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A B S T R A C T   

This study implemented biochars produced from two arid agricultural byproducts, date palm leaves and pista-
chio shells, at pyrolysis temperatures from 400 to 800 ◦C to remove trimethoprim, sulfamethoxazole and sul-
fapyridine antibiotics from mixed solutions. By altering pyrolysis temperature and feedstock, produced biochars 
yielded a range of physicochemical properties resulting in distinct antibiotic adsorption. Antibiotic adsorption 
capacity generally decreased with increasing pyrolysis temperature, while adsorption affinities were temperature 
independent for trimethoprim and increased with pyrolysis temperature for sulfamethoxazole and sulfapyridine. 
Correlation against biochar properties suggested cation exchange capacity and functional group composition 
related well to adsorption capacity and polarity/hydrophobicity was linked to adsorption affinities. Antibiotic 
removal efficiencies by biochars from both feedstocks compared favorably against previous reports, with up to 
97.6, 98.1 and 99.5 % of trimethoprim, sulfamethoxazole and sulfapyridine removed, respectively. This work 
relates biochar production conditions to properties and subsequent antibiotic adsorption, demonstrating appli-
cation of these materials for removing antibiotics from wastewater.   

1. Introduction 

Irrigated agriculture accounts for about 70 % of water use globally, 
representing a major application of freshwater resources worldwide 
(Ritchie and Roser, 2022). As freshwater irrigation resources become 
increasingly stressed due to greater uncertainty in climate, increasing 
population and higher demand from energy and industrial sectors, 
alternative irrigation water sources are receiving greater consideration 
(Sapkota, 2019). This includes the use of recycled wastewater as an 
irrigation water source, which represents an attractive option because of 
its ubiquity, nutrient content and resilience against seasonal flow fluc-
tuations (Jaramillo and Restrepo, 2017). These points are particularly 
relevant in arid and semi-arid growing regions, which are water-stressed 
and have a large proportion of the global population to generate 
potentially usable wastewater (Scholes, 2020). Given the previous pas-
sage of recycled wastewater through municipal and/or industrial usage 
chains, recycled wastewaters may contain trace levels of contaminants 
(e.g., personal care products, pharmaceuticals, perfluoroalkylated sub-
stances) (Fu et al., 2019; Szabo et al., 2018). Of particular risk in irri-
gated agricultural systems are several residual antibiotics which coexist 
in recycled wastewater streams. Despite the low concentrations (ng L− 1 

to μg L− 1) of antibiotics in treated wastewaters, evidence suggests that 
these concentrations are sufficient to foster antibiotic resistance in 
wastewater streams and soils (Kampouris et al., 2021; Kovalakova et al., 
2020; Wang et al., 2020). Subsequent transfer of antibiotic resistance 
determinants to soil organisms and plants may occur, introducing them 
into the consumer food chain and further elevating exposure to humans 
and livestock. Removing trace levels of antibiotics from wastewater 
streams may therefore mitigate the risks associated with antibiotic 
resistance in recycled wastewater irrigated agricultural systems. 

A promising strategy for immobilizing antibiotics from wastewater 
streams is the use of environmentally-friendly and cost-effective biochar 
adsorbents (Krasucka et al., 2021). Biochar is a black carbon material 
made from the thermochemical transformation of a biomass feedstock 
(e.g., manure, agricultural byproducts, food wastes) under an anoxic 
atmosphere (Lehmann and Joseph, 2015). Resultant biochars possess 
high surface areas and reactive surface functionalities that favor 
adsorption of several classes of contaminants, including antibiotics 
(Krasucka et al., 2021). These key biochar characteristics are influenced 
by biochar feedstock composition and pyrolysis temperature. Recent 
studies have shown that altering these may influence adsorption 
behavior toward antibiotics. For example, a study probing antibiotic 
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adsorption onto cotton gin waste and guayule bagasse biochars pyro-
lyzed at 350 and 700 ◦C showed that cotton gin waste biochar produced 
at 700 ◦C had a greater sulfapyridine removal efficiency than biochars 
produced at lower temperatures and/or from guayule bagasse feedstock 
(Ndoun et al., 2021). The authors attribute this to an inherent lower 
proportion of oxygen-containing functional groups in cotton gin waste 
coupled with the increase in surface area and hydrophobicity of biochars 
produced with increasing pyrolysis temperatures, all of which enhanced 
the hydrophobic and π-π interactions between sulfapyridine and the 
biochars. Greater adsorption was generally observed with guayule 
bagasse biochars for erythromycin, however, which likely adsorbed 
through hydrophilic interaction with the biochars. Another study using 
manure, biosolids and coffee ground biochar to adsorb antibiotics from a 
mixture of seven antibiotic compounds also demonstrated the impact of 
feedstock on adsorption performance (Stylianou et al., 2021). Feedstock 
source impacted equilibrium and kinetic adsorption behavior, resulting 
in differences of antibiotic removal selectivity between biochars. These 
results highlight the potential for biochar adsorbents to remove antibi-
otics from wastewater streams in single solute and environmentally 
relevant mixed antibiotic systems. The influence of feedstock, pyrolysis 
temperature and target antibiotic on removal performance, however, 
need to be better understood to optimize adsorption given the vast 
number of feedstocks and production conditions available. 

Economic and environmental favorability of biomass feedstocks is 
influenced by regional availability and feedstock establishment (Liu 
et al., 2017). It is therefore advantageous to select feedstocks accessible 
as byproducts of existing activity in arid and semi-arid regions globally 
when considering purification of treated wastewater to be applied in 
water stressed agroecosystems. Two feedstocks which fit these criteria 
are date palm (Phoenix dactylifera) leaves (DPL) and pistachio (Pistacia 
vera) nut shells (PS). Date palms, which are cultivated in arid and semi- 
arid growing regions globally (e.g., the Middle East and the South-
western United States), annually produce up to 20 kg of dry biomass per 
tree. This includes leaflets, rachides and petioles suitable for conversion 
into biochar with the potential to adsorb contaminants from wastewater 
streams (Chao and Krueger, 2007; Mallaki and Fatehi, 2014). Specif-
ically, DPL biochars have been demonstrated to adsorb a wide range of 
heavy metals and organic contaminants from solution (Sizirici et al., 
2021; Tahir et al., 2020). In addition to date palms, pistachio nuts are 
largely cultivated in dry regions of the Middle East and Western United 
States (FAOSTAT). Globally, 1,125,305 t of pistachios were produced in 
2020 (FAOSTAT). Of total pistachio nut weight, roughly 50 % is shell, 
representing a large potential source of feedstock from this byproduct 
(Dreher, 2012). Given this potential, PS biochars have previously been 
researched as adsorbents and shown to be effective for the removal of 
organic and heavy metal contaminants (Komnitsas et al., 2015; Kom-
nitsas and Zaharaki, 2016). DPL and PS collectively represent biochar 
feedstocks associated with water-stressed agroecosystems and have 
demonstrated potential to remove a wide range of contaminants from 
aqueous solution. Due to these considerations, DPL and PS were selected 
as biochar feedstocks in this study. 

