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Simple fabrication of carbon quantum dots and
activated carbon from waste wolfberry stems for
detection and adsorption of copper ion¥
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Removal of heavy metal pollution is an endless topic, because heavy metals can cause irreversible damage
to the human body and environment. It is urgent to develop novel materials for detection and adsorption of
heavy metal ions. In this paper, waste wolfberry straw was utilized as a carbon source, and two simple
methods were developed to successfully prepare activated carbon (AC) and carbon quantum dots
(CQDs). The fabrication conditions were optimized by adjusting the mass ratio of precursor to activator,
type of activator and activation times. When sodium hydroxide (NaOH) was selected as an activator (6: 1,
mass ratio of NaOH to AC-precursor), and the activation was performed at 600 °C for 1 h, the highest
specific surface area of the obtained AC-NaOH-3 reached 3016 m? g~ The adsorption capacity for
copper ions (Cu?*) reached 68.06 mg g~*. The preparation conditions for CQDs were also optimized by
adjusting the concentration of wolfberry stem, reaction time and temperature. When the wolfberry stem
concentration was 7.5 g L™% and the activation was performed at 200 °C for 24 h, the obtained CQDs
exhibited strong fluorescence emission in the blank and 12 kinds of metal ion solutions, respectively,
however, the fluorescence intensity was remarkably decreased after adding Cu®*. In the range of 10—
80 nM, the linear correlation coefficient between the concentration of Cu®* and fluorescence intensity
of CQDs was 0.992, and the limit of detection was 2.83 nmol L™ Thus, these two kinds of materials
were prepared from wolfberry stem, which opened up a new way for the application in adsorption and

rsc.li/rsc-advances detection of copper ions.

1 Introduction

The rapid development of industrialization has given rise to
great pollution of the natural environment. Industrial waste-
water is mainly discharged into rivers and lakes, producing
a plethora of heavy metals." Most heavy metals are difficult to
degrade naturally, which has a significant impact on the natural
ecosystem.>* Copper ions (Cu®*), a most common heavy metal
ion, can be released into the environment through industrial
and human activities. Once Cu®" is taken into the human body
and accumulates, it can cause health hazards and diseases such
as liver failure and heart damage and even death. Therefore,
sensitive detection methods and efficient adsorption materials
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are essential to prevent and reduce Cu”* pollution of the
environment.**

There are many approaches of heavy metal removal, such as
ion exchange, electrochemical method, adsorption, etc.®®
Recently, Hosseini and his colleagues prepared a novel layer-
by-layer (LbL) cation exchange membrane by coating a chito-
san-nano activated carbon layer on a polyvinyl chloride based
heterophase cation exchange membrane. The experiments
showed that the LBL membrane has a good ability to remove
heavy metal ions such as Cu®**, Ni**, and Pb**. Abdelhamid
et al.' used sheet former Rapid-Kéthen (R. K.) to process hier-
archical porous zeolitic imidazolate frameworks (ZIF-8) into
cellulose paper-based materials to achieve satisfactory adsorp-
tion and electrochemical detection of metal ions such as Pb*",
Fe’" and Cu®". The adsorption and electrochemical detection of
Pb**, Fe®" and Cu** were obtained with satisfactory adsorption
capacity and low electrochemical detection limits. According to
relevant reports,'** in most situations, adsorption is the most
effective method. In contrast, other methods have obvious
disadvantages, such as the generation of large amounts of
sludge, low treatment quality, harsh operating conditions and
too high costs. Adsorption is a better method for wastewater
treatment. Due to its versatility in design, reversibility and high
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quality wastewater treatment, it is the preferred choice for heavy
metals removal.'* Activated carbon (AC) is a traditional
adsorption material. On the hand, biomass is a promising
source of carbon for the preparation of AC, because the bio-
wastes from agriculture can be recycled so that the economy
can be saved and the environment can be protected."”® On the
other hand, detecting heavy metals in the environment is also
essential to controlling heavy metal pollution. There are several
detection methods by using UV-vis spectrophotometry, ion
exchange chromatography, flame atomic absorption spectro-
photometry and so on.'® However, they generally require high
instrumental costs and complicated detection operations.
Therefore, metal ion sensor platforms have received much
attention in recent years, for instance, organic molecules,
nanoparticles and carbon dots (CQDs). CQDs, as a kind of novel
carbon nanomaterials, have attracted great attention since their
discovery in 2004, due to their excellent hydrophilicity,
biocompatibility, high electrical conductivity, low toxicity and
controlled fluorescence property.”” Licona-Aguilar et al
synthesized AC with sugarcane bagasse and orange peel as raw
materials in acidic medium (H;PO,, 85 wt%) employing
a physicochemical activation method. The prepared AC could
remove 94% of Pb*>" and 85.1% of Cu®".'® Malti et al. utilized
citrus Sinensis peel as a carbon source and H,0, as an activator
to prepare biochar and achieved a maximum theoretical
adsorption capacity of 11.36 mg g ' of Cu®*" in water.” Zhu
et al'” synthesized fluorescent CQDs by a simple two-step
method with biomass lignin as the carbon source, which had
a significant selective fluorescence quenching effect on Fe*'.
These researches offer us hints to fabricate more functional
materials of AC or CQDs with biomass resources.

