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Abstract Keywords

Green synthesis using plant extracts is an eco-friendly approach that re- CdFez0,

duces the hazards associated with chemical usage. This study aimed to syn- Green synthesis
thesize a CdFe,O, ferrite compound utilizing Terminalia catappa leaves ex- Terminalia Catappa L

tract and evaluate its photocatalytic efficiency in degrading Methyl red dye. Methyl red dye
The X-ray diffraction (XRD) analysis confirms the synthesis of CdFe,O,, RSM
which has a crystallite size mean of 18.10 nm. The composite exhibits mag-

netic properties with a saturation magnetization of 28.34 emu/g, a band gap

of 1.78 eV, and a BET surface area of 84.23 m?/g. The optimal photodegra-

dation process was determined using Response Surface Methodology (RSM)

based on an experiment with Central Composite Design (CCD). The varia-

bles examined included the solution pH, the initial concentration of the dye,

and the irradiation time. The interplay of three variables demonstrated their
reciprocal influence on photodegradation efficiency. The quadratic model is
appropriate for modeling the photodegradation of Methyl red dye. The pho-
todegradation efficiency of 96.56% is achieved under optimal conditions,

which include a pH of 6.33, an initial dye concentration of 39.93 mg/L, and

an irradiation time of 52.26 min. Empirical investigations on the reusability

of CdFe,0, have shown remarkable stability. Experimental kinetics confirm Received: 31.07.24

that the pseudo-first-order model is a suitable description for the photodeg-
radation of Methyl red dye by CdFe,O0,.

Key findings

e The green synthesis method can be used to synthesize of CdFe.O, using Terminalia catappa L leave extract.
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e Optimization of photodegradation By RSM shows that the quadratic model is suitable for describing the photodegra-

dation of Methyl red dye using CdFe.O,.

e CdFe»0,4 can be regenerated and used repeatedly for photodegradation.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction purpose of coloring [1-3]. Most dyes utilized in industrial

applications are azo dyes, which contain N=N bond [4]. Azo

Industries such as textiles, pulp, paper, leather, cosmetics,  gyes possess inherent toxicity and exhibit a poor degrada-
dyes, food packaging, plastics, and food and pharmaceuti-  tjon mechanism, hence being classified as environmentally

cal chemicals frequently employ organic dyes for the hLizardous [5, 6]. Discharged dyes build up in organisms,
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reducing the dissolved oxygen in the water and harming
aquatic life [7]. Methyl red dye is one example of an azo
dye. Apart from its industrial applications, laboratory set-
tings also utilize this dye as an acid-base indicator. Methyl
red dye exhibits mutagenic, mitotic, toxic, and carcinogenic
properties [8, 9]. Hence, it is crucial to eliminate the dye
from wastewater to its disposal into the environment.

Several methods have been developed to remove Methyl
red dye, including adsorption [8], bioelectricity [9], mem-
brane separation [10], microbial electrochemical [11], and
photocatalytic degradation [12]. Among these, photocatal-
ysis is the most effective method for degrading dye, as it
converts dye constituents into CO., H-O, and harmless by-
products, thereby preventing secondary pollution [13].
When the catalyst is exposed to radiation, electrons are ex-
cited from the valence band to the conduction band, caus-
ing the creation of an electron hole-pair (e~-h*). This pair
triggers a reaction that produces hydroxyl radicals ( *OH)
and superoxide radical anions ( ‘03 ), which will degrade
the dye on the surface near the catalyst [14, 15].

Spinel ferrites are p-type semiconductors that are
widely used as photocatalysts. The chemical formula is
MFe»04, where M (Cu, Mg, Ni, Co, Zn, Cd, etc.) is a divalent
ion in either octahedral or tetrahedral. On the other hand, Fe
is a trivalent ion located in an octahedral position [16, 17].
Many researchers have employed spinel ferrite as a catalyst
for breaking down dyes, such as MgFe.0,4 [18], CdFe.04 [19],
Fe;04 [20], and CoFe204 [21].

