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Abstract: A model hydrochar was synthesized from glucose at 180 °C and its Cu(ll) sorption
capacity was studied experimentally and computationally as an example of molecular-level adsorbent
design. The sorption capacity of the glucose hydrochar was less than detection limits (3 mg g~!) and
increased significantly with simple alkali treatments with hydroxide and carbonate salts of K and
Na. Sorption capacity depended on the salt used for alkali treatment, with hydroxides leading to
greater improvement than carbonates and K* more than Na*. Subsequent zeta potential and infrared
spectroscopy analysis implicated the importance of electrostatic interactions in Cu(II) sorption to the
hydrochar surface. Computational modeling using Density Functional Theory (DFT) rationalized
the binding as electrostatic interactions with carboxylate groups; similarly, DFT calculations were
consistent with the finding that K™ was more effective than Na™ at activating the hydrochar.
Based on this finding, custom-synthesized hydrochars were synthesized from glucose-acrylic acid
and glucose-vinyl sulfonic acid precursors, with subsequent improvements in Cu(II) adsorption
capacity. The performance of these hydrochars was compared with ion exchange resins, with the
finding that Cu(Il)-binding site stoichiometry is superior in the hydrochars compared with the resins,
offering potential for future improvements in hydrochar design.

Keywords: hydrochar; alkali treatment; copper ions; adsorption; computational

1. Introduction

According to the World Health Organization (WHO), approximately 785 million people lack access
to clean drinking water, mainly in poor countries [1], but also in some rural and even highly urbanized
areas [2] in the developed world. Heavy metal contamination of the water supply is a persistent
problem that dates back to antiquity [3], and some researchers speculate that lead contamination of
the water supply may have played a role in the downfall of the Roman empire [3]. More recently,
Fernandez-Luquefio et al. [4] summarized the health effects of heavy metals, listing their contributions
to disease ranging from cancer to lung failure. Despite widespread acknowledgement of these negative
human health outcomes, providing uniform access to drinking water free of heavy metal contamination
has proven remarkably difficult to achieve, as evidenced by recent widely reported examples [2].
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Different technologies have been developed to remove heavy metals from water [5] including
precipitation [5-7], sedimentation [8], flotation [8,9], membrane processes [8,10-12], electrochemical
processes [13-15], adsorption [16,17], and ion exchange [18,19]. Most of these technologies are
either costly, wasteful, reliant on non-renewable resources, energy inefficient, or unable to achieve
sufficiently low levels of metal concentration on their own. Of the available options, adsorption and
the kindred technique of ion exchange are energy efficient and capable of achieving suitably low
metal concentrations [20]. However, commercial adsorbents and ion exchange resins are derived
from non-renewable resources, either petrochemicals or coal, meaning that their use has associated
negative environmental impacts, creating a tradeoff between clean drinking water and mitigating
climate change [21]. Accordingly, development of renewable, cost-effective, and high-capacity metal
adsorbates has potential to greatly expand access to clean drinking water while minimizing other
negative environmental impacts [22,23].

Recently, pyrolysis biochar has emerged as a renewable sorbent for heavy metal removal [24,25].
Unlike most activated carbons, which are produced from coal, pyrolysis biochar is produced from
biomass or agricultural wastes [26]. In some cases, heavy metal capacity on biochar can reach
40 mg g~!, which is comparable with activated carbons (20-80 mg g~!) [25] or ion exchange resin
capacity (20-30 mg g~!) [25]. Surface precipitation and electrostatic interactions are thought to be
the key adsorption mechanisms onto biochar, and abundant oxygenated functional groups (OFG)
are associated with effective cation adsorption [27,28]. Unfortunately, pyrolysis at typical conditions
(>400 °C) tends to be ineffective for OFG formation, meaning that biochar must usually be activated to
increase its adsorption capacity [29]. Various activation procedures can increase the sorption capacity
of biochar, but only by adding cost, energy use, or waste generation [30]. Lastly, pyrolysis is performed
in the vapor phase and requires a dry feedstock, negatively impacting the process energy balance for
utilization of abundant wet wastes [31,32].

Hydrothermal carbonization (HTC) [33-35] of carbon-rich feeds, including carbohydrates, biomass,
and food waste, at moderate temperature (130250 °C) and autogenous pressures is a versatile,
low-energy, and renewable way to produce carbon-rich materials with abundant OFGs that are
known as hydrothermal chars (hydrochars) [36,37]. Possibly due to the abundance of OFGs present in
hydrochars, they have greater metal sorption capacity than most pyrolysis biochars, making them
especially attractive for drinking water purification [5,38,39]. For example, Regmi et al. [33] reported a
hydrochar with greater Cu(lIl) sorption capacity than conventional activated carbon (4.8 compared
with 1.8 mg g™!) [39]. Similarly, HTC compatibility with wet feeds eliminates the need for drying,
benefiting process-level energy balance especially for agricultural and food waste streams [40,41].

Although HTC is a promising technology, process costs and uncertainties must be reduced to
de-risk further investment [42]. Similarly, HTC can benefit by maximizing its value, which in the
case of sorbent manufacture, can be accomplished by maximizing hydrochar sorption capacity [16].
Accordingly, a persistent mystery in the field of hydrochar sorption is the high capacity that the material
has for metal cations despite its relatively low (<10 m? g~!) measurable surface area. For this reason,
many reports describe methods to increase hydrochar surface area [29,37,43]. Unfortunately, hydrochar
activation to increase surface area again produces wastes and requires energy; moreover, the resulting
capacity of the activated material often decreases on a per area basis; for example, Jain et al. [44]
reported that the phenol capacity of activated carbon produced from hydrochar decreased with
increasing surface area, from 0.16 to 0.13 mg g~ [16].

While pyrolytic treatment and various chemicals can increase hydrochar sorption capacity,
immersion in an alkali solution at room temperature reportedly increases OFG abundance and heavy
metal adsorption capacity with minimal energy requirements while generating minimal amounts of
waste [28,33,37]. The mechanism of the alkali-treatment promotion effect is not clear since mild alkali
treatment does not increase hydrochar surface area [45], and the conditions are not sufficient to make
or break covalent bonds. Moreover, alkali treatment is sometimes reported as a necessary step for
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hydrochar to exhibit any heavy metal sorption capacity [29,37], while for others, alkali treatment is not
reported [33]. Understanding alkali treatment is, therefore, one goal of this work.

Complicating analysis further, hydrochar OFG abundance, and sorption capacity vary depending
on the properties of the feed and reaction conditions. Guo et al. [46,47] have shown that, starting with a
lignocellulosic raw material, a hydrochar can be produced with greater OFG abundance than produced
from carbohydrate precursors. For example, HTC from wood (initially consisting of 52.7 wt% C)
produces a hydrochar with 77 wt% C [48], whereas the carbon content of hydrochar produced from
glucose typically contains 53-62 wt% C [49]. Hydrochar OFG abundance tends to decrease with
increasing reaction conditions such as reaction time, temperature, and water-to-biomass ratio [46—-48].
For many feeds [50-54], HTC can be performed over the temperature range from 160-180 °C and
at reaction times <12 h to promote formation of OFGs. More aggressive conditions (>200 °C) are
preferred for other applications [55].

