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Abstract

Lavender (L) and Rosa Damascena (RD) industrial solid by-products were used as
biodegradable adsorbents for the removal of the azo dye Acid orange 7 from aqueous
solutions. The equilibrium for the adsorption (1 g of adsorbent, 20 mL aqueous solution of
dye, pH 7.05) occurred at the 60 min and at 100 mg/L initial concentration of azo dye. The
adsorbed amount of Acid orange 7 was 1.63 mg/g (81.50% removal efficiency) for L and
1.74 mg/g (87% removal efficiency) for RD at 293 K. The effectiveness of the adsorption
increased decreasing the pH medium: for L at pH 1.5 the removal was 1.975+0.08 mg/g
(98.75%) and for RD at pH 3.5 was 1.975+0.08 (98.75%). The removal behavior for Acid
Orange 7 fitted the Freundlich model and suggested a diffusion process related to physical
adsorption. For the three investigated temperatures (293 K, 303 K and 313 K) negative values

for Gibb’s free energy AG? were observed revealing the spontaneous character of the
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adsorption processes. The observed decrease of AG? (ranging from -18 to -21 kJ/mol) implies
a physical nature of the adsorption. The post-adsorption L and RD residues were subjected to
solid state cultivation using the fungus Ganoderma resinaceum GA1M yielding mycelium-
based biocomposites. The investigations revealed that the biocomposites were free from Acid
orange 7. The approaches presented here demonstrate that L and RD industrial by-products
can be successfully applied for the adsorption of Acid orange 7 while producing harmless

mycelium-based biocomposites through solid state fermentation using G. resinaceum GA1M.

Keywords: azo dye; acid orange 7 adsorption; lavender and rose by-products; isotherm

models; Ganoderma resinaceum; mycelium-based biocomposites

1. Introduction

2.
Azo dyes are among the most widely used by industry colorants. More than 60% of the
synthetic organic dyes generated are azo dyes [1]. These dyes are extensively used in the
textile, leather, plastic, and food industries due to their vivid and intense colors. More than
2000 azo dyes have been synthesized and it is not surprising that due to their important
industrial role their toxicity was widely studied. In general, azo dyes possess photolytic
stability and only negligibly biodegrade in nature. This stability poses an environmental risk.
Moreover, some of the azo dyes are known to be toxic and carcinogenic. Specifically, the
metabolization and decomposition of azo dyes lead to the production of aromatic amines of
which some are known as human carcinogens (Group III A 1 of the German MAK III list)
and compounds posing risks to animals thereby also posing risks to human health (Group III
A 2) [2]. In the European Union (EU) some azo dyes are restricted by several regulations,

such as: REACH, Toy safety directive, and the EU food contact material framework.
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Therefore, precautions must be taken to eliminate azo dyes from waste waters and to avoid
human exposure to the most dangerous ones.

The problem is also related to the worldwide growing demand for water with high enough
quality, necessity to protect water resources and to purify the wastewaters [3]. The overall
increase of the industrial production capacity (textile, mining, papers, plastics, etc.) lead to
extensive usage of water and obtaining of large volumes wastewaters. Dying and textile
industry are among the largest consumers of water and around 15% of the dyes are released
in the environment without proper treatment [4]. These practices pose serious environmental
risks and hence proper purification methods and technologies should be investigated and
introduced.

Acid orange 7 is an azo dye with an appealing red-orange color. It is mainly used for silk and
wool dyeing, polyamide fiber fabric of direct printing, leather and paper coloration, hair
dyeing products, and is also utilized as an indicator and biological stain [5]. This azo dye is
produced by coupling of p-aminobenzenesulfonic acid (after diazotation) and 2-naphtol.
Reductive cleavage by bacteria or degradation by chemical or physical factors could result in
the production of corresponding aromatic amino compounds. Briischweiler and Merlot [6]
reported that the o- and p-aminobenzenesulfonic acid could be mutagenic and are found in
some wool, cotton and other cellulose fibers. P-aminobenzenesulfonic acid was amongst the
most frequently determined aromatic amines, found in 37 textile samples in concentrations in
the 100—442 mg/kg range [5].

Various methods for decontamination and removal of compounds like azo dyes were
proposed and investigated. Some of these methods are based on physicochemical interactions
(such as flocculation, adsorption, ozonation, electrolytic and photooxidation, etc.),
phytoremediation [7] and others rely on microbial or fungal degradation [8-12]. Taheri et al.

[13] performed a study for the removal of two azo dyes: Acid orange 7 and Acid red 18 by
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several methods to compare the costs and effectiveness of the methods for decontamination.
The authors found that the utilization of activated carbon in combination with membrane
filtration in a sequencing batch reactor showed the most promising results. However, the
initial investments are usually higher than performing a simple adsorption or microbial/fungal
degradation. Numerous adsorbents have been tested for the removal of azo dyes [13-16] with
the most significant advantage being the utilization of renewable and cheap resources as
adsorbents. Such abundant and easily available materials are very often by-products / wastes
from the food and agricultural industries which generate large amounts of biodegradable
phytomass annually.

