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Abstract
Crude phosphoric acid is a vital component used in making phosphate fertilizers. Depending on the processes used in producing
the crude phosphoric acid, it usually contains organic and inorganic contaminants. To make environmentally friendly phosphate
fertilizers, these contaminants must be removed from the crude phosphoric acid stock used in making fertilizers. In this paper,
commercially available strong cation exchange resin, Marathon C, was used to study the adsorptive removal of U(IV), Mn(II),
Cd(II), Zn(II), and Cu(II) from synthetic multi-component phosphoric acid solutions and commercial crude phosphoric acid.
Important parameters on the adsorption process such as the effects of contact time, initial metal ion concentration, sorbent dose,
and concentration of phosphoric acid were investigated. The results suggested that the adsorption process reached equilibrium
within 240 min for the five metal ions studied and the resin had adsorptive affinity for the metal ions in the order of U(IV) >
Zn(II) > Cu(II) >Mn(II) > Cd(II). The results from the kinetics and isotherm models from the studies are very consistent with
pseudo-second-order kinetic and Langmuir isotherm models. Simultaneous adsorptive removal of metal ions from the crude
phosphoric acid strongly suggests that the Marathon C resin could be used in removing toxic metal ions from crude phosphoric
acids used in making phosphate fertilizer.
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Introduction

Phosphorus, together with potassium and nitrogen, are impor-
tant nutrients for corps development and growth. Modern
farming is depending mainly on phosphate fertilizers, which
are produced from phosphate rock, for food production to
meet the world population growth. Thus, phosphorus is con-
sidered as an essential building block of the food security
system (Geissler et al. 2015; Steiner et al. 2015; Geissler
et al. 2019).

The world demand for phosphate rock is increasing be-
cause of the increase of the world population as well as food
demand (Ridder 2012). The United Nations reported that food
production worldwide has been increased by 70% in past

decades due to the observed inflation in the world population
to become over 9 billion by 2020. Consequently, the global
demand for phosphate rock will increase as a result of the
world population growth (van Kernebeek et al. 2018;
Schoumans et al. 2015).

Phosphate rocks are mainly classified as (i) sedimentary
phosphate deposits (which represent about 75% of the world
phosphate rock that exist in Egypt, Jordan, and the USA) and
(ii) igneous phosphate deposits (about 20% exists in Brazil,
South Africa, and Russia) (Petr Ptáček 2016; Fayiga and
Nwoke 2016). Phosphate rocks contain remarkable concen-
trations of heavy metals as well as radioactive elements such
as uranium (U), lead (Pb), arsenic (As), manganese (Mn),
copper (Co), zinc (Zn), and cadmium (Cd). These elements
are non-biodegradability, bio-accumulation, and classified as
carcinogenic (Mar and Okazaki 2012; Gaafar et al. 2016). The
concentration of these toxic elements in phosphate rock de-
posits is different from one type to another (Fayiga and
Nwoke 2016; Mar and Okazaki 2012).

To a large extent, phosphoric acid is manufactured through
the wet process using concentrated sulfuric acid. In such
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process, sulfuric acid is reacting with the phosphate rock and
produces phosphoric acid (liquid phase) and phosphogypsum
(solid phase). Most of the radioactive and hazardous elements
move to the liquid phase, during the production stage, and
consequently to the phosphate fertilizers (Hocking 2005).
Despite the importance of phosphate fertilizers, the long-
term applications of phosphate fertilizers result in the accumu-
lation of toxic heavy metals and radionuclides in the soil and
subsequently to both the food chain as well as the aquatic
ecosystem (Fayiga and Nwoke 2016; Mar and Okazaki 2012).

Several techniques have been tested for the separation of
toxic as well as radioactive elements from industrial phospho-
ric acid, for instance, crystallization (Chen et al. 2012),
electrodialysis (ED) (Machorro et al. 2013), membrane ex-
traction (Elleuch et al. 2006), precipitation (Mousa et al.
2013; Al-Harahsheh et al. 2017), solvent extraction
(Mohamed H. Taha 2017; Bahrpaima 2017), and solid-
liquid extraction (Hinojosa Reyes et al. 2001; El-Sofany
et al. 2009). The selection of the appropriate technique is
depending on mainly the concentration of the undesirable el-
ements and phosphoric acid (Elleuch et al. 2006). The appli-
cation of these approaches was limited due to numerous dis-
advantages, for example, environmental pollution by some
by-products, difficulty in recovering all the solvent from both
the raffinate and the purified acid, high costs of organic sol-
vents, and limited efficacy (Elleuch et al. 2006; El-Bayaa et al.
2011). However, solid–liquid technology exhibits higher se-
lectivity, cost-efficient technology, and eco-friendly process
for heavy metal removal (El-Bayaa et al. 2011; Jaafari and
Yaghmaeian 2019a, b; Jaafari and Yaghmaeian 2019a, b;
Dariush Naghipour et al. 2018).

Different solid materials were studied for phosphoric acid
clarification, such as solvent impregnated charcoal (El-Sofany
et al. 2009), activated bentonite (Taha et al. 2018), and white
silica sand (El-Bayaa et al. 2011). However, the above mate-
rials are to somewhat cumbersome in reuse and recovery
(Nagaphani Kumar et al. 2010; Hérès et al. 2018).
Commercially, ion exchange resins are characterized by their
heat and acid resistance nature as well as providing the option
of being reused for several sorption-desorption cycles
(Nagaphani Kumar et al. 2010; Hérès et al. 2018). Ion ex-
change resins have been investigated for the recovery of
U(VI) and REEs (rare earth elements) from phosphoric acid
(Nagaphani Kumar et al. 2010; Hérès et al. 2018). So far,
limited trails were performed in laboratory for the separation
of heavy and toxic metals from phosphoric acid solutions
using resins. Nevertheless, these trail attempts have never
been applied industrially (KOOPMAN et al. 1999; Cheira
2015).

In this regards, the main goal of this work is investigating
the sorption of U(VI), Mn (II), Cd(II), Zn(II), and Cu(II) ions
from multi-component phosphoric acid solutions using com-
mercially available strong cation exchange resin

(MARATHON C–sulfonic group resin) in order to propose
a proper and cost-effective process for the production of eco-
friendly phosphate fertilizers. The impact of numerous vari-
ables that may affect the sorption process, such as contact
time, phosphoric acid concentrations, sorbent dose, and reac-
tion temperature, is going to be investigated through this
study. Furthermore, isotherms, kinetics, and thermodynamics
of the introduced sorption process via using the aforemen-
tioned resin will be of a particular focus during the current
investigation.

