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Highlights

e Role of biochar hydrophilicity in the removal of emerging contaminants investigated
e Changes to thermally treated biochar surfaces increased adsorption performance

e Thermal treatment resulted in changes to biochar surface and crystalline structure

e Rate-limiting steps in removal process were adsorbate monolayer and chemisorption

¢ Anions in aqueous solution exert significant influence on the adsorption process
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ABSTRACT. This study investigated the removal of Acetaminophen (ACT) using biochars
having different physicochemical characteristics. Biochars subjected to post-pyrolysis heat-
treatment at 300°C for different treatment times (0, 3.5, 8 and 24 h) were used. The resulting
biochars were characterized using FTIR and X-ray diffraction spectroscopy. Experiments for ACT
adsorption with different biochars loads (0.0, 0.05, 1, and 2 g L") were performed. Using the best
performing material, ACT adsorption was investigated for additional biochar loads (4.0, and 6.0 g
L!) and experiments to test the effect of ionic strength were undertaken for different ions (chloride,
carbonate, and nitrate) at three different concentrations (0.0, 1.0, 5.0 mM). The results showed that
the changes to the surface of the thermally treated biochars increased the adsorption of ACT. The
changes in the amount of oxygen-containing functional groups on the surface of the modified
biochars (e.g., C=O from 47.8 a.u. to 152 a.u. in the untreated and thermally treated biochars,
respectively), as well as modifications to their crystalline structure are considered to be the reason
for the observed improvement. Adsorption isotherms and kinetic models suggest the generation of
an adsorbate monolayer and chemisorption as the rate-limiting step. The different anions tested
were found to have a significant influence on ACT adsorption, related to their electronegativity
and steric effect, as confirmed by the multivariate analysis.

Keywords: Biochar, adsorption, drinking water, emerging contaminants, acetaminophen.

1. Introduction

Presence of emerging contaminants (ECs), particularly pharmaceuticals, in aquatic environments
has become a significant source of concern because of their potential adverse human and
ecosystem health impacts, even at trace concentration levels [1]. Among the different ECs,
acetaminophen (ACT) has attracted attention because of its frequent occurrence in aquatic
environments related to its increased global production and consumption, mainly in developing
countries, uncontrolled disposal of expired medicine and the discharge of poorly metabolized
active principle to receiving water bodies [2,3]. According to past epidemiologic and
ecotoxicologic studies, ACT is mostly metabolized into N-acetylbenzoquinoneimine (NAPQI), a
toxic, active oxidant and electrophilic metabolic intermediate [4]. When excessive dosages of ACT
are absorbed, NAPQI bioaccumulates and starts exerting toxic effects on organism, including
oxidative stress, generating changes in the thiol groups in cellular proteins, leading to DNA and
RNA damage, and oxidation of the membrane lipids [5,6]. This highlights the need for novel, cost-
effective treatment processes capable of removing ACT from water environments.

Carbon-based materials have been shown to be not only effective adsorbents, and the solid matrix
support transition metal ions and oxides, but also acts as an environmentally friendly catalyst [7—
10]. However, the most commonly used carbon-based materials such as carbon nanotubes and
graphene have also been reported capable of posing human health and environmental risks when
released into the environment [11-15]. Furthermore, the search for carbon-based materials with
"green" capabilities which are capable of meeting environmental applications and at the same time
do not present potential adverse human health and/or environmental impacts remains an ongoing
scientific challenge [16]. In this context biochar could be considered as a suitable material. Biochar
is a highly porous carbon-based material produced from feedstock biomass under low-oxygen
conditions, which has been reported showing versatile adsorption capability depending on the
feedstock used for production [17—19]. The high ability to modify the physicochemical properties
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of biochar based on specific needs has resulted in wide application for the removal of a diversity
of environmental contaminants [2]. Despite the significant opportunities provided by the ability to
custom-modify the properties of biochar, to the best of our knowledge, relatively few studies are
available on the benefits of this ability in relation to the removal of ECs, as well as the mechanisms
involved or the influence of water quality parameters on the removal of ECs in water. The aim of
this study was to assess the effect of increased hydrophobicity/hydrophilicity of the biochar surface
on its ability for the adsorption of emerging contaminants in the aqueous phase. This also entailed
the identification of the changes in the surface functional groups involved in the adsorption
process, as well as the potential mechanisms involved, and the assessment of the effect of ionic
strength on the feasibility of engineered biochar application for the adsorption of ACT in aqueous
phase, as a case study.

2. Materials and methods

2.1 Biochar preparation

The raw biochar (BC) used in the study was obtained from Biochar Now (Berthoud, USA)
produced from beetle-kill pine timber from Colorado at pyrolysis temperature 600+£50 °C under
limited oxygen for 8 h [10]. The particle size of the untreated biochar was in the range of 0.3-0.7
mm. The BC material has high hydrophobicity (contact angle value >90° rated as highly
hydrophobic) as reported elsewhere [10]. The previous study also found that treating BC at 300°C
for different time periods generated significant changes in its hydrophilicity by changing the
contact angle from >90° to 69° (considered hydrophilic) [10]. In order to compare the effect of
hydrophilicity/hydrophobicity of biochar, other biochars, 3.5BC, 8BC and 24BC, were produced
by heating BC to 300 °C in ambient air using a Thermo Fisher Scientific F48025 muffle furnace
for different periods of time (3.5, 8, and 24 h, respectively). The different materials (3.5BC, 8§ BC,
and 24BC) were separated from the ashes produced (about 5%) by screening, using mesh 50
(approx. 0.297 mm particle size) and used in the experiments without further purification. The
selection of the heat treatment conditions adopted to produce the hydrophilic biochar material was
based on extensive investigations undertaken by Mortazavian et al. [10] where significant changes
in the surface characteristics were identified to be influenced by thermal treatment temperature
and time duration of the treatment.

