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a b s t r a c t 

Water-soluble basic rhodamine B (RhB) was adsorbed onto fruit powders of Rhus coriaria L. (Anacar- 

diaceae), sumac in batch reactions. Adsorption was optimized by employing concentration, pH, and time 

parameters. Experimental data were in accordance with the Freundlich isotherm, adsorption obeyed the 

pseudo-second-order kinetics, and thermodynamic parameters indicated that adsorption was exothermic, 

spontaneous, and chemical. Results were also evaluated by theoretical means: lowest Unoccupied Molec- 

ular Orbitals (LUMO), and the Highest Occupied Molecular Orbitals (HOMO). The HOMO energy values 

of the rhodamine B molecule had the highest activity with -3.3729 at the B3LYP level, -6.0361 at the 

HF level, and -4.3299 at the M062X level. In the calculations made, it was seen that the rhodamine B 

molecule has more electron density on the oxygen molecules. Taken together, the findings suggested that 

the dried fruit of the Rhus coriaria L. could be a useful biosorbent for the removal of dyes from aqueous 

media. 

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

Dyes are widely used in many industrial applications, includ- 

ng cosmetics, dyeing, food processing, leather, paint manufactur- 

ng, paper and textile industries. These common facilities pro- 

uce coloured wastewater. Since many of the industrial dyes are 

on-biodegradable due to their chemical structure and molecular 

ize, they have become a major environmental concern around the 

orld [1] . Most of these dyes cause serious health problems [ 2 , 3 ],

s they disrupt the natural cycling of the food chain in rivers and 

ceans [4] . 

There exist various methods for trapping waste dye from indus- 

rial outlets. Biological processes, for example, aerobic oxidation 

nd/or anaerobic digestion, are not efficient against colour com- 

ounds harbouring aromatic rings, amine groups, sulfonic groups, 

r metal ions [5–7] . On the other hand, conventional physicochem- 

cal processes such as adsorption, coagulation/flocculation, ad- 

anced oxidation processes, ozonation, electrokinetic coagulation, 

lectrochemical degradation, electroflotation, ion exchange, irradi- 
∗ Corresponding authors: theburaktuzun@yahoo.com 

E-mail address: btuzun@cumhuriyet.edu.tr (B. Tüzün) . 
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tion, membrane filtration, and precipitation are highly efficient 

uitable for small-scale industries [ 5 , 8 ]. Their high cost, notwith- 

tanding, makes them less preferable. Thus, biosorption processes 

ften relying on naturally occurring low-cost polymers now seem 

o have taken the edge off this surmounting problem of pollution 

9] . 

Biosorption, a relatively novel approach, can be defined as the 

eparation of organic and inorganic species, including metals, dyes, 

nd odour-causing substances, using live cells or parts of their 

iomass, such as bacteria, fungi, seaweed, various sludge materials, 

r byproducts of the fermentation industries. Recent studies have 

dentified many biosorbent organisms such as green alga Entero- 

opha [10] , Platanus orientalis [11] , rice husk [12] Paspalum nota- 

um [13] , and Posidonia oceanica [14–16] . 

In addition, comparing the activities of my molecules by calcu- 

ating chemical parameters using theoretical calculations has be- 

ome much easier now. Developing technology and breakthroughs 

ave improved both programs and computers. Gaussian package 

rogram was used for these calculations [ 17 , 18 ]. Comparison of the 

ctivities of the studied molecule 2a-2i was made. B3LYP, HF, M06- 

x methods with the 6-31 ++ g(d,p) basis sets were used for the 

alculations. The use of theoretical methods based on density func- 

https://doi.org/10.1016/j.molstruc.2022.134158
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134158&domain=pdf
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Table 1 

Chemical characteristics of RhB. 

Dye Molecular Structure Chemical Formula 

Rhodamine B C 28 H 31 ClN 2 O 3 
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Fig. 1. Rhus coriaria L. plant. 
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ional theory (DFT) is a robust tool that provides important infor- 

ation about the chemical, electronic, and physical properties of 

olecules and allows to explain their biological activities [19] . 

Sumac has only been used twice before and the adsorbate is 

ethylene blue. The effects of dye concentration, initial solution 

H and phase contact time were investigated in both studies [ 20 , 

1 ]. 

