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Abstract: The use of living plants to recover precious metals with potential catalytic activity is
still at the infant stage. In this study, selective hydrogenation of furfural to furfuryl alcohol using
novel bio-ore catalysts recovered from the end stage of phytomining process is demonstrated. The
phytomining process was carried out in the green house by artificially contaminating cassava (Manihot
esculenta) plant with 500 mg/L palladium (Pd) and platinum (Pt) solutions for a period of eight
weeks. After harvesting, concentrations of metals as high as 78 ± 0.047 and 1276 ± 0.036 µg/g
of Pd and Pt, respectively, were detected in the calcinated root of cassava. The produced bio-ore
catalysts; @PdCassCat and @PtCassCat were fully characterized with the following techniques:
transmission electron microscopy (TEM), scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM-EDX), powder X-ray diffraction (pXRD), N2-sorption, and UV-visible
spectroscopy techniques and directly applied as catalysts for hydrogenation of furfural to furfuryl
alcohol. The reaction was conducted under an optimized condition (furfural (10 mmol), triethylamine
(Et3N) (10 mmol), formic acid (20 mmol), temperature (160 ◦C), catalyst amount (40 mg)) realizing
a yield of 76.5% and 100% furfuryl alcohol using @PdCassCat and @PtCassCat, respectively. The
catalytic activities of the @PdCassCat and @PtCassCat were excellent as well as recyclable up to four
and five times, respectively.

Keywords: phytoextraction; platinum group metals; furfural; furfuryl alcohol; bio-ore; hydrogenation;
heterogenous catalysts

1. Introduction

Ore exploitation and mining operations of precious metals such as platinum group
metals (PGMs) have been carried out since the emergence of civilization, contributing
significantly to the development of mankind [1]. This process has dire environmental con-
sequences especially when conducted through conventional mining techniques (most often
via underground, open surface (pit), placer, and in-situ method) [2]. Mining in South Africa
contributes tremendously to the socio-economic development, with regard to the actual
minerals being extracted and in the creation of job opportunities [3]. Notwithstanding,
the aftermath of this operation include environmental disruptions that cause land/soil
pollution, health, and safety concerns [4].

Plant-based technology like phytomining, could portray an innovative environmen-
tally friendly cheap technology for the selective recovery of these precious metals in not
only complementing the existing technological approach but also restoring the lost vitality
to the ecosystem [5,6]. Various high biomass plant species termed hyperaccumulators [7–9],
have been tested in the past mostly at the laboratory and/or pilot scale level for valu-
able metals (like gold (Au), nickel (Ni)) recovery [6,8]. But these reports have shown
that most precious metals like palladium (Pd) and platinum (Pt) are non-bioavailable to
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plants [8,10,11]; as such, usually being aided by chemical amendment method-lixiviants
(such as potassium cyanide, potassium bromide, thiocyanate, and ammonium thiosulfate
to mention few) [11,12]. Nevertheless, the costs of phytoextraction coupled with lixiviants
to smelting process stage may not be financially appealing. Besides, the detrimental effects
associated with cyanide application in the environment can never be overemphasized.

The possibility of natural metal accumulating plants like cassava (Manihot esculenta)
releasing metal-chelating agents (cyanogens) to the rhizosphere, which act to solubilize
and thereafter chelate with the target metals strongly bound to the soil have been proven to
be profitable [13,14]. The potential of these plants to form metallic nanoparticles (NPs) as
an outcome of phytomining could make the recouped metal ideally suitable for utilization
in green chemical technologies, like catalysis [15]. So far two studies have demonstrated
this [12,16], using chemical amendments (cyanides). To this end, there is a need to develop
a field suitable, high biomass natural hyperaccumulators to extract PGMs and produce a
plant-based catalyst for use in green chemical reactions.

