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Abstract: Five different biomass wastes—orange peel, coffee grounds, cork, almond shell, and peanut
shell—were transformed into biochars (BCs) or activated carbons (ACs) to serve as adsorbents and /or
ozone catalysts for the removal of recalcitrant water treatment products. Oxalic acid (OXL) was used
as a model pollutant due to its known refractory character towards ozone. The obtained materials
were characterized by different techniques, namely thermogravimetric analysis, specific surface
area measurement by nitrogen adsorption, and elemental analysis. In adsorption experiments, BCs
generally outperformed ACs, except for cork-derived materials. Orange peel BC revealed the highest
adsorption capacity (Qe = 40 mg g~!), while almond shell BC showed the best cost-benefit ratio at
€0.0096 per mg of OXL adsorbed. In terms of catalytic ozonation, only ACs made from cork and
coffee grounds presented significant catalytic activity, achieving pollutant removal rates of 72 and
64%, respectively. Among these materials, ACs made from coffee grounds reveal the best cost/benefit
ratio with €0.02 per mg of OXL degraded. Despite the cost analysis showing that these materials
are not the cheapest options, other aspects rather than the price alone must be considered in the
decision-making process for implementation. This study highlights the promising role of biomass
wastes as precursors for efficient and eco-friendly water treatment processes, whether as adsorbents

following ozone water treatment or as catalysts in the ozonation reaction itself.
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1. Introduction

Water scarcity is a major concern worldwide since it affects a growing number of re-
gions in the world, year by year. Water reuse, utilizing treated wastewater for non-potable
purposes, is one of the multiple strategies that can be adopted to avoid water shortages.
However, a fact that discourages a greater adherence to this strategy is the presence of
emerging micropollutants in wastewaters, since no or limited regulations and guidelines
exist with clear monitoring controls [1]. This fact creates hesitations regarding the reuse of
water that may contain these potentially harmful substances. Emerging micropollutants,
such as pharmaceuticals and personal care products (PPPCs), appear in wastewater because
they are not completely removed by conventional water treatment processes present in
most wastewater treatment plants (WWTPs) [2,3], posing unmeasurable threats to aquatic
organisms and human health. For instance, Yu et al. (2023) [3] made an ecological risk as-
sessment of the most frequently detected PPPCs in a Chinese river and found out that some
are in concentrations with high risk to aquatic organisms (RQ > 1), thus being considered of
high-priority concern. Advanced water treatment is thus required to complement WWTPs
existing treatments and ensure an efficient removal of this kind of pollutant. In fact, accord-
ing to the new proposal of the European Union concerning urban wastewater treatment, by
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the end of 2035, all urban WWTPs treating a load equal to or greater than 100,000 p.e. would
have to provide quaternary treatment to remove a large spectrum of micropollutants [4].
Ozonation has been successfully employed for this purpose in various countries around the
world, given the strong oxidizing power of ozone (O3, Ey = 2.05 V, NHE) [5], which enables
an effective micropollutant abatement and bacteria inactivation [6,7]. However, O3 presents
limited reactivity towards deactivated aromatic or electron-poor aliphatic pollutants [8]
under the conditions employed in water treatment, leading to their accumulation in the
environment. This is the case of oxalic acid (OXL), a typical ozonation by-product that
accumulates due to its refractory character towards O3 [9]. A possible strategy to remove
this kind of refractory by-products would be the combination of an adsorption step after
ozonation or the combination of O3 with catalysts capable of transforming O3 into more
reactive species, such as hydroxyl radicals (¢OH, Ey = 2.8 V, NHE) [10], which are known
to be effective against most of O3-resistant micropollutants [11]. Carbon materials, namely
biochars (BCs) and activated carbons (ACs), can act as both adsorbents and O3 catalysts
for the removal of organic compounds [1,12-15]. These are considered more economical
and environmentally friendly options than other adsorbents and catalysts used in those
processes, since they can be made from inexpensive and 100% natural sources, such as
coconut shell [16], or even agricultural and industrial wastes [12,15,17].

