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Abstract 
 
Characterization of sand as proppant, its improvement using a simple polyurethane coating technique without heating and its coating 
evaluation using impingement test were investigated. Sand samples were obtained from eight locations in Malaysia beaches. Several 

important properties of proppant namely particle size distribution, density, turbidity, acid solubility, roundness and sphericity, and crush 
resistance were determined. Sample from Pantai Bachok, Kelantan showed the best characteristics of proppant that complies with the 
specifications set by API and ISO except for acid solubility and crush resistance. The proppant sample size of 20/40 mesh size was with 
density of 1.67g/cm3, turbidity of 162 FTU, acid solubility of 2.8%, roundness and sphericity of 0.46 and 0.7, respectively. For crush 
testing, all sand samples can only withstand pressure up to 2000 psi. Polyurethane (PU) formulated from palm oil-based polyols has been 
used to coat the sand particles to improve acid solubility and crush resistance of the beach sand.  The PU-coated sands from Pantai 
Bachok, Kelantan showed better acid solubility of only 0.38% and crush resistance of approximately 10% at 4000 psi than the uncoated 
ones.  The impingement test showed that PU-coated sands gave less impact towards metal target and lower metal losses. 
 
Keywords: proppant; sand; polyurethane coating; impingement; Malaysia coasts. 

 

1. Introduction 

Propping agent or proppant [1-4] is an aid material used in hy-
draulic fracturing [5-7] process for the extraction of oil and gas 

from reservoir by keeping the created fracture open. Proppants are 
small particle used in combination with fracturing fluid and it is 
the second abundant constitute in a typical fracturing fluid with 
composition of 9.5 wt% [8]. It can be classified in two categories 
namely conventional and advanced types. Conventional proppants 
include sand, ceramic, nutshells and glass beads while proppant 
that are coated with polymer are known as advanced proppant. 
Currently, there are three types of proppant used namely sand, 

ceramic and resin-coated proppant (RCP) that comprised 80%, 
10% and 10% by volume, respectively. [9-11] 
Since the ideal proppant properties should have the traits of highly 
resistant to acid and corrosion [12-15], high strength [16-19], and 
readily available at low cost [8], the oilfield developers tend to use 
sand proppant with some improvements. Although sand proppant 
is not strong enough to withstand high closure stresses [20] which 
it deteriorates rapidly when the stress exceeds approximately 6000 
psi [11, 8], the sand proppant can resist acid attacks effectively 

because of its monocrystalline silicon and contains no glassy con-
stituents [12].  
Polymer/resin-coated proppant (RCP) has been developed [20-22] 
to improve the properties of conventional sand proppant.  RCP has 
many benefits for the hydraulic fracturing operation [8]. Coated 
proppant comprised a substrate (i.e proppant) and a layer of poly-
mer. Modification of surface properties of substrates is performed 
by means of polymer coating to obtain favorable effects such as 

improved surface topography, wettability, and chemical reactivity 

[21, 23]. The most common types of organic polymers for prop-
pant coating are the different types of resins, furan [24] polyesters 

and vinyl esters [8].  
Polyurethanes (PU) are the most versatile polymers used in foams, 
coatings and castings. PU can be formulated or tailored to meet a 
wide range of application by adding isocyanate and polyols or bio-
polyols [25]. By synthesizing PU from more renewable resources 
such as polyols from palm oil based, it gives strong impact to the 
ecological and economical standpoint especially in Malaysia 
whereby the current economic growth of the commodity crops is 

mainly from palm oil. 
This study aims to improve the properties of Malaysia beach sand 
to fulfil the API specification for proppant through the coating 
with polyurethane (PU) formulated from palm oil-based polyols. 
This work is focused on the evaluation of PU coating for micron 
size particles at room temperature as a simple coating approach 
without heating to avoid the usage of extensive energy. It is hy-
pothesized that the proppant conductivity under elevated tempera-

ture is bearable because PU formed using polyols and diisocyanate 
is widely known as thermosetting polymers which do not melt 
when heated. However, the conductivity study is not conducted 
due to the limitation of equipment.  As an alternative, impinge-
ment testing is demonstrated to evaluate the impact of the PU 
coated sand proppant on metal surface. The test resembles the 
flow back condition that may cause severe erosion on the surface 

equipment during hydraulic fracturing process [22].  
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2. Methodology 

2.1. Characterization of sand samples 

2.1.1  Materials and sample preparation 

Sand samples were obtained from eight locations in Malaysia; 
three from West Coastal beaches (Selangor) and five from East 

Coastal beaches (Kelantan). All samples were properly washed 
and dried before further characterizations. The samples are noted 
as in Table 2. 

