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a b s t r a c t
Adsorption of Ca2+ and Mg2+ ions from phosphoric acid-nitric acid solution using strong acid cation 
resin 001 × 7 has been carried out through fixed bed column and the effects of the dynamic operational 
parameters, including the feed flow rate, bed height, metal ion concentration, and nitric acid concen-
tration were investigated. Experimental results reveal that the flow rate should be fed at 1 mL·min–1, 
and the increasing bed height can enhance greatly treatment ability, even for the increasing concentra-
tion metal ions. 7 mol·L–1 nitric acid solution with the least consumption volume can effectively regen-
erate the spent resin. Moreover, the dynamic adsorption and elution process remain the steady-status 
operation during the 10 consecutive processes, which indicates the proposed desalination process is 
promising for practical application in industrial production of NP fertilizer.
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1. Introduction

Nitrophosphate (NP) fertilizer, as an efficient nitrogen 
and phosphorus donator, plays important roles in agriculture 
[1,2]. One common production technology known as 
the Odds process includes the following steps (Fig. S1): 
digestion of phosphate rock (Ca10(PO4)6(OH, F)2) with nitric 
acid, separation of acid-insolubles, cooling crystallization, 
separation of calcium nitrate, mother liquor (the major 
ingredients: phosphoric acid and nitric acid) neutralization 
with ammonia gas, evaporation of slurry, granulation, 
drying, and post-processing of the product [3–5]. Mother 
liquor neutralization is an important and very complex step 
in the process of NP fertilizer. The metal ions, particularly 

Ca2+ and Mg2+ ions, existed in the mother liquor always cause 
many problems [6–8], for example, aggravating viscosity 
of liquor, increasing the operational difficulty and running 
cost, reducing the water solubility of fertilizer. Therefore, it is 
very necessary to remove Ca2+ and Mg2+ ions from the mother 
liquor in the viewpoint of the process requirement as well as 
fertilizer utilization.

Several methods have been used for the removal of 
Ca2+ and Mg2+ ions such as precipitation [9], extraction 
[10,11], membrane separation [12], and adsorption [13]. 
One of the most important methods is adsorption, because 
of its simple operation, good cycling stability, and easy 
post treatment [13,14]. Adsorption by the various organic 
and inorganic polymers such as synthetic resin [15,16], 
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carbon materials [17], zeolite [18,19], modified sand [20], 
and nano-sized hydrogels [21], has been reported. However, 
for the removal of metal ions from acid solution, strong 
acid cation (SAC) resin with large adsorption capacity and 
favorable adsorption characteristic will show the greater 
potential [22–25]. By means of this material, Ca2+ and Mg2+ 
ions considered as the impurities could be removed from the 
mother liquor and then eluted by the suitable regeneration 
solution, which thus achieves the consecutive recycling 
operation. Furthermore, the nitric acid solution can be 
designed as the regeneration solution due to its availability in 
NP fertilizer plant, and when the regeneration ability of the 
nitric acid solution is exhausted, the solution containing the 
soluble Ca2+ and Mg2+ ions can be used for the production of 
another fertilizer, such as calcium ammonium nitrate fertilizer 
[26,27]. For practical purposes, this desalination unit will be 
significant, because the purification of the mother liquor by 
SAC resin is really an environment-friendly process, not only 
solving the troublesome of the neutralization process due to 
the presence of metal ions, but also promoting the production 
of water-soluble fertilizers. Therefore, the removal of Ca2+ 
and Mg2+ ions by SAC resin will have great prospects in the 
production of NP fertilizer.

Knudsen first proposed the method using the ion 
exchange resin as the new production technology for the 
NPK fertilizer [28]. Lim and Jørgensen reported a study on 
modeling, simulation, and optimization to the ion-exchange 
simulated-moving-bed process for the production of NPK fer-
tilizer [29]. Nevertheless, for the application of SAC resin on 
the production of NP fertilizer, especially removal of Ca2+ and 
Mg2+ ions from the mother liquor, the study concerning the 
adsorption equilibrium and the effect of operational param-
eters has not yet been reported systematically. In our batch 
experiments the SAC resin 001 × 7 exhibited good adsorp-
tion property for Ca2+ and Mg2+ ions in phosphoric acid-nitric 
acid solution, but batch operation is less convenient for the 
scale-up industrial application, especially for the removal of 
massive Ca2+ and Mg2+ ions. Alternatively, column run is often 
preferable because of its high yield, excellent recyclability, and 
ease of operation and handling [30,31]. However, the design 
and optimization of the fixed bed column cannot be readily 
obtained from the adsorption equilibrium based on batch 
study [31]. The effect of operational parameters including 
the flow rate, bed height and initial ion concentration on the 
breakthrough characteristics should be further investigated.

