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a b s t r a c t

Macro (BC), colloidal (CBC) and nanobiochar (NBC) were examined for the particle size effect for
adsorptive removal of oxytetracycline (OTC) and co-occurring nutrients, which are present in synthetic
hydrolyzed human urine. The surface morphologies and functionality of biochars were characterized
using Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET) specific surface area and
Fourier Transform Infra-Red (FTIR) Spectroscopy. Experiments for the removal of OTC were performed at
the natural pH (pH 9.0) of hydrolyzed human urine using solid-solutions of 3 types of chars (1 g/L) with a
contact time of 5 h, at initial OTC concentration of 50 mg/L where isotherm experiments were investi-
gated with OTC concentrations from 25 to 1000 mg/L. The highest maximum adsorption capacity of
136.7 mg/g was reported for CBC, while BC reported slightly low value (129.34 mg/g). Interestingly, NBC
demonstrated a two-step adsorption process with two adsorption capacities (16.9 and 113.2 mg/g).
Colloidal biochar depicted the highest adsorption for NH4

þ, PO4
3�, and SO4

2� nutrients. All 3 types of chars
showed strong retention with a poor desorption (6% in average) of OTC in synthetic hydrolyzed urine
medium. CBC and NBC demonstrated both physisorption and chemisorption, whereas the OTC removal
by BC was solely via physisorption. Nevertheless, CBC biochar demonstrated the best performance in
adsorptive removal of OTC and nutrients in hydrolyzed human urine and its capability towards waste-
water treatment. As the removal of nutrients were low, the treated urine can possibly be used as a safe
fertilizer.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Animal manure, sewage sludge and crop residues are some of
the commonly used organic fertilizers, enriched with essential
plant nutrients, which enhance crop productivity (Ahadi et al.,
2020; Maillard and Angers, 2014; Nafi et al., 2020). Nevertheless,
farmers tend to apply a few other types of organic fertilizers to
fulfill the overall nutrient requirement. Among other organic fer-
tilizers, human urine has been identified as an excellent mineral
supplement (Pradhan et al., 2007). The composition of human urine
along with the mixture of cations Naþ, Kþ, NH4

þ, Ca2þ and anions,
Cl�, SO4

2�, PO4
3�, HCO3

�, has the ability to improve crop production
e by J€org Rinklebe.

e).
(Pandorf et al., 2018). Research studies have confirmed that NH4
þ

and phosphorous from PO4
3� in urine have exhibited higher intake

compared to other soluble phosphorous and NH4
þ sources of

organic fertilizers such as animalmanure (Xu et al., 2018). However,
in applying human urine to agricultural fields, some unavoidable
circumstances may appear such as; contamination of heavy metals
and pharmaceuticals (Sun et al., 2018). Concentrations of heavy
metals were comparatively low in human urine, compared to other
organic fertilizers (Medeiros et al., 2020). Nevertheless, Cu, Hg, Cd,
Ni, and Zn concentrations were reported 10e500 times higher in
urine than surface waters (Ogunfowokan et al., 2019). Besides that,
the detection of pharmaceuticals in human urine has become the
most significant concern in applying urine in farmlands (Arias et al.,
2019; Pradhan et al., 2007). However, the application of human
urine containing sludge from sewage and wastewater treatment
plants is getting more popular than the direct application of urine
in agricultural lands.
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Human urine contains nearly two-thirds of active ingredients of
consumed drug mass on average, which is health hazardous when
released to the ecosystem (Bischel et al., 2015). Through surface
runoff, these emerging contaminants can proliferate in soil and
water bodies. Among many different types of pharmaceuticals,
antibiotics are highly reported in urine andmore than 75% excreted
without undergo any metabolism (Katsikaros and Chrysikopoulos,
2020). Owing to the presence of antibiotics in natural environ-
ments, the development of antibiotic resistance in bacteria and
endocrine-disrupting effects in aquatic life is a deleterious envi-
ronmental impact (Sivagami et al., 2020). Oxytetracycline (OTC) is
one of the most common broad spectrum antibiotics, which be-
longs to the tetracycline group and it has been used to treat a wide
range of infectious diseases in both human and animal, as a growth
promoter and a food additive for livestock (Harja and Ciobanu,
2018). As a broad-spectrum antibiotic, OTC act against both gram-
positive and gram-negative bacteria (Ramanayaka et al., 2020a).
Nevertheless, detection of OTC in the natural environment is
comparatively high (5.0e5.7 mg/L) owing to the release of OTC via
urine (Kaufmann et al., 2007). Detection of pharmaceuticals,
especially antibiotics in wastewater, surface water and ground
waters, leads to complex circumstances in the ecosystem. Antibi-
otics that have designed for specific physiological functions are
possible to results in adverse effects on living beings (Ji et al., 2012).
Research studies have confirmed that antibiotics in aqueous envi-
ronments may tend to develop antibiotic resistance bacterial spe-
cies, reproduction inhibition, or endocrine disruption (Ji et al., 2010;
Park and Choi, 2008). Hence, the removal of these emerging con-
taminants before their environmental release is the need of the
hour.

