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1. Introduction

Natural sand is mainly used for making molds in sand casting, 
and waste foundry sand (WFS) from the casting process is discarded 
on landfills [1, 2] or reused as concrete and ceramic materials 
[3–7]. WFS disposal on landfills may cause not only an increase 
in operational costs but also environmental pollution. WFS contains 
toxic heavy metals and particulate matters that can leach into 
the ground and result in soil and ground water pollution [1, 2]. 
Moreover, this leads to additional disposal costs due to the need 
for remediation and complying regulations. In addition, landfill 
sites are becoming insufficient due to increasing WFS volumes, 
so they are not currently an effective disposal method. The foundry 
industry must comply with environmental protection and resource 
conservation regulations [8]. Therefore, it is necessary to develop 
an appropriate regeneration method to reuse WFS in the casting 
process.

Several studies have been conducted using artificial sand to 
overcome the limitations of natural sand [9–11]. The use of artificial 

sand for making molds is advantageous for several reasons. First, 
high-durability artificial sand cannot be easily crushed and pro-
duces less dust [9]. Second, spherical artificial sand requires less 
amounts of binder for an specific mold volume, which decreases 
the amount of gas generated during casting and results in better 
casting quality [10]. Despite these advantages, the high cost of 
artificial sand mainly limits its applications [11]. Therefore, efficient 
regeneration methods should be developed to compensate that limi-
tation and to reduce its disposal cost after casting.

Typically, there are three different methods to regenerate WFS: 
dry, thermal, and wet regeneration [12]. Dry regeneration removes 
the binder on the sand surface using friction, making this process 
significantly simple compared to other methods. However, the 
co-produced dust during dry regeneration negatively affects the 
working environment and the quality of the regenerated sand [12, 
13]. Thermal regeneration removes the binder using a high-temper-
ature treatment (> 600°C), which is energy costly and causes the 
emission of harmful gases [13]. In contrast, wet regeneration uses 
water and chemical solutions for binder removal, and produces 
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better-quality reused sand than other methods [12, 14].
The waste sand used herein was prepared from water glass 

binder on artificial sand, and it was recycled through wet 
regeneration. The purpose of this study was to determine the effect 
of the chemical solutions on binder removal and to evaluate the 
reusability of the regenerated sand. Typically, representative acidic 
and basic solutions are used for regeneration. The use of oxalic 
acid [15] and hydrochloric acid [16] as the acidic solutions has 
been reported, while sodium hydroxide [17] and potassium hydrox-
ide have been used as basic solutions. Because the silica component 
on the sand surface cannot be removed with acid solutions [18], 
most studies used basic solutions. Herein, potassium hydroxide, 
being one constituent of the binder, was chosen among the base 
solutions for the experiments. Hydrochloric acid was used as the 
acidic solution based on our prior research [19], and deionized 
water was utilized as a pH reference material. The effect of the 
solution type on binder removal was confirmed by comparing the 
resulting characteristics in the regenerated sand, based on chemical 
composition, surface and particle size analysis, and flexural 
strength. 

2. Experimental 

2.1. Preparation of the Waste Artificial Sand

The artificial sand (Simat International Limited Company, Hong 
Kong) and 2 wt% of sodium silicate-based binder [20] were mixed 
at 220 rpm for 120 s (device from Youngjin Machinery Co., Ltd, 
Korea). The mixed sand was formed into a core (device from 
Youngjin Machinery Co., Ltd, Korea) at a pressure of 4 bar. Hot 
air (150°C) was blown into the core for 30 s to harden the binder. 
The produced 22.4 × 22.4 × 170 mm (W × L × H) core was 
used as the waste artificial sand. The chemical compositions of 
laboratory-made and waste site-generated artificial sand were al-
most equivalent based on previous reports, making valid to carry 
out the experiments using laboratory-made artificial sand. 

