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Upcycling of spent heavy metal functional carbon adsorbents for use in catalytic applications must be
considered to avoid hazardous wastes and to develop circular economies. In this study, amino-Brgnsted
acid precursor functional biocarbons were prepared by the hydrothermal-ammonia carbonization of
biomass and subsequent mechanochemical modification with L-cysteine. Mix ball-milling of
hydrothermal-ammonia-carbonized solids with L-cysteine afforded biocarbon materials with three kinds
of sites, namely amino-functional, Brensted acid precursor, and metal ion binding. The adsorption of
Ni2* metal onto biocarbons was high (Qn, > 313 mg g%) and the spent adsorbents could be upcycled by
the oxidation of Brgnsted acid precursor sites (—SH groups) with H,O, and applied as catalysts for C5/C6
carbohydrate dehydration—oxidation reactions. In an ionic liquid [BMIM]CI reaction phase, the spent

adsorbent catalyzed the conversion of C5 carbohydrate substrate xylose to furoic acid and furfural in
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Accepted 22nd February 2023 yields of 46.2% and 24.7%, respectively, while C6 carbohydrate substrates, fructose and glucose, afforded

5-hydroxymethylfurfural in yields of 71% and 24%, respectively. The preparation procedure for amino-
DOI: 10.1039/d35u00004d functional biocarbons allows heavy metal recovery from wastewater and upcycling of spent materials to

rsc.li/rscsus catalysts for carbohydrate dehydration—oxidation reactions.

Sustainability spotlight

Advanced materials for the removal of heavy metals from aqueous bodies are necessary to maintain clean water (SDG6) and to prevent environmental
contamination (SDG14-15); however, their production, processing, recycle and reuse have problematic material intensity issues. Herein, through collaboration
between China and Japan (SDG17), we demonstrate the transformation of biomass-derived materials via ammonia-water treatment and subsequent ball-milling
with amino acids for producing functional biocarbon adsorbents for heavy metal recovery that is followed by upcycling of the spent adsorbents via H,O,
oxidation to catalysts (SDG12) that are effective in a [BMIM]CI ionic liquid reaction phase for the conversion of C5 carbohydrates into furoic acid as food
additives, flavors or monomers (SDG2) and C6 carbohydrates into 5-hydroxymethylfurfural as a platform chemical (SDG7).

many products derived from biomass, carbonaceous materials
known as biocarbons and biochars have gained popularity for
use in catalysis, energy and environmental applications.?
However, with the growth of industrialization in numerous

1. Introduction

Biomass is a versatile sustainable resource that can be used to
produce platform chemicals from energy crops,* biofuels from

agricultural wastes,” functional biocarbons from plant-derived,
animal-derived or municipal solid wastes® or lignin-based
adsorbents from paper industry black liquors.” Among the
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countries, heavy metal contamination due to industrial activi-
ties is becoming one of the focal points for material recycling.®”
Although nickel is one of the most common heavy metals used
in industry (e.g. electrical appliances, manufacturing, batteries,
and leather tanning),® it has severe effects on human health.®
Compared with other methods such as coagulation,” ion
exchange,’ and membrane separation,™ adsorption methods
are energy efficient and economic, and useful for the removal of
Ni** from wastewater.'> However, existing papers give limited
information on the separation of Ni** by carbon adsorbents
compared with studies on other heavy metals (e.g. chromium,
cadmium or mercury).® Most hydrothermal carbonaceous
materials prepared from renewable biomass resources require

© 2023 The Author(s). Published by the Royal Society of Chemistry
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high-temperature carbonization and activation for the prepa-
ration of activated carbons (ACs) for wastewater treatment.***
However, renewable functionalized biocarbons (e.g. COOH, OH,
and amino groups) prepared by the same methods may cause
considerable pollution in their processing steps including
regeneration of carbons produced by hydrothermal
methods."*** Traditionally, inorganic acids (e.g. hydrochloric
acid) or organic acids (e.g. oxalic acid and citric acid) have been
used to desorb and regenerate biocarbon adsorbents,® all of
which lead to considerable environmental pollution. Therefore,
recovering these metals directly from the spent adsorbent solids
creates much liquid wastes, and hence, sustainability dictates
that the spent materials be recycled in a different way, which is
denoted as upcycling in this work, since the chemical process
step of catalysis occurs upstream rather than downstream as in
the final waste treatment step. Upcycling has been reported for
the production of copper nanoparticles from acid mine
drainage,'® development of chitosan-based aerogel adsorbents
from soot particles,"” synthesis of hydrogel ion exchange media
from waste plastics and simultaneous H, fuel production and
CO, capture from polyethylene terephthalate (PET) wastes." In
this study, upcycling of bifunctional catalysts from spent heavy
metal functional biocarbon adsorbents for platform chemical
production is demonstrated.

