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ARTICLE INFO ABSTRACT

Handling Editor: Y Yeomin Yoon Phosphate runoff from agriculture fields leads to eutrophication of the water bodies with devastating effects on

the aquatic ecosystem. In this study, naturally occurring montmorillonite clay-incorporated iron crosslinked

Keywords: alginate biopolymer (MtIA) beads were synthesized and evaluated for aqueous phosphate removal. Batch
Mor'ltmorillonite clay experiment data showed an efficient phosphate removal (>99%) by the MtIA beads from solutions with different
ﬁﬁnfrt;shnk initial phosphate concentrations (1 and 5 mg PO3 -P/L, and 100 pg POz -P/L). The kinetic data fitted well into
Phosphate the pseudo-second-order kinetic model indicating chemisorption played an important role in phosphate removal.

Based on analyses of results from the Elovich and intra-particulate diffusion models, phosphate removal by the
MtIA beads was found to be chemisorption where both film diffusion and intra-particulate diffusion participated.
The isotherm studies indicate that MtIA surfaces were heterogeneous, and the adsorption capacity of the beads
calculated from Langmuir model was 48.7 mg PO3 -P/g of dry beads which is ~2.3 times higher than values
reported for other clay-metal-alginate beads. Electron microscopy (SEM-EDS) data from the beads showed a
rough-textured surface which helped the beads achieve better contact with the phosphate ions. Fourier-transform
infrared spectroscopy (FTIR) indicated that both iron and montmorillonite clay participated in crosslinking with
the alginate chain. The MtIA beads worked effectively (>98% phosphate removal) over a wide pH range of 2-10
making it a robust adsorbent. The beads can potentially be used for phosphate recovery from eutrophic lakes,

Eutrophic lakes

agricultural run-off, and municipal wastewater.

1. Introduction

Phosphorus (P) is one of the major growth-limiting macronutrients
for plants, specifically for crops. The global consumption of phosphatic
fertilizer is increasing due to high-input modern agricultural practices.
In the last two decades, phosphatic fertilizer use increased from ~32.3
million tons (2000) to 45.1 million tons (2017) (FAO, 2020), and it is
expected to increase further as we try to meet the food demand for the
rapidly growing global population. The phosphorus use efficiency in our
agricultural system is very low (15-20%) (Patle et al., 2019). While most
of the applied phosphorus gets immobilized onto the topsoil layer, and
become non-bioavailable to plants, and a major part ends up in different
waterbodies through surface and subsurface runoff as well as because of
soil erosion (Kleinman et al., 2015). The excess phosphorus in water-
bodies causes eutrophication that triggers aquatic plant bloom and the
associated depletion of dissolved oxygen, and that severely affects the
water quality, disrupting the aquatic ecosystem (Glibert, 2020; Mei-
nikmann et al., 2015).
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In the United States, many waterbodies are impacted by high phos-
phorus concentration (with >30 pg PO3~-P/L being eutrophic), and they
include lakes (>42% of all lakes in the US) and rivers/streams (>66%)
(USEPA, 2009). Besides adversely affecting environmental quality and
aquatic ecosystem, eutrophication also affects the economy by
increasing the treatment needs for drinking water (Duan et al., 2017),
impacting fishery activities (Ruuhijarvi et al., 2010), and reducing the
recreational value of the waterbodies (Dodds et al., 2009). Phosphorous
in waterbodies are mostly orthophosphates present in very low con-
centrations (Boyd, 2019) yet causes eutrophication (>30 pg PO%’-P/L).
There is a need to develop technologies for the effective removal of
aqueous phosphate specifically when present in low concentrations.

Phosphorus is also a non-renewable mined resource. The supply of
good quality mineable rock phosphate (mineral P) is predicted to last for
only 60-240 years if the current consumption rate continues, and it is
predicted that phosphate supply will potentially fall short of demand by
the year 2033 (Ober, 2016). So, there is an urgent need to find alternate
sources of phosphorus. Phosphorus in the impaired (eutrophic)
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waterbodies can be one of the future sources of phosphorus, and its use
in agriculture would enhance sustainability by creating a cyclic process.

