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Abstract—Fundamental studies on the removal of metal impurities are essential for the production of nanosilica by
combustion. This study reports the leaching characteristics, leaching kinetics and occurrence form of the metal impuri-
ties present in rice husk based on acid pretreatment. Acid pretreatment removes most of the metal impurities present
in rice husk. In particular, 98 wt% removal of potassium can be reached. The acid concentration, leaching time and
reagent type have significant effects on the leaching of metal impurities, and optimal conditions exist for the acid pre-
treatment process. Furthermore, the leaching of metal impurities occurs through two stages, and parts of the metal
impurities exist in organic-bound form, which can be leached through ion exchange. The results show that the pseudo-
second-order model is suitable for describing the leaching kinetics of the metal impurities present in rice husk, and
empirical formulas for predicting the metal contents leached from rice husk during acid pretreatment at ambient tem-
perature are also obtained. Additionally, the different occurrence form and quantities of metal impurities in rice husk
lead to different leaching effects, which strongly influences the chemical properties and quality of the obtained silica

particles.
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INTRODUCTION

Rice husk is an abundant agricultural by-product in Asia. In China,
approximately 40 million tons of rice husk are produced each year
[1]. Silica is a valuable industrial raw material in various industrial
applications, such as the synthesis of industrial materials, cement
additives, absorbents and rubber reinforcements [2-6]. Rice husk
is a promising raw material for the preparation of silica because it
contains a large quantity of amorphous bio-silicon, and rice husk
ash (RHA) is the main type of silica particles obtained from burned
rice husk. Amorphous RHA with the highest chemical activity can
be obtained by the combustion or pyrolysis of rice husk at a low
temperature of 600-700 °C [7,8]. However, if the combustion tem-
perature is increased, the eutectic reaction between alkali metals,
especially potassium, and silica in rice husk occurs during the com-
bustion process and forms a low melting glass-like layer that cov-
ers the surface of the rice husk and hinders the further oxidation
of carbon. The conversion of amorphous silica to the crystalline
state is accelerated by the previous combustion conditions, which
results in crystalline RHA with a high carbon content as the final
product. In addition, the occurrence of metal and nonmetal impu-
rities also influences the purity of the silica in RHA [9].

Zevenhoven et al. [10] found that elements such as alkali met-
als and chlorine in biomass fuels not only affected the quality of the
ash, but also caused bed agglomeration and corrosion of the heated
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surface during fluidized bed combustion. The occurrence of metal
and nonmetal elements in biomass reduced the thermal conver-
sion efficiency and increased the maintenance costs of the com-
bustion reactors [11]. Thus, the content of metals, chloride and
other components in biomass must be reduced before utilizing bio-
mass fuels [12]. A chemical leaching pretreatment process was intro-
duced as an effective method for modifying biomass according to
the literature [13-15]. Similarly, chemical pretreatment helped to
improve the physicochemical properties of RHA by removing the
metal impurities present in rice husk [16-18].

Different grades of nanosilica ash can be obtained from the com-
bustion or pyrolysis of rice husk after various acid pretreatment pro-
cesses, which indicates that the acid pretreatment process effectively
removes the alkali metals and other metal impurities from rice
husk. The leaching ratio (leaching efficiency), an intuitive parame-
ter of metal removal, can directly reflect the quality of the result-
ing RHA to a certain degree, but this parameter is affected by the
pretreatment parameters, such as the acid type, acid concentration,
leaching temperature and leaching time. So far, no research has
been conducted on the leaching patterns of metal impurities in
rice husk during acid pretreatment. Furthermore, the occurrence
form and leaching mechanism of metal impurities in rice husk are
fundamental factors that determine the leaching of metal impuri-
ties during acid pretreatment. However, few studies reports a suit-
able explanation for the leaching mechanism and kinetics of metal
impurities in rice husk. All the above shortcomings prompt an in-
depth study on the leaching characteristics and mechanism of metal
impurities in rice husk during acid pretreatment so that the opti-
mum pretreatment conditions for industrial production can be
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determined.

