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Abstract
Delonix regia pods have been used to produce high-efficiency and low-cost activated carbons using different activation 
methods. The ability of these prepared sorbents to remove cations  [137Cs, 85Sr, La(III), Eu(III), Co(II), U(VI)] and anions 
 [75Se, Cr(VI), Mo(VI)] was evaluated in mono-component systems and the sorbents number 11, 13, 25, and 35 showed high 
removal efficiency. These sorbents also show the high ability to remove organic pollutants such as methylene blue and phe-
nol. This study highlighted the extensive applicability of these low-cost sorbents in the sequestration of anionic and cationic 
radionuclides from real radioactive wastewaters and different environmental samples.
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Introduction

Environmental pollution is a serious problem due to increas-
ing anthropogenic activities associated with the growth of 
technology. The environment is significantly affected by 
the radioactive contaminants that are released from nuclear 
fission reactors, TENORM, and medical wastes as well 
as nuclear accidents in Chernobyl and Fukushima, which 
sparked the attention of scientists to solve this problem [1, 
2]. Radioactive waste includes several radioisotopes that are 
extremely dangerous to humans and the surrounding envi-
ronment as a result of harmful ionizing radiation. The degree 
of risk is determined on the basis of the concentration of 
radioactive waste, the amount of energy released from it, the 
type of radiation, and the distance between the body parts 
and the radioactive source [2]. Organic pollutants (includ-
ing phenolic derivatives, polycyclic aromatic compounds, 
extractants and analytical reagents) are often found in the 
environment as a result of their wide laboratories and indus-
trial uses. In scientific laboratories many organic compounds 
(PAR, Arsenazo-III, HDEHP, Methylene blue, Surfactants, 

EDTA, DTPA and TBP) are used in the extractive sepa-
ration and determination processes of many metals. They 
are common contaminants in wastewater and many of them 
are known to be very toxic (carcinogenic and harmful) to 
organisms even at low concentrations. Hard legislation on 
the evacuation of these toxic organic makes it then neces-
sary to develop various efficient technologies for the extirpa-
tion of organic pollutants from wastewater [3, 4]. Although 
many methods have been developed to concentrate or pro-
cess metal ions from aqueous solutions, few of them have 
been accepted because of the high cost, and low efficiency. 
Sorption is an effective method for treating metal ions and 
Organic species from wastewater, and water supplies. Acti-
vated carbon has also proven to be highly effective in treat-
ing radioactive liquid wastes due to its tendency to some ions 
or groups of ions from acid and alkaline solutions. Moreo-
ver, its chemical, radioactive, and thermal stability, as well 
as its rigid porous structure and mechanical strength, give 
it significant advantages over other adsorbents [5]. The use 
of diverse natural biomass is important for the production 
of activated carbon because it is the most abundant renew-
able raw material [6]. Biomass refers to organic matter that 
has ability for degradation by microorganisms and comes 
from plants and animals. According to another definition, 
biomass refers to wood, short-rotating woody crops, agri-
cultural waste, short-cycle herbaceous species, industrial 
waste, paper waste, municipal solid waste, waste from 
processing food, algae waste and a host of other materials 
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[7]. Despite the presence of commercial activated carbon 
in many countries, the prepared one by different ways has 
many distinctive properties, the most important ones are its 
renewability, easy to recycle, controlling effective surface 
function groups, specific surface area, pore radius and pore 
volume [8–12]. This research completely focused on prepar-
ing of different activated carbons as a low-cost sorbents from 
Delonix regia pods (DRP). These pods fall from the trees to 
the ground after they dry up, placing a heavy burden on the 
environment as solid waste. Environmentally friendly utili-
zation of these wastes as starting materials in production of 
so-called activated carbons is an important issue. Therefore, 
the main objective of the current work is to prepare differ-
ent activated carbons from DRP using different activation 
methods, and explore the efficiency of sorbents prepared 
towards the removal of anionic, cationic radionuclides 
and some organic species ions such as 137Cs, 85Sr, La(III), 
Eu(III), Co(II), U(VI),75Se, Cr(VI), Mo(VI), methylene blue 
(MB) and phenol (P).

Experimental

Materials and reagents

Delonix regia pods (DRPs) were collected, dried, and cut as 
agricultural waste from the area of Atomic Energy Author-
ity environment in Abu Zaabal, Cairo, Egypt. Then use it to 
produce activated carbons through various activation meth-
ods. All chemicals and reagents used in this work were of an 
analytical grad (A.R) and were used without further purifica-
tion. The solutions of metal ions under study (Cs, Co and 
Sr) were prepared by dissolving a known weight of chloride 
salts in deionized distilled water (DDW). Oxides were also 
used to prepare the solution of La and Eu ions. Selenium 
solution used in the experiments was prepared by dissolving 
 Na2SeO3 (from Aldrich) in DDW. Sodium-dichromate and 
ammonium-molybdate salts were also used in the prepara-
tion of chromium and molybdenum ions solutions, respec-
tively. In the case of uranium solution, which was obtained 
by dissolving a certain weight of uranium nitrate oxide 
 (UO2(NO3)2) in DDW. 1000 mg/L of a stock solution from 
MB and P (purchased from Aldrich), was prepared by dis-
solving an appropriate amount of them in 100 mL DDW. The 
radio-isotopes of 85Sr and 75Se used as a tracer in the current 
study were prepared by neutron irradiation in the second 
Egyptian research reactor at Inshas site. The radiotracer of 
137Cs was purchased (Institute of Radioisotopes Co., Ltd.).

