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Abstract

The removal of phenol from wastewater is essential due to its toxicity, persistence, and environmental risks. Among various treatment 

methods, activated carbon (AC) adsorption is widely preferred for its efficiency and cost-effectiveness. This study examines the 

production of AC from polystyrene (PS), paper, and wood ‒ common components of refuse-derived fuel (RDF) ‒ and evaluates their 

phenol adsorption capacity. The aim was to assess potential interactions during thermal treatment and their impact on adsorption 

performance. The results showed that for most mixtures, co-carbonization reduced adsorption capacity compared to separately 

activated components, indicating negative thermal interactions. However, a positive adsorption-related synergy was observed for the 

PS/wood mixture. BET surface area analysis revealed that paper-containing mixtures exhibited significantly lower surface areas than 

expected, likely due to the inhibition of gasification reactions, resulting in reduced adsorption performance. This study highlights how 

RDF components influence AC properties and provides insights for optimizing waste-derived adsorbents in wastewater treatment.
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1 Introduction
Phenol, also known as carbolic acid, is an organic com-
pound consisting of a hydroxyl group attached to a ben-
zene ring  [1,  2]. It is widely used as a raw material in 
various industrial processes, including oil refining, poly-
meric resin production, pesticide manufacturing, pulp and 
paper processing, pharmaceuticals, and the textile indus-
try [3–5]. However, due to its toxic and corrosive nature, 
phenol is a significant environmental pollutant  [3,  6]. 
Its mutagenic and carcinogenic properties, combined with 
its persistence in the environment, pose serious risks to 
both human health and ecosystems [3].

The removal of phenol from wastewater can be achieved 
through physical, chemical, and biological methods. Each 
approach has advantages and limitations; for instance, 
biological treatment can be highly effective but is sensi-
tive to phenol concentrations above 200 mg dm−3  [3,  7]. 
Conventional physical and chemical methods are effective 
but may be expensive, have slower kinetics, or cause undesir-
able environmental impacts [8]. Hybrid approaches, particu-
larly adsorption coupled with biological treatment are often 
preferred due to their high efficiency, flexibility, and reduced 

environmental footprint [8]. Adsorption is especially advan-
tageous because it prevents toxic effects on microorgan-
isms, making it a viable pre-treatment step in biological sys-
tems [9]. However, the effectiveness of adsorption depends 
on the availability of low-cost yet efficient adsorbents.

Waste-derived materials can serve as cost-effec-
tive precursors for adsorbent production. Refuse-derived 
fuel (RDF), which consists of the high-energy fractions of 
municipal solid waste  (MSW), is a potential raw material 
for activated carbon (AC) production [10–12]. Utilizing RDF 
for this purpose offers environmental benefits, but only if 
the feedstock consists of non-recyclable MSW components. 
Currently, global MSW generation is approximately 2.01 bil-
lion tonnes per year and is expected to rise to 3.40 billion 
tonnes by 2050 [13]. In many countries, a significant propor-
tion of waste is still landfilled — more than 50% in Hungary 
in 2023 [13, 14]. Even in modern landfills, waste decomposi-
tion leads to methane emissions, which have a global warm-
ing potential 34 times greater than carbon dioxide [13].

Several studies have explored the potential of producing 
AC from RDF, targeting a range of applications including 
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the removal of dioxins and furans from flue gases [15], as 
well as the adsorption of contaminants such as gold [16], 
NOx [17], copper [18], and lead [19]. These investigations 
span various activation methods, including both physical 
(e.g., steam) [20] and chemical (e.g., HNO3, HCl, NaCl, 
KOH, ZnCl2) [16, 18, 20, 21] techniques. While some RDF-
based ACs have demonstrated comparable performance to 
commercial ACs [16], others, though less efficient, remain 
promising due to their low production cost and waste-to-
resource value  [17]. Phenol adsorption onto ACs is gov-
erned by several factors, including surface area, pore 
structure, and surface functional groups—particularly 
oxygen-containing ones, which can enhance adsorption 
through specific interactions [22]. In addition, operational 
conditions, especially pH, significantly influence adsorp-
tion efficiency; for instance, Abas et al. [23] reported max-
imum phenol uptake by peanut shell-based  AC at pH  8. 
Despite the growing interest in RDF-based  ACs, only 
one study, conducted by Nakagawa  et  al.  [21], specifi-
cally addressed phenol adsorption. Their work evaluated 
RDF sourced from MSW in a Japanese city, finding that 
HCl pre-treatment substantially increased the BET sur-
face area from 230 to 520 m2/g. Interestingly, the phenol 
adsorption capacities of both untreated and pre-treated 
RDF-based  ACs were comparable to that of commer-
cial AC, suggesting that surface chemistry and pore struc-
ture, rather than surface area alone, play a critical role in 
determining adsorption performance.