Moreover, effective regeneration of saturated resin is 
another key aspect to guarantee the maximum possible oper-
ational capability for desalination process using SAC resin 
[32]. In this study, nitric acid solution was chosen and used 
for the regeneration of spent resin column based on practical 
considerations. And in order to economize the consumption 
of nitric acid solution and facilitate its post-treatment, the 
scientific investigation about the effect of the regeneration 
solution volume and the nitric acid concentration is neces-
sary for the removal of Ca2+ and Mg2+ ions from phosphoric 
acid-nitric acid solution by SAC resin.

Therefore, the aim of this study is to evaluate the 
performance of 001 × 7 resin on the removal of Ca2+ and Mg2+ 
ions from phosphoric acid-nitric acid solution through the 
fixed bed column. First, the dynamic removal of metal ions at 
different operational parameters was performed, including 

the feed flow rate, bed height, and initial ion concentration, 
and Thomas model was used to model the breakthrough 
curves of the resin column. Subsequently, the effect of the 
nitric acid concentration and regeneration solution volume 
on the elution curves for spent resin column was investigated. 
Final, the consecutive adsorption-elution process was 
designed and run 10 cycles to provide the reliable basic data 
for practical applications of NP fertilizer process.

2. Experimental setup

2.1. Materials and chemicals

The SAC resin 001 × 7 was obtained from Tianjin Fu Chen 
Chemical Reagent Factory of China and its specifications were 
shown in Table. S1. Prior to use, the resin was firstly dipped 
in deionized water for 24 h, then in 4 wt% NaOH solution for 
4 h, and finally in 4 wt% HNO3 solution for 4 h, respectively, 
and after each dip, resin was washed with deionized water 
until the resulting water became neutral, and finally dipped 
in deionized water.

The synthetic acidic solutions, that were phosphoric 
acid-nitric acid solutions containing certain Ca2+ and Mg2+ 
ions, were prepared by the analytical grade Ca(NO3)2·4H2O, 
Mg(NO3)2·6H2O, 65 wt% HNO3, and 85 wt% H3PO4, pre-
senting a series of synthetic acidic solutions containing 
1.1 mol·L–1 HNO3, 4.4 mol·L–1 H3PO4, certain Ca2+ ion concen-
tration (0.15~0.35 mol·L–1), and certain Mg2+ ion concentration 
(0.15~0.35 mol·L–1).The regeneration solutions were nitric 
acid solutions and were prepared by diluting 65 wt% HNO3 
with different amount of deionized water.

2.2. Dynamic removal of metal ions

The adsorptive removal of single Ca2+ ion and single 
Mg2+ ion from synthetic phosphoric acid-nitric acid solu-
tion was carried out in a series of 2 cm inner diameter glass 
columns with different resin bed heights. The pretreated 
fresh resin was first loaded into the column and then the 
synthetic acidic solution was passed through the column 
upward. Experiments were conducted at different flow 
rate of synthetic acidic solution (0.5, 1, and 3 mL·min–1), 
bed height (15, 25, and 35 cm), and initial ion concentration 
(0.15, 0.25 and 0.35 mol·L–1). The flow rate was controlled 
using a peristaltic pump (SHENCHEN, Lab 2015). Samples 
in the outlet of column were taken at the pre-set time 
intervals and analyzed for metal ions concentration using 
atomic-adsorption spectrophotometer (AAS-990).

2.3. Regeneration of spent resin

The regeneration study using the nitric acid solution at 
different concentrations (1~11 mol·L–1) was conducted in the 
glass column (internal diameter: 2 cm, length: 50 cm) packing 
with 100 g resin. First, the synthetic acidic solution with 
0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion was passed 
through the fresh resin column upward at 1 mL·min–1 flow rate 
and then the deionized water was fed to the top of the column 
to rinse the synthetic acidic solution retained. Afterward, the 
nitric acid solution was flowed through the column in up-flow 
mode at 1 mL·min–1 flow rate. The samples in the effluent were 
taken at regular intervals and analyzed with AAS.
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2.4. Consecutive adsorption-elution process

Consecutive adsorption-elution studies were performed 
in the glass column (internal diameter: 2 cm, length: 50 cm) 
packing with 100 g resin, as described below:

1.	 The synthetic acidic solution with 0.25 mol·L–1 Ca2+ ion 
and 0.25 mol·L–1 Mg2+ ion was passed through the column 
upward at 1 mL·min–1 flow rate. The samples in the effluent 
were taken at regular intervals and analyzed with AAS.

