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Abstract
The evacuation of highly colored effluents in the ecosystem by textile industries generates extreme depredation to the environ-
ment and all living creatures. Sorption is preferred because of the wideness of biomass, and cost-efficient, minimized sludge in
proportion to conventional treatment methods. A factorial experimental design and ANOVA techniques were utilized to examine
the sorption of reactive Pr Red Hegxl dye byDaphne seed–based sorbents, and to optimize the operating conditions. The effects
of main variables and their interaction effects on dye removal efficiency (%) were determined; pHwas designated as significant at
95% confidence level for all types of sorbents. Themaximum removal efficiencies (%) ofDaphne seed and char were obtained as
70.8% and 83.2% when pH = 2, sorbent dosage = 0.4 g/50 mL, initial concentration = 50 mg/L, and temperature = 40 °C,
respectively. 90.2% and 85.4% removal efficiencies were also attained for KOH- and K2CO3-activated carbons, respectively.
Besides, artificial neural network models based on several back-propagation training algorithms and transfer functions were used
to predict removal efficiency (%). The findings demonstrated that the proposed models had reasonable capabilities of predicting
the removal efficiency (%).Daphne seed and carbonaceous products could be effectively used for the dye removal from aqueous
solutions as affordable and abundant sorbent materials.
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1 Introduction

Dyes are presumed as one of the most hazardous pollutants
among many classes of contaminants released into the envi-
ronment. Most of the colored matters present in the surround-
ings and resistant to degradation by chemicals, water, light,
and microbial operation are known as synthetic dyes [1].
Various industries such as textile, food, paper printing, dye-
ing, color photography, leather, and other industries have
gradually used synthetic dyes [2, 3]. More than 100,000 dif-
ferent types of dyes are commercially available, and

approximately 0.7 million tons of dyes are produced per
annum [4–6]. Ten to 15% of the dyes are evacuated in efflu-
ents throughout the dyeing procedure [7]. Reactive dyes are
highly soluble, and also have resistance to microbial attack
and excellent fastness to the applied fabric; thus, these char-
acteristics make them available in textile dyeing industries [3].
Colored and stable dyes have toxic and carcinogenic effects
due to their chemical structures. Therefore, the release of dye
effluents in receiving the body without treatment causes nox-
ious problems [8]. The dyes are extremely apparent (esthetic
pollution) and influence the marine life and food chain (chem-
ical pollution) even in low concentrations [9]. Hence, many
studies have concentrated on the removal of colored compo-
nents from dye-containing wastewaters in recent years.
Among various chemical and physical techniques such as co-
agulation, chemical oxidation, anaerobic treatment, and mem-
brane filtration, sorption has developed into one of the essen-
tial procedures for decolorization of textile wastewaters. The
reason is that other techniques are commonly ineffective in
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dye deduction, costly, and less compatible with a broad array
of dye effluents. Several researchers have been studying dif-
ferent low-cost sorbents which comprise agricultural and in-
dustrial wastes, nanomaterials, carbonaceous materials, clay
minerals, zeolites, biomass, and their adapted derivatives to
enhance sorption capacity [10]. Some of these sorbents can be
sequenced as coconut shell [10]; brown macroalga [11]; chi-
tosan [12]; apple pulp/TiO2 co-sorbent [13]; bifunctional
chitin/lignin [14]; orange seeds [15]; Lagerstroemia indica
seed [16]; polymer-clay nanocomposites [17]; mango leaf
powder [18]; tomato waste [19]; multi-component biosorbent
of pine, oak, hornbeam, and fir sawdust [20]; Aspergillus
niger strain [21]; jujuba seeds [22]; Panus tigrinus [23]; wheat
husk [24]; white pine [25]; Artocarpus odoratissimus leaves
[26]; barbary fig skin [27, 28]; palm tree trunk lignin extract
[29]; etc. Besides these abundant sorbents, nanomaterials such
as gold, silica, carbon nanotube, metal oxide nanoparticles
[30], graphene [31], and nanocomposites [32] are relatively
expensive sorbents and used in sorption experiments. The dye
removal efficiencies (%) of various biomass-based sorbents in
the literature are given in Table 1.

A wild growing evergreen tree Laurus nobilis L. (Bay,
Sweet Bay, Bay Laurel, or Daphne) is an insider of the
Lauraceae subgroup (called Apollo’s Laurel in mythology).
The Lauraceae comprises 32 general and ~ 2000–2500

species. Daphne tree grows wild in the littoral zones of the
Mediterranean and the Black Sea and is cultivated mostly in
Europe and the USA as a decorative plant [47]. Italy, former
Yugoslavia, and Turkey are among the most important pro-
ducers of the botanical raw material. Grape-sized glossy pur-
plish blackberries with three fragments of flesh, skin, and an
inner kernel (single seed) bloom on Daphne trees [48].
Daphne is a plant of industrial importance and is utilized
mainly for its leaf for spice and essential oil industry and its
wood, generally used in foods, drugs, and cosmetics [49].
Laurel berries comprise both fixed and volatile oils consisting
mainly of odorless lauric acid, myristic acid, and related com-
pounds, which are mainly handled in soap production [50].
The aforementioned characteristics make the Daphne seed an
attractive candidate for use as a potential source of renewable
fuels and chemical feedstocks [51].

When a comprehensive literature search is carried out, it is
seen that much work has been done on the discovery of new
adsorbents for use in the removal of toxic substances.
However, it is observed that the identification of low-cost
adsorbents with high adsorption capacity is a research and
development area. In our previous studies, the development
of biomass-based and nanostructure-doped adsorbents for the
removal of various dyes and heavy metals has been investi-
gated. In this study, the effect of different activation agents

Table 1 Removal efficiency (%) values for various dye sorption processes in the literature

Adsorban Adsorbate Removal efficiency (%) Ref.

The marine green alga Enteromorpha flexuosa 1) Crystal violet (CV)
2) Methylene blue (MB)

1) 90.3%
2) 93.4%

[33]

The Mediterranean seagrass Posidonia oceanica
(L.) leaf sheaths

Reactive Red 228 80% [34]

Shrimp shell Acid Blue 25 95.64% [35]

1) Raw Irvingia gabonenses (dika nut) (DN)
2) Its acid-treated form (ADN)

Rhodamine B 1) 78.69%
2) 97.05%

[36]

Sunflower seed husk (Helianthus annuus) Methylene Blue 95% [37]

Palm flower activated carbon Amido Black 10B (AB10B) 95% [38]

Sunflower seed shells Orange 16 87.07% [39]

Phoenix dactylifera seeds Congo red 90.15% [40]

Bengal Gram Seed Husk Congo red 92% [41]

1) Raw beetroot seeds (BS)
2) H3PO4 activated beetroot seeds (H3PO4-BS)

1) Methylene blue (MB) and malachite green (MG)
2) Methylene blue (MB) and malachite green (MG)

1) 86.1% and 90.5%
2) 98.7% and 96.6%

[42]

Date palm rachis (RPK) Reactive dye (BEZAKTIV Red S-MAX) 94.37% [43]

Pine Cone activated carbon Congo Red 80.6% [44]

Mango seed kernel powder Methylene blue 96.17% [45]

Aminated hulls of sunflower seeds 1) Reactive Black 5
2) Reactive Yellow 84
3) Acid Yellow 23
4) Acid Red 18

1) 84%
2) 92%
3) 85%
4) 81%

[46]

1) Daphne seed (DS)
2) Its char (DSC)
3) KOH-activated carbon (DSB)
4) K2CO3-activated carbon (DSS)

Pr Red Hegxl 1) 70.8%
2) 83.2%
3) 90.2%
4) 85.4%

This sudy
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and carbonization on sorbent structure and dye removal effi-
ciency were investigated. It is known that it is both expensive
and time-consuming to examine each parameter that affects
the sorption process individually. In this context, the use of
experimental design methods helps to avoid these
disadvantages.

Experimental design is a splendid method to investi-
gate the main and interaction effects of all factors si-
multaneously. Formerly conducted researches have not
yet emphasized the full factorial design of reactive dye
uptake experimental terms via Daphne seed sorbent.
Accordingly, the availability of Daphne seed as
biosorbent, its char, K2CO3, and KOH-activated
Daphne seed as adsorbents for Pr Red Hegxl dye re-
moval from aqueous solutions was examined in this
research. Turkey is an agricultural country and has di-
verse and abundant biomass resources. Besides, Turkey
is one of the main producers and suppliers of Daphne
trees, so it can focus on the evaluation of the wild-

growing plant as a renewable fuel source and chemical
feedstocks. Considering that this raw material is utilized
as a fuel through thermochemical conversion methods, it
is important to investigate its usage as an adsorbent. As
a result, this study will be a model to evaluate the
carbonaceous materials produced directly by carboniza-
tion as well as the by-product obtained after the pyrol-
ysis process (char) as an adsorbent. Our literature sur-
vey showed that no experimental data were available
regarding the dye removal efficiency of Daphne seeds
and its carbonaceous derivatives, the optimization of
sorption conditions, and the prediction of dye uptake%.
In order to analyze the significance of five experimental
factors (pH, sorbent dosage, initial dye concentration,
temperature, and contact time) on the color uptake, 25

experimental design and statistical analyses were ap-
plied. Artificial neural network (ANN) methods are
widely used in various research areas due to their ability
to reliably and successfully determine both linear and
nonlinear relationships between multiple input-output
variables [52]. Therefore, the experimental data were
also analyzed via ANN data modeling to predict the
dye removal efficiency (%) of Daphne seed–based sor-
bents . Final ly, l inear and non-l inear forms of
Freund l i ch , Langmui r , Temkin , and Dubin in -
Radushkevich equations were selected to perform the
equilibrium data analysis, and three kinetic models
(pseudo-first- and second-order, intraparticle diffusion)
were focused on predicting the uptake of reactive dye.
Non-linear regression was performed by using the
Solver add-in function in Microsoft Excel (Microsoft

Table 2 Factors and their levels studied in full factorial design

Factors Levels

1 2

pH (A) 2 8

Sorbent dosage, g/50 mL (B) 0.1 0.4

Temperature, °C (C) 20 40

Contact time, min (D) 60 120

Initial concentration, mg/L (E) 50 100

Fig. 1 Schematic diagram of the ANN model for dye removal efficiency (%)
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Corporation). Two error functions (R2 and RMSE) were
applied to evaluate the isotherm and kinetic models.