The relationship between feed properties, reaction conditions, and sorption capacities provides
an opportunity to synthesize a hydrochar tailor-made for a specific application, such as heavy metal
adsorption. For example, Demir-Cakan et al. [56] reported that co-HTC of glucose and acrylic acid
produced a hydrochar with exceptionally high OFG abundance; the resulting materials exhibited
sorption capacities up to 350 mg g~ for Pb(IT) and 90 mg g~! for Cd(II). In comparison, Xue et al. [16]
reported peanut-hull based hydrochar sorption capacity for Cd(Il) as 12.38 mg g~

Ideally, hydrochars could be designed for a specific application at the molecular level.
Computational methods have proven effective at understanding sorption mechanisms and thereby
enabling the molecular level design of metal-organic frameworks for sorption of perfluoroalkyl
substances [57], nanopores for CO, adsorption [58], and ion exchange resins and activated carbon
for heavy metal sorption [59,60]. Density Functional Theory (DFT) is an especially valuable tool for
studying the geometry and energetics of sorbate binding to the active site, provided that molecular
structures are known that can be used as targets of rational design. Unfortunately, the structural
models of hydrochar have only recently converged [61-63], making attempts at molecular level design
or computational modeling of sorbate-sorbent binding difficult until now.

Recent work by Brown et al. [61] reconciled several disparate models proposed for the structure of
hydrochar synthesized from glucose. Previous models inferred from infrared spectroscopy and Raman
microscopy [62,64] indicated that hydrochar structures resembled activated carbon and consisted of
fused aromatic cores, comprised of many aromatic rings and with OFGs present primarily as side chains.
In contrast, solid-state Nuclear Magnetic Resonance (NMR) [65] and Near-Edge X-ray Absorption
Fine Structure (NEXAFS) [63] indicate a structure consisting primarily of individual furan and arene
groups, polymerized via short alkyl chains, and decorated with OFGs. Brown et al. [61] recognized that
previously reported Raman spectra of hydrochar contained artifacts due to laser-induced pyrolysis of
the hydrochar material, causing it to collapse into a condensed aromatic structure. DFT simulation of
hydrochar Raman vibrations [61] then indicated that artifact-free Raman spectra were indeed consistent
with the furan-arene polymer previously inferred from NMR and NEXAFS [62-64,66]. This paves the
way for a molecular-level study of metal binding to hydrochar as a furan-rich polymer, thereby enabling
rational design of hydrochar.

The objective of this work was molecular-level design of a hydrochar adsorbent using both
experiments and simulation. To focus on generalizable mechanisms, we studied a model hydrochar
synthesized from glucose for sorption of a model heavy metal, Cu(Il) cations. Sorption capacity
was studied before and after alkali treatment and compared with capacities measured for several
activated carbon materials. Similarly, the hydrochar was characterized for OFG type and density
using Fourier transforms-infrared spectroscopy (FI-IR), solid-state titration, and zeta potential
measurement. Metal-hydrochar binding interactions and geometries were evaluated using DFT
simulations. Chars with different types and/or densities of OFGs and other metal binding groups
were custom synthesized for comparison with glucose hydrochar. The experimental and simulation
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results described here establish a new method for the rational design of hydrochar sorbents at the
molecular level.

2. Materials and Methods

2.1. Materials

All reagents were analytical grade, including: D-(+)-glucose (>99.5%-Sigma Aldrich), acrylic acid
monomer (>99.0%-TCI chemicals), vinyl sulfonic acid (>99.0%-TCI Chemicals), hydrochloric acid
(0.1 M, 299.0%-Acros), sodium hydroxide (0.1 M, >295.0%), and the anhydrous salts sodium carbonate
(299.5%-Sigma Aldrich), sodium hydroxide (>97.0%-EM Science), potassium carbonate (>99.0%-Alfar
Aesar), and potassium hydroxide (>85%-Sigma Aldrich). The carbon materials were donations from
Norit (since acquired by Cabot) and MeadWestvaco. Specific activated carbon samples included
wood-based carbons, Norit Darco® KB-G, Norit Darco® KB-WJ and Nuchar® (MeadWestvaco), and a
peat-based carbon, Norit® SX-1. Amberlyst® 15 was used in its hydrogen form and AG® 50 W-X4 in its
hydrogen form was purchased from Bio-Rad. Cu(NO3); - 2.5 H,O and elemental standards, 5% HNO3,
10 pg/mL were acquired from PerkinElmer. Deionized (DI) water was purified to a minimum resistivity
of 17.9 MQ) cm prior to use.

2.2. Hydrochar Synthesis

Hydrochar was prepared from a precursor solution formed by dissolving 28.152 g of D-(+)-glucose
in 100 mL of DI water. The solution was loaded into a 160 cm® PTFE-lined, stainless-steel autoclave,
which was then placed in a room-temperature oven that was heated to 180 °C at a heating rating of
approximately 10 °C min~!, held at 180 °C for 8 h, before allowing to cool for 12 h. The reaction protocol
was selected to replicate those that favor OFG generation, as reported previously by Brown et al. [61]
and others [46]. After reaction, the resulting slurry was mixed first with a solution of 100 mL of ethanol
and 100 mL of water, and then filtered to remove soluble organic materials from the solid hydrochar.
The solid hydrochar was recovered by filtration and rinsed again with ethanol and water. The washing
and filtering steps were repeated twice. The hydrochar was then placed in a crucible, dried in an oven
at 65 °C for 24 h, and stored in airtight vials before further analysis or use.

Functionalized hydrochars were custom synthesized by preparing a precursor solution consisting
of glucose and either acrylic acid or vinyl sulfonic acid and subjecting it to a modified HTC treatment.
For the synthesis of acrylic acid-hydrochars (AA-hydrochar), the precursor solution consisted of
10 g of glucose, 10 g of acrylic acid, and 80 g of DI water. The HTC reaction time was extended to
16 h for AA-hydrochar synthesis (at 190 °C), as 8 h reaction time yielded a material that could not
be recovered by filtration [56]. For synthesis of vinyl sulfonic acid-hydrochars (VSA-hydrochar),
the precursor solution consisted of 36.1 g of glucose, 7.22 g of vinyl sulfonic acid, and 150 mL of water.
After some preliminary trials to evaluate the effects of reaction temperature and time on hydrochar
yield, the synthesis of VSA-hydrochar was performed at 190 °C for 24 h to yield a solid that could be
recovered by filtration. As described previously for hydrochar, both AA-hydrochar and VSA-hydrochar
were recovered by filtration, with ethanol and water washing, and oven drying at 65 °C.

Hydrochars were activated by mixing 2.0 g of the synthesized material with 500 mL of alkali
solution (2 N). The effects of alkali solutions of Na,CO3, K,CO3, NaOH, KOH were evaluated.
After several hours at room temperature, the material was recovered by filtration, and placed in DI
water where the pH was neutralized by dropwise addition of HCI (1 N) and NaOH (1 N) until the
pH stabilized. The final product was washed 3 times with DI water, dried in a 100 °C oven, ground,
and stored in airtight glass vials.

