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Abstract
The spent biological activated carbon (SBAC) as solid waste is used to study the removal of radioactive  Sr2+ in water. The 
results show that SBAC adsorbs  Sr2+ reaching equilibrium within 3 min and the adsorption is an exothermic reaction. The 
removal rate can reach more than 85%, desorption rate is less than 6.16%, and it can also achieve 40% removal in river water. 
The three-round regeneration efficiencies are all ~ 100%. The adsorption process is without secondary pollution. SBAC has 
good potential for the removal of radioactive  Sr2+ in water.
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Introduction

With the development of the nuclear industry, radioactive 
waste is produced in large quantities, and the discharge of 
radioactive waste is an important source of radionuclides 
entering the environment. Among them, radioactive stron-
tium (90Sr) has a half-life of 28.8 years and a large share 
of radioactivity, which is the main nuclides in radioactive 
water. It is a kind of osteogenic β-radiation source [1, 2]. 
The biochemical properties similar to calcium will make it 
participate in the metabolic process. It is difficult to excrete 
after ingestion, leading to white blood cells, red blood cells 
and platelets are significantly reduced, regenerative disor-
ders occur, and even lead to leukemia or osteosarcoma [3, 
4]. Therefore, the removal of 90Sr has been receiving wide-
spread attention.

To date, techniques for removing radioactive strontium 
 (Sr2+) from aqueous solutions include adsorption, chemical 
precipitation, membrane separation, and solvent extraction 
[5–9] etc. Among them, the chemical precipitation method 
may introduce a large number of salts, and some extractants 
in the extraction method are highly toxic and the membrane 
separation method has a low yield [5]. Therefore, the techni-
cal choice of treating radioactive containing  Sr2+ is increas-
ingly inclined to adsorption. Many researchers have tested 
the removal of  Sr2+ by a variety of organic and inorganic 
adsorbents, including diatomaceous earth [10], goethite [11], 
hematite [12], bentonite [13], kaolinite [14], montmorillon-
ite [15], clay minerals [16], pecan shells [17], zeolites [18] 
and activated carbon (AC), as well as some new adsorbents 
[19] etc. Although, due to high surface area, porous structure 
and functional group, AC has been the most popular and 
widely used adsorbent in water treatment technology all over 
the world and is used to remove a broad spectrum of impuri-
ties from water [20], there are few studies on the adsorption 
of  Sr2+ by AC, and the effect is not satisfactory. Shawabkeh 
et al. (2002) showed that the removal rate of AC to  Sr2+ was 
56.3% when the AC dosage was 1 g  L−1 [17]. The AC used 
by Chegrouche et al. (2009) had a removal rate of 60% after 
8 h of adsorption under optimal conditions [21]. Moloukhia 
et al. (2016) modified the coconut shell charcoal to adsorb a 
variety of radioactive elements, and the adsorption of  Sr2+ 
was less than 40% under the condition of 10 g L−1 dosage 
and 4 h contact time [22]. Studies by Caccin et al. (2013) and 
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Kubota et al. (2013) have even shown that the ACs they used 
is difficult to remove  Sr2+ [23, 24].

As can be seen that the effect of AC on  Sr2+ removal 
is not ideal, but Andersson et al. (2001) pointed out in the 
research that the granular activated carbon (GAC) used in 
the BAC process for a certain period of time adsorbed a 
large amount of calcium, aluminum, and a certain amount 
of iron, copper, and cadmium [25]. This proves that some 
changes have taken place in GAC during the BAC process. 
Will these changes bring new peculiar properties to AC? 
Dong et al. (2018, 2020) confirmed that the spent biologi-
cal activated carbon (SBAC) from BAC process can adsorb 
metal ions lead and cadmium with the maximum removal 
rate of > 90% [20, 26]. Moreover, SBACs irrespective of 
using-time presented stable adsorption abilities (> 99%) 
for  Pb2+ (2.0–8.0 mg L−1) with the maximum uptake of 
168.07 mg g−1, and their adsorption mechanism for Pb(II) 
were confirmed, including the dominant ion exchange  (H+, 
 Ca2+ etc.) and metal complexation with hydroxyl and car-
boxyl functional groups [26]. This confirms the ability of 
SBAC to adsorb metal ions. On this basis, this work use 
SBAC to study the removal and application of  Sr2+ in water. 
Undoubtedly, this will not only help to find a new low-cost 
adsorbent for the possible radioactive  Sr2+ pollution, but also 
make the widely used BAC advanced feedwater treatment 
process safer in case of sudden radioactive contamination, 
that is, the BAC process has the ability to deal with radioac-
tive strontium pollution.

Using stable isotope of Sr, which has similar chemical 
property as radioactive strontium (90Sr) [27], the potential 
of SBAC for the removal of radionuclides  Sr2+ were studied 
in this paper. SBACs with different using-time were sampled 
from the same drinking water treatment plant with our previ-
ous study [20, 26]. The main objectives of this study are: (1) 
to characterize the adsorption of  Sr2+ by SBAC, (2) to study 
the adsorption properties of  Sr2+ from the perspectives of 
kinetics, isotherms, thermodynamics and other influencing 
factors, (3) to study the adsorption mechanism, (4) to test 
the applicability of SBAC to  Sr2+ adsorption.

