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Abstract
Uptake of Sr(II) from simulated low level radioactive waste, employing radiotracer 85+89Sr, has been carried out with humic 
acid by a batch equilibration biosorption study. The process exhibited rapid kinetics and at optimized parameters, Sr(II) was 
biosorbed from simulated reactor and reprocessing waste by 84 ± 2% and 75 ± 2% respectively. Kinetic modelling revealed 
that the process follows Ho and McKay’s linear pseudo second order kinetics, indicating chemisorption mechanism of bind-
ing. Thermodynamic studies ascertain the exothermic, spontaneous and feasible nature of the process. This work proved the 
viability of humic acid for Sr(II) removal as an eco-friendly, cost effective alternative to conventional techniques.
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Introduction

90Sr is a persistent fission product present in our ecosphere 
due to its long half-life of 28.8 years. Anthropogenic activi-
ties such as nuclear fission, past atmospheric nuclear weap-
ons tests, nuclear accidents, spent fuel reprocessing plants 
and radiation research laboratories are major sources of 90Sr, 
which, along with 137Cs forms an abundant part of Low 
Level Radioactive Waste (LLRW). These radionuclides 
contribute significantly to the overall radiation dose of an 
LLRW disposal facility [1] and must be treated with caution 
due to their hazardous nature.

This article focusses on the removal of radioactive Sr(II) 
from LLRW. The well-known toxic nature [2] of 90Sr, as well 
as its applications in Radioisotope Thermoelectric Genera-
tors (RTGs) [3], medical sciences, and industries, demand 
its extraction from nuclear effluents of reactor and reprocess-
ing plants by an environmentally cautious and green tech-
nique. Out of the existing green methods, there has been a 

tremendous amount of attention given to the technique of 
biosorption, which employs natural and modified substances 
for the removal of radionuclides and heavy metals from solu-
tions [4–7].

Literature survey reveals that Sr(II) and its radioactive 
counterparts like 90Sr and 85Sr have been separated from 
aqueous solutions by employing water imbibed seeds of Oci-
mum basilicum [8], chemically modified biosorbents derived 
from Azolla filiculoides [9], immobilized moss [10], lichen 
like Hypogymnia physodes [11], modified eggshell waste 
[12], saponified orange juice residue [6], roots of Taraxa-
cum officinale [13] and dry cowdung powder [14]. A diverse 
range of microbial cultures including Scenedesmus spino-
sus [15], Aspergillus terreus [16], Saccharomyces cerevisiae 
[17], Oscillatoria homogenea cyanobacterium [18], among 
several others [19–21] have also been employed for the 
biosorption of Sr(II). Most of these sorbents require exten-
sive pre-treatment processes and longer durations of reac-
tion time, some require living microbial flora for uptake of 
metal ions, which adds on to the sludge produced, question-
ing the green nature of the process. From the aforementioned 
biosorbents, dry cowdung powder (DCP) [14] is a notch 
over the others as it is a humified biological waste matter, 
not requiring any pre-treatment. Its notable high affinity for 
Sr(II) is intriguing, thus the present investigation attempts to 
explore the potentiality of humic acid, a prime component 
of DCP, for the uptake of Sr(II).
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Humic substances are ubiquitous in the environment, 
occurring in all soils, waters, and sediments of the eco-
sphere. One of their most striking characteristics is the 
ability to interact with metal ions, oxides, hydroxides, 
mineral and organic compounds, including toxic pollut-
ants [22], to form water-soluble and insoluble complexes. 
Humic acid (HA) has been reported to interfere with 
the biosorption of heavy metals—Pb(II), Cu(II), Zn(II), 
Cd(II), and Ni(II), on activated carbon [23]. Further, HA 
as a metal chelator has been applied for the removal of 
Cr(VI), Cd(II), Al(III), Pb(II) [24, 25] Au(III) [26] and 
Zn(II) [27]. HA has also been employed for Sr(II) removal 
[28–30] from aqueous systems. Literature studies reveal 
that HA are rich in aliphatic groups [31] and contain a 
high percentage of elements like carbon and oxygen [32]. 
Infrared spectroscopy studies confirmed that carboxyl [33] 
and phenolic [34] groups play a prominent role in the com-
plexing of metal ions by HAs. Thus, humic acids exhibit 
an affinity for metal ions by forming complexes, and can 
be applied for metal remediation.

The following manuscript illustrates the separation tech-
nique of Sr(II) from simulated LLRW solutions with a prac-
tical outlook to decontaminate such hazardous effluents.

