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Abstract
Pharmaceutical pollutants are emerging contaminants of significant environmental concern, requiring efficient and sustain-
able treatment approaches. In this study, a low-cost adsorbent–photocatalyst composite synthesized from sesame oil meal 
waste (activated carbon@CuFe2O4@MCM-41@graphene quantum dot) was applied for the adsorption and degradation 
of cyclophosphamide and ibuprofen in a microphotoreactor. The composite was characterized using EDX, FT-IR, XRD, 
FESEM, UV–vis DRS, and BET analyses. Operating parameters including pH (2–10), composite dosage (0.1–1 g/L), pol-
lutant concentration (5–300 mg/L for cyclophosphamide; 5–50 mg/L for ibuprofen), contact time (0.5–25 min), and tem-
perature (25–45 °C) were evaluated. Under optimized conditions, removal efficiencies reached approximately 100% for 
cyclophosphamide and 98.5% for ibuprofen. The composite demonstrated good reusability, with efficiency decline becoming 
significant after the seventh cycle. Application to real hospital wastewater confirmed notable reductions in COD and TOC, 
demonstrating the practical potential of the synthesized composite for advanced wastewater treatment. Overall, this study 
highlights the effectiveness of a sustainable, waste-derived material integrated into a microphotoreactor system for the 
removal of pharmaceutical pollutants.

Editorial responsibility: Samareh Mirkia.

 *	 A. Ahmadpour 
	 ahmadpour@um.ac.ir

1	 Department of Chemical Engineering, Faculty 
of Engineering, Ferdowsi University of Mashhad, 
Mashhad 91779‑48944, Iran

2	 Industrial Catalysts, Adsorbents and Environment Lab., Oil 
and Gas Research Institute, Ferdowsi University of Mashhad, 
Mashhad 91779‑48974, Iran

3	 Department of Chemical Engineering, Faculty 
of Engineering, Kermanshah University of Technology, 
Kermanshah, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-026-07062-y&domain=pdf


	 International Journal of Environmental Science and Technology          (2026) 23:269   269   Page 2 of 26

Graphical abstract

Keywords  Adsorption-photocatalytic process · Aqueous solution · Pharmaceutical pollutant · Waste material

Introduction

Despite the large volume of water resources, only two per-
cent of these resources on the planet are fresh and potable, 
and the rest are unusable (Lestari et al. 2025; Samimi and 
Moghadam 2024). Increasing human activities, including 
commercial and non-commercial use of pharmaceuticals, 
personal care products, and agricultural products, have 
introduced new pollutants that are challenging to remove 
using existing technologies (Samimi 2025; Tafreshi et al. 
2024; Taj-Aldeen et al. 2024). The presence of pharmaceu-
tical substances in water resources is very dangerous and 
can cause great harm to humans and natural ecosystems 
(Obasi et al. 2024). The highly persistent nature of pharma-
ceuticals makes them difficult to remove with conventional 
water treatment methods. It is observed that pharmaceuti-
cal pollutants accumulate in animal and plant tissues and 
often remain in the environment. The worrisome issue is the 
amount of these pollutants that end up in sewage streams as 
a result of their continuous use in the treatment of various 
diseases. Therefore, the removal of pharmaceuticals from 

water sources requires the development of advanced technol-
ogies that can be used in direct and indirect reuse of drinking 
water (Gogoi et al. 2018; Nouri Mollalar et al. 2025).

Cyclophosphamide is one of the most common cytostatic 
alkylating pollutants, which plays a role in the chemotherapy 
of various types of cancer, as well as in the treatment of 
autoimmune diseases, and is used as an immunosuppres-
sant after organ transplantation (Khan et al. 2025; Lin et al. 
2015). Ibuprofen is a non-steroidal anti-inflammatory pollut-
ant that enters the environment through hospital and medical 
wastewater, pharmaceutical wastewater, and its use in animal 
husbandry and veterinary medicine. This pollutant is used 
to reduce fever, muscle pain, and inflammation (Mohadesi 
et al. 2022; Yatimzade et al. 2024).

Physical, chemical, thermal, and biological methods are 
usually used to remove pharmaceutical pollutants (Sala-
meh et al. 2026). Physical methods include adsorption, 
electrodialysis, evaporation, dialysis, filtration, coagula-
tion, reverse osmosis, and sedimentation (Samimi and 
Amiri 2024). Thermal methods include burning and 
pyrolysis. Activated sludge, aeration lagoon, anaerobic 
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digestion, and waste stabilization ponds are the most com-
mon biological methods (Gogoi et al. 2018). Activated 
carbons (ACs) are materials produced from carbon-rich 
organic materials, including coconut shells, wood, coal, 
peat, and other sources (Rammal et al. 2025). Adsorp-
tion using activated carbon is widely used in the removal 
of toxic and hazardous pollutants from the environment 
(Abegunde & Idowu 2023; Ezeokol et al. 2024). Activated 
carbon can be used to remove organic compounds from 
water (Ahmadi et al. 2025; Mohadesi et al. 2024). Also, 
rare organic chemicals, including pharmaceutical pollut-
ants, can be oxidized using advanced oxidation processes 
(AOPs) (A. Alamir et al. 2024).

Due to the porosity and high surface area of activated 
carbon, researchers realized its importance for photocata-
lytic applications. The high adsorption capacity of activated 
carbon also enhances the electron transfer process during 
photocatalysis and hence increases the photocatalytic per-
formance for degradation. Activated carbon is a valuable 
support material that provides synergistic effects by creating 
an interface between photocatalyst particles and activated 
carbon. Pollutant molecules are reversibly adsorbed onto the 
surface of activated carbon, thus increasing the efficiency of 
the composite compared to the photocatalyst material itself 
in its pure state. In photocatalytic processes, activated car-
bon helps to adsorb and at the same time better and more 
effectively decompose pollutants. Particles easily aggregate 
when photocatalyst is used alone, which results in the reduc-
tion of specific surface area and active sites, and they are 
easily degraded in aqueous solutions, making their recycling 
and reuse difficult. Many studies have proposed loading 
the catalyst onto particles with large surface area to solve 
these problems. Currently, the most common carriers are 
carbon and mesoporous materials (Wang et al. 2022; Yahya 
et al. 2018). However, a significant research gap persists 
in developing cost-effective, sustainable supports derived 
from agricultural waste that can effectively host complex, 
multi-component photocatalysts for dual-pollutant degrada-
tion. Prior studies often focus on single-component carri-
ers or expensive precursors, lacking a critical evaluation of 
synergistic enhancement in practical microreactor systems.

A micro-photoreactor (MPR) is a small photoreactor 
that integrates the advantages of microfluidics into a con-
ventional photoreactor. Small photoreactors for wastewater 
treatment require relatively small amounts of photocatalyst 
materials (microgram and nanogram) and offer unique fea-
tures such as high surface-to-volume ratio, better control of 
reaction parameters, and efficient heat and mass transfer. 
In principle, microreactors provide uniform and consistant 
light distribution to the photocatalyst and homogeneous pen-
etration throughout the depth of the microreactor. The thin 
photocatalyst layer in the microreactor allows less photon 
loss and uniform light distribution, making it suitable for 

photocatalytic wastewater treatment applications (Shukla 
et al. 2021).

