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In this study, a citric acid-soluble fertilizer of dittmarite (NH4sMgPO4-H,0) was synthesized by balling talc
with NH4H,PO4. The effects of ball milling speed and milling time on the dissolution rates of N, P and
Mg in deionized water and 2% citric acid were explored. Characterization technologies such as X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TG) and

Scanning electron microscopy (SEM) were applied to test the prepared samples. In water, the prepared
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dittmarite was changed into struvite (NH4;MgPO,4-6H,0) with almost no N, P or Mg release, while the

dissolution rates of nutrient elements reached almost 100% in 2% citric acid. The proposed work

DOI: 10.1039/d0ra00387e

rsc.li/rsc-advances ecological value.

1 Introduction

Slow-release fertilizer can release nutrients in the entire growth
cycle of crops with the advantages of low fertilizer dosage and
high nutrient utilization rate."* Citric acid-soluble fertilizer
(CASF) is a type of slow-release fertilizer, the nutrients of which
can be dissolved in acidic solution while remaining unchanged
in neutral or alkaline environment.® The nutrients in CASF do
not migrate with flowing water but can be dissolved (by organic
acid secreted from the root system) and adsorbed by crops,
acting as slow-release fertilizer.*” The utilization of CASF can
effectively avoid harmful migration of nutrients (groundwater
pollution), especially in rainy areas, which is a common
problem in regions with excessive use of water-soluble fertil-
izers.® Therefore, CASF can partially substitute widely used
water-soluble fertilizers for the purpose of reducing agricultural
production cost and environmental pollution.

The commonly used CASF is citric acid-soluble phosphate
fertilizer, yet increasing published works has been putting
efforts towards developing other types of CASF with various
nutrients.® Magnesium ammonium phosphate (struvite NH,-
MgPO,-6H,0 and dittmarite NH,;MgPO,-H,0) can act as
excellent CASF with high content of Mg, N and P elements. The
natural mineral form of magnesium ammonium phosphate is
struvite (NH,MgPO,-6H,0). However, the struvite deposit is
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presented a facile and environmentally friendly method to produce CASF with high agricultural and

relatively rare. The reserves are too small for large-scale appli-
cations for agricultural production.’ The researchers have
developed several methods for the synthesis of struvite based on
the co-precipitation mechanism of Mg>*, NH,*, and PO,*>" in
the solution.""* The precipitation process was an effective way
to eliminate NH,"” and PO, pollutants in the industrial
13716 or agricultural sewage,” from which the struvite
could be obtained. Although the mentioned work above could
achieve the goal of water purification and resource recovery
from nitrogen and phosphorus polluted water at the same time,
the low yield limited its large-scale production. Moreover, using
soluble salts as raw materials to produce struvite will lead to N
and O residual in the solution. New green approaches to
synthesize magnesium ammonium phosphate should be
developed for its practical application in agriculture.

The high-energy ball milling process, also known as the
mechanochemical approach, has been intensely reported in
multiple areas.” However, most of the results were achieved
from lab work which could not be industrialized due to the lack
of industrial equipment. Recent years, the solvent-free mecha-
nochemical process has gradually become a mature industrial
craft especially in the area of powder metallurgy® and envi-
ronmental pollutant degradation® with the continuous devel-
opment of industrial-scale high energy ball mill equipment.***
A horizontal planetary ball mill (continuous powder discharge
system by negative pressure) was developed in China for the
crushing and activation of cement raw materials with energy
consumption abatement by 40% compared with the traditional
ball milling equipment.*® Environmental Decontamination Ltd.
(EDL) company from New Zealand developed a system of dry
horizontal stirred mill** and Radicalplanet® Research Institute
Co. Ltd. produced an intermittent vertical planetary ball mill for

wastewater
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the remediation of organic contaminated soil.*® The ball milling
process has been proved to be an effective way for the produc-
tion of CASF in the lab.>*® Borges et al.**** conducted a series
of work on the mechanochemical conversion of clay minerals
(talc, chrysotile and montmorillonite) into slow-release fertilizer
by mechanochemical approaches. Amorphous product or K-
struvite phase was obtained after the ball milling operation.
Magnesium ammonium phosphate salt of dittmarite (formula
of NH,MgPO,-H,0 with excellent CASF properties) has also
been manufactured by milling Mg(OH), with NH,H,PO,.>
Combing with the lab work, the industrial high energy ball
milling equipment will promise the practical production of
CASF by the mechanochemical approach.

