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Abstract: Glucose, a readily available biomass precursor is used for the production of
carbon quantum dots (CQDs) via a fast, efficient, and environmentally benign continuous
hydrothermal flow synthesis (CHFS) process using supercritical water, an approach that can
readily be scaled-up for industrialization, producing materials with enhanced properties. The
water soluble CQDs exhibit an average particle size of 2.3 £ 0.5 nm, with optimum emission
intensity at 446 nm on excitation at 360 nm. The as-synthesized CQDs with no extra modification
show promising sensitivity and good selectivity for the highly toxic, carcinogenic, and mutagenic
chromium (VI) ion (limit of detection of 1.83 ppm) and for the essential bioactive transition
metal, iron (II) ion (limit of detection of 6.09 ppm). The life-cycle assessment confirms that in
comparison to conventional batch synthetic method, continuous hydrothermal flow synthesis
process is significantly a more efficient and greener route for the synthesis of carbon quantum

dots from the glucose biomass precursor.
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sensor.



INTRODUCTION

Maximising the conversion of biomass and waste-related components into valuable
products or nanomaterials is one of the most significant challenges for a sustainable future. In
recent years there has been a fast-paced exponential development and diversity of biomass
derived materials, and in particular, the next generation carbon-based nanomaterials (nanotubes,
2D nanosheets of graphene, fullerenes, etc.) that have found multiple applications in
optoelectronics, photocatalysis, light-emitting devices, solar cells, bio-related (e.g bio-markers
and drug delivery), anticounterfeit (e.g. fluorescent inks), and ion sensors.!? Particularly,
luminescent nanomaterials such as carbon quantum dots (CQDs) have attracted much scientific
interest since their 2004 discovery by Xu et al.® Typically, CQDs are nanometric-range particles
(< 10 nm in diameter), able to absorb and emit light at certain wavelengths, due to their graphitic
core and/or amorphous carbon framework (sp?/sp? carbon) surface, richly coated with oxygen
functionalities and/or defects*. CQDs materials, which exhibit features such as outstanding
optical properties and photostability, biocompatibility, and low capacity for hazardous

environmental impact, are indeed highly desirable in a variety of applications.

Producing CQDs from biomass-related compounds such as glucose,>® fructose,’ citric
acid,® chitosan,’ cellulose!® or lignin,'! through intra- and inter-molecular dehydration and/or
decomposition processes under hydrothermal conditions is one of the more efficient bottom-up
approaches.®!? Whilst a wide range of raw biomass sourced materials (coffee grounds, leaves,
guano)'*~15 can be used via this approach for synthesis, materials of known elemental provenance
allow for a more useful control in their design and synthesis. An alternative approach to the
bottom-up method is the cutting of higher dimensional pre-synthesised carbon materials such as
1D carbon nanotubes'®, 3D graphite!’, or carbon black'®, to reduced 0D dimensions dots, lower

than 10 nm particle size; the top-down approach to producing CQDs.

The production of CQDs via hydrothermal bottom-up methods involves the carbon
precursors reaction mixture being exposed from a few hours right up to 48 hours at temperatures
between 150-250 °C in batch hydrothermal processes,*!° all of which involve both significant
energy consumption and time. Therefore, an approach for the synthesis of carbon dots from
biomass related precursor that minimizes the process duration and energy consumption is
needed. As such, Continuous Hydrothermal Flow Synthesis (CHFS), a bottom-up hydrothermal
approach, offers an affordable way to produce customized and an advanced development in

biomass related carbon materials with real-time full command of the reaction parameters. It is a



one-step process that involves the mixing of supercritical water flow with one or more water-
soluble precursor flows in a counter flow mixing point reactor, with reactions occurring within
seconds. CHFS approaches have been successfully applied within this laboratory in materials

2225 panocomposites?® and

synthesis such as metal oxides,?® nanometals,”?! 2D materials,
nitrogen-doped CQDs.?” This method is proven in reducing the complexity of traditional batch
processes and can be readily scaled up for the production of nanomaterials such as CQDs, giving

high quality and reproducibility for a homogenous product with optimised properties.

