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Abstract: - Metal–organic frameworks exhibited high-performance since can be easily produced in organic 
substances/metal deposits with enlarged surface area. These properties provide the doping of metal 
nanocomposites into the porous structure to improve the photocatalytic performance. Therefore, in this study, in 
order to photodegrade the phosphorous two flame retardants namely tris–(2,3-dichloropropyl)phosphate 
(TDCPP) and tris–(1,3-dichloro-iso-propyl)phosphate (TDCIPP); NiFe2O4-based magnetic covalent organic 
framework nanocomposite (MCOF NC) was generated under laboratory conditions. SEM images showed that 
the NiFe2O4-MCOF nanospheres exhibited fascinating angular and crumpled surfaces with holes, cavities and 
hollow spaces in the nanocomposite. Both of the NiFe2O4 and NiFe2O4-MCOF NC were composed of C, N, O, 
Fe, and Ni elements. XPS spectrum of Ni 2p orbital contained two major peaks with binding energy values araund 
873.4 eV and 15855.5 eV. A significant weight loss in the nanocomposite was not detected (~2.20%) while an 
optimal exothermic peak for NiFe2O4–MCOF NC occurred during photodegradation. For maximum TDCPP 
(99%) and TDCIPP (98%) photodegradation efficiencies the optimazed conditions for contact time, temperature, 
NiFe2O4–MCOF NC concentration, TDCPP and TDCIPP pollutant concentrations and pH should be 5 min, 
40oC, 1.0 mg/l, 1500 mg/l and 5.0, respectively. The photodegradation occurred according to pseudo-first-order 
reaction kinetic with excellent reusability of NiFe2O4–MCOF NC. Pseudo-first-order photodegradation kinetic 
showed that the maximum photodegradation rate constants for 1500 mg/l TDCPP and TDCIPP was detected as 
0.09 min-1 by 1 mg/l NiFe2O4–MCOF NC. Kinetic studies with adsorption showed although adsorption was 
detected the majority of pollutants were removed with protodegradation since photodegradation kinetic constants 
was approximately 8 time higher than that adsorption constants. This showed that photodegradation is the main 
removal of degradation mechanisms in the removal of TDCPP and TDCIPP under UV ligth. The chronic toxicity 
of TDCPP and TDCIPP converted to the ″not harmful″ range since their degradation intermediates are 
significantly less toxic. The aforementioned nanocomposite was reused with yields as high as 99% and 97% for 
TDCPP and TDCIPP photodegradation, respectively, after 15 cycles. 
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1 Introduction
The use of phosphorus-based flame retardants (PFRs) 
is increasingly common in plastics, textiles, and 
furniture productions. 1,2 Tris(1,3-dichloropropyl) 

phosphate (TDCPP) is a PFR containing halogen. 
These PFRs have been replaced by brominated flame 
retardants (BFRs), which are used in agricultural 
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equipment and packaging materials. TDCPP is one of 
the most commonly detected PFRs in environmental 
and food-related settings. Studies in the literature have 
revealed that this substance is found in irrigation 
water, soil, and even agricultural products. This has 
led to increase its absorption by plants and subsequent 
entry into the food chain. Tris–(1,3-dichloro-iso-
propyl) phosphate (TDCIPP) replaces with penta-BDE 
in flexible polyurethane foam and is the most 
prevalent PFR detected in baby products containing 
flexible polyurethane foam. TDCIPP is a chlorinated 
analog of tris(2,3-dibromopropyl) phosphate (Tris) 
which is one of the most detected organophosphorus 
flame retardants (OPFRs) in the environment, [1], [2]. 

The United States Environmental Protection 
Agency (USEPA) estimated and reported that in 2006 
the annual production of TDCPP and triphenyl 
phosphate (TPP) in the United States was between 10 
and 50 million pounds. TDCIPP is a persistent organic 
pollutant and can leach from agricultural plastics and 
foams used in greenhouses, storage facilities, and 
irrigation systems, [3]. 

Owing to adverse biological effects, TDCIPP was 
subject to a European Union risk assessment process 
under an Existing Substance Regulation (EEC 793/93) 
(Regulation 1993), [4]. Recently, it has been 
determined that TDCIPP causes phenotypic changes 
and thyroid hormone imbalance in zebrafish larvae, 
which in turn leads to behavioral abnormalities during 
zebrafish embryonic development. In addition, 
TDCIPP has been detected in aquatic biota and 
humans at levels as high as 6 ppm, [5], [6].  

Exposure to TDCPP does not significantly affect 
the cell viability until at concentration > 68 μg/ml. 
HCECs show a 16% cell viability loss after exposing 
to 136 μg/ml TDCPP, [4], [5]. However, TDCPP 
causes a sharp decrease in viable cell count (87%) after 
exposure to ≥ 272 μg/ml TDCPP. Based on cell 
viability, the LC50 value for TDCPP is 202 μg/ml using 
a nonlinear regression. Anti-apoptotic Bcl-2 protein 
expression increased 1.4-folds after exposing to 2 
μg/ml TDCPP, However, significantly decreased at 
200 μg/ml compared to the control samples. The 
caspase-3 activity increased to 2.1 μM, while cell 
viability and toxicity are affected at higher 
concentrations (IC50 of 171 μM and 168 μM, 
respectively), [7], [8]. Graphene oxide (GO) has been 
reported to significantly reduce the mortality and 
disability rates in zebrafish caused by TDCIPP, by 
82% and 48%, respectively, [9].  

In a study the photodegradation of TDCPP was 
performed by using 50 mg/l titanium dioxide (TiO2) 
nanoparticle concentration under UV irradiation, by 
taken into consideration the effects of electrolytes, 
such as NaCl and NaBr, pH, and temperature, [10]. 

TiO2 NPs degraded the TDCPP within 60 min, 
achieving nearly complete mineralization and release 
of chloride ions (Cl−). The decomposition rate 
decreased inversely as the initial TDCPP 
concentrations was increased, while it increased 
proportionally as the TiO2 dosages was increased. 
Acidic conditions enhanced the photodegradation, the 
presence of electrolytes caused nanoparticle 
aggregation, increasing particle size and thus reduce 
the photocatalytic efficiency. Chloride (Cl−) and 
bromide ions (Br−) acted as radical scavengers, 
inhibiting the formation of reactive hydroxyl radicals 
(OH●). Remarkably, 89% of the total organic carbon 
(TOC) was removed from the TDCPP after 60 minutes 
of UV irradiation.  This indicates the mineralization of 
TDCPP into carbon dioxide and water. The 
degradation intermediates were analyzed using 
ultrahigh-performance liquid chromatography 
(UHPLC), and two byproducts were identified after 10 
min of treatment. Acute and chronic toxicity analyses 
revealed that TDCPP’s intermediates were nontoxic. 
Density functional theory (DFT) calculations provide 
information about electronic structures and decay 
pathways.  

Tris(1-chloro-2-propyl) phosphate (TCIPP) is 
persistent while TCPP–OH shows the highest 
improvement in biodegradation and photodegradation 
(55.48% and 46.37%, respectively), [11]. In biological 
degradation pathway and photodegradation pathway 
simulations, it was found that the energy barrier for 
breaking the phosphate bond in TCPP–OH decreased 
by 15.73% and 52.52%, respectively, compared to 
TCPP after modification. The biodegradability and 
photodegradation efficiency of TCPP–OH was 
measured to be approximately 75.52% and 77.88%, 
respectively.  

In order to remove the TDCPP in aquatic 
environments effective treatment, techniques should 
be developed.  In a study some removal mechanisms 
and toxicity lowering processes were applied for 
TDCPP degradation through UV-driven hydrogen 
peroxide process (UV/H2O2). The results of this study 
revealed that the decomposition efficiency of TDCPP 
with 0.5 mM H2O2 reached 88%, which corresponds 
to a reaction rate constant (k) of 0.04919 min−1, [12]. 
The widespread presence and ecotoxic properties of 
TDCPP in aquatic environments necessitate the 
development of effective and relevant treatment 
techniques. In a study the results showed that the 
degradation efficiency of TDCPP reached 95% with 
0.5 mM H2O2, corresponding to a reaction rate 
constant (k) of 0.04919 min−1, [13]. Furthermore, three 
typical chlorinated OPEs (Cl-OPEs) were 
simultaneously degraded by the UV/H2O2 process, 
with different degradation efficiencies, according to 
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the following order: TCEP < TDCPP < TCPP. The 
degradation efficiency was restricted under alkaline 
condition and in the presence of humic acid (HA), 
nitrate (NO3

–), chloride (Cl-), sulfate (SO4
2-), and 

dihydrogen phosphate (H2PO4
-). In the 

aforementioned study, a total of 12 intermediates 
formed via different pathways, including bond 
breaking, hydroxylation, and oxidation reactions, were 
identified for TDCPP flame retardant. Therefore, it has 
been determined that longer oxidation times are 
needed in the UV/H2O2 treatment to reduce the 
toxicity of TDCPP. 

Another study investigated the basic reaction 
mechanisms of typical OPFRs–Tris-(1-chloro-2-
propyl) phosphate (TCPP) – under UV/H2O2 
conditions,[14]. Particular attention was paid to the 
multi-element (C, H, and O) isotope fractionation 
during UV/H2O2 decomposition, [14]. Results showed 
that TCPP was rapidly degraded in UV/H2O2 system 
with OH● radical as the main reactive oxygen species 
(ROS), leading to a significant oxygen isotope 
fractionation (∆δ18O = −2.98‰, εO = +2.6 ± 0.50‰). 
Furthermore, phosphorus-oxygen (P-O) bond 
cleavage was found to be the rate-limiting step through 
the DFT calculations. No observable hydrogen isotope 
fractionation and remarkable carbon isotope 
fractionation (∆δ13C = 1.50‰, εC = −1.9 ± 0.40‰) 
indicated that carbon-chlorine (C-Cl) bond rather than 
carbon-hydrogen (C-H) bond cleavage was a rate-
limiting step. Multi-element CSIA revealed that the 
UV/H2O2 degradation of TCPP initiated by the 
breaking of P-O and C-Cl bonds. In a study, by 
combining multi-element CSIA with DFT process is 
very important mechanisms to determine fate of TCPP 
in various environments, [14]. 

