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A B S T R A C T

The modeling of Yen Phu (Vietnam) xenotime concentrate leaching by sulfuric acid was studied for the purpose
of optimizing the process. The response surface methodology (RSM) based on a central composite face-centered
(CCF) design was empirically used to model the interactive effect of the independent variables, namely leaching
temperatures of 250–450 °C, acid/concentrate (acid/conc.) mass ratios of 0.8–1.8, and leaching times of 2–6 h,
on the dependent response, namely the leaching yield. And a CCF model for the leaching of the concentrate was
proposed that exhibited good consistency with the experimental data. The shrinking core models for spherical
particles of constant size based on the Arrhenius equation were empirically used to study the kinetics of the
leaching. The activation energies calculated from the kinetic models for the chemical reaction and diffusion rate
stages have the same value of 17.3 kJ·mol−1, which fitted well to a mixed control model of the chemical reaction
followed by a diffusion stage at leaching temperatures in the range of 473–593 K. The kinetic studies of the
leaching indicated that the leaching percent rate (or leaching yield) is controlled by the leaching temperature.
The optimization of the leaching process was estimated by analyzing the contributions of the coefficients of the
CCF model to the leaching yield. The results indicated that the effect of leaching temperature on leaching yield is
the strongest; it is five times higher than that of the acid/conc. Mass ratio and four times higher than that of the
leaching time. The effects of acid/concentration mass ratio and leaching time on leaching yield are insignificant.
In addition, the optimum data for leaching are as follows: the leaching temperature, acid/conc. Mass ratio, and
leaching time are 320 °C, 1.3, and 4 h, respectively. The proposed CCF model and kinetic study suggested that
the optimization of the Yen Phu xenotime concentrate leaching is controlled by the leaching temperature; and
the CCF model can potentially be applied in the commercial operation of Yen Phu xenotime concentrate leaching
after pilot tests on 50 kg dry concentrate per batch.

1. Introduction

Rare earths (REs) are found in minerals such as monazite, bast-
naesite, cerite, xenotime, gadolinite, fergusonite, allanite, and sa-
marskite in commercially exploitable quantities. Only these three mi-
nerals contain a significant amount of REs: bastnaesite (La,Ce)FCO3,
monazite (La,Ce,Y,Th)PO4, and xenotime YPO4 (xenotime is the third

most important source of REs). The former is rich in light REs
(Lanthanum, Cerium, Praseodymium and Neodymium), and the two
letters contain all the REs from Lanthanum to Lutetium and Yttrium
(Jha et al., 2016; Gupta and Krishnamurthy, 2005; Jordens et al., 2013;
Sadri et al., 2017a, 2017b; Xie et al., 2014; Kanazawa and Kamitani,
2006; Innocenzi et al., 2014; John et al., 2019). However, monazite is
highly radioactive (Kumari et al., 2015; Zhu et al., 2015; Panda et al.,
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2014); so, medium REs (samarium, europium and gadolinium) and
heavy REs (terbium, dysprosium, holmium, erbium, thulium, ytter-
bium, lutetium and yttrium) have been extracted mainly from xenotime
(Innocenzi et al., 2014; Pamela et al., 1998; Vijayalakshmi et al., 2001;
Kuzmin et al., 2012; El Hady et al., 2016).

Various processing routes have been developed to recover REs. After
mining and grinding, the ore is beneficiated by flotation, magnetic, or
gravity methods to produce RE concentrates (Jordens et al., 2013) that
subsequently undergo acid leaching or caustic cracking; the impurities
are removed from the leachate to recover total RE oxides (TREO) or
compounds (Jha et al., 2016; Gupta and Krishnamurthy, 2005; Sadri
et al., 2017a, 2017b) that separate and purify the total RE oxides or
compounds to obtain individual RE metals of high grade and com-
mercial value (Jha et al., 2016; Xie et al., 2014).

There are two industrial methods for the leaching of xenotime,
namely acid leaching (Jha et al., 2016; Gupta and Krishnamurthy,
2005; Pamela et al., 1998; Vijayalakshmi et al., 2001; Kuzmin et al.,
2012; Vladimir et al., 2012; John et al., 2019) and caustic cracking (Jha
et al., 2016; Gupta and Krishnamurthy, 2005; Sadri et al., 2017a,
2017b; Berry et al., 2017; Xu et al., 2012). The leaching of xenotime by
the latter method requires an implementation under a pressure of
several atmospheres; for example, in autoclave equipment, to obtain a
high leaching yield (Jha et al., 2016; Gupta and Krishnamurthy, 2005;
Kumari et al., 2015), thereby limiting the method for large-scale de-
velopment. The former method, however, has been developed on an
industrial scale in many countries (Jha et al., 2016; Gupta and
Krishnamurthy, 2005; Pamela et al., 1998; Vijayalakshmi et al., 2001;
Kuzmin et al., 2012; John et al., 2019).

