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ivities against Staphylococcus
aureus and Escherichia coli of extracted Piper betle
leaf materials by disc diffusion assay and batch
experiments

Pimploy Ngamsurachab and Pornsawai Praipipat *ab

The use of contaminated water by bacteriamay causemany diseases, and thus cleanwater is needed. Chlorine

is normally used for the disinfection of wastewater treatment; however, it produces unwanted odors. Using

extracted Piper betle (P. betle) is an interesting choice because it is a good chemical compound for

bacterial inhibitions. This study attempted to extract P. betle leaf and synthesize P. betle beads (PBB) to

characterize materials and investigate antibacterial efficiencies by disc diffusion assay, batch tests,

adsorption isotherms, kinetics, and material reusability. The results demonstrated the successful extraction

and synthesis of the materials of P. betle. P. betle powder (PBP) had porous and rough surfaces, whereas

PBB had a spherical shape with a coarse surface. The four main chemical elements and functional groups

of PBP and PBB were carbon, oxygen, calcium, chlorine, and O–H, C–H, N–H, C–O, respectively. The

extraction yield and total phenolic, flavonoid, and tannin contents of P. betle were 11.30%, 201.55 �
0.31 mg GAE per g, 56.86 � 0.14 mg RE per g, and 41.76 � 1.32 mg CE per g, respectively. The six main

compounds of eugenol, quercetin, apigenin, kaempferol, ascorbic acid, and hydroxychavicol were detected

by HPLC analysis. The results of the disc diffusion assay confirmed antibacterial efficiencies of PBB, and the

batch tests examined high antibacterial efficiencies of PBB for 100% on Staphylococcus aureus and

Escherichia coli. The adsorption isotherms and kinetics of PBB corresponded to Freundlich model and

pseudo-second order kinetic model, and the desorption experiments confirmed the reusability of PBB.

Therefore, PBB can be possibly applied for an antibacterial purpose in wastewater treatment systems.
Introduction

Water is one of main factors for living organisms; thus, access
to clean water is necessary for a safe life. Because of increase in
water consumption through many human activities such as
household, industry, agriculture, and transportation, water
pollution including bacterial contamination in water can
occur.1,2 Generally, bacteria are classied in two types, namely,
Gram-positive and Gram-negative bacteria. Staphylococcus
aureus (S. aureus) is normally represented as a Gram-positive
bacteria, and it is also widely used for antibacterial experi-
ments because of its high possibility of causing human
diseases.3 Escherichia coli (E. coli) is a common Gram-negative
bacteria found in contaminated water as a pathogenic micro-
organism that causes human diseases, and it is also used as an
indicator of water quality.4 As a result, using water contami-
nated by bacteria may cause many diseases such as diarrhea,
on Kaen University, Khon Kaen, 40002,

ploy@kkumail.com; Tel: +66 818774991

d Natural Materials (EARN) Laboratory,

hailand

the Royal Society of Chemistry
dysentery, typhoid fever, and septicemia. Therefore, water
treatment is required before its safe use.

Ultraviolet light (UV), ozone, and chlorine are generally used
for antibacterial treatment in a wastewater system with effective
methods against many types of bacteria; however, these methods
have the disadvantages of high operating costs, complicated
maintenances, and unwanted odor aer treatments.5 Therefore,
alternative methods have been studied to solve these problems.
Many previous studies have investigated various alternatively
antibacterial materials against S. aureus and E. coli in the form of
nanomaterials with metal oxides of TiO2, ZnO, CuO, MgO, iron
oxide, silver nanoparticles (AgNPs), and green materials of
various plant extractions with or without metal oxides as shown
in Table 1. In Table 1, the antibacterial results of nanomaterials
and green materials with metal oxides were closely related
values. For green material comparison, their antibacterial activ-
ities of green materials with or without metal oxides had close
values except that some studies of green materials with Ag or
ZnO had higher values than others. However, the antibacterial
materials of nanomaterials with metal oxides and green mate-
rials with metal oxides have the disadvantage of metal oxides
harming the environment aer treatment. As a result, an
RSC Adv., 2022, 12, 26435–26454 | 26435
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alternative of using green plant extractions without metal oxides
may be better than nanomaterials and green materials with
metal oxides for the antibacterial activities of Gram-positive and
Gram-negative bacteria without a dangerous concern to the
ecosystem because they are currently applied in many applica-
tions of food preservation, skincare products, hair, dental,
cosmetics, and biopesticides.6–11

Many plants such as Sechium edule, Piper sarmentosum,
Mentha cordifolia, Limnophila aromatica, Polygonum odoratum,
Garcinia cowa, and Piper betle have chemical compounds such
as rutin, catechin, and hydroxylchavicol; thus, they can possibly
inhibit both Gram-positive bacteria (Staphylococcus aureus,
Staphylococcus epidermidis, Bacillus cereus) and Gram-negative
bacteria (Escherichia coli, Klebsiella pneumonia, Pseudomonas
aeruginosa).12,13 In particular, Piper betle (P. betle) is an inter-
esting choice for an antibacterial agent for both bacteria types
because its leaf has active chemical compounds such as
phenols, alkaloids, carbohydrates, avonoids, chavibetol, and
eugenol.14–17 Therefore, this study attempted to extract P. betle
from powdered P. betle leaf, and then modify the extracted P.
betle to a bead form as a novel antibacterial material from the
applied engineering aspect. Moreover, their antibacterial effi-
ciencies on S. aureus and E. coli were investigated through
a series of batch experiments for possible disinfectant appli-
cations in wastewater treatment.

This study aimed to extract P. betle leaf for antibacterial
activities against S. aureus and E. coli to synthesize and char-
acterize P. betle powder (PBP) and beads (PBB), to identify the
extraction yield and total phenolic, avonoid, and tannin
contents of extracted P. betle (EPB), to determine compounds of
EPB, to examine disc diffusion assay of extracted EPB and PBB,
and to investigate the antibacterial efficiencies of PBB by
a series of batch experiments, adsorption isotherms, and
kinetics. Finally, the material reusability was explored by
desorption experiments.
Materials and methods
Raw material

Piper betle (P. betle) leaves in Piperaceae were used as raw
materials that were collected from a plantation from Sakon
Nakhon province, Thailand between March and April 2019, and
then they were kept at room temperature.
Chemicals

All chemical reagents were of analytical grade without the
purication, which were nutrient agar and nutrient broth
(HiMedia, India), 99.9% ethanol (C2H5OH) (RCI Labscan,
Thailand), 65% nitric acid (HNO3) (Merck, Germany), sodium
hydroxide (NaOH) (RCI Labscan, Thailand), 99.5% dimethyl
sulfoxide (C2H6OS or DMSO) (SDFCL, India), sodium alginate
(Merck, Germany), calcium chloride (CaCl2) (KEMAUS, New
Zealand), Folin-Ciocalteu reagent (Sigma-Aldrich, Germany),
gallic acid (Sigma-Aldrich, Germany), rutin (Sigma-Aldrich,
Germany), vanillin (Sigma-Aldrich, Germany), catechin
(Sigma-Aldrich, Germany), sodium carbonate (Na2CO3) (Sigma-
RSC Adv., 2022, 12, 26435–26454 | 26437
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Aldrich, Germany), aluminum chloride hexahydrate (AlCl3)
(Sigma-Aldrich, Germany), and hydrochloric acid (HCl) (Sigma-
Aldrich, Germany). For HPLC analysis, the methanol (CH3OH),
ethanol, and standard chemicals of eugenol, quercetin, apige-
nin, kaempferol, ascorbic acid, hydroxychavicol, rutin, syringic
acid, catechin, sinapic acid, p-coumaric acid, caffeic acid,
ferrulic acid, myrecetin, and gallic acid were HPLC grade
(Sigma-Aldrich, Germany). 1% sodium hydroxide (NaOH) (RCI
Labscan, Thailand) and 1% nitric acid (HNO3) (Merck, Ger-
many) were used for pH adjustments.