Ofiarska et al. investigated the decomposition of two 
pollutants, ifosfamide and cyclophosphamide, using TiO2 
photocatalyst samples doped by platinum (0.15 wt%) and 
without doping. The results showed that the decomposition 
pathways of ifosfamide and cyclophosphamide are different 
from each other (Ofiarska et al. 2016). In a study, Osawa 
et al. investigated the photodegradation of cyclophospha-
mide and ifosfamide using ruthenium-doped titanate nanow-
ires (Ru-TNW) in distilled water and wastewater under ultra-
violet–visible (UV–vis) irradiation. Degradation pathways 
were suggested and both pollutants have similarities in deg-
radation and side products (Osawa et al. 2019). In another 
study, Lai et al. investigated the photocatalytic degrada-
tion and conversion of ifosfamide, cyclophosphamide, and 
trophosphamide by TiO2 (Lai et al. 2015). Borzyszkowska 
et al. used TiO2 photocatalysts doped by Bi–B for the deg-
radation of ifosfamide (Borzyszkowska et al. 2016). In a 
research, Mazierski et al. used CdS/TiO2 nanocomposite in 
the photoelectrocatalytic decomposition of anticancer pol-
lutants ifosfamide, 5-fluorouracil, and imatinib. The results 
have confirmed the reduction of environmental toxicity to 
cultivated grasses of pharmaceutical solutions treated by 
photoelectrocatalysis (Mazierski et al. 2023). Cyclophos-
phamide and ifosfamide under UV–vis/TiO2 photocatalysis 
under experimental conditions were studied by Constantin 
et al. (Constantin et al. 2017). The obtained kinetic data 
confirmed that TiO2-assisted photocatalysis was a prom-
ising method for the advanced degradation of ifosfamide 
and cyclophosphamide. Also, Constantin et al. studied the 
degradation of ifosfamide in an aqueous system through a 
UV–vis–Fe–TiO2 system (Constantin et al. 2018). Haghgoo 
et al. used rice straw to synthesize composites based on acti-
vated carbon (AC/KOH and AC/Fe3O4/ZnO) as adsorbents 
to remove cyclophosphamide from water samples (Haghgoo 
et al. 2023).

In a study by Zendipak et al., the selective adsorption of 
cyclophosphamide was investigated using Fe3O4@SiO2@
CTAB-SiO2 nanocomposite. It was found that the maximum 
capacity of cyclophosphamide adsorption on the adsorbent 
is 342.8 mg/g (Zandipak et al. 2020). Lin et al. investigated 
the process of photocatalytic degradation of cyclophospha-
mide anticancer pollutants by UV/TiO2 (Lin and Lin 2014). 
Gashtasbi et al. synthesized a magnetite composite impreg-
nated with powdered activated carbon (PAC/Fe3O4) and used 
it to remove cephalexin from the aqueous solution through a 
UV system. The reusability results showed that the adsorp-
tion catalyst was usable for the cephalexin removal even 
after five consecutive cycles (Gashtasbi et al. 2018). In a 
research, Wang et al. prepared photocatalysts doped TiO2 
nanocomposites supported by powdered activated carbon 
with variable molar ratios for the photocatalytic degradation 
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of sulfamethazine (Wang et al. 2019). Silva et al. investi-
gated the removal of sulfadiazine and oxolinic acid using 
magnetic biochar/titanium dioxide (BC/TiO2) composite 
materials. In general, BC/TiO2 magnetic nanocomposites 
are shown to be promising photocatalysts for the sustain-
able removal of antibiotics from aquaculture wastewater 
based on solar energy (Silva et al. 2021). In another study 
by Martins et al., a photocatalyst composed of activated car-
bon with TiO2 (TiO2/AC) was prepared and used for the 
degradation of tetracycline. The results showed that tetracy-
cline was completely degraded after 75 min (Martins et al. 
2017). Also, the ibuprofen removal by TiO2-impregnated 
activated carbon was reported by Gu et al. Based on the 
results, granular activated carbon and TiO2 composites can 
effectively improve the removal of ibuprofen and make the 
recycling process much easier and less expensive, which 
can be a promising method in water treatment in the future 
(Gu et al. 2019). Zeng et al. evaluated the photocatalytic 
activity of TiO2 and TiO2 on activated carbon (TiO2/AC) for 
the degradation of amoxicillin, ampicillin, diclofenac, and 
paracetamol using solar radiation (Zeng et al. 2021). Pankaj 
et al. tested ZnO/ZnWO4 nanocomposite based on activated 
carbon (ZnO/ZnWO4/AC) for adsorption and photocatalytic 
degradation of oxytetracycline and ampicillin from aqueous 
phase under sunlight. ZnO/ZnWO4/AC showed significant 
recyclability due to easier separation and stability in the 
reaction solution (Raizada et al. 2017).

In the present study, an adsorbent-photocatalyst com-
posite activated carbon@CuFe2O4@MCM-41@graphene 
quantum dot (AC@CuFe2O4@MCM-41@GQD) was used 
to remove two pharmaceutical pollutants, cyclophospha-
mide and ibuprofen, in a MPR under process conditions. 
Operating parameters such as pH of synthetic wastewater, 
concentration of adsorbent-photocatalyst composite, initial 
concentration of pharmaceutical pollutant, time and tem-
perature were investigated on the adsorption and degrada-
tion efficiency of the two mentioned pollutants. The primary 
objective of this work is to demonstrate a highly sustainable 
and cost-effective material derived from sesame oil meal 
waste that exhibits superior synergistic photocatalytic per-
formance over pure catalysts, particularly when deployed 
within an efficient microreactor system. Investigations and 
output results show the high potential of this synthesized 
material in the adsorption and degradation of pharmaceuti-
cal pollutants. This approach directly addresses the critical 
need for sustainable advanced oxidation processes in water 
treatment. Degradation and removal of pharmaceutical con-
taminants is of great importance due to their daily hazards. 
In this study, a sustainable and environmentally friendly 
composite performed this operation well. In more detailed 
studies using real hospital wastewater and real environments 
different from the laboratory, the results well demonstrated 
the innovation, sustainability, and high potential of the 

synthesized composite. All experiments were conducted 
in the laboratories of Ferdowsi University of Mashhad and 
Kermanshah University of Technology during the summer 
and fall of 2023.

Materials and methods

Materials

Waste sesame oil meal was obtained from the oil produc-
tion centers in Kermanshah, Iran. This material was con-
sidered as the base of activated carbon production in this 
study. The materials used in the synthesis of layers deposited 
on activated carbon are: cetyl trimethyl aluminum bromide 
(CTAB), ammonia solution 25%, Tetraethyl orthosilicate 
(TEOS), iron nitrate (Fe(NO3)3·9H2O) and copper acetate 
hydrate (Cu(CH3COO)2·H2O), sodium chloride (NaCl), 
sodium hydroxide (NaOH), citric acid (C6H8O7), and phos-
phoric acid (H3PO4). Also, cyclophosphamide and ibupro-
fen pollutants were used to prepare artificial wastewater. In 
addition, deionized water was used in all experiments. All 
chemicals were obtained from Merck and Sigma-Aldrich 
companies.

Material synthesis

Synthesis of activated carbon

First, sesame oil meal was ground. Then, meshing and 
particle size separation of the powder was performed, and 
particles with a size less than 45 µm were considered for 
the preparation of activated carbon. To remove possible 
impurities on the particles surface, multiple washings with 
deionized water were performed. After that, the chemical 
activation was done with phosphoric acid (PA) at a weight 
ratio of PA to sesame oil meal powder of 1:3. In this step, the 
powder and phosphoric acid were mixed for 6h at a speed of 
300 rpm. Then the mixture was dried in the oven. After that, 
the mixture was activated in a furnace under nitrogen at a 
temperature increase rate of 10 ºC/min from ambient tem-
perature to 600 ºC and kept at this temperature for 2h. After 
cooling with the help of nitrogen flow, neutralization and 
washing were performed several times to reach a high effec-
tive level. Subsequently, the samples were dried and used as 
activated carbon for the next steps of composite synthesis 
(Ahmadpour and Do 1996, 1997; Qu et al. 2019).

