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ABSTRACT

In this work, we investigated the potential of pristine biochar (obtained from poultry manure by
pyrolysis at 725°C in a laboratory pyrolysis reactor under N, environment) as an efficient adsorbent
for removing tetracycline (TC) and rhodamine 6G (R6G) from aqueous solutions. Microscopic and
spectroscopic analyses demonstrated a developed surface of the investigated biochar free from toxic
organic compounds that could form within the annealing. The removal of TC and R6G was analyzed
with UV-vis spectrometry in the function of the pH, ionic strength, and adsorbent dosage. The max-
imal adsorption capacity for TC and R6G is 65 and 63 mg g™, respectively, indicating that pristine
biochar from poultry manure has an excellent adsorption ability for both compounds demonstrating
its high potential for removing various compounds of this type from water media. The enhanced
adsorption on the investigated biochar is mainly controlled by the strong m—m and n-m interactions
between the surface of the biochar and the two contaminants. The investigated poultry manure
derived biochar can be a promising “green”, sustainable and carbon-rich material for low-cost and
facile environmental applications, including the removal of contaminants from municipal wastewater.
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1. Introduction

Emerging contaminants (ECs) are classified as toxic,
persistent and hazardous substances found in soil and
water. The presence of ECs in the environment is contin-
uously increasing due to the rapid development of indus-
tries and technologies [1,2]. Nowadays, ECs can be found
in many of our everyday products, for example, in personal
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care products, inhuman and veterinary medicines, in agri-
culture, that is, in pesticides and fertilizers used on plants,
and are so common that they are quickly released into the
environment causing a potential threat to living organisms
[3]. For example, according to the study carried out by [4,5],
several types of pharmaceutical pollutants were found in
treated drinking water. Although most drugs are signifi-
cantly removed by water treatment, some amounts can
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still be found in water, thus causing possible health risks to
pregnant women and children.

The contaminants that are often detected in water
include antibiotics and dyes. Antibiotics are commonly
used to defeat bacterial infections in humans and animals.
However, due to their wide application, antibiotics and their
metabolites can be easily found in the environment, lead-
ing to a severe water pollution, and thus posing a threat to
living organisms [6]. The presence of these substances in
water has a catastrophic and adverse effect, for example,
the development of antimicrobial resistance strains (ARS).
As a result, the antibiotics become ineffective when antibiot-
ic-resistant bacteria attack the body [7]. Antibiotic resistance
of bacteria leads to the spread of diseases, and as a result,
we are exposed to more severe illnesses and even death. It
is estimated that about 70% of global consumption of anti-
biotics is used to produce food of animal origin, whereas
30% is used to treat humans. According to the prediction,
the global consumption of antibiotics for veterinary medi-
cines is to increase to 105,600 tons/y by 2030 [8].

1.1. Tetracycline

One of these antibiotics is tetracycline which is com-
monly used in medicine to treat humans and agriculture,
for example, to suppress pathogen growth [7]. Tetracycline
antibiotics (TCs) is a group of compounds including tetra-
cycline, oxytetracycline and chlortetracycline. They consist
of a tetracyclic ring system with several functional groups
attached to it such as hydroxyl, methyl, keto, and dimethyl-
amino groups. Their presence in the environment causes the
formation of the ARS and can lead to its degradation and
formation of harmful compounds. Despite many advan-
tages, uncontrolled use and subsequent release in the form
of excrement from both humans and animals pose a danger
to the ecological environment [9]. It has been reported that
tetracycline antibiotics are not easy to digest and absorb, and
as a result about 50%—-80% is excreted in urine or feces [9].
The literature reports that the main degradation products
come from the reactions under the UV-light, pH, and other
chemical compounds in aquatic systems [9-11]. However,
irrespective of the degradation pathway, the degradation
products can be more toxic than tetracycline and its metab-
olites. In this work, the removal ability of TC from aque-
ous solutions by biochar is studied since TC is among the
three most widely used antibiotics due to its advantages
such as low production cost and the possibility of being
synthesized with high purity [14].

1.2. Rhodamine 6G

Aside from antibiotics, dyes are a broad group of chem-
ical compounds that can be rapidly transferred to the envi-
ronment, especially aquatic systems. Rhodamine is used in
many industrial applications, for example, it is commonly
used as a water tracer enabling the monitoring of the water
flow [12], a fluorescent indicator in many industrial fields
like food [13], pharmaceutical and even the textile [14] or
cosmetic industry [15]. One of the most extensively used
in dyeing of silk, nylon, wool and acrylic is Rhodamine
6G (R6G) [18]. Rhodamine 6G can be harmful, causing

significant health threats. It can irritate skin and eyes [16],
induce neoplasms, acting as a carcinogenic substance [17]. In
addition, other types of toxicity, such as reproductive system
disorders and neurotoxicity, have been found after expo-
sure to these dyes and thus can be present in wastewater.

