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Abstract: The aim of the present work is to valorise the brewing industry’s waste, i.e., brewer’s
spent grain (BSG), into functional biocarbon for environmental catalysis applications. In this context,
cost-effective and environmentally friendly biochar support coated with in-situ-generated Ag-Cu
nanocrystals, was developed via the wet impregnation of BSG biomass powder with copper (II)
nitrate trihydrate and silver nitrate aqueous solution prior to pyrolysis at moderate temperature
(500 °C). Small-size homogenously distributed Ag-Cu nanocrystals (<80 nm) on the surface of the
biochar (Biochar@Ag-Cu) were observed by field emission scanning electron microscope (FESEM)
and transmission electron microscope (TEM). Elemental compositions were determined by X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-ray analysis (EDX). The crystalline nature
of the nanoparticles was confirmed by X-ray powder diffraction (XRD). Information about the
thermal stability of the materials and quality were obtained by thermogravimetric analysis (TGA) and
Raman, respectively. The potentiality of the Biochar@Ag-Cu catalyst in the field of pollutant removal
is demonstrated by taking methyl orange and methylene blue as model dyes. A kinetics study
was performed and analyzed by UV-vis spectroscopy. Its highly active catalytic nature is proved
by the complete mineralization of the methyl orange dye (100%) through oxidative degradation.
The reusability of the catalyst has shown 96% removal efficiency after 3 cycles. The linear plot of
—Ln (Co/Cp) vs. time (R? = 0.9892) reveals that the mineralization of the methyl orange dye follows
pseudo-first-order kinetics (k = 0.603 x 1072 min~!). A methyl orange + methylene blue dye mixture
degradation study has revealed the faster kinetics of the present catalyst towards methylene blue
degradation. The current study suggests that BSG Biochar@Ag-Cu can be a potential candidate in
contribution towards SDG 6.

Keywords: bimetallic catalysts; biochar; total dye mineralization; water treatment; brewing industry;
waste to wealth

1. Introduction

The carbon allotropes family is diversified with many fascinating structures and hy-
bridisation [1]. The last two decades has witnessed the emergence of wonder nanomaterials
such as carbon nanotubes [2], graphene [3], fullerene [4], carbon nano-horns, and nano-
onions [5], which have been tested in numerous technologies such as water treatments,
batteries, fuel cells, tissue engineering, pharmaceuticals, etc. [6].

However, with global environmental and climate change concerns, the focus is on the
recycling and valorisation of waste [7]. Thus, it is no surprise that researchers are shifting
their focus towards low-cost biochar [8-10], also coined “the new black” (https://www.
sciencesetavenir.fr /nature-environnement/developpement-durable /biochar-le-nouvel-or-
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noir_166521 last accessed 6 November 2022). It is basically derived from plant or animal
waste and synthesised through a thermochemical process [11,12]. Their porosity, water-
holding capacity, high surface area, pH and nutritious nature [13] make it applicable to
plenty of different purposes, such as dye adsorption [14], filler in rubber composites [15], the
recovery of sour anaerobic digesters [16] and engineering and agricultural applications [17],
to mention a few.

Every year, plenty of dye effluents contaminate water bodies. A cationic dye, methy-
lene blue (MB), and an anionic dye, methyl orange (MO), have been studied as model
pollutants [18]. The sources of the dyes are textiles, leather, plastics, pharmaceuticals, paper
industries, etc. [19-21]. MB exposure may cause burning sensations, nausea, breathing
difficulties, diarrhoea and vomiting. Large doses can even cause severe headaches, mental
confusion, chest pains and methemoglobinemia [22,23]. The dyes are genotoxic, mutagenic
and carcinogenic as well as a big threat to aquatic life [24]. There are different methods
of water treatment, such as adsorption [25-28], degradation [29], mineralisation [30], co-
agulation [31], sedimentation, and ion exchange processes [32]. Though adsorption is a
low-cost energy process, the fate of molecules after adsorption is still challenging. Just
normal degradation can remove the primary molecules; however, the degraded product
can be either toxic or non-toxic [33]. In contrast, total mineralization removes all the organic
parts and results in purified water [34].