Materials and methods

Adsorbent

Humic acid was procured as pellets from Loba Chemie Pvt. 
Ltd. (India) and no further purification was carried out. 
HA pellets were crushed using a mortar–pestle and further 
sieved to obtain a 100 mesh size.

Preparation of simulated effluent (adsorbate)

All the chemicals used were of analytical grade. Stock solu-
tions of 0.1 mg mL−1 Sr(II), Cs(I), Co(II) and NaI, along 
with 1 g  L−1 solution of  NaNO3 were prepared in distilled 
water (Resistivity 17.9 MOhm.cm at R.T.). Simulated efflu-
ent solutions of reactor and reprocessing waste [35] were 
prepared in accordance to their composition obtained from 
Tarapur Power Plant, as mentioned below [36]

• Reactor waste—0.1 mg Cs(I), 0.1 mg Sr(II), 0.1 mg 
Co(II), 0.1 mg  I− and 1 g  L−1  NaNO3, pH 7.0 to 8.5.

• Reprocessing waste—0.1 mg Cs(I), 0.1 mg Sr(II) and 1 g 
 L−1  NaNO3, pH 7.0 to 10.5.

These simulated solutions were used as adsorbates in the 
batch biosorption experiments.

Radiotracer technique

Radiotracer technique, developed by George de Hevesy and 
Paneth in 1913 [37], assumes that the fate of radionuclides 
in the environment follows the behavior of stable elements. 
Therefore, to facilitate experimental detection of sorp-
tion and mobility of radioactive strontium by gamma ray 
spectrometer, the use of radiotracer 85+89Sr was applied to 
calculate the total amount of metal biosorbed. This isotope 
was used as a surrogate for 90Sr, which is a beta emitter. 
The gamma peak of 85Sr (514 keV, half-life 64.8 days) was 
measured using single channel NaI(Tl) well type gamma 
ray spectrometer (PSP649/N, PEA GRS-301) with a mini-
mum resolution of 8%. Radioisotope 85+89Sr (in  HNO3) was 
procured from Board of Radiation and Isotope Technology 
(BRIT), Trombay, Mumbai.

Batch experiments

Radiotracer 85+89Sr was added to simulated reactor and 
reprocessing waste solution and pH was varied (pH 1 to 
pH 10) by addition of 0.5 N  HNO3 or NaOH. The total vol-
ume was adjusted to 15 mL with distilled water. A known 
amount of HA (3–50 g  L−1) was introduced into the result-
ant solution and equilibrated with mechanical stirrer (Remi 
RQT 127 A/D) for appropriate time (0–30 min) at suitable 
agitation speed (500–4000 rpm). The solution was then cen-
trifuged (Remi R-4C) and the supernatant was measured for 
activity using NaI(Tl) gamma ray spectrometer. A separate 
reference tube containing 85+89Sr was prepared for the meas-
urement of initial gamma activity of 85Sr.

Percentage biosorption was calculated as follows

where Ai = initial activity measured from the reference tube, 
Af = final activity in the supernatant

Results and discussion

All the experimental parameters mentioned above were 
comprehensively studied for optimum biosorption. It was 
noted that at pH 7, 84 ± 2% of radioactive Sr(II) from reactor 
waste was adsorbed by 20 g  L−1 humic acid at 303 K, within 
10 min of agitation at 3000 rpm. With the same contact time 
and agitation speed, at pH 8 and a sorbent dose of 30 g  L−1, 
75 ± 2% biosorption was obtained from reprocessing waste.

Effect of pH

On varying the pH from 1 to 10, as shown in Fig. 1, biosorp-
tion gradually increased and attained a maximum value of 
84 ± 2% for reactor waste at neutral pH and 75 ± 2% for 

(1)%Biosorption =
[(

Ai − Af

)

∕Ai

]

× 100
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reprocessing waste at pH 8. In the acidic range, the func-
tional groups on HA (primarily carboxylic and phenolic 
groups) tend to form hydrogen bonds with the excess  H+ 
ions in the solution. The protonated sorbent surface repels 
the Sr(II) ions, making the adsorption process unfavorable. 
This repulsion decreases with increasing pH due to reduc-
tion of positive charge density on the sorption sites; thus 
an enhancement of metal uptake is noted. As the alkalin-
ity increases, hydroxyl groups predominate in the solution 
and compete for the metal ions with the active sites on the 
surface of HA. Thus, a decrease in metal uptake is noted 
beyond pH 8.

