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A bio-derived lipophilic B-diketone (14, 16-hentriacontanedione)
was isolated from wheat straw wax and tested in the liquid
biphasic removal of Ni**, Co*, cu®* and Cr*" in comparison to
dibenzoylmethane and acetylacetone. The bio-derived B-diketone
exhibited excellent capacity for metal ions extraction from
aqueous solutions.

The sustainability of elements has become a hot topic for
both policy makers and researchers alike. The recovery of
metals from wastes/spent products can be considered as a
method for enhancing an elements sustainability.l_3
Additionally, metal ion extraction can also reduce the release
of potentially toxic elements entering into the environment.*®

Use of chelating agents is one such method of recovering
metal from aqueous solutions used in mining. Many common
chelating agents are not readily biodegradable and persist in
the environment, thus leading to significant interest in finding
environmentally acceptable bio-derived alternatives.’” B-
diketones are well known for their metal chelation®® and
importantly, long-chain B-diketones have been reported as
major components in waxes from wheat, barley, oats, rye,
eucalyptus, festuca, agropyron and vanilla bean.’**? Hunt et
al. reported the extraction of wax from wheat straw using
supercritical carbon dioxide, with vyields of 1.8% from
biomass.> This work identified the presence of significant
quantities of 14, 16-hentriacontanedione 1, however, limited
research has focussed on the purification and application of
these B-diketone as a metal chelating agents.

Herein, the first reported purification of 1 from wheat
straw wax and testing as bio-derived chelators is presented.
The bio-derived lipophilic B-diketone, 1 was tested in a liquid
biphasic extraction of Ni2+, C02+, cu®** and ¥ in comparison
with acetylacetone, 2, and dibenzoylmethane, 3 (Fig. 1).
Nickel, cobalt, copper and chromium were selected due to
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their use in critical energy applications including nuclear
energy, wind energy, carbon capture & storage, biofuels and
solar energy.4

The lipophilic B-diketone, 1, was isolated using an adapted
method described by Horn et al. previously reporting the
extraction from eucalyptus.13 Through the chelation of 1 with
copper acetate (Cu(OAc),) it was possible to recover a yield of
18 £0.5wt% from wheat straw wax. The 1H-NMR, 13C-NMR, MS
and FTIR spectra of the purified product confirmed this
compound as 1.t

Fig. 1: 14,16-hentriacontanedione (1), (ac)etylacetone (2) and dibenzoylmethane
3

Enolization in B-diketones is a prerequisite for their metal
chelation ability.14 Therefore the keto-enol tautomerism of 1
was investigated in a range of organic solvents including
cyclohexane, toluene, acetone and THF. These studies were
monitored by NMR spectroscopy in comparison to 2 and 3 and
the results of which are presented in Table 1.

The percentage of enol relative to keto for the bio-derived
B-diketone 1 at constant concentration in these solvents is in
the order cyclohexane > toluene > THF > acetone (i.e. 1 gives
highest % enol in cyclohexane). The enolization of the long
chain lipophilic B-diketone in these solvents is consistent with
the results of 2. The extension of the conjugated system in the
enol form of 3 makes this particular diketone more enolizable
than 1 and 2 in the solvents selected, as shown in Table 1.
Generally for B-diketones, the keto tautomers are more
favoured in protic solvents and solvents with higher dipole
moment (a measure of degree of polarizability), while enol
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tautomer predominates in aprotic and non-polar solvents.

The bio-derived lipophilic B-diketone, 1 has also exhibited this
behaviour where polar solvents with higher w (polarizability)
such as acetone and THF provided greater stabilisation of the
keto tautomer while aprotic and non-polar solvents
(cyclohexane and toluene) had an enhanced stabilising effect
on the enol tautomer. More so, cyclohexane and toluene do
not donate H-bonds to the B-diketone and hence 1 forms a
higher percentage of enol in cyclohexane and toluene.

