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ABSTRACT

Phosphate is a primary plant nutrient, serving integral role in environmental stability. Excessive phos-
phate in water causes eutrophication; hence, phosphate ions need to be harvested from soil nutrient
levels and water and used efficiently. Fe-Mg (1:2) layered double hydroxides (LDH) were chemically
co-precipitated and widely dispersed on a cheap, commercial Douglas fir biochar (695 m?/g surface area
and 0.26 cm?/g pore volume) byproduct from syn gas production. This hybrid multiphase LDH dispersed
on biochar (LDHBC) robustly adsorbed (~5h equilibrium) phosphate from aqueous solutions in excep-
tional sorption capacities and no pH dependence between pH 1-11. High phosphate Langmuir sorption
capacities were found for both LDH (154 to 241 mg/g) and LDH-modified biochar (117 to 1589 mg/g).
LDHBC was able to provide excellent sorption performance in the presence of nine competitive anion
contaminants (CO3~, AsO3~, Se03~, NO3, Cr,0%~, CI-, F~, SO3 ™, and Mo0O3 ") and also upon remediating nat-
ural eutrophic water samples. Regeneration was demonstrated by stripping with aqueous 1 M NaOH. No
dramatic performance drop was observed over 3 sorption-stripping cycles for low concentrations
(5 ppm). The adsorbents and phosphate-laden adsorbents were characterized using Elemental analysis,
BET, PZC, TGA, DSC, XRD, SEM, TEM, and XPS. The primary sorption mechanism is ion-exchange from
low to moderate concentrations (10-500 ppm). Chemisorption and stoichiometric phosphate compound
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formation were also considered at higher phosphate concentrations (>500 ppm) and at 40 °C. This work
advances the state of the art for environmentally friendly phosphate reclamation. These phosphate-laden
adsorbents also have potential to be used as a slow-release phosphate fertilizer.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Agricultural pollutants released into water bodies pose a seri-
ous problem to environmental stability. Excess phosphates from
fertilizer runoff accumulate in water becoming a primary eutroph-
ication source leading to dead zones (e.g: U.S. East Coast and the
Gulf of Mexico) [1]. Phosphates are often the limiting reagent
(<100 pg/L) for explosive algal growth [1]. Increased algae growth
can reduce oxygen concentration in water, and release soluble neu-
rotoxins and hepatotoxins by cyanobacteria blooms, and their
ingestion can cause fish or livestock death and serious health
effects in humans [2]. According to NOAA, 65% of coastal waters
and estuaries are moderately to severely damaged by eutrophica-
tion. Due to the dense growth of blue green algae and hyacinth-
like plants, short-term and long-term ecological effects are possi-
ble [3,4]. The total phosphorous (P) concentration in common
raw domestic wastewater is ~10 mg/L [5]. Maximum P discharge
limits (in US) in municipal treatment plant effluents are 1 and
0.5 mg/L P for discharge into the Upper Great Lakes into the Lower
Great Lakes respectively [6].

Electrocoagulation [7], chemical precipitation [8], ion-exchange
[9] and crystallization [10] have been used to remediates phos-
phate. These methods can be expensive and may not efficiently
remediate phosphate. Also, chemical precipitation is complex and
produces sludge.

Adsorbents commonly used in water treatment are efficient and
economic [11]. Sorptive Calcite [12], alunite [13], red mud [14], fly
ash [15], biochar (BC) [16], Fe304 nanoparticles dispersed biochar
[5], and activated carbon can absorb phosphate [17]. An anionic
class of clays, Layered Double Hydroxides (LDH), have been applied
in catalysis, photochemistry, electrochemistry, polymerization,
magnetization, biomedical and environmental science. LDHs are
inexpensive to synthesize in both laboratory and industrial scale
[18] from aqueous salts [11]. LDH are composed of rigid

[Mffoi+(OH)2 X+layers of metal cations and hydroxides. In the

X—

interlayer space between, intercalating anions, [A,‘:/’n-yHZO] ,

exist, including CI-, Br—, NO3, CO%", Se03~, and SO3~ [19]. Common
divalent and trivalent cations used to construct LDH are Ca*, Mn?*,
Mg?*, Ni%*, Cu?*, Zn?* and AI**, Cr**, Fe*" respectively [19].

The Fe-Mg (1:2 M ratio) LDH used in this study was previously
modified by zwitterionic glycine to achieve good arsenate, phos-
phate and chromate adsorption capacities [20]. It was also used
to remove uranium [21]. To best of our knowledge, no reports exist
of dispersing of small LDH particles on high surface area larger par-
ticles to (1) permit suitable flow rates through packed columns, (2)
prevent LDH particle aggregation, (3) obtain higher capacities and
faster sorption rates, while, simultaneously (4) providing addi-
tional carbonaceous surfaces to remove additional sorbates. This
Fe-Mg layered double hydroxide-modified biochar (LDHBC) is
now used here to recover phosphate from aqueous solutions in
high capacities.

The biochar (BC) used in this study is a commercially available,
cheap, high surface area, large pore volume, carbon-rich adsorbent
with a stable and long life carbon matrix [22] and a rough porous
exterior. This BC is a byproduct of wet wood fast pyrolysis in an
updraft gasifier at 900-1000 °C (1-10 s) under oxygen-starved
conditions. BCs are now acceptable sorbents for metal cations
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and organic sorbates [23]. This Douglas fir biochar and its nano-
modified (metal oxides, metal organic frameworks, etc.) hybrid
composite analogs were previously employed to sorb of heavy
metals [24], pesticides [25], pharmaceuticals [26], oxyanions
[27], dyes [28] and oils [23]. Recently, we reported that Fes04
nanoparticles dispersed on Douglas fir biochar gave excellent
aqueous phosphate removal [5].

A high Fe-Mg LDH surface area was achieved by its dispersion
on the BC surface to make LDHBC. Fe-Mg LDH is the primary
adsorption phase for aqueous phosphate. Superior batch and
fixed-bed column remediations were achieved along with the
highest phosphate capacities ever previously reported for neat bio-
char or Fe-Mg LDH in the literature. The biochar’s surface only
adsorbs a very small amount of phosphate [5]. This enables the
clear view of how the phosphate sorption of LDH compares with
LDHBC. Phosphate adsorption was studied versus pH, equilibrium
time, phosphate concentrations, adsorbent doses, temperatures,
the presence of co-existing competitive contaminants, and in more
complex eutrophic systems. Sorption mechanistic considerations
were supplemented by an X-Ray photoelectron spectroscopy
(XPS) study.

2. Experimental
2.1. Reagents and equipment

All chemicals used were Analytical grade. Chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO) unless otherwise speci-
fied. Stock solutions (2.5 to 1000 mg/L) of phosphate were made by
dissolving KH,PO4 in de-ionized water from a Millipore-Q water
system. The pH measurements were made using a Hanna pH/
ORP Meter and test solution pHs were adjusted using either 0.01,
0.1 and 1 M HCI or NaOH. Adsorption studies were conducted in
an Orbital shaker (Thermo Forma) or in an incubating shaker. Phos-
phate sample concentrations were determined using ascorbic acid
colorimetry using UV-Vis Spectrometer at 820 nm wavelength.