There are numerous technologies available for aqueous phosphate
removals which include biological methods, electrocoagulation, ion-
exchange, membrane processes, and adsorption. However, removal of
phosphate from eutrophic lakes is very challenging given, among other
things, the ultra-low concentration of phosphate (<100 pg POz~ -P/L).
Typical phosphate concentrations reported in eutrophic lakes range
from 30 to 100 pg POz -P/L (Robertson et al., 2003; Wetzel, 2001).
Phosphorus enters the surface waterbodies as either dissolve phosphate
or phosphorus loaded onto sediments and organics (Carpenter, 2005).
Phosphorous strongly binds with the sediments if Fe;Os, CaO, and
organic matters are present in sediments (Randall et al., 2019), but
phosphorus trapped in the legacy sediments is released to the bulk water
via physico-chemical and biological processes (Li et al., 2019). Reduc-
tion of internal P-loading from sediments has been tried by sediment
dredging (Jing et al., 2015) but that is very expensive. The disposal
and/or storage of dredged sediments, potential release of other toxic
substances, increase in phytoplankton productivity, and temporary
reduction in benthic fish food (organisms) are other major issues asso-
ciated with dredging (Bormans et al., 2016). The addition of chemical
flocculants (Al-, Fe-, or Ca-based chemicals) has been proposed (Lin
et al., 2015) but that involves the introduction of foreign chemicals to
the waterbodies and leads to the deposition of P-rich sediments. In-situ
sediment capping has also been proposed as a potential option for
remediating eutrophic waters (Wang and Jiang, 2016), but this is
cost-prohibitive. Biological processes like enhanced biological phos-
phorus removal are well established but very much limited to the
treatment of municipal wastewater which has high phosphate concen-
tration (5-10 mg P/L) (Yang et al., 2017), and it is not feasible for use in
eutrophic lakes with very low aqueous phosphate (Ritt et al., 2019).
Membrane processes like ultra-filtration and nanofiltration can effec-
tively remove phosphate from aqueous phase. Ion-exchange technology
can also be very effective. However, they are suitable for relatively small
volume of water and not useable for large surface waterbodies (Ritt
et al., 2019). The complexity involved in the management of the phos-
phorus cycle in eutrophic waterbodies like lakes make it very difficult to
get rid phosphorus totally, but we can strategize to recover the phos-
phate for use in agriculture (Ritt et al., 2019).

Adsorption is considered by many as one of the best options for
phosphate removal from waters (Bacelo et al., 2020; Ramasahayam
et al., 2014). Adsorption technology has potential for large-scale appli-
cation due to its ease of implementation and economic feasibility
(Kumar et al., 2019a). An ideal adsorbent should be cost-effective,
environmentally benign, selective for phosphate with high adsorption
capacity, and have quick reaction kinetics. The phosphate adsorbed onto
such an adsorbent should be reusable for other purposes like agriculture.

Clay minerals have a natural affinity for phosphate (Gérard, 2016).
Among the clay minerals, naturally occurring montmorillonite has a
relatively high specific surface area (BET specific surface area of ~33
m?/g) and surface charge (cation exchange capacity of ~85 meq/100 g
of clay) (Le Forestier et al., 2010). The montmorillonite clay is a 2:1 type
aluminosilicate mineral where one alumina octahedral sheet is sand-
wiched between two silica tetrahedral sheets and fused together to form
a one-unit cell structure (Fig. S1). The surface of the montmorillonite is
highly negatively charged which comes from the isomorphous substi-
tution of lower valance cations in the tetrahedral (Si*" substituted by
AIPY) and the octahedral (AI** substituted by Mg>™).

In this study, we used a montmorillonite clay mineral in iron cross-
linked alginate biopolymer beads to remove aqueous phosphate.
Further, iron used for alginate crosslinking was expected to crosslink
with montmorillonite given its negatively changed surfaces. We used
Fe®' as the cross-linker instead of conventional Ca?' (in Ca-alginate
beads) as iron and iron oxides have been used as efficient phosphate
adsorbents (Almeelbi and Bezbaruah, 2012; Hossain et al., 2018; Liu
et al., 2018). Phosphate sorption by MtIA beads was evaluated based on
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the data from adsorption and batch kinetics studies. The role of the clay
mineral in phosphate removal was investigated and possible mecha-
nisms have been proposed.

2. Experimental section
2.1. Chemicals and reagents

Iron (III) chloride tetrahydrate (FeCls-4H3O, reagent grade, Alfa
Aesar, USA), monopotassium phosphate (KHyPO4, 99% pure, EMD
Chemicals, Germany), sodium alginate (C¢H;NaOg),, production-grade,
Spectrum Chemical, USA), sodium hydroxide (NaOH, ACS Grade, BDH,
USA), and Na-rich montmorillonite (SWy-2 clay, The Clay Minerals
Society, USA) were used as received unless otherwise specified. Labo-
ratory produced deionized (DI, 17.8 MQ-cm) water was used in this
study.

