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Abstract: In this study, spent malt rootlet-derived biochar was modified by a friendly eco-method
using a low temperature (100 ◦C) and dilute acid, base, or water. The modification significantly
enhanced the surface area from 100 to 308–428 m2g−1 and changed the morphology and the carbon
phase. In addition, the mineral’s percentage and zero-point charge were significantly affected. Among
the examined materials, the acid-treated biochar exhibited higher degradation of the drug losartan in
the presence of persulfate. Interestingly, the biochar acted as an adsorbent at pH 3, whereas at pH = 5.6
and 10, the apparent kinetic constant’s ratio koxidation/kadsorption was 3.73 ± 0.03, demonstrating
losartan oxidation. Scavenging experiments indirectly demonstrated that the role of the non-radical
mechanism (singlet oxygen) was crucial; however, sulfate and hydroxyl radicals also significantly
participated in the oxidation of losartan. Experiments in secondary effluent resulted in decreased
efficiency in comparison to pure water; this is ascribed to the competition between the actual water
matrix constituents and the target compound for the active biochar sites and reactive species.

Keywords: biochar; activated persulfate; micropollutants; oxidation; adsorption; tailoring; losartan;
physicochemical properties; correlation

1. Introduction

In recent years, a holistic approach has been increasingly followed to address envi-
ronmental issues. New technologies are developed, while older ones are modified in the
context of circular economy to deal with problems, such as the pollution of aquatic environ-
ments [1]. An idea that has attracted the scientific community’s interest is the utilization
of agricultural or industrial residues to produce valuable products. This approach is even
more interesting if these products can be used to restore the environment, thus, significantly
reducing the environmental footprint [2,3]. Biochar (BC) is a leading product of this kind; it
can be derived from different raw materials such as agro-biochemical residues, biomass,
and combustion sludge from wastewater treatment plants [4]. The first studies regarding
the use of biochar dealt with its production from different biomass sources and subsequent
application as a cheap and environmentally friendly adsorbent material [5]. Several studies
have demonstrated biochar adsorption capacity removing different inorganic and organic
pollutants such as toxic metals, azo dyes, pesticides, ammonia, and pharmaceuticals to
replace the widely used activated carbon [5,6].

At the same time, there has been a tremendous increase in the research of carbocatalysis
for environmental or energy applications [7]. Various researchers initially used catalysts
made of ideal carbon materials such as carbon nanotubes, synthetic diamonds [8], carbon
black [9], and graphene [10], with encouraging results. Based on these studies, many
researchers have moved on to investigate the application of cheap and abundant biochar

Catalysts 2022, 12, 1245. https://doi.org/10.3390/catal12101245 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12101245
https://doi.org/10.3390/catal12101245
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-1367-7729
https://orcid.org/0000-0001-8920-6416
https://doi.org/10.3390/catal12101245
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12101245?type=check_update&version=2


Catalysts 2022, 12, 1245 2 of 14

for catalytic applications, with particular emphasis, in recent years, on using biochar from
various sources to activate oxidants such as persulfate for the degradation of recalcitrant
pollutants in the aqueous phase [11–15]. Indeed, using efficient catalytic materials that
do not contain noble/expensive metals have been the holy grail for researchers dealing
with the applications of catalysis in environmental protection. Although there are several
studies on the performance of these systems in the aqueous phase, significant work is still
needed in the field of optimization, but mainly in the synthesis/modification and tailoring
of biomass-derived catalytic materials and correlation with their catalytic activity, ideally
in conditions that represent environmental problems [16].