Hydrothermal carbonization as well as wet torrefaction has
been used to produce functional carbon materials from
renewable carbohydrates such as fructose, glucose, cellulose
and raw biomass feedstocks.>*** Hydrothermal carbonization
involves hydrolysis, dehydration, and decarboxylation reac-
tions, which result in carbon materials with oxygen-containing
functional groups (-COOH and -OH).**> Functionalized hydro-
thermal carbonaceous materials are efficient for the conversion
of C5/C6 carbohydrates into chemicals, and they can be
designed to contain Brensted acid sites (-SO;H) depending on
the additives.?***

Selective dehydration and oxidation of renewable carbohy-
drates to acids are some of the most important chemical
transformation steps in biomass processing.>® Several products
that can be obtained via the oxidation of furfural and 5-
hydroxymethylfurfural are furoic acid,® 2,5-furandicarboxylic
acid®® and succinic acid,* which have application in cosmetic,
polymer, and pharmaceutical industries. Furoic acid is widely
used as a flavoring and preservative agent, and 2,5-
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furandicarboxylic acid is an intermediate monomer in the
synthesis of polyethylene furoate to replace petrochemical-
based monomers.”*® In general, the selective oxidation of
furfural and 5-HMF requires the presence of noble metal-
supported catalysts.”® Indeed, the direct conversion of C5/Cé
carbohydrates into furoic acid using an acid-oxidation catalyst
is still a challenge. N-heterocyclic carbene-based materials have
been found to be active in the selective oxidation of various
furan-based aldehydes.”” In a previous study, N-functional bio-
carbons were synthesized by the hydrothermal carbonization of
biomass and were shown to effectively adsorb levulinic acid and
5-hydroxymethylfurfural.**

In this study, functional biocarbons were prepared by the
hydrothermal-ammonia carbonization of cellulose using
ammonia-water solutions (Fig. 1, step 1). In general, the
adsorption performance capacity of a solid for a metal increases
with the increase in solution basicity. Alternatively, -SO;H
groups in a carbonaceous material can be expected to lower the
adsorption capacity for a metal. To overcome this limitation,
the proposed biocarbons developed in this work introduce
Brgnsted acid precursor sites into the biocarbons that are
converted into Brgnsted acid sites in the upcycling process. To
avoid sulfonation methods that can generate toxic gases, -
cysteine with its thiol group was used as a precursor to -SO;H
and was introduced into the biocarbon via a mechanochemical
step (Fig. 1, step 2) and further used after metal adsorption
(heavy metal recovery) as a Bronsted acid catalyst for C6
carbohydrate hydrolysis-dehydration (e.g. fructose into 5-HMF,
cellulose hydrolysis dehydration) and as a hydrolysis—oxidation
catalyst in the cascade conversion of C5 carbohydrates into
furoic acid. The adsorptive performance of functional bio-
carbons for removing Ni** from water (Fig. 1, step 3) and the
catalytic activity of Ni-containing functional carbon materials
for converting C5/C6 carbohydrates into platform chemicals
and biofuels (Fig. 1, step 4) were assessed to demonstrate
material upcycling of spent functional biocarbon adsorbents.

2. Materials and experimental

2.1. Materials

Microcrystalline cellulose (particle size = 51 pm, bulk density at
25 °C, 0.6 g mL™"), 1-butyl-3-methylimidazolium chloride
([BMIM]C]) and 5-hydroxymethylfurfural (99%) were obtained

C5 N
Carbohydrates Furoic Acid
Biomass o ¢  Adsorption .,
Hydrothermal metal
il ° Ni2* Ccé
® Loysteine Carbohydrates 9-HMF

(1) (2)

3) (4)

Fig. 1 Four steps producing platform chemicals and biofuels via upcycling of carbonaceous solids: (1) hydrothermal carbonization (HC) of
cellulose in ammonia-water solutions to form N-HC, (2) ball-milling of N-HC with L-cysteine to form BN-HC, (3) adsorption of Ni?* as a nickel
recovery step from wastewater, and (4) upcycling of spent adsorbents via H,O, to form Ni-BNS-HC for oxidation—dehydration catalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from Sigma-Aldrich (Japan). The chemicals p-xylose, p-fructose,
p-glucose (98%), levulinic acid (99%), L-cysteine, furfuryl alcohol
(98%), furfural (98%), ammonia solution (25.0%), ethanol
(99.5%), copper(u) nitrate trihydrate (99.9%), zinc nitrate
hexahydrate (99%), nickel(un) nitrate hexahydrate (98%), cobal-
t(u) nitrate hexahydrate (98%), sodium hydroxide (97%),
sodium carbonate (>99%), standards in nitric acid, nickel
standard solution (Ni 1000), zinc standard solution (Zn 1000),
copper standard solution (Cu 1000) and cobalt standard solu-
tion (Co 1000), 1.0% w/v phenolphthalein ethanol (90) solution,
sodium hydroxide solution (0.1 mol L"), sodium bicarbonate
(>99.5%), standard hydrochloric acid solution (0.1 mol L") and
hydrochloric acid were purchased from Wako Pure Chemical
Industries, Ltd (Osaka). All chemicals were used as received
without further purification.