Table 1: Keto- enol tautomerism of the bio-derived B-diketone, 1, in comparison
to acetylacetone, 2, and dibenzoylmethane, 3, in different solvents at 21 °c

*17

Chelator Solvent Tt % enol % keto
Cyclohexane-d;, 0.00 97.15+0.12 2.85+0.12
1 Toluene-ds 0.54 90.45+1.91 9.55+1.91

Acetone-dg 0.71 71.99° 28.01°

THF-ds 0.58 87.76° 12.24°
Cyclohexane-di, 0.00 97.92+0.03 2.08+0.03
2 Toluene-dsg 0.54 92.42+0.04 7.58+0.04
Acetone-ds 0.71 77.89+1.13 22.11+1.13

THF-ds 0.58 76.44" 23.56"
Cyclohexane-di, 0.00 99.50+0.04 0.50+0.04
3 Toluene-dsg 0.54 98.88+0.17 1.12+0.17
Acetone-dg 0.71 97.1610.23 2.850.23
THF-dg 0.58 98.67+0.21 1.34+0.21

1 =14, 16- hentriacontanedione, 2 = acetylacetone and 3 = dibenzoylmethane; o
= Kamlet-Taft polarizability; ® in these entries, acetone sparingly dissolves 1; bin
these entries, THF overlaps with methylene proton peaks in 1 and 2

As the polarizability increases from cyclohexane to acetone,
there is a gradual decrease in the percentage of enol in the B-
diketones. The capacity for 1 to form the enol in cyclohexane is
thus highlighted in its significant ability for metal ion chelation
(supporting information Fig. S4). Therefore, liquid biphasic
(water/cyclohexane) extraction of metal ions with the bio-
derived lipophilic B-diketone, 1, was tested in comparison to 2
and 3. A detailed procedure for the metal extraction is
described in the electronic supporting information. Due to the
relatively low lipophilicity of 2 there was little metal removal
observed with this pB-diketone under the described
experimental conditions. Shigematsu et al. reported that it is
often problematic to compare 2 to lipophilic B-diketones in
metals extraction.'® This is partly attributed to the fact that the
partition coefficient of metal acetylacetonates in most organic
solvents in an aqueous/organic biphasic system is significantly
less than metal chelates of highly lipophilic B-diketones. The
bio-derived B-diketone and 3 are both highly lipophilic and
can therefore be readily used for the extraction of metal ions
to the organic phase in a biphasic system. Results of metal
removal with the bio-derived B-diketone, 1, showed that 86
mg/L and 108 mg/L of Cu®** from Cu(OAc), and CuCl, solutions
respectively could be extracted into the organic phase for
recovery. These results were comparable to 3 which removed
118 mg/L Cu®* from aqueous Cu(OAc), solution and 120 mg/L
cu® from aqueous CuCl, solution at a similar pH of 4-6. The
extraction of Cu®* from Cu(NO3), and CuS0,.5H,0 solutions by
both 1 and 3 were less favoured under these conditions. This
shows that the CI” counter ions in the Cu®" extraction medium
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have enhanced the amount of copper removed compared to
5042' and NO; ions with 1. In addition, it has been reported
that the extraction of Cu®* from 5042' medium using
hydrophobic pyridyl ketoximes was found to be inefficient, but
the extraction was enhanced with added chloride ions."”
Therefore, CI is a suitable ligand to generate extractable and
charge-neutral complexes, [MCI,(L),] as it can act as ligand or
counter ions pair unlike SO42' which is a weak ligand and does
not readily form [MSO42'X(L)n] (Fig.Z).20 This explains why
extraction of some critical metals are preferred from chloride
media.’’ In the same vein, the removal of co® at pH 7 was
effective from an aqueous CoCl, solution in the case of 1 and 3
but was poor from a Co(NOs3), solution due to the counter ion
effect as earlier explained. Meanwhile, the observed amount
of cobalt removed from CoCl, solution with 2 was significantly
lower than that of 1 and 3 as shown in Fig.3. Gerald et al”?
also reported excellent extraction of Cco® from aqueous
CoS0,4.7H,0 using a PB-diketone (1-phenyl-3-methyl-4-(p-
nitrobenzoyl)pyrazolone) in 30 mins contact time with
chloroform, benzene, ethyl acetate and toluene diluents at pH
between 5.5-7.0.”

