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ARTICLE INFO ABSTRACT
Keywords: Although phosphorus (P)-removing materials have been widely used to immobilize orthophosphate in aquatic
Organic phosphorus ecosystems, the immobilization of organic phosphorus (OP) and pyrophosphate (PP) remains unclear. In this
Pyrophosphate study, a unique OP/PP-immobilizing synthetic zeolite loaded with humic acid (HA) and La(OH)3; nanorod
Immobilization composite (ZHLA) is synthesized, and OP/PP-immobilization is examined by means of enzymolysis and pho-
iiz:ﬁ:ﬁﬁ;eome tolysis. The results indicate that OP and PP could not be photodegraded into PO,®>~ under natural conditions.
Humic acid Although OP could be degraded into PO,>~ by enhanced Fenton’s reagent, La®>* and HA could protect OP and PP
from degradation. As a result of the colloidal coagulation and photocatalysis of La(OH)3, the activity of phos-
phatase could be reduced. The PP and phytate become resistant to enzymolysis through the formation of stable
HA-La-PP/phytate or La-PP/phytate chelates. However, labile monoester phosphate could not form stable
chelates resisting to enzymolysis. This labile monoester phosphate is hydrolyzed into PO~ and thereafter
immobilized by ZHLA, which is the main pathway to achieve permanent immobilization. Most release-sensitive
P fractions are transferred to the stable P fraction after ZHLA application. The ZHLA is demonstrated to be an
economical and effective P-immobilization material and has high potential as a commercial sediment-capping
product for eutrophication control.
1. Introduction blooms in aquatic ecosystems [1]. Excessive P can trigger severe eu-
trophication, leading to harmful algal blooms and deterioration of
Phosphorus (P) has been recognized as a limiting factor for algal water quality [2]. In North America and Europe, phosphorus reduction
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has been widely adopted as a solution to reduce eutrophication [3]. The
internal release from sediments and external inputs are two primary
sources of P in aquatic ecosystems. Although external loads of P have
been increasingly controlled, eutrophication has not been significantly
managed because of the release of P from sediments [4]. The im-
mobilization of endogenous P at sediment-water interfaces is therefore
essential for eutrophication prevention.

For systematically analyzing the internal P speciation loading, the
use of in-situ sediment capping agents to immobilize P is one of the most
investigated and practical restoration tools [5,6]. The adsorbents con-
taining Fe, Al, and Ca salts have been intensively studied in PO~
immobilization [4,7,8]. In this regard, however, Fe is sensitive to
changing redox conditions, high pH may reduce the efficiency of Al and
Ca because the immobilized P can be substituted by hydroxyl ions, and
low pH may enhance the release of toxic AI>* [5]. Currently, the use of
rare earth metal-modified adsorbents, including La-modified zeolite
and Al (OH)s, is considered as an effective measure to lock PO,>~ from
the water column and prevent the release of PO~ from the sediment
[5,9,10]. The adsorption of PO4>~ is stronger, and the solubility of
formed La—PO,°~ complexes is lower than those in Fe, Al, and Ca salts
even in a wider pH range [11,12]. This is because the solubility product
(Ksp) of La-PO,>~ complexes is particularly low in aqueous and sea-
water solutions (24.76 and 27.92, respectively), making it the least
soluble among rare earth-PO,3~ complexes [6]. The use of these
modified P-locked compounds mainly focuses on PO,°~ removal,
whereas organic P (OP), pyrophosphate, and/or polyphosphate (PP)
have been given less attention.

Organic phosphorous usually shares 12%-42.0% of the total P in
sediments [13]. Polyphosphate also constitutes a substantial pool of
internal P, especially in eutrophic water with excess P [2,14]. Not only
can OP and PP be hydrolyzed into PO,>~ by various phosphatases [15],
but they can also be degraded by -OH in natural water under sunlight
[16]. The progress in reducing PO43~ loads is invalid, however, be-
cause the sustained degradation of internal OP and/or PP continues to
perform a key function in maintaining eutrophic status [2,17,18]. The
comprehensive identification and control of potentially sedimentary
bioavailable P (besides PO,>~) are therefore essential in eutrophication
prevention. In recent decades, cost-efficient and environment-friendly
P-locking materials have been in urgent demand in geo-engineering for
eutrophication control. Coal cinder is the ash of a special coal com-
bustion; this special coal is made of natural powder coal ore (~50%)
mixed with red clay and water; it is dried in natural air prior to use. The
cinder has a porous and loose structure that makes it more conducive to
the adsorption of pollutants. Humic acid (HA) is a widely distributed
natural organic matter consisting of various organic compounds formed
from decayed biomass [19]. It has a strong metal binding affinity be-
cause of its rich aromatic carboxylic acids and hydroxyl functional
groups [20]. Humic acid is therefore widely used to remedy heavy
metal-polluted sediments and/or soils as well as enhance their buffer
capacity and permeability [21]. Most naturally occurring OP and PP
present in either monoester or diester form leave one or two non-ester
hydroxyl groups to bind HA (HA-OP) or bridge metals (HA-metal-OP)
to form stable complexes, which are resistant to hydrolysis by phos-
phatase [22]. It remains not fully understood whether and how the HA
and La composite, which is loaded on the synthetic zeolite, immobilize
OP and PP during PO,>~ locking.