The objective of this study is to elucidate the influence of pyrolysis 
temperature and the resulting characteristics of biochars produced from 
agricultural byproduct feedstocks on antibiotic adsorption in a mixed 
(multi-compound) system. This objective is addressed by producing 
biochars from date palm leaves and pistachio shells at three pyrolysis 
temperatures (400, 600 and 800 ◦C). Biochars were then characterized 
based on intrinsic (e.g., elemental composition, surface area, functional 
group composition) and extrinsic (e.g., cation exchange capacity, pH, 
surface charge) properties previously linked to antibiotic adsorption 
behavior. The performance of the produced biochars as adsorbents for 
antibiotics previously identified in treated municipal wastewater (sul-
fapyridine (SPY), sulfamethoxazole (SMX) and trimethoprim (TMP)) in 
mixed solutions is evaluated and related to biochar properties on the 
basis of feedstock and pyrolysis temperature. These findings will 
compliment future studies predicting biochar antibiotic adsorption 

behavior based on biochar physicochemical properties. More broadly, 
this work informs further efforts to develop batch and fixed-bed filtra-
tion systems for removing antibiotics from wastewater streams, pre-
venting antibiotic exposure to soil and water. 

2. Materials and methods 

2.1. Materials 

All reagents used in biochar characterization and adsorption exper-
iments were of reagent grade and used as received without further pu-
rification or modification. SMX and SPY were acquired from TCI 
Chemicals (Tokyo, Japan) and TMP was acquired from MP Biomedicals 
(Solon, OH, United States). Solutions were made using deionized ul-
trapure water (18.2 MΩ cm). Physicochemical properties of TMP, SMX 
and SPY are shown in the supplementary information (Table S1). 

2.2. Biochar production 

Date palm leaflets were collected along with fresh fronds grown near 
Thermal, California. Leaflets were removed and then placed in an oven 
and heated at 60 ◦C until dried. After drying, leaflets were cut into 
roughly 1 cm pieces prior to pyrolysis. Pistachio shells were acquired 
commercially. Biochars were produced in a Carbolite Gero TF1–1200 
furnace (Carbolite Gero, Hope, UK). Samples were heated under N2 flow 
(1 L min− 1) from ambient temperature to 400, 600 or 800 ◦C at a rate of 
5 ◦C min− 1. Samples were then pyrolyzed at respective target temper-
atures for 3 h and cooled to room temperature. After pyrolysis, biochars 
were hand ground and sieved to 80 mesh (180 μm) prior to further use. 

2.3. Biochar characterization 

The specific surface area of the biochar was determined by a single- 
point BET N2 adsorption isotherm. N2 adsorption was measured on a 
Quantasorb Jr. surface area analyzer (Quantachrome Corp., Syosset, 
NY). Biochar moisture, ash, volatile and fixed carbon contents were 
determined by ASTM method D1762-84 (ASTM, 2013). C and N con-
centrations were determined through combustion analysis and O and H 
concentrations were determined through pyrolysis on a Elementar Vario 
PYRO Cube (Elementar Americas Inc., Ronkonkoma, NY). Attenuated 
total reflectance–Fourier transform infrared (ATR–FTIR) spectra of the 
biochars were collected on a Bruker Invenio-R spectrometer (Bruker 
Optics Inc., Billerica, MA). Cation exchange capacity (CEC) was deter-
mined by the modified ammonium acetate compulsory displacement 
method (Lago et al., 2021). Zeta potentials were determined by micro-
electrophoresis with a Zeta-Meter 3.0 instrument (Zeta Meter, Long Is-
land City, NY). Further methodological details on ATR-FTIR 
spectroscopy and CEC determination may be found in the supplemen-
tary information. 

2.4. Adsorption experiments 

Equilibrium adsorption of antibiotics in a ternary antibiotic mixture 
was studied using two different methodologies: (i) determination of a 
partitioning coefficient (Kd) and removal efficiency at a fixed environ-
mentally relevant concentration of 10 μg L− 1 for each antibiotic and (ii) 
assessment of equilibrium adsorption isotherms across a wider range of 
concentrations (5 to 100 mg L− 1). For Kd and removal efficiency 
determination, 0.2 g of each biochar was added to 10 mL of aqueous 
solution containing 10 μg L− 1 of SMX, SPY and TMP. These studies were 
conducted in glass vials with Teflon-coated septa. For adsorption 
isotherm studies, the same solution volume and solid concentration 
were used as in partitioning coefficient studies. Initial SMX, SPY and 
TMP concentrations of 5, 10, 20, 30, 40, 60 and 100 mg L− 1 were used. 
Suspensions were then shaken in a dark room for 24 h. A period of 24 h 
was found to be adequate to reach equilibrium in previous studies 
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probing adsorption of SMX, SPY and TMP onto biochars (Huang et al., 
2020; Stylianou et al., 2021). Equilibrium solution samples were then 
withdrawn from vials, centrifuged at 14,000 rpm, and the supernatant 
passed through a 0.2 μm PTFE syringe filter into an amber glass vial 
before liquid chromatography–tandem mass spectrometric (LC–MS/MS) 
analysis. Adsorption was quantified as the difference between initial and 
final amounts of SMX, SPY and TMP in solution. All adsorption studies 
were performed in triplicate (n = 3). In adsorption studies, suspensions 
were not pH adjusted and matched the inherent pH of biochars. 