The global utilization of non-renewable fossil fuels and petrochemicals is rapidly
overwhelming leaving the earth’s fixed resources at a constant depleting rate [17]. It is
difficult to appraise their depletion rate, which is the key source of carbon-based building
blocks; the environmental and sustainability issues have inspired growing attention to the
understanding and application of alternative basic chemicals [18]. The use of lignocellulosic
biomass for the formulation of biofuels is attracting attention from industrial and scientific
corners; and furfural, (a main component in bio-oil) is one of the many intermediate
derivatives that can be obtained from renewable biomass for the production of different
important fine chemicals [19]. Subject to the catalyst being used, hydrogenation of furfural
can generate a wide range of industrially important chemicals, for example, furfuryl
alcohol, 2-methylfuran, furan, cyclopentanone, tetrahydrofurfuryl alcohol [20–22]. Of these
chemicals, furfuryl alcohol is the most popular.

Until now, the commercial production of furfuryl alcohol from furfural has been
achieved via copper chromite-catalyzed reaction under harsh operating conditions [23,24],
not to mention the utilization of the toxic chromium (Cr) with serious environmental issues
(associated with the preparation, handling, and disposal) [25,26]. In the past, precious
metal catalysts such as supported Pd and Pt have been reported to be active in aqueous
phase hydrogenation of furfural [27–29]. However, the scarce nature and the competitive
cost is a key set back to the use of these valuable metals. For this reason, it is pertinent
to develop a cost-effective and environmentally benign catalyst that could efficiently and
selectively convert furfural to furfuryl alcohol in mild condition. Herein, we described the
hydrogenation of furfural to furfuryl alcohol with cheap, environmentally friendly bio-ore
catalysts sourced from pilot scale phytomining experiment conducted in the green house.

2. Experimental
2.1. Materials and Chemicals

All reagents/chemicals used throughout the method development were of analyti-
cal grade and high-purity de-ionized water (18.2 MΩ cm−1) (Millipore Milli-Q, Bedford,
Boston, MA, USA) was used for dilution of the standards, preparation of samples, and for
rinsing the glassware after soaking in 10% nitric acid (HNO3) for 24 h. The HNO3 (65%,
Suprapur®, Merck, Darmstadt, Germany), hydrochloric acid (HCl) (37%, Sigma-Aldrich,
Burlington, MA, USA), and hydrofluoric acid (HF) (40%, AAR grade, SMM Instruments,
Johannesburg, South Africa), were utilized for digestion of samples. Palladium chloride,
and potassium tetrachloroplatinate (II) were purchased from Sigma-Aldrich (Johannes-
burg, South Africa) and were all used as received for contamination purpose. Both stock
standards used during inductively coupled plasma-optical emission spectrometry (ICP-
OES) analysis including Pd and Pt were ICP-standard grade, containing 1000 mg/L stock
solutions in 2%–3% (v/v) HNO3 were obtained from Merck, Germany and used for the
preparation of calibration standards. Furfural, triethylamine, formic acid, potassium hy-
droxide (KOH), pyridine, deuterated chloroform (CDCl3), and dimethylformamide (DMF)
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were also purchased from Sigma-Aldrich (Johannesburg, South Africa) and used as re-
ceived for catalysis purpose. In all the experimental operations, the repeatability and
reproducibility were conducted in triplicates starting from growing the cassava plant till
catalysis performance test.

2.2. Plant Growth

The Manihot esculenta was grown from the cuttings of stem on a rich compost potted
mix soil in the Department of Botany, University of Johannesburg, Auckland Park, South
Africa. After maturity, the plant was re-propagated in the greenhouse section of the
department in twelve different 25 L plastic pots containing the same rich loamy compost
soil. The plants were watered in every two days interval and the growth was monitored.
The glasshouse temperatures were controlled between 14 ◦C (night) and 25 ◦C (day). The
cooling system was initiated at temperature above 27 ◦C in the day and above 20 ◦C at
night. After sufficient growth was observed for a period of six months, five in each case of
the potted plants were contaminated with 500 mg/L of Pt and Pd solutions intermittently
for eight weeks (a liter per week). The other two potted cassava plants were used as control
system, with continual watering using tap water. At the end of the eighth week, all the
plants were harvested, thoroughly rinsed, cut into parts/organs (leaves, stems and root),
dried under room temperature and finally crushed and grinded to a powder using NIMA
electric grinder (Japan) and an agate mortar and pestle. The mixture was thereafter stored
in brand new 50-mL centrifuge plastic tubes until analysis.