The objectives of this study are as follows: (1) to synthesize zeolite/
HA/lanthanum (ZHLA) and characterize its properties; (2) to study the
mechanisms of ZHLA that restrain OP and PP enzymolysis and photo-
lysis; (3) to investigate the influences of solar irradiation and La spe-
ciation on the phosphatase activity; (4) to evaluate the performance of
ZHLA-immobilizing PO,3~, OP, and PP in aquatic ecosystems.
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2. Materials and methods
2.1. Sampling and chemicals

Samples are collected from a shallow urban lake in North China
(121°25.1” E, 37°27.7’ N). The lake has a 21-ha surface area with a
depth of 1.5-3 m. The overlying water and surface sediments (top 5 cm)
at each site are collected and immediately transported to the laboratory
for analysis. The pH and dissolved oxygen in the water column are
determined in situ using a portable multi-parameter probe (YSI
Professional Plus, USA). The metal ions of water samples are analyzed
using inductively coupled plasma-optical emission spectroscopy (ICP-
OES) (Perkin-Elmer Optima 7000 DV, USA). The concentrations of
NO; -N, total P (TP), and dissolved PO,3~ in water samples are
measured with a continuous flow analyzer (AutoAnalyzer III,
Germany). The P fractions and compounds in sediments are analyzed
using Ivanoff OP sequential extraction and solution *'P nuclear mag-
netic resonance (°'P NMR) according to the Standards, Measurements
and Testing (SMT) protocol. Details of the determination procedures are
provided in the Supporting information. The water and sediment
properties in the lake are summarized in Table S1.

The HA (Sigma, 53680), purchased from Sigma-Aldrich, is decon-
taminated according to a previously reported purification procedure
[23]. The composition and properties of the purified HA are determined
according to the procedure in Ref. [22]. Alkaline phosphatase (AP)
(Sigma, P7640) and crude phytase (Sigma, P1259) are also acquired
from Sigma-Aldrich. Crude phytase is purified to remove PO,~ before
it is used according to a previous method [17]. Four model OP and/or
PP compounds representing a variety of molecular sizes and functional
types that are widely found in aquatic ecosystems are obtained from
Sigma. These are labile monoester phosphate (adenosine 5’ monopho-
sphate, abbreviated as AMP, Sigma 01930; p-glycerophosphate, ab-
breviated as 3-P, Sigma G9422), condensed-P compounds (abbreviated
as PP, Sigma 221368), and phytate (inositol hexakisphosphate, abbre-
viated as IHP6, Sigma 68388).

2.2. Material synthesis

The coal cinder used in this study is obtained from a local civil
heating stove. For the synthesis of zeolite, approximately 50 g of coal
cinder filtered through an 80-mesh sieve is placed in a distillation flask
and mixed with a 300-mL 2.5-M NaOH solution. The mixture is boiled
at 100 °C under reflux conditions for 24 h to generate synthetic zeolite
and waste alkaline solution. After the temperature drops to 25 °C, the
synthetic zeolite is recovered by centrifugation and washed with Milli-
Q water three times, dried at 60 °C, and ground to an 80-mesh size.

The synthetic zeolite/HA is synthesized according to the following
procedure: 20 g of synthetic zeolite is added into a 100-mL 0.1% HA-
containing waste alkaline solution. The pH of the mixture is thereafter
adjusted to 7 using a 0.1-M HCI. Thereafter, the slurry is subjected to
ultrasonication for 15 min and shaken for 16 h at 200 rpm.

Using 0.1 M of LaCl37H,0 and 10 M of NaOH, La(OH); nanorod (a
black prismatic crystalline) is synthesized. While stirring, 10 M of
NaOH is added dropwise to 0.1 M of LaCl37H,0 at 25 °C until the pH
level becomes 8.5. It is thereafter subjected to ultrasonification for
15 min. Twenty grams of synthetic zeolite/HA is mixed with 100 mL of
La(OH)3 nanorods, subjected to ultrasonication for 15 min, and shaken
for 16 h at 200 rpm to synthesize the ZHLA. The aforementioned syn-
thetic zeolite/HA, La(OH); nanorods, and ZHLA are recovered and
dried using the same procedure as that employed in the synthetic
zeolite.

2.3. Characterization of materials

The chemical composition of coal cinder, synthetic zeolite, and
ZHLA are determined by X-ray fluorescence analysis (PW2404, Philips,
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the Netherlands). The Brunauer—-Emmett-Teller specific surface area,
total pore volume, and average pore diameter are measured using the
nitrogen adsorption method (ASAP 2460, Micromeritics, USA). The
morphologies and sizes are imaged by scanning electron microscopy (S-
4800, Hitachi, Japan) and transmission electron microscopy (Tecnai
G2F20, FEI, USA). The mineralogical composition is identified by
powder X-ray diffraction analysis (XRD-7000, Shimadzu, Japan) with
Cu-K radiation (40 kV, 30 mA) in the 26 range of 5°-90°. Fourier
transform infrared (FTIR) spectra are obtained using an FTIR spectro-
meter (Nicolet iS10, Thermo Fisher, USA) with a capacity in the range
4000-400 cm ™. The total acid functional groups and carboxylic acid
groups present on the surface of HA are determined by titration (barium
hydroxide) and indirect titration (calcium acetate) methods, respec-
tively [23]. The quantity of phenolic hydroxyl groups in HA is the
difference between the total quantity of acid functional groups and
carboxylic acid groups. The zeta ({) potential and particle size of La
(OH);3 nanorods, AP, and/or phytase solutions are measured using a
potential and particle-sizing analyzer (Zetasizer Nano ZS90, Malvern,
U.K).

