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Abstract
Phytomass sorbent material (RM) was obtained as a by-product from the process of essential oil extraction. Its phosphoric 
acid-modified nano-form, N-RM, was used to absorb Sr(II) and Eu(III) from an aqueous solution. The pseudo-second-order 
is the better fitting model. Isotherm Langmuir and Freundlich models were fitted with a maximum capacity of  qm 18.2, 
60.4, 11.5, and 13.8 mg/g for Eu/RM, Eu/N-RM, Sr/RM, and Sr/N-RM, respectively. The packet technique promised to be 
applicable on a large scale for the treatment of contaminated water. Both RM and N-RM are effective eco-friendly adsorbents 
for the removal of Eu(III) and Sr(II).
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Introduction

Low and intermediate level radioactive wastes are gener-
ated in radiochemical laboratories, research reactors, radio-
isotopes of metallurgical laboratories, activation analysis 
units, nuclear medicine divisions in hospitals, universities, 
and research organizations, as well as in industrial activi-
ties [1, 2]. The radionuclides released may be transported 
with water, adsorbed by inorganic particulate matter, and/
or deposited in bottom sediments, where they pose a threat 
to living beings. Radioactive strontium occurs in the envi-
ronment as 89Sr and 90Sr with a half-life of 51 days and 
29 years, respectively. 90Sr, a soft emitter of energy with 
a 0.5460 MeV, is highly mobile and can migrate into the 
bottom layers of soil and into groundwater with percolat-
ing water. Because it is chemically similar to calcium it is 
easily integrated into the bone, where it damages blood-
producing cells and continues to irradiate localized tissues, 

eventually leading to bone sarcoma and leukemia [3]. Where 
large amounts of elements are required, europium (as an 
analog) is frequently used to represent all trivalent actinides 
[4]. 152Eu (t1/2 = 13.54 years) and 154Eu (t1/2 = 8.67 years) are 
produced primarily in radioactive waste as fission products 
[5]. 152Eu and 154Eu can also be produced by neutron acti-
vation of nuclear reactor control rods (151Eu ̅ → n,γ 152Eu). 
Sorption has been the subject of several studies as a process 
for treating contaminated water, allowing the removal of a 
large amount of water pollutants; additionally, this method 
has proven to be a highly effective and economical process 
[6, 7]. The presence of various active functional groups, like 
amino, hydroxyl, carboxylic acid, and carbonyl groups, etc., 
are the chief constituents including organic and inorganic 
components of phytomass [8], and thus they are apparently 
rich in carbon content for producing activated carbon pow-
ders. This adsorbent makes them available for chelation or 
complexation with metal ions. The leaves of the rosemary 
plant contain some lignocellulose material such as lignin, 
cellulose, hemicelluloses, and pectin, making them the most 
effective and least expensive phytomass material [9, 10]. 
Using carbonized Rosmarinus officinalis plants, Hg(II) was 
removed from the watered solution [11, 12]. The goal of this 
study was to look at the ability of RM and  H3PO4 treated 
Rosmarinus officinalis leaves N-RM to adsorb Eu(III) and 
Sr(II) ions from an aqueous solution. The optimum condi-
tion was determined using the batch technique (pH, time, 
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and concentration effect). Different isotherm and kinetic 
models were applied to estimate the available reaction mech-
anism. At two different pH 2, and 5, the effect of interfering 
ions (Fe(III), Co(II), and Cr(III)) on the removal of Eu(III) 
and Sr(II) and their adsorption behavior was investigated. 
A new packet technique was applied for the best and easiest 
treatment application.

Materials and methods

Chemicals and material

Chemicals of analytical grade were used during this study 
without further purification;  Eu2O3 and  SrCl2 were supplied 
by E. Merck. Cobalt (II), iron (III), and chromium (III) stock 
solutions were prepared from cobalt chloride, iron chloride, 
and chromium chloride. Double distilled water has been 
used in all experiments.

Instruments

The inductively coupled plasma (ICP-OES) 6 Wentworth 
Drive Hudson New Hampshire 03,051, USA was used to 
measure the concentration of Eu(III), Sr(II), and all interfer-
ing ions (Fe(III), Cr(III), and Co(II)). The chemical compo-
sition of the prepared sample was analyzed by the Energy 
Dispersive X-ray spectrometer EDX. The surface structure 
of synthetic material was examined by a scanning electron 
microscope (SEM) (JEOL, JSM-6510A, Japan). The size 
and morphology of N-RM nanoparticles were measured by 
TEM (Hitachi H-7100, Japan). Functional compositions of 
RM and N-RM have been examined with Fourier transform 
infrared (FTIR) spectroscopy (Thermo, USA). The ther-
mal behavior of the prepared powder was carried out using 
TG–DTA (SDTQ600, TA Instruments, New Castle, DE, 
USA). The pH of the solution was measured with a Hitachi 
pH meter. The XRD examination was performed on a Shi-
madzu XRD–6100 with diffraction patterns created across 
a 2θ range of 10–80 using Cu K radiation (= 1.5406) and 
continuously scanned at a speed of 10/min with a sample 
pitch of 0.1 and a preset period of 0.6 s.

