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Changes in microstructure of soils following extraction
of organically bonded metals and organic matter

JLWIERZCHOS, C. ASCASOCIRIA& M. T. GARCIA-GONZALEZ
Ceniro de Clencias Medioambientales, Serraneo 113 dpdo, 28006 Madrid, Spain

SUMMARY

The influgnce ol selective removal of organically bonded metals and organic tnatter on soil
microstructure was investigaled. Two samples of soils with different mineralogical, chemi-
cal and mechanical composition were treated with acetvlacetone in both polar and non-
polar selvents Lo dissolve amorphous organic iron and aluininium, and with hydrogen
peroxide o destroy orgamic martler.

Transmission electron micrographs ol ultrathin secions and scanning electron micro-
graphs of < 5-um fracticns of the extracted soils showed distinet changes ol microstruc-
wre of clays afier successive removal of cementing agents. Although nnireated soils
shiowed flocculent or honeycomb structure, soils with organic matter and orgamically
bonded metals reinoved showed turbostratic domain structure with stepped clusters. The
changes 1n microstruciure of soils following extraction were conlirmed hy deterinination
ol pore-size distribution and (owal cumulative volume of pores using the mercury
porosimelry method. In addition, the surface arca of the extracted soils was delermined
hy wuter adsorption. The results showed thal organically bonded iron and aluminium
and organic matler distinctly influence the lahric of microstructure as focculatng
agents.

INTRODUCTION

There is sufficient information avallable 1o indicale thal a prerequisite for aggregate slructurc is
floceulation of clay particles as the first stage in Lhe construclion of stable macroaggregaltes. Several
modcls have been proposed Lo describe the way in which individual mineral particles are held
together Lo form agpregales of soil. Edwards & Bremner (1967) sugpest thal macroaggregates
consist of complexes ol clay polyvalent metal organic matter. where clay and humificd organic
maller polyanions can be bridged by polyvalent cations. The cations normally considered are Fe.
Al Ca or Me. Although the divalent ions may exist as single ions with doubie charge. which ahgn
wiler dipoles. T'e and Alare more likely 1o exist as hydrolysed species ol indetinile composition and
organization, bul with a net positive charge (e.g. polycations: Oades. 1984h). Complexes of clay
polyvalent metal organic mailer are probably both included in the skeleton grains described by Bal
{1973). Bonds of cluy polyvalent mertal—clay and organic matter polyvalent metal- organie inatter,
and even ol aluminium or tron oxide. or H-bonds may also oceur (Tisdall & Oades, 1982). Edwards
& Bremner (1967) also snggest (hat fragments ol humified organic matter mmay be bonded (0 one or
more clay particles. The interaclions between organic polymers and mincral surfaces are complex.
but mechanisims are known and have been reviewed by Greenland (1965, 1971). Mortand (1970),
Tale & Theng {1980) and Fortun & Forlun (1989). The most important mecbanisin ol interaction
probahly involves bridges of polyvalenr cations between the surface of the ¢lay particles and the
ligand groups of organmic polymers. ¢.g. cacboxy! groups.

There have been many studies on the role of organically bonded metals and organic matter.
acung both separately and in combination, as eciitenting agents in soil aggrepates (Stefansou, 1971
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Giovaunini & Sequi, 1976a,6; Hamblin & Greenland, 1977). The importance of organo-mineral
interactions has prompted an inlerest in the micro- and macrostroctnre of soils. There is a need for
studics on the processes of aggregation in soil. including the possible role of organically bonded
mcials and organic marler.

We here report a study of the influence of selecuve rermoval of iron and aluminium pelycauons
and organic matter, both separately and in combination. on seil microstructure and stroctural
propertics such as surlace area, pore-size distribution and cnmulative valume of pores of trealed
s0ils.