OTC is a large organic molecule that is undergo speciation. Be-
tween 3.5 and 7.5 pH, OTC demonstrates zwitterionic form, while
below the 3.5 pH positively charged and above 7.5 pH, negatively
charged (Premarathna et al., 2019). Conventional wastewater
treatment plants are not capable of removing antibiotics. Literature
confirms some other removal methodologies of pharmaceuticals
from urine, such as ion exchange, advance oxidation, membrane
separation and electrodialysis are highly selective and costly in
operation (Solanki and Boyer, 2017). Despite, adsorption is often
taken to be a preferable method to treat water due to the conve-
nience, environmental friendliness, efficiency and applicability to
the multi-component pollutant systems (Ramanayaka et al., 2020a;
Tian et al., 2020). Consequently, it is essential to focus on adsorptive
removal of antibiotics using a cost-efficient adsorbent material for
removing pharmaceuticals from urine rich wastewaters due to the
economic feasibility of the process, non-skilled secure handling,
less toxicity, high performance, tunability, and environmentally
friendly operation.

The adsorption capabilities of organic and inorganic com-
pounds, including pharmaceuticals, have been studied with
different adsorbent materials; clay, activated carbon and nano-
composites (Lin et al., 2005; Ramanayaka et al., 2020a; Yang et al.,
2015). Among many adsorbents, research studies have confirmed
biochar as an inexpensive, outstanding, eco-friendly adsorbent
material/waste by-product (Foong et al., 2020; Kong et al., 2019).
Feedstock type and high production temperature (>400 �C) directly
influence the surface area and micropores of the material, which
improves the adsorption capacity (Ahmad et al., 2014). Through
surface modification methodologies, adsorption capacities of bio-
char can further be improved. Physical modification of biochar
received recent attention as a greener and cost-effective technique
than the chemical activation. Surface area and properties of biochar
can be enhanced in advance by scaling down the size of biochar
from themacro scale to nano scale, which is a physical modification
(Ramanayaka et al., 2020b). Ball milling of macro biochar (BC) has
2

been identified as the most popular method for the preparation of
colloidal (CBC) and nanobiochar (NBC). Moreover, ball-milled bio-
char contains both nano and colloidal fractions that can be sepa-
rated by following gravity separation techniques (Ramanayaka
et al., 2020b). Colloidal biochar, which has a particle size of
100 nme1 mm, is known as a by-product in the preparation of NBC
(<100 nm). Literature suggests that colloidal biochar has a prom-
ising adsorption capacity compared to bothmacro and nanobiochar
(Qian et al., 2016).

Despite the research reported high adsorptive removal of OTC
using biochar, limited attempts have been adopted in place for its
removal using colloidal and nanobiochar (Li et al., 2020;
Ramanayaka et al., 2020b). At the same time, only a few research
work had been reported on the adsorptive removal of pharma-
ceuticals from human urine (Solanki and Boyer, 2017). As the very
first study, Solanki et al. (2017) have studied the removal of
different types of pharmaceuticals i.e. pain relief, anti-
inflammatory, an antidepressant with biochar and activated car-
bon for fresh and hydrolyzed urine and wastewater (Solanki and
Boyer, 2017). The obtained results from batch tests exhibited that
the biochars they have been used were able to remove more than
90% of pharmaceuticals whilemaintaining a co-removal of <20% for
NH4

þ, and PO4
3� found in urine and wastewater (Solanki and Boyer,

2017). Nevertheless, not many studies have focused on the removal
of antibiotics in human urine using biochar (Sun et al., 2018). The
limited research reports on the removal of antibiotics using
colloidal and nanobiochar encourage us to carry out the removal of
OTC from human urine with three different size fractions of bio-
chars with following objectives; (i) to assess the adsorption ca-
pacities of macro, colloidal and nanobiochars for the removal of
OTC in synthetic hydrolyzed human urine (ii) to understand the
removal potential of co-occurring nutrients in urine and (iii) to
postulate the adsorption mechanisms.

2. Materials and methods

2.1. Chemicals

Sodium chloride (NaCl; analytical reagent, 99%), sodium sulfate
(Na2SO4; analytical grade, 99%), potassium chloride (KCl; analytical
reagent, 99%), ammonium bicarbonate (NH4CO3; analytical reagent,
99%), monosodium phosphate (NaH2PO4.2H2O; analytical reagent,
98%), disodium phosphate (Na2HPO4.7H2O; analytical reagent,
99.5%), ammonium hydroxide (NH4OH; analytical reagent, 25%),
Oxytetracycline (OTC; HPLC grade, 95%) were purchased from
Sigma-Aldrich Co. Ltd. (United States). Deionized water was used in
solution preparation.

2.2. Preparation of biochar

Dendro wood biochar (Gliricidia sepium), which is a by-product
of the gasification (700 �C), was collected from dendro thermal
power plant, Thirappane, Sri Lanka. Collected sample of biochar
was washed with distilled water, oven-dried at 60 �C and crushed
into pieces using a mortar and pestle. Ground biochar was sieved
using a mesh (<4 mm) and separated the macro fraction. There-
after, sieved biochar was preconditioned at �80 �C for three days
and ground for fine particles using a disk mill (Siebtechnik TS 250,
Germany) (Ramanayaka et al., 2020b). Powdered biochar was sus-
pended in ethanol and centrifuged at 1000 rpm for 2 min. The
supernatant with nanofraction was collected, sonicated and dried
on petri dishes using a vacuum oven at 50 �C. The dried layer of NBC
is scraped off and collected (Ramanayaka et al., 2020b). The
precipitated colloidal fraction in centrifugation was separately
dried and collected for characterization and adsorption
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experiments.
2.3. Preparation of synthetic hydrolyzed human urine

