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Abstract

This study explores the viability of mechanosynthesis (MS) as an environmentally friendly 

approach for producing hypercrosslinked polymers (HCPs) from various coal tar products 

(CTPs): creosote, phenolic oil, naphthalene oil, and depleted naphthalene oil (DNO). Thus, 

aiming to convert dangerous industrial byproducts into high-value materials. Benzene was used 

as a model molecule, for which a 20–30-minute reaction time proved optimal for benzene-

derived HCPs with high surface area. HCPs produced from CTPs by mechanosynthesis were 

highly dependent on precursor and reaction conditions. The two most promising CTPs, namely 

those derived from creosote and DNO, were synthesized with a low catalyst and/or crosslinker 

content, contrary to literature findings. Creosote- and DNO-derived HCPs with the highest 

surface areas, ~500 m2 g-1, were tested as methylene blue (MB) adsorbents and showed a 

maximum adsorption capacity of 10.2 gMB per100 g sample, similar to that achieved by other 

HCPs with higher surface areas.
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1 Introduction

The possibility of obtaining stable rigid structures with entangled conformations, and therefore 

porous materials with high surface areas and pore volumes in the nano/mesoporous ranges, has 

fostered the application of hypercrosslinked polymers (HCPs) in many different fields, such as 

drug delivery,1 catalysis,2,3 dye removal,4 heavy metal elimination,5 chromatography,6 among 

others. The formulation of these HCPs is frequently based on solvent-based Friedel Crafts (FC) 

and Scholl coupling (SC) reactions, where liquid media such as dichloroethane and precursors 

such as carbazole, benzene, styrene, divinylbenzene, triphenylbenzene, among others, are 

frequently used.7,8 In this context, some research groups are focusing their efforts on developing 

more environmentally friendly strategies for producing these HCPs, without resorting to 

hazardous solvents, using bio-based precursors or by-products, and/or significantly reducing 

the high temperatures and reaction times frequently used, and therefore the energy required to 

produce the entangled networks.9–12

Mechanosynthesis (MS), an old but increasingly attractive process, is one of the most 

interesting technologies capable of improving eco-friendly and energy-saving approaches over 

current mainstream approaches. This is due to the interesting properties that can be brought to 

the formulations developed, as well as to the significant reduction in energy consumed by 

conventional room-temperature reactions and rapid protocols.13 MS reactions can be carried out 

without the presence of a homogenizing media, providing suitable products by mixing solid-

solid or liquid-solid reagents, without the need for solvents.11 Furthermore, MS also enables the 

properties of the HCPs developed to be adjusted by varying the reaction time, the 

catalyst/precursor/monomer ratio, the bowl and ball materials or the number of balls, among 

others.9,10

On the one hand, the use of pure, expensive precursors for the production of HCPs can be 

avoided by using low-cost industrial by-products, as shown by Liu et al.12, who used HCPs 
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derived from lignin to remove iodine. On the other hand, aromatic compounds, which form the 

main backbone of conventional HCPs, are widely present in the by-products and residues of 

petrochemical industries. As far as we know, two studies have demonstrated the use of 

petrochemical by-products as HCP precursors. Pei et al.11 prepared a HCP based on 

chloromethylated pitch, which was used as a catalyst for biodiesel synthesis. Gao et al.14 also 

synthetized pitch-derived HCPs and used them for gas adsorption. Indeed, the industrial 

production of pitch and naphthalene, for example, entails the production of various low-value 

by-products, such as chrysene oil, wash oil, distillates, creosote, naphthalene oil and depleted 

naphthalene oil. These by-products contain large amounts of aromatic compounds, which could 

be suitable as HCP precursors.

The present study thus aims to develop and optimize MS of HCPs using CTPs as precursors, 

thereby contributing to the “turning waste into resource” concept of the Circular Economy. The 

intrinsic nature of the MS process would allow substantial savings in energy, time and reagents, 

and the synthesis is “greener” than conventional synthesis methods as no solvents are required. 

In order to gain insight into the MS process, considering that CTPs are mainly composed of 

aromatic substances, a first study was carried out using benzene as a model HCP precursor. 

Then, based on these results, the synthesis of CTP-derived HCPs was studied by modifying 

synthesis parameters such as reaction time and precursor/catalyst/crosslinker molar ratio. The 

HCPs obtained were characterized by thermogravimetric analysis/mass spectrometry 

(TGA/MaSp) and nitrogen adsorption-desorption at -196 °C. Finally, given the hydrophobic 

nature of the HCP’s aromatic chains, which could favor the adsorption of many pollutants in 

wastewater, from metals to organic compounds such as dyes,10,15–18 their suitability for 

wastewater remediation was tested by measuring their methylene blue adsorption capacity as a 

proof of concept.
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2 Materials and Methods

2.1 Materials

The coal tar products (CTPs), namely, chrysene oil, wash oil, distilled coal tar pitch (DCTP), 

creosote B (hereafter referred to as creosote only), phenolic oil, naphthalene oil and depleted 

naphthalene oil (DNO) were all produced and provided by Bilbaína de Alquitranes S.A (BASA, 

Spain). Before use, all the CTPs were heated to 15 °C above their crystallization temperature 

and stirred for at least 1 h to ensure homogenization. Benzene (99.8 % purity), used as a 

reference monomer, iron chloride (FeCl3, 99.6 % purity), used as a catalyst, 1,2-dichloroethane 

(DCE, 99 % purity), used as a solvent, dimethoxymethane, also called formaldehyde dimethyl 

acetal (FDA, 93 % purity), used as crosslinker, were obtained from Sigma Aldrich. Toluene 

and methanol used to wash the HCPs produced were purchased from Carlo Erba, and ethanol 

was obtained from VWR.

2.2 Mechanosynthesis of HCPs

The FC reaction was carried out in a 250 mL stainless steel ball-milling bowl using 50 balls of 

1 cm diameter. Precursor, catalyst and crosslinker were added to the bowl under an Ar 

atmosphere. Because FDA is highly volatile, it was added last; immediately afterward, the bowl 

was sealed and placed in a PM 100 planetary mill (Retsch), ensuring a hermetic seal to prevent 

reagent evaporation. The mill’s rotational speed was fixed at 500 rpm and different reaction 

times and precursor/catalyst/crosslinker molar ratios were tested. Some MS tests were also 

carried out using a MM 500 nano mixer mill (Retsch) at a vibration frequency of 30 Hz, with a 

50 mL ZrO2 bowl using 10 ZrO2balls of 1 cm diameter. To maintain the same volume ratio 

between reagents and bowl, the amounts of reagents added to the ZrO2 bowl were 1/5 of those 

added to the stainless-steel system. In addition, several SC reactions were performed, for which 

no crosslinker was added to the precursor/catalyst mixture.
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Once the MS reaction was completed, the HCPs were recovered and purified following the 

procedure reported by Lee et al.10 Briefly, the HCPs were washed several times, first with 

ethanol and then methanol, followed by a 24 h Soxhlet extraction using a toluene/ethanol 

mixture with a weight ratio of 32/68, in order to remove unreacted compounds and catalyst. 

