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ESPITE expensive treatment procedures designed to eliminate harmful germs from

drinkable water supplies and waterborne illnesses, they still pose a threat to public
health. The current investigation is concerned with the removal of Gram-positive and Gram-
negative pathogenic bacteria from aqueous solutions. The abundant and inexpensive natural
resource, pomegranate dry peel (PDP), and its activated carbon (PDPAC) have been used as
bio-adsorbents. Phosphoric acid (30%) was used to chemically activate the carbon at 800 °C.
The optimum contact time was 60min for the dry peel and 40min for the activated carbon at
a pH range of 7.0 to 7.5 and 30 to 35°C processing temperature. The adsorption isotherm of
different bacteria was determined for both adsorbents and analyzed by three common isotherm
models. The equilibrium results have matched well to the Langmuir equation and the maximal
monolayer adsorption capacity was 12500, 14286, 20000, 1000 CFU/g with PDP and 25000,
25010, 33343, 20000 CFU/g with PDPAC for E. coli, S. enterica, S. aureus, and E. faecalis,
respectively. This research can be applied in the treatment stages of water treatment plants,
sewage treatment plants, and household filters as a low-cost adsorbent material to remove
pathogenic bacteria, antibiotic-resistant bacteria, and damaged DNA.

Keywords: Activated carbon, Adsorption, Bacteria, [sotherm, Pomegranate.

Introduction

Antibiotic-resistant bacteria in water supply
systems have become a major public health problem
(Kumar et al., 2013). Drinking water tainted with
bacteria can result in a variety of health issues,
including: fever, exhaustion, vomiting, stomach,
eye, skin, and intestinal infections, diarrhea, and
sometimes leads to death (Odonkor & Addo,
2018). Filtration, sedimentation, centrifugation,
coagulation, and adsorption are some techniques
used to remove microorganisms from aqueous
solutions. All of these techniques have several
drawbacks, such as sludge formation, secondary
pollution creation, and high running costs (Shah

et al., 2020). The most promising technology is
adsorption because of its low cost, high removal
rate, simplicity, and ease of operation and design. It
is also a green technology since there is no sludge
formation or secondary pollution creation during
water treatment procedures (Isaeva et al., 2021).

Adsorption is the process by which the dissolved
and suspended substances (adsorbate) in a liquid
or gas phase, accumulate on the surface of a solid
phase (adsorbent) under the action of attraction
forces i.e., chemisorption (Yadav & Jagadevan,
2021). In the case of physical adsorption,
electrostatic interactions and van der Waal are
responsible for the adsorption process. Although
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physical adsorption is generally considered
a reversible process, chemical adsorption is
considered irreversible because of the presence
of functional groups on the surface of adsorbents
(Chen et al., 2022). Because of its huge surface
area, high adsorption capacity and numerous
surface functional groups, the activated carbon is a
microcrystalline form of carbon and is commonly
utilized adsorbent to eliminate polar and nonpolar
pollutants from liquid and gas streams (Islam et
al., 2022; Srikhaow et al., 2022).

Physical and chemical activation procedures
can be wused to create activated carbon.
Carbonization of raw materials, followed by
the activation at elevated temperatures using
oxidizing gases such as carbon dioxide, steam, air,
or their mixes, is a common method of physical
activation (Tejada et al.,, 2017). Otherwise,
chemical activation is achieved by soaking the
raw material with activating agents (phosphoric
acid, zinc chloride, potassium bicarbonate,
sodium hydroxide, or potassium hydroxide)
to digest the cellulosic materials and prevent
shrinkage during carbonization, then heating the
mixture to temperatures ranging from 400°C to
800°C (Vimalkumar et al., 2018). The benefits
of chemical activation include lower energy and
operational costs, higher carbon outputs, and
larger surface areas (Varghese et al., 2013).

The production of carbon-based adsorbents
from agricultural wastes represents an interesting
design strategy because the precursors are cheap,
renewable, safe, abundant and readily available
(Soffian et al., 2018). Much of agricultural waste
has recently been identified as a societal ecological
cost (Stenmarck et al., 2016). Fruit processing
generates a substantial quantity of waste,
accounting for 25-30% of the entire output. Waste
fruit peels, on the other hand, as lignocellulosic
biomass-rich materials, have sparked new avenues
for the development of renewable, low-cost,
and long-term adsorbents for water treatment
applications (Plazzotta et al., 2017).

