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Abstract
The main purpose of the present study is to investigate the efficiency of the biomass 
waste, which is represented by grape leaf waste, for the adsorption of methylene 
blue textile dye from an aqueous solution after chemical treatment with phosphoric 
acid. The synthesized activated carbon acid-GL has been characterized using FTIR, 
SEM, and BET to realize the possibility of the surface for the purpose of the study. 
The removal of methylene blue from the aqueous medium is studied parametrically 
using parameters like pH solution, amount of adsorbent, MB levels, volume solu-
tion, and temperature. However, the investigation of the parameters has been pro-
vided using response surface methodology to see which factors are significant and 
have a strong effect on the removal of dye. The adsorption profile has followed the 
Langmuir model with a correlation factor (R2 = 0.9766), which indicates that it fits 
the experimental data from the other isotherm, like Freundlich (R2 = 0.948). Meth-
ylene blue (MB) has a maximum adsorption capacity of 28.85 mg/g on acid-GL at 
20 °C and pH 7. The model of pseudo-second order provides a satisfactory fitting 
rate equation (R2 = 0.998) compared to other kinetics models, according to the kinet-
ics analysis of the MB adsorption. Overall, the results suggest using grape leaves as 
an inexpensive, environmentally friendly adsorbent to remove basic (cationic) textile 
dye (MB) from water. Utilizing experimental data, RSM was able to accurately fore-
cast the removal percentage under ideal circumstances.

Keywords  Adsorption of methylene blue · Box-Behnken design software · 
Activated carbon · Adsorption isotherms

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-023-02542-5&domain=pdf


400	 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:399–422

1 3

Introduction

Pollution has risen over the past few years as a result of numerous industrial 
activities. Numerous colored effluents are created and released in the textile 
industry, with or without adhering to the local pollution standards. Many small 
and medium-sized companies in Iraq and other Different dyes were employed 
in different countries, and when they are released into the atmosphere, it causes 
environmental issues. Unsuitable removal of dyes from wastewater results in 
the detection of toxic dyes, which can reduce the life of ecosystems [1]. Over 
100,000 dyes are used globally, and 700,000 tons are manufactured each year. It 
was reported that 12 percent of the produced textile dyes are discarded in manu-
facturing and processing activities, and 10–15% of the dyes are lost during the 
process. Biodegradation is not possible in wastewater from the textile sector 
because of the wastewater’s stable and intricate chemical makeup. Assume a tiny 
amount of dye (less than 1 mg/L) is present in the water. If this dye is both visible 
and undesirable, it could interfere with sunlight transmission and disrupt the nat-
ural processes of metabolism in the water [2]. Because of their high toxicity, lack 
of biodegradability, and mutagenicity, some dyes are having an adverse direct or 
indirect effect on people, animals, and ecosystems. Acidic, cationic, direct, and 
dispersion dyes can cause tumors (both benign and malignant), while direct dyes 
can cause bladder cancer. Reactive dyes can cause asthma, skin inflammation, 
aggravation of the conjunctive tissue in the eye, nasal itching, and irritation of 
the nasal mucous membranes [3]. Methylene blue, a cationic water-soluble dye, is 
used in the manufacture of textiles, plastic, paper, medicines, and cosmetics [4].

Although it is non-biodegradable due to its complicated structure, it is poison-
ous and carcinogenic at a certain dosage and is difficult to degrade naturally.

MB must be removed from wastewater because of its negative effects on 
ecosystems and public health. However, different treatment methods have been 
applied, such as coagulation and flocculation, physical and biosorption, and elec-
trochemical degradation [5–8]. The disadvantages of other conventional tech-
niques, including photolysis and photocatalytic processes, include incomplete 
removal, significant sludge generation, and costly operation [9]. Because of its 
low cost, cozy design, adaptability, and ability to remove dye pollutants, adsorp-
tion is the most effective approach for getting rid of dyes out of these options 
[10]. In the modern era, many common, low-cost absorbents from agricultural 
wastes and byproducts have been used to remove color. These absorbents are 
incredibly affordable, environmentally benign, have excellent dye-adsorption 
capabilities, and are widely available. As a result, several researchers have tried 
to alter agricultural wastes using various treatments, including celery [11], Luf-
faa Egyptian peel [12], husks of rice [13], and fig leaves [14]. Utilizing agricul-
tural waste or by-products in an environmentally sustainable way, whether they 
are in their natural state or have been altered, such as by the use of chemicals, 
acids, bases, or activated carbon. Due to their accessibility, cost, and efficiency in 
removing dyes, these materials can be employed instead of more expensive and 
traditional adsorbents. The inexpensive cost of regenerated organic material is 
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one of these biosorbents’ key benefits [15]. The grape tree is frequently planted in 
the governorates of Dahuk, Erbil, and Sulaymaniyah, where the favorable soil and 
climate conditions allow it to flourish. The most extensively cultivated grape fruit 
in Iraq is a variety of the genus Vitus vinifera, also referred to as the European 
grape or the grape of the ancient world. For hundreds of thousands of families 
in various cities around Iraq, the production of grapes is a source of income and 
employment. Syrup, raisins, vinegar, fresh grape juice, and alcoholic beverages 
are all made from grapes.

