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The catalytic efficiency of sulfonated polystyrene foam waste (SPS) and sulfonated gamma alumina 
(SGA) in Friedel-Crafts type reactions was compared. All of the materials were studied using the 
state-of-the-art characterization techniques. SPS was found to carry a higher load of -SO3H functional 
groups (1.62 mmol H+ per g) compared to SGA (1.23 mmol H+ per g), contributing to its slightly higher 
efficiency in the regioselective ring-opening of 2-(phenoxymethyl)oxirane with indole. Under mild 
and solvent-free conditions, SPS catalyzed the reaction of various indoles and oxiranes (9 examples) 
with acceptable yields (55–99%). The catalyst’s efficiency was further validated in synthesizing various 
bis(indolyl)methanes (8 examples, 88–99% yield). Recyclability tests confirmed the stability of SPS 
over multiple cycles, maintaining significant catalytic activity. This study highlights the potential of 
SPS as a sustainable and efficient catalyst, offering a greener alternative to conventional methods and 
promoting the valorization of plastic waste in organic synthesis.
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Pursuing sustainable and efficient catalytic processes in organic synthesis is a cornerstone of green 
chemistry. The evolution of catalysis in organic chemistry has been a journey towards more sustainable and 
environmentally benign practices. Among the myriad of reactions that organic chemists harness, Friedel-Crafts 
(FC) type reactions stand out due to their ability to form carbon-carbon bonds, a fundamental step in the 
synthesis of complex molecules1. The Friedel-Crafts (FC) type reactions are of paramount importance due to 
their widespread application in the synthesis of aromatic compounds, which are integral to pharmaceuticals, 
agrochemicals, and advanced materials2. The traditional approach to FC reactions has predominantly involved 
the use of homogeneous Bronsted, or Lewis acid catalysts such as AlCl2. However, these catalysts often suffer 
from drawbacks including corrosiveness, difficulty in separation, and disposal issues, which conflict with the 
principles of green chemistry3,4.

To address these challenges, researchers have turned their attention to the development of heterogeneous 
catalysts5. Among these, polymer-supported catalysts have shown considerable promise due to their ease of 
recovery and potential for reuse6. Functionalization of polystyrene has emerged as a particularly intriguing 
candidate7. Polystyrene foam, commonly known by its trademarked name, Styrofoam, is a material widely 
used for packaging and insulation due to its lightweight and insulating properties. However, it poses significant 
environmental challenges8,9. As a non-biodegradable plastic, polystyrene foam can persist in the environment 
for centuries, contributing to a growing waste problem. In landfills, it occupies substantial space due to its low 
density and is resistant to photo-oxidation, making it difficult to recycle10. Currently, Styrofoam recycling is not 
common in developing countries, and it is not even favored by waste collectors. Moreover, when polystyrene foam 
breaks down, it releases harmful chemicals like styrene monomers, which are potential carcinogens11,12. Thus, 
the transformation of polystyrene, a non-biodegradable waste material, into a value-added catalyst aligns with 
the circular economy model and represents a significant stride in sustainable chemistry13–15. A preliminary study 
investigated the sulfonation of polystyrene by homogeneous and heterogeneous methods. The research aimed to 
optimize the sulfonation process to enhance the material’s applicability in various reactions16. In another study, 
researchers have developed ionic strength responsive photonic crystals using partially sulfonated polystyrene 
opals17. These materials can shift color over the visible range by changing the ion concentration, independent of 
pH and temperature. This innovation holds promise for environmental monitoring and healthcare screening as 
ionic strength sensors. SPS has also been applied as a membrane in polymer electrolyte fuel cells. The presence of 
sulfonate groups in its structure enhances ion conductivity and allows for higher-temperature applications18. The 
addition of small molecules like benzimidazole to SPS membranes has been shown to improve microstructure 
and performance. These studies highlight the versatility of SPS in catalyzing Friedel-Crafts type reactions and 
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its potential for functionalization and modification of polystyrene materials. They provide a glimpse into the 
ongoing research and development in the field of polymer chemistry, particularly in the context of sustainable 
and green chemical processes. More recent straightforward methods reported for the preparation of sulfonated 
polystyrene include:

	1.	� Functionalization of syndiotactic polystyrene via superacid-catalyzed Friedel–Crafts alkylation19. This study 
discussed the functionalization of crystalline syndiotactic polystyrene (sPS) through superacid-catalyzed 
Friedel–Crafts alkylation. The process involves generating a tertiary carbocation from tertiary alcohols and 
triflic acid, which then reacts with the aromatic ring of sPS,4.

	2.	� Friedel-Crafts crosslinking methods for polystyrene modification. This research presented a new method 
for the preparation of sulfonated, crosslinked polystyrene particles. The particles were formed by Friedel-
Crafts suspension crosslinking of polystyrene dissolved in nitrobenzene, using a specific crosslinking agent. 
Sulfonation was achieved in the swollen state, and the particles were analyzed in terms of molecular structure 
and degree of swelling20.

	3.	� Benzene Ring Crosslinking of a Sulfonated Polystyrene-Grafted SEBS21. In this work, a novel crosslinking 
strategy via the linkage of carbon atoms on aryl groups by the Friedel–Crafts reaction was proposed for a 
newly synthesized sulfonated polystyrene-grafted poly(styrene-ethylene/butylene-styrene) block copolymer 
membrane.

Our study delves into the application of -SO2H functionalized polystyrene foam waste as a solid acid catalyst 
in FC-type reactions, comparing its performance with that of sulfonated γ-alumina (SGA). The choice of SPS 
is motivated by its inherent properties: the -SO2H groups provide strong acidic sites that are essential for the 
catalytic activity in FC reactions. Moreover, the polymeric nature of SPS allows for a high density of these 
functional groups, thereby enhancing the overall acidity of the material.

The novelty of the work lies in the application of SPS, a material derived from waste, thus adding value to 
what would otherwise be an environmental pollutant. The promising results obtained not only pave the way 
for the utilization of SPS in FC reactions but also open avenues for its application in other types of organic 
transformations.

Experimental

Materials and methods
Solvents and reagents were all purchased from Sigma-Aldrich (USA) and were used as received. FT-IR spectra 
were recorded on a Bruker ALPHA spectrometer in the range of 400 to 4000  cm− 1 using KBr pellets. XRD 
measurements were performed on a Philips X’pert diffractometer with monochromatized Cu Kα radiation at 
40 kV and 20 mA (Ni filter, 2θ 10 to 70˚ with a step size of 0.05˚ and a count time of 1 s). SEM imaging was 
performed on a SIGMAVP-500 FESEM (Carl Zeiss Germany). 1H NMR spectra were obtained on a Bruker 
(DRX-500 Avance) and 13C NMR spectra were obtained on a Bruker (DRX-125 Avance). Chemical shifts of 
1H and 13C NMR spectra were expressed in parts per million downfield from TMS. Thermal analyses were 
performed on a TGD-9800 thermogravimeter from Advance Riko company. Melting points were measured on 
an Electrothermal engineering apparatus, and are uncorrected. For conductometric titrations, a conductometer 
made by InoLab was used.

Synthesis of -SO3H functionalized polystyrene (SPS), and sulfonated γ-alumina 
(SGA)
0.5  g of polystyrene foam waste (expanded polystyrene, Styrofoam) was dissolved in 5.0 mL of dried 
dichloromethane. Then chlorosulfonic acid (0.5 mL) was added drop-wise and the mixture was stirred under a 
fume cupboard for 1 h. The mixture was then decanted, and the solid was washed with deionized water (3 × 10 
mL). The off-white solid product was oven-dried at 60 °C overnight.