2.	 The deionized water was fed to the top of the column to 
rinse the synthetic acidic solution retained.

3.	 The 7 mol·L–1 nitric acid solution was then flowed through 
the column in up-flow mode at 1 mL·min–1 flow rate. The 
samples in the effluent were taken at regular intervals 
and analyzed with AAS.

4.	 The deionized water was fed to the top of the column to 
rinse the nitric acid solution retained and adjust pH to 
neutral. After that, the resin column was ready for the 
next adsorption process.

2.5. Modeling of dynamic adsorption process

Thomas model was used to predict the breakthrough 
curve of metal ions in the effluent. This model assumes that 
the adsorption process matches the Langmuir isotherm and 
the second-order reversible reaction kinetics, and no axial 
dispersion occurs [33,34]. The model can be represented 
by Eq. (1):
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where C0 is the inlet metal concentration (mol·L–1), C is the 
outlet concentration at different effluent volume, kT is the 
Thomas rate constant (L·(mol·min)–1), Q is the volumetric 
flow rate (mL·min–1), q0 is the maximum adsorption capacity 
of metal ion per unit mass of resin (mmol·g–1), W is the 
resin dosage in the fixed bed column (g), Vout is the effluent 
volume (mL).

3. Results and discussion

3.1. Effect of the operational parameters on adsorption removal of 
single metal ion

Prior to the investigation, we first need to understand the 
effect of the feed flow mode on the breakthrough behaviors 
of single Ca2+ ion and single Mg2+ ion in the synthetic acidic 
solution through the fixed bed resin column. The result in 
Fig. S2 reveal that the adsorptive removal of metal ion in the 
up-flow mode provides the better performance. Thus, in 
the following experiments, the synthetic acidic solution was 
passed through the resin column upward as described in the 
experimental section 2.2.

The operational parameters of the dynamic desalination 
process are very important for the effective removal of ion 
from solution. In order to investigate the effect of operational 
parameters on the dynamic adsorption of single Ca2+ ion and 
single Mg2+ ion on resin from the synthetic acidic solution, 
three set experiments concerning the flow rate, bed height, 
and initial ion concentration were designed and the results 
are presented in Figs. 1–3. The breakthrough curves of metal 
ions were described by Thomas model and the calculated 
model parameters are listed in Table 1.

Fig. 1 and S3 show the effect of flow rate on the 
breakthrough curves. From Fig. S3 it can be seen that with 
the flow rate increasing the treatment rate of the resin col-
umn for the adsorption of metal ion in the synthetic acidic 
solution increases dramatically, but its adsorption efficiency 
presents the significant variation. As shown in Fig. 1, the 
break point (C/C0 > 0) of metal ions appears at the less 
volume while the saturation point (C/C0 = 1) appears at 
the larger volume. This is because when the flow rate is 
increased the residence time of the synthetic acidic solu-
tion in the resin column will decrease, which thus leads 
to less effective diffusion of metal ion on resin [16,35]. 
Nevertheless, the adsorption capacity q0 calculated by the 
Thomas model fitting merely presents the slight chang-
ing, 0.64~0.70 mmol·g–1 for Ca2+ ion and 0.57~0.64 mmol·g–1 
for Mg2+ ion. Based on these results, 1 mL·min–1 flow rate 
of synthetic acidic solution was chosen for the subsequent 
experiments in this study.
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Fig. 1. Breakthrough behaviors of single Ca2+ ion (a) and single Mg2+ ion (b) in the synthetic acidic solution at different feed flow rates, 
0.25 mol·L–1 of initial ion concentration, 25 cm bed height.
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The effect of bed height on the breakthrough curves is 
shown in Fig. 2. With resin column height increasing, the 
treatment ability of the resin column will greatly increase. 
As shown in Fig. 2, both the break point and the saturated 
point appear at the larger effluent volume. Meanwhile, the 
q0 values for the different bed height resin column almost not 
change (Table 1). These indicate the higher bed height as the 
result of the increasing resin packing dosage will provide a 
broadened mass transfer zone for the adsorption of metal 
ion, and the adsorption equilibrium of metal ion on resin do 
not be affected, which further suggests the applicability of 
the fixed bed column in the removal of massive Ca2+ and Mg2+ 
ions from the phosphoric acid-nitric acid solution.

