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Abstract. The effects of ultrasound (US) on the adsorption process of Cu(II) on 

granulated activated carbon (GAC), produced by walnut shells, was studied in this 

paper. Equilibrium results of the adsorption process are tested by Freundlich and 

Langmuir adsorption isotherms, and their linearization and determination of model 

parameters k; n; b and Qo. The adsorption capacity of GAC is 1.7 to 3.86 mmol/g with 

the use of US, and 0.66 to 2.7 mmol /g without the use of US. The increase of specific 

surface and initial concentration increase the efficacy of adsorption. Acquired 

mathematical regression equations very well represent experimental results, and the 

correlation coefficient (R2) is greater than 0.993. 
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1. INTRODUCTION 

Ultrasound has already found numerous applications in the field of physicochemical 

process. The examples for that are numerous: extraction 1,2,3, dissolution 4,5,6, 

adsorption 7,8,9, crystallization 10. The major phenomenon responsible for this is 

cavitation 11,12,13. Through a series of compression and expansion cycles created by 

acoustic waves, gas bubbles in the liquid may grow larger than 100 μm. The bubbles 

eventually become unstable and implode producing high-speed micro-jets of liquid, intense 

localized heating and high-pressure shock waves 14. Cavitation causes extreme effects 

locally, such as liquid jets of up to 280 m/s, pressures of up to 2000 bar and temperatures of 

up to 5000 
o
C. Because of that US improves mass transport in gas and liquid systems. 
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Activated carbon (AC) is produced by carbonization process and various activations of 

organic materials 15,16,17. The structure characteristics of the obtained AC are the result 

of nature of the used material and parameters of activation technique 18. Adsorption 

characteristics are effects of their structure and basic role in high adsorption performance 

of AC is given to high surface area and porosity. According to IUPAC classification, all 

pores are classified in three groups according to a diameter 19.  

The micro pore structure represents unexploited resource, because diffusion process 

dominantly happens in them during the adsorption 20. Mechanism research of inner 

diffusion mass transfer during the adsorption, studied by Koganovskii et al. 21 shows that 

using of US can have positive effect on this process 22,23,24,25. However, mass transfer 

process during the adsorption, happens in two stages. In the first stage, the molecules of 

adsorbate diffuse from solution to outer surface of adsorbents particle. In the second stage, 

the molecules of adsorbate diffuse through canals-pores with different diameter. Resulting 

sorption process rate is limited by slower stage. Providing the appropriate conditions with 

intensive solution mixing can disregard diffusion of the adsorbate from solution to an 

adsorbent surface. Therefore, adsorbent porous structure volume has crucial influence on 

speed of adsorbate in the adsorbent interior. This way, filling the micro pores volume, is 

performed exclusively by adsorbed molecules diffusion in a micro pore interior while 

adsorbent diffusion depends on two concentration gradient: solution concentration gradient 

that fills the pores, from c=f(x,y,z,τ), adsorbent concentration gradient in solution 

a=f(x,y,z,τ) 21. 

It is very difficult to describe such a complex porous structure condition and also very 

complex adsorption process. Because of that, there are a large number of models that 

describe with a greater or lesser success the state of the adsorption equilibrium and the 

kinetics of the adsorption process. In this direction, Langmuir suggested a theory to describe 

monolayer adsorption on homogeneous surfaces 26. In 1906, Freundlich suggested a model 

to describe the adsorption properties heterogeneous systems 27. A very popular isotherm 

was suggested by Redlich and Peterson [28]. This isotherm combines the Langmuir and 

Freundlich isotherm. 

If there is an insufficient exact theoretical knowledge for mathematical description of 

the investigated process, it is most suitable to use empirical models acquired by methods 

of mathematical planning of experiment and regression analysis 29,30,31. By that, 

mathematical model is being formed by correlation of input output parameters of process, 

not considering the mechanism of observed process. In general case during the research of 

any physico-chemical process, mathematical model of equation which describes influence 

of parameters of process, that is, independent variables on the response function is shown 

in a form: mathematical model of linear or nonlinear type with line factor effects or, 

mathematical model of linear or nonlinear type with factors interaction. 