Human urine composition can be drastically varied depending
on physiological factors, drug consumption and diet. Therefore, to
maintain consistency and to avoid any disturbance for the experi-
mental results due to drug contaminations, the synthetic compo-
sition of urine was utilized throughout the experiment series. Fresh
urine is hydrolyzed in the aqueous environments; therefore, hy-
drolyzed urine has been used according to the objectives of the
study. Hydrolyzed human urine was prepared based on the re-
ported recipe in the literature (Solanki and Boyer, 2017; Zhang et al.,
2015). We dissolved the required amounts of NaCl, Na2SO4, KCl,
NaH2PO4.2H2O, NH4HCO3, and NH4OH in freshly prepared phos-
phate buffer solution at pH ¼ 9 to prepare synthetic hydrolyzed
human urine.
2.4. Characterization of biochars

Three types of biochars, macro, colloidal and nanobiochar, were
characterized to investigate surface morphology, surface functional
groups and specific surface area. Field-Emission Scanning Electron
microscopy (FE-SEM; Hitachi SU6600, Japan) was used to inspect
the surface topography of biochars. Different biochar samples were
placed on a double-sided adhesive tape on the sample holder and
subjected to gold sputtering before the samples were viewed under
SEM. Surface functional groups of the materials were determined
by Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scien-
tific Nicolet iS10, USA) in the wavelength range of 4000e550 cm�1.
The specific surface area of the chars was analyzed using Bru-
nauereEmmetteTeller (BET) surface area analyzer (Autosorb iQ
Quantachrome Instruments, USA). Nitrogen adsorption isotherms
of the three biochar samples at 77 K were obtained at the relative
pressure range from 0.05 to 1. Prior to the analyses, the samples
were outgassed at 300 �C for 3 h by applying a vacuum. Solution pH
values were measured with a pH meter (Adwa AD1030, Romania).
A nanoparticle analyzer (Horiba SZ-100, Japan) was used to analyze
the size of NBC particles.
2.5. Kinetic experiments

Three adsorbents: macro, colloidal and nanobiochar were
allowed to hydrate in synthetic hydrolyzed urine (300 mL) with a
1 g/L dosage for 5 min. Oxytetracycline (15 mg/L) was spiked
separately into three different biochar suspended solutions. The
suspensions were pipetted out at different time intervals from 10 to
240 min and filtered using a 0.45 mm syringe filter. Finally, filtered
samples were analyzed at the wavelength of 356 nm using the
UVeVis spectrophotometer (Shimadzu UV160A, Japan).
2.6. Isotherm experiments

Isotherm experiments were carried out at ambient temperature
(303 K) at a pH of 9, which is the pH of hydrolyzed urine. OTC
concentrations from 25 to 1000 mg/L were maintained in the
isotherm experiments with an adsorbent dosage of 1 g/L. After
reaching equilibrium, samples were centrifuged and the superna-
tant was filtered with a 0.45 mm syringe filter. Finally, samples were
analyzed. The adsorbed amount (qe) of OTC (mg/g) was determined
by using equation (1)
3

qe ¼ Cc � Cs
Cm

(1)

where qe is the amount of OTC adsorbed onto BC, CBC, NBC; Cs is the
adsorbate concentration (mg/L) in the supernatant of the sample;
Cc is the adsorbate concentration (mg/L) in control; and Cm is the
BC, CBC, and NBC concentration (g/L).

2.7. Desorption experiments

A 50 mg/L OTC was spiked to BC, CBC, and NBC solutions (1 g/L)
and allowed to adsorb for 5 h. From each, 100 mL of the slurry
solution was withdrawn and washed with deionized water for 3
times. Then synthetic hydrolyzed urine was added to samples and
kept for desorption in a shaker for 15 min. Finally, samples were
filtered and the filtratewas analyzed in UVeVis spectrophotometer.

2.8. Nutrient analysis

Adsorption of nutrients for each type of char was analyzed for
pure urine and in 3 time intervals during OTC adsorption (50mg/g).
Samples (5 mL) were pipetted out and filtered. The filtrate was
analyzed for NH4

þ, PO4
3�, and SO4

2� with time intervals of 2, 40 and
300 min using DR 900, USA portable colorimeter. Ammonia Ni-
trogen Test Kit with salicylate and cyanurate powder pillows were
used to analyze NH4

þ. For 10 mL of sample, ammonium salicylate
was added and kept for 3 min and then cyanurate was added.
Before analysis solution was kept for a 15 min for the reaction to
take place. Acid persulfate digestion method was used to analyze
PO4

3� while SulfaVer 4 Reagent Powder was used in the analysis of
SO4

2�. Each powder pillow was kept for 2 min and 5 min intervals
respectively to undergo reaction before the analysis (Wijesekara
et al., 2014).

2.9. Data analysis

Isotherm data was modeled using Origin 8 Pro software with
Hills, Langmuir and Freundlich models to evaluate the best-fit
curve, maximum adsorption capacity and equilibrium time. The
isotherm model, which yields the best-fit curve, has been selected
with the correlation coefficient (R2), which is the closest toþ1. FTIR
data were analyzed were conducted using OMINIC Version 9.9
0.473 software.