The adsorption technique has many advantages over alternative methods, includ-
ing an excellent potential for dye adsorption, high design and production flexibility, 
a simple design, and enjoyable performance [16]. The most commonly used method 
for removing dye from wastewater at the moment is adsorption with activated car-
bon [17]. Scientists have been attempting to create affordable adsorbents to remove 
various types of contaminants from water and wastewater over the past few years 
using agricultural waste. Using agricultural wastes as the primary raw material for 
the manufacturing of activated carbon has the benefits of being environmentally 
benign, renewable, and biodegradable [18]. According to certain studies, agricul-
tural byproducts, including durian shells [19], powdered mango seed kernels [20], 
and grape stalks [21], can be used to create inexpensive adsorbents for dye removal 
from wastewater. The goal of the current study was to investigate the potential and 
use of grape leaves treated with phosphoric acid for the removal of MB from aque-
ous solutions. As we know, utilizing grape leaves for the removal of methylene blue 
dye is the first project to be applied in Iraq. However, application response surface 
methodology is used to explain the most significant factor in the present study.

The main goals of this study are: (i) to examine the effects of various paramet-
ric factors such as pH solution, amount of adsorbent, MB levels, volume solution, 
and temperature. (ii) to characterize the surface of the acid-GL before and after 
adsorption. (iii) to observe the most significant parameters through response sur-
face methodology. (iv) to investigate the pathway of adsorption from Langmuir 
and Freundlich isotherm models.

Experimental

Materials used

The vineyards in the Iraqi city of Babylon provided the grape leaves needed to 
achieve the purpose of the present study. Grape leaves were washed in distilled 
water and allowed to air dry. The smashed, undersized particles from screening 
the dried grape leaves were used for the subsequent stages. Merck supplied the 
activating agent H3PO4, which was used. Adsorption studies use the basic (cati-
onic) dye methylene blue (MB) (C16H18ClN3S) as the adsorbate model. The Chi-
nese company Dyestuffs and Chemicals Co. sold the methylene blue dye. No 
additional procedures were necessary; just analytical-grade chemicals were used.
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Preparation of adsorbents

Methylene blue (MB) removal from an aqueous solution using fig leaves has been 
described in an earlier study [14]. Following the identical procedures outlined in the 
prior paper, grape leaves are collected, prepared, and acid-modified. In this study, 
MB is taken out of synthetic solutions using acid-modified grape leaves (acid-GL).

The grape leaves were gathered when they were crisp or dry, washed vigorously 
with water four times to get rid of the dirt and other solids, and then dried. After 
being sieved through a 75-mesh filter, the grape leaves were ground in an electric 
grinder. The addition of 20 mL of deionized water to a beaker holding 6 g of pow-
dered grape leaves took place. 5 mL of concentrated H3PO4 were added and vig-
orously mixed to ensure they thoroughly penetrated the acid. It was continuously 
cleaned with water while being left for 1 h. A pH meter was used to measure the pH 
after washing, yielding a result of 6.8. Following that, the sample was dried natu-
rally for one night. The powder that was dry was then carbonized in a furnace for a 
2 h period at 350 °C.

Preparing a stockpile solution of MB

The preparation of a 1000 mg/L methylene blue (MB) solution involves diffusing 
analytical-grade methylene blue (1000 mg of MB in powder form) in 1 L of double-
distilled water. By diluting the stockpile combination with water (twice distilled), 
the various acceptable mixture strengths are arranged.

Examination of MB

A UV spectrophotometer measures the absorption of MB levels at 654 nm that are 
both known and unknown. The test solution levels and absorbency are then used to 
create a calibration curve.

Instruments and supplies

Methylene blue (99%), hydrochloric acid (38%), sodium hydroxide (96%), and phos-
phoric acid (85%) were provided from E. Merck Ltd. (Mumbai, India). The pH of 
the solutions is determined using a digital pH meter (Lovibond@Water Testing). A 
shaking device with temperature control was used to do the batch adsorption. Solu-
tion pH was controlled using diluted HCl and NaOH. Water that had been doubly 
distilled was used during the whole investigation, and each reagent was of analytical 
quality.

Batch mode experimental procedure

A 100 mL borosilicate conical flask filled with 25 mL of MB solution at different 
levels was used in the batch mode of the experiment. 0.1 mol/L HCl or 0.1 mol/L 
NaOH have been used to correct the pH of the starting solution. The 100 mL conical 
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is then placed in the shaker at a rate of 200 rpm and 20 ± 2 °C, along with the neces-
sary amount of adsorbents. At various times, the conicals are removed one by one, 
revealing that filtration has taken place. After that, a UV spectrophotometer is used 
to detect the absorbency of MB concentrations that are unknown, and the calibration 
curve is used to determine the concentration in “mg/L” of those unknown concentra-
tions. Repeatedly using the experimental method in MB’s batch mode under varied 
operating conditions is required. Equations 1 and 2 are used to calculate the adsorp-
tion capacity (Qt) and removal % (R%).

 Here V is the volume of the solution (L), m is the dosage of adsorbent (g), and C0 is 
the initial MB strength (mg/L). Ct is the residual concentration at time t or at satura-
tion (mg/L). Qt is the adsorption capacity (mg/g) at various periods. R% is the por-
tion of the MB dye solution that was removed upon adsorption.

Experimental design

RSM is a method for developing models based on evidence that is used to enhance 
removal % that are influenced by a variety of various input variables through math-
ematical and statistical approaches. RSM produces a regression model with the 
equation and the ideal circumstances by running the lowest amount of experiments 
necessary to conform to the experimental design [22]. A Box-Behnken Design soft-
ware was used for the current project. This rotatable design is suitable for fitting 
a quadratic surface and normally performs well for process optimization [23]. To 
determine how operating variables affect dye removal (Y), we used five independent 
variables: MB concentration (A), carbon dose (B), solution volume (C), temperature 
(D), and shaking time (E). Box-Behnken design was used to execute 46 runs for 
each of the six variables.