Various methods can be employed to synthesize ferrite
compounds, such as precipitation [22], solution combus-
tion [23], sonochemistry [24], and green synthesis [25].
The green synthesis approach offers several advantages
over alternative methods, including its ecologically con-
scious nature, cost-effectiveness, rapid and straightfor-
ward synthesis process, low energy usage, and scalability
[26, 27]. Numerous studies have utilized plant extracts,
such as from Sansevieria trifasciata [25], Murraya koenigii
[28], Jatropha podagrica [20], and Mentha piperita [29], for
the production of ferrite compounds.

Terminalia catappa L. is a plant that is native to the
Asian continent and is renowned for its diverse bioactivi-
ties. The plant is referred to as ketapang in Indonesia. The
extract of Terminalia catappa leaves includes many bioac-
tive compounds, including flavonoids, tannins, phenolics,
kaempferol, and polyphenols [30, 31]. This substance is a
reducing and capping agent to prevent the ferrite com-
pounds from agglomerating [32].

In this study, Terminalia catappa leave extract was used
to produce spinel ferrite CdFe20,4, which was then employed
to photodegrade Methyl red dye. CdFe20O4 has a chemical sta-
bility, a low valence band position, strong oxidation charac-
teristics, visible light absorption, and good magnetic proper-
ties [33]. The magnetic properties of CdFe.O4 make it an ex-
cellent reusable catalyst, as it can be easily separated from
the solution using an external magnet. The optimization of
the photodegradation process was determined using
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Response Surface Methodology (RSM) based on a Central
Composite Design (CCD) with the variables of pH, Methyl red
dye concentration, and irradiation time.

2. Experimental

2.1. Materials

The chemical reagents were sourced from Sigma Aldrich,
including Fe(NO3);.9H20, (Cd(NO3)-6H20, Methyl red dye,
HCl, and NaOH. The leaves of Terminalia catappa were ac-
quired from Indralaya, Ogan Ilir district, Indonesia.

2.2. Preparation

The leaves of Terminalia catappa were purified and rinsed
with distilled water, then air-dried for 2 days. The dried
leaves are sliced into pieces measuring approximately
(£1 cm). A total of 50 g of leaves were heated in 100 ml of
distilled water for 90 minutes at a temperature ranging
from 80 to 90 °C. After the leave extract has been cooled
and filtered, it is finally ready to be utilized [29].

2.3. Synthesis of CdFe,0,

Fe(NO3)3-9H2-0 and Cd(NO3)2-4H>0 were molar ratio of 2:1
dissolved in 50 ml of Terminalia catappa leave extract. The
mixture was stirred at a speed of 500 rpm for 30 min. This
mixture was placed inside an autoclave tube and subjected
to a temperature of 180 °C for 2 h. The produced precipitate
was rinsed with distilled water until it reached a pH of 7,
then drying at a temperature of 100 °C in an oven for 2 h.
Subsequently, the materials was pulverized using a mortar
and then calcination at a temperature of 300 °C for 2 h.

2.4. Characterization

The crystal structure and crystallite size were determined
by X-ray diffraction (XRD) analysis with a PANalytical
X'Pert PRO instrument. The measurements were conducted
in the 20 range of 10-80° with a step size of 0.02° and Cu
Ko radiation of 1.54056 A. The functional group was exam-
ined using FTIR (Prestige 21 Shimadzu) with a KBr plate in
the range of 4000-500 cm™. UV-DRS (Pharmaspec UV-
1700) was employed to measure the absorbance and band
gap within the range of 200-800 nm. The CdFe.0O4 mor-
phology was examined using a Scanning Electron Micros-
copy (JOEL JSM-6510 LA) equipped with energy-dispersive
X-ray spectroscopy (EDS) to determine the elemental com-
position. The magnetic characteristics of CdFe.O4 were de-
termined using a Vibrating Sample Magnetometer (Oxford
Type 1.2 T). Brunauer-Emmett-Teller (BET) surface area
analysis was determined using ASAP 2020. The UV-Vis
Spectrophotometer (Type Ori-on Aquamate 8000) was
used to measure the absorbance of the dye solution.

