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1. Bevezetés: A talaj összetétele
A talaj a földkéreg legfelső rétege, ami összetételében és tulajdonságaiban a föld egyes pontjain nagymértékben eltérő lehet. Azonban bárhonnan is származzon egy talajminta, annak összetevő nagyvonalakban megegyeznek. Legnagyobb arányban szervetlen ásványok találhatóak benne (kb. 45 %), illetve víz és levegő (mindkettő kb. 20-30%). A fennmaradó részt szerves anyagok adják, melyeknek nagy része növények és állatok maradványaiból számrazik (pl. humusz, kb. 80%), és csak kisebb része a még élő növények és állatok.

1. ábra: A talaj általános összetétele [1]
A talaj szilárd része a fentieken túl több részre bontható. Az agyagos részt (angolul „clay materials”) azok a szemcsék alkotják, melyek átmérője  2 µm-nél kisebb.[2] Ez legnagyobb arányban agyagásványokból áll (alumínium-szilikátok) melyekre jellemző, hogy réteges szerkezeteket alkotnak, ahol a rétegek közötti összetartó erő kisebb, mint a rétegen belüli. Mellettük azonban előfordulhatnak ebben a mérettartományban egyéb ásványok is, pl. oxidok és különféle káliumsók. Oxidok közül a leggyakoribb komponensek a különböző vasoxidok, alumíniumoxidok, míg a többi előforduló oxid (pl. Mn és Ti oxidjai) sokkal kisebb arányban van jelen. A CaCO3 és a CaSO4 a két legfőbb kalciumtartalmú összetevő, és bizonyos talajoknál akár 50%-os arányban is jelen lehetnek. [2] 
	A szerves hányad a különféle élőlények maradványaiból származik, és összetevői számos szűkebb kategóriába sorolhatók. Talajminták esetén általában oldhatóságuk alapján osztják kategóriákba őket (savban, szervetlen bázisban, alkoholban oldódó). E szerves vegyületek általában hidrofób tulajdonágúak, ami meghatározza a többi talajalkotóval való kölcsönhatásukat. Bár a különböző fémoxidokra, kalciumvegyületekre is jellemző, hogy az agyagásvány struktúrák nagy fajlagos felülete miatt adszorbeálódnak azokon, ez a kölcsönhatás jóval jelentősebb a szerves molekulák esetében. Az adszorpciójukat számos jelenség elősegíti, például ilyen a kationcsere, ligandumcsere, és a hidrogénhidak kialakulása. Az egyik legfontosabb a humin és fulvinsavak kölcsönhatása az agyagásványok felszínével, amihez, e ásványok negatív töltésű felülete miatt többszörös töltésű fémionok jelenléte (Fe3+, Al3+) szükséges, melyek koordinációs komplexet képeznek a szerves vegyületekkel.
A fentiek mellet a talaj szilárd hányadához tartoznak a nagyméretű szilárd szemcsék is (pl. homok). A nagy szemcsék és a finom agyagásványok aránya nagymértékben meghatározza a talaj legfontosabb, víztárolással kapcsolatos tulajdonságait, amit a 4. fejezetben fogok kifejteni.
A talaj folyadékfázisát a víz, illetve a vizes oldatok adják. A folyadék és szilárd fázisok között, a határrétegen folyamatos oldott anyag transzport történik. A talaj, víz számára hozzáférhetetlen, túl kis átmérőjű, illetve zárt pórusai alkotják a talaj gázfázisát, mely összetételében hasonló a levegőhöz, de környezettől, hidratáltságtól függően a CO2 mennyisége akár a 10%-os arányt is elérheti. [2] 

2. Pórusok a talajban
A talaj komponensei egy heterogén rendszert alkotnak, melyben a szerves és szervetlen szemcsék közötti tér vízzel vagy levegővel van megtöltve, a körülményektől függően. Ez a részecskék közötti tér, illetve a porózus szemcsék pórusai adják a talaj porozitását. Ezek a pórusok teszik lehetővé a víz, illetve az oldott anyagok, tápanyagok transzportját. Fontos, hogy a talaj összetétele, szerkezete, felépítése időben változó a környezeti hatások függvényében. A legfontosabb hatások a következőek:
Zsugorodás: 
· A makropórusok mérete megnövekedik és újak keletkeznek.
· Az aggregátumokon belüli pórusok zsugorodása/növekedése.
Duzzadás:
· A makropórusok mérete csökken, és bezáródnak.
· Az aggregátumokon belüli pórusok zsugorodása/növekedése.
Mechanikai összenyomás:
· A makropórusok mérete csökken, és bezáródnak.
· Aggregártumok széttördelődése, ami csökkenti az aggregátumon belüli pórusok számát, melyek általában kis pórusméretűek. Ezáltal csökken a kis pórusok aránya.

Ásás, szántás:
· Makropórusok megsemmisülése és az aggregátumok széttördelődése.
Biológiai aktivitás (növények, állatok):
· Makropórusok méretének növekedése és keletkezése (pl. hangyák mozgása).
· Makropórusok méretének csökkenése, mikrorepedések keletkezése (pl. gyökerek nyomó hatása).
· Aggregáció elősegítése, ami által az aggregátumon belüli pórusok aránya megnő (kis pórusok aránya nő).
Kémiai folyamatok:
· Pórusok elgátolódása (pl. mikroorganizmusok növekedése, precipitáció útján).
· Pórusok növekedése a kiválások megszűnésének redményeként.
· Részecskék közötti kölcsönhatások komplex módosítása. 
[3]
A 2. ábrán látható a talaj pórusainak egy egyszerű, funkció szerinti csoportosítása. Látható, hogy a legnagyobb, 50 µm feletti pórusok a levegő áramlását, és a telített talajból a felesleges víz elvezetését teszik lehetővé. A növények számára szükséges vizet az ún. tároló pórusok biztosítják, melyek a 0,5-50 µm-es átmérőjű pórusok. Az ennél kisebb pórusok alapvetően az iontranszportban játszanak szerepet. 

1. táblázat: A talaj pórusainak funkcionális csoportosítása [2]
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A különböző talajok közül a porozitás szempontból leginkább vizsgálat típusok a különböző agyagos talajok. Ezek porozitását két részre osztja a szakirodalom: textúrális (egyedi részecskék közötti rések, illetve aggregátumokon belüli pórusok) és szerkezeti (aggregátumok közötti) porozitásra. Agyagásványokban széles mérettartományban találhatóak pórusok, ezek fajtái a 2. táblázatban láthatóak:
2. táblázat: Pórusok agyagos talajokban, Zaffar et  al. 2015 alapján [4]
	Pórus
	Méret
	Típus

	agyagrétegek közötti tér
	<0,01 µm
	textúrális

	agyaglapka-kötegek közötti tér
	0,01 –  0,1 µm
	textúrális

	egyedi részecskék közötti rések
	0,1  – 0,001µm
	textúrális

	mikroaggregátumok elrendeződése
	0,03 – 100 µm
	textúrális/szerkezeti

	hézagok, melyek a homok és agyagszemcsék tömörödése miatt alakulnak ki
	0,03 – 5 µm
	textúrális