Experiments

Preparation of adsorbents

The crushed, de-oiled residue of rosemary leaves was 
obtained as a byproduct from the essential oil steam dis-
tillation extraction process (It is a multistage continuous 
distillation process where steam is used as a stripping gas 
to extract the oils. Steam is directed through the plant 

material. The mixture of hot vapors is collected and con-
densed in order to produce a liquid in which the oil and 
water form two distinct layers). This waste was rinsed 
with diluted nitric acid (0.1 M) in order to eliminate the 
color. The sample was washed with distilled water, dried, 
grinded, and sieved to the desired size of 20 mesh. Phos-
phoric acid was used as an activating agent in a ratio of 
1:1(w: w) and heated at 110 °C for 2 h and at 500 °C for 
4 h. The reason for using phosphoric acid as a chemical 
activating agent is to increase surface area. The mixture 
was then dried overnight at 105 °C. The activated product 
was then washed with deionized water several times to 
remove the excess acid until the pH of the solution reached 
almost neutral. The final product was kept in the oven for 
12 h at a temperature of 60–80 °C to remove moisture.

Sorption studies

Sorption studies were conducted by batch technique and 
packet test using simulated waste water containing certain 
amounts of Eu(III) and Sr(II) (10 mL) and 0.1 g of adsor-
bent( RM and/or N-RM). Batch experiments were carried 
out to determine the adsorption isotherms of metal ions 
onto the adsorbents in 25 mL closed polypropylene vials. 
The vials were shaken at a constant rate, allowing suffi-
cient time for adsorption equilibrium. The applied shaking 
speed was assumed to allow all of the surface area to come 
into contact with Eu(III) and Sr(II) ions during the experi-
ments. The study was performed at room temperature to 
be representative of environmentally relevant conditions. 
The vials were plugged and kept closed to avoid the fluc-
tuation of pH due to the exchange of gases during the 
experiment. The effects of various parameters on the rate 
of sorption process were observed by varying contact time 
(15–240 min.), metal ions concentration (50 − 400 mg/L), 
and pH of the solution (2–6). ICP-OES was used to deter-
mine the remaining concentrations of Eu(III) and Sr(II). 
The volume of the solution was held constant at 10 mL. 
The experimental results, throughout this work, were 
mathematically treated to calculate the removal percent 
(R%) and the number of ions adsorbed per gram of RM or 
N-RM at equilibrium  (qe) using the following Eq. 1 and2:

Ci and  Cf are the initial and final concentrations of the stud-
ied metal ions; V is the volume of the solutions (0.01 L), and 
M is the mass of RM or N-RM (0.1 g).

(1)R% =
(Ci − Cf )

Ci

× 100

(2)qe =
(

Ci − Cf

)

×
V

M
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Packets technique

The adsorption tests were carried out in packets (made of 
100% high density polyethylene fibers) containing adsor-
bents RM and/or N-RM (0.1 g) and immersed in a vessel 
containing 20 mL of simulated waste water. The optimum 
conditions of pH (5), time (3 h) at room temperature were 
applied to the process. This experiment is useful in under-
standing and predicting the behaviour of the purification 
process and is easily applicable to large-scale effluent. Actu-
ally, the experiments were carried out by using five pack-
ets, two of which were filled with RM, the other two were 
filled with N-RM, and the remaining one was left empty 
without any adsorbents (blank) to investigate the avail-
ability of packet material adsorption. The first two packets 
(one vial contain RM and the other containing N-RM) were 
immersed in beakers containing a mixture of the investigated 
metal ions Eu(III) and Sr(II), while the other three packets 
were immersed in beakers containing a mixture of 20 ppm 
(Eu(III), Sr(II), Fe(III), Co(II), and Cr(III)). After 3 h, the 
packets were removed, and the remaining concentration of 
metal ions in the beaker was measured using ICP-OES.

Degree of selectivity and sorption affinity

The effects of interfering ions Fe(III), Co(II), and Cr(III) 
on the affinity of RM and N-RM materials for them, as 
well as their effects on the removal of Eu(III) and Sr(II) 

as interfering ions due to corrosion reactions in reactors, 
were also investigated. This is achieved by combining 10 mL 
of solution containing different concentrations (5, 10, and 
20 mg/L of (Fe(III), Co(II), and Cr(III)), as well as constant 
concentration of Eu(III) and Sr(II) (20 mg/L) with 0.1 g of 
RM or N-RM and allowing it to stand for 3 h at room tem-
perature 25 °C. The prepared solutions were fixed at two dif-
ferent pH values: 2 to ensure that all ions especially, Fe(III), 
Eu(III), and Cr(III) are dissolved, and 5 to estimate the high-
est removal % for all ions, especially Co(II) and  Sr+2.

Results and discussion

Characterization

The elemental analysis (EDS) pattern of the treated and 
untreated samples produced via heating and chemical treat-
ment by phosphoric acid is shown in Fig. 1 and Table 1. 
After filling the RM with phosphoric acid, the weight and 
number of carbon and oxygen atoms both decreased. This 
confirms the interaction of phosphoric acid chemical spe-
cies with the adsorbent surface. The phosphorus content of 
modified samples is higher than that of parent samples. The 
combination of physical and chemical treatment appears to 
have accelerated chemical changes in the material and ena-
bled hydrogen and oxygen removal.

Fig. 1  EDX analysis for both 
RM and N-RM adsorbents
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X-ray diffraction characterization (XRD) for RM and 
N-RM were shown in Fig. 2. Both the samples present two 
large diffraction peaks around 20–30° and 15–25°, character-
istic of amorphous carbonaceous materials. The two peaks 
confirm the disordered nature and also the amorphous and 
graphitic features of both samples. The graphitic structures 
are associated with the bond breaking of the organic com-
ponents in the phytomass precursors. The diffuse scattering 
of disordered amorphous carbon provides a significant full 
width and half maximum (FWHM), confirming the amor-
phous character of AC (N-RM) [13].