2.2. Preparation of biocarbons

Many works have studied hydrothermal carbonization of
cellulose at around 200 °C using reaction times of 4 to 24 h.”® By
prolonging the reaction time, the amount of hydrolyzed prod-
ucts, the O/C ratio and the H/C ratio tend to decrease.?® In this
work, amino-functional carbons were prepared by
hydrothermal-ammonia carbonization of cellulose (16 g) and
ammonia solution (5%, 50 mL) in a 200 mL stainless autoclave
via heating the materials at 200 °C for 8 h. The resulting crude
black carbon was washed repeatedly with ethanol and water,
oven-dried at 60 °C under vacuum conditions for one day and
denoted as N-HC. Blank carbonized solids were prepared
without additives of the ammonia solution under the same
conditions as those used in preparing N-HC, and are denoted as
HC.

2.3. Preparation of amino-Brensted acid precursor
functional biocarbon adsorbents

Generally, amino-Brgnsted acid precursor functional bio-
carbons were synthesized in a ball mill (Retsch MM 500), in
which 100 g of the ball (5 mm in diameter) were mixed with 1.0 g
of freshly prepared biocarbon (HC or N-HC) and 2.0 g of 1-
cysteine at 600 rpm for 4 h. The resulting solids were washed
with water, oven-dried at 60 °C under vacuum conditions for
one day and denoted as B-HC and BN-HC, respectively.

2.4. Adsorption experiments

The procedure used in the adsorption experiments is similar to
that reported previously.' Briefly, a solution of Ni(NO;), in
water (20 mL, 50 mM, pH 6.6) and 0.05 g of as-prepared carbon
were stirred at room temperature (25 °C) for a given period of
time and then the solution was filtered to separate the solid
adsorbent from the liquid. The adsorbent was oven-dried at 60 °©
C under vacuum conditions for 12 h and denoted as Ni-B-HC or
Ni-BN-HC depending on the starting material. The amount of
metal ions in the liquid solution over time was analyzed by ICP-
AES (Thermo Fisher, iCAP6500). Quantitative analysis of the
adsorbent capacity of the as-prepared functional carbons for the
removal of Ni** ions was performed according to eqn (1):
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(Ci — Ct) XV
m

0. = [1)

where Q. is the amount of Ni*" ions adsorbed onto a unit
amount of functional carbon (mg g™ '), and C; and Cy are the
concentrations (mg L") of Ni** ions before adsorption and after
equilibrium, respectively. In eqn (1), V is the volume of the
solution and m is the mass of adsorbent (g). Under saturation
conditions, Cr is defined as Cs.

Saturated adsorption capacity (Qs) was correlated with the
Langmuir and Freundlich models as given by eqn (2) and (3),
respectively:

QmKLCs
=t 2
0 1+ K.C @
Qs _ Kl—‘Cslln (3)

where K; is the Langmuir constant, Q. is the maximum
adsorption capacity, Kr is the Freundlich constant and 7 is the
adsorption intensity. The pH value of the solution was analysed
using a LAQUA pH meter F-71 (Horiba, Japan).

2.5. Preparation of Brensted acid site amino-functional
biocarbons

Functional biocarbons after Ni>* adsorption (Ni-B-HC and Ni-
BN-HC) and fresh biocarbons (B-HC and BN-HC) were used as
precursors for the preparation of Brgnsted acid site amino-
functional biocarbon catalysts. After the adsorption of the
metal, H,O, was used to oxidize the SH groups into -SOz;H.
Generally, the as-prepared adsorbent (0.3 g) was immersed in
H,0, (15 mL solution) with methanol (15 mL) and stirred
magnetically at room temperature for 24 h. After 24 h, the solids
were washed with water and oven-dried at 60 °C under vacuum
conditions for one day and denoted as BS-HC, BNS-HC, Ni-BS-
HC and Ni-BNS-HC.