A 0.5 kg composite representative soil sample in each case was taken equally from each
potting mix, dried separately, ground, and stored in a new centrifuge bottle until analysis.

2.3. Digestion Procedures

A 0.1 g of plant sample was accurately weighed into a dry microwave digestion
vessel. A 6.0 mL of 37% HCl as well as 2.0 mL of 65% HNO3 was added slowly to the
vessel. The vessels were closed and mounted to the CEM Corporation MARS 6 microwave
digestion system (CEM Corp., Matthews, Nelson, New Zealand) for digestion according to
the following heating pattern: (i) Ramping for 25 min with maximum control pressure and
power of 800 psi and 1800 W, respectively; (ii) holding at maximum temperature of 200 ◦C
for 10 min, and subsequent cooling to 55 ◦C. A set of six reagent blanks in each case were
prepared with each batch of the sample containing all the reagents excluding the plant
and soil samples. Subsequently, the vessels were evacuated, cooled in the fume hood, and
vented gradually so as to let off the built pressure.

For soil samples, 0.1 g of the sample was acid-digested using a blend of 6.0 mL 37%
HCl, 2 mL 65% HNO3, and 2 mL 40% HF in a high-pressure microwave system following a
previously reported method [30]. Finally, the resulting clear digested sample solutions were
let to cool to room temperature in the fume hood, the cooled solutions were then filtered
using 0.45 µm membrane filters (Sigma Aldrich, Burlington, MA, USA), quantitatively
transferred to 50 mL volumetric flask, and diluted up to the mark with ultrapure water.
Solutions were then analyzed by inductively coupled plasma-optical emission spectrometry
(ICP-OES) using a Spectro Arcos ICP-OES FSH-12 instrument (Analytik, Jena, Germany).
Details of the instrumental operating conditions are shown in Table 1.

2.4. Formation of the Catalyst

In order to produce the catalyst, ground plant samples with highest concentration
(root) was calcinated/bio-charred using 909 Scientific Furnace (Lenton Furnaces, Sheffield,
UK) at 300 ◦C under air as previously described with slight modifications [16].

2.5. Digestion of Calcinated Plant Samples

The resulting bio-ore samples from both contaminated (Catalyst—@PdCassCat &
@PtCassCat) and control biomass samples were digested following the same method as
described above for digestion of plant samples.
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Table 1. Operating conditions of ICP-OES.

Parameters Setting

RF generator power 1400 W
Generator of radio frequency 40 MHz

Plasma argon flow rate 12.02 L/min
Auxiliary argon flow rate 1.00 L/min
Nebulizer argon flow rate 0.80 L/min

Sample uptake rate 1.00 mL/min
Inner diameter of the torch injector 2.00 mm

Nebulizer type Perkin-Elmer cross flow
Type of spray chamber Double pass Scott spray chamber
Measurement replicates 3

Element Pd 340.458 nm
Pt 214.423 nm

2.6. Catalyst Characterization

To determine the internal structure, surface morphology, elemental composition, and
particle size of the samples, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) analysis were performed using high resolution transmission electron
microscope (HRTEM: JEOL-JEM-2100F, JEOL Ltd., Tokyo, Japan) with an accelerating
voltage of 200 kV and scanning electron microscope (VEGA 3 TESCAN, Brno, Czech)
coupled with an energy dispersive X-ray (EDX) analyzer with a high voltage of 20 kV,
respectively. For TEM analysis sample preparation, both the catalyst and the control
samples were ultrasonically suspended in ethanol and a solution drop was deposited onto
the copper (Cu) grid. The solvent was allowed to evaporate before being mounted to
the instrument. Particle sizes were determined by analyzing HRTEM images obtained by
ImageJ software. Prior to SEM analysis, the samples were carbon-coated on an aluminum
plate using Quorum Q300T (Quorum Technologies, Lewes, UK) carbon coater system.