1.1.2 Mineralogy and chemical composition analysis  

In order to provide an understanding of overall mineralogy and 
chemical compositions such as quartz, alumina, graphite and CaO 
of sand samples, an analysis using X-Ray Diffraction (XRD) and 
X-Ray Fluorescence (XRF) were conducted. 

(a) X-Ray Diffraction  
X-Ray pattern of sand samples were recorded with a Rigaku X-
Ray generator operating at 40kV and 30mA using CuKα wave-
length of 1.5406 Å. An exposed time of 1 hour was used with step 
size of 1°/min ranging from 15º - 75º. Prior to the measurement, 
the sand sample was crushed using mortar and compacted into a 
pestle shape. 
(b) X-Ray Fluorescence 
Chemical compositions of sand samples such as SiO2, Al2O3, 

Fe2O3 were examined using PANalytical X-Ray Fluorescence. 10 
grams of sample was crushed and pressed under a pressure of 
1000 psi to form into pellets. The pressed pellets were dried at 60 
oC for one day in an oven to be further analyzed.   

1.1.3 API and ISO standard for proppant characterization  

Testing specifications for the sand proppants used in this study 
were conducted based on the International Organization for Stand-
ardization (ISO) and American Petroleum Institute (API) recom-

mendations [24, 26-28]. 
 
(a) Particle size distribution  
A series of stacked, wire-mesh sieves of standard sizes from 106 
to 1250 µm were used to sieve all sand samples. 200g of sample 
was placed on the top sieve tray. Then, the sample was vibrated 
using a sieve shaker for 10 minutes. The amount of sample passed 
and retained on the sieve tray was weighed and recorded.  

 
(b) Bulk density  
The value of bulk density was obtained by measuring the weight 
of sand that was placed in a 100 ml measuring cylinder. Bulk den-
sity was calculated by dividing the mass of sand to the total vol-
ume of sand.  
(c) Turbidity  
Turbidity was measured by using a turbidimeter, where 5 g of 

sample and 15 ml of distilled water were added into the turbidity 
cell. The cell was then capped and shaken vigorously for approx-
imately 30 s to suspend the sand particles. 
(d) Acid solubility  
To evaluate the acid solubility for sand, 5 g of sand was placed in 
100 ml acid solution for 30 minutes at 150 oF (66 oC). The acid 
solution was prepared using 12 wt% of 3.5 M hydrochloric acid 
(HCl) and 3 wt% of 1.5 M of hydrofluoric acid (HF). Then, the 

residual sands were filtered and dried. Mass of sand before and 
after the acid treatment was recorded and acid solubility was cal-
culated by using Eq. (1).  

 

                  (1) 

 
Where 

 = mass of sand before acid treatment (g) 

  = mass of sand after acid treatment (g) 

(e) Roundness and sphericity 
Roundness and sphericity of sand were determined by visual-
manual comparison of sand particles under microscope with mag-
nification of 10 times. 20 particles were randomly examined and 
the images from microscope were then compared with the 
Krumbein and Sloss Chart [29]. The average sphericity and 
roundness of the samples were recorded. 

 

(f) Crush resistance test 
For crush resistance test, 15 g of sieved sand was filled into crush 
cell and stress level of 500, 1000, 1500, 2000 and 2500 psi were 
applied for 2 minutes. Crushed sand was then sieved and weighed 
to calculate the percentage of crushed sand / fines by using Eq. 
(2). 

