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Abstract

Biochars produced from cotton gin waste (CG) and guayule bagasse (GB) were characterized and explored as potential
adsorbents for the removal of pharmaceuticals (sulfapyridine-SPY, docusate-DCT and erythromycin-ETM) from aqueous
solution. An increase in biochar pyrolysis temperature from 350 °C to 700 °C led to an increase in pH, specific surface area,
and surface hydrophobicity. The electronegative surface of all tested biochars indicated that non-Coulombic mechanisms
were involved in adsorption of the anionic or uncharged pharmaceuticals under experimental conditions. The adsorption
capacities of Sulfapyridine (SPY), Docusate (DCT) and Erythromycin (ETM) on biochar were influenced by the contact
time and solution pH, as well as biochar specific surface area and functional groups. Adsorption of these pharmaceutical
compounds was dominated by a complex interplay of three mechanisms: hydrophobic partitioning, hydrogen bonding and
n—7 electron donor—acceptor (EDA) interactions. Despite weaker t—t EDA interactions, reduced hydrophobicity of SPY™
and increased electrostatic repulsion between anionic SPY™ and the electronegative CG biochar surface at higher pH, the
adsorption of SPY unexpectedly increased from 40% to 70% with an increase in pH from 7 to 10. Under alkaline conditions,
adsorption was dominated by the formation of strong negative charge-assisted H-bonding between the sulfonamide moiety
of SPY and surface carboxylic groups. There seemed to be no appreciable and consistent differences in the extent of DCT
and ETM adsorption as the pH changed. Results suggest the CG and GB biochars could act as effective adsorbents for the
removal of pharmaceuticals from reclaimed water prior to irrigation. High surface area biochars with physico-chemical
properties (e.g., presence of functional groups, high cation and anion exchange capacities) conducive to strong interactions
with polar-nonpolar functionality of pharmaceuticals could be used to achieve significant contaminant removal from water.
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Biochar was obtained from the carbonization of cotton
gin waste and guayule bagasse at three temperatures

Biochar shows considerable potential for the adsorption
of SPY, DCT and ETM and can be used as a cheap, envi-
ronmentally friendly adsorbent

Hydrophobic partitioning, electrostatic interactions,
hydrogen bonding and n-r electron donor—acceptor
(EDA) interactions can simultaneously influence adsorp-
tion and determine the sorptive affinity of biochars for
pharmaceuticals

1 Introduction
Anthropogenic activities, including increasing urbaniza-

tion, population growth and intensive agricultural activities
have introduced a broad range of emerging contaminants

@ Springer

(ECs) into the environment (Houtman 2010; Pal et al. 2010;
Fenet 2012). ECs are defined as chemicals and microorgan-
isms that have been detected in the environment and can
potentially cause toxic effects in aquatic and human life at
trace-level concentrations (ng- pg/L levels), but for which no
water quality regulations exist (Ahmed et al. 2017a; USGS,
2015). There are several classes of ECs including pesticides,
industrial additives, flame retardants, endocrine disrupting
compounds (EDCs) and pharmaceuticals and personal care
products (PPCPSs). Among all classes of ECs, PPCPs are
the most abundant in the environment and are often detected
at elevated concentrations in surface and groundwaters
(Daughton 2004) due to continuous human use. Addition-
ally, wastewater treatment plants (WWTPs) are not effective
at removing many of these chemicals, leading to the pres-
ence of various PPCPs in wastewater effluents (Gros et al.
2010; Sui et al. 2011).

The World Health Organization (WHO) estimated that
in 2025, two-third of the world’s population could be liv-
ing in regions with limited access to water. Agriculture is
the sector which requires the most water and is expected
to be impacted by the shortage. To mitigate these impacts,
treated wastewater or reclaimed water has become an impor-
tant source of water for agricultural irrigation especially in
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arid regions of the world. Reclaimed water is wastewater
from homes, offices, hospitals and industries that has under-
gone treatment to remove impurities such as nutrients and
pathogens (DSWS 2011). Reclaimed water can be success-
fully used for irrigation because even after treatment, it still
contains nitrogen and phosphorus that are essential to plant
growth (Kinney et al. 2006).

When treated wastewater is used for irrigation, contami-
nants such as pharmaceuticals may be introduced into crops
from the soil through root uptake and translocation, lead-
ing to accumulation of these contaminants not only in the
roots, but also in edible above-ground plant parts (Bartha
et al. 2010). Erythromycin, a commonly used antibiotic, was
found to accumulate over 5 months in soil irrigated with
reclaimed water (Kinney et al. 2006). A study by Gibson
et al. (2010) demonstrated that wastewater reused for irriga-
tion contains pharmaceuticals such as ibuprofen (0.7-1.4 pg
L~1), naproxen (7.2-13.5 pg L™!) and diclofenac (2.0-4.8 pg
L_l). In addition, runoff from irrigated farmlands has been
shown to impact surface water bodies and leach into ground-
water. A study by Kolpin et al. (2002) showed that organic
contaminants, including PPCPs, were detected in 80% of a
network of 139 streams located downstream of urban net-
works and livestock production. Another study in New York
on streams receiving wastewater discharge showed the pres-
ence of sulfamethoxazole and clindamycin at concentrations
varying between 0.043 and 0.076 pg L~! (Batt et al. 2006).
Continuous accumulation and persistence of these chemicals
in the environment can lead to ecotoxicological risks such
as interference with endocrine systems of higher organisms,
intersex characteristics in organisms such as fish, and micro-
biological resistance among bacterial populations (Belhaj
et al. 2015).