2.4. Photolysis and enzymolysis of model OP and PP compounds

Four representative model OP and PP compounds are selected to be
used in photochemical and enzymatic degradation experiments.
Solutions of model P compounds containing a weighed amount of 2-mM
P are prepared, and accurate concentrations are determined after di-
gestion by H,S04/K5S,0g [24]. Next, 30-mM La(OH)s; (pH 8.5) and
0.05% HA (pH 8.5) solutions are prepared. Fenton’s reagent is prepared
with 600-uM H,0, and 200-uM FeSO47H,O at pH 3. The AP and
phytase solutions are prepared in a 0.1-M tris-HCl buffer (pH 9.0) and a
0.1-M NaAc-HAc buffer (pH 5.2), respectively.

First, 5 mL of AMP, B-P, PP, and IHP6 are placed into four tubes, and
5 mL of La(OH)3; and/or HA are thereafter added. The mixture is diluted
to 50 mL with Milli-Q water. The pH values of the mixtures are adjusted
to 7.0 and thereafter shaken at 200 rpm for 24 h (this reaction time is
sufficient to achieve equilibrium as confirmed by the preliminary ex-
periment in Fig. S1).

2.4.1. Photochemical degradation of model P compounds

After 24 h, 2 mL of the abovementioned 50-mL reaction solution is
removed and examined according to the photochemical degradation in
quartz tubes described below. Thereafter, 8 mL of lake water is
screened through a 0.2-um filter membrane, and/or Fenton’s reagent is
added. The photolysis experiments are performed in a rotating photo-
reactor, which is a widely used instrument in photochemical experi-
ments [25]. A 500-W xenon lamp is placed in the center of a cold hydro-
pump, which circulates cooling water. The photoreactor temperature is
28-30 °C. The quartz tubes are placed into the photochemical reactor.
The average light intensity on the surface of quartz tubes is approxi-
mately 145 = 5 mW cm ™2, as determined using a light intensity test
instrument (Newport Corporation, China). The illumination intensity is
the same as the direct light intensity on the lake water surface on a
midsummer day [16]. The concentration of dissolved PO,3” in the
reaction tubes is determined by the molybdenum blue method at 1, 3, 5,
and 16 h.

The steady-state concentration of hydroxyl radicals (-OH) in the
filtered lake water and Fenton’s reagent under solar irradiation is de-
termined by employing 0.1 M of coumarin as a selective trap [26]. The
coumarin can be reacted with -OH to generate 7-hydroxycoumarin (7-
HOCQ). The concentration of 7-HOC is directly correlated to the steady-
state concentration of -OH. The content of 7-HOC is measured using a
calibration curve on a Shimadzu RF-5301 PC spectrometer.

2.4.2. Engymatic hydrolysis of model P compounds
After 24 h, another 1 mL of the abovementioned 50-mL reaction
solution is collected and subjected to the following enzymatic
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hydrolysis: 0.5 mL of AP solution (2 units (U) mL~ " and/or 20 U mL™?,
pH 9.0) is added to 1 mL of reaction solutions containing AMP, 3-P, and
PP. The mixtures are thereafter diluted to 10 mL using 0.1 M of tris-HCI
buffer (pH 9.0). In addition, 0.5 mL of phytase (0.1 and/or 1 U mL™%,
pH 5.2) is mixed with 1 mL of reaction solutions containing IHP6. The
mixture is diluted to 10 mL using 0.1 M of NaAc-HAc buffer (pH 5.2).
The above 10-mL enzyme reaction systems are incubated at 37 °C for
16 h. At the end of the reaction, the concentrations of dissolved PO4>~
and the activity of phosphatase in the tubes are determined after
shaking using the molybdenum blue method. The AP and phytase are
determined according to the p-nitrophenol phosphate [12] and vana-
dium molybdate yellow colorimetric methods [27], respectively.

To determine the effects of HA and/or La on the quantification of
PO4%~, 2 mM of model PO,>~ solution is prepared with KH,PO,. The 5-
mL model PO,3~ solution is added into four tubes, and then 5 mL of La
(OH)3; and/or HA are added. The mixture is diluted to 50 mL with Milli-
Q water. The pH values of mixtures are adjusted to 7.0 and thereafter
shaken at 200 rpm for 24 h. The amount of PO,>~ in each tube is then
quantified after shaking using the molybdenum blue method. The re-
sults are summarized in Table S2.

2.5. Effect of La speciation on AP activity

2.5.1. Mixtures of La®*or La(OH)3; and AP under indoor natural light
conditions

Two groups of 10-mL reaction tubes are prepared for examining the
impact of La®" and La(OH);3 on AP activity. In each group, 0, 0.5, 1, and
2 mL of 30-mM La®™" (pH 7.0) and/or La(OH)s (pH 9.0) solutions are
added. At pH 7.0, La is completely ionic (La®** 100%), whereas it is
100% La(OH)s3 at pH 9.0 [28]. Thereafter, 1 mL of parallel 2-U mL~?!
AP solution (pH 7.0 and/or 9.0) is correspondingly added to each
group. These mixtures are diluted to 10 mL with a 0.1-M tris-HCl buffer
(pH 7.0 and/or pH 9.0). The two groups of tubes are shaken at 200 rpm
for 16 h in the laboratory under indoor natural light conditions.
Thereafter, a 1-mL mixture is collected to analyze the activity of AP.
The pH level of tris-HCI buffer used is consistent with the pH values of
LaCl; (pH 7.0) and La(OH)3 (pH 9.0) during the AP determination.

2.5.2. Mixtures of La(OH)3 and AP with xenon lamp catalysis

Another two groups of ten 10-mL quartz tubes are designed to
further investigate the photochemical degradation of AP with La(OH)3
addition under light and/or dark conditions. In each group of tubes,
1 mL of parallel 2-U mL~! AP solution (pH 9.0) is added. Thereafter,
1 mL of 30-mM La(OH); at pH 9.0 is placed into five tubes; however, La
(OH); is not added to the remaining five tubes as controls. All of the
above solutions are diluted to 10 mL with a 0.1-M tris-HCI buffer at a
pH of 9.0. Two groups of tubes are placed into the photochemical re-
action instrument. One group is exposed to a xenon lamp, whereas
another group is wrapped in foil. A 1-mL mixture is subsequently col-
lected to analyze the activity of AP in each group at 15 and 30 min, and
1,3,and 5 h.