The pXRD analysis was performed on a PANanalytical X’perto PRO X-Ray diffrac-
tometer (Malvern PANalytical Ltd, Almelo, The Netherlands) equipped with Cu Kα1
radiation source (λ = 0.154 nm). X-ray patterns were recorded in a range from 4 and
90 (◦2θ) with a scan speed of 0.0244◦/s and step size 0.0167 (◦2θ). The UV−Vis spectra
were obtained with a Shimadzu UV1800 spectrophotometer (Japan) using ethanol as blank.

For nitrogen adsorption-desorption isotherms examined using a Belsorp-max, the mean
pore diameter, pore volume, and surface area were estimated using Brunauer-Emmett-Teller
(BET) and Barrett–Joyner–Halenda (BJH) techniques (Micromeritics ASAP 2460, Micromerit-
ics Instruments Corporation, Norcross, GA, USA). Before the experiment, the samples were
degassed at 90 ◦C for 18 h.

2.7. Catalytic Reactions
2.7.1. Catalytic Reaction Procedure for Transfer Hydrogenation Reaction

The catalytic tests were performed following the method as described by Moyo et al. [31],
with slight modification. In a typical experiment, a substrate- furfural (10 mmol), a
base (triethylamine) (10 mmol), catalyst (20 mg: 1.46 × 10−5 mmol of @PdCassCat and
4.74 × 10−4 mmol for @PtCassCat), and hydrogen source, formic acid (20 mmol), were
sequentially placed into a 50 mL autoclave reactor. The temperature was set for the needed
length of time with a stirring speed of 1000 rpm and the reaction mixture was heated
accordingly after purging five times with nitrogen (N2) gas. Subsequently, the reactor
vessel was cooled, and the built pressure was released through the reactor valve. A portion
(50 µL) from the content was thereafter analyzed by 1H NMR spectroscopy.

2.7.2. NMR Studies

The 1H NMR spectra were recorded on a Bruker Ultrashield 500 MHz spectrometer
in chloroform. The spectrometer values were reported relative to the internal standard
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dimethylformamide (δ 0.00). All chemical shifts were reported in ppm. The conversion of
furfural was calculated as follows:

Conversion(%) =
mmol of furfural converted

mmol of furfural fed
× 100% (1)

2.7.3. Catalyst Recycling Study

The reusability of the catalyst was carried out based on the method described by
Wu et al. [32], with slight modification. The @PdCassCat and @PtCassCat catalyst were
filtered, washed five times with ethanol, dried at 80 ◦C under N2 for 12 h, and thereafter,
reused at the same reaction conditions. To validate the repeatability and reproducibility of
the results, the test was repeated in triplicates and the average values were taken.

3. Results and Discussion

Both subject and control plants for Pd and Pt trials grew significantly for the period of
six months until contamination of the subjects began. Compared to the control (Figure 1a),
visible phytotoxic appearance was observed at the end of the fifth week (Figure 1b) of
contamination resulting in yellowish leaves, clear necrosis/chlorosis, which prolonged to
the final death of the plants at eighth week (Figure 1c). The undertaken plants took up both
Pd and Pt metals. The average concentrations of Pd and Pt in the soil and plant organs
(leaves, stems and roots) of Manihot esculenta plant are presented in Tables 2 and 3. In both
experiments, the roots contained the highest concentration of Pd (78 ± 0.047 µg/g) and
Pt (1276 ± 0.036 µg/g). The Pd contents in leaves and stem portions of the contaminated
plants, however, displayed lower concentrations of Pd, lesser than the limit of detection
(LOD) (0.0026 µg/g) as well as that from the control plant. The Pt concentration was higher
in the leaves (264 µg/g) compared to the stem (106 µg/g). As usual, those found in the
control plants were lower than the concentration revealed by the LOD (0.036 µg/g). Though
there may not be practical evidence to support the differing rate of natural metal uptake
and translocation pace since both subject plants were exposed to the same greenhouse
conditions and individual metal concentrations (500 mg/L). However, the results of this
study has further corroborated the hypothesis that PGMs are extensively accumulated in
the roots and partly transported to shoots (leaves) [33–35]. Similarly, Alcantara et al. [13]
reported same trend in the fibrous roots of cassava grown on mercury (Hg) and Au-
containing mixture of biosolids and mine tailings.