Silver (Ag) nanoparticles are well known for their antibacterial, anti-fungal, antiox-
idant, anti-fouling, anti-cancer, anti-viral, anti-quorum sensing, anti-angiogenic, anti-
inflammatory, anti-proliferative [35,36], and osteogenic properties [37]. Silver-containing
compounds or their hybrids possess catalytic activity for dye degradation [38,39]. Copper
nanoparticles also exhibit antibacterial, antioxidant and anti-diabetic activity [40] as well
as being heterogeneous Fenton-like catalysts [41]. It is no surprise that working with
bimetallic nanoparticles results in the synergistic effects of both nanoparticles in a single
nanocomposite [42]. Recent studies have found that copper-containing Ag composites are
very efficient and effective in the degradation of water effluents [43]. Ag-Cu nanoparticles
are applicable for dye degradation by oxidative or reductive degradation for both cationic
or anionic dyes [44]. Thus, Ag brings antibacterial and catalytic properties and their activity
is further enhanced by Cu incorporation, which is a low-cost material compared to noble
metals. Ag/Cu properties are tunable by doping with other nanoparticles [45,46].

Brewer’s spent grain (BSG) is a by-product of the brewing industry. Its huge produc-
tion is an opportunity for biomass waste valorization and, thus, a contribution towards a
circular economy [47,48]. They are utilized for animal feed, biogas production, etc. This
is also an exciting opportunity to exploit BSG for utilization in producing biochar [49,50].
Biochar can act as a catalyst as it has rich functional groups and a good porous struc-
ture [51]. Furthermore, impregnating biochar with catalytic nanoparticles improves its
catalytic efficiency in water purification. Hence, we used wet chemical synthesis [42,52] to
obtain homogeneous small-sized nanoparticles on biochar.

In the literature, there are some methods reported to coat biochar with Ag-Cu bimetal-
lic nanoparticles. Snoussi et al. [53] used arylated biochar (SOs3H-biochar) to disperse
Ag-Cu nanoparticles on their surface via the reduction of silver and copper ions using natu-
ral extracts. Hosny et al. [54] reported on the preparation of biochar using Atriplex halimus
biomass, followed by modification with AgNPs and CuNPs. A. halimus was used as a
stablising and reducing agent. Wang et al. used Ag/Cu,O/cotton fabric for the treatment
of dye wastewater [55]. Cu-Ag/C was also utilized for the hydroxylation of benzene
(HOB) [56].

A thorough literature survey has revealed that there is not even a single work on
copper silver bimetallic particle/biochar composites for the degradation of methyl orange
(Figure 1). As a matter of fact, we have gone through several combinations or sequences
of keywords using the Web of Science search engine to look for the most relevant papers,
but no close or relevant results were returned by this important database. Hence, we were
motivated to impregnate copper and silver nanoparticles on brewer’ spent grain biochar
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via a simple and reproducible wet impregnation technique. MO and MB dyes were taken
as model pollutants [57] to test the catalytic activity towards dye degradation. The present
material can be a potential candidate for environmental applications. Ultimately, the aim of
the present work is to contribute towards Sustainable Development Goal (SDG) 6 [58].
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Figure 1. Literature survey of work related to biochar, copper, silver and methyl orange (source: Web
of Science, dated 5 September 2022).

2. Results and Discussion

The sample was characterized using different techniques. It is noted that the untreated
biochar, biochar coated with Ag, biochar coated with Cu and biochar coated with Ag-Cu
are abbreviated as Biochar, Biochar@Ag, Biochar@Cu and BiocharAg-Cu, respectively.