Instruments and apparatus

The remaining concentrations of some sorbat species were 
determined spectrophotometrically (Shimadzu1601, Tokyo, 

Japan). The activities of different isotopes were measured 
using a high accuracy (7.5%) and 30% efficiency using a 
NaI(Tl) γ-ray spectrometry model 802-3X3 Canberra, USA. 
The pH value of the solutions was determined using a digi-
tal instrument Hana brand pH Meter, Italy. The functional 
groups on the surface of the selected activated carbon sam-
ples were investigated by Fourier transform infrared (FT-IR) 
using Nicolet spectrometer, Meslo, USA with an absorb-
ance range 4000–400 cm−1. While the morphology for the 
same prepared samples was conducted using a scanning 
electron microscope (SEM), JOEL, JEM 1000CX, USA. 
Other parameters such as porous properties of the DRP-
activated carbons was characterized by its  N2 adsorption/
desorption isotherm at 77 K using Quanta chrome Nova 
1000e series, Model 184, USA. The specific surface area 
was determined by analyzing the adsorption isotherm using 
the Brunauer–Emmett–Teller (BET) equation and density 
functional theory (DFT) models, with calculations per-
formed using Micromeritics and Quantachrome software 
(Version 1.01, Quantacrome Instruments, Boynton Beach, 
FL, USA). The elemental compositions (C, H, N) content 
of sorbents was analyzed using a CHNS analyzer (Perkin 
Elmer Series II 2400).

Preparation of DRP‑activated carbon

The prepared activated carbons are divided into five groups 
based on the method and conditions of preparation. Group I: 
Carbonization process A known weight of 30 g of crushed 
DRPs was taken and inserted into a tube furnace model 
(Barnstead Thermolyne F21130). The oven temperature was 
raised gradually (50 °C/15 min.) until it reached the required 
degree between 500 and 800 °C, and the sample was left for 
specified periods between 30 and 120 min. The percentage 
yield of each carbon was calculated from Eq. 1:

Group II: Physical activation Following the same previ-
ous steps and at 350 °C, pure air, pure steam or pure carbon 
dioxide is allowed to bass through the heated mass and the 
temperature is rising continuously until 600 °C. The product 
is held at this temperature for 1 h and finally stored in sealed 
bottles for later use.

Group III, IV, and V Chemical activation DRP was acti-
vated chemically with different acids, bases or salts.

a. Acid activation 30  g of the crushed precursor was 
immersed in 100 mL solution of different concentrations 
(30–70%) by weight of hydrochloric, sulfuric, nitric, or 
phosphoric acid with stirring to ensure the solution is 
penetrated throughout the origin sample (precursor). The 

(1)Yield% =

{

carbon dry (g)

The precursor dry (g)

}

100
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mixture is left overnight at room temperature and trans-
ferred into the thermal reactor for treatment after that. 
With the same previous preparation steps, the product is 
washing thoroughly with hot DDW to remove the excess 
acid and adjust pH to ≈ 6.5. Finally, it is dried at 110 °C, 
and kept in suitable bottle.

b. Base activation Soak a known amount of DRP in 
100 mL solution of pre-diluted 5%, 10%, and 30% Wt 
of NaOH or KOH and follow the same previous steps to 
obtain a final activated carbon.

c. Activation with salts By following the same previous 
preparation steps with changing the activation condi-
tions, using mineral salts solutions of 2%, 5%, and 10% 
wt of  FeCl3 or  ZnCl2, except  KMnO4 the percent was 
0.5%, 2%, and 5% Wt. The same procedure was applied 
as described above with acids at the same activation 
temperatures.

Characterization of DRP‑activated carbons

Ash content 1.0 g of the prepared carbon was placed in a 
clean dried pre-weighed crucible, heated in a muffle fur-
nace at 900 °C for 1.5 h. The crucibles were removed from 
the muffle furnace and allowed to cool in a dryer and re-
weighed. Ash percent was calculated as in Eq. 2 [13, 14].

pH measurements

For measuring the initial pH of the adsorbent, 1 g suspension 
is immersed in 50 mL DDW and then heated to approxi-
mately 90 °C and stirred for 20 min [15]. The suspension is 
allowed to cool to room temperature and the pH was meas-
ured by pH meter. The different parameters including yield, 
ash and burn off for the prepared DRP-activated carbons 
were finally determined.