	aggregátumok közötti rések
	50 – 80  µm
	szerkezeti

	gyökerek és élőlények által létrehozott lyukak
	50 – 80  µm
	szerkezeti

	repedések[5]
	>500 µm
	szerkezeti





3. A talaj, mint pórusos rendszer fő jellemzői, és azok meghatározása

Ebben a fejezetben a talajra, mint pórusos rendszer legfontosabb tulajdonságait, illetve ezek vizsgálati lehetőségeit fogom kifejteni.
Fajlagos felület
	Talajminták esetében beszélhetünk több, különböző fajlagos felület értékről is. A geometriai fajlagos felület számított érték, a talajt alkotó szemcsék alakja alapján. A belső fajlagos felületet a nyílt pórusok belső felülete adja, míg a külső fajlagos felület a geometrikus fajlagos felületből származtatható, ha figyelembe vesszük az egyenetlenségeket.[6] A rétegközi (interlayer) fajlagos felület a réteges agyagásványok rétegeket határoló falainak felülete adja. A teljes fajlagos felület pedig a külső és belső fajlagos felületek ,illetve a szerves komponensek fajlagos felületének összegéből adódik.[7]
	Talajminták fajlagos felülete alapvetően más, pórusos anyagokéhoz hasonló módokon vizsgálhatóak, de nem minden módszer ugyanannyira alkalmas e célra a talaj különleges tulajdonságai miatt.
A) Direkt méréses vizsgálat:
Egyedi szemcsék optikai és elektronmikroszkópos vizsgálatával információt lehet szerezni a szemcsék geometriájáról és méretéről, majd ezeket felhasználva, sűrűségadatok ismeretében a fajlagos felület elvileg számítható.
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3. ábra: Gömb alakú szemcse fajlagos felületének számítása mikroszkópiás adatok alapján [8]
 Azonban bármennyire is jellemző méretű és alakú szemcse alapján végezzük e számításokat, az így kapott eredmény általában nagyságrendekkel kisebb, minta a valós érték az inhomogén méret, illetve a felületi egyenetlenségek miatt. Alapvetően ez a módszer tisztított homok fajlagos felületének számítására alkalmazható. 
A mérés pontosítható röntgen diffrakciós módszer segítségével, mellyel az agyagásványok rétegtávolsága és cellamérete vizsgálható. Ezeket felhasználva számítható tisztán agyagásványokból álló minta fajlagos felülete. Az így kapott eredmények hasonlóak, mint a száraz agyagásványok gázadszorpció méréséből kapottak. Tényleges talajminták vizsgálatánál a heterogén szerkezet, különböző komponensek jelenlétén kívül az is nehezíti az alkalmazást, hogy a különböző talajalkotók felületei nem additívak egymással, ugyanis nagyon gyakori, hogy az agyagásványok felülete szerves anyagokkal, esetleg fémoxidokkal borított.[8]
B) Oldatadszorpció
	A legelterjedtebb oldatabszorpciós módszernél egy felületaktív anyagot, CBP-t (cetil-piridinium-bromid) használnak, ami UV-VIS abszorpciós módszerrel detektálható. A legtöbb ásványi felületen ez az anyag kettősréteget képez, 0,27 nm2 molekulaterülettel. Ha a határrétegbeli koncentráció ismert (UV-VIS mérés), akkor a fajlagos felület számítható. A mérés hatékonyságát rontja a vas- és alumínium-oxidok jelenléte, melyeknek felületi töltéssűrűsége kicsi, és emiatt nem alakul ki a kettősréteg. Ezeket a vizsgálat előtt el kell távolítani. Nedvesség hatására duzzadó agyagásványok esetén (pl. montmorrilonit) a kettősréteg a rétegközi résekben alakul ki, ezért duplán kell számítani a molekulaterületet (0,54 nm2). A pontos meghatározáshoz ismerni kell a külső fajlagos felületet (gázadszorpció), hogy annak oldat adszorpcióhoz való hozzájárulását figyelembe lehessen venni. Alternatívaként metilénkék is alkalmazható, ami monoréteget képez.[8]
	C) Gázadszorpció 
	Más szilárd anyagokhoz hasonlóan, talajminták is vizsgálhatóak hagyományos gázadszorpcióval. A jellemző kiértékelési mód ezeknél a BET modell. A talajmintákra alapvetően jellemző, hogy gázadszorpciós mérések során II-es típusú adszorpciós izotermát eredményeznek, ami rétegképzéses adszorpciót jelent, méghozzá többrétegben. A minta előzetes kezelése nagyban meghatározza a mérés eredményétét. A szerves anyagok eltávolítása például (hidrogén-peroxidos/ NaOCl-es kezeléssel) gyakran vezet nagyobb fajlagos felülethez, ugyanis a szerves molekulák által egybetartott ásványi szemcse-agglomerátumok felbomlanak. Ez akár nagyságrendi növekedést is eredményezhet. A mérés előtt a mintát szárítani kell, ezért a duzzadó agyagásványok összeomlanak, így a rétegközi felületek nem lesznek mérhetőek. Levegőn szárítás a huminsavak zsugorodásához vezet, ami elkerülhető fagyasztva szárítással, amikor is megőrzik eredeti szerkezetüket a szerves struktúrák, így nagyobb fajlagos felületet eredményezve.[8] Fontos megjegyezni, hogy a szerves anyagok eltávolítása nem feltétlenül előnyös, ugyanis jelenleg nem ismert olyan módszer, ami közben nem módosítaná a minta felületét is, ezáltal hamisítva az eredményt.[9]
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4. ábra: Izotermatípusok[10] (balra) és talajminta hidrogén-peroxidos kezelésének hatása[8] (jobbra)
	D) Poláris folyadék abszorpció
	A poláris folyadék adszorpció egy egyszerű módszer a talajminták fajlagos felületének mérésére. Erre a célra általában etilén-glikolt (EG) vagy EGME-t (2-metoxietanol) használnak. Manapság elsősorban az utóbbit, mert gyorsabb mérést tesz lehetővé. Az előzetesen szárított mintát vákuumexszikkátorba helyezik, és a berendezésen belül EG vagy EGME-t tesznek külön edénybe, de szabadon, hogy a folyadék gőznyomása állandó legyen az exszikkátorban. Ezután a megfelelő folyadékból a mintára csepegtetnek teljes nedvesítésig. Ezt követően vákuumot applikálnak a rendszerre, amíg a minta tömege nem lesz állandó. A fajlagos felület az alábbi módon számítható:


Ahol f a folyadék tömeg-felület konverziós faktora, amit egy ismert szerkezetű agyagásvány mintával számítanak ki. A mérés elve az, hogy a poláris folyadékok és az agyagásvány lecserélhető kationjai közötti vonzás miatt e folyadék be tud hatolni az agyagásvány rétegek közé (és természetesen minden pórusba is, amibe befér), és ott megkötődik. A módszer feltételezi, hogy egy rétegben adszorbeálódik a felületen a folyadék, ami nem feltétlenül teljesül, mert a kationcsere-helyeknél többrétegű adszorpció léphet fel a borítottság teljes felületen való kialakulása előtt is. Szintén rontja a mérés eredményét a szerves anyagok jelenléte is, azáltal hogy a folyadék a molekulák közé hatolva felduzzaszthatja azokat[9], illetve, hogy az ásvány lecserélhető ionjai típustól függő mértékben adszorbeálnak. A módszer alkalmas szerves anyagoktól mentesített agyagásványok felületének mérésére.[8]
	Jól látható, hogy a felsorolt módszerek közül egyik se sem tökéletes, és természetes talajokra csak korlátozottan alkalmazhatóak. Az általános módszer a nitrogén gázadszorpciós mérés alkalmazása a külső fajlagos felület és a poláris folyadékadszorpció alkalmazása a teljes fajlagos felület mérésére.[8]

A fajlagos felületet alapvetően a pórusszerkezet (pórusméret eloszlás) határozza meg, azonban az egyik legfontosabb tényező az agyagásványtartalom, ami összefügg a szemcsemérettel. Az agyagásványok szemcsemérete ugyanis kicsi, így nagyobb agyagásványtartalom több kis szemcsét jelent. Ez látható a 2. táblázatban is, ahol különböző agyagásványtartalmú minták fajlagos felületét határozták meg:
3. táblázat: Fajlagos felület és agyagásvány tartalom [11]
[image: ]
Létható, hogy az agyagásványtartalom növekedése a fajlagos felület jelentős növekedésével jár. Ezt úgy is meg lehet fogalmazni, hogy a kisebb szemcsék nagyobb aránya megnövekedett fajlagos felülethez vezet.