Microorganisms

Two bacterial strains, namely, Staphylococcus aureus (DMST
562) and Escherichia coli (DMST 4212), which were procured
from Department of Medical Sciences, Ministry of Public
Health, Bangkok, Thailand (DMST), were used in this study.

Preparation of bacterial water sample

The water samples were prepared by diluting S. aureus or E. coli of
108 CFUmL�1 in sterile deionized water to obtain initial S. aureus
or E. coli concentrations in the range from 104 to 107 CFU mL�1.

Synthesis of materials

Fig. 1 demonstrated the synthesized steps of three materials,
which were P. betle powder (PBP), the extracted P. betle (EPB),
Fig. 1 The synthesized steps of three materials (PBP, EPB, and PBB).

26438 | RSC Adv., 2022, 12, 26435–26454
and P. betle beads (PBB). The three steps included raw material
preparation, plant extraction, and bead formation, and their
details are clearly explained below.

Step 1: The raw material preparation. P. betle leaves were
washed with tap water for removing contaminants, cut into
small pieces, and dried in a hot air oven (Binder, FED 53, Ger-
many) at 50 �C for 12 h. Then, the dried samples were ground to
powder using the blender and sieved in 125 mm. These samples
were called P. betle powder (PBP) and kept in a desiccator until
use in step 2.39

Step 2: The plant extraction (0.1 g mL�1). 10 g PBP was added
to a 250 mL Erlenmeyer ask containing 100 mL ethanol, and it
was mixed by an orbital shaker (GFL, 3020, Germany) for 24 h with
a constant stirring speed of 200 rpm at room temperature. Then,
the samples wereltered by a vacuumpump, evaporated by a rotary
evaporator (BUCHI, RE-111 Rotavapor, Switzerland) of 50 �C, freeze-
dried (LaboGene, Scanvac, Denmark), and kept at 4 �C until use.
These extracted plants were called extracted P. betle (EPB).

Step 3: Bead formation. 2%w/v sodium alginate solution was
prepared by a hot plate (Ingenieurbüro CAT, M. Zipperer
GmbH, M 6, Germany) at 60 �C with a constant stirring speed of
200 rpm for 30 min. Next, EPB was added into sodium alginate
solution, and the samples were homogenously mixed by a hot
plate at 60 �C with a constant stirring of 250 rpm for 30 min.
Then, 0.1 M CaCl2 solutions were prepared for setting the
beads. Aer that, the samples were added into 50 mL glass
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04611c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 9
:0

4:
11

 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
syringe of 3 mm diameter and were added dropwise into 0.1 M
CaCl2 solution and soaked sample beads for 24 h. Finally, the
sample beads were ltrated, rinsed with deionized water (DI),
air-dried for 24 h, and kept in a desiccator before use. The
sample beads were called P. betle beads (PBB).39.

Note: The amount of EPB that was added into 2%w/v sodium
alginate depended upon the concentration of the plant extract
to the volume of the solvent solution prepared. For example,
0.1 g EPB was added into 1 mL 2% w/v sodium alginate for
a concentration of 100 mg mL�1.
Characterization of materials

Field Emission Scanning Electron Microscopy and Focus Ion
Beam (FESEM-FIB) with Energy Dispersive X-Ray Spectrometer
(EDX) (FEI, Helios NanoLab G3 CX, USA) were used to investi-
gate the surface morphologies and chemical elements of
materials, on which the samples were mounted on aluminum
stubs by double-side carbon tapes and coated using a gold-
coater for 4 min using a 108 auto Sputter Coater with thick-
ness controller MTM-20 model (Cressington, Ted Pella Inc,
USA) by analyzing at 10 kV accelerating voltage. The chemical
functional groups of the materials were identied by Fourier
Transform Infrared Spectroscopy (FTIR) (Bruker, TENSOR27,
Hong Kong) in the range of 4000–600 cm�1 with a resolution of
4 cm�1 and 16 scans over the entire covered range.39
Determination of the extraction yield and total phenolic,
avonoid, and tannin contents of P. betle

The extraction yield in percentage was calculated using eqn (1).

Yield (%) ¼ Wc/Wr � 100 (1)

where,Wc is weight of extracted P. betle (g) andWr is weight of P.
betle (g).

For the total phenolic content, a Folin-Ciocalteu assay was
used in this study by modifying from the study of
Singleton, V. L. et al.40 0.5 mg of the extracted P. betle, 2.5 mL of
10% Folin-Cioaclteu, and 2 mL of 7.5% Na2CO3 were added to
a test tube. Then, it was vortexed and le at room temperature
to react for 30 min. Aer that, the total phenolic content was
measured by a UV-Vis spectrophotometer (Hitachi, UH5300,
Japan) with a wavelength of 760 nm. Triplicate experiments
were conducted for conrming the result. The average value was
reported in mg gallic acid equivalent per gram of extracted P.
betle (mg GAE per g).

For the total avonoid content, a colorimetric assay was used
in this study by modifying from Zhishen, J. et al.41 0.5 mg of the
extracted P. betle and 2mL of 2% AlCl3 were added to a test tube.
Then, it was vortexed and le at room temperature to react for
30 min. Aer that, the total avonoid content was measured by
a UV-Vis spectrophotometer with a wavelength of 420 nm.
Triplicate experiments were conducted for conrming the
result. The average value was reported in mg rutin equivalent
per gram of extracted P. betle (mg RE per g).

For the total tannin content, a vanillin assay was used in this
study by modifying from the study of Sun, B. et al.42 0.5 mg of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the extracted P. betle and 5 mL of the mixed solution containing
4% AlCl3 and 8% HCI were added to a test tube. Then, it was
vortexed and le at room temperature to react for 30 min by
keeping in the dark. Aer that, the total tannin content was
measured by a UV-Vis spectrophotometer with a wavelength of
500 nm. Triplicate experiments were conducted for conrming
the result. The average value was reported in mg catechin
equivalent per gram of extracted P. betle (mg CE per g).

