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A B S T R A C T   

The use of forest by-products as bio-adsorbents allows the recycling of these materials and could reduce the risks 
of environmental pollution due to different contaminants. This study focuses on the adsorption and release of 
three antibiotics (ciprofloxacin, clarithromycin and trimethoprim) on pine and oak bark materials and how pH 
influences in these processes. The results showed that the highest adsorption potential corresponds to pine bark, 
where the Freundlich affinity coefficient varies between 126.6 and 2979.1 Ln µmol1−n kg−1, while, for oak bark, 
between 283.9 and 806.9 Ln µmol1−n kg−1. Both bio-adsorbents show some influence of the pH affecting 
adsorption. Of the three antibiotics, clarithromycin was the most mobile. In general, both by-products gave 
satisfactory results as bio-adsorbents for the antibiotics tested. Therefore, their potential use as decontaminants 
could help to face environmental issues due to these emerging pollutants, reducing human and ecological risk, 
while contributing to a zero-waste economy.   

1. Introduction 

Soil and water pollution due to antibiotics are serious environmental 
issues. These emerging contaminants reach soils and water bodies 
through irrigation with effluents from wastewater treatment plants, as 
well as through the application of sewage sludge as fertilizers, and also 
by spreading manure and slurry in the case of veterinary antibiotics [1]. 
Depending on the treatment used in wastewater treatment plants, these 
contaminants are not completely eliminated [2,3], and then reach soils, 
where they may favour the appearance and propagation of antibiotic 
resistance genes. The evolution of these compounds, once they reach the 
soil, will vary depending on different chemical and biological processes 
(adsorption-desorption, degradation, transport), and they could pass to 
other environmental compartments [1,2], and thus both the compounds 
and the resistance genes could enter the food chain, affecting animals 
and human beings, generally favouring microbial resistance to these 
biocides. Numerous studies demonstrate the presence of these genes in 
agricultural soils [4], crops [3] and waterbodies [5]. 

One alternative to retain them and prevent their mobilization to 
other environmental compartments is the application of different bio- 
adsorbents, increasing the adsorption capacity of soils and avoiding 
their transport to waterbodies. The technique of using bio-adsorbents is 
simple, low cost and easy to carry out, increasing the specific surface 
area and the adsorption capacity for antibiotics [6]. Multiple studies can 
be found regarding a variety of materials, including residues or 
by-products, for the retention of different contaminants. Among them 
are biochar [7,8], shells of different animals [9,10], activated carbon 
[11] or by-products from different foods, such as rice husks [12] or nuts 
[13]. The application of bio-adsorbents, in addition to facilitating the 
adsorption of contaminants, makes it possible to recycle residues or 
by-products, and thus contribute to a circular economy. Its use is 
widespread for multiple contaminants, such as heavy metals [13–15], 
pesticides [16,17], herbicides [18–20], and polycyclic aromatic hydro
carbons (PAHs) [21], among others. 

Within bio-adsorbents, various by-products from the forestry in
dustry can be seen as relevant, with tree bark being among the most 
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Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2023.111437 
Received 5 July 2023; Received in revised form 21 October 2023; Accepted 6 November 2023   

mailto:lucia.rodriguez.lopez@uvigo.gal
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.111437
https://doi.org/10.1016/j.jece.2023.111437
https://doi.org/10.1016/j.jece.2023.111437
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Environmental Chemical Engineering 11 (2023) 111437

2

abundant. Europe is the continent placed second in wood production 
(31.9% of world production in 2021) after America (37.9%) [22]. Spe
cifically, in Spain, since the 19th century, the largest reforestations were 
made with pine, especially Pinus pinaster, and between the hardwood 
and less pyrophilous species, the genus Quercus (i.e., Q. suber) [23]. 

In the case of cork oak bark, it is processed to obtain cork for the 
manufacture of bottle stoppers, as well as to obtain sheets to install in 
homes as insulation and waterproofing, among many other uses [24], 
generating multiple amounts of waste, including the so-called "cork 
dust", which is not used for the production of corks or the manufacture of 
agglomerates, since its particle size is inadequate. One of the main 
destinations of this by-product is burning to obtain energy [25]. In 2015, 
the annual production of cork waste in Spain was around 50,000 tons 
[19], and between 40% and 70% of these by-products ended up in 
landfills [26]. 

Regarding pine bark, it is generated during the felling of the trees. In 
fact, for the use of this wood, it is necessary to remove the bark by 
chipping, as well as in the lumber industries where the wood is pro
cessed, such as paper pulp factories. Therefore, it is a very abundant by- 
product that, although it is mainly used to obtain energy, may be 
associated to a major concern related to its disposal, due to the large 
volume generated [27]. However, it can be considered a by-product 
among the most used as bio-adsorbent material [28]. 

Despite the fact that both barks are widely used as bio-adsorbents for 
pollutants, no studies have been carried out focusing on their efficacy as 
regards the adsorption of the antibiotics ciprofloxacin, trimethoprim 
and clarithromycin. This would be of relevance, as clarithromycin and 
ciprofloxacin are the antibiotics most frequently found in wastewater 
effluents, both worldwide and in Spain, until values of 500 ng L−1 and 
9.7 µg L−1, respectively [2,3]. These antibiotics belong to three of the 
groups most widely used in human medicine: fluoroquinolones (cipro
floxacin), macrolides (clarithromycin) and diaminopyrimidines 
(trimethoprim), and the fact that they are widely used is largely due to 
their broad-based spectrum of activity against pathogen 
microorganisms. 

Therefore, the main objectives of this study are to determine the 
adsorption capacity of two bio-adsorbents (pine bark and cork oak bark) 
for three antibiotics [ciprofloxacin (Cip), trimethoprim (Tri) and clari
thromycin(Cla)], at different concentrations, as well as the influence of 
the variation of pH for a fixed antibiotic concentration. Additionally, it is 
intended to obtain information on the release of the three antibiotics 
from both barks, at three different pHs. With this, the experiments would 
provide data about the adsorption capacity of both by-products, which 
could help to design procedures to avoid/reduce the mobility of the 
antibiotics from WWTP effluents to waterbodies or soils, as well as the 
possibility of achieving an effective reuse and recovery of two very 
abundant by-products, contributing to a circular economy. 

