
Supplementary material 

 

Kinetics of leaching: a review 

DOI 10.1515/revce-2019-0073 

 

Supplementary Appendix B: MATLAB codes. 

MATLAB codes for evaluating the constants of SCM and SPM by the combined resistances 

method are listed in this section. Time and recovery data should be added to the main program by 

the user. These variables are t and x in the starting lines of the main program and left empty in this 

appendix. Time and recovery values can be added to the program by either typing in or reading 

them from a previously saved data file. It should be noted that the recovery values should be 

entered as fraction (rather than percentage). Program listings for first and second stage (if there is 

a change in the controlling mechanism) are given below for both models. The programs and 

functions for SPM are given for the case of small particles (Stokes flow). These codes can be 

modified for large particles by replacing the lines related to mass transfer through liquid film with 

the formula corresponding to large particles. 

 

  



B.1. Shrinking core model – Single stage leaching 

a) Main program 

% This program calculates the time constants of the shrinking core model - 
% constant particle size by fitting the experimental time-recovery data to 
% the corresponding equation. 
% 
% This program and the function phiSCM.m should be saved in the same 
% directory before running the program. 
  
clear 
close all 
  
% Input data 
% Time-recovery data from experiments are given below. Both time and 
% recovery values should be presented to the program as vectors t and x, 
% respectively. 
 
t=[ ];  % Experimental times should be given as a vector 
t=(t(:).')';    % make sure it is a column vector 
x=[ ];  % Experimental recoveries (fraction of recovery) should be given as a vector 
x=(x(:).')';    % make sure it is a column vector 
  
% Calculating the time constants by optimization 
options = optimset('LargeScale','off'); 
tau=fmincon('phiSCM',[100 100 100],[-1 0 0; 0 -1 0; 0 0 -1],[0 0 0],[],[],[],[],[],[],t,x); 
  
% Calculating the correlation coefficient, tc is the vector of times 
% calculated based on evaluated time constants 
tc=tau(1)*x+tau(2)*(1-3*(1-x).^(2/3)+2*(1-x))+tau(3)*(1-(1-x).^(1/3)); 
r2=sum((t-mean(t)).*(tc-mean(tc)))/std(t)/std(tc)/(length(t)-1); 
  
% Output results 
clc 
fprintf('\n tau_{F-SCM} = %8.4f',tau(1))    % Time constant for liquid film diffusion 
fprintf('\n tau_{P-SCM} = %8.4f',tau(2))    % Time constant for diffusion through product layer 
fprintf('\n tau_{R-SCM} = %8.4f',tau(3))    % Time constant for chemical reaction 
fprintf('\n R^2 = %5.4f\n',r2)  % Correlation coefficient 
  
% Parity plot 
plot(t,tc,'o',[0 max([max(tc) max(t)])],[0 max([max(tc) max(t)])]) 
xlabel('experimental time') 
ylabel('calculated time') 

 
 
b) Function for calculating φ 

function f=phiSCM(tau,t,x) 
% This function calculates the sum of squared errors (phi) for shrinking 
% core model - constant particle size in the combined resistances method. 



% 
f=sum(... 
    (tau(1)*x ...   % Equation of liquid film mass transfer 
    +tau(2)*(1-3*(1-x).^(2/3)+2*(1-x)) ...  % Equation of diffusion through product layer 
    +tau(3)*(1-(1-x).^(1/3)) ...    % Equation of chemical reaction 
    -t).^2); 

 

 

  



B.2. Shrinking core model – Second stage of leaching 

a) Main program 

% This program calculates the time constants of the shrinking core model - 
% constant particle size in the second stage of leaching when there is a 
% change in the controlling step. 
% 
% This program and the function phiSCM2.m should be saved in the same 
% directory before running the program. 
  
clear 
close all 
  
% Input data 
% Time-recovery data from experiments are given below. Both time and 
% recovery values should be presented to the program as vectors t and x, 
% respectively. The first element in each vector should be the value at the 
% start of change in the controlling step. 
  