2 Materials and methods

The sorbent type selection and application technique are fun-
damental for dye removal; hence, sorbent should be charac-
terized in detail and designation of working settings should be
done meticulously.

2.1 Sorbents and sorbates arrangement

Daphne seed (DS) attained from a soap factory in Hatay
(Turkey) was air-dried, crushed, and sieved to obtain mean
sizes. Carbonization temperature and heating rate were select-
ed as 550 °C and 10 °C/min to propagate carbonaceous prod-
uct (DSC). The raw material (100 g) was mixed with KOH or
K2CO3 to get the saturation ratio of chemical agents to the
precursor as 75 wt%. First, this mixture was mixed homoge-
neously for 24 h and then oven-dried at 85 °C for 24 h. The
obtained material was subsequently carbonized at a heating
rate of 10 °C/min until the activation temperature was
succeeded at 700 °C. The samples were upheld for 60 min
in the final activation temperature and then cooled down to
room temperature. The carbonized materials were washed
with distilled water to eliminate residual chemicals up to the
pH value of the activated carbon was neutral.Washed samples
were dried at 105 °C for 24 h to prepare the final activated
carbons. Samples with an average particle size of 0.425 < Dp
< 2 mm were kept in plastic flasks for further use, and they
were utilized as sorbents. The sorbent nomenclature designat-
ed was as follows: DS = Daphne seed, DSC = Daphne seed
char, DSB = Daphne seed base activation (KOH), and DSS =
Daphne seed salt activation (K2CO3).

Reactive textile dye Pr Red Hegxl (RH, color index:
293755) was handled without any purification method.
Distilled water was added in dye solutions to forestall and
diminish possible impurities. Standard dye solution (1000
ppm) was confected by dispersing 1.0 g of RH dye in 1000
mL of distilled water. Several dye concentrations (50–100mg/
L) were prepared by subtilizing the stock dye solution. 0.1 M
NaOH or 0.1 M HCl were supplemented to arrange the solu-
tion pH which was followed by a digital pH meter Thermo
Scientific Orion 3 Star.

2.2 Sorbent characterization

Various characterization techniques were applied to identify
sorbent properties. The carbon, hydrogen, nitrogen, and oxy-
gen contents of sorbents were detected by an elemental ana-
lyzer (Leco CNH628 S628) with helium, dry air, and oxygen
gases. The whole organic samples were combusted

completely in the elemental analyzer’s furnace at 950 °C.
The proximate analysis of DS was involved in the structure
and preliminary analyses. Moisture, ash, volatile matter, and
fixed carbon contents of biosorbent were analyzed by ASTM
E 871-82, ASTM D 1102-84, and ASTM E 872-82 and
ASTM E 870-82 standard test methods, respectively.
Functional groups were determined by applying the ATR
technique (with a diamond protected attenuated total reflec-
tance crystal unit) in Fourier transform infrared (FT-IR) spec-
troscopy (Perkin Elmer Spectrum 100). The FT-IR spectrums
of sorbents were obtained in the range of 4000–400 cm−1 with
a resolution of 4 cm−1 after 100 scans. BET surface analyzer
(Micromeritics ASAP 2020) was utilized to determine the
specific surface area and pore diameter of the sorbents.

2.3 Batch sorption experiments

Batch sorption studies were accomplished to investigate the
effect of parameters such as pH, sorbent dosage, initial dye
concentration, temperature, and contact time on RH dye up-
take. Tests were performed in a group of conical test tubes
involving 50mL dye solution of various experimental circum-
stances. The suspensions were then percolated, and dye quan-
tity in the filtrate was determined. Calibration curves and con-
centration values were elaborated at λmax, 533 nm for RH dye
via the measurement of absorbance by a UV/visible

Table 3 The results for ultimate and proximate analyses

Ultimate analysis of DS and DSC

Component (%) DS DSC DSB DSS

C 44.54 87.27 77.17 80,24

N 0.81 3.59 1,12 1,31

H 7.96 5.12 6,37 5,23

Oa 46.69 4.02 15,34 13,22

HHV (MJ/kg) 18.13 36.18 32.52 32.30

Proximate analysis of DS

Preliminary analysis wt%

Moisture 7.52

Ash 3.93

Volatile 75.35

Fixed carbona 13.20

Structural analysis wt%

Holocellulose 81.67

Hemicellulose 24.49

Extractive material 6.28

Lignin 8.12

Cellulosea 57.18

a Estimated by difference
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spectrophotometer (Agilent Cary 60 UV-Visible
Spectrophotometer).

The dye removal efficiency (η) and the sorption capacity of
dye (qe) from aqueous solutions were specified by Eqs. (1)
and (2) [4]:

η ¼ C0−Ceð Þ=C0½ �100 ð1Þ
qe ¼ C0−Ceð ÞV=W ð2Þ
where C0 and Ce (mg/L) are dye concentrations in the liquid
phase at initial and equilibrium, respectively. qe is the amount
of dye sorbed on the sorbent (mg/g), V (L) is the volume of the
dye solution, and W (g) is the used sorbent amount.

2.4 Equilibrium modeling, kinetic, and
thermodynamic studies

The sorption data can be examined handling familiar equilib-
rium isotherms to attain some insight into the sorption mech-
anism [53]. The mathematical correlation between the amount
of adsorbate and equilibrium adsorbate concentration residual
in the solution at a constant temperature is expressed by the
sorption isotherms [54]. Linear and non-linear forms of
Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich
isotherm models were utilized for analyzing the experimental
data of RH dye and for examining the equilibrium character-
istics of sorption.

The Freundlich isotherm is given in Eq. (3) and is a com-
monly applied empirical statement that computes for the sur-
face heterogeneity, exponential distribution of sorbent’s active
sites, and their energies towards sorbate [55, 56]. In Eq. (4),
the Langmuir isotherm assumes a homogeneous surface for
the sorbent and equivalent sorption energies for each site,
without lateral interaction and steric coaction between the
sorbedmolecules [57, 58]. Temkin isotherm, where the effects
of extremely large and low concentration values on the surface
interactions are ignored, assumes that the adsorption heat
(Hads) reduces linearly rather than logarithmically due to the
rise in the adhesion of the molecules in the adsorbent-
adsorbate layer (Eqs. (5) and (6)). Finally, equations of the
Dubinin-Radushkevich adsorption isotherm model, in which
the distribution of Gaussian energy on heterogeneous surfaces
is used to define the adsorption mechanism, are given in Eqs.
(7) and (8) [59].

Freundlich isotherm : ð3Þ
Linear form : logqe ¼ logK F þ 1=nð ÞlogCe ð3:aÞ
Non−linear form : qe ¼ K FC1=n

e ð3:bÞ
Langmuir isotherm : ð4Þ
Linear form : Ce=qe ¼ 1= KLqmð Þ þ Ce=qm ð4:aÞ
Non−linear form : qe ¼ qmKLCeð Þ= 1þ KLCeð Þ ð4:bÞ
Temkin isotherm : ð5Þ

%T 

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
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(d)

Wavenumber (cm
-1

) 

Fig. 2 FT-IR spectrums of a DS, b DSC, c DSB, and d DSS
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Linear form : qe ¼ BlnAT þ BlnCe ð5:aÞ
Non−linear form : qe ¼ BlnATCe ð5:bÞ
B ¼ RT=bt ð6Þ
Dubinin−Radushkevich isotherm : ð7Þ
Linear f orm : lnqe ¼ lnqm�βε2 ð7:aÞ
Non−linear f orm : qe ¼ qmexp �βε2Þð ð7:bÞ
ε ¼ RTln 1þ 1=Ceð Þ ð8Þ
where Ce (mg/L) is the dye concentration of solution at equi-
librium; qe (mg/g) is the sorbed dye amount per unit weight of
sorbent. Besides, KL (L/mg) and qm (mg/g) are Langmuir

constants pertained to the rate of sorption and maximum sorp-
tion capacity, respectively. The heterogeneity factor and the
Freundlich sorption constant are symbolized as n and KF (mg/
g(L/mg)1/n), respectively. 1/n value and KF are pertinent to the
sorption intensity and the bonding energy, respectively. The
intercept (KF) and the slope (1/n) are attained by drawing lnqe
curve in term of lnCe. AT is the Temkin isotherm equilibrium
binding constant (L/g), B is the constant related to the heat of
adsorption, bt is the Temkin isotherm constant (J/mol), R is the
universal gas constant (8.314 J/molK), and T is the absolute
temperature (K). In Dubinin-Radushkevich equations, ε and β
denote the Polanyi potential and the activity coefficient (mol2/
kJ2), respectively. The mean sorption energy E (kJ/mol) is

Table 4 Isotherm constants and regression correlation coefficients for sorption of RH dye

Models Parameters Sorbent type

DS DSC DSS DSB

Langmuir
Linear model R2 1.000 0.998 0.996 0.996

qm (mg/g) 19.23 58.82 28.57 33.33
KL (L/mg) 0.1534 0.0256 0.0443 0.0592
RMSE 0.0196 0.0130 0.0465 0.0354

Non-linear model R2 0.999 0.999 0.995 0.994
qm (mg/g) 19.00 58.36 28.47 33.21
KL (L/mg) 0.1566 0.0255 0.0438 0.0583
RMSE 0.0642 0.1599 0.4502 0.6192

Freundlich
Linear model R2 0.954 0.996 0.996 0.995

n 3.83 1.48 2.08 2.14
KF (mg/g(L/mg)1/n 6.05 2.45 2.96 4.08
RMSE 0.0237 0.0123 0.0099 0.0116

Non-linear model R2 0.951 0.998 0.997 0.996
n 4.14 1.53 2.15 2.22
KF (mg/g(L/mg)1/n 6.47 2.66 3.12 4.32
RMSE 0.8924 0.5060 0.3509 0.4789