IR (KBr): ν (cm− 1): 3431, 2926, 1631, 1224, 1174, 1060, 1004, 884, 852, 671, 582, 455 cm− 1.
1H NMR (500 MHz, DMSO-d6, 25 °C): δ = 1.14 (d, J = 5.5 Hz, 2 H), 1.98 (d, J = 4.5 Hz, 2 H), 1.42 (br, 2 H), 

4.0 (s, 1H, -SO3H), 6.52 (br, 4 H), 6.75–7.50 (m, 5 H) ppm.
The same procedure was performed to prepare sulfonated γ-alumina (SGA).
IR (KBr): ν (cm− 1): 3436, 1635, 1224, 1154, 1055, 744, 561.

Conductometric titration of SPS and SGA
0.1 g of SPS was dispersed in 10 mL of pre-neutralized methanol in an ultrasonic bath. Then it was titrated with 
0.095 M NaOH, and the conductivity of the solution (µS/s) was plotted against the titrant volume (mL) to obtain 
the equivalent point. The same procedure was used to determine the number of mmols of -SO3H per g of the 
sulfonated γ-alumina.

General procedure for the Friedel-Crafts type alkylation of indoles with epoxides
To a solution of indole (3.0 mmol) in epoxide (3.0 mmol), 15.0 mg of the catalyst (SPS or SGA) was added and 
stirred at room temperature for the appropriate time. After completion of the reaction (monitored by TLC, 
n-Hexane: EtOAc, 10:3), the mixture was filtered and the catalyst was washed with CH2Cl2 (2 × 3 mL). The 
combined liquid phase was concentrated in vacuo, and purified by preparative TLC using n-Hexane: EtOAc, 
10:3.
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General procedure for the Friedel-Crafts type synthesis of bis(indolyl)methanes
To a solution of indole (2.0 mmol) and an aldehyde (1.0 mmol) in EtOH (5.0 mL), 10.0 mg of the catalyst (SPS) 
was added and the reaction mixture was stirred at room temperature for the appropriate time (obtained by 
monitoring of the reaction progress by TLC (n-Hexane: EtOAc, 10:3)). The precipitates were then washed with 
a mixture of water and EtOH (50:50, 3 × 5 mL) and oven-dried at 60 °C. The catalyst was removed from the 
organic product by treatment with dichloromethane (2 × 3 mL), and the organic product was recrystallized from 
CH2Cl2.

Selected characterization data for the organic products
1-(1H-indol-3-yl)-3-phenoxypropan-2-ol (3a): Solid, m.p. 82–84 °C, IR (KBr): υ (cm− 1); 690, 752, 814, 1037, 
1083, 1172, 1244, 1296, 1338, 1427, 1456, 1494, 1595, 2877, 2926, 3056, 3326, 3416, 3545.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.23 (1H, br), 3.15 (1H, dd, J = 14.5, 7.0 Hz), 3.20 (1H, dd, J = 14.5, 
6.2 Hz), 4.01 (1H, dd, J = 9.3, 6.4 Hz), 4.07 (1H, dd, J = 9.3, 3.9 Hz), 4.41 (1H, m), 6.96 (2 H, d, J = 8.3 Hz), 7.02 
(1H, t, J = 7.3 Hz), 7.15 (1H, s), 7.18 (1H, t, J = 7.8 Hz), 7.27 (1H, t, J = 7.6 Hz), 7.31–7.36 (2 H, m), 7.42 (1H, d, 
J = 8.2 Hz), 7.70 (1H, d, J = 7.9 Hz), 8.11 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 29.86, 70.57, 71.59, 111.66, 111.84, 115.06, 119.30, 120.06, 121.50, 
122.69, 123.35, 128.03, 129.94, 136.77, 159.09 ppm.

