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ABSTRACT

Carbon dots could significantly change the property of a normal material and have received wide
attention in the recent decade. In this research, glucose as a carbon source, carbon dots decorated
medical stone (CD-MS) was successfully synthesized for efficient adsorptive removal of organic
pollutants. Pyrolytic temperature and glucose concentration for the adsorbent preparation were proved
to have a significant impact on the adsorptive performance. The optimal pyrolytic temperature and
glucose concentration were found to be 300°C and 0.5 M, yielding the optimized adsorbent 0.5CD-
MS-300 superior to other carbon dots decorated MS. Surface morphology analysis demonstrated
that the carbon dots were successfully immobilized on the surface of MS while the atomic ratio of C
increased from 2.6% of the raw MS to 11.25% of the 0.5CD-MS-300. Three organic pollutants including
p-nitrophenol, orange |l and methylene blue with different charge properties were employed to explore
the adsorptive performance of the 0.5CD-MS-300. The results indicated that the surface of 0.5CD-
MS-300 was negatively charged while carbon dots had significantly improved the adsorption capability
of the raw MS. As such, the resulting adsorbent 0.5CD-MS-300 can be considered as a powerful
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adsorbent for the removal of some organic contaminants from wastewater.

INTRODUCTION

With the development of industry and agriculture, a large
number of organic contaminants, such as dyes, endocrine-dis-
ruptors, and pharmaceutical and personal care products, have
come into the natural environment along with the discharge of
effluents (Westerhoff et al. 2005, Crini 2006). These organic
pollutants existing in wastewater can cause a severe hazard
to human and animal health due to the delivery of the food
chain. To date, there are many treatment technologies, includ-
ing coagulation, sonocatalytic degradation, photocatalytic
degradation and adsorption, to be applied to the removal of
the organic pollutants (Polubesova et al. 2006, Li et al. 2014,
Mahata et al. 2007, Zhang et al. 2006). Among these tech-
nologies, the adsorption process is considered as a promising
and reliable method due to its ease of operation, low energy
consumption, low cost and high efficiency (Qu 2008).

Medical stone (MS) is one kind of natural silicate min-
eral without toxicity. Its main mineral components include
Na(AlSi;Og), Na(AlO,)(Si0,);, K(AlSi;Oy), K(A1O,)
(Si0,)5, Ca(Al,Si,04) and Mg(Al,Si,04) (Gao et al. 2011).
MS has a tetrahedron structure of [Si04]2'b0nding to metal
ions (such as K, Na, Ca, Mg, Cu and Al, etc.), contributing
to the formation of a large internal surface area (Gao et al.
2012). Therefore, a series of excellent performances for MS

are expected, such as biological activity, the ability of dis-
solving and adsorbing and adjusting pH capacity. Meanwhile,
it is widely used for food preservation, water purification
and medical care. In recent years, MS had been studied as
an adsorbent material, which achieved remarkable advances
on the adsorption of heavy metals in wastewater (Gao et al.
2011, Zhou et al. 2015). Even though, to our best knowledge,
there have been few reports about the adsorption removal of
organic contaminants.

Carbon dots are novel carbon-based nanomaterial. They
contain abundant oxygen-containing functional groups (-OH,
-COOH and -C=0) on the surfaces, with good solubilities
and optical properties. As such, carbon dots are widely imple-
mented for bioimaging, chemical sensors, and photovoltaic
devices, etc. (Ding et al. 2014, Shen et al. 2012). In recent
years, CDs have been considered an ideal candidate material
for organic or inorganic pollutants removal due to their rich
functional groups, ease of preparation and low toxicity (Hsu
& Chang 2012). However, some significant disadvantages
of CDs based adsorbent focused on the dissolution of CDs
as well as difficulties of separation and regeneration (Liu et
al. 2017). Consequently, it is a necessity of combining CDs
with other constituents to synthesize CDs-functionalized
adsorbents.
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In this research, we prepared the carbon-dots decorated
medical stone (CD-MS) for the efficient adsorption of or-
ganic pollutants. Glucose, with numerous hydroxy groups
and formyl groups, was chosen as the precursor of CDs and
can provide more active adsorption sites on the surfaces
of the MS (Hsu & Chang 2012). The effects of pyrolytic
temperature and glucose concentration for the adsorbent
preparation were emphatically studied. At the same time,
p-nitrophenol (PNP), orange II (ORII) and methylene blue
(MB) with different charge properties in a neutral aqueous
solution were selected as target organic pollutants to inves-
tigate the adsorptive performance and adsorption capacity
of the CD-MS.

