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ABSTRACT

The removal of Mg?* from phosphoric acid by one commercially available cationic resin (001X7)732
was investigated. Effects of various parameters on the removal of Mg?* were studied by batch sorp-
tion such as temperature, resin dosage, contact time and initial Mg?* concentration. The results
demonstrate that equilibrium of ion exchange was established within 20 min, while more than 90%
Mg?** was absorbed. The suitability of pseudo-first-order model, pseudo-second-order model and
intra-particle diffusion model were also investigated, results show that the pseudo-second-order
kinetic model agrees with the experimental data very well and the sorption follows the Langmuir
isotherm. The thermodynamic parameters AG,AH and AS were calculated to be —0.82 kJ-mol™, 4.80
KJ-mol™, 18.65 J-mol™K™ at 30°C, respectively. The analysis results of the FI-IR indicate that the
removal of Mg* was realized through ion exchange reaction with -SO,H. In addition, the removal
efficiency of Mg* in wet-process phosphoric acid reaches up to 86.8%.
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1. Introduction

Phosphoric acid is manufactured in a variety of
ways, the most commonly used is wet-process, involving
decomposition of phosphate rock with either sulfuric acid,
hydrochloric acid, or nitric acid [1]. Although the route of
sulfuric acid is widely used, it produces a lot of mineral
impurities [2,3]. Particularly, the magnesium impurities in
phosphoric acid. If the concentration of MgO in phosphoric
acid is more than 1.0%, the high content of magnesium in
phosphoric acid will have negative effects on the manufac-
ture of phosphoric acid products. The presence of magne-
sium will increase the viscosity of the solution and reduce
the concentration of hydrogen ions in the phosphoric acid
while also affecting the performance of the phosphoric acid
products [4]. Therefore, in order to ensure the normal pro-
duction and subsequent application of wet phosphoric acid
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(WPA), it is necessary to remove the impurity magnesium
ions from phosphoric acid.

Previous researchers reported reasonable methods
which include chemical precipitation, crystallization, and
organic solvent extraction for purifying phosphoric acid.
The use of these techniques are limited due to some limita-
tions, such as limited efficacy, high costs of organic solvents,
difficulty in recovering all the solvent from both the raffi-
nate and the purified acid, and environmental pollution by
some by-products [5,6].

Ion exchange using polymer resins is an effective
unit operation and has been successfully used to remove
heavy metal ions from wastewater [7-9]. In addition, Ion
exchange resin have been also used for the separation of
uranium and rare earths from phosphoric acid [10,11]. Lit-
erature searches show that few studies have used resin to
purify phosphoric acid.

The main purpose of this work is to measure equilib-
rium and kinetic parameters of a strongly acidic styrene
type cation resin for the removal of Mg** from prepared
phosphoric acid. The effects of temperature, resin dosage,
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contact time and initial Mg?* concentration on sorption
were also investigated to find the optimum conditions for
the sorption process. Moreover, the kinetics, isotherms
and thermodynamics for the sorption of Mg on resin
were also studied. Besides, experiments were carried out
to evaluate the removal efficiency in wet-process phos-
phoric acid for providing important theoretical guidance
and technical support in the purification of wet-process
phosphoric acid.

2. Materials and methods
2.1. Materials

All chemicals were analytical reagent grade. Phosphoric
acid solutions were diluted from pure phosphoric acid, and
dissolving with magnesium oxide. The following chemicals
were employed: magnesium oxide (MgO), sulfuric acid
(H,SO,), phosphoric acid (H,PO,).

This research was performed using the commercially
available ion exchange resin (001X7)732 as provided by
Kelong Co., Ltd (Sichuan, China), and this resin is classified
as a strongly acidic styrene type cation resin with sulfonic
acid functional group. Details of ion exchange resins used
in this work are given in Table 1. The resin was conditioned
with the following procedure: First, the resin was soaked
in 20% sulfuric acid to remove the organic and inorganic
impurities. Then, washed with deionized water by method
of pumping filtration, this process was carried out until the
filtrate becomes clear. Finally, the resin was transferred to a
beaker and then dried at 80°C for 24 h. After this, the resin
was stored in the beaker covered with preservative film
until needed.

