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Abstract:

Phosphate remediation from wastewater is rapidly becoming an ever more attractive process due
to a combination of both the economic pressure of increasing phosphate scarcity and the
environmental damage caused by untreated agricultural runoff. Ideally, remediated phosphate will
be recoverable and would be able to be reused as fertilizer. Many different resins have been
investigated, but due to the scale of the challenge, any feasible solution will involve the use of very
inexpensive waste products as the solid support. Sawdust, functionalized with iron-binding ligands,
is such a potential resin. Sawdust alone binds 0.3 g/kg of phosphate which is insufficient. Iron has
a strong affinity for phosphate, making the formation of iron-phosphate bonds a promising avenue
for the development of recyclable resins. Previously prepared iron-chitosan complexes bound 8.2
g/kg. However, as the price of chitosan has rapidly increased, alternatives are required. In this
current study, the covalent modification of the sawdust using either carboxymethylcellulose-
supported ligands, or direct functionalization of the sawdust can increase this to 40 g/kg using
ethylene diamine as the iron-binding ligand. Binding decreases over repeated cycles of phosphate
exposure and elution, but can be fully restored through regeneration using iron salts. The simple
green synthesis of this material, and the iron-binding capability of the investigated ligands is
discussed. These sawdust-based resins show promise as potential candidates for industrial-scale

phosphate recovery efforts in the future.

Keywords: phosphate remediation, wastewater, iron, chelation, cellulose, deferasirox,
carboxymethylcellulose, immobilization



Introduction

The growing global population will continue to require ever increasing quantities of food. As a
result, ever-increasing crop yields are essential to maintain adequate global food supplies. Since
the agricultural revolution, fertilizers rich in the macronutrients nitrogen, potassium and
phosphorous have been applied to fields to increase yields.! Phosphorous tends to be the limiting
nutrient for crop growth.? Historically organic phosphorous was supplied in the form of manures
and organic waste. Modern fertilizers employ inorganic phosphate (Pi) sourced from rock

phosphate.!

Application of Pi rich fertilizers leads to the leeching and runoff of Pi into waterways.
Accumulation of Pi leads to a form of premature lake aging called eutrophication.® As in the fields,
Pi is the limiting nutrient in algal and aquatic plant growth.* Eutrophication through Pi
accumulation leads to rapid and excessive growth of algae and results in algal bloom formation.’
These blooms can be toxic and result in increased mass fish kills. This is not only environmentally
damaging, but it also hurts the tourism and fishing industries that many coastal communities rely
on. Even non-toxic blooms can damage aquatic systems by leading to rapid fluctuations in pH and

dissolved oxygen.’

The easiest way to address this problem is to treat the water near the source to remove the
phosphate. Recovery of phosphate is also appealing due to the decrease in the availability of rock
phosphate, and the expected increases in price will threaten food security globally.5® There are a
number of different technologies that have been employed, with the formation of sparingly soluble
struvite (magnesium ammonium phosphate) being a leading approach.’!® However this method
requires the addition of substantial amounts of additional chemicals and further processing.

Alternatives include adsorption processes using amorphous adsorbents (from which the phosphate
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is difficult to recover anionic exchange resins (which face cost challenges and complex
metallic nanotubes, nanoparticles or supramolecular complexes (which also face cost challenges
in preparation on scale).'®? Alternative methods, using commonly available agricultural or food

production waste products might prove more economically feasible at the industrial scale.?®
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Several biopolymer systems have been employed, including cellulose, sawdus and,
previously from our lab, chitosan.’® Chitosan is produced industrially by the deacetylation of chitin
a natural biopolymer sourced from shellfish. It is effective at Pi remediation, but it suffers from
two distinct disadvantages; a relatively short lifespan when exposed to waterborne microorganisms
and increasing price over the preceding five years. Alternatively, cellulose is the most abundant
biopolymer on Earth and easily obtainable at low cost in a wide variety of forms. The use of
polysaccharidic materials including chitin and chitosan have long been investigated for their use
in the filtration of heavy metals from wastewater.>! Both modified and unmodified cellulosic

materials have been utilized to remediate Pi from wastewater. '

Wood pellets and sawdust are excellent, readily available, inexpensive forms of cellulose and are
formed as waste products (or created from waste products in the case of wood pellets) in lumber
processing. However, cellulose itself does not bind Pi to any appreciable extent. Iron cellulose
composites have shown some promise for Pi-removal but the non-covalently bound iron tends to
be readily removed upon repeated washing, limiting the recyclability of the material.'”> To
overcome this limitation we envisioned changing the surface functionalization of the sawdust to
incorporate iron-binding moieties. Iron has exceptional selectivity and affinity for phosphate!! and
binding the iron tightly to the particles using iron-specific ligands would allow for recycling
through anion exchange. In our preferred iteration, the iron-functionalized sawdust particles would

be treated with the wastewater to phosphate saturation, and then washed with an inexpensive and



non-toxic anionic polymer such as carboxymethyl cellulose, or an inexpensive non-toxic salt, such
as sodium acetate, to exchange the ligands and recycle the sawdust with limited loss in phosphate-
binding capacity. After several cycles, the resin could be regenerated using a fresh solution of iron
salts to recover any lost iron. This will allow for the preparation of reusable resins, an unmet need

in the field.

Previous work had identified carboxymethyl cellulose (CMC) as a potential coating to enhance the
Pi-remediation capabilities of woodchips by improving iron-binding capacity over native
cellulose.*? Building on this result, we sought to covalently immobilize CMC, pre-functionalized

with iron-binding ligands, on sawdust.

Our initial ligand of choice for this surface modification was deferasirox. It has been used as a
drug to chelate iron in the blood of patients with chronic iron overload and has extremely high and
selective binding affinity to iron.**-** In solution it forms a dimer around a single iron (III) atom,
but on the solid phase this would not be possible, so it would provide three open co-ordination
sites for a phosphate atom. Deferasirox’s binding affinity for iron is exceptional at logf = 36.9 at
pH> 6.0, and is, to the best of our knowledge, the best Fe (III) binder known. Deferasirox has
the added benefit of having a straightforward and inexpensive synthesis.>> However, we were
concerned that the affinity might be too high, making the Fe (III) too electron rich. This would
lower the affinity for phosphate, so several other ligands were also of interest including amino
acids, and ethylenediamine. These ligands have nitrogen and oxygen atoms potentially capable of
chelating iron and could potentially act co-operatively with the hydroxyl functionalities naturally
present on the sawdust surface. These simple reserve ligands were chosen to both minimize cost
of manufacture, while maintaining sufficient iron-binding capability to be functional. The results

of this study, and the nature of the high affinity, highly recyclable resins prepared, are reported



