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A B S T R A C T   

There has been an increased interest in developing environmentally friendly and cost-effective technologies for 
treating water contaminated with dyes found in textile industry wastewater. The adsorption mechanism allows 
the use of cheap adsorbents. In particular, using bioadsorbents developed with biocompatible materials is an 
environmentally friendly approach. This study aims to determine the textile dye Reactive Red 120 (RR120) 
removal capacity of a novel bio-based adsorbent developed by combining an effective catalyst and naturally 
available fungal wastes at the batch scale level. For this purpose, morphological and molecular identification of 
the fungal species collected from nature was determined. Later, the dried waste biomass of the fungal species and 
MCM-41 were combined in different ratios to produce a bio-based adsorbent (bioadsorbent). The effects of pH, 
the initial dye concentration, bioadsorbent composition, bioadsorbent amount, and the contact time on RR120 
removal by the new bioadsorbent were determined and optimized using artificial neural network (ANN) 
modeling. According to the results of this study, the optimal conditions for dye biosorption were determined. The 
maximum RR120 removal was achieved using the 1.67 g/L of bioadsorbent having fungi/MCM-41 (1:1) at pH 4 
with an initial dye concentration of 20 mg/L after 60 min. Maximally 94.75% of RR120 has been removed. The 
results of FT-IR, XRD, and SEM-EDX analyses proved the adsorption of dye on the bioadsorbent surface. Ac
cording to the results, the bio-based adsorbent developed in this study suits contaminated water with textile dye 
as an effective, biocompatible, environmentally friendly, and inexpensive adsorbent.   
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1. Introduction 

The advancement of science and technology is critical for a healthy 
living environment, future generations, and a sustainable environment. 
Scientists are investigating various methods for developing new envi
ronmental catalysts and catalytic processes due to the global emphasis 
on environmentally friendly chemicals, manufacturing processes, and 
technologies. Mobile researchers discovered silica-derived and metal- 
containing M41S materials, which piqued scientists’ interest due to 
their mesopores, homogeneous pore size distribution, and high surface 
areas, which can be used as catalyst supports, adsorption and separation 
(Şimşek, 2021). It is used in various industries, including bio-materials 
(Cao et al., 2016; Quargli et al., 2015) and adsorbents (Quargli et al., 
2015). 
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The textile industry is the leading industry branch in Turkey, 
covering 20% of the total industry (Yarbay Şahin, 2022). Reactive azo 
dyes are widely used in dyeing processes in the textile industry due to 
their simple dying procedures and good stability during washing. 
Charges of this kind of wastewater into receiving waters can be haz
ardous to exposed organisms because of their reactivity, toxicity, and 
stability (Çelekli et al., 2012). More than 10,000 dyestuffs which cause 
the generation of approximately 280,000 tons of dyed wastewater per 
year, are used in the textile industry (Mass and Chaudhari, 2005). The 
dyes in wastewater generated from textile production harm the 
receiving environment’s water and aquatic life. Dye accumulation in the 
receiving environment in organisms in water results in the formation of 
toxic and carcinogenic products (Kocaer and Alkan, 2002). 

The most important effects of synthetic dyes on human health 
include carcinogenesis, mutagenesis, allergies, dermatitis, and skin 
irritation (Hamzezadeh et al., 2022). Some techniques such as ion ex
change, membrane separation, electrochemical treatment (Barakat, 
2011), adsorption (Varghese et al., 2019), catabolic enzymes (Guo et al., 
2020), chemical precipitation (Kumar et al., 2021), reverse osmosis and 
electrolysis (Agaraw and Bogale, 2021), flotation (Aragaw et al., 2021), 
photocatalytic (Sharma et al., 2021) coagulation and flocculation 
(Sivaranjanee and Kumar, 2021) are used to reduce the harmful effects 
of dyes in wastewater. Its widespread use in wastewater treatment is 
sometimes limited due to its higher cost. Nonconventional sorbents of 
various types have been studied for their ability to remove contaminants 
from wastewater. Efforts are being made to develop low-cost materials 
to use as new adsorbents, such as nanomaterials (Mudhoo et al., 2021), 
graphene-based composites, and bio-adsorbents. Bioadsorbents like 
fungi, bacteria, and yeast are the most recent materials used to remove 
dyes and other pollutants in various industries (Kumar et al., 2021). 
Biomass-based adsorbents are gaining popularity and are being exten
sively researched due to their eco-friendly, low-cost, and good surface 
properties. It has been observed that the bioadsorbent production 
method used in this study is more economical than other methods in 
terms of both adsorbent source and method. It was determined that the 
newly suggested bioadsorbent has better results than other adsorbents 
regarding dye removal efficiency (Şimşek et al., 2019; Sharma et al., 
2021). 

Previously, different catalysts have been employed to remove the 
RR120 azo dye. Yu et al. (2019) synthesized silver nanoparticles from 
Eriobotrya japonica (Thunb.) leaf extract and utilized them to remove 
RR120. Using Eriobotrya japonica (Thunb.) leaf extract at pH 7, 20 ◦C, 
and a 1:10 ratio of silver nitrate applied to the leaf extract, the results 
indicated a bio-green strategy for generating AgNPs with a compact size 
and stable degrading activity of reactive dyes over 92% in 30 min (Yu 
et al., 2019). Rostamizadeh et al. (2018) decolored RR120 using a 
reusable Fe-ZSM-5 nanocatalyst. Its findings revealed that the best 
operating conditions for RR120 elimination (98%) were 1% Fe 
impregnation, 0.1 g nanocatalyst loading, and pH 3.0 (Rostamizadeh 
et al., 2018). Abidi et al. (2015) investigated the combined effects of 
dyes (RR120, Reactive Orange 84, and Reactive Blue 160), salts, and 
auxiliary chemicals used in the dyeing process on dye-containing 
effluent adsorption onto natural clay. The investigations demonstrated 
that the presence of all additives in the effluent increases dye adsorption 
(Abidi et al., 2015). Tehrani-Bagha et al. (2016) investigated magnetic 
copper ferrite nanoparticles for catalytic wet peroxide oxidation of the 
RR120 dye. They discovered that the best conditions for RR120 (50 
mg/L) decolorization and COD removal were pH 3, 75 ◦C, 0.02 g/L 
catalyst dose, and 10 mM H2O2 (hydrogen peroxide), which was com
parable to the Fenton process. With the use of H2O2 agents, it was 
completely removed (Tehrani-Bagha et al., 2016). 

