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Biosorption isotherms define the relationship between biosorption  
capacity of the biosorbent and the equilibrium concentration of the ions in solu-

tion, at a constant temperature. Experiments are routinely performed under near-equi-
librium because it is impossible to determine the exact time at which equilibrium was 
attained. A novel attempt to study multi-ion biosorption in non-equilibrium condi-
tions has been made, based on the Probability Isotherm theory. Materials and Methods: 
Probability Isotherm theory was examined with cucumber and kiwifruit peel beads 
which are reported to be efficient biosorbents. The peels were incubated in a cocktail 
of seven ions (As, Cd, Cr, Cu, Hg, Pb and Ni) at the same initial concentration (0.1-
15 mgL-1) and four different temperatures (25-55°C). Non-equilibrium biosorption 
data were modeled by Langmuir isotherm model. Data were analyzed using a one-way 
ANOVA coupled with a Bonferroni post-hoc test on GraphPad Prism 8 software. Cd 
and Ni ions showed the most well-defined trends with Langmuir isotherm model. The 
binding of ions was physico-chemical with simultaneously occurring physisorption 
and tchemisorption reactions. Conclusions: Probability Isotherm theory can be ap-
plied to multi-ion biosorption in non-equilibrium conditions. The behavior of each 
ion is unique and no two biosorption systems are alike. 

introduction

The low cost biosorption 
methods for the decontamination 
of drinking water have been in 

research for decades. Peels from a range 
of fruits and vegetables have the ability to 
remove toxic ions from a cocktail solution. 
Some examples include peels from apple 
(AP)1, cucumber (CP)2, banana (BP)3, 
orange (OP) 3, potato (PP)3 and kiwifruit 
(KP)4 immobilised on sodium alginate 
(SA) that can remove As, Cd, Cr, Cu, 
Hg, Pb and Ni. Biosorption is a complex 
physical and/or chemical process.5 A 
simplified theoretical description of the 
biosorption process is as follows: when a 

solid biosorbent with functional groups 
comes in contact with biosorbate ions 
in solution, the reaction tends to move 
towards a dynamic equilibrium where 
the rate of adsorption is balanced by the 
rate of desorption (Equation: 1).6 Hence, 
biosorption equilibrium is not a steady 
state but a state of dynamic equilibrium 
defined by equal forward and backward 
rate constants (kf = kb) involving 
simultaneously occurring adsorption and 
desorption. Thus, the understanding of 
biosorption isotherms gives the overall 
direction of the reaction.
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Isotherms define the relationship between 
the biosorbent and the biosorbate ions when the 
system is at equilibrium7. The equilibrium time 
is usually determined by biosorption kinetic 
studies prior to arriving at biosorption isotherms. 
The concentration of the solution is analyzed 
at different time points and the point beyond 
which there is no significant decrease in solution 
concentration is the equilibrium time. However, 
such estimation may produce erroneous results 
since it is difficult to ascertain the exact point at 
which the reaction reaches equilibrium. Thus, when 
biosorption isotherm studies are performed, data 
are generated for biosorption system approaching 
equilibrium which in theoretical terms, is a non-
equilibrium state. Additionally, various contact 
times ranging from 1 min to 75 days have been 
used by other researchers depending on the 
biosorption system and the time required to reach 
equilibrium.8,9 However, in case of a multi-ion 
solution, the ions may or may not have similar 
equilibrium times. For example, in the studies 
on Cd and Cu ions, equilibrium was attained by 
24 and 48 h, respectively.1-4 Therefore, it is not 
possible to perform the experiment with the same 
equilibrium time for all ions as the ions physically 
bound to the biosorbent may desorb from the 
surface back into the solution upon continued 
agitation beyond equilibrium. Therefore, one or 
more ions may be in a non-equilibrium state in a 
multi-ion solution. 