2. Materials and methods 

2.1. Analyses of the forest by-products 

To carry out this research, two forest by-products were used: pine 
bark and cork oak bark provided by Geolia (Madrid, Spain) and Corchos 
Almeida S.L. (Ourense, Spain), respectively. Both oak barks used in the 
experiment were dried, ground and sieved and provided by the company 
with a particle size of less than 1 mm, mostly less than 0.20 mm, that 
were homogenized before being used in this investigation. Details about 
each bioadsorbent are given in Table S1. Besides, both by-products were 
characterized by infrared spectroscopy analysis (IR) (FTIR-Bomen 
MB102 (ABB, Switzerland)). The spectra were obtained by trans
mittance using KBr pellets, and the determinations were made in the 
region between 400 and 4000 cm−1, with a resolution of 4 cm−1 carried 
out at CACTUS (University of Santiago de Compostela, Spain). Details 
about each by-product are given in Figs. S1 and S2. 

The pH of both bark materials was measured in water (using a 1:2.5 

bio-adsorbent: solution ratio) [29]. Organic carbon as well as total ni
trogen, were determined on an elemental analyzer (Thermo Finnigan 
1112 Series NC, Thermo Finnigan, The Netherlands). To determine the 
effective cation exchange capacity (eCEC), the study extracted 
exchangeable basic cations (Nae, Ke, Cae, and Mge) using 0.2 M NH4Cl 
and exchangeable Al (Ale) using 1 M KCl. The extracted cations were 
measured using atomic absorption flame spectrophotometry for Ca, Mg 
and Al, while Na and K were measured using atomic emission spectro
photometry (AAnalyst 200 spectrophotometer, PerkinElmer, Boston, 
MA, USA). This process was based on methods developed by Sumner and 
Miller [30] for exchangeable cations and Bertsch and Bloom [31] for 
exchangeable Al. Phosphorus was quantified by colourimetric determi
nation by performing the extraction with NaHCO3 [32]. The superficial 
area of the barks was determined using the BET analysis, developed by 
Brunauer, Emmett and Teller. It was carried out in an Accelerated Sur
face Area and Porosimetry System equipment (Micromeritics ASAP 
2020, Norcross, USA). 

2.2. Chemical reagents 

The antibiotics ciprofloxacin (Cip), clarithromycin (Cla) and 
trimethoprim (Tri) with 98% purity were supplied by Sigma-Aldrich 
(Barcelona, Spain). Its main characteristics are listed in Table S2. All 
the reagents that were used to quantify antibiotics by High-Performance 
Liquid Chromatography (HPLC) (acetonitrile, phosphoric acid and 
monopotassium phosphate), as well as the other additional reagents 
(sodium hydroxide, sodium chloride, hydrochloric acid) were of 
analytical grade, supplied by Panreac (Barcelona, Spain) and by Fisher 
Scientific (Madrid, Spain). All the solutions used were prepared with 
Milli-Q water (Millipore, Madrid, Spain). 

2.3. Adsorption/desorption experiments 

To carry out the batch-type adsorption experiments, the following 
procedures were used. In the case of Cla, 0.5 g of bark were weighed in 
centrifuge tubes, and then suspended in 20 mL of antibiotic solution, 
using seven different concentrations (between 2.5 and 100 µM). For the 
other two antibiotics (Cip and Tri), 0.5 g of bark were weighed and 
suspended in 40 mL of antibiotic (each of the two antibiotics individu
ally) with concentrations between 2.5 and 400 µM, doing this separately 
for each of the two antibiotics and for both barks. For all antibiotics, 
0.01 M NaCl was used as the ionic background electrolyte. The use of 
different concentrations, as well as different bio-adsorbent:solution ra
tios, was due to the lower adsorption of Cla compared to the other two 
antibiotics, observed in previous studies [33]. The suspensions of 
bio-adsorbent with antibiotic were shaken for 48 h at 50 rpm on a rotary 
shaker, in the dark, and at room temperature (25 ± 1 ºC). A time of 48 h 
of stirring was selected after having carried out studies of the adsorption 
kinetics and determining that equilibrium was reached after that stirring 
period. 

After 48 h of agitation, the samples were centrifuged at 4000 rpm for 
15 min in a Rotina 35 R centrifuge (Hettich Zentrifugen, Germany), and 
subsequently filtered through nylon syringe filters (0.45 µm pore size). 
These filtered samples were transferred to Eppendorf propylene vials to 
measure the pH using a combined glass micro-electrode (Crison, Spain). 
The antibiotic concentration was quantified using HPLC equipment, 
using 2 mL vials. 

Besides, the adsorption samples were also analysed by IR with 
maximum concentration of each antibiotic and by-product (Figs. S3 and 
S4). This study allows us to know the interactions between antibiotics 
and the surface of the by-products. The spectra were obtained by 
transmittance using KBr pellets and the same conditions previously re
ported for by-products. 

In the case of the desorption process, the samples previously used to 
study adsorption were weighed to determine the weight of the bio- 
adsorbent and also the amount of solution with antibiotic that was 
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occluded in that sorbent material, and then the bio-adsorbent was 
resuspended in 20 or 40 mL (depending on the antibiotic) of 0.01 M 
NaCl. These samples were shaken for 48 h and then centrifuged, filtered 
and the antibiotic concentrations were quantified in the same way as in 
the samples from the adsorption studies. 

In the case of the samples used for the adsorption-desorption studies 
as a function of pH, the experiment was carried out at pH between 3 and 
10, adjusting with different volumes of 0.5 M HCl and 0.5 M NaOH. In 
the case of Cla, the concentration of antibiotic added was 100 µM, with a 
bioadsorbent:solution ratio of 0.5:20. For Tri and Cip, an initial con
centration of 400 µM and a ratio of 0.5:40 was used. The differences in 
the bioadsorbent:solution ratio and in the concentration among antibi
otics are for the same reason explained previously. As in the previous 
experiment, the background electrolyte was 0.01 M NaCl. The suspen
sions were shaken at 50 rpm for 48 h, in the dark, and centrifuged at 
4000 rpm for 15 min. Next, the samples were filtered, separating the 
supernatant with nylon syringe filters, and the solid phase (the bio- 
adsorbent material) was used for the study of desorption. In the sam
ples, pH was measured using a combined glass micro-electrode, and the 
antibiotic concentration was determined by means of HPLC. Regarding 
desorption, the solid samples from the adsorption process were weighed 
and re-suspended in 20 or 40 mL (depending on the antibiotic) of 0.01 M 
NaCl, with the addition of HCl or NaOH to maintain the same pH con
ditions as in the adsorption phase. The samples were shaken, centri
fuged, filtered, and measured as in the previous adsorption phase. 