Synthesis of MCM‑41

In this study, mesoporous MCM-41 was synthesized by 
sol–gel method. First, a certain amount of CTAB was dis-
solved in deionized water at room temperature. Then, the 
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appropriate amount of 25% ammonia solution was added 
to the solution. At this stage, the pH was between 8 and 9. 
TEOS was then added dropwise to the solution and stirred 
at 300 rpm for 3h. The obtained mixture was filtered, dried, 
and then calcined at a temperature of 550 °C (da Costa 
Borges Soares et al. 2021).

Synthesis of CuFe2O4@MCM‑41

First, Cu(CH3COO)2
.H2O, Fe(NO3)3

.9H2O, NaOH, and 
NaCl were combined with a molar ratio of 1:2:8:2 and 
stirred for 50 min at 80 ºC. Then, 1 g of MCM-41 was added 
to the mixture and stirred for 180 min at 60 ºC. After that, 
the resulting mixture was placed in an oven at 80 °C for 2h 
and calcined at 700 °C for 2h (da Costa Borges Soares et al. 
2021).

Synthesis of GQD

Graphene quantum dot (GQD) was prepared by direct pyrol-
ysis of citric acid. In a common method for the preparation 
of GQD, 2 g of citric acid was poured into a beaker and 
heated to 200 ºC using an oil bath. After 5 min, the color of 
the liquid changed from colorless to pale yellow and then to 
orange (within 30 min), which meant the formation of GQD 
(Dong et al. 2012).

Synthesis of AC@CuFe2O4@MCM‑41@GQD

The composite was synthesized by combining 70 wt% of 
activated carbon, 25 wt% of CuFe2O4@MCM-41, and 5 wt% 
of GQD. First, each amount was sufficiently sonicated in 
deionized water using an ultrasonic bath and a homogeneous 
and stable solution was created.

The resulting solutions were mixed, and the final solution 
was subjected to sonication again for 1h at 25 ºC. Subse-
quently, the solution was stirred for 24h at ambient tem-
perature at a speed of 600 rpm and then dried. The formed 
composite was subsequently calcined at 500 ºC in a furnace 
under nitrogen flow, at which point the final composite was 
prepared for the testing process (Jiang et al. 2018). Figure 1 
shows the structure of this composite.

Characterization of synthesized materials

Characterization of the synthesized materials was carried out 
using Fourier transform infrared (FT-IR) analysis (Thermo 
Nicolet AVATAR 360) by the KBr tablet technique. X-ray dif-
fraction (XRD) analysis (Philips PW 1730) was used to iden-
tify the chemical and crystalline composition of the materials 
in the 2θ range of 10.25–79.95º. The detection and determi-
nation of the surface characteristics and morphology of the 
synthesized materials was done by field emission scanning 

electron microscopy (FESEM) analysis (TESCAN model 
MIRA III). Zeta potential analysis (Horiba model SZ100) 
was used to determine the surface charge of the synthe-
sized composite as well as the electric charge of its particles. 
Brunauer–Emmett–Teller (BET) analysis (BELSORP MINI 
II) was used to calculate the specific surface area, average pore 
diameter, and total pore volume of the synthesized materials. 
Energy dispersive X-ray (EDX) analysis (TESCAN model 
MIRA II with SAMX detector) was also used to determine 
the number of compounds and elements in the synthesized 
composites.

Experimental procedure

In this study, experiments were conducted in a solar micropho-
toreactor with an internal diameter of 600 µm and a length of 
50 cm. The microreactor is placed in a wooden box surrounded 
by mirrors. Solar lamps (pureSunlight 1807 R 120W) were 
used for uniform distribution and reflection of artificial light. 
The MPR was placed in a water bath connected to the circula-
tor to regulate the process temperature. The schematic of the 
experimental setup is shown in Fig. 2.

In the present study, the removal rate of cyclophosphamide 
and ibuprofen from wastewater containing these pollutants was 
investigated under different process conditions. The effect of 
various process parameters such as pH, adsorption-photocat-
alytic composite concentration ( M ), initial concentration of 
pharmaceutical pollutants ( C

0
 ), time ( t ), and temperature ( T ) 

was investigated. The range of parameters for the removal of 
each pollutant are listed in Table 1. Under optimal conditions, 
the reusability of the synthesized composite was investigated, 
as well as the effect of competing ions on the removal and 
degradation of pharmaceutical pollutants. To investigate the 
potential of the synthesized composite in treating real hospital 
wastewater, experiments were conducted under artificial light 
from a solar lamp as well as sunlight. The results obtained in 
different conditions show the high potential of the synthesized 
composite (AC@CuFe2O4@MCM-41@GQD) in pollutant 
removal. The pollutant removal percentage was calculated 
using Eq. 1:

The concentration of different pollutants was determined by 
UV–Vis spectrometer (PG device model T80++). In order to 
reduce random error, all experiments were repeated three times 
and the average of the three results was reported.

(1)
Removal(%) =

Initial concentration - Final concentration

Initial concentration
× 100
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Results and discussion

Characterization of the synthesized composite

Elemental analysis

Using EDX analysis, the elements present in the com-
pounds synthesized in this study were identified (see 
Fig. 3). The results show the proper production of acti-
vated carbon with a high percentage of carbon compared 
to the production source and its carbonized source. The 
elements in the synthesized compounds and their percent-
age composition are presented in Fig. 3.

FT–IR analysis

FT–IR spectrum of various synthesized compounds in the 
range of 400–4000  cm−1 was performed by KBr tablet 
and shown in Fig. 4. In the FT–IR spectrum of MCM-41, 
absorption bands of 1060 cm−1 and 1220 cm−1 related to 
asymmetric stretching and also 800 cm−1 related to sym-
metric stretching of Si–O groups were assigned. The band 
at 445 cm−1 shows the Si–O tetrahedral vibration mode. 
The broadband in the of 3455 cm−1 region can be attrib-
uted to the hydroxyl group of the cyanol groups as well as 
the absorbed water molecules (Sohrabnezhad et al. 2018).

Fig. 1   Structure of AC@
CuFe2O4@MCM-41@GQD 
composite
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In the FT–IR spectrum of CuFe2O4@MCM-41 com-
posite, the absorption bonds in the region of 557  cm−1, 
632 cm−1, and 800 cm−1 correspond to the stretching peaks 
of the metal-oxide group, where the metal includes iron, 
silicon, and copper. The stretching peak in the region of 
1074 cm−1 is related to the Si–O–Si group. Also, the bend-
ing peak in the region of 1213 cm−1 belongs to the Si–O–Si 
group. The absorption band in the 1619 cm−1 region cor-
responds to the bending peak of the hydroxyl group. The 
absorption band in the 3411 cm−1 region can be attributed 
to the hydroxyl group of the cyanol groups or absorbed mol-
ecules (Jermy et al. 2021, 2019).

