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Abstract. Accumulation of untreated and unrecycled paper has a negative impact on the environment. 
Like liquid waste handling, paper waste handling is also still being developed. It is known that 
activated carbon (AC) is one of the promising adsorbents that can be used to solve the environmental 
issue. Activated carbon can be made from organic waste, such as waste paper. The objective of this 
study is to investigate the operation condition of the pyrolysis process to obtain the activated carbon. 
The furnace temperature was set at 400◦C for 1 hour under N2 stream with a flow rate of 0.5 L/min. 
To provide a synergistic effect in the adsorption process, ZnO was derived from ZnCl2 as a chemical 
activator for making active carbon. While Zn(CH3COO)2.2H2O with different concentrations of 0.01, 
0.05, and 0.1 M was grown into the pores of activated carbon. The photocatalytic activity of AC/ZnO 
was identified in the degradation process of methylene blue as a model of organic pollutants. X-ray 
diffraction (XRD), scanning electron microscope (SEM), and fourier transform infrared (FTIR) were 
used to characterize the product. The morphology of ZnO was observed in the form of a flower-like 
and occupying the surface of activated carbon. The photocatalytic activity showed that the methylene 
blue was completely degraded.    

Introduction 
Numerous scholars continue to be interested in environmental issues since they appear to have no 

end in sight. The link between garbage produced by cities and companies and environmental issues 
is not new [1]. Waste discharged into public rivers frequently has been found to contain various 
metals, colors, and even harmful microorganisms [2]. In addition to the persistent challenges of liquid 
waste management, the annual accumulation of millions of tons of untreated and unrecovered paper 
and its byproducts has emerged as a significant and pressing concern [3]. The majority of waste paper 
originates from wood or cotton pulp, primarily composed of cellulose fibers (constituting 90-99%), 
which are rich in carbon, possess a distinctive pore structure, and feature functional groups such as 
carboxylic and hydroxyl groups [4]. Addressing the mitigation of pollutants carried by effluents 
requires effective adsorbents like zeolites, activated carbon, activated alumina, silica gel, among 
others [5]. Activated carbon is particularly favored due to its commendable performance. 
Furthermore, given the abundant availability of waste paper, which inherently contains carbon-rich 
components, the synthesis of activated carbon from waste paper presents an appealing option, 
characterized by high efficiency and effectiveness [6].  

The synthesis of activated carbon with high specifications, good structure and pore size is generally 
done through carbonization and activation processes [7]. Carbonization is part of the pyrolysis 
process, which involves the thermochemical decomposition of organic materials under controlled 
conditions, typically in a low-oxygen or oxygen-free environment [8]. During this process, organic 
matter found in the biomass substrate begins to break down, commencing at temperatures around 
350-550 °C and extending up to 700-800 °C [8]. Pyrolysis has the capacity to transform 
lignocellulosic biomass, encompassing cellulose, hemicellulose, and lignin components, into a 
spectrum of solid, liquid, and gaseous products. The main products from pyrolysis are non-
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condensable gas (e.g., CO, H2, and CO2), light hydrocarbons (e.g., CH4, C2H4), condensable gas (tar), 
solid residue (char), and mineral ash [9].  

In the carbonization process, activated carbon is generated through activation, which can be 
achieved by either chemical or physical means. Physical activation entails the use of activation gases 
like steam, CO2, or specific compounds. However, this method, despite being environmentally 
cleaner, is associated with prolonged activation times, lower production yields, and higher costs [10]. 
Conversely, chemical activation is typically favored due to its simpler process and more effective 
activation outcomes [9]. 

Aluminum chloride (AlCl3), potassium hydroxide (KOH), sodium hydroxide (NaOH), phosphoric 
acid (H3PO4), and other activating agents are commonly employed in activated carbon production 
due to their benefits, such as low heating temperatures, short processing times, high carbon yields, 
precise pore control, and increased surface areas [11]. The most popular activating agent among them 
for the production of activated carbon is the alkali ZnCl2. When it comes to raw materials, ZnCl2 is 
a more effective dehydrating agent than carbonized materials, which have lost water and volatiles 
during the carbonization process. [12]. 