Temkin
Linear model R2 0.980 0.988 0.995 0.995

B 3.3867 11.8100 6.4805 7.4425
bt (J/mol) 768.38 220.35 401.56 349.65
AT (L/g) 2.8405 0.2888 0.3964 0.5462
RMSE 0.4622 0.9335 0.3596 0.4548

Non-linear model R2 0.980 0.988 0.995 0.995
B 3.3866 11.8097 6.4804 7.4425
bt (J/mol) 768.39 220.35 401.56 349.65
AT (L/g) 2.8407 0.2887 0.3964 0.5462
RMSE 0.5660 1.1433 0.4405 0.5569

Dubinin-Radushkevich
Linear model R2 0.957 0.896 0.892 0.885

qm (mg/g) 16.39 25.93 18.30 21.71
β (mol2/kJ2) 3.7132 9.0646 10.0640 5.6681
E (kJ/mol) 0.3669 0.2349 0.2229 0.2970
RMSE 0.0536 0.1572 0.1242 0.1354

Non-linear model R2 0.934 0.858 0.842 0.827
qm (mg/g) 16.49 28.28 18.99 22.58
β (mol2/kJ2) 3.8292 11.9729 11.5210 6.5348
E (kJ/mol) 0.3614 0.2044 0.2083 0.2766
RMSE 1.0330 3.9368 2.4800 3.2436
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calculated from 1=
ffiffiffiffiffiffi
2β

p
expression.

Kinetic studies are essential to define the equilibrium data
for sorption. The potential mechanism of RH dye sorption
process was estimated from pseudo-first-order (Eq. (9)),
pseudo-second-order (Eq. (10)), and intraparticle diffusion
(Eq. (11)) models by utilizing the experimental data of kinetic
studies. According to the pseudo-first-order model, the pro-
portion of alteration of solute capturing with time is immedi-
ately proportional to the variation in saturation concentration
and the amount of solid retaining with time [60]. The rate-
limiting step is the surface adsorption that comprises chemi-
sorption in the pseudo-second-order model, where the remov-
al from a solution is based on physicochemical interactions
between the two phases [61]. The intraparticle diffusion mod-
el expresses that the sorption technique for a solute-solvent
system involves the mass transfer of adsorbate (film diffu-
sion), and surface diffusion. In this case, mass transfer by film
diffusion takes place independently, while diffusion onto the
sorbent surface may occur simultaneously [62].

Pseudo−first−order kinetics : ð9Þ
Linear form : log qe−qtð Þ ¼ logqe− k1tð Þ=2:303 ð9:aÞ

Non−linear form : qt ¼ qe 1−e−k1t
� � ð9:bÞ

Pseudo−second−order kinetics : ð10Þ
Linear form : t=qt ¼ 1= k2q2e

� �þ 1=qeð Þt ð10:aÞ
Non−linear form : qt ¼ k2q2e t

� �
= 1þ k2qetð Þ ð10:bÞ

Intraparticle diffusion model : qt ¼ kit
1=2 þ C ð11Þ

where t is the contact time (min), qe and qt (mg/g) are the
amounts of RH dye sorbed at equilibrium and at time t
(min), and k1 and k2 are the rate constants of pseudo-first-
order sorption (min−1) and of pseudo-second-order sorption
(g/mg∙min), respectively [13]. ki is the intraparticle diffusion
rate constant with C as intercept along qt axis. The boundary
layer thickness can be acquired from the C value; thus, a large
intercept implies a great boundary layer effect [63].

The best-fitted isotherm or kinetic model was found by
applying both linear and non-linear regression; besides,
the correlation coefficients of R2 and the root mean square
error (RMSE) were calculated to crosscheck the applica-
bility of model equations. The best fitted model chosen is
the one of with highest R2 and the lowest RMSE values.
In general, non-linear regression gives a more convenient
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carbonaceous materials: a
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and certain determination of model parameters than the
linear regression method [64]. The steps in the study of
Hossain et al. [65] were followed in the performing of the
non-linear regression process through the solver function.
Finally, the residual plots were used to determine the ad-
equacy of the regression models. The residual plot of the
applied isotherm or kinetic model with a clean pattern
demonstrates that the model is inadequate and the model
errors are constant. In contrast, a uniform residual distri-
bution proves the adequacy of the model [66].

To perform thermodynamic studies, the temperature ef-
fect on the sorption was analyzed through the experiments
implemented at different temperatures (293, 303, and 313
K). The thermodynamic parameters associated with the
adhesion process of the RH dye to Daphne-based sorbents
were calculated using Eqs. (12–14). According to the
Van’t Hoff equation, it is known that the Gibbs free en-
ergy change (ΔG°) of the sorption process depends on the
equilibrium constant. By applying Eq. (14), the entropy
(ΔS°) and enthalpy (ΔH°) changes were specified from the
intercept and slope of the lnKD versus 1/T plot,
respectively.

ΔG° ¼ −RTlnKD ð12Þ
ΔG° ¼ ΔH°−TΔS° ð13Þ
lnKD ¼ ΔS°=R

� �
− ΔH°=RT
� � ð14Þ

where KD is the equilibrium constant (L/g), R is the universal
gas constant (8.314 J/mol K), and T is the absolute tempera-
ture (K) [19, 67].

2.5 Modeling by full factorial design

The total count of experiments, time, and whole research cost
were reduced by applying factorial design; thus, the best over-
all optimization of the process is succeeded [68–70]. Factorial
design involves better accuracy in forecasting the effects of
the entire main factor and interactions of different factors.
Two-level factorial design is one of the easiest forms of fac-
torial designs. All combinations of the experimental factor
levels are studied to obtain responses in a full factorial exper-
iment [69]. A 25 full factorial design including 32 experiments
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was operated to assess the impact of pH, sorbent dosage, ini-
tial dye concentration, temperature, and contact time on RH
dye removal (%). A matrix was created due to high and low
levels of factors as given in Table 2, which were represented
by 2 and 1, respectively. The experimental conditions were
preferred according to well-known literature studies such as
pH (2 and 8), biosorbent dosage (0.1 and 0.4 g/50 mL), initial
concentration (50 and 100 mg/L), temperature (20 and 40 °C),
and contact time (60 and 120 min).

2.6 Artificial neural networks

One of the main factors underlying the widespread use of
ANNs is their ability to understand the complicated in-
teractions between input variables efficiently. This prop-
erty has enabled ANNs to be used in many different
fields for generating predictions. Recent studies in the
field of dye removal demonstrate that ANNs are capable
of producing predictions with high accuracy. Ghaedi and
Vafaei [71] have reviewed recent studies of the applica-
tions of ANNs in the area of adsorption science. To
predict the dye removal efficiencies of Daphne seed–
based sorbents over the various operating conditions, a
three-layer feed-forward ANN with back-propagation

was applied. This is because a three-layer feed-forward
neural network with an appropriate back-propagation al-
gorithm can solve any continuous function over a set of
inputs approximately [72]. Also, ANNs are capable of
generating accurate predictions when trained with a small
amount of data [73]. Within the scope of the study, var-
ious ANN models with back-propagation algorithms
were tested and compared: Levenberg-Marquardt
(trainlm), resilient (trainrp), scaled conjugate gradient
(trainscg), Polak-Ribiére conjugate gradient (traincpg),
and variable learning rate gradient (traingdx). Training
algorithms were also tested under different transfer func-
tions: (i) purelin, tansig, and logsig for the hidden layer,
and (ii) purelin for the output layer. The architecture of a
three-layer feed-forward back-propagation model was
schematized in Fig. 1 related to sorption parameters.

Feed-forward networks consist of a series of interconnected
layers from the input layer to the last layer and do not contain
any feedback connections. A feed-forward network with a
single hidden layer can be applied to any finite input-output
mapping problem if it has enough neurons in its hidden layer
[74]. The usage of an incorrect amount of neurons in the
hidden layer can prevent the ANN model from correctly gen-
erating predictions. The number of neurons in the hidden layer
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should be decided according to the properties of the data set
and the difficulty of the problem. Although advanced compu-
tational techniques (i.e., genetic algorithm) [75] are used to
determine the appropriate network architecture, trial and error
method is frequently applied to specify the optimal number of
neurons in the hidden layer [71, 73, 76–78]. Besides, there are
some approaches to approximate the number of neurons. The
range of neuron numbers for the hidden layer (Zh) is limited by
using Eq. (15) [79].

2
ffiffiffiffiffi
Zi

p
þ Z0≤Zh≤2Zi þ 1 ð15Þ

where Zi and Z0 were denoted as the studied experimental
conditions (pH, sorbent dosage, initial dye concentration, tem-
perature, and contact time) and performance measures num-
bers (prediction of dye removal efficiency (%)), respectively.
In this direction, the number of hidden layer nodes was exam-
ined in the range of 6–11.

The data sets used in dye removal process included 32
experimental runs for each sorbent (DS, DSC, DSB, and
DSS). In order to reduce the effect of outliers on the prediction

accuracy, the data set was normalized in the range of 0 to 1
according to Eq. (16):

xnew ¼ xi−min xð Þ=max xð Þ−min xð Þ ð16Þ
where xnew is the normalized value of the input data xi. The
min(x) and max(x) represent the minimum and maximum
values of the input data, respectively.

By performing the cross-validation procedure, it was
ensured that each data in the data set was incorporated in
the prediction generating process. The uncertainty caused
by the random data selection for testing and training in the
predictive performance of ANNs was minimized through
this procedure. For this purpose, the data set was randomly
split into k disjoint folds by applying the k-fold cross-
validation procedure (k = 10). Each fold was tested by
the model which was trained by using remaining k-1 folds.
The prediction generation success of the model was deter-
mined by the average of the prediction accuracies obtained
for each fold. ANNs’ model performances were compared
by using the coefficient of determination (R2) and root
mean squared error (RMSE). The optimum number of
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hidden layer neurons, transfer functions, and training algo-
rithms were determined among the created ANNs in
MATLAB software (vR2019b).