1-(2-methyl-1H-indol-3-yl)-3-phenoxypropan-2-ol (3b): Pink solid, IR (KBr): υ (cm− 1); 690, 754, 815, 
1039, 1082, 1172, 1240, 1298, 1435, 1460, 1495, 1595, 2873, 2922, 3057, 3292, 3417, 3529.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.40 (3 H, s), 2.50 (1H, br), 3.11 (1H, dd, J = 14.4, 6.6 Hz), 3.15 (1H, 
dd, J = 14.4, 7.0 Hz), 3.97 (1H, dd, J = 9.3, 6.1 Hz), 4.02 (1H, dd, J = 9.3, 3.9 Hz), 4.37 (1H, m), 6.96 (2 H, d, 
J = 8.2 Hz), 7.04 (1H, t, J = 7.3 Hz), 7.15–7.22 (2 H, m), 7.31–7.37 (3 H, m), 7.61 (1H, d, J = 7.7 Hz), 7.94 (1H, 
br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 12.19, 28.89, 70.97, 71.28, 107.29, 110.82, 115.07, 118.46, 119.95, 
121.50, 121.67, 129.32, 129.97, 133.13, 135.76, 159.09 ppm.

1-(5-bromo-1H-indol-3-yl)-3-phenoxypropan-2-ol (3c): Solid, m.p. 77–79 °C, IR (KBr): υ (cm− 1); 692, 754, 
797, 883, 1041, 1081, 1244, 1296, 1458, 1495, 1595, 2873, 2924, 3062, 3336, 3419.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.40 (1H, br), 3.08 (1H, dd, J = 14.5, 7.0 Hz), 3.13 (1H, dd, J = 14.5, 
6.0 Hz), 3.98 (1H, dd, J = 9.3, 6.5 Hz), 4.05 (1H, dd, J = 9.3, 3.8 Hz), 4.37 (1H, m), 6.96 (2 H, d, J = 8.6 Hz), 7.02 
(1H, t, J = 6.9 Hz), 7.16 (1H, d, J = 2.3 Hz), 7.27–7.36 (4 H, m), 7.81 (1H, d, J = 1.7 Hz), 8.17 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 29.63, 70.47, 71.45, 111.74, 113.10, 113.36, 115.01, 121.60, 122.02, 
124.55, 125.52, 129.81, 129.99, 135.31, 158.94 ppm.

3-(2-hydroxy-3-phenoxypropyl)-1H-indole-5-carbonitrile (3d): Yellow oil, IR (KBr): υ (cm− 1); 692, 754, 
812, 1045, 1078, 1244, 1296, 1460, 1495, 1595, 2222, 2879, 2929, 3064, 3285, 3379.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.25 (1H, br), 3.80 (1H, dd, J = 11.4, 5.5 Hz), 3.89 (1H, dd, J = 11.4, 
3.7 Hz), 4.08–4.10 (2 H, m), 4.17 (1H, m), 6.96 (2 H, d, J = 8.5 Hz), 7.03 (1H, t, J = 7.4 Hz), 7.27–7.36 (5 H, m), 
7.46 (1H, s), 8.06 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 29.58, 69.49, 70.80, 111.82, 112.52, 113.21, 114.92, 121.77, 122.28, 
125.27, 125.41, 125.55, 128.12, 130.02, 135.14, 158.77 ppm.

3-(2-hydroxy-3-phenoxypropyl)-1H-indole-2-carboxylic acid (3e): viscous liquid, IR (KBr): υ (cm− 1); 690, 
750, 829, 1197, 1242, 1307, 1458, 1495, 1537, 1595, 1718, 2875, 2925, 3058, 3257, 3334, 3404.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.92 (1H, br), 4.15 (1H, dd, J = 9.5, 5.9 Hz), 4.20 (1H, dd, J = 9.4, 
4.7 Hz), 4.45 (1H, m), 4.60 (1H, dd, J = 9.3, 5.9 Hz), 4.64 (1H, dd, J = 9.3, 4.6 Hz), 6.98 (2 H, d, J = 8.2 Hz), 7.04 
(1H, t, J = 7.4 Hz), 7.21 (1H, t, J = 7.8 Hz), 7.32–7.40 (3 H, m), 7.46 (1H, d, J = 8.3 Hz), 7.74 (1H, d, J = 8.1 Hz), 
9.11 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 66.19, 69.00, 69.18, 109.92, 112.39, 114.97, 121.41, 121.89, 123.14, 
126.16, 127.00, 127.81, 130.06, 137.44, 158.68, 162.43 ppm.