Table 1 comprises low level (-1), central (0), and high level (+ 1) components, 
as well as the levels and range of variables that affect the removal efficiency of 
MB. Through the statistical analysis of the P-value and F-value of the regression 

(1)Qt =
(C

0
− Ct)

m
× V

(2)R% =
C
0
− Ct

C
0

× 100

Table 1   Independent factors 
and their symbols and levels for 
designing the RSM experiments 
in the current study

Parameter name Unit Symbol Low High

MB concentration mg/L A 20 100
carbon dose g B 0.02 0.1
solution volume mL C 25 100
Temperature °C D 20 40
Time min E 20 60
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coefficients (P 0.05), analysis of variance (ANOVA) was performed to investigate 
the influence of the input components on the results. Additionally, the coefficient 
of determination (R2) and adjusted coefficient of determination (R2adj.) were used 
to report on the validity of the model. In order to illustrate how separate elements 
interact with one another and how that interaction affects the response, a contour 
response plot has been devised.

Results and discussions

Determination of point of zero charge (pHPZC)

Point of zero charge (pHpzc) for GL was determined by adding sodium chloride 
(0.1  M, 50  mL) and, under certain conditions, adjusting the solution’s initial pH 
value (2–11). After that, 1 g/L of the dosage is added to each conical (0.25 L) and 
shakes for 24 h at irregular intervals. The meeting point of the plot of pH (pHf–pHi) 
vs. pHi and line of pH 0 (shown in Fig. S1) is used to determine the pHpzc point. 
The exterior of the adsorbent becomes negatively charged at pH > pHpzc, favoring 
the adsorption of basic dyes [24]. For MB adsorption, the point of zero charge for 
acid-GL is 6.3.

Characterization of acid‑GL

Acid-GL’s external topography was created using an EVO 18 ZEISS SEM equip-
ment at a 15 kV accelerating voltage and a 2KX magnification. The Acid-GL speci-
mens were fixed with carbon tape, then covered in gold nanoparticles and exam-
ined in a hydrogen atmosphere. The exteriors of acid-GL, which participated in the 
adsorption of MB, have uneven and previous construction, as shown by the morpho-
logical representation of the adsorbents (Fig. 1, top). The structure of the carbon-
ized grape leaves was more porous and heterogeneous as a result of ruptures caused 
by the phosphoric acid treatments. Surface ruptures occur after acid-GL activation 
treatment. When MB ions are adsorbed onto acid-GL, the adsorbent surface notice-
ably smoothens out after adsorption.

Fourier‑transform infrared spectroscopy

We produced infrared spectra of fresh and carbonized grape leaves in the 
4000–500  cm−1 range using a Nicolet i35 (iD3 ATR) (FT-IR) from Thermo-
Fisher Scientific. Fig.  1 (bottom) displays the outcome. In both samples, the 
most prevalent functional groups were present. According to recent stud-
ies [25–28], the primary functional groups O–H, C=O, and C–O appeared at 
around 3400–3500, 1560–1672, and 1300–1340  cm−1, for carbonized grape 
leaves. While the same primary peaks with heavily boarder peaks were visible 
at 3100–3600, 1500–1700, and 1300–1377  cm−1. Compared to the virgin sam-
ple, the peaks were sharper after carbonization. The C=O group’s peak strength 
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was noticeably reduced after MB adsorption, and its wave number was slightly 
changed from 1748 to 1739 cm−1. This finding raises the possibility of n–π inter-
actions, which explains why the dye’s aromatic ring functions as an acceptor and 
the oxygen in the carbonyl groups on the surface functions as a donor. Further-
more, FTIR analysis demonstrated that following MB adsorption, the peak asso-
ciated with the vibration of aromatic C=C bonds slowed down and shifted (from 
1537 cm−1 to 1561 cm−1). This shift suggests that MB and adsorbents interact 
negatively [25].

Fig. 1   (top) SEM characterization for acid-GL before and after adsorption of methylene blue (12 mg/L 
MB, 60 min and 0.6 g adsorbent). (bottom) FTIR for the adsorbents of original-GL (pristine), acid-GL 
(carbonized), and acid-GL loaded with MB (loaded) under the following conditions (12 mg/L MB, 60 
min and 0.6 g adsorbent)
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Surface area analysis

In a nitrogen atmosphere, the surface areas of acid-GL is measured using the 
Quantacrome NOVA 1000e Brunauer–Emmett–Teller (BET) instrument. The 
result, which is provided in Fig. S2, indicates that following activation change of 
the acid modified grape leaves produces a better surface area.

It was observed that grape leaves have some characteristics as presented 
in Table  S1. The BET specific surface area was 6 0.5182 m2/g. Other porosity 
parameters such as total pore volume, and average particle size have been pre-
sented in Table S1. It was discovered that grape leaves has larger particle size of 
920.502 nm compared to fig leaves 327.911 nm [14].