2.2 Thermally-treated biochar characterization

The crystallographic study of the different biochar materials produced was carried out using a
Panalytical X'Pert PRO powder diffractometer at a scanning rate of 13°/min in the range 26 of 5-
70° with Cu-Ka radiation 45 kV and 40 mA at room temperature. Specific surface functional
groups on the different biochars (C=0 and C-0) were investigated using a Fourier transform
infrared spectroscopy (FTIR, Shimadzu IR Prestige-21 FTIR Spectrophotometer, SHIMADZU
Corporation, Japan). For the FTIR analysis, consistent with the method used by our research group
in the past [20], the biochars were ground and mixed with potassium bromide (KBr) with a 1/500
mass ratio in order to make pressed pellets. The spectra were recorded in the wave number range
of 400-4000 cm! at a resolution of 4.0 cm™. Biochar samples were analyzed for C=0 and C-O
bonds using FTIR spectroscopy. The availability of C=0 and C-O bonds was qualitatively and
quantitatively analyzed by the peak positions and by calculating the area under the relevant peaks.
For quantification of C=0 bonds, area under the curves of peaks in the range of 1640-1820 cm’!
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was determined and for C-O bonds, the same technique was repeated on the peak appearing around
~1060 cm’!.

2.3 ACT adsorption experiments

ACT adsorption experiments consisted of four different loads (0.0, 0.5, 1.0, and 2.0 g L") of the
different thermally treated biochar (e.g., BC, 3.5BC, 8BC, and 24BC). All the experiments were
performed in duplicate using 0.66 mM (100 mg L") ACT solution. Samples (1.0 mL) were taken
at different process times (0, 10, 20, 30, 40, 50, 60 minutes and 24 hours) and analyzed for ACT
concentration using high-performance liquid chromatography (HPLC). Additionally, for ACT
adsorption using 8BC, two larger biochar loads (4 and 6 g L!) were tested. The effect of ionic
strength on the adsorption process was also tested for the best ACT adsorption conditions (8BC, 6
g L") using three different concentrations of nitrate, chlorite and carbonate (0.0, 1.0 and 5.0 mM).
The effect of the combination of ions was tested using 1 mM concentration of every ion in solution
singly, combination of two ions and all the ions simultaneously.

2.4 ACT quantification

For the quantification of ACT in aqueous phase, an Agilent 1200 HPLC system equipped with a
reversed-phase Phenomenex Gemini C-18 (5 um, 4.6 mmx 150 mm) column and UV detector (A
= 260 nm) was used. The mobile phase consisted of a mixture of 70% and 30% (v/v),
acetonitrile/trimethylamine (3 mM, pH 6.2) and a flow rate 0.6 mL min!. The separation was
performed at 40°C.

2.5 Multivariate analysis

Two multivariate statistical analysis methods; Hierarchical Cluster Analysis (HCA) and
Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE) together
with Graphical Analysis for Interactive Assistance (GAIA) methods were used to identify the
relative adsorption performance of untreated and thermally treated biochar with different
characteristics, and to rank these according to their adsorption performance. Multivariate analysis
allows the investigation of multidimensional data by considering several variables, and can
examine complex chemical phenomena and data patterns more accurately and in-depth when
compared to univariate/bivariate methods. Further, the analytical outcomes derived from the
multivariate analysis methods employed would not have been possible if only univariate/bivariate
methods were used. Accordingly, the observations and conclusions derived from this study are
further supported by the analysis using multivariate models.

HCA 1is a multivariate classification method that groups objects (i.e. thermally treated BC) with
similar characteristics into clusters [21]. In HCA, the number of clusters is reduced by joining the
two closest clusters, resulting in a hierarchy of partitions. The relationships in similarity among
clusters can be represented using either a distance matrix or a tree-like branching diagram, termed
a dendrogram [22,23]. In a dendrogram, the height of the branch points (i.e. correlation distance)
indicates how similar or different these are from each other, such that, the greater the height, the
greater the difference. Different linkage methods such as single linkage, average linkage, complete
linkage and Ward's method are used to calculate the cluster dissimilarity depending on the data
availability. In this study, Ward’s linkage method was used to compute the similarity between each
object, ensuring that there were no missing data. Minitab 17 software was used for the cluster
analysis.



PROMETHEE is a non-parametric data analysis method that evaluates several possible decisions
according to different and often conflicting criteria in order to identify the best possible decision
whilst ranking them from the best to the worst [24]. PROMETHEE facilitates decision-makers to
select the most preferred action (i.e. objects) according to the weight of the corresponding criteria
(i.e. variables) using a preference function [25]. Based on the weight and preference function,
actions are ranked by calculating the net outranking flow values (¢, Phi values). GAIA represents
the graphical description of the PROMETHEE ranking. In a GAIA biplot, actions and criteria are
represented by points and vectors, respectively. The orthogonal vectors represent the independent
variables, whist vectors having acute angles are correlated to each other. The decision axis in
GALIA biplot represents the decision power of the method, where the most influential and favorable
actions and criteria are located closer to the decision axis. Further details on PROMETHEE
analysis can be found elsewhere [25]. In this study, Visual PROMETHEE software was used for
the ranking and GAIA analysis.

