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Synthesis of aminopropyl-functionalized mesoporous silica derived
from geothermal silica for effective slow-release urea carrier
S. Silviana*, Atikah A. Janitra, Afriza N. Sa’adah, Febio Dalanta

Department of Chemical Engineering, Faculty of Engineering, Diponegoro University, Tembalang, Semarang, 50275, Indonesia

Keywords: slow-release urea, mesoporous silica, aminopropyl-functionalized material, modified silica, urea.

ABSTRACT: Prominent slow-release urea was developed with aminopropyl-functionalized mesoporous silica to enhance urea adsorption and
slow-release property. As novelty study, mesoporous silica was developed using treated geothermal silica as silica source, CTAB surfactant, and
APTMS surface modification agent. The most desirable mesoporous silica with uniform micromorphology containing 38.55 %-wt silica parti-
cles, 668.85 m?/g surface area, 149.33 — 353.28 mL/g adsorption-desorption range, 0.26 mL/g adsorption pore volume were achieved using
0.0S mole CTAB. Synthesized mesoporous silicas showed type-IV hysteresis, which corresponds to mesoporous material. DSC-T GA thermo-
grams showed that mesoporous silica becomes more reactive with peaks at 82.3 °C and 159.5 °C, having good thermal stability, only experienced
17.61% weight loss until 124 °C. SEM showed functionalization and urea adsorption to mesoporous silica resulted in no significant microstruc-
ture changes. From FTIR spectra, MS/APTMS/U26.74 was observed to have higher C=0, N-H, C-N, C-H groups intensity among other
samples. Cumulative urea release during seven days was 184.5 ppm for commercial urea and 124.6 ppm for MS/APTMS/U26.74. Higuchi
kinetic model performed the best fit predicting MS/APTMS/U26.74 release kinetics with R? 0.9979 and Higuchi constant 24.4964 %day™/%.
Finally, synthesized MS/APTMS/U26.74 using geothermal silica, CTAB, APTMS can be noted as potential composition for slow-release urea
to enhance efficiency.

performance are still needed, and there remains big room to be stud-
ied.
Mesoporous silica (MS) has gained high attention caused by their

INTRODUCTION

Nowadays, urea has been widely used as fertilizer 7, source of ni-
trogen in ruminants **, pesticides *, microbial growth 7%, and various

%, cataly-
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- . B potential in various utilizations, including drug delivery *
agriculture activities due to its rich nitrogen content, abundance, and 40 a S s . . .
ffecti H 1 studi J that the high sis **, adsorbent *, sensing **, and antibiotic-free antibacterial appli-

- reness. 3 3 repor s . . .
cost-effectiveness. However, several studies reported that the hig cations . Due to the silica chemistry, MS has an ease to be function-

coilte.lr.lt Of urea fertlhzelr. 18 l_OSt -causeﬂd by 1ead;llng and ar'nmomum alized and controllable tailoring, which allows it to be designed for
v a‘tl ization lllporilaPP icanon 1.1150 N eve? fua dY generating se‘;eLe the desired applications, including as the matrix medium for SRU.
environmental pollution, especially in soil and water sources ™. Many works have been conducted to synthesize MS with different

Therefore, slow-release urea (SRU) development becomes a man- structures, compositions, and pore properties to achieve desired and

ner to improve urea efficiency, controllable usage and minimize the e MA0AAS L
P N 8 tunable characteristics ******%, Type of precursor, pH, reaction time,

nvironmental . Recently, SRUs are commonly prepar .
environmental drawbacks. Recently, SRUs are commaonly prepared temperature, type and concentration of catalyst, co-solvent, and sur-

by encapsulating or adsorbing saturated urea solution to a porous

o factant are the main influencers of the final properties of synthesized

matrix medium such as zeolites
18-23

. . N . 15- R
i ; ~ sporous polymer composites MS %042, Several synthesis procedures have been reported in order
Y7, or mesoporous materials "7 in order to control the urea release. .
to have tunable and controllable MS properties, generally conducted

Several polymers have been performed for SRU matrix media, such

. lonitrile . polysulfone . poly (vinvl chloride) . pol in acid and basic media ¥***. On both conditions, the effect of reac-
s pTyatLybOm’tfl ¢ L i?o zsu one )’250 % svmi' c o}f“ ) » yI?IO v tion temperature, surfactant, co-solvent, and additives concentra-
acrylic-rubber =, poly (viny acetate. 7 an P(" yurethane o m{“_ tions was observed, and numerous MS properties have been clearly
ever, those polymers generate additional environmental issues in 374446 . N . .
cih . biodegradable pol frer th explained ¥***, The high specific surface area, high porosity, tunable

terms od tTe;lren;almnlg; non- 1_10 .egra fab'e g © Yn:;;” astei atter they network framework structure can enable the massive binding sites
;re used. ; dere ore, ¥ le ap}f’ 1cat1-on ot bio igm 2 fe Pf’ ymers has for urea in this matrix medium. However, it has also been reported
‘een carried out to solve the environmental issue 0 umng conven- that thickness, hydrophilicity, and layer structure of matrix medium
tional polymers on SRU. Natural polymers have been applied as the
matrix medium for SRU, including cellulose *, chitosan *, atta-