2.2. Biochar

Biochar (BC) (supplied by Biochar Supreme, Everson, WA) is a
by-product from the wet wood gasification of waste Douglas fir
timber. Chipped (~3 in.), auger fed, green wood was feed to an
air-fed updraft gasifier (at 900 — 1000 °C) with a 1-10 s residence
time. Large biochar particles (~2 cm) were water washed several
times to remove fine particulates, water soluble organic com-
pounds, and other impurities. Washed particles were dried at room
temperature (2-3 days), ground, sieved to 150-300 um size range
and stored in closed vessels for use in all adsorption studies.

2.3. Preparation of layered double hydroxides (LDH) and modified
douglas fir biochar (LDHBC)

Fe/Mg-LDH was synthesized in a 1:2 Fe**: Mg?* molar ratio.
Aqueous iron (III) chloride (~12.2 g) and magnesium chloride hex-
ahydrate (~30.6 g) was dissolved in ~200 mL de-ionized water. This
pH was raised to 13 by dropwise addition of a 10% aqueous NaOH
(Scheme 1a). This solution was stirred for 24 h at 25 °C, vacuum fil-
tered to remove Fe/Mg LDH, and this solid was subsequently
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Scheme 1. Preparation of a) LDH and b) LDHBC.

washed with ethanol (~100 mL) and water (~200 mL). After oven
drying at 120 °C for 24 h, Fe/Mg LDH was obtained. LDHBC was
prepared using the same method (Scheme 2b) by slurring ~34 g
of Douglas fir BC (particle size 125-300 pm) in the aqueous iron
and magnesium salt solution. The weights of LDH and LDHBC
obtained were ~19.8 g and ~46 g, respectively. Both adsorbents
were sieved to particle sizes 125-300 pm and stored in polypropy-
lene containers until further use.

LDH, LDHBC and their P-laden analogues were extensively char-
acterized. Experimental details describing point of zero charge
(PZC) measurements, thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC), scanning electron microscopy
(SEM) and energy dispersive analysis by X-ray (EDX, transmission
electron microscopy (TEM) and energy-dispersive analysis by X-
ray (EDX), X-ray diffraction (XRD) and Xray photoelectron spec-
troscopy (XPS), surface area measurement and proximate and ulti-
mate analysis are given in the supporting material.

2.4. Batch sorption studies

Aqueous solutions of 50 mg/L phosphate (25.0 mL) were used to
study how pH effects adsorption onto LDH and LDHBC (25.0 mg).
We studied phosphate sorption onto pristine BC previously [5],
and the uptake was negligible. Hence, it was not tested here. Solu-
tion pH values were adjusted to pH 1, 3, 5, 7,9, 11 and 13 using
1M, 0.1 M, and 0.01 M of HCl and NaOH. A pH of 7 was chosen
for kinetic and isotherm experiments because it is closer to water’s
natural pH of water. Phosphate removal remained almost constant
for both LDH and LDHBC over the experimental pH range.

Sorption kinetics of both LDH and LDHBC were studied using
50 mg doses of LDH or LDHBC with 25 mL of phosphate at concen-
trations of 50, 100 and 500 mg/L, at pH 7 and 25 °C. The containers
were shaken in an orbital shaker at 200 rpm for specific times [30 s,
(1,15,2,3,4,5,8, 10, 15, 30, 45, 60) mins and (2, 3, 4, 5, 6, 12 and
24) h], filtered through a 0.22 pm filter and then analyzed for
phosphate.

Batch isotherm experiments employed 2.5 to 2500 mg/L aque-
ous phosphate solutions (25.0 mL), equilibrated with either LDH
or LDHBC (50.0 mg) at pH 7 and at 10, 25 and 40 °C. Phosphate con-
centrations remaining in the filtrate were analyzed by the ascorbic
acid colorimetry method [29] using a double beam UV-Visible
spectrophotometer (820 nm). Phosphate adsorption per unit of
adsorbent (qe) is given by Eq. (1).

V(G - Co)

= (1)
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Here, Cy and C. (mg/L) are initial and equilibrium solution phos-
phate concentrations, V (L) is the volume (25.0 mL), and M (g) is
the total mass of adsorbent. All experiments were triplicated.

2.5. Assessing suitability for applied water treatment

2.5.1. lon competition

Phosphate sorption onto LDHBC was investigated in the pres-
ence of CO%, AsO3, SeO3~, NO3, Cr,02™, Cl-, F~, SO3~, and MoO3.
Ion selection was based on the 1) similar chemistry to phosphate
(arsenate, dichromate, selenate, molybdate and sulphate) and 2)
their habitual presence in natural waters (nitrate, chloride, carbon-
ate and fluoride). At first, the effect of each individual competing
ion was explored at three different concentrations (0.01, 0.1 and
1 mM) with 50 mg/L PO3". Then, their simultaneous effect over
phosphate adsorption was studied by mixing all of them together
at three different concentrations (0.01, 0.1 and 1 mM) to three sep-
arate solutions containing 50 mg/L PO3~. All experiments were
triplicated, equilibrating 50 mg of LDHBC with 25 mL of solutions
at 25 °C, for 24 hrs at 200 rpm. Post agitation, mixtures were fil-
tered, and remaining phosphate concentrations were determined.

2.5.2. Application of LDHBC for eutrophic lake and pond water
treatment

LDHBC’s sorption performance in an authentic eutrophic water
was investigated by water collected from Chadwick Lake, Missis-
sippi State, MS 39762 and Eckie’s Pond, Mississippi State, 39759.
Water samples were filtered through Whatman filter paper (Num-
ber 1, CAT No. 1001-110, pore size: 11 um). Phosphate contents
and pH of the Lake and pond water samples were determined.
LDHBC (25 mg) were then added to each of these samples
(25 mL) and equilibrated for 6 h. Subsequently, lake water and dis-
tilled water were adjusted to pH 7 and the sorption experiments
were repeated.

2.5.3. Regeneration procedure

Stripping regeneration of LDHBC were performed using 1 M
NaOH stripper. 25 mL solutions of 5 mg/L, 50 mg/L and 500 mg/L
phosphate were each individually equilibrated with 50 mg of
LDHBC (at pH 7 and 25 °C) for 6 h. Solutions were then filtered
and recovered. LDHBC was over dried at 80 °C for 2 h and equili-
brated with 25 mL 1 M NaOH for 6 h at 25 °C (200 rpm). Contents
were filtered and LDHBC was dried in an oven as above. This
LDHBC was used in two more sorption-stripping cycles. Phosphate
contents in the filtrates after each sorption/ stripping cycle was
analyzed using UV-vis spectroscopy.
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Scheme 2. Phosphate ion-exchange sorption mechanisms.

2.5.4. Fe/Mg leaching studies

Fe/Mg leaching tests employed 50 mg of LDHBC equilibrating in
25 mL solutions of DI water containing 10, 100, 500, 1500 and
2500 ppm of phosphate for 3 h. These solutions were filtered and
the for Fe and Mg contents were determined using an inductively
coupled plasma mass spectrophotometer (ICP-MS) (PerkinElmer
SCIEX, ELAN DRC II).

