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a b s t r a c t 

This study focused on the performance of Prunus mahaleb shell (MS) agricultural waste, which is used as 

an alternative biosorbent for carminic acid (CA) removal from aqueous solution. The effects of different 

parameters such as pH, initial dye concentration, contact time, biosorbent dosage and temperature on 

the biosorption of CA dye to the MS biosorbent surface were investigated. The characterization of the 

biosorbent was done by FT-IR, SEM-EDX and pzc analyses. It was determined that the isotherm and ki- 

netics of CA dye removal were consistent with the Langmuir isotherm and PSO and IPD kinetic models, 

respectively. The maximum adsorption capacity was calculated as 148 mg g −1 according to the Langmuir 

isotherm. According to the �H 

0 , �G 

0 and �S 0 results, the biosorption was found to be endothermic and 

spontaneous. Based on these data, it is concluded that environmentally friendly, inexpensive, simple to 

use and effective MS biosorbent can be used for CA dye removal. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

With the increase in population and the development of in- 

ustries in recent years, the primary concern worldwide has been 

he maintenance of adequate and good water quality [1] . Colored 

yes are among the main pollutants that cause water pollution in 

any industries such as paint manufacturing, textile, paper, food, 

eather, cosmetics and plastics [2] . Many dyes are toxic and are not 

iodegradable. Discharge of these dyes into waste water negatively 

ffects vital activities such as drinking, washing and bathing [3] . 

hey can also cause dysfunction in the brain and central nervous 

ystem, liver, kidneys, reproductive system, and cancer [4] . They 

an affect photosynthetic activity as they reduce sunlight transmis- 

ion and can be toxic to aquatic life due to metals and aromatics 

5] . 

Carminic acid (E120) is an anionic and anthraquinone-based or- 

anic food dye obtained from the cochineal bugs [ 6 , 7 ]. It is widely

sed in textile, cosmetics, printing, food industry, medical and 

harmaceutical applications [8] . According to the World Health Or- 

anization (WHO), CA is considered safe at low concentrations of 

.005 mg L −1 . However, it is a toxic and neurotoxic dye that can

ause skin and eye diseases and cancer in higher intakes [9] . 
∗ Corresponding author. 

E-mail address: zkeskin@cumhuriyet.edu.tr (Z.S. Keskin) . 
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For these reasons, suitable techniques for the effective removal 

f dyes are investigated before the discharge of industrial wastew- 

ter. Many techniques such as coagulation, chemical oxidation, 

embrane separation, and electrochemical, aerobic, and anaerobic 

icrobial degradation are applied to treat dye-containing wastew- 

ter. However, these methods are not widely used due to many 

isadvantages [10] . Among all these methods, adsorption is pre- 

erred more than other techniques because of its low cost, flexi- 

le and simple design, resistance to toxic substances, and high ef- 

ciency [11] . Among the factors affecting the adsorption efficiency, 

dsorbent-adsorbate interaction, adsorbent surface, adsorbent sur- 

ace area, adsorbate/adsorbent ratio, and adsorbent particle size, 

emperature and pH are extremely important [12] . For this rea- 

on, in many studies, the applicability of using renewable, cheap, 

nd abundant agricultural wastes as adsorbents has been reported 

ompared to other adsorbent types [13–15] . 

Prunus mahaleb L. belongs to the Prunoidae subfamily of the 

osaceae family. Prunus mahaleb is a species that can adapt well 

o marginal soils, with an average tree length of 1–5 m, and sheds 

ts leaves in winter. Mahaleb fruit, which grows abundantly in the 

enters of Europe and Asia and in the regions of North Africa, is 

onsumed both fresh and in powder form. While it is used in the 

ood industry with its bitter taste and intense aroma, it is pre- 

erred in the health and pharmaceutical industry due to the heart- 

rotective, antidiabetic, antifungal, and cytotoxic properties of an- 

hocyanins, coumarins, flavonols, and fatty acids. It is also among 

he important export products for Turkey [ 16 , 17 ]. 

https://doi.org/10.1016/j.molstruc.2022.134618
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134618&domain=pdf
mailto:zkeskin@cumhuriyet.edu.tr
https://doi.org/10.1016/j.molstruc.2022.134618
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Fig. 1. Chemical structure of Carminic acid dye. 
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The aim of this study is to determine the adsorption capacity 

nd optimum conditions of CA from aqueous medium to the sur- 

ace of Prunus mahaleb shell (MS). The reason for choosing MS as 

n biosorbent is that, as far as we know, and according to the lit- 

rature review, it has not been used in any study. It is also in a

ignocellulosic structure and can be found in abundance. The study 

as carried out in a batch system using different parameters such 

s contact time, pH effect, adsorbent dosage, dye initial concen- 

ration, and temperature. In order to understand the biosorption 

rocess, adsorption equilibrium, kinetic and thermodynamic stud- 

es were carried out. The characterization of the biosorbent before 

nd after adsorption was performed by FT-IR, SEM-EDX, and point 

f zero charge (pH pzc ) analyses. 