3. Results and discussion
3.1 Non-treated and thermally-treated biochar characterization

Thermally treated biochar after pyrolysis under atmospheric conditions has been found to change
from being highly hydrophobic to hydrophilic depending on the heat-treatment time [10]. This
change is considered to be related to the change in the amount of oxygen containing functional
groups on the surface of the adsorbent [26,27]. The absorbance bands corresponding to C=0 and
C-O for the different post-pyrolysis thermally treated biochars found by FTIR analysis are shown
in Figure 1. As evident, the area under the curves of the peaks in the range of 1640-1820 cm™! were
considered to be associated with C=0O stretching which increased because of the increase in
carboxyl groups. Compared with the non-treated biochar (e.g., BC, C=0 absorbance 47.8 a.u.), the
signal increased for the samples with increased thermal treatment time (e.g., 136.4 and 152 a.u.
for 3.5BC and 8BC, respectively). However, 24BC did not follow the trend showing a decreased
amount of C=0 groups (78.4 a.u.), but an increased amount of C-O groups. The peak around 1060
cm !in the FTIR spectrum (Figure 1) and the increase in the signal centered at 1735 cm™ could be
the reason for the observed increase in the hydrophilicity of the thermally treated samples
compared to the non-thermally treated biochar (BC), as reported previously [10]. These results are
in agreement with a study where thermal treatment was shown to have a significant effect on drop
penetration time and contact angle in biochar prepared from poultry litter [28]. In their study, Yi
et al. [28] suggested that the hydrophobicity of the biochar surface was associated with some
semivolatile organic compounds (e.g., 1,3-bis(1,1-dimethylethyl)-benzene, 2,5-bis(1,1-
dimethylethyl)-phenol, tetradecane, and octacosane) coating the surface of the material. The effect
of having a close interaction between water and the surface of thermally treated biochars would be
expected to produce relatively faster diffusion of water-soluble chemical species attached to the
solid surface.

The increase in the bands associated with C=0 and C—O has been suggested in past research as
being related to oxidation of the biochar surface and subsequent generation of active adsorption
sites [29]. In agreement with Fahmi et al. [29], biochar with a lower amount of oxidized sites will
show relatively lower cation exchange capacity (CEC) compared to biochar with a higher oxidized
surface. As described above, samples in this study were thermally treated after pyrolysis under
ambient conditions, meaning that oxidation of the biochar surface is highly likely during additional



thermal treatment, as suggested by the increased C=0 and C-O absorption bands. The higher
oxidation surface in biochar would be able to retain contaminants because of its higher capability
to interact with the functional groups remaining on the surface. A reduction in the 1430 cm™! band
observed in the FTIR analysis (Figure 1) also support the surface oxidation hypothesis.



—— Prystine unused

105 - (b)

100 ~
N R
g F
95 -
1068cm™
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 300 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™) Wavenumbers (cm™)
I RC24 ninnicadl
102 4
s : lr"""u[ll'
98 +
1 »
29@? cm 100 2357 cm
2976 cm 870 :m’ﬂ .
96 - 4
\0 1055 cm \D
98 H
94 | 2350 cm !
-1
1029 cm
96
92 4
T T T T T T 1
T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumbers (cm™) Wavenumbers (cm™)
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The XRD patterns of non-thermally treated (BC) and 300°C thermally treated 3.5, 8, and 24 hours
biochars (3.5BC, 8BC, and 24BC, respectively) are shown in Figure 2. The XRD pattern is
dominated by the crystalline cellulose in the original biomass with a signal centered around 27°
corresponding to the (002) reflection as the most predominant [30]. Higher peak density was
observed in BC, compared with the 3.5 hours thermally treated biochar (3.5BC), thus indicating a
higher crystalline structure being present in the untreated material. The XRD pattern for 8BC and
24BC showed higher peak density compared to 3.5BC, suggesting a recovery of the crystalline
structure being higher for 8BC when compared with 24BC. The signal centered on 20° is
considered to be related to the (220) reflection, which appears as very small for 3.5BC compared
to the untreated, 8BC, and 24BC materials. This behavior has been explained before in terms of
the disappearance of crystalline cellulose pattern and consistent with a secondary phase transition
as the structure of the biochar starts moving from a transition char towards a disordered char [31].
As the thermal treatment time increases, some biomass structure degradation may be observed
along with the increase in carbon content. Results shown in Figure 2 suggest that, after a
transformation period occurring when the biochar is thermally treated at 300°C for 3.5 hours, the
transition is completed after 8 hours of treatment and continues when the biochar treatment is
prolonged until 24 hours. This transitional stage for 3.5BC is also corroborated by the decrease in
the signal centered at 50° in 8BC, and 24BC, related to the (100) reflection after thermal treatment
as shown for 3.5BC in Figure 2. The other signals observed in the XRD analysis could be related
to the presence of SiO; or calcite, as previously reported for pine bark biochar prepared under
similar conditions [32].