2.5.5. Column study

LDHBC fixed-bed continuous flow adsorption studies were con-
ducted, and breakthrough curves were constructed to assess their
potential in scaled-up applications. Approximately 1 g of LDHBC
(125-300 pm particles) was packed in a (diameter: ~3 cm and
bed length: ~14.5 cm) plastic pipette (with a quartz wool exit) by
transferring a warm aqueous solution to remove any air bubbles.
Column was tapped with a rubber hose to ensure even packing.
A 0.11 mL/min steady flow was maintained and a total of 1 L
60 mg/L phosphate solution was passed through column at
25 °C. Elute was collected at frequency of 30 min and examined
for phosphate concentrations.

3. Results and discussion
3.1. Characterization of biochar

3.1.1. Surface area and elemental analysis

The Fe:Mg % weight ratios for both LDH and LDHBC were ~1:1,
which confirms that the Fe:Mg mole ratios in LDH (0.19:0.39) and
LDHBC (0.14:0.31) are close to 1:2 in the general Mg(z*,_o,gg)-
Fes.g.33(OH),]%33*C1933-nH,0 empirical formula in both preparations
[30]. The amount of water (n) may vary depending on the LDH
preparation method. Combustion elemental analyses of LDHBC
(Table 1) show lower C content (53.1 wt%) versus BC (74.6%) due
to the significant LDH weight contribution. The carbon (1.2%) found
in LDH likely originates from small amounts of carbonates formed
during the LDH precipitation.

The amount of O in LDHBC is very small compared to its BC pre-
cursor. The washings plus stirred exposure to 10% NaOH during
LDH formation/precipitation may have further removed residues
carboxylic acid, phenolic, and other acidic organic residuals from
the BC [31]. The BC originated from fast pyrolysis at a residence
time of 1-10 s at 900-1000 °C, which produces high surface areas
(695 m?/g) and pore volumes (0.264 cm?/g). The high C/H (39.3)
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ratio and observed O/C (0.28) ratio of BC result from pyrolytic loss
of oxygen and hydrogen at high temperature. The neat LDH N, BET
surface area was only 14.3 m?/g, less than the (48.7 m?/g) value
reported in the literature [32]. Literature values were only avail-
able for the more crystalline calcined (120 °C for 24 h) Mg/Fe-
LDH, leading to this higher surface area. Calcination during LDHBC
preparation have been avoided as it could lead to BC decomposi-
tion and lower LDHBC yield, and high temperature processes are
considered costly.

The N, BET specific surface area for LDHBC was 267 m?/g sug-
gesting that the LDH impregnation filled biochar surface pores
resulting in a ~62% reduction of its original surface area (from
695 to 267 m?/g) and ~67% of its pore volume (from 0.264 to
0.0879 cm?/g). Impregnation of Fe-Mg LDH on the BC surface and
into some pores to form LDHBC causes partial pore blockage and
block N, access into a fraction of the BC micropores and ultrami-
cropores. Likewise, a loss of ~83% of surface area (from 450 to
79 m?/g) and ~81% of its pore volume (from 0.1056 to
0.0204 cm3/g) was observed in CO, adsorption.

The BC ash (2.1%) originates from stable sodium, potassium,
magnesium, calcium, and iron oxides and carbonates. LDHBC had
a high ash content (41.7%) because of impregnated LDH.

3.1.2. Surface morphology and texture

LDH has a dense, rocky exterior while BC and LDHBC have por-
ous surfaces. A longitudinal-tangential section of the wood is
observed on BC SEM micrograph (Fig. 1a). Thus, secondary xylem
elements can be identified, including tangentially cut radial par-
enchyma (one cell wide -uniseriate) between longitudinally cut
tracheids and possibly fibers. Fig. 1c shows a longitudinal cut of
a fiber casquete. A transverse section of this casquete is visualized
in the upper right section of the picture, which displays three fiber
lumens. The shape of the LDH is distorted hexagonal or quasi-
spherical (Fig. 1e). Upon deposition of LDH on to biochar, the
shapes become more indefinite (Fig. 1f). The effect of the BC sur-
face on the LDH nucleation and growth during precipitation com-
pared to the aqueous phase is not known. Phosphate-laden LDH
and P-laden LDHBC shows more aggregated LDH particles. Some
BC micropores are blocked by the LDH deposition on/in its lumen.

LDH precipitation from solution onto BC to form LDHBC was
confirmed by the presence of intense magnesium and iron EDX
peaks (Fig. S1) and elemental maps (Fig. 2) (~8.5% Mg and ~5.9%
Fe). They clearly show co-existing positions of iron, magnesium,
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Table 1
Elemental, proximate analysis and surface area data for adsorbents.
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Sample %C % % %0° % %Fe % N, BET surface "N, pore CO, BET surface  CO, pore bPore Pore diameter
H N Ash Mg area (m?/g) volume (cm®/  area (m?/g) volume (cm?/g) diameter (N;)  (CO,) (A)
g) (A)
BC 746 19 01 21 2.4 0.1 0.5 695.1 0.264 450.1 0.1056 14.5 9.4
LDH 1.2 27 01 258 703 109¢ 959 143 0.0035 7.4 0.0038 9.8 204
LDHBC 467 15 12 417 417 79° 7.5 2673 0.0879 78.5 0.0204 13.2 104

¢ Calculated by the difference (0% = 100 — (C + H + N + ash).
b From N, BET adsorption isotherms at 77 K.

From CO, BET adsorption isotherms at 273.

4 Fe/Mg molar ratio = 0.19:0.39.

¢ Fe/Mg molar ratio = 0.14:0.31.

c

f This value is calculated by the difference and may not reflect the actual “O” content due to the formation of higher molecular weight oxides during ashing.

1 Radial ¥ .
parenchyma &

Z
=/

8 d)LoneC

4 oz §
L i 4

e P b S b
. g) P-laden LDHBC

Fig. 1. (a-d) SEM micrographs BC, LDH, and LDHBC and (e-h) TEM micrographs of LDH, LDHBC, P-laden LDH and P-laden LDHBC.

and chlorine as evidence of LDH formation on BC. Chlorine disap-
peared upon phosphate sorption, providing evidence that ion-
exchange of chloride by phosphate occurs as LDH phases in LDHBC
adsorb phosphate. TEM-EDS element maps (Fig. 3) show that phos-
phate is rather homogenously distributed over the LDH and LDHBC
surfaces. LDH surfaces preferably adsorbed phosphate almost
exclusively since the BC phase adsorb negligible phosphate [5]
(Fig. S2) and the biochar LDHBC surfaces, where LDH was absent,
contained < 0.05% P. TEM-EDS elemental mapping images (Fig. 3¢
and d) of the LDHBC upon P sorption showed significant amounts
of P (brown dots) on the LDH surface (~7% in P-laden LDH and
~9% in P-laden LDHBC) (Fig. 3 c and d). These EDS analyses indicate
LDH and LDHBC both have high phosphate adsorption capacities
based on these high % P values (TEM detection limit ~0.5% wt.).
The calculated P capacities calculated from these TEM-EDX map-
pings are ~70 mg/g (for LDH) and 90 mg/g (for LDHBC), which cor-
responds to ~215 mg/g and ~276 mg/g of phosphate (PO3")
adsorption on LDH and LDHBC. This approximation is based on
the high wt. fraction of LDH in LDHBC and negligible phosphate
adsorption on biochar phase, respectively. Typical iron/
magnesium-phosphate compounds are insoluble and form mono-
layer coatings on iron oxides precipitated onto biochars [33,34].
Apart from chemisorption, insoluble iron/magnesium-phosphate
precipitates originating from the dissolution of Fe3* and Mg?*,
should be considered.

