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Abstract
In this work, novel Prussian blue tetragonal nanorods were prepared by template-free solvothermal methods to remove 
radionuclide Cs and Sr. The as-prepared Prussian blue nanorods were identified and characterized by scanning electron 
microscopy, transmission electron microscope, Fourier transform infrared spectroscopic, thermogravimetric analysis, zeta 
potential, and surface analysis, and its sorption performance was tested by batch experiments. Our results suggest that Prus-
sian blue nanorods exhibited better adsorption performance than co-precipitation PB or Prussian blue analogue composites. 
Thermodynamic analysis implied that the adsorption process was spontaneous and endothermic which was described well 
with the Langmuir isotherm and pseudo-second-order equation. The maximum adsorption capacity of PB nanorod was 
estimated to be 194.26 mg g−1 and 256.62 mg g−1 for Cs+ and Sr2+(adsorbate concentration at 500 mg L−1, the temperature 
at 298 k, pH at 7.0). Moreover, the experimental results showed that the Prussian blue nanorods have high crystallinity, few 
crystal defects, and good stability under alkaline conditions. The adsorption mechanism of Cs+ and Sr2+ was studied by 
X-ray photoelectron spectroscopy, X-ray diffraction, and 57Fe Mössbauer spectroscopy. The results revealed that Cs+ entered 
the PB crystal to generate a new phase, and most of Sr2+ was trapped in the internal crystal and the other exchanged Fe2+. 
Furthermore, the effect of co-existing ions and pH on PB adsorption process was also investigated. The results suggest that 
PB nanorods were an outstanding candidate for removing Cs+ and Sr2+ from radioactive wastewater.
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Introduction

With the rapid development of nuclear energy applications 
in recent years, nuclear and radiation safety has aroused 
public attention. Decontaminating the large amount of 
radioactive wastewater generated in nuclear energy appli-
cations has become an urgent problem to be solved. Radio-
active strontium and cesium are the primary contaminants 
in low-level radioactive wastewater because of their seri-
ous hazard to the natural environment and human health. 
How to remove these radionuclides efficiently from pol-
luted water was the focus of the research. Prussian blue 

(Fe4[Fe(CN)6]3·xH2O) was a kind of common adsorbent 
that attracted much attention because of its excellent 
adsorption capacity, good selectivity, and low price (Wu 
et al. 2005). The classic synthesis method of Prussian blue 
was potassium ferrocyanide and ferric chloride co-precip-
itated in an aqueous solution. The obtained Prussian blue 
was agglomerated nanoparticle co-polymer which signifi-
cantly reduced the number of adsorption sites. In recent, 
Prussian blue with a particular shape has been prepared by 
diverse synthesis methods, such as Vaucher et al. (2000) 
synthesized superlattice Prussian blue nanocubes in reverse 
microemulsion; the length range of nanocube was 10 to 
30 nm. Hu et al. (2011) prepared Prussian blue analogue 
porous nanocube in the presence of PVP, and PBA nano-
cube presents a huge BET surface and excellent adsorption 
efficiency of Pb2+(94% in 10 mg L−1). Bu et al. (2015) used 
self-aggregation and orient attachment of Prussian blue 
particle synthesized three-dimensional hierarchical Prus-
sian blue, and the 3D Prussian blue showed a high adsorp-
tion capacity of Cs+ which was higher than commercial 

Responsible Editor: Tito Roberto Cadaval Jr

 *	 Yaodong Dai 
	 yd_dai@sina.com

1	 College of Material Science and Technology, Nanjing 
University of Aeronautics and Astronautics, Nanjing 211106, 
China

/ Published online: 23 December 2022

Environmental Science and Pollution Research (2023) 30:36807–36823

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-022-24618-w&domain=pdf
http://orcid.org/0000-0001-7965-5971


1 3

Prussian blue 95%. Ming Hu (Hu et al. 2012a, b; Hu et al. 
2013) and Cai et al. (2016) used a unique method to syn-
thesize Prussian blue cubes with hollow structures; the 
yolk-shell and yolk-double-shell PBA was obtained by hot 
hydrochloric acid etching in former research, and the other 
one prepared Ni3[Fe(CN)6]2 box and cube-in-box by sac-
rificial template method which was based on the different 
solubility of PBA in alkaline solution.

Compared with other structures of Prussian blue, the one-
dimensional (1D) structure was usually ignored in research. 
1D nanomaterials have received much attention due to their 
unique morphology and great potential applications (Tiwari 
et al. 2012). 1D inorganic nanomaterials showed excel-
lent adsorption capacity because they had more significant 
surface area and adsorption sites. Among the variety mor-
phology of Prussia blue, one-dimensional structured PB 
was difficult to synthesize owing to its complex elemental 
constituent and crystal structure. The research on 1D Prus-
sian blue was rare, and the main synthesis route was sacri-
ficial template method. Zhou et al. (2002) fabricated Prus-
sian blue nanotubes and nanowires by electrodeposition on 
porous anodic aluminum oxide. The size of Prussian blue 
depends on the pore diameter of anodic aluminum oxide 
template, and the obtained PB nanowires have diameters of 
50 nm and lengths up to 4 μm. Yin et al. (2018) synthesized 
Co3[Fe(CN)6]2 hollow structure with the prism, polyhedron, 
and sphere morphology by using cobalt acetate hydroxide, 
ZIF-67, and Co-glycerate precursor as a template, respec-
tively. It was noticeable that the above methods were dif-
ficult to be applied in large-scale wastewater decontamina-
tion due to their high cost and low output. On the contrary, 
hydrothermal synthesis was easier to operate and cost less 
than the commonly nanomaterial synthesis method; the final 
products had uniform morphology and high purity. Hydro-
thermal reaction utilizes water under elevated pressures and 
temperatures above its critical point to increase the solubility 
of a solid and to speed up dissolution and recrystallization 
of precursor. Reverse microemulsion (water in oil) system 
was widely applied in synthesizing nanomaterials (Xu et al. 
2005); microemulsion contained an aqueous phase which 
dispersed in oil phase and packaged by surfactant; aqueous 
phase provided an excellent reaction place for forming a spe-
cific shape. Microemulsion hydrothermal could effectively 
control the product’s morphology by adjusting the water, oil, 
and surfactant ratio.