Pyrometallurgy has also been widely used in the treatment process
of high-grade RE concentrate, but this method is gradually losing its
competitiveness in the treatment of low-grade RE concentrate owing to
the difficulty of treating small amounts, its high energy consumption,
and the many environmental pollutants and additional burdens asso-
ciated with environmental treatment. Meanwhile, hydrometallurgy
(leaching) is an effective technology for recovering REs from low-grade
RE concentrate because it offers advantages that include selective
leaching by appropriate solvents, low processing cost, and relatively
low pollutant generation (Kim et al., 2014; Jha et al., 2016; Gupta and
Krishnamurthy, 2005; Feng et al., 2013).

Technologies used in the leaching of xenotime in particular and RE
minerals in general have been reviewed in detail by Jha et al. (2016),
Kumari et al. (2015), Sadri et al. (2017a, 2017b), Innocenzi et al.
(2014), and John et al. (2019). The acid leaching for xenotime break-
down involves attacking with concentrated (98%) sulfuric acid at
250–300 °C for several hours. The REs, iron (Fe), thorium (Th), and
uranium (U) are converted to soluble sulfates during the sulfuric acid
leaching. The major reaction includes (Jha et al., 2016; Gupta and
Krishnamurthy, 2005):

+ → +2REPO 3H SO RE (SO ) 2H PO4 2 4

t ~300 C

2 4 3 3 4

o o

(1)

The major side reactions include (Jha et al., 2016; Gupta and
Krishnamurthy, 2005):

+ + → + ↑2U O O 6H SO 6UO SO 6H O3 8 2 2 4

t ~300 C

2 4 2

o o

(2)

+ → + ↑ThO 2H SO Th(SO ) 2H O2 2 4

t ~300 C

4 2 2

o o

(3)

+ → + ↑Fe O 3H SO Fe (SO ) 3H O2 3 2 4

t ~300 C

2 4 3 2

o o

(4)

+ → + ↑Al O 3H SO Al (SO ) 3H O2 3 2 4

t ~300 C

2 4 3 2

o o

(5)

After the completion of the acid leaching process, almost all the REs
are solubilized by water (Jha et al., 2016; Gupta and Krishnamurthy,
2005; John et al., 2019; Pamela et al., 1998; Vijayalakshmi et al., 2001;
Wang et al., 2017; Sadri et al., 2017a, 2017b). The sulfate solution is
purified to remove impurities before it can be taken for separation (Jha

et al., 2016; Feng et al., 2013; Yoon et al., 2016). Generally, the acid/
conc. Mass ratio lies between 1/1 and 2/1 dependence upon the grade
of the RE mineral concentrate and the gangue minerals in the con-
centrate. Acid consumption will increase if the iron mineral content in
the concentrate is high. In addition, acid consumption is affected by
leaching temperature and time (Jha et al., 2016; Gupta and
Krishnamurthy, 2005; John et al., 2019).

An important prerequisite for optimizing this process involves
finding quantitative relationships between the leaching yield and the
technological parameters. Generally, parameters affecting the leaching
of RE concentrates are as follows: (1) the acid/concentration mass ratio
parameter (the variable group representing the composition of the
concentrate) and (2) the leaching parameters (the variable group re-
presenting the mineralogical features of the concentrate) (Jha et al.,
2016; Gupta and Krishnamurthy, 2005; John et al., 2019). Tradition-
ally, optimization in chemical engineering has been performed by
analyzing the influence of one factor on an experimental response while
only one parameter is changed and the others are kept constant. This
optimization technique is known as a single-variable optimization de-
sign. Its major drawback is that it does not include the interactive ef-
fects among the variables studied. Consequently, this technique fails to
identify the complete effects of the parameter on the response (Bezerra
et al., 2008; Anderson and Whitcomb, 2016). Single-variable optimi-
zation increases the number of experiments required to conduct the
research; this leads to an increase in time taken, incurred expenses, and
consumption of reagents and materials. To overcome this problem, the
response surface methodology (RSM) has attracted considerable atten-
tion as a collection of mathematical and statistical techniques that can
be used for analyzing the effects of several independent variables and
for assessing the relationships among the response values and the in-
dependent variables. The theory and steps for the application of RSM
were detailed by Bezerra et al. (2008) and Anderson and Whitcomb
(2016). In comparison with the traditional methods, RSM offers many
advantages: it is more economical, it requires a lower number of ex-
periments, it studies the interactions among the parameters and re-
sponse, it predicts the response, and it checks the adequacy of the
method (Hung et al., 2017, 2018; Bezerra et al., 2008; Anderson and
Whitcomb, 2016). When a response or a set of responses of interest are
influenced by several variables, RSM can be applied effectively. The
objective is to simultaneously optimize the levels of these variables to
achieve the best system performance. The successful application of RSM
to study optimization in chemical-engineering has been well docu-
mented (Hung et al., 2017, 2018; Ha et al., 2014; Haldorai et al., 2015;
Chen et al., 2012; Jain et al., 2011; Iqbal et al., 2016; Mourabet et al.,
2017, 2015; Rodrigues et al., 2012). To the best of our knowledge, no
study has been conducted based on the leaching of RE concentrate
using RSM. In this study, the RSM based on CCF design was empirically
use to study and model the interactive effects of the technological
parameters (independent variables) on RE recovery (dependent re-
sponse). The leaching temperature, acid/conc. Mass ratio, and leaching
time were selected as the three main influential factors, and the
leaching yield was the response value (Hung et al., 2017, 2018). Fi-
nally, the leaching process was optimized using the regression model.