3.1.3. XRD analysis

The XRD patterns of LDH and LDHBC before and after phosphate
adsorption are presented along with biochar in Fig. 4a. The broad
peak at 20 = 22.7° for biochar originates from the disfigured cellu-
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lose crystal structure during high temperature pyrolysis [35]. Char-
acteristic LDH diffraction planes ~11.2° (003), ~22° (006), ~34°
(012), ~37.9° (015), ~45.3° (018), ~59.2° (110) and ~60.3° (113)
were observed for pure LDH and LDHBC samples [36]. This con-
firms that Fe-Mg LDH was satisfactorily synthesized and effectively
deposited onto the biochar in LDHBC. In addition, the peaks at
31.7° and (32.8°, 62.1° and 63.5°) in both LDH and P-laden LDH
are attributed to small amounts of maghemite (Fe,O3 or y-Fe,05)
and magnetite (Fe304), respectively, formed during the preparation
of LDH [5,37]. The phosphate-loaded LDH and LDHBC displayed
new peaks not observed prior to phosphate sorption, due to speci-
fic stoichiometric iron/magnesium phosphate compounds gener-
ated during phosphate uptake. The peak at ~26.5° in P-laden
LDHBC is assigned to iron phosphates or NaFePO, [38] The peaks
at ~40.3° and ~49.2° correspond to FePO42H,O and FePO,
[orthorhombic (JCPDS 33-667) and monoclinic (JCPDS 33-66)]
[39,40] respectively. The ~53.8° peak represents Mgs(PO4), (JCPDS
33-876) [38]. The P-laden samples were prepared using a solution
of 1000 mg/L phosphate to observe significant changes in XRD. This
may have triggered dissolution of some iron and magnesium from
the LDH and subsequent formation and deposition of these stoi-
chiometric compounds. Similar effects were observed in our previ-
ous work on phosphate and arsenate sorption onto magnetite-
dispersed BCs [5,41].

The LDH crystallite sizes were found using the Debye-Scherrer
equation [42],(Dyq = 0.94/pcos0)where A is the wavelength used
in the X-ray experiment (nm), g is the full-width at half-
maximum (FWHM) value in radians for XRD diffraction lines and
0 is one half of the 20 diffraction angle. The crystallite sizes deter-
mined using the most intense XRD peak (003), were 9.4, 8.5, 18.1
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Fig. 3. TEM/EDS elemental maps for a) LDH, b) LDHBC, c) Phosphate-laden LDH (234.3 mg/g phosphate), and d) Phosphate-laden (1279.6 mg/g) LDHBC.
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Fig. 4. a) Powder XRD and b) FT-IR data for LDH, LDHBC, P-laden LDH, and P-laden LDHBC.
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and 10.1 nm for LDH, LDHBC, P-laden LDH and P-laden LDHBC
respectively. P-laden LDH and LDHBC showed an increase in crys-
tallite size, as the LDH interlayer distance expands upon phosphate
sorption. Chemisorption of phosphates or stoichiometric magne-
sium or iron phosphate compound formation may complete.

The important XRD lattice parameters (a, ¢ and ¢’) and inter-
layer thickness of LDH were calculated using the equations below
and in Table 2, assuming 3R polytipism (R3m space group) for the
LDH [18]. The lattice parameters and inter-planar spacing (dn)
values were estimated using the Bragg equation [43],
(dnw = 4/2sind), where 1 is the wavelength of X-ray (nm), 6 is half
of the diffraction angle, a = 2d(110) and c = 3dg03). Alternatively,
“c” was calculated using ¢ = 3dgg3 + 6dgos + 9doos/3)] equation, to
find interlayer distance [interlayer distance = ¢’ - brucite-like sheet
thickness (0.434 nm), where c’=c/3] [44]. The “a”, “b”, and “c” val-
ues determined for the LDH, LDHBC and their P-laden analogs are
consistent with those reported in literature for Fe/Mg-LDH (a = 0.
308-0.311 nm and c = 0.308-0.311 nm) [18,45]. The selected area
electron diffraction (SAED) pattern indicated concentric diffraction
rings for all LDH-containing samples (Fig. S3) revealing their crys-
tallinity and presence of pure LDH phases [46]. This unequivocally
confirms the presence of LDH on BC and its stability during phos-
phate sorption from solutions concentrations from 2.5 to
1000 ppm. The ionic radius of Cl~ is 0.18 nm and for phosphate
0.24 nm. Thus, the interlayer d-spacing is expected to increase
with phosphate sorption. However, this radius difference is small
(~0.06 nm) to observe a significant interlayer spacing increase from
phosphate sorption. Chemisorption and stoichiometric phosphate
precipitation may also affect the accuracy of these calculations.

3.1.4. FTIR spectroscopy

Fig. 4b displays the FT-IR spectra for BC, LDH, LDHBC, P-laden
LDH and P-laden LDHBC. The FTIR spectrum of BC does not give
sharp bands, due to the lack of polar functionality or poor ATR
transmission. Small amounts of several types of individual oxy-
genated groups do not produce strong bands. During the pyrolysis
at 400 °C and above dehydration, decarboxylation, deamination
etc. occur [47]. BC, precursor of LDHBC, was originally pyrolyzed
at 900 °C, although for 1-10 secs. This lack many distinct bands
is an advantage for analysis of the deposited LDH of LDHBC. The
FT-IR of neat LDH exhibited bands at 3374 cm™~' and the sharp peak
at 1362 cm~! were assigned to —~OH stretching and bending vibra-
tions from the hydroxyl groups on the LDH layers and interlayer
water molecules [18]. Specific resolved peak adsorptions in 900-
400 cm~! range of the stretching and bending modes of Fe—O,
Fe—O—Fe, Mg—0O and Mg—0—Mg bonds are not observed [18].
Phosphate laden-LDH and LDHBC (at pH 7) show a strong peak
at ~971 cm™' corresponding to the v3 band vibrations of HPO3~
or H,POy (Fig. 4) which is absent in the neat adsorbents [48]. This
confirms phosphate sorption took place. An increase of the inten-
sity and shifts were observed within the (3409-3399 cm™!) O—H
stretching region upon exposing either LDH or LDHBC to increasing
phosphate solution concentrations (from 1000 to 10000 mg/L) dur-
ing adsorption. This could be due to the —OH contribution from
adsorbed HPO; or HPO3~ ions. The peaks in the 1335 cm™! region
were assigned to CO3~ [18]. The carbonate was introduced into the
LDH as an impurity in the NaOH or from CO, uptake from air dur-
ing LDH synthesis.