2.4. Release experiments 

The release experiments were carried out in a stirred flow chamber, 
consisting of a polypropylene chamber (reactor) with a volume of 1.5 
cm3 and two Teflon filters (0.45 µm pore size), one at the inlet, and 
another one at the exit, to avoid the loss of bark material. 

The reactor inlet is connected to a booster pump (Gilson Mini
puls®3), which is responsible for feeding the reactor with the corre
sponding solution. This pump allows the flow to be determined and 
constant throughout the experiment. At the outlet, the reactor is con
nected to a fraction collector (Gilson FC 203 B), which collects the 
samples leaving the reactor at a fixed time interval. A magnet (3 mm in 
length and 1 mm in diameter) was placed inside the reactor together 
with the bark sample, stirring at 400 rpm, guaranteeing homogenization 
between the bio-adsorbent material and the solution. The experiment is 
carried out inside a thermostatic chamber that ensures that the tem
perature remains constant at 25 ± 1 ºC throughout the entire process. 

The flow rate is 1.5 mL min−1, and 80 samples of 1.5 mL each were 
collected, so the collection time for each of them was 1 min, thus 
obtaining a total collection time of 80 min. 

For the release of the three antibiotics from both barks, solutions of 
0.01 M NaCl were used, adjusting the pH to values of 3.0, 5.0 and 8.0 
with solutions of 0.5 M HCl and 0.5 M NaOH. Regarding the preparation 
of the sample, 0.2 g of pine bark was taken, being the weight of 0.025 g 
in the case of cork oak bark (due to its density, since the same amount as 
that used for pine bark would occupy the entire reactor and the homo
geneity of the sample would not be guaranteed). Once weighed, 200 µL 
of acetone were added to eliminate any microorganism present in the 
bark materials and avoid the possibility of biodegradation of the anti
biotics. Once these bark samples were dry, 100 µL of the antibiotic so
lution were added, obtaining a final concentration of 250 mg kg−1. Since 
the amount of bark varies depending on whether it is pine or cork oak, 
the initial concentration of antibiotic added also varies, but always 
obtaining the same final concentration mentioned. The material is left in 
the dark for 24 h to facilitate the evaporation of the sample and avoid 
photo-degradation. After 24 h, the magnet is inserted and, once the 
reactor is closed, the 0.01 M NaCl solution is passed through at the 
corresponding pH value. During the 80 min that the experiment lasts, 
the samples are collected, the pH is measured in each of them, and they 
are transferred to 2 mL vials to later measure the antibiotic 

concentration by HPLC. 

2.5. Quantification of the antibiotics 

The antibiotic quantification methodology has been detailed in 
previous studies [34]. Briefly, the quantification of each of the antibi
otics is carried out in an HPLC unit (Ultimate 3000 HPLC, Thermo Fisher 
Scientific, Madrid, Spain). Chromatographic separations were carried 
out on a C18 analytical column supplied by Phenomenex (Madrid, 
Spain). The injection volume is 50 µL for Cip and Tri, and 200 µL for Cla, 
and the established flows are 1.5 mL min−1 and 1.0 mL min−1, respec
tively. The mobile phases used were acetonitrile and 0.01 M phosphoric 
acid for Cip and Tri, and acetonitrile and 0.025 M monopotassium 
phosphate for Cla. For Tri and Cip, the analysis time was 15 min, with 
retention times being 5.6 and 6.5 min, respectively. In the case of Cla, 
the total time was 25 min, and the retention time was 13.6 min. The 
wavelengths used were 210 nm for Tri and Cip, and 212 nm for Cla. 

2.6. Statistical analyses and data treatment 

The data obtained from the equilibrium adsorption experiments 
were described using the Freundlich (Eq. 1) and Linear (Eq. 2) models 
widely used by other authors [10,35]: 

qa = KFCn
eq (1)  

qa = KdCeq (2)  

where qa (µmol kg−1) is the amount of each antibiotic adsorbed at 
equilibrium; Ceq (µmol L−1) is the concentration of each antibiotic that 
remains in the equilibrium solution; KF (Ln µmol1−n kg−1) is the 
Freundlich affinity coefficient; n (dimensionless) is the Freundlich 
linearity index; Kd (L kg−1) is the distribution constant in the Linear 
model. 

The model used to calculate the adsorption coefficients (Kd) corre
sponds to the different forms of the antibiotics (Kd

+ is the adsorption 
coefficient for the positively charged form of the antibiotic; Kd

0 is the 
coefficient for the zwitterion form; Kd

- is the coefficient for the negatively 
charged form) [36]. Eq. (3) (Eq. 3) was used to calculate them: 

Kd = (K+

d α+) +
(
K0

dα0)
+ (K−

d α−) (3) 

In this equation, Kd is the total adsorption coefficient (L kg−1), which 
is calculated at different pHs. α is the fraction of each antibiotic species 
as a function of pH. Specifically, α+, α0 and α- represent the proportion of 
the different chemical species of the antibiotic obtained from the 
dissociation constants (pKa values) [37,38]. Kd

+ is the adsorption coef
ficient for the positively charged form of the antibiotic; Kd

0 is the coef
ficient for the zwitterion form, and Kd

- is the coefficient for the negatively 
charged form. 

The accumulated amount of antibiotics obtained from the release 
experiments was calculated using Eq. (4) (Eq. 4) used by Cutillas- 
Barreiro et al. [14]: 

q(i) =

{
∑i

J=1

[
(C1(i) − C2(i) ))Δt Jw

Ve

]

+ [C1(i + 1) − C2(i + 1) ]

}
Ve

m

(4)  

Where q(i) is the concentration of antibiotic released (µmol kg−1); Δt is 
the time interval at which each sample is collected (minutes); C1(i) and 
C2(i) are the concentrations of antibiotic in each sample at the reactor 
outlet in the presence and absence of bark (µmol L−1); C1(i + 1) and 
C2(i + 1) are the concentrations of antibiotic in the stirred flow chamber 
in the presence and absence of bark (µmol L−1); Jw is the flow rate (mL 
min−1); Ve is the effective volume of solution in the reactor chamber 
(mL); m is the sample of bark (g). 

