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A B S T R A C T   

Coffee ground waste from the coffee beverage preparation is mainly discarded and consequently 
ends up in landfill, which cause the contamination of caffeine in various environmental com-
partments. This study focuses on the upcycling of coffee-ground waste to carbon quantum dots 
(CQDs) for use as a modifying material to improve the visible light activity of titanium dioxide 
(TiO2). The CQD solution was synthesized by hydrothermal method, which has an average size of 
2.80 ± 0.63 nm. The CQDs/TiO2 photocatalysts were prepared by combining CQD solutions at 
various amounts with sol-gel TiO2 and then coated on the fiberglass cloths (FGCs). The photo-
catalytic application mainly focuses on the removal of caffeine from the water. The photocatalytic 
experiment was preliminary run in a simple batch reactor under visible light. The 5CQDs/TiO2 
coated FGC (5 mL of CQD solution/g of Ti-based on sol-gel) showed the best performance, and it 
was selected for the removal of caffeine and other pharmaceuticals (i.e., carbamazepine and 
ibuprofen) in the recirculating reactor. The removals of caffeine, carbamazepine, and ibuprofen 
after irradiation for 9 h were 82%, 88%, and 84%, respectively. The residual concentrations were 
significantly lower than the reported toxicity levels based on specific species. The changes in total 
organic carbon were observed, indicating the mineralization of pharmaceuticals in water. The 
5CQDs/TiO2 coated FGC showed good flexible performance. No obvious loss of activity was 
observed for five runs. The actual wastewater from the coffee pot cleaning process was also 
tested. The removal was 80% for caffeine and 86% for color in the unit of the American Dye 
Manufacturers Institute (ADMI).   

1. Introduction 

Coffee is one of the most popular beverages, with a worldwide consumption rate of 2.25 billion cups per day [1]. Coffee beverage 
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preparation, especially coffee brewing at home, in cafeterias, and in manufacturing industries, generates much coffee ground waste. 
The worldwide production of coffee ground waste is approximately 6–8 million tons annually [2], mainly in landfill sites [3]. 

CAF is a dominant constituent in coffee ground waste, which is hazardous to the environment [4]. Disposing of coffee ground waste 
in a landfill may cause CAF-containing leachate to flow through the soil and groundwater [5]. The recycling of coffee ground waste is a 
practical approach to reducing the environmental impact and also saving disposal costs. The current strategies for recycling coffee 
ground waste mainly involve upgrading to adsorbent and biofuel because it contains high organic content [3]. 

CAF, CBZ, and IBP are frequently detected in the same water bodies because of their enormous consumption. Besides coffee, there 
are many caffeinated food, beverages, and medicines (e.g., cold medicines, analgesics, and weight-loss drugs) worldwide [6]. CBZ and 
IBP have been listed in the Model List of Essential Medicines 2019 by World Health Organization (WHO) as anticonvulsant and 
non-steroidal anti-inflammatory drugs (NSAIDs), respectively [7]. The observed concentrations of pharmaceuticals in their 
manufacturing wastewater were 0.022–3.594 mg/L for CAF [8], 0.077–0.575 mg/L for CBZ [9], and 0.703–1.673 mg/L for IBP [10]. 
These concentrations significantly exceed the lowest observed effect concentration (LOEC), which has been reported in chronic 
toxicity studies for specific organisms such as fish (0.91 mg/L CAF) [6], water fleas (0.1 mg/L CBZ) [11], and diatoms (1 mg/L IBP) 
[12]. 

A large portion of pharmaceutical wastewater originates from the manufacturing process in the pharmaceutical industry [13]. The 
pharmaceutical industry in many areas still discharges untreated effluents into the sewers [9]. Most pharmaceuticals are resistant to 
sewage treatment plants because of their low biodegradability and high solubility in water [14], so they could eventually contaminate 
the aquatic environment. Consequently, it is reasonable to apply advanced technology for the treatment of pharmaceuticals in water to 
minimize toxicological risk to the ecosystem. 

Semiconductor photocatalysis is one of the promising options for the advanced treatment of refractory organic compounds such as 
pharmaceuticals in water [15]. This technology is a cost-effective approach because it can harvest solar energy, does not require 
external oxidants (e.g., ozone, hydrogen peroxide), does not require waste disposal (e.g., sludge disposal), and allows high reusability 
of the photocatalyst film without complex processes [16,17]. Titanium dioxide (TiO2) has been reported as an efficient photocatalyst 
for both fundamental research and practical applications. However, there are some limitations of TiO2, including (i) the intrinsic wide 
band gap of TiO2 (3.2 eV for anatase), which limits its application under visible light, and (ii) the rapid recombination of photo-excited 
electrons and holes, which lead to the decrease of its photocatalytic activity [18]. 