Experimental

The SBAC samples taken from a certain drinking water 
treat plant (used 5, 6 and 7 years) called SBAC-5, SBAC-
6, SBAC-7, were naturally dried. Then the samples were 
ground to a powder until 95% of the SBAC particles passed 
through a 325-mesh sieve, and then dried at 80 °C for 3 h 
in a vacuum drying oven. The  Sr2+ water solution was pre-
pared by dissolving strontium chloride hexahydrate (natSr, 
 SrCl2·6H2O, 99%, Tianjin Guangfu Fine Research Insti-
tute, China) in pure water (Elix 10, 15.0 MΩ cm at 298 K). 
Sodium hydroxide (NaOH, AR, Tianjin No. 3 Chemical 

Reagent Factory, China), Hydrochloric acid, Nitric acid 
(HCl, AR,  HNO3, AR, Tianjin Damao Chemical Reagent 
Factory, China), Calcium chloride dihydrate, Magnesium 
chloride dihydrate  (CaCl2·2H2O, AR,  MgCl2·2H2O, AR, 
Tianjin KeMiou Chemical Reagent Co., Ltd., China), 
Cesium chloride (133Cs, CsCl, 99%, Tianjin Guangfu Fine 
Research Institute, China) were used in this work.

The concentrations of  Sr2+ and other metal ions were 
determined by ICP-OES (iCAP™ 7400, Thermo Electron 
Corporation, USA). The pH value was measured using a 
portable multimeter equipped with a pH probe (HQ40D, 
Hach). Fourier transform infrared (FTIR) spectroscopy 
was performed on a NEXUS 870 pectrophotometer using 
the KBr disk method (IRAffinity-1S). X-ray photoelectron 
spectroscopy (XPS) (Thermo Scientific ESCALAB 250 
spectrometer) determined the elemental composition and 
chemical bonding state of the SBACs sample. All binding 
energy values were corrected from adventitious hydrocar-
bon to the C 1s line at 284.8 eV.

According to ASTM D3860-98 (2014) [28] standards, 
the adsorption experiments were respectively conducted 
as follows.

The precisely weighed adsorbent (SBAC) was mixed 
with a certain initial concentration of  Sr2+ solution in a 
centrifuge tube. Considering possible water pollution inci-
dents, drinking water quality requirements and detection 
limit of ICP-OES, the initial concentration of  Sr2+ was 
set to approximately 5 mg L−1. The centrifuge tube con-
taining the mixture was placed in a thermostatic shaker 
(HT-2102C, Herrytech) and shaken at a specific tempera-
ture. When the adsorption equilibrium was reached, the 
adsorbent was immediately filtered through 0.45 µm filter 
to remove the SBAC. The filtrate was acidulated using 1% 
 HNO3 before the concentration of  Sr2+ was determined 
by ICP-OES. All cases were duplicated under the identi-
cal conditions and the results recorded as average values.

The amount of  Sr2+ adsorbed on SBAC (qe, mg g−1) 
[29], adsorption efficiency (Ads, %) [19] and distribution 
coefficient (Kd, mL g−1) [30, 31] were respectively calcu-
lated by the following equations:

where Co (mg L−1) and Ce (mg L−1) are the initial and 
equilibrium concentrations of  Sr2+ in aqueous solutions, 
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respectively, m (g) is the mass of the adsorbent, and V (L) is 
the aqueous volume.

The adsorption isotherm, thermodynamics and kinetics 
were studied according to the method of  Sr2+ batch adsorp-
tion experiments.

The kinetic equations, isothermal models and thermody-
namic study used to fit the adsorption experiment data are 
shown in Table 1.

The influence factors on  Sr2+ adsorption were investigated 
according to the batch models including dosage of SBACs 
(0–8 g  L−1), the initial concentration of  Sr2+(5–100 mg L−1), 
the pH of the solution (2.6–11, 0.1 M  HNO3 or 0.1 M NaOH 
was added to the solution), the temperature of adsorption 
(283–313 K), coexisting cations (dissolving  CaCl2·2H2O and 
 MgCl2·2H2O in  Sr2+ solution, total concentration of  Ca2+ 
and  Mg2+ is in the range of 0–200 mg L−1).

Results and discussion

Adsorption kinetics

To study the kinetics of  Sr2+ adsorption, 2.00 g L−1 of the 
adsorbent was added into 5.78 mg L−1  Sr2+ solution at 298 K 
and the remaining  Sr2+ concentration was tested at various 
contact times (0, 1, 3, 5, 10, 20, 45, 60 min). The results 
were shown in Fig. 1a and Table 2. The dosage of the adsor-
bent was set to 2 g L−1, which is completely sufficient when 
the initial concentration of  Sr2+ is 5.78 mg L−1 as shown at 
“Adsorption capacity” section.