Sorption process

The literatures report that the sorption of MB and P from 
aqueous phase is a useful tool for determining activated car-
bon production. MB was chosen because of its well-known 
strong adsorption onto solids and its recognized usefulness 
in characterization of sorbents [16]. MB is well known cati-
onic dyes, which have been widely used in textile, print-
ing, and research laboratories. Moreover, MB is the most 
common basic dye used in cotton, silk, and wood industries 
[16]. The ability of activated carbon towards the removal of 
P is also very important since it is one of the most frequent 

(2)Ash% =

{

remaining solid wt(g)

orginal carbon wt(g)

}

100

contaminant found in industrial wastewater, which is harm-
ful to human health as well as the environment.

The uptake of MB and P has been carried out using batch 
technique as follows; 0.1 g of different prepared sorbents was 
added to 25 mL aqueous solutions of 100 ppm concentra-
tion (in the case of MB or P) The suspensions were kept in a 
shaker at 150 rpm for 24 h to reach equilibrium. The super-
natant solutions were filtered and the residual concentra-
tions were measured spectrophotometrically at wavelengths 
of 664 ± 1 nm for MB and 270 ± 1 nm for P.

Generally, The sorption of cationic and anionic species 
was carried out by agitating 0.02 g of some prepared acti-
vated carbons (samples no. 7, 10, 11, 12, 13, 17, 19, 23, 
25, 28, 31, 35, and 37, with 5 mL of cations  [137Cs,85Sr, 
La(III), Eu(III), Co(II), U(VI)] and anions  [75Se, Cr(VI) and 
Mo(VI)] solutions of concentration 20 mg/L in the sealed 
bottle (50 mL) at 25 °C for 24 h. Generally, the pH was set 
at about pH 3 in the case of the anion species and at a pH 5 
in the case of cation species. Aqueous solutions cationic and 
anionic species were prepared by dissolving known amounts 
of corresponding salts of these species in DDW, which were 
labeled with  [137Cs, 85Sr and 75Se in the case of Cs(I), Sr(II) 
and Se(IV)]. Suspensions were filtered and the remaining 
activities or concentrations of ions in the filtrates were deter-
mined spectrophotometrically or radiometerally. Equations 3 
and 4 were used to calculate the percent efficiency of sorb-
ents to remove 137Cs, 85Sr, La (III), Eu(III), Co (II), U (VI) 
cations, 75Se, Cr(VI), Mo(VI) anions and MB and P using 
different types of prepared activated carbons.

where Co and Ce are the initial and the equilibrium of 
adsorbate concentrations (mg/L−1), Ao and Ae are the initial 
and final activities per unit volume for the corresponding 
radioisotopes, respectively.

All the trials were repeated at least two separate experi-
mental runs and the mean values have been reported. Also, 
blank experiments were proceeded to ensure that no sorption 
was taking place on the used bottles walls.

Results and discussion

The commercially available activated carbons produced 
from different precursors are still considered as an expen-
sive one. Several waste and bio-mass derived sorbents are 
presented for the removal of organic compound, metals, 

(3)%R =

{
(

Co − Ce

)

Co

}

100

(4)%R =

{
(

Ao − Ae

)

Ao

}

100
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and toxic pollutants from aqueous medium. To meet the 
wide scale application and demand of activated carbon, 
there is an immediate need of alternative low-cost precur-
sor and procedure [8–11]. Table 1 indicates the number 
of activated carbon samples prepared from Delonix regia 
(DRPs) waste via different preparation methods using car-
bonization in varying degrees of temperatures and physical 

activation in the presence of oxidizing agents such as pure 
steam or fresh air or carbon dioxide as well as the chemical 
activation processes in the presence of different activat-
ing agents using different acids, bases and salts. Physical 
activation is a two-step process that includes the process 
of thermal decomposition in a neutral atmosphere and then 
activation in the presence of oxidizing gases such as pure 

Table 1  Preparion of different 
types of DRP-activated carbons 
using various methods

Bold indicate the samples chosen through the initial test of the efficiency of the prepared samples towards 
the removal of organic pollutants such as phenol and methylene blue

Activated carbons 
group (ACs)

Abbreviation Preparation condition of activated carbons(ACs)

Group I 1-DRP5a Carbonization of DRP at 500 °C for 1/2 h hold
2-DRP5b Carbonization of DRP at 500 °C for 1 h hold
3-DRP5c Carbonization of DRP at 500 °C for 2 h hold
4-DRP6a Carbonization of DRP at 600 °C for 1/2 h hold
5-DRP6b Carbonization of DRP at 600 °C for 1 h hold
6-DRP6c Carbonization of DRP at 600 °C for 2 h hold
7-DRP8a Carbonization of DRP at 800 °C for 1/2 h hold
8-DRP8b Carbonization of DRP at 800 °C for 1 h hold
9-DRP8c Carbonization of DRP at 800 °C for 2 h hold

Group II 10-DRPS6 Activation using steam at 600 °C for 1 h hold
11-DRPA6 Activation using air at 600 °C for 1 h hold
12-DRPC6 Activation using carbon dioxide at 600 °C for 1 h hold

