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Rashid M. Shamsuddin *a and Muhammad Moniruzzaman c

Nitrogen loss from urea fertiliser due to its high solubility characteristics has led to the invention of

controlled release urea (CRU). Majority of existing CRU coatings are produced from a non-

biodegradable, toxic and expensive synthetic polymers. This study determines the feasibility of fly ash-

based geopolymer as a coating material for urea fertilizer. The effects of fly ash particle size (15.2 mm,

12.0 mm, and 8.6 mm) and solid to liquid (S : L) ratio (3 : 1, 2.8 : 1, 2.6 : 1, 2.4 : 1 and 2.2 : 1) on the

geopolymer coating, the characterization such as FTIR analysis, XRD analysis, surface area and pore size

analysis, setting time analysis, coating thickness, and crushing strength, and the release kinetics of

geopolymer coated urea in water and soil were determined. Lower S : L ratio was beneficial in terms of

workability, but it had an adverse impact on geopolymer properties where it increased porosity and

decreased mechanical strength to an undesirable level for the CRU application. Geopolymer coated urea

prepared from the finest fly ash fraction and lowest S : L ratio demonstrated high mechanical strength

and slower urea release profile. Complete urea release was obtained in 132 minutes in water and 15 days

in soil from geopolymer-coated urea whereas for uncoated urea it took only 20 minutes in water and 3

days in soil. Thus, geopolymer can potentially be used as a coating material for urea fertilizer to replace

commonly used expensive and biodegradable polymer-based coatings.
1. Introduction

Sustainable development has become the main agenda in every
industrial sector worldwide. The goal is to fulll the needs of the
still increasing world population without jeopardizing natural
ecosystems. For instance, maintaining a secure and functioning
food supply globally is one of the major challenges now. The
prices of nitrogen and phosphorus fertilizers have been on the
increase,1 which has been further aggravated by the COVID-19
pandemic and Russia–Ukraine war. On the other hand, the
global nitrogen cycle is the most severely disrupted planetary
boundary, as dened by the Stockholm Resilience Centre.2 In
this context, controlled- and slow-release fertilizers (CRF and
SRF) could be adopted as a means to reduce nitrogen and other
nutrient losses by regulating and delaying their release.3 The
main difference between CRF and SRF is that the former is
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available in a granular form and its nutrient release is only
affected by the soil temperature whereas the latter is available in
granular, nuggets or packets/sachet forms and its nutrient
release is affected by soil temperature, microorganisms, mois-
ture, surface area, and pH.4 The use of CRF or SRF could ensure
the availability of nutrients for a longer time and minimise the
negative impact of excessive fertilizer, such as urea release
towards environment and human health.5,6 Coated urea, a type
of CRF, is readily available on the market. It is made by applying
a coating lm to cover the urea granules, acting as a physical
barrier from the surrounding moisture.7,8

Various types of coating materials have been used to produce
urea based CRF such as sulphur, synthetic polymers, or
biopolymers.9–12 Suherman et al.13 reported that sulphur-coated
urea exhibited a delayed urea release rate with 0.038 to 0.047 g
s−1 as compared to uncoated urea release rate of 0.060 g s−1. In
another study, nutrient release in soil from uncoated urea was
100% while sulphur-coated urea showed ∼32% release aer 7
days of application.14 Nonetheless, the brittle nature of sulphur
coating and proneness to fracture remains a major concern.
Moreover, aer degradation of the sulphur coating, formation
of sulphuric acid takes place, which results in increase of soil
acidity.15,16 This may lead to an adverse impact towards plant
species diversity and contribute to the emission of greenhouse
gases, such as N2O.17 Polymer-coated urea, for example
RSC Adv., 2022, 12, 33187–33199 | 33187
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Table 1 Chemical composition of the fly ash used in the present study

Oxide SiO2 Al2O3 Fe2O3 CaO K2O Na2O P2O5

Composition (wt%) 40.8 35.4 1.86 3.71 0.69 2.96 1.36

Table 2 Operational parameter of mechanical activation

Revolution speed
(rpm) Ball to powder ratio (BPR)