The essential oil industry, because of the usually low amount of the essential oil in the raw
plant material, produces tonnes of solid by-products which are commonly discarded [17].
Lavender and roses are amongst the most processed crops in the essential oil industry and the
by-products obtained from their distillation could be used as a cheap, abundant, and
biodegradable adsorbent for pollutant removal. The solid lavender and rose post-distillation
biomass have been successfully employed in numerous works for the removal of heavy
metals in model studies and in waste waters [17] but few studies have specifically focused on
the application for the adsorption of organic pollutants [18, 19]. Additionally, the residues
from the adsorption of azo dyes could be subjected to further degradation by higher fungi,
which are known for their abilities to produce enzymatic complexes able to degrade
lignocellulosic materials and polyphenols [20-25].

Hence the aim of the present work was to investigate the applicability of rose and lavender
industrial post-distillation by-products as natural adsorbents for removal of the azo dye Acid
orange 7 and to study the factors, kinetics, thermodynamic parameters, and further fungal
biodegradation of the post-adsorption residues. The study proposes an innovative method for

lavender and rose post-distillation by-products valorization. It is known that due to their high
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polyphenolic compounds content their direct disposal in landfills are likely environmentally
harmful and therefore the method would contribute to sustainability, a circular economy, and

zero waste approaches in general.

2. Materials and methods

2.1. Samples and reagents

Lavender (bio-certified Lavandula angustifolia Mill., “Sevtopolis” cultivar) — L and rose
(bio-certified Rosa Damascena Mill.) — RD, by-products from industrial steam distillation of
fresh plant stems and flowers were provided by the ECOMAAT distillery (Mirkovo, region
of Sofia, Bulgaria; 2021 harvest). The L and RD by-products were collected when the
distillation was finished: for RD residues the mass was pumped out from the still and after
passing through a screw conveyor the solid residue was separated from the liquid phase; for L
residue the mass was removed from the baskets in the still and collected. The solid residues
were inspected for impurities and dried. The dried rose and lavender were washed with
distilled water (100 g with 1600 mL water; added in portions of 400 mL) on a Buchner
funnel. The residual mass was dried, milled, and sieved. For adsorption of the azo dye, the
biomass fraction with particle size 100-250 um were used.

Acid orange 7 (4-(2-Hydroxy-1-naphthylazo) benzenesulfonic acid sodium salt) was obtained

from local distributors (Table 1).
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Table 1. Characteristics of the azo dye Acid orange 7

Molecular Mw Density,  Solubility,

Name Structure
formula (g/mol) g/mL g/L (20°C)

SO, Na
Acid
CisH11N2NaO4sS  350.3 1.6 27
_N
orange 7 NZ
oo
2.2. Methods

2.2.1. Adsorption procedure

The adsorption of the azo dye was carried out as follow: 20 mL water solution of Acid orange
7 with specified concentrations (20, 40, 60, 80 and 100 mg/L) were added to 1 g adsorbent in
a 50 mL centrifuge tube and the tubes were placed on a laboratory shaker MLW THYS 2
(VEB MLW Labortechnik Ilmenau, Germany), placed in a thermally controlled laboratory
oven (the experiments were performed at three temperatures: 293 K, 303 K and 313 K). The
shaker was started (100 rpm) and at a specified time (2.5, 5, 10, 20, 40, 60, 90 and 120
minutes) a centrifuge tube was removed from the shaker and the mass was filtered first
through a paper filter and second through a syringe filter CA 0.45 pm (Isolab, Germany).
Adsorption of the filtrate was measured at 500 nm using LLG-uniSPEC 2 UV-Vis
spectrophotometer (LLG Labware, Germany). The concentration of non-adsorbed Acid
orange 7 was calculated using a calibration curve, prepared with water solutions of the dye

with known concentrations. The adsorption of Acid orange 7 by L and RD residues at
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different pH mediums was performed as described above using 100 mg/L solution of the dye
at 313 K in — for pH 1.05: 0.05 M sulfuric acid; for pH 3.50: 0.05 M citrate buffer; for pH
5.50: 0.05 M citrate buffer; for pH 10.75: 0.05 M carbonate buffer.

2.2.2. Solid-state cultivation of Ganoderma resiaceum using L and RD residues from dye
adsorption as substrates for mycelium-based biocomposite preparation.

1) Substrate Preparation Procedure: The dried residue from dye adsorption (150 g) was
humidified with a solution with the following composition (g/L): Yeast extract: 2.0; Peptone:
2.0; KH2POs: 0.5; KoHPO4: 1.0; MgSOa4: 0.5 up to final 65-70% moisture. 0.1% of calcium
carbonate was added, mixed well and the mixture was transferred into growing bags (SacOx,
Belgium). The mixture was sterilized at 394 K for 45 min, cooled down and used as a feeding
substrate for the next procedure of inoculation and cultivation.