MATERIALS AND METHODS

Chemicals: Orange II (ORII) (mass fraction > 95%) was
purchased from Beijing Chemical Reagents Company.
Methylene blue (MB) (mass fraction > 98.5%, chemical pure)
was purchased from Tianjin Chemical Reagent Research
Institute. P-nitrophenol (PNP) used was of analytical grade
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and provided by Tianjin Guangfu Fine Chemical Research
Institute, China. Other chemicals were of analytical grade
and used without further purification. Deionized (DI) water
was used throughout the research. The molecular structures
of ORII, MB and PNP are shown in Fig. 1.

Adsorbent preparation: The natural medical stone (MS)
was obtained from the Hunan Province of China. It was
shattered with a multi-function pulveriser and subsequently
sieved to a particle size between those of 80-mesh screens
and 100-mesh screens. Firstly, 10 g of the powdered MS was
immersed to 200 mL of 0.5 M or 0.05 M glucose solution
and the mixture was shaken at a speed of 120 rpm for 12 h.
Then, the resulting samples were rinsed with DI water for
five times and oven-dried overnight at 80°C. The prepared
carbon dots decorated medical stone (CD-MS) are denoted
as 0.5CD-MS and 0.05CD-MS in the following studies.
Desired amounts of MS, 0.5CD-MS and 0.05CD-MS
were tightly placed in a ceramic crucible with a lid and
pyrolyzed in a muffle furnace under oxygen-limited condi-
tions. The pyrolysis temperature was raised to the desired
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Fig. 1: The molecular structures of ORII (a), MB (b), and PNP (c).
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values of 200°C, 300°C and 400°C at a heating rate of
10°C min"' and held constant for 2 h. After pyrolyzation, the
samples were allowed to cool down to room temperature in
the furnace. These pyrolyzed 0.05CD-MS were denoted as
0.05CD-MS-200, 0.05CD-MS-300 and 0.05CD-MS-400,
respectively, while the pyrolyzed 0.5CD-MS are denoted
as 0.5CD-MS-200, 0.5CD-MS-300 and 0.5CD-MS-400,
respectively. Similarly, the adsorbent MS-200, MS-300 and
MS-400 were also prepared.

Batch adsorption studies: Batch experiments were con-
ducted in a series of 250-mL conical flasks. In the flasks, 20
mg of the adsorbent was added to 100 mL solution with an
initial PNP, ORII or MB concentration of 20 mg/L. Then,
the flasks were sealed and shaken at 298 K at a speed of
120 rpm for 24 h to achieve equilibrium. Solution pH was
maintained at neutral unless otherwise stated. To examine
the effect of glucose concentration, 5 mg adsorbent (0.5CD-
MS or 0.05CD-MS) was used to adsorb PNP with an initial
concentration of 5 mg/L.

Characterization: The morphology and superficial element
compositions of MS and 0.5CD-MS-300 were characterized
by a Hitachi S-4800 field scanning electron microscope
(FESEM) coupled with an energy dispersive spectrometer
(EDS).

Analysis methods: All the samples were collected and fil-
tered by microporous membranes (0.45um) before analysis.
The concentration of PNP, ORII and MB was measured
using UVmini-1240 spectrophotometer (Shimadzu, Japan)
at the wavelength of maximum adsorption of 317 nm, 483
nm, and 664 nm, respectively (Cheng et al. 2019, Mi et al.
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2016). The adsorption capacity was calculated using the
following equation:

q,~(Cy-CoVIM (D)

Where, g, (mg/g) is the adsorption capacity at equi-
librium; C, and C, (mg/L) are the initial and equilibrium
concentrations of PNP, ORII, and MB, respectively; V (L) is
the solution volume, and M (g) is the weight of adsorbents.

