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Abstract: Tunics corm saffron (TCS) is a low-cost adsorbent that removes methylene blue (MB) from
an aqueous solution. The TCS was characterized using FTIR and SEM analysis. The influence of MB
adsorption variables such as TCS dose (0.4-2.4 g L), contact time (0-120 min), MB dye concentration
(100-500 mg L) was optimized Box-Behnken design (BBD) combined with response surface
methodology (RSM) modeling. All three variables among the main parameters significantly affected
the removal efficiency by applying the quadratic regression analysis. The results showed that the
predicted values for MB adsorption were close to the experimental values and were in good agreement.
Besides, the r? value (r?=0.970) indicates that the regression can predict response for the adsorption
process in the studied range. The optimum BBD-RSM for MB removal of 89.48 % was recorded at a
TCS dose of 1.78 g L%, contact time of 56 min, MB dye concentration of 176 mg L at solution pH of
5.4 temperature 21 °C. Excellent regeneration of TCS to remove MB in sixth consecutive adsorption-
desorption cycles. This work highlights that TCS offers tremendous potential as a low-cost for organic
dyes removal from wastewaters.
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1. Introduction

With the rapid development of human society, harmful dyes are becoming the primary
source of water pollution and represent a significant environmental concern [1]. Dyes are an
essential source of water pollution. They are used in many areas such as textile, tannery, paper
pulp, cosmetics, plastics, leather, printing, rubber, food, and pharmaceutical industries [2—6].
These dyes are allergic substances, carcinogenic, and toxic for the health of humans and
animals, and aquatic life, and the environment [7-12]. Methylene blue, a cationic dye, is a
water-soluble dye with high chromaticity, extensively used in chemical indicators, dyes,
biological stains, and drugs [13—15]. It is pretty visible and stable in water at room temperature
[16].

Adsorption is the most effective method used to remove dyes from aqueous solution
compared to other techniques (coagulation, photocatalysis, flocculation, hydrogen peroxide,
adsorption, oxidation, irradiation, ion exchange, reverse osmosis, advanced oxidation,
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membrane filtration, precipitation) due to their ease of operation, high efficiency, low-energy
requiring technology, availability of different adsorbents, effectiveness in regeneration and
reuse of the adsorbent [17-22].

In this context, many researchers developed low-cost materials such as agricultural
solid wastes to minimize the pollution of wastewaters. Agricultural solid wastes contain main
components: cellulose, lignin, hemicelluloses, lipids, proteins, etc. [23,24]. Besides are
available and abundant in large quantities and have high potential sorbents due to the variety
of functional groups (—OH, —-C=0, -C-0, —NH2) on their surfaces [25,26]. As a result,
agricultural solid wastes can be used as an economical and eco-friendly adsorbent since they
are abundant and renewable sources [27]. Many agricultural solid wastes are used for the
removal of dyes from an aqueous solution, such as date stones (Phoenix dactylifera) [28],
jujube shells (Ziziphus lotus) [29], shell Argan nuts [30], Clitoria fairchildiana [31], Olive
pomace [32], Leaves of Platanus [33], Walnut shell [34], Jojoba residues [35], Calotropis
procera [36], Mandarin Peel [37], Banana peel [38], Eragrostis plana Nees [39], and waste of
citrus sinesis [40]. The tunics corm saffron is agricultural solid waste abundant and available
in Morocco. The saffron (Crocus sativus L.) is used in the food, dairy, dye industries, cooking,
medicines, cosmetics, and perfumes [41].

In this study, the tunics corm saffron was used to remove methylene blue from an
aqueous solution. The prepared adsorbent was characterized by Fourier transform infrared
(FTIR) and scanning electron microscope (SEM) analysis. Furthermore, the fundamental
parameters affecting the MB dye adsorption, such as adsorbent dose, contact time, and MB dye
concentration, were optimized via Box-Behnken design (BBD) in response surface
methodology (RSM). Finally, the regeneration of TCS to remove MB in multiple consecutive
adsorption-desorption cycles was studied.

2. Materials and Methods

2.1. Chemicals.

The methylene blue (cationic dye, CisH1sCINsS, CI=52015, MW=319.85 g mol™,
Amax=661 nm) and the hydrochloric acid (HCI) used in this study were purchased from Sigma-
Aldrich.