In these studies, during the degradation of TDCPP 
and TDCIPP low removal yields were detected like 
69% and 86%, respectively, using UV/H2O2. Fe3O4 
nanoparticles are widely used as magnetic adsorbent 
materials due to their ease of preparation, controllable 
size, and superparamagnetic properties. However, 
these iron oxide magnetic nanoparticles are prone to 
clumping and to the oxidation in acidic environments. 
This can lead to a loss of dispersibility and magnetism 
of the Fe3O4 nanoparticles. This negatively impacts 
their practical applications, [14]. NiFe2O4, a spinel 
ferrite, is emerging as a promising alternative due to 
its moderate saturation magnetization, cost-
effectiveness, prevention of aggregation, easy 
recovery, high mechanical hardness, and stability, 
[15]. Coating NiFe2O4 with porous materials such as 
carbon-based nanomaterials, metal-organic 
frameworks, and covalent organic frameworks (COFs) 
the adsorption capabilities can be further enhanced, 
[16]. COFs, were typical representatives of new 

porous materials, possess significant advantages like 
structural order and crystallization, high specific 
surface area, adjustable pore size, good modifiability, 
thermal stability, and chemical stability, [17]. They 
have great potential in the development of structural 
characteristics and properties, and has become a 
research hotspot in the field of adsorption and analysis 
in recent years. In particular, functionalizing COFs 
and enhancing their hydrophilicity can expand their 
utility in magnetic separation, enhancing adsorption 
affinity and retardants specificity for target analytes. 
Liao et al. prepared a magnetic COFs named 
NiFe2O4@TAPB-TPA and used as an MSPE 
adsorbent for extraction of tetracycline antibiotics, 
[18]. The limits of detection (LODs) were 0.09–0.26 
μg/l, with recovery rates of 91.60–102.70%. Xiang et 
al. prepared a hydrophobic molecularly imprinted 
magnetic material (MI-MCOF) with excellent affinity 
and removal for bisphenol A, [19]. The MSPE method 
based on MI-MCOF NCs had good application effects 
in environmental water like beverages and human 
urine samples at LOD values of 0.020 μg/l at recovery 
rates of 83.50–110%. Since limited studies was 
detected on magnetic COFs with NiFe2O4, the 
synthesis methods are relatively complex, time-
consuming, and highly polluting. The advantages of 
NiFe2O4 based COFs have not been yet fully exploited 
because they have primarily been utilized for 
analyzing pollutants in liquid samples with simple 
substrates, [20]. There is a great challenge in reducing 
of complex animal-derived food substrates using 
NiFe2O4 – MCOFs. Therefore, further advanced 
studied should be performed. 

Therefore, this study aimed to develop a selective, 
sensitive, and effective photodegradation method 
based on magnetic NiFe2O4-COF synthesized through 
a green approach for simultaneous photo-removal of 
TDCPP and TDCIPP. The main points of this work 
include: (1) Using a green mechanical grinding 
method to fabricate NiFe2O4 based magnetic 
functional chemical organic framework 
nanocomposite, (2) Determining the physicochemical 
properties of the NiFe2O4- MCOF NC, (3) 
Investigating the effects of some operational 
conditions on photo-removals of TDCPP and 
TDCIPP, (4) Finding of the reusability of the NiFe2O4-
MCOF NC.   
 
 
2 Materials and Methods  
 
2.1 Synthesis of NiFe2O4 Nano-catalyst (NC)  
The synthesis of NiFe2O4 nano-catalyst has been 
described elsewhere, [21], [22]. Our method is 
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presented with slight modification. The NiFe2O4 nano-
catalyst was synthesized via ultrasonic-assisted co-
precipitation method followed by calcination. First, 5 
mmol of Fe(NO3)3.9H2O was dissolved in 10 ml 
distilled water. In the following, 5 mmol of 
NiCl2.7H2O was dissolved in 10 ml of distilled water. 
Then, two solutions were mixed in a 50 ml beaker. 
After that, octanoic acid (2 ml, as a surfactant) was 
slowly poured into the solution. In the next step, 
NaOH solution (2 M) was dropwise added to the 
aforementioned mixture with regularly stirring. The 
pH of the solution was increased to 8.0–9.0. The 
solution was ultrasonically treated after the entire 
sedimentation. The optimum time of sonication for 
crystalline phase generation of nanoparticles was 
acquired at 60 min/30oC (250 W, 40 kHz) in this 
process. Finally, the obtained pink product was 
gathered with a centrifuge (3000 rpm, 15 min) and 
rinsed several times by ethanol and distilled water in 
sequence, and then calcined at 600oC for 4 h to 
eliminate any organic residue. 
 
2.2 Preparation of NiFe2O4 – MCOF NC 
In the preparation of NiFe2O4; FeCl3.6H2O (0.84 g), 
CO(NH2)2 (0.96 g), and NiCl2.6H2O (0.50 g) was 
dissolved in a Teflon-lined autoclave with 1000 ml 
deionized water, followed by a vigorous stirring for 60 
min. The obtained solution was heated to 180°C for 10 
h, which was homogeneous and yellow. After cooling 
to room temperature, the product was collected by a 
magnet and washed two times with ethanol and 
ultrapure water, respectively. Finally, the magnetic 
NiFe2O4 was dried in a vacuum oven at 50°C for 10 h. 
 
2.3 Experimental Procedures 
Experiments were conducted in a photochemical 
reactor equipped with four 10 W UV lamps at an 
irradiation wavelength of 254 nm. The batch 
experiments were conducted in 15 ml transparent glass 
test tubes. The TDCPP and TDCIPP concentrations 
were increased from 500 mg/l up to 3000 mg/l while 
the photodegradation time elevated from 5 min up to 
15 min. NiFe2O4–MCOF NC concentrations varied 
between 0.1 and 2.0 mg/l. The pH and temperature 
were increased from 4.0 up to 8.0 and from 20oC up to 
70oC, respectively. 8.0 ml of increasing TDCPP and 
TDCIPP and 2.0 ml of increasing NiFe2O4–MCOF NC 
were put in to photochemical reactor at a total volume 
of 10 ml. The photodegradation experiments were 
performed at increasing temperatures. Prior to 
irradiation, the suspension was stirred in the dark for 
10 min to achieve an adsorption−desorption 
equilibrium between TDCPP, TDCIPP and NiFe2O4–
MCOF NC.  
 

2.4 Analytic Methods 
At the selected time intervals, 1 ml of the sample was 
removed, mixed with 3 ml of hexane, extracted using 
a vortex orbital mixer for 30 min, followed by 
centrifugation, and analysed using a gas 
chromatograph (GC, Agilent 6890) equipped with an 
electron capture detector (ECD). After TDCPP and 
TDCIPP extractions, the hexane extract phase of the 
TDCPP and TDCIPP were placed into autosampler 
vials and analysed by GC-ECD. The column was DB-
5 (30 m × 0.32 mm) with a 0.25 mm film. The carrier 
gas was ultrahigh-purity N2 (99.999%), with a flow 
rate of 7 ml/min. The injector temperature was 280°C, 
and the oven temperature was 100°C, ramped at 
40°C/min to 280°C. The detector temperature was 
280°C. The retention time of TDCPP and TDCIPP 
were in the range of 3.2−3.3 min and 2.8-3.00 min, 
respectively.  

The degradation by-products of TDCPP and 
TDCPP generated during the photocatalytic process 
were analysed using the ultrahigh-performance liquid 
chromatography (UHPLC) system (Waters 
Corporation, Milford, Massachusetts) coupled with an 
Orbi trap Elite Hybrid Mass Spectrometer and 
Orbitrap Fusion Lumos Tribrid Mass Spectrometer 
(Thermo Fisher Scientific, Bremen, Germany). 
Aliquots from each reaction time were collected, 
combined into a single solution, and then filtered using 
a 0.22 μm PVDF membrane filter to remove the 
catalyst particles prior to analysis. The identification 
of degradation intermediates was subsequently 
performed using an UHPLC system.  

The Cl− in the solution was measured by a Thermo 
Elemental VG PQ ExCell (Thermo Electron) ICP-MS. 
The samples were pre-rinsed 3 times with 10% HNO3 
(Trace Metal Grade, Fisher Scientific) followed by 
washing 3 times with ultrapure water. ICP-MS 
acquisition parameters are instrument detector: 
simultaneous, dynamic range for chloride: 100–20,000 
µg/l, acquisition mode: continuous, peak jumping, No. 
sweeps: 100, dwell time: 30 ms, channels per mass: 1, 
acquisition duration: 3.00 s, channel spacing: 0.02 
amu, main scan region: 35Cl (34.96 amu), respectively. 

The detection method of ion chromatography has 
high sensitivity and selectivity, but it requires high 
water quality and is only suitable for testing clean 
water samples. An ultraviolet detector and a 
conductivity detector were combined to effectively 
improve the sensitivity of Cl− detection. The 
concentration of Cl− had a good linear relationship 
with its peak area. The lower limits for detection and 
quantification were 9.87 × 10−5 mmol/l and 3.27 × 10−4 
mmol/l, respectively, with ion chromatography (IC, 
Model 861 Advanced Compact IC, Switzerland). 
After photodegradation, 3 ml TDCPP and TDCIPP 
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containing treated samples were added to a 15 ml 
centrifuge tube, placed in an auto sampler, and 
analysed by IC. 
 
2.5 Separation of NiFe2O4–MCOF NC from 

the Treated Samples 
All extraction experiments were conducted in 50 ml 
centrifuge glass tubes. 6 mg of NiFe2O4–MCOF NC 
was dispersed into 15 ml wastewater samples. The 
mixture solution was incubated for 30 min by a slow-
moving platform shaker at room temperature. Then, 
the NiFe2O4–MCOF NC was collected by applying a 
magnet to the outer wall of the vial and the supernatant 
was discarded. Afterwards, the analytes were desorbed 
from the NiFe2O4–MCOF NC with 2.5 ml of methanol 
under static for 10 min, and the eluate was collected 
by magnetic separation. The collected eluate was dried 
with a gentle stream of nitrogen (N2) at room 
temperature. Finally, the analytes (BFRs) were 
redissolved in 0.6 ml of methanol. 
 