2.6. Model P immobilization by ZHLA

2.6.1. Adsorption isotherms

To determine the adsorption isotherms of KH,PO,4, AMP, B-P, PP,
and THP6, 0.1 g of ZHLA is placed into 100-mL centrifuge tubes to
which a 500-mL solution with 5-500 mg L™ ' model P compounds is
added. The gradient concentrations of model P compounds are pre-
pared in a 0.01-M NaCl background to maintain ionic strength. The
solution pH is adjusted to 7.0 = 0.2 and maintained constant with
0.1 M of HCl and/or NaOH. The mixture is stirred at 200 rpm for 48 h
until an adsorption equilibrium is reached (this reaction time is suffi-
cient to achieve equilibrium as confirmed by the preliminary experi-
ment in Fig. S2). At the end of the adsorption isotherm experiments, the
P concentration in supernatants with KH,PO, addition is directly
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determined without K»S,0g digestion. With the addition of the re-
maining four model P compounds, the P content in supernatants is
determined after the digestion with K,S,0g. The P concentration is
analyzed using the molybdenum blue colorimetric method. To under-
stand the potential ability of ZHLA for P immobilization, data from the
adsorption isotherm are fitted to the Langmuir adsorption model, which
is given by the following:

Ce _ 1 + Ce

ge KQmax Qmax (€D)]

where Qmax (mg-g~ 1) is the maximum adsorption capability, and ge
(mg-g ™) is the equilibrium adsorption capacity; K is the binding con-
stant, which is related to adsorption strength (L'mg~'), and Ce
(mgL.~1) is the equilibrium concentration.

2.6.2. Enzymatic hydrolysis of model P compound ZHLAs

To investigate the stability of fixed OP/PP by ZHLA under en-
zymolysis and photolysis conditions, 0.4 g of ZHLA is extracted by
1 mM of AMP, 3-P, PP, and IHP6 for 48 h and then lyophilized for the
subsequent experiments.

Two grams of lyophilized ZHLA onto which model P compounds
adsorb is weighed into four quartz tubes. The amount of model P
compounds that adsorbs onto the 0.2-g ZHLA in each tube is calculated
as “Q,” (mg of P). Thereafter, 10-mL AP buffer solutions (2 U mL~ ! pH
7.0) and/or tris-HCI buffer (pH, 7.0) are added into the four tubes with
AMP, B-P, and PP. Meanwhile, 10-mL phytase (0.2 U mL ™, pH 7.0) and
tris-HCI buffer (pH 7.0) are added into the tube containing IHP6. All
tubes are placed into the photochemical reaction instrument and stirred
using magnetic stirrers for 16 h. Then, the mixtures in the tubes are
centrifuged, and aliquots of the supernatant are collected for the
quantification of PO~ and TP with or without K,S,0g digestion. The
difference between TP and PO,>~ is OP or PP. The degradation rate of
model P compounds in supernatants is calculated from the ratio of
PO,>~ in the supernatant to the corresponding Q.. The desorption rate
of model P compounds in the supernatants is calculated from the ratio
of OP or PP in the supernatant to the corresponding Q,.

After centrifugation and washing with saturated NaCl solutions, the
residues are lyophilized for the remaining P measurements. The TP in
dried residues is determined by calcination in a muffle furnace at 550 °C
and thereafter extracted using a 1-M solution of HCL. The PO,>~ in the
residues is directly extracted by 1 M of HCI for 16 h without calcination.
The difference between TP and PO,3~ is OP or PP [29]. The degrada-
tion rate of model P compounds in the residues is calculated from the
ratio of PO, in the residues to the corresponding Q,. The percentage
of unhydrolyzed model P compounds in the residues is calculated from
the ratio of OP or PP in the residues to the corresponding Q,. The PP
could be evidently hydrolyzed into PO4>~ during the extraction by 1 M
of HCL. The hydrolysis rate of 1-mM model P compounds with an ex-
traction of 1 M of HCl for 16 h is detected. The hydrolysis rate of PP by
HCl is utilized to determine the true content of PP in the residue. The
correction details are summarized in the Supporting information.

2.6.3. Changes of P fractions in sediment after ZHLA addition

Approximately 5 g of sediments is placed into a conical flask, and
200 mL of filtered lake water (0.45 pm) is added. After different doses
(0.25%, 0.5%, and 1%) of ZHLA are scattered, the mixed slurries are
left to stand at 28-30 °C for a 28-d incubation. After the incubation, P in
the supernatant is analyzed. The residues are then lyophilized for the P
fraction measurement. The P fractionation procedure is thereafter im-
plemented for both original and ZHLA-dosed sediments according to
the SMT and Ivanoff sequential extraction method. The detailed oper-
ating steps are summarized in the Supporting information.

2.7. Toxicity analysis of La and Al

Excessive AI** and La®>* may be toxic to sensitive species present in
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water [30,31]. Batches of La and Al-releasing experiments are therefore
conducted. First, 1 gL~ ! of ZHLA is prepared in a 0.01-M NaCl at pH
levels of 5, 7, 8, and 9. The slurries are thereafter shaken for 48 h at
28-30 °C. The concentrations of released Al and La are analyzed by ICP-
MS (ELAN DRC II, Perkin-Elmer, USA).

