Arabian Journal of Chemistry (2022) 15, 104129

King Saud University

ovamitresd T | Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Fabrication of metal-organic framework
Universitetet i Oslo-66 (UiO-66) and brown-rot
fungus Gloeophyllum trabeum biocomposite
(UiO-66(@GT) and its application for reactive
black S decolorization

Check for
updates

Taufiqg Rinda Alkas, Ratna Ediati, Taslim Ersam, Refdinal Nawfa,
Adi Setyo Purnomo *

Department of Chemistry, Faculty of Science and Data Analytics, Institut Teknologi Sepuluh Nopember,
Kampus ITS Sukolilo, Surabaya 60111, Indonesia

Received 29 March 2022; accepted 12 July 2022
Available online 16 July 2022

KEYWORDS Abstract Many various industries use synthetic dyes as their raw materials. These dyes have trig-
Ui0-66@GT biocomposite; gered environmental problems because of the occurring effluents, and one of the environmentally
MOF UiO-66; safe solutions for this problem is biodegradation through microorganisms. Reactive Black 5
Gloeophyllum trabeum; (RBS5) dye degradation was performed by utilizing a metal-organic framework Universitetet i
Reactive black 5; Oslo-66 (UiO-66) and Gloeophyllum trabeum (GT) fungus biocomposite. The UiO-66@GT com-
Decolorization posite was fabricated by inoculating the fungal culture in flasks with the PDB medium that con-

tained UiO-66. This biocomposite was applied to decolorize and degrade RB5 dye, while pure
GT culture can decolorize about 36.47% in five days. The percentage of RB5 decolorization was
shown to be increased with the addition of UiO-66; the composite could decolorize RB5 up to
72.55% after five days incubation period. Moreover, the optimum conditions for the 100% targeted
rate of RB5 decolorization found by the Response Surface Methodology (RSM) are: initial RB5
concentration (72.54 mg L), pH (6.53), and temperature (38.06 °C). Two novel metabolites from
RBS decolorization by the composite were detected based on LCMS-QTOF analysis and were used
to propose a degradation pathway: 6-((1-amino-7,8-dihydroxy-6-sulfonaphthalen-2-yl) diazinyl)
cyclohexa-2,4-dien-1-ide (m/z = 360) and 3,4-diamino-5,6-dihydroxy-1,2,7,8-tetrahydronaphtha
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lene-2,7-disulfonic acid (m/z

354).
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1. Introduction

Dyes are essential materials broadly used across various aspects of life,
ranging from textiles, paints, printing inks, food and beverages, phar-
maceuticals, and cosmetics. As the usage of dyes increases yearly, there
is also an increase in the production of dye waste by various industries
(Wanyonyi et al., 2019). The textile industry uses synthetic dyes the
most; it is estimated that around 15-50% of dyes are thrown out to
the environment as wastewater during the synthesis and coloring pro-
cess (Rehman et al., 2018; Vinayak and Singh, 2022). Moreover, its
synthetic waste has various negative impacts on the environment and
living organisms. For instance, in the aquatic environment, waste
obstructs the entry of sunlight essential for photosynthesis, thereby
affecting the availability of oxygen for plants and marine animals
(Hassan and Carr, 2018). In addition, dye waste has not only toxic
and non-degradable or recalcitrant properties but also allergic, muta-
genic, and carcinogenic characteristics (Alam et al., 2021; Lellis
et al., 2019; Wanyonyi et al., 2019).

One widely used synthetic dye of the “reactive” types is Reactive
Black 5 (RBS), which has high water solubility and is most commonly
used for coloring cotton, cellulosic fibers, wool, and nylon (Bilal et al.,
2018; El Bouraie and El Din, 2016). However, this dye is a compound
with highly toxic properties due to its non-degradable rigid aromatic
molecules (Adnan et al., 2014). It has two azo bonds (-N = N-) with
the potential to turn into toxic aromatic amines. According to Zille
(2005), labile azo bonds enable enzymatic breakdown in mammals,
including humans. Furthermore, the poisonous and carcinogenic prop-
erties of aromatic amines formed from the enzymatic breakdown depend
on the 3-dimensional structure of the molecule and the location of its
amine group. The European Chemical Agency (ECHA) states that
RBS may cause skin allergic reactions, allergy or asthma symptoms or
breathing difficulties when inhaled (NCBI (PubChem), 2021). Mean-
while, in RB5 structures and other dyes, sulfonate groups have generally
low potential to become genotoxic (Zille, 2005). Therefore, RB5 waste
must be treated before being discharged into water bodies.

Various physiochemical methods have been developed to treat the
dyes wastewater such as adsorption, filtration, sedimentation, photo-
catalytic, chemical oxidation, chemical coagulation and biological
degradation (Maniyam et al., 2018; Tehubijuluw et al., 2021). More-
over, some of the downsides include high costs, low efficiency, limited
usage, high amounts of energy, a lot of chemical uses, and generating a
large volume of sludge (Singh, 2017; Benjamin and Ayinla, 2018;
Oliveira et al., 2020; Sosa-Martinez et al., 2020). For example, RB5
absorption with activated carbon immobilized in cationic surfactants,
a physical-chemical method, still required extremely acidic (pH 1.0—
2.0) or basic (pH 11.0-12.0) conditions for high removal efficiency
(Nabil et al., 2014). Jager et al. (2018) also reported that electrochem-
ical oxidation methods almost completely remove colors within
15 min. However, as there is no aromatic and mineralization ring-
opening process, the toxic property of the waste is still unchanged,
and the by-product of hypochlorous acid is still corrosive. Thus, the
biological/biodegradation method is an effective alternative with resi-
lient adaptation, easy operation, environmentally-safe results, and
lower (competitive) costs compared to physical and chemical methods
(Maniyam et al., 2018; Wanyonyi et al., 2019).