Figure 1. Representative cassava plant samples at various stages (a) control/uncontaminated sample (b) fifth week period
and (c) at eighth week period of contamination.

Figure 2a,b shows the TEM and HRTEM images of both @PtCassCat and @PdCassCat,
respectively confirming the presence of Pt and Pd nanoparticles. The micrographs revealed
highly dispersed spherical Pt and Pd (NPs) anchored on the carbonaceous support in both
catalysts desirable for catalysis applications. Further examination using image J software
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represented by upper histogram (Figure 2(a2,b2)) of @PtCassCat and @PdCassCat showed
the particle size distributions in the range of 1–12 nm with an average particle size of
3.2 ± 1 nm. The control sample (Figure 2(c1,c2)) however displayed a darker amorphous
layer of carbon support as there were no deposited metal on the surface.

Table 2. Total concentrations of Pd in the calcinated cassava plant organs and soil.

Plant Organs Amount Uptake (µg/g) Percentage Uptaken Control

Leaf ≤0.0026 ≤0.0026 ≤0.0026
Stem ≤0.0026 ≤0.0026 ≤0.0026

Adventitious root 78 ± 0.047 22 ≤0.0026
Soil 356 ± 0.091 __ ≤0.0326

Total Uptaken by Plant 78 ± 0.047 22%
“__”: Not applicable.

Table 3. Total concentrations of Pt in the calcinated cassava plant organs and soil.

Plant Organs Amount Uptake (µg/g) Percentage Uptaken (%) Control

Leaf 264 ± 0.071 11 ≤0.036
Stem 106 ± 0.005 4.4 ≤0.036

Adventitious root 1276 ± 0.035 53 ≤0.036
Soil 2408 ± 0.046 __ ≤0.042

Total Uptaken by Plant 1646 ± 0.111 68.4
“__”: Not applicable.

Figure 2. TEM/HRTEM micrograph of Pt and Pd nanoparticles in the Biochar of (a1,a2) @PtCassCat,
(b1,b2) @PdCassCat and (c1,c2) control biochar sample.
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The SEM micrographs of @PdCassCat and @PtCassat (Figure 3a,b) revealed their
porous structure comprising of networks of irregular block rough surface linked with
hollow structures, which allow rapid diffusion of the catalyst in and out of the surface
compared to the control with closed surface structure (Figure 3c) indicating the absence of
both Pd and Pt as shown on the EDX micrograph (Figure 3d).

The EDX mapping images (Figures 4 and 5) confirm that the Pd and Pt metals were
homogeneously dispersed in the carbonaceous support. The signal from Pd and Pt was
detected throughout the entire catalysts in each case which shows that Pd and Pt particles
were incorporated inside the @PdCassCat and @PtCassCat surface. Other elemental
components captured on the mapping including calcium (Ca), sulfur (S), magnesium (Mg),
sodium (Na), phosphorous (P), oxygen (O), carbon (C), and potassium(K) are all part of
essential minerals chiefly found in plants.

Figure 3. Cont.
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Figure 3. SEM micrographs of the biochar of (a) @PdCassCat, (b) @PtCassCat, (c) control sample,
and (d) EDX of the control.

The pXRD of @PdCassCat along with pure PdCl2 and @PtCassCat with K2PtCl4 are
shown in Figure 6a,b, respectively. The obtained diffractograms depict the crystallinity of
the catalysts. The XRD analysis of the @PdCassCat indicated the characteristic diffraction
peaks of pure crystalline Pd nanoparticles found at 2θ values of 40.1◦, and 81.5◦. The
observed peaks correspond to the lattice planes (111) and (311) indexed to a face central
cubic structure. These are in agreement with the values reported for face-centered cubic
of Pd NPs [36,37]. This further confirmed that the biochar catalyst contains Pd NPs
corroborating the TEM report. Similarly, the XRD pattern shown in Figure 6b confirms
the formation of Pt NPs. The diffraction peaks of @PtCassCat found at 2θ values of 39.82◦,
46.22◦ are consistent with (111) and (200) crystalline planes, respectively specifying a
single-phase Pt with a face-centered cubic structure.
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Figure 4. EDX mapping images of @PdCassCat.