2.8. Statistical analysis

Data significance is analyzed using one-way analysis of variance,
followed by mean testing between the control and treated groups and/
or among different treated groups using SPSS 20.0. Data and homo-
geneity of variance are tested using Student-Newman-Keuls multiple
range tests and Bartlett’s test, respectively. The thermodynamic states
of La®>* and AI** at pH values of 2-13 are simulated using Visual
MINTEQ 3.0.

3. Results and discussion
3.1. ZHLA characterization

Coal cinder, synthetic zeolite, and ZHLA are mainly composed of
approximately 45%, 30%, 6%, and 4.5% of Si, Al, Ca, and Fe, respec-
tively. This indicates that oxides and/or hydroxides of Al, Ca, and Fe are
the three important components in the starting material (cinder). These
metal compounds are conducive to P adsorption [6]. Compared with
cinder and synthetic zeolite, ZHLA has a higher La content (4.9%) be-
cause of the formation of La(OH)3 (Table 1). The XRD results are shown
in Fig. 1. The XRD analysis further suggests that quartz (SiO,) and
mullite (AlgSi»0;3) compounds in the cinder mainly contain Si and Al.
The synthetic zeolite is identified as a type of NaPl zeolite
(NagA1eSi 0032 12H,0), which is an ideal zeolite with a considerable
ion exchange capacity and a large specific surface area [32,33]. The
peaks in the XRD pattern of ZHLA are the same as those exhibited by
synthetic zeolite although the intensity of some peaks are reduced be-
cause of the greater absorption and stronger diffusion of X-ray radiation
by heavy La®* cations [9]. The synthesized La(OH); nanorods are
identified as La(OH)3 crystal phase (PDF#36-1481) (Fig. S3).

The specific surface areas and total pore volumes of synthetic zeolite
(32 m*g~! and 0.2 ecm®>g~') and ZHLA (49 m*g~! and 0.2 cm®>g~ 1)
exhibit an evident increase compared with cinder (8 m*g~! and
0.02 cm®g~1). This indicates that a porous structure of synthetic zeolite
and ZHLA with large specific surface areas is formed. The average pore
diameters, however, remain practically constant (~4 nm), demon-
strating that alkaline erosion and La and HA addition could not change
the mesoporous size of cinder. The SEM images further verify that the

Table 1

The chemical composition (%), specific surface area (m? g~ 1), total pore vo-
lume (cm® g™') and average pore diameter (nm) of clinker, synthetic zeolite,
and ZHLA on dry base.

Item Clinker Zeolite ZHLA
Si0, 47.82 44.94 45.16
Al,03 32.73 30.10 31.39
CaO 7.15 5.76 4.91
Fe,053 5.48 3.85 4.35
K,O 1.90 0.888 0.681
NayO 1.39 12.28 5.91
TiO, 1.06 0.900 0.955
MgO 1.01 0.712 0.783
Lay0O3 N.D. N.D. 4.90
Other” 0.62 0.59 0.61
Lor’ 9.20 4.50 9.30
Specific surface area 8 32 49
Pore volume 0.02 0.2 0.2
Pore diameter 4 4 4

@ Including MnO, Cl, AgO, ZrO., and etc.
> Loss on ignition.
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Fig. 1. (a) XRD patterns of clinker, synthetic zeolite and ZHLA. *: mullite; 4: quartz; +: NaP1 zeolite. (b) FTIR spectra of clinker, zeolite and ZHLA.

cinder surface is a dense block structure, whereas the surface of syn-
thetic zeolite has a typical honeycomb and porous structure (Fig. 2a and
c). The SEM images in Fig. S4 also provide information related to the
average particle size of cinder, synthetic zeolite, and ZHLA, which are
approximately 3-5, 1.5, and 1 um, respectively. The foregoing indicates
that the synthetic process of ZHLA has the tendency to reduce the
particle size of cinder to become more conducive to P absorption. The
SEM images of ZHLA indicate that La(OH)3 has a rod-like structure (Fig.
S5). The TEM images further confirm that the internal structure of
cinder is generally homogeneous and compact, whereas the edge of
synthetic zeolite is corroded into irregular columns. In contrast, the
ZHLA coated by HA and La(OH); appear in a fine dispersive state and
an embedded black crystal. Previous studies report that La(OH)3 na-
norods exhibit a black prismatic crystalline form that is 50-200 nm in
diameter [34]. The TEM image clearly demonstrates that HA and La
(OH); are successfully loaded onto the synthetic zeolite (Fig. 2f).

The FTIR of synthetic zeolite and ZHLA are analyzed. The broad
peak of approximately 3400 cm ~ ! is related to the stretching vibration
of H-O-H of the cinder/zeolite structure [35]. The peak at 1641 em~!
is attributed to the H-O-H symmetric vibration of lattice water in the
cinder/zeolite [36]. The peak intensity of 1641 cm™' in synthetic
zeolite and ZHLA is evidently enhanced because the pores and specific
surface area are significantly higher than those in the cinder, which is
capable of adsorbing more water. The peaks at 988 and 742 cm ™! are
ascribed to the asymmetric stretching vibration of internal tetrahedral
models of O-T-O bonds in TO,4 (where T denotes Si, Al, or Fe) and an
external symmetrical stretching vibration of O-T-O bonds, respectively
[33,36]. Phenolic hydroxyl groups and carboxylic acid groups are the
two primary function groups in terms of the chelating chemistry of HA.
Compared to synthetic zeolite, the ZHLA exhibits two new absorption
peaks that appear at approximately 1560 and 1370 cm ™! after HA is
loaded. The peak at 1560 cm ™! is the asymmetric vibration peak of
COO ™, and the peak at 1370 cm ™! is the symmetric vibration peak of
COO~ [37]. This indicates that La®* and/or other metal ions (M™": Al,
Fe, and Ca) could be chelated with HA (HA-M"") by the formation of
0=C-O-M"*. The content of acid functional groups in the HA in-
dicates that the phenolic hydroxyl groups and carboxylic acid groups
are 2.1 and 3.2 mmolg ™', respectively (Table S3). Apart from car-
boxylic acid groups, phenolic hydroxyl groups are another important
functional groups that chelate M" " as “Ar—-O-M"*” complexes [19].