In this work, we successfully synthesized the tetrago-
nal Prussian blue nanorod by microemulsion solvothermal 
method. The morphology, structure, and influence factor in 
growth process of PB nanorod were investigated. The obtained 
PB nanorods were utilized for the removal of strontium and 
cesium in simulated radioactive wastewater; the adsorption 
performance was tested at different contact times, adsorbate 
concentration, temperature, pH, and co-existing cations.

Experiment and characterization

Preparation of materials

All chemicals were purchased from Aladdin and without fur-
ther purification. Prussian blue nanorods were synthesized by 
hydrothermal microemulsion method. In a typical experiment 
procedure, 0.405 mmol potassium ferricyanide and 0.405 mmol 
glucose were dissolved in 4.05 mL deionized water, 15 mmol 
cetyltrimethylammonium bromide (CTAB) and 65 mmol n-pen-
tanol were added into 70 ml n-hexane, and then the two solutions 
were mixed and keep stirred until the microemulsion was opti-
cally transparent; after that, the microemulsion was transferred 
to 100-mL stainless Teflon-lined autoclave and maintained at 
120℃ for 12 h; the stainless Teflon-lined autoclave was cooled 
at room temperature. Finally, the precipitate was separated by 
centrifugation and washed with chloroform and ethanol mixture 
solution several times. The final products were dried in a vac-
uum oven at 70℃ for 12 h. In order to investigate the influence 
of surfactant on Prussian blue morphology and micelle size, we 
synthesized Prussian blue in 7.5, 10, 17.5, and 20 mmol CTAB 
and other conditions not changed.

Materials characterization

Fourier transform infrared spectroscopic (FTIR) spectra were 
recorded on the Nicolet NEXUS870 FTIR spectrometer, using 
the transition mode and the wavelength range set from 4000 to 
500 cm−1. The morphology images of Prussian blue nanorod 
were acquired with FEI Quanta 650 scanning electron micros-
copy (SEM). The crystal structure and select area electron dif-
fraction (SAED) of Prussian blue nanorod were obtained by FEI 
Tecnai G20 high-resolution transmission electron microscopy 
(HRTEM). Thermogravimetric analysis (TG) used TGA5500 
from 30 to 800℃ in air. 77 K N2 adsorption–desorption isotherms 
was measured by Micromeritics ASAP2460. Powder X-ray dif-
fraction (XRD) patterns were measured by the Rigaku Ultima 
IV diffractometer using Cu Kα radiation from 5 to 90°. The zeta 
potentials of Prussian blue nanorods were measured by the Mal-
vern Zetasizer Nano system (ZS 90, UK) with irradiation from 
a 633-nm He–Ne laser at various pHs from 2 to 11. The X-ray 
photoelectron spectroscopy (XPS) of Prussian nanorods before 
and after adsorption was measured on a Thermo ESCALAB 
250XI instrument. The high-resolution spectra were collected 
and calibrated to the binding energy of C 1 s at 284.8 eV. Möss-
bauer spectrum was recorded using a WSSL-10 spectrometer at 
300 K, and the γ-ray radioactive source was 57Co/Rh.

Adsorption procedure

The Prussian blue nanorod was tested for the adsorption of 
radioactive 90Sr and 137Cs from aqueous solutions at room 
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temperature using the batch technique. The radioactive waste-
water containing 90Sr and 137Cs was simulated by Sr(NO3)2 
and CsCl aqueous solution. Ten milligrams of sample was 
added in test tubes which contained 10 mL CsCl or Sr(NO3)2 
solution, and the concentration was 500 mg L−1, and the ini-
tial pH of solution was 7.0. Then the tubes were shaken on 
a vortex shaker for 6 h at 298 K. The effect of several vari-
ables of solution pH, contact time, solution temperature, and 
adsorbate concentration was also studied. The pH value of 
solution was adjusted from 2 to 11 by adding 0.01 M HCl and 
0.01 M NaOH. The contact time was conducted from 0 to 6 h. 
The solution temperature was conducted at 298 k, 303 K, and 
308 K. The adsorbate concentration was conducted at 100, 
200, and 500 mg L−1. At the end of adsorption experiments, 
the concentration of strontium that remained in solution was 
measured by atomic absorption spectrophotometer (AAS, 
TAS-990). In order to investigate the effect of co-existing ions 
for adsorption process, the tested solution contained 0.01, 0.1, 
and 1 mol L−1 NaCl, KCl, MgCl2, and CaCl2, respectively. 
The initial concentration of Cs+ and Sr2+ in this solution was 
adjusted to 50 mg L−1. The artificial seawater composition was 
from a previous article, and the concentration of Cs+ and Sr2+ 
was 50 mg L−1 in this solution (Falyouna et al. 2020).

