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Abstract
Removal of inorganic soil pollutants (e.g. Sr2+) is considered necessary requirement to protect the environment and pub-
lic health. So sugarcane bagasse biochar (SCBB) was examined as a biosorbent material for Sr2+. This was done through 
adsorption Stirred-batch technique including a kinetic experiment, at two concentrations (50 and 150 mg/l) and an adsorption 
isotherm experiment at five concentrations (20, 50, 100, 150, and 200 mg/l), by using SrCl2·6H2O. Moreover, an examination 
of the role of SCBB at three dosages (0.5, 1, 2%w/w) in reducing the bioavailability of strontium in polluted soil through pots 
experiment by using Raphanus sativus. Kinetic data revealed that equilibration time was 3 h and pseudo-second-order model 
was more represented in data at low and high concentrations where (R2 = 0.999 and R2 = 1), respectively. Thus, chemisorption 
governed the adsorption process for Sr2+removal by SCBB. Furthermore, Langmuir isotherm model (R2 = 0.99) described 
the adsorption data better, which indicated that a monolayer type of adsorption plays a vital role in the removal of Sr2+ by 
SCBB. Pots experiment revealed that SCBB could significantly reduce Sr2+ uptake by Raphanus sativus. The percentages 
of decrease in the shoot were 5.82, 18.17, and 26.80% for SCBB dosage 0.5, 1 and 2% w/w, respectively. The percentages 
of decrease in root were 17.20, 36.89, and 53.34% for SCBB dosage 0.5, 1 and 2% w/w, respectively. Specific surface area 
and surface functional groups of sugarcane bagasse play a vital role in the retention of strontium. Hence, biochar played an 
important role in the removal of Sr2+ from aqueous solution and reduced its uptake by plants in soil.
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Introduction

Increasing the concentration of stable and radioactive 
strontium in soil and water is considered a big problem in 
standpoint of public health and environmental protection. 
Strontium is absorbed in human body as if it was calcium 
because the two elements are sufficiently similar chemically, 
and deposited preferentially in the bones and teeth of the 
human body and impaired bone growth in children (Cohen-
Solal 2002). When strontium reaches our bodies it can 
replace calcium in bones or inhibit vitamin production, and 
it is related to leukemia, rickets and, renal diseases (Nielsen 
2004). Besides, Steinhauser et  al. (2013) demonstrated 
that Sr90 increased malignant diseases such as leukemia 

or skeleton cancer caused by damage to DNA in the cells. 
Because strontium and calcium are chemically similar; both 
elements are divalent and have close ionic radii, sequential 
extractions showed that, strontium like calcium in bonded to 
carbonate phase (Kamel 2010; Salem 2011; Dimovic et al. 
2013). Additionally, since 90Sr bicarbonate is more soluble 
than calcium bicarbonate is, strontium in soil is more mobile 
than calcium (Kabata-Pendias and Mukherjee 2007).

Effects of stable strontium on plant genes are reported by 
Meena et al. (2013) who found abnormalities of chromo-
somal as chromosome breaks and chromosomal bridges at 
ana-and telophases in dividing cells in root tips. In addition, 
Sowa et al. (2014) reported that higher concentration of this 
element inhibited the growth of soybean seedlings. On the 
other hand, Burger and Lichtscheidl (2019) mentioned that 
adverse effects of the stable isotopes of strontium on plant 
development and growth are due to its negative impact on 
the uptake of some nutrients, especially calcium.

Naturally, strontium is found in the earth's crust 
as a mixture of the four stable isotopes (84Sr, 0.56%; 
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86Sr,9.87%;87Sr,7.04%; and88Sr,82.53%) (Gupta and Walther 
2017). High levels of stable strontium can be found in the 
minerals celestite and strontianite as sulfate (SrSO4) and car-
bonate (SrCO3), respectively (Coudert 2015). Bentley (2006) 
and Capo et al. (1998) demonstrated that bedrock weath-
ering releases strontium into the soils, surface water, and 
groundwater, where it becomes available for plant absorp-
tion and enters the food cycle. Natural levels of strontium 
in soil fluctuate widely, but the typical quantity is 0.2 mg 
per kilogram (kg) of soil (ATSDR 2004). Naturally occur-
ring strontium is not radioactive (WHO 2010). Moreover, 
disposal of the wastes from some activities such as mak-
ing ceramics and glass products, pyrotechnics, paint pig-
ments, fluorescent lights, and medicines, in irrigation water 
and agricultural soil is considered an important source of 
strontium soil pollution (ATSDR 2004). In addition, Aberg 
(2001) demonstrated that strontium enters soil environment 
as impurities in super phosphate which represent another 
source of strontium, as well as the usage of road salt with 
marine origin caused an increase in the concentration of 
water-leachable strontium that can reach 30–126 ppm in 
soils near roads with considerable traffic. Thus, it becomes 
available for uptake by plants and enters the food chain. 
Furthermore, nuclear electricity generation is considered a 
new trend in some countries such as Egypt. This mechanism 
depends on using heat produced during nuclear fission to 
convert water to steam that runs turbines and thus generates 
electricity (Forsberg 2009). Radioactive strontium is one of 
the compounds that may be produced by nuclear industry in 
groundwater and soil at radioactive waste repositories (Fetter 
et al. 2017). In this context, it is important to demonstrate 
that Burger and Lichtscheidl (2019) stated that, chemical 
and biochemical behavior of stable strontium and radioac-
tive strontium within plants and in soil solution are similar; 
so many experiments concerning uptake and distribution 
of radioactive strontium by plants were made with stable 
strontium.