Group III 13-DRPP6a Activation using 30% H3PO4 at 600 °C for 1 h hold
14-DRPP6b Activation using 50%  H3PO4 at 600 °C for 1 h hold
15-DRPP6c Activation using 70%  H3PO4 at 600 °C for 1 h hold
16-DRPSA6a Activation using 30%  H2SO4 at 600 °C for 1 h hold
17-DRPSA6b Activation using 50% H2SO4 at 600 °C for 1 h hold
18-DRPSA6c Activation using 70%  H2SO4 at 600 °C for 1 h hold
19-DRPH6a Activation using 30% HCl at 600 °C for 1 h hold
20-DRPH6b Activation using 50% HCl at 600 °C for 1 h hold
21-DRPH6c Activation using 70% HCl at 600 °C for 1 h hold
22-DRPN6a Activation using 30%  HNO3 at 600 °C for 1 h hold
23-DRPN6b Activation using 50% HNO3 at 600 °C for 1 h hold
24-DRPN6c Activation using 70%  HNO3 at 600 °C for 1 h hold

Group IV 25-DRPNa6a Activation using 5% NaOH at 600 °C for 1 h hold
26-DRPNa6b Activation using 10% NaOH at 600 °C for 1 h hold
27-DRPNa6c Activation using 30% NaOH at 600 °C for 1 h hold
28-DRPK6a Activation using 5% KOH at 600 °C for 1 h hold
29-DRPK6b Activation using 10% KOH at 600 °C for 1 h hold
30-DRPK6c Activation using 30% KOH at 600 °C for 1 h hold

Group V 31-DRPZn6a Activation using 2% ZnCl2 at 600 °C for 1 h hold
32-DRPZn6b Activation using 5%  ZnCl2 at 600 °C for 1 h hold
33-DRPZn6c Activation using 10%  ZnCl2 at 600 °C for 1 h hold
34-DRPFe6a Activation using 2%  FeCl3 at 600 °C for 1 h hold
35-DRPFe6b Activation using 5% FeCl3 at 600 °C for 1 h hold
36-DRPFe6c Activation using 10%  FeCl3 at 600 °C for 1 h hold
37-DRPKP6a Activation using 0.5% KMnO4 at 600 °C C for 1 h hold
38-DRPKP6b Activation using 2%  KMnO4 at 600 °C for 1 h hold
39-DRPKP6c Activation using 5%  KMnO4 at 600 °C for 1 h hold
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air or pure steam or pure carbon dioxide with raising tem-
perature [17]. This method is characterized by its ability 
to produce activated carbon of porous structure and good 
physical strength, which is a cheap way to obtain activated 
carbon and is considered a green way because it is free of 
chemicals [18–20].

The chemical activation process is known as wet oxida-
tion and it is usually used for raw materials that contain cel-
lulose, such as wood, sawdust, a grew waste, or fruit seeds. 
Organic precursors are activated in the presence of chemi-
cals at high temperatures [21, 22]. The chemicals help to 
penetrate deep into the precursor structure leads to the devel-
opment of small pores in the produced activated carbon, 
thereby increasing its surface area [23]. The properties of 
the final activated carbon are affected by some factors such 
as impregnation ratio and method, temperature, the final 
temperature of carbonization, carbonization time, activation 
space (under atmospheric conditions) [24, 25]. In compari-
son to the different methods of activation, chemical activa-
tion is considered more economical because it requires less 
activation temperature, shorter processing time to achieve 
higher surface areas and pore volumes [26]. Each chemi-
cal has a different effect on the precursors and thus affects 
sorption behavior. The main chemicals that were used pos-
sible stimulants are KOH, NaOH, and  KMnO4, HCl,  H2SO4, 
 HNO3,  H3PO4,  FeCl3 and  ZnCl2.

Characterization of the DRP‑activated carbons

Some physical and chemical properties of the prepared DRP-
activated carbons were investigated using the different tech-
niques. Physico-chemical characterizations of prepared sor-
bents derived from local Delonix regia pods (DRPs) waste 
are summarized in Table 2. The data indicate a difference in 
their properties according to the method of preparation. The 
prepared sorbents from DRPs by carbonization and physi-
cal methods exhibit basic surfaces and this may be due to 
inorganic ash content comes from the precursor as reported 
by Hassler [27]. The correlation between pH and ash content 
values is stable. This indicates that the ash is insoluble in 
water, so the prepared sorbents may have good and suitable 
applications in water treatment. Systematic checks were car-
ried out on the set of prepared sorbents groups to find the 
best sorbent that combine good sorption capacity with fast 
and efficient separation.

The pore structure parameters, including the BET sur-
face area, pore volume and pore diameter of the adsorbents, 
played a crucial role in the process of the adsorption. The 
result of proximate analysis of the selected sorbents no. 11, 
13, 25, and 35 according to Table 3 was determined. Charac-
teristics of prepared four sorbents were illustrated in Table 3 
where higher specific surface area and pore volume were 
observed which indicates the four activated carbons as an 

efficient sorbents. Moreover,  H3PO4 activation process made 
more porous structure.