2.6. Reaction experiments and products analyses

Generally, 0.05 g of biocarbon, 2 g of ionic liquid as a reaction
solvent and a given amount of substrate (0.1 g) were loaded into
a stainless-steel autoclave with a Teflon liner (15 mL) and the
stainless-steel autoclave was placed into a preheated oil bath
with magnetic stirring. After the reaction was terminated, the
reaction solution was collected with repeated washings of the
reaction tube of distilled water and reaction products were
analyzed by high-performance liquid chromatography (HPLC).
HPLC analysis was performed using a JASCO system equipped
with a refractive index detector RI-4030 and a UV-Vis detector
with a SH1011 column (Shodex) containing 0.5 mM sulfuric
acid as the mobile phase (0.5 mL min~') at 50 °C. Substrate
conversion and product yields were calculated using eqn (4) and

(5):

Conversion (%) = (1 —

moles of substrate, final
moles of substrate, initial

% 100 (%) @)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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moles of product, final

Yield (%) =
ield (%) moles of substrate, initial

x 100 (%)  (5)

2.7. Characterization

The as-prepared carbon materials were characterized using an X-
ray diffractometer (XRD, MiniFlex 600, Rigaku) equipped with
a monochromatic light source, Cu K, radiation, and the samples
were scanned in the 26 range from 10° to 80°. Raman spectra
analysis was conducted using a micro-Raman spectrometer
(HORIB Scientific LabRAM HR Evolution). FT-IR measurements
were performed using a Thermo Scientific Nicolet iS20 spectrom-
eter in the range of 400-4000 cm ™" after mixing the carbon sample
with a KBr powder. Surface elemental valence analysis (C, O, N,
and S) was performed using a X-ray photoelectron spectrometer
(XPS, Axis-Ultra, Shimadzu) with a pass energy of 20 eV. The Vision
2 Processing software (Kratos Analytical) was used for curve-fitting
the XPS results. The specific surface area of the as-prepared
samples was determined by the measurement of nitrogen
absorption-desorption isotherms (BELSORP-mini, BEL Inc.,
Japan). The morphology of the as-prepared carbon was observed
by acquiring SEM images using a FE-SEM (HITACHI-4800) oper-
ating at 15.0 kV x 500-2000. SEM-EDX elemental mappings were
obtained using a Horiba/EX-420. The SEM samples were coated
with gold by sputtering. The surface area and pore diameters (Dj,)
of the samples were estimated by the BET method using the
BELMaster™ software. The amount of functional groups in the as-
prepared samples was measured by the Boehm method.”

2.8. Basis for the density functional theory calculations

Density functional theory (DFT) calculations for Ni** with
carbon complexes were calculated with the unrestricted M06
level of theory.*® The basis sets for C, N, O, and H atoms were
used 6-31G(d,p). The SDD basis set for the Ni atom was used
with Stuttgart/Dresden effective core potential. The solvation
effect in water was applied as the SMD solvation model.** The
geometry optimization calculation was performed for the Ni-
carbon complex and monomers, followed by frequency calcu-
lations to apply thermochemical correction at 298 K and 1 atm.
The conformation energies for the Ni-carbon complex were
calculated as the energy difference between the Ni-carbon
complex and its monomers. All DFT calculations were per-
formed using Gaussian 16 Rev. C01.*?

3. Results and discussion

3.1. Characterization

XRD measurements of the as-prepared functional biocarbons
(Fig. S11) showed that there were no large differences in the
patterns between HC and N-HC materials. The XRD patterns of
the biocarbons exhibited two peaks at around 23° and 44°,
corresponding to (002) and (100) that could be attributed to the
planes of amorphous carbons.*® The surface areas and pore
diameters of the as-prepared biocarbons were determined by N,
adsorption-desorption (Table S1f). The biocarbons had low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface area (<5 m® g~ ') with a pore diameter of 17 to 25 nm.
The morphologies of hydrothermal biocarbons (HC or N-HC)
and mechanochemical (ball-milling) treatment biocarbons (B-
HC and BN-HC) were bulk-like and flake-like with no
apparent holes (Fig. S271); after adsorption and oxidation treat-
ment, biocarbons (Ni-BNS-HC) had a rough surface (Fig. S2e¥).
As shown in the SEM images, B-HC and BN-HC had different
particle sizes compared with their blank counterparts, HC and
N-HC, respectively (Fig. S2 and S37). The SEM-EDX mapping of
HC and B-HC materials showed that after ball-milling treat-
ment, S atoms were distributed homogeneously on the carbon
solids (Fig. S41). While the ash content of raw cellulose is less
than 0.5%,** that of hydrothermal carbon HC and N-HC
increased to 1.3% and 1.4%, respectively. The elemental
content (carbon, oxygen, nitrogen and sulfur) of the as-prepared
biocarbons was determined by XPS (Table S1t). Compared with
the blank material (HC), a new peak for N-HC appeared at
around 400 eV that could be attributed to amino groups, which
confirmed nitrogen ions being incorporated into the biocarbon
structure. A new peak for B-HC appeared at around 400 eV that
could be attributed to additional amino groups (Fig. S57).
Moreover, considering analyses of HC and N-HC along with new
peaks appearing at around 165 eV for B-HC and BN-HC that
could be attributed to sulfur groups,* it can be concluded that
there were interactions between hydrothermal carbons (HC or
N-HC) and t-cysteine after the mechanochemical (ball-milling)
process treatment. It is probable that some -SH oxidation
occurred during the ball-milling process under air atmosphere
conditions.