Experimental

Materials

Dowex Marathon C resin, a gel type strong acid cation ex-
change resin with polystyrene divinylbenzene matrix, was
purchased from Sigma-Aldrich (Germany). The resin was
firstly pre-conditioned in sodium hydroxide, then in hydro-
chloric acid solution, and finally in deionized water before
being used in this investigation (Hagag et al. 2017). The main
characteristics as well as the function groups of Marathon C
resin are given in Table 1 and Fig. 1. All the utilized chemicals
and reagents were AR grade. UO2(NO3)2, MnSO4, CuSO4,
CdSO4, and ZnSO4 were obtained from Fluka Chemika
(Switzerland) and were used for preparing the synthetic metal
ion stock solution 1000 ± 1 mg/L. Analytical grade phospho-
ric acid (88%, specific gravity 1.75) was purchased from
Merck KGaA (Darmstadt, Germany) and utilized for the study
of synthetic solutions. Multi-component solution samples of
different phosphoric acid concentrations were synthesized
freshly by adding certain volumes of the metal ion stock so-
lutions with different volumes of pure concentrated phospho-
ric acid and double-distilled water. Crude phosphoric acid,
purchased from Abu Zaabal Company for Fertilizer and

Table 1 The physical and chemical characteristics of Dowex Marathon
C resin

Appearance Uniform particle size spherical beads

Functional group Sulfonic acid

Matrix Styrene-DVB, gel

Total exchange capacity (eq/L) 1.8

Ionic form H+ form

Moisture retention 50–56%

Particle size range 600 ± 50 μm

Specific gravity 1.2

Temperature limit 120 °C

pH range 0–14

Regenerate 4–8% HCl, 1–8% H2SO4, 8–12% NaCl
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Chemical Materials (AZFC), is used for experimental appli-
cation without any purification processes. The chemical anal-
yses of crude phosphoric acid were performed at the Nuclear
Materials Authority and are given in Table 2.

Instrumentation

Atomic Absorption Spectrometer GBC 932 AA (UK) with a
double-beam system, equipped with hollow cathode lamps,
was used for the determination of Mn, Cu, Zn, and Cd ion
concentration. A double-beam spectrophotometer of high-
resolution power (Shimadzu UV-Visible recording spectro-
photometer type UV-60A) was used for the determination of
uranium concentration. A NUVE thermostatic shaker was
used for equilibrium experiments.

Batch adsorption experiments

The sorption experiments have been achieved via a batch-wise
route using 10-mL polyethylene tubes. The sorption experi-
ments were performed in duplicate and ~ 5% relative errors
were accepted. Despite that the pH effect on the metal binding
is the primary step in the design of a sorbent process, in the
present study, the strategy focused on the development of
preferred process based on unchanged pH (the only variation
dealt with the effect of phosphoric acid dilution in the relevant
section investigating the effect of acid concentration). The
impact of important variables on the sorption process such
as contact time (2–600 min), sorbent dose (0.5–5 g/L), phos-
phoric acid molarity (1–6 M), and initial metal ion concentra-
tion (20–300 mg/L) have been investigated. A fixed weight of
Marathon C resin was shaken with a fixed volume of a syn-
thetic phosphoric acid solution that contains 50 mg/L of each
metal ions in a thermostatic shaker bath at 298 ± 1 K. In most

cases, phosphoric acid concentration was 2.0 M. To confirm
that complete equilibrium achieved, the experiments have
been performed for 10 h. The solid sorbent was filtered out
from the aqueous solution using filter membrane (pore size:
1.2 μm). After filtration, the residual concentrations of the
Mn, Cu, Cd, and Zn ions have been measured using AAS
while the concentration of uranium has been detected by using
Arsenazo-III spectrophotometer method at 650 nm
(Marczenko and Balcerzak 2000).

The difference between metal ion initial concentrations
(Co, mg/L) and the concentration at equilibrium (Ce, mg/L)
has been used to calculate the quantity of adsorbed ions on the
resin (qe) according to the following relation:

qt ¼ Co−Ce � V
m

ð1Þ

where qt (mg/g) is the amount of ion sorbent at time t, V (L) is
the of phosphoric acid solution volume, and m (g) is the resin
mass. The distribution coefficient (Kd) could be described as
the following:

Kd ¼ Co−Ce

Co
� V

m
ð2Þ

The metal ion sorption percent could be obtained

E% ¼ 100%� 1−Ce=Coð Þ ð3Þ

Modeling of sorption process

Adsorption isotherm models

The adsorption isotherm (the adsorbate-adsorbent equilibrium
properties) is important parameter for the improvement of the
adsorption system and plant design. In this regards, the equi-
librium data has been described using Freundlich, Langmuir,
and Temkin models.

Freundlich isotherm equation Freundlich isotherm equation
has been used to describe the sorption on heterogeneous sur-
faces (Hussein and Taha 2013). This model assumes that the
sorption sites are exponentially distributed with respect to the
sorption heat. The non-linear form of Freundlich isotherm

Table 2 Chemical
specifications of crude
phosphoric acid working
sample

Constituents Phosphoric acid

Concentration Wt.%

P2O5 ≈ 23.5

Fe2O3 1.2

CaO 0.34

SO4 1.35

SiO2 0.08

F 0.5

Concentration (ppm)

Cd 10.5

Mn 580

Cu 53

Zn 183

U 41

Fig. 1 Schematic of functional groups of the Marathon C resin
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model can be expressed as (Al-Ghouti and Da'ana 2020)

qe ¼ K FC1=n F
e ð4Þ

where KF (mg/g) is corresponding to the Freundlich constant,
and 1/nF refers to the heterogeneity of the adsorbate sites.

