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ABSTRACT

Digsolulion Kinetics of Milled-Sllicate Rock Fertllizer In Orpande Acld (). Priyong and R Gllkesy: A
dissolution experiment was carried oul to identify the effects of milling condition on dissolution kineties of silicate
rock fertilizers. Initially pround materials (£ < 250 pm for basalt, dolerite, gneiss, and @ < 150 pm for K-feldspar)
were further milled with a ball mill (Spex 8000) under dry and wet conditions for 10, 80, and 120 minuics, The rock
powders were dissolved in & mixture of 0.001M acetic-citric acid at & rock powderfsolvent ratio of 1/1000, and the
solution was agitated continuously on 8 rotary shoker at 25° C, The concentrations of disselved Ma, K, Ca, Mg, Al,
and 50 from the milled rocks were determined ot intervals from 1 hour up to 56 davs. Resulis indicated that the
relutionships of quantity of dissolved rock and elemental plant nutrients {E,} with time () were well described by a
power eguation: B, = Eo + at® with reaction order (n} of 0.3 — 0.8. Milling increased quantity of toal and individual
dissolved element (E; }, dissolution rute (R}, the proportion of capidly soluble rock or clement {Ee), and dissolution
conslant o, The incresses m dissolution due to drr milling were lacger than for wet milling. Although further proves
should be provided, resullts of this dissolution experiment clearly indicates that SEFs mayv be used as multinutrieot
fertilizers as well as remedial materals for acidic seils; and dry milling may be applied as oo upproprisie methed for
manufciurng effective SEFs,

Keywords: [Hssodulion kingtics, milling, orponic aeid silicate rocks

INTROIMICTION

rhizosphere,  including  dissolution of nuotrient

The dissolution of plant nutrient clements from
rocks and mineealz has been studicd for decades
through dissolution cxperiments under |aboratory
conditions, In many dissolution experiments, the
ground solid materials are pre-treated prior o
investigation in order 1o eliminate very fine
particles produced by grinding. The pre-treatments
include successive washing with deionized water
(Huang and Keller, 1970; Barman er al, 1992;
Harley, 2002), acid washing (Bloom and Erich,
1987), ultrasonic cleaning (Zhang and Bloom,
1990Y, and wet sieving {Lundsirtn and Ohman,
1290). These teatments were relsted 0 the
putposes of the researches which were mostly to
identify steady dissolution rmate, mechanisms,
pathways and processes of primary minerals in
solutions, requiring very fine- and amorphous-free
solid materials. :

Various organic acids arc known to occur and
involve in numerous reaction processes in the

elements from silicate minerals and rocks inlg sail
solition (Jones, 1988), For this reason, orpanic
acids have been uwsed in many dissolution studies.
The acids are responsible for a  substantial
complexion of metal cations, especially for the
polyvalent cations such as 5i and Al originating
from dissolution of aluminosilicates (Huang and
Keller, 1970; Huang and Kiang, 1972; Song and
Huang, 198%; Eick er ai, [9%6) and these acids may
produce hipher dissolution rates than for dilute
inorganic acids or water {(Welch and Ullman, 1996;
Blake and Walter, 1999 Zhang and Bloom, [999;
Celkers and Gislason, 20013,

Among organic acids commonly present in
soils, oxalic, citric, and acetic acids ot
concentrations varied from 0.001 to 0.01M wers
mostly used as solvents for studyving the dissolution
of silicate minerals and meks under lasbomtory and
Huang, 198%; Lundstrdm and Ohman, 1990
conditions {Huang and Kiang, 1972; Song; Barman
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ef al., 1992; Stillings et al,, 1996; Bick et af, 1996,
Blake and Walter, 1999: Fhang and Bloom, 1999;
Hamer ef ai., 2003), Huang end Kiang (1972} found
that acetic and citric agids (0,010} are the weakest
and strongest respectively among the organic acids
they cvaluated for dissolving metallic elements
from silicate minecals,