3.2. Batch sorption data

3.2.1. Effect of solution pH on phosphate adsorption

The LDH and LDHBC points of zero charges (PZCs) are ~10.6 and
~10.5, respectively. The PZC of BC is reported in our previous stud-
ies (~9.2) [49]. The basic PZC value of BC is due to Na, K, Mg and Ca
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carbonates and oxide/hydroxides formed during the pyrolysis pro-
cess [16,49]. The LDH contains Mg?* and Fe3* in the sheets with
hydroxy functions attached. The Mg(OH),, a-FeOOH, and &-
FeOOH PZCs are 12.3, 6.7, and 7.4 respectively. The LDH and LDHBC
surfaces should then give a PZC between that of Mg(OH), and that
of FeOOH [50]. HO™ surface adsorption and CI"/HO™ ion exchange
may occur simultaneously during the PZC titration. In this experi-
ment, the two processes have not been separated, so these PZC val-
ues are considered approximate.

The acid dissociation constants for H3PO, are pK,; = 2.12,
pKa2 = 7.21, and pK,3 = 12.67 (Fig. 5a). From pH 0 to 4.7, dominant
phosphorous species are H3PO, and H,POz. H,PO; and HPO;~
dominates in the pH 4.7-9.7 range. From pH 9.7-14 HPOZ~ and
PO3~ are the dominant species. The percentage of phosphate
adsorbed onto both LDH and LDHBC was substantial and similar
over the entire pH 1 to 13 range (Fig. 5a). A small sorption capacity
drop was observed for both LDH and LDHBC after pH 11 due to
electrostatic repulsion between the LDH surface and HPOZ and
PO3~ ions present from pH 11-13 and competition from HO".
LDH materials are known to have a high anion exchange capacity,
which dominates these interactions [51]. Adsorption is almost
independent of solution pH.

3.2.2. Sorption kinetics

Phosphate removal on both LDH and LDHBC was plotted versus
the equilibrium time (Fig. 5b) at 50, 100 and 500 mg/L initial con-
centrations. Both adsorbents (at pH 7, 25 °C with a 2 g/L dose)
exhibited high initial phosphate adsorption rates. Equilibrium
was attained after ~3 h for both adsorbents at all three concentra-
tions. Experimental data gave reasonable (R? ~ 0.9) fits (Table 3) to
the pseudo-second-order model (equation (5)). Due to the poor
correlation coefficients and large uncertainty in fittings, both
pseudo-first-order and Elovich models were disregarded.

t 1 t
—_ = 2+7
q kq g

(5)

Here, t is contact time, q. is the adsorbed concentration of phos-
phate (mg/g) at equilibrium, q, is the equilibrium concentration of
phosphate (mg/g) at time t, and k; is the rate constant.

3.2.3. Adsorption isotherms

The Langmuir [52] (Eq (6)) and Freundlich [53] (Eq (7)) models
were used to describe the isotherm data (Fig. 5d-g and Table 3).
Both models fit well, preventing distinguishing between mono-
layer or multilayer sorption. At pH 7, both H,PO; and HPOZ~ spe-
cies coexist (Fig. 5a) in solution and are the species that adsorb.

qOKLCe
¢ TR ©

Qe = KeC.™ (7)

Here, q. is the amount of adsorbate on the adsorbent at equilibrium
(mg/g), q, is the theoretical isotherm saturation capacity (mg/g), Ce
is the equilibrium concentration (mg/L), n is adsorption intensity, K;
is the Langmuir isotherm constant (L/mg) and K is the Freundlich
isotherm constant.

At 25 °C, the Langmuir maximum capacities were ~234 and
~1278 mg/g for LDH and LDHBC, respectively. Phosphate removal
was expected to increase in LDHBC versus LDH due to the excellent
dispersion of LDH particles on the BC surface and due to the pres-
ence of iron oxide and magnesium oxide phases. Similar phenom-
ena have been observed where previous studies compared the
phosphate sorption onto LDH and LDHBC [54] and as well as in
our work with phosphate sorption magnetite dispersed on BC [5].
The adsorption capacities of both LDH and LDHBC increased with
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Table 2
Powder XRD lattice parameters calculated for LDH, LDHBC and their P-laden analogues.
Sample doos doos doog [« c Interlayer distance (nm) a (nm) ¢ (nm)
LDH 0.82 0.40 0.24 5.52 1.84 141 0.31 2.45
LDHBC 0.79 0.39 0.24 5.44 1.81 1.38 0.31 2.39
LDH-P 0.79 0.39 0.24 5.46 1.82 1.38 0.31 2.38
LDHBC-P 0.78 0.39 0.24 5.39 1.80 1.36 0.30 2.34
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Fig. 5. a) pH dependence of phosphate adsorption onto LDH and LDHBC (at 25 °C and 6 h equilibration) and fractional composition curves for phosphate speciation. Pseudo
2nd order adsorption vs time model plots (at 25 °C and pH 7) for b) LDH and c) LDHBC at 0.05, 0.1 and 0.5 g/L initial concentrations. d), f) Langmuir and e), g) Freundlich
isotherm fits of phosphate sorption (25 °C, pH = 7 and 6 h of equilibration) for LDH and LDHBC (Error bars represent the standard deviation of 3 replicates).

Table 3
Pseudo 2nd order kinetic data for LDH and LDHBC?, Langmuir and Freundlich isotherm model data for phosphate on LDH and LDHBC (25 °C, pH = 7 and 6 h equilibration)” and

Thermodynamic parameters for the net observed adsorption of phosphate by LDHBC from 10 to 40 °C.

Pseudo 2nd order kinetics data Isotherm data

Langmuir Isotherm Freundlich
Isotherm

Adsorbent  Concentration (ppm) R? ko Qeal (Mg/g)  Qexp (Mg/g)  Temperature qo (mg/g) K. (L/mg) R? K¢ n R?
LDH 50 0996 0.72 17.51 16.57 10 154.2 0.0012 099 24 20 099

100 0914  1202.63 25.25 41.09 25 2343 0.0031 099 88 23 099

500 0948  7607.36 84.91 105.04 40 240.5 0.004 0.99 136 26 099
LDHBC 50 0.97 1318.3 17.19 18.19 10 117.2 0.0105 099 137 34 099

100 0.969  2266.33 24.87 26.09 25 1279.6 8.95E-05 099 038 14 099

500 0.971 699.09 83.37 79.03 40 1588.9 0.0004 0.99 1.6 1.2 099
Vant’ Hoff data for LDHBC

T (°C) R? Kads InK g5 AG° AH° AS°

(kJ/mol) (kJ/mol) (kJ/mol-K)

Langmuir 10 0.99 1.20E+03 7.09 -0.6 0.16

25 3.10E+03 8.04 -1.7 29.75

40 4.00E+03 8.29 -2.8

2 Significant figures of the rate constants and regression coefficients are based on the model fittings and may not reflect the actual uncertainties of experimental data.

b Isotherm capacity data were generated by local refinement of empirical isotherm equations via the Levenberg-Marquardt distant nonlinear regression algorithm in
Origin2019 using the average value of 3 replicates for each data point. Significant figures on isotherm specific capacities and regression coefficients are based on the model
fittings and may not reflect the actual uncertainties of experimental data.
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rising temperature, confirming endothermic phosphate uptake,
which is consistent with previous reports [55].