 

                                 (2) 

 

Where          = mass of sand after crush / mass of fines produced (g) 

                  = mass of sand before crush (g) 

 

2.2. Coating of sand using Polyurethane (PU) 

2.2.1 Materials  

Palm oil based polyols was obtained from Malaysian Palm Oil 
Board (MPOB) Bangi, Selangor, Malaysia. Other materials in-
clude Methylene diphenyl diisocyanate (MDI) (Merck, 820797), 
triethylene diamine (TEDA) (sigma Aldrich, D27802), stannous 
octoate (sigma Aldrich, S3252), polydimethylsiloxane (PDMS) 
(Sigma Aldrich, 433012) and diethanolamine (Merck, 803116). 

Distilled water was used as blowing agent 

2.2.2 Preparation of Polyurethane (PU) 

Formulation of PU used in this study is given in Table 1. The for-
mulations consist of two main components namely MDI and poly-
ol, and additives such as stannous octoate, TEDA, PDMS, dieth-
anolamine and distilled water. TEDA is a strong multi-purpose 
gelling catalyst used in the reaction between polyol and isocyanate. 
Improved catalytic activity in the gelling reaction is achieved 

when TEDA is used in the combination with an organometallic 
catalyst such as stannous octoate. PDMS is a common surfactant 
and a component of defoamer, which is used to suppress the for-
mation of foams while diethanolamine acts as a cross-linker and 
corrosion inhibitor. 
 

Table 1: Formulation of polyurethane (PU) as proppant coating 
Mass 

ratio of 

Polyol: 

MDI 

Catalysts PDMS Diethanol 

amine 

Distilled 

water 

Stannous 

Octoate 

TEDA    

1:5 1 drop 1 drop 1 drop 1 drop 1 drop 

The mass ratio of polyols to MDI in the preparation of PU was 1:5. 
First, 5 g of polyol was placed in 50 ml beaker. A drop of each 
catalyst (stannous octoate, TEDA, PDMS, diethanolamine) and 
distilled water were mixed with polyol. The mixture was stirred 
thoroughly using a spatula for 2 minutes to obtain a homogenous 
mixture. 25 g of MDI was added to the mixture and stirred for 10 
seconds. 

2.2.3 Preparation of Sand Coating 

100 g of selected sand sample was placed on an aluminum sheet. 

The prepared polyurethane (PU) resin in section 2.2.2 was 
dropped on the sand and the particle was coated one by one by the 
PU. Then the sample was cured at room temperature for 24 hours.  
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2.2.4 Characterizations of polyurethane PU-coated sand 

(a) Fourier Transform Infrared (FTIR) Spectroscopy  
FTIR spectras in the wave number region of 4000–500 cm-1 were 
obtained using a Perkin-Elmer 1750 FTIR spectrometer. Sand 
samples were crushed using mortar before being examined. The 

spectrums were analyzed to check and confirm structures of resins. 
 
(b) Images analysis 
The surface of uncoated and PU-coated sand was observed using 
microscope under 10x magnification to evaluate the surface coat-
ing of the PU-coated sand. 
 
(c) API and ISO standard for PU-coated sand characterization. 

PU-coated sand was characterized using the same methods as in 
section 2.1.3 except for the crush resistance test. Eight different 
stress levels i.e. 500, 1000, 1500, 2000, 2500, 3000, 3500 and 
4000 psi were applied on the samples. 
 
(d) Impingement test of PU-coated sands 
An experiment is conducted to address the erosive tendencies of 
uncoated and PU-coated sands by performing a series of im-

pingement test. Air was fed through an acrylic pipe with inner 
diameter of 8 mm and 4 m length at gas velocity of 100 m/s. In 
this case, 250 grams of proppant i.e. PU-coated and uncoated sand 
were fed in compressed air stream and the samples were projected 
toward targeted metal i.e. mild steel with a 90° of impingement 
angle.  Figure 1 shows an experimental setup of the impingement 
test. 
 

 
 
 

 
Fig. 1: Experimental Setup of Impingement Test 

 

The tests were conducted at a different separation distance of 0.5, 
2.5 and 5 inches of nozzle and target, at flowrate of 200 l/min 
(velocity of 100 m/s). The mass of targeted metal losses during the 
impingement operation was evaluated by weighing the metal. 
Images of the proppants impact on surface of targeted metal were 
captured by using a digital camera. 