An interesting aspect for some CQDs is the predilection of their entangled functionalized
surface to interact through an impressive degree of selectivity and sensitivity to ions or molecular
compounds in solution allowing an optical response (fluorescence enhancement or quenching).
Examples from the literature demonstrating fluorescent response harnessed as nano-sensors
include those for ions such as Fe(I1I),%%2° Cr(VI),2° Cu(II),*° Hg(1I),>! molecular compounds,**-
3% and pH.* The sensing and selective detection of different analytes such as metal ions, anions,
organic molecules, metal nanoparticles and biological samples can be engineered and designed
into CQDs. This nano-sensing process can be controlled by the inclusion/alteration of the
surface-functional groups for which the optical properties of CQDs are affected when in contact

with the analyte.

In this work, CQDs were synthesized via a green, fast and energy efficient single step
continuous hydrothermal flow synthesis approach using a low-cost readily available biomass
carbon source, glucose; extensively used in batch hydrothermal synthesis methods as a model
platform for waste and biomass utilization and recovery.’®*” The CQDs obtained exhibited
green-blue fluorescence, and owing to their fluorescence stability under neutral mild acidic and
basic conditions, the CQDs were successfully tested as a fluorescent nano-sensor for the sensing
of Cr (VI) and Fe (II) ions with favourable sensitivity and selectivity over other ions and anions.
Their dual-ion affinity*® offers the opportunity to apply the CQDs nanosensor for iron (IT)
detection in biomedical quantification in blood samples or living cells,***® or for chromium (V1)

detection and quantification in soil or surface/industrial water effluent.*!

EXPERIMENTAL SECTION

Chemicals: All materials were purchased from UK based commercial suppliers: Sigma-Aldrich,

except C¢H1206, K2CrO4, and KoCr2O7 which were purchased from Fisher Scientific. All



chemicals were used as received. Deionized water (15 MQ, ELGA Purelab system) was used in
all experiments. The aqueous solutions of metal ions used for the nano-sensing experiment were
made from either their nitrate (Ag*, Co*", Ni%*, Fe**, Cr**, Ce*"), acetate (Fe**, Zn**, Cu?"), or
chloride (Na*, K, Mg?* and Ca®") and sodium (F-, CI', Br, I, NOs", H,POs, CH3COOr,
HCOO-, HCO3 -, SO4* and CO3%).

Characterisation

CQDs were analysed using high-resolution transmission electron microscopy (HRTEM) (JEOL
JEM2100 operated at 200 kV and 107pA; data analysis performed via Image] software), atomic
force microscopy (AFM) (hpAFM tapping mode; data analysis performed using NMI Image
Analyser (v1.4, NanoMagnetics Instruments), X-Ray photoelectron spectroscopy (XPS)
(Thermo Fisher Scientific K-alpha+ spectrometer; data analysis was done using in CasaXPS
software), Raman spectroscopy (Bruker, SENTERRA II, Aex = 532 nm), fourier-transform
infrared spectroscopy (FT-IR) (Shimadzu IRAffinity-1S). Optical properties were studied using
spectrophotometry for absorption studies (UV-Vis spectrophotometer, Shimadzu UV-1800) and
photoluminescence (PL) (Shimadzu RF-6000). Specific characterisation methodologies
including the quantum yield value determination (see Figure S1) were performed as described

previously.?’

Chromium (VI) and Fe (II) ion-sensing:

To determine the PL sensing properties (sensitivity and selectivity) of CQDs towards Cr (VI)
and Fe (IT), the following experiments were conducted: Cr (VI) and Fe (II) stock solutions (1000
ppm) were prepared by dissolving potassium chromate (K>CrOs, 100 mg) or iron acetate
(Fe(C2H302)2, 100 mg) in deionized water (100 mL) using standard volumetric flasks. To a fresh
stock of CQD solution (1.23 mg/mL) in a standard volumetric flask (10 mL), was added the
necessary volume of 1000 ppm Cr (VI) or Fe (II) stock solutions to achieve the following
concentrations of interest which were: 500 ppm, 250 ppm, 100 ppm, 75 ppm, 50 ppm, 20 ppm,
10 ppm, 5 ppm and 1 ppm. The spectral PL response of each corresponding solution was
recorded after 3 minutes incubation. Each ion-sensing experiment for the quantitative analysis
of Cr (VI) or Fe (II) was repeated three times. The PL experimental set conditions were as
follows: Aex = 360 nm, 5 nm band-slits (excitation and emission), sensitivity = fixed at high,
response time = 0.5 s, emission spectrum range: 370 - 650 nm, PL intensity at Aem = 446 nm was
used for all quantitative analysis experiments. A range of anions and various metal cations at 50

ppm as a standard concentration were tested to demonstrate selectivity and sensitivity.