The need to find efficient techniques to remove pollut-
ants from water stems from the inability of textile indus-
tries to properly dispose of wastewater, resulting in global
environmental pollution. Examples of persistent and harm-
ful pollutants in water include organic dyes that can impart
unique colors to a particular substrate due to the presence
of chromophore groups within these molecules. In gen-
eral, dyes are classified according to their origin (natural
or synthetic), structure, and application, but those most
widely used by textile industries are synthetic dyes, subdi-
vided into azoic, direct, reactive, basic, and acid. However,
inefficient dyeing processes do not ensure adequate adhe-
sion of the dye to the fabric fibers, resulting in the release
of wastewater from aquatic environments such as rivers,
lakes, and streams, leading to aesthetic damage and negative
impacts on the health of water bodies and soil [18].

1.3. Potential of biochar for removal of chemical dyes and
pharmaceuticals

Since many chemical dyes and pharmaceuticals are
detected in water it needs the effective treatment. There are
many techniques applied to remove the aquatic pollutants
from aqueous media, such as the application of a filtering
system [18], phytoremediation of wastewater [19], photo-
degradation [20,21]. Recently, one of the most advanced
techniques is based on the application of adsorbents demon-
strating large surface-to-volume ratios like nanoparticles
[22-24], nanocomposites [25,26], porous nano-structural
minerals [27], and pristine and engineered biochars [8,28,29].

Biochars have been continuously attracting the atten-
tion of scientists worldwide due to their sustainability and
a high potential for the removal of aquatic pollutants [30].
Biochars are carbon-rich and stable forms of charcoal [31].
They can be produced mainly through thermal conver-
sion (i.e., pyrolysis) of all types of biomass with a limited
amount or absence of oxygen [32] or microwave-assisted
pyrolysis [33]. Furthermore, biochars can be obtained from
not only various types of plant biomass, including woody
materials, agricultural residues such as straw, corn cob and
stove, rice husk, etc. [34-38], but can also be obtained from
animal manure such as cow manure, poultry manure, etc.
[39-43]. The interest in biochars as sorbents for the removal
of a broad group of organic and inorganic pollutants is
expanding. Thus, different biochars are extensively tested
as “green” and sustainable sorbents. This is due mainly to
their physicochemical properties, where biochars can be
obtained within the pyrolysis of various biomass types or
can be engineered through physical and chemical modifi-
cations [8,29]. Nanostructural biochar also reveals unique
physicochemical properties over bulk biochar like high sta-
bility in various pH and temperature, high catalytic activity,
and large specific surface area [44,45], while their proper-
ties are strictly dependent on the ageing method [46,47].
Biochars find a wide range of applications, especially in
removing contaminants from aquatic systems [48]. The
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literature reports a significant number of studies investi-
gating the removal of antibiotics by plant-derived biochars
[49-53]. There are also some studies on biochar derived
from animal manure (e.g., bovine/cow manure, poultry
manure) used to remove antibiotics and many other aquatic
pollutants [40,54,55]. Although one can find many stud-
ies on the application of plant-derived biochars to remove
various emerging contaminants from water or wastewater
there is still insufficient data on biochars derived from ani-
mal manure, in particular from poultry manure, and their
potential as sorbents for removing antibiotics and pigments
from aquatic systems.

Thus, this research aims to address this gap in the cur-
rent state of the art by investigating the potential of poultry
manure-derived biochar for the removal of selected emerg-
ing contaminants, including antibiotics (such as tetracy-
cline, TC) and pigments (such as rhodamine 6G, R6G). We
analyzed the physical and chemical properties of poultry
manure-derived biochar, including its carbon structure,
and conducted adsorption studies to better understand
the critical biochar properties and their effects on sorption
efficiency. Based on the obtained results, the adsorption
mechanism for TC and R6G on the investigated material is
proposed.

2. Materials and methods
2.1. Chemicals

Rhodamine 6G (R6G) (95%) and tetracycline (TC) of
the analytical grades were purchased from Sigma-Aldrich.
NaOH, NaCl, and HCI were the analytical grades supplied
from the POCH Poland. Deionized water with a resistiv-
ity of 18.2 MQ cm at 25°C was obtained using the Milli-Q
ultra-pure water filtering system from Merck.