3 Results and discussion

In this section, properties of Daphne seed and carbonaceous
sorbents, statistical findings of color uptake, parameters of
equilibrium, and kinetic investigations were examined.

3.1 Characteristics of sorbents

Proximate analysis of DS and ultimate analyses of all sorbents
are given in Table 3. The Daphne seed content was
ascertained as high in volatile matter and moisture. After

carbonization method, the calorific value and carbon content
improved considerably while the oxygen content reduced in
the sample, which designated that DSC, DSB, and DSS were
more carbonaceous material than DS. The bulk density of
Daphne seed was 0.47 g/cm3. The specific surface area and
pore diameter of the DS were 0.26 m2/g and 38.7 nm, respec-
tively. The specific surface area and pore diameter of the car-
bonaceous material (DSC) produced without any activation
process were obtained as 1.17 m2/g and 36.6 nm, respectively.
The addition of salt and base increased the surface area to
199.79 and 120.46 m2/g as a result of the activation process.
The average pore diameters were between 4.4 and 38.7 nm
which indicated that sorbents were in the mesoporous region.

The FT-IR spectrum determines the chemical compo-
sitions and surface characteristics of the materials. FT-IR
analysis was implemented to identify Daphne seed and
carbonaceous sorbent’s surface functional groups
appertaining to bind RH dye. The FT-IR spectra of DS
with many absorption peaks are presented in Fig. 2,
which indicated the complex nature of the biosorbent.
Functional groups of DSC and activated carbons are also
seen in Fig. 2. O–H stretching vibration of hydroxyl
functional groups involving hydrogen bonding was the
primary functional group which was identified at band-
widths of 3300–3200 cm−1 [80]. C–H aliphatic symmet-
rical and asymmetrical stretching for methyl and methy-
lene peaks was detected between 2950 and 2800 cm−1.
Peak detected at 1627 cm−1 indicated the aromatic C=C
ring stretch. Peaks observed at 1442 cm−1 and 1370 cm−1

were constituted C–H stretching bands of aliphatic CH3

groups. C–O–C stretching of unsaturated ethers was ob-
served between 1275 and 1200 cm−1, and also small
bands ranging from 1200 to 1000 cm−1 were nominated
as out-of-plane C–H bending of aromatic structures [81].
Peaks settled on bandwidths of 900–700 cm−1 could be
attributed to substituents linked to an aromatic ring.

3.2 Kinetics, isotherms, and thermodynamicmodeling

Fitting the sorption data to different isotherm models and the
prediction of batch sorption kinetics are important steps to
determine the suitable model for the design of sorption sys-
tems. In this part, the results of kinetic models and equilibrium
isotherms were notified. Besides, thermodynamic parameters
were calculated.

3.2.1 Adsorption isotherms

Adsorption isotherms were used to determine the affinity
of Daphne seed and carbonaceous sorbents for RH dye.
Freundlich, Langmuir, Dubinin-Radushkevich, and
Temkin isotherms of RH dye uptake were achieved at
pH 2 for 120 min . In i t i a l dye concen t ra t ions

Table 5 Sorption kinetic models constants and correlation coefficients
for RH dye uptake

Model Parameters Sorbent type

DS DSC DSS DSB

– qe,exp (mg/g) 16.7 17.3 19.6 21.4

Pseudo-first order model

Linear model R2 0.394 0.216 0.062 0.049

qe,cal (mg/g) 6.25 3.22 2.24 3.91

k1 (min
−1) 0.0184 0.0092 0.0023 0.0023

RMSE 0.3674 0.4007 0.3140 0.2212

Non-linear model R2 0.982 0.961 0.944 0.944

qe,cal (mg/g) 15.81 15.59 18.09 18.74

k1 (min
−1) 0.0539 0.6373 0.1448 0.1322

RMSE 0.7397 1.1151 1.5450 1.6068

Pseudo-second-order model

Linear model R2 0.978 0.972 0.966 0.934

qe,cal (mg/g) 17.54 17.54 19.61 20.00

k2 (g/mg∙min) 0.0051 0.0382 0.0081 0.0094

RMSE 0.3388 0.3872 0.3810 0.5329

Non-linear model R2 0.982 0.962 0.948 0.948

qe,cal (mg/g) 17.70 15.82 18.69 19.44

k2 (g/mg∙min) 0.0046 0.0763 0.0231 0.0189

RMSE 0.7310 1.1021 1.4934 1.5409

Intraparticle diffusion model

Linear model R2 0.726 0.198 0.188 0.211

C 8.8801 13.822 15.503 15.816

ki (mg/g∙min0.5) 0.6709 0.2048 0.2833 0.3158

RMSE 6.0986 0.9988 1.4265 1.4773

Non-linear model R2 0.842 0.676 0.680 0.687

C 3.0096 4.6848 5.2544 5.3605

ki (mg/g∙min0.5) 1.3028 1.1883 1.3864 1.4412

RMSE 2.1942 3.2013 3.6975 3.7808
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differentiated as 25, 50, and 100 mg/L; the temperature
stayed constant at 40 °C. Sorption experimental data as-
sociated with the linear and non-linear forms of the iso-
therm models as well as all constants, R2, and RMSE
values are summarized in Table 4. Plots of Ce vs. Ce/qe,
logCe vs. log qe, lnCe vs. qe, and ε2 vs. lnqe were shown
in Fig. 3 for the linear forms of Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich isotherm models, re-
spectively. Plots of Ce vs. qe were given for non-linear
isotherm models in Fig. 4. The highest correlation coef-
ficient (R2 value) was achieved from Langmuir isotherm;
hence, the Langmuir model demonstrated better fit to the
sorption data than the other models, indicating thereby
the monolayer sorption of the dye. The smallest RMSE
values were obtained when the Langmuir isotherm model
was applied to DS and DSC, while the Freundlich iso-
therm model gave the smallest RMSE values for DSS
and DSB. Temkin isotherms display relatively high sorp-
tion potentials between the sorbents and RH dye ions.
The value of B specifies whether the sorption is endo-
thermic or exothermic: (i) If B > 0, the process is exo-
thermic and the heat is released during the sorption pro-
cess; (ii) if B < 0, the endothermic process takes place
and the heat is absorbed during adsorption [82]. The
Temkin model proved the exothermic nature of the

sorption process with the positive B value which was
the sign of released heat. To examine the physical and
chemical mechanism of the sorption process, the energy
term calculated from the Dubinin-Radushkevich model is
utilized. The sorption mechanism is determined by eval-
uating the mean free energy (E, kJ/mol) in three intervals:
(i) If E < 8 kJ/mol, the sorption is a physical process
(physisorption) with Van der Waals interactions; (ii) If
8 < E < 16 kJ/mol, sorption is controlled by ion ex-
change, more likely with the domination of covalent
bond interactions; (iii) If E > 16 kJ/mol, the sorption
occurs through particle diffusion [83, 84]. The linear
form of Dubinin-Radushkevich model plots of lnqe ver-
sus ε2 for sorption of dye ions onto Daphne-based sor-
bents is given in Fig. 3d. Sorption energies of Daphne-
based sorbents were found lower than the value of 8 kJ/
mol, and indicated that the sorption of RH dye ions was a
physisorption process. In the last step, the residual values
of both linear and non-linear isotherm models were cal-
culated and the residual plots are given in Figs. 5 and 6.
Accord ing to the res idua l p lo ts , the Dubin in-
Radushkevich model among the both linear and non-
linear isotherm models, with the highest difference be-
tween the experimental and fitted data, was not adequate
to define the adsorption of RH dye on Daphne-based
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sorbents. The residual plots of other isotherm models
support that these models were sufficient to explain RH
dye sorption.

3.2.2 Adsorption kinetics

Various kinetic models have been suggested to elucidate the
mechanism of solute sorption from aqueous solution onto a
sorbent. RH dye with a concentration of 50 mg/L at pH = 2
was eliminated at different periods at 40 °C. The adsorption
rate constants (k1, k2, and ki), qe, correlation coefficient (R2),
and RMSE values were computed from the linear and non-
linear plots (Figs. 7 and 8) and presented in Table 5. As shown
in Table 5, the correlation coefficient (R2) values for the
pseudo-first-order and intraparticle diffusion models were
not close to unity. A great change in the values of qe,cal and
qe,exp for the sorption of RH dye onto DS and carbonaceous
sorbents exposed that the pseudo-first-order model was not
appropriate to define the kinetic profile of the sorption.
According to this interpretation, it has been determined that
the mechanism of chemisorption probably controlled the sorp-
tion via the pseudo-second-order kinetic model. The
intraparticle diffusion model was used to study the rate-

limiting step in the sorption process. If qt versus t0:5 displays
a straight line passing through the origin, the sorption is dom-
inated by intraparticle diffusion only [82]. As illustrated in
Fig. 4c, the fitting curves did not pass through the origin,
signifying that intraparticle diffusion was not the only rate-
limiting step in the sorption process [85]. Finally, the residual
values of both linear and non-linear kinetic models were con-
sidered and the residual plots are shown in Figs. 9 and 10.
When the intraparticle diffusion model was applied between
both linear and non-linear kinetic models, it was determined
that the residual distribution around the zero axes was asym-
metrical and error values (RMSE) were also higher than those
of other models, and it was concluded that this model did not
adequately describe the RH dye sorption process.

3.2.3 Adsorption thermodynamics

The thermodynamic parameters and Van’t Hoff plot are given
in Table 6 and Fig. 11, respectively. When the enthalpy
change is positive, the sorption process takes place
endothermically. The enthalpy change during the biosorption
of RH dye onto the surface ofDSwas positive and the process
was endothermic, while the adsorption processes on the
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surface of other carbonaceous sorbents (DSC, DSS, and DSB)
were exothermic. It is stated that the randomness at the
adsorbent/solution interface decreases when the entropy
change is negative, and the process is enthalpy driven. The
positive entropy change was the sign of advancing the affinity
of the DS for RH dye. The negative Gibbs free energy change
indicates that the adsorption process is spontaneous. The
Gibbs free energy change of carbonaceous sorbents tended
to the positive values with the temperature rise; thus, the sorp-
tion process was favorable at lower temperatures.