Chapman et al.,10-12 have applied the Probability 
Isotherm theory, a probabilistic expression of 
the second law of thermodynamics, as a method 
for describing biochemical reactions that are 
valid both for equilibrium and non-equilibrium 
conditions. This approach is true for all isothermal 
conditions and is different from the typical kinetic 
expression that can be applied to equilibrium 

conditions only. They suggested that the 
equilibrium constant can be represented as a ratio 
of the overall probability of forward to backward 
reaction (Equation - 2), which is dependent on the 
concentration of the reactants and products but 
independent of the mechanism of reaction.10-12 
The modified form of the Van’t Hoff equation 
equating the Gibbs free energy change (ΔG) with 
the equilibrium constant would then be valid for 
non-equilibrium conditions as well (Equation - 3). 

We have utilized this concept for multi-ion 
biosorption isotherms to analyze the uptake 
of heavy metal ions from water under non-
equilibrium conditions. A comparative study of 
sodium alginate beads immobilised with various 
fruit and vegetable peels demonstrated that 
CP and KP beads had the highest biosorption 
capacities1-4 and therefore these were selected for 
isotherm analysis. The aim of the present work 
was to use the Probability Isotherm theory to 
study the biosorption of heavy metals in non-
equilibrium conditions. This novel concept will 
ease the strict requirements of fixed equilibrium 
time and allow further characterization of the 
non-equilibrium biosorption by CP and KP. This 
additional information will inform the potential 
practical use of these beads for treating drinking 
water contained with multiple ions.

materials and methods

CP and KP Bead Preparation
CP and KP beads were prepared as described 
for other peels by Nathan et al.1-4 Briefly, 6 
cucumbers and 6 kiwi fruits were purchased from 
a supermarket in Dunedin, New Zealand. These 

Mx+ biosorbate ions; FVPy-=active sites on biosorbent surface; MFVP(x-y)+ =MFVP(x-y)+ = biosorbate ions bound to the active sites on biosorbent 
surfatce kf = rate constant for forward reaction (adsorption); kb = rate constant for backward reaction (desorption)6

Kne = Pf
Pb

G = Pf
Pb

RT InKne = Pf
Pb

G = Pf
Pb

RT In

Equation 2: Equation 3:
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were pulverized and immobilised on sodium 
alginate (1%). Beads were formed by dropping 
them in  0.1 M CaCl2 and dried to increase their 
shelf life. 
2.2 Batch biosorption experiments and ICP-MS 
analyses
Cocktail solutions were prepared by spiking 
deionized water with standard solutions of As 
(V), Cd (II), Cr (VI), Cu (II), Hg (II), Pb (II) and 
Ni (II) all at equivalent concentrations ranging 
between 0.1 and 15 mgL-1. The pH of the solution 
(25 ml) was adjusted to 7.0 ± 0.1 and the solutions 
were shaken with 4 beads of each type at 250 
rpm for 10 h. The experiments were performed 
at four temperatures 25, 35, 45 and 55ºC and all 
experiments were performed in triplicate. The 
results are expressed as the mean ± the standard 
error of the mean (SE). 

All solutions before and after biosorption 
were analyzed by an Agilent 7900 quadrupole 
inductively coupled plasma detector coupled with 
mass spectrometry (ICP-MS) after appropriate 
dilutions with HNO3. 
2.3 Statistical analysis 
All analyses were performed using GraphPad 
Prism 8 software. Since metals were not compared 
with each other, all experiments contained only 
one factor. Thus, data were analyzed using a one-
way ANOVA coupled with a Bonferroni post-
hoc test. In all cases, p < 0.05 was the minimum 
requirement for a statistically significant 
difference. 

results

Non-equilibrium Biosorption
To determine the equilibrium time for each of the 
ions a 15 mgL-1 cocktail solutions was incubated 
with four beads at 45ºC.  The results showed 
that the equilibrium time for each of the ions on 
both CP and KP beads was beyond 24 h and the 
difference between biosorption at 10 and 24 h 
was statistically significant (Figure 1). Therefore, 
10 h was used as the non-equilibrium time in the 
remaining studies.
Effect of initial ion concentration and temperature
To determine how temperature and ion 
concentration affected the biosorption 
performance of CP and KP beads, experiments 

were performed at a range of ion concentrations 
and temperatures. The results indicated that 
biosorption capacity increased with an increase 
in ion concentration (Figure 2a, 3a). In contrast, 
biosorption percentage decreased with an increase 
in initial ion concentration (Figure 2b, 3b). 
Interestingly, the biosorption of Cd and Ni by CP 
beads increased with an increase in temperature at 
1 mgL-1 and 6 mgL-1, respectively (Figure 2c,d). 
For KP bead, there was a significant increase in 
biosorption of ions (Figure 3c-e). 