The pomegranate (Punica granatum L.) is a
deciduous shrub that bears fruit and belongs to the
subfamily Punicoideae of the Lythraceae family.
Its height ranges from 5 to 10 meters. Pomegranate
cultivation is widespread in the Middle East,
the Caucasus, tropical North Africa, the Indian
subcontinent, Central Asia, the drier portions of
Southeast Asia, and the Mediterranean Basin.
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The fruit is normally in season from October to
February in the Northern Hemisphere and from
March to May in the Southern Hemisphere,
representing a continual supply of the fruits most of
the year. Around 1,500,000 tons of pomegranates
are produced worldwide each year, with the peels
accounting for 60% of the fruit’s weight (Kipgak,
2018; Jafar & Mawlood, 2020).

Numerous academics have investigated
the production of activated carbons from
pomegranate dry peels and use in the adsorption
of different contaminants from aqueous solutions,
such as methylene blue (Jawad et al., 2018),
pharmaceutical residues (Hashem et al., 2016),
heavy metals such as Cu (II) ions (Shah et
al., 2020). Other researchers have studied the
adsorption of pathogenic bacteria by economic and
biodegradable magnetic-coated chitosan (Hussain
et al., 2016), commercial activated carbon (Yoon
et al., 2008), or activated carbon coated by silver
particles (Stewart et al., 1990).

The main objective of this work is to use a low-
cost material, pomegranate peels, as an adsorbent
for antibiotic-resistant bacteria (Escherichia coli,
Salmonella enterica, Staphylococcus aureus, and
Enterococcus faecalis). The aim is extended to
produce activated carbon from peels to enhance
the process efficiency and study the adsorption
equilibrium.

Materials and Methods

Preparation of Pomegranate peels

The fresh pomegranate fruits were collected
from the local Mansoura city market and then
washed and peeled. The collected peels were
washed with tap water and then with bi-distilled
water. The peels were cut into small pieces and
dried in an electrical oven at 100°C for two days,
and then divided into two parts. The first was
ground into a fine powder using an electric blender
(PDP), then stored in a sealed plastic holder until
use. The second was soaked in a 30% phosphoric
acid solution for 24h. The mixture was put into a
cylindrical stainless-steel box and then, subjected
to the carbonization process in a muffle furnace
at 400°C for 30min and finally activated at 800°C
for 15min. After the processes of dehydration
and carbonization, the produced activated carbon
(PDPAC) was ground and then stored in a sealed
plastic holder for using as has been recommended
by Vimalkumar et al. (2018).
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Adsorbed organisms

Four strains of pure culture bacteria strains:
Escherichia coli ATCC 8739, Salmonella enterica
ATCC 14028/NCTC 12023 (Gram negative
bacteria), Staphylococcus aureus ATCC 25923/
NCTC 12981, and Enterococcus faecalis ATCC
29212/NCTC 12697 (Gram-positive bacteria) from
Tody Laboratories Int. (Bucharest, ROMANIA)
were examined. Bacterial cultures from solid
media were sub-cultivated in tryptic soy broth and
incubated at 35°C for 24h.

Experimental procedures

The batch adsorption experiments for the
different pathogenic bacteria onto PDP and PDPAC
were performed in 250mL borosilicate bottle
by adding 3g of adsorbent (PDP or PDPAC) to
50mL of polluted solution. Preliminary tests were
conducted to determine the contact time required
for the bacteria-PDP and bacteria-PDPAC systems
to reach equilibrium as well as the optimum
temperature and medium pH; this data may be
used to forecast the operating conditions needed
to conduct adsorption isotherms later. Adsorption
experiments were conducted at different contact
times (5-240min), pH range (5.5-8.5), and different
temperatures (15-45°C). The pH was adjusted
by adding either 0.1M HCI or 0.2M NaOH for a
desired value that was monitored using a pH meter
(Symphony SB70P pH Lab, USA). Different
initial bacterial concentration (75-3000 CFU/
mL) was used in this investigation. The various
bacterial suspension concentrations were made
by comparing them to various (0.5, 1, 2, 3, 4)
McFarland turbidity standards inoculated on Petri
plates using the pour plate technique. The Petri
dishes were incubated for 24 hours at 35°C. The
method of McFarland (1907) is applied in order
to determine the number of colonies. The dilution
factor was calculated using the following equation:

CFU= (number of colonies x dilution factor)/
(volume of the culture plate) 1

The removal efficiency was calculated as well
as the number of bacteria adsorbed per unit mass
of PDP and PDPAC according to the following
equations:

% Removal=[C O -C t]/C_O x 100 2)
Q= (C,-C) VM ©)
Q.= (C,-CH)VIM “4)

where, C is the initial bacterium concentrations
in solution (CFU/ml), C, is the concentrations of
bacteria (CFU/ml) at time ¢, C, is the bacterium
concentration (CFU/ml) at equilibrium, M is the
mass (g) of the adsorbent, V is the volume (L)
of the solution, and @, is the adsorption capacity
(CFU/g) at time ¢, and Q, is the adsorption capacity
(CFU/g) at equilibrium.

According to the accepted microbiological
techniques, all adsorption experiments were
carried out in triplicate in a biosafety cabinet. The
equilibrium isotherm data obtained in this study
were analyzed using three distinct parameter
models: Langmuir, Freundlich, and Temkin. The
adsorption isotherm model which simulates and
fits well the experimental data is judged by the
correlation coefficient (R?).

Results and Discussion

Effect of contact time

The process time is an essential operating
condition that must be determined accurately. A set
of tests were conducted to determine the contact
time required to achieve adsorbate-adsorbent
equilibrium. It is observed that with increasing
time, the percentage of removal does; however,
after reaching the equilibrium time, the increase
is not significant. Figure 1 shows the contact
time required for the adsorption process to reach
equilibrium with an initial bacterial concentration
of 300 CFU/mL. Noting that the adsorption rate
increased significantly with the increase in the
contact time, and that the adsorption balance was
achieved with PDP after 60min, and PDPAC
after 40min, but the removal percentage differed
according to the type of absorbent material and the
type of bacteria. This may be since initially all the
sites on the surface of the adsorbent were vacant and
the bacterial concentration gradient was relatively
high, whereas in the later stage, the binding sites
became restricted and the remaining sites were
not occupied (Omri et al., 2016). The equilibrium
time of activated carbon which was lower than the
equilibrium time of dry peels may be due to the high
variation of activated site between activated carbon
and natural dry peels (Cecen & Aktas, 2011; Wei
et al., 2009; Satti et al., 2020). Therefore, a contact
time for each adsorbent was chosen to construct
equilibrium adsorption isotherms, as longer contact
times might have resulted in undesirable bacterial
aggregation in the suspensions.
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Fig. 1. Equilibrium time for adsorption of E. coli, S.
enterica, S. aureus, and E. faecalis onto PDP
and PDPAC

Effect of pH
One of the important factors that can influence

on adsorption process, is the pH of the solution. It
may be due to the changes in the surface chemistry
of the adsorbent as an action of the pH. Thus, it
can affect the chemical interaction between the
adsorbents and the adsorbates (Pereira et al., 2019).
The effect of pH on the adsorption of bacteria onto
PDP and PDPAC was studied in the range of 5.5-
8.5. Batch experiments were done at an adsorbent
dose of 3g, initial bacterial concentration 300 CFU/
mL for 2h of contacts at normal temperature (25°C).

Figure 2 represents the adsorption of the four
different bacteria at different values of pH. The
results indicate that the adsorption process is
highly pH-dependent and at a range of pH 7:7.5,
the maximum adsorption capacity was attained.
This result may be ascribed to the surface charge
of bacteria at natural pH was negative charge due
to cell wall peptidoglycans, which make stronger
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electrostatic interaction between bacteria with
PDP and PDPAC, and was the optimum value for
a strong bacterial metabolism that facilitates their
adsorption capabilities. These results agree with
Yee et al. (2000), Guo et al. (2011), Borkowski et
al. (2015) and Shah et al. (2020).
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Fig. 2. Effect of pH on removal of E. coli, S. enterica,
S. aureus, and E. faecalis by PDP and PDPAC

Effect of temperature

The physiological state of bacteria governs how
much germs adhere to solid surfaces, and a strong
bacterial metabolism facilitates their adsorption
capabilities (Li et al., 2011). Figure 3 shows the
effect of temperature on the adsorption of the four
bacteria under investigation. The results indicated
that the rate of adsorption enhanced with increasing
temperature from 15 to 30°C, Higher temperature
has an inverse effect on the removal efficiency.
Temperatures between 30 and 35°C exhibited the
greatest bacterial adsorption, which means the
process’s optimum temperature, may be due to it
being the optimum temperature range for bacterial
growth (Yee et al.,2000; Meng et al., 2001; Guo et
al., 2011; Borkowski et al., 2015; Shah et al., 2020).