Langmuir isothermmodel Langmuir isothermmodel is one of
the most popular equations that have been used to describe the
sorption phenomena (Foo and Hameed 2010). This model
suggested that the sorption performed by monolayer sorption
on a homogeneous surface without binding between adsorbed
molecules. Langmuir model non-linear form is commonly
expressed as the following (Al-Ghouti and Da'ana 2020):

qe ¼
qmkLCe

1þ kLCe
ð5Þ

where qm (mg/g) is the maximum sorption capacity of
Marathon C resin and kL (L/mg) is the Langmuir constant
which refers to the energy of adsorption and reflects the affin-
ity of resin towards the metal ions.

Temkin isotherm equation Temkin isotherm equation con-
siders the impact of resin–metal ion interactions on the adsorp-
tion process. Temkin model proposed that Δ °ads (the heat of
adsorption) of all molecules in the layer is a function of the
surface coverage (Ayawei et al. 2017). The non-linear form of
Temkin equation is written as the following (Al-Ghouti and
Da'ana 2020):

qe ¼
RT
bT

lnKTCe ð6Þ

where R is the ideal gas constant (8.314 J/mol/K), T is the
temperature (K), bT is the Temkin constant that refers to the
adsorption heat, and KT (L/min) is the equilibrium binding
constant.

Adsorption kinetic models

The uptake kinetics have been investigated to better under-
stand the rate of adsorption and possible adsorption mecha-
nism of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II) ions using
Marathon C resin. In this context, Lagergren, pseudo-second-
order, Elvoich kinetic equations, as well as the intraparticle
diffusion (Weber andMorris) equation has been applied to the
adsorption data.

Pseudo-first order equation Pseudo-first-order equation
(PFO) has been proposed by Largergren in 1898 to describe
the sorption rate of solid-liquid phase adsorption systems in
regards to the adsorption capacity (Largitte and Pasquier
2016). The non-linear form of PFO model used is (Marques
et al. 2019)

qt ¼ q1 1−e−k1t
� � ð7Þ

where q1 (mg/g) is the estimated adsorption capacity by
PFO model and k1 (min−1) is Lagergren equation rate
constant.

Pseudo-second-order model Pseudo-second order model
(PSO) is also known as the McKay equation. This model is
based on the sorption capacity of the solid phase.
Additionally, it is assuming that chemisorption is the rate-
determining step (Tan and Hameed 2017). The non-linear
form of PSO model used is (Marques et al. 2019)

qt ¼
1

1jk2q22
� �þ tjq2ð Þ ð8Þ

The initial adsorption rate, h (mol/g/h), and the half-
equilibrium time, t1/2 (h) for Marathon C resin were obtained
from Eqs. 9 and 10 (Tan and Hameed 2017).

h ¼ k2q2e ð9Þ

t1
2
¼ 1

k2qe
ð10Þ

where k2 (min−1) is the McKay equation rate constant and
q2 (mg/g) is the estimated adsorption capacity by PSO model.

Elovich equation Elovich equation has been proposed by
Roginsky and Zeldovich in 1934 to describe the chemisorp-
tion adsorption reactions. The model proposes that the rate of
solute adsorption exponentially decreases by the increase in
the quantity of adsorbed solute (Wekoye et al. 2020; (Marques
et al. 2019). Elovich equation could be expressed as the
following:

qt ¼
1

a
ln 1þ abtð Þ

�
ð11Þ

where a (g/mg) is the desorption constant of Elovich model
and b (mg/g/min) is referred to the initial velocity when qt = 0.

Intra-particle diffusion model Intra-particle diffusion model
(IPD) is also known as the Weber and Morris model. This
model has been proposed in 1963 to describe the rate-
limiting step during adsorption. Based on this model, the
solute adsorption involves three processes: (1) film diffu-
sion, (2) surface diffusion, and (3) pore diffusion. The
surface and pore diffusion could occur simultaneously,
so that film diffusion is an independent (Wu et al.
2009). The IPD equation is expressed as the following
(Wu et al. 2009):

qt ¼ K idt0:5 þ Ci ð12Þ
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where Kid (mg/g/min0.5) is the rate constant and C is the
thickness of the boundary layer.

Fitting the kinetic and isotherm models

The fitting of the kinetic and isotherm models has been tested
by the non-linear regression Chi-square (x2) (Eq. 12) and the
average relative error (ARE) (Eq. 13) (Al-Ghouti and Da'ana
2020; Marques et al. 2019).

x2 ¼ ∑
qexp−qpred

� �2

qpred

2
64

3
75 ð13Þ

ARE ¼ 100

n
∑
n

1

qexp−qpred
�� ��

qexp
ð14Þ

where qexp and qpred are the experimental and model predicted
equilibrium capacity (mg/g), respectively, x2 is the Chi-square
coefficient, and n is the number of test points.

Results and discussions

In this section, the influence of main parameters on the sorp-
tion of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II) from the
synthetic phosphoric acid solution using commercial cation
exchange resin Marathon C has been investigated. The sorp-
tion isotherms and kinetics have been investigated in order to
figure out the sorption performance and disclose the underly-
ing mechanisms. Finally, the application of the obtained re-
sults on an industrial crude phosphoric acid in order to obtain
an eco-friendly phosphoric acid that can be subsequently used
to obtain efficient phosphate fertilizers will undergo.

Effect of sorbent amount

Figure 2 describes the impact of Marathon C resin amount of
addition on the sorption percent of multi cations, namely,
U(VI),Mn(II), Cd(II), Zn(II), and Cu(II) from phosphoric acid
solution. The experiments were performed at the following
parameters: phosphoric acid molarity of 2.0 M, room temper-
ature, metal ion initial concentration of 50 mg L−1, and reac-
tion time of 10 h, while the sorbent amount varied from 0.5 to
5.0 g/L. The exposed data show that the increase in sorbent
amount extremely increases the sorption efficiency. The same
effect has been observed for the five investigated metal ions.
Numerically, the removal percent varied from 12.4 to 89.2%
for Mn(II) with the variation of sorbent dose from 0.5 to 5.0 g/
L. Within the same sorbent variation, the sorption percent has
changed from 17.3 to 92.5% for Cu(II), from 27.8 to 96.4%
for Zn(II), from 14.9 to 84.4% for Cd(II), and from 21.4 to
97.8% for U(VI). This behavior could be attributed to the

increase in the available active binding sites by the increase
of the sorbent dose, which in turn increases the rate of adsorp-
tion (Younes et al. 2018; Wang et al. 2017).