Afterwards, the sample was dried by heating under vacuum at 80 ºC for 24 h. The reaction yield 

(wt.%) was calculated using the following equation:

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 = 100 ×
𝑚𝐻𝐶𝑃

𝑚𝑝 + 𝑚𝑐𝑟𝑜𝑠𝑠

were mHCP is the mass of HCP recovered, while mp and mcross are respectively the mass of the 

precursor and the mass of the crosslinker used in the synthesis.

2.3 Characterization

The different CTPs kindly provided by BASA were analyzed by high-performance liquid 

chromatography in an Agilent Technologies gas chromatograph Model 7890N coupled to a 

mass spectrometer selective detector 5975C equipped with a 7693A autosampler. The chemical 

composition of the CTPs is given in Table S1 to S7. From these data, the molecular weight of 

each CTP, MW,CTP, was calculated by:

𝑀𝑊,𝐶𝑇𝑃 =
𝑖

𝐴𝑖 × 𝑀𝑊,𝑖

were i refers to the compound, Ai is its abundance, and Mw,i is its molecular weight. 

Fourier-transform infrared spectroscopy (FTIR) was carried out in the 4000 – 600 cm-1 range, 

with a resolution of 4 cm-1 using a Spotlight 400 instrument (Perkin Elmer) equipped with an 

attenuated total reflectance imaging accessory for sampling. Thermogravimetric (TG) analysis 

coupled to mass spectrometry (MaSp) was performed in a STA 449F3 Jupiter microbalance 

coupled to a QMS 403 D mass spectrometer (Netzsch). The tests were conducted under Ar 

atmosphere, from room temperature to 900 ºC, a temperature maintained for 30 min. To analyze 
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the TG results, the derivative of the mass loss (D(-ΔM)) curve was calculated, leading to peaks 

corresponding to the different thermal events. N2 adsorption-desorption isotherms at -196 °C 

for HCPs were obtained using a Belsorp Max II apparatus (Microtrac). Prior to N2 adsorption-

desorption analysis, the samples were outgassed at 60 °C for at least 48 h under secondary 

vacuum. The BET area (ABET) was calculated using the N2 adsorption isotherms. Elemental 

analysis (EA) was also performed using a Vario EL cube analyzer (Elementar) to determine 

carbon, hydrogen, nitrogen, sulfur and oxygen contents (wt.%) after burning ∼2 mg of each 

sample and separating the gases generated through a chromatographic column.

Selected samples were analyzed using 13C MAS (magic angle spinning) solid-stated NMR 

spectroscopy. The spectra were acquired at ambient temperature on a ECZL-400G 400 MHz 

spectrometer (9.4 T, Jeol) equipped with a 3.2 mm HXMAS probe. MAS was performed at 18 

kHz and the aromatic signal of hexamethylbenzene was used to calibrate the carbon chemical 

shift scale (132.1 ppm). Acquisition parameters used were: a spectral width of 70 kHz, a 13C 

90° pulse length of 2.9 μs, an acquisition time of 18 ms, a recycle delay time of 60 s, and at 

least 7000 scans. High-power proton dipolar decoupling during the acquisition time was set to 

70 kHz.

In addition, the selected samples were analyzed using the double-shot thermal desorption 

pyrolysis technique combined with gas chromatography/mass spectrometry (TD-PY-GC/MS). 

The analysis was performed with an EGA/3030-D Multi-Shot Pyrolyzer (Frontier Laboratories 

LTD) and a Trace 1300 gas chromatograph (Thermo Scientific) equipped with DB-5MS 

capillary column (30 m length, 0.25 mm I.D., film thickness 0.25 µm, Agilent Technologies) 

coupled to an ISQ 7000 single quadrupole mass spectrometer (Thermo Scientific). The samples 

were weighed (0.31 mg ‘Creosote 1/2/2 MS 5 min’, and 0.41 mg ‘Creosote 1/6/2 MS 5 min’) 

in an Eco-Cup SF (PY1-EC50F, Frontier Laboratories LTD) and transferred into the pyrolysis 

module, where they are subjected to a two-step temperature program. During the first step (TD), 
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the initial temperature of the pyrolysis module is set to 150°C and heated at a rate of 25°C/min 

to a final temperature of 300°C with a hold time of 4 minutes, after which the released volatiles 

are analyzed via GC/MS, yielding a TD chromatogram. After the TD, the residual fraction is 

heated for 0.2 minutes at 600°C in a second step (PY) from which the pyrolyzates are also 

analyzed by GC/MS, resulting in a PY chromatogram (pyrogram). The volatiles and pyrolyzates 

from the TD and PY stages are introduced into the capillary column with a 1/80 split, where 

they are concentrated at the front of the column by cryo-focusing with the Micro Jet Cryo-Trap 

module (MJT-1035E, Frontier Laboratories LTD) using liquified nitrogen at -195°C, until the 

end of the TD and PY programs. Hereafter, the temperature of the column was maintained at 

35°C for 1 minute and raised to 320 °C at a rate of 10°C/min and a final hold time of 2.5 

minutes. The injection port was set at 300 °C and the mass spectrometer transfer line at 280 °C. 

Helium was used as carrier gas and the flow rate was set at 1 ml/min. The mass spectrometer 

was operated in electron ionization mode with 70eV at a source temperature of 300 °C and a 

mass range of 33 – 550 m/z with a scan time of 0.2 sec. Data processing was performed using 

Chromeleon 7.3 (Thermo Scientific).

Methylene blue (MB) adsorption tests were performed by contacting 5 mg of sample with 7 mL 

of a solution containing 200 ppm of methylene blue in distilled water. The suspensions were 

stirred vigorously with a magnetic bar for 30 min at 20 °C, after which they were filtered and 

diluted, and absorption at a wavelength of 663 nm was measured in a Lambda 35 UV/VIS 

spectrophotometer (Perkin Elmer). The results are reported in milligrams of MB removed per 

g of sample (mgMB gs
-1). The HCPs were filtered after the MB removal tests, washed thoroughly 

with ethanol and dried at 60 ºC overnight for reuse. This process was repeated for four cycles 

to assess reusability. The potential release of harmful components from the HCPs was finally 

evaluated by immersing the HCPs in 40 mL of distilled water. The dispersion was stirred using 
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a planetary shaker for 96 hours at 50 °C and 50 rpm. Afterward, the UV-vis absorption profile 

was acquired in the range of wavelengths from 200 to 700 nm.