2.3. Hydrochar Characterization

The surface areas of the samples were determined by N, physisorption at 77 K on a Micromeritics
ASAP 2000 apparatus, using N; as adsorbate. N, physisorption on similar instruments has been reported
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in more detail elsewhere [67]. Surface areas were determined using the Brunauer-Emmett-Teller (BET)
model [68]. Prior to adsorption-desorption experiments, all the samples were degassed at 120 °C for
12 h.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was performed on powder
samples using a Thermo-Fisher FI-IR 6700 with DRIFTS accessory, described previously in the
literature [69]. The spectral resolution was 2 cm~! and all samples were purged with N gas for 2 min
before analysis to exclude atmospheric CO, and H>O from the sample space. A background spectrum
was obtained prior to each measurement and results were obtained by scanning 1024 times and taking
their average. Spectra were analyzed using MagicPlot software and plotted by normalization with
the baseline.

Zeta potential measurements were determined using a zeta meter (Malvern Zetasizer-Nano-Z)
that has been previously described elsewhere [70]. For each test, 0.005 g of the solid sample was
suspended in 100 cm® of de-ionized water containing 0.1 N NaCl followed by homogenization for
2 h in an ultrasonic bath. After ultrasonication, the aqueous suspension was equilibrated at different
pH values for 30 min. Zeta potential results are reported as the average and standard deviation of
three measurements.

The combined densities of strong and weak acid groups were determined using the Boehm
titration method, described previously in the literature [29,71,72]. In brief, a carbon sample (0.5 g) was
placed in NaHCOj solution (20 mL, 0.1 N), agitated for 48 h, and the carbon was removed by filtration.
The resulting filtrate was degassed for at least 30 min using N, to remove CO, and was then titrated to
determine the acid site density of carbon-rich materials [73].

2.4. Hydrochar Adsorption Tests

For single-point Cu(Il) cation adsorption tests, 0.2 g of sorbent was suspended in 10 mL of an
aqueous solution of Cu(Il) (0.08 M) and placed within an high density polyethylene sample vial
(Celltreat). Initially, the supernatant liquid was clear and pale blue, a consequence of the Cu(II) present
in the mixture. The resulting slurry was agitated at room temperature using a wrist-action shaker
(Burrell) for 24 h. Preliminary tests indicated that adsorption equilibrium was reached after 12 h.
After shaking and centrifugation, the supernatant liquid remained clear and the pale blue coloration was
visibly fainter. The hydrochar was discarded and Cu(II) concentrations in the supernatant liquid were
measured using a Perkin Elmer, Nexion 350 x Inductively Coupled Plasma (ICP) spectrometer. The ICP
response was calibrated using standard solutions. Samples were diluted prior to each measurement to
ensure that the concentration fell within the pre-determined calibration range. Adsorption capacity
was then estimated using the initial (massopper,i) and final (masscopper,r) Cu(ll) concentrations and the
mass of sorbate (massggrpent):

mMasScopper,i —~ MaSScopper,f
masSsorbent

*1000

Adsorption Capacity (rng g_l) =

Each adsorption measurement was performed at least in duplicate and ICP concentration
measurements were performed in triplicate. Average values are reported here. Control runs were
performed in the absence of sorbent and the loss to the vial was equivalent to <1 mg g~ of sorbent.

2.5. Computational Modeling

DFT simulations were performed to study cation-hydrochar binding energies and geometries.
The proposed hydrochar structures were modeled using DFT with the Gaussian 09 program [74] run
via WebMO [75]. All the geometries were optimized using the Becke, 3-parameter, Lee-Yang—Parr
(B3LYP) [76,77] hybrid functional, with the 6-311+G(d,p) basis set. Because the physical experiments
included a water solvent, the polarizable continuum model (PCM) [78] was chosen to implicitly include
the solvent in these calculations, assuming its dielectric constant was equal to 78. Model adsorption
reactions were modeled and compared with one another to determine their energies and relative
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favorability. For each adsorption reaction, the products were hydrochar with a bound copper
atom, and the respective ion, either hydrogen, sodium, or potassium, in solution. Multiple initial
configurations were studied to confirm that the final geometry captured a global minimum, rather than
a local one.

3. Results and Discussion

The objective of this study development of rational methods to design hydrochar for heavy metal
adsorption at the molecular level [79]. The study consists of several components: (1) measurements of
sorption capacity of glucose hydrochar and comparison with activated carbon; (2) characterization
and DFT modeling of glucose hydrochar; (3) custom-synthesis of hydrochars with tailored heavy
metal capacity.

3.1. Glucose Hydrochar Sorption Capacity and Characterization

As a starting point, hydrochar was synthesized from a glucose precursor solution. The base
structure of glucose hydrochar was recently reconciled between several models [61-63], with the
finding that it consists of a furan-rich polymer decorated with OFG groups. Accordingly, and following
previous reports, we hypothesized that the OFG groups would encourage heavy metal sorption.
Unfortunately, glucose hydrochar exhibited negligible Cu(Il) sorption capacity, <3 mg g™, as shown in
Table 1. The negligible Cu(II) capacity measured for glucose hydrochar seemingly contradicted previous
literature descriptions of hydrochar absorption capacity [80-82], thus, motivating further examination.

Table 1. Adsorption Capacity and Surface Area of Hydrochar and Activated Carbon. BET =
Brunauer-Emmett-Teller model.

Material Post Treatment  Adsorption Capacity (mg Cug~1)  BET Surface Area (m? g-1)
None <3
NazCO3 20.0 +0.4
Glucose Hydrochar K,COs 29 +5 4+2
NaOH 35 +4
KOH 40 +4
None 19 +4
iHt®
Norit® SX1 KOH 21 16 800 + 100
Nuchar® Rone 2 - 1700 + 200
. KOH 11 +7
Activated Carbons
® KB-G Tone .’ =01 1500 + 100
Darco - KOH 5 +0.8 B
Darco® None 6 +0.2
KB-WJ KOH 21 +4 1600 100

Sun et al. [37] reported that alkali treatment increased the sorption capacity of hydrochar by
2-3 times, motivating the study of alkali treatment in the current study. As shown in Table 1,
alkali treatment greatly increased the Cu(Il) capacity, by at least an order of magnitude compared with
the original glucose hydrochar. Several different bases were evaluated, with the finding that strong
bases (hydroxides) outperformed weak ones (carbonates) and that bases featuring the potassium cation
outperformed ones possessing sodium.

We compared the capacity of alkali-activated glucose hydrochar with several different activated
carbons (Table 1), selected to cover a range of properties [83]. Interestingly, the activated carbons
exhibited much greater sorption capacity than glucose hydrochar without activation, but less capacity
than their alkali-activated forms. Alkali treatment was evaluated for two of the activated carbons,
and it was found that the treatment either had no effect (Norit® SX1) or even negative effect (Nuchar®)
on sorption capacity. The different response to alkali treatment observed for activated carbon and
hydrochar clearly points to differences in the mechanism that must be understood for molecular-level
hydrochar design.
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To understand the adsorption results presented in Table 1, surface areas were measured using N
sorption and the BET isotherm fitting method. Consistent with previous reports [29,37,43], the measured
BET surface area of hydrochar was <10 m? g~!. Alkali treatment had no effect on the measured
hydrochar surface area, allowing us to reject the hypothesis that the effect of the treatment was to
open up the hydrochar pore structure [82,84]. Similarly, consistent with previous reports [83], the BET
surface areas of the activated carbons were >800 m? g~! and not affected by the dilute alkali treatment.
Accordingly, while the capacity of glucose hydrochar is comparable to activated carbon on a mass
basis, on a surface area basis the capacity is orders of magnitudes greater. This observation clearly
points to a specific hydrochar-sorbate interaction that can be engineered to maximize adsorption.