Porozitás
A porozitás (ε) az arány, ami azt fejezi ki, hogy a teljes térfogat mekkora hányadát teszi ki a pórustérfogat. Természetes talajokra ε = 0,3-0,7 közötti érték jellemző. A legfontosabb tényezők, melyek meghatározzák a porozitást a talaj tömörítettsége, a pórusméreteloszlás, és a szemcsealak. Egy monodiszperz, gömb alakú szemcsékből álló rendszerben a fajlagos felület ε = 0,26-0,5 között várható, amit természetes talajok közül csupán egy monodiszperz homokminta tud reprodukálni. Kisebb szemcsék jelenléte (polidiszperzitás) csökkenti a fajlagos felületet, mert a kis szemcsék be tudnak jutni a nagy szemcsék közé, eltömítve a nagyobb pórusokat, réseket. Ezáltal polidiszperz homokmintákra ε = 0,3 körüli értékek jellemzőek. Kevésbé gömbszerű szemcsealak esetén a porozitás nő. [3]
Hatása van továbbá a különböző kötőanyagoknak, melyek jelenléte csökkenti a pórustérfogatot, a szemcsék között. A szerves anyagok is kötőanyagok, azonban jellemzően növelik a pórustérfogatot. Ennek oka, hogy nagyobb aggregátumokat képeznek, és - noha egyetlen aggregátum porozitása kisebb, mint az azt alkotó szemcsék által alkotott minta porozitása - az aggregátumok összessége nagyobb pórustérfogattal rendelkezhet (ε = 0,5-0,9) a köztük kialakuló új pórusok miatt, mint a szerves anyag nélküli szemcsék összessége. A felső értékeket igen nagy szerves anyag tartalom mellet lehetett megfigyelni.[3]
Talajminták porozitása mérhető speciális piknométeres technológiával, amikor is a vízzel telített minta és a száraz minta tömegéből számítják a porozitást, vagy teljesen száraz minta esetén a pórusokat kitöltő gáztérfogatot határozzák meg. Ha a részecskék tényleges sűrűsége meghatározható, akkor a minta látszólagos sűrűségének segítségével számítható a porozitás. [3]. A látszólagos sűrűséget például vízzel telített minta zsugorodása közben határozzák meg különböző nedvességtartalmak mellett. A fentiek mellett alkalmazható higanyporozimetria is.[12]
	
Pórusméret eloszlás
	Talajminták esetén annak meghatározása, hogy mi számít különálló pórusnak nem egyértelmű. Az egyik általánosan elfogadott modell a víz-levegő-pórus rendszeren alapszik. A talaj egyik legfontosabb jellemzője a benne található víz áramlása, vagyis a hidraulikus jellemzői. Ennek megfelelően a talaj pórusainak definicója egy régi, de általánosan elfogadott módja egy kapilláris-hiszterézis jelenségen alapszik, a Heines ugráson. A talaj pórusaira jellemző, hogy a bevezetőnyílásuk („nyak”) szűkebb, mint a pórus maga („test”). A nyak határozza meg azt a nyomást, amin a pórus kiürül, míg a test azt a nyomást, amin feltöltődik. Amikor a minta szárad, a víz folyamatosan húzódik vissza, a folyadékfelszín görbülete pedig nő. Azonban, amikor eléri a nyaki rész legkeskenyebb pontját (melytől fogva szélesedik a pórus), ott már nem képes a folyadékfelszín görbületét tovább növelni a szélesedő pórusban, ezért a pórus hirtelen kiürül, míg újra keskeny szakaszba nem ér a víz. Feltöltődésénél is hasonló tapasztalható. Ahogy csökken a görbülete a vízfelszínnek feltöltődés közben, a pórus testének legszélesebb részét követően nem tudja tovább csökkenteni a görbületet, melynek hatására hirtelen feltöltődik a pórus, amíg újra szélesedő részt nem ér el.[3]
[image: ]
5. ábra: A Haines ugrás jelensége[13]
	E szerint a személet szerint az számít egy pórusnak, ami ezzel a mechnaizmussal ürül és töltődik fel. Hozzá kell tenni, hogy nem minden pórus viselkedik így (például repedések), és ezeket is pórusnak kell tekinteni. A pórusméret a test vagy a nyak szélességével írják le általában.
A pórusméret eloszlás meghatározása:
A) Képalapú módszerek
Tomográfiás, mikrográfiás eljárásokkal a minta egyes szeletein, direkt módon megmérhető a pórusméret. Ennek hátránya, hogy nem tudható, hogy a pórus melyik részén mérünk. Jellemzően ezért az így meghatározott méretek kisebbek, mint a valós, hiszen nem valószínű, hogy a legszélesebb pontján vizsgáljuk a pórust, ráadásul lassú és sok munkát igényel az eljárás. A megoldást matematikai korrekciós technikák jelentik, melyek felhasználásával valamivel pontosabban meg lehet határozni a pórusméretet.[3]
B) Impregnálásos módszerek
A pórusokat kitöltik megszilárdulni képes anyaggal (pl. gyanta), majd a mintát leválasztják róla és a gyantaszemcséket vizsgálják. Hátránya, hogy rendkívül lassú és nehézkes módszer, a mintát pedig károsíthatja, így újra csak korlátozottan mérhető.[3]
C) Víz visszatartási görbe alapján
A víztartó képesség az egyik igen fontos jellemzője a talajnak, erről bővebben a 4. fejezetben írok. A mérés során vízzel telített mintára különböző erősségű vákuumot applikálnak, és mérik a tömegét a mintának, ezáltal követve annak kiürülését. A nagyobb pórusok légköri nyomás körül ürülnek ki, míg a kisebbek csak nagyobb vákuumnál. A pórusméret meghatározható a kiürüléséhez szükséges vákuum segítségével.