here.
Experimental

General Experimental Procedure: Solvents were purchased from Caledon Labs (Caledon,
Ontario), Sigma-Aldrich (Oakville, Ontario) or VWR Canada (Mississauga, Ontario). Sawdust
(McFeeters, 78L, softwood: pine, average diameter 1 cm) was obtained from TSC Stores (London,
Canada). Other chemicals were purchased from Sigma-Aldrich, AK Scientific, Oakwood
Chemicals, Alfa Aesar or Acros Chemicals and were used without further purification unless
otherwise noted. All heated reactions were conducted using oil baths on IKA RET Basic stir plates
equipped with P1000 temperature probes. Thin layer chromatography was performed using EMD
aluminum-backed silica 60 F254-coated plates and were visualized using either UV-light (254 nm),
KMnOyg, vanillin, Hanessian’s stain, or Dragendorff’s stain. Standard work-up procedure for all
reactions undergoing an aqueous wash involved back extraction of every aqueous phase, a drying
of the combined organic phases with anhydrous magnesium sulphate, filtration either using
vacuum and a sintered-glass frit or through a glass-wool plug using gravity, and concentration
under reduced pressure on a rotary evaporator (Buchi or Synthware). 'H NMR spectra were
obtained at 300 MHz or 500 MHz on Bruker instruments with analysis being carried out using
TopSpin, NMR chemical shifts (d) are reported in ppm and are calibrated against residual solvent

signals of CHCI3 (6 7.26), DMSO-ds (6 2.50), acetone-ds (6 2.05), or methanol-ds; (6 3.31).
Synthesis of the Conjugatable Deferasirox

2-(2-hydroxyphenyl)-4H-benzo[e][1,3]oxazin-4-one (1): Salicylic acid (20 g, 0.145 mol),
salicylamide (16.54 g, 0.121 mol) and pyridine (1.28 mL, 0.016 mol) were dissolved in 50 mL of

xylene, and the mixture was heated to reflux for 15 minutes. SOCl> (19.22 mL, 0.265 mol) was



then added slowly over 4 hours while at reflux with vigorous stirring, followed by another 20 hours
of stirring. Xylene was removed by concentrating under reduced pressure resulting in an acidic
residue. This was resuspended in ethanol (50mL) and acetic acid (1.2mL). This mixture was
heated to reflux and then cooled to room temperature. Following filtration and washing with cold
ethanol, the resulting precipitate was dried to yield 2-(2-hydroxyphenyl)-4H-benzo[e][ 1,3 ]oxazin-
4-one (24.85g, 86% yield). 'H-NMR (300 MHz, [Ds] DMSO) 7.09 (d, J=7.99 Hz, 2 H), 7.58-7.67
(m, 2H), 7.78-7.81 (m, 1H), 7.92-7.98 (m, 1H), 8.07 (dd, J=1.59 Hz, 1H), 8.21 (dd, J=1.68 Hz,

1H). Spectroscopic data is consistent with the literature.*

4-(3,5-bis(2-hydroxyphenyl)-1,2,4-triazolidin-1-yl)benzoic acid (Deferasirox): 4-hydrazino
benzoic acid (9.54 g, 63 mmol) and Et3N (8.74 mL, 63 mmol) were added to EtOH (271 mL).
The solution was heated to reflux for 15 minutes until fully homogenous. To this hot clear solution
was added 1, and the reaction was heated to reflux for an additional 2 hours. After cooling to room
temperature, water was added (30 mL) until precipitation was observed. The mixture was then
concentrated to 50% total volume (to about 150 mL) under reduced pressure and 6M HCI (300
mL) was added. The resulting precipitate was isolated and dried to yield crude deferasirox. This
was further purified by suspending in boiling isopropanol (10 mL per 1 g of crude) and
alternatively sonicating and boiling the material to maximize dissolution. A hot filtration removed
(undissolved) unreacted 4-hydrazinobenzoic acid to provide a solution of pure deferasirox which
was concentrated under reduced pressure. (17.66 g, 75.5% yield). 'H-NMR (300 MHz, [Ds]
DMSO) 6.85 (d, J=8.16 Hz, 1H), 6.96-7.03 (m, 3H), 7.35-7.42 (m, 2H), 7.55 (d, J=7.44 Hz, 3H),
7.98 (d, J=8.47 Hz, 2H), 8.04 (d, J=7.57 Hz, 1H), 10.05 (s, OH), 10.80 (s, OH), 13.21 ( broad s.

OH). Spectroscopic data is consistent with the literature.*



N-(2-aminoethyl)-4-(3,5-bis(2-hydroxyphenyl)-1,2,4-triazolidin-1-yl)benzamide: Deferasirox
(0.50 g, 1.34 mmol) was added to 10 mL of dioxane under nitrogen, then cooled to 0°C. DIPEA
was then added (1.34 mmol) followed by N,N'-Dicyclohexylcarbodiimide (DCC) (1.47 mmol) and
the reaction mixture stirred for 5 minutes. Ethylenediamine (8.04 mmol) was then quickly added
in one portion, and the mixture was warmed to room temperature followed by stirring for an
additional 2 hours. The product precipitated from the reaction mixture and stuck to the flask as a
brown solid. The reaction mixture was filtered, and the precipitate was washed with dioxane then
ether to obtain the product (42% yield). 'H-NMR (300 MHz, D20) 8ppm: 3.16 (t, 2H, J=5.73 Hz),
3.66 (t,2H, J=5.76 Hz), 6.62-6.73 (m, 2H), 6.76-6.81 (m, 2H), 6.91 (t, 2H, J= 8.3 Hz), 7.28-7.35

(m, 2H), 7.75-7.82 (m, 4H). Spectral data is consistent with the literature.>®
Preparation of the Sawdust and conjugation to the organic ligands

Synthesis of CMC-chelation derivatives: Standard 1-ethyl-3-(3’-(dimethylamino)propyl)
carbodiimide (EDC) coupling procedures were used in the coupling of amino acids to CMC. CMC
(1 equiv.) was suspended in DMF and cooled to 0 °C in an ice bath. To this EDC (1.1 equiv.) was
added followed by 5 minutes of stirring at 0 °C. A mixture of the amine (1.1 equiv.) with DIPEA
(2.5 equiv.) in DMF was then added. The mixture was warmed to room temperature and stirred

for 18h, followed by filtration to collect CMC which was washed with DMF and dried.

Sawdust Epoxidation: Sawdust was thoroughly washed with water and dried overnight at 50 °C.
In a beaker, 1 g of sawdust was suspended in 12 mL of dioxane. To this 10 mL of epichlorohydrin
was added, followed by 6 mL of 5SM NaOH. The mixture was stirred gently for 5 hours at 60 °C
then left stirring overnight at room temperature. The product was washed with dioxane and 0.1M

NaHCO:s, then dried under reduced pressure.
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General Sawdust functionalization procedure with CMC: A mixture of the functionalized CMC
(0.6g), DIPEA (2mL), and epoxide functionalized sawdust in DMF (100mL) was heated for 6 hrs
at 60 °C followed by stirring for 18 hours at room temperature. Afterwards the functionalized

sawdust was collected by filtration, rinsed extensively with water and dried.

