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Eco-friendly one-shot approach for producing a
functionalized nano-torrefied biomass: a new
application of ball milling technology†

Aida Kiani,a Elena Lamberti,b Gianluca Viscusi,b Paola Giudicianni,c

Corinna Maria Grottola, c Raffaele Ragucci,b Giuliana Gorrasib and
Maria Rosaria Acocella *a

A green and sustainable functionalization of the solid residue from populous nigra treated at low

temperature (T = 285 1C) with a mechanochemical approach is reported here. The reaction is

performed in the presence of dodecyltriphenyl phosphonium bromide to produce a new filler with

antimicrobial activity. By selecting the right pyrolysis temperature, oxygen functionalities can be obtained

on the carbon surface, avoiding the additional oxidation step to further modify the carbon material. In a

one-step procedure, the filler is nanometrically reduced and is properly functionalized via cation

exchange in a short time (i.e. 30 minutes) under dry conditions, providing a salt uptake of about 15 wt%.

The new adduct exhibits high dispersibility on cotton fabrics and shows photocatalytic activity which

confirms the capability of the manufacture to inhibit the organic contaminants’ growth.

1 Introduction

Biochar is a carbon-rich material produced by pyrolysis of
biomass in an oxygen-limited or inert atmosphere.1 Among
the thermochemical biomasses treatments, pyrolysis offers
both great flexibility and a relatively easy way to control the
yield and characteristics of the products. Pyrolysis temperature
and heating rate are the main variables affecting the biochar
yield and properties in terms of surface area, degree of carbo-
nization, and elemental composition. In addition, the intrinsic
composition of the feedstock determines the quality of the
produced biochar.2,3 Although the types of biomass vary greatly
in composition, most of lignocellulosic biomasses contain
organic components and inorganic elements that follow differ-
ent pathways of decomposition and devolatilization during the
thermal process, and their interactions determine different
biochar yields and properties. At temperatures lower than
300 1C pyrolysis is generally referred to as torrefaction, and
the solid residue is appropriately defined as torrefied
biomass.4,5 During the torrefaction, the solid residue is the

result of dehydration and depolymerization reactions of hemi-
cellulose resulting in increased carbon and reduced oxygen
content, mostly C and O contents are in the range of 70–80 wt%
and 10–30 wt%, respectively.6,7 As the temperature increases,
under pyrolysis regime, the H/C and O/C atomic ratio also
decreases, indicating a release of hydrogen and oxygen-
containing groups from the biochar.8 As a result, lower H/C
ratios correspond to less functional groups and more aromatic
structure of the biochar. Hence, the functionalities and the
surface chemistry of biochar are affected by both the degree of
carbonization and the removal of acid groups.9 The functional
groups on the surface of biochar are hydrophobic, hydrophilic,
acid, or basic. Within the last two categories, carboxyl groups
are the strongest acids exhibited on the biochar surfaces,
whereas phenols and carbonyls are the less acid groups.10

Consequently, the pH of biochar increases from mild acid to
basic values.11

The most significant physical changes during pyrolysis on
biochar production occur at higher temperatures in terms of
well-developed porosity, especially in the temperature range
350–600 1C.12

Porosity, a key property for biochar applications that involve
interaction with a fluid stream, is correlated to the specific
surface area usually measured by BET analysis.13 Great devel-
opment of the specific surface area can be achieved in the case
of the biochar produced under steam-assisted pyrolysis condi-
tions. For example, biochar with BET equal to 380 m2 g�1 is
produced from steam-assisted slow pyrolysis of eucalyptus at
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700 1C.2 In contrast, the porosity is significantly lower for
biochar produced in an inert atmosphere.14

Each biochar chemical–physical property determines its
applicability in different fields. Recently, biochar has received
growing attention in several application fields, such as remov-
ing pollutants,3 remediating soil,15 and reducing greenhouse
gas emissions but also in other novel applications: material in
asphalt road construction,16 filler in carbon nanotubes, NH3

adsorbing cover of the manure storage tanks17 and catalyst for
biogas production.18 As well as pyrolysis, other physical (steam,
plasma, etc.) and chemical treatments (acid or alkaline pre-
treatment, oxidation, nitrogenation, etc.) also play a crucial role
in better affecting and possibly improving their properties. It is
possible to positively modify the biochar surface by introducing
oxygen, nitrogen, and sulfur functionalities in order to enhance
possible interactions with such a substrate and its performance
for specific applications.19