Effect of sorbent dosage

Upon increasing the dosage of humic acid from 3 to 50 g 
 L−1, biosorption of Sr(II) increased from 40 ± 2% at 3 g  L−1 
of HA to 84 ± 2% at 20 g  L−1 of HA and further remained 
constant for reactor waste. In the case of reprocessing 
waste, maximum biosorption of 74 ± 2% was obtained at 
30 g  L−1 of HA, and upon further increment of adsorbent 
dose, biosorption remained constant. Initial rise in biosorp-
tion with increasing sorbent dosage is attributed to the 
availability of greater sites for adsorption of Sr(II). After 
maximum biosorption is attained, further rise in the sorbent 
dose does not affect the process and Sr(II) removal remains 
fairly constant.

Effect of agitation speed

Agitation facilitates greater contact and interaction between 
the adsorbent and adsorbate, leading to an increase in 
biosorption. As agitation speed is increased from 500 rpm 
to 4000 rpm, there is a positive impact on biosorption, which 
increases from 48 ± 2% at 500 rpm to 84 ± 2% at 4000 rpm 
for reactor waste and from 35 ± 2% at 500 rpm to 75 ± 2% at 

4000 rpm for reprocessing waste. Optimized speed used for 
further experimentation was 3000 rpm as on further increase 
in speed, there was no substantial rise in biosorption.

Effect of contact time and kinetic modelling

In order to optimize this parameter, all other parameters 
were kept constant during the study and time of contact was 
varied from 0 to 30 min. As seen in Fig. 2, from 0 to 5 min, 
there is a steep rise in biosorption, due to vacant sorbent 
sites present in the initial period. From 5 to 10 min, there is 
a gradual rise in Sr(II) biosorption, after which it approached 
a near-constant value, due to attainment of equilibrium. The 
standardized contact time was noted to be 10 min.

Sorption kinetic data was fitted to the two important 
kinetic models—Lagergren pseudo first and Ho and McK-
ay’s pseudo second order model. Out of these, the one with 
the best fit was found to be the pseudo second order model. 
Linear form of this model can be expressed by the following 
equation [38] 

where qe and qt are the sorption capacities (mg g−1), at equi-
librium and at time t, respectively, and k2 is the equilibrium 
rate constant (g mg−1  min−1) for pseudo second order model.

Linear regression analysis was carried out by plotting the 
graph of t/qt versus t, as seen from Fig. 2 (inset). A simi-
lar straight line plot illustrating a linear relationship was 
obtained for Sr(II) removal from reprocessing waste. The 
regression coefficient, R2 values were close to 1, as seen 
from Table 1, indicating the applicability of this model to 
both the systems. This suggests that the biosorption of Sr(II) 
onto HA is based on chemical interaction between the metal 
and active sites of the biosorbent.

(2)t∕qt = 1∕
(

k2 q
2
e

)

+
(

1∕qe
)

t

Fig. 1  Effect of pH on biosorption of Sr(II) from reactor and repro-
cessing waste
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Fig. 2  Effect of contact time on biosorption of Sr(II) from reactor and 
reprocessing waste; and (inset) linear plot of Ho and McKay’s pseudo 
second order kinetic model for reactor waste
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Effect of temperature and thermodynamics

Temperature studies are an important aspect as biosorp-
tion reactions are mostly exothermic, thus percentage 
adsorption usually drops at higher temperatures. Biosorp-
tion experiments were carried out at optimized parameters 
by varying the temperature from 268 K to 393 K. As 
temperature rises from 268 K, there is a marginal rise in 
biosorption, which eventually falls beyond 333 K. This is 
attributed to excess thermal energy, leading to increased 
mobility of metal ions and weakening of sorbent–sorbate 
bonds. The system works well in a low temperature to 
R.T. range, thus 303 K was optimized for the same.

Temperature dependencies were further evaluated by 
calculation of thermodynamic parameters. The standard 
Gibb’s free energy change is an important indication cri-
terion for spontaneity. A sorption process occurs spon-
taneously if ΔG° is a negative quantity. This free energy 
of biosorption reaction can be evaluated by the following 
equations [39] 

where ΔG° is the standard Gibb’s free energy change 
(kJ mol−1), R is the universal gas constant (8.314 J mol−1 
 K−1), T is absolute temperature (K), Ka is the biosorption 
equilibrium constant, ∆H° is the enthalpy change (kJ mol−1) 
and ∆S° is the entropy change (J mol−1K−1).

