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Abstract This research addresses the urgent global 
need for the safe and economical removal of dyes 
from wastewater. We assessed the efficacy of poly-
phenol oxidase (PPO) extracted from different agri-
cultural residues in removing reactive blue dye, mark-
ing the initial endeavor to do so. PPOs isolated and 
refined from rice straw, corn stover, peanut peels, 
olive husk, date core, and potato peels were exam-
ined. Optimal conditions for dye removal, comprising 
an enzyme concentration of 0.5 U/mL and a 10-min 
incubation period, were identified for all PPOs. 
Potato peels emerged as the most abundant source of 
PPO, displaying the highest dye removal efficiency 
at around 93.89%. Remarkably, this efficiency was 

consistent across a wide temperature range (20–80 
°C) and a broad pH range (4–9), with no adverse 
effects noted in the presence of heavy metals. Com-
parative analysis highlighted potato peels as the most 
promising waste reservoir, highlighting resilience 
under diverse conditions. These findings provide 
valuable insights into utilizing PPO from agricultural 
waste for effective dye removal, offering potential 
applications in addressing environmental concerns 
within industrial settings.

Keywords Polyphenol Oxidase · Reactive blue 4 · 
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1 Introduction

Water pollution represents a substantial environmen-
tal issue influencing the quality and availability of 
water resources, jeopardizing the sustainability of 
ecosystems and human well-being. It involves the 
introduction of harmful contaminants into various 
water bodies, including ponds, canals, oceans, and 
groundwater. This contamination arises from diverse 
human activities, such as industrial processes, agri-
cultural practices, and improper waste disposal. These 
pollutants may be chemical, biological, or physical, 
resulting in detrimental consequences such as the 
loss of aquatic life, the transmission of waterborne 
diseases, and the contamination of drinking water 
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supplies (Gaur et  al., 2024; Rabeie & Mahmoodi, 
2024; Sahoo & Goswami, 2024). Dyes are consid-
ered emerging water pollutants as they represent a 
major threat to aquatic life and human health since 
they have the potential to be teratogenic, mutagenic, 
carcinogenic, and highly toxic (Bal & Thakur, 2022; 
Gallegos-Cerda et al., 2024; Hemashenpagam & Sel-
vajeyanthi, 2023; Tsaffo Mbogno et al., 2024). While 
easily noticeable, removing these colors from surface 
water habitats proves to be a formidable task. The 
intricate molecular structure, which is characterized 
by robust chemical bonds and aromatic rings, makes 
the breakdown process challenging. To ensure envi-
ronmental safety and mitigate toxicity concerns, it 
becomes imperative to eliminate these hazardous sub-
stances efficiently and safely (Bal & Thakur, 2022; 
Bellaj et al., 2024; Bulgariu et al., 2019; Hynes et al., 
2020; Kumar et  al., 2024; Yu et  al., 2024). Numer-
ous techniques for dye removal exist, encompassing 
chemical, physical, and biological approaches. Bio-
logical methods involve aerobic and anaerobic deg-
radation, and bioremediation using bacteria, fungi, 
and algae. Chemical methods encompass coagula-
tion, electrocoagulation, and conventional oxidation 
using agents like ozone, irradiation, or electrochemi-
cal processes. Physical treatment methods include 
adsorption, ion exchange, filtration, and coagulation. 
Despite these options, many are considered ineffi-
cient and economically unfeasible. Therefore, there 
is a crucial need to shift attention towards emerging 
strategies for dye decolorization, such as through the 
enzymatic activities of oxidoreductases, which have 
proven effective in various bioremediation applica-
tions (Routoula & Patwardhan, 2020; Valli Nachiyar 
et al., 2023). Oxidoreductive enzymes, including per-
oxidases and polyphenol oxidases, play a crucial role 
in breaking down aromatic pollutants found in differ-
ent contaminated sites. These enzymes exhibit ver-
satility in acting on a wide range of substrates, ena-
bling them to catalyze the degradation or removal of 
organic pollutants even at low concentrations in con-
taminated areas (Salehi et al., 2021).