The efficiency of activated carbon in eliminating contaminants from contaminated water has been 
recognized [13], but the absorption ability of activated carbon under UV light has not been widely 
studied. Velo-Gala et al. (2013) when exposed to UV light, activated carbon exhibits photoactive and 
semiconductor properties [14]. On the other hand, Cruz et al, (2017) mentioned that producing 
composite materials with combined or synergistic features like high surface area, mechanical 
strength, thermostability and insolubility, antibacterial capacity, and photocatalytic properties will be 
possible by growing semiconductors onto activated carbon [2].  

The semiconductor that is often trusted to be used in various applications including water treatment 
is ZnO nanoparticles with the advantages of low price, wide band gap of 3.37 EV, high stability, 
environmentally friendly, and reusable [5]. However, due to the size and weak compatibility of ZnO 
causing aggregation and one of its lack is the low charge separation efficiency [15]. Many studies 
have described strategies to lower the rate of electron recombination in ZnO in order to boost its 
photocatalytic activity recently [16]. It has been claimed that the element C found in activated carbon 
lowers the band gap energy of semiconductors with large band gaps. ZnO will produce intermediate 
energy levels in its band gap when C is added, which will lower the material's absorption energy [17]. 
Thus, incorporating C on ZnO has the dual application of lowering the electron-hole recombination 
rate and restricting the band gap energy, which in turn causes ZnO's photo-response to shift from the 
UV to the visible area [18]. 

Materials and Procedure 
Material and Experimental Set Up  

In pretreatment for activated carbon synthesis, ≥85% purity of ethanol as waste paper cleaner. The 
precursor solutions used were zinc chloride (ZnCl2) (E. Merc, D-7646 Darmstadt FR Germany), zinc 
acetate dihydrate (Zn(CH3COO)2.2H2O) (E. Merck, D-5970 Darmstadt, FR Germany) and the 
substance determined as the pollutant was methylene blue (MB) (C16H18ClN3S). 

For the synthesis of activated carbon, chemical activation was taken as a single process where 
carbonization and activation were carried out at the same time. Waste paper that has been pre-treated 
using ethanol and water is impregnated using ZnCl2 as a chemical activator at a ratio of 1:1 (wt%) 
and dehydrated in an oven at 130 ◦C for 5 hours. The pyrolysis process starts by placing the material 
in a pyrolysis reactor (ceramic boat) which will be inserted into a tubular furnace as a place to burn 
at 400 ◦C for 1 hour under an N2 gas flow rate of 0.5 L/min. The use of N2 is necessary to maintain 
an inert atmosphere during pyrolysis and help equalize the formation of activated carbon pores. The 
activated carbon that has been produced is washed using 0.1 M HCl and water until the pH is neutral, 
then drying for 24 hours at 80 °C in an oven. In this study, the yield of activated carbon derived from 
waste paper was 80%. 
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Fig. 1. Schematic representation of the synthesis of activated carbon using furnace pyrolysis 

method 
ZnO NPs were prepared from zinc acetate (Zn(CH3COO)2.2H2O) in 100 ml proportions of 0.01; 

0.05; and 0.1 M, respectively. The solvent used to dilute the zinc acetate solid was distilled water 
while the solution chosen to adjust the pH to 8-9 was sodium hydroxide (NaOH) 0.5 M. 5 grams of 
activated carbon were added to the solution and thoroughly mixed. The mixture was then 
homogenized for 2 hours while being vigorously stirred, and it was dried for eighteen hours at 80°C. 
Methylene Blue Degradation Experiments  