3.3 Statistical factorial analysis

Two-level full factorial design (25) was operated for the
modeling of sorption process. The effects along with the
statistical plots (normal probability of standardized ef-
fects, Pareto charts, plots of main and interaction ef-
fects) and the statistical parameters were obtained by
analyzing the experimental data with MINITAB 18 sta-
tistical software. The experimental design matrix that
included coded values of variables is illustrated in
Table 7. pH of solution (2 and 8), sorbent dosage (0.1
and 0.4 g/50 mL), contact time (60 and 120 min), initial
dye concentration (50 and 100 mg/L), and temperature
(20 and 40 °C) were variables in the design matrix. The
number of runs was given by ak = 25 = 32 where a and k

were the count of levels and the number of factors [86].
The probability value (P value) is utilized to decide the
statistically agents in the model, and the 95% confi-
dence level is generally approved statistically signifi-
cant. The analysis of variance (ANOVA) designated
the interactions between independent variables, and the
P value with > 95% of confidence level was selected to
specify the main effects of dye sorption.

The relation between the experimental variables and corre-
sponding responses is clarified by the subsequent equation:

Y ¼ X 0 þ X 1Aþ X 2Bþ X 3C þ X 4Dþ X 5E þ X 6AB

þ X 7AC þ X 8ADþ X 9AE þ X 10BC þ X 11BD

þ X 12BE þ X 13CDþ X 14CE þ X 15DE

þ X 16ABC þ X 17ABDþ X 18ABE þ X 19ACD

þ X 20ACE þ X 21ADE þ X 22BCDþ X 23BCE

þ X 24BDE þ X 25CDE þ X 26ABCDþ X 27ABCE

þ X 28ABDE þ X 29ACDE þ X 30BCDE ð17Þ

where Y is the predicted response (dye removal efficiency, %),
X0 signifies the global mean, and Xi symbolizes the regression
coefficient related to the main factors’ effects and interactions.
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A, B, C,D, and E stand for the solution pH, the sorbent dosage
(g/50 mL), the temperature (°C), the contact time (min), and
the initial dye concentration (mg/L), respectively.

3.3.1 Analysis of variance

Univariate analysis of variance contributed a qualified and
beneficial tool for statistical analyses of factors and their in-
teractions in tests [87, 88]. The significant main and

-4

-3

-2

-1

0

1

2

3

0 5 10 15 20

R
es

id
u
al

 (
m

g
/g

)
qe,cal (mg/g)

Pseudo-first order (DS) Pseudo-second order (DS)

Intraparticle diffusion (DS)

-6

-4

-2

0

2

4

6

8

0 5 10 15 20

R
es

id
u
al

 (
m

g
/g

)

qe,cal (mg/g)

Pseudo-first order (DSC) Pseudo-second order (DSC)

Intraparticle diffusion (DSC)

-6

-4

-2

0

2

4

6

8

0 10 20 30

R
es

id
u
al

 (
m

g
/g

)

qe,cal (mg/g)

Pseudo-first order (DSS) Pseudo-second order (DSS)

Intraparticle diffusion (DSS)

-6

-4

-2

0

2

4

6

8

0 10 20 30

R
es

id
u
al

 (
m

g
/g

)
qe,cal (mg/g)

Pseudo-first order (DSB) Pseudo-second order (DSB)

Intraparticle diffusion (DSB)

(a) (b)

(c) (d)

Fig. 10 Residual plots for the
non-linear kinetic models for
sorption of RH dye on a DS, b
DSC, c DSS, and d DSB

Table 6 Thermodynamic parameters for RH dye sorption

Sorbent type T (K) ΔH° (kJ/mol) ΔS° (J/molK) ΔG° (kJ/mol)

DS 293 13.80 40.91 1.813

303 1.404

313 0.995

DSC 293 − 3.89 − 12.03 − 0.364

303 − 0.244

313 − 0.124

DSS 293 − 0.713 − 1.46 − 0.284

303 − 0.269

313 − 0.254

DSB 293 − 47.16 − 151.18 − 2.868

303 − 1.356

313 0.155

-1

-0.5

0

0.5

1

1.5

0.0031 0.0032 0.0033 0.0034 0.0035

ln
 (K

D
)

1/T (K-1)

DS

DSC

DSS

DSB

Fig. 11 Van’t Hoff plot for the determination of thermodynamic
parameters
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interaction effects of factors affecting the RH dye removal
efficiency (%) were determined by applying the typical
ANOVA. The ANOVA results of RH (main and interaction
effects, the model coefficients, probability values and standard
errors of every coefficient) are displayed in Tables 8, 9, 10,
and 11. The sum of the squares exploited to evaluate factors’
influence and Fisher’s F-ratios and P values is even denoted in
Tables 12, 13, 14, and 15.

ANOVA foresaw that the main factor of solution pH
was greatly significant (P < 0.05) for all sorbents and
the model was feasible for Daphne seed–based sorbents.
Besides, the effect of sorbent dosage along with the pH

effect for DSB sorbent was found to be significant (P =
0.045). Besides, the fit model notified square correlation
coefficients (R2) of 0.9981, 0.9985, 0.9971, and 0.9995
were harmonized with the statistical model for DS,
DSC, DSS, and DSB, respectively. Four model equa-
tions obtained for RH dye removal efficiency (%) are
specified in Eqs. (18–21). Resulting equations were
achieved by subrogating the coefficients Xi in Eq. (17)
by their values from Tables 8 to 11, respectively. If the
effect of a factor on the response (η-dye removal effi-
ciency) is also increased when its level changes from
low to high values, the effect is considered to be posi-
tive. For instance, pH, initial concentration, pH-

Table 7 Experimental
design matrix of RY
sorption

Runs Factors

A B C D E

1 − 1 − 1 − 1 − 1 − 1

2 − 1 − 1 − 1 − 1 1

3 − 1 − 1 − 1 1 − 1

4 − 1 − 1 − 1 1 1

5 − 1 − 1 1 − 1 − 1

6 − 1 − 1 1 − 1 1

7 − 1 − 1 1 1 − 1

8 − 1 − 1 1 1 1

9 − 1 1 − 1 − 1 − 1

10 − 1 1 − 1 − 1 1

11 − 1 1 − 1 1 − 1

12 − 1 1 − 1 1 1

13 − 1 1 1 − 1 − 1

14 − 1 1 1 − 1 1

15 − 1 1 1 1 − 1

16 − 1 1 1 1 1

17 1 − 1 − 1 − 1 − 1

18 1 − 1 − 1 − 1 1

19 1 − 1 − 1 1 − 1

20 1 − 1 − 1 1 1

21 1 − 1 1 − 1 − 1

22 1 − 1 1 − 1 1

23 1 − 1 1 1 − 1

24 1 − 1 1 1 1

25 1 1 − 1 − 1 − 1

26 1 1 − 1 − 1 1

27 1 1 − 1 1 − 1

28 1 1 − 1 1 1

29 1 1 1 − 1 − 1

30 1 1 1 − 1 1

31 1 1 1 1 − 1

32 1 1 1 1 1

Table 8 Statistical parameters for 25 design of RH removal by DS

Term Effect Coef SE coef T-value P value

Constant 29.412 0.812 36.20 0.018

A − 28.050 − 14.025 0.812 − 17.26 0.037

B 2.737 1.369 0.812 1.68 0.341

C 3.237 1.619 0.812 1.99 0.296

D 6.000 3.000 0.812 3.69 0.168

E − 20.175 − 10.087 0.812 − 12.42 0.051

A*B − 4.012 − 2.006 0.812 − 2.47 0.245

A*C − 1.488 − 0.744 0.812 − 0.92 0.528

A*D − 1.525 − 0.763 0.812 − 0.94 0.520

A*E − 0.300 − 0.150 0.812 − 0.18 0.884

B*C 2.450 1.225 0.812 1.51 0.373

B*D 1.062 0.531 0.812 0.65 0.631

B*E − 0.813 − 0.406 0.812 − 0.50 0.705

C*D 4.363 2.181 0.812 2.68 0.227

C*E 2.738 1.369 0.812 1.68 0.341

D*E − 3.350 − 1.675 0.812 − 2.06 0.288

A*B*C − 3.000 − 1.500 0.812 − 1.85 0.316

A*B*D 2.763 1.381 0.812 1.70 0.339

A*B*E 4.487 2.244 0.812 2.76 0.221

A*C*D − 1.762 − 0.881 0.812 − 1.08 0.474

A*C*E − 3.238 − 1.619 0.812 − 1.99 0.296

A*D*E − 1.125 − 0.562 0.812 − 0.69 0.614

B*C*D 2.375 1.188 0.812 1.46 0.382

B*C*E 2.200 1.100 0.812 1.35 0.405

B*D*E − 1.438 − 0.719 0.812 − 0.88 0.539

C*D*E − 4.888 − 2.444 0.812 − 3.01 0.204

A*B*C*D 0.325 0.162 0.812 0.20 0.874

A*B*C*E − 0.400 − 0.200 0.812 − 0.25 0.846

A*B*D*E − 2.288 − 1.144 0.812 − 1.41 0.393

A*C*D*E 2.538 1.269 0.812 1.56 0.363

B*C*D*E − 0.025 − 0.012 0.812 − 0.02 0.990

1738 Biomass Conv. Bioref. (2023) 13:1723–1750



temperature-contact time interaction, etc. were negative
effects on RH dye removal via DS sorption.