2.5. Photodegradation of Methyl red Dye

RSM is employed to identify the most favorable conditions
for the degradation process. This is achieved by utilizing a
CCD with three independent variables: the pH of the dye
solution, the concentration of the dye, and the time of
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irradiation in response to the degradation efficiency of Me-
thyl red dye. Table 1 shows the variation of the independent
variables. A total of 20 experiments were conducted on the
photodegradation process. The dye solution was 50 ml,
with a catalyst dosage of 0.05 g/L. The experimental design
was conducted using Design Expert 13. The light source uti-
lizes a 300 W Xenon lamp that emits visible light radiation.
The distance between the light source and the solution is
15 cm.

3. Result and Discussion

3.1. Characterization

XRD pattern of CdFe.04 produced using Terminalia catappa
leaves extract is shown in Figure 1. The distinctive peaks of
CdFe.0,are observed at 26 angles of 29.09°, 34.11°, 35.62°,
41.46°, 51.25°, 54.76°, and 60.01°, which correspond to the
crystallographic planes (220), (311), (222), (400), (422),
511, and (440). These results support the cubic structure of
CdFez04, according to JCPDS No. 22-1063. The average
crystallite size of CdFe.0,4, determined using the Scherrer
equation, was 18.10 nm.

Typically, the peaks of metal oxides are below 1000 cm™
due to the effects of intra-atomic vibrations [34]. Figure 2
illustrates the O-Fe-O stretching vibrations at a wave num-
ber of 567 cm™. Additionally, there is a low-intensity peak
at a wave number of 848 cm™, which corresponds to the
tetrahedral structure of Cd-Fe in CdFe»04 [35]. The broad
wave number at 3415 cm™ suggests the existence of a phe-
nolic group, which is corroborated by the absorption at
1165 cm™, indicating the presence of aromatic chemicals de-
rived from plant extracts. Similarly, the peak at 1608 cm™ is
associated with stretching the C=C bond in the aromatic
group [20].

The morphology of CdFe.04 was examined through the
analysis of secondary electron images. As depicted in Fig-
ure 3, the CdFe.O,4 surface exhibits heterogeneity and tends
to agglomerate. Figure 3 also displays the EDS mapping re-
sult, which reveals the distribution of elemental composi-
tion on the surface. The surface composition consists of Cd,
Fe, O, and C, with relative percentages of 28.43%, 29.85%,
34.42%, and 7.30%. The element C is derived from the ex-
tract of Terminalia catappa leaves.

The band gap value of CdFe.0,is determined by apply-
ing the Taucas follows:

(ahv) = A (hv — E,), (1)

where «a is the absorption coefficient, A is the Tauc constant
hv, is the photon energy and E; is the band gap energy. The
value of n depends on the type of optical transition that
dominates the semiconductor, where n = 0.5 indicates a di-
rect band gap and n = 2 is an indirect band gap [37].

The band gap energy is determined from a graph plot of
(ahv)? vs hv. The band gap energy of NiFe.O, obtained is
1.78 eV. The band gap value closely aligns with the findings
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of other researchers, specifically 1.71 eV [19] and 2.08 eV
[36]. Generally, spinel ferrite has a transition energy of
less than 3 eV, which is the transfer of electrons from the d
orbital. This transition is typically facilitated by spin-al-
lowed processes [38].

Figures 4a and 4b display the absorbance and band gap
values of CdFe204. Absorption peaks at wavelengths of 291,
378, and 704 nm were detected for CdFe.O4. It can be in-
ferred that CdFez0,4 exhibits reactivity in the ultraviolet
(UV) and visible parts of the electromagnetic spectrum. Ad-
ditional studies indicate that CdFe.O,4 produced using the
hydrothermal technique exhibits identical absorption capa-
bilities in the ultraviolet to visible spectrum [36].

The saturation magnetization (Ms) of CdFe.O, was
measured to be 28.34 emu/g, as depicted in Figure 5. The
M;s value obtained in this investigation exceeded the find-
ings of previous studies, specifically 11.3 emu/g [39].

Table 1 Range of variance for the independent variables.

Range levels

Independent variables

Low Middle High
pH 2 5 8
Concentration (mg/L) 10 25 40
Irradiation times (minutes) 30 75 120
500
450 1 E
400 4
-
5 350
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A 300 -
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Figure 1 XRD pattern of CdFe,0,.
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Figure 2 FTIR spectra of CdFe,0,.
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Figure 5 Magnetic hysteresis loops of CdFe,0,.