Peroxidases have been considered for dye treat-
ment due to their efficacy in decolorization across a 
broad spectrum, but none have been widely utilized 
on a large scale. This limitation is attributed to the 
need for expensive  H2O2 as a co-substrate in the case 
of peroxidases (Al-Sakkaf et al., 2023; Sellami et al., 
2022). Recently, using polyphenol oxidase (PPO) 

instead of peroxidase in dye removal by harnessing 
its oxidative power has taken great attention (Kakkar 
& Wadhwa, 2023). The importance of PPO in dye 
removal came from its oxidative power without the 
need for any other compounds such as  H2O2 (Verma 
et  al., 2024). Besides this, PPO can degrade a wide 
range of synthetic dyes and organic pollutants effi-
ciently, converting them into non-toxic compounds 
without the need for  H2O2, thus making polyphenol 
oxidase a promising agent for dye and organic pol-
lutant removal from wastewater (Chmelová et  al., 
2024). Naseem and colleagues (2023) documented 
that utilizing polyphenol oxidase for dye biodegra-
dation presents a competitive method for removing 
dyes from wastewater. This approach capitalizes on 
the green catalyst properties of PPO, boasting high 
catalytic efficiency while producing minimal toxic 
by-products. Similarly, Zouari-Mechichi et al. (2024) 
reported that polyphenol oxidase is a promising alter-
native method for dye removal from wastewater with 
no toxic by-products. Optimization of polyphenol 
oxidase production from various sources is one of 
the most important points that should be considered 
when we apply PPO in dye removal from wastewater 
(Selvam et  al., 2024). Also, Magalhães et  al. (2024) 
reported that one of the challenges of using PPO in 
dye biodegradation is finding natural, safe sources 
with low costs. A crucial aspect of applying enzymes 
for dye removal is the cost-effectiveness of the 
enzyme source, coupled with high enzyme yield and 
efficiency. It is worth noting that ongoing research is 
focused on identifying enzymes from various sources 
with improved characteristics for specific applica-
tions, including dye removal (Kyomuhimbo et  al., 
2023; Thamke et al., 2023). From this point of view, 
the present study tries to find cheap sources for PPO. 
It is well reported that agricultural wastes are prom-
ising sources for various value-added products such 
as antimicrobial and anticancer agents and enzymes 
(Naguib & Tantawy, 2019; Naguib & Badawy, 2020; 
Al-Hazmi and Naguib, 2023a, b; Bankeeree et  al., 
2024). These agricultural wastes are cheap and found 
in massive quantities, which can contribute to many 
environmental concerns if these wastes are not use-
fully used (Sridhar et  al., 2022). From this point of 
view, given the need to find new, safe, and cheap 
sources for enzymes used for industrial applications 
such as dye removal and the availability of agricul-
tural wastes rich in valuable compounds, we tried 
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to evaluate polyphenol oxidase from different agri-
cultural wastes for dye removal from water. To our 
knowledge, this study is the first attempt to extract 
and purify polyphenol oxidase from agricultural 
wastes and use it for dye removal, which will offer 
potential applications in addressing environmental 
concerns within industrial settings.

2  Material and Methods

2.1  Polyphenol Oxidase Extract from Agricultural 
Wastes

Polyphenol oxidase (PPO) was extracted and purified 
from agricultural wastes following the methodology 
outlined by Lin et al. (2016).

2.1.1  Agricultural Wastes

We used six different agricultural wastes, namely: 
rice straw, corn stover, peanut peels, potato peels, 
olive husk, and date core. We obtained these agri-
cultural wastes from various sources. The rice straw, 
corn stover, peanut peels, and potato peels were 
sourced from a farm in Sharqia governorate, Egypt. 
Olive husk and date core were obtained from the New 
Salhiya olive press in Sharqia governorate and the Al 
Tahan Dates Factory in Banha, Egypt, respectively.