Lately, considerable attention has been paid to this material
as a filler for polymer matrices to provide polymer composites
with enhanced electrical and mechanical properties,20,21 find-
ing many applications in the composite/polymer sector. The
low cost and the eco-friendly nature of this carbon-based
material could allow biochar to be a possible leader among
carbon materials in composites.

In order to enhance the properties of the polymer, it’s
important to achieve good dispersibility of the filler. This can
be obtained by using nanometric particle size and ensuring
physical interactions between the filler and the polymer matrix.
Because of the heterogeneous shape of biochar particles,
depending on the feedstock properties and pyrolysis condi-
tions, it is often necessary to grind the powder to reach the
nanometer scale.22

On the other hand, it is possible to enhance the physical
interactions between the filler and polymer matrices by mod-
ifying the carbon surface. This can be achieved by introducing
new oxygenated functionalities by an oxidation step.23–26 It is
possible to avoid this additional step by using biochars pro-
duced by pyrolysis at low temperatures,8 which provides oxygen
functionalities to the char so that it can be further modified via
ionically or covalent approaches and tailor its properties to the
particular application. An easy chemical modification on car-
bon surface was recently reported by using an eco-friendly
procedure, where the ability of carbon black to form an ionic
bond with quaternary phosphonium salt using a dry planetary
ball milling was investigated.27

The reaction takes place in 30 minutes without solvent and
any additional reagent, through the breaking or building of
chemical bonds by applying both impact and shear forces to
particles that collide with the milling balls. First elastic forces
and then irreversible plastic deformations generate new sur-
faces of the reactant easier to contact and react.

By choosing the right conditions such as the nature and
dimension of the balls, the weight ratio of the balls/sample,
rotation rate, milling time, and temperature, it is possible to
reach the best ball milling performances. This new mechan-
ochemical approach has shown to be promising because not

only avoids solvents but also offers the opportunities for milder
reaction conditions, ensuring energy efficiency and reduced
environmental impact. Based on this previous research, we
decided to investigate the ability of biochar to be chemically
modified by using a mechanochemical procedure, introducing
specific molecules on the carbon surface to modulate the
polarity and the properties of the final composites.

Dodecyl triphenyl phosphonium bromide (DTPPBr) was
chosen as a reference molecule because of the well-
documented antimicrobial ability of quaternary phosphonium
salt (QPS). In fact, it has been reported that with respect to
using QPS as raw material in polymer matrices, an enhanced
antimicrobial activity can be obtained when it is intercalated in
organic clays28 and graphite systems.29 In particular, graphite
intercalated compounds containing phosphonium salts
showed significant antimicrobial activity against E. coli and S.
aureus when compared to QPS simple mixed.

Recently, magnetic biochar/quaternary phosphonium salt
composites (MBQ) have been reported with effective antimicro-
bial activities using the precipitation of iron oxide on biochar
followed by ion exchange with quaternary phosphonium salt.30

The MBQ proved to be an effective antimicrobial agent against
Gram-negative bacteria Escherichia coli and Gram-positive bac-
teria Staphylococcus aureus, by exploiting the controllable
release of QPS.

An alternative route to the introduction of metals is the
chemical functionalization of QPS directly on the biochar sur-
face. To this aim, in this study, the torrefied biomass and
biochar from Populous nigra treated at low temperature (T =
285 1C) and high temperature (450 1C), and slow heating rate
(10 1C min�1) in an inert environment (N2 = 12 slm), are
characterized and tailored for application as filler. Only the
material produced at low temperature is shown for the first
time to ionically bond DTPPBr with a mechanochemical
approach without a previous oxidation step. The resulting
chemical-modified carbon filler has potential application as
an antimicrobial material.