General Direct Sawdust functionalization procedure: Epichlorohydrin functionalized sawdust
was suspended in dimethylformamide (DMF). To this, a mixture of the chelator (6 mmol chelator/g
sawdust) with DIPEA (0.5-1 equiv.) was added and the mixture stirred gently for 24 hours.
Dioxane was initially used as a solvent however due to the poor solubility of the deferasirox
substituent, was replaced with DMF. The EDA chelator was also tested in dioxane as well as in
water with 0.75M NaOH as the base. Use of water/NaOH offers a greener and cheaper alternative
for functionalization. Note: the chelator is used in large excess and did not completely react with
the sawdust. For example, an analysis of the amount of excess deferasirox-EDA ligand recovered
following coupling showed that only about 0.11 mmol per gram sawdust reacted and the rest was
recovered. This equates to 2% of the chelator added reacting with the sawdust. In contrast, EDA
in water/NaOH couples with 60% efficiency as measured by 'H NMR by comparing the reaction
mixture before coupling (D,O as solvent) with the reaction mixture after coupling using the
residual water peak as an internal quantitative standard (see SI for details, Figure S14 and S15)

indicating a much higher ligand loading of 3.6 mmol/g of sawdust.
Iron Functionalization of Synthetically Modified Cellulose Biopolymers

Modified cellulose polymers with bound ligands (~5 g) were subjected to 50 mM iron (III) sulfate
baths (250 mL) overnight at a constant 100 rpm spin on a magnetic stir plate. Filtration, extensive

washing with water, and drying in vacuo provided the iron-functionalized resins.
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Phosphate Binding Assays

After iron functionalization, samples were thoroughly rinsed with 1M NaCl to remove any bound
Pi. Approximately five grams of sample material was placed in 100 mL BioRad columns with
glass wool as filters. The columns were rinsed with 600 mL of Milli-Q water and soaked in 100
mL of 1 M phosphate buffer, pH 7.4 for 30 minutes. The columns were then rinsed with 600 mL
of Milli-Q water to remove any unbound Pi. Elution of the bound phosphate was conducted using
a 0.1% (w/v) CMC solution, pH = 7.4.3” Samples were soaked in 80 mL of the CMC solution for
30 minutes. During elution, a further 100 mL of the CMC solutions was passed through the column
and combined with the initial elution solution. The combined elution samples were collected in
200 mL volumetric flasks. The 180 mL volume of the eluant was increased to a constant 200 mL
for all samples. One millilitre of this solution was collected for later Pi concentration determination.
Each sample was exposed to three sequential binding-elution cycles. Samples demonstrating high
Pi binding capacity were tested for Pi retention in the presence of interfering anions. A 1M P4,
pH=7.4 solution, was made containing 10 mM Na>SO4, 10 mM NaNOs3 or 10 mM of both Na>SO4

and NaNOs.

Determination of total bound Pi was accomplished by measuring the Pi concentration of eluted
samples in comparison to the dry weight of the binding matrix using the modified malachite green
assay (MG-assay) mentioned below. There was no significant difference in binding capacity from
one cycle to the next. Note, all solutions were prepared in Milli-Q ultrapure water. All reported

concentrations are provided with the standard error of the mean.

Modified Malachite Green Assay for Phosphate:
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To 700 puL of aqueous analyte, 130 uL of reagent A (1 mM malachite green carbinol hydrochloride,
1% polyvinyl alcohol, 0.6 M H2SO4) and 70 pL of reagent B (50 mM ammonium molybdate
tetrahydrate, 3 M H>SO4) were added. The absorbance at 630 nm was recorded and compared with

a standard curve. The curve was linear between 2 and 10 uM of phosphate.

Determination of Apparent Dissociation Constants by analysis using the Hill-Langmuir

Equation

Determination of the apparent dissociation constants (Kp app) for EDA-H>0O and EDA-dioxane
were conducted by suspending ~0.4 g of binding resin in 4 mL of water. Initial conditions were
determined by removing 100 uL of the supernatant, that was then immediately replaced with 100
puL 2 M Pi, pH = 7.4. The solution was incubated for 300 seconds, and 100 puL of the sample was
withdrawn and replaced with 100 pL of fresh 2 M Pi solution. Each of the collected samples was

used to determine free Pi concentration after each addition.

Free Pi concentration was measured by the ascorbic acid — molybdate assay for phosphate shown
below. In combination with known total phosphate concentrations, the bound phosphate was
determined. From this data, the maximum bound phosphate was determined for each sample. Data
were converted into fractional saturations and fit to the Hill-Langmuir Equation (Eq. 1) where 0
is the fractional saturation of available binding sites, L is the free Pi concentration and n is the Hill

coefficient.3840

(1) 6=t

Kp App+[L]n

Ascorbic Acid — Molybdate Assay for Phosphate
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Working reagent, made from 2 parts water and 1 part each of reagents A (2% (w/v) ammonium
molybdate tetrahydrate), B (10% (w/v) ascorbic acid) and C (3M H2SO4), was prepared
immediately prior to sample testing. Then, to 100 puL of the aqueous analyte, 100 uL of the working
reagent was added. Samples were incubated at 37 °C for 60 minutes to allow reaction and colour
development. The absorbance at 820 nm was recorded and compared with a standard curve. The
curve was linear from 10 to 150 uM of phosphate. Note, all solutions were prepared in Milli-Q

ultra pure water.

Measurement of Bound Iron Content in the Sawdust Matrix

Sample Preparation for Inductively Coupled Plasma Optical Emission Spectroscopy

Portions of the solid matrix were obtained from each resin sample and each was independently
treated with phosphate, regenerated with 0.1% (w/v) carboxymethyl cellulose solution, and
retreated with phosphate for a total of 6 regeneration cycles. Approximately 20 mg portions from
each cycle, including the initial matrix before treatment with phosphate, were collected. This
sawdust sample was suspended in 3 mL of conc. H2SO4, heated to 70 °C and shaken for 4 days.
The resulting slurry was then diluted using 7mL of dH>O and filtered through 0.2 um syringe
filters. These were then further diluted approximately 40-fold in distilled water and analyzed.
Inductively Coupled Plasma Optical Emission Spectrophotometry (ICP-OES) was conducted
using an Agilent Technologies Model #G8460AA, 720 Series, instrument. Liquid samples are
introduced into the axial plasma of the instrument via an Agilent OneNeb series 2 inert
concentric type nebulizer combined with a cyclonic spray chamber. Instrument was calibrated
against standard mixtures containing either a high or low concentration of standard metals and
against the National Research Council of Canada externally certified sample. Iron is measured in

triplicate at 259.94 nm, and phosphorous in triplicate at 185.88 nm. Results are the average of the
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three trials. In the cased of the EDA sample, four separate batches of resin (from two different
synthetic batches) were subjected to the same process, except 7 wash/elution cycles were
conducted. Following the seventh elution, the sawdust was resuspended in the iron (III) sulfate
bath and the seven wash/elution cycles were repeated to show the reproducibility of the synthesis

and the recyclability of iron binding and phosphate binding behaviour.
Flame Atomic Absorption Spectroscopy

