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ABSTRACT 
Release of Zinc (Zn) from soil surfaces in to soil solution is an important factor in determining 

Zn availability to growing plants. To ascertain the pattern of Zn release and soil characteristics 

affection it, the kinetic of Zn release by citric acid and HCl 0.01 M from 10 different soils of 
Western Iran were studied in a laboratory experiment. Five kinetic models were evaluated to 

describe the rate of release of soil Zn by citric acid and HCl, which was rapid initially but 

gradually decline with time. For all soils, the quantity of Zn desorbed by citric acid was more 
than desorbed by HCl 0.01 M. It is postulated that the greater effectiveness of citrate compared 

with HCl was related to the ability of citrate to form bridging complexes between the Zn and the 

soils surface. Its results showed that LMWOAs (citric acid) play an effective role in release of 
Zn, and enhanced the release of Zn from solid phase to soil solution. In extracts, zero-order, first-

order, parabolic diffusion and two constant rate equations were the best fitted equations used to 

describe Zn release from studied soils. The amount of Zn desorbed from the soils was poorly 
described by the simple Elovich equation. Soil properties such as CaCO3, organic matter content 

and pH had important effects on Zn release from the calcareous soils of Iran. 
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INTRODUCTION 

 

 In recent years, our knowledge of Zn adsorption or release processes has been mainly based on the study of 

equilibrium conditions using thermodynamic approaches. The thermodynamic approaches can predict only the 

final state of a soil system from an initial non equilibrium state, while the analysis of the kinetics may yield 

important information concerning the nature of the reactions at a given time. Kinetic data may yield important 

information concerning the nature of the reaction at a given time (Dang, 1994). The kinetic of Zn release in soils 

provide an indication of the rate of Zn supply to plants. Calcareous Aridisols and Entisols in Iran generally 

contain quite large quantities of total Zn, but have only very small quantities of Zn in soil solution.  

 Most of these soils need supplemental Zn for optimum plant growth (Reyhanitabar et al. 2007). There were 

no local concentrations of zinc or spatial associations of other elements with zinc and there was little indication 

of zinc precipitation (Reyhanitabar et al., 2010). There were several reports on the effect of low-molecular-

weight organic acid (LMWOAs) on adsorption on the metals (Wu, 2003); however there was little information 

about the effects of LMWOAs on release of metals (Qin, 2004). The objectives of this study were to compare 

the suitability of different kinetic equations to describe Zn release by citric acid and HCl 0.01 M in some 

calcareous soils of Iran and to investigate the relationships between the parameters of the various equations and 

the physical and chemical properties of these soils. 

 

MATERIALS AND METHODS 

 

 Different ten  surface soil samples (0-30cm) from different field of Hamadan Province (Iran) varying 

widely in physicochemical that were considered likely to influence the release behavior of soil Zn properties 

were collected. The study was done on the area that potato cultured. 

 The soil samples were air dried, ground to pass through a 2-mm sieve and stored. Some properties of these 

soils are given in table 1. Soil pH was determined in 1:2 soil/water suspensions on a Crison digital pH meter 

(Thomas, 1996). Organic matter (OM) was determined by a spectrometric adaptation of the Walkley and Black 

method  (Walkley, 1934) and soil texture by Bouyoucos’s method (Bowyoucos, 1962). Calcium carbonate 

equivalent (CCE) was estimated using the method Nelson (Nelson, 1982). Total cation exchange capacity 
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(CEC) was measured by Sumner and Miller at pH 7 (Sumner, 1996). Absorbable Zn was extracted using 

Lindsay and Norvel method (Lindsay, 1978). 
Table 1: Some physical and chemical characteristics of soils. 

Soil no. sand silt clay pH* OM CCE  Absorbable 

Zn 

CEC 

 %  %  mg kg-1 cmolc kg-1 

1 65.5 7.5 27.0 7.8 0.90 11.0 1.08 10.9 

2 51.8 15.0 33.2 8.1 1.03 14.1 4.15 11.5 

3 46.7 19.1 34.2 7.9 0.82 33.5 1.49 14.2 

4 51.4 10.3 38.3 7.4 0.68 5.0 0.66 23.5 

5 63.0 15.0 22.0 8.2 2.40 53.8 0.49 16.0 

6 53.9 25.3 20.8 8.0 0.80 17.1 0.55 15.0 

7 45.2 27.8 27.0 7.4 1.05 22.1 0.63 20.9 

8 37.7 25.9 36.4 7.9 1.10 27.4 0.64 25.1 

9 44.3 17.6 38.1 7.9 0.80 39.4 1.14 14.5 

10 62.9 9.5 27.6 7.8 1.40 6.1 2.55 10.0 

 

 A laboratory experiment was with three replications. For the Zn release study, 1 g of each sample was 

placed in a 50-ml centrifuge tube and extracted with 20 ml of 1 × 10
-2

 M citric acid and HCl 0.01 M extracting 

on an end-over-end circulatory shaker for periods of 1, 8, 24, 48, 72, 96, 120, 144, 168, 336, 504, 672, 840 and 

1008 min at 25±1
◦
C. After shaking, the samples were centrifuge for 15 min and supernatants were filtered 

through Watman no. 42 filter paper; Zn concentration was determined by atomic absorption. Kinetic equations 

commonly used in soil release studies including zero-order (Dang, 1999) first-order (Kuo, 1973), the parabolic 

diffusion (Khater, 2002), two-constant rate (Dang, 1999), and simple Elovich (Havlin, 1985.) were evaluated in 

our experiment (Table 2). Each of the Kinetic models was tested for goodness of fit by least-squares regression 

analysis.  