2) Fungi Ganoderma resinaceum GAIM

The macrofungal strain Ganoderma resinaceum GA1M is part of the microbial collection of
the Department of Biotechnology, University of Food Technologies, Plovdiv, Bulgaria and is
maintained at 4°C on Mushroom Complete medium (MCM) containing 20.0 g/L of glucose,
0.5 g/L of KH2PO4, 1.0 g/L of KoHPO4, 0.5 g/L of MgSO4, 2.0 g/L of peptone, 2.0 g/L of
yeast extract, 2.0 g/L of agar, pH 4.8-5.2, and was subcultured every 30 days onto fresh
medium. The strain was previously isolated and molecularly identified [200].

3) Inoculation of the substrate and mycelium growth:

The inoculation of the substrate was performed with vegetative inoculum obtained through
cultivation of G. resinaceum in MCM broth at 301 K and 220 rpm for 7 days until pellets
were formed. Sterile filtration was used for the collection of the pellets which were then used
for the inoculation of the mixture. The determination of the pellets dry weight was performed

on a moisture analyzer (RADWAG, Poland).



W NNNDNN NN NN PRPRrRPRPRRR RpRR
O ©ONOUI RWNFPO ©OOyOUDMNWNFRO OO yOUT DWW N

w w
N -

Ww ww
OO0 NW

w
~

w W
©

oo oabhBbdDdDD DMNDDIMN DN
ORPRWNPFPOOONOODOPRMWNRPOOONO® 01T WN RO

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

The mixing of the pellets (10 % w/w) with the substrate was made in sterile conditions in the
growing bag, which were placed at 298 K in darkness. The substrate was fully enveloped by
the mycelium for 7 days. Each growing bag was observed and mixed daily to ensure the full
coverage of the substrates particles and uniform mycelium growth. To obtain mycelium-
based biocomposites with proper sample geometry, aseptic transfer of the substrate/mycelium
mixture into molds and further cultivation according to [20] was performed.

4) Determination of residual Acid orange 7 in the biocomposites.

50 g of the mycelium-based biocomposites prepared by the fungal growth on L and RD post-
adsorption residues was milled and extracted with 500 mL deionized water at 333 K and
constant stirring (100 rpm) for 1 hour. The mass was filtered and the solid residue was
subjected to the same extraction procedure 2 more times. The combined filtrates were
evaporated to 100 mL final volume and lyophilized. The lyophilized extract was dissolved in
deionized water at 100 mg/mL concentration and filtered through a syringe filter CA 0.45 pm
(Isolab, Germany). Absorption of the filtrate was measured at 500 nm using LLG-uniSPEC 2
UV-Vis spectrophotometer (LLG Labware, Germany) and the concentration of the Acid
orange 7 was calculated using a calibration curve, prepared with water solutions of the azo

dye with known concentrations.

2.2.3. Infrared spectroscopy
Infrared spectra of the rose and lavender biomass (before and after adsorption of Acid orange
7) were taken in KBr (4 mg sample) using Bruker VERTEX 70 FT-IR Spectrometer (USA)

with 25 scans of the samples.

2.2.4. Sample morphology determination by Scanning electron microscopy (SEM)
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The morphology analyses of the samples were performed by digitized Scanning Electron
Microscope Philips 515 (The Netherlands). Before the analyses, micro-quantities of the
samples have been fixed on standard microscope pins using adhesive tape and then covered
by Au-Pd metal film for better conductivity. An accelerating voltage of 7 kV was applied on

the electrons in this experiment.

2.2.5. Isotherm modelling
The amount of dye adsorbed per unit mass of adsorbent (¢., mg/g) was calculated using the

mass balance Eq. 1:

qe:CO—_CQV Eq. 1

where V' is the solution volume, L; co and c. are initial and equilibrium concentration, mg/L;
m is the adsorbent mass, g.
The most widely used models for description and explanation of adsorption isotherms are

Langmuir, Freundlich and Temkin models.

1) Langmuir isotherm model

Langmuir derived an empirical model that postulates a monolayer adsorption of molecules
onto a morphologically homogeneous adsorbent surface containing at a fixed number of
active adsorption sites, with no lateral interactions. Langmuir made several assumptions, the
most important is one-site occupancy adsorption, which occurs at specific homogeneous sites
on the surface of the adsorbent and proposes an empirical nonlinear model [26]. Langmuir

hypothesized that all the adsorption sites are identical in affinity and energy. The model

10
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further assumes that the intermolecular attractive forces diminish steadily with distance

increases. The original non-linear form of the Langmuir equation is expressed as:

q,_amKice Eq.2

1+K]ce

where gm is the maximum adsorption capacity, mg/g; K; is Langmuir constant associated
with the affinity of the binding sites and energy of adsorption, L/g.

The linear form of Langmuir Eq. 2 is expressed as [27]:

qe o gm  qmKL Eq 3

2) Freundlich isotherm model

The Freundlich model postulates a multilayer adsorption process, with non-uniform
distribution of adsorption enthalpy and affinities onto the heterogeneous adsorbent surface
without lateral interaction. The energetically favored binding sites are theorized to be
occupied first and the binding strength decreases sequentially with increased coverage of the

binding sites. The non-linear Freundlich equation is expressed as [28]:

— Un
ge = Krc, Eq. 4

where Kr is Freundlich constant associated with adsorption capacity, L/g; » is an empirical
constant connected to adsorption intensity.