As described in Section 2.1, BC was produced at 600+50 °C and under low oxygen atmosphere
suggesting a significant content of sp? carbon and the incipient formation of graphene layers [31].
When the post-pyrolysis thermal treatment was applied to BC to generate 3.5BC, 8BC, and 24BC,
the uncontrolled presence of oxygen may lead to the generation of graphene oxide-type structures
which have been reported with an increased capacity for interaction with contaminants [33] and
wettability compared with BC. These results are in agreement with other studies on the generation
of oxygen-containing functional groups in carbon-based materials. For example, Chen et al. [34]
suggested that graphitic sp? carbon is likely to produce C=0O groups when longer duration/lower
temperature thermal treatment is used and more C-O-C groups when shorter duration/higher
temperature treatment is used for annealing carbon nanotubes. The proposed mechanism for C=0
groups by these researchers involved 1,2 peroxidation followed by homolytically breaking of C-
C and -O-O- bonds, which is thermodynamically favored at lower temperature because of the
lower activation energy for 1,2 peroxidation with planar graphitic ring. Figure S1 in the
Supplementary Information shows a schematic overview of the mechanisms of C=0O groups in
thermally treated biochars based on the hypothesis suggested by Chen et al. [34].

The layer coherence length (too2) in the different biochars was estimated using the Scherer equation
and the average distance between the two adjacent planes (doo2), also known as interlayer spacing,
was obtained from Bragg’s law [31]. The average number of graphene layers was estimated by the
ratio between the layer coherence length and interlayer spacing. Additionally the crystallinity
index (CI) for the different materials was estimated using the methodology proposed by Chandra
and Bhattacharya [35]. The estimated values are shown in Table S1 in the Supplementary
Information. The loss of crystalline cellulose XRD pattern during pyrolysis of biomass has been
described in past literature [31], suggesting that the changes to the material structure are associated
with the decrease in the layer coherence length values of the biochar. In our work, too> value of BC
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was 1.42 nm, which is in the same order of magnitude as reported for biochar produced from wood
feedstock under similar temperature conditions (e.g., 1.9 nm) [31]. We found a slight decrease in
crystallinity as the raw biochar was thermally treated at 300°C for 3.5 h, followed by an increase
in the CI values until a value higher than the initial value for the 24BC biochar. The variability in
the CI values reported in Table S1 are in agreement with other studies [35], where the residence
time was found to exert a significant influence on the CI for different biochars for the same
temperature treatment. In general, Chandra and Bhattacharya [35] found a slight decrease in the
CI value when the detention time increased. However, these researchers only reported detention
times in the range of 60-120 min.
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When secondary post-pyrolysis thermal treatment was applied, the too2 values decreased
related with the transition from disordered char to composite char, and then increased again
slightly, in this case not as a function of the increase in carbonization temperature, but as a
function of treatment time [31]. In the same way, the decrease in the (100) layer coherence
length (see Table S1), also point to more ordered carbon clusters with increased sp? content,
but with a stable number of graphene layers.

3.2 ACT adsorption

Figure 3 shows ACT adsorption curves for the different biochar materials (e.g., BC, 3.5BC,
8BC, and 24BC) tested at the highest load (2 g L"). The lowest ACT adsorption was observed
when BC was tested, when the overall ACT adsorption was found to be 11% after 60 minutes,
suggesting that hydrophobic surface of BC did not efficiently attract ACT molecules.

It is important to note that ACT adsorption increased significantly with the post-pyrolysis
thermal treatment applied. When 3.5BC was used, the overall ACT adsorption was found to
be as high as 39%, which is over three folds higher than the value achieved with BC. Further
increase in the thermal treatment time produced an additional increase in ACT removal. The
highest removal was achieved using the 24BC (50%), closely followed by 8BC (47%).

After initial exploration of the capability of the different biochar materials, a decision was
made to select 8BC to further continue with the assessment of biochar capability for
adsorption. This is because, as shown in Figure 3, the material thermally treated at 300°C for
8 hours showed almost the same removal efficiency as the material generated after 24 hours
of thermal treatment, but using one third of the amount of energy required. Figure 4 shows
the results obtained when 8BC was tested for the adsorption of ACT using different adsorbent
loads (0 to 6 g L™).
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concentration of 0.66 mM (100 mg L)

As shown in Figure 4, the adsorbent load has a significant effect on ACT adsorption with the
best performance achieving up to 91% ACT removal within 90 minutes of contact time when
6 g L' of 8BC were used, followed closely by the removal achieved using 4 g L' (74%), and
eventually removals achieved using 2, 1 and 0.5 g L'! (e.g., 55, 49, and 20%, respectively
after 90 minutes). In order to perform a fair comparison of the performance of the different
materials tested, the Langmuir and Freundlich isotherm models were tested to fit the
experimental results obtained.
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Figure 4. Effect of biochar load (8BC, 0.5-6.0 g L!) on ACT removal (initial concentration
0.66 mM) adsorption at 20°C.