Therefore, it is urgently necessary to find a suitable 
method to remediate strontium soil and water pollution. The 
most important chemical processes affecting the behavior 
and bioavailability of elements in soils are those concerned 
with the adsorption of elements from the liquid phase (Allo-
way 1995). Robin et al. (2015) and Nie et al. (2017) found 
that an ion exchange or a surface complexation described 
adsorption behavior of Sr2+ onto clay minerals, sediments, 
and soils. Adsorption procedures are thought to be more 
effective at removing radioactive species like Sr90 from 
aqueous solutions than electrocoagulation, ion exchange, 
and membrane processes because they do not require as 
much energy or advanced operational knowledge (Islam 
et al. 2018; Shin et al. 2021b). Furthermore, adsorption 
of Sr90depends on composition of the solid phase and its 
surface area, pH, and ionic strength (Wallace et al. 2012), 

which is in agreement with Kamel (2010) who stated that 
adsorption of strontium onto soil is strongly dependent on 
soil chemical composition. Similarly, Li et al. (2016) and 
Metwally et al. (2017) illustrated that chemical conditions 
and properties of adsorbent materials have an effect on sorp-
tion process of strontium. Activated carbon can be synthe-
sized from agricultural wastes as a suitable biosorbent for 
pollutant remediation due to its effective surface properties 
that its pore structure and binding properties that permits 
attachment on the surface of the biosorbent (Oyekanmi et al. 
2019, 2021). Due to its inexpensive cost, high specific sur-
face area, and high pore volume, activated carbon has been 
recently used to eliminate radioactive species (Shin et al. 
2021a, b). Nevertheless, Kılıc et al. (2013) demonstrated 
that, activated carbon needs to be regularly replaced, which 
means an increase in maintenance costs.

Biochar is an emerging adsorbent to many elements due 
to its plentiful functional groups and porous structures with 
high specific surface area (Li et al. 2019). The use of agri-
cultural waste as a feedstock for the production of biochar 
can improve waste management practices and thus protect 
the environment (Karic et al. 2022). Biochar is a kind of 
environmentally friendly, economic, and renewable mate-
rial, it is a carbon-rich pyrolysis product manufactured under 
no-oxygen conditions or oxygen-deficient at (300–700 °C) 
(Chaosheng et al. 2018). (Shin et al. 2021a, b) studied the 
adsorption of Sr2+ by spent coffee grounds (SCG) biochar, 
compared to powdered activated carbon (PAC), which has a 
much greater specific surface area (957.6 m2/g) and pore vol-
ume (0.676 cm3/g) than those of SCG biochar, he found that 
biochar showed higher maximum adsorption capacity than 
PAC. They argued that to the abundance of O-containing 
functional groups. Biochar could be prepared from pyrolysis 
of various types of feedstock as plant residue, animal lit-
ter, and sewage sludge (Srinivasan et al. 2015). Sugarcane 
bagasse (SCB) is a by-product of sugar production process; 
it is used in power generation and production of paper and 
fiberboard (Nakhla and El Haggar 2014). Sugarcane bagasse 
is the fibrous lignocellulosic residue of sugarcane (Iwuozor 
et al. 2021, 2022; Igwegbe et al. 2022). Biomasses such as 
sugarcane processing residues are widely used because they 
contain large amounts of 5 and 6 carbon sugars depending 
on the region (Avila et al. 2018). In addition to the fact that 
SCB is rich in carbon, it is inexpensive, and abundant, mak-
ing it ideal for biochar production (Iwuozor et al. 2022). Pro-
ducing of biochar by using sugarcane bagasse is a method 
to reuse this waste (Saleh and Hedia 2018) and has not been 
used yet for the removal of stable or radioactive strontium. 
on the other hand Azadi and Raisi (2021) mentioned that, 
sugarcane bagasse biochar (at pyrolysis temperature 600 °C) 
has high specific surface area 97.3 m2/g in comparison to its 
feed stock materials sugarcane bagasse 4.30 m2/g. The same 
result was observed by Moradi-Choghamarani et al. (2019) 
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who stated that, SCB showed low adsorption capacity and 
pyrolysis has increased it and they argued that to the high 
specific surface area of SCB after pyrolysis. Salem et al. 
(2021) demonstrated that using sugarcane bagasse biochar 
could reduce the availability of heavy metals in polluted soil. 
On the other hand, Kashparov et al. (2005) clarified that oats 
cultivated on sandy soil accumulated several times more90Sr 
than plants grown on heavy loam because sandy soil is poor 
in organic matter and clay minerals, which can fix strontium 
in soil. Currently, there is still room to select the best in 
terms of sorption capacity and kinetics to remove Sr2+, and 
more adsorbents need to be tested and confirmed for their 
effectiveness to remove Sr2+ ions from aqueous solutions 
Therefore, this study examined the efficiency of sugarcane 
bagasse biochar in retention of strontium in aqueous solution 
and sandy soil.