We conducted a dissolution cxperiment as a
part of a research on the evaluation for the
cffectiveness  SRFs  subjected  to high-cnerpgy
milling. The main objective of the dissolution
experiment was 1o evaluate the effeet of milling
methods on plant nutrients released from silicale
rocks in diluie acetic-citric acid. In this experiment,
cleaning rock powders to eliminale fines as
mentioned above was avoided es such treatments
may cause loss of readily soluble nutrients from the
materials  snd  will not  be  applicable  to
manufactured SRFs. In stead of wsing individual
acid as the solvent, mixture of the acids @5 simple
und presumed will be more represenlative  for
various combinations of main organic acids in soils.

MATERIALS AND METHODS

Samples I'reparation

Bulk samples of hasalt, dalerite, pneiss, and K-
feldspar  respectively were from  Bunbury,

Jarraldale, MNortham, and Port Hedland ‘Western
Australia. The first three rocks were washed with
H+ and then broken with a hammer to about 1-¢m
diameter, pround with a Tema ring mill for 3
minutcs, and sleved to pass 8 250 pm sieve, The K-
feldspar was obluined from Commercial Mincral
Co. Perth, Western Australia, and had been ground
ta @ < 150 pm, These materials were desipnated as
initinlly milled rocks,

Five prams of initially ground rocks (TO) were
further milled with a ball mill (Spex-8000) using a
80 cm” stee] vial and 50 g of & 5 mm steel halls for
10, 60, and 120 minutes (110, T60, and T120). For
wet milling, 15 ml H;O was added o the samples
prior o milling, The dry-milled samples were
transferred to plastic conteiners, whercas the wet-
milled samples were contrifuged for 10 minutes at
11,000 rpm, the supernatant was discharged and the
powder was aven dried at 60" C Tor 48 hours,

Taotal clement of the rocks was determincd by
XRF (Philips PW 1400) after fusing the samples
with lithium mctaborate flux (Karathanasis and
Hujek, 1996). The mineralogical compositions of
the silicate rocks were identified using XRD
{Phillips PW-3020). Results of these analyses are
presented in Table 1.

Table 1. Total elemental and mineral compositions of the silicate rocks at their

initial condition (TO).

Elenent® (oxides) %
Rock 5i0; ALD, FeOr CaD Mg K0 Nm0 Tio, MnO PO, SO, Towf
Basgalt 47895 1915 1125 1111 a8 018 200 178 006 049 005 00
Dolerite 4002 1384 1522 1137 632 0.37 121 18 021 013 a2 (oo
Ginzisg 7401 1502 2564 201 074 1.0% 406 031 002 008 GO 10O
K-feldspar 6153 1905 002 005 001  11.56 251 005 001 022 00 100
Mineral Composition”
Basalt : Mg-Homblende (5 - 6), Pargasite {5 - 6), Augite (3 - 6), Albite (& - 6.3),
Anarthite {6 - 6.5), Biotite (2.5 - 3), Phlegopite (2 - 2.5}
Drolerile : Wg-Hornblende, Pargasite, Augite, Albile, Anorthite, Biotite,
Driopside (5.5 - 6.5) :
Gneiss v Quartz (7], Albite, Biotite, Chlorite (2 - 3)
K-feldspar  : Microcline (6 — 6.5), Albite, Anorthite

* Avemge vielues af A replicales.

*Tpdal iron is expressed as FeOy, much Fe iz present as Fe'?,

* Mormalized 1o total of 103 % to exclude struciumi HyO,

4 pugHlicate measurements, nnd mdnerals fisted in order of decreasing abundance,
Falloowied by relative hordness nunbers (Deer ef o, 1992),