The effect of initial ion concentration on the breakthrough 
curves is shown in Fig. 3. The results reveal that the treatment 
ability of the resin column will slightly reduce with the ini-
tial ion concentration increasing. Concretely, both the break 
point and the saturated point for the resin column occur at 
the less effluent volume. This is because the higher concen-
tration gradient of metal ion will generate the larger mass 
transfer driving force and thus make the exchange sites on 
resin exhausted earlier [36,37]. Furthermore, the q0 values 
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Fig. 2. Breakthrough behaviors of single Ca2+ ion (a) and single Mg2+ ion (b) in the synthetic acidic solution at different bed heights, 
1 mL·min–1 of flow rate, 0.25 mol·L–1 of initial ion concentration.
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Fig. 3. Breakthrough behaviors of single Ca2+ ion (a) and single Mg2+ ion (b) in the synthetic acidic solution at different initial metal ion 
concentrations, 1 mL·min–1 of flow rate, 25 cm bed height.

Table 1 
Fitting results of Thomas model for the dynamic removal of 
single Ca2+ ion and single Mg2+ ion from the synthetic acidic 
solution in fixed bed column at different operational parameters

Parameters R2 kT/L·(mol·min)–1 q0/mmol·g–1

Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+

Flow rate/ mL·min–1 (C0 = 0.25 mol·L–1, bed height = 25 cm)
0.5 0.998 0.989 0.20 0.14 0.70 0.64
1.0 0.999 0.999 0.23 0.17 0.69 0.61
3.0 0.999 0.996 0.35 0.33 0.64 0.57

Bed height/ cm (C0 = 0.25 mol·L-1, flow rate = 1 mL·min-1)
15 0.998 0.996 0.27 0.18 0.70 0.63
25 0.999 0.999 0.23 0.17 0.69 0.61
35 0.998 0.998 0.20 0.16 0.69 0.62

C0/ mol·L–1 (bed height = 25 cm, flow rate = 1 mL·min–1)
0.15 0.999 0.999 0.31 0.23 0.53 0.45
0.25 0.999 0.999 0.23 0.17 0.69 0.61
0.35 0.999 0.998 0.15 0.12 0.82 0.74
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also present a gradually increase as the initial metal ion 
concentration is increased (Table 1), which is because the 
increasing mass transfer driving force weaken the negative 
influence of acids and finally results in the greater number 
of covered exchange sites. Therefore, it can be concluded that 
with the metal ion concentration increasing the treated feed 
volume will decrease, but the adsorption quantities of metal 
ion on resin will increase.

The fitting results by Thomas model are very closely 
with the experimental data, and the correlation coefficients 
(R2) are larger than 0.99. Therefore, Thomas model is very 
suitable for describing our dynamic adsorption process of 
Ca2+ ion or Mg2+ ion on resin.

Besides, it should be noted that the resin column presents 
the higher treatment ability for Ca2+ ion than Mg2+ ion, both 
the break point and the saturated point occur at the larger 
effluent volume, and q0 values in Table 1 also present the 
higher values. This difference is due to the higher adsorption 
affinity of resin toward Ca2+ ion. Actually, the affinity of resin 
is toward metal ion with the greater ionic radius, which has 
the lower hydration energy and thus has the greater tendency 
to migrate into the resin [20,22].