The objectives of this study were to evaluate using sug-
arcane bagasse biochar as an adsorbent material to Sr2+in 
aqueous solutions and apply it in soil to remediate polluted 
soil and reduce strontium uptake by plant. In addition, to 
get rid of sugarcane bagasse waste in a beneficial way. 
These objectives were achieved through study the effect of 
sugarcane bagasse biochar on retention of Sr2+ at different 
aqueous solutions Sr2+ concentrations, understanding how 
rapidly reactions approach equilibrium as well as investigat-
ing reaction mechanisms. Furthermore, assess the effect of 
sugarcane bagasse biochar on strontium uptake by plant via 
pots experiment using polluted sandy soil, which is poor in 
organic matter and clay minerals.

Materials and Methods

Sugarcane Bagasse Biochar (Biosorbent) 
Preparation

Sugarcane bagasse (SCB) was collected from the local mar-
ket. It was washed with tap water many times to remove 
any impurities. Moreover, it was washed three times with 
distilled water and dried at 80 °C for 24 h in the oven. The 
dried SCB was pyrolyzed using traditional method in which, 
the raw material was placed in a stainless steel net and then 
inside a well-sealed barrel of the pyrolysis unit, where it was 
burned in partially absence of oxygen for 2 h. The tempera-
ture was kept around 500 °C (El Gamal et al. 2017).

After naturally cooling biochar sample, it was washed 
with distilled water to remove excess impurities then it was 
oven-dried at 105 °C for 5.0 h. After cooling, biochar sample 
was crushed and sieved using 0.5-mm polypropylene sieve 
and stored in desiccator prior to adsorption experiments.

Characterization of Biochar

Scanning electron microscopy (SEM) was carried out to 
biochar sample before and after adsorption experiments to 
study surface morphologies using SEM Quanta FEG Unit, 
with accelerating voltage 30 k.v., (magnification 250 × up 
to 20,000 0061nd resolution for Gun.1 m). FTIR (Fourier 
transform infrared) was carried out to determine surface 
functional groups, which were determining by scanning 
SCBB with infrared rays in the range 400 – 4000 cm−1 using 
SHEMATZU infrared spectrophotometer model FT/IR5300, 
JASCO Corporation, Japan. Some Physicochemical charac-
teristics of SCBB was determined, such as mass percent-
age of carbon (C), hydrogen (H), nitrogen (N) and sulfur by 
using a CHNS Elemental Analyzer(Vario type, El, elemental 
analyzer).The percentage of the ash content was calculated 
according to Lynch and Joseph (2010). SCB biochar's oxy-
gen (O) fraction was estimated by subtract the ash, C, H, 
and N contents from their combined mass percentages. For 
evaluation the aromaticity and polarity of SCBB, H/C, O/C 
and (O + N)/C atomic ratios were calculated respectively. PH 
and EC of sugarcane bagasse biochar (SCBB) sample were 
determined at the ratio 1:20 w/v (biochar/water suspension). 
Its Average pore diameter and specific surface area were 
measured by the N2− BET method and total pore volume 
was determined. CEC was determined according to Song 
and Guo (2012).

Chemicals

SrCl2·6H2O and KCl were obtained from Sigma Aldrich 
Company (Germany). Hydrochloric acid, sodium hydroxide, 
nitric acid, sodium acetate, Ammonium acetate, Hydroxide 
amine hydrochloride, potassium hydroxide, sodium chloride, 
calcium chloride, ferric sulfate and ethanol were purchased 
from El-Gomhoria chemicals Co., Egypt.

Batch Experiments of Strontium Adsorption 
onto SCBB

Adsorption experiments were carried out by using a series 
of reaction vessels in a Stirred-Batch technique with a con-
stant temperature water path Circulation Jacket at 25 °C and 
400 rpm and in two replicates for each concentration. The 
experiments were carried out by mixing dried SCBB with 
aqueous solution of SrCl2.6 H2O in 1:200 w/v ratio (adsor-
bent dosage = 5 g/l) with background solution 0.01MKCl.

Adsorption kinetic experiments of Sr2+ by SCBB were 
carried out at two concentration (around 50 and 150 Sr2+ 
mg/l). During reaction, suspension was withdrawn with a 
polyethylene syringe from the reaction vessels after the 
desired contact time (10, 15, 30, 60,120, 180, 300, 420, 
540, 720 and 1440 min).
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At equilibration time obtained from kinetic experiment, 
Adsorption isotherm of Sr2+ on SCBB was carried out at 
five initial different concentration of Sr2+around (20, 50, 
100, 150, and 200 mg/l) at 25 °C.

After all adsorption experiments, the suspended materi-
als were centrifuged for 5 min then, filtered with Whatman 
42 filter paper to separate SCBB from aqueous solutions. 
Immediately pH was measured in, aliquots of the superna-
tants then, raw and treated Sr solution were measured by 
inductively coupled argon plasma optical emission spec-
trometry (ICAP 6500 Duo, Termo Scientifc, England).