The main evidence [or the role of organically bonded metals and organic matier has been based
on investigalion of changes ol microstrneture and strnetoral properties alter treatment ol soil with
complexing agents. The choice of extracting agents 1s of primary importance in the siudy ol possible
cflects of organo-mineral complexes on soil aggregation. The ideal extractant must be mild and
scleclive so Lhat the seil aggregates remain in a condition where the varialions in Lheir type of
microstructure can be obscrved. The extracling agents should not cause considerable changes of
pll and ionie strength of the soil system, becausc il 15 known 1bat changes in pH or jonic streugth
cause distinct chaunges in the tvpe of microstructure of clays (van Olphen, 1963; Swartzen-Allen &
Maljevic, 1976; Rand & Melton, 1977; Wierzchos, 1989; Siawinskl er af.. 19901, 1'or these reasans,
acelyldcetone in non-polar and agueous solvents appears Lo he suitable as an extractant. Giovannint
& Scqui (19764) have proposed the use of acerylacetone in benzene for Lhe selective remaval ol
trivalent iron and aluminium rom solils. They hypothesized that polyvalent metal ions, which bond
organic matler 10 clay mincrals, would be chelaicd and exlracied 1u the bensene. Acetylacetone
in agueous solution has also been used by the same authors as an extractant for polyvalent cations
and organic matler. Murtin & Reeve (1957a,6) suggesied thal Lhis extriclion proceeds ny 1wo
stages, in which the acetylacelone first complexes with the metals linked (o the organic matter,
and then the organic inatier s extracled by waler. Hamblin & Posner (1979 concluded that. il
extraction is carried oul under conditions where some rehydrauon is pessible, swelling and opening
up of the structure will allow more complete penctration of the chelating agentinto the polymer
structure,

In the present study. transinission eleciron microscopy (TEM), scanning electron microscopy
(SEM). mereury porosimetry and determination of surface area techiigues were uscd to study the
changes in microstructure of soils following extraction of organically bonded melals and organic
maltelr,

MATERIALS AND METHODS

Soil sampley

Soil samples were obtained from a gleie luvisol (Robledo de Corpes. Spain: RCY and an orthic
luvisol (Sobicszyn. Poland; $B). Natural samples from Ah horizons (0 8 em. Robledo de Corpes
[T} and (0-20cm, Sobieseyn) were air dried. crushed lo pass a 2-mm mesh, and stored until
analysed. Some significant properties of these soils arc listed 1u Table 1.

Table 1. Some roperiies of soils

Total
Oraahic Sand 51 Chary
pil matier Fe Al 2002mm 002 0.002mm < 0.002 mm
Soil (1,0} {ekg ') igke {eke ) kg ') kg ) {gkg )
RC 4z 63.2 19.6 73.7 624 20 166

SB 6.6 25.4 259 67.1 682 14K 170
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Soil pH was delermined by a combined ¢lectrode (soil:waler 1:2.5). The content of organic
carbon in soil residugs was measured by the Walkley & Black (1934} method. and converied o
organic maller conlent using a conversion factor of 1.72{Giovannini & Sequl. 19764). Total content
of'iron and aluminium in s0ils was determined by X-ray fluorescence (XRF) spectroscopy (Norrish
& Hurtlon, 1969). using a Siamens SRS 300 XRF spectrometer. Particle size analyses were performed
by the pipette method {Day. 1965).

The mincralogical identification of the < 5-pm lraction was performed using X-ray diffraction
{XRD} (Garcia-Gonzaler & Aragoneses. 1990). Pallerns were obrained with a Philips PW 1130
difftactometer {graphite monochromated Cu Ka radiation). Semi-quantitatve mincralogical com-
position (relative mass} was as follows: 38% quarlz, 35% illite, 16% kaoliniwe, 3% flcldspars, 4%
poethite and 2% paragonite for RC and 43% illite, 35% quarte, 11% smectite, 6% kaolinite, 3%
leldspars and 2% intersiratified illite—smectite minerals for SB.

Treatment of suify

For Lhe extraction of organically bonded Fe(III) and AKIIDY with acetylacelone, 23 g air dried soil
was mixed with 250 cn’ of acelylacetone in benzene solution (5:95) at 20°C, and gently shaken end
over end for 10 d. Samples were then withdrawn, filtered, and washed with portions ol anhydrous
diethyl-cther, The filirates and washings from cach sample were collecied and evaporated (o dry-
niss, 'The residue was dissolved with hydrocbloric acid and diluted with deionized walcer. In these
agueous selutions, concentralions of Fe(TII) and ANTI) were determined by inductively coupled
plasma (ICP) spectroscopy on a ICP-5500 Perkin Elmer apparatus. Samples of soils treated with
acelylacetone-benzene solutions are designated AAB.