2.6 Toxicity Analyses of TDCPP and TDCIPP 
Toxicity Analyses of TDCPP and TDCIPP using the 
Ecological Structure Activity Relationships 
(ECOSAR) predictive program, the structural data of 
TDCPP and its degradation products were analysed to 
assess the toxicity levels. This assessment involved the 
comparison of TDCPP’s and TDCIPP’s acute and 
chronic toxicities against established toxic chemicals 
affecting trophic levels namely daphnid, fish and 
green algae, [23], [24], [25], [26], [27]. An EC50 
indicates the concentration needed to cause 50% 
mortality in green algae after 96 h, while LC50 denotes 
the concentration that results in 50% mortality in 
daphnids and fish after 48 and 96 h, respectively. The 
ChV reflect long-term cumulative effects of these 
chemicals in living organisms. Toxicity was 
categorized into four levels: very toxic, toxic, harmful, 
and not harmful, as summarized in Table 1. 

* Table 1 can be found in the Appendix section. 
 
2.7 Kinetic Studies  
 
2.7 1 Adsorption 
Solute adsorption by a solid in aqueous media 
typically takes place UV with complicated kinetics. 
The rate of photo-adsorption under is strongly 
impacted by a number of parameters relevant to the 
state of the solid and the physicochemical conditions 
under that the adsorption happens, [28].  

Moreover, photocatalysis is a time-dependent 
operation and it is essential to measure the 
photocatalysis rate for designing and assessing the 
catalyst in eliminating the contaminants from 

solutions, [29]. The photo adsorption processes of 
TDCPP and TDCIPP to NiFe2O4–MCOF NC were 
investigated by three kinetic models, namely intra-
particle diffusion, pseudo-second-order, and pseudo-
first-order.  

The pseudo-first-order kinetic model can be 
described by the formula given below, [30], [31], [32], 
(Eq. 1): 
 
𝐿𝑜𝑔(𝑞𝑒 −  𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 − (𝑘1 2.303⁄ )𝑡(1) 
 

Where, qe and k1 refer the capacity of removal at 
equilibrium (mg/g) and rate constants of the pseudo-
first order (min-1), respectively. qt and t are the 
removal capacity at time t (mg/g) and time of 
adsorption (min), respectively. The values of k1 and qe 

are acquired from slope and intercept.  
Based on pseudo-second-order kinetic model, the 

rate of photo-adsorption relies upon both adsorptive 
sites of adsorbent and solute molecules and 
corresponds to the square product of the difference 
between the available sites on the adsorbent and the 
number of occupied sites at equilibrium. The 
formation of the chemical bond between the solute 
molecule and the adsorptive site is known as the rate-
limiting step. The following equation can describe the 
pseudo-second-order kinetic model, (Eq. 2): 
 
𝑡 𝑞𝑡⁄ =  1 𝑘2𝑞𝑒

2⁄ + (1 𝑞𝑒⁄ )𝑡(2) 
 

Where, k2 is the adsorption rate constant of pseudo-
second-order kinetic.  

The model of intra-particle diffusion is employed 
to comprehend the process of diffusion. This model 
describes the solute diffusion from the aqueous phase 
to the outer surface and thereafter into the inner parts 
of the pores of the adsorbent because several steps are 
counted during adsorption. The intra-particle diffusion 
model is explained by the following equation, (Eq. 3): 
 
𝑞𝑡 =  𝑘𝑑𝑖𝑓√𝑡 + 𝑐(3) 
 

Where, c and kdif denote the thickness of the 
boundary layer and rate constant of the model of intra-
particle diffusion, respectively. 
 
2.7.2 Kinetic studies with Photodegradation  

The reaction rate constant (k) was calculated based on 
the entire degradation period using the pseudo-first-
order kinetic model: 
 
ln(𝐶𝑡 𝐶0⁄ ) =  −𝑘𝑡(4) 
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Here, C0 and Ct represent the initial and final 
concentrations, respectively, and t is the irradiation 
time. 
 
2.8 Density Functional Theory (DFT) 

Computational Details 
Density functional theory (DFT) computations were 
performed using the hybrid functional B3LYP 
method, [33], [34]. The 6-311G(d,p) basis sets, [35], 
were employed in the Gaussian 09 program to perform 
a thorough geometry optimization without symmetry 
constraints. The optimized structure was visualized 
using GaussView 5.0.8, [36]. Additionally, the natural 
bond orbital analysis was used for population analysis 
at the B3LYP/6-311G(d,p) level of theory using the 
Gaussian 09 software package. 

All experiments were carried out three times and 
the results are given as the means of triplicate 
samplings. The data relevant to the individual 
pollutant parameters are given as the mean values. 
 
 
3 Results and Discussions 
 
3.1 Photodegradation Mechanism 
The detailed photodegradation mechanism of 
NiFe2O4-MCOF NC was schematically illustrated in 
Figure 1.  
 

* Figure 1 can be found in the Appendix section. 
 

When NiFe2O4–MCOF NC photocatalyst is 
irradiated by UV light, photo-electron moves from the 
valence band (VB) of the nanoparticle to the empty 
conduction band (CB). This photon has the energy 
(hυ) equal to or greater than the band gap. Thus, a hole 
is created in VB (hVB+) and an electron (eCB-) in CB 
generated as shown in Figure 1 The hole formed in the 
VB, further reacts with H2O, then produce OH● free 
radical, which act as a powerful oxidizing agent and 
oxidize adsorbed TDCPP and TDCIPP molecules 
which are in the near vicinity of NiFe2O4–MCOF NC 
surface. Meanwhile, the electrons in (eCB-) CB, react 
with O2 and produce O – 2 ● radicals, which increase the 
speed of the oxidation process. The O – 2 ● radicals also 
prevent electron-hole recombination and help in 
maintaining electrical neutrality in NiFe2O4–MCOF 
NC. During the degradation reaction, O – 2 ●, further 
reacts with H+ formed in the reaction. The protonated 
hydroperoxyl radical (HO2 - ●), ultimately produces 
highly reactive OH● radical. The generated OH● 
radicals constantly attack the TDCPP and TDCIPP 
structure at different sites like N=N groups, ‘Cl' atoms, 
un-saturation points, etc. During the constant attack of 

OH● radicals, the TDCPP and TDCIPP get into stable 
and hazard free products, [37].  
 
3.2 Characterization of NiFe2O4 and NiFe2O4–

MCOF NC   
 
3.2.1 SEM Results 

SEM was adopted to characterize the information of 
morphology and structure of the fabricated NiFe2O4 
and NiFe2O4–MCOF NC nanomaterials. The 
representative SEM micrographs are shown in Figure 
2a and 2b. As indicated in the low magnification SEM 
images (Figure 2a and 2b), it was apparently 
demonstrated the products were constituted 
principally by large amounts of submicronic spherical 
NiFe2O4 particles with relatively uniform particle size 
and uniform dispersion. Figure 3b at higher 
magnifications reveals the further details of surface 
morphology for NiFe2O4–MCOF NC. It was evident 
that the NiFe2O4 nanospheres exhibited fascinating 
angular and crumpled surfaces, which were markedly 
distinct from those of the previously reported 
NiFe2O4–MCOF NC structures, [36], [37]. 
Furthermore, the SEM images showed the presence of 
holes, cavities and hollow spaces in the NiFe2O4–
MCOF NC and, indicating the hollow mesoporous 
structures can be achieved by a one-step solvothermal 
approach. 
 

* Figure 2 can be found in the Appendix section. 
 
3.2.2 TEM Results 

TEM analysis results showed that NiFe2O4 and 
NiFe2O4–MCOF NC were relatively uniform with 
about 20 nm and 30 nm in diameter, respectively, and 
displayed a polyhedral morphology (Figure 3a and 3b, 
respectively). Metal organic framework 
nanocomposite was successfully coated on the core of 
NiFe2O4. 
 

* Figure 3 can be found in the Appendix section. 
 

It is obvious that the NiFe2O4–MCOF NC particles 
have cubic-like morphology and their mean size is 50–
70 nm in size (data not shown).  
 
3.2.3 EDS Results 

The EDS analysis was carried out to explore the 
element composition of NiFe2O4 and NiFe2O4-MCOF 
NC. Both of the NiFe2O4 and NiFe2O4–MCOF NC 
were composed of C, N, O, Fe, and Ni elements 
(Figure 4a and 4b). The element mass percentage 
(wt%) of NiFe2O4 and NiFe2O4@MCOFs was 6.99, 
0.08, 15.99, 57.68, and 24.19 and 49.88, 1.56, 22.44, 
22.01, and 10.06, respectively. As the contents of Fe, 
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C, and O elements of NiFe2O4–MCOF NC increased, 
the results proved that the magnetic organic 
framework nanocomposite increased by a covalent 
reaction and the successful modification of the 
NiFe2O4 surface was occurred, [38]. 
 

* Figure 4 can be found in the Appendix section. 
 
3.2.4 XPS Results 

To corroborate the successful synthesis of NiFe2O4 
nanospheres and NiFe2O4–MCOF NC, the XPS 
characterizations were performed to investigate the 
surface composition and chemical state analysis. The 
survey scan XPS spectrum shown in Figure 5a 
evidently revealed the existence of Fe, Ni, O, C and N 
elements according to the observed binding energy 
peaks. In the narrow scan XPS spectrum of Fe 2p 
orbital (Figure 5b), the prominent peaks located at 
710.4 eV and 724.1 eV were ascribed to the core levels 
of Fe 2p3/2 and Fe 2p1/2 of divalent Fe signals, 
respectively, [39], [40]. As illustrated in Figure 5c, the 
narrow scan XPS spectrum of Ni 2p orbital contained 
two major peaks with binding energy values at about 
873.4 eV and 855.5 eV accompanied by their 
corresponding shakeup satellite peaks of 879.8 eV and 
861.6 eV, which can be referenced to Ni 2p1/2 and Ni 
2p3/2 of trivalent Ni signals, respectively (Figure 5d). 
From the aforementioned results, it was further 
verified that the NiFe2O4 nanospheres have been 
successfully fabricated after the solvothermal process. 
 