32,33 34,35

strongly affect the release rate of SRU ¥2**'*, Consequently, to

N achieve the maintainable rate of urea from the slow-release urea, fur-
pulgite , starch %, and lignin . Nevertheless, due to

their natural characteristics, those natural polymers are easily at-

) aliginate ther modification and/or functionalization of the SRU matrix me-
. . . . . dium is highly required.
tacked by fungi, bacteria, and other microorganisms, causing a lack

of performance. Therefore, further investigations to develop the Aminopropyl-functionalized materials have gained high interest

prominent matrix material for enhancing SRU characteristics and due to their strong absorption against several chemicals such as



amine, phosphate, and nitrate. The presence of an amine group on
aminopropyl-functionalized silica, which has a similar amine func-
tional group as urea, caused the crystallization of urea by hydrogen
bonding with other amine groups. It acts as a seed to initiate crystal-
lization of the urea network, thus enhancing the absorption of urea
on the surface of an aminopropyl-functionalized silica **#%, Various
organometallic groups have been utilized to functionalize adsorp-
tion-based materials and enhance the capacity of adsorption and

produce controllable kinetics *>*

. Currently, the most investigated
aminopropyl-functionalized material is biochar or activated carbon.
Nevertheless, those materials preferably have developed surface mi-
crostructures, but the micropores domination alters adsorbate diffu-
sion into the pores generating a decrease in adsorption capacity.
Compared to the biochar or activated carbon, MS has a high specific
surface area, ordered pores, and relatively high pore volumes indicat-

ing a potential material for adsorbent with controllable diffusion be-

havior *¥. Therefore, it was hypothesized that functionalization of
MS for SRU matrix medium to enhance the performance of SRU in
terms of high urea adsorption capacity and controllable diffusion of

urea from the synthesized SRU to the soil.

In this study, the synthesis of SRU with MS as the matrix medium
was prepared from geothermal silica. Geothermal silica can be ap-
plied as the silica source to synthesize MS due to its high content of
SiO»,which has been applied in numerous applications *-*, The ge-
othermal silica was purified using acid leaching treatment before it
was used. The purified silica was converted to sodium silicate as the
precursor of silica source in MS preparation. Cetyltrimethylammo-
nium bromide (CTAB) was used as the surfactant, and the mole
amounts of CTAB were varied to investigate the impacts on the syn-
thesized MS properties. The synthesized MS was further functional-
ized by covalently grafting the aminopropyl groups on the MS sur-
face using a 10% 3-Aminopropyl trimethoxy silane (APTMS) solu-
tion to enhance the sorption capacity and slow-release properties of
the synthesized slow-release urea. The essentials analysis, including
microstructures, chemical groups and compositions, surface area in-
volving gas sorption, hysteresis behaviors, pore characteristics, and
thermal properties, were comprehensively characterized using scan-
ning electron microscopy (SEM), energy dispersive x-ray (EDX), x-
ray fluorescence (XRF), x-ray diffraction (XRD), Fourier-transform
infrared (FTIR), Brunauer-Emmet-Teller and Barrett-Joyner-
Halenda (BET-BJH) analysis, thermogravimetric analysis (TGA),
and differential scanning calorimetry (DSC). The synthesized slow-
release urea was experimentally tested in the soil to investigate the
release characteristics and its comparison to the commercial urea.
The release kinetics of the synthesized slow-release urea were also
studied by applying several appropriate kinetic models. As a novelty,
the study of slow-release urea synthesis using aminopropyl-function-
alized MS as the matrix derived from geothermal silica as the silica
source and CTAB as the surfactant has not yet been reported in
other previous studies.

MATERIALS AND METHODS

Materials

The geothermal silica sample as the primary raw material for mes-
oporous silica synthesis was supplied from the geothermal power
plant of PT. Geo Dipa Energi, Dieng, Indonesia. Cetyltrime-

thylammonium bromide (CTAB, 99-101%) and 3-Aminopropyl tri-
methoxy silane (APTMS, 99.8%) were purchased from Himedia
and Sigma Aldrich, Germany, respectively. Sulfuric acid (H2S04,
98%), sodium hydroxide (NaOH, 95%), and hydrochloric acid
(HCl,36.5-38%) that was used in purification treatments of geother-
mal silica were supplied from Mallinckrodt, USA. Ammonium hy-
droxide (NH4OH, 25%) and ethanol (C.HsOH, 96%) utilized in the
preparation were purchased from Merck, Germany. Commercial
urea (Nitrogen > 46%) was supplied from PT. Petrokimia Gresik,

Indonesia. Distilled (DI) water was utilized in all experiments.
Methods

Purification treatments of geothermal silica samples

Geothermal silica contains contaminants. Therefore, it required
purification treatment to produce high purity of silica as the primary
material to synthesize mesoporous silica ", There were two steps
of purification treatments, i.e., acid leaching and sodium silicate pro-
cess. Firstly, 250 g of geothermal silica sample was dried in an oven
at 110 °C for 12 h to reduce its moisture content. Then, the dried
sample was crushed into fine powder. This sample was then checked
by X-ray Fluorescence (XRF, Thermo Fisher Scientific, USA) and
X-ray Diffraction (XRD, Thermo Fisher Scientific, USA) instru-
ments to reveal its chemical composition and the amorphous struc-
ture. Next, acid leaching treatment was conducted based on the
methods recently reported ***. Such amounts of 125 g of treated ge-
othermal silica were carefully dispersed and constantly mixed in 500
mL of 20% H,S$O. solution at 100 °C for 105 min. The acid pro-
cessing by H.SO4 is intended to remove the residual impurities on
the sample, specifically the metal oxides content. After that, repeated
washing and rinsing were done to the residue to remove any unspent
acid until achieving a neutral pH. The residue was then placed in an
oven at a temperature of 110 °C until completely dried. The treated
silica from this step was analyzed using XRF and XRD.