2.2. Production of biochar from poultry manure

Biochar was produced from poultry manure sampled
from a local broiler house (Poland) with a cage rearing sys-
tem. First, the sampled poultry manure was air-dried and
crushed into smaller particles to get a homogeneous prod-
uct. Then, it was transferred to a laboratory pyrolysis reac-
tor (the PRW-S100 = 780/11; manufactured by the Czylok
company from Jastrzebie-Zdrodj, Poland) and treated at
the temperature of 725°C for 150 min under the nitrogen
conditions with the rate of the gas flow of about 5 L min™.
The pyrolysis temperature was selected based on the pre-
liminary studies, prior the studies of biochars’ sorption
properties from poultry manure [47,48]. According to these
preliminary studies biochar derived from poultry manure
at the temperature of 725°C demonstrated required proper-
ties such as BET surface area, porosity and CEC that would
assure higher sorption efficiency. Similar observations
were reported in the most recent study on biochar [56].
The retention time was about 60 min. After the process of
pyrolysis was completed, the obtained biochar was cooled
down under the same conditions, and then placed onto the
mesh with 500 um diameter porosity and washed with dis-
tilled water at the temperature of about 100°C for 30 min
to remove potential crystals of salts that could form while

drying. Next, the biochar was washed with distilled water
at room temperature. Finally, the biochar was placed in an
oven and left for 24 h at 105°C.

2.3. Characterization of biochar

The morphology of the biochar sample was determined
with the Scanning Electron Microscopy (SEM) — Merlin,
ZEISS, Stuttgart, Germany. The BET surface area of poultry
manure derived biochar was determined through nitrogen
gas sorption by the ASAP 2020 Plus analyzer manufactured
by Micromeritics (Atlanta, GA, USA) [48]. Biochar was ana-
lyzed for moisture content (by oven drying at 105°C) and ash
following PN-EN ISO 18122:2016-01 [48]. The total carbon
and total organic carbon content (TC and TOC) in the bio-
char were measured by multi N/C, Analytik Jena (high-tem-
perature incineration with detection IR, Jena, Germany)
according to the Polish standard PN-ISO 10694:2002 and
Kjeldahl nitrogen content following the standard (PN-EN
16169:2012). The CHNS elemental analysis was performed
with the Thermo Scientific™ FLASH 2000 (Waltham, MA,
USA) method of dynamic incineration (3—4 independent
incineration). The 5 g of the sample was placed into three
individual beakers and then distilled water of about 50 mL
was added to each of them to measure the pH of biochar.
The samples were shaken for 10 min and then infiltrated. The
pH was measured by a standard pH meter. The characteri-
zation of the carbon in the biochar was investigated by the
Photoelectron spectroscopy (XPS) within the application of
the Gammadata Scienta from Uppsala, Sweden. The presence
of organic compounds on the biochar surface was investi-
gated by FT-IR spectroscopy with Nicolet 8700 Spectrometer
(Thermo Scientific). The Raman spectroscopy was used com-
plementary to the XPS to determine the graphitic charac-
ter of the adsorbent. The spectra were collected using DXR
Raman Microscopy (Thermo Scientific) with the 532 nm
green laser line and 10 mm lenses. The exposure time was
set to 30 s, and the signal was collected with 20 repetitions.
The aperture was 50 um, the power of the laser beam was
set at 5 mW. The UV-vis absorption spectra were recorded
using a Perkin Elmer Lambda 35 ranging from 250 nm to
800 nm. The surface potential of the biochar was studied
with Malvern Instruments Zetasizer Nano ZS, Malvern, UK.

2.4. Adsorption studies

The effectiveness of the tetracycline and rhodamine 6G
removal from aqueous solutions was investigated using
UV-vis spectrometry. The effect of pH was investigated by
adjusting the pH of the respective solution of tetracycline
(TC) and rhodamine 6G (R6G). Therefore, 7 mL of 70 mg L™
of the respective TC and R6G solutions were measured
inside different beakers that contained 7 mg of the inves-
tigated biochar. Measurements were repeated three times.
First, the pH of the mixture of each contaminant solutions
and biochar inside beakers was adjusted to 2, 4, 6, 8 and
10 using dilute HCl and NaOH solutions and left for 19 h.
Finally, the amount of TC and R6G left in the solution
after 19 h was measured using a UV-vis spectrophotome-
ter. The absorbance of TC and R6G was selected by UV-vis
spectrometry technique considering the wavelength of
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maximum absorbance which was 355 and 525 nm, respec-
tively. Subsequently, the amount adsorbed onto biochar
was calculated using equation 1.

C,-C )V
Aﬁ% 1)

where A is amount of adsorbed compound (g), C, and
C, in the equation stand for the concentration before and
after adsorption (g L™), V is the volume of the solution (L),
and m, stands for the adsorbent mass. Apart from studying
the pH on adsorption, we also analyzed the effect of con-
tact time, ionic strength, adsorbate concentration, and the
adsorbent dosage.

