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B pabome uccneoosano enuanue mexanuueckoii 0opabomku Ha cuopoghodusayuio momno-
ammonuiipochama (MAD) KpemHuiloOpeanuUecKoil HCUOKOCMbIO U OUOKCUOOM KPDEMHUSL C UEbI0
HOYYEeHUA OCHOBHO20 KOMNOHEHMA MHO20UE/1e6bIX OZHEMYUauiux nopouikos. Onpeoenenvt 2uopo-
¢hobnvle ceoiicmea cmeceit paznuunozo cocmasa. Ha ocnosanuu nonyuennsix pezynomamos ycma-
HOBJIEHO ONMUMAIbHOE COOEPHCAHUE ZUOPOPOOUIUYIOUUX A2EHMO6 0/l NOJIYYeHUs MOHOAMMOHUIL-
docpama c naunyumumu zudpogoonvinu ceoticmeamu. llokazano, umo ucnonb3o08anus npu mexa-
Hoxumuueckou 2uopogoouzayuu MAD moavko KpeMHUNOPZAHUYECKOU MHCUOKOCMU He 00cma-
MOYHO 01 OOCMUICEHUA He0DXO00UMBIX noKazameneil no CnocooOHocmu K 60000MmMAanKUBAHUIO,
CKJIOHHOCHU K CNIeHCUBAHUIO, HACLINHOU nIomHOocmU U ppakyuonnomy cocmagy. Coznacno 'OCT
P 53280.4-2009, cnocoornocmb Kk 60000mmanKusanuro (ROPOUIKU He 00J1H#CHbL ROJIHOCHbIO 6HUMbL-
eamp Kanau 600vl) 00NNHCHA COCMABNAMb He menee 120 mun; CKNIoHHOCmY K cexcusanuro (macca
o0pazoeasuiuxca KOMKoG) He 00/icHa npesvluiams 2 % om oduieil maccol 00pas3ya; Kayicyujasaca
NOMHOCHb HEYNIOMHEHHBIX U YIIOMHEHHBIX NOPOUIKOE 001icHa Gbimb He menee 700 u 1000 ke/m®,
COOMEEMCMEEHHO. YCmanoeneno, umo 0a:a 00CHUNCEHUA 3A0AHHbIX RAPAMEMPOE MEXAHOXUMUYE-
cKasn cuopoghoduzauus MoHoammonuiihocghama 0012cHa 6KIIOUAMb MOOUDUYUPOBAHUE CMeCU CO-
cmasa: 95 mac. % gocpama ammonus, 4,5 mac. % ouoxcuoa kpemnun u 0,5 mac. % zudpoghpo-ousu-
Pyrouieil #cuodKoCcmu 6 MeJibHUUe C yOapHOo-COBUZ06bIM XAPAKMEPOM HAZPYHCEHUA NPU 6eIUYUHE NOO-
6ooumoii snepzuu 100-110 /rc/2. Omcymcmeue enazu 6 colpve (npedeapumenvHas CywKka 4acmuy
MA®) nozeonnem noayuumsp 60n1ee MeAKOOUCHEPCHBLIL NPOOYKHL C HU3KOU CKIOHHOCHIbIO K 671420~
noznowenuro. Ilpoyecc mexanoxumuueckoit cuopoghoouzayuu MA® 3axniouaemes ¢ mom, Umo 2uo-
POodoousuposannblit OUOKCUO KPEeMHUA HPU UMETbYEHUU NOKPbleAem YACMUUbI MOHOAMMOHUIL-
tocghama, ecneocmeue uezo npoucxooum 6J10KUPOGaHUe AKMUGHBIX UEHMPOE A02e3UU U CO30AemcA
CMPYKIYPHO-MEXAHUYECKUIL Dapvep, npenamcmeyioujuil azpeayuu 4acmuy.

