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ABSTRACT 

ZnO/ECB photocatalyst (Eichhornia crassipes Biochar) has been synthesized to be applied as a photocatalyst in 

the degradation of Reactive Black-5 dye. ZnO/ECB photocatalyst was synthesized by the coprecipitation method 

with the ratio Zn(NO3)2.6H2O:ECB (M:w) 0.25:1 (0.25MZnO/ECB); 0.45:1 (0.45MZnO/ECB); and 0.6;1 

(0.6MZnO/ECB). The characteristics of the ZnO/ECB photocatalyst were tested using X-ray diffraction, Fourier 

Transforms Infrared (FTIR), and UV Diffuse Reflectance Spectroscopy (UV-DRS) to determine the energy gap 

of the photocatalyst. The diffractogram pattern showed that the ZnO/ECB crystals were hexagonal wurtzite in 

shape. The results of the Kubelka-Munk UV-DRS analysis showed that the energy gap of the ZnO/ECB 

photocatalyst was smaller than that of pure ZnO. The efficiency of the ZnO/ECB catalyst was evaluated through 

photocatalytic degradation of an aqueous solution of Reactive Black-5 dye. Measurement of photocatalytic activity 

under UV radiation showed that ZnO/ECB photocatalyst has a higher degradation ability than pure ZnO. The high 

photocatalytic activity of the ZnO/ECB catalyst was due to the low energy gap of the ZnO/ECB catalyst, thereby 

reducing the electron and hole recombination rate in the synthesized photocatalyst. Photocatalyst of 0.25ZnO/ECB 

has the highest photocatalytic activity with degradation efficiency reaching 75.47%. 

 

Keywords: Photocatalyst, ZnO, Eichhornia crassipes, Biochar, Reactive Black-5 

1. INTRODUCTION 

Reactive Black-5  is the largest type of azo dye 

commonly used for the textile industry up to 70% [1], 

[2]. Reactive Black-5 is widely used because it has 

several advantages such as fadeproof, bright colors, 

and easy coloring application [3–5]. Reactive Black-5 

is carcinogenic, toxic, and mutagenic. it has a stable 

aromatic amine group, this causes high stability against 

biological degradation in water [6]. Disposal of 

Reactive Black-5 into the environment poses a major 

threat to public health because exposure to dyes causes 

respiratory system disorders, acute bronchitis, skin 

irritation, mutations, and bladder cancer [7]. 

Reactive Black-5 dye waste treatment is a complex 

and expensive process because the dye consists of a 

stable complex aromatic structure [8]. Efforts to deal 

with conventional dyestuffs such as adsorption using 

activated carbon have been carried out, but the results 

are less effective because they produce secondary dye 

pollution [9]. Modern methods that have been 

developed to deal with this dye waste include 

biodegradation, chlorination, and ozonation methods 

[10]. This method gives satisfactory results, but the 

operational cost of this method is quite expensive. For 

this reason, it is necessary to develop a dye wastewater 

treatment technology that is environmentally friendly, 

easy, inexpensive, and has maximum results. 

Advanced oxidation process (AOP) such as 

photocatalysis using heterogeneous catalysts is one of 

the preferred textile wastewater treatment techniques 

for the degradation of dye contaminants [11]. This is 

because chemical oxidation is an efficient, inexpensive 

and environmentally friendly process [12]. The 

photocatalytic system does not produce secondary 

pollutants, this is because all organic dye pollutants are 

converted into carbon dioxide (CO2), water (H2O) and 

inorganic ions [13]. The photocatalytic process is a 

promising, efficient, environmentally friendly process 

for the removal of toxic pollutants and dye degradation 
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[14]. Some semiconductors that are often used as 

photocatalysts are ZnO, TiO2, CdS, Ag3PO4 [15]. 

ZnO is a semiconductor that has high electron 

mobility, has good thermal stability, high 

photosensitivity, and is a very potential photocatalyst 

[14]. ZnO is an inexpensive alternative photocatalyst 

used for the degradation of organic dyes contained in 

textile industrial waste[15]. ZnO also has a weakness, 

namely the gab energy is quite large (3.3 eV) which 

allows fast electron-hole recombination so that it 

reduces the photodegradation ability of ZnO. To 

overcome this limitation, several researchers have 

investigated intensively by adding ZnO to suitable 

buffer materials such as zeolite, biochar or doping with 

metal ions [16]. 