2.1. Crystallinity of the Material

Figure 2 depicts the XRD spectra of different biochar samples. In all the cases, the
peaks at 20 = 50.8 and 59.4 are ascribed to the Cu (111) and Cu (002) planes (reference
code 98-062-7113) [59] in the sample Biochar@Cu (Figure 2d), respectively. The peak in
sample Biochar@Ag (Figure 2c) at 20 = 44.8, 52.0 and 76.7 are due to the planes Ag (111), Ag
(002) and Ag (022) (reference code 98-005-3759) [60]. These characteristic peaks of both Ag
and Cu are present in the sample Biochar@Ag-Cu (Figure 2b), representing the successful
impregnation of the biochar with Ag-Cu nanoparticles (reference code 98-060-4104) [61].
One can note that there are clear, distinct phases, Cu and Ag. Note that the Ag diffraction
peaks appear broader in the Biochar@Ag sample compared to the Biochar@Ag-Cu sample.
It may or may not be a kind of core (Ag)-shell (Cu) particle, where copper precipitation
limits Ag growth. This is also supported by the fact that the copper signal is more intense
than that of silver in the Biochar@Ag-Cu sample.

2.2. Surface Chemical Composition of the Catalyst

XPS characterisation was carried out to understand the chemical composition of the
sample. It is obvious that just the biochar sample lacks Ag and Cu. Further, when it is
coated with Ag or Cu or Ag-Cu, it is clearly found in the XPS survey spectra (Figure 3).
The surface composition (in atomic percentage) is reported in Table 1. In the sample
Biochar@Ag-Cu, the percentage of Ag and Cu are 0.4 and 0.7, respectively.
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Figure 2. XRD patterns of (a) Biochar, (b) Biochar@Ag-Cu, (c) Biochar@Ag and (d) Biochar@Cu.
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Figure 3. XPS survey scans of biochar and nanoparticle-decorated biochar.
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Table 1. XPS atomic% composition of biochar and nanoparticle-impregnated biochar.

Sample C (0] Cu Ag S N P Si Ca Mg
Biochar 78.5 12.6 - - 3.7 1.6 2.0 0.8 0.8
Biochar@Ag 80.3 10.8 - 13 0.1 4.3 1.0 1.5 0.4 0.4
Biochar@Cu 82.7 9.4 0.5 - 0.2 3.8 0.6 1.9 0.3 0.5
Biochar@Ag-Cu 81.7 9.8 0.7 0.4 0.2 4.5 1.1 0.6 0.5 0.5

The high-resolution spectra of Ag3d (Figure 4a) indicate that the silver is in a metallic
state [62]. Figure 4b is also an indication of Cu in the metallic state, but of course, due to
the very reactive nature of the nanoparticles, slight oxidation cannot be neglected [63-65].
Interestingly, the absence of the shake-up satellite peak in the Cu2p region suggests that
copper nitrate has been completely reduced to the metallic state [66]. The pyrrolic and
pyridinic [67] components of N1s are clearly seen in Figure 4c. It is likely that these nitrogen-
containing species contribute to the tight immobilization of the metallic nanoparticles on

the biochar.
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Figure 4. High-resolution spectra of (a) Ag3d of Biochar@Ag-Cu and Biochar@Ag, (b) Cu2p of
Biochar@Ag-Cu and Biochar@Cu, and (c) N1s peak of Biochar and Biochar@Ag-Cu.

2.3. Surface Morphology of the Material and Bulk Composition

The study of the surface morphology of the biochar and the nanoparticle-impregnated
biochar was carried out by FESEM, as shown in Figure 5. It is quite obvious that the
surface of the pristine biochar (Figure 5a) is smoother compared to one with the presence
of nanoparticles (Figure 5b—d). It is observed that the biochar impregnated with Cu
nanoparticles (Figure 5¢) is of slightly larger size compared to biochar with Ag nanoparticles
(Figure 5b). The Ag-Cu nanoparticle (Figure 5d) size (<80 nm) is in between the Ag and Cu
nanoparticles. In all cases, the shape of the nanoparticles is quasi-spherical. The distribution
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of Ag nanoparticles and Ag-Cu on biochar is much better than just Cu nanoparticles. The
homogeneity and dispersibility of nanoparticles on the biochar surface is a clear indication
of efficient methodology. The current method is simple and avoids multistep procedures
and the use of stabilising and reducing agents [54,68]. This also means that biochar derived
from Brewer’s spent grains is an excellent support to disperse Ag-Cu nano-catalysts on its
surface compared to another biomass-derived biocarbon. In addition, the support is very
necessary to avoid particle agglomeration, as reported in the literature [69]. EDX mapping
is provided in Figure 6. This indicates the uniform distribution of the probed elements,
signifying that the biochar samples are homogeneous. The atomic percentage compositions
obtained from EDX mapping are as follows: C (79.43 %), N (4.85%), O (10.49%), Mg (0.58%),
5i (0.14%), P (1.84%), S (0.22%), Ca (0.46%), Cu (1.14 %) and Ag (0.85%). Furthermore, these
entire biomass-derived carbon materials should be characterised by a CHNS elemental
analyser for more accurate measurements. This will give an idea about the correlation
between the pyrolysis temperature and the H/C atomic ratio [70].