2.1.2  Preparation of the Crude Enzyme

To initiate the extraction process, the dried agricul-
tural wastes were finely pulverized using an electric 
blender, resulting in a powder. This powder (100 g) 
was then homogenized with a mixture comprising 4 
g of polyvinylpyrrolidone (Sigma-Aldrich, St. Louis, 
MO, USA) and 400 mL of 0.1 M phosphate buffer at 
pH 6.8. After homogenization, the mixture underwent 
centrifugation at 6000 g for 30 min at 4°C, leading to 
the collection of the supernatant as the crude enzyme 
extracts.

2.1.3  Polyphenol Oxidase Purification

The crude protein extracts were subjected to precipi-
tation by adding 50% ammonium sulfate, followed by 
an overnight incubation at 4°C. The resulting precipi-
tate was separated through centrifugation at 12,000g 

for 15 min at 4°C, and the resulting pellets were dis-
solved in 5 mL of 0.1 M phosphate buffer at pH 6.8. 
This dissolved protein underwent dialysis against 0.1 
M phosphate buffer at pH 6.8 at 4°C for an extensive 
period of 48 h, with the buffer solution being changed 
every half hour throughout the incubation period. 
Following dialysis, the purified protein underwent an 
additional refinement step utilizing a Sephadex G-100 
glass chromatography column (Sigma-Aldrich). The 
column was initially equilibrated with a 0.1 M phos-
phate buffer at pH 6.8, and the protein sample was 
loaded onto the column. Elution was conducted using 
a 0.1 M phosphate buffer at pH 6.8, and fractions of 
5 mL each were collected until the column volume 
was exhausted. Fractions demonstrating PPO activity 
were selectively collected and subsequently employed 
as the primary source of PPO for the decolorization 
of dyes. The enzyme units in the extracted fractions 
were calculated through a PPO assay test to demon-
strate the concentration of the enzyme.

2.2  PPO Assay

Polyphenol oxidase (PPO) activity was assessed 
using a method outlined by Da Cruz Vieira and Fat-
ibello-Filho (1998). The procedure involved combin-
ing 0.5 mL of the enzyme solution, 0.5 mL of a 0.1 M 
catechol solution, and 4.0 mL of a 0.1 M phosphate 
buffer at pH 6.8. This mixture was left to incubate 
at room temperature for 5 min, and the reaction was 
stopped by adding 1 mL of 10% H2SO4.

To measure PPO activity, the color produced dur-
ing the reaction was analyzed by measuring absorb-
ance at 400 nm. PPO activity was then quantified as 
one unit, which represented the amount of enzyme 
causing a 0.001 absorbance change per minute.

2.3  Application of PPO to dye Removal

The efficacy of the extracted PPO from various agri-
cultural wastes in removing dyes from the solution 
was evaluated using solutions containing individual 
dyes. The decolorization capability of the PPO was 
examined under different conditions to determine the 
optimum conditions for each PPO needed for maxi-
mum dye removal. Enzyme concentration, incubation 
time, temperature, pH, and the presence of different 
metals are the key parameters examined in the appli-
cation of PPO for dye removal.
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2.3.1  Dye Solution Preparation

Reactive Blue 4 obtained from Sigma Aldrich was 
utilized in this study. Single-dye solutions were pre-
pared by dissolving the necessary amount of the dye 
in distilled water. Specifically, 50 g of the dye pow-
der were dissolved in one liter of distilled water. 
This preparation yielded a dye solution with a con-
centration of 50 mg/mL.

2.3.2  Effect of Enzyme Concentration on dye 
Removal

A dye solution with a concentration of 50 mg/mL 
was subjected to incubation with varying concen-
trations of the prepared PPO (ranging from 0.1 
to 1 U/mL) in 0.1 M phosphate buffer at pH 6.8, 
maintained at 37°C for 10 min. After incubation, 
the absorbance of the solution was measured at the 
defined λmax of the dye solution (λmax = 595 nm). 
The removal percentage was calculated by compar-
ing it to the untreated dye solution used as a control.