Ahol  a felületi feszültség,  pedig a peremszög. A térfogati nedvességtartalom adatokat a nyomás függvényében veszik fel, majd átszámítják a nyomás értékeket pórusméretté, ezzel kapva a integrális méreteloszlást, melynek deriválásával megkapjuk a differenciális méreteloszlás adatokat. Az aktuális nedvességtartalom megfeleltethető a kitöltött pórusok térfogatának.[3]
D) Higanyporozimetria
A vízvisszatartáshoz hasonlóan higanyporozimetria is használható. Alapvetően nem térnek el egymástól, de más eredményeket adhatnak. Higanyporozimetria esetén nem a folyadék ürüléséhez szükséges vákuumot, hanem a higany pórusokba való behatolásához szükséges nyomást mérik. Fontos tényező, hogy a duzzadó agyagásványok szerkezetére nincs hatással a higanyporozimetriás mérésre, míg a víz esetében jelentősen duzzadás következhet be, ami hatással van a pórusméreteloszlásra.[3]
A legelterjedtebb a vízvisszatartás alapján történő meghatározás, mert az a gyakorlati körülményekre jobban jellemző eredményt ad. Az adszorpciós módszerekkel (vízvisszatartás és higanyporozimetria) meghatározható legkisebb pórusok 50-100 nm-esek, míg a felső határ kb. 0,5 mm. Ezeket bármilyen irányba túllépve a mechanizmus már nem kapilláris kölcsönhatásokon alapszik, ezért nem értelmezhető e módszerekkel. A képalapú módszerek az adszorpción alapulókhoz képest jelentősen eltérő eredményt adhatnak, és nem elterjedtek.
A különböző talajok pórusméreteloszlását leginkább az ásványi összetétele, és a különböző külső hatások határozzák meg (ezeket a 2. fejezetben mutattam be). Egy jellegzetes meghatározó tényező a növények gyökérzete. Más-más gyökérszerkezetű növények más-más hatással vannak a pórusmért eloszlásra. Olyan növények, melyek sűrűn növő, finom gyökérzettel rendelkeznek, gyakran preferálják a makropórusokat, mint növekedési utakat. Ennek eredménye a makropórusok arányának csökkenése (hiszen gyökerek tömítik el őket), és a mikropórusok arányának növekedése, melynek oka mikrorepedések gyökérnövekedés hatására történő keletkezése, illetve mert az aggregátumképződés a gyökér jelenléte miatti, lokálisan gyorsabb száradás miatt könnyebben következik be. Ritkábban növő, de durváb gyökérzetek esetén jellemző, hogy átrendezi a szemcsék elhelyezkedését, új utat vágva magának. A gyökér elhalását, zsugorodását követően e pórusok megmaradnak, ami a makropórusok arányának növekedésével jár.[14]
A talaj (már nem élő) szerves anyag tartalma egy olyan tényező, ami jelentős hatással van a talaj pórusméret-eloszlására. E fejezet elején említettem, hogy a szerves vegyületek kötőanyagként funkcionálnak, de ellentétben más kötőanyagokkal, összességében növelik a porozitását a talajnak. E vegyületek szerepe, hogy kötőanyagként aggregárumokat hoznak létre a szemcsékből, ennek hatására pedig új, az egyedi szemcsék között lévőktől nagyobb (főleg makro) pórusok alakulnak ki a talajban. Ennek megfelelően amennyiben eltávolítjuk a szerves anyagokat, - például hidrogén-peroxidos kezeléssel - akkor az aggregátumok szétesnek kisebb szemcsékre és megszűnik a makropórusok nagy hányada, míg ezzel párhuzamosan nő a mikropórusok aránya és hozzájárulása a pórustérfogathoz. Azt is érdemes megjegyezni, hogy amellett, hogy a makropórusok megsemmisülnek, valamilyen mértékben a mikropórusok száma is nő, ami a szerves anyagok által eltömített mikropórusok felszabadulásával magyarázható.[4] Jelentős mennyiségű szerves anyag hozzáadása (pl. trágyázás) az igen nagy, akár 0,5 mm-es vagy még nagyobb pórusok arányának növekedésével jár.[5]

4. A pórusos szerkezet hatása a talaj tulajdonságaira

Az előző fejezetben volt szó a talaj fajlagos felületéről, porozitásáról és pórusméret eloszlásáról. Ebben a fejezetben pedig arra fogok kitérni, hogy e jellemzők a talaj milyen más fontos tulajdonságaira vannak hatással.




Fajlagos felület
	A talajban lévő szemcsék között a kölcsönhatások erőssége a víztartalommal változik. Szabványosan három állapottal, és két határral jellemezhetők ebből a szempontból: kemény, plasztikus és folyós, illetve az ezeket meghatározó plasztikus (sodrási) és folyási határ.[15] E határokat Atterberg határoknak is nevezik, és értékük korrelációt mutat a fajlagos felülettel, ugyanis a nagyobb fajlagos felülettel rendelkező talajok Atterberg határai magasabb %-os értékek.[11]
	Agyagásványokat tartalmazó talajok esetében szintén korreláció mutatható ki a kationcsere-kapacitás és a fajlagos felület között. [7] Ez a kapcsolat azonban nem közvetlen, ugyanis mind a fajlagos felület, mind pedig az ioncsere kapacitás az agyagásványok arányával nő, és nem egymástól függenek közvetlenül.

Porozitás és pórsuméreteloszlás hatása
Gyakorlati szempontból fontos jellemző a talaj víztároló képessége, melyet elsődlegesen a pórusméreteloszlás határoz meg. Kisebb pórusokban a víz erősebben kötődik a felülethez, emiatt homokos talajok esetébe, ahol a szemcsék nem képeznek aggregátumokat, és kevesebb mikropórus található, a víztárolási kapacitás várhatóan jóval kisebb, mint agyagos talajok esetében. Ennek mérése standardizált. Az egyik módszer szerint porózus kerámialapra helyezik a vízzel telített (de előzetesen szárazon lemért tömegű) mintát egy zárható berendezésben, majd meghatározott nyomást/vákuumot kapcsolnak rá. A nyomástól függően más-más mértékben fog a folyadék kifolyni a pórusok közül. Az egyensúly beállta után újra lemérik a tömegét. A víztárolási kapacitás a tárolt folyadék tömeg osztva a száraz minta tömegével. A módszer úgy is alkalmazható, hogy atmoszferikus nyomást használnak. A másik, ún. európai módszer szerint atmoszferikus nyomáson a vízzel telített mintát egy hengerben adszorbens membránra helyezik, és megvárják, míg beáll az egyensúly, végül lemérik a tömeget, és ebből számolnak kapacitást. [16] A víztárolási kapacitást alapvetően tehát a pórusméret eloszlás határozza meg, azonban a porozitás fogja megadni ennek a felső határát, hiszen a porozitás a teljes pórustérfogattól függ, ami pedig meghatározza, hogy maximálisan mennyi folyadékot képes tárolni a talaj. 
A víz pórusokban történő hidrodinamikai tulajdonságait szintén meghatározza a pórusok mérete. Ennek jellemzésére az ún. hidraulikus vezetőképességet használják, ami a folyási sebesség és a hidraulikus nyomás gradiens hányadosa. Hosszú pórusok esetében (melyeknél a kapilláris hatások érvényesülnek) kimutatták, hogy a hidraulikus vezetőképesség nő az e pórusok által alkotott porozitás mértékének növekedésével. Szintén növeli a vezetőképesség értékét a pórusméret növekedése. [17] 
A folyadéktranszport mellett az oldott anyag transzportjára is hatással van a pórusszerkezet. Általánosságban, a hidraulikus vezetőképesség növekedése az oldott anyag transzportjának a gyorsulásához vezet, azonban ebben az esetben különösen fontos szerep van a pórusméretnek. Kisebb pórusokban az oldott anyagok könnyebben adszorbeálódnak, mint nagy pórusokban, hosszabb lesz a tartózkodási ideje. Ez fontos a különböző tápanyagok és szennyezőanyagok transzportjának leírásakor.[3]
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Table 1.1. A functional classification of soil pores. (Greenland 1977)

Name Function Equivalent cylindral
diameter um
Transmission pores Air movement and
drainage of excess water >50
Storage pores Retention of water against
gravity and release to
plant roots 0.5-50
Residual pores Retention and diffusion
of ions in solution <0.5
Bonding spaces Support major forces

between soil particles <0.005
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Preface

The soil is the medium through which pollutants originating from
human activities, both in agriculture and industry, move from the
land surfaces to groundwater. Polluting substances are subject to
complex physical, chemical and biological transformations during
their movement through the soil. Their displacement depends
on the transport properties of the water-air-soil system and on
the molecular properties of the pollutants. Prediction of soil
pollution and restoration of polluted soils requires an under-
standing of the processes controlling the fate of pollutants in the
soil medium and of the dynamics of the contaminants in the un-
saturated zone.

Our book was conceived as a basic overview of the processes
governing the behavior of pollutants as affected by soil constituents
and environmental factors. It was written for the use of specialists
working on soil and unsaturated zone pollution and restoration, as
well as for graduate students starting research in this field.

Since many specialists working on soil restoration lack a back-
ground in soil science or a knowledge of the properties of soil
pollutants, we have included this information which forms the first
part of the book. In the second part, we discuss the partitioning of
pollutants between the aqueous, solid and gaseous phase of the soil
medium. The retention, transformation and transport of pollutants
in the soils form the third section. Finally, the fourth part, con-
sisting of the last two chapters, deals with models used to predict
the behavior of pollutants in soils and the general principles of soil
restoration.