Equilibrium isotherm
The adsorption isotherm is the most popular
way to display the adsorption data and shows how
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the adsorbate spreads between the liquid and solid
phases in equilibrium (C, and Q), so it is essential
for adsorption system design.
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Fig. 3. Effect of Temperature on removal of E. coli,
S. enterica, S. aureus and E. faecalis by PDP
and PDPA

Figure 4 shows the isotherms (spreading)
of bacteria onto PDP and PDPAC at constant
temperature (25°C) and pH (7.5), whereas the
contact time at 60min for PDP and 40min for
PDPAC. The plots represent that an isotherm
shape can be classified as a relaxed L-shape
according to Gilles classification (Jaikaew et al.,
2017). It was illustrated that the C, and Q, values
significantly enhance with the increase of initial
bacterial concentration, which indicates the strong
effect of the initial concentration of bacteria as a
driving force for adsorption, and it may also be
due to the surface size and sufficient adsorption
sites available for bacteria adsorption. As the
available suspended sites decrease, adsorption
reduces and the equilibrium occurs (Prachpreecha
et al., 2016; Ingole et al., 2017; Satti et al., 2020).

Adsorption models
The validity of the experimental results has
been predicted by using a variety of isotherm

models. In our work, the adsorption equilibrium
data are analyzed by using three of the most
popular models, including: the Langmuir,
Freundlich, and Temkin isotherms.
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Fig. 4. Equilibrium isotherms for adsorption of E.
coli, S. enterica, S. aureus, and E. faecalis by
PDP and PDPAC

Langmuir model

The Langmuir adsorption model suggests
that only homogenous, specified spots within
the adsorbent can undergo adsorption; once the
adsorbate resides, there, no further adsorption
can take place, leading to monolayer adsorption
on the outer surface of the adsorbent without any
interaction between the adsorbed elements (El-
Geundi et al., 2005).

One of the linear forms of the Langmuir model
is provided by Eq. (5):
L 1, G (s)
Qe Qmax b Qmax

where Ce is the equilibrium concentration
(CFU/L), Q, . and b are the Langmuir constants
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concerned with adsorption capacity and rate of
adsorption, respectively. Q, is the quantity of
adsorbate adsorbed per unit mass of adsorbent at
equilibrium (CFU/g).

Plotting of C/Q, vis C, for each bacterium
allows for predicting Langmuir constants (Fig.
5). The plots are good straight lines suggesting
that the adsorption of pathogenic bacteria onto
PDP and PDPAC follows the Langmuir model.
The correlation coefficient, R?, and the Langmuir
constants b and Q_ _ have been determined and
are given in Table 1. The confirmation of the
experimental data into the Langmuir isotherm
model shows that the PDP and PDPAC surfaces
are homogeneous, meaning that the adsorption
activation energies of each bacterium/adsorbent
are equivalent. The outcomes also show that
bacteria can develop in a monolayer covering
on the adsorbent’s outer surface. The R* values
were 0.9969, 0.9977, and 0.9994 for E. coli,
S. enterica, and S. aureus, respectively, that
confirms the occurrence of monolayer adsorption
on the PDP surface. PDP showed the highest
homogenous monolayer adsorption capacity (Q,_
CFU/gm) with S. aureus followed by S. enterica,
E. coli, and then E. faecalis. Moreover, a higher

O E.coli O S.entrica
012 1 A S.aureus O E.faecalis
0.09 1
[}
o}
?
O 0.06 A
0.03 1
PDP
O T T T T L] T
0 200 400 _ 600 800
Ce

Ce/Qe

value of surface energy (b CFU/mL) of PDP with
S. aureus, S. enterica, E. coli, and E. faecalis is
156.3,97.1,75.2, and 51.8 CFU/mL, respectively,
implied the existence of stronger bonds between
bacteria and PDP (Hashem & Amin, 2016; Jawad
et al., 2018). In contrast to the value of PDPAC,
we discovered that adsorption capacity rose and
surface energy reduced, indicating the formation
of a strong physisorption link between bacteria
and PDPAC and a decrease in Zeta potential.

