P = 0.300
F115 = 8.97; P = 0.001

increased sharply to 273 ug 1-* within a week (Fig. 4). Samples
in presence of DOC taken after 2, 4 and 6 weeks showed pre-
cipitation in filtrates and were therefore excluded from
analysis.

4. Discussion

The results of our study support the hypothesis that DOC can
interfere with the FRP removal by the lanthanum-modified
bentonite. Both a short-term (1 d) and long term (42 d)
experiment were in agreement with predictions derived from
chemical equilibrium modelling and showed lower FRP
removal in presence of humic substances. However in our
experiment, the FRP removal after 24 h was less than pre-
dicted by the model.

Several authors have implied that humic substances may
have reduced the effectiveness of the LMB Phoslock® (Ross
et al.,, 2008; Liirling and Faassen, 2012). Ross et al. (2008)
noted that “the presence of humic acids in the water low-
ered the phosphorus adsorption capacity of Phoslock®, espe-
cially at higher pH values”, but they referred to a confidential
CSIRO Report (no. 6/00 2000). Interference with humic sub-
stances could correspondingly explain the limited effect of
Phoslock® in mitigating P release from soils (Geurts et al.,

2011), because rewetting peat can stimulate DOC production
(e.g. Cabezas et al., 2013), as well as the limited reduction in
water column P concentrations following two Phoslock® ap-
plications in a 5 ha claustrum in The Netherlands (Liirling and
Van Oosterhout, 2013a). For the latter and for the enclosure
experiment described in Liirling and Faassen (2012), DOC
concentrations could be estimated from a relationship be-
tween DOC determined by a Shimadzu TOC analyzer and
absorbance measurements at 254 nm (DOC = 12.80764 x Ajsa;
r? = 0.999), yielding 5.3 mg DOC 17" in water of the enclosure-
experiment and 5.6 mg DOC 17" in the 5 ha claustrum. These
values are high enough to expect some interference from
humic substances, although other environmental factors,
such as naturally occurring oxyanions like carbonates
(Johannesson and Lyons, 1994) and pH (Ross et al., 2008) could
hinder the effectiveness of LMB as well. As humic substances
are known to form complexes with metals (Van Dijk, 1971;
Rashid, 1974) in general, our results are consonant to obser-
vations that humic substances inhibited the P-removal ca-
pacity of alum (Omoike and VanLoon, 1999). Moreover, from
this complexation with metals in general, it may be postulated
the humic substances can interfere with all other metal-based
solids phase phosphate sorbents.

We observed a strong increase of filterable lanthanum in
presence of humic substances. The observed values (up to

700
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Fig. 2 — Panel A: Filterable reactive phosphorus (FRP) concentrations (ug 1) in water with different humic acid
concentrations (0—14 mg DOC 17%) incubated for 24 h in the absence (filled black symbols, control) or presence of 50 mg1~*
Phoslock®. Panel B: Comparison between measured FRP concentrations (open symbols, ug 17 *) and those predicted from
chemical equilibrium modelling (filled grey symbols) in water with different humic acid concentrations (0—14 mg DOC17?)
incubated for 24 h in the presence of 2182 pg Lal~* (from 50 mg 1~ * Phoslock® containing 4.37% La). Error bars indicate 1 SD

(n = 3), solid lines represent linear regression.
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Fig. 3 — Course of the filterable reactive phosphorus (FRP)
concentrations (ug 17%) in FRP solutions treated with

50 mg 1~ Phoslock® in absence (control; black symbols)
and presence of humic substances (open symbols;

10 mg DOC 17%). Error bars indicate 1 SD (n = 3). The
medium dashed line represents the predicted residual FRP
concentration in controls derived from chemical
equilibrium modelling, whereas the short dashed line
represents the predicted residual FRP concentration in DOC
treatments.