The processes involved in the behavior of pollutants in soils have
been illustrated from the literature or from our own results in a
number of examples. Because of the limited number of cases which
could be selected from the vast quantity published, the choice was
very difficult and we are convinced that many other research results
of equal worth could have been used to illustrate soil pollution
processes. We hope, however, that we have succeeded in presenting
the reader with a comprehensive, but not exhaustive, review of the
current knowledge concerning soil pollution.





VI Preface

This book was prepared as part of the ongoing cooperation of the
authors with the ARO, Volcani Center (Bet Dagan, Israel), INA
(Paris-Grignon, France) and INRA (Versailles, France). We are
grateful to these institutions for their continuous support. Special
thanks to Shulamith Gordon and Etta Shur for their untiring as-
sistance in the preparation of the manuscript.

March 1996 Bruno Yaron
Raoul Calvet
René Prost





Contents

Part 1

Chapter 1

— ek ok ek
— ek ok ok
W -

1.1.5
1.2
1.2.1
1.2.2
1.3
1.4
14.1
14.2
L5

Chapter 2
2.1

2.1.1
2.1.2
213
2.14
2.2

221
222

The Interacting Materials

The Soil as a Porous Medium .............

The Solid Phase . .....................
Clay Materials .......................
Minerals Other Than Clays ..............
Soil Organic Matter . . ..................
Interactions Between Components

oftheSolid Phase .....................
The Electrified Surface of the Solid Phase . . ..
The Liquid Phase .....................
Water Near Soil Solid Phase .............
The Aqueous Solution ..................
The Soil Gaseous Phase .................
The Soil as Biological System .............
Soil Biota: Components and Distribution. . . . .
Microorganism Bioactivity ...............
Soil Heterogeneity . ....................
References ..........................

The Soil Pollutants . ...................

Inorganic and Inorganic-Organically

Combined Pollutants ...................
Nitrogen Forms ......................
Phosphorus Forms ............... e
Salts . . ... .
Potentially Toxic Trace Elements ..........
Toxic Organic Residues .. ...............
Small Organic Molecules ................
Organic Macromolecules ................
References ..........................





I

Part 11

Chapter 3

3.1
3.2
33
3.4
35
3.6
3.7
3.7.1
3.7.2
3.7.3

3.74
3.7.5

Chapter 4

4.1
4.2
43
4.4
44.1
442
443

Chapter 5

5.1

5.1.1
5.1.2
513
5.14
5.1.5
5.1.6
5.2

5.2.1
5.2.2
5.3

Contents
Pollutants Partitioning Among Soil Phases
Pollutants-Soil Solution Interactions . . . ... ... 57
Acid-Base Equilibria ................... 58
Precipitation-Dissolution ................ 59
Ligand Effect ........................ 61
Oxidation-Reduction Equilibrium .......... 63
Effects of Mixed Solvents and Surfactants . ... 64
Temperature Effect on Solubility .......... 66
Examples ........... ... i, 66
Acid Rains and Al Dissolution ............ 66
Alkaline Soils and Gypsum Dissolution . . . ... 68
Sludge Effect on Potentially Toxic
Inorganic Trace Element Solubility . ........ 69
Redox Processes and Metal Solubility . ... ... 72
Solubility of Organic Solvents
Under a Waste-Disposal Site . ............ 74
References ................ ... .. ..... 77
Volatilization into the Soil Atmosphere . . . .. .. 79
The Volatilization Process ............... 80
Vapor Pressure and Vaporization Relationship . 81
Volatilization of Multicomponent Pollutants .. 83
Examples ........................... 84
Ammonia Volatilization ................. 84
Pesticide Volatilization . ................. 87
Petroleum Products Volatilization . ......... 92
References .............. .. ... 97
Retention of Pollutants
on and Within the Soil Solid Phase ......... 99
Surface Adsorption .................... 99
Adsorption of Ionic Pollutants . ........... 100
Adsorption of Nonionic Pollutants ......... 107
Adsorption of Complex Mixtures .......... 109
Adsorption Isotherms .................. 111
Kinetics of Adsorption . . .. .............. - 114
Factors Affecting Adsorption ............. 116
Nonadsorptive Retention .. .............. 120
Pollutant Precipitation . ................. 121
Trapping . .........coiiiinninnnnnn. 122
Examples ............. ... ... ... .... 125





Contents

5.3.1
532

Part 111
Chapter 6

6.1

6.1.1
6.1.2
6.1.3
6.2

6.2.1
6.2.2
6.3

6.3.1
6.3.2
6.3.3

Chapter 7

7.1

72

7.2.1
7.2.2
7.3

7.3.1
73.2
7.3.3
7.4

7.4.1
7.4.2
74.3
74.4
7.4.5

Chapter 8

8.1
8.1.1

Pollutants Adsorption . .................
Nonadsorptive Retention . ...............
References ............... ... .. ......

Pollutant Behavior in Soils

Reversible and Irreversible Retention —
Release and Bound Residues .. ............

Retention Hysteresis . ..................
True Hysteresis .. .....................
Apparent Hysteresis . . .. ................
Method-Created Hysteresis ..............
Bound Residues ......................
Experimental Definition . ................
Mechanisms . .............ciiinian...
Examples .............. ...,
Inorganic Pollutants . ..................
Organic Pollutants . . .. .......... e
Organo-Clays .................co. ...
References ................ .. .. ......

Transformation and Metabolite Formation . . ..

Decomposition Rate . ..................
Abiotically Induced Transformation ........
Transformation in Soil Water . . ...........
Transformation at the Solid-Liquid Interface . .
Biologically Mediated Transformations . ... ..

Microbial Reactions . .................. '

Transformation of Inorganic Compounds . ...
Transformation of Organic Toxic Chemicals . .
Examples ............ ... ... ...
Hydrolysis ............... ... ..
The Redox Process . ...................
Photolytic Degradation .................
Coordinative Transformations ............
Liquid Mixture Transformations . ..........
References ....................c......

Pollutants Transport in the Soil Medium . . . ..

Solute Transport . .....................
Transport Mechanisms .................





8.1.2
8.2
83
8.4
8.4.1
842

8.5

8.5.1
8.5.2
8.6

8.6.1
8.6.2
8.6.3

8.6.4

8.6.5
8.6.6

Part IV

Chapter 9

9.1
9.2
9.2.1
9.2.2
9.3

9.3.1
9.3.2
9.4

9.4.1
94.2
94.3

Chapter 10

10.1
10.1.1
10.1.2

Contents
Preferential Flow of Solute . . . ............ 228
Transport of Nonaqueous-Phase Liquid .. ... 230
Vapor Flux ....... e e e e 234
Transport on Suspended Particles . ......... 236
Transport on Eroded Sediments ........... 236
Transport in Association
with Dispersed Colloidal Material . ......... 237
Factors Affecting Transport Processes . ... ... 239
Field and Climate Variability ............. 239
Heterogeneity of the Pollutant . ........... 241
Examples .......... ... ... ... ....... 241
Diffusion of a Degradable Pesticide ........ 241
Miscible Displacement . ................. 243
Transport of Nonaqueous Pollutant Liquids
(NAPL) ....... .. .. . 246
Vertical Transport of Pesticides
Adsorbed on Colloids . ................. 250
Preferential Flow . ... .................. 253
Transport of Pathogenic Microorganisms .... 258
References .......................... 259
Prediction and Remediation
Modeling the Fate of Pollutants in the Seil . ... 265
Overviewof Models . . . ................. 265
Description of Models . ................. 267
Deterministic Models .. ................. 268
Stochastic Models ..................... 277
Examples of Models Describing the Fate
of Pesticidesin Soils . .................. 278
Transport Phenomena . . . .. e 279
Sink/Source Phenomena . . ............... 280
Some Problems Connected with Modeling . ... 283
The Scale of Modeling . ................. 283
Model Sensitivity . . .................... 285
Model Validation ..................... 287
References ................ .. ... ..... 289
Risks and Remedies .................... 295
Risk Assessment ...................... 295
Diagnosis .............00iiiiii.. 296

Prognosis .............. et 297





Contents

10.2
10.2.1

10.2.2
10.2.3
10.3

10.3.1
10.3.2

10.3.3

Selection of Remedies ..................
There Is No Pollution Risk

in the Land Under Consideration ..........
There Is No Risk

Around the Contaminated Site . ...........
There Is a Risk for the Environment . .......
Remediation Technologies ...............
Hard Techniques with Excavation

(Surgical Operation) ...................
Soft Techniques Without Excavation
(Chemotherapy) ......................
Controland Cost . ....................
References .................. ... .....

