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Abstract: This paper presents the results of scientific research on the structural parameters and the
adsorption capacity of activated carbon obtained from apricot kernels (AC-A) in a fluidized layer.
The obtained results highlight the fact that the described procedure allows obtaining a mesoporous
carbon adsorbent with increased adsorption capacities (Spgr = 1424 m?/ g) and with quality indices
corresponding to the requirements of the carbon enterosorbents imposed by the European Pharma-
copoeia Monograph. Adsorption kinetics studies of the bacteria Bacillus subtilis and Bacillus cereus
have shown that the time to establish the adsorption equilibrium is 75-90 min. The adsorption of the
mentioned bacteria on the carbon enterosorbent AC-A was studied depending on the temperature
(26 and 36 °C) and pH of the solution (1.97-4.05). Scanning Electron Microscopy (SEM) showed that
the immobilization of bacteria takes place on the outer surface of the carbon adsorbent due to the
fact that the geometric dimensions of the bacteria are often larger than the macro diameter of the
activated carbon pores. FTIR investigations also indicated the presence of bacteria on the surface of
the activated carbon.
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1. Introduction

One of the main problems of modern medicine of this century is intoxication of
human organisms as a result of the negative state of the environment. Enterosorption
is one of the safest and most effective methods for removing toxic substances, based on
oral administration of drugs that can absorb various toxic substances of endogenous and
exogenous origin in the lumen of the gastrointestinal tract without entering into chemical
reactions with them [1]. Enterosorbents are widely used to treat diseases of the human
body caused by pathogenic bacteria and to detoxify it in the case of poisoning with various
chemicals [2]. Enterosorbents are a group of materials that include activated carbon, clay
minerals, polymeric resins, and silicates [3-5]. The human intestinal microbiota are a
complex ecosystem formed by gut microbes, which co-evolve and interact with their
host [6]. Imbalance, dysfunction, or disturbance of the gut microbiota are increasingly
recognized as indicators of a given disease or a poor health status [7]. Bacteria are vital
organisms in many ecological cycles, having the role of circulating nutrients, as is the case
of nitrogen fixation in the Earth’s atmosphere. Another example is the decomposition of
corpses, the bacteria being responsible for the putrefaction stages of this process. There
are many pathogenic species among bacteria, which cause infectious diseases in humans,
animals, and plants. Many species of bacteria are used in the food industry, in the mining
industry, in the cleaning of wastewater, in the production of bacterial fertilizers, and in
some medicinal preparations [8-11].

A large number of bacteria is found in the intestinal flora and a large percentage of
them are represented by the skin microflora. The vast majority of bacterial species that live
in the human body are considered harmless due to the body’s specific defense mechanisms,
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such as the immune system. There are also bacteria that are beneficial, especially those
belonging to the intestinal flora. Despite this, some species are pathogenic and, once
entering the body, cause various infectious diseases, including cholera, anthrax, leprosy,
bubonic plague, and pneumonia. The most common fatal bacterial infectious diseases
are respiratory infections, tuberculosis killing about 2 million people each year, mostly in
sub-Saharan Africa [12-17].

The influence of the growth phase of Pseudomonas putida on its adhesion to kaolinite-
coated slides was studied in the paper [18]. Steady-phase cells have been shown to have a
higher adsorption density on kaolinite surfaces than mid-exponential phase cells under
static deposition conditions. Compared to mid-exponential phase cells, stationary phase
cells had a higher saturation coverage. The higher adhesion of the cells in the stationary
phase was probably due to their smaller size and lesser negative surface loads compared
to the cells of other growth stages, which led to deeper secondary energy minimums and
lower energy barriers for adhesion. The results of this study suggest that the growth
phase may strongly influence cell mobility and biofilm formation in aqueous geochemical
environments.

The influence of temperature, pH, and salt concentration on the adsorption of Bacillus
subtilis bacteria on the minerals kaolinite, montmorillonite, and goethite was studied in the
paper [19].

Article [20] presents the results of scientific research aimed at immobilizing pathogenic
bacteria on silicon dioxide and alumosilicates obtained from rice husk and straw. It
has been established that the adsorption of the bacteria Escherichia coli, Bacillus subtilis,
Pseudomonas aeruginosa, and Staphylococcus aureus from natural waters is more pronounced
compared to the value of immobilization of these bacteria on similar adsorbents obtained
by traditional technologies.

