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Abstract: Biochar and chitosan are considered as green and cost-effective adsorbents for water
purification; the combination of these two materials may lead to an improved adsorption capacity
of the generated adsorbents. Most sorption studies have been focused on the ability to adsorb one
contaminant or the same type of contaminants. Thus, this study aimed to produce chitosan-biochar
beads (CH-BB) and test their efficiency in the simultaneous removal of a metal-complexing antibiotic,
ciprofloxacin (CIP), and three metal(loid)s (As, Cd and Pb). Modification of raw pig manure biochar
resulted in an increase in its adsorption capacity, except for Pb. The highest increment was observed
for As (almost 6-fold) and the lowest was observed for CIP (1.1-fold). The adsorbent was able to
simultaneously remove all targeted contaminants, individually and in the mixture. The adsorption
capacity of CH-BB followed the order: Pb > Cd > >As > CIP. When Pb and As were present in the
same mixture, their removal efficiency increased from 0.13± 0.01 to 0.26± 0.05 mg/g for As and from
0.75 ± 0.08 to 0.85 ± 0.02 mg/g for Pb due to their co-precipitation. The CIP–metal complexation
probably resulted in a reduced adsorption ability for inorganics due to the decreased concentration
of free ions. The presence of metals and metalloids led to alterations in CIP’s mobility.

Keywords: ciprofloxacin; heavy metals; adsorption; biochar; chitosan; wastewater

1. Introduction

Water pollution is a growing global concern. Contamination with potentially harmful
elements, especially heavy metals, is considered a severe environmental threat [1]. All of
these occur in the environment naturally at lower concentrations (parts per million) [2].
However, due to anthropogenic activities, their concentration has increased significantly [1].

Arsenic (As), lead (Pb) and cadmium (Cd) are considered among the first ten chemicals
with a significant public health concern, listed by the World Health Organization (WHO) [3].
As (metalloid) and Cd (heavy metal) are known cancerogenic agents; Pb (heavy metal) has
a cumulative toxic effect on many body systems. All three occur naturally in the Earth’s
crust, minerals, e.g., arsenopyrite (As), sphalerite (Cd), chalcopyrite (Cd) and galena (Pb),
and sedimentary or igneous rocks [4–6]. The metal(loid)s or their water-soluble salts
might slowly leach to groundwater, which can further be transported to surface water.
The main anthropogenic sources of these metal(loid)s include extensive mining, smelting,
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inappropriate waste management or burning of fossil fuels [4–6]. The usage of metal(loid)-
containing products such as petrol (Pb), paint (Pb), fertilizers (Cd) or wood and leather
preservatives (As) also contributes to their presence in the environment [4–6].

On the other hand, there are many various groups of different substances that are
non-monitored and enter aquatic compartments at low concentrations (ng-µg/L). This
group of emerging contaminants includes personal care products, flame retardants, plastics
and pharmaceuticals. Their presence in the environment can pose adverse problems; for
example, bisphenol A, a common plasticizer, is well known for its toxic effect on aquatic
organisms and its endocrine disruption potency [7]. Another alarming presence in the en-
vironment is the presence of antibiotics with well-documented evidence of environmental
risks, particularly antimicrobial resistance and risks for human health [8]. For instance,
fluoroquinolones, broad-spectrum antibiotics, have been classified by the WHO as critically
important antibacterial agents for human medicine due to their increased propensity to
develop resistance [9]. The representative of this group, ciprofloxacin (CIP), is one of the
most frequently prescribed fluoroquinolones worldwide [10]. Once it enters the human
body, up to 65% of CIP is not metabolized and excreted in the urine and/or feces; therefore,
it can enter the environment through wastewater [11]. The presence of CIP in water and
soils has led to increased antimicrobial resistance throughout the years [10]. Additionally,
it is persistent and not easily biodegradable.

Furthermore, the co-existence of heavy metals and antibiotics in the environment
is highly alarming. First of all, antibiotics such as CIP may form complexes with heavy
metals. CIP–metal complexation may result in alterations in mobility and solubility, and,
sometimes, in increased antimicrobial properties of antibiotics [11]. Such complexes can be
more persistent in the environment than antibiotics alone [11]. Hence, one can assume that
CIP–metal complexes may be more difficult to remove. Additionally, this may lead to the
promotion of antimicrobial resistance. The positive correlation between the presence of
heavy metals and some antimicrobial-resistant genes has been reported previously [8,12].
Studies have shown that genes for resistance to antibiotics and heavy metals may be
present in the same bacterial plasmid. Thus, the presence of heavy metals and/or certain
antibiotics may exert selective pressure on the bacteria and disseminate both types of
resistance simultaneously [8,12]. Based on the review by Nguyen et al. (2019), Cd was one
of the metals most commonly associated with antimicrobial resistance, where Pb and As
contributed to its dissemination at a lower scale [13].

To address the problem of water pollution, scientists have been conducting extensive
studies of novel water treatment methods. However, their research has mostly been focused
on the removal of one compound [14–16] or the same type of compounds [17–19], while it is
essential to remove pollutants simultaneously from the environment. To tackle the problem
of metal and antibiotic co-contamination, adsorption has been proven as a promising
solution due to its simplicity and cost effectiveness. The most affordable candidates as
adsorbents are materials obtained from agricultural or food industry waste. Biochar is a
carbon-rich material acquired from biomass pyrolysis that has gained interest due to its
microporous structure, high surface area and more economical and less energy-consuming
production, as compared to commercially available activated carbon [20]. However, raw
biochar may exhibit a relatively lower adsorption capacity towards many organic and
inorganic pollutants, especially anions, due to repulsion between negatively charged
surfaces [21]. This can be resolved by the addition of chitosan. It is a natural polymer,
obtained via deacetylation of chitin from crustacean waste. Chitosan has been previously
tested in agriculture, as a plant growth promoter, or in biomedicine due to its antimicrobial
and antioxidant properties [22]. Moreover, it can be used as a water purification agent due
to its chelating potency [22]. Its amine groups can enhance the adsorption capacity of the
modified material [23]. Chitosan is also considered as cost-effective, biodegradable and
non-toxic [22,23].