Table 1 includes the parameters of the two adsorption isotherm models tested. As shown, the
Langmuir isotherm model was the best fit for the experimental data set in all the cases
showing the highest correlation coefficient values, suggesting that the surface contains
adsorbing sites, energetically equivalent and with the same energy of adsorption, and the
generation of a monolayer coverage [36]. The best fit of the Langmuir isotherm model agrees
with the characterization of the surface functional groups described above for the different
materials tested, as the increase in oxygen-containing functional groups appear to be not only
responsible for the changes in the hydrophobicity/hydrophilicity balance on the biochar
surface, but also for the interaction with ACT molecules to generate the monolayer indicated
by the Langmuir model. Using the Langmuir isotherm parameters in Table 1, the reparation
factor (Rr) was calculated as the way to compare the capability of the different materials for
ACT adsorption, as reported previously [37]. In agreement with Ayawei et al. [37], R values
indicate the adsorption to be unfavorable when Ry > 1, linear when R = 1, favorable when 0
< Rr< 1, and irreversible when Ry = 0. From the results given in Table 1, adsorption was
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favorable for all the cases, with the most linear value assigned to the adsorption process using
8BC (RL = 1.2x10™) being twice as much as the other Ry values estimated for the other
materials, suggesting it performs best for ACT adsorption.

Table 1. Adsorption isotherm results for ACT removal using 8BC.

Langmuir Freundlich
Biochar type  Qm,mgg! ki, mgL! Ri/10° R? n K. R?
BC 24.63 135.58 6.2 0.96 0.22 1.03x107 0.85
3.5BC 3.83 127.76 5.6 0.999 037 5.34x10° 0.97
8BC 1.02 62.48 120 09995 0.65 9.74x107 0.97
24BC 3.16 108.35 6.7 0.9995 0.36 2.61x107° 0.97

The results from the adsorption isotherm model are also supported by the characterization of
the different materials. For example, from Figure 1, 8BC was found to be the biochar with
the highest amount of oxygen-containing functional groups for both C=0O and C-O bonds. It
would be expected that the oxygen-containing functional groups would be able to interact
forming hydrogen bonds with the amide and hydroxyl groups in ACT generating weak
interaction, but strong enough to enhance ACT adsorption [38]. The type of interactions
between the functional groups on the surface of biochar and ACT is shown in Figure 5a,
where chemisorption through hydrogen bonding-type interaction between the chemical
species is schematically displayed. Also, the interlayer spacing for the thermally treated
biochars was large enough to allow interaction of the chemical species between the graphene
layers produced (see also Figure 5), considering ACT as a fairly plane, small molecule
(8.5x5.7 A%) [39].

The characterization of the materials using XPS and other conventional characterization
technologies (e.g., SEM, TEM/EDS, ICP-OES) is reported elsewhere [10]. The results
strongly support the findings on ACT adsorption by showing how texture in the heat treated
biochars has changed by changing the heating time using TEM analysis, and the increased
presence of oxygen-containing groups as the thermal treatment time increases. The increased
amount of carbonyl groups on the surface of the thermally treated biochars was also
suggested by XPS analysis to enhance the stabilization of zero-valent iron nanoparticles by
fast formation of a stable Fe*" layer coating through fast oxidation induced by the carbonyl
groups. In their work, Mortazavian et al. [10] concluded that alterations to the surface
functional groups, and surface charges in thermally treated biochars enhance their interaction
with aqueous contaminants and increase the number of adsorption sites suitable for ACT
adsorption, such as in the case of this research study.

Additional to the adsorption isotherm models, the Lagergren models for pseudo-first, and
pseudo-second order kinetics were also used to describe the adsorption process of ACT by
the different biochars. The best fit was achieved using the pseudo-second order kinetics,
compared with the pseudo-first order kinetics, suggesting that chemisorption is the rate-
limiting step in the adsorption process and that the adsorption rate will mostly depend on the
sorption capacity of the biochar, but not on the concentration of the sorbate [40]. Table 2
shows the results of applying the model to the experimental data set. As shown, the highest
rate constant value was observed when using 8BC with the highest load (6 g L™!) for which a
value as high as 0.021 g mg'min! was obtained.
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Further decrease in the 8BC load showed the trend to significantly decrease the rate constant
value until reaching its lowest value for the lowest 8BC load (0.5 g L!) tested as 0.002 g mg’
'min’!, one order of magnitude smaller. The variation in sorption capacity and ACT removal
as a function of the 8BC load is shown in Figure 6 where the effect of ionic strength on these
parameters is also displayed. As evident, by increasing the 8BC dose from 0.5 to 6 g L', the
equilibrium sorption capacity, qe, decreased from 56.5 to 22.0 mg g™'. However, the removal
of ACT increased from 20 to 91% with the same increase. The relationship between the
equilibrium sorption capacity, ge, and the 8BC dose was found to fit a linear regression with
a fair coefficient of determination value (R>=0.91), which can be expressed as q. = S8BC +
Y where the constant, Y, 56.8 mg g! is the maximum sorption capacity, when the biochar
load approaches zero, and S at -6.5 L mg g™! is related to the sorption potential of the material.

(a)
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Figure 5. Schematic representation of the interaction between oxygen-containing functional
groups on the surface of biochar and ACT molecules: (a) absence, and (b) presence of
chloride, carbonate, and nitrate ion.

The negative value shows that the equilibrium sorption capacity decreases with the increase
in the dose of the biosorbent [40]. Finally, only a slight variation in the initial sorption rate,
h, was observed for the different biochar doses, averaging 6.8 mg g''min!(see Table 2).
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Table 2. Kinetics results for the adsorption of ACT in different thermally-treated biochars.