2 Experimental
2.1 Materials

Torrefied biomass and biochar derived from Populus nigra were
produced in a fixed-bed reactor with a flexible configuration
that allows to tune the main torrefaction and pyrolysis para-
meters. The experiments were conducted at a constant flow
of nitrogen (N2 = 12 slm) under slow heating, conditions
(10 1C min�1) up to the final temperature of 285 1C and
450 1C. The torrefied biomass and the biochar samples were
labeled B1 and B2 respectively. Dodecyl triphenyl phosphonium
bromide (DTPPBr), a quaternary phosphonium salt (QPS), with a
purity of 98%, and resazurin were purchased from Sigma-Aldrich.

2.2 Feedstock and solid residue characterization

The biomass Populus nigra (P), and the corresponding solid
residues after the thermal treatment (B1 and B2), were
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characterized through proximate analysis using TGA701 LECO
using ASTM E870 procedure. Additional TGA analyses for B1
and B2 were performed using Q500 TA Instruments from 10 to
800 1C at a heating rate of 10 1C, under nitrogen. Ultimate
analysis was performed with an elemental analyzer CHN 2000
LECO analyzer, using EDTA as standard based on CEN/TS
15104. The oxygen was obtained by difference considering the
measured C, H, N, and ash content calculated on a dry basis
(db). The content of inorganic species was determined by
dissolving the samples via microwave-assisted acid digestion
based on US-EPA Methods 3051 and 3052. A representative
sample (200 mg) of biomass was dissolved in 10 ml 65% nitric
acid and 1.5 ml H2O2. The vessel was sealed and heated in the
microwave unit at 140 1C for 10 min, then 180 1C for 30 min
(maximum power 1000 W). After cooling the digested samples
were analyzed by ICP/MS. The detection limit for all the heavy
metals in the biomass is 0.1 mg kg�1. Biomass, torrefied
biomass, and biochar pH were evaluated by measuring with a
digital pH meter (827 pH LAB, Metrohm) in deionized water
using a 1 : 20 wt/wt ratio following the ASTM D4972-13 standard
procedure, whereas the pHpzc was determined following the
procedure reported in Mahmood et al. (2011).31 The porosity
was obtained using an Autosorb-1 (Quantachrome) instrument
with N2 at �196 1C as the adsorbate gas. Before analysis, the
samples were degassed at 200 1C for 6 h under vacuum
conditions. The surface area was evaluated using the Brunauer–
Emmett–Teller equation (BET). Three replicates were conducted
for all the analysis and characterization.

2.3 Preparation of B1/DTTP and B2/DTPP compounds by ball
milling

The ball-milling experiments were conducted using the planetary
ball mill Pulverisette 7 Premium manufactured by Fritsch GmbH
in Germany, operating at room temperature. The specific milling
parameters employed for the experiments are outlined in Table 1.
To carry out the procedures, an 80 ml silicon nitride jar was
utilized, along with silicon nitride balls measuring 10 mm in
diameter. The rotational frequency of the mill was set at 300 rpm,
and the milling duration was fixed at 30 minutes. The samples
were denoted as B1/DTPP with weight ratios of 1/0.5, 1/1, 1/2, and
1/3. The temperature inside the milling jar was continuously
monitored using the Easy-GTM system from Fritsch GmbH.
During the 30 minute milling process, the temperature gradually
rose to 32 1C from the initial room temperature and remained
stable throughout due to the milling procedure. The same meth-
odology was applied to B2/DTPP with a weight ratio of 1/2.

3 Results and discussion

The solid residue from Populous nigra treated at low and high
temperatures and slow heating rate (10 1C min�1) in an inert
environment (N2 = 12 slm), was used in this study. The raw
materials were fully characterized by elemental analysis (EA),
FTIR, ICP, WAXD, SEM/EDX, and BET. The final temperature of
the process had a crucial role in determining the solid yield and
the characteristics of the torrefied biomass and biochar. At low
temperature, namely, at 285 1C, the solid residue still preserves
the biomass structure with a limited porosity, providing a yield
of 67.5% of B1. (Table 1). Besides a reduced porosity, also the
pH had a value typical of biomass. This result is in agreement
with the hemicellulose decomposition that at 285 1C is already
concluded, where most of the oxygenated compounds are still
present in the torrefied biomass.