Samples were run on a Varian 55B atomic absorption spectrometer. Acetylene gas was used as
the fuel with air support along with a slit width of 0.2 nm. The lamp was set to a wavelength of
248.3 nm. Three samples, 1.5ml obtained from each Pi elution cycle of tested sawdust (which

has a total volume of 200 mL) and results are the average obtained from the three trials.

Results
Synthesis of phosphate-binding sawdust

CMC functionalization and immobilization were accomplished using EDC coupling followed by
mixing with epoxide-functionalized sawdust in the presence of base (Scheme 1). EDC couplings
between an amine and a carboxylic acid are relatively water insensitive and can be carried out
effectively in water as solvent.*! However, the insolubility of the product made characterization
challenging, especially as the CMC products formed thick hydrogels at high concentrations.
Lyophilization decreased the water content significantly, but the material is still highly
hygroscopic. As the removal of the water and further purification proved difficult, DMF was used
as the solvent of choice to avoid these hydrogels. The second step involved reaction of the
functionalized CMC with the epoxide functionalized sawdust, again DMF was used to prevent

hydrogel formation and for ease of purification although CMC has limited solubility in DMF.
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Nevertheless, we obtained four CMC-sawdust constructs with 4-amino butyric acid (BA), (S)-2,4-
diamino butyric acid (DBA), and glycine (Gly). The resulting complexes were characterized by
phosphate affinity. The low efficacy and technical complications led us to abandon this approach

and turn to direct functionalization of the sawdust.

Regardless of the cellulose source, all materials were treated identically. The wood was suspended
in a mixture of dioxane and aqueous sodium hydroxide, to which was added epichlorohydrin, and
the mixture stirred at 60 °C with either mechanical or magnetic stirring. Following washing of the
wood to remove excess reagents, the wood was resuspended in solvent (generally dioxane), to
which were added diisopropylethylamine and the amine-functionalized ligand. Stirring for an
additional 12 hours provided the ligand-functionalized cellulose. Based on literature and chemical
precedent, the bulk of the substitution should occur on the C-6 hydroxyl, but functionalization at

C-2 and C-3 is, of course, possible (Scheme 2).

The selected ligands, ethylenediamine, (EDA), BA, DBA, and Gly, were commercially available.
Deferasirox (DF) was made according to published protocols on >20 g scale and is readily
available from very inexpensive starting materials (Scheme 3).>° The benzoic acid moiety plays
no role in the iron conjugation, and we used this functionality as a handle to add an amine

functionality to allow for cellulose conjugation.
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Scheme 1. General route for the preparation of ligand-functionalized sawdust using CMC.* CMC
has various carboxymethyl groups on the free hydroxyls, and this representation is for illustration
purposes only and does not imply that functionalization is occurring on the same monomeric unit

or at the indicated positions.
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Scheme 2. General route for the preparation of ligand-functionalized sawdust using CMC.

Conjugation between the epichlorohydrin-activated cellulose and the ligands was accomplished in
either dioxane or 0.75 M NaOH. The epichlorohydrin-derived oxirane is reactive towards
nucleophiles, and we were concerned about competitive reactions between the solvent and the
ligand. Consequently, as it was installed in the presence of strong base, and although amines can

outcompete hydroxide nucleophiles, we tested both water and dioxane as solvents in the case of
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EDA. The phosphate-binding capacity of both products was similar indicating that solvolysis of
the epoxides was not competitive with the amine nucleophiles. However, the reactions are not
necessarily highly efficient. In the case of the deferasirox, the lone example where the ligand was
easily recoverable following coupling and could be used to determine functionalization efficiency,
only 0.11 mmol of ligand/g of sawdust was added, representing a 2% yield based on the amount
of ligand added to the reaction. This suggested that either epoxide-loading is inefficient or that
ring-opening of the epoxides occurs during epichlorohydrin addition. However, deferasirox was
also found to be the most challenging material to work with due to solubility challenges, and we
suspected that loading was higher for the other ligands. As the solid-supported products are not
soluble, and as the cellulose signals dominate the characterization techniques (i.e. FT-IR), there
are few analytical techniques that could be used to determine the success of functionalization. We
have obtained the FT-IR spectra of all samples for other researchers to allow for reproducibility
(Supporting Information), and the clear differences in phosphate-binding between different
formulations, and the batch-to-batch reproducibility of the results gives us confidence in the
reproducibility of the methodology. However, we needed another way to quantify the success of

the chemistry.
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Scheme 3. Synthesis of Deferasirox and functionalization with an amine handle.
Determination of maximum phosphate binding.

Maximum P1 binding capacity was measured by saturating the solid support, and then eluting and
quantifying the bound Pi. Samples were saturated with Pi using a 1M Pi solution. Elution was
carried out using 0.1% (w/v) carboxymethyl cellulose (CMC) solution.’” The phosphate content
was then quantified using a malachite green-assay.** Pi-binding capacity is expressed as grams of
Pi per kilogram of matrix (g/kg). Chitosan-flake-iron (Chito-Fe) matrix was used as the standard
Pi-removal matrix against which we compared the various cellulose derivatives prepared here. We
first examined the binding capacity of carboxymethyl-cellulose functionalized materials (Figure
1). In previous studies CMC was physiosorbed onto sawdust, followed by iron functionalization
to remediate Pi.3> Here, we adsorbed CMC, covalently functionalized with one of three different
Fe**-ligands: DF, Gly or DBA, as well as unfunctionalized CMC, onto the surface of the sawdust,

added the iron (IIT) and then measured the phosphate-binding capacity. Unmodified sawdust,
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which had still been incubated with the iron, bound very little Pi (0.30 = 0.05 g/kg). The maximum
binding capacity was obtained with DBA (28.5 + 3.3 g/kg), with DF (14.2 + 4.6 g/kg) and Gly
(14.0 = 2.0 g/kg) yielding binding capacities similar to that obtained by CMC alone (11.2 + 1.2
g/kg). However, all these CMC derivatives samples were more efficient phosphate binders than

the chitosan-flake-iron system (8.2+0.5 g/kg) (Figure 1).
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Figure 1. Quantification of the phosphate binding capacity of CMC-Sawdust Derivatives. Samples
are chitosan flakes functionalized with iron (Fe-chito), untreated sawdust (SD), sawdust
functionalized with only CMC (SD-CMC), sawdust conjugated to CMC functionalized with an
iron chelating ligand defarsiox (SD-CMC-DF), glycine (SD-CMC-Gly) or (S)-2,4-diamino butyric
acid (SD-CMC-DBA). Presented data provides the total mass of Pi (g) collected was placed over
the total mass of binding matrix (kg) to yield grams of Pi eluted per kilogram of matrix. Data
represent the mean + standard error of the mean of an individual sample over three binding-elution

cycles.