One of the microorganisms widely used in bioremediation is fungi,
which have high resistance to various pollutants and can degrade some
pollutants such as dyes (Nabilah et al., 2022). White rot fungus is com-
monly applied in the degradation of a variety of pollutants research
and well-known as a commercial enzymes producer for dye degrada-

tion (Singh, 2017). In addition, brown-rot fungi (BRF) have also been
applied to the biodegradation of various pollutants, including syn-
thetic dyes. BRF have been tested to break down organic pollutants
such as TNT, chlorophenol, fluoroquinolone, aldrin, dieldrin, DDT,
and stains (Purnomo et al., 2019). One of BRF species, Gloeophyllum
trabeum, reportedly produces an essential enzyme laccase for generat-
ing the hydroxyl radicals which play an important role in degradation
process (Arimoto et al., 2015; Csarman et al., 2021). This enzyme has
robust capabilities in degrading phenolic and non-phenolic compounds
(Debnath and Saha, 2020). G. trabeum fungus has been investigated for
its RB5 degrading ability by Hartikainen et al. (2016). However, this
result was not highlighted as it did not show its decolorization capabil-
ities in solid media (Malt Extract Agar).

Meanwhile, Purnomo et al. (2020) reported that G. trabeum, with
the addition of Fe*", degraded methyl orange dyes by 46.67% on lig-
uid Mineral Salt Medium (MSM). The research also proved the mech-
anism of the Fenton reaction in G. trabeum metabolic activity, which
produces hydroxyl radicals. Moreover, the Fenton reaction effectively
degrades various hazardous materials and organic pollutants through
its catalytic oxidation process using hydrogen peroxide and ferrous
ions (Fe’) to produce OH radicals (Purnomo et al., 2019). These
hydroxyl radicals attack dye molecules either in azo or hydrazo tau-
tomer form, breaking N = N or C-N bonds sequentially (Santos
et al., 2021). The facts above show that G. trabeum fungus can degrade
synthetic dyes but still require modification to improve the degradation
process.

In the bioremediation method, microorganisms are used to elimi-
nate pollutants in the environment using the mechanism of absorption
and degradation with the help of enzymes. Furthermore, Hassan and
Carr (2018) stated that dye decolorization was caused by biomass
absorption and degradation of dye chromophores by enzymes.
Legerska et al. (2016) also confirmed that degradation of azo dyes
by laccase enzyme occurs by an asymmetric breakdown of azo bonds
followed by other reactions, such as oxidative breakdown, desulphona-
tion, deamination, demethylation, and dehydroxylation, whereby such
response depends on the chemical structure of the dye. However, the
use of microorganisms, specifically fungi, in this method still has lim-
itations, including the need for low pH conditions, long growth phases,
long hydraulic retention periods for decolorization, and large reactor
sizes (Arikan et al., 2019). An effort to overcome this problem is com-
bining fungal culture with other materials to increase its effectiveness.
In addition, it aims to produce a physically supports for microorgan-
isms to maintain their enzymatic activity and more resilience to envi-
ronmental disturbance such as physical stressing and pH/toxic effect
(Diorio et al., 2021).

Several supporting materials have been reported to have biocom-
patible properties, including loofah sponge, alginate, corncobs, and
Macro Porous Polymeric Sponge (MPPS). Additionally, Laraib et al.
(2020) reported the using loofah sponge matrix for the fungus Asper-
gillus tereus, where decolorization of the dyes Congo red successively
reached 92% within 24 h at 100 ppm. Methylene blue (MB) and Mala-
chite green (MG) dye removal show the results of 7,400 mmol/g and
5 mmol/g, respectively. In line with this, Zhang et al. (2017) reported
using corncobs as a fungal matrix where decolorization reaches 80%
at pH 4.5-5. Li et al. (2018) also said immobilization of the fungus
Phanerochaete chrysosporium with sodium alginate (2% w/v) to
remove Cr(III), Acid Violet 7, and Basic Fuchsin, confirming that it
can remove Cr(III) binary pollutants and dyes. Arikan et al. (2019)
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immobilized Penicillium glabrum with MPPS, found the highest per-
centage of textile industry wastewater decolorization reaching 98.2%
with batch reactors.

Another material that can be combined with fungal culture is a
metal-organic framework (MOF), previous works use MOF as a sup-
porting material for enzymes. For example, the laccase enzyme plays
an essential role in dye decolorization. It has been combined with sev-
eral types of MOF, including UiO-66 (Wu et al., 2022), ZIF-8
(Mahmoodi and Abdi, 2019), and MIL-68 (Peng et al., 2021). Those
reports prove that MOF can be a supporting matrix for fungal
enzymes. MOF materials have the advantage of good stability at var-
ious pH (Schelling et al., 2018), high thermal stability, large surface
area, high porosity, and resilience in water media (Ediati et al.,
2019). In this research, MOF type UiO-66 is used as supplementary
material for G. trabeum fungus, which produces laccase enzyme. Some
studies reported the absorption ability of MOF UiO-66 for dyes
(Azhar et al., 2017; Jiang et al., 2019), and micropollutants in water
(Schelling et al., 2018).

Meanwhile, optimization techniques by experiencing each factor
consume a long time and are too expensive (Das and Mishra, 2017).
Furthermore, finding the optimum condition for the decolorization
process requires an evaluation of different parameters which poten-
tially affect the result (Mahmoudian et al., 2021). Therefore, this pre-
sent study uses the statistical method response surface methodology
(RSM) to predict the optimum condition and determine the relation-
ship between response and a set of factors. A practical and essential
technique such as RSM is also helpful for designing the experiments.
This tool can be utilized to assess the effect of process factors and their
connection to process response. The relationship was presented in an
equation model for forecasting the response by various conditions.

This research aims to fabricate and characterize a new biocompos-
ite of UiO-66@GT and investigate its ability to decolorize RBS dye.
Considering other studies, we expect accelerated dye adsorption by
UiO-66, supported by the biodegradation process by G. trabeum fun-
gus. In this study, the measurements of the isothermal and thermody-
namic adsorption aspects of these materials were also conducted. The
effects of several variables such as initial dye concentration, pH, and
temperature were evaluated, and the RSM tool analyzed the optimum
condition. Furthermore, the metabolite products and the degradation
pathway of the RBS decolorization were also predicted based on the
result of the LCMS-QTOF analysis.