 
Table 2: Kinetic models used in Zn release study 

Model Equation Parameters 

Zero order qt=q0-k0t K0, Zero-order rate constant (mg Zn Kg -1S-1) 

First order ln qt= ln q0 – k1 t K1, first-order rate constant (s-1) 

Parabolic diffusion qt=q0 + Kpt 
0.5 Kp, diffusion rate constant [(mg Zn kg -1)-0.5] 

Two constant 

Rate 

 

qt= a t b a, initial Zn release rate constant 

(mg Zn Kg -1 s -1)b and b, release rate coefficient 

[(mg Zn Kg -1) -1] 

Simple Elovich qt= 1/βs ln 

αs βs+ 1/ βs ln t0 

αs, initial Zn release rate (mg  Zn  Kg -1 s -1), and βs Zn release constant 

[(mg  Zn Kg -1) -1] 

 

 Where q and q' are the measured and calculated amounts of Zn in soil at time T, respectively, and N is the 

number of measurements. A relatively high coefficient of determination (R
2
) and low standard error of estimate 

were used as criteria for the best fit (Havlin, 1985). 

 

RESULTS AND DISCUSSIONS 

 

Kinetics of Zn Release: 

 The percentage of the total Zn desorbed by citric acid was higher than the HCl. The organic acid such as 

citric acid was very effective in continuously releasing Zn from the natural soils, indicating the importance of 

the dynamics of LMWOAs in the mobility of Zn at the root soil interface through the formation of soluble Zn- 

LMWOAs complexes (Onyata, 2003). The zero-, first-order reactions, the parabolic diffusion equation, the two-

constant rate equation and the simple Elovich equation were used to describe Zn release from the soils by citric 

acid and HCl for extraction periods from 1 to 1008 h.  

 Table 3 represented the R
2
 values of Zn release emphasized that according to the higher coefficient of 

determination (R
2
) and the lower SE values, the zero-order (0.95-0.99), the first order (0.91-0.99), the parabolic 

diffusion (0.87-0.98) and the Two constant rate (0.85-0.94) equations were the best fitted equation used to 

describe Zn release. Although the diffusion equation gave the lower SE, the Zero-order equation, was the best 

since it gives the higher R
2
 values in describing kinetics of soil Zn release. The amount of Zn desorbed by citric 

acid from the soils during 1008 h was poorly described by the simple Elovich equation (R
2
= 0.53-0.72, SE= 

2.42). This model failed to describe Zn release kinetics with the methodology used and will not be discussed 

further. 

 Results of the statistical analysis about HCl showed that the parabolic diffusion, first-, zero-order and two-

constant rate equations predicted the pattern of Zn release from studied soils (Table 4). The simple Elovich 

equation (R
2
= 0.51-0.89) not describe Zn release 
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Table 3: Mean and range of coefficient of determination (R2) and standard error of the estimate (SE) of various Kinetic models for Zn  

release by citric acid from soils. 

 R2 SE (mg Zn kg -1) 

Kinetic models Range Mean Range Mean 

Zero order 0.95-0.99 0.98 0.35-0.81 0.47 

First order 0.91-0.99 0.94 0.06-0.25 0.14 

Parabolic diffusion 0.87-0.98 0.94 0.04-0.10 0.07 

Two constant rate 0.85-0.94 0.90 0.19-0.42 0.31 

Simple Elovich 0.53-0.72 0.63 1.11-4.66 2.42 

 

Table 4: Mean and range of coefficient of determination (R2) and standard error of the estimate (SE) of various Kinetic models for Zn  

release by HCl from soils. 

 R2 SE (mg Zn kg -1) 

Kinetic models Range Mean Range Mean 

Zero order 0.80-0.99 0.90 0.08-1.22 0.34 

First order 0.86-0.99 0.93 0.07-0.43 0.16 

Parabolic diffusion 0.85-0.98 0.95 0.03-0.10 0.03 

Two constant rate 0.82-0.99 0.90 0.006-0.45 0.14 

Simple Elovich 0.51-0.89 0.75 0.05-1.91 0.69 

 

Rate of Zinc Release and Soil Properties: 

 The rate constants from the zero-order, the first-order, the parabolic diffusion and the two-constant rate 

equations were correlated with soil chemical, physical, and mineralogical properties of the soils (Table 5 and 6). 