* Figure 5 can be found in the Appendix section. 
 
 
3.2.5 FT-IR Results 

The synthesized magnetic materials were further 
characterized by FT-IR to determine the functional 
groups of NiFe2O4, NiFe2O4–MCOF NC. The obvious 
absorption peaks at 415 and 606 cm−1 were assigned 
to the stretching vibrations of Fe–O and Ni–O (Figure 
6). The band of 1688 and 1694 cm−1 were attributed to 
carboxyl (C=O) stretching vibration. The stretching 
vibration of C–H of aldehyde group was at 2827 cm−1, 
and N–H band of the free amino group were at 3318 
and 3393 cm−1 (Figure 6). The peaks at 1167 cm−1 
were assigned to C–N deformation vibration of amide 
bond. The peaks at 1596 cm−1 were ascribed to C=N 
stretching vibration. These results imply the 
generation of MCOF shells via covalent reaction of 
TDCPP and TDCIPP. 
 

* Figure 6 can be found in the Appendix section. 
 
As aforementioned, the FT-IR spectra of NiFe2O4–

MCOF NC and NiFe2O4 are displayed in Figure 6. The 

main bands of octanoic acid (Figure 6) include 
broadband at 2650–3450 cm-1 corresponding to the 
stretching vibration of the O–H band at 1718 cm-1 
corresponding to a carbonyl group. Bands at 1381 and 
1461 cm-1 also respectively refer to the bending 
vibrations of CH3 and CH2 groups. A band at 941 cm-

1 and two bands at 1220–1330 cm-1 can be assigned to 
out of plane bending of the O–H group and the 
stretching of C-O, respectively. The Bands around 876 
cm-1 and 598 cm-1 are respectively related to O-M-O 
bending vibration and (M: metal) M-O stretching 
vibration of NiFe2O4 -MCOF NC, [41]. 
 
3.2.6 Nitrogen Adsorption-Desorption Isotherm 

The nitrogen adsorption-desorption isotherm was 
carried out to investigate the porosity of NiFe2O4 
NiFe2O4–MCOF NC (Figure 7). The BET surface area 
and the pore volumes of the prepared NiFe2O4–MCOF 
NCs were 161.20 m2/g and 0.47 cm3/g, respectively. 
The pore size was about 8.50 nm. The NiFe2O4–
MCOF NC displayed the adsorption isotherm, which 
revealed the presence of mesoporous. 
 

* Figure 7 can be found in the Appendix section. 
 

Fig. 7: signifies a type III isotherm with an H3 
hysteresis loop. The emergence of this type of 

hysteresis is because of slit-like pores with 
nonuniform size and/or shape 

 
3.2.7 VSM Curves of NiFe2O4–MCOF NC   

The VSM curves of NiFe2O4–MCOF NC were shown 
in Figure 8. The saturation magnetization of 
NiFe2O4/organic framework nanocomposite (21.21 
emu/g) was lower than that of NiFe2O4 (33.98 emu/g), 
which was due to the NiFe2O4–MCOF NC shell 
obtained through the covalent reaction of TDCPP and 
TDCIPP and successfully covered the surface of 
NiFe2O4. However, as shown in the inset of Figure 8, 
NiFe2O4–MCOF NC could be quickly and completely 
separated from the sample solution by external 
magnets in a few seconds. 
 

* Figure 8 can be found in the Appendix section. 
 

The magnetic property of the synthesized 
photocatalyst was measured utilizing a VSM. Figure 8 
also presents the hysteresis loop of NiFe2O4–MCOF 
NCs with a magnetic field of 15,000 to 15,000 Oe at 
room temperature. As illustrated in Figure 8, the 
saturation magnetization (Ms) of NiFe2O4–MCOF NC 
was about 31 emu/g, while its coercivity (Hc) was 
about 100 Oe. The magnetization profile for the 
prepared NiFe2O4–MCOF NC showed a tiny 
hysteresis behaviour and also had a small value of 
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coercivity field and residue magnetization. This 
corroborates that the NiFe2O4–MCOF NC shows super 
paramagnetic characteristics at room temperature. 
This is caused by the NiFe2O4–MCOF NC 
demonstrating superparamagnetic characteristics 
when they are smaller than the critical size of the 
magnetic domain size. 
 
3.2.8 TGA Analysis 

The thermal stability of NiFe2O4–MCOF NC was 
evaluated by TGA. Figure 9a shows that the weight 
loss of NiFe2O4 and NiFe2O4-MCOF NC were about 
4.60% and 5.55% as the temperature was increased 
from 45 to 800°C, respectively. The very little weight 
loss of NiFe2O4 could be attributed to the loss of 
adsorbed water and the evaporation of the solvents that 
are incorporated into the NiFe2O4 frameworks. 
However, a slightly weight loss (~8.20%) with a low 
exothermic peak for the NiFe2O4–MCOF NC has 
occurred. 
 

* Figure 9 can be found in the Appendix section. 
 

The NiFe2O4–MCOF NC show very small change 
in weight within a temperature interval of 100–810°C, 
that reveals high phase and temperature stability. The 
percentage of reduced masses of the coated samples 
are 2. 90% and 3.20%, respectively. The additional 2% 
reduction in mass of the MCOF NC was detected in 
coated NiFe2O4 sample. The minimum weight loss of 
the coated samples at higher temperatures shows a 
great thermal stability. 

The materials exhibited degradation in three phases 
versus high temperatures. For NiFe2O4-MCOF NCs, 
the primary step below 200oC accounts for moisture 
loss on the surface of spinel ferrite, [42]. The second 
decomposition between the temperature of 31–184oC 
was attributed to chemicals absorbed during ferrite 
preparation and the breakdown of the NiFe2O4 
complex, [43]. The third degradation step at 
temperatures of 519–646oC and 642–681oC was due to 
the loss of the metal-oxygen bond, [43]. Usually, 
complete thermal decomposition of spinel ferrite 
nanoparticles occurs at a temperature of less than 
700oC, and the results of the current study agree with 
the previous thermal stability curve of spinel ferrites, 
[44], [45], [46], [47]. The fourth degradation step 
occurred above 665oC and TDCPP and TDCIPP photo 
degradation chemicals were strongly attached to 
NiFe2O4 NCs, [43], [48], [49]. Based on the 
temperature used for carbonization of TDCPP and 
TDCIPP, the pyrolysis temperature of the synthesized 
NiFe2O4–MCOF NC was within the range of 550oC. 
 

3.2.9 DTA Analysis 

The thermal analysis was performed in three diff erent 
phases. The initial weight loss of 2.50% at between 
100–250°C corresponds to the reduction of water 
molecules and -OH ions from the particle surface. In 
the second phase of temperature range at between 
450–580°C, the weight loss of 3.09% occurred due to 
the decomposition of the TDCPP and TDCIPP. For the 
further temperature range (320–700°C), the weight 
loss of 3.24% occurred due to the formation of pure-
phase spinel ferrite (Figure 9b). 
 
3.3 Results of Kinetic Studies 
 
3.3.1 Kinetic Studies with Adsorption  

The study of adsorption kinetics of TDCPP and 
TDCIPP on NiFe2O4–MCOF NC was performed by 
the using 3 kinetic models namely intra-particle 
diffusion, pseudo-first-order, and pseudo-second-
order (Table 2)  
 

* Table 2 can be found in the Appendix section. 
 

The kinetic model fitted for pseudo-second-order 
exhibited a greater regression coefficient (R2 > 
0.9983) than that pseudo-first-order kinetic model (R2 
> 0.9765) and intra-particle diffusion kinetic (R2 = 
0.805) during TPCPP degradation. Additionally, the 
calculated value of qe (24 mg/g) for the pseudo-
second-order model is close to the experimental value 
(23.72 mg/g), indicating good fitness of the 
experimental data with this model. This qe (24 mg/g) 
is significantly higher than that found in pseudo-first-
order kinetic (qe = 9.1 mg/g) with higher k2 values 
(0.115 min-1) than the aforementioned kinetics (k1= 
0.014 min-1 and kdiff =0.008 min-1 for pseudo first order 
and intraparticle diffusion, respectively) for TPCPP 
removal.   

During TDCIPP adsorption the kinetic model fitted 
for pseudo-second-order exhibited a greater regression 
coefficient (R2 > 0.9919) than that pseudo-first-order 
kinetic model (R2 > 0.9840) and intra-particle 
diffusion kinetic (R2 = 0.8145).The qe and k2 values in 
pseudo-second-order kinetic were calculated as 
22.701 mg/g, 0.113 min-1, respectively which was 
higher than that pseudo-first-order kinetic model 
(qe=9.1 mg/g and k1=0.012 min-1) and intra-particle 
diffusion kinetic (kdiff=0.019 min-1), respectively. 

The pseudo-second-order kinetic model indicated 
that the adsorption process is through a chemical 
reaction rather than a physical reaction, [38]. On the 
other hand, it can be stated that the rate of adsorption 
of NiFe2O4–MCOF NC is not restricted by the mass 
transfer from bulk liquid to the surface of particle's 
external only. Moreover, the plotted intra-particle 
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diffusion model for TDCPP and TDCIPP did not pass 
through the origin, suggesting that intra-particle 
diffusion is not the only rate-controlling step for the 
TDCPP and adsorption mechanism on NiFe2O4–
MCOF NC. The adsorption kinetic data results for the 
intra-particle diffusion, pseudo-second-order, and 
pseudo-first-order kinetic models for TDCPP and 
TDCIPP by NiFe2O4–MCOF NC is provided in Table 
2. 
 