Furthermore, the CQDs stability in presence of Cr (VI) or Fe (II) (50 ppm) was demonstrated by
monitoring the fluorescence intensity of each corresponding solution in a continuous mode for

1200 seconds at Aex = 360 nm (see Figure S2).

Synthetic Methodology:

The procedure for Continuous Hydrothermal Flow Synthesis (CHFS) of CQDs procedure for
CQDs via CHFS is illustrated in Schematic 1.
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Schematic 1: Production of carbon quantum dots (CQDs) via Continuous Hydrothermal Flow
Synthesis (CHFS) approach: (a) graphical representation of the synthetic route employing
glucose as carbon precursor and supercritical water (sc-H>O) as solvent and reaction
environment, (b) simplified CHFS reactor design (Key: F = feeds of water and glucose precursor
delivered to the reactor by high pressure pumps, BPR = back-pressure regulator), and (¢) CHFS
advantages.



The CHFS system employs the following feeds: supercritical water (sc-H20) feed (F1: flow rate:
20 mL min™') and the glucose carbon precursor feed (F2: with concentration of 70 mg mL-!, flow
rate: 5 mL min™") and a second deionized water feed (F3: flow rate 5 mL min™"). The ‘blank’ feed
of deionised water maintains the optimal reaction conditions of the system for CQDs synthesis
via CHFS in terms of the global flow rate, pressure, temperature, and carbon precursor in the
reaction area.?” The sc-H,O feed (F1) was supplied at 450 °C and system pressure at a constant
24.8 MPa via a back-pressure regulator (“BPR”). Feeds F2 and F3 were merged via a “T”
junction prior to contact with the supercritical water feed (F1) at the reaction zone (“Reactor”)
where CQDs were generated. The reactor effluent containing the CQDs was then cooled in a
straight pipe-in-pipe water cooler (labelled as “Cooler”), passing via “BPR” for collection and
further processing (see Schematic 1). The reaction time in the “Reactor” occurs in fraction of
second and the overall time from injection of the precursors to collection point is ca. 2 mins. The
reactor was run for 40 mins. Filtration of the CHFS synthesised CQDs reaction product was
initially through a 0.2 um alumina membrane, followed successively by a 30 kD and then 1kD
membranes in a tangential filtration unit, with the final solution concentrated to 1/5 of its initial
volume. A small volume of purified carbon dot (10 mL) was freeze dried (Heto PowderDry PL

3000) providing a sample concentration of 1.23 mg mL.

RESULTS AND DISCUSSION

Carbon quantum dots are very attractive material due to their optical and chemical
properties, especially their emissions in the visible range.*® The CHFS approach allows for the
continuous mode of production of CQDs by simply using glucose as the carbon source, via
supercritical hydrothermal conditions (P = 248 MPa and T = 450 °C). The
structural/compositional, morphological and optical properties of the as-produced CQDs were

characterized using a variety of techniques and discussed as follows.

HRTEM images (Figure 1 a-d) of the as-prepared CQDs display an irregular round shape
exhibiting a mean particle size of 2.3 + 0.5 nm (particle size distribution range between 1.4 nm
to 4.5 nm), Figure 1d. This was consistent, within experimental error, with the observed
tomography derived from atomic force microscopy (AFM) (Figure 1e-d) exhibiting an average
value of 3.5 £ 1.7 nm (with distribution range from 1.0 to 9 nm) for the CQDs. Both systems of

analysis reflect excellent homogeneity for the CQDs produced by CHFS. The in-plane lattice



spacing of 0.22 nm (Figure 1c) is as expected for a graphitic core arrangement is as expected for

a graphitic core arrangement of the carbon atoms and is in-line with previously reported

42,43

literature.
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Figure 1: HRTEM images of glucose derived carbon quantum dots obtained at (a) 20 nm, (b) 5
nm imagining scale with (¢) showing graphitic core lattice fringes, (d) particle size distribution
histogram (mean particle size of 2.3 £ 0.5 nm). (¢) AFM tomographic image and (f) particle size
distribution histogram.
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Figure 2: XPS spectra of (a) C(1s) and (b) O (1s) regions showing the composition and surface
chemistry of CQDs.