2. Experimental

2.1. Materials

G. trabeurn NBRC 6509 (NITE Biological Resource Center,
Chiba, Japan) culture stock was obtained from the collection
of Microbial Chemistry Laboratory, Institut Teknologi Sepu-
luh Nopember. Stock cultures were propagated on PDA solid
medium (Potato Dextrose Agar; Merck) and then on PDB lig-
uid medium (Potato Dextrose Broth; HiMedia). Reactive
Black 5 (RBS5) dye was supplied from Sigma Aldrich (Ger-
many), and the physicochemical properties are shown in
Table 1. UiO-66 was synthesized in the laboratory using the
solvothermal method (Pambudi et al., 2021).

2.2. Fabrication of G. trabeum and UiO-66 composite

One petri dish of G. trabeum culture (in PDA medium) and
25 mL of demineralized water were blended using a Waring
blender with a sterilized cup. Then one milliliter of the homo-
genate was injected into several Erlenmeyer containing 20 mL
of potato dextrose broth and UiO-66 with varying masses (15,
30, and 45 mg). Subsequently, the mixture was incubated and

horizontally slowly shaken at + 35 °C for three days. After
three days, the granules that emerged were washed aseptically
with sterile water (£20 mL) to remove the liquid medium. The
UiO-66@GT biocomposite was characterized by SEM, XRD,
and FTIR spectrophotometer.

2.3. Decolorization test

UiO-66@GT biocomposite was added to a flask containing
10 mL of RBS5 solution with a concentration of 100 mg L'
then incubated under static conditions. Afterwards, sample
decolorization was observed and measured after 1, 3, and
5 days. The sample was centrifuged at 3000 rpm for 10 min,
and the supernatant was analyzed using a UV-vis spectropho-
tometer (Thermo Genesys-10S) in the range of 300-800 nm.
The percentage of decolorization was calculated from the
absorbance of the sample at the maximum wavelength (A
max), based on equation (1):

Absy — Ab
% Decolorization (PD) = %
0

x100% (1)
where Absy and Abs, are respectively control and treatment
absorbances (Purnomo et al., 2019). Biocomposite variation
with the highest decolorization percentage was used for further
testing.

2.4. Various effects of parameters on dye decolorization

Several parameters investigated for their effect in the decol-
orization include initial pH, temperature, and dye concentra-
tion. First, variations in pH conditions were evaluated by
giving 100 mg L' concentration of RB5 solution at various
pH (3-13) regulated by adding HCI or NaOH into Erlenmey-
ers containing biocomposite. The same applies to the other
parameter variations, namely temperature (25-45 °C) and
the initial concentration of RB5 (100, 150, 200, 250, and
500 mg L"). Meanwhile, all Erlenmeyer containing the dye
solution and the biocomposite were incubated for three days.
Finally, the supernatant was carefully removed from the cen-
trifuged solution, decanted, and analyzed with UV-vis and
FTIR spectrophotometer.

2.5. Adsorption experiments

Determination of the adsorption capacity of UiO-66 and UiO-
66(@GT composite used the RB5 dye solution with concentra-
tion 100 mg L. 20 mL of this solution was poured into an
Erlenmeyer containing UiO-66 (0.5 g L™') or composite
Ui0-66@GT (50 g L") and placed in a shaker at 120 rpm
and temperature of 30 °C. The adsorption capacity of the
material is determined using the equation (2):

qr:(Co*;)XV (2)

where q, is the adsorption capacity (mg g~ '), Co is the initial
RB5 concentration, C, is the final concentration at time t
(mg L"), V is the volume of adsorbate (L), and W is the mass
of the adsorbent (g). After the adsorption process in the vari-
ous times, the samples were centrifuged at 3000 rpm to sepa-
rate the solution from the adsorbent. Then the absorbance
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Table 1 General characteristics of Reactive Black 5 dye.

Properties Information

TUPAC Name
2,7-disulfonate
C.I. name / number

Commercial name Reactive Black 5

Remazol Black 5 / 13,657,666

tetrasodium;4-amino-5-hydroxy-3,6-bis[[4-(2-sulfonatooxyethylsulfonyl)phenyl]diazenyl]naphthalene-

H334: May cause allergy or asthma symptoms or breathing difficulties if inhaled

CAS number 17095-24-8
Melting point > 300 °C
Density 1.21 g/em?® at 20 °C
Chemical Safety (GHS Hazard H317: May cause an allergic skin reaction
statements)
Molecular weight 991.8
Molecular formula Cy6Hy1NsNasO19Sg
Na 0,S0
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was measured with a UV-Vis spectrophotometer at the maxi-
mum wavelength to find out the concentration of the solution.

2.5.1. Isothermal adsorption

Meanwhile, to define the type of isothermal adsorption that
occurs, variation of concentrations 50, 100, 150, 200, 250,
and 500 mg L' of RB5 dye were tested. After being added
to the Erlenmeyer containing the tested material, the mixture
was shaken under the same conditions and measured at equi-
librium time. Next, the data are fitted to the Langmuir model
(Eq. (3)) and the Freundlich model (Eq. (4)), and the determi-
nation of the appropriate model was through the correlation
coefficient (R?). The equations of the two models are as follows
(Hidayat et al., 2021):

1 1 1

e T 3

qe qm X KL X Cf * qm ( )
1

Ing, =InKr+ p InC, 4)

where C, (mg L") is the concentration of RB5 at equilibrium;
qe (mg g~') is adsorption capacity at equilibrium; q, is the
maximum adsorption capacity; Ki represented Langmuir’s
constant; K represented the Freundlich constant; and n™' rep-
resented the heterogeneity factor of the adsorption strength.

2.5.2. Adsorption thermodynamics

For finding the thermodynamic aspects in this study, RB5 dye
concentration of 100 mg L~! was used. The condition was reg-
ulated by shaking at 120 rpm and using the temperature vari-
ations of 293.15, 303.15, and 313.15 K. Gibbs free energy
(AG), entropy change (AS), and enthalpy change (AH) are also
determined using the equilibrium constant (K4, Eq. (7)) and
obtained from equation (6). The parameters AH and AS were
calculated via equation (5), so the value of AG can be deter-
mined by the Van’t Hoff equation (Dali Youcef et al., 2019):

et 5)

AG = AH — TAS (6)
m:% (7)

where Ky is the distribution coefficient of the adsorption; AH
denoted enthalpy; AS denoted entropy; AG represented the
Gibbs free energy; T was the experimental temperature (K);
and R is the ideal gas constant.

