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Leaf Extract: Catalytic Activity in TMB-H2O2 Redox Reactions and
their Application in Hydrogen Peroxide Sensing
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ABSTRACT
Introduction: Among metal nanoparticles (MNPs), silver nanoparticles (AgNPs) have attracted
particular attention because of their excellent electrical and optical properties. Notably, colorimet-
ric sensors incorporating metal nanoparticles have garnered significant attention from scientists
in biochemical analysis, offering a simple solution. Here, we report the use of AgNPs in a hydro-
gen peroxide (H2O2) sensor. Methods : AgNPs were synthesized from Phlogacanthus turgidus leaf
extract, H2O2 was used to oxidize colorless 3,3',5,5'-tetramethylbenzidine (TMB) into blue ox-TMB,
and the reactionwas catalyzedbyAgNO3 . Measuring the resulting solution spectrophotometrically
helped to determine the concentration of ox-TMB, thereby determining the concentration of H2O2
produced. Results: The UV−Vis spectrum of the AgNPs synthesized from Phlogacanthus turgidus
leaf extract exhibited a prominent absorption peak at 427 nm. The linear range was determined to
be 100–300 µM. The linear regression equation is y = 0.91574 + 3.10484×10−4 CH2O2, with an SD
value of 0.00438. The results revealed that the limit of detection (LOD) of H2O2 through the color
reaction between TMB and H2O2 in AgNP catalysis was 46.55 µM, and the limit of quantification
(LOQ) was 141.07 µM. Conclusion: On the basis of the results of the optimal conditions for TMB
oxidation in the presence of AgNPs, we can evaluate the applicability of this material as a H2O2
sensor.
Key words: AgNPs, green synthesis, Phlogacanthus turgidus, H2O2 sensor

INTRODUCTION
MNPs have recently become a topic of interest be-
cause of their diverse applications1–6. MNPs are im-
portant materials used in the fields of biomedicine,
optics, the environment, catalysis and electrochem-
istry, such as biosensors7–11. Among MNPs, AgNPs
have received particular attention because of their ex-
cellent electrical and optical properties 12. H2O2 is
a powerful oxidizing agent with various applications
in medicine and industry. It is commonly known as
a bleaching and disinfecting agent. However, proper
handling is crucial to ensure safety and effectiveness,
as it is highly corrosive and can alter stem cells and
pose acute and chronic toxicity risks to aquatic en-
vironments13–15. H2O2 is measured and quantified
across a wide range of sample matrices, including en-
vironmental samples (water and soil), human fluids
(sweat and blood), and cell and tissue cultures. Vari-
ous methods are employed for this purpose, includ-
ing optical techniques (colorimetry, chemilumines-
cence, and fluorescence), as well as electrochemical
methods (potentiometry, voltammetry, and amper-
ometry). Notably, colorimetric sensors incorporating

metal nanoparticles have garnered significant atten-
tion from scientists in biochemical analysis, offering
a simple solution16.
Recently, many studies have investigated the green
synthesis and application of AgNPs in H2O2 sen-
sors. Nurul Ismillayli et al. (2024) reported the use
of microwave-assisted synthesis of AgNPs as a colori-
metric sensor for H2O2

17. Ramesh Vinayagam et al.
(2024) studied the structural characterization of ma-
rine macroalgae-derived AgNPs and their colorimet-
ric sensing ofH2O2

18. Haodong Shen et al. (2023) re-
ported a one-step synthesis of nanosilver embedding
laser-induced graphene for H2O2 sensors19. How-
ever, there has been no research on the synthesis of
AgNPs from Phlogacanthus turgidus leaf extract for
application as H2O2 detectors on the basis of the re-
duction reactions of TMB and H2O2 in AgNP cataly-
sis. The reduction in TMB is illustrated in Scheme 1.
In this strategy, the AgNPs act as catalysts, and the ox-
idation product of TMB possesses a blue color, which
can be determined via UV−Vis spectroscopy. The cat-
alytic mechanism of AgNPs involves three primary
steps: (1) the generation of hydroxyl radicals (OH.),
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Scheme 1: Oxidation mechanism of TMB using H2O2 in the presence of a AgNP catalyst.

(2) the production of oxygen (O2), and (3) electron
transfer, as illustrated in Scheme 120. Moreover, the
extract of the Phlogacanthus turgidus leaf contains
high levels of polyphenols21, which have the ability
to reduce and stabilize metallic nanoparticles. In this
study, Phlogacanthus turgidus leaf extract was used to
synthesize AgNPs, and the catalytic ability of AgNPs
in the redox reaction betweenH2O2 and TMBwas in-
vestigated.