In the FT-IR spectrum of activated carbon, the broad peak 
at about 3456 cm−1 corresponds to the bands of the O–H 
group due to the vibration of water molecules. The peak 
in the region of 2923 cm−1 is attributed to the presence of 
aliphatic C–H stretching of CH, CH2, and CH3 groups. The 
peak at 2852 cm−1 is related to the symmetric stretching of 

CH2. The peak in the 1569 cm−1 region also corresponds to 
the C=O stretch of carboxylic acids. The 1421 cm−1 band is 
related to asymmetric and symmetric C–H bending vibra-
tions. The weak band in the range between 900 cm−1 and 
1100 cm−1 is due to the presence of the C–O group in the 
sample. Also, the observed band at 873 cm−1 corresponds 
to the stretching vibrations band of the C-H (Budinova et al. 
2006; Xu et al. 2014).

In the FT-IR spectrum of the synthesized composite 
(AC@CuFe2O4@MCM-41@GQD), the broad peak around 
3480 cm−1 related to the O–H bands of water molecules, the 
peak of 2920 cm−1 attributed to the presence of aliphatic 
C–H stretching of CH, CH2, and CH3 groups, and the peak 
at 2850 cm−1 assigned to the symmetric stretching of CH2 
are also observed. The peak in the region of 1590 cm−1 
can be related to the C=O stretching of carboxylic acids. 
The 1410 cm−1 band related to asymmetric and symmetric 
C–H bending vibrations and the weak band in the range of 
900 cm−1 to 1100 cm−1 due to the presence of the C–O 
group in the sample can be seen. Also, the band found at 
874 cm−1 corresponds to the stretching vibrations of the 
C–H band. The stretching peak in regions of 571 cm−1, 
611 cm−1, and 815 cm−1 corresponds to the stretching peak 
of Cu–O and Fe–O. The stretching and bending peaks in the 
region of 1067 cm−1 and 1096 cm−1 are related to Si–O–Si.

Fig. 2   Schematic diagram of 
the experimental setup used in 
this study

Table 1   The range of values of parameters investigated in this study

Pollutant C0 (mg/L) M (g/L) t  (min) T  (°C) pH

Ibuprofen 5–50 0.1–1 0.5–25 25–45 2–10
Cyclophosphamide 5–300 0.1–1 0.5–25 25–45 2–10
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XRD analysis

The X-ray diffraction pattern for the synthesized com-
pounds is plotted in Fig. 5. As it is clear in the X-ray 
diffraction pattern for MCM-41, the crystal structure of 
the sample has characteristic peaks in the region of 2θ 

equal to 22.85º and 42.25º. The characteristic peaks of the 
XRD pattern for MCM-41 are consistent with the reported 
results. The model number for MCM-41 is JCPDS 00-049-
1712; which shows the successful synthesis of semi-porous 
silica material (Lashaki et al. 2022; Pham et al. 2020).

Fig. 3   Elemental analysis of the synthesized compounds; a sesame oil meal, b carbonized material, c activated carbon, d CuFe2O4@MCM-41, e 
GQD, and f AC@ CuFe2O4@MCM-41@GQD



International Journal of Environmental Science and Technology          (2026) 23:269 	 Page 9 of 26    269 

Based on the XRD results for CuFe2O4@MCM-41, the 
crystal structure of the sample has peaks in the 2θ region 
equal to 15–35º, 33.20º, 35.20º, 38.72º, 48.70º, 57.10º, and 
63.20º (Shamsuddin et al. 2016). The characteristic peaks 
of the XRD pattern for CuFe2O4@MCM-41 are consistent 
with the reported results. Model numbers for CuFe2O4 and 
MCM-41 are JCPDS 34–0425 and JCPDS 00–049–1712, 
respectively. The results obtained from the XRD pattern 
show that the ferrite material has a crystalline structure and 
the characteristic peaks of the semi-porous silica material 
have appeared in the spectrum; which shows the successful 
synthesis of CuFe2O4@MCM-41 compound (Jermy et al. 
2021, 2019; Shamsuddin et al. 2016).

Based on the XRD results for activated carbon, the crys-
talline structure of the sample has peaks of 25.25º, 35.25º, 
and 44.40º. The characteristic peaks of XRD patterns for 
carbon are consistent with the reported results. The pattern 
number for the carbon is JCPDS 721616. As the X-ray dif-
fraction pattern shows, it indicates the successful synthesis 

of activated carbon (Prahas et al. 2008; Shamsuddin et al. 
2016).

The XRD pattern for the synthesized composite (AC@
CuFe2O4@MCM-41@GQD) was investigated at the lower 
angles of the sample. The intensity of the peaks of the com-
posite has decreased compared to the precursor compounds 
alone. The reason can be attributed to the decrease in the 
amount and crystallinity of the composite, which is caused 
by adding them to each other. According to the XRD results, 
the crystal structure of the sample has 2θ equal to 24.50º, 
35.10º, 38.72º, 48.70º, 57.10º and 63.20º. The XRD pattern 
of the synthesized composite has characteristic peaks of all 
the precursor materials and therefore the composite is prop-
erly synthesized.

FESEM analysis

High resolution FESEM was used to determine the size dis-
tribution of the synthesized nanoparticles and to characterize 

Fig. 4   FT-IR spectrum of the 
synthesized compounds

Fig. 5   X-ray diffraction pattern 
of the synthesized compounds
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them. The results of electron microscope images for MCM-
41, CuFe2O4@MCM-41, activated carbon, and AC@
CuFe2O4@MCM-41@GQD are presented in Figs. 6 and 7.

Figure 6a shows the electron microscope image of MCM-
41 at 500 nm magnification. In general, the particles are 
arranged in spherical or inclined hexagonal frameworks. 
Therefore, the image clearly shows the formation of MCM-
41 and the porosity of the structure can be seen well. Also, 
the particle size distribution of this material is in the range of 
30–50 nm, and a large part of this compound has a particle 
size of about 35 nm (see Fig. 6b).

Figure 6c shows the SEM image of MCM-41 modified by 
copper ferrite. Compared to Fig. 6a (MCM-41), changes in 
the material structure are seen. Surface modification and the 
introduction of copper ferrite into MCM-41 caused several 

particles to come together and become slightly lumpy and 
out of order. The particle size distribution varies from 25 
to 60 nm, with most of them in the range of 35–45 nm (see 
Fig. 6d). Compared to MCM-41, the particle size is slightly 
increased, which is due to the presence of copper ferrite 
groups.

Figure 7a is related to the synthesized activated car-
bon. The SEM image shows the successful synthesis of 
this material. The particle size distribution is between 100 
and 110 nm, with a significant value around 107 nm (see 
Fig. 7c).

Figure 7b shows the SEM image of the synthesized com-
posite (AC@CuFe2O4@MCM-41@GQD). The surface 
roughness increased and can be related to the incorporation 
of CuFe2O4 and MCM-41. The particle size increased and 

Fig. 6   SEM images and particle size distribution diagrams; a and b MCM-41, c and d MCM-41@CuFe2O4
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this is due to the combination of these two compounds and 
the formation of a single material. The particle size distribu-
tion is in the range of 95–105 nm (see Fig. 7d).

UV–Vis diffuse reflectance spectroscopy (DRS) analysis

The UV–Vis diffuse reflectance spectroscopy results for 
the synthesized compounds are shown in Fig. 8. In the UV 
region, the maximum wavelength for MCM-41, CuFe2O4@
MCM-41, GQD, and AC@CuFe2O4@MCM-41@GQD 
were observed at 320, 247, 296, 336, and 296 nm, respec-
tively. At these values, the absorption intensities were 0.631, 
0.921, 1.212, 1.222, and 1.021, respectively.