Figure 1 shows the adsorption kinetic curves of  Sr2+ on 
SBAC-5, SBAC-6 and SBAC-7. It can be seen from Fig. 1a 
that the concentration of  Sr2+ in the solution drops rapidly 
in the first few minutes of the adsorption process, and Ads 
of  Sr2+ reaches 85% in almost 3 min. As the adsorption time 
continues to increase, Ads of  Sr2+ does not change much, 
only increases to about 86.6%. This shows that the reaction 
between  Sr2+ and SBAC is instantaneous and exhibits the 
characteristics of a chemical reaction.

The pseudo first order, the pseudo second order and intra-
particle diffusion models were used to fit the kinetics of  Sr2+ 
adsorption, respectively. The results are shown in Fig. 1b–d. 
It can be seen from Fig. 1 and Table 2 that the adsorption 
kinetics of  Sr2+ by SBAC-5, SBAC-6, and SBAC-7 com-
pletely conform to the pseudo second order, and the R2 value 
of the linear fit all reaches 1. It can be seen from the kinetic 
analysis that SBAC reaches equilibrium very quickly during 
the adsorption of  Sr2+, and Ads reaches 85%, which is very 
beneficial for practical applications.

Adsorption isotherms and thermodynamics

The adsorption isotherms and thermodynamic study were 
tested at 283, 298 and 313 K by changing the initial con-
centration of  Sr2+ (5.0–200 mg L−1). And thermodynamic 
calculations were performed based on the above results.

Langmuir isotherm, Freundlich isotherm and 
Dubinin–Radushkevich (D–R) isotherm were respectively 
used to fit the inter action between SBAC and  Sr2+. The fit-
ting results show that the adsorption isotherms of SBAC-5, 
SBAC-6 and SBAC-7 are more consistent with the Langmuir 

Table 1  The equations of kinetic, isotherm models and thermodynamic study [3, 19, 26, 32, 33]

Models Equation Nomenclature

Adsorption isotherms Langmuir Ce

qe
=

1

KLqm
+

Ce

qm

Ce: equilibrium concentration, mg L−1

KL: Langmuir adsorption equilibrium constant, L mg−1

qm: the maximum metal uptake, mg g−1

Kf: constant relating the adsorption capacity, L g−1

n: Freundlich constants
qs: theoretical saturation capacity, mg g−1

Kad: adsorption equilibrium constant
� : Polanyi potential
R: gas constant, 8.314 J mol−1 K−1)
T: absolute temperature, K
qe: amount adsorbate equilibrium, mg g−1

qt: amount adsorbate retained at time, mg g−1

t: time, min
K1: Pseudo first order rate constant,  min−1

K2: Pseudo second order rate constant, g mg−1 min−1

KI: Intraparticle diffusion rate constant, mg g−1 min−0.5

C: thickness of the boundary layer, mg g−1

KC: adsorption equilibrium constant,  mg−1

ΔGΘ : free energy, kJ mol−1

ΔHΘ : change in enthalpy, kJ mol−1

ΔSΘ : change in entropy, J mol−1 K−1

Freundlich ln qe = lnKf +
1

n
lnCe

Dubinin–Radushkevich (D–R) ln
(

qe
)

= ln
(

qs
)

− Kad ⋅ �
2

� = RTln(1 + 1∕Ce)

Kinetics studies Pseudo first order ln(qe − qt) = ln qe − K1t

Pseudo second order t∕qt = (1∕K2q
2
e
) + (1∕qe)t

Intraparticle diffusion qt = KId
0.5
t

+ C

Thermodynamic lnKC = −ΔGΘ
∕RT

lnKC = (ΔSΘ∕R) − (ΔHΘ
∕RT)

(the van’t Hoff equation)

ΔGΘ
= ΔHΘ

− TΔSΘ
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model, as shown in Fig. 2a–c, the correlation coefficient R2 is 
greater 0.976, indicating that  Sr2+ had monolayer adsorption 
on the surface of SBAC. As can be obtained from Table 3 
the maximum saturated adsorption capacity of SABC-7 
is 30.98 mg g−1, followed by SBAC-6, was 30.41 mg g−1, 
SBAC-5 was 29.33 mg g−1 at room temperature of 298 K. 
Considering the practical application, the reaction tempera-
ture selected in this paper is 298 K (room temperature).

As seen from Fig. 2d that the curve of lnKC versus 1/T of 
the van’t Hoff equations is a linear equation with a higher 
regression coefficient, and R2 values of SBACs are 0.9765, 
0.8574, and 0.9509, respectively. Therefore, the thermo-
dynamic parameters can be obtained based on the above 
results, and the calculation results are listed in Table 3. It 
can be seen from Table 3 that the adsorption capacity qm 
of SBAC decreases with increasing temperature, indicating 

that low temperature is more conducive to the adsorption 
of  Sr2+ by SBAC, which is consistent with the logical rela-
tionship between the thermodynamic parameter ΔHΘ and a 
negative value. In addition, the ΔGΘ is negative value, indi-
cating that the adsorption of  Sr2+ on SBACs is a spontaneous 
process. The ΔHΘ is negative, indicating that the adsorption 
process is exothermic, so the lower temperature is beneficial 
to adsorption.