2.3.3  Effect of Incubation Time on dye Removal

The dye solution (50 mg/mL) was incubated with 
prepared PPO 0.5 U/ml in 0.1 M phosphate buffer 
pH 6.8 at 37°C at various times. After incuba-
tion, the absorbance of the solution was read at the 
defined λmax of each dye solution (reactive blue 
λmax = 595nm). The removal percentage was cal-
culated by taking an untreated dye solution as a 
control.

2.3.4  Effect of Different Temperatures on dye 
Removal

A dye solution with a concentration of 50 mg/mL 
was incubated with prepared PPO at a concentra-
tion of 0.5 U/mL in 0.1 M phosphate buffer at pH 
6.8, maintained at 37°C for 10 min. After incubation, 
the absorbance of the solution was measured at the 
defined λmax of each dye solution (λmax for reac-
tive blue). The removal percentage was calculated 
by comparing it to the untreated dye solution, which 
served as the control.

2.3.5  Effect of pH on dye Removal

A dye solution with a concentration of 50 mg/mL 
was incubated with prepared PPO at a concentration 
of 0.5 U/mL, and the mixture’s pH was adjusted 
at different points ranging from 3.0 to 10.0. The 
incubation was carried out at 37°C for 10 min. 
Following incubation, the absorbance of the solu-
tion was measured at the λmax of the dye solution 
(λmax = 595 nm). The removal percentage was cal-
culated by comparing it to the untreated dye solu-
tion, which served as the control.

2.3.6  Effect of Different Metals on dye Removal

The impact of various metals (Fe, Cu, Pb, Ni, Co, 
Mo, and Cd) on the dye removal capacity of the 
extracted PPO from different sources was assessed 
using the following procedure: A dye solution with 
a concentration of 50 mg/mL was incubated with 
prepared PPO at a concentration of 0.5 U/mL in the 
presence of metal ions in the assay mixture (as 50 
mM chloride solutions). The incubation occurred 
in 0.1 M phosphate buffer at pH 6.8 at 37°C for 10 
min. After incubation, the absorbance of the solu-
tion was measured at the λmax of the dye solution 
(λmax = 595 nm). The removal percentage was cal-
culated by comparing it to the untreated dye solu-
tion, which served as the control.

2.3.7  Calculation of dye Removal (%)

The dye removal percent (DR%) for each case was 
calculated according to the following equation:

2.4  Statistical A006Ealysis

All experiments were conducted in triplicate, and 
the data were presented as the mean of the three 
replicates ± standard deviation. Statistical analy-
sis was performed using one-way ANOVA, and 
the mean values were compared using the SPSS 
program.

DR% =
ControlAbsorbance − FinalAbsorbance

ControlAbsorbance
× 100
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3  Results and Discussion

3.1  Extraction of Polyphenol Oxidase from 
Agricultural Wastes

Agricultural wastes are abundant in protein content, 
presenting a potential source for animal feed protein 
(Rasool et al., 2023). These wastes exhibit variability 
in protein content, as highlighted in a study by Yusree 
et al. (2021). Figure 1A illustrates a significant differ-
ence in protein content among the examined agricul-
tural wastes. Notably, peanut peels demonstrate the 
highest protein content, while rice straw, date cores, 
and potato peels exhibit the lowest. This trend aligns 
with expectations based on the composition of these 
agricultural wastes, with legumes such as peanuts 
containing a higher protein content than some other 
plant types. The outer layer or peel of peanuts, in par-
ticular, may harbor a relatively higher protein concen-
tration compared to the peels of other crops (Mingrou 
et al., 2022).