3 Results and discussion

3.1 HCPs from different coal tar products (CTPs)

Seven different CTPs, namely chrysene oil, wash oil, distilled coal tar pitch (DCTP), creosote, 

phenolic oil, naphthalene oil and depleted naphthalene oil (DNO), were tested as precursors for 

HCP synthesis. Two precursor/catalyst/crosslinker molar ratios of 1/2/2 and 1/6/2 were used 

for HCP synthesis, with a fixed reaction time of 5 min using a planetary mill with a stainless-

steel bowl and balls. These specific catalyst ratios were selected based on the results previously 

reported in studies of MS-synthesized HCPs.10

Following the milling and washing steps, the liquid CTPs transformed into a solid brown 

powder, which is an indication of successful crosslinking, see Figure 1A. Reaction yields 

remained between 40 and 50 wt.% for all CTPs. From TG analysis, Figure 1B,C, important 

differences were found. For samples with a molar ratio of 1/2/2, all curves exhibited a main 

thermal event at around 500 °C. This behavior is similar to that observed for solvent-based 

HCPs.7 For a molar ratio of 1/6/2, a higher mass loss (-ΔM) is observed during the first thermal 

event at a lower temperature, possibly indicating a greater presence of branched chains with 

low thermal stability. It is also noteworthy that the values of the residual weight fraction at 900 

°C (R900) were strongly influenced by the catalyst content. For example, a precursor/catalyst 

molar ratio of 1/6 resulted in an increase of around10 wt.% in the R900 value compared with the 

molar ratio 1/2 (see Figure 1B,C), and, in all cases, chrysene oil provided the HCP with better 

thermal stability, exhibiting the highest R900.
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10

Figure 1. (A) From left to right, creosote and its derived HCPs using a precursor/catalyst/crosslinker molar ratio 

of 1/2/2 and 1/6/2. TG analysis (mass loss, -ΔM) of HCPs formulated using different CTPs and 

precursor/catalyst/crosslinker molar ratios: (B) 1/2/2, and (C) 1/6/2. ABET and reaction yields of CTP-derived HCPs 

at molar ratios: (D) 1/2/2 and (E) 1/6/2.

Furthermore, significant differences were observed in the ABET values obtained from N2 

adsorption-desorption measurements depending on the precursor used, as shown in Figure 

1D,E. Specifically, DCTP and chrysene oil failed to provide HCPs with ABET higher than 60 

m2 g-1, whatever the molar ratio. For phenolic oil, the use of a high catalyst content resulted in 
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a material with an ABET of only 20 m2 g-1, while for a 1/2 ratio it reached a value of 180 m2 g-1. 

In the case of wash oil, for a 1/6/2 ratio, the HCPs had ABET values slightly higher than 100 m2 

g-1. Notably, creosote led to an ABET of approximately160 m2 g-1 for both catalyst contents, the 

highest value among all the CTPs for a 1/6/2 ratio, while for a 1/2/2 ratio, the highest ABET of 

320 m2 g-1 was obtained using DNO as a precursor. Based on these results, creosote and DNO 

were selected for further study and characterization, described in detail in the following 

sections.

3.2 Benzene-derived HCPs as model

Before studying in more detail, the synthesis of creosote- and DNO-derived HCPs, a study 

using benzene as a model HCP precursor was first carried out to better understand the influence 

of MS parameters. This study was made using a benzene/catalyst/crosslinker molar ratio of 

1/6/2, varying the reaction time from 3 to 60 min, and using either a planetary mill or a mixer 

mill.

FTIR analysis was used to identify the main chemical bonds that form the structure of the 

obtained HCPs, as well as to quantify certain differences based on the intensity of the observed 

peaks. Figure S1A,B shows the FTIR spectra of the benzene-derived HCPs obtained using the 

planetary mill, BPMt (t, reaction time in minutes). The first bands in the FTIR spectra appeared 

around 3020, 2973, and 2925 cm-1. The latter two are related to CH2 stretching, while these 

same units were also observed in bending at around 1500 and 1300 cm-1.19 The first peak at 

3020 cm-1 was attributed to the hydrogen stretching vibration in aromatic rings.20–22 Compared 

with the FTIR spectrum of benzene (Figure S1C), the reduction in the amount of =C-H units 

and the presence of new CH2 bonds can be observed in this range, confirming the cross-linking.

The peaks observed between 1700 and 1435 cm-1 were attributed to the -C=C- units of the 

benzene structure,21–23 which are shifted with respect to the main -C=C- stretching vibration of 
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12

the pristine molecule (1478 cm-1, see Figure S1C). Intense signals were also found around 700 

cm-1, corresponding to the out-of-plane vibration of aromatic C-H,24 once again, slightly offset 

from that of benzene. It is important to note that the FTIR spectra were normalized by the 

intensity of the CH2 stretching vibration at 2925 cm-1, so it is clear in Figure S1B that the longer 

the reaction time, the more -C=C- units are present (increased intensity of peaks in the range 

1700 – 1435 cm-1), suggesting a higher degree of crosslinking. The same behavior was observed 

when analyzing benzene-derived HCPs obtained using the mixer mill, BMMt (t, reaction time 

in minutes), see Figure S1D. Similar FTIR profiles were obtained for materials synthesized 

using either the planetary mill or the mixer mill, as shown for BPM30 and BMM30 materials 

in the inset of Figure S1C.

On the other hand, for BPMt, TG analysis showed that very similar profiles are obtained 

regardless of reaction time, see Figure 2A and Table S8. Three main thermal events take place 

during TG analysis (see bottom of Figure 2A), the first being centered around 297 – 327 ºC and 

the second and third around 477 – 498 ºC and 539 – 553 °C, respectively. In general, as mass 

loss during the third thermal event decreased, an increase in the thermal stability of the HCP 

produced was observed, corresponding to a higher R900.
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Figure 2. TG analysis (mass loss (-ΔM) and its derivative (D(-ΔM)) of benzene-derived HCPs synthesized using: 

(A) a planetary mill, BPMt, and (B) a mixer mill, BMMt, with t standing for milling time in minutes. Release of 

(C) methyl, ethyl, methoxy, methane, (D) benzene and toluene moieties, measured by MaSp. (E) N2 adsorption-

desorption isotherms of a benzene-derived HCP, BMM15. (F) ABET and pore volume obtained at different reaction 

times for benzene-derived HCPs prepared by using a planetary mill (PM) and a mixer mill (MM).
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To evaluate the various compounds released during these events, MaSp was coupled with the 