A transmission electron microscope (TEM) was used for 
N-RM, which allows for direct imaging of the atomic struc-
ture of the material. The information obtained from TEM is 
useful for studying the atomic structure, lattice spacing, and 

crystal symmetry. (Fig. 3a) shows several huge amounts of 
carbon nanotubes (CNT) in the diameter range of 10.7—
22.4 nm. Other shapes of large and small black spots in CNT 
aggregates are shown in Fig. 3b, d. Figure 3c shows the 
internal structure with a small portion of phosphorous. One 
can also observe a thin outer layer of amorphous carbon 
which covers it. Carbon nanoparticles identical to those pro-
duced by ablating candle soot and graphite powder with a 
laser were found in the majority of the samples [14].

The SEM images were taken at a magnification of 
1000 × before adsorption and 500 after adsorption. There 
were only cylindrical structures present, with homogene-
ous and condensed parts reflecting the presence of different 
functional groups on the surface of the raw RM adsorbent. 
However, after chemical modification, the N-RM displayed 
large primary pores and smaller secondary pores inside the 
primary pores, as well as a change in surface shape from 
cylindrical to multilayer, which increased the ability of 
Eu(III) and Sr(II) to interact chemically with the interlayer 
function groups (Fig. 4). Also pores on the surface of RM 
can participate in the removal of Eu(III) and Sr (II). As a 
result, the removal affinity of N-RM for Eu(III) and Sr(II) 
may be greater than that of inactivated RM.

FT-IR spectroscopy: The chemical composition of a 
material can be determined using infrared spectroscopy. 
As shown in Fig. 5, the surface functional groups of RM 
and N-RM adsorbents are investigated before and after 
Eu(III) and Sr(II) loading. The following characteristic 
peaks appeared after analysis. At 1700–1730  cm−1, the 
most noticeable changes on the surface of the RM and 
N-RM adsorbents before Eu(III) and Sr(II) adsorption 
are observed. The stretching vibrations of  Coo−groups on 
the edges of layer planes or conjugated carbonyl groups 

Table 1  Composition of RM 
and N-RM by EDS analysis

Element 
component

RM % N-RM %

C 47.48 43.69
N 16.28 8.88
O 27.21 23.38
Mg 0.12 –
Al 0.87 1.64
Si 0.56 5.54
P – 8.11
S 0.12 0.10
K 0.29 –
Ca 1.35 0.34
Fe 0.24 1.40
Cu 3.20 3.97
Zn 2.26 2.93

Fig. 2  XRD analysis for both RM and N-RM adsorbents
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(C–O in carboxylic acid and lactone groups) are associated 
with the band centered at 1731  cm−1[15]. The spectrum 
of the acid-treated adsorbent shows a significant change 
in this band, showing the effect of phosphoric acid on 
the rosemary leave. The broadband between 1300 and 
900  cm–1 in acid treated rosemary leave has a maximum 
of 1070–1080  cm–1[15]. Phosphorus and phosphoric car-
bonaceous substances have a distinctive absorption in this 
area. The ionized linkage  P+O− in acid phosphate esters 
and symmetrical vibration in a P–O–P (polyphosphate) 
chain are responsible for the peak at 1057–1033   cm−1 
[15]. Besides the peak between 920 and 1000  cm−1, cor-
responding to the POH bond, the band at 2360  cm−1, cor-
responding to the PH bond, and the band at ∼1240  cm−1 
corresponding to the P–O bond, were also observed [16]. 
The spectra, therefore, suggest the formation of P-con-
taining carbonaceous structures like acid phosphates 
and polyphosphates in phosphoric acid-activated rose-
mary leaves [15]. It also demonstrates that the peaks at 
3420.6  cm−1, 2928.1  cm−1, and 1095.8  cm−1 are reduced to 
3411.5  cm−1, 2921.5  cm−1, and 1091.5  cm−1, respectively, 
after adsorption of Eu(III) and/or Sr(II). This resulted in 
the surface functional groups of  H3PO4-treated rosemary 
leaves combining intensively with Eu(III) and/or Sr(II), 
and these groups have been shown to improve metal ion 
adsorption [17].

TGA–DTA thermal analysis obtained in an oxidizing 
atmosphere of dry air was used to study the thermal stabil-
ity of the materials after the activation process (Fig. 6). It 
is important to indicate that at the beginning of the test, the 
mass loss is zero and the mass of the sample is 100%. The 
tests were performed by heating dry air from around 23 °C 
to 600 °C at a rate of 10 °C per min. Three steps of weight 
loss were observed for the RM sample. It was observed that 
the first stage included a slow mass loss of 10.25% due to 
the evaporation of water molecules, and it was from 31 °C 
to 250 °C. This is confirmed by the two small DTA endo-
thermic peaks observed at T < 200 °C. The second stage 
was observed in the range of 250–380 °C with a weight 
loss of 45.116% due to the decomposition or degradation of 
cellulose and hemicelluloses, the structural components of 
organic material, and the change in slope of TGA to an arc 
shape. The third stage was found at temperatures between 
380 and 600 degrees Celsius, with a weight loss due to the 
total oxidation of the materials. RM's overall weight loss was 
discovered to be 79.7235%.