273 ugl~!) are in the same range as the monthly mean filterable
lanthanum concentrations found in the surface layers of six
lakes following upon the application of Phoslock® that ranged
from 2 ugl™' to 414 pg1™* (Spears et al., 2013b). However, as the
DOC concentrations in most of those waters are not known, we
cannot relate the observed difference in that study to DOC.
Nonetheless, several studies have shown that humic sub-
stances are complexing agent for lanthanides (Sonke and

300
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Fig. 4 — Course of the filterable lanthanum (La)
concentrations (ug 17%) in FRP solutions treated with

50 mg 1~* Phoslock® in absence (control; black symbols)
and presence of humic substances (open symbols;

10 mg DOG 17 7). Error bars indicate 1 SD (n = 3). # indicates
samples that showed precipitation in filtrates.

Salters, 2006; Tang and Johannesson, 2003, 2010a). The pres-
ence of humic substances decreased La adsorption onto Car-
rizo sand through La-humic complex formation (Tang and
Johannesson, 2010a). Increased concentrations of Aldrich
humic substances increased the amount of La extracted from
Carrizo sand (Tang and Johhannesson, 2010b). In surface wa-
ters, dissolved lanthanides seem primarily associated with
humic substances (Tang and Johhannesson, 2010b). In a pH
range of 6—9 more than 80% of the La is predicted to occur as
organic La-humic complexes (Pourret et al., 2007a). Hence,
complexation of La with humic substances seems a plausible
explanation for the increased filterable La in our experiment
(Fig. 5). Dutch legislation allows a maximum filterable La con-
centration of 10.1 pg 17" in surface waters (Sneller et al., 2000).
Thus, possible leaching of La from its bentonite matrix is an
import issue in the Netherlands. Our current and previous
studies (Lirling and Tolman, 2010) contradict the assumption
“all La is contained within the clay matrix” (Douglas et al., 2008). In
our current and previous studies with Phoslock® La was pre-
sent in 0.45 um filtrate. As the particles in a Phoslock® sus-
pension showed a negligible fraction <0.45 um (Haghseresht,
2005), the passing of Phoslock® particles through a <0.45 um
filter does not explain our filtrates. Extraction of La from the
bentonite matrix by humic substances seems a probable
explanation. Nonetheless, humic substances are also known
for complexation of clay minerals (e.g. Tombacz et al., 2004)
and despite bentonite-humic substance aggregates may form
particles of several micrometres in size (Bilanovic et al., 2007),
our study cannot separate La from La-clay colloids (Fig. 5). As
the Dutch standard is based on filterable La, the observed
strongincrease of filterable La in presence of humic substances
could imply a serious violation of the Dutch standard and
thereby a potential major drawback in application of Phos-
lock® in Dutch DOC-rich water bodies. Here, more long-term
experiments with different water types (e.g. varying in DOC,
alkalinity, pH) are needed as the filtered lanthanum concen-
trations after whole lake applications only dropped to below
the Dutch standard after several months (Spears et al., 2013b).

Our study and those of others (Moermond et al., 2001,
Pourret et al., 2007a; Tang and Johhannesson, 2010b) imply
that in DOC-rich inland waters the applicability of exclusively
Phoslock® as FRP binder should be met critically. In natural
water, the effectiveness of La to bind FRP is reduced by
complexation with humic substances (Pourret et al., 2007b) as
well as oxyanions other than FRP (Moermond et al., 2001).
Since the action of DOC (Pourret et al., 2007b) and other oxy-
anions (Moermond et al., 2001) in complexation with La is
difficult to predict a priori thorough experimental testing of the
efficacy of Phoslock® in removing FRP in the given water is
required prior to application.