Residence time
(min)
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polyurea-coated urea, displayed 0.3% urea release within 24 h,18

whereas polyethylene-based coating material showed 3%
release in 2 d.19 Even though polymer-coated urea exhibited
a profound ability to delay the release, synthetic polymers are
typically non-biodegradable involving toxic and harmful
chemicals as well as complex and costly production
processes.20,21 Diverting towards more sustainable material,
biodegradable biopolymer-based coating was introduced in the
form of lignin-coated urea. It demonstrated 43% of urea release
within 24 h in distilled water.22 Delayed release rate was also
observed in starch-coated urea with 33.6% urea release
compared to 79.7% from uncoated urea in 24 h.23 Despite being
eco-friendly material, lignin is expensive and requires
hazardous organic solvents during preparation. Starch, on the
other hand, degrades easily and has low water resistance thus
limiting its ability to form a good quality coating material.24

Therefore, in this research, the focus is to determine the feasi-
bility of geopolymers as a new coating material for urea
fertilizer.

Geopolymers are inorganic aluminosilicate materials, for
which the initial terminology was introduced by Joseph Davi-
dovits in 1978.25,26 Geopolymers are considered as green mate-
rials since they can be produced using locally available
industrial waste or by-product materials such as different y
ashes, which are produced abundantly during the combustion
of coal or other solid fuels in power plants.27–29 A large fraction
of y ashes is disposed to landlls where they might leach
potentially toxic elements to soil and subsequently contaminate
groundwater. In addition, the low-density particles of ashes are
susceptible to be dispersed by wind, and thus polluting the air
as well. Utilizing y ashes as a value-added material in geo-
polymer production reduces their negative impact towards the
environment, avoids land use for waste disposal sites and
diminishes the reliance on primary natural resources.30,31

Furthermore, geopolymer synthesis is a relatively fast process
(few hours)32–34 and it can be conducted at room temperature or
at temperature less than 100 °C, which consumes less energy in
comparison to for example synthetic zeolites or ceramics.35 The
utilization of waste as a raw material and energy saving result in
low production costs, which sum up the advantages and
sustainability of geopolymer. The excellent properties of geo-
polymers such as high early strength,36 resistance towards
aggressive chemical environment,37,38 stability at high temper-
ature and long-term durability39,40 make it a prominent material
in several applications. Nonetheless, the utilization of geo-
polymer in agricultural applications remains scarce up to now.
Only few studies have been conducted on the use of geopolymer
as a coating material for controlled release urea.12,41 A study
used y ash geopolymer to double coat it on the urea granules
already coated with modied starch12 while another study used
Loess based geopolymer as an inorganic material to prepare an
organic/inorganic composite coating for control release urea
consisting of Loess geopolymer and organic polymers (starch
(Sta) and polyvinyl alcohol (PVA)).41 However, the effect of
particle size of y ash and the solid to liquid ratio on the coating
properties and performance has never been studied.
33188 | RSC Adv., 2022, 12, 33187–33199
The aim of this study is to use y ash-based geopolymer for
urea granule coating. It is hypothesized that the geopolymer
coating could provide both efficient mechanical protection and
suitable soluble nitrogen species diffusion and water perme-
ation characteristics to obtain desirable CRFs. The effect of
particle size of y ash and the solid to liquid ratio (S : L) of the
geopolymer mix design and their effect towards the physical,
mechanical, and consequently the urea release properties were
investigated.

2. Experimental procedure
2.1 Materials

Fly ash was obtained from the Lumut power plant located near
Lumut, Malaysia, which uses coal as a fuel. Chemical compo-
sition of y ash is shown in Table 1. It is a class F y ash based
on its chemical composition. Analytical reagent grade NaOH
was purchased from R&M Chemicals. Urea pellets (99.99%)
were purchased from Petronas Fertiliser Kedah Sdn Bhd
(Malaysia) with size ranging from 3.0 to 3.5 mm.

2.2 Methods

2.2.1 Mechanical activation of y ash. Original y ash
(OFA) was subjected to pre-treatment using high energy plane-
tary ball mill (FITSCH, Pulverisette 5 classic line). The ball mill
consists of two milling slots with stainless steel jar (250 ml
capacity) and 5 mm diameter stainless-steel balls as the
grinding chamber and media respectively. Dry mechanical
milling method was used, and the operating parameters
selected are summarized in Table 2.

