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Abstract: In this study, carbon dots are synthesized hydrothermally from loblolly pine using top-
down and bottom-up processes. The bottom-up process dialyzed carbon dots from hydrothermally
treated process liquid. Meanwhile, hydrochar was oxidized into carbon dots in the top-down
method. Carbon dots from top-down and bottom-up processes were compared for their yield, size,
functionality, and quantum properties. Furthermore, hydrothermal treatment temperature and
residence time were evaluated on the aforementioned properties of carbon dots. The results indicate
that the top-down method yields higher carbon dots than bottom-up in any given hydrothermal
treatment temperature and residence time. The size of the carbon dots decreases with the increase
in reaction time; however, the size remains similar with the increase in hydrothermal treatment
temperature. Regarding quantum yield, the carbon dots from the top-down method exhibit higher
quantum yields than bottom-up carbon dots where the quantum yield reaches as high as 48%. The
only exception of the bottom-up method is the carbon dots prepared at a high hydrothermal treatment
temperature (i.e., 260 °C), where relatively higher quantum yield (up to 18.1%) was observed for the
shorter reaction time. Overall, this study reveals that the properties of lignocellulosic biomass-derived
carbon dots differ with the synthesis process as well as the processing parameters.

Keywords: carbon dots; lignocellulosic biomass; hydrothermal synthesis; top-down; bottom-up;
quantum yield

1. Introduction

In recent years, a quasi-zero dimensional carbon nanomaterial, often known as carbon
dots (CD), has found its place in various applications ranging from bioimaging and sensors
to catalysis for chemical synthesis, carbon capture, and bioenergy [1-5]. Depending on
precursor and treatment method, CDs can show stable fluorescent properties; therefore,
they are often referred to as carbon quantum dots [6]. Due to the nature of their mor-
phology, CDs offer good solvent dispersion and stability, favorable biocompatibility, and
green preparation methodologies [4,7,8]. Much of the earlier research synthesized CDs
through top-down methods, but the literature then shifted towards bottom-up from model
compounds including, but not limited to, sugar, sugar-derivatives, and organic acids [9].
These model compounds are dissolved into solvents and begin polymerization during
various thermal treatments such as hydrothermal, microwave, and pyrolysis, to name a
few [10]. On the other hand, the top-down method uses oxidation, acid etching, and the
polymeric scission of larger molecules into CDs [11]. Usually, the CD sizes are relatively
higher in the top-down method than bottom-up [12]. Arguably, the top-down method
results in higher impurities and a wider range of particle sizes even within the range of CDs,
and perhaps this drives the larger yield of CDs seen compared to the other method. Even
for the bottom-up method, the literature has stressed the need for using pure polymers as
feedstocks, which might be cheaper than the feedstocks for the top-down method yet leaves
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significant price tags on CD synthesis. A further understanding of top-down and bottom-up
could reveal the significance of using cheaper feedstocks such as lignocellulosic biomass.

Looking into the common feedstocks for CD synthesis (both top-down and bottom-
up) in the literature, a strong shift towards using sustainable biomass is evident [13].
Lignocellulosic biomass such as woody biomass, primary and secondary agricultural
residues, tree pruning, and grass clippings are abundant resources for biofuels, biomaterials,
and bioproducts [14]. The United States alone produces more than half a billion tons of
biomass at prices lower than USD 100 per ton every year [15]. Therefore, the logical
question arises as to whether CDs can be synthesized directly from lignocellulosic biomass.
Indeed, the literature has reported several studies using sugarcane bagasse, rice straw, rice
husk, and wastepaper using both the top-down and bottom-up method [5,13,16-19]. The
loblolly pine market produces roughly 500 million green tons of logging residues in the
south eastern United States, with wastage rates of up to 50% [20]. For these reasons, loblolly
pine is a prime biomass target for waste utilization through value-added product formation.
Hydrothermal treatment is the most common synthesis method along with microwave
treatment when it comes to CD synthesis from lignocellulosic biomass [21]. The typical
sizes of the CDs from lignocellulosic biomass were reported from 1.5 to 6.5 nm with lattice
fringe spacing at 0.21 nm [22-24]. The photoluminescent properties of the lignocellulosic
biomass-derived CDs are reported as quantum yield ranging from 1.64 to 47.4% [25-27].
Usually, heteroatoms such as nitrogen are doped during CD synthesis to increase the
quantum yield of the CD [28-30]. Lignocellulosic biomass-derived CDs have been utilized
as optical sensors for sensing heavy metals and transition metals, as in vivo imagining
to detect tumor and cancer cells, as photocatalysis to degrade harmful chemicals from
water, and as electrode modification materials for electrochemical cells [13,15,16]. Certainly,
lignocellulosic biomass-derived CDs have been generating significant interest as more
applications such as electrode materials have been identified and tested in recent years.