Comparison of  Sr2+ adsorption with other AC 
adsorbents

Table 4 shows the comparison of  Sr2+ adsorption with other 
adsorbents. It can be seen from Table 4 that compared with 
the other AC adsorbents, Ads of SBAC is the highest.

Fig. 1  SBACs’ kinetic models 
for  Sr2+ (Co = 5.78 mg L−1, 
W/V = 2.0 g L−1, T = 298 K, 
pH = 6.1, t = 0–60 min)

Table 2  Parameters of the kinetics model for  Sr2+ adsorption on SBAC

Model Experimental value The pseudo first order The pseudo second order The intraparticle diffusion

Parameter qe
(mg g−1)

K1
(min−1)

qe
(mg g−1)

R1
2 K2

(g mg−1 min−1)
qe
(mg g−1)

R2
2 C KI

(mg g−1 min−0.5)
R2

SBAC-5 2.52 0.07576 0.0448 0.4764 6.9475 2.5125 1 2.4065 0.0176 0.3332
SBAC-6 2.52 0.03822 0.03614 0.2542 19.7136 2.5025 1 2.4577 0.0075 0.4258
SBAC-7 2.54 0.01704 0.05484 0.6463 15.8178 2.5018 1 2.4778 0.0036 0.7499
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Influence factors on  Sr2+ adsorption

Adsorption capacity

Figure 3 shows the effect of SBAC dosage (0–8 g L−1) on 

the removal of  Sr2+. As can be seen from Fig. 3, when the 
initial concentration of the  Sr2+ solution is 5 mg L−1, with 
the increase of the dosage of SBAC from 0 to 2 g L−1, the 
Ads of  Sr2+ by SBAC with different service years rapidly 
increased to more than 85%. With the further increase of 

Fig. 2  Langmuir adsorption isotherms and adsorption thermodynamic parameter fitting of  Sr2+ to SBACs (Co = 5–200 mg L−1, W/V = 2 g L−1, 
pH = 6.0, t = 120 min)

Table 3  SBACs’ isothermal 
and thermodynamic parameters 
of  Sr2+

Model Experi-
ment 
qe(max)

Langmuir model Thermodynamic

Material T (K) KL
(L mg−1)

qm
(mg g−1)

R2 R2
ΔH

Θ

(KJ mol−1)
ΔS

Θ

(J mol−1)
ΔG

Θ

(KJ mol−1)

SBAC-5 283 29.15 0.05044 30.6633 0.982 0.977 − 3.665 52.995 − 18.686
298 27.05 0.04573 29.3295 0.984 − 19.433
313 25.90 0.04348 27.9487 0.976 − 20.279

SBAC-6 283 30.00 0.04757 31.8090 0.980 0.951 − 3.802 52.159 − 18.548
298 27.90 0.04519 30.4151 0.984 − 19.403
313 26.95 0.04071 29.9455 0.979 − 20.108

SBAC-7 283 30.35 0.05307 32.2764 0.984 0.857 − 3.893 52.520 − 18.806
298 28.85 0.04622 30.9843 0.982 − 19.459
313 26.90 0.04538 29.8113 0.984 − 20.390
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SBAC dosage from 2 to 8 g L−1, the Ads of  Sr2+ increased 
slowly to 89% and reach equilibrium. Therefore, the dosage 
of adsorbent in this work was chosen to be 2.0 g L−1.

It can be seen that there is a big breakthrough compar-
ing with Ads of 16% of the virgin AC at dosage of 2 g L−1 
and initial concentration of 5 mg L−1 (Fig. 4a). It should 

be attributed to be the changes of the surface functional 
groups and the increasing of metal ions absorbed in AC 
during BAC process (“Adsorption mechanism” section 
and Supplementary information). The results of FT-IR 
and XPS show that compared with virgin AC, SBAC has 
more oxygen-containing functional groups and calcium 
and magnesium content on its surface (Fig. S4, Tab. S2). 
It proves that SBAC from the BAC process did have the 
potential of removing  Sr2+ from water.

Then the effects of different initial  Sr2+ concentrations 
(5–100 mg L−1) were investigated, while keeping other 
conditions unchanged.

It can be seen from Fig.  4 that when the dosage of 
adsorbent is 2 g L−1, Ads gradually decreased with the 
increase of the initial concentration due to insufficient 
SBAC dosages. That is, when the concentration of  Sr2+ in 
the water to be treated is high, it is necessary to increase 
the dosage of SBAC to achieve the desired adsorption 
effect.