2.2.2 Synthesis of geopolymer. OFA, MFA A and MFA B
(mechanically activated y ash), corresponding to the particle
mean size (d50) of 15.2, 12.0 and 8.6 mm, respectively, were used
for geopolymer synthesis. 12 M NaOH solution was prepared by
dissolving desired amount of NaOH pellets in desired volume of
distilled water and the solution was allowed to cool down to
room temperature for about 1 hour. The solid to liquid (S : L)
weight ratio (where solid refers to y ash and liquid to NaOH
solution) was varied in the range of 3.0 : 1.0 to 2.2 : 1.0 (3.0 : 1.0,
2.8 : 1.0, 2.6 : 1.0, 2.4 : 1.0 and 2.2 : 1.0) and denoted as I (3.0 :
1.0) to V (2.2 : 1.0), respectively. Geopolymer samples were
prepared by mixing y ash with 12 M NaOH solution at 425 rpm
for 10 minutes using an overhead mechanical stirrer (IKA RW20
300 2 : 1, 3 : 1, 4 : 1, 5 : 1, 6 : 1 60

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Digital). The geopolymer slurry was cured in an electric oven at
80 °C for 24 h. Geopolymer samples were ground using mortar
and pestle for characterization.

2.2.3 Preparation of geopolymer coated urea. Geopolymer
paste for urea coating prepared from suitable S : L ratio and
different y ash particle size (OFA, MFA A and MFA B) which
used to coat the urea and yielded in geopolymer coated urea
(GCU) and referred as GCU-O, GCU-MA, and GCU-MB, respec-
tively. 150 g of urea granules were coated with fresh state geo-
polymer paste by means of a spraying technique using a hand
spray gun with the presence of heat as shown in Fig. 1. Geo-
polymer paste was charged into the spray gun container, which
was placed above a nozzle. Dispersion of geopolymer paste was
achieved by pumping it through the nozzle with pressurized air
supplied from a compressor. Coating was stopped aer the urea
granules were completely covered with the geopolymer paste.
Then, the geopolymer coated urea (GCU) was placed in a closed
container and subjected to further curing at 80 °C for 24 h.
Finally, to cover the coating imperfections wax (paraffin wax,
R&M Chemicals), acting as sealant was melted at 70 °C, and
GCU was dipped into the molten wax and later dried at ambient
temperature and produced sealed GCU.

2.2.4 Characterization. Particle size distribution as well as
the specic surface area of y ash particles were determined
using a particle size analyser (Mastersizer 2000, Malvern
instruments). The structural elucidation to identify functional
groups and chemical bonding present in the sample was
determined using Fourier transform infrared spectrometer
(spectrum one FTIR, PerkinElmer). 2 mg of y ash was mixed
with 200 mg of analytical reagent grade potassium bromide
(KBr, Merck, Germany) and subjected to grinding using agate
mortar to prepare the pellet for FTIR analysis. The crystalline
phases present in geopolymers were determined using X-ray
diffraction (Bruker D8 Advanced XRD). Diffraction pattern was
obtained based on the operating condition of 40 kV and 40 mA
Fig. 1 Spraying chamber and set up of coating process (a) spraying
chamber, (b) hair dryer, (c) retort stand, (d) sample (urea and coated
urea) holder and (e) spraying gun.

© 2022 The Author(s). Published by the Royal Society of Chemistry
with CuKa source of radiation (l= 1.5406 Å) at a scanning range
of 2q angle from 5° to 70°. The specic surface area and porosity
(pore size distribution and pore volume) of the sample was
analysed using Micrometrics ASAP 2020. The setting time of
geopolymer paste was determined using Vicat apparatus (NL
3012 X 1002). The thickness and uniformity of geopolymer lm
coating on the urea granules were characterized by portable
digital microscope (Dino-Lite, Plus) in the magnication range
from 60 to 175×. GCUs were subjected to crushing strength
analysis performed by a tablet hardness tester, TBH325
ERWEKA. The coated granules were placed onto the platform
and compressed by a 500 N load cell at a speed of 2.3 mm s−1.