Figure 6 shows the specific surface of CdFe.O, deter-
mined using N: adsorption/desorption isotherms. The
curve indicates a typical type II isotherm. Total volume,
pore size, and volume distribution were determined from
BJH analysis. The total surface area of CdFe:04 is
84.23 m?/g, the pore volume is 0.252 cm3/g, and the
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average pore size is 9.21 nm according to the BJH desorp-
tion curve. The BET surface area obtained in this study was
greater than CdFe:»0O4 synthesized using the hydrothermal
and pressure-impitation methods, respectively 67.21 m?/g

and 39 m?/g [19, 39].
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Figure 6 N, adsorption/desorption isotherms of CdFe,0,.
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3.2. CCD-based RSM optimization

The RSM is employed to determine the optimal conditions
for the photodegradation of methyl red dye using CdFez0y,,
with the solution pH (A), initial dye concentration (B), and
irradiation duration (C) being varied. The experiment was
designed based on CCD with 20 runs, as shown in Table 2.
Table 2 demonstrates that the actual dye removal percent-
age closely aligns with the predicted value, with an average
difference of 2.85%. Analysis of Variance (ANOVA), provided
in Table 3, complements the finding. The ANOVA analysis in-
dicates that the quadratic model is appropriate for describing
the photodegradation of Methyl red dye using CdFe.O4. The
quadratic model's fit to the data is considered significant, with
an F-value of 262.95 and a p-value (<0.0001) less than 0.05.

Table 2 Actual and predicted removal of Methyl red dye.

Run A B C Photodegradation (%)
(mg/L) (min) Actual (%) Predicted (%)
1 8 10 30 79.56 77-58
2 5 25 120 83.32 83.58
3 5 25 75 89.23 88.418
4 5 25 30 81.1 77.728
5 2 40 120 88.95 89.24
6 2 25 75 87.43 91.59
7 5 25 75 88.46 88.41
8 5 25 75 88.32 88.41
9 5 25 75 88.67 92.22
10 8 40 120 81.34 68.89
11 2 10 120 96.56 97.66
12 5 25 75 88.46 92.22
13 8 10 120 78.70 77.32
14 5 25 75 88.70 88.41
15 5 10 75 90.22 92.39
16 8 25 75 84.32 77.04
17 2 40 30 85.20 84.89
18 2 10 30 77.10 78.71
19 5 40 75 95.80 99.93
20 8 40 30 95.68 79.69
Table 3 ANOVA analysis of experiment results.
ource UL W e pvaue
Model 583.37 9 65.04 262.95 <0.0001
A. pH 24.46 24.46 98.89 <0.0001
]tai.oﬁoncentra- 61.65 1 61.65 249.26  <0.0001
C. Time 10.47 1 10.47 42.31 <0.0001
AB 41.72 1 41.72 168.69 <0.0001
AC 184.42 1 184.42 745.58  <0.0001
BC 106.51 1 106.51 430.60 <0.0001
A? 13.23 1 13.23 53.50 <0.0001
B? 67.15 1 67.15 271.47 <0.0001
Cc2 94.39 1 94.39 381.61 <0.0001
Residual 2.47 10 0.2473
Lack of Fit 1.95 0.3907 3.76 0.0863
Pure error 0.5198 0.1040
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The coefficient of determination (R?) is a measure used
to to evaluate the accuracy of a model. An R?value of 0.995
shows a strong correlation between the actual and the pre-
dicted value [40]. The results suggest that independent
variables drive 99.5% of the dye removal, whereas only
0.5% remains unexplained by the model. Figure 7 illus-
trates the comparison between predicted and actual values.

The p-value serves to assess the interaction of inde-
pendent variables, where a p-value < 0.05 indicates a sta-
tistically significant effect. The p-values for (A) pH,
(B) concentration, and (C) irradiation duration are all
<0.0001, indicating that these three variables have a sta-
tistically significant impact on the removal of dye (%). The
interactions between variables AB, AC, and BC were consid-
ered significant because their p-values were less than 0.05.
The p-values for A% B2, and C? are all less than 0.0001, in-
dicating a significant quadratic influence of these factors.
This suggests that the response has a non-linear relation-
ship with each variable.