Adsorption isotherms were fitted by the Langmuir model, described 
as: 

qe =
qmaxKceq

1 + Kceq  

where qe is the amount of antibiotic adsorbed (mg g− 1) at equilibrium 
concentration ceq (mg L− 1), qmax is the maximum adsorption capacity 
(mg g− 1) and K is the Langmuir adsorption coefficient (L mg− 1) 
(McBride, 1994). It should be noted that despite the description of 
adsorption behavior, no robust inferences regarding adsorption mech-
anisms can be inferred from adherence to the Langmuir model itself. 
Several assumptions (e.g., energetically homogeneous surface sites, 
monolayer adsorption on sites, no interaction amongst adsorbed spe-
cies) are violated in the biochar-solution system. Inferences regarding 
adsorption energetics and adsorbate orientation are consequently not 
physically meaningful (Essington, 2004). The model, however, is still 
suited for describing empirical adsorption curve characteristics and 
equilibrium partitioning behavior in systems where the underlying 
model assumptions do not apply (Essington, 2004). 

For partitioning coefficient studies, Kd values were determined by: 

Kd =
cs

caq  

where Kd is the partitioning coefficient (L kg− 1), cs is the antibiotic 
concentration in solid phase (μg kg− 1) and caq is the aqueous phase 
concentration (μg L− 1) (McBride, 1994). 

Removal efficiencies were calculated by: 

RE =

(
c0 − ce

c0

)

*100  

where RE is the removal efficiency (%), c0 is the initial concentration of 
antibiotics in solution (μg L− 1) and ce is the concentration in solution 
after adsorption equilibrium (μg L− 1). 

2.5. LC–MS/MS analysis 

LC–MS/MS analyses were performed on an Agilent 1290 Infinity II 
HPLC with an Agilent 6410B triple quadrupole MS/MS detector and an 
electrospray ionization interface. Additional information regarding LC- 
MS/MS methods may be found in the supplementary information. 

3. Results and discussion 

3.1. Biochar specific surface area 

PS biochars had surface areas ranging from 3.89 to 66.85 m2 g− 1 and 
DPL biochars ranged from 5.75 to 70.38 m2 g− 1 (Table 1). This is 
attributable to the thermal transformation of feedstocks during pyroly-
sis, which liberates volatile matter and thermally decomposes func-
tionalities present in feedstocks, producing high surface area pore 
structures in biochar (Tomczyk et al., 2020). The observed ranges of 
surface areas are generally consistent with previously reported values 
for PS and DPL biochars (196.4 and ≈3.5–289 m2 g− 1, respectively), 
albeit somewhat lower (Komnitsas and Zaharaki, 2016; Sizirici et al., 
2021). Observed surface area values were higher for PS biochars than 
DPL biochar produced at 400 ◦C. At 600 and 800 ◦C, DPL yielded bio-
chars with higher surface area than did PS. These results suggest there 
was no clear relationship between feedstock and surface area. A more 
pronounced relationship is apparent when comparing biochars pro-
duced at different temperatures. For both feedstocks, biochar surface 
areas generally increased with increasing pyrolysis temperature. An 
exception to this trend is the pistachio shell biochar produced at 600 ◦C, 
which had a slightly lower surface area than pistachio shell biochar 
produced at 400 ◦C. These findings are in agreement with several pre-
vious studies, which report an increase in surface area with increasing 
pyrolysis temperature due to enhanced release of volatile matter and 
increase in micropore volume (Keiluweit et al., 2010; Ndoun et al., 
2021). 

3.2. Proximate analysis of biochars 

Volatile, fixed C and ash contents varied considerably between bio-
chars (Table 1). DPL biochars had a higher range of ash contents 
(17.8–25.46 %) relative to PS biochars (1.34–2.55 %). This difference 
was largely compensated for by a greater proportion of fixed C in PS 
biochars (74.30–89.69 %) relative to DPL biochars (56.56–65.31 %). 
The higher ash content in date palm leaves was possibly due to a rela-
tively higher concentration of inorganic elements (e.g., Ca, K, Si, Fe) in 
date palm leaves compared with pistachio shells, which may translate to 
a greater proportion of ash-related materials (e.g., quartz, amorphous 
SiO2, carbonates) in biochars (Cao and Harris, 2010). Unlike fixed C and 
ash contents, volatile contents were similar between biochars produced 
from both feedstocks at a given pyrolysis temperature. Across pyrolysis 
temperatures, there was a notable effect on the volatile, fixed C and ash 
contents of the biochars. For the DPL biochars, increasing pyrolysis 
temperature reduced the proportion of volatile matter and resulted in a 
relative enrichment of fixed C and ash species. A similar loss of volatiles 
occurred for PS feedstock biochars, although only a relative enrichment 
of fixed C was observed. Relative enrichment of thermally recalcitrant 
fixed C and ash species with increasing pyrolysis temperatures, as 
observed here, is commonly reported in the literature (Tomczyk et al., 
2020). 

Table 1 
Surface areas, elemental concentrations (C, N, O and H), elemental atomic ratios and volatile, fixed C and ash percentages for biochars produced from DPL and PS 
feedstocks from 400 to 800 ◦C. Volatile, fixed C and ash contents represent percentages of moisture-free biochar masses. Elemental concentrations and ratios represent 
averages of three replicates.  

Biochar Surface area (m2 g− 1) %C %N %O %H H/C O/C (O + N)/C % volatile % fixed C % ash 

DPL 400  5.75  61.55  2.06  13.37  3.45  0.65  0.19  0.22  25.64  56.56  17.80 
DPL 600  18.72  64.13  1.95  4.67  2.20  0.32  0.13  0.16  11.45  65.31  23.24 
DPL 800  70.38  65.48  1.90  4.12  0.91  0.18  0.12  0.15  9.41  65.13  25.46 
PS 400  8.53  74.83  0.35  15.50  3.36  0.55  0.13  0.14  23.46  74.30  2.23 
PS 600  3.89  88.55  0.32  11.20  1.74  0.29  0.039  0.043  8.97  89.69  1.34 
PS 800  66.85  87.18  0.73  10.54  1.01  0.12  0.036  0.043  9.62  87.83  2.55  
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3.3. Elemental composition of biochars 