Granular activated carbons must be used for the removal of toxic organic substances
as well as pathogenic microorganisms from the natural waters in their drinking water
technologies. The analysis of the scientific results obtained demonstrates that the use
of activated carbon in technological processes allows to obtain a drinking water that
corresponds to the norms of quality [21]. The paper [22] presents the results of scientific
research aimed at the use of carbon enterosorbents impregnated with antibiotics in the
process of reducing the increased growth of pathogenic bacteria in the human body. The
use of sulfamethoxazole-impregnated carbon enterosorbents has been shown to reduce
the growth of S. aureus and E. coli bacteria by 47-72%, and gentamicin-impregnated ones
obstruct the growth of the bacteria by 50%. The results obtained offer a new opportunity
for the use of carbon adsorbents in the processes of pronounced elimination of pathogens
from the human body.

The interaction between carbon nanotubes (CNTs) and microorganisms: the antimicro-
bial effects of single-walled, multi-walled, functionalized, and non-functionalized CNTs;
the mechanism of action of these nanomaterials at the unicellular level; and their effects on
soil and aquatic microorganisms were studied in the paper [23]. Among the mechanisms of
action of CNTs on the microbial cell are direct contact, which leads to the destruction of
the cell wall and cytoplasmic membrane, changes in membrane fluidity, oxidative stress,
enzyme inhibition, and reduced transcription of several key genes. It has been shown
that the antimicrobial effect of CNTs strongly depends on the diameter, length, degree
of aggregation, concentration, surface functionalization, degree of purification, time, and
intensity of contact [23].

Another area of interest in the study of the adsorption of microorganisms on adsor-
bents is bioremediation. Bioremediation using different microorganisms, including bacteria,
fungi, microalgae, and yeast, provides an eco-friendly and cost-effective alternative to tra-
ditional physical or/and chemical remediation methods; previous studies have reported
that a multitude of microorganisms have high heavy metals tolerance and biosorption
capacity [24,25].
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The two species used in the study are representatives of the group of Gram-positive
bacteria, such as Bacillus subtilis and Bacillus cereus. These bacteria were isolated from
soil samples and grown on nutrient agar for the accumulation of bacterial biomass. They
occur naturally in soils, at a concentration of up to one million per gram, and are therefore
some of the most common bacteria that can be grown in the soil. Moreover, because of the
structure similarity with bacteria from other groups, these specia can be used as test-models
for the evaluation of the adsorptive properties of the activated carbon for bacteria from
different specia.

The analysis of the bibliographic sources in the field of adsorption of bacteria on
different solid supports allows us to conclude that this technology, with the involvement
of intact carbon adsorbents, is not attested. The aim of our studies was to investigate
the adsorption processes of some bacteria on intact activated charcoal obtained from
apricot kernels.

2. Materials and Methods
2.1. Bacteria

The study used 2 species of bacteria, representatives of the groups of Gram-positive
bacteria such as: Bacillus subtilis, Bacillus cereus. The bacterial species Bacillus subtilis
and Bacillus cereus were isolated from soil samples and grown on nutrient agar for the
accumulation of bacterial biomass.

In order to carry out research for bacterial adsorption on activated carbon, solutions of
these bacteria with an optical density of 0.48 were prepared, in a tub with the length of 10
mm recorded on the KPK-2-YX/JI photo colorimeter 4.2, or 1.9 according to the McFarland
index, determined by the DEN-1 densimeter (BIOSAN). Amounts of 5, 10, 15, ... , and
50 mL of prepared bacterial solution were placed in 10 vials, to which 45, 40, 35, ...,
5 mL of distilled water was added, respectively, to dilute the initial prepared solutions.
Subsequently, calibration curves were established for each bacterial species studied. The
prepared solutions were then contacted with pre-weighed activated carbon samples to
the nearest 0.0001 (approx. 100 mg each). After 120 min of contact, the optical densities
of the studied samples were measured at a wavelength of 315 nm, and subsequently the
equilibrium concentrations and the adsorption values were calculated.