Biosorption Isotherms
Biosorption isotherms were plotted with data col-
lected at  10 h (non-equilibrium). Only Cd and 
Ni ions showed defined trends (R2 > 0.8) (Figure 
4). Non-equilibrium data obtained for CP and KP 
beads at 10 h of contact time were then modeled 
using Langmuir isotherm model to describe the 
mechanism of biosorption. 

Figure 1: Equilibrium and non-equilibrium biosorption. Four beads of each type were 
incubated in a cocktail solution containing all seven ions each at 15 mgL-1, pH 7.0, 45ºC with 
continuous shaking at 250 rpm for 10-72 h. The bars represent the mean ± SE for N=3. Data 
were analysed by a one-way ANOVA coupled with Bonferroni post-hoc test. *Significantly 
different to all other time points for each ion, p< 0.05. (a) CP bead, (b) KP bead.
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Figure 2: CP bead non-equilibrium biosorption. Four beads of each type were incubated in a cocktail solution containing all seven ions at pH 7.0 with 
continuous shaking at 250 rpm for 10 h. The points represent the mean ± SE for N=3. Data were analysed by a one-way ANOVA coupled with Bonferroni 
post-hoc test. *Significantly different from the corresponding value at 25°C, p < 0.05. (a) Biosorption capacity at 25ºC, (b) biosorption percentage at 
25ºC, (c) biosorption percentage for ions at 1 mgL-1, (d) biosorption percentage for ions at 6 mgL-1, biosorption percentage for ions at 15 mgL-1.
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Figure 4: Non-equilibrium biosorption isotherms. Four beads of each type were incubated in a cocktail solution containing all seven ions each at 
0.1-15 mgL-1, pH 7.0 with continuous shaking at 250 rpm for 10 h. The points represent the mean ± SE for N=3. (a) CP bead at 25°C, (b) KP bead at 
25°C, (c) CP bead at 35°C, (d) KP bead at 35°C, (e) CP bead at 45°C, (f) KP bead at 45°C, (g) CP bead at 55°C, (h) KP bead at 55°C.
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Figure 6: Non-equilibrium Langmuir separation factor. Four beads of each type were incubated in a cocktail solution containing all seven ions each 
at 0.1-15 mgL-1, pH 7.0 with continuous shaking at 250 rpm for 10 h. The points represent the mean ± SE for N=3. (a) CP bead at 25°C, (b) KP bead at 
25°C, (c) CP bead at 35ºC, (d) KP bead at 35ºC, (e) CP bead at 45°C, (f) KP bead at 45°C, (g) CP bead at 55°C, (h) KP bead at 55°C.
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Figure 5: Non-equilibrium Langmuir isotherms. Four beads of each type were incubated in a cocktail solution containing all seven ions each at 0.1-15 
mgL-1, pH 7.0 with continuous shaking at 250 rpm for 10 h. The points represent the mean ± SE for N=3. (a) CP bead at 25°C, (b) KP bead at 25°C, (c) CP 
bead at 35°C, (d) KP bead at 35°C, (e) CP bead at 45°C, (f) KP bead at 45°C, (g) CP bead at 55°C, (h) KP bead at 55°C.
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ure 2c,d) and all ions by KP bead (Figure 3c-e) 
was observed. This may be due to the increase in 
the kinetic energy of the ions thus increasing the 
probability of collision with the biosorbent surface 
increasing their ability to diffuse into the pores of 
the bead. Additionally, there could be enlargement 
of pore sizes and/or an increase in the number of 
active binding sites due to the rupture of surface 
functional groups.15 Similar results have been re-
ported as biosorption increased with an increase in 
temperature for the uptake of As by date palm fi-
bers and OP16, Cd by bagasse17, Cr by citrus peel18, 
Cu by OP carbon19, Hg by water hyacinth car-
bon20, Pb by modified walnut shell21 and Ni by 
banana leaf.22 For KP bead, there was a significant 
increase in biosorption with increase in tempera-
ture thus indicating the more endothermic nature 
of the reaction (Figure 3c-e). 