2.2. Analytical methods

The Fourier transform infrared (FT-IR) spectrum of the
resin was obtained as follow: the resin powder and KBr
were mixed uniformly and prepared a tablet of the mixture,
the mass ratio of KBr to sample was 100. Nicolet 6700 spec-
trophotometer (USA) within the range of 500-4000 cm™.
The concentration of Mg?* in the solution was determined
by inductively coupled plasma optical emission spectrom-
etry (ICP-OES). The measurements were performed using
a Perkin Elmer Optima 7000DV. The calibration range was
between 0.2 mg/L and 10 mg/L. Samples over the range of
the standards were diluted to be within range.

Table 1
Basic physical and chemical properties of (001X7)732 resin

Properties Index
Type Strongly acidic cation
Moisture content (%) 45-55
Total exchange capacity/mmol-g™* >4.35

Particle size range (0.315-1.25 mm) (%) >95
Grinding ball rate (%) >90

Functional group -SO,H

2.3. Batch experiments

The effects of various parameters on the removal effi-
ciency of Mg** from phosphoric acid solutions to resin were
carried out at different conditions respectively. In all exper-
iments 190 mL of phosphoric solution was poured into the
batch reactor and kept in a water bath with magnetic stir-
ring with 120 rpm for 40 min to equilibrium.

In order to reduce the temperature impact, the phos-
phoric acid solution and resin were preheated to the prede-
termined temperature before experiment. Aqueous phase
was added to the resin. Samples were withdrawn from the
solutions at regular intervals of time with 1 g at each size.
13 samples were taken in each experiment but the system
was treated as being at constant mass in evaluating results
as there is no significant change in mass. Each experiment
was carried out three times and the average values were
taken as the results.

The calculation of the sorption capacity (g, mg/g) and
the removal efficiency (E) is given by the mass-balance
equation:

0= (CO —Cf)V (1)
' M
E=5=C L 100% ()

0

where C, is the initial magnesium concentration in the solu-
tion (mg/L), and C, is the magnesium concentration at time
t (mg/L), respectively. V is the volume of solution (L), and
M is the resin amount (g).

3. Results and discussions
3.1. Effects of resin dosage

The amount of adsorbent is one of the important factors
in the sorption process [12]. The effect of resin dosage on the
removal of Mg* was studied at different dosages (30, 50, 70
and 90 g) by keeping the reaction time at 40 min and ini-
tial Mg** concentration at 9.1 g/L. Fig. 1 shows the sorption
process was rapid during the initial minutes and equilib-
rium was reached after 20 min. The fast sorption rate at the
initial stage indicates the presence of freely accessible ion
exchange sites on resin surface. Moreover, with the increase
of resin dosage, the removal efficiency of Mg?>* increases
while the amount of Mg?* adsorbed per unit mass of the
resin particles decreases. The increase of removal efficiency
is due to the increase of the resin dosage resulted in a larger
exchangeable area for sorption. However, the observed
decrease in the Mg?** uptake per gram of resin particles is
possibly due to more un-reacted ion exchange sites was
produced during the sorption process when the Mg** con-
centration was fixed.

3.2. Effects of temperature on sorption

Effects of reaction temperature on the Mg?* sorption
process were investigated in the different reaction tem-
peratures (30, 40, 50, and 60°C) under the sorption time of
40 min. Sorption process can be affected by temperature
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Fig. 1. Bffect of resin dosage (a) on magnesium removal from solution (b) on sorption capacity. V=190 mL, T = 30°C, C = 9.1 g/L.
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Fig. 2. Effect of temperature (a) on magnesium removal from solution (b) on sorption capacity. V=190 mL, M =50 g, C,= 9.1 g/L.

in different ways depending on the exothermic or endo-
thermic nature of the process. The results presented in
Fig. 2 show the removal efficiency and sorption capacity
upon the entire studied temperature range. The removal
efficiency increases with increasing temperature, indicat-
ing that the sorption process is endothermic process. In
addition, a higher sorption capacity at higher tempera-
ture can be attributed to the higher diffusion rate of the
ions and more active sites due to the expansion of the
resin [13].