The uptake amounts per gram of Prussian blue nanorods 
were evaluated from the change in solution concentration 
using Eq. (1):

The distribution coefficient was calculated by Eq. (2):

where q (mg g−1) is the uptake capacity, C
0
 (mgL−1) is the 

initial concentration of strontium solution, Ct (mg L−1) is the 
final concentration in aqueous solution, M (g) is the mass of 
adsorbent, V (L) is the volume of the solution, and Kd (mL 
g−1) is the distribution coefficient.

Result and discussion

Characterization of Prussian blue nanorod

The morphology of Prussian blue nanorod was shown 
in Fig. 1a and b. It was observed that many tetragonal 
nanorods were stacked together, and the aspect ratio 
of PB nanorods was greater than 10. The length range 
of nanorods was from 1.5 to 3 μm, and the diameter of 
nanorod was nearly 150 nm. Figure 1c  is the HRTEM 
image of Prussian blue nanorod, in which PB nanorod had 
a regular rectangle lengthwise section and a dense crystal 

(1)q =
C
0
− Ct

M
× V

(2)Kd =
C
0
− Ct

Ct

×
V

M

surface, and the size of PB nanorod in HRTEM image 
was similar to Fig. 1a. XRD and HRTEM characterized 
the crystal structure of Prussian blue nanorod. The XRD 
pattern of PB nanorod was shown in Fig. 2a. All reflec-
tion peaks were indexed to the ferric ferrocyanide (JCPDS 
73–0687) with the lattice constants of a = 10.13 Å. The 
extremely narrow and intensity peak indicated that the 
as-obtained products may had greater crystalline and 
unique morphology. Figure 1d is the HRTEM image of 
PB nanorod; the measured lattice fringe with an interpla-
nar spacing of about 0.506 nm was indexed to the (200) 
plane of PB nanorod (Kim et al. 2017), which indicated 
that Prussian blue nuclei grown as nanorod in the direction 
of [100], this result also agreed well with XRD pattern. 
Figure 1e shows the SAED image of PB nanorod, which 
indicated that PB nanorod was a single crystal and faced-
centered cubic structure.

FT-IR spectrum was used qualitatively to analyze the 
chemical group of the samples. Figure 2b shows the FT-IR 
spectrum of Prussian blue nanorod. The adsorption peak 
at 3424 cm−1 was due to nonsymmetric stretching vibra-
tion of -OH, ascribed to crystal H2O in Prussian blue. The 
sharp peaks at 2070 and 595 cm−1 were ascribed to the 
vibration of C≡N and Fe-CN bond (Feng et al. 2019), con-
firming that the final products were Prussian blue. The 
peak at 2911, 2834, and 1410 cm−1 revealed the symmetric 
and asymmetric stretching vibration of CH2 and the vibra-
tion of C-H bend, which are all from the residual CTAB 
on the PB surface (Andrew Lin et al. 2015).

TG curves calculated the water content of PB nanorod 
from room temperature to 250℃ (Liu et al. 2015); the PB 
nanorod only lost 8.9wt% of the total weight, indicating 
that PB nanorod possessed few zeolitic water and Fe(CN)6 
vacancies, which gave them more vacancies to accommo-
date other ions.

The N2 adsorption–desorption isotherms and pore size 
distribution of PB nanorods were shown in Fig. 3b; the 
calculated Brunauer–Emmett–Teller (BET) surface area 
was 4.4392 m2 g−1, and the total pore volume was 0.0126 
cm3 g−1.

The zeta potential for PB nanorods was displayed in 
Fig. 3c at various pH values. The result showed that PB 
nanorods are negatively charged at pH ranging from 2 to 
10, with the isoelectric point of PB at a pH value between 
2 and 3. Especially, the zeta potential of PB was as low 
as − 38.53 mv; thus, the results were attributed to the modi-
fication by the carboxy group which increased the negative 
surface charge and the electrostatic repulsion between the 
adsorbent powders, which could be beneficial for the elec-
trostatic attraction of positive ions.

In order to investigate the morphology of PB nanorods 
under different growth conditions, we carried out a series 
of controlled experiments. CTAB was a commonly cationic 
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surfactant that played a dominant role in microemulsion for-
mation. Figure 4 presents the reaction products of 5 mmol, 
7.5 mmol, 17.5 mmol, and 20 mmol CTAB, respectively. 
In Fig. 4a and b, the reaction products at low concentration 
of CTAB contained a lot of lamellar PB, the products at 

7.5 mmol CTAB had a larger proportion of rod-like Prussian 
blue, and the lamellar PB was more regular than the prod-
ucts of 5 mmol. With the concentration of CTAB increased, 
the amount of lamellar PB decreased, and the proportion 
of one dimensional structured PB in as-obtained products 

Fig. 1   SEM (a and b) ， 
HRTEM (c and d) and SAED 
pattern (e) images of PB 
nanorod 