Continuing concerns regarding possible population-level
impacts of pharmaceuticals from wastewater effluents has
contributed to a search for sustainable and cheap technolo-
gies which will result in the effective removal of pharma-
ceuticals from reclaimed water. Recently, biochar has been
explored as a potential material for the adsorption of phar-
maceuticals from aqueous solutions (Ahmed et al. 2017a;
Mondal et al. 2016; Mostafapour et al. 2019; Sumalinog
et al. 2018; Taheran et al. 2016; Yanyan et al. 2018). Bio-
char is a stable carbon (C)-rich, energy dense by-product
synthesized through the pyrolysis of waste biomass in the
absence of oxygen (Lehmann and Joseph 2009). Biochar
has been employed as an adsorbent and it has the ability
to compete with activated carbons (ACs) for the removal
of contaminants from water due to its microporous struc-
ture, high C content, and specific surface area. Research
on biochar as a potential filter media for urban stormwater
runoff demonstrated that biochar filters effectively remove
total suspended solids, heavy metals, nutrients, polycyclic
aromatic hydrocarbons, and E. coli (Mohanty and Boehm

2014; Reddy et al. 2014). Bolster (2019) demonstrated that
adding biochar to sand columns enhanced the removal of
bacterial isolates E. coli and Salmonella, with sorption being
the primary mechanisms for bacteria removal. Studies have
also reported the potential use of biochar as an adsorbent for
the treatment of agricultural wastewater effluents. Particular
attention has been given to the removal of pesticides from
water using biochar, with reported sorption coefficients as
high as 1158 mg kg™ for atrazine and 1066 mg kg~' for
simazine (Zheng et al. 2010).

The cotton gin and guayule industries are viable sources
of biomass for biochar. The production of textiles from cot-
ton gin accounts for approximately 2.5 million metric tons
of cotton gin waste being generated every year (Maglinao
et al. 2015). A minimum 200 metric ton per day of guay-
ule bagasse is discarded from the production of latex and
biofuels from guayule (Sabaini et al. 2018). The enormous
quantities of waste generated present several economic and
environmental problems such as the cost associated with
landfilling (e.g., tipping fees). Thus, the transformation of
cotton gin waste and guayule bagasse into value-added prod-
ucts such as biochar for the treatment of wastewater used for
irrigation warrants investigation.

The overall aim of this research was to investigate the
use of biochars derived from cotton gin waste and guay-
ule bagasse as filter media for removal of pharmaceuticals
known to persist in wastewater effluent used for irrigation.
Herein we investigate the effect of biochar pyrolysis tem-
perature on important adsorption-related properties (surface
area, porosity, surface charge and functionality, pH). The
biochars were then evaluated for their abilities to remove
selected pharmaceuticals from aqueous solution using batch
adsorption experiments. Mechanisms and kinetics govern-
ing the interaction between pharmaceuticals and biochars
were elucidated. Based on our results, the utility of these
biochars in sand filters for removal of pharmaceuticals
from reclaimed water prior to irrigation of food crops is
addressed.

2 Materials and methods
2.1 Target adsorbates

Three pharmaceuticals (sulfapyridine, docusate and erythro-
mycin) were purchased from Sigma—Aldrich (St. Louis, MO,
USA). These pharmaceuticals were selected due to their fre-
quency of occurrence in environmental systems as a result of
widespread usage. Additionally, their pK, values and octanol
water-partition coefficients (log K,,) cover broad ranges.
The physico-chemical properties of the pharmaceuticals are
provided in Table 1.
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Table 1 Physico-chemical properties and structures of pharmaceuticals

Pharmaceuticals Sulfapyridine (SPY)  Docusate (DCT) Erythromycin (ETM)
Molecular formula ® CiiHiiN302S C20H37NaO7S C37H67NO13
(Sodium salt)
Molecular weight 249.29 444.56 733.93
(g mol™)?
Water solubility 268 71000 2000
(mg L1 at25°C)?
PKa 230" 8.43° 10.84° 8.88 ¢
log Ko * 0.35 5.24 3.06
Structure *

oo/‘

N/

SN
o
H
HoN

 (National Center for Biotechnology Information)
®(Yao et al. 2017)
¢(McFarland et al. 1997)

#(National Center for Biotechnology Information)
®(Yao et al. 2017)
¢(McFarland et al. 1997)

2.2 Adsorbents

Biochars obtained from the pyrolysis of guayule (Parthe-
nium argentatum) bagasse (GB) and cotton (Gossypium L.)
gin (CG) waste were studied to compare their adsorption
capacities for pharmaceuticals in batch adsorption experi-
ments. The biochar samples were prepared according to
Novak et al. (2012). All feedstocks were processed before
pyrolysis through air-drying, grinding, and sieving to pass a
6 mm sieve. Between 0.5 and 1.5 kg of ground biomass were
placed in a stainless-steel tray and pyrolyzed slowly at low
heating rates (0.05-0.1 °C) using a gas tight retort (Lind-
berg/MPH, Riverside, MI) at three different temperatures
350, 500 and 700 °C for 2 h under a stream of N, gas. The
resulting biochar samples are herein referred to as GB350,
GB500, GB700, CG350, CG500 and CG700. The biochar
samples were ground to pass a 0.5 mm sieve and stored in a
desiccator to minimize water absorption.

@ Springer

2.3 Characterization of biochar

The pH of the biochar samples was measured following a
modified procedure by Angin (2013). Biochars were added
to deionized (DI) water in a mass ratio of 1:20 (0.5 g of
biochar+ 10 mL of water). The mixture was shaken for 1 h
using a mechanical shaker and the pH was measured. The
Brunauer-Emmett-Teller (BET) surface areas (SAs) and pore
volumes of the biochar were determined using the ASAP
2020 plus surface area and porosimetry system (Micromet-
rics, Norcross, GA) and the accompanying t-plot analysis
software.