t=[ ];  % Experimental times should be given as a vector 
t=(t(:).')';    % make sure it is a column vector 
x=[ ];  % Experimental recoveries (fraction of recovery) should be given as a vector 
x=(x(:).')';    % make sure it is a column vector 
t1=t(1);    % Time at the change point  
x1=x(1);    % Recovery at the change point 
  
% Calculating the time constants by optimization 
options = optimset('LargeScale','off'); 
tau=fmincon('phiSCM2',[100 100 100],[-1 0 0; 0 -1 0; 0 0 -1],[0 0 0],[],[],[],[],[],[],t,x); 
  
% Calculating the correlation coefficient, tc is the vector of times 
% calculated based on evaluated time constants 
tc=t1+(tau(1)*(x-x1)+tau(2)*(3*((1-x1)^(2/3)-(1-x).^(2/3))-2*(x-x1))+ ... 
    +tau(3)*((1-x1)^(1/3)-(1-x).^(1/3))); 
r2=sum((t-mean(t)).*(tc-mean(tc)))/std(t)/std(tc)/(length(t)-1); 
  
% Output results 
clc 
fprintf('\n tau_{F-SCM} = %8.4f',tau(1))    % Time constant for liquid film diffusion 
fprintf('\n tau_{P-SCM} = %8.4f',tau(2))    % Time constant for diffusion through product layer 
fprintf('\n tau_{R-SCM} = %8.4f',tau(3))    % Time constant for chemical reaction 
fprintf('\n R^2 = %5.4f\n',r2)  % Correlation coefficient 
  
% Parity plot 
plot(t,tc,'o',[0 max([max(tc) max(t)])],[0 max([max(tc) max(t)])]) 
xlabel('experimental time') 
ylabel('calculated time') 

 
 
b) Function for calculating φ 



function f=phiSCM2(tau,t,x) 
% This function calculates the sum of squared errors (phi) for shrinking 
% core model - constant particle size in the second stage of leaching when 
% there is a change in the controlling mechanism. This function is used for 
% evaluating the time constant by the combined resistances method. 
%  
x1=x(1); 
t1=t(1); 
f=sum(... 
    (tau(1)*(x-x1) ...   % Equation of liquid film mass transfer 
    +tau(2)*(3*((1-x1)^(2/3)-(1-x).^(2/3))-2*(x-x1)) ...   % Equation of diffusion through product layer 
    +tau(3)*((1-x1)^(1/3)-(1-x).^(1/3)) ...   % Equation of chemical reaction 
    +t1-t).^2); 

 

 

  



B.3. Shrinking particle model – Single stage leaching 

a) Main program 

% This program calculates the time constants of the shrinking particle by 
% fitting the experimental time-recovery data to the corresponding equation. 
% This program handles the case of small particles (Stokes flow). 
% 
% This program and the function phiPBM.m should be saved in the same 
% directory before running the program. 
  
clear 
close all 
  
% Input data 
% Time-recovery data from experiments are given below. Both time and 
% recovery values should be presented to the program as vectors t and x, 
% respectively. 
  
t=[ ];  % Experimental times should be given as a vector 
t=(t(:).')';    % make sure it is a column vector 
x=[ ];  % Experimental recoveries (fraction of recovery) should be given as a vector 
x=(x(:).')';    % make sure it is a column vector 
  
% Calculating the time constants by optimization 
options = optimset('LargeScale','off'); 
tau=fmincon('phiSPM',[100 100],[-1 0; 0 -1],[0 0],[],[],[],[],[],[],t,x); 
  
% Calculating the correlation coefficient, tc is the vector of times 
% calculated based on evaluated time constants 
tc=tau(1)*(1-(1-x).^(1/3))+ tau(2)*(1-(1-x).^(2/3)); 
r2=sum((t-mean(t)).*(tc-mean(tc)))/std(t)/std(tc)/(length(t)-1); 
  