Magnesium element has a great agricultural value such as
quality improvement and yield increasing of crops.*> Some
studies have directly applied magnesium silicate mineral
(serpentine) as fertilizer for crops.*® Talc (MgsSi;O19(OH),) is
a widely distributed magnesium-rich silicate mineral that is
usually crushed into powder state for application in the paper
industry, pharmaceutical industry, cosmetics industry and etc.?”
Only high-grade talc can be applied in the above industries
while a tremendous amount of low-grade talc or talc-rich tail-
ings from the mineral separation process was underutilized.*®
Developing new processes to transform talc into fertilizer will
not only help to expand the application field of talc but also
recycle the talc waste.

In this study, talc was milled with NH,H,PO, for the first
time to directly produce dittmarite phase serving as citric acid-
soluble fertilizer. The ground samples were respectively stirred
in water and 2% citric acid and then the dissolution rates of
Mg, N, and P elements were studied. The obtained data
confirmed that after ball milling operation the water-soluble N
and P from NH,H,PO, and water-insoluble Mg from talc were
transformed into citric acid-soluble ones. Multiple methods
such as XRD, FT-IR, TG-DSC and SEM have been applied to
illustrate the mechanism of dittmarite formation and nutrient
elements releasing. The proposed process was easy to operate
with no wastewater generation or gas emission. The partial
replacement of water-soluble fertilizer with the prepared CASF
can help reduce the cost of agricultural production and the
harmful effects of fertilizer on the environment.

2 Experimental procedure
2.1 Materials and methods

Block talc mineral was purchased from Guangzhou Huajun talc
powder Co., Ltd which came from Guangdong province, China.
Manual crushing by rubber hammer and mortar was applied to
obtain talc powder (<100 mesh). Ammonium dihydrogen
phosphate (NH,H,PO,) and citric acid were of analyst grade and
used without further treatment (Aladdin Co Ltd., Shanghali,
China). Milli-Q ultrapure water (18.2 MQ cm) was used in this
work.

A planetary ball mill equipment (PM-100, Retsch, Germany)
was applied for the synthesis of CASF. 0.5 g talc and 0.4563 g
NH,4H,PO, (according to the reaction in eqn (1)) were mixed and
put into a steel ball mill jar (50 cm®) which was filled with one

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

17 mm (diameter), four 15 mm (diameter) and twenty 5 mm
(diameter) steel balls. During the ball milling process, the
milling speed was varied between 0-600 rpm and the milling
time was controlled between 0-60 min. The ground sample at
600 rpm for 60 min was labeled as D-600.

Mg3Si4010(OH)2 + 3NH4H2PO4 -
3NH4MgPO4H20 + H,Si05-3Si0, (1)

0.3 g of the ground sample was stirred in 30 ml 2% citric acid
(simulating the acid environment around the root of crops
according to ref. 6) and 30 ml deionized water respectively on an
air thermostatic oscillator (THZ-C, Peiying Experimental
equipment, Suzhou, China) for 2 h at 25 °C. Afterwards, the
obtained suspensions were filtered by polyethersulfone
membrane (PES 25 um, Jing Teng, Shanghai, China) to separate
the solid and the solution. The residual solid was dried in
a glass dryer with silica gel and collected for various charac-
terizations. The solution was diluted to measure the concen-
tration of Mg** (ICP-OES, Avio 200, PerkinElmer, America),
NH," (Nessler's reagent spectrophotometry, Chinese National
Environmental standard HJ 535-2009) and PO,*>~ (ammonium
molybdate spectrophotometry, Chinese National standard GB/T
11893-1989). A UV-vis spectrophotometer (Lambda 365, Perki-
nElmer, America) was used for the concentration test of NH,"
and PO,*".

2.2 Characterization techniques

The XRD patterns of the samples were tested on a Rigaku MAX-
RBRU-200B diffractometer (Rigaku, Japan) at the 2-theta degree
of 5°-70°. The microstructures of the obtained samples were
characterized by an SEM spectroscopy (JSM-5610LV, JEOL,
Japan). TG-DSC data were collected on a simultaneous thermal
analyzer (STA449F3, NETZSCH, Germany) in N, atmosphere
from room temperature to 1000 °C. FT-IR spectra of the samples
were recorded on Nicolet 6700 (Thermo, American) using KBr as
a diluent over 4000-500 cm ™.