3.  Results and discussion 

3.1. Mineralogy and chemical composition of sand sam-

ples  

Figure 2 shows XRD patterns for all sand samples. Generally, all 
samples showed similar mineralogical compositions. These pat-

terns indicated characteristic peak of SiO2[30-31], Fe2O3[32], 
Al2O3 [33], CaO [34], MgO [35], TiO2 [30] and [36] as detailed in 
the Figure 2. The samples confirm the siliceous nature of Malay-
sia beach sands [37]. 
Table 2 shows chemical compositions for all sand samples namely 
SiO2, FeO3, Al2O3, CaO, MgO and K2O that are quantified using 
XRF. The main compounds found in the sample were compara-
tively similar to the beach sand as in [38]. However, for Malaysia 

beach coast, SiO2 is the major compound found in all samples 
which constitute more than 50%, followed by Fe2O3 and other 
oxides in trace amount. The amount of SiO2 ranged from 49.8 to 
76.5%. West Coast sand sample has higher percentage of SiO2 
ranging from 75.1-76.5% compared to East Coast with values of 
49.8-70.9%. This is due to different geological rock structure be-
tween West and East coastal beaches [39].  

 

Table 2: Chemical compositions of all sand samples 

No Sample Composition (%) 

SiO2 Fe2O3 Al2O3 MgO K2O CaO 

1 Pantai Kelanang  76.54 17.12 3.82 0.97 1.17 0.37 

2 Pantai Morib  75.27 16.32 5.39 1.89 1.04 0.10 

3 Pantai Gold Coast  75.23 17.98 4.35 1.71 0.65 0.09 

4 Pantai Kemasin  49.81 24.53 9.68 6.60 2.11 7.28 

5 Pantai Bachok  66.02 19.70 8.51 2.30 2.45 1.02 

6 Pantai Kubang Golok  61.09 21.65 5.75 2.36 1.80 7.37 

7 Pantai Cahaya Bulan  69.04 18.63 7.45 1.43 2.37 1.09 

8 Pantai Sabak  70.99 18.36 6.80 1.28 2.03 0.54 
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Fig. 2: XRD results for sand samples from a) Pantai Kelanang, b) Pantai Morib, c) Pantai Gold Coast, d) Pantai Kemasin, e) Pantai Bachok, f) Pantai 

Kubang Golok, g) Pantai Cahaya Bulan, h) Pantai Sabak. 

(  SiO2;  TiO2;  Al2O3;  Fe2O3;  CaO;  MgO) 

3.2. Characterization of sand samples as proppant 

Table 3 shows the size and percentage in size of all sand samples. 
Samples 2, 3 and 4 have the smallest particle size distribution 
which ranges from 106-212 µm with classification of 70/40 mesh 
size followed by sample 1 and 6 and the coarsest size of Sample 7 
and 8 with mesh size of 40/70 and 20/40 respectively. From Table 
3, all samples comply with API standards that 90% of sample 
retains within the size class designation [24, 29]. Study by 
Zdunczyk 2007 [29] stated that 20/40 is the most widely used size 

fraction and sand samples from Sample 5, 7 and 8 fulfil the size 
fraction.  
Figure 3 shows the particle size distribution for all sand samples. 
Sands from West Coast beaches are mostly fine and narrow in size 
with an average size of 120-130 µm except for Sample 1 with an 
average size of approximately 250 µm. Meanwhile, sand from 
East Coast beaches are coarser and have a wide size distribution 
with an average size of 500 µm except for Sample 6 which has the 

average size of 250 µm. 
Table 4 shows result for bulk density, turbidity, acid solubility, 
roundness and sphericity of all samples. The bulk density ranged 
from 1.40 to 1.67 g/cm3. However, only Sample 1, 5, 7 and 8 are 
within the API standard for proppant density which must be great-
er than 1.5 g/cm3. For turbidity measurement, recommended limit 
of tested sand must be less than 250 FTU [24, 27, 29]. All samples 
meet the turbidity requirement that is set by the ISO and API 
standards except for Sample 4, 7 and 8. From XRF analysis, these 

samples contained higher percentage of aluminum oxides (Al2O3) 
compared to others, ranging from 6.8 to 9.7% which lead to high 
turbidity.  