The surface functional groups of the biochars were
identified according to a modified procedure described by
Kloss et al. (2012), using a Fourier transform infrared (FT-
IR; Bruker IFS 66/S and Bruker Vertex V70) spectrom-
eter equipped with a liquid nitrogen cooled mercury cad-
mium telluride (MCT) detector. Experiments were carried
out in diffuse reflectance mode on a Praying Mantis diffuse
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reflectance accessory. Sample powder was placed in a 3 mm
diameter 316 stainless steel sample cup assembly and a total
of 500 scans were averaged per spectrum at a resolution of
4cm,

The zeta potential values of the samples were measured
using Malvern Zetasizer ZS and according to a modified
procedure by Johnson et al. (1996). The biochar samples
were ground and sieved to pass a 34 um sieve. About 0.015 g
of each biochar sample was added to 30 mL of DI water.
Solution pH was adjusted using 0.05 M HC1 or NaOH. Zeta
potential was measured three times at each pH (150 scans
each time), with the average values reported.

2.4 Batch adsorption experiments

Batch adsorption experiments were conducted to determine
the rate at which adsorption might reach equilibrium for
the different biochars and pharmaceuticals. Stock solutions
(200 mg L") of SPY, DCT and ETM were diluted with
DI water to produce initial concentrations of 10 mg L™!
for each pharmaceutical compound. While concentrations
are relatively high compared to typical wastewater efflu-
ent concentrations, the initial concentration in this study
was chosen for batch adsorption experiments to ensure that
concentrations following adsorption were above the limit
of detection. Single batch adsorption experiments were
conducted to determine the adsorption kinetics for phar-
maceuticals using 125 mL polytetrafluoroethylene (PTFE)-
lined® bottles containing 0.5 g of each biochar and 100 mL
of solution containing 10 mg L™! of each pharmaceutical.
The mixtures were agitated at 200 rpm using a mechani-
cal shaker at ambient laboratory conditions ( = 23 °C) and
10 mL aliquots (pharmaceutical solution + biochar) were
collected after 5, 15, 30, 60, 120, 180, 240 min and 24 h
contact times. Adsorption experiments were conducted in
triplicates and PTFE-lined® bottles were covered with alu-
minum foil to minimize photodegradation. Control treat-
ments were included to investigate potential contamination
or non-adsorption losses. Collected samples were filtered
through a 1 um Whatman membrane filter and filtrates were
analyzed by high-pressure liquid chromatography and mass
spectrometry (HPLC-MS).

The pharmaceutical removal efficiency and amount
adsorbed (q,; mg g~") were calculated using Egs. (1) and
(2), respectively:

. CO B Ct
Removal efficiency (%) = C x 100 €h)

0

C()_ Ct
m

q, = XV 2)

where C, is the initial concentration of pharmaceuticals in
solution (mg LY, C, is the concentration (mg LY at time ¢
(5, 15, 30, 60, 120, 180, 240 min and 24 h), V is the volume
of the solution (L) and m is the mass of the biochar (g).

2.5 Effect of solution pH

The effect of solution pH on the adsorption of SPY, DCT
and ETM was studied using CG700 biochar as the adsorbent.
Batch adsorption experiments were conducted at the inher-
ent solution pH ranging from 10-11 and at pH 7 to mimic
the typically near-neutral conditions of wastewater effluents.
The initial pH of the pharmaceutical solutions was adjusted
to pH 7 by adding 0.1 M H,SO,. Mixtures of 0.5 g of CG700
biochar in 100 mL of 10 mg L~ stock solution of SPY, DCT
and ETM were agitated at 200 rpm on a mechanical shaker
and then filtered at selected times between 5 min and 24 h.

2.6 Kinetic studies

The kinetics of adsorption were analyzed using a pseudo-
second-order (PSO) kinetic model, which is widely used
for pollutant adsorption from aqueous solution (Ho 2006).
Equation (3) shows the linearized form of the PSO kinetic
rate equation:

Lol

% kg ‘ ©)
where g, and g, (mg g~!) are the amounts of pharmaceuticals
adsorbed per unit of mass of biochar at equilibrium and at
time ¢ (min), respectively, and k, (g mg~! min) is the rate
constant of the PSO adsorption. From the PSO plot of #/g,
versus ¢, the values of g, and k, were obtained from the slope
and intercept, respectively. Model conformity was evaluated
using the linear regression coefficients (R?).

2.7 Adsorption isotherms

Adsorption isotherms of SPY, DCT and ETM on CG700
biochar were performed at room temperature. CG700 bio-
char (0.5 g) was added to SPY, DCT and ETM solutions
(100 mL) of varying initial concentrations (2, 10, 20, 40 and
50 mg L™1). Solutions were agitated for 24 h at 200 rpm to
reach equilibrium and then filtered. The equilibrium data
obtained from the study were fitted to the Langmuir and
Freundlich isotherms. The linear forms of the Langmuir and
Freundlich models (Goswami et al. 2011) are represented by
Egs. (4) and (5):

1 1 1
+

q_e B q_m KLque (4)
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1
1 = logK; + —logC,
0gq, = logi, + " oge., )

where C, (mg L™!) is the equilibrium pharmaceutical con-
centration, ¢, and g,, are the equilibrium and maximum
adsorption capacity, respectively (mg g!), K; is the Lang-
muir adsorption equilibrium constant in L mg™", K (mg gh
is the Freundlich constant related to adsorption capacity and
n is a measure of adsorption intensity.

3 Results and discussion
3.1 Biochar characterization
3.1.1 Specific surface area (SA) and pH

All biochar samples were alkaline and biochar pH increased
with increasing pyrolysis temperature (Table 2). The basic
nature of the biochar is due to the transformation of C into
ash during pyrolysis and alkali salts begin to separate from
the organic matrix, increasing the pH (Cao and Harris 2010).
Porous structure (BET surface area and pore volume) of the
studied biochar samples are summarized in Table 2.