The C 1s spectra of the biocarbons can be deconvoluted into
four peaks ascribed to C-C/C=C (~284.6 eV), C-O (~286.3 eV),
C=0 (~287.8 eV) and O-C=0 (~289.1 eV) (Fig. S61).** The O 1s
spectra of HC exhibited one peak ascribed to C-OH (532.3 eV),
whereas the N-HC, B-HC and BN-HC samples exhibited addi-
tional peaks assigned to O-N (~530.4 eV) and O-C=0 (~534.1
eV) (Fig. S7t), which shows that the as-prepared biocarbon
samples synthesized in this work had abundant oxygen-
containing groups (C-OH and COOH) and amino groups on
their surface. The binding energy of O 1s and C 1s for B-HC
(532.6 eV and 285.6 eV) and BN-HC (532.1 eV and 285.1 eV)
samples slightly shifted as compared to that of HC (532.1 eV
and 285.2 eV) and N-HC (531.8 eV and 284.8 eV), which implies
that mechanochemistry treatment caused surface changes in
the HC and N-BC samples. The quantification of the functional
groups of the biocarbons (Table S11) showed that BN-HC had
the highest nitrogen content compared with the other samples
(HC, N-HC and B-HC). In Fig. S8, two major peaks were
observed after ball-milling treatment of samples B-HC and BN-
HC at around 166 eV and 161 eV that correspond to sulfite and -
SH;** however, it is likely that oxidation of some of the thiol
groups occurred during the ball-milling process under air
atmosphere conditions.

3.2. Adsorption of metal ions

The adsorption of Ni*" ions onto the functional biocarbons was
studied (Fig. 2a), where it was found that the amount of metals

RSC Sustainability, 2023, 1, 554-562 | 557
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removed from the solution increased with time at constant
temperature for all samples. Generally, the rate of Ni** removal
onto amino-functionalized biocarbons (N-HC and BN-HC) was
higher than that of the non-aminated sample (HC), which
suggests that the introduction of amino-groups into the bio-
carbon increases adsorption performance (rate and capacity).
Compared with B-HC, HC was more effective for the removal of
Ni*" ions from the aqueous solution (Fig. 2a), which is possibly
due to HC having high ~-COOH content than that of B-HC (Table
S1t). An adsorption capacity of 115 mg g (initial pH = 6.6) was
obtained at about 50 h for BN-HC samples. The maximum
adsorption capacities Q,, of biocarbons and other adsorbents
such as glycine-functionalized silica,” polyvinylpyrrolidone-
coated magnetite nanoparticles®” and biomass-based activated

(a)120} —=— HC N
. B-HC P
100} —e— N-HC A oA
| —&— BN-HC
= 80t A
2 g ]
(o)) F /. e @
E 60t -, >
L r A S
SAPTIN § *
20 W/
0 -?/ 1 1 1 1
0 10 20 30 40 50
Time (h)
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r —e— N-HC e 22
| —&— BN-HC 7% -
. 60 —— Langmuir model /7 ’
g [ommm— Freundlich model /2 - A o
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O 1 L 1 1
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Cs (mM)

Fig. 2 Adsorption of Ni* onto HC, B-HC, N-HC, and BN-HC: (a)
adsorption kinetics fitted with the Langmuir model and (b) adsorption
isotherms fitted with the Langmuir model (solid line) and Freundlich
model (dashed line). Conditions of the adsorption kinetic study (a):
20 mL of 50 mM of Ni%*, initial pH 6.6, 0.05 g of adsorbent, 20 °C;
conditions for the adsorption isotherms study (b): 20 mL of Ni®*
solution, 0.05 g of adsorbent, 20 °C, after 20 h.
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carbons® are 9.7140.8 mg g~ * for Ni**, where it can be seen that
the as-prepared biocarbons had high capacities for separating
Ni** from water and they are probably more efficient than the
other proposed adsorbents shown.