Karouesble ciioBa: MoHOaMMoHUQocdar, rugpododu3anms, MEXaHOXUMHUIECKOe MOAU(UIIMPOBAHUE,
JAUOKCU KPEMHUA, U3MCIIBYCHUC
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Here, we investigated the influence of mechanical treatment on hydrophobization of mon-
oammonium phosphate (MAP) with organosilicon liquid and silicon dioxide in order to obtain the
main component of multipurpose fire extinguishing powders. We estimated hydrophobic properties
of mixtures of various compositions. Based on the obtained results, the optimal content of hydro-
phobizing agents for obtaining monoammonium phosphate with the best hydrophobic properties
was established. It is shown that the use of only organosilicon liquid for mechanochemical hydro-
phobization of MAP is not enough to achieve required values for water repellency, tendency to
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aggregation, bulk density and particle size distribution. According to GOST R 53280.4-2009, the
ability to repel water (powders should not completely absorb water droplets) should be at least 120 min;
the tendency to caking (mass of the formed aggregates) should not exceed 2% of the total mass of
the sample; the apparent density of uncompacted and compacted powders should be at least 700
and 1000 kg/m®, respectively. It was found that in order to achieve the specified parameters, the
mechanochemical hydrophobization of monoammonium phosphate should include modification of
the mixture which contains 95 wt. % ammonium phosphate, 4.5 wt. % silicon dioxide and 0.5 wt. %
hydrophobizing organosilicon liquid (HOL) in a mill with shock-shear loading at an input energy
of 100-110 J/g. The absence of moisture in the raw material (preliminary drying of MAP particles)
allows us to obtain a finer-grained product with a low tendency to moisture absorption. The process
of mechanochemical hydrophobization of MAP can be described in the following way. During
grinding hydrophobized silicon dioxide covers the particles of monoammonium phosphate, result-
ing in blocking active centers of adsorption and creating a structural and mechanical barrier that

prevents particle aggregation.

Key words: monoammonium phosphate, hydrophobization, mechanochemical modification, silicon di-

oxide, grinding
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INTRODUCTION

Nowadays, one of the most commonly used
fertilizers for agriculture is monoammonium phos-
phate (MAP, ammophos). It is a complex fertilizer that
contains two major elements — phosphorus and nitro-
gen. The amount of industrially produced MAP are an-
nually increasing due to its sharp consumption growth.
One of the alternative areas where MAP finds broad
application is fire safety industry where it is used as a
component of fire extinguishing powders. It is well
known that ammonium phosphate forms a film that co-
vers the burning surface preventing further oxygen
supply to the ignition place. Moreover, chemicals re-
leasing as a result of monoammonium decomposition
break down chemical chain reactions in fire. In spite of
its fire preventing properties ammonium phosphate in
the form of fine powder does not match the main tech-
nical requirements for fire extinguishing powders
(FEP) such as fire extinguishing efficiency, apparent
bulk density, moisture adsorption and caking tenden-
cies, water-repellency ability, humidity and fluidity.
All these characteristics depend on the properties of
raw materials, and how they are processed. Previous
results show that chemically pure monoammonium
phosphate, which contains the minimum concentration
of ammonium fluoride and magnesium phosphate per-
form better as a component of fire extinguishing mix-
tures in comparison to the MAP containing additives [1].
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The production technology of FEP where
phosphates are the main component is based on me-
chanical grinding. It is important to note that the final
properties of FEP depend on grinding time or, more ac-
curately, the amount of energy supplied [2]. As authors
show in [3], there is an optimal time for mechanical
grinding, or amount of energy supplied. To achieve de-
sired properties of the final product, various additives
can be added to the mixture. These additives can be
hydrophobic, anti-caking, and weighting. In the previ-
ous work [4], authors found out that addition of hydro-
phobizing liquid and finely dispersed silica improves
physicochemical properties of monoammonium phos-
phate.