Fundamental studies on the leaching characteristics of metal
impurities in rice husk during acid pretreatment are crucial as a
basis for the preparation of pure amorphous silica particles. Given
this fact, in this work, the acid pretreatment of rice husk was investi-
gated. In detail, the leaching components of acid solution were
quantified by inductively coupled plasma (ICP) emission spectros-
copy and ion chromatography (IC); the leaching characteristics of
the chemical components in rice husk were analyzed; the effects of
pretreatment parameters on the leaching characteristics of the major
metal impurities (K, Ca and Na) in rice husk were studied; the
leaching kinetics and mechanism of metal impurities were studied
by linear regression; and the occurrence form and proportion of
metal impurities in rice husk were obtained. All of these experiments
provided a theoretical basis for obtaining high quality nanosilica.

MATERIALS AND METHODS

1. Materials

Rice husk samples were collected from a rice processing plant
in Harbin, Heilongjiang Province, China. The raw materials were
first sieved to remove small particles and subsequently dried at
105°C in a drum wind drying oven for 2 h according to the national
standard (GB/T 28731-2012). The content of metal impurities in
the original rice husk is shown in Table 1, where K had the high-
est content (3.805 mg/g) followed by Ca. Therefore, K, Na and Ca
were the primary hindering species in the application of rice husk
combustion to produce nanosilica particles.
2. Acid Leaching Pretreatment

In the acid pretreatment experiments, 30 g of dried rice husk
was added to 500 mL of an acid solution for a certain duration at
ambient temperature with occasional stirring to remove the impu-
rities. The leaching times were 5, 10, 15, 30, 60, 120 and 180 min; the
stirring interval was 10 min; citric acid and sulfuric acid were cho-
sen as the reagents; and the concentrations of the reagents were
0.05, 0.1, 0.5, 1 and 1.5 mol/L. The leached rice husk was then fil-
tered and repeatedly washed with deionized water to eliminate the
soluble fractions. The as-prepared rice husks were finally dried at
105°C for 6 h in a drying oven and then collected. The acid leach-
ate and washing solution were filtered through a membrane (0.45
um) filter; the pH of the acid leachate was also measured, and the
leachate and washing solution were mixed and diluted to 1.5L to
determine the contents of metals and nonmetals and the total organic
carbon (TOC).
3. Analysis

The content of metal impurities in the original rice husk sample
was quantified by a digestion method and ICP emission spectros-
copy (Optima 5300DV, USA). The digestion process was conducted
as follows: Approximately 0.5 g of dried rice husk (<200 mesh) was

Table 1. Metal contents of the rice husk sample

Metal species (mg/g)
K Na Ca Mg Al Fe Mn
3.805 0359 2188 0407 0044 0197 0361
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loaded in a flask fitted with a reflux condenser, 10 mL of concen-
trated nitric acid and 3 mL of hydrofluoric acid were added, and the
rice husk was digested under microwave heating. After the reac-
tion was complete, a certain amount of nitric acid was used to rinse
the flask walls, and the mixture was heated and concentrated. Finally,
the solution was left to stand, after which it was filtered through
quantitative filter paper. ICP emission spectroscopy was used to
quantify the metal species in the digestion solution and the acid
leachates, while the concentrations of the nonmetals were measured
by IC (ICS-3000, USA); the average value was taken after three par-
allel measurements. Additionally, the TOC in the acid leachates was
analyzed using an Elementar Analyzer (LiquiTOC II, Germany).
4. Kinetic Model

The leaching curves of the metal impurities in rice husk over
time obtained in this study showed a general trend of initially rapid
changes followed by slower changes and then an approach towards
equilibrium (see within). When studying the leaching kinetics of
metal impurities in rice husk, the leaching of metal impurities
throughout the pretreatment process must be considered. The leach-
ing of metal impurities during pretreatment can be simply assumed
to proceed as follows:

Metaly+Acid solution,,,—>Soluble compound,, 1)

The saturation concentration of the soluble metal impurities leached
into solution was considered constant for the same leaching condi-
tions. The solid/liquid ratio of rice husk to acid solution was 0.06
(g/L), which ensured that all the soluble substances in the rice husk
could dissolve completely. Studies have shown that the pseudo-sec-
ond-order model reasonably describes the leaching kinetics of met-
als in rice husk [19,20]. The second-order kinetic rate equation is
shown as follows:

dc,

_ _ 2
—d—t‘ - k(Cs Ct) (2)

where k is the second-order leaching rate constant (L/(mg-min)),
C, is the equilibrium concentration (mg/L), and C, is the concen-
tration (mg/L) of metal impurities in the acid solution at time t
(min). The integrated rate law for second-order leaching with the
boundary conditions of t=0 to t and C,=0 to C, is given in Eq. (3)
and the linear form is shown in Eq. (4).
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The initial leaching rate h can be defined by Eq. (5) when t ap-
proaches 0.