The linear form of Eq. 4 is expressed as [27]:

11
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Inge = InKr + ilnce Eq.5

3) Temkin isotherm model

The Temkin isotherm model considers the effect of indirect adsorbate-adsorbing species
interactions on adsorption. It postulates that the heat of adsorption as a function of
temperature of all the molecules in the layer reduces linearly rather than logarithmically with
surface coverage due to adsorbent—adsorbate interactions [29]. The non-linear Temkin

isotherm equation is given by:
RT
e = Tln(ATCe) = Bln(AT Ce) Eq 6

where T is the absolute temperature, K; R = 8.314 is the universal gas constant, J/(mol.K); Ar
is the equilibrium binding constant, L/g; b is the variation in adsorption energy, J/mol; B is
the Temkin constant.

The linear form of Temkin equation is expressed as [27]:
qe = BlnAr + Blnce Eq.7

4) Thermodynamic parameters determination
Thermodynamic parameters were determined using the thermodynamic equilibrium

distribution constants kq at the studied temperatures:
ka = Eq. 8

The coefficients kq were calculated by the method suggested by Khan and Singh [30] from

the intercept of the plots of In (ge/ce) vs. g.. The coefficient k¢ has the dimension L/g. It needs

12
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to be converted into dimensionless form K. by multiplying with the density of water (1000

g/L) to be used in the thermodynamic equation [31]:
K. = 1000ka Eq. 9
Then, the change in Gibbs free energy AG?, J/mol, enthalpy AH?, J/mol, and entropy AS°,

were calculated from the Van’t-Hoff equation:

—AHO 1 pg0

)=+ Eq. 10

ane = R

From the plot of InKe as a function of 1/T (van’t Hoff plot) according to Eq. 10 the values of
AH® and AS° J/(mol.K), were calculated using the slope and intercept of the straight lines
respectively.

The values of AG? were calculated using Eq. 11.

AG® = AHO — TAS° Eq. 11

2.3. Statistical analysis

The experiments were performed in triplicate and data values are expressed as mean + SD
(standard deviation). Statistical analysis was carried out by one way ANOVA (Tukey’s post

hoc test; p < 0.05).

3. Results and discussion

3.1. Kinetics of the adsorption of Acid orange 7 on L and RD by-products
One of the most important parameters influencing the adsorption process is the contact time

of the solution with the adsorbent. Fig. 1 shows the kinetics of the adsorption and the

13
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dependence of the Acid orange 7 adsorption process on the contact time, temperature and
initial dye concentration. In the beginning the adsorption was very rapid and at the second
minute most of the dye was already adsorbed to the adsorbent surface. The equilibrium for
the adsorption of the Acid orange 7 was determined at 60 min for RD (293 K) and for L (at
the three investigated temperatures). For RD (at 303 K and 313 K) a constant but negligible
rise of the adsorbed dye was observed until the 120 min. The higher temperatures slightly
increased the adsorption of the azo dye on the L and RD. Increase of the initial concentration
from 20 to 100 mg/L azo dye lead to an increase of the adsorbed amount from 0.32 to 1.63
mg/g adsorbent L at 293 K, from 0.28 to 1.61 mg/g adsorbent L at 303 K and from 0.28 to
1.58 mg/g adsorbent L at 313 K. The RD residue as adsorbent demonstrated slightly higher
capacity: with the increase of the initial concentration of the Acid orange 7 from 20 to 100
mg/L the adsorbed amount incremented from 0.35 to 1.74 mg/g RD adsorbent at 293 K, from
0.34 to 1.73 mg/g RD adsorbent at 303 K and from 0.34 to 1.71 mg/g RD adsorbent at 313 K.
The highest adsorption capacity was demonstrated by both adsorbents with the highest initial
concentration of 100 mg/L azo dye. These results correlate well with previously reported
literature data for adsorption of Metanil yellow azo dye on bottom ash and de-oiled soya [15],
adsorption of Basic blue 41 on Juniperus excelsa residues [32], and combined adsorption and

decolorization of Remazol brilliant violet SR and Sunset Yellow [23].

14
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RD, 293 K L 293K

—4—100 mg/L —4—100 mg/L
=880 mg/L =80 mg/L
60 mg/L 60 mg/L
i 40 /L == 40 mg/L
i 20 /L i 20 M/L

RD, 303K L, 303K
—4—100 mgfL —4—0.1 mg/mL
=80 mg/L 0,08 mg/mL
60 mg/L == 0.06 mg/mL
=40 mg/L =i 0,04 mg/mL
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Time, min

RD, 313K L, 313K
—4—100 mg/L —4—100 mg/L
—-80 mg/L ~— 80 mg/L
60 mg/L 60 mg/L
w40 mg/L i 40 mg/L
=20 mg/L =20 mg/L