Determination compounds in extracted P. betle by HPLC
analysis

For high-performance liquid chromatography (HPLC) (Agilent
Technology, series 1220, USA), the HPLC column used was
Discovery C18, 250 � 4.6 mm, with 5 mm of particle size (Sigma-
Aldrich, Germany). 70 : 30 methanol–water solution was
applied for setting the mobile phase with a ow rate of 1
mL min�1 for 20 min, and the UV detector was set at 280 nm.
The stock standards of each compound were prepared from
a ratio of 1 mg of standard : 1 mL of methanol. For sample
preparation, 1 mg of extracted P. betle was dissolved in 1 mL
ethanol, and then the sample was ltered by a 0.22 mm lter for
injecting into the HPLC system. For HPLC analysis, 20 mL of the
sample was injected into the HPLC system, triplicate experi-
ments were applied, and the average was reported. Each stan-
dard was used under the same conditions with sample analysis
for each compound.

Disc diffusion assay

EPB and PBB were used for disc diffusion assay, and the test
details are shown in the diagram in Fig. 2. Three steps were
applied, whose details are explained below; however, PBB
skipped step 2.

Step 1: Preparation of bacteria concentration. Both bacterial
types (S. aureus and E. coli) were prepared at 108 CFU mL�1

concentration using a 0.5 McFarland standard.
Step 2: Preparation of test solution. EPB was added into 10%

DMSO solution in ratios of 100–400 mg mL�1.
Step 3: The antibacterial tests. EPB and PBB were used for

these experiments, and the method details explained below.
Step 3.1: EPB. For each plate test, the bacteria were applied to

nutrient agar using the three-dimensional swab technique.
Then, four pieces of paper disc, which were soaked into the test
solution in step 2, were put in a plate test.

Step 3.2: PBB. For each plate test, bacteria were applied to
nutrient agar using the three-dimensional swab technique.
Then, four pieces of PBB were put in a plate test.

Then, the plates from steps 3.1 and 3.2 were taken in an
incubation oven of 37 �C for 24 h. The results were analyzed by
the diameter measurement of the inhibition zones. Triplicate
experiments of each bacteria were used to conrm the results,
and the average of the diameter of the inhibition zones was
reported.

Antibacterial batch experiments

Antibacterial batch experiments were designed to investigate
the inuencing factors of dose, contact time, pH, and initial
RSC Adv., 2022, 12, 26435–26454 | 26439
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Fig. 2 Diagram of disc diffusion assay of EPB and PBB on S. aureus and E. coli.
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bacteria concentration on the ability of PBB for inhibiting S.
aureus and E. coli by a series of batch experiments. The inu-
encing factors of material dosage of 0.1–0.4 g, contact time of 1–
8 h, pH of 5, 7, and 9, and initial bacterial concentration of 104–
107 CFU mL�1 were applied with the control condition of
a bacterial concentration of 106 CFU mL�1, a sample volume of
100 mL, a shaking speed of 200 rpm, and a temperature of
25 �C. The optimum condition of each inuencing factor was
used for a next sequencing batch experiment, in which the
optimum condition was chosen from the lowest value of each
inuencing factor, which had the highest antibacterial effi-
ciency of PBB. The results of the antibacterial batch experi-
ments were conrmed by triplicate experiments of each
inuencing factor and their average values were reported. The
plate count technique was used to analyze all the samples, and
the percentage of antibacterial efficiency was calculated using
eqn (2).

Antibacterial efficiency (%) ¼ ((C0 � Ce)/C0) � 100 (2)

where Ce is the equilibrium of the bacteria in the solution (CFU
mL�1) and C0 is the initial bacteria concentration (CFU mL�1).
Adsorption isotherms

Adsorption isotherms can be used to describe the interaction of
the bacteria in the solution with PBB, which was analyzed using
linear and non-linear Langmuir isotherm equations in (3) and
(4) and Freundlich isotherm equations in (5) and (6),
respectively.43,44

Langmuir isotherm:
26440 | RSC Adv., 2022, 12, 26435–26454
Linear:

Ce/qe ¼ 1/qmKL + Ce/qm (3)

Non-linear:

qe ¼ qmKLCe/1 + KLCe (4)

Freundlich isotherm:
Linear:

log qe ¼ log KF + 1/n log Ce (5)

Non-linear:

qe ¼ KFCe
1/n (6)

where qe is the capacity of bacterial adsorption on PBB at
equilibrium (CFU g�1), qm is the maximum amount of bacteria
adsorption on PBB (CFU g�1), Ce is the equilibrium of bacterial
concentration (CFU mL�1), KL is the adsorption constant (L
CFU�1), KF is the constant of adsorption capacity (CFU g�1) (L
CFU�1)1/n, and n is the constant depicting the adsorption
intensity. Graphs of Langmuir and Freundlich isothermmodels
were plotted by linear plot features of Ce/qe versus Ce and log qe
versus log Ce, respectively. For non-linear plot features of both
the isotherm models, they were plotted by the capacity of
bacterial adsorption on PBB at equilibrium (qe) versus the
equilibrium of bacterial concentration (Ce).

For the adsorption isotherm experiment, 0.3 g PBB was added
to 250mL Erlenmeyerasks with variable bacterial concentrations
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Physical characteristics of P. betle in (a) leaf, (b) powder (PBP), and (c) beads (PBB).
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in the range from 104 to 107 CFUmL�1. The control condition was
a sample volume of 100 mL, a contact time of 6 h, pH 7,
a temperature of 25 �C, and a shaking speed of 200 rpm.
Adsorption kinetics

Adsorption kinetics can be used to explain the mechanism of
antibacterial efficiency of PBB. The characteristic constants of
sorption were investigated using linear and non-linear models
of a pseudo-rst order kinetic model following eqn (7) and (8)
and a pseudo-second order kinetic model following eqn (9) and
(10), respectively.45,46

Pseudo-rst order kinetic model:
Linear:

ln(qe � qt) ¼ ln qe � k1t (7)

Non-linear:

qt ¼ qe(1 � e�k1t) (8)

Pseudo-second order kinetic model:
Linear:

t/qt ¼ 1/k2qe
2 + (1/qe)t (9)

Non-linear:

qt ¼ k2qe
2t/(1 + qek2t) (10)

where qe (CFU g�1) and qt (CFU g�1) are the volume of bacteria
adsorbed by PBB at the equilibrium and at the time (t),
respectively. k1 (min�1) and k2 (g CFU�1 min�1) are the reaction
rate constant of pseudo-rst order and pseudo-second order
kinetic models, respectively. The graphs of pseudo-rst order
and pseudo-second order kinetic models were plotted by linear
plot features of ln(qe � qt) and t/qt versus time (t) for the
difference of the initial bacterial concentrations. For non-linear
plot features of both the kinetic models, they were plotted by the
capacity of bacteria adsorbed PBB at the time (qt) versus time (t).

For adsorption kinetics experiment, 3 g PBB were added to
a 1000 mL beaker with a bacterial concentration of 106 CFU
mL�1. The control condition was a sample volume of 1000 mL,
a contact time of 8 h, pH 7, a temperature of 25 �C, and
a shaking speed of 200 rpm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Desorption experiments

Desorption experiments were used to examine the possible
reuse of PBB. Aer an adsorption process, PBB were desorbed
using 100 mL 0.01 M HNO3 solution with a shaking speed of
200 rpm for 2 h. Aer that, PBB was washed with deionized
water and dried at room temperature. Then, PBB was ready for
the next adsorption cycle. The desorption efficiency in
percentage was calculated following eqn (11).