The capacity (qo) increases for both adsorbents (Table 3) as tem-
perature rises from 10 °C to 25 °C, but that observed going from 25
°Cto 40 °C for LDHBC (1280 to 1589 mg/g) is surprising. Several fac-
tors may contribute to high capacities at 25 °C and 40 °C (1) Maxi-
mum Langmuir capacities solely depend on model fittings, which
may be less certain at 40 °C and higher initial phosphate concentra-
tions (>500 ppm), (2) Equilibrium may only be partially achieved as
more diffusion into small BC pores occurs accessing more LDH.
Greater filling of the available LDH interlayers via ion-exchange
would also lead to greater phosphate uptake, (3) High temperatures
and higher initial phosphate concentrations may induce phosphate
chemisorption/stoichiometric reactions (Fe—O—P and Mg—O—P
and perhaps other bond forming) on the surface or other phases.
As temperature and concentration increases, such reactions can
be more favored when suitable surface sites are reached by diffu-
sion. Given the phase complexity hybrid system, this is a distinct
possibility. This includes the BC and LDH surfaces, the LDH interlay-
ers and any Mg/Fe oxides that might have deposited from side reac-
tions during the LDH precipitation. Additionally, this Mg/Fe-LDH
and other potential iron oxides and salts present might undergo
FeZ*** or Mg?* leaching into phosphate solutions especially as tem-
perature or phosphate concentration rises. As these ions become
available, they will react to form insoluble iron phosphate [(Fes(-
PO4)2, FeHPOy,, Fe(H2P04)2, FePOy, F62(HP04)3 and Fe(H2P04)3] or
the magnesium phosphate species [Mg3(PO,4),;, MgHPO, and Mg
(HyPO4),] which then precipitate on adsorbent surfaces. The Fe/
Mg dissolution data (Fig. S4) indicates that when going from
25 °C to 40 °C, the dissolution of Fe/Mg increases. Also, when
increasing the initial phosphate concentration, ion leaching has
increased and may lead to more stoichiometric compound precipi-
tation. However, it is not experimentally possible to find the total
concentrations of the ions leached as they can precipitate out
immediately with phosphate in the solution.

Adsorbate-triggered iron dissolution followed by precipitation
of insoluble salts was observed on both phosphate and arsenate
sorption onto Fe,0Osz/biochar hybrid adsorbents [5,41]. Finally,
higher temperature could drive occlusion via aggregation on the
LDH and iron/magnesium oxide covered adsorbent surface. All in
all, the high adsorption capacities at both 25 °C (at higher concen-
trations) and 40 °C should be considered real, but approximate.

3.2.4. Thermodynamics of adsorption

The Gibbs free energy (AG), enthalpy (AH) and entropy (AS)
changes were calculated using van’t Hoff's equations. First, the
Langmuir isotherm constant (K;) for each temperature was trans-
formed to dimensionless constants (K,qs) via multiplying by the
density of the liquid phase (~10E06 mg/L) [56]. The negative AG
values (Table 3) indicated a spontaneous adsorption, and their
magnitudes increased with temperature. However, if more than
one process is responsible for phosphate removal, the AG, AH
and AS terms will not be specific for the single ion exchange pro-
cess of phosphate for chloride in the LDH.

The positive AH (29.8 kJ/mol) confirmed an endothermic phos-
phate overall removal process occurred. Physisorptions occur when
AH < 20 KkJ/mol and chemisorptions occur when AH > 40 kJ/mol
[57]. AH ~ 30 kJ/mol suggests that phosphate adsorption on LDHBC
is a physisorption process but it may represent the sum of more
than one process occurring. This dehydration process is endother-
mic and may exceed the energy release by the ions to be attached
to the adsorbent surface, thus resulting in an overall endothermic
process [55]. The positive value of AS® showed randomness slightly
increased during phosphate uptake onto LDH. The release of water
molecules and Cl~ from the interlayer and loss of water of hydration
from phosphate species contribute to an overall entropy increase
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relative to confinement of phosphates and differences in the new
hydration of CI~ and released water. Other factors like increased
randomness at the sold-liquid interface might contribute reflecting
extra translational entropy gained by water [55].

3.3. Assessment of the suitability for applied eutrophic water
treatment

3.3.1. Ion competition

Challenges associated with treating eutrophic water by adsorp-
tion will be linked to the existence of competing ions. LDHBC is a
multiphase adsorbent with three or possibly four phases (i.e., car-
bonaceous biochar, mineral phase in biochar, LDH, and Fe/Mg oxi-
des) that can interact with different ions. Thus, significant
understanding is required for applied water treatment adsorbent
design. Fig. 6a displays the effects of nine individually competing
ions, at 0.01, 0.1 and 1 mM concentrations and 25 °C. Here LDHBC
removes aqueous phosphate present at 50 mg/L. In the absence of
competing anions, LDHBC’s phosphate sorption capacity was
~8.5 mg/g.

The presence of some ions raises while other ions lower LDHBCs

sorption of phosphate. MoO?~, for example, enhances phosphate
uptake by LDHBC. This may be due to the increased ionic strength
of the solution. Carbonate, arsenate and selenate decreased
LDHBCs phosphate uptake at 0.1 and 1 M but not at 0.01 mM. This
competition increased as their concentration rose from 0.1 to 1 M.
Nitrate, dichromate, chloride, fluoride and sulfate caused negligible
competition with phosphate sorption.

The anion-exchange capacity of LDHs is governed by the degree
of H-bonding and Coulombic interactions of the interclated anions
in pristine LDH or LDH on LDHBC. H-bonding is a more crititical
factor in exchange reactions of PO3~, whereas Coulombic interac-
tions dominate in Cl~ intercalated LDHs. The interaction magni-
tudes depends on the speciation and anion orientation, with a
crystal chemical basis [51]. Arsenate is a tetrahedral ion similar
to phosphate and their respective sizes are ~248 pm and
~238 pm. One might expect them to have similar affinities to the
LDH interlayer. The carbonate ion is smaller (~178 pm) which
could strengthen competitive inhibition of phosphate uptake
verses arsenate. However, its trigonal planar structure might lead
to a lower affinity versus arsenate.

How the presence of all nine competing ions together, at three
different concentrations, influenced the removal of 50 mg/L aque-
ous phosphate solution by LDHBC is also presented in Fig. 6a. The
presence of nine ions at 0.01 mM slightly increased the phosphate
sorption. This may result from the increased solution ionic
strength. However, increasing the concentration of all nine ions
(from 0.01 to 1 mM), which significantly raised the ionic strength,
did not increase in phosphate sorption, but rather sharply
decreased it due to the high cumulative competitive effects.

Phosphate removal in the presence of nine ions, at 1 mM each,
decreased to ~12.5% of that adsorbed when all nine were present at
0.01 mM. The influence over phosphate uptake in the presence of
the ion mixture were significant compared to their individual
effect. LDHBC exposes four phases in adsorption, its LDH phase,
iron/magnesium oxide particles, carbonaceous BC and BC’s mineral
surfaces. All may exhibit different electrostatic interactions and
other adsorptive attractions with competitive ions and phosphate.
The competitive enthalpic and entropic effects of anions in water
should also be considered when designing a phosphate treatment
system.