One of the modifications of ZnO to increase its 

photodegradation ability is to add biochar as a buffer 

material. Biochar is an electron acceptor so that it can 

carry electrons on the surface of the ZnO 

semiconductor to electron-holes in the conduction 

band [17]. The combination of ZnO and biochar can 

reduce the energy gap in the ZnO photocatalyst and 

prevent electron-hole recombination recombination. 

Biochar is a carbon-rich product produced from the 

thermal decomposition of biomass such as wood, 

leaves, agricultural waste, and solid waste, with very 

limited oxygen conditions at low temperatures [20, 

21]. 

One of the potential materials to be used as biochar 

is Eichornia crassipes [20]. Eichornia crassipes is a 

source of cellulose-rich biomass which contains 18.2% 

cellulose, 48.70% hemicellulose, 3.5% lignin, and 

13.3% protein which has the potential as biochar [21]. 

Eichornia crassipes Biochar (ECB) is a potential 

material as a buffer for ZnO because it can increase its 

photocatalytic efficiency. The combination of ZnO 

with Eichhornia crassipes Biochar is expected to 

reduce the energy gap of the photocatalyst and prevent 

electron-hole recombination which further increases 

the photodegradation efficiency of Reactive Black-5 

dye.  

2. METHODOLOGY  

2.1. Materials 

The materials used were water hyacinth stems, 

H3PO4 80% (Sigma-Aldrich), Zn(NO3)2·6H2O 99% 

(Sigma Aldrich), NaOH 98% (Merck), Ethanol 

(Merck), HCl (Merck), Methyl red, and distilled water. 

The tools used are 80 mesh sieve, magnetic stirrer, 

oven, furnace, pH meter and analytical balance. 

Instruments used include: XRD, FTIR, UV-DRS, UV-

Vis.  

2.2. Preparation and modification of biochars  

Synthesis of Eichhornia crassipes biochar was 

carried out using the Hydrothermal method. The stems 

of Eichornia crassipes are cut into small pieces, dried 

in the sun. Water hyacinth stems were dried in an oven 

at 105°C for 24 hours. The dried Eichornia crassipes 

stems was crushed to 0.5 um (Danish et al., 2018).  30 

grams of dry Eichornia crassipes stems were mixed 

with 200 mL of deionized water in an autoclave 

reactor. The reactor was heated in a furnace with a 

hydrolysis temperature of 240 for 3 hours [18]. The 

reactor was cooled, then the biochar product was rinsed 

with deionized water and dried in an oven at 80°C. A 

total of 20 grams of Biochar is activated in 80 ml 

H3PO4 80%. The mixture was stirred using a magnetic 

stirrer at 85°C for 4 hours [22]. The activated biochar 

was washed using distilled water until the pH is 

neutral. Eichornia crassipes Biochar (ECB) was then 

dried in an oven at 105°C for 24 hours [23]. The 

activated biochar was then calcined at 450°C for 120 

minutes.  

Synthesis of ZnO/ECB photocatalyst using 

coprecipitation method. Zn(NO3)2.6H2O solution as 

ZnO precursor. ZnO/ECB (Eichornia crassipes 

Biochar) photocatalyst was synthesized using 1 gram 

of ECB (Eichornia crassipes Biochar) with 

concentration variations of ZnO in 0.25 M; 0.45 M; 

and 0.6 M. As much as 1 gram of ECB (Eichornia 

crassipes Biochar) was added each in 100 ml of 

Zn(NO3)2.6H2O solution 0.25 M; 0.45 M; and 0.6 M. 

The mixture was heated and stirred with a magnetic 

stirrer at 90°C for 1 hour. 100 ml of 1 M NaOH 

solution was added to the mixture and stirred again for 

3 hours. The solution was centrifuged at 4000 rpm. The 

precipitate was washed with hot water and ethanol. The 

solids were then calcined at 350°C for 3 hours [24]. 

2.3. Characterization of photocatalyst  

The ZnO/ECB photocatalyst (Eichornia crassipes 

Biochar) was characterized using an X-ray diffraction 

instrument to identify the crystal phase and 

crystallinity level with Cu Kα radiation of 1.54056 Å 

at 40 kV and 20 mA, 2θ: 10–80° with a scan rate of 

20/min. The average crystal size of the ZnO/ECB 

photocatalyst was calculated by the Scherrer Equation 

(1).  
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𝐷 =
𝐾 𝜆

𝛽  cos  𝜃
               (1)