2.2. Synthesis of montmorillonite clay iron crosslink beads (MtIA)

Sodium alginate (2 g) was dissolved in 50 mL of deionized (DI) water
by continuous stirring and heating (~40 °C) for 1 h and then the solution
was continuously stirred overnight at room temperature (22 + 2 °C) to
form an alginate gel. Separately, 5 g of montmorillonite clay (Mt) was
suspended in 50 mL of DI water and stirred continuously until it formed
a smooth slurry. The smooth clay slurry was then mixed with the algi-
nate gel and stirred continuously (at room temperature) to make a ho-
mogeneous Mt-alginate solution (2% alginate and 5% clay). The Mt-
alginate solution was released dropwise into a ferric chloride solution
(2% w/v) at room temperature using a micropipette tip fitted to a sili-
cone tube (L/S 16, Masterflex Precision Pump Tubing) connected to a
peristaltic pump (Masterflex, Cole-Palmer, USA) (Fig. la). Mt-iron
crosslinked alginate beads (MtIA) were formed as soon as the Mt-
alginate solution came in contact with the iron solution. The freshly
formed beads were kept submerged in 2% FeCls solution overnight (24
h) in a 500 mL beaker for the beads to harden (Bezbaruah et al., 2009;
Hossain et al., 2018). The hardened beads were washed with a copious
amount of DI water to remove the excess FeCls and the washed beads
were stored in DI water for later use. For phosphate removal studies, the
beads were taken out of the water and the excess water was blotted with
tissue papers. The weight of the beads is reported either as wet weight or
as dry weight (dried at 60 °C for 12 h). For control experiments, beads
were produced using the same procedure but without the Mt-clay.

2.3. Material characterization

The surface morphology of the synthesized beads was examined
using scanning electron microscopy (SEM, JEOL JSM-7600F, JEOL USA,
Peabody, MA). The elemental composition of the beads was determined
with energy-dispersive spectroscopy (EDS) using UltraDry silicon drift
X-ray detector and NSS-212e NORAN System 7 X-ray microanalysis
system (ThermoFisher Scientific, Madison, WI) which was attached to
the SEM. The beads were observed before and after reaction with
phosphate. The samples for SEM-EDS analysis were prepared by drying
the beads under a vacuum condition in a nitrogen environment. Dried
beads (some intact and some cut in half with a razor blade to reveal the
internal structure) were attached to aluminum mounts with carbon
tapes.

Fourier transform infrared (FTIR) spectra of fresh (before phosphate
adsorption) and spent (after phosphate adsorption) MtIA beads were
recorded using a Nicolet 8700 FTIR spectrometer and analyzed using
OMNIC software (ThermoFisher Scientific, Waltham, MA). For FTIR
analyses, the beads were first dried in a vacuum oven in a nitrogen
environment for 24 h, the dried beads were then crushed into a fine
powder. The powdered sample was mixed with potassium bromide
(KBr) which acted as the IR transparent background. The spectra were
measured in the range of 4000-400 cm ™! with a resolution of 4 cm™?
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(@) Clay Na-alginate powder

Silicone tube

Peristaltic
pump

and each spectrum was composed of 32 scans.

2.4. Phosphate batch, kinetic and isotherm studies

For all the phosphate removal experiments 5 g of wet beads (0.48 +
0.02 g dry weight) and 45 mL of phosphate solution were placed in 50
mL polypropylene plastic vials (reactors) fitted with a plastic cap. The
reactors were rotated in a custom-made end-over-end shaker (28 rpm) at
room temperature to reduce mass transfer resistance. The phosphate
removal performance of the MtIA beads was determined in batch ex-
periments (24 h) with an initial phosphate concentration of 10 mg PO3 -
P/L. Controls with control beads (no clay) and blanks (with no beads)
were run simultaneously. The kinetics of phosphate removal by MtIA
beads were studied with three PO3 -P concentrations (1 and 5 mg/L,
and 100 pg/L). The 100 pg/L PO3 -P was selected as that is an envi-
ronmentally relevant concentration representing eutrophic lakes. A set
of reactors was rotated in the end-over-end shaker up to 12 h. At least
three reactors were taken out at specific time intervals (0, 5, 10, 15, 30,
60, 180, 360, and 720 min) and the bulk solution was separated from the
reactors by decanting it. The bulk solution from each reactor was stored
separately in the refrigerator for further analysis. The phosphate con-
centrations in the bulk solution were measured in a Hach DR 5000
spectrophotometer (880 nm, detection limit 10 pg PO3-P/L) using the
ascorbic acid method (Eaton et al., 2005). The phosphate removal effi-
ciency (n) was calculated as 1 = (Cop — Ce)/Co x100%, where Cg and C, are
the initial and equilibrium phosphate concentrations. The bulk solution
phosphate concentration data (average of three values at each time
point) were used for reaction order determination. Zero- (Eq. (1)), first-
(Eq. (2)), second- (Eq. (3)), pseudo-first- (Eq. (4)) (Ho and McKay,
1998), and pseudo-second- (Eq. (5)) (Ho and McKay, 1998) order
models were used for data analysis.