To further understand the biosorbent-biosor-
bate interactions, biosorption isotherms23 were 
plotted in non-equilibrium conditions for both 
bead types and the data modeled using Langmuir 
isotherm model.
Langmuir Isotherm
The Langmuir isotherm describes the availability 
of a finite number of identical active sites that per-
mit the formation of a monolayer (i.e. no stacking 
occurs) on a homogeneous biosorbent surface.24,25 
Thus, all binding sites have an equal affinity for 
biosorbate ions.26, 27

An increased rate of biosorption of these ions 
from solution at elevated temperature is deter-
mined by an increase in the  qmax values with 
increase in temperature. This was observed in the 
uptake of Cd and Ni by CP and KP beads, and Cr 
by KP bead (Figure 5, Table 1). Similar observation 
was reported for the biosorption of Ni by activated 
carbon between 20 and 50°C from banana peel28 
and Cu by peanut hulls between 25 and 65°C,29 
where the values of qmax increased with increase 
in temperature. On the other hand, qmax for Cu 
and Pb biosorption by both CP and KP beads 
first increased and then decreased with a further 
increase in temperature which was also reported 
for the biosorption of Ni by OP in the tempera-
ture range 25- 50°C.30 This suggests that beyond a 
certain temperature, the ions may have started de-
sorbing from the bead. This may have been due to 
the weakening of the binding forces.31

Table 1: Four beads of each type were incubated in a cocktail solution 
containing all seven ions each at 0.1-15 mgL-1, pH 7.0 with continuous shak-
ing at 250 rpm for 10 h. qmax= maximum biosorption capacity (mgg-1); 
KL=Langmuir constant (Lmg-1); RL=Langmuir separation factor (dimen-
sionless). -- Parameters could not be derived.

CP beads at 25°C					   
Qmax 	 4.85	 --	 --	 0.95	 4.49
KL 	 1.66	 --	 --	 1.28	 0.63
RL	 0.83-0.04	 --	 --	 0.92-0.06	 0.93-0.10
at 35°C					   
Qmax 	 5.42	 --	 1.28	 0.78	 5.46
KL 	 2.00	 --	 0.60	 2.13	 0.55
RL	 0.81-0.03	 --	 0.94-0.10	 0.88-0.03	 0.94-0.11
at 35°C					   
Qmax 	 5.50	 --	 1.38	 1.10	 6.74
KL 	 1.32	 --	 0.66	 2.34	 0.34
RL at 55°C	 0.86-0.05	 --	 0.94-0.09	 0.87-0.03	 0.96-0.17
Qmax 	 5.71	 --	 0.88	 0.63	 7.58
KL 	 1.34	 --	 0.54	 1.63	 0.37
RL	 0.86-0.05	 --	 0.95-0.11	 0.90-0.04	 0.96-0.16
KP beads at 25°C  						    
Qmax 	 4.87	 2.41	 2.14	 1.97	 5.20
KL 	 1.86	 0.16	 1.22	 0.65	 0.36
RL	 0.82-0.04	0.98-0.30	0.89-0.05	 0.96-0.10	 0.96-0.15
at 35°C					   
Qmax 	 5.84	 2.85	 3.58	 2.43	 6.89
KL 	 1.35	 0.23	 1.16	 0.98	 0.32
RL	 0.86-0.05	0.98-0.23	0.90-0.06	 0.94-0.07	 0.96-0.17
at 45°C					   
Qmax 	 5.09	 3.63	 2.16	 1.49	 6.62
KL 	 4.88	 0.21	 2.79	 4.59	 0.40
RL	 0.63-0.01	0.98-0.25	0.78-0.02	 0.77-0.02	 0.96-0.14
at 55°C					   
Qmax 	 6.28	 5.07	 2.33	 1.48	 9.64
KL 	 2.04	 0.31	 1.50	 4.75	 0.32
RL	 0.80-0.03	0.97-0.18	0.87-0.04	 0.76-0.02	 0.96-0.18