The combination of these two biomaterials, i.e., biochar and chitosan, has efficiently
removed metal ions [19,21] and organic pollutants [21,24]. However, to the best of the
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authors’ knowledge, there has not been a study that has investigated the simultaneous
removal of metal(loid)s and antibiotics via chitosan-modified biochar. Hence, the key aim
of this study was to use chitosan-biochar hydrogel beads to investigate the simultaneous
removal of antibiotics’ representative, CIP, two heavy metals, i.e., lead and cadmium,
and one metalloid, arsenic. The influence of various contact times and contaminant
concentrations was evaluated. Adsorption studies were performed for targeted pollutants
individually and in the mixture. Additionally, the removal efficiency was also measured in
real wastewater.

2. Materials and Methods
2.1. Materials

CIP (98% purity) was purchased from Acros Organics (Morris Plains, NJ, USA).
HPLC-grade methanol (purity > 99.8%) and HPLC-grade acetic acid (purity > 99.7%)
were obtained from Fisher Scientific (Ottawa, ON, Canada). Low-molecular weight
chitosan (50–160 kDa, 75–85% deacetylated) and sodium arsenate dibasic heptahydrate
(purity > 98%) were obtained from Sigma Aldrich (Oakville, ON, Canada). Sodium hy-
droxide (pellet) and disodium ethylenediaminetetraacetate (Na2H2EDTA, 99%) were pur-
chased from Merck (Darmstadt, Germany). Cadmium sulfate (purity 98%) and lead sulfate
(purity > 99.9%) were obtained from VWR (ON, Canada). Standards and internal standards
for metal detection were purchased from Inorganic Ventures (Christiansburg, VA, USA).
Nitric acid (65%) was obtained from Normapur and 37% hydrochloric acid from EMSURE.
Deionized 18.2 MΩ type I water was used for both standards and samples.

The lead stock solution was prepared by dissolving lead sulfate in a mixture of
1:1 nitric and hydrochloric acid, and its final concentration was determined by ICP-MS.
Cadmium stock solution was prepared by dissolving cadmium sulfate in deionized water
with nitric acid. The arsenic stock solution was prepared by dissolving sodium arsenate in
deionized water.

Pinewood biochar (PW-BC) and almond shell biochar (AS-BC) were acquired from
Pyrovac Inc. (Quebec, QC, Canada). Pig manure (PM-BC) was donated by the Research
and Development Institute for Agri-Environment (IRDA), Quebec, Canada. The details of
their production are presented in Table S1. The FTIR spectra of raw biochars are shown
in Figure S1. The characterization of each biochar was described previously [25,26]. All
biochars were grounded to make a fine powder and sieved through a uniform sieve
size of 0.25 mm. The prepared biochar samples were preserved at room temperature for
further analyses.

2.2. Chitosan-Biochar Beads

The initial adsorption capacity of three biochars was tested in batch sorption exper-
iments to choose the most suitable material. All experiments were conducted at room
temperature (20 ± 2 ◦C), pH 6.0, 150 rpm in an orbital shaker (PSU-20i Multi-functional
Orbital Shaker, Biosan). About 0.05 g of biochar was added to a 100 mL container and
mixed with a 50 mL solution of each contaminant (10 mg/L for CIP/As/Cd and 1 mg/L
for Pb). A lower concentration of Pb ions was maintained, avoiding the precipitation of
the salt due to circumneutral pH. The results are discussed in the Supplementary Data.
The biochar with the highest adsorption capacity, i.e., PM-BC, was then used to generate
chitosan-biochar beads (CH-BB).

CH-HB were prepared as described by Azfal et al. (2018) with minor modifications [24].
Briefly, 1.67 mg/L of chitosan was dissolved overnight in 2% acetic acid at room tempera-
ture (20 ± 2 ◦C). Biochar was added (1:1 biochar/chitosan), and the mixture was stirred for
2 h. The prepared suspension was then added dropwise to 0.6 M NaOH and left overnight
at room temperature (20 ± 2 ◦C). Generated beads were then separated and repeatedly
washed to remove the excess NaOH. Subsequently, the beads were dried (60 ◦C) and kept
at room temperature (20 ± 2 ◦C) for further use.
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2.3. CH-BH Characterization

The morphology of CH-BH was obtained via scanning electron microscopy (SEM)
(CarlZeissEVO®50). SEM micrographs were taken at 10 kV accelerating voltage. The
samples were not gold coated. The zeta potential was determined by the Malvern Ze-
tasizer Nano-ZS particle analyzer. The surface area was investigated using N2 adsorp-
tion isotherms and the Brauner–Emmett–Teller (BET) method to evaluate the mesopore-
enclosed surface area. Fourier transform infrared spectroscopy (FT-IR) spectra of adsor-
bents before and after adsorption were obtained via a Nicolet FT-IR system (Thermofisher
Scientific, Boston, MA, USA). The spectra were taken at a resolution of 4 cm−1 at the scale
of 4000–400 cm−1.

A metal leaching test from CH-BB was performed: around 0.1 g of beads was added to
100 mL of deionized water, and the solution was left at room temperature for 48 h. Element
concentrations were then analyzed via inductively coupled plasma mass spectrometry
(ICP-MS) (Agilent Technologies 8800 ICP-MS Triple Quad).

2.4. Adsorption Experiments

The individual influence of pH on the adsorption ability of CIP, the heavy metals and
the metalloid was tested. The obtained results are discussed in the Supplementary Data.
Based on these experiments, pH 6.0 was chosen for all adsorption tests. Additionally, the
selected pH falls in the range of the pH of real wastewater. Thus, all experiments, described
below, were conducted at room temperature (20 ± 2 ◦C), pH 6.0, 150 rpm, in an orbital
shaker (PSU-20i Multi-functional Orbital Shaker, Biosan), unless stated otherwise. Blank
experiments were included.

Metal concentrations were estimated via ICP-MS (Agilent Technologies 8800 ICP-MS
Triple Quad) (Section 2.5). CIP concentration was measured via UV–Vis spectrophotometry
(UV-T500Pro) at a wavelength of 278 nm, unless stated otherwise. CIP absorbance is
affected by the metal ions in the matrix [27]. The metals present in biochar and beads may
leach into the solution (Table S2). Hence, to avoid false negative and/or false positive
results, all samples with CIP were diluted with 0.1 M HCl (1:1) to protonate CIP (CIP+) and
release it from metal complexation.