As mentioned above, hydrothermal treatment is a common pathway for CD synthesis
from lignocellulosic biomass [31]. For the bottom-up approach, biomass is treated with
subcritical water for a prolonged time [32]. When biopolymers such as hemicelluloses or
cellulose first hydrolyze into monomers such as five carbon and six carbon sugars (e.g.,
glucose, xylose, and fructose; sugar derivatives such as furfural, 5-hydroxymethyl furfural,
and anhydro glucose; and organic acids including acetic, formic, and lactic acids), these
monomers then polymerize into CDs in the later steps with a longer reaction time [5,22].
Biopolymers have their own hydrothermal reaction kinetics and these reaction kinetics
often affect each other [33], for instance, hemicelluloses and cellulose hydrolyze as low
as 180 °C [34,35]. Lignin depolymerizes above 260 °C at hydrothermal conditions but
the monomers do not cleave until 275-280 °C [36,37]. As a result, the properties of CDs
from lignocellulosic biomass vary with treatment temperature. Additional solvent or
oxidants might be needed to catalyze the depolymerization of biopolymers into monomers
to facilitate CD synthesis at a lower temperature, and this is especially practiced with
biomass feedstock [38]. Reaction time is also important, as adequate time is required for
hydrolysis followed by repolymerization [39,40]. As the reaction kinetics are slower for a
lower temperature (e.g., 180 °C), most of the literature often reports a longer reaction time,
as high as 48 h. However, too long of a reaction time could increase the size of the dots
beyond the size limit of CDs, as they have more time to condense.

Top-down CD synthesis from lignocellulosic biomass via hydrothermal treatment
involves the oxidization or secession of hydrochar, the solid product resulting from hy-
drothermal treatment. Hydrochar is comprised of carbon dense micro-meter sized spheres
with a hydrophobic core and oxygen functional groups on the surface [41,42]. The oxidation
of hydrochar is more favorable than the oxidation of whole biomass, as the latter will likely
create porous activated carbon instead of nano-sized CDs. Common oxidizing agents
are peroxides, sodium hydroxide, sulfuric acid, and nitric acid [38]. Several articles have
reported the top-down method by mechanical milling or sonication [42,43]. Oxidizing
agents and oxidation processes can be optimized when the morphological and chemical
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properties of hydrochar are properly understood. Unfortunately, hydrochar properties vary
significantly with the hydrothermal treatment temperature, time, and biomass type [44,45].

Summarizing the literature, it is evident that CD can be synthesized from lignocel-
lulosic biomass. Even the same biomass and hydrothermal treatment can be used to
synthesize CDs in both the bottom-up or top-down method. However, the literature is
unclear on how these CDs are different in terms of size, morphology, and quantum yield in
loblolly pine-based CD’s with respect to time, temperature, and method together in one
study. To the best of the authors” knowledge, no literature is reported on how hydrothermal
conditions affect the bottom-up and top-down CD properties comparatively for loblolly
pine-derived CDs. This study attempts to resolve the literature gap. Loblolly pine was used
as a lignocellulosic feedstock, which was hydrothermally treated at various temperatures
and times to synthesize CD from bottom-up. Corresponding hydrochars were further
oxidized into CD using the top-down method. The physical, morphological, and optical
properties of CDs were compared for both synthesized methods to understand the effect of
hydrothermal treatment conditions on CDs.