In the present study, the dried and ground fruit of Rhus coriaria 

. plant, sumac, was used for the adsorption of water-soluble basic 

hodamine B (RhB). The ripe fruit is spherical, hairy, red coloured, 

nd has a sour flavour. It is an antibacterial fruit but it has mostly 

een a renown spice and molasses ingredient. It has also long been 

 convenient source of a natural dye for the traditionally produced 

otton- and wool fibres. Biosorption on this fruit material was car- 

ied out in batch reactions by optimising a number of operating 

ariables: adsorption time and temperature, concentration of the 

dsorbate, and pH. The mechanism of RhB retention was attempted 

o be clarified by both experimental and theoretical means. 

. Materials and methods 

.1. Chemicals 

Rhodamine B (RhB), ethanol (EtOH), hydrochloric acid (HCl), 

odium hydroxide (NaOH) used in the experiments were of analyt- 

cal grade and were obtained from Merck and Sigma-Aldrich com- 

anies. 

Rhodamine B (Basic Violet 10, Table 1 ), a phototoxic and pho- 

oallergic dye substance, is a water-soluble organic dye widely used 

or industrial purposes. It is known to be harmful if swallowed and 

ay cause eye-, skin-, and respiratory tract irritation [22] . 

.2. Biosorbent preparation 

The fruit ( ̧S ehitkamil, Gaziantep, Turkey) was collected from 

he leatherman sumac plant ( Rhus coriaria L.) in September 2021 

 Fig. 1 ). It was washed in distilled water in the laboratory, dried

or 48h at 70 °C. Dry biomass was ground with a blender and used 

s the adsorbent. 

.3. Preparation of RhB solution 

A RhB stock solution was prepared at 1,0 g/L in water. Dilutions 

f this solution were used in the experiments. Concentrations were 

ead at 558 nm (UV-Vis spectrophotometer, T60, China). 

.4. Biosorbent characterization 

Surface functional groups of the biosorbent were inspected by 

ourier Transform Infrared (FT-IR) Spectrometer (ATR, Bruker, Ten- 

or II) before and after biosorption reactions. Surface morphology, 

gain biosorbent before and after biosorption, were visualized by 

canning electron microscopy (SEM) and energy dispersive x-ray 
2 
EDX) spectroscopy (TESCAN MIRA3 XMU) at CÜTAM Central Labo- 

atory of Sivas Cumhuriyet University, Turkey). 

.5. Batch biosorption experiments 

Biosorption of RhB on Rhus coriaria L. fruit was investigated in 

0 ml batch biosorption reaction volume using the recipe as fol- 

ows: fruit powder, 50 mg; RhB, 100 mg L −1 at natural pH (pH 

.36) of RhB dye at 25 °C and with an incubation time for 24h. The

nitial pH of the biosorption solution was studied in the range of 

.0-8.0. Parameters such as 0.01-0.5 g biosorbent dosage range, ini- 

ial concentration of 1-10 mg/L RhB solution, contact time between 

-1440 min were studied at 25 °C. RhB concentration was checked 

eriodically at 558 nm [23] . 

.6. DFT method 

Abstract designs offer helpful data on the elemental and or- 

anic features of particles and numerous elemental quantum con- 

traints can be visualized through them. In the production of such 

ata a few software programs have been made available: Gaus- 

ian09 RevD.01 [24] , and GaussView 6.0 [25] in which B3LYP, HF, 

06-2x [26–28] methods with the 6-31 ++ g(d,p) could be used, 

nd calculations on HOMO (Highest Occupied Molecular Orbital), 

UMO (Lowest Unoccupied Molecular Orbital), �E (HOMO-LUMO 

nergy gap), chemical potential ( μ), electrophilicity ( ω), chemical 

ardness ( η), global softness ( σ ), Many parameters such as nu- 

leophilicity ( ε), dipole moment, and energy value were possible 

 29 , 30 ]. 