2.2. Obtaining Activated Carbon

Activated carbon (AC-A) was obtained from apricot kernels in a fluidized layer at a
temperature of 1000 °C by activation with steam for 30 min. Water consumption throughout
activation was 130 mL. The sample were dried at 110 °C, sieved to 90 < fraction < 125 pm
size, and stored for analysis.

2.3. Gas Adsorption

Structure and adsorption parameters of samples were obtained from nitrogen adsorp-
tion—desorption isotherms at 77 K. The adsorption isotherms were measured using Autosorb-
1-MP (Quantachrome, Boynton Beach, Florida, United States), with prior degassing at 60 °C
for 12 h. The specific surface area (SBET) was calculated using the Brunauer-Emmett-Teller
(BET) equation. The total pore volume (V) was calculated by converting the amount of ad-
sorbed N, gas at a relative pressure of 0.99 to equivalent liquid volume of the adsorbate (N5).
The micropore volume (Vp,;) was determined using t-method, the pore volume distribution
curve was established using the DFT method. The quality indices of the enterosorbent
AC-A were established according to the methodology of the European Pharmacological
Monograph, edition 10 [26].

2.4. Determination of the Kinetics of the Adsorption Process of Bacteria on Carbon Enterosorbents

Amounts of 200 mg of activated carbon and 200 mL of bacterial solution with the
initially established concentration were placed in a 300 mL glass flask. The balloon was
fixed in an electric stirrer and stirring was started at a frequency of 150 rpm. After every
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15 min of stirring, 2 mL of solution was taken and the equilibrium concentration was
determined, along with the value of adsorption. The solution in the vat was returned
to keep the volume of the solution constant. The time in which the equilibrium of the
adsorption process was established experimentally from the graph of the dependence of
the adsorption value on the agitation time.

2.5. Adsorption Study

Adsorption isotherms of bacteria were measured at different temperatures after stir-
ring the bacterial solutions of different initial concentrations with carbon adsorbents for
2 h. For this, 100 mg of adsorbent were passed into flasks of 150 mL. A 50 mL solu-
tion of bacteria of different initial concentrations was passed into each flask. The flasks
were fixed in a mechanical stirrer with a water thermostat and allowed to stir for 2 h
at 150 rot/min. The adsorption capacity values for the bacteria were determined by
the expression: a = (Cyp — Ce) x V/m (1) where: a—represents the adsorption capacity
of the adsorbent (McF x 10%/g); Cy represents the initial concentration of the adsorbate
(McF x 108/L); C, is the equilibrium concentration of the adsorbate (McF x 108/L); V is
the volume of the contact solution (L); m is the mass of the adsorbent (g). To model the pH
in the stomach, adsorption at pH 1.97 was performed using a sodium citrate-hydrochloric
acid buffer solution as a solvent.

Langmuir isotherm model is an empirical model assuming that adsorption can only
occur at a finite number of definite localized sites, and the adsorbed layer is one molecule
in thickness or monolayer adsorption. The non-linear expression of the Langmuir isotherm
model can be illustrated as Equation (1)

CImKLCe

e = m 1)

where C, is the concentration of solution at equilibrium (McF x 108/L); g, is the corre-
sponding adsorption capacity (McF x 108/g); and g,, (McF x 108/g) and K; (L/McF x 10%)
are constants which are related to adsorption capacity and energy or net enthalpy of
adsorption, respectively.

The Freundlich isotherm model is the relationship describing the non-ideal and re-
versible adsorption, which can be applied to multilayer adsorption, on the basis of an
assumption concerning the energetic surface heterogeneity. The non-linear expression of
Freundlich isotherm model can be illustrated as Equation (2):

g = KpCor @)

where constant, Kr measures the relative adsorption capacity of the adsorbent and the slope
1/n, ranging between 0 and 1, is a measure for the adsorption affinity or surface heterogeneity.
The linear forms of the Langmuir and Freundlich isotherms models are given in

Equations (3) and (4), respectively:
¢_ 1 .G

e B QmKL qm

®)
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Hence by plotting C./g. against C, it is possible to obtain the value of the Langmuir
constants Kj, and g, and by plotting In(g.) against In(C,), the Freundlich constants of Kr
and n can be determined.