TG apparatus. Figure 2C shows an example of the release of ethyl and methoxy moieties (molar 

mass of 29 and 31 g mol-1, respectively) from sample BPM5, which occurs only during the first 

thermal event. This suggests the elimination of small branched chains, a likely consequence of 

incomplete cross-linking that results in FDA molecules being linked to only one benzene 

molecule (see inset in Figure 2C). Thermal degradation of similar HCPs obtained by solvent-

based FC reactions shows a single main event, suggesting that partial branching does not occur 

or occurs at a much lower level when solvents are used.7 This may be attributed to the more 

homogeneous distribution of components in solution, which promotes better interaction 

between them and thereby reduces the likelihood of partial branching. On the other hand, 

methyl units (15 g mol-1) are released in all events, probably as an initial loss of CH3- moieties 

attached to easily accessible benzenes, which is continued by further degradation of the HCP 

structure during the second and third events. On the contrary, methane is mainly released during 

the second and third events, possibly as a secondary reaction of the C-C breakage of the main 

HCP structure. As can be observed in Figure 2D, benzene and toluene moieties (78 and 92 g 

mol-1, respectively), the main units of the HCP structure, are only released at the highest 

temperatures, due to the C-C bond breakage in the crosslinked network. This suggests a partial 

loss of the HCP structure at these temperatures, even though R900 is still considerably high (~70 

wt.%).

The behavior for BMMt series of samples is more complex (see Figure 2B). For instance, 

BMM5 exhibits a considerably lower R900, 61 wt.%, and two main thermal events at 243 and 

520 °C. As reaction time increases, the first event broadens and shifts to a higher temperature, 

300 °C. In addition, the single thermal event observed at 520 °C for BMM5, which results in a 

mass loss of 30 wt.%, splits into two thermal events, at 460 and 551 °C for BMM15 and 

BMM30, which only result in a mass loss of 19 wt.%, hence the increase in R900. The lower 
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thermal stability of BMM5, which is probably a consequence of poor cross-linking, is not 

observed for BPM5 or BPM3. This difference could be attributed to the combination of denser 

ball and bowl material (stainless steel) and the operating mechanism of a planetary mill. Indeed, 

the planetary mill typically delivers more energy to the system than mixer mills,25 which could 

facilitate the development of a stable structure even with a shorter reaction time.

Figure 2E shows the N2 adsorption-desorption isotherm for sample BMM15, provided as an 

example. Consistent with observations for other benzene-derived HCPs, both solvent- and MS-

based, the isotherms correspond to a combination of type Ib and II isotherms, according to the 

IUPAC classification.19,26 Thus, the presence of micropores is confirmed by the high uptake at 

low relative pressure (p/p0 < 0.05), while the presence of large mesopores is suggested by the 

increase in adsorption at high relative pressure (p/p0 > 0.90). The isotherm also show hysteresis 

at low-relative pressure, which could be attributed either to diffusion problems within the 

microporous structure,26 or to the presence of a flexible porous structure capable of swelling. 

Similar phenomena have been reported for HCPs previously.7

The study of different reaction times under different milling protocols provided some very 

interesting outcomes. An initial trend of increasing ABET was observed in both cases, with the 

BPMt series reaching a plateau at high reaction times (see Figure 2F), in agreement with results 

reported by Krusenbaum et al.27 As mentioned above, a reaction time of 5 min seems too low 

to obtain an HCP with a high level of crosslinking using the mixer mill (ZrO2 bowl and balls), 

which does not provide enough energy to the system under the selected conditions. This was 

corroborated by the N2 adsorption results since a low ABET of 228 m2 g-1 was obtained for 

BMM5. Increasing the reaction time to 15 min doubled the ABET, reaching 445 m2 g-1. 

Furthermore, after 30 min of reaction time, ABET increased to 541 m2 g-1, and this ABET value 

was fairly maintained after 60 min. Moreover, due to the inherently higher energy provided by 

the use of stainless steel as a milling material, only 3 min were sufficient to achieve an ABET 
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close to that obtained after 30 min in the ZrO2 bowl (515 m2 g-1). These findings are consistent 

with tests conducted by Gratz et al. using different ball milling materials at the same reaction 

times.25 ABET remained unchanged after 5 and 10 min of reaction time, however, from 15 min 

onwards, a sudden increase in ABET was observed, reaching a maximum of around 615 m2 g-1 

after 30 – 60 min. Comparison of our results with those obtained for benzene-derived HCPs by 

Lee et al.10 leads to the conclusion that a higher ratio between ball volume and bowl volume, 

together with a higher rotation speed, significantly potentiates cross-linking, since only 5 min 

were necessary to achieve higher ABET values than those obtained here after 20 – 60 min. 

Contradictory results were obtained regarding the effect of ball size, with some authors 

observing a positive influence of increasing ball size25,28, while Krusenbaum et al.29 found that 

the maximum ABET was achieved when using 10 mm balls. In their study, changing the ball 

size, either by increasing or decreasing their dimensions while keeping the weight constant, led 

to lower ABET values.

A general trend towards increased pore volume was observed with longer reaction times. 

However, in the BPMt series, a substantial decrease in pore volume was observed after a 

reaction time of 60 min, reaching a value close to that obtained at 20 min. This suggests that 

further improvements are not to be expected by increasing reaction time. Even though ABET 

was closely maintained over the reaction time range of 3 – 10 min, the pore volume significantly 

increased, from 0.26 to 0.45 cm3 g-1. The pore volume continued to increase, almost linearly, 

up to a reaction time of 30 min, reaching 1.13 cm3 g-1, before decreasing thereafter, as 

previously mentioned. Nevertheless, this maximum pore volume is higher than that reported 

for other solvent-based HCPs7 and the one reported by Lee et al.10 for their optimal benzene-

derived HCP. For the BMMt samples, a significant initial increase in pore volume was observed 

with a reaction time of up to 30 min, reaching pore volumes as high as 0.84 cm3 g-1. However, 

a further increase in reaction time to 60 min resulted in a reduction in pore volume down to 
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0.39 cm3 g-1. The presence of small branches suggested by TG/MaSp analysis could explain the 

lower porosity development observed for BMM-t HCPs compared to a solvent-based benzene-

derived HCP.7

3.3 HCP structure

In section 3.1, it was shown that the catalyst content significantly changes the thermal stability 

of the obtained materials (see TG curves in Figure 1). To gain more insights into the possible 

structure of the coal tar-derived HCPs, 13C MAS solid-state NMR analysis and TD-PY-GC/MS 

analyses were carried out on two samples, namely creosote MS 5 min 1/2/2 and 1/6/2. Both 

samples exhibited similar NMR spectra, see Figure S2 (and Table S9 for the group 

contributions), with a high content of aromatics (> 70 %) and similar contributions from 

methoxy groups (~2 %). However, the 1/6/2 sample contains more alkoxy CH2-O carbons. 