The affinity of the material for  Sr2+ can be described by 
Kd. Compared to other AC adsorbents, such as, the modi-
fied activated carbon (by oxidation using  H2O2 and  HNO3) 
[22] showed Kd values of 63.08 ml g−1 at pH = 5.6, acti-
vated carbon A-14 [35] showed Kd values of 10 mL g−1. 
As shown in Fig. 4b, SBAC material had a high affinity 

Table 4  The comparison between this work and other adsorbents

Materials Dosage
(g L−1)

Co
(g L−1)

T (K) pH Ads (%) References

The granular activated carbon supplied by Merck, Germany – 0.1 293.15 4.0 56.3 [34]
Modified activated carbon (by oxidation using  H2O2 and 

 HNO3)
10.0 0.8 298 ± 1 1.73–6.35 < 40 [22]

Coconut-activated carbon 1.25–25 0.096 Room temperature Natural Close to 0 [24]
A commercial activated carbon obtained by physical activa-

tion of coconut shell
20–100 mg 0.01, 0.03 296.15 Natural Close to 0 [23]

SBAC-5 2 0.0050 298 6.1 > 85 This work
SBAC-6 > 85
SBAC-7 > 85

Fig. 3  Effect of SBACs’ dosage on  Sr2+ adsorption (Co = 5 mg L−1, 
W/V = 0–8 g L−1, T = 298 K, pH = 6.1, t = 120 min)

Fig. 4  Effect of initial con-
centration on  Sr2+ adsorption 
(a: Ads changing with the 
increase of the initial concentra-
tion, b: Kd changing with the 
increase of the initial concen-
tration) (Co = 5–100 mg L−1, 
W/V = 2.0 g L−1, T = 298 K, 
pH = 6.1, t = 120 min)



1185Journal of Radioanalytical and Nuclear Chemistry (2021) 327:1179–1190 

1 3

for  Sr2+, particularly at low  Sr2+ concentrations, the values 
of Kd were higher than  103 mL g−1 within the Co range of 
5–15 mg L−1.

Moreover, the desorption experiments of SBAC after 
adsorption of  Sr2+ samples (SBAC-Sr) also prove the 
strong adsorption capacity of SBAC for  Sr2+, which were 
performed by adding SBAC-Sr (2 g L−1) in pure water 
(pH ~ 6.1, 298 K) and shaking for 12 h. The desorption rates 
of  Sr2+ are shown in Table 5. It can be seen that SBACs 
released a very small portion of loaded  Sr2+ (4.43%, 6.16%, 
3.90%) into water, implying that  Sr2+ was firmly bound on 
SBACs. Therefore, in terms of the desorption after adsorp-
tion is concerned, the amount of  Sr2+ adsorbed by SBAC is 
much higher than the amount of desorption.

Based on the above adsorption test and desorption test, it 
can be concluded that SBAC has a great advantage over vir-
gin AC in ability to adsorb  Sr2+. At the same time, according 
to the desorption test, it can be seen that the adsorption of 
SBACs on  Sr2+ is stable.

Effect of pH on  Sr2+ adsorption

Since the pH of the radioactive water may be extremely 
acidic or alkaline, it is necessary to study the effect of pH 
on the adsorption of  Sr2+. The effect of the initial pH on the 
removal efficiency of  Sr2+ by SBACs is presented in Fig. 5. 
Six different pH were tested (2.44, 4.14, 8.20, 10.12, 10.95 
and 11.70). It can be seen from Fig. 5 that when the pH 
at about 2.0, Ads of  Sr2+ is very low for all SBACs. With 
the increase of pH from 4.0 to more than 11.0, Ads is sig-
nificantly increased and increased to 99.9%. This should be 
attributed to that the isoelectric point of SBAC is less than 
4.14 (SBAC-5, SBAC-6, SBAC-7 all less than 2.86, [26]). 
Under extremely acidic conditions, the surface of SBAC is 
protonated because of the high concentration of  H+, which 
causes a strong positive charge on the surface of SBAC, 
thereby preventing the adsorption of  Sr2+ by SBAC due to 
electrostatic repulsion. When the pH of the solution is higher 
than the isoelectric point of SBAC, the surface of SBAC is 
negatively charged, which helps SBAC to adsorb positively 
charged metal ions, such as  Sr2+. Therefore, in addition to 
the strong acid environment, SBAC is negatively charged in 

the aqueous solution, which provides a strong basic condi-
tion for SBAC to adsorb metal ions.

Effect of coexisting ions on  Sr2+ adsorption

Since  Ca2+ and  Mg2+ are widely present in actual waters, 
coexisting ions solution are prepared using  CaCl2·2H2O and 
 MgCl2·2H2O.  Ca2+ and  Mg2+ with concentrations ranging 
from 0 to 200 mg L−1 (0 mg L−1, 50 mg L−1, 100 mg L−1, 
150 mg L−1, and 200 mg L−1) was added to approximately 
5.0 mg L−1  Sr2+ solution. Adsorption experiments of SABC-
5, SABC-6 and SABC-7 on  Sr2+ were respectively carried 
out in above coexisting solutions, and the results are shown 
in Fig. 6.