FTIR spectrum revealed the chemical functionalization 
of sorbent surface. The surface functional group is a sig-
nificant characteristic of the carbonaceous sorbents since 
it determines the surface properties of the sorbents and has 
very important role on their behaviors. The FTIR spectra 
of the DRP-activated carbons were presented in Fig. 1. It 
is noted that the four sorbent samples correspond in most 
of the bands that appear and this is because the origin of 
the starting material (precursor) used in the preparation 
processes from the same source. The appearance of very 
strong peaks (3500–3300 cm−1) for all samples is attributed 
to the O–H stretch vibrations [28].The bands from 3000 to 
2800 cm−1 show the presence of an aliphatic –CH stretching 
peak. The band at 1740 cm−1 indicates the existence of the 
stretching vibrations peak of the C=O group. The peak noted 
in the range 1625–1610 cm−1 could be attributed to the pres-
ence of C=C aromatic skeletal stretching [29, 30]. The peak 
detected at 1570 cm−1 could be attributed to the carboxylic, 
and carboxylate anion stretching mode. The peaks detected 
at 1450 and 1420 cm−1 were assigned to C–H asymmetric 
bending bands. The peaks detected at 1375 and 1300 cm−1 
were assigned to C–H asymmetric and symmetric bending 
bands. The peaks between 1260 and 1000 cm−1 were asso-
ciated with –C–O stretching and –OH bending modes of 
alcoholic, phenolic, carboxylic, ester, or the P=O bond in 
phosphate esters in the case of activation with  H3PO4 acid 
[31]. These observations indicate that the carboxylic group 
had been successfully introduced on the surface of sorbents. 
The peak was appeared at 600–550 cm−1 to distinguish sorb-
ent prepared with iron chloride as a result of Fe–O bond 
formation [32, 33].

SEM was applied to deduce the surface physical morphol-
ogy of the prepared carbon samples. The SEM micrographs 
of the prepared activated carbon samples obtained from 
DRPs by physical and chemical methods are investigated. 
Figure 2 shows the effect of the preparation method and 
the activating agents used on the surface morphology of the 
prepared sorbents. More rough and porous surface morphol-
ogy is noticeable in the case of chemical activations than 
physical activation. It seems that the observed changes in 
pores and their size are fully consistent with those obtained 
from the surface area measurement device. Figure 2 also 
confirmed the large porous structure of samples.

Adsorbent having large pore size has the higher sorption 
capacity. Furthermore highly porous sorbents which have 
organic functional groups have the higher ions capturing 
capacity The SEM images confirming the porous nature of 
prepared DRP-activated carbons which could reinforce the 
sorption of different ion species.

CHNS elemental analyses supply a means for the fast 
determination of carbon, hydrogen, nitrogen and sulphur in 
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Table 2  Some characteristics of 
DRP-activated carbons prepared 
by different methods

Bold indicate the samples chosen through the initial test of the efficiency of the prepared samples towards 
the removal of organic pollutants such as phenol and methylene blue

ACs-groups ACs-system Yield (%) pHsus. Burn off (%) Ash (%)

Group I 1-DRP5a 30 10.45 70 61.3
2-DRP5b 28.1 10.12 71.5 65.7
3-DRP5c 26.7 10.4 73.3 73.3
4-DRP6a 28.5 10.39 71.5 65
5-DRP6b 26.8 10.12 73.2 86.3
6-DRP6c 24 10.2 76 88
7-DRP8a 18 11.5 82 26
8-DRP8b 30 10.45 70 61.3
9-DRP8c 14 11.6 86 49.9

Group II 10-DRPS6 21.7 10.3 78.3 74.4
11-DRPA6 18.7 10.3 81.3 84.9
12-DRPC6 32 10.8 68 78

Group III 13-DRPP6a 41.7 5.9 58.3 70
14-DRPP6b 46.2 6.1 53.8 77
15-DRPP6c 47.7 5.87 52.3 80
16-DRPSA6a 31.3 6.15 68.7 70
17-DRPSA6b 22.3 5.8 77.7 80
18-DRPSA6c 18.4 5.3 81.6 90
19-DRPH6a 30.7 4.5 69.3 84.1
20-DRPH6b 27.3 4.46 72.7 84.3
21-DRPH6c 26.1 4.34 73.9 84.7
22-DRPN6a 17.7 5.2 82.3 70
23-DRPN6b 9.5 6.5 90.5 60
24-DRPN6c 4.3 6.3 95.7 64

Group IV 25-DRPNa6a 12 7.3 88 81.9
26-DRPNa6b 10.2 7.2 89.9 81.6
27-DRPNa6c 5.8 6.8 94.2 84
28-DRPK6a 24.7 6.5 75.3 86
29-DRPK6b 17.96 7.2 82 85.6
30-DRPK6c 14.5 7.26 85.5 80.7

Group V 31-DRPZn6a 27.8 5.8 72.2 86.8
32-DRPZn6b 34.1 5.6 65.9 87.1
33-DRPZn6c 40.2 6.25 59.9 87.3
34-DRPFe6a 20.3 6.45 79.7 85.8
35-DRPFe6b 29.1 5.79 70.9 82.2
36-DRPFe6c 34.7 4.63 65.3 81.2
37-DRPKP6a 28.2 6.3 71.8 75
38-DRPKP6b 26.1 6.6 73.95 78.8
39-DRPKP6c 23.6 6.7 76.4 88