RESULTS AND DISCUSSION

Effect of Pyrolytic Temperature and Glucose
Concentration on PNP Adsorption

Both the pyrolytic temperature and glucose concentration
were important for adsorbent preparation. It was observed
from Fig. 2 that the CD-MS pyrolyzed at 300°C had a
comparatively higher adsorption capacity for PNP removal.
The concentration of glucose for the adsorbent preparation
was expected to have a significant impact on the uptake of
contaminants as well. As illustrated, it was noted that the
adsorption capacity of PNP by 0.5CD-MS was higher than
that by 0.05CD-MS under the same pyrolytic temperature.
Further, at the pyrolytic temperature of 300°C, the adsorption
capacities by the 0.5CD-MS and 0.05CD-MS were 4.16 mg/g
and 1.88 mg/g, respectively. This might be attributed to the in-
creasing bonding sites on the CD-MS surfaces resulted from
the increase of glucose concentration. Similar experimental
results were also observed by Xue et al. (2013). As such,
0.5CD-MS-300 was used for the following experiments.

On the other hand, as the structure of pore canals and
surface area of internal pores of CD-MS varied as a conse-
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Fig. 2: Effect of glucose concentration and pyrolytic temperature on adsorption of PNP. PNP 5.0 mg/L, neutral solution pH.
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quence of the different pyrolytic temperatures, the adsorption
capacity of PNP by the resulting adsorbents was expected to
vary accordingly. The relationship between pyrolytic tem-
perature and adsorption capacity of PNP is presented in Fig.
2. It shows that the adsorption capacity of PNP by 0.5CD-
MS-300 reached the maximum of 4.16 mg/g, which might be
attributed to the removal of crystal water in the pore canals
and the increase of the surface area of internal pores as the
pyrolytic temperatures rose. However, continuous increase
of pyrolytic temperature was not helpful for the uptake of
PNP and the adsorption capacity declined, which might be
attributed to the collapse of pore canals.

Characterization of the Carbon Dots Decorated
Medical Stone

As stated above, the 0.5CD-MS-300 demonstrated the
highest adsorption capacity for PNP in comparison to other
adsorbents. The surface morphology of the 0.5CD-MS-300
and the raw MS was characterized by SEM and presented
herein. From Fig. 3a and c, it was observed that the raw MS
presented a natural crystal structure, although it was difficult
to find some pore canals from the MS surfaces. Differently,
the surface structure of the 0.5CD-MS-300 became loose
after pyrolysis, and some sponge pores were scattered onto
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the surfaces of the adsorbent, which might facilitate the ad-
sorption of contaminants (Yu et al. 2013). This demonstrated
pyrolysis treatment can change the surface structure of MS.
From Fig. 3b and d, many fine particles aggregated on the
surfaces of MS, which were deduced to be carbon dots im-
mobilized on the surfaces of MS.

To further explore whether carbon dots had decorated on
the surfaces of MS, EDS analysis was conducted. As illus-
trated in Fig. 4a and b, comparing to the atomic ratio of C
increased from 2.6% of the raw MS to 11.25% of the 0.5CD-
MS-300, which was reasonably attributed to the introduction
of CDs on the surfaces of MS. Accordingly, the atomic ratio
of O decreased from 57.97 % of the raw MS to 53.70% of
the 0.5CD-MS-300. Pyrolysis under different temperatures
and immobilization of carbon dots had significantly altered
the surface properties of the raw MS.

Effect of Adsorbent Dosage on PNP Adsorption

The effect of adsorbent (0.5CD-MS-300) dosage from 100
mg/L to 800 mg/L was investigated and presented in Fig.
5. The plot showed that uptake of PNP decreased gradually
with an increase of adsorbent dosage. One reason was that
the unsaturated adsorption sites increased with increasing
adsorbent dosage at a fixed concentration and volume of

W A8
20.0um

Fig. 3: SEM images of the raw MS (a, b) and the 0.5CD-MS-300 (c, d).
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PNP. The other was attributed to the decrease of surface area
and the increase of diffusion path length of adsorbent due
to the particle aggregation (Shirmardi et al. 2016, Kumar
et al. 2010).