The quadratic model describes the relationship between
the independent variables (A, B, and C) as follows:

Removal (%) = 59.401 + 3.315-A - 0.781-B +
0.769-C + 0.051:A-B -0.036:A-C - 0.005-B-C - (2)
0.244-A% + 0.022-B2 - 0.003-C?

The statistical assessment of the chosen model demon-
strates favorable outcomes (Table 4). The discrepancy be-
tween the predicted R? value of 0.963 and the adjusted R?
value of 0.992 is smaller than 0.2, suggesting that the
model is highly accurate in predicting outcomes. In addi-
tion, the precision value of 53.874, which is greater than 4,
indicates that the model’s predictive power is adequate rel-
ative to the noise.

In order to identify the most favorable conditions and
elucidate the relationships between variables, a response
surface is generated utilizing the chosen quadratic model.
2D and 3D curves represent the regression equation when
one of the variables is constant. The response surface can
be used to characterize the influence of variables and as-
certain the optimal conditions for dye removal.

Predicted Vs Actual

95 —

90 —

Predicted

as —

80 —

75 —

T T T T I T
75 80 [0 a5 100

a5
Actual

Figure 7 Predicted vs actual for photodegradation of Methyl red dye.
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Table 4 Statistical fit evaluation of the quadratic model.

Parameter Value
Standard deviation 0.4973
Mean 86.86
C.V.% 0.5726
R? 0.995
Adjusted R? 0.992
Predicted R* 0.963
Adeq Precision 53.874

Figure 8 reveals the effect of the independent variable
on photodegradation efficiency. The relationship between
solution pH and initial concentration demonstrates that
achieving the optimal condition is more efficient when in-
creasing the concentration within a specific pH range, spe-
cifically 6-7. The photodegradation efficiency in this in-
stance approaches 94% when the concentration falls
within the range of 30-40 mg/L, and the solution pH is
maintained between 5 and 6.

The correlation between solution pH and irradiation
time exhibits an ellipsoid surface, suggesting that the effi-
ciency increases with longer irradiation time, but only up
to a specific threshold beyond which it starts to decline.
Optimal efficiency can be attained more rapidly by reduc-
ing the pH level, resulting in a shorter irradiation time. In
this study, a pH level of around 5 yields a photodegradation
efficiency of 85% within 40-50 min.

The relationship between the initial concentration and
time demonstrates a saddle-shaped response surface.

B. Concentration (mg/L)
C. Time (minutes)

5
A.pH
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Increasing the concentration can enhance photodegrada-
tion efficiency, provided that the irradiation time is main-
tained within the range of 70 to 80 minutes. When the con-
centration falls between 34 and 40 mg/L and the period is
between 70 and 80 minutes, a photodegradation efficiency
of 95% is attained.

A separate investigation demonstrated a similar occur-
rence, wherein the optimal photodegradation efficiency for
the Methyl red dye was achieved at a concentration of
35.94 mg/L within the range of 10-40 mg/L, utilizing a
MgO catalyst [3]. It can be explained by the fact that when
the concentration increases, the formation of hydroxyl rad-
icals decreases, resulting in a decrease in photodegradation
efficiency [28].

As for the solution pH, it affects the surface charge of
the catalyst, interfacial electron transfer, and the mecha-
nism for generating hydroxyl radicals [41]. At low pH lev-
els, the degradation process is enhanced by the increased
generation of hydroxyl radicals resulting from the interac-
tion between hydroxide ions and the positive holes of the
catalyst [4]. An elevation in pH level can lead to the recom-
bination of electron and hole pairs, thereby diminishing the
photocatalytic activity [42, 43].

The optimal conditions for photodegradation were
achieved at a solution pH of 6.33, a dye concentration of
39.93 mg/L, and a time of 52.26 min. The desirability func-
tion was calculated to be 1.0, with a photodegradation effi-
ciency of 96.56%. A desirability score of about implies that
all targeted responses have been obtained (Figure 9).

22 9
s 0.0.3:;.0“

di

2552205 909
22206290909
ZXHK K
2555825 L)

Photodegradation efficiency (%)

6
P o4 B. Concentration (mg/L)

Photodegradation efficiency (%)

C. Time (minutes)

B. Concentration (mg/L)

Figure 8 Response surface for intraction pH-concentration (a), pH-time (b) and concentration-time (c).
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A. pH = 6.33

30 120

C. Time = 52.26

Desirability = 1.000

Figure 9 Desirability for optimization of three independent variables.