2.2. Preparation and characterization of adsorbent.

Tunics corm saffron (Crocus sativus L.) was collected in Taliouine (South of Morocco).
The material was washed distilled water and placed in an oven at 90 °C for 24 h, then ground
on a laboratory mill and sieved with size 50-100 um on laboratory sieve. The prepared
adsorbent was characterized by Fourier transform infrared (FTIR) spectroscopy with resolution
4cm™ in a spectrometer Jasco 4100 and coupled with attenuated total reflectance (ATR)
technique in the range 4000-500 cm ™t was used to determine the functional groups present in
their surface, scanning electron microscope (SEM) on SUPRA 40 VP at tension 20 kV was
utilized to specify the morphology of TCS.

2.3. Adsorption experiments.

The adsorption experiments were conducted by adding the 0.09 g of TCS to 50 mL of
MB dye solutions with a concentration of 100 mg L in batch mode. The mixture was agitated
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at 150 rpm at 21+1 °C and pH (MB) = 5.4. The influence of different parameters liked as TCS
dose (0.4-2.4 g L™1), contact time (0—120 min), MB dye concentration (100-500 mg L™1) on
dye adsorption was evaluated. After completing the experiment, the dye solution was filtered
through centrifuging at 3500 rpm for 5 min. The concentration of residual MB was measured
using a UV/Vis spectrophotometer (2300/Techcomp) at 661 nm as Amax . The quantity absorbed
e (Mg g 1), and removal efficiency (%) of MB on TCS were calculated by the equations given
below:
(CO - Ce) xV

e = —w (D

Co—C
% Removal = (Oc—e) X 100 (2)
0

where Co (mg L) and Ce (mg L 1) are the MB concentrations before and after adsorption,
respectively, V (L) is the dye solution volume, and W (g) is the weight of TCS used.

2.4. Statistical modeling of MB adsorption.

RSM is an essential tool for optimizing the adsorption process when several operational
individual parameters and their mutual interactions affect the removal efficiency [42]. In this
study, RSM was executed to examine the effects of three independent variables contact time
(X1), MB dye concentration (Xz), and TCS dose (X3), on the MB removal efficiency onto TCS.
The establishment of an experimental adsorption design was established using BBD
implemented in design-expert software (version 8.0.1). All experiments were carried out at 21
+°C and pH (MB) = 5.4. A three-factor and level (—a, -1, 0, 1, and «) consisting of 23
experiences were designed to optimize MB dye desorption. The ranges of the considered
variables as well as the corresponding observed responses are summarized in Table 1. The
numerical expression of the polynomial statistical model is formalized as follows [43,44]:

3 3
Y(%) = Qy +ZaiXi + ZQiiXiz +ZC¥UX1X] (4‘)
I=1 I=1

I<j

where Y (%) represents MB dye removal efficiency as a response; X;jand Xjare the selected
independent variables; ao (intercept), o (linear effect), aii (quadratic effect), and ajj (interaction
effect) are the values of model coefficients. The values of the regression parameters such as
the correlation coefficient r?, adjusted r?, F-value, and p-value (probability) were calculated
using variance analysis (ANOVA) and used to determine the relevance and suitability of the
predicated model. Based on the 95 % confidence level in the developed model, the significance
of independent variables on the MB adsorption process was evaluated.

Table 1. Codes and variables of BBD matrix and experimental data for MB removal efficiency.

N° experience Contact time MB dye concentration TCS dose Removal (%0)
X1 X1 X2 X2 X3 | X3

51.08
1 -1 30 -1 200 -1 ]0.80

67.61
2 1 60 -1 200 -1 0.80

26.01
3 -1 30 1 400 -1 ]0.80
4 1 60 1 400 -1 0.80 36.30
5 -1 30 -1 200 1 1.80 87.17

86.83
6 1 60 -1 200 1 1.80

https://biointerfaceresearch.com/ 4569


https://doi.org/10.33263/BRIAC124.45674583
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC124.45674583

N° experience Contact time MB dye concentration TCS dose Removal (%0)
X1 X1 Xo X2 X3 | X3

64.41

7 -1 30 1 400 1 1.80
i

8 1 60 1 400 1 1.80 69.19

62.51
9 -0 20 0 300 0 1.30

75.82
10 -0, 70 0 300 0 1.30

81.92
11 0 45 -0, 132 0 1.30
12 0 45 +0, 468 0 1.30 43.82

29.45
13 0 45 0 300 -o. | 0.46

2.