Equations 3 and 4 can be expressed as

Figure 3 illustrates the thermodynamic relation, where 
slope and intercept are graphically obtained and used to 
calculate ∆H° and ∆S°.

As seen from Table 2, Gibbs free energy change is a 
negative value, indicating spontaneity and feasibility of 
the system. Enthalpy change is also negative, revealing 
exothermic nature of the biosorption process. Entropy 
change is calculated to be positive, which indicates an 
increase in randomness of the system, implying a favora-
ble reaction with greater affinity of HA for Sr(II) ions.

(3)ΔG◦ = −RT lnKa

(4)ΔG◦ = −ΔH◦ − TΔS◦

(5)lnKa = (ΔS◦)∕R − (ΔH◦)∕RT

Effect of initial Sr(II) concentration

In order to understand the metal uptake capacity of humic 
acid, we have carried out experiments by increasing the 
concentration of Sr(II), maintaining other parameters con-
stant. Aqueous solutions of Sr(II) were prepared and added 
to the simulated effluents in the concentration range of 
0.1–20.0 mg mL−1 and batch biosorption experiments were 
performed.

As seen from the graph, percentage biosorption remains 
fairly constant from 0.1 to 2.0 mg mL−1; after which it starts 
decreasing drastically. A similar trend was noted by sev-
eral other researchers [40–42]. This decrease in biosorption 
can be attributed to unavailability of vacant active sites on 
the surface of the biosorbent and increasing competition 
amongst Sr(II) ions for the same (Fig. 4).

Selectivity of HA for Sr(II)

As noted from the composition of simulated reactor and repro-
cessing waste streams, Cs(I) is present in both the systems. 
Upon monitoring the uptake of Cs(I), employing radiotracer 
137Cs, its percentage biosorption was found to be as high 
as 90 ± 2% and 82 ± 2% for reactor and reprocessing waste 
respectively. In order to study the effect of salts on the biosorp-
tion of Cs(I) and Sr(II), and to understand the selectivity of HA 

Table 1  Calculated kinetic parameters for Ho and McKay’s linear 
pseudo second order model

Effluent k2 (g mg−1 
 min−1)

qe (mg g−1) R2

Reactor waste 1.02 2.18 0.999
Reprocessing waste 0.38 2.16 0.995

y = -0.116x + 2.0311
R² = 0.9748

y = -0.2745x + 1.8291
R² = 0.8861
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Fig. 3  A plot of  lnKa versus 1/T × 103

Table 2  Calculated thermodynamic parameters for reactor and repro-
cessing waste

Effluent ΔH° (kJ mol−1) ΔG° (kJ mol−1) ΔS° 
(J mol−1 
 K−1)

Reactor low level waste − 0.96 − 4.17 16.89
Reprocessing low level 

waste
− 2.28 − 2.39 15.21
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for these ions, salts like iodate, bromide and nitrate were added 
to the system in varying concentrations.

Results obtained for reactor waste after batch equilibration 
are illustrated in Fig. 5. As seen from the graph, the presence 
of these salts improve the selectivity of HA for Sr(II) by reduc-
ing the uptake of Cs(I) to the range of 20–30%. Conversely, the 
uptake of Sr(II) is barely lowered to the range of 70–75%. A 
similar trend is observed in the case of reprocessing waste with 
Cs(I) biosorption in the range of 16–20% and Sr(II) at 60–64%. 
These results indicate that Sr(II) can be separated from Cs(I) in 
the presence of certain salts. However the nature of HA and its 
affinity towards metal ions also permits collective adsorption 
and can be used for waste water clean-up.

Conclusions

Humic acid showed significant uptake of Sr(II) from both 
simulated reactor and reprocessing waste streams. HA is a 
readily available soil fraction and as a biosorbent, it works as 

an economical alternative to conventional techniques. Reac-
tor and reprocessing effluents are of the pH range 7.0–8.5, 
and 7.0–10.5 respectively. As noted from pH studies, the 
systems work well in the range of pH 7–8. This negates the 
need for addition of further chemicals, thereby making the 
process effectively, ‘chemical-free’. In addition, only 10 min 
of contact time is required to attain optimum biosorption. 
Thus advantages of this method include simplicity, rapid 
kinetics and economic feasibility, in conjunction with the 
green nature of the process. Our planned future work also 
takes into account the detailed isotherm studies along with 
desorptive nature of the biomass.
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