The data obtained from the release experiments were adjusted to 
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pseudo-first-order (Eq. 5) and pseudo-second-order (Eq. 6) models, 
being the expressions, respectively: 

qa = qe(1 − ek1 t) (5)  

qa =
k2q2

e t
1 + k2qet

(6)  

where qa (µmol kg−1) is the total amount of antibiotic released at a 
moment t (min); qe (µmol kg−1) is the amount of antibiotic released at 
equilibrium; k1 (min−1) and k2 (kg µmol−1 h−1) are the pseudo-first- 
order and pseudo-second-order kinetic constants, respectively [39]. 
The SPSS software (version 21) was used to perform the adjustments of 
the experimental data to the different models. 

3. Results and discussion 

3.1. Characteristics of the bio-adsorbents 

The characteristics of both bio-adsorbents: pine bark (PB) and cork 
oak bark (OB) are listed in Table S1. They present very different char
acteristics; specifically, in the case of organic carbon content, the cork 
oak bark has a higher content (60.4%) compared to pine bark (48.7%), 
as it occurs with the phosphorus content (165.5 mg kg−1 in the case of 
OB and 70.5 mg kg−1 for PB), or the surface area (0.89 m2 g−1 for OB, 
and 0.36 m2 g−1 for PB). However, pine bark presents higher values for 
the nitrogen content (13.2%) and the effective cation exchange capacity 
(eCEC) (14.9 cmolc kg−1) with respect to the cork oak bark (with values 
of 0.6% N, and 11 cmolc kg−1 for eCEC, respectively). Also, both bio- 
adsorbents were characterised before the adsorption by FTIR, 
evidencing typical characteristics for both compounds explained in 
Supplementary Material (Figs. S1 and S2). 

3.2. Adsorption/desorption experiments 

Fig. 1 shows the adsorption curves for the three antibiotics (Cip, Cla 
and Tri), and for both bark materials: pine (PB), on the left, and cork oak 
(OB), on the right. They represent the amount adsorbed (qa in µmol 
kg−1) and the concentration present at equilibrium (Ce in µmol L−1). 

Among the three antibiotics, Cip is the one with the highest 
adsorption capacity, with greater adsorption as the initial concentration 
increases, which is reflected in the adsorption curves, as well as in 
Tables S3 and S4, where the amount of antibiotic adsorbed for each 
initial concentration is indicated, as well as the corresponding adsorp
tion percentage. For the same initial concentration of 100 µmol L−1, the 
amount of Cip adsorbed is 8075.2 µmol kg−1 in the case of pine bark, 

while it is 7371.4 µmol kg−1 for cork oak bark. This difference between 
both barks may be due to the variability in the eCEC. Figueroa-Diva et al. 
[40], have seen that the adsorption of fluoroquinolones is strongly 
influenced by this characteristic. In this case, both barks have different 
eCEC values, which can be associated with a higher Cip adsorption for 
PB than for OB (as shown in Table S1), since PB has higher eCEC than 
OB. 

Fig. 1 also shows that the adsorption curves lack linearity for the 
three antibiotics, but in the case of Tri and Cla, they present a greater 
curvature than for Cip. Its behaviour is different since as the initial 
concentration increases, the adsorption does not increase, with the 
highest adsorption percentages corresponding to the lowest initial 
concentrations. This is also reflected in the parameters obtained from 
the adjustments of the experimental data to the Freundlich and Linear 
adsorption models. 

In the case of Tri, the adsorbed concentration for an initial concen
tration of 100 µmol L−1 corresponds to 7681.5 µmol kg−1 for pine bark, 
and 6696.0 µmol kg−1 for cork oak bark, being (as with Cip), higher for 
PB than for OB. Regarding Cla, the amount adsorbed for the same initial 
concentration (100 µmol L−1) is lower than that of the other antibiotics, 
being 3684.8 µmol kg−1 in the case of pine bark, while the values are 
slightly lower in the case of cork oak bark (2590.7 µmol kg−1). This is in 
accordance with results obtained by other authors in Table 1, which 
shows the adsorption capacity or removal efficiency for three antibiotics 
objects of study. Rath et al. [41] also obtained that macrolides are 
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Fig. 1. Adsorption curves of the three antibiotics (Cip, Tri and Cla) on both bio-adsorbents used, pine bark, and oak bark. Ceq: antibiotic concentration in the 
equilibrium solution, qa: the amount of antibiotic adsorbed on each of both bio-adsorbents. Error bars represent twice the standard deviation of the mean (n = 3). 
When the bars are not visible, it means that they are smaller than the symbols. 

Table 1 
Values of the adsorption capacity or removal efficiency of Ciprofloxacin, Clari
thromycin and Trimethoprim by different by-products.  

Antibiotic Adsorbent Adsorption capacity 
/Removal efficiency 

Reference 

Ciprofloxacin Straw (Biochar) 93.3% [42] 
Sesame Straw 
(Biochar) 

185.7 mg g−1 

Rice Straw (Biochar) 747.6 mg g−1 

Activated carbon 246.7 mg g−1 [43] 
Actived carbon fibre 191.7 mg g−1 

Bentonite clay 305.2 mg g−1 

Tea-leaf (Biochar) 238 mg g−1 [44] 
Clarithromycin Activated carbon 

fibre 
70.9 mg g−1 [43] 

Cuttlefish bone 
powder 

34.5 mg g−1 [45] 

Trimethoprim Corn Straw Biochar) 584.2 mg g−1 [42] 
Activate carbon 135 mg g−1 

Magnetite 
nanoparticles 
(Fe3O4) 

> 90% [46]  
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generally less adsorbed than other families of antibiotics, such as 
fluoroquinolones. 

Therefore, considering both bio-adsorbents, the adsorption values 
are higher in pine bark for all antibiotics, which may be related to the 
difference in the surface area (BET) of the two by-products, but despite 
the differences, both are able to adsorb antibiotics. These results may be 
due to the amphoteric nature of the three antibiotics, since at pH 4.0 (pH 
of both barks), the three antibiotics are in their cationic form, and the 
deprotonated carboxyl groups of the barks make that electrostatic in
teractions between these bio-adsorbents and antibiotics are established, 
which was also previously found for other antibiotics, such as sulfon
amides [35]. To complete adsorption results, the IR analysis shows the 
implication of the functional groups mentioned above and the 
bio-adsorbents present. The FTIR spectra before and after the adsorption 
of the antibiotics in each bio-adsorbent are explained in Supplementary 
Material (Figs. S3 and S4). 