C,= Cy—kt (€8]

In(C;) =1In(Co) — kt @

1 1

—=kt+ — 3

Ct + Cy 3
kit

log(q. — g:) = logq. — 2303 @

Micropipette tip
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Fig. 1. (a) Schematic of montmorillonite iron cross-
linked alginate (MtIA) bead synthesis process. (b)
Photograph of freshly produced MtIA beads; (¢) SEM
© micrograph of a control bead; and (d) SEM micro-
FeCls graph of a MtIA bead with each inset showing a cross-
/(2% wiv) section of the bead. The surface of the control bead
was smooth, and the bead shrunk to become oblong
upon drying. The MtIA bead surface showed rough
texture due to the presence of the clay mineral, the
bead maintained its spherical shape upon drying.

t 1 t
r_ i 5
g kg’ +qc )

For Egs. (1)-(5), C; is the concentration at time t, Cy is the initial
concentration, q. (mg/g) is the equilibrium adsorption capacity of the
adsorbent (beads), q; (mg/g) is adsorption capacity at time t, k; (1/min)
is the rate constant for the pseudo-first-order reaction, and ks (g/mg/
min) is the rate constant for the pseudo-second-order reaction. The log
(qe-qy) Vs t plot gives the value of k; and g, for the pseudo-first-order
reaction, and t vs t/q; plot helps in qe, and ko determination (pseudo-
second-order reaction).

Phosphate adsorption isotherm experiment was carried out with
MtIA beads in batch reactors (5 g of wet ~ 0.48 g dry beads in 45 mL
solution in 50 mL reactors) with initial phosphate concentration varied
from 10 to 2515 mg POz -P/L. The reactors were rotated in the end-
over-shaker for 24 h and the bulk solution phosphate concentration
was measured. The phosphate sorption capacity was calculated as q. =
(Co - Ce) x V/m where g is the mass of phosphate per gram of dry MtIA
bead (mg PO; -P/g of dry bead), V is the volume of phosphate solution
(L), and m is dry mass of MtIA beads (g). The adsorption isotherm data
were fitted onto Langmuir (Eq. (6)) and Freundlich (Eq. (7)) isotherm
models to get insight into the adsorption mechanism.

qmax C. K;
e = 6
gl 1 + che ( )
ge = kae]/n (7)

In Egs. (6) and (7), Qmax (mg/g) is the maximum adsorption capacity,
ki (L/mg) is the Langmuir constant (which represents the affinity be-
tween the solute and adsorbent), k¢ is the Freundlich constant, and 1/n is
the adsorption intensity (1 < n < 10). The Langmuir model represents
monolayer adsorption whereas the Freundlich model fits well for an
adsorbent with significant surface heterogeneity.

2.5. Quality control

All experiments were performed at room temperature and in tripli-
cate, and the average values are reported here along with the standard
deviations. ANOVA analyses were performed using OriginLab (Version,
2020) to evaluate the significant differences between the data sets and
Tukey’s pairwise comparison was used to identify the data that were
significantly different.
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3. Results and discussion
3.1. Characterization

3.1.1. Morphology and composition

The surface morphologies of control and MtIA beads (Fig. 1c and d)
were observed based on SEM micrographs of the beads. Alginate beads
without Mt-clay (control) were also examined for comparison. While the
controls (beads with no Mt-clay) had a smoother surface (Fig. 1c), the
MtIA bead surface (Fig. 1d) appeared as a rough-textured surface due to
the presence of clay particles. The surface roughness might have
increased the contact surface area of the beads and helped in the ab-
sorption of water and the solute (Fernandes et al., 2017). Na-rich
montmorillonite (SWy-2) clay has a size distribution of 5-750 nm
with an average size of 250 nm (Michot et al., 2004)). Montmorillonite
clay minerals have surface hydroxyl groups that interact with phosphate
ions. Further, clay mineral surfaces act as support sites for iron oxi-
de/hydroxide formation in the MtIA beads. The MtIA bead surface did
not shrink when they were vacuum dried and remained spherical
(Fig. 1d inset) but the controls shrunk to an oblong shape (Fig. 1c inset).
The EDS analysis of fresh control beads (Fig. 2a) shows carbon (C),
oxygen (O), iron (Fe), and chloride (Cl). The presence of a high amount
of iron (~48.9%) indicates that the iron was successfully incorporated
within the alginate polymeric network. During control bead formation
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sodium ion (Na™) was replaced by iron (Fe®h) through ionic crosslinking
to the alginate network structure (Fig. 3a). This is supported by our EDS
result where sodium is not detected. Further, no sodium (Na) was
observed in the MtIA beads (Fig. 2b) even though Na™ ion was originally
present in the interlayer of Mt clay connecting two-unit cell (one Al
octahedral sandwich between two Si tetrahedral, Fig. 3b); this might
have possibly happened because the Na™ ions were displaced during the
crosslinking process. In presence of water, the interlayer of Mt-clay
expanded, and the iron-alginate polymer units got access to the inter-
layer, and the polymer units expelled out the Na™ ions from the clay
minerals (Fig. 3b) (Fernandes et al., 2018). The presence of high Fe and
no detectable Na in MtIA beads confirms this. The MtIA beads showed
additional elements including magnesium (Mg), silicon (Si), aluminum
(Al), and potassium (K), and they came from the montmorillonite clay.
There was a significant reduction in the weight percent of Fe in the MtIA
beads (~11.7%) compared to the control beads (~48.9%). This in-
dicates that Mt-clay particles also took part in the crosslinking process
(Fernandes et al., 2018; Ravi and Pandey, 2019) unlike in the control
beads where Fe was the main crosslinking agent.