2.2.5 Urea release kinetics in water and soil. Dissolution
tester DT-720, ERWEKA, was used to determine the rate of urea
release. 25 g of urea granules were placed in the dissolution
vessels containing 250 ml of distilled water (release medium)
and covered with the vessel cover. The release test was con-
ducted at room temperature while agitating at a constant speed
of 30 rpm with the designated paddle attached to the dissolu-
tion tester. 2.5 ml of solution was taken out with intervals of
2 min and 1 h for uncoated urea and GCUs, respectively. 2.5 ml
of distilled water was added each time aer sampling to replace
the withdrawn solution. The extracted samples were analysed by
refractometer (RX-5000, Alpha, Atago).

The buried bag method was adopted for determining the
release of urea from uncoated urea and GCUs into the soil.42 2 g
of urea granules were placed in a nylon bag, sealed, and
embedded in 200 g air dried soil kept in a covered plastic
container 5 cm beneath the surface of the soil. Moisture content
of the soil wasmaintained at 30% throughout the experiment by
periodically adding tap water when necessary. The moisture
content was determined using a moisture content analyzer
(Metler Toledo, USA). The bags containing granules were
collected daily. Once the bag was retrieved, the granules inside
were removed and the sample surface was cleaned. The samples
were then weighed and the amount of urea release was
measured by the weight loss.43 The drying at room temperature
was continued until a constant weight was achieved where there
was approximately no change in weight with respect to time.
Release experiment for each sample was conducted in triplicate.

3. Results and discussion
3.1 Mechanical activation of y ash

Mechanical activation was conducted to reduce the particle size
of y ash, and subsequently increase its reactivity due to
enhanced surface area. During mechanical activation via ball
milling, energy is transferred to y ash particles. Based on the
simple collision theory, the transfer of energy occurs via ball-
powder-ball and ball-powder-wall collisions. An increase in
a ball to powder ratio by weight (BPR) allows increment in the
number of potential collisions to take place at a time and
eventually results in high energy transfer which is responsible
for particle size reduction.3 The results obtained (Table 3) are
consistent with this explanation, whereby the lowest BPR of 2 : 1
displayed a particle size of 11.9 mm and it dropped to a smaller
size of 4.4 mm when the BPR was 6 : 1.
RSC Adv., 2022, 12, 33187–33199 | 33189
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Table 3 Fly ash particle size as a function of a ball to powder ratio by
weight (BPR)

Residence time
(min)

Revolution
speed (RPM) BPR

Particle size (mm)

d10 d50 d90

60 300 2 : 1 2.264 11.953 44.348
3 : 1 2.337 9.555 25.014
4 : 1 2.148 8.588 21.766
5 : 1 1.855 6.44 15.209
6 : 1 1.259 4.449 9.89
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From the mechanical activation, only few particle sizes of
interest were selected to be utilised in the preparation of geo-
polymer. OFA, MFA A, and MFA B with the median particle sizes
of 15.2 mm, 12.0 mm, and 8.6 mm respectively were the largest,
medium, and smallest particle size samples. Based on the
preliminary studies, mechanically activated y ash with particle
size less than 8.6 mm resulted in ash setting during geo-
polymer synthesis. Consequently, this particle size (<8.6 mm) of
y ash failed to yield an appropriate geopolymer for coating of
urea granules.
Fig. 2 FTIR spectra of (a) original fly ash (OFA), (b) mechanically activate