Chinese wolfberry is abundantly distributed in Ningxia,
Qinghai and Xinjiang Province, China. Amongst others, wolf-
berry can be used as raw material to obtain nitrogen doped
carbon quantum dots (N-CQD) by green preparation methods.
These N-CQDs have been developed as a highly sensitive fluo-
rescent ‘on-off’ switch sensor for the detection of Fe** and 1-
ascorbic acid. Wolfberry stems as a by-product of wolfberry has
never been used in a rational and high value way.* In this work,
both fluorescent CQDs and biomass AC with high specific
surface area were fabricated with wolfberry stems as carbon

Carbonization ‘

Carbonized material

Y
Wolfberry stem
Hydrothermal Dialysis purification

Fig. 1 Schematic preparation of CQDs and AC from wolfberry stem.
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source, which can offer an alternative to wastewater treatment,
as shown in Fig. 1. The obtained CQDs were applied in ultra-
sensitive detection of Cu®’, while AC could be utilized for
adsorption of copper ions.

2 Experiment
2.1 Materials

KOH, NaOH and ZnCl, were provided by Aladdin Industries
(Shanghai) Co., Ltd. Standard solutions of metal ions (Li", Cd*",
Co*", Zn**, Ca**, Cr**, cu®', Fe*', K*, Mg®*, Na*, and Zr*") were
prepared with ultrapure water from respective metal salts of
ZnCl,, CaCl,, LiCl, Cd(NOs),-4H,0, CoCl,-6H,0, Cr(NOs)s-
‘9H,0, CuSO,-5H,0, FeCl;-6H,0, KCl, Mg(NOj3),, NaCl and
ZrCl,, which were also from Aladdin Industries (Shanghai) Co.,
Ltd. HCI, quinine sulfate and ethanol were provided by Sino-
pharm Chemical Reagent Co., Ltd. Wolfberry stem was provided
by Ningxia Academy of Agricultural Sciences (Yinchuan, China).
The above reagents are of analytical purity and have not been
processed.

2.2 Preparation of AC

The AC was prepared by a two-step method. In short, the dried
wolfberry stem was cleaned, crushed and passed through
a sieve. The crushed wolfberry stems (5 g) were carbonization at
600 °C under a stream of N, to obtain the carbonation products
(AC-precursor = 1.2 g), which was then mixed with activators
(NaOH, ZnCl,, KOH) at various mass ratios (1:1,1:2,1:4,1:
6). The activation was performed under N, stream at high
temperature (400-800 °C). After the activation was over, the
product was washed with HCI and water to neutral, and finally
dried in an oven to acquire biomass AC. For the sake of
subsequent discussion. Named according to different qualities
as (AC-NaOH-1-4, AC-ZnCl,-1-4, AC-KOH, 1-4). Named
according to different preparation conditions as (AC-NaOH-5-
10).

2.3 Preparation of CQDs

The powdered wolfberry stem was put into a reaction kettle with
60 mL of aqueous ethanol solution (v/v, 1/1). After heating the
oven to 200 °C, it was subsequently placed and maintained at

% — -

Chemical activator Biomass activated carbon

Carbon Quantum Dots
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that temperature for 24 h. Following this, it was cooled to room
temperature and then removed. A yellow suspension was ob-
tained by centrifugation, and the liquid was filtered through
a 0.22 pm microporous membrane to remove insoluble impu-
rities. The CQDs solution was then dialyzed with a dialysis
membrane (1000 Da) for 24 h. The obtained CQDs were stored
at 4 °C for further assays.