The adsorptive capacity of Sr2+ at time t is qt (mg/g) 
that was calculated from the difference between the initial 
and final concentrations of the metal in solution by using 
the following equation

where C0 and Ce (mg/l) are the concentrations of Sr2+ions 
in the raw and treated aqueous solutions, respectively. V (L) 
and M (g) are the sample volume and mass of SCBB.

For describing kinetic of Sr2+ sorption by SCBB three 
mathematical expressions were applied such as pseudo-
first order, Elovich and pseudo-second order models in 
linear form (Zelentsov and Datsko 2017).

Pseudo-first-order model

where qe and qt (mg/g) are mounts of adsorbed Sr+2on to 
SCBB at equilibrium and at the selected time (t (h)) respec-
tively. k1 (1/h) is the rate constant of pseudo first-order equa-
tion. K1 adsorption rate constant and qe were determined 
from the slope and intercept of the linear plot of ln (qe − qt) 
versus t.

Elovich equation

where qt (mg/g) is the mount of adsorbed Sr+2on to SCBB 
at the selected time α (g/mg·min) and β (mg/g·min) are con-
stants that were determined from the slope (1/β) and inter-
cept (1/β) ln (α/β) of the linear plot of qt versus ln t.

Pseudo-second order model

where qe and qt (mg/g) are mounts of adsorbed Sr+2on to 
SCBB at equilibrium and at the selected time (t (h)), respec-
tively. k2 (g/mg.h) is the rate the constant of pseudo-second-
order equation.

For describing Adsorption isotherm of Sr2+ on SCBB 
that was carried out at five initial different concentration of 
Sr2+ around, (20, 50, 100, 150, and 200 mg/l) Langmuir and 
Freundlich isotherm models were used (Cheng et al. 2012).

(

qt
)

= V
(

C0−Ce

)

∕M

Ln
(

qe−qt
)

= ln qe− k1 ⋅ t

qt = (1∕�) ln (�∕�) + 1∕� ln T

t∕qt = 1∕
(

k2qe
2
)

+ t∕qe,

Freundlich isotherm model

where Ce (mg/l) is the concentration of the strontium ions at 
equilibrium, qe (mg/g) is the amount of adsorbed Sr+2 on to 
SCBB at equilibrium, KF (mg1−(1/n) L1/n/g) is the Freundlich 
adsorption constant and n (dimensionless) is the empirical 
constant describing sorption nonlinearity.

Langmuir equation

where Ce (mg/l) is the concentration of the strontium ions at 
equilibrium, qe (mg/g) is the amount of adsorbed Sr+2 on to 
SCBB at equilibrium, qmax (mg/g) is the maximum adsorp-
tion capacity of Sr+2 onto SCBB*** and KL (L/mg) is the 
Langmuir constant related to the adsorption energy.

The following equation was used to assess the favorabil-
ity of the Sr2 + adsorption onto the SCBB (Liu et al. 2017):

where RL is the dimensionless constant separation factor, 
KL (L/mg) is the Langmuir constant** and C0 (mg/l) is the 
initial concentration of Sr+2.

RL = 1 indicates that the adsorption process is linear.
RL = 0 indicates that the adsorption process is irreversible.
RL > 1 indicates that the adsorption process is unfavora-
ble.
RL < 1 indicates that the adsorption process is favora-
ble > 0.

Planting Experiment

Soil Characterization

The soil used for the experiment was collected from Siwa 
oasis (an oasis found in Egypt between El Qattara Depres-
sion and Great Sand Sea in the Western Desert). Soil sample 
was collected at 0–30 cm depth within latitude 29° 10′ 0″ N 
and longitude 25° 30′ 0″ E.

Some chemical and physical properties of the soil sample 
were carried out according to Black (1965). PH was meas-
ured in 1:2.5 (w/v) soil: water suspension using Jenway 
pH-meter model 3305, soil salinity was measured (dS/m) 
in 1:2.5 soil: water suspension using Jenway conductivity 
meter model 4310. Cation exchange capacity (CEC) was 
measured using ammonium acetate method. Soil organic 
carbon (SOC) was determined by Walkley Black method 
(Black 1965). In addition, total carbonate equivalent was 
determined by Collin’s calcimeter. Particle size analysis of 
the fraction less than 2 mm was carried out using Pipette 
method (FAO 1970). Available concentration of strontium 

Log qe = 1∕n log Ce + log KF,

Ce∕qe = 1∕
(

qmaxKL

)

+ Ce∕qmax,

RL = 1∕1 + KL ∗ C0,
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was extracted by Ammonium bicarbonate-DTPA method 
(Lindsay and Norvell 1978), and measured by inductively 
coupled argon plasma optical emission spectrometry (ICAP 
6500 Duo, Thermo Scientific, England). While the total 
concentrations of strontium were determined in aqua regia 
according to Alloway (1995) and measured by inductively 
coupled argon plasma optical emission spectrometry (ICAP 
6500 Duo, Thermo Scientific, England).