Table 2 shows the parameters resulting from the adjustment to the 
adsorption models. Judging by the R2 values (which vary between 0.975 
and 0.996 for Freundlich and between 0.800 and 0.966 for the Linear 
model), both describe satisfactorily the experimental data. Regarding 
the Freundlich affinity coefficient, KF, trimethoprim is the antibiotic that 
presents the highest values (806.9 and 2979.1 Ln µmol1−n kg−1, for PB 
and OB, respectively) in both bio-adsorbents. The values are higher for 
pine bark (126.6 – 2979.1 Ln µmol1−n kg−1) than for cork oak (126.6 – 
806.9 Ln µmol1−n kg−1), except in the case of Cip, where it is higher for 
OB. 

Regarding the n parameter, the Freundlich linearity index, the values 
are below 1 in the case of Cla and Tri (between 0.55 and 0.67), which 
also indicates that the degree of adsorption decreases as the initial 
concentration increases, as mentioned above. In the case of ciprofloxa
cin, the values of n are above 1, indicating that the higher the initial 
concentration, the greater the adsorption. 

Regarding the Linear model, the values of the distribution constant, 
Kd, vary between 84.9 and 2172.3 L kg−1, with the antibiotic cipro
floxacin presenting the highest value in both bio-adsorbents (938.6 and 
2172.3 L kg−1 for PB and OB, respectively), coinciding with what was 
previously observed by authors such as Figueroa-Diva et al. [40], who 
obtained that, among different antibiotics, Cip is one with the highest 

values for the coefficient of adsorption (Kd). The strong adsorption of Cip 
in soils [29,41], or in sewage sludge, has been widely studied [47]. In 
the current research, regarding the Kd values, the sequence from higher 
to lower concentration is Cip > Tri > Cla, for both bio-adsorbents. 

On the other hand, regarding desorption, in Fig. S5 the curves 
represent the amount of each antibiotic retained (qa) versus the amount 
in the equilibrium solution (Ceq). In the case of Cip, the curves indicate a 
lower amount of antibiotic in the equilibrium solution, since both lines 
are closer to the axis and, therefore, after a desorption cycle, an 
important part of Cip is retained in the bio-adsorbents. In the case of the 
other two antibiotics, Cla and Tri, the same happens after a desorption 
cycle, as a considerable part of the antibiotic is retained in the bio- 
adsorbents. In the case of Tri, it is shown that there is a greater slope 
of the desorption curves with respect to the adsorption curves, which 
indicates the presence of some hysteresis in the desorption process [48].  
Table 3 shows the amount desorbed at equilibrium (in µmol kg−1 and the 
desorption percentage in parentheses), indicating that the desorption 
percentages vary between 0.2% and 7% in the case of Cip, between 0.3% 
and 18.6% for Tri, and between 1.7% and 28.7% for Cla, evidencing that 
this last antibiotic presents greater desorption, specifically in the case of 
pine bark. 

Table 4 shows the parameters corresponding to the adjustments of 
the desorption experimental data to the Freundlich and Linear models. 
Both models satisfactorily fit the experimental data, since the R2 values 
are greater than 0.928 for Freundlich and greater than 0.776 for the 
Linear model. 

Regarding the Freundlich affinity coefficient for desorption, KF(des), it 
varies between 389.7 and 12016.4 Ln µmol1−n kg−1, the highest values 
corresponding to pine bark, specifically being between 389.7 and 
12016.4 Ln µmol1−n kg−1, while for OB they are between 1069.4 and 
5929.7 Ln µmol1−n kg−1. Among the antibiotics, Cip presents the highest 
values (12016.4 and 5929.7 Ln µmol1−n kg−1), and therefore it is the 
antibiotic with the lowest desorption. In the case of Cip, as for Tri, the 
highest values of KF(des) correspond to pine bark. 

The values of the linearity coefficient, n, vary between 1.42 and 0.57, 
with the exception of Cip in pine bark. When these values are less than 1, 
they indicate the heterogeneity of the adsorption sites. Regarding the 
distribution coefficient, Kd, the highest values also correspond to Cip 

Table 2 
Parameters resulting from the adjustment of the experimental adsorption data to the Freundlich and Linear models.   

Freundlich Linear 

KF n R2 Kd R2 

Cip PB 126.6 ± 59.3 2.31 ± 0.20  0.981 2172.3 ± 296.5  0.800 
OB 283.9 ± 68.4 1.38 ± 0.07  0.994 938.6 ± 49.6  0.966 

Cla PB 1187.8 ± 61.2 0.59 ± 0.03  0.994 607.1 ± 54.2  0.872 
OB 371.3 ± 65.0 0.55 ± 0.06  0.975 84.9 ± 9.4  0.783 

Tri PB 2979.1 ± 208.4 0.65 ± 0.02  0.996 991.1 ± 79.1  0.920 
OB 806.9 ± 128.8 0.67 ± 0.04  0.991 183.1 ± 14.3  0.920 

PB: Pine bark, OB: Oak bark. KF (Ln µmol1−n kg−1) is the Freundlich affinity coefficient; n (dimensionless) is the Freundlich linearity index; Kd (L kg−1): is the dis
tribution constant in the Linear model; R2: is the coefficient of determination. (Data showed as average values ± standard error). 

Table 3 
Amount of ciprofloxacin (Cip) and trimethoprim (Tri) desorbed at equilibrium (µmol kg−1) and percentage desorption (in brackets) for each of the initial concen
trations (C0) used, and for both bio-adsorbents.  

C0 (µmol L−1) Cip Tri  Cla 

Pine bark Oak bark Pine bark Oak bark C0 (µmol L−1) Pine bark Oak bark 

2.5 5.7 (7.0) 1.9 (2.8) 0.5 (0.3) 27.8 (14.8) 5 50.2 (28.7) 2.7 (1.7) 
5 6.6 (1.5) 2.3 (2.3) 3.5 (1.0) 32.8 (10.5) 10 64.9 (18.0) 8.4 (2.6) 
10 3.7 (0.4) 6.0 (0.8) 10.5 (1.4) 61.3 (9.6) 20 90.6 (12.2) 25.2 (3.8) 
25 8.6 (0.4) 10.7 (0.6) 35.1 (1.9) 151.2 (9.5) 40 180.9 (12.2) 37.3 (2.9) 
40 5.5 (0.2) 6.9 (0.3) 62.4 (2.1) 235.7 (9.6) 60 205.4 (9.2) 87.0 (4.8) 
50 17.5 (0.5) 30.9 (0.9) 83.5 (2.2) 304.2 (9.9) 80 376.0 (13.4) 103.0 (4.9) 
100 55.2 (0.7) 117.3 (1.6) 174.1 (2.3) 636.8 (9.5) 100 568.3 (15.4) 184.9 (7.1) 
200 120.5 (0.7) 311.1 (1.9) 456.9 (3.1) 1396.2 (12.0)    
400 148.8 (0.5) 699.5 (2.3) 1263.3 (5.0) 3423.6 (18.6)     
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(14757.6 and 3311.4 L kg−1), as in adsorption, and, again as in 
adsorption, the values are higher for pine bark than for cork oak. 

