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Theanodic dissolution of iron in ammoniacal-car bonate-thiosulfate-copper solutions with formation of Cu,S
and dendritic copper

Anna D’Aloya and Aleksandar N. Nikoloski
Murdoch University, South Street, Murdoch, WA 61B@sth, Australia

Abstract

The presence of thiosulfate ions in ammoniacal@aake solutions containing copper(ll) ions was fbtmprevent
the passivation of iron, even though iron passiveis observed in solutions with no thiosulfateerty low
copper(ll) concentrations. The prolonged anodisdligion of iron resulted in the formation of a fhacrystalline
sulfide layer on its surface, which based on Ggusntidence X-Ray Diffraction (GI-XRD) analysistisought to
consist mainly of C46. The effect of the sulfide layer was investigaiseuhg rotating disk cyclic voltammetry.
Unlike the formation of an amorphous Gd&yer, which took place in similar solutions canbag cobalt ions, the
cuprous sulfide layer was not found to promote ipatisn of the iron. A significant amount of solidecipitate also
became detached from the iron surface, remainingssolved in the solution. This was analysed bya§R
Diffraction (XRD) and scanning electron microscq®EM) — energy dispersive X-ray spectroscopy (EDX).
Dendritic copper was observed both in the solichssed from the solution and in the precipitati atiached to the
iron surface. The absence of iron passivatiohasight to be due to both to the non-adherent natuitee cuprous
sulfide layer, and to a disrupting effect causedhgycementation of copper.
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1 Introduction

Ammoniacal solutions are often employed in hydrathetgical processes due to their high selectitotyards the
metal values. In the Caron process, nickeliferaterites are roasted under reducing conditionsderao reduce
the nickel and cobalt to the metallic state, amhtleached in ammoniacal-carbonate solutions iardaldissolve
the metal values as ammine complexes. During tthect®n step, a significant amount of iron is alsduced to the
metallic state, and forms alloys with the metalieal Therefore, the dissolution behaviour of ttadleys, and
hence the recovery of the metal values, is stroimflyenced by the behaviour of iron. For this @asumerous
investigations have been conducted on the anodliavi@ur of iron in ammoniacal solutions, with atgardar focus
on its active-passive behaviour both during potdiis experiments and under open circuit conditidasndova and
Pedlik, 1991; Kho et al., 1992; Kim et al., 199&glet al., 1985; Nicol et al., 2004; Nikoloski afidol, 2006;
Nikoloski et al., 2003; Osseo-Asare et al., 1983).

Depending on the ore feed, the solutions involvetthé Caron process contain variable amounts ebhiisd
metals, including at times copper, as well as nt@lées thiosulfate ions. These originate from tresdiution of
sulfides formed during the reductive roast as alted sulfur being present in the fuel. A previatady has shown
that the dissolution of iron is significantly suppsed, with a tendency to passivate, in solutiongaming both
dissolved cobalt and thiosulfate ions (Nikoloskakt 2003; D’Aloya and Nikoloski, 2013). This bef@ur was
attributed to the progressive coverage of the sunfiace by a cobalt sulfide or polysulfide layehieth appears to
play a key role in the passivation mechanism. Tadyswas particularly relevant to the QNi Caronnpla Yabulu,
Australia, where cobalt and thiosulfate ions appedre the main species influencing the anodic Wielba of iron.

It is also relevant because cobalt losses into Byers may further affect the process efficier@g.the other hand,
the typical dissolved copper concentrations foumthe leach liquor at the Yabulu plant are quite.lo

More significant amounts of copper may be encowttén ammoniacal-carbonate solutions employeden th
processing of ores richer in copper, such as a¥tterantim Metais plant in Brazil. A previous stukas found that
iron readily passivates in the presence of millam@mounts of dissolved copper (D’Aloya and Nik&ipg012).
However studies conducted in ammoniacal-carboratgisns containing both copper (I) and thiosufains are
complicated by the possibility of a homogeneousxegaction between these two species (Rabai aatkibp
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1992). The oxidation of thiosulfate by copper {fi)the presence of ammonia has been studied exéiysiue to its
relevance to the ammoniacal leaching of metal dedfiand to the thiosulfate leaching of gold, whécénhanced by
the addition of copper (II) and ammonia (Breuedt deffrey, 2003; Byerley et al., 1973a,b, 1975) Témction is
known to produce tetrathionate, which then undesdogher oxidative degradation resulting mainhsiifate and
trithionate, and cuprous thiosulfate, ammine oradikomplexes, depending on the relative conceotrsbf
ammonia and thiosulfate. In the presence of oxytiencopper () species are re-oxidised to cofifeammines,
which therefore function as redox mediators, résglin much higher rates of thiosulfate degradatibime reaction
rate is known to be significantly lower at highemraonia concentrations, such as those employecic#ron
process.