2. Materials and Methods
2.1. Materials

Loblolly pine was used as the organic precursor for the CDs. This material was
provided by Idaho National Laboratory. Two hundred proof (100%) ethanol (Cas 64-17-5)
was purchased from Decon Labs, Inc. (King of Prussia, PA, USA). Sodium hydroxide (0.2 M)
(Cas 1310-73-2) and the 30% hydrogen peroxide (Cas no. 7722-84-1) were purchased from
Honeywell (Charlotte, NC, USA). Hydrogen chloride (2 N) (Cas 7647-01-0) was obtained
from Fisher Chemicals (Hampton, NH, USA). Sulfuric acid (0.1 N) (Cas 7664-93-9) was
purchased from Sigma Aldrich (St. Louis, MO, USA). Quinine sulfate dihydrate (99%) (Cas
6119-70-4) was purchased from Acros Organics (Morris Plains, NJ, USA).

2.2. CD Synthesis
2.2.1. Bottom-Up Method

For synthesis of the CDs using the bottom-up method, a Parr batch reactor was used
to perform the hydrothermal treatment. A 300 mL Parr reactor (Moline, IL, USA) with Parr
4841 PID controller was used. The procedure was performed at three separate hydrothermal
temperatures, namely 180, 220, and 260 °C for six different time intervals: 0.5h to 3 h in an
increment of 0.5 h. At each trial, the water-to-pine ratio remained at a constant of 10:1, but
the amounts were varied to accommodate for thermal expansion at varying hydrothermal
temperatures. The heating rate of the reactor was 10 °C min~! until the set point was
achieved. At this point, the timer began for the specified time interval. Afterwards, the
reactor was cooled to room temperature using an ice-water bath and underwent vacuum
filtration with Whatman 0.45-micron filter paper to collect the bulk solid hydrochar. The
process liquid was dialyzed with 500 Da dialysis tubing in deionized water for 36 h. The
process liquid was freeze-dried and the mass yield for the bottom-up method (MYgy) was
calculated by Equation (1).

MYgy = [(Massi, — Massout) /Massiy| x 100% 1)

where MY3y is the mass yield from bottom-up, Mass;, is the dry feedstock in and Massoyt
is the dry CD recovered from the bottom-up method.

2.2.2. Top-Down Methodology

The as-is hydrochar was measured for mass yields after drying in an oven for 24 h
at 100 °C. To synthesize the CDs using the top-down method, hydrochar was oxidized.
Around 0.5 g of dried hydrochar was placed in an Erlenmeyer flask with 37.5 mL of deion-
ized water, 12.5 mL of NaOH solution, and 4 mL of H,O, solution. The resulting mixture
was stirred for 12 h at room temperature. After stirring, the solution was neutralized to a
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pH range of 7.0 using HCl. The solution underwent vacuum filtration with a Whatman
0.45-micron filter paper. The liquid was dialyzed using 500 Da dialysis tubing and deion-
ized water for 36 h. The resulting liquid was freeze-dried with a Labconco FreeZone 2.5 L
freeze dryer (Kansas City, MO, USA) for mass yield determination from the top-down
method (MYTp) using Equation (2).

MY1p = [(Massi, — Massout) /Massin] x 100% (2)

where MYTp is the mass yield from top-down, Mass;j, is the dry feedstock in and Massut
is the dry CD recovered from the top-down method.

2.3. Characterization of CDs

To determine the size distributions of the CDs, a Zeiss EM 900N Transmission Electron
Microscope (TEM, Oberkochen, Germany) was used. First, the CDs were dispersed in
pure ethanol. The solution was sonicated with a Qsonica Q125A Sonicator for 15 min
at room temperature at 10 and 5 s intervals of on and off time, respectively, and 60%
amplitude. Next, the solution was dropped onto Quantifoil R2/1 micromachined holey
carbon 200 mesh copper grids. The solution was allowed to dry and repeated for a total of
3 times before being inserted into the TEM. The ruler software built in with TEM was used
to perform the size distribution calculations. Images were taken at 250,000 resolution.