Fig. 2   XRD pattern (a) and FT-IR spectrum (b) of Prussian blue nanorod
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was increased. In Fig. 4c, the tetragonal PB rod width was 
close to 1 µm, and several PB nanorods were agglomerated, 
forming a sheet of Prussian blue. When the CTAB amount 
increased to 20 mmol, the final products contained many 
unregular Prussian blue cuboids with a width ranging from 
300 nm to 2 µm and a length ranging from 1.5 to 3 µm. 
According to the above SEM images, the content of CTAB 
in solvent greatly influenced the final products morphology. 
Some research showed that bromine ions released by CTAB 
were preferential chemisorption on [100] facet of crystal 
(Xiong et al. 2007; Xiong and Xia 2007). At a low concen-
tration of Br, some crystal facets not coated by bromine ions 
induced Prussian blue seed to grow in both directions, thus 
forming two-dimensional lamellar PB. As the concentra-
tion of Br ions increased, the lamellar products gradually 
decreased until they disappeared. However, the aggregate PB 
nanorods were increasing, and the large PB bars appeared 

frequently. According to the experiment result, it was obvi-
ous that the final products which reacted in 15 mmol CTAB 
conditions were suitable radioactive nuclide adsorbents.

Adsorption kinetics

Figure 5 displays the adsorption capacity of Prussian blue 
nanorod for Cs+ and Sr2+ at different time intervals in various 
initial concentrations. It was observed that the adsorption capacity 
increased with time extension for all concentrations at initial stage, 
and then adsorption rate was slowed down and reached adsorption 
equilibrium 2 h later. On changing the initial ions concentration 
as 100, 200, and 500 mg L−1, the equilibrium adsorption amount 
was 90.65, 157.05, and 206.92 mg g−1 for Cs+ and 99.90, 189.92, 
and 270.75 mg g−1 for Sr2+, which is due to the driving force of 
the concentration gradient overcame mass transfer resistance of 
ions between the aqueous and solid phase (Demirbas et al. 2009).

Fig. 3   a TG curve, b N2 adsorption–desorption isotherms, c pore size distribution of PB nanorods and d zeta potential for PB nanorods at vari-
ous pH
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To further investigate the adsorption process on PB 
nanorods, the adsorption kinetics data were calculated accord-
ing to the pseudo-first-order equation, pseudo-second-order 
equation, and Elovich equation (Ahrouch et al. 2019; Gupta 
et al. 2019). These equations were shown in Eqs. (3)–(5).

where qe and qt were the adsorption amount (mg g−1) at the 
equilibrium and at time t (min), respectively. k1(min−1) and 
k2 (g (mg g)−1) were the rate constants of pseudo-first-order 
and pseudo-second-order equation. In Elovich equation, a 
represents initial adsorb rate (mg (g min)−1), and b was des-
orption constant (g mg). The value of above parameters was 
listed in Table 1.

As shown in Table 1, the experimental data at different ini-
tial concentrations displayed excellent correspondence with 
the pseudo-second-order kinetic model. Its correlation coef-
ficient was higher than pseudo-first-order and Elovich kinetic 
model. It confirmed that pseudo-second-order equation was 

(3)qt = qe(1 − e−k1t)

(4)qt =
q2
e
k
2
t

1 + qek2t

(5)qt = bln(ab) + bln(t)

the best model to describe the adsorption process of PB 
nanorod. And the accordance with the pseudo-second-order 
reaction mechanism implied that the chemical processes con-
trolled the adsorption processes, through sharing of electrons 
between adsorbent and adsorbate, or covalent forces, through 
the exchange of electrons between the particles involved (F. 
Zhang et al. 2015). k2 was a constant related to the adsorbed 
rate; a large k2 value represented an adsorption process that 
would take a short time to reach equilibrium (Ji et al. 2022). 
Therefore, the obtained large k2 indicated that the PB nanorod 
took less time to remove Cs+ and Sr2+.

Adsorption isotherms and thermodynamics

The adsorption isotherm was an important pathway 
for understanding the character of adsorption system, 
and isotherm would provide physical chemistry data of 
the adsorption process. In order to fully understand the 
adsorption characteristic of cesium and strontium onto 
Prussian blue nanorod, the adsorption experiments data 
were fitted by three different isotherms.

The Langmuir isotherm assumed that adsorption occurs 
on a homogeneous surface, which means the enthalpy change 
and adsorption activation energy of each molecule are fixed, 
and the whole adsorption process is monolayer adsorption 
(Andrew Lin et al. 2015; Jin et al. 2012), as presented by

Fig. 4   SEM images of PB 
obtained from different 
amount of CTAB. a 5 mmol, 
b 7.5 mmol, c 17.5 mmol, d 
20 mmol
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In addition, the separation factor RL was the dimension con-
stant obtained by Langmuir isotherm constant. The calculated 
equation was given by

(6)qe =
qmkLCe

1 + kLCe

The Freundlich isotherm assumed that adsorption occurs 
on heterogeneous surfaces and that adsorbents and adsorbents 
interacted with each other. Freundlich isotherm was often 

(7)RL =
1

1 + kLci

Fig. 5   Adsorption kinetic of PB nanorod at a 100, b 200, and c 500 mg L−1 Cs+ solution and d 100, e 200, and f 500 mg L−1 Sr2+ solution
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applied in multilayer adsorption process (Cheng et al. 2019), 
as presented by

The Redlich-Peterson isotherm was combination of the Lang-
muir and Freundlich isotherm, and the equation was given by

where qe and qm were the adsorption amount (mg g−1) 
at the equilibrium and maximum adsorption capacity. ce 
(mg L−1) and ci were the concentration of strontium at the 
equilibrium and at the initial. kL (L mg−1), kF (mg/g), kR 
(L g−1), and a (L mg−1) were the Langmuir isotherm con-
stant, Freundlich isotherm constant, and Redlich-Peterson 
isotherm constant, respectively. n and β were exponents. 
The value of parameters was summarized in Table 2.