The TGA for N-RM has only two stages: the first stage 
in the range of temperatures 30–250 °C is due to the lack 
of physically adsorbed water upon substance, which most 
likely occurred during storage, and the second step in the 
temperature range of 250–600 °C is due to surface groups 
formed during the activation process, along with carbon 

Fig. 3  Transmission electron 
microscope analysis (TEM) for 
N-RM
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Fig. 4  SEM images of A RM, B N-RM, C RM- Eu(III)/Sr(II), D N- RM- Eu(III)/Sr(II) surfaces
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skeleton decomposition and a weight loss of 13.039%. The 
total weight loss was found to be 28.0%. In addition, it can 
be discovered that the N-RM samples have similar decom-
position profiles in the TGA curves with intense exother-
mic peaks (DTA) related to the thermal decomposition of 
organic matter, so that the penultimate mass loss phases, 
which overlap, can likewise be linked to the carbon N-RM's 
skeleton [18].

Adsorption factors

pH effect

The adsorption of strontium (II) and europium (III) onto 
the RM and N-RM was studied in the pH range from 2 to 

6, and the results obtained are shown in Fig. 7. The uptake 
of Sr (II) and Eu (III) on the RM and N-RM is low at pH 
2 and increases as the pH rises, except for the elimination 
of Eu(III) using N-RM, where the modification process 
increases the stability of the adsorbent and is unaffected by 
changes in pH (94 to 97 percent during pH 2 to 6). At pH 
4, The maximum removal percentage for Eu(III) (83 and 
97% for RM and N-RM, respectively) were achieved. The 
maximum removal percentage for Sr (II) was obtained at pH 
6 (27 and 47% for RM and N-RM, respectively).

Because hydrogen ions in the acidic solution compete 
with metal ions at low pH values, metal ion adsorption is 
modest at low pH values, and adsorption increases as the pH 
value rises. The uptake of Eu(III) by the adsorbent at differ-
ent pH values is also affected by the Eu(III) species. At pH 

Fig. 6  Thermal analysis (DTA and TGA) of both RM and N-RM
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6, Eu(III) is the dominant species; it is reasonable to expect 
Eu(III) sorption to increase as pH increases. Both positively 
charged Eu(OH)2+ and Eu(OH)2+ are found in the pH ranges 
of 5–9 and 6.5–9.5, respectively. According to this evidence, 
in the initial pH range 1–5, the electric attraction of Eu(III) 
ions onto the surface of Rosmarinus and its nano-modified 
form is a preferred sorption mechanism, whereas precipi-
tation of Eu(III) is the dominant process. Over pH 5, the 
species Eu(OH)2+ and Eu(OH)+

2 could also be retained on 
the sorbent surface[19, 20] Adsorption of both metal ions 
may be related to the exchange reaction with the functional 
groups of the resources of  H+ ions, like the COOH and OH 
groups. At the same time, at pH levels up to 6, Sr(II) is the 
dominant species, with little competition from  H+. Adsor-
bent materials have a higher affinity for trivalent metal ions 
(Eu(III) = 98%) than for divalent metal ions (Sr(II) = 48%), 
as shown in Fig. 7. As a result, the prepared N-RM nano-
material is a promising solid phase for separating Eu(III) 
from all divalent metal ions, particularly Sr(II). The pH 5 
solutions were chosen for further experiments and research 
on the spontaneous removal of Eu(III) and Sr(II) metal 
ions. The maximum capacity  qe of the prepared materials 
towards the investigated metal ions was evaluated at different 
pH ranges (2–6) and a constant concentration of 50 mg/L 
(Fig. 7). It was found that maximum capacity increased with 
increasing pH values. In the case of N-RM,  qe for of Eu(III) 
and Sr(II) at an initial concentration of 50 mg/L is 4.8 and 
2.3 mg/g, respectively.

Mechanism of interaction

In generally, Eu(III) and Sr(II) can be immobilized into 
the mesoporous channels of RM via weak physical adsorp-
tions, such as hydrogen bonding, hydrophobic attraction, or 
electrostatic interaction, or via covalent linkage inside the 
mesoporous channels on reactive OH groups in the prepared 
materials such as aldehyde, epoxide, and thiol groups [21]. 
Because the presence of the OH group, the expected mecha-
nism for the adsorption of Eu(III) and Sr(II) using RM is an 
ion exchange reaction, as shown in the equation.

The modification of the Rose Mary (RM) surface using 
phosphoric acid makes its behavior in the elimination of 
europium and strontium is proactive, though increasing 
its removal %, capacity, and reduction in equilibrium time 
required, achieving an excellent goal of treatment. This 
may be related to several reasons; the phosphate groups 
show typical lewis-base properties in a wide pH range. By 
electrostatic contact or chelation, the phosphate groups on 

3RM − OH + Eu+3 → −3RM − OEu + 3H+

2RM − OH + Sr+2 → 2RM − OSr + 2H+

the RM surface can interact with both Eu (III) and Sr (II) 
[21]. According to Varnali and Tiiziim- ~ algan 1995, when 
 M+ interacts with a phosphate group, the phosphate group 
donates an electron to the cation, partially neutralizing the 
phosphate group charge. Furthermore, the  M+'s procliv-
ity to form partial covalent bonds with phosphate oxygen 
may play a significant role in their attraction to the surface 
of RM. Significant charge transfer cations appear to have 
three important effects on the phosphate group: (1) a sig-
nificant change in the  O1–P–O2 bond angle; (2) a significant 
atomic charge redistribution (decrease in negative charge 
on RM and anionic oxygen atoms); (3) a significant change 
in the bond density (strengthening of the phosphate ester 
oxygen bond and weakening of the phosphate-anionic oxy-
gen bonds) [22]. Iftekhar et al. (2018), explained that phos-
phoric acid is attached to the surface of the adsorbent via 
two expected mechanisms: electrostatic attraction or com-
plexation as shown in Scheme 1. In the absence of metal 
ions, the preferred bath method for the phosphate group is 
the formation of phosphate monoesters [23].