In the adsorption experiments with the biocarbons, the pH
of the aqueous liquid phase decreased from 6.6 to 5.4 as
adsorption progressed, which could be attributed to ion
exchange occurring between H' at the oxygenated groups (e.g.
COOH and OH) of the biocarbons and the release of the Ni**
ion.* The effect of initial pH on Ni** adsorption by BN-HC is
shown in Fig. S9a.t The adsorption capacity of Ni** ions
increased from 5.1 mg g~ to nearly 100 mg g~ ' when the initial
pH changed from 4 to 6.68. A further increase in the initial pH
resulted in a decrease in the adsorption capacity of BN-NC for
Ni**, which may be due to the number of binding sites available
in the adsorbent, which become protonated at low pH resulting
in low binding of cations. Moreover, the adsorption of Ni** ions
was not only due to oxygen-containing functional groups (-
COOH, -OH), but also due to amino-functional groups that
increase the adsorption capacity due to combinations of
hydroxyl and amino groups.****

Table 1 and Fig. S8f show the conformation energy and
optimized structures for Ni-carbon complexes. The Ni-carbon
complexes with two carboxylic acid groups (Fig. S2at) show
a conformation energy of —514.7 k] mol *, with the carboxylic
group having strong adsorption due to ion exchange adsorption
mechanism. For the case of combinations of carboxylic anions
with hydroxy groups, and carboxylic anions with amino groups,
the conformation energies for the complexes were
—447.2 k] mol™' and —433.2 k] mol ', respectively (Table 1).
The low conformation energy with a carboxylic group indicates
that the number of carboxylic groups has an important role in
the adsorption mechanism. The optimized structures of the
complex with hydroxy and amino groups had complexes with
bifurcated coordination bonds from Ni*" ions to hydroxy and
amino groups (Fig. S8d and f}). The combination effect among
functional groups can form bifurcated coordination structures,
which would increase the adsorption capacity, but not neces-
sarily increase the adsorption efficiency, because ligand
formation with cysteine is a function of pH*® and is favored with

Table 1 Conformation energies for the Ni-carbon complex, and
single-point energies of Ni—carbon complexes and monomers.
Conformation and single-point energies were applied thermochem-
ical corrections by frequency calculations. Single-point energy for Ni*
is —170.45008 au

Functional groups  Energies
Functionalized  Conformation

Group1 Group2 Complex (au) carbon (au) (kJ mol ™)
-NH, -NH, —820.15276  —649.54606 —411.2

-NH, -COO™ —952.87213  —782.25706 —433.2

-NH, -OH —840.03239 —669.43006 —399.7
-COO™ -COO™ —1085.6089 —914.96276 —514.7
-COO™ -OH —972.75441  —802.13400 —447.2

-OH -OH —859.88225  —689.30599 —331.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cysteine at high pH according to the studies with small
peptides.*

The effect of functional groups on the equilibrium amount
of Ni*" adsorbed onto the biocarbon adsorbent (HC, B-HC, N-
HC and BN-HC) was evaluated by varying the initial Ni** jon
solution concentration. Langmuir and Freundlich adsorption
isothermal curves (Fig. 2b) and the calculated parameters are
given in Table S2.f The adsorption of Ni** followed the
Freundlich isotherm with coefficients greater than 0.98 for all
systems, while lower correlation coefficients (R> = 0.87-0.93)
were observed for the Langmuir model (Table S2+}), which could
be attributed to the high range of equilibrium concentrations,
high adsorption capacities of the solids and the inherent
assumptions in each model. The Freundlich model described
the adsorption behavior better than the Langmuir model,
implying that adsorption of Ni** onto the biocarbon adsorbents
has heterogeneous characteristics due to site interactions
including chemical adsorption. The maximum capacities of
HC, B-HC, N-HC and BN-HC for Ni*" were calculated to be
285.7 mg g~ ', 130 mg g, 312.5 mg ¢~ ', and 313.5 mg g ',
respectively. The analysis of the residuals from the Langmuir
and Freundlich models with the F-test (Table S31) showed that
the two-tailed probabilities were greater than 0.05 for the HC
and N-HC systems and less than 0.05 for the B-HC and BN-HC
systems. Therefore, for the HC and N-HC systems, either
Langmuir or Freundlich models provide similar correlation of
the data (Fig. 2, Tables S2 and S37). However, for the B-HC and
BN-HC systems, residuals from the Freundlich model are
statistically distinguishable from those of the Langmuir model
and the Freundlich model provides better correlation of the
data than the Langmuir model (Fig. 2, Tables S2 and S3t). To
better mimic real environmental conditions, the adsorption of
different metals onto the biocarbons (HC) was studied
(Fig. S9bf), which showed that Ni** and Cu®" had higher
adsorption onto HC than other metals.