Adsorptive Performance of Carbon Dots Decorated
Medical Stone

The surface charge property of an adsorbent always plays
an important role during the adsorptive removal of organic
contaminants. Three organic pollutants with different charge
properties including PNP, ORIl and MB were selected to
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explore the adsorptive performance of the 0.5CD-MS-300.
The initial concentration of the three contaminants was
fixed at 20 mg/L. As illustrated in Fig. 6, it was noted that
the adsorption capacity of PNP and MB by 0.5CD-MS-300
was much higher than that of ORIIL. The adsorption capacity
of PNP, MB, and ORII was 27.87 mg/g, 15.37 mg/g, and 0
mg/g, respectively. This indicated that the 0.5CD-MS-MS
had a high adsorption selectivity for organic pollutants with
different charge properties.

To our knowledge, PNP (pK, = 7.15) in water solution
exists in two species of molecule and anion, and molecular
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Fig. 4: EDS analysis results of the raw MS(a) and the 0.5CD-MS-300 (b).
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Fig. 5: Effect of adsorbent dosage on PNP adsorption. PNP 5.0 mg/L, neutral solution pH.
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Fig. 6: Adsorption of PNP (a), ORII (b) and MB (c) onto the raw MS and the 0.5CD-MS-300.
Contaminant concentration 20.0 mg/L, neutral solution pH.
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PNP can convert to anions at pH > 7.15 due to dissociation
(Sarkar et al. 2010). Meanwhile, MB is moderately alkaline
in water and produces cation (C*or CH*) (Gobi et al. 2011).
By contrast, ORII (pK,= 10.6 and pK,= 1) has three different
forms depending on the pH of the aqueous solution, noted
H,L which is doubly protonated and dominant at pH < 1,
HL" which is mono protonated and dominant at pH 1-10.6,
L> which is non-protonated and dominant at pH > 10.6
(Abramian & El-Rassy 2009). Therefore, the three pollutants
have different electrical characteristics in a neutral aqueous
solution and the predominant species of PNP, MB and ORII
are molecule, cation (C*or CH*), and anion (HL), respective-
ly. Accordingly, from the results mentioned above, it could be
deduced that the surface of 0.5CD-MS-300 was negatively
charged, which was beneficial to MB adsorption due to an
electrostatic attraction. Meanwhile, the results indicated that
electrostatic attraction/repulsion was an important adsorp-
tion mechanism for 0.5CD-MS-300, which also facilitated
the high adsorption selectivity for these organic pollutants.
However, an interesting phenomenon was that the adsorption
capacity of PNP is excellent. As mentioned, most of PNP
exists as molecules in a neutral solution, which indicated that
the effect of electrostatic force was not dominant. Therefore,
considering the abundant O-containing functional groups of
carbon dots on the 0.5CD-MS-300, the higher adsorption
capacity of PNP might be attributed to H-bond interaction
between PNP molecules and the surface functional groups of
the adsorbent, 77-7 interaction, and 7-stacking forces (Zheng
et al. 2017).

In addition, the 0.5CD-MS-300 demonstrated a higher
adsorption capacity towards PNP and ORII than the raw
MS in general, indicating that the introduction of carbon
dots was beneficial to the adsorption capability for PNP and
ORII. By contrast, the introduction of carbon dots declined
the adsorption of MB. Therefore, the surface of the 0.5CD-
MS-300 was predominantly negatively charged.

CONCLUSION

Carbon dots decorated medical stone (CD-MS) was creative-
ly prepared by immobilizing carbon dots on the surfaces of
medical stone (MS). Compared to the raw MS, the 0.5CD-
MS-300 demonstrated an excellent adsorption capability
for PNP. Bach experiments for the adsorption of the three
pollutants including PNP, ORIl and MB with different charge
properties, indicated that the surface of 0.5CD-MS-300 was
negatively charged. Furthermore, 0.5CD-MS-300 had a high
adsorption selectivity for different organic pollutants, which
was attributed to the electrostatic attraction/repulsion as one
of the fundamental adsorption mechanisms. In a word, carbon
dots had successfully decorated the raw medical stone and
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the resulting adsorbent 0.5CD-MS-300 can be considered as
a powerful adsorbent for the removal of organic pollutants
from wastewater.
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