The observed variations in protein content 
prompted further investigation into the feasibility 
of utilizing these agricultural wastes as a source of 
enzymes to reduce production costs and meet indus-
trial needs (Mesbah, 2022). Polyphenol oxidase 
(PPO), a protein enzyme associated with senescence 
and plant protection against environmental condi-
tions, is found in agricultural wastes (Ebrahimi & 
Lante, 2022). Different agricultural wastes contain 
varying amounts of PPO (Oleszek et al., 2023). Fig-
ure 1B indicates a significant difference in PPO con-
tent among agricultural wastes, with potato peels 
exhibiting the highest, followed by peanut peels, 
olive husks, and date cores. In contrast, rice straw 
and corn stover show the lowest PPO content. An 
essential factor determining the efficacy of agricul-
tural wastes as an enzyme source is the percentage 
of this enzyme relative to the total protein, reflect-
ing the richness of the source in this enzyme. Our 
results, as depicted in Fig. 1C, highlight potato peels 
as the most abundant waste in PPO. The high pres-
ence of PPO in potato peels corresponds with its role 
in the enzymatic browning reaction due to the high 
phenol content of the potato peels when plant tissues 
are damaged or exposed to air (Nguyen et al., 2024). 
Venturi et al. (2019) reported potato peels as an effec-
tive source of natural antioxidants, consistent with 
Panadare and Rathod’s (2018) findings, identifying 

potato peels as the primary source of PPO, followed 
by other agricultural wastes as cost-effective sources 
of PPO. Recently, Uddin et  al. (2024) reported that 
potato peels showed higher dye removal than mango 
and luffa peels due to their higher PPO content.

3.2  Application of Polyphenol Oxidase for dye 
Removal

The textile industry often discharges effluents con-
taining dyes into water bodies. Azo dyes, widely 
utilized across industries, raise environmental con-
cerns due to their persistence and potential toxicity 
(Ahmed et  al., 2023; Islam et  al., 2023; Ravindiran 
et  al., 2023; Vaiano & De Marco, 2023). Polyphe-
nol oxidase (PPO) can play a role in bioremediation 
processes by breaking down and eliminating these 
dyes. The enzyme facilitates the oxidation of phenolic 
compounds within the dyes, leading to their degrada-
tion (Afreen & Mishra, 2023; Wang et  al., 2020). It 
is crucial to acknowledge that the use of PPO for dye 
removal is an ongoing area of research. The efficiency 
of dye removal using PPO can be influenced by sev-
eral factors, including enzyme concentration, incuba-
tion time, temperature, pH, and the presence of differ-
ent metals (Ayodeji et al., 2023).

Determining the optimal enzyme concentration 
for maximal dye removal is imperative for cost-
effectiveness (Elmetwalli et  al., 2023). Elevating the 
concentration of polyphenol oxidase (PPO) typi-
cally results in an augmented rate of dye removal. 
However, an optimal concentration threshold exists; 
beyond that, further increments do not yield a sub-
stantial improvement (Dahiya et  al., 2023). Results 
presented in Fig. 2 indicate that all PPO derived from 
diverse agricultural wastes exhibit enhanced dye 
removal as PPO concentration increases up to 0.5 U/
mL, beyond which further increases do not result in 
a significant improvement in dye removal efficiency. 
Similarly, Svetozarević et  al. (2021) observed an 
augmentation in dye removal with escalating peroxi-
dase concentration until a specific point, after which 
no significant change in removal efficiency was 
observed. The absence of a discernible effect on dye 
removal following the optimum PPO concentration 
is attributed to the escalating resistance of the dye 
against enzyme action (Majumdar & Bhowal, 2022). 
Similarly, Çifçi et al. (2019) reported that the decol-
orization efficiency of oxidative enzymes increased 
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Fig. 1  The protein content 
in (A) crude extract, (B) 
purified extract of agri-
cultural wastes, and (C) 
percent of PPO from the 
total protein. RS: rice straw, 
CS: corn stover, NP: peanut 
peels, OH: olive husk, DC: 
date core, and PP: potato 
peels. Columns represent 
the mean of three replicates, 
and the error bars represent 
the standard deviation. 
Columns followed by differ-
ent letters are significantly 
different according to the 
ANOVA test
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Fig. 2  Effect of different polyphenol oxidase concentrations 
from different agricultural wastes on dye removal. Points rep-
resent the mean of three replicates, and the error bars represent 

the standard deviation. Points followed by different letters are 
significantly different according to the ANOVA test
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with increasing the enzyme concentration to 0.1 mg/
mL and then decreased with increasing the enzyme 
concentration due to competition between enzymes 
on the substrate. Also, Shan and Hassan (2022) 
reported that dye removal decreased with increasing 
the enzyme concentration more than the optimum 
enzyme concentration due to the crowded environ-
ment leading to completion between enzyme mol-
ecules, so the dye removal delays. The lower the opti-
mum enzyme concentration needed for maximum dye 
removal, the more efficient the enzyme (Kaur et  al., 
2024).