Figure  6 shows the three isotherm models applied to 
experimental data. The adsorption amount of PB nanorod was 
increased with the temperature increasing both Cs+ and Sr2+. 
Langmuir isotherm exhibited the highest correlation coef-
ficients among the three isotherms, which suggested that PB 
nanorod surface was homogenous and the adsorption process 
of Cs+ and Sr2+ was monolayer adsorption. The maximum 
adsorption capacity calculated by Langmuir isotherm were 
194.26, 232.58, and 284.74 mg g−1 for Cs+ and 256.62, 290.94, 
and 316.58 mg g−1 for Sr2+ at 298 K, 303 K, and 308 K, respec-
tively. The value of RL would classify the shape of the isotherm 
as unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 0), and 

(8)qe = kFce
1

n

(9)qe =
kRce

1 + ac
�
e

favorable (0 < RL < 1). We obtained a value of RL of 0.29, 0.35, 
and 0.47 in Cs+ sorption and 0.27, 0.35, and 0.38 in Sr2+ sorp-
tion; the value confirmed that the adsorption process of Cs+ 
and Sr2+ onto PB nanorod was favorable. The R-P equation 
was approximate to Henry’s law in low adsorbate concentra-
tion and the Freundlich isotherm in high concentration (Minitha 
et al. 2018). When exponent β = 1, the equation changed into 
the Langmuir model; when β trended to 0, the R-P equation was 
more Freundlich. The β values were all close to 1 in Table 2, 
which confirmed a Langmuir type mechanism.

Table 3 presents the reported various adsorbent for Cs+ 
and Sr2+ adsorption along with their maximum adsorp-
tion capacity. The as-synthesized Prussian blue nanorod 
exhibited higher adsorption capacity than most reported 
adsorbents, especially for the removal of Sr2+.

Adsorption thermodynamic was conducive to understanding 
the degree and driving force of the adsorption process and could 
deeply analyze the influence of various factors on the adsorption 
process. The thermodynamic parameters ΔG°, ΔH°, and ΔS° 
were calculated by Eqs. (10), (11), and (12) (Yu Liu 2009).

(10)ΔG
◦

= ΔH
◦

− TΔS
◦

(11)ΔG
◦

= RT ∙ lnK
◦

(12)lnK =
ΔS

◦

R
−

ΔH
◦

RT

(13)K
◦

= 1000KLMA

Table 1   The fitting kinetic 
parameters of PB nanorod

C0  
(mg L−1)

Pseudo-first-order Pseudo-second-order Elovich equation

k1 (min−1) qe (mg g−1) r2 k2 (g (mg g)−1) qe (mg g−1) r2 a b r2

Cs+ 100 7.21 × 10−2 87.02 0.87 1.71 × 10−3 90.65 0.99 16.29 6.75 0.93
200 6.16 × 10−2 149.43 0.91 7.63 × 10−4 157.05 0.99 16.42 13.97 0.92
500 7.36 × 10−2 198.81 0.85 7.73 × 10−4 206.92 0.99 18.18 15.14 0.94

Sr2+ 100 6.15 × 10−2 95.22 0.93 1.22 × 10−3 99.90 0.99 7.21 8.62 0.87
200 5.52 × 10−2 178.65 0.90 4.97 × 10−4 189.92 0.99 1.86 20.10 0.93
500 5.51 × 10−2 254.96 0.89 3.58 × 10−4 270.75 0.99 1.53 28.25 0.95

Table 2   The fitting isotherm 
parameters of PB nanorod

T/K Langmuir isotherm Freundlich isotherm Redlich-Peterson isotherm

kL (L mg−1) qm (mg g−1) r2 kF (mg/g) n r2 β kR (L g−1) a (L mg−1) r2

Cs+ 298 K 4.82 × 10−2 194.26 0.99 60.51 5.08 0.96 0.94 12.29 8.94 × 10−2 0.98
303 K 3.61 × 10−2 232.58 0.99 65.41 4.74 0.97 0.95 10.44 6.12 × 10−2 0.99
308 K 2.22 × 10−2 284.74 0.99 51.18 3.56 0.95 1.05 5.61 1.42 × 10−2 0.99

Sr2+ 298 K 5.20 × 10−2 256.62 0.98 79.44 4.90 0.96 0.91 20.95 1.35 × 10−1 0.98
303 K 3.71 × 10−2 290.94 0.99 74.49 4.31 0.92 1.02 10.16 3.11 × 10−2 0.99
308 K 3.23 × 10−2 316.58 0.99 64.88 3.71 0.95 0.92 13.03 6.36 × 10−2 0.99

36814 Environmental Science and Pollution Research (2023) 30:36807–36823



1 3

where ΔG° was the standard Gibbs free energy, kJ 
mol−1. ΔH° was the standard enthalpy, kJ/mol. ΔS° 
was the standard entropy, J (mol K)−1. In some ref-
erence, the value of Kº could be approximately by 

the Langmuir isotherm constant KL, the value con-
version between them is referred to Eq. (13) due to 
different units used in Kº calculation, and MA was 
adsorbate relative atomic mass (Liu 2009).