As expected, as the temperature increased up to 450 1C, a
lower biochar yield of 32.5% was obtained. The carbon content
increased with the pyrolysis temperature as well as the fixed
carbon whereas the opposite trend occurred for the volatiles. A
great amount of volatile matter was released at higher tempera-
ture resulting in sample B2 with 27.51 wt% of volatiles
(Table 1).

As for ash, the content increases with temperature. The
amount and composition of ash varies with the type of raw
biomass. In the case of Poplar, most of the metals are alkali and
alkaline earth metals, as reported in Table 2.

To thoroughly evaluate the chemical nature of the functional
groups after low and high-temperature pyrolysis, infrared spec-
tra were acquired on samples B1 and B2. As shown in Fig. 1,
significant differences emerge from the comparison between
B1 and B2, mainly regarding the 3800–3000 cm�1 region related
to the OH group, where the OH stretching band is clearly
evident for B1 and completely absent for B2. Moreover, the
bands at 2922 and 2843 cm�1 are assigned to CH2 stretching
that completely disappears at higher pyrolysis temperatures.
The broad band at 1705 cm�1 is compatible with the presence
of unsaturated ketones and lactones on the surface, while the
1610 cm�1 band is associated with CQC stretching. Most
interestingly, the region between 1550–1000 cm�1 shows many
defined vibration peaks due to the persistence of lignin and
cellulose structure for the low pyrolysis temperature. In parti-
cular, the peak at 1511 cm�1 represents the CQC vibration of
lignin,32 the 1463 cm�1 vibration is assigned to CH2 bending,
while the bands at 1422 and 1318 cm�1 are related to the
bending of alcohol and phenol, respectively. Additionally, the
vibrations in the region 1160–1027 related to C–O of primary

Table 1 Characterization of biomass (P) and corresponding solid residue (B1, B2)

Samples

Yield C H N O Fixed carbon Volatiles Ash

pH pHpzc

BET

wt% wt% daf wt% db m2 g�1

Biomass — 48.67 5.91 0.18 45.24 16.6 79.9 3.5 — — —
B1 67.5 58.43 5.17 0.34 36.06 30.54 64.32 5.14 7.3 7.22 1.6
B2 32.2 78.29 2.85 0.61 18.25 61.52 27.51 10.96 9.8 8.2 60
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and secondary alcohols and 1027 to the ether, are pronounced.
Conversely, the FTIR for B2 shows broad bands at 1692, 1580,
and 1422 cm�1 due to the presence of the carbonyl group, CQC
vibration, and CH2 bending, respectively. The disappearance of
some vibrations and the broadening of bands are due to the
structural modification that comes from higher temperature
treatment and indicate a decrease in the nonpolar group
contents.

The reduction of the oxygen content in B2 was further
confirmed by the TGA analysis (Fig. 2(A)) under nitrogen flow,
which shows a significant variation in the residue above 350 1C
reaching only 34% of mass loss at 800 1C.

XRD diffraction pattern of B1, shown in Fig. 2(B), displays
two broad peaks at the 2y values around 161 and 221 relative to
the crystalline region of cellulose in wood.33 Increasing the
pyrolysis temperature at 450 1C to provide B2, the crystalline
cellulose is destroyed giving a broad reflection centered roughly
on 231.

Due to the significant presence of oxygen functionalities,
mainly regarding the hydroxyl ones, B1 was chosen as a
representative material to evaluate the possible ionic functio-
nalization by using ball milling.

In a previous paper, the possibility of realizing new ionic
compounds by using the mechanochemical approach was
already reported for oxidized carbon black with a quaternary

phosphonium salt, particularly with tetraphenyl phosphonium
bromide. Nevertheless, the requirement to introduce the right
functional groups, specifically carboxyl groups, limited the
application to preventive oxidations of carbon materials. In
particular, harsh conditions like those required from the
Hummers oxidation were needed to provide the carboxyl func-
tionalities essential for the cation exchange.27

Conversely, in the presence of a starting material such as B1,
the extensive presence of hydroxyl groups suitable for cation
exchange, could avoid the additional step of oxidation provid-
ing a completely green functionalization. Then, to verify the
ability of B1 to be ionically functionalized by using the mechan-
ochemical approach, the first reaction was performed in the
conditions already optimized for oxidized carbon black.27

In a silicon nitride jar of 80 ml, the two reagents with a
relative weight ratio between B1 and DTPPBr of 1 to 1 were
mixed and milled at 300 rpm.