The SAs of the cotton gin waste biochars were found to
be low, but increased as the pyrolysis temperature increased
to 700 °C. Numerous studies have documented an increasing
surface area of biochars with increasing pyrolysis tempera-
tures (Ding et al. 2014; de Caprariis et al. 2017; Goswami
et al. 2016; Kloss et al. 2012; Uchimiya et al. 2011). As
the pyrolysis temperature reached 700 °C, the BET SAs
and number of micropores for the biochars significantly
increased resulting from the removal of volatile matter that
was either inside or blocking the micropores (Guedidi et al.
2017). Biochars obtained from guayule bagasse did not
exhibit adequate SA and porous structure characteristics.
This may be attributed to the softening, melting, fusing and
carbonization which likely resulted in the pores of the bio-
char being partially blocked. This would prevent the access
of the absorption gas to the pores and, therefore, lead to
lower surface areas and pore volumes (Fu et al. 2011).

The SAs of the biochars were generally lower than val-
ues for biochars produced from various feedstocks used in
other studies, although several biochars are reported to have
values less than 10 m? g~!. Uchimiya et al. (2011) reported
SAs of biochar obtained from the pyrolysis of cottonseed
hull at 350 °C and 500 °C to be 4.7 and 0.0 m? g~!, respec-
tively. Such low SAs do not preclude substantial adsorption
of organic pollutants. Cao and Harris (2010) reported nearly
77% removal of atrazine (1.5 mg g~! adsorption capacity)
by dairy manure-derived biochar pyrolyzed at 200 °C with
aSAof2.7m? g\,

3.1.2 Zeta potential

Figure 1 shows the pH-dependent zeta potential of the bio-
chars. The measured zeta potential for CG and GB was nega-
tive for all pH conditions tested. Increasing pH resulted in
increasing negative zeta potential for all of the biochars. A
similar pH-dependent trend has been observed for pine wood
biochars (Essandoh et al. 2015; Taheran et al. 2016). Given
the nature of the pH dependence (Fig. 1), it was not pos-
sible to identify a pH point of zero charge (pHzpc) for the
biochars. However, the relevance to the current research is
that CG and GB biochar samples carry a net negative charge
under all pH conditions used.

3.1.3 FT-IR

The FT-IR spectra of the biochar samples were used to
characterize the surface functional groups. As shown in
Fig. 2a,b, all spectra exhibit the OH, C—H, C=0 and C=C,
bond stretching at 3400, 2850, 1750, 1600 cm™!, respec-
tively. The peaks at about 3400 and 3550 cm™" correspond to
vibrations of OH groups and were still present in the biochar
prepared at 700 °C, but were dramatically straightened at
350 and 500 °C. The peak at 1770 cm™~! is due to the C=0
stretching vibrations of the carbonyls (aldehyde, ketones
esters, carboxylic acids) both unconjugated and conjugated
with aromatic rings (Uchimiya et al. 2011).

Carboxyl groups contribute to negative surface charge at
circumneutral pH (Sect. 3.1.2) which promotes electrostatic
adsorption of cations in aqueous solution. The absorbance

Table 2 BET surface area, pore

. ‘ ) Sample Time (h) T (°C)  Surface area Total pore vol- Average pore pH
size and pH of the biochars (m? ¢l ume (cm® g!)  diameter (nm)
Cotton gin (CG) waste 2 350 2.40 3.10E-03 4.07 9.46
2 500 2.06 6.06E-03 9.65 10.13
2 700 16.33 1.15E-02 3.59 10.93
Guayule bagasse (GB) 2 350 0.00 4.00E-05 - 9.54
2 500 0.07 1.70E-04 - 9.89
2 700 5.92 6.59E-03 - 9.93
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Fig. 1 Zeta potential-pH curves 0
of CG and GB biochar samples
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peaks between 1400 and 1500 cm™" represent C=C stretch-
ing vibrations indicative of alkanes and aromatics (Inyang
et al. 2010). The C-O stretching (1350 cm™) occurred due
to the presence of primary, secondary and tertiary alcohols,
phenols, ethers and esters. The peak at wavenumber near
870 cm™! reflects the C—H bending vibration in p-glycosidic
linkage (Krishnan and Haridas 2008). This also indicates
the presence of adjacent aromatic hydrogen on the biochar
surface.

The absorbance peak at 2850-2960 cm™' indicates the
presence of an alkyl C—H and the intensity of this group
decreased as temperatures increased from 350 °C to 500 °C
and then to 700 °C (Fig. 2a, b). The 2850-2960 cm™! peak
area is strongly correlated to the hydrophobicity of the bio-
chars (Kinney et al. 2012). From these results, it can be sug-
gested that the increase of this functional group results from
conversion of functional groups in a low oxidation state to
those in a high oxidation state by means of heat treatment.
The decrease of these functional groups at 700 °C was attrib-
uted to the release of these groups or conversion to other
functionalities.

3.2 Adsorption kinetics and mechanism

Adsorption is a process governed by several mechanisms
operating simultaneously and it is often difficult to precisely
identify the role of each mechanism in a specific system. For
interpreting adsorption behavior, it is convenient to consider
the overall free energy for the adsorption reaction, AG 4,
as a combination of terms representing various adsorption
mechanisms:

A(;atds = AGelect + AGhydro + AGH—bond + A(;n—erDA +...
(6)

where AGy, is the electrostatic adsorption term, AGyy gy,
accounts for removal from solution due to hydrophobic inter-
action, AGyy .4 accounts for adsorption due to hydrogen
bonding and AG,_, g, accounts for electron-donor—accep-
tor interactions. The adsorption behaviors of DCT, SPY and
ETM using CG and GB biochars are interpreted based on the
interplay of these different mechanisms.

3.2.1 Sulfapyridine (SPY) adsorption

The time-dependent removal of SPY from solution using
the six biochars is shown in Fig. 3a, b. The data indicates
that the highest removal of SPY by biochar was observed
with the CG700 (70% removal), followed by CG350 (50%
removal) and CG500 (15% removal) (Fig. 3a). Removal
was correlated to the surface areas of the adsorbents that
follow the same order CG700 > CG350 > CG500 (Table 2).
The pyrolysis at 700 °C increased the surface area eightfold
compared to the surface area at 350 °C and this was accom-
panied by an increase of approximately 20% in the extent
of adsorption.