The present study focusses on the interaction leetweetallic iron and both copper and thiosulfatesiander
conditions similar to those encountered in the @gnmcess. Based on the results obtained, it wssilge to
identify some of the main reactions involved.

2 Experimental details

The electrochemical measurements were recorded adinree electrode jacketed cell connected tol &5&G
Princeton Applied Research potentiostat. The warkilectrode was a rotating disk electrode (RDE)ezd
99.98% polycrystalline iron, rotating at a spee®@® rpm. The counter electrode was a platinum wiire the
reference electrode was a saturated calomel etkc{®CE). This was placed in a Luggin capillarieélwith the
cell solution and placed with its tip a few millitnes away from the working electrode, in order faimise the
effect of solution resistance. All of the potergiaéported in this study were converted to thedstechhydrogen
electrode (SHE) scale. The jacketed cell was cdrdeo a thermostat-controlled water bath set t&C48 order to
simulate the Caron process temperature. All otiations used in this study were prepared usingniked water
and AR grade aqgueous ammonia, ammonium bicarbor@geer sulfate and sodium thiosulfate. Conce wainati
reported in the text as [NJH and [CQ]+ refer to the total concentration of ammonia amtb@aate species
respectively, which resulted in a solution pH afard 10.5. The copper and thiosulfate species cdrat®ns are
referred to as [Cu(ll)] and [©4°] for simplicity, although they are expected to argb various redox
transformations once in solution. Since the preserfalissolved oxygen was not found to have a Bagmit effect
on the observed behaviour, the solutions emplogethe experiments reported were not sparged vititbgen, in
order to maintain a more accurate control of thenamia concentration.

The grazing incidence X-ray diffraction (GIXRD) p&in was recorded using a Panalytical Empyrean
diffractometer, while the normal incidence XRD vadgained using a GBC EMMA diffractometer. The mszope
images and elemental analyses were obtained ughglips XL20 scanning electron microscope (SEMnhbied
with an Oxford Link ISIS 5175 energy dispersive a§rispectroscopy (EDX) detector. The UV-Visible gpeavere
obtained using a HP 8453 spectrophotometer withdlOal cm path length quartz cells for the lowet higher
[Cu(ll)] respectively. The experiments carried oubrder to obtain samples for the XRD and UV-Vieib
characterisation studies were conducted at roorpéegture in a closed glass vessel, in which thatisol was
stirred by a magnetic stirrer. A 99% iron disk vagisiched to the lid of the vessel, in such marimegrrio air was
present above the solution during the experimelhiofAhe iron surfaces were polished immediataipipto
immersion using 1200 grit silicon carbide papertagtvith ammonia-ammonium bicarbonate solution.

3 Results

3.1 OCP Measurements

The OCP of an iron rotating disk electrode was tbtmremain in the active dissolution region ofiiia
ammoniacal-carbonate solutions, throughout a numib&ihour measurements conducted using variougerd(l)
concentrations between 1 mM and 12 mM, and thiageiéoncentrations between 4 mM and 24 mM. This
behaviour can be seen for example in Figure 1 é&ajvBy comparison, the OCP behaviour with theesaopper
(1) concentration but with no thiosulfate (cunl®) shows a distinct transition due to the pasgiwadf iron.



Figure1. OCP of Fein 5M [NH3]r, 1M [CO,] and @) 12 mM [Cu (I11)], 22 mM [S;057]; b) 12 mM [Cu (11)].

During dissolution, the formation of a black sadid the iron surface was also observed. This wasddo be non-
adherent and to continuously fall off the iron sed, remaining suspended in the agitated solufibarp drops in
the OCP of up to 50 mV were observed each timeeepdf the black solid layer became detached freniron
surface. The precipitation of significant amourt§ireely divided iron (lll) hydroxides was also adrved.