Despite the sorption efficiency increased with the increase
in the sorbent dose, however, it is noticeable that the sorption
capacity qe for all metal ions is decreased (Fig. 2). This be-
havior could be due to clothing of the material, a lower in-
crease in vacancy places could take place, thus a lowering in
qe value. Moreover, the low concentration of U(VI), Mn(II),
Cd(II), Zn(II), and Cu(II) ions is not equivalent to the resin
adsorption capacity and thereby decreased the qe (Younes
et al. 2018; Wang et al. 2017). The sorbent dose of 4.0 g/L
has been chosen for further experiments to perform the
sorption characterization.

Effect of initial concentration of metal ion

The sorption isotherms are essential to get the sorption capac-
ity and generate the required data for the process up-scaling. In
this regards, Dowex Marathon C resin was experimented for
the elimination of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II)
from synthetic phosphoric acid solution containing different
ion’s initial concentrations. In practical, phosphoric acid solu-
tions contain ion initial concentrations varied from 20 to
300 mg/L for each metal ion that has been contacted with
the resin in solid/liquid ration equal 4.0 g/L, at room temper-
ature for 10 h. The exposed results have been exhibited in
Fig. 3 as a relation between sorption percent and the ion’s
initial concentration. Figure 3 declares that the sorption effi-
ciency of the metal ions strongly depreciated with the increase
in the initial metal ion concentration. In details, as the ion’s
initial concentration raised from 20 to 300 mg/L, the adsorp-
tion percent decreased from about 91 to 12.6% for Mn(II),
from 96.8 to 14.8% for Cu(II), from 96.5 to 17.4% for
Zn(II), from 86.2 to 9.7% for Cd(II), and from 99.1 to

Fig. 2 Impact of sorbent dose onU(VI),Mn(II), Cd(II), Zn(II), and Cu(II)
sorption efficiency and sorption capacity, % (4.0 g sorbent/L of 2.0 M
phosphoric acid; temperature 298 K; 100 rpm)
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19.7% for U(VI). In spite of themetal ion’s sorption efficiency
decreased with the metal ion’s initial concentration increase,
however, the resin sorption capacity was positively affected
with the rise of the ion’s initial concentration as shown in Fig.
3. The displayed data in Fig. 3 clear that the resin experimental
maximum capacity is about 9.5, 11.1, 13.1, 7.3, and 16.4 for
manganese, copper, zinc, cadmium, and uranium metal ions,
respectively. Moreover, it is obviously clear that the resin has
a higher tendency towards U(VI), then Cu(II), followed by
Zn(II) and Mn(II), and the lowest affinity is for Cd(II).

The isotherm of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II)
ion adsorption from phosphoric acid solution using Marathon
C resin has been investigated using the non-linear equations of
Langmuir, Freundlich, and Temkin models. The equilibrium
isotherm analysis is explored in Fig. 4. The isotherm

parameters as well as X2 and ARE values have been evaluated
and presented in Table 3.

The mathematical treatment of the displayed results regards
to the isotherm equations; Langmuir, Freundlich, and Temkin
isothermmodels have been presented in Table 3. The displayed
data show that the Langmuir isotherm model supplies the low-
est X2 and ARE values. This reveals that the U(VI), Mn(II),
Cd(II), Zn(II), and Cu(II) ion sorption from phosphoric acid
solution using Marathon C resin is obeyed to Langmuir iso-
therm model. This indicates that the metal ion adsorption is
homogeneous and each molecule possesses constant sorption
activation energy and enthalpies (Younes et al. 2018). The
maximum sorption capacity qm of Mn(II), Cu(II), Zn(II),
Cd(II)m and U(VI) ions are 9.6, 11.3, 13.6, 7.4, 14.8 mg/g,
respectively. This confirms that Marathon C resin has a
different affinity towards the investigated metal ions.

The sorbent affinity towards ions is highly affected by sev-
eral parameters such as hydration ion radii, ion hydrolysis
constant, metal ion electronegativity, and hydration energy
(Lazarević et al. 2007; Vico 2003). Moreno et al. (2010)
displayed the effect of the hydrated ionic radius on the affinity

Fig. 3 Impact of initial
concentration on U(VI), Mn(II),
Cd(II), Zn(II), and Cu(II) sorption
efficiency and sorption capacity,
% (4.0 g sorbent/L of 2.0 M
phosphoric acid; temperature
298 K)

Table 3 Isotherm parameters of Langmuir, Freundlich, and Temkin
models

Mn Cu Zn Cd U

Langmuir model

qm (mg/g) 9.6 11.3 13.6 7.4 14.8

kL (L/mg) 0.59 1.18 0.78 1.09 1.18

X2 0.8 0.5 0.4 1.8 2.4

ARE (%) 6.8 5.8 4.6 14.1 8.2

Freundlich model

1/nF 11.0 9.5 6.3 28.5 8.1

kF (mg/g) (mg/L) 5.99 6.57 6.73 6.00 9.09

X2 2.1 3.0 3.0 2.3 2.1

ARE (%) 13.2 13.7 15.5 16.9 14.3

Temkin model

bT (J/mol) 1745.4 2545.8 1795.3 3474.0 1625.8

AT (L/g) 16.9 645.1 308.3 499.3 351.0

X2 3.0 2.5 2.1 3.2 1.2

ARE (%) 15.4 12.2 14.9 20.0 10.3 Fig. 4 Langmuir model plot for U(VI), Mn(II), Cd(II), Zn(II), and Cu(II)
adsorption from phosphoric acid solution
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of Cow bone charcoal (CBC) towards manganese, iron, nick-
el, and copper ions. Mihajlović et al. (2014) discussed the
affinity of natural and modified zeolite towards Pb2+ >
Cd2+ > Zn2+ with respect to the hydrated cation radii, the hy-
dration energy, and the ion electronegativity. Igwe and Abia
(2007) reported the impact of ionic radii and the hydration
energy (ΔHhyd) on the selectivity of EDTA-modified maize
cob towards Zn2+, Cd2+, Pb2+. Khalili et al. (2013) attributed
the affinity of Jordan bentonite towards Th(IV) > U(VI) to the
ionic radii and metal ion hydrolysis constant (pKh). Page et al.
(2017) declared that the strength of the REE over Al and
Fe(III) adsorption onto a sulfonic acid resin is affected by
the cation hydration energy.