3.3. Effects of initial Mg** concentration

To determine the sorption capacity of Mg*, the effects
of initial Mg?* concentration was studied in the range of
45-11.3 g/L. As shown in Fig. 3, the equilibrium sorp-
tion capacity of Mg?* increases with increase of the initial
Mg?* concentration. This is due to higher magnesium con-
centration can provide greater mass transfer driving force
and improve the probability of collisions between magne-

sium ions and active sites. However, the removal efficiency
decrease with the increase of initial Mg** concentration,
which is mainly because of the sorption capacity is fixed for
a certain amount of resin.

3.4. Kinetic models

In order to study the mechanism of sorption process,
Lagergren’s pseudo first-order and Ho’s pseudo second-or-
der sorption kinetic models were used to evaluate the
behavior of sorption and ion exchange processes.

The pseudo-first-order kinetic model proposed by
Lagergren is shown as follows:

dg B
E - kl (qe ‘1:) (3)

where g, and g, are the Mg* concentrations (mg/g) in the
solid phases after time ¢ and at equilibrium, respectively,
and k, (min™) is the first order rate constant. Integrating Eq.
(3) with respect to boundary conditions ¢t =0 to t = ¢ and
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Fig. 3. Effect of initial Mg?** concentration (a) on magnesium removal from solution (b) on sorption capacity. V=190mL, M=50g, T = 30°C.

Table 2

Parameters for sorption kinetics of Mg?* to resin using different sorption models

C,/gL™? q,/mg-g! Pseudo-first-order Pseudo-second-order Intra-particle diffusion
(exp) k,/min? ¢ /mg-g? R? k,/g-mg!-min™ q,/mg-g’ R? k,/mg-g-min'? R?

4.5 13.9 0.2658 47 0.8906 0.1770 14.1 0.9994 1.0876 0.7420

6.8 17.6 0.2283 6.3 0.8737 0.1135 18.0 0.9991 1.6174 0.6415

9.1 229 0.2170 9.7 0.8781 0.0710 23.4 0.9989 2.2646 0.7884

11.3 24.3 0.3597 9.7 0.9294 0.1291 24.7 0.9997 1.6245 0.7090

g,= 0 to q,= g, Eq. (4) are obtained. The integrated form is
expressed as [14]:

In(q, - q,)=In(q,) -kt

If the rate of sorption is a second-order mechanism,
Ho’s [15] pseudo-second-order model can also be used:
dq

0o k(7. -4,)

(4)

©)

Here, k, is the second order rate constant (g-mg™"-min™").

By means of integration, this equation can be rearranged as:
t 1 t

——— = (6)
a k. 4.

The pore diffusion model is proposed by Weber and
Morris [16]. In the intra-particle diffusion model, it is
assumed that the sorption capacity varies almost propor-
tionally with #'/? and the model is usually given as [17-19]:

@)

constant

g, =kt"*+C
where k is the intra-particle diffusion
(mg-g''min'/?) and C is the constant.

The relevant values of the parameters and correlation
coefficients obtained from the experimental data were
shown in Table 2. From the values of R? the pseudo-sec-
ond-order model fits the experimental data best, which
indicate that the sorption mechanism is chemisorption.

3.5. Sorption isotherm
3.5.1. Langmuir model

The Langmuir isotherm is a universally applica-
ble model for sorption on a fully homogeneous surface
where the interaction between adsorbed molecules can be
neglected. The model assumes uniform sorption energies
on the surface and the maximum sorption depends on sat-
uration level of monolayer [20]. The Langmuir sorption iso-
therm can be expressed as [21]:

Seo sy ®

qc quL qm

where q,(mg-g™) is the amount of Mg?* adsorbed per gram
of resin at equilibrium, C is the equilibrium concentration
of Mg? in the solution (mg-L™), g, (mg-g™") is the maxi-
mum amount of Mg?* per unit weight of resin for complete
monolayer coverage and K, (L-mg™) is the Langmuir iso-
therm constant, respectively. The value of g, and K, were
calculated from the intercept and slope of the plots of C/
g,vs.C,

3.5.2. Freundlich model

The Freundlich model is known as an empirical equa-
tion which is applied for non-ideal and reversible sorption
and also can be used for multilayer sorption with non-uni-
form distribution of sorption affinities and heat over het-
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erogeneous surfaces [22]. The linear form of the isotherm is
given by the following equation [23]:

1n<qg>=%1n(ce)+1n<1<f> )

where g, is the amount of Mg** adsorbed per gram of resin
at equilibrium (mg-g™), C,is the equilibrium concentration
of Mg*" in the solution (mg-L™), K, and n are the Freundlich
constants which indicate the sorption capacity and measure
of the deviation from linearity, respectively.