3.1.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR data were collected to gain insight into the molecular in-
teractions of freshly prepared MtIA beads (Fig. 2c) and the data were
compared to that obtained from the control unit. The broad band

Fig. 2. SEM-EDS of (a) control bead; (b) MtIA bead.

a
@) 600 ‘|’ There was a significant decrease in iron content in the
500 ¢ MtIA beads (~11.7%) compared to the control beads
400 | (~48.9%). In the MtIA beads, noticeable amounts of
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Fig. 3. (a) Possible crosslinking process of Fe>* to the
alginate network and interaction with clay mineral
surface. Crosslinked alginate chain and silicate clay
layer are connected at several points through elec-
trostatic and intermolecular hydrogen bonds which
create a three-dimensional network; and (b) Possible
clay polymer network configuration. The iron cross-
linked alginate accesses the interlayer between two
montmorillonite units and expels the interlayer Na™
(Figures modified after Fernandes et al., 2018).

identified between 3200 and 3600 cm™!

in both beads corresponds to

—-OH stretching which came from the alginate polymer chains (Papa-
2010). Characteristic bands due to asymmetric and
symmetric stretching vibration of the carboxyl group of an alginate
molecule appeared at 1610 and 1434 cm ™! (Papageorgiou et al., 2010;
Zhang et al., 2020) for the controls and 1628 and 1435 cm ! for MtIA.

georgiou et al.,

Mt-clay minerals (Barreca et al., 2014; Fabryanty et al., 2017), and
confirmed the presence of Mt-clay in the beads. In the control beads,
—CH, bending appeared at 1030 cm™! and overlapped with Si-O
stretching at 1049 cm ™! in the MtIA beads. The band at 1049 cm™! from
the MtIA beads is related to Si—O-Si axial deformation into and out of the
plane of the tetrahedral site (Fernandes et al., 2018). The Fe-O vibration
bands were identified at 510 and 468 cm ™! in the control beads, and 525

The asymmetric stretching vibration of a carboxylate shifted to higher
wavenumbers in MtIA beads (1628 cm ™) compared to the control beads
(1610 cm™!) due to the introduction of Mt-clay minerals. A group of
distinguishable bands appeared in MtIA beads at 1049, 798, 626 cm ™!
and could be attributed to Si-O stretching in the Si-tetrahedral of

and 468 cm™! in the MtIA beads, and that confirmed the successful
crosslinking of alginate by iron (Namduri and Nasrazadani, 2008).
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Fig. 4. (a) Phosphate removal by MtIA beads (Cy =
10 mg PO3-P/L, Adsorbent dose = 5 g wet beads in
45 mL solution); and (b) Phosphate removal by MtIA
beads over time from solutions with two different
initial PO3 ™ -P concentrations (5 and 1 mg/L). Inset:
the first 60 min zoomed in; (c) Phosphate removal by
MtIA with initial PO} -P concentration of 100 ug/L;
and (d) Adsorption isotherm for phosphate sorption
onto MtIA. The data points are connected with
straight lines for ease of reading only and they do not
represent trendlines. The vertical error bars represent
+ standard deviations.
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3.2. Batch studies for phosphate removal and effects of pH

The phosphate removal performances of the MtIA bead were
compared (Fig. 4a) using aqueous phosphate with an initial concentra-
tion (Co) of 10 mg PO3-P/L. The MtIA beads recorded ~96% phosphate
removal. The phosphate removal by alginate beads without Mt-clay
(control) was also evaluated for comparison. The MtIA beads removed
4% more phosphorus (statistically significant at p = 0.05) than the
controls (~92% phosphate removal). The higher removal by MtIA beads
was observed potentially because of better contact between the bead and
the phosphate solution due to its surface roughness (both external and
internal surfaces). Further, phosphate was also adsorbed onto Mt clay
minerals. The effects of pH on phosphate removal (Co = 5 mg PO3-P/L)
by the MtIA beads were monitored for a wide pH range (pH 2-10) in a DI
water system adjusting the initial solution pH using 0.1 M NaOH or HCL
(Fig. S2a). The phosphate removal remained at ~98-99% for all pH
values. The point-of-zero-charge (PZC) for the MtIA beads was found to
be 3.14 (Fig. S2b) indicating that the surface of the beads is positively
charged when solution pH is below PZC and negatively charged at pH >
3.14 (above PZC). At a pH lower than the PZC, the negatively charged
phosphate ions electrostatically get attached to the bead surface. With
increasing pH (pH > 3.14), the negatively charged bead surface repulses
phosphate ions and that should lead to a reduction in phosphate
removal. However, pH was found to have minimal effect on phosphate
removal by the beads (Fig. S2a) indicating that the removal process is
not exclusively controlled by electrostatic interaction but surface
complexation may be involved. The versatility of the MtIA beads over a
wide pH range makes the beads very robust and it will work effectively
in eutrophic lakes where the typical pH is 7.5-8.5 (Ritt et al., 2019).