                               
Where D = crystal size, K = Scherrer constant (0.9 

to 1), λ=x-ray wavelength used (0.15406 nm), β=peak 

width, and θ= peak angular position. Functional group 

vibrations are shown in the infrared spectrum which 

was analyzed using FTIR with a resolution of 4 cm−1 

in the 4000–400 cm−1 wave region. The energy gap of 

the ZnO/ECB photocatalyst was analyzed in the UV-

Vis wavelength region of 200-800 nm using a UV-

DRS spectrophotometer. The amount of energy gab 

can be calculated through Equation 2: 

𝐸 =
ℎ𝑐

𝜆
=

1240

𝜆
𝑒𝑉               (2) 

2.4. Photocatalytic Activity Testing of 

ZnO/ECB (Eichornia crassipes Biochar) 

Photocatalytic activity tests were carried out on 

samples of ZnO, ECB, and ZnO/ECB to degrade 

Reactive Black-5 dye using a UV lamp. 

Photodegradation of Reactive Black-5 was carried out 

by adding photocatalyst to Reactive Black-5 solution. 

The mixed solution was put into a UV reactor and 

irradiated using a mercury lamp (UV-A lamp, Sankyo 

denki F20T10BLB, λ: 352 nm) with stirring using a 

magnetic stirrer. The irradiated Reactive Black-5 

solution was measured for its absorbance at the 

maximum wavelength (600nm) using a UV-Vis 

spectrophotometer. The degradation efficiency (ξ) of 

Reactive Black-5 is calculated by Equation 3 [25]: 

ξ =
(𝐴0−𝐴𝑡)

𝐴0
× 100%             (3)

      

Where A0 is initial absorbance and At is final 

absorbance after UV irradiation. 

3. RESULT AND DISCUSSION  

The ZnO/ECB photocatalyst was analyzed using an 

X-Ray Diffraction instrument to determine the 

diffraction pattern formed. The diffraction patterns of 

the ZnO and ZnO/ECB photocatalysts obtained from 

the analysis were compared with the JCPDS No. 36-

1451. The diffraction patterns of ZnO and ZnO/ECB 

photocatalysts are shown in Figure 1. 

 

Figure 1 Difractograms of ECB sample ZnO and 

XZnO/ECB photocatalysts 

The X-ray diffraction pattern for the ZnO and and 

XZnO/ECB samples (X = 0.25, 0.4, 0.6) is shown in 

Figure 1. The X-ray diffraction pattern is produced at 

2 = 5-50º ZnO and XZnO/ECB samples have similar 

X-ray diffraction patterns. All samples have quite high 

peak intensities at 2 = 31,89 º; 34,56 º; 36,38 º; 47,67 

º; 56,72 º; 63,01 º; 66,51 º;68,08 º and 69,20 º which 

denote hkl diffraction planes (1 0 0), (0 0 2), (1 0 1), (1 

0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1). These 

peaks are typical peaks of ZnO with a hexagonal 

crystal structure [26]. These peaks are in accordance 

with the Powder Diffraction File (PDF) obtained from 

the Data Base Joint Committee on Powder Diffraction 

Standards (JCPDS) with PDF serial number PDF 36-

1451 which has a hexagonal wurtzite structure [29, 30]. 

Based on the analysis of the diffractogram data of 

the ZnO and XZnO/ECB photocatalyst samples, the 

average crystal size of the ZnO and XZnO/ECB 

photocatalyst samples was obtained by calculating the 

Scherrer equation. The average size of ZnO and 

XZnO/ECB crystals is shown in table 1. 

Table 1. Average Crystal Size of ZnO and XZnO/ECB  

Sample Average Average 

crystal size (± 0.1 (nm)) 

ZnO  21.84 

0.25ZnO/ECB 20.07 

0.45ZnO/ECB 19.23 

0.6ZnO/ECB 17.23 

 

Table 1 show the average size of the ZnO crystals 

and the ZnO/ECB photocatalyst. The average size of 

ZnO crystals and the ZnO/ECB photocatalyst decrease 

as the ZnO concentration increased. ZnO crystals 

bonded to ECB will adjust to a smaller pore size of 

ECB. As the crystal size decreases, the surface area 

increases so that the adsorption power is greater due to 

the increase in the active site of ZnO bound to carbon. 

Chen et al. [29] reported that the addition of AC 

reduced the average particle size of ZnO particles from 
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27.4 nm to 12.9 nm and 11.8 nm. Nano ZnO is easily 

agglomerated due to its large specific surface area and 

high surface energy, and the agglomeration tendency 

can be weaken by adding AC. However, the addition 

of too many nanoparticles to activated carbon can 

reduce the surface area of the material due to the 

aggregation of nanoparticles on activated carbon due 

to the closed pores and carbon surface [31, 32]. 