The ion radius of the hydrated metal ions could be arranged

d e s c e n d i n g l y a s t h e f o l l ow i n g : UO2 H2Oð Þ 2þ
5

( 1 . 0 8 Ǻ ) > Cd H2Oð Þ 2þ
6 ( 0 . 9 6 Ǻ ) > Mn H2Oð Þ 2þ

6

(0.86 Ǻ) > Cu H2Oð Þ 2þ
6 (0.80 Ǻ) > Zn H2Oð Þ 2þ

6 (0.74 Ǻ)
(Persson 2010). This means that the sorption affinity cannot
be correlated to this parameter. This probably indicates that
the ion radius of the hydratedmetal ions has not a strong effect
on the binding of the resin with the investigated ions. The
studied ions could be ranked based on the hydration energy
as the following sequence: U(VI) (− 3958 kJ/Mol) > Cu(II)
(− 2100 kJ/Mol) > Zn(II) (− 2046 kJ/Mol) > Mn(II)
(− 1841 kJ/Mol) > Cd(II) (− 1807 kJ/Mol) (Smith 1977;
Khalili et al. 2013). Therefore, the sorption strength should
be ranked as U(VI) > Cu(II) > Zn(II) >Mn(II) > Cd(II) which
almost matches the obtained data, so that the sorption capacity
strength is impacted positively with the increase of the metal
ion hydration energy. This means that the sorption affinity
could be correlated to this parameter. The same observation
has been reported by Igwe and Abia (2007) . The
electronegativity of manganese, copper, zinc, cadmium, and
uranium metal ions is 1.55, 1.90, 1.65, 1.69, and 1.38,
respectively, so that the resin affinity towards the metal ions
should be arranged as Cu(II) > Cd(II) > Zn(II) > Mn(II) >
U(VI) which is inconsistent with the obtained results. This
indicated that the resin affinity could not be correlated to this
parameter where it has not critical influence on the metal ion
sorption tendency. The hydrolysis constant (PKa) of the metal
ions could be sequenced as the following: Mn(II) 10.7 >
Cd(II) 10.01 > Zn(II) 9.15 > Cu(II) 7.62 > U(VI) 5.19. It is
obvious that the resin affinity is almost affected positively
with the decrease of the metal ion hydrolysis constant. This
behavior disagrees with Mihajlović et al. (2014).

The differences in the metal-binding strength can be
interpreted using the classification of metal ions according to
the Pearson Hard and Soft Acids and Bases (HSAB) theory,
which considered the metal ions behave as acids (i.e., electron
acceptors) and the functional group ligands in resins as bases
(i.e., electron donors) following the Lewis theory of acids and
bases (Pearson 1966; Demey et al. 2018). Strong acid will

preferentially react with strong bases and reciprocal: weak
acids with weak bases. Based on HSAB theory, uranium is
classified as hard acid; however, cadmium is considered as
soft acid, and zinc, copper, and manganese are considered as
borderline (Demey et al. 2018). The Lewis acid strength of
uranium, zinc, copper, manganese, and cadmium are 0.868,
0.405, 0.374, 0.334, and 0.32, respectively (Gagné and
Hawthorne 2017). This means that the affinity of the sulfonic
group of the Marathon C resin will be ordered as the following:
uranium > zinc > copper > manganese > cadmium ions. This
ranking is the same sequence obtained from the experimental
results, which indicates that the results obtained from
experimental work are in agreement with the HSBA theory.

The sorption performance of Marathon C resin for U(VI),
Mn(II), Cu(II), Zn(II), and Cd(II) has been compared with
other sorbents and displayed in Table 4. From the table, it is
clear that the kinetic performance ofMarathon C resin is mod-
erate in regards to the presented sorbents. In addition,
Marathon C resin displays the highest sorption capacity for
U(VI),Mn(II), and Cu(II) ions comparable with the alternative
materials; however, Fe-pillared Tunisian bentonite shows
higher sorption capacity for Zn(II) and Amberlite XAD-7-
Cyanex-301explor higher sorption capacity for Cd(II) ions.
Nevertheless, Marathon C exhibits the following advantages:
as a commercial resin, it is characterized by heat and acid
resistances and the ability to reuse for several sorption-
desorption cycles (Nagaphani Kumar et al. 2010; Hérès
et al. 2018).

Effect of contact time

The rate of reaction is considered as one of the main parame-
ters that can control the scaling-up of the sorption process. In
this concern, the impact of contact time on U(VI), Mn(II),
Cd(II), Zn(II), and Cu(II) sorption from multi-component
phosphoric acid solution has been investigated using
Marathon C resin. The experimental conditions of the sorption
process were kept at 4.0 g/L and sorbent dose; 2.0 M phos-
phoric acid solution contains 50 mg/L of each metal ions and
room temperature while the contact time was ranged from 2.0
to 600.0 min. Figure 5 represents the metal ion sorption effi-
ciency as a function of reaction time. The obtained data dis-
play that the sorption started with a fast rate of interreaction
until the equilibriumwas noted, and then a slow rate had taken
place. The five metal ions exhibit the same behavior. The first
period of reaction, fast rate, could be owing to the availability
of active groups on Marathon C resin. Nevertheless, at equi-
librium, most of the resin active sites on the surface are almost
occupied by U(VI), Mn(II), Cd(II), Zn(II), and Cu(II) ions;
thus, the ions react with the inside active groups, which take
more time (Zhang et al. 2015; Taha et al. 2019).

Figure 5 also clear that the sorption percent of Cu(II),
Zn(II), and U(VI) ions improved with the increase of contact
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time and reached a steady state at 120 min. Numerically, the
sorption efficiency was about 77.8, 80.6, 83.1% for Zn(II),
U(VI), and Cu(II)ions, respectively. There is no remarkable
increase in the sorption efficiency observed after the equilib-
rium time. However, the equilibrium time of Mn(II) and
Cd(II) ions was obtained at 240 min where the sorption effi-
ciency was about 77.1 and 65.1%, respectively. The further

increase of the reaction time could yield a slight impact on the
sorption efficiency.