The results show an increase in the adsorption intensity 
of the synthesized composite compared to activated carbon, 
which indicates its successful synthesis and correct loading 
of the photocatalytic layers on the activated carbon. These 
observations indicate the incorporation of the photocata-
lytic layers into the activated carbon structure during the 
ion exchange process. The presence of GQD is also well 
demonstrated by the gradient changes in the structure of 
the synthesized composite at 200–250 nm. Using the rela-
tionship E =

hc

�
 , the bond gap energy for the synthesized 

composite was found to be 4.25 eV. In this equation, h is 
Planck’s constant and is equal to 6.626 × 10–34 J.s, c is the 
speed of light and is equal to 3 × 108 m/s, � is the maximum 
wavelength in nm and 1 eV is equal to 1.6 × 10–19 J.

Fig. 7   SEM images and particle size distribution diagrams; a and c synthesized activated carbon, b and d synthesized composite in this study 
(AC@CuFe2O4@MCM-41@GQD)
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BET analysis

Table 2 shows the volume of gas adsorbed in the standard 
state, specific surface area, total pore volume, and average 
pore diameter of all synthesized compounds. The average 
pore diameter of activated carbon, MCM-41, CuFe2O4@
MCM-41, and AC@CuFe2O4@MCM-41@GQD are 4.591, 
5.988, 4.972, and 5.988 nm, and the total pore volume are 
about 0.474, 0.758, 0.668, and 0.758 cm3/g, respectively. N2 
desorption increased above 0.95 and reached a maximum 

value. The specific surface area of the synthesized acti-
vated carbon, MCM-41, CuFe2O4@MCM-41, and AC@
CuFe2O4@MCM-41@GQD were obtained to be 1125.0, 
946.5, 537.2, 548.8 m2/g, respectively, which are good val-
ues compared with similar works (see Table 3).

According to the reported results, the specific surface area 
and total pore volume have decreased compared to MCM-
41. According to the FESEM images, it can be interpreted 
that the agglomeration and proximity of the particles to each 
other has reduced the specific surface area and total pore 

Fig. 8   UV–vis dispersive 
reaction spectroscopy of the 
synthesized compounds

Table 2   BET analysis results of 
the synthesized compounds

Compound V
m
 (cm3 STP/g) a

s,BET (m2/g) Total pore vol-
ume (cm3/g)

Average pore 
diameter (nm)

Porosity (%)

Activated carbon 257.98 1125.0 0.474 4.591 87.56
MCM-41 217.47 946. 5 0.758 5.936 95.16
MCM-41@CuFe2O4 123.42 537.2 0.668 4.972 80.55
AC@CuFe2O4@

MCM-41@GQD
126.11 548.8 0.784 5.988 84.63

Table 3   Specific surface area 
of activated carbon synthesized 
from different materials

Precursor a
s,BET (m2/g) Refs.

Spent coffee ground (Arabica) 721 (Zięzio et al. 2020)
Apple waste 854 (Hesas et al. 2013)
Cotton stalks 1032 (Nahil & Williams 2012)
Palm shells 1109 (Lim et al. 2010)
Sesame oil meal 1125 This study
Almond shells 1128 (İzgi et al. 2019)
Pecan shell 1130 (Guo & Rockstraw 2007b)
Grape seeds 1139 (Al Bahri et al. 2012)
Olive stones 1218 (Yakout & El-Deen 2016)
Eucalyptus camaldulensis Dehn bark 1239 (Patnukao & Pavasant 2008)
Jackfruit peel waste 1260 (Prahas et al. 2008)
Rice hull 1295 (Guo & Rockstraw 2007a)
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volume. Comparison of the BET analysis results of MCM-
41 and CuFe2O4@MCM-41 shows the successful synthesis 
of MCM-41 with copper ferrite and is generally in accord-
ance with the IUPAC rules for semi-porous materials. As 
the results show, with the combination of materials and the 
synthesized composite, the specific surface area and aver-
age pore diameter decreased. Both values are significantly 
reduced compared to activated carbon and CuFe2O4@MCM-
41. The reason for this decrease can be attributed to the 
composite of these two compounds. However, in general, 
the final synthesized composite is in the range of porous 
compounds. This material plays a fundamental role in the 
adsorption of pollutant compounds and their photocatalytic 
degradation in the presence of sunlight.

Effect of operating parameters on the removal 
and destruction efficiency of pharmaceutical 
pollutants

Effect of pH

According to the zeta potential analysis of the synthesized 
composite, the pHiso is 5.34 (see Fig. 9). When the pH of 
the solution is higher than this value, the surface of the syn-
thesized composite has a negative charge, and when it is 
lower, the surface has a positive charge. This property affects 
the adsorption or desorption of pollutants under different 
acidic and basic conditions.

Cyclophosphamide is a weak base with a pKa of 4.9. At 
pH values below 4.9, it will be protonated and carry a posi-
tive charge. At pH values above 4.9, it will be deprotonated 
and neutral. Conversely, ibuprofen is a weak acid with a pKa 
of 4.52. At pH values below 4.52, it will be protonated and 
neutral, while at pH values above 4.52, it will be deproto-
nated and carry a negative charge. The pKa value represents 
the pH at which 50% of the molecules are protonated and 
50% are deprotonated. At pH values significantly below the 
pKa, the molecule will be predominantly protonated, while 
at pH values significantly above the pKa, the molecule will 

be predominantly deprotonated. Cyclophosphamide is an 
organophosphorus compound with a complex cyclic struc-
ture. Ibuprofen is a propionic acid derivative. The chemical 
structures of these compounds are readily available in stand-
ard chemistry textbooks and online databases.

The effect of pH on the removal and degradation effi-
ciency of pharmaceutical pollutants was investigated for 
each of the pollutants under constant process conditions and 
only changing the pH in the range of 2–10. To adjust the pH 
of the solutions according to the value of this parameter, 
NaOH and HCl with a concentration of 0.1 M were used for 
each experiment. For cyclophosphamide, the values of con-
stant parameters were: C

0
 = 40 mg/L, M = 0.5 g/L, t = 8 min, 

and T  = 25 °C; and for ibuprofen these parameters were: 
C
0
 = 20 mg/L, M = 0.5 g/L, t = 9 min and T  = 25 °C. Under 

the mentioned conditions, the effect of pH was investigated 
in the MPR (see Fig. 10).

For ibuprofen, the pKa value is 4.52. According to this 
value and the pHiso of the synthesized composite, the pho-
tocatalytic removal and degradation takes place. Due to the 
repulsion and attraction created in different ranges of pH 
value, different efficiencies of the composite performance 
in the removal and degradation of ibuprofen are observed. 
The highest removal efficiency of ibuprofen at pH = 5 was 
86.55% and the lowest removal of cyclophosphamide at 
pH = 10 was 22.33% (see Fig. 10). The reason for the chang 
in these values is the strength of attraction and repulsion and 
the decrease or increase in its intensity at different pH points 
(Khan et al. 2019; Kumar et al. 2018; Tanveer et al. 2019; 
Yilmaz et al. 2020).