= −
(

∂E 

∂N 

)
υ( r ) 

= 

1 

2 

( I + A ) ∼= 

−1 

2 

( E HOMO + E LUMO ) (1) 
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Fig. 2. FT-IR spectrum of unloaded and RdB loaded Rhus coriaria L. 
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= 1 /η ω = χ2 / 2 η ε = 1 /ω (3) 

. Results and discussion 

.1. FT–IR and SEM–EDX analyses 

Empty functional groups were detected by FT-IR before and af- 

er biosorption ( Figs. 2 a and 2 b, respectively). The fruit of Rhus co-

iaria L. had several -OH groups on the ring that were represented 

y the broad band at 3292 cm 

−1 . The weak peaks at 2922 and

852 cm 

−1 were aliphatic ν(C-H) stretching vibrations. Asymmet- 

ic stretching vibrations of the ν(COO) groups were registered at 

741cm 

−1 and 1608 cm 

−1 . Aromatic C = C stretching vibrations ap- 

eared between 1536 and 1455 cm 

−1 . 

It was evident that after biosorption some slight shifts occurred 

n the initial FT-IR peaks and a new (C-S-C) stretching appeared on 

hB at 683 cm 

−1 ( Fig. 2 b). 

While the surface morphology of the biosorbent was quite 

ough before adsorption, the roughness decreased afterward 

 Figs. 3 a and 3 b, respectively). This evidence also indicated that 

dsorption process was successful. EDX spectra indicated the ex- 

stence of C, N, and O elements before adsorption. After adsorp- 

ion, besides the appearance of Cl, the percentages of CN and O 

ppeared to have increased ( Figs. 3 c and 3 d, respectively). Taken 

ogether, the analytical and visual data produced concordant re- 

ults [31] . 
3 
.2. Biosorption procedure and modelling of biosorption process 

The amount of dye adsorbed per gram of adsorbent (Q) was 

alculated from the equation below by using the calibration curve 

ontaining the absorbance values against the increasing dye con- 

entration: 

 = 

( C o − C S ) 

m 

xV (4) 

 : Adsorbed dye (mg dye/g adsorbent) 

C o : Initial concentration of the dye (mg/L) 

C s : Equilibrium concentration of the dye (mg/L) (dye concentra- 

ion of the solution after adsorption) 

V : Solution volume (L) 

m : Adsorbent (fruit) mass. 

As the equilibrium concentration (C s ) of the dye increased, the 

mount of dye adsorbed (Q) by per gram of adsorbent also in- 

reased. It was observed that a maximum of 0.90-0.98 mg of dye 

as adsorbed by per gram of adsorbent ( Fig. 4 ). 

Adsorption conforms to the Freundlich isotherm. 

e = K f xC s 1 /n (5) 

nQe = ln K f + 

1 

n 

lnCs (6) 

Freundlich isotherm analysis was carried out using Equation 3 . 

ere, InCs versus InQe was plotted linearly ( Fig. 5 ), and the slope

f this graph and the cut-off point K f and n values were calculated 

 Table 2 ). 
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Fig. 3. SEM images of RhB biosorption before (a) and after (b) and EDX spectrums of RhB biosorption before (c) and after (d). 

Fig. 4. Experimental biosorption isotherm. 

Tablo 2 

Experimental values of the Freundlich isotherm. 

K f ((mg g −1 )(L mg −1 ) 1/n 1/n n (g L −1 ) R 2 İsotherm type 

0,288 0,8234 1,21 0,9739 L 
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Here, K f ((mg g −1 ) (L mg −1 ) 1/n ) and n were Freundlich equa-

ion constants, related to adsorption capacity and density, respec- 

ively. Freundlich’s constant was equal to the adsorption capacity 

t C = 1. High K f value indicated that the adsorbent adsorbed the 

olution easily. The type of the process was determined by the pa- 

ameter n. If n = 1, the process is linear, chemical when n > 1, and

hysical when n < 1. In addition, n is a measure of the deviation

f the isotherm from the linearity and is a factor of heterogene- 

ty. The n value defines S, L and C type isotherms in Giles ad- 

orption isotherm classification. If n < 1 indicates S type, n = 1 indi-

ates C type, if n > 1 indicates L type isotherm [ 32 , 33 ]. As with all

lants, cellulose provides structural strength to sumac. This poly- 

er is formed β-1,4 glucosidic bonds between glucose monomers. 

t neutral pH, the OH groups in cellulose could interact with the 
4 
arbonyl oxygen (-C = O) of RB and thus participate in the adsorp- 

ion process through hydrogen bonds. 