To further validate the chemical states of Pd and Pt species in the bio-ore, UV-Vis
analysis were carried out. Figure 7a–c shows UV-visible spectra of Pd and Pt NPs and
their precursors (PdCl2 and K2PtCl4). The UV-visible spectrum of the PdCl2 (Figure 7a)
shows a distinct absorption band at 426.5 nm due to the absorption of Pd2+ ions [38,39].
These peaks were absent in the catalyst (@PdCassCat) indicating the complete reduction of
Pd2+ to Pd0 (NPs). This value is in agreement with literature reports on green synthesis of
Pd NPs from PdCl2 [36,40–42]. Figure 7c shows the UV-visible spectrum of the reduced
platinum tetrachloride that was used to prepare a solution for artificial contamination
of the plant. For @PtCassCat, the peak at wavelength 485 nm found on the K2PtCl4
(Figure 7b) was absent; instead, a flat continuous absorption was observed, indicating the
complete reduction of Pt2+ ions to Pt0 (Pt NPs). This result agrees with previous literature
reports [43]. The issue of nanoparticle accumulation by plants is very complex. However,
it has been proposed that nanoparticles source in plant could either be through: direct
accumulation of nanoparticles or reduction of metal ions taken up [44,45]. We hypothesized
that cyanogen-rich plants like cassava as used herein are capable of exuding their cyanides,
that complexed with Pd2+ and Pt2+ in the soil through the root cell walls, where reduction
occurs and thus resulting in a lesser amount being available for transport to the aerial parts
of the plant.
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Figure 5. EDX mapping images of @PtCassCat.

Figure 6. pXRD diffraction patterns of (a) @PdCassCat and PdCl2 and (b) @PtCassCat and K2PtCl4.
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Figure 7. UV-Vis absorption spectra of (a) PdCl2 and Pd NPs in @PdCassCat (b) K2PtCl4 and (c) Pt NPs in @PtCassCat.

Table 4 and Figure 8 depict the textural features and adsorption/desorption isotherm
curves of the two catalysts, @PdCassCat, @PtCassCat and their control biochar samples.
As shown in Figure 8a,b, both catalysts showed larger pores mostly within the mesoporous
range characteristic of type IV isotherm [46] with a high surface area (of 4.92 and 12.5 m2/g
for @PdCassCat and @PtCassCat, respectively) compared to the control sample (3.96 m2/g).
Similarly, both catalysts have H3 type hysteresis loops [47], according to International
Union of Pure and Applied Chemistry (IUPAC) classification, indicating the presence of
“slit pores” from layered aggregates. The incorporation of Pd and Pt into the biomatrix
could be the reason for the increased pore size and surface areas on the path of both
catalysts. This facilitates catalysts dispersion and invariably may relieve the reactants and
products diffusion limitations in the process.

Table 4. Physicochemical characteristics of @PtCassCat, @PdCassCat, and control biochar sample.

Sample SBET (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) Metal Loading *(wt%)

@PtCassCat 12.50 0.933 30.39 0.24
@PdCassCat 4.92 0.579 29.70 7.8 × 10−3

Control 3.96 0.560 28.40 0

*: ICP-OES analysis.
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Figure 8. N2 adsorption-desorption isotherms of (a1) @PdCassCat, (b1) @PtCassCat and control, and BJH pore size
distribution of (a2) @PdCassCat, (b2) @PtCassCat, and control sample.