Table 3  Analysis of the 
experimental results of the 
selected DRP-activated carbons 
prepared by different methods

SBET specific surface area, VT total pore volume, R radius

DRP-system SBET  (m2/g) VT (mL/g) R (nm) D = 2R (nm) N (%) C (%) H (%) S (%)

11-DRPA6 0.164 – – – – 73.11 1.13 –
13-DRPP6a 533.05 0.318 1.15 2.30 0.68 47.06 1.63 –
25-DRPNa6a 31.43 0.024 1.53 3.06 0.98 63.96 2.07 –
35-DRPFe6b 128.62 0.081 1.26 2.52 0.95 70.25 1.67 –
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different activated carbons. CHNS values of the prepared 
DRP-activated carbons by different activation (with acids, 
bases and salts) shown in Table 3. Generally, the relative 
% of C, H and N elements increased after base treatment 
because of the removal of silica from the starting material. 
Then, the % of C element was increased after activation 
process. However, H and N elements followed the opposite 
variation trend. The decrease in H and N may be attributed 
to the formation of vapor,  NH3 or other substance. The rest 
components of the sorbents were oxygen and ash.

Sequestration of organic species

According to Figs. 3, 4, 5, 6 and 7, it can be noticed that 
increasing temperature from 500 to 800 °C has increased 
the methylene blue index, which may be attributed to an 
increasing  % mesopore volume. It was reported, that 
higher activation temperature can lead to a reduction in 
microporosity, while the mesopore proportion was drasti-
cally increased [34]. Figure 3 shows in its three images 
a, b and c the effect of different burning factors such as 

Fig. 1  FTIR spectra of the selected activated carbon samples: No. 11, 
13, 25 and 35 obtained from Delonix regia pods with various activa-
tors

Fig. 2  SEM images for DRP-
activated carbons: No. 11, 
13, 25 and 35 obtained from 
Delonix regia pods with various 
activators
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raising the temperature and increasing the holding time 
on removing methylene blue, phenol from their aqueous 
solutions. Where, the removal rate reached 85% and 78% 
in the case of MB, P, respectively, as shown in Fig. 3c. 
Figure 4 turns out the effect of steam and fresh air as 
well as carbon dioxide as physical catalysts on remov-
ing MB and P from their aqueous solutions. Where, the 
removal % reached a maximum of about 99.3% for MB in 

the presence of water vapor, and the removal % of phenol 
was 94.6% using the fresh air. Looking carefully at Fig. 5 
in its four forms, (a, b, c, and d) it was noted that the clear 
positive effect of using different acids, such as  H3PO4, 
 H2SO4, HCl, and  HNO3 as chemical activating agents has 
a great effect to prepare carbon to remove MB and P. 
Where, the removal ratio was in the range (95.7–99.7%) 
in the case of MB and (69.8–94.1%) in the case of phenol. 

Fig. 3  a–c Removal % of MB and P onto carbonized DRP
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The percentage of removal of MB and P from its solution 
is positively affected by the chemical agents used in the 
preparation process, as is the case with (NaOH, KOH) as 
in Fig. 6. Also, Fig. 7 which shows the positive effect of 
using different salts such as  Zncl2,  Fecl3, and  KMnO4, as 
a chemical activator on the properties of the resulting car-
bon and it greatly, confirms its effectiveness in removing 
the above organic compounds. According to the previous 
Figs. 3, 4, 5, 6 and 7 the selectivity of samples number (7, 
10, 11, 12, 13, 17, 19, 23, 25, 28, 31, 35, and 37) is due 
to its great ability to remove organic matter. One of the 
proposed mechanisms of phenol adsorption on activated 
carbon depends on the formation of a hydrogen bond 
within the group between the phenolic hydroxyl group 
and the surface oxygen groups mainly located on the 
outer surface or at the edges of the graphene layers [35]. 
Another mechanism involves the interaction between the 
basic sites of the ACs (electron donor) and the aromatic 
ring of phenol (electron acceptor) [36].    

Cationic and anionic species removal

The first examination was performed to clarify the adsorp-
tion power of the selected activated carbon prepared 
towards anionic and cationic radionuclides. Tables 4 and 
5 represent sorption of some cations  [137Cs,85Sr, La(III), 

Eu(III), Co(II), U(VI)] and some anions  [75Se, Cr(VI), 
Mo(VI)] onto DRP-system prepared by different activa-
tion methods. Based on the results in Tables 4 and 5, 
it was found that the prepared activated carbon samples 
11 (DRPA6), 13 (DRPP6a), 25 (DRPNa6a) and 35(DRP-
Fe6b) can exclusively sorb the cations and anions under 
study with high efficiency, sometimes reaching to about 
98.6%. Figures 8 and 9 show the preference of the sorbent 
samples that were selected to remove the selected ani-
ons  [75Se, Cr(VI) and Mo(VI)] and cations  [137Cs, 85Sr, 
La(III), Eu(III), Co(II), U(VI)]. It has been found that 
most of the sorbents that have been prepared achieve a 
good sorption rate, which confirms the effectiveness and 
efficiency of these prepared sorbents, according to Figs. 8 
and 9. Also, these types of sorbents have the advantage 
that they have one origin, but they are prepared by differ-
ent activating ways. From the totality of these results, we 
can conclude that the sorbents prepared by different acti-
vation methods are very suitable for recovery and remov-
ing different species of radionuclides from the radioac-
tive wastewater, whether they are positively charged or 
negatively charged.