3. Results and discussion
3.1. Physical and chemical characterization of biochar
3.1.1. Morphology

The morphology of poultry manure derived biochar
investigated with the scanning electron microscopy showed

a well-developed surface. The biochar occurs in irregu-
lar grains and flakes having different sizes and shapes.
However, they have a rough surface for being coated with
multiple tiny grain-like structures. These non-uniform
nanostructures are visible in the sample, offering a large
surface area. As shown in Fig. 1, the presented sample has
an amorphous morphology where Fig. 1a shows the irreg-
ular shapes and sizes of the biochar, and Fig. 1b shows the
nanostructures coating the biochars’ structure. Fig. 1c shows
the 3D image of biochar.

Moreover, the flake-like structures usually form gra-
phitic carbon. Further analyses were performed to confirm
the formation of a graphene-like structure. The morphol-
ogy obtained for the biochar is similar to the morphology
described in the literature for manure-based biochars [56].

3.1.2. BET isotherms

The specific surface area and micropore area of poul-
try manure derived biochar were investigated within the
BET (i.e., Brunauer-Emmett-Teller) isotherms. The adsorp-
tion—-desorption isotherms for the investigated biochar are
presented in Fig. 2. The BET analysis shows that the active

(c)

0 mm

0.8 mm

2.4 mm

Fig. 1. SEM images of the biochar’s morphology. Images (a,b) correspond to the same sample but at different scales and

(c) 3D reconstruction of the biochar’s surface.
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Fig. 2. The adsorption-desorption BET isotherm.

surface of the biochar was about 47.9136 m?* g™, the t-Plot
Micropore Area was about 26.0085 m? g, and the t-Plot
external surface area was about 27.3373 m? g™. The single
point adsorption for the total pore volume of pores was less
than 74.8985 nm, and the width at P/P = 0.9742 was about
0.08395 cm® g. The shape of the isotherm suggests the
II type adsorbent where the tested biochar demonstrated
macropores and a relatively flat surface and non-rigid plate
aggregates classified by IUPAC (International Union of
Pure and Applied Chemistry) as the H3 type sorbent. Such,
sorbents can be classified into type II which describes sor-
bents containing macropores or with a flat surface [42].

3.1.3. Characterization of the biochar — pH, moisture content,
total organic carbon, and XPS analysis

Initially, the pH of the biochar was studied by soaking
the material in distilled water and measurement with the use
of pH-metric electrode. The obtained pH value of the bio-
char is alkaline with a pH of about 12.2, pointing out that the
biochar has a significant potential for the sorption of posi-
tively charged compounds like antibiotics, dyes, and heavy
metals. The moisture content of the dry mass was estimated
experimentally at 0.45%, corresponding to the maximal
water capacity in the pores of the particular biochar parti-
cles. In the total mass of the ash post pyrolysis, the entire car-
bon content was about 38.01%, while the total organic car-
bon was approximately 37.32%. The potassium content was
about 3.42%, while the analysis also revealed the presence
of some elements in the sample. Their content is as follows:
Ca - 15.30%, P — 4.32%, K — 3.39%, Mg — 1.68%, 165 ppm of
Cu, and 873 ppm of Zn. The pH and particular elements’
content were measured within the procedure described in
[48]. This complex composition will influence the final per-
formance of the material.

Next, the biochar chemical composition was investi-
gated with the X-ray photoelectron spectroscopy (XPS)
where the deconvolution of high-resolution XPS spectra
over the selected elements was conducted. Table 1 pres-
ents the atomic content in % for the investigated sample,

Table 1
The atomic content (%) for the investigated biochar

Name of element Position (eV) Atomic (%)
Cls 284.57 56.05
O1s 531.07 26.32
Ca2s 438.52 4.71
N 1s 398.07 3.82
K2p 292.51 2.15
P2p 132.02 1.98
Mg 1s 1,303.07 1.64
Si2p 102.06 1.14
S2p 167.01 0.79
Cl2p 197.53 0.78
Al2p 75.01 0.35
Na 1s 1,071.52 0.26

indicating that carbon and oxygen are the main components
of the biochar. Fig. 3 shows the high-resolution spectra for
selected elements.

Fig. 3a presents the spectrum for the carbon, where the
peak located at about 284.1 eV of Cls can be ascribed to
the sp? and sp® [57]. The following peak at about 284.6 eV
[58,59] is characteristic of C=C sp? being an aromatic form
of carbon coming from the graphene-like structure. The
C=C peak exhibits an asymmetric shape of the deconvo-
luted curve from the excitonic screening in sp?-conjugated
in the graphene structure. Such domains can be observed in
graphite and graphenein the highly reduced graphene oxide
obtained at high temperatures [59]. Following peak at about
284.9 eV is characteristic of the C-H aliphatic carbon [58].
The peak centered at 285.5 eV can be related to the C-C sp?
in the graphene. The recorded XPS spectrum also shows the
appearance of the C-N peak centered at 285.9 eV. That peak
overlaps with the following peak at about 286.4 eV which
is characteristic of the C-OH in phenols [58,59]. The peak
occurring at about 287.0 eV binding energy can be ascribed
to the C-O-C [60] in the epoxy group that could form during
pyrolysis in the sample. It can be also ascribed to the C-O-P
for the carbon-oxygen-phosphorus chain. The presence of
the carboxylic groups -COOH can be ascribed to the two
following peaks located at about 288.0 eV and 288.8 eV
where the first one corresponds to the C=O group and the
second can is characteristic to the O=CO- group [59,61].
The XPS spectrum also reveals the presence of carbonates
CO,* at 289.6 eV and hydro-carbonates HCO,” where the
peak is centred at 290.8 eV [61] quite often are present as
residues in biochars [62].