Parametric investigation of adsorption of MB dye

Impact of pH

The solution pH is the factor that considered one of the most important variables 
in adsorption procedures. Fig. S3a and Table 2 show the assessed outcomes for 
the adsorption of MB dye on acid-GL in the pH ranged between 2 and 11 using 
60 mg/L MB and 0.06 g acid-GL. The removal % has been seen to climb when 
the medium’s initial pH rises for MB, peaking at pH 7, where it is most benefi-
cial. Large H+ ions competing with MB cations for accessible spaces may be the 
cause of the decreased percentage of MB removal at a lower pH level. It was fea-
sible to comprehend how the solution pH affected the disappearance of the MB. 
The net external charge of the surface is influenced by the pH of the surrounding 
environment. They can change their charge to be more negatively or positively 
charged by releasing or accepting H+ ions. When the initial pH is higher, the sur-
face of acid-GL may develop a negative charge, increasing the fraction of posi-
tively charged MB that is absorbed via electrostatic attraction [29]. The majority 
of MB (91%) is destroyed in the pH 7 range. Thus, pH 7 was chosen for more 
testing.

Impact of acid‑GL dose

The removal of MB using GL was studied at individually various adsorbent 
amounts (0.02–0.1 g), shaking velocities (200 rpm), pH (7), and times (60 
min). Fig. S3b and Table 2 shows that increasing the dosage of GL results in a 
high proportion of MB adsorption. The doses of GL for MB that resulted in the 
highest percentage of dye removal were 0.1, 0.08 and 0.06 g. Initial increases 
in adsorbent quantity cause a rise in removal % because there are more adsorp-
tion sites available. It is well known that high amount of adsorbent resulted in 
high removal% but at the same time reduces the adsorption capacity. Moreover, 
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increasing of adsorbent may affect the alkalinity of the solution then no more 
negative charges for methylene blue dye adsorption [30].

Influence of the initial concentration of methylene blue

Methylene blue concentration has been investigated in the range of 20–100 mg/L 
was examined using the adsorbent dose of 0.06 g, pH 7, and 60 min of contact 
period. The MB molecule is moved from a synthetic medium to an adsorbent 
exterior by the initial concentration of MB acting as a driving force. According to 
Fig. S3c and Table  2, the percentage of adsorption rises as the initial concentra-
tion of MB rises and becomes the maximum value at 20 ppm after it falls. It has 
been observed that the initial MB strength is crucial for the adsorption process as 

Table 2   Data of the removal (R%) and adsorption capacity (Qe) under influenced selected variables

a At selected conditions of 60 min, 0.06 g adsorbent, 60 mg/L MB and 25 mL solution
b At selected conditions of 60 min, pH 7, 60 mg/L MB and 25 mL solution
c At selected conditions of 60 min, 0.06 g adsorbent, pH 7 and 25 mL solution
d At selected conditions of 60 min, 0.06 g adsorbent, 60 mg/L MB and pH 7
e At selected conditions of 60 min, 0.06 g adsorbent, pH 7, 60 mg/L MB and 25 mL solution

Influence of pHa

3 7 8 11

R% 64 77 72 70
Qe (mg/g) 13.5 19.25 18.6 18

Influence of doseb

0.1 0.08 0.06 0.04 0.02

R% 96 83 77 48 19
Qe (mg/g) 14.4 15.56 19.25 18 14.25

Influence of concentrationc

20 60 100

R% 92 77 61
Qe (mg/g) 7.67 19.25 25.42

Influence of volumed

25 50 100

R% 77 53 11
Qe (mg/g) 19.25 26.5 11

Influence of temperaturee

20 30 40 50

R% 71 77 82 86
Qe (mg/g) 17.75 19.25 20.5 21.5



408	 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:399–422

1 3

the concentration provides a moving force to overcome the obstacle to mass transfer 
that occurs between the adsorbent and adsorbate portions. The starting amount of 
MB overtakes the adsorption in high concentrations because there is a greater pro-
portion of empty surfaces exposed to it. Whatever the case, the unoccupied sites are 
occupied at extremely high concentrations (100 mg/L), which causes a reduction in 
the adsorption of MB [31]. Additionally, it mentions that the clearance percentage 
increased as MB concentration decreased. The increased kinetic energy of the dye 
and the dye’s surface characteristics frequently enhance adsorption [31–33].

Influence of MB solution volume

When the methylene blue dye is adsorbing at different solutions volumes (25, 50, 
and 100 mL), acid-GL displays excellent removal efficiency with the exception of 
100  mL. With a 25 mL volume, the highest removal rate was 77%. The removal 
effectiveness decreases as the MB dye solution volume rises. The highest adsorption 
capacity of 26.5 mg/g is attained at 50 mL of dye solution. These results are shown 
in Fig. S3d and Table 2.

Effect of temperature

Unquestionably, the temperature can affect the amount and removal rate of dye 
absorbed on the adsorbent. Three different temperatures were used to show the tem-
perature effect: Depending on the disappearance percentage and adsorption capacity 
as shown in Fig. S3e and Table 2, 50 °C exhibited highest removal % and adsorption 
capacity of 86 and 21.5 mg/g. The motion of the molecules of the dye changed as the 
temperature rose, and more adsorption-active sites were also present [34]. Adsorp-
tion capacity increased continuously as the temperature rose from 20 to 50 °C. The 
adsorption capacity for MB dye reaches a minimum value of 17.8 mg/g at 20  °C 
and the highest value of 21.5 mg/g at 50 °C. According to the results, a rise in tem-
perature increases the adsorption capacity because the adsorbent’s internal structure 
swells, allowing methylene blue to penetrate further [35].