[}



Dizsolution Experiment

A mixture of 0.01M acetic acid + 0.01M citric
acid at ratio of 1:] was used as the salvenl, Four
hundred milliprams of ook powder and 400 mi of
solvent were transfermed into a 500 ml plastic
container, Lightly capped, then continuously agitated
on a rotary shaker at 130 rpm and an ambient
temperature of 25" C. Subsamples of suspension
were taken pericdically from 1 hour up to 56 days
by removing the conlsiners from the shaker, the
content was homagenised by hand-shaking for 5
seconds, and immediately 20 ml of suspension was
tuken by a pipctie, The samples of suspension were
centrifuged at 4000 rpm for 20 minotes, and abaut
17 ml of clear solution was transfermed by a pipeitc
inte @ plastic tube. The concentrations of Ca, Mg,
and Al in the solution were measured using AAS,
Ma and K determined wsing flame emission, and Si
using a calorimetric method described by Rayment
and Higginson (1992, The pH and EC of solutions
were measured with pl and EC meters {Cyberscan
2000). At the end of the dissolution experiment, the
remaining rock powder was centrifiged, oven-dried
at 60° C {two weeks) and used for analyses of XRD
patterns and the quantity of amorphous constituents.

Analysis of Data

The quantity of individval element dissolved
was presented as mole charge per unit mass of rock
{emol, kg™) and % to total of corresponding
element in rock, The proportion of eock dissolved
was cstimated from total quantity {cmaol, kg"} all
major elements, Le., (MNa -+ K + Ca + Mg + Fe + Al
+ Si) for basalt, dolerite, and gneiss, and {(Na + K +
Al + 5i} for K-feldspar, dissolved relative to the
tolal of these elements in rock. This estimation is
similar to the method wvsed by Lundstrdm and
Ohman {1990,

The quantity of total element dissolved ws
dissolution time was fitted to & modification of the
power equation applicd by Zhang and Bloom
(1999}, The modified equation (added Eao) is:

F,=Eo+ at" Eq. (1)
where E, iz the quantity of element dissolved (% for
total) at time t {days), Ea is the quantity of rapidiv
soluble rock which isequal to Eatt = 0, o is a
constant (% d') that relates to the amount of
reactive siles on the surface of rock panticles, and n
is an experimental constant {reaction order). The

J. Tanafi Trop, Vol 13, Mo, 1, 2008: 1-10

diszolution rate B al time t is calewlated from
derivative of Bq. (1):
R =dF,/dt = am™' Eq. (2)

The quantities of total dissolved element (£} as
function of dissolution time (T) were very well
described by Eq. (1) as indicated by R® = 1,00 in
il cases and the standard deviation of regression
{8,y) was < 1 % relative to sample mean,

RELSULTS AND DISCUSSHON

Dissolulion Kinetics of Milleld Rocks

The plots of B vs t and R, vs t for all rock
types are guite similar, 50 only those for basall and
K-feldspar are presented in Figures | and 2 as
examples. The values of Eo, a, and n are presented
ini Table 2.

This dizsalution kinetic is basicallv consistent
with results of other dizssolution experiments, such
as dissolution of muscovite {(Lin and Clemency,
[98]1), yellow and black tulfs (Silber ef of, [999),
basaltic glass (Celkers and Gisleson, 20013, lunar
bazall (Eick ef al, 1996), and silicatc mincrals
(Siever and Woodford, 1979; Harley, 2002}, Somc
of these authors consider that this form of kinclic
curve indicates that the initial rapid release of
clements attributed to preferential dissolution of
superfine fine particles, because this effect is nat
cbtained anymore if caution is taken to remove the
smaller particles in order to conduct the dissolution
experiments on a resiricted rage of particle size
(Holdrem and Berner, 1979), and dissolution
mcchaniams are ion exchanpe reactions in which
soluble surface cations are exchanged equivalently
by H' from the acidic solvent. In addition, organic
acids (e.g, acetic and citric acids) are capable of
extracting mainly polyvalent ions as suggested by
Husng and Keller (1970), Welch and Ullman
{1996}, and Blake and Walter (1999). The tollowing
much slower dissolution may be attributed to ion
relense involving dislocation of structural bonds in
the silicale structure {Oclkers and Scoit, 2001,
Oelkers  and  Gislason  2001). However, an
intcrpretation of the present results that is different
from the above, Acetic-citric acid rapidly dissolved
much of the amorphous materials and  the
structurally  disordered/microcrystalline  minerals
present in intensively milled rocks, Tollowed by
slower dissolution of residual crystalline materials,
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Figure 1. The guantity of dissolved rock powder (E;)}, estimated from the total mole charge
of major elements (Ca + Mg + Na + K + Fe + Al + 51} for basalt and (Na + K +
Al + i) for K-feldspar dissolved in 0.01M acetic-citric acid as % of the total
mole charge of comcsponding elements in rock powder, as functions of
dissolution time {1). The rocks were milied under dry (full lincs) and wet {broken
lines) conditions. The lings arc statistical fits to Eq. (1 for the comespanding data.