3.3.2 Kinetic Studies with Photodegradation  

The pseudo-first-order photodegradation kinetic 
showed that the maximum photodegradation rate 
constants for 1500 mg/l TDCPP and TDCIPP was 
detected as 0.09 min-1 by 1 mg/l NiFe2O4–MCOF NC 
(Table 3). In the evaluation of these values with the 
adsorption kinetic constants, the photodegradation 
kinetic constants was approximately 8 time higher 
than that adsorption constants. This showed that 
photodegradation is the main removal of degradation 
mechanisms in the removal of TDCPP and TDCIPP 
under UV light. The kinetic rate constants decreased 
when the initial TDCPP and TDCIPP concentrations 
increased (Table 3). On the other hand, the reaction 
rate constants increased with an increase in the 
NiFe2O4–MCOF NC from 0.1 to 0.5 and to 1.0 mg/l 
(Table 3). This concentration-dependent compound 
removal was also shown in several earlier studies 
under similar conditions, indicating that the rates of 
photodegradation of contaminants were strongly 
influenced by the number of active sites, [45], [46], 
[47], [49]. The kinetic rate constants of TDCPP and 
TDCIPP decreased owing to increasing competition 
with OH● radicals when the initial TDCPP and 
TDCIPP concentrations were high. Increasing the 
NiFe2O4–MCOF NC concentration up to 1.0 mg/l 
resulted in more active sites during pollutant 
photodegradations 
 

* Table 3 can be found in the Appendix section. 
 

No more kinetic studies were detected about 
photodegradation of TDCPP and TDCIPP by 
NiFe2O4–MCOF NC.  

In a study performed by Mishra et al., [50], 
UV/H2O2-based TDCPP degradation and Escherichia 

coli deaths were investigated. 90% TDCPP and 80% 
Escherichia coli removals was detected after 170 min 
photodegradation in the presence of co-substrate 
namely tris(chloropropyl) phosphate (TCPP) and 
tris(2-chloroethyl) phosphate (TCEP). The lowest and 
highest k values were 1.3 ×10-3 and 3.6 ×10-3 min-1 at 
TCPP concentrations of 10 and 0.10 mg/l, 
respectively. These values were lower tnan the k 
values detected in our study. Biswas et al., [51], 

investigated the structural, optical, and magnetic 
properties of NiFe2O4 for efficient photocatalytic 
degradation of organic pollutants namely methylene 
blue, rhodamine B, and congo Red. 87-80% 
photodegradation percentage was detected for dyes a 
rate constant of 0.0019 min-1 and followed pseudo-
first-order kinetic model. Wang et al., [52], the effects 
of NiFe2O4-based magnetic covalent organic 
framework nanocomposites on the photodegradation 
of brominated flame retardants. The adsorption 
isotherm and the kinetic model were more suitable for 
Langmuir and pseudo-second-order. Low k values was 
detected (1 x 10-5 and 1 x 10-5 min-1) during 69 min 
duration. Low removal yields was detected for 1, 3, 5-
Tris-(p- formylphenyl) benzene (TFPB) (69%) and 
benzidine (Bd) (72%). Nurmayansih et al., [53], found 
that the small band gap energy of NiFe2O4 increases 
the photocatalytic activity of material. Then, the result 
of photodegradation toward 100 mg/l Congo red 
showed 71% removal efficiency at a contact time of 
25 min at pH=5.7 with a photodegradation rate 
constant of 1 x 10-5 min-1. Ganesh et al., [54], 
investigated the photodegradation of azo dyes using 
MoO3/NiFe2O4 nanocomposite. With MoO3/NiFe2O4 
nanocomposite is found a maximum effciency of 
74.47% in 30 min for congo red dye whereas NiFe2O4 
removes only 49.40% and MoO3 52.04% with low k 
values of 1.2 x 10-5 and 1.6 x 10-1 min-1. The 
antibacterial activity of the of Escherichia coli and 
Staphylococcus aureus decreased to 82% and 86%, 
respectively. Derakhshania and Ali Naghizadehb, 
[55], investigated the photodegradation of IBP, IBP 
influence of persulfate on ibuprofen, rhodamine B, 
UDMH, chlorpyrifos, ampicillin and 
sulfamethoxazole using NiFe2O4-based 
nanocomposite. Low photodegradation yields were 
detected (65%-72%) with low photodegradation 
kinetic constants (1 x 10-5 – 1.9 x 10-5 min-1). The 
adsorption and photocatalitic yields aforementioned 
were lower than the our studies performed by 1.0 mg/l 
NiFe2O4–MCOF NC to remove the TDCPP and 
TDCIPP pollutants. 
 
3.4 Effects of Operational Conditions on 

Photodegradation Yields of TDCPP and 

TDCIPP  
 
3.4.1 Effects of Initial TDCPP and TDCIPP 

Concentrations  

The amounts of organic compounds adsorbed on the 
catalyst surface may influence the removal efficiency. 
However, 1500 mg/l TDCPP and TDCIPP 
concentrations did not change significantly the 
photodegradation yields at the beginning indicating 
that TDCPP and TDCIPP would not adsorb onto the 
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1.0 mg/l NiFe2O4–MCOF NC surface in 5 min (Table 
4).  
 

* Table 4 can be found in the Appendix section. 
 

Therefore, we can conclude that the TDCPP and 
TDCIPP concentrations decreased since it was 
adsorbed onto NiFe2O4–MCOF NC surface and 
photodegraded during photodegradation. After 5.0 
min duration, 1.0 mg/l NiFe2O4–MCOF NC almost 
completely degraded TDCPP and TDCIPP under UV 
light irradiation (Table 4). When the initial TDCPP 
and TDCIPP concentrations were around 1500 mg/l, 
almost 99% TDCPP and 98% TDCIPP yields was 
detected after 5.0 min whereas approximately 90% 
TDCPP and 88% TDCIPP degradation was observed 
when the initial pollutant concentration was increased 
to 2000 mg/l under the same conditions. 
 
3.4.2 Effect of pH 

The effects of pH between 4.0 and 8.0 was 
investigated on the photodegradation of TDCPP and 
TDCIPP by 1.0 mg/l NiFe2O4–MCOF NC (Table 5). 
During the photodegradation process, the maximum 
TDCPP and TDCIPP yields was detected at pH=6.0. 
As the solution pH was increased from 4.0 up to 6.0 
the photodegradation yields of TDCPP and TDCIPP 
increased from 45% to 80% and to 99%. Further 
increase of pH to 8.0 the yields decreased 
significantly. The TDCPP and TDCIPP are 
mineralized to form CO2 and water. When CO2 
dissolved in the suspension, it reacted with water to 
form HCO3

− and H+, leading to a decrease in the 
solution pH value. 
 

* Table 5 can be found in the Appendix section. 
 

On the other hand, another significant parameter 
for an adsorbent is the point of zero charge (pHpzc). It 
helps in understanding the phenomenon of adsorption 
and describes the condition at which the surface 
electrical charge density of the adsorbent is equal to 
zero, [48], [56], [57], [58], [59], [60], [61]. The pHpzc 
for NiFe2O4–MCOF NC was determined as 6.0 (data 
not shown). The adsorbent surface becomes negatively 
charged at a pH greater than the pHpzc and positively 
charged at a pH lower than it. In the present study, we 
have conducted photodegradation studies at pH=6.0; 
thereby making the surface of the photocatalyst 
positive. The outcomes demonstrated that the 
adsorption was greater at optimum pH ranges because 
the water solubility of TDCPP and TDCIPP reduces at 
low pH values. At lower pH conditions, the 
electrostatic attractive forces between the anionic 
forms of the positively charged NiFe2O4–MCOF NC 

led to a boost in the adsorption capacity of NPs. At 
higher pHs, repulsion forces between anionic forms of 
TDCPP and TDCIPP and negatively charged 
NiFe2O4–MCOF NC led to a reduction in adsorption 
of pollutants on the surface of the nanocomposite, as 
previously reported by other literatures, [62], [63], 
[64], [65], [66], [67], [68], [69]. Besides, the alkaline 
conditions lead to a decrease in the oxidation potential 
of radicals of OH●. 

If pH was higher than 6.0, the pHpzc of the 
NiFe2O4–MCOF NC and the photodegradation rates of 
TDCPP and TDCIPP became significantly low. 
Because TDCPP and TDCIPP are maintained in its 
molecular state without ionization under different pH 
conditions, the effects of pH variation on 
photodegradation mainly resulted from the 
characteristics of NiFe2O4–MCOF NC. As 
aforementioned when the solution pH was lower than 
pHpzc, the surface of the NiFe2O4–MCOF NC had a 
positive charge, which was more favourable for 
electrons to move from the valence bond (VB) to the 
covalent bond (CB). This is an essential process for the 
photocatalytic activity, [49]. Therefore, the 
recombination of charge carriers was suppressed, 
resulting in more hole carriers in the VB (hvb

+) reacting 
with OH− adsorbed on the surface of the of NiFe2O4–
MCOF NC (OH ads) to generate more OH● radicals. 
 
3.4.3 Effects of Temperature 

The effect of temperature on the photodegradation of 
TDCPP and TDCIPP by NiFe2O4–MCOF NC was 
investigated between 20 and 70°C. The 
photodegradation efficiencies increased with 
increasing temperature (Table 6). It was reported that 
the higher the temperature is, the higher reaction rate 
is not for NiFe2O4–MCOF NC. When the temperature 
reaches 55°C, the reaction rate drops significantly. It 
has been reported that the photocatalytic activity of 
NiFe2O4–MCOF NC increased as the reaction 
temperature increased up to a limit. Then the TDCPP 
and TDCIPP photodegradation rates decreased to 65% 
and 63%. The maximum photodegradation 
efficiencies of TDCPP and TDCIPP was detected at a 
40°C temperature (Table 6). 
 

* Table 6 can be found in the Appendix section. 
 