2.4 Characterization of AC and CQDs

AC and CQDs were characterized by FTIR ranging from 4000 to
400 cm™ " (Thermo Nicolet iS50 spectrometer (Nicolet, Wiscon-
sin, USA)), SEM images were obtained using a JSM-6480LV at 5.0
kv. FEI Tecnai G2 F20 transmission electron microscope (TEM)
equipped with field emission source operating at 300 kV was
used to record TEM images, X-ray photoelectron spectroscopy
(XPS) (ESCALAB 250XI) and the C 1s line at 284.8 eV was used as
the binding energy reference, ultraviolet visible data measured
by SDPTOP UV2800S UV spectrophotometer, the XRD test was
measured by a Rigaku D/MAX-2550 X-ray diffractometer, in
Japan. Cu Ka radiation source (I = 0.154 nm), Ni filter, tube
voltage 40 kV, tube current 450 mA, scan range 2g = 5-80°,
continuous scan rate 0.02 min ', and data were collected
automatically by computer. Fluorescence data were measured
on an RF-5301PC fluorescence spectrophotometer in the exci-
tation wavelength range of 300-380 nm and emission wave-
length range of 320-600 nm with a fixed slit of 5 nm and
adsorption experiments were performed on a thermostatic
shaker (ZQP-75G, China) with 200 rpm shaking. The specific
surface area of the material was analyzed with ASAP2020HD88
automatic specific surface area and micropore pore analysis
(Max, USA) All samples were processed at 120 °C and 1.33 Pa for
about 6 h for determination, and then air adsorption/
desorption experiments were performed at liquid nitrogen
temperature.

2.5 Fluorescent detection of Cu** by CQDs in aqueous
solution

Sensitivity and selectivity are prerequisites for determining the
fluorescent CQDs materials. To study the fluorescence selec-
tivity of CQDs, 1 mL of CQDs suspensions and 4 mL of 12 metal
ions solution were mixed and equilibration 5 min, and three
measurements at 436 nm were taken and the average fluores-
cence intensity was recorded. Other measurements including
isothermal and kinetic adsorption experiments were given in
ESLt

3 Results and discussion

3.1 Preparation and characterization of Wolfberry stem
derived AC

AC is usually prepared by a two-step process, consisting of
carbonization and activation. Of these, activation is an impor-
tant preparation step that directly changes the pore structure of
AC as well as the content of the surface functional groups, so
choosing a suitable activator is a key step in the successful
manufacture of AC. Therefore, three kinds of activators (NaOH,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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KOH and ZnCl,) were chosen in our experiments. To screen the
optimal conditions, this study measured the specific surface
area, total pore volume, and pore width of AC by nitrogen
adsorption-desorption method. The detailed results are
summarized in Table 1.

AC-precursor is the product of carbonization from wolfberry
stem, which exhibited a specific surface area of 245 m* g™, pore
volume of 0.13 cm® g™, and micropore volume of only 0.07 cm?
g~ '. After activation with NaOH, KOH or ZnCl,, the products
were achieved under the same conditions and assigned as AC-
NaOH-(1-4), AC-KOH-(1-4), and AC-ZnCl,-(1-4), respectively.
Both alkaline activators had significant effects, and the specific
surface area of the prepared AC increased gradually with an
increase of the mass ratio of activator to precursor (AC-
precursor). The specific surface area increased from 737 m?
g ' to 2253 m* g !, when the mass ratio of NaOH to AC-
precursor was increased from 1:1 (AC-NaOH-1) to 4:1 (AC-
NaOH-3). The highest specific surface area of AC-NaOH-4
reached 3016 m> g, the pore volume reached 1.54 cm® g7,
while the micropore volume reached 0.74 cm® g~ . The specific
surface area slightly increased to 328 m* g™ " after activation
with the ratio of KOH to AC-precursor of 1:1 (AC-KOH-1), and
the activation effect reached the most effective when the ratio of
activator to AC-precursor was increased to 4:1 (AC-KOH-3),
exhibiting high specific surface area of 2102 m* g~ *. However,
further increasing the ratio of activator to AC-precursor (6: 1),
the specific surface area decreased to 1459 m”> g~ (AC-KOH-4).
So too much activator could not fully activate the AC-precursor.
Both ACs possessed mainly microporous structure after activa-
tion, and the microporosity occupied more than 50% of total
pore volume. Obviously, KOH was more alkaline and corrosive
than NaOH, and the physical structure of AC was seriously
destroyed during the activation process. ZnCl,, as common
activator, did not affect the material in this study. There was
a decrease of specific surface area down to 32 m”> g~ ". As a result,
the final activation effect is significantly influenced by the use of
different activators. ZnCl, as neutral salt has little effect on this
study, while NaOH owns the strongest activation ability.