The K. and n (Table 3) parameters were evaluated from
the intercept and slope of the linear plots of In(g,) vs. In(C),
respectively. The values of R?are higher for Langmuir iso-
therm which confirms the better applicability of this model.

3.6. Thermodynamics study

The thermodynamic parameters provide in-depth infor-
mation on energetic changes that are associated with sorp-
tion, including the Gibbs free energy AG (at equilibrium),
the enthalpy change AH, and entropy change AS (sorption
process), which can be estimated by the following equation
[24,25]:

AG=-RTInK. (10)
InK, =—£+A—S (11)
RT R

where R is the ideal gas constant [8.314 J-mol™K™], T is
the Kelvin temperature. The values of AH and AS could be
obtained as the slope and intercept of the plot between In K.
and 1/T. The equilibrium constant K. is determined at each
temperature using the following equation [26,27]:

C
K. =—f
cC

e

(12)

where C, and C, are the equilibrium concentrations of Mg
on the adsorbent and in the solution, respectively.

The calculated thermodynamic parameters are shown
in Table 4. AG values are negative at various temperatures,

Table 3
Isotherm constants for Mg?* sorption by (001X7)732 resin
Langmuir Freundlich
q,(mgg’) K (L-g") R? K/(mgg') n R?
28.6 0.012 0.96 11.7 1102 091
Table 4

Values of thermodynamic parameters for the sorption process

T/K AG/KJ-mol™! AH/KJ-mol™ AS/J-mol-K*!
303 -0.82 4.80 18.65

313 -1.10

323 -1.23

333 -1.39

confirming the sorption is spontaneous. The value of AG
becomes more negative as temperature increases, indicat-
ing the sorption is more effective at higher temperature. The
positive values of AS suggest an increased randomness at
the solid-liquid interface during sorption process [28].

The temperature dependence of most reactions can be
determined by the Arrhenius equation [29]:

E
Ink, =ln A — —= (13)
n > n RT

where k, is the pseudo-second-order kinetic equation rate
constant, E_is the activation energy and R and A are the
ideal gas constant and Arrhenius factor, respectively.

Plotting In k, vs. 1/T and the slope of the plot gives the
E /R value, as shown in Fig. 4. The activation energy of the
ion exchange reaction is calculated as 32.54 k] /mol and the
temperature has little effect on the exchange reaction, which
indicates that the ion exchange is controlled by diffusion.
As indicated previously, energy of activation below 50 kJ/
mol generally indicated a film and particle diffusion-con-
trolled process, and higher values represented chemical
reaction processes [30].

3.7. Characterization of the resin
3.7.1. Analysis of SEM/EDS

Fig. 5 shows the resin before sorption, a relatively large
amount of sulfur is detected, which demonstrate the resin
is sulfonic type.

Fig. 6 shows the resin after sorption for 30 min at 30°C.
The peaks of magnesium are detected after sorption, indi-
cating that magnesium is adsorbed into the resin.

3.7.2. Analysis of FT-IR spectrum

The FT-IR spectrum of before and after sorption are given
in Fig. 7. The broad peak around 3,421 cm™ corresponds to
the O-H stretching mode. The stretching vibration of C=C
bond is observed at peak 1,673 cm™. The peak observed at
1,400 cm™ indicates the deformation vibration of C-H. The

y=-3914.25x+10.499

R’ =0.887
-1.6

In(K,)

-2.0 1

-2.4

300 305 310 345 320 325 330
1000T" (K™

Fig. 4. Plot of In k,against 1/T.
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i 400um '

Fig. 5. SEM/EDS pattern of resin before sorption.