Fig. 6   Adsorption isotherms of PB nanorod for Cs+ at 298 K (a), 303 K (b), 308 K (c), and Sr.2+ at 298 K (d), 303 K (e), and 308 K (f)
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As shown in Table  4, the calculated ΔG° value 
were − 21.72, − 21.35, and − 20.26  kJ  mol−1 in Cs+ 
and − 20.87, − 20.37, and − 20.35  kJ  mol−1 in Sr2+ at 
298,303 and 308 K, respectively. The negative ΔG° value 
confirmed that the adsorption process occurred spontane-
ously. The value of ΔG° increased with the temperature 
rise, indicating that high temperature in favor of adsorp-
tion. These results were similar to the experiment data 
(Wibowo et al. 2017). ΔH° and ΔS° give an insight into 
type and mechanism of adsorption process. The negative 
ΔH° value suggested the exothermic nature of adsorption. 
In general, the adsorption process was physical adsorption if 
2.1 < ΔH° < 20.9 kJ mol−1. If ΔH° > 80 kJ mol−1, the adsorp-
tion process was chemical adsorption (Hu et al. 2021). The 
obtained value of ΔH° was − 59.05 and − 51.12 kJ mol−1 and 
all between 20.9 and 80 kJ mol−1; it perhaps attributed to the 
adsorption mechanism of Cs+ and Sr2+ for PB nanorod being 
close to chemical adsorption; ions were caged in lattice 
defect of PB nanorod. In addition, the negative ΔS° value 
reflected the decreased randomness at the solid-solution 
interface during adsorption process.

Effect of pH

In general, iron hexacyanoferrate (Fe–Fe PB) was rapidly 
converted into Fe(OH)3 in alkaline solution; it was ascribed 
to ion exchange reaction between Fe(III) and OH− , as shown 
in the following equation (Zhang et al. 2013).

However, we obtained Fe–Fe PB nanorod that possessed 
a part of resistance to alkaline solution. In Fig. 7a and c, the 
color of solution which contained Fe–Fe PB changed from 
blue to yellow immediately when the solution is pH 12 and 11; 
it was meant that Fe–Fe PB obtained by co-precipitation was 
immediately transformed to Fe(OH)3. In contrast, PB nanorod 
was stable, and solution color was not changed at initial 
pH = 12; after 10 min, the color started to turn yellow, and all 
of the PB nanorods transformed FeOH3 until 120 min. When 
pH value was down to 11, the solution color remained blue 
throughout the whole process, showing the excellent stability 
of PB nanorod in alkaline solution. In general, the chemical 
etching process was prone to occur on the loose region of crys-
tal, which possessed more defects (Nai et al. 2017; Shi et al. 
2021; H. Xu et al. 2020; Yu et al. 2016). As shown in TEM 
image and XRD pattern, the high crystallization and low defect 
of PB nanorod slow down the erosion from hydroxyl ions.

In order to investigate the adsorption performance of 
PB nanorod at various pH values, the experiments were 
conducted at different pH values from 1 to 10 since Sr2+ 
was precipitated when pH was above 10 (Li et al. 2021). 
The result was shown in Fig. 8; the adsorption capacity 
of PB increased with pH value increasing from 1 to 5 
both Cs+ and Sr2+, and then the adsorption amount of 
Sr2+ reached a maximum at pH of 7 and Cs+ at pH of 
8; after that the adsorption capacity decreased with pH 
value increased.

Fe
4
[Fe(CN)

6
]
3(s) + 12OH−

(aq)
→ 3Fe(CN)4−

6 (aq) + 4Fe(OH)
3(s)

Table 3   Summary of reported 
adsorbent for Cs+ and Sr2+ 
adsorption

Adsorbent Qmax-Cs (mg g−1) Qmax-Sr (mg g−1) References

PB/Fe3O4/GO 55.6 Yang et al. (2014)
PB/RGOF 18.67 Jang et al. (2015)
Zn-HCF 24.5 Sommer-Marquez et al. (2016)
Zn-Co PBA 255 Liu et al. (2017)
PB/NHBC 125.31 Li et al. (2020)
MnO2 40.5 Valsala et al. (2010)
MnO2-Sb2O5 30.2 Zhang et al. (2016)
PBA/Chitosan/CNTs 219.8 205.1 Li et al. (2016)
PB nanorod 194.26 256.62 This study

Table 4   Thermodynamic 
parameters of PB nanorod

Absorbed  
element T (K)

Thermodynamic parameters

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

Cs+ sorption
298  − 21.72

 − 59.05  − 125.01303  − 21.35
308  − 20.26

Sr2+ sorption
298  − 20.87

 − 51.12  − 101.49303  − 20.37
308  − 20.35
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The solution pH affected the degree of ionization and 
surface charge of the adsorbent, which could affect adsorp-
tion capacity. In acidic pH, the surface charge of adsorbent 
changed positively. It hindered the cation that entered the 
inner crystal, causing the adsorption amount to decrease. 
In an alkaline solution, the adsorbent surface changed 
negative, but the Prussian blue framework was unstable, 
leading to a decrease in adsorption capacity.