Fig. 1 Effect of the contact time (0-120 min), temperature (293, 303 and 313 K) and initial
concentration of Acid orange 7 (20, 40, 60, 80 and 100 mg/L) on the dye removal using L
and RD by-products. Amount of RD and L adsorbents: 1 g; volume of dye solution: 20 mL;

pH=7.05; shaking speed 100rpm

Based on the data from kinetic of adsorption of the Acid orange 7 on L and RD adsorbents

were determined the equilibrium concentrations ce, mg/L (Table 2) for the three investigated

temperatures.
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338  Table 2. Equilibrium concentration (ce, mg/L) at 20, 40, 60, 80 and 100 mg/L initial concentrations (co, mg/L) and temperatures 293, 303 and

339 313 K for L and RD. Amount of RD and L adsorbents: 1 g; volume of dye solution: 20 mL; pH=7.05; shaking speed 100rpm

Ce, mg/L
co,
L RD
mg/L
293K 303K 313K 293K 303K 313K

20 5.85+0.152  5.37+0.44%>  4.19+0.42%  3.27+0.20°  2.92+0.12°4 2.51+0.294
40 8.45+0.08" 9.61+0.49° 6.74+0.32¢  7.66+0.37°  5.87+0.24° 5.06+0.29f
60 12.21+£0.21*%  12.76+0.62*  11.60+0.51° 8.214+0.20°  7.90+0.19° 6.42+0.204
80 14.4740.14°>  16.55£0.29%  15.1840.26*° 10.68+0.27° 9.19+0.35¢ 8.45+0.224
100 21.1740.24*  19.65+0.45>  18.54+0.24° 14.68+0.18¢ 13.60+0.21¢ 12.98+0.79¢

340  *bedelDifferent letters in a row mean statistically different values (p<0.05)



OO UUIU MUUTOIO UD DD DABRMAN AR WWWWWWWW PONNNN NN NN PRRRREPR R R
GRONPRPOOBON HORONRLOO N ONR OV RFOOONOTNRARXNRO @O~ OU1 RN PO ©O O URW RO OO o1 AW NR

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

The influence of the pH medium was investigated at five different pH values (Table 3). At
lower pH (below 5.5) the effectiveness of adsorption increased and for L adsorbent at pH 1.5
the removal of the dye reached almost 99%. The RD was also effective at pH 3.5 and 5.5
(98.75% removal). In general it could be concluded that the acidic medium increased the
effectiveness of dye removal. The Acid orange 7 is an anionic dye and in acidic medium the
sulfo-groups will be protonated. In the same time at lower pH the net charge of the adsorbent
will be lower due to protonation of the carboxyl groups considered among the main
functional groups favoring adsorption [33] having in mind that the amount of pectic
substances in the RD and L are around 10-15% [17, 34]. By this way the electrostatic
repulsion will be lower and will favor the adsorption. The results for adsorption at higher pH
(only 2.50-3.75% removal) suggested that the electrostatic interactions plays important role
in the sorption process. These results are in accordance with the findings of Wu et al. [35]
and Pelosi et al. 2013 [36] investigating the Acid orange 7 adsorption on waste brewery’s
yeast and Salvinia natans biomass, respectively. However, Wu and coworkers [35] found that
above pH 5 the efficiency of waste brewery’s yeast as adsorbent lowered significantly while
the effectiveness of L and RD at neutral pH was still 87.03% and 92.15%, respectively. These
findings are important because operating on a large scale at neutral medium than in acidic
condition is easier and beneficial for the environment. Besides, further neutralization of both
the spent adsorbent and the solution will be necessary. Except electrostatic repulsion between
negatively charged sulfo and carboxyl groups other interactions (chemical or physical), such
as: hydrogen bonding, coordinative bonding, hydrophobic interactions, double bond

attraction, pore filling, partitioning, could be involved in the mechanism of sorbent retention

[3].
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Table 3. Influence of the pH medium on the adsorption of Acid orange 7 on L and RD.
Adsorbed amount: mg/g (in brackets is given the efficiency of the adsorption in percentage).
Adsorbent: 1g; initial azo dye: 20 mL 100 mg/L (2 mg dye in the volume); temperature 313

K; shaking speed 100rpm

pH 1.05 3.50 5.50 7.05 10.75
1.975£0.08  1.9580.09  1.775%0.1  1.63=0.08  0.075+0.02
- (98.75) (97.50) (88.75) (81.50) (3.75)
1.80£0.07  1.97540.08  1.975:0.08  1.74+0.08  0.050.02
RD

(90.06) (98.75) (98.75) (87.00) (2.50)

Table 4 presents the results for adsorption of Acid orange 7 by L and RD compared with
different adsorbents found in the literature. Although, the L and RD residues showed lower
adsorption capacities compared with other adsorbents, it should be noted that the results were
achieved at neutral pH values. At acidic pH medium the effectiveness of the azo dye removal

reached 98.75% for both adsorbents.