In the next stage of these studies, BA, DBA and Gly were directly functionalized onto the sawdust

surface to avoid the complications inherent in CMC-sawdust synthesis and handling. The direct
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modification of sawdust improved the Pi-binding, with SD-BA, SD-DBA and SD-Gly yielding

binding capacities of 17.9 + 3.9 g/kg, 26.7 = 2.5 g/kg, and 23.5 £ 2.7 g/kg respectively (Figure 2).
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Figure 2. Maximum Binding Capacity of iron chelators directly attached to sawdust. (n=3)
Samples are iron chitosan flakes (Fe-Chito), sawdust without ligands (SD), sawdust functionalized
with 4-amino butyric acid (SD-BA), sawdust functionalized with (S)-2,4-diamino butyric acid
(SD-DBA) and sawdust functionalized with glycine (SD-Gly). Presented data provides the total
mass of P1 (g) collected was placed over the total mass of binding matrix (kg) to yield grams of P1
eluted per kilogram of matrix. Data represent the mean + standard error of the mean of an
individual sample over three binding-elution cycles. There is no systematic error between different

binding/elution cycles.

The final ligand examined was EDA. Two different solvents were investigated for EDA
functionalization of sawdust: aqueous NaOH (0.6 M) and diisopropylethylamine (DIPEA) in
dioxane, with the aqueous solvent being preferable from both a green chemistry and economic
perspective. The EDA ligands showed the best Pi-binding of all samples tested, with 35.1 = 2.1

g/kg and 39.9 + 2.7 g/kg, for dioxane and water as solvents, respectively (Figure 3). The presence
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of counter anions results in competitive binding and reduces the total Pi bound. The presence of
10 mM sulfate, 10 mM nitrate or 10 mM of both sulfate and nitrate co-incubated with the SD-
EDA-H>0 reduced bound Pito 30.7+ 1.7, 36.1 £2.6, and 27.4 + 1.5 g/kg, respectively. SD-EDA-
dioxane binding capacity was reduced to 25.2 +2.1,26.4 = 2.7 and 19.1 £+ 1.3 g/kg in the presence

of 10 mM sulfate, nitrate, or sulfate and nitrate, respectively (Table 1).

The EDA ligands, which displayed the largest Pi-binding capacity, were further characterized for
the estimation of their apparent ligand-Pi dissociation constants (Kp app) or [Pi] that results in 50%

saturation of the ligand (Figure 4). The Kp app values for both SD-EDA-dioxane and SD-EDA-

H>0 treatments were calculated to be 226.8 mM.
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Figure 3. Maximum binding capacity of Fe-chito compared with both EDA-conjugation methods.
Samples are iron functionalized chitosan flakes (Fe-Chito), sawdust without added ligands (but
still incubated with the iron salt) (SD), sawdust functionalized with EDA in dioxane (SD-EDA-
Dioxane) and sawdust functionalized with EDA in water (SD-EDA-H>0). Final functionalization

occurred by bathing solid matrix samples in 50 mM Fe (III)SO4. Presented data provides the total
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mass of Pi (g) collected was placed over the total mass of binding matrix (kg) to yield grams of Pi
eluted per kilogram of matrix. Data represent the mean + standard error of the mean of an
individual sample over three binding-elution cycles. There is no systematic error between different

binding/elution cycles.
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Figure 4. Saturation binding curve of sawdust functionalized with EDA in water (SD-EDA-H-0),
red dots. Phosphate was titrated into suspended resin every five minutes, aliquots were withdrawn
after this five-minute incubation period for measurement using the ascorbic acid — molybdate assay.
Fit curve is for SD-EDA-H>0 (blue circles, blue line) using a Hill-Langmuir expression. Data is

highly consistent with the Hill-Langmuir model (Eq. 1) with an R? of 0.996.
Recyclability of the resins

Several sawdust derivatives (SD-EDA-H>O, SD-GLY, SD-DBA, SD-BA) were tested for their
recyclability in terms of iron retention. The sawdust was subjected to six consecutive binding-
elution cycles and approximately 20 mg of the sawdust was removed after each cycle and evaluated

for iron content using ICP. A decrease is observed over the first cycles, losing approximately 70%
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of the bound iron, after which the iron content remains largely constant (Figure 5); similarly the
phosphate capacity of the resin does not change systematically over the entire experiment (Figure
S1) suggesting that the lost iron content was not necessarily interacting with the phosphate. SD-
EDA-H>O exhibited the highest iron binding over 6 washes with an average of 15.65 g Fe/kg
sawdust, followed by 10.37, 13.68 and 7.55 for SD-GLY, SD-BA and SD-DBA respectively
(Figure 5a). For comparison, the treated, but unfunctionalized sawdust control retained only 0.44
+ 0.04 g Fe/kg sawdust after the first cycle. Functionalization is required to retain iron content.
However, we wanted to demonstrate the reproducibility of the synthesis, and the ability to fully
regenerate the resin in the presence of fresh iron. It is possible that the reason for the reduced iron
content was because the ligand was being washed out of the sawdust as it might not have been
covalently immobilized. Consequently, we repeated the exercise in triplicate with SD-EDA-H>O
obtained from two separate synthetic batches. After 7 wash/elution cycles, the sawdust was
regenerated using the iron sulfate bath and was re-subjected to an additional 7 wash/elution cycles
(Figure 5b). Power curves were fit to the data and the equations are similar, curiously, they suggest
that the iron is lost more slowly in the regenerated sample though this is not a practically significant
difference. This data suggests in aggregate that the resins do lose iron content over multiple uses,

they are not perfectly recyclable, but they are completely regenerable.

These values could also be used to contextualize the phosphate binding results. Again, it
was not possible to quantify the loading of the ligands. However, we can roughly estimate the
effective ligand concentration by assuming one iron atom/ligand moiety (the other co-ordination
sites would be occupied by sawdust hydroxyl groups). It is possible that in some cases two ligands
bind the iron atom, but in other cases a ligand functionality might not bind an iron atom so there

is some error in this estimation. From this assumption, we can calculate the maximum ligand
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loading, and the theoretical maximum phosphate binding. Comparing these values to the

experimental results indicate that the sawdust resins bind between 37 and 93% of their theoretical

maximum amount of phosphate/cycle (see Table 1).