For Lhe extraclion of organically bonded Fe(l1l), Al(Ill} and part of the organic matler.
acclylacetone tn waler solution was used [ollowing the sume procedure described above. except Lhat
alter the extraction process, the soils were centrifuged and washed with delonized warter until Fe
cations were no longer deteetable in the washing water. Extractable Fe(ITI) and AIITI) w3 the
wishings were detecied by [CP spectroscopy. Soil samples treated by acelylucelone in waler
solution are designated AAW,

For the removal of organic matter. 30 g of each soil was treated with 10% hydrogen peroxide
buffered al pH 3 (Jackson. 1975, pp. 215 223). Aller destroving Lhe organic matter, soil samples
were pertodically shaken over a 10-d period, and then centrifuged and washed several imes until Lhe
cleclrical conductivity of the supernatant was similar o that of the washing water, Soul samples
lrented with hydrogen peroxide are designated HP,

Alerwards, one-hall (¢, 25 ) of each HP soil sample was reated with acewvlacclone in waler
solunion Lo remove polyeations of iron and aluminium aud eventually the residual component ol
organic matler following the procedure dascribed above, Exuactable FoIlD and AL(IIN were
identified by ICP spectroscopy. These soil samples are designated TIPAAW.

Controlsamples ol non-exiracted sotls were also prepared. Twenty-live grams of the original soil
was mixed with 250 cin’ ol deionized waler and gently shaken periodically Tor 10 d. These samples of
non-cxiracied soils are designated CN,

Aditional preparation of material

For the furtber study of microsiructure and organo-mincral associalions, subsamples of treated
solls (AAB. AAW. HP and HPAAW) and one control sample (CN) were used, The waler was
replaced by methanol, and the samples were thenair dried. These soil samples were used [or surface-
arca studics. Residual componenis of Bve samples ol cach soif were suspended in deionized waler.
The < 5-pum (ractions of soils were obiained by syphoning After reese drying. part ol this [raction
was used for electron microscopy studies. After replacement of waler by methanol and air drying.
residual parts of the < 5-pm [ractious of each soil were used for mercury Intrusion porosimetry
analyses

Uitranticrotomy and efeetron microscopy examinations
The small. dry (1 mm in diameter) specinens ol < 5-pun (tactions of cach soil were prepared lor
ultramicrotomy hy vacuum impregnation with the vapour-phase transfer method, described by
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Tchoubar e &f. (1973) and Smart & Tovey (1982, pp. 63-65) using Spurr’s hard cpoxy resin (Spurr.
1969). The ultrathin scctions (90 nm thick) were examined with a Philips 300 transinission electron
microscope, operaled al 100 kY.

For SEM siudies, dry samples of < 5-pm [ractions were mounted ou alumiuium stubs and
sputier-coaled with gold and examined using a Zeiss DSM 962 instrument.

Parosimetry

Tie mercury lutrusion porosimetry melhod described by Diainond (1970) was used (or cxamination
ol changes n tolal cumulative volume of pores (TCV) and pore-size distribution (PSD) of the
trealed < 5-pmsoil fractions. The pressure range possible was 0.1 200 MPa, which corresponded 1o
cquilibrium penetration into pores o Kelvin radius 7.5-0.0037 um. A Carlo Erba Porosimeter
model 2000 instrument was used.

Surfuce area
FExiernal + internal surface arca was determined from waler vapour adsorplion isotherms at 293 K.
measurcd by the vacuum microbalance technique (Paterson & Stawinski, 1979). The surface arca of
the soil sainples was calculated from the Brunauer—-Emmet-Teller (BET) equation, and the arca of
a H.0 molecule was assumed 10 be 0.108 nm-.

In addition, we caleulated the surface arcas of extracled organically bonded mertals and organic
maller using the equation:

S, = {Sen — SiM

where 5, = surlace area of extracled species, S, =surface arca of non-extracied soils, §; = surface
arcas for the AAB. AAW_ 1TPand HPAAW treatments. and M =1nass of extractable medium.