This work focuses on developing BCs and ACs derived from 5 different biomass
wastes, namely orange peel (OP), coffee ground (CG), cork (CK), almond shell (AS), and
peanut shell (PS) and evaluates their potential as both adsorbents and catalysts in the
ozonation of OXL. This dual functional approach aims to contribute simultaneously to
sustainable waste management and advanced water treatment solutions. These specific
5 biomass wastes were chosen considering their availability in Portugal. Regarding OP,
Portugal is a large consumer and producer of oranges, resulting in large quantities of OP
waste. Regarding CG, every year in the country’s capital Lisbon, 10,000 tonnes of used
coffee grounds end up in landfill sites [18]. Regarding CK, Portugal is the largest producer
of cork in the world; the country is responsible for over 60% of the volume of all exports [19].
The cork dust that is created when the corks are sanded down to size was the cork waste
used in this study. Regarding AS, Portugal is the third-largest almond producer in Europe.
As such, AS is the principal byproduct of almond processing and is often considered
waste [20]. Finally, PS results from the large consumption of peanuts in Portugal. Although
peanuts are grown mainly in Asia, these nuts are the most consumed nuts in Portugal,
followed by walnuts [21]. A production cost assessment at laboratory scale of these biomass-
derived materials was made to find the material with the best cost-effectiveness ratio, both
in terms of OXL removal through adsorption and catalytic ozonation. This aims to be a
decision-supporting tool for determining the most economically viable option among the
developed materials, a perspective rarely approached in catalytic ozonation studies. Also,
although plenty of research is dedicated to repurposing biomass residues into BCs and
ACs [17,22-25], their dual role as both adsorbents and Oj catalysts is still rarely addressed.
In fact, only one other study was found exploring this same dual functionality of a biomass-
derived carbon material [26], which reinforces the novelty of this study; such an integrated
approach is crucial for a sustainable water treatment.

2. Materials and Methods
2.1. Chemicals

The Oxalic acid (OXL, C;HyO04, >99%) used for the degradation experiments was
obtained from Sigma Aldrich (Burlington, MA, USA). Sulphuric acid (H2SO4, 95-98%),
used as eluent for chromatographic analyses, was also obtained from Sigma Aldrich. All
solutions were prepared in ultrapure water (18.2 M().cm), obtained from a Millipore
Milli-Q system.

The OP and PS residues were obtained by peeling oranges and peanuts, respectively,
which were purchased in local supermarkets. The CK wastes were provided by a cork
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producer company located in northern Portugal. The CG was obtained from commercial
coffee capsules after usage. The AS was provided by a local farmer.

2.2. Preparation of Biochars (BCs) and Activated Carbons (ACs)

Firstly, the collected biomass residues were submitted to a drying step that consisted
of staying in an oven (Thermo Scientific Heraeus UT6120, Cacém, Portugal) at 100 °C
overnight (12 h). After this, the dried residues were roughly crushed to better pack inside
the furnace reactor.

To produce the biochars, the dried biomass residues were heat-treated under constant
N, flow (100 cm® min~!), at a heating rate of 5 °C min~! until reaching the desired
temperature, at which were kept for 1 h (dwell time). To prepare the activated carbons, the
dried biomass residues were submitted to one step heat treatment/physical activation route
under a constant gas flow of 100 cm® min~! containing 30% CO, (w/w %). The heating rate
and dwell time were the same as that mentioned for biochars. The dwell temperature was
defined based on the thermogravimetric analysis (TGA) of each residue, which is presented
ahead in this study. These thermal treatments were performed in a programmable vertical
furnace (Termolab, Agueda, Potugal) using a quartz tube reactor.

2.3. Characterization Techniques

The thermogravimetric analyses (TGA) of the samples were performed on a STA 409
PC/4/H Luxx Netzsch thermal analyzer (Netzsch-Gerdtebau GmbH, Selb, Germany). The
samples were heated at 10 °C min~! under N, flow from 50 to 900 °C, then remained at
900 °C for 7 min, followed by 20 min under air flow.

The BET specific surface area and pore size distribution of the produced biochars and
activated carbons were evaluated via N, adsorption at —196 °C, using a Quantachrome
Instruments Nova-e 20200 series (Quantachrome Instruments, Boynton Beach, FL, USA).
The specific surface area of the mesoporous (Smeso) and the volume of micropores (Vmicro)
were calculated via the t-method using the appropriate standard isotherm; the specific
surface area was calculated using the B.E.T. method (Sgpt), while the average diameter of
pores was calculated through the BJH method. Additionally, the total volume of pores was
extrapolated from a single point of the adsorption isotherm where p/pg = 0.99 (Vp/po:0.99)-

Elemental analysis was determined by using an elemental analyzer (Vario Macro Cub,
Elementar, Germany).