X-ray photoelectron spectroscopy (XPS) analysis* of the surface chemistry of the CQDs
provided a C(1s) spectra (Figure 2a) exhibiting peaks at 284.4 (sp?, C-C), 285 (sp?, C-C), 286.5
(C-0), 287.9 (C=0) and 289.2 eV (-O-CO-), whereas the O(1s) spectra (Figure 2a) exhibited
asymmetry to both lower and higher binding energy sides of the peak maxima which was best
fitted to three species with binding energies of 531.5 (C=0), 532.7 (O-CO*-0O / aliphatic C-OH)
and 533.5 eV (O-CO-C / O-C-O / aromatic C-OH). This diversity of oxygen functionalities of
the CQDs surface is consistent with FT-IR spectroscopy analysis (Figure 3b). Stretches for C=0
(COOH) are evident at 1712 cm™ and 1658 ¢m™!, those for C-O and C-O-C vibrations assigned
at given at 1357 cm! and 1033 cm! respectively,* and the broad absorption band at 3302 cm™!
can be assigned to overlapping stretches for O—H (R-OH, -COOH). Furthermore, the stretches
at 2900 cm!, and 1500 cm! and ~ 1600 cm’!, assigned to alkyl (sp* C-H) and aromatic (sp? C-

H) vibrations respectively.

Analysis of Raman data gathered for the CHFS synthesised CQDs (Figure 3a) reveal two
broad peaks at 1384 and 1597 cm™! corresponding to D and G vibrational bands indicating the
presence of sp*-carbon and the graphitic core (sp>-hybridized carbon), respectively. The G-band
is recognized as an Es, vibrational mode of the graphitic core correlated with the vibration of sp?
hybridized carbon atoms, suggesting the aromatic character of CQDs. This is consistent with the
HRTEM lattice spacing described earlier (Figure 1c) and furthermore, the Ip/Ig ratio of 0.83
indicates the predominance of the graphical core in the CQDs. This Ip/Ig value lies somewhere

between the values of thin graphite flakes and graphite oxide.*>*’ The smaller D-band peak



indicates the disorder in the structure which can be associated with oxygen functionalities. These
results are consistent and in agreement with both FTIR and XPS data, the latter indicating a C/O
ratio of 1.7 (with Ols: 36.74 at%).
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Figure 3: (a) Raman and (b) FTIR spectra of CQDs.

The characteristic optical properties corresponding to specific absorption and emission
properties of the CQDs in aqueous solutions at varying pH values (Figure 4 (a - d)) were studied
using UV-Vis and steady-state photoluminescence spectrophotometry (PL). The UV-Vis
spectrum presented two absorption bands, 225 nm which can be assigned as aromatic sp? n-m*
transitions within the graphitic core (C=C and C-C bonds), and 280 nm which can be related to
the n-n* transitions for C=0 moieties that are abundantly located in the CQDs surface; both of

which are characteristic of CQDs (Figure 4 (a)).’

Photoluminescence analysis for the as-synthesised CQDs under UV-Vis excitation (300
— 500 nm) displayed optimal Aex at 360 nm exhibiting a blue fluorescence emission at Aem = 446
nm. This coincided with a blue-shift of the maximum of emission and an increase in the PL
intensity from 320 nm to 360 nm excitation wavelengths, and a consecutive subsequent red-shift
and a consistent decrease in PL intensity for lower energy excitations (360 - 500 nm), Figure 4b,
a typical observed feature of UV-Vis excitation dependent emission behaviour for CQDs.”*} The
red-shift character observed may be ascribed to a greater predominance of n-n* graphitic core
transitions of the isolated sp? clusters at lower excitation energies.*® A quantum yield value of

0.3% (calibrated using as a standard quinine sulphate in 0.1 M H2SOs) for the as-synthesised



CQDs was determined, which was greater than the negligible QY of carbon dots generated purely
from citric acid, but much lower than that recorded for N-doped citric acid CQDS (15%)
produced under CHFS conditions previously in our lab (see Figure S3),?” but still comparable to

most reports for CQDs composed of carbon and oxygen without any surface passivation

processes.*>4
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Figure 4: (a) UV-Vis absorption spectrum of carbon quantum dots with inset showing CQDs
solution under UV-light (365 nm). (b) Photoluminescence spectrum of CQDs at excitation
wavelengths between 300 — 500 nm showing excitation dependence performance. pH effect over
(c) the emission intensity and (d) data represented in histogram format.