14 0 45 0 300 +o | 2.14 82.68
15 0 45 0 300 0 1.30 58.69

54.27
16 0 45 0 300 0 1.30

58.84
17 0 45 0 300 0 1.30
18 0 45 0 300 0 1.30 5286

57.41
19 0 45 0 300 0 1.30

59.14
20 0 45 0 300 0 1.30

56.13
21 0 45 0 300 0 1.30
22 0 45 0 300 0 1.30 59.03

55.78
23 0 45 0 300 0 1.30

3. Results and Discussion
3.1. FTIR and SEM analysis.

The adsorption capacity of MB depends on the porosity and the chemical reactivity of
functional groups present at the surface of TCS.

Transmittance (%)

—C-H

o I g 1 Y ] H I s 1 g I L. L]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)

Figure 1. (a) FTIR and (b,c) SEM images of TCS.

The spectrum FTIR of TCS is shown in Figure 1a, the bond at 3326 cm™ corresponds
to hydroxyl —O—H stretching vibration of cellulose hemicelluloses and lignin [45,46], the small
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strength band at approximately 2916 cm™ is attributed to —C—H stretching [28,47], and the
bands at 1608 cm ™%, 1316 cm™%, and 1023 cm™* represent stretching vibrations of -C=0 of
esters and acids [48,49], aromatic —C=C [18], and aliphatic —C-O stretching [50-52],
respectively. Finally, the strong peak at 642 cm‘corresponds to cellulose's -C—H deformation
[53]. SEM images analyzed the morphology of TCS. Figures 1b and c show the surface texture
and porosity of TCS. The TCS has a heterogeneous surface and is porous, as seen from its
surface micrographs.

3.2. Adsorption study.

3.2.1. Effect of TCS dose.

The adsorption of MB onto TCS was studied by varying the adsorbent quantity (0.4—
2.4 g L™ in solution while keeping the initial dye concentration (100 mg L), temperature
(21£1°C), and pH (5.4) constant for 120 min of contact time. As Figure 2a shows, MB removal
increases from 38.39 to 86.54 % by increasing the adsorbent dosage from 0.4 to 1.8 g L.
Results imply that the number of active adsorption sites for MB adsorption corresponds to the
applied dose, prompting higher removal efficiency [54]. After equilibrium between the
adsorbent and dye in the solution, the removal percentage remains consistent at higher
doses (>1.8 g L™1) due to the saturation of active adsorption sites on the surface of TCS
[55]. The optimum adsorbent dosage was considered of1.8 g L™ to reach maximum
MB removal efficiency.

3.2.2. Effect of contact time.

The batch adsorption experiments were conducted at different contact times (0 to 120
min) for an initial concentration of 100 mg L~* of MB and 1.8 g L™ of TCS dosage at pH=5.4
and temperature of 21 °C. As shown in Figure 2b, the MB adsorption on TCS was fast at first
(until 60 min), but it declined. It may be attributed to many sites accessible on the surface of
the adsorbent in the initial stage [56]. Then, with a decrease in several active sites, the
adsorption rate became consistent [57]. Experimental data showed that equilibrium was
achieved in 60 min with 49.05 mg gt adsorption capacity of MB.

3.2.3. Effect of MB dye concentration.

The experimental results for the adsorption properties of MB onto TCS at initial
concentrations varied from 100 to 500 mg L™ with keeping all other parameters consistent
(TCS dose=1.8 g L%, temperature=21 + 1 °C, contact time=60 min, and pH (MB)=5.4) are
shown in Figure 2c. As illustrated in Figure 2c, by increasing MB concentration from100 to
400 mg L1, the adsorption capacity progressively increased from 44.25 to 120.49 mg g2; this
increases due to available sites on the surface of TCS [58]. After 400 mg L, we note the
adsorption capacity of MB decreased due to active sites still being available, and no saturation
occurred [59], also due to the increased competition among MB molecules for occupying
available active sites.
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Figure 2. Effects of (a) TCS dose; (b) contact time; (c) dye concentration on MB adsorption using TCS.