The amount of CIP and metals “qe” (mg/g) retained in the solid phase, at equilibrium,
was estimated by a mass balance between the initial and final states (Equation (1)):

qe =
(C0 − Ce)V

m
(1)

where C0 and Ce are the initial and equilibrium concentrations, respectively, V (L) is the
solution volume, and m (g) stands for the weight of the adsorbent.

Adsorption potency: The individual adsorption experiments were performed by adding
the contaminants to 50 mL ultrapure water (pH 6.0). The pH was measured after pollutant
additions and readjusted where needed. The final concentration was set at 10 mg/L for
CIP, As and Cd, and 1 mg/L for Pb. Subsequently, 50 mg of CH-BB was added, and the
prepared solution was shaken for 48 h.

Adsorption isotherms and kinetics: To obtain sorption isotherms, CH-HB was shaken
with contaminants individually in a range of 2–100 mg/L (CIP, Cd), 0.25–50 mg/L (As)
or 0.5–2 mg/L (Pb). All samples were filtered via 0.22 µm PFTE syringe filters (VWR),
and the filtrate was further diluted accordingly before measurement. For kinetic studies,
adsorption experiments were performed individually (1 mg/L of metal or CIP) and in a
mixture (1 mg/L each of metals and CIP).

Co-adsorption studies: The co-adsorption experiments were performed by adding mix-
ture contaminants to 50 mL ultrapure water (pH 6.0). The pH was measured after pollutant
additions and readjusted where needed. The metal concentration remained constant
(4 mg/L), while the CIP concentration ranged between 0.5 and 20 mg/L. Subsequently,
50 mg of CH-BB was added, and the prepared solution was shaken for 48 h.
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Tests in real wastewater: The treated wastewater was taken from a pilot-scale wastewater
treatment plant at the Norwegian University of Life Sciences, Ås, Norway. Samples were
spiked with 1 mg/L of As, Cd, Pb and CIP, and the pH was adjusted to 6.0. Adsorption
experiments were performed by adding 50 mg of CH-BB to 50 mL of prepared wastewater
and shaking for 24 h, 150 rpm, at 20 ± 1 ◦C. To evaluate the removal efficiency of the
generated adsorbent, comparison tests between CH-BB, PM-BC and commercial granulated
active carbon (GAC, Filtrasorb 400) were performed. PM-BC and GAC were sieved to
obtain the same particle size as CH-BB. After adsorption experiments, the samples were
filtered through 0.22 µm PFTE syringe filters. The filtrates were then analyzed for heavy
metal and metalloid concentrations via ICP-MS-MS. The residual concentration of CIP was
detected via liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS),
as described previously [15]. Table 1 briefly summarizes the analytical method.

Table 1. The summary of analysis of CIP via LC-MS/MS.

Liquid chromatography instrument Finnigan surveyor LC pump (Thermo Scientific,
Mississauga, ON, Canada)

Detection TSQ Quantum access triple quadruple mass spectrometer
(Thermo Scientific, Mississauga, ON, Canada)

Ionization Electrospray

Column BetaBasic-18 (100 mm × 2.1 mm × 3µm) (Thermo
Scientific, Mississauga, ON, Canada)

Oven temperature 40 ◦C

Flow rate 0.3 mL/min

SRM mode Positive

Spray voltage 4000 V

Skimmer off-set 20 V

Gas pressure 1.5 mTorr

Capillary temperature 350 ◦C

Injection volume 10 µL

Internal standard Ciprofloxacin-d8 (CIP-d8)

Mobile phase

A: 0.1% formic acid
B: acetonitrile + 0.1% formic acid

Collision energy CIP: 17 V
CIP-d8: 19 V

Precursor ions CIP: 332.3 m/z
CIP-d8: 340.3 m/z

Product ions CIP: 245.3 m/z
CIP-d8: 249.3 m/z

2.5. ICP

All analyses were performed using an Agilent Technologies 8800 Triple Quad ICP-
QQQ with a collision/reaction cell (CRC). The instrumental method for simultaneous
measurement of As, Cd and Pb with oxygen as the reaction gas was provided by Karl
Andreas Jensen from the Norwegian University of Life Sciences, Faculty of Environmental
Sciences and Natural Resource Management. Robust instrument settings, together with the
oxygen reaction gas, were chosen due to the high concentrations used in the experiments.
A quality control standard was performed every 10–12 samples for instrument drift.
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Mass 118 was monitored for mathematical removal of any isobar contribution from
natural isotopes of both 114Cd and internal standard 115In. Mo 95 -> 127 was also monitored
to verify low interference levels on 114Cd determination from 98Mo16O+ and 96Mo18O+.
The lead was determined as the sum of the three major isotopes, as variations from isotopic
ratios change depending on the source of lead, using Equations (2)–(4).

208Pb = M(206->206) + M(207->207) + M(208->208) (2)

114Cd = M(114->114) −M(118->118) × 0.0268 (3)
115In = M(115->115) −M(118->118) × 0.0140 (4)

2.6. Statistical Analysis

The results are displayed as means of triplicates ± standard deviations. One-way
analysis of variance (ANOVA) was used to assess statistically significant differences
(p-values < 0.05) and was executed using SigmaPlot 13.0.

The parameters of the kinetic and isotherm models were calculated using Microsoft
Excel’s Solver add-in via trial-and-error nonlinear methods. Moreover, apart from the
coefficient of determination (R2) of the nonlinear optimization (Equation (5)), the root mean
square error (E) (Equation (6)) and chi-squared (χ2) (Equation (7)) value were determined
for each model.

R2 = 1− ∑ (qe,exp − qe,m)
2

∑ (qe,exp − qe,mean)
2 (5)

E =

√
1
n ∑n

(qe,m − qe,exp)
2 (6)

χ = ∑
(qe,exp − qe,m)

2

qe,m
(7)

where qe,exp (mg/g) is the amount of pollutants adsorbed at equilibrium obtained from
Equation (1), qe,m (mg/g) is the calculated adsorption capacity at equilibrium after using
the Solver add-in, and qe,mean (mg/g) is the mean value of qe,exp.