In an investigated process,  an attempt to establish regression model with line factor 

effects was made, which connects maximal adsorption (q) with specific surface GAC (S) 

and starting concentrations Cu (II) (Co) of general form: 

 f( )oq S;C  (1) 

and with interaction of line factor effects of investigated process: 

 f( )o oq S;C ;S C   (2) 
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In regression form models, (1) and (2) mostly have a form in shape of power function, 

respectively 18: 

 21 p

o

p

o CSpq                                    (3) 

          12 01 2 ( ln ln )p S Cp p
o oq p S C e


                (4) 

The topic of this research was the development of the method for obtaining GAC from 

walnut granules. The aim of the study was to examine the effect of US on adsorption of 

Cu(II) on GAC, comparing relevant parameters in Freundlich and Langmuir theoretical 

models, and to set the mathematical model of dependence, equilibrium adsorption (qe) 

from the initial concentration (Co) and the specific surface area (S) of the GAC. 

2. EXPERIMENTAL PART 

2.1. Materials 

Walnut (domestic Serbian variety "Šampion") shells were supplied from the central 

part of Serbia. Fresh walnut shells were washed several times with distilled water to 

remove surface impurities, dried at 100 °C overnight, crushed by a hammer mill and then 

simultaneously carbonized in inert argon atmosphere and activated by water steam in a 

rotary oven at 750±5 °C for 2 h. 

Cu(II) acetate, analytical reagent grade, was purchased from Merck Co. Distilled water 

was used to prepare aqueous solutions of Cu(II) acetate. 

In the study, we obtained three species of GAC (A, B, and C) of different structure 

characteristics with specific surfaces 933; 1236; and 1442 m
2
/g, respectively. Characteristics 

of attained GAC have been analyzed by standard methods are shown in Table 1. 

Table 1 Physico-mechanical properties of GAC 

Characteristics   

GAC 
Method 

Species  GAC 

A B C 

Specific surface [m2/g],                      ISO 18757:2003 1442 1236 933 

Iodine number [mg/g];                           ASTM D4607 1464 1244 943 

Index metilen blue [cm3] ASTM C837 17.4 14.7 9.9 

Volume of micro-pores [cm3/g] 

ASTM D4284 

0.68 0.56 0.44 

Volume of mezzo-pores[cm3/g] 0.51 0.44 0.33 

Volume of macro-pores[cm3/g] 0.23 0.19 0.14 

 

2.2. Batch adsorption experiments  

Adsorption of Cu (II) on the GAC was performed with 5g of GAC in 0.250 L solution 

with various predetermined concentrations. Initial concentrations Cu(II) used in experiment 

were 0.3; 0.2;  0,1; 0.05; and 0,025 mol/L. Two experiments were made in isothermal 

conditions. In the first of the experiments, sorption process was performed with the continual 

solution mixing with a magnetic mixer. In the second experiment, performed simultaneously, 

dish with a solution of the same concentration and GAC was in the US waves field. 

Ultrasound effects was obtained in a dish in US bath. Applied frequency of the US waves in 
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US bath was 40 kHz. The time of contacting needed to reach equilibrium, was 90 minute. 

Equilibrium Cu(II) concentration was determined by AAS (Perkin–Elmer 1100B). The 

Cu(II) mass per mass unit of GAC, (qe) was determined based on concentration difference in 

a observed time interval and work solution volume using the formula: 

( )o r GACq V C C m   

Results of fitting experimental data by Freundlich and Langmuir models are shown in 

the table and in graphic. In Table 2 are shown the values of parameters Freundlich (5) and 

Langmuir (6) models of adsorption isotherms: 

  
1/n
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by their linearization into forms (7) and (8), respectively 
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By graphical presenting of paired points lnqe= f(lnCo) that is, l/qe= f(1/Co) parameters 

are calculated on the bases of gradient and segment of formed line. 