After 30 minutes of reaction performed on 150 mg of the
mixture, the powder was collected, extensively washed with
deionized water to remove the excess residue salt, and finally
dried, providing the adduct named B1/DTPP in 92% mass yield.

The FTIR and X-ray analyses are shown in Fig. 3. FTIR
(Fig. 3A(c)) of B1/DTPP shows the peaks at 503, 537, 686, 722,
754, 1110, and 1439, cm�1 related to DTPP. The X-ray diffrac-
tion pattern of B1/DTPP (Fig. 3B(c)), evidences that the crystal-
line cellulose phase is almost destroyed possibly due to the
action of milling, providing a broad reflection centered around
23 1C. Additionally, it is also clear from the complete loss of

Table 2 ICP-MS analysis of biomass (P) and corresponding solid residue
(B1, B2)

Biomass ea (%) BP-285 1C ea (%) BP-450 1C ea (%)

Na mg kg�1 175 7 223 22 326 12
Mg 670 7 787 1 1627 15
Al 315 0 450 13 654 3
K 2511 16 3972 0 8397 21
Ca 11 000 8 13 435 10 27 330 9
Fe 790 1 1175 1 1785 17

a Percentage error is given in brackets.

Fig. 1 FTIR of B1 and B2.

Fig. 2 TGA (A) and X-ray diffraction pattern (B) of B1 and B2.
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DTPP crystallinity that an adduct is formed and that no residual
salt is present on the powder surface.

To evaluate the DTPP uptake after the reaction, the B1/DTPP
was analyzed by SEM/EDX providing interesting information
about the particle size (Fig. 4) and elements distribution on the
torrefied biomass surface. (Fig. 5).

As a result of ball milling action, the particle size is signifi-
cantly reduced reaching the nanometric scale (Fig. 4f). The
mean radii distribution is reported as inset showing that
nanometric sized aggregates can be formed (up to 700 nm)
with bigger aggregates which can reach micrometric size. The

functionalization takes place providing a change in P weight %
from 0.82 to 1.41 after the reaction, which corresponds to a
DTPP uptake of 8.2 wt%. EDX analysis was carried out on the
specimens and the atomic distributions of the characteristic
elements are reported in Fig. 5.

In order to improve the DTPP uptake, additional experi-
ments were performed changing the relative ratio between B1
and DTPP from 1/0.5 to 1/3, decreasing and increasing the
DTPP salt, respectively. As reported in Fig. 3A, for B1/DTPP
weight ratio of 1 to 0.5, a reduced functionalization occurs as
evident from the less intense DTPP peaks in the B1/DTPP
adduct (Fig. 3A(b)). Conversely, for a weight ratio of 1 to 2
and 1 to 3, no sensible differences can be detected, resulting in
apparent similar DTPP uptake (Fig. 3A(d) and (e)).

Considering the initial amount of P present on the biochar
surface, as the amount of DTPP increases in the reagent
mixture, so does the amount of P in B1/DTPP. Specifically, as
reported in Fig. 5, for B1/DTPP weight ratio of 1 to 0.5 a change
in P weight % from 0.82 to 1.29 was detected which corre-
sponds to 6.6 wt% uptake while for a weight ratio of 1 to 2, the P

Fig. 3 FTIR (A) and WAXD (B) of B1 (a), B1/DTPP in a weight ratio of 1/0.5 (b), 1/1 (c), 1/2 (d) 1/3 (d) and DTPPBr (f).