In solutions containing cobalt and thiosulfate icthe presence of copper ions, even at very loveeomations, was
found to significantly delay the onset of passiwatiFor example, a copper concentration as lowlasm®l in an
ammoniacal-carbonate solution containing 12 mM [(Joénd 24 mM [SO4”] resulted in the passivation taking
place after 2 hours of immersion, as opposed t@fh40 minutes it took when no copper ions weresddgFigure
2).

Figure 2. OCP of Fein 3M [NH3]r, 1M [CO,]t, 12 mM [Co(I1)], 24 mM [S,05%] and a) no Cu(l1); b) 0.1 mM
[Cu(IN)].

In a final experiment, an iron RDE which had beboveed to passivate in an ammoniacal-carbonatetisolu
containing copper(ll) but no thiosulfate was themiersed in ammoniacal-carbonate solutions contgipdth
copper(ll) and thiosulfate ions. In this case,@@P measurements on the iron RDE showed that #iresd
passive.

3.2  XRD and SEM/EDX Analysis

As the OCP behaviour did not exhibit significarffatiences across the concentration ranges of capyer
thiosulfate, XRD and SEM/EDX analysis was only @&adrout for one representative combination. Tha RDE
immersed for 3 hours in an ammoniacal-carbonatgisal containing 12 mM Cu(ll) and 24 mM thiosulfates
was analysed. SEM-EDX analysis of its surface riexkthe presence of a predominantly dendritic digpeih an
elemental analysis of approximately 30% Cu and 30%n iron RDE immersed for 4 hours under the same
conditions was analysed by GIXRD, which revealedpghlesence of metallic copper and.E(@Figure 3).

Figure 3. GIXRD (Cu Ka) pattern of the Fe RDE following immersion in 5M [NH3]t, 1M [COy]+, 12 mM
[Cu(I1)] and 24 mM [S,047].

The solid precipitate which formed following immiens of the iron RDE in the absence of air abovesthiation
was also analysed. SEM images of the filtered seNgaled a mixture of phases with different motpbies
(Figure 4) and the EDX elemental analysis resuliedajor variations in the relative amounts of cepand sulfur
in different parts of the precipitate. XRD analysfghe solid indicated the presence of metallippzr, CyO, CuS,
possibly CuFgS; and FeS (Figure 5).

Figure 4. SEM images of the solid precipitate formed during the dissolution of iron in 6 M [NH3]+, 2 M
[CO,]r, 12mM [Cu(I1)] and 24 mM [S,057].

Figure5. XRD (Cu Ka) pattern of the solid precipitate for med during the dissolution of ironin 6 M [NH3]+, 2
M [CO,]t, 12 mM [Cu(l1)] and 24 mM [S,047].



3.3 UV-VIS Spectrophotometric Analysis

In order to provide reference data to enable arahéation of whether the reduction of copper ()thiosulfate
ions occurred to a significant extent at the ammaoincentrations used for this study, referenatisols
containing ammonia, carbonate, copper (Il) andimsulfate ions were investigated using UV-VIS
spectrophotometry. The results are to be treatatitgtively, due to reaction between the specigsmdisolution
preparation and due to the presence of dissolvgdesx which re-generated copper (I1) tetramminifaing its
reduction.

Spectra were first obtained for copper (ll) in §NH;]+, 2 M [CO,]+ solution. This resulted in a maximum UV
absorption at 246 nm and a broad absorption iwigible region at 630 nm, which is due to the fotioraof a blue
cupric ammine complex (Figure 6, solid line). Speetere then obtained for copper (II) in 24 mM agpsesodium
thiosulfate. This resulted in a UV absorption maximat 276 nm, thought to be due to a cuprous thaisu
complex (Figure 6, dotted line), possibly formeainfrthe reduction of copper by thiosulfate as foow

2CUH" + (2x+2)S05% = 2[Cu(S0s), ] + S06” 1)

Figure 6. UV-VISspectraof 4mM Cu (I1) in 6 M [NHz], 2M [CO,]1 (solid line), and in 24 mM [S,04*
](dotted line).