2.2. Regeneration process

Three different chemical solutions (based on hydrochloric acid, 
deionized water, and potassium hydroxide) were used separately 
to act as the chemical solution (Fig. 1) for wet regeneration of 
the waste artificial sand, and the effects of these solutions were 
compared. The concentrations of the acidic and basic solutions 
were 0.2 M hydrochloric acid (HCl; purity: 35%, grade: EP, Daejung 
Chemical & Metals Co., Ltd, Korea) and 0.2 M potassium hydroxide 
(KOH; purity 85%, grade: EP, Daejung Chemical & Metals Co., 
Ltd, Korea), respectively. Deionized (DI) water was used as the 
neutral solution for wet regeneration.

Fig. 1 shows the schematic of the regeneration process. 500 
g of waste artificial sand and 500 mL of chemical solution were 
stirred at 250 rpm for 20 min (HT-120DX, Daihan, Korea), and 
the reactor temperature was maintained at 60°C using a water bath 
(BW-20G, Jeio Tech, Korea). After stirring, the sand was separated 
from the mixture using an aspirator (WEV-00.S, Daihan, Korea) 
and a metal mesh (no. 300; sieve mesh 46 μm). Because the pH 
value of the separated sand was altered by the chemical solution, 

Fig. 1. Flowchart of the regeneration process.

the same process was repeated three times using DI water for neutral-
izing the pH of the sand. The regenerated sand was dried at 105°C 
for 2 h using an oven.

The three regenerated sand samples were denoted according 
to the regeneration media used as sand treated with the basic solution 
(B1), sand treated with the neutral solution (N1), and sand treated 
with the acid solution (A1), respectively. N1 and A1 were re-treated 
with the KOH solution according to the regeneration process and 
subsequently labelled as N2 and A2.

2.3. Analysis Methods

X-ray fluorescence spectroscopy (XRF, Zetium, PANalytical, 
Netherlands) was used to compare the elemental compositions 
of the regenerated sand and artificial sand. Zeta potential measure-
ments (ZetaPALS, Brookhaven, USA) were used to confirm the 
surface charge on the sand. 0.5 g of each sand sample was dispersed 
in 1 mL of DI water. The data for all samples were analyzed from 
five replicates. 

Field emission scanning electron microscopy (FE-SEM, SU 8020, 
Hitachi, Japan) and energy dispersive X-ray spectroscopy (EDS, 
X-Max50 011, Horiba, Japan) were used for surface analysis of 
the sand samples. 

Particle size distributions were obtained by mechanical sieving 
as follows: dried sand (100 g) was passed through a series of sieves 
stacked up in increasing mesh order (850, 600, 425, 300, 212, 
150, 105, 75, 53, and 0 μm). The sieves were shaken for 3 min 
using a sieve shaker (CG-211-8, Chunggye, Korea), and the sample 
weights in each sieve were recorded. The particle distributions 
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and the corresponding America Foundry Society (AFS) grain fine-
ness numbers were calculated using the sieve data. All variables 
were obtained from triplicate data. 

The strength was tested using a core (prepared as the same 
as the waste artificial sand) as the specimen. The specimens were 
stored under different conditions. Under normal conditions, they 
were stored at a temperature of 20°C and relative humidity (RH) 
of 30% for 1 min and 60 min. Under humid conditions, they were 
stored at a temperature of 38 °C and RH of 65% for 120 min. 
The specimens for analysis under the humidity condition were 
stored for 60 min under normal condition and then taken to the 
humidity condition. The strengths of the specimens were evaluated 
after storage. The temperature and humidity were maintained using 
a chamber (TH-DG-150, JEIO Tech, Korea). The strength of the 
regenerated sand was measured after adding 2% of the binder 
to the regenerated sand. For each sample, the strength was measured 
from triplicate data. 

Differential scanning calorimetry (DSC, DSC 3, Mettler Toledo, 
Switzerland) curves were constructed under nitrogen at a heating 
rate of 20°C/min and at temperatures in the range of 30–400°C.