Effect of initial concentration of pollutants

Under constant process conditions (pH, concentration of 
adsorption-photocatalytic composite, time, and tempera-
ture), the effect of the initial concentration of pharmaceu-
tical pollutants on the removal percentage of these pol-
lutants was investigated. The removal and degradation of 

Fig. 9   The effect of pH on the zeta potential of AC@CuFe2O4@
MCM-41@GQD composite
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Fig. 10   Effect of pH on pollutants removal by AC@CuFe2O4@
MCM-41@GQD (cyclophosphamide: C0= 40  mg/L, M = 0.5  g/L, 
t= 8  min, and T  = 25  °C; ibuprofen:C0 = 20  mg/L, M= 0.5  g/L, 
t  = 9 min, and T  = 25 °C)
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cyclophosphamide was investigated under constant process 
conditions of pH = 5, M= 0.5 g/L, t = 8 min, and T  = 25 °C 
in the initial concentration range of 5–300 mg/L. As shown 
in Fig.  11a, by  increasing the initial concentration of 
cyclophosphamide in wastewater, the removal efficiency 
decreases due to the reduction of the capacity and poten-
tial of the composite. Therefore, the maximum removal of 
cyclophosphamide for the initial concentration of 5 mg/L 
was 99.98% and the lowest value was 12.24% at 300 mg/L.

Also, for ibuprofen, the effect of the initial concentration 
of 5–50 mg/L on the removal and degradation of this pollut-
ant under constant process conditions of pH = 5, M = 0.5 g/L, 
t= 9 min, and T  = 25 °C was investigated. As the initial con-
centration of ibuprofen increases, the removal and destruc-
tion of this pollutant decreases because the potential of 
the composite at constant conditions decreases due to the 
increased presence of pollutant molecules. The capacity and 
active sites of the composite are fixed and for a given amount 
of pollutant it has more space to trap and degrade. As the 

pollutant concentration increases, after this capacity is filled 
and its degradation potential decreases, the removal and deg-
radation efficiency decreases. For the removal and degra-
dation of ibuprofen, the highest efficiency of 94.85% was 
obtained at an initial concentration of 5 mg/L. Meanwhile, 
the lowest removal and degradation efficiency of 30.12% 
was obtained for this substance at an initial concentration of 
50 mg/L (see Fig. 11b) (Di et al. 2017; Janssens et al. 2019; 
Kumar et al. 2018; Lin & Lin 2014).

Effect of composite concentration

By increasing the concentration of the absorption-photocat-
alytic composite in the wastewater solution, more sites are 
provided for adsorption and, consequently, more potential 
for the removal and destruction of pharmaceutical pollut-
ants. In other words, by increasing the concentration of the 
composite, the capacity of the composite for a given amount 
of pollutant in the wastewater increases.

Fig. 11   Effect of initial concen-
tration on pollutants removal 
by AC@CuFe2O4@MCM-41@
GQD; a cyclophosphamide 
(pH = 5, M= 0.5 g/L, t  = 8 min, 
and T  = 25 °C), b ibuprofen 
(pH = 5, M= 0.5 g/L, t  = 9 min, 
and T  = 25 °C)
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The effect of adsorption-photocatalytic composite con-
centration under constant process conditions (pH = 5, 
C
0
 = 40 mg/L, t= 8 min, and T= 25 °C) on cyclophospha-

mide removal was investigated in the composite concentra-
tion range between 0.1–1 g/L. According to the results, it 
was found that increasing the composite concentration sig-
nificantly increased the removal and degradation efficiency 
of cyclophosphamide. Therefore, at a composite concen-
tration of 1 g/L, the removal efficiency was approximately 
100%, which is the highest efficiency in the process condi-
tions. Also, the lowest removal efficiency was obtained at a 
composite concentration of 0.1 g/L, equivalent to 48.55% 
(see Fig. 12). Also, the effect of composite concentration 
under constant process conditions (pH = 5, C

0
 = 20 mg/L, t

= 9 min, and T  = 25 °C) was investigated for the removal 
of ibuprofen in the composite concentration range between 
0.1 and 1 g/L. With increasing composite concentration, the 
removal and degradation efficiency of ibuprofen increased. 
At a composite concentration of 0.1 g/L, the lowest removal 
efficiency was obtained with 35.12%. The highest removal 
efficiency was obtained with increasing composite concen-
tration under constant process conditions at a composite con-
centration of 1 g/L equivalent to 30%. The upward trend of 
increasing removal and degradation efficiency of ibuprofen 
with increasing composite concentration is seen in Fig. 12 
(Haghgoo et al. 2023; Janssens et al. 2019; Khan et al. 2019; 
Kumar et al. 2018; Lin & Lin 2014; Tanveer et al. 2019; 
Yilmaz et al. 2020; Zandipak et al. 2020)

Effect of time and temperature

Temperature is one of the parameters that can be investigated 
for the removal and photocatalytic degradation of pollut-
ants. For cyclophosphamide and ibuprofen in the range of 
25–45 ºC and time of 0.5–25 min, changes in the removal 
efficiency and photocatalytic degradation of pollutants were 
investigated under constant process conditions of other 
variables (pH, initial concentration of the pharmaceutical 

pollutants, and concentration of the adsorption-photocat-
alytic composite). The results show that the removal and 
degradation efficiency increases with increasing time at all 
temperatures studied. Also, increasing time under constant 
process conditions (temperature and other parameters) pro-
vides more opportunity for bond formation and adsorption 
of pharmaceutical pollutant molecules. In other words, by 
increasing the time, the adsorption capacity and potential of 
the adsorbent-photocatalyst composite can be utilized to a 
greater extent. Also, by increasing the time of continued pol-
lutant adsorption, the photocatalytic degradation increases, 
which is due to having more time for the high-energy excited 
photons from the surface of the photocatalytic compounds 
to attack the target pollutants and destroy them. For both 
pharmaceutical pollutants (cyclophosphamide and ibupro-
fen), the photocatalytic removal and degradation efficiency 
increased with increasing temperature. This increase was 
more visible and noticeable in a short period. For both pol-
lutants, efficiencies higher than 99% were achieved with 
increasing time (see Fig. 13) (Janssens et al. 2019; Lin & 
Lin 2014).

Effect of time and initial concentration of pharmaceutical 
pollutants

As can be seen in Fig. 14, under the condition of constant 
initial concentration of pharmaceutical pollutants, with 
increasing time, the photocatalytic adsorption composite 
can have an opportunity to use its full capacity to remove 
and destroy pharmaceutical pollutants. Also, with increas-
ing initial concentration of pharmaceutical pollutants under 
constant process conditions (time and other variables), the 
efficiency decreases (due to the increase in the potential 
of the adsorbent-photocatalyst composite with reducing 
initial concentration of pollutants). With the simultaneous 
increase in the initial concentration of pharmaceutical pol-
lutants, the efficiency of removing and eliminating pollutants 
decreases. With the passage of time, the efficiency of pol-
lutant removal and destruction increases and eventually, at 
the time of equilibrium, the removal and destruction rate of 
pollutants becomes constant (Di et al. 2017; Haghgoo et al. 
2023; Janssens et al. 2019; Khan et al. 2019; Kumar et al. 
2018; Li et al. 2016; Lin & Lin 2014; Tanveer et al. 2019; 
Yilmaz et al. 2020).