The kinetics of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II)
ions using Marathon C resin have been figured out by analyz-
ing the obtained data using the non-linear equations of
Lagergren, pseudo-second-order, Elvoich kinetic models.
The kinetic curves for the adsorption process are displayed
in Fig. 6. The parameters of the investigated kinetic models
as well as the Chi-square coefficient and the average relative
error have been evaluated and displayed in Table 5. The ki-
netic analysis for the obtained data (Fig. 6) confirm the in-
crease of the sorption capacity of U(VI), Zn(II), and Cu(II)
ions up to about 120 min (equilibrium state) and 240 min for
Mn(II) and Cd(II).

The obtained data in Table 5 declare that the pseudo-
second-order model exhibits the lowest Chi-square coefficient
and the lowest average relative error for the investigated five
metal ions. This declared that the sorption of Mn(II), Cu(II),
Zn(II), Cd(II), and U(VI) ions from the phosphoric acid solu-
tion usingMarathon C resin obeyed toMcKay equation which
indicates that the rate-controlling step is chemisorption. The
sorption process has occurred through a chemical reaction, an
electronic sharing, or an electronic gain between the resin and
the metal ions (Wekoye et al. 2020; Tan and Hameed 2017).
The rate constant of Cu(II) is the highest among the five in-
vestigated metal ions (0.0059 min−1), followed by U(VI)

Table 4 Comparison of sorption performance of U(VI), Mn(II), Cu(II), Zn(II), and Cd(II) for different sorbents

Sorbent [H3PO4], M Time, h qm, mg/g Ref

U(VI) Mn(II) Cu(II) Zn(II) Cd(II)

MARATHON C resin 2.0 2.0–4.0 14.77 9.48 11.1 13.05 7.29 This work

0.05 M Triphenylphosphine sulfide impregnated
charcoal

3.5 2.0 n.r. n.r. 1.74 1.83 2.88 El-Sofany et al. (2009)

0.1 M Triphenylphosphine sulfide impregnated
charcoal

3.5 2.0 n.r. n.r. 3.7 9.43 4.18 El-Sofany et al. (2009)

Tunisian bentonite 1.0 2.0 n.r. n.r. 0.47 n.r. n.r. Abdennebi et al. (2013)

White silica sand 5.0 24.0 0.14 n.r. n.r. n.r. n.r. El-Bayaa et al. (2011)

Abu Zenima white sand 5.1 24.0 0.87 n.r. n.r. 2.22 0.14 Cheira et al. (2014)

Raw bentonite clay 8.8 2.0 n.r. n.r. n.r. 7.08 n.r. Hamza et al. (2016)

Fe-pillared Tunisian bentonite 8.8 1.5 n.r n.r n.r 14.09 n.r. Hamza et al. (2016)

Posidonia oceanica impregnated kaolinite 8.5 96.0 n.r. n.r. n.r. n.r. 2.02 Omri and Batis (2013)

K10 montmorillonite modified by EDTA 8.5 96.0 n.r n.r n.r n.r 2.68 Omri and Batis (2013)

K10 montmorillonite modified by iron oxide 8.5 96.0 n.r. n.r. n.r. n.r. 1.73 Omri and Batis (2013)

Amberlite XAD-2-Cyanex-301 3.2 0.8 n.r n.r n.r n.r 1.56 Hinojosa Reyes et al. (2001)

Amberlite XAD-7-Cyanex-301 12.7 4.0 n.r n.r n.r n.r 11.52 Hinojosa Reyes et al. (2001)

Metakaolinite 5.5 1.0 1.02 n.r n.r n.r n.r Taha et al. (2018)

Kaolinite 5.5 1.0 0.65 n.r. n.r. n.r. n.r. Taha et al. (2018)

D2EHPA-impregnated charcoal 4.5 1.0 0.47 n.r. n.r. n.r. n.r. Ali et al. (2013)

n.r. not reported

Fig. 5 Impact of shaken time onU(VI),Mn (II), Cd(II), Zn(II), and Cu(II)
sorption efficiency, % (4.0 g sorbent/L of 2.0 M phosphoric acid; tem-
perature 298 K; 100 rpm)
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which has 0.0044min−1. Zn(II) andMn(II) ions have the same
rate constant (0.0037 min−1); however, the lowest rate of re-
action belongs to Cd(II) (0.002 min−1). Cu(II) ions and U(VI)
ions have the highest initial adsorption rate (0.70 and
0.64 mol/g/h, respectively), followed by Zn(II) and Mn(II)
(0.50 and 0.43 mol/g/h, respectively) while Cd(II) has the
lowest initial adsorption rate (0.20 mol/g/h). On the other
hand, the half-equilibrium time has the following order:
Cd(II) >Mn(II) > Zn(II) > U(VI) > Cu(II) ions. These obser-
vations confirm the obtained results that regard that Cu(II),
U(VI), and Zn(II) have faster equilibrium and in turn have a
higher rate constant than Mn(II) and Cd(II). Marathon C resin

has a different affinity at equilibrium towards the investigated
metal ions as indicated in Table 5. The resin affinity towards
the metal ions could be ranked as the following: U(VI) >
Zn(II) > Cu(II) >Mn(II) > Cd(II) ions. Numerically, the sorp-
tion capacity for the studied metal ions was equal 12.0, 11.7,
10.9, 10.6, and 9.8 mg/g for U(VI), Zn(II), Cu(II), Mn(II),
Cd(II) ions, respectively.

The reaction kinetic models, namely, Lagergren, McKay,
and Elovich, could not explain the diffusion mechanism of
U(VI),Mn(II), Cd(II), Zn(II), and Cu(II) ion sorption reaction;
accordingly, the diffusion mechanism has been explored by
applying the intraparticle diffusion kinetic equation (IPD)
(Wekoye et al. 2020). The analysis of the obtained results
using Morris-Weber model declared that the IPD illustrate
consists of two stages (multi-linear relationship) for the five
metal ions (Fig. 7). This means that the intraparticle diffusion
of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II) species through
the resin bead was not the only mechanism of the sorption
process (Wu et al. 2009). This could be attributed to that the
rate of mass transfer in the initial and the final stages of the
sorption are not the same which makes the effect of the
boundary layer obvious (Wekoye et al. 2020). Generally, ev-
ery linear segment represents a controlling mechanism or nu-
merous simultaneous controlling mechanisms (Wekoye et al.
2020). The first stage has a high adsorption rate ki and low
boundary layer effect, which confirmed the fast reaction at this
stage. This could be attributed to the availability of sorption
sites on the solid surface; therefore, the external surface
adsorption occurs (Wu et al. 2009).