The Yen Phu mine is located in the Yen Phu village, Van Yen dis-
trict, Yen Bai province, Vietnam; it is approximately 200 km away from
Hanoi as shown in Fig. 1; it is one of the four highly promising RE
mining locations in Vietnam; the others include Dong Pao and Nam Xe
(bastnaesite), and Muong Hum (monazite) as shown in Fig. 1. Yen Phu
mine is rich in high-value commercial RE metals such as Neodymium
(Nd) and especially Dysprosium (Dy), Terbium (Tb), and Yttrium (Y);
the total RE2O3 reserves of the Yen Phu mine is approximately 31,700
metric tons with 900 metric tons, 300 metric tons, and 7000 metric tons
of Dy, Tb, and Y metal reserves, respectively. Additionally, the mine is
relatively rich in niobium ore; but the high radioactivity of the ore is a
drawback. Therefore, studies based on the comprehensive processing of
Yen Phu xenotime concentrate to produce commercially feasible RE
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metals are important.
In this study, the modeling of sulfuric acid leaching of Yen Phu

xenotime concentrate was reported for optimizing the process.
Shrinking core models for spherical particles of constant size based on
the Arrhenius equation are empirically used to study the kinetics of
leaching the Yen Phu xenotime concentrate. The leaching rate depen-
dence upon time at the leaching temperatures are calculated from the
CCF model and experimentally retested. The obtained data are used to
calculate the activation energies of the leaching based on kinetic
models of the chemical reaction stage or diffusion stage. The leaching
mechanism described based on the calculated activation energies and
leaching rate is also discussed to optimize the leaching parameters.

2. Materials and methods

2.1. Materials

The Yen Phu xenotime concentrate was supplied by Sunny Group

Joint-stock Company (the company that owns the Yen Phu mine). The
element content in the concentrate is presented in Table 1. The sulfuric
acid consumption required for leaching the concentrate was theoreti-
cally calculated from the RE metal content and other contents in the
concentrate as shown in Table 1. From Table 1, the acid mass to sul-
fatize RE metals and other contents in 100 g of the concentrate were
~20 g and ~77 g of concentrated (98%) sulfuric acid, respectively.
Thus, the theoretic acid/conc. Mass ratio was approximately 1.

Various characteristics of the original and processed concentrates
were examined by the scanning electron microscope (SEM) method for
particle morphology and the laser scattering method for particle size
distribution. The micrograph of the original concentrate, as shown in
Fig. 2 (A), shows that particles of the original concentrate are spherical
in shape. The particle size distribution of the original concentrate is
shown in Fig. 2 (B).

Concentrated (98%) sulfuric acid of analytical purity was used to
study the modeling and kinetic of the concentrate leaching.

2.2. Experiments

The study based on Yen Phu xenotime concentrate leaching was
conducted in a rotary tube furnace (Nabertherm, Germany) as shown in
Fig. 3 (A); and the rotational speed was fixed at 6 rpm (rpm), which was
obtained from our preliminary experiments of the effect of rotational
speed on the leaching yield. Experiments were performed at a labora-
tory scale; a total of 1000 g of dry concentrate was considered for each
experiment. Five replications for each experiment were performed. A

Table 1 The compositions of Yen Phu xenotime concentrate.

S·N RE
metals

Concentration
content,in %

RE content,
in %

S·N Other
metals

Concentration
content, in %

1 La 1.41 8.70 1 Fe 9.54
2 Ce 2.85 17.58 2 Si 13.29
3 Pr 0.20 1.23 3 Al 1.50
4 Nd 2.72 16.78 4 Mn 0.19
5 Sm 0.53 3.27 5 K 0.14
6 Eu 0.06 0.37 6 Na 0.07
7 Gd 0.65 4.01 7 Ti 0.15
8 Tb 0.04 0.25 8 Mg 6.00
9 Dy 0.87 5.37 9 Ca 1.00
10 Ho 0.06 0.37 10 Cu 0.10
11 Er 0.77 4.75 11 Ta 0.002
12 Tm 0.19 1.17 12 Nb 0.05
13 Yb 0.43 2.65 13 Th 0.17
14 Lu 0.06 0.37 14 U 0.04
15 Y 5.37 33.13
Total RE

metals
16.21 100

Total RE
oxides

19.42 100

S·N is serial number.

Table 2 Central composite rotatable design arrangement and results.