Effect of contact time

The adsorption of europium and strontium on RM and 
N-RM was studied as a function of contact time in the range 
of 15–240 min. The removal percentage of Eu(III) and Sr(II) 
on N-RM was homogenous, very fast and did not change 
during all time range. This means that the number of sites 
available for Sr(II) and Eu (III) is significantly higher than 
the concentration used. The equilibrium was reached within 
15 min. The efficient R% are reached up to 95 and 46% for 
Eu(III) and Sr(II), respectively. The adsorption of Eu(III) 
and Sr(II) on RM is a heterogeneous process with an ini-
tial rapid adsorption rate followed by a slower uptake. The 
adsorption process achieved equilibrium after 60 min with 
R% reach to about 85 and 27% for Eu(III) and Sr(II) respec-
tively, as shown in Fig. 8. It is clear that modifying RM with 
phosphoric acid not only improves stability across all pH 
ranges but also reduces the time required to reach equilib-
rium (fast reaction). The data indicate that there is no sig-
nificant change in the distribution ratio after this time up to 
240 min. The main reason for increasing R% with time is the 
number of vacant adsorption sites on the adsorbent surface, 
and the adsorption eventually reached equilibrium because 
Eu(III) and Sr(II) occupied all of the adsorption sites. In 
comparison to the RM, the N-RM stiff and parallel-porous 
structure, as well as its appropriate pore size is responsible 
for its rapid removal rate.

Kinetic modeling

The majority of sorption processes involve three steps: 
(i) diffusion across the liquid layer enveloping the solid 
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particles, (ii) propagation within the particle (posing a 
pore diffusion mechanism), and (iii) physical or chemical 
adsorption at active sites [24]. The transient behavior of the 
batch sorption process of each studied metal ion was ana-
lyzed using the Lagergren first-order kinetics model and the 
pseudo-second-order model [25, 26]. The Lagergren first-
order and pseudo- second-order models were given by Eqs. 3 
and 4 respectively and intraparticle diffusion kinetic model 

Eq. 5 [26]. The Elovish kinetic equation [27] was also shown 
in Eq. 6.

where k1 is the rate constant of pseudo-first-order sorption 
 (h−1), qe and qt are mounts of metal adsorbed per gram of 
RM/N-RM (mg/g) at equilibrium and any time t, respec-
tively. k2 (g /mg hour) is the rate constant for pseudo-second-
order adsorption. The constant of the intra-particle diffusion 
equation is  kp (mg  g−1  min−0.5), which can be obtained from 
the slope of the plot of  qt (mg  g−1) versus  t0.5. The influence 
of the boundary layer is reflected in the intercept “C”. In the 
rate-controlling phase, the bigger the “C” value, the more 
critical surface adsorption is. When the intra-particle rate 
constants are high, this indicates that the rate of adsorb-
ate sorption has improved. If intra-particle diffusion is the 
rate-limiting phase in this model, plotting  qt against t 0.5 
should result in a straight line crossing the origin. The initial 
sorption rate and the desorption constant associated with 

(3)log
(

qe − qt
)

= logqe −

(

K1

2.303

)

t
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t
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=

1

K2q
2
e

+
t

qt

(5)qt = Kpt
1∕2 + C

(6)qt =
(

1

3

)

ln �� +
(

1

3

)

ln t

RM RM

OH OH OH

OH OH OH

H3PO4
RM RM

OH2 OH2 OH2

O O O

H2PO4
-2 H2PO4

-2 H2PO4
-2

P

O

P

OH2

H2PO4
-2

O
OH

OH

O

RM

Electrostatic attraction

Surface complexation

P PP
O O O

O- O- O-

O-O-O-

O-

RMIn the absence of M+

Phosphate mono ester

Sr2+

Eu3+

P PP
O O O

O- -O O-

O-O-O-

O-

RM

Sr2+
Eu3+

+ + +

+ + +

Scheme 1  Phosphoric acid reaction mechanism with RM surface, as well as Sr(II) and Eu(III)

0 50 100 150 200 250
0

10

20

30

40

50

60

70

80

90

100

R 
(%

)

Time (min.)

 RM/Eu 3+

 N-RM/Eu 3+

 RM/Sr 2+

N-RM/Sr 2+

Fig. 8  The effect of contact time on the removal% of Eu(III)/Sr(II) 
using RM and N-RM



1944 Journal of Radioanalytical and Nuclear Chemistry (2023) 332:1935–1952

1 3

the degree of surface saturation and activation energy for 
chemical adsorption are represented by Elovich coefficients 
of α (mg/ g min) and β (g/ mg), respectively.