CQDs are a new class of fluorescent carbon nanomaterials with a size below 10 nm [19,20]. CQDs have received much attention 
because of their attractive properties, such as good water solubility, large specific surface area, low toxicity, and excellent photo-
luminescence behavior [19]. CQDs can be applied in many fields, such as bio-imaging, sensing, drug delivery, and photocatalysis [21]. 
CQDs have been used as modifying materials to improve visible light harvesting of TiO2 photocatalysts. In the previous studies on 
CQDs/TiO2, the CQDs were usually synthesized from chemical precursors such as citric acid [20,22], sodium citrate [23], and 
L-ascorbic acid [24], and in most studies, the CQDs/TiO2 powder was dispersed in wastewater as a photocatalyst. 

Food waste is a cost-effective raw material for the synthesis of CQDs. In recent years, CQDs have been successfully synthesized using 
different kinds of food waste, such as coffee ground waste [25–27], onion peel [28], crab shells [29], and tea waste [30]. Some re-
searchers have already used coffee ground waste as a starting material for synthesizing CQDs during 2016–2022. The obtained CQDs 
were efficiently used for bio-imaging [25], detection of heavy metals including Fe3+ and Cu2+ [25,26], and detection of noxious 
nitroanilines [27]. However, these previous studies did not investigate the potentiality of coffee ground waste-derived CQDs for other 
applications such as photocatalysis. 

This study presents an alternative way to take advantage of the coffee ground waste-derived CQDs. The CQDs were used to modify 
the visible light activity of TiO2. The objectives of this study are to upcycle the coffee ground waste as CQDs and develop a visible light- 
active photocatalyst using coffee ground waste-derived CQDs composite with TiO2 for the removal of pharmaceuticals from water. The 
CQDs were combined with sol-gel TiO2 and coated on the FGC to overcome the difficulty in catalyst separation and recovery at the end 
of the photocatalytic process. CAF was the primary target pollutant to investigate the visible-light activity of FGC coated with CQDs/ 
TiO2 in a simple batch reactor and recirculating reactor. The optimum photocatalyst was also applied to remove other pharmaceu-
ticals, including CBZ and IBP, and to remove CAF from the actual wastewater generated from the coffee-pot cleaning process. The 
reusable and flexible photocatalysts which are beneficial for practical applications were investigated and reported. 

2. Materials and methods 

2.1. Materials and chemicals 

Ultrapure water from the water purification system (Millipore, resistivity of 18.2 mΩ cm) was used in all preparations and ex-
periments. The coffee ground waste (Arabica, average moisture content of 36.8 ± 3.2%) was dried at 105 ◦C for 24 h before use for the 
synthesis of CQD solution. FGC (C-glass type, HT800) was supplied by Zaftec company, Thailand. Commercial TiO2 powder (pure 
anatase, 98.5%), acetylacetone (ACAC, ≥99.5%), hydrogen peroxide solution (H2O2, 30% w/v), dipotassium phosphate (K2HPO4, 
≥98%) and potassium dihydrogen phosphate (KH2PO4, 99%) were purchased from Carlo Erba Reagents. Tetrabutyl titanate (TBOT, 
97%), CAF (99%), CBZ (98%), and IBP (98%) were purchased from Sigma-Aldrich. Sodium hydroxide pellets (NaOH, 99%) were 
purchased from QRëC. Methanol (HPLC grade), water (HPLC grade), acetonitrile (HPLC grade), and dichloromethane (99.8%) were 
purchased from RCI Labscan. 
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2.2. Synthesis and characterizations of CQD solutions 

CQDs were synthesized by the one-pot hydrothermal method. NaOH (3.2 g) was stirred with ultrapure water (400 mL) for 10 min. 
The dried coffee ground waste (15 g) was dispersed in NaOH solution under constant stirring for 1 h H2O2 (100 mL) was slowly added 
to the mixture and manually stirred using a glass rod. The obtained mixture was heated at 300 ◦C for 4 h in a 500-mL hydrothermal 
reactor equipped with 4848 reactor controllers (Parr instrument company, USA). After cooling to room temperature, the solid part was 
separated using 6 μm and 0.2 μm filter papers, while the liquid part was then purified by dichloromethane three times. The purified 
CQD solutions were characterized using a transmission electron microscope (TEM, JEOL model JEM 2100) and a photoluminescence 
spectrometer (HORIBA Scientific, model: FLUOROMAX-4). The CQDs concentration in the solution was measured as total carbon in 
triplicate using a total organic carbon (TOC) analyzer (Analytik Jena, Multi N/C 3100). The average total carbon in CQD solution was 
5.72 mg/mL. 

2.3. Preparation of CQDs/TiO2 powders and CQDs/TiO2 coated FGC 

CQDs/TiO2 was prepared by ultrasonic-assisted sol-gel method. Firstly, a mixture of TBOT (8 g), ACAC (2.35 g), and methanol (40 
mL) was magnetically stirred for 30 min. After that, a certain volume of CQD solutions (1, 2, 3, 4, 5, 6, 9, or 12 mL/g of Ti) was dropped 
into the mixture under stirring for another 30 min. The obtained mixture was sonicated in an ultrasonic bath (Crest, 690HTAE) for 30 
min and aged for 24 h. The reference TiO2 (without CQDs) was also prepared by this procedure without the addition of any CQD 
solution. For the preparation of CQDs/TiO2 powder, sol-gel CQDs/TiO2 was dried at 105 ◦C for 24 h, milled and sieved with mesh (No. 
200), and finally calcined at 500 ◦C for 1 h under N2 gas. 