Run Independent variables Responses

Coded levels Real values Experimental⁎(Actual),in % Calculated(Predicted),in %

X1 X2 X3 Leaching temperature,in oC Acid/conc. Mass ratio,in wt./wt. Leaching time, in h

1 −1 −1 −1 250 0.8 2 78.6 80.0
2 1 −1 -1 450 0.8 2 58.3 55.4
3 -1 1 -1 250 1.8 2 88.1 87.3
4 1 1 -1 450 1.8 2 66.9 67.1
5 -1 -1 1 250 0.8 6 83.7 83.6
6 1 -1 1 450 0.8 6 55.6 56.6
7 -1 1 1 250 1.8 6 94.1 94.6
8 1 1 1 450 1.8 6 70.8 69.5
9 -1 0 0 250 1.3 4 93.6 92.5
10 1 0 0 450 1.3 4 68.3 68.9
11 0 -1 0 350 0.8 4 88.7 86.8
12 0 1 0 350 1.8 4 95.4 96.9
13 0 0 -1 350 1.3 2 93.6 93.3
14 0 0 1 350 1.3 6 96.4 96.3
15 0 0 0 350 1.3 4 97.2 96.4
16 0 0 0 350 1.3 4 94.8 96.4
17 0 0 0 350 1.3 4 95.3 96.4
18 0 0 0 350 1.3 4 96.9 96.4
19 0 0 0 350 1.3 4 96.7 96.4
20 0 0 0 350 1.3 4 96.5 96.4

*Experimental mean of five replications per batch.

Table 3 Estimated regression coefficients for sequential model.

Source Coefficient Standard error p-value

Model 96.3818 0.46125 1.55E-19
X1 −11.82 0.424289 8.24E-11
X2 5.03999 0.424289 3.21E-07
X3 1.51 0.424289 0.005191
X1

2
−15.6546 0.809087 2.97E-09

X2
2

−4.55453 0.809087 0.000219
X3

2
−1.60455 0.809087 0.075475

X1X2 0.4875 0.474369 0.328316
X1X3 −1.2375 0.474369 0.026098
X2X3 0.937495 0.474369 0.076341
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procedure for each leaching experiment was as follows:
i. Sample preparation: A dry concentrate of 1000 g and a given

weight of concentrated (98%) sulfuric acid of analytical purity were
placed in a ceramic tube with an inner diameter of 90mm and a length
of 500mm as shown in Fig. 3 (B). After the mixture was mixed for 2 h
using a laboratory self-made mixer in a fume hood, the tube was placed
in the rotary tube furnace.

ii. Leaching of the concentrate: The leaching process was conducted
at temperatures of 200–650 °C, acid/conc. Mass ratios of 0.8–1.8 for
2–6 h. After the completion of the leaching experiment, the leached
concentrate was dissolved in deionized water then kept for 2 h at room

temperature. Subsequently, the solid-liquid mixture was filtrated and
washed. The RE sulfate supernatant and solid residue (the processed
concentrate) were collected separately.

iii. Analysis of the REs: RE contents in the RE sulfate solution and
the solid residue as well as in the concentrate were determined by the
inductive coupled plasma optical emission spectrometer (ICP-OES,
Horiba, Japan). The leaching yield (or the leaching rate) of the con-
centrate was calculated from the total RE contents in the original (in-
itial) concentrate and in the solid residue after leaching as follows:

=
−

×Leaching yield (%)
Initial total REs Total REs in residue

Initial total REs
100

A satisfactory mass balance was obtained for each leaching experi-
ment.

The morphologies and particle size distributions of the original and
processed concentrate particles were analyzed by the SEM (JEOL-
IT100LV, Horiba, Japan) and laser scattering (PARTICA LA-960,
Horiba, Japan) methods.

2.3. Modeling

Method of modeling and statistical design of experiments on a CCF
design (in RSM) improved by Box and Hunter was empirically used
(Hung et al., 2017, 2018) for modeling the Yen Phu xenotime con-
centrate leaching. The leaching yield (Y, %) was considered the de-
pendent response, and the leaching temperature (X1,

oC), acid/conc.
Mass ratio (X2, wt./wt.), and leaching time (X3, h) were considered
independent variables (factors). The variables' levels in coded and ac-
tual values are presented in Table 2. The total number of required ex-
perimental runs was 2k+2k+n0=20, where k is the number of
factors (k= 3) and n0 is the number of replications at the center points
(n0=6). Experimental matrix in the planning experimental region is
also presented in Table 2. The experimental results were also entered
into the MODDE 5.0 software to fit the model by multiple linear re-
gressions. The CCF regression model can be described in the form given
in Eq. (6).

Table 4 Data obtained from − − =1 (1 η) k t
1
3 c .

Parameters 473 K (200 °C) 513 K (240 °C) 553 K (280 °C) 593 K (320 °C)

kc, in s−1 5E-06 7E-06 1E-05 1E-05
R2 0.9896 0.9898 0.9918 0.9959

Table 5 Data obtained from − − + − =1 3(1 η) 2(1 η) k t
2
3 d .

Parameters 473 K (200 °C) 513 K (240 °C) 553 K (280 °C) 593 K (320 °C)

kd, in s−1 7E-06 1E-05 2E-05 2E-05
R2 0.9917 0.9962 0.9938 0.9940

Table 6 The predicted yields of the concentrate at various acid/conc. Mass
ratios and leaching times (the leaching temperature of 320 °C).