Mechanism of different species sorption

There are many mechanisms by which different species 
may sorb onto the DRP-activated carbons. (1) Ion exchange 
Replacement of counter ions sorbed onto the DRP-activated 
carbons from the solution by similarly charged species. (2) 
Ion pairing sorption of some species from their solutions 
onto oppositely charged sites unoccupied by counter ions. 
(3) Hydrophobic bonding: sorption occurs by this mecha-
nism when there is an attraction between a hydrophobic 
group of sorbed species and species present in the aqueous 
media. (4) Sorption by polarization of π electrons When 
some species contains electron-rich aromatic nuclei; the 
sorbent has strongly positive sites, attraction between elec-
tron rich aromatic ring of the sorbate and positive sites on 
the DRP-activated carbon results in sorption. v. Sorption by 
dispersion forces: Sorption by London–van der Waals force 
between some species and DRP-activated carbon increases 
with the increasing molecular weight of the sorbate species 
[5, 37–39].

Fig. 4  Removal % of MB and P onto DRP-activated carbons prepared 
by physical activation



1742 Journal of Radioanalytical and Nuclear Chemistry (2020) 326:1733–1748

1 3

Comparison with other sorbents

The carbonaceous materials are now used as sorbents in 
many industrial applications due to their high specific sur-
face area and porous structure (a consequence of their large 

mesopore and micropore contents). Activated carbon has a 
strong affinity for many sorbate species (anions, cations and 
organic species) because it has different functional groups, 
e.g. carbonyl, carboxyl, phenol, lactone, quinine groups, etc.) 
on their graphite layers, giving these sorbents a wide range 

Fig. 5  a–d Removal % of MB and P onto DRP-activated carbons prepared by chemical activation with acids
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of sorption targets. Table 6 shows the high efficiency of acti-
vated carbon prepared from Delonixregia pods over carbons 
prepared from other materials when used to remove cations 
and anions from contaminated solutions. Furthermore, our 
prepared activated carbons have high chemical, radiological 
and thermal stability, rigid porous structure and mechanical 
strength, which give them great advantages. These sorbents, 
due to its high radiation stability and high purity is often 
used for the separation of ions [5, 7, 8]. The results revealed 
that the low-cost prepared carbonaceous sorbents exhibited 
good sorption capacities compared with other materials as 
reported in the literatures. The results also indicated that the 
prepared sorbents can be considered as a promising sorb-
ents for the removal and recovery of different radionuclides 

species, even compared to some other low cost sorbents and 
activated carbons previously suggested for the uptake of dif-
ferent radionuclides from aqueous solutions [48–50].

Finally, through the results obtained, it was found that:

1. H3PO4-activated carbon is the most efficient in removing 
of  [85Sr, La(III), Eu(III), Co(II),U(VI),75Se and Cr(VI)] 
ions, where a removal percent reached to (67.6, 97.0, 
96.4, 82.0, 98.6, 19.7 and 61.1) respectively. This is 
explained by the fact that phosphoric acid plays a major 
role in increasing the surface porosity and creating sur-
face groups of an acidic nature. The specific surface 
area and total pore volume obtained from  H3PO4 acid 
activated carbon is also higher than the corresponding 

Fig. 6  Removal % of MB and P onto DRP-activated carbons prepared by chemical activation with bases
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values for other carbon types obtained with other activa-
tors such as pure air, NaOH, and  FeCl3.

2. FeCl3-activated carbon has a high removal efficiency of 
Mo(VI) ions due to the presence of iron particles well 
distributed on the surface of the developed carbon, in 
addition to the high stability of the iron which appears to 
be closely related to the carbon matrix during the prepa-

Fig. 7  a–c Removal % of MB and P onto DRP-activated carbons prepared by chemical activation with salts
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ration stage. Based on the propagation of ferric ions on 
the surface of the prepared activated carbon, it becomes 
positively charged. This results in an ionic interaction 
between the positive and negative ions of the molybdate 
species.

3. NaOH-activated carbon has a high efficiency in remov-
ing radioactive cesium ions. This is due to the fact that 

NaOH is one of the strongest stimulants known to pro-
duce high-quality carbon.

Conclusion

Producing of different sorbents from environmental debris 
is of a great advantage as it can be exploited for remov-
ing of different radionuclide species from wastewaters. 