2.4. Catalytic Ozonation Experiments

To perform the reactions, 50 mg of the prepared BCs or ACs were added to a solution
of 100 mL containing 20 mg L~! of OXL. Although OXL is detected in environmental
matrices in much lower concentrations (in the order of ug-L’l), the concentration selected
in this study is to guarantee its correct quantification along the degradation studies, con-
sidering the limitation of our analytical techniques. The reaction started when a stream
of 150 Ncm?® min~! of O3 was bubbled into this suspension. The concentration of O3 in
the gas stream was fixed at 50 g-Nm? by fixing the ozone generator (BMT 802X, BMT
MESSTECHNIK GMBH, Stahnsdorf, Germany) power and the pure O; flow rate. Ad-
sorption experiments were performed for comparison, replacing the O3 stream with O,.
Experimental adsorption capacities, Qe (mg g '), were calculated according to Equation (1).

(Co—Ce)-V

Qe = W 1)

where Cj is the initial concentration of OXL, Ce is the OXL concentration at equilibrium
time (mg L~1), V is the volume of the OXL solution (L), and W is the mass of the adsorbent
(g). The mixture was continuously stirred at 200 rpm, inside a closed stirred tank reactor
for 180 min, and aliquots were taken at determined times to quantify OXL concentration.
This reactor is equipped with a sampling tube provided with a porous stainless steel filter
that allows suspended particles (catalyst) to be separated from the treated solution. A
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scheme of the experimental apparatus is shown in our previous publication [1]. Since there
could be some fluctuations in the initial OXL concentration, the graphical representation of
OXL degradation over time uses the normalized OXL concentration, i.e., [OXL]/[OXL]y
(dimensionless).

2.5. Analytical Methods

The OXL concentration over time was determined via an HPLC-UV (Hitachi Elite
LaChrom) (Hitachi, Tokyo, Japan), using an Alltech AO-1000 column (300 mm x 6.5 mm).
The isocratic elution for OXL consisted of 100% of an aqueous solution containing
5 mmol-L~! H,SOy, at a flow rate of 0.5 mL-min—!. The injection volume was 30 pL,
and the detection wavelength was 200 nm. These analytical conditions gave an OXL limit
of detection (LOD) of 0.2 mg-L~! and limit of quantification of 0.59 mg-L~!.

3. Results and Discussion
3.1. Characterization of the Prepared Materials

The TGA analyses of the biomass residues are shown in Appendix A (Figures A1-A5
and Table Al). The profile of weight (%) as the temperature (°C) increases presents a
stabilization plateau after 400 °C for OP, 600 °C for CK, 500 °C for CG, 400 °C for AS,
and 400 °C for PS. Therefore, more thermally stable structures are expected above these
temperatures, these having been defined as the setpoint temperatures to convert each
biomass residue by pyrolysis and physical activation into BCs and ACs, respectively. These
temperatures are in line with other studies where the TGA of the same biomass residue
sources were analyzed [15,17,22-25].

Table 1 shows the textural characterization of the prepared BCs and ACs. The BCs
present very low surface areas, close to the limit of quantification of the equipment
(5 m?g~1), as well as ACCG. The materials are mostly mesoporous (pores sizes rang-
ing from 50 to 200 A), except for ACCK, which presents ~74% of microporosity (pore
diameter < 20 A). Smicro Was calculated from the difference between Sgpr and Speso. The
highest value of surface area (Sggr, m? g~ 1) was observed for this same material, which can
be justified by it being treated at a higher temperature compared to the others.

Table 1. Textural properties of biomass-waste-derived biochar and activated carbons.

Vpores (p/po = 0.99)

Sample Ser (M2g1)  Speso (m2g—1) (cm3g-1) Dp BJH (nm)
BCCK <5 <5 0.01 3.5
BCOP 7 5 0.007 3.5
BCAS 8 4 0.01 4.6
BCPS <5 <5 0.006 3.7
BCCG 6 <5 0.0001 3.6
ACCK 114 30 0.13 3.7
ACOP 6 <5 0.01 3.5
ACAS 8 6 0.01 3.6
ACPS 53 8 0.04 4.5
ACCG <5 <5 0.03 3.6