3.1. Catalysis: Transfer Hydrogenation of Furfural
3.1.1. Catalytic Activity of @PdCassCat and @PtCassCat

Having characterized the catalysts, the catalytic activity in the transfer hydrogenation
of furfural to furfuryl alcohol was then evaluated. Effect of different bases, temperature
variations, catalyst loading, and reaction times were investigated (Table 5). The choice
of formic acid as hydrogen source was based on the previously established method [31].
Foremost, the catalytic activity of the @PdCassCat was tested using three bases namely:
potassium hydroxide (KOH), pyridine, and triethylamine over a 24 h period (Figure 9).
Of the three employed bases, only triethylamine yielded product with conversion of
44.5% at a fixed temperature of 140 ◦C. Similar trend was observed by Moyo and co-
workers who studied the mechanism of Pd(II)- and Pt(II)-catalyzed selective synthesis of
furfuryl alcohol [31]. Thereafter, the performance of @PtCassCat catalyst was checked in
triethylamine base (Table 5, entry 4) under the same condition (20 mg (2.47 × 10−4 mmol),
160 ◦C, 24 h). Apparently, @PtCassCat showed high catalytic activity with 100% conversion
(Figure S1). When compared with @PdCassCat (0.0078 wt%), it could be said that the total
conversion experienced with Pt catalyst may be due to higher catalyst loading (0.24 wt%).
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Table 5. Hydrogenation of furfural to furfuryl alcohol.

Entry Catalyst Base Temperature
(◦C)

Reaction
Time (h)

Catalyst
Amount (mg)

Conversion
(%) TON TOF (h−1)

1 @PdCassCat KOH 140 24 20 0 0 0
2 @PdCassCat Pyridine 140 24 20 0 0 0
3 @PdCassCat Et3N 140 24 20 44.5 305,358 25,446
4 @PtCassCat Et3N 140 24 20 100 40,607 1692
5 @PdCassCat Et3N 100 24 20 9.4 64,384 2683
6 @PdCassCat Et3N 120 24 20 34.1 233,762 9740
7 @PdCassCat Et3N 160 24 20 61.2 419,304 23,294
8 @PdCassCat Et3N 160 24 10 2.3 31,369 1307
9 @PdCassCat Et3N 160 24 30 57.1 258,447 10,769

10 @PdCassCat Et3N 160 24 40 76.5 261,986 10,916
11 @PdCassCat Et3N 160 24 50 71.9 196,986 8207
12 @PdCassCat Et3N 160 6 40 32.4 11,113 1852
13 @PtCassCat Et3N 160 6 40 100 20,852 3475
14 @PdCassCat Et3N 160 12 40 41.3 141,438 11,786
15 @PdCassCat Et3N 160 18 40 73.2 250,684 13,927

Reaction conditions: furfural (10 mmol), base (10 mmol), formic acid (20 mmol), temperature (100–160 ◦C), time (6–24 h). Conversion is
worked out by NMR spectroscopy using the previously stated equation; TON = mmol of furfural/mmol of catalyst; TOF = TON/time.

Figure 9. Conversion of furfural as a function of base. Conditions: furfural (10 mmol), base (10 mmol),
formic acid (20 mmol), temperature 140 ◦C, @PdCassCat catalyst amount (20 mg), time (24 h).

Having established this, the influence of reaction temperature on furfural conversion
was then examined (Figure 10). Noticeably, furfural conversion increased significantly
from 9.4 through to 61.2% (100–160 ◦C). Increasing the temperature favored more furfural
conversion, however this may be economically unappealing considering the cost of energy.
Besides, increasing reaction temperature may also provoke the dehydration of the product
(alcohol) [48]. However, the activity is excellent when compared against laboratory syn-
thesized non-conventional catalysts [49,50]. On this basis, it was concluded that furfural
hydrogenation was favored at 160 ◦C.

With increasing catalyst (@PdCassCat) loading from 10, 20, 30, to 40 mg, the conversion
in 24 h increased as anticipated from 2.3%, 44.5%, 57.1%, to 76.5%, respectively (Figure 11).
However, a diminution in conversion was observed when the loading was 50 mg. It is
worthy to mention as determined by ICP-OES (Table 2) the infinitesimally low nature of
Pd catalyst loading in our biochar (20 mg ~ 7.8 × 10−3 wt%). Silva and co-workers used
2.0 wt% Pd catalysts supported on different hydrophilic or hydrophobic carbonaceous
substrate for furfural conversion and achieved 75% [51]. In this work, the amount of bio-ore
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catalyst precursor was more nearly hundred and thirty times less (40 mg ~ 0.0156 wt%) but
still gave a higher conversion (76.5%) of furfural notwithstanding the longer duration.

