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Abstract

Adsorption efficiency of native, NaOH-treated and immobilized peanut husk and sugarcane
bagasse for Sr(ll) removal was studied in batch mode. In view of promising adsorption
efficiency of peanut husk versus sugarcane bagasse, the biosorption behaviour of the Sr(ll)
ions onto peanut husk (native and modified) was studied as a function of pH, biosorbent dose,
contact time, initial metal ion concentration and temperature for the maximum removal of
Sr(Il) ions. Linear and non-linear pseudo-first and second-order kinetic models were applied
and value of R? and six non-linear regression error functions, namely hybrid fractional error
function (HYBRID), Marquardt’s percent standard deviation (MPSD), average relative error
(ARE), the sum of the errors squared (ERRSQ/SSE), the sum of the absolute errors (EABS)
and Chi-square test (x?) were used to predict the most optimum kinetic model. Sorbent-
sorbate reaction nature was estimated by fitting equilibrium data by non-linear and
transformed linear forms of the Langmuir, Freundlich and Redlich-Peterson isotherms and
most optimum isothermal model was optimized by comparing linear and non-linear R? value
and non-linear regression error functions. HCI proved most successful eluating agent for

sorbed Sr(Il) ions. Biosorption characteristics and effectiveness of the process was also
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confirmed by Fourier transform infra-red spectroscopy (FTIR), scanning electron microscopy
and energy dispersive X-ray spectroscopy (SEM-EDX). In view of promising efficiency of
peanut husk as an adsorbent, it could possibly be used for the removal of Sr(ll) ions from
aqueous medium and is also extendable to other radionuclide.

Keywords:  Radionuclide; Biosorption; Strontium; Equilibrium; Kinetic; Non-linear

regression
Introduction

The radioactive wastes containing long-lived radionuclide have been considered as the most
hazardous and dangerous environment pollutants and their treatment have received much
attention. Strontium (Sr) has two important isotopes i.e. ®°Sr which emits B radiation with a
half-life of 28 years and 85Sr which is a Y emitter with a half-life of 64.8 days. Strontium
naturally occurs at an average amount of 0.04% and is the 15" abundant element in the
earth’s crust [1]. The behaviour of strontium (Sr) isotopes in the soil, which may be
discharged to the ecosystem as a result of nuclear weapons testing nuclear accidents comes
into water, soil and plants, is of great interest. Beyond the four stable isotopes, which are
naturally present in soil, ®Sris also present in the surface soil almost everywhere in the world

as a result of fallout from past atmospheric nuclear weapons tests [2, 3].

Currently, various methods have been developed to remove the pollutants (metallic ions, dye
etc) radiotoxic ions from aqueous solution, such as chemical precipitation, thermal treatment,
membrane, solvent extraction, ion exchange, adsorption and oxidation [4-14]. There is a
growing interest in finding cost-effective methods to remove heavy metals from aqueous
media. Sorption has been proposed as a promising technique for removing metals from
contaminated water, since it has shown potential to achieve good removal at relatively low
cost and with low energy demands [15-18]. Sorption is here defined as a collective term for
adsorption to the surface and absorption into the structure of a material. Strictly speaking,

precipitation is not sorption.

The aim of present study is to evaluate the efficiency of economical sorbent to remove Sr(ll)
form aqueous solution. In the present work, we have focused on the removal of strontium ion
from aqueous solutions using peanut husk, an agricultural waste, as a new adsorbent. In our
previous work, we had successfully employed different agrowastes i.e Rice husk and Bagasse

for the removal U(VI) and Zr(IV) ion from agueous solutions [19, 20]. Previously, reports
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have been shown that the high concentration of the Sr in Indus river [21], as well as
significant Sr concentration in Pakistani diet and need immediate improvements to effectively

handle the problem of Sr high concentration resulting in wastewater contamination [22].

Materials and Methods

2.1 Reagents and biosorbent preparation

2.2.