Reactive dyestuffs react with the textile fiber to form a covalent 
bond. They are used in these fiber classes because the reactive groups in 
their structures can react with cellulose, wool, silk, and polyamide. The 
reactive group is attached to the molecule’s-colored part. The common 
feature of all reactive dyestuffs is that they all contain a reactive and a 

molecular solubility group and the colored group, carrying chromo
phores (Şimşek et al., 2019; David and Lewis, 2014). A thorough liter
ature search reveals that many studies have been conducted on 
discovering novel adsorbents to remove textile dyes. Low-cost adsor
bents with high adsorption capacity are important for a sustainable 
economy and ecology. After the discovery of support materials such as 
MCM-41, the use of heterogeneous catalysts has expanded day by day. In 
this study, MCM-41, produced using economical methods, was used as 
an effective bioadsorbent additive. To produce an environmentally 
friendly, biocompatible, and inexpensive bioadsorbent with potential 
usage in wastewater treatment containing textile dyes, the macro-fungus 
growing on its own in nature and being easily obtained has been selected 
to produce the efficient bioadsorbent. This study recommended a 
non-toxic, economical, and novel bioadsorbent developed using Suillus 
collinitus and MCM-41 for the first time in the literature. The bio
adsorbent developed in the study can be used effectively in the treat
ment of RR120 shown in the results, as well as other dyestuffs with a 
reactive azo dye chemical structure and other pollutants that may have 
similar chemical properties. 

This study investigated the removal of Reactive Red 120 dyestuff 
from the aqueous medium by modifying with the S. collinitus wastes and 
MCM-41 (a novel bioadsorbent) material at different durations, pH, 
loading rates, and concentrations. The results obtained were modeled 
using an artificial neural network (ANN) better to understand the 
adsorption process and optimal conditions of experiments. Owing to 
their ability to reliably and successfully define both linear and nonlinear 
relationships between multiple input-output factors, ANN methods are 
commonly used in a variety of research fields (Bishop, 1995) such as dye 
removal (Wang et al., 2022), chemical (Gholami et al., 2021). 
Data-driven modeling is an innovative approach to understanding the 
adsorption processes of various pollutants. 

In this paper, RR120 dyestuff was removed with a novel bio- 
absorbent material. The results of removing RR120 were evaluated 
using two error functions (R2 and RMSE). It was determined that this 
study, which was carried out using waste bio-absorbent and a low MCM- 
41 amount, was more economical in terms of cost. Although RR120 is 
close to each other in terms of removal, MM11 is calculated to be more 
economical. MM 11 (new bioadsorbent) is 5.26 times cheaper than 
commercial MCM-41. Comparisons of the calculation are given in detail 
in section 3.5. The RR120 dye removal values of fungi and MCM-41 were 
obtained as 29% and 88%. The RR120 dye removal value of MM11 
(fungi/MCM-41; 1:1) was calculated as 94.75%. 

2. Materials and methods 

The bioadsorbent was consistent with two components: MCM-41 and 
Suillus collinitus. MCM-41 was obtained using the hydrothermal method. 
Since ancient times, Suillus collinitus has been classified using various 
morphological methods successfully to classify fungi. Developments in 
molecular biology and genetics in recent years have led to the emer
gence of new techniques in the field of fungal systematics (Naranjo-Ortiz 
and Gabaldón, 2020). The current study uses the 5.8 S rRNA gene to 
identify the fungus. Nuclear and mitochondrial rDNA regions such as 18 
S rDNA, 28 S rDNA, and ITS and protein-coding genes such as RPB1, 
RPB2, and EF-1α are widely used in phylogenetic studies on fungi. Since 
protein synthesis is an ancient and common feature in all organisms, 
rRNAs are superior molecules for distinguishing the evolutionary rela
tionship between organisms (Raven, 2013). FT-IR (Fourier Transform 
Infrared spectroscopy) is proposed as a fast, non-destructive, reliable, 
sensitive, and cost-effective technique that can be used to characterize 
the chemical composition (or functional groups) of various microor
ganisms (Fadlelmoula et al., 2022). FT-IR spectra are highly specific for 
each microbial species, and the FT-IR spectroscopy method can be 
successfully applied for fungal identification (Oberle et al., 2015; 
Bekiaris et al., 2020). 
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2.1. Chemicals 

All chemicals used in fungi’s molecular identification experiments 
were purchased from Sigma. The reagents used in MCM-41 preparation 
can be found in the reference (Şimşek et al., 2019). Reactive Red120 
(Sigma) was chosen for the adsorption experiments at room tempera
ture. It was produced by Sigma with CAS Number 61951-82-4 and used 
as received without further purification. The molecular weight of RR120 
is 1469.98 g/mol. The chemical structure of this reactive azo dye can be 
found elsewhere (Şimşek et al., 2019). 

2.2. Cultivation of fungi and molecular identification 

The macro-fungus used in this study were collected from Sivas 
(Center) (Coordinate: 39◦ 75′ 05″ N and 37◦ 01′ 50″ E) in October 2020 
and brought to the laboratory in sterile ziplock bags. The fungal samples 
were washed with distilled water twice. After a morphological exami
nation of the fungal sporocarp (Fig. 1), the fungus was cultured in the 
laboratory. 

The cultured fungal cells were used for 5.8 S rRNA gene amplifica
tion to identify the fungal species. The rDNA (5.8 S) region was ampli
fied with primers given in Table (1). The amplification step in the PCR 
assays was performed by an initial denaturation at 95 ◦C for 30 s. Then 
30 cycles were performed as denaturation, annealing, and elongation 
steps at 95, 50, 72, and 72 ◦C for 30 s, 30 s, 1 min, and 7 min. The used 
sequencing and phylogenetic analysis in the current study were previ
ously defined by Biswas et al. (2001); Fell et al. (2000). 

The waste fungal particles formed after the molecular identification 
step were dried at 60 ◦C in the oven for 24 h and pulverized as a cheap 
bio-based adsorbent additive in the adsorbent preparation step. 

2.3. Neural network modeling 

In Fig. 2, A1-AN represents data inputs in the IL, bias indicates the 
threshold value, and w1-wN represents the input data weights. The 
training function processes the incoming input data according to the 
training function and transmits it to the activation function as an x 
output. According to the activation function, y output is obtained in the 
output layer (OL). The results are then measured according to the input 
data, and the obtained results of the ANN are compared. Modeling is 
done according to the optimum neural network (NN). 