Functional group vibrations and bonds formed in 

the sample, ZnO, ECB and photocatalyst XZnO/ECB 

were analyzed using the FTIR (Fourier Transform 

Infrared) instrument. The results of the sample spectra 

are shown in Figure 2. 

   

Figure 2 ZnO, ECB, and XZnO/ECB Photocatalysts 

FTIR Spectra 

The ECB sample shows a sloping peak at 

wavelength 3393.08 cm-1  which indicates the 

stretching of the hydroxyl group (-O-H) of the water 

molecule [32]. The peak at wavelength 1580.73 cm-1  

indicates stretching of the C=C group originating from 

the aromatic ring on lignin [33]. The peak at 

wavelength 1179.82 cm-1  shows stretching of the P=O 

and O-C groups in the P-O-C bonds of the aromatic 

ring [33]. The phosphate group may be derived from 

the Biochar activator in the form of a solution. The 

peak at wavelength 490.15 cm-1 indicates stretching of 

the C-C of the aromatic ring [34]. The peaks formed in 

ZnO crystals and photocatalyst XZnO/ECB did not 

show a significant difference. In ZnO crystals, a peak 

of wavelength 3439.38 cm-1 shows the stretching 

vibration of the hydroxyl group (-OH) of water 

molecules [35], and peaks at 1630.80 cm-1 and 1571,34 

cm-1 indicate bending of the H-O-H group [36, 37 ]. At 

the peak of 1383.22 cm-1 that formed which shows 

vibrations of NO3 originating from Zn-NO3 [36]. The 

peak at wavelength 912.64 cm-1 indicates the frequency 

of vibration by charge in the ZnO microstructure, and 

the peak at 416.57 cm-1 indicates stretching of Zn-O, 

where the peak energy range of ZnO is in the 

wavelength range of 400-500 cm-1 [37]. 

The energy gap of ZnO, ECB, and XZnO/ECB 

photocatalyst samples was determined using UV 

Diffuse Reflectance Spectroscopy (UV-DRS). The 

energy gaps of ZnO, ECB, and XZnO/ECB samples 

were analyzed in the UV-Vis wavelength region of 

200-800 nm. The UV-DRS data spectrum was 

processed using the Kubelka-Munk equation and then 

made into a curve that shows the relationship between 

wavelength and the Kubelka-Munk factor (F(R)). F(R) 

is the K/S value where K/S is the light adsorption 

coefficient of the sample. The relationship between the 

wavelength and the Kubelka-Munk factor is shown in 

Figure 3. 

 

 

Figure 3 Kubelka-Munk function vs. wavelength for 

ZnO, ECB, and XZnO/ECB Photocatalysts. 

Based on Figure 3, the Kubelka-Munk factor in the 

ECB sample is increasing towards a larger wavelength 

region. This proves that the ECB sample does not have 

a specific absorption at the wavelength of UV light and 

visible light. Kubelka-Munk factor ZnO photocatalyst 

has a high absorption intensity in the UV light region 

and decreases significantly in the visible light region. 

In the ZnO/ECB photocatalyst, the increase in the 

absorption of the Kubelka-Munk factor shifted from 

the 300 nm wavelength range to the 400 nm 

wavelength as the ZnO concentration increased in the 

ECB. This shows that with the increasing 

concentration of ZnO added to biochar, the light 

absorption shifts more from the UV light region to the 

visible light region. Mian & Liu (2018) stated that 

carbon material can make photocatalysts with large 

band gaps more sensitive to light so that the light 

sensitivity of composites can shift from the UV region 

to the visible light region [31]. Based on the 

wavelength relationship with the Kubelka-Munk factor 

in Figure 3, the results show that photocatalyst of ZnO, 

0.25ZnO/ECB, 0.45ZnO/ECB, and 0.6ZnO/ECB has an 

absorption at a wavelength of 378 nm, 385 nm, 405 
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nm, and 409 nm respectively. Light absorption in 

XZnO/ECB samples increased in the visible light 

region. This is due to the decrease in the level of 

electron and hole recombination in the synthesized 

photocatalyst [38]. 

Determination of the energy gap is done by making 

a relationship curve between (F(R)*hv)1/2 with energy 

(hv). The energy gap of ZnO, ECB, and ZnO/ECB 

photocatalysts can be seen in Figure 4. The energy gap 

can be seen from linear regression which has a 

coefficient of determination (R2) 1 or close to 1. Based 

on Figure 4, the energy gap value of the ECB sample 

is cannot be known because the value of R2 of the ECB 

sample is not close to 1. In addition, the ECB sample 

does not include semiconductor materials where the 

characteristics of the semiconductor are having a 

certain energy gap.  