A study was then conducted for copper (I1) in 24 805”1, 3 M [NH3] and 1 M [CQ]+, which corresponds to
half the [NH]+ and [CQ]+ employed in the study with an iron RDE. The spettdicated the presence of both a
copper (II) ammine complex, with a maximum absodeaat 623 nm, and a Cu(l) thiosulfate complex, \&ifreak
at 273 nm (Figure 7, solid line). The intensitytliése two peaks was monitored over a 2.5 hour ¢éFiigure 7,
dotted lines), during which the absorbance pe@vatnm was found to decrease by over 17%, suggetstin
progressive consumption of thiosulfate ions by tieaovith copper (11). A decrease of just over 6%4he cupric
tetrammine absorbance at 623 nm was also obsetesgite its rapid regeneration by reaction withgexy.

Figure 7. UV-visible spectrum of 4mM Cu (11) in 24 mM [S,057], 3M [NH3]; and 1 M [CO,]; (solid line);
change over time in maximum absorbance at 273 nm and 623 nm (dotted lines).

At 6 M [NH3]1, 2 M [COjy]+, the UV-visible measurements were conducted ahitpieest [$05”] and [Cu(ll)] used
in the studies with an iron RDE, and in a tighthaked cell with no air above the solution. This imised the loss
of ammonia and re-oxidation of Cu(l). The higher(lQwoncentration made it necessary to use a shpsth-
length of 0.1 cm. The spectrum was found to beitatizlely similar to that of copper (Il) in ammowg& carbonate
solutions (Figure 8, solid line), with no absorbapeak arising from the presence of thiosulfats.i@espite the
presence of dissolved oxygen, it was possible 2ok a clear decrease over time in cupric tetram@mbsorbance
at 620 nm (Figure 8, dotted line), suggesting thathomogeneous reduction of cupric ammines btiiiate took
place to an appreciable extent even at the high]JNéinployed in this study.

Figure 8. UV-VIS spectrum of 12mM Cu (I1) in 24 mM [S,05%], 6 M [NH3]r and 2 M [CO,]; (solid line);
change over time in maximum absor bance at 620 nm (dotted line).

UV-VIS Spectrophotometric analysis of the solutieas also carried out following the immersion of afiét iron at
room temperature, with no air above the solutiofithify approximately half an hour of immersion arutivze
dissolution of the iron, the solution colour chashd@m deep blue to colourless, indicating the dapduction of
most of the copper (II) ammine complexes to cogpespecies and metallic copper.

The UV-visible spectrum, measured using a 0.1 cth [gagth, is shown in Figure 9. As expected, thvesis no
visible absorbance in the 620 nm region, indicatiomplete reduction of the cupric ammines. Thiseaped to be
sustained by the iron remaining in its active disson state throughout the experiment, rather tnaneaction with
thiosulfate ions. Under such conditions, dissolugggen was also consumed by metallic iron, so tmeentration
of cupric tetrammine continued to decrease ag@smeration was not sustained by reaction withotlisd oxygen.



This is supported by the colour change which wdg observed when the iron disk was activated byspaig
immediately prior to immersion, a condition whiaplicated the initial stages of the Caron leach.

The maximum UV absorbance at 269 nm was attribitedcuprous thiosulfate complex, which was noeobed
following the homogeneous reaction in the absefi@®o. This confirmed that there was practicalty dissolved
oxygen available to reoxidise the complex, and thatcupric ammines were reduced predominantlydy riather
than thiosulfate.

Therefore, the homogeneous reduction of coppebyikhiosulfate is not expected to significantljeat the studies
conducted in the presence of metallic iron, ndat@ place to a significant extent during the &histage of the
Caron leach.

Figure 9. UV-VIS spectrum of 12 mM Cu (I1), 24 mM [S,057], 6 M [NH3]t and 2 M [CO,]; solution following
reaction with metalliciron.

3.4  Rotating disk cyclic voltammetry

The voltammetric response of the iron RDE was meakiollowing 15 minutes of immersion in 6 M [NH, 2 M
[CO,]+ solutions at different [Cu(ll)] and }©5°] (Figure 10). For the purpose of this investigatiid was not
necessary to compensate the results for the solggstance between the tip of the Luggin capiltard the RDE
surface. Therefore, at high anodic currents thppears to be slight shifts with respect to the mptdé resulting
from changes in the solution conductivity at diéiet species concentrations.