Table 4. Comparison of adsorption capacities of different adsorbents of Acid orange 7

Adsorption capacity
Adsorbent Conditions (mg/g) / removal References

efficiency, %

Salvinia natans 46.53 /
293K, pH 1 [36]
biomass 46.53%
24.23/
Canola waste 288 K [37]
>99%
18
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380

381

382

383

384

385

Polypyrrole/nanosilica

328 K, pH 3
composite
293 K, pH 2.5,
Canola stalks
100 mg/L dye
Bottom ash
303 K, pH 2
De-oiled soya
Beech wood sawdust 303 K

Waste brewery’s yeast 303 K, pH 2
Lavender by-product 293 K, pH
(L) 7.05,1¢g

adsorbent, 20

Rosa Damascena by- mL 100
product (RD) mg/mL (2 mg
dye total)

24.93

8.96/

>90%

3.78/

68%

7.61/

58%

5.06

3.561

1.63/

81.50%

1.74/

87.00%

[38]

[33]

[39]

[40]

[33]

present study

present study

3.2. Infrared spectroscopy and morphology of L and RD by-products and post-adsorption L

and RD residues

Infrared spectroscopy is a powerful tool that can provide meaningful information about the
functional groups of investigated substances. Fig. 2a presents the infrared spectra of the Acid

orange 7. A broad and characteristic peak corresponding to the O-H stretching vibrations was

observed at 3448 cm™!. The bands at 1048 and 1387 cm™! could be attributed to the azo (-

19
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N=N-) bond stretching movements, while the ones at 1035, 1122 and 1186 cm’! are
characteristic peaks indicating the presence of sulfo groups [41]. Additionally, a band due to
aromatic ring stretching was observed at 1511 cm!. The RD and L by-products (Fig. 2b and
2¢) exhibited characteristic bands at 3421 and 3427 cm! due to presence of OH groups (main
functional group in the polysaccharides). Peaks at 1636-1647 and 1734-1735 ¢cm™! could be
assigned to stretching and vibrations of the carboxyl groups from the pectic moieties. The
infrared spectra of post-adsorption RD and L residues are presented in Fig. 2¢ and 2e,
respectively. The most significant differences could be observed around 1500-1560 cm!
where a new peak at 1540 cm™! (for RD post-adsorption residue) and 1541 cm™! (for L post-
adsorption residue) could be found. These bands are a result of the aromatic ring stretching
vibrations from the aromatic moieties of Acid orange 7 suggesting successful adsorption of

the dye onto the surface of the RD and L by-products.

20
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Furthermore, the morphology of the adsorbents and the post-adsorption residues of RD and L
were investigated by SEM and the observed image is presented in Fig. 3. The RD by-product
image revealed the presence of a fiber-type structure probably due to polysaccharide chains
while the L by-product could be characterized with a fluffier and more porous surface. The
post-adsorption residues generally retain their structure. Although, some studies [16, 42]
suggested that there is a significant difference in the adsorbent structure before and after
adsorption, in our case no observable changes in the RD and L post-adsorption residues
morphology, compared to the RD and L by-products, could be observed. This could be
explained with the physical type of the adsorption process of the Acid orange 7 onto the

surface of the RD and L by-products.

Fig. 3 Morphological analysis by SEM of the RD (a. before adsorption; b. after adsorption)

and L (c. before adsorption; d. after adsorption) residues

3.3. Adsorption isotherms parameters determination

The adsorption isotherm characterizes the equilibrium state of molecules distribution between
the liquid and solid phase [43]. To evaluate the applicability of different isotherm models

(Langmuir, Freundlich, Temkin) to describe the process of adsorption their linearized form

22
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423 was used (Eq. 3, 5 and 7, section 2.2.5). The Langmuir isotherm model assumes that
424 adsorption occurs on a relatively homogenous surface with limited interactions in the surface
425  plane. The Freundlich model empirically describes adsorption on non-homogenous, porous
426  surfaces. The Temkin isotherm model describes interactions of heterogeneous solid surfaces
427  with molecules from a solution and this assumption is made on the basis that temperature
428  increases lead to decreases of surface covering. The correlation of the models to the
429  experimental results is expressed by fitted plots and presented in Fig. 4.
430
25 12
. . L - *293K 10 RD —_— 293K
— -— W303K ————
g ) — t:l“‘ah . 3 ::—-’__._ ‘_____________!: W303K
% 3{-’_- + "l*‘:xq._‘_._ { _§ 6 — ‘""!‘—w‘_t i 313k |
I 10 * - n
L s
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L2 05 05
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431
432 Fig. 4 Langmuir, Freundlich and Temkin isotherms of Acid orange 7 adsorption on L and RD
433  residues for 293, 303 and 313 K
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The parameters of the Langmuir, Freundlich and Temkin isotherm equations were calculated
and are presented in Table 5. The coefficients of determination showed that the Freundlich
equation better described the adsorption of Acid orange 7 using RD and L post-distillation
by-products than the Langmuir and Temkin models. Similar results were obtained by Khosla
et al. [44] investigating adsorption of Acid orange 7 on aluminum oxide nanoparticles. This
suggests a multilayer adsorption process and confirms the heterogeneous structure of the
surface of both adsorbents without lateral interactions. The coefficient » in the Freundlich
equation connected to adsorption intensity is practically not influenced by the temperature
and the type of the adsorbent. The values of the coefficient Kr showed higher adsorption
capacity for RD compared with L’s capacity, at the three temperatures studied. In opposite of
the established from Khosla et al. [44], the values of the coefficient decreased with the
temperature rise, which probably means a decrease in the binding forces at higher

temperatures.
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Table 5. Parameters of the Langmuir, Freundlich and Temkin models of adsorption of Acid orange 7 on L and RD at 293, 303 and 313 K