The stability of the CQDs and that of their fluorescence when subjected to the influence
of pH change was also investigated since pH can impact on the sensitivity and selectivity of a
sensor for metal ions in environmental or biological systems (Figure 4c and 4d). The
fluorescence intensity of these CQDs displayed negligible change over a broad pH range (pH 3
to 10), however, in both stronger acidic (pH 1 to 3) and basic (pH 11 — 14) media, the emissive
intensity was substantially changed. This diminished intensity can be considered a consequence

of greater disruption of the oxygen moieties randomly distributed on the CQDs surface and their

10



respective fluorescent ability. A small but significant red shift was also observed for the CQD

emissions in both the strong acidic and basic solutions. This phenomenon can relate to the

missing emissivity from the CQDs surface, thus permitting more prominent emissions from the

graphitic core over that of the surface emissions.

Chromium (VI) and Fe (II) ion-sensing:

Cognisant of both its inherent fluorescent properties and pH stability ranging from pH 3-

10, evaluating the CQDs sensitivity towards other ions was considered pertinent.
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Figure 5: Selectivity of the CQDs based chemo-sensor over other (a-b) ions and (¢-d) anions.

1.1

Further studies determined that the as-synthesized CQDs had a sensitivity for both

chromium (VI) (CrO4*/Cr,07*), a highly toxic, carcinogenic and mutagenic heavy metal

anthropogenic pollutant in water-, and water-soluble iron species,’®>? Fe (II) and to a lesser

extent Fe (IIT) (Fe?* aqueous solubility at pH 7.4 is in the order of 107! versus 107" M for Fe3"),>

an essential bioactive transition metal ion (Fe**/Fe*") whose deficiency (hypoferremia) or excess

(hyperferremia) can be detrimental. The CQDs exhibited significant selectivity over a range of

11



other environmentally relevant cations and anions, including metal ions such as Na*, K*, Ca",

Mg?*, Co**, Ni**, Cu?', Zn**, Cr**, Ce*', Ag", and the anions: F-, CI', Br, I, NOs~, SO4*, HCOO"

, CH3COO-, HCOs", COs*, each in aqueous solutions at concentrations of 50 ppm (Figure 5).

(Figure 5). Experiments were performed in triplicate for each ion in all experiments and

particularly focussed on chromium (VI) (CrO4*/Cr,07*) and Fe (1I).

This sensitivity of the CQDs fluorescent probe for Cr (VI) and Fe (II) was investigated

further to determine their limits of detection (LOD) and limits of quantification (LOQ).

log(Fo/F)

CrOi’ concentration:
250ppm
——100ppm
—75ppm
——S50ppm
——25ppm
——10ppm

(@)

Intensity (au)

T T T
450 500 550

400
Emisssion Wavelength (nm)
Fe’ concentration:
(c) 500ppm 250ppm
——100ppm —— 75ppm
—— S50ppm ——25ppm

—— 10ppm —— Sppm
—— 1ppm — 0.5ppm
—— Oppm

Intensity (au)

T T T T T
400 450 500 550 600

Emisssion Wavelength (nm)
161 R’=0.99948
144 LOD=3.62 ppm

(e)

T
250

T T
150 200

T
100
CrO:' concentration (ppm)

50

250 ppm
100 ppm
75 ppm

50 ppm

concentration

25 pmm

2
4

10 ppm

CrO

S ppm
1 ppm

0 ppm

0.0

Oppm
0.5ppm
1ppm
Sppm
10ppm
25ppm
S0ppm

2+ .
Fe™ concentration

75ppm
100ppm
250ppm
500ppm

(b)

0.4 0.6

K 0.8
1/To

r
0.0

2.0

—
n
1

log(Fo/F)
s

0.5+

0.0

0

LOD=1.83 ppm

R’=0.99995

)

50 200 250 300 350 400 450 S50
Fe™" concentration (ppm)

T
50 100 1

Figure 6: Sensitivity of the CQDs based sensor over Cr (VI) and Fe (II) ions. The influence on
PL spectrum of CQDs on the fluorescence intensity changes in (a-b) Cr (VI) and (c-d) Fe (II)
concentration range (ppm) with (e-f) showing Stem-Volmer graphs as a function of (log(Fo/F)
versus [Cr (VI)] and [Fe (IT)] ions.