2.6. Optimization of RB5 decolorization condition by RSM

This study applied mathematical and statistical methods used
to make the decolorization process model by UiO-66@GT.
Response surface methodology (RSM) is a tool from the exact
sciences attributed to the suitability of empirical models and
the gained experimental data in relation to experimental
design, and finding the connection between the response and
the independent variables is the aim of this method (Mazarji
et al., 2017). Toward this aim, three factors were designed as
independent variables, namely initial dye concentration (X;),
pH (X3), and temperature (X3). Using Box-Behnken experi-
mental design, RSM was applied to study those effects on
RB5 decolorization. This design requires a practical number
of runs (N, Eq. (8)) according to Das and Mishra (Das and
Mishra, 2017):

N=K+K+Cp (8)

Where K is the total of factors (3 factors), and Cp is the
center point adjusted to 3; thus, the total runs were 15 exper-
imental runs. Design Expert software version 13.0.5.0 was uti-
lized in this experiment to analyze them and predict the
optimum condition. Three factorial variables consist of initial
dye concentration (50, 100, and 150 mg L, pH (4, 7, and
10), and temperature (25, 35, and 45 °C). Table 2 presents
those variables, and the levels as follows:

The dependent variable of this research is the decoloriza-
tion rate. Experimental result was fitted into a second-order
equation (9):
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Table 2 Symbols and variables code for RB5 decolorization using Box-Behnken design.

Independent Variables Symbol Levels
low (-1) middle (0) high (+1)
Initial dye concentration (mg LY X1 50 100 150
pH X, 4 7 10
Temperature (°C) X3 25 35 45
v = Bo+ B X1+ BaXo + By X5 + B X0+ B Xs? was a broad O-H peak at 3406 cm ™' of the carboxylate group,
4 B Xs? 4 B Xi Xo £ BXi Xs + By X Xs 9) indicating the O-H stretching vibrational mode from benzene

where y is a response of RBS decolorization percentage, o, B,
B>, and B; are linear interaction coefficients; Bi1, P2, and Bs3
relate to the quadratic coefficients. In addition, B>, B3, and
B.3 denote the interaction coefficients, while X;, X,, and X;
designate as independent variables.

3. Result and discussion

3.1. Characterization of UiO-66 and UiO-66@GT composite

This research combines UiO-66 as an effective adsorbent mate-
rial with G. trabeum fungus, which produces the laccase
enzyme. This enzyme was practically used as a degrading agent
for Reactive Black 5 dye. Moreover, the addition of MOF
UiO-66 to the grown fungus at the incubation time makes
round granules (composite) in shaking conditions. The struc-
ture of this composite was evaluated by XRD and FTIR,
whereby the XRD diffractogram showed high and moderate-
intensity peaks at several angles of 2@ (7.16°, 8.33°, and
25.53°) in Fig. la. It was almost similar to the characteristic
peaks of UiO-66 reported by Hidayat et al. (2021) and Li
et al. (2019). However, the intensity decreased drastically after
combining with G. trabeum in the UiO-66@GT composite.
These results still indicated that the structure of UiO-66 in this
composite was relatively stable, which was proven by its octa-
hedral shape on the UiO-66@GT SEM micrographs (Fig. 3c).

Meanwhile, the FTIR spectrum, depicted in Fig. 1b, illus-
trated the difference between UiO-66 and UiO-66@GT. There

dicarboxylic acid which is the organic linker on the UiO-66
structure. The peak at 1657 cm™' was associated with C=0
stretching on the carboxylate group, similarly to Pambudi
et al. (2021) and Hidayat et al. (2021). Characteristically, the
peak between 1350 and 1700 cm™' belonging to asymmetric
and symmetric stretching of carboxylic functional groups
(Molavi et al., 2018). At the same time, the strong peak at
1398 cm™! was ascribed to the C-O bond of C-OH group of
carboxylic acid. According to Pambudi et al. (2021), the peaks
at 551 and 746 cm™' were related to Zr-O’s bending and
stretching modes.

The visual appearance of G. trabeum and UiO-66 composite
was shown in Fig. 2a, and the composite formed a round gran-
ule in PDB media; fungal mycelia also grew on the flask wall.
In addition, the fungal mycelium formed spherical granules
during the incubation by the shaking treatment and became
the sheets when the liquid medium was removed (Fig. 2c).
The applied composite for decolorizing RB5 is depicted in
Fig. 2b. In submerged cultures, the fungi form a pellet consist-
ing of dense agglomerates of hyphae that may be spherical or
ellipsoidal agglomerates (Ibrahim, 2015). Therefore, this indi-
cates that shaking treatment in the fungal growth could make
the culture turn to a spherical form and entrap any surround-
ing materials.

Moreover, the morphological analysis of the composite by
Scanning Electron Microscope (SEM) showed a spherical form
of the composite and the fibrous cross-section of the fungus to
which the MOF was bonded (Fig. 3a and 3¢). The SEM micro-
graph also showed UiO-66 granules spread on G. trabeum

—— Ui0-66
—— Ui0-66@GT
E
S
S5 8
. S
= i
Z 7.16 £ |
w
£ 2 | ' o
2 © I ' [ |
< [ | ' (]
8.33 R I ! | -
] .
2553 | ——Vuio-66 i Mzes |
J | ——Uio-66@GT 1! 1
| : L [
L L] T L] L » T L T - L . T . L » T - L]
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(a)

Fig. 1
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" (b)

Wavenumber (cm™)

Characteristic of UiO-66 and UiO-66@GT composite: (a) XRD Diffractogram, (b) FTIR spectra.
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Fig. 2
filtered composite after five days used.

hyphae surface (Fig. 3b). Rosario et al. (2019) similarly discov-
ered that particulate Ln-MOFs accumulate uniformly along
with the whole tubular cell of Aspergillus niger, which inocu-
lated in a sterile solution containing glucose and Ln-MOF.
As a result, entrapped Ln-MOFs are discovered and firmly
bound over the fungal surface. In this research, UiO-66, added
to the culture media containing G. trabeum fungus, was dis-
persed either on the surface or within the granules by shaking
condition.