3.3. Kinetic and reusability

In this study, pseudo-first-order kinetics according to the
Langmuir-Hinshelwood model was used to show the kinetic
photodegradation of Methyl red dye using CdFe.O4. The
pseudo-first-order equation is as follows [4]:

Co

In—= —kt,

n_ 3)
where (, is the initial concentration of methyl red dye, C is
the concentration of Methyl red dye at any time (t). The
correlation coefficient (R? = 0.98) is close to 1, indicating a
positive correlation between In (%) and irradiation time

(t). The R? value clearly shows that the photodegradation
conforms to pseudo-first-order kinetics. The value of k (the
rate constant) obtained from the slope is 0.0622 min™ (Fig-
ure 10). This k value is much greater than the other studies
in Table 5.

The key feature of a catalyst is its ability to be reused
without any loss in its activity. Following its use, the cata-
lyst is cleansed using acetone and distilled water and sub-
sequently dried at 80 °C for 3 h [47]. After being employed
five times, the catalyst exhibits exceptional stability, with
the photodegradation efficiency lowered to less than 5%
(Figure 11). The decrease in activity may be attributed to
blockages and a decrease in the number of active sites on
the surface after several uses [26]. These findings suggest
that the catalyst has promise for application in the treat-
ment of industrial wastewater.

4. Limitations

The calcination process for the produced CdFe.O4 was con-
ducted exclusively at 300 °C in this study. The temperature
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10 40

B. Concentration = 39.93

771 96.56

Photodegradation efficiency = 96.56 %

at which calcination occurs impacts the degree of crystal-
linity, the crystallite size, and the magnetic characteristics.
Hence, further investigation is required to determine the
optimal temperature for synthesizing CdFe20,.

35
[ ]
3 1 y =0.0622x-0.6268
R?=0.997
25
g2
(=]
o
=
£15 4
1 .
05
0 - T . T T T
0 10 20 30 40 50 60 70

Irradiation time {min)
Figure 10 Kinetic model for photodegradation of Methyl red dye.

Table 5 The k value of Methyl red dye photodegradation utilizing
various photocatalysts from previous experiments.

Catalyst Experiment k (min™) Ref.
MgO Ml;; i51T5g,/L’ 0.0285 [3]
Sm-ZnO MRp:HS:I;g/L’ 0.0167 [44]
Au-SiO, MR ;Hlsznzlg/L’ 0.0200 [45]
S(Cz:)l\?;MgO/g— MR ;go:r;lg/L, 0.0267 [46]
PANI-SnO, MR ;;o:r;lg/L, 0.0240 [42]
CdFe,0, MRp:H4=° égg/ L 0.0622 I:tig;s
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Figure 11 Photodegradation of Methyl red dye using CdFe,O, dur-
ing five degradation cycles.

5. Conclusions

The ferrite compound CdFe.O, was synthesized using an
extract from Terminalia catappa leaves. The CdFe.O,4 ob-
tained has a crystallite size of 18.10 nm, a band gap of
1.78 eV, BET surface area of 84.23 m?/g, and exhibits mag-
netic properties, with a magnetic moment of 28.47 emu/g.
This magnetic characteristic facilitates the retrieval of the
catalyst following its utilization in the photodegradation
process by employing a magnet instead of filtration. Photo-
degradation modeling of Methyl red dye using the CCD-
based RSM method shows that the best fit is a quadratic
model. The use of CdFe.0,4 for the photodegradation of Me-
thyl red dye has proven effective, achieving a photodegra-
dation efficiency of 96.56% under optimal conditions: so-
lution pH 6.33, dye concentration 39.93 mg/L, and an irra-
diation time of 52.26 minutes. The photodegradation kinet-
ics follow a pseudo-first-order reaction with a rate con-
stant (k) of 0.0622 min~l. High catalyst stability allows the
catalyst to be used repeatedly, with less than a 5% decrease
in efficiency after five cycles. CdFe20, is expected to be a
highly effective option for photocatalytic transformation
due to its significant photodegradation activity.
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