RESULTS AND DISCUSSION

Chemiical analysis and specific surface area

The control (CN) samples were analysed (or their contenl of iron, aluminium and organic maller.
The cancentrations of Fe and Alin extractable solutions and the content of organic matter in treated
solls were also determined. The results of chemical analysis listed in Table 2 demonstrate that

Table 2. Chemical analyses and surface areas

Extraction ol l-¢, Al

Extraclion of Fe. Al and OMuasegke 'of H.O area 1Ty area
(molkg ) total Fe, Al and OM ol Ireuled ol exlracted
Sl sanls Fe Al OM
synihals Fe Al Fc Al oM un g 'y (me
Sl RC
AAB G059 (11154 "3 5% 4.2 6.5 10835
AW 00308 00297 161 & 10.6 1430 224 438
e N ND ND ND ND 13.7 23%
HPAAW 0814 3.0341 2772 19.7 ND 1.6 434
S0l 5B
AAR 00084 00197 1.0 5.0 N 454 1300
ANV 00597 0278 [28d 1.2 2083 A9H 90
Lip ND ND ND ND ND 392 2495
FIPA AW 0.0613 0473 164.9 233 NI A3 1256

“The swrfuce areas are expressed as m’ g trealed soils. Surface aren of untreated soils: RC=3K1:
SB 46.7m g " "ND=noldeternined.
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acclylacelone in benzene extracts much less icon and aluminium rom our soils than does acerylace-
tone tn aqueous solution, These resulls are in conltrast to those obtained by Giovannim & Sequi
{1976¢). who reported Lhat acetylacelone extracted approximately the same amount of tron and
aluminium irom soils whether dissolved in benzene o in waler. These differences are probably due
o the fact that 1 our so1l sanples the rehydralion process causes swelling and opening up ol the
structure, which allows more complele penctration of the chelating agent into the polymer siruc-
ture (Hamblin & Posner. 1979). The largest amounts of polycalions were cxtracted [rom samples
without organic matter (HHPAAW). This means that polycations were more casily removed from
clay polyvalent metal-clay than Mom clay polyvalent metal-organic matter complexcs.

Theinternal 4+ external surface arcas (14,0 arca) of the soils are shown in Table 2. I'or all the soils
which showed un increuse in extractable amounlts of Fe and Al polycations or organic matter. there
was g decrease 1n the specific surface areas. The decrease 1 surlace arca following extraction of
erystalline and amorphous iron oxides has been investigated hy several researchers (Deshpande
et al., 1968; Gallez ef af.. 1976; Bigham er a/.. 1978}, bul the changes in surface arca have been
allributed Lo removal of iron oxides alone. Aluminium oxides and organic matler also influence the
surlace area of soil (Greenland & Mott. 1978) and may be extracted at least partially, together with
iron oxides. Tn our study. amorphous “organic’ aluinimium was extracled by acetylacetone tn both
non-polar and aqueous solvents, Furtherinore, peroxidation of soily led to the deerease in H.O)
surface arca, in accordance wilb the results of Burlord er wf. (1964).

The caleulated specific surface areus ol extracled amorphous “organic’ species of Fe and Al (in
AAB and TIPAAW wreatments), organic matter {in AAW (recauncol} and orpanic maltler alter
peroxidation (in TTP (reatmenty shown iu Tuble 2 are expressed as m*e ! extracted specics,
Although these groups of species ave different. the surlface areas of amorphous “organic” Fe and Al
are remarkably similar, This appears 1o indicate that acetylacetone in benzene (AAB) and in
aqueous solvents (hut after the HPAAW treatment) removed a rather uniform fraclion of organi-
cally honded metals. The surface arca of amorphous “organic” Fe and Al species ranges [rom 934 -
1300 m*g . Tlusis slightly higher than the range o300 900 m? g 'flor Fe polycations, reporied by
Qudes (1984¢). and o430 1000 m7 2 ' Tor amorphons won oxides, reported by Greenland & Oades
(1968), The decrease in surlace area caused by removal of organie matter i two HI soil samples
indicates that the surface avca of Lhe orpanic malter was 228 and 295 m® g 1 respeclively,

Electran-microscapy studics

The changes in microstructnre type [ollowing extraction of organically bonded metals and organic
mialler were examined in TEM ultrathin sections of < 5-um {ractions of soils, Figure la shows the
microstrueture ol an untrealed sample of RC so1l. Note that the elay particles are grouped in dense
microaggregiles ol varyiny size (1-5 um), which are themselves grouped loosely with relatively large
voitls belween them (1 3 pun}. The boundaries belween microuggregates (rather circnlar shape) are
distinet. Some of the microagprepates (Lo the right) are surrounded by cementing apents, probably
organic matier; others (Lo the lefl und below) consist of closcly packed clay particles with edge-(o-
face and Tace-to-lface conlacts between Lhem, This type ol struclure is classified as Pusch’s or
Hocculent struclure.