3. Results
3.1. Chitosan-Biochar Beads
3.1.1. Fabrication

To generate CH-BB, suitable raw biochar had to be chosen. The comparison of the
adsorption capacity between PW-BC, AS-BC and PM-BC was carried out, which is pre-
sented in Table S3. Based on the results, discussed in the Supplementary Data, PM-BC was
selected for the fabrication of CH-BB.

3.1.2. Characterization

FT-IR: To detect functional groups present in the generated adsorbent, as well as
the binding sites of targeted pollutants, FT-IR analysis was carried out. The results are
presented in Figure 1. The surface of CH-BB differs from raw PM-BC. The wide peak
between 3000 and 3600 cm−1 in PM-BC belongs to O-H stretching. In CH-BB, this region
changed, and the peak shifted and widened, suggesting the additional presence of an amino
group [24]. The peak at 2960 cm−1 corresponds to the presence of aliphatic hydrocarbons
and stretching vibrations of -CH/-CH2 groups. The band at 1660 cm−1 belongs to C=O
vibrations. Three peaks at 1190 (C-O-C stretching), 1100 and 1030 cm−1 (C-O stretching)
can be identified as characteristic bands for the saccharide chitosan structure [24].
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Figure 1. FTIR of CH-BB before and after adsorption of CIP or heavy metals. CH-BB—chitosan-
biochar beads; CIP—ciprofloxacin.

The presence of contaminants altered the FT-IR spectra of CH-BB (Figure 1), which
allowed the identification of potential binding sites. The adsorption of Cd and Pb was
via the hydroxyl group, as evidenced by the disappearance of the peak in the region
between 3000 and 3500 cm−1. In the case of As and CIP, a sharp, wide shoulder appeared
at 3400 cm−1. This also indicates the binding of both contaminants in the region that
corresponds to O-H stretching. Moreover, in the case of As spectra, changes between 1016
and 1200 cm−1, connected to the C-O stretching of alcohol esters and -COOH groups,
can be observed. These could be associated with the adsorption ability of various As
speciations via electrostatic interactions or ion exchange [28].

Scanning electron microscopy: SEM images of the fabricated CH-BB are shown in
Figure 2A–C. Two surface morphologies can be distinguished in CH-BB: coarse (Figure 2C)
and stratified (Figure 2B). The coarse area had small pores, which were unevenly dis-
tributed, while the stratified surface had many grooves, furrows and tiny particles. The
modification with chitosan changed the surface of raw biochar (Figure S2 and Figure 2).

Other physicochemical properties: The isoelectric point was found to be at pH 6.02
(Figure S3). The results of the BET analysis are presented in Figure 2D. CH-BB had a 1.15-
fold higher surface area compared to PM-BC. The total pore volume in CH-BB increased
1.10 times as compared to raw biochar. The modification of the biochar with chitosan also
resulted in a decrease in pore size (Figure 2D).

A preliminary assessment of metals present in CH-BB was also performed (Table S2).
There were less metals present in CH-BB as compared to raw PM-BC. This is linked to the
extensive washing of the beads after soaking them in NaOH. Hence, most of the metals
that were present in raw biochar were washed away.
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Figure 2. SEM images of chitosan-biochar beads (A–C); (D) pore properties of pig manure biochar
(PM-BC) and chitosan-biochar beards (CH-BB).

3.2. Adsorption onto CH-BB
3.2.1. Adsorption Potency

Table 2 presents the comparison of the adsorption capacity between the raw and
functionalized biochar. The modification of raw PM-BC resulted in an increase in its
adsorption capacity in almost all cases. The highest increment was noticed for As (almost
6-fold), and the lowest was noticed for CIP (1.1-fold). However, the adsorption capacity
towards Pb was slightly decreased.

Table 2. Adsorption capacity of the tested adsorbents, pH 6.0, 150 rpm, 48 h.

Contaminant (Initial Concentration (mg/L))
Adsorption Capacity (mg/g)

PM-BC CH-BB

Ciprofloxacin (10)
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1.36 ± 0.02 1.49 ± 0.06

As (10) 0.24 ± 0.24 1.38 ± 0.15

Cd (10) 4.88 ± 0.41 6.49 ± 0.34

Pb (1) 0.99 ± 0.004 0.95 ± 0.01
Abbreviations: PM-BC—pig manure biochar; CH-BB—chitosan-biochar beads.

3.2.2. Adsorption Isotherms

Figure 3 presents the adsorption capacity of CH-BB against the equilibrium concentra-
tion (Ce) of pollutants. Plots of Pb, As and CIP are concave isotherms (L-shaped), which
suggests that when the concentration of the contaminants increased, the absorption was
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hindered as most of the adsorption sites were occupied. The isotherm for Cd is linear, which
may indicate that this metal is distributed between the bulk solution phase and the interfa-
cial phase. To better understand the relationship between the capacity of the adsorbent
and targeted pollutants, three models, i.e., Langmuir, Freundlich and Redlich–Peterson,
were fitted to the experimental data. The nonlinear equations that were used are presented
in Table S4. The results are presented in Table 3. Based on the statistical parameters, the
Redlich–Peterson model best described the adsorption ability of all four contaminants.

Figure 3. Adsorption isotherms of As, Cd, Pb and ciprofloxacin (CIP).

Table 3. Isotherm constants of ciprofloxacin (CIP) and heavy metals on chitosan-biochar beads.