3.2.1. Influence of pH on the adsorption-desorption processes 
Batch type experiments were carried out to study the adsorption- 

desorption process as a function of pH in both bio-adsorbents. Fig. 2 
shows the adsorption results for the three antibiotics in both barks. Cip 
concentration presents a maximum in a pH range between 5 and 7 and 
then decreases as the pH increases, a behaviour previously observed in 
soils by other authors [41,49]. The decrease in adsorption at basic pH 
may be due to the amphoteric nature of the antibiotic since at more basic 
pH it is in its anionic form, which makes it present a certain repulsion 
due to the negative charges present on the surface of the organic matter 
that contain both bio-adsorbents [35,50]. This amphoteric character, in 
turn, favours adsorption at acidic and neutral pH, since the antibiotic is 
in its cationic form, which promotes electrostatic attractions with the 
negative charges of the bio-adsorbents [49,51]. Another mechanism of 
Cip adsorption is hydrogen bonding, which is considered the primary 
source of adsorption for fluoroquinolones [52]. Cip adsorption is in the 
range between 82 and 32584 µmol kg−1 for pine bark, and between 66 
and 30048 µmol kg−1 for cork oak bark. 

In the case of the antibiotic Cla, adsorption is less than 
4433.4 µmol kg−1 for cork oak bark and less than 2964.5 µmol kg−1 for 
pine bark. The adsorption as a function of the pH is relatively constant 
(without presenting many variations with the increase or decrease of the 
pH), which may be due to the fact that the pKa presented by the anti
biotic is above 9. Below this value, Cla is found in its cationic form, 
through protonation of the basic dimethylamino group, which causes it 
to bind to the surface of negatively charged bio-adsorbents [53]. The 
way to bind is mainly through cationic exchange, although electrostatic 
interactions can be established between the negative charges of the 
barks and the antibiotic [54]. 

The adsorption range of Tri is between that of the Cip and Cla values, 
specifically between 183 and 25059 µmol kg−1 for pine bark, and be
tween 187 and 18445 µmol kg−1 for cork oak bark. For this antibiotic, 
the adsorption curves for both bio-adsorbents present a maximum at 
around pH 6.0, similar to that obtained by Franklin et al. [48] who 

associate this maximum adsorption with a strong interaction between 
the antibiotic in its predominantly cationic form and cation exchange 
sites of the adsorbents. At more acidic or basic pH values, the antibiotic 
concentration decreases. From the most acidic pHs to the maximum 
adsorption (which is reached at around neutral pHs), Tri is found in its 
cationic and neutral forms, so the adsorption mechanisms can be a 
cationic exchange, hydrogen bonding, and Van der Waals forces [55]. 

The three antibiotics present two pKa values (Table S2), which im
plies that they will have three species depending on the pH, and this 
characteristic means that the adsorption mechanisms are different for 
each one of them, as mentioned above and as shown in Fig. 3, where the 
mechanisms for each antibiotic are listed. 

The species for Cip are Cip+ in acidic conditions, Cip0 at neutral pH 
values, and Cip- at basic pHs. In the case of Cla, Cla+ from acidic con
ditions up to pH 9, Cla0 in the range of 9–12.5, and Cla- in very basic 
conditions. For this antibiotic, the Kd values were not calculated since 
the experimental data did not fit the equation (Eq. 3). Finally, for 
trimethoprim, Tri+ is present at acidic pHs, Tri0 in the range between 6 
and 7, and Tri- in basic conditions. The Kd values of the different species 
were calculated using the equation (Eq. 3), and the results obtained are 
included in Table 5. In fact, Table 5 collects the values of each of the 
coefficients as a function of speciation, for the two bio-adsorbents and 
for the Cip and Tri antibiotics. The highest values correspond to cipro
floxacin for the cationic species, which varies between 12.7 and 
58.0 L kg−1 for both bio-adsorbents, while for trimethoprim, the highest 
values correspond to the zwitterionic species, with a range between 5.8 
and 48.2 L kg−1 also for both bio-adsorbents, which corresponds to the 
maximum adsorption observed in Fig. 2. 

Regarding desorption, Fig. 4 shows that the highest desorption per
centage (63.6%) corresponds to the antibiotic Cla. This percentage is 
desorbed from pine bark, and this maximum corresponds to a pH of 
around 7.0. For the same antibiotic, but in the case of the other bio- 
adsorbent (OB), the desorption is minimal, being between 0.3% and 
3.1%. 

In the case of the antibiotic Tri, the maximum desorption is similar 
for both barks, with values of 48.4% and 47.3%, for OB and PB, 
respectively, coinciding in both cases with basic pH, above 10. Franklin 

Table 4 
Parameters resulting from the adjustment of the experimental desorption data to the Freundlich and Linear models.    

Freundlich Linear   

KF (des) n (des) R2 Kd (des) R2 

Cip PB 12016.4 ± 1747.6 1.42 ± 0.25  0.965 14757.6 ± 941.2  0.951 
OB 5929.7 ± 401.7 0.71 ± 0.03  0.995 3311.4 ± 178.3  0.965 

Cla PB 389.7 ± 118.4 0.80 ± 0.13  0.928 245.8 ± 19.7  0.896 
OB 1069.4 ± 83.8 0.57 ± 0.07  0.969 633.5 ± 70.4  0.776 

Tri PB 4238.9 ± 352.7 0.63 ± 0.03  0.991 1649.8 ± 148.5  0.899 
OB 1371.3 ± 248.9 0.65 ± 0.05  0.976 396.0 ± 38.4  0.876 

KF(des) (Ln µmol1−n kg−1) is the Freundlich affinity coefficient; n(des) (dimensionless) is the Freundlich linearity index; Kd(des) (L kg−1): distribution constant in the Linear 
model; R2: coefficient of determination. (Data showed as average values ± standard error). 
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et al. [48] pointed out that at basic pH the antibiotic is in its negative 
form, which is why it presents fewer interactions with the negative 
charges of the bio-adsorbents, and hence the greater desorption. 