For the preparation of CQDs/TiO2 coated FGC, the FGC pieces were heated at 500 ◦C for 1 h (heating rate of 10 ◦C/min) to eliminate 
the organic compounds on their surface. There are two coating steps as follows: (i) the FGC pieces were firstly coated by a mixture of 
commercial anatase TiO2 powder and ultrapure water (2 g/L) using a paintbrush, followed by drying for 1 h (105 ◦C) and calcined in 
the air for 2 h (200 ◦C, heating rate of 2 ◦C/min), and (ii) the sol-gel-derived CQDs/TiO2 was gently dropped over the prior layer 
followed by drying at room temperature for 24 h, dried in the oven for 1 h (105 ◦C), and finally calcined under 1 mL/min nitrogen gas 
for 1 h (500 ◦C, heating rate of 10 ◦C/min). In each step, the TiO2 mixture was coated on FGC with a fixed ratio of 0.06 mL/cm2. The 
obtained photocatalysts were labeled as FGC coated with xCQDs-TiO2 (x = mL of CQD solution/g of Ti-based on sol-gel). 

2.4. Characterizations of photocatalysts 

The as-synthesized CQDs/TiO2 powders without coating on FGC were characterized by X-ray diffractometer (XRD, BRUKER AXS, 
D8DISCOVER), Fourier transform infrared spectroscopy (FTIR, Thermo, Nicolet 6700), and photoluminescence spectrometer (HORIBA 
Scientific, model: FLUOROMAX-4) to avoid the noise of FGC as recommended in previous studies [31,32]. The surface morphology of 
the FGCs coated with CQDs/TiO2 was investigated using a field emission scanning electron microscope (FESEM, model: NOVA 
NANOSEM 450). The absorption and reflection spectra were measured using a UV-VIS-NIR spectrophotometer (Shimadzu 
SolidSpec-3700) to determine the band gap energy using the Kubelka-Munk equation and the Tauc plot method [33]. 

Fig. 1. A recirculating reactor with an inset showing the direction of visible light irradiation.  
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2.5. Photocatalytic experiments 

For all experiments, the reactions were initially carried out for 3 h in the dark to ensure the adsorption/desorption equilibrium. 
Then the visible light was irradiated by a double-ended halogen lamp (Philips, Plusline, R7s, 300W). The distance of the light source 
from the surface of FGC was fixed at 25 cm. CAF was the main target pollutant for the photocatalytic experiment. Fundamentally, the 
wastewater temperature directly affects the degradation rate of organic pollutants in water and solvent evaporation. Therefore, it was 
controlled at around 28.5 ± 1.5 ◦C using a water-cooling system throughout the experiments. 

Firstly, the optimization of CQDs content in sol-gel CQDs/TiO2 was studied in a simple batch reactor through photocatalytic 
degradation of CAF. A piece of photocatalyst-coated FGC (10 cm × 10 cm) was soaked in pharmaceutical solution (60 mL) inside a 
glass container (10 cm × 10 cm × 6 cm) under horizontal shaking (60 rpm). 

The optimal photocatalyst-coated FGC was obtained and further used in the recirculating reactor (Fig. 1) to remove CAF and other 
pharmaceuticals (i.e., CBZ and IBP) at the concentrations found in their production effluents [8–10]. The photocatalysis experiments 
were performed by stretching a piece of FGC coated with optimum photocatalyst (12 cm × 28 cm) through the surface of a glass box. 
The wastewater was pumped into a glass spray bar and subsequently ran down to the water reservoir by gravity. The solution was 
recirculated at a 450 mL/min flow rate using a diaphragm pump. Magnetic stirring was performed throughout the experiments to 
ensure that the solution was completely mixed. At desired reaction intervals, 1 mL of samples were taken and filtrated with a 0.22 μm 
nylon syringe filter. The influences of irradiation time and initial concentration of pharmaceuticals on the removal of CAF, CBZ, and 
IBP were investigated. The reuse and regeneration of the photocatalyst-coated FGC were also investigated for five cycles through the 
photocatalytic degradation of CAF. The removal of CAF from actual wastewater was investigated using wastewater collected from the 
coffee-pot cleaning process. 

2.6. Analytical procedures 

The quantification of pharmaceuticals in water was performed by high-performance liquid chromatography (HPLC) using the 
Alliance-e2695 Separations Module. A stationary phase was a C18-column (Vertisep™, 4.6 mm × 150 mm, particle size of 5 μm) with a 
column temperature of 30 ◦C. The mobile phases consisted of methanol and ultrapure water (50:50 v/v, flow rate = 1 mL/min) for 
CAF, acetonitrile, and ultrapure water (60:40 v/v, flow rate = 1 mL/min), and 20 mM phosphate buffer (pH = 7.4) and acetonitrile 
(70:30 v/v, flow rate = 1.2 mL/min). The injection volume of each sample was set at 100 μL. CAF and CBZ were detected by a 
photodiode array detector (Waters 2998) at 280 nm for CAF and 285 nm for CBZ. IBP was detected by a fluorescent detector (FP-2020, 
JASCO) at the excitation and emission wavelengths of 263 nm and 288 nm, respectively. Besides HPLC measurements, the mineral-
ization of pharmaceuticals in water was also estimated using a total organic carbon (TOC) analyzer (Analytik Jena, Multi N/C 3100). 
NPOC method was used for TOC measurement with the sample volume of 500 mL and the furnace temperature of 800 ◦C. The color of 
wastewater was measured in the unit of the American Dye Manufacturers Institute (ADMI) using a UV-VIS spectrophotometer (Hach, 
DR6000). 