In previous studies of our group, it was found that biochar from spent malt rootlets
was very efficient for the activation of persulfate ions and the oxidation of persistent
organic contaminants such as sulfamethoxazole and trimethoprim [11,17]. This BC has
a moderate specific surface area (SSA) of 100 m2g−1 and equally balanced micropores
and meso-macropores. Moreover, the prepared BC has a significant amount of minerals
(i.e., 32%), which are mainly in the form of phosphoric, carbonates, and oxides of K, Ca,
and Mg. The preparation conditions of biochar can influence greatly its physicochemical
properties and, eventually, its ability as an adsorbent and/or activator, while the properties
of the target compound may also dictate removal efficiency. For example, we have recently
demonstrated [18] that the calcination temperature could alter the properties and, subse-
quently, the observed activity of BC from rice husk; the latter was strongly dependent on
the type of antibiotic tested. This interesting point is not yet fully explored in the literature,
where it is difficult to find comparative studies with BC prepared from the same raw
biomass under the same pyrolysis temperature, but with different physicochemical prop-
erties. An interesting approach to modify the biochar is to mix an activator such as KOH,
ZnO, K2CO3 [19–21] with biochar or biomass and then pyrolyze the mixed phase. This
procedure usually produces biochar with high SSA. However, it is not so eco-friendly since
it demands high temperatures, and dangerous side-products are produced. Thus, it will
be interesting to find a more environmentally and energy friendly alternative procedure.
Treatment with dilute acid or base solution, or even pure water, can be applied to modify
the biochar under mild conditions, of approximately 100 ◦C, where the solutions boil.

In this study, we explore the oxidation of the antihypertensive drug losartan (LOS)
through the biochar-driven activation of persulfate ions. Specifically, a BC from spent
malt rootlets prepared by pyrolysis at 850 ◦C is modified with acid, base, or water under
mild conditions to regulate its physicochemical properties, surface groups, and acidity.
The proposed process modification leads to BC with extremely different properties. It is
expected to exhibit different performances in the oxidation process, as it was proven for
the transesterification reaction in biodiesel production [22]. The modification with acid,
base, or pure water will cause changes in the surface acidity, carbon phase, and minerals
speciation, while it will change the SSA of the samples. All these changes are expected
to affect the BC performance significantly. They will further help researchers (i) to better
understand the parameters responsible for the high activity of the BC and (ii) to tailor the
properties of the BC to obtain catalytic materials with higher efficiency and/or for specific
applications.

2. Results and Discussion

The effect of various BC treatments on its SSA is depicted in Table 1. Indeed, the
moderate SSA of the starting BC increases considerably, e.g., more than 400% for the acid-
treated BC, and even 300% for the water-treated one. The micropore’s surface area also
increases, from 58 m2g−1 for the starting BC to 190 m2g−1 in the acid-treated sample.

The SEM images of the various samples are presented in Figures S1–S4; as seen in
Figure S1, the untreated, pristine BC keeps the rootlet shape, while macropores between
4 and 5 µm can be observed. In addition, there are many mineral deposits on the surface of
BC. Treatment with H2SO4 alters the surface of BC. It makes the organic phase rough and
dissolves part of it. This can clearly be seen in Figure S2, where holes can be detected in the
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carbonaceous phase, while minerals are limited. In Figure S3, SEM images of base-treated
BC samples are presented. There is also a rough surface due to the NaOH treatment. In this
case, the minerals are more than the acid-treated BC, but less than the starting BC. Moreover,
the macropores seem to be larger than the starting BC. The effect of water treatment on
BC is less pronounced than the other two. A significant amount of minerals can still be
detected, while the surface is less rough, presumably due to the mild treatment in the
absence of an acid or base solution.

Table 1. Physicochemical properties of the starting and modified biochars.

Sample SSA (m2g−1)
Micropores
SSA (m2g−1) pzc Minerals (%) TGA Temp. (◦C)

BC 100 58 8.2 32 476
Acid–BC 428 190 <2.5 3 570
Base–BC 362 175 9.5 13 451
Water–BC 308 142 7.2 24 462

Combining the results from SSA measurements and SEM images, one can see that
treatment with acid or base is highly effective to increase SSA values. Indeed, the differences
observed can be attributed to the dissolution of the minerals, especially in the acid treatment,
which can unblock part of the meso-macropores and the removal of different species of the
carbonaceous phase. The last mechanism is responsible for the microporosity, although
different parts of the carbonaceous phase are dissolved in the acid or base treatment.

