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Abstract: Carbon quantum dots (CQDs) are nanomaterials with a particle size range of 2 to 10 nm.
CQDs have a wide range of applications such as medical diagnostics, bio-imaging, biosensors,
coatings, solar cells, and photocatalysis. Although the effect of various experimental parameters,
such as the synthesis method, reaction time, etc., have been investigated, the effect of different
feedstocks on CQDs has not been studied yet. In this study, CQDs were synthesized from hydrox-
ymethylfurfural, furfural, and microcrystalline cellulose via hydrothermal carbonization at 220 °C
for 30 min of residence time. The produced CQDs showed green luminescence behavior under
the short-wavelength UV light. Furthermore, the optical properties of CQDs were investigated
using ultraviolet-visible spectroscopy and emission spectrophotometer, while the morphology and
chemical bonds of CQDs were investigated using transmission electron microscopy and Fourier-
transform infrared spectroscopy, respectively. Results showed that all CQDs produced from various
precursors have absorption and emission properties but these optical properties are highly dependent
on the type of precursor. For instance, the mean particle sizes were 6.36 £ 0.54, 5.35 £ 0.56, and
3.94 £ 0.60 nm for the synthesized CQDs from microcrystalline cellulose, hydroxymethylfurfural,
and furfural, respectively, which appeared to have similar trends in emission intensities. In addition,
the synthesized CQDs experienced different functionality (e.g., C=0O, O-H, C-O) resulting in different
absorption behavior.

Keywords: carbon quantum dots; hydrothermal carbonization; hydroxymethylfurfural; furfural;
microcrystalline cellulose

1. Introduction

Carbon quantum dots (CQDs) are a new class of carbon nanomaterials sized below
10 nm [1,2]. CQDs have attracted tremendous attention in the research community due
to their unique photoluminescence (PL) properties, biocompatibility, electrochemical lu-
minescence properties, and low toxicity [3-5]. These properties enable them to be used
in bio-imaging, biosensor, drug delivery, and photo-catalysis applications [6-13]. CQDs
are mainly synthesized via two approaches: top-down and bottom-up. The top-down
approach refers to the breakdown of larger carbon particles by laser ablation, electrochemi-
cal oxidation, chemical oxidation, and ultrasonic synthesis [14-17], while the bottom-up
approach synthesizes the CQDs from molecular precursors through microwave synthe-
sis, thermal decomposition, and hydrothermal treatment [4,18-20]. Among all synthesis
methods, hydrothermal carbonization (HTC) has been considered as the most promising
method due to high quantum efficiency, lower cost, environmentally friendly nature, and
non-toxicity [4,5,20-22].

HTC is an emerging technology that converts carbohydrates into high-value materials,
fuels, and chemicals [23-26]. HTC is typically performed at 180 to 260 °C for 5 min to 12 h
under water saturation pressure, depending on the application [27]. In this conditions,
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water is more reactive and behaves as a non-polar solvent because of high ionic product
and low dielectric constant [28]. Therefore, carbohydrates undergo for hydrolysis and
the hydrolyzed products then undergo for simultaneous dehydration, decarboxylation,
condensation, and polymerization to make cross-linked polymeric materials [29]. The
particle sizes of the solid product, often referred as hydrohcar, are generally between 10 nm
to 100 um [30]. As HTC is a bottom-up approach, the particles smaller than 10 nm remain
in the liquid phase (known as process liquid). HTC process liquid is referred to as the
waste product from a HTC process; thus far, it is considered as a liability for the HTC
development, as it requires expensive treatment. Various treatment technologies including
anaerobic digestion (AD), wet air oxidation (WAO), and membrane distillation (MD) have
been proposed to treat HTC process liquid [31-33]. However, the lack of value-added
product separation along with the additional cost of treatment often prohibits the adoption
of these aforementioned technologies for HTC process liquid.

In the recent past, various researchers have tried to separate the CQDs from the
liquid phase of the HTC process [3,4,34-36]. For instance, Mehta et al. produced highly
fluorescent CQDs from sugarcane via hydrothermal treatment at 120 °C for 3 h [4]. The
obtained the CQDs were about 3.0 nm in size with highly blue fluorescence. On the other
hand, Sahu et al. reported highly photoluminescent CQDs with sizes 1.5 to 4.5 nm from
orange juice via HTC at 120 °C for 2.5 h [34]. Papaioannou et al. studied the effect of
HTC residence time from 2 to 12 h at 200 °C on the properties of CQDs produced from
p-(+)-glucose [35]. They reported that the sizes of CQDs decreased and their level of
crystallinity increased with an increase in reaction time.