Acid solubility shows the amount of sand that is soluble in strong 
acid. It is an important characteristic for proppant to work effec-
tively as acid treatment during completions of oil and gas wells is 
a common process in the hydraulic fracturing process [40]. API 
recommends the acid solubility to be no greater than 2% (by 

weight) for proppants of 6/12 to 30/50 mesh size and 3% (by 
weight) for proppants of 40/70 to 70/140 mesh size to be soluble 
in a 12:3 ratio of hydrochloric (HCl) to hydrofluoric (HF) acid 
solutions [24, 27, 29]. 
 

Table 3: Sample sieve analysis results 

No Name of Beaches Size classes In size (%) 

Mesh size Size, µm 

1 Pantai Kelanang  40/70  425-212 90.71 

2 Pantai Morib  70/140  212-106 98.42 

3 Pantai Gold Coast 70/140  212-106 97.04 

4 Pantai Kemasin  70/140  212-106 91.90 

5 Pantai Bachok  20/40  850-425 92.75 

6 Pantai Kubang 

Golok  

40/70  425-212 90.07 

7 Pantai Cahaya 

Bulan  

20/40  850-425 90.12 

8 Pantai Sabak 20/40  850-425 90.92 
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Fig. 3: Particle size distribution for all sand samples 

 
From Table 4, only Sample 1 is within the recommended acid 
solubility of 2.9% (by weight) i.e. below than 3% for 70/140 mesh 
sizes that may due to the highest content of silica which highly 
resistant to acid [41]. High acid solubility of 9.6% and 8.6% in 
Sample 4 and 6, respectively, are due to the high content of metal 
oxides mineral including Fe2O3, Al2O3, CaO, MgO and K2O 
which easily soluble in acid solutions [42-45]. For Sample 2 and 3 

which have 70/140 mesh sizes, the acid solubility is 3.7 and 3.2% 
(by weight), respectively, which is slightly above the recommend-
ed value of 3% (by weight). For Sample 5, 7, 8 which are 20/40 
mesh in size, the acid solubility is in the range of 2.5 -2.9%, which 
also slightly exceeds the recommended value of 2% by weight. 

Recommended roundness and sphericity values of 0.6 or greater 
are desirable for sand, while 0.7 or greater are recommended to be 
used to produce high-strength proppants [24, 28-29]. Table 4 
shows that sphericity values of all samples are greater than 0.6 
while for roundness, Samples 1-3 from West Coast areas and 
Samples 4-8 from East Coast area showed approximately round-
ness of 0.5 and 0.4, respectively 
Table 5 shows the results for crush values of all sand samples. 

Samples were subjected to five predetermined stresses and the 
values of fines produced were recorded. API standard requires 
silica sand to withstand compressive stresses of 4000 to 6000 psi 
before it breaks apart or ruptures. The tested size range is subject-
ed to 4000 psi for two minutes in a uniaxial compression cylinder. 
API specifies that the fines generated by the test should be limited 
to a maximum of 20, 14, 10, and 6% by weight for 6/12, 20/40 
and 16/30, 30/50 and 70/140 mesh size respectively [24, 29]. 

Based on the results, all samples fail to fulfil the API standard 
requirement since fines produced at the compressive stress is as 
low as 1500 psi which exceeds the maximum limit. 
 