All chemicals used were of analytical grade and purchased from Sigma-Aldrich Chemical
Co, USA. A stock solution was prepared by dissolving Sr(NOz)2 in deionized water
(Millipore Corp., Milli-Q, 18.2 MQ cm at 25°C) and working standards of desired

concentration were prepared by diluting the stock solution.

The selected biomass, peanut shell and sugarcane bagasse, were collected from different
agricultural industries in Faisalabad, Pakistan. Firstly, biomass was extensively washed with
tap water and then three times with deionized water to remove water soluble surface
contaminants. After washing, biomass was air dried at ambient temperature, and then ground
and sieved (Octagon Siever, OCT-Digital 4527-01) to obtain a homogenous biosorbent

material of uniform size (300 um).
Initial screening experiment

An initial screening experiment for the removal efficiency of the selected biosorbents for
Sr(11) was carried out. 25 mL of a 10 mg Sr(I1) L solution at varying pH (pH 3 - 9, pH of
each solution adjusted with either dilute NaOH or HCI) was added to 0.1 g of either peanut
husk biosorbent (PHB) or sugarcane bagasse biosorbent (SBB) in 50 mL centrifuge tubes
(Sarstedt). Method blanks were also taken through the process. The samples were shaken
(IKA orbital incubator, 125 rpm at 20°C) for 2 h. After 2 h, the samples were centrifuged
(Harrier, 600 rpm), filtered (Whatman No 542 grade filter papers) and the filtrate analysed.
To allow the biosorption equilibrium capacity of Sr(ll) on selected biosorbents to be
determined, the concentration of Sr(ll) before and after sorption was determined by
Inductively Coupled Plasma - Optical Emission Spectroscopy (Perkin Elmer, Optima 5300
DV) with a Scott style spray chamber and gem tip cross flow nebuliser. Calibration of the
instrument was carried out using 0.1, 1.0 and 10 mgL™? Sr standards prepared for NIST

traceable Alfa Aesar Specpure® 1000 mgL™? standard and instrument performance assessed
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2.4.

by analysing a Certified Reference Standard (ES-H-2 groundwater) with each analytical
batch.

The biosorption equilibrium capacity of Sr(I1) per unit biomass (mg g*) dry weight of the

biosorbent was calculated using formula shown in Eq. 1.

qe = (Co —Ce) V/W (1)

Where, C, and Ce are the initial and equilibrium concentrations of Sr(Il) in solution, V is

volume of solution of desired concentration in litres and W is the amount of biosorbent in g.
Sr(11) removal

After initial screening, the removal efficiency of native PHB proved most successful in the
removal of Sr(ll) and was used in further experiments. 1.0 g sub-samples of native PHB
were chemically treated by shaking with 100 mL of either 5 % HNO3s, H2SO4, HCI or 1 %
NaOH for 2 h. Each chemically treated sample was then thoroughly washed with deionized
water and filtered through (Whatman No 542 grade filter papers). The samples were oven
dried at 30°C, ground and sieved as before to obtain a homogenous biosorbent material of
uniform size. Immobilization of the native PHB was also carried out using the method of
Kausar et al., 2013. Briefly, 2g of native PHB was added to a 40°C prepared sodium-alginate
solution and stirred continuously until a homogenous mixture was formed. Uniform beads of
Ca-alginate immobilized PHB was then formed by adding the mixture, drop-wise using a
burette, into a 1% CaCl (w/v) solution. The beads were kept in the solution of 1% CaCl: to

allow complete curing, then washed with deionized water and stored at 4°C until required.
Sorption kinetics and data modelling

To understand the mechanism controlling biosorption, the most commonly used pseudo-first
(equation 2) [23] and pseudo-second order (equation 3) [24, 25] kinetic models were used to

interpret the experimental data as shown in Egs. 2-3.

qr = q.(1 —e™™1b) ()
— quzt
qc = T+der,t (3
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Where qe and g are the amount of metal ions adsorbed (mg g™) at equilibrium and at time t
(min), respectively, ki (min™t) is the pseudo- first-order rate constant and k2 is the pseudo-

second order rate constant (g mg™* min™).