This study created a multi-layer ANN, as seen in Fig. 3 (Hagan et al., 

1996). To train the ANN, the min-max normalization process of the 
laboratory data was calculated as shown in Eq. (1) (Hagan et al., 1996), 
and the data was distributed in the 0–1 range. In the equation, xnew 
represents the newly calculated value between 0 and 1, xold denotes the 
calculated value which is desired in the dataset. min (xold) and max (xold)

denote the minimum and maximum values in the dataset. 

xnew =
xold − min (xold)

max (xold) − min (xold)
(1)  

To find the error rate of the ANN, the estimated value and the measured 
value from the laboratory were calculated according to the least squares 
method (RMSE). In Eq. (2)) (Hagan et al., 1996), in calculating the 
RMSE value, n represents the number of data in the dataset, q pred 
represents the value estimated by ANN, and q exp denotes the value 
measured in the laboratory. The RMSE value is expected to be low. 

RMSE =
1
n

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

k=1
(q pred − q exp)2

√

(2)  

In Eq. (3) (Hagan et al., 1996), in the calculation of the R2 (regression) 
value, n represents the number of data in the dataset, q pred denotes the 
value estimated by ANN, q exp represents the value measured in the 
laboratory, and q avg exp represents the arithmetic mean of the values. 

R2 = 1 −

∑n

k=1
(q pred − q exp)2

∑n

k=1
(q pred − q avg exp)2

(3) 

Fig. 3 depicts constructing a three-layer feed-forward back- 
propagation model concerned with sorption parameters. FFNet (Feed- 
forward networks) comprises a series of interconnected layers from the 
IL (input layer) to the last layer, with no feedback connections. If it has 
enough neurons in its HL, an FFNet with a single HL (hidden layer) can 
be applied to any finite input-output mapping problem (Hagan et al., 
1996). The incorrect use of neurons in the HL can prevent the ANN 
model from correctly generating predictions (Yargic et al., 2021). ANN 
models with various combinations of training and activation functions 
were created in this study. The number of neurons used in the ANN 
model is (5-6-1), (5-7-1), (5-8-1), (5-9-1), (5-10-1), (5–25) − 1), (5-50-1) 
and (5-50-1). (5-100-1). In this case, the order is IL, HL, and OL. The 
laboratory environment’s pH, duration (min), concentration (mg/L), 
MCM-41 ratio, and catalyst amount (g) were used as input data in the IL. 
In the ANN training, 70% of the training data, 15% of the validation 
data, and 15% of the test data were randomly separated and used in the 
data set. Levenberg-Marquardt (trainlm) was used to achieve the ANN 
training function. To train different numbers of neurons in the HL, 
logsig, purelin, and tansig were used. In the OL, the Purelin transfer 
function is used. Each ANN model was run with 1000 epochs and tested 
at least 20 times before the best data was chosen. Matlab software 
determined the numbers of neurons in the HL neurons, transfer func
tions, and training algorithms among the created ANNs (vR 2016b). 

2.4. Preparation of bio-based adsorbent 

Silica-based MCM-41 was synthesized using the hydrothermal 
method in this study using the recipe published by Simşek (Şimşek et al., 
2019). After obtaining MCM-41, MCM-41 and fungi (together named as 
bio-based adsorbent) were mixed in various ratios (Fungi/MCM-41 b y 
weight; 1:10, 1:4, 1:2, 1:3, and 1:1). Fungi and MCM-41 modifications 
were carried out in 50 mL of distilled water for 24 h at a mixing speed of 
300 rpm and room temperature. The samples were dried at 65 ◦C for 24 
h and kept in a desiccator. The samples were named MM 12, MM 11, MM 
0.5, MM 0.25, and MM 0.10. Fungi, spent fungi, MCM-41 catalyst, and 
spent MCM-41 catalyst were assigned M, SM, MCM-41, and SMCM-41. 
The spent bio-based adsorbent samples were denoted as SMM11, Fig. 1. Sporocarp of Suillus collinitus used in the current study.  
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SMM12, SMM0.5, SMM0.25, and SMM0.10 represents fungi to MCM-41 
ratio by weight 1:1, 1:2, 1:0.5, 1:0.25, and 1:0.10. 

2.5. Optimization of biosorption experiments 

The removal of RR120 dyestuff with bio-based adsorbent began with 
pH optimization. For this purpose, 20 mL solutions of RR120 dyestuff 
have been adjusted to pH: 1, 2, 4, 6, and 8 in the present of Fungi/MCM- 
41: 1/1 bio-based adsorbent. The dye and bio-based adsorbent were 
mixed on a magnetic stirrer (400 rpm) in 35 mL beakers during 
adsorption experiments. The adsorbent and dye solutions were then 
separated by centrifugation at 7000 rpm for 5 min, and the remaining 
unadsorbed dye concentration was determined using a UV spectropho
tometer at 522 nm (Şimşek et al., 2019). As a result of pH optimization 
studies, the best result was obtained with pH:4. All parameters, 
including effects of dye concentration, type of biosorbent, catalyst 
amount, and contact time, were investigated at pH 4. 

The removal of RR120 dyestuff with bio-based adsorbent began with 
pH optimization. For this purpose, 20 mL solutions of RR120 dyestuff 
have been adjusted to pH: 1, 2, 4, 6, and 8 in the present of 1/1 bio-based 
adsorbent (Fungi/MCM-41). It was mixed for 1 h on a magnetic stirrer 
(400 rpm) in 35 mL beakers with 0.05 gr of bio-based adsorbent. The 
adsorbent and dye solutions were then separated by centrifugation at 
7000 rpm for 5 min, and the remaining unadsorbed dye concentrations 
were determined using a UV spectrophotometer at 522 nm. As a result of 
pH optimization studies, the best result was obtained with pH:4. All 
analyses (effects of dye concentration, biosorbent type, catalyst amount, 
and contact time) were investigated at pH:4. 