 

 

Table 4: General properties of all sand samples 

No 
Density  

(g/cm
3
) 

Turbidity (FTU) 
Acid  

solubility (%) 
Roundness Sphericity 

Recommended  

specifications 
≥ 1.5 ≤ 250 

≤ 2% for 6/12-30/50 

≤ 3% for 40/70-70/140 
≥ 0.6 ≥ 0.6 

1 1.58 176.54 2.86 0.57 0.67 

2 1.42 188.65 3.67 0.58 0.65 

3 1.47 164.55 3.18 0.52 0.66 

4 1.40 251.45 9.56 0.43 0.72 

5 1.67 162.43 2.87 0.46 0.70 

6 1.48 239.74 8.65 0.45 0.72 

7 1.58 300.76 2.60 0.45 0.75 

8 1.54 398.65 2.55 0.46 0.72 

 
Table 5: Crush results for all sand samples 

No. Size range Maximum percentage fines 

 produced at 4000 psi 

% of fines produced at P (psi) 

500 1000 1500 2000 2500 

1 40/70 

6 

5.74 9.77 13.78 20.99 26.45 

2 70/140 3.56 6.65 10.43 17.98 22.13 

3 70/140 2.68 6.54 11.53 18.88 23.58 

4 70/140 3.23 6.56 11.67 17.46 23.13 

5 20/40 14 7.45 11.91 16.87 22.46 29.67 

6 40/70 6 4.78 8.56 13.46 20.77 25.58 

7 20/40 
14 

7.52 11.23 15.78 21.24 28.23 

8 20/40 6.97 10.85 14.67 21.98 28.94 

 

3.3. Characterization of polyurethane (PU)-coated sand 

The sand from East Coast of Malaysia i.e. Pantai Bachok, Kelan-
tan (Sample 5), was selected for coating with polyurethane. Based 
on the previous evaluations and characterizations, Samples 5 and 1 
showed the best characteristic except that they have limitations in 
crush resistance, acid solubility and roundness. In this study, 
Sample 5 was selected because its mesh size of 20/40 that can be 
used as proppant material. To improve these limitations, the sand 
was coated with polyurethane (PU) that was synthesized from 

palm-based polyols. The same characterization procedure as de-
scribed in Section 2.1.3 was conducted on the PU-coated sand. In 

this section, selected sand is noted as uncoated sand and the coated 
one is noted as PU-coated sand. 

3.3.1.  Chemical structures of Polyurethane (PU)-Coated 
Sand 

(a) FTIR spectroscopic analysis 
 

40/70 70/140 
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Figures 4 (a) and (b) show FTIR spectra of uncoated sand and PU-
coated sand, respectively. Infrared (IR) spectra for Figure 4 (b) 
clearly indicated the formation of polyurethane by the presence of 
–NH frequency. An absorption peak was found between 3300 and 
3350 cm-1 –NH carbonyl which exhibits urethane carbonyl oxygen 
bonds [46]. Peaks between 2926 and 2854 cm-1 correspond to CH 
bonds [47] while peak of N=C=O corresponds to asymmetric of 
unreacted isocyanate [48]. Common peaks for C=C, aromatic C=C 

and C-C bonds stretching are observed at FTIR peaks of 1656, 
1594[49] and 1506 cm-1 respectively. Bond of H-CH is shown at 
the peak of 1409 cm-1 as stated by [47] while bands for C-O and 
C-N are overlapped within the range of 1350 and 1000 cm-1. Alt-
hough the sand was coated with PU, few peaks of Si-O-Si bond 
and Si-O-Si symmetric stretching were found at 1080 and 799 cm-

1 respectively [47] for both Figures 4 (a) and (b).   
 

 

 
 
 

(b) Microscopic images 

Figure 5 (a) and (b) show the images of uncoated and PU-coated 
sands, respectively, captured using digital camera while Figure 5 

(c) and (d) are the microscopic images of uncoated and PU-coated 
sand, respectively, captured using microscope with 10 x magnifi-
cation. Both samples showed different images of particle surface 
where the PU-coated sands are smoother, darker and more yellow-
ish than the uncoated ones which indicate the coating of PU on the 

surface of the sand particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5: Camera images of (a) uncoated and (b) PU-coated sands and micro-

scopic image of (c) uncoated and (d) PU-coated sand 

NH-carbonyl 
CH 

N=C=O 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 500.0

cm-1

%T 

2268.04

1594.33

1506.80

1409.88

1070.37

3345.99

2924.05
2852.32

1656.11

1305.90

1225.73

1177.21

1014.76

911.39

757.38

799.57

1053.13

778.70
797.46

694.09
586.49

645.56

1080.16

C=C 
H-CH 

C-C 

C-O 
C-N 

Si-O-Si 

Si-O-Si 

(a) uncoated sand 

(b) coated sand 

Fig.4: FTIR spectroscopic analysis of a) uncoated sand and b) PU-coated sand. 