Figure 5. FESEM images of (a) Biochar, (b) Biochar@Ag, (c) Biochar@Cu and (d) Biochar@Ag-Cu.

The TEM images are displayed in Figure 7. Figure 7a—c depict the small-size nature of
the nanoparticles, which are homogeneously distributed over the biochar surface. Particle
sizes are mostly less than 50 nm, but sometimes, larger ones are found. Figure 7d shows
the lamellar arrangements. The clear morphology of the nanoparticle, which was in
association with biochar, was difficult to observe, so some spots were found where some
free nanoparticles were present (Figure 7e). The presence of free nanoparticles can be
due to the strong sonication used to disperse Biochar@Ag-Cu in ethanol for drop casting
on the TEM grid. Different kinds of shapes of nanoparticles exist. Here, particle phase
segregation exists. This image (Figure 7e) also highlights the occurrence of moires. Moires
are the formation of fringes generated by interference between periodic elements or the
superposition of the interference images of crystals with different orientations or inter-
reticular distances (dny) [71]. Selected area electron diffraction (SAED) patterns (Figure 7f)
show dpyg 0.239 (111), 0.210 (200) and 0.147(220) correspond to Ag with a lattice parameter
expansion of 1.80% (0.416 +/— 0.004 nm) and dy; 0.210 (111), 0.187 (200), and 0.130 (220)
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are related to Cu [72-74], with a lattice parameter expansion of 2.2 % (0.370 +/— 0.005 nm).
The SAED patterns also reveal the crystalline nature of the nanoparticles.
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Figure 6. EDX mapping of Biochar@Ag-Cu.
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Figure 7. TEM micrographs (a—c) in the bright-field mode of Biochar@Ag-Cu at different resolutions:
(d) in the dark field mode on Ag (111) showing the lamellar arrangements, (e) in the bright-field
mode of free nanoparticles showing Moire figures, and (f) SAED patterns of nanoparticle assembly.
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2.4. Study of the Degree of Graphitization

Raman characterisation was performed in order to understand the purity of the sample
and the extent of graphitisation [75,76]. The curve fitting of Raman spectra (Figure 8)
shows mostly six peaks: D (heteroatoms and defects), G (extent of graphitization), S,
(hydrogen circulation along periphery), GL (carbonyl function), V (sp?-C) and S (alkyl-alkyl
ether) [77-79]. It is noticed from the Raman analysis that decoration with Ag-Cu resulted
in broad peaks as well as an increase in alkyl-alkyl ether functionalities. The metal-induced
enhanced graphitization of biochar was reported elsewhere [53,80] and is consistent with
the findings reported herein.

xxxxxx
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Figure 8. Raman spectra of (a) Biochar and (b) Biochar@Ag-Cu.

2.5. Thermal Stability

The thermogram of different biochar samples is given in Figure 9. It is found that
the thermal stability of the material decreases with the presence of nanoparticles, which
catalyses the decomposition. The higher the activity of the catalyst, the more it facili-
tates the decomposition of the biochar. The maximum effect is observed with Ag-Cu
(Figure 9d). This can also be a sign of the high catalytic activity of Ag-Cu compared to
just Ag and Cu. Further, the weight % remaining after 700 °C (Figure 9d) is also more
(36% approx.) compared to Biochar@Ag (27%), Biochar@Cu (25% approx.) and Biochar
(20% approx.). This phenomenon can be explained based on the fact that the formation of
silver and copper oxides has high stability (oxidation of Ag and Cu occurs under air after
heating during TGA analysis). Finally, the results are supported by the DTG curve [81],
as shown in Figure 10, where Ty, (temperature of maximum weight loss rate) [82] is
lowest (398 °C) for Biochar@Ag-Cu and highest for just Biochar (602 °C), indicating they
are the least and most stable, respectively. Based on this, the stability order is as follows:
Biochar@Ag-Cu < Biochar@Cu < Biochar@Ag < Biochar.