The photodegradation of TDCPP by P25 NPs was 
investigated at between 20 and 70°C, [47]. The rate 
constants increased with increasing temperature, 
which corresponds to general chemical reactions. The 
k values were used to calculate the activation energy 
of the photodegradation of TDCPP using the 
Arrhenius equation (Eq. 5), [47]:  
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𝑙𝑛𝑘 = 𝑙𝑛𝐴 −  
𝐸𝑎

𝑅𝑇
(5) 

 
Where, k is the rate constant of the pseudo-first-

order model (1/min), A is the Arrhenius coefficient, Ea 
is the activation energy (kJ/mol), R is the gas constant 
(8.314 J/mol·K), and T is the absolute temperature in 
kelvin (oK). The activation energy was determined 
from the slope of the lnk versus 1/T plot. The 
activation energy of the photodegradation of TDCPP 
by P25 NPs was 5.58 kJ/mol (R2=0.992), which was 
relatively low. 
 
 
3.4.4 Effect of Contacting Time 

The effect of contact time on photodegradation 
efficiency was examined using 1500 mg/l TDCPP and 
TDCIPP concentrations and 1.0 mg/l NiFe2O4–MCOF 
NC from 5 min to 60 min. Table 7 showed that an 
increase in the contact time led to a decrease in 
residual TDCPP and TDCIPP concentrations. The 
highest removal efficiency was observed at 5 min. 
There is no previous work on the use of NiFe2O4–
MCOF NC at varying temperatures to can compare the 
present data. As the contact time increases, the rate of 
photodegradation first increases and then becomes 
almost constant. This is due to the aggregation of 
TDCPP and TDCIPP metabolites with the increase in 
contact time, which makes it almost impossible to 
diffuse deeper into the NiFe2O4–MCOF NC structure 
at higher energy sites. This aggregation inhibits the 
influence of contact time as the pores get filled up and 
start offering resistance to diffusion of aggregated 
TDCPP and TDCIPP molecules in the surface of 
NiFe2O4–MCOF NC. It has been seen that the 
equilibration time of 5 min is sufficient since 
maximum photodegradations are attained during this 
period. 
 

* Table 7 can be found in the Appendix section. 
 

Time of irradiation plays a crucial role in the 
elimination of pollutants from wastewater. The impact 
of irradiation time on the percent adsorption of 
individual by NiFe2O4–MCOF NC was examined for 
at increasing pollutant concentrations by increasing 
the time from 5 min up to 60 min. The removal 
efficiencies of TDCPP and TDCIPP photodegradation 
are a function of irradiation time. It was established 
that the photodegradation efficiency decreased during 
increasing irradiation time. The maximum 
photodegradation irradiation time was obtained at 5.0 
min. Actually, it can be found that at 5.0 min the 
molecules of TDCPP and TDCIPP possess a sufficient 

chance for adsorption on the catalyst surface and 
photodegraded utilizing UV irradiation. 
 
3.4.5 Effect of NiFe2O4–MCOF NC Concentration 

Table 8. showed the effect of catalyst dosage on 
photodegradation yields of TDCPP and TDCIPP. The 

degradation efficiency was highest at 1.0 mg/l 
NiFe2O4–MCOF NC concentration (Table 8). At 

higher nanocomposite dosage, the degradation was 
found to decrease. One of the possible reasons might 
be the turbidity of the solution, which increased with 

the amount of catalyst and blocked the photons 
reaching the medium. This phenomenon may result 

to a smaller number of active photoactive species and 
consequently reduction in percentage of degradation. 
Several studies report the photocatalytic rate to first 
rise along with catalyst loading and then deflate at 
high dosage due to unavailable active surface sites 
for exposure and light scattering effects, [47], [48] 

 
* Table 8 can be found in the Appendix section. 

 
By rising of NiFe2O4–MCOF NC dosage, the 

TDCPP and TDCIPP interaction with the catalyst led 
to increase of the TDCPP and TDCIPP 
photodegradation yields. As the NiFe2O4–MCOF NC 
concentration was increased from 0.1 mg/l to 1.0 mg/l 
the pollutant yields increased from 45% up to 99%. 
This can be recognized because of the availability of a 
large amount of local active sites to adsorb molecules 
of TDCPP and TDCIPP. Moreover, utilizing greater 
quantities of the photocatalyst (2.0 mg/l) led to 
decreasing the quantity of adsorbed TDCPP and 
TDCIPP resulting in decreasing of the quantity of the 
photogenerated oxidizing radicals. 
 
3.4.6 Reusability Studies 

The photocatalytic reusability of the synthesized 
photocatalyst was investigated via stability test. The 
photocatalytic reusability test of the photocatalyst was 
studied for TDCPP and TDCIPP photodegradation up 
to 20 cycles (Table 9). The degradation efficiency of 
TDCPP and TDCIPP were slightly decreased slightly 
during the 20 consecutive cycles. The slightly 
decrease in degradation efficiency could be attributed 
to the slightly loss of the nanocomposite amount,[47]. 
The small decrease in the numbers of active cites in 
the NiFe2O4–MCOF NC lowered the TDCPP and 
TDCIPP  

efficiency during photodegradation ending with 
slightly low reusability.  
 

* Table 9 can be found in the Appendix section. 
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3.4.7 TDCPP and TDCIPP Degradation 

Metabolites  

After 5 min photodegradation period, two primary 
intermediates were identified namely TP313 
(C6H10Cl3O6P) and TP207 (C3H7Cl2O4P) during 
TDCPP photodegradation (Table 10). The degradation 
mechanism appears to proceed through an initial 
attack by OH● radicals on the C3H5Cl2−O and C−Cl 
bonds of TDCPP. This leads to oxidation reactions that 
facilitate the formation of a carboxylic acidic group, 
resulting in the formation of intermediate TP313, [70], 
[71]. Subsequently, TP313 undergoes dichlorination, 
followed by hydroxylation, to yield the second 
intermediate, TP207. This sequential degradation 
pathway highlights the critical role of OH● radicals in 
breaking down TDCPP into progressively simpler 
intermediates via oxidation, dichlorination, and 
hydroxylation reactions. The degradation of TDCPP 
indicated that the final byproducts of this process are 
CO2, H2O, and Cl−. This finding confirms that TDCPP 
undergoes complete mineralization during 
phodegradation, resulting in nontoxic end products. 
The degradation mechanism of TDCPP can be 
understood by examining its molecular orbital 
characteristics and comparing them with those of the 
observed intermediates, TP313 and TP207.  

The main mechanisms involved the TDCIPP 
(C9H15Cl6O4P) photo degradation included bond 
breaking by hydroxylation and oxidation. Four 
possible degradation pathways like bond breaking 
reaction path, hydroxylation reaction path, oxidation 
reaction path, and bond breaking and oxidation 
reaction path were proposed for photodegradation of 
TDCIPP, [72]. Path I consisted of TP317 (diphenyl 
phosphate, m/z, 318.9218) and TP207 (monophenyl 
phosphate, m/z, 208.9529) metabolites consisting of 
bond breakings during photodegradation (Table 10). 
During TDCIPP photodegradation, the produced 
intermediates were TP407, TP389 and TP409 and 
these metabolites are observed in Path IV (Table 10). 
Moreover, five oxidation and bond-breaking products 
were formed through Path IV, including TP313 (m/z, 
314.9349), TP297 (m/z, 298.9400), TP203 (m/z, 
204.9659), TP187 (m/z, 188.9712), and TP170 (m/z, 
171.0055). The formation of the bond-breaking 
products might involve two steps. Firstly, oxygen-1,3-
dichloropropyl formed from the phosphoric centre in 
TDCIPP molecule and was detached due to the attack 
of OH, following the degradation reaction towards 
OH● that occurred through the addition of an H2O 
molecule with electron transport chains. This led to the 
formation of TP317 and TP207, [72], [73]. Path II 
included two hydroxylation products, namely TP409 
(m/z, 410.9261) and TP299 (m/z, 300.9555). The C-
Cl bonds on the TDCIPP chain ends with TP317 

production when OH radical was attached. As a results 
Cl- was released and, consequently, TP409 and TP299 
were produced. In addition, TP299 might also be 
generated from TP409 through breaking of the bonds 
during photo reaction. Path III consisted of three 
oxidation products, namely TP423 (m/z, 424.9038), 
TP407 (m/z, 408.9090), and TP389 (m/z, 390.9427), 
formed through oxidation reactions involving the 
hydroxylation products. For example, TP409 resulted 
during formation of aldehyde and, therefore, TP407 
was generated. Specifically, tetroxide was generated 
during TP409 production by bimolecular self-
termination reactions, followed by a unimolecular 
decomposition process to form the aldehyde group. 
This group was subsequently oxidized into a carboxyl 
group through the effect of OH●, resulting in the 
formation of TP423, [67]. TP407 might also generate 
TP389 through the transformation mechanism of 
TDCIPP via hydroxylation reaction. According to a 
recent study, based on the Fukui function, the 
phosphate and halogen groups of the TDCIPP were the 
potential attack sites by free radicals via UV/H2O2 
process, [72]. In a recent study, TP170 was formed 
from TP389 through the bond-breaking reaction of 
TDCIPP, while TP313 and TP203 were both obtained 
via detaching of oxygen-1,3-dichloropropyl groups 
from TP423 intermetabolite, [74]. 

The main intermediates of TDCPP and TDCIPP 
was shown in Table 10. 
 

* Table 10 can be found in the Appendix section. 
 
After 5 min of photodegradation, two primary 

intermediates, identified as TP313 (C6H10Cl3O6P) and 
TP207 (C3H7Cl2O4P), were detected from the 
photodegradation of TDCPP. The proposed 
degradation pathways for these intermediates and 
Discrete Fourier Transform (DFT) Analysis results for 
TDCPP is illustrated in Figure 10. 

 
* Figure 10 can be found in the Appendix section. 