Therefore, the objective of this work is to un-
derstand the influence of adding organosilicon liquids
and highly dispersed silica on hydrophobic properties
of ammonium phosphate, in particular, moisture ad-
sorption capacity, when they are all mechanically acti-
vated together, and to determine the optimal composi-
tion of FEP that best fulfill the requirements of Russian
standard GOST R 53280.4-2009.

MATERIALS AND METHODS

In the paper the following substances were used;

1. Monoammonium phosphate, reagent grade
(GOST 3771-74). Mass fraction of MAP is not less
than 99.5 wt.%.

2. Amorphous silicon dioxide (SD), grade WS-
120 (white soot, GOST 18307-78). Mass fraction of
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silicon dioxide is not less than 87 wt.%, water content
does not exceed 6.5 wt.%, and the rest are impurities.

3. Hydrophobizing organosilicon liquid
(HOL), grade 136-41 (GOST 10834-76). The main
component is polymethylhydridesiloxane (PMHS).

Some samples of MAP were preliminary dried
at 60 °C until the constant weight is reached. The
amount of added organosilicon liquid was varied from
0.5 to 5.0 wt.% while the amount of white soot was
varied from 4.5 to 5.0 wt.%. Mechanochemical hydro-
phobization of ammonium phosphate was carried out
by adding the modifiers listed above at the destruction
moment of the main component (MAP reagent grade)
when it is grinded in a roller-ring vibrating mill VM-4
with energy supply of 0.878 kW/kg. Moisture adsorp-
tion tendency of the obtained powder was determined
as a mass change of the sample when keeping it in a
desiccator at a constant humidity. Water-repellency
ability was determined by visual assessment as a time
required for water droplets being absorbed by powder.
Bulk density was calculated as the ratio of mass of the
powder freely filled into a cylinder to the volume that
the powder occupies. IR spectra were measured with
diffuse reflection using the atmospheric compensation
mode in a Bruker Optics Tensor 27 spectrometer. The
SEM images were obtained with JSM-6460 LV micro-
scope. The solubility of MAP was assessed by measur-
ing concentration of P,Os, N, and SOj3 in aqueous so-
lutions or suspensions of prepared samples.

RESULTS AND DISCUSSION

In order to estimate hydrophobization effi-
ciency we use the following criteria: water-repellency
ability, tendency to caking, bulk density and fractional
composition. Tables 1 and 2 show how the presence of
free moisture and the amount of additives influence the
efficiency of hydrophobization of monoammonium
phosphate. We find out that if the amount of introduced
hydrophobizer varies within the range of 0-5 wt. %,
moisture adsorption tendency decreases from 3.3 to
1.3%, and water-repellency capacity increases from 0
to 360 min (Table 2, samples 1-5). In addition, intro-
duction of HOL at concentrations of 5-7 wt. % to mon-
oammonium phosphate significantly decreases its sol-
ubility in water (Fig. 1).

To study hydrophobic properties of modified
MAP, we prepare 15 samples with various amounts of
monoammonium phosphate, HOL and silicon dioxide
(Table 1).
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Table 1
Composition of initial powder mixtures and their bulk
densities
Tabnuya 1. CocTaB HCXOAHBIX MOPOLIKOBBIX cMecell U
HX HACBINTHAA IIJIOTHOCTH

Composition (wt. %) Bulk density, g/cm?®

M) MAP | HOL | SD |compacted| Unco™

pacted
1 100.0 0.0 0.0 822 476
2 99.5 0.5 0.0 989 511
3 99.0 1.0 0.0 862 543
4 98.0 2.0 0.0 908 605
5 95.0 5.0 0.0 936 754
6 95.0 0.0 5.0 948 499
7 95.5 0.5 4.5 936 498
8" 100.0 0.0 0.0 821 420
9 99.5 0.5 0.0 960 479
10" 99.0 1.0 0.0 857 454
11" 98.0 2.0 0.0 910 518
12" 95.0 5.0 0.0 957 708
13" 95.0 0.0 5.0 1002 501
14" 95.0 0.5 4.5 962 562
15 95,0 0,0 |5,0** 953 555