The strongest common sorbate-hydrochar interaction is electrostatic [85], which can be understood
as the interaction between the positively charged metal cation and negatively charged functional
groups on the hydrochar surface. Accordingly, as a way to understand and quantify hydrochar surface
charge, we measured hydrochar zeta potential before and after alkali activation and over a wide
range of pH, from 2-12. Figure 1 presents the results, showing that zeta potential of alkali activated
hydrochar was much more negative in the pH range of interest (pH < 7) than the parent hydrochar.
Under strongly alkali pH, the zeta potential of the parent and the alkali treated material are the same
to within the limits of experimental uncertainty, which is consistent with expectations given that the
alkali treatment is simply immersion in an alkali solution with pH > 9.

5 T T

KOH-hydrochar

Zeta Potential (mV)
o
|
|

Hydrochar

I I I I |
0 4 8 12

Figure 1. Comparison of zeta potential of different sorbent materials as a function of pH.

Zeta potential measurements support electrostatic interaction as the primary basis of cation
sorption to the hydrochar, providing a valuable clue for rational design. For further comparison,
we measured the zeta potential of one of the aforementioned activated carbons (Norit® SX-1) and
include these data in Figure 1. The zeta potential of the activated carbon was much less negative than
glucose hydrochar, even before alkali treatment. Again, this points to a qualitatively different sorption
mechanism for activated carbon compared to hydrochar, with cation sorption to activated carbon likely
occurring due to cation-7 interactions, which appear to be less important than electrostatic interactions
for cation binding to hydrochar [86].
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Rational sorbent design requires understanding the molecular binding sites. Figure 1 clearly
implicates the importance of groups that ionize on alkali treatment, which naturally suggests carboxylic
acids, acid anhydrides, and strongly acidic aromatic alcohols, such as phenol [16,24,73]. The fact that
strong bases were more activating than weak ones (Table 1) seems consistent with de-protonation of
weak acids but does not provide sufficient molecular detail for sorbent design. Accordingly, glucose
hydrochar was analyzed using FT-IR for identification of ionizable OFGs. Figure 2 provides FT-IR
spectra divided into the fingerprint region, 1000-2000 cm~! (Figure 2a) and the C—H and O-H
stretching region, 2400-4000 cm™! (Figure 2b). Prior to alkali treatment, glucose hydrochar exhibits
bands attributable to carbonyl (1720 cm~') and hydroxyl (3200-3400 cm™!) groups associated with
carboxylic acids. Other features at 2900, 1600, and 1200 cm~! are attributable to C—H stretches,
arenes/furans breathing modes, and C—O stretches, respectively [65] These spectroscopic attributions
are broadly consistent with the structural models previously inferred from NMR [65], Raman [61],
and NEXAFS [62-64,66]. Interestingly, the C—H and O—H stretches are sufficiently differentiated to
suggest that carboxylic acid exists in its free, rather than dimerized, state [87].

Absorbance (a.u.)
Absorbance (a.u.)

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'1) Wavenumber (cm'1)
(a) (b)

Figure 2. FT-IR spectra of glucose hydrochar as synthesized and after activation by various bases.
(a) the fingerpint region (1000-2000 cm™1) (b) the O-H and C—H stretch region (2500-4000 cm™h).

After alkali treatment, the intensities of the hydroxyl band at 3200-3400 cm™! and carbonyl band
at 1720 cm~! become much less intense. Simultaneously with these changes, the intensity of the band
at 1600 cm~! increases and the feature broadens noticeably. The C—O stretch present at approximately
1200 cm™! becomes less intense and broader after alkali treatment. The effects are more noticeable for
treatment with the hydroxides than the carbonates, consistent with their relative basicities and with
the observed effects on sorption capacity, noted in Table 1.

All of the aforementioned changes observed in the FT-IR spectra of glucose hydrochar after alkali
treatment are attributable to deprotonation of carboxylic acid groups to form carboxylates [37,88].
Specifically, deprotonation involves a shift of the main carbonyl band from approximately 1700 to
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about 1600 cm™!; [84] a reduction of intensity of the C—O stretch at 1200 cm~!; and a reduction of the
intensity of the O—H stretch at 3200-3400 cm~!. The last of these is consistent with partial removal of
the H atoms involved with O—H stretches, as expected for de-protonation. The carboxylate feature at
1600 cm~! overlaps with the furan/arene breathing mode that is characteristic of hydrochar [61,63,89].
The fact that alkali treated hydrochar still exhibits an O—H stretching band is consistent either with
incomplete de-protonation of acid groups or with the presence of multiple forms of O—H in the
structure (i.e., alcohol groups that are not sufficiently acidic to be deprotonated).

Since the carboxylic acid groups present in glucose hydrochar appear to be primarily in their
protonated forms (Figure 1) and since the pH of the HTC reaction mixture is about 3 [90], the pKa of
these acid groups must be greater than approximately 3-otherwise, they would be present in hydrochar
in their deprotonated forms. Alkali treatment then deprotonates these groups, resulting in formation
of the alkali carboxylate. Because hydrochar is a complex material and because localized induction
and steric effects can influence pKa [91], carboxylic acids present in hydrochar likely possess a range of
pKa’s. In fact, this assertion is supported from the broad zeta potential curve observed for glucose
hydrochar and shown in Figure 1. Treatment with carbonates may therefore deprotonate only the
strongest carboxylic acids present in hydrochar, while treatment with hydroxides deprotonates both
strong and weak carboxylic acids.

We considered the possibility of alternative ionizable groups, aside from carboxylic acid.
Treatment with hydroxide would partially deprotonate any strongly acidic alcohol groups (e.g., phenols)
present in the hydrochar structure; however, the FT-IR spectra show no direct evidence to support
the formation of phenolate ions, nor do reported structural models suggest the presence of
phenol in hydrochar [24,61,63]. Accordingly, metal-carboxylate binding appears to be the primary
cation adsorption mechanism underlying glucose hydrochar sorption, providing a clear target for
molecular simulation.

Hydrochar is thought to be composed of furan/arene polymers connected by alkyl spacers.
Mild alkali treatment is insufficient to break or form covalent bonds present in this structure [82],
which is consistent with the negligible change in surface area associated with alkali treatment
(see Table 1). That stated, Mihajlovic et al. [92] proposed that hydrolytic degradation of OFGs can
sometimes occur during alkali treatment, and re-arrangement of the hydrochar structure from its
hypothesized form would complicate attempts to model the binding site. Accordingly, we searched for
evidence of bond breaking in the spectra shown in Figure 2. Inspection of the FT-IR spectra suggests
that important hydrochar features [28,29] at 1020 cm™' (C—OH alcohol and/alkyl-substituted ethers
groups), 1600 cm™! (furan/arene breathing modes), and 2900-3000 cm™! (C—H stretch) are not affected
by alkali treatment, consistent with the main effect of alkali treatment being confined to deprotonation
rather than making and/or breaking of covalent bonds. This observation permits use of published
hydrochar structural models to recreate the local environment of the metal-carboxylate binding site for
DFT simulation.