In the case of Cip, the maximum percentage of desorption is (as in 
Tri) above 10, presenting maximum values of 32.6% and 32.7% for PB 
and OB, respectively. This low desorption of Cip may be associated with 
its low water solubility [2]. 

3.3. Release experiments 

In addition to the batch experiments, the release of the three anti
biotics from both barks was studied at three different pHs. It was carried 

out by means of stirred flow chamber release experiments, performed at 
three different pH values (3.0, 5.0 and 8.0). Despite the fact that the 
initial solutions had these three pH values, the pH at which each of the 
experiments took place was different depending on the bio-adsorbent.  
Table 6 indicates that in the case of pH 3.0, it was maintained 
throughout the experiment, but in the case of pH 5.0 and 8.0, pine bark 
was capable of buffering the pH of the solution, obtaining a pH of around 
4.0 instead of 5.0, and close to 5.0 in the case of the pH 8.0 solution. 
Cork bark was also capable of buffering, maintaining the pH of the 
release process at pH 8.0 at a real value of around 6.0. 

Fig. 5 shows the release of the three antibiotics as a function of the 
three pH values, for pine bark. As observed in the figure, the change in 
pH only causes significant modifications in the release of Cla. For Cip 

Fig. 3. Adsorption mechanisms of Ciprofloxacin, Clarithromycin and Trimethoprim.  

Table 5 
Kd values (L kg−1) for the different forms of ciprofloxacin and trimethoprim.   

KdCIP+ KdCIP0 KdCIP- R2 

PB 58.0 ± 8.7 34.3 ± 9.7 nd 0.614 
OB 12.7 ± 3.2 3.7 ± 2.9 nd 0.416   

KdTRI+ KdTRI0 KdTRI- R2 

PB 9.0 ± 1.5 48.2 ± 3.3 1.4 ± 1.1 0.938 
OB 1.5 ± 0.3 5.8 ± 0.5 0.5 ± 0.2 0.887 

Kd
+ (L kg−1): adsorption coefficient for the positively charged form; Kd

0 (L kg−1): 
adsorption coefficient for the zwitterionic form; Kd

- (L kg−1): adsorption coeffi
cient for the negatively charged form. The coefficients have been calculated 
using Eq. (3). R2: coefficient of determination. 
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Table 6 
Mean pH values of the samples for each antibiotic, varying the pH of the solution 
used for release (data showed as average values ± standard deviation).   

pH 3.0 pH 5.0 pH 8.0 

Cip    
PB 3.4 ± 0.1 3.9 ± 0.3 4.3 ± 0.3 
OB 3.0 ± 0.2 5.1 ± 0.3 6.1 ± 0.9 
Cla    
PB 3.3 ± 0.2 4.5 ± 0.2 4.9 ± 0.5 
OB 2.4 ± 0.1 4.9 ± 0.4 6.5 ± 0.7 
Tri    
PB 3.1 ± 0.1 4.2 ± 0.3 4.9 ± 0.6 
OB 3.1 ± 0.0 5.0 ± 0.6 6.4 ± 0.2  
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and Tri, the release of both antibiotics does not exceed 600.3 and 
330.2 µmol L−1, respectively, and these values are similar for the three 
pH values. 

On the other hand, in the case of Cla, pine bark releases more anti
biotic at pH 5.0 and 8.0 than at pH 3.0, reaching a maximum of 
2044.7 µmol L−1 at pH 5.0. 

In the case of cork oak bark, Fig. 6 shows that the release is higher 
than in the case of pine bark, for the three antibiotics. The figure shows 
that Cla continues to be the most mobile antibiotic, presenting higher 
amounts of antibiotic released, reaching a maximum of 2715.1 µmol L−1 

at pH 5.0. In the case of this bark (OB), regarding Tri a small difference 
can be observed at pH 3.0, whose release (499.4 µmol L−1) is greater 
than that at the other two pHs. This greater release at acidic pH can be 
associated with the fact that, under these pH conditions, the antibiotic is 
in its cationic form, which can generate a certain electrostatic repulsion 
with the positive surface in both bio-adsorbents, since in PB it is also 
present. A small difference can be distinguished between pH 3.0 and the 
other pHs, with pH 3 being the one with the highest release. At pH 3.0, 
the amount of H+ on the surface of the bio-adsorbents is higher, hence 
more release takes place than at high pHs [56]. And in the case of Cip, as 
for pine bark, the release is not influenced by the pH, presenting the 
maximum value of 710.4 µmol L−1 at pH 3.0. 

A release sequence can be established, going from more to less mo
bile antibiotics, which would be Cla < Tri < Cip. This indicates that it 
could be a significant risk of appearance and development of resistance 
to the antibiotic Cla, which is also reflected in previous studies [57], 
where the authors indicate that, among the macrolides, Cla is the one 
presenting a greater risk of developing resistance. The same would occur 
among the antibiotics that are the subject of this study. 

On the other hand, Table 7 shows the values of the parameters 

obtained from the adjustments of the experimental data of release of the 
three antibiotics to the kinetic models of pseudo-first and pseudo-second 
order that were used in this work. Judging by the R2 correlation co
efficients, both models satisfactorily describe the experimental data, 
since they present values between 0.923 and 0.999 for the pseudo-first- 
order model and between 0.927 and 1.000 for the pseudo-second-order 
model. 

Regarding the analysis of the parameters, the kinetic constant (k1) 
presents lower values for pine bark (0.018–0.042 min−1) than for cork 
oak (0.036–0.240 min−1) within each one of the antibiotics, and 
therefore the release from the cork oak bark is faster. And, comparing 
the different antibiotics, Tri (0.018 – 0.240 min−1) and Cip (0.021 – 
0.217 min−1) present higher values than Cla (0.019 – 0.070 min−1). In 
the case of Cip, the values are similar to those obtained by other authors 
as Magesh et al. [58], who find values around 0.029 min−1. 

Regarding the amount of antibiotic released at equilibrium (qe), 
comparing both bio-adsorbents, for each of the antibiotics, the highest 
values correspond to cork oak bark (214.6–2646.9 µmol kg−1), while 
the values range between 200.3 and 2212.0 µmol kg−1 for pine bark, 
indicating the best retention of the latter by-product. 