Fig. 2: Chelating structures of 1 in a metal chloride solution

For the extraction of Ni*" at pH 7.3 from NiCl, solution the bio-
derived B-diketone, 1, removed 112 mg/L Nizf A kinetic study
was used to investigate the extraction of Ni** with chelators 1
and 3. This demonstrated no removal of nickel with chelator 3
over two hours. It has been reported that longer contact times
of up to 3 days are required to extract Ni** with 3.5%
contrast, with the aliphatic B-diketone 1 the recovery of Ni*
was rapid and reached equilibrium within 60 minutes
(Supporting information Fig. S7). This demonstrates that 1 can
chelate to Ni** at a faster rate than observed for 3 because of

In

the increased rate of nickel transfer into the organic phase;
thereby offering significant advantages in processing
efficiency. This adheres to the principle put forward by Wilson
et al. who reported that an ideal chelator should readily
facilitate metal transfer into the organic phase.20

6 mg/L of cr’t at pH of 2.6 was also extracted from an
aqueous CrCl;.6H,0 solution using 1. 3 proved less effective
for Cr** removal, once again due to the long chelation times
and low pH of the aqueous solution. Previous studies report
that a pH higher than 2.58 are required for a better extraction
of Cr** and that the contact time for removal of most metals
with 3 is 4-5 hours.”>?? It has been previously reported that
higher concentrations of 2 (and likely other B-diketones) is
required for the extraction of metals from acidic medium.?

This journal is © The Royal Society of Chemistry 20xx
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It was found that the concentration (mg/L) of Co” removed
from CoCl, solutions was higher than all of the other metals for
1 and 3. This could be attributed to the higher solubility of the
Co”" chelated complex in cyclohexane compared to the other
metals. Cu®* chelates from CuCl, and Cu(OAc), solutions and
Ni** chelate from NiCl, were less soluble and precipitated
readily after 30 minutes of contact time. Due to their solvating
properties, traditional solvents such as toluene, carbon
tetrachloride, dichloromethane,9 chloroform and benzene,22
are often used in the extraction of metals and are typically
regarded as better solvents than cyclohexane in this
application. However, these traditional solvents have highly
negative  environmental and safety considerations.”
Cyclohexane was selected because of its ability to enolize the
bio-derived B-diketone 1, and its improved safety credentials
as compared to traditional organic solvents.
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The metal extraction was tested at varying concentrations of
0.015 M and 0.03 M of Cu”". For 0.015 M initial Cu®* ion, 19 and 25
mg/L were extracted with 1 and 3 respectively. It was found that
increasing the initial cu® ion concentration to 0.03 M the amount
of Cu®* extracted was also increased to 108 and 120 mg/L for 1 and
3. This result is consistent with literature sources for other B-
diketones and metals which observe enhancement with increasing
the initial metal concentration.’ Similarly, the extraction of cu®
found to increase by increasing the concentrations of 1 (supporting
information Fig. S9). This is linked to the fact that the total number
of active chelating sites increased with great concentration of
chelator. The extraction of 0.015 M Cu** was investigated at 20 — 50
c (Supporting information Fig. S10), the results showed that, 26 +4
mg/L, 15 5 mg/L, 10 3 mg/L and 15 +3 mg/L of cu® were
extracted at 20 °C, 30 uC, 40°Cand50 C respectively.

The competitive extraction of Co®™ in the presence of cu® at pH 5
indicated comparable extractions of the two metal ions with 1 and

This journal is © The Royal Society of Chemistry 20xx
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3. 64 mg/L of Cu was extracted with 1 and 3, while 88 mg/L and 59
mg/L Co was extracted by 1 and 3 respectively.

Is noteworthy that the final stage of the isolation of the 14,16-
hentriacontanedione 1 from the wheat straw wax involves stripping
off the Cu with HCl. An ideal chelant should readily release the
metal ion under a changed conditions ready for it to be used
again.20 The acid stripping process was used to recover and reuse of
1 from the cyclohexane phase after the extraction, the recovered B-
diketone was tested a further 2 times with no observed degradation
or loss in activity.

The capacity of the bio-derived B-diketone, 1, to extract
copper and chromium was comparable to petroleum-derived
dibenzoylmethane. Importantly, due to the increased
lipophilicity of 1, shorter contact times and in the cases of NiZ*
and C02+, enhanced recovery was observed compared to 2 and
3. Fast facilitation of metal transfer into the organic phase
using 1, highlight its suitability as an efficient and sustainable
metal chelator. Future studies on the extraction of metals in
real-life waste with 1, will promote the commercial
exploitation of this molecule. It is hoped that the development
of bio-derived chelators from agricultural wastes such as
wheat straw may aid in creating holistic methods for metal
recovery that can be utilised as part of a circular economy.24
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