 
3.4.8 Discrete Fourier Transform (DFT) Analysis 

for TDCPP  

The optimized molecular structure of TDCPP was 
obtained by DFT calculations. This optimization 
minimizes the molecule’s energy, revealing its most 
stable conformation. The optimized geometry serves 
as the foundation for further electronic structure 
analyses, including natural bond orbital (NBO) 
analyses, highest occupied molecular orbit (HOMO), 
and lowest unoccupied molecular orbit (LUMO), 
helping to identify reactive sites and understand how 
TDCPP undergoes photocatalytic degradation.  
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NBO analysis further supports this by indicating a 
lower electron density or stability in these bonds, 
making them likely sites for hydrolysis or 
dechlorination. The breakdown of TDCPP through 
these pathways highlights the relative weakness of the 
C-Cl and P=O bonds under oxidative conditions, as 
observed in other phosphate-based flame retardants, 
[75], [76]. The HOMO of TDCPP, concentrated 
around electronegative atoms like the 
phosphorus−oxygen (P=O) group and chlorine-
substituted carbon atoms, indicates sites of high 
electron density that are more prone to oxidative 
attacks (Table 11). These regions, particularly the P=O 
group, may serve as initial targets for hydroxylation, 
consistent with the first transformation step leading to 
TP313 via hydroxylation and carboxylation, [77].  

 
* Table 11 can be found in the Appendix section. 
 
The LUMO analysis suggests areas that may be 

vulnerable to nucleophilic attacks, potentially 
facilitating bond cleavage or further transformation, 
especially near the P=O and C−Cl bonds (Table 11). 
This vulnerability aligns with the stepwise 
dechlorination observed in TDCPP’s degradation 
pathway, where C−Cl bonds progressively break, 
leading to the formation of TP207 (Table 10). 
Although, photogenerated electrons (e−) in NiFe2O4–
MCOF NC primarily reduce oxygen to form O-2 ● 
radicals, DFT analysis indicates that the HOMO of 
TDCPP is located on electron-rich sites (P=O and 
chlorinated carbons), which are highly susceptible to 
attack by electrophilic OH. These OH● radicals, 
generated from photogenerated holes in NiFe2O4–
MCOF NC, act as the main oxidizing agents for 
TDCPP. Direct electron transfer to TDCPP by 
photogenerated electrons is considered minimal. 
Comparing the intermediates TP313 and TP207 with 
the DFT findings suggests a coherent mechanism: the 
electron rich P=O bond initiates hydroxylation, while 
the less stable C−Cl bonds undergo sequential 
dechlorination. This degradation pathway illustrates 
how TDCPP’s structural features, identified through 
molecular orbital analysis, determine its reactivity and 
susceptibility to environmental breakdown, [78], [79]. 
These insights not only elucidate the degradation 
process of TDCPP and TDCIPP but also provide a 
foundation for predicting similar transformations in 
related compounds. 
 
3.5 Toxicity Analyses Results of TDCPP and 

TDCIPP   
Toxicity analyses results of TDCPP and TDCIPP and 
also some intermediates were summarized in Table 12.  
 

* Table 12 can be found in the Appendix section. 
 

The acute LC50 of fish and daphnid were calculated 
as 5.29 and 10.8 mg/l for 1500 mg/l TDCPP, 
respectively, while LC50 values increased to 39,254 
and 19,785 mg/l and to 2541 and 1267 mg/l in the 
presence of   metabolites namely TP313 and TP207, 
respectively. This indicated that during 
photodegradation and cleaving of C3H5Cl2−O bonds 
via −OH radicals the acute toxicity decreased 
significantly. For green algae the EC50 was measured 
as 3.96 mg/l for TDCPP, while this value increased to 
8912 mg/l and 571 mg/l during photocatalysis since 
the productions of intermediates namely TP313 and 
TP207 are low toxic than parent TDCPP, respectively. 
Both intermediates exhibited lower toxicity than that 
parent TDCPP, leading to a rapid detoxification during 
the photo catalytic reaction process. For chronic 
toxicity, TDCPP shows a significant toxicity with 
ChV values of 0.44 mg/l for fish, 2.03 mg/l for 
daphnid, and 1.47 mg/l for green algae, maintaining its 
classification as ″toxic″. TP313 and TP207 display 
much lower chronic toxicities. With the production 
TP313, the LC50 values were recorded as 3326 mg/l 
for fish, 1384 mg/l for daphnids with EC50 values of   
1784 mg/l for green algae. TP207 has a ChV values of 
210 mg/l for fish, 88.5 mg/l for daphnid, and 113 mg/l 
for green algae, both remaining in the ″not harmful″ 
range (Table 12).  

The acute LC50 values for fish and daphnid were 
found as 5.29 and 10.8 mg/l for 1500 mg/l TDCIPP, 
respectively, while LC50 values increased to 20,962 
and 41,312 mg/l as the TDCIPP converted to 
metabolites namely BDCPP and TDBPP. As shown 
the acute toxicity decreased significantly for both 
organisms. For green algae the EC50 was measured as 
4.02 mg/l for TDCIPP, while this value increased to 
9226 mg/l in the presence of BDCPP metabolite while 
in the production of TDBPP metabolite the EC50 value 
increased to 612 mg/l (Table 12). The chronic toxicity 
test analyses show that, TDCIPP exhibited a 
significant initial toxicity with ChV values of 2.75 
mg/l for fish, 0.52 mg/l for daphnid, and 1.90 mg/l for 
green algae, maintaining its classification as ″toxic″. 
as the photodegradation products were released, the 
ChV values also increased. during production of 
BDCPP metabolite the ChV values increased to 1412 
mg/l, to 3540 mg/l and to 1846 mg/l for Daphnid, fish 
and green algae, respectively. During the production 
of TDBPP metabolite ChV values of Daphnid, fish and 
green algae increased to 97.3 mg/l, 275 mg/l and to 
126 mg/l, respectively. The chronic toxicity converted 
to the ″not harmful″ range. 

These results indicate that TDCPP and TDCIPP are 
significantly more toxic in both acute and chronic 
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exposure scenarios compared to their degradation 
intermediates. Overall, the data indicate that both 
TP313 and TP207 metabolites are significantly less 
toxic than TDCPP while BDCPP and TDBPP are the 
photodegradation metabolites of TDCIPP 
demonstrating the effectiveness of the degradation 
process in mitigating the environmental risks 
associated with this flame retardant. This study 
demonstrates the effective photocatalytic degradation 
of TDCPP and TDCIPP using NiFe2O4–MCOF NC 
under UV irradiation. The degradation process 
achieved nearly complete removals of TDCPP and 
TDCIPP within 5.0 min, accompanied by significant 
mineralization. 
 
3.6 Production Cost 
Compared with conventional composite materials, 
nanomaterial-based composites are not expensive to 
produce because of the need for green synthesis 
techniques, and reuse of nanocomposite. These factors 
contribute to not elevated overall manufacturing costs 
for the final nanocomposite products. In addition, the 
lowest costs associated with synthesizing materials at 
the nanoscale, designing and testing various 
nanomaterials before their utilization, and developing 
optimal compositions to enhance the properties of the 
resulting nanocomposite further contribute to the 
economic challenges of manufacturing. Hence, for 
certain essential applications, the high costs of 
nanocomposite production may render them 
economically non-feasible. Minimizing the 
production costs of nanocomposites can be addressed 
by implementing efficient and cost-effective 
manufacturing processes.  

In this study, in order to remove the TDCPP and 
TDCIPP with yields as high as 99% and 98% the cost 
of 1.0 g NiFe2O4–MCOF NC was calculated as 0.05 
Euro by taken into consideration the reusability of the 
aforementioned nanocomposite with the same yields 
after 15 cycles. The cost of the UV light for 5 min was 
calculated as 0.01 euro.  

The recycling processes of the nanocomposite will 
not only contribute to cost savings but also 
significantly minimize the environmental impact. In 
the use of sunligth instsead of UV light the cost should 
be effectively minimized. 
 
3.7 Environmental Impact 
Nanocomposites offer a range of promising properties 
and applications across various industries. However, 
like any emerging technology, the environmental 
impact of nano-based nanocomposites warrants 
careful consideration, as it depends largely on the 
different types of nanoparticles used in composite 
development. Handling and disposal of nano-based 

nanocomposites can release nanoparticles into the 
environment, which may have adverse effects on 
ecosystems and human health if they are not properly 
managed. The small size of nano-based materials can 
make them very reactive and potentially hazardous to 
humans and the environment in general. Nanoparticles 
can penetrate many biological barriers, such as cell 
membranes, and may harm cells, tissues, and lungs. 
Some nanomaterials used in nanocomposites have 
shown potential toxicity under certain circumstances. 
The behavior of nanoparticles in the environment 
under different conditions has not been documented. 
Understanding their behavior will help mitigate any 
adverse effects they may have on ecosystems and 
human health. In the nanocomposite development, the 
addition of nanomaterials such as carbon nanotubes or 
metal nanoparticles can undermine their eco-friendly 
properties. Many synthetic nanomaterials do not break 
down naturally, leading to long-term environmental 
accumulation and posing risks to ecosystems and 
biodiversity.  In this study, the acute and chronic 
toxicity tests on NiFe2O4–MCOF NC showed no 
toxicity (data not shown).   

Therefore, it is essential to carefully manage the 
production and use of nanomaterials in composite 
development and other applications by conducting 
comprehensive life cycle assessments (LCAs) to 
evaluate the environmental impacts associated with 
nano-based nanocomposites. This involves evaluating 
the environmental footprint of these materials from 
raw material extraction to end-of-life disposal.  

Governments and international organizations must 
develop policies and guidelines to address 
environmental concerns and minimize potential risks. 
Finally, the exploration of green-based nanomaterials 
and green-synthesized metal nanoparticles in 
nanocomposite development is essential. This 
exploration, coupled with the adoption of more eco-
friendly manufacturing processes, will address these 
environmental and health concerns without 
significantly compromising their performance and 
functionality. 
 
 
4 Conclusions 
A new kind of NiFe2O4-based MCOF NC was 
fabricated through facile synthesis approach to remove 
the TDCPP and TDCIPP. This nanocomposite 
exhibited higher photodegradation efficiency for 
BFRs containing phosphate group based on 
hydrophobic interactions and π-π stacking interaction.  