Additionally, the TGA curves of the biochars under air atmosphere are informative, as
presented in Figure 1. Oxygen burns the carbonaceous phase and releases CO2, leaving
the minerals in the mass balance. The mass left after TGA is reported in Table 1 and
corresponds to the mineral content in each BC. It confirms the removal of inorganic species
during treatment.
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 Figure 1. TGA curves of the studied biochars. The run was carried out under air atmosphere at
20 mL/min flowrate.

The TGA curve of each biochar has a slight mass loss at low temperatures in the
range of 80–130 ◦C, corresponding to the water adsorbed, and a sharp decrease in higher
temperatures, thus, describing the burn of the carbonaceous phase. The starting temper-
ature is different in each biochar and depends on the physicochemical characteristics of
the carbonaceous phase. A higher burning temperature is required for the more solid and
massive phases produced from lignin, while hemicellulose and cellulose demand lower
burning temperatures. In this case, the acid–BC exhibits the higher and the base–BC exhibits
the lower burning temperature, while the starting biochar and water–BC are in between
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(Table 1). As can be seen, there are significant differences, which can be attributed to the
influence of the treatment. It is well known that acid solutions can dissolve hemicellulose
and cellulose species in biomass, while base solutions are used to remove lignin. Although
the pyrolysis process alters the characteristics of biomass and graphitizes the carbon phase,
this phase’s characteristics are related to the starting biomass. Treatment with acid or base
solutions can alter the speciation and transform the carbonaceous phase to a harder- or
easier-to-burn phase. The partially dissolved biochar is also supported by the SEM images
(Figures S2 and S3).

Treatment also affects the surface groups of the biochars. These groups, mainly surface
O species, are responsible for the acid–base behavior of the biochar in a solution and
participate in almost all surface processes, such as adsorption, SPS activation, and oxidation
of organic contaminants. The results of the potentiometric titrations are presented in
Figure 2, and the pzc values are reported in Table 1. As can be seen, the pzc value of the
starting biochar is 8.2 and increases after base treatment to 9.5, while it shifts to extremely
low values for the acid-treated sample. The water–BC sample exhibits only a small shift in
the pzc, probably due to the removal of some basic minerals dissolved by the boiling water.
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The significant differences in the physicochemical properties of the treated biochars
are expected to alter the catalytic performance of the materials. Specifically, the influence of
biochar and treated biochars with different physicochemical properties on LOS adsorption
and oxidation with persulfate ions was investigated, and the results are displayed in
Figure 3. As seen in Figure 3A, the 90 min removal by adsorption of 250 µg/L LOS is 9.8%,
16.5%, 9.8%, and 42% for BC, water–BC, base–BC, and acid–BC, respectively, at inherent pH.
There are two different processes during the immersion of biochar into the LOS solution:
(i) the consumption or release of H+ ions from the surface depending on the difference
of the pH solution and the pzc of the biochar, and more importantly, (ii) the adsorption
of LOS. If the adsorption is due to electrostatic forces and not to π–π interactions, then
charged groups are involved in the process, and depending on the accumulation of charge
on the surface, H+ may be released or consumed by the surface. Thus, the solution pH will
be altered. In this case, the starting solution is lower for acid–BC and water–BC (pH = 4.6
and 5.2, respectively), but higher for BC and base–BC (pH = 6.0 and 6.2, respectively).
This points out that the adsorption is followed by H+ released from the surface and is
favored at a lower pH. The pH increase for BC and base–BC is due to the basicity of the
two samples, which firstly increases the pH and then limits the adsorption process, and
thus, the acidification of the solution by the release of H+.
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The pKa of LOS is 5.05, indicating that it exists in a slightly deprotonated form at
inherent pH ≈ 5.6 [23]. In addition, the results suggest that π–π interactions can play a
significant role in the adsorption process, as has been supported in the literature [24–26].
Even in the case where π–π interactions are the primary mechanism, small pH changes
may occur. This is due to the charge transfer from LOS to the biochar surface. In any case,
it can be supported that the active sites are those that can exchange H+ with LOS in order
to equilibrate the system. It has been reported that releasing LOS from a surface demands
an extremely low pH equal to 1.2 [27].