3. Results and Discussion 

3.1. Elemental Sand Composition

Table 1 shows the chemical composition of the artificial sand, 
waste artificial sand, and regenerated sand, which were determined 
by XRF analysis. All samples were composed primarily of Na2O, 
Al2O3, SiO2, K2O, TiO2, and Fe2O3. As shown in Table 1, the Na2O 
and SiO2 contents for the waste artificial sand were higher than 
that for the artificial sand, because a sodium silicate-based binder 
was used. 

The sodium silicate binder bridged the sand particles by dehy-
dration and condensation reactions, as shown in Eq. (1) and (2) 
[21, 22]. 

Dehydration ≡ Si − O−Na+ + H2O →

≡ Si − OH + Na+ + OH− (1)

Condensation ≡ Si − OH + OH − Si ≡ →

≡ Si − O − Si + H2O (2)

The bridges were mainly formed by the Si-O-Si bonds, whereas 
sodium was not bonded to the structure or present on the silica 
or sand surface in its ionic state [21, 23]. Because sodium ions 
do not participate in binder bridges formation, the sodium content 
in the samples was easily removed through the regeneration proc-
ess [24]. The Na2O contents for B1, N1 and A1 were 0.07%, 0.06%, 
and 0.06%, respectively. The Na2O contents for all the regenerated 
sand samples were lower than that of the waste artificial sand 
(1.90%) and similar to that of the artificial sand (0.08%). In addi-
tion, SiO2 contents for B1, N1 and A1 were 17.96%, 20.01%, 
and 21.27%, respectively. The SiO2 content (which was the bind-
er’s main component) was used to determine whether the binder 
was removed or not. Considering the SiO2 content of the artificial 
sand as 18.02%, it was confirmed that most binders were removed 
for B1. However, N1 and A1, having higher SiO2 content than 
that of the artificial sand, were considered to have remaining 
binders.

These results can be explained through the binder solubility 
dependence on the pH of the chemical solution. For the basic 
solution, Si-O-Si bonds cleavage in the binder occurred by chemical 
reaction with hydroxyl groups present in the basic solution (Eq. 
(3)) [25]. When using the acidic solution, silica was formed as 
SiO2 through the reaction with the acid, and then remained on 
the surface of the sand particles (Eq. (4)) [26]. 

≡ Si − O − Si + OH− → ≡ Si − OH + Si − O− (3)

Na2SiO3 + 2HCl → 2NaCl + H2O + SiO2 (4)

The zeta potential values of B1, N1 and A1 were –29.45, –56.55, 
and –64.20 mV, respectively. The zeta potential value of the artificial 
sand was –24.37 mV, similar to that of B1 regenerated with the 
alkali solution. N1 and A1 showed high zeta potential values due 
to the effect of residual binders. In particular, the zeta potential 
of A1 was the most negative due to negatively charged SiO2 that 
remained on the surface of the sand [27]. 

3.2. Surface Analysis of Sand Particles

Fig. 2 shows the scanning electron microscopy (SEM) images of 
the artificial sand, waste artificial sand, and regenerated sand. The 
artificial sand particles (Fig. 2(a)) were spherical and exhibited 
smooth surfaces. As shown in Fig. 2(c), a smooth surface with 

Table 1. Chemical Compositions of Artificial Sand, Waste Artificial Sand, and Regenerated Sand

Element
Artificial sand

(wt%)
Waste artificial sand

(wt%)

Regenerated sand (wt%) Re-treated sand (wt%)

B1 N1 A1 N2 A2

Na2O 0.08 1.90 0.07 0.06 0.06 0.06 0.06

Al2O3 67.50 60.48 67.44 66.31 65.84 68.54 69.10

SiO2 18.02 23.54 17.96 20.01 21.27 18.11 17.65

K2O 1.85 2.08 1.85 1.87 1.76 1.87 1.81

TiO2 5.32 5.08 5.40 5.14 5.02 5.08 5.08

Fe2O3 5.11 4.63 5.13 4.55 4.19 4.41 4.46

others 2.12 2.29 2.15 2.06 1.86 1.93 1.84
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no impurities were observed for B1 and its morphology was similar 
to that of the artificial sand. In addition, the surface of N1 was 
partially covered with impurities (Fig. 2(d)), while most of the 
surface of A1 had several impurities (Fig. 2(e)). The surface im-
purities for N1 and A1 were similar to that of the waste artificial 
sand (Fig. 2(b)).