Subject Index . ........... ... ... ... . .. ...,





Part 1
The Interacting Materials





CHAPTER 1

The Soil as a Porous Medium

The soil is the upper layer of the unsaturated zone of the earth. Soils are very
diverse in composition and behavior. The solid phase consists of mineral
particles of various sizes and shapes and organic matter in various stages of
degradation. Plant roots and the living soil population complete the system.

In nature, soils are heterogeneous assemblies of materials, forming porous
media. The open boundaries between the solid, liquid and gaseous phases lead
to a pattern of continuously changing processes of chemical and biological
origin, leading to transient soil properties. The porosity of the soil system is
controlled mainly by the association of its mineral and organic parts, soil water
having a strong effect. However, the reactivity between the solid and liquid
phases could, with time, affect even the stability of the porous medium itself
and, consequently, change the open boundaries of the reactive phases.

In most natural soils the solid particles tend to be molded into aggregates or
peds, either by a shrink-swell phenomenon under wetting and drying-freezing
conditions, or by biologically induced molding, due to soil animals, plant
roots, and fungi. This situation again affects the porosity of the soil system,
with implications for the transport of water, solutes, nonaqueous liquids, and
suspended particles in the unsaturated zone from the land surface to the
groundwater.

Since both the soil components and the binding agents govern the porous-
aggregation status of the soils, a large spatial heterogeneity is found in nature.
Figure 1.1 (Tisdale and Oades 1982) illustrates soil aggregation and soil po-
rosity as affected by the soil components and the binding agents. It might be
observed that the ratio between open and closed pores is strongly affected by
the agents of formation. A functional classification of the soil pores, given by
Greenland (1977), may give a general idea of the effect of soil pore dimensions
on the water and solute status in the soil medium (Table 1.1).

In general, soil porosity is the limiting factor in defining the ratio between
the solid, aqueous and gaseous phases of the soil medium, the water-air ratio at
a given time being controlled by the amount of liquid in the system.
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Fig. 1.1. Model of a soil aggregate organization. (Paul and Clark 1989, as adapted from
Tisdale and Oades 1982)

1.1 The Solid Phase

From the point of view of potential interactions with various pollutants, the
constituents of the soil solid phase should be grouped according to their sur-
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Table 1.1. A functional classification of soil pores. (Greenland 1977)

Name Function Equivalent cylindral
diameter um

Transmission pores Air movement and

drainage of excess water >50
Storage pores Retention of water against

gravity and release to

plant roots 0.5-50
Residual pores Retention and diffusion

of ions in solution <0.5
Bonding spaces Support major forces

between soil particles <0.005

face area. The fate of pollutants is affected by all the components of the soil
solid phase. The soil constituents with low surface area could, however, mainly
affect the transport of the pollutants as solutes, as immiscible with water li-
quids, or as vapors. The soil solid phase can also indirectly induce the de-
gradation of the organic pollutants in the soil medium, through its effects on
the water/air ratio in the system and, consequently, on the biological activity of
the soil. The group of constituents with high surface area controls, besides the
transport of pollutants, their retention, and release on and from the soil sur-
face, as well as their surface-induced chemical degradation. It is, therefore,
natural that when dealing with the topic of soil pollution, emphasis should be
placed on the soil constituents characterized by a large surface area — and these
are the clays and clay-organic complexes.

Since our book is addressed not only to soil scientists, but also to a large
body of scientists, engineers, and technicians involved in soil pollution prob-
lems, we consider it necessary to include a short description of the reactive
constituents of the soil.

1.1.1 Clay Materials

The clay materials, which comprise the smallest particles in the soil, are defined
as the fraction with particles smaller than a nominal diameter of 2 yum. Many
clay minerals have layer structures in which the atoms within a layer are
strongly bound to each other, the binding between layers being weaker. Due to
this situation, each layer can behave as an independent structural unit. We can
find several types of layer arrangements which, however, do not greatly differ
in free energy. The most common inorganic structural units to be found in soil
clays are the silica tetrahedron SiO,"~ and the octahedral complex MX6m‘6b,
formed of a metal unit M™* and six anions X’~. Figure1.2 shows sheet
structures formed by the polymerization of the above two structural units.
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Fig. 1.2. Three layer types of phyllosili-
cate structure in soil clays. (Sposito
1984)

Brown et al. (1978) emphasized that the architecture of the silicate layer is due
simply to the fact that each SiO4 coordination group shares oxygen atoms with
three neighboring SiO, groups, to form rings containing six Si and six 0 atoms,
each ring being joined to a neighboring ring through shared oxygen atoms.
Brown et al. (1978) showed that the other main structural element in layer
silicate is an octahedral sheet that contains cations in MOg coordination be-
tween two planes of oxygen atoms. They summarized the types of octahedral
sheets as follows:

“The anion groups coordinated to the M cations are (OH)g, (OH);O; or (OH)20O;4,
depending on the structural class of the layer silicate, and as the cation can occupy
either four or six of the octahedral interstices, there are six possible types of octahedral
sheet, with the following compositions:

Dioctahedral: Y,(OH),; Y2(OH),0,; Y2(OH),04
Trioctahedral: Y3(OH),; Y3(OH),0,; Y3(OH),04

(a) If all the anion groups are OH, the sheet is complete without further coordination of
the oxygens; such sheets occur singly, alternating with silicate layers, in the chlorites,
and comprise the only structural units in hydroxide minerals such as brucite,
Mg(OH), and gibbsite, AI(OH);3; they are known as hydroxide sheets.

(b)Octahedral sheets of composition (OH)4O, are present in the kaolinite and
serpentine group minerals. One plane of groups is entirely (OH), the other has the
composition (OH)O, and the oxygen atoms are shared with tetrahedral Si atoms,
forming the apical oxygen atoms of tetrahedral sheet superimposed on the
octahedral sheet; this junction represents the ideal structure of the clay mineral
kaolinite. Each layer in this group of minerals contains one tetrahedral sheet and one
octahedral sheet and the minerals are termed 1:1 layer silicates.
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(c) Octahedral sheets of composition (OH);O4 occur in the mica, vermiculite, smectite,
pyrophyllite, and talc minerals. In these, both planes have the composition (OH)O,
and tetrahedral sheets are superimposed on both sides of the octahedral sheet, one
tetrahedral sheet being inverted with respect to the other. The layer unit consists,
therefore, of two outer tetrahedral sheets and an inner octahedral sheet, and minerals
containing such layers are called 2:1 layer silicates. Because the oxygen atoms in the
upper plane of the octahedral sheet are displaced relative to those in the lower plane
(by the ‘octahedral stagger’), the SigOg rings of the upper tetrahedral sheet are also
displaced with respect to those of the lower tetrahedral sheet.