Planting Experiment

Pots experiment was conducted to ascertain the effect of 
SCBB on fixing Sr2+ on soil and reduce its uptake by plant. 
The study used radish plant (Raphanus sativus) as a bio indi-
cator (Davies 1993; Hassan et al. 2018). The experiment was 
done during the cropping season of 2020–2021 in open field 
conditions. The soil properties used in this experiment are 
shown in Table 4. Three biochar treatments (0.5–1–2% w/w) 
in three replicates for each treatment. In addition to control 
(0%). Three kilograms of mixed soil were weighted in each 
pot. Five seeds were sown in each pot and water was added 
to bring the soil moisture to 75% of water holding capacity. 
After 40 days of sowing, the plant was harvested.

Soil and Plant Analysis

After harvesting, soil's available concentration of strontium 
was extracted by Ammonium bicarbonate-DTPA method and 
then, measured by using inductively coupled argon plasma 
optical emission spectrometry (ICAP 6500 Duo, Thermo 
Scientific, England). Plants were separated into shoots and 
roots and washed in tap and distilled water. After that, the 
shoot and rootwere oven dried for 48 h at 70 °C and ground 
in a stainless steel mill before digestion according to Jones 
(1989). Strontium content was measured using inductively 
coupled argon plasma optical emission spectrometry (ICAP 
6500 Duo, Thermo Scientific, England).

Statistical Analysis

By using ANOVA test, the significance test was carried 
out; the least significant difference test (L.S.D) at 0.05 and 
0.01 levels of probability according to Steel et al. (1997). 
Pearson's correlation coefficient was used to analyz**e the 
correlation between the measurements using PAST version 
4.03-computer software (Hammer et al. 2020).

Results and Discussion

Characterization of Biosorbent (SCBB)

Table 1 illustrate some physicochemical characteristics of 
SCBB as SSA, CEC, PH, EC., C, H, N, O, ash contents, H/C, 
O/C and (O + N)/C atomic ratio. C (54.64%) and O (18.80%) 
are by far the most dominant elements, these results are in 
agreement with El-Damarawy et al. (2017). According to 
H/C, O/C and (O + N)/C atomic ratios of SCBB. The data 
showed that, SCBB has high level of carbonization and 
strong aromaticity that, means it has high biochemical stabil-
ity where H/C < 0.6 (Cao and Harris 2010) and high polar-
ity where it has high O/C (0.344) and (O + N)/C (0.351) 
atomic ratios (Chen et al. 2005). In addition, according to 
specific surface area (167.30 m2/g), total pore volume (0.13 
cm3/g) and average pore diameter (2.83 nm); SCBB has high 
surface area and porous texture. Figure 1 shows Fourier-
transform infrared spectra (FTIR) of SCBB, which clarify 
its functional group compositions. Ten radiation spectra in 
the range of 4000–400 cm−1 were obtained for SCB bio-
char sample. O–H stretching alcohol is detected in rage 
3000–3750 (as in the spectra at frequency 3430.51 cm−1), 
in addition C=C, and C=O stretching carbonyl are detected 
in the range1500–2000 cm−1 as in 1602.90 cm−1 (Sahu et al 
2010; Feng et al. 2017; Shin et al. 2021a, b). Triple bond 
C≡C region (2000–2500 cm−1), has been showed by peaks 
at 2351.30 cm−1 (Nandiyanto et al. 2019). In area, around 
786.02 and 673.18 cm−1 C–H aromatic compound and alkyl 
bind were represented. In addition, it can be interpreted as 

Table 1   Physiochemical properties of SCBB (average ± STDEV)

a In 1:20 biochar water suspension
b In 1:20 biochar water extract

Properties Values

pHa 6.61 ± 0.06
ECb dS/m 0.43 ± 0.02
CEC meq/100 g 48.30 ± 0.17
SSA m2/g 167.30 ± 0.90
C% 54.64 ± 0.12
H% 6.13 ± 0.01
N% 0.36 ± 0.02
S% 0.21 ± 0.09
O% 18.80 ± 0.15
Ash% 19.86 ± 0.84
(O + N)/C 0.35 ± 0.001
O/C 0.344 ± 0.13
H/C 0.12 ± 0.03
Total pore volume Cm3/g 0.13 ± 0.001
Average pore diameter nm 2.83 ± 0.01
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Si–O–Si and Si–OH  (siloxane and silanol) reactive groups 
(Saleh et al. 2014). These findings were consistent with 
the elemental composition results. The presence of these 
functional groups might interpret adsorption behavior of 
SCB biochar. Figure 2 shows scanning electron microscope 
(SEM) images that showed the surface morphology of SCBB 
before and after adsorption of Sr2+ to demonstrate the mor-
phological changes on biochar surface. From the image (A) 
it is clear that biochar surface contains smooth surface and 
many pores and canals with uneven size (macro and meso 
porous structure), which were developed due to the ther-
mal decomposition of SCB (Novotny et al. 2015). All these 
results might play an important role for better adsorption by 
SCBB. Image (B-1 and B-2) showed that there was differ-
ence in the surface morphology of biochar after adsorption. 
It is clear the presence of discrete aggregates on the biochar 
walls after Sr2+adsorption process. This was due to that Sr-
related compound formed between strontium and sugarcane 
bagasse biochar (SCBB).