Activation temperature and time are essential factors in
determining final physical structure of AC. The effects of acti-
vation temperature and time on properties of AC were investi-
gated, as shown in Table 1. At 400 °C, the specific surface area
was only 17 m® g~ ' (AC-NaOH-5) because the temperature was
too low for NaOH to achieve activation. When the temperature
was increased to 500 °C, the specific surface area reached 641
m” ¢! (AC-NaOH-6), and when the temperature was increased
to 600 °C, the maximum specific surface area of 2253 m> g~ *
(AC-NaOH-3). When the temperature further rose to relatively
high temperature of 700 °C (AC-NaOH-9) or 800 °C (AC-NaOH-
10), their physical structure was destroyed, resulting in
decrease of specific surface area (1935 or 1899 m”> g~ ') and pore
volume (1.20 or 1.16 cm® g ). The activation time is an
important factor for affecting micropores and mesopores of AC.
When the activation time was 30 min, the specific surface area
of AC-NaOH-7 was 1471 m? g~ !, the pore volume was 0.78 cm?
¢~', in which the micropore volume of 0.51 cm® g~' occupied
65% of the total pore volume. With an extension of activation
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Table 1 Physical properties of AC obtained with different conditions

Preparation condition Pore size

(°C-min) Sper (m* g) Smie (M* g1 Vp (em® g Vinic (em® g7%) (nm)
AC-precursor 600-60 245 141 0.13 0.07 3.46
AC-NaOH-1 600-60 737 507 0.40 0.25 3.48
AC-NaOH-2 600-60 1197 915 0.64 0.45 3.64
AC-NaOH-3 600-60 2253 1364 1.15 0.67 3.18
AC-NaOH-4 600-60 3016 1509 1.54 0.74 2.97
AC-ZnCl,-1 600-60 5 — 0.01 — 11.3
AC-ZnCl,-2 600-60 6 — 0.01 — 10.5
AC-ZnCl,-3 600-60 11 — 0.01 — 7.90
AC-ZnCl,-4 600-60 32 — 0.05 — 7.80
AC-KOH-1 600-60 328 166 0.18 0.07 3.41
AC-KOH-2 600-60 388 282 0.24 0.13 4.93
AC-KOH-3 600-60 2102 1305 1.12 0.64 3.64
AC-KOH-4 600-60 1459 875 0.75 0.43 2.71
AC-NaOH-5 400-60 17 — 0.02 — 6.42
AC-NaOH-6 500-60 641 545 0.33 0.26 3.77
AC-NaOH-7 600-30 1471 1046 0.78 0.51 3.38
AC-NaOH-8 600-180 1584 801 0.88 0.39 3.32
AC-NaOH-9 700-60 1935 590 1.20 0.27 4.35
AC-NaOH-10 800-60 1899 172 1.16 0.05 3.40

time to 60 min, the specific surface area of AC-NaOH-3 reached
2253 m> ¢~ ', and a micropore volume of 0.67 cm® g~ occupied
58% of the total pore volume (1.15 cm® g™ "). Further extension
of activation time, the specific surface area of AC-NaOH-8 was
1584 m” g~ ', and the micropore volume was 0.39 cm® g~ *,
which occupied 44% of total pore volume (0.88 cm® g~ ). Thus,
the optimal activation time was 1 h and the activation temper-
ature was 600 °C.

Some materials are listed in Table S1.7 Oss et al.** selected
microalgae biomass produced in wastewater treatment plants
as a precursor to produce AC, and obtained a specific surface
area of 785 m” g~ ' by activation at 800 °C for 160 min. Termite
biodiesel could also be prepared as alternative carbon source
using KOH as an activator at 900 °C for 9 h. The specific surface
area of as-obtained AC was 1465 m* g .22 A, Alazmi et al.*®
prepared an AC with a specific surface area of 2344 m” g~ ' after
activation by CO, applied palm seeds as carbon source. The
specific surface area of the AC-NaOH-4 prepared in this study
was 3016 m> g ' after activation with NaOH at 600 °C. In
comparison with the physical and chemical activation
described above, the AC produced in our case exhibited higher
surface area.

The adsorption characteristics of AC and its adsorption
effect in actual water samples were studied. The specific oper-
ation is as follows: the common metal ions in Cu**, Fe*", Cr®",
K', Na¥, Ca*" are added to domestic water. The adsorption
capacity is calculated according to formula S1.1 The results are
shown in Table S5.f AC showed excellent adsorption capacity
and extensive adsorption properties.