Desorption (%) ¼ (qd/qa) � 100 (11)

where qd is the amount of bacteria desorbed (CFU mL�1) and qa
is the amount of bacteria adsorbed (CFU mL�1).
Results and discussion
The physical characteristics of P. betle

P. betle is a member of the Piperaceae family, which is commonly
grown in Southeast Asia such as Indian, Malaysia, Vietnam,
Myanmar, Indonesia, and Thailand. It is a perennial with the
height of 20 m and a diameter of 15–20 cm, whose fruit is fully
concrescent and velutinous or woolly with 3–5 cm length. P. betle
leaf is simple and alternate, and the leaf color is bright or dark
green.47 The physical characteristics of P. betle in leaf, powder, and
bead forms used in this study are presented in Fig. 3a–c. The leaf is
an ovate-shaped simple leaf and cordate leaf base with alternate
leaf arrangement, as illustrated in Fig. 3a. Both sides of the leaf
have smooth surfaces with a dark green color, but the upper surface
has a glossier color than the lower surface. P. betle powder (PBP) has
a dark green–brown color, whereas P. betle beads (PBB) has black
colored beads, which are displayed in Fig. 3b and c, respectively.
Material characterization

FESEM-FIB and EDX analysis. The morphological structures
of PBP and PBB were investigated by FESEM-FIB, as shown in
Fig. 4a–c. PBP had porous and rough surfaces at 5000� magni-
cation with 20 mm, whereas PBB had coarse surfaces at 5000�
magnication with 10 mm, as shown in Fig. 4a and b. The shape
of PBB has a spherical shape at 65�magnication with 1 mm, as
shown in Fig. 4c. The chemical elements of PBP and PBB were
examined by EDX analysis presented in Fig. 4d and e. The four
main chemical compositions were found in both the materials,
which were carbon (C), oxygen (O), calcium (Ca), and chloride
RSC Adv., 2022, 12, 26435–26454 | 26441
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Fig. 4 FESEM-FIB images of surface morphologies of P. betle in (a) powder (PBP) at 5000� magnification, (b) beads (PBB) at 5000� magni-
fication, (c) beads (PBB) at 65� magnification, and chemical compositions of P. betle in (e) powder (PBP) and (d) beads (PBB) by EDX analysis.
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(Cl). Potassium (K) was only found in PBP, whereas sodium (Na)
was only found in PBB because of the use of sodium alginate in
bead formation. The mass in percentage by weight of each
chemical components is demonstrated in Fig. 4d and e, and their
four main chemicals were classied in order from high to low as
C > O > Ca > Cl. In addition, K and Na were found at low
concentrations, which had 5.6 wt% of K in PBP and 1.7 wt% of
26442 | RSC Adv., 2022, 12, 26435–26454
Na in PBB, respectively. As a result, the changing form from the
powder to the beads is affected by the changing of mass
percentages in the chemical compositions of materials by
increasing O, Ca, and Cl, whereas C was decreased. The increase
in Ca and Cl might be from bead formation using CaCl2.

FTIR analysis. The chemical functional groups of PBP and
PBB were analyzed by FTIR in a broad peak range of 4000–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of (a) PBP and (b) PBB.
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600 cm�1, as represented in Fig. 5a and b. The four main
chemical functional groups of both the materials were O–H, C–
H, N–H, and C–O. O–H demonstrated the stretching arising
from alcohols or phenolic compounds or carboxylic groups,
which were generally found in many plant extracts and phenolic
compounds, such as alkaloids, avonoids in plant leaves, and
also plays the important role of bacterial inhibition.48,49 For C–
H, it represented the stretching of alkanes or alkenes or
bending of methyl groups (CH3) or OOP bending of phenyl rings
(aromatics), which could probably arise from the phenyl
ring.50,51 For N–H, it illustrated the bending of amide I or amide
II, which are characteristics of proteins or enzymes in plants.52,53

Finally, C–O indicated the stretching of alcohols, carboxylic
acids, ethers, and esters.54

The chemical functional groups of PBP were observed for
O–H at 3284.12 cm�1, C–H at 2918.29 and 2850.69 cm�1, N–H at
1618.94 cm�1, and C–O at 1319.26 and 1054.06 cm�1, which
were similarly found in other studies with a little shi of the
wavelengths.50,52 For PBB, the chemical functional groups were
presented for O–H at 3320.44 cm�1, C–H at 2923.82, 1424.46,
991.75, 910.76, and 813.05 cm�1, N–H at 1598.79 and
1511.29 cm�1, C–O at 1277.87 and 1189.70 cm�1, and C–Cl at
Table 2 The extraction yield and total phenolic, flavonoid, and tannin c

Extraction
yield (%)

Mean � SD

Total phenolic
content (mg GAE per g)

11.30% 201.55 � 0.31

© 2022 The Author(s). Published by the Royal Society of Chemistry
617.30 cm�1. As a result, the changing form from powder to
beads is affected by changing the chemical functional groups of
materials by only PBB found C–Cl (chloride compound) from
the main chemical functional groups.
Determination of the extraction yield and total phenolic,
avonoid, and tannin contents of P. betle

The extraction yield and total phenolic, avonoid, and tannin
contents of P. betle demonstrated in Table 2. The extraction
yield of P. betle was 11.30%. The total phenolic, avonoid, and
tannin contents of P. betle were 201.55 � 0.31 mg GAE per g,
56.86 � 0.14 mg RE per g, and 41.76 � 1.32 mg CE per g,
respectively, and these results were closely related to other
previous studies for extracted P. betle by ethanol.55–58
Determination compounds in extracted P. betle by HPLC
analysis

Several compounds were detected in extracted P. betle by HPLC
analysis, as reported in Table 3. The six main compounds of
eugenol, quercetin, apigenin, kaempferol, ascorbic acid, and
hydroxychavicol were observed to be similarly found in previous
ontents of P. betle

Total avonoid content
(mg RE per g)

Total tannin content
(mg CE per g)

56.86 � 0.14 41.76 � 1.32

RSC Adv., 2022, 12, 26435–26454 | 26443
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Table 3 The compounds in extracted P. betle by HPLC analysis

Compound names
Content of compounds
(mg g�1) (mean � SD)

Eugenol 18.06 � 0.12
Quercetin 15.88 � 0.15
Apigenin 5.15 � 0.22
Kaempferol 2.77 � 0.19
Ascorbic acid 1.86 � 0.24
Hydroxychavicol 1.51 � 0.17
Rutin 0.81 � 0.08
Syringic acid 0.30 � 0.04
Catechin 0.29 � 0.05
Sinapic acid 0.26 � 0.03
p-Coumaric acid 0.22 � 0.07
Caffeic acid 0.14 � 0.02
Ferrulic acid 0.06 � 0.04
Myrecetin 0.04 � 0.02
Gallic acid 0.03 � 0.01
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studies,56 whereas the nine compounds, namely, rutin, syringic
acid, catechin, sinapic acid, p-coumaric acid, caffeic acid,
ferrulic acid, myrecetin, and gallic acid, were commonly found
in small amounts correlated with the reports of other studies.59
Results of the disc diffusion assay

Disc diffusion assay is a method to examine the efficiency of
extracted P. betle on specic organisms (S. aureus and E. coli). In
this study, a paper disc was used as the preliminary test to
determine the antibacterial efficiency on both bacterial types
with varying concentrations of extracted P. betle in the range of
100–400 mg mL�1 before PBB was used to conrm the modied
bead materials of extracted P. betle leaf. The results of disc
diffusion assay are reported in Table 4 and Fig. 6.