MATERIALS ANDMETHODS

Materials

Phlogacanthus turgidus leaves were collected from Bu
Gia Map National Park, Binh Phuoc Province, Viet-
nam. Chemicals including silver nitrate (AgNO3),
3,3’,5,5’-tetramethylbenzidine (C16H20N2), hydrogen
peroxide (H2O2), acetic acid (CH3COOH) and
sodium acetate (CH3COONa), which were of ana-
lytical grade without further purification, were pur-
chased from Acros Co., Belgium. Deionized water
was thoroughly utilized in all the experiments.

Methods

Synthesis of AgNPs from Phlogacanthus
turgidus leaf extract

The synthesis of silver nanoparticles (AgNPs) was
performed viaPhlogacanthus turgidus leaf extract, fol-
lowing previous reports2,5. Specifically, 0.25 mL of
Phlogacanthus turgidus leaf extract was mixed with
5 mL of an aqueous AgNO3 solution under reaction
conditions of 2.0 mM silver ion concentration, 80◦C,
and a reaction time of 70 minutes. The formation
of AgNPs was verified via UV–Vis spectrophotome-
try. The synthesized AgNP solution was subsequently
stored at 8◦C for future applications.

Determination of the optimal temperature
for the TMB and H2O2 reactions with the
AgNP catalyst

To optimize the reaction temperature, 400 µL of 5
mM TMB, 2 mL of acetate buffer solution (pH 5),
600 µL of 400 µM H2O2, and 150 µL of the synthe-
sized AgNP solution were each carefully added to a
10 mL bottle. The bottle was covered with foil to pro-
tect it from light and placed in a thermostatic bath at
various temperatures (30◦C, 35◦C, 40◦C, 45◦C, 50◦C,
55◦C, and 60◦C) for 30 minutes. Following incuba-
tion, UV−Vis spectroscopy was used to measure the
absorbance of the solutions to determine the optimal
temperature for the reaction of TMB andH2O2 in the
presence of the AgNP catalyst.

Determination of the optimal time for the
TMB and H2O2 reactions with the AgNP cat-
alyst

To determine the optimal reaction time, 400 µL of 5
mMTMB, 2 mL of acetate buffer solution (pH 5), 600
µL of 400 µM H2O2, and 150 µL of the AgNP solu-
tionwere added to a 10mL container, whichwas care-
fully covered with foil. This container was then placed
in a thermostatic reaction tank set to the optimal tem-
perature. UV−Vis spectroscopy measurements were
taken at 10-minute intervals to identify the optimal
reaction time for the interaction between TMB and
H2O2 in the presence of the AgNP catalyst.

Determination of the optimal pH for the TMB
andH2O2 reactions with the AgNP catalyst

To optimize the pH for the reaction, 400 µL of 5 mM
TMB, 2 mL of acetate buffer solution at various pH
values, 600 µL of 400 µM H2O2, and 150 µL of the
AgNP solution were added to 10 mL bottles and cov-
ered with foil. These bottles were then placed in a
thermostatic bath set to the optimal temperature and
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time. UV−Vis spectroscopy measurements were con-
ducted to identify the optimal pH for the TMB and
H2O2 reactions in the presence of the AgNP catalyst.

Determination of the optimal AgNP concen-
tration for the TMB and H2O2 reactions with
the AgNP catalyst

To optimize the concentration of AgNPs, 400 µL of 5
mM TMB, 2 mL of acetate buffer solution (adjusted
to the optimal pH), 600 µL of 400 µM H2O2, and
varying volumes of the AgNP solution (60 µL, 70 µL,
80 µL, 90 µL, 100 µL, 110 µL, 120 µL, and 130 µL)
were added to separate 10 mL bottles, each covered
with foil. These bottles were then placed in a thermo-
static bath set to the optimal temperature and time.
UV−Vis spectroscopy was used to determine the op-
timal concentration of AgNPs for the TMB andH2O2
reactions.

Determination of the optimal TMB concen-
tration for TMB and H2O2 reactions with
AgNP catalysts

To determine the optimal concentration of TMB, 2
mL of acetate buffer solution (adjusted to the optimal
pH), 600 µL of 400 µMH2O2, the optimal volume of
AgNP solution (determined in section 2.5), and vary-
ing concentrations of TMB (400 µL of 3mM, 3.5mM,
4 mM, 4.5 mM, 5 mM, 5.5 mM, 6 mM, or 6.5 mM)
were added to separate 10mLbottles, whichwere cov-
ered with foil. These bottles were then placed in a
thermostatic bath set to the optimal temperature and
time. UV−Vis spectroscopy was performed to deter-
mine the optimal TMB concentration for the TMB
and H2O2 reactions catalyzed by the AgNPs.