Fig. Sla and bf shows the N, adsorption-desorption
isotherms and pore size distribution of AC-NaOH-3 and AC-
NaOH-4. It was noteworthy that the remarkable microporous
property of AC exhibited type I isotherms, which was related to
the enhanced adsorbent-adsorbent interactions in the narrow

21202 | RSC Adv, 2023, 13, 21199-21210

micropores, which leads to microporous filling at relative
external pressures. The XRD of AC-NaOH-3 and AC-NaOH-4 are
shown in Fig. S2a.T There was a broad diffraction peak at 23°,
indicating a partially graphite crystal structure. The relatively
weak peak at 44° corresponding to the crystalline plane was
considered to be a honeycomb structure hybridized by sp>
hybridization.>* The other sharp peaks indicated impurities in
the crystalline carbon or sodium residues in the active micro-
porous carbon.

AC surface functional groups characterized by FTIR, and
Fig. S2bf-AC presents the FT-IR spectrum of AC-NaOH-4. A
broad peak of 3430 cm™ " appeared, which was related to the
O-H stretching vibration of hydroxyl group and stretching
vibration of amine group (N-H). The peak at 1534 cm™" was
attributed to C=0 stretching vibrations, the peak at 1022 cm ™
was assigned to the bending absorption of C-O-C. Thus, the
presence of these functional groups would enhance the
adsorption of Cu®".* Fig. S37 shows SEM images of the
untreated wolfberry stems Fig. S3a and bf and the treated
products AC-NaOH-3 and AC-NaOH-4 Fig. S3c and d.f The
untreated wolfberry stems rods appear to be smooth rod-like
structures on the surface, however the surfaces of both carbon
materials after this activation out a large number of porous pore
structures, forming an ordered porous AC.

3.2 Adsorption ability of wolfberry stem derived AC for Cu®*

To evaluate the adsorption capacity of AC on Cu®', we selected
AC-NaOH-3 and AC-NaOH-4 as adsorbent materials. The
adsorption capacity was calculated by eqn S1.f As shown in
Fig. 2a, the adsorption equilibrium increased with an increase
of Cu®" concentration. Both ACs (AC-NaOH-3 and AC-NaOH-4)
showed excellent adsorption with capacities of 50.21 and
68.06 mg g~ ' respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Isotherm adsorption and (b) dynamic adsorption of Cu?* by AC-NaOH-3 and AC-NaOH-4.

Both the Langmuir and Freundlich models were calculated
and fitted with eqn S2 and S3.7 The relationship between C. and
Q. was explored to establish the Langmuir isotherm, and the
relationship between log C. and log Q. was also explored to
establish the Freundlich isotherm. The result is shown in
Fig. S4a, b and Table S2.f The R values of the Langmuir
isotherm model for AC-NaOH-3 and AC-NaOH-4 were 0.981 and
0.993, which were higher than those of the Freundlich isotherm
model (0.965 and 0.975). The results showed that the adsorp-
tion process of AC was more consistent with the Langmuir
isotherm model, indicating that the adsorption of Cu** by AC
was monolayer adsorption, which was similar with other AC.>%*

The time of adsorption equilibrium is also an important
index to evaluate the adsorption performance, so the adsorp-
tion kinetic process is investigated, as shown in Fig. 2b. The
adsorption capacity of NaOH-AC-3 reached equilibrium of
50.58 mg g~ ' after 60 min, while AC-NaOH-4 reached equilib-
rium after 30 min of contact with an adsorption capacity of
59.81 mg g~ '. In order to investigate the rate of control steps
and adsorption mechanisms of the AC adsorption process,
pseudo-first-order and pseudo-second-order models were fitted
and calculated by eqn S4 and S5.1 So, two kinetic fitting results
are presented in Fig. S4c, d and Table S3.t The linear correlation
coefficients of the pseudo-second-order kinetic models for both
AC (R = 0.999) were much higher than those of the pseudo-first-
order kinetic models (R = 0.566, R = 0.754), confirming the
applicability of the pseudo-second-order kinetic model to the
observed adsorption behavior. The adsorption may be related to
the functional groups and structure of the material. As
mentioned above, the surfaces of AC-NaOH-3 and AC-NaOH-4
contained functional groups such as amino group (-NH,),
hydroxyl group (-OH) which provide chelating sites for Cu®",
AC-NaOH-4 possessed larger specific surface area and pore
volume. Therefore, AC-NaOH-4 could rapidly adsorb Cu**
capacity in solution, indicating that AC has the ability to rapidly
process Cu®" in water.?*?°

Calculated by eqn S6, as shown in Fig. S4e,T the segmental fit
of the intraparticle diffusion model shows that the mass
transfer process was characterized by a three-step control of
adsorption rate. These three segments represent the thin film
diffusion, mesoporous, and micropore diffusion processes.
During the fast adsorption stage, the gradual increase in Cu>*