An additional consideration for the economic effi-
ciency of the removal process is the time required 
for maximum dye removal (Ayodeji et  al., 2023). 
Figure 3 demonstrates that polyphenol oxidase from 
all studied agricultural wastes achieves its maximum 
efficiency after a 10-min incubation period, with no 
significant change in dye removal efficiency there-
after. The first increase in dye removal with time is 
often due to the initial availability of enzyme-active 
sites and the quick binding of the enzyme to the dye 
molecules (El-Bendary et al., 2023). As the reaction 
progresses, the enzyme may saturate the substrate 
(dye molecules). This saturation phase is character-
ized by a slower rate of dye removal. At this point, 
most enzyme active sites are occupied, and the reac-
tion approaches equilibrium. Eventually, the reaction 
may reach equilibrium, where the rate of dye removal 
levels off. This equilibrium indicates that most of 
the available substrate has been transformed, and the 
system has reached a dynamic equilibrium between 
the formation and breakdown of dye-enzyme com-
plexes (Liu et  al., 2024). The short time needed to 
reach maximum removal efficiency underscores the 
promising potential of polyphenol oxidase from agri-
cultural wastes as an effective agent for dye removal 
from wastewater. The efficiency is enhanced by 
the shorter time required for the enzyme to achieve 
maximum removal efficiency (Jafari et  al., 2023). 
The value of the short time required for maximum 
removal is related to the fact that over time, enzymes 
can undergo denaturation or deactivation, which can 
affect their catalytic activity. The efficiency of dye 
removal may decrease at longer incubation times 
due to enzyme instability (Xu et  al., 2024a). PPO 
from different agricultural wastes in the present study 
showed superiority to other similar enzymes from 
various sources in the incubation time needed for 

maximum dye removal. Laccase from Cerrena uni-
color decolor accounted for 98.7% of the dye after 
a 6-h incubation period, and the removal efficiency 
decreased with increasing the incubation period 
(Çifçi et al., 2019). Laccase of Streptomyces sviceus 
showed its maximum Congo red removal efficiency 
after 24 h (Chakravarthi et al., 2021). The crude oxi-
dative enzyme from Pleurotus ostreatus could remove 
84.23% of the dye in the solution after a 120-min 
incubation period (Shan & Hassan, 2022). Recently, 
Uddin et al. (2024) showed that potato peels, mango 
peels, and luffa peels decolorized dyes after a 120-
min incubation period.

Temperature and pH represent pivotal factors 
influencing enzyme activity, with each enzyme mani-
festing an optimal range for activation and maximal 
activity (Pandey et al., 2023). Results in Figs. 4 and 
5 show that the removal efficiency of polyphenol 
oxidase (PPO) from agricultural wastes exhibited an 
increasing trend with rising temperature and pH until 
reaching a specific optimal point, resulting in maxi-
mal dye removal efficiency. All examined PPO vari-
ants demonstrated an optimum pH of 6.5 (Fig. 4) and 
an optimum temperature of 40°C (Fig. 5). This aligns 
with existing studies reporting optimal pH at 6.5 and 
optimum temperature at 40°C for plant-derived PPOs 
(Çesko et al., 2023; Demir et al., 2024; Hong et al., 
2024; Liu et  al., 2023; Zhang, 2023). The decrease 
in the PPO beyond the optimum temperature and pH, 
PPO activity diminished, as elevated temperatures 
could induce enzyme denaturation, leading to a loss 
of catalytic activity. The pH factor influences the ion-
ization state of amino acid residues in the enzyme’s 
active site, impacting its structure and activity (Ashok 
et al., 2024; Ateş et al., 2024; De Oliveira et al., 2021; 
Sajjad et al., 2023).

