
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:4

0:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhanced photo
School of Chemistry and Physics, Univers

Scottsville, Pietermaritzburg, 3209, South A

† Electronic supplementary informa
https://doi.org/10.1039/d4ra09025j

Cite this: RSC Adv., 2025, 15, 6400

Received 26th December 2024
Accepted 14th February 2025

DOI: 10.1039/d4ra09025j

rsc.li/rsc-advances

6400 | RSC Adv., 2025, 15, 6400–64
catalytic degradation of malachite
green and trypan blue using 3-aminopropyl
triethoxysilane (APTES) functionalized iron oxide
nanocomposite†

Thandi B. Mbuyazi and Peter A. Ajibade *

Biochar-capped iron oxide nanoparticle functionalized with 3-aminopropyl triethoxysilane (APTES) was

synthesized and used as photocatalysts for the degradation of malachite green (MG) and trypan blue

(TPB) dyes. Powder X-ray diffraction patterns confirmed the crystalline cubic spinel structure of Fe3O4.

HRTEM image shows nanocomposites with an average particle size of 22.4 nm, interplanar spacings of

0.297 nm and 0.245 nm, which correspond to the (220) and (222) planes of Fe3O4. SAED patterns

indicate that Fe3O4@BC/APTES nanocomposite is polycrystalline. The energy bandgap of the biochar-

capped iron oxide nanoparticles was reduced from 3.47 to 2.85 eV after functionalization with APTES.

Photocatalytic degradation potential of the nanocomposite was evaluated with malachite green (MG)

and trypan blue (TPB) dyes using the response surface methodology based on the Box–Behnken design

(RSM-BDD). The optimal degradation efficiency from RSM-BBD for MG was 99.94% with a catalyst

dosage of 7.5 mg, dye concentration of 50 ppm, and pH of 9 for 105 min. The optimum parameters for

TPB were found to be a concentration of 30 ppm, a catalyst dosage of 12 mg, a pH of 5, and 85.77% of

degradation after 90 min. Reusability studies show that the nanocomposite can be reused five times

without significant reduction in the photocatalytic degradation efficiency.
1. Introduction

Azo is a broad category of articial organic dyes containing one
or more azo groups (–N]N). These are the dyes commonly used
in the textile, paper, leather, food, and cosmetics industries.1,2

Some of these dyes are discharged into the environment via
sewage. The presence of azo dyes can lead to signicant envi-
ronmental damage due to their extremely stable and complex
chemical structures that are resistant to degradation processes.3

Their prolonged presence could cause irreversible detrimental
impacts on human health, the environment, and endanger
aquatic ecosystems because of their toxic and non-
biodegradable nature.4–6 Consequently, it is imperative that
these contaminants are eliminated from human water sources
and wastewater from industries. Photocatalysis has drawn
much interest among several physical and chemical contami-
nant removal techniques because of its high efficiency,
simplicity, and cost-effectiveness.7–9

Recently, there has been increased interest in magnetic
nanoparticles, especially iron oxide, because of their unique
ity of KwaZulu-Natal, Private Bag X01,

frica. E-mail: ajibadep@ukzn.ac.za

tion (ESI) available. See DOI:

12
magnetic properties, low toxicity, biocompatibility, and simple,
cost-effective fabrication process.10–13 Furthermore, iron oxide-
based nanomaterials have been identied as potentially useful
materials for remediation of polluted wastewater because of
their high activity, and ease of recovery by an external magnetic
eld. However, magnetic iron oxide nanoparticles have inherent
disadvantages, such as poor stability under high temperatures
and aggregation of particles due to dipole–dipole moments,
which reduces their surface area and reactive activities.14–16 Bio-
nanocomposite synthesis is thus a practical approach to
improve the stability of magnetic nanoparticles and prevent
them from oxidation.

In order to enhance the biocompatibility and stability of
metal oxide nanoparticles such as iron oxides nanoparticles,
they are being functionalization with silica,17,18 natural
compounds,19,20 polymers,21,22 and organic layers.23,24 This
signicantly broadens the range of potential applications. One
of the compounds for surface modication that is frequently
utilized among these coating agents is silica. Silica coating also
improves their stability, and create a novel medium for addi-
tional functionalization.25,26 It creates a thick coating on
magnetic nanoparticles, and provides protection against
oxidation. To obtain desired properties, silanol functional
groups can also be employed to further functionalize magnetic
nanoparticles with other biomolecules and polymers. As
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a result, the silanol groups on the surface of nanoparticles
facilitate the ease of immobilization of the hydroxyl groups that
are present in natural biomolecules like avonoids.27