The effective parameters, such as initial 
concentrations of TDCPP and TDCIPP, dosage 
catalyst, equilibrium time, temperature, and solution 
of the pH were optimized. The optimum conditions for 
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photodegradation of TDCPP and TDCIPP were 
acquired at pH=6.0, at an irradiation time of 5 min, at 
a NiFe2O4–MCOF NC concentration of 1.0 mg/l, at a 
temperature of 40oC, and at a BFR concentration of 
1500 mg/l, respectively. The kinetic results indicated 
that pseudo-second-order kinetic equations revealed a 
better agreement with the adsorption process 
compared to other examined adsorption models. The 
main removal mechanisms of TDCPP and TDCIPP 
was found to be photodegradation with a six time 
higher pseudo-second-order reaction constant 
compared to adsorption kinetic constants. The chronic 
and acute toxicity of TDCPP and TDCIPP organics 
decreased to not toxic level. The reusability of the 
NiFe2O4-MCOF NC over 15 cycles with minimal loss 
and 99% and 97% TDCPP and TDCIPP efficiencies 
supports its practical applicability in the wastewater 
treatment processes. This indicates the suitability of 
magnetic photocatalyst in treatment of toxic 
brominated compounds. 

These findings provide critical insights into the 
degradation behaviour of halogenated 
organophosphorus flame retardants in aquatic 
environments and support the development of 
advanced photocatalytic systems for environmental 
remediation. 
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APPENDIX 
 
 

Table 1. The classification of toxicity values  
Toxicity Level Toxicity Ranges 
Very toxic LC50/EC50/ChV ≤ 1 
Toxic 1 < LC50/EC50/ChV ≤ 10 
Harmful 10 < LC50/EC50/ChV ≤ 100 
Not harmful LC50/EC50/ChV > 100 

 
 
 
 
 

 
 

Fig. 1: The mechanism of the photodegradation of TDCPP and TDCIPP on the NiFe2O4–MCOF NC under 
UV-light irradiation 
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(a) (b) 

 
Fig. 2: SEM results of NiFe2O4 (a) and NiFe2O4-MCOF NC (b) 

 
 
 
 

 

(a) 

 

(b) 
 

Fig. 3: TEM data of NiFe2O4 (a) and NiFe2O4–MCOF NC (b) 
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Fig. 4: EDS data of NiFe2O4 (a) and NiFe2O4–MCOF NC (b) 
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(a) (b) 

  
(c) (d) 

 
Fig. 5: XPS results existence of Fe, Ni, O, C and N elements (a), XPS spectrum of Fe 2p orbital (b), the narrow 

scan XPS spectrum of Ni 2p orbital (c), Ni 2p1/2 and Ni 2p3/2 of trivalent Ni signals (d) 
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Fig. 6: FTIR spectra of NiFe2O4 and NiFe2O4–MCOF NC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.28 Deli̇a Teresa Sponza, Ruki̇ye Özteki̇n

E-ISSN: 2945-1159 361 Volume 3, 2025



 
 

Fig. 7: Photocatalytic adsorption and desorption isotherms of NiFe2O4–MCOF NC 
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Fig. 8: VSM curves of NiFe2O4–MCOF NC 
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Fig. 9: TGA analysis (black line) of NiFe2O4 (a) and DTA analysis (blue line) of NiFe2O4 (b) 
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Table 2. The obtained kinetic parameters for adsorption during photodegradation of TDCPP and TDCIPP (1500 
mg/l) 

Data Pseudo-first-order Pseudo-second-order Intra particle diffusion 
qe (mg/g) k1 

(min-1) 
R2 qe (mg/g) k2 

(min-1) 
R2 kdiff (min-1) C 

(mg/l) 
R2 

TDCPP 9.3 0.014 0.9752 22.677 0.115 0.9978 0.0018 10.031 0.8070 
TDCIPP 9.1 0.012 0.9840 22.701 0.113 0.9919 0.0019 10.027 0.8145 

 
 

Table 3. Photodegradation kinetics of TDCPP and TDCIPP 
TDCPP and TDCIPP 

Concentrations (mg/l) 
NiFe2O4–MCOF NC 

Concentration (mg/l) 
TDCPP 

Photodegradation Rate 

(min-1) 

TDCIPP 

Photodegradation Rate 

(min-1) 
500 0.1 0.02 0.019 
1000 0.5 0.05 0.04 
1500 1.0 0.09 0.09 
2000 1.5 0.03 0.02 
3000 2.0 0.02 0.01 

 
 

Table 4. Effects of TDCPP and TDCIPP concentrations on photodegradation yields of TDCPP and TDCIPP 
after 5 min 

TDCPP and TDCIPP Concentrations 

(mg/l) 
TDCPP Photodegradation Yields 

(%) 
TDCIPP Photodegradation Yields 
(%) 

500 99 99 
1000 99 99 
1500 99 98 
2000 78 73 
3000 70 68 

 
 

Table 5. Effect of pH on photodegradation the TDCPP and TDCIPP 
pH TDCPP Photodegradation Yields (%) TDCIPP Photodegradation Yields (%) 
4.0 45 40 
5.0 80 76 
6.0 99 98 
7.0 65 63 
8.0 53 50 

 
 

Table 6. Effect of temperature on photodegradation of TDCPP and TDCIPP 
Temperature (°C) TDCPP Photodegradation Yields (%) TDCIPP Photodegradation Yields (%) 
20 45 40 
30 80 76 
40 99 98 
55 65 63 
70 53 50 

 
 

Table 7. Effect of contacting time on photodegradation of TDCPP and TDCIPP 
Contacting time (min) TDCPP Photodegradation Yields (%) TDCIPP Photodegradation Yields (%) 
1 45 40 
2 60 70 
5 99 98 
30 98 97 
60 98 97 
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Table 8. Effect of NiFe2O4–MCOF NC concentration 
NiFe2O4–MCOF NC Concentration 

(mg/l) 
TDCPP Photodegradation Yields 

(%) 
TDCIPP Photodegradation Yields 

(%) 
0.1 45 40 
0.3 60 70 
0.5 90 90 
1.0 99 97 
2.0 80 79 

 
 

Table 9. Reusability of NiFe2O4–MCOF NCs 
Cycles 

 

TDCPP Photodegradation Yields (%) TDCIPP Photodegradation Yields (%) 

1 99 97 
2 99 97 
3 99 97 
4 99 97 
5 99 97 
6 99 97 
7 99 97 
8 99 97 
9 99 97 
10 99 97 
11 99 97 
12 99 97 
13 99 97 
14 99 97 
15 99 97 
16 97 95 
17 97 95 
18 97 94 
19 96 94 
20 96 94 

 
 

Table 10. The intermediates of TDCPP and TDCIPP  
TDCPP Intermediates TDCIPP Intermediates 
TP313 (C6H10Cl3O6P) Bis(1,3-dichloro-2-propyl) phosphate (BDCPP) 
TP207 (C3H7Cl2O4P) Tris(2,3-dibromopropyl) phosphate (TDBPP) 
1,3-dichloro-2-propanol (1,3-DCP) Tris(2-chloroethyl) phosphate (TCEP) 
3-monochloropropane-1,2-diol (3-MCPD) or  
3-monochloro-1,2-propanediol (3-MCPD) 

1,3-dichloro-2-propyl-phosphate (MDCPP) 

Glutathione-S-alkyl transferase Tris(1-chloro-2-propyl) phosphate (TCPP) 
Epichlorohydrin  1,3-dichloroacetone 
Glycidol  Glutathione 
β-chlorolactaldehyde Ninhydrin  
Glycerol  Mercapturic acid 

 
 
 
 
 
 
 
 
 
 

International Journal of Environmental Engineering and Development 
DOI: 10.37394/232033.2025.3.28 Deli̇a Teresa Sponza, Ruki̇ye Özteki̇n

E-ISSN: 2945-1159 366 Volume 3, 2025



 
 

Fig. 10: Proposed degradation intermediate pathways of 1000 mg/l TDCPP using 1.0 mg/l NiFe2O4–MCOF 
NC as a catalyst under UV light and the DFT prediction of TDCPP molecular structure 

 
 

Table 11. Chloride ion (Cl-) concentrations in 500 mg/l TDCPP with 1.0 mg/l NiFe2O4–MCOF NCs 
 
Experimental samples 

Ion releasing concentration (µM) 
Cl- PO4

3- 
TDCPP before UV-vis irradiation 0.26 0.06 
TDCPP after 60 min UV-vis irradiation time 0.27 0.08 
TDCPP+P25 after 60 min UV-vis irradiation time 2.34 0.36 
 
TDCPP before UV-vis irradiation 0.28 0.07 
TDCPP after 60 min UV-vis irradiation time 0.29 0.09 
TDCPP+P25 after 60 min UV-vis irradiation time 2.52 0.42 

 
 

Table 12. Comparison of acute and chronic toxicities of TDCPP and TDCIP and their degradation 
intermediates by using the ECOSAR predictive model 

Chemicals Intermediates Acute Toxicity (mg/l) Chronic Toxicity (mg/l) 
Daphnid 

(LC50) 
Fish 
(LC50) 

Green Algae 

(EC50) 
Daphnid 

(ChV) a 
Fish 
(ChV) a 

Green Algae 

(ChV) a 
TDCPP  10.8 5.29 3.96 2.03 0.44 1.47 
 TP313 19785 39254 8912 1384 3326 1784 
 TP207 1267 2541 571 88.5 210 113 
 
TDCIPP  11.6 5.34 4.02 2.75 0.52 1.90 
 BDCPP 20962 41312 9226 1412 3540 1846 
 TDBPP 1354 2879 612 97.3 275 126 
a : The toxicity values are classified into four grades: very toxic, LC50/EC50/ChV ≤ 1; toxic, 1 < LC50/EC50/ChV ≤ 10; 
harmful, 10 < LC50/EC50/ChV ≤ 100, not harmful, LC50/EC50/ChV > 100, respectively. 
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