h=kC? ()
Eq. (3) can be rearranged to obtain the following equation:
t

C= t 6
c,

=m

By fitting the experimental data of t versus t/C, using the linear
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Table 2. Content of elements in the acid solution and the water
leached from rice husk (mg/g rice husk)

Component Sulfuric acid Citric acid Water
K 3.736 3.643 2.521
Na 0.066 0.056 0.056
Ca 1.164 0.691 0.291
Mg 0.352 0.309 0.109
Al 0.014 0.014 0.002
Fe 0.041 0.050 0.007
Mn 0.342 0.268 0.067
Cl 2.310 2.345 2.253
S n.d. 0.448 0.293
P 0.351 0.328 0.253
Organic carbon 3.920 nd. 1.644

n.d.-The content cannot be accurately determined due to interfer-
ence by the reagent

regression method, the initial leaching rate h, the equilibrium con-
centration C,, and the second-order leaching rate constant k can
be obtained from the slope and intercept of the fitting plot.

RESULTS AND DISCUSSION

1. Leaching Characteristics of Rice Husk
1-1. Analysis of the Acid Leachate Elemental Composition

To study the relationship between the leaching of impurities in
rice husk and the effect of this relationship on the performance of
RHA following acid pretreatment, the content of the chemical ele-
ments leached into the solution per gram of rice husk during the
pretreatment was determined, as shown in Table 2. The leaching
parameters were as follows: sulfuric acid and citric acid were used
as the pretreatment reagents at a concentration of 0.5 mol/L, the
leaching time was 120 min, the process was conducted at ambient
temperature, and deionized water was applied as a control leach-
ate. Table 2 shows that various amounts of the metals K, Na, Ca,
Mg, Al, Fe and Mn and nonmetals Cl, S and P leached from the
rice husk into the leachate. K had the highest leaching content,
which was far higher than that of the other metals, and Ca had the
next highest leaching content. The first result was due to the fact
that K had the highest content in the original rice husk (Table 1),
and it also suggested that a large amount of the K present in rice
husk was highly mobile. The leaching level of the metal impurities
during the acid pretreatment was higher than during water wash-
ing, indicating that the metal impurity removal capacity of acid
was better than that of water [21]. For the nonmetal impurities,
the leaching content of Cl was approximately the same under the
three leaching conditions, indicating that most of the Cl present in
rice husk existed in a water-soluble form [22]. But the leaching
content of S and P was limited, and only trace amounts of N was
leached. The leaching process of biomass is usually accompanied
by the removal of a certain amount of organic matter [23]. In this
study; different contents of organic carbon were indeed detected in
the water and sulfuric acid leachates (Table 2); however, the con-
tent of leached organic carbon was far less than the total carbon
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Fig. 1. pH of the acid leachate.

content of rice husk (C;=40.3 wt%). Thus, for the rice husk used as
tuel, the energy loss caused by the pretreatment process was negli-
gible.
1-2. pH Analysis of the Acid Leachates

The leaching of various metal impurities strongly depends on
their form/mode of occurrence in rice husk. The detection of the
nonmetal species Cl, S and P in the acid leachates indicated that at
least part of the metal impurities, especially alkali and alkaline earth
metals, were likely to be present in the form of water-soluble salts,
such as chlorides and part of sulfates and phosphates. In addition
to these salts, the metal impurities were also present in larger quan-
tities in other forms. Fig. 1 shows the pH of the two acid leachates
at different leaching times. The pH increased rapidly with leach-
ing time (especially sulfuric acid) within the initial 0-30 min, then
increased slightly and finally reached equilibrium. This trend indi-
cated that numerous hydrogen ions participated in an ion-exchange
reaction with the metal impurities present in rice husk, and this
ion-exchange reaction occurred mainly within the initial 30 min
of the leaching process. Furthermore, as shown in Table 2, the cat-
ion/anion ratios in the acid leachates exceeded 1, suggesting that at
least some of the metal impurities present in rice husk exist in forms
other than water-soluble salts and were leached by ion exchange.
The leaching of organic carbon (TOC) during the pretreatment
process further showed that a portion of the leached metal impu-
rities most likely existed in the organic-bound form [24]. There-
fore, part of the leachable metal impurities in rice husk existed in
the form of water-soluble salts, and the other part that existed in
the organic-bound form was leached by ion exchange. In summary,
the leaching of metal impurities during acid pretreatment occurs
through a highly complicated reaction.
2. Effects of the Pretreatment Parameters on the Leaching of
Metal Impurities
2-1. Acid Concentration