The essential feature of the Langmuir isotherm
can be stated in expressions of dimensionless
separation factors and equilibrium parameter (R )
in order to predict the type of adsorption process
defined as presented in Eq. (6):
b)

R= 1/(1+Q (6)

(max)
The value of R| indicates the type of isotherm
to be irreversible (R, = 0), favorable (0 <R < 1),
linear (R, = 1), or unfavorable (R, > 1) (Wu et al,,
2019). The calculated values for R, for different
systems are presented in Table 2 which shows
its average values presented in a range of 0:1
confirming the favorability of bacteria uptake by
adsorption using both PDP and PDPAC.
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Fig. 5. Langmuir plots for adsorption of E. coli, S. enterica, S. aureus, and E. faecalis onto PDP and PDPAC

TABLE 1. Langmuir Parameters for adsorption of E. coli, S. enterica, S. aureus and E. faecalis onto PDP and PDPAC

PDP PDPAC
Strain
Q,.. (CFU/g) b (CFU/mL) R? Q,... (CFU/g) b (CFU/mL) R?
E. coli 12500 75.2 0.997 25000 56.2 0.996
S. enterica 14286 97.1 0.998 25010 433 0.966
S. aureus 20000 156.3 0.999 33343 52.6 0.935
E. faecalis 10000 51.8 0.987 20000 413 0.989
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TABLE 2. Separation factor (RL) for adsorption of E. coli, S. enterica, S. aureus, and E. faecalis onto PDP and PDPAC

R = 1/(1+ Q.. b

C, E. coli S. enterica S. aureus E. faecalis

PDP PDPAC PDP PDPAC PDP PDPAC PDP PDPAC
75 0.6891 0.8558 0.6624 0.9842 0.6305 0.2255 0.7201 0.9641
150 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
300 0.0048 0.0039 0.0050 0.0069 0.0053 0.0009 0.0046 0.0062
600 0.0017 0.0017 0.0017 0.0031 0.0017 0.0001 0.0017 0.0028
900 0.1875 0.2226 0.1816 0.2153 0.1744 0.0856 0.1943 0.2229
1200 0.3337 0.3337 0.3337 0.3040 0.3337 0.3771 0.3337 0.3161
Average 0.3695 0.0025 0.3641 0.0038 0.3576 0.0006 0.3757 0.0035

Freundlich model

The empirical equation of the Freundlich
modelisbased onadsorptiononaheterogeneous
surface or surfaces with various affinities
(Amer et al., 2017). The relationship between
the number of bacteria adsorbed at equilibrium
Q, and equilibrium bacteria concentration
C, was gained from the Freundlich isotherm
models as represented in Eq. (7).

1
InQ, = InKg +Hln C, (7)

where K, (CFU/gm) and (1/n) are the Freundlich
constants characteristic of the system, where
K, indicating the adsorption equilibrium
capacity and (1/n) is the adsorption intensity
and indicating the extent of heterogeneity of
the sorption system confirming the increases
in bond energies with the increases in planar
density. Value of (1/n) < 1 indicates normal
adsorption and greater heterogeneity, (1/n)
> 1 indicates cooperative adsorption (lower
heterogeneity), and a favorable sorption
process when 1<n>10. Figure 6 shows the
plots of In Q@ vis In C, that appears straight
lines with a good fitting for all bacteria under
investigation.