The second purification step was the sodium silicate process to
further purify the treated silica. This procedure was conducted based
on the method previously reported ***%. It was started by mixing 125
g of treated silica sample with 600 mL of 4 M NaOH solution and
was stirred and maintained at 90 °C for 60 min. After that, the mix-
ture was filtered through a filter paper (Whatman No.42) using a
vacuum filter. The generated filtrate was sodium silicate that was fur-
ther applied as the precursor to synthesize mesoporous silica.

Synthesis of mesoporous silica

This step followed the modified Stober method that was previ-
ously reported %, Firstly, the primary solution was made of 10
moles of ethanol, 22.4 moles of water, and 5.2 moles of NH4OH. The
solution was constantly mixed at low speed (80-100 rpm) for 15
min. After that, CTAB as a surfactant was slowly added into the so-
lution with variations of 0.015, 0.03, and 0.05 moles. Sodium silicate
was prepared by dissolving 10 g treated silica in 82.5 mL of NaOH 4
M. Next, 100 mL of prepared sodium silicate solution was slowly
added to the solution. The solution turned opaque immediately, in-
dicating the reaction has started. The solution was continuously
mixed and maintained for 2h at room condition. After that, the solu-
tion was filtered to separate the solids as the generated mesoporous
silica from the mixture through a filter paper (Whatman No. 42) us-
ing a vacuum filter. Subsequently, the solids were washed to remove
any unspent solution. The solid was then calcined using a furnace












results are confirmed with SEM micrographs, as previously dis-

cussed.

Table 2. Chemical composition data extracted from EDX spectra for mesoporous silica using three different amounts of CTAB

Element EDX rec- MS-0.015* MS-0.03* MS-0.05¢

orded Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
Carbon CK 25.16 33.59 2794 27.66 11.42 17.36
Nitrogen NK 4.08 4.67 2.59 3.00 272 3.54
Oxygen OK 50.02 50.13 44.99 45.52 48.60 5548
Bromine BrK 0.64 0.13 0.78 0.16 1.38 0.32
Silicon SiK 20.11 11.48 23.70 13.66 35.88 23.32

a) MS-0.015 represents the mesoporous silicawith CTAB 0.015
B) MS-0.03 represents the mesoporous silica with CTAB 0.03
C) MS-0.05 represents the mesoporous silica with CTAB 0.0S

Sorption isotherm and pore properties of synthesized
mesoporous silica

The pore properties and sorption isotherm of several samples
were analyzed using BET-BJH analysis by N2 adsorption/desorp—

tion patterns. Figure 4. represents the sorption isotherm of geother-
mal silica (Figure 4(a).), purified silica by acid leaching (Figure
4(b).), synthesized mesoporous silica with CTAB 0.015 mole (Fig-
ure 4(c).), 0.03 mole (Figure 4(d).), and 0.05 mole (Figure 4(e).).
Type IV of sorption isotherms class were developed for all samples

indicating mesoporous materials .



10



11



12



13



Atomic (%) 29.35 6.18 49.00 0.17 15.32
MS/APTMS/U36.74 Weight (%) 25.70 6.36 44.66 091 22.37
Atomic (%) 34.55 7.33 45.08 0.18 12.86

FTIR analysis was performed to examine the formation of inter-
action bonding of urea in a matrix structure and the effect of APTMS
on the synthesized slow-release urea. Figure 9. represents the FTIR
spectra of different tested samples at wavenumbers of 4000 — 500
em™ (Figure 9(a).) and 2300 - 1300 cm™ (Figure 9(b).) . From
Figure 9(a)., it can be found that all tested samples experienced an
intense broad peak ranging from 1250 — 900 cm™ indicating the vi-
bration of Si-O-Si groups *. Figure 9(b). was developed to further
analyze the formation of new functional groups upon the application
of APTMS and the introduction of urea to the matrix. It can be seen
that the application of APTMS to the mesoporous silica generated
slightly higher recorded absorbance at 1556 and 1495 cm™ that cor-
respond to the vibrations of N-H and C-N groups, respectively ».
This is explainable by the formation of abundant N-H and C-N
groups from APTMS on the mesoporous silica structure during the
surface modification process.