In terms of the elemental composition of the produced materials (Table 2), it is possible
to verify a clear decreasing trend in the oxygen content from the biochars to activated
carbons from the same biomass source, except for AS, which presents a contrary trend
(although very subtle), and CK, where no significant differences can be stated. This may
indicate that the physical activation that transformed biochars into activated carbons in-
volved the loss of oxygen-containing functional groups and/or led to more stable structures,
i.e., less reactive with the atmospheric O, after the thermal treatment, explaining the lower
oxygen content in their structures [1,22]. Although the pyrolysis and activation steps
occur in the absence of oxygen, partial oxidation might happen due to the inherent oxygen
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content in biomass [25], explaining the O % (w/w) increasing trend observed in the CK-
and AS-activated carbons. Considering that carbon content is similar in all the materials
and that the O/C ratio is lower in CK and CG-derived materials, less oxygen-containing
functional groups are present in the latter, which may influence their stability and reactiv-
ity [27]. The H/C ratio always increases from the biochars to activated carbons from the
same biomass source, as expected, since during the activation process, there is a consequent
removal of carbon atoms, decreasing the carbon content, while the relative proportion of
hydrogen-containing functional groups (such as hydroxyl groups, carboxyl groups, and
others) increases. Regarding the nitrogen content, it is known that the higher its value, the
higher the basicity of the carbon framework, which is known to be beneficial to the catalytic
activity against ozone [27,28]. The highest N % [w/t] is observed in the CG-derived materi-
als. Although sulfur (S [%]) was found in vestigial quantities, biochars presented higher
values of this element than the activated carbons from the same biomass source, which
might contribute to the acidity of the surface and consequent adsorption capacity [29].
Gomes et al. [30] also verified a superior adsorption capacity from sulfur-containing AC
towards an organic pollutant over other modified ACs, and the authors attributed this
feature to the enhanced affinity that sulfur promotes between the AC surface and the
target molecule.

Table 2. Elemental composition of the biomass-derived materials.

Biomass C %] H [%] N [%] S [%] O [%]
Source
Orange Pecl Biochar 79.3 4+ 222 47413 153 4+ 0.2 0.086 & 0.03 20.47 + 0.75
& Activated Carbon 70.8 + 0.6 42 40.07 1.5 + 0.07 0.04 + 0.01 1854+ 0.5
Cork W Biochar 74.35 + 0.0 2234 0.0 1.43 4+ 0.0 0.02 + 0.6 9.041 + 0.5
ork Waste A tivated Carbon 818+ 14 254 0.06 1.72 £ 0.03 0 8.49 + 0.47
Coffee Biochar 76.9 4 0.41 3.3 4 0.04 4.05 + 0.06 0.033 = 0.007 12.08 + 0.13
Ground Activated Carbon 75.7 + 0.81 3.33 4 0.06 4.07 + 0.07 0.011 £ 0.11 10.34 + 0.21
Almond Shell Biochar 77.07 +1.26 3.718 & 0.06 0.01 4 0.005 0 17.61 + 1.32
MONG SNEL A ctivated Carbon  75.83 4 0.88 3.937 £+ 0.05 0.02 + 0.01 0 20.21 £ 0.50
P Shell Biochar 81.24 +3.34 1.706 + 0.062 2.59 +1.23 0.071 + 0.013 14.34 + 0.65
eanut She Activated Carbon 72.44 4 0.1 4.155 + 0.044 1.91 + 0.03 0.053 & 0.016 115+ 0.3

3.2. Adsorption Experiments

Figure 1 shows the Qe values obtained for all the biomass-derived materials. Except
for CK, the biochars revealed a better adsorption capacity than the activated carbons from
the same biomass source. Given the polarity of OXL, it is expected that it tends to create
more electrostatic interactions with acidic surfaces. According to the elemental analysis in
Table 2, biochars are more likely to present a more acidic surface than activated carbons
from the same biomass source, explaining this trend. Also, the OP-, AS-, and PS-derived
materials are the ones that present more elements of typical acidic functional groups,
such as carboxylic acids (-COOH), sulfonic acids (-SOsH), or phenols (-OH), which also
corroborates the higher adsorption capacity observed for these materials [31]. A higher
adsorption capacity of the ACCK would be expected, given its superior specific surface area
and total volume of pores, but the contrary was observed. A possible explanation would
rely on the fact that this material is richer in micropores, which have smaller diameters and
might not enable the access of OXL molecules. Also, the surface chemistry can have a more
important role than the surface area in the adsorption of OXL by the prepared materials.
The adsorption capacity of BCOP outstands all the others, with ~40 mg of OXL adsorbed
per g of the BCOP, almost twice the value of that observed with commercial activated
carbon (~24 mg-g~1). Since OXL is a common ozonation by-product, the adsorption of
this contaminant with the BCOP, BCAS, or BCPS after ozone water treatment could be a
suitable strategy to avoid OXL accumulation in the treated water.
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Figure 1. Adsorption capacities Qe (mg g™ 1).