. Materials and method 

.1. Materials 

CA is a red food additive known as E 120. 7- β- d -gluco 

yranosyl-3,5,6,8-tetrahydroxy-1-methyl 9,10-dioxoanthracene-2- 

arboxylic acid ( Fig. 1 ) with a molecular weight of 492.39 g mol −1 

nd a molecular formula of C 22 H 20 O 13 is an anthraquinone col- 

rant [18] . MS biosorbent was obtained from a regional factory in 
ig. 2. FT-IR spectra of unloaded and CA loaded MS biosorbent {[CA] 0 : 500 mg L −1

emperature: 25 °C}. 

2 
iksar, Tokat, Turkey. All chemicals used are of analytical purity. 

ll experiments were done with double deionized water. 

.2. Characterization 

Equilibrium solution concentrations of CA dye were mea- 

ured by Shimadzu 160A, UV–vis spectrophotometer. The func- 

ional groups in the MS biosorbent before and after biosorption 

ere determined by Fourier Transform Infrared (FT-IR) analysis. 

T-IR analysis was performed in the 40 0–40 0 0 cm 

−1 range us- 

ng Bruker Model: Tensor II. The surface morphology of the sam- 

les was observed with an energy dispersive spectrophotometer- 

ssisted (SEM-EDX) Tescan MIRA 3 XMU scanning electron micro- 

cope. Selecta pH meter with a glass-calomel electrode was used 

or pH adjustments and pHpzc determination. Nuve NT12 thermo- 

tatic water bath was used in thermodynamic studies. 

.3. Batch biosorption procedure 

The biosorption of CA dye onto the MS biosorbent was in- 

estigated using the batch method. Biosorption experiments were 

arried out by adding 100 mg biosorbent to dye solutions with 

00 mg L −1 constant concentration and 10 mL volume at ambi- 

nt pH:8.9 for 24 h in propylene tubes. The removal of CA dye 

Removal%) and the concentration of CA dye biosorbed during the 

quilibrium time (Q, mol kg −1 ) are given in Eqs. (1) and (2) . 

emov al% = 

(
C O − C e 

C O 

)
X 100 (1) 

 = ( C o−C e ) .V/m (2) 

here, C 0 (mg L −1 ) represents the initial dye concentration, C e 

mg L −1 ) represents the dye concentration at equilibrium time 

mg L −1 ), m (mg) biosorbent amount, and V (L) solution volume. 
 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, contact time: 24 h, 
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Fig. 3. SEM photographs of MS biosorbent before (a, c, e) and after (b, d, f) biosorption of CA {[CA] 0 : 500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, 

contact time: 24 h, temperature: 25 °C}. 

3 
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Fig. 4. EDX spectrum of MS biosorbent before (a) and after (b) biosorption of CA 

{[CA] 0 : 500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, contact 

time:24 h, temperature: 25 °C}. 
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.4. Recovery procedure 

HCl, ethanol and methanol solutions (0,1 mol L −1 ) were used to 

ecover CA dye from the MS biosorbent surface. For the biosorp- 

ion/desorption cycle, the experiments were repeated 5 times and 

t the end of the experiment, the solutions were centrifuged for 

iquid-solid separation. The amount of CA dye in the obtained equi- 

ibrium solution was determined by reading at 504 nm in a UV–vis 

pectrophotometer. Recovery% was calculated using the following 

q. (3) . 

ecovery% = 

Q des 

Q ads 

x 100 (3) 

Q des in the equation; the amount of CA recovered (mg g −1 ), 

 ads ; represents the amount of biosorbed CA (mg g −1 ). 