After integration, the pseudo-first order (equation 2) and pseudo-second order (equation 3)

models can be rearranged to the linear form for data plotting as follows:

Ky
2.303

log(ge — qv) = log(qe) — t 4)

w =t @) ®

Gibbs energy (AG°), enthalpy of adsorption (AH°) and entropy of adsorption (AS°) were
determined using the Egs. 6-7 [26].

AG =AH -TAS (6)
ae\ _ AH’ AS°
log (C_e) T 2.303RT T 2.303R ()

Thermodynamic parameters AH® and AS°® were calculated from the linear plot of Log (qe/Ce)

and 1/T from the slope and intercept respectively and AG® using equation 6.
Equilibrium study and data modelling

The classical sorption models of Langmuir (Eq. 8) [27] and Freundlich (Eg. 9) [28] and the
hybrid Redlich-Peterson (Eq. 10) [29] were used to characterise the biosorption process and
for evaluating the biosorption equilibrium capacity.

m Ka Ce
e = Lm (@)
=K cl/n 9
de FYe ( )
ACe
de = 1+BCS (10)

Where, Qe is the biosorption equilibrium capacity (mg g?'), Ce is the equilibrium

concentration of metal ions remaining in solution (mg L), gm is the maximum biosorption
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2.8.

capacity (mg g?), Ka is adsorption equilibrium constant (L mg), K is the binding capacity

constant and 1/n is a coefficient related to the sorbent:sorbate affinity.
Error analysis for kinetic and equilibrium models optimisation

To evaluate the best fit model to explain the experimental kinetic and equilibrium data an
optimisation procedure involving the ordering of error function was employed [30-33]. Six
non-linear error functions were examined using statistical software (R-Version 2.15.1) by
minimizing the respective error function across the time and concentration range studied. The
error functions employed were the sum of the squares of the errors (SSE) (Boulinguiez, et al.,
2008), a composite fractional (HYBRD) error function [34], average relative (ARE) error
[35], sum of absolute error (EABS) [36], Marquardt and nonlinear chi-square test [37].

Desorption Study

Desorption studies to regenerate the adsorbent were carried out using eluting agents EDTA,
H2S04, HCI, NaOH and MgSOa. To regenerate the adsorbent, firstly Sr(1l) was adsorbed

under optimised conditions, then the Sr(11) loaded biosorbent was dried in oven at 40 °C for
24 h and then desorbed in 100 mL of 0.1 M solution of each selected eluting agent. Percent

desorption was calculated using relations shown in Egs. 11-12.

Desorption (%) = [%]100 (11)

dads

ddes = Cdes V/W (12)

Where, ques is eluted Sr(I1) content (mg g 1) and Cdes (mg L) is Sr(ll) concentration in
eluent solution of volume V (L) and W is biomass weight (g).

Characterisation of peanut husk biosorbent (PHB)

Surface area of the native PHB was determined by Brunauer, Emmett and Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, performed on a surface area analyzer (NOVA 2200,
Quanta Chrome, USA) using nitrogen as a standard. Surface morphology and surface
elemental composition were examined using a JEOL model 2300 Scanning Electron
Microscope equipped with an energy dispersive spectrometer (SEM-EDX). X-ray diffraction

was used to determine the chemical composition of PHB using a Siemens D5000 X-ray
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3.1.
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3.2.1.

Diffractometer operated at 40 kV and 40mA with CuK, radiation (A = 1.54056A°).
Assessment of functional groups involved in the biosorption of Sr(Il) to PHB was examined
by Fourier Transform Infrared Spectrometer (FTIR-8400S, Shimadzu) in the range of 600-
4000 cm™ and number of scans were 20-30 and resolution 2 cm™. Sr (1) loaded and unloaded

PHB samples were recorded.
Statistical analysis

Each experiment was conducted in duplicate to ensure the reproducibility of results. All data
represent the mean = SD of two independent experiments. The coefficients of equilibrium,
kinetic and thermodynamic models were determined using the regression technique.