The leaching characteristics of metal impurities vary with changes
in the pretreatment conditions, so the effect of the pretreatment
parameters on the leaching of the main metal impurities in rice
husk must be studied. Fig. 2 shows the leaching curves of K, Ca,
and Na as a function of the acid concentration (120 min reaction)
at a temperature of 25 °C. The acid concentration of 0 represents

Korean J. Chem. Eng.(Vol. 35, No. 9)
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Fig. 2. Leaching ratios of metal impurities from rice husk at differ-
ent acid concentrations.

leaching by deionized water. The leaching of K and Ca followed
similar trends under the two acid pretreatment conditions. The
leaching ratios of K and Ca were 67 wt% and 13 wt%, respectively,
at an acid concentration of 0. The ratios then increased sharply
with increasing acid concentration and finally increased slowly to
reach equilibrium. The maximum leaching ratio of K during the
sulfuric acid and citric acid pretreatment process reached 98 wt%
and 95 wt%, respectively, which was much higher than the K leach-
ing ratio reported by Deng et al. from washing rice husk with
water [25]. The high K leaching value obtained in this study fur-
ther indicated that K was present in rice husk in water-soluble and
acid-leachable forms [26]. Moreover, the removal of most of the K
during the pretreatment process prevents the melting problem that
can occur during the combustion of rice husk. Unfortunately, the
final leaching ratios of Ca obtained from the sulfuric acid and cit-

September, 2018

100

80

60
T=25°C
i C =0.5 mol/L

60 -Ca
40

20

Leaching efficiency (wt.%)
L
[=]
I

5 —=— Sulfuric acid
—— Citric acid

1 s 1 " 1 s 1 " 1 i 1

0 30 60 90 120 150 180

Leaching time (min)

Fig. 3. Leaching ratios of metal impurities from rice husk at differ-
ent leaching times.

ric acid pretreatment processes were approximately only 52 wt%
and 33 wt%, respectively. The low leaching values suggested that
the leaching of Ca was limited by other factors [27]. Moreover, it
could be concluded that most of the Ca present in rice husk was
acid-leachable and insoluble, exhibiting more complex chemical
forms, which was consistent with the form of Ca in other bio-
masses [28,29]. However, the change in the efficiency of Na leach-
ing with increasing acid concentration differed slightly from that
of K and Ca. Citric acid had the lowest efficiency in the leaching of
Na, where the Na leaching ratio was as low as approximately 16
wt%, consistent with the Na ratio obtained from water leaching.
For the sulfuric acid pretreatment process, the Na leaching ratio
increased slightly with increasing concentration and then remained
unchanged.

Additionally, according to Fig. 2, the leaching of K, Ca and Na
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exhibited an optimal acid concentration at which the highest leach-
ing ratio was achieved and maintained. For K and Ca leaching, the
optimal acid concentration was 0.5 mol/L, while for Na, the opti-
mal concentration was 0.1 mol/L. Due to the importance of K in
the combustion of rice husk, the optimal acid concentration for K
leaching (0.5 mol/L) was utilizaed in further studies.
2-2. Leaching Time

Fig. 3 shows the leaching curves of K, Ca and Na at different
leaching times with an acid concentration of 0.5 mol/L and a tem-
perature of 25 °C. The three metal impurities clearly exhibited simi-
lar leaching tendencies under the two acid pretreatment conditions.
In detail, the leaching ratios increased sharply during the leaching
period of 0-15min, after which leaching became slow with fur-
ther increases in the leaching time. The leaching curves were all
characterized by a sharp bend at t=15-30 min, which demonstrated
that the leaching of the metal impurities could be divided into two
stages: a rapid leaching stage and a slow leaching stage [23]. During
the rapid leaching stage, approximately 76-90 wt% K, 16-47 wt%
Ca and 9-13 wt% Na were leached by the two acids. On the one
hand, the initial rapid leaching stage was attributed to the driving
force of the fresh acid, and on the other hand, this stage also revealed
the presence of a large number of metal impurities at the surface
of the organic matter framework of rice husk. During the slow leach-
ing stage, only 6-20 wt% of the metal impurities were leached, and
these leached impurities came from the metals bound to organic
molecules. The final leaching ratios of the three metal impurities
varied after the leaching reaction reached equilibrium. K had the
highest removal of 99 wt%, whereas the removal ratios of Ca and
Na were approximately only 53 wt% and 19 wt%, respectively, under
the sulfuric acid pretreatment condition [30]. Additionally, when
the leaching time was longer than 120 min, the leaching process of
the three metal impurities became very slow; and the lengthening
of the leaching time had little effect on the leaching ratio.
2-3. Acid Type