2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were obtained on JSM-6060 equipment.
This is a high-resolution analytical SEM that can reach 2.5 nm resolution at an accelerating
voltage of 30 kV. The electron source is a tungsten hairpin gun.
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2.7. Fourier Transform Infrared Spectra
Measurements by Fourier transform infrared (FTIR) spectra were registered with an
infrared Fourier transform spectrophotometer (Thermo Nicolet, NEXUS 670, USA). For this
purpose, the samples were ground in an agate mortar and pressed with KBr.
3. Results and Discussion
The nitrogen adsorption—desorption isotherm on AC-A activated carbon is shown
in Figure la. The structural parameters of the adsorbent, Table 1, indicate that AC-A is a
mixed pore adsorbent, predominantly mesoporous. The same results can be seen from the
pore volume distribution curve as a function of diameter, Figure 1b.
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Figure 1. Nitrogen adsorption—-desorption isotherms (a) and pore volume distribution curves (b) for
sample AC-A.

Table 1. Structural parameters and specific surface area of the AC-A enterosorbent.

SBETI Vs, Vmil Ve,
Sample m?/g cm3/g cm®/g cm3/g
AC-A 1424 1.016 0.332 0.684

Structural parameters and specific surface area of the AC-A enterosorbent are shown in
Table 1. The analysis of the data presented in Table 1 allows us to conclude that by applying
the method of obtaining activated carbon in a fluidized layer we obtain mesoporous carbon
adsorbents with specific pronounced surfaces.

The quality indices of the AC-A enterosorbent determined in accordance with the
methodology set out in the European Pharmacopoeia Monograph, edition 10, are presented
in Table 2. The analysis of the data presented in Table 2 allows us to conclude that the
quality indices of activated carbon AC-A correspond to the quality standards required by
the European Pharmaceutical Monograph, 10th edition imposed for carbon enterosorbents.

The kinetics of the adsorption processes of Bacillus subtilis and Bacillus cereus bacteria
is shown in Figure 2.
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Table 2. Quality indices of the AC-A enterosorbent.

Quality Indices The Set Value Allowable Value
Loss of mass on drying 1.62% maximum 15%
Ash after US STAS 3.44% maximum 5%
Acid-soluble substances 2.73% maximum 3%
Copper content <3.58 ppm maximum 25 ppm
Lead content <1.25 ppm maximum 10 ppm
Zinc content 19.81 ppm maximum 25 ppm
Adsorption power 40.7 g phenazone at 100 AC minimum 40.0 g phenazone at 100 AC
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Figure 2. Adsorption kinetics of B. subtilis and B. cereus bacteria on activated carbon AC-C.

The analysis of the results presented in Figure 2 allows us to conclude that the equilib-
rium of the adsorption process of B. subtilis bacteria is established after 75 min of stirring,
and in the case of B. cereus bacteria the equilibrium is established in 90 min.

The adsorption isotherms of B. subtilis and B. cereus bacteria measured after 120 min of
stirring at a frequency of 150 rpm at different pH values and at different temperatures are
shown in Figures 3 and 4.

The analysis of the adsorption isotherms of the bacteria presented in Figures 3 and 4
allow us to conclude that the adsorption process of the bacteria is an exothermic one,
i.e., with the increase in the temperature, the adsorption value decreases. The pH value of
the solution has a different influence. In the case of B. subtilis, the decrease in pH leads to
an increase in the amount of immobilized bacteria per unit area of carbon adsorbent, and in
the case of B. cereus bacteria the effect is the opposite, a decrease in pH leads to a decrease
in the number of immobilized bacteria on the carbon enterosorbent.

In Table 3 are presented the constants and correlation coefficients calculated by means
of Langmuir and Freundlich equations; one may note that the Langmuir model describes
better the adsorption of B. subtilis and B. cereus. This may be explained through the localized
adsorption on active centers, which are the functional groups of activated carbon. The
value of the Langmuir constant, K;, decreases with the increase the temperature which
denotes the exothermic effect of the immobilization process.
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Figure 3. Adsorption isotherm of B. subtilis bacterium on AC-A enterosorbent.
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Figure 4. Adsorption isotherm of Bacillus cereus bacterium on AC-A enterosorbent.