Table 2 and Fig. 9 indicate the kinetic parameters for 
europium and strontium adsorption at 25 °C on the pro-
duced samples. As seen from the values of correlation coef-
ficients  (r2), the pseudo-second-order kinetic model provided 
a significant and comparable correlation for the sorption of 
Eu (III) and Sr (II) ions. The selectivity of the proposed 
kinetic model is confirmed by the comparison of the evalu-
ated adsorption capacity considering the pseudo-second-
order equation  (qe) and that found experimentally  (qexp). It 
proposed that the rate-determining step is a chemical- pro-
cess, and that adsorption involves valence forces throughout 
the electron sharing between the Eu(III) or Sr(II) ions and 
prepared phytomass materials. The nonlinear relationship 
between the plotted data of the intra-particle diffusion model 
and the value of ‘C’ calculated (C ≠ 0) suggests that this 
model does not play a significant role in the adsorption of 
Eu(III) or Sr(II) ions as shown in Fig. 9, and thus is not valid 
for the kinetics of adsorption.

Initial ion concentration effect

At optimum experimental conditions, the effect of various 
initial concentrations (25–500 mg/L) of Eu(III) and Sr(II) 
was investegated. The data showed that increasing  M+ 
concentration improved the  qm of each metal ion onto the 
RM and N-RM adsorbents, whereas increasing  M+ con-
centration decreased the removal percent, as shown in 
Fig. 10. It is due to an increase in driving force as the 
 M+ concentration in the liquid phase rises, which causes 
an increase in contact, resulting in an increase in the 
connection between the sorption sites on the adsorbent's 
outer sphere and metal ions. [28]. The  qm of Eu(III) is 

46.7 for N-RM and 16.4 mg/g for RM, respectively. While 
 qm for Sr (II) reaches about 10.41 and 8.87 mg/g on the 
RM and N-RM, respectively. At the same time, the phos-
phate negative charge on the surface of N-RM is normally 
surrounded by a counter ion cloud of  M+. The concentra-
tion and the size of the counter ions are the major factors 
influencing the adsorption process [29].

Equilibrium isotherm

The equilibrium of the process was described by Langmuir, 
Freundlich, and Dubinin-Radushkevich (D-R) isotherm 
models. According to Langmuir's isotherm model, mon-
olayer sorption causes the uptake of homogenous surfaces 
with no interaction between sorbed molecules. The theory 
states that adsorption energies on the material are equal [28]. 
Freundlich's isotherm [30] is the first documented relation-
ship that describes the sorption formula. This isotherm is 
valid for physical adsorption and usually for an adsorbent 
with a very heterogeneous surface [31]. The D-R isotherm 
model also considers a heterogeneous surface [32]. The for-
mulas for the non-linear Langmuir and Freundlich isotherm 
models are shown in Eq. 7, 8, and 9:

where  Ce denotes the adsorbate's equilibrium concentration 
in solution (mg  L−1),  qe denotes the equilibrium adsorp-
tion capacity  (mgg−1),  qm denotes the sorbent's maximum 

(7)Langmuir isotherm qe =
qmCeKL

1 + KLCe

(8)Freundlich isotherm qe = KfC
1∕n
e

(9)
The linear form of (D − R) isotherm Lnqe = Lnqm − ��2

Table 2  Adsorption kinetic 
parameters for Sr(II) and Eu(III) 
adsorption on RM and N-RM at 
25 °C and initial conc. 50 mg/l

Kinetic models Parameters Sr(II) Eu(III)

RM N-RM RM N-RM

Pseudo-first-order equation qe (exp.)(mgg-1) 1.4 2.4 4.39 4.80
qe (Cal.)  (mgg−1) 1.7 10.2 0.929 0.445
K1(min−1) 0.002 0.002 0.023 0.021
R2 0.847 0.680 0.841 0.959

Pseudo-second-order equation qe (Cal.)  (mgg−1) 1.43 2.41 4.46 4.81
K2  (min−1) 0.098 0.636 0.077 0.534
R2 0.999 1 0.999 1.000

Intra-particle diffusion Kp  (mgg−1  min−1/2) 0.001 0 0.096 0.014
C 1.02 2.33 3.2 4.6
R2 0.837 0.49 0.618 0.664

Elovich model β (mg  g−1  min−1) 1 1 2.58 16.9
α (g  mg−1) 2.76 2.76 2.2 7.8
R2 0.837 0.490 0.804 0.862
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adsorption capacity, and b denotes the affinity constant. The 
constant  Kf denotes the sorbent's adsorption capacity (mg 
 g−1), while the constant n denotes the adsorption intensity. 

 qm is the highest sorption capacity, whereas β is a constant 
correlated to sorption energy. The following formula can be 
used to evaluate the, Eq. 10:
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R (J.mol/K) is the gas constant, and T is the absolute 
temperature.The mean free energy of sorption (E) is the free 
energy that change when 1 M of ions are transferred to the 
adsorbent surface from an infinite solution. E is calculated 
from the β value using the following Eq. 11:

The data in E can describe the reaction mechanism. If E 
is in the range of 8–16 kJ/mol, sorption is governed by ion 
exchange. In the case of E < 8.0 kJ/mol, the sorption was 
physically controlled. If E > 16 kJ/mol, the  M+ was chemi-
cally adsorbed [33]. According to the data of this study, it 
was determined that the adsorption of Eu (III) and Sr(II) by 
both adsorbents was via ion-exchange and chemical reaction. 
From the experimental data, as shown in Fig. 11, the param-
eters of D–R, Freundlich, and Langmuir isotherms were cal-
culated and summarized in Tables 3 and 4. The correlation 
coefficient  (r2) calculated for the sorption of Eu(III) ions 
onto the RM and nano-prepared material N-RM indicates 
that the obtained data is the best fit with those calculated 
by both Freundlich and Langmuir isotherms in the case of 
N-RM and D-R is more fit to the data in the case of RM 
materials understudied experimental conditions. In the case 
of RM, the experimental data of Sr (II) was fitted to D–R, 
Freundlich, and Langmuir isotherms. The Freundlich, and 
Langmuir isotherms fit the experimental data of strontium 
sorption on the N-RM. It was noted that the n values lie 
between 1 and 0, which indicates a favourable sorption pro-
cess [34].