The large increase in solubility of the rocks due to
milling is mostly associated with a large difference
in the quantity of the rapidly dissolved fraction (Eo)
which iz considered to be mostly the amorphous
and disordercd/micro-crystalling silicate phases.

During dissolution of the silicate rocks, the pH
of salution increascd with increasing milling and
dissolution times {Figures 3 — 4}, The inital pH of
the solvent was about 2,50 and this valuc increased
by about 0.25 units (for initially milled rocks) and
between 0.50 and 0.75 units (for 120 minute-milled
rocks) after dissolution for 1 hour. At the end of
dissolution experiment (56 days), the pH of solution
had increased by about 0.75 units {for initiafly
milled rocks) and between 1.0 and 1.2 waits (for 120
minute-milled rocks). Conversely, the EC of the
initial solvent was sbout 125 m3 cm’ and
decreused to about 0.7 mS em™ after 56 days of
dissolution which may be due lo precipitation of
salts.

These increases in pH indicate the occurrence
of surface exchange reactions as, especially during
the early stapes of dissolution in which quite large
amount of cations were released from the milled

4

racks. The rate of dissolution of cations was greatly
erhanced by milling. At the same time, the
precipitation of amorphous material from selution
may have accurred or altermatively dissalved ions
may have neutralised the free charges on the
functional groups of the organic acids (Le.,
dissolution  solvent), therchy decreasing the
clectrical conductivity of the solution, This
ncutralization process maybe an indication of the
occumrence of & ligand-assisted  dissolution
mechanism as suggested by Shotyk and MNesbitt
{1992} and Welch and Ullman (19%6) that the
dissolved polyvalent cotions (mainly Al} farm
metal-organic  complexes  thereby increase the
concentration  gradients of these cations within
solution — roek particle interfaces, enhancing
diffusion ratc of these cations from the rock
particles to  bulk  solution, In  this present
experiment, this dissolution mechanism occurred
more intensively for dry- than wet-milled rocks.

In summary, the reduced particle size, the
incrensed effective surface arca and abundance of
amorphous and disordered constituents duc Lo
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Table 2. The values of Eo, &, n, and R for Eq. (3.1) for dissolution of rocks estimated f T
the total mole charge of major elements (Na, K, Ca, Mg, Fe, Al, and Si} dizsolved
far bazalt, dolerite, and gneiss, (Na, K, Al, and Si) dissolved for K-tldspar relative
to the total of these elements in rock.

.H.u-:k B Ml“_l% . En 5 < g
[¥pe Condition Time {min) %) :
Dy 0 |00 213 0.36 0,594
4] 256 A.04 .37 106
Bk Q.14 3.44 0.a7 .98
Basall 20 l4,58 4.14 .53 IRIT
Wil 11 285 [.76 .43 [RCH
ik 5.93 .11 .40 1.00
| 20 802 4.7 3z (.90
Dry 0 WE 1.04 .47 .00
10 S8 202 0.5 R4 1]
ag 13.52 2.40 .41 100
[ 20k [9.44 S5 0,30 .55
Dolerite
Wl La RN 1.71 1 L.an
) 4,81 07 .42 0.4
120 TIT 131 0,41 0.9
Dy {l .56 45 (55 0.q0
Lo 287 124 .44 .50
il #.55 .35 0,71 .06
Cinciss 120 [5.20 |36 0,43 (.08
et [a 1.44 .56 057 1,0
] 506 .25 0.45 1,00
124 833 231 042 .96
Dy (] .00 1o .56 FRHES
1 1.2% (.45 (34 0,00
Gl 474 (.94 .54 1.0
K-feldspar 120 $.31 l.57 (.47 I.00
Wat i 204 k43 55 0,90
Gl [ {1.62 [ Gk (R
1201 2.53 .47 .57 1.00