(a) Biochar
(b) Biochar@Ag

80 —

(d) Biochar@Ag-Cu

60

Weight (%)

40 -

\\*

20 ’ N

-——
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 9. TGA curve of (a) Biochar, (b) Biochar@Ag, (c) Biochar@Cu and (d) Biochar@Ag-Cu.
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Figure 10. DTG curve of (a) Biochar, (b) Biochar@Ag, (c) Biochar@Cu and (d) Biochar@Ag-Cu.

2.6. Dye Degradation

The applicability of the present catalyst in the field of dye degradation is demonstrated
by taking MO and MB dyes as model pollutants. The mechanism of MO dye degradation
is given in Figure 11 [33,83]. It is found that after 6 h, MO is completely mineralized
(Figure 12), which results in completely colourless water, resembling drinkable water, as
shown in Figure 13.

505 505
S04
+
’ I Benzenesulfonic acid
2

Sulfanilic acid \

N Biochar@Ag-Cu

N7, S04% + NO3 ™+ H20 + CO;
Homolysis
MH, /
— -
+
N
Gl g
Methyl Orange M M

N.N-Dimethyl-p-phenyldiamine N N-Dimethyl benzeneamine

Figure 11. Mechanism of methyl orange dye mineralization.
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Figure 12. (a) UV-visible spectrum at different intervals of time: 10 ml of 20 ppm MO + 2 mL
H,0; + 5 mg of Biochar@Ag-Cu, (b) plot of mineralization efficiency, and (c) linear plot of -Ln
(Ca/Cp) vs. time.

Figure 13. Colour of MO dye after 0 to 6 h of catalyst treatment in the presence of H,O5.

MO dye mineralization efficiency reaches 100% after 6 h of catalytic treatment in the
presence of HyO, (Figure 12a,b). Although UV-vis studies show no sign of a degradation
product, the confirmation of complete mineralisation is best provided by total organic
carbon (TOC) content measurements [84,85]. A study on the reusability of the catalyst was
carried out. After three cycles, the percentage removal efficiency was found to be as high
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as 96%. The plot of —Ln (Ca /Cp) vs. time (Figure 12¢) follows a linear relationship with
R? = 0.9892 and indicates it follows a pseudo-first-order model, as shown below:

]t

Ln = —Kt 1)

[€jo

Considering the pseudo-first-order model reaction, where K is the apparent rate
constant (min~1), [C]y = the initial concentration (mgL’l) and [C]; = the concentration at
time “t” (mgL_l).

The comparison of mineralisation efficiency, with and without catalysts and H,O5,
is also shown in Figure 14. It is noticed that the best performance is observed with
Biochar@Ag-Cu in association with HyO,. A mixture of methyl orange and methylene
blue solutions revealed that the present catalyst shows faster kinetics for methylene blue
degradation than methyl orange degradation (Figure 15).

1.0 -
= MO +H,0,0h

as 3
2 084
s MO + H,0, 6h
S’ rs 2
5]
E 0.6 O+ Hz\gz + Biochar@Ag 6h
) H + Biochar@ Ao-C 61
3 gc
o Baseline
< 04

0.2 4

0.0

400 I 500 I 600
Wavelength (nm)

Figure 14. UV-vis spectra of MO after treatment with different catalysts.

04 MO +MB+HO, _0h

0.8 - Baseline . MB

Absorbance (a.u.)