Biochar type BC load, gL'  Ion/concentration, mM Lagergren equation e, mgg’! ko, gmg'min!  h,mgg'min! R?
3.5BC 0.5 Null 1/qe = 0.017t+ 0.03  56.5 0.0098 31.3 0.998
1.0 Null 1/qe = 0.024t+ 0.09 40.2 0.0063 10.2 0.997
2.0 Null 1/qe =0.031t+0.19 322 0.0051 53 0.999
8BC 0.5 Null 1/qe = 0.017t+ 0.13  56.5 0.0020 6.5 0.991
1.0 Null 1/qe = 0.019t+ 0.11 53.5 0.0031 8.9 0.95
2.0 Null 1/qe = 0.026t+ 0.19 38.2 0.0035 5.1 0.994
4.0 Null 1/qe = 0.038t+0.28 25.9 0.0053 3.6 0.996
6.0 Null 1/qe = 0.045t+ 0.01 21.9 0.021 10.0 0.999
24BC 0.5 Null 1/qe = 0.013t+ 0.07 78.7 0.0021 13.4 0.987
1.0 Null 1/qe = 0.020t+ 0.20 50.2 0.0019 4.9 0.994
2.0 Null 1/qe = 0.025t+ 0.24 39.2 0.0033 5.1 0.97
8BC 6.0 [CI], ImM 1/qe = 0.053t+0.39 18.7 0.0072 2.5 0.999
8BC 6.0 [CI], 5SmM 1/qe = 0.071t+1.10 13.9 0.0026 0.5 0.996
8BC 6.0 [COs3], ImM 1/qe = 0.052t+ 0.53 18.9 0.0052 1.9 0.991
8BC 6.0 [COs], SmM 1/qe = 0.101t+ 0.54 9.84 0.019 1.9 0.997
8BC 6.0 [NOz], ImM 1/qe = 0.038t+ 0.99 26.3 0.0014 1.0 0.995
8BC 6.0 [NOs], 5SmM 1/qe = 0.081t+0.40 12.2 0.016 2.5 0.994
8BC 6.0 [CIT+[COs], 1 mM 1/qe = 0.056t + 053  17.8 0.0058 1.9 0.996
8BC 6.0 [CI+[NO3], ImM 1/qe = 0.057t + 0.48 174 0.007 2.1 0.999
8BC 6.0 [COs]+[NO3], ImM 1/qe = 0.061t + 037 163 0.010 2.7 0.995
8BC 6.0 [CITH[COs]+[NOs], ImM  1/ge = 0.064t+ 041  15.6 0.009 2.4 0.999
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Figure 6. Variation in sorption capacity and ACT removal as a function of the 8BC load and the
effect of ionic strength (The red square and triangle pointed by the yellow arrows are the results
obtained when ions were present in solution).

3.3 Effect of the presence of anions in the solution

The effect of addition of different ions to the tested concentrations is illustrated in Figure 7. Figure
7a shows the effect of the individual ions (i.e., chloride, carbonate, and nitrate) for the two
concentrations tested (1.0 and 5.0 mmol L!), while Figure 7b shows the effect of combination of
two or three ions using 1 mmol L' of each and 6 g L' of 8BC. The ACT adsorption curve using
deionized water (no ions added) for the same test conditions is also shown for comparison
purposes.
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Figure 7. Effect of ionic strength: (a) individual ions, (b) combined ions on ACT adsorption

in 8BC.
As shown in Figure 7a, addition of any of the tested ions to any of the tested concentrations exerted
a significant influence on the ACT adsorption process when compared with DI water. The effect
of the ions can be explained as the interaction of these chemical structures with the functional
groups on the surface of the biochar which impeded the interaction with ACT molecules, as
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suggested in Figure 5b. The effect of the individual ions was also observed when the Lagergren
kinetic values were estimated for the ACT adsorption curves. For example, the adsorption rate
decreased from 0.021 g mg'min’! for the 8BC in deionized water to 0.0072 and 0.0026 when 1
and 5 mM of chloride were added. In the case of carbonate and nitrate, the effect of adding 1 mM
showed the highest impact in both cases, and further increase in the concentration to 5 mM did not
show the same decrease in the adsorption rate as observed for chloride, but a slight increase, which
is attributed to the steric effect as carbonate and nitrate ions are significantly bigger than chloride.
The same trend was found for other kinetic parameters such as h, where the values significantly
decreased to as low as one order of magnitude in the case of nitrate | mM with the addition of the
different ions at the different concentrations tested. The remaining ACT adsorption observed could
be related to specific active sites that were not occupied by the ions in solution or within the
interlayer space estimated as shown in Table S1.

The effect of the addition of a single ion is illustrated in Figure 6 where the assessed values of qe
and ACT removal are displayed in red and highlighted with the yellow arrow for the addition of
chloride 5 mM and 8BC dose of 6 g L™! as the worst case scenario. As shown, e decreased from
21.9 mg g for deionized water to 9.8 mg g! when 5 mM of chloride was added, while ACT
removal decreased from 91 to 59%. These results are in agreement with the proposed monolayer
model for the adsorption process, because once the number of active sites are occupied by either
ACT or ions, the adsorption process will stabilize reaching equilibrium and the adsorption rate will
drop significantly. Additionally, as chemisorption has been suggested as the rate-limiting step in
the adsorption process, the effect of ions interrupting the chemisorption of ACT molecules would
be expected in generating the observed results.