Influence of time has been tested at all MB concentrations under these conditions: 
solution pH, 0.06 g acid-GL, the removal percentage and adsorption capacity of MB 
adsorption were determined in Fig. 2. On the adsorbate-adsorbent exposure, satu-
ration was achieved in 60 min. The initial phase of the exposure to the adsorbate-
adsorbent involved a rapid intake of dye for the first 20 min. After then, a protracted 
MB removal period lasted for a long period of time (> 30 min) before saturation 
occurred. The high concentration of MB dye exhibited a low removal percentage but 
high adsorption capacity compared to other concentrations. Even with the prolonged 
adsorption phenomena, 20 mg/L MB exhibited highest removal % and minimum 
adsorption capacity. The small size saturation when high concentrations are used 
may be due to the large number of MB molecules that attach to the surface. In con-
trast, the highest removal percentages were 92%, 77%, and 61% for 20, 60, and 100 
mg/L MB. 25.4 mg/g is the highest adsorption capacity when 100 mg L MB used, 
while 19.25 and 7 mg/g were the adsorption capacities for 60 and 20 mg/L MB.
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Process analysis and modeling of methylene blue adsorption

Forty six (46) trials produced by the Box-Behnken Design program were used to 
investigate the dynamic impacts of the starting MB concentration (A), acid-GL 
dose (B), solution volume (C), temperature (D), and contact length (E) on the MB 
removal %. Table 3 provides an overview of the analysis of variance (ANOVA) 
findings. Initial concentration, adsorbent dosage, solution volume, and contact 
duration all showed favourable effects on the removal efficiency of MB based on 
the evaluation of F and P values of the variables evaluated in this study. The like-
lihood is less than 0.05, which indicates that these variables have a substantial 
impact on MB removal. The amount of adsorbent used has the biggest impact 
on dye removal. The MB removal’s adjusted R2 and correlation coefficients (R2) 
are 0.9532 and 0.9740, respectively, indicating a strong connection between the 
experiment data and predictions. The Model F-value (46.87), on the other hand, 
shows that the model was important for MB removal. When a P-value is less 
than 0.05, it is assumed that the model’s terms are significant; when a P-value is 
greater than 0.05, it is assumed that the modelling terms are not significant. 9.49 
is not statistically significant and supports the model’s suitability. This study’s 
model, which was obtained, might be used to explore the design space (Eq. 3).

(3)

Removal% = −49.7 − 0.287A + 1497B − 0.208C + 2.25D + 1.369E

+ 0.00027A
2 − 5091B

2 − 0.00040C
2 − 0.0365D

2 − 0.01078E
2

− 2.81AB + 0.00250AC + 0.00062AD − 0.00344AE − 2.83BC

+ 0.62BD + 5.00BE − 0.00067CD − 0.00200CE + 0.0013DE

Fig. 2   The influence of methylene blue dye concentration on removal % and adsorption capacity using 
acid-GL adsorbent under the following conditions: 25 mL solution, 0.06 g adsorbent and pH 7
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The plot of the normal probability of the residual for MB removal is shown 
in Fig.  3a. According to the pattern, the MB dye residue acts independently, is 
evenly distributed, and resembles a straight line.

The plot of the residual vs. predicted response is also displayed in Fig. 3b. Plot-
ting the residual value versus the rising expected response value allows us to test the 
null hypothesis of constant variance. The residuals’ range is fixed across the entire 
graph, while the plot’s points are randomly distributed. The residuals of the plot 
depart from the middle line at random.

Fig. 4a shows the normal probability plot of the standardized effects with p 0.05 
to evaluate the significance of each factor and its interactions on removal efficiency 
(%).It is feasible to divide a normal probability plot into its right and left half. The 
right sector (from B to BC) has positive coefficients, while the left region (from E 
to BE) contains negative coefficients. The blue balls’ parameters are not significant. 
The components represented by squares are thought to be significant. The Pareto 

Table 3   Analysis of variance

Term DF Adj SS Adj MS F-value P-value

Model 20 24599.40 1230.00 46.87 0.00 Significant
A 1 3813.10 3813.10 145.30 0.00 Significant
B 1 14762.20 14762.20 562.51 0.00 Significant
C 1 3220.60 3220.60 122.72 0.00 Significant
D 1 36.00 36.00 1.37 0.25
E 1 1681.00 1681.00 64.05 0.00 Significant
A2 1 1.70 1.700 0.06 0.80
B2 1 579.10 579.100 22.07 0.00 Significant
C2 1 2.80 2.80 0.11 0.75
D2 1 116.00 116.00 4.42 0.05 Significant
E2 1 162.30 162.30 6.18 0.02 Significant
AB 1 81.00 81.00 3.09 0.09
AC 1 56.20 56.20 2.14 0.16
AD 1 0.20 0.20 0.01 0.92
AE 1 30.30 30.30 1.15 0.29
BC 1 72.30 72.30 2.75 0.11
BD 1 0.20 0.20 0.01 0.92
BE 1 64.00 64.0 2.44 0.131
CD 1 0.20 0.2 0.01 0.923
CE 1 9.00 9.0 0.34 0.563
DE 1 0.30 0.3 0.01 0.923
Residual 25 656.10 26.20
Lack-of-fit 20 639.20 32.00 9.49 0.01
Pure error 5 16.80 3.40
Total 45 25255.50
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chart of the standardized effects in Fig. 4b demonstrated the relative significance of 
the individual and interaction effects.