Effect of co‑existing ions

Radioactive wastewater generally contains a large amount of 
co-existing ions like Na+, K+, Mg2+, and Ca2+. We investigated 
the effect of those ions on adsorption performance. As shown 
in Fig. 9, the different cations had different adsorption effect on 
Cs+ and Sr2+. K+ played an important role in the process of Cs+ 
being absorbed; the higher the concentration of K+, the lower 
the Kd value of PB. Na+ had little effect on adsorption amount 
owing to the stokes radii of Na+ being smaller than K+. While 
the Sr2+ was adsorbed, alkaline-earth metal ions had stronger 
resistance to adsorption than alkali metal ions. The Kd value 
were less than 1L g−1 both Mg2+ and Ca2+.Otherwise, the elec-
trostatic attraction could affect the ions adsorption process. The 
order of charged density was Ca2+ > Mg2+ > K+ > Na+ (Zhang 
et al. 2016), following the result of Sr2+ adsorption experiment.

The distribution coefficient Kd was often used to present 
the chemical binding affinity between ions and adsorbents. 
Ordinarily, the Kd value above 5000 mL g−1 was consid-
ered good, and more than 50,000 mL g−1 was considered 

Fig. 7   Time-dependent photographs of PB and PB nanorod in alkaline solution

Fig. 8   Effect of initial pH on Cs+ and Sr2+ adsorption capacity by PB 
nanorod
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excellent (Jang and Lee 2016). In this study, the obtained Kd 
value in different ions was all greater than 5000 mL g−1 in 
low and medium co-existing ion concentrations that showed 
a strong affinity between Cs+, Sr2+, and PB nanorod. Fur-
thermore, the Kd value of PB nanorod for Cs+ and Sr2+ sorp-
tion was 6.52 and 7.49 L g−1 in artificial seawater when 
C0 = 50 ppm, V/M = 1L g−1, and pH of 7; the result sug-
gested that a high concentration of co-existing ions has little 
impact on the binding of Cs+ and Sr2+ on PB nanorod.

Mechanism of adsorption

In the past decade, many researchers studied the adsorp-
tion mechanism of PB for Cs+; some of them assumed that 
Cs+ exchanged with K+ in PB inner crystal structure, and 
others suggested that Cs+ was trapped in PB crystal lattice 
(Ishizaki et al. 2013; Li et al. 2020). Moreover, the research 
about Prussian blue adsorbed Sr2+ was rarely mentioned. In 
order to reveal the Cs+ and Sr2+ sorption mechanism to PB 
nanorods, 10 mg adsorbent was immersed in 10 mL 500 mg 
L−1 Cs+ or Sr2+ aqueous solution for 6 h at 298 K, and the 
solution’s initial pH was 7.0. Finally, the adsorbent was sepa-
rated, the ion concentrations of Cs+, Sr2+, K+, Fe2+/Fe3+, 
and the solution pH were measured, and the change values 
were listed in Table 5. The result showed that, before and 
after Cs+ sorption, the Fe elements concentration did not 
change, and the increased value of K+ concentration was 
similar to ΔCs+. The pH value of the solution increased 
slightly after Cs+ adsorption. On the contrary, the K concen-
tration and pH value did not change, the Fe concentration 
increased dramatically, probably due to the iron escape from 

Prussian blue. Further research was then carried out with 
XPS and Mössbauer spectrum.

The detailed surface chemistry change of PB nanorods 
after adsorption was revealed by XPS analysis. Fig-
ure 10a shows the XPS spectrum of Prussian blue nanorod 
after Cs+ and Sr2+ adsorption. Figure 10b is high-resolution 
N1S spectra. All spectra of three samples showed two peaks 
at 397.8 and 402.4 eV which were assigned to C≡N–Fe 
ligand and pyrrolic-N, respectively (Qian et al. 2017). Inter-
estingly, the C≡N–Fe ligand peak shifted to 403 eV after 
Cs+ adsorption, which could attribute to Cs+ being bonded 
with the cyano group. All Fe2p spectra of pristine, after 
Cs+ and Sr2+ adsorption PB nanorods, gave four peaks 
which presented two valences of Fe element (Wang et al. 
2019). The peaks located at 708.96 and 721.70 eV could be 
indexed to FeII in Fe 2P3/2 and Fe 2P1/2. At about 710.48 and 
723.82 eV, the other two were assigned to FeIII in Fe 2P3/2 
and Fe 2P1/2. The element’s peak area of the XPS spectrum 
expressed a relative quantity of different valences. The table 
summarizes the peak area of each sample. We could see 
that the pristine PB nanorod total peak area of FeIII only 
accounts for 0.32 of that FeII. By contrast, the content ratio 

Fig. 9   The effect of co-existing Na+, K+, Mg2+, and Ca2+ on the removal efficiency of PB nanorod for Cs+ (a) and Sr2+ (b)

Table 5   The change values of ions concentration before and after 
adsorption

Adsorbate ΔAdsorbate 
(mmol/L)

ΔK+  
(mmol/L)