3.3.2. Application of LDHBC in environmental water samples
The remediation performance of LDHBC in a eutrophic system
was investigated using a sample of lake water and pond water



S. Rahman, C.M. Navarathna, N. Krishna Das et al.

Journal of Colloid and Interface Science 597 (2021) 182-195

—_ —1mM . :
2 a) Competitive effects 251 d) Regeneration
S ,, | |[E=20-1mM
E N 0.01 mM
>
2 ~20-
& f =
o T T (I - i | 215
g 8 - { I’ & + -g
= 6 - 4
s 510
=] °
© =
2+ 3 &
8 [l R
L2 Y S NN § S N A S N
o 0 A AR B B L A o S
- - B - B - B - &S £ £ £ £ £ £ £ £
5 & & & § £ F eS8
& f §F F P ¢ & e e s e eSS S
°° o\e’{\ @o .\o° 1.0
b5 . :
CER T e) Fixed-bed sor. tion
1] (b) Chadwick Lake water 1] () Eckies Pond 0.8 P
[ original [PO}]
0.8 0.8 Sample spiked with -
gmime™ oo ~F
o =
g 06 (€] H
o 2
) © 0.4 X .
04 f
0.2 0.2 /
0 3
0 5 0.0 —(——
> T T T T T T T
@oQ N 0 500 1000 1500 2000 2500 3000 3500

Volume (mL)

Fig. 6. a) Effect of nine individually competing ions and their mixtures, at three different concentrations (0.01, 0.1 and 1 mM) on the removal of 50 mg/L aqueous phosphate
solution for LDHBC (50.0 mg dose of adsorbent, 25 °C, 200 rpm agitation and 6 h equilibration). For the sake of comparison, a red dotted line is traced based on the control ‘no
other ion’ treatment, Comparison of phosphate adsorption from b) lake water and c) pond water, under various conditions (from the original samples, the pH 7 and after
adjusted solutions, 50 mg/L phosphate spiked solutions (pH 7.2 and 7.3) and 50 mg/L phosphate solutions (pH 7.2 and 7.3) and after adjusting to pH 7) at 25 °C (LDHBC
concentration of 0.2 g/L, 200 rpm and 6 h equilibrium time, d) sorption capacities for three sorption regeneration cycles carried out on LDHBC samples which adsorbed
phosphate at 5, 50 and 500 mg/L initial aqueous concentrations and then stripped this adsorbed phosphate with 1 M NaOH. Error bars are the standard deviation for three
repetitions. *The stripping capacities or percentages were not shown here because they were ~100% for all cases and e) fixed-bed phosphate sorption breakthrough curve onto
LDHBC where Ct is the effluent concentration at the time t and G, is the initial effluent concentration. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

(Fig. 6b and c). The initial pH and phosphate concentrations were
(8.6 and 9.3) and (0.20 + 0.02 and 0.22 * 0.03 mg/L), respectively.
The lake and pond water pHs were adjusted to pH 7 and batch
phosphate sorption was studied under both initial and adjusted
pH conditions. The sorption capacities were 0.08 + 0.01 mg/g and
0.10 £ 0.01 mg/g for lake and pond waters at their original pH.
The pH 7 adjusted solutions also showed similar sorption capaci-
ties of 0.08 + 0.01 and 0.08 + 0.03 mg/g, respectively. Complete
sorption could not be achieved due to interfering ions present in
the solutions and slow kinetics at the low phosphate concentra-
tions (0.20-0.22 mg/L) present.

These experiments were repeated by spiking phosphate ions to
bring final phosphate concentrations to 50 mg/L [1) Without
adjusting pH (lake water pH = 7.2 and pond water pH = 7.3) and
2) adjusting both to pH 7]. In either case, the capacity change
was small. Lake water and pond water at their original pH gave
capacities of 11.7 + 0.4 and 10.3 + 0.9 mg/g, respectively. The pH
7 solutions provided 13.0 + 0.4 and 11.7 + 0.8 capacities, respec-
tively. For a better comparison, phosphate solutions were prepared
in de-ionized water at pH 7, 8.6 and 9.3 and gave capacities of
9.4 +0.5,8.6 £0.1 and 7.6 £+ 0.6 mg/g respectively. The lake water
matrix is complex verses DI water. The slight increase adsorption
capacity for lake and pond waters could be ionic strength enhance-
ment by co-existing ions [58].

3.3.3. Regeneration study

LDHBC sorption-regeneration were studied using a 1 M NaOH
stripper (Fig. 6d) at 5, 50 and 500 mg/L initial phosphate concen-
trations to load LDHBC. NaOH can strip phosphate due to highly
competitive effects from smaller size (~110 pm) compared to phos-
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phate (~238 pm). LDHBC’s phosphate capacities during the first
sorption cycles were 2.42, 8.7 and 21.9 mg/g from 5, 50 and
500 mg/L aqueous concentrations, respectively. LDHBC’s Langmuir
phosphate sorption capacity at 25 °C is 1279.6 mg/g. Regenerations
may be more challenging when the maximum capacity is not fully
reached. The first adsorbent/stripper contact occurs at sites where
interactions are strong and therefore do not allow stripping agents
to influence competitive interactions.

When 1 M NaOH was used to strip phosphate-laden LDHBC,
after it had sorbed phosphate from solution of all three concen-
trations, almost 100% of phosphate was stripped. However, after
the 1st regeneration of the LDHBC sample from the 5 ppm
phosphate solution, the phosphate uptake is reduced to ~50%
in both 2nd and 3rd cycles (Fig. 6d). Higher concentrations
(50 and 500 ppm) phosphate-laden LDHBC showed higher
capacity drops (~28% in both cycles for 50 ppm and ~38% and
~22% for 500 ppm). Proton removal from LDHBC by hydroxide
at LDHBC surface sites may have created a high negative charge
density on the surface, which led to strong electrostatic repul-
sions and desorption of the phosphate ions. In addition, the
hydroxide ion could accumulate in the LDH interlayer structure.
This would reduce H-bonding to phosphate and hydrogen phos-
phate anions and raise electrostatic repulsions, leading to phos-
phate stripping.