On the other hand, the varied concentrations of urea introduction
to the MS/APTMS were also found, resulting in higher recorded ab-
sorbance intensity at several wavenumbers. Absorption bands at
2100 and 1636 cm™ indicate the stretching vibrations of N=C=0
and C=0O groups, attributed to the natural composition and cyanate

impurities inside the urea. Intense peaks recorded at 1556, 1495, and
1340 cm™ are related to the vibrations of N-H, C-N, and C-H groups
4, By comparing the relative absorbance intensity of the tested
samples, a sample of MS/APTMS/U26.74 generates the higher in-
tensity of C=0, N-H, C-N, and C-H groups. The higher intensity
means the higher content of respective groups in the
MS/APTMS/U26.74 than other samples, suggesting the best for-
mulation for the slow-release urea. Figure 9(c). depicts the proposed
bonding formations of grafted aminopropyl groups from APTMS to
the siloxane groups on the surface of the mesoporous silica resulting
in the aminopropyl-functionalized mesoporous silica. This function-
alization is needed to effectively adsorb the urea and control its re-
lease. The amine groups from urea bonded with amine sites of ami-
nopropyl groups. This amine bonding formation (N-H) was rec-
orded and explained on FTIR spectra. Furthermore, hydrogen
bonding as another attractive intermolecular force can occur due to
the abundance of highly electronegative atoms such as oxygen (O),
nitrogen (N), and hydrogen (H). Therefore, it can provide a
stronger bonding of urea groups on the surface of the functionalized
mesoporous silica thus, resulting in the effective slow-release prop-

erty.
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ppm on the last day. In contrast, the commercial urea shows an ex-
ponential trend of cumulative urea release profile with a value of
184.5 ppm in total. This result indicates that APTMS/U26.74 can
release the urea slower than the commercial urea. It can be partially
due to the abundance of solid interaction bonding between urea
molecules and the MS/APTMS as the matrix of this slow-release
urea resulting in a relatively slower release of urea molecules.

To further understand the behavior of urea release, kinetic mod-
eling of urea release was evaluated using several models, i.e., pseudo-
first order (Figure 10(c).), pseudo-second order (Figure 10(d).),
Higuchi (Figure 10(e).), and Hixson-Crowell (Figure 10(f).). The
fitted kinetic parameters and the correlation coefficients are com-
pletely listed in Table 7. The pseudo-first order model provided a
reasonably good fit for commercial urea and MS/APTMS/U26.74
with R” values of 0.8528 and 0.8395, respectively. The pseudo-first
order rate kinetic constant values were 0.3502 day™ for commercial
urea and 0.2654 day” for MS/APTMS/U26.74. In addition, the k;
value of commercial urea was recorded higher than
MS/APTMS/U26.74, indicating that the commercial urea has a
higher urea release per day than MS/APTMS/U26.74. This result
indicates that the modified slow-release urea had a significant impact
on reducing its release rate. On the other hand, in this study, the
pseudo-second order kinetic model was seemingly unsuitable for
modeling the urea release behavior. It is evident with the low num-
ber of correlation coefficients with just only 0.3258 for commercial

urea and 0.5703 for MS/APTMS/U26.74. The low value of R” indi-
cates that the model is less capable of being used for data predictions.
The Higuchi kinetic model performed the best fit of urea release
among other fitted models, which had the highest R* values of
0.9901 for commercial urea and 0.9979 for MS/APTMS/U26.74.
The Higuchi constants were measured $4.0668 % day/* for com-
mercial urea and 24.4964 % day/* for MS/APTMS/U26.74. The
higher Higuchi constant represents the higher diffusion rate of urea
release from the sample %2 Thus, the modification of MS/APTMS as
the matrix medium has significantly improved the urea release rate
by reducing the diffusivity of urea release from the slow-release urea
due to solid interaction bonding between modified mesoporous sil-
ica and the urea molecules. The Hixson-Crowell model was also
showed the excellent urea release fit for both samples with R? values
of 09617 and 09772 for commercial urea and
MS/APTMS/U26.74, respectively, with Hixson-Crowell constants
of 4.8308 %'* day”and 2.3678 %' day" for commercial urea and
MS/APTMS/U26.74, respectively. This result suggests that the pri-
mary mechanism of urea release is a diffusion-controlled mechanism
%, a similar indication from the Higuchi model previously discussed.
Based on the studies and results, it can be reasonably suggested that
the modification of mesoporous silica with APTMS has a significant
impact on reducing urea release rate by lowering the diffusivity of
urca from the slow-release urea. Based on the findings and explana-
tion, it can be reasonably concluded that the slow-release urea has
been successfully synthesized.

Table 7. Model parameter and correlation coefficient of commercial urea and MS/APTMS/U26.74 to evaluate urea release kinetics