The removul ol organically bonded mictals led Lo a visible decrease in pore sizes helween Lhe
microaggregates (Fig, 1b). The microaggregares. cemented by organic maller, began (o form a
nctwork witly distinel edge-to-Tace contacts belween theirt. This Lype of structure is relaled Lo open
structure or honeycomb structure, and itis found in Hocculated clay systems.

Afier extraction ol organically bonded metals and part of the organic matter (Fig. 1c), a decrease
w inler-domain void size was obscrved. The clay particies are grouped closely with oblique edge-to-
face conLacts ut ymall angles between them, forming siepped clusters. sheets or chaing. Note also that
small clay particles are in face-to-lace groups of domains (e, a stack in the cenure ol the micro-
photograph). The contacts between curved domains are usually of an edge-1o-lace Lype. which lends
lowards discrete domain structure with clements that are characteristic ol deflocculaled structure.

Thedestrucuon ol organic matter by peroxidation caused Lhe puarticles to be gronped in domains,
in which all or most ol the particles lic in approximaltely the same direction—local prelerred
orienlation. with an increasing amount of face-to-lace contacts between clay particles (Fig. 1d). The
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Fig. 1. Transmission eleciron micrographs ol ultrathin sections of RC soil: {a) untreated: {(by wreated with AAB;
{c} treated with AAW, (d} treaded with HP. and (@) treated with IPAAW. Scale bar - 2 um.

domains tend (0 be curved, and Lo be moulded together withoul very distinct inter-domain voids; we
classily this as a turhostratic domain structure. This type of structure 1s typical of dispersed clays
{(Smart & Tovey, 1981, pp. 44 45).

The removal ol organically honded metals from samples without organic matter (Fig. 1¢) did not
lcad 1o a prononnced change in the Lype ol structure. As in the previous example, almost all the clay
particles are parallel (o each other in domains, and the inter-domain voids are very small and
ditticult to designate. This means that extracnion of polycalions lrom clay—polyvalent metal—<clay
type linkages did not substanually influence the degree of deflocculauon of clays. A clearinfluence of
organically bonded inctals on aggregalion can be detecled aller removal of Lhese polveations from
clay pelyvalent metal organic matier Lype complexes (IFg. Ib), but organic tnailer plays a more
important role in the formation of open aggregated structure in this type ol soil.

The TEM micrographs in Fig. 2 illustrate the changes in microstructure of $B soil {ollowing
trealments by different reagents. Figure 2a shows the organization of ¢lay particles in an untrealed
sample of SB soil. Note thal clay paruicles are gronped closely in clongated microaggregates af
varying length {0.5-3 pm). with dominant lace-to-face contacts between them. The domainys are
surrounded by gel malterial, probahly sesquioxides of iron and alumimum. The microaggregales. in
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the form of siepped clusters or chains, creale a 1oose inlerconnecling framework with oblique edge-
lo-face contacts and wilh relatively large voids between the sheets. This lype ol structure 15 related (o
honeycomb or clustler structure, and is typical ol Aocculated clays.

Fip. 2. Transmission clectran micrographs of ullrathin sections of SB soil; tap uptrealed; (b) trealed wilth AAB,
foy treated with AAW . dy reated witl TTP: and fe) ireated with ITPAAW, Scale bar—2 um.

The removal of organically bonded mertals (Fig. 2b)led 1o a distinet decreasc in pore size between
the microaggregales. The siepped clusters ol domains arc composed of Targer amounts of packets of
clay particles. This micrograph shows an almost book-housc or domain structure.

The extraclion of polyvalent metals and parl of the organic matier (Fig. 2¢) did not cause
marked changes in the type of clay structure compared (o the previous situation, indicating Lhat
additional removal of organic matter did not provoke lurther deflocculation.