Interestingly, PPO enzymes from different agri-
cultural wastes exhibited distinct pH and tempera-
ture ranges conducive to high dye removal. Potato 
peel PPO displayed the broadest temperature and pH 
range, achieving a dye removal efficiency of approxi-
mately 93% across temperatures ranging from 20 to 
80°C and maintaining consistent removal efficiency 
(93%) within a pH range of 4 to 9. In contrast, dried 
rice straw, corn stover, and peanut peels exhibited a 
narrower temperature range (30 to 50°C) whereas 
removal efficiency showed non-significant differ-
ences from that at the optimum temperature. The 
extensive pH and temperature range enhances the 
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Fig. 3  Effect of different incubation periods on the dye 
removal efficiency of polyphenol oxidase from different agri-
cultural wastes. Columns represent the mean of three repli-

cates, and the error bars represent the standard deviation. Col-
umns followed by different letters are significantly different 
according to the ANOVA test
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Fig. 4  Effect of different pHs on the dye removal efficiency 
of polyphenol oxidase from different agricultural wastes. Col-
umns represent the mean of three replicates, and the error bars 

represent the standard deviation. Columns followed by differ-
ent letters are significantly different according to the ANOVA 
test
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Fig. 5  Effect of different temperatures on the dye removal 
efficiency of polyphenol oxidase from different agricultural 
wastes. Columns represent the mean of three replicates, and 

the error bars represent the standard deviation. Columns fol-
lowed by different letters are significantly different according 
to the ANOVA test
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cost-effectiveness of dye removal with the enzyme, 
as maximum efficiency can be attained across vari-
ous temperatures according to industry conditions 
(Khodakarami et al., 2024; Kumar et al., 2024). The 
broad pH and temperature range of an enzyme signi-
fies high stability under diverse conditions, augment-
ing its effectiveness and rendering it favorable for 
industrial applications (Castillo-Suárez et  al., 2023; 
Kumar et  al., 2023). Recently, Uddin et  al. (2024) 
reported that the wide range of pH and temperature is 
an essential characteristic for efficient PPO in waste-
water treatment. Similarly, Çifçi et al. (2019) reported 
that efficient enzymatic dye removal needs a wide 
range of pH and temperature, in their work on the use 
of laccase in dye removal, the maximum dye removal 
efficiency occurred in the 5 to 7 pH range. In the 
work of Motamedi and his colleagues, the maximum 
enzymatic dye removal efficiency was in the pH range 
from 4 to 6, and temperature range from 30 to 60°C 
(Motamedi et al., 2021). Trivedi et al. (2022) reported 
that maximum dye removal occurred in the pH range 
between 7 and 9. In addition, Pal and Chakraborty 
(2023) reported that efficient enzymatic dye removal 
occurred in a wide range of pH (4–8) and temperature 
(20–60°). Earlier, laccase from Pleurotus sajor-caju 
showed a single point of pH at 3.2 and a single point 
of temperature at 35°C for maximum dye removal, 
and away from this point there was a decrease in dye 
removal efficiency (Bettin et al., 2019).

In most textile wastewater, the presence of pol-
lutants extends beyond dyes, encompassing met-
als among other contaminants. Understanding the 
impact of these metals on decolorization enzyme 
activity is crucial for practical application (Muduli 
et  al., 2023). Different heavy metals have differ-
ent effects on enzymatic dye removal (Thulasis-
ingh et al., 2024). Similarly, results in Fig. 6 illus-
trate that copper (Cu) and iron (Fe) did not exhibit 
any significant alteration in dye removal efficiency 
across all agricultural waste PPOs. Conversely, 
the remaining metals markedly reduced the dye 
removal efficiency of all agricultural waste PPOs, 
except for potato peel PPO, which demonstrated 
non-significant changes in its dye removal activity 
in the presence of all studied metals. The negative 
effect of heavy metals on the dye removal efficiency 
as some heavy metals can act as inhibitors, nega-
tively impacting enzyme activity. Inhibitory effects 
may result from the binding of metal ions to the 