3.3. Catalytic Ozonation

OXL was selected as a representative of recalcitrant water pollutants since it is a
common ozonation by-product of organic pollutants, including pharmaceuticals frequently
detected in water bodies [1,32], due to its resistance to ozone [9]. This fact implies that if OXL
is well degraded, the prepared materials have successfully catalyzed the transformation of
O3 into hydroxyl radicals (radical pathway).

The degradation profile of OXL promoted by Os in the presence of BCs is presented
in Figure 2 and in the presence of ACs is presented in Figure 3. It is possible to observe
that BCs revealed quite limited catalytic activity, since only the BCAS, BCPS, and BCCK
promoted an OXL removal slightly superior to that observed with O3 alone. Given the
more acidic surface predicted for these materials, such an observation is aligned with the
established knowledge regarding catalyst activity towards Os. However, the physical
activation of BCCG and BCCK led to materials with increased catalytic activity, as can
be observed in the OXL degradation profile promoted by ACCG and ACCK, respectively
(Figure 3). Coincidently, these two materials were treated at superior temperatures (500 °C
for CG and 600 °C for CK), which means that maybe the other biomass residues would also
require higher temperatures during the thermal treatment to become more catalytically
active. This suggests further research aiming at optimizing the thermal treatment conditions
for each biomass residue in order to convert them in suitable catalysts for ozone-mediated
water treatment. Interestingly, the catalytic behavior is the opposite of that observed for
adsorption, i.e., the materials with increased catalytic activity are weaker adsorbents of
OXL. Probably the superior Sper and Vpores of these materials, as well as their surface
chemistry (higher N content of ACCG), lead to a faster adsorption of gasses like O3, thus
facilitating the conversion of O3 into *OH radicals, consequently reflecting in a superior
OXL degradation. In fact, there is evidence in the literature that there is a linear correlation
between the O3 decomposition rate and the Sgpt and pores volume of activated carbons [13].

The OXL degradation profile observed for the BCOP, ACOP, ACAS, and ACPS reveals
a loss in the activity of these materials after a certain reaction time. The profile observed
in the reaction with these materials is characterized by a first stage of OXL concentration
decay, followed by OXL concentration increase back to the initial value. The first OXL decay
stage can be explained by the adsorption promoted by these materials, and the second
stage can be hypothesized as an OXL desorption from the material surface promoted by
a direct O3 attack or loss of adsorption capacity due to changes in the surface chemistry
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also provoked by the O3 attack [1,33,34]. This behavior also confirms that these materials
are not capable of decomposing O3 into reactive radicals towards OXL, otherwise the OXL
concentration would not increase up to its initial value. In sum, ACCK and ACCG were the
only biomass-derived materials with a clear capacity for O3 decomposition and suitable for
catalytic ozonation reactions.

-
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Time (min)
—e-03 —=-03+BCOP —+—03+BCCK —4— 03+BCCG 03+BCAS —#—03+BCPS

Figure 2. OXL degradation profile promoted by BCs combined with O3. [OXL]y = 20 mg-L~!,
BCs =50 mg-L ™1, [O3]gas = 50 g-Nm°.

P
‘“n—
= .
S
= 04
— . " A
s
9 o Py —
0.2
0
0 50 100 150 200
Time (min)
~®-03 —®-03+ACOP —+03+ACCK —4—03+ACCG 03+ACAS ——O03+ACPS

Figure 3. OXL degradation profile promoted by ACs combined with O3. [OXL]y = 20 mg-L~},
ACs =50 mg-L™1, [O3]gas = 50 g-Nm?.
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3.4. Comparative Cost Analysis