C, N, O and H concentrations and related atomic ratios of biochars 
are shown in Table 1. PS feedstock yielded biochar with a greater pro-
portion of C and O than the DPL feedstock at each pyrolysis temperature. 
N concentrations, however, were higher in the DPL biochars. H con-
centrations between chars from both feedstocks were similar for each 
temperature. Variation in C, N, O and H concentrations between bio-
chars from both feedstocks translated to differences in functional indices 
related to biochar aromaticity (H/C ratio), hydrophobicity (O/C ratio) 
and polarity ((O + N)/C ratio) (Zhao et al., 2019). Biochar H/C and O/C 
ratios are inversely proportional to aromaticity and hydrophobicity, 
respectively, with the (O + N)/C ratio proportional to biochar polarity. 
The higher H/C as well as O/C and (O + N)/C ratios of DPL biochars 
indicate a lower degree of aromaticity and hydrophobicity relative to PS 
biochars at corresponding pyrolysis temperatures. Pyrolysis tempera-
ture had a comparatively greater influence on biochar elemental 
composition than did feedstock. For a given feedstock, increasing py-
rolysis temperature increased C content and decreased concentrations of 
O and H. Reduction of O and H concentrations with increasing pyrolysis 
is widely reported in the literature and is attributable to loss or modi-
fication of thermally labile functional groups. This includes the loss of 
hydroxyl (–OH), carboxyl (–COOH), cellulose-like O-alkyl (C–O) and 
aliphatic (–CH2–) groups along with the condensation of aromatic 
structures into conjugated graphitic domains (Ippolito et al., 2020; 
Keiluweit et al., 2010; Novak et al., 2009; Sun et al., 2018; Tomczyk 
et al., 2020). Accordingly, pyrolysis-induced shifts in functional group 
composition create biochars that are more aromatic, more hydrophobic 
and less polar when pyrolyzed at higher temperatures. The H/C, O/C 
and (O + N)/C ratios of biochars in this study reflect this, with biochars 
from both feedstocks having lower values for all ratios as pyrolysis 
temperature increased. 

3.4. Biochar functional group speciation 

ATR–FTIR spectra of DPL and PS biochars show the presence of 
distinct organic functional groups in produced biochar matrices 
(Fig. S1). Prominent functional group vibrations include ν O–H (≈3350 
cm− 1), νas –CH2 (≈2920 cm− 1), νs –CH2 (≈2850 cm− 1) ν C––O (≈1690 
cm− 1), ν C––C (≈1585 cm− 1), aromatic ν C–O (≈1370 and 1220 cm− 1), 
aliphatic δ C–H (≈1430 cm− 1), ν C–O (≈1100 cm− 1) and aromatic δ 
C–H (≈870, 800 and 750 cm− 1) modes (Keiluweit et al., 2010; Parikh 
et al., 2014). The presence of these functional groups in biochars reflects 
the largely lignin, cellulose and hemicellulose-rich nutshell and leaf 
feedstocks used here through thermal recalcitrance and/or thermal 
modification of these groups. Furthermore, the prominent feature 
≈1100 cm− 1 may also overlap with ash-related ν Si–O and ν Al–O 
vibrational modes (Parikh et al., 2014). DPL and PS biochars showed 
some differences, including a more pronounced peak near 1100 cm− 1 

and a weaker feature attributable to aromatic ν C–O near 1220 cm− 1 in 
DPL biochars relative to PS biochars. A possible explanation for the more 
pronounced peak near 1100 cm− 1 is the greater ash content of DPL 
chars. ATR–FTIR spectra of ash collected from ash determination 
showed several features in proximity to this peak, indicating that ash 
may contribute to this peak’s prominence (Fig. S2). The greater ash 
content may also obscure the aromatic ν C–O stretching mode at around 
1220 cm− 1, reducing it to a shoulder in spectra of DPL biochars. As with 
the aforementioned biochar characteristics, pyrolysis temperature had a 
comparatively large impact on biochar functional group composition 
relative to feedstock. With increasing pyrolysis temperature across the 
400–800 ◦C temperature range used in this study, a decrease in func-
tional group diversity was observed. Compared with biochar spectra at 
400 ◦C, ν O–H, νas –CH2, νs –CH2, ν C––O, aromatic ν C–O and 
aliphatic/aromatic δ C–H modes are largely diminished or absent in 
800 ◦C biochar spectra. For the features related to O–H, C––O and 
aliphatic C–H functional groups, the greatest decrease occurred 

between 400 and 600 ◦C, likely due to thermal breakdown of lignin and 
cellulose-like components of biochars which contain these functional 
groups. Aromatic C–O and C–H functionalities underwent more pro-
nounced removal from 600 to 800 ◦C, suggesting a greater degree of 
thermal stability for these aromatic-associated functional groups rela-
tive to O–H C––O and aliphatic C–H moieties. Loss of these aromatic 
associated functional groups indicated condensation into extended 
structures, through which aromatic C bonds to –H or other functional 
groups (e.g., COOH, COH) are replaced with bonds to other aromatic C 
rings. Formed condensed aromatic structures are highly nonpolar and 
therefore do not efficiently absorb infrared radiation (Parikh et al., 
2014). As a result, spectra of 800 ◦C biochars do not show many 
prominent features except for the ash related peak near 1100 cm− 1 in the 
DPL 800 spectrum. A previous FTIR and X-ray absorption near edge 
structure study described similar transformation of wood and grass 
biochars (Keiluweit et al., 2010). A loss of hydroxyl groups was observed 
at pyrolysis temperatures up to 300 ◦C, followed by transformation of 
lignin and cellulose at around 400 ◦C and extensive condensation of 
aromatic groups starting at 500 ◦C and increasing with temperature 
(Keiluweit et al., 2010). 