3.3. Upcycling of spent adsorbents to catalysts

To study upcycling of the Ni**-containing spent adsorbent,
H,0, was used to oxidize thiol (-SH) groups of the spent
adsorbent into Brensted acid (-SO;H) sites. XPS analysis was
used to confirm the elemental content in Ni-BNS-HC.
Compared with the fresh adsorbent BN-HC, the percentage of
carbon in Ni-BN-HC decreased to 30.7%, while the percentage
of oxygen increased to 59.7% (Table S17). After the oxidation of
Ni-BNS-HC samples with the H,0, solution, the S 2p spectra of
Ni-BNS-HC exhibited new peaks of sulfate at ~169.7 eV and
~168.4 eV, as reported in the literature (Fig. $101),** which
demonstrates that thiol sites on the functional carbon were
oxidized into Brgnsted acid sites. Functional groups such as OH
(at around 3400 cm™'), -COOH (at around 1680 cm™ ') and
sulfonate groups (at around 1010 cm ' and 1160 cm™ ') were
confirmed to exist and to be stable on the adsorbent biocarbon
after the adsorption of Ni and oxidation treatment according to
FT-IR analyses (Fig. S11at). The peak at around 676 cm ™' is
assigned to the Ni-O bending vibrations*' that may affect the
catalytic performance. The Raman spectra of biochar (N-HC,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BN-HC and Ni-BNS-HC) exhibited two characteristic peaks of
carbon, namely, D band from sp® disordered carbon
(~1360 cm™') and G band resulting from sp” graphic nature
carbon (~1590 ecm ). The Ip/I; values of BNS-HC (2.8) were
lower than those of Ni-BNS-HC (4.7) (Fig. S11bt), which infers
that after oxidation, the Ni-BNS-HC material had the lower
degree of graphitization. Py-FTIR measurements (Fig. S11ct)
showed that Ni-BNS-HC had both Lewis acid (L) sites (59.2 pmol
¢ ") and Brensted acid (B) sites (3.8 umol g ). Reactions with
spent adsorbents and C5/C6 carbohydrate substrates were per-
formed to assess the biocarbon (oxidized spent adsorbent)
catalytic activity. Xylose was used to determine initial reaction
conditions (Table 2) and to demonstrate the proof of concept of
upcycling. When only Ni** ions existed in the solution in the
reaction system, no furfural and furoic acid (2-FAD) products
were formed (entry 1, Table 2). However, when reactions were
performed in the presence of biocarbons (BS-HC and BNS-HC),
conversion (>70%), furfural yields (>19%) and 2-FAD yields
(>23%) all increased due to functional groups on the bio-
carbons. Brensted acid sites (-SO3;H) on the biocarbons are
highly active for promoting xylose dehydration into furfural,
while nitrogen-containing group sites (-NH) are highly active
for promoting the oxidation of furfural into furoic acid.* When
Ni-based biocarbons were used (Ni-BS-HC and Ni-BNS-HC),
furoic acid yields increased (39.8-46.2%) over the functional
carbons BS-HC and BNS-HC, respectively (entries 2-5, Table 2),
which is evidence that Ni in the biocarbon enhances the
conversion of furfural into 2-FAD. Moreover, Ni acts as a Lewis
acid site to promote the conversion of xylose into furfural and
xylose isomerization into isomer intermediates (e.g. xylulose).*
At the same time, Bronsted acid sites of the biocarbons also
promote the conversion of isomer intermediates into furfural.
In all reaction systems, xylose conversions were always higher
than the total yield of furfural and 2-FAD, which can be
explained by unavoidable furfural decomposition or polymeri-
zation in the presence of acid catalysts.>* However, fair yields of
furfural and 2-FAD could be obtained with the as-prepared and
spent adsorbent biocarbons as compared with literature
results,"»** thus demonstrating upcycling of the biocarbons.
Carbon balances for the conversion of xylose with Ni-BS-HC or
Ni-BNS-HC at 150 °C after 4 h reaction time (Fig. S121) were

Table 2 Conversion of C5 carbohydrate substrates into furfural and
furoic acid (2-FAD) with catalytic materials. Reaction conditions: 0.1 g
of xylose, 0.05 g of catalyst, 3 g of [BMIM]CL, at 150 °C after 4 h reaction
time

Yield (%)

Entry Material Conv. (%) Furfural 2-FAD
1° Ni** jon >60 — —

2 BS-HC 78.2 40.6 32.3

3 Ni-BS-HC 81.4 28.5 39.8
4 BNS-HC 71.1 19.5 23.7

5 Ni-BNS-HC 74.4 24.7 46.2

% 0.5 mL of nickel standard solution (Ni 1000) as Ni(NOs),.
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from 75% to 81%. For the case of Ni-BS-HC or Ni-BNS-HC using
xylose as the substrate, nearly 9.7% or 2.3% yields of humins
were obtained.