3  3. RESULTS AND DISCUSSION 

Results of testing of experimental data by Freundlich model indicate the satisfactory 

accordance in the scope of applied concentrations. Parameters of Freundlich model k, and 

1/n indicate proper trend of growing with increasing specific surface of adsorbents. This 

fact is in accordance with physical sense of parameters k and 1/n as with their concept that 

they represent rough measurement adsorption capacity, that is, intensity. The parameter of 

intensity of Freundlich isothermal (1/n) grows from 0.117 to 0.516, without US, and 0.500 

to 0.797, with US, with a rise in the specific surface, respectively. An increase of an 

adsorption intensity, with the application of US to all GAC (A, B, C), is observed. 

The value of parameters of Langmuir models: Qo which represents the mass of 

adsorptive per unit mass of adsorbents when monomolecular layer of adsorptive are 

formed on it, and b- which is dependant of change of enthalpy of adsorption, are in line 

with expectations. The monomolecular capacity Qo increases in range 0.6 mmol/g to 2.7 

mmol/g without US and 1.7 mmol/g to 3.86 mmol/g with US when the specific surface 

area increases, respectively. An increase of an adsorption capacity with the application of 

US to all GAC (A, B, C), is observed. 
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The Mathematical model of dependence equilibrium adsorption (qe), from specific 

surface GAC, (S) and starting concentration Cu (II), (Co), is established by the use of 

methods of mathematical planning of experiment and regression analysis. A complete 

factorial plan of experiment with three repetitions in zero point has been applied. Data 

about values of process parameters used in an experiment that are relevant for setting up 

mathematical models, are shown in Table 3 with starting concentrations 0,3; 0,1; and 

0,025 mol/L. 

Table 2 Comparative preview of theoretical models parameters of adsorption isotherms 

for Cu (II) on different GAC without and with use of US 

  Without the US With the US 

  S, m2/g Qo, mol/g b, L/mol R2 Qo,   mol/g b, L/mol R2 

Langmuir 

1442 0.00270 8.480 0.982 0.00386 6.25 0.995 

1236 0.00210 10.560 0.996 0.0026 7.64 0.993 

933 0.00066 66.600 0.975 0.0017 11.26 0.989 

Freundlich 

 k, (mol/g)/(mol/L)n 1/n R2 k, (mol/g)/(mol/L)n 1/n R2 

1442 0.00380 0.516 0.973 0.0052 0.797 0.988 

1236 0.00267 0.431 0.968 0.00373 0.723 0.985 

933 0.00075 0.117 0.977 0.00263 0.500 0.979 

Table 3 Plan of matrix for complete experiment with three repetitions in zero point for 

two-factor model 

No 

exp. 

Coding values Native values 
Experimental values with 

use of US 

Experimental values 

without use of US 

X1 X2 X1X2 
S 

m2/g 

Co 

mol/L 

q 

mmolCu/g 
Y = lnq 

q 

mmolCu/g 
Y = lnq 

1. +1 +1 +1 1442 0,3 2.154 0,7670 1.829 0,6037 

2. +1 -1 -1 1442 0,025 0,504 -0,6840 0,450 -0,4005 

3. -1 +1 -1 933 0,3 1,282 0,2480 1,086 0,0823 

4. -1 -1 +1 933 0,025 0,369 -0,996   0,313 -1,1605 

5. 0 0 0 1236 0,1 1,077 0,0741 0.917 0,0869 

6. 0 0 0 1236 0,1 1,095 0,0901 0,872 -0,1367 

7. 0 0 0 1236 0,1 1,077 0,0741 0.903 -0,1016 

3.1. Regression model with use of US 

On the bases of equations 1 to 4, for investigation adsorption with use of US, 

regression model q=f(S,Co) is established in form: 

 
0,570,9733,89 10   oq S C     (9) 

whose coefficient of correlation for mathematical model (9) is R=0.973. Graphical 

interpretation of regression model (9) is shown in Figure 1. 
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Fig. 1 Graphic interpretation of model q=f(S,Co) equation (9) 

 

Regression equation in native coordinate with interaction separate factors q=f(S,Co,S·Co) 

has a form: 

 o0,89 0,2 lnS lnC4 1,45
o1,25 10  eq S C
        (10) 

which coefficient of correlation for mathematical model (10) is R=0,975. Graphical 

interpretation of mathematical model (10) is shown in Figure 2. 