3 Results and discussion

The XRD patterns of raw talc and the ground sample (60 min
milling time) with milling speed varied at 150 rpm, 300 rpm,
450 rpm, and 600 rpm are illustrated in Fig. 1. The raw material
observed an integral XRD pattern of talc with weak peaks from
impurities. The content of the Mg element in raw material was
18.5% (dissolved in HF and HNO; mixed solution and tested by
ICP-OES) which was close to the theoretical Mg content of talc
(19.05%), indicating a high grade of talc in the raw material.
Milling talc with NH,H,PO, at a low speed of 150 rpm made no
changes to the raw materials mixture.*® The peak intensity of
talc and NH,H,PO, gradually decreased with the increase of
grinding speed. The diffraction peaks of NH,H,PO, dis-
appeared and just (002) and (006) peaks of talc were left at
milling speed of 450 rpm. Furthermore, the talc (002) peak
position of 450 rpm sample shifted from 9.44 A to 9.31 A indi-
cating that the balling process induced the changes and
collapse of the layered structure of talc. Precursor phase of
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Fig.1 XRD patterns of raw talc and samples milled at different speeds
(60 min milling time).

newberyite (MgHPO,-3H,0 JCPDS 35-0780) was observed in
300 rpm sample. When the milling speed reached 600 rpm,
a pure phase of dittmarite (NH,MgPO,-H,0)** was formed
without newberyite. The essential information of X-ray diffrac-
tion peaks of talc, NH,H,PO, (JCPDS 37-1479), and the ground
samples at different speeds were listed in Table 1. The XRD data
proved that talc would just react with the anionic part of
NH,H,PO, (PO,*") to form newberyite (MgHPO,-3H,0) at low
milling speed. High grinding speed of 600 rpm triggered the
solid reaction between NH,H,PO, and talc forming the ditt-
marite phase.

The nutrients release experiments (in deionized water and
2% citric acid respectively) were conducted to evaluate the citric
acid and water solubility of the ground samples. The Mg, P,
and N dissolution rates of the samples ground at different
milling speeds in water and 2% citric acid respectively with
grinding time of 60 min are depicted in Fig. 2. The dissolution
rates of the P and N decreased from 100% to nearly 0% with the
increase of milling speed when stirring the ground sample in
deionized water. That meant the water-soluble N and P from
NH,H,PO, had been transformed into water-insoluble forms. A
dissolution rate of 11.05% also dropped to nearly 0% for Mg
elements which came from talc. Mechanochemical activation of
the mineral would generally increase its solubility rather than
decrease the solubility. Aglietti*® explored the effect of dry
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Fig. 2 The Mg, P, and N dissolution rates of the ground sample at
different milling speed (60 min milling time) in water (pink) and 2%
citric acid (green).

grinding on the structure of talc. The increase of soluble Mg
content of the prepared samples was observed after the high
energy ball milling operation. Therefore, the decrease of Mg
content in this work after ball milling could be related to phase
transformation rather than mechanochemical activation. In 2%
citric acid, the dissolution rates of P and N kept at 100% and Mg
gradually increased from 9.9% to 87.4% as the speed of ball
milling raising from 150 rpm to 600 rpm. The above data clar-
ified that the milling operation converted the water-soluble N
and P into water-insoluble but citric acid-soluble forms; the
water-insoluble Mg from talc into citric acid-soluble forms. The
changes in the dissolution rates of Mg, P and N could be related
to the phase transformation of the raw mixture upon the
increase of milling speed. After high energy ball milling of talc
and NH,H,PO,, the formed dittmarite showed the typical
characteristic of CASF for Mg, P and N elements.