3.2. DFT Simulations of the Metal-Carboxylate Interactions

Zeta potential measurements and FI-IR analysis clearly implicate metal-carboxylate binding.
DFT simulations of the metal-carboxylate complex were performed to examine this hypothesis in more
detail. In particular, we sought to answer three questions: (1) since a metal cation should be able to
displace protons from carboxylic acid, why is alkali treatment required to activate the hydrochar?
(2) Why do potassium salts outperform sodium salts? (3) What is the geometry of the binding site?

Simulating cation-carboxylate binding requires recreating a plausible local environment.
The hydrochar molecule, pictured in Figure 3a, was created as a composite structure based on
previous literature. Titirici et al. [93] demonstrated via NMR that the majority of the aromatic
functionality of hydrochars synthesized from glucose at temperatures less than 200 °C can be attributed
to furan groups. Latham et al. [63] supported this via NEXAFS while showing that carbonyl groups
are also important. The previously mentioned IR spectra also indicate the presence of carbonyl groups
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and are in agreement with the model proposed by Latham et al. [63]. Accordingly, we recreated
the local adsorption environment as a furanic dimer configuration to be consistent with published
hydrochar structures [61]. The carboxylic acid/carboxylate group resides as a side chain on the alkyl
linker between adjacent furan rings, consistent with the observation using FT-IR and the importance
of carboxylate groups inferred from sorption capacity measurements presented here. The local
environment experienced by a metal cation during adsorption also includes water solvent molecules.
Here, we recreated the water solvation effect using an implicit cavity model of the appropriate dielectric
constant (taken as 78). Future work can improve the accuracy of our calculations by including explicit
water molecules in the simulation.

(2)

Base Hydrochar

(b)
Potassium

Protonated
Hydrochar kiydrochar

Sodium
Hydrochar

o AE_ = 0kJ/mol Cu(ll)
0@ ™n

BBy =737.4 kimol AE,,, = 10.7 kd/mol

(©)

Copper
Hydrochar

Figure 3. Carboxylate-containing hydrochar structures optimized using Density Functional Theory

(DFT). (a) Model of the base hydrochar molecule. The different structures in (b) involve carboxylate

binding with hydrogen, potassium, and sodium, respectively, with the carboxylate, which make up

the reactants of the modeled adsorption reactions. (c) Illustrates the interaction between Cu(Il) and

the carboxylate group. Estimated adsorption energies are provided as shown. Legend: ® carbon;
hydrogen; ® oxygen; @ potassium; ® sodium; @ copper.

We then simulated a series of possible cation-carboxylate structures, starting with the hydrochar
model shown in Figure 3a. The focus of these calculations was to answer the aforementioned questions
that focus on elucidation of trends, rather than quantitative energy estimates. We then simulated cation
binding, shown stoichiometrically in Figure 3b, by replacing either H*, K*, or Na* with the Cu(II)
cation to form the final structure shown in Figure 3c.
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Consistent with experimental observations (Table 1), we find that replacing H* with Cu(Il) is
energetically unfavorable, whereas replacing K* and Na™ is energetically favorable. The simulated
energies are consistent with the observation that glucose hydrochar requires alkali treatment prior to
activation. Moreover, DFT simulations predict that replacing K* is energetically more favorable than
replacing Na* by 10.72 kJ mol~!, which is consistent with the observation that KOH is a more effective
activating salt than NaOH and K,COj is more effective than Na,COs. That stated, the calculated
energy difference between K* and Na* substitution is relatively modest, which is again consistent with
experimental observation. Note that for these reactions the cations in solution may not be properly
modeled by implicit solvation, which is why for instance the replacement of a hydrogen by Cu(ll) is so
endothermic. Nonetheless the trends in cation exchange are captured by the DFT calculations.

Figure 3¢ shows the optimized geometry of a Cu-hydrochar structure. Here, the Cu-carboxylate
bond length is approximately 1.85 A, slightly longer than that associated with the distance between the
proton and carboxylate group in carboxylic acid. The longer bond is consistent with the size of the
Cu(Il) ion compared with the proton [37].

The DFT simulations summarized in Figure 3 explain that alkali treatment removes the proton to
activate the sorption capacity of glucose hydrochar. Physically, the proton is more tightly bonded to
the carboxylate group than the metal cations, owing to the differences in ionic radii and the strong
effect of ion-ion distance on the strength of electrostatic interactions [94]. Similarly, the differences
observed between potassium and sodium can be ascribed to their relative ionic radii.

Interestingly, alkali treatment is not always reported as a necessary step for observation of
hydrochar sorption capacity. This may be due to differences in the reaction mixture pH for different
precursors and/or the presence of alkali salts in many hydrochar starting materials [95,96]. Accordingly,
subtle differences in the reaction mixture and the composition of the precursor may decide whether
or not alkali treatment is required to activate a given hydrochar for metal adsorption. Alternatively,
the alkali step may not be uniformly reported, even when it is required. We recommend more consistent
reporting of alkali treatment and reaction mixture pH in future work in this area.

3.3. Custom-Synthesis of Hydrochar for Heavy Metal Adsorption

Experiments and DFT simulations clearly implicate the importance of metal-carboxylate
interactions in hydrochar adsorption of Cu(Il). Accordingly, our next step was custom synthesis
of a hydrochar for heavy metal adsorption. Following the work of Demir-Cakan et al. [56], we elected to
synthesize a hydrochar by co-processing glucose and acrylic acid. Acrylic acid possesses a polymerizable
double bond, which can form covalent linkages with the alkyl linker groups in the hydrochar
structure, thereby increasing the density of carboxylate groups in the resulting material. We term the
resulting material acrylic acid-hydrochar, or simply AA-hydrochar. Demir-Cakan et al. [56] reported
synthesis of a series of AA-hydrochars, starting with different amounts of acrylic acid in the precursor
mixture. Here, we selected a precursor mixture with composition similar to the optimum reported by
Demir-Cakan et al. [56] as a proof of concept.

Table 2 provides the sorption capacity and surface area measurements for AA-hydrochar.
As expected from DFT simulations, without activation the Cu(II) sorption capacity of AA-hydrochar
is negligible. Interestingly, Demir-Cakan et al. [56] did not report alkali activation of their materials,
which might be attributable to their study of Pb(IV) and Cd(II) whereas we studied Cu(Il) or the
aforementioned impact of subtle differences in reaction mixture pH on hydrochar protonation and
subsequent sorption capacity. Regardless, after alkali activation, sorption capacity increases by at least
an order of magnitude for the AA-hydrochar, and strong bases are again more effective than weak
bases. AA-hydrochar capacity for Cu(ll) sorption is greater than that observed for standard glucose
hydrochar (50 + 4 compared with 40 + 4 mg g~!). Again, the effect is not as pronounced as reported by
Demir-Cakan et al. [56], but it is consistent with the design concept.
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Table 2. Adsorption capacity and surface area of custom-synthesized hydrochar and ion exchange resins.