Biochar has been demonstrated to be an effective capping
agent due to its porous nature, stability and large surface
area.28,29 Biochar-capped nanocomposites may facilitate the
separation of photogenerated carriers and are not prone to
corrosion.30 In this study, we present the use of Portulacaria afra
biochar-capped iron oxide nanocomposite coated with tet-
raethyl orthosilicate (TEOS) and functionalized with (3-amino-
propyl)triethoxysilane (APTES), [Fe3O4@BC/APTES] and its use
as photocatalyst for the degradation of cationic dyes, malachite
green and trypan blue. The kinetics, effect of pH, and scaven-
gers on the degradation of the dyes are also evaluated.
2. Materials and methodology
2.1 Materials

Materials used for the preparation of the magnetic iron oxide
nanocomposites are Fe2(SO4)3$H2O, FeCl2$4H2O, 25%
ammonia solution, P. afra biochar, tetraethyl orthosilicate
(TEOS), toluene, ethanol and (3-aminopropyl)triethoxysilane
(APTES). The dyes used for the photocatalytic study are mala-
chite green and trypan blue. Scavengers, formic acid, benzo-
quinone, tert-butyl alcohol and potassium nitrate. The pH was
adjusted using HCl and NaOH. All materials were used as
received. HRTEM images were captured on JEOL JEM2100
Transmission electron microscope. ImageJ soware was used to
measure particle sizes. The phase identication of the iron
oxide nanocomposite was conducted using powder X-ray
diffraction (XRD) on a Bruker D8 instrument (Billerica, MA,
USA) equipped with monochromatic CuKa radiation, over a 2q
range of 10° to 90°. FTIR (Cary 100) and PerkinElmer lambda 25
UV-Vis spectrophotometer were used in the qualitative analysis
of the magnetic nanoparticles and composite. The dye degra-
dation experiments were carried out under a 70 W high-
pressure mercury lamp. The pH was monitored using Met-
rohm 827 pH meter.
Table 1 Experimental variables and their levels

Factor Variables Unit Level 1 (−1) Level 2 (0) Level 3 (+1)

A Time min 30 105 180
B Catalyst dosage mg 2.5 7.5 12.50
C Dye concentration ppm 10 30 50
D pH 3 6 9
2.2 Methods

2.2.1 Preparation of Portulacaria afra biochar. Dried Por-
tulacaria afra leaves (30 g) were placed in a porcelain crucible
and carbonized for 3 h at 300 °C in a vacuum tube furnace. The
resulting P. afra biochar was powdered using a pestle and
mortar.

2.2.2 Preparation of Fe3O4@BC. Iron oxide nanoparticles
were prepared by co-precipitation method.31 Fe2(SO4)3$H2O
(0.005 mol, 2.0895 g) and FeCl2$4H2O (0.0025 mol, 0.4970 g)
were dissolved in 50 mL of distilled water in 3-neck round
bottom ask. The salts solution was heated to 90 °C under
nitrogen and 15 mL of 25% ammonia solution was added and
the mixture was stirred for 1 h. 2 g of biochar was added and the
resultant mixture was stirred for 6 h. The biochar capped
nanocomposite was washed with distilled water and ethanol
then dried in the oven at 80 °C for 12 h.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.3 Preparation of Fe3O4@BC/SiO2 nanoparticles.
Fe3O4@BC/SiO2 nanoparticles were prepared using Stöber
method.32 1 g of biochar-capped iron oxide nanoparticles were
dispersed in 80 mL ethanol by continuous stirring at 40 °C.
25 mL of 25% ammonia solution was added to the mixture aer
30 min. Thereaer, 2 mL TEOS was introduced with the mixture
and was le to stir for 24 h at 40 °C under nitrogen. Finally, the
product was separated by an external magnet and rinsed with
distilled water and ethanol then dried in the oven at 60 °C for
12 h.

2.2.4 Preparation of Fe3O4@BC/APTES nanoparticles.
Fe3O4@BC/APTES composite was prepared using the reported
method.33 2 mL APTES was added into a mixture of Fe3O4@BC-
SiO2 NPs (1 g) and 30 mL toluene under continuous stirring for
12 h at 80 °C under nitrogen atmosphere. The obtained
Fe3O4@BC/APTES composite was separated by an external
magnet then washed with ethanol and dried for 12 h at 50 °C in
the oven.

2.2.5 Point of zero charge (pHzpc)test. The pHzpc test for
Fe3O4@BC/APTES nanocomposite was carried out with a 0.01 M
NaCl solution at a pH of 2 to 10.34 The pH of the solutions varied
using 0.1 M HCl and 0.1 M NaOH. 0.02 g of nanocomposite was
added to 50 mL of each solution and then placed in a shaker for
24 h at ambient temperature. The ltrate pH readings were
taken. The pHzpc value was obtained by plotting the initial
solution pH and the change in pH.