Fig. 2 and Fig. 3 show that the metal impurities exhibited simi-
lar leaching tends during the two acid pretreatment processes, but
the leaching ratios of the metal impurities during the sulfuric acid
pretreatment process were typically higher than those during the
citric acid pretreatment process. The higher leaching ratios obtained
from sulfuric acid pretreatment resulted from the stronger acidity
and ionization ability of the acid, which accelerated the leaching of
metal impurities [31], while the leaching by citric acid was relatively
slower. The experimental results show that mineral acids remove
metal impurities such as K, Ca, and Na more efficiently than organic
acids.
3. Leaching Kinetics of Metal Impurities

The leaching of metal impurities during acid pretreatment oc-
curred through the chemical reaction of the metal impurities pres-
ent in rice husk with the acid solution. The primary purpose of
this work was to study the ability of the acid solutions to leach the
metal impurities present in the original rice husk (unground) at
ambient temperature (25 °C), so an optimum solid/liquid ratio of
0.06 (g/L) and an acid concentration of 0.5 mol/L were chosen to
minimize the diffusion resistance caused by the lack of reactive ions
in the acid solution. With these parameters, the solid rice husk suf-
ficiently contacted the acid solution, and the leaching ratio of the

metal impurities mainly depended on their solubility. In this study,
the leaching curves of the metal impurities present in rice husk as
a function of the leaching time showed a general trend of initially
rapid changes followed by slower changes and finally an approach
towards equilibrium. Therefore, it was assumed that the leaching
process could be simplified to a pseudo-second-order chemical
reaction, the kinetic equation for which was given in Section 2.4.
The experimental data for the leaching of the metal impurities were
fitted according to the integrated linear Eq. (3) of the model, and
the correlation of the kinetic model was verified. The fitted linear
and kinetic parameters are shown in Fig. 4 and Table 3. The fitted
correlation coefficients (r) of three metal impurities were above
0.99, indicating that the hypothetical pseudo-second-order leach-
ing model was in good agreement with the experimental data of
the actual leaching process and could reasonably describe the leach-
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Fig. 4. Pseudo-second-order leaching kinetics of the metal impuri-
ties from rice husk with various acids.
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Table 3. Fitted kinetic parameters for the acid leaching of rice husk

P. Chen et al.

Kinetic parameters for each element

Acid type K Ca Na

kx10° C, h r kx10’ C, h r kx10° C, h r
Sulfuric acid 1.12 23148  59.81  0.999 6.76 7336 9707  0.999 2490 429 0459  0.998
Citric acid 0.62 23256 3368  0.999 0.75 5274  2.09 0.994 1855 337 0210  0.99%

Units: k is L/(mg-min), h is mg/(min-L) and C, is mg/L

ing kinetics of the metal impurities. The initial leaching rate con-
stant h of the metal impurities followed the order K>Ca>Na,
indicating that a significant amount of K was available to be imme-
diately leached when the rice husk was added to the fresh acid
solution, because most of K, a mobile element, was not bound to
the organic molecules present in rice husk and therefore rapidly
leached in a short amount of time [32]. However, the leaching of
Ca and Na required further diffusion of the acid into the matrix
pores or osmosis through cells [33]. The acid type had a signifi-
cant effect on the total leaching rate constant k and the initial leach-
ing rate constant h of the three kinds of metal impurities present
in rice husk, and sulfuric acid exhibited a higher equilibrium con-
centration C; of metal impurities.