η of DS ¼ 29:412−14:025Aþ 1:369Bþ 1:619C

þ 3:000D−10:087E−2:006AB−0:744 AC−0:763 AD−0:150AE

þ 1:225 BC þ 0:531BD−0:406BE þ 2:181CD

þ 1:369 CE−1:675DE−1:500ABC þ 1:381ABD

þ 2:244ABE−0:881ACD−1:619ACE−0:562ADE

þ 1:188BCDþ 1:100 BCE−0:719BDE−2:444CDE

þ 0:162ABCD−0:200ABCE−1:144ABDE

þ 1:269ACDE−0:012BCDE

ð18Þ

η of DSC ¼ 39:79−25:81Aþ 4:22Bþ 1:31C

þ 4:66D−3:85E−0:11ABþ 2:94 AC

þ 2:37 ADþ 1:30AE þ 2:72 BC

þ 3:87BDþ 1:13BE þ 3:59CD−0:35 CE

þ 0:80DE þ 2:34ABC þ 3:91ABD

þ 1:96ABE þ 3:40ACD−0:93ACE

þ 1:06ADE þ 0:72BCD−1:54 BCE

þ 0:66BDE−1:15CDE

þ 2:43ABCD−1:82ABCE

þ 0:14ABDE−2:34ACDE−0:62BCDE ð19Þ
η of DSS ¼ 47:67−15:81Aþ 7:85B−1:22C

þ 0:24D−6:03E þ 2:16AB

þ 4:97 AC−0:07 ADþ 1:99AE þ 1:63 BC

þ 0:64BD−0:93BE þ 1:49CDþ 0:08 CE

þ 2:99DE−1:10ABC−1:19ABD−0:46ABE

þ 2:29ACDþ 2:97ACE

þ 0:28ADE−0:33BCD−1:75 BCE

þ 0:66BDE þ 0:69CDE þ 1:16ABCD

þ 0:48ABCE−0:21ABDE−0:31ACDE

þ 0:25BCDE ð20Þ

η of DSB ¼ 48:044−22:650A

þ 8:762B−0:737C−0:781D−3:156E

þ 1:969ABþ 3:081 AC−5:813 ADþ 0:150AE

þ 1:419 BC−2:025BDþ 5:538BE−3:975CD

þ 1:713 CE þ 0:544DE−1:563ABC−3:856ABD

−0:456ABE−2:544ACDþ 2:281ACE−0:337ADE

−2:656BCDþ 3:394 BCE−0:575BDE

þ 0:550CDE−4:175ABCDþ 2:463ABCE

−0:656ABDE þ 0:481ACDE−1:856BCDE

ð21Þ

Table 9 Statistical parameters for 25 design of RH removal by DSC

Term Effect Coef SE coef T-value P value

Constant 39.79 1.11 35.97 0.018

A − 51.62 − 25.81 1.11 − 23.33 0.027

B 8.44 4.22 1.11 3.81 0.163

C 2.62 1.31 1.11 1.19 0.446

D 9.33 4.66 1.11 4.21 0.148

E − 7.70 − 3.85 1.11 − 3.48 0.178

A*B − 0.21 − 0.11 1.11 − 0.10 0.939

A*C 5.88 2.94 1.11 2.66 0.229

A*D 4.75 2.37 1.11 2.15 0.278

A*E 2.60 1.30 1.11 1.18 0.449

B*C 5.44 2.72 1.11 2.46 0.246

B*D 7.74 3.87 1.11 3.50 0.177

B*E 2.26 1.13 1.11 1.02 0.493

C*D 7.18 3.59 1.11 3.24 0.190

C*E − 0.70 − 0.35 1.11 − 0.32 0.805

D*E 1.60 0.80 1.11 0.72 0.601

A*B*C 4.69 2.34 1.11 2.12 0.281

A*B*D 7.81 3.91 1.11 3.53 0.176

A*B*E 3.91 1.96 1.11 1.77 0.328

A*C*D 6.80 3.40 1.11 3.07 0.200

A*C*E − 1.85 − 0.93 1.11 − 0.84 0.557

A*D*E 2.12 1.06 1.11 0.96 0.513

B*C*D 1.44 0.72 1.11 0.65 0.633

B*C*E − 3.09 − 1.54 1.11 − 1.40 0.396

B*D*E 1.31 0.66 1.11 0.59 0.659

C*D*E − 2.30 − 1.15 1.11 − 1.04 0.488

A*B*C*D 4.86 2.43 1.11 2.20 0.272

A*B*C*E − 3.64 − 1.82 1.11 − 1.64 0.348

A*B*D*E 0.29 0.14 1.11 0.13 0.918

A*C*D*E − 4.68 − 2.34 1.11 − 2.11 0.281

B*C*D*E − 1.24 − 0.62 1.11 − 0.56 0.675
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3.3.2 Normal probability plots of standardized effects
and Pareto charts

The distribution of data is graphically represented by the nor-
mal probability plot [89]; one point on the plot is nominated
for each effect. If the points on the plot scatter properly pretty
well a straight line, formerly normally distributed data are
observed [90]. The normal probability plots of standardized
effects are given in Fig. 12. The standardized effects are t-
statistics that verify the null hypothesis that the effect is 0.
The experimental points were acceptably aligned signifying
normal distribution. Whole points of normal probability plots
were arisen to rank in the range of + 5 to − 20 for DS, + 5 to −
25 for DSC, + 10 to − 15 for DSS, and + 15 to − 40 for DSB.

Normal distribution recommended that the model designated
a nominal deviation at the fitted value from the observed value
[91]. The factors are specified positive coefficients on the right
part of normal probability plots. Despite that, the factors are
identified as negative coefficients on the left part of the chart.
Significant and insignificant factors and interactions are sym-
bolized as a circle and a square, respectively.

The Pareto chart of the standardized effects (Fig. 13) illu-
minated the comparative significance of the individual and
interaction effects. The certain values of the standardized ef-
fects are given in the Pareto chart from the largest effect to the
smallest effect. For a 0.05 probability and one degree of free-
dom, value was equal to 12.71. Effects positioned at right
side of the vertical dash line were significant; pH of the dye
solution was the supreme variable of all sorption processes.

Table 10 Statistical parameters for 25 design of RH removal by DSS

Term Effect Coef SE coef T-value P value

Constant 47.67 1.11 42.85 0.015

A − 31.61 − 15.81 1.11 − 14.21 0.045

B 15.70 7.85 1.11 7.06 0.090

C − 2.44 − 1.22 1.11 − 1.10 0.471

D 0.49 0.24 1.11 0.22 0.863

E − 12.06 − 6.03 1.11 − 5.42 0.116

A*B 4.32 2.16 1.11 1.94 0.302

A*C 9.94 4.97 1.11 4.47 0.140

A*D − 0.14 − 0.07 1.11 − 0.06 0.961

A*E 3.99 1.99 1.11 1.79 0.324

B*C 3.25 1.63 1.11 1.46 0.382

B*D 1.28 0.64 1.11 0.57 0.669

B*E − 1.85 − 0.93 1.11 − 0.83 0.558

C*D 2.99 1.49 1.11 1.34 0.408

C*E 0.16 0.08 1.11 0.07 0.954

D*E 5.99 2.99 1.11 2.69 0.227

A*B*C − 2.20 − 1.10 1.11 − 0.99 0.504

A*B*D − 2.37 − 1.19 1.11 − 1.07 0.479

A*B*E − 0.92 − 0.46 1.11 − 0.42 0.749

A*C*D 4.59 2.29 1.11 2.06 0.287

A*C*E 5.94 2.97 1.11 2.67 0.228

A*D*E 0.56 0.28 1.11 0.25 0.842

B*C*D − 0.65 − 0.33 1.11 − 0.29 0.819

B*C*E − 3.50 − 1.75 1.11 − 1.57 0.360

B*D*E 1.33 0.66 1.11 0.60 0.658

C*D*E 1.39 0.69 1.11 0.62 0.645

A*B*C*D 2.33 1.16 1.11 1.04 0.486

A*B*C*E 0.95 0.48 1.11 0.43 0.743

A*B*D*E − 0.42 − 0.21 1.11 − 0.19 0.880

A*C*D*E − 0.61 − 0.31 1.11 − 0.28 0.829

B*C*D*E 0.50 0.25 1.11 0.22 0.859

Table 11 Statistical parameters for 25 design of RH removal by DSB

Term Effect Coef SE coef T-value P value

Constant 48.044 0.625 76.87 0.008

A − 45.300 − 22.650 0.625 − 36.24 0.018

B 17.525 8.762 0.625 14.02 0.045

C − 1.475 − 0.737 0.625 − 1.18 0.448

D − 1.563 − 0.781 0.625 − 1.25 0.430

E − 6.312 − 3.156 0.625 − 5.05 0.124

A*B 3.938 1.969 0.625 3.15 0.196

A*C 6.163 3.081 0.625 4.93 0.127

A*D − 11.625 − 5.813 0.625 − 9.30 0.068

A*E 0.300 0.150 0.625 0.24 0.850

B*C 2.838 1.419 0.625 2.27 0.264

B*D − 4.050 − 2.025 0.625 − 3.24 0.191

B*E 11.075 5.538 0.625 8.86 0.072

C*D − 7.950 − 3.975 0.625 − 6.36 0.099

C*E 3.425 1.713 0.625 2.74 0.223

D*E 1.087 0.544 0.625 0.87 0.544

A*B*C − 3.125 − 1.563 0.625 − 2.50 0.242

A*B*D − 7.713 − 3.856 0.625 − 6.17 0.102

A*B*E − 0.912 − 0.456 0.625 − 0.73 0.599

A*C*D − 5.087 − 2.544 0.625 − 4.07 0.153

A*C*E 4.562 2.281 0.625 3.65 0.170

A*D*E − 0.675 − 0.337 0.625 − 0.54 0.685

B*C*D − 5.312 − 2.656 0.625 − 4.25 0.147

B*C*E 6.787 3.394 0.625 5.43 0.116

B*D*E − 1.150 − 0.575 0.625 − 0.92 0.527

C*D*E 1.100 0.550 0.625 0.88 0.541

A*B*C*D − 8.350 − 4.175 0.625 − 6.68 0.095

A*B*C*E 4.925 2.463 0.625 3.94 0.158

A*B*D*E − 1.313 − 0.656 0.625 − 1.05 0.484

A*C*D*E 0.962 0.481 0.625 0.77 0.582

B*C*D*E − 3.713 − 1.856 0.625 − 2.97 0.207
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3.3.3 Main effects and interaction effects