3.3. Removal kinetics

Phosphate removal by MtIA bead was evaluated at environmentally
relevant high (Cy = 1 and 5 mg PO3~-P/L) and low (Cy = 100 pg PO3~-P/
L) initial concentrations (Fig. 4b and c) over a 720 min (12 h) period.
While 1-5 mg/L is the typical phosphate concentration in municipal
wastewater, 100 pg/L PO3-P is representative of eutrophic lakes (PO3 -
P > 30 pg/L causes eutrophication). For all phosphate concentrations,
MtIA beads reached equilibrium within 30 min with the phosphate
concentration reduced below the instrument detection limit (~100%
removal). The removal kinetics followed similar patterns for all the three
concentrations with rapid removal in the first 10 min (~62%) followed
by a relatively slow removal till an equilibrium is reached at 30 min.

To investigate the mechanism of phosphate removal by the MtIA
beads and determine the rate-controlling factors, the batch study data
(first 60 min) were fitted into five different models (zero-, first-, second-,
pseudo-first-, and pseudo-second-order models) (Fig. S3-4). The data
fitted the best into pseudo-second-order kinetic model for all three

Table 1
Kinetic parameters associated with phosphate adsorption by the MtIA beads.
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PO3-P concentrations used (5 mg/L: R? = 0.9714, 1 mg/L: R? = 0.9996,
and 100 pg/L: R? = 0.9992) (Table 1, Fig. S4). Given that the data fitted
into the pseudo-second-order model, we can infer that chemisorption
played an important role in the phosphate removal process, and the rate
of adsorption was proportional to the square of the number of the un-
occupied sites on the adsorbent surface and the concentration of
adsorbate in the solution. The reaction rate constant for the pseudo-
second-order model increased from 0.143 (Cy = 5 mg PO%’-P/L) to
14.958 mg/g/min (Cy = 100 pg PO; -P/L) with decreasing solution
phosphate concentration (Table 1), possibly because of the abundance of
adsorption sites relative phosphate ions present.

Based on the batch study data, it can be inferred that a greater
number of adsorption site were potentially available for phosphate
adsorption at the beginning leading to a steep concentration gradient
between the bead and phosphate in the bulk solution. However, the
concentration gradient was decreased over time, and a slower reaction
was observed. The adsorption of phosphate onto MtIA bead might have
depended on diffusion of phosphate from bulk solution to the bead’s
external surface (external mass transfer) or adsorption onto external
surface and subsequent diffusion into the internal pore (intraparticle
diffusion). Kinetic data were fitted into the intraparticle diffusion model
(Eq. (8), after Webber and Morris, 1963 (Weber and Morris, 1963)) to
investigate whether diffusion played any significant role in the adsorp-
tion process.

@ =k +C (8)

In Eq. (8), q; (mg/g) is the phosphate sorption capacity of MtIA at
time t (min), k;, is the intra-particle diffusion rate constant (mg/! g-minl/
2) and C is the constant dependent on the thickness of the boundary
layer. C is an indicator of the boundary layer effect (the higher the value
of C, the greater the boundary layer effect). When q; vs t% is plotted, k,
can be determined from the slope and C from the Y-intercept (Fig. S5). If
the q; vs t*° plot is a straight line and passes through the origin, then
intraparticle diffusion would be the only rate-limiting factor. In this
study, the q; vs 05 plot (Fig S5) showed bi-linearity (i.e., two steps)
indicating that intraparticle diffusion was not the only rate-limiting
factor, but another mechanism (possibly, surface adsorption) was also
involved in phosphate removal. The presence of the multi-linearity of
the plot (Step 1 (S1) and Step 2 (Sp)) is indicative of the presence of
boundary layer diffusion and intraparticle diffusion followed by satu-
ration step. The intra-particle diffusion rate constant (k;) was higher in
S; step compared to S step for all three-phosphate concentrations tested
(Table 1) indicating that adsorption initially took place on an external
surface with a rapid adsorption rate. When all the external adsorption
sites are occupied, phosphate ions started to diffuse into the internal
pores of the bead. The rate constant (kp) decreased in S, due to increased
diffusion resistance in the internal pore surface and a decrease in
phosphate concentration over time (Valderrama et al., 2008).