The composite granules had different diameter sizes; the
diameter of the UiO-66@GT composite in Fig. 3a is approxi-
mately 2.6 mm. Ibrahim (2015) also discovered that the fungal
myecelia turned to form a few spherical and elongated pellets of
fungal growth at 200 rpm with sizes between 0.6 and 1.0 mm at
the shaking condition. Meanwhile, this structure still allows
the dye to be absorbed into the MOF UiO-66. According to
Ediati et al. (2021), UiO-66 has the potential role as a promis-
ing adsorbent because it has various advantages such as large
surface area, high porosity, and stability in water. In addition,
the composite structure permitted the enzyme activity to be
more efficient because of the substrate (RB5) was accumulated
on the adsorbent.

3.2. Decolorization of Reactive Black 5

The transformation of the RB5 profile with a concentration of
100 mg L' by MOF UiO-66 and UiO-66@GT biocomposite
was shown in Fig. 4. Adsorption is the primary mechanism
of Ui0O-66 in this decolorization process; indications of degra-
dation do not occur since there is no significant pattern change
of the UV-vis profile over time (Fig. 4a). On the other hand,
the UV-vis spectrum of RB5 decolorization with the biocom-
posite (Fig. 4b, line of Day 1-5) showed a different shape from
the RBS control curve (black line), specifically at a wavelength

(a) UiO-66@GT appearance after three days incubation, (b) UiO-66(@GT composite at five days decolorization time, and (c) the

of around 300 nm, which may indicate there is a degradation
process by the composite.

In addition, the FTIR profile in Fig. 4¢ also supports the
statement that the composite has degraded RB5 dye. The
supernatant samples were shown different peaks compared
to the IR spectrum band of RBS5, mainly in the range of
15001000 cm™'. Aromatic C=C vibrations at 1635 cm™'
were still noticeable in the IR spectra of composite and pure
fungi. The missing peaks, such as C-O stretch at 1222 cm ™'
and S=0O vibration of 1134 cm ™' from the sulphonate group,
indicated that RB5 was degraded. The fact of RB5 character-
istic peaks disappearance was a sign of the degradation process
that was also found by Bilal et al. (2018), Martorell et al.
(2017), and El Bouraie and El Din (2016).

The percentage of RBS decolorization by UiO-66 increased
with the accumulation of contact time and stopped after the
MOF was saturated. Moreover, the decolorization percentage
by UiO-66 reached a maximum value of 99.29% after 48 h of
incubation (Table 3). Electrostatic interactions explain the
connection between the dye and UiO-66 or UiO-66@GT.
Since RB5 has the sulfonic groups, it behaves like anions in
the solution and UiO-66 with Zr*" as the central atom with
a positive charge. Similarly, Bouras et al. (2019) found that
the decolorization of dyes by the composites of dead fungi
(Aspergillus carbonarius and Penicillium glabrum) with ZnO
through an adsorption mechanism, where Reactive Red 180
dye, which has a sulfonate group (-SO*) interacts with a group
of ZnO present in ZnO/AC and ZnO/PG composites. There-
fore, electrostatic interactions occurred, and the appearance
of aromatic benzenes in both also allows n-7 interactions to
arise.

Pure UiO-66 has a high level of decolorization to RB5 dye
(99.29%). Still, the contribution of adsorption ability in the
Ui0-66@GT biocomposite was not significant, and this may
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Fig. 3 SEM Micrographs: (a) spherical granules of UiO-66(@GT composite (magnified 5K x), (b) the composite surface (magnified 15K

X), (c) cross-section of the composite (magnified 10K x).

occur due to the closure of pores partially or even entirely by
the fungal hyphae. Furthermore, G. trabeum still grows even
though it has been combined with UiO-66 as a biocomposite.
After several days, mycelia G. trabeum could still proliferate on
the solution’s surface. This may be a drawback for its applica-
tion in a reactor because it causes clogging. This problem may
be solved in upcoming research.

In addition, Table 4 shows the percentage of decolorization
of pure G. trabeum culture and UiO-66@GT biocomposite.
Pure culture of G. trabeum had a decolorization rate of 36.47

+ 0.78% after five days of incubation, and the lesser enzyme
production causes this low achievement. However, UiO-
66@GT (15 mg) was the lowest decolorization rate, possibly
due to the minimum amount of UiO-66 and the lower produc-
tion of the laccase enzyme. On the other hand, it was found
that the variation of G. trabeum and 30 mg UiO-66 had the
highest reaching (72.55 = 0.41%), and this composition was
used in further experiments. This chosen composition was
evaluated in several states to determine the optimum decol-
orization condition, such as initial dye concentration, pH,
and temperature.

3.3. Initial concentration effect on dye decolorization

The initial concentration effect was evaluated by varying the
concentration of RB3 in the range of 100-500 mg L™ into a
flask containing UiO-66@GT (30 mg) biocomposite. After
the sample was incubated under static conditions, there was
a significant decrease (Fig. 5a), where the sample with RB5
concentration of 100 mg L' showed maximum decolorization
rate (53.97 + 0.91%) after three days of incubation. Mean-
while, the percentage dropped to a minimum of 500 mg L
(2.33 + 1.81%). That fact asserts the decolorization of RB5
will be diminished as an increasing initial dye concentration.
The toxicity of RBS is the logical reason why the decrease
occurs in this biocomposite, and it may trigger a terminated
or inactive state. Strengthening that statement, Kunjadia
et al. (2016) have reported that total decolorization efficiency
declines above 100 ppm dye concentration and the phe-
nomenon arises due to inhibition for growing cells by dye tox-
icity limiting nucleic acid biosynthesis. Another previous study
by Chen and Ting also revealed the efficiency of dye decol-
orization at lower initial dye concentrations (50 and
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Table 3 Reactive Black 5 decolorization

by UiO-66.