 

Figure 4. The bandgap energy of ZnO, ECB, and 

XZnO/ECB  

The ZnO photocatalyst has an energy gap of 3.28 

eV. The energy gap in the ZnO/ECB photocatalyst 

increased with the increasing concentration of ZnO in 

the ECB. Photocatalyst 0.25ZnO/ECB has an energy gap 

of 3.22 eV, 0.45ZnO/ECB has an energy gap of 3.06, 

while 0.6ZnO/ECB has an energy gap of 2.96 eV. 

Synthesized ZnO/ECB has lower bandgap energy 

compared to 3.28 eV for ZnO thereby suggesting 

higher photocatalytic activity for the composite 

material under UV as well as visible light 

irradiation[26, 39].  

Photocatalytic activity tests were carried out on 

samples of ZnO, ECB, and XZnO/ECB to degrade 

Reactive Black-5 dye using a UV reactor. In the 

catalytic activity test of the synthesized photocatalyst, 

0.1 gram of the photocatalyst sample was used to 

degrade 50 mL of 15 ppm Reactive Black-5 solution at 

pH 2. The sample was irradiated for 150 minutes. The 

results of the degradation of the Reactive Black-5 

solution are shown in Figure 5. 

 

Figure 5 Effect of different photocatalysts on the 

photocatalytic degradation of Reactive Black-5 dye 

under UV light irradiation.  

Based on Figure 5, the ECB sample was only able 

to degrade Reactive Black-5 as much as 26,36%, ZnO 

photocatalyst was able to degrade 31,91%, while the 

photocatalyst with the highest degradation ability was 

0.6ZnO/ECB with a degradation ability of 75,47%. The 

photocatalytic activity of ZnO/ECB on Reactive 

Black-5 degradation is better than that of ZnO 

photocatalyst and ECB material. This is because the 

incorporation of biochar with ZnO causes ZnO to be 

dispersed on the surface of the biochar causing a larger 

surface area of the photocatalyst. The larger the surface 

area of the photocatalyst, the higher the photocatalytic 

activity [40]. The high photocatalytic activity of 

ZnO/ECB can also be seen from the energy gap value 

of the ZnO/ECB photocatalyst. Among the ZnO, ECB, 

and ZnO/ECB photocatalyst samples, 0.6ZnO/ECB 

photocatalyst has the lowest energy gap value, which 

is 2.96 eV. The lower the photocatalyst gap energy, the 

higher the photocatalytic activity. This is because the 

low energy gap can open the active site faster than 

photocatalysts with higher gap energy [30]. This can 

prevent the electron-hole pair recombination more 

quickly. 

4. CONCLUSION 

The photocatalyst resulting from synthesized 

ZnO/ECB is a crystalline solid with a hexagonal 

wurtzite crystal structure with crystal sizes of 20.07 

nm, 19.23 nm, and 17.23 nm for 0.25ZnO/ECB, 

0.45ZnO/ECB, and 0,6ZnO/ECB respectively.  The 

ZnO/ECB photocatalyst has a peak at a wavelength of 

3400 which indicates a hydroxyl group (-O-H), a 

wavelength range of 1000 and 1500 cm-1 shows the 

vibrations of the C-O and C=C groups of activated 

carbon, and a wave region of 400 cm-1 which indicates 

the vibration of the Zn-O group. Based on the results 

of Kubelka-Munk UV-DRS, the energy gap values of 

ZnO, 0.25ZnO/ECB, 0.45ZnO/ECB, and 0.6ZnO/ECB 

were obtained, respectively: 3,28; 3.22; 3.06; and 2.96 

eV. The photocatalytic activity of the synthesized 
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catalyst under UV irradiation showed that the 

ZnO/ECB composite photocatalyst had a higher 

degradation ability than pure ZnO. The high 

photocatalytic activity of the ZnO/ECB catalyst was 

due to the low energy gap of the ZnO/ECB catalyst, 

thereby reducing the electron and hole recombination 

rate in the synthesized photocatalyst. Photocatalyst 

0.6ZnO/ECB has the highest photocatalytic activity 

with degradation efficiency reaching 75,47% under 

reaction conditions of 10 ppm Reactive Black-5 

concentration, solution pH=2, and contact time of 150 

minutes 
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