Under ambient temperature and in the presence of excess acid,
the leaching kinetic parameters of each metal impurity remained
constant. Thus, C, and h were substituted into Eq. (6) to obtain
the leaching rate equation of the metal impurities in terms of C,
and t. Then, the metal concentration C, was converted to the metal
content M (mg/g) leached from rice husk to obtain the empirical
formula in terms of M (Table 4). The empirical formula shown in
Table 4 represents the general predicted leaching model of the
metal impurities in rice husk under acid pretreatment at ambient

temperature, which can be used to predict the leaching content of
metal impurities in rice husk at any time under ambient tempera-
ture. To verify the accuracy of the empirical expression, sulfuric
acid was used to examine the leaching of metal impurities under
different pretreatment conditions. The actual and predicted leach-
ing contents are shown in Table 5. When the acid concentration
was low (0.1 mol/L), the actual leaching amounts of K, Ca and
Na were inconsistent with the predicted leaching amounts (Table
5), suggesting that the diffusion resistance caused by the low acid
concentration had a negative effect on K, Ca and Na leaching.
When the acid concentration was above 0.5 mol/L, the error in the
predicted values decreased, and the accuracy was higher. Fig. 5 shows
the precision of the model for predicting the leaching contents of
the metal impurities. Overall, the empirical expression accurately
predicted the leaching contents of the metal impurities at various
times, but the actual measured values were slightly lower than the
predicted values.
4. Further Analysis of Metal Impurities

Although the acid leaching process of metal impurities in rice
husk followed pseudo-second-order leaching kinetics (Fig. 4), the
final leaching rate constants of all the metals were distinct. The
occurrence form and distribution of inorganic elements in bio-

Table 4. Empirical expressions for the leaching content of the metal impurities present in rice husk

Acid type

Empirical expressions

K (mg/g)

Ca (mg/g)

Na (mg/g)

M, = _t
1.003 +0.259¢t

t
M= 1.781+0.258t

Sulfuric acid

Citric acid

Mo ="
6.181+0.817t

M Ca

t My, = ———t—
130.72+13.986t
t

t
Y (. S——
Na™ 285.71+17.804t

~28.708+1.138t

Note: M, Mg, and My, are the contents of metal impurities leached from rice husk (mg/g)

Table 5. Predicted and actual content of the metal impurities leached from rice husk under various pretreatment conditions

Operation parameters Actual values (mg/g) Predicted values (mg/g)
Acid concentration (mol/L) Leaching time (min) K Ca Na K Ca Na
0.05 30 3.175 0.852 0.073 3.420 0.977 0.055
0.1 60 3.487 0.954 0.064 3.627 1.087 0.062
0.5 120 3.686 1.164 0.066 3.740 1.151 0.066
1 120 3.670 1.132 0.068 3.740 1.151 0.066
1 180 3.669 1.156 0.065 3.780 1.174 0.068
1.5 15 2.940 0.795 0.044 3.069 0.813 0.044

Sulfuric acid, leaching temperature: 25 °C

September, 2018
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Fig. 5. Plot showing the precisions of the model for predicting the
leaching content of the metal impurities present in rice husk.

mass have been reported to have a strong impact on their removal
efficiencies [22,34], and rice husk is not exempt from this impact.
Based on the leaching characteristics and trends for the metal impu-
rities in rice husk described in the previous section, these impuri-
ties were classified into three categories according to their solubility:
(1) water-soluble form, (2) acid-leachable form, and (3) insoluble
form. Quantification of the water-soluble portion was performed
by the leaching of rice husk with deionized water at ambient tem-
perature for 2 h, while the content of the acid-leachable portion
was determined via the leaching of rice husk using 0.5 mol/L sul-
furic acid for 2 h at ambient temperature. The residual portion was
then calculated by difference. The occurrence form and distribu-
tion of the alkali and alkaline earth metals in rice husk are plotted
in Fig. 6. As shown, more than 60 wt% of the K present in rice
husk exists in the form of water-soluble salts, including chlorides,
sulfates and phosphates, which are mainly free in the molecular
pores. Most of the remaining K is in the acid-leachable form, which
is mainly found in the macromolecules or bound to the polysac-
charide matrix [35,36]. Approximately only 13 wt% of the Ca is in
the water-soluble form, and more than 40 wt% of the Ca exists in

m Water soluble N\| Acid soluble |:’ Residual

0 20 40 60 80 100
Occurrence of metal impurities in rice husk (wt.%)

Fig. 6. Forms and distribution of metal impurities in rice husk.

the acid-leachable form. The limited leaching of Ca suggests that
Ca mostly exists as organic salts and carbonates that are sparingly
soluble in dilute acid and require hydrolysis conditions, such as
heating and boiling, to be leached completely [27]. Mg leaches more
easily than Ca, and more than 80 wt% is soluble, in which approx-
imately 60 wt% is in the acid-leachable form bound to the organic
structure of rice husk only leached through ion-exchange with
hydrogen ion from dilute acid or present as water insoluble salts.
Approximately 15wt% of the Na exists as water-soluble salts, and
only a small amount of Na could be leached under the present acid
pretreatment conditions. Compared with another alkali metal K,
Na has a very low solubility by dilute acid. It was reported that Na
in biomass has a strong and positive association with Si [37]. There-
fore, these Na are likely to be present in silicates.