Scanning the potential in the positive directiaomfrthe OCP resulted in an anodic peak due to gsohlition of
metallic iron (A) in the -0 .6 V to -0.2 V potenittizzgion, followed by a smaller anodic processi(Bthe -0.1 V to 0
V region and a third peak (C) above 0.1 V. The pmakent density at A was not significantly affettey changes
in the [Cu(Il)] and [$05°], whereas increasing [Cu(ll)] from 1 mM to 4 mMamnstant [§05”] resulted in a 7-fold
increase in peak C. Further increase to 12 mM hardaller effect on the peak current density, bsitilted in a
fourth anodic process (D) being observed in the\Otd 0.5 V potential region, as a shoulder follogripeak C. On
the other hand, increasing,{%?] at constant [Cu(ll)] resulted in a 10% decreasthe current density at peak C.
These observations are consistent with peak C lmkiago the oxidation of a copper-containing speaeach as a
copper sulfide, formed during the anodic dissolutid iron. Its formation appears to be stronglyelegent on the
copper (Il) concentration, as consistent with thange in peak current density, whereas the effd&,0;°] may
be explained in terms of a decrease in [Cu(ll)}dmction with thiosulfate ions. This suggests thatspecies
responsible for peak C may possibly form as a tefuopper (Il) reduction to copper (I) on therirsurface.
Following reversal of the potential scan, the R[plpeared to become passive, with no significantecuilbeing
observed in the cathodic direction until it reachedative values. Scanning the potential belowédited in a
cathodic process, likely to be the reduction ofraupmmines, followed by a further increase in cdib current
density observed at higher [Cu(ll)] as the potémtpproached -0.4 V. The anodic dissolution of dlietaon
resumed in the region of -0.4 V {fAreaching higher current densities at lower [Qliéind higher [$057].

Figure 10. Rotating disk cyclic voltammetry (50 mV/s) of the Fe RDE following 15 minutes of immersion in 6
M [NHg]t, 2M [CO,]; and &) 1 mM [Cu(l1)] and 4 mM [S,05%]; b) 4 mM [Cu(l1)] and 4 mM [S,05]; ¢) 12
mM [Cu(I1)] and 4 mM [S,05?] (solid line); 4 mM [Cu(l1)] and 24 mM [S,05?] (dotted line).

Cyclic voltammetric measurements taken after 2 filofiimmersion resulted in a continued increasaniodic
current density in the potential region of (C), elhdid not result in a peak prior to reaching tieersion potential,
as shown in Figure 11 for 4 mM [Cu(ll) and 24 mMQ&]. The cathodic scan, resulted in a similar butdow
anodic current due to the process at C, and aimegatrrent as the potential was decreased belbwIdvo
cathodic peaks were observed, one between 0 ah®/{E) and the other just below -0.4 V (F), white
reactivation of metallic iron (A was not observed in this case.

Figure 11. Rotating disk cyclic voltammetry (50 mV/s) of the Fe RDE in 6 M [NH3]1, 2M [CO,]+, 4 mM
[Cu(l1)] and 24 mM [S,057] taken after 2 hours of immersion.



Monitoring the voltammetric response following @ifént periods of immersion at 4 mM [Cu(ll)] and MrfS,057]
showed a progressive increase in current dens®y(&igure 12). For the 2 hour immersion, inversiéthe scan at
the same potential as the other measurementsaésnla similar response as that shown in Figurealtiough in
this case the reactivation of metallic iron‘(Avas observed. By inverting the scan at a higb¢ergial, it was
possible to observe a very large peak C, as caedrein Figure 12. These results indicate thabvagh a
substantial amount of the species being oxidis&tliatformed during the anodic dissolution of irtms does not
appear to promote the passivation of iron, noigoificantly suppress its dissolution.

Figure 12. Rotating disk cyclic voltammetry (50 mV/s) of the Fe RDE in 6 M [NH3]1, 2M [CO,]+, 4 mM
[Cu(I1)] and 4 mM [S,057] taken immediately after immersion (1), after 10 minutes of immersion (I1) and
after 2 hoursof immersion (I11).

4  Discussion of reactions

In the absence of thiosulfate ions, the dissolutibinon in ammoniacal-carbonate solutions contegréopper (Il)
ions can be described by reactions (2-4). Wheagsthiate ions are present, the presence of metalfiper on the
iron surface as observed by GIXRD indicates thasétreactions still take place. The thiosulfate iare also
thought to act as oxidants in the dissolution ofjrand have been found to significantly enhanaesisuggested by
the resulting higher anodic current densities regubby D’Aloya and Nikoloski, 2013.