Table 4  Removal of 137Cs, 
85Sr, La(III), Eu(III), Co(II), 
and U(VI) cations onto DRP-
activated carbons system 
prepared by different methods

S.N. samples number
Bold indicate the four samples that were selected from the thirteen samples when testing their efficiency in 
removing anionic and cationic species

S.N. ACs-system Removal (%)
137Cs 85Sr La(III) Eu(III) Co(II) U(VI)

7 DRP8a 11.7 ± 0.9 20.1 ± 1.1 43 ± 3.8 40.2 ± 2.1 32.2 ± 2.1 35 ± 2
10 DRPS6 24 ± 0.8 27.4 ± 2.1 65.1 ± 3.3 62.6 ± 3.8 64.1 ± 1.9 53.4 ± 3
11 DRPA6 27.8 ± 0.7 50.2 ± 3.7 74.8 ± 3.9 68.1 ± 5.5 69.8 ± 4.8 78.2 ± 3.2
12 DRPC6 21.2 ± 0.2 36.7 ± 2.7 69.1 ± 4.9 63.2 ± 3.6 43.1 ± 2.1 68.3 ± 2.3
13 DRPP6a 31.2 ± 0.1 67.6 ± 3.6 97 ± 5.1 96.4 ± 4.3 82 ± 3 98.6 ± 3.1
17 DRPSA6b 16.2 ± 1.2 11.1 ± 0.6 81.9 ± 2.9 48.1 ± 1.1 59.2 ± 2.2 90.5 ± 2.5
19 DRPH6a 17.8 ± 0.7 0 87.1 ± 2.5 16.7 ± 0.7 56.8 ± 1.8 87.1 ± 0.6
23 DRPN6a 19.4 ± 0.4 16.3 ± 1.4 47.8 ± 2.8 21.6 ± 2.6 26.9 ± 3.8 93.8 ± 3.7
25 DRPNa6a 47.7 ± 1.7 8.7 ± 0.9 89.4 ± 4.9 83.5 ± 3.4 29.9 ± 0.9 95 ± 1.9
28 DRPK6a 12.1 ± 0.9 8.4 ± 0.3 3.7 ± 0.6 41.2 ± 1.2 28.1 ± 1.1 95.3 ± 1.7
31 DRPZn6a 18.8 ± 1.9 9.6 ± 1.4 7.3 ± 0.6 11.8 ± 1.5 30.5 ± 2.5 93.8 ± 4.8
35 DRPFe6b 19.2 ± 1.7 12.1 ± 0.8 92.6 ± 2.6 90.7 ± 2.7 58.1 ± 3.1 97 ± 2.7
37 DRPKP6a 17.4 ± 0.4 0 4.9 ± 1.4 11.8 ± 1.8 42.5 ± 1.3 93.7 ± 2.1

Table 5  Removal of 75Se, Mo(VI) and Cr(VI) onto DRP-activated 
carbons system prepared by using different methods

S.N. samples number
Bold indicate the four samples that were selected from the thirteen 
samples when testing their efficiency in removing anionic and cati-
onic species

Anionic species

S.N. ACs-system Removal (%)
75Se Mo(VI) Cr(VI)

7 DRP8a 2.8 ± 0.8 3.9 ± 0.4 0.2 ± 0.01
10 DRPS6 5.1 ± 1.1 0.4 ± 0.1 8.1 ± 0.3
11 DRPA6 19.1 ± 0.5 19.6 ± 0.6 47.6 ± 2.8
12 DRPC6 1.2 ± 0.4 0.4 ± 0.05 8.1 ± 0.1
13 DRPP6a 19.7 ± 1.3 21.9 ± 1.4 61.1 ± 3.1
17 DRPSA6b 11.2 ± 0.3 12.6 ± 0.6 20.6 ± 1.6
19 DRPH6a 8.6 ± 1.1 12.7 ± 0.7 36.1 ± 1.1
23 DRPN6b 15.3 ± 0.7 8.5 ± 0.8 42.2 ± 1.5
25 DRPNa6a 11.2 ± 0.5 18.7 ± 1.2 60.1 ± 1.7
28 DRPK6a 7.9 ± 0.9 12.5 ± 0.5 57.4 ± 2.4
31 DRPZn6a 6 ± 0.5 9.6 ± 0.6 11.8 ± 1.6
35 DRPFe6b 12.5 ± 1.5 35.7 ± 1.6 60.4 ± 0.4
37 DRPKP6a 10 ± 0.6 0 11.8 ± 0.3

Fig. 8  Removal % of 137Cs,85Sr, La(III), Eu(III), Co(II) and U(VI) 
cations onto the selected DRP-activated carbons
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Delonixregia pods as an example was used to prepare Acti-
vated Carbons by different activation methods. These pre-
pared sorbents were used successfully in this investigation 
to sorb many radionuclides with good efficiency. Also, these 
activated carbons are very efficient for sorption of some 
organic species. The studies showed that the prepared acti-
vated carbons could be applied as a promising sorbents for 
the removal of different anionic and cationic radionuclides 
such as 129I, 99Tc, 79Se, 36Cl, 93Mo, 137Cs, 85Sr, lanthanides 
(or trivalent actinides such as 241, 242m,243Am), Co(II) and 
U(V) from different environmental samples and real radio-
active wastewaters.
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