3.3. Statistical optimization of MB adsorption.

3.3.1. Effect of TCS dose Analysis of variance (ANOVA).

Analysis of variance allows us to see whether the variables used for modeling have
taken as a whole a significant effect on the response. The results of the analysis of variance are
grouped in Table 2. F-value =152.2 is greater than that theoretical Fooo1 (9.13) = 6.98. The
regression is significant at a confidence level of about 99 %. We see that the mathematical
models for all responses are validated from the statistical test results: p-value < 1% and r?,
adjusted r? close to 1 [60]. The equation of the second-order polynomial model between tested
factors and the MB dye removal (response) was obtained and described in the following

Equation (5):

Y(%) = 55.28 + 3.93X; — 11.73X, +15.82X5 + 3.81X; 2 + 1.58X, 2 — 2.79X;

+ 1.99X,5
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where Y (%) is the MB removal, X is the contact time, Xz is the MB concentration, Xz is the
TCS dose, Xi12 = X1*X1, X22 = Xo*Xz, Xu3 is the interaction between contact time and TCS

dose, and X2z is the interaction between MB concentration and TCS dose.

Table 2. Analysis of variance (ANOVA) of surface response for MB adsorption on TCS.

Source Sum of Degree of Mean F-value p-value r Adjusted
square freedom square r?

Regression 5901.16 9 655.68 152.2 <0.01 0.992 0.984

Residues 56 13 4.30

Total 5957.16 22

3.3.2. Signification and effects of different factors.

The purpose of this statistical test is to find out if any coefficients are not influential,
that is, that do not affect each of the responses. If one or more coefficients do not influence all
the responses, they can be removed from the mathematical model to simplify it and improve
its quality. The estimated values of the model coefficients and the sings are given in Table 3.
This table brings together the different factors and their meanings, and we notice that that the
coefficients o3z (TCS dose*TCS dose) and ai2 the interaction (contact time*MB dye
concentration) are not influential on the quantity adsorbed since the significance value for these
coefficients is greater than 5 % [61].

Table 3. Analysis of coefficients.

Coefficient Degrees of freedom texp Signification (%)
0o 57.28 82.85
o 3.93 1 6.99
o2 -11.78 1 -20.97
03 15.82 1 28.18
o1 3.81 1 7.32
022 1.58 1 3.04
033 -0.82 1 -1.58
012 -0.14 1 -0.19
013 -2.79 1 -3.81
0,23 1.99 1 2.72

3.3.3. Model validity.

Validating the model ensures that the experimental points' calculated responses are
roughly the same as the measured responses. Table 4 collates the experimental results and the
calculated results. The comparison between these two results shows that we have an excellent
estimate of the model. It can therefore be adapted for interpretation of tests and for drawing up
graphs. By plotting the parity curves giving the calculated responses as a function of the
experimental responses (Figure 3), it can be seen that the model correlates the experimental
results well.
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Table 4. Comparison between experimental results and the values calculated responses from the model.

N° experience Yexp Yeal Difference
1 51.08 52.94 -1.86
2 67.61 66.67 0.94
3 26.01 25.67 0.34
4 36.30 38.84 -2.54
5 87.17 86.19 0.98
6 86.83 88.73 -1.90
7 64.41 66.91 -2.5
8 69.19 68.89 0.23
9 62.51 61.54 1.05
10 75.82 74.66 1.15
11 81.92 81.57 0.34
12 43.82 41.95 1.86
13 29.45 28.34 1.10
14 82.68 81.57 1.01
15 58.69 57.28 141
16 54.27 57.28 -3.01
17 58.84 57.28 1.56
18 55.86 57.28 -1.43
19 57.41 57.28 0.13
20 59.14 57.28 1.85
21 56.13 57.28 -1.15
22 59.05 57.28 1.77
23 55.78 57.28 -1.50
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3.3.4. Graphic study of residues.

To confirm that the model accurately describes variations in responses, care must be
taken to ensure that local residues are not abnormally high. Figure 4 represents the change in
average probability based on residues. The residues appear to be distributed generally in a
straight line, proving that the values obtained are regular, symmetrical, and have no abnormal
or aberrant values.