3.2. Simultaneous adsorptive removal of Ca2+ and Mg2+ ions

Based on the earlier results, the simultaneous adsorptive 
removal of Ca2+ and Mg2+ ions from the synthetic acidic solution 
was studied and used to further testify the feasibility of the 
proposed desalination process for the practical application. 
The breakthrough characteristic of metal ions is shown 
in Fig. 4. As shown in Fig. 4(a), the successful adsorptive 
removal of metal ions from the synthetic acidic solution 
has been achieved, and compared with the breakthrough 
curves of single Ca2+ ion and single Mg2+ ion (Figs. 1–3), their 
respective breakthrough curves in Fig. 4(b) also display the 
better performance, both the break point and the saturated 
point appear at the larger effluent volume. The q0 values 
calculated by the Thomas model in Table 2 are in good con-
sistent with the observed breakthrough characteristic. The 
total q0 value of 0.93 mmol·g–1 in 100 g resin column is larger 
than the value of 0.69 or 0.61 mmol·g–1 for the adsorption 
of single metal ion in 50 g resin column (Table 1), while the 

respective q0 values of 0.49 and 0.44 mmol·g–1 for Ca2+ ion 
and Mg2+ ion in 100 g resin column are smaller than ones in 
50 g resin column, which mean the respective adsorption 
capacities of Ca2+ ion and Mg2+ ion in 100 g resin column are 
influenced by the interaction between these two ions, but 
the adsorption capacities of the total metal ions are larger. 
These results indicate that the proposed fixed bed resin col-
umn is able to undertake the removal of the massive Ca2+ 
and Mg2+ ions in the synthetic acidic solution. Hence in the 
subsequent experiments, including the regeneration process 
of spent resin column as well as the consecutive adsorp-
tion-elution process, the synthetic acidic solution containing 
0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion at 1 mL·min–1 
flow rate was employed to further evaluate the desalination 
performance of the designed resin column with 50 cm height 
and 100 g resin loading.

3.3. Regeneration of spent resin column

The effective regeneration of spent resin column is the 
key aspect to guarantee the consecutive operation for the 
proposed desalination process. Considering the availability 
of nitric acid in NP fertilizer plant, nitric acid solution was 
chosen as the regeneration solution. Prior to the regeneration, 
the effect of the feed flow mode of the nitric acid solution 
on the elution process was first investigated and shown in 
Fig. S4. The up-flow mode has the better performance for the 
desalination process, thus, in the subsequent experiments 
the regeneration solution was passed through the fixed bed 
column upward as described in the experimental section 2.3.
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Fig. 4. Breakthrough behaviors of the total metal ions of Ca2+ and Mg2+ (a) and the respective Ca2+ and Mg2+ (b) in the synthetic acidic 
solution, 1 mL·min–1 of flow rate, 0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion, 50 cm bed height.

Table 2 
Fitting results of Thomas model for the dynamic removal 
of Ca2+ and Mg2+ ions from the synthetic acidic solution in 
fixed bed column, 1 mL·min–1 of flow rate, 50 cm bed height, 
0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion

R2 kT / L·(mol·min)–1 q0/ mmol·g–1

Total Ca2+ Mg2+ Total Ca2+ Mg2+ Total Ca2+ Mg2+

0.998 0.998 0.998 0.09 0.18 0.20 0.93 0.49 0.44
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Nitric acid concentration has an important influence 
on the regeneration quality of spent resin, the following 
experiment was designed to study the effect of nitric acid 
concentrations (1~11 mol·L–1) on the regeneration of spent 
resin, and the elution curves are shown in Fig. 5 and the cor-
responding elution quantities of metal ions calculated by the 
elution curves are listed in Table 3. As shown in Table 3, the 
elution quantities of metal ions increase when the nitric acid 
concentration increases from 1 to 5 mol·L–1, but the elution 
quantities remain a little change while using the 5~11 mol·L–1 
nitric acid solution, this means that as long as the nitric 
acid concentration is controlled earlier 5 mol·L–1 the spent 
resin column can be efficiently regenerated. Besides, it can 
be found in Fig. 5(a) that the peak points of elution curve 
heighten with the nitric acid concentration increasing, and 
the elution volumes for the complete regeneration lessen. 
In Fig. 5(b), the peak points of elution curve almost remain 
unchanged while the elution volumes gradually increase 
a little bit. These indicate that the nitric acid concentration 
used in the regeneration process has a suitable value, that 
is 7 mol·L–1 nitric acid solution presents the stronger elution 
ability with the less regeneration solution volume. Thus, 
considering the more acceptable to the higher concentrated 
slurry for the post-treatment of exhausted nitric acid solu-
tion to produce ammonium nitrate fertilizer, in the consecu-
tive adsorption-elution process, 7 mol·L–1 nitric acid solution 
was chosen and used for the regeneration of the spent resin 
column. Besides, in order to prove the efficiency of elution 
process, SEM-EDX pattern and elemental mapping of resin 
bell before and after adsorption of Ca2+ and Mg2+ ions in syn-
thetic acidic solution, and after elution using 7 mol·L–1 nitric 
acid solution was conducted and is shown in Figs. S5–S7. The 
SEM-EDX patterns of three resin bells reveal that the elution 
process can effectively regenerate the spent resin and make it 
like the fresh resin.