(10)� = RTLn

(

1 +
1

Ce

)

(11)E =
1

√

2�

From Tables 3 and 4, it can be observed that the obtained 
values of mean D–R energy, E are 11.2 and 15.8 kJ/mol for 
Eu/RM and Eu/N-RM, respectively. The sorption of Eu(III) 
is clearly controlled by ion exchange reactions. The E values 
for Sr/RM and Sr/N-RM are 14.1 and 44.7 kJ/mol, respec-
tively, indicating that ion exchange and/or chemisorption 
have played a dominant role in the mechanism of Sr(II) sorp-
tion onto the prepared materials. Similarly, [35] established 
that Adsorption is considered promising if the value of  KF is 
found in the range of 1–20, and results reveal that in the pre-
sent study,  KF was 2.536, 1.25, 1.175, and 1.19 for Eu/RM, 
Eu/N-RM, Sr/RM, and Sr/N-RM, respectively. Therefore, 
by comparing, the order of the sorption capacity according 
to the Langmuir isotherm is Eu/N-RM ˃ Eu/RM˃ Sr/N-RM ˃ 
Sr-RM. These results show that Eu(III) and Sr(II) adsorbed 
onto N-RM with greater power than RM.

Effect of interfering ions on the removal of Eu(III), and Sr(II)

The effect of interfering ions from the reactor's struc-
tural materials that are expected to be passivated in acidic 
medium on the removal of Eu(III) and Sr(II) at two differ-
ent pH values of 2 and 5 using RM and N-RM is shown in 
Fig. 12. The most well-known activation products, accord-
ing to the literature are Fe(III), Cr(III), and Co(II) [36], so 
studying their effect as interfering ions on the removal of 
Eu(III) and Sr(II) is an important case, as is studying the act 
of the prepared adsorbents (RM and N-RM) towards them. 
Sinu Chandran clearified that, presently, in the moderator 
system of some 540 MWe PHWRs, nickel-based common 
alloys are being used, for the internals of valves and pump 
seals, to avoid the generation of 60Co  (t1/2 = 5.27 years) from 
neutron-activation of corrosion products. But in certain off-
normal conditions, corrosion of these valves was observed, 
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so there is a search for a better hard-facing alloy to with-
stand the erosion and corrosion in such an environment. The 
iron-based alloy SS–410, is being planned to be used in the 
internals of valves in place of colmonoy, as it is expected to 
have passivity in nitric acid medium.

It was discovered that functionalized Rose Mary with 
phosphate groups enhanced activation product removal, 

particullary for Fe(III), Cr(III) at pH = 2 and Fe(III), Cr(III), 
and Co(II) at pH = 5, without affecting Eu removal% and 
with a distinct change in the removal of Sr(II). This may 
be due to their large surface areas, accessible phosphorous 
active sites, controllable pore sizes and arrangements.

Varnali and Tiiziim-algan 1995 concluded that the ani-
onic phosphate group was found to be the best site to bind 

Table 3  Different adsorption isotherms parameter of Eu(III)sorption onto the prepared materials

Sorbent Freundlich Langmuir

Kf (mg/g) n R2 qmax(mg/g) b R2 qexp.(mg/g)

RM 2.536 0.331 0.856 18.2 0.026 0.896 16.4
N-RM 1.25 0.602 0.848 60.4 0.041 0.846 46.7

D-R

qm (mol/g) β E(KJmol-1) R2

RM 0.294 0.004 11.2 0.928
N-RM 0.428 0.002 15.8 0.755

Table 4  Different adsorption isotherms parameter of Sr(II)sorption onto the prepared materials

Sorbent Freundlich Langmuir

Kf (mg/g) n R2 qmax(mg/g) b R2 qexp.(mg/g)

RM 1.175 0.642 0.983 11.5 0.003 0.982 8.87
N-RM 1.19 0.356 0.947 13.8 0.014 0.992 10.41

D-R

qm (mol/g) β E(KJmol-1) R2

RM 0.02 0.01 14.1 0.994
N-RM 0.002 0.001 44.7 0.744
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the divalent metal cations to form the most stable complexes. 
It was clear that the affinity of cations of the same charge to 
the RM and N-RM surfaces depends both on the nature of 
the adsorbing ion and the nature of the exchangeable cation 
on the surface. As the radius of an alkali earth  M+ decreases, 
so does its retention. Lanthanide ions adsorb in the same 
pattern across ion-exchange forms of RM and N-RM, with a 
rise in adsorption with a decrease in crystallographic radius, 
i.e., from La(III) to Lu(III). The exhibited laws are under-
stood by considering that cation adsorption involves both 
electrostatic and extra-covalent donor–acceptor interactions 
between both the surface and the cations. The latter is related 
to the formation of -bonds between the electron pair in the 
interface of  O2 and the unoccupied p-, d-, or f-orbitals of 
adsorbing cations [37].