Probability

A

>
-293 -1.95 -098 -0.00 098 1.95

Residues

Figure 4. Line of Henry.

3.3.5. Validation of the model on internal test points.

This operation aims to validate the model on points far from the issues of the experiment
matrix. The test points make it possible to verify that the polynomial model represents the
variation of response in all domain points. The four points proposed by the software, the values
calculated by the model, and the response experience on these four points are given in Table 5.
It can be noted that the model makes it possible to correctly represent the variation of the
responses in all topics of the domain since the differences between the experimental values and
the values calculated by the model are considered to be small [62].

Table 5. Internal test points proposed by the software.

Variables Removal
Tests Contact Concentration (mg | TCS dose Model Experience Difference (%)
time (min) LY @L™
34 259 1.16 55.79 56.41 -0.62
56 259 1.16 60.25 63.02 -2.77
45 382 1.16 43.67 43.52 0.15
45 300 1.74 70.98 70.42 0.56

3.3.6. Graphical analysis of results.

Since the variation of three factors defines the experimental domain, the graphical
analysis can be used to study the effects of these three variables on the response. The effect of
the contact time, MB dye concentration, and TCS dose input factors on the response are given
by three-dimensional graphs called response surfaces. The horizontal plane of the figure
materializes the domain of variation of the three variables; the vertical axis materializes the
variation of the removal. 2D and 3D surface response plots and response surfaces provide a
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simple method for optimizing MB adsorption and identifying interactions between variables
(Figure 5a, b, and c).

Each curve represents, in our case, an infinity of combinations between two variables
when the other variables are kept at a constant level. Figures 5a and ¢ confirm what we have
already seen in Table 3, namely a positive effect of time on the response, which generally
translates into an increase in efficiency when the contact time is increased [63].

Figures 5b and ¢ show a positive effect of the TCS dose on the response, increasing
efficiency when the TCS dose increases. We can also see from Figures 5b and c that the MB
removal is significantly at low MB dye concentration than at high MB dye concentration. We
can also observe, due to the increase in the concentration to reinforce the positive effect of the
mass, what can be due according to Table 3 to the effect of the interaction TCS
dose*concentration with a positive sign.

Concentration ( mg L%) - m Removal (%)

A
l 101.4

473 ~

300 — |
1

127

Time (min)

TS dose (gL1) . m Removal (%)
| |1o1.4

2,16

T e
2/5“?5;) ~

1.30 +

127 300 473

Concentrationmg L)

TCSdose (glL?) Removal (%)

2.16 o

1.30 4}

A—a® £ 0.9
\

0.44 | ’:6.035‘\-_1_\,5( <
T T T
19 45 71

Time (min)

Figure 5. 2D and 3D surface response plots of MB removal on TCS: (a) MB concentration combined with
contact time; (b) MB concentration combined with TCS dose; (¢)TCS dose combined with contact time.
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3.3.7. Individual and global desirability functions

The transformation of a particular value of a modeled response into a satisfaction index
is graphically illustrated in Figure 6. This figure represents the desirability function D1 of
response Y1. We have specified 29.45 as the minimum accepted value for the Y1 response.

D,(%)

2

100 /!
!

50 - |

|
0 / ' >Y,(%)

29.45 100

Figure 6. Individual desirability functions.

After transforming the response into individual desirability functions, defining an
objective criterion that we will seek to optimize is necessary. The value of the global
desirability function is defined from the geometric mean of the values of the individual
desirability functions. It is also possible to give weight to the different responses. In this case,
we obtain:

D = (D, Weight)l/weight =D, (6)

The aim is to search for a multi-criteria optimum obtained by a maximum value of the

global desirability function D.

3.3.8. Multi-criteria optimum search.

The search for multi-criteria optimum consists of finding the level of factors that
maximizes the value of the global desirability function. By default, this point is the center of
the domain (contact time=45 min, MB dye concentration=300 mg L, and TCS dose=1.3 g L~
1. After several calculations, the software displays the coordinates of the optimum found, and
for each response, we obtain:
v"Its value calculated at the optimum point;

v The value of the associated desirability function Dq;
v The weight of the response;
v The value of the global desirability function;

All the results of the multi-criteria optimization are given in Table 6. We obtained a

high percentage of desirability for the Y1 response (D1=85.79 %). The value of this response

calculated by the model is 89.48 % [64].
Table 6. Search result for the optimum.