 

 



396 International Journal of Engineering & Technology 

 
3.3.2 Characterization of PU-coated sand according to 

API 

Table 6 shows the comparison result in several characteristics 
between uncoated and PU-coated sand. PU-coated sand has lower 

bulk density and turbidity values than the uncoated sand, but the 
values are still within the recommended specification. Low bulk 
density of PU coated sand was due to the coatings that created a 
thin layer of polymer which is not affected the mass of the sands 
significantly but increased the volume of the particles. PU coating 
provide an impermeable barrier between proppant and external 
medium [21].  
A tremendous improvement in acid solubility for PU-coated sand 

was obtained. This means that the PU coated sand did not dissolve 
significantly in HCl and HF solution which prevents the sand from 
contaminating the solutions. Previous work by [21] also showed 
the improvement of phenolic resin coating on proppant towards 
acid resistivity.  
 
There is also improvement in the roundness and sphericity where 
PU-coated sand meets the API standard requirement which is 0.62 

and 0.77, respectively. Thus, coating is able to help smoothing the 
surface of sand and form a more spherical structure. Spherical 
structure affected good performance and reduced production of 
fine particles when pressure is applied. Thus, the percentages of 
fines generated in crush resistance test for PU-coated sand are 
lower as compared with the uncoated sand (refer Table 7).  
Table 7 shows crush values for uncoated and PU-coated sands. 
For proppant of 20/40 mesh range, API RP 56 only allows 10% by 

weight of fine production after 4000 psi pressure is exerted [24, 
29]. PU-coated sand showed higher crush resistance compared to 
the uncoated sand.  also stated that the crash resistance improved 
significantly due to resin coating. According to [21, 29, 37], angu-
lar grains tend to crush easily compared to the rounder ones as 
crush resistance was influenced by the particle shape of the sand. 
The PU-coated sand has high crush resistance due to its rounder 
shape and smoother surface as compared to the uncoated sands. 

 
 

 

Table 6: Comparison between uncoated and PU-coated sand 

Types Density (g/cm
3
) Turbidity (FTU) Acid  

solubility (%) 

Roundness Sphericity 

Recommended specifica-

tion 
≥ 1.5 ≤ 250 

≤ 2% for 6/12-30/50 

≤ 3% for 40/70-70/140 
≥ 0.6 ≥ 0.6 

Uncoated sand 

 (Sample 5) 
1.67 162.43 2.87 0.46 0.70 

PU-coated sand 1.59 85.37 0.38 0.62 0.77 

 
Table 7: Crush value for uncoated and PU-coated sand 

Sample % of fines produced at P (psi) 

 500 1000 1500 2000 2500 3000 3500 4000 

Uncoated sand (Sample 5) 7.45 11.91 16.87 22.46 29.67 32.65 38.73 45.95 

PU-coated sand 0.38 1.75 2.13 3.42 5.36 6.40 8.71 10.87 

 

3.3.3 Impingement test of PU-coated sand 

Figure 6 shows the mass loss of the targeted metal surface at dif-
ferent nozzle and target distance when the metal surface was im-
pinged using both uncoated and PU-coated sands. It was found 
that the metal losses were less about 20-40% when the metal sur-
face was impacted with PU-coated sand as compared to the un-
coated sand. This indicates that coating can reduce the erosion of 
the targeted metal because the surface of the PU-coated sand 
should have less hardness or softer surface than the uncoated sand. 