At both pHs, the uptake (%) of Cr(III) on RM appeared 
to increase with the initial  M+ concentration, reach a maxi-
mum (10 ppm), and then decline with further increases in 
the initial  M+  concentration. Because the carbon locations 
would eventually be filled with adsorbed Cr(III), adding 
more Cr(III) to the solution would not be expected to signifi-
cantly increase the amount adsorbed. At increasing Cr(III) 
concentrations, the adsorbed  M+ may begin to resist each 
other, a concentration-dependent chemical conversion may 
occur, or diffusion effects may become more important [38]. 
The affinity of cations for cation exchangers increases with 
increased valence [39]. Therefore, the order of adsorption 
affinity of cations is as follows: monovalent ˂ divalent˂ tri-
valent. This explains why trivalence cations (Fe(III), Cr(III), 
and Eu(III)) have a higher removal rate than divalent cations 
(Sr(II), Co(II), and gives the authors reason to believe that 
N-RM can work as a cation exchanger resin. For cations 
of the same valence the adsorption affinity increases with 
decreasing radius, and according to Deby-Huckel Paraetr, 
the affinity depends on activity coefficient plots [39].

So, the reason that the trivalent cations including Cr(III) 
and Fe(III) have a greater affinity to adsorbents is because 
they have a smaller ionic radius than divalent cations Sr(II) 
and Co(II) (Fig. 12), because the sequence of affinity accord-
ing to radius is Cr(III) (0.61 A) ˃ Fe(III) (0.64° A) ˃ Co(II) 
(0.74° A) ˃ Sr(II) (1.19° A)which is applicable in the present 
study.

Packets technique

This research looks at a novel application for the purifica-
tion of liquid waste containing first and foremost europium 
and strontium, as well as a mixture of the two with some 
interfering ions (Fe(III), Co(II), and Cr(III)). These metal 
ions can be eliminated from waste water using a method 
that is simpler to use and more practical for waste treatment 
on a large scale. In the case of Eu(III), the R% using the 
packet containing RM decreased from 83% (as determined 
by the previous studied pH effect in Fig. 7) to 69.2% (as 
determined by packet sorption effect represent in Table 5). 
However, the R% using N-RM is remaining constant 95.6% 
(in both batch and packet sorption studies). Sr(II)'s R% using 
RM-containing packets has decreased from 27 to 18.8%, 
and its R% using N-RM packets has decreased from 48 to 
44.2%. When the N-RM packets are immersed in a solution 
containing trivalent cation mixture of (Eu(III), Fe(III), and 
Cr(III) having R% (87.3, 99.5, and 97.3 correspondingly), 
it confirms their good performance. The defect in the shak-
ing effect during the examined time may be connected to 
the drop in the R% of Eu(III) from 97 to 87.3, which can be 
treated by second-cycle operation.

The R% of Eu(III) in the case of the RM-packet immersed 
in a mixture of Fe(III), Sr(II), Co(II), and Cr(III) decreased 
sharply from 83% to 15.6%, complicating its use in the 
removal of only Eu(III) but approving its excellent adsorp-
tive behavior towards Fe(III) and Cr (III).

Finally, this technology is highly helpful for usage in 
large-scale liquid radioactive waste, especially with packets 
containing N-RM. It can be employed for the first and sec-
ond cycles for a maximum operation. A third cycle may be 
added to ensure that Sr(II) is completely removed from its 
interfering ions.

Comparison sorption capacity

The results revealed that RM and N-RM sorbent materi-
als exhibited a good sorption capacity compared with other 
materials as reported in the literature (Table 6). From these 
results, we can conclude that the N-RM powder can be con-
sidered a promising material for the sorption of Sr(II) and 
Eu(III) from waste water.

Table 5  Removal% of Eu(III), 
Sr(II), Fe(III), Co(II), and 
Cr(III) according to packet 
technique

Adsorbents Metal ions Removal %

Fe(III) Co(II) Sr(II) Eu(III) Cr(III)

RM Sr(II), Eu(III) –- –- 18.8 69.2 –-
N-RM Sr(II), Eu(III) –- –- 44.2 95.6 –-
RM Eu(III), Fe(III), Co(II), Sr(II), Cr(III) 92.4 30.5 10.7 15.6 96.3
N-RM Eu(III), Fe(III), Co(II), Sr(II), Cr(III) 99.5 38 14.1 87.3 97.3
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Conclusion

The phytomass residue of rosemary (RM) leaf seems to be 
an effective adsorbent in a batch system. It was modified 
using phosphoric acid to prepare nanomaterial (N-RM) 
with a pore size ˂50µ. Both adsorbents are used for the 
removal of Eu (III) and Sr (II). According to batch tech-
nique, the preferred pH is 5. The adsorption increased 
with shaking time and attained equilibrium after 60 and 
15 min for RM and N-RM, respectively. According to  (R2), 
a pseudo-second-order kinetic model fits the experimen-
tal results better. The maximum capacities according to 
Langmuir were 18.2, 60.4, 11.5, and 13.8 mg/g for Eu/
RM, Eu/N-RM, Sr/RM, and Sr/N-RM, respectively. Ion 
exchange and chemical reactions were the predominant 
mechanisms according to the D-R, Langmuir, and Freun-
dlich models. The behavior of Eu (III) and Sr (II) towards 
interfering ions was investigated and found to have a 
strong affinity for the trivalent cations Fe (III), Cr (III), 
and Eu (III). Modified sorbents (N-RM) have higher sur-
face stability of Eu(III) than RM, allowing them to be less 
affected by the presence of counter ions. A novel packet 
technique has excellent behavior towards trivalent cations 
and is recommended to be applied to scale up the process 
to an actual waste solution.
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