2.6. Adsorbent characterization assays 

This study investigated the physical properties of MCM-41, Fungi, and 
Bio-based adsorbent materials before removing RR120 dyestuff from 
aqueous solutions. SEM (Scanning electron microscope), XRD (X-ray 
diffraction), and FT-IR characterization methods were carried out in detail. 
SEM micrographs of the fresh and spent bioadsorbents were attained in 
Zeiss Supra VP 40. Phase identification of the M, MM11, and used 

bioadsorbents (SMM11, SMCM-41) was carried by Panalytical Empyrean 
diffractometer at 40 kV under Ni-filtered CuKα radiation (λ = 0.15418 nm) 
40 mA current, 45 kV tension, and 0.0131303 step range. Before the FT-IR 
analyses, the waste fungal samples were dried and powdered to a particle 
size of less than 2 mm (Bekiaris et al., 2020). SEM was conducted to analyze 
the surface morphology of bio-based adsorbent, fungi, and MCM-41 before 
and after RR120 dye adsorption. FT-IR spectrometer (Agilent Cary 630 
Spectrometer) was employed to identify the functional groups of bio-based 
adsorbent, fungi, and MCM-41 before and after RR120 adsorption. 

3. Results and discussion 

3.1. Molecular identification 

The base sequence results obtained in molecular identification 
studies were displayed by the Refgen company (Ankara, Turkey). The 
obtained sequences were compared with NCBI reference sequences to 
determine the species of isolate. For this purpose, the Basic Local 
Alignment Search Tool (BLAST) program was used. The DNA sequence 
obtained from the comparison showed 100% similarity with the samples 
identified as S. collinitus collected from the Lille region of France in 2014 
under Pinus wallichiana. S. collinitus samples collected within the scope 
of this study are stored. The sporocarp morphology of the fungus used in 
this study (Fig. 1) also overlaps with the morphological structure of the 
sporocarp of Suillus collinitus (Sarwar and Khalid, 2014). The Suillus 
collinitus fungus species, which was identified using morphologic and 
molecular analyzes, was cultured and kept in the culture collection 
(Prof. Dr. Ülküye Dudu GÜL) in Bilecik Şeyh Edebali University Engi
neering Laboratories. Since this species is cultivated, it can be used 
sustainably for the production of bioadsorbent by being developed again 
in the processes where it is needed. 

The FT-IR results of dried fungal samples were also investigated to 
support the identification results (Fig. 3 a). Bombalska et al. (2013) 
collected bands specific to certain functional groups of biological origin, 
seen in the infrared spectra of fungi, in three main regions: fatty acids 
(3050-2800 cm− 1), amide I and II (1700-1500 cm− 1), polysaccharides 
(1200 -900 cm− 1) (Bombalska et al., 2013) (Fig. 3 a). 

Fig. 2. (A) Biological nerve cell, (b) Artificial NN.  

Fig. 3. Multi-layer ANN model.  
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3.2. Bio-based adsorbent characterization 

3.2.1. FT-IR 
FT-IR analyses were carried out using the Agilent equipment. It was 

performed using ATR (Attenuated Total Reflectance) technique between 
4000 and 400 cm− 1 wavelengths. FT-IR analysis results obtained are 
given in Fig. 4(a–d). Asymmetrical and symmetrical stretching 

vibrations (SVs) of the Si–O–Si were attributed to 1053 and 960 cm− 1. 
The band at approximately 672 cm− 1 demonstrated bending vibrations 
(BVs) of the Si–O–Si groups. On the other hand, the absorption band at 
444 cm− 1 corresponds to the bending vibration of Si–O–Si (Yarbay 
Şahin, 2022; Lin et al., 2019; Benhamou et al., 2009; Zhao et al., 2014). 
Peaks of 1621cm− 1 and 3403cm− 1 indicated the –OH SVs of silanol 
groups and the BVs of adsorbed water (Fig. 4 (a, b)) (Shahbazi et al., 

Fig. 4. A) FTIR analyses of samples ((SMM11; spent fungi/MCCM-41; W/W:1/1, M; fresh fungi) and RR120; reactive red 120), b) (SMM11; fungi/MCCM-41; W/ 
W:1/1), (SMCM-41; spent MCM-41), (SM; spent fungi), (MCM-41; fresh), (M; fungi), (RR120; reactive red 120), c) FTIR analyses of samples (spent fungi/MCM-41; 
W/W; 1:2, 1:1, 1:0.5, 1:0.25 and 1:0.10), d) Different pH(SMM11), XRD diffraction diagrams of MM11, SMCM-41 and SMM11 (e), M, MM11, SMCM-41 and SMM11 
(f) samples (M; fungi, MM11; fungi/MCM-41; 1:1, SMCM-41; spent MCM-41, SMM11; spent fungi/MCM-41; 1:1). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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2011). 
Fig. 4 (a, b) shows the FTIR spectra of fungus (M) powder before the 

sorption of RR 120. The dye unloaded M powder spectrum revealed 
distinct major peaks at 3322 (between 3250 and 3600 cm− 1), 2923, 
1600, 1530, 1232, 1055, 1028, and 1011 cm− 1. Peaks at 3322 and 2923 
cm− 1 could be attributed to –OH and –NH2 groups and –CH SVs (Çelekli 
et al., 2012). 1627, 1218, and 1058 cm− 1 are also important M bands. 
They are represented by the vibrations of –CN stretching, C–N stretch
ing, and C–O stretching (Çelekli et al., 2019). When Fig. 4 (a, b and d) 
are examined, the changes were observed after dye adsorption 
depending on the stretching of different functional groups. For instance, 
one of the significant changes after RR120 sorption was observed in the 
1600 cm− 1 region of the spent fungus (SM-used in bioadsorbent pro
duction), which expresses the C–N stretching according to the literature. 
Presumably, this region on the surface of the fungus plays an important 
role in dye adsorption. Also, it is considered that the observed changes in 
the stretching of various functional groups on the fungus are associated 
with the interaction of dye molecules with active sites. Recent studies 
reported that electrostatic interactions are important in the chemical 
attraction of pollutants, such as metal ions, by the active sites of fungal 
adsorbents (Şenol et al., 2021). Vibration peaks of C–Cl were observed in 
the RR 120 spectra at 761–832 cm− 1 (Fig. 4 (a, b, c and d)) (Ge et al., 
2017). The main peaks of MCM-41 were found to have no peaks after 
sorption with different pH and loading ratios (Fig. 4 (d)). These results 
were compatible with the SEM analysis (Fig. 5 (c)). As a result, it was 
determined that MCM-41 mostly preserved its hexagonal structure after 
removing RR120 (Şimşek, 2019). When FT-IR results are evaluated, it is 
observed that functional groups on the bioadsorbent play an important 
role in removing RR120. 