Indeed, small yet distinct differences were observed in the 60-90 ppm region, with internally 

normalized contributions of 5.7 % for the 1/6/2 sample and 2.9 % for the 1/2/2 one. A small 

difference was also observed in the carbonyl region, where the contributions from these groups 

are 2.7 and 1.5 % for the HCP obtained using a 1/6/2 and a 1/2/2 ratio, respectively.

Furthermore, the 1/6/2 sample exhibited higher gas release than the 1/2/2 sample during the 

first decomposition step at 300 °C in TD-PY-GC/MS analysis. This finding is consistent with 

TGA results. Additionally, this analysis revealed that the 1/6/2 sample has a more complex 

volatile product slate. This profile includes several oxygenated and chlorinated products in 

addition to the dominant toluene signal. During the second decomposition step at 600 °C, both 

samples exhibited a complex mixture of decomposition products, rich in polyaromatic 

compounds and alkyl-substituted analogues. The chromatograms from TD-PY-GC/MS 

analyses and a detailed list of the decomposition products for both samples are provided in 

Figure S3 and Tables S10 to S13, respectively. Furthermore, the PY-GC/MS analysis showed 
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that the creosote-derived HCPs’ decomposition products include larger molecules, such as 

anthracene, phenanthrene, and pyrene (see Tables S10-S13), in higher proportions than in the 

original creosote (see Table S5). This also indicates that polymerization through crosslinking 

was achieved.

Considering the results from these characterization techniques and the results from previous 

sections, a structure of the creosote-derived HCPs is proposed and schematized in Figure 3. 

This structure consists of a main polyaromatic core formed from the crosslinking of creosote’s 

main compounds (e.g., anthracene, acenaphthene, naphthalene, and fluorene; see Table S5) and 

smaller molecules that are partially crosslinked (colored in Figure 3). Using a larger amount of 

catalyst leads to a higher presence of alkoxy branches compared to the main structure, as 

evidenced by the NMR and TD-GC/MS results.

Figure 3. Proposed structure of the creosote-derived HCP based on results from TGA, 13C MAS solid-state NMR 

and TP-PY-GC/MS analyses. A larger amount of catalyst during synthesis leads to a higher presence of the colored 

branches.

In the following sections, the synthesis of creosote- and DNO-derived HCPs is studied in detail, 

changing different parameters such as the reaction time, the catalyst and the crosslinker content. 
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The study of these parameters aims to optimize the synthesis process to obtain a highly porous 

HCP.

3.4 Creosote-derived HCPs

Firstly, the influence of catalyst content and reaction time was studied in more detail. Three 

different precursor/catalyst/crosslinker molar ratios were tested, with the catalyst content 

ranging from 2 to 6, i.e., 1/[2 – 6]/2, with reaction times between 5 and 60 min. In a second 

approach, the effect of crosslinker content was evaluated, ranging from 0 to 2, with a fixed 

amount of catalyst, i.e., 1/6/[0 – 2].

3.4.1 Effect of catalyst content and reaction time

Creosote-derived HCPs exhibited very similar FTIR spectra to those of the benzene-derived 

synthesis, indicating the formation of an aromatic-based structure, see Figure S4. The presence 

of -C=C- units, forming a well-developed complex structure, was again confirmed in the 1700 

– 1441 cm-1 range, as was the reduction in the intensity of the peak of aromatic =C-H units 

centered around 750 cm-1.21 In comparison, the intensity of -C=C- units in creosote-derived 

HCPs synthetized with a 1/2/2 molar ratio showed a general tendency to increase with reaction 

time, while the opposite behavior was observed for -C-H units, confirming precursor cross-

linking, see Figure S4A. However, observing the sample after 60 min of milling, the peak at 

1695 cm-1 was significantly reduced, while the peak at 750 cm-1 showed a high intensity. In the 

case of the 1/4/2 molar ratio, the most significant feature was that at 60 min, the reduction in 

C-H units (751 cm-1 peak) was much more intense than for any other sample in the series, see 

Figure S4B. In contrast, the 1/6/2 molar ratio showed the highest intensity for double-bond 

structural units at 30 min (peaks in the range 1700 – 1441 cm-1), see Figure S4C.
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Creosote-derived HCPs were subjected to TG analysis and the results are shown in Figure 4A-

C, Figure S5, and Table S14. For the molar ratio 1/2/2, all samples in this series showed a minor 

thermal event around 205 ºC, resulting in mass losses from 1 to 4 wt.% (Figure S5D and Table 

S14). For reaction times up to 15 min, another small thermal event is observed at approximately 

350 °C, which vanished for reaction times exceeding 30 min. Finally, the primary thermal event 

at around 508 °C resulted in the highest mass loss for all samples, with a noticeable shift towards 

higher temperatures as R900 increased. In this case, the longer the reaction time, the higher the 

R900 values, i.e., the better the thermal stability (inset in Figure S5D and Table S14). However, 

after a reaction time of 60 min, the sample evidenced a significantly greater mass loss, with the 

lowest R900 among the series. For the 1/4/2 molar ratio, the mass loss during the first thermal 

event, around 209 ºC, increased with reaction time, from 0 up to 9 wt.%, and a second thermal 

event at around 333 ºC was also observed, with greater significance in samples synthesized 

using shorter reaction times (Figure S5D and Table S14). Finally, a slight improvement in the 

thermal stability was noted with increasing reaction time, even after 60 min (inset in Figure 

S5D and Table S14), the differences in R900 are mostly due to the mass loss during the main 

thermal event (~518 ºC). Concerning the 1/6/2 molar ratio, all samples showed similar thermal 

stability at 900 ºC (inset in Figure S5D and Table S14), as evidenced by the minimal variation 

in R900 values. However, some differences can be observed on closer inspection of the different 

thermal events (Figure S5D and Table S14). During the first thermal event, ~210 °C, the mass 

loss changes by only 3 to 5 wt.% for the lowest and highest reaction times, respectively. In 

contrast, during the second thermal event, the mass loss exhibits a more significant increase 

ranging from 8 to 15 wt.% after 5 and 15 min of reaction time, before decreasing to 12 wt.% 

for longer reaction times. As with the other two series of materials, the highest mass loss values 

were observed during the third thermal event. However, it is worth mentioning that increasing 

the catalyst content amplified the significance of the first and second thermal events occurring 
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between 200 and 350 ºC (Figure S5D and Table S14). This observation suggests that increasing 

the catalyst content led to the formation of an HCP structure with different types of bonds 

characterized by lower stability at moderate temperatures. This finding aligns with the proposed 

structure of the HCP illustrated in Figure 3A. Interestingly, once these poorly heat-stable bonds 

are broken, the remaining structure exhibits better thermal resistance at higher temperatures 

with increasing catalyst content, as evidenced by the R900 values.