3. Results and discussion

3.1. Characterization of biochar

The variation of surface morphologies is essential to understand
surface heterogeneity and to support bet surface area (BET) anal-
ysis. Furthermore, the number of available functional groups, as
well as the type of groups, directly influence the maximum
adsorption capacities of the material. The available functional
groups were identified for the three types of biochars. The yield of
nanobiochar is considerably low compared to the yield of colloidal
biochar.

3.1.1. Scanning electron microscopic analysis (SEM)
The SEM images of BC, CBC and NBC under three different

magnifications (x900, x60 and x70K) are shown in Fig. 1. Micro-
scopic topologies and extremely porous structure of BC can be
clearly seen in the image (a). Randomly distributed macro and
meso pores have been observed in SEM images and these large
pores may influence immobilization of OTC via pore filling



Fig. 1. SEM images of (a) BC, (b) CBC and (c) NBC. Both CBC and NBC demonstrate occasional aggregates.
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mechanism. CBC and NBC are more like to be agglomerated owing
to static charges between particles (Ramanayaka et al., 2020b). The
SEM images of CBC and NBC demonstrated destruction of pores due
to mechanical grinding. Graphitic nature and aggregation of NBC
was clearly visible in SEM images. This aggregation may create
solute transport channels which will help trapping OTC to biochar
flakes in weak bonds.
3.1.2. Fourier transform infrared analysis (FTIR)
Pristine BC, CBC and NBC demonstrate three different FTIR

patterns, confirming surface functional groups are influenced by
the downscaling of biochar (Fig. 2). The strong, broad peak at
3420 cm�1 exhibited phenolic eOH stretching in all three types of
biochar while, CBC determined a medium peak at 3126 cm�1 which
is possibly a C¼C stretching (Ramanayaka et al., 2020b). The alkane
groups have manifested by peaks at 2924 and 2852 cm�1 which is
clearly visible only on BC (Herath et al., 2015). The emergence of
aromatic C¼C stretch around 1654 cm�1 in NBC FTIR spectrummay
be due to structural differences that can occur with respect to the
milling process (Qian et al., 2016). Both BC and CBC exhibited C¼C
peaks around 1569 cm�1. Moreover, in BC FTIR spectrum, CeH
bending peak around 1430 cm�1, has been shifted to lower wave-
number, 1390 cm�1 in CBC and 1385 cm�1 in NBC respectively,
which is known as a red shift. The alcoholic bond CeO (1083 cm�1),
again demonstrated a red shift from BC to NBC, which confirms the
effect of ethanol, used in the milling process (Bandara et al., 2017).
Fig. 2. FTIR spectrums of pristine macro, colloidal and nanobiochar.

4

Furthermore, the peak around 876 cm�1, exhibited aromatic C¼CH
bond in all three types of biochar (Mayakaduwa et al., 2016).

3.1.3. Bet surface area analysis (BET)
The analysis of BET specific surface area confirms that BC has a

slightly higher specific surface area, specific total pore volume and
average pore diameter than CBC (Table 1). However, the milling
process of BC into NBC may reduce the specific surface area by
approximately one order of magnitude, the total pore volume and
average pore diameter by three folds. Consequently, the specific
surface area of CBC is slightly higher than that of BC. Interestingly,
the milling process of biochar broke down porous structures into
small flakes having almost no pores. Furthermore, the smaller
particles produced during the milling process can partially fill and
block the existing pores in NBC samples. Thus, comparatively
different sets of surface characteristics were observed on NBC. The
material is porous or, in other words porosity of the biochar, sam-
ples were varied as CBC > BC > NBC according to the BET analysis.

Similar to the surface characteristics, N2 adsorption isotherms of
BC and CBC are almost similar and NBC is different from BC and CBC,
as shown in Fig. 3aec. For both BC and CBC the Type II isothermwas
observed, while NBC as defined as a Type III isotherm by the IUPAC.
In general, Type II isotherms are observed for mono- andmultilayer
adsorption of adsorbent molecules, while Type III isotherms are
observed for the sheet-like structures as of graphite where the
adsorbate e adsorbent interactions are relatively weak. Thus, the
gas-adsorption isotherms further confirmed the graphitic structure
of the NBC. The N2 adsorption isotherms of all the biochar samples
do not flatten at the highest relative pressure that was measured.
This is attributed to the non-rigid aggregation of the biochar
particles.

3.2. Biochar e oxytetracycline interaction studies

3.2.1. Kinetic effect on adsorption
The effect of reaction time for OTC adsorption on to BC, CBC, and

NBC in a duration of 5 h was studied until the adsorption reached
equilibrium and demonstrated in Fig. 4. BC has exhibited a gradu-
ally increasing adsorption of OTC for more than 2 h and was able to
remove around 25% of OTC within 5 h (Fig. 4a). The elovich and
pseudo-second-order models were fitted, however, the elovich
model was revealed as the best fit according to the correlation
coefficient (R2) of 0.965 (Table 2). The pseudo second order model
was only able to achieve a R2 of 0.924. Nevertheless, both models
were revealed the ion-exchange between surface chemisorption
process, which is a specific adsorption (Ashiq et al., 2019; Wu et al.,
2009). The macro pores present in BC may influence the adsorption
of approximately 25% of OTC within 5 h. Furthermore, CBC, which
has almost similar surface area to BC, demonstrated elovich model
as the best fit model with a R2 of 0.975. However, around 50% of



Table 1
Specific surface area, total pore volume and average pore diameter of biochar samples processed at different conditions.