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 15. UV-visible spectra of a mixture of 5 mL of the MO solution (20 ppm, 6.1100 x 1075 M),

5 mL of the MB solution (20 ppm, 6.2529 x 10~° M), and 2 mL H,O; at 0 h and 6 h after treatment
with Biochar@Ag-Cu.
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Table 2 compares different methods for MO degradation and their efficiency. It is
found that the current method is highly attractive and cost-effective as it provides higher
performances over other methods in terms of mineralisation efficiency, owing to the simple
catalyst preparation method and operation under daylight exposure. More importantly,
there is not even a single study on brewer’s spent grain Biochar@Ag-Cu for methyl orange
degradation. Thus, the current material may have high potential in the field of water
treatment, particularly for removing pollutants released from the textile industry.

Table 2. Comparison of the catalytic performance of composite catalysts for the degradation of
methyl orange reported in the literature with the current work.

Fabrication Method

Source of Support Composite Catalyst and Characteristics Light Source er.le.rallsation Ref.
. Efficiency (%)
of Materials
T-80 template assisted,
Periodic mesoporous sonication and use of . . - a10
Organo silicate Ag-/ZnO-PMOS LiAIH, as Visible light Degradation = 81% [86]
reducing agent.
Mixing, calcination, 500 W
Walnut shells Ag/TiO, /biochar and photo-deposition mercury-vapor lamp 85.38% [87]
(three-step process) (A =360 nm)
Hydrolysis method
Walnut shells TIOZ/ (two-step ), large UV irradiation 83.23% [88]
biochar particles size due to
agglomeration
. - Hydrothermal 7 W-LED Degradation
Peanut shell HC/BiOBr/Bi1 TiO, (use of organic solvent) (A range = 380-780 nm) efficiency = 16.67% [89]
. . . . . . Degradation ,
Olive pit B-CA@CuNi Wet impregnation Daylight efficiency = 75% [42]
Chemical
co-precipitation i
Potato straw MnFe, Oy, /chitosan/biochar method ¥1s1ble LED 99.50% [90]
. lghf / HzOz
(multistep process
and time-consuming)
Biochar Wet impregnation
Brewer’s spent grain @AgCu ( OrI:e go H Daylight/H,0, 100% This work
(Ag:Cu = 1:1) P

3. Materials and Methods
3.1. Chemicals

Distilled water was used for all experimental purposes. Copper (II) nitrate trihydrate
(99%) and silver nitrate (minimum 99.5%) were received from Acros organics and Rectapur
(Geel, Belgium), respectively. BSG was obtained as a by-product of lager beer (it consists of
a mixture of malts, i.e., barley and malt) from Belorge (Villers-sur-Mer, France). Hydrogen
peroxide (30%) was purchased from Sigma-Aldrich, Burlington, VT, USA.

3.2. Apparatus

A coffee mill/grinder (Duronic, model: CG250, Voltage: 220-240 V, made in China)
was used to grind the BSG biomass after washing and drying. FESEM was performed
with emission current = 30pA and accelerating voltage = 5 kV (working distance = 6.9 mm).
Firstly, a double-sided carbon tape is pasted on a sample holder to attach a cleaned silica
plate. A biochar sample dispersed in ethanol via sonication is drop-casted on this silica
plate and air-dried. This machine has an inbuilt EDX detector. WD was around 9 mm for the
EDX analysis. TEM analysis was performed on JEOL TEM-2100 Plus electron microscope
(Tokyo, Japan). Raman characterization was carried out on a Horiba HR 800 spectrometer
(Kyoto, Japan). TGA characterisation was done in air, from RT to 800 °C, at a heating rate of
10 °C/min, using an HP DSC SETARAM SENSYS EVO (Caluire, France). XRD analysis was
carried out on an X'Pert PRO PANalytical instrument (Cambridge, UK), where operating
voltage and tube current were kept at 40 kV and 40 mA, respectively. XPS analysis was
carried out using a Thermo Scientific K Alpha+ apparatus (Waltham, MA, USA) with the
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pass energy of 200 and 80 eV for the survey scan (step size = 1 eV) and high-resolution
spectra (step size = 0.1 eV), respectively. A UV-visible kinetic study was carried out using a
Cary 4000 UV-vis spectrophotometer (SpectraLab Scientific Inc., Markham, ON, Canada).