An estimate of the costs associated with the production of BCs and ACs in this study
was made, considering the expenses involved with their production at the laboratory
scale. The raw biomass was made available at no cost and was the only starting material
for BC and ACs production, i.e., no other chemicals were required before submitting the
biomass residues to the thermal treatment. The electricity price was adopted as the average
wholesale electricity price in Portugal (6.72 € /MWh), and this value was used to calculate
the energy costs associated with the energy spent during the drying step and the thermal
treatment. The energy consumption per equipment depends on its power. While in the
production of the BCs, only N, was used, in the production of the Acs, a mixture of N:CO,
70:30 (w/w) was used in the gas stream; thus, the price of consumption of these gasses was
calculated, considering the total volume of gas spent in one batch treatment. Based on the
gas cylinders prices made available by the suppliers, these gasses are priced as 2.5 €/m?
for N and 3.4 €/m3 for CO,. After the thermal treatment per se, these gasses continue
being consumed during the cool-down stage, the duration of which varies according to the
final dwell temperature, i.e., the higher the dwell temperature, the more it takes to reach
the ambient temperature. Only when the ambient temperature is reached are the gasses
turned off, and the treatment is finished.

The mass of biomass residue that fits into the furnace reactor depends on its nature and
the yield of conversion of this biomass into BCs and ACs also; therefore, these aspects were
also taken into account in calculating the production costs. The input mass per production
batch was 2 g for the orange peels, 1.5 g for the cork, 2 g for the coffee grounds, 15 g for
the almond shells, and 7 g for the peanut shells. These masses represent similar volumes
that fit into the furnace reactor. The yields of conversion of these biomass residues into
BCs and ACs were considered for a more accurate cost estimation. Appendix B has the
input data considered in the calculation of the final production cost of each material (€/g).
Solely considering the final value, it can be concluded that AS is the residue that produces
the cheapest materials, with 0.14 and 0.13 €/g for BCAS and ACAS, respectively. This is
justified by the fact that AS, due to its density, enables treating a higher mass per batch.
Thus, even though not presenting the highest yield, a greater amount of BC and AC are
produced with this residue, decreasing the cost of production per batch.

To have a more accurate comparison between the materials, a cost ratio indicator was
calculated considering the total price of production of each material (Tables A2 and A3,
Appendix B) divided by the mass of OXL adsorbed or the % of OXL removed by catalytic
ozonation. Table 3 shows the cost ratios calculated for each biomass-derived carbon material
and also includes the values obtained with a commercial version of granular-activated
carbon tested in a previous work [1], for the sake of comparison. This commercial AC
presents a cost of 0.13 €/g, quite close to that obtained for ACAS.

Considering the adsorption process, none of the developed materials presents a lower
cost ratio than that observed with the commercial AC (0.00525 €/g OXL removed). Among
the biomass-derived materials, BCAS presents the lowest cost ratio (0.0096 € /mg of OXL
adsorbed). This can be explained by the fact that this is among the materials with the
cheapest production cost, which presents a higher adsorption capacity (the second highest
Qe of 14.62 mg OXL adsorbed /g of BCAS). Coincidentally, this is also the most economic
material to carry out the catalytic ozonation reaction, with a cost ratio of 0.003 €/% of
OXL removed by catalytic ozonation, quite close to that of commercial AC (0.002 €/% of
OXL removed by catalytic ozonation). However, BCAS presents limited catalytic activity.
Focusing only on the best-performing material for the catalytic ozonation process in terms
of OXL % removal, ACCG presents the cheapest option, with a cost ratio of 0.02 €/% of
OXL removed. These results demonstrate that choosing a catalyst for a particular reaction
involves a comprehensive evaluation that considers multiple factors, rather than based
solely on one aspect, such as catalytic activity or cost. While for adsorption it seems
clear that BCAS presents the best balance between activity and cost-effectiveness, for
catalytic ozonation, this is not so straightforward. For the latter, other aspects must also be
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considered in future studies, such as durability and stability of the catalyst in continuous
or long-term reactions.

Table 3. Cost ratios based on adsorption and catalytic ozonation performances of each material.

Adsorption Catalytic Ozonation
. . Cost Ratio Adsorption o Cost Ratio Catalysis
BlomaSS-Denv.ed Q. (mg/g) € Adsorbent/mngXL % QXL Rem.oved (€ Catalyst/% O})’(L
Carbon Material in 180 min
Removed) Removed)
BCOP 39.82 0.023 21 0.04
BCCK 0.63 3.90 41 0.06
BCCG 1.33 1.38 34 0.05
BCAS 14.62 0.0096 49.8 0.003
BCPS 9.69 0.031 46.6 0.006
ACOP 1.74 0.51 7 0.13
ACCK 4.19 0.53 72 0.03
ACCG 0.932 1.44 67.3 0.02
ACAS 9.28 0.014 0 n.d.
ACPS 3.14 0.084 32.2 0.008
Commercial
Granular-Activated 24 0.00525 63 0.002
Carbon

n.d. stands for “not determined”.