In our short term experiment the reduction in the con-
centration of FRP was less than expected (Fig. 2B). While this
experiment was done without agitation, Ferreira and Motta
Marques (2009) and Van Oosterhout and Liirling (2013) found
comparable results under continuous agitation (50 respec-
tively 200 rpm). In our current study the 24 h FRP removal by
the Phoslock® (in the absence of DOC) was 46% only, in the
study of Ferreira and Motta Marques (2009) it was 63% in 24 h,
while Van Oosterhout and Liirling (2013) found a reduction of
68% after 5 h. In these cases the added dose of Phoslock® was
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Fig. 5 — Suspension of La and FRP in dissolved phase will lead to precipitation of La-FRP as rhabdophane (panel A, left side),
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theoretically sufficient to bind all FRP, assuming a 1:1
La:phosphate molar ratio (Haghseresht et al., 2009). According
to the manufacturer “in most situations, more than 90% of
available phosphate is bound within three hours of an application
of Phoslock”  (http://www.phoslock.eu/en/phoslock/about-
phoslock/ last accessed January 21st 2014). This, however,

could not be confirmed in the present study, where it took 42
days before FRP removal approached the predicted FRP
reduction (Fig. 3). In a previous study a dose between
220:1-700:1 was needed to achieve the alleged efficiency
under thorough mixing of 200 rpm (Van Oosterhout and
Lirling, 2013).
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Conversely, Meis et al. (2012) observed a 90% higher FRP
binding capacity of Phoslock® than its La content would pre-
dict —which indicates that Phoslock® may have more FRP
binding sites. Despite the possible presence of more FRP
binding sites in Phoslock® our observed FRP removal after 42
days in the absence of DOC (controls) or other oxyanions
competing with FRP was still about 34% lower than predicted.
While the recommended Phoslock®: P dose is 100:1, earlier
works of the manufacturer showed that a 100:1 dose reduced
FRP only by 50% after 34 h (Haghseresht, 2004) and several
subsequent studies used a dose of 230:1 (Haghseresht, 2005;
Ross et al., 2008). Moreover, several recent studies showed
that advised 100:1 dose appeared insufficient in reducing FRP
concentrations to low levels (Reitzel et al., 2013a,b; Van
Oosterhout and Lirling, 2013).

One explanation for the delayed FRP sorption by Phos-
lock® may be sought in the structure of Phoslock®, which is a
lanthanum enriched bentonite. Bentonite is an inhomoge-
neous material composed of clay minerals and grains within
which several ‘open spaces’ exist (Ichikawa et al., 2004). The
clay minerals are composed of layers comprising silica and
alumina sheets joined together and stacked on top of each
other with some interlayer space; the exchangeable cation
water layer (Luckham and Rossi, 1999; Ichikawa et al., 2004).
Several stacks are packed together forming aggregates with
interstitial space, while an assembly of aggregates encloses
an inter-aggregate space, a pore with water usually in be-
tween macro-grains, such as quartz (Ichikawa et al., 2004;
Bergaya and Lagaly, 2006). La will be in the pore water, at
external crystal surfaces and probably mostly in the inter-
layer space (Luckham and Rossi, 1999). The dominating
mineral in bentonite is montmorillonite, which has a nega-
tively charged surface that will affect the behaviour of anions
like FRP within its structure (Molera et al., 2003). Conse-
quently, the rate of FRP absorption in clay suspension will be
lower compared to a solution of free La as phosphates need
to diffuse to all active sites (Fig. 5). This low absorption rate is
evident from our long-term experiment, where after 6 weeks
residual FRP concentrations were still on average 34% higher
than predicted. Hence, in addition to presence of humic
substances also contact time (and mixing) of Phoslock®
particles in the water column seem important in FRP-
removal efficiency as was evident from comparison of our
short term experiment with other short term experiments
under continuous agitation (50 rpm; Ferreira and Motta
Marques, 2009; 200 rpm; Van Oosterhout and Lirling, 2013).
In still water Phoslock® particles showed rapid settling out of
the water column (Van Oosterhout and Liirling, 2013).
Application under windy conditions might prolong contact
time of Phoslock® particles in the water column, but could
also lead to inhomogeneous distribution due to water cur-
rents transporting suspended matter (Van Duin et al., 2001),
meanwhile there is no reason to expect that prolonged
mixing will mitigate the inhibiting effect of humic
substances.