In this study, ACs were prepared from polysty-
rene  (PS), paper, and wood—common components 
of RDF. The adsorption capacity of the resulting ACs for 
phenol removal were investigated, along with the poten-
tial synergistic effects of these materials during thermal 
treatment and adsorption. Previously, we examined lab-
oratory-prepared RDF mixtures  [24] composed of up to 
seven different components to evaluate how RDF com-
position influences the properties of the resulting AC. 
However, the complexity of those mixtures made it diffi-
cult to clearly identify the role of each individual compo-
nent. Therefore, in the present work, we reduced the num-
ber of components to three, selected based on two main 
criteria: (1)  their higher char yield during pyrolysis and 
(2)  their chemical and structural diversity. By focusing 
on two- and three-component mixtures, we aimed to bet-
ter understand the interactions between materials during 
activation and adsorption, and to clarify their individual 
and combined contributions.

2 Materials and method
2.1 Materials
Paper (P), wood (W), and PS were selected as feedstock 
materials because they are common components of RDF. 
An important consideration in their selection was their 
diverse nature, as they represent different material types. 
The ultimate analysis of the samples was conducted, and 
the results, including ash content, are presented in Table 1.

The sulfur content in all materials was below the detec-
tion limit, which is beneficial since sulfur-containing 
compounds are undesirable in the gaseous products of 
carbonization and gasification processes. Among the three 
materials, paper exhibited a significantly higher ash con-
tent compared to wood and PS.

Using these materials, mixtures were prepared with 
compositions detailed in Table 2. The component ratios 
were determined according to their typical proportions in 
RDF produced in Hungary.

2.2 Activated carbon preparation
Carbonization was carried out in a laboratory batch reactor 
(Fig. 1) with an approximate capacity of 1 dm3 at 520 °C. 

To ensure an inert atmosphere, the reactor was 
purged with nitrogen. The pyrolysis temperature was 
selected based on previous thermogravimetric analyses. 
The resulting chars were then subjected to physical acti-
vation in a laboratory-scale gasification reactor, with 15 g 
of char used per experiment.

The gasification reactor (Fig.  2) consisted of a steel 
tube and a tubular reactor, where steam was used as the 
gasifying agent. Distilled water was introduced into the sys-
tem using a perfusion pump to generate steam. Activation 
was performed at 900 °C for 1 h, maintaining a char-to-steam 
mass ratio of 3:1.

Table 1 Ultimate analysis and ash content of samples [wt.%]

Material C H N S O Ash

Paper 33.8 4.5 <0.3 <0.2 40.9 20.7

Wood 45.9 6.0 <0.3 <0.2 47.8 0.2

PS 86.1 7.4 <0.3 <0.2 0.8 5.6

Table 2 Composition of material mixtures [wt.%]

Sample Paper PS Wood

P/W 83.2 - 16.8

P/PS 90.0 10.0 -

W/PS - 35.5 64.5

P/W/PS 76.2 8.5 15.4
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2.3 Adsorption experiments
Batch adsorption experiments were conducted at room 
temperature (approximately 25  °C) to investigate phe-
nol uptake. In each experiment, 100 mg of adsorbent was 
added to 100 cm3 of phenol solution with an initial con-
centration of 20 mg dm−3. The mixtures were placed on 
a shaker and agitated for 20 h to ensure sufficient con-
tact between the adsorbent and the adsorbate. After the 
adsorption process, the residual phenol concentration was 
determined according to the "ISO 6439:1990 Water qual-
ity ‒ Determination of phenol index" standard [25].

Two approaches were investigated during the phenol 
adsorption experiments:

1.	 The components were carbonized and activated sep-
arately, then mixed before adsorption.

2.	The components were carbonized and activated 
together, and the resulting ACs were used individu-
ally for adsorption experiments.

This approach allowed us to determine whether any 
interactions occurred between the materials during ther-
mal treatment that could influence adsorption performance.

As the adsorbents reported in the literature were tested 
under varying conditions, it is difficult to directly compare 
their adsorption capacities. Therefore, we used a commer-
cially available ≤2 mm granulated AC from Thermo Fisher 
Scientific, with an iodine number of 969 mg/g, as a reference.