milling (Privono er af,, 2002} resulted 0 an increase
irt quantity of dissalved cations. These changes also
resulted in an increase in the dissolution rale (R,),
the proportion of rapidly soluble rock {Eo), and the
amount of reactive siles ‘on the surface of particles
(@) The changes in dissolution due to milling were
greater for dry than for wet milling,

Elemental Drissolution of Plant Nutrienis

The above discussion of dissolution relates to
the dissolution of the whole rock particles based on
the sum of eations dissalved, However, dizssolution
may not be congruent as several mineral specics
may be present in a rock and may dissolve at

different rates, additionally some dissolved ions
may precipitate so that these laboratory data can not
be wsed directly to predict the release of plant
nutrient ions to soil solution. The main objective of
this dissolution experiment was to provide an
indication of the potential wlility of silicate
materials as MNa, K, Mg or Ca and Mg fertilizers.
Therefore, it is necessary to present and discuss the
results of dissolution messurements on a single
element {plant nutrient) basis. Clearly, the rapid
relense of nutrients (Table 3) is directly related 1o
the rapidly soluble fraction (Eo) of the individusl
plant nutrient cations {ic., Ca, Mg, K, and Na).
These valucs of elemental Eo, caleulated using Eq.
(1) in umits of emol, kg™ and % to total in rock

5
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Fipure 2. Dissolution rate of rock (R} at various contact fimes estimated from the total
mole charge of major elements (Ca + Mg + Ma + K + Fe + Al 4 5i) for basalt
and (Ma + K = Al + 5i] for K-feldspar dissolved in (W01 acetic-citric acid per
day relative to the total male charge of corresponding clements in rock. The
values of R, were caleulated using Eq. (2} for the rocks milled for 0, 10, 60 and
120 min (TO, T10, Té0, and T120} under dey £ and wet (W) conditions.

(Table 3) may be vsed to cstimate the quantity of
nutrients made available for plant growth by the
rapid dissolution of SRFs in soil.

The propartions of the rapidly soluble plant
nutrients {Ca, Mg, K, and Maj {Table 3} were
increased by milling and the increases due to dry
milling were higher than for wet milling. Milled
mafic rocks (basalt and dolerite) rapidly released Na
{up to 42% of tatal Na) and K {vp (o 73%%, which
were higher proportions than for felsic rocks {up to
3424 Na and 54% K. The total content of K in K-
feldspar (12% Ko0, see Table 1} is much higher
than for the other silicate materials (4% K0 for
gneiss and < 1% KO for basalt and dalerite), so
that K-feldspar is potentiolly an effective k

fertilizer. The milled felsic rock (gneiss) rapidly
released 100% of its My which was a much higher
proportion than for milled mafic rocks (2., 27 and
39% respectively for basall and dolerite). However,
pneiss (with total content < 1% MpC) may only
supply small quantities of Mg for plant growth,
whereas basalt and dolerite (with 6% MgO) are
likely to be hetter Mg fertilizers. The praportion of
the rapidly relcased Ca for milled-mafic and felsic
(eneiss) rocks was similac (up to about 16%)
Although this propartion of rapidly released Ca is
quile low, mafic rocks are likely Lo be better sources
of Ca than felsic rocks. It is notable that these rocks
may act as mult-element or compound fertilizers.
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Figure 3, pH of solution after dissolution of silicate rock pewders for | hour, 7, and 56 day:
7d, and 56d) as affected by milling time of the rocks. The pH of solution b
dissolution was 2,50,
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Table 3. The guantities of rapidly dissolved major plant nutrical elements' {Bo) for basalt, dolerite,
gneiss, and K-feldspar SRFs, caloulated using Eq. {1) for individual elements. The valucs of
Ea arc also presented as % of ttal in rock (e.g., percentage cmol, an element dissolved over

total cmol, the element in the milled rock).