The ACT adsorption curves for the experimental trials using two or more ions combined using 1
mM and 6 g L'! of 8BC are shown in Figure 7b. It is important to note that the effect observed for
more than one ion seems to be less than the effect of single ions as shown in Figure 7a. Most of
the ACT adsorption curves shown in Figure 7b overlap and reach almost the same final removal
value (c.a., 72% ACT adsorption), suggesting that the ions in the system will also compete with
each other and against ACT to occupy the active sites on the surface of the biochar. The adsorption
rate value, for example, decreased from 0.021 g mg 'min™! for DI water to 0.009 g mg 'min’!, which
is over one order of magnitude, when the three ions (chloride, carbonate and nitrate) were added
at the same time at a concentration of 1 mM.

3.4 Multivariate analysis
3.4.1 Adsorption performance of ACT for different biochar materials

Figure 8 shows the hierarchical clustering of ACT adsorption for different biochar materials,
including the biochars subject to different thermal treatments (Figure 8a) and adsorbent loads
(Figure 8b). In Figure 8, two primary clusters can be identified; treated and non-treated biochar,
suggesting that the variability in thermally enhanced biochar can significantly influence the
adsorption of ACT. These results confirm our experimental findings and its relationship with the
changes observed in the frequency of oxygen-containing functional groups on the surface and the
consequent change in hydrophobicity/hydrophilicity of the biochar materials generated. As evident
from Figure 8a, biochar treated for 8 h and 24 h (e.g., 8BC and 24BC) are grouped together,
showing a similar correlation coefficient distance, followed by biochar treated for 3.5 h. This
implies that ACT adsorption in 8BC and 24 BC would be similar, as shown in Figure 3 where only
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a slight difference in ACT adsorption was found between the two materials. Furthermore, the
dendrogram representing different doses of 8BC shows that biochar loads of 2 g L' and 4 g L™,
and 0.5 g L' and 1 g L"! have a close resemblance, clustering at the same correlation distance
(Figure 8b). This suggests that the adsorption performance of these biochar doses would be similar.
To confirm the observations derived from HCA and in order to understand the relative adsorption
performance of biochar having different adsorbent characteristics, the data set was classified using
PROMETHEE net ranking.

Correlation Coefficient Distance Correlation Coefficient Distance
0.00 0.07 0.14 0.21 0.00 0.1 0.22 0.34

0 hr
0 hr Mon-treated Biochar

Mon-treated Biochar

0.5 g/L

35 hrs

1g/L

2 g/L
8 hrs |

4g/L

24 hrs |

6g/L

(a) (b)

Figure 8. Dendrogram showing the clustering of treated and non-treated biochar materials based
on ACT adsorption capacity: (a) biochar treated for different times, (b) different adsorbent dosage.

Equal weight was given for all variables (i.e. concentration of ACT at a given time), assuming that
each time step is equally important for the adsorption process, and the linear preference function
was used. As evident from PROMETHEE net ranking outcomes given in Table 3, biochar of 6 g
L' and 4 g L! treated for 8 h ranked at the top with higher positive outranking flows (net Phi),
followed by 24BC at 2 g L'!. These results indicate that the adsorption capacity of 6 gL' and 4 g
L of 8BC is high compared to 24BC when a dose of 2 g L™! is used. Nevertheless, when the same
dose of biochar was used (e.g., 2 g L"), 24BC out-performed 8BC suggesting that longer the
thermal treatment time, will produce higher hydrophilic surfaces suitable for enhanced pollutant
adsorption, and that increased loads of the sorbent will enhance the overall amount of ACT
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adsorbed, as evident from the adsorption isotherm and kinetic models proposed. This is also
evident from the GAIA biplot given in the Supplementary Information (Figure S2), where the
decision axis is directed towards the objects related to 6 g L™! and 4 g L', indicating that the biochar
as treated are the most favorable for the adsorption of ACT. Table 4 also shows that the adsorption
of ACT by 8BC at 0.5 g L'! is the lowest among the samples (i.e. high negative Phi values) and it
also shows a lower performance compared to non-treated biochar. This is attributed to the lower
dosage of biochar for ACT adsorption compared to the non-treated biochar (2 g L!). These results
further confirm our finding that even though thermally treated biochar can increase the adsorption
of ACT, the adsorbent dosage is an essential parameter when determining the adsorption
performance.

Table 3. PROMETHEE net ranking outcomes

Objects Rank Net Phi for different biochar (BC) materials.
6gL! 8h 1 0.7480
4gL! 8h 2 0.2632
24BC 2gL! 3 -0.0173
2gL! 8h 3 -0.0173
8SBC 2 gL' 5 -0.1163
lgL! 8h 6 -0.1582
3.5BC 8h 7 -0.1602
Untreated BC 8 -0.1974
05gL"' 8h 9 -0.3444

3.4.2 Effect of ionic strength

The effect of the addition of ions at different concentrations on the adsorption performance of ACT
was investigated using PROMETHEE ranking (Table 4) together with GAIA analysis (Figures S3-
S4). In this analysis, the effect of ions was ranked considering two different systems; single ions
and multiple ions, along with the solution having no influential ions (DI water). As evident from
the ranking outcomes for single and multiple ion systems, the solution with no influential ions is
top ranked with higher positive net Phi values, followed by different ionic strengths, suggesting
that the adsorption capacity of ACT decreases with the influence of different ions. GAIA biplots
also show the decision power of objects related to ‘no ions’ compared to the other objects (Figures
S3-S4).