2.4 Characterization of ACs and by-product gases
The ash content of solid samples was determined accord-
ing to the ISO 21656:2021 standard (Solid Recovered Fuels 
– Determination of Ash Content) using an HK-45/12-V labo-
ratory furnace [26]. Elemental analysis of the base materials 
was performed using a Carlo Erba EA1108 elemental ana-
lyzer. Nitrogen adsorption measurements were conducted 
with a TriStar 3000 instrument. The composition of the gas 
samples was analyzed using an Agilent 490 Micro GC gas 
chromatograph equipped with a thermal conductivity detec-
tor (TCD) and two columns (PoraPLOT U and CP-COX).

3 Results and discussion
3.1 Analysis of pyrolysis products
Fig. 3 presents the yields of pyrolysis products for the dif-
ferent material mixtures. The mixtures P+PS, P+W, and 
P+PS+W exhibited similar product distributions in terms 
of mass balance. In contrast, the PS+W mixture resulted 
in the lowest char and gas yields, while producing the 
highest amount of liquid fraction.

An estimation of char yield for material mixtures was 
calculated based on the individual pyrolysis data of each 
component. Specifically, the known char yields from the 
pyrolysis of each material were weighted according to their 
respective mass ratios in the mixture. By multiplying the 
char yield of each individual material by its proportion in 
the mixture and summing the results, an estimated overall 

Fig. 1 Pyrolysis setup: 1. Data logger, 2. K-type thermocouple, 
3. Reactor, 4. N2 inlet, 5. Heat exchanger, 6. Cooling water in, 7. 

Cooling water out, 8. Multi-layer gas sampling bag, 
9. Liquid collecting vessel

Fig. 2 Gasification setup: 1. Perfusion pump, 2. Data logger, 3. K-type 
thermocouple, 4. Tube furnace, 5. Multi-layer gas sampling bag,

6. Liquid collecting vessel

Fig. 3 Pyrolysis product yields
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char yield for the mixture was obtained. The  results are 
presented in Fig.  4 and were compared with the experi-
mentally measured values. For the P+PS and P+W  mix-
tures, no significant differences were observed between 
the estimated and measured char yields. However, for 
mixtures containing PS and wood, more char was pro-
duced than expected based on the estimation.

This finding is consistent with a study published 
in  2018  [27], in which the authors reported a synergy 
between poplar and PS during pyrolysis. In their study, 
the difference between the expected and actual char yields 
was a maximum of 2.5  wt.%. The observed increase in 
char formation suggested that the presence of PS led to 
reactions resulting in secondary char formation, likely due 
to volatile condensation and repolymerization processes.

The results of gas chromatography measurements are 
presented in Fig. 5. 

The pyrolysis gases of cellulosic materials contain 
a higher proportion of oxygenated compounds, includ-
ing CO2, whereas plastic-derived pyrolysis gases are richer 
in hydrocarbons. In the paper/PS/wood mixtures, the PS 

content varied between 0 and 28.4 wt.%, meaning that the 
gas composition was primarily influenced by the cellulosic 
components. The highest PS content was in the PS+W mix-
ture; consequently, its pyrolysis gas had the lowest CO2 con-
centration and the highest levels of CH4, C2H2, and C2H6.

3.2 Synthesis gas analysis
Following carbonization, the produced chars were sub-
jected to steam gasification for physical activation. 
The resulting syngases were analyzed, and the results are 
presented in Fig. 6.

The overall gas compositions were similar, with only 
slight variations. A gradual increase in H2 content was 
observed with increasing paper content in the mixture. A 
more significant difference was noted in specific gas pro-
duction. As the paper content in the mixture decreased, 
the specific gas yield also decreased. The highest CO con-
centration was observed in the syngas produced from the 
PS-free sample. Overall, changes in the mixture compo-
sition had a much smaller impact on syngas composition 
compared to their effect on pyrolysis gas composition.

3.3 Characterization of ACs
Nitrogen adsorption analysis was performed under iso-
thermal conditions, and the resulting adsorption-desorp-
tion isotherms for the Case B materials – where the com-
ponents were carbonized and activated together – are 
shown in Fig. 7. In Fig. 7, P is the equilibrium pressure of 
nitrogen gas, and P0 is its saturation vapor pressure at the 
measurement temperature (−196 °C). The ratio P/P0 rep-
resents the relative pressure.

Regardless of the base material, all isotherms exhibit a 
similar form. The International Union of Pure and Applied 
Chemistry (IUPAC) classifies adsorption isotherms based 

Fig. 4 Remaining char during 520 °C pyrolysis experiments

Fig. 5 Results of gas chromatography analysis Fig. 6 Composition and production rate of synthesis gases
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on their shapes. According to the IUPAC classification, 
the isotherms of our samples exhibit a transitional Type 
IV(a)–Type II behavior, suggesting the presence of both 
mesopores and macropores in the material structure [28].