Isotherm Parameter As Cd Pb CIP

Langmuir

qm (mg/g) 9.59 451.99 2.42 15.55
KL (L/mg) 0.01 0.002 11.16 0.012

RL 0.57–1.00 0.83–1.00 0.04–0.31 0.48–0.98
R2 0.96 0.99 1.00 0.91
E 0.07 3.80 0.29 × 10−5 0.80
χ 0.02 0.59 × 10−7 1.00 0.94

Freundlich

n 0.71 0.94 0.50 0.72
KF (L/mg) 0.26 1.05 3.51 0.31

R2 0.97 0.99 0.97 0.89
E 0.04 3.44 0.12 × 10−3 0.97
χ 0.80 0.26 × 10−5 1.00 0.89

Redlich–Peterson

KRP (L/g) 1.06 × 104 7.86 26.76 12.16
g 0.29 0.07 1.00 0.28

aRT ((mg/L)−g) 4.06 × 104 6.46 11.15 38.99
R2 0.97 0.99 1.00 0.89
E 0.04 3.45 0.29 × 10−5 0.97
χ 0.81 0.26 × 10−5 1.00 0.89
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3.2.3. Adsorption Kinetics
Individual Adsorption Kinetics

Figure 4 presents the adsorption ability of the four pollutants against time. Individu-
ally, all contaminants exhibited a similar trend of adsorption onto CH-BB. As (Figure 4A)
and CIP (Figure 4D) reached equilibrium in the first 3 h when tested individually or in the
mixture. This can be attributed to the availability of active sites present on the adsorbent
surface. In the case of Pb (Figure 4C) and Cd (Figure 4B), around 24 h was required to
attain equilibrium. This may be linked to the diffusion-controlled mechanism of metal
adsorption [19]. The pore network of the adsorbent could hinder the intraparticle mass
transfer of metals which could explain the delay in the adsorption equilibrium time.

Figure 4. Kinetic curves of (A) As, (B) Cd, (C) Pb and (D) ciprofloxacin (CIP) individually and
in mixtures.

Adsorption Kinetics for Pollutant Mixture

Cadmium: The adsorption ability of Cd decreased from 0.99 ± 0.004 to 0.75 ± 0.004
and 0.66± 0.01 mg/g in the metal mixture and metal mixture with CIP, respectively. Hence,
Cd could compete for adsorption sites with other inorganics and/or CIP, which led to a
significant decrease in its removal (p-value < 0.001).

Lead and arsenic: Pb exhibited the highest adsorption ability in the pollutant mixture.
This can be associated with the co-precipitation of lead and arsenate as mimetite, which
follows the reaction presented in Equation (8) [29]:

5 Pb2+ + 3 AsO4
3− + Cl− → Pb5(AsO4)3Cl↓ (8)

As a result, the 2-fold increase in the adsorption ability of As can be explained when
other metals were present. The addition of CIP to the metal mixture led to the original
adsorption ability of As (Figure 4A); however, it was still slightly higher than the removal
of the metalloid individually. This can correspond to the chelation potency of CIP. Most
probably, when a CIP–As/Pb complex is formed, the reaction presented in Equation (8) is
hindered due to the decrease in the concentration of free ions. To confirm if CIP can form a
complex with As/Pb, the antibiotic and metalloid/metal were mixed in different ratios at
pH 6 and then scanned via a UV–Vis spectrophotometer. The absorption ability of CIP was
quenched when As was added and enhanced in the presence of Pb (Figure S4); thus, this
suggested that CIP was able to complex with As and Pb [27].
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Ciprofloxacin: The adsorption ability of CIP was not altered by the presence of metals
(Figure 4D). This may be attributed to different adsorption sites for organic and inorganic
pollutants. Moreover, equilibrium was achieved faster when CIP was tested alone. This
suggests that the presence of inorganic pollutants may have affected the mobility of
the antibiotic.

Kinetics Modeling

To understand the kinetics of the adsorption mechanism of the tested pollutants, three
adsorption models (Figure 5), i.e., pseudo-first order, pseudo-second order, Elovich and one
diffusion model (intraparticle diffusion model, Figure 6), were tested. To avoid common
mistakes in the adsorption model calculations, the nonlinear method was used [30]; the
equations are presented in Table S4. The results of the calculations are shown in Table 4.

Arsenic: Based on various error functions, the adsorption ability of As onto CH-BB was
best fitted by the pseudo-first order model in all three cases, followed by the pseudo-second
order model. Hence, one can assume that the mechanism of As adsorption may include
both physio- and chemisorption. The calculated adsorption capacity values for both models
are comparable with the experimental values (Table 4).

The simultaneous removal of inorganic pollutants resulted in a slightly reduced rate
constant for the pseudo-first and pseudo-second order models. On the other hand, the
adsorption ability of As in the inorganic mixture resulted in a 2-fold increase (Table 4). This
may be associated with an additional removal mechanism, which is the co-precipitation
of As with Pb (Equation (8)). The addition of CIP to the mixture resulted in worsening
the statistical parameters for both models. Hence, this suggests that potential CIP–As
complexation might have disturbed the adsorption/precipitation processes.

Cadmium: The pseudo-second order and Elovich models exhibited the best fit for the
Cd adsorption ability onto CH-BB (Table 4). Hence, this may suggest that chemisorption
was the main mechanism of Cd uptake. The calculated adsorption capacities (pseudo-
second order) match the experimental data (Table 4). The addition of inorganic pollutants
led to decline in qe. Additionally, the constant rate (k2) decreased 2.6-fold when the metal
mixture was tested. This can be associated with competition over sorption sites between
the present elements.

Interestingly, once CIP was added to the mix, the constant rate increased 2-fold, while
the adsorption capacity for Cd still decreased. A similar trend can be observed for the
initial constant rate (α) in the Elovich model. One can assume that potential CIP–Cd
complexes have a higher affinity towards the aqueous phase, while As and Pb undergo
co-precipitation or CIP complexation; hence, there are fewer free inorganic contaminants
that are competing over sorption sites. Moreover, the addition of pollutants to the solution
increased the desorption constant (β).

As it can be seen in Table 4, intraparticle diffusion was involved in the adsorption
process of Cd onto CH-BB. To further investigate the potential adsorption mechanism, the
correlation between qt and t1/2 was plotted, and it is shown in Figure 6 A. The plots present
at least two linear regions; hence, one can assume that the process was controlled by a
multistep mechanism. Moreover, the first plot crosses the origin in all three cases; thus, this
suggests that intraparticle diffusion was a rate-controlling factor. With the addition of other
pollutants, the intraparticle diffusion constant slightly declined. Furthermore, the lower
value of the thickness of the boundary layer constant (I), when the mixture of pollutants
was tested, suggests that it has a lower effect on the limiting boundary layer compared to
the Cd tests alone.
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Figure 5. Kinetic curves of adsorption models, i.e., pseudo-first order, pseudo-second order and Elovich, for the tested
pollutants on CH-BB.
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Table 4. Kinetic parameters of the pollutants’ adsorption onto chitosan-biochar beads.