Samplea Specific surface area (m2/g) Specific total pore volume (cm3/g) Average pore diameter (nm)

BC 260.83 0.1731 2.654
CBC 284.28 0.1947 2.740
NBC 28.56 0.0635 0.891

a The R2 of the best fits of the data to BET equation are 0.998, 0.998 and 0.997 for BC, CBC and NBC, respectively.

Fig. 3. Nitrogen adsorption and desorption isotherms of (a) BC, (b) CBC, and (c) NBC biochars.

Fig. 4. (a) Effect of time on OTC adsorption by BC, CBC, and NBC at 1 g/L adsorbent dosage, at pH 9 with 50 mg/L OTC. Kinetic data of (b) BC, (c) CBC and (d) NBC fits for Pseudo
second order and Elovich and power function equations.
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Table 2
Isotherm and kinetic model parameters for the adsorption of OTC, on BC, CBC, and
NBC at 1 g/L loading.

Experimentation Model Parameters Value

Isotherm for BC Freundlich
qe ¼ kf Cn

e

Kf (mg/g)/(mg/L)n 2.806
n 0.56
R2 0.994
Chi2 2.921

Isotherm for CBC Hills

qads ¼ qsH C
nH
e

KD þ CnH
e

KD 0.004
nH 1.092
Qmax (mg/g) 123.87
R2 0.972
Chi2 38.60

Langmuir

RL ¼ 1
1þ KLCo

Qmax (mg/g) 136.7
K (L/mg) 0.003
R2 0.972
Chi2 29.1

Isotherm for NBC Langmuir Qmax (mg/g) 16.87
K (L/mg) 0.077
R2 0.923
Chi2 1.078

Hills KD 0.004
nH 1.941
Qmax (mg/g) 113.205
R2 0.965
Chi2 50.568

Kinetic for BC Pseudo second order
dqt
dt

¼ k2ðqe � qtÞ2
k2 [g/(mg min)] 0.003
qe (mg/g) 10.206
R2 0.925
Chi2 0.692

Elovich
dqt
dt

¼ aexpð � bqtÞ
aE [mg/(g min)] 0.708
bE (g/mg) 0.498
R2 0.965
Chi2 0.257

Kinetics for CBC Elovich aE [mg/(g min)] 98.6
bE (g/mg) 0.491
R2 0.975
Chi2 0.189

Kinetics for NBC Elovich aE [mg/(g min)] 167.735
bE (g/mg) 0.591
R2 0.924
Chi2 0.434

Power function a 10.199
kp 0.477
R2 0.929
Chi2 0.742
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OTC was adsorbed within 5 h, revealing the excellent adsorption
capacity of CBC over BC (Fig. 4b). The generation of new functional
groups during the preparation process of CBC may attribute the
considerable gap of OTC removal that is observed. Similar to BC,
CBC also demonstrated a chemisorption process in the adsorptive
removal of OTC (Wu et al., 2009). Moreover, fast adsorption of OTC
has exhibited by NBC (Fig. 4c). Within the first hour, NBC has been
adsorbed around 15 mg/g of adsorbate out of the solution. In 5 h,
approximately 45% of OTC has been adsorbed. However, BC and CBC
with macro and mesopores demonstrated elevated surface areas.
NBC itself has a limited amount of pores and the remaining pores
also possible to block with ultra-small nanoparticles. Therefore, the
results obtained confirm that the surface area of a material depends
on the pores which are present in the material. NBC depicted both
elovich and power function models as the best-fittedmodels and at
the same time with more similar R2 values of 0.923 and 0.929
respectively. Power function has been modified from freundlich
isotherm equation, which endorses physical adsorption process
(Segun Esan et al., 2014). Interestingly, kinetic data modeling for
NBC confirms a chemisorption process and a physisorption process,
where both specific and non-specific adsorption have been carried
out in the same period of time.
6

3.2.2. Adsorption isotherm experiments
The adsorbed amounts of OTC vs. the equilibrium concentra-

tions of BC, CBC, and NBC is manifested in Fig. 3. All three types of
biochar have not reached equilibrium within the experimental
concentration range used in this series of experiments. Moreover,
NBC was demonstrated a diverse behavior, which is a two-step
equilibrium process. It has reached equilibrium in the first five
data points and again demonstrated increasing adsorption until it
reaches equilibrium. The maximum adsorption capacity (Qmax) for
macrobiochar (BC) was reported at 129.34 mg/g, whereas, for
colloidal biochar (CBC) at 136.7 mg/g. However, nanobiochar (NBC)
demonstrated two maximum adsorption capacities, which is
16.9 mg/g, firstly and then again 113.2 mg/g. The best-fitted models
for BC and CBC were Freundlich (R2 ¼ 0.994) and Hills (R2 ¼ 0.972)
models, respectively. Nevertheless, Langmuir (R2 ¼ 0.923) and Hills
(R2 ¼ 0.965) models were the best fit for NBC (Table 2).