Additionally, open hysteresis loops were observed, 
which is a common phenomenon in nitrogen adsorp-
tion analysis of biochars  [29]. Biochars typically have a 
complex pore structure with pores of varying shapes and 
sizes. During adsorption, nitrogen molecules enter these 
pores, but some become trapped during desorption. As the 
pressure decreases, capillary forces retain certain nitro-
gen molecules inside the pores, preventing their release. 
This  phenomenon results in desorption and adsorption 
isotherms that do not fully overlap [30].

IUPAC also classifies hysteresis loops based on their 
shape. The hysteresis loops observed in our samples most 
closely resemble the H3 type, which suggests the presence 
of wedge-shaped pores [31].

Fig. 8 presents the phenol uptake in weight percent for 
different mixtures under three conditions: Case A, where 
adsorption was performed with separately carbonized and 
activated components that were mixed before adsorption; 
Case B, where adsorption was carried out using ACs pro-
duced through co-carbonization and co-activation; and 
the estimated values (est), which were calculated based on 
previous single-component adsorption experiments.

In all cases, the phenol uptake in Case B is consistently 
lower than in Case A, suggesting that interactions between 
the components during carbonization and activation nega-
tively affected the adsorption capacity of the resulting ACs. 
In contrast, Case A values closely match the estimated val-
ues for most mixtures, confirming that when the compo-
nents were activated separately, their adsorption behavior 
followed the expected trends based on single-component 
experiments. However, a notable exception was observed 
in the PS+W  mixture, where the adsorption capacity in 
Case A exceeded the estimated value. This suggests that 
some factor related to the adsorption process, rather than 
the thermal treatment, enhanced phenol uptake.

A possible explanation for this is the influence of pH 
on adsorption efficiency. The initial pH of the solution was 
approximately 5.8. The pH of the solution after adsorption 
for single-component carbons was 6.9 for wood, 13.2 for 
paper, and 12.4 for PS. In the case of the PS+W mixture, the 
final pH was measured between 10.2 and 10.5, indicating 
that the combination of these materials altered the solution 
conditions. This intermediate pH may have contributed to 
a more favorable environment for phenol adsorption, lead-
ing to higher uptake than predicted. These findings high-
light the dual role of both thermal treatment effects, which 
negatively impacted adsorption in Case  B, and adsorp-
tion-related factors, such as pH-dependent interactions, 
which enhanced uptake in Case A for the PS+W mixture.

Fig. 9 shows the remaining char rate after activation and 
the BET specific surface area of the ACs. The highest BET 
surface area was measured for the PS+W mixture (308 m2/g), 
which is nearly half that of the reference AC (736 m2/g). This 
is consistent with the phenol uptake results, which were also 
highest for the PS+W mixture. The P+W (160 m2/g) and 
P+PS+W (149 m2/g) samples showed similar surface areas, 
while the P+PS mixture had the lowest specific surface area. 

Fig. 7 Nitrogen adsorption and desorption isotherms

Fig. 8 Comparison of phenol uptake capacity and pH of the solutions
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Both measured and estimated values are presented, where 
estimations were based on single-component experiments. 
The relative difference between the measured and estimated 
values is notably higher for mixtures containing paper.

For the remaining char, the relative difference was +2.8% 
for the paper-free mixture, whereas for paper-containing 
mixtures, it ranged between +7.1% and +15.9%. In terms of 
specific surface area, the relative difference was −10.3% for 
the paper-free mixture but significantly larger for paper-con-
taining mixtures, ranging from −34.9% to −41.6%.

The lower specific surface area resulted in weaker phe-
nol adsorption capacity, indicating that the presence of 
paper hinders gasification reactions. This limitation likely 
leads to reduced pore development, ultimately decreasing 
both surface area and adsorption performance.

4 Conclusion
In this study, ACs were prepared from PS, paper, and 
wood mixtures, and their phenol uptake capacity was 
evaluated. The results showed that co-carbonization 
generally reduced adsorption capacity; however, a pos-
itive adsorption-related synergy was observed for the 
PS+W mixture, where phenol uptake exceeded the esti-
mated values. BET surface area analysis revealed that 
paper-containing mixtures had lower surface areas than 
expected and also produced more residual char than pre-
dicted. This suggests that the presence of paper inhibits 
gasification reactions, ultimately leading to AC with a 
lower phenol uptake capacity than anticipated.

Acknowledgement
Supported by the University Research Scholarship 
Program of the Ministry for Culture and Innovation from 
the source of the National Research, Development and 
Innovation Fund.

Fig. 9 Remaining char rates and specific surface are of the produced ACs
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