using pseudo-first order, Higuchi, and Hixson-Crowell models

Sample Kinetic models

Pseudo-first order Pseudo-second order Higuchi Hixson-Crowell

ky 2 ky 2 o 2 Kljlf/% 2

(day) | © (Goday) | © .() day | B 1() Ty R
Commercial urea 0.3502 0.8528 0.0037 0.3286 54.0668 0.9901 4.8308 0.9617
MS/APTMS/U26.74 0.2654 0.8395 0.0046 0.5703 24.4964 0.9979 2.3678 0.9772
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amounts of CTAB. It showed the most desirable mesoporous silica
with fairly uniform surface micromorphology containing particles
with 38.55 %-wt of silica content, surface area of 668.85 m:/g, ad-
sorption-desorption range of 149.33 - 353.28 mL/g, and adsorption
pore volume of 0.26 mL/g were achieved with addition of 0.05 mole
of CTAB. All synthesized mesoporous silicas showed type IV hyste-
resis which correspond to mesoporous type material, signaling the
successful development of the mesoporous structure. The DSC re-
sults showed that the mesoporous silica becomes more reactive with
recorded enthalpies of 69.2175 ] /g and -10.0796 J /g at temperatures
0f 82.3 °C and 159.5 °C due to the addition of CTAB in the synthesis
process. TGA thermograms showed that the mesoporous silica has
quite good thermal stability and only experienced 17.61% of weight
loss at a temperature of up to 124 °C. These findings suggest the ex-
cellent potential of the synthesized mesoporous silica for prominent
matrix material, Further, the functionalization of the aminopropyl
group to the mesoporous silica using APTMS was done. SEM results
showed that the functionalization process and the adsorption of urea
to the mesoporous silica resulted in no significant changes in the mi-
crostructure of mesoporous silica. Meanwhile, significant changes
were observed in generated chemical functional groups after the
APTMS functionalization resulting in some new groups including
C=0,N-H, and C-N. From the FTIR spectra, MS/APTMS/U26.74
was observed to have a relatively higher intensity of C=0, N-H, C-
N, and C-H groups among the other samples, suggesting the higher
content of respective groups in the MS/APTMS/U26.74. The com-
parison experiment and the kinetic study regarding the release prop-
erty and kinetic between MS/APTMS/U26.74 as the best slow-re-
lease urea and the commercial urea was investigated. The cumulative
urea release during seven days of observation was 184.5 ppm for
commercial urea and 124.6 ppm for MS/APTMS/U26.74. The
abundance of strong interaction bonding between urea molecules
and the MS/APTMS as the matrix of relatively slower release of urea
molecules. The Higuchi kinetic model performed the best fit among
the other models to predict the release kinetics of
MS/APTMS/U26.74 with generated R?0f0.9979 and Higuchi con-
stant of 24.4964 % day“’. The Higuchi constant of
MS/APTMS/U26.74 was smaller than commercial urea (54.0668 %
day'?), indicating the synthesized slow-release urea has alower urea
diffusivity out from the sample, thus resulting in the slower and con-
trollable urea release. Finally, the synthesized MS/APTMS/U26.74
by utilizing geothermal silica, CTAB, and APTMS can be noted as a
potential composition for the slow-release urea fertilizer to enhance
the usage efficiency of urea.
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SRU, slow-release urea; MS, mesoporous silica; CTAB, Cetyltrime-
thylammonium bromide; APTMS, (3-Aminopropyl)trimethoxysilane;
SEM: scanning electron microscopy; XRF: x-ray fluorescence, XRD: x-
ray diffraction; FTIR: fourier-transform infrared; BET-BJH: barrett-
joyner-halenda; TGA: thermogravimetric analysis; DSC: diferential
scanning calorimetry; HCI: hydrochloric acid; U6.74: urea 6.74 %-wt;
U16.74: urea 16.74 %-wt; U26.74: urea 26.74 %-wt; U36.74: urea 36.74

%-wt.
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Synthesis of aminopropyl-functionalized mesoporous silica derived from geothermal silica for effective
slow-release urea carrier

Reviewer #1
No Comments
1 Page 1, left column. Reference is made to a

number of slow release materials. Do the authors
know how much they slow the release of urea,
and how it compares to what was developed
here? It would also be helpful if the authors could
provide some idea of how long in actual field
applications the slow release of urea needs to be
controlled? Is this length of time longer than one
would expect that the “natural Materials”
(cellulose, chitosan, attapulgite, aliginate, starch
36, and lignin 28.) would survive degradation by
microbes. Note also, Attapulgite is a “clay minera
and like the silica base developed here it is not
likely to degrade, except over “geologic” spans of
time. Finally it seems likely the deterioration of
concern relates to the impact of microbes on the
complex organic coatings used to enhance
performance, and not the deterioration of the
bulk substrate itself.

d

Response
Thank you for the comment.

Slow-release urea synthesized in this
study released about 64.4% urea on the
seventh day, comparable with lower

release rate compared to referred studies.

Some referred studies:

- Azeem, B.; KuShaari, K.; Man, Z. B.; Basit,
A.; Thanh, T. H. (2014): Review on
materials & methods to produce
controlled release coated urea fertilizer

J. Control. Release 2014, 181 (12), 11-21.
https://doi.org/10.1016/j.jconrel.2014.02.
020

Sulfur-only coated urea: 83% release after
7 days.

- Maghsoodi, M. R.; Najafi, N.;
Reyhanitabar, A.; Oustan, S. (2020)
Hydroxyapatite nanorods, hydrochar,
biochar, and zeolite for controlled-release
urea fertilizers. Geoderma 2020, 379,
114644.

https://doi.org/10.1016/j.geoderma.2020.

114644

Impregnation of urea using
hydroxyapatite (HAP): 88% urea release

after 460s.

- Pereira, E. |.; da Cruz, C. C. T.; Solomon,
A.; Le, A.; Cavigelli, M. A.; Ribeiro, C.
(2015) Novel Slow-Release
Nanocomposite Nitrogen Fertilizers: The
Impact of Polymers on Nanocomposite
Properties and Function. Ind. Eng. Chem.
Res. 2015, 54 (14), 3717-3725.
https://doi.org/10.1021/acs.iecr.5b00176
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Bentonite in polycaprolactone or
polyacrylamide hydrogel: 75% urea
release after 30 or 60h.