. Results and discussion 

.1. FT-IR results 

FT-IR spectroscopy provides information about functional 

roups on the MS surface that provide active sites for CA dye 

iosorption. The FT-IR spectrum for before and after biosorp- 

ion is shown in Fig. 2 . The strong and wide band observed be-

ween 3672 cm 

−1 and 30 0 0 cm 

−1 can be associated with the 

 

–H stretching vibration of phenolic, alcoholic, and carboxylic 

unctional groups [19] . The peaks observed at 2926 cm 

−1 and 

850 cm 

−1 can be attributed to the C 

–H stretching of the -CH 3 and

H 2 groups [20] . The peak at 1745 cm 

−1 shows the specific peak 

f C = O found in hemicellulose [21] , while the peaks at 1600 cm 

−1 

nd 1500 cm 

−1 originate from the C = C aromatic groups in lignin 

22] . The strong peak observed at 1021 cm 

−1 corresponds to the 

ymmetrical or asymmetric vibration of the C 

–O-C, C 

–O and C 

–OH 

roups of cellulose [23] . 

After the biosorption of CA, significant decreases are observed 

n the intensity of the peaks observed in the FT-IR spectrum of 

S biosorbent. This shows that there is an interaction between the 

unctional groups of MS biosorbent and CA dye. 

.2. SEM-EDX results 

SEM analysis technique was used to observe the morphological 

ifferences of MS biosorbent before and after the biosorption of 

A. SEM images in Fig. 3 (a, c, e) show the structure of MS before

iosorption and Fig. 3 (b, d, f) shows the structure after biosorp- 

ion. Fig. 3 (a, c, e) shows that the structure of the biosorbent is 

orous and irregular. In the SEM images in Fig. 3 (b, d, f), it is

learly observed that after the biosorption, the pores turn into a 

moother and more regular structure as they are filled with CA 

ye molecules. This significant differentiation in the structure of 

he biosorbent indicates surface complexation. 

Elements before and after biosorption on MS were determined 

sing EDX analysis and EDX spectra are given in Fig. 4 . The peaks

f C, N, and O were determined in the EDX analysis of MS before

iosorption. After biosorption, since CA is an organic dye, peaks 

elonging to the same elements were observed in the EDX spec- 

rum. The Al (0.35%) peak is thought to originate from the alum 

sed during the processing of the CA dye. 

.4. Effect of pH on biosorption and determination of pH pzc 

Solution pH is one of the most important parameters affect- 

ng biosorbent surface properties, ionization of adsorbate material, 

nd adsorption capacity. In this study, analyzes were carried out to 

etermine the effect of solution pH on the biosorption of CA on the 

S biosorbent surface, with an initial concentration of 500 mg L −1 , 
4 
 biosorbent dose of 100 mg, a contact time of 24 h and a pH

ange of 2–12. Fig. 5 . showed the pH effect of the solution on 

he biosorption capacity of CA dye on the MS biosorbent. As seen 

n Fig. 5 , there was no significant change in biosorption with the 

hange in pH. After pH 8, it is seen that the biosorption capacity 

ecreases. 

In addition, the pH pzc value of the biosorbent was determined 

s 5.24. While the biosorbent surface became negatively charged 

n the pH > pH pzc condition, the biosorbent surface became pos- 

tive in the pH < pH pzc condition [24] . At pH values lower than

he pH pzc , the adsorption capacity increases due to increased elec- 

rostatic interactions between the positively charged biosorbent 

urface and anionic dye molecules such as CA dye. At pH values 

reater than the pH pzc , solution OH 

− ions and anionic dyes com- 

ete for binding to the active sites of the biosorbent. Thus, the 

iosorption capacity of the anionic dye decreases [25] . 

.5. Biosorption isotherms 

Biosorption isotherms help to explain the distribution of 

iosorption molecules and the biosorbent-adsorbate relationship in 

he liquid and solid phase when the biosorption process reaches 

quilibrium at constant temperature and pressure. In this study, 

he nonlinear equilibrium relationship between the concentra- 

ion of CA dye biosorbed on MS biosorbent and the concen- 

ration of CA dye remaining in solution was investigated using 

angmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm 
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Table 1 

The biosorption isotherms and their parameters. 