The uncoated sand was assumed to be equivalent to the hardness 
of quartz that consists of high silica. However, the analysis on the 
hardness of the eroded/ impinged material was beyond the scope 
of this study.  
Figure 6 also shows that the mass loss of targeted metal decreased 
as the distance between the nozzle and target increased. This is 
due to energy loss of the inter particles collision when the particles 
travelled in the gas stream. The lighter and smaller particles expe-
rienced a higher ratio of drag to inertia forces, during the interac-

tion with the local air stream [50]. Assuming the particles experi-
enced the same gas velocity due to the drag force, particles may 
experience high collision frequency at gas velocity of 100 m/s 
during impingement test. At this velocity, the collision frequency 
can be predicted to be 1,500,000 collisions/particle with approxi-
mately of collision force of 0.2 N i.e. 1000 times higher than the 
one predicted at gas velocity of 0.1 m/s [51]. Thus, as the particles 
travelled at further distance, the energy loss due to inter particle 

collision was also increased which reduces the impact force on the 
targeted metal. Hence, the impacted area produced less of mass 
loss with increasing of distance between the nozzle and targeted 
metal.  

 

 
Fig. 6: Mass loss of metal target for different distance between nozzle and 

target. 

 
Figure 7 shows the particle size distribution (PSD) of uncoated 
and PU-coated sands before and after impingement test at gas 
velocity of 100 m/s. The average size of the tested proppant re-
duced from 520 to 480 µm for PU coated sand. Whilst for uncoat-

ed sands, the average particle size reduced significantly from 520  
to 380 µm after the impingement test. This confirms that PU coat-
ing reduced the attrition and fragmentation of the sand particles 
because flexible PU foam produced a range of compressive 
strength of 0.2-1.3 MPa at 10% and 25% deformations which the 
value varies based on the formulation [52]. Therefore, the break-
age of the PU-coated sands reduced after the impingement test 
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Table 8 shows the images of targeted metal after being impinged 
by 250 g of uncoated and PU-coated sands at different nozzle and 
targeted metal distance of 0.5, 2.5 and 5.0 inches. The impinged 
areas for both types of sands, are larger and wider as the distance 
between nozzle and targeted metal increased because as the dis-
tances increased, the sands tend to diverge before hitting the tar-
geted metal [53-54]. Since the breakage size of the uncoated sand 
reduced during the impact, most of the impacted PU-coated sand 

maintained at larger size compared to the uncoated ones. As for 

PU-coated sand, the eroded area resembled the impact of the large 
particles as less eroded area was observed after the impingement 
test [55-56]. This can be explained by the fact that larger particles 
which have larger ratios of inertia force and drag force compared 
to smaller particles, slightly change their trajectories and hit on a 
smaller region around the nozzle axis. Whilst, the smaller particles 
are diverged further from nozzle axis to the outer and hit on a 
larger region on the sample surface [56].  

 
Fig. 7: Particle size distribution for PU-coated and uncoated sands before and after impingement tests. 

 

Table 8: Images of metal on the effect of distance of nozzle and target 

Distance between nozzle and target, inch Uncoated sand PU-coated sand 

0.5 

  

2.5 

  

5.0 

  

 

4. Conclusion  

Based on the characterization of the beach sand, it is concluded 

that all the samples are potential to be used as proppant with a few 
limitations. Sample 5 which is obtained from Pantai Bachok, (East 
Coast Malaysia) shows the best characteristics in terms of bulk 
density and turbidity but it still needs some improvement in terms 
of acid solubility and crush resistance. Thus, to improve its per-
formance, it has been coated with polyurethane (PU) which was 
formulated from palm oil-based polyols. After coating with polyu-
rethane, most of the characteristics of selected sand sample were 

improved and complied with the specifications made by API and 
ISO standard. PU resins treatment on sand has proven to increase 
its strength, reduce the acid solubility and its turbidity, where 
these characteristics are important for a good proppant for hydrau-
lic fracturing. The PU-coated sand produces less impact and losses 
on the metal as compared with uncoated sand due to mechanical 
structure that provides sufficient strength to the coated surface. 
Furthermore, the sphericity and roundness of the PU-coated sand 

give less and smoother impact on the metal. Based on the overall 
characterization and testing, sands samples from Malaysia’s beach 

have the potential to be used as proppant. However, the sands 
need to undergo coating process for further improvement to fulfill 
the required characteristic of proppant. 
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