In the single ion system, the adsorption capacity of ACT decreases in the order of Cl > CO3 > NO3
in 1 mM concentration, whilst it follows the order: NO3; > CO3 > Cl when the ionic concentration
becomes 5 mM (Table 4). This trend could be explained considering firstly, the electronegativity
of the ionic species involved and secondly, their actual ionic radii. When the ions are used at low
concentration, chloride was found to have the highest influence because it is more electronegative
than nitrate and carbonate ions, able to attach to the oxygen-containing functional groups on the
surface of the biochar and decreasing their capability to interact with ACT molecules. As the added
concentration of the ions increased to 5 mM, the effect of electronegativity decreases and the steric
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effect becomes predominant with nitrate and carbonate becoming more influential, as the ions with
the bigger topological polar surface area interfere more significantly compared to the chloride ion,
which is considered to have zero topological polar surface area.

Table 4. PROMETHEE net ranking outcomes for ACT adsorption in biochar in the presence of
ions.

Single ion system Multi ion systems

Objects Rank Net Phi Objects Rank  Net Phi
No ions 1 0.4954 No ions 1 0.1941
Cl_ ImM 2 0.3345 CO3+NOs3_1mM 2 -0.042
CO;_1mM 3 0.319 CO3+NO3+Cl_ ImM 3 -0.0476
NO;_1mM 4 0.1544 NO3;+Cl_1mM 4 -0.051
NO;_ 5mM 5 -0.2773 CO3+Cl_1mM 5 -0.0535
CO3;_5mM 6 -0.4778

Cl 5mM 7 -0.5481

PROMETHEE ranking for multiple ion systems given in Table 4 indicates that the adsorption
capacity of ACT follows the order: no ions > [COs3 and NO3] > [Cl and NO3z and CO3] > [NOs and
CI] > [COs and CI]. These results suggest that the effect of increased interaction related with a
higher electronegativity possess greater significance than the steric effect discussed above. The
best ACT adsorption conditions were the absence of ions when deionized water was used, followed
by the combination of carbonate and nitrate ions, with a significant value of topological polar
surface area, but the greatest effect was noted for the mix of anions where chloride was included,
enhancing the chemisorption of highly electronegative chloride ions against the interaction with
ACT molecules.

4. Conclusions

The application of post-pyrolysis thermal treatment to biochar produced from pine timber was
carried out to generate materials with different hydrophilic/hydrophobic properties, crystalline
structures, and functional groups on the surface. The following are the main findings after testing
the materials obtained for the adsorption of acetaminophen (ACT) in aqueous phase:

e The observed changes to hydrophobicity/hydrophilicity in the materials after different
thermal treatment times correlated with changes in absorbance bands corresponding to
oxygen-containing functional groups (e.g., C=0, C-O) on the surface of the different
biochars and transformations of their crystalline pattern, including the content of sp? carbon
and formation of graphene layers.

e The increase in post-pyrolysis thermal treatment time increased the ability of biochar to
adsorb ACT. This is attributed to the increase in hydrophilicity of the surface, layer
coherence length and distance between adjacent planes of the different biochars. Biochar
treated for 8 h and 24h were found without significant difference in their performance for
ACT adsorption. These findings suggest that energy savings can be achieved by using the
8 h thermally treated biochar (§8BC) without sacrificing the treatment performance.
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The use of adsorption isotherm and kinetic models found that the adsorption process
involves the generation of an adsorbate monolayer and follows pseudo-second order
kinetics, suggesting chemisorption is the rate-limiting step in the process.

The addition of different ions, separated or combined, generated a significant decrease in
the adsorption capability of 8BC. For the single ion system, the adsorption capacity of ACT
decreased in the order of C1 > CO3> NO3z when 1 mM concentration was tested, while the
opposite was found true when 5 mM of the different ions were tested. This trend is related
to the electronegativity of the ionic species and ionic radii.

The adsorption capacity of ACT follows the order: no ions > [CO3 and NOs] > [Cl and
NO3 and COs] > [NOs and Cl] > [CO3 and Cl] suggesting that the effect of increased
interaction related to higher electronegativity has greater significance than the steric effect.
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Supplementary Information

Table S1. Numerical values for interlayer spacing (too2), layer coherence (tioo), and number of

graphene layers in the different biochar materials.

Biochar too2, NM t100, NM # of graphene layer  Crystallinity Index, %
BC 1.42 1.25 4.26 82.5
3.5BC 0.95 0.90 3.4 79.4
8BC 1.14 1.69 2.85 79.5
24BC 1.35 1.20 3.05 83.3
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Figure S1. Schematic mechanism proposed for oxygen-containing functional groups production in the graphene layers of biochar I) 1,2
peroxidation, IT) homolytic breaking of C-C and O-O bonds, III) carboxyl groups generation.
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Figure S2.

GAIA biplot for ACT adsorption in different biochar materials.
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Figure S3. GAIA biplot for ACT adsorption in single ion system.
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Figure S4. GAIA biplot for ACT adsorption in multiple ion system.
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