Acid/conc. Mass ratio Yields, in %

3 h 3.5 h 4 h 4.5 h 5 h

1.2 96.1 96.9 97.4 97.7 97.8
1.3 97.2 98.0 98.5 98.9 99.1
1.4 97.9 98.9 99.3 99.7 99.9
1.5 98.2 99.3 99.7 100 100
1.6 98.2 99.3 99.8 100 100

Fig. 1. The RE mines in Vietnam (A) and the google map of Yen Phu mine (B).
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2
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where,Y is the dependent response;b0 is the constant coefficient;bi, bii
and bij are the linear, quadratic, and interaction coefficients, re-
spectively;Xi and Xj are the coded values of the independent varia-
bles;XiXj and Xi

2 represent the interaction and quadratic terms, re-
spectively.

The analyses of variance (ANOVA) and response surface plots were
performed using the MODDE software (version 5.0, Umetrics Inc.,
Sweden). The optimum conditions were estimated through regression
analysis and response surface plots of the independent variables and
each dependent response.

For studying the kinetics of Yen Phu xenotime concentrate leaching,
the shrinking core models for spherical particles of constant size based
on the Arrhenius equation were empirically used. The data of the
leaching rate dependence upon time at the leaching temperatures were
calculated from the CCF model and experimentally retested. The data
were entered into the kinetic models of the chemical reaction stage or

diffusion stage to calculate the activation energies of the leaching. The
leaching mechanisms are described based on the calculated activation
energies and leaching rate versus time plots at the leaching tempera-
tures.

3. Results and discussions

3.1. Determining the planning experimental region

A CCF design in RSM can model the linear, quadratic, and interac-
tion effects of the independent variables on the dependent response; so,
a model based on the CCF design would help in accurately describing
the overall leaching. Before using the CCF design in RSM to model the
leaching, experimental studies based on the effects of the independent
variables on the dependent response must be performed to determine a
planning experimental region.

The studies based on the effects of temperature on leaching yield
were conducted at a fixed acid/conc. Mass ratio of 1.4 and leaching
time of 2 h. The results indicated that the leaching yields of the

Fig. 2. The SEM photograph (A) and particle size distribution (B) of the original concentrate.

Fig. 3. The rotary tube furnace (A), the ceramic rotary tube (B) and the rotary furnace test plant (C).
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concentrate at temperatures of 200 °C, 230 °C, 250 °C and 300 °C in-
creased by 77.9 ± 1.1%, 91.5 ± 1.9%, 95.6 ± 0.8%, and
97.9 ± 0.4%, respectively; however, at temperatures of 350 °C, 450 °C,
550 °C and 650 °C, the leaching yields decreased by 95.6 ± 0.9%,
65.6%, 53.2%, and 19.9%, respectively. Thus, the leaching yields reach

the maximum values at temperatures of 250–300 °C and decrease as the
temperature exceeds the range.

The studies based on the effects of acid/conc. Mass ratios on the

Fig. 4. The effects of factors on the leaching yield of the concentrate.

Fig. 5. Linear correlation between calculated and experimental values for the
leaching of the concentrate.

Fig. 6. The SEM photograph (A) and particle size distribution (B) of the processed concentrate.

Fig. 7. Plot of the leaching percent rate vs. time at the leaching temperatures
(the acid/conc. Mass ratio of 1.3).
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leaching yield were conducted at a fixed leaching temperature of 250 °C
and leaching time of 2 h. The results indicated that the leaching yields
of the concentrate at acid/conc. Mass ratios of 0.8, 1.0, 1.2, 1.4, 1.6,
and 1.8 were 83.7 ± 0.5%, 89.3 ± 0.5%, 95.2 ± 1.0%,
95.7 ± 0.8%, 96.4 ± 0.3%, and 95.5 ± 0.3%, respectively. Thus, the
leaching yields reach maximum values at ratios of 1.2–1.4 and remain
unchanged at the ratios exceeding 1.4.

The studies based on the effects of leaching times on the leaching
yield were conducted at fixed acid/conc. Mass ratios of 1.2–1.4 and
leaching temperature of 250 °C. The results indicated that the leaching
yields of the concentrate at time spans of 2 h, 3 h, and 4 h were
92.9 ± 1.8%, 95.9 ± 1.6%, and 96.4 ± 1.4%, respectively. Thus, the
leaching yields reach maximum values at the time span of 3–4 h.

The studies based on the effect of leaching temperature, acid/conc.
Mass ratio, and leaching time on the leaching yield of Yen Phu xeno-
time concentrate are shown in Fig. 4. From the results, the planned
experimental region was determined as follows: leaching temperatures
250–450 °C, acid/conc. Mass ratios 0.8–1.8, and leaching times 2–6 h;
and the experimental studies for the modeling the leaching were con-
ducted in this planned experimental region.