Table 1. Amount of iron content (g Fe/kg sawdust) measured using ICP, average from the first

three elutions to be consistent with Figures 1-3. Sawdust was taken from consecutive trials of P

binding and elution.

SD-EDA- SD-
Sample H,0 GLY SD-BA SD-DBA SD
Average Maximum Fe content (g 23.81 13.46 18.80 11.28 0.4
Fe/kg sawdust)
Effective ligand loading (g/kg) 25.62 18.10 34.71 23.85
Theoretical Maximum
Phosphate Capacity (g/kg 60.52 34.22 47.79 28.66
sawdust)
Binding as a % of Maximum 66% 69% 37% 93%
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Figure 5. A) Iron content (g Fe/kg Sawdust) measured using ICP over six consecutive elution

cycles of four different functionalized sawdusts. The iron chelator is attached to the sawdust via

the epichlorohydin linker; B) Reproducibility of the resin behaviour, and regeneration of the

resin with fresh iron. Three samples of EDA-functionalized sawdust (from two separate synthetic
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batches) were treated 7 times using our phosphate wash/elution cycles. Following the seventh
elution, the sawdust was re-exposed to FeCls and then the wash elution cycles were repeated.
The data presented is the average of the three samples with error bars representing standard error
of the mean. The power law equations of the trendlines are determined where x = 1+ the number

of elution cycles.

To support this contention, the eluted solvent (200 mL), from each of the cycles was also tested
for iron content using atomic absorption spectroscopy. Little to no iron leeching was detected in
SD-EDA-H>0, SD-GLY and SD-DBA samples. The distilled water used in the experiment
contained 0.4 pg of iron per 200 mL. Very small amounts of iron were detected in the elutions
from BA functionalized sawdust during cycle 3. To contextualize these values, elutions were
carried out on 5 g samples of the sawdust that would contain approximately 50 mg of iron,
indicating that leaching/extensive washing cycle decreased iron content by only 0.002% per

cycle for EDA-H>O.

Table 2. The iron content (ug/200 mL) in the phosphate recovery elutions from 6 consecutive
cycles of resin regeneration (5g of resin per experiment, 200 ml of elution solution used to
regenerate the resin in each cycle) of several of the functionalized sawdust resins. Iron content

tested for the presence of iron using atomic absorption spectroscopy.

Cycle number SD-EDA-H:O SD-GLY SD-BA D SD-BA

1 0.08 2.1 1.6 0.6
2 0.7 1.2 2.4 0.7
3 0.6 2.0 4.2 0.5
4 0.4 0.7 0.31 0.4
5 0.4 11 11 0.5
6 0.5 0.6 0.9 0.4

dH,0 0.4
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Table 3. Pi Binding Capacity of EDA-H20 and EDA-Dioxane in the presence of sulfate and
nitrate. Binding assays were conducted with 1M Pi containing 10 mM sulfate, 10 mM nitrate or
10 mM of both sulfate and nitrate. Data represent the mean binding capacity (g Pi/kg resin) + the

standard error of one sample over three binding-elution cycles.

Pi-only Pi and sulfate Pi and nitrate Pi, sulfate and
nitrate
SD-EDA-H,0O 39.9+2.7 30.7£1.7 36.1£2.6 27.4+1.5
SD-EDA- 35.1£2.1 25.242.1 26.4+2.7 19.1£1.3
Dioxane
Discussion

The primary challenge in this work is attaining the required balance between the strength of iron
chelation, and phosphate affinity while also ensuring that the resultant material can be made
inexpensively and in a sustainable manner. Any chemically-modified material needs to be highly
recyclable to make the capital cost worth the effort. Recycling requires two processes to be highly
efficient: the phosphate must be relatively easy to strip from the solid support, and the iron must
not be removed from the support during this process. The number of cycles over which the material
remains effective is expected to be directly proportional to the affinity of the bound ligands for the
iron. However, fac ligands are preferred to minimize steric hindrance-phosphate acts as a
monodentate ligand*® and often forms complexes with multiple iron centres in the solid state.** An
excellent ligand would likely involve significant charge-transfer to the Fe*" centre. This would
bind it tightly. Unfortunately, this would also decrease phosphate affinity. We need to identify

ligands that bind the iron well, but not so well as they decrease its affinity for phosphate.
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The removal of Pi from binding resins was accomplished using ion exchange. Neutral salts and
pH gradients have been used to remove bound Pi.!>* Low concentration acid and base solutions
result in poor removal efficiency whereas high concentrations are effective but result in a
degradation of the binding resin.***” Neutral salts such as NaCl and KCl are effective and relatively
inexpensive.!> However, the chloride anions are toxic to crops making the reuse of recovered Pi
difficult.***° Alternatively, high concentrations of other anions such as sulfate, acetate and nitrate

can be used but these are generally more expensive.>

The ideal recovery agent will be equally or more effective than NaCl but nontoxic to crops. Low
concentration CMC can be used to the same effect. Our previous work showed that CMC and NaCl
were equally effective at the removal of Pi from Fe-chito.>” However, CMC is nontoxic and used
in a variety of industries including food and medical production.’! Abundant carboxylic acid
groups mimic the phosphate starvation response in plants used to solubilize soil bound Pi.**"?

Lastly, CMC is inexpensive. Therefore, for the purposes of this study, elutions were conducted

using CMC.

Our first approach involved covalently immobilizing ligands to CMC (Scheme 1), and then using
this to coat the sawdust particles. CMC has many carboxylate groups on its surface that we
believed would assist in iron complexation and would improve phosphate-binding capacity over
cellulose (the sawdust surface). CMC alone is capable of complexing with iron, and this complex
then shows affinity for phosphorous as seen in our results, Figure 1, and Table 2; however, affinity

is only moderate. Consequently, we sought to incorporate ligands with much higher iron binding.

Many methods have been used to modified organic biopolymers for the removal of Pi (Table 4).
However, these methods can be subdivided into those relying on the impregnation of metals onto

the binding resin and those relying on the introduction of higher-value amine groups to increase
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ion exchange potential with Pi.>* The best results were obtained by Karachalios using an ionic
liquid coating a wood surface, however this work was never published.>> We sought a more tunable,
and controlled approach using easily accessible materials and avoiding the use of other metals or

simple physical encapsulation.

Table 4. Treatment methods and maximum binding capacities of other wood-based products

for Pi adsorption.