For EPB, the average diameters of inhibition zones with
varying EPB concentrations from 100 to 400 mg mL�1 on S.
aureus and E. coli were 15.3 � 1.0 and 22.5 � 1.0, 21.2 � 0.3 and
24.5 � 1.3, 21.3 � 1.3 and 24.6 � 0.6, and 21.4 � 1.2 and 24.7 �
1.0mm, respectively, and the average of four concentrations were
19.8 � 3.0 and 24.1 � 1.1 mm, respectively. As a result, their
antibacterial efficiencies increased with increasing EPB concen-
trations, and they were constant at concentrations of 200–400 mg
mL�1 with average values of 21.3 � 0.1 and 24.6 � 0.1 mm for S.
aureus and E. coli, respectively. Moreover, EPB demonstrated
higher antibacterial efficiency on E. coli than S. aureus. Since their
average diameters of inhibition zones were the same value at
300 mg mL�1 EPB concentration, thus, 300 mg mL�1 was the
optimum concentration for inhibition on both bacterial types.
Table 4 Disc diffusion assay by EPB and PBB on S. aureus and E. coli

Materials

The average diameter of inhibition zone (mm)

100 mg mL�1 200 mg mL�1 300 mg mL�1 400 mg mL�1

EPB S. aureus 15.3 � 1.0 21.2 � 0.3 21.3 � 1.3 21.4 � 1.2
E. coli 22.5 � 1.0 24.5 � 1.3 24.6 � 0.6 24.7 � 1.0

PBB S. aureus 11.4 � 0.5 14.5 � 0.7 15.7 � 1.2 15.9 � 0.4
E. coli 12.6 � 0.6 15.4 � 0.1 15.8 � 0.9 16.0 � 0.7

26444 | RSC Adv., 2022, 12, 26435–26454
For PBB, the average diameters of the inhibition zones at
varying EPB concentrations from 100 to 400 mg mL�1 on S.
aureus and E. coli were 11.4 � 0.5 and 12.6 � 0.6, 14.5 � 0.7 and
15.4 � 0.1, 15.7 � 1.2 and 15.8 � 0.9, and 15.9 � 0.4 and 16.0 �
0.7 mm, respectively, and the average of four concentrations
were 14.4 � 2.1 and 15.0 � 1.6 mm, respectively. As a result,
their antibacterial efficiencies were increased with the
increasing EPB concentrations, and they were constant at
concentrations in the range of 200–400 mg mL�1 with average
values of 15.4 � 0.8 and 15.7 � 0.5 mm for S. aureus and E. coli,
respectively. In addition, PBB demonstrated higher antibacte-
rial efficiency on E. coli than S. aureus, which agreed with the
results from paper discs. Since their average diameters of the
inhibition zones were nearly the same value at 300 mg mL�1

EPB concentration, thus 300mgmL�1 was used as the optimum
concentration for inhibitions on both bacterial types by PBB.

For comparing the results of the disc diffusion assay by EPB
and PBB, the results of both materials demonstrated the same
tendency of increasing antibacterial efficiency with increasing
EPB concentration, and the EPB concentration of 300 mg mL�1

was the appropriate concentration for inhibition on S. aureus
and E. coli. In deep consideration of the test material effect, two
factors of diameter of the test materials and the interference of
sodium alginate in bead materials might be a reason why the
antibacterial activities of paper discs (EPB) were higher than
PBB. For the diameter of the test materials, the diameter of
paper disc (6 mm) was larger than the diameter of the glass
syringe (3 mm) in bead formation; thus, it was possible that the
paper disc might get a higher volume of extracted P. betle
solution than bead materials, although the EPB concentrations
were the same. For the interference of sodium alginate, the bead
formation of extracted P. betle by sodium alginate might be an
obstacle in the release of extracted P. betle for the antibacterial
activity. However, the difference in the average diameters of
inhibition zones with EPB concentrations of 100–400 mg mL�1

by paper disc (EPB) and PBB were not focused on because paper
disc tests were only used as a preliminary conrmation of the
ability of EPB against S. aureus and E. coli, whereas this study
would focus on PBB for applying it in batch experiments.

Moreover, the comparison of the average diameter of the
inhibition zone of the extracted P. betle leaf against S. aureus
and E. coli to other previous studies with various extraction
solutions is reported in Table 5. The six extracted solvents of
methanol, ethyl acetate, petroleum ether, chloroform, water,
and ethanol were used for P. betle extraction to inhibit S. aureus
and E. coli. For S. aureus, the ethanol solvent demonstrated
a higher antibacterial activity than the other solvents. EPB
presented a higher zone of inhibition on S. aureus than other
studies except the studies of Valle et al. and Khan J. A. and
Kumar N.16,60. On the other hand, PBB illustrated a higher or
closer zone of inhibition on S. aureus than other studies except
the studies of Valle et al. and Khan J. A. and Kumar N.16,60

similar to EPB. As a result, ethanol was recommended as an
extraction solvent to inhibit S. aureus. For E. coli, the methanol
solvent demonstrated a higher antibacterial activity than other
solvents; however, it presented a little higher zone of inhibition
on E. coli than the ethanol solvent. EPB presented a higher zone
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The images of disc diffusion assay on S. aureus and E. coli by (a, b) EPB and (c, d) PBB in varying concentrations of (1) 100 mg mL�1, (2)
200 mg mL�1, (3) 300 mg mL�1, and (4) 400 mg mL�1.
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of inhibition on E. coli than other studies except the study of
Jayalakshmi B. et al.,61 whereas PBB demonstrated a higher or
closer zone of inhibition on E. coli than other studies except the
studies of Jayalakshmi B. et al., Valle D. L. et al., and Kulnanan
P. et al.16,61,62. Finally, since methanol is known as a more toxic
solvent than ethanol, ethanol might be suitable for use as the
extraction solvent of P. betle for the antibacterial activities on
both S. aureus and E. coli more than methanol.

Therefore, the results of disc diffusion assay conrmed the
abilities for inhibiting both bacterial types by EPB and PBB, and
then, PBB was used to investigate the antibacterial efficiency by
the batch tests with several affecting factors to conrm its effi-
ciency to remove S. aureus and E. coli in water to study its
possibly application for a disinfection process in the wastewater
treatment system in the future.
The possible mechanisms of S. aureus and E. coli inhibition
by extraction or beads materials (EPB and PBB)

Fig. 7 demonstrated the possible mechanisms of S. aureus and E.
coli inhibition by EPB and PBB modied from a previous study.39

For EPB, a paper disc soaked with extracted P. betle solution
© 2022 The Author(s). Published by the Royal Society of Chemistry
contacted the cell bacteria in a plate test, and then the phenolic
compounds, alkaloids, and avonoids in the extracted P. betle that
penetrated into the cell resulted in cell death by damaging the
membrane, protein, DNA, and the main functions of bacteria.71,72

For PBB, the same method was applied for the inhibition mech-
anism as that of EPB, but it only changed the material test from
the paper disc to the extracted P. betle in the bead materials.