.3. Efect of temperature and biosorption thermodynamic studies 

Thermodynamic studies were carried out at four different tem- 

eratures, 25 °C, 30 °C, 35 °C and 40 °C. Changes in Standard free en-

rgy ( �G 

o ), enthalpy ( �H 

o ) and entropy ( �S o ) were found using

he equations below: 

d = 

( C o − C s ) 

C s 
= 

Qd 

Cs 
(7) 

( C o -C s ), quantity of dye adsorbed at equilibrium (mg L −1 ); C s 

ye particles left after the adsorption (mg L −1 ); and K D, adsorption 

quilibrium constant at a given temperature. Gibbs free energy was 

stablished using Equation 8 ( Table 3 ) [34] : 

G 

o = −RT ln K D (8) 

�H 

o and �S o were worked out by Equation 9 (Van’t Hoff equa- 

ion): 

n K D = 

�S o 

R 

− �H 

o 

RT 
(9) 

R (8.314 J mol-1 K 

−1 ), gas constant, and T (K), absolute temper- 

ture. 

Here, 1/T versus lnK D was plotted linearly ( Fig. 6 ), and �H 

o and

S o were computed as indicated ( Table 3 ) [ 35 , 36 ]. 

Experimental data ( Table 3 ) suggested that a spontaneous, en- 

othermic adsorption took place. 

.4. Effect of pH 

Adsorption appeared to be dependent on pH ( Fig. 7 ), as it was

bserved that adsorption increased at elevated pH points, up to 10. 

aximum absorbance spanned a slightly acidic and slightly basic 

nds, between pH 5 and 9. It has been previously stated that hy- 

rogen bonds may form between the carbonyl oxygen in RB and 

he hydroxyl group hydrogen of sumac cellulose. The ionization of 
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Tablo 3 

Thermodynamic parameters of bioadsorption. 

Temperature ( °C) K D Slope Cut off point R 2 �G o (J mol −1 ) �H 

o (kJ mol −1 K −1 ) �S o (J mol −1 K −1 ) 

25 1,437 

-6069,2 20,4738 0,9995 

-898 

50,56 173 30 2,054 -1813 

35 2,820 -2654 

40 3,830 -3495 

Fig. 5. Freundlich isotherm model 

Fig. 6. Van’t Hoff equation graph. 

t

c

B

c

t

t

r

Fig. 7. pH range of the adsorption. 

3

i

b

m

d

b

he carboxyl group takes place below pH 5. At higher pH points, 

arboxyl group of RB becomes ionized by releasing its hydrogen. 

etween pH 5 and pH 9, this negatively charged group might then 

ontribute to the adsorption through electrostatic attractions with 

he positively charged sumak proteins. Below pH 5 and above 9, on 

he other hand, the adsorption rate is expected to decrease through 

epulsive interactions between the respective groups. 
5 
.5. Biosorbent mass effect 

In the adsorption only the adsorbent mass was varied. Thus, 

t was as expected observed that the amount of dye adsorbed 

y per gram of adsorbent decreased against increasing adsorbent 

asses at fixed dye concentrations ( Fig. 8 ). This decrease could be 

ue to the incomplete filling on the biosorbent surface. This could 

e demonstrated by increasing the concentration of the adsorbate 
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Fig. 8. Effect of adsorbent mass on adsorption. 

Fig. 9. The amount of dye adsorbed against the adsorbent mass. 

Fig. 10. Percentage of colour removal versus adsorbent mass. 

[
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1

3

a

Fig. 11. Adsorption curve against time. 

Fig. 12. The graph of pseudo-second-order kinetic model. 

Table 4 

Pseudo-second-order kinetic parameters. 

k 2 (mg g −1 min −1 ) Qe (mg g −1 ) 

(theoretical) 

Qe (mg g −1 ) 

(experimental) 

R 2 

0,0127 1,446 1,309 0,987 

(

(

t

t

E

l

37] as SEM micrographs informed the incomplete filling of the 

iosorbent surface. 

The amount of dye adsorbed ( Fig. 9 ) and percentage of dye re-

oval ( Fig. 10 ) were also calculated against the increase in adsor- 

ent mass, and it was found that the adsorbent between 40 and 

00 mg showed maximum adsorption at fixed dye concentration. 