According to the above analysis, the optimal ball-milling
speed was 600 rpm at which a complete reaction between the
raw materials took place. Talc and NH,H,PO, mixture could be
successfully converted into dittmarite serving as CASF. The
following experiments explored the effect of ball grinding time
on the dissolution rate of each element to further illustrate the
solid phase transformation process. The Mg, P and N dissolu-
tion rates of the ground sample in deionized water and 2% citric

Table 1 The X-ray diffraction peaks of talc (JCPDS 29-1493), NH4H,PO4, and the ground samples at different speeds

Sample Main phase Characteristic three strong peaks (relative intensity order)
Talc Tale 9.44 A (002), 3.13 A (006) and 4.60 A (—111)
NH,H,PO, NH,H,PO, (JCPDS 37-1479) 5.32 A (101), 3.07 A (211) and 3.75 A (200)
150 rpm sample NH,H,PO, 9.4 A (002), 3.12 A (006) and 4.58 A (—111)

Talc 5.35 A (101), 3.08 A (211) and 3.76 A (200)
300 rpm sample NH,H,PO, 9.46 A (002), 3.13 A (006) and 4.59 A (—111)

Talc 5.35 A (101), 3.08 A (211) and 3.76 A (200)

Newberyite 3.02 A (113), 3.47 A (221) and 5.98 A (111)
450 rpm sample Talc 9.31 A (002) and 3.12 A (006)

(

600 rpm sample Dittmarite (JCPDS 36-1491)

17688 | RSC Adv, 2020, 10, 17686-17693

8.77 A (010), 2.8 A (200) and 2.92 A (030)
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Fig. 3 The Mg, P, and N dissolution rates of the ground sample at
different milling time (600 rpm milling speed) in water (pink) and 2%
citric acid (green).

acid at different milling time with the grinding speed of
600 rpm are exhibited in Fig. 3. The P element of the milled
samples showed constant high dissolution rates (close to 100%)
in citric acid solution, while the rates gradually decreased to 0%
in deionized water with the increase of milling time. At the
same time, the Mg dissolution rate decreased from 10.6% to 0%
in deionized water and raised from 13.5% to 87.4% in citric
acid. Theoretically, Both P and N in the sample should be 100%
soluble in 2% citric acid. The content loss of N was observed in
the N dissolution data of Fig. 2 (150 rpm and 300 rpm) and
Fig. 3 (5-45 min). Aglietti*® confirmed that ball milling opera-
tion would increase the Mg dissolution rate of talc in water
accompanied with the increase of pH value (OH™ release). The
XRD data in Fig. 1 proved that the low milling speed could not
induce the formation of the dittmarite phase which was surely
the same results with short milling time. Therefore, the anionic
part of NH,H,PO, (PO,>”) was fixed by reacting with the Mg
from the milled talc. A small part of NH,~ would react with OH™
from the activated talc and released as ammonium gas which
resulted in the N mass loss as shown in Fig. 2 (150 rpm and 300
rpm) and Fig. 3 (5-45 min). The difference in the release char-
acteristics of elements in different solvents were closely related
to the phase changes during the ball milling process.
NH,H,PO, was very soluble in water and citric acid, while the
nature mineral of talc (magnesium silicate and rich in hydroxyl
group) was insoluble in water and slightly soluble in citric acid.
At low milling speed, the release characteristics of N, P and Mg
was highly depended on the soluble property of NH,H,PO, and
talc. After high ball milling process, talc reacted with
NH,H,PO,. The nutrients of N, P and Mg formed the phase of
dittmarite which was insoluble in water but very soluble in citric
acid. The data in Fig. 3 was consistent with the data in Fig. 2
that meant a necessary milling time was needed for the reaction
between talc and NH,H,PO, to form the phase of dittmarite.
XRD patterns of D-600 sample, D-600 sample after agitation
in deionized water and D-600 sample after agitation in 2% citric
acid are depicted in Fig. 4 to explain the mechanism of
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Fig.4 XRD patterns of D-600 sample, D-600 sample after agitation in
deionized water and D-600 sample after agitation in 2% citric acid.