The primary changes arisen in the response when the levels of
the factors were changed from an inferior level to a higher
level are shown in Fig. 14. This change is commonly termed
the main effect as it denotes the main factor of concern with
the experiment [92]. When the factor’s effect is negative, the
response (dye removal efficiency, %) reduces as the factor

replaces from low to high levels. Inversely, if the effect is
positive, response increases from lower level to higher level
[93]. The extent of the vertical line demonstrates the statistical
implication of a factor in such a way that the greater
the vertical line in main effect plots is the superior the
adjustment in dye removal efficiency (%) between lower
and higher levels. The ABCDE effect was not signifi-
cant when compared to other effects. The rise in the pH

Table 12 Analysis of variance (ANOVA) for DS

Source DF Adj SS Adj MS F-
value

P value

Model 30 11312.6 377.09 17.85 0.185

Linear 5 9982.5 1996.49 94.51 0.078

A 1 6294.4 6294.42 297.96 0.037

B 1 60.0 59.95 2.84 0.341

C 1 83.9 83.85 3.97 0.296

D 1 288.0 288.00 13.63 0.168

E 1 3256.2 3256.25 154.14 0.051

2-way interactions 10 530.1 53.01 2.51 0.458

A*B 1 128.8 128.80 6.10 0.245

A*C 1 17.7 17.70 0.84 0.528

A*D 1 18.6 18.60 0.88 0.520

A*E 1 0.7 0.72 0.03 0.884

B*C 1 48.0 48.02 2.27 0.373

B*D 1 9.0 9.03 0.43 0.631

B*E 1 5.3 5.28 0.25 0.705

C*D 1 152.3 152.25 7.21 0.227

C*E 1 60.0 59.95 2.84 0.341

D*E 1 89.8 89.78 4.25 0.288

3-way interactions 10 704.5 70.45 3.33 0.404

A*B*C 1 72.0 72.00 3.41 0.316

A*B*D 1 61.1 61.05 2.89 0.339

A*B*E 1 161.1 161.10 7.63 0.221

A*C*D 1 24.9 24.85 1.18 0.474

A*C*E 1 83.9 83.85 3.97 0.296

A*D*E 1 10.1 10.13 0.48 0.614

B*C*D 1 45.1 45.13 2.14 0.382

B*C*E 1 38.7 38.72 1.83 0.405

B*D*E 1 16.5 16.53 0.78 0.539

C*D*E 1 191.1 191.10 9.05 0.204

4-way interactions 5 95.5 19.10 0.90 0.659

A*B*C*D 1 0.8 0.84 0.04 0.874

A*B*C*E 1 1.3 1.28 0.06 0.846

A*B*D*E 1 41.9 41.86 1.98 0.393

A*C*D*E 1 51.5 51.51 2.44 0.363

B*C*D*E 1 0.0 0.00 0.00 0.990

Error 1 21.1 21.12

Total 31 11333.7

S = 4.59619 R-Sq = 99.81% R-Sq(adj) = 94.22%

Table 13 Analysis of variance (ANOVA) for DSC

Source DF Adj SS Adj MS F-
value

P value

Model 30 26671.1 889.0 22.70 0.165

Linear 5 23115.7 4623.1 118.05 0.070

A 1 21321.1 21321.1 544.44 0.027

B 1 569.5 569.5 14.54 0.163

C 1 55.1 55.1 1.41 0.446

D 1 695.6 695.6 17.76 0.148

E 1 474.3 474.3 12.11 0.178

2-way interactions 10 1703.7 170.4 4.35 0.358

A*B 1 0.4 0.4 0.01 0.939

A*C 1 276.1 276.1 7.05 0.229

A*D 1 180.5 180.5 4.61 0.278

A*E 1 54.1 54.1 1.38 0.449

B*C 1 236.5 236.5 6.04 0.246

B*D 1 479.0 479.0 12.23 0.177

B*E 1 41.0 41.0 1.05 0.493

C*D 1 411.8 411.8 10.52 0.190

C*E 1 3.9 3.9 0.10 0.805

D*E 1 20.5 20.5 0.52 0.601

3-way interactions 10 1368.8 136.9 3.50 0.396

A*B*C 1 175.8 175.8 4.49 0.281

A*B*D 1 488.3 488.3 12.47 0.176

A*B*E 1 122.5 122.5 3.13 0.328

A*C*D 1 369.9 369.9 9.45 0.200

A*C*E 1 27.4 27.4 0.70 0.557

A*D*E 1 36.1 36.1 0.92 0.513

B*C*D 1 16.5 16.5 0.42 0.633

B*C*E 1 76.3 76.3 1.95 0.396

B*D*E 1 13.8 13.8 0.35 0.659

C*D*E 1 42.3 42.3 1.08 0.488

4-way interactions 5 482.8 96.6 2.47 0.448

A*B*C*D 1 189.2 189.2 4.83 0.272

A*B*C*E 1 105.9 105.9 2.70 0.348

A*B*D*E 1 0.7 0.7 0.02 0.918

A*C*D*E 1 174.8 174.8 4.46 0.281

B*C*D*E 1 12.3 12.3 0.31 0.675

Error 1 39.2 39.2

Total 31 26710.3

S = 6.25790 R-Sq = 99.85% R-Sq(adj) = 95.45%
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caused a remarkable reduction of RH removal by sor-
bents. Furthermore, removal efficiency (%) reduced with
rising the initial dye concentration; this was because of
the saturation of surface area and active sites of sorbent
at higher concentrations [13, 70, 94]. In contrast, sor-
bent dosage, temperature, and contact time were found
as positive effects that η improved with increasing the
levels of these effects for DS and DSC sorbents. Initial

dye concentration influenced RH dye sorption negative-
ly for all type sorbents.

While the main effects provided a distinct knowledge, the
interaction between two parameters would approve a superior
expression of the process. The probable negative and positive
two-variable interactions through the factors A, B, C,D, and E
for η are exhibited in Fig. 15. Impressions of interaction be-
tween the two factors are observed in the non-parallel lines of

Table 14 Analysis of variance (ANOVA) for DSS

Source DF Adj SS Adj MS F-
value

P value

Model 30 13461.9 448.73 11.33 0.232

Linear 5 11180.2 2236.04 56.46 0.101

A 1 7994.8 7994.80 201.86 0.045

B 1 1971.9 1971.92 49.79 0.090

C 1 47.5 47.53 1.20 0.471

D 1 1.9 1.90 0.05 0.863

E 1 1164.0 1164.03 29.39 0.116

2-way interactions 10 1550.3 155.03 3.91 0.376

A*B 1 149.6 149.64 3.78 0.302

A*C 1 790.0 790.03 19.95 0.140

A*D 1 0.2 0.15 0.00 0.961

A*E 1 127.2 127.20 3.21 0.324

B*C 1 84.5 84.50 2.13 0.382

B*D 1 13.0 13.01 0.33 0.669

B*E 1 27.4 27.38 0.69 0.558

C*D 1 71.4 71.40 1.80 0.408

C*E 1 0.2 0.21 0.01 0.954

D*E 1 286.8 286.80 7.24 0.227

3-way interactions 10 674.4 67.44 1.70 0.539

A*B*C 1 38.7 38.72 0.98 0.504

A*B*D 1 45.1 45.12 1.14 0.479

A*B*E 1 6.8 6.84 0.17 0.749

A*C*D 1 168.4 168.36 4.25 0.287

A*C*E 1 282.0 282.03 7.12 0.228

A*D*E 1 2.5 2.53 0.06 0.842

B*C*D 1 3.4 3.38 0.09 0.819

B*C*E 1 98.0 98.00 2.47 0.360

B*D*E 1 14.0 14.05 0.35 0.658

C*D*E 1 15.4 15.40 0.39 0.645

4-way interactions 5 56.9 11.38 0.29 0.879

A*B*C*D 1 43.2 43.25 1.09 0.486

A*B*C*E 1 7.2 7.22 0.18 0.743

A*B*D*E 1 1.4 1.45 0.04 0.880

A*C*D*E 1 3.0 3.00 0.08 0.829

B*C*D*E 1 2.0 2.00 0.05 0.859

Error 1 39.6 39.60

Total 31 13501.5

S = 6.29325 R-Sq = 99.71% R-Sq(adj) = 90.91%

Table 15 Analysis of variance (ANOVA) for DSB

Source DF Adj SS Adj MS F-value P value

Model 30 24960.7 832.0 66.56 0.097

Linear 5 19229.4 3845.9 307.67 0.043

A 1 16416.7 16416.7 1313.34 0.018

B 1 2457.0 2457.0 196.56 0.045

C 1 17.4 17.4 1.39 0.448

D 1 19.5 19.5 1.56 0.430

E 1 318.8 318.8 25.50 0.124

2-way interactions 10 3295.5 329.5 26.36 0.151

A*B 1 124.0 124.0 9.92 0.196

A*C 1 303.8 303.8 24.30 0.127

A*D 1 1081.1 1081.1 86.49 0.068

A*E 1 0.7 0.7 0.06 0.850

B*C 1 64.4 64.4 5.15 0.264

B*D 1 131.2 131.2 10.50 0.191

B*E 1 981.2 981.2 78.50 0.072

C*D 1 505.6 505.6 40.45 0.099

C*E 1 93.8 93.8 7.51 0.223

D*E 1 9.5 9.5 0.76 0.544

3-way interactions 10 1552.5 155.2 12.42 0.218

A*B*C 1 78.1 78.1 6.25 0.242

A*B*D 1 475.9 475.9 38.07 0.102

A*B*E 1 6.7 6.7 0.53 0.599

A*C*D 1 207.1 207.1 16.56 0.153

A*C*E 1 166.5 166.5 13.32 0.170

A*D*E 1 3.6 3.6 0.29 0.685

B*C*D 1 225.8 225.8 18.06 0.147

B*C*E 1 368.6 368.6 29.48 0.116

B*D*E 1 10.6 10.6 0.85 0.527

C*D*E 1 9.7 9.7 0.77 0.541

4-way interactions 5 883.3 176.7 14.13 0.199

A*B*C*D 1 557.8 557.8 44.62 0.095

A*B*C*E 1 194.0 194.0 15.52 0.158

A*B*D*E 1 13.8 13.8 1.10 0.484

A*C*D*E 1 7.4 7.4 0.59 0.582

B*C*D*E 1 110.3 110.3 8.82 0.207

Error 1 12.5 12.5

Total 31 24973.2

S = 3.53553 R-Sq = 99.95% R-Sq(adj) = 98.45%

1742 Biomass Conv. Bioref. (2023) 13:1723–1750



the figure. These plots briefly indicated that interactions be-
tween pH and other factors (AB, AC, AD, and AE) were stron-
ger than apart from these effects (BC, BD, BE, CD, CE, and
DE).