Results and Discussion

Initial screening of biosorbents and effect of chemical pre-treatment

An initial screening assessment was carried out using the selected agricultural waste
biosorbents, peanut husk (PH) and sugarcane bagasse (SB), for Sr(ll) removal. The results
illustrated that PH had a higher Sr(Il) biosorption capacity than SB and therefore was used
for further experiments (Fig. 1A). PH was chemically pre-treated using 5 % solutions of
HNOs3, H2SO4 and HCI and 1 % NaOH and the removal efficiency of Sr(ll) in solution was
studied in the pH range 4-9 for all pre-treated peanut husk biosorbent (PHB) forms. An
increase in the biosorption capacity of pre-treated biosorbents can be attributed to increased
exposure of active metal binding sites caused by chemical modifications of the cell wall
components or removal of surface impurities [38, 39]. The results showed that acids have no
pronounced effect on the removal efficiency of Sr(l1) in solution and decrease the biosorption
capacity as compared to untreated PH but 1% NaOH had an enhancing effect, significantly
increasing the sorption capacity of PH at all pH’s tested (Fig. 1B). NaOH-treated PHB was

selected for further biosorption optimization studies.

Sr(I1) uptake on PHB

Effect of pH



The effect of pH on Sr (Il) sorption onto PHB (0.1 g of native, NaOH-treated and
immobilized PHB) was studied in the range of pH 3-9. It is clear from the Sr(ll) removal
isotherms shown in Figure 2A that acidic conditions did not favor Sr (I1) sorption in native
PH but immobilized PHB and NaOH-treated PHB performed relatively well across the entire
pH range tested. Maximum uptake was observed at pH 9 for native PHB (1.45 mg g!) and
pH 7 for immobilized PHB (2.35 mg g') and NaOH-treated PHB (2.76 mg g*). At low pH
values, competitive sorption of HsO* ions and Sr?* ions for the same positively charged sites
on the sorbents surface lowers the sorption capacity. With the increase of pH values, the
sorbents surface became more negative and electrostatic attraction between the Sr?* and
sorbent surface is likely to be increased [18]. Similar results have been found by several
researchers for Sr®* sorption on different adsorbents [17, 40, 41]. These results are very
encouraging when thinking about designing an integrated Sr(Il) treatment system for drinking
water, as the majority of natural water pH lie between 6.5 and 8, where increased uptake

efficiency is observed.
3.2.2. Effect of biosorbent amount

The effect of biosorbent amount on Sr (1) sorption was studied. Results shown in Fig. 2B
indicated that maximum biosorption capacity of 2.99 mg g, 5.24 mg g* and 4.32 mg g* was
observed with 0.05 g of native, NaOH-treated and immobilized PHB respectively. Further

increase in biosorbent weight decreased the biosorption capacity.
3.2.3. Effect of temperature

The temperature of the solution is an important factor during the process of biosorption. It
affects the interaction between the biomass and the metal ions, usually by influencing the
stability of the metal-sorbent complex, and the ionization of the cell wall moieties [42]. The
effect of temperature on biosorption of Sr(Il) ions onto native, NaOH-treated and
immobilized PHB is shown in Fig. 2C. The effect was small during the initial increase of
temperature, becoming more rapid at high temperature. The effect of temperature was more
apparent in native PHB compared to the modified PHB’s which showed little difference in
sorption capacity between 30-50°C. A decrease in the biosorption capacity was observed at
high temperature (50-60°C) which may be attributed to deactivation of adsorbent surface at

higher temperatures [43].