nutrients dissolution. The D-600 sample with a phase of ditt-
marite (NH,MgPO,-H,0) was transformed into struvite after
agitation in water. However, the D-600 sample after agitation in
2% citric acid observed no obvious crystalline phase forming an
amorphous substance. The XRD data revealed that the ground
sample held the nutrients by forming high crystalline struvite in
deionized water. In 2% citric acid, the prepared dittmarite was
completely dissolved to release the Mg, P and N elements.
Struvite was the natural mineral form of magnesium ammo-
nium phosphate salts and could stably exist in the natural
environment to form a deposit. Solihin et al.** has also proved
the stable property of struvite prepared by ball milling in water
for 500 hours. However, transformation of dittmarite to struvite
would be influenced by the practical soil conditions. Much
work'*' has explored the optimal pH value for the crystalliza-
tion of struvite in industrial wastewater or domestic sewage (a
more complicated solution environment than that of in the
soil). A neutral or alkaline environment was conducive to the
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Fig.5 FT-IR patterns of talc, the milled products at 150 rpm, 300 rpm
450 rpm and 600 rpm (60 min milling time).
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crystallization of struvite. In this work, the obtained data also
proved the stable property of struvite in a neutral environment
and could be dissolved in acid solution. The prepared product
would stably exist in neutral or alkaline soil, and be dissolved by
the plant acid secreted from the root of crops as a long-acting
CASF. In acidic soil, struvite would be directly dissolved and
cannot act as CASF. Therefore, the dittmarite product in this
work was suitable for application in neutral and alkaline soils.

The FT-IR analysis was used to illustrate the chemical
bonding changes in the solid reaction process. The FT-IR
patterns of talc and the milled samples (60 min milling time)
at different milling speeds of 150 rpm, 300 rpm, 450 rpm, and
600 rpm are displayed in Fig. 5. The detailed infrared infor-
mation of talc,* NH,H,PO,,*” and the ground samples at
different speeds were listed in Table 2. The 150 rpm sample
found both infrared bands from talec and NH,H,PO, which was
consistent with the XRD data in Fig. 1 (a mixture of talc and
NH,H,PO, was observed). Increasing the milling speed caused
that the peaks of talc and NH,H,PO, gradually faded away,
while the 600 rpm sample showed an entire new FT-IR pattern.
The decrease of peak strength and disappearance of the peaks
from talc indicated the destruction of talc crystalline structure
which was triggered by the high energy ball milling. The
infrared bonds of talc and NH,H,PO, were gradually replaced
by newly formed chemical bonds. The FT-IR pattern of 600 rpm
showed the characteristic infrared peaks of magnesium
ammonium phosphate salt which consisted with the FT-IR data
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of struvite.* The Si-O stretching vibration at 1016 cm ™" from
talc shifted to 1080 cm™" which fitted to Si—O-Si asymmetric
bond stretching vibration.** Combining with the XRD data in
Fig. 1, in which the 600 rpm sample showed no crystalline phase
of silicate, the frequency shift of S-O vibration could be attrib-
uted to the structure destruction of talc and formation of
amorphous silica by the high energy ball milling.

The summarized results of TG/DSC of talc and the D-600
sample is displayed in Fig. 6. The thermal decomposition of
talc occurred between 830 °C and 1000 °C to form clinoen-
statite, and the mass loss rate was about 4.67%.>° A totally
different TG and DSC curves were obtained after milling talc
with NH,H,PO, at 600 rpm. When the temperature reached
250 °C, the 22.73% mass loss could be attributed to the release
of one crystal water and one ammonia molecule in NH,-
MgPO,-H,0.>** The DSC curve of D-600 sample has two sharp
peaks at about 200 °C and 700 °C. The endothermic peak at
about 200 °C was caused by the removal of one crystal water in
NH,MgPO,-H,0, and the exothermic peak at about 700 °C
could be attributed to the decomposition of NH,;MgPO,.*® The
TG-DSC curve of the grinding sample was similar to that of the
struvite except for the mass loss of crystal water indicating the
successful preparation of dittmarite.

The microstructure and elements distribution of the D-600
sample was tested on an SEM equipment (Fig. 7). Plate-like
and flakey particles were observed in the SEM image of the D-
600 sample. Mg, N, and P elements possessed similar

Table 2 The infrared absorption peaks of talc,** NH4H,PO,4,%? and the ground samples at different speeds (60 min milling time)

Sample Frequency (cm™ ") Assignment
Talc 3676 OH stretching vibration
670 OH rocking vibration
1016 Si-O stretching vibration
535 and 465 Coupling vibration of Si-O bending vibration and M-O vibration
NH,H,PO, 3240 and 3100 NH," vibration
2860 N-H vibration
2387 Band of hydrogen bond
1448 and 1398 Bending vibration of ammonium
1300 H,PO, vibration
150 rpm sample 3676 and 670; 1020; 537 and Vibration from talc: OH vibration; Si-O stretching vibration; Si-O and M-O vibration
451