The photocatalytic analysis was conducted under one predetermined condition, i.e. enclosed room 
and without light and only given ultraviolet (UV) light being used as an irradiation source.  The UV 
lamp used was EVACO with specifications of 220V; 50Hz; T8 10W; 365 nm with a maximum 
intensity of 1190 lux. Before the photocatalytic treatment started, stirring was carried out at 250 rpm 
for 30 minutes to achieve adsorption-desorption equilibrium conditions. The conquest time of 
photocatalyst to methylene blue solution lasted at 15-75 minutes with constant stirring. A centrifuge 
(One Med 0805-I) at 2000r/min for 3 min was used to separate the supernatant from the solid at each 
analysis interval (15 min). The absorbance was measured using a UV-Vis spectrophotometer at 665 
nm [19] for methylene blue. Degradation methylen blue was estimated based on Eq. (1).  
 

MB degradation efficiency (MDE) =   𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

𝑥𝑥100%                 (1) 
 

where C0 and Ct correspond to the initial concentration of MB and following radiation at a specific 
time (t), respectively. The dye concentration (mg/L) is represented by x in the MB standard linear 
regression eq. (2), and the absorbance is represented by y. 
 
y = mx + c                      (2) 
 
Material Characterization Methods 
Utilizing a scanning electron microscope (SEM) (FlexSEM1000, Hitachi High Technologies, Tokyo, 
Japan), the microstructure of activated carbon derived from waste paper was examined. Using energy 
dispersive spectroscopy (EDS)-equipped scanning electron microscopy, the composition of various 
elements on the surface of the AC/ZnO adsorbent was determined. The Philip XPERT MPD, 
manufactured by Philips and located in Almelo, The Netherlands, uses X-ray diffraction to obtain 
information about the crystalline structure of the sample. Using the Scherrer equation on Eq. (3), the 
X-ray line broadening method was used to calculate the material's crystal size (D). 
 

𝐷𝐷 = 𝑘𝑘 𝜏𝜏
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                       (3) 

Where k is the Scherrer constant which has the number 0.94, τ is the X-Ray wavelength which has a 
value of 1.54178 A, β is full width half maximum (FWHM) which is the maximum width of the peak 
at the total height of the peak and is the angle bragg. 
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Thermo Scientic Nicolet IS10 Fourier-transform infrared spectroscopy was utilized to identify the 
functional groups in waste paper-based activated carbon. Tests using infrared spectroscopy were 
conducted between 500 and 4000 cm−1. 

Results and Discussion 
Activated Carbon (AC) and AC/ZnO Characterization 

Fig. 1 represent a micrograph of the activated carbon made from waste paper, demonstrating the 
high porosity of the material. The use of ZnCl2 is responsible for the high abundance of pores that are 
produced [3]. It is believed that ZnCl2 catalyzes the aromatization and rearrangement reactions that 
result in the formation of carbon and significant amounts of H2O and H2. H[ZnCl2(OH)], which is 
created when H2O and ZnCl2 react, further encourages the synthesis of carbon, H2O, and CO2. A large 
number of pores form on the carbon as a result of the material being cracked by ZnCl2 at 400◦C and 
the release of small molecular gases like CO2 and H2O [11]. 

ZnO is produced during the pyrolysis process by the chemical activator ZnCl2 [2]. It was 
discovered that the resultant ZnO resembled flowers. The zinc chloride solvent was found to be the 
chemical activator for this flower-like shape, and zinc acetate dissolved in distilled water was found 
to be the precursor of ZnO nanoparticles in the amounts of 0.01, 0.05, and 0.1 M [20]. 