3.4. Consecutive desalination process

The consecutive adsorption-elution process was 
carried out as described in the experimental section 2.4. 
The adsorption and elution quantities of metal ion in the 

consecutive process are shown in Fig. 6, and the breakthrough 
curves and elution curves are shown in Figs. S8 and S9. The 
results demonstrate that the adsorption and elution process 
of Ca2+ and Mg2+ ions remain the steady-status operation 
during the 10 consecutive cycles. As shown in Fig. 6, the 
adsorption quantities of metal ions by the resin column 
fluctuate in the range of 0.88~0.92 mmol·g–1 and the elution 
quantities of metal ions from the spent resin column undulate 
in the 0.81~0.95 mmol·g–1. Besides both the breakthrough 
and elution curves for the resin column remain the steady 
shape within the 10 consecutive operations. Therefore, the 
proposed desalination process is a reliable operation for 
the consecutive adsorption-elution of Ca2+ and Mg2+ ions 
from the synthetic acidic solution. In addition, the process 1 
including adsorption and elution presents some difference 
from the following 2~10 processes due to the effect of the 
resin status [38]. In adsorption process 1, some resin was 
still Na-type because of the insufficient pretreatment of the 
acid immersion for the original 001 × 7 resin. After elution 
process 1, the spent resin in fixed bed column completely was 
turned into H-type with the nitric acid solution regenerat-
ing and the Na-type resin was non-existent for the follow-up 
2~10 adsorption processes.

3.5. Working principle of the desalination process

The schematic illustration of the working principle for 
the proposed desalination process is shown in Fig. 7. The 
yellowish resin ball is first packed in the fixed bed column 
to carry out the desalination unit. In adsorption process, the 
synthetic acidic solution containing 0.25 mol·L–1 Ca2+ ion and 
0.25 mol·L–1 Mg2+ ion is continuously passed through the 
fixed bed column in the up-flow mode. After the resin in col-
umn is spent, 7 mol·L–1 nitric acid solution is continuously 
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Fig. 5. Regeneration of spent resin with different concentration nitric acid solutions, 1 mL·min–1 of flow rate, 50 cm bed height, 
0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion in synthetic acidic solution.

Table 3 
Elution quantities of metal ions calculated by the elution curves

Concentration (mol·L–1) 1 3 5 7 9 11
Elution quantities (mmol) 59.0 83.9 90.4 88.6 88.5 85.0
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flowed through the column in up-flow mode until the resin is 
completely regenerated. Afterward, the resin column is ready 
to be used for the next adsorption process. The recycling 
mechanism of resin for the consecutive adsorption-elution of 
Ca2+ and Mg2+ ions are expressed by following Eqs. (2) and (3):

M2+ + 2(RSO3)H → (RSO3)2M + 2H+� (2)

2H+ + (RSO3)2M → 2(RSO3)H + M2+� (3)

As shown in Eq. (2), for the adsorption process, the metal 
ions (M2+) in the synthetic acidic solution combine with the 
sulfonic acid group on resin (RSO3

+) and the two hydrogen 
ions are released. While in the elution process, as shown in 
Eq. (3), the hydrogen ion in the nitric acid solution displaces 
the metal ions adsorbed on resin and makes the spent resin 
turn into the active state for the next adsorption process, 
Fig. 7(c) shows the physical model image of resin working.

4. Conclusions

This study demonstrates that the strong acid cation 
exchange resin 001 × 7 has the potential to be applied in the 
removal of Ca2+ and Mg2+ ions from phosphoric acid-nitric 
acid solution through a fixed bed column due to its excellent 
adsorption-elution properties, and it almost unchanged 
dynamic adsorption-desorption curves during 10 consecutive 
adsorption-elution processes. For the synthetic acidic solution 
containing 0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion, 
the operating conditions of the adsorption process were 
of 1 mL·min–1 flow rate and up-flow mode of the synthetic 
acidic solution, 100 g resin in 50 cm height column with 2 cm 
inner diameter. Moreover, available nitric acid solution is a 
suitable and efficient regenerating liquid, the Ca2+ and Mg2+ 
ions adsorbed on the resin could be almost completely regen-
erated by 7 mol·L–1 of the nitric acid solution at 1 mL·min–1 of 
flow rate through the corresponding resin column.