3.2. Modeling the leaching of Yen Phu xenotime concentrate

The effects of the independent variables, namely leaching tem-
perature 250–450 °C, acid/conc. Mass ratio 0.8–1.8, and leaching time
2–6 h, on the dependent response, namely the leaching yield of Yen Phu
xenotime concentrate, were studied based on a CCF design. The

quadratic model coded as Y for the leaching yield of the concentrate
was selected as suggested by the MODDE 5.0 software. The independent
variables in the CCF model (leaching temperature, acid/conc. Mass
ratio, and leaching time) were coded as X1, X2, and X3, respectively; the
high, center and low levels of Xi are 1, 0 and− 1, respectively, as
shown in Table 2. The results of 20 experimental runs are presented in
Table 2. The results were also entered into the MODDE 5.0 software to
fit the model by multiple linear regressions.

To check the adequacy of the quadratic model, a significance test
and ANOVA were employed for the leaching of the concentrate. All
estimated regression coefficients and their 95% confidence intervals of
model fitting are summarized in Table 3. The probability values (p-
values) of b3

2 (of X3
2), b12 (of X1X2), and b23 (of X2X3) coefficients

(underlined numbers in Table 3) were greater than 0.05, thereby in-
dicating insignificant confidence levels; hence, they were rejected. The
accuracy and variability of the above model can be evaluated by the
coefficient of determination (R2), and it was calculated to be 0.99,
thereby showing that the variability of the response is at a 99% con-
fidence level, and the model fails to explain only 1% of the total var-
iation. The results of ANOVA consisting of p-value, sum of square, mean
square, model significance (F-value), and degree of freedom show that
the p-value for the regression model was less than 0.05, thereby in-
dicating that the model terms were significant at 95% confidence level;
thus, the model is statistically good. The p-value of the lack of fit im-
plies that the probability of lack of fit is not significant at the 0.05%
level. Statistically, the model has no lack of fit.

The calculated versus experimental plot for the leaching yield of the

Fig. 8. Plot of − −1 (1 η)
1
3 vs. time at various temperatures (A) and the Arrhenius plot of chemical reaction stage (B).

Fig. 9. Plot of − − + −1 3(1 η) 2(1 η)
2
3 vs. the time at the various temperatures (A) and the Arrhenius plot of diffusion stage (B).
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concentrate is shown in Fig. 5. It shows that the experimental results
are distributed relatively close to a straight line; and there is a good
agreement between the calculated (predicted) and experimental (ac-
tual) results. Thus, the CCF model for the leaching of the concentrate is
consistent with the experimental data. The final calculated equation for
the leaching yield of Yen Phu xenotime concentrate that incorporates
the coded coefficients is.

= × + × + ×Y (%) 96.4–11.8 5.0 1.5 –15.7X –4.6X –1. 2X X1 2 3 1
2

2
2

1 3 (7)

3.3. Calculating the kinetics of Yen Phu xenotime concentrate leaching

A study based on the kinetics of any chemical reaction is an essential
part of designing a chemical process. Most leaching processes are re-
actions between liquid and solid phases. The Yen Phu xenotime con-
centrate leaching system includes the concentrate in a solid phase and
sulfuric acid in a liquid phase. The micrograph of the original con-
centrate in Fig. 2 (A) shows that the solid phase characteristics are
spherical. Consequently, it was suggested that the kinetic study of
concentrate leaching by sulfuric acid can be used for shrinking core
models (Levenspiel, 2003; Schmidt, 2005). The successful application

of a shrinking core model for spherical particles of constant size to the
kinetics of RE leaching by sulfuric acid has been well documented (Jha
et al., 2013, 2012; Kim et al., 2014; Feng et al., 2013; Li et al., 2013,
2017; Huang et al., 2017). On the other hand, the SEM photographs of
the original and processed concentrate as shown in Figs. 2 (A) and 6 (A)
show spherical particles, and the particle size distributions of the ori-
ginal and processed concentrates as shown in Figs. 2 (B) and 6 (B)
maintained the same approximate size after the leaching reaction. Thus,
the kinetics of Yen Phu xenotime concentrate leaching was analyzed
using the shrinking core models for spherical particles of constant size
(Jha et al., 2013, 2012; Kim et al., 2014). Generally, the leaching ki-
netics were described by a two-stage model of a chemical reaction,
followed by a diffusion stage (Jha et al., 2013, 2012; Kim et al., 2014;
Feng et al., 2013; Li et al., 2013, 2017; Huang et al., 2017). The kinetic
model for the chemical reaction stage may be expressed as follows (Jha
et al., 2013, 2012; Kim et al., 2014):

− − =1 (1 η) k t,c
1
3 (8)

where η (%) is the leaching rate of the concentrate, kc (s
−1) represents

the rate constant of the chemical reaction stage, and t (s) is the reaction
time.

Fig. 10. Contours of the leaching temperature vs. the acid/conc. Mass ratio on the leaching yield of Yen Phu xenotime concentrate at 2 h (A) and at 6 h level of the
leaching times (B).