33190 | RSC Adv., 2022, 12, 33187–33199
3.2 Characterization of geopolymers

3.2.1 Structural analysis of geopolymer. Fig. 2(a)–(c) shows
the FTIR spectra of the raw y ash samples (OFA, MFA A, and
MFA B) and geopolymers prepared using original and
mechanically activated y ash at varying S : L ratios. In region
(i), which is the ngerprint region, OFA, MFA A, and MFA B
samples displayed broad bands at wavenumbers of 1005, 1009,
and 1023 cm−1, respectively, due to asymmetric and symmetric
stretching vibrations of Si–O–T (T = Si or Al) bonds.44 Siloxane
(Si–O–Si) is the major bond that exists in coal y ash material,
while the amount of Si–O–Al is lower.45 When y ash reacted
with NaOH, polycondensation of Si–O–T bonds occurred, which
resulted in the formation of the geopolymer gel.46 This process
leads to the shiing of bands to a lower frequency and the peak
narrowing for all geopolymer samples ranging from 968 cm−1 to
974 cm−1 for OFA (I–V), 966 cm−1 to 972 cm−1 for MFA A (I–V),
and 965 cm−1 to 971 cm−1 for MFA B (I–V). This shiing is
attributed to the structural reorganisation due to the formation
of amorphous aluminosilicate geopolymer gel. Double peaks
located at a wavelength of 791 cm−1, 776 cm−1 (OFA), 792 cm−1,
776 cm−1 (MFA A) and 795 cm−1, 774 cm−1 (MFA B) are ascribed
to the stretching symmetric vibration of quartz (Si–O–Si).47 For
d fly ash (MFA) A and (c) MFA B and geopolymers prepared of those.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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geopolymer samples prepared from OFA, only OFA-I, III and V
displayed peaks at this region whereas MFA A and MFA B based
geopolymer did not show any peaks. Changes in these peaks
shows the formation of geopolymer and the decrease in inten-
sity and disappearance of the peaks indicates that the quartz
(Si–O–Si) had partially or completely dissolved in the concen-
trated alkaline solution.48 Peaks at wavelengths of∼687 cm−1 to
697 cm−1 shown in all raw y ash and geopolymer samples are
associated with the bending vibration of Si–O–Al bonds.49,50

Furthermore, in the region (ii) other peaks that validate the
geopolymer formation are the vibrational broad and intense
bands that appear at the wavenumber of ∼3360 to 3390 cm−1

and ∼1645 to 1649 cm−1 are due to asymmetric vibration of OH
stretching and H–O–H bending, respectively.51,52 These bands
are due to bound or atmospheric water molecules that originate
from the moisture or water of NaOH solution. Usually most of
the water and moisture will evaporate to the atmosphere during
curing stage, however they may be also trapped in the cavities of
geopolymer matrix.53 Moreover, it can be observed that the
intensity and broadness of the peaks are greater for geopolymer
samples (OFA V, MFA A-IV, and MFA B-V) prepared with a lower
S : L ratio (2.4 : 1.0 and 2.3 : 1.0), which indicates a higher water
retention in the matrix.48,54

Geopolymer prepared from a low S : L ratio contained more
water. Therefore, the moisture was not evaporated completely
Fig. 3 Diffractograms of (a) original fly ash (OFA), (b) mechanically activ

© 2022 The Author(s). Published by the Royal Society of Chemistry
and remained in the voids. Besides that, the peaks at the
wavelength ranging approximately from 1390 to 1424 cm−1

shown in all geopolymer samples were due to stretching vibra-
tion of O–C–O from the carbonate formed due to atmospheric
carbonation of residual alkalinity.55 In y ashes MFA A and MFA
B, the intensity of the peaks at 1474 cm−1 and 1499 cm−1 (i.e.,
carbonates) was low and it could be related to the presence of
calcite.48

3.2.2 X-ray diffraction (XRD) analysis. XRD patterns of
geopolymer samples are shown in Fig. 3(a)–(c). The formation of
geopolymer network for all samples is indicated by the presence
of an amorphous hump approximately in the range of 25° to 35°
2q which is attributed to the structural reorganisation of crys-
talline phase in y ash to amorphous phase of geopolymer
material.56 Furthermore, the appearance of new crystalline
phase at 14° and 24° 2q is attributed to hydroxysodalite (Na6(-
AlSiO4)6$8(H2O)), a zeolitic phase present in all samples. During
geopolymerisation, the amorphous gel can be transformed into
crystalline zeolites by hydrothermal aging and presence of
alkaline conditions.57,58 Fig. 3(a) shows that the peak of
hydroxysodalite at 14° 2q is intensied from a low peak intensity
of OFA-I to a more prominent peak showed by OFA-V sample,
which conrms that more zeolitic phase formed at a higher
water content. Zeolites are highly porous and may affect the
mechanical and physical properties of the geopolymer
ated fly ash (MFA) A and (c) MFA B based geopolymers.