The functional groups in the CD samples were identified using Thermo Scientific
Attenuated Total Reflector (ATR) (Model: Nicolet iS5, Madison, WI, USA) for the top-down
samples and a Fourier transform infrared spectrophotometer (FTIR, Model: Nicolet 6700,
Madison, WI, USA) for the bottom-up CDs, which were dispersed in ethanol. For the FTIR
analysis, the ethanol was considered as background. The operating conditions for both
ATR and FTIR were set as follows: resolution (4), data accumulation: 64, and wavenumber
range (500—4000 cm™ ).

The prepared CDs samples were run in the HACH DR6000 UV-VIS. The absorption
peaks were found to be at 265 nm. The CDs were diluted at this wavelength in five
increments per sample of absorbance ranging from 0.02 to 0.1. These five sub-samples of
each trial condition were analyzed for their emission intensity in a Horiba FluoroMax-3
fluorometer. A plot of intensity vs. absorbance was created for each sub-sample and
quinine sulfate (same dilution procedure). The accuracy of the procedure was verified
by an R? value greater than 0.99 for each trendline. The ratio of the slopes was used to
calculate the quantum yield.

To determine the quantum yield (QY) of the CDs, a 1.25 x 1072 M solution of the
quinine sulfate was treated with 0.1 N of sulfuric acid.. As shown in Equation (3), QY is the
ratio of light energy absorbed versus fluoresced for a given molecule. The inverse of this
ratio represents the amount of absorbed energy that is transformed to kinetic energy. The
determination of QY is important for application-based research when studying CD, as this
indicates whether a CD is better suited for fluorescent or photocatalytic purposes.

or-an(£)(%)

where QYrg is the reference quantum yield of quinine sulfate, I is the intensity measurement
for CD, Iy is the intensity for quinine sulfate, A is the absorbance of the CD, and Ay, is the
absorbance for the reference.

3. Results and Discussion
3.1. Mass Yields of CDs by Bottom-Up and Top-Down Methods

The mass yield of CDs from both the bottom-up and top-down methods at various
hydrothermal temperatures (180, 220, and 260 °C) and reaction times (0.5-3 h) are presented
in Figure 1. The mass yield of CDs varies with hydrothermal conditions. For instance,
MYpy is very low (<5%) for bottom-up at 180 °C (Figure 1a); however, MYpy increases



Biomass 2022, 2

254

25

2

MY gi,(%0)
9 S

—_
o

[}

0

|

Reaction time (h)

1.5

80

7
=180 m180

7 m220
m220

1260

m260

6

60

2.5 3.0 0.5

to as high as 25% for 220 °C (Figure 1b). A further increase in hydrothermal treatment
temperature resulted in a lower MYpy for CD. Different hydrothermal reaction kinetics for
hemicellulose, cellulose, and lignin are likely to be responsible for these observations [46].
At a lower hydrothermal treatment, only hemicelluloses and other aqueous extractives
(e.g., starch) undergo hydrolysis, and as the percentage of hemicelluloses and aqueous
extractives are lower than 20 wt% in loblolly pine [46], the MYpy derived from these
biopolymers is low. On the other hand, cellulose is the most abundant biopolymer in
woody biomass, and it could be as high as 60 wt% in loblolly pine [47]. Cellulose hy-
drolyzes from 220 °C [48,49], which reflects the high MYpy at 220 °C for the bottom-up
approach. Now, a higher hydrothermal temperature (e.g., 260 °C) results in the rapid
depolymerization of the hydrolyzed products of hemicelluloses and cellulose, and lignin
starts to depolymerize [49-51]. Therefore, the MYpy for 260 °C is lower than 220 °C. Faster
reaction kinetics can also be observed in MYgy at various reaction times. For instance,
opposite trends of MYgy are observed for 180 and 220 °C, where the longer hydrother-
mal time resulted in a lower MYpy. This is likely due to the slower kinetics at 180 than
220 °C [52]. At 260 °C, the MYpy increases initially then becomes steady. This is likely due
to the competition between hydrolysis and polymerization reactions [52].