To test the oxidation ability of the four biochars, 250 mg/L SPS was added to the
reactor. Figure 3B reveals that all biochars can activate SPS at inherent pH = 5.6, with
the untreated one exhibiting the lower activity. This is preliminary evidence that the
modification procedure can alter the activity of the biochar. It may partly be attributed
to the enhancement of the modified BC’s SSA. As seen in Figure 3B, the trend of LOS
degradation efficiency matches that of adsorption, implying that adsorption is an essential
factor since oxidation reactions are likely to occur on the biochar surface and/or on the
interface. The 90 min LOS degradation is 70%, 76%, 84%, and 91% for BC, base–BC,
water–BC, and acid–BC, respectively. Moreover, the LOS oxidation profile obeys pseudo-
first-order kinetics (Equation (1)), with R2 always greater than 0.95. The computed apparent
rate constants (kapp, min −1) are displayed in Table 2. Acid–BC kapp is 2.46, 2, and 1.52 times
greater than the kapp of BC, base–BC, and water–BC, respectively.

rate = −d(LOS)
dt

= kapp[LOS]→ [LOS] = (LOS)oe−kappt → ln
(

[LOS]
[LOS]o

)
= −kappt (1)

Since biochar treatment changes its surface acidity considerably (Table 1), it was
decided that it was necessary to investigate the effect of initial pH on the adsorption and
degradation of LOS; the results are shown in Figure 4. It is evident that the initial pH
plays a significant role, affecting both the adsorption and degradation of LOS in all tested
biochars. This supports the argument that the interplay amongst the surface, LOS, and the
oxidant for the adsorption and degradation processes is not only through π–π interactions,
but also electrostatic forces, since LOS removal declines as the solution pH increases from
3 to 10. Only in the case of acid–BC does LOS adsorption remain nearly constant at the
acidic or near-neutral pH due to the release of H+ from biochar and the acidification of the
solution; this results in 56% of LOS removal after 90 min of adsorption at either condition
(Figure 4D). However, at pH = 10, LOS adsorption is dramatically reduced to 6%.
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Table 2. kapp values for 250 µg/L LOS adsorption and degradation for the studied biochars at initial
pH 3, 5.6, and 10. Experimental conditions (biochar) = 90 mg/L and (SPS) = 250 mg/L in UPW.

Biochar pHinitial pHfinal Oxid/Ads koxidation, min−1 kadsorption, min−1 koxidation/kadsorption

BC pHinherent ≈ 5.6 4.2/6.0 0.0142 0.0016 8.875
Water–BC pHinherent ≈ 5.6 3.9/5.7 0.0230 0.0025 9.200
Base–BC pHinherent ≈ 5.6 4.6/6.2 0.0170 0.0014 12.143
Acid–BC pHinherent ≈ 5.6 3.8/4.5 0.035 0.0093 3.763
BC 3.0 3.0/3.0 0.0160 0.0099 1.616
Water–BC 3.0 3.0/3.0 0.0350 0.0166 2.108
Base–BC 3.0 3.0/3.0 0.0310 0.0196 1.582
Acid–BC 3.0 3.0/3.0 0.0090 0.0093 0.968
BC 10.0 9.4/9.9 0.0011 0.0009 1.222
Water–BC 10.0 9.8/97 0.0017 0.0006 2.833
Base–BC 10.0 10.0/9.7 0.0012 0.0003 4.000
Acid–BC 10.0 9.5/9.6 0.0026 0.0007 3.714
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All other biochars exhibit a high degree of adsorption at acidic pH (water–BC: 79%,
and base–BC: 80%). At this pH, the surface consumes a significant amount of H+ and
the surface is protonated, facilitating the release of H+ during LOS adsorption. On the
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other hand, and under basic conditions, the surface is negatively charged, and so is LOS.
Thus, the observed decreased activity probably correlates with the repulsive electrostatic
interactions, which seem to gain ground at alkaline conditions against the dominant π–π
interactions at inherent pH and pH = 3 [25,28].