Binding of the SPY to the biochars is initially explained
by the surface charge of the biochars and the properties of
SPY™; log K, (0.35) and acidity constants (pK,; =2.30;
pK,,=28.43). The ionic character of SPY varies greatly with
pH, as reflected by the acidity constants. At the inherent
solution pH which varied between 8.3—11.2 over a 24 h con-
tact time using CG700 and CG350, SPY exists mainly in
its neutral and anionic forms (pH > pK,; and pK_,; SPY")
and hydrophobic interactions caused by solvation of apolar
molecular surfaces between SPY and the negatively charged
biochar surfaces (pH > pHzpc) resulted in SPY adsorption
(Yao et al. 2017). However, the amount of SPY adsorbed
by CG700 and CG350 (Fig. 3a) is greater than what would
be expected due to hydrophobic interactions alone, because
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Fig.2 (a) FT-IR spectra of
CG350, CG500 and CG700.
(b) FT-IR spectra of GB350,
GB500 and GB700

Fig.3 Removal of Sulfapy-
ridine by (a) CG700, CG500
and CG350 and (b) GB700,
GB500 and GB350 (Red errors
bars < 10%)
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SPY has a log K, value of 0.35. This suggests that other
mechanisms are responsible for the removal of SPY from
solution.

An additional binding mechanism for SPY removal is
the formation of negative charge-assisted H-bonds (CAHB)
between the anionic SPY and the O-containing functional
groups of the biochars. CAHB occurred in response to the
elevation in pH as the contact time increased to 24 h. The
increase in pH is attributed to the release of OH™ during
the proton exchange between SPY™ and water molecules,
which is followed by interaction of the SPY molecules with
the O-functional groups present on the biochar surface lead-
ing to SPY adsorption (SPY ™ + biochar — SPY® = biochar;
Teixid6 et al. 2011).

Furthermore, the sorption of SPY by CG700, CG500 and
CG350 can be explained by n—x electron-donor acceptor
(EDA) interactions. SPY can act as a n-electron acceptor due
to the presence of the amino functional group and N and/or
O-hetero-aromatic rings (Ahmed et al. 2017a, b). CG700,
CG500 and CG350 biochars enriched with C=C, OH, C=0
groups act as strong electron donors. Both of these factors
may have facilitated =—x EDA interactions between CG700,
CG500 and CG350 and SPY resulting in the removal from
SPY from solution. Yao et al. (2017) recently proposed that
the adsorption of SPY and sulfamethoxazole (SMX) onto
biochars derived from anaerobically digested bagasse was
due to n—n EDA interactions between graphitic regions of
biochars and the sulfonamide group in SMX and SPY. Ji
et al. (2009) also reported that the adsorption of SMX and
SPY to graphite and carbon nanotubes is enabled by n—=n
EDA interactions involving the heterocyclic rings of the
antibiotics.

The low removal by CG500 (14% after 24 h) compared
to CG700 and CG350 might be attributed to the inherent
pH of the solution. The pH varied between 8.79 and 9.30
from the beginning of the experiment to the final time. This
is lower than the inherent solution pH using CG700 and
CG350 (pH between 10.5-11.2 and 9.9-11.1, respectively).
Consequently, with the pH being slightly above the pK,, of
SPY (8.4), a significant fraction of SPY exists as neutral

species which do not participate in negative charge-assisted
H-bonding. It is therefore hypothesized that adsorption of
SPY by CG500 occurred primarily via two mechanisms
(hydrophobic interaction and m—rt EDA interactions) instead
of the three mechanisms attributed to the removal using
CG700 and CG350 (hydrophobic interaction, CAHB and
n—7n EDA interactions).

Differences in adsorption of SPY between CG and GB are
correlated to the different physico-chemical characteristics
of these biochars, which are predominantly controlled by the
inherent molecular configuration of the plant-based biomass
feedstock. GB700, GB500 and GB350 are characterized by
more O-containing functional groups (Fig. 2b) compared to
CG biochars, which renders GB biochars more hydrophilic
and limits the potential for hydrophobic interaction. This
is explained by the fact that during adsorption, the oxygen
groups on the biochar surfaces usually act as the primary
adsorption center. Water molecules show a greater affin-
ity for surface oxygen groups on the biochar via hydrogen
bonding compared to the more hydrophobic SPY molecules.
Water molecules are therefore adsorbed onto the GB bio-
chars surfaces and act as polarized secondary adsorption
centers, promoting further water-molecule adsorption and
cluster formation. These clusters form an envelope extend-
ing beyond the localized adsorption centers, reducing the
accessibility of SPY molecules to the solid particles (Zheng
et al. 2013). Moreover, water molecules strongly compete
for adsorption sites with SPY on the functionalized biochar
surface. As a result, the potential for hydrophobic interaction
between SPY molecules and the GB biochars was strongly
inhibited (Wu and Pendleton 2001). One additional factor
is that low pore volume and specific surface areas of the
GB700 (5.92 m? g~') GB500 (0.06 m? g~') and GB350
(0.00 m* g!) compared to the CG700 (16.33 m* g™!), made
the active sites less available for SPY adsorption, thereby
resulting in minimal removal (Fig. 3b).
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3.2.2 Docusate (DCT) adsorption

All tested biochars exhibited some ability to remove aque-
ous DCT (Fig. 4a, b). The removal of DCT reached 98%
using CG700, followed by 85% and 79% using CG500 and
CG350, respectively (Fig. 4a). The biochar surfaces have a
net negative charge (Fig. 1) and DCT, containing a strongly
acidic sulfonate group (Table 1), is anionic over a wide pH
range. For DCT to be adsorbed, it is likely that hydrophobic
interactions are involved.