RSC Adv., 2022, 12, 33187–33199 | 33191

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06056f


Table 4 Surface area and pore size analysis results

Geopolymer sample

Physical properties

BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (nm)

OFA-I 6.57 0.025 12.53
OFA-II 6.76 0.029 16.49
OFA-III 9.49 0.030 16.26
OFA-IV 10.43 0.046 17.65
OVA-V 15.48 0.067 18.53
MFA A-I 6.53 0.018 12.02
MFA A-II 6.40 0.016 11.98
MFA A-III 7.02 0.02 12.51
MFA A-IV 7.15 0.021 13.70
MFA A-V 10.31 0.023 14.44
MFA B-I 5.40 0.020 9.36
MFA B-II 3.29 0.016 8.75
MFA B-III 3.39 0.013 2.21
MFA B-IV 5.16 0.016 5.80
MFA B-V 7.11 0.022 9.84
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samples.59,60 Crystalline phase found in y ash such as quartz
(Q), mullite (M) and hematite (H) can also be seen in geo-
polymer XRD pattern owing to their inertness in alkali
activation.46,61

3.2.3 Setting time. Setting time results of geopolymers are
shown in Fig. 4. A low S : L ratio indicates that more water was
added into the mix design. All geopolymer samples showed
a decrease in setting time when prepared with a high S : L ratio
and vice versa. For instance, OFA-I with higher S : L (3 : 1) started
to set at 35 minutes and fully solidied at 65 minutes. On the
other hand, delayed setting was observed for sample OFA-V,
which was prepared from the lowest S : L ratio of 2.2 : 1 where
the initial and nal setting time is 60 min and 115 min,
respectively. A similar trend was also displayed by MFA A and
MFA B-based geopolymer samples.

The hardening of geopolymer is a result of polycondensation
of aluminate and silicate species dissolved from the alumino-
silicate precursors and provided by the alkaline activator
resulting in the formation of new Si–O–Al and Si–O–Si bonds.
Water is merely a medium and do not take part in the reaction
as it is released during the polycondensation.62,63 A high content
of water in geopolymer samples prepared from low S : L created
gaps that hindered the formation of geopolymer framework of
Si–O–Al bonds, subsequently prolonging the hardening
process.49,64 Besides S : L ratio, the particle size of raw material
(y ash) also played a prominent role in the setting behaviour of
geopolymer. Rapid setting of geopolymer mixture was observed
in the samples prepared from mechanically activated y ash
(MFA A andMFA B) where the y ash particle is much smaller in
size. The shortest initial setting time for OFA based geopolymer
was 35 min whereas for MFA A and MFA B-based geopolymer it
was 25 min and 10 min, respectively whereby all samples were
prepared from a 3 : 1 S : L ratio. Similar pattern was also shown
when using low S : L (2.2 : 1) where the MFA B-V sample hard-
ened at the shortest time of 50 min followed by MFA A-V (70
min) and the OFA-V took the longest time to completely harden
(115 min).
Fig. 4 Setting time of OFA, MFA A and MFA B based geopolymers.

33192 | RSC Adv., 2022, 12, 33187–33199
3.2.4 Surface area, pore size, and pore volume. The specic
surface area, pore size, and pore volume of geopolymer samples
are shown in Table 4. BET surface area, pore volume and pore
size increases for the OFA-based geopolymer samples with the
decrease of S : L ratio which shows that the increase of water
content increases porosity. Lowest pore volume for OFA-based
geopolymer is shown by OFA-I (0.024 cm3 g−1) where the
sample prepared at the highest S : L ratio. When S : L ratio
decreased, the pore volume increased up to 0.067 cm3 g−1 as
shown by OFA-V sample. A similar pattern is also demonstrated
for pore sizes. OFA-I showed the smallest average pore size of
12.53 nm whereas the largest average pore size of 18.53 nm was
observed for OFA-V. High pore volume and large pore size leads
to a much higher surface area. This can be seen from the BET
surface area results where increment from 6.57 m2 g−1 (OFA-I)
to 15.48 m2 g−1 (OFA-V) was obtained. It shows that the
increase of water content improves workability of geopolymer
paste and increases porosity. When the water or moisture
trapped in geopolymer gel evaporates the pores or voids are
created. The higher content of water in geopolymer synthesis
produces voids or pores.