3. Results and discussion 

3.1. Properties of CQD solutions 

The morphology of coffee ground waste-derived CQDs was characterized by TEM. The representative TEM image is shown in 
Fig. 2a. CQDs are spherical and mono-dispersed in the as-prepared solution. The inset of Fig. 2a shows the crystal plane with a lattice 

Fig. 2. (a) TEM image of the coffee ground waste-derived CQDs (inset is a zoomed-in image of individual CQD) and (b) particle size distribution 
of CQDs. 
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spacing of 0.217 nm, which corresponds to graphitic carbon [34]. The size distribution histogram (Fig. 2b) showed that the particle 
size of CQDs ranged from 1.6 to 4.4 nm. The average size is 2.80 ± 0.63 nm (obtained from the statistical analysis of 70 particles in the 
TEM image). These results confirmed the formation of CQDs. 

The optical properties of the as-prepared CQD solution were studied through UV–visible absorption and photoluminescence (PL) 
emission. Fig. 3a shows the adsorption spectrum of the CQD solution in the range of 300–700 nm. The presence of broad adsorption in 
the visible region represented the photocatalytic activity of CQDs under visible light [24]. The as-prepared CQD solution was light 
brown under natural daylight and exhibited strong blue-green PL under UV irradiation at 365 nm (Fig. 3b). 

From Fig. 3c–d, the PL emission spectra of the as-prepared CQD solution were dependent on excitation wavelengths. This is 
attributed to their small particle sizes, the electrostatic repulsions between the particles, and the abundance of a hydroxyl group on the 
surface [35,36]. With the increase of excitation wavelength from 320 to 650 nm (Fig, 3c), the emission peak shifted to the longer 
wavelengths. The maximum emission peak was observed at 537 nm under the excitation wavelength of 470 nm. This result indicated 
the down-conversion PL behavior of the CQD solution. The CQD solution also showed the up-conversion PL behavior under the 
excitation wavelength of 700–900 nm (Fig. 3d). The up-converted emission peak covered the visible light range of 420–700 nm. This 
result demonstrated that CQDs could expose to near-infrared light and then emit light with shorter wavelengths. The multi-photon 
absorption process can explain the up-conversion PL behavior, which leads to anti-stokes emission [37]. 

3.2. Properties of TiO2 photocatalysts 

XRD was used to analyze the crystalline structure and phase of the TiO2 photocatalysts. XRD patterns of the sol-gel-derived TiO2 
powder are presented in Fig. 4. All samples showed the diffraction peak of anatase. No characteristic peak of CQDs was observed in the 
diffraction patterns, which is consistent with the previous studies [23,38,39]. This is due to the relatively low diffraction intensity of 
the CQDs as compared to TiO2. The crystallite sizes of the TiO2 powder obtained by sol-gel were calculated by the Scherrer equation 
[40] using the characteristic peak of anatase TiO2 (2θ = 25.2◦). They are 10.71, 9.75, 8.94 and 8.57 nm for reference TiO2, 

Fig. 3. Optical properties of the coffee ground waste-derived CQD solutions: (a) UV–visible absorption spectrum, (b) photographs of the CQD 
solution, (c) PL emission spectra, and (d) up-conversion PL emission spectra. 
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3CQDs/TiO2, 5CQDs/TiO2 and 9CQDs/TiO2, respectively. This is implied that the crystallite size of the sol-gel-derived TiO2 powder is 
decreased with increasing CQD solution content. In addition, the XRD pattern of the commercial TiO2 powder (titania source for 
coating on FGC in the first step) is also shown in Fig. S1. The samples before and after calcined (500 ◦C for 1 h) contain pure anatase 
phase with crystallite sizes of 27.18, and 27.88 nm, respectively. The crystalline phase is still anatase and the crystallite size is not 
much change because anatase transforms to rutile at the calcination temperature of ~600 ◦C. Rutile phase has a large crystallite size 
and high electron-hole recombination rate as compared to anatase [41]. 

The morphologies of the reference TiO2 powder (Fig. 5a) and the 5CQDs/TiO2 powder (Fig. 5b) were characterized by TEM. The 
lattice spacing of 0.349–0.352 nm corresponded to the (101) crystal plane of anatase TiO2. The lattice spacing of 0.212–0.218 nm 
corresponded to the (002) crystal plane of graphitic carbon, indicating the presence of CQDs [36]. This result confirms the hetero-
structure of 5CQD/TiO2, which involves the presence of CQDs on the surface of TiO2. 