The hydrophobic nature of the CG700, CG500 and
CG350 biochars (Table 2), compared to GB biochars, cou-
pled with the relatively high log K, (5.24) for DCT, aided in
its adsorption. DCT has a greater tendency to withdraw from
the aqueous phase compared to the other selected pharma-
ceuticals, facilitating hydrophobic interaction between the
hydrophobic moiety of the surfactant DCT and the hydro-
phobic regions of the biochar surface. In addition, hydropho-
bic interactions can occur between the hydrophobic moiety
of previously adsorbed DCT and other DCT molecules in
solution, resulting in multilayer adsorption (Brown et al.
1998).

Moreover, even the GB biochars showed more than 50%
removal after 24 h (Fig. 4b). Adsorption using GB700,
GB500 and GB350 reached 51%, 53% and 66%, respectively.
However, GB biochars showed the least removal, likely due
to the presence of the additional O-containing functional
group. The predominance of O-containing functional groups
on the GB biochar causes a reduction in the hydropho-
bic character of the carbon surface, which, in turn, mili-
tates against the development of hydrophobic interactions
between GB700, GB500 and GB350 and DCT. This resulted
in lower DCT removal compared to the CG biochars.

The lower temperature biochar, GB350, showed the great-
est removal of DCT compared to GB700. Besides the parent
feedstock used to produce biochar, the pyrolysis tempera-
ture can also influence the surface area and natural organic
matter (NOM) content of biochar. This will, in turn, affect
the removal of DCT. Biochars made at lower pyrolysis tem-
peratures contain higher NOM content and can sorb organic

compounds through the mechanism of partitioning into
the organic phase in contrast to hydrophobic interactions
(Kupryianchyk et al. 2016). Thus, lower temperature GB350
biochar could have higher DCT adsorption potential due to
its higher NOM content. The higher sorption of DCT onto
lower temperature biochars suggests that surface functional
groups on the biochars and NOM may play a more important
role in interactions between DCT and biochar than other fac-
tors, such as specific SA. No research addressing the adsorp-
tion of DCT onto biochar could be found; therefore, further
investigation of binding mechanisms is warranted.

3.2.3 Erythromycin (ETM) adsorption

The ETM adsorption profiles onto CG700, CG500 and
CG350 biochars show 74%, 44% and 37% removal, respec-
tively (Fig. 5a). Using the GB biochars, removal reached
53%, 64% and 50% for GB700, GB500 and GB350, respec-
tively (Fig. 5b). Since ETM has a pK, value of 8.88 and the
inherent experimental pH of the solution varied between
10.2 and 11.4 when using the biochars, ETM existed pre-
dominantly in its anionic form. Since the biochar surface
also carries a net negative charge (Fig. 1), electrostatic
attraction is precluded. Consequently, adsorption is in
response to hydrophobic interactions induced by van der
Waals forces arising between the hydrophobic ETM mole-
cules (log K., =3.06) and the negatively charged graphemic
planes of hydrophobic biochars (Sun et al. 2009).

The adsorption of ETM onto microporous hydrophobic
beads studied by Sun et al. (2009) showed that increasing
the temperature and pH resulted in decreased K, indicat-
ing that more ETM molecules were present in the solution
and that adsorption occurred due to van der Waals forces.
In addition, the adsorption of ETM onto the biochars is
increased by rapid diffusion of ETM molecules from the
solution into the porous structures of the biochars (Mosta-
fapour et al. 2019). Moreover, ETM has the ability to form
hydrogen bonds between its hydroxyl moieties and the
(C=0) and (C=C) group present on the biochars surfaces.
The adsorption of ETM follows the order CG700 > GB50

Fig.5 Removal of Erythro- 100 100
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0> GB700> GB350 > CG500 > CG350. Apart from the
CG700, the more hydrophilic GB biochars removed ETM
more than the CG biochars. These results indicate that the
more O-containing functional groups present on the GB bio-
char increased the formation of H-bonds, thereby leading
to greater removal. Moreover, this suggests that adsorption
might be dominated by the formation of H-bonds and not the
availability of active surface sites.

3.3 Modeling kinetics and adsorption isotherms
3.3.1 Kinetics modeling

Quantifying the rate of pharmaceutical removal is neces-
sary for modeling adsorption and determining the contact
time needed to achieve a desired amount of pharmaceu-
tical removal in water treatment processes. In this study,
both PFO and PSO kinetic models were employed to model
the experimental data but only the PSO results are shown
(Table 3), since the R? values for the PFO model are low.
From the results, it can be deduced that the PSO model
could be used to explain the adsorption processes onto
almost all of the biochars because of the high R? val-
ues (>0.8), with the exception of a few cases. It is also
observed from Table 3 that the experimental adsorption
capacity (g (xp)) Value is very close to the model-calcu-
lated adsorption capacity (¢ () for SPY, DCT and ETM,

Table 3 Kinetic parameters of pseudo-second-order model for the
adsorption of the selected pharmaceuticals, SPY, DCT and ETM

Biochar EC ¢, (o) (mg Pseudo-second-order kinetic model
e ky (gl ' 9e fcab (mg R
mg—h™)  g7)
CG700 SPY 0.785 3.176 0.766 0.997
DCT 2.086 2.115 2.143 0.999
ETM 1.923 2.034 1.934 0.991
GB700 SPY 0.018 90.134 0.017 0.848
DCT 0.989 0.893 1.011 0.972
ETM 1.395 5.095 1.398 0.999
CG500 SPY 0.094 1.743 0.114 0.863
DCT 0.596 0.598 7.025 0.972
ETM 0.907 4.740 0.912 0.999
GB500 SPY 0.013 96.579 0.013 0.987
DCT 1.097 2.818 1.096 0.986
ETM 1.752 5.247 1.757 0.999
CG350 SPY 1.073 0.419 1.151 0.976
DCT 2.019 1.823 2.037 0.999
ETM 0.712 1.436 0.726 0.979
GB350 SPY 0.285 0.896 0.311 0.802
DCT 1.437 2.023 1.448 0.998
ETM 1.169 1.527 1.185 0.996