The thermodynamic parameters results are presented in Table 1. The positive value of AH°
suggests that the process is endothermic with AH® values less than 40 kJ mol, suggesting the
reaction is physical in nature. The negative values of AG® for all three forms of PHB provide
evidence of the spontaneity of the reaction with the negative values of entropy change AS°
suggesting that randomness decreases as the reaction proceeds. The thermodynamic data
shows that biosorption of Sr (I1) ions onto native, NaOH-treated and immobilized PHB is a

favorable process.
3.2.4. Effect of contact time

The effect of contact time on the biosorption of Sr(ll) by native, NaOH-treated and
immobilized PHB was investigated over the time intervals of 5 to 320 min as shown in Fig.
2D. A maximum biosorption capacity value of 3.81, 4.44 mg g* and 5.18 was obtained for
native, immobilized and NaOH-treated PHB, respectively. During the initial stages of the
sorption process, adsorption rate was rapid with > 90% of the added Sr(Il) removed from
solution within 10 mins for all treatments investigated. After which, uptake rate slowly
declined and attained equilibrium at 80 min for native, 160 min for NaOH-treated and 320
min for immobilized PHB. The results of the study revealed that adsorption took place in
two phases where the metal ion were physically/chemically taken up onto the surface of the
biosorbent before being taken into the inner adsorption sites of the PHB [15, 44]. The first
phase, known as a passive surface transport, took place quite rapidly, while the second

passive diffusion step transport, took a much longer time to complete [45-48].
3.2.5. Effect of initial Sr(Il) concentration and competing ions on the biosorption process

The effect of changing initial metal ion concentration in the range of 10-100 mg L™ on Sr(11)
removal was studied as it is well known that the initial metal concentration acts as an
important driver for the mass transfer of metal ions onto sorbents [15, 49-51]. The effect of
initial Sr(Il) concentration is shown in Fig. 2E and as expected the PHB and modified PHB
exhibited an increase in Sr(ll) removal capacity with increasing initial concentration until
equilibrium was reached, after which uptake decreased. Sr(Il) removal capacity is very high
at high concentration for immobilized PHB as compared to native and NaOH-treated PHB
with maximum biosorption capacity values of 38.0, 17.6, and 9.4 mg g* obtained for

immobilized, NaOH- treated and native PHB respectively. Gok et al. [52] studied in detail the
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biosorption of radio strontium by alginate beads and proved an efficient and inexpensive

method of Sr(Il) ion removal.

Biosorption of Sr(Il) ions was studied in the presence of other cations and anions as industrial
wastewater contains many other background electrolytes which may interfere with the
biosorption process. Solutions of competing ions were prepared and the influence on the
biosorption capacity of PHB studied. The effect of ionic interaction on the sorption process
may be represented by the ratio of sorption capacity in the presence of interfering ion (Qmix)

and without interfering ion (qo), such that for:

q;”—"x >1 sorption is promoted in presence of other interfering ions

0

q;”—i" =1 sorption is not influenced in presence of other interfering ions
0

Amix

p < 1 sorption is suppressed in presence of other interfering ions [53].
0

The effect of the cations and anions investigated on the biosorption capacity of PHB is
reported in Table 2. The presence of other cations and most anions, strongly inhibit the
uptake of Sr(Il) ions from solution on native and NaOH-treated PHB. However, phosphate
have no effect or may even slightly promote the uptake of Sr(ll) on NaOH-treated PHB.
Although the presence of other cations and anions does inhibit the uptake of Sr(Il) from
solution onto immobilized PHB, the suppressing effect is less suggesting the immobilized
form of PHB may perform better under ‘real’ conditions. Results revealed that the Sr(ll) ions
can be removed effectively using peanut husk biomass (immobilized and NaOH pre-treated)
to avoid the contamination of natural water resources and under the current scenario of
environmental pollution [4, 7, 9, 11-14, 46, 54-73], there is also need to explore and utilize
new adsorbents. So far, in comparison to reported studies (Table 3) [1, 74-80], the peanut
husk biomass (immobilized and NaOH pre-treated) showed compromising efficiency for the

adsorption of Sr(I1) ions from aqueous medium.