The surface functional groups of sol-gel-derived TiO2 powder were analyzed by FTIR spectroscopy. From Fig. 6a, the absorption 
band at 3450 and 1632 cm− 1 indicated the presence of hydroxyl group (-OH) on the surface of sol-gel-derived TiO2, which helps to 
promote the photocatalytic activity by increasing the electron transportability [42,43]. For the broad absorption bands in the 400-900 
cm− 1 range, the band is attributed to Ti–O–Ti in the case of the reference TiO2 (without CQDs) [44]. For the CQDs/TiO2 samples, the 
bands show a slight blue shift in wavenumber compared to that of the reference TiO2. This is attributed to the presence of Ti–O–C in 
combination with Ti–O–Ti vibrations [45–47]. 

From Fig. 6b, the peaks of the C–H (1407 cm− 1) and COO− (1387 cm− 1) appeared in all samples [34,48], which related to the 
residue of TiO2 precursor (titanium butoxide and acetylacetone) from the sol-gel process [49]. Compared to the reference TiO2, the 
CQDs/TiO2 samples showed some new functional groups, including C=O of carbonyl groups (1760 cm− 1) and C=C (1562, 1532 and 
1448 cm− 1) [42,48,50,51]. This observation is due to the surface functional groups of CQDs that can interact with TiO2. The blue shift 
of the broad absorption bands in the range of 400–900 cm− 1 indicates the interaction between TiO2 and CQDs with the formation of 
Ti–O–C [45–47]. 

Photoluminescence measurement is well known technique to investigate the behavior of the photo-excited electrons and holes. The 
previous works well reported that the PL spectra are caused by the electron-hole recombination process [38,52]. PL spectra of the 
reference TiO2 powder and the CQDs/TiO2 powder at the excitation wavelength of 300 nm are presented in Fig. 7. A lower PL intensity 
indicates a hindrance to the recombination of the photo-excited electrons and holes in the photocatalyst, which is beneficial to the 
photocatalytic activity. All samples exhibited similar shapes with different intensities. A broad PL emission in each sample was 
observed at around 390–470 nm. The PL intensity of all CQDs/TiO2 samples was lower than that of the reference TiO2 powder. For 
CQDs/TiO2 samples, the PL intensity was on the order of 3CQDs/TiO2 > 9CQDs/TiO2 > 5CQDs/TiO2. This result indicates that the 
composite of TiO2 with appropriate amount of CQDs helps to suppress the recombination of the photo-excited electrons and holes in 
the photocatalyst. However, further increasing the amount of CQDs increase the electron-hole recombination because the excessive 
CQDs loading reduced the surface active sites of TiO2 thus increase the probability of collision between the photo-excited electrons and 
holes [45]. 

3.3. Properties of TiO2-coated FGCs 

FESEM analysis was used to study the morphologies of TiO2-coated FGCs. Fig. 8a–d shows the FESEM images of reference TiO2- 
coated FGC and CQDs/TiO2-coated FGC. The FESEM images show that TiO2 can be coated on flexible FGC using two-step coating 
procedures without an additional binding agent, which is consistent with the previous report [53]. Fig. 8e shows the schematic 
illustration of TiO2-coated FGC. The sol-gel TiO2 helps to attach the commercial TiO2 powder to the FGC surface. Meanwhile, the 

Fig. 4. XRD patterns of the sol-gel derived TiO2 powder.  
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commercial TiO2 powder provides the surface roughness of TiO2 film, which helps to enhance the photocatalytic activity [54]. 
UV–Visible absorption spectra of the FGC coated with reference TiO2 and CQDs/TiO2 are presented in Fig. 9. The FGC coated with 

reference TiO2 showed strong absorption in the UV region, and an absorption edge was observed at ~410 nm. The previous studies 
regarding anatase TiO2-coated FGC also found an absorption edge in the range of 410–420 nm [55,56]. In the visible region, the 
absorbances of all FGCs coated with CQDs/TiO2 were slightly higher than the FGC coated with reference TiO2. For the bandgap of the 
samples, only crystalline anatase was identified by XRD in the previous section. Anatase TiO2 has only an indirect bandgap, which can 
be estimated by the Kubelka-Munk equation coupled with the Tauc plot methodology (inset of Fig. 9) [33]. The indirect bandgaps were 
estimated to be 3.08, 3.04, 2.96, and 2.99 eV for the FGC coated with reference TiO2, 3CQDs/TiO2, 5CQDs/TiO2, and 9CQDs/TiO2, 
respectively. As compared to the FGC coated with reference TiO2, the FGCs coated with CQDs/TiO2 showed a small bandgap nar-
rowing. In addition, the indirect bandgap of reference TiO2 power was also estimated to be 3.2 eV (Fig. S2), which is slightly higher 
than that of the reference TiO2-coated FGC. The value of 3.2 eV is consistent with the theoretical bandgap of anatase TiO2 [57]. These 
results demonstrate that the visible light absorption of TiO2-coated FGC could improve due to the interaction of both FGC and CQDs 
with TiO2, which is expected to enhance the photocatalytic activity under visible light. 