2.2.6 Photocatalytic experiment. Photocatalytic activity of
the Fe3O4@BC/APTES nanocomposite was carried out using 10–
50 ppm trypan blue (TPB) and malachite green (MG). 2.5–
12.50 mg of the nanocomposite was dispersed in 6 mL of the
dye solution and sonicated for 30 min followed by stirring for
60 min in the dark to reach adsorption–desorption equilibrium.
The catalyst-dye mixture was irradiated with OSRAM VIALOX
70W incandescent mercury lamp for 180min under continuous
stirring. UV-Vis spectra for the solutions aer light irradiation
were obtained to study the photodegradation of the dyes. The
pH of the dyes was adjusted by the addition of 0.1 M HCl or
0.1 M NaOH solution. The study examined the impact of various
variables, including dye concentration, time, solution pH, and
catalyst dosage, on dye photodegradation efficiency using the
RSM/BBD model.

2.2.7 Recycling experiments. The degradation of crystal
violet andmalachite green by Fe3O4@BC/APTES was repeated in
5 cycles. Aer each photocatalytic cycle, the catalyst was isolated
by a magnet, rinsed with water and ethanol, and then dried in
the oven at 80 °C for 2 h.
RSC Adv., 2025, 15, 6400–6412 | 6401

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09025j


Table 2 Experimental design matrix and response results for malachite green (MG) and trypan blue (TPB)

Run Time (min) Catalyst dosage (mg) Dye concentration (ppm) pH

Malachite green (MG) Trypan blue (TPB)

Predicted Experimental Predicted Experimental

1 105 7.5 10 3 93.11 95.77 73.22 73.46
2 180 2.5 30 6 83.97 85.07 53.77 54.23
3 30 7.5 50 6 83.51 83.01 54.71 54.26
4 30 2.5 30 6 79.40 80.87 44.95 46.51
5 105 7.5 10 9 94.07 95.81 37.64 36.71
6 105 7.5 50 3 66.55 66.70 54.79 54.61
7 180 7.5 50 6 88.55 87.53 45.07 45.25
8 105 2.5 30 3 55.06 53.12 52.62 51.98
9 105 2.5 50 6 76.75 78.58 27.32 27.04
10 180 7.5 10 6 98.91 96.10 79.74 80.99
11 180 7.5 30 9 95.63 98.06 37.03 37.34
12 105 7.5 30 6 90.05 90.05 78.16 78.16
13 105 12.5 30 9 86.39 85.02 44.95 46.40
14 105 12.5 50 6 91.19 91.49 68.33 70.41
15 105 7.5 30 6 90.05 90.05 78.16 78.16
16 105 7.5 50 9 100.08 100.00 23.44 22.09
17 105 7.5 30 6 90.05 90.05 78.16 78.16
18 105 7.5 30 6 90.05 90.05 78.16 78.16
19 30 12.5 30 6 92.24 93.03 70.85 69.28
20 105 2.5 10 6 87.37 88.48 58.85 57.08
21 105 12.5 30 3 99.73 100.00 83.82 83.94
22 30 7.5 30 3 72.57 71.56 61.78 61.78
23 30 7.5 30 9 98.46 100.00 36.59 36.43
24 105 2.5 30 9 100.06 100.00 24.55 25.23
25 180 12.5 30 6 98.62 99.05 79.47 76.80
26 105 7.5 30 6 90.05 90.05 78.16 78.16
27 180 7.5 30 3 86.35 86.22 78.78 79.25
28 30 7.5 10 6 93.01 90.72 52.67 53.30
29 105 12.5 10 6 100.14 100.00 69.43 70.02
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2.2.8 Experimental variables for Box–Behnken design
(BBD) design. Experimental variables used for the study are
presented in Table 1 showing the inuence of four independent
parameters on the dye photodegradation. These parameters are
catalyst dosage (mg), time (min), dye concentration (ppm), and
solution pH. Each variable was evaluated at three levels: low
(−1), midrange (0), and high (+1). Table 2 shows the 4-factor
Box–Behnken design (BBD) for all 29 runs, as well as the
experimental and estimated results.
3. Results and discussion
3.1 Structural and morphological properties of the
nanocomposite

The powder XRD patterns of the nanocomposite is shown in
Fig. 1(a). The diffractogram displays a broad peak within the 2q
range of 20.18° to 33.31°, which is attributed to the presence of
amorphous carbon and silica.35 The sharp peaks indicated by
asterisks represent crystalline silica phases embedded in the
amorphous biochar.36 The diffraction peaks observed at 17.57°,
35.17°, 41.54°, 44.65°, 50.78°, 63.29°, 67.60°, and 74.52° corre-
spond to the (111), (220), (311), (222), (400), (422), (511), and
(400) planes of the crystalline cubic spinel structure of Fe3O4

(PDF ref. 03-065-3107).37 The sharp peaks indicate the high
crystallinity of the nanocomposite.
6402 | RSC Adv., 2025, 15, 6400–6412
The HRTEM images, lattice fringes, and SAED patterns of the
nanocomposite are presented in Fig. S1.† The HRTEM image
shows mixtures of square-like, quasi-spherical and irregularly
shaped particles with an average size of 22.4 nm (Fig. S1(a)†).
The lattice fringes shows two interplanar spacings of 0.297 nm
and 0.245 nm, which correspond to the (220) and (222) plane of
Fe3O4. The ring-shaped SAED patterns (Fig. S1(c)†) indicate that
Fe3O4@BC/APTES nanocomposite is polycrystalline.