The Student’s t-test was used to determine whether the estimated effects were 
statistically different from zero. The Pareto chart’s horizontal columns displayed 

Fig. 3   a Normal probability for the removal of MB; b the residual response vs predicted response for the 
adsorption of methylene blue dye on acid-GL at probability of 0.05 (five factors, total run 46 and one 
replicate)



412	 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:399–422

1 3

the values for each effect. At a 95% confidence level, the straight line in the graph 
reflects the least statistically meaningful influence magnitude (2.06). For any values 
more than 2.06 (p 0.05) that are all taken to be significant, the right side of the solid 
line is broken. As the volume of the solution increased, the quantity of MB that 

Fig. 4   a Normal plot and b Pareto plot for examination of methylene blue adsorption using acid-GL 
under ideal circumstances at probability of 0.05 (five factors, total run 46 and one replicate). The sym-
bols are meaning: MB concentration (A), carbon dose (B), solution volume (C), temperature (D), and 
shaking time (E)
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was present in the solution was ready for adsorption on acid-GL. Every change in 
the dose of the adsorbent (B) led to an increase in the percent removal of MB. As a 
result, these variables have a big impact on the amount of MB removed. Because the 
interplay of two parameters BE generates a positive signal on the removal efficiency 
of MB, a raise in adsorbent and a decrease in volume together resulted in an increase 
in adsorption efficiency (%). The univariate optimization of the MB adsorption tech-
nique would be unable to distinguish whether this antagonistic influence or others.

Interaction effects on responses and process optimization

Contour plots for the ideal AB, AC, and BC interaction terms are presented in Fig. 
S4 with the other variables’ center levels remaining constant.

The contour plots in Fig. S4a show the MB removal efficiency at 25 mL of solu-
tion, 20 °C, and 60 min. The removal of MB molecules from a particular solution is 
quite effective at initial MB concentration. Contrarily, the amount of carbon deter-
mines how long the MB saturation remains on the carbon’s surface. As a result, 
the model is affected by the interaction effect. With an increase in carbon content, 
the efficiency of MB removal rose directly, reaching up to > 95%. The efficacy of 
adsorption normally increases with increasing the amount of cardon because more 
active sites are ready to bring MB molecules onto the surface. Low MB removal at 
low doses can be attributed to the quantity of MB molecules, which quickly satu-
rate the active sites with enough MB. The MB removal effectiveness at 0.06 g acid-
GL, 20 °C, and 60 min of agitation time is shown in the contour plot of Fig. S4b. 
The efficiency of MB removal was improved to > 99% when a decrease in solution 
volume was combined with a decrease in the initial concentration of MB. It was 
observed that at high concentrations of MB and large solution volumes, the adsorp-
tion of MB is too low. The reason may be attributed to the fact that a high concentra-
tion means a lot of MB molecules are free in the solution. Although large volumes 
of the activated carbon are distributed in the solution, there is not enough chance for 
it to adsorb the free methylene blue molecules. The effectiveness of MB removal 
at 60 mg/L dye concentration, 20 °C, and agitation time of 60 min. The combined 
impact of initial volume solution and acid-GL amount on the effectiveness of MB 
removal (response) was presented in the contour plot of Fig. S4c. Combining the 
two effects-reduction in solution volume and increase in carbon amount-resulted in 
an increase in MB removal, reaching more than 80%.

A supplementary statistical design calculation was carried out within the same 
conditions of experimentation to optimize and validate the projected mathemati-
cal model, and Table 4 demonstrates that the higher desirability value is identical 
to 0.9939 derived from the mathematical model’s results. The greatest Yield (%) 
(removal (%) = 98%, experimental) obtained under these circumstances corresponds 
to the initial concentration of 30.4 mg/L, carbon mass of 0.09 g, volume solution of 
32.88 mL, temperature of 20 °C, and reaction duration of 42.97 min.
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Kinetics modeling of MB adsorption process

Table 5 and Fig. 5 provided information on the determination of kinetic parameters 
and various kinetic model types. It was suggested by Lagergren [36] that the pseudo-
first order equation, which is controlled by diffusion and is denoted by (Eq. 4)

 Here k1 (min−1) is the adsorption rate constant and Qt and Qe (mg/g) are the capaci-
ties of adsorption at any given time t (min) and when saturated.

According to Ho and Mckay [37], chemisorptions take place on the solid’s 
exterior and can be expressed in terms of science by (Eq. 5),

 Here k2 (g/mg.min) is the rate constant. A high correlation coefficient (> 0.99) 
from the pseudo-second order model indicates that the three adsorbents’ process is 
chemical.

Moris and Weber established the concept of intraparticle diffusion (IPD) [38], 
and it was acknowledged by (Eq. 6),

(4)Qt = Qe

(

1 − e−K1.t
)

(5)Qt =
Q2

e
K
2
t

1 + QeK2
t

(6)Qt = Kid.t
0.5 + Cid

Table 4   Optimum conditions predicted by box-behnken design response surface methodology (5 factors, 
46 runs and 1 replicate)

Variable Setting

Initial concentration (mg/L) 30.4
Carbon dose (g) 0.09
Solution volume (mL) 32.88
Temperature (°C) 20
Time (min) 42.97

Response Fit SE Fit 95% CI 95% PI

Removal % 98.06 5.08 (87.60, 108.52) (83.20, 112.92)

Table 5   kinetic parameters of adsorption of MB on activated grape leaves under the following conditions 
(0.06 g adsorbent, pH 7, 25 mL and 60 mg/L MB; 3 replicates)

Pseudo-first order model Pseudo-second order model Intraparticle diffusion 
model

Kads1 ± SD (min−1) R2 Kads2 ± SD (g/min mg) R2 Kid ± SD R2

0.049 ± 0.0025 0.997 0.0017 ± 0.0004 0.998 6.490 ± 0.066 0.944
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 Here Kid (mg/g min0.5) is the rate constant and Cid (mg/g) is the IPD model con-
stant. The greater significance of the boundary layer effect is indicated by larger Cid 
values. When the straight line passes through the origin, IPD will take control of the 
adsorption process. Sometimes, the plot indicates a number of linear portions rather 
than the origin, and these sections correspond to different mechanisms that predomi-
nate in adsorption. From the Qt vs. t0.5 plot, the correlation coefficients and constants 
are calculated and provided in Table 5.