Effect of time and light

To investigate the effect of light on the removal of pharma-
ceutical pollutants, experiments were conducted both in the 
presence and absence of artificial solar radiation. The solar 
lamp used in this study (pureSunlight 1807 R 120W) emits 
light in the 250–400 nm range, with a spectrum similar to 
natural sunlight. The band gap energy of the synthesized 

Fig. 12   Effect of composite concentration on pollutants removal 
by AC@CuFe2O4@MCM-41@GQD (cyclophosphamide: pH = 5, 
C0 = 40  mg/L, t  = 8  min, and T  = 25  °C; ibuprofen: pH = 5, 
C0 = 20 mg/L, t  = 9 min, and T  = 25 °C)
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composite is 4.25 eV, which corresponds to a wavelength of 
approximately 292 nm. Therefore, the solar lamp provides 
sufficient energy to excite the photocatalyst. As shown in 
Fig. 15, the synthesized composite exhibited a significant 
difference in removal efficiency under light irradiation com-
pared to dark conditions. Therefore, the synthesized com-
posite showed a significant difference in the removal and 
degradation of pharmaceutical pollutants under light irra-
diation and without light irradiation. The removal and des-
gradation efficiency of cyclophosphamide was investigated 
under the optimal process conditions (pH = 5, C

0
 = 40 mg/L, 

M = 0.5 g/L and T  = 25 °C) and under several conditions 
(using the composite in the presence of solar light, using 
the composite in a dark box, using activated carbon in a dark 
box, using CuFe2O4@MCM-41 in a dark box, and using 
CuFe2O4@MCM-41 in the presence of a solar lamp) (see 
Fig. 15a).

As the results in Fig.  15a show, the removal and 
destruction efficiency of cyclophosphamide is close to 
100% for the composite only using the solar lamp. This 

indicates the suitability of the synthesized composite for 
the removal and elimination of cyclophosphamide from 
synthetic wastewater. In the absence of solar light, the 
synthesized composite has a 15–20% lower efficiency in 
the removal of cyclophosphamide under the same condi-
tions, which is due to the absence of photocatalytic materi-
als under these conditions. The results also show that the 
composite synthesized in the dark box can achieve accept-
able performance over a longer period of time. Activated 
carbon can remove and decompose cyclophosphamide in 
a dark box, about 25–35% less than the adsorbent-photo-
catalytic composite. Under the same process conditions, 
the CuFe2O4@MCM-41 composite was investigated in a 
dark box under the presence of a solar lamp. The results 
show a decrease in the efficiency of cyclophosphamide 
removal and degradation compared to the AC@CuFe2O4@
MCM-41@GQD composite (in the dark box, a 75–80% 
reduction, and in the presence of a solar lamp, a 40–45% 
reduction in cyclophosphamide removal and degradation 
occurred).

Fig. 13   Effect of time and 
temperature on pollutants 
removal by AC@CuFe2O4@
MCM-41@GQD; a cyclophos-
phamide (pH = 5, C0 = 40 mg/L, 
and M = 0.5 g/L), b ibuprofen 
(pH = 5, C0 = 20 mg/L, and 
M = 0.5 g/L)
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Also, the removal and degradation efficiency of ibupro-
fen was investigated under the optimal conditions (pH = 5, 
C
0
 = 20 mg/L, M = 0.5 g/L, and T  = 25 °C) and using dif-

ferent adsorbents and light conditions (in the presence of 
a solar lamp/dark box). As shown in Fig. 15b, using the 
synthesized composite in the presence of a solar lamp, the 
removal and degradation efficiency of ibuprofen reached 
about 96%. Meanwhile, when using the synthesized com-
posite in a dark box, the removal and destruction efficiency 
decreases by 10–15%. For the adsorption of this pollut-
ant (ibuprofen) by the activated carbon in the dark box, 
the adsorption efficiency decreased by about 20%. Also, 
under similar conditions, photocatalytic layers (CuFe2O4@
MCM-41) have been investigated in the presence/absence 
of light. The results show a decrease in the degradation 
efficiency of ibuprofen compared to the AC@CuFe2O4@
MCM-41@GQD composite (80–85% reduction in the 
dark box and 40–45% reduction in the presence of a solar 
lamp).

Effect of competing compounds in wastewater 
on the efficiency of pollutant adsorption 
and degradation

To more accurately and competitively investigate the 
potential of the adsorbent-photocatalyst composite in the 
removal and degradation of pollutants; competing com-
pounds that occupy the adsorption sites and consume radi-
cals produced by photocatalyst were added to the synthetic 
wastewater. In this study, the selection of scavengers was 
based on the dominant reactive species involved in the 
degradation mechanism of each pollutant as well as their 
physicochemical differences. To clarify the selection of 
scavengers, Na-EDTA was used for cyclophosphamide 
because this compound can strongly compete for metal-
coordination sites, allowing us to examine the importance 
of the initial adsorption step, which is more critical for 
this highly polar and phosphorylated molecule. Tert-
butyl alcohol, ascorbic acid, and chloroform were used 

Fig. 14   Effect of time and initial 
concentration on pollutants 
removal by AC@CuFe2O4@
MCM-41@GQD; a cyclophos-
phamide (pH = 5, M = 0.5 g/L, 
and T = 25 °C), b ibuprofen 
(pH = 5, M = 0.5 g/L, and 
T = 25 °C)
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Fig. 15   Effect of time and 
light on pollutants removal; 
a cyclophosphamide (pH = 5, 
C0 =  40 mg/L, M = 0.5 g/L, and 
T  = 25 °C), b ibuprofen (pH = 5, 
C0 = 20 mg/L, M = 0.5 g/L, and 
T  = 25 °C)
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to investigate the roles of hydroxyl radicals, superoxide 
radicals, and electrons in cyclophosphamide degradation. 
For ibuprofen, the applied scavengers differed because 
its degradation pathway relies more on oxidation by pho-
togenerated holes (h+) and ⋅OH radicals rather than on 
pre-adsorption. Therefore, silver nitrate, ammonium oxa-
late, and tert-butanol were selected to target electrons, 
photogenerated h+, and hydroxyl radicals, respectively. It 
is important to note that ammonium oxalate is a h+ scav-
enger, not a proton (H+) scavenger, and it was used here 
to probe the involvement of h+ in ibuprofen oxidation. 
Figure 16 shows the effect of different compounds added 
to the wastewater on the pollutant removal and degrada-
tion efficiency. The concentration of each compound added 
to the wastewater is 0.1 M. In Fig. 16a, the results of the 
removal and photocatalytic degradation of cyclophos-
phamide in the presence of Na-EDTA (as the adsorption 

site occupant), tert-butyl alcohol (⋅OH consuming agent), 
ascorbic acid (⋅O2

− consuming agent), and chloroform 
(electron consuming agent) as competing compounds in 
synthetic wastewater and affecting the functional effi-
ciency of the pollutant are shown (Janssens et al. 2019; 
Zandipak et al. 2020).

The results showed that superoxide radicals and elec-
trons were the main reactive species contributing to cyclo-
phosphamide degradation, which is consistent with its 
chlorinated oxy-phosphorus structure. The earlier refer-
ence to H+ as a reactive species has been corrected, since 
H+ is not generated or scavenged in this context; rather, 
the relevant species are e− and ∙O2

−. Due to its anionic, 
radical, and redox nature, ⋅O2

− is capable of reacting 
with a variety of adsorption-photocatalytic compounds. 
Although nucleophilic processes and electron transfer 
reduction seem to be the dominant and effective reaction 

Fig. 16   Effect of various 
competitive compounds on 
pollutants removal by AC@
CuFe2O4@MCM-41@GQD; 
a cyclophosphamide (pH = 5, 
C0 = 40 mg/L, M= 0.5 g/L, 
t  = 8 min, and T  = 25 °C), b ibu-
profen (pH = 5, C0 = 20 mg/L, 
M = 0.5 g/L, t  = 9 min, and 
T  = 25 °C)
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pathways. Considering that cyclophosphamide is a chlo-
rorganic oxy phosphorous derivative, reaction with ⋅O2

− as 
well as degradation by electrons is possible, as presented 
below (Janssens et al. 2019; Zandipak et al. 2020):

Depending to the characteristics of each compound added 
to the synthetic wastewater, the removal and destruction effi-
ciency of cyclophosphamide is somewhat reduced. A reduc-
tion of between 15–55% was shown in its results.