The average particle size increased aer coating with TEOS
and functionalization with APTES due to the silica shell and
amino groups on the surface of the iron oxide nanoparticles
(Fig. S2†). A similar occurrence has been reported where the
Fe3O4@SiO2 nanocomposite exhibited a notable increase in
particle size and surface area aer functionalization with
APTES.38 This is mainly due to the formation of the cross-linked
silane networks on the nanoparticle surface.

The FT-IR spectra of BC, Fe3O4@BC and Fe3O4@BC/APTES
nanocomposite are shown in Fig. S3.† The Fe–O bond is
observed at 553 cm−1 in the BC-coated nanoparticles,39 whereas
for the Fe3O4@BC/APTES, it is observed at 556 cm−1. The peak
at 783 cm−1 is assigned to the Si–O–Fe bond.40 Fe3O4@BC/
APTES spectrum shows a peak at 1071 cm−1 attributed to Si–
O–Si bands stretching vibration indicating the presence of silica
on the surface of the iron oxide nanoparticles.41 The two broad
peaks around 3364 cm−1 and 1610 cm−1 correspond to the –OH
group on the surface of the as-prepared iron oxide
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 P-XRD patterns of Fe3O4@BC/APTES nanocomposite
(*amorphous carbon and silica).

Table 3 XRF analysis of Fe3O4@BC/APTES composite

Component Weight (%)

Al2O3 bdl
CaO 1.62
Cr2O3 bdl
Fe2O3 18.89
K2O 0.04
MgO 1.42
MnO 0.05
Na2O 0.03
P2O5 0.25
SiO2 29.66
TiO2 0.06
L.O.I. 47.55
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nanocomposite. Fe3O4@BC/APTES spectrum also exhibits two
weak absorption bands at 2942 and 2990 cm−1, which are due to
the symmetric and asymmetric stretching of the C–H bonds of
the propyl groups.

The X-ray uorescence (XRF) analysis of the Fe3O4@BC/
APTES composite reveals its elemental composition in terms
of oxides as shown in Table 3. The composite is primarily
composed of silica (SiO2), hematite (Fe2O3) obtained from the
oxidation of magnetite (Fe3O4) during XRF analysis,42 and
a substantial organic/volatile component (L.O.I.), with minor
contributions from calcium oxide, magnesium oxide, and other
trace elements. These oxides may be trace components derived
from the biochar used in the composite. The CHN analysis
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Table S1†) provides insight into the organic composition of the
Fe3O4@BC/APTES composite. The presence of nitrogen
conrms successful functionalization with amino (–NH2)
groups. The high carbon content reects the biochar (BC)
component, which is an organic, carbon-rich material. The
CHN and XRF analysis show that the material is a hybrid
composite, with signicant organic materials (generated from
biochar and functional groups) and inorganic components like
silica and iron oxide.
3.2 Optical properties

The band gap energy indicates the catalyst's potential to harvest
light energy which is required for moving an electron from the
valence to the conduction band. The Fe3O4@BC/APTES
composite absorbs at 286 nm (Fig. 2(a)). The energy band gap
of the nanocomposite was determined using the Tauc plot as
shown in Fig. 2(b).43 The estimated bandgap value of
Fe3O4@BC/APTES was 2.85 eV which is a signicant decrease
compared to 3.47 eV obtained for Fe3O4@BC/APTES (Fig. S4†).
This demonstrates that functionalization of the nanoparticles
with APTES can enhance their light response.
3.3 Surface properties

The point of zero charge (pHzpc) is a signicant parameter for
understanding catalyst activity in solution. The pHzpc value of
the Fe3O4@BC/APTES nanocomposite was determined using
the plot in Fig. 3 and was found to be 4.51. This suggests that
the surface charge of the catalyst will be positive at pH values
below pHzpc allowing adsorption of anions. Contrarily, at pH
above the pHzpc value, the surface charge will be negative,
allowing the adsorption of cations.
4. Box–Behnken model
4.1 Model tting and statistical analysis

To assess the effect of specied critical variables on the degra-
dation of MG and TPB dyes on Fe3O4@BC/APTES, two second-
order polynomial quadratic equations were statistically gener-
ated with RSM-BBD based on the observed data collected from
the experiments. The RSM-BBD model coded equations that
have been tted for the decomposition of MG dye and TPB dye
are provided in eqn (1) and (2), respectively.