3.2. Influence of HA and La on photolysis of model P

Compared to the background value of PO,>" in filtered lake water,

PO,>" is basically constant with no significant differences (p > 0.05)
in the tubes with model P compounds under solar irradiation (Table
S4). This means that AMP, 3-P, PP, and IHP6 could not be degraded into
PO43~ by solar lights under natural conditions with a sufficient steady-
state concentration of +OH (6.5 + 0.10 x 10~ '® M calculated from
Fig. S6). Li et al. [16] reported, however, that OP in natural lakes could
be significantly photodegraded into PO,>~ even with an - OH content of
considerably less than 6.5 x 107'® M. The key reason for the dis-
crepancy is that OP and PP have undergone autoclaved treatments in
the experiments of Li et al. Some OP/PP (3-P and PP) are thermally
decomposed (Fig. S7), and ~20% AMP and B-P, and ~90% PP could be
hydrolyzed into PO~ after autoclaving treatments (Fig. S8). Abun-
dant PO,>~ is therefore released from autoclaved sediments under solar
irradiation mainly because of the thermal hydrolysis of OP/PP rather
than photolysis (Table S5).

To investigate the OP/PP resistance to enhanced photolysis in the
presence of La(OH); and/or HA, the steady-state content of -OH is
significantly enhanced by the addition of Fenton’s reagent. The calcu-
lated steady-state concentration of -OH in Fenton's reagent is ~62
times higher than that in lake water systems. Fig. 3 shows that in
Fenton's reagent under solar irradiation, approximately 90% AMP and
100% B-P are degraded into PO,>~ after 5 h. The photolysis proportion
of IPH6, however, is only 25% with no photolysis for PP after 16 h. This
shows that AMP and B-P are more easily hydrolyzed into PO,>~ by the
enhanced photolysis than PP and IPH6. The photolysis amounts of OP
and PP, however, significantly decrease in the presence of HA
(p < 0.05). This could be attributed to HA that hinders the photolysis
of target compounds by either absorbing the available light [38] or
scavenging the produced free radicals [39]. The photolysis amounts of
AMP, 3-P, and IHP6 further drop significantly with the presence of La
(OH); (p < 0.01), which could probably generate stable OP-La che-
lates to avoid enhanced photolysis [22]. Previous studies indicate that
metal ions could slightly catalyze the hydrolysis of PP to PO4>~
[40,41]. The slight hydrolysis of PP in the tube with the addition of La
from O to 16 h is therefore probably caused by the catalysis of La>*
rather than the enhanced photolysis. The results demonstrate that HA
and/or La(OH); could protect OP and PP from hydrolyzing into PO4>~
by enhanced radical oxidation.

3.3. Influence of HA and La on enzymolysis of model P

The results shown in Fig. 4a reveal that the four model P compounds
could all be completely hydrolyzed into PO,>~ by AP, indicating that
free OP and PP could be easily hydrolyzed into PO,>~ by phosphatase.
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The hydrolysis rate of model P compounds is significantly reduced by
the addition of La(OH)3 or La(OH); and HA (p < 0.05), demonstrating
that La and/or HA prevent the enzymatic hydrolysis of OP and PP.
Fig. 4b shows that the activity of AP in the tubes with the addition of La
(OH); or La(OH)3; and HA is significantly lower than that in the tubes
with only model P (p < 0.05). The activity of phytase, however, ba-
sically remains constant in all tubes. This demonstrates that La(OH)5
could probably reduce the AP activity rather than the phytase activity
because the entire amount of La(OH); has been changed into La®** at
pH 5.2 (confirmed in Fig. S9). Fig. 4c illustrates that APM and -P could
be completely hydrolyzed into PO,>~ with the presence of La(OH); or
La(OH); and HA by phosphatase with a higher activity (called en-
hanced phosphatase). The hydrolysis of PP and IHP6, however, remains

approximately constant. The activity of enhanced phosphatase is shown
in Fig. 4d. The foregoing result reveals that the decrease in the en-
zymolysis of AMP and 3-P can probably be attributed to the reduction
in the AP activity by La(OH); instead of the formation of stable OP
chelates. The enhanced phosphatase remains incapable of hydrolyzing
PP and IHP6, which can be attributed to the generation of stable PP-La
and IHP6-La or PP-HA-La and IHP6-HA-La chelates [22]. This is be-
cause PP and IHP6 are excellent chelating agents that can make com-
plex metal ions become recalcitrants in natural environments [14,42].