It can be seen that compared with the absence of coexist-
ing ions, Ads of  Sr2+ by SABC-5, SABC-6 and SABC-7 
decreased significantly with the increase of  Ca2+ and  Mg2+ 

Table 5  Desorption of  Sr2+ on SBAC

Sample Adsorption capac-
ity (mg g−1)

Desorption capac-
ity (mg g−1)

Desorp-
tion rate 
(%)

SBAC-5-Sr 2.293 0.102 4.43
SBAC-6-Sr 2.257 0.139 6.16
SBAC-7-Sr 2.260 0.088 3.90

Fig. 5  Effect of pH on  Sr2+ adsorption (Co = 5.454  mg  L−1, 
W/V = 2.0 g L−1, T = 298 K, pH = 2.6–11, t = 120 min)

Fig. 6  Effect of coexisting ions on  Sr2+ adsorption (Co = 5  mg  L−1, 
W/V = 2.0 g L−1, T = 298 K, pH = 6.1, t = 120 min)
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ions, decreasing from 88% to about 30%. It should be attrib-
uted to the competition of  Sr2+,  Ca2+ and  Mg2+ for the same 
adsorption active sites, which verifies that  Sr2+ has the 
similar biochemical properties with  Ca2+ [3]. Undoubtedly, 
if  Sr2+ enters the drinking water system, it will endanger 
human health even cause serious illness like leukemia or 
osteosarcoma [3].

Adsorption mechanism

FT‑IR surface functional group analysis 
before and after adsorption of  Sr2+

A Fourier infrared spectrometer was used to analyze the 
changes of the surface functional groups of SBAC-5, SBAC-
6, and SBAC-7 before and after the adsorption of  Sr2+.

It can be seen from Fig. S1 that SBAC-5, SBAC-6 
and SBAC-7 have two round and blunt strong peaks at 
3433 cm−1 and 3190 cm−1, respectively. They are caused 
by O–H stretching vibration of carboxyl group and phe-
nolic hydroxyl group [25]. The peak intensity at 3190 cm−1 
decreases significantly after  Sr2+ adsorption, probably 
because the OH of the carboxyl group and phenolic hydroxyl 
group is consumed in the adsorption reaction. The peak at 
1125 cm−1 may be C–O stretching vibration [25], which 
disappears obviously after adsorbing  Sr2+, probably because 
the alcohol is reacted. Different from the adsorption of  Pb2+ 
[26], the asymmetric tensile vibration of the carboxylate in 
the range of 1565–1665 cm−1 [36] produced insignificant 
changes in absorption peaks.

XPS analysis before and after adsorption of strontium

The XPS analysis of SBACs before and after the adsorption 
of  Sr2+ as shown in Table S1 indicates that, after SBAC 
adsorbed  Sr2+, O and Sr content increased, Ca content 
decreased. The increase of O indicates that it participated 
in the reaction. The mechanism analysis is shown in the sup-
plementary material.

As for the decrease of Ca content, it is speculated that 
during the adsorption of  Sr2+ by SBAC, other metal ions 
(like  Ca2+, etc.) that had been adsorbed on the surface of 
SBAC were released into the solution through the exchange 
mechanism,  Sr2+ is adsorbed on the surface of SBAC, so 
release of  Ca2+, etc. was tested after SBAC adsorbed  Sr2+ 
(“Release of other metal ions” section).

Release of other metal ions

Desorption of  Ca2+,  Mg2+ and  Al3+ were tested in  Sr2+ solu-
tion. The results are shown at Fig. S3. Linear slopes between 
the amount of  Sr2+ adsorbed and the amount of desorbed 
 Ca2+ are 0.717, 0.759, and 0.692 for SBAC-5, SBAC-6 

and SBAC-7. For  Mg2+, the slopes are between 0.05 and 
0.1, all R2 were greater than 0.98. It can be concluded that 
approximately 75% to 85% of  Sr2+adsorbed is indeed due to 
exchange with  Ca2+ (70% to 75%) and  Mg2+ (5% to 10%).

From the above analysis, the mechanism of SBAC remov-
ing  Sr2+ from aqueous solution is mainly composed of the 
following two parts similar to another work [26]: (1) ion 
exchange, mainly the exchange of  Sr2+ and  Ca2+, (2) the 
complexation of oxygen-containing functional groups on the 
carbon surface with metal  Sr2+, mainly hydroxyl.

Regeneration of SBAC after  Sr2+ adsorption

In order to explore the reuse potential of SBAC after adsorb-
ing  Sr2+ and the recoverability of the adsorbed  Sr2+, taking 
SBAC-7 as an example, a 0.1 M HCl solution was used to 
regenerate SBAC-Sr. The detailed experimental process is 
as follows: First, SBAC-Sr is regenerated with 0.1 M HCl 
solution. Afterwards, the regenerated SABC sample is 
rinsed with pure water until there is no significant change 
in pH. The sample is dried in the vacuum drying oven and 
continues to be used for adsorbing  Sr2+. The experiment 
was repeated three times, and the test results are shown in 
Table 6.