Contact time (hours) % Decolorization*
1 43.94 + 1.39%

3 60.61 £ 2.49°

6 69.65 + 1.76°

12 87.90 £+ 0.71°

24 95.36 + 2.54¢

48 99.29 + 0.05°

*The data were calculated from the absor-
bances of the samples of UV-vis Spec-
trophotometer at Amax. It presented as the
mean =+ standard deviations (n = 2).
Additionally, the different lower letters
indicated the significant difference using
statistical analysis T-test at various contact
times of UiO-66 (p < 0.05).

100 mg L") higher than 200 mg L™' (Chen and Yien Ting,
2015). Similarly, Ortiz-Monsalve et al. (2017) found that dye
decolorization by the Brazilian native white-rot fungi strains
of Trametes villosa reached high biodecolorization (over
90%) at lower concentration (100-300 mg L~" for Acid Red

357, Acid Black 210, and Acid Blue 161 dyes. At higher con-
centrations (600-1000 mg L"), the fungus required a longer
incubation time to gain the same biodecolorization efficiency.
They also stated an increase in the dye concentrations reduced
the biodecolorization capacity because the higher concentra-
tions are toxic to microorganisms, inhibiting fungal growth
and obstructing the enzymes activities. In addition, Varjani
et al. (2020) stated that high dye concentration can influence
dye degradation by blocking the enzyme sites. Therefore, the
higher concentrations required a longer decolorization period
than the lower dye concentrations.

3.4. pH effect on dye decolorization

One of the essential factors for fungi is pH, a crucial parameter
for growth and the enzyme’s production in many biodegrada-
tions. In this context, the different pH showed various decol-
orization results. This study examined the pH range 3 to 13
and found that the maximum pH for decolorizing RB5 by
the composite was 11. The UiO-66@GT biocomposite
achieved the maximum decolorization rate at pH 11, while at
pH 3 the dye solution produced a minimum value (Fig. 5b).
After three days of incubation, the UiO-66@GT composite
at pH 11 could reach 42.63 + 0.46%. This condition was also
similar to the activated carbon from an almond shell, which is
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Table 4 Decolorization percentages of RBS by pure Gt and UiO-66@GT composite.

Day % Decolorization
Pure Gt UiO-66@GT (15 mg) Ui0-66@GT (30 mg) UiO-66@GT (45 mg)
1 27.10 + 2.83* 2329 + 1.87* 26.37 £ 0.07* 16.93 + 4.52°
3 35.55 + 6.65" 2521 £ 2.03* 53.97 £+ 0.91° 3921 + 6.62°
5 36.47 + 0.78% 26.53 + 3.08* 72.55 + 0.41° 52.68 + 1.62°
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Fig. 5 (a) Initial concentration effect, (b) pH effect, and (c) temperature effect on RBS5 decolorization after three days contact time.

used to remove rhodamine B; it achieved a maximum color
removal percentage of about 70% at pH 11 (Abdolrahimi
and Tadjarodi, 2019). Therefore, decolorization by the com-
posites tends to be optimum in the alkaline range, but above
pH 11, the rate was decreased.

In addition, laccase which is produced by G. trabeum meta-
bolism has an essential role in dye degradation, has a specific
pH for its synthesis. For example, in the case of Trametes poly-
zona fungus, Ezike et al. (2020) found the maximum laccase
activity in the acidic region (pH 4.5) than in the neutral/alka-
line region. While at higher pH than 6.5, they cannot observe
the laccase activity. Previous study showed the maximum lac-
case activity value after three days incubation was 222.23 [U
mL™"' at pH 5.5 for Trametes hirsuta and also exhibited a

maximum decolorization (84.81%) of Reactive Brilliant Blue
R (RBBR) (Bibi and Bhatti, 2012). While Wanyonyi et al.
(2019) found the maximum decolorization of RB5 (98%)
observed at pH 9 by a crude protease extract from Bacillus cer-
eus. However, pH factor did not only affect the enzyme pro-
duction but also contributed to physical and chemical
interactions between dyes and adsorbents. Our research also
found that G. trabeum fungus on immobilized form showed
the highest decolorization of RB5 at pH 3.0 due to the electro-
static interaction between the anionic dye and protonated
adsorbent (Alkas et al., 2022).

According to Kaushik and Malik (2009), the optimal pH
for fungi to predominate in dye decolorization is in the acidic
range, but this low pH is not suitable for wastewater
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treatment. Furthermore, various pH of the textile waste and its
multiple compositions might be challenging to control in the
acid range, and it will be more expensive. Therefore, a prereq-
uisite for fungi that can be applied in wastewater treatment is
the ability to grow in a wide range of pH and degrade effluents
(Gomaa et al., 2011). This composite (UiO-66@GT) has the
opportunity to be a potential degrader for this reason. Still,
it must be modified to overcome drawbacks such as a longer
time to complete degradation, clogging issues, and resilience.

3.5. Temperature effect on dye decolorization

Another essential aspect is temperature, which is also required
by every microorganism to grow normally. Sadhasivam et al.
(2008) found that laccase produced by Trichoderma harzianum
WLI1 fungus was active in the temperature range of 30-50 °C,
with optimal activity at 35 °C. Another study using Aspergillus
favus and Penicillium canescens discovered that 30 °C and
35 °C were the most efficient temperatures in direct blue decol-
orization, respectively (Hefnawy et al., 2017). However, Afreen
et al. (2018) claimed the temperature effect is very significant
for enzyme activity. The dye’s decolorization level is affected
by fungal growth and supported within a limited temperature
range. At a higher temperature, there will be a reduction in
decolorization rate due to the loss of cell sustainability or
denaturation of the active enzymes. On the other hand,
Bankole et al. (2019) reported that Aspergillus niger could
decolorize the thiazole yellow G dye perfectly at the different
temperature (40 °C); they also explained the decolorization
process by the fungi usually declines with the increasing tem-
perature. Moreover, laccase, as an essential enzyme for dye
degradation, also has the highest activity at 40 °C and its activ-
ity vanished at 60 °C which has been reported by Pandi et al.
(2019) from a novel fungal strain Peroneutypa scoparia.

In this work, the dye degradation process by UiO-66@GT
composite obtained the highest result at a temperature of
30 °C, shown in Fig. 5¢. After 30 °C, the composite decoloriza-
tion ability decreased, which may be due to the fungal cell
inactivation or the enzyme deactivation. At the same time,
UiO-66 surface area and pores were not mainly roled in here
because of its closure by the fungal’s mycelia.