Material Post Treatment Adsorption Capacity (mg Cu g~1) BET Surface Area (m? g-1)
None <3
Acrylic Na,COs3 30 +7
acid-hydrochar K,COs3 26 +6 5-10
Hydrochars (AA-hydrochar) NaOH 50 +4
KOH 45 +7
Vinyl sulfonic acid
(VSA-hydrochar) None <2 1
NaOH 34 +5 <
KOH 51 +3
. Amberlyst® None 128 +4 53 [97]
Resins ®
AG® 50W-X4 None 109 +7 <1

The effect of AA and glucose co-processing to produce hydrochar was consistent with our
expectations, but consistency does not imply confirmation and we considered alternative hypotheses.
Table 2 shows that the surface area of AA-hydrochar was similar to the glucose hydrochar, eliminating
surface area changes as a major difference between these materials. To understand further, we studied
the OFGs of AA-hydrochar using FT-IR. Figure 4 provides the FT-IR spectra obtained for AA-hydrochar
before and after KOH treatment. The FT-IR of glucose hydrochar is included in Figure 4 for direct
comparison to show that the AA-hydrochar spectrum exhibits much more intense bands associated
with carboxylic acids at 1720 (carbonyl) and 1200 cm~! (C-O stretch) than glucose hydrochar. In fact,
the carboxylic acid bands dominate the AA-hydrochar spectrum and appear as the most prominent
features. The band at 1600 cm™!, which is characteristic of furans and arenes, appears only as a minor,
though distinct, feature in the AA-hydrochar spectrum. In comparison, the furan/arene band is one
of the most prominent features in the glucose hydrochar spectrum. Similarly, after alkali treatment,
the carbonyl band shifts to approximately 1550 cm™~! and becomes the most prominent feature in the
AA-hydrochar spectrum. Correspondingly, the C-O stretch feature shifts and broadens. Taken together,
these observations clearly indicate that AA-hydrochar has abundant carboxylic acid groups that
deprotonate after alkali treatment.

Absorbance (a.u.)

G-hydrochar

1 1 |
1500 2000

Wavenumber (cm'1)

Loy ¢

1000

Figure 4. FT-IR spectra of AA-hydrochar before and after KOH treatment. G-hydrochar is synthesized
entirely of glucose precursor, shown before alkali treatment. AA-hydrochar synthesized from co-feed
of acrylic acid and glucose, shown before and after alkali treatment using KOH.
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The performance of hydrochar sorbents is often compared with activated carbon [25,39]. However,
our findings indicate that hydrochar adsorption is mediated by metal-carboxylate binding interactions
that are more similar to what occurs on an ion exchange resin, rather than activated carbon. Accordingly,
we measured Cu(Il) sorption capacity of two commercial ion exchange resins, Amberlyst®-15 and
AG® 50W-X4. Capacity results for these resins are provided in Table 2. Interestingly, these resins far
outperform activated carbon (Table 1) and outperform by about a factor of two the AA-hydrochar.
Moreover, the ion exchange resins did not require alkali activation, unlike the hydrochars. Since the
resins outperform hydrochar, even AA-hydrochar, we sought to understand the differences between
the resins and the hydrochar as part of our rational design approach.

An obvious potential difference between the resins and the hydrochar is surface area. Table 2
provides N, sorption-based BET surface areas for Amberlyst®-15 and AG® 50W-X4. Interestingly,
Amberlyst®-15 exhibits much greater surface area than any of the hydrochars, which could explain its
superior performance. However, the surface area measured for AG® 50W-X4 was less than any of the
other materials (<1 m? g~!, the instrument detection limit), meaning that surface area considerations
alone cannot explain the performance of the resins—at least not the surface area measured by Nj
sorption and estimated by BET analysis of the isotherm. In fact, the swelling behavior of ion exchange
resins has been studied carefully in water and other solvents [98-100]; swelling in the presence of water
likely opens the pore structure of AG® 50W-X4 (and possibly the other sorbents), accounting for its
sorption capacity despite negligible N, sorption surface area. Understanding the effects of hydrochar
swelling on surface area available for cation sorption is an area that should be studied in the future.

The binding site in both Amberlyst®-15 and AG® 50W-X4 is a sulfonate group [101], whereas the
findings presented here indicate that carboxylate groups are mainly responsible for binding in glucose
hydrochar and especially AA-hydrochar. The sulfonic acid group is at least 1000x stronger than the
carboxylic acid group, meaning that this difference could explain sorption behavior and the need for
alkali activation. Accordingly, we modified the acrylic acid synthesis procedure for incorporation
of a sulfonate group into the hydrochar structure by co-processing glucose and vinyl sulfonic acid.
Like acrylic acid, vinyl sulfonic acid possesses a polymerizable double bond that can be incorporated
in the hydrochar-alkylated backbone. Unlike acrylic acid, though, vinyl sulfonic acid can introduce
a sulfonate group into the hydrochar instead of the carboxylic acid introduced by acrylic acid.
Accordingly, we term this new char vinyl sulfonic acid-hydrochar, or VSA-hydrochar.

Table 2 provides the Cu(Il) cation sorption capacity of VSA-hydrochar. Interestingly, despite the
strength of the vinyl sulfonic acid precursor (pK, < 1 compared with 4.35 for acrylic acid) [98,102],
we observed negligible Cu(Il) sorption capacity for VSA-hydrochar before treatment with alkali.
After treatment with KOH, the Cu(ll) capacity of VSA-hydrochar increased substantially to
51 + 3 mg g~ !. Interestingly, NaOH was much less effective at increasing Cu(Il) sorption capacity than
KOH, consistent with the aforementioned trend observed and simulated for carboxylate binding.

As before, the measured BET surface area of VSA-hydrochar was in the same range as the
other hydrochars and <10 m? g~!. Similarly, Figure 5 shows the FT-IR spectrum of VSA-hydrochar.
Unlike carboxylic acid and carboxylate groups that have intense and well-differentiated vibrational
bands, sulfonic acid and sulfonate give rise to weak and broad bands that are not easily differentiated
from other features [103]. That stated, the FI-IR VSA-hydrochar spectrum contains bands in the range
expected for sulfonic acid (1100-1300 cm™!). The carboxylate/carboxylic acid bands are less intense in
VSA-hydrochar than glucose hydrochar, indicating substitution of the weak acid in AA-hydrochar for
the strong acid in VSA-hydrochar.

Cu(Il)-sulfonate structures were simulated using DFT methods, similar to those previously
presented for carboxylate binding. Figure 6a shows the sulfonic acid- hydrochar geometry,
which consisted of two furan groups bonded to a sulfonic acid group. As before, binding was
simulated as an exchange of Cu(Il) for H*, K*, and Na®. Despite the strength of the sulfonic acid,
DFT calculations found that replacing H* with Cu(Il) was thermodynamically unfavorable, consistent
with the need to activated VSA-hydrochar with alkali. Figure 6b summarizes this result. Similarly,
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the distance of the Cu—O bonded to sulfonate (shown in Figure 6¢) is 1.95 A, somewhat greater than the
Cu-O bond in carboxylate hydrochar (1.85 A). As before, the cations in solution may not be properly
modeled by implicit solvation, which is why some energies may be so large, despite DFT identifying
the trends in cation exchange.

T T T T T T
S5 KOH-treated
o : VSA-char
> :
B :
c :
2 = VSA-char
£ | sulfonic acid

region 5

| G-hy;drc?char
| 1 1 M t 1 1
1000 1500 2000

Wavenumber (cm'1)

Figure 5. FT-IR spectrum of VSA-hydrochar, before and after KOH treatment. Vertical lines mark the
carboxylic acid and carboxylate vibration bands. The region where sulfonic acid vibrations appear is
indicated. The spectrum of glucose hydrochar is reproduced from Figure 4 as a point of reference.