Variable Value
X1 0.737
Xo -1.242
X3 0.956
Contac time (min) 56

MB concentration 176
(mgL™t)

https://biointerfaceresearch.com/ 4577
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Variable Value
TCSdose (gL?) 1.78
Removal (%) 89.48
D1 (%) 85.79
Desirability (%) 85.79
Weight 1

We calculated the removal with the optimal values of contact time (56 min), MB
concentration (176 mg L), and TCS dose (1.78 g L™). The response calculated by the model
and obtained by experience is given in Table 7. The value of the yield calculated by the
experiment is very close to that predicted by the experiment plan (difference of the order of
0.75). The results show the effectiveness of the experimental designs since we obtained a
relatively high removal of 89 % [65].

Table 7. Comparison between the experiment and the solution found by the software.

Contac time MB concentration TCS dose Removal (%) | Difference
(min) (mgL™) QL™ (%)
Soft
orhware 56 176 178 89.48
. 0.75
Experience 56 176 1.78 88.73

3.4. Proposed adsorption mechanism.

The adsorption mechanism of MB onto the surface of TCS is proposed based on FTIR
analysis is presented in Figure 7. From this figure, the methylene blue adsorption onto
adsorbent is only interactions such as hydrogen bonding and electrostatic interaction between
the MB dye molecules and surface TCS [66-68].

= = = Hydrogen bonding
------- Electrostatic interaction

N
(S
Cl =
H,C CH;
SN s N
... ’
| SRR ’
CHy ™, ", / CH,
. . /
o= e, ¥
~¢ &0 O~ OH

Figure 7. Proposed adsorption mechanism of MB onto TCS.

3.5. Regeneration of TCS.

The TCS was regenerated using 0.1 M HCI and reused in six consecutive adsorption-
desorption for MB removal from aqueous solution in optimal conditions (TCS dose = 1.8 g
L1, Co=100 mg L%, pH=5.4, t=60 min, T=21 + 1 °C). The results are illustrated in Figure 8.
Further, experimental results showed that the dye adsorption efficiency of MB was gradually
decreased from 88.31 to 82.25 % for six cycles. This decrease was attributed to the occupation
of available sites on the TCS surface [69]. The regeneration and reusability of the tunics of
corm saffron were compared with the previous study and listed in Table 8.
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Figure 8. Regeneration of TCS for the removal of MB.

Table 8. Comparison of regeneration of some adsorbents for the MB removal.

Adsorbent Removal N° Eluent Refs.
(%) Cycle
TCS 82.25 6 0.1 M HCI This
study
Salvinia minima 87.72 3 0.1 M HCI [70]
Sepia shells 86.55 4 0.5 M HCI [71]
Seeds of Punica granatum L. 79.00 2 CH3COOH [72]
Carboxylation kapok fiber 47.30 10 0.1 M HCI [73]
Mandarin Peel 86.12 3 1 M HCI [37]
Acid modified-Hazelnut shell 90.00 5 0.5 M HCI [74]
bentonite coating (Paintosorp™) 92.60 3 C2HsOH [75]
Natural clay 90.57 5 0.3 M HNOs [11]
Cellulose 98.20 4 0.1 M HCI [76]
Leaves of Platanus 68.00 3 Deionized water [33]

4. Conclusions

With Optimization of MB adsorption on tunics corm saffron from aqueous solution
using Box-Behnken design (BBD) combined with response surface methodology (RSM)
modeling. The influence of the three parameters such as TCS dose, contact time, MB dye
concentration on adsorption of MB on TCS was studied. The results show that the application
of the experimental design methodology makes it possible to correctly describe and model the
influence of these three experimental parameters on MB adsorption efficiency. The highest MB
removal efficiency (89.48 %) was achieved at values: contact time=56 min, MB dye
concentration=176 mg L%, TCS dose=1.78 g L*. The regeneration study demonstrated that
the TCS exhibited excellent reusability for MB dye removal from aqueous solutions. The above
result further indicated that the TCS could be reused to remove highly efficient organic dyes
from wastewaters.
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