Fig. 3 shows the EDS results for the artificial sand and regen-
erated sand. The EDS was conducted to detect Al, Si, and Na 
compounds, because these are the main components of the sand 
and the binder. The EDS mapping images in Figs. 3(a) and (b) 
showed that Al and Si compounds were uniformly distributed 
on both the surfaces of the artificial sand particles and B1. 
Moreover, their elemental contents were similar. As shown in 
Figs. 3(c) and (d), the Si composition was densely concentrated 
on the impurities of the sand surface for N1 and A1. Hence, 
the impurities were the products of the residual binder, which 
was not removed by the neutral and acidic solutions. The spectra 
in Fig. 3 revealed that the Si component gradually decreased 
in the following order: B1, N1 and A1.

3.3. AFS and Particle Size Distributions

Typically, sand strength is affected by the particle size, size dis-
tribution, shape, and storage humidity as well as the amount of 
binder and the pH value on the sand surface [28–30]. Fig. 4 shows 
the particle size distributions of the artificial sand and the regen-
erated sand. All samples had narrow particle size distributions, 
in the 150–425 μm mesh range. The calculated AFS values for 
the artificial sand sample, B1, N1 and A1 were 46, 45, 45, and 
44, respectively. It was assumed that this slight difference did 
not affect the strength directly. 

3.4. Flexural Strength 

The low core flexural strengths cannot be managed by operators 
and may be damaged during assembly, storage, and transport, and 
also may collapse the mold during casting [20]. Accordingly, the 
strength of the regenerated sand was tested to determine if it could 
be used as a substitute of artificial sand. 

Fig. 5 shows the core strengths under different conditions. The 
flexural strengths of the artificial sand for 1 and 60 min were 
218 and 325 N/cm2, respectively. The initial strength for 1 min 
was high (218 N/cm2), which indicated that it could be easily man-
aged by an operator without causing any damage. The core was 
exposed to the normal condition at 150 °C, and the binder was 
sufficiently hardened. The flexural strength after 60 min was higher 
than that obtained after 1 min. The flexural strengths of B1 after 
1 and 60 min were 220 and 320 N/cm2, respectively. The strength 
of B1 was quite similar to that of the artificial sand. However, 
the flexural strengths of N1 and A1 after 60 min were 198 and 
121 N/cm2, respectively. The strength of N1 and A1 was considerably 
lower than that of the artificial sand and B1. This can be explained 
because N1 and A1 had a large amount of residual binder, which 
hindered the combination of regenerated sand and new binder. 
When the core was set to the humidity condition, its strength 
gradually decreased. The flexural strength of the artificial sand 
after 60 min under the normal condition was 325 N/cm2; however, 
the flexural strength of the artificial sand after 120 min under 
the humidity condition was 220 N/cm2. The flexural strengths of 
B1, N1 and A1 after 120 min were 194, 168, and 105 N/cm2, 
respectively.

The core strength increased with increasing amounts of binder. 
However, because the characteristics of the residual binder in the 

a b c

d e

Fig. 2. SEM images of samples: (a) artificial sand, (b) waste artificial sand, (c) B1, (d) N1, and (e) A1.
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Fig. 4. Particle size distributions of artificial sand and regenerated sand 
(B1, N1, and A1).