Fe + 2[Cu(NH)4** — [Fe(NHy)4]*" + 2[Cu(NH;);]* )
Fe + [Cu(NH)4*" — [Fe(NHy)4*" + Cu ©)
Fe + 2[Cu(NH)]* — [Fe(NHy),]* + 2Cu (4)

The detection of a small amount of sulfur by SEMX&nalysis of the iron surface following immersiorthe
presence of thiosulfate, and the production £8 Hpon addition of HCI, indicates that some sulfiges adsorbed
on the iron surface, with the formation of an isuifide or polysulfide. It has been suggested dlaing the initial
stage of the Caron leach, iron sulfide may formtii@disproportionation of thiosulfate (Queneau ¥felr, 1986)
which may be described by reaction 5. Similarlyydts suggested that the precipitation of evendeksle metal
sulfides took place via an analogous mechanismivimg other metal ions present in the leach sotutidowever,
the formation of metal sulfides was only observadh® electrode surface, suggesting that it is rikedy to
involve the reduction of thiosulfate by metallioiir. In such case, the formation of iron sulfide rhaydescribed by
reaction 6.

[Fe(NHy),*" + SO% + H,O— FeS + 2NH' + SO + 2NH, (5)
Fe + $SO;> — FeS + S (6)

When both thiosulfate and copper (ll) ions are @ngsthe picture is potentially more complicatede do the well
known homogeneous redox reaction between coppear(tl thiosulfate ions, which may result in theniation of
various cuprous thiosulfate, ammine and mixed cewgs, depending on the relative ammonia and tHatsul
concentrations. This may be described by reacficansd 8, where thiosulfate is initially oxidisedtétrathionate,
which is then further oxidised resulting in a mbewf sulfur oxyanions.

2[Cu(NHe)))** + 2805 — 2[Cu(NHy))]* + SO6™ + 4NH (7)
2[Cu(NH,),]*" + 4505" — 2[Cu(S0s)] + SO6” + 8NH; ®

However, in the presence of metallic iron, the @) complexes are thought to result mainly fn@action 1, as
discussed in section 3.3. The formation of&may then take place by further reaction of cupimmplexes and
disproportionation of thiosulfate (reaction 9). Hoxer, since its formation was only observed ingresence of
metallic iron, the overall process is better ddmtiby reaction 10. It is also possible that somgS@vas formed by
the reduction of thiosulfate on the copper dendiitemed by reactions 3 and 4, as described byiogatl. Similar



mechanisms may be responsible for the formatiamigéd iron-copper sulfides and of various othedenitified or
amorphous sulfide or polysulfide species.

2[Cu(NHy),]" + $05% + HO— CwS + SQ* + 2NH, + 2NH," (9)
Fe + 2[Cu(NH),]" + $05” — CS + SQ” + [Fe(NH;),]** (10)
2Cu + $SO> — CwS + SQ* (11)

5 Conclusions

When both copper (1) and thiosulfate ions are @nésn ammoniacal-carbonate solutions, the passivaff iron is
suppressed, unlike the behaviour observed in aoatgolutions containing either copper (1) iondoth cobalt
(I) and thiosulfate ions. The OCP of an iron rotgtdisk electrode was found to remain in the &ctissolution
region of iron in ammoniacal-carbonate solutiohsyighout a number of 3 hour measurements at Varéapper
(1) and thiosulfate concentrations.

During dissolution, a non-adherent black solid tayas formed on the iron surface, and found to@on€yS and
dendritic copper. The effect of this layer was &ddising rotating disk cyclic voltammetry and grsficant
amount of it was found to remain in electrical @amtwith the iron RDE surface. It is remarkable ihahis case,
the formation of such a sulfide deposit on the sarface did not appear to suppress the dissoloficon, as it had
in the case of CqSnor was it found to promote its passivation. Tikihought to be due to the partly crystalline,
non-adherent nature of the deposit, and possibdydisrupting effect of the cementation of copper.
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Highlights

¢ S,05% prevents the passivation of Fe by Cu(ll) in aqgueous NH3/NH,HCO;
* Non-adherent surface layer containing Cu dendrites and Cu,S forms on Fe surface
e Solid layer remains undissolved in solution following detachment
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