Kinetics of Strontium Adsorption

Kinetics experiments play an important role in understand-
ing the adsorption mechanism and how rapidly reactions 
approach equilibrium. These experiments were performed 
at pH ranged between 6.23 and 6.94.

Effect of Contact Time on Sr+2 Adsorption

The contact time of kinetics adsorption, plays a major role 
in attaining equilibrium. Experiment was carried out during 
10 min—24/h at two concentrations, high (around 150 Sr2+ 
mg/l) and low around (50 Sr2+mg/l). Data in Fig. 3 revealed 
that three hours were enough to achieve equilibrium after 
which no significant changes in the amount adsorbed were 
detected. By Evaluating the adsorption curves of Sr2+ on 
SCBB at two concentration, it is clear that the reaction fol-
lowed two stages: (1) a rapid uptake or fast adsorption stage, 
which was within the first 60 min. This revealed the rapid 

Fig. 1   Fourier-transform infrared spectra (FTIR) of the SCBB sample

Fig. 2   Scanning electron micrographs (SEM) of sugarcane biochar 
(SCBB) before (A) and after (B-1, B-2) removal of Sr2+ ions from 
aqueous solutions at 25 °C
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diffusion of Sr2+ ions from the bulk solution to adsorption 
sites on the surface of SCBB. (2) The much slower adsorp-
tion stage representing the rate-limited time-dependent pro-
cess that was within second two hours. Stage 1 might be 
attributed to instantaneous utilization of the most available 
adsorbing sites, while stage 2 might be attributed to the dif-
fusion of ions into pores and micro channels of SCBB. These 
results assured by Imessaoudene et al. (2013) and Shin et al. 
(2021a, b) who demonstrated that adsorption of Sr2+ by bio-
char took place in two stages (fast and slow). FTIR data 
and physicochemical characteristics of SCBB might explain 
these results, for instant presence of–C = O, –OH, –C–H and 
C=C groups might interpret adsorption of Sr ions by SCB 
biochar because they played a vital role as active sorption 
sites for strontium ions (Sparks 1995). These results also are 
in accord with Inyang et al. (2010) who stated that –C=O–, 
–OH, and –C–H groups on SCB biochar can bind ions on 
it. In addition to Ding et al. (2014) who reported that the 
presence of oxygenated functional groups.onto SCB biochar 
were attributed to its high sorption capacity. Moreover Liang 
et al. (2020) who discovered that, O-containing functional 
groups were in charge of the biochar's ability to bind Sr2+. 
On the other hand, Table 1 illustrated physicochemical prop-
erties of SCBB that demonstrate high level of carbonization 
and polarity and strong aromaticity that play an important 
role in adsorption of Sr2+ by SCBB. These results are in 
agreement with Bogusz et al. (2015) who reported that the 
sorption of Sr2+ could be strongly influenced by physico-
chemical properties of the carbonaceous adsorbents.

Effect of Initial Concentration on Strontium Removal 
Efficiency

Figure 4 showed percentage of adsorption strontium that 
was plotted as a function of time in two concentrations. It 
explained the removal efficiencies of Sr2+ using SCBB as a 

biosorbent materials at high and low concentration. In gen-
eral, the percentage of adsorbed Sr2+ increased with time 
until equilibration time (3 h) after that, no increment was 
observed. It was evident that the percentage of strontium 
removal was higher in high concentration than in low one at 
the same time, which might be explained by the accessibility 
of strontium ions at high concentration to available sorption 
sites. To put it in another way, at high concentration of Sr2+ 
the driving force increased and thus the active sites of adsor-
bent were surrounded by more strontium ions that enhance 
adsorption. Mohamed Zulfika et al. (2017) observed similar 
results and argued that to increase the efficient utilization of 
the adsorptive capacities of the adsorbent by high concentra-
tion due to greater driving force.

Application of Adsorption Kinetic Models

For describing kinetic of Sr2+ sorption by SCBB several 
mathematical expressions were applied such as pseudo-first 
order, Elovich and pseudo second order models in linear 
form (Zelentsov and Datsko 2017).

Pseudo‑first‑order Model

Pseudo-first-order model was shown at Fig. 5a for low 
and high concentration. It was clear that this graph gives a 
straight line with a low correlation coefficient for low and 
high conc. (R2 = 0.288 and R2 = 0.406) respectively, which 
indicated that Pseudo-first-order model could not represent 
adsorption of Sr2+ on SCBB Table 2.

Elovich Equation

Elovich equation was shown at Fig. 5b for low and high con-
centrations. In Table 2 α and β are constants which have been 
used to estimate reaction rates, decrease in β and /or increase 
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in α would increase reaction rate (Sparks 1995(. It was evi-
dent that this graph gives a straight line with a slightly high 
correlation coefficient for low and high conc. (R2 = 0.838 and 
R2 = 0.838) respectively, which indicated that Elovich equation 
was not efficiently explain adsorption of Sr2+ on SCBB but it 
presented a better correlation than pseudo first order model. 
Elovich kinetic model suggests a chemical reaction between 
the adsorbent and the adsorbate (Li et al. 2017). In this study 
α values was very high at high concentration compared to low 
concentration. However, β values were small in high and low 
concentrations that reveal the effective interaction between 
SCBB and Sr+2 (Pezoti et al. 2016).