(d) The chlorites contain two types of layer, a hydroxide sheet alternating with a 2:1
silicate layer, and they have sometimes been referred to as 2:1:1 or 2:2 minerals.

From these structural considerations, it can be seen that the layer silicates can be
represented by ions in tetrahedral and octahedral coordination and that the numbers of
such ions bear a relatively simple relationship to the oxygen and hydroxyl construction
of the mineral.”

In extreme cases, a great number of isomorphic substitutions leads to the
formation of amorphic compounds classified under the name of “allophane”
substances. These materials are mainly 1:1 phyllosilicates with defects con-
taining Al in both tetrahedral and octahedral sheets. Sometimes, they can also
exhibit a tubular morphology (e.g., imogolite).

1.1.2 Minerals Other Than Clays

In addition to the clay minerals (i.e., layer silicates), the clay fraction of the
soils (<2 um) could contain a variety of minerals, e.g., oxide minerals, calcium
carbonates, or calcium sulfates, etc. Summarizing the character of the soil
metal oxides, Gilkes (1990) states that iron oxides (hematite a-Fe,O3, ma-
ghemite f-Fe,03, goethite a-FeOOH, lepidocrocite f-FeOOH, etc.) are com-
mon constituents of soils, with crystals which vary greatly in size, shape, and
surface morphology. The surface of iron oxides in soils is often hydroxylated,
either structurally or through hydration of the Fe atoms. The crystals of the
aluminum oxides that commonly occur in soils [gibbsite AI(OH)3, boehmite S-
AlOOH] are also small, but are often larger than the associated iron oxides.
Other oxide minerals are generally less abundant than the Fe and Al oxides
but, because of their very small crystal sizes and consequently large surface
area, they may significantly influence soil properties. For example, the various
Mn oxides that are present in some soils can occur as very small (~10 nm)
structurally disordered crystals. Similarly, titanium oxides in soils (rutile,
anatase, TiO,) and even the rare pyrogenic soil mineral corundum (a-Al,O3)
occur within the clay fraction as approximately 30-nm crystals. The ability of
Fe and some other metal ions to undergo redox reactions further increases the
role of the metal oxide in the activity of the soil solid phase surface.

Many soils formed from the appropriate parent materials contain significant
quantities of relatively high-surface, soluble calcium carbonate (CaCOs) or
calcium sulfate (CaSO4). Some agricultural soils may contain more than 50%
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Table 1.2. Definitions of soil organic matter components. (Stevenson 1994)

Term

Definition

Litter
Light fraction

Soil biomass
Humus

Soil organic matter
Humic substances

Nonhumic
substances

Humin
Humic acid
Hymatomelanic acid

Fulvic acid fraction
Generic fulvic acid

Macroorganic matter (e.g., plant residues) that lies on the soil surface

Undecayed plant and animal tissues and their partial decomposition
products that occur within the soil proper and that can be recovered
by flotation with a liquid of high density

Organic matter present as live microbial tissue

Total of the organic compounds in soil exclusive of undecayed plant
and animal tissues, their “‘partial decomposition” products,
and the soil biomass

Same as humus

A series of relatively high-molecular-weight, yellow to black colored
substances formed by secondary synthesis reactions. The term is used
as a generic name to describe the colored material or its fractions obtained
on the basis of solubility characteristics. These materials are distinctive
to the soil (or sediment) environment in that they are dissimilar
to the biopolymers of microorganisms and higher plants (including lignin)

Compounds belonging to known classes of biochemistry, such as amino
acids, carbohydrates, fats, waxes, resins, organic acids, etc. Humus
probably contains most, if not all, of the biochemical compounds
synthesized by living organisms

The alkali-insoluble fraction of soil organic matter or humus

The dark-colored organic material that can be extracted from soil
by dilute alkali and other reagents and that is insoluble in dilute acid

Alcohol-soluble portion of humic acid

Fraction of soil organic matter that is soluble in both alkali and acid

Pigmented material in the fulvic acid fraction

CaCO; and almost the same percentage could characterize the sulfatic soils
from an arid and semiarid region.

It is hard to estimate the contribution of amorphous materials like allo-
phane or imogolite to the surface activity of the soils. The amorphous materials
often coat the crystals present in the soils and, therefore, besides their direct
contribution, they could alter the surface properties of the crystalline materials
in the soil.

1.1.3 Seil Organic Matter

Soil organic matter is defined as the nonliving portion of the soil organic
fraction, and it is a heterogeneous mixture of products resulting from microbial
and chemical transformation of organic residues. Although the soil organic
matter is, in most cases, only a small part of the total soil solid phase, it is of
major importance in defining the physical, chemical, and surface properties of
the soil material.

The transformed products of the fresh organic debris have the general name
of humus but, in reality, they may be composed of humic and nonhumic
substances. These substances could be amorphous, polymeric, brown-colored
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humic substances differentiated on the basis of solubility properties into humic
acids, fulvic acids, and humins, and recognizable classes such as poly-
saccharides, polypeptides, altered lignins, etc., which can be synthesized by
microorganisms or arise from modifications of similar compounds. The major
components of the soil organic matter and their definitions, summarized by
Stevenson (1994), are presented in Table 1.2.

The organic matter extracted from the soils is usually fractionated on the
basis of solubility characteristics and the fractions commonly obtained include
humic acid (soluble in alkali, insoluble in acid) fulvic acid (soluble in alkali and
in acid), hymatomelamic acid (alcohol-soluble part of humic acid), and humin
(insoluble in alkali). These dark-colored pigments extracted from the soil are
produced as a result of multiple reactions, the major pathway being through
condensation reactions involving polyphenols and quinones. According to
Stevenson (1994), polyphenols derived from lignin are synthesized by micro-
organisms and enzymatically converted to quinones, which undergo self-con-
densation or combine with amino compounds to form N-containing polymers.
The number of molecules involved in the process, as well as the number of
ways in which they combine, is almost unlimited, which explains the hetero-

DEGRADATION OF LIGNIN DEGRADATION OF PHENOLS B8Y
(CONIFEROUS LIGNIN) PROTEINS MICROBIAL SYNTHESIS
ALIPHATIC
CARBON

- -

! PROTEINS

\ *
OCH, PEPTIOES ~_ Soom
\:jron
OH
]
HUM

Fig. 1.3. Schematic representation of humic substances in soils and their main
components and origins. (Flaig et al. 1975)
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geneity of the humic material in any given soil. The structural precursors of
humic substances in soils are illustrated in Fig. 1.3.

The major elements in the humic materials are C (50-60%) and O (30—
35%). Fulvic acid has lower C but higher O. The percentages of H and N vary
between 2 and 6% and that of S from 0 to 2%. The various fractions of the
humic substances obtained on a basis of solubility characteristics are part of a
heterogeneous mixture of organic molecules which, in different soils and lo-
cations, might range in molecular weight from several hundred to several
hundred thousands. The average molecular weight range for humic acid is in
the order of 10 000-50 000, and a typical fulvic acid will have a molecular
weight in the range of 500-7000. The humic fraction of the soil represents a
colloidal complex including long-chain molecules or two- or three-dimensional
cross-linked molecules whose size and shape in solution are controlled by the
pH and the presence of neutral salts. Under neutral or slightly alkaline con-
ditions, the molecules are in an expanded state as a result of the repulsion of
the charged acidic groups, whereas at a low pH and high salt concentration,
contraction and molecular aggregation occur, due to the charge reduction.
These large organic molecules may exhibit hydrophobic properties which
govern their interactions with nonionic solutes.