12



The fluorescence of CQDs at 446 nm was quenched on the addition of Cr (VI) (Figure 6
a-b) or Fe (II) (Figure 6¢-d); the emission intensity decreasing showing linear dependence for
the respective increase in concentrations of Cr (VI) (Figure 6e) or Fe (II) species (Figure 6f),
with no peak shifting of the fluorescence emission maximum observed. The Stern-Volmer
relation plots showed good correlation for both Cr (VI) (R? = 0.9994) and Fe (I) (R? = 0.9999)
giving respective quenching constant values, Ksv = 0.00624 (determined from the slope of the
line y = 0.00624x + 0.01108) for chromate anions (Cr (VI)) and Ksv =0.00386 (y = 0.00386x +
0.0383) for ferrous ions (Fe (II)).

The LOD was calculated using the equation LOD = 306/Ksv, and the LOQ using the
equation LOQ = 106/Ksv (o is the standard error of the intercept from the Stem-Volmer plots).
LOD of 3.62 ppm with LOQ of 11.6 ppm was obtained for Cr (VI) (¢ = 0.00725), and LOD of
1.83 ppm with LOQ of 6.09 ppm for Fe (II) (o =0.00232). The suitability of the CQDs as
sensors for both Cr (VI) and Fe (II) was further demonstrated by the stability of the emission
intensities for the pure CQDs, [CQDs-Cr (VI)], and [CQDs-Fe (II)] solutions at 446 nm (see
Figure S2) showing a negligible variation over time when the samples were subjected to

continuous excitation at 360 nm for 1200 seconds.

The aforementioned absence of a noticeable red-shift of the respective emissions related
to Cr (VI) and Fe (II) detection (contrary to the observed response of the CQDs to changes in
pH, Figure 4c) suggests an alternative mechanism to that involving direct metal ion interactions
(Cr (VD) or Fe (II)) with the CQDs surfaces functional groups. The diminishing emissive intensity
observed previously for the pH titration profile (Figure 4c) may be attributed to the
protonation/deprotonation of the carboxylate groups and/or other moieties resulting in disruption
of the surface charge and associated emissivity for the CQDs. Protonation of the various oxygen
moieties within the CQDs tight surface entanglement could readily occur due to ease of access
of the significantly smaller sized charged particles where other larger cations regardless of charge
could not. Deprotonation on the other hand could be considered a consequence of the greater
ionization potential of the hydroxide ion across solute-solvent interactions at high concentrations
over that of other anions tested.>* The selectivity of the nano-sensors for Cr (VI) and Fe (II) may

then best be attributed to a physical phenomenon called the Inner Filter Effect (IFE).

13
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Figure 7: Spectral overlap of the normalized UV-Vis absorption bands for the analyte ions
(green) and the CHFS-synthesised CQDs (black line), and the excitation spectrum (Aem = 446
nm) (blue line) and emission spectrum (Aext= 365 nm) (red line) of the CQDs, demonstrating the
Inner Filter Effect of (a) Chromate (CrO4%) and (b) Ferrous (Fe*") ions.

The Inner Filter Effect (IFE) is the spectral overlap of the analytes absorption bands
(CrO4* or Fe?* ions in these instances) with either or both the excitation and emission band of
the substrate (CQDs) as in Figure 7 a-b. An overlap of an excitation band of the CQDs with the
analytes absorption band would create an absorptive competition that results in lower excitation
of the CQDs, thus emitting far fewer photons with a proportionate decrease in the emission band
intensity to the analyte concentration. In this regard, the CQDs excitation and emission bands
(Aext= 365 nm and Aem = 446 nm), have significant overlap with the chromate (CrO4*) anions
absorption bands centred at 372 nm. There is also a second absorption band of CrO4* at 274 nm
that overlaps with the CQDs most intense absorption band at 280 nm. For Fe (II), a broader band
of absorption readily overlaps both the excitation and absorption spectra of CQDs (but to a lesser
extent the emission band). Essentially the metal ions have a well-defined electronic structure,
smaller size, and higher concentrations in the solution compared to that of the CQDs, thus
demonstrate a greater efficiency in not only absorbing any radiation at 360 nm required by the
CQDs to produce an excited state emission but also, in the case of CrO4%, absorb any emitted
photons from the CQDs. These processes consequently result in a diminishment of the CQDs
fluorescence intensity by either Cr (VI) or Fe (II) ions. The IFE mechanism has been previously

explored and applied to nano-sensors for chromium (VI) and iron (IT) detection.!®->>¢