The parameters of the IPD model were evaluated and ex-
plored in Table 6. From the table, it is clear that U(VI) and
Zn(II) have the highest reaction rate constant (0.88 and
0.86 mg/g min1/2, respectively) followed by Mn(II) and
Cu(II) (0.76 and 0.71 mg/g/min1/2, respectively); however,
Cd(II) has the lowest sorption rate of reaction (0.64 mg/g/
min1/2). Nevertheless, the second stage is characterized by

Table 5 The values of Lagergren,McKay, and Elovich kinetic equation
parameters

Mn Cu Zn Cd U

Pseudo-first-order model

q1 (mg/g) 9.6 10.2 10.6 8.3 10.9

k1 (min−1) 0.03 0.03 0.03 0.02 0.04

X2 3.0 10.4 4.9 4.2 3.3

ARE (%) 17.9 20.6 17.8 20.0 15.8

Pseudo-second-order model

q2 (mg/g) 10.6 10.9 11.7 9.8 12.0

k2 × 10
3 (min−1) 3.80 5.91 3.65 2.07 4.47

h (mol/g/h−1) 0.43 0.70 0.50 0.20 0.64

t1/2 (h) 24.8 15.6 23.4 49.2 18.6

X2 0.9 2.5 1.4 1.7 0.8

ARE (%) 10.0 12.3 10.8 13.2 7.7

Elovich model

b (mg/g/min) 1.07 3.55 1.45 0.41 2.00

a (g/mg) 0.63 0.83 0.63 0.67 0.60

X2 1.3 2.9 2.2 2.3 1.7

ARE (%) 11.3 17.0 13.2 17.4 11.4

Fig. 6 Pseudo-second-order plot for U(VI), Mn(II), Cd(II), Zn(II), and
Cu(II) sorption from phosphoric acid solution using Marathon C resin

Fig. 7 Morris-Weber illustration for U(VI), Mn(II), Cd(II), Zn(II), and
Cu(II) adsorption from phosphoric acid solution using Marathon C resin
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the low adsorption reaction rate and high boundary layer ef-
fect, which confirm the slowdown of the speed of reaction at
this stage. This behavior is due to the saturation of most of the
surface sorbent sites; therefore, the adsorption occurs by the
intra-particle sorbent sites (Wu et al. 2009). At the second
stage, Cd(II) has the highest ki followed by Mn(II) and
U(VI) (0.15, 0.11, and 0.10 mg/g/min1/2, respectively) and
Cu(II) and Zn(II) have the lowest ki (0.07 and 0.08 mg/g/
min1/2, respectively).

Effect of phosphoric acid concentration

The performance of U(VI), Mn(II), Cd(II), Zn(II), and Cu(II)
ion removal from phosphoric acid solution as a function of
phosphoric acid molarity ranging from 1.0 to 6.0 M is studied
and illustrated in Fig. 8. The experimental conditions were
Marathon C resin dose of 4.0 g/L, initial metal ion concentra-
tion of 50 mg/L, room temperature, and contact time of 10 h.
The revealed results in Fig. 8 indicated that the sorption effi-
ciency of U(VI), Zn(II), and Cu(II) has gradually decreased
with the increase of phosphoric acid molarity. However, the
sorption efficiency of Mn(II) and Cd(II) has dramatically

decreased with the raise of phosphoric acid concentration.
Numerically, U(VI) has the lowest effect with the increase
of acid concentration where its sorption efficiency decreased
from about 95 to 73%, followed by Cu(II), which decreased
from about 93 to 63%. Zn(II) metal ion is in the middle, where
its sorption percent decreased by about 50% (97% to 50%)
within the increase of phosphoric acid concentration.
However, the increase in phosphoric acid concentration dras-
tically reduces the sorption efficiency of Mn (II) and Cd(II)
ions, where their sorption percent decreased from about 91 to
24% for Mn(II) and from about 88 to 18% for Cd(II).

The sorption efficiency decreases with the increase of the
phosphoric acid concentration indicating that the sorption fol-
lows ion exchange type mechanism (Nagaphani Kumar et al.
2010); however, at high hydrogen ion concentrations, the de-
crease in the sorption efficiency suggests a change in the sorp-
tion mechanism (Canner et al. 2018). This suggestion is
consistent with the mathematical treatment of the obtained
results using Morris-Weber model kinetic model (Fig. 4),
which indicated the presence of several mechanisms that con-
trol the sorption process. The difference in the degree of phos-
phoric acid impact on the sorption percent for the five metal
ions could be due to different speciation of the metal ions in
the phosphoric acid. Accordingly, MEDUSA software was
used to figure out the species of the investigated metal ions
(50 mg/L) in phosphoric acid concentration 2.0 M (Fig. 9).

The speciation of the metal ions using MEDUSA software
(Fig. 9) shows that the investigated metal ions explore differ-
ent species. Specifically, uranium exhibited different cationic,
anionic, and neutral species [(UO2(H2PO4)(H3PO4)]

+,
[UO2(H2PO4)]

+, [UO2 (H3PO4)]
2+, UO2(H2PO4)2,

UO2(HPO4)·4H2O, UO2(OH)2·H2O, [UO2(PO4)]
− ,

[UO2(OH)3]
−, [UO2(OH)4]

2−, [UO2(H2PO4)(H3PO4)]
+).