Figure 4. TG analysis mass loss curves of creosote-derived HCPs synthesized using a 

precursor/catalyst/crosslinker molar ratio of (A) 1/2/2, (B) 1/4/2, and (C) 1/6/2, and reaction times from 5 to 60 

min. (D) ABET for creosote-derived HCPs using different catalyst contents (1/[2-6]/2 molar ratio) as a function of 

reaction time. (E) ABET for creosote-derived HCPs as a function of crosslinker content, for a fixed catalyst content 

(1/6/[0-2] molar ratio).
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Elemental analysis of selected HCPs was performed, namely those with molar ratios 1/[2 – 6]/2 

and a fixed reaction time of 30 min. As shown in Table S15, carbon and hydrogen contents 

decreased with increasing catalyst concentration, while oxygen content increased. These 

findings are, again, in line with the proposed structures illustrated in Figure 3, which are further 

supported by TG/MaSp analysis, suggesting that an increase in catalyst content leads to a 

greater presence of partially crosslinked FDA units.

To further investigate the behavior observed during the TG analysis, the samples were also 

studied by MaSp coupling, as was done for benzene-derived HCPs. In the case of methane and 

methoxy units, for molar ratios 1/2/2 and 1/4/2, shorter reaction times were associated with 

increased release of both compounds, whereas lower release was observed between 15 and 60 

min, see Figure S6A and C. However, when the catalyst content was increased, as seen for the 

1/6/2 molar ratio, the sample subjected to a reaction time of 60 min showed the highest release 

of both methoxy and methane units, see Figure S6E. As mentioned above, a greater presence 

of methoxy units may indicate incomplete crosslinking, suggesting that long reaction times are 

necessary when using a low catalyst content. Meanwhile, for a 1/6/2 molar ratio, an optimum 

seems to be reached after 30 min of reaction time, beyond which some structural damage might 

occur. This aligns with findings reported for benzene-derived HCPs by Lee et al., where 

relatively long reaction times led to similar observations.10

The release of benzene and toluene was also examined, but due to the minimal release of such 

molecules and the fact that the precursor consisted of a mixture of aromatic compounds, the 

MaSp signal was not consistent. Nonetheless, a general trend emerges from Figure S6B, D and 

F: higher reaction times resulted in lower release of both compounds, likely indicating the 

formation of a stronger structure. In order to identify other high-molecular weight compounds 

released during the thermal degradation of HCPs, MaSp analysis was extended to 300 m/z. 

However, no significant peaks were observed beyond 206 m/z. Interestingly, only samples 
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synthesized using a 1/2/2 molar ratio displayed the release of heavier compounds after 60 min 

of reaction, while those synthesized using 1/4/2 and 1/6/2 molar ratios showed no such releases, 

see Figure S7A. This suggests that, once the small branches are eliminated, a stronger structure 

can be obtained by increasing the catalyst content, as already anticipated by the higher R900 

from the TG analysis. For shorter reaction times, as shown in Figure S7B, the detection of 

naphthalene and another peak at 142 m/z was noticeable for sample 1/4/2. Additionally, 

fluorene, anthracene, phenantrene and 2-methylphenantrene were detected by analyzing the 

spectra of the 1/2/2 series of materials. This once again confirms the lower thermal stability of 

the structure created using this lower molar ratio.

On the other hand, the N2 isotherms of creosote-derived HCPs showed similar profiles 

regardless of catalyst content, displaying high uptake at both low and high relative pressures, 

as shown in Figure S8A for a fixed reaction time of 30 min. From the N2 isotherms, ABET was 

calculated and results are presented in Figure 4D, where a maximum value is observed at 30 

min reaction time for both 1/2/2 and 1/6/2 molar ratios, with 385 and 395 m2 g-1, respectively. 

For the 1/4/2 ratio, the maximum value was obtained at 60 min reaction time, 497 m2 g-1. 

Interestingly, despite the significant increase in catalyst content, ABET remained in the 140 – 

250 m2 g-1 range for reaction times between 5 and 15 minutes. Notably, significant changes in 

ABET values were only observed after 30 min of reaction time. However, it is worth noting that 

the maximum ABET value obtained using creosote as a precursor was 497 m2 g-1, which is 

approximately 20 % lower than that for benzene-derived HCPs (maximum ABET of 615 m2 g-

1).

3.4.2 Effect of crosslinker content

Creosote-derived HCPs, synthesized with fixed reaction time and varying crosslinker contents, 

were subjected to TG/MaSp analysis, and the results are reported in Figure S9 and summarized 
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in Table S14. Figure S9B shows that losses during the first and second events (at ~205 and 

~310 °C) increased with crosslinker content, resulting in a lower R900 of 68 wt.% (see also Table 

S14). However, it is worth noting that a molar ratio of 1/6/1 already led to a reduced mass loss 

during the second thermal event. Despite the occurrence of a fourth thermal event at a higher 

temperature, approximately 730 °C, for molar ratios of 1/6/0.5 and 1/6/0, these ratios yielded 

creosote-derived HCPs with the highest final thermal stability of the series, with R900 values of 

73 and 74 wt.%, respectively. MaSp analysis, shown in Figure S9C, evidenced that an increase 

in crosslinker content corresponded to greater release of methane, in accordance with the 

anticipated greater amount of methylene bridges that could be formed. Similarly, a comparable 

pattern can be observed with methoxy units, attributed to a greater presence of partially 

crosslinked branches when a higher crosslinker content is employed. However, benzene and 

toluene release was minimal in this case, making it challenging to identify a discernible trend 

from the spectra, as shown in Figure S9D.

Surprisingly, despite previous studies suggesting that increasing the crosslinker content could 

lead to higher surface areas,10,27 the opposite trend was obtained in this study, see Figure 4E 

(and Figure S8B for the N2 isotherms). When the crosslinker content was increased, with 

crosslinker/precursor molar ratios ranging from 0.5 to 2, the ABET did not change significantly; 

it decreased by approximately 50 m2 g-1, while the reaction yield decreased from 94 to 61 wt.%, 

see Figure 4E. However, for crosslinker/precursor molar ratios of 0.1 and 0.25, the ABET 

dropped dramatically to 70 – 75 m2 g-1. In the absence of crosslinker, the ABET decreased further 

to 39 m2 g-1, accompanied by a decrease in reaction yield to 80 wt.%. For comparison, a test 

was conducted using a lower catalyst and crosslinker content, i.e., a 

precursor/catalyst/crosslinker molar ratio of 1/2/1. The ABET then decreased to 94 m2 g-1 

compared with the 385 m2 g-1 obtained for the 1/2/2 sample. The loss of area observed for 

samples 1/6/[0 – 2] compared with samples 1/2/[1 – 2] might be attributed to the higher catalyst 
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content, which facilitates the simultaneous onset of SC and FC reactions. Conversely, the lower 

catalyst content reduces the likelihood of both reactions occurring simultaneously, ultimately 

resulting in HCPs with lower ABET.