% Output results 
clc 
fprintf('\n tau_{R-SPM} = %8.4f',tau(1))    % Time constant for chemical reaction 
fprintf('\n tau_{F-SPM} = %8.4f',tau(2))    % Time constant for liquid film diffusion 
fprintf('\n R^2 = %5.4f\n',r2)  % Correlation coefficient 
  
% Parity plot 
plot(t,tc,'o',[0 max([max(tc) max(t)])],[0 max([max(tc) max(t)])]) 
xlabel('experimental time') 
ylabel('calculated time') 

 
 
b) Function for calculating φ 

function f=phiSPM(tau,t,x) 
% This function calculates the sum of squared errors (phi) for shrinking 
% particle model in the combined resistances method. 
% This function handles the case of small particles (Stokes flow). 



% 
f=sum(( ... 
    tau(1)*(1-(1-x).^(1/3)) ...     % Equation of chemical reaction 
    +tau(2)*(1-(1-x).^(2/3)) ...    % Equation of liquid film mass transfer 
    -t).^2); 

 
 

  



B.4. Shrinking particle model – Second stage of leaching 

a) Main program 

% This program calculates the time constants of the shrinking particle in 
% the second stage of leaching when there is a change in the controlling step. 
% This program handles the case of small particles (Stokes flow). 
% 
% This program and the function phiPBM2.m should be saved in the same 
% directory before running the program. 
  
clear 
close all 
  
% Input data 
% Time-recovery data from experiments are given below. Both time and 
% recovery values should be presented to the program as vectors t and x, 
% respectively. The first element in each vector should be the value at the 
% start of change in the controlling step. 
  
t=[ ];  % Experimental times should be given as a vector 
t=(t(:).')';    % make sure it is a column vector 
x=[ ];  % Experimental recoveries (fraction of recovery) should be given as a vector 
x=(x(:).')';    % make sure it is a column vector 
  
t1=t(1);    % Time at the change point  
x1=x(1);    % Recovery at the change point 
  
% Calculating the time constants by optimization 
options = optimset('LargeScale','off'); 
tau=fmincon('phiSPM2',[100 100],[-1 0; 0 -1],[0 0],[],[],[],[],[],[],t,x); 
  
% Calculating the correlation coefficient, tc is the vector of times 
% calculated based on evaluated time constants 
tc=t1+tau(1)*((1-x1)^(1/3)-(1-x).^(1/3))+ tau(2)*((1-x1)^(2/3)-(1-x).^(2/3)); 
r2=sum((t-mean(t)).*(tc-mean(tc)))/std(t)/std(tc)/(length(t)-1); 
  
% Output results 
clc 
fprintf('\n tau_{R-SPM} = %8.4f',tau(1))    % Time constant for chemical reaction 
fprintf('\n tau_{F-SPM} = %8.4f',tau(2))    % Time constant for liquid film diffusion 
fprintf('\n R^2 = %5.4f\n',r2)  % Correlation coefficient 
  
% Parity plot 
plot(t,tc,'o',[0 max([max(tc) max(t)])],[0 max([max(tc) max(t)])]) 
xlabel('experimental time') 
ylabel('calculated time') 

 
 
b) Function for calculating φ 



function f=phiSPM2(tau,t,x) 
% This function calculates the sum of squared errors (phi) for shrinking 
% particle model in the combined resistances method. 
% This function handles the case of small particles (Stokes flow). 
% 
x1=x(1); 
t1=t(1); 
f=sum(( ... 
    tau(1)*((1-x1)^(1/3)-(1-x).^(1/3)) ...     % Equation of chemical reaction 
    +tau(2)*((1-x1)^(2/3)-(1-x).^(2/3)) ...    % Equation of liquid film mass transfer 
    -(t-t1)).^2); 

 

 

 