Geopolymer specimens prepared at the highest S : L ratio for
both MFA A and MFA B geopolymers did not show trends like
OFA based geopolymers. MFA A-II sample which was syn-
thesised from an S : L ratio of 2.8 : 1 showed a less porous
structure where the pore volume (0.01578 cm3 g−1), average
pore diameter (11.98 nm) and BET surface area (6.4 m2 g−1)
were lower than with the MFA A-I sample (S : L= 3 : 1). None-
theless, for the remaining samples (MFA A-III to MFA A-V),
porosity increased with a decreasing S : L ratio where MFA A-V
showed the largest value of 0.022 cm3 g−1, 14.44 nm and
10.31 m2 g−1 for pore volume, average pore diameter and BET
surface area, respectively. As for MFA B based geopolymer (MFA
B-I to MFA B-III), the porosity level decreased with a decrease of
an S : L ratio. Pore volume and average pore diameter changed
from 0.020 cm3 g−1 to 0.0125 cm3 g−1 and from 9.84 to 2.21 nm,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Thickness of unsealed (a) GCU-O (b) GCU-MA and (c) GCU-MB.
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respectively. Further addition of water lowered the S : L ratio
and affected the surface characteristics where MFA B-IV and
MFA B-V showed an increasing pore volume from 0.015 to 0.022
cm3 g−1 and average pore diameter from 5.80 nm to 9.84 nm.

3.2.5 Coating thickness of geopolymer coated urea. Urea
coating process involves no chemical reaction between urea and
Fig. 6 Thickness of sealed (a) GCU-O (b) GCU-MA and (c) GCU-MB.

© 2022 The Author(s). Published by the Royal Society of Chemistry
geopolymer matrix and it is only a physical phenomenon.
During the coating process, geopolymer paste was sprayed onto
the surface of urea granules. The droplets of sprayed solution
were later spread, and they formed a lm. Subsequently, solvent
(water) present in geopolymer paste evaporated during the oven
curing process and produced a dried coating layer. Fig. 5 and 6
RSC Adv., 2022, 12, 33187–33199 | 33193
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Fig. 7 Mechanical strength of sealed and unsealed geopolymer-
coated urea granules.
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display non-wax-coated and wax-coated GCU, respectively. All
samples showed a non-uniform lm thickness with the coating
layer thickness approximately in the range of 0.194 mm to 0.559
mm. The non-uniformity of thickness is due to a variation in the
exposure of urea granules to the fresh state geopolymer spray
zone. Moreover, contact between coated granules or to the
mixing jar walls before curing and drying of the coating lm
also lead to the uneven lm thickness.65 Average thickness for
Fig. 8 Release rate of (a) uncoated urea, (b) unsealed and sealed GCU-O,
in water. Unsealed and sealed samples are without and with wax coatin

33194 | RSC Adv., 2022, 12, 33187–33199
non-wax-coated GCU-O, GCU-MA and GCU-MB was 0.369 mm,
0.362 mm, and 0.303 mm, respectively. The use of wax sealant
did not affect thickness and resulted in the average thickness of
0.327 mm, 0.363 mm, and 0.379 mm for GCU-O, GCU-MA, and
GCU-MB, respectively.
3.3 Crushing strength of geopolymer coated urea

Mechanical properties of coated urea signicantly affected its
quality and performance. Coated urea is subjected to sudden
impact during transportation, storage and handling which
usually occur in rough condition. Without sufficient strength,
coated urea may undergo mechanical instability that leads to
coating layer damage from peeling and attrition.66,67 The
crushing strength of wax-coated and non-wax-coated GCU is
shown in Fig. 7. The ability of a material to withstand load is
inuenced by various factors such as thickness, type, and
composition of the coating material. In this stage of the
research, a xed type of coating material (geopolymer), coating
thickness (assuming they were the same based on the average
thickness calculated in previous section) and GCU granules size
were involved.