.6. Effect of contact time and kinetic on biosorption 

Adsorption was observed for 1440 min (24 hours) by keeping 

dsorbent mass, dye concentration and solution volume constant 
6 
 Fig. 11 ) and it was noted that adsorption reached its maximum 

1.30 mg g −1 ) in 300 min (5 hours). 

In this study, two different kinetic models were used, namely 

he pseudo-first-order equation (Pseudo-First-Order Equation) and 

he pseudo-second-order equation (Pseudo-Second-Order Rate 

quation) [38] . 

Pseudo-First-Order Equation: 

 og ( Qe − Qt ) = l og Qe − k 1 
2 , 303 

t (10) 
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Fig. 13. A representation of optimized structures, HOMO, LUMO, and ESP shapes of molecules. 
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Here, Qe (mg g −1 ) and Qt (mg g −1 ) were the adsorption capac-

ties at equilibrium and any t time, respectively, and k 1 (min 

−1 ), 

he pseudo first-order rate constant [39] . 

Against t, log (Qe-Qt) values were plotted linearly and the slope 

f this line and the cut-off point of k 1 and Qe values were calcu- 

ated. The low R 

2 value (0.839) indicated that the adsorption did 

ot comply with the pseudo-first order kinetics. 

Pseudo-Second-Order Rate Equation: 

t 

Qt 
= 

1 

k 2 Q 

2 
e 

+ 

1 

Qe 
xt (11) 

 (g mg −1 min 

−1 ): pseudo second order rate constant 
2 

7 
Here, t/qt values against t are plotted ( Fig. 12 ) and k 2 and Qe

alues were calculated from the slope and segment of this line 

 Table 4 ) [39] . The graph showed that the kinetics of the adsorp-

ion fitted to pseudo-second order because the R 

2 value was higher 

0.987). 

.7. Theoretical results 

There are many parameters calculated as a result of Gaussian 

alculations. The numerical values of these parameters can be used 

o describe the activities of molecules. Each calculated parameter 

rovides information about a different property of the molecules. 
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Table 5 

The calculated quantum chemical parameters of molecules. 

E HOMO E LUMO I A �E η μ χ P ̇I ω ε dipol Energy 

B3LYP/6-31 ++ G(d,p) LEVEL 

1 -3.3729 -1.4234 3.3729 1.4234 1.9494 0.9747 1.0259 2.3982 -2.3982 2.9502 0.3390 1.6928 -38652.7513 

2 -7.7575 -1.0278 7.7575 1.0278 6.7297 3.3649 0.2972 4.3926 -4.3926 2.8672 0.3488 3.5589 -20711.3247 

3 -7.2568 -0.7440 7.2568 0.7440 6.5128 3.2564 0.3071 4.0004 -4.0004 2.4572 0.4070 5.0380 -33174.4174 

4 -6.8783 -0.8757 6.8783 0.8757 6.0026 3.0013 0.3332 3.8770 -3.8770 2.5041 0.3994 6.0626 -64433.2566 

5 -6.1664 -2.3777 6.1664 2.3777 3.7887 1.8943 0.5279 4.2721 -4.2721 4.8172 0.2076 5.0369 -86315.6278 

HF/6-31 ++ G(d,p) LEVEL 

1 -6.0361 1.0626 6.0361 -1.0626 7.0987 3.5493 0.2817 2.4867 -2.4867 0.8711 1.1479 1.3385 -38407.6524 

2 -11.7810 0.8928 11.781 -0.8928 12.6738 6.3369 0.1578 5.4441 -5.4441 2.3385 0.4276 3.8813 -20597.9992 

3 -10.9546 0.9040 10.954 -0.9040 11.8585 5.9293 0.1687 5.0253 -5.0253 2.1296 0.4696 5.4632 -32991.2669 

4 -10.6672 0.7720 10.667 -0.7720 11.4392 5.7196 0.1748 4.9476 -4.9476 2.1399 0.4673 5.9051 -64068.0607 

5 -8.5300 0.7070 8.5300 -0.7070 9.2370 4.6185 0.2165 3.9115 -3.9115 1.6564 0.6037 8.6909 -85807.2190 