ΔFe  
(mmol/L)

pH

Cs+  − 1.53  + 1.41  + 0.03 7.1
Sr2+  − 3.01  + 0.02  + 0.76 7.0
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Fig. 10   XPS survey spectra of PB nanorod (a), N 1  s spectra (b), Fe 2p spectra of PB nanorods (c), after Cs+ adsorption (d) and after Sr2+ 
adsorption (e), Sr 3d spectra (f)
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of FeIII to FeII on the surface of PB nanorod after Cs+ and 
Sr2+ adsorption improved to 0.39 and 0.37. This result indi-
cated that Prussian blue released some Fe2+ in adsorption 
process. As shown in the Cs3d spectra of PB nanorod after 
Cs+ adsorption, two peaks at 725 and 730 eV were allocated 
to Cs 3d3/2 and Cs 3d5/2. Figure 10f displays high-resolution 
Sr3d spectra, with two peaks at 133.93 eV and 135.64 eV 
characteristic for 3d3/2 and 3d1/2 of strontium.

XPS only detected the surface elements instead of pen-
etrating deep into the sample, and the Mössbauer spectrum 
gave an over-arching perspective of the iron valence inside 
the whole sample (Hu et al. 2012a, b). In Mössbauer spec-
trum analysis, the pristine PB contained 41.95% Fe(II) and 
58.05% Fe(III); there were 46.53% Fe(II) and 53.46% Fe(III) 
in PB nanorod; after Sr2+ adsorption, there were 39.87% 
Fe(II) and 60.13% Fe(III). The Fe2+ content of PB only 
decreased by 2.08% after Sr2+ adsorption, which was lower 
than XPS result; the XRD pattern of PB also did not change; 
it was demonstrated that Sr2+ was mainly caged in the PB 
framework and surface ions exchange was a small propor-
tion. After Cs+ adsorption, there were 46.53% Fe(II) and 

53.46% Fe(III) in PB nanorod; the change of Fe content was 
larger than Sr2+ adsorption before and after. Interestingly, 
the XRD pattern of PB after Cs+ adsorption was different 
from the other two; this indexed to CsFe[Fe(CN)6](JCPDS 
24–0259) rather than Fe3[Fe(CN)6]4(JCPDS 73–0687), and a 
similar result was also obtained by the stoichiometry change 
of Fe2+ and Fe3+ for PB nanorod before and after adsorption 
Cs+ (Table 6, Fig. 11).

Based on the above result (Table 7), Scheme 1 illus-
trated the different adsorption mechanisms of two cations. 
Firstly, Cs+ could enter the crystal inner, causing the PB 
structure to be transferred from insoluble to soluble because 
that structure possessed a greater capacity for monovalent 
ions. Secondly, Sr2+ also entered the PB crystal to achieve 
decontamination, which did not lead to structural change. 
In addition, corresponding to the surface element change 
from XPS, we could infer that part of Sr2+ exchanged with 
Fe2+ on the PB surface. According to the adsorption mecha-
nism, the theoretical adsorption capacity of PB for Cs+ was 

Table 6   XPS fitting results of Fe element

Samples Peak area FeIII/ FeII

FeII2p3/2 FeII2p1/2 FeIII2p3/2 FeIII2p1/2

PB nanorod 602.3 220.6 90.4 172.9 0.32
Cs+ adsorption 267.6 147.5 79.8 83.7 0.39
Sr2+ adsorption 696.9 271.3 181.8 175.0 0.37

Fig. 11   Mössbauer spectrum 
of PB nanorod before and after 
Cs+ and Sr2+ adsorption

Table 7   Mössbauer spectrum fitting results

Sample Valence IS (mm s−1) QS (mm s−1) ARE (%)

Pristine Fe2+  − 0.15822 41.95
Fe3+ 0.38089 0.48227 58.05

Cs+ sorption Fe2+  − 0.14608 46.53
Fe3+ 0.38956 0.42485 53.46

Sr2+ sorption Fe2+  − 0.15019 39.87
Fe3+ 0.36832 0.42149 60.13
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larger than Sr2+. Contrary to the experimental result, it could 
ascribe to the electrostatic interaction between Sr2+ and sur-
face residual − COOH derived from glucose being reduced.

Conclusion

In this work, PB nanorods were synthesized by hydrothermal 
microemulsion and applied to adsorb cesium and strontium 
in simulated radioactive wastewater. Prussian blue nanorod 
showed a better removal efficiency of Cs+ and Sr2+ than ordi-
nary Prussian blue, the adsorption data were described well 
with Langmuir isotherm and pseudo-second-order equation; the 
maximum adsorption capacity of PB nanorod was estimated to 
be 194.26 mg g−1 and 256.62 mg g−1 for Cs+ and Sr2+ (adsorb-
ate concentration at 500 mg L−1, the temperature at 298 k, pH at 
7.0). The thermodynamic analysis indicated that the adsorption 
process was spontaneous and endothermic in nature. Moreover, 
HRTEM and SAED results showed that PB nanorods had high 
crystallinity and few crystal defects, giving them good stability 
under alkaline conditions. The analysis result by XPS, XRD, 
and 57Fe Mössbauer spectrum revealed that Cs+ entered in PB 
crystal to generate a new phase; most of Sr2+ was trapped in the 
internal crystal, and the other exchanged Fe2+. Therefore, PB 
nanorod was an outstanding candidate for removing Cs+ and 
Sr2+ from radioactive wastewater.
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