T,K RD L
Langmuir model
Ki, L/g  gm, mg/g R? ARE SD K, L/g gm, mglg  R? ARE SD
293 0.02382 5.5036 0.7780 4.50 0.069 0.003579 229358  0.0525 591 0.106
303 0.01203 9.6246 0.2300 7.44 0.114 0.02560 1.7391 0.8366 7.22 0.104
313 0.01518  6.2735 0.1913 11.32 0.173 0.01973 2.6831 0.3539  17.95 0.24
Freundlich model
K, L/g n R? ARE SD Ky, Lig n R? ARE SD
293 0.1136 0.8447 0.9935 4.17 0.0703 0.07765 0.9581  0.9791 6.04 0.098
303 0.1043 0.9026 0.9777 6.58 0.108 0.02312 0.6972  0.9967 3.26 0.045
313 0.0854 0.8872 0.9495 11.02 0.179 0.03134 0.7452 09439  14.08 0.192
Temkin model
Ar Lig B R? ARE SD Ar Lig B R? ARE SD
293 0.1136 0.8447 0.9935 28.62 0.474 0.07765 0.9581 0.9791 12.71 0.202
303 0.1043 0.9026 0.9777 17.11 0.268 0.02312 0.6972 09967  14.07 0.232
313 0.0854 0.8872 0.9495 20.06 0.354 0.03134 0.7452  0.9439 5.11 0.074
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The van’t Hoff plots of InK. as a function of the reciprocal of the experiment temperatures
(293 K, 303 K and 313 K) are presented in Fig. 5 for L and RD. The obtained values of the
change of enthalpy (AH®) and entropy (AS°), calculated from the slopes and intercepts of the
straight lines of the plots respectively, as well as, the values of the free energy change (AG®),
calculated according to equation 3, are presented in Table 6. The calculated thermodynamic
parameters were similar for both adsorbents. The calculation suggested that negative values
were observed for AG? and positive values for AH? and AS? at all experimental temperatures
for Acid orange 7 adsorption using L and RD by-products. Similar results were published for
adsorption of Acid orange-7 using canola waste [37] and aluminum oxide nanoparticles [44].
The negative values of AG? for both adsorbents implies that the adsorption processes were
spontaneous and feasible [31]. Generally, the adsorption process could be due to physical
phenomenon and chemical interactions. In our case, the observed values deerease of AG°
were from -18,000 to -21,000 J/mol, which suggests that the type of interactions between L
and RD and Acid orange 7 was mainly physical and hence physical adsorption occurred. The
absolute values of AG? increased slightly with the temperature rise, which confirmed the
weak temperature’s effect on the adsorption of the dye on the L and RD. The positive values
of AHO confirmed that the adsorption processes were endothermic for both by-products which
suggest a lower value of the required amount of heat characterizing the phenomenon of
physical sorption. Positive values of AS® suggested an affinity between the adsorbents and

the azo dye Acid orange 7 and assumed increased randomness at the solid/solution surface of

interaction with several structural changes in the adsorbent and the adsorbate.
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Fig. 5 Graphical representation of InKe versus 1/T of the adsorption of Acid orange 7 on L

and RD by-products

Table 6. Thermodynamic parameters of adsorption of Acid orange 7 on L and RD residues

Temperature, K AG°, J/mol AHC, J/mol AS°, J/(mol.K)
293 -18536
RD 303 -19373 6504 85
313 -20246
293 -19153
L 303 -20023 6333 87
313 -20893

3.4. Valorization of the spent adsorbents after adsorption of Acid orange 7

Many studies focused only on the adsorption of organic pollutants or heavy metals using
agricultural or food by-products (or products derived on their basis) including studies on the
kinetics, different factors affecting the adsorption, different adsorbents, etc. In general, it is
difficult to dispose of the spent adsorbents directly in the surrounding environment due to the

presence of substances that pose environmental risks. Regeneration of the adsorbents is most
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often proposed solution but again the problem with safely handling the washings arises. The
metabolic activity of different higher fungi and their immense capacity to grow and degrade
different natural and synthetic substrates could support the conversion of these post-
adsorption residues into value added products with low ecological footprints. Angelova et al.
[20] demonstrated recently that lignocellulose compounds, together with the non-cellulosic
polysaccharides and uronic acids polymers of steam distilled lavender straw and hexane
extracted rose flowers were essential prerequisite for vegetative growth of Basidiomycetes
fungi. The above chemical compounds stimulated mycelium net formation and supported the
full lignocellulose substrates colonization that at the end yielded innovative mycelium-based
materials with desirable properties.