Desorption study

Dilute HCI proved to be the most successful desorbing agent for immobilized PHB with
EDTA proving most successful for the NaOH-treated PHB. Greater than 95% of the retained

Sr(11) was eluted from the modified PHB forms using these desorbing agents. Interestingly, it
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was less easy to desorb retained Sr(ll) from native PHB with only 40% eluted in the most
successful desorbing agent (0.1M HCI) (Fig. 3). This implies the modified forms of PHB may
be successfully re-used and/or the retained Sr(ll) recovered from solution.

Biosorption kinetics

Understanding the kinetics of biosorption is important in technology transfer from the
laboratory to an industrial scale. Appropriate models can be helpful in understanding the
process mechanisms, for analyzing experimental data and predicting outcomes for process
optimization of future operational conditions [42, 47, 48]. The rate of the biosorption process
depends on the physical and chemical properties of the biosorbent material and the mass
transfer mechanism. A number of models have been proposed which evaluate this process

and provide estimates of removal rate and the Kinetic parameters under selected conditions.

Our results show the biosorption mechanism, over the complete range of the contact time, is
best explained by the pseudo-second order kinetic model. Table 4 illustrates that both Linear
and non-linear regression analysis R? values favor the goodness of fit of the pseudo-second
order kinetic model to the experimental kinetic data and the calculated and experimental
maximum sorption capacity values are in good agreement with the experimental values of Sr
(1) biosorption onto all PHB forms (Fig. 4). In addition, the values of error functions
obtained are very small, suggesting good agreement between models and experimental data.
For Sr(ll) uptake onto native, NaOH-treated and immobilized PHB, the error functions
decrease in order pseudo-first order > pseudo-second order again suggesting the better fit of

the pseudo-second order kinetic model to the biosorption data (results not shown).
Equilibrium modelling

The obtained results of Sr(Il) uptake on PHB were fitted to three common equilibrium
models and evaluated by linear and non-linear regression methods. Table 5 presents the
equilibrium modelling results of Sr(Il) removal by PHB with the comparative values for the
experimental sorption capacity ge and predicted sorption capacity by Freundlich, Langmuir
and Redlich-Peterson isotherms presented in Figure 5. The results show that the Redlich-
Peterson model provides the highest R? values of 0.99, 0.99 and 0.981 calculated by linear
regression and 0.883, 0.897 and 0.967 by non- linear regression for native, NaOH-treated and

immobilized PHB respectively. The high values of correlation coefficient suggest that the

11
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Redlich-Peterson isotherm model is comparatively much better at describing the observed
results than the Freundlich and Langmuir isotherm models. The trend of error functions
confirmed that the equilibrium data of Sr(Il) biosorption onto native and NaOH-treated PHB
was best fitted to the Redlich-Peterson sorption isotherm with the Langmuir isotherm,
whereas the equilibrium data of the immobilized PHB may be better explained by the

Langmuir or Freundlich models.
Characteristics of PHB influencing Sr(I1) biosorption

The process of biosorption is complex with many factors affecting this phenomenon. Among
these factors, surface morphology and the pore size of adsorbent can have a considerable
effect on the process of adsorption. Scanning electronic microscopy (SEM) in conjunction
with surface area analysis techniques were used to investigate the surface morphology,
texture and porosity of the PHB. The surface morphology of the native PHB is illustrated in
Figure 6A and shows the rough and irregular physical features of the PHB structure which
contain many pores that may provide a large surface for the Sr(lI1) ions adsorption. Brunauer-
Emmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and
volume analysis of the PHB support this visual deduction. The results obtained calculate a
large surface area and highlight the predominance of meso-pores (IUPAC Classification 20A
< d <500 A) in PHB which is desirable for the adsorption of metal ions from the aqueous
phase (see Fig. 6B). In addition, SEM and Energy Dispersive X-Ray (SEM-EDX) images
were used to confirm successful biosorption on native PHB, before and after loading with
Sr(I1) ions by the appearance of Sr peaks (Fig. 6C).