which is consistent with the high correlation of the adsorp-
tion of pharmaceuticals onto biochars to the PSO model.
The better fit of the experimental data by the PSO model
implies that the adsorption of SPY, DCT and ETM onto
CG and GB biochars was a rate-limited process controlled
by chemical adsorption involving sharing or exchange of
electrons between pharmaceuticals and biochars (Qiu et al.
2009). The results for the PSO model fitting for the adsorp-
tion of the SPY onto GB700, CG500 and GB350 biochars
are less favorable (R*><0.9) compared to the adsorption
of SPY, DCT and ETM onto CG biochars (R?>> 0.9). This
less favorable fit may be attributed to the irregular vari-
ation of the adsorption results characterized by very low
removal, followed by high removal efficiencies and then
no removal, leading to a flat horizontal line showing 0%
additional removal after 24 h. The adsorption kinetics do
not plateau, and therefore determining the values of R? and
9e (car) DECOMES difficult.

No kinetic studies could be found on adsorption of SPY,
DCT and ETM onto cotton gin waste and guayule bagasse
biochars. Nonetheless, other researchers have reported that
the PSO model is useful for describing the adsorption of
pharmaceuticals onto different adsorbents. The sorption of
sulfonamides by functionalized biochar followed the PSO
chemisorption kinetic model (Ahmed et al. 2017b). Reguyal
et al. (2017) found that the removal of sulfamethoxazole
(SMX) and sulfamethazine (SMT) by magnetized pine saw
dust biochar followed the PSO model. The adsorption of
ETM by carbon nanotubes was better explained by the PSO
model (RZ2=0.995) compared to the PFO with an R?value of
0.892 (Mostafapour et al. 2019). Therefore, our results are
consistent with other previous findings.

3.3.2 Adsorption isotherms

The adsorption isotherm represents the relationship between
the mass of pharmaceuticals adsorbed per unit weight of
biochar and liquid-phase equilibrium concentration of the
pharmaceuticals. These isotherms provide important design
data for adsorption systems (Lata et al. 2007). When SPY,
DCT and ETM concentrations in the aqueous solutions were
increased from 2 to 50 mg L™!, adsorptive uptake of the
CG700 also increased. Table 4 shows the different isotherm
parameters and their corresponding values. It is seen from
Table 4 that the Langmuir isotherm model (Fig. 6a) exhib-
ited a better fit (i.e., a higher R?) to the adsorption data than
the Freundlich isotherm model (Fig. 6b). The data obtained
from the Langmuir isotherm model produces a straight line
fitted with higher R? of 0.962, 0.966 and 0.989 for SPY,
DCT and ETM, respectively, and this clearly suggests that
the Langmuir isotherm validates the experimental data for
the adsorption of pharmaceuticals onto CG700 biochar. The
maximum SPY, DCT and ETM adsorption capacities (g,,)
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Table 4 Related parameters Langmuir and Freundlich isotherm model for erythromycin and docusate adsorption on to CG700

Langmuir isotherm gy, (mg g~ h K, (Lmg™) R?
ETM 17.123 0.016 0.989
DCT 19.685 0.374 0.966
SPY 1.221 1.681 0.962
Freundlich isotherm K (mg g™ n R?
ETM 0.337 1.333 0.947
DCT 2.957 1.847 0.905
SPY 0.531 3.632 0.909
Fig.6 Adsorption isotherms of 5 3 2 0.3
ETM, DCT and SPY (second- ! b *
ary axis) removal by CG700 (a) 4 r25 '
Langmuir and (b) Freundlich — e [ 01
- T L2 1 )
isotherm gw 3 ° !,- -0
2 mobis 2 L N
o, | e g} It I
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[ ]
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were 1.221, 19.685 and 17.123 mg g™, respectively. The
value g, for DCT suggests a greater affinity between DCT
molecules and CG700 compared to ETM and SPY mole-
cules. These results are in accordance with the results from
the adsorption of the pharmaceuticals showing 98% DCT
removal after 24 h (Sect. 3.2.2). The adsorption data fitting
the Langmuir isotherm suggests that there is uniform bind-
ing energy on the surface of the adsorbent and negligible
sorbate-sorbate interaction which, in turn, facilitates physi-
cal monolayer adsorption (Gong et al. 2008).

The suitability of the Freundlich model for SPY, DCT and
ETM is indicated by R? values of 0.909, 0.905 and 0.947,
respectively. The Freundlich constants (Ky) for SPY, DCT
and ETM are 0.531, 2.957 and 0.337 mg g™, respectively,
and the n values lie between 1 and 10 signifying favorable
adsorption by CG700. There is a stronger affinity between
DCT and CG700 which is demonstrated by the larger K
value for DCT compared to ETM and SPY. The Freundlich
isotherm model suggests that adsorption of these pharma-
ceuticals onto the surface of CG700 is considered to be a
multi-layer, chemisorption process in which the amount
of pharmaceuticals absorbed per unit mass of the CG700
increases gradually and is not restricted to the formation of
the monolayer (Chung et al. 2015).

The data fitting both isotherm models (R* > 0.9) indicates
that the adsorption of pharmaceuticals on CG700 biochar

@ Springer

is not restricted to physical monolayer adsorption and that
chemical interactions may be involved. Other studies (Wang
et al. 2010; Liu et al. 2012) have reached similar conclu-
sions. Caution is warranted in choosing one isotherm model
over another to explain the adsorption mechanism, given the
fact that linear and nonlinear models give different correla-
tion coefficients and this leads to difficulties in explaining
the adsorption mechanism as it relates to isotherms (Foo and
Hameed 2010). However, once the isotherm parameters are
determined, these parameters can be used as constants and
experimental conditions such as initial pharmaceutical con-
centrations and biochar mass required to achieved desired
removal efficiencies could be estimated prior to the actual
adsorption process. This is particularly useful when design-
ing columns for scaling the adsorption process (Essandoh
et al. 2015).