© 2023 The Author(s). Published by the Royal Society of Chemistry

adsorption is attributed to the diffusion of Cu® in the pores of
the adsorbent, which is an external diffusion-controlled
process. The adsorption rates of three stages are kiq1 > kiap >
kias, and the boundary thickness gradually increased during the
adsorption process.***" In the internal diffusion stage, the
adsorption process consists of two stages, a short initial phase
characterized by a higher slope and external diffusion phase
with lower slopes corresponding to internal diffusion. This
suggests that the adsorption of Cu®>" on the adsorbent is a result
of the adsorbent being a combination of external diffusion and
internal particle diffusion. The adsorption capacities of other
ACs were also shown in Table S4.1 Guo et al.** prepared AC from
wheat straw by chemical activation using carbon disulfide was
used to modify WS by a facile grafting method through
epichlorohydrin and ethylenediamine. Then, it was used as an
adsorbent for the removal of Cu®* from aqueous solution with
a capacity of 57.5 mg g~ at 200 min. Wu et al.*® prepared AC
from Walnut shell to adsorb Cu®*" in aqueous polymetallic
solutions with a capacity of 32 mg g~ at 40 min. The maximum
adsorption capacity of AC prepared from Pinewood as carbon
source with H;PO, as activator was 20 mg g~ at 20 min.>® AC-
NaOH-4 could reach an adsorption capacity of 59 mg g ',
indicating the ability to rapidly adsorb Cu®" from solution and
higher adsorption capacity.

3.3 Preparation and characterization of CQDs from
wolfberry stem

3.3.1 Effects of preparation conditions on QY. Relative QY
is important parameter for assessing the ability to convert
fluorescence. Therefore, the relative QY of CQDs was estimated
according to different preparation methods, QY was calculated
by eqn S7{.**** Quinine sulfate with similar excitation and
emission wavelengths as CQDs was selected as the standard
reference. The absorbance of CQDs and quinine sulfate was
measured at the corresponding excitation wavelength.

The effect of reaction time, hydrothermal temperature and
wolfberry stem adding concentration on the relative QY were
investigated, as shown in Fig. 3. Three aspects were studied to
investigate the reaction time (8-36 h) and temperature (80-240 °
C), and Woltberry stem adding concentration (1.25-37.5 g L™ ).
The relative QY increased from 22% to 59% when the additive

RSC Adv, 2023, 13, 21199-21210 | 21203
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tration (1.25-37.5 g L™Y), (b) reaction time (8 to 36 h), (c) temperature (80 to 240 °C).

was increased from 1.25 to 7.5 g L™ . The relative QY decreased
to 43% and 31% after increasing the wolfberry stem adding
concentration to 22.5 and 37.5 g L. The relative QY increased
from 10% to 59% at the reaction time (8 to 24 h) and decreased
to 12% after extending the reaction time to 36 h. When the
hydrothermal temperature was increased from 80 to 240 °C, the
relative QY of CQDs also gradually increased to 33%. At shorter
heating time and lower hydrothermal temperature, wolfberry
stem did not decompose sufficiently in the reaction kettle,
resulting in the incomplete formation of CQDs.*® Therefore, the
optimal condition of CQDs included the hydrothermal
temperature of 200 °C, heating time of 24 h and adding wolf-
berry stem concentration of 7.5 g L.

3.3.2 Morphological and optical properties of CQDs. CQDs
were prepared by the hydrothermal method of wolfberry stem. It
is well known that natural biomass molecules are held together
by various chemical bonds. The breaking of chemical bonds,
such as hydrogen bonds, provides an excellent incentive to
degrade natural biomass into oligomers and microscopic
molecules, which contain carboxyl groups, resulting in an acidic
solution. The amorphous carbohydrates are further degraded
under the conditions of acidity, high temperature and pressure
to produce more water-soluble small molecules.?” In the context
of high temperature and pressure, small molecules dispersed
within an ethanol solution undergo a substantial degree of sp>
hybridization reactions, coupled with carbonization and
passivation processes, culminating in the generation of carbon
quantum dots at the nano-scale level.*®

To confirm the structural characteristics of CQDs, the
resulting products were analyzed by a series of tests, such as
FTIR, XPS and TEM. As shown in Fig. 4a, the peak at 1706 cm ™"
was assigned to the stretching vibration of C=C, while the
strong peak at 1115 cm™ ' was the deformation vibration of C-H
was. Besides, the peaks at 3425, 1706, 1509 and 1215 cm '
manifest the existence of -OH, C=0, C-N and C-O functional