3.5 Deplete Naphthalene Oil (DNO)-derived HCPs

The effect of reaction time in DNO-derived HCPs was studied using a 

precursor/catalyst/crosslinker molar ratio of 1/2/2. Subsequently, in parallel with the study of 

creosote-derived HCPs, the effect of crosslinker content was assessed while maintaining a 

constant amount of catalyst, i.e., using precursor/catalyst/crosslinker molar ratios 1/6/[0 – 2].

3.5.1 Effect of reaction time

The FTIR spectra of DNO-derived HCPs were similar to those observed for creosote-derived 

HCPs, see Figure S10. Consequently, at a fixed 1/2/2 molar ratio, a reaction time of 15 min 

appeared to be optimal for generating more intense signals around 1694 and 1602 cm-1 

compared to the peak at 753 cm-1, see Figure S10A, confirming the reduction of C-H units and 

increase in -C=C- units, which inherently contribute to the formation of the hypercrosslinked 

structure. Prolonged reaction times may potentially compromise the structure already formed, 

thereby explaining the reduced intensity of peaks associated with the presence of -C=C- units.

TGA of the DNO-derived HCPs is reported in Figure 5A, Figure S11 and Table S16. Generally, 

for DNO-derived HCPs obtained using different reaction times and a 1/2/2 molar ratio, the TG 

curves followed similar paths up to ~300 °C, showing a small thermal event at ~215 °C. For 

reaction times of 15 min and longer, the curves showed the emergence of a second small thermal 

event at ~350 °C, see Figure S11 and Figure 5A. Variations in degradation rate became more 

significant during the third thermal event at ~510 °C, see Figure S11C. It appears that 15 min 

was the optimal reaction time for achieving high thermal stability, as it had the highest R900 in 
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the series, 63 wt.% (inset in Figure S11C). Moreover, the MaSp results also evidenced some 

differences between the HCPs. Firstly, methane loss increased with reaction time, as shown in 

Figure S12A, while no significant difference was observed for the methoxy units. As for 

toluene, a longer reaction time was associated with a greater release of this compound, see 

Figure S12B. However, benzene release was shown to be the lowest for the HCP obtained after 

a reaction time of 15 min, which explains its higher R900 after TG analysis. This trend was 

unexpected as it contradicts the behavior observed in creosote-derived HCPs, highlighting the 

importance of the precursor on the stability and final properties of the resulting material. The 

ABET calculated from the N2 isotherms are shown in Figure 5C, indicating an optimum reaction 

time of 15 min to obtain the highest area, 445 m2 g-1. Nevertheless, comparable values were 

obtained within the 10 – 60 min range, and the ABET consistently exceeded 400 m2 g-1 for almost 

all the tested reaction times, suggesting that DNO is more suitable than creosote for the 

formation of porous HCPs.
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Figure 5. TG analysis mass loss curves of DNO-derived HCPs obtained by MS: (A) after different reaction times 

and (B) using different crosslinker contents (1/6/[0-2] molar ratio) and a fixed reaction time of 30 min. (C) ABET 

for DNO-derived HCPs after MS at different reaction times. (D) ABET and reaction yields of DNO-derived HCPs 

obtained by MS using different crosslinker contents (1/6/[0-2] molar ratio) and a fixed reaction time of 30 min. 

3.5.2 Effect of crosslinker content

The effect of crosslinker content was studied using 1/6/[0 – 2] samples by FTIR analysis, see 

Figure S10B. First, for molar ratios 1/6/0 and 1/6/1, high intensities of peaks centered around 

1444, 875, 822, 759 and 730 cm-1 were detected. Conversely, the peak at 1689 cm-1 exhibited 

its maximum intensity in the 1/6/2 sample. The signals around 1680 and 1440 cm-1 were 

attributed to a better crosslinked structure. This suggests that FC and SC reactions, promoted 

by higher and lower crosslinker content, respectively, produced bonds whose signatures appear 

at different wavenumbers. Furthermore, in the case of the 1/6/0.5 ratio, a decrease in the 

intensity of the 694 cm-1 peak was observed. This peak is typically linked to a higher degree of 

crosslinking, concomitant with an increase in the intensity of the signals at 1694 and 1440 cm-

1. However, this pattern was not observed in the 1/6/0.5 sample. Consequently, it is possible 

that this particular amount of crosslinker resulted in an intermediate state that hampered the 

formation of the polymer structure.

TGA of DNO-derived HCPs with different crosslinker contents revealed a distinct trend 

compared to creosote-derived HCPs, see Figure S11B and D. Notably, the 1/6/1 ratio exhibited 

the highest R900 at 72 wt.%, whereas similar values were obtained for the 1/6/0.5 and 1/6/0 

molar ratios, 70 and 71 wt.%, respectively (see inset in Figure S11D). However, closer 

examination of the thermal events revealed significant differences. The mass loss during the 

first thermal event, at around 200 °C, increased with crosslinker content. Three additional 

thermal events were observed in the case of the 1/6/0 ratio, with the greatest loss of mass 

occurring at ~370 °C, 21 wt.%. Conversely, a single thermal event was evident for the 1/6/0.5 
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ratio at temperatures above ~250 °C, resulting in a mass loss of 25 wt.%. Indeed, the occurrence 

of several thermal events is observed for higher crosslinker contents, generally occurring at 

lower temperatures than those encountered in the case of the HCP obtained with the 1/6/0.5 

ratio, see Table S16 for additional details.

The trend observed in the release of methane and methoxy units mirrors that of creosote-derived 

HCPs, i.e., it decreased with decreasing crosslinking content, see Figure S12C. This 

phenomenon is due to the increased prevalence of the crosslinker, resulting in a higher 

concentration of methylene and non-crosslinked moieties within the structure. Subsequently, 

these moieties were released in the form of methane and methoxy units, respectively. Similarly, 

benzene and toluene units were also released in higher concentrations from HCPs with higher 

relative FDA contents, see Figure S12D. MaSp analysis from 10 to 300 m/z revealed another 

similarity with creosote-derived HCPs. Once again, the samples with low catalyst contents 

released high-weight molecules, such as 115, 128, 141, 142 and 156 m/z (data not shown). 

These units also appeared when analyzing creosote-derived HCPs.