For Malachite green

D (%) = +90.05 + 2.74 × A + 6.87 × B − 4.96 × C + 8.79 × D

+ 0.4550 × AB − 0.2150 × AC − 4.15 × AD

+ 0.3475 × BC − 15.47 × BD +8.31 × CD

+ 0.2863 × A2 − 1.78 × B2

+ 0.6575 × C2 − 2.08 × D2 (1)

For Trypan blue

D (%) = 78.16 + 4.36 A + 12.90 B − 8.16 C − 16.74 D

− 0.0500 AB − 9.17 AC − 4.14 AD + 7.61 BC

− 2.70 BD + 1.06 CD − 6.92 A2 − 8.98 B2

− 13.19 C2 − 17.69 D2 (2)
RSC Adv., 2025, 15, 6400–6412 | 6403
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Fig. 2 Absorption spectrum and Tauc plot of Fe3O4@BC/APTES.

Fig. 3 Determination of pHzpc value of Fe3O4@BC/APTES.

Table 4 ANOVA results of quadratic model for MG degradation

Source Sum of squares df

Model 3239.75 14
A-time 89.87 1
B-catalyst dosage 566.78 1
C-dye concentration 295.72 1
D-pH 927.87 1
AB 0.8281 1
AC 0.1849 1
AD 68.89 1
BC 0.4830 1
BD 956.66 1
CD 276.56 1
A2 0.5315 1
B2 20.49 1
C2 2.80 1
D2 28.16 1
Residual 61.97 14
Lack of t 61.97 10
Pure error 0.0000 4
Cor total 3301.72 28

6404 | RSC Adv., 2025, 15, 6400–6412
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where D is the response (degradation efficiency), 90.05 and
78.16 are MG and TPB intercept, respectively. A, B, and C denote
regression coefficients for linear effects while AB, AC, AD, BC,
BD and CD are regression coefficients for two-factor interaction
effects, and A2, B2, C2 and D2 are for quadratic effects. This
equation can be used to estimate the reaction for specic values
of each component.

The ANOVA results in Tables 4 and 5 demonstrate the
statistical applicability of the established model equations for
MG and TPB degradation, with a low p-value (<0.0001) and good
precision values (>4) suggesting that the model terms are
signicant. This means adjusting any model term inuences
the degradation efficiency of the dye. Moreover, the estimation
of correlation (R2) values (>0.95) for both MG and TPB dyes
revealed that less than 1% of the total changes in MG and TPB
degradation efficiencies did not match the proposed model.
Mean square F-value p-value

231.41 52.28 <0.0001
89.87 20.30 0.0005
566.78 128.05 <0.0001
295.72 66.81 <0.0001
927.87 209.64 <0.0001
0.8281 0.1871 0.6719
0.1849 0.0418 0.8410
68.89 15.56 0.0015
0.4830 0.1091 0.7460
956.66 216.14 <0.0001
276.56 62.48 <0.0001
0.5315 0.1201 0.7341
20.49 4.63 0.0494
2.80 0.6335 0.4393
28.16 6.36 0.0244
4.43
6.20
0.0000

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 ANOVA results of quadratic model for TPB degradation

Source Sum of squares df Mean square F-value p-value

Model 9865.96 14 704.71 347.63 <0.0001
A-time 227.94 1 227.94 112.44 <0.0001
B-catalyst dosage 1996.40 1 1996.40 984.83 <0.0001
C-dye concentration 798.70 1 798.70 394.00 <0.0001
D-pH 3360.72 1 3360.72 1657.85 <0.0001
AB 0.0100 1 0.0100 0.0049 0.9450
AC 336.72 1 336.72 166.11 <0.0001
AD 68.56 1 68.56 33.82 <0.0001
BC 231.50 1 231.50 114.20 <0.0001
BD 29.11 1 29.11 14.36 0.0020
CD 4.47 1 4.47 2.21 0.1596
A2 310.50 1 310.50 153.17 <0.0001
B2 523.22 1 523.22 258.10 <0.0001
C2 1129.14 1 1129.14 557.00 <0.0001
D2 2030.72 1 2030.72 1001.75 <0.0001
Residual 28.38 14 2.03
Lack of t 28.38 10 2.84
Pure error 0.0000 4 0.0000
Cor total 9894.34 28
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The strong adjusted R2 values show that RSM-BBD models have
greater potential to predict the photodegradation reaction of
MG and TPB. The difference between the adjusted correlation
coefficient and expected correlation is less than 0.2, which
indicates that experimental and statistically estimated
responses are consistent (Tables 4 and 5).44

In addition, the p-values for lack-of-t showed that the lack-
of-t is signicant, indicating that the designed models t the
real data for both MG and TPB dyes.45 Fig. 4 shows the distri-
bution of experimental results versus expected values for the
degradation efficiencies of MG and TPB dyes. Evidently, every
point was distributed with a small variance along the center
line, which indicates that the developed quadratic models t
Fig. 4 The predicted versus actual plots of (a) MG and (b) TPB photoca