Fig. 5. TEM images of the sol-gel derived TiO2 powder: (a) reference TiO2 powder and (b) 5CQDs/TiO2 powder.  

Fig. 6. FTIR spectra of the sol-gel derived TiO2 powder in the wavenumber range of (a) 4000-480 cm− 1 and (b) 2200-1200 cm− 1.  
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3.4. Photocatalytic removal of pharmaceuticals from water 

In the experiments, the initial concentrations of CAF, CBZ, and IBP were individually set based on real values found in their 
manufacturing wastewater, as reported in the literature [8–10]. Each experiment was conducted in duplicate. The solution 

Fig. 7. PL emission spectra of the sol-gel derived TiO2 powder.  

Fig. 8. FESEM images of the FGC coated with (a) reference TiO2, (b) 3CQDS/TiO2, (c) 5CQDS/TiO2, and (d) 9CQDS/TiO2, and (e) schematic 
illustration of the TiO2-coated FGC. 
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evaporation during the experiment was negligible (≤1.2%) because the wastewater temperature was controlled at around 28.5 ±
1.5 ◦C using a water-cooling system throughout the experiments. 

3.4.1. Optimization of CQD contents for CQDs/TiO2-coated FGC 
To optimize CQD content in the CQDs/TiO2-coated FGC, the photocatalytic experiments were conducted in a simple batch reactor 

using CAF (3.6 mg/L) as a target pollutant. Before irradiation, the photocatalyst-coated FGC (10 cm × 10 cm) was soaked in CAF 
solution (60 mL) under horizontal shaking for 3 h to provide an adsorption-desorption desorption equilibrium. Fig. 10a presents the 
removal of CAF through adsorption in the dark for 3 h and photocatalytic degradation under visible light irradiation for 6 h. The 
adsorption of CAF on the TiO2-coated FGCs exhibited efficiencies of 1–3%. Photocatalytic degradation of CAF under visible light 
irradiation showed that all CQDs/TiO2-coated FGCs exhibited much higher removal efficiency compared with the TiO2-coated 
reference FGCs (without CQDs). Fig. S3 shows that the removal of CAF from water in the presence of a pure CQD solution did not 
exhibit photocatalytic activity, indicating that the CQD solution cannot act individually as a photocatalyst under visible light irra-
diation. The results suggest that the interaction between TiO2 and CQDs significantly enhances the photocatalytic activity, which is 
consistent with previous reports [19,24]. 

From Fig. 10b, the most efficient photocatalyst was 5CQDs/TiO2-coated FGC, with an overall removal efficiency of 72.66%. 
Therefore, the 5CQDs/TiO2-coated FGC were selected for further studies in the recirculating reactor. However, the removal efficiency 
cannot be directly compared to previous reports because of the different preparation methods for photocatalysts and the different 
operational conditions for the photocatalytic processes. 

According to the mechanism reported in the literature, the visible-light-driven photocatalytic activity of the CQDs/TiO2 composite 
is enhanced due to the up-conversion PL of CQDs and the efficient electron-hole pair separation [37,58–60]. From the up-conversion 

Fig. 9. UV–visible absorption spectra of the TiO2-coated FGCs with an inset showing the Tauc plots for indirect bandgaps.  

Fig. 10. Visible light-driven photocatalytic degradation of CAF in the simple batch reactor for 6 h using CQDs/TiO2-coated FGC with different CQD 
contents: (a) degradation ratio respecting the time and (b) removal efficiency respecting the ratio of mL CQD solution to g Ti. 
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PL spectra of the CQD solution (Fig. 3d), the emission wavelengths covered 420–700 nm, which cannot provide enough energy to 
excite the TiO2 without CQDs. From Fig. 9, the FGCs coated with CQDs/TiO2 have better light absorption and lower bandgaps than the 
FGCs coated with reference TiO2. Therefore, the lower PL intensity of the PL spectra of CQDs/TiO2 (Fig. 7) is due to an obstruction of 
the recombination of the photo-excited electrons and holes in the photocatalyst [38,61]. The electron-hole recombination rate was in 
the order of reference TiO2 > 3CQDs/TiO2 > 9CQDs/TiO2 > 5CQDs/TiO2. 

For photocatalytic degradation of CAF using the CQDs/TiO2-coated FGCs under visible light irradiation, a trend of removal effi-
ciency (Fig. 10b) is consistent with the electron-hole recombination result. The photocatalyst with lower electron-hole recombination 
can provide higher photocatalytic activity. From Fig. 10a and b, 5CQDs/TiO2-coated FGC showed the highest removal efficiency 
(72.66%) because the electron-hole recombination in 5CQDs/TiO2 was lower than other photocatalysts. Therefore, a plausible 
mechanism is presented in Fig. 11. CQDs play the role of photosensitizers, which can inject the excited electron into TiO2. When the 
CQDs/TiO2 composite is irradiated by visible light, the ground state electrons of CQDs can be excited to their LUMO level and leave the 
holes at the ground state. The excited electrons can transfer to the conduction band (CB) of TiO2 and then react with the adsorbed 
oxygen molecules (O2) to produce the superoxide radicals (•O2

− ). Meanwhile, the holes can react with the adsorbed water molecules 
(H2O) or the hydroxide ions (OH− ) to produce the hydroxyl radicals (•OH). The superoxide radicals (•O2

− ) and hydroxyl radicals (•OH) 
can eventually degrade the organic pollutants (such as pharmaceutical pollutants) [37,58–60,62]. 