Kinetics Model Parameter Phosphate Concentration
5 mg/L 1 mg/L 100 pg/L
Pseudo-second Order R? 0.9714 0.9996 0.9992
Qe 0.610 0.106 0.010
ko 0.143 1.043 14.958
Intra-particle Diffusion R? 0.7815 0.9297 0.9000
S Sy S Sa Sy Sy
RZ 0.9653 0.712 0.9870 0.9843 0.9833 0.9737
kp 0.1444 0.0302 0.0172 0.0068 0.0016 0.0005
C -0.1718 0.2809 0.0005 0.0409 0.0008 0.0054
Elovich-Mass Transfer R2 0.9100 0.9926 0.9733
o 0.1036 0.0278 526.315
B 6.8634 45.8715 41842 x 1073

Units: qe: mg/g; Ko: mg/g/min; ky,: mg/g min'’%; C: mg/g; a: mg/g/min; p: g/mg. Notes: R%: Overall correlation coefficient; R%: Correlation coefficient for each step in

the intra-particle diffusion model; S;: Step 1 and S,: Step 2 in the intra-particle diffusion model.



T.K. Das et al.

From the pseudo-second-order model (Eq. (5)), it is confirmed that
chemisorption was the dominant mechanism of phosphate adsorption by
MtIA, and so the Elovich model (Eq. (9)) was used to elucidate the
chemisorption process in term of variation of chemisorption energetics
with the extent of surface coverage (Teng and Hsieh, 1999). This model
can also indicate whether the active sites are heterogeneous and there-
fore, exhibit different activation energies for chemisorption.

o =L in(ap) + L ) ©
p B

In Eq. (9), q; (mg/g) is the phosphate sorption capacity at time t
(min) and « is the initial sorption rate (mg/g-min) and § is the desorption
constant (g/mg). In the plot of q; vs In(t), 1/f is given by the slope and 1/
B In(a B) is the Y-intercept. The correlation coefficients (R?) for the
Elovich model (Fig. S4) fitted with the experimental data for the three
phosphate concentrations varied from 0.9100 to 0.9926 (Table 1)
indicating that the adsorption of phosphate was controlled by chemi-
sorption onto heterogonous adsorption sites in the MtIA beads.

3.4. Adsorption isotherms

The experimental adsorption data (Fig. 4d) were fitted into Lang-
muir, Freundlich, Temkin and Sips isotherm models (Table S1) to find
out the type and nature of interactions of phosphate with MtIA beads,
adsorption mechanisms, and the maximum phosphate adsorption ca-
pacity. Freundlich (R2 = 0.9846) and Langmuir (R2 = 0.9892) model
fitted better than other isotherm models (Fig. $6). The very good fit (R
> 0.98) for both the models can be explained by the surface properties of
the adsorbent and the affinity of the adsorbent for phosphate. That our
data fitted the Freundlich model well points towards surface heteroge-
neity of the beads as well as the exponential distribution of the active
sites and differences/variation in active site energies. The constant kg is
related to sorption capacity and 1/n is an empirical parameter related to
the intensity of adsorption and adsorbate site heterogeneity. For 0 < 1/n
< 1, the adsorption is favorable, and when 1/n is > 1, the adsorption
process is unfavorable, and it is irreversible when 1/n = 1. The 1/n value
obtained from the model is 0.4703 (0 < 1/n < 1) which means sorption
of phosphate onto MtIA bead is favorable and the surface of MtIA is
heterogeneous.

The adsorption isotherm data also fitted into the Langmuir model
(R? = 0.9892). This indicates that monolayer adsorption occurred on the
adsorption sites of the heterogeneous beads surface which consisted of
several patches of smaller homogeneous surfaces, and this observation is
in conformity with others (Kumar et al., 2019b). The patches of homo-
geneous surfaces in the bead included the surfaces on the clay mineral
and iron-alginate complex. The maximum phosphate adsorption ca-
pacity determined from the Langmuir model for MtIA is 48.78 mg
PO3-P/g of dry beads. Compared to other clay-metal ion-alginate

Table 2
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crosslinked beads, our MtIA bead showed better adsorption capacity
(Table 2). Among the reported beads, zirconium (Zr)-bentonite alginate
beads exhibited the best adsorption capacity of 20.83 mg/g (Xi et al.,
2021), and our beads had ~2.3 times higher capacity than that. The
Langmuir constant k; is 0.0079 L/mg.

The dimensionless parameter of the equilibrium or sorption intensity
(Ry) in the Langmuir model (Eq. (10)) was calculated using the sorption
constant Kj (0.0079 L/mg) and the initial concentrations of phosphate
(Co = 10-2515 mg PO} -P/L) ranged from 0.0479 to 0.9268 for different
initial phosphate concentrations (Table S1) and that suggests that the
phosphate adsorption by MtIA is favorable (adsorption is unfavorable if
Ry > 1, linear if R, = 1, favorable if 0<Ry, < 1 and irreversible if Ry, = 0)
(Weber and Chakravorti, 1974).

1

_ 10
TG K (10)

Ry
The experimental data did not fit the Sips and Temkin models well
and were not considered for further evaluation.