Fig. 11. Contours of the leaching temperature vs. the acid/conc. Mass ratio on the leaching yield of Yen Phu xenotime concentrate at 4 h level of the leaching time (A)
and predictive plot that shown the effect of the leaching temperature on the leaching yield of Yen Phu xenotime concentrate at the center level of the acid/conc. Mass
ratio and the leaching times of 2 h (a), 4 h (b), 6 h (c) (B).
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For diffusion-controlled reactions, there are many kinetic models
(Dickinson and Heal, 1999; Órfão and Martins, 2002). The reaction rate
can be expressed in terms of the diffusion rate of sulfuric acid through
the layers as shown in Eq. (9) (Jha et al., 2013; Kim et al., 2014):

− − + − =1 3(1 η) 2(1 η) k td
2
3 (9)

where kd in s−1 represents the rate constant of the diffusion stage.
The CCF model, represented by Eq. (7), indicated that the tem-

perature range for concentrate leaching must be from 473 K (200 °C) to
593 K (320 °C). Therefore, the study based on the kinetics of leaching
was conducted for this temperature range, and the leaching rate data of
the concentrate dependence upon time at the leaching temperatures
were calculated by the CCF model represented by Eq. (7). The data were
experimentally retested and then fitted into the kinetic model for the
chemical reaction stage and the diffusion stage according to Eq. (8) and
Eq. (9), respectively. Fig. 7 presents the leaching rate of the Yen Phu
xenotime concentrate versus time at leaching temperature range of
473–593 K (200–320 °C).

Fig. 8 (A) shows the results that were analyzed by the equation of
the interfacial reaction kinetic model, as shown in Eq. (8). Based on this
equation, the rate constant (kc) can be calculated by the least square
method at various leaching temperatures as shown in Fig. 8 (A). The
data obtained from the regression by Eq. (8) are presented in Table 4.

The kinetic constants presented in Table 4 are derived by Eq. (10)
that is also known as the Arrhenius equation, and the results are shown
in Fig. 8 (B).

= −lnk lnA
E

RT
,

(10)

where k is the reaction rate constant, A is the frequency factor, R is the
gas constant, T is the thermodynamic temperature, and E is the acti-
vation energy. The Arrhenius plot of lnk versus 1

T
is shown in Fig. 8 (B).

According to the Arrhenius equation,− E

R
is the slope of the straight line

in Fig. 8 (B). Hence, the activation energy (E) can be calculated from
Fig. 8 (B) and Eq. (10). As a result, in the chemical reaction stage, the
activation energy E obtained from the slope shown in Fig. 8 was
17.3 kJ·mol−1.

Based on Eq. (9), the rate constants (kd) were calculated by the least
square method as shown in Fig. 9 (A). Data obtained from the regres-
sion by Eq. (9) are presented in Table 5. Similarly, in the diffusion stage,
the activation energy obtained from the slope shown in Fig. 9 (B) was
17.3 kJ·mol−1. Thus, the activation energies calculated by the two ki-
netic models are the same. They are relatively smaller than those shown
in the study based on leaching reaction kinetics of Baotou (China) RE
concentrate with concentrated sulfuric acid at low temperatures,
wherein the Baotou RE concentrate was a mixture of bastnaesite
(REFCO3) and xenotime (REPO4) with the ratio of the concentrations of
REFCO3 and REPO4 being in the range 6:4 to 8:2 (Wang et al., 2010).
Thus, the activation energy implies that the reaction rate is controlled
by a mixed control model for the chemical reaction followed by the
diffusion stage at the leaching temperature range of 473 K to 593 K.
Fig. 7 shows that the REs in the concentrate are initially leached out
after the chemical reaction; then, the leaching rate became slow. Fig. 6
(B) shows that the particle size of the processed concentrate retained
the same approximate size after the leaching. This result indicates that
the concentrate has layers of reaction products, and they resist the
leaching process; consequently, the reaction rate is controlled by dif-
fusion through the layer. Thus, the diffusion of the liquid sulfuric acid
reactant through the layer into the solid concentrate core and its re-
action with LnPO4 to leach the Yen Phu xenotime concentrate, as in Eq.
(1), is the rate-determining step for the leaching. The kinetic study of
the leaching suggests technological methods to reduce the influence of
this limiting stage, including decreasing the particle size of the con-
centrate to decrease the volume of the layer and, mixing and heating
the leaching to increase diffusion rate.

3.4. Optimizing the Yen Phu xenotime concentrate leaching

Optimizing the leaching of the concentrate that is intended to be
applied into a larger scale involves not only finding the best condition
for the highest yield, but also considering the trade-off with other im-
portantly consequent factors such as energy consumption, chemical
consumption, and further waste treatment. When a predictive model
used to describe the process, the variables that appear in the predictive
model are required to be able to adjust so as to satisfy the best overall
performance, such as cost, yield, profit, etc. From the studies in Section
3.1 and 3.2, the predictive (CCF) model was proposed that exhibited
good consistency with the experimental data. The CCF model can help
in investigating the interactive effects of the independent variables
(leaching temperature, acid ratio, and leaching time) on the dependent
response (leaching yield). On the other hand, the studies based on ki-
netic model (in Section 3.3) can also help in determining the factor that
mainly controls the leaching. In these sections, the studies based on
modeling and kinetic of the leaching are combined in order to accu-
rately describe the leaching and to find the parameters to be applied,
which may satisfy the overall consideration of up-scaling the process.