Freundlich model demonstrated a heterogeneous substrate,
which has an exponential distribution of energies and active sites.
The foremost binding sites energies were comparatively high and
exhibited an exponential decrease with the completion of the
outermost layers (Garcıa et al., 2004). Therefore, multilayer
adsorption has been hypothesized by the Freundlich model, which
is a physisorption process (Ayawei et al., 2017). The adsorption
strength of the contaminant on to adsorbent or the heterogeneity of
the surface is indicated by ‘n’ in the Freundlich equation. Favorable
adsorption of the contaminant has designated with the value of
n > 1 and lower or values which are closer to zero demonstrate
increasing heterogeneity, with increasingly nonlinear isotherm
(Rao et al., 2009). Therefore, the isotherm of BC revealed favorable
adsorption by denoting n ¼ 0.5, which is lower than 1 (Fig. 5a).

Binding of different species onto a homogeneous adsorbent
surfaces is the hypothesis behind Hills isotherm model. A cooper-
ative phenomenon is observed through the binding of adsorbate
molecules onto a single binding site influencing the other sites
(Farouq and Yousef, 2015). Hills model discloses three different
possibilities of binding ligands onto substrates: (1) positive coop-
erative binding nH > 1, (2) non-cooperative or hyperbolic binding
nH ¼ 1, and (3) negative cooperative binding of nH < 1 (Saadi et al.,
2015). Nevertheless, CBC demonstrated a positive, cooperative
binding with nH of 0.004. Similarly, the second step of NBC
isotherm successfully fitted for Hills model and was exhibited
positive, cooperative adsorption with nH of 0.003. Consequently,
Hills model exhibited physisorption, which is a non-specific
adsorption.

Langmuir isotherm is the simplest model and assumes mono-
layer adsorption of ligands (Saadi et al., 2015). A single layer of
molecules binds with uniform adsorption energy, onto the homo-
geneous adsorption surface of the adsorbent. Further adsorption is
impossible once the adsorbate occupies a binding site (Ayawei
et al., 2017). The first step of the NBC isotherm curve reveals
monolayer adsorption behavior with specific adsorption, which is a
chemisorption process (Fig. 5c). However, both Hills and Langmuir
models were successfully fitted with CBC isotherm curve, almost
overlap one another (Fig. 5b). Therefore, CBC demonstrates both
chemisorption and physisorption in the adsorption process.

3.2.2.1. Partition coefficient. The adsorption capacity determines
the removal potential of adsorbate from aqueous media. Never-
theless, a comparison of maximum adsorption capacities is un-
successful owing to different initial concentrations used in
experiments. Therefore, by considering only a high adsorption ca-
pacity, it is not possible to conclude the adsorption capacity. To
overcome this concern, the partition coefficient (PC) value is
introduced. PC represents the ratio between the sorbed adsorbate
and the equilibrium concentration of adsorbate (Vikrant and Kim,



Fig. 5. Experimental data of initial OTC concentrations vs. adsorbed amounts (a) at pH 9, (b) BC, (c) CBC, and (d) NBC dosage of 1 g/L. Symbols represent experimental data, whereas
lines indicate modeled data using the nonlinear least-squares fit of Hills, Langmuir and Freundlich equations.
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2019). Performances of adsorbents can be compared with each
other by using PC values without any distraction of initial con-
centrations etc. Dividing maximum adsorption capacity (mg/g) of
sorbent by equilibrium concentration (mg/L) results in the PC of an
adsorbent (Vikrant and Kim, 2019).

Table 3 demonstrates the PC values and a comparison of
different biochars in antibiotic removal. In this study, we have re-
ported high maximum adsorption capacities, nevertheless
comparatively low PC values for macro, colloidal and nanoscale
dendrobiochar. Many studies have assessed OTC removal utilizing
biochar as the medium in aqueous media demonstrating low-
average removal capacities i.e. Maize straw, pineapple peel
(1.56 mg/g), and Cassava waste (3.33mg/g) (Fu et al., 2016; Jia et al.,
2013; Luo et al., 2018). Biochar has then been modified using
chemical activation methods to improve its OTC remediation po-
tential (Aghababaei et al., 2017; Feng et al., 2020;Wang et al., 2019).
An interesting modification showed an enormously higher
adsorption capacity of 360.5 mg/g compared to pristine and
modified biochars by MnO2 loaded bamboo willow biochar (20:1)
(Feng et al., 2020). However, only a single study reported the pos-
sibility of biochar in removing OTC in hydrolyzed urine. Sun et al.
(2018) have recounted comparatively high PC values in the
adsorption of sulfonamide antibiotics onto cotton stalk biochar
(Sun et al., 2018). Similar PC values reported for BC, CBC, and NBC
7

(0.17 L/g) confirmed that the effects of particles size dose not in-
fluence the adsorption performance of dendrobiochar. The differ-
ence between PC values of cotton stalk biochar may be due to the
differences in: (1) Chemical structures of two different classes of
antibiotics, (2) Speciation, (3) The types of feedstock that has be
used to prepare biochar and (4) Pyrolysis temperatures of biochar.
3.2.3. Desorption of OTC
Suspensions of OTC (50 mg/L) loaded BC, CBC and, NBC (1 g/L)

were demonstrated extremely low desorption concentrations.
Initially, 50 mg/L of OTC was introduced to the solution and after
12 h of adsorption time, only 30mg/L of OTC was remaining in both
CBC and NBC solutions. However, in the case of BC about 40 mg/L of
OTC was adsorbed. Interestingly, 2.7 mg/L of OTC has been des-
orbed to urine from BC while, CBC and NBC have exhibited slightly
higher desorption amounts; 3.0 and 3.2 mg/L, respectively.
Desorption capacities of three different biochars corroborate with
the findings of isotherms. OTC adsorption to BC indicated to be
chemisorptive type, whereas CBC and NBC demonstrated more
hybrid adsorption nature with physisorption followed by chemi-
sorption. Hence, CBC and NBC were exhibited similar desorption
capacities, 9.6 and 9.8%, respectively. As physisorption was higher
in the case of NBC than that of the other two biochars, it showed
slightly higher desorption as well. Nevertheless, BC exhibited