Pollutant(s) qe,exp
Pseudo-First Order Pseudo-Second Order Elovich Intraparticle Diffusion

k1 qe,m R2 E χ k2 qe,m R2 E χ α β R2 E χ kp I R2 E χ

As

Individually 0.15 ± 0.02 1.10 0.15 0.81 0.68 × 10−5 0.99 8.47 0.17 0.70 0.11 × 10−4 0.99 0.64 36.50 0.51 0.18 × 10−4 0.99 0.020 0.069 0.26 0.26 × 10−4 0.99

Metal mixture 0.27 ± 0.02 0.96 0.27 0.96 0.25 × 10−5 0.99 5.41 0.30 0.93 0.41 × 10−3 1.00 2.01 22.18 0.77 0.14 × 10−2 0.99 0.035 0.14 0.50 0.31 × 10−2 0.99

Metal mixture + CIP 0.14 ± 0.02 1.03 0.15 0.76 0.87 × 10−5 0.99 6.84 0.17 0.71 0.11 × 10−2 0.99 0.42 32.21 0.57 0.17 × 10−2 0.99 0.025 0.057 0.35 0.26 × 10−2 0.99

Cd

Individually 0.99 ± 0.004 1.00 0.87 0.93 0.45 × 10−4 0.99 1.28 0.98 0.99 0.76 × 10−5 1.00 3.49 5.98 0.97 0.18 × 10−4 0.99 0.15 0.35 0.80 0.12 × 10−3 0.99

Metal mixture 0.75 ± 0.04 0.27 0.67 0.90 0.37 × 10−2 0.99 0.49 0.75 0.95 0.18 × 10−2 0.99 0.54 6.37 0.99 0.44 × 10−3 0.99 0.13 0.10 0.96 0.14 × 10−2 0.99

Metal mixture + CIP 0.66 ± 0.01 0.58 0.58 0.92 0.27 × 10−2 0.99 1.08 0.66 0.97 0.11 × 10−2 1.00 0.95 7.69 0.96 0.14 × 10−2 0.99 0.12 0.15 0.82 0.59 × 10−2 0.99

Pb

Individually 0.68 ± 0.08 0.30 0.66 0.88 0.50 × 10−4 0.99 0.59 0.71 0.93 0.30 × 10−4 1.00 0.79 7.91 0.99 0.67 × 10−5 0.99 0.09 0.16 0.94 0.28 × 10−4 0.99

Metal mixture 0.83 ± 0.01 2.50 0.67 0.53 0.01 0.99 3.36 0.74 0.74 0.89 × 10−2 0.99 16.47 10.79 0.95 0.14 × 10−2 0.99 0.072 0.40 0.92 0.27 × 10−2 0.99

Metal mixture + CIP 0.61 ± 0.01 6.37 0.48 0.33 0.76 × 10−2 0.99 20.39 0.50 0.41 0.55 × 10−2 0.99 566.01 23.16 0.71 0.35 × 10−2 0.99 0.039 0.36 0.85 0.20 × 10−2 0.99

CIP
Individually 0.37 ± 0.03 10.07 0.38 0.71 0.10 × 10−4 0.99 175 0.39 0.70 0.11 × 10−4 1.00 1.25 × 1019 131.07 0.68 0.12 × 10−4 0.99 0.006 0.37 0.7 0.11 × 10−4 0.99

Metal mixture + CIP 0.39 ± 0.01 0.77 0.39 0.74 0.26 × 10−2 0.99 4.51 0.41 0.84 0.16 × 10−2 0.99 4.40 17.47 0.78 0.22 × 10−2 0.99 0.048 0.20 0.59 0.42 × 10−2 0.99

Abbreviations: α—initial sorption rate (mg/g h); β—desorption constant (mg/g); CIP—ciprofloxacin; E—root mean square error; I—thickness of the boundary layer; k1 (1/h)—the rate constant of pseudo-first
order adsorption; k2 (g/mg h)—the rate constant of pseudo-second order adsorption; kp (mg/g h1/2)—the intraparticle diffusion rate constant; qe,m—calculated adsorption capacity at equilibrium (mg/g).
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Figure 6. Kinetic curves of intraparticle diffusion model for Cd (A) and Pb (B) onto CH-BB.

Lead: The adsorption ability of lead, alone and in the mixture, onto CH-BB is best
described by the Elovich model, which suggests that the main mechanism might have
involved chemisorption. The initial sorption rate (α) increased when other inorganics
(20-fold) and CIP (700-fold) were added. However, in the latter case, the value needs to be
taken cautiously and rather as a rough estimate due to the worse model fit (R2 = 0.71) as
compared to the other cases (R2 0.95–0.99).

When Pb was tested alone, the values of statistical parameters for the pseudo-second
order model may have also been an indication for chemisorption. However, the R2 for the
pseudo-first order model was also rather high; hence, this suggests that physical adsorption
might also have been involved. Interestingly, once the other pollutants were added (CIP
especially), neither the pseudo-second order nor pseudo-first order model could be applied
(R2 0.41–0.74). This may be associated with the additional removal mechanisms, i.e., the
co-precipitation with As (Equation (8)).

The high values of the statistical parameters for the intraparticle diffusion model
present a good fit for Pb adsorption. The plot qt versus t1/2 presented in Figure 6B confirms
that the Pb adsorption ability is controlled by a multistep mechanism. The first plots crossed
the origin; hence, similar to Cd, adsorption of Pb is governed by intraparticle diffusion. The
intraparticle diffusion rate constant declined, once the pollutants were added; the presence
of CIP resulted in an almost 3-fold decrease. Hence, the fluoroquinolone antibiotic may
have a greater influence on Pb adsorption mechanisms than on Cd. Another difference
between these two divalent ions’ behavior can be seen in the thickness of the boundary
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layer constant change. Once the other pollutants were added to the mixture, I increased
2-fold for Pb, while it decreased for Cd. This suggests that in the contaminant mixture, Pb
is more affected by the thickness of the boundary layer, as compared to Cd.