3.2.2. XRD 
XRD analyses were performed on M, MM11, SMCM-41, and SMM11 

samples. M, MM11, SMCM-41, and SMM11 samples were analyzed in 
the range of 2θ:0◦ to 80 (Fig. 4 (e, f)). The hexagonal structure of MCM- 
41 was identified after the removal of RR120 dye and modified with 
fungi by determining diffraction patterns in the low-angle range be
tween 2Ө = 0–10◦ and four peaks corresponding to (100), (110), (200) 
(Şimşek, 2019) and (210) reflections of ordered mesophase (Fig. 4 (e, f)), 
and this demonstrated that the MCM-41 retained its mesoporous 

structures. Sharp peaks of the fungus were not observed after modifi
cation with MCM-41 (Fig. 4 f). On the other hand, the amorphous 
structure of the silica structure of MCM-41 was observed at 2Ө = 24.93, 
21.87, 25.35, and 21.10◦ in the wide-angle analyzes of the samples 
(Fig. 4 (f)) (Yarbay Şahin, 2022). 

3.2.3. SEM-EDX 
Before and after RR120 removal, SEM analyses of M, MCM-41, and 

samples prepared in different mass ratios were performed. The obtained 
results are given in Fig. 5. In Fig. 5 (a), the fungi spores are clear and still 
clear after using the fungi in dye removal, as shown in Fig. 5 (b). Besides, 
the fungus spore structures (Fig. 5 (a) were observed to look like water- 
absorbed rice grains. SEM images of the MCM-41 catalyst in Fig. 5 (c) 
were similar to the literature (Yarbay Şahin, 2022). SEM image of the 
MM 11 sample (Fig. 5 (d), in which MCM-41 was physically mixed with 
fungi in a 1:1 ratio by weight, shows spores attached to the catalyst 
particles. This situation is observed for the spent MM11 sample (Fig. 5 
(e), but after using MM11 in dye removal, the dye molecules are also 
observed in the image (Fig. 5 (f)). 

EDX and MAPPING analyses of SMM11 samples were performed to 
investigate structural changes before and after RR120 removal (to 
determine the changes in the CI, Na, S, and N elements of the RR120 
dyestuff), and results are given in Figs. 6 and 7. In particular, the S, CI, 
and Na elements do not exist in the structure of MCM-41, as can be seen 
in Fig. 6. Significant changes in SMM11 EDX and MAPPING were 
observed after RR120 removal. While the amount of potassium, 
hydrogen, zinc, and copper was very high in the fungi sample (Fig. 6), 
the bioadsorbent material (Fig. 7) consisted mainly of silicium and ox
ygen from the mesoporous MCM-41 structure, besides zinc and nitrogen 
from the fungi structure. The images of samples at different pH and 
loading rates are given in supplementary data1 (Figs. 1 and 2). 

3.3. Biosorption experiments 

Herein, fungi: MCM-41 containing bio-based adsorbent type material 
prepared were used to remove the RR120 dye from water in terms of 
parameters like pH, the initial dye concentration, bioadsorbent 
composition, bioadsorbent amount, and the contact time. The results are 
shown in Fig. 8. 

Fig. 5. SEM images of samples a) M; fungi, b) SM; Spent fungi, c) MCM-41, d) FMM11(Fresh fungi MCM-41), e) SMM11, 5kx (Spent fungi MCM-41) and f) SMM11, 
10kx (Spent fungi MCM-41). 
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3.3.1. The effect of pH 
The pH of the solution is an important parameter influencing the dye 

adsorption in view of its control of the adsorptive molecule’s ionization 
degree (Jawad et al., 2020a, 2020b) and the adsorbent’s surface charge 
(Sharma et al., 2018; Jawad et al., 2020a, 2020b). The effect of initial 
pH on the dye removal onto bio-based adsorbent, fungi, and MCM-41 
was performed at different pH levels, including 1, 2, 4, 6, and 8 while 
fixing the other parameters like 0.05 g/35 mL adsorbent dosage, 20 
mg/L dye concentration, and 60 min contact time. According to Fig. 8 
(a), dye adsorption highly depends on the solution pH. The adsorption 
capacity of the dye was slightly increased from 11.23 to 12.11 mg/g 
when the pH increased from 1 to 4. The maximum adsorption efficiency 
was obtained at 4, and this pH was used for further experiments. 

To the best of our knowledge, studies related to RR120 dye were 
carried out at different pHs like 2 (Ayachi et al., 2019; Anastopoulos 
et al., 2021), 3 (Jawad et al., 2020a, 2020b), and 4 (Khan et al., 2020) 
widely. Only a few studies were conducted at pH 1 (Çelekli et al., 2019). 
For instance, Khan et al. studied the decolorization of 20 mg/L RR120 
dye at pH 4, 7, and 9 using the Nb2O5NC photoanode. Their results 
showed that the degradation of RR120 was achieved as 100% of dye 
removal at pH 4 after 120 min Of treatment (Khan et al., 2020). 

Fig. 8 (a) indicates negative adsorption on bio-based adsorbents, 
especially at pH 6 and 8. Other researchers also noticed this abnormal 
situation in the literature (Armağan and Turan, 2004). Armağan et al. 
explained that their adsorbent (zeolite) could not adsorb dye molecules 

due to their smaller pore size than the dye molecule. They observed that 
their adsorbent adsorbed water molecules instead of dye molecules 
resulting in an increment of the concentration measured, which is 
consistent with our results when pH was 6 or 8. Their comment about 
this situation was related to their adsorbent zeolite’s silicate nature with 
H+ and OH− ions which material was negatively charged in the pH re
gion. As a result, they expected that any anionic dye groups would be 
repelled from the negatively charged zeolite surface, especially in the 
case of pH 7 or 8. When it is vital to conduct the adsorption in a basic 
environment, the adsorption capacity can be enhanced if the adsorbent 
is modified with a typical quaternary amine surfactant (HTAB) to 
hydrophobize the surface of zeolite and neutralize the negative charges 
(Armağan and Turan, 2004). 

From the point of view of MCM-41, one of the important components 
of the bio-based adsorbent, the point of zero charges (PZC) and surface 
charge are important values to be taken into account. Şimşek et al. re
ported that the surface charge of the MCM-41 and SBA-15 were 
measured as − 16.9 and − 21.8 mV (Cardoso et al., 2012). Besides, the 
PZC of MCM-41 fired at 550 ◦C was measured as 4.87 in the literature 
(Monash and Pugazhenthi, 2010). They claimed that the favorable 
adsorption of dye on MCM-41 could only occur if the solution pH is 
higher than the pHpzc. At higher pH (>4), the pH of the solution is 
greater than the pHpzc of the MCM-41 (4.87), favoring the dye 
adsorption on MCM-41 (Yarbay Şahin, 2022). On the other hand, RR120 
dye, known for its six sulphonates (R–SO3

− ) groups which have the pKa 

Fig. 6. MAPPING(a) and EDX (b) analysis of FM (Fresh fungi).  