Surface area, FT-IR, and DFT simulations provide further evidence of cation-sulfonate binding
in the VSA-hydrochar, but do not explain why the performance of neither VSA-hydrochar nor
AA-hydrochar can match the commercial ion exchange resins. As a final hypothesis, we quantified
the density of surface acids present on the various sorbents, with the expectation that differences
in the density of surface acids might explain observed differences in sorption capacity. For these
experiments, hydrochars were first treated with strong acid (HCl) to protonate fully all available acid
groups. Then, the acid group density was measured of the protonated sorbent using Boehm titration
methods [29,71,72].

Table 3 summarizes the carboxylic acid site density measurements. As expected, the density
of acid functional groups on the glucose hydrochar is much greater than on the activated carbons
considered here, consistent with the different adsorption mechanisms for the two materials (primarily
electrostatic vs. primarily 7-cation). The ion exchange resins have much greater acid concentrations
than any of the other sorbents, consistent with their superior performance and indicating that the AA-
and VSA-hydrochars function as designed, albeit with fewer acid binding groups than are available on
the ion exchange resins tested here. Nonetheless, the Cu(II) adsorption performance of the designer
hydrochars is comparable to the ion exchange resins (to within a factor of two) and superior to activated
carbon, meaning that strategies to increase acid functional group density can be effective for synthesis
of task-specific hydrochar sorbents.

Table 3 provides qualitative evidence of the importance of acid group density on sorption
performance and permits analysis of a critical parameter: the binding stoichiometry of the metal-acid
complex formed during adsorption. Binding stoichiometry is important for quantifying sorbent
performance since the ideal absorbent will possess high density of binding sites and utilize them as
efficiently as possible. Simultaneously achieving high binding site density and binding site utilization
may not be possible, since densely spaced binding sites may promote bidentate binding instead of
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monodentate binding, which is less efficient binding site utilization. We analyzed the sorption and
acid site density data to evaluate these effects in hydrochar, activated carbon, and ion exchange resins.

Base Hydrochar

©

(2)

Potassium
(b) Hydrochar

Protonated
Hydrochar

’ Sodium
¢ Hydrochar

|
AE ., = 0 kiimol | <40V

l

e
2

AE,,, = 626.5 kJ/mol
AE,,, = 4.7 kJ/mol

(c)

Copper
Hydrochar

Figure 6. Sulfonate-containing hydrochar structures optimized using DFT. The structure in (a) is
the sulfonated hydrochar molecule. (b) Depicts the reactants which are the interactions between the
sulfonate group and either hydrogen, potassium, or sodium, respectively. Structure (c) shows binding
of Cu(Il) to the sulfonated hydrochar molecule. Adsorption energies are provided as shown. Legend:

® carbon; © hydrogen; ® oxygen;  sulfur; @ potassium; ® sodium; @ copper.
Table 3. Titration results of sorption materials.
Material Carboxylic Acicil Density Carboxylic Acid Density P
(mmol g~1) (mmol m~2)

glucose-hydrochar 1 +0.07 0.15 +0.02

Hydrochars VSA-hydrochar 0.9 +0.1 0.12 +0.01

AA-hydrochar 2.8 +0.3 04 +0.1
Norit® SX1 <0.12

Activated Carbons ~ Norit® SX Ultra <0.12 <0.0001
Nuchar® <0.12
. Amberlyst-15® 5 +0.01 0.1 +0.0002
Resins ®
AG® 50W-X4 1.71 +0.1 2.6 +0.1

3 the estimated acid site detection limit. ® based on estimated BET surface area.
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To use Table 3 data to understand stoichiometry, we plotted Cu(II) sorption capacity as a function of
measured acid group density, converting both to molar quantities, as shown in Figure 7. For comparison,
lines of constant ion-binding site stoichiometry (two Cu ions per acid, 1:1, and 1:2) are shown. Data for
the activated carbons cluster around the origin and fall entirely off the stoichiometric trend lines,
as expected given that the sorption mechanism to activated carbons is likely cation-7t interactions and
is, therefore, independent of acid site density. In contrast, sorption for the hydrochars falls between the
1:1 and 1:2 stoichiometry lines, indicating that—on average—each acid group binds approximately
0.75 Cu ions. This again is further quantitative evidence of the importance of electrostatic interactions
for binding to hydrochar.

\\\‘I_|‘I\\I‘_L\\\\|III\WI\\
2 & o 29 al
N Ay ‘Amberlyst®
- (WAG® 50W X4
o ; ,
© 15— : —
= " VSA-hydrochar
g 1 / —
Q- "
5 L
& ' E AA-hydrochar
B 5 ‘\ -
2 . glucose
< ! | activated  vdrochar
O‘.\\\Clarllblqn\sll\\\\llll\‘ll\\
0 2 4

Carboxylic acid site density (mmol g_1)

Figure 7. Measured Cu(Il) adsorption capacity plotted as a function of measured carboxylate group
density. Lines of constant cation-anion stoichiometry are shown as dotted lines at 2 Cu(II) ions per
binding site (2:1), 1 Cu(II) ions per binding site, and 1 Cu(II) ion for every two binding sites. Legend:

u depicts activated carbon, W ion exchange resins, u hydrochar.

The stoichiometry inferred from Figure 7 shows that the designer hydrochars outperform
Amberlyst®-15 on a per acid site basis. This is an important finding since increasing binding site
utilization efficiency is an effective means of increasing sorption capacity, along with increasing
the density of binding sites themselves. Interestingly, AG® 50W-X4 far exceeds all other sorbents
on effectiveness per acid site, with nearly two Cu ions associated with every acid site (Figure 6).
The difference between AG® 50W-X4 and Amberlyst®-15 is noteworthy as both sorbents are described
in the literature as polymerized styrene backbones with periodic sulfonic acid group substitution [101].
The difference in their performance must be due either to (1) the ability of the sorbent to hold charge,
which could be saturated for Amberlyst®-15 limiting its sorption capacity, (2) differences in acid site
accessibility in the swollen resins and hydrochars, or (3) differences in the spatial proximity of the
acid binding groups in the different sorbents. The performance of AG® 50W-X4 suggests further
engineering of the hydrochar structure to optimize sorption capacity.

To understand the origins of stoichiometry between Cu(ll) ions and carboxylate or sulfonate
groups, we performed simulations to compare monodentate with bidentate binding of Cu(lI) to
carboxylate and sulfonate groups. To make the calculation accessible using DFT, we simplified the
structure previously used in Figures 3 and 6 to remove the furan groups. Figure 8a shows the optimized
geometry for the monodentate binding structures, and Figure 8b shows the optimized geometry for
the bidentate binding structures. As expected, bidentate binding is much more energetically favorable
than binding to a single acid functional group. For the sulfonate site, bidentate binding is more
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stable by 201 k] mol~!, and for the carboxylate site, bidentate binding is more stable by 126 k] mol~'.
These values indicate a clear thermodynamic preference for bidentate binding. As measured by the
Cu—O distance, the Cu(Il) ion is roughly equidistant between the two sulfonate groups; as a result,
the Cu—O distance in bidentate binding complex is greater than found in the geometry optimized
for single Cu-acid stoichiometry (shown previously in Figure 6). This clearly shows that Cu(Il) (and
presumably other double charged cations) will prefer bidentate binding, when such an option is
available. Since bidentate binding is a less efficient use of sites than monodentate binding, rational
design of hydrochars should attempt to achieve uniform acid spacing to minimize acid-acid interaction
and the ability of cations to bind simultaneously to multiple acid sites.