500um ¥

Fig. 6. SEM/EDS pattern of resin after sorption.

founds of three sharp peaks at 1,126 cm™, 1,037 cm™ and
1,008 cm™ are due to SO, symmetric stretching [31]. The
peaks at 833 cm™ and 678 cm™ are related to SO. It is also
apparent from Fig. 12 that after sorption of Mg?**, the inten-
sity and position of several peaks (3,421 cm™, 1,037 cm™ and
678 cm™) had been changed. This indicates that Mg** was
removed though displacement reaction with -SO,H. These
results of FT-IR confirm that the resin is a strongly acidic
cation resin with sulfonic acid functional group and the
Mg?** was removed by resin from phosphoric acid.

3.7.3. Analysis of XPS

The elemental compositions of the ion exchange resin
before and after sorption was analyzed by XPS. Fig. 8
shows full-range XPS of the ion exchange resin. There was
no significant difference before and after sorption, except
for the peak of magnesium after sorption. It can be seen
from Fig. 8 that the two predominant peaks at 51.31 eV and
62.57 eV could be assigned to Mg2p and Mg2s [32], which

O
C
H Ca
Ag—
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0 2 4 6 8 10
Energy-keV
S
LL Ca
| S | |ﬁ‘ T Yo T o | LT T T T 7
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are the typical characteristics of magnesium, indicating
that magnesium is adsorbed on the resin. Additionally, the
Ols, Cls, S2s, S2p peaks further verify that the resin is sul-
fonic type, which is in good agreement with the EDS and
FTIR results.

3.7.4. Analysis of TG

The thermal behavior of the resin after and before sorp-
tion was evaluated by thermogravimetric analysis (TGA)
under an air atmosphere. As seen in Fig. 9, the continuous
weight losses from room temperature to 340°C and 340°C
to 760°C are easy to observe, and the weight has gradually
lost as the increasing temperature, with total weight loss
of 83.27%. The weight loss before 340°C may be attributed
to the interlayer water and volatile materials in the sam-
ple. The second stage of weight loss above 340°C should
be attributed to the destruction of resin skeleton structure
and the decomposition of sulfonic acid functional group
[33]. The residual mass of the resin become invariable when
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Fig. 9. TGA spectrum of resin after and before sorption. Opera-
tive condition: air flow, heating rate 10°C/min.

Table 5
Removal efficiency of metal ions in wet-process phosphoric acid

P,0,% Mg>*% Ca*%
Before 24.75 0.53 0.07
After 24.03 0.07 0.01
Efficiency 86.8 85.7

the temperature increasing to 760°C, indicating the com-
pletely decomposed sample and the relevant metal oxides
is formed at the same time. The final residue of the resin
after sorption is 16.73%, higher than the resin before sorp-
tion at 6.08%, it is shown that magnesium does exist in the
resin after sorption.

3.8. Remowval efficiency of WPA

Experiments were carried out to evaluate the removal
efficiency of resin in wet-process phosphoric acid. The
phosphoric acid was supported by Yuntianhua Co., Ltd
(Yunnan, China). The result presents in Table 5 shows that
this resin has a good removal efficiency of Mg*, the removal
efficiency of Mg* reaches up to 86.8%, and low phosphorus
loss. It may be concluded that (001X7)732 resin could be a
suitable candidate for the removal of Mg*in wet-process
phosphoric acid.

4. Conclusions

In this study, utilization of a strongly acidic cation-ex-
change resin for the removal of Mg*" from the phosphoric
acid was investigated. The equilibrium of ion exchange is
established within 20 min, while more than 90% Mg is
absorbed. The removal of Mg* increases with increasing
resin dosage, contact time and initial Mg* concentration,
and decreasing with reaction temperature. The kinetics of
the process is well described using the pseudo-second-or-
der kinetic equation better than pseudo-first-order kinetic
equation. The sorption of Mg?** by resin has a consistency
of the Langmuir isotherm, and the maximum sorption
capacity was calculated about 28.6 mg/g using Langmuir
isotherm model. The activation energy was calculated to be
32.54 k] /mol. The nature of sorption process is feasible and
spontaneous due to negative values of AG. In addition, the
resin before and after sorption was characterized by means
of SEM/EDS, FTIR, XPS and TGA, the results indicate mag-
nesium is adsorbed on the resin. Moreover, the removal effi-
ciency of resin in wet-process phosphoric acid reaches up
to 86.8%, and low phosphorus loss. Based on the results of
the present work, the (001X7)732 resin could be a suitable
candidate for the removal of Mg* from wet-process phos-
phoric acid.
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