21204 | RSC Adv, 2023, 13, 21199-21210

groups on the surface of CQDs.*** The functional groups of
CQDs were further characterized by XPS. The C 1s spectrum is
shown in Fig. 4b, a strong C=C peak was located at 284.2 eV,
and significant C-O and C=0 peaks at 285.7 and 286.4 eV. In
the O 1s spectrum (Fig. 4c), two peaks at 531.35 and 533.75 eV
was the presence of C=0 and C-OH. In the N 1s spectrum
(Fig. 4d), three N atom structures, C-N-C (399.3 eV), amine-N
(400.1 eV) and graphite-N (400.8 eV), emerged.* The
morphology of synthesized CQDs could be clearly observed in
the TEM images (Fig. 5). The zero-dimensional discrete quasi-
spherical nanoparticles were produced, whose particle size
was in the range of 1.7-2.5 nm.

The spectra of CQDs at different excitation wavelengths are
shown in Fig. 6a. The maximum luminescence peak of the
CQDs was concentrated at 436 nm and 360 nm excitation
wavelength. In addition, as the excitation wavelength increases
from 300 nm to 380 nm, the emission wavelength slowly shifted
to red. This excitation-related behavior can be explained by the
difference in particle size and emission trap location on each
CQDs. As shown in Fig. 6b, the CQDs solution emitted blue
fluorescence under UV light. As shown in Fig. 6c¢, UV-vis
absorption spectra of CQDs showed two significant excitation
adsorption bands located around 300 nm and 400 nm, respec-
tively, with an optical adsorption edge. The absorption peak at
300 nm appeared due to a m-m* jump, which implies the
formation of a conjugated backbone in CQDs. The weak
adsorption shoulders below 460 nm was assigned to
heteroatom-doped surface states or energy traps, which caused
by n-m* leaps of functional groups.”” The lifetime decay of
CQDs (Fig. 6d) indicated a tri-exponential decay with average
lifetime of 1.06 ns.

The stability of CQDs is an essential factor to evaluate these
materials, and the effects of ionic strength, pH, and solvent on
fluorescence intensity were investigated at an excitation wave-
length of 360 nm. Fig. 7a shows that the fluorescent intense light

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FT-IR of CQDs, (b) C 1s, (c) O 1s, (d) N 1s of XPS spectra of CQDs.

remains almost constant even when the NaCl concentration rea-
ches 100 mmol L' This result was consistent with other
researches on the characteristics of fluorescent CQDs.** Under
different pH conditions, as shown in Fig. 7b, the fluorescence
intensity stabilized from pH 3.0 to 9.0, band then gradually
decreased with further increase of pH. When the pH was 2.0, the
fluorescence decreased, and over-protonation decreased fluores-
cence emission. However, the protonation\deprotonation of

Fig. 5 TEM images and particle size distribution of CQDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

carboxyl groups gradually decreased as the solution pH increased
to 9. As a result of deprotonation, the net surface charge was
reduced, leading to further aggregation at high pH conditions and
a reduce of fluorescence. The pH effect of fluorescence suggested
that the CQDs microstructure was related to the source of blue
fluorescence, and the site was prone to hydrogen bonding of the
functional groups -OH and -COOH on the CQDs surface under
acidic conditions, and thus the CQDs aggregates led to
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fluorescence quenching.*** Most CQDs are affected by solvents,
so the fluorescence of CQDs was tested in toluene, petroleum
ether, water, acetone, methanol and ethanol. As shown in Fig. 7c,
CQDs exhibited good compatibility with water, ethanol, acetone,
methanol and ethanol. Additionally, CQDs possessed the highest
fluorescence intensity in aqueous solution (Fig. 7d). It should be
related to a large number of -OH and -COOH groups on the

surface of CQDs.
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3.4 Fluorescent selective and sensitive detection by CQDs