The statistical characteristics (R2) for all kinetic models, as shown in Table  5, 
support the applicability of the pseudo-second order kinetic model for all three 
adsorbents.

Fig. 5   Non-linear least squares fittings kinetics for adsorption of methylene blue dye on acid-GL adsor-
bent (square red color): a pseudo-first order (Qt vs t) (top) and pseudo-second order (Qt vs t) (bottom) as 
a function of time; b Intraparticle diffusion kinetic plot (Qt vs t0.5) as a function of square root time under 
the following conditions (0.06 g adsorbent, pH 7, 25 mL and 60 mg/L MB). The dashed black lines are 
the tangents to the plots at time = 0
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Modelling of The MB adsorption process

To evaluate the various known MB (10–150 mg/L) within diverse isothermal effects, 
multiple isotherms have been developed. For this study, the best adsorbent dosages 
previously obtained were used. Experimental data and various isotherms models, 
including Langmuir, and Freundlich, were correlated. On the premise that the mon-
olayer occurs with homogenous pores, Langmuir (1918) [39] was founded. It alludes 
to the energy of the stationary process, where there is no MB molecule emigration 
in the surface plane. The formula for the Langmuir isotherm is as follows (Eq. 7):

 Here Qmax and KL are the model constants and Ce is the saturated medium strength 
(in mg/L). From the plot of the non-linear least squares fittings (Qe vs. Ce), the 
model constants for the adsorbent were calculated and provided in Table  6 and 
Fig. 6. The highest adsorption capacity was 28.85 mg/g and the Langmuir affinity 
constant (KL) was 0.157 L/mg. This model accurately depicts the methylene blue 
adsorption by acid-GL.

By successfully completing the adsorption centers of an adsorbent, the Freun-
dlich equation shows the relationship between intake molecules and process energy 
in heterogeneous systems. The isotherm model (Eq. 8) looks like this:

 Here the model’s constant parameters are Kf and n (Fig. 6). The capacity of adsorp-
tion and the system’s adsorbent intensity are related to the variables Kf and n [40]. 
The adsorbent’s Kf and n was assessed so they were 0.275 and 8.447, respectively. 
The values for all the model parameters from both isotherm models used for the 
MB ions adsorption on activated GL are listed in Table 6. The Langmuir isotherm 
of adsorption, which had the highest R2 values, was preferred over the Freundlich 
model, according to the pertinent results.

However, the present study has been compared with some other publications on 
different plant leaves for the adsorption of methylene blue, as reported in Table 7.

(7)Qe = QmaxKLCe∕(1 + KLCe)

(8)Qe = KfC
n
e

Table 6   Langmuir and Freundlich isotherm models under the following conditions (60 min, 0.06 g 
adsorbent and 25 mL; 3 replicates)

Langmuir isotherm

Qm ± SD (mg/g) KL ± SD (L/mg) R2

28.853 ± 0.97 0.156 ± 0.017 0.9766

Freundlich isotherm

KF ± SD (mg/g) (L/mg)1/n) n ± SD R2

0.275 ± 0.019 8.447 ± 0.22 0.9480
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In our recent study on fig leaf, methylene blue was used as model for the adsorp-
tion process. Fig leaves were treated with phosphoric acid (20% V/V), in which 
3 g of carbon were immersed in 12.5 mL of H3PO4 for two nights. Carbonization 
occurred at 350  °C for 2 h. The maximum capacity was 41 mg/g [14]. Pineapple 
leaves were soaked in a ZnCl2 aqueous solution to activate their surface for one day, 
then carbonized at 500 °C for 60 min. The maximum capacity was 288.34 mg MB 
dye per gram of activated carbon.

Fig. 6   Non-linear least squares fittings of Langmuir model (top) and Freundlich model (bottom) for 
methylene blue adsorption on acid-GL (circle yellow color) under the following conditions (60 min, 0.06 
g adsorbent and 25 mL). The dashed red lines are the tangents to the plots at time = 0

Table 7   Conditions of the experiment and the greatest amount of leaves waste that can be adsorbed as 
inexpensive adsorbents as compared to activated carbon acid-GL

a It was written as it

Leaves-source Reagent used Treatment time 
(min)

(Qm) mg/g References

Grape leaf H3PO4 60 28.85 mg/g Present study
Fig leaf H3PO4 60 41.7 mg/g [14]
Pineapple leaf ZnCl2 15 288.34 mg/g [44]
Grape leaf direct carbonization at 

500 °C for 2 h
90 0.2 mg/La [41]

Enset leaf HCl 60 35.5 mg/g [42]
Banana leaves H3PO4 60 19–48 mg/g [43]
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Grape leaves have been utilized previously to adsorb methylene blue dye. How-
ever, leaves have been directly carbonized without any reagent treatment. The car-
bonization spent 2 h at 500 °C [41]. The amount of activated carbon was 25 g per 
2.0 L solution of dye in alkaline medium (pH 11). The maximum adsorption capac-
ity was 0.2 mg per litter solution.