Figure 4 also shows that LOS oxidation upon the addition of 250 mg/L SPS is highly
dependent on the solution pH. This is also demonstrated in Table 2, where the respective
kapp values are reported. Although the protonated form of SPS is a weak acid with a pKa
equal to 6.3 [29], the observed differences may be due to interactions between LOS and
the biochar surface. Due to the high concentration of H+ at pH = 3 and HO− at pH = 10,
only negligible changes in pH are recorded during the degradation process. Although, at
inherent pH = 5.6, pH partially changes after 90 min of oxidation. Specifically, the final pH
is 4.2, 3.9, 4.6, and 3.8 for BC, water–BC, base–BC, and acid–BC, respectively, i.e., lower
than its starting value. This is due to the acidification of the solution during persulfate
activation, which produces HSO−4 as a side product—a medium-strong acid that lowers
the solution pH.

Generally, LOS degradation decreases as the solution pH rises, as seen in Figure 4A–C
and Table 2. For example, the 60 min remaining percentage of 250 µg/L LOS is 38%, 44%,
and 91.7% for BC, 13.9%, 25%, and 89.3% for water–BC, and 21.6%, 36.7%, and 93.4%
for base–BC at the initial pH equal to 3, 5.6, and 10, respectively. In the case of acid–BC
(Figure 4D), LOS degradation is favored at inherent pH; it is noteworthy that the ratio of
koxidation to kadsorption (Table 2) at pH = 3 is nearly equal to 1, which implies that the biochar
acts as an adsorbent rather than a persulfate activator. On the contrary, the ratio becomes
3.76 and 3.71 at pH = 5.6 and 10, respectively, demonstrating LOS oxidation. However, the
process performance is very low at pH 10 due to the repulsive forces between acid–BC,
LOS, and persulfate; only 20% of LOS removal is achieved after 90 min.

Similar results have been reported by Li et al., who studied the destruction of 20 mg/L
of acid orange 7 at pH 10 with 10 g/L of rice-hull-derived biochar that had been modified
with hydrofluoric acid [30]. Table 3 summarizes recent studies, where different research
groups pyrolyzed various biomasses to synthesize biochar. The latter was modified with
acid [30], base [31], plasma [32], or with a metal addition [33]. As seen in Table 3, the
proposed eco-friendly-treated biochars are competitive compared to other modification
strategies. Indeed, their efficiency is quite satisfactory, considering the experimental condi-
tions used in this study (i.e., low biochar and persulfate concentration).

Table 3. Application of modified biochars for sulfate-radical activation for various pollutant decom-
positions.

Biomass
Source

Modification
Treatment

BC Concentration,
mg/L

Oxidant,
mg/L

Target Pollutant,
mg/L Removal, % Ref.

Rice-hull Hydrofluoric acid 10000 Persulfate, 1359 Acid orange 7, 20 70% in deionized
water at 120 min [30]

Pinewood KOH 1000 Persulfate, 238 Carbamazepine, 5 40% in UPW at
60 min [31]

Pine needle
leaves

Plasma
(250 W) 200 Peroxymonosulfate,

456.6 Phenol, 10 98% in deionized
water at 120 min [32]

Citrus peels Cu0Fe3O4@biochar
(65%)

600 Peroxymonosulfate,
1000 Bisphenol A, 20 95% in deionized

water at 120 min [33]

Spent malt rootlet
H2SO4
NaOH
Water

90 Persulfate, 250 Losartan, 0.25 91%, 76%, 84%
in UPW at 90 min This study

Of the various biochars tested, the acid–BC seems to be more efficient in terms of LOS
removal by combined adsorption and oxidation processes. In this respect, its properties
were further examined. Using EDX analysis, it was found that the acid–BC consists mainly
of C (86.13% atomic ratio) and O (10.53%), while the rest are Si (0.12%), S (1.65%), Cl (0.23%),
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and K (1.34%), with a uniform distribution. The high amount of S is due to the treatment
with H2SO4, which creates –OSO3H sites on the surface responsible for the acidic behavior
of the biochar.