Table 3. Langmuir and Freundlich isotherm constants and correlation coefficients of B. subtilis and

B. cereus adsorption capacity on AC-A.

. Langmuir Freundlich
. p qm ~,
Bacteria pH 8 K
°C MCcF x 10°/, Gm,s Ly 2 2
& MFx10% LMcFx10® K Ke n R
26 1.97 0.475 0.534 3.552 0.991 0.387 3.48 0.759
B. subtilis 26 4.05 0.450 0.607 1.052 0.996 0.300 2.28 0.983
36 3.71 0.260 0.356 0.902 0.972 0.141 1.47 0.910
26 1.97 0.233 0.307 1.236 0.978 0.160 224 0.920
B. cereus 26 3.95 0.455 0.502 3.877 0.983 0.586 1.33 0.984
36 3.70 0.310 0.398 1.188 0.974 0.105 0.88 0.871

*—experimental adsorption capacity.
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Scanning electron microscopy of the bacteria Bacillus subtilis and Bacillus cereus ad-
sorbed on the AC enterosorbent at a scale of 1: 5000 and 1: 10,000 are shown in Figure 5.

(c) Bacilius subtilis + CA-A, 1:10,000 (d) Bacillus cereus +CA-A, 1:10,000

— :
) { Z ‘,'
) Ll £

Figure 5. SEM images of the bacteria Bacillus subtilis and Bacillus cereus adsorbed on the enterosorbent
CA-A at different magnification scales.

The analysis of the images shown in Figure 5 highlights that the studied bacteria are
adsorbed on the outer surface of the carbonic enterosorbent. This is explained by the fact
that the length of the bacteria is within the dimensions of 1-6 pum, a size that exceeds several
times the diameter of the macropores of the carbon adsorbent.

The FTIR spectra of B. subtilis, B. cereus bacteria adsorbed on the AC-A enterosorbent
and the intact AC-A enterosorbent are shown in the Figure 6.

Figure 6 shows the FTIR spectra of AC-A activated carbon and adsorbent samples on
which Bacillus subtilis and Bacillus cereus bacteria were immobilized. It is observed that for
the samples on which the bacteria were adsorbed, there are adsorption bands different from
those of activated carbon, so the band between 660-850 cm~! with a maximum of 750 cm ™1
is due to the presence of saturated primary aliphatic amides, the band included between
1057-1330 cm ! with a maximum of 1190 cm ™! is due to the presence of the C-O bond
in ketals and acetals in carbohydrates contained in bacteria. The band 2130-2330 cm ™! is
characteristic for isocyanate groups, and the band 1950-2090 cm~! is due to the presence
of isothiocyanate groups [27-29]. FTIR spectra, as well as SEM photographs, indicate the
presence of bacteria on the surface of AC-A activated carbon.
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Figure 6. FTIR spectra of B. subtilis and B. cereus bacteria adsorbed on the AC-A enterosorbent and
the intact AC-A enterosorbent.

4. Conclusions

1.  The method of synthesis of activated carbon in a fluidized layer allows us to ob-
tain carbon enterosorbents with quality indices that correspond to the requirements
imposed by the European Pharmacopoeia Monograph.

2. Given that the size of the bacteria is much larger than the diameter of the carbon
adsorbent macropores, the adsorption balance of bacteria is established relatively
quickly in 75-90 min, and the immobilization of bacteria is achieved on the geometric
surface of activated carbon. This phenomenon is also confirmed by the SEM studies
presented in the paper.

3. The study of the dependence of adsorption processes at different temperatures high-
lights the fact that the process is exothermic, i.e., with increasing temperature the
value of adsorption decreases. The pH value of the solution has a different influence.
In the case of Bacillus subtilis the decrease in pH leads to an increase in the amount
of immobilized bacteria per unit area of carbon adsorbent, and in the case of Bacillus
cereus the effect is the opposite, a decrease in pH leads to a decrease in the number of
immobilized bacteria on the carbonic enterosorbent.

4. The analysis of FTIR spectra highlights the fact that bacteria are immobilized through
the interaction of basic groups such as amines, amides, and pyrenes from their struc-
ture with carboxylic, lactonic, and phenolic groups on the surface of activated carbons.
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