1-phenoxy-3-(1H-pyrrolo[2,3-b]pyridin-1-yl)propan-2-ol (3f): White solid, m.p. 224–226 °C, IR (KBr): υ 
(cm− 1); 694, 731, 757, 912, 1012, 1118, 1174, 1242, 1313, 1361, 1454, 1483, 1492, 1599, 2696, 2765, 2871, 3036, 
3064, 3101.

1H NMR (500 MHz, (CD3)2SO, 25 °C): δ = 4.02 (2 H, d, J = 4.8 Hz), 4.51–4.59 (2 H, m), 5.05 (1H, dd, J = 12.3, 
2.5 Hz), 5.98 (1H, br), 6.59 (1H, d, J = 2.4 Hz), 6.93–6.97 (4 H, m), 7.30 (2 H, t, J = 7.6 Hz), 7.68 (1H, d, J = 2.4 Hz), 
8.05 (1H, d, J = 6.1 Hz), 8.21 (1H, d, J = 7.4 Hz) ppm. 13C NMR (125 MHz, (CD3)2SO, 25 °C): δ = 57.37, 67.82, 
71.05, 101.54, 109.44, 115.44, 121.64, 129.99, 130.37, 131.84, 133.05, 144.63, 148.84, 159.31 ppm.

1-butoxy-3-(1H-indol-3-yl)propan-2-ol (3 g): Yellow oil, IR (KBr): υ (cm− 1); 742, 812, 1012, 1097, 1230, 
1338, 1429, 1458, 1620, 2868, 2929, 2956, 3055, 3334, 3414.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 0.97 (3 H, t, J = 7.3 Hz), 1.45 (2 H, m), 1.63 (2 H, m), 2.46 (1H, br), 
3.02 (2 H, d, J = 6.5 Hz), 3.43 (1H, dd, J = 9.5, 7.1 Hz), 3.47–3.57 (3 H, m), 4.18 (1H, m), 7.12 (1H, d, J = 2.2 Hz), 
7.17 (1H, t, J = 7.1 Hz), 7.25 (1H, t, J = 7.1 Hz), 7.41 (1H, d, J = 7.8 Hz), 7.68 (1H, d, J = 7.9 Hz), 8.13 (1H, br) 
ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 14.40, 19.78, 29.80, 32.20, 70.91, 71.69, 74.68, 111.59, 112.30, 119.37, 
119.87, 122.52, 123.18, 128.09, 136.69 ppm.

1-butoxy-3-(2-methyl-1H-indol-3-yl)propan-2-ol (3  h): Yellow oil, IR (KBr): υ (cm− 1); 742, 842, 1012, 
1114, 1238, 1299, 1436, 1462, 1618, 2867, 2930, 2957, 3055, 3325, 3402, 3544.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 0.97 (3 H, t, J = 7.4 Hz), 1.42 (2 H, m), 1.61 (2 H, m), 2.42 (1H, 
br), 2.44 (3 H, s), 2.96 (2 H, m), 3.38 (1H, dd, J = 9.5, 6.9 Hz), 3.45–3.54 (3 H, m), 4.11 (1H, m), 7.13 (1H, t, 
J = 7.9 Hz), 7.17 (1H, t, J = 7.9 Hz), 7.31 (1H, d, J = 8.2 Hz), 7.56 (1H, d, J = 7.6 Hz), 7.90 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25 °C): δ = 12.22, 14.41, 19.79, 28.80, 32.24, 71.25, 71.66, 74.40, 107.82, 110.62, 
118.53, 119.76, 121.53, 129.37, 132.79, 135.65 ppm.
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1-(allyloxy)-3-(2-methyl-1H-indol-3-yl)propan-2-ol (3i): Yellow oil, IR (KBr): υ (cm− 1); 742, 829, 926, 
1091, 1240, 1299, 1435, 1462, 1491, 1620, 1687, 2858, 2914, 3055, 3336, 3400, 3531.