3.4.2. Photocatalytic degradation of pharmaceuticals in the recirculating reactor 

3.4.2.1. Influence of irradiation time. The effect of irradiation time on the photocatalytic degradation of CAF, CBZ, and IBP from water 
was studied individually using the initial concentrations of each pharmaceutical as found in their production effluents (CAF = 3.6 mg/ 
L, CBZ = 0.6 mg/L, and IBP = 1.7 mg/L). The experiments were conducted at the inherent solution pH of 7.2 ± 0.1 for CAF, 7.3 ± 0.1 
for CBZ, and 6.1 ± 0.1 for CBZ. It is beneficial to reduce operating costs if the wastewater can be treated without any pH adjustment, 
especially in large-scale applications. 

From Fig. 12a, the experiments include adsorption in the dark for 3 h followed by photocatalysis under visible light irradiation for 
9 h. The overall removal efficiencies of CAF, CBZ, and IBP were 82%, 88%, and 84%, corresponding to the residual concentrations of 
0.63 mg/L, 0.08 mg/L, and 0.27 mg/L, respectively. In comparison with the toxicity values reported in the literature, these residual 
concentrations are significantly below their lowest observed effect concentrations (LOEC) for fish (0.91 mg/L CAF) [6], water flea (0.1 
mg/L CBZ) [11], and diatoms (1 mg/L IBP) [12]. 

From Fig. 12b, the mineralizations of CAF, CBZ, and IBP were studied through the measurement of total organic carbon (TOC), 
which are 59%, 43%, and 48%, respectively. The results demonstrated that the 5CQDs/TiO2-coated FGC has the potential for 
degradation and mineralization of pharmaceutical pollutants from water. The mineralization rates were found to be slower than the 
pharmaceutical degradation rates, agreeing with the previous reports [63,64]. This result indicates the presence of some intermediate 
species. However, the toxicity of the intermediates from the photocatalytic degradation of CBZ and IBP was lower than that of the 
parent compounds. Based on fish, daphnia, and green algae, the intermediates from the photocatalytic degradation of CAF showed the 
same toxicity as CAF [65]. 

3.4.2.2. Influence of initial pharmaceutical concentration. Kinetic studies on the photocatalytic degradation of pharmaceutical pol-
lutants are essential to understand the condition for the future design of the large-scale application. The influences of initial con-
centration of CAF (3–5 mg/L), CBZ (0.6–1.2 mg/L), and IBP (1.4–2.4 mg/L) were investigated for kinetic studies using the method of 
initial rates (Equations (1) and (2)) coupled with Langmuir-Hinshelwood model (Equations (3) and (4)). 

re,0 =
− dc
dt

= − kappCe,0 (1) 

Fig. 11. Proposed photocatalytic mechanism of CQDs/TiO2 composite.  
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Fig. 12. Photocatalytic degradation of pharmaceuticals in the recirculating reactor: (a) degradation ratio respecting the time and (b) pharma-
ceutical removal efficiencies and TOC removal efficiencies after 9 h of visible light irradiation. 

Fig. 13. Pseudo-first-order kinetic plots for the photocatalytic degradation of (a) CAF, (b) CBZ, and (c) IBP using 5CQDs/TiO2-coated FGC under 
visible light irradiation. The insets show the linearization of the Langmuir-Hinshelwood model. 
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ln (C/Ce,0) = -kappt                                                                                                                                                                    (2) 

re,0 =
kKCe,0

1 + KCe,0
(3)  

1
re,0

=
1
k
+

1
kKCe,0

(4)  

where re,0 is the initial photocatalytic reaction rate (mg/L⋅h), kapp is the apparent rate constant (h− 1), C is the initial concentration of 
pharmaceutical (mg/L), Ce,0 is the equilibrium concentration after adsorption in the dark (mg/L), t is irradiation time (h), k is the 
reaction rate constant (mg/L⋅h), and K is the dynamic Langmuir adsorption constant (L/mg) [66,67]. 

All photocatalytic experiments were run for 6 h under visible light irradiation, as shown in Figs. S4a–S4c. The order of reaction was 
determined by the method of initial rates using the experimental data during the first 2 h under visible light irradiation. Fig. 13a–c 
shows the kinetic fitting results for four different initial concentrations of each pharmaceutical. The photocatalytic reaction was well- 
described by the pseudo-first-order kinetic model in accordance with those reported in previous studies [66,68,69]. The slope of the 
line represents the apparent rate constants (kapp). The initial reaction rates (re,0) were calculated from Equation (1) and sequentially 
fitted by the linearity equation of the Langmuir-Hinshelwood model (Equation (4)). The values of k and K were determined from the 
plots of 1/re0 against 1/Ce,0 (Insets of Fig. 13a–c). The obtained kinetic parameters are summarized in Table 1. 