The waste leaves of Ensete ventricosum were selected to adsorb methylene 
blue dye from its aqueous solution. It was only dried and then sieved to 300 mesh 
size. However, large amount of adsorbent (50 g) was added to 250  mL of 0.1 
mol/L HCl, the maximum adsorption was 35.5 mg/g [42].

Martín-González et al. created activated carbon by soaking dried banana leaves 
in H3PO4 then burned at different temperatures 450 °C, 550 °C and 600 °C. After 
that the activated carbon was applied to eliminate methylene blue dye achieving 
maximum adsorption capacity of 48 mg/g [43].

Thermodynamic study of MB adsorption

At different temperatures (298, 308, 318, and 323 K), the thermodynamic stud-
ies of MB adsorption were calculated for MB at fixed concentration of 60 mg/L. 
Equation 9 was used for each system to calculate the Kd (equilibrium constant) at 
various temperatures [24].

 Here Ce is the dye’s equilibrium solution concentration (in mg/L), and Cs is its equi-
librium solid phase concentration (in mg/L).

These formulas (Eq.  10) determine the Gibbs free energy (∆G°), enthalpy 
(∆H°), and entropy (∆S°).

According to Eq.  9, which suggests that adsorption nature is exergonic and 
that the spontaneous ness rises with rising temperature, the (−ve) value (∆G°) is 
determined from this equation.

However, (∆H°), and (∆S°) for acid-GL surface are provided by the plot of 
lnKd vs. 1/T as shown in Eq. 11.

ΔH° and ΔS° are positive, which caused the process to absorb more heat and 
become more disorganized.

Table 8 presents all of the data.
The values of the thermodynamic parameter are shown in Table 4. The adsorp-

tion process was shown to be viable and spontaneous by the negative values of 
ΔG°. The results of ΔG° decreased with increasing temperature, suggesting that 

(9)Kd =
Cs

Ce

(10)ΔG
◦

= −RTlnK
◦

d

(11)ln

(

Cs

Ce

)

=
ΔS

◦

R
−

ΔH
◦

RT
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sorption became more spontaneous at lower temperatures. A positive value of 
ΔS° described the increase in randomness at the adsorbent-solution interface dur-
ing the adsorption process. A positive measurement for ΔH° confirms the general 
endothermic characteristic of the MB adsorption on activated carbon acid-GL.

Mechanism of adsorption

A sort of agricultural waste with a lot of organic substance is grape leaves. Grape 
leaves possess many active functional groups that have important effects on the 
eradication of MB. Investigations turned up two crucial factors that affect the 
adsorption process. The first is the MB’s structure, and the second is that the 
functional groups are found outside the leaves. The FT-IR detection revealed the 
presence of various functional groups (C=O, C=C, C–O, and the hydroxyl) on 
the adsorbents. The consumption of (+ ve) charged MB molecules may be caused 
by these functional groups. According to Tran et al., the (+ ve) molecules of MB 
and the (-ve) exterior of the leaves may interact by electrostatic interaction, Pi–Pi 
interaction, H-bonding, and n-Pi interaction [45]

Conclusion

The effectiveness of activated carbon acid-GL was examined using the chemical 
activation method. However, the ideal operating conditions, including adsorbent 
dosage, pH, contact time, and beginning dye concentration, were identified using 
the RSM method.

A SEM and FTIR spectrum characterization has been achieved on activated 
carbon acid-GL. From SEM, it was observed that many active sites were cre-
ated to get ready for the adsorption of methylene blue dye. Furthermore, some 
functional groups, such as O–H, C=O, and C–H, were pointed using the FTIR 
spectrum.

The outcomes demonstrated the potential and effectiveness of activated carbon 
generated from discarded grape leaves as an adsorbent for extracting MB from 
an aqueous solution. The best results were obtained at 60 mg/L of MB, 30 °C of 
temperature, 25 mL of sample volume, 0.1 g of acid-GL, and 40 min of shaking 

Table 8   Values of the thermodynamic parameters for the methylene blue adsorption onto grape leaves 
at various temperatures under the following conditions (60 mg/L MB, 60 min and 0.06 g adsorbent; 3 
replicates)

Temperature (K) Thermodynamic parameters

Kd ± SD ∆G° ± SD (kJ/mol) ∆H° ± SD (kJ/mol) ∆S° ± SD (J/mol K)

293 2.45 ± 0.01 − 2.15 ± 0.15 24.16 ± 0.92 89.78 ± 2.30
303 3.35 ± 0.18 − 3.04 ± 0.16
313 4.56 ± 0.09 − 3.94 ± 0.20
323 6.14 ± 0.29 − 4.84 ± 0.09
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duration, according to various replies. 92% is the greatest adsorption removal. A 
pseudo-second order kinetic model is also supported by the kinetic data that was 
acquired. The Langmuir model has explained the MB dye’s adsorption on acid-
GL as an adsorbent. The adsorption process is endothermic as the enthalpy has a 
positive value. However, the negative value for Gibbs energy refers to the sponta-
neous nature of the process.

As a result, the produced adsorbent has a good capacity for adsorption and could 
be used to remove MB dye in a natural and economical manner, so recycling the 
activated carbon after adsorption could be recommended. It could also be consid-
ered for future work in terms of transferring the lab work into a large-scale pilot.
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