 

       

   

  
Fig. 2. SEM of activated carbon and doping ZnO (a.1, a.2) activated carbon (b.1, b2) AC/ZnO 0.01 

M (c.1, c.2) AC/ZnO 0.05 M (d.1, d.2) AC/ZnO 0.1 M 
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Fig. 3. SEM-EDS a) AC/ZnO 0.01 M, b) AC/ZnO 0.05 M, and c) AC/ZnO 0.1 M 

In Fig. 2, there is the element Cl in a low weight percent ranging from 3-5%, indicating that Cl 
trapped in the carbon pores. Other elements such as Cr and Fe are among the elements found in ink 
or pen ink while the paper contains Si and Al. These elements have much weaker weight percent 
values or spectral peaks so as not to consider the presence of these elements in the activated carbon-
composite examined [21]. Despite the fact that ink and other additives were eliminated from the waste 
paper prior to the carbonization stage, this may have happened because the ink layer's locally variable 
thickness is dependent on the pressure and speed used when writing or printing [21]. 

In each concentration of doping, it is known that AC/ZnO 0.01 M contains the largest C of 39.45%. 
Meanwhile, the concentrations of 0.05 M and 0.1 M have similar weight percentages of 23.25% and 
22.88%. Comparably, the presence of zinc increased from 33.31% to 51.31% when the concentration 
of zinc acetate was raised from 0.01 M to 0.05 M. However, there was a minor drop in weight percent 
(48.08%) when the precursor concentration was increased by 0.1 M. If the impregnation process is 
carried out for two hours, with an estimated lack of maximum time given to occupy the pores of 
activated carbon, so that it is not perfectly impregnated, zinc loss as the precursor increases. The pH 
setting that is being used may also have other effects. The amount of H+ or OH— ions in the sol has a 
significant impact on the shape of metal oxide nanoparticles produced by sol-gel synthesis. During 
the ZnO growth process, these ions control the polymerization of metal-oxygen bonds [22]. 
 In order to investigate the properties of AC and AC/ZnO further, XRD analysis revealed that the 
activated carbon obtained from waste paper was amorphous and had been effectively doped with ZnO 
nanoparticles. It is known that the activated carbon generated contains ZnO from the chemical 
activator used, namely ZnCl2, based on the XRD data in Fig. 4. A reaction occurs between ZnCl2 and 
water resulting from thermal cutting of sellulose molecules which occurs at temperatures of 240 - 
400˚C. In a study conducted by Ma, et al. (2015), this reaction occurred at a temperature of 360˚C 
which was indicated by the appearance of the compound Zn2OCl2.2H2O identified by the sharp peak 

(a) 
 

(b) 
 

(c) 
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of XRD at 2θ is 11.2˚ and detected ZnO peak at 2θ between 30˚ to 40˚ followed up to 59.7◦, this 
indicates the decomposition of Zn2OCl2.2H2O that can occur further when the temperature is 
increased to 600˚C, where the evaporation of ZnCl2 occurs with the following reaction taking place 
on eq. (4) and (5). 
2ZnCl2 + 3H2O  Zn2OCl2.2H2O + 2HCl(g)                  (4) 

Zn2OCl2.2H2O  ZnCl2(g) + 2H2O(g) + ZnO(s)                 (5) 

 
Fig. 4. Crystal phases on each variabel and JCPDS reference (036-1451)  

 
Table 1. Calculation results ZnO crystal diameter 

Name Crystal Diameter (nm) 

Activated Carbon (AC) 19.5711 

AC/ZnO 0.01 M 36.8390 

AC/ZnO 0.05 M 29.5939 

AC/ZnO 0.1 M 27.9779 

 
The hexagonal wurtzite (w-ZnO) shape of the ZnO particles obtained is evident from the 