Fig. 4 SEM/EDX images of different B1/DTPP samples: (a) starting B1, (b)
B1/DTPP prepared in ratio 1 to 0.5, (c) B1/DTPP prepared in ratio 1 to 1, (d)
B1/DTPP prepared in ratio 1 to 2, (e) B1/DTPP prepared in ratio 1 to 3, (f)
sample image analysis of B1/DTPP 1 to 2 and (g) mean size distribution of
B1/DTPP 1 to 2. Fig. 5 Atomic distributions of elements for the tested specimens.
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weight % rises to 1.74 corresponding to 13 wt% uptake. No
further improvement was detected for B1/DTPP weight ratio of
1 to 3.

To have a quantitative evaluation of the DTPP uptake, an
additional experiment of controlled pH release was performed
on the B1/DTPP, being the EDX analysis limited to the powder
surface. The release of DTPP was determined by UV measure-
ments in the spectral range 200–350 nm on the aqueous
solution at pH 1.3 (HCl 0.05 M).

As can be seen in Fig. 6d, the total ion release is completed
after 5 h corresponding to 15 wt% uptake of DTPP. Conversely,
in neutral conditions cation exchange is limited, resulting in
only a negligible release (Fig. 6a) even after 7 hours. As a result
of pH-sensitive cation release, the ionic nature of the product
was verified, ruling out the possibility of sorption on the carbon
matrix by secondary interactions as the mechanism responsible
for the DTPP’s uptake.

Therefore, a higher DTPP uptake can be obtained in the
presence of the right salt excess providing a good degree of
functionalization. DTPP amounts cannot exceed 15 wt%, which
is the maximum possible uptake based on free OH groups.

To better optimize the process conditions, the chemical
nature of the balls and the speed rate were changed. The
reaction was performed in the presence of tempered steel
(TS) and zirconia (ZrO2) balls in the best reaction conditions
previously defined (150 mg of a reagent mixture B1/DTPP in a
ratio of 1 to 2 at 300 rpm).

As reported in Fig. 7, in all the cases the reaction takes place
in 30 minutes as evident from the intense DTPP peaks present
in the FTIR spectra. Interestingly, a slight reduction of the
carbonyl peak at 1705 cm�1 appears evident for both milling
treatments with tempered steel and zirconia balls.

Then, to deeply evaluate the real DTPP uptake after chan-
ging the chemical nature of the balls, additional experiments of
controlled pH release were performed. As reported in Fig. 6, the
total amount of DTPP in both the adducts coming from TS and

ZrO2 balls collisions, showed a comparable and reduced
uptake, 14 wt% and 7.5 wt% respectively, as the comparison
was done with silicon nitride.

Additionally, SEM/EDX analysis on the B1/DTPP adduct
obtained by TS balls showed a consistent amount of iron
released during the grinding. (see ESI†).

Further experiments were conducted to evaluate the effect of
the speeding rate. The reaction was tested at 100 and 500 rpm
by reducing and increasing the milling speed. Although the
functionalization was not affected by increasing to 500 rpm,
reducing to 100 rpm provided less DTPP uptake, requiring a
longer time to reach the same degree of functionalization as
previously reported.

By using the same functionalization procedure as B1 with
B2, biochar from Populous nigra treated at 450 1C was used as a
comparison study to investigate the role of oxygen functionalities
on the carbon surface. The reaction was performed by using 200
mg of reagent mixture with B2/DTPP in a weight ratio of 1 to 2.

After recovering the powders, extensively washing with
water, and drying at 60 1C, the B2/DTPP adduct was analyzed
by FTIR spectroscopy. As clearly shown in Fig. 8, the peaks at
503, 537, 686, 722, 754, 1110, and 1439, cm�1 related to DTPP
are missing, showing the inability of B2 to provide the adduct,
due to the absence of the functional groups needed to promote
the cation exchange.

Based on the research findings it has been determined that
it is crucial to control the process temperature and keep it low
to ensure that the appropriate oxygen functionalities, mainly
hydroxyl groups, are present for promoting a fast cation
exchange. Furthermore, as for the mechanochemical modifica-
tion of the carbon black surface, ball milling should not restrict
particular biochar to promote functionalization, as long as the
necessary functional groups are present.