The peak located at about 292.9 eV could be ascribed
to the m—m* interactions in the carbon structure [61,63].
However, due to the presence of the following peak at about
295.5 eV it rather looks like the satellite peak and it can be
ascribed to the presence of potassium in the sample. Both
peaks can be ascribed to K2p,, and K2p, ,, respectively [64]
that is a common element in biochars.

Next, Fig. 3b shows the spectrum recorded for oxygen
where peaks characteristic of O 1s are seen. The high-res-
olution spectrum for that element is subdivided into four
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Fig. 3. The XPS spectra for (a) carbon, (b) oxygen, (c) phosphorus, and (d) nitrogen as obtained for biochar.

components where 529.3 eV can be attributed to the oxy-
gen absorbed onto the surface of biochar or O*formation
[65] or quinones O=Ph=0 [66]. The following peak at about
531.0 eV comes from the C-O bonding [60] where both
the carboxyl O=C-O [67] and carbonyl groups can ascribe
[68]. It can also be attributed to the N-O [69] or deproton-
ated phosphates P-O- [70]. Next, the peak at 532.0 eV can
be attributed to the C-O-H bonding, phosphorus-oxygen
double bond P=0 [69], or carbonyl groups C=O [69], while
the peak at about 533.2 eV is characteristic carbonates or
hydro-carbonates [65] being in the excellent agreement
with the high-resolution spectrum for carbon.

Fig. 3c presents a high-resolution spectrum for phos-
phorus, clearly indicating particular peaks at about 131.9 eV
from the P bonded to the aromatic ring P-C H, [71]. The fol-
lowing peaks at about 132.6 eV, 133.2 eV, and 134.1 eV can
be ascribed to the phosphates like Ca(H,PO,), or Na,P,0,
respectively [71], wherein the region P 2p has several peaks.

The following spectrum presented in Fig. 3d is charac-
teristic of nitrogen. The first peak at about 398.1 eV can be
caused by the presence of the pyridinic-N like imine with
sp? nitrogen in the biochar [72]. The peak at about 399.5 eV
can be assigned to the =N-bonds, while the following peaks
at about 400.1 eV and 401.0 eV can be attributed to -NH-
and -NH"—, respectively [73,74].

As can be seen, carbon occurs in different forms. At the
same time, the highest content is observed for aromatic car-
bon C=C sp? aliphatic carbon C-H sp?, and C-H sp* sug-
gesting that the biochar obtained within the pyrolysis at
725°C forms mainly the graphitic structure. The presence
of oxygen can be ascribed primarily to the oxidized form of
the carbon, while it is seen that biochar also contains traces
of other elements like P, N, and Ca. Due to the presence of
these elements, proposed biochar can also be used as a fer-
tilizer, while P and N sites in the material can be proposed
for the application of this material for catalytic studies
in the environmental field.

3.1.4. Raman spectroscopy

Complementary to the XPS studies, the biochar was
investigated and characterized by Raman spectroscopy [75]
with consistent results from both methods. Based on that
analysis, it was possible to confirm the carbon origin of the
obtained sorbent and its structure [76]. The bands typical
for the graphite and the amorphous carbon were present,
in particular: ~482 cm™, ~1,085 cm™, ~1,347 cm™ (D band),
~1,576 cm™ (G band), ~2,331 cm™, The broadband ~2,650—
29,00 cm™ includes the 2D band (~2,680 cm™). One more
peak, ~964 cm™, can probably be attributed to some traces



78 M. Mercurio et al. / Desalination and Water Treatment 288 (2023) 72-86

Intensity (arb. uni.)

2D

n T T T T
3500 3000 2500 2000 1500 1000 500

Raman shift (cm™)

Fig. 4. The Raman spectrum confirms the presence of carbon in
the biochar (532 nm).

of heteroatoms. One can observe in Fig. 4 that the 2D band
is broad and weak. The residual compression stress can
explain its shift towards higher frequencies.