Table 3
Performance of removing contaminants from aqueous and urine media using pristine and modified biochars.

Material type Feedstock material Experimental
medium

Contaminant Maximum
adsorption
capacity (mg/
g)

Adsorbent
dosage
(mg/L)

PC
value
L/g

Temperature
�C

pH Reference

Pristine biochar Maize straw Aqueous media Oxytetracycline - 5 0.04 298 5.5 Jia et al., 2013
Cassava waste biochar Cassava waste Aqueous media Oxytetracycline 3.33 10 - 298 - Luo et al., 2018
KOH-modified cassava waste

biochar
10 10 - 298 -

Magnetic attapulgiteebiochar
composite

Cauliflower leaves Aqueous media Oxytetracycline 33.31 2 - 298 - Wang et al.,
2019

MnO2 loaded bamboo willow
biochar (20:1)

Bamboo willow Aqueous media Oxytetracycline 360.5 0.66 e 298 5 Feng et al.,
2020

Chemically activated forest residue
biochar

5M H3PO4 forest
residue

Aqueous media Oxytetracycline 263.8 0.5 4.79 313 4 Aghababaei
et al., 2017

Chemically activated wood-
processing residue biochar

5M H3PO4 wood-
processing residue

254.1 0.5 4.44 313

Pineapple peel waste biochar Pineapple peel Aqueous media Oxytetracycline 1.56 10 0.24 308 - Fu et al., 2016
Cotton stalks biochar Cotton stalks Synthetic

hydrolyzed urine
Sulfamethoxazole 0.003 1 0.53 298 9 Sun et al., 2018
Sulfadiazine 0.001 1 0.54 298
Sulfadimethoxine 0.004 1 0.98 298
Sulfamethazine 0.003 1 0.94 298

Dendro wood macro biochar (BC) Dendro wood Synthetic
hydrolyzed urine

Oxytetracycline 129.34 1 0.17 298 9 This study
Dendro wood colloidal biochar

(CBC)
136.7 1 0.17 298

Dendro wood nano biochar (NBC) 113.2 1 0.17 298
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comparatively low desorption (6.75% of adsorbed amount). In the
case of desorption, BC demonstrates better performance over both
CBC and NBC.
3.2.4. Nutrient adsorption
In the presence of OTC (50 mg/L) adsorbed amounts of NH4

þ,
PO4

3�, and SO4
2� onto BC, CBC, and NBC in 2, 40 and 300 min time

intervals are shown in Fig. 6. Pure synthetic hydrolyzed urine
depicted 5.3, 13.4, and 0.8 g/L of total adsorbed NH4

þ, PO4
3�, and

SO4
2� amounts, respectively. After 2 min from introducing chars to

the solution, PO4
3� is the highest adsorbed nutrient by BC (2 g/L)

which demonstrates a rapid adsorption. However, there was not
any significant differences in the adsorption of PO4

3� onto BC, CBC,
and NBC, and SO4

2� was exhibited the least adsorption within the
first 2 min. PO4

3� adsorption for 5 h is almost the same for 3 types of
chars (2e2.3 g/L). However, NBC reaches a little high adsorption of
Fig. 6. Nutrients (NH4
þ, PO4

3�, and SO4
2�) adsorption capacities onto BC, CBC, and NBC

(1 g/L) for 5 h with a 50 mg/L of OTC.

8

2.5 g/L after 5 h. A gradual increment of SO4
2� adsorption to BC, CBC,

and NBC has been observed with increasing time. Nevertheless, all
3 types of biochars have exhibited similar adsorption capabilities of
NH4

þ adsorption after 5 h (1.1e1.2 g/L). The negatively charged PO4
3�,

and SO4
2� nutrients demonstrated an approximately 18% adsorption

after 5 h, while NH4
þ showed 22% with a slight increase. The dif-

ference between the adsorption percentages of two nutrient types
may be due to the repellence of negatively charged nutrients by the
negatively charged biochar surface. Therefore, NH4