Notes: * — MAP samples were dried at 60 °C up to constant
weight;

** _ mechanically modified SD

[pumeuanus: * - oopasust MA® cynmmm npu 60 © C 1o mo-
CTOSIHHOM MAacCHl;

** - BC MexaHH4eCK! MOANGUIUPOBAHHAS

According to [5] the preferred size of particles
used to prepare fire extinguishing powders should not
exceed 50 um. The amount of added HOL to MAP
should be carefully determined in order to achieve the
best performance of FEP. For example, if the concen-
tration of HOL in MAP exceeds the optimum value,
then, the yield of 50 um fraction significantly reduces
from 90.4 to 11.3% (Table 3, samples 2-5). In this case,
layering of the hydrophobizing film is observed (the
so-called oiling effect). The interaction of free mole-
cules of PHMS between each other [6] leads to adhe-
sion of particles and their aggregation resulting in for-
mation of large agglomerates, as evidenced from an in-
crease in the amount of fraction with the particle size
larger than 1250 um from 0.9 to 45.8% (Table 3, sam-
ples 2-5). Because of agglomeration, the bulk density
of the powder increases from 862 to 936 g/cm? for the
compacted and from 543 to 754 g/cm? for the uncom-
pacted powders (Table 1, samples 3-5). The highest
bulk density for the compacted powder, equal to
989 g/cm?, has the sample containing 0.5 wt. % of
HOL (Table 1, sample 2). In this case, formed fine par-
ticles occupy free space between bigger particles, thus,
reducing the occupied volume.
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Table 2
Hydrophobic properties of the obtained powder mix-
tures after mechanical activation
Tabnuya 2. T'uagpododHbIe cBOIiCTBA cMeceil mocJie Me-
XaHUYeCKOH aKTUBALMHU

. Water-repellency ability, min.,
Mms?ure ad- from the mpoment)(/)f obta)i/ning the
Ne sorption ten-
dency, wt. % powder
' 0 hr. 24 hr.
1 3.3 0 0
2 2 0 110
3 1.9 0 150
4 14 0 195
5 1.3 0 360
6 3.4 0 0
7 0.9 More than 180 630
8" 0.9 0 0
9 1.8 0 56
10 1.6 0 100
11" 15 0 175
12" 1.3 0 300
13" 2.3 0 0
14" 0.5 More than 180 530
15 2.3 - 150
Table 3

Change in the fractional composition of powder mix-
ture when grinding MAP with HOL and SD in the mill
Tabnuya 3. N3meHenue GpakumOHHOr0 COCTaBa NMPHU U3-

meabuennn MA® «xu» ¢ 'KK 136-41 n BC-120 B
BHOPO-MeJIbHHULE

Fraction amount, %
Particles size of fraction, pym

Ne 630-

>1250 1250 315-630|140-315|100-140(50-100| <50
1135.7| 125 12.3 8.8 3.9 0.2 |26.6
2| 0.9 1.3 1.3 5.2 0.1 0.8 [90.4
3] 31 2.8 2.2 8.8 53 [ 20.9 |56.9
41114 4.8 9 23.1 7.9 12.7 |31.1
5458 | 10.3 125 | 101 1.8 8.2 |11.3
6| 0 0 0.2 1.3 0.7 11.4 |86.4
71 0 0.1 0.3 0.4 0.2 15 1975
8| 43 | 112 14.8 16 5.1 2.8 |45.8
9| 11 1 0.8 1.1 0.3 15 |94.2
10| 0.1 3.6 1 0.9 1.8 0.2 924
11 04 1.3 2.4 14.1 122 | 0.8 |68.8
12/ 39.7 | 9.9 125 | 115 7.7 0.2 |185
13 0 0 0.2 14 1.9 | 199 |76.6
14 1.3 1.1 1.1 0.5 0.2 0.6 |95.2
15 0 0 0.3 0.4 0.3 0.6 [98.4