Despite excitation dependence, and a broad FWHM (~113 nm, where 100 nm is

characteristic for CQDs), the water soluble CQDs optimal fluorescence emission (446 nm) is
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remote from the range for UV excitation (320-380 nm) thus avoiding auto-luminescence, and
exhibit stable emission intensities over a wide pH range. In the absence of any doping or surface
passivation, its LOD and LOQ for chromium (VI) and iron (II) detection are within range to
effectively demonstrate its suitability as a nanosensor, although with lower sensitivity for
detection of Cr (VI) compared to our previously reported N-doped CQDS (LOD of 0.365 ppm
and LOQ of 1.218 ppm).?’” However, this offers an avenue of exploration and further insight

from future studies of CHFS processed CQDs from dopants with glucose.

Life-Cycle Assessment (LCA)

In pursuit of principles of green chemistry and engineering (IMPROVEMENTS
PRODUCTIVELY) and sustainaibility,”” %! a streamlined LCA was carried out following
ISO14040 and 1SO14044 standards and using SimaPro (version 9.1) software with inventory
data sourced from the Ecoinvent (version 3.6) database.®> Two processes involving a batch
hydrothermal reactor®® and the current CHFS synthesis were compared. Two selected LCA
indicators were: the global warming potential (GWP) which can be expressed as mass of CO»-
equivalent (Figure 8a) and the cumulative energy demand (CED) expressed as MJ (see Figure
8b). The GWP values were calculated using the IPCC 2013 method. The CED values were
obtained using the ReCiPe midpoint 2016 method.%* Table S1 from the Supporting Information
includes experimental and inventory data (for glucose, water and electricity consumption

values), the results of which are shown in Figure 8.
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Figure 8. (a) Global warming potential (GWP), and (b) cumulative energy demand (CED)
indicators for CHFS, and batch synthesis for a normalized yield.

The streamlined LCA results reveal that the CHFS experiment has significantly lower

GWP and CED indicators than the comparable batch experiment from the literature®? (see Figure
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8), indicating a very much reduced impact on both climate change and depletion of energy
resources. The electricity consumption in both processes makes up the largest contribution to the
GWP and CED indicators. When normalising these results with respect to the (lower) synthesis
yield obtained for the batch process (0.72 g/6 hr), the GWP and CED indicators are ~ 3.5 and ~8
fold lower respectively (Figure 8), favouring the CHFS process over the batch synthesis process.
It is worth noting that, compared to batch synthesis of the CQDs, the CHFS process reaches
approximately ~4-fold greater yield (0.46 g/hr) delivering in a continuous mode (real time) ca.

7.7 mg min’.

CONCLUSIONS

The life-cycle assessment confirms that the continuous hydrothermal flow synthesis process is
significantly a more efficient and greener route when compared with a conventional batch
hydrothermal method for the synthesis of carbon quantum dots. The CDQs were produced
utilising a biomass precursor (glucose) as the carbon source and delivered continuously with a
yield ~4-fold greater than the conventional process. With excellent uniformity in particle size
(2.3 £ 0.5 nm), pH stability (pH 3 to 10), the water-soluble CQDs exhibit excitation dependent
behaviour with an optimum emission peak at 446 nm on excitation at 360 nm. Additionally, the
CHFS-produced CQDs exhibited good selectivity and sensitivity for both chromate anions (Cr
(VD)) and ferrous ions (Fe (II)), indicating suitability for environmental and biological sensing
applications. There is opportunity to further explore and optimise the CQDs potential by
introducing various dopants for example, as well as utilising their optical properties in

applications in photovoltaics, energy storage and beyond.
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SUPPORTING INFORMATION: Plot of quantum yield determination via integrated
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Carbon quantum dots, produced in a continuous mode via a rapid, efficient and green

synthetic approach, exhibit optimistic nano-sensing properties.
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