Pseudo‑second‑order Model

Linear form of pseudo-second-order equation was used to 
describe the experimental data. It was found that the adsorp-
tion kinetics of strontium onto SCBB fits better with the 
pseudo-second-order models. The goodness of fits was 
compared using the coefficient of determination (R2) which 
has an extremely high value for low and high concentration 
(R2 = 0.999 and R2 = 1) respectively. In addition to the close-
ness of both observed and predicted values of qe at different 
time scales which, means that chemisorption governs the 
retention of Sr+2 by SCBB that include surface complexa-
tion and ion exchange between Sr2+ and sugarcane bagasse 
biochar (SCBB) Fig. 5d. These results are agreement with 
Shin et al. (2021a, b). The kinetic parameters for three used 
models of Sr2+ adsorption are shown in Table 2.

Adsorption Isotherm

Adsorption of Sr2+ onto SCBB was done at five initial conc. 
of Sr2+ (20, 50, 100, 150, and 200 mg/l), pH value of raw 
strontium solution was ranged between 6.3–6.5 and PH of 
treated solution was ranged between 6.4 and 6.8. Adsorption 
behavior was investigated using Langmuir and Freundlich 
isotherm models Fig. 6a, b and Table 3.

Adsorption of Sr2+ by SCBB was more represented by 
Langmuir isotherm model, where R2 = 0.993 compared to 
Freundlich model R2 = 0.972. Langmuir model suggested 
that adsorption of Sr2+ could be attributed to a monolayer 
type of adsorption on the surface of SCBB, this may be 
interpreted by the large surface area of SCBB and suggest 
that the surface of the SCBB (carbonaceous adsorbents) is 
homogenous (Kołodyńska et al. 2012). These results are in 
agreement with Jang et al. (2018) and Shin et al. (2021a, b).

By using Langmuir isotherm model RL, the adsorption 
affinity of Sr2+ for SCBB was assessed. The adsorption of 
Sr2+ onto SCB biochar was considered to be favorable since 
the RL values = 0.184–0.657 (Liu et al. 2017) Table 3.

Planting Experiment

Pots experiment was conducted to study the possibility 
of fixing strontium in the soil by SCBB and reducing the 
amount reach the plant.
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Fig. 5   a Pseudo-first-order kinetics plot of strontium ions adsorp-
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adsorption onto SCBB. c Pseudo-second-order model kinetics plot of 
strontium ions adsorption onto SCBB

Table 2   The kinetic parameters 
of the Sr2+ adsorption onto 
SCBB at two conc

Conc. Elovich Pseudo-first order Pseudo-second order qe,exp (mg/g)

α β R2 qe,cal (mg/g) k1 R2 qe,cal (mg/g) k2 R2

Low 4.16 2.32 0.83 4.22 0.038 0.28 2.95 0.68 0.99 2.87
High 250 × 107 1.28 0.84 0.495 0.021 0.40 22.22 1.58 1.00 21.84
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Characterization of Soil

Characterization of soil used in this pot experiment was 
shown in Table 4. The data illustrated that the soil had low 
organic matter and high percentage of sand fraction thus; it 
has low cation exchange capacity. On the other hand, CaCO3 
was 13.7, pH was 8.38 and EC was 3.03 ds/m. In addition 
to, total and chemical extractable of strontium element. The 
data illustrated that this soil is considered polluted with Sr 
according to ATSDR (2004) that clarified typical concentra-
tion is 0.2 mg per kilogram (kg) of soil.

Effect of Biochar Application on Available Strontium in Soil

Figure 7 showed the relation between percentage decrease 
in available strontium and SCBB treatments. The data illus-
trated that available Sr decrease with increasing SCBB 
treatments that was within pH value between 7.29 and 7.91. 
The percentage of decrease in available strontium was 5.26, 
15.36, and 53.68% for SCBB treatments 0.5, 1, 2% w/w, 
respectively. This means that available form of strontium 

decreased by addition SCBB that might be due to the chem-
isorption between strontium and biochar (kinetic results), 
which is interpreted by the presence of different functional 
groups on biochar surface, which could facilitate strontium 
fixation and decrease its bioavailability in soil. Besides)in 
another meaning), these results might be due to increase the 
surface area, cation exchang capacity and organic matter of 
agricultural environment after biochar addition resulting in 
more metal binding sites and less mobile (Wang et al. 2020). 
These results are in agreement with Salem et al. (2021) who 
used SCBB for fixing elements like Zn, Cu, Cr and Ni in 
soil and found increase in heavy metal residual and organic 
fractions after addition biochar. In addition to Azadi and 
Raiesi (2021), who demonstrated success of using SCBB 
in immobilization of Cd and Pb in soil. On the other hand, 
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Table 3   The isotherm 
parameters of the Sr2+ 
adsorption onto SCBB