All plant biomass is composed of cellulose, hemi-cellulose and lignin to varying degrees,
with peanut husk being no exception. The XRD pattern confirmed the main crystalline
structure of PHB to be cellulose based. The broad peak at 2 6 = 22°C refers to the cellulose
structure and secondary peaks at 2 6 = 16°C the polysaccharide structure. Thermogravimetric
analysis (TGA) was used to investigate the ligno-cellulosic material content of PHB and it
was found that >71% weight loss occurred in a major decomposition stage at 200-400°C,
which is attributed to the decomposition of cellulose, hemicelluloses and lignin. The
predominance of ligno-cellulosic material in PHB provides a rich source of oxygen-
containing functional groups (e.g. -COOH, -OH, -R-OH) and it has been suggested that
complexation of metals with ionised oxygen-containing functional groups through ion

exchange is a major mechanism for metal sorption by biomass. The role of surface

12



complexation with oxygen-containing functional groups in Sr(ll) biosorption on PHB was
therefore evaluated by characterising the Sr loaded PHB using FTIR. After Sr(Il) sorption,
peaks at 3344, 1726 and 1030 cm™ (assigned to O-H, C=0 and C-O) weakened or shifted
suggesting that the oxygen-containing functional groups are involved in the Sr?* sorption

process (Fig. 7).

Conclusions

Peanut husk has potential to remove the Sr(ll) ions from wastewater even in low
concentration. Sorbent amount strongly affected the sorption capacity of Sr(ll) onto peanut
husk. The pH of the medium affected the sorption capacity and most optimal value was pH 9
for native and 7 NaOH-treated and immobilized peanut husk. Equilibrium was achieved in 80
minutes for Sr sorption onto native and NaOH-treated peanut husk. Native and NaOH-
treated kinetic data was fitted to pseudo-second order model. Redlich-Peterson isothermal
model had the best correlation to the experimental data of native and NaOH. Maximum
biosorption capacity 9.4, 17.6 and 38 mg g* for native, NaOH-treated and immobilized
peanut husk. Thermodynamics showed that removal of Sr(Il) was spontaneous and favorable
at all studied temperatures. HCI and EDTA proved most successful eluting agents for sorbed
Sr(1l) ions.
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Table 1. Thermodynamic parameters for Sr (11) biosorption onto PHB as a function of temperature

Temperature (C°) Native NaOH-treated Immobilized
AG° AH® AS° AG° AH° AS° AG° AH® AS°
30 -0.00384 -0.01221 -0.00336
35 -0.00377 8.1898 -0.015 -0.01219 13.48 -0.0042 -0.00327 8.41 -0.017
40 -0.00369 -0.01217 -0.00319
50 -0.00355 -0.01215 -0.00310
60 -0.00341 -0.01213 -0.00300

* AG°= kJ molt; AH= kJ mol?; AS°=J mol* K
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Table 2. Comparison of the effect of different interfering cations and anions on Sr(l1) biosorption onto peanut husk

Cations "—’ZO Native "—’;0 NaOH-Treated "—';0 Immobilized
5mgL! 10mgL! 15mgL?' 5mgL?! 10mgL?' 15mgL?! 5mgL? 10mgL? 15mgL™t

Co** 0.016 0.016 0.016 0.018 0.018 0.018 0.85 0.68 0.53
cu®* 0.016 0.016 0.016 0.035 0.006 0.006 0.84 0.72 0.56
Ni%* 0.016 0.016 0.016 0.090 0.040 0.040 0.85 0.85 0.45
Cd** 0.020 0.010 0.010 0.050 0.003 0.003 0.88 0.75 0.61
Zn?* 0.016 0.016 0.016 0.030 0.008 0.020 0.87 0.75 0.60
Mn?* 0.016 0.016 0.016 0.080 0.007 0.050 0.86 0.73 0.75
Pb?* 0.016 0.016 0.016 0.050 0.050 0.050 0.87 0.72 0.56
Anions (0.1M) % Native % NaOH-Treated % Immobilized
CIt 0.199 0.372 0.704

CH3;COO™* 0.172 0.362 0.707

SO4* 0.051 0.209 0.552

It 0.064 0.304 0.866

POs* 0.126 1.03 0.727
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10

Table 3. Comparison of Sr(ll) on to different adsorbents and peanut husk biomass (present study)