From proposed CCF model as shown in Eq. (7), to study the inter-
active relationship among the independent variables and the dependent
response, the corresponding contour and response surface plots of the
regression model were obtained using the MODDE 5.0 software. The
shapes of the response surfaces and contour plots indicate the nature
and extent of the interactions of the different components as shown in
Figs. 10 and 11. Fig. 11 (A) demonstrates the effects of the leaching
temperature (X1) and acid/conc. Mass ratio (X2) on the leaching yield of
Yen Phu xenotime concentrate for a leaching time of 4 h.

According to Figs. 10 and 11, the leaching yield is highly favored
when the leaching temperature is maintained between 250 °C and
320 °C at a given acid/conc. Mass ratio. Additionally, it can be observed
that the leaching yield increases initially and reaches a maximum level
at the leaching temperature of 320 °C (level of X1=−0.3); this is a
result of the positive effects of the linear coefficient b1 (of X1) at the X1

level of minus, as shown in Eq. (7). Then, the leaching yield decreases at
a leaching temperature exceeding 320 °C; this is a result of the negative
effects of linear coefficient b1 (of X1) at the X1 level of plus, as shown in
Eq. (7). It is clear that the optimum leaching temperature for Yen Phu
xenotime concentrate is 320 °C as shown in Figs. 10 and 11. On the
other hand, it can also be seen from Eq. (7) that contributions from the
linear coefficient b1 (of X1) and quadratic coefficient b1

2 (of X1
2) on Y

were calculated at b0+2% at leaching temperatures in the range of
250 °C to 320 °C.

A optimum leaching temperature (X1) of 320 °C has the level of
X1=−0.3; substituting X1=−0.3 into Eq. (7) gives.

= + × + × ×Y (%) 98.5 5.0 1.5 –4.6X –0.42 3 2
2

3 (11)

It can be seen from Eq. (11) that the contributions of the linear
coefficient b2 (of X2) and quadratic coefficient b2

2 (of X2
2) on Y were

0.4% at acid/conc. Mass ratios in the range of 1.3 to 1.8. This means
that the leaching yield only increases from 98.5% up to 98.9% at acid/
conc. Mass ratios from 1.3 to 1.8. It can also be seen from Eq. (11) that
the contributions of the linear coefficient b3 (of X3) and interaction
coefficient b13 (of X1X3) on Y were 98.5 ± 0.5% at leaching times in
the range of 3 h to 5 h. Thus, the effects of acid/conc. Mass ratio and
leaching time on the leaching yield are insignificant at the optimum
leaching temperature of 320 °C.

The above assessments of the contributions of Xi to Y indicate that
the effect of leaching temperature (X1) on the leaching yield (Y) is the
strongest; it is five times higher than that of X2 on Y and four times
higher than that of X3 on Y. It is suggested that the optimization of
leaching is controlled by the leaching temperature. Moreover, the ki-
netic study provided the same result; the leaching rate (or leaching
yield) is also controlled by the leaching temperature.
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The leaching yields at the temperature of 320 °C at various acid/
conc. Mass ratios and leaching times calculated from Eq. (7) are pre-
sented in Table 6. Considering the energy consumption, low chemical
consumption, further waste treatment, and better leaching yield, the
optimum data from the Yen Phu xenotime concentrate leaching ana-
lyzed by the CCF model are as follows: the leaching temperature, acid/
conc. Mass ratio, and leaching time are 320 °C, 1.3, and 4 h, respec-
tively.

The optimum data were tested at a pilot scale on 50 kg dry con-
centrate per batch using a rotary furnace test plant (Rotary kiln type
simulator, Japan) as shown in Fig. 3 (C) to further test the promise of
the model. The satisfactory results of the testing showed the potential of
the model to be applied in commercial leaching operations.

4. Conclusions

The Yen Phu xenotime concentrate leaching was modeled using the
RSM based on a CCF design. The proposed CCF model exhibited good
consistency with the experimental data. Based on the CCF model,
leaching rate data dependence upon time at the leaching temperatures
were calculated. The obtained data were then used to determine the
activation energy of concentrate leaching using the shrinking core
models for spherical particles of a constant size. The resulting activation
energies fitted well to a mixed control model of the chemical reaction
followed by a diffusion stage. The study of the kinetics suggested the
leaching mechanism and technological methods to reduce the influence
of the limiting stages. On the other hand, the modeling suggests that the
leaching temperature contributes the most to the leaching yield.
Considering the energy consumption, chemical consumption, further
waste treatment, and leaching yield, the Yen Phu xenotime concentrate
leaching parameters were optimized. The proposed CCF model can
potentially be applied in commercial leaching after the pilot test; and it
can contribute to the development of technologies for the comprehen-
sive processing of Yen Phu xenotime concentrate to produce commer-
cially feasible Nd, Dy, Tb, and Y.
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