The crushing strength gradually increased from 16.1 MPa to
27.1 MPa and further to 36.4 MPa with a decreasing particle size
for non-wax-coated GCU-O, GCU-MA, and GCU-MB, respec-
tively. Wax sealant was used to ll the pores and voids of geo-
polymer coating layer substantially enhanced its properties by
increasing the crushing strength of all GCU samples which is in
agreement with a previous work by Ibrahim et al.68 The range of
(c) unsealed and sealed GCU-MA and (d) unsealed and sealed GCU-MB
g, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Release rate of (a) uncoated urea, (b) unsealed and sealed GCU-O, (c) unsealed and sealed GCU-MA and (d) unsealed and sealed GCU-MB
in soil.
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crushing strength of GCU samples is acceptable when
comparing with other coating materials reported in literature,
for example crushing strength of biopolymers based coated
urea is in the range of 20 to 30 MPa.69,70 In addition, the
crushing strength of sulfur coated urea reported in the litera-
ture is ∼17 MPa.68
3.4 Urea release prole

3.4.1 Kinetics of urea release in water. Experimental
cumulative release of urea in water is shown in Fig. 8. It can be
observed that the uncoated urea dissolves rapidly with the
shortest release time of 12 min (Fig. 8(a)). Encapsulation of urea
with geopolymer showed an improvement in the urea release
performance. Non-wax-coated GCU-O showed a complete
release at 22 minutes whereas GCU-MA and GCU-MB took 46
and 62 minutes as shown in Fig. 8(b)–(d), respectively. Denser
and more compact microstructure of geopolymer with the
presence of fewer voids is highly desirable to slow down the
release. The increase of thickness of coating material will also
delay the release of urea. Moreover, high mechanical strength
due to a less porous structure allows the coating lm to with-
stand any sudden load throughout the handling process.
Cracking or coating damage due to a rough handling may cause
rapid release. The release of urea from sealed GCU is shown in
Fig. 8 where sealant (wax) further decreases urea release. The
duration of complete nutrient release for sealed GCU-O, GCU-
MA, and GCU MB was 54, 90, and 132 minutes respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The voids and pores of geopolymer coating surface were lled
and sealed by wax, which resulted in the lower penetration of
moisture from outer environment into the urea core and
diffusion of dissolved urea to the environment.

3.4.2 Kinetics of urea release in soil. Release of urea from
uncoated urea granules and GCU in soil is shown in Fig. 9. The
rate of urea release in moist soil environment is slower than in
water. The release of urea from uncoated urea occurs fastest
with a complete release on the third day aer being buried in
the soil. Whereas, in Fig. 9(b)–(d), urea granules coated with
geopolymer once again exhibited much slower urea release:
non-wax-coated GCU-O, GCU-MA and GCU-MB had release of
100% at days 6, 7 and 9, respectively.

Although the complete release of urea from non-wax-coated
GCU samples is very close to each other, GCU-MB, which
possessed the best coating lm properties, demonstrated the
slowest release rate. To further delay the urea release, GCUs
were sealed with wax, which improved the coating structure and
resulted in 100% release within 10 days (GCU-O), 12 days (GCU-
MA) and 15 days (GCU-MB) as shown in Fig. 9(a)–(c), respec-
tively. It is worth noting that the release behaviour from sealed
GCU-MA and GCU-MB in soil followed the European standard
where urea release should not be more than 15% within 24 h.71
4. Conclusion

Mechanical activation of y ash reduced the particle size from
d50 of 15.3 mm (original size) to 12.0 (MFA A) or 8.6 mm (MFA B).
RSC Adv., 2022, 12, 33187–33199 | 33195

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06056f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 6
:3

6:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A low S : L ratio of 2.2 : 1.0 produced a workable and suitable
geopolymer coating slurry but it produced a porous geopolymer
structure, which is not suitable as a coating material. Geo-
polymer produced from ne y ash particles (MFA B-I) hard-
ened rapidly with the setting time of 10 min. Geopolymer
prepared using a low S : L ratio (MFA B-V) produced a workable
material with enhanced physical and mechanical properties.
Geopolymer-coated urea samples prepared using ne y ash
particles and sealed with wax (sealed GCU-MB) had the highest
crushing strength of 36.4 MPa and it also signicantly pro-
longed the nutrient release of 100% in 132 min in water and 15
days in soil which was higher than the nutrient release in 12
minutes and 3 days in water and soil, respectively, from
uncoated urea. Thus, the geopolymer possess good potential for
use as a coating material for urea fertilizer to control its release.
Its application as a coating material on other types of fertilizers
is an important topic for future studies.
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