We observe an increase in the number of parti-
cles with the size of 50 um from 26.6 to 86.4% if 5 wt. %
of SD is added to MAP. At the same time, there is no
aggregation on the walls of the mill, and moisture ad-
sorption tendency remains constant (3.3 and 3.4%) for
samples 1 and 6 in Table 2.
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Since the SD has high specific surface area
equal to 120 g/cm?, the hydroxyl groups located on the
surface tend to interact with atmospheric moisture
through hydrogen bonding. Thus, the product contain-
ing MAP, SD and HOL, has water-repellency ability of
630 min, and contains 97.5% of particles with the size
less than 50 um (Tables 2 and 3, sample 7). It should
be noted that efficiency of the hydrophobization pro-
cess improves if free moisture present on the surface of
monoammonium phosphate particles is removed. Ab-
sence of moisture in raw material makes it possible to
obtain finely dispersed product with low moisture ad-
sorption tendency (Tables 2 and 3, samples 8-14).

50

10

o, wt.%

Fig. 1. Concentration of P20s (1) (X, wt. %), N (2), SOs (3) in the
liquid phase containing dissolved ammonium phosphate as a func-
tion of the amount of introduced hydrophobizer (o, wt. %)
Puc. 1. Usmenenue coneprxanust P20s (1) (X, mac. %), N (2), SOz (3)
B )KUJIKOH (pase mpu pacTBopeHnu pocdara aMMOHHS OT KOJIHIE-
cTBa BBOAMMOro ruapodobdusaropa (o, mac. %)

In spite of this, the hydrophobized powder
based on MAP kept in air, has greater water-repellency
ability. Sample 7 has a much higher water-repellency
ability, than sample 14 (Table 2), while the amount of
the fraction smaller than 50 um and the moisture ad-
sorption tendency have negligible difference — 97.5%
and 95.2% (Table 2), 0.9 and 0.5% (Table 3), respec-
tively. It is possible that water molecules on the surface
of the water-soluble salt react with PMHS leading to
hydrolysis of the Si-H bond. This process can be de-
scribed by the following reaction [7]:

| |

R—Si—H+HzO—>R—S|i—OH+H2
|

Subsequent condensation leads to cross-link-
ing of polysiloxane chains resulting in a single water-

repellent film:
| | |
2 [R—Sli—OH] —>R-8i-0-8i-R+HO

| | | |
R—Si—OH+H—SIi—R—>R—SIi—O—SIi—R+Hz
|
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Freshly ground monoammonium phosphate
powder, modified only with HOL, has low water-re-
pellency ability (Table 2, samples 2-5 and 9-12). Only
after some time the surface of particle acquires water-
repellent properties: 110-360 min for samples 2-5 and
56-300 min for samples 9-12. It is assumed that mon-
oammonium phosphate interacts with HOL through
adhesion forces. At the same time, grinding MAP with
4.5 wt. % SD and 0.5 wt. % HOL for 2 min (Table 1,
samples 7, 14) yields the product which has high wa-
ter-repellency ability of 530-630 min and low moisture
adsorption tendency of 0.5-0.9%. Therefore, it can be
assumed that silicon dioxide has a major effect on the
effectiveness of hydrophobization of hygroscopic salts
such as monoammonium phosphate.

Let us consider the process of mechanochemi-
cal modification of the three-component system
(MAP-SD-HOL). PHMS interacts with the active sur-
face of SD through chemisorption and physical adsorp-
tion. At the same time, large molecules of HOL adsorb
on the surface of MAP particles due to weak physical
forces. The hydrophobized silicon dioxide covers the
monoammonium phosphate particles. Friction be-
tween hydrophobic silica and hydrophilic MAP causes
electrostatic interactions between particles [8] — fine
powder of silica covers surface active sites of MAP
that carry electric charge.