1H NMR (500 MHz, CDCl3, 25 °C): δ = 2.42 (3 H, s), 2.44 (1H, br), 2.98 (2 H, d, J = 6.9 Hz), 3.43 (1H, dd, 
J = 9.5, 6.7 Hz), 3.52 (1H, dd, J = 9.5, 3.5 Hz), 4.05 (2 H, d, J = 5.6 Hz), 4.15 (1H, m), 5.24 (1H, dd, J = 10.4, 
1.2 Hz), 5.33 (1H, dd, J = 17.3, 1.6 Hz), 5.93–6.01 (1H, m), 7.13 (1H, t, J = 6.8 Hz), 7.17 (1H, t, J = 6.9 Hz), 7.30 
(1H, d, J = 7.8 Hz), 7.57 (1H, d, J = 7.6 Hz), 7.95 (1H, br) ppm.

13C NMR (125 MHz, CDCl3, 25  °C): δ = 12.22, 28.85, 71.30, 72.71, 73.99, 107.66, 110.68, 117.64, 118.51, 
119.77, 121.54, 129.33, 132.90, 135.02, 135.68 ppm.

The products 4a-f are very common, and their spectroscopic data can be easily found in the literature.

Results and discussion
In the FTIR spectrum of the sulfonated polystyrene (Supplementary information file, SI, Fig. S1) the following 
vibrations were observed: acidic O-H stretching: 3431; aliphatic C-H stretching: 2926; C-O-H bending: 1635; 
phenyl ring C = C: 1450; asymmetric O = S = O stretching: 1224; symmetric O = S = O stretching: 1174; O-S-O 
bending: 1060 cm− 1.

The 1H NMR data of the SPS (SI, Fig. S2), support the partial sulfonation of styrene monomers at the 
para position (see experimental), as illustrated in Scheme 1. This is in agreement with the results obtained by 
Coughlin et al.22.

TGA curves for the polystyrene (PS) and SPS are compared in Fig. 1. PS showed a distinct weight loss step at 
about 430 °C. According to Siregar et al.23, this is mainly due to the degradation of aromatic rings. In comparison, 
SPS showed a distinct weight loss step of about 25%, in the range of 25 to 140 °C, as a result of dehydration. It 
should be noted that SPS is very hygroscopic. After a few distinct weight loss steps, up to 700 °C, as a result of the 
collapse of aliphatic chains, aromatic rings, and -SO3H functional groups, about 10% of ash remained.

To determine the number of mmols of -SO3H functional groups per g of SPS, conductometric titration with 
NaOH solution was performed. The results showed 1.62 mmol of H+ per g of SPS.

Scheme 1.  Chemical structure of SPS.
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To have a basis for comparison, γ-alumina was also sulfonated in the same manner (Scheme 2) and was 
characterized accordingly. It should be noted that Wei Lin et al. used 1,2-oxathiolane-2,2-dioxide to prepare 
SGA, previously24.

Based on the conductometric titration measurements, it was found that each g of γ-alumina adopts 1.23 
mmol of H+ as -SO3H. This can be attributed to the limited number of surface hydroxyl groups in the structure 
of γ-alumina compared to the phenyl rings in the structure of the polymer.

In the FTIR spectrum of the SGA (SI, Fig. S3), the following vibrations were observed: acidic O-H stretching: 
3436; Al-O-H bending: 1635; asymmetric O = S = O stretching: 1224; symmetric O = S = O stretching: 1154; 
O-S-O bending: 1055; Al3+-O2− stretching vibrations in octahedral holes: 850, 744, and 561 cm− 125,26.