M062X/6-31 ++ G(d,p) LEVEL 

1 -4.3299 -0.3867 4.3299 0.3867 3.9432 1.9716 0.5072 2.3583 -2.3583 1.4104 0.7090 1.5641 -38635.7335 

2 -9.5126 -2.7651 9.5126 2.7651 6.7475 3.3738 0.2964 6.1389 -6.1389 5.5851 0.1790 4.5215 -20703.3824 

3 -8.9425 -0.4234 8.9425 0.4234 8.5191 4.2596 0.2348 4.6830 -4.6830 2.5742 0.3885 5.0405 -33161.9510 

4 -8.5537 -0.5418 8.5537 0.5418 8.0119 4.0060 0.2496 4.5477 -4.5477 2.5814 0.3874 6.1603 -64408.3553 

5 -6.3066 -0.0487 6.3066 0.0487 6.2579 3.1289 0.3196 3.1776 -3.1776 1.6135 0.6198 8.2760 -86489.8903 
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wo of the most important of these parameters are the Lowest Un- 

ccupied Molecular Orbitals (LUMO), which is used to explain the 

lectron accepting feature of this molecule, and the Highest Occu- 

ied Molecular Orbitals (HOMO), which is used to explain the elec- 

ron donating feature of this molecule, which two parameters can 

e used to compare activity [40–43] . The activities of rhodamine 

 (1), D-glucuronic acid (2), cellulose (3), hemicellulose (4), and 

ignin (5) molecules, which are obtained as a result of the calcula- 

ions, are compared. It has been determined that the rhodamine B 

1) molecule has higher activity due to its HOMO energy numerical 

alue being more positive than other molecules at all levels. 

Apart from these two calculated parameters, many parameters 

re calculated. The first of these is the energy gap parameter, 

hich is an important parameter that shows the energy difference 

etween the numerical values of the HOMO and LUMO parameters 

42–45] . When the electronegativity values of the molecules were 

atched, it was seen that rhodamine B (1) has higher activity due 

o its lower electronegativity numerical value than other molecules 

t all levels. 

When the equations given in the method section of the other 

arameters are taken into consideration, it is seen that a similar 

rder is obtained since all other parameters are obtained from the 

umerical values of the HOMO and LUMO parameters. In experi- 

ental biological activity studies, when comparing the activity of 

olecules, it should be well known that the chemical interactions 

f molecules in biological materials determine the activity [46–48] . 

As could be seen in the numerical values of the HOMO parame- 

ers ( Table 5 ), rhodamine B molecule 1 appeared to have the high-

st HOMO energy values, and its LUMO values seemed to be more 

idely ranged. The lowest �E parameter value also indicated its 

igher kinetic activity. It was inferred from these parameters that 

hodamine B molecule no. 1 had the highest bonding activity [ 49 , 

0 ]. 

Some parameters were represented in four different images 

 Fig. 13 ). The first of these was the optimized shapes of molecules. 

wo of the images were used to indicate HOMO or LUMO orbitals. 

lectron donating and accepting regions were shown in red and 

lue, respectively [ 51 , 52 ]. 

. Conclusion 

From this study, it was found that the dried fruit of Rhus cori- 

ria L. could be a useful biosorbent for the removal of dyes from 

queous media, and the following conclusions were made from 

his study: 
8

i) Experimental data were in accordance with the Freundlich 

isotherm, 

ii) Adsorption obeyed the pseudo-second-order kinetics 

ii) Thermodynamic parameters indicated that adsorption was 

exothermic, spontaneous, and chemical. 

The theoretical calculations made are an important method to 

ompare the activities of molecules. When the results of these cal- 

ulations are examined, it is seen that the HOMO energy values of 

he rhodamine B molecule have the highest activity with -3.3729 at 

he B3LYP level, -6.0361 at the HF level, and -4.3299 at the M062X 

evel. In the calculations made, it was seen that the rhodamine B 

olecule has more electron density on the oxygen molecules. It 

ill be thought that it will interact through these oxygen atoms. 

As mentioned above, in the literature, only two studies have 

sed sumac material for dye removal. The obtained results show 

hat the material used is a suitable adsorbent for adsorption. 
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