Adsorbents Sorption capacity References
Rice straw-based biochar 175.95mg g* Jang et al. [74]
(RSBC)
Hydroxyapatite-cobalt(I1) 13.44 mg g* Metwally et al. [75]
ferrocyanide, HAFC
Polymer hydrogel composed ~ 45.65 mg g* Choe et al. [76]
of alginate/humic acid/Fe-
aminoclay.
Alginate/Fe3O4 composite 400.0 mg gt Hong et al. [77]
Saccharomyces cerevisiae 150 mg g* Qiuetal. [78]
(S. cerevisiae)
Almond green hull 116.3mg g’ Ahmadpour et al. [79]
S. cerevisiae 81.96 mg g™ Yin et al. [80]
Activated carbon 5.07x10* molg™* Chegrouche et al. [1]
Peanut Native 9.4mgg? Present Study
husk NaOH-treated 176 mg g*

Immobilized PH 38.0 mg g’
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11  Table 4. Comparison of parameters of kinetic models for Sr(Il) biosorption onto PHB by linear and non-linear regression methods.

Pseudo-first order

Non-linear regression method

Parameters Linear regression method
Native NaOH-treated Immobilized Native NaOH-treated Immobilized
Ki(L min?) 0.0123 0.0241 0.0161 0.420 0.596 0.190
ge calculated(mg g%) 2.63 0.153 1.466 3.72 5.16 4.30
(e experimental (mg g) 3.80 5.18 4.44 3.80 5.18 4.44
R? 0.629 0.515 0.883 0.715 0.854 0.918
Pseudo-second order
Linear regression method Non-linear regression method
Native NaOH-treated Immobilized Native NaOH treated Immobilized
K2(g mg! min) 0.319 0.894 0.0840 0.328 0.665 0.0730
0e calculated (mg g?) 3.80 5.19 4.47 3.80 5.20 4.52
(e experimental (mg g) 3.80 5.18 4.44 3.80 5.18 4.44
R? 1.00 1.00 0.999 0.971 0.957 0.880
12
13
14
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15  Table 5. Equilibrium models parameters for Sr(ll) sorption onto peanut husk by linear and non-linear regression methods.

Parameters Freundlich Isotherm
Linear regression method Non-linear regression method
Native NaOH-treated Immobilized Native NaOH-treated Immobilized
-1 -1
Kr(mg g7)(L mg™)" ~37o7 8.75 10.3 3.85 8.94 711
rgZ 3.34 6.53 2.47 0.207 0.147 0.594
0.990 0.957 0.892 0.807 0.896 0.961
Langmuir isotherm
Linear regression method Non-linear regression method
Native NaOH-treated Immobilized Native NaOH-treated Immobilized
gn(mg g°)
Ka(L mg™) 8.89 16.5 49.8 9.38 15.3 34.2
RL 0.429 0.522 0.142 0.242 1.16 0.770
R? 0.0320 0.0270 0.0700 0.0120 0.0120 0.0140
0.973 0.966 0.819 0.882 0.714 0.782
Redlich-Peterson isotherm
Linear regression method Non-linear regression method
Native NaOH-treated Immobilized Native NaOH-treated Immobilized
A (L 9'1?1 2.69 2840 28.0 2.52 2497 4.40
B (dm* mg™)? 0.286 272 3.09 0.296 273 0.0210
92 1.00 0.860 0.413 0.976 0.860 1.38
R 0.990 0.999 0.981 0.883 0.897 0.967
16
17
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Figure 5. Comparison of equilibrium models for Sr(lI1) biosorption onto PHB A) Native B)
NaOH-treated and C) Immobilized.
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Pore Volume (cc g ') 0.11°
Pore diameter (A) 80.13°
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Figure 6A) SEM and C) EDX spectra of Sr(ll) loaded PHB and B) Brunauer-Emmett-Teller
(BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume analysis of
native PHB.
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