Determination of the linear range and limit
of detection (LOD) value

To determine the optimal concentration of H2O2, 400
µL of TMB, 2 mL of acetate buffer solution (adjusted
to the optimal pH), and the optimal volume of AgNP
solution were combined with varying concentrations
of H2O2 (600 µL of 10 µM, 50 µM, 100 µM, 150 µM,
200 µM, 250 µM, 300 µM, 350 µM, and 400 µM) in
separate 10 mL bottles, each covered with foil. These
bottles were placed in a thermostatic bath set to the
optimal temperature and time. UV−Vis spectroscopy
was conducted on the solutions to identify the optimal
concentration ofH2O2 for the reactionwith TMB cat-
alyzed by AgNPs. The limits of detection (LODs) and
limits of values were calculated via Equations (1) and

(2), respectively:

LOD = 3.3× SD
a

= 3.3× 0.0438
3.10484×10−4 = 46.55 µM

(1)

LOQ = 10× SD
a

= 10× 0.0438
3.10484×10−4 = 141.07 µM

(2)

where SD and a are the standard deviation and slope
of the linear regression line, respectively.

RESULTS ANDDISCUSSION

Synthesis of AgNPs from Phlogacanthus
turgidus leaf extract

Figure 1a shows that the peak absorption of the Ag-
NPs synthesized from Phlogacanthus turgidus leaf ex-
tract was in the wavelength range of 400–500 nm.
TheUV−Vis spectrumof theAgNPs synthesized from
Phlogacanthus turgidus leaf extract exhibited a sur-
face plasmon resonance (SPR) peak at 427 nm. Mi-
croscopy images (Figure 1b and Figure 1c) revealed
that the structure of the AgNPs consisted mostly of
spheres with an average size of 13 nm, which aligns
with the findings of a previous study2.

Optimization of the TMB and H2O2 reac-
tions with the AgNP catalyst

Figure 2 shows the UV−Vis spectra of TMB oxida-
tion as a function of reaction temperature. The ab-
sorption spectra were recorded over a temperature
range from 20◦C to 60◦C. The data indicated that
the absorbance at a wavelength of 654 nm increased
progressively with temperature, reaching a maximum
at 35◦C. Beyond this temperature, a decrease in ab-
sorbance was observed, which was likely attributed
to the thermal instability of ox-TMB at higher tem-
peratures. Accordingly, 35◦C was identified as the
most favorable temperature for the efficient oxidation
of TMB by H2O2, facilitated by the AgNP catalyst.

Results of the optimal time for the reaction
of TMB and H2O2 with the AgNP catalyst

The effect of reaction time on TMB oxidation was
evaluated at the optimal temperature of 35◦C, with
measurements taken at 10-minute intervals to iden-
tify the optimal reaction duration. The absorbance
data obtained via UV−Vis spectroscopy are presented
in Figure 3. Superimposing the absorption spec-
tra for various time points revealed that the reaction
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Figure 1: UV–Vis spectra (a) and SEM (b) and TEM (c) images of AgNPs synthesized from Phlogacanthus turgidus
leaf extract

Figure 2: Absorption spectra from the temperature investigation with the AgNP catalyst (a) and the dependence
of the absorbance on the reaction temperature (with the AgNP catalyst) (b).
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Figure 3: Absorption spectra over time (a) and dependence of the absorbance on the reaction timewith the AgNP
catalyst (b).

conducted for 30 minutes presented the highest ab-
sorbance intensity at 654 nm. This observation sug-
gests that extended reaction times under these condi-
tions may lead to the degradation of ox-TMB. There-
fore, a reaction time of 30 min was determined to be
the most suitable condition for the oxidation of TMB
by H2O2 in the presence of the AgNP catalyst, start-
ing from the moment the sample was introduced into
the thermostatic bath.

Results of theoptimal pH for the reactionof
TMB and H2O2 with the AgNP catalyst

pH plays a principal role in regulating the oxidation
rate of TMB.UV−Vis spectra were recorded and com-
pared for samples prepared under various pH con-
ditions, as illustrated in Figure 4. The data revealed
that samples with a pH of 4 presented the highest
absorbance intensity at 654 nm, while this intensity
progressively decreased for samples with low or high
pH values. This trend can be attributed to the reac-
tion equilibriumunder highly acidic conditions (pH<
4.0) shifting toward the formation of red-TMB. Con-
versely, at higher pH values, the decreasing forma-
tion efficiency of the colored product at 654 nm may
result from the elevated redox potential of the sub-
strates, leading to decreased susceptibility to oxida-
tion22. Consequently, pH 4 was identified as the op-
timal condition and was selected for further explo-
ration of the factors influencing the TMB redox pro-
cess with H2O2 in the presence of an AgNP catalyst.