(a) » (b)

()]

MY 1p(70)

S

W

2.0 1 15 2 25 3

Reaction time (h)

Figure 1. Mass yields calculated for bottom-up and top-down CD synthesis methods at different
temperature. Mass yield is considered the mass percent of CD produced and is calculated based on
dry mass in vs. dry mass out, assuming that all mass loss is CD material. (a) Mass yield for bottom-up
process per temperature and time conditions of given trial. (b) Mass yield for top-down process per
temperature and time conditions of given trial. Please note that the temperature is reported as °C.

Regarding the top-down method, the MYtp is significantly higher than the MYpy.
It is evident that hydrochars can be oxidized into CDs by the top-down method using a
NaOH and H;O, combination, regardless of the hydrothermal condition. It should be
noted that the MYp is reported with respect to hydrochar feedstock, whereas MYpgy is
reported with respect to the loblolly pine feedstock. With the increase in hydrothermal
treatment temperature from 180 °C to 220 °C, MY1p increased significantly with a shorter
residence time; however, the MYTp decreased for hydrochar prepared at 220 °C for a longer
residence time (>2 h). This is likely due to the difference in hydrochar morphology between
180 °C and 220 °C [49]. Hydrochar prepared at 180 °C is likely to have unreacted cellulose
and unreacted lignin from loblolly pine, whereas hydrochar prepared at 220 °C could
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show cellulose reacted to form spherical amorphous micrometer-sized hydrochars with
a hydrophobic core [52]. MYTp from hydrochars prepared at 260 °C shows an increasing
trend with the increase in hydrothermal treatment time. Figure 1 shows that MYTp from
260 °C is the highest for the longer residence times (>2 h) compared to CD prepared from
180 °C and 220 °C. Hydrochars prepared at 260 °C with a prolonged reaction time could
have a uniform particle size with significant concentrations of acidic oxygen functional
groups [49,50,53,54]. These hydrochars might be more susceptible to CD formation during
oxidation under the top-down method.

3.2. Size Analysis of CDs Prepared by Bottom-Up and Top-Down Methods

The MY results show that CD synthesis from hydrochar using the top-down method
generated significantly higher yields compared to the bottom-up method, which started
from loblolly pine. However, the CD size could vary when prepared from different meth-
ods. Moreover, the morphological properties might change in the same preparation method
by changing the hydrothermal temperature time. In order to evaluate the change in
morphology, CDs prepared in the bottom-up and top-down methods at various hydrother-
mal temperatures and reaction times are characterized by TEM, and the size of the CDs
are determined.

Figure 2 shows the TEM image of CDpy and CDrp at 180 °C and 3 h. The nearly
spherical form of the produced CDs, as seen by TEM observation, could be explained by the
presence of CD structures [55]. They are uniformly scattered and typically have diameters
between 2 and 10 nm. The TEM images show that neither the bottom-up (Figure 2a) nor
the top-down (Figure 2b) method produced aggregated CDs. Although CDgy and CDtp
have different average sizes and size distributions, it is difficult to predict if these factors
contributed to the large discrepancy in their QYs [56].

Figure 2. Images of CDs obtained from tunneling electron microscopy from this study. Images show
variance in particle and size distributions (at 180 °C and 3 h). (a) bottom-up; (b) top-down.