Ciprofloxacin: In the case of CIP (alone and mixture), three models (pseudo-first or-
der, pseudo-second order and Elovich) have similar values for all statistical parameters.
However, a slightly better fit can be seen for the pseudo-second order model (R2 0.70–0.84),
followed by the pseudo-first order (R2 0.71–0.74) and Elovich models (R2 0.68–0.78). Hence,
this suggests that the adsorption ability of CIP included both chemisorption and physisorp-
tion. The calculated adsorption capacity is comparable with the experimental values. The
addition of inorganic pollutants resulted in a decrease in the rate constant in all three mod-
els. Hence, this confirms that the presence of metals does not interfere with the amount of
antibiotic that adsorbs onto CH-BB, but it may negatively affect CIP’s mobility.

3.2.4. Co-Adsorption of CIP and Heavy Metals

To further investigate the influence of organic and inorganic contaminants on their re-
moval via CH-BB, a co-adsorption test was performed. The metal/metalloid concentrations
remained constant (4 mg/L), while the CIP concentration ranged between 0.5 and 20 mg/L.
The results are presented in Figure 7. The increasing CIP concentration generally did not
have a significant influence on the Cd (p-value = 0.99) and As (p-value = 0.053) adsorption
capacities. The adsorption ability of Pb was enhanced when the initial concentration of CIP
and Pb was almost equal (5:4). After this point, Pb removal was constant (p-value > 0.05).
The results suggest that inorganic pollutants occupy different adsorption sites compared
to CIP.

Figure 7. Co-adsorption of ciprofloxacin (CIP) and heavy metals; CIP concentration 0.5–20 mg/L,
heavy metals 4 mg/L.

3.2.5. Test with Real Wastewater

The results of the removal efficiency test are presented in Table 5. Pb removal was
almost 100% for all tested adsorbents. In this study, in the case of As and Cd, CH-BB
exhibited a better removal efficiency than raw biochar and commercial GAC. Only CH-BB
could remove As (4.5%). More than 90% of cadmium was removed from the wastewater.
Moreover, adsorption of Cd increased 2-fold and 3-fold when compared with PM-BC and
GAC, respectively. However, the adsorption ability of CIP followed a different order;
almost 90% of CIP was removed by GAC, whereas the generated adsorbent exhibited the
lowest removal efficiency (35%). Overall, CH-BB proved to be a suitable adsorbent for
simultaneous heavy metal and CIP removal from wastewater.
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Table 5. Comparison of removal efficiency between different adsorbents.

Adsorbent As (% Removed) Cd (% Removed) Pb (% Removed) CIP (% Removed)
CH-BB 4.50 ± 0.76 92.86 ± 0.68 99.99 ± 0.03 34.95 ± 4.03

PM-BC NR 42.54 ± 6.25 99.74 ± 0.07 43.57 ± 6.71

GAC NR 31.20 ± 0.00 99.52 ± 0.12 87.93 ± 6.71
Abbreviations: CH-BB, chitosan-biochar beads; PM-BC, pig manure biochar; GAC, granulated active carbon; CIP,
ciprofloxacin; NR, no removal.

4. Discussion
4.1. CH-BB Generation

As shown in Section 3.1., the modification of the biochar surface with chitosan led to
an increased sorption capacity for the targeted pollutants. Similar results were reported
previously. For example, Zhou et al. (2013) reported chitosan modification of four types of
biochar (bamboo, sugarcane bagasse, hickory wood and peanut hull) and their efficiency
in removing Pb2+, Cu2+ and Cd2+ from water [19]. Chitosan-bamboo biochar removed Pb
the most efficiently, whereas chitosan-sugarcane bagasse biochar was the best option to
remove Cd [19]. Nevertheless, almost all modified types of biochar removed metals more
successfully than raw materials, which is consistent with the results obtained in this study
(Table 2).

Additionally, the report of Afzal et al. (2018) demonstrated that chitosan-pomelo
biochar hydrogel beads efficiently adsorbed 76% of CIP, whereas raw pomelo biochar was
able to adsorb only 6% of the antibiotic [24]. As it can be seen, the sorption ability of CIP
was much higher than that obtained in this study (Table 2). This can be related to the
biochar’s feedstock, which strongly influences the pollutants’ adsorption properties via
different functional groups that could potentially attract contaminants (Figure S1) [19,24].

4.2. Adsoprtion Isotherms

As it can be seen in Table 3, the three-parameter Redlich–Peterson model best described
the adsorption ability of the targeted contaminants. This isotherm model combines the
characteristics of the Langmuir and Freundlich models, and the additional parameter
may be responsible for the better fit [31]. The value of the exponent g of the Redlich–
Peterson model can offer more insight into the adsorption process. When g = 1, the
process follows the Langmuir model; however, when g equals zero, the Redlich–Peterson
equation (Table S4) becomes a linear isotherm, corresponding to Henry’s law equation.
The constant g of the Pb isotherm is equal to 1.00, which indicates the chemisorption
represented by the Langmuir model [32]. Moreover, the isotherms of the Redlich–Peterson
and Langmuir models exactly overlapped (Figure 3). These results can be associated with
the heterogeneity of the physicochemical properties of biochar and CH-BB, such as the
surface charge or carbon crystallinity [33]. Moreover, lead sorption may be influenced by
the coordination of chitosan amine groups, which is usually consistent with Langmuir
adsorption [19].

In the case of As and CIP, the g constant is around 0.3 (Table 3). Additionally, the
Redlich–Peterson and Freundlich isotherms of CIP and As exactly overlapped, suggesting
that the latter may also describe their adsorption process. The constant g for the Cd
adsorption data is close to zero. Furthermore, the isotherm is linear (Figure 3), implying
that the sorption process followed Henry’s law equation [30].