Fig. 7. MAPPING(a) and EDX (b) analysis of fresh MM11(Fungi/MCM-41; 1:1).  
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value of 2.1, can be readily dissociated in an aqueous solution, leaving 
the dye molecule with a net negative charge, as shown in the above 
(Munagapati et al., 2019; Khan et al., 2020): 

RR120 − SO3Na → RR120 − SO−
3 + Na+

S − OH→H
+

S − OH+
2 +RR120 − SO−

3 → S − OH+
2 > − − − <RR120 − SO−

3  

S − OH →OH−

S − O− +RR120 − SO−
3 +H2O → S − O− < − − − >RR120

− SO−
3  

Here S denotes the surface of the adsorbent. 
In the literature, it is noticed that in the case of lower pH, the posi

tively charged active sites of the adsorbent intrigue the negatively 
charged dye that upgrades the dye removal. For higher pH, the plenty of 

hydroxide ions challenges with dye and the ionic repulsions between the 
negatively charged surface and dye molecule outcomes lower dye up
take (Munagapati et al., 2019). The outer surface of the biosorbent does 
not expect to lay out exchangeable anions at higher pH values like 6 and 
8, highlighting the lower pH as the suitable environment for the 
adsorption of a reactive dye using fungi-MCM-41 bio-based adsorbent. 
Experimental results align with previous studies (Munagapati et al., 
2019; Khan et al., 2020). 

3.3.2. The effect of dye concentration 
It is critical from an application aspect to explore the initial con

centration of dye on adsorption. Because the initial concentration plays 
an essential role in eliminating all mass transfer resistance of dye be
tween the aqueous and solid phases, a certain solid mass can absorb only 
a limited amount of the dye (Subash et al., 2013). The initial dye con
centration experiments were done by changing initial dye 

Fig. 8. Effect of a) pH, b) dye concentration, c) catalyst composition, d) catalyst dosage, and e) contact time on dye removal.  
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concentrations in the range of 15–100 mg/L on 0.050 g of bio-adsorbent 
at pH 4 and for a contact time of 60 min. As shown in Fig. 8 (b), the 
removal was reduced when the initial RR120 concentration was 
increased. The maximum adsorption efficiency decreased from 94.75 to 
31.5% when the dye concentration increased from 20 to 40 mg/L. This 
situation can be related to the turbidity effect in the case of a high dosage 
of bioadsorbent prohibiting the adsorption ability of the bio-adsorbent 
surface. According to Mansouri et al. (2021), increasing the initial dye 
concentration leads to catalyst surface filling. Most active sites may be 
covered with dye ions in case of high dye concentration (Mansouri et al., 
2021). According to the study by Mahmoodi (2014), raising the initial 
dye concentration might result in interference from intermediates upon 
degradation of the parental dye molecules (Mahmoodi, 2014). The re
sults follow previous results obtained by Boubakri et al. (2018). 

3.3.3. The effect of bioadsorbent type 
The bioadsorbent type effect on the RR120 uptake was investigated 

using fungi, MCM-41, and various fungi: MCM-41 ratios by weight like 
1:2, 1:1, 1:0.5, 1:0.25, and 1:0.1 at fixed volumes of 35 mL. Aimed at this 
effect, other parameters were kept constant at 296 K, contact time of 60 
min, and pH at 4 for 20 mg/L RR120 concentration. The results in Fig. 8 
(c) reflect that fungus had the lowest adsorption ability among the 
materials used. Adding fungi to MCM-41 displayed a synergistic effect as 
increasing the dye uptake in the case of adding the MCM-41 with the 
ratios of 1:2, 1:1, and 1:0.5. It was found that fungi: MCM-41 ratios of 
1:1 and 1:2 showed similar removal uptake. Decreasing the MCM-41 
amount in the bio-based adsorbent composition highlighted a signifi
cant decrease in the adsorption performance. The increment in the dye 
removal with the MCM-41 addition compared to only fungi used 
adsorption was related to the development in the available adsorbent 
surface area, as the number of adsorption sites raised as well (Jawad 
et al., 2019). The fungi: MCM-41 ratio of 1:1 was selected for subsequent 
work. 

3.3.4. The effect of bioadsorbent dosage 
Bioadsorbent dosage is an essential factor that can significantly in

fluence dye removal. To explore this effect, the experiments were con
ducted at different amounts of bio-adsorbent (0.33–1.67) with 20 mg/L 
dye concentration and 0.05 g adsorbent dosage for 60 min. The results in 
Fig. 8 (d) showed that the dye uptake increased with the increase in the 
amount. This situation can be clarified in light of the availability of 
active sites on the bioadsorbent surface. The total active surface area is 
reported to enhance by raising the bioadsorbent amount in the literature 
(Subash et al., 2013). As a result, 1.67 g/L was chosen as the optimal 
bioadsorbent dosage in this work. 

3.3.5. The effect of contact time 
The contact time information provides insight into the more pro

found implication of the mechanism enabling the uptake of pollutants 
(Boubakri et al., 2018). It should be considered that the contact time is a 
fact that determines the optimum duration at which the equilibrium is 
obtained, especially at a laboratory scale (Abidi et al., 2019). Fig. 7 
shows the contact time experiment results ranging from 15 to 240 min 
on 0.050 g of bio-based adsorbent at pH 4 for an initial dye concentra
tion of 20 mg/L using 35 mL of dye. According to the results, the dye was 
rapidly taken out by the bioadsorbent in the first 60 min (Fig. 8 (e)). 
Later, the RR120 uptake declined until the equilibrium was observed 
after 120 min. Naghmouchi and Nahdi (2015) published similar results 
for the adsorption of RR120 using Tunisian raw clay (Naghmouchi and 
Nahdi, 2015). According to their findings, the adsorption phenomenon 
followed a linear path characterized by a quick rate at the initial step as 
long as there were sufficient unused adsorbent sites and a more signif
icant concentration gradient between the LP and the solid-liquid inter
face. As time passed, the entrance to the remaining vacant surface sites 
was confined, the repulsive forces between the dye molecules on the 
solid and bulk phases were dispelled, and the result was a slower rate of 

adsorption known as the “plateau” effect (Boubakri et al., 2018). This 
explanation is valid for our contact time results as well. Also, similar 
tendencies for different types of dyes were observed in the literature 
(Hamzezadeh et al., 2022). 