Therefore, using extracted P. betle by changing it a stable
bead form may help to convenient apply it for the future
wastewater treatment with easy separation aer treatment
instead of directly using extracted P. betle, which may be sepa-
rated with difficulty from the treated wastewater, while the
antibacterial batch experiments were designed to preliminarily
prove this idea.
Antibacterial batch experiments

The effect of dosage. The effect of PBB dosages on bacterial
removal efficiencies is represented in Fig. 8a. The antibacterial
efficiencies of PBB on S. aureus and E. coli were increased with
increasing dosages from 0.1 to 0.4 g. In Fig. 8a, 0.3 g and 0.4 PBB
demonstrated high bacterial removal efficiencies of 100%, and
RSC Adv., 2022, 12, 26435–26454 | 26445
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Table 5 Comparing the average diameter of inhibition zone of
extracted P. betle leaf against S. aureus and E. coli to other previous
studies with various extraction solvents

Solvents/methods

The average diameter of inhibition
zone (mm)

ReferenceS. aureus E. coli

Methanol
Agar well diffusion 25 15 60

— 25.5 � 0.28 61
Disc diffusion — 23.5 � 0.28

6.77 � 0.25 8.53 � 0.25 63
— 19 64
15.02 � 0.27
to 21.03 � 0.79

16.28 � 0.19
to 16.40 � 0.23

49

Ethyl acetate
Agar well diffusion — 20.25 � 0.25 61
Disc diffusion — 18.75 � 0.47

Petroleum ether
Agar well diffusion — 12.25 � 1.03
Disc diffusion — 13.25 � 0.28

Chloroform
Agar well diffusion — 22.75 � 0.47
Disc diffusion — 18.25 � 0.25

Water
Agar well diffusion — 18 65

5.4 � 0.01–12.3 8.5 � 0.10 66

Ethanol
Agar well diffusion 9.7 � 0.02

to 18.0 � 0.18
8.9 � 0.21
to 11.0 � 0.12

66

16 17 60
2.50 � 5.00
to 20.38 � 6.33

— 67

9.5–15 11–17 57
13.92–18.40 14.15–16.40 68

Disc diffusion 30 16 16
10.5 � 0.8 69
15.06 � 0.57
to 19.02 � 0.74

14.93 � 0.51
to 15.01 � 0.57

49

8 � 0.25–13
� 0.43

70

— 20 64
— 20.00–0.00 62

EPB 15.3 � 1.0–21.4
� 1.2

22.5 � 1.0–24.7
� 1.0

This study

PBB 11.4 � 0.5–15.9
� 0.4

12.6 � 0.6–16.0
� 0.7

This study
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the PBB efficiencies were a little increased with increasing doses
from 0.1 to 0.3 g. As a result, PBB was a high potential material to
inhibit both bacterial types with almost 100% bacterial removal.
Therefore, 0.3 g was the optimum dosage of PBB to inhibit S.
aureus and E. coli, and was used to study the effect of contact time.

The effect of contact time. The contact time was varied from
1 to 8 h to examine the effect of contact time on the antibacterial
efficiency of PBB on S. aureus and E. coli, as shown in Fig. 8b.
The results illustrated that all the contact times presented high
bacterial removal efficiencies of PBB more than 99% on both
26446 | RSC Adv., 2022, 12, 26435–26454
the bacterial types, which were a little increased with increasing
contact time. Moreover, the bacterial removal efficiencies of
PBB from 5 to 8 h represented almost 100% bacteria removal
with a nearly constant tendency, and 6 h was appropriately
chosen as the middle value of this constant trend. Therefore,
the optimum condition of PBB against both bacterial types was
0.3 g and 6 h, and was used for the effect of pH.

The effect of pH. While dosage and contact time are inter-
esting factors for exploring the bacterial removal efficiency of
PBB against S. aureus and E. coli, the pH should not be ignored
as an important inuencing factor. Fig. 8c examined the results
of pH effect of pH 5, 7, and 9 on both bacterial types, in which
PBB presented high efficiencies of almost 100% to inhibit S.
aureus and E. coli in all pH conditions (acidic, neutral, and
basic); thus, the pH did not affect the PBB efficiency. To deeply
consider the pH effect on both bacterial types, the bacterial
removal efficiencies of PBB on S. aureus were a little increased
with increasing pH value, and at pH 9, the highest bacterial
removal was obtained. As a result, the basic condition was
preferred for S. aureus inhibition by PBB. For E. coli, the highest
antibacterial efficiency of PBB of 100% was demonstrated at pH
7, and its efficiency decreased at pH 9; thus, pH 7 was the
perfect condition and chosen as the optimum pH of both
bacterial types because of safe water quality reason. Therefore,
the optimum conditions of PBB were 0.3 g, 6 h, and pH 7, which
were used to study the effect of concentration.

The effect of concentration. The results of the effect of
concentration from 104 to 107 CFU mL�1 of both the bacterial
types is demonstrated in Fig. 8d. PBB conrmed a high poten-
tial material for 100% bacterial removal on S. aureus and E. coli
from 104 to 106 CFU mL�1. The antibacterial efficiency on S.
aureus was a little decreased at a concentration of 107 CFU
mL�1, while E. coli had a constant value of 100% bacterial
removal. Therefore, 106 CFU mL�1 was conrmed as a suitable
concentration to inhibit on both bacterial types.

In conclusion, the material dosage had a higher inuence on
the bacterial removal efficiencies of PBB on both bacterial types
than the contact time, pH, and concentration, and the optimum
condition of PBB to inhibit S. aureus and E. coli was 0.3 g, 6 h,
pH 7, and 106 CFU mL�1 for 100% bacterial removal. On
comparing with a previous study,39 the optimum condition of
this study had a similar material dose of 0.3 g and pH of 7 with
the previous study for 100% inhibition of S. aureus and E. coli,
whereas this study spent a contact time of 6 h more than the
previous study, which was 3 h and 2 h for S. aureus and E. coli,
respectively, possibly resulting from the use of different plants.
Adsorption isotherms

The adsorption isotherm studies of PBB on S. aureus and E. coli
with the tting of linear and non-linear Langmuir and
Freundlich models are demonstrated in Fig. 9. For the linear
model, the Langmuir model was plotted for Ce/qe versus Ce,
whereas the Freundlich model was plotted for log qe versus
log Ce. For the non-linear model, both the models were plotted
as qe versus Ce. In addition, the equilibrium isotherm parame-
ters are reported in Table 6.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The possible mechanisms of S. aureus and E. coli inhibitions by EPB and PBB.