3.4 Effect of solution pH

Solution pH affects both the ionization of the pharmaceu-
ticals and the surface charge of the biochars which, in turn,
influences the different mechanisms for pharmaceutical
adsorption onto biochar. The removal of SPY was approxi-
mately 70% at pH 10-11 but was significantly reduced (40%)
at pH 7 (Fig. 7a). These results differ from other previous
studies, with several reporting a decrease in SPY adsorption
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with a rise in pH due to increased electrostatic repulsion
between the anionic SPY™ and the negatively charged bio-
char surface (Ji et al. 2009; Xie et al. 2014; Yao et al. 2017).
Additionally, anionic SPY ™ present at higher pH is more
hydrophilic than the neutral form (present at lower pH),
which causes a decrease in hydrophobic interactions (Huang
etal. 2017). At pH 7, the solution is between the pK,; (2.30)
and pK,, (8.43) of SPY, hence the neutral SPY* species
dominate and act as m-electron acceptors. These n-electron
acceptors facilitated strong m—x EDA interactions between
SPY and CG700 and this was the predominant adsorption
mechanism at pH 7 (Ahmed et al. 2017b).

In contrast, at a pH of 10, the anionic SPY™ species prin-
cipally exists in solution and an increase in adsorption was
observed (70% removal after 24 h). However, the increase in
SPY™ removal with increase in pH is attributed to the forma-
tion of negative-charge assisted hydrogen bonds (CAHB). As
demonstrated by Teixido6 et al. (2011), this mechanism pro-
ceeds through the adsorption of negative molecules by the
release of — OH to proton exchange with water (SPY™ +H,0
— SPY°+ OH"), followed by the formation of exception-
ally strong H-bonds between the neutral molecules and the
carboxylate functional group present on the CG700 biochar
surface (e.g., [RSO,N(R’) ...H...O,C-surf]"). Zheng et al.
(2013) reported similar results from the adsorption of sul-
famethoxazole (a member of the sulfonamide family with
similar properties to SPY) using biochar, where removal still
occurred at alkaline pH due to the formation of CAHB.

500 1000
Time (minutes)
-8 -pH=7 —e—pH=10

1500

The effect of pH on the adsorption of DCT and ETM is
shown in Fig. 7b, c, respectively. There were no consistent
and pronounced differences between the removal of DCT
and ETM using CG700 at pH 7 and at pH 10. DCT and
ETM are negatively charged at pH 7 and the proportion of
negatively charged species increases as the pH rises. Like-
wise, CG700 surface becomes increasingly more negative as
the pH becomes more alkaline. Thus, electrostatic repulsion
between negatively charged DCT and ETM and the biochar
should be reduced at pH 7 relative to pH 10. However, n—n
electron donor acceptor interactions between the n-electrons
of the pharmaceuticals and the m-electrons in the aromatic
ring of the CG700 exists throughout the entire pH range.
Similarly, diffusion, hydrogen bonding and hydrophobic

Table 5 Kinetic parameters of pseudo-second-order models for the
adsorption of SPY, DCT and ETM at pH 7 and 10 using CG700 bio-
char

EC q. @) Pseudo-second-order kinetic model
(mg g™) k 4o o I
(gmg™'h™) (mgg™

pH7 SPY 0.866 0.693 0.800 0.964
DCT 1.902 1.437 1.925 0.998
ETM 1.752 0.249 1.851 0.949
pH10 SPY 0.785 3.176 0.766 0.997
DCT 2.086 2.115 2.143 0.999
ETM 1.923 2.034 1.934 0.991
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interaction between the biochar and the pharmaceutical are
still dominant mechanisms and this results in the similar
equilibrium adsorption amount after 24 h even at different
pH conditions.

3.5 Kinetics of adsorption at different pH

The kinetics for the adsorption of the pharmaceuticals onto
CG700 biochar was evaluated at pH 7 and 10 and the param-
eters are shown in Table 5. The experimental data were fit-
ted to the PSO model and high correlation coefficients were
observed (R?>0.8) with excellent linearity. Additionally, the
calculated and experimental g, values were similar for both
pH conditions. The excellent fit of the data to the PSO mod-
els indicates chemisorption may be the rate limiting step at
different pH values, where electrons sharing through hydro-
gen bonding, hydrophobic interactions and n—r EDA interac-
tions occur by valence forces between the pharmaceuticals
and CG700 biochar (Qiu et al. 2009). Moreover, it was seen
that the PSO rate constant &, is lower at pH 7 than at pH 10
for SPY, DCT and ETM indicating that adsorption at pH 7
required a higher amount of biochar than at pH 10 to achieve
the same adsorption efficiency (Ferreira et al. 2015).

4 Conclusion

Biochars produced from the pyrolysis of cotton gin waste
and guayule bagasse exhibited significant capacity to remove
pharmaceuticals from aqueous solution. Removal is a strong
function of the solution pH and the mechanisms involved
are hydrophobic interactions, hydrogen bonding and n—=n
electron donor acceptor interactions. Adsorption data fit the
PSO model, indicating that adsorption was dominated by
chemisorption through electron sharing or transfer. These
findings demonstrate the potential for biochar to serve as a
low-cost additional treatment for reducing pharmaceuticals
in treated wastewater prior to beneficial reuse in a wastewa-
ter irrigation system. The surface properties of biochar can
vary depending on the biochar feedstock, with some func-
tional groups more effective at reducing some pharmaceu-
ticals compared to others. Given that most pharmaceuticals
are weak acids or bases that are moderately hydrophobic (log
K, ~0-4), biochar materials that have intermediate degrees
of hydrophobicity will likely be most effective in enhancing
the removal of pharmaceuticals commonly found in waste-
water effluent.
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