The aim of our experiments was to show the effects of
humic substances on the P binding capacity by the LMB.
Hence, we aimed at lifting this hypothesized effect well out of
possible variances to be expected in the experiments. In our
experiments we used FRP concentrations of 600 pg 17" that are

relatively high as compared to field concentrations mostly
observed. However — under anoxia, hypolimnion FRP con-
centrations or summer FRP can be elevated to concentrations
as high or higher than the ones we have used (e.g. Reitzel et al.,
2005). Inasmuch as the prime target of the LMB is to reduce
sediment P release, we consider the high FRP concentrations
used as realistic. Nonetheless, further experiments could
include a range of FRP concentrations and corresponding LMB
doses.

Flocculants like polyalumniumchloride (PAC) can remove
humic substances from the water column (Kuo and Amy,
1988; Yan et al., 2008; Liu et al., 2009). The application of PAC
has the additional advantage of reducing suspended particu-
late matter (Jekel, 1986), i.e. during a water bloom of cyano-
bacteria most water column P is particulate and thus outside
the mode of action of Phoslock®. PAC has additional advan-
tage (over other flocculants) that it also binds FRP (Lopata and
Gawronska, 2008). Our previous experiments have shown that
the La modified clay does not effectively remove cyanobac-
teria from the water column — i.e. the clay does not flocculate
in freshwater, but in combination with PAC cyanobacteria are
effectively removed (Liirling and Van Oosterhout, 2013b). The
combination of a flocculent and Phoslock® was applied to Lake
Rauwbraken in April 2008 (Lirling and Van Oosterhout,
2013b), where it resulted in strong reduced water column TP
concentrations that has lasted until present — thus for at least
more than six growing seasons (five years). Using absorption
at 380 nm (Aszgo) as a proxy for humic substances, we could
show that humic substances concentration in Lake Rauw-
braken was reduced from Asg = 2.0 m~ ' before (range
1.0-7.3 m™?) to Asg = 0.6 m~! (range 0.5-0.7 m™}) after
treatment (Liirling and Van Oosterhout, 2013b). Therefore,
combination of a flocculent and LMB can be advised above a
sole LMB treatment in humic rich water bodies and/or waters
with already a cyanobacterial bloom present, for which
additional experiments would make a logical follow-up of this
study.

Our results show that variability among lakes in both
chemical composition of waters and sediments is one of the
most important differences between lakes that may influence
the effectiveness of chemical P inactivation. More specific,
humic substances may play a far more important role in the
success or failure of chemical P inactivation than thus far
appreciated.

Humic substances are present in eutrophic/dystrophic
waters generally in concentrations similar or exceeding the
ones employed in our study (Thurman, 1985). In The
Netherlands for example De Lange (2000) reported a median
DOC concentration of 9.8 mg1~* from 19 surface waters, while
in the period January 1st 2008 until November 5th 2013, the
median DOC concentration of all surface water measure-
ments in the jurisdiction of the RWA Brabantse Delta was
10.9 mg1~! (n = 1849). Climate change is predicted to increase
leakage of terrestrial humic substances to surface waters
(Monteith et al., 2007; Ekvall et al., 2013). Hence, humic sub-
stances are already expected to play a substantial role in
lowering the efficacy of metal-based FRP-sorbents and this is
expected to increase in future, which makes measurements of
humic substances (DOC) as well as controlled experiments
vital.
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5. Conclusions
Based on the results of this study it can be concluded that

e Humic substances interfere with FRP-removal of the La-
modified bentonite Phoslock®.

e The concentration of filterable La strongly increased in
presence of humic substances.

e The contact time of Phoslock® particles in the water col-
umn is important in FRP-removal efficacy.

e The recommended dose of Phoslock® seems too low.

o Thorough experimental testing of the efficacy of Phoslock®
in removing FRP in a given water is required prior to
application.
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