Copper also displayed numerous cationic, anionic, and neutral
species (Cu2+, [Cu(H2PO4)]

+,Cu(H2PO4)2, Cu(HPO4),
[Cu(H2PO4)2(HPO4)]

2−, [Cu(HPO4)2]
2−, CuO). Cadmium al-

so showed several cationic and neutral species (Cd2+,
[Cd(H2PO4)]

+, Cd(HPO4), Cd5(HPO4)2(PO4)2·4H2O,
Cd3(PO4)2). Zinc and manganese explored only cationic and
neutral species as the following (Zn2+, Zn3(PO4)2·4H2O,

Table 6 The values of Morris-
Weber model parameters Mn Cu Zn Cd U

Weber and Morris model Stage I

ki (mg/g/min1/2) 0.76 0.71 0.86 0.64 0.88

C 0.9 2.2 1.0 0.1 1.5

R2 0.98 0.98 0.99 0.99 0.95

Stage II

ki (mg/g/min1/2) 0.11 0.07 0.08 0.15 0.10

C 7.8 9.1 9.2 5.6 9.4

R2 0.95 0.96 0.96 0.95 0.97

Fig. 8 Impact of phosphoric acid molarity on U(VI), Mn(II), Cd(II),
Zn(II), and Cu(II) sorption efficiency, % (4.0 g sorbent/L of phosphoric
acid; temperature 298 K; 100 rpm)
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ZnO) and (Mn2+, MnHPO4). The main predominate species
of the metal ions within the phosphoric acid molarity ranging
from 1.0 to 6.0 M (pH ranging from 1.0 to 0.6, respectively)
were [CuH2PO4]

+, [UO2(H2PO4)H3PO4]
+, Zn2+, Mn2+, Cd2+.

This displays that both uranium and copper form stable com-
plexes with phosphoric acid at phosphoric acid concentration
of 2.0 M while other metal ions form free ionic species. In
addition, it could be proposed that the monovalent cationic
species will be exchanged with only one H+ from the resin
while other divalent free cationic species will require two H+

ions from the resin. The relation between Log Kd (distribution
coefficient) and Log acid molarity (Fig. 10) displayed linear
relationship for the five metal ions with different slopes.

The slope of this relationship is generally present in the ion
exchange processes with the stoichiometry of proton ion ex-
change. Cu(II) and U(VI) exhibit slopes close to 1, while
Mn(II), Zn(II), and Cd(II) show slopes close to 2. These

Fig. 9 Metal ion species calculated by Hydra/Medusa (phosphoric acid molarity is 2.0 M and metal ion concentration is 50 mg/L)

Fig. 10 The relation between Log Kd and Log phosphoric acid molarity
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results are consistent with the obtained metal ion species in
Fig. 9. In this regard, the binding of the resin with the metal
ions could be proposed as in Fig. 11.

Application to polishing of commercial phosphoric
acid

Crude phosphoric acid contains a high level of toxic and ra-
dioactive elements which are in turn inappropriate for the
manufacturing of fertilizers. In this respect, Marathon C resin
has been applied batch-wise for polishing crude industrial
phosphoric acid supplied by AZFC in order to produce an
appropriate phosphoric acid for the production of eco-
friendly fertilizers. The polishing experiment has been per-
formed based on the following conditions: phosphoric acid
concentration of 23.5% P2O5, sorbent amount of addition is
4.0 g/L, contact time of 24 h, and room temperature.
Subsequent filtration was achieved. The chemical specifica-
tions of the treated commercial phosphoric acid are given in
Table 7.

The acquired results are obvious that Marathon C resin has
no effect on the concentration of P2O5, sulfate, and fluoride.
Nevertheless, the concentrations of Fe2O3, SiO2, and MgO
have been reduced from 1.2 to 1.0 for Fe2O3, from 0.08 to
0.07 for SiO2, and from 0.8 to 0.6 for MgO. This could be
attributed to that Fe3+, Si4+, and Mg2+ ions are considered as
hard metal according to HSAB. Manganese concentration has
been changed from 580 to 484 mg/L (about 16.5% removal
efficiency). The removal efficiency of zinc was about 25%.
For uranium, copper, and cadmium ions, the sorption efficien-
cy was about 90.2, 82.2, and 80.6%, respectively. In the com-
parison between Marathon C resin sorption efficiency for
manganese, copper, zinc, cadmium, and uranium ions from
synthetic phosphoric acid solution (case 1) and industrial
phosphoric acid (case 2), it is noticeable that the sorption
efficiency of manganese and zinc in case 2 is dramatically

decreased than case 1. This could be attributed to that crude
phosphoric acid contains an extremely high concentration of
metal ions as well as organic compounds, which results in
high saturation of the resin and in turn decreases the sorption
efficiency. Nevertheless, the resin exhibits high sorption effi-
ciency for uranium, copper, and cadmium ions in both cases,
which could be explained by much lower concentration in
phosphoric acid. There is no doubt that the commercial resin,
Marathon C, has a limited effect on the huge concentration of
impurities in industrial phosphoric acid. However, crude
phosphoric acid after treatment with Marathon C resin be-
comes appropriate for the production of eco-friendly phos-
phate fertilizers: manganese, copper, zinc, cadmium, and ura-
nium ion concentrations are about 1590, 31, 450, 10, and
13 mg/kg P2O5 that is acceptable with respect to the levels
recommended by The German Fertilizer Ordinance for 2008
(Kratz et al. 2016; Kratz et al. 2012).

Conclusion

In this study, a strong cation exchange resin, Marathon C, has
been tested for the sorption of U(VI), Mn(II), Cd(II), Zn(II),
and Cu(II) ions from multi-component phosphoric acid solu-
tions. The explored results revealed that the sorption of the
five metals is strongly affected by the variation of resin
amount of addition, reaction time, ion initial concentration,
and phosphoric acid molarity. The uptake kinetics for all in-
vestigated metal ions has been fitted well by the non-linear
equation of pseudo-second-order kinetic model, which means
that the sorption process was chemisorption. The isotherm
analysis for the obtained data shows that the sorption process

Table 7 Specifications of crude phosphoric acid before and after
contact with resins

Compound Initial content After contact with the resin

Concentration Wt.%

P2O5 ≈ 23.5 ≈ 23.5
Fe2O3 1.2 1.0

CaO 0.34 0.3

SO4 1.35 1.35

MgO 0.8 0.6

SiO2 0.08 0.07

F 0.5 0.5

Concentration (mg/L)

Cd 10.5 3.1

Mn 580 484.9

Cu 53 9.5

Zn 183 137.4

U 41 4.0

Fig. 11 The proposed binding between the resin and U(VI), Mn(II),
Cd(II), Zn(II), and Cu(II) ions
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obeys Langmuir model. The sorption capacity of Marathon C
resin could be arranged as the following: U(VI) > Zn(II) >
Cu(II) >Mn(II) > Cd(II) ions. The result has highlighted op-
portunities for the application of cation exchange resins in the
hydrometallurgical processing of phosphoric acid clarification
and in turn the production of eco-friendly phosphate
fertilizers.
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