- Guo; Liu; Zhan; Wu, L. (2005)
Preparation and Properties of a Slow-
Release Membrane-Encapsulated Urea
Fertilizer with Superabsorbent and
Moisture Preservation. Ind. Eng. Chem.
Res. 2005, 44 (12), 4206-4211.
https://doi.org/10.1021/ie0489406
Slow-release membrane encapsulated
urea with Superabsorbent and Moisture
Preservation (SMUSMP) : 90% nitrogen

release after fifth day.

-Wang, Y., Y.; Liu, M.; Ni, B.; Xie, L. (2012)
Carrageenan—Sodium Alginate Beads and
Superabsorbent Coated Nitrogen Fertilizer
with Slow-Release, Water-Retention, and
Anticompaction Properties. Ind. Eng.
Chem. Res. 2012, 51 (3), 1413-1422.
https://doi.org/10.1021/ie2020526
Double-coated slow-release fertilizer using

ethyl cellulose (EC and starch-based
superabsorbent polymer: 70% urea
release at 96h.

As for organic coatings degradation,
similar compounds studied by Emily
Asenath Smith and Wei Chen (2008) How
to Prevent the Loss of Surface
Functionality Derived from

Aminosilanes DOI: 10.1021/1a802234x can
be referred to.

Smith and Chen studied degradation of
silane agents by simulating biological
media in a slightly accelerated manner.

APTES incorporated with APTMS used in
the study is susceptible to hydrolysis after
24h, but shows hydrolytically stable
results after 48h. While the study was not
conducted in actual field application, it
shows that silane agent such as APTMS
can reach hydrolytically stability from
biological degradation. Please do note
that the study was conducted by
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Page 1, left column, line 38: The authors
investigated comparative leaching behaviors —
would they care to comment on ammonium
volatilization.

Page 2, paragraph 2. The procedure outlined for
purifying the geothermal silica seems a trifle
cumbersome; why not just use a commercial
sodium silicate solution as a starting material?

simulating in a slightly accelerated
manner. Therefore, deterioration concern
regarding complex organic compound
might be minimized.

As of our study, field application was done
every 7 days, which is the time when the
farmers in Indonesia monitor the effect of
their fertilizer on their plants.

By analyzing the plants condition at the 7%
until the 14" day, they determine whether
to add more fertilizer or not.

From the experimental results, it was
shown that commercial urea almost
completely leached out after seven days,
thus more fertilizer should be added every
seventh day. Compared to slow release
urea, with around 30% less release rate,
fertilizer addition can be executed every
nine to ten days, therefore the product
can reduce the total amount of required
fertilizer prior harvesting.

Thank you for your comment.

It looks like that we’ve made a mistake in
phrasing the words “ammonium
volatilization”.

It should be “ammonia volatilization”
which is a process that occurs when
ammonium-fertilized soil lost its nitrogen
content due to environmental factors (in
the form of ammonia).

We have revised the term accordingly.
Thank you for your comment.

While it’s possible to use commercial
sodium silicate, we did this research not
solely based on economical reason, but
also as a waste management method. Our
raw material (geothermal solid silica
waste) is considered as waste and become
one of main problems of geothermal
power plant in Dieng, Java, Indonesia.
Currently, it is just stored in waste
disposal area such as a big landfill area
without any further treatment and its
quantity increases up to 10 tons/day.
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Page 5. Line 56: Point out that the selection of
“0.05 mole” CTAB as having the best response to
calcination is based only on carbon and silicon,
neither the nitrogen or bromine contents support
this contention.

Page 8, “Thermal analysis of synthesized
mesoporous silica” Were the TGA and DSC studies
performed using air or an inert gas (Ar or N2)?

Page 10, line 18, column 1: “MS/APTMS has
2.81%-wt of nitrogen” - this is not the same value

as appears in the first entry (5.71 wt %) of Table 6.

Moreover, commercial silica (95%-99%) in
Indonesia costs about USS 200 per ton
while sodium silicate costs about USS
4,000 per ton. It also needs to be
transported from the mining and
processing industry (Bangka, Sumatera) to
agriculture-based area in Indonesia (Java).

By utilizing this geothermal silica, we not
only cut the costs for raw material and
transportation, but also minimizing waste
problem and fulfilling the need of waste
management in the geothermal power
plant itself.

Thank you for the comment.

CTAB [(C1gH33)N(CHs):]Br) itself contains C
(carbon), N (nitrogen), and Br (bromine)
with C element having the most atem
numbers compared to N and Br. Thus, we
determined the best calcination respond
based only on carbon and silicon.
However, we did analyze N, O, and Br
since silica and CTAB contains those
elements.

Nevertheless, we have revised the
sentence by adding “based on C content”
to point out our best response selection.
Thank you for the question.

TGA and DSC studies were done using
inert N; (nitrogen) gas.

We have also revised and added this
information in the paper.

Thank you.

Thank you for notifying us about this
problem.

We made a mistake when inserting the
value of MS/APTMS nitrogen weight, we
do apologize about this mistake. The
values have been revised accordingly.
Weight percentage of nitrogen should be
3.81%-wt instead of 2.81 %-wt and 5.71
%-wt. Please do note that the revised
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The cost of the prepared silica is very high due to
the use of a high cost surfactant and the amino
compound, and the purification of the geothermal
silica. For this reason, the possible application of
this materials as potential slow release fertilizer is
not viable from the economic viewpoint.