The destruction of organic matter (Fig. 2d) caused the clay particles Lo be grouped into larger
Aocs in which almost all the particles lie in approximately the same direction, with small angle edge-
Llo-Tace or lace-lo-Tace conlacts between themn. Turbostratic domam structure was observed lecally.
but there were small ntra-Aoc veids and some larger inter-floc voids. Thus in general we would
classily this as Rocculent suuerure.
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The removal of polycations lrom samples in which organic matter was destroyed (Fig. 2¢) caused
clay particles 1o become oriented parallel to each other in large domains. which tend to be curved
and inoulded together withoul any distinct inter-dormain voids, This type ol dispersed clay structure
is classified as turbostratic structure, Thus. polvcations of iron and aluminium appear to play an
itnportanl rolein formation of the open aggregate structure in this type ol soil. This was particularly
evident with regard Lo changes in structure lrom flocculent to turbostratic aller removal of these
polycations from clay pelyvalent metal—<lay linkages (see Fig. 2e).

For additional examples of changes in microstructure, we compared SEM micrographs of SB
soll in an untreated (CN) sample (Fig. 3a} and aller removal ol polycanions wilth organic inatter
that had previously been destroyed (Fig. 3b). Figure 3a shows a honcycoinh structure which is
formed by shect-like and elonpated plate-like microaggregales with cdge-lo-fuce cougulation con-
tacls. [somernc cell-like pores predominale here. Figure 3b shows a lurbulent type of structure

Fig. 3. Scanming alectron wicrographs of SB soil sample: (a) untrzatad: and (b) reated with HPAAW, Scale
bar =10 pm.

which is formed by elongaled microaggregates oricnled concordanily with the bedding. Coulacts
between microaggregales are face-lo-face. and fissure-like pores predolninaie here.

Fhe meorewry intrusion porosimetry examiet fons

porosumetry. A decrcase i the tolal comulative volume (TCV) of pores resulted (vorn the successive
removal ol soil components as described above. Maxmum porosity wis oblained (or untreated soil
{CN). The presence of dispersible clay or an increase 1 the dispersibility of the clay decreases the
porosity ol the soils (Crades, 19848). Tlus indicates Lhat reinoval ol bridping agents such as Fe and Al
palycations and organic maltter caused deflocculation in the soil sample.

In this paper. the pore-size dislrtbutions {PS12) are presented in the Torm of cumulative pore
rachus distribution curves. The changes in PSD following successive removal of organically bonded
metals and organic matter are presentedin IFig. 4 for RC soil undin Fig. 5 for 8B soil. Uhe changesin
PSD lor hoth soils are sunilar, except that for RC soll saruples the porosilics were almost (wice as
large as those [or the corresponding SB soil treatments. The extraction of Fe aud Al polycatious
(AADB curves) and Fe aud Al polycations plus part of (the organic matler (AAW curves) caused a
deerease in the volume of pores intruded by mercory. and a shilt in the average pore radius from 0.16
10 0.12 pm for RC {AAB and AAW) 5011, from 0.25 10 0.10 pm for SB (AAB). and lrom 0.25 1o
0.06 um for SB (A AW) soil, The removal of organic matter (HP curves) led 1o 4 distinel decrease in
the volume of pores and a successive decrease i the average pore radius. The extraction of Feand Al
polycations [Toin samples withoul organic matter (HPAAW curves) led (o extremely "tight” dis-
persible microstructure. Total penetration ol mercury inlo these samples was 30% of that lor the
unlrealed soil samples. The average porce radius oblained for RC (FIPAAW) 50il was 0.025 pm, and
that for SB (HPAAW) so1l was 0.007 pm. The pore spaces that were intruded were only distributed
over 4 sinall range below 0.1 um lor botb soil samples.
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Thus the deerease i pore volume and average pore radius results from the deflocculation
process and dispersibility of clay pariicles lollowing cxtraction of polycations of iron and
aluminium and erganic matler.
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CONCLUSIONS

Our results confiom the importlance ol organically bonded iron and aluminium and organic matter
as strong flocculating agents. In the course of extracting polvecations of iron and aluminium. acetyl-
acelonc breaks down the junctions in clay—polyvalent metal orgauic matier linkages. and leads to
sornc changes in the Lype of microstructure. bul because organic mailer s nol removed, the network
remains flocculated. Removal of the polyeations ol iron and aluminium [rom solls in which organic
maltter has been destroyed leads Lo distinet deflocculation of microageregales.
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