There are two significant applications of the findings in this
experiment. First, LDHBC can be used to adsorb moderate to dilute
phosphate concentrations (<5 ppm). Secondly, they can be used to
amend nutrient depleted soil as a slow-release phosphate fertil-
izer. The slow release of phosphate in the fertilizer reduces the
phosphate runoff in irrigation systems.
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Table 4
Comparison of Phosphate Adsorption Capacities.
Adsorbent temp (°C)  Equilibrium time ~ pH  BET surface area (m?/g)  adsorption capacity (mg/g)  Ref.
MgO/BC nanocomposite from sugar beet tailings 22 24 h 70.0 835.0 [59]
Marine macroalgae BC 20 48 h 24 33 [60]
Waste-derived fungal biomass magnetite BC 25 24 h 53.0 239 [61]
BC/Mg/Al-assembled nanocomposites 10 24 h 6 141 335.0 [62]
20 480.0
30 727.0
2:1 Mg/Al-LDHs sugar cane leaf BC composite 25 1h 3 10.17 534 [63]
3:1 Mg/Al-LDHs sugar cane leaf BC composite 1141 721
4:1 Mg/Al-LDHs sugar cane leaf BC composite 12.25 81.8
MBC 25 2 min 3 312.6 91.3 [5]
35 91.0
45 90.0
Zn-Al LDH 25 72 h 35.9 [64]
30 58.2
40 79.1
50 92.6
Fe304 Zn/Al-LDH 25 1h 133 36.9 [65]
Fe;04 Mg/Al-LDH 25 71.9 31.7
Fes04 Ni/Al-LDH 25 50.9 26.5
Mg/Mn Layered double hydroxides 10 3d 6.2 [66]
25 7.3
40 7.5
Magnetite based nanoparticles 24 3 31 52 [34]
LDHBC 10 5h 7 117.2 This study
25 1279.6
40 1588.9

3.3.4. Fixed-bed column sorption

Continuous flow fixed-bed experiments are important for scale-
up design to predict breakthrough capacities, exhaustion capacities
and regeneration requirements. LDHBC's fixed-bed performance
was described using a breakthrough curve (Fig. 6d). The break-
point time is reached, and the bed is judged to be ineffective when
the concentration ratio C/Cy [where C is the phosphate concentra-
tion at time t and C, is the initial phosphate (60 mg/L) concentra-
tion] reaches 1.0 rapidly. The breakthrough curve shape and mass
transfer zone width depend on the influent flow rate, fixed-bed
particle sizes, mass-transfer rate to the particles and pore diffusion,
adsorption isotherm, etc.

The breakthrough and exhaustion capacities for LDHBC from
mass balance were ~49.2 mg/g and ~100 mg/g respectively.
Although significantly lower than batch adsorption (117 to
1202.63 mg/g), this material shows a potential for fixed-bed sorp-
tion or treating run offs. More experiments are needed to optimize
the conditions to achieve a high breakthrough capacity.

3.3.5. Comparison of phosphate adsorption capacities

The exceptional sorption capacities achieved for LDHBC exceed
or are comparable with adsorbents reported in the literature
(Table 4). Examples are given (Table 4) for stoichiometric uptake
(not true adsorption cases) by the formation of insoluble phos-
phates (MgO/BC and BC/Mg/Al). Due to this exceptional rapid
uptake rates and low potential cost of LDHBC, this adsorbent is
very promising and qualifies as a phosphate sequester.

4. XPS studies and proposed phosphate adsorption mechanism

The Low Resolution (LR) survey XPS data for BC, LDH, LDHBC, P-
laden LDH and P-laden LDHBC are given Fig. S5 and Table S1. Only
Cl1s and O1s peaks appear for BC. Mgls, Fe2p and CI2p XPS peaks
occur in LDH. LDHBC also exhibits the presence of Mg, Fe and Cl
due to the LDH deposited on LDHBC. LDHBC's C1s, O1s, Mg1s and
Fe2p binding energies (BE) match with those of LDH, further con-
firming the deposition of Fe/Mg-LDH on BC surface. After phos-
phate sorption, P2p peaks appear for both LDH and LDHBC with
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atomic % of 9.08 and 4.95%, respectively, while chloride XPS peaks
disappear in both LDH and LDHBC in agreement with an ion
exchange mechanism.

The High Resolution (HR) XPS spectra for BC, LDH, LDHBC, P-
laden LDH and P-laden LDHBC are given Fig. 7 and data in
Table S2. The Cls high resolution spectra were deconvoluted to
C03~ (289.27-289.85 eV), COOH(R) (287.06-299.65 eV), >C=0
(285.85-287.76 eV), C—0 (284.9-285.87 eV) and C—C, C=C and
C—H (283.79-284.54 eV). O1s HR spectra was deconvoluted to
Na auger/adsorbed water (534.1-536.38 eV), CO%/—COOH(R)
(533.24-533.88 eV), >C=0 (532.26-532.81 eV), C—OH/P—OH/
M—OH (531.51-531.7 eV), M—0O/P=0 (530.33-531.08 eV) and
Mg—0—Mg/Fe—O—Mg/Fe—O—Fe (529.57-529.93 eV) [67]. The
Mgls spectra comprise Mg—0 (1304.92-1306.07 eV), Mg(OH),/
Mg—0—P (1304.2-1304.89 eV) and Mg—0—Fe (1303.33-1303.81
eV). P2p was resolved to its H3PO, analogue (134.35 eV) and
M—O0—P (133.72-133.88 eV) [67]. An example Fe2p deconvolution
and peak assignment [5,68] is given in supporting material
(Fig. S6).

Phosphate uptake on LDHBC occurs through ion-exchange
(Scheme 2), and surface precipitation (chemisorption) plus stoi-
chiometric compound formations (Section 3.2.3) all are possible.
Most LDH phosphate adsorption occurs due to ion exchange mech-
anisms. Significantly, only weak bonding occurs between LDH
interlayer anions or atoms with its octahedral sheets [22]. lon-
exchange occurs by displacing Cl~ ions. Depending on the specia-
tion H,POZ, HPO3~ or PO3", the amount of CI~ ion displaced may
vary. This type of ion exchange was reported earlier with the
exchange of sulfate ions with phosphate ions [63]. Inner sphere
monodentate and bidentate surface complex formation is another
type of phosphate adsorption mechanism involving the removal of
water molecules or hydroxyl ions.

5. Conclusion

Fe/Mg-LDH dispersed on commercial Douglas fir biochar
(LDHBC), prepared by a simple co-precipitation method, gave
superior phosphate sorption capacities (1279.6 mg/g) versus bare
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Fig. 7. High Resolution (HR) XPS spectra of C1s, O1s, Mg1s, Fe2p and P2p for BC, LDH, LDHBC, phosphate-laden LDH and phosphate-laden LDHBC *Due to the complex nature
of (HR) XPS Fe2p spectra, these peaks are not assigned here and assignment is available in the supporting material.

LDH (243.3 mg/g) at 25 °C. Sorption was robust (pH independent,
little interference from competitive ions, complex water matrix
phosphate removal capability, potential cyclic sorption-stripping
performance for low concentrations (<5 ppm), and ability to treat
low to moderate concentrations). Equilibrium was attained
in < 5 h. Ion-exchange was the main sorption mechanism at
lower concentrations (10-500 ppm), which was investigated by
XRD, EDS and LR and HR XPS data. Chemisorption and stoichio-
metric phosphate compound formation were also considered at
higher concentrations (>500 ppm) and 40 °C temperature. Also,
upon impregnation of LDH, the biochar phase still retains a signif-
icant portion of its original portion surface area (~267 m?/g of its
original ~695 m?/g) for adsorbing other contaminants during
applied water treatment. This work advances the state of the
art for environmentally friendly phosphate reclamation. Impor-
tantly, dispersion enhanced the LDH phase’s adsorption of phos-
phate by ~6 times versus pure LDH particles. These phosphate-
laden adsorbents have potential to be used as a slow-release
fertilizer.
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