TGA analysis of the SGA, on the other hand, did not show a stepwise mass reduction profile (Fig.  2). 
γ-alumina is one of the main polymorphs of Al2O3 and is stable up to 550 °C, and α-phase is formed beyond 
900 ℃, as reported by Marakatti et al.27. Accordingly, the observed profile can be attributed to the removal of 
adsorbed water molecules on the surface, the condensation of surface hydroxyl groups, and finally the collapse 
of the -SO3H functional groups (about 13% up to 700 °C).

SEM imaging provided an insightful perspective on the morphology of the structures. Figure 3 depicts the 
SEM images of γ-alumina (a-c), and sulfonated γ-alumina (d-f) at different magnifications. It can be seen that 
the rough surface of the γ-alumina particles changes to a relatively smooth surface as a result of functionalization 
with -SO3H and the hygroscopic nature of the sulfonyl groups.

More evidence of the presence of -SO3H functional groups in the structure of SGA was obtained by EDX 
analysis. From Fig. 4, it is clear that all of the expected elements (except for H, as EDX is specific to elements with 

Scheme 2.  Sulfonation of γ-alumina.

 

Fig. 1.  TGA curves for the PS and SPS samples.
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an atomic number higher than 5) showed their K lines at the predicted positions, with 1.2% atomic percent of S, 
which is nearly in accord with the results of conductometric measurements.

With the characterized catalysts in hand, their potential to catalyze the Friedel-Crafts type reactions was 
evaluated. First, as a representative example, the regioselective addition of indole to 2-(phenoxymethyl)oxirane 
was selected to optimize the reaction conditions (Table  1). The ring opening of epoxides is vital in organic 
synthesis as it produces versatile intermediates, such as β-substituted alcohols, which serve as essential starting 
materials for the synthesis of various complex and biologically active compounds.

From the data in Table 1, it is clear that protic solvents such as MeOH and EtOH resulted in lower yields, 
as they may compete with indole for the nucleophilic attack on the epoxide. H2O led to an even poorer result, 
as the sulfonated surfaces are very hygroscopic. Solvent-free conditions, on the other hand, resulted in better 
yields, with the best output obtained using 15 mg of the catalyst per mmol of indole. The higher activity of the 
SPS catalyst compared to SGA may be attributed to its higher load of -SO3H functional groups (1.62 vs. 1.23 
mmol of H+ per g of the catalyst). To explore the generality and scope of the reaction, a series of indoles and 
epoxides were reacted under optimized conditions using SPS as the catalyst. The results, summarized in Table 2, 
clearly indicate that SPS can be used to prepare a variety of indole-3-yl adducts. Generally, electron-rich indoles 
resulted in higher yields, and the protocol was tolerant of substituents on the epoxide moiety. However, allyl- or 
alkyl-substituents on the epoxide led to lower yields. An interesting example is the reaction of 7-azaindole with 
2-(phenoxymethyl)oxirane (Table 2, entry 6), which resulted in an excellent yield of the N-alkylated product. 
These observations support a mechanistic pathway based on the activation of the epoxide ring by H+ sites of the 
catalyst, followed by nucleophilic attack from the C-3 position of indole, as previously reported26.

Encouraged by these results, we decided to evaluate the potential of SPS in the catalysis of another well-
known Friedel-Crafts type reaction, namely, condensation of indoles and aldehydes to produce bis(indolyl)
methanes. Bis(indolyl)methanes are important because they possess a wide range of pharmaceutical properties, 
including anti-cancer, antioxidant, anti-bacterial, anti-inflammatory, and anti-proliferative activities26. After 
optimization experiments, which are summarized in the scheme of the reaction (depicted in Table 3), a series of 
indoles and aldehydes were tested and provided the desired products in excellent yields.

Fig. 2.  TGA curve for the SGA.
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Generally, electron-rich indoles resulted in shorter reaction times and higher yields, and these are in accord 
with a mechanistic pathway based on the activation of the aldehyde by -SO3H functional groups, followed by 
nucleophilic attack from the C-3 position of indole to the carbon of the carbonyl group, as previously reported27.