3.5. Biochar pH, CEC and surface charge 

The differing mass fractions, elemental compositions and functional 
group speciation of biochars resulted in materials with distinct pH, CEC, 
and zeta potential values (Table 2). The pH values of all biochars were 
basic, ranging from pH 7.89 to 10.15. DPL biochars generally had higher 
pH values than did PS biochars, likely due to the higher ash content of 
DPL biochars which may include (hydr)oxides and carbonates of Na, K, 
Mg and Ca (Cao and Harris, 2010). With increasing pyrolysis tempera-
ture, the pH of the biochars also increased. For the DPL biochars, this is 
potentially attributable to an increase in ash content with pyrolysis 
temperature. For PS biochars with ash contents varying little with py-
rolysis temperature, the increased pH value might correspond with 
thermal decomposition of acidic functional groups (e.g., carboxylic and 
phenolic functionalities) (Novak et al., 2009). ATR–FTIR results suggest 
this may be a contributing factor, as extensive removal of these groups 
occurred, particularly from 400 to 600 ◦C where the largest increase in 
pH values was observed. 

All produced biochars had negative zeta potential values in solutions 
with unbuffered pH. Zeta potential values of DPL biochars were 
consistently lower than for PS biochars, indicating a greater negative 
surface charge on DPL biochar surfaces relative to PS biochars. As with 
pH, this was potentially related to an overall higher ash content in DPL 
biochars. Many mineral species present in biochar ash (e.g., silicon 
oxide, carbonate minerals) have point of zero charges that are well 
below the unbuffered pH values of biochars in this study. For example, 
Si-oxides commonly have point of zero charge values ≈2.0–3.0 with Al- 
oxides closer to ≈8.0–9.0 (Essington, 2004). There was no straightfor-
ward relationship between pyrolysis temperature and zeta potential 
despite the link between the two parameters. 

CEC values were somewhat higher for DPL biochars compared with 
PS biochars. Pyrolysis temperature did not have a systematic impact on 

Table 2 
Biochar characteristics functionally associated with surface charge, pH and 
cation exchange behavior. CEC (n = 2) and pH (n = 3) values represent an 
average of experimental replicates and zeta potential represents an average of 
readings from at least 20 particles.  

Biochar pH Zeta potential (mV) CEC (cmolc kg− 1) 

DPL 400  9.09  − 44.1  18.26 
DPL 600  10.04  − 37.65  8.24 
DPL 800  10.15  − 39.04  8.40 
PS 400  7.89  − 22.35  7.78 
PS 600  9.19  − 25.57  6.32 
PS 800  9.39  − 27.81  7.13  
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CEC, although DPL biochars showed a decrease in CEC above 400 ◦C. A 
recent meta-analysis found a similar lack of relationship between py-
rolysis temperature and CEC (Ippolito et al., 2020). This observation 
largely reflected trends in biochar zeta potentials here, which were 
lower for DPL biochars and showed only a nominal influence of pyrolysis 
temperature. Given the relationship between negative surface charge 
and the capacity of a particle to adsorb cations, the similarity in 
behavior between these two parameters is physically consistent. 

3.6. Antibiotic adsorption isotherms and relation to biochar properties 

All antibiotics readily adsorbed onto all produced biochars from 
ternary mixtures ranging from 5 to 100 mg L− 1 initial concentration 
(Fig. 1, Table 3). Across this range, adsorption behavior was well fit by 
the Langmuir model, although the observed adsorption isotherm char-
acteristics differed amongst biochars and antibiotics. Of particular 
relevance to the performance of biochars for antibiotic removal is the 
Langmuir qmax parameter, which provides an empirical estimate of 
biochar adsorption capacity for antibiotics. Maximum predicted 
adsorption capacity ranges for TMP (0.91–4.01 mg g− 1), SMX 
(0.29–3.61) and SPY (0.59–166 mg g− 1) varied considerably between 
biochars, but were generally in agreement with the range of adsorption 
capacities reported in the literature (TMP: 2.08–125.88 mg g− 1; SMX: 
0.25–128.2 mg g− 1; SPY: 0.013–57.9 mg g− 1) (Berges et al., 2021; 
Huang et al., 2020; Li et al., 2019; Ndoun et al., 2021; Sun et al., 2016). 
Our predicted capacities are on the lower end of reported values (except 
for SPY on DPL 400 biochar), possibly due to the presence of three an-
tibiotics in solution that may simultaneously adsorb on available surface 
sites rather than a single species. Total predicted antibiotic adsorption 

capacities of biochars ranged from 1.26 to 173 mg g− 1 for PS 800 and 
DPL 400 biochars, respectively. These values compare more closely with 
the reported values for individual antibiotics and indicate some degree 
of competition might influence adsorption capacity with the antibiotic 
mixture used here. Differences in biochar physicochemical properties, 
however, make this comparison tentative. 

Adsorption capacities were typically higher for DPL biochars at a 
given pyrolysis temperature compared with PS biochars. Increasing 
pyrolysis temperature generally decreased adsorption capacity, with the 
largest decrease observed from 400 to 600 ◦C. To help understand 
variation in adsorption capacity in relation to underlying biochar 
properties, correlation analysis was conducted (Fig. 2). For all three 
antibiotics, the strongest correlation for qmax is with CEC, with TMP, 
SMX and SPY having correlation coefficients of 0.98, 0.98 and 0.99, 
respectively. The net negative (SMX and SPY) or neutral (TMP) charges 
on antibiotics across the biochar pH range of 7.89–10.15 made the 
relationship with CEC (which is a measure of negatively charged cation 
exchange sites) unexpected, as electrostatic interactions with negatively 
charged sites would not be favorable. CEC is a functional metric of 
cation exchange dependent upon several factors, including pH, surface 
functional groups and elemental composition. It is unlikely that negative 
charge itself contributed to the adsorption capacity of these antibiotics, 
but perhaps the density of biochar surface functional groups that lead to 
surface charge development (e.g., carboxylate and phenol groups) 
influenced antibiotic adsorption capacity. This would correspond with 
the decrease in polar functional groups (from ATR–FTIR spectra) with 
increasing pyrolysis temperature and the coinciding decrease in qmax. 
Furthermore, O/C and (O + N)/C ratios correlated reasonably well with 
observed adsorption capacities. Both points indicate that O-containing 

Fig. 1. Averaged experimental adsorption isotherms 
(points) and Langmuir model fitting (solid lines) for 
trimethoprim (a, b), sulfamethoxazole (c, d) and 
sulfapyridine (e, f). Different pyrolysis temperatures 
are denoted by different shaped points (400 ◦C – 
diamonds, 600 ◦C – circles, 800 ◦C-squares) and 
corresponding colors (400 ◦C – green, 600 ◦C – yel-
low, 800 ◦C-blue). Error bars represent standard 
deviation (n = 3) of ce and qe. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this article.)   
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functional groups played a key role in adsorbing these antibiotics under 
studied conditions. C–O/C––O containing surface functionalities have 
also been previously identified for predicting pharmaceutical adsorption 
on biochars, providing additional evidence for the role of these groups 
within CEC-related influence (Zhu et al., 2022). 