Isotherm models Parameters Value 

Langmuir 

Q = 

X L C e 

1 + K L C e 

X L : the maximum biosorption capacity 

K L : the parameter for Langmuir isotherm 

Q: the amount of biosorbed CA 

C e : the equilibrium concentration 

X L (mg g −1 ) 148 

K L (L mg −1 ) 1868 

R 2 0.995 

F reundlich 

Q = X F C 
β
e 

X F : Freundlich constant 

β: biosorbent surface heterogeneity 

X F 0.880 

β 0.708 

R 2 0.991 

D − R 

Q = X DR e 
−( K DR ε 

2 ) 

ε = RTln 
(
1 + 

1 

C e 

)

E DR = ( 2 K DR ) 
−0 . 5 

X DR : a measure of biosorption capacity 

K DR : the activity coefficient 

ε: the Polanyi potential 

R:the ideal gas constant (8.314 Jmol −1 K −1 ) 

E DR : the biosorption energy 

T: the absolute temperature 

X DR (mg g −1 ) 30410 

-K DR x10 9 /mol 2 

KJ −2 

0.209 

E DR /kJ mol −1 4.89 

R 2 0.950 

Fig. 5. Effect of pH on the biosorption of CA on MS biosorbent and pH pzc for MS biosorbent {[CA] 0 :500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, pH: 2.0–12.0, contact 

time: 24 h, temperature: 25 °C}. 
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odels. The Langmuir isotherm model assumes that the adsor- 

ent surface is homogeneous and the number of active sites is 

onstant. The maximum amount of biosorbed material is equal to 

he number of active centers on the biosorbent surface [31] . The 

reundlich isotherm model assumes that the surface of the biosor- 

ent is heterogeneous and multilayered and that the surface re- 

ions of the biosorbent have different binding energies [32] . The 

 -R isotherm model assumes that biosorption is related to surface 

orosity and pore volume, and examines biosorption energetically 

33] . The mean free energy of biosorption (E DR ) obtained from the 

 -R model determines whether the adsorption structure is chemi- 

al or physical. 8 < E DR < 16 kJ mol −1 indicates that the adsorption

as a chemical character. If E DR < 8 kJ mol −1 , it determines that the

dsorption is physical [34] . 

The isotherms determined for the biosorption of CA dye to the 

S biosorbent are shown in Fig. 6 . Langmuir, Freundlich and d - 

 isotherm equations and their derived parameters are presented 

n Table 1 . When the nonlinear regression values of the Lang- 

uir and Freundlich isotherm models were compared, it was de- 

ermined that the Langmuir model (R 

2 : 0.995) was more appropri- 
5 
te to describe biosorption. This shows that the CA dye molecules 

ind to the active sites on the biosorbent surface as a mono- 

ayer. The maximum biosorbent capacity for the biosorbate was 

48 mg g −1 and the K L value was 1868 L mg −1 . The biosorption

apacity measure obtained from the Freundlich isotherm model 

as found to be 0.880 and the surface heterogeneity to be 0.708. 

he E DR of biosorption from the D-R model was calculated as 

.89 kJ mol −1 . This value shows that the CA dye biosorption pro- 

ess on the biosorbent is physically. 

.6. Biosorption kinetics 

Parameters obtained by adsorption kinetic studies provide in- 

ormation about the determination of the adsorption rate, model- 

ng of the adsorption process, and metal interactions between the 

dsorbate and the adsorbent [26] . Pseudo-first-order kinetic (PFO) 

odel [27] , pseudo-second-order kinetic (PSO) model [28] and 

ntraparticle diffusion (IPD) models were applied to determine 

he adsorption kinetics of CA dye on the MS biosorbent surface 

29] . The PFO model is used for reversible reactions in which an 
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Fig. 6. Compatibility of biosorption isotherms of CA with Langmuir, Freundlich, d -R models {[CA] 0 :10–10 0 0 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, 

contact time:24 h, temperature: 25 °C}. 

Table 2 

The biosorption kinetics and their parameters. 

Kinetic models Parameters Value 

PF O 

Q t = Q e ( 1 − e −k 1 t ) 