Resin Type Treatment Method Max Pi Reference
Binding
. Fe(I)Cl> / CMC-coating + Eberhardt and Min
wood particles Fe(I)Cl, 2.05/17.38 (2008)
Poly-allylamine
milled pine bark hydrochloride (PAA-HCI) + 12.65 Tsabalala et. al. (2004)
epichlorodydrin
Juniper bark 1 a(NOs)s - 6H:0 (0.01M) 33.35 Shin et. al. (2005)
milled PAA-HCI+ epichlorodydrin ~ 26.03/44.65  Karthikeyan ef al. (2004)
wood/bark P Y ' ' yan et a.
PAA-HCI or 3 chloro-2-
yellow pine hydroxypropyl .
wood/bark trimethylammonium 22.83/36.65  Karthikeyan et al. (2004)
chloride
wood residues Choline chloride derivative 205.63 Karachalios (2012)

+ urea + imidazole

Deferasirox is an extremely strong iron-binding ligand used in medical iron chelation therapy and
was selected to maximize recyclability, although we were concerned that it might decrease
phosphate affinity. The synthesis of this seemingly complex structure is very simple, and it can be
rapidly accessed from very inexpensive industrial chemicals in two steps (three including addition
of the ethylene diamine handle, see Scheme 3). Although the phosphate-binding capacity was
moderately higher than for our previous Fe-chito substrate, the difference was disappointing

considering the design considerations. We tentatively hypothesized that this limited improvement
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was due to overly strong iron chelation and low ligand loading. Evaluating functional groups
commonly involved in iron chelation, and balancing this with synthetic complexity, we identified
simple amines (for reactivity with the epoxide) that also contained a carboxylic acid, amine, and
hydroxyl-rich groups as promising chelators. The cellulosic support provides additional hydroxyl
functionalities, as does the ring-opened epichlorohydrin-derived linker (Scheme 1). This led us to
select DBA, a key building block in the Trant lab,’® BA, GLY, and EDA as ligand candidates
providing an amino acid, a carboxylic acid, and an amine functionality respectively. There smaller
size and better solubility would also result in higher loading on to the epichlorohydrin-

functionalized sawdust. For consistency, we also aimed to functionalize CMC with these substrates.

Covalent functionalization of CMC to sawdust resulted in a binding capacity of 11.2 g/kg (Figure
1). Previous work relied on the supramolecular interaction of CMC and wood fiber to yield a
product with an adsorption capacity of 17.38 g/kg (Table 4).>’ Covalently linking the CMC
appears to reduce binding capacity. However, the incorporating DBA produces SD-CMC-DBA
that yields a binding capacity of 28.5 g/kg (Figure 1). Our previously studied matrix, Fe-chitosan
flakes was an amine rich biopolymer that chelated cations such as iron and copper. These cations
retained Pi.>° The increased binding capacity of SD-CMC-DBA can be attributed to the presence

of additional amine groups enhancing iron chelation and therefore Pi binding capacity.

However, functionalization of the CMC was difficult as it is only effectively soluble in water, and
it forms a thick hydrogel even at low concentrations. Lyophilization was not completely effective
in dehydrating the material, complicating processing. This was complicated as the free hydroxyl
functionality on the CMC was conjugated to the epoxide functionalities on the functionalized
sawdust using base and DMF as solvent. Residual water would inhibit coupling, and the poor

solubility of the CMC made this an inefficient approach. Degree of functionalization on sawdust
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is likely very low as neither sawdust nor readily CMC dissolve in any of the solvents. Use of water
introduces a competing nucleophile which would react more quickly with the epoxide than CMC,
also resulting in a very low degree of functionalization. Due to these problems, we abandoned the
approach. The added carboxylic acids of the CMC are not apparently that beneficial, and do not

appear to justify the technical challenges of processing the material.

We then turned to direct functionalization of epichlorohydrin-activated sawdust, coupling DBA,
BA, Gly, and EDA directly to the sawdust surface. Of these, the 1:1 combination of DBA:BA
showed the best phosphate binding capacity at 26.7 + 2.5 g/kg (Figure 2). This is a 3.3-fold
increase over Fe-chito. SD-Deferasirox again provided a lower than expected degree of phosphate
binding. This is potentially due to the extremely high affinity of deferasirox to iron; however, the
most effective Pi recovery was achieved using SD-EDA, 39.9 + 2.7 g/kg or 35.1 + 2.1 g/kg,

depending on the solvent used in immobilization (Figure 3).

This is an ~4.5-fold improvement in maximum binding capacity over our previously employed Fe-
chito binding matrix. EDA coupling to sawdust by epichlorohydrin results in the addition of
amines capable of iron chelation. This is like methods that used the polymer, poly-allylamine, in
place of EDA. Milled pine bark alone bound phosphate with an efficiency of 12.65 g/kg (Table
4).°% Another study functionalized wood and wood-bark separately using poly-allylamine. They
found that the functionalized bark bound 44.65 g/kg of phosphate while the functionalized wood
bound only 26.03 g/kg (Table 4).>° Our SD-EDA is quite competitive with these methods and is
far simpler to prepare (polyallylamine is an expensive polymer used primarily in biomedicine).
Another method of functionalization reported in a thesis using a choline-based ionic liquid showed
a binding capacity of 205.63 g/kg (Table 4).°°> In our case, the use of alternative synthetic

approaches may provide higher ligand-loading, and consequently higher binding capacities.
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Another approach would be to alter the cation used from iron to lanthanum®® or zirconium®' which
have been used to create highly efficient Pi retention resins. However, the inexpensive nature and

biocompatibility of iron makes a lower efficiency acceptable.

The binding capacities of our systems represent idealized maximums. Application of these resins
in real filters will result in exposure to other anions that will compete for available binding sites.
To examine this challenge, the EDA resins were tested for Pi binding capacity in the presence of
competitive anions (Table 3). SD-EDA-dioxane experiences a reduction in phosphate-binding
capacity of 28.0% and 24.7% when exposed to sulfate and nitrate, respectively. SD-EDA-H>O
experiences a 23.0% reduction when exposed to sulfate but only 9.5% reduction to phosphate-
binding in the presence of nitrate. The presence of both sulfate and nitrate reduces the binding
capacity of SD-EDA-dioxane by 45.6% the while SD-EDA-H>O only experiences a 31.3%
reduction in efficiency. Therefore, given the higher Pi binding capacity, higher tolerance to nitrate
interference and as water is far cheaper than dioxane and requires a simpler experimental set-up,
and as dioxane is toxic and an environmental pollutant,®* the aqueous synthesis of SD-EDA shows

significant promise for on site applications and is being pursued in our laboratories.