diffraction peak data of each variable on Fig. 4, and this is the most thermodynamically stable phase 
of ZnO [23]. And from Table 1, it is known that activated carbon has the smallest ZnO crystal 
diameter compared to activated carbon doped with ZnO from zinc acetate precursor. The small crystal 
size results in a wide diffraction peak in this method. The width of the diffraction peak is affected by 
microstrain (lattice strain), which is the effect of the displacement of a unit cell around its normal 
position which can be caused by several things such as: (1) Non-uniform lattice distortion, which can 
result from nanocrystal surface tension, crystal shape morphology, and interstitial impurities. (2) 
Dislocations, (3) Inter-phase domain boundaries formed during the preparation of material structures 
that are subjected to preparation transformation disturbances [24]. 
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The functional groups of activated carbon were studied from the results of analysis using fourier 
transform infrared (FTIR). The O—H stretching vibrations of carboxylic acids correspond to the 
broad band at about 3500 cm-1. Due to the N2 atmosphere used during the carbonization process, the 
peak near 1540 cm-1 may be related to N—H bending vibrations or C—N bending vibrations. It also 
corresponds to the C=C aromatic structure. The broad band at 1040 cm-1 in the fingerprint area 
represents the C—O—C stretching of cellulose and hemicellulose. The ester ether ring's C—O—C 
symmetry vibration is represented by the peak at 902 cm-1. The broad band at 612 cm-1 corresponds 
to a C—H bend, while the peak at 707 cm-1 indicates C—Cl and . This suggests that the waste paper-
based adsorbent's surface has a large number of functional groups. 

 
Fig. 5. FTIR of activated carbon based waste paper 

Photocatalytic Activity 
The synergistic effect, which combines an adsorbent and a photocatalyst, is a viable and effective 

method for eliminating pollutants from wastewater. When photonic energy radiation (hv) that is equal 
to or greater than the ZnO band gap is applied to the ZnO surface, the photocatalytic process starts 
[25]. Reactive species, like OH● and O2

●—, are produced when visible or UV light interacts with 
catalysis. These species can then interact with organic pollutants to initiate the degradation process 
[26].  In our earlier study, the mechanism of photocatalytic activity was thoroughly explained [23]. 

One of the most effective methods is MB photodegradation since MB can also act as a 
photocatalyst sensitizer. Irradiation time, light intensity source, and MB concentration are factors that 
can affect MB photodegradation [27]. Fig. 6(c), shows that AC/ZnO 0.05 M perfectly degraded 15 
mg/L (0.5 g/L) of MB at 75 min. As for the adsorption-desorption, there was a very significant 
increase in the degradation rate within -30 min before irradiation. This indicates that ZnO formed 
from the pyrolysis and doping process plays a role in the MB degradation process in the absence of 
light. As the irradiation time increases, the rate of degradation will also increase. As the reaction time 
increases, the absorption peak progressively diminishes. The dye initially shifts from dark to bright, 
increases progressively with longer exposure times, and eventually becomes consistent. 

The photocatalytic performance of 0.05 M and 0.1 M AC/ZnO at 0.5 L/g was comparable to 
activated carbon. Further investigation is necessary to see the influence or differences between each 
particle, and the results indicate that AC/ZnO 0.05 performs better than the others, but AC catches up 
rather rapidly at 45 and 30 minutes with a degradation efficiency of 64.98% and 21.51%. This 
demonstrates that the surface area of activated carbon is greater than that of the AC/ZnO combination. 
Its ability to adsorb MB will be impacted when the additional concentration of zno is raised because 
the carbon surface's active adsorption sites would decrease [2]. 
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(a)       (b)    

  
(c) 

Fig. 6. AC and AC/ZnO Methylene Blue Degradation Efficiency (MDE) with varying proportions 
(a) 0.1 g/L, (b) 0.3 g/L, and (c) 0.5 g/L 

Summary 
Activated carbon was successfully made from waste paper in a single process that required an hour 

at a 400 °C pyrolysis temperature. ZnO at concentrations of 0.01, 0.05, and 0.1 M was synthesized 
from zinc acetate to conduct adsorption and photocatalytic tests. The resultant ZnO nanoparticles 
resembled flowers in shape. Various adsorbent loadings were used to test photocatalytic activity both 
with and without UV light irradiation. When methylene blue was used as a pollutant, the adsorbent-
composite's photocatalytic activity led to its complete degradation by AC/ZnO 0.05 M, but for other 
particle mass concentration, it demonstrated how activated carbon can hinder ZnO's ability to block 
UV light. 
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