H 1 = k 1 

Q t : the biosorbed amount at the time 

Q e : the biosorbed amount at equilibrium 

t: time 

k 1 : the rate constant of the PFO 

H 1 : initial biosorption rate for PFO 

Q t / mg g −1 51.8 

Q e / mg g −1 46.6 

k 1 x10 3 / mg −1 

g min −1 

10.6 

H 1 ×10 3 /mg 

g −1 min −1 

493 

R 2 0.808 

PSO 
t 

Q t 
= 

1 
k 2 Q 

2 
e 

+ 

t 
Q t 

H 2 = k 2 Q 
2 
t 

k 2 : the rate constant of the PSO model 

H 2 : initial biosorption rate for PSO 

Q t / mg g −1 51.8 

Q e / mg g −1 52.3 

k 2 x10 3 / mg −1 

g min −1 

0.289 

H 2 ×10 3 /mg 

g −1 min −1 

790 

R 2 0.881 

IPD 

Q t = k i t 
0 . 5 

k i : the rate constant of the IPD k i x10 3 /mg g −1 

min −0.5 

7216 

R 2 0.985 

e

P

g

t

m

m  

d

W

t

e

c

n

i

d

r  

e

p

a

l

d

t

s

the IPD models. 
quilibrium is established between the liquid and solid phases. The 

SO kinetic model is applied in chemical adsorption processes that 

enerate covalent forces through the sharing or exchange of elec- 

rons between the biosorbent and the adsorbate [30] . 

The compatibility of the experimental studies with the kinetic 

odels is given in Fig. 7 . and the parameters derived from the 

odels are given in Table 2 . As seen in Fig. 7 , the adsorption of CA

ye molecules on the biosorbent reached equilibrium in 240 min. 

hen the regression coefficient (R 

2 ) obtained from the graphs of 

he PFO and the PSO models and the amount of dye adsorbed at 

quilibrium are compared, it is seen that the adsorption is more 

ompatible with the PSO model (R 

2 : 0.882). In addition, the close- 
6 
ess of the theoretically calculated Q t and experimental Q e values 

ndicates the fit with the PSO model. According to the obtained 

ata, it was concluded that the adsorption process was chemically 

ealized. In the IPD model, if the plot on the Q-t 0,5 graph is lin-

ar and passes through the origin, only intraparticle diffusion takes 

lace. In multicollinearity, the faster and sharper first line occurs 

s a result of either outer surface adsorption or rapid boundary 

ayer diffusion at the outer level. The second line represents the 

ye molecules dispersed in the pores of the biosorbent. This shows 

hat intraparticle diffusion controls the rate and is the rate-limiting 

tep [30] . Adsorption kinetics is explained by the PSO model and 
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Fig. 7. Compatibility of biosorption kinetics of CA with PFO, PSO, IPD models {[CA] 0 :500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, contact time:10–

1440 min, temperature: 25 °C}. 

Fig. 8. The effect of the amount of biosorbent on the biosorption of CA dye on MS biosorbent {[CA] 0 :500 mg L −1 , biosorbent dosage: 10, 30, 50, 10 0 and 20 0 mg, V: 10 mL, 

natural pH: 8.9, contact time:24 h, temperature: 25 °C}. 

3
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2  

c
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.7. Effect of biosorbent dosage 

The effective use of the amount of biosorbent is an important 

arameter for determining the biosorption capacity. Studies were 

onducted to investigate the adsorption of CA dye to MS biosor- 

ent, at an initial concentration of mg L −1 , at a dosage of 10–

00 mg biosorbent. As seen in Fig. 8 , a decrease in the biosorption
7 
apacity was detected with the increase in the biosorbent dose. 

hile the amount of CA dye remains constant, the amount of dye 

o be adsorbed per unit mass decreases with the increase in the 

mount of biosorbent. The decrease in biosorption capacity with 

ncreasing biosorbent dose can be attributed to the unsaturation 

f active sites on the biosorbent surface during the biosorption re- 

ction. 
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Fig. 9. Effect of tem perature on the biosorption of CA dye on MS biosorbent {[CA] 0 :500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, contact time:24 h, 

temperature: 5 °C, 25 °C and 40 °C}. 
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.8. Biosorption thermodynamics 

Thermodynamic parameters such as enthalpy change ( �H 

0 ), 

ree Gibbs energy ( �G 

0 ), and adsorption entropy ( �S 0 ) were cal-

ulated to determine the biosorption mechanism and structure of 

A to the biosorbent surface. It was studied at an initial concen- 

ration of 500 mg L −1 , at a dose of 100 mg of biosorbent, in an

.9 pH environment, for 24 h and at different tem peratures such 

s 5 °C, 20 °C and 40 °C. During the adsorption process, thermo- 

ynamic parameters such as �H 

0 , �G 

0 and �S 0 were calculated 

sing the following equations [ 35 , 36 ]. �G 

0 was determined using 

q. (4) . 