Through these relationships, some insights into the antibiotic 
adsorption mechanisms onto biochar may be inferred. For neutral TMP, 
adsorption onto polar functional groups could have included H-bonding 
through amino, methoxy and pyrimidine groups. Carboxylic functional 
groups on biochar may also enhance π electron withdrawal from aro-
matic structures on biochar, rendering π electron deficient aromatic 
structures that could serve as sites for π electron donation by the py-
rimidine structure of TMP through π-π electron donor-acceptor (EDA) 
interactions (Liu et al., 2015). For negatively charged SMX and SPY at 
high corresponding biochar pH values, these surface sites might have 
aided in the formation of charge assisted H-bonds. This process involves 
the exchange of a proton from H2O to a negatively charged ion, forming 
an OH− and neutrally charged compound that can readily form H-bonds 
with O-containing surface functional groups (Teixidó et al., 2011). 
Negatively charged sulfonamide groups in SPY and SMX could 

conceivably form neutral species and engage in H-bonding with polar N 
or O-containing functional groups. An increase in surface adsorption 
capacity beyond adsorption attributable to π-π interactions would then 
become accessible. Charge assisted H-bonding of SPY and SMX would be 
consistent with other studies that showed appreciable adsorption of 
negatively charged sulfonamides onto negatively charged biochar sur-
faces (Ndoun et al., 2021; Teixidó et al., 2011; Zheng et al., 2013). These 
findings were consistent with our characterization results, which 
showed a decrease in O-containing functional groups as well as CEC, (O 
+ N/C) and O/C with increasing pyrolysis temperature. As with biochar 
adsorption capacity, the most pronounced changes to these character-
istics occurred from 400 to 600 ◦C. The comparatively higher adsorption 
capacities for DPL biochars versus PS biochars also related well to the 
physicochemical characteristics of biochars from different feedstocks. 
Namely, the greater CEC, (O + N/C) and O/C values for DPL biochars 
compared to PS biochars corresponded with the greater adsorption ca-
pacities of these chars across the 400–800 ◦C pyrolysis temperature 
range. 

Langmuir K values determined for each antibiotic and biochar 
showed highest values for TMP, followed by SPY, which generally had 

Table 3 
Langmuir model parameters from averaged isotherms for each antibiotic and biochar sample.  

Biochar Trimethoprim Sulfamethoxazole Sulfapyridine Total 

K (L mg− 1) qmax (mg g− 1) RMSE K (L mg− 1) qmax (mg g− 1) RMSE K (L mg− 1) qmax (mg g− 1) RMSE qmax (mg g− 1) 

DPL 400 1.13 × 10− 1 4.10 1.52 × 10− 1 2.75 × 10− 3 3.61 4.58 × 10− 2 1.73 × 10− 4 1.66 × 102 1.36 × 10− 1 1.73 × 102 

DPL 600 2.16 × 10− 1 1.98 1.48 × 10− 1 2.66 × 10− 2 7.81 × 10− 1 2.28 × 10− 2 3.69 × 10− 2 1.18 2.81 × 10− 2 3.94 
DPL 800 6.25 × 10− 1 1.69 8.17 × 10− 2 7.22 × 10− 2 5.81 × 10− 1 2.90 × 10− 2 3.08 × 10− 1 6.28 × 10− 1 5.90 × 10− 2 2.27 
PS 400 7.76 × 10− 1 1.28 8.55 × 10− 2 4.92 × 10− 2 5.23 × 10− 1 1.97 × 10− 2 4.46 × 10− 2 1.03 8.08 × 10− 2 2.83 
PS 600 5.14 × 10− 1 8.49 × 10− 1 3.58 × 10− 2 4.24 × 10− 2 6.77 × 10− 1 1.41 × 10− 2 9.40 × 10− 2 6.23 × 10− 1 4.09 × 10− 2 1.53 
PS 800 4.40 × 10− 1 9.71 × 10− 1 5.53 × 10− 2 8.52 × 10− 2 2.86 × 10− 1 1.66 × 10− 2 1.31 × 10− 1 5.87 × 10− 1 3.24 × 10− 2 1.26  

Fig. 2. Correlation matrix between predicted adsorption capacity (qmax) and biochar physicochemical characteristics.  
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higher affinities than SMX (Table 3). This was likely attributable to the 
net charges on TMP, SMX and SPY molecules at biochar pH values. The 
negative charges on SMX and SPY likely led to a lower affinity with 
negatively charged biochar surfaces relative to charge neutral TMP due 
to repulsive electrostatic interaction, which can greatly reduce adsorp-
tion affinity. Between feedstocks, PS biochars generally showed greater 
adsorption affinities when compared to DPL biochars at a given pyrol-
ysis temperature. Electrostatic repulsion also played a probable role in 
the lower general affinity of SMX and SPY for DPL biochars, as these 
biochars possessed a more negative charge than did PS biochars. Py-
rolysis temperature had a greater influence on K values than did feed-
stock for all antibiotics, with K and pyrolysis temperature increasing 
concertedly. The exception to this was adsorption affinity of TMP on PS 
biochars, which decreased somewhat with increasing pyrolysis tem-
perature. Increasing adsorption affinity with higher biochar pyrolysis 
temperatures is a trend previously observed for the adsorption of 
organic compounds onto biochar, including sulfonamide antibiotics 
(Zheng et al., 2013). This relationship was attributed to decreasing 
biochar polarity/increasing hydrophobicity with pyrolysis temperature 
observed here for both DPL and PS biochars, which reduces the affinity 
of water for biochar surfaces by reducing the size and density of water 
clusters around polar functional groups, enhancing favorability of hy-
drophobic interaction (Wang et al., 2006). This indicated that hydro-
phobic interaction, such as π-π interactions, played a role in antibiotic 
adsorption onto biochar in addition to the aforementioned H-bonding 
and EDA processes. These hydrophobic forces likely became more 
prevalent on condensed, hydrophobic biochar surfaces produced at 

higher pyrolysis temperature. 