The effects of the optimal AgNP concentra-
tion on the TMB and H2O2 reactions
A survey was conducted to investigate the influence
of the AgNP catalyst volume on the absorption inten-
sity of the samples in solution. The absorption spec-
tra of the solutions containing TMB, acetate buffer
(pH 4), H2O2, and various volumes of the AgNP cat-
alyst were analyzed (Figure 5). At a wavelength of
654 nm, the absorption intensity increased progres-
sively as the AgNP volume increased from 60 µL to
120 µL under constant conditions of TMB concentra-
tion, acetate buffer, and H2O2. However, a significant
decrease in the absorption intensity was observed in
the sample containing 130 µL of the AgNP catalyst.
This indicated that increasing the catalyst volume in-
creased the surface area, thereby improving the cat-
alytic efficiency of the oxidation−reduction reaction.
Nevertheless, an excessive amount of AgNPs likely re-
sulted in the decomposition ofH2O2, reducing the re-
action yield. Therefore, 120 µL of AgNP catalyst was
identified as the optimal volume and was selected for
subsequent investigations of other reaction parame-
ters.

The effects of the optimal TMB concentra-
tion on the TMB and H2O2 reactions with
the AgNP catalyst
The TMB concentration is a critical parameter for
evaluating the reaction efficiency between TMB and
H2O2 in the presence of the synthesized AgNP cat-
alyst. Figure 6 shows the dependence of the reac-
tion efficiency on the TMB concentration through
changes in the absorption intensity observed in the
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Figure 4: Absorption spectrum of the pH survey (a) and dependence of the absorbance on the pH value of the
AgNP catalyst (b).

Figure 5: Absorption spectrum of the AgNP catalyst quantity survey (a), and the absorption depends on the
amount of AgNP catalyst (b).

UV−Vis spectra at 654 nm. The results revealed

that the absorption intensity increased with increas-

ing TMB concentration, reaching a maximum at 5.5

mM. Above this concentration, the absorbance de-

creased significantly, likely due to the oxidation of

monoamine groups in TMB at higher concentrations.

Consequently, a TMB concentration of 5.5 mM was

selected as the optimal condition for the redox reac-

tion between TMB and H2O2 in the presence of the

AgNP catalyst.

Influence of the H2O2 concentration on the
TMB andH2O2 reactions with the AgNP cat-
alyst
Figure 7 shows the dependence of the absorbance val-
ues on the H2O2 concentration. The absorbance in-
tensity at 654 nm increased with increasing H2O2

concentration, reaching a maximum at 350 µM. Be-
yond this concentration, the TMB concentration ap-
peared insufficient to react fully with H2O2. A linear
relationship was observed within the range of 100–
300 µM, described by the regression equation y =
0.91574 + 3.10484×10−4 CH2O2, with a standard de-
viation (SD) of 0.00438. The limit of detection (LOD)
for H2O2, which is based on the colorimetric reac-
tion between oxidized TMB (ox-TMB) and H2O2
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Figure 6: Absorption spectrum of the TMB concentration survey (a) and dependence of the absorbance on the
TMB concentration with the AgNP catalyst (b).

Figure 7: Absorbance dependence on the H2O2 concentration.

catalyzed by AgNPs, was determined to be 46.55 µM,
with a limit of quantification (LOQ) of 141.07 µM.
These findings, combinedwith the optimal conditions
for TMB oxidation shown in Table 1, underscore the
potential of AgNPs as effective catalysts in the TMB-
H2O2 redox reaction, demonstrating their applicabil-
ity as sensitive H2O2 sensors.

CONCLUSIONS
AgNPs were synthesized from Phlogacanthus turgidus
leaf extract, resulting in absorption peaks in the wave-
length range of 400–500 nm. This investigation of the
conditions affecting the oxidation of TMBwith H2O2

with the AgNP catalyst provides the best conditions
for the detection of H2O2 through the TMB reaction
with the AgNP catalyst. The optimal conditions (tem-
perature, time, pH, AgNP concentration, TMB con-

centration, and H2O2 concentration) for TMB oxida-
tion in the presence of H2O2 were 35◦C, 30 min, pH
4, 120 µL of AgNPs, 5.5 mM TMB, and H2O2 con-
centrations ranging from 100–300 µM.Therefore, we
can evaluate the applicability of H2O2 in wastewater.
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Table 1: Optimal conditions for TMB oxidation in the presence of AgNPs.

Parameters Optimal values

Temperature (oC) 35

Time (minute) 30

pH 4.0

AgNPs catalyst (µL) 120

TMB (mM) 5.5

Concentration range linear H2O2 (µM) 100 - 300
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