Most of the acid-leachable metal impurities were extensively
leached during the ion-exchange reactions with the dilute acid
solutions in the initial rapid stage (Fig. 3), and the leaching of the
water-soluble metal impurities in the matrix also occurred during
this stage. Beyond the leaching content in the rapid leaching stage,
approximately only 8-9 wt% K, 6-16 wt% Ca and 3-5wt% Na were
leached during the slow leaching stage. This limited leaching is due
to the fact that the residual metal impurities were bound to the
interior molecules of the organic matter, thereby requiring further
diffusion of the acid into the matrix pores or osmosis through cells
to be leached. The organic carbon matter present in the leachates
was shown to be mainly organic acids, including acetic acid, for-
mic acid and oxalic acid, which may also participate in the subse-
quent slow leaching reactions [23]. Therefore, the slow leaching
process is a complex reaction that involves the ion-exchange reac-
tion of the acid solution, and trace amounts of the native organic
acid that leached from the rice husk itself [38].

The results reported in this study have important practical impli-
cations in several aspects and give direction to the possible follow-
up works. First, the results provide guidelines for developing opti-
mum pretreatment condition for the industrial preparation of nanos-
ilica by the combustion of rice husk in a circulating fluidized bed.
Under the optimal pretreatment condition, nanosilica powder with
a purity of above 98.8 wt% and a high specific surface activity of
more than 200 m’/g was obtained through the rice husk combus-
tion in a lab-scale fluidized bed. Second, the variation of content of
the main metal impurities in rice husk and the differences in the
occurrence form of these inherent species results in a dissimilarity
of leaching of metal impurities in rice husk. Thus, the experiment
data provide essential information for estimating the recyclability
of the main AAEM species (especially K) in rice husk during the
pretreatment process. Third, the results reported in this study also
provide insights regarding those elements leaching behavior and its
relationship with rice husk. At present, however, systematic stud-
ies about the content, occurrence models, behavior of all major
and minor elements in biomass fuels (not only in rice husk) are
only at an initial stage of investigation, and therefore much more
detailed work is required in this topic.

CONCLUSIONS
A series of acid pretreatment experiments of rice husk were
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conducted at ambient temperature under laboratory conditions.
The leaching characteristics, leaching mechanism and forms of
metal impurities in rice husk during acid pretreatment were inves-
tigated. The following conclusions can be drawn:

(1) Large amounts of metal impurities as well as some nonmet-
als are removed from the rice husk during acid pretreatment. Some
of metal impurities in rice husk are leached by the ion-exchange
reaction with acid and likely exist in the organic-bound form.

(2) The leaching of metal impurities during acid pretreatment
at ambient temperature is a two-stage process that includes an ini-
tial rapid and short leaching stage followed by a slow and long
leaching stage. The pretreatment parameters, such as the acid con-
centration and leaching time, have positive effects on the leaching
of the major metal impurities, K, Ca and Na, and sulfuric acid
more effectively removes the metal impurities present in rice husk
than citric acid. An optimal condition (0.5 mol/L, 120 min) is ob-
tained for leaching of metal impurities in rice husk.

(3) The leaching experimental data are in good agreement with
the pseudo-second-order leaching model, which is suitable for
describing the leaching kinetics of the metal impurities in rice husk.
An empirical expression for predicting the leaching content of
metal impurities in rice husk during acid pretreatment at ambient
temperature was obtained using model analysis, which can pre-
dict the leaching amount of metals under different pretreatment
conditions with good accuracy.

(4) The metal impurities present in rice husk are divided into
three forms, where almost all of the K is in the water-soluble and
acid-leachable forms, while most of the Na, Ca and Mg are in the
acid-leachable or insoluble form. Most importantly, the differences
in the forms and distribution of metal impurities in rice husk result
in different trends of acid leaching for each metal impurity and
ultimately determine the performance and quality of the resulting
nanosilica.
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