3.7. Biochar antibiotic removal performance at trace concentrations 

Kd values for TMP, SMX and SPY on all biochars are shown in Fig. 3 
(see also supplementary information (Table S2)). Kd values differed 
between antibiotic species, with Kd ranging from 1012.08 to 2029.15 L 
mg− 1 for TMP, 15.87 to 2690.56 mL g− 1 for SMX and 168.28 to 9347.8 
mL g− 1 for SPY. Across both feedstocks and all pyrolysis temperatures, 
Kd values for TMP were lower for PS biochars and showed a decreasing 
trend with increasing pyrolysis temperature, albeit not significantly. 
SMX distribution coefficients increased significantly with pyrolysis 
temperature for both feedstocks, with PS biochar showing greater af-
finity than DPL at 600 ◦C and DPL showing a greater affinity than PS at 
800 ◦C. SPY exhibited similar behavior, with DPL biochars showing 
progressively greater Kd values from 400 to 600 ◦C and from 600 to 
800 ◦C. PS biochars had greater Kd values at higher pyrolysis tempera-
tures relative to 400 ◦C, while no significant difference was observed 
between 600 and 800 ◦C. At 400 and 600 ◦C, DPL biochars had signif-
icantly lower Kd values relative to PS biochars, and both were similar at 
800 ◦C. 

Correlation analysis between Kd and biochar physicochemical char-
acteristics linked these adsorption characteristics with biochar proper-
ties (Fig. 4). Unlike correlations with biochar adsorption capacity, CEC 
was not the strongest correlating feature with antibiotic Kd values. There 
were some similarities, however, with elemental composition corre-
lating strongly to partitioning behavior for all antibiotics, with surface 

Fig. 3. Experimental distribution coefficients for DPL (brown bars) and PS (green bars) biochars at 400, 600 and 800 ◦C determined in a 10 ppb (μg L− 1) solution of 
each antibiotic (left). Experimental removal efficiencies for DPL and PS biochars at 400, 600 and 800 ◦C determined in a 10 μg L− 1 solution of each antibiotic (right). 
Error bars represent standard deviations (n = 3) and letters indicate significant (p < 0.05) differences between groups for each antibiotic based on Student’s t-test. Kd 
values are presented on a log scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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area also correlating well to Kd for SMX and SPY. More specifically, SMX 
and SPY had strong negative correlations with %H and H/C ratio. While 
these characteristics covaried strongly, they collectively indicated a 
trend of increasing Kd with increasing biochar hydrophobicity. Similar 
to the Langmuir coefficient derived from a much higher concentration 
range, this implied that high-affinity π-π interactions occur between 
SMX/SPY and biochar surfaces. This would lead to stronger partitioning 
onto more hydrophobic biochars relative to charge assisted H-bonding 
that potentially occurred, as well on more polar biochar surface sites. 
Given the relationship between increasing pyrolysis temperature and 
increasing biochar hydrophobicity through the formation of graphitic 
domains, the observed differences in SMX and SPY Kd values between 
biochars pyrolyzed at different temperatures were likely attributable to 
these hydrophobic interactions (Tomczyk et al., 2020; Zheng et al., 
2013). ATR–FTIR spectra also reflected the transition from biochars 
relatively enriched in polar functional groups at 400 ◦C and transition-
ing to largely ash and condensed aromatic structures at higher temper-
atures. This potentially linked to feedstock effects as well, as PS biochars 
generally had lower H/C ratios than did DPL biochars, albeit slightly. 
Although TMP Kd values did not vary significantly across biochars, there 
was a strong correlation between Kd values and biochar O/C and (O +
N)/C ratios. The presence of polar functional groups could enhance TMP 
adsorption through providing sites for H-bonding or electronic effects 
favorable to π-π EDA interactions. Furthermore, it is also conceivable 
that the presence of these groups reduced hydrophobicity and dispro-
portionately reduced the affinity of SMX and SPY for biochars, effec-
tively reducing surface site competition. Given the similarity of TMP Kd 
values across all biochars, however, these influences were likely mini-
mal. In addition to these surface functional group influences, SMX and 
SPY Kd values correlated with biochar surface area. This is consistent 
with previous findings which showed greater sulfonamide partitioning 
with higher surface area biochars (Huang et al., 2020; Zheng et al., 
2013). This influence was attributed to enhancement of hydrophobic 
interactions due to increased surface area, which would align with our 
observed relationship between Kd and surface composition (Huang 
et al., 2020; Peiris et al., 2017). 

As partitioning behavior and removal efficiency are related param-
eters, observed trends in Kd for biochars and antibiotics translated to a 

range of removal efficiencies between antibiotics and biochars (Fig. 3 
and see supplementary information (Table S2)). Biochars showed the 
most consistent and thorough removal of TMP from solution, with 
removal efficiencies ranging from 93.33 to 97.58 %. SMX and SPY 
removal were more dependent on biochar properties, with removal ef-
ficiencies ranging from 23.78 to 98.1 % and 77.08 to 99.45 %, respec-
tively. Across PS and DPL feedstocks at different pyrolysis temperatures, 
TMP removal efficiency did not vary significantly. SPY showed more 
variability, with DPL biochars progressively removing more SPY from 
solution with incremental pyrolysis temperature increases. PS biochars 
removed more SPY from solution at 600 and 800 ◦C relative to 400 ◦C, 
with no difference between the higher pyrolysis temperatures. At 400 
and 600 ◦C, PS biochars removed significantly more SPY from solution 
than did DPL biochars. Similar to SPY, SMX removal showed variation 
between feedstocks and pyrolysis temperatures. For 600 ◦C biochars, PS 
feedstock resulted in more effective removal, whereas at 800 ◦C DPL 
biochar was more effective than was 800 ◦C PS biochar. For a given 
feedstock, increasing pyrolysis temperature led to greater SMX removal 
efficiencies. Considering the direct relationship between Kd and removal 
efficiency, the same biochar characteristics governed removal effi-
ciencies. Most marked was the influence of feedstock and pyrolysis 
temperature on biochar hydrophobicity, which drove significant dif-
ferences in SMX and SPY adsorption through hydrophobic interaction. 