© 2025 The Author(s). Published by the Royal Society of Chemistry
the data adequately. Thus, the developed models to estimate
MG and TPB dye degradation were determined to be appro-
priate. Model terms were evaluated for signicance at a 95%
condence level (p-value < 0.05).
4.2 Response surface analysis

Three-dimensional response surface graphs demonstrate how
adjusting two separate variables within the experimental range
can inuence dye degradation while holding other variables
constant. Fig. 5(a) shows that as the dosage of the nano-
composite is increased from 2.5 to 12.5 mg, the degradation
efficiency of MG increased to the maximum of 99.05%. The
talytic degradation.
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Fig. 5 Response surface plots for photodegradation efficiency of MG as a function of (a) time vs. catalyst dosage (pH 6, dye concentration = 30
ppm), (b) catalyst dosage vs. dye concentration (time= 105min, pH 6) (c) time and dye concentration (pH 6, catalyst dosage= 7.5mg), (d) catalyst
dosage vs. pH (time= 105 min, dye concentration = 30 ppm), (e) time vs. pH (catalyst dosage= 7.5 mg, dye concentration = 30 ppm) and (f) dye
concentration vs. pH (time = 105 min, catalyst dosage = 7.5 mg).
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increase in photodegradation efficiency is attributed to more
active sites available for the binding of dye molecules, which
improves the degradation of the dye.46 TPB degradation effi-
ciency also increases from 54.23% to 83.47% at 2.5 mg to 11 mg
(Fig. 6(a)). However, a further increase of catalyst dosage to
12.5 mg decreased the efficiency to 76.80%. This may be due to
6406 | RSC Adv., 2025, 15, 6400–6412
agglomeration of the composite in solution which hinders the
absorption of photons by the catalyst and decreases the number
of active surface sites that can interact with the dye molecules.47

In Fig. 6(b), the photocatalytic degradation efficiency of TPB
signicantly decreased as dye concentration increased due to
competition among dye molecules for the photocatalyst active
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Response surface plots for photodegradation efficiency of TPB as a function of (a) time vs. catalyst dosage (pH 6, dye concentration = 30
ppm), (b) time and dye concentration (pH 6, catalyst dosage = 7.5 mg), (c) catalyst dosage vs. dye concentration (time = 105 min, pH 6), (d)
catalyst dosage vs. pH (time= 105min, dye concentration= 30 ppm), (e) time vs. pH (catalyst dosage= 7.5mg, dye concentration= 30 ppm) and
(f) dye concentration vs. pH (time = 105 min, catalyst dosage = 7.5 mg).
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sites.48 A decrease of only 8.57% was observed for MG suggest-
ing that the initial dye concentration does not have a major
inuence (Fig. 5(c)). Furthermore, it was found that pH 3 is
© 2025 The Author(s). Published by the Royal Society of Chemistry
appropriate for the degradation of TPB dye (Fig. 6(e)), whereas
MG high degradation efficiencies of 86.22% and 98.06% were
obtained at pH 3 and pH 9 (Fig. 5(e)). The high degradation
RSC Adv., 2025, 15, 6400–6412 | 6407
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Table 6 Optimum conditions for photodegradation of MG and TPB dyes by Fe3O4@BC/APTES composite

Dye Time (min)
Catalyst dosage
(mg)

Dye concentration
(ppm) pH

Predicted degradation
efficiency (%)

Experimental degradation
efficiency (%)

MG 105 7.5 50 9 100.03 99.94
TPB 90 12 30 5 86.51 85.77
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efficiency observed over the broad pH range is attributed to the
structural changes of malachite green transforming into
carbinol base under alkaline conditions and leucomalachite
green under acidic conditions.49,50 This suggests that the
composite can degrade MG in a wide range of pH whereas
electrostatic interactions are involved in the degradation of
TPB. This is because TPB contains stable sulfonic groups which
are strong acids, maintaining a negative charge of the dye
molecule over a wide pH range.48 This can be further claried by
the composite's point of zero charge of 4.51. At pH < 4.51, the
catalyst surface had a positive charge, attracting the anionic
TPB, and at pH > 4.51, the catalyst surface had a negative
charge, repelling the anionic TPB.
Table 7 Degradation efficiency of Fe3O4@BC/APTES nanocomposite co