Langmuir Freundlich

qmax (mg/g) KL R2 RL n KF R2

9.041 0.026 0.993 0.184–0.657 2.058 0.695 0.972

Table 4   Some physical and chemical properties of soil used in the 
study

Parameters Values

pH (1:2.5) 8.38 ± 0.01
EC (1:2.5) ds/m 3.03 ± 0.02
O.M. (%) 0.62 ± 0.03
CaCO3 13.70 ± 0.10
CEC (meq/100 g) 2.92 ± 0.03
Particle size distribution
 Sand % 82.00
 Silt % 10.45
 Clay% 7.55
 Texture class Sand

Total content of strontium (mg/kg) 114.23 ± 0.24
DTPA extractable content of strontium (mg/kg) 55.43 ± 0.15

y = 27.585x - 5.5579
R² = 0.943

0
10
20
30
40
50
60

0 0.5 1 1.5 2 2.5

%
 d

ec
re

as
e 

Sr
-D

TP
A

SCBB treatments(%)

Fig. 7   Effect of sugarcane bagasse biochar (SCBB) on Sr-DTPA 
removal in soils



	 Int J Environ Res (2023) 17:42

1 3

42  Page 10 of 13

similar results were obtained by Shin et al. (2021a) who used 
biochar derived from spent coffee grounds for removing Sr+2 
from aqueous solution.

Effect of SCBB Treatments on Strontium Content in Radish 
Plant (Raphanus sativus)

Table 5 and Fig. 8 illustrated the amount of strontium in 
shoot and root in radish plant. The data showed that the 
amount of strontium in plant decreased after SCBB addition 
and there are significant differences between SCBB treat-
ments compared with control. In general, the percentage of 
decrease was increased as biochar dosage increase. In shoot, 
the percentages of decrease were 5.82, 18.17 and 26.80% 
for SCBB dosage 0.5,1 and 2%, respectively. In root, the 
percentages of decrease were17.20, 36.89, and 53.34% for 
SCBB dosage 0.5, 1 and 2%, respectively. It was clearly that 
the decrease of strontium concentration in plant is directly 
proportional to its concentration in soil, which was due to, 
that SCBB can fix strontium in soil and thus decrease its 
bioavailability to plant. Table 6 showed that, there was a 

positive and significant correlation (p < 0.05 or 0.01) among 
strontium concentration in shoot and root and available after 
planting. On the other hand the concentration of strontium 
in shoot was more than in root this result is in agreement 
with Dresler et al. (2018) who reported that Strontium was 
accumulated preferentially in the leaves. This might be inter-
preted by the similarity between Sr+2and Ca+2 that can accu-
mulate in a large amount in aboveground organs of plants 
(Kashparov et al. 2005; Sowa et al. 2014).

Conclusion

The study revealed that sugarcane bagasse biochar (SCBB) 
can be used for removal Sr2+ from aqueous solutions and 
reduce bioavailability of Sr2+ in sandy soil. The percentage 
of Sr2+ removal in aqueous solution was around 29% and 
73% for low and high concentration, respectively. Pesudo-
second-order model provided a good representation of the 
kinetic adsorption of Sr2+ by sugarcane bagasse biochar 
(SCBB) for low and high concentration (R2 = 0.999 and 
R2 = 1 respectively). That means chemisorption is the main 
process in the removal of Sr2+by using SCBB. On the other 
hand, Langmuir model could describe adsorption isotherm 
of Sr 2+ better (R2 = 0.99) than Frendlich model (R2 = 0.97) 

Table 5   Effect of biochar treatments on strontium content in shoot 
and root of radish plant (Raphanus sativus) (average and STDEV)

Statistically significant differences at nsp > 0.05, *p < 0.05 and 
**p < 0.01

SCBB treatments (%) Sr in shoot (mg/kg) Sr in root (mg/kg)

0 40.93 ± 1.57 33.25 ± 2.73
0.5 38.55 ± 0.38 27.53 ± 1.06
1 33.49 ± 0.03 20.98 ± 1.05
2 29.96 ± 0.24 15.51 ± 0.21
LSD at 0.05 1.66* 3.84*
0.01 2.52** 5.81**
CV% 2.33 7.90

Fig. 8   The effect of sugarcan baggas biochar (SCBB) dosage on Sr Conc. in Radish plant (Raphanus sativus) different lowercase letters in the 
same column indicate statistically significant differences at p ≤ 0.05 according to the LSD test

Table 6   Pearson correlation between measurements of strontium in 
soil and radish plant (Raphanus sativus)

Statistically significant differences at nsp > 0.05, *p < 0.05 and 
**p < 0.01

Sr DTPA 
extracted

Sr concentra-
tion in shoot

Sr concentration in shoot 0.92*
Sr concentration in root 0.90* 0.99**
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at different concentrations this might be interpreted that 
adsorption of Sr2+ by SCBB is monolayer adsorption. In soil, 
SCBB could significantly reduce bioavailability of Strontium 
and hence reduce its uptake by radish plant (Raphanus sati-
vus). High specific surface area, porous structure of SCBB 
and various surface functional groups on SCBB explain how 
Sr2+ is removed from aqueous solutions and biochar ability 
to immobilize this element in soil. More studies are needed 
to decide the best type of biochar in removing strontium 
from aqueous solutions and its stabilization in soil.
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