From the above discussed literature, it is clear that various parameters such as reaction
time, residence time, etc. have been examined to understand their effect on the properties of
CQDs. Although researchers studied different feedstocks at various conditions, to the best
of the authors’ knowledge, no study has been reported about how the properties of CQDs
change with the variation of feedstock at the same experimental conditions (temperature
and residence time). The hypothesis was that simultaneous evolutions of amorphous
hydrochar and semi-crystalline CQDs occur during HTC reactions. The amorphous hy-
drochar agglomerates into micro-meter-sized supramolecules, whereas, nano-sized CQDs
remain in the liquid phase due to their high aqueous solubility. As various biopolymers
react differently under HTC conditions, the authors” expectation was that the presence
and properties of CQDs will be different as well. Therefore, the objectives of the project
were to investigate the effect of feedstock on the properties of CQDs. To achieve this
goal, HTC of three organic precursors (i.e., furfural, 5-hydroxymethyl furfural (HMF),
and microcrystalline cellulose) have been performed at 220 °C for 30 min of residence
time. In this study, the HTC experiments were conducted at a relatively low temperature
and residence time as they are reported to be favorable for CQD production. HMF and
furfural might react at temperatures lower than 220 °C under an HTC environment, but the
literature indicates that microcrystalline cellulose starts to react at around 220 °C [29,37].
As the purpose of this study was to investigate the effect of precursor, the authors wanted
to choose the lowest temperature where all the precursors could react under the HTC
environment. Multi-staged filtration was performed on the process liquids to remove
supramolecules. The presence of CQDs was confirmed by investigating the optical (lumi-
nescence, ultraviolet-visible absorption, and emission), morphology (transmission electron
microscopy), and chemical (Fourier Transform Infrared Spectroscopy) properties.

2. Materials and Methods
2.1. Materials

In this study, CQDs were produced from three different biomass precursors. Of them,
5-hydroxymethylfurfural (HMF) was purchased from Carbosynth LLC. (San Diego, CA,
USA). Meanwhile, furfural was purchased from Sigma-Aldrich (St. Louis, MO, USA).
On the other hand, microcrystalline cellulose (extra pure, avg. particle size 90 pm) was
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purchased from Acros Organics (Fair Lawn, NJ, USA). Analytical-grade ethanol was
purchased from Fisher Scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Hydrothermal Carbonization and Separation of CQDs from HTC Process Liquid

HTC experiments of different precursors were performed in a glass-lined 100 mL Parr
batch reactor (reactor series 4590, Moline, IL, USA). A Parr proportional-integral-derivative
(PID) controller (model 4590) with an accuracy of 2 °C was used to control the reaction
temperature. The pressure was not controlled but was monitored during the experiment
with a pressure transducer and a gauge. HTC experiments were conducted at 220 °C for
a residence time of 30 min. The reactor was loaded with 45 mL solution contained 10%
(w/v) of precursor and the rest was deionized (DI) water. The reactor was closed and
heated at a constant rate of 10 °C/min until it reached the set temperature and then it
was maintained at isothermal conditions for 30 min. At the end of the residence time, the
heater was turned off, heating elements were removed from the reactor, and the reactor
was rapidly cooled to room temperature (~30 °C) by placing it in an ice-water bath. Once
the reactor reached room temperature, the gaseous products produced during the reaction
were vented in a fume hood by opening the vent valve. Finally, the lid of the reactor was
opened and HTC process liquid was filtered by Whatman 41 filter paper. Dark brown HTC
process liquid samples were collected in centrifuge tubes and stored in the refrigerator
for further synthesis. As the major goal of this study was to evaluate the variation of
optical, morphological, and chemical properties of CQDs with precursors, the hydrochar
and gaseous products were not further characterized. However, the mass balance and
physico-chemical characterization of hydrochars can be found elsewhere [23]. All the
experiments were completed in duplicate to check reproducibility.

The dark brown HTC process liquid was centrifuged at 10,000 rpm for 15 min by
a Sorvall BIOS 16-series centrifuge from Thermo Fisher Scientific (Waltham, MA, USA)
to separate the larger particles from the liquid phase. The fluorescent CQD containing
liquid phase was then filtered with a standard syringe filter (0.22 um). The filtered CQD
containing solution was then evaporated under reduced pressure by vacuum distillation.
The concentrated product from vacuum distillation was kept in the high vacuum freeze
dryer for 24 h to obtain powdered CQDs. The powdered CQDs were collected and
refrigerated in glass vials for further investigations. A schematic of the CQD synthesis and
characterization strategy is shown in Figure 1.