þ has favor in the
adsorption process, which is visible from the increase in adsorption
percentage. However, the results confirm that there is a competi-
tion between OTC molecules and nutrients in surface adsorption.
3.2.5. Influence of surface functional groups
The peak analysis of FTIR spectrums, after the adsorption pro-

cess, elucidate the peak shifts, increased intensities, disappearance
and appearance of peaks (Fig. 7aec). OTC loaded biochar FTIR
spectrums have been compared with the spectrums of the same
material before adsorption. Hydrolyzed human urine contains a
considerably high amount of eOH and NeH groups. Broad peak
around 3450 cm�1 and medium peak at 3150 cm�1 confirms the
presence of eOH and CeH groups in both pristine biochar in urine
and OTC loaded biochar for all three sizes. The effect of CeH bonds
in OTC also can influence the peak around 3150 cm�1 and a new
CeH alkane stretch has appeared around 2920 cm�1 in contami-
nant loaded adsorbents: BC, CBC and NBC, maybe due to the new
bond formation with OTC adsorption (Nanda et al., 2013). Both BC
and NBC have revealed a decrease in the stretching of C¼O group of
amides (eCONH2) around 1620-1680 cm�1 with the adsorption of
OTC; however, in CBC opposite phenomenon was observed
(Ramanayaka et al., 2020b). All three types of pristine biochars
manifested a sharp eCOO bending peak around 1400 cm�1 and a
decrease can be observed after adsorption (Tong et al., 2011). A
sharp peak, which exhibited silicate structure and alcoholic CeO is
showed in the range of 1050 with a decreasing intensity after
contaminant loading. At pH 9, ionizable functional groups of OTC,
are deprotonated to form anionic species of the molecule (Kong
et al., 2012). Cations such as NH4

þ are favorable in the formation
of a positively charged layer with biochar surface functional groups



Fig. 7. Comparison of FTIR patterns for (a) BC, (b) CBC and (c) NBC biochars with urine and after adsorption of OTC.

Fig. 8. Schematic diagram of possible adsorption mechanisms of oxytetracycline, to
the charged surface of biochar through physisorption and chemisorption.
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such as amide (eCONH2), alcoholic CeO and eCOO, resulting in a
multilayer formation. Negatively charged OTC molecules demon-
strate a high affinity towards the positive layer and bind through
the physisorption mechanism. Nevertheless, CBC and NBC have
demonstrated a shoulder around 1063 and 1035 cm�1, which may
be due to the addition of ethanol in the milling process (Manna
et al., 2020). The high carbon content of biochar is undoubtedly
seen in alkene and alkane peaks of the FTIR spectrum. Many CeH
alkene bending peaks can be observed in the range of
675e1000 cm�1 in BC, CBC and NBC (Nanda et al., 2013).

3.3. Conceivable adsorption mechanisms

Oxytetracycline determines a sensitivity for medium pH and
under goes chemical speciation over a wide range of pH. Below 3.5
pH, OTC exists in cationic form while anionic form dominates
beyond 7.5 pH. However, zwitterionic form of OTC is existed within
the pH range of 3.5e7.5. Hydrolyzed urine reports a pH of 9 where
OTC governs the anionic form (Premarathna et al., 2019). The best
fitted model for BC demonstrates a physisorption mechanism.
Negatively charged OTC molecules have the possibility to form
weak bonds allowing multilayer adsorption, which is a layer by
layer formation. Other than the weak Van der Waals forces,
hydrogen bonding and dipolar attractions, pore-filling and film
diffusion prominently governs physisorption (Ramanayaka et al.,
2020a). Morphological features observed from SEM confirms the
physisorption of OTC to CBC and NBC. Furthermore, it is clear that
both hybrid sorption processes, including physisorption and
chemisorption, are governed OTC adsorption on to CBC. Strong
electrostatic bonding and covalent bonding exist in chemisorption,
which is a monolayer formation process (Ahmed et al., 2015).
However, both mechanisms can take place either at the same time
or separately, which is not possible to be explained in the case of
CBC. Moreover, NBC exhibited an interesting behavior in adsorption
(Fig. 8). The isotherm graph demonstrates a two-step process,
where the first step is governed by the Langmuir model while the
second is Hills. Since it is two separate steps, one after one, we can
conclude that monolayer forms by strong bonding and on top of the
monolayer, multilayers be formed by weak bonds in between OTC
molecules. However, the dominant adsorption mechanisms varied
with many parameters such as medium pH, point of zero charges of
the adsorbent material, speciation of adsorbate etc.

4. Conclusion

The adsorption of OTC onto BC, CBC, and NBC was investigated
in synthetic hydrolyzed urine matrix. The highest adsorption ca-
pacity was obtained for CBC (136.7 mg/g). The adsorption of OTC
onto biochar was successful and with respect to PC values, all three
9

types of biochars behave with a similar performance in adsorbing
OTC. During kinetic studies, BC and CBC were demonstrated
chemisorption phenomena, while NBC exhibited both chemisorp-
tion and physisorption. Adsorption on to BC was governed by
physisorption, while CBC depicted the involvement of hybrid pro-
cesses. The Desorption of OTC back to urine is extremely low and
BC, CBC, and NBC depicted a strong retention capacity. The obtained
results widen the scope of biochar use for wastewater treatment,
demonstrating CBC as a promising adsorbent for treating hydro-
lyzed human urine before application in agriculture or discharged
into the environment. Nevertheless, limited desorption cycles,
single adsorbent dosage and low yield of NBC are considered as
limitations of this study. Removal of antibiotics from human urine
using BC, CBC, and NBC can be further improved with simultaneous
removal of a mixture of antibiotics which is possible to present in
human urine. Furthermore, this study can be elaborate to assess the
capacity of biochars from different feedstock materials, tempera-
tures and also for modified biochars. The obtained results are
possible to upgrade by conducting the same set of experiments
with actual hydrolyzed human urine to confirm the applicability of
BC, CBC, and NBC in future studies.
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