The average sizes of the CDs prepared from the bottom-up and top-down methods at
various hydrothermal conditions are shown in Figure 3, as well as the size distributions of
the CDs. With the increase in hydrothermal treatment temperature, the size distribution
expands, yet the bottom-up process shows a consistent average sizing of the CDs of around
4.5 nm. This suggests the role that biopolymers (hemicellulose, cellulose, or lignin) play in
size determination, since they breakdown at varying temperatures, which has little impact
on accuracy but more so on precision.

Unlike the similarly average-sized CDs from bottom-up, the top-down method re-
sulted in a decreasing trend in CD size with the increase in hydrothermal treatment tem-
perature. In fact, the CD size was 5.7 nm when synthesized from hydrochar treated at
180 °C, which reduces to 4.7 nm for hydrochar treated at 260 °C. Therefore, the top-down
methods average higher sized CDs than the same temperature of bottom-up. This finding
is consistent with the literature through the work of Bruno et al. [12], who found an overall
higher size produced through the top-down method. Moreover, the size distribution for
the top-down method, especially for the hydrochar prepared at a higher hydrothermal
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treatment temperature, is wider than the CD size of the bottom-up method. The particle
size distribution plots of all samples are presented in the Supplementary File.
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Figure 3. Size distributions per HTC condition for bottom-up and top-down CD synthesis. Grey
bars indicate distribution, blue markers indicate average sizing. All sizes s reported in nm. (a) Size
distribution at 3.0 h and varying temperatures for bottom-up synthesis. (b) Size distribution at 3.0 h
and varying temperatures for top-down synthesis. (c) Size distribution at 180 °C and residence times
for bottom-up synthesis. (d) Size distribution at 180 °C and residence times for top-down synthesis.

3.3. Chemical Alteration of CDs by FTIR Analysis

Figure 4 contains the results for the ATR analysis of the top-down, 180 °C samples of
all residence times. Loblolly pine is a significant source of lignin, cellulose, and hemicel-
lulose [57]. As such, carbon, oxygen, and hydrogen are expected in abundance. Based on
the strong broad peak between 3200 and 3500 cm !, -OH stretching (alcohol) is present
in much higher amounts after 2 h of residence time [58]. This might happen as a result
of lignin’s p-coumaryl, coniferyl, and sinapyl alcohols cracking [59,60]. The strong peaks
can be observed at around 1260 cm~! owing to methoxyl bonds, as well as approximately
1630 cm ™! because of a C=C bond in the pyranose ring of lignin [61]. The C=C bond
increases significantly by increasing the residence time. The peak at 1050 cm ™! corresponds
to alcohol groups of glucose (C-OH) [51]. The peaks in the range of 700 to 900 cm™!
correspond to cellulose and hemicellulose (C-H bond) [46].

Figure 5 contains the results for the FTIR analysis of the bottom-up samples. The
stretching vibration of C-C, which may be connected to the structure of lignin, is responsible
for the absorption peak at around 1200 cm~! [61]. The C-C bond increases when the
temperature increases from 220 to 260 °C. The bending vibration peak of -OCH3 was the
absorption peak that occurred between 1420 and 1480 cm~!. The peaks in the range of 700 to
900 cm~! correspond to the C-H bond, which increases by increasing the temperature [51].
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The peak at around 1170 cm ! corresponds to C-O-C stretching vibration (cellulose), which
reaches a maximum at 260 °C [61].
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Figure 4. FTIR results for CDs generated at 180 °C and all residence times in top-down synthesis.
Samples were freeze-dried and tested as solids.
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Figure 5. FTIR results for CDs generated at different temperature and residence times in bottom-up
synthesis. Samples were freeze-dried, dispersed in toluene, then tested as liquids.