Milling,_ Ca e = K N
Condi-  Time jcmol, kg ) (M%) fomol kg'l (%) femol k) (%) (emol kel (%)
__lien {min] i
Hasalt SRIF
Oy ] 0.4 24 54 1.8 0.8 21.7 2.4 Ia
I 137 35 44,4 L4.7 0.2 5.0 6.0 8.0
&l 42.0 1.4 f2.0 22732 ] 43.5 | 8.2 273
120 ale 16,1 5.2 2.6 |.5 42.3 7.2 42.1
W 1] I5.6 R 254 .0 (5 13.2 27 4.0
60 04 h 288 1ik1 .49 74,2 7.8 120
120 407 109 313 10 R Ry 96 140
Dolerte SRF
Doy 1] ik 0.0 6. 20 2.3 5.6 (k4 L0
I 13.7 a4 27.4 T 16 46.8 22 5.6
1l 43.1 1k 7.4 21T 4,7 1.3 T8 21.0
120 £0.1 214 1209 8.4 54 T2.06 160 40.4
et 11 | 1.3 9.5 14 2.6 352 0.8 1.0
G 5.0 2.0 16,4 52 2.1 5.4 L4 3.0
120 .4 2.4 20,8 5.7 31 45.2 3.2 5.2
Cingiss SHF
Dy 1] 24 13 2.3 0.2 n.o 4.0 0.6 (b5
Ik 5.2 Tz 1.0 150 3.2 (3.6 6.5 5.0
hith 60,8 0.7 6.0 100 0.0 19.46 6.1 12,7
1260 7.9 1135 366 106 12.0 53.8 q12 3.7
Wel N 4.7 6.6 30 k.1 l.2 5.4 .2 LA
i 5.3 T4 52 14.8 1.1 4.6 6.8 54
120 1.5 11.6 1'5.11 16,5 1.5 16.8 11.5 0.1
E-fieldspar SEF
Dry ] - - - - (Lo 04 =411 0.1
n - = - T 154 6.6 12 1
Al - - - - 44.0 19.5 9.2 11.7
[0 - - - - 533 234 14.7 236
Wel 10k - - - - 4.5 1.4 1.7 0.5
G0 - - - - 19,7 86 4.2 5.5
120 - - - = 26.3 127 5.3 8.9

Uit is nssumed thar Mo s essentin] do (2ome) ponls,

CONCLUSIONS

Milling time and condition affected the values
of quantity and ratc of dissolved cations from SRFs
in acetic-pitric acid, the proportion af mpidly
soluble rock and elemental plant nutrient (Ec), and
the amount of reactive sites on the surface of
particles (g}, These values increased with increasing
milling time, and these cffects for dry milling were

preater than for wet milling, Data of this dissolution
experiment indicate that SRFs may be used as
multinutrient  fertilizers and  liming  material.
However, those potencies need to be tested in soil-
plant systems.

The general trends of rock or elemental
dissolution in this present study were consistent
wilh those found by other researchers (Huang and
Keller, 1970; Welch and Ullman, 1996; Blake and



Walter, 1999, Oelkers and Scott, 2001; Oelkers and
Gisluson, 2001; Hardey, 2002} However, pre-
treatment by romoving  amorphous  constituents
from pround rocks or minerals as applied by the
above workers results in different  dissolution
mechonisms.  In porlicular  the  high  dtial
dizsolution rale was nol so imparant for “cleanced”
matcrials. In thiz present study, the dilule organic
acid mixture dissolved more amorphous  than
erystalline  material, whereas the mechanism
supgrested by the cited authors involves an initial
hipher dissolution rate  associated  with  the
detachment of outmost siructural elements from
ordered structures,
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