Fig. 8 Antibacterial batch experiments of PBB in (a) dose, (b) contact time, (c) pH, and (d) concentration on S. aureus and E. coli.
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For the Langmuir linear model, the maximum adsorption
capacity (qm) of PBB on S. aureus and E. coli was 1 � 1010 and
1.4286 � 1010 CFU g�1, respectively, and the Langmuir linear
adsorption constants (KL) of PBB were 0.0003 and 0.0004 L
CFU�1 for S. aureus and E. coli, respectively. For the Langmuir
© 2022 The Author(s). Published by the Royal Society of Chemistry
non-linear model, the maximum adsorption capacity (qm) of
PBB on S. aureus and E. coli was 1.0083 � 1010 and 1.4404 �
1010 CFU g�1, respectively, and the Langmuir non-linear
adsorption constants (KL) of PBB were 0.0002 and 0.0003 L
CFU�1 for S. aureus and E. coli, respectively. The R2 of Langmuir
RSC Adv., 2022, 12, 26435–26454 | 26447
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Fig. 9 (a–d) Linear and (e, f) non-linear adsorption isotherm models of PBB on S. aureus and E. coli.
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linear and non-linear models were 0.8344 and 0.9714 for S.
aureus and 0.7407 and 0.9516 for E. coli, respectively. In the
Freundlich model, 1/n is the constant depicting the adsorption
intensity, and 1/n < 1 means favorable adsorption with different
concentrations, where the adsorption capacity will decrease
with increasing concentration.73 For the Freundlich linear
model, the 1/n values of PBB on S. aureus and E. coli were 0.8895
and 0.9502, respectively, and the 1/n value of E. coli was higher
than that of S. aureus, which meant that PBB had an inhibition
capacity on E. coli better than that on S. aureus. Moreover, the
Freundlich linear adsorption constants (KF) of PBB on S. aureus
and E. coli were 3.2546 � 106 and 4.9136 � 106 (CFU g�1) (L
CFU�1)1/n, respectively. For the Freundlich non-linear model,
the 1/n values of PBB on S. aureus and E. coli were 0.8718 and
26448 | RSC Adv., 2022, 12, 26435–26454
0.9318, respectively, and the 1/n value of E. coli was also higher
than S. aureus, which meant that PBB had a better inhibition
capacity on E. coli than S. aureus. Moreover, the Freundlich non-
linear adsorption constants (KF) of PBB on S. aureus and E. coli
were 3.6357 � 106 and 5.4890 � 106 (CFU g�1) (L CFU�1)1/n,
respectively. The R2 of Freundlich linear and non-linear models
were 0.9994 and 1 for S. aureus and 0.9997 and 1 for E. coli,
respectively. Generally, the R2 value was used to decide which
adsorption isothermmodel well explains the adsorption pattern
of the adsorbent; thus, a higher R2 close to 1 was suitably
chosen. As a result, the adsorption isotherms of PBB on S.
aureus and E. coli corresponded to Freundlich model in both the
linear model (R2 of 0.9994 and 0.9997) and non-linear models at
R2 equal to 1, which is related to the physiochemical adsorption
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Equilibrium isotherm parameters of PBB on S. aureus and E. coli

Isotherm model

Linear Non-linear

S. aureus E. coli S. aureus E. coli

Langmuir model
qm (CFU g�1) 1 � 1010 1.4286 � 1010 1.0083 � 1010 1.4404 � 1010

KL (L CFU�1) 0.0003 0.0004 0.0002 0.0003
R2 0.8344 0.7407 0.9714 0.9516

Freundlich model
KF (CFU g�1) (L CFU�1)1/n 3.2546 � 106 4.9136 � 106 3.6357 � 106 5.4890 � 106

1/n 0.8895 0.9502 0.8718 0.9318
R2 0.9994 0.9997 1 1
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process similarly found in a previous study.39 On comparing the
linear and non-linear adsorption isotherm models, their results
were found to have close adsorption parameters, which repre-
sented the agreement results of linear and non-linear models
similarly to other studies.74–77 As a result, the plotting of the
linear and non-linear adsorption isotherm models is necessary
to avoid data mistranslation.78,79

Adsorption kinetics

The adsorption mechanism including the rate of adsorption to
time by the adsorbent can be explained by adsorption kinetics.80

For the linear model, a pseudo-rst order and a pseudo-second
order kinetic models were used for the adsorption kinetic
studies of PBB by the plotting of ln(qe� qt) versus time (t) for the
pseudo-rst order linear kinetic model and t/qt versus time (t)
for the pseudo-second order linear kinetic model, respectively.
For the non-linear model, both kinetic models for the plotting
of qt versus time (t) are shown in Fig. 10. The adsorption kinetic
equilibrium of PBB on S. aureus and E. coli is represented in
Fig. 11, and the adsorption kinetic parameters are reported in
Table 7.

For the linear pseudo-rst order kinetic model, the adsorp-
tion capacities (qe) of PBB on S. aureus and E. coli were 8.586 �
106 and 168.662 � 106 CFU g�1, and the k1 values were 0.055
and 0.033 min�1, respectively. For the linear pseudo-second
order kinetic model, the adsorption capacities (qe) of PBB on
S. aureus and E. coli had the same value of 333.333 � 106 CFU
g�1, and the k2 values were 0.009 � 106 and 0.045 � 106 g
CFU�1 min�1, respectively. For the non-linear pseudo-rst order
kinetic model, the adsorption capacities (qe) of PBB on S. aureus
and E. coli were 9.264� 106 and 181.989� 106 CFU g�1, and the
k1 values were 0.078 and 0.046 min�1, respectively. For the non-
linear pseudo-second order kinetic model, the adsorption
capacities (qe) of PBB on S. aureus and E. coli had the same value
of 332.138 � 106 CFU g�1, and the k2 values were 0.010 � 106

and 0.050 � 106 g CFU�1 min�1, respectively. Considering the
R2 values of both linear and non-linear kinetic models, the
results for both bacterial types corresponded to the pseudo-
second order kinetic model with R2 equal to 1, which meant
that the adsorption kinetics of PBB involved chemisorption and
was related to the physiochemical interaction of PBB on
bacteria similarly reported in a previous study.39 When
© 2022 The Author(s). Published by the Royal Society of Chemistry
a pseudo-second order kinetic model was chosen as the best t
model to the actual experiment data, the rate constant (k2)
should be mentioned. In Table 6, the rate constant (k2) of PBB
on S. aureus was less than E. coli in both linear and non-linear
kinetics models, which meant that the period of adsorption
time on S. aureus by PBB was shorter time than that on E. coli.
The adsorption capacities of bacterial uptake of PBB on S.
aureus and E. coli were gradually increased from 0 to 45 min,
and then stable adsorption equilibrium was obtained, as shown
in Fig. 11.

Since the plotting of non-linear kinetic models helped to
conrm the result of linear plotting to protect the processing
data,81 many previous studies have reported both linear and
non-linear kinetic models to conrm their results.76,77,82,83

Similarly, this study reported and compared the results of linear
and non-linear of both the kinetic models, and their results
agreed closely with the kinetic parameter values.

Desorption experiments

For industrial applications, the main reason for selecting a new
wastewater treatment technology is a reasonable cost with high
efficiency; thus, a reusable material of adsorption technique for
wastewater treatment is an essential point for long-time reuse.
Therefore, the desorption experiments were investigated
through several adsorption–desorption cycles to conrm
material reusability.