Photocatalyst Light source Reactio

Ir doped ZnO (5 wt%) 9 W visible light 0.2 g L−

120 min
K2S2O8

10 ppm
N/Na/Fe–TiO2 300 W tungsten halogen lamp 0.11 g c

25.38 m
50 ppm

CuO 40 W white uorescent lamp 30% w/
20 mg c
35 min
100 ppm

0.2%La–ZnO/SiO2 300 W xenon lamp 15 mg c
120 min
15 mg p

Mn/O–CN-2 350 W Xenon lamp 20 mg c
90 min
20 mg p

Fe3O4@BC/APTES 70 W mercury lamp 7.5 mg
105 min
50 ppm

Ce loaded CuO 8 W V-A light 1 g L−1

300 min
2 × 10−

LaFeO3 100 W incandescent lamp 10 mg c
10 ppm

Ag2C2O4/Ag/g-C3N4 Solar irradiation 0.025 g
30 min
25 mg L

CuNPs — 0.02 g L
30 °C
523 mg

Fe3O4@BC/APTES 70 W mercury lamp 90 min
11 mg
35 ppm

6408 | RSC Adv., 2025, 15, 6400–6412
The degradation efficiency decreased with increasing dye
concentration but increased dramatically with increasing cata-
lyst dosage reaching 100% and 70.02% for MG and TPB aer
105 min at 10 ppm using 12.5 mg. The negative effect of dye
concentration can be attributed to the fact that as the initial
concentration of organic dye increases, a greater number of
molecules accumulate on the surface of the catalyst causing
light shielding effects, thereby inhibiting the photogeneration
of reactive species due to active site overloading.51 Fig. 5(f)
depicts the relationship between the effect of dye concentration
and pH in the experimental ranges on MG degradation effi-
ciency at a catalyst dosage of 7.5 mg and a reaction duration of
180 minutes. It is evident that the optimum degradation
mpared to other photocatalysts

n parameters
Degradation
efficiency (%) Ref.

1 catalyst 90 52

= 0.33 mmol
MG
atalyst 97.89 53
in pH 9.89
MG
w H2O2 78 54
atalyst

MG
atalyst pH 8 96.1 55

er L MG
atalyst 91.7 56

er L MG
catalyst 99.94 Current study

MG pH 9
catalyst 100 57
pH 7

4 M TPB
atalyst 79 48
TPB
catalyst pH 8.0 85.91 58

−1 of TPB
−1 catalyst [K2S2O8] = 2.5 mM 57 59

per L TPB at pH 6
85.77 Current study

TPB at pH 5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Kinetic plots of (a) MG and (b) TPB.
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efficiency for MG occurs at pH 9 in 50 ppm. In contrast, TPB
degradation is enhanced at pH 3 with a maximum efficiency of
73.46% at 10 ppm (Fig. 6(f)). This suggests that TPB degradation
is more dependent on initial dye concentration than MG. The
decrease in degradation efficiency at higher TPB concentrations
highlights a critical limitation for photocatalytic processes in
treating highly concentrated dye wastewater on an industrial
scale. Addressing this issue would require optimizing catalyst
loading and reactor with higher light intensities.

To explore the binary relationship of catalyst dosage and pH
value at a constant dye concentration of 30 ppm, 3D response
surface plots are presented in Fig. 5(d) and 6(d). The MG
degradation efficiency is improved from 53.12% to 100% by
increasing the catalyst load from 2.5 mg to 12.5 mg at pH 3.
Complete MG degradation was also observed at pH 9 using
2.5 mg of the catalyst and a decrease in efficiency to 85.02%
when the catalyst dosage was increased to 12.5 mg. This indi-
cates that degradation is signicantly more dependent on
catalyst dosage than on pH. In contrast, low degradation effi-
ciency was observed at pH 9 for TPB using 12.5 mg, and high
efficiency of 83.94% was observed at pH 3. It is evident that pH
value has a strikingly substantial effect on TPB dye photode-
composition compared to catalyst dosage.
Fig. 8 Effect of scavengers on the photocatalytic degradation of
malachite green (MG) and trypan blue (TPB) by Fe3O4@BC/APTES
composite.
4.3 Response surface model optimization and prediction

The optimization was carried out with design expert soware
where the goal of time, catalyst dose, dye concentration, and pH
were set within the experimental range and degradation effi-
ciency to the maximum (Fig. S5 and S6†). Predicted optimum
parameters and degradation efficiencies as well as the experi-
mental results are presented in Table 6. The experimental
photodegradation efficiencies of malachite green and trypan
blue dyes are consistent with the predicted values, suggesting
that the response surface model is highly reliable. Table 7
compares the photocatalytic degradation efficiencies of MG and
© 2025 The Author(s). Published by the Royal Society of Chemistry
TPB using Fe3O4@BC/APTES with previously published photo-
catalysts. The results obtained demonstrate that Fe3O4@BC/
APTES photocatalytic activity is superior as it degrades MG
and TPB effectively at high concentrations and short reaction
time.
4.4 Kinetic study

To evaluate the kinetic degradation (Fig. 7) of MG and TPB by
Fe3O4@BC/APTES composite, experimental data was tted
using a pseudo-rst-order kinetic equation (eqn (3)).