3.4. Application of neural network approach 

In this research, combinations of training algorithms and transfer 
functions (tansig, logsig, and purelin for the HL and purelin transfer 
function for the OL) were used in this study to determine the ANN model 
with the highest forecast accuracy for every data set. Each model was 
tested with different neurons in their HL. ANN models were developed to 
forecast dye removal efficiency (percentage) accurately. As is well 
known, ANNs behave like a “black box” (McCulloch and Pitts, 1943); the 
error generates an output from the created models that varies from 
repetition to repetition. As a result, the measurements were repeated 20 
times, and the best of the obtained error coefficients were presented as 
the outcome. ANN modeling was first performed using all removal re
sults of M, MM11, and MCM41 given in Fig. 9. The results given in 
Table 2 show that the lm_tansig function obtained better results with a 
5-8-1 network structure (0.994). Considering the 5-9-1 network struc
ture, the lm_logsig function (Train’s R = 0.993, R2 = 0.750, and RMSE =
0.161) can be selected as the optimum ANN model. The low regression 
(R2 = 0.750) value can be related to the very low removal capacity of 
RR120 using only fungi material (29%). 

Table 3 shows the results obtained when there is without M during 
ANN training. According to the ANN training performance in Table 3 
with the value of 0.998, the lm_tansig function obtains better results 
with the 5-100-1 network structure. Considering the R2 and RMSE 
values, the 5-10-1 network structure with the lm_tansig function (Train’s 
R = 0.998, R2 = 0.997, and RMSE = 0.016) can be selected as the op
timum ANN model. 

Fig. 9(a–d) shows the Matlab software (program) regression curves 
for training the 5-10-1 network structure. By using ANN training, per
formance (Fig. 9 (a)), validation (Fig. 9 (b)), the performance of 
randomly (Fig. 9 (c)) selected test data, and regression values of all the 
data in the data set (Fig. 9 (d)) were obtained as 0.998, 0.999, 0.986 and 
0.998. 

According to the trained ANN data of the experiment results, the 
ANN model obtained with pH, duration (min), concentration (mg/L), 
MCM-41 ratio, and catalyst amount (g) is active on the IL is 5-9-1 l 
m_logsig. The best ANN model was obtained when the M factor is not 
active in the modeling is 5–10-1 l m_tansig. It has been determined that 
better results are obtained in ANN performances when M is not 
considered. As a result, it has been observed that the success of data- 
driven approaches depends on the consistency of real experimental re
sults. In other words, it was determined that the ANN results of the 
adsorbent modified with fungi and MCM-41 were compatible with the 
selected experimental conditions. It has been observed that the selected 
experimental conditions are important to understand better the mech
anism of the adsorption conditions in dye removal. These findings can be 
explained by the results of experiments in Fig. 8(a–e) and ANN in Fig. 9 
(a–d). 

3.5. Price comparison for commercial MCM-41 and MM11 

One of the important points of this study is to obtain a novel cheap 
adsorbent. In this context, a cost comparison of the modified adsorbent 
with the commercial MCM-41 material was conducted. Calculations 
were made by considering all parameters (water, electricity, gas, and 
chemical) used to synthesize MCM-41. The price comparison for 5 g of 
the substance is given in Supplementary 2 Table 1. 

4. Conclusion 

In this research, the removal of RR120 dyestuff from the aqueous 
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medium was investigated by modifying it with Suillus collinitus wastes 
and MCM-41 support material at different rates at pH, different dura
tions, loading rates, and concentrations. The obtained results were 
modeled using an ANN to better understand the experiments’ adsorption 
optimal conditions. The fungal sample’s FT-IR results were examined to 
support the molecular and morphological identification results. Second, 
the MCM-41 was obtained using the hydrothermal synthesis method. 
MCM-41 and fungi were mixed in various ratios (Fungi/MCM-41 b y 
weight; 1:10, 1:4, 1:2, 1:3, and 1:1). In various ratios, bio-based MM 
(fungi/MCM-41) adsorbents were obtained by mass. 

According to the results of this study, the optimal conditions were 
determined as fungi/MCM-41 = 1:1 with the adsorbent as pH 4, dye 
concentration 20 mg/L, adsorbent dosage 1.67 g/L, and contact time 60 
min. Under these conditions, a maximum of 94.75% dye removal was 
achieved. Adsorption experiment conditions and the correlation be
tween fungus and MCM-41 were investigated further, and the ANN 
model was used to predict RR120 under various influential factors. 

This study provides helpful information about the factors influencing 
RR120 adsorption and a simple method for quantitatively evaluating 
and forecasting adsorption behavior with fewer parameters and high 
sensitivity. The removal efficiency of the adsorbent used in RR120 
removal was 99% compatible with the results obtained with the ANN 

Fig. 9. The regression curves for the 5-10-1 ANN model.  

Table 1 
Primers used in PCR.   

Primer Reference 

Forward ITS1 50 -TCC GTA GGT GAA CCT GCG G-30 Ferrer et al. (2001) 
Reverse ITS4 50 -TCC TCC GCT TTT GAT ATG C-30 Ferrer et al. (2001)  

Table 2 
Results of ANN models to predict the adsorbent efficiency of RR120 dye (M, 
MCM-41, and MM11).  