Regarding the parameters obtained from the adjustment of the 
pseudo-second-order model, the kinetic constant (k2) is higher for cork 
oak bark (0.000011 – 0.001887 kg µmol−1 h−1) than for pine bark 
(0.000004 – 0.000071 kg µmol−1 h−1). And the antibiotic that presents 
higher release rates is Tri (0.000019–0.001887 kg µmol−1 h−1), fol
lowed by Cip (0.000018–0.000604 kg µmol−1 h−1), and finally Cla 
(0.000004–0.000029 kg µmol−1 h−1). The amount released at equilib
rium, according to the pseudo-second-order model is between 209.1 and 
3473.5 µmol kg−1 for pine bark, and between 261.2 and 
3090.0 µmol kg−1 for cork oak bark. Within each of the antibiotics, in 
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the case of Cla, even though it is released more slowly, it is the most 
released, presenting values between 2537.1 and 3473.5 µmol kg−1. In 
the case of Cip, the values are slightly lower, being the range between 
639.8 and 895.5 µmol kg−1, and in the case of Tri, between 209.1 and 
668.2 µmol kg−1. 

Regarding the influence of pH on the release process, for cork oak 
bark the maximum release rate corresponds to pH 5.0, for the three 
antibiotics. And in pine bark, for Cla and Tri, the minimum release rate 
corresponds to pH 3.0. 

4. Conclusion 

Pine and oak bark are abundant and inexpensive by-products that 
have demonstrated their ability to adsorb and retain the antibiotics 
tested in the current study, specifically Cip, Cla and Tri. Pine bark 
showed the best adsorption results, with Cip and Tri being the most 
adsorbed. Besides, pine bark showed low desorption values, Cla being 
the most desorbed antibiotic. Regarding desorption as a function of pH, 
the three antibiotics showed a similar behaviour: as pH increases, 
desorption is higher, and reaches a maximum under basic conditions, 
except for Cla, whose maximum desorption is around neutral pH. From 
the release experiments, the results also show that Cla is the most mobile 
antibiotic. In general, applying these forest by-products to retain/ 
remove antibiotics could be a low-cost and effective alternative, helping 
to face environmental pollution due to the emerging contaminants 
tested in the study. 
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Table 7 
Parameters resulting from the adjustment of the experimental release of Cip, Cla and Tri (at different pHs) to pseudo-first and pseudo-second order equations. k1 
(min−1): is the pseudo-first-order kinetics velocity constant; k2 (kg µmol−1 h−1): is the pseudo-second-order kinetics velocity constant; qe (µmol kg−1): is the amount of 
antibiotic released at time t at equilibrium; R2: coefficient of determination. (Data showed as average values ± standard error).   

Pseudo-first order Pseudo-second order  

k1 qe R2 k2 qe R2 

Cip         
OB pH 3.0 0.151 ± 0.003 716.3 ± 0.2  0.990 0.000298 ± 0.000024 782.3 ± 8.8  0.935 
OB pH 5.0 0.217 ± 0.003 602.1 ± 1.0  0.994 0.000604 ± 0.000043 639.8 ± 4.6  0.945 
OB pH 8.0 0.152 ± 0.003 671.7 ± 2.3  0.985 0.000321 ± 0.000028 733.2 ± 8.2  0.927 
PB pH 3.0 0.028 ± 0.001 633.6 ± 11.9  0.979 0.000027 ± 0.000002 877.4 ± 18.3  0.988 
PB pH 5.0 0.027 ± 0.001 602.3 ± 11.5  0.981 0.000026 ± 0.000002 842.9 ± 17.8  0.989 
PB pH 8.0 0.021 ± 0.001 610.9 ± 14.5  0.985 0.000018 ± 0.000001 895.5 ± 23.8  0.990 
Cla         
OB pH 3.0 0.060 ± 0.001 2078.9 ± 13.1  0.986 0.000026 ± 0.000002 2537.1 ± 35.8  0.974 
OB pH 5.0 0.070 ± 0.003 2646.9 ± 30.1  0.923 0.000029 ± 0.000002 3090.0 ± 38.7  0.963 
OB pH 8.0 0.036 ± 0.001 2245.6 ± 23.6  0.988 0.000011 ± 0.000001 3010.8 ± 45.8  0.989 
PB pH 3.0 0.019 ± 0.001 2212.0 ± 44.5  0.993 0.000004 ± 0.000000 3473.5 ± 110.6  0.991 
PB pH 5.0 0.042 ± 0.001 2052.8 ± 16.5  0.990 0.000015 ± 0.000000 2671.3 ± 16.9  0.998 
PB pH 8.0 0.030 ± 0.000 2142.8 ± 9.2  0.999 0.000008 ± 0.000000 3005.9 ± 9.1  1.000 
Tri         
OB pH 3.0 0.077 ± 0.001 500.8 ± 0.8  0.998 0.000159 ± 0.000005 589.1 ± 3.7  0.992 
OB pH 5.0 0.240 ± 0.003 214.6 ± 0.4  0.994 0.001887 ± 0.000148 227.2 ± 1.7  0.935 
OB pH 8.0 0.155 ± 0.005 239.9 ± 1.1  0.966 0.000948 ± 0.000020 261.2 ± 0.7  0.995 
PB pH 3.0 0.018 ± 0.000 429.4 ± 2.6  0.999 0.000019 ± 0.000000 668.2 ± 6.0  0.999 
PB pH 5.0 0.024 ± 0.001 200.3 ± 2.4  0.995 0.000065 ± 0.000002 209.1 ± 3.5  0.997 
PB pH 8.0 0.029 ± 0.000 233.9 ± 1.4  0.998 0.000071 ± 0.000001 329.2 ± 1.1  1.000  
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Delgado, Pine bark as bio-adsorbent for Cd, Cu, Ni, Pb and Zn: Batch-type and 
stirred flow chamber experiments, J. Environ. Manag. 144 (2014) 258–264, 
https://doi.org/10.1016/j.jenvman.2014.06.008. 

[15] D.B. Pal, R. Saini, N. Srivastava, I. Ahmad, M.Y. Alshahrani, V.K. Gupta, Waste 
biomass based potential bioadsorbent for lead removal from simulated wastewater, 
Bioresour. Technol. 349 (2022), 126843, https://doi.org/10.1016/j. 
biortech.2022.126843. 

[16] J.Z. Lima, A.P. Ogura, L.C.M. da Silva, I.M.R. Nauerth, V.G.S. Rodrigues, E.L. 
G. Espíndola, J.P. Marques, Biochar-pesticides interactions: An overview and 
applications of wood feedstock for atrazine contamination, J. Environ. Chem. Eng. 
10 (2022), 108192, https://doi.org/10.1016/j.jece.2022.108192. 
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