To confirm the formation of stable chelates of PP-La and IHP6-La or
PP-HA-La and IHP6-HA-La, the FTIR of spectra of solutions of PP,
IHP6, and HA with and/or without the addition of La is determined
(Fig. 5). Fig. 5a shows that a peak appeared at 1160 cm ™! in the FTIR of
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the PP solution. The symmetric and antisymmetric stretching fre-
quencies of P-O~ bond in PP are generally observed in the range
1170-1000 cm ™! [43]. This P-O~ peak, however, slightly shifts to a
higher wavenumber side with the presence of La®*, indicating that the
combination of La®* and P-O~ affects its wavenumber [44]. This
confirms the formation of stable chelates of PP-La via P-O~ bond in PP.
Fig. 5b shows that in the FTIR of IHP6, two peaks appear. These two
peaks, 1193 and 1073 cm ™}, are attributed to the vibration of P=0
bonds and P-OH bonds in IHP6, respectively [45]. The intensities of the
two peaks, however, both decrease with a slight shift to the lower
wavenumber side in the presence of La®>*, which is demonstrated to
affect the two bonds. This confirms that IHP6 should be chelated with
La via P=0 and P-OH bonds. Fig. 5¢ shows that two peaks, 1384 and
1064 cm ', appear in HA, and their intensities decrease when La®* is
added. The peak loaded at 1384 cm ™" is identified as a C=0 symmetric
stretching in COO~ groups. The peak of 1064 cm ! is a stretching vi-
bration of C-O and bending vibration of O-H [19]. In addition, the
stretching vibration intensity of O-H at 3441 cm™ ! of HA increases
with the presence of La®*, indicating the involvement of O-H groups in
metal ion complexation resulting from the formation of aqua complexes
[19,46]. This confirms the formation of HA-La chelates mainly through
COO "~ groups, OH groups, and C-O bond. It is therefore highly possible
for one side of La®" to associate with HA and the other side with PP or
IHP6 through the related function groups and bonds when HA and P
model compounds exist at the same time. This justly confirms the for-
mation of PP-HA-La and IHP6-HA-La chelates.

3.4. Effect of La®* and La(OH)s on AP activity

As shown in Fig. 6a, the activity of AP significantly decreases as La
(OH)3 increases (p < 0.01), whereas in the presence of La®*
(p > 0.05), it remains basically constant, indicating that La(OH)3 is
the main species inhibiting AP activity rather than La®". The results
shown in Fig. 6b indicate that the activity of AP remains practically
constant without the addition of La(OH); as a control in the dark;
however, the activity of AP in the control significantly drops with time
under solar irradiation. The comparison suggests that solar light could
evidently reduce the AP activity. In the experimental groups with the
addition of La(OH)3, the activity of AP exhibits a significant downward
trend under both dark and light conditions (p < 0.05); the decline,
however, is more distinct under light conditions. This shows that La
(OH); itself could inhibit AP activity without solar irradiation, which
could enhance the inhibition capability by La(OH)s. Fig. 6¢ indicates
that the zeta potential of La(OH)3 is positive, but the AP and phytase
are both negative when the pH ranges 5-9. This indicates that the
synthetic La(OH)3; nanorod is a positively charged colloid in the solu-
tion; however, the two phosphatases are negatively charged colloids in
the solution. Fig. 6d shows the particle size of La(OH)3 solution ranging
from 10 to 100 nm, which confirms that it is a colloidal solution. The
average particle size of AP solution is approximately 130 nm. The
average particle size of the solution with the addition of AP and La

(OH)3, however, significantly increases to approximately 1600 nm with
the formation of macroscopic coagulations in the tube bottom (Fig.
S10). The AP is therefore absorbed and coagulated by the La(OH)s3
colloid through electrostatic attraction, resulting in the decrease in the
AP activity. In addition, La(OH); nanorods have a photocatalytic ac-
tivity that can produce superoxide radicals (-O,) [47]. Organic matter
can be indirectly degraded by generating -O, under solar irradiation
[47,48]. The inhibition of AP activity is therefore enhanced by La(OH)3
under solar irradiation.

3.5. Immobilization of P by ZHLA

Adsorption data are well fitted by the Langmuir model (Table S6).
The calculated Qpax values for PO4>~, AMP, B-P, PP, and IHP6 are 26.2,
6.2, 5.38,15.8, and 17.5 mg-g !, respectively. The adsorption of PO4>~
by ZHLA is primarily attributed to La(OH)3 in the materials. The La Lyy-
edge extended X-ray absorption fine structure analysis indicates that
PO,3~ is bonded to La sites in materials that contain La(OH); primarily
by forming inner sphere bidentate-binuclear complexes and oxygen
defects, which could be active adsorption sites for PO,>~ [10]. Bonding
with La®** or HA-La®" in the ZHLA to form La-OP or HA-La-OP/PP
chelates is the main adsorption mechanism of OP and PP [22].