4. Conclusions

BCs and ACs made from 5 different biomass sources, namely OP, CK, CG, AS, and
PS, were prepared to be used as potential adsorbents and/or catalysts in an ozonation
reaction for the abatement of recalcitrant water pollutants. The results showed that the BCs
made from OP (BCOP), AS (BCAS), and PS (BCPS) were effective in the adsorption of the
model pollutant, OXL, with BCAS representing the cheapest production and process cost
(0.14 €/g of BCAS produced and 0.0096 €/mg of OXL adsorbed with BCAS). However,
the BCs did not reveal significant catalytic activity when coupled to O3, their application
only being suitable if an adsorption step is employed after an ozone water treatment for
the removal of ozone-resistant by-products. The ACs made from CK and CG (ACCK and
ACCG, respectively) were the only materials with significant catalytic activity towards O3,
which was attributed to their textural properties and surface chemistry. However, these
materials present a catalytic cost ratio of 0.03 and 0.02 € per % OXL removed by catalytic
ozonation, respectively, thus not representing the cheapest options. The comparative
laboratory cost analysis performed to estimate these cost ratios enabled concluding that the
most effective material in terms of OXL removal, both by adsorption and catalytic ozonation,
does not necessarily represent the most economical solution. In terms of adsorption, BCAS
is clearly the most appropriate option with the best cost/benefit ratio, but this is not so
straightforward for catalytic ozonation. Nevertheless, this cost estimation provided useful
insights into the overall feasibility of the developed materials for practical application. Some
other relevant aspects to assess the real applicability of these biomass-derived materials
include the evaluation of their adsorption and catalytic performance in real water matrices,
as well as their reusability, which will be the focus of future work. Notwithstanding, the
results of this study provide new possibilities for the use of biomass residues and encourage
future research to optimize their potential for the removal of ozone-recalcitrant pollutants
from water.
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Appendix A. TGA and DTG Curves of Biomass Residues
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Figure A1. TGA and DTG curves for orange peel.
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Figure A2. TGA and DTG curves for coffee ground.
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Figure A3. TGA and DTG curves for cork waste.
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Figure A4. TGA and DTG curves for almond shell.
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Figure A5. TGA and DTG curves for peanut shell.
Table Al. Proximate analysis of the biomass residues.
. Volatile Matter Fixed Carbon o
Biomass Source (wt. % Dry Basis) (wt. % Dry Basis) Ash (wt. %)
Orange Peel (OP) 99.7 0.3 0.6
Cork Waste (CK) 93.2 0.0 6.8
Coffee Ground (CG) 79.8 1.0 19.2
Almond Shell (AS) 774 16.9 57
Peanut Shell (PS) 92.8 0.1 7.1
Appendix B. Data Used for the Cost Analysis
Table A2. Input data for the calculation of the production cost of the biomass-derived materials.
Power Mulffle 6.1 Kwatts
Power Furnace 4.8 Kwatts
Average Energy Price 0.00672 €/KWH
Price N, 0.0025 €/L
Price CO, 0.0034 €/L
Table A3. Estimation of the production costs for the biomass-derived materials.
Carbon Drying I;);rt(l)‘lzz::; Cool-Down € Gases Price Production Output Cost/Batch
Materials  Time (min) - . Time (min) Electricity € Yield (%)  g/Batch (€/g)
Time (min)
BCOP 720 140 120 0.065 0.567 0.34 0.68 0.930
BCCK 720 180 120 0.075 0.589 0.18 0.27 2.458
BCCG 720 160 180 0.085 0.578 0.18 0.36 1.841
BCAS 720 140 120 0.065 0.567 0.3 4.5 0.140
BCPS 720 200 180 0.095 0.599 0.33 2.31 0.301
ACOP 720 140 120 0.07 0.567 0.36 0.72 0.888
ACCK 720 180 120 0.08 0.589 0.2 0.3 2.239
ACCG 720 160 180 0.09 0.578 0.25 0.5 1.344
ACAS 720 140 120 0.07 0.567 0.32 4.8 0.133

ACPS 720 200 180 0.11 0.599 0.38 2.66 0.265
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