The XRD pattern of the acid–BC, presented in Figure S5A, shows a broad peak at 25.2◦

that can be assigned to the (002) crystal plane of hard carbon in lignocellulose form [34].
This peak is typical of carbonaceous material with a less ordered structure due to pyrolysis
and is more intense than the peaks of the starting BC or those treated with base or water
(Figure S6). However, it is less broad than the usual recorded peaks for biochars, and this
may be attributed to the removal of cellulose and hemicellulose, which results in a more
homogenous carbonaceous phase, where lignin is the main component. The second peak
at 43.2◦ corresponds to the (100) crystal plane describing the graphitic structure from sp2

orbitals, which improves electrical conductivity [35]. The FT–IR spectrum of the acid–BC
sample, presented in Figure S5B, clearly shows the presence of oxo groups. The broad peak
centered at 3454 cm–1 is due to the surface –OH groups and adsorbed H2O molecules, while
the peak at 1114 cm–1 is due to the C–O bonds. The peak at 1627 cm–1 can be attributed to
the C=C bond in the aromatic structure. The aromatic phase is poor in H since no peaks
corresponding to C–H in the aromatic form (wavenumbers higher than 3000 cm–1) were
detected. The slight shift in the C=C bond denotes that π electrons are in conjugation [36]
by functional groups with high electronegativity. Finally, the peak at 1391 cm–1 is due to
–SO3H groups, although the intensity of the band is rather low [37]. Generally, the low
intensity of the peaks in the region of 1000–1800 cm–1 is characteristic of the heterogeneity
of the biochar. [13,38,39]. The differences with the other three biochars (Figure S7) are not
so intense, as in the case of the XRD and TGA results.

The acid–base behavior of acid–BC was studied with potentiometric titrations, and
it was found that the pzc is less than 2.5. After the first titration, acid–BC was collected
by filtration, washed with ultrapure water, and the titration was repeated for a second
cycle to check the stability of the –OSO3H groups. The results are presented in Figure 5,
confirming the surface group’s stability and their participation in reversible acid–base
reactions. The H+ consumption curve, presented in Figure 6a, reveals that the biochar is
negatively charged in the whole pH range studied. This charge progressively increases
with the pH. The lower value of the H+ consumed, and thus, the surface charge, occurs at
a pH value of approximately 3.8. The differential curve (Figure 6b) of the H+ consumed
confirms this observation, indicating that the acidic surface groups have a pK value close to
3. These sites are not present in the starting biochar and result from the acid treatment [17].

This explains why the majority of the surface sites are protonated at pH = 3 and, thus,
explains the higher activity for LOS uptake. As has been discussed earlier, the sites involved
in LOS removal are those that can be protonated at the beginning and then deprotonated
after the interaction with LOS. Interestingly, the speciation of the surface sites for the
acid–BC shows that they are homogeneous with a pK equal to 3.

The participation of these surface sites and the release of H+ in the solution during
LOS removal is confirmed with the correlation of the kapp values with the difference
in pH values (∆pH: pHfin_ox-pHfin_ads) between the adsorption and oxidation processes.
Changes in solution pH are due to the (i) addition of biochar, (ii) adsorption of LOS, and
(iii) activation of SPS. The addition of BC shifts pH to the pzc of the biochar since the acidic
or basic groups are added in the solution. The adsorption of LOS shifts the pH to lower
values since the accumulation of LOS on the surface releases H+ in the solution. Finally,
SPS activation lowers the pH significantly, as HSO−4 is produced. The last process is closely
related to oxidation; the lower the pH, the higher the amount of SPS activated.