Fig. 7a shows that PO4>~ is not detected in the supernatant of each
tube between the enzymatic treatment and buffer control. The results
indicate that AMP, 3-P, PP, and IHP6 immobilized by ZHLA could not
release any PO,>" from ZHLA into the overlying water under en-
zymolysis. Fig. 7b illustrates that practically no OP and PP is detected in
all the supernatants. This suggests that AMP, 3-P, PP, and IHP6, which
could not be desorbed into the overlying water under enzymolysis
conditions and stirring, are firmly immobilized by ZHLA. The results in
Fig. 7c demonstrate that PO,>”-P, which accounts for ~74% and
~68% of the total adsorbed AMP and B-P (Q,), respectively, in the
ZHLA are detected in the residue of the enzymolysis group, whereas
PO~ is not detected in residues of buffer controls. Although phos-
phatase could hydrolyze part of the AMP and B-P into PO, in the
ZHLA, the hydrolyzed PO,>~ could probably be captured by La(OH)5 in
the ZHLA via ligand exchange as a stable LaPO, compound. This pro-
tects PO,>~ from being released into overlying water. In addition,
lower PO42~-P values that account for ~40% and ~3% of the total
adsorbed PP and IHP¢ (Q,), respectively, in the ZHLA are detected in
the residues of the enzyme treatment group; however, the amounts of
PO,2"—P in the residues of their buffer controls remains ~40% and
~1%, respectively. The corrected amount of PO,>”-P from PP in the
residues is ~16% because ~62% of PP could be directly hydrolyzed
into PO,®~ by HCl during extraction (Table S7). Approximately 16% of
adsorbed PP is still hydrolyzed into PO,>~ in the buffer control; this is
mainly attributed to its catalytic hydrolysis by metal ions in ZHLA
[40,41]. Small amounts of PP or IHP6 are thus hydrolyzed into PO~
by phosphatase in the residues. Fig. 7d further confirms that ~85% of
PP and ~97% of IHP6 remain unhydrolyzed in the residue after enzyme
treatment, whereas the remaining unhydrolyzed AMP and (-P in the
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residue are only ~25% and 30%, respectively. More than 90% of ad-
sorbed AMP, 3-P, and IHP6, and 80% of adsorbed PP are still preserved
in the residues that are not hydrolyzed into PO,>~ in the buffer control
group. The AMP-La and 3-P-La, AMP-La-HA, or 3-P-La-OP chelates
are thus more easily hydrolyzed into PO, than PP and IHP6 by
phosphatase. The unhydrolyzed AMP and f-P in residues are probably
caused by the reduction of AP activity to lower levels by ZHLA through
absorption and La(OH); photolysis. The PP-La or IHP6-La and
PP-HA-La or IHP6-HA-La chelates are more stable and resistant to
enzymolysis.

3.6. Potential engineering implications

The results shown in Fig. 8a indicate that the maximum con-
centrations of released AI** and La®" are 0.43 and 12.9 mgL~! be-
tween pH values of 5 and 9 with low eco-toxicity that are significantly
lower than 3.9 and 23 mg-L™! [10]. Fig. 8b shows that the reason for
the low release of AI*" is that the thermodynamic states of Al mainly
exist as solid Al compounds (diaspore) rather than Al ions between pH
values of 5 and 9. Compared with the contents of released La®* at a pH
of 7-9, a higher content is found at pH 5 primarily because approxi-
mately 100% of La exists as La®*. Although all of the La can change
into La®>* at a pH value below 7, the released La®>* (12.9 mg-L ™) at pH
5 remains lower mainly because HA-La chelates protect it from being

released [10]. This confirms that the application of ZHLA is ecologically
safe without causing substantial adverse effects to the aquatic eco-
system. Fig. 8c shows that the release-sensitive inorganic P (NaOH-Pi)
significantly decreases (p < 0.01), whereas the stable Pi (HCI-Pi)
evidently increases (p < 0.01) with increased ZHLA. The Pi of sedi-
ments is divided into NaOH-extractable Pi (NaOH-Pi) and HCl-soluble
Pi (NaOH-Pi) by the classical SMT protocol. The NaOH-Pi is easily re-
leased into overlying water as soluble reactive PO,>~, whereas HCI-P is
extremely stable to be easily regenerated [49]. In addition, labile OP
and moderately labile OP significantly decrease (p < 0.01), but non-
labile OP dramatically increases (p < 0.01) after incubation. The OP of
sediments is classified as labile OP, moderately labile OP, and non-la-
bile OP using the Ivanoff OP sequential extraction method. Labile OP is
the most reactive OP fraction and is easily hydrolyzed into soluble re-
active PO,>~, whereas non-labile OP is the most stable fraction and has
a strong resistance to hydrolysis [50]. Excellent performances for the
immobilization of both Pi and OP are therefore exhibited by ZHLA.
The raw material for ZHLA production is available at a low cost. The
cost to produce one metric ton of ZHLA is estimated to be ~$105.
Calculating the Q,.x of each fraction of P in this ZHLA, one metric ton
of ZHLA can immobilize approximately 26 kg of PO,>~, 5 kg of labile
monoester phosphate, 15 kg of PP, and 17 kg of IHP6. Furthermore, the
cost of ZHLA is significantly lower than lanthanum/aluminum hydro-
xide composite ($1200/t) and commercial Phoslock ($240/t) [10]. The
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ZHLA can therefore be a compelling candidate as a functional material
for P control.

4. Conclusion

The effects of synthetic zeolite loaded with HA and La on the im-
mobilization of OP and PP under enzymolysis and photolysis are in-
vestigated. The primary conclusions of this study are summarized as
follows. This synthetic material exhibits excellent performance to cap-
ture P with its porous structure, small particle size, and large specific
surface areas. It is found that successfully loaded La(OH); binds with

the HA in the synthetic zeolite mainly by the chelation of carboxylic
acid and phenolic hydroxyl groups in the HA. Moreover, PO,*>~ could
not be released from AMP, 3-P, PP, and IHP6 in natural lake water by
solar lights. Although practically all AMP and 3-P, and 25% IHP6 could
be photodegraded into PO,>~ by Fenton’s reagents, HA and La(OH);
could protect the OP from hydrolyzing into PO,>~ mainly because of
the shading effect of HA and the formation of stable OP-La chelates. In
addition, OP and PP could be easily hydrolyzed into PO,>~ by phos-
phatase; however, this enzymatic hydrolysis efficiency substantially
drops with the presence of La and HA. The activity of AP is reduced by
La(OH); nanorods, which mainly cause the hydrolysis rate of AMP and
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B-P to drop. The formation of stable HA-La-PP/IHP6 or La—-PP/IHP6
chelates also prevents the hydrolysis of PP and IHP6. It is further ob-
served that ZHLA exhibits an excellent performance in the im-
mobilization of PO4*~, OP, and PP as a capping material in the sedi-
ment incubation experiments. The ZHLA has a high potential as a type
of commercial sediment capping material for P control.
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