3.4 Prediction results of ANN models

Various ANNmodels were created to predict the effectiveness
ofDaphne seed–based sorbents in Pr Red Hegxl dye removal.
For each data set, combinations of various training algorithms
(traincgp, traingdx, trainlm, trainrp, and trainscg) and transfer
functions (tansig, logsig, and purelin for the hidden layer and
purelin transfer function for the output layer) were used to
determine the ANN model with the highest predictive accura-
cy. Each of the models was tested with 5 to 11 neurons in their
hidden layers. In summary, a total of 90 ANN models were
established to predict the dye removal efficiency (%) with
high accuracy. To analyze the resulting accuracies of the cre-
ated ANNs, the k-fold cross-validation approach (with k = 10)
was used. As it is known, ANNs act like a “black box” [95];
therefore, the error coefficients obtained from the created
models differ from each repetition. Therefore, the experiments
were repeated ten times and the best of the obtained error
coefficients was presented as the final result.

The prediction success of the created models was tested
separately for each data set and the optimal network structure
was determined by performance indices of R2, and RMSE.
Based on the evaluated training algorithms, the models with
the highest prediction accuracy level for each data set are
illustrated in Table 16. According to the comparison made
by concerning R2 values in the prediction results, each data
set was examined separately:

& Among the ANNmodels proposed for the DS sorbent, the
model with 5-8-1 structure produced the most satisfactory
results (R2 = 0.999567) with lower error values (RMSE =
0.002489). In this model, the network training algorithm
and the activation function for the hidden layer were
traincgp and tansig, respectively. The optimum number
of neurons in the hidden layer of this model is determined
as 8. Besides, the combination of traingdx training algo-
rithm with tansig activation function showed the second-
best performance in the testing step, with an R2 value of
0.999325.

& For the DSC sorbent, it was observed that the Levenberg-
Marquardt training algorithm (trainlm) gave the highest R2

value (0.999836) with tansig activation function in the
hidden layer in accordance with the model 5-10-1

(a) (b)

(c) (d)

Fig. 12 Normal probability plots of standardized effects for η of a DS, b DSC, c DSS, and d DSB
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structure. The RMSE value of this model was found as
0.001702.

& For DSS, which was evaluated as the third sorbent, the
highest R2 value was calculated as 0.997309 as a result
of using traingdx training algorithm and tansig activation
function together. The number of hidden layer neurons of
the best ANNmodel created for this sorbent was specified
as 11, and also the RMSE value was calculated as
0.004627.

& Similar to DSS, in ANN models created for the last sor-
bent DSB, traingdx training algorithm and tansig activa-
tion function produced the highest prediction accuracy (R2

= 0.995872) with an acceptable RMSE value of 0.011384.
It was designated that the most effective result was obtain-
ed for this model by using 10 neurons in the hidden layer.

The ANN models created using traincgp, traingdx,
trainlm, trainrp, and trainscg training algorithms
succeeded in predicting the effectiveness of Daphne
seed–based sorbents in Pr Red Hegxl dye removal. It
was concluded that the models created using the trainrp
training algorithm within these structures produced rela-
tively higher error rates than others. For example, the

R2 and RMSE error coefficients of the trainrp training
algorithm for the DSS sorbent data set were 0.968080
and 0.031746, respectively. This model had the highest
error rate among optimum ANN models which were
presented based on the training algorithm in Table 16.
Besides, it was determined that R2 values were greater
than 0.99 in all other ANN models except trainscg
training algorithm–based model of the DSS sorbent data
set. Finally, when RMSE values were examined, it was
noticed that the ANN models with the highest error
coefficient were created by using trainrp and trainscg
training algorithms.

When the effect of the transfer functions used in the hidden
layers on the prediction accuracy was examined, it was seen
that the purelin transfer function–based models could produce
predictions with higher error coefficients than sigmoidal
(tansig and logsig) functions via back-propagation training
algorithms; thus, the purelin transfer function was not includ-
ed in the optimum models presented in Table 16.

Another important parameter to create the optimum struc-
ture in ANN models is the number of neurons used in the
hidden layer. For the optimum models given in Table 16,
the effect of the number of neurons used in the hidden layer
on the prediction accuracy was examined separately for each

(a) (b)

(c) (d)

Fig. 13 Pareto charts for RH dye removal via a DS, b DSC, c DSS, and d DSB sorptions
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data set. The R2 values obtained when the number of hidden
layer neurons was changed in the range of 6–11 are given in
Fig. 16. In order to validate the network performance, a linear
regression was performed between the network outputs and
the corresponding targets. The regression plots of the most
accurate network models for each sorbent are displayed in
Fig. 17 concerning the targets for testing data. R values were
found above 0.99 for all data sets, and it was determined that
there was a reasonably good fit.

4 Conclusion

Daphne seed is a favorable sorbent for the uptake of Pr Red
Hegxl dye from aqueous solutions. The optimization of RH
dye uptake employing DS, DSC, DSS, and DSB as sorbents
were investigated through 25 full factorial experimental design
to keep away from conventional one-factor-at-a-time experi-
ments. The effects of pH, sorbent dosage, initial dye concen-
tration, temperature, and contact time on %removal efficiency
were designated. This optimization exposed that the best ini-
tial conditions for DS and DSCwere as follows: pH 2, sorbent
dosage 0.4 g/50 mL, temperature 40 °C, and initial dye con-
centration 50 mg/L with 70.8% and 83.2% removal

efficiencies, respectively. The optimum contact time for sorp-
tion was 120min for biomass and 60min for char. The highest
RH dye uptake values for DSS and DSB sorbents were ob-
tained at 85.40% and 90.80% when lower pH and higher
sorbent dosage levels were utilized. The optimization process
established that the dye removal was enhanced by decreasing
pH and initial dye concentration. pH was found to be the most
significant factor due to the ANOVA results within a 95%
confidence level. Also, artificial neural networks were tested
for their ability to predict the reactive dye removal efficiency
of Daphne seed–based sorbents from aqueous solutions. It
was determined that the prediction accuracy of the created
models was influenced by the number of neurons in the hid-
den layer, transfer functions, and training algorithms.
Therefore, useful models with high accuracy (R2 > 0.97 and
RMSE < 0.031746) were obtained for each sorbent by testing
various ANN structures created with combinations of
traincgp, traingdx, trainlm, trainrp, and trainscg back-
propagation algorithms and transfer functions (tansig, logsig,
and purelin for the hidden layer and purelin activation func-
tion for the layer output). The sorption equilibrium was de-
fined by using both linear and non-linear Freundlich,
Langmuir, Temkin, and Dubinin-Radushkevich isotherm
models, and the typical parameters of these models were

(a) (b)

(c) (d)

Fig. 14 Main effects plots for η of a DS, b DSC, c DSS, and d DSB sorptions
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specified. The experimental data fitted the Langmuir model
preferable than the other isotherms, which indicated homoge-
neous sorption of RH dye occurred. Sorption kinetics were

examined by pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic models; hereunder, the sorption
process was controlled by chemical sorption due to the

(a) (b)

(c) (d)

Fig. 15 Interaction effects plots for η of a DS, b DSC, c DSS, and d DSB sorptions

Table 16 Testing results of ANN
models to predict the removal
efficiency (%) of Daphne seed–
based sorbents

Sorption
data sets

Network training
function

Activation function for
hidden layer

Optimal network
structure

RMSE R2

DS traincgp tansig 5-8-1 0.002489 0.999567
traingdx tansig 5-8-1 0.004449 0.999325
trainlm tansig 5-10-1 0.004435 0.998341
trainrp logsig 5-6-1 0.012530 0.993809
trainscg logsig 5-9-1 0.002553 0.998975

DSC traincgp logsig 5-10-1 0.007961 0.997964
traingdx tansig 5-8-1 0.009881 0.998112
trainlm tansig 5-10-1 0.001702 0.999836
trainrp logsig 5-8-1 0.023624 0.993486
trainscg tansig 5-7-1 0.010297 0.997665

DSS traincgp tansig 5-11-1 0.004809 0.996783
traingdx tansig 5-11-1 0.004627 0.997309
trainlm logsig 5-8-1 0.008028 0.993375
trainrp logsig 5-10-1 0.031746 0.968080
trainscg tansig 5-9-1 0.015751 0.983699

DSB traincgp logsig 5-11-1 0.010024 0.995112
traingdx tansig 5-10-1 0.011384 0.995872
trainlm tansig 5-9-1 0.009897 0.995320
trainrp logsig 5-8-1 0.029110 0.984515
trainscg logsig 5-10-1 0.017914 0.991668
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Fig. 16 The R2 values versus the
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Fig. 17 Regression analysis for
the neural network responses and
the target for testing data: η of a
DS, b DSC, c DSS, and d DSB
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pseudo-second-order pathway. As a result, Daphne seed and
carbonaceous sorbents can be good candidates to cleanse wa-
ter bodies contaminated with such hazardous dyes. With the
use of Daphne-based sorbents for dye removal, it was deter-
mined that high removal efficiency values up to 90% were
achieved. It is noteworthy that this plant is used as an alterna-
tive sorbent in addition to its handling as a renewable energy
source and chemical feedstock. When considering that the
wild-growing Daphne is cultivated in Turkey, the utilization
of domestic resources as a precursor for various purposes is
economically attractive.
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