The ABET of DNO-derived HCPs is shown in Figure 5D. An optimum condition for achieving 

the highest ABET was identified at a crosslinker/precursor molar ratio of 1. However, using a 

precursor/catalyst ratio of 1/6, the ABET did not exceed the threshold of 400 m2 g-1. Similar to 

the observations made with creosote-derived HCPs, higher reaction yields were achieved by 

reducing the crosslinker content, potentially reaching 100 wt.%. However, eliminating FDA 

from the formulation significantly reduced the ABET, which fell to 15 m2 g-1. Thus, although the 

SC reaction using the 1/6/0 molar ratio is capable of generating an HCP with a strong structure, 

as suggested by the TG/MaSp results, it does so at the expense of a total loss of porosity.
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3.6 Methylene blue adsorption tests

To assess the potential of HCP materials for wastewater remediation, the adsorption of 

methylene blue (MB), serving as a model compound, was conducted. The results for the HCPs 

tested are shown in Figure 6A and detailed in Table S17. Creosote-derived HCPs synthesized 

with various catalyst contents after a 5-minute reaction time were evaluated. As observed, 

relatively low adsorption capacities were achieved, the highest MB adsorption value being 36 

mgMB gs
-1 for the creosote-derived HCP synthesized using the 1/4/2 molar ratio. However, when 

analyzing samples with the highest ABET for both precursors, namely creosote 1/4/2 MS 60 min 

and DNO 1/2/2 MS 15 min, significantly higher values were obtained. The DNO-derived HCP 

provided MB adsorption values of around 87 mgMB gs
-1 while the creosote-derived HCP 

achieved MB adsorption values of 102 mgMB gs
-1. A comparison with the performance of other 

HCPs reported in the literature is also presented in Figure 6A.30–39

As expected, MB adsorption capacity generally increases with ABET, a behavior also observed 

for functionalized HCPs. However, it is important to note that the performance of the best 

creosote-derived HCP is comparable, for instance, to that of the p-dichloroxylene- and benzene 

(BE-XDC)-derived HCP obtained by Zhao et al.,30 who reported an MB adsorption capacity of 

up to 105 mgMB gs
-1, or that of an HCP obtained from Styrofoam waste as a precursor by Dong 

et al.,31 with a maximum adsorption capacity of 106 mgMB gs
-1. Shen et al.32 synthesized an 

anionic HCP from sodium tetraphenylboron (STPB) that exhibited a maximum adsorption 

capacity of 120 mgMB gs
-1. It should be noted that, in these cases, the ABET of the HCPs was 

higher, measuring 706, 939, and 1007 m2 g-1 for the HCPs derived from BE-XDC, STPB and 

Styrofoam, respectively (see the dotted rectangle in Figure 6A). These results, when compared 

with those reported herein, suggest a greater affinity of the creosote-derived HCP structure for 

MB than the structures generated in those studies. Indeed, when comparing the MB adsorption 

capacity normalized by the ABET of the materials, shown in Figure 6B, it becomes clear that the 
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performance of all non-functionalized HCPs remains between 0.11 and 0.24 mgMB m-2, 

regardless of ABET. Conversely, larger differences are found for the performance of 

functionalized HCPs, 35–39 highlighting the effect of modified surface chemistry in enhancing 

the materials’ affinity for MB molecules. Therefore, in order to enhance the performance of 

HCPs as adsorbents, it is imperative to optimize the synthesis process or explore other 

techniques, such as carbonization and/or activation or doping, to further develop their textural 

properties and/or affinity toward MB.

Figure 6. (A) MB adsorption capacity and (B) normalized (by ABET) MB adsorption capacity as a function of ABET 

of HCPs from this study compared with that of other HCPs and functionalized HCPs found in the literature.30–39 

(C) Reuse results and (D) UV-vis analysis of water suspensions of creosote- and DNO-derived HCPs with the 

highest ABET and best MB adsorption performance, namely creosote 1/4/2 MS 60 min and DNO 1/2/2 MS 15 min.
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Besides, the efficiency of HCPs in several adsorption/desorption cycles was tested to analyze 

the reusability of these adsorbents. Figure 6C shows the unexpected results obtained. In the 

second cycle for DNO 1/2/2 MS 15 min and in the third for creosote 1/4/2 MS 60 min, the 

samples did not lose efficiency; on the contrary, they demonstrated higher MB removal 

capacities than the HCP used during the first cycle. This phenomenon could be attributed to 

two potential factors: (i) a certain occlusion of the pores that had been opened by successive 

ethanol washes or (ii) pore opening due to the elastic nature of HCPs. In general, MB removal 

performance was better maintained by the DNO-derived sample than by the creosote-derived 

sample, as evidenced by the final values observed in the fourth cycle.

Finally, to assess the stability of the HCPs and check whether they might release contaminants 

into the remediated waters they are intended to treat, these samples were put in contact with 

clean water and analyzed after being stirred for 4 days at 50 °C. As shown in Figure 6D, UV-

vis spectra revealed no evidence that either creosote- or DNO-derived HCPs had released 

compounds into the aqueous environment.

4 Conclusions

This study highlights the potential of using hazardous coal tar products (CTPs) to synthesize 

hyper crosslinked polymers (HCPs) by a solvent-free mechanosynthesis method. By exploring 

various synthesis conditions, we observed a significant impact on the degree of crosslinking of 

the HCPs obtained, directly influencing their yields. Notably, we found that reducing the 

crosslinker content led to higher reaction yields, underscoring the critical role of synthesis 

conditions. Moreover, while the BET area (ABET) of CTP-derived HCPs was slightly lower than 

that derived from pure benzene, notable ABET values approaching 500 m² g⁻¹ were achieved 

under optimized conditions. Importantly, our HCPs exhibited good adsorption capacities for 
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methylene blue (MB) with respect to their moderate ABET, reaching 10.2 g MB per 100 g of 

HPC. Equally significant is the observed stability of these materials in water, even under 

prolonged immersion and at moderate temperatures, which bodes well for their practical 

application in wastewater treatment.

In terms of practical implications, our study not only offers a new avenue for transforming 

hazardous industrial by-products into value-added materials but also highlights the feasibility 

of employing mechanosynthesis to produce HCPs from a variety of precursors. For instance, 

the synthesis protocol presented herein could serve as a basis for the more sustainable 

production of new HCPs derived from other by-products, such as wood tars.

This not only addresses environmental concerns by valorizing waste, but also aligns with the 

objective of Responsible Production set out in the UN’s Sustainable Development Goals. 

Looking ahead, further optimization of synthesis conditions and exploration of complementary 

techniques could enhance the porosity and surface chemistry of HCPs, thereby unlocking their 

full potential as adsorbents for wastewater treatment. This research represents a significant step 

towards greener and more sustainable materials synthesis practices, paving the way for future 

advances in wastewater treatment technologies.
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