G 

◦ = −RT ln ( K d ) (4) 

here R (8314 J mol −1 K 

−1 ) is the ideal gas constant, T (K) is the

bsolute temperature, and Kd is the distribution coefficient. The 

ispersion coefficient, which reveals the affinity of the biosorbent 

urface, is calculated by Eq. (5) . 

 d = 

Q 

C e 
(5) 

H 

0 and �S 0 parameters were found using the Van’t Hoff Eq. (6) . 

nK D = 

�S ◦

R 

− �H 

◦

RT 
(6) 

H 

0 , �G 

0 and �S 0 were determined using the slope and intercept 

alues of the lnK D -1/T plot ( Fig. 9 ) [37] . The biosorption enthalpy

alue was found to be 8.67 kJ mol −1 . A positive value indicates that

he biosorption process is endothermic. The magnitude of the en- 

halpy values determines the biosorption mechanism. If the �H 

0 

alues are less than 20 kJ mol −1 , it indicates that biosorption is 

hysical, such as van der Waals interactions, and if it is between 

0 and 80 kJ mol −1 , there are electrostatic forces between the dye 

nd the biosorbent [38] . According to the �H 

0 value obtained, it 
8 
an be said that the dye molecules are adsorbed by the biosor- 

ent with van der Waals interactions. The positive �S 0 (98.1 J 

ol −1 K 

−1 ) value found indicates that the irregularity and random- 

ess at the solid-liquid interface increase during biosorption. The 

G 

0 value was calculated as −18.6 kJ mol −1 , −20.6 kJ mol −1 and 

22.0 kJ mol −1 at 5 °C, 25 °C and 40 °C, respectively. The increase

n �G 

0 negative values with increasing temperature showed that 

iosorption was spontaneous and irreversible [39] . 

.9. Recovery 

The reusability of the biosorbent after the biosorption pro- 

ess is extremely important in terms of being economical and en- 

ironmentally friendly. Therefore, 5 times desorption experiment 

as carried out using HCl, ethanol, and methanol solutions with 

,1 mol L −1 concentration to recover the CA dye biosorbed on the 

S biosorbent surface. The concentration of CA dye recovered af- 

er each desorption process was determined by spectrophotometric 

easurements. Obtained recovery percentages are given in Fig. 10 . 

n Fig. 10 , it is seen that the highest recovery is achieved with ethyl

lcohol (47.3%) and the lowest recovery is with HCl (23.3%). 

.10. Theoretical prediction of the power of the adsorption 

Chemical Reactivity descriptors and electronic structure rules 

ntroduced via Conceptual Density Functional Theoretical develop- 

ents are quite useful in the explaining of the adsorption char- 

cteristics of matters [40–46] . One of the old and chemical Reac- 

ivity parameters used for this aim of the chemical hardness [47] . 

his parameter having many applications in the literature is the 

eported as the resistance against the electron cloud polarization 

f matters in gas phase. Hard and Soft Acid-Base Principle of Pear- 

on [48] provides important hints about electrostatcic and cova- 

ent interactions between chemical species. HSAB Principle states 
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Fig. 10. The effect of recovery on MS biosorbent {[CA] 0 : 500 mg L −1 , biosorbent dosage: 100 mg, V: 10 mL, natural pH: 8.9, contact time: 24 h, temperature: 25 °C}. 
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Table 3 

Sorption capacities of CA in various sorbents. 

Sorbent Sorption capacity (mg g −1 ) References 

Activated Carbon 4.16 [52] 

Carbon nanocomposite 33.5 [7] 

Mesoporous Carbon 48.5 [53] 

Glass powder 4.04 [6] 

Prunus mahaleb shell 148 This study 

s

t

T

s

i

m

p

c

i

b

C

c

a

f

c

b

D

c

i

C

F

i

hat “hard acids prefer the binding to hard bases and soft acids 

refer the binding to soft bases.” The main reason of the this ex- 

lanation is that hard-hard and soft-soft interactions are mainly 

lectrostatic and covalent, respectively. The performance in the re- 

oving of carminic acid of Prunus mahaleb Shell can be easily ex- 

lained considering HSAB Principle. In a theoretical study, Sun and 

oworkers [49] calculated the energy difference between HOMO 

nd LUMO orbitals of carminic acid as: 2,94 eV. The calculations 

ere made via DFT using B3LYP functional with a 6-31G(d) basis 

et. In the Conceptual DFT, chemical hardness ( η) is calculated as 

50] 

= I − A 

In the equation, I and A are ground state ionization energy and 

lectron affinity of the chemical system, respectively. Koopmans 

51] proposed the following relations based on the frontier orbital 

nergy levels to compute I and A of molecules. 