3242 and 3113; 2868; 2363;
1446 and 1405; 1289

3677 and 670; 1022; 533 and
466

3239; 2867; 1458 and 1404;
1292

876; 783

3677 and 670; 1023; 532 and
466

1459 and 1403

1434; 1086; 874; 780

300 rpm sample

450 rpm sample

Vibration from NH,H,PO,: NH," vibration; N-H vibration; hydrogen bond vibration;
ammonium vibration; H,PO,  vibration
Vibration from talc: OH vibration; Si-O stretching vibration; Si-O and M-O vibration

Vibration from NH,H,PO,: NH," vibration; N-H vibration; ammonium vibration;
H,PO, vibration

New peaks: P-O-H vibration;*> water-water H bonding"*

Vibration from talc: OH vibration; Si-O stretching vibration; Si-O and M-O vibration

Vibration from NH,H,PO,: ammonium vibration
New peaks: split of NH," bending vibration;** Si-O-Si asymmetric bond stretching

vibration;** P-O-H vibration;** water-water H bonding"*

3432; 1473 and 1435; 1404; 981
and 1063; 770; 575

600 rpm sample

Vibration from dittmarite: NH," asymmetric stretching vibration; NH," split
asymmetric bending vibration; ammonium vibration; antisymmetric stretching

vibrations of PO,*>~; water-water H bonding; P-O bend vibration of PO,*~

1080; 466
vibration

17690 | RSC Adv, 2020, 10, 177686-17693

Vibration from silicate: Si-O-Si asymmetric bond stretching vibration;** Si-O
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Fig. 6 TG (right) and DSC (left) patterns of talc and the D-600 sample.

distribution characteristics in the tested area which aggregated
together to form major large particles in the field of view.
Combing with the XRD data in Fig. 1, the large particles in the
tested area could be attributed to the phase of dittmarite. Unlike
Mg, N, and P elements, the Si element distributed evenly in the
tested area which meant no crystalline silicate particles were
formed. The orderly Si-O structure of talc was destroyed into
disordered ones and dispersed in the product. The micro-
structure of raw talc and the D-600 sample was shown in the ESI
(Fig. S-1).T The typical layered structure of talc was observed in
the raw material. After ball milling with NH,H,PO,, the layered
structure was destroyed and agglomerated particles were
formed in the submicron scale.

The above data clearly confirmed the successful synthesis of
dittmarite by ball milling talc with NH,H,PO,, which held the Mg,

the D-600 sample

1 pm

Mg

Fig. 7 The SEM image and element mapping of the D-600 sample.
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P, and N nutrients by the formation of struvite in water. In 2%
citric acid, the prepared sample was dissolved to release nearly
100% nutrient elements. The difference in the release character-
istics of elements in different solvents relayed on the phase
changes during the ball milling process. At low milling speed, the
release characteristics of N, P and Mg was highly depended on the
soluble property of NH,H,PO, and talc. After high ball milling
process, talc reacted with NH,H,PO,. The nutrients of N, P and Mg
formed the phase of dittmarite which was insoluble in water but
very soluble in citric acid. The ground sample with typical char-
acteristics of CASF could be used as a slow-release fertilizer. This
facile and environmentally friendly process possessed great
potential for the practical application, realizing the purpose of
comprehensive utilization of talc-containing tailings and reducing
the cost of agricultural production.

Elements overlay of Si, Mg, N, P

RSC Adv, 2020, 10, 17686-17693 | 17691
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4 Conclusion

A mechanochemical method was introduced to produce ditt-
marite to serve as a citric acid-soluble fertilizer by grinding talc
with NH,H,PO,. The ground sample held the Mg, N, and P with
dissolution rates of nearly 0% by the mechanism of struvite
formation in water. Nearly 100% of the nutrients elements in
the prepared dittmarite could be dissolved in 2% citric acid
which was the typical characteristic of CASF. The proposed craft
was facile and environment-friendly with great potential for
practical production. Partially replacing water-soluble fertilizers
with the products in this study can effectively reduce agricul-
tural production costs, control the harmful migration of
nutrient elements, and achieve the goal of sustainable devel-
opment of the agricultural system.
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