Microphotographs (Fig. 2) clearly show that
particles of hydrophobisers tend to stick to large parti-
cles of monoammonium phosphate. Hydrophobized
SD forms a structural and mechanical barrier that pre-
vents aggregation of particles. These phenomena are
confirmed by a sharp increase in water-repellency abil-
ity from 0 to 530 and 630 min of samples 7 and 14,
respectively (Table 2). However, there are unsatisfac-
tory results of mechanical modification of the hygro-
scopic salt (Table 2 sample 15), which may occur in
some cases. First, mechanical forces may destroy the
hydrophobic layer of SD. Secondly, under the given
conditions, there is no physicochemical interaction be-
tween the components of the mixture.

The hydrophobization mechanism presented
above can be confirmed by analyzing the IR spectra of
hydrophobizing agents (HOL and SD, Fig. 3) and the
products of their interaction with monoammonium
phosphate (Sample 7, Fig. 4). Table 4 lists functional
groups and chemical bonds found in samples obtained
with mechanochemical modification of MAP with sil-
ica and HOL. In comparison to pure materials, the IR
spectrum of hydrophobized monoammonium phos-
phate does not contain bands corresponding to Si-H
and Si-OH bonds. This indicates the formation of water
repellent film on the surface of MAP consisting of Si-
O-Si bonds.
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Fig. 2. Microphotographs of hydrophobized MAP with a HOL
and SD content of 0.5% and 4.5% respectively

Puc. 2. Mukpodotorpaduu ruapodoOn3npoBaHHOI0 MOHOAMMO-
Huiidpocdara ¢ conepkanuem ['KXK 0,5% u BC 4,5%

Table 4
Typical types of bonds in hydrophobizing agents
Taénuya 4. XapakrepHble THIIBI cBsI3eil B rupogdo-
OM3MPYIOLIMX areHTax

PMHS (1) Si0, (1)
Wavenumber, | Characteristic| Wavenumber, | Characteristic
cm? bond cmt bond
2966 C-H (-CHs) 3631 (Si-OH),
2167 Si-H 3484 H-O-H
1261 Si-CHj3 1871 -OH (H,0)
1100 Si-O-Si 1634 -OH (H;0)
924 Si-H 1330 -OH (free)
893 Si-H 1188 Si-O-Si
841 Si-CH3 1053 Si-O-Si
769 Si-CH3 804 0-Si-0O
437 Si-O-Si 528 Si-O-Si

CONCLUSIONS

In conclusion, it should be noted that for prep-
aration of hydrophobic ammonium phosphate, the fol-
lowing conditions must be met:

1. Grinding and hydrophobization of the mix-
ture containing 95 wt.% of ammonium phosphate,
4.5 wt.% of SD and 0.5 wt.% of HOL during 2 min at
energy input value of 100-110 J/g;

2. The use of ammonium phosphate and silicon
dioxide without their preliminary drying (humidity of
SD - <1%, ammonium phosphate - <2%).

The obtained hydrophobized ammonium phos-
phate, containing 4.5 wt.% SD and 0.5 wt.% HOL, sat-
isfies the requirements of GOST R 53280.4-2009: wa-
ter-repellency ability (630-120 min) and moisture ad-
sorption tendency (0.9-3.0%). In addition, the apparent
bulk density of the prepared product is below the re-
quired value: 936-1000 and 498-700 kg/m® for the
compacted and uncompacted powder, respectively.
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Fig. 3. IR spectra of hydrophobizing agents, | - HOL, Il — SD
Puc. 3. UK cnekrpsl ruapodobmsupyromux arentos, | — TKXK, 11 — BC-120

=g
o0
o~
o)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm")
Fig. 4. IR spectrum of hydrophobized MAP with a HOL and SD content of 0.5% and 4.5% respectively
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