3.3. Synthesis of Ag-Cu-Impregnated Biochar Catalyst

As-received brewer’s spent grains were first washed with tap water (2 times) and
distilled water (2 times). Then, it was dried in the oven at 150 °C for 4 h and 30 min. Later,
it was ground using a coffee mill for 2 min [91]; 1 g of the BSG biomass powder was soaked
in a copper (II) nitrate trihydrate solution (241.6 mg in 10 mL). In another experiment, 1 g
of biomass powder was soaked in silver nitrate (169.8 mg in 10 mL distilled water). Lastly,
1 g of biomass powder was soaked in a copper (II) nitrate trihydrate (241.6 mg) and silver
nitrate (169.8 mg) solution made to 10 mL. All three samples were dried in an oven at
60 °C overnight. After that, it was subjected to pyrolysis, with conditions as follows: type
of method (P10 KOH Free), N, flow rate (1 L min—!), ramp (20 °C min1), temperature
(500 °C), residence time (1 h), and cooling time (1 h). This moderate-temperature pyrolysis
method was applied to decrease the produced polycyclic aromatic hydrocarbons (PAHs).
It is well known in the literature that synthesis at 500 °C causes biochar with lower PAH
contents (483-2100 pg/Kg) [92]. Table 3 reports the % yield of the different biochar samples.

Table 3. % Yield of different biochar samples.

Weight before Weight after .
Sample Name Pyrolysis (g) Pyrolysis (g) Percentage Yield
Biochar 3.145 0.896 28.5
Biochar@Cu 1.04 0.38 36.5
Biochar@Ag 0.98 0.41 41.8
Biochar@Ag-Cu 111 0.49 441

3.4. Dye Degradation Test

For the test, 5 mg of the catalyst was added to 10 mL of the 20 ppm MO solution.
Further, 2 mL of H,O, was added, and the solution was stirred for different intervals of
time (1, 2, 3,4, 5 and 6 h). A kinetics study was carried out using UV-visible spectroscopy.
The test of the reusability of the catalyst was carried out by adding the same amount of MO
solution and HyO; in the same beaker. This was repeated until 3 cycles were completed.
In the current work, we considered parameters such as the amount of the H,O,, catalyst
(amount of catalyst and doping ratio), etc., to obtain the optimal conditions of degradation.
As reported, a 6-hour duration was optimum for total mineralisation after trying at 1,
2,3,4,5, and 6 h durations. The doping ratio of Cu and Ni was 1 mmole:1 mmole per
1 g of BSG powder. It is important to note, from our own experience and the ongoing
research work, that increasing the loading of metal salts further is very likely to cause the
agglomeration of the nanoparticles, hence increasing particle size and probably decreasing
efficiency. Moreover, different pH conditions were not considered as our plan was to study
only neutral pH for practical applications. For the effect of pH on dye mineralisation using
biochar-based catalysts, the reader is referred to [93-95].

4. Conclusions

An efficient Ag-Cu nanoparticle-coated brewer’s spent grain biochar has been devel-
oped via the wet impregnation method, followed by pyrolysis under an inert atmosphere
at 500 °C. The composite catalyst and the related materials were characterised using several
techniques. Although the current characterisation does not reveal carbide, the presence of
carbide cannot be ignored. Nanoparticles mostly fall below 50 nm, but sometimes, bigger
particles are also there. Current materials have been successfully used in depolluting water
from harmful chemicals, such as MO by 100% (k = 0.603 x 102 min'), and also utilised to
treat a MO and MB dye mixture. A reusability study has shown 96% MO removal efficiency
after three cycles. Oxidative degradation has played an important role in achieving this
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goal. A dye mixture degradation study has revealed the fast kinetics of MB degradation by
catalyst compared to methyl orange. From the above, the methods reported in this work are
simple, efficient and very easily reproducible. The Biochar@catalyst materials have a high
potential in dye mineralisation, hence the interest in using them to treat textile industry
wastewater. Particularly, brewer’s spent grains can not only be used to feed farm animals
(SDG 12: responsible consumption and production) but also be advantageously explored
in designing high-performance catalysts. The BSG-based materials are, thus, expected to
play an important role in the environmental sector and fulfil SDG 6.
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