1.895A

1.847A 1.863A

Figure 8. Optimized geometries of monodentate (a) and bidentate (b) binding of Cu(II) to hydrochar
carboxylate and sulfonate groups simulated using DFT. Oxygen-Cu(II) distances are shown for reference.

Legend: @ carbon; © hydrogen; ® oxygen;  sulfur; ® copper.

When functional group precursors with polymerizable double bonds are co-fed to the HTC
reactor with glucose, the functional group bearing molecules will polymerize primarily with each
other, rather than with groups present in the hydrochar. Because they are formed by co-feeding
glucose and vinyl groups, VSA-hydrochar is not engineered to achieve the desired spacing, which may
explain why it falls short of the desired 1:1 Cu-binding site stoichiometry. More uniform spacing of
the binding groups has potential to improve binding site utilization by forcing binding to occur via
the preferred monodentate arrangement rather than via the thermodynamically preferred bidentate
geometry. Furthermore, utilization of vinyl sulfonic acid as a source of binding groups detracts
from the renewable and green characteristics of hydrochar. Accordingly, future work in this area
should seek to utilize feeds that are naturally abundant in anionic binding sites and/or functional
groups that are converted into anionic binding sites during HTC. Questions of binding site access
and cooperative effects should be addressed for hydrochars synthesized from renewable or waste
resources, using similar methods as shown here for rational sorbent design.

As a final analysis, we evaluated cation-7t binding to the furan backbone itself in the absence
of acid groups, as a comparison with the arene backbone present in commercial exchange resins.
By providing a secondary stabilizing interaction, optimizing the cation-7t binding interaction can
potentially improve the utilization efficiency of the anionic binding sites—a desired goal as explained
previously. In particular, we were interested to understand the effect of locating the cation between
nearby rings as compared with interacting with a single ring individually—in the absence of
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anionic binding groups, such as sulfonate or carboxylate. Figure 9 provides the results of these
calculations; Figure 9a,b depict arene binding and Figure 9c,d depict furan binding, respectively.
In both cases, locating the Cu(Il) between two nearby aromatic rings (either furan or arene) is more
stable than interaction with a single aromatic ring. Interestingly, the energy difference is greater for
furan-cation interactions (Figure 9¢,d) than arene-cation interactions (Figure 9a,b), by approximately
23 k] mol~!. Accordingly, a final design consideration for custom-synthesis of hydrochar sorbents is
inclusion of geometries, which permit formation of furan “pockets” for optimized cation-7 interaction.
When combined with electrostatic interactions, cation-7r interactions can provide a secondary stabilizing
force to optimize hydrochar sorption capacity.

(a) (c)

o

¢

(b) (d)

©
©

E, —E,=-33 ki mol? E,— E.=-56 kI mol!

Figure 9. Optimized geometries calculated for arene, (a,b), and furan, (c,d), cation-rt binding, in the

absence of anionic binding groups. Legend: ® carbon; © hydrogen; ® oxygen;  sulfur; ® copper.
Differences in energy are shown directly in the Figure.

Figures 3 and 6-9 describe a combined experimental and simulation approach for rational design
of hydrochar sorbents to exploit electrostatic interactions between anionic functional groups and metal
cations. Maximizing the effectiveness of each functional group can be achieved by spacing them
uniformly throughout the material, thus emphasizing monodentate binding over bidentate binding.
Presumably, highly effective hydrochar sorbents, such as those reported by Demir-Cakan et al. [56],
who first demonstrated the acrylic acid co-HTC approach, and Xue et al. [16], who activated peanut
hull hydrochar using hydrogen peroxide, already exploit these principles. Likewise, the accuracy
of the computational approach in particular will benefit as hydrochar structure is further resolved,
especially for materials produced from precursors other than glucose. The result of the rational
design approach will be hydrochars with maximized value; thus, making them as competitive as
possible with sorbents obtained from non-renewable resources. Although not within the scope of
this work, computational modeling should be appropriate for guiding selection of conditions for
hydrochar regeneration, for example by using alkali solutions to remove the heavy metal adsorbates.
Applying our adsorption capacity results directly to metals other than Cu(Il) is not recommended;
however, the combined experimental and computational approach should be amenable to any metal
cation of interest. Similar analysis can be applied in the future to understand the adsorption of organic
substances to hydrochar, as organic pollutants will exhibit different hydrochar interactions than metal
cations [104].
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4. Conclusions

Glucose hydrochar was studied as a model renewable sorbent for heavy metals, using Cu(Il) as a test
case for custom-designing a hydrochar sorbent. Glucose hydrochar required alkali activation to exhibit
Cu(Il) sorption capacity; a strong base (hydroxide) was more effective than a weak base (carbonate)
and K* counter ions were more effective than Na™ for activation. In comparison, activated carbon
sorption was less than observed for activated glucose hydrochar, despite significant differences in
their measured BET surface areas (<10 m? g~! compared with >800 m? g~!). Similarly, activated
carbon did not require alkali treatment to promote cation sorption, consistent with entirely different
sorption mechanisms for these two common sorbents. Zeta potential measurements indicated that
Cu(Il) sorption to hydrochar was due to electrostatic interactions and FI-IR analysis implicated a key
role for carboxylate groups. DFT simulations provided further information on Cu-hydrochar binding
to the carboxylate site, suggesting beneficial synergy with nearby furan groups.

These results were used as the basis for molecular level design of two hydrochars bearing either
carboxylate or sulfonate groups. The designer hydrochars exhibited approximately 50 m? g=! Cu(II)
sorption capacity, consistent with the role of carboxylate and sulfonate groups in cation binding.
Nonetheless, the capacity of the hydrochar sorbents failed to yield the expected increase in sorption
capacity. In accordance with the electrostatic binding mechanism, sorption capacity of two ion
exchange resins, Amberlyst®-15 and AG® 50W-X4, was studied for comparison with hydrochar.
The ion exchange resins outperformed hydrochar on a per mass basis. Interestingly, the hydrochars
bound approximately 0.75 Cu ions per acid site, whereas Amberlyst®-15 bound only 0.5 Cu ions per acid
site. The superior performance of Amberlyst®-15 compared with hydrochar was therefore attributable
entirely to differences in acid site density. AG® 50W-X4, on the other hand, bound nearly 2 Cu ions per
acid site, which accounted for its superior performance compared with hydrochar. DFT simulations
confirmed that bidentate binding is preferred whenever possible, meaning, uniform spacing of the
binding groups will maximize their binding efficiency on a per site basis. Similarly, cooperative
effects from nearby aromatic groups (either furan or arene) can promote cation-7t interactions that
improve binding and acid site utilization. The combination of experimental investigation and computer
simulation provide a clear starting point for molecular-level design of hydrochar for use as sorbents,
that can be used in future work.
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