 

Fig. 2 Graphic interpretation model q=f(S,Co,S·Co) equation (10) 

3.2. Regression model without use of US  

On the bases of equations 1 to 4, for investigation adsorption without use of US, 

regression model q=f(S,Co) is established in form: 

 3 0,92 0,58
o4,86 10   q S C     (11) 

whose coefficient of correlation for mathematical model (11) is R=0,973. Graphical 

interpretation of mathematical model (11) is shown in Figure 3. 
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Fig. 3 Graphic interpretation of q=f(S,Co) equation (11) 

 

Regression equation in native coordinate with interaction separate factors, q=f(S;Co;S·Co) 

has a form: 

 1,21 0,25 ln ln5 1,516,95 10 oS C
oq S C e
                                 (12) 

whose coefficient of correlation for mathematical model (12) is R=0,976. Graphical 

interpretation of mathematical model (12) is shown in Figure 4. 

 

Fig. 4 Graphic interpretation of model q=f(S,Co,S·Co) equation (12) 

 

On the bases of coefficient of correlation values for established mathematical models, 

without doubt it can be claimed that in both cases, with the use and without the use of US, 

both types of models with interaction of separate factors (9) and (12) adequately represent 

the experimental results.  
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4. CONCLUSIONS 

Based on the obtained results in this study, the following conclusions can be made: 

 Active carbon obtained from the walnut shell has a distinguished developed porous 

structure with noticeable share of micro porous structure; 

 The investigated Cu(II) adsorption to GAC, obtained from shell walnuts, can be 

fully described by the Freundlich and Langmuir models; 

 The use of US has a positive effects on Cu(II) adsorption capacity and intensity; 

 The maximal monomolecular capacity Qo 2.7 mmol/g, without US and at 3.86 

mmol/g with US, was obtained. 

 Mathematical models obtained by regression analysis with interaction of separate 

factors and on the bases of criteria parameters R
2
 can be used during the design of 

adequate adsorption systems. 

The results obtained in this paper point to the need for more detailed impact studies 

and other parameters that influence the adsorption process, first of all: the influence of 

particle size, adsorbent doses, temperature, pH, morphology of the GAC obtained, GAC 

surface structure, carbonization and activation parameters, etc. 
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OPTIMIZACIJA ULTRAZVUČNO PODPOMOGNUTE 

ADSORPCIJE Cu(II) NA KARBONIZOVANIM I AKTIVIRANIM 

LJUSKAMA ORAHA 

U radu su prikazani rezultati uticaja ultrazvuka na proces adsorpcije Cu(II) jona na 

granulisanom aktivnom uglju (GAC) proizvedenom od orahovih ljuski. Rezultati dobijeni tokom 

procesa adsorpcije testirani su pomoću Freundich i Langmuir modela adsorpcionih izotermi,a 

parametri modela: k; n; b i Qo, određeni su njihovom linearizacijom. Matematički modeli koji 

koreliraju ravnotežnu adsorpciju (q) sa specifičnim površinom GAC (S) i početnim koncentracijama 

Cu(II) (Co) određeni su matematičkim planiranjem eksperimenta i regressionom analizom. Dobijeni 

rezultati ukazuju na doprinos upotrebe ultrazvuka tokom adsorpcije Cu(II) iz vodenog rastvora. 

Veličina specifične površine i početne koncentracije ima pozitivan uticaj na veličinu adsorpcione 

ravnoteže. Dobijeni matematičkimodeli vrlo dobro prate eksperimentalne rezultate. 

Ključne reči: Aktivni ugalj, ultrazvuk, regressiona analiza 

 