0.01 M HNO3 solution was used for bacterial desorption on
PBB, and three cycles of adsorption–desorption were carried out
to conrm material reusability. The results conrmed that PBB
had high bacterial adsorption and desorption on both bacterial
types in all the cycles, as shown in Table 8. For the adsorption
process, the adsorption cycles presented high antibacterial
efficiencies by PBB in the range of 90 � 0.3 to 100 � 0.0% on S.
aureus and 93 � 0.4 to 100 � 0.0% on E. coli, respectively. For
the desorption process, both the bacterial types in adsorbed
PBB were almost desorbed by 0.01 M HNO3 solution in the
range of 88� 0.2 to 100� 0.0% on S. aureus and 90� 0.4 to 100
� 0.0% on E. coli, respectively. As a result, the antibacterial
efficiencies on S. aureus and E. coli decreased by 10% and 7%,
respectively, whereas the bacteria desorption efficiencies on S.
aureus and E. coli decreased by 12% and 10%, respectively.
Therefore, PBB is a potential material with reusability aer
RSC Adv., 2022, 12, 26435–26454 | 26449
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Fig. 10 (a–d) Linear and (e, f) non-linear adsorption kinetic models of PBB on S. aureus and E. coli.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 9
:0

4:
11

 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
three continuous adsorption–desorption cycles, and PBB is
a suitable material to possibly apply for the disinfection process
in wastewater treatment systems in the future.
Possibility of application in industrial wastewater treatment
systems

PBB might be used as an antibacterial material for inhibiting S.
aureus and E. coli for applying it as an adsorbent material in the
lter tank for contaminated water passed through it for treat-
ment. PBB is not in the treated water for releasing to receiving
water, so they might not affect the ecosystem. In particular, the
extracted P. betle was studied and applied in many applications
of food preservations, skincare products, hair, dental,
cosmetics, and biopesticides; thus, its use is not dangerous to
the ecosystem and environment.
26450 | RSC Adv., 2022, 12, 26435–26454
In this study, approximately 3 g P. betle leaves were used for
synthesizing PBB at a concentration of 300mgmL�1 for treating
100 mL bacterial concentration of S. aureus or E. coli at 106 CFU
mL�1 at 100% removal in batch experiments. Thus, 30 g P. betle
could treat 1000 mL bacterial concentration of S. aureus or E.
coli at 106 CFU mL�1. As a result, the bacterial concentration
and wastewater volume might be used for a possible consider-
ation of wastewater treatment applications and the amount of P.
betle that should be used.

Moreover, the desorption results conrmed the reusability of
PBB for inhibiting both bacterial types. For S. aureus, since the
antibacterial efficiency of PBB on S. aureus was decreased by
10% in 3 cycles or 300 mL in volume, thus, PBB could be reused
for more than 30 cycles or 3000 mL in volume for a bacterial
concentration of 106 CFU mL�1. For E. coli, since the antibac-
terial efficiency of PBB on E. coli was decreased by 7% in 3 cycles
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The adsorption equilibrium of PBB on S. aureus and E. coli.
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or 300 mL in volume; thus, PBB could be reused for more than
42 cycles or 4200 mL in volume for a bacterial concentration of
106 CFU mL�1. If the industry needs to treat wastewater of
1000 L in volume, it requires 1 kg and 700 g of P. betle leaves for
PBB synthesis for inhibiting S. aureus and E. coli, respectively.
Therefore, not only could PBB be used against S. aureus and E.
Table 7 Adsorption kinetic parameters of PBB on S. aureus and E. coli

Kinetic model

Linear Non-linear

S. aureus E. coli S. aureus E. coli

Pseudo-rst order kinetic model
k1 (min�1) 0.055 0.033 0.078 0.046
qe (�106 CFU g�1) 8.586 168.662 9.264 181.989
R2 0.571 0.316 0.588 0.330

Pseudo-second order kinetic model
k2 (�106 g CFU�1 min�1) 0.009 0.045 0.010 0.050
qe (�106 CFU g�1) 333.333 333.333 332.138 332.138
R2 1 1 1 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
coli in wastewater but also it did not leave a big load of waste in
the environment.

In addition, although P. betle is mostly grown in many
countries in Southeast Asia such as Thailand, Malaysia, Viet-
nam, India, and Sri Lanka, it can also grow everywhere in the
world with appropriate conditions of tropical wet climate and
slightly acidic, sandy-loamy, or lightly damp soils. Thus, P. betle
leaves have enough raw materials for PBB synthesis for use as
Table 8 The adsorption and desorption of PBB on S. aureus and E. coli
in three cycles

Bacterial Cycle Adsorption (%) Desorption (%)

S. aureus 1 100 � 0.0 100 � 0.0
2 96 � 0.4 93 � 0.4
3 90 � 0.3 88 � 0.2

E. coli 1 100 � 0.0 100 � 0.0
2 98 � 0.3 95 � 0.3
3 93 � 0.4 90 � 0.4

RSC Adv., 2022, 12, 26435–26454 | 26451
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antibacterial adsorbents in world. Furthermore, the synthesis
method of PBB is not complicated and can be applied for
industrial manufacturing as an alternative product of antibac-
terial materials for killing contaminated bacteria, especially S.
aureus and E. coli in wastewater.

Conclusion

This study extracted P. betle powder (PBP) and synthesized P.
betle beads (PBB) for antibacterial activity against S. aureus and E.
coli. The FESEM-FIB images show that PBP had a porous and
rough surface, whereas PBB had a spherical shape with coarse
surfaces. EDX analysis illustrated that the four main chemical
compositions of PBP and PBB were carbon (C), oxygen (O),
calcium (Ca), and chlorine (Cl), and O–H, C–H, N–H, and C–O
were the four main functional groups of PBP and PBB were
identied by FTIR. The extraction yield of P. betle was 11.30%,
and total phenolic, avonoid, and tannin contents of P. betle
were 201.55 � 0.31 mg GAE per g, 56.86 � 0.14 mg RE per g, and
41.76 � 1.32 mg CE per g, respectively. The six main compounds
of eugenol, quercetin, apigenin, kaempferol, ascorbic acid, and
hydroxychavicol and nine trace compounds of rutin, syringic
acid, catechin, sinapic acid, p-coumaric acid, caffeic acid, ferrulic
acid, myrecetin, and gallic acid were detected by HPLC analysis.
The results of disc diffusion assay by EPB and PBB conrmed
that the extracted P. betle potentially inhibited S. aureus and E.
coli. For antibacterial batch experiments, the optimum condition
of PBB for 100% bacterial removal on both bacterial types was
0.3 g, 6 h, pH 7, and 106 CFU mL�1. The adsorption isotherms
and kinetics of PBB on S. aureus and E. coli corresponded to the
Freundlich model, and the pseudo-second order kinetic model
was related to chemisorption and physiochemical interaction of
PBB on both bacterial types. Moreover, the desorption experi-
ments conrmed the material reusability. Finally, PBB was
a potential material for inhibiting S. aureus and E. coli, and could
possibly be applied in the disinfection process of wastewater
treatment systems in the future.

For future works, other bacterial types of Gram-positive and
Gram-negative bacteria should be investigated by PBB as
competing bacterial contaminations in real wastewater, and
other contaminated compounds of organic matters or nutrients
cannot be ignored. Moreover, continuous ow study is recom-
mended to explore whether PBB can be possibly applied for the
disinfection process of a real wastewater system.
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