“microstructure” to “morphology” as a
more general term.
Thank you for the comment.

This study was conducted not only for
economic reasons but also as a waste
treatment method. Our raw material
(geothermal solid silica waste} is
considered waste and is one of the major
problems with the geothermal power
plant in Dieng, Java, Indonesia. Currently,
it is dumped in landfills without further
treatment, and the amount has increased
to 10 tons per day.

In addition, in Indonesia, commercially
available silica (95%-99%) costs about US $
0.2 / kg, while sodium silicate (purified
silica precursor) costs about US $ 4 / kg. It
also needs to be transported from the
mining and processing industries (Bangka,
Sumatra) to the agricultural areas of
Indonesia (Java).

This geothermal silica not only reduces
raw material and transportation costs, but
also minimizes waste problems and
addresses the waste disposal needs of the
geothermal power plant itself.

As for the surfactant (i.e. CTAB and
APTMS), it is unfortunate that those
compounds are not produced locally and
need to be ordered overseas. Still, their
usages are merely around 0.05% of
sodium silica weight.

Amino compound used in this study is
locally available commercial urea, which is
absorbed into the mesoporous silica.
Looking at the results that cumulative
urea release of slow-release fertilizer is
30% slower than commercial urea, it can
increase efficiency in urea usage (by
preventing ammonia volatilization and
minimizing leached urea) as an advantage
in determining its value.
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Please, it a mistake to write Ammonium hydroxide
(NH40H, 25%). This is a non-existent compound.
Write aqueous ammonia.

The presence of Cr203 is another drawback for
using this silica. This point must be indicated.

The discussion contains sentences that include
errors in basic chemical concepts. For example, in
this sentence “the repulsion force between ion Si+
and N+ is so dominant that the surfactant cannot
be accessed.”

There are many other basic mistakes along the
text.

Thank you for the suggestion.

We do sorry about our mistake, it seems
like that aqueous ammonia is indeed the
correct way to address NH.OH, 25%. We
have revised the chemical name
accordingly.

Thank you for the comment.

We do agree that geothermal silica waste
contains Cr;0s which is one of the
drawbacks in using this material since this
compound is not very reactive. However,
it dissolves in acid as hydrated chromium
ions [Cr{H:0)s]*".

We have revised the manuscript to
indicate this drawback.
Thank you for the comment.

We do apologize for our error. It seems
that we did some mistakes in assessing
the attraction/repulsion force between
the ions. We have revised the manuscript
by omitting this sentence to prevent any
misunderstanding.

Thank you for your comment.

We have done our best to revise some
basic mistakes and revised some errors.
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Table 2. Chemical composition data extracted from EDX spectra for mesoporous silica using three different amounts of CTAB

Element EDX rec- MS-0.015° MS-0.03° MS-0.05°

orded Weight (%) | Atomic (%) | Weight (%) | Atomic (%) | Weight (%) | Atomic (%)
Carbon CK 25.16 33.59 2794 27.66 1142 17.36
Nitrogen NK 4.08 167 2.59 3.00 272 354
Oxygen OK 5002 50.13 4499 4552 48.60 5545
Bromine BrK 0.64 0.13 0.78 0.16 138 0.32
Silicon SiK 2011 11.48 23.70 13.66 3588 23.32

a) MS-0.01S represents the mesoporous silica with CTAB 0.015
B) MS-0.03 represents the mesoporous silica with CTAB 0.03
C) MS-0.0S represents the mesoporous silica with CTAB 0.05

Sorption isotherm and pore properties of synthesized
mesoporous silica

The pore properties and sorption isotherm of several samples
were analyzed using BET-BJH analysis by N> adsorption/desorp-

tion patterns. Figure 4. represents the sorption isotherm of geother-
mal silica (Figure 4(a).), purified silica by acid leaching (Figure
4(b).), synthesized mesoporous silica with CTAB 0.015 mole (Fig-
ure 4(c).), 0.03 mole (Figure 4(d).), and 0.05 mole (Figure 4(e).).
Type IV of sorption isotherms class were developed for all samples
indicating mesoporous materials .
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Atomic (%) 29.35 6.15 49.00 0.17 15.32
MS/APTMS/U36.74 Weight (%) 25.70 6.36 44.66 0.91 22.37
Atomic (%) 34.55 7.33 45.08 0.18 12.86

FTIR analysis was performed to examine the formation of inter-
action bonding of urea in a matrix structure and the effect of APTMS
on the synthesized slow-release urea. Figure 9. represents the FTIR
spectra of different tested samples at wavenumbers of 4000 - 500
cm™ (Figure 9(a).) and 2300 - 1300 cm™ (Figure 9(b).) *. From
Figure 9(a)., it can be found that all tested samples experienced an
intense broad peak ranging from 1250 - 900 cm™ indicating the vi-
bration of Si-O-Si groups . Figure 9(b). was developed to further
analyze the formation of new functional groups upon the application
of APTMS and the introduction of urea to the matrix. It can be seen
that the application of APTMS to the mesoporous silica generated
slightly higher recorded absorbance at 1556 and 1495 cm™ that cor-
respond to the vibrations of N-H and C-N groups, respectively *.
This is explainable by the formation of abundant N-H and C-N
groups from APTMS on the mesoporous silica structure during the
surface modification process.