3.6. Adsorption experiments

3.6.1. Isothermal adsorption

Based on the adsorption data, the isothermal adsorption
model of UiO-66 and UiO-66@GT was shown in Fig. 6. Both
materials have the same isothermal adsorption model (Lang-
muir model), it seen from the value of the correlation coeffi-
cient (R?) both were greater than the value in the Freundlich
model. The R? values of both were 0.9344 and 0.9619, respec-
tively, indicating that the two materials followed the Langmuir
model where RB5 adsorption occurs on the surface of the
monolayer material. Meanwhile, from interpolating the data
into equations (3) and (4), other parameters were obtained as
in Table 5. The maximum adsorption capacity (q,,) of UiO-
66 material was much greater than that of the UiO-66@GT
composite, namely 133,333 and 0.390 mg L', respectively.
The drastic decrease from the original capacity of UiO-66 with
UiO-66@GT composite was caused by the pores closure or

UiO-66 entrapment in the fungal mycelia, so that the active
site that could bind the dye was reduced.

Furthermore, the higher q,, of UiO-66 than the composite
proved that the decolorization ability of UiO-66 was much bet-
ter than the composite. It is proven that within 24 h the decol-
orization rate of RB5 with UiO-66 can reach 95.36%, while the
composite only reaches 26.37%. In addition, the adsorption
contribution in the percentage of decolorization of fungal com-
posites was lower than the metabolic activity of fungi. Simi-
larly, Barapatre et al. (2017) who found that the color
reduction contribution from absorption was only ~ 2-3% of
the decolorization of Malachite green (MG) dye that occurred,
the rest was the metabolic activity of the fungus.

3.6.2. Adsorption thermodynamics

To understand the adsorption process and the mechanism
of RBS5 adsorption by UiO-66 and UiO-66@GT, it is nec-
essary to look for its thermodynamic parameters. The
adsorption process was carried out at various temperatures
of 293.15, 303.15, and 313.15 K, from the results of han-
dling experimental data obtained into equations (5) and
(6) then the values of AG, AH, and AS were known as
in Table 6. The AG value of both UiO-66 and UiO-
66(@GT obtained negative values, indicating that the RBS5
dye adsorption was a spontaneous process. Both materials
showed that the effect of increasing temperature on the
value of AG, the spontanecous adsorption goes up with
the increasing temperature of the system. Meanwhile, the
negative AH values of UiO-66 and its composites were
—53,486 and —16,930 kJ mol-1, respectively, indicating
the exothermic nature of the adsorption. Batouti et al.
(2022) mentioned that if AH,qs values are —4 to
—40 kJ mol™" it will be physisorption ranges, but from
—40 to —800 kJ mol~' is chemisorption. And from this
point, we can classify that the RB5 adsorption by UiO-66
was chemisorption and the UiO-66@GT composite was
physisorption (See Table 6).

However, the exothermic adsorption property was also
found in methyl orange (MO) dye, Molavi et al. (2018) stated
that the interaction between MO dyes and UiO-66 could be
due to dentate exchange and/or dipole-dipole interactions.
Similarly, obtained by Tian et al. (2021) with another type of
MOF MIL-101(Cr)-NH; in adsorbing Sb(III), also obtained
positive AS values as in this study. A positive AS value indi-
cates the irregularity and randomness of the adsorbate at the
solid-liquid interface which increases during adsorption.

3.7. Optimization condition using RSM

The decolorization test for this optimization was performed
for five days; the lowest and highest percentages from the run-
ning experiments were 9.60 and 92.53 percent, respectively. By
the Box-Behnken design, 15 experiment variation were con-
ducted, it was found a second order (quadratic) polynomial
equation which fitted to this experimental data as written as
follow (Eq. 10):

— 1.83X, X5 — 4.05X,X; + 6.02X,> — 34.27X,>
—30.33X3° (10)
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Table 5 Parameters related to isotherm models of RB5 adsorption by UiO-66 and UiO-66@GT.
Langmuir model Freundlich model
Adsorbent R? Qm K;, Adsorbent R? n ! K
Ui0-66 0.9344 133.333 0.359 Ui0-66 0.8211 0.116 72.704
UiO-66@GT 0.9619 0.390 0.006 Ui0-66@GT 0.7997 0.458 0.017

Table 6 Thermodynamic parameters on the adsorption of RB5 by UiO-66 and UiO-66@GT composites.

Adsorbents T (K) AG (kJ mol ™) AH (kJ mol ) AS (J (mol K) )
Ui0-66 293.15 —104.184 —53.486 172.940

303.15 —105.913

313.15 —107.642
Ui0-66@GT 293.15 —17.965 —16.930 3.532

303.15 —18.000

313.15 —18.036
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Fig. 7 Three-dimensional response surface plot for the effect of (a) pH and concentration, (b) Concentration and Temperature, (c)

Temperature and pH.

The values of X;, X,, and X3 in this study have been
adjusted and listed in Table 2. The significance of the quadratic
polynomial suitable for the RB5 decolorization percentage was
evaluated by performing an analysis of variance (ANOVA).
The high F-value of this model of 156.09 and the lack of fit
F-value of 1.81 showed the model was a good fit. The model
also has a p-value <0.05 (<0.0001), indicating that the model
is significant.

The correlation coefficient (R?) is defined as the ratio of the
explained variation to the overall variation and denotes a mea-
sure of the goodness of fit. A good model fit is expected to pro-
duce an R-squared value of at least 0.8 (Figueiredo Filho et al.,
2011). Thus, this model with an R-squared of 0.9965 indicates
a high degree of correlation between the observed and pre-
dicted responses. The adjusted R-squared value is near the pre-
dicted R-squared: 0.9901 and 0.9564, respectively, showing the
acceptability of the model.