The stability of a catalyst under the reaction conditions should be approved to ensure that the catalyst 
remains active over multiple cycles. The SPS catalyst was evaluated for recyclability and reuse in the formation 
of 3a over five consecutive cycles, yielding 75%, 75%, 73%, 70%, and 67%, respectively. Despite a reasonable 
decline in activity, the Sheldon test was conducted to assess the catalyst’s heterogeneity. The reaction was halted 
midway, and the catalyst was filtered out. Following this, the production of 3a stopped, and the recovered catalyst 
maintained a similar -SO3H content, as determined by conductometric titration (1.60 mmol of H+ per g).

Conclusion
While both SPS and SGA can be used as efficient catalysts in Friedel-Crafts type reactions, our experimental 
results demonstrated the superiority of SPS over SGA. This is evidenced by higher yields of the organic 
products under the same conditions. The enhanced performance of SPS can be attributed to its higher degree 
of acidity, which is crucial for the activation of substrates. The implications of these findings are manifold. 
From an environmental standpoint, the use of SPS contributes to waste valorization and reduces the reliance 
on traditional, more hazardous catalysts. From an economic perspective, the low cost and ready availability 
of polystyrene waste make SPS an attractive option for industrial applications. Furthermore, the operational 
simplicity of using a solid catalyst streamlines the FC reaction process, making it more amenable to scale-up and 
continuous flow operations.

In conclusion, the application of -SO2H functionalized polystyrene foam waste as a catalyst in FC-type 
reactions not only offers a greener alternative to conventional methods but also opens new avenues for the 
utilization of plastic waste in organic synthesis. This approach is pursued by current research31–34, . The promising 
results obtained in this study underscore the potential of SPS to serve as a versatile and sustainable catalyst in a 
variety of chemical transformations.

Fig. 3.  SEM images of γ-alumina (a-c), and sulfonated γ-alumina (d-f) at different magnifications.
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Entrya Solvent Time (h)
SPS loading
(mg/mmol of indole)

SGA loading
(mg/mmol of indole) Yield for SPS (%)b Yield for SGA (%) b

1 CH2Cl2 12 10 10 38 32

2 H2O 12 10 10 26 24

3 MeOH 12 10 10 36 34

4 EtOH 12 10 10 37 33

5 Toluene 12 10 10 42 39

6 Solvent-free 5 10 10 72 70

7 Solvent-free 5 15 15 75 72

8 Solvent-free 5 20 20 76 72

Table 1.  Optimization of the conditions for the ring-opening reaction of 2-(phenoxymethyl)oxirane with 
indole. aConditions: Indole (3.0 mmol), 2-(phenoxymethyl)oxirane (3.0 mmol), solvent (5.0 mL), room 
temperature. bIsolated yields.

 

Fig. 4.  EDX spectrum for the SGA.
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Entrya Indole (1) Epoxide (2) Product (3a-k)b Time (h) Yield (%)c

1 Indole 2-(phenoxymethyl)oxirane 5 75(c)

2 2-methyl indole 2-(phenoxymethyl)oxirane 4 78

3 5-bromo indole 2-(phenoxymethyl)oxirane 5 67

4 5-cyano indole 2-(phenoxymethyl)oxirane 6 62

5 Indole-2-acetic acid 2-(phenoxymethyl)oxirane 10 55

6 7-aza indole 2-(phenoxymethyl)oxirane 2 99

7 Indole 2-(phenoxymethyl)oxirane 6 60

8 2-methyl indole 2-(phenoxymethyl)oxirane 6 63

9 2-methyl indole 2-((allyloxy)methyl)oxirane 5 62

Table 2.  SPS catalyzed regioselective ring opening of oxiranes with indoles. aReaction conditions: Indole (3.0 
mmol), epoxide (3.0 mmol), solvent-free, room temperature. bAll of the products were characterized from 
their spectroscopic data, or in comparison with authentic samples. cIsolated yields.
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Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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