As can be seen from Table 6, the adsorption capacity of 
SBAC for  Sr2+ have gradually increased as the number of 
regenerations increases. It’s speculated that as result of the 
action of HCl, the metal ions previously adsorbed on the 
SBAC are released, providing more adsorption sites. The 
above results show that the adsorption capacity of SBAC 
after three-round repeated regeneration can complete recov-
ery and even increase.

Possible secondary pollution analysis of SBAC

When SBAC is used to remove metal ions in actual water, it 
is necessary to consider whether SBAC itself as waste is haz-
ardous when used in actual water. That is if other substances 
will release, causing secondary pollution to the water body. 
Therefore, the possible releases of organic matter and metal 
ions in SBAC were studied in this section.

Table 6  Desorption and regeneration of SBAC after  Sr2+ adsorption

SBAC-7 Capacity of  Sr2+ 
(mg g−1)

Regeneration 
efficiency (%)

Virgin adsorption 2.336 –
After 1st regeneration 2.796 119.69
After 2nd regeneration 2.820 100.86
After 3rd regeneration 2.820 100.00
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Release of organic matter in SBAC

Considering that SBACs are the saturated AC used in the 
BAC process without pretreatment, the organic pollutants 
adsorbed on it may have a certain negative impact on its 
reuse. Therefore, release experiments of organic matter 
were respectively conducted in pure water, tap water, and 
actual river water (taken from the river water in the Pei-
yangn campus district of Tianjin University). The main ionic 
water quality indicators in different water bodies are shown 
in Table 7.

The release experiment measured changes in organic car-
bon (NPOC) by TOC-L CPN (Shimadzu, Co. LTD, detec-
tion limit is 0.010 mg L−1) through the same experimental 
method with  Sr2+ batch adsorption experiments under the 
condition of SBAC content of 0.20 g L−1. The experiment 
lasted a total of 1320 min, and samples were taken at 60 min, 
480 min and 1320 min respectively. The results are shown 
in Table 8.

From the data in Table 8, it can be seen that for different 
water bodies, there is a clear difference in the release of 
organic matter in SBAC, among which the release in labora-
tory pure water is more obvious, followed by the tap water, 
and the least in river water. That is, when SBAC is used for 
the removal of metals in actual water, the effect of organic 
matter release is negligible. However, the necessary pre-
experiments must be carried out before application to rule 
out the possible comprehensive effects.

Judging from the release results of the three SBACs with 
different service years, the release value did not change 
much, and there was no obvious difference. As far as the 
release time is concerned, the results of 60 min, 480 min 
and 1320 min are also not significantly different, that is, the 
release of organic matter adsorbed by SBAC will not change 
significantly with the extension of use time.

Release of metal ions in SBAC

SBAC (0.20 g L−1, 2.0 g L−1) was added in 50 ml of pure 
water. After shaking for 12 h, the supernatant was taken 
to detect the concentration of metal ions, and the release 
was investigated. The results are shown in Table 9, which 
indicated the detected metal ions are mainly  Ca2+,  Mg2+, 
 Al3+, and no release of harmful metals was detected. 

Considering that the concentrations of  Ca2+,  Mg2+, and 
 Al3+ in tap water are 36.30, 13.05, and 0.128 mg L−1; the 
concentrations of  Ca2+,  Mg2+, and  Al3+ in river water are 
32.45, 44.85, and 0.16 mg L−1 (as shown in Table 9), the 
concentration is extremely small compared to its back-
ground concentration in actual water, which is within an 
acceptable range. In addition, when SBAC is used in actual 
water, because it is rich in cations, which will inhibit the 
release of metal ions, therefore, the amount of release is 
less than that in pure water. In summary, the release of 
metal in SBAC will not affect its application in actual 
water.

The foregoing analysis of release test can prove that 
when SBAC is used for the adsorption and removal of  Sr2+ 
in actual water, the organic matter released by SBAC itself 
can be ignored; the metal released by itself is non-harmful 
metal and the content is small. In summary, the release 
of organic matter and metal ions adsorbed on the surface 
of SBAC shows that SBAC is feasible for the removal of 
heavy metals and radionuclides in actual water in terms of 
safety and secondary pollution.