Parameters	 Cd	 Cr	 Cu	 Pb	 Ni

Non-equilibrium Biosorption Isotherms
In the present study, biosorption capacity increased 
with an increase in ion concentration (Figure 2a, 
3a). This is likely due to the increase in the con-
centration gradient driving the reaction13. On the 
other hand, the decrease in biosorption percent-
age with an increase in initial ion concentration 
(Figure 2b, 3b) is because of the limited number 
of active sites on the surface for binding of ions at 
a fixed biosorbent concentration14. An interesting 
trend of increase with an increase in temperature 
for biosorption of Cd and Ni by CP beads (Fig-
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The dimensionless Langmuir separation factor 
(RL) (eq 5) indicates whether the biosorption is 
favorable or not; 0 < RL < 1 suggests a favorable 
reaction, RL > 1 indicates unfavorable biosorption, 
RL = 1 represents linear biosorption and RL = 0 
shows that biosorption is irreversible.32-34  All the 
RL values obtained were favorable for reaction, al-
though for dilute solutions (closer to 0.1 mgL-1) 
the reaction was least favorable with a larger sep-
aration factor (RL ≤ 1) and for concentrated solu-
tions (closer to 15 mgL-1) the reaction was more 
favorable and irreversible with a smaller separation 
factor (RL ≥ 0) (Figure 6, Table 1). The significant 
decrease in the affinity of the CP bead binding sites 
(KL) for Cu ions with an increase in temperature 
can be explained by the increase in the separation 
factor (RL) for moderately concentrated solutions. 
Similarly, the significant increase in KP bead KL 
values with respect to the uptake of Pb ions is con-
firmed by the corresponding decrease in RL values 
with increase 

Nature of biosorption - physisorption and 
chemisorption 

From the values of biosorption isotherm con-
stants, the forces holding the biosorbate on the 
biosorbent surface can be determined. In phy-
sisorption, multilayer biosorption takes place.35 

While all multilayer adsorptions are physical in 
nature, monolayer adsorptions may occur via phy-
sisorption or chemisorption.36-37 The results from 
Langmuir isotherm modeling suggest that the ion 
binding on CP and KP peel immobilised beads was 
physico-chemical in nature.

conclusions

We have shown that the Probability Isotherm 
theory given by Chapman et al., for biochemi-
cal reactions can also be used to study multi-ion 
biosorption of heavy metal ions in non-equilibri-
um conditions. The uptake of Cd and Ni ions on 
CP and KP beads was most useful for calculating 
parameters in the Langmuir isotherm model as 
these ions gave the best fit among the seven ions 
in the cocktail solution. Langmuir was a suitable 
isotherm model with up to five ions showing inter-
mediate to good fits (R2 > 0.8), and binding of the 
ions was physico-chemical in nature. This novel 
concept has opened new avenues for the study of 
biosorption in non-equilibrium conditions. 
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AT	 : Equilibrium binding constant corresponding to the   
  maximum binding energy

cads	 : Adsorbed biosorbate concentration
co	 : Initial ion concentration
CP	 : Cucumber peel
ICP-MS	 : Inductively coupled plasma coupled with mass  

  spectrometry
kb	 : Rate constant for backward reaction
kf	 : Rate constant for forward reaction
KL	 : Langmuir constant
KP	 : Kiwifruit peel
N	 : Number of experiments/ Sample size
PFO	 :Pseudo-first order
PSO	 : Pseudo-second order
qe	 : Biosorption capacity at equilibrium
qmax	 : Maximum biosorption capacity
qne	 : Biosorption capacity at non-equilibrium
R2	 : Coefficient of determination
RL	 : Langmuir separation factor
RSD	 : Relative standard deviation
SE	 : Standard error of the mean
Tb	 : Terbium
V	 : Volume of solution
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