The model parameters are calculated and
reported in Table 3. The estimated values of
n are greater than one, indicating that dye
adsorption onto both adsorbents is favorable.
The K, values suggest that PDPAC has a
high capacity to adsorb S. aureus and E. coli
compared with PDP in contrast PDP has a high
capacity to adsorb S. enterica and E. faecalis.
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Fig. 6. Freundlich plots for adsorption of E. coli, S.
enterica, S. aureus and E. faecalis onto PDP
and PDPAC
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TABLE 3. Freundlich parameters for adsorption of E. coli, S. enterica, S. aureus and E. faecalis onto PDP and PDPAC

PDP PDPAC
Strain K, . . K, . .
(CFU/gm) (CFU/gm)

E. coli 382 1.96 0.9714 568 2.09 0.9445

S. enterica 437 1.92 0.9637 322 1.83 0.9666

S. aureus 590 1.85 0.9714 720 2.22 0.8942

E. faecalis 369 2.15 0.9962 250 1.78 0.9609
Temkin model 25000

The Temkin isotherm model is the third model , , A
employed for this study’s analysis of equilibrium O E col 0 . entrica A
data. Heat of adsorption of all molecules in the A S.aurous ¢ E. fecales Ao
layer decrease linearly with coverage as a result of 20000 - 0
interactions between the adsorbent and adsorbate;
the adsorption is characterized by a uniform
binding energy represented by the following 15000 -
linear equation, Eq. (8), v
o]

Q,= BInK +BInC, 8) 10000 -
where, K, (CFU/gm) is the equilibrium binding
constant corresponding to the maximum binding
energy, B=RT/b and b is the Temkin isotherm 5000 4
constant related to the heat of adsorption (kJ/mol)
and (1/b) indicates the adsorption potential of the
adsorbent. Both K and B can be determined from 0
a plot of (Q )J(CFU/ gm) vs. In C, as presented in ) 4 6 8

Fig. 7.
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Fig. 7. Temkin plots for adsorption of E. coli, S.
enterica, S. aureus and E. faecalis onto
PDP and PDPAC

Table 4 provides a summary of the
correlation coefficients and corresponding
constants determined for the Temkin model.
Comparing data presented in Tables 1, 3 and
4, the Temkin isotherm has a lower correlation
coefficient indicating that this model would
not be appropriate to describe this process.
The Langmuir model’s correlation coefficients
were nearly one, indicating a better fit to the
equilibrium data and a recommendation for
the design process. The highest binding energy
was found for E. coli with PDP as well as for
E. faecalis with the PDPAC. The lowest heat of
sorption was for S. aureus in the case of PDP
adsorbent while it was for S. enterica in the
case of PDPAC adsorbent.
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TABLE 4. Temkin Parameters for adsorption of E. coli, S. enterica, S. aureus and E. faecalis onto PDP and PDPAC

PDP PDPAC
Strain B K, R B K, R?
(kJ /mol) (CFU/gm) (kJ /mol) (CFU/gm)
E. coli 1958.9 14.96 0.9738 3735 13.4 0.8462
S. enterica 2984.3 13.02 0.983 3496 21.2 0.8755
S. aureus 4044.7 10.15 0.9896 4399 14.8 0.878
E. faecalis 2593.3 14.62 0.9875 3572 33.0 0.9017

Models simulation

Using the appropriate constants for the
Langmuir, Freundlich and Temkin isotherm
models, the theoretical isotherm curves can be
predicted using known values of C, Figure 8
presents a comparison of experimental data with
the used models for E. coli as an example to
identify which model provides the best fit. The
results shown in the figures demonstrate that
the Langmuir model greatly outperformed other
models in terms of its ability to fit the experimental
adsorption data.
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Fig. 8. Comparison of experimental data with

theoretical isotherms for the adsorption of
E. coli onto PDP and PDPAC

Conclusion

PDP and its activated carbon PDPAC are found to be
considered efficient low-cost adsorbents to uptake
four different Gram-positive and Gram-negative
bacteria (E. coli, S. enterica, S. aureus, and E.
faecalis) from the aqueous solutions. The optimum
contact time was 60 and 40 min for PDP and
PDPAC respectively. High adsorption capabilities
were achieved at temperatures between 30 and 35
°C and a pH between 7 and 7.5. The Langmuir,
Freundlich, and Temkin adsorption models were
used to fit the equilibrium data of related adsorption
isotherms, and the associated constants were then
determined for the various system conditions. The
Langmuir isotherm provided a superior fit where
it had the best correlation coefficient when these
isotherms were compared with the experimental
data. A high affinity of adsorption was found in S.
aureus compared to other bacteria, being 20000
CFU/g for PDP and 33343 CFU/g for PDPAC.
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