3.1 Dispersion test

The new modified carbon filler containing 15 wt% of DTPP can
be suitable for antimicrobial properties, as previously reported

Fig. 6 DTPP release from B1/DTPP adduct: (a) obtained with silicon
nitride (red curve, stars) in neutral solution, (b) tempered steel (blue curve,
circles), (c) zirconia (black curve, triangles) and (d) Silicon nitride (red curve,
squares), in acidic solution (pH = 1.3).

Fig. 7 FTIR spectra of: (a) B1, (b) B1/DTPP milled with silicon nitride, (c)
tempered steel, (d) zirconia balls, and (e) DTPPBr.
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for analogous QPS as clay,28 graphite intercalated compounds29

and MBQ.30

We tested the dispersion ability of B1/DTPP on a cotton fiber
to prevent bacterial growth by using a coating process from an
aqueous solution. The nanometric morphology associated with
the chemical modification both obtained after grinding could
ensure good interactions with the natural polymer matrix.

To this aim, cotton fabrics (150 m2 g�1) were cut into square
samples (2 cm � 2 cm) and were immersed in B1 and B1/DTPP
aqueous solutions (2 wt%) under stirring. After 3 hours, the
fabrics were taken out from the solutions and washed with
distilled water to remove excess torrefied biomass from the
surface. The obtained samples (named COTTON-B1 and
COTTON-B1/DTPP) were allowed to dry at room temperature
for 24 hours.

As reported in Fig. 9, pristine torrefied biomass seems not to
be completely stuck on the cotton surface and is not homo-
geneously dispersed. Conversely, B1/DTPP, being nanometric
and functionalized, appears to be uniformly dispersed on the
cotton fabric as further confirmed by SEM images.

3.2 Photocatalytic activity

As antibacterial agents, inorganic nanoparticles like Ag, ZnO,
and TiO2

34,35 have been widely used to modify fabric surfaces,

since they are capable of developing photocatalytic properties
within textiles that can inhibit organic contamination and
provide self-cleaning properties.

It was recently reported that cotton fabrics treated with GO
have antibacterial activity against Gram-positive bacteria, prov-
ing that the surface modification of cotton fabrics with carbon
powders might be an alternative to using inorganic particles.36

The photocatalytic activity of GO-cotton fabrics has also been
demonstrated by evaluating its ability to reduce resazurin (R)
into resofurin (RF). Since the photocatalytic properties in
textiles can be traced back to self-cleaning properties, this
activity confirms the capacity to inhibit the growth of organic
contaminants.

In order to evaluate the effect of the functionalization on
torrefied biomass surface and the possible self-cleaning proper-
ties on the cotton fabrics, COTTON-B1 and COTTON-B1/DTPP
prepared as described in the previous section, were subjected to
photoreduction experiments under UV light.

Specifically, the phenoxazin-3-one dye, well-known as resa-
zurin (R), was chosen as the reference substrate being a redox
indicator used in many biological assays.37 It shows intense
and weak sorption at 602 nm and 380 nm due to p–p* transition
of the phenoxazin-3-one and n–p* transition of the N-oxide,
respectively. As a result of the reduction, N-oxide disappears
and the conjugation changes, shifting maximum sorption to
572 nm.

The experiments were performed by immersing COTTON-B1
and COTTON-B1/DTPP in two separate resazurin aqueous
solutions (1.5 mg ml�1) and irradiating with a UV lamp at
350 nm. Absorption spectra were recorded at regular time
intervals.

As reported in Fig. 10A, the presence of B1 in the cotton
surface is not able to provide any conversion from R to RF even
after 40 minutes, but only a slight decrease in the peak at
602 nm is observed probably due to simple adsorption of the

Fig. 8 FTIR spectra of (a) B2, (b) B2 after reaction with DTPP, and (c)
DTPPBr.

Fig. 9 Pictures and SEM images of (A) cotton fabric, (B) COTTON-B1, and
(C) COTTON-B1/DTPP.