Note that this study only introduced the Ca2+ and Mg2+ 
ions in the synthetic phosphoric acid-nitric acid solution. 
In fact there still is a small amount of Fe3+ and Al3+ ions in 
practical mother liquor. The influence of Fe3+ and Al3+ ions on 
the removal of Ca2+ and Mg2+ ions by SAC resin 001 × 7 will be 
investigated in our subsequent study.
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Symbols

C	 –	 Outlet concentration
C0	 –	 Inlet metal concentration
H	 –	 Hydrogen ion
kT	 –	 Thomas rate constant
M	 –	 Metal ions 
Q	 –	 Volumetric flow rate
q0	 –	� Maximum adsorption capacity of metal ion per unit 

mass of resin 

1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

A
ds

or
pt

io
n 

qu
an

tit
ie

s (
m

m
ol
⋅g

-1
)

Adsorption times

(a)

1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

El
ut

io
n 

qu
an

tit
ie

s (
m

m
ol
⋅g

-1
)

Elution times

(b)

Fig. 6. Adsorption (a) and elution (b) quantities of metal ions in 10 consecutive adsorption-elution process, 1 mL·min–1 of flow rate, 50 cm 
bed height, 0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion in synthetic acidic solution, 7 mol·L–1 of nitric acid regeneration solution.

Fig. 7. Schematic illustration of resin ball (a), fixed bed column 
(b), and the resin working principle for the consecutive 
adsorption-elution of Ca2+ and Mg2+ ions (c).
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RSO3	–	 Sulfonic acid group on resin
Vout	 –	 Effluent volume, mL
W	 –	 Resin dosage in the fixed bed column
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Supporting information

Fig. S1. Overall flow sheet of the Odda process.
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Fig. S2. Breakthrough behaviors of single Ca2+ ion (a) and single Mg2+ ion (b) in the synthetic acidic solution at different flow modes, 
1 mL·min–1 of flow rate, 0.25 mol·L–1 of initial ion concentration, 25 cm bed height.
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Fig. S3. Breakthrough behaviors of single Ca2+ ion (a) and single Mg2+ ion (b) in the synthetic acidic solution at different feed flow rates, 
0.25 mol·L–1 of initial ion concentration, 25 cm bed height.
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Fig. S4. Effect of the feed flow mode on the elution curves with 3 mol·L–1 of the nitric acid regeneration solution (a) and the following 
breakthrough curves of the total metal ion in the synthetic acidic solution with 0.25 mol·L–1 Ca2+ ion and 0.25 mol·L–1 Mg2+ ion 
(b), 1 mL·min–1 of flow rate, 50 cm bed height.

 

Fig. S5. SEM-EDX pattern and elemental mapping of original resin bell.
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Fig. S6. SEM-EDX pattern and elemental mapping of resin bell after adsorption of Ca2+ and Mg2+ ions in synthetic acidic solution.

 

Fig. S7. SEM-EDX pattern and elemental mapping of resin bell after elution by 7 molžL–1 HNO3 solution.
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Fig. S8. Breakthrough behaviors of the total metal ions in the synthetic acidic solution during 10 consecutive adsorption-elution 
process, 1 mL·min–1 of flow rate, 0.25 mol·L–1 Ca2+ and 0.25 mol·L–1 Mg2+, 50 cm bed height.
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Fig. S9. Elution behaviors of the total metal ion from the spent resin column during 10 consecutive adsorption-elution process, 
1 mL·min–1 of flow rate, 7 mol·L–1 of the nitric acid regeneration solution, 50 cm bed height.

Table S1 
Characteristics of strong acid cation resin 001 × 7 supplied by manufacturer

Characteristics Values

Matrix Styrene-divinylbenzene copolymer
Functional groups Sulphonates

Ionic form as shipped Na+

Total exchange capacity ≥1.8 equiv. L–1

Specific gravity 1.23–1.28

Moisture holding capacity 45%–55%

Particle size (0.3~1.2 mm) ≥95%

Maximum operating temperature 120°C
pH range 1~14