G. resinaceum was chosen not only because of the strain’s ability to grow well on different
lignocellulose, but also it’s potential to degrade synthetic dyes. G. resinaceum belongs to
white-rot fungi (Basidiomycota phylum, order Polyporales). Due to their ability to produce
extracellular lignin-degrading enzymes (lignin peroxidases, manganese peroxidases and
laccases) in submerged or solid-state cultivation conditions, white-rot fungi have their
advantages in mycoremediation processes for degradation of insoluble chemicals and
hazardous environmental pollutants [45, 46]. In many studies focused on decolorization of
synthetic dyes the “key players” are white-rot fungi such as Trametes versicolor, Pleurotus
ostreatus, Ganoderma spp., etc. [22, 24, 25, 47].

In the present study solid-state cultivations of G. resinaceum GA1M using L and RD post-
adsorption residues as feeding substrates were conducted. The twenty-days cultivations,
comprising of several stages, resulted in homogenous mycelium-based bio-composites with a
desired morphology (Fig. 6). Both obtained materials demonstrated acceptable
conformational stability and had velvety tactile surfaces that was the result of well-developed

aerial mycelium and dense hypha networks. These characteristics are of important
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significance for the physical and mechanical properties of these mycelium-based bio-
composites which in turn determine the application of the developed biomaterials [20].

The obtained mycelium-based bio-composites were analyzed for residual Acid orange 7. The
initial concentration of Acid orange 7 in spent adsorbents was in the 1.2-1.3 mg/g adsorbent
range. After the fungal growth, transformation and degradation of the lignocellulosic matrix,
metabolization of Acid orange 7 also occurred and the dye was not detected in either
mycelium-based materials.

The azo bond in the azo dyes is the main reason for their persistency since it is non-
biodegradable under aerobic conditions. As a member of the Basidiomycetes, G. resinaceum
possess a ligninolytic enzyme system with very broad substrate specificity which can break
the recalcitrant azo bond. It is well known that degradation is not always equal to
detoxification, but the Basidiomycetes representatives are able to decolorize and detoxify
synthetic dyes and their metabolites. The enzymes that are most extensively used
(dependently and independently) in the synthetic dyes’ degradation are laccases, lignin

peroxidases and manganese peroxidases [21].

Fig. 6 Mycelium-based biocomposites produced from the L and RD residues resulted from

the adsorption of Acid orange 7
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The Basidiomycetes G. resinaceum proved to be effective in removing the dye Acid orange 7
during solid-state cultivation on post-adsorption L and RD residues and simultaneously
leading to innovative mycelium-based bio-composites. This approach is consistent with zero
waste trends which will benefit overall environmental sustainability. Further research is
needed to analyze physico-mechanical properties of the produced biomaterials and identify

potential applications.

4. Conclusions

The present study focused on decontamination and removal of azo dye Acid orange 7 from
aqueous solutions by combined treatment using industrial rose and lavender solid by-products
as adsorbents and further degradation of the post-adsorption plant biomass by higher fungi
resulting in production of mycelium-based biocomposites. The results suggested that more
than 87% of the colorant was removed by the RD adsorbent and around 82% by L residue for
one hour at 293 K. The highest adsorption capacity was demonstrated by both adsorbents
with the highest initial concentration of 100 mg/L of the azo dye. The effectiveness of the
adsorption increased decreasing the pH medium: for L at pH 1.5 the removal was 1.975+0.08
mg/g (98.75%) and for RD at pH 3.5 was 1.97540.08 (98.75%). The infrared spectroscopy
analyses revealed that around 1500-1560 cm™!' a new peak at 1540 cm™ (for RD post-
adsorption residue) and 1541 cm™! (for L post-adsorption residue) appeared. These bands are
due to the aromatic ring stretching vibrations from the aromatic moieties of Acid orange 7
suggesting successful adsorption of the dye onto the surface of the RD and L by-products.
The adsorption of the azo dye was evaluated by Langmuir, Freundlich, and Temkin isotherm
models and it was found that the Freundlich equation best described the adsorption of Acid

orange 7 using RD and L by-products. The coefficient # in the Freundlich equation connected
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to adsorption intensity is practically not influenced by the temperature and the type of the
adsorbent. The values of the coefficient Kr showed higher adsorption capacity for RD
compared with L’s capacity, at the three temperatures studied. Negative values were observed
for AG? at all experimental temperatures implying that the adsorption processes were
spontaneous. The observed decrease of AG® (ranging from -18,000 to -21,000 J/mol) suggests
mainly physical adsorption occurred. The post-adsorption L and RD residues were then
subjected to solid state cultivation using G. resinaceum GA1M. As a result, new
biodegradable materials were obtained and the analyses demonstrated that Acid orange 7 was
not found in the resulted mycelium-based biocomposites. Consequently, three main results
were achieved: first, RD and L industrial by-products were successfully applied for
adsorption and removal of Acid orange 7 (valorization of rose and lavender essential oil by-
products); second, by solid state cultivation of the post-adsorption L and RD residues Acid
orange 7 was degraded by G. resinaceum GA1M; and third, new mycelium-based

biodegradable composites with promising application in construction and art were produced.
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