Fig. 10 Photocatalytic activity of COTTON-B1 (A) and COTTON-B1/DTPP
(B) in resazurin aqueous solution under UV irradiation. (C) Deconvoluted
spectra after 5, 20 and 40 min of reaction.
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dye by the sample. Conversely, the presence of B1/DTPP
(Fig. 10B) affords a sensible variation of the solution UV profile,
with a substantial reduction of the 602 nm band intensity and
the appearance of a pronounced shoulder centered at 572 nm
as the photoreduction reaction proceeds.

In order to highlight the appearance of this new peak, the
curves were analyzed by deconvolution. It is evident from
the deconvoluted spectra that as the exposure time increases,
the intensity of the peak at 572 nm increases (Fig. 10C). To confirm
that the dye was reduced through the photocatalytic activity of the
B1/DTPP and not simply adsorbed by the cotton, a further test was
conducted without UV irradiation. In this case, there is a slight
decrease in the peak at 602 nm (probably due to physical adsorp-
tion), and above all no appearance of the peak at 572 nm. (see
ESI†). Moreover, a comparison with cotton modified with DTPPBr
without biochar was reported to highlight the advantage of
proposed functionalization. The results are summarized in Fig.
S6 (ESI†). It is possible to observe that, since the low adhesion with
cotton, the active DTPPBr didn’t show any substantial activity.
While, as reported previously, the DTPPBr functionalizated bio-
char allowed for obtaining a great photoreduction activity.

Finally, the COTTON-B1/DTPP sample, after the first photo-
reduction test, was rinsed with distilled water, dried and then
subjected to an additional photoreduction test in order to verify
the reusability of the produced system. This procedure was
repeated 10 times and, for each cycle, the photoreduction
activity was evaluated as the ratio of the absorbance of the
peak at 572 nm to that of the peak at 602 nm. As shown in
Fig. 11, system activity is preserved even after many cycles. In
fact, a reduction of about 10% is observed after 10 cycles.

4 Conclusions

A green and sustainable functionalization of solid residue from
Populous nigra treated at low pyrolysis temperature (T = 285 1C)
with a mechanochemical approach without a precedent oxida-
tion step has been reported, providing a new interesting filler
with antimicrobial activity.

In a one-step procedure, the filler is nanometrically reduced
and is properly functionalized via cation exchange in only 30

minutes in solvent-free conditions, providing a salt uptake of
about 15 wt%. The product can be recovered without solvent
assistance providing an environmentally friendly procedure.

Additionally, a comparative study using the biochar from
populous nigra treated at 450 1C (B2) showed its inability to
provide the adduct due to the absence of the functional groups
needed to promote the cation exchange. This highlights the
necessity to choose the right pyrolysis conditions to further
functionalize the carbon surface. Only the low pyrolysis tem-
perature ensures the presence of the appropriate oxygen func-
tionalities to promote a fast cation exchange and prevent the
additional oxidation step.

The nanometric morphology associated with the chemical
modification both obtained after grinding, provides better
dispersion ability on cotton fiber ensuring good interactions
with the natural polymer matrix.

Finally, the antimicrobial properties of the new adduct have
been demonstrated by measuring the photocatalytic activity of
cotton fabrics coated with B1/DTPP adduct for the photoreduc-
tion of resazurin (R) into resorufin (RF) under UV light irradia-
tion. The ability to develop photocatalytic properties within
textiles can inhibit organic contamination and possibly provide
self-cleaning properties.

The procedure is suitable for scale-up and the concepts
developed in this work can be transferred to applied industrial
chemistry.
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Sol Coatings on Textiles-the Influence of Solvent and Sol
Concentration, J. Sol-Gel Sci. Technol., 2005, 34(2), 103.

36 K. Krishnamoorthy, U. Navaneethaiyer, R. Mohan, J. Lee and
S. J. Kim, Graphene Oxide Nanostructures Modified Multi-
functional Cotton Fabrics, Appl. Nanosci., 2012, 2(2), 119.

37 C. Chakansin, J. Yostaworakul, C. Warin, K. Kulthong and
S. Boonrungsiman, Resazurin Rapid Screening for Antibacterial
Activities of Organic and Inorganic Nanoparticles: Potential,
Limitations and Precautions, Anal. Biochem., 2022, 637, 114449.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 5
:4

4:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00804e