The selectivity of CQDs for metal ions is essential and the fluo-
rescence intensity of the metal ions was examined after the
addition of CQDs. Fluorescence emission occurred when CQDs
were added into a blank solution and to the solution containing
12 metal ions, as shown in Fig. 8a and b. However, the fluores-
cence intensity of CQDs decreased significantly when Cu®" was
added, with the fluorescence intensity dropping by 87.1%,
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(a) Fluorescence intensity of CQDs solutions with different NaCl concentrations, (b) fluorescence intensity of CQDs aqueous solution at

different pH values, (c) compatibility of CQDs in different solvents, (d) fluorescence intensity of CQDs dissolved in different solvents.
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indicating that significant fluorescence quenching occurred. As
the Cu®" concentration increased from 10 to 80 nM, the fluores-
cence intensity of the CQDs decreased with increasing Cu®*
concentration, as shown in Fig. 8c. The linear correlation coeffi-
cient (r) was 0.992 (Fig. 8d). The limit of detection (LOD) was
calculated as 3r/S, where r represents the blank signal standard
deviation (n = 11), n refers to the number of repeated measure-
ments performed on a blank sample, and S (refers to the slope of
the linear curve). Thus, LOD of CQDs for Cu** was calculated to be
2.83 nmol L. A few reported materials could detect two or more
metal ions simultaneously. For example, wool keratin-based
fluorescent CQDs prepared with nitrogen and sulfur doping
could detect Cr®" and Fe**.#” In contrast, pigeon dung-synthesized
nitrogen and sulfur co-doped fluorescent CQDs could detect
Hg”*and Fe*".*® In our case, the CQDs exhibited a high selectivity
for detection of Cu®". The surface organic groups of CQDs (-
COOH and -NH,) have a strong ability to selectively bind with
Cu®", leading to the aggregation of CQDs, which produces a high
quenching fluorescence intensity, resulting in the quenching of
the fluorescence intensity of CQDs.*

The fluorescence intensity showed an excellent linear correla-
tion when the Cu® concentration was in the range of 10 to 80 nM,

Table 2 A few reported materials for detecting Cu®*

as shown in Fig. 8d. After that, we studied the quenching mode
and finally determined it to be static quenching. Details of the
calculation are presented in the ESIt.*

Therefore, the method of CQDs based fluorescence detection
was developed and exhibited a wide linear range for quantita-
tive analysis and selective detection of Cu®". As listed in Table 2,
several materials with fluorescence properties have been re-
ported to selectively detect Cu>". For example, N, S-codoped
CQDs (NS-CQDs) were synthesized by a simple one-step
hydrothermal process, and detection range of NS-CQDs for
Cu*" was 0-12.5 pmol L™ and the LOD was 0.004 pumol L™ .2
Zhao et al.*® prepared CQDs from lignin for the detection of
Cu”", with a linear range of 0-30 pmol L™ and a LOD of 0.085
nmol L. In this study, CQDs prepared from wolfberry stem by
hydrothermal method showed better detection ability of Cu®*
with linear range of 0.01-0.08 umol L " and LOD of 0.0028 umol
L~ than other biomass CQDs.

3.5 Quenching mechanism

Based on current research, several theories have been proposed
to explain the fluorescence quenching phenomenon of CQDs,
including inner filter effect, electron transfer, and energy

LOD (pmol Linear range (umol
Materials Methods LY L Ref.
Tea Ratiometric & colorimetry FL 0.051 0-170 46
Banana Hydrothermal method 0.004 0-12.5 42
Lignin Hydrothermal method 0.085 0-30 45
Wolfberry stems Hydrothermal method 0.0028 0.01-0.08 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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resonance mechanisms.** Zeta potential and UV spectroscopy
have been widely utilized to elucidate the quenching mecha-
nism of CQDs.*> As shown in Fig. S5a,7 the Zeta potential of the
CQDs solution increased from —24.8 mV to 4.7 mV upon the
introduction of Cu**, indicating the formation of a complex
between CQDs and Cu>'. Fig. S5bt demonstrates that the UV
absorption spectrum of CQDs underwent a remarkable change
at 220 to 270 nm range after the addition of 100 umol L™ Cu*",
implying a coordination between the functional groups of CQDs
and Cu®'.?® Therefore, it could be inferred that electron transfer
between CQDs and Cu®* is the primary cause of fluorescence
quenching.

4 Conclusion

Two kinds of carbon-based materials with different properties,
AC and CQDs, have been prepared from wolfberry stem waste.
Preparation of high specific surface AC after activation with
NaOH and an adsorption capacity of 68.06 mg g~ " of Cu**. High
adsorption capacity was compared to other biomass AC. The
CQDs produce blue emission at 436 nm, which were selective
for Cu®" detection and have ultra-LOD (2.83 nmol L"), There-
fore, the preparation of two different performance materials
(CQDs and AC) for the detection and removal of heavy metals
from the environment by fabrication of waste wolfberry straw
not only enables the recycling of waste materials, but also
provides a new way of thinking about environmental protection.
This “green” and simple preparation method available for
CQDs and AC offer a hint for utilization of a variety of waste
biomass.
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