3.4. Effect of CD Preparation and Hydrothermal Conditions on Quantum Yield of CD

Photoluminescence is one of the major properties of CDs reported in the literature.
When ultraviolet to visible light is absorbed, CDs re-emit the light at different wavelengths.
The emitted wavelength depends on the CD size, lattice structure, functionality, and precur-
sor [62,63]. In this study, QYs are determined for CDs prepared at various hydrothermal
treatment conditions for both bottom-up and top-down methods and presented in Table 1.
Quantum yield can be defined as the ratio of excitation to the absorbed photons on CDs
after a photochemical reaction. Please note that relative quantum yields were calculated
using quinine sulfate as reference. The quantum yield was measured for each sample
produced at various times and temperatures. Table 1 contains the results of these measure-
ments. These measurements were run in triplicates with exceptionally low deviation (<1%).
Very few studies have been performed for hydrothermally synthesized CDs from woody
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biomass; however, one such study was completed by Zhao et al. [22] at 3 h and 180 °C
which reported a QY of 4.7%. This value is relatively similar to the corresponding condi-
tions of this experiment with a QY of 2.7%. The difference likely rests with the feedstock in
the experiments.

Table 1. Calculated quantum yields for both synthesis methods and varying HTC conditions. QY
was calculated with quinine sulfate as a standard diluted to 260 nm UV-VIS measured wavelength to

match CD wavelength.
Temperature °C Time (h) QYgy (%) QY1p (%)
05 7.9 19.3
1.0 12 17.1
15 2.7 16.9
180 2.0 16.9 2.6
25 11 44
3.0 2.7 24
05 24 205
0.1 40 18.1
15 42 19.2
220 2.0 26 25.8
25 0.4 27.4
3.0 16 12
05 18.1 25.8
1.0 16.1 34.1
15 165 272
260 2.0 7.8 485
25 5.9 26.6
3.0 85 35.9

Table 1 suggests that the quantum yield of CDs produced from the top-down method
are the highest when CDs are synthesized at 260 °C. The variation of QY averages between
the three temperatures of 180, 220, and 260 are 13.8, 20.4, and 33.0%, respectively. The
increase in QY with temperature is likely due to the difference in the degradation tempera-
tures of the three main components of woody biomass (lignin, cellulose, and hemicellulose)
during hydrothermal treatment (>250 °C, 180 °C, and 180 °C, respectively) [32,33,37]. One
of the main components of woody biomass is lignin, thus, if it does not begin to break
down significantly before the final temperature trials, then it will have little effect on the
two previous conditions, as less CD building blocks are generated. Another factor that
follows a similar trend is CD size and variation in size. As the temperature increases, the
results of Figure 3b show a drop in average size and an increase in size variance. Size
variance due to differing types and amounts of building blocks available are responsible
for the uniformity of the CD structure regarding hybridization, which has been proven
by Tepliakov et al. [64] to have a major impact on the photoluminescent properties. These
results coincide with the works of Jing et al. [38], who reports the hydrothermal synthesis
of biomass treated at 200 for 6 h possessing quantum yields below 10%, and the top-down
synthesis of hydrochar from biomass with quantum yields between 20 and 40%. However,
the experimental conditions and feedstocks are different in this study, so direct comparisons
may not be made.

The quantum yield for the bottom-up process is significantly lower than that of the
top-down method, as seen in Table 1. However, similar to the top-down method, the
quantum yield of CDs produced from top-down and bottom-up are the highest when CDs
are synthesized at 260 °C. This result is in agreement with the findings of Liu et al. [65], who
varied the temperature of the hydrothermal treatment of biomass and found an increase in
quantum yield with the increase in temperature. It is evident from the spectral graphs that
sugar is present in the samples, as compared with spectral graphs from the literature [66].
The physical characteristics of the samples have strong aromas of maple syrup and an
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inability to lyophilize into a solid state, further confirming this finding. The polymeric
sugar chains that contain hydroxyl functional groups are, thus, not transferred to the CQD
but rather remain in the solution. Zhang et al. [67] have shown that hydroxyl groups can
enhance the quantum yield of CDs, which is likely attributable to the top-down methods,
as the sugars are broken down but not the bottom-up CD’s.