Table 7  Main metal ions in test water

a Not detected

Concentration (mg L−1) K+ Na+ Ca2+ Mg2+ Al3+

Pure water NDa NDa NDa NDa NDa

Tap water 3.60 21.76 36.30 12.32 0.128
Campus river 14.73 211.8 32.45 44.85 0.16

Table 8  Release of NPOC on SBAC

Background water AC samples 
(0.20 g L−1)

Release NPOC value (mg L−1)

60 min 480 min 1320 min

Pure water – 1.109 1.109 1.109
SBAC-5 4.793 6.830 6.630
SBAC-6 4.459 7.887 4.876
SBAC-7 5.500 8.725 6.863

Tap water – 25.68 25.68 25.68
SBAC-5 31.00 33.76 32.52
SBAC-6 31.32 31.46 30.68
SBAC-7 31.02 32.77 34.58

Campus river – 50.42 50.42 50.42
SBAC-5 52.42 52.38 48.97
SBAC-6 54.36 52.83 51.30
SBAC-7 55.12 57.27 50.73

Table 9  Release of metal ions on SBAC

Dosage of 
SBAC (g L−1)

Activated car-
bon samples

Release concentration value 
(mg L−1)

Ca2+ Mg2+ Al3+

0.2 SBAC-5 0.5888 0.0983 0.0184
SBAC-6 0.8677 0.0647 0.0169
SBAC-7 0.7650 0.1150 0.0339

2.0 SBAC-5 3.089 0.5444 0.0317
SBAC-6 3.731 0.3225 0.0353
SBAC-7 4.046 0.7996 0.0409
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Application of SBAC adsorption of  Sr2+ 
in river water

The solution containing  Sr2+ was prepared with river water 
(“Release of organic matter in SBAC” section) to simulate 
the actual water body contaminated with  Sr2+. The sampled 
river water was first filtered through a 0.22 μm filter mem-
brane to remove suspended solids and green algae before 
use. Using the same method as the previous adsorption iso-
therm experiment, the adsorption capacity of SBAC to  Sr2+ 
in river water was investigated.

It can be seen from Fig. 7 that, compared with Ads in 
pure water, SBAC-5, SBAC-6 and SBAC-7 have a certain 
degree of reduction in Ads of  Sr2+ in real river water. The 
maximum Ads of  Sr2+ decreased from about 85% in pure 
water to 34–40% in river water. This can be explained by the 
aforementioned adsorption mechanism. The large amount 
of  Ca2+,  Mg2+ and other cations in the river affect the 

adsorption of SBAC. In addition, the large amount of organic 
matter in the river water (NPOC value of 50.42 mg L−1) may 
also affect ability to adsorb metal ions of SBAC [26]. Nev-
ertheless, compared with other AC adsorbents from Table 4, 
SBAC still shows the best removal effect in actual river 
water. In addition, SBAC has nearly zero cost and does not 
require any pretreatment, achieving direct reuse of resources.

Considering that 90Sr and 137Cs usually occur simulta-
neously in radioactive wastewater [37–39], the adsorption 
effect of SBAC for  Cs+, and the coexistence experiment of 
 Sr2+ and  Cs+ in river water are tested. It can be seen from 
Fig. 8a that the adsorption of  Cs+ in river water is not regular 
and worse than  Sr2+, which may be related to the different 
ionic radius and element properties of  Sr2+ and  Cs+. At the 
same time, the complex internal conditions of river water 
may affect the adsorption effect of  Cs+, and the specific rea-
sons need to be further explored. It is worth noting that the 
coexistence experiment of  Sr2+ and  Cs+ shows that when 
they coexist in river water, the removal rate of  Sr2+ by SBAC 
is not affected by  Cs+ (Fig. 8b). Therefore, when SBAC is 
applied to the treatment of wastewater containing  Sr2+ and 
 Cs+, other methods should be considered to remove  Cs+.

Conclusions

In this work, three SBACs were investigated on removal 
of  Sr2+ from water. There are somethings that draw people 
attention.

The adsorption of  Sr2+ by SBAC has fast speed, high 
removal rate far above virgin AC, which shows the potential 
of SBAC for the removal of  Sr2+. The removal mechanism 
of  Sr2+ mainly has the following two points:  Sr2+ exchanges 
with  Ca2+ from SBAC and complexation of oxygen-con-
taining functional groups on the surface (mainly hydroxyl 
groups and lactone group).

The leaching test shows the application of SBAC in water 
is safe. The regeneration experiment of SBACs shows their 

Fig. 7  SBAC adsorbs  Sr2+ in river water (Co = 5.199  mg  L−1, 
W/V = 0–2.5 g L−1, T = 298 K, pH = 9.10, t = 120 min)

Fig. 8  SBAC adsorbs  Cs+(a), 
 Sr2+ and  Cs+(b) in river 
water (Co(Cs+) = 6.7 mg L−1, 
Co(Sr2+) = 5.7 mg L−1, 
W/V = 0–2.5 g L−1, T = 298 K, 
pH = 9.1, t = 120 min)
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excellent regeneration performance. The desorption of 
SBACs shows that the amount of  Sr2+ adsorbed by SBAC 
is much higher than the amount of desorption. The above 
verifications indicate the feasibility of SBAC being used in 
actual water. More importantly, SBAC has the advantages 
of low price, and good adsorption and regeneration perfor-
mance. In short, the work has good practical application 
value.
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