Therefore, the net influence of pH on oxidation should be derived from the subtraction
of the two pH values between the adsorption and oxidation processes. Indeed, the linear
correlation between the kapp and ∆pH, as presented in Figure 7, confirms the assumption.
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Figure 6. (a) H+ consumed by the surface as a function of the solution pH; (b) the differential curve
of the H+ consumed with pH.

To explore the contribution of reactive species such as sulfate radical (SO.−
4 ), hydroxyl

radical (HO.), and singlet oxygen (1O2) in the oxidation process of 250 µg/L LOS, 100 mM
methanol, 100 mM t-butanol, and 1.54 mM sodium azide were used as scavengers for SO.−

4 ,
HO., and 1O2, respectively. Methanol is considered an effective scavenger for both SO.−

4
and HO., although its reaction rate constant with SO.−

4 is approximately 100 times greater
than the respective value with HO· [40,41]. On the other hand, t-butanol reacts almost 1000
times faster with HO. than SO.−

4 [42], thus, it is regarded mainly as a HO. scavenger [42].
NaN3 has been reported as a sufficient scavenger of 1O2 with a kinetic constant in the
order of 109 [24,42,43]. As seen in Figure 8, the addition of 100 mM of either t-butanol or
methanol partially impedes LOS degradation in a similar manner, confirming the formation
and participation of both free radicals in LOS decomposition. Specifically, the 90 min LOS
removal declines from 90% without scavenger to 64% in the presence of either alcohol,
while the kapp value is reduced 2.6-fold. The fact that an excess of alcohol cannot completely
hinder degradation implies that species other than sulfate and hydroxyl radicals may be
involved in the reaction; this seems to be the case, since the addition of sodium azide leads
to a 5.4-fold decrease in the degradation rate, verifying that a non-radical pathway driven
by singlet oxygen significantly participates in LOS elimination.
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Similar findings regarding the role of non-radical pathways in the degradation of
micropollutants have been reported by Avramiotis et al. [18], who studied the degradation
of sulfamethoxazole by rice husk biochar and persulfate, and de Andrade et al. [43],
who examined the degradation of losartan by N-doped hierarchical porous carbon and
peroxymonosulfates.

A final experiment was performed to assess process performance in a real water
matrix, i.e., the secondary-treated wastewater (WW) taken from the University of Patras
campus treatment plant; the results are shown in Figure 9. The detrimental effect of the
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non-target species naturally present in WW (effluent organic matter, inorganic ions) is
evident irrespective of the initial matrix pH; such species compete with LOS for the active
sites of biochar, as well as the various reactive oxygen species. This rather complicated
interplay decreases performance through secondary, unwanted reactions.
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3. Materials and Methods
3.1. Reagents Used

All materials used in this study were purchased from Sigma Aldrich (St. Louis, MO,
USA), unless otherwise noted.

3.2. Biochar Preparation

The raw biochar was prepared by pyrolysis of spent malt rootlets, and was provided by
the Athenian Brewery S.A. (Patras, Greece). After overnight drying at 50 ◦C and sieving into
1.18–0.15 mm, biomass was placed into custom-made quartz vessels and heated to 850 ◦C
in a gradient temperature furnace (LH 60/12, Nabertherm GmbH, Lilienthal, Germany).
The pyrolysis was performed under a limited O2 atmosphere, i.e., approximately 20% of
the O2 required for the total burning of the raw biomass. Experimental details for the
modification of the catalysts can be found in a previous study [22]. Briefly, an amount of BC
from spent malt rootlets was prepared at 850 ◦C under a limited oxygen atmosphere. For
the modification procedure, a proper amount of this BC was heated with the acid (H2SO4
1M), base (NaOH 1M), or water solution under reflux for 30 min. The ratio of the solid to
liquid was 0.017. After heating, the suspension was cooled, filtered, washed with 1 L of 3D
H2O, and dried at 120 ◦C for 120 min.