 = −E HOMO 

 = −E LUMO 

From the given informations, we can say that chemical hardness 

alue of carminic acid is approximately 2.94 eV. From this date, 

t can be said that covalent interactions are dominant between 

arminic acid and the chemicals in the structure of Prunus ma- 

aleb Shell. Most probably, carminic acid interacts powerful with 

ydroxycinnamic acids and anthocyanins with close hardness val- 

es to that of carminic acid. 

. Conclusion 

As a result of the study, it was determined that MS biosor- 

ent is an effective biosorbent for CA dye removal. In order to 

etermine the optimum conditions of this biosorption process, 

ifferent operating parameters such as pH, initial dye concentra- 

ion, amount of biosorbent, temperature, contact time were inves- 

igated. As a result of the experimental data obtained, it was deter- 

ined that the CA dye biosorption to the MS biosorbent was more 
9

uitable for the Langmuir isotherm and the maximum biosorp- 

ion capacity of the monolayer was calculated as 148 mg g −1 . 

he E DR :4.89 kJ mol −1 determined according to the d -R isotherm 

howed that the biosorption proceeded physically. Kinetic stud- 

es have determined that biosorption follows PSO and IPD kinetic 

odels. According to thermodynamic calculations, the biosorption 

rocess is endothermic and spontaneous, and it has been con- 

luded that there is an increase in disorder at the solid-solution 

nterface during biosorption. The comparison of the maximum 

iosorption capacity of MS biosorbent with other sorbents used in 

A dye removal reported in the literature is given in Table 3 . Ac- 

ording to these results, it was determined that MS biosorbent is 

n effective biosorbent for CA dye removal. In addition, due to the 

act that it is abundant, low cost and renewable due to being agri- 

ultural waste, MS biosorbent can be used as an alternative biosor- 

ent in the removal of dyes in wastewater. 
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Z.S. Keskin, Z. Mine Ş enol, S. Kaya et al. Journal of Molecular Structure 1275 (2023) 134618 

[

[

[

[

49] C. Sun, Y. Li, P. Song, F. Ma, An experimental and theoretical investigation 
of the electronic structures and photoelectrical properties of ethyl red and 

carminic acid for DSSC application, Materials (Basel) 9 (2016) 813 . 
50] N. Islam, S. Kaya (Eds.), Conceptual density functional theory and its applica- 

tion in the chemical domain, CRC Press, 2018 . 
[51] T. Koopmans, Über die Zuordnung von Wellenfunktionen und Eigenwerten zu 

den einzelnen Elektronen eines Atoms, physica, 1 (1934) 104–113. 
11 
52] M.H. Mahnashi, S.S. Abu-Alrub, M.W. Amer, A.O. Alqarni, Kinetics and thermo- 
dynamics of enhanced adsorption of E120 dye using activated carbon, Trop. J. 

Pharm. Res. 20 (2021) 585–592 . 
53] M. Misriyani, T. Setianingsih, D. Darjito, Effect of carbonization time of meso- 

porous carbon in the dyes adsorption: Rhodamine B, methylene blue and 
carmine. IJFAC indones, J. Fundam. Appl. Chem. 5 (2020) 1–6 . 

http://refhub.elsevier.com/S0022-2860(22)02263-3/sbref0049
http://refhub.elsevier.com/S0022-2860(22)02263-3/sbref0050
http://refhub.elsevier.com/S0022-2860(22)02263-3/sbref0052
http://refhub.elsevier.com/S0022-2860(22)02263-3/sbref0053

	Prunus mahaleb shell as a sustainable bioresource for carminic acid removal from aqueous solution: Experimental and theoretical studies
	1 Introduction
	2 Materials and method
	2.1 Materials
	2.2 Characterization
	2.3 Batch biosorption procedure
	2.4 Recovery procedure

	3 Results and discussion
	3.1 FT-IR results
	3.2 SEM-EDX results
	3.4 Effect of pH on biosorption and determination of pHpzc
	3.5 Biosorption isotherms
	3.6 Biosorption kinetics
	3.7 Effect of biosorbent dosage
	3.8 Biosorption thermodynamics
	3.9 Recovery
	3.10 Theoretical prediction of the power of the adsorption

	4 Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	References