Network 
training 
function 

Activation 
function for 
hidden layer 

Network 
structure 

R Training 
R 

R2 RMSE 

trainlm lm_logsig 5-6-1 0.842 0.983 0.686 0.181 
lm_pureline 0.738 0.865 0.541 0.219 
lm_tansig 0.845 0.985 0.694 0.178 
lm_logsig 5-7-1 0.830 0.999 0.662 0.188 
lm_pureline 0.743 0.841 0.535 0.220 
lm_tansig 0.822 0.958 0.662 0.187 
lm_logsig 5-8-1 0.829 0.899 0.687 0.180 
lm_pureline 0.741 0.847 0.549 0.217 
lm_tansig 0.804 0.999 0.609 0.202 
lm_logsig 5-9-1 0.866 0.993 0.750 0.161 
lm_pureline 0.727 0.845 0.526 0.222 
lm_tansig 0.831 0.961 0.688 0.180 
lm_logsig 5-10-1 0.836 0.988 0.692 0.179 
lm_pureline 0.740 0.843 0.537 0.220 
lm_tansig 0.808 0.964 0.641 0.193 
lm_logsig 5-25-1 0.816 0.998 0.628 0.197 
lm_pureline 0.723 0.795 0.521 0.223 
lm_tansig 0.853 0.843 0.722 0.170 
lm_logsig 5-50-1 0.830 0.931 0.680 0.183 
lm_pureline 0.739 0.874 0.528 0.222 
lm_tansig 0.812 0.977 0.603 0.203 
lm_logsig 5-100-1 0.822 0.969 0.672 0.185 
lm_pureline 0.732 0.870 0.527 0.222 
lm_tansig 0.831 0.880 0.678 0.183  
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model. The ANN modeling analysis in this study showed that this 
modeling could be used to optimize adsorption studies to remove dyes 
and similar pollutants from wastewater. The ANN approach can be used 
to determine parameters for removing pollutants found in industrial 
wastewater. On the other hand, this paper highlights that the novel 
bioabsorbent, including waste fungi and MCM-41, was more economical 
in terms of cost. Previously, Gül (2013) showed that the micro-fungus 
(Rhizopus arrhizus) had minimum removal performance of Reactive 
Red dye among Reactive Blue and Reactive Black and removed 73.81% 
of Reactive Red dye. Ibrahim et al. (2017) reported that the 
macro-fungus (Pleurotus sp.) and micro-fungus (Aspergillus sp.) 
removed 29% and 63% of RR120. Şimşek et al. (2019) showed that the 
MCM-41 removed 94.73% of RR120. When these data in the literature 
are examined, it is seen that micro-fungus have the least removal of red 
dyes compared with other dyes having different properties. 
Micro-fungus has better dye removal performance than macro-fungus. 

In this study, Suillus collinitus, a macro-fungus used for bioadsorbent 
production, is an edible fungal species that grows spontaneously in na
ture and has high antioxidant properties (Selem et al., 2021). No study 
has been found in the literature on the dye removal capacity of this 
species, according to our present knowledge. In this study, a 
macro-fungus that grows naturally was identified, and the usability of 
the waste fungus material obtained at the end of the preparation for 
identification studies as a stand-alone biosorbent and an inexpensive 
bioadsorbent additive was tested. The dye removal performance of 
MCM-41, which is produced at low-cost methods as shown in Section 
3.5, as both adsorbent and bioadsorbent additive was determined. Ac
cording to the results of this study, a macro-fungus S. collinitus (waste 
material) and MCM-41 removed 29% and 88% RR120 dye. The newly 
produced bioadsorbent (produced from a macro-fungus S. collinitus 
waste and MCM-41, with a 1:1 rate ratio) reached 94.75% RR120 
removal potential. Since the ratio of MCM-41 used in producing newly 
developed bioadsorbent has been reduced by half, the cost has also 
decreased. As a result, in this study, a bioadsorbent with low cost and 
high dye removal performance was produced. Due to its abundance, the 
fungi in nature, Suillus collinitus, and MCM-41 together as a new bio
adsorbent material can be considered a good, economically, and 

environmentally friendly absorbent. The results of this study contain 
preliminary information showing the successful usability of the devel
oped bioadsorbent in textile industry wastewater. In the continuation of 
this study, it is recommended to carry out studies for scale-up and to 
focus on using bioadsorbent primarily at the lab-scale level and then in 
the bioreactor systems. Also, the data obtained from this study is a 
source for further studies on developing new bioadsorbents containing 
different biological sources or different MCM-41 derivatives obtained 
from alternative materials such as silica. 
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Nomenclature (List of abbreviations) 

ANN Artificial neural network 
ATR Attenuated total reflectance 
BVs Bending vibrations 
EDX Energy dispersive X-ray 
FFNet Feed-forward networks 
FM Fresh fungis 
FMM11 Fresh fungi/MCM-41; 1:1 
FT-IR Fourier transform infrared 
HL Hidden layer 
IL Input Layer 
LPs Liquid phases 
MCM-41 Mobil Composition of Matter 
MM Fungi/MCM-41 
MM11 Fungi/MCM-41; 1:1 
OL Output layer 
PZC Point of zero charge 
rDNA Recombinant deoxyribonucleic acid 
rRNA Ribozomal ribobucleic acid 
RMSE Least squares method 
RR120 Reactive Red 120 
R2 Regression squared 
SEM Scanning electron microscope 
SMCM-41 Spent MCM-41 
SMM11 Spent Fungi/MCM-41; 1:1 
SVs Stretching vibrations 
UV Ultraviolet 
XRD X-ray diffraction 

Table 3 
Results of ANN models to predict the adsorbent efficiency of RR120 dye (MCM- 
41 and MM11).  

Network 
training 
function 

Activation 
function for 
hidden 
layer 

Network 
structure 

R Training 
R 

R2 RMSE 

trainlm lm_logsig 5-6-1 0.981 0.976 0.963 0.059 
lm_pureline 0.835 0.910 0.694 0.169 
lm_tansig 0.967 0.998 0.934 0.078 
lm_logsig 5-7-1 0.995 0.996 0.991 0.029 
lm_pureline 0.823 0.860 0.677 0.174 
lm_tansig 0.795 0.765 0.606 0.192 
lm_logsig 5-8-1 0.991 0.999 0.982 0.040 
lm_pureline 0.835 0.864 0.694 0.169 
lm_tansig 0.998 0.999 0.997 0.016 
lm_logsig 5-9-1 0.995 0.995 0.988 0.032 
lm_pureline 0.828 0.929 0.679 0.174 
lm_tansig 0.984 0.999 0.968 0.054 
lm_logsig 5-10-1 0.992 0.990 0.991 0.028 
lm_pureline 0.832 0.847 0.689 0.171 
lm_tansig 0.998 0.998 0.997 0.016 
lm_logsig 5-25-1 0.930 0.925 0.857 0.116 
lm_pureline 0.834 0.924 0.694 0.169 
lm_tansig 0.950 0.943 0.898 0.097 
lm_logsig 5-50-1 0.967 0.965 0.918 0.087 
lm_pureline 0.836 0.881 0.693 0.170 
lm_tansig 0.997 0.999 0.994 0.023 
lm_logsig 5-100-1 0.998 0.996 0.996 0.019 
lm_pureline 0.838 0.903 0.700 0.168 
lm_tansig 0.637 0.999 ¡0.803 0.412  
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