3.3. Physicochemical Characterization

The starting and modified samples were characterized with various physicochemical
techniques. The adsorption isotherm of N2 at the liquid N2 temperature (–196 ◦C) was
used to determine the specific surface area (SSA), micropore surface area, and the pore-size
distribution. A scanning electron microscope (SEM) (FEI Quanta 250 FEG, Thermo Fisher
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Scientific Inc., Waltham, MA, USA) working under different pressures (10–4000 Pa) was
used for the SEM images of the sample, while FTIR spectra were recorded as % wt/wt
biochar in KBr pellets in the region of 4000–400 cm–1 (Perkin Elmer Spectrum RX FTIR
spectrometer, Waltham, MA, USA). A Bruker D8 Advance diffractometer (Billerica, MA,
USA), equipped with nickel-filtered CuKa (1.5418 Å) radiation was used for collecting the
X–ray diffraction (XRD) patterns. Thermogravimetric analysis (TGA) was performed in
a TGA Perkin Elmer system under an air atmosphere with 20 mL/min flow. Finally, the
point of zero-charge determination was performed using the potentiometric mass titration
(PMT) method [44], (TIM 800 Radiometer Copenhagen Autoburette System equipped with
the Timtalk 8, version 2.0 software). More details about the experimental part can be found
in the literature [45,46].

3.4. Oxidation Experiments and Losartan Measurement

Experiments were conducted in a glass reactor with 120 mL working volume at
room temperature to evaluate catalytic activity [11,13]. The initial concentration of the
drug losartan was fixed at 250 µg/L, and ultrapure water (UPW) from a Millipore unit
was used as the water matrix (unless otherwise stated). The biochar concentration was
90 mg/L, and the persulfate concentration was 250 mg/L. The initial pH was adjusted
for some experiments using 1 M NaOH or 1 M H2SO4 without buffer addition to avoid
possible interferences. Additional experiments were conducted using the secondary effluent
derived from the wastewater treatment plant of the University of Patras Campus, and the
physicochemical characterization can be found elsewhere [23].

Samples were withdrawn from the reactor (1.2 mL), quenched with 0.3 mL methanol,
filtered using a PVDF 0.22 µm syringe filter, and introduced to Waters Alliance 2695 HPLC.
LOS was measured using Water 2996 Photodiode Array Detector and operated at 220 nm.
More details regarding the analytical measurements can be found in a previous study [23].

4. Conclusions

The main findings derived from this work are summarized as follows:

- A mild treatment of biochars (i.e., low temperature and dilute acid or base) is capable
of significantly altering its physicochemical properties. The effect is more pronounced
on the surface area, the pzc, and the concentration of minerals.

- From the various samples tested, the acid-treated BC generally exhibits the highest
efficiency. Conversely, oxidation is significantly delayed at alkaline conditions and/or
in a complex secondary effluent. This material behaves predominantly as an adsorbent
in acidic conditions and becomes a persulfate activator at near-neutral and alkaline
environments.

- Indirect scavenging experiments confirm the contribution of a non-radical mechanism
(singlet oxygen) in addition to the radical pathways induced by sulfate and hydroxyl
radicals.

In a nutshell, this work has clearly demonstrated that there is no need for extreme
conditions to modify catalytic materials, such as biochars, in order to enhance their activity
and tune the mechanisms of action. This work has made an attempt to correlate properties
to activity, which is important for valorizing waste materials in a rational fashion. Waste
valorization promotes the concept of circular economy, and this requires properly designed
materials with a reduced environmental and energy footprint. In this view, more research
should be carried out in directions such as the stability and reusability of such materials for
large-scale applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101245/s1, Figures S1–S4: SEM images of the samples,
Figure S5: XRD pattern (A) and FTIR spectrum (B) of the acid-treated BC, Figure S6: XRD patterns of
the pristine BC and the base- and water-treated samples and Figure S7: FTIR spectra of the pristine
BC and the base- and water-treated samples.
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