Synthesis Process Characterizations
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Figure 1. A schematic of the CQD synthesis and characterization strategy.
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2.2.2. Optical, Morphological, and Chemical Characterizations of CQDs

To investigate the fluorescent properties of the synthesized CQDs, short-wavelength
(254 nm) UV light was used. Although the produced CQDs appeared as light brown in
color under the day light, it showed a green luminescence under UV light (see graphical
abstract). The green luminescence under the UV light provided hints about the presence of
quantum particles in the produced solution. This finding encouraged the authors to further
investigate the optical properties of CQDs.

A Perkin Elmer Lambda LS 35 UV-visible spectrometer (Waltham, MA, USA) was
used to observe the absorption behavior of the CQDs. The syringe-filtered CQD containing
liquid phase was used in this analysis. The absorption capacity of those CQDs containing
liquid phase were beyond the maximum limit (2.5) of the UV-vis spectrometer. As a
result, all the original samples were diluted 5000 times with DI water. For each run, 10 mL
of diluted sample was taken in a quartz cuvette and absorption was monitored for a
wavelength range of 200 to 700 nm. The absorption capability of the CQDs was observed
relative to the DI water blank run.

A Horiba FluoroMax-4 emission spectrometer (Irvine, CA, USA) was used to investi-
gate the fluorescence emission capability of the synthesized CQDs at a certain excitation
wavelength. For a clear comparison of the emission capacity of different CQDs, all the CQD
samples were diluted to an absorbance value of 0.2 at 350 nm wavelength. A quartz cuvette
(considered for better light transmission) was used for obtaining the fluorescence emission
spectra. A slit width of 3 mm was used for the excitation and fluorescence emission spectra
of aqueous CQD solution. For 360 nm of excitation wavelength, emission spectra were
recorded for a wavelength range of 375 to 700 nm. Emission spectra were compared to DI
water blank run at the same condition.

To observe the morphologies and obtain size images of CQDs, transmission electron
microscopy (TEM) was performed on a Tecnai F20 system (Hillsboro, OR, USA). The
powdered CQDs were dispersed into ethanol and sonicated for 6 h. One drop of the
ethanol dispersed CQDs was placed on a copper grid coated with amorphous carbon, dried
at room temperature, and analyzed in TEM. The instrument was operated at 200 kV with
an X-TWIN lens and high-brightness field emission electron gun (FEG). The TEM images
were then processed with Image ] software to determine the particle size distribution of
the CQDs.

To observe the changes in functional groups, Fourier-transform infrared spectroscopy
(FTIR) analysis was performed in Bruker Optics Vertex 80 FTIR (Billerica, MA, USA). For
the analysis, CQDs particles were dispersed in DI water. FTIR transmittance spectra were
obtained for the wavenumber range of 4000 to 500 cm ! with respect to the reference of DI
water run.

All the above-mentioned characterizations were completed in duplicate to check
reproducibility.

3. Results and Discussions
3.1. Absorption Properties

The optical characteristics of CQDs were investigated in terms of their absorption and
emission properties. From the UV-vis spectra (absorption properties) shown in Figure 2, it
was observed that all CQDs exhibit a broad range of absorption in the UV region, with the
tails of the spectra in the near-visible region. Although all of the CQD samples started to
show absorption behavior at the same wavelength (240 nm), their peak intensities were
different. For instance, the cellulose peak showed the highest intensity of 2.35 while HMF
and furfural showed peaks of 1.45 and 0.7, respectively. Additionally, the cellulose derived
CQDs showed normal distribution while the furfural showed average distribution. This
phenomenon indicates that the CQDs produced from furfural can absorb wide wavelengths
while cellulose CQDs can adsorb more specific wavelengths among the three studied
precursors. This variation of the absorption properties could be further supported by the
FTIR spectra (see Figure 3). In the cellulose spectrum, only a carbonyl (C=0) peak was
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observed at 1670 cm 1. On the other hand, both HMF and furfural showed various other
peaks, such as medium alcohol (O-H) peaks between 1330 and 1420 cm~!, aromatic ester
(C-O) peaks between 1200 and 1300 cm !, and a sharp alkyl ether (C-O) peak at 1027 cm 1.
Due to the presence of additional functionality, HMF and furfural could exhibit broader
absorbance compared to cellulose. In addition to the broad peaks, CQDs showed tails in
the visible region. These tails are typically related to nanoparticle functionalization and are
reported as lower energy surface centers [38]. These tails are also attributed the presence of
various m—7* (C=C) and n—7* (C=0 and/or others) transitions [2]. As the aromatic rings
increase with the hydrothermal treatment, the energy gaps between 7 states gradually
decreased [15]. On the other hand, functional groups (i.e., carbonyl) with electron lone pairs
could be bonded with aromatic carbon that allows electron transition from n states [39].
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Figure 2. UV-Vis spectra for carbon quantum dots derived from various precursors.
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Figure 3. FTIR spectra of the CQDs synthesized from various precursors.