Moreover, the intensity ratio 2D:G < 1 indicates mul-
tilayered and not structuralized material. The G band is
strongly shifted towards lower Raman shifts, and its half-
width is ~50 cm™ due to the low carrier concentration.
The ratio G:D ~0.25 confirmed the high level of defects in
the structure, which are crucial for the effective sorbent.
The RBS parameter (Raman Band Separation) is relatively
low and equal ~220.

Based on the recorded spectrum it is seen that biochar
has a non-uniform structure including defects. It can be
an advantage of the material for the sorption of pollutants
in the aquatic system.

3.2. Adsorption studies

3.2.1. Effect of the solution pH and biochar surface charge on
the adsorption of tetracycline and rhodamine 6G

The amount of TC and R6G adsorbed at different pH
values (2, 4, 6, 8, and 10) is shown in Fig. 5a and b, whereas

45
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Fig. 5. The amount of absorbed tetracycline (a) and rthodamine 6G (b)in the pH range 2-10, and the zeta potential measurement

of biochar (c).



M. Mercurio et al. / Desalination and Water Treatment 288 (2023) 72-86 79

Fig. 5¢ shows the surface charge of the biochar obtained
by zeta potential measurement at the same pH values as
during adsorption studies. The biochar has a negative sur-
face charge which decreases with increasing pH from -6 mV
to —16 mV. Thus, the hydrogen bonds have a negative effect
on the zeta potential of the biochar. The presence of a nega-
tive surface charge is due to the deprotonation of the oxy-
gen-containing functional group, such as -OH, -COOH, on
the surface of the biochar, which increases in magnitude as
the pH of the solution increases [77]. Moreover, the pres-
ence of alkaline substances (calcium carbonates, magnesium
carbonates, etc.) which are left in biochar during produc-
tion, and consequently contributed to a rise in pH when
biochar was added to deionized water [78].

It is worth noting that TC consists of several pH-de-
pendent structures that can be explained based on the
acid-base equilibrium. The values of the acidity constants
are pK, 3.3, pK,7.7, and pK,9.4. These values indicate that
at acidic pH, TC is present in cationic species due to pro-
tonation of imine nitrogen, at pH between 3-7, it is pres-
ent as zwitterionic species, in the range between 7-9 it is
monoanionic, and finally, it is double anionic at pH > 10
[20,79]. In the case of Rhodamine 6G, it is a cationic dye
[80]. The maximum amount of TC (39 mg g™) and R6G
(23 mg g™) adsorbed is obtained at pH 4. In the case of TC,
the amount adsorbed decreases at pH 6, 8 and 10 where the
lowest amount adsorbed (8.5 mg g™) is obtained at pH 10.
Similarly, the amount of R6G adsorbed decreased slightly in
the same pH range (6, 8, 10). Since pH studies are important
to present the largest sorption at certain conditions, from
the practical point of view, the sorbent should be mainly
applied in neural or near-neutral media.

Therefore, relating the results obtained from the zeta
potential of BC and the acid-base equilibrium of the tetracy-
cline, one would expect electrostatic repulsion at pH 8 and
10. Instead, 12.7 and 8.5 mg g were adsorbed at these pH
values. These results suggest that the adsorption of TC on
the biochar surface does not occur mainly through electro-
static interaction. However, its adsorption at acidic pH is due
to the electrostatic attraction between cationic species (TC")
and the negative surface of BC.

(a) 404 Tetracycline n

104
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The rhodamine 6G is a cationic dye consisting of one
carboxylic group and two amine groups. The results show
adsorption of the dye at all pH values, reaching its maximum
at pH 4, while at pH 6-10, the amount adsorbed slightly
decreased. Since the biochar surface is negatively charged,
the adsorption R6G is due to electrostatic interaction.
Meanwhile, we expected that the adsorption of R6G would
increase with rising pH. It is because of the negative values
of the surface charge of BC with increasing pH. On the con-
trary, the amounts adsorbed at pH 6-10, were slightly low-
ered than at pH 2 and 4. The dissolution of mineral salts in
the biochar resulted in the presence of Ca, Mg, Fe in the solu-
tion [78]. These cations could interfere with the adsorption
of R6G, thereby leading to a slight reduction of the amount
of R6G adsorbed at pH 6-10. More the deprotonation of the
carboxylic group of R6G at alkaline pH resulting in the pres-
ence of COOr, could as well lead to a slight decrease in the
amount adsorbed.