The ultimate aim of the response surface model in this
study is to find out the optimum condition of RB5 decoloriza-
tion by the UiO-66@GT composite. The response surface
graphs are depicted in Fig. 7. These response surface plots
are supportively to understand the interactive effects of two
variables. For instance, Fig. 7a shows the interaction between
concentration and pH, and the RB5 decolorization will be

higher if the dye concentration is 50 mg L' and pH is about
7. Similarly, from Fig. 7¢, an increased decolorization rate will
occur if the solution is nearly pH 7 and the temperature is
around 35 °C. And using Design Expert 13.0.5.0 version, the
experimental data appropriately fitted into the equation (10),
and the condition for 100% targeted rate of RB5 decoloriza-
tion are initial RB5 concentration (72.54 mg L), pH (6.53),
and temperature (38.06 °C). Unfortunately, after trying a
decolorization test by the condition, the result could not
achieve a nearly 100% (69.62%) decolorization rate due to
the difference between the actual condition.

3.8. LC-MS analysis

The mass spectrum of the metabolites of RBS degradation by
the UiO-66@GT biocomposite was shown in Fig. 8. In this
research, the instrument was unable to show the specific peaks
of the molecular structure of the dye RBS5 (m/z = 991), and
Wanyonyi et al. (2019) observed the same; they suggest this
due to the direct dissociation of RBS5 when dissolved in water.
According to the chromatogram and mass spectrum analysis,
two new metabolites were detected at 1.28 mins with
m/z = 360 and predicted as 6-((1-amino-7,8-dihydroxy-6-sulfo
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Table 7 Various metabolic/degradation products of RBS by several studies.

Treatment Metabolic products (molecular Structures References
weight (MW) or m/z)
OZS,CHZCHZOH
Bacterial biodecolorization Rhodopseudomonas palustris ~ MW = 200.89 and 347.13 NH, Wang et al., 2008

Degradation by immobilized bacteria Aeromonas
punctate in calcium alginate bead

Degradation by fungus Trametes gibbosa sp.

Oxidation using TiO,/WO; nanostructured photoanode
under visible light irradiation

Degradation by bacteria Aeromonas hydrophila

Degradation by yeast Trichosporon akiyoshidainum

Degradation induced by UV/TiO,

Degradation by crude Protease enzyme from Bacillus
cereus

MW = 172

mjz = 73

m/z = 706; 436; and 200

m/z = 349 and 280

mfz = 279.98

MW = 346; 189; and 90

m/z = 295.14; 98.96; and 144.08

.CH,CH,0H
0,5~ CHCH0

Usha et al., 2012

Adnan et al., 2014

Guaraldo et al.,
2016

El Bouraie and El
Din, 2016

Martorell et al.,
2017

Bilal et al., 2018

Wanyonyi et al.,
2019
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Fig. 8 Mass spectrum of product metabolites of RB5 decolorization: (a) m/z = 360, (b) m/z = 354.

naphthalen-2-yl) diazinyl) cyclohexa-2,4-dien-1-ide. At the
same time, the second compound was detected at 2.76 mins
with m/z = 354 and predicted as 3,4-diamino-5,6-dihydroxy-
1,2,7,8-tetrahydro-naphthalene-2,7-disulfonic acid.
Meanwhile, these two discovered metabolites with m/
z = 360 and 354 were analyzed by LCMS-QTOF equipment.
To predict the structure of these results, this study refers to
Guaraldo et al. (2016) that discovered m/z = 706 as one of
the degradation products of RBS. Furthermore, their research
proposed a degradation pathway that also found m/z = 436 as
one of the by-products. This molecule resulted from
desulphonation and hydroxylation mechanisms splitting the
m/z = 706 ions. Although chromatograms and mass spectra
cannot detect these peaks, they were used to propose a RBS
degradation pathway and corresponding metabolite products.
Several researchers have identified metabolic products of
RBS biodegradation (Adnan et al., 2014; El Bouraie and El
Din, 2016; Martorell et al., 2017; Usha et al., 2012; Wang

et al., 2008; Wanyonyi et al., 2019). Besides fungi and bacteria,
several treatments have been applied for degrading RBS dye
(Bilal et al., 2018; Guaraldo et al., 2016). Table 7 shows RB5
metabolic products from various RB5 degradation research.
This research also offers a new degradation pathway of RBS
by UiO-66@GT composite, which is shown in Fig. 9. After-
ward, the RB5 molecule may be changed to m/z = 706 by
enzymatic or Fenton reactions because BRF has the most sig-
nificant asset (Fenton reaction), generating hydroxyl radicals.
It suggests that the m1/z = 706 molecule reacts with a hydroxyl
radical to form the m/z = 354 ions and the product developed
by asymmetric cleavage, hydrogenation, and the Fenton reac-
tion. The other (m/z = 360) was formed by the enzymatic
metabolism (laccase) of m/z = 436. This metabolite is pro-
duced by subsequent desulphonation of m/z = 436 to the
ion m/z = 360. In addition, Legerska et al. (2016) also
described the degradation of azo dyes by laccase starting with
asymmetric cleavage of the azo bond followed by oxidative
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Fig. 9 Proposed pathway of RBS5 degradation by UiO-66@GT.

cleavage, desulphonation, deamination, demethylation, and
dehydroxylation, depending on the structure of the dye.

4. Conclusions

In summary, a biocomposite of MOF UiO-66 and G. trabeum fun-
gus was successfully fabricated and proven to degrade Reactive
Black 5 dye (72.55%) better than pure cultures of G. trabeum.
By evaluating a single parameter effect to decolorization test, it
was found the maximum condition as follows: initial dye

concentration of 100 mg L~'; pH 11; and 30 °C. On the other
hand, by using the RSM tool, the condition for the 100% targeted
rate of RBS decolorization were an initial RB5 concentration of
72.54 mg L', pH value of 6.53, and a temperature 38.06 °C.
Furthermore, the novel metabolites from RB5 decolorization using
the LCMS-QTOF analysis were detected, namely 6-((1-amino-7,8-
dihydroxy-6-sulfonaphthalen-2-yl) diazinyl) cyclohexa-2,4-dien-1-ide
(m/z = 360) and 3, 4-diamino-5,6-dihydroxy-1,2,7,8-tetrahydronaph
thalene-2,7-disulfonic acid (m/z = 354) and a new pathway of RBS
transformation by UiO-66@GT composite was proposed.
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