 About citric acid (Table 5), the R from Parabolic diffusion was not correlated with any of the physical, 

chemical, or mineralogical properties of the 10 soils. Rate constants for the zero-order, the first-order (a) and Zn 

desorbed after 1008 h were closely associated with CaCO3 (Dang et al. 1994). (a) From zero-order, (kd) from 

the first-order and Zn desorbed after 1008 h were associated with silt. (a) From Parabolic diffusion was related 

with pH and EC. (b) From two constant rate equation was associated with soil pH and (a) from its equation was 

related to Zn absorbance of the soil. 

 
Table 5: Correlation coefficients between soil properties and the constants of the kinetic models that best described Zn release with citric  

acid from soils. 

Soil 

properties 

Zero 

order 

First 

Order 

Parabolic 

diffusion 

Two 

Constant rate 

a b a kd a R a b 

pH -0.2 ns -0.2  ns -0.3  ns 0.0  ns 0.8 0.2- ٭٭  ns 0.4  ns -0.7 ٭ 

Organic 

matter 

-0.2  ns -0.1  ns -0.2  ns 0.4  ns 0.3  ns 0.1  ns 0.1  ns -0.2  ns 

CEC -0.3ns -0.3  ns -0.1  ns 0.1  ns -0.4  ns 0.3 ns -0.6 ns 0.5  ns 

EC 0.1  ns 0.2  ns 0.1  ns 0.0  ns 0.6 0.3- ٭  ns 0.5  ns -0.5  ns 

CaCO3 -0.8 0.5 ٭٭ 0.9- ٭٭ 0.8- ٭٭  ns 0.3  ns 0.4 ns -0.4  ns 0.0  ns 

Clay 0.0  ns -0.0  ns 0.0  ns -0.3  ns 0.0  ns -0.1 ns -0.1  ns 0.2  ns 

Silt -0.66 0.6- ٭  ns -0.4  ns 0.6 0.2- ٭  ns 0.6  ns -0.6  ns 0.4  ns 

Sand 0.5  ns 0.4  ns 0.3  ns -0.2  ns 0.2  ns -0.3  ns 0.6  ns -0.4  ns 

Absorbable 
Zn 

0.4  ns 0.5  ns 0.4  ns -0.3  ns 0.5  ns -0.5  ns 0.6 0.4- ٭  ns 

 

 About HCl  (Table 6), the rate constants from zero-order (a and b), (a) from first-order and Parabolic 

diffusion, (b) from two constant rate and Zn desorbed after 1008 h were nearly relative with CaCO3. The rate 

constants from zero-order (a and b) and (b) from two constant rate were associated whit silt. (R) From Parabolic 

diffusion was related to organic matter. (Kd) doesn’t have  any relation with soil characteristics. 

 
Table 6: Correlation coefficients between soil properties and the constants of the kinetic models that best described Zn release with HCl  

from soils. 

Soil properties Zero 

order 

First 

Order 

Parabolic 

diffusion 

Two 

Constant rate 

a b a kd a R a b 

pH -0.3 ns -0.3  ns -0.4  ns 0.0  ns 0.2 -0.3  ns 0.0 -0.3 ns 

Organic matter -0.2  ns -0.1  ns -0.4  ns 0.5  ns 0.6  ns -0.6  0.4 ٭  ns -0.4  ns 

CEC -0.2ns -0.2  ns -0.1  ns 0.2  ns 0.2  ns -0.2 ns 0.0 ns -0.5  ns 

EC 0.0  ns 0.0  ns -0.1  ns 0.0  ns 0.0  ns -0.1 ns 0.1  ns -0.1  ns 

CaCO3 -0.8 0.4 ٭ 0.9- ٭٭0.7- ٭٭  ns -0.7 0.7- ٭٭ns 0.2  ns -0.7  ٭ 

Clay 0.0  ns 0.0  ns 0.0  ns -0.1  ns -0.2 0.3 -0.5  ns 0.3  ns 

Silt -0.70.5- ٭0.7- ٭  ns -0.3  ns 0.5  ns -0.5  ns 0.3  ns -0.6٭ 

Sand 0.5  ns 0.5  ns 0.3  ns -0.1  ns -0.2  ns 0.1  ns 0.0  ns 0.2  ns 

Absorbable Zn 0.2  ns -0.2  ns 0.2  ns -0.1  ns -0.4  ns 0.4  ns -0.1 0.2 ٭  ns 
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 The present study indicates that Zn of these soils is released in to the solution by citric acid as Zn-

LMWOAs complexes. The statistical analysis of the kinetic data for Zn release showed that zero-order, first-

order, two-constant rate and parabolic diffusion equations were the best equations used to describe Zn release 

with both extracts from studied soils. The Zinc release pattern was characterized by a rapid initial release 

followed by a slower release rate. The difference in the effectiveness of citric acid and HCl for desorbing Zn 

was closely relevant to their molecular structure and the stability constant of the Zn –acid complexes. The 

results show that citric acid as LMWOAs commonly present in root exudates play a vital role in the 

mobilization of Zn in the soils and, hence, may influence its uptake by the plants. It seems that soil properties 

such as CaCO3, organic matter content and pH had important effects on Zn release from the calcareous soils of 

Iran. 
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