Figure 10. Influence of the reaction temperature on furfural conversion. Conditions: furfural
(10 mmol), base (Et3N) (10 mmol), formic acid (20 mmol), @PdCassCat catalyst amount (20 mg),
time (24 h).

Figure 11. Effect of @PdCassCat loading. Conditions: furfural (10 mmol), base (Et3N) (10 mmol),
formic acid (20 mmol), temperature 160 ◦C, time (24 h).

To examine the effect of reaction time on the furfural conversion, the reaction was
performed at a constant optimum temperature of 160 ◦C and catalyst loading of 40 mg
for both catalysts in the time range of 6–24 h (Figure 12). The conversion increased with
an increase in reaction time with 100% selectivity toward furfuryl alcohol. The difference
between 18 and 24 h yield for @PdCassCat catalyst was not significant, hence the optimal
time was selected as 24 h. The @PtCassCat catalyst yielded total conversion (100%) (Table 5,
entry 13) even at shorter reaction time of six hours. It has been reported in the literature
that the use of conventional Pt catalysts for furfural hydrogenation demonstrated selective
hydrogenation of furfural over Pt (Pt: 0.5 wt%) based catalysts supported on modified
multiwalled carbon nanotubes and with the highest conversion and selectivity of furfuryl
alcohol with a yield of 87.4%; however, in this study a total conversion was achieved with
a lower bio-ore Pt catalyst loading of 0.24 wt% [49].
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Figure 12. Influence of reaction time on furfural conversion. Conditions: furfural (10 mmol), base
(Et3N) (10 mmol), formic acid (20 mmol), temperature 160 ◦C, @PdCassCat catalyst amount (40 mg).

The control biochar sample however gave no conversion at optimum condition (Figure S2).

3.1.2. Catalyst Reusability

Catalyst recyclability in heterogeneous catalysis is very important from the cost point
of view. In this study, the recycled catalysts exhibited good stability and selectivity for
furfural hydrogenation under the optimum conditions and was reused up to four times for
@PdCassCat (Figure 13) and five times for @PtCassCat (Figure 14). The main reason for
the drop in yield was solely due to loss in catalyst mass, which occurred during recovery
(washing/filtration) from 40 mg used initially to 6.43 mg in the fourth run. Similar drop
was observed with @PtCassCat catalyst.

Figure 13. Catalyst recycling study of @PdCassCat catalyst. Reaction conditions: furfural (10 mmol),
base (Et3N) (10 mmol), formic acid (20 mmol), temperature (160 ◦C), time (24 h).



Minerals 2021, 11, 895 16 of 19

Figure 14. Catalyst recycling study of @PtCassCat catalyst. Reaction conditions: Furfural (10 mmol),
base (Et3N) (10 mmol), formic acid (20 mmol), temperature (160 ◦C), time (24 h).

4. Conclusions

This study demonstrates an interesting case for plant-synthesized Pd and Pt bio-
ore with proven catalytic functions of the nanoparticle-rich matrix, which promote the
conversion of renewable biomass precursor (furfural) into valuable chemicals like furfuryl
alcohol. These results on furfural hydrogenation are promising to realize a total conversion
with @PtCassCat (0.24 wt%) and 76.5% with @PdCassCat (0.0156 wt%). The phytomining
process, which involves not only restoring our lands but also regaining scarce and lost
minerals such as PGMs, demonstrates sustainability and eco-friendly protocol, culminating
in a positive step toward saving our climate from rising pollution and worsening energy
crises caused by excessive exploitation and depletion of fossil fuels. To the best of our
knowledge, this is the first report on selective hydrogenation of furfural to furfuryl alcohol
using bio-ore catalyst derived from phytomining technology.

There is still further work to undertake, like practicing the phytomining on commercial
scale with already established/proven plant and exploring other similar substrates apart
from furfural in catalysis technology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11080895/s1, Figure S1: 1H NMR spectrum with (@PtCassCat) showing total conversion
of furfural (FF) to furfuryl alcohol (FA), Figure S2: 1H NMR of control biomass sample without
product formation.
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