ln
Ct

C0

¼ �kt (3)

where C0 and Ct represent the initial dye concentration and at
time t, respectively, k indicates the rst-order rate constant, and
RSC Adv., 2025, 15, 6400–6412 | 6409
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Fig. 9 Reusability cycles of Fe3O4@BC/APTES composite over TPB and MG.
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t denotes reaction time. The graphs of ln(Ct/C0) versus t
(Fig. 9(d)) show that photocatalytic degradation of MG and TPB
follows a pseudo-rst-order kinetic model with correlation
coefficients of 0.9708 and 0.9599, respectively. The estimated
reaction rate constants for MG and TPB are 0.0255 and
0.0140 min−1, respectively. Furthermore, the k value of MG is
noted to be approximately twice that of TPB. The MG reaction
rate is steady, whereas TPB has a rapid reaction rate within
60 min followed by a slow continuous rate. These results
demonstrate that the Fe3O4@BC/APTES surface exhibits higher
binding affinity to MG than to TPB.60

5. Effect of scavengers on the
photocatalytic degradation of MG and
TPB by Fe3O4@BC/APTES

The catalyst's potential to degrade contaminants by photo-
catalysis depends on the electron–hole pair (e−/h+) separation
efficiency, which initiates redox reactions that produce active
species.61 The scavenger studies were conducted using benzo-
quinone (BQ), formic acid (FA), potassium nitrate (PN) and tert-
butyl alcohol (TBA) to quench cO2

−, h+, e− and cOH, respectively.
Fig. 8 shows that the degradation efficiency over Fe3O4@BC/
APTES decreased drastically in the presence of TBA from
85.77 to 17.60% for TPB and 99.94 to 21.15% for MG. Similarly,
the addition of BQ reduced the degradation efficiency to 34.68
and 27.49% for MG and TPB, respectively. Thus, cOH and cO2

−

are the dominant active species in MG and TPB degradation,
whereas e− and h+ are the secondary active species.

6. Proposed photocatalytic
mechanism

Proposed photocatalytic mechanism for the degradation of MG
and TPB by the nanocomposite presented in Scheme S1† shows
that upon exposure to visible light, iron oxide nanoparticles
6410 | RSC Adv., 2025, 15, 6400–6412
absorb photons, causing electrons to become excited from the
valence band to the conduction band. These excited electrons
(e−) in the conduction band interact with dissolved oxygen (O2)
in water, generating superoxide radicals (cO2

−). Simultaneously,
the holes (h+) le in the valence band react with water molecules
(H2O) to form hydroxyl radicals (cOH). Biochar functions as an
effective electron reservoir and acceptor, preventing electron–
hole recombination and extending the lifetime of reactive
species.62,63 Consequently, biochar capping on the nano-
particles ensures the photocatalytic reaction remains sustained.
Additionally, the NH2 functional group serves as an electron
donor,64 further reducing the rate of electron–hole recombina-
tion and extending the lifetime of charge carriers. This extended
lifetime of photoinduced charge carriers enhances the
production of cO2

− and cOH, the primary reactive species, and
enhances photocatalytic efficiency.65 The resulting cOH and
cO2

− radicals are highly reactive, facilitating the degradation of
dyes into smaller, non-toxic molecules.

7. Recycling

The as-prepared Fe3O4@BC/APTES composite was analysed for
ve successive photocatalytic cycles, as shown in Fig. 9. The TPB
dye degradation decreased from 85.77% to 80.35% aer ve
cycles, which shows the recyclability and photostability of the
as-prepared nanocomposite for TPB dye. Similarly, the degra-
dation efficiency decreased from 99.94% to 98.68% for the MG
dye aer the h cycle. The decrease in the photodegradation
efficiency is due to the accumulation of dye molecules and
intermediates at the active sites.66

8. Conclusion

APTES functionalized magnetic nanocomposite capped with
biochar from P. afra was synthesized by the coprecipitation
method. Powder X-ray diffraction patterns conrmed crystalline
cubic spinel structure of Fe3O4. HRTEM micrographs revealed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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spherically shaped Fe3O4@BC/APTES nanocomposite with
average particle size of 22.4 nm with interplanar spacings of
0.297 nm and 0.245 nm, which correspond to the (220) and
(222) planes of Fe3O4, respectively. This showed that the func-
tionalization of Fe3O4@BC with APTES increases the average
particle size of the as-prepared nanocomposite. FTIR spectra
conrmed the presence of SiO2 and –NH2 functional groups on
the surface of the as-prepared nanocomposite. The photo-
catalytic degradation of malachite green (MG) and trypan blue
(TPB) by the as-prepared nanocomposite was evaluated. The
Fe3O4@BC/APTES composite showed high photocatalytic
degradation efficiency of 99.94% and 85.77% over MG and TPB
at optimum conditions determined by the RSM/BBD. The high
photocatalytic efficiency could be attributed to the efficient
recombination inhibition of the photogenerated charge
carriers. Scavengers were shown to play a signicant role in the
degradation efficiency, with e− and cOH being the major active
species in the photocatalytic reaction. The as-prepared
Fe3O4@BC/APTES composite is photostable and recyclable for
the photocatalytic degradation of the MG and TPB dyes with an
efficiency loss of 1.26% and 5.42%, respectively.
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