DPL and PS biochars showed great potential for the removal of TMP, 
SMX and SPY from solution at an environmentally relevant concentra-
tion. Comparison with previous studies is complicated by differences in 
experimental concentrations, which often well exceed environmental 
relevance for methodological purposes, and biochar loading rates. Some 
general comparisons, however, show that DPL and PS biochars produced 
in this study demonstrated strong removal characteristics. For example, 
a recent study by Stylianou et al. demonstrated poor removal of SMX by 
biosolids, manure and coffee ground biochar (up to 10–20 %) from a 
mixture of seven antibiotics at 100 μg L− 1 concentration with both 1 and 
10 g L− 1 biochar concentrations (Stylianou et al., 2021). The authors 
attributed poor removal to the net negative charge on SMX under 
alkaline pH and adsorptive competition from other solutes. While our 
study used lower antibiotic concentrations and a higher biochar loading 
(20 g L− 1), we observed almost complete removal (up to 98.1 %) of SMX 

Fig. 4. Correlation matrix between predicted antibiotic distribution coefficients (Kd) and biochar physicochemical characteristics.  
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with 800 ◦C biochars, despite alkaline pH and multiple solute antibi-
otics. Under single solute conditions, another study showed poor SMX 
removal by ball-milled hickory chip biochar when pH was at or above 
7.5, while effective removal occurred at acidic pH values (Huang et al., 
2020). SPY removal was similarly favorable when compared to other 
findings. Huang et al. showed high SPY removal efficiency of around 85 
% at pH 3.5, but removal was 40 % at alkaline pH, as used in our study 
(pH = 8.5). SPY removal efficiencies of around 70 % and 40 % at pH =
10–11 and 7, respectively, were reported with cotton gin waste biochar 
(Ndoun et al., 2021). The Ndoun et al. and Huang et al. studies used 10 
ppm SMX and SPY for removal efficiency determination, which may 
explain the lower efficiencies compared with our study (77.08–99.45 
%). TMP removal rates were more similar to those reported previously 
than were those for SMX and SPY. TMP removal efficiencies of 80–90 % 
were observed for manure and coffee ground biochars (Stylianou et al., 
2021). In another study, over 90 % of TMP was removed from a 
wastewater matrix by woodchip biochar after 7 days incubation (Muter 
et al., 2019). Both values compare well to our observed TMP removal 
efficiency range of 93.33–97.58 %. These comparisons collectively 
highlight the viability of PS and DPL biochars for the removal of trace 
levels of antibiotics from solutions. 

3.8. Selection of biochars for TMP, SMX and SPY removal in water 
treatment 

We demonstrated the production of biochars from two different 
classes of agricultural byproduct feedstock (i.e., leaf and nut shell ma-
terial) at a range of pyrolysis temperatures. This yielded biochars with a 
matrix of properties that influenced two key parameters related to 
adsorbent performance: qmax and Kd. Interestingly, the two parameters 
correlate with conflicting trends in biochar characteristics for studied 
antibiotics. qmax correlates positively with CEC and elemental ratios 
representing surface polarity for TMP, SMX and SPY, whereas increasing 
biochar hydrophobicity and aromaticity favor greater Kd values for SMX 
and SPY, with Kd values for TMP not significantly different regardless of 
biochar characteristics. For the low concentrations of antibiotics often 
found in treated wastewater (ng L− 1 to μg L− 1 levels) that might be used 
for irrigation purposes, Kd would be the more practical parameter to 
optimize as high adsorbent affinity is necessary to effectively remove 
trace levels of solutes. For either of the feedstocks selected here, that 
suggests pyrolysis at 800 ◦C would yield the best performing biochar, as 
shown by the extensive removal of antibiotics in this study. Despite the 
relatively low predicted antibiotic qmax values for biochars produced at 
800 ◦C, ranging from 0.29 to 1.69 mg g− 1 for individual antibiotics and 
1.26–2.27 mg g− 1 for TMP, SMX and SPY combined, these materials 
could still treat a high volume of water in a water polishing capacity. It is 
also possible to utilize an array of biochars to stagger desired removal 
characteristics, such as in a layered column system, to optimize anti-
biotic removal from wastewater streams prior to irrigation (Ashworth 
and Ibekwe, 2020). 

4. Conclusions 

This work demonstrated the conversion of two agricultural byprod-
ucts endogenous to arid and semi-arid growing systems into a range of 
biochars with functionally different physicochemical characteristics. 
These properties were easily tailored through simple modification of 
pyrolysis temperature and yielded a range of adsorption characteristics 
toward three antibiotics prevalent in treated wastewater streams. 
Although TMP, SMX and SPY adsorbed strongly on biochars, biochar 
properties influenced antibiotic adsorption mechanisms, which had a 
large impact on adsorption behavior at relatively high (0.5–100 mg L− 1) 
and trace (10 μg L− 1) antibiotic concentrations. Produced biochars 
showed excellent potential to optimize adsorption affinity (Kd) and ca-
pacity (qmax) for each antibiotic used and, hence, demonstrated 
comprehensive antibiotic removal under environmentally relevant trace 

concentrations. As this study identified key biochar characteristics 
linked with specific aspects of antibiotic adsorption, this work will aid 
future efforts to predict antibiotic adsorption from easily measurable 
properties of biochars produced from other feedstocks and production 
conditions. Lastly, as the DPL and PS feedstocks used here are widely 
available in arid growing regions, these tailored adsorption capabilities 
could be viable at farm, local and regional scales for purifying waste-
water for irrigation. While this study shows promising application of 
DPL and PS biochars for effectively removing a mixture of antibiotics 
from solution, more studies are needed to fully realize their potential for 
purifying treated wastewater for irrigation purposes on a larger scale. 
Understanding antibiotic adsorption behavior under a wider range of 
solution conditions that could influence performance (e.g., presence of 
dissolved organic matter, varying pH and ionic strength, influence of 
multivalent cations, wider range of target solutes) in practical applica-
tion would be critical. Development of a larger scale filtration system 
utilizing these adsorbents, including batch and fixed bed systems with 
single or multi-step treatment systems would be necessary before prac-
tical application. 
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