4.3. Adsoprtion in Pollutant Mixture

Competitive adsorption could be observed only between the inorganic contaminants,
but not between organic and inorganic compounds. This is consistent with the work of
Liu et al. (2018), where the co-adsorption ability of heavy metal ions and fluoroquinolones
on a functionalized ferromagnetic microsphere was tested [34]. In their study, the inorganic
contaminants did not alter the adsorption of the antibiotics and vice versa. This may be
associated with the speciation of the tested pollutants; Cd and Pb are present as divalent
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cations, As is mostly present as H2AsO4
− and CIP is a zwitterion (CIP±). Thus, the sorption

of the targeted pollutants may follow various mechanisms; Cd/Pb ions probably bind in a
different manner (chelation via -OH, -NH2) than As/CIP (surface complexation reaction or
ion exchange) [19,24,28,35,36]. Moreover, there may be antagonistic interactions between
negatively charged As and other anions in the solution (in this study: SO4

2−, NO3
− and

Cl− from Cd2+ and Pb2+ stock solutions), which hindered the As sorption ability [35].
Furthermore, the structure of CIP contains a benzene ring with strong electron-withdrawing

groups, i.e., N-heteroaromatic ring and fluoride atom (Table 2). This makes it susceptible to π–π
electron donor–acceptor interactions [24]. The presence of oxygen/hydrogen-containing groups
in CIP (-OH, -NH2, -COOH), CH-BB (-OH, -NH2, -COOH) or H2AsO4

− (−OH) may be re-
sponsible for the removal of the mentioned pollutants via hydrogen bonds created between
them and CH-BB. Additionally, the pore network in CH-BB may act as a size-exclusive
adsorbent. The inorganic ions are much smaller molecules than the antibiotic, and hence
they can penetrate pores easily [20].

As mentioned above, the divalent cations tested in this study exhibit similar mecha-
nisms of sorption. Moreover, there are reports that prove that both Cd and Pb have the
potency to co-precipitate with arsenate [29,37]. Hence, one may assume that the pres-
ence of Cd, Pb and As would lead to an enhancement in the sorption ability of all tested
metal(loid)s. However, in the case of this study, this can be seen only for Pb and As, not
for Cd (Figure 4). A similar situation was observed in the study of Deng et al. (2019),
who investigated the co-precipitation of Pb, Cd and Cu with an orthophosphate group
(analogue of arsenate) on chloro-phosphate-impregnated biochar [38]. This behavior was
explained by a difference in the solubility constant (Ksp): the lower the Ksp constant, the
easier the formation of precipitates. In the case of Pb5(PO4)3Cl and Cd5(PO4)Cl, the Ksp
was 10−84.4 and 10−49.66, respectively [38]. Thus, based on chemical similarities between
arsenate and phosphate, it can be assumed that the analogue relation might have occurred
in the case of this study. Additionally, the metal ions with higher electronegativity would
tend to present higher specific adsorption abilities due to their higher affinity towards
polar functional groups on CH-BB [38,39]. This would provide an additional explanation
of the superior adsorption ability of Pb in the pollutant mixture (Figures 4 and 7, Table S5).

The CIP chelation potency could have also affected the adsorption ability of inorganic
contaminants and vice versa. Even though there was no evident competition between
CIP and inorganic pollutants over the sorption sites, the adsorption ability of CIP was
slower in the mixture than alone (Figure 4). This may be explained by the alteration in
CIP’s mobility by the divalent ions [40]. Moreover, Pb has the highest complexation affinity
with CIP amongst all tested metals [41], which may have significantly influenced the
adsorption/precipitation mechanism.

5. Conclusions

All tested types of raw biochar were able to remove all targeted pollutants. However,
their adsorption capacities depended on the type of biochar and the pollutant. Based on the
data, PM-BC was selected for its further modification. The fabricated CH-BB demonstrated
an increased adsorption capacity towards all targeted pollutants, in contrast to PM-BC,
except for Pb, which decreased slightly. The comparison of the simultaneous removal
efficiency of the targeted pollutants in real wastewater between CH-BB, PM-BC and GAC
showed that CH-BB had a much better performance than the rest of the tested materials.

Adsorption isotherms revealed that all four pollutants were best fitted by the Redlich–
Peterson model. The kinetic and co-adsorption studies of the targeted pollutants revealed
the following mechanisms:

• Arsenic: Physisorption was the main sorption mechanism. In the presence of other
heavy metals, the adsorption capacity increased 2-fold due to co-precipitation of
As and Pb (mimetite). The potential complexation between CIP and As resulted in
decreased sorption of the metalloid.
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• Cadmium: Chemisorption was the main sorption mechanism, where intraparticle
diffusion was a rate-controlling factor. The addition of other pollutants resulted in a
decreased adsorption ability of Cd, suggesting (1) competition over adsorption sites
between elements, and (2) CIP–Cd complex formation, which has a higher affinity
towards the aqueous phase.

• Lead: Intraparticle diffusion was a rate-controlling factor during the sorption process.
Chemisorption was the main sorption mechanism when Pb was tested alone. The
addition of other pollutants resulted in sorption disturbance due to (1) co-precipitation
of Pb with As, and (2) CIP–Pb complex formation (less free Pb2+ to adsorb onto CH-BB).
Moreover, CIP exhibited the greatest influence on the Pb adsorption ability amongst
the tested inorganic pollutants.

• Ciprofloxacin: CIP adsorption involved both chemi- and physisorption. The presence of
inorganic pollutants did not influence the antibiotic adsorption ability but negatively
affected its mobility.

Overall, the co-existence of inorganic and/or organic pollutants may significantly
influence their sorption ability; in the present study, it exhibited mostly an antagonistic
effect via competitive interactions (Cd, Pb, As) or complexation (CIP–As, CIP–Pb, CIP–Cd).
However, in some cases, co-contamination may result in an enhanced removal potency,
for example, via co-precipitation (As-Pb). Thus, the development of novel methods or
improvement in existing techniques for water treatment should take into consideration the
potential impact of co-contaminates on the removal of the targeted pollutants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13192768/s1, Description of adsorption of contaminants onto raw biochar and effect of pH
on adsorption onto CH-BB, Figure S0: Influence of pH on adsorption of ciprofloxacin (CIP) and heavy
metals, Figure S1: FTIR spectra of tested biochars, Figure S2: SEM images of pig manure biochar,
Figure S3: The isoelectric point of CH-BB, Figure S4: UV–Vis absorption spectra of ciprofloxacin
(CIP) in the presence of different concentrations of A. As; B. Pb, Table S1: Production details of used
biochars, Table S2: Metal concentrations leached from biochars and CH-BB, Table S3: Adsorption
capacity of the tested adsorbents, Table S4: Kinetic and adsorption models and their parameters,
Table S5: Comparison of targeted heavy metals.
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