3.2.2. Effect of contact time and adsorption kinetic

The results obtained from the effect of contact time on
the adsorption of both TC and R6G are shown in Fig. 6a
and b. The adsorption of the two contaminants at 5 min of
contact time (based on the experimental data) was 21.7 and
18.4 mg g™ for TC and R6G, respectively, and reached equi-
librium at 240 min. The rapid adsorption process was due
to the availability of the active sites at the early stage of the
contact time. As the adsorption proceeded and more active
sites were occupied by the adsorbed TC and R6G, the pro-
cess slowed down until the equilibrium was attained. The
data obtained were further treated by using nonlinear equa-
tions of the pseudo-first, pseudo-second and Elovich kinetic
models. Since the value of R?has been used to determine
the best model that is approximate to explain the reaction
process. The R? obtained from pseudo-first, pseudo-sec-
ond kinetic and Elovich models for the adsorption of TC,
are 0.839, 0.908 and 0.981, respectively. In contrast, for the
adsorption of R6G, they are 0.847, 0.932 and 0.981, respec-
tively. This implies that it is more justified to relate the
kinetic process with Elovich model. This model assumes
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Fig. 6. Effect of contact time, kinetic plots of the adsorption of (a) TC and (b) R6G.
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chemisorption and heterogeneous active sites, and that the
rate of the amount adsorbed reduces as increases the surface
of the adsorbent covered by the contaminants [81,82].

3.2.3. Effect of the initial concentration and adsorption
isotherm

The initial concentration varied from 20 — 200 mg L for
each investigated contaminant. The results are presented
in Fig. 7a and b show that the adsorption increases with an
increase in the initial concentration. It was observed that the
increase in the initial concentration of the targeted contam-
inants contributes to the increase in the loading capacity of
the adsorbent [83]. The data obtained were fitted into two
commonly used isotherms that Langmuir and Freundlich
proposed. The values of the correlation coefficient, R?
obtained from Freundlich isotherm (0.985 for TC and 0.981
for R6G), are higher than Langmuir (0.978 for TC and 0.956
for R6G). Therefore, the adsorption of both TC and R6G are
more consistent with Freundlich isotherm, which implies
a heterogeneous adsorption process. Nevertheless, also an
Elovich kinetics can be assigned. Since Langmuir isotherm
gives the information on the maximum adsorption capac-
ity of the adsorbent, the monolayer adsorption capacity of
BC for the removal of TC and R6G are 65 and 63 mg g7,
respectively. These values were compared with the results
obtained for other adsorbents reported in the literature. As
presented in Table 2, the investigated biochar demonstrated
higher performance than some other adsorbents described
in the literature.

3.2.4. Effect of the ionic strength

The effect of the ionic strength was studied at different
concentrations of sodium chloride in the range of 0.025, 0.05,
0.075 and 0.1 M at pH 4 (at optimal pH for the adsorption of
the two contaminants) and 100 mg L' of TC and R6G. There
is a slight increase in the amount of TC adsorbed when ionic
strength increases (Fig. 8a). As discussed earlier, the elec-
trostatic interaction plays a significant role in the adsorp-
tion of cationic species of TC on the surface of negatively

60
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Fig. 7. Adsorption isotherms for removal of TC and R6G.

charged BC at pH 4. However, the presence of salt rather
than inhibit the adsorption of TC, increases it slightly. The
presence of salt in organic solution could increase the inter-
molecular, van der Waals’ forces resulting in the aggregation
of the organic molecules, thereby enhancing the adsorption
process [84]. As shown in Fig. 8b, the addition of NaCl did
not have any significant effect on the adsorption of R6G.
This is because the presence of Na' ions could neutralize
the negative surface charge of the biochar, leading to elec-
trostatic repulsion between biochar and R6G, meanwhile,

Table 2
Comparison of the maximum adsorption (g, ) of different ad-
sorbents for the removal of tetracycline and rhodamine 6G

Adsorbents ... (mgg') References
Tetracycline

Fe,0,aC 14 [89]
Hydrous ferric oxide 41 [90]

R600 14 [91]
FeMn-BC 14.24 [92]
Cu-immobilized alginate 58 [93]
Magnetic porous carbon 25 [94]

Straw biochar 14.157 [95]
Bamboo charcoal 23.5 [96]
Bovine manure biochar 5.82 [40]
Poultry manure derived biochar 65 This study

Rhodamine 6G

y-Fe,0,/N-rGO 44 [97]
Graphene oxide 23.3 [98]
Activated carbon 44.7 [99]
Almond shell 32.6 [100]
Fe,O,/biochar 9.42 [101]

Date fibers 10.75 [102]
Graphene sand 55 [103]
Poultry manure derived biochar 63 This study

(b) Rhodamine 6G .

m  Experimental data
0- Langmuir
—— Freundlich

0 20 40 60 80 100 120 140 160

Ce (mgL ™
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since electrostatic interaction was not the only mechanism
through which BC adsorbed R6G, this led to the insignificant
effect of sodium chloride on the adsorption process.