enzyme’s active site, altering its conformation and 
reducing catalytic efficiency (He et  al., 2024; Xu 
et al., 2024b). High concentrations of certain heavy 
metals may be toxic to the PPO enzyme, leading 
to a decrease in overall activity. This can compro-
mise the enzyme’s ability to effectively remove dyes 
(Paul et al., 2024; Rodrigues et al., 2023; Vasilachi 
et  al., 2023). Also, some heavy metals can form 
complexes with dyes, influencing their chemical 
properties and making them unavailable for enzy-
matic degradation. This interaction can affect the 
overall efficiency of dye removal (Meetam et  al., 
2024). On the other hand, Cu, and Fe showed a non-
significant effect on the dye removal efficiency this 
can be due to the ability of Cu and Fe ions to ini-
tiate the dye oxidation reaction through Fenton`s 
reaction (Naz et al., 2024; Yang et al., 2024). Simi-
larly, Wang et  al. (2024) reported the efficiency of 
Cu in the catalytic degradation of Congo red. Also, 
Sudarsan et  al. (2024) reported the catalytic effi-
ciency of Cu and Fe for Congo red removal from 
aqueous solutions. Another key point reported is 
that Cu and Fe have an activating effect on oxidase 
enzymes (Adigüzel et al., 2023; Reja et al., 2023).

Comparing the optimum conditions for the maxi-
mum dye removal efficiency of different agricul-
tural wastes PPO is indicated in Table  1. Results 
showed that potato peels have the highest PPO yield 
of about 20% of the total protein. Potato peels PPO 
(0.5 U/mL) for 10 min showed a maximum removal 
efficiency of about 93.89% under the widest range 
of temperature from 20–80°C, and the widest pH 
range from 4 to 9, with no effect with the presence 
of heavy metals. The stability of potato peel PPO’s 
dye removal efficiency under diverse conditions 
is associated with the numerous isomers for PPO 
found in potato peels. These isomers share the same 
molecular weight but possess different configura-
tions, enabling them to remain stable under vary-
ing conditions (Rasmussen et  al., 2021; Hamami, 
2023). Similarly, Hamida et al. (2024) reported the 
effectiveness of potato peels for dye removal. Also, 
Goyi et al. (2024) indicated the efficiency of potato 
peel powder in dye removal. In addition, Uddin 
et  al. (2024) showed that potato peels have higher 
dye removal than mango and luffa peels. This shows 
the importance of the importance for the valoriza-
tion of potato peels (Singh et  al., 2024; Yi et  al., 
2024).
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Fig. 6  Effect of different metals on the dye removal efficiency 
of polyphenol oxidase from different agricultural wastes. Col-
umns represent the mean of three replicates, and the error bars 

represent the standard deviation. Columns followed by differ-
ent letters are significantly different according to the ANOVA 
test
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4  Conclusion

This study investigated the extraction of polyphenol 
oxidase (PPO) from various agricultural wastes and 
its application for dye removal from wastewater. 
Results showed significant variations in PPO lev-
els among different agricultural wastes, with potato 
peels exhibiting the highest PPO content correlated 
with their role in enzymatic browning reactions 
due to high phenolic content. Optimal dye removal 
efficiency was observed with a 10-min incubation 
period and an optimum pH of 6.5 and temperature 
of 40°C. Potato peel-derived PPO demonstrated 
the broadest pH and temperature ranges condu-
cive to high dye removal efficiency. While cop-
per and iron had no significant effect, other heavy 
metals reduced dye removal efficiency, except for 
potato peel-derived PPO. The consistency of dye 
removal efficiency by potato peel PPO across dif-
ferent conditions can be linked to the presence of 
multiple isomers of PPO in potato peels. Overall, 
agricultural waste-derived PPOs show promise as 
cost-effective agents for dye removal, with further 
research needed for practical application in waste-
water treatment processes.
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