3.5. Phosphate removal mechanism

From the adsorption kinetics and isotherm data, it is clear that
phosphate adsorption onto the MtIA beads is governed by chemisorption
and heterogeneity of the surface of the MtIA beads. There could be three
possible adsorption sites in the MtIA beads which include: (1) iron
present in the Fe-crosslinked in alginate, (2) entrapped montmorillonite
clay mineral and (3) iron sorbed onto clay minerals. The phosphate
removal mechanism is governed by ligand exchange, surface complex-
ation, and electrostatic attraction. Both the clay mineral surface and
amorphous iron oxide formed in the alginate network contain surface
hydroxyl groups (—OH). Anionic phosphates (H,POz/HPO3) are
adsorbed onto the MtIA bead surface through ligand exchange between
the —OH groups and phosphate ions (Xu et al., 2020). Phosphate ions
also replace the surface ~OH through ion-exchange. Further, iron ions
can form iron oxide and hydroxide within the MtIA beads which can
adsorb phosphate through inner-sphere surface complexation (Xi et al.,
2021). While the SEM-EDS (Fig. 5a) data confirm the adsorption of
phosphate by MtIA beads, the data could not pinpoint the possible active
sites that adsorbed the phosphate.

FTIR data were collected from the fresh and spent MtIA beads to get
information on molecular interaction in MtIA beads as they adsorbed
phosphate (Fig. 5b). The characteristic P-O asymmetric bending should
have appeared in the region ~1030 cm~! (Jastrzebski et al., 2011) but it
is not prominent enough. Therefore, the FTIR spectrum from the fresh
MLtIA beads was subtracted from that from the spent MtIA beads, and a
peak is identified at ~995 cm ™! which confirms the complexation of
phosphate with iron oxide (Ahmed et al., 2019; Karthikeyan et al.,
2019).

Phosphate adsorption performance of different clay-metal ion-alginate crosslinked beads.

Alginate Bead composition Cross-linking Solution Concentration range (mg/L) Dose (dry bead, Adsorption capacity (PO-P  Source
ion pH tested g/L) mg/g)

Zr-alginate bentonite Zr*t - - 2 9.89 Kumar and Viswanathan
(2017)

Ce-alginate bentonite ce®* - - 2 8.52 Kumar and Viswanathan
(2017)

La-alginate bentonite La®* - - 2 6.74 Kumar and Viswanathan
(2017)

La-alginate-talc La®*" 4 2.5-50 0.4 16.4 Wang et al. (2020)

Zr-alginate assisted kaolin Zr*t - 0-45 2 12.12 Kumar and Viswanathan
(2020)

Zr-bentonite alginate Zrtt 7 1.6-65 - 20.83 Xi et al. (2021)

Al-modified bentonite alginate Ca®t 3 1.6-13 2.6 5.14 Xu et al. (2020)

Al-pillared activated bentonite Ca%* 5 2-27 2 6.23 Pawar et al. (2016)

alginate
MtIA beads Fe** 6.5-7 0-2500 10.66 48.78 This study
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Fig. 5. (a) EDS spectra of spent MtIA beads (i.e., after phosphate adsorption); (b) FTIR spectra of MtIA beads before and after phosphate adsorption. Inset: Spectra at
~995 cm ™! in the spent beads confirmed the formation of iron-phosphate compounds (The spectrum obtained from the fresh MtIA beads was subtracted from that of

the spent MtIA beads).
4. Conclusions

In this present work, the natural montmorillonite-incorporated iron
crosslinked alginate (MtIA) beads designed for phosphate removal were
fabricated using an easy to adopt sol-gel process. In this study, both clay
mineral and iron participated in the phosphate removal process. While
additional studies will be needed, the use of clay mineral is expected to
help in making the beads sturdier. Material characterization data from
FTIR and SEM-EDS have indicated that both clay particles and iron took
part in the crosslinking with the alginate chain. The SEM micrographs of
MtIA beads showed a heterogeneous rough-textured surface. The surface
roughness of the MtIA beads facilitated the contact between phosphate
ions and the beads, and thus improved the phosphate removal perfor-
mance by the beads. The MtIA beads also effectively (~100%) removed
low concertation phosphate (100 pg/L, eutrophic lake) within 30 min.
The reaction kinetic data fitted into a pseudo-second-order model indi-
cating that the adsorption mechanism was governed by chemisorption,
and that was further confirmed by fitting the data into the Elovich
model. The adsorption data fitted in the Freundlich isotherm model (R2
= 0.9846), and model-derived parameters have indicated that adsorp-
tion sites in the MtIA beads are heterogeneous, and adsorption of
phosphate onto the MtIA bead surface is a favorable process. The
maximum adsorption capacity of the bead evaluated using the Langmuir
model (R? = 0.9892) was found to be 48.78 mg PO3-P/g of dry beads
which at least ~2.3 higher than other reported values for clay-metal-
alginate beads. Phosphate removal was not affected by any change in
pH (2-10). The beads are expected to find possible applications in
phosphate removal from eutrophic lakes as well as municipal waste-
water and agricultural runoff (specifically, tile drainage).
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