Particle size has also been linked to QY [63,68]. However, the bottom-up procedure
witnessed little change in average particle sizing with respect to temperature but a definite
change in quantum yield. A more causational determinant for QY performance is the
quantum confinement effect. This refers to the amount of sp? hybridization within the
dots, which increases delocalization and decreases the energy band gap [69]. It is logical
to associate the increase in quantum yield across temperature change with the degree of
hybridization formed in the CDs, especially in the conditions where lignin begins to break
down and a diverse mixture of moieties are present in the process liquid, which deters sp®
lattice formations. The effect of residence time on quantum yield is evidently inverse for
the bottom-up method, where an increase in time results in a decrease in quantum yield.
This observation is likely due to the gradual increase in the CD building blocks generated,
the increased uniformity among them, and the time taken to polymerize. These conditions
provide an environment for increased carbonization beyond sp? within the CDs, which has
been shown to quench photoluminescent properties for CDs [62,70,71].

4. Conclusions

This study explores the bottom-up vs. top-down approach with a basis of hydrother-
mal carbonization at varying reaction conditions for CD synthesis. The results of the study
indicate that the top-down method consistently produces a higher mass yield than bottom-
up. The top-down method results in mass yields upwards of an 80% conversion, while
the bottom-up mass yield was below 25%. The sizes of the CDs were generally smaller for
the bottom-up method, but size distribution was much higher for top-down. The physical
characteristics of the CDs suggested that the bottom-up process contained higher hydroxyl
groups, which was confirmed by FTIR, whereas the top-down method was able to break
down these hydroxyl groups, resulting in higher CD conversion from loblolly pine. This led
to a higher quantum yield for the top-down method reaching up to 48.5%, while bottom-up
was limited to as high as 18.1%. Future study could focus on the novel applications of the
CDs produced from this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomass2040017/s1, Figure S1. Particle size distribution of
CDTD sample at 180 °C and 0.5 h. Figure S2. Particle size distribution of CDTD sample at 180 °C and
1 h. Figure S3. Particle size distribution of CDTD sample at 180 °C and 1.5 h. Figure S4. Particle size
distribution of CDTD sample at 180 °C and 2 h. Figure S5. Particle size distribution of CDTD sample
at 180 °C and 2.5 h. Figure Sé6. Particle size distribution of CDTD sample at 180 °C and 3 h. Figure S7.
Particle size distribution of CDTD sample at 220 °C and 3 h. Figure S8. Particle size distribution of
CDTD sample at 260 °C and 3 h. Figure S9. Particle size distribution of CDBU sample at 180 °C and
0.5 h. Figure S10. Particle size distribution of CDBU sample at 180 °C and 1 h. Figure S11. Particle
size distribution of CDBU sample at 180 °C and 1.5 h. Figure S12. Particle size distribution of CDBU
sample at 180 °C and 2 h. Figure S13. Particle size distribution of CDBU sample at 180 °C and
2.5 h. Figure S14. Particle size distribution of CDBU sample at 180 °C and 3 h. Figure S15. Particle
size distribution of CDBU sample at 220 °C and 3 h. Figure S16. Particle size distribution of CDBU
sample at 260 °C and 3 h. Figure 517. Images of CD’s obtained from tunneling electron microscopy
from this study. Images show variance in particle and size distributions. (CDBU at 220 °C and 3 h).
Figure S18. Images of CD’s obtained from tunneling electron microscopy from this study. Images
show variance in particle and size distributions. (CDBU at 260 °C and 3 h). Figure S19. Images of
CD’s obtained from tunneling electron microscopy from this study. Images show variance in particle
and size distributions. (CDTD at 220 °C and 3 h). Figure 520. Images of CD’s obtained from tunneling
electron microscopy from this study. Images show variance in particle and size distributions. (CDTD
at 260 °C and 3 h). Table 521: Absorbance vs. Intensity plot. Each sample was diluted to five different
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absorbances between 0.02 and 0.1. These samples were measured in the fluorometer for intensity
with the values plotted. The trendlines were generated and the slopes were used to calculate the
quantum yield with respect to the slope of quinine sulfate. The data in this plot represents three
temperatures operated with 3 h retention time at each temperature.
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