Figure 16b shows the effect of the presence of silver 
nitrate, ammonium oxalate, and tert-butanol as e−, h+, and 
∙OH scavengers, respectively, on the removal efficiency and 
photocatalytic degradation of ibuprofen. Among these com-
pounds, silver nitrate had a small effect on the adsorption-
photocatalytic performance of the composite compared with 
ammonium oxalate and tert-butanol, indicating that e− plays 
a small role in the removal and degradation of ibuprofen, 
while h+ and ∙OH are more influential. Among h+ and ∙OH, 
∙OH plays a more vital role in the photocatalytic degradation 
process because ∙OH is the main oxidizing species responsi-
ble for the degradation of ibuprofen from the pollutant aque-
ous solution. The reduction in ibuprofen removal efficiency 
in the presence of these compounds was 12–30% (Kumar 
et al. 2018).

The presence of competing compounds in the wastewater 
solution reduces the removal efficiency by consuming the 
effective factors in photocatalytic degradation under light 
radiation and also by occupying the spaces available for pol-
lutant adsorption. These results also demonstrate that the 
effect of each scavenger is pollutant-specific, reflecting the 

(2)RCH
2
Cl + ⋅O

−
2
→ RCH

2
OO ⋅ +Cl

−

(3)RCH
2
Cl + 2e

− + H
+
→ RCH

3
+ Cl

−

distinct degradation mechanisms of cyclophosphamide and 
ibuprofen. This simulation provides a suitable approximation 
to investigate the potential of the synthesized composite and 
is close to the real conditions.

Reusability of adsorption‑photocatalytic composite

In this study, the adsorbent-photocatalyst composite was 
reused under optimized process parameters for the removal 
of pharmaceutical pollutants. After each experiment, the 
composite was separated from the treated effluent and 
washed with 0.1 M NaOH. After washing with NaOH, wash-
ing with hot distilled water was continued several times. 
After drying, the remaining material is ready for subsequent 
reuse. According to the results in Fig. 17, for the removal 
and elimination of cyclophosphamide, the composite showed 
a significant decrease in efficiency after the 6th cycle. Also, 
in the removal and degradation process of ibuprofen after 
cycle 5, a clear decrease in efficiency was observed (Mondol 
et al. 2021; Wang et al. 2019).

The decrease in efficiency during the reuse cycles is due 
to the destruction of the composite structure. This change 
and degradation of the structure is observed in the analysis 
of the adsorbent properties (see Figs. 18 and 19).

Examination of real wastewater from the hospital

To understand the potential of the composite synthesized 
in this study and also to bring the laboratory conditions 
closer to the real conditions, a sample of hospital wastewa-
ter was used to conduct several tests. This wastewater was 
obtained from Imam Reza Hospital in Kermanshah, Iran. 
The characteristics of this wastewater are given in Table 4. 
The reduction of chemical oxygen demand (COD) and total 

Fig. 17   Results of adsorbent 
recovery in the process of pol-
lutant removal from wastewa-
ter under optimal operating 
conditions (for cyclophospha-
mide: pH = 5, C0 = 40 mg/L, 
M = 0.5 g/L, t  = 8 min, and 
T  = 25 °C; for ibuprofen: pH = 5, 
C0 = 20 mg/L, M = 0.5 g/L, 
t  = 9 min, and T  = 25 °C)
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organic carbon (TOC) of this wastewater was investigated 
under constant process conditions and by changing time and 
composite concentration.

As the plots in Fig. 20a show, the removal rates of COD 
and TOC increase with time, resulting in removal efficien-
cies of over 90% for COD and about 77% for TOC. Also, the 
effect of composite concentration in the range of 0.1–1 g/L 
on the removal of COD and TOC from hospital wastewater 
was examined (see Fig. 20b). The results show a significant 
increase in COD and TOC removal efficiency, indicating 
the high capacity of the synthesized composite to reduce a 
variety of harmful environmental pollutants. At a composite 
concentration of 1 g/L, the COD and TOC removal rates 

reached about 98% and 82%, respectively. This acceptable 
removal efficiency demonstrates the high potential of the 
synthesized composite in reducing harmful environmental 
parameters of real wastewater.

Conclusion

Due to the scarcity of water resources and the increase in 
pollution released by humans and related industries, the need 
to purify and restore water resources has become a concern 
in today's world. Pharmaceutical pollutants enter water 
resources in various ways, and various treatment methods 

Fig. 18   a FT-IR spectra, and b 
XRD pattern for fresh compos-
ite, the used composite after the 
1st cycle and the used compos-
ite after the 7th cycle
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have been developed for their removal. The use of compos-
ites that combine adsorption and photocatalytic degradation 
provides the advantage of integrating two complementary 
processes into a single treatment step. In this study, a cost-
effective and environmentally friendly adsorbent–photocata-
lyst composite derived from sesame oil meal was synthe-
sized and successfully applied for the simultaneous removal 
of cyclophosphamide and ibuprofen.

The synthesized AC@CuFe2O4@MCM-41@GQD 
composite was fully characterized using EDX, FT-IR, 
XRD, FESEM, UV–vis DRS, and BET analyses. The 
effects of operating parameters including pH (2–10), com-
posite dosage (0.1–1 g/L), initial pollutant concentration 
(5–300 mg/L for cyclophosphamide and 5–50 mg/L for 
ibuprofen), reaction time (0.5–25 min), and temperature 

Fig. 19   SEM images of synthesized composite; a fresh composite, b used composite after the 1st cycle, and c used composite after the 7th cycle

Table 4   Physicochemical 
characteristics of the studied 
hospital wastewater

Property Unit Results

pH – 7.5
COD mg/L 765.7
BOD5 mg/L 482.5
TOC mg/L 24.3
DOC mg/L 15.4
TSS mg/L 58.3
Phosphate mg/L 15.1
Nitrate mg/L 16.7
Sulfate mg/L 287.5
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(25–45 °C) were systematically investigated. Under opti-
mized conditions, the composite achieved approximately 
100% removal of cyclophosphamide and 98.5% removal 
of ibuprofen, demonstrating strong synergistic adsorp-
tion–photocatalytic activity.

The stability and reusability assessment showed that 
the composite maintained high performance for several 
cycles, with efficiency decline becoming significant after 
the 6th–7th reuse cycle. This reduction correlated well with 
the structural degradation observed in SEM images. Fur-
thermore, the presence of competing compounds caused a 
moderate decrease in performance, indicating the sensitiv-
ity of reactive species consumption but also confirming the 
composite’s applicability under more complex wastewater 
conditions.

Finally, evaluation using real hospital wastewater dem-
onstrated substantial reductions in COD and TOC, high-
lighting the practical applicability and high treatment 
potential of the synthesized composite. Overall, this study 
demonstrates that the waste-derived AC@CuFe2O4@
MCM-41@GQD composite is an effective, stable, and 

sustainable material for pharmaceutical pollutant removal 
within microphotoreactor systems, offering strong promise 
for real-world wastewater treatment applications.
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