The Ni-BNS-HC biocarbons were investigated as catalysts for
the conversion of C6 carbohydrates (Table 3). Ni-BNS-HC was
active for promoting the dehydration of fructose into 5-HMF
(Table 3), although yields of 5-HMF from glucose and cellulose
were lower than those obtained from fructose substrate (entries
2-7, Table 3). The Ni-BNS-HC biocarbon could promote dehy-
dration of fructose and also isomerization of glucose to fructose
(entry 2, Table 3). Increasing the reaction temperature from
160 °C to 180 °C led to a decrease in total reducing sugars and 5-
HMF yield but a small increase in the LA yield (entries 3 and 5,
Table 3). The catalytic reaction of C6 carbohydrates with Ni-
BNS-HC also led to levulinic acid (LA) formation (Table 3).

3.4. Recycle of catalysts

The recycle of Ni-BNS-HC biocarbons was studied for the fruc-
tose substrate. Recycle experiments were conducted at 120 °C
for 1.5 h reaction time. After each reaction run, the Ni-BNS-HC
biocarbon was separated from the reaction solution, washed
with water and dried at 60 °C for 24 h. As shown in Fig. S13a,t
the Ni-BNS-HC biocarbon remained active after four runs with
about 5% loss in catalytic activity per run despite mass changes
of catalysts that occur during washing and drying steps. The
decrease in the 5-HMF yields along with the number of recycles
could be attributed to the adsorption of humin precursors onto
the catalyst that cause particle aggregation along with the loss of
active sites and mass loss that occurs in the filtration-washing
steps. The loss of nickel metal in each step of the recycle
procedure was examined by ICP, in which about 4.4% of nickel
metal was concluded to leach into the reaction solution. At least
two methods are available to prevent nickel from entering the
environment. First, by applying recycle treatment to a fresh
catalyst, the amount of nickel lost due to catalyst attrition can
be lowered. Second, by applying fresh adsorbents to spent
reaction solutions, it is possible to recover leached Ni and
prevent it from entering the environment. The FT-IR results of
the recycled catalyst showed no noticeable changes in catalyst

Table 3 Conversion of C6 carbohydrates with Ni-BNS-HC (TRS: total
reducing sugars, LA: levulinic acid). Reaction conditions: 0.1 g of
substrates (fructose or glucose), 0.05 g of catalyst and 2 g of [BMIMICL;
0.1 g of cellulose, 0.05 g of catalyst, 2 g of [BMIM]Cland 20 ulL of water

Product yield (%)

Entry Substrate T (°C) Time (h) Conv.(%) TRS HMF LA
1 Fructose 160 4 100 — 71 2.4
2 Glucose 160 4 100 17.0° 24 —
3 Cellulose 160 4 — 46.5 4.7 —
4 Cellulose 180 2 — 9.9 1.5 <5
5 Cellulose 180 4 — 18.5 7.7 <5
6 Cellulose 180 6 — 6.1 111 <5
7 Cellulose 180 8 — 5.3 9.7 <5

“Yield of fructose.
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structure with use, suggesting that S is stably bound
(Fig. S13bt). Furthermore, recycle results for the Ni-BNS-HC
biocarbon confirmed that the Brgnsted acid active sites were
stable under reaction conditions and that multiple uses of the
upcycled spent adsorbent were feasible.

4. Conclusions

Aminated functional biocarbons suitable for heavy metal
recovery were synthesized by hydrothermal-ammonia carbon-
ization and a thiol mechanochemical mix-milling method. The
synthesized biocarbons exhibited remarkable adsorption
capacity for Ni** ions and spent adsorbents could be upcycled as
catalysts after oxidation to promote the conversion of furfural
and 5-hydroxymethylfurfural into furoic acid, while other C5/C6
carbohydrates could be converted into corresponding products
in favorable yields. The developed biocarbons with Brgnsted
acid sites show promise in material upcycling schemes for
removing spent heavy metals from wastestreams via adsorption
and subsequent use as catalysts for dehydration-oxidation of
C5/C6 carbohydrate substrates.
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