The Kp app of SD-EDA-H>0 was determined by fitting the fractional saturation data to the Hill-
Langmuir equation.’®* The Hill-Langmuir equation assumes the formation of an adsorbate
monolayer on the surface of the binding resin. The Kp app of SD-EDA-H20 was 226.8 mM with a
Hill coefficient of 2.46 (Figure 4). Nonlinear fitting showed a correlation coefficient, (R?) of 0.996
suggesting the Hill-Langmuir equation adequately models the experimental results. Therefore, as
P1i binds, the number of free binding sites decreases. When saturated no further binding will occur

and the resin needs to be regenerated or replaced to remove further Pi from the water stream.
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The determination of Kp app also allows an alternative means to measure maximum binding
capacity. In general, the SD-EDA binding capacities found during batch studies agreed with those
found by increasing Pi concentration. SD-EDA-H>O was found to have a maximum Pi binding
capacity of 39.9 g/kg. Here the maximum was calculated to be 38.9 g/kg with an average of 17.1
mg Pi bound to 0.44g of resin. The SD-EDA-dioxane used in this same study massed 0.38 g and

bound an average of 32.4 g/kg.

Hill coefficients indicate cooperativity in binding. A Hill coefficient of 5.8 indicates positive
cooperativity however in this case it is likely due to a heterogeneity in available anion binding
sites. This is supported by the results of the binding assays in the presence of equimolar sulfate or

nitrate. Despite being present in equal amounts the reduction in P binding capacity was different.

The Kbp app is the concentration at which 50% of available binding sites are saturated with Pi.
Previous work determined the Kp app value for Fe-chito to be 138.4 mM with a Hill coefficient of
2.45. A higher Kp app indicates that SD-EDA will experience lower fractional saturation of Pi
binding sites than Fe-chito at a given Pi concentration. However, the maximum binding capacity
per kilogram of SD-EDA is still 4.5-fold larger. In addition, the cost of SD-EDA preparation is a
fraction of the cost required to produce Fe-chito. Therefore, SD-EDA has potential for field-scale

use as a Pi remediation matrix.

Strong binding and high phosphate loading are useless without reusability. The samples were
examined over six consecutive cycles for Pi retention and iron loss. ICP measurements of the iron
content on the sawdust show a slight decrease over the first few cycles but for the remaining cycles
the amount of iron remains consistent (Figure 5). The initial iron loading for each sample can also
give us some insight on minimum ligand functionalization. With no ligand, the sawdust binds 0.5

g Fe/kg of ligand. The amount of iron present on the sawdust can consequently be used to estimate
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the amount of ligand (Table 1). The highest loading observed is 34.7 g/kg of SD-BA, with SD-
Gly only loading at 18.1 g/kg. This also allows for a calculation of the maximum phosphate
capacity of each formulation. The SD-EDA has the highest possible capacity at 60.5 g/kg while
SD-DBA has the lowest at 28.7 g/kg. Curiously, when we compare these values with the
experimental phosphate binding results (Figures 2 and 3), we can observe that the SD-DBA binds
near its maximum capacity, while SD-EDA is working at only 66% efficiency potentially because
it is a poorer ligand for iron. This suggests that improving the reaction conditions to load DBA
would likely significantly improve efficacy of the resin, but this would come at a significantly
greater cost.%® In general, the phosphate binding assays agree well with the ICP measured values
for iron content further supporting the supposition that these materials retain their iron and can
effectively collect phosphate. Even after several cycles of use, the phosphate binding capacity of
the SD-EDA stabilizes around 10 g of phosphate/kg of sawdust (Figure S1) which is comparable

to other resins (Table 4).

Additionally, measuring the iron concentration of the elutions show little to no iron leeching from
the sawdust during elution. This is promising regarding the recyclability of the material: these
ligands provide acceptable retention of the iron. However, iron content does fall over multiple
cycles as it co-elutes with the phosphate. To address this limitation, we wanted to ensure that we
could regenerate the resin and that the decrease in the iron content was not due to damage to the
resin itself involving loss of the ligands. To explore this question we resynthesized SD-EDA and
compared the iron content in the different batches over 14 cycles with the iron content regenerated
after cycle 7 (Figure 5b). This study demonstrates that there is very little variance in the iron
content, and by extension the ligand content, in the different batches of the SD-EDA, and that

when resin that has undergone 7 cycles of collecting and eluting phosphate is regenerated in an
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iron sulfate bath, it completely recovers its iron binding potential. The curves of the original and
regenerated resins are quite similar, except that a small, but systematically more iron was present
in the regenerated sawdust than in the original batch. Regardless, it is clear that the ligand is not
being lost (without the ligand, only 0.44 + 0.04 g Fe/kg binds) during the process. Together these
data suggest that the synthesis is highly robust and reproducible and is strong evidence that the
ligands are not removed from the resin during mixing with solutions or elution of the phosphate.
However, the lifespan of the SD-EDA-H>O biopolymer in wastewater needs to be determined: 14
cycles is not enough to explore this question: Fe-chito suffers from breakdown over a couple of
months. If SD-EDA-H>O survives better in the field than this will further increase the cost
efficiency of this material. A limitation of using sawdust for this derivation process is the
breakdown of some sawdust into microparticles during agitation of the reaction mixtures, making
the implementation of these materials for large scale filtration difficult. Alternative synthetic

methods that are gentler on the sawdust but yielding the same results need to be explored.

Cellulosic and other polysaccharidic materials have long been promising candidates for the
remediation of undesirable elements from wastewater, as they are inexpensive waste products
themselves, and are readily available from the agricultural and forestry industries.’**® Recycling
adds value to these waste products, but for phosphate-binding it is clear that the cellulose needs to
be modified. As iron-phosphate complexes are particularly stable, the modification of the surface
of solid cellulosic materials with iron-binding ligands appears to be a particularly promising

approach, and further studies examining its deployment in the field are currently under way.
Conclusion:

Several ligands were immobilized on sawdust, either directly using epichlorohydrin linkers, or

indirectly using carboxymethylcellulose. The latter materials were challenging to work with and
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the limited processability restricts their future commercial application. High iron binding is
required to maintain recyclability of the resin, but overly strong iron binding can potentially limit
phosphate affinity. Although all tested systems outperformed our previous best candidate, Fe-
chitosan (8.2 + 1.5 g/kg), the exceptionally potent iron-binding ligand Deferasirox proved to be a
largely ineffective system for phosphate remediation (14.2 £ 12.1 g/kg). Ethylene diamine/Fe (III)-
functionalized sawdust, synthesized in three steps under entirely aqueous conditions, proved to be
a highly effective and recyclable phosphate-binding ligand (39.9 + 8.1 g/kg), 4.5-fold more active
than the far more expensive chitosan-Fe. These sawdust-functionalized materials show good
promise as next generation recyclable phosphate-recovering ligands and further field tests are

underway in our laboratory.
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Synopsis: Recyclable, inexpensive resins for phosphate recovery from wastewater are essential.

A sawdust-based system is reported with excellent phosphate binding capacity.
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