On the other hand, the varied concentrations of urea introduction
to the MS/APTMS were also found, resulting in higher recorded ab-
sorbance intensity at several wavenumbers. Absorption bands at
2100 and 1636 cm indicate the stretching vibrations of N=C=0
and C=0 groups, attributed to the natural composition and cyanate

impurities inside the urea. Intense peaks recorded at 1556, 1495, and
1340 cm™ are related to the vibrations of N-H, C-N, and C-H groups
50 By comparing the relative absorbance intensity of the tested
samples, a sample of MS/APTMS/U26.74 generates the higher in-
tensity of C=0, N-H, C-N, and C-H groups. The higher intensity
means the higher content of respective groups in the
MS/APTMS/U26.74 than other samples, suggesting the best for-
mulation for the slow-release urea. Figure 9(c). depicts the proposed
bonding formations of grafted aminopropyl groups from APTMS to
the siloxane groups on the surface of the mesoporous silica resulting
in the aminopropyl-functionalized mesoporous silica. This function-
alization is needed to effectively adsorb the urea and control its re-
lease. The amine groups from urea bonded with amine sites of ami-
nopropyl groups. This amine bonding formation (N-H) was rec-
orded and explained on FTIR spectra. Furthermore, hydrogen
bonding as another attractive intermolecular force can occur due to
the abundance of highly electronegative atoms such as oxygen (O),
nitrogen (N), and hydrogen (H). Therefore, it can provide a
stronger bonding of urea groups on the surface of the functionalized
mesoporous silica thus, resulting in the effective slow-release prop-

erty.
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(64.4%) on the last day. In contrast, the commercial urea shows an
exponential trend of cumulative urea release profile with a value of
184.5 ppm (924%) in total.  This result indicates that
APTMS/U26.74 can release the urea slower than the commercial
urea. It can be partially due to the abundance of solid interaction
bonding between urea molecules and the MS/APTMS as the matrix
of this slow-release urea resulting in a relatively slower release of urea

molecules.

To further understand the behavior of urea release, kinetic mod-
eling of urea release was evaluated using several models, i.e., pseudo-
first order (Figure 10(c).), pseudo-second order (Figure 10(d).),
Higuchi (Figure 10(e).), and Hixson-Crowell (Figure 10(f).). The
fitted kinetic parameters and the correlation coefficients are com-
pletely listed in Table 7. The pseudo-first order model provided a
reasonably good fit for commercial urea and MS/APTMS/U26.74
with R? values of 0.8528 and 0.8395, respectively. The pseudo-first
order rate kinetic constant values were 0.3502 day™ for commercial
urea and 0.2654 day™ for MS/APTMS/U26.74. In addition, the k;
value of commercial urea was recorded higher than
MS/APTMS/U26.74, indicating that the commercial urea has a
higher urea release per day than MS/APTMS/U26.74. This result
indicates that the modified slow-release urea had a significant impact
on reducing its release rate. On the other hand, in this study, the
pseudo-second order kinetic model was seemingly unsuitable for
modeling the urea release behavior. It is evident with the low num-
ber of correlation coefficients with just only 0.3258 for commercial

urea and 0.5703 for MS/APTMS/U26.74. The low value of R? indi-
cates that the model is less capable of being used for data predictions.
The Higuchi kinetic model performed the best fit of urea release
among other fitted models, which had the highest R* values of
0.9901 for commercial urea and 0.9979 for MS/APTMS/U26.74.
The Higuchi constants were measured $4.0668 % day™/* for com-
mercial urea and 24.4964 % day"/? for MS/APTMS/U26.74. The
higher Higuchi constant represents the higher diffusion rate of urea
release from the sample ®. Thus, the modification of MS/APTMS as
the matrix medium has significantly improved the urea release rate
by reducing the diffusivity of urea release from the slow-release urea
due to solid interaction bonding between modified mesoporous sil-
ica and the urea molecules. The Hixson-Crowell model was also
showed the excellent urea release fit for both samples with R” values
of 09617 and 09772 for commercial urea and
MS/APTMS/U26.74, respectively, with Hixson-Crowell constants
of 4.8308 %'/ day™ and 2.3678 %'/ day" for commercial urea and
MS/APTMS/U26.74, respectively. This result suggests that the pri-
mary mechanism of urea release is a diffusion-controlled mechanism
€7, a similar indication from the Higuchi model previously discussed.
Based on the studies and results, it can be reasonably suggested that
the modification of mesoporous silica with APTMS has a significant
impact on reducing urea release rate by lowering the diffusivity of
urea from the slow-release urea. Based on the findings and explana-
tion, it can be reasonably concluded that the slow-release urea has
been successfully synthesized.

Table 7. Model parameter and correlation coefficient of commercial urea and MS/APTMS/U26.74 to evaluate urea release kinetics

using pseado-first order, Higuchi, and Hixson-Crowell models

Sample Kinetic models
Pseudo-first order Pseudo-second order Higuchi Hixson-Crowell
Ku Kac
ki R? ko R? (% day | R? (%3 day | R2
(day") (% day™") iy v y v
Commercial urea 0.3502 0.8528 0.0037 0.3286 54.0668 0.9901 4.8308 0.9617
MS/APTMS/U26.74 0.2654 0.8395 0.0046 0.5703 24.4964 0.9979 2.3678 0.9772
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