In the studied concentration ranges, the values of kapp decreased with increasing the initial concentrations of CAF, CBZ, and IBP. 
This could be explained that the increase in pharmaceutical concentration leads to (i) low photon penetration into the solutions and (ii) 
a large number of pharmaceutical molecules adsorbed on the photocatalyst surface, reducing the surface-adsorbed hydroxide ions and 
oxygen molecules, resulting in the decrease of free radical formation [70]. The photocatalytic degradation of CAF, CBZ, and IBP could 
be described by substituting the values of k and K in the Langmuir-Hinshelwood model (Equation (3)). The relationship between the 
equilibrium concentration of pharmaceuticals and the initial photocatalytic reaction rate could be written as Equations (5)–(7). 

For CAF : re,0 =
0.7296Ce,0

1 + 0.9791Ce,0
(5)  

For CBZ : re,0 =
0.2788Ce,0

1 + 1.541Ce,0
(6)  

For IBP : re,0 =
0.4054Ce,0

1 + 0.8866Ce,0
(7)  

3.4.2.3. Reusable and flexible performance of FGC coated with CQDs/TiO2. In order to investigate the reusable and flexible performance 
of 5CQDs/TiO2-coated FGC, the photocatalytic degradation of CAF (3.6 mg/L) was repeated for five cycles under visible light irra-
diation. After each cycle, the 5CQDs/TiO2-coated FGC were thoroughly washed with ultrapure water, exposed to the sun for one day, 
and sequentially rolled and kept in a cylindrical container for 12 h before reuse. The photocatalytic reaction was run for 7 h in each 
cycle to achieve the lowest observed effect concentration (LOEC) for fish (0.91 mg/L) [6]. From Fig. 14, the removal efficiencies were 
relatively stable (77–79%) after five runs. The result demonstrates a good reusable and flexible performance of 5CQDs/TiO2-coated 
FGC. Therefore, it can be folded into many shapes, which provides the opportunity to use in various types of photocatalytic reactors in 
practical applications. 

3.4.2.4. CAF removal in actual wastewater. The actual wastewater was collected from the coffee pot cleaning process. The photo-
catalytic degradation of CAF in actual wastewater was conducted to evaluate the applicability of 5CQDs/TiO2-coated FGC in the 
recirculating reactor (Fig. 15). The initial concentration of CAF in actual wastewater was 3.92 mg/L, and the initial color was 388 
ADMI. The experiments were run through adsorption in the dark for 3 h followed by visible light irradiation for 12 h. The treated water 
showed a remaining CAF concentration of 0.79 mg/L (removal efficiency ~80%), which is below the LOEC for fish (0.91 mg/L) [6]. 
The remaining color was 54 ADMI, which is significantly lower than the industrial effluent standard (300 ADMI) [71]. 

4. Conclusion 

CQD solutions have been successfully prepared by hydrothermal method using the coffee ground waste as a raw waste material. 
The visible light-sensitive photocatalysts were synthesized by composite TiO2 with the coffee ground-derived CQDs, and then coated 
on FGCs. The main results can be concluded as follows:  

(1) The optimum photocatalyst was 5CQDs/TiO2-coated FGC (5 mL of CQD solution/g of Ti), which efficiently removed CAF, CBZ, 
and IBP from water in the recirculating reactor. The residual concentrations of CAF, CBZ, and IBP achieved their reported 
toxicity levels based on fish, water fleas, and diatoms.  

(2) The 5CQDs/TiO2-coated FGC showed good reusability and flexibility in use, and it could be easily regenerated by exposure to 
natural sunlight. 
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Table 1 
Kinetic parameters for the photocatalytic degradation of CAF, CBZ, and IBP.  

Pollutant C0 (mg/L) kapp (h¡1) re,0 (mg/L⋅h) k (mg/L⋅h) K (L/mg) 

CAF 3 0.1865 0.5614 0.7452 0.9791 
3.6 0.1640 0.5691 
4 0.1475 0.5915 
5 0.1246 0.6230 

CBZ 0.6 0.1413 0.0876 0.1809 1.5413 
0.8 0.1255 0.1029 
1 0.1126 0.1092 
1.2 0.0978 0.1144 

IBP 1.4 0.1795 0.2567 0.4573 0.8866 
1.7 0.1643 0.2727 
2 0.1433 0.2866 
2.4 0.1327 0.3145  

Fig. 14. Photocatalytic degradations of CAF under visible light irradiation for five cycles.  

Fig. 15. Removal of CAF from actual wastewater. Inset is a photograph of actual wastewater before (left) and after treatment (right) (adsorption for 
3 h followed by visible light irradiation for 12 h). 
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(3) The treatment of coffee-pot cleaning wastewater (actual wastewater) showed high removal efficiencies of 80% for CAF and 86% 
for ADMI color, which was not harmful to the environment. 
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