3.2. Emission Properties

In addition to the adsorption properties, fluorescence emission properties of the CQDs
were investigated. The emission spectra of the CQDs are shown in Figure 4, where it can
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be seen that the emission wavelength (360 nm) is longer than the excitation wavelength
(240 nm) shown in the absorbance spectra (Figure 2). This observation is in line with previous
literature, where the researchers reported the reason behind this is mainly due to bandgap
of the conjugated 7t domains and/or the presence of defects in the structures [39—41]. The
spectra also show that the emission capacity of cellulose-based CQDs is the highest among
the studied feedstocks, where furfural-derived CQDs show the least emission capacities. As
the absorbance intensity of the furfural-derived CQDs was the least, it was expected to have
the highest emission properties. However, the emission properties showed the similar trend
as absorption capacity. This could be due to the combined effect of functional groups, ligand
chain length, surface defects, and morphology of the CQDs [42].
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-3 600,000 + Furfural
£ c
g § 500,000 - ——H20 background
- 0
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Figure 4. Emission spectra of carbon quantum dots derived from various precursors.

3.3. Morphology of the CQDs

The morphology and particle size of the produced CQDs were obtained from TEM
analysis which are shown in Figure 5. It is observed that these CQD particles are spherical
in shape and most of the particles are separated from each other. Size distribution results
revealed that the spherical nanoparticles diameter ranged from 2 to 9 nm. Although the
CQDs were synthesized under the same hydrothermal conditions, the sizes of the CQDs
were different. This could be due to the various degradation temperatures of the precursors
allowing them to nucleate at different conditions, thus forming different-sized CQDs [43,44].
In addition, the agglomeration of the particles could be the reason for getting various mean
sizes [43]. A general trend between CQD emission capacity and mean size was observed.
For instance, the highest emission capacity was attributed to the mean particle diameter
of 6.36 £ 0.54 nm for the cellulose-derived CQDs, while the lowest emission intensity
occurred with the mean particle diameter of 3.94 &+ 0.60 nm from the furfural-derived
CQDs. This could be attributed to the increased surface area of the particles, allowing more
light-emitting functional groups to be present and active.

The CQDs produced in this study contain remarkably similar characteristics, as found
by the Zhao et al. and Gao at al., where they produced CQDs from pine wood and alkali
lignin, respectively, via HTC treatment [45,46]. The similarities include but are not limited
to the absorption range of 225 to 300 nm, the emission range of 435 to 450 nm, and the size
2 to 5 nm. With these characteristics, the CQDs were successfully used as a nanosensor to
detect the iron (Fe?*) and ascorbic acid. It has been determined that the functionalization
of the CQDs with groups containing oxygen are crucial to the success of the detection of
the ions as they are chelated by these groups to induce a fluorescent quenching [45,46]. The
CQDs produced in this study all share this vital characteristic as well. Although the dots in
this study fall within those ranges in every respect except for the size of the cellulose dots,
these CQDs could be used for similar purposes as well.
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4. Conclusions

In this study, CQDs were produced from HMEF, furfural, and microcrystalline cellulose
via HTC at 220 °C for 30 min. The optical and morphological properties of the produced
CQDs were investigated. It was observed that CQDs showed green luminescence under
short-wavelength UV light (254 nm). Additionally, they can absorb light in a broad range.
The variation of the absorption range was justified from the FTIR spectra where CQDs
from different precursors showed different chemical bonds (e.g., alcohol, ketone, etc.).
Although all the studied CQDs were within two to nine nm in diameter, the mean diameter
varied with the precursor. Depending on the particle size, the CQDs showed different
emission capacities. Finally, this study provides an insight into the effect of precursor on
the CQD properties. So, the precursors for the CQDs should be selected based on the
targeted applications.
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