3.2.5. Effect of the adsorbent dosage

In this study, 100 mg L of each contaminant (TC and
R6G) were prepared, out of which 7 mL was added to the
separate beakers containing 3.5, 7, 10, 15 and 20 mg of the
biochar to find the optimal dose of the TC and R6G treat-
ment. The solutions in the respective beakers were adjusted
to pH 4. The removal efficiency tends to increase as the
number of adsorbent materials increases. In the case of both
pollutants, there is an increasing sorption, starting from
a minimum of 38% and 20% for TC and R6G, respectively,
when 3.5 mg of the biochar was added (Fig. 9a and b). Then,
reaching a maximum value of 62% and 60% for TC and
R6G, respectively, when 20 mg of the biochar was added.
These results can be explained as follows: as the biochar
dosage increases, the surface-active sites of the adsorbent
increase, leading to greater availability of active adsorbent
sites to adsorb both tetracycline and rhodamine 6G from the
aqueous solution.

(a) 60+ Tetracycline

——
HH

-
T

a
o
1
=
i

N
o
1

Amount adsorbed (mg g'1)
) w
o o

-
o
1

0.00 002 004 006 008 0.10

NaCl (mol L™1)

3.2.6. Proposed mechanisms of adsorption

Based on the results obtained from the effect of pH,
ionic strength and the information on the surface charge of
BC, the mechanisms of adsorption of TC and R6G are due
to the electrostatic attraction between the cation species of
TC, cationic R6G and the negatively charged surface of BC.
However, also other mechanisms are involved in the adsorp-
tion process. To ascertain this, the FTIR spectra of BC before
and after adsorption of the two contaminants were measured
and compared. These spectra are presented in Fig. 10a and
b. In both cases, the spectrum of BC shows the presence of
OH functional groups at 3,523 and 3,444 cm™. Especially, the
peak at 3,444 cm™ is assigned to the OH stretching of hydro-
gen-bonded hydroxyl groups [85]. The peak at 1,462 cm™ is
attributed to the presence of conjugated C=C of biochar aro-
matic rings [86,100] The peak associated with C-O-C sym-
metric stretching in aliphatic groups is found at 1,040 cm™
[100]. The presence of carbonates or silicates is attributed
to the appearance of peaks within 400-900 cm™ [87]. After
the adsorption of TC and R6G the intensity of the peak at
1462 cm™ is reduced due to the interaction between the aro-
matic rings of BC and those of TC and R6G. According to
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Fig. 8. Effect of the ionic strength on the adsorption of TC (a) and R6G (b) onto biochar.
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Fig. 10. The FTIR spectra of BC before and after adsorption of (a) TC and (b) R6G.

Fig. 11. Mechanisms of TC and R6G adsorption on biochar.

Tran et al. [82], this observation can be explained by the m—mt
interaction between the contaminants and BC. There is also
a reduction in the intensity of the peak assigned to C-O-C
after the adsorption of the two contaminants. This is due to
n—t interaction between the oxygens (electron donors) in the
carbonyl groups of BC and aromatic rings (electron accep-
tors) of TC and R6G [88]. The presence of peaks at 1,641
and 665 cm™ after the adsorption of TC indicates the pres-
ence of TC. The peaks at 3,523; 3,444 and 3,292 cm™ disap-
peared with the emergence of those at 3,455 and 3,444 cm™!
after the adsorption of TC and R6G, respectively.

Given this, the mechanism of the adsorption of TC and
R6G on the surface of BC is due to electrostatic attraction,
m—m interaction and n—mt interaction. The schematic mecha-
nism is presented in Fig. 11.

4. Conclusions and future work

The investigated pristine biochar produced from poul-
try manure proved to be a promising absorbent reach-
ing over 60% efficiency for the removal of tetracycline and
rhodamine 6G from an aqueous solution. One can point
out that poultry manure derived biochar showed a pH of
about 12.2, which proves that the biochar has a significant

potential for the sorption of positively charged compounds
like medicines, pigments, and including heavy metal ions.

The adsorption efficiency depended on the initial concen-
tration of TC and R6G, biochar dosage and pH. We observed
that the adsorption capacity increased with the initial con-
centration of contaminants. The maximum amount of TC
(39 mg g™) and R6G (23 mg g') adsorbed is obtained at pH 4.

The obtained results suggest that the adsorption of TC
on the biochar surface does not occur mainly through elec-
trostatic interaction. However, its adsorption at acidic pH
is due to the electrostatic attraction between cationic spe-
cies (TC") and the negative surface of BC. In view of this,
the mechanism of TC and R6G adsorption on the surface
of poultry manure derived biochar is mainly due to elec-
trostatic attraction r—t interaction and n—t interaction.

Future work on poultry manure derived biochars should
aim at: evaluating the effect of coexisting ions on the adsorp-
tion by biochar, analyzing the effect of physical and chemi-
cal modifications of biochar to increase the efficiency of the
removal of selected contaminants both under laboratory
conditions and real environments (e.g., wastewater treat-
ment plants), and investigating the reusability of pristine
and modified biochars obtained from pyrolysis of poultry
manure.
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