Fig. 5. Flexural strengths of artificial sand and regenerated sand. 

a

b

c

d

Fig. 3. SEM and EDS analysis results of samples: (a) artificial sand, (b) B1, (c) N1, and (d) A1.
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Fig. 6. DSC curves of cured binder at 150℃ (curve a) and pure binder 
(curve b).

waste artificial sand changed, it was considered as an impurity. 
This was confirmed comparing the DSC curves of the new and 
cured binders (Fig. 6). The endothermic peak of the new binder 
(Fig. 6(b)) at 123°C confirmed the dehydration condensation reaction 
between the silanol groups of sodium silicate [31]. The binder 
cured at 150°C (Fig. 6(a)) exhibited no such a peak. This indicated 
that the dehydration condensation reaction did not occur, even 
when the cured binder was reheated, i.e., no bridges were formed 
between the sand particles, similar to the new binder. Therefore, 
because the residual binder on the regenerated sand became an 
impurity, the core strength of the regenerated sand with residual 
binder was comparatively lower [30]. 

3.5. Re-treated N1 and A1 

Large amounts of remaining binder were present on the surface 
of the regenerated N1 and A1 sands. B1 (obtained using potassium 
hydroxide as the cleaning solution) effectively removed the entire 
binder. Therefore, N1 and A1 were regenerated once more using 
potassium hydroxide as the cleaning solution to determine its effect.

Table 1 compares the chemical compositions of the artificial 
sand, N2 and A2 samples. The Na2O content in artificial sand, 
N2 and A2 was 0.08%, 0.06%, and 0.06%, respectively. The SiO2 
contents for N2 and A2 were similar to that of the artificial sand. 
The Al2O3 content in N2 and A2 was slightly higher than that 
of the artificial sand. 

Fig. S1 shows the SEM images of re-treated N1 and A1 samples. 
N1 and A1 exhibited several impurities on the surface (Fig. 2). 
In contrast, the surfaces of N2 and A2 (samples re-treated with 
the basic solution) were smooth and had no impurities.

Fig. 7 shows the flexural strengths of the re-treated N1 and 
A1 samples, which were compared with those of the artificial sand 
and B1. The flexural strengths of N2 and A2 after 1 min were 
248 and 272 N/cm2, respectively, and the flexural strengths of 
N2 and A2 after 60 min were 337 and 374 N/cm2, respectively. 
The flexural strengths of N1 and A1 with remaining binder on 

Fig. 7. Flexural strengths of re-treated sand (N2 and A2). 

the surface were lower than that of the artificial sand, but the 
flexural strengths of N2 and A2 were higher than that of the artificial 
sand. 

4. Conclusions

This study investigated the effect of binder removal and the reus-
ability of regenerated sand according to the chemical solution used 
in the wet regeneration process. Comparing the characteristics of 
the artificial sand and the regenerated sand, using the basic solution 
was the most effective, among the three types of solutions, to remove 
the residual binder from waste artificial sand. The hydroxyl groups 
in the basic solution caused Si-O-Si cleavage that formerly bridged 
the sand particles; this was confirmed by XRF and zeta potential 
analysis. When the strengths of the artificial sand and the regen-
erated sand were compared, it was observed that the strength of 
regenerated sand treated with the basic solution (B1) was similar 
to that of the artificial sand. Moreover, the regenerated sand treated 
with neutral and acidic solutions (N1 and A1) had lower strength 
than the artificial sand. When N1 and A1 were re-treated with 
the basic solution to remove residual binder, the strengths of the 
regenerated sand (N2 and A2) increased. These results indicated 
that the residual binder on the surface of regenerated sand decreased 
the strength of regenerated sand, because it hindered the formation 
of binder bridges due to complete curing reaction of the silanol 
groups of the residual binder. This was demonstrated through the 
DSC curve of the binder. 

Therefore, the potassium hydroxide solution was most suitable 
in the wet regeneration process of waste artificial sand using in-
organic binders.

Several studies were conducted to compare the results of dry 
and wet regeneration of waste sand by using inorganic binders 
[14, 17]. The characteristics of regenerated sand using wet re-
generation compared to dry regeneration were similar to those 
of the raw sand and in this study, and the properties of regenerated 
sand using basic solution were similar to those of the raw sand. 
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However, wet regeneration can lead to problems related to waste-
water treatment, although studies have been reported regarding 
biological treatment [32]. Further research on the treatment of the 
wastewater generated from the experiments described in this study 
will be conducted.
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