1.1.4 Interactions Between Components of the Solid Phase

The interactions among the various components of the solid phase of the soil
strongly affect its surface activity (Wolfe et al. 1990). The surface of the soil
solid phase is heterogeneous. It is characterized by multicomponent association
among humic substances, clays, metal oxides, CaCOs3, and other minerals. In
some cases, up to 90% of the soil organic matter was found to be associated
with the mineral fraction of the soil (Greenland 1965). On the other hand, there
is evidence that much of the surface of clay minerals in soils, specifically in the
interlayer spaces of smectites, is not covered with organic matter (Ahlrichs
1972). Metal oxides are also likely to coat the external surfaces of clay min-
erals, and intercalation of oligomeric hydroxyaluminum species with clays has
been reported (e.g., Ahlrichs 1972). Cationic aluminum hydroxyoxides, the
charge of which is pH-dependent, may coat clay surfaces, thus reducing the
contribution of the clay minerals to the soil cation exchange capacity. This
phenomenon is more important in acid soils; as the pH increases, the
hydroxyaluminum polymers lose their positive charge, and their effect on the
CEC is reduced. The coating of clay surfaces with organic matter and with
mineral oxides binds or replaces exchangeable cations that are the sites of
many surface-enhanced transformations (e.g., Mingelgrin et al. 1977). Coating
may also block access to active sites that are not themselves coated.

The most extended interactions between components of the soil solid phase
are those between clay minerals and organic matter. As a function of the
properties of the organic compounds and of the clay surface, various me-
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Table 1.3. Mechanisms of adsorption for organic compounds in soil solutions. (After
Sposito 1984, as adapted from Mortland 1970)

Mechanism Principal organic functional groups involved
Cation exchange Amines, ring NH, heterocyclic N

Protonation Amines, heterocyclic N, carbonyl, carboxylate
Anion exchange Carboxylate

Water bridging Amino, carboxylate, carbonyl, alcoholic OH
Cation bridging Carboxylate, amines, carbonyl, alcoholic OH
Ligand exchange Carboxylate

Hydrogen bonding Amines, carbonyl, carboxyl, phenylhydroxyl
Van der Waals interactions Uncharged, nonpolar organic functional groups

chanisms contribute to the adsorption of organic molecules on the mineral
fraction. A summary of the mechanisms involved is presented in Table 1.3. The
adsorption mechanisms are expected to operate when dissolved organic matter
reacts with the clay surfaces. Theng (1979) emphasized that the quantity of
dissolved organic matter adsorbed tends to decrease as the pH increases above
pH = 4. Sposito (1984) explained this phenomenon by suggesting that dis-
solved soil organic matter formed ligand-like surface complexes and, therefore,
the predominant adsorption mechanisms are appropriate to anions. It should
be emphasized that the hydration status of the mineral phase influences the
adsorption of organic molecules, in some cases, by affecting the adsorption
mechanism itself, and by decreasing the number of active sites of the mineral

solid phase able to interact with the organic molecules.
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Fig. 1.4. Schematic diagram of clay-humate complex in soil. (Stevenson and Ardakani
1972)





12 The Soil as a Porous Medium

For natural soils, the most important interactions are between clays and
humic and fulvic acids. These acids contain a variety of reactive functional
groups that are capable of combining with clay minerals. A schematic diagram
of a clay-humate complex in soil is presented in Fig. 1.4 (after Stevenson and
Ardakani 1972). Since organic anions are normally expelled from negatively
charged clays, adsorption of humic and fulvic anions by 2:1 layer type of clay
occurs only when polyvalent cations are present on the exchange complex. The
main polyvalent cations responsible for the binding of humic and fulvic acids
to soil clays are: Ca*, Fe’t, and AI**. The divalent Ca?* ions do not, how-
ever, form strong coordination complexes with organic molecules, and would
be effective only to the extent that a bridge linkage is formed. In contrast, Fe3*
and APt form coordination complexes with humic substances, and strong
bonding of these organic molecules is possible through this mechanism.

When clay minerals are coated with layers of hydrous oxides, their surface
reactions are dominated by these oxides rather than by the clays. This is the
case for strong bonding through ligand exchange as well as through simple
anion exchange.

1.1.5 The Electrified Surface of the Solid Phase

The soil solid surface has a net charge (o) which, in contact with the liquid or
gaseous phase, is faced by one or more layers of counter or coions having a net
charge separate from the surface charge. Uncharged molecules, such as water
molecules, could also be found in this zone, but they do not contribute to the
charge density of the surface if they do not dissociate. The adsorption of charge
solutes onto the surface of the soil solid phase is subject to both chemical
binding forces and the electric field at the interface; it is thus controlled by an
electrochemical system (Bolt and van Riemsdijk 1991). There are, however,
considerable differences between the surface properties and behavior of soil
organic and inorganic colloids.

Some of the functional groups on the clay surface (e.g., M—OH) exhibit

electric charges. The size of the charge, as well as its sign, is controlled by the
properties of the surface to which the functional groups are bound, and by the
composition of the surrounding liquid phase. Sposito (1984) classified the
surface charge density of soil clays as follows:
Intrinsic surface charge density (oi,), defined by the number of coulombs per
square meter borne by surface functional groups, either because of isomorphic
substitutions, or because of dissociation/protonation reactions. The intrinsic
charge density could be expressed by the relation:

Oin = E(&_S_Q_—l, (1.1)
where F is the Faraday constant, q; and q_ are moles of adsorbed ions, and S
is the specific surface area (m?/g).
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Structural surface charge density (o,), defined as the number of coulombs per
square meter, is a result of isomorphic substitutions in soil minerals.

Proton surface charge density (on) is defined as the difference between the
numbers of moles of complexed proton charges (qu) and of complexed hy-
droxyl charges (qou) on proton-selective surface functional groups, per unit
mass of soil clay; and is expressed by:

OH = F(qH - q()H)S . (12)
The above types of surface charge density could be related by the equation:

Oin = 09 + OH . (13)

Each term from this equation can be measured and may be either positive or
negative.

1.2 The Liquid Phase

The soil liquid phase — generally known as the soil solution — is a water solution
with a composition and reactivity defined by the properties of the incoming
water and affected by fluxes of matter and energy originating from the vicinal
soil solid phase, biological system, and atmosphere. This natural, open water
system results from a dynamic transformation of the dissolved constituents in
various chemical species over a range of reaction time scales. At any particular
time, the soil liquid phase is an electrolytic solution, potentially containing a
broad spectrum of inorganic and organic ions and unionized molecules.

In a porous medium, two liquid-phase regions can be defined. The first one
is that near the solid phase and is considered the most important surface
reaction zone of the porous medium system. The near-surface water also
controls the diffusion of the mobile fraction of the solute adsorbed on the solid
phase. The second region covers the “free’” water zone which governs the water
flow and solute transport in soils. The composition of the soil liquid phase
fluctuates over time due to recharge with rainwater — of variable quality,
sometimes approaching that of distilled water — or by irrigation, and as the
result of applications of various products (fertilizers, pesticides, etc.) and of
waste and effluent disposals. The presently accepted description for soil liquid
phase energetic characteristics is based on the concept of matric and osmotic
potentials. Matric potential is due to the attraction of water to the solid matrix,
and the osmotic potential to the presence of solute in the soil water.

1.2.1 Water Near Soil Solid Phase

In moving through the bulk liquid phase, a water molecule exhibits a series of
spatial arrangements which are of great irregularity. In such conditions we are
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not dealing with a well-defined structure like that of a solid, but with in-
stantaneous structures (I type), comprising molecules in a highly irregular
arrangement. With the lengthening of the time scale, two additional types of
structure may be defined: vibrationally averaged (V type) and diffusionally
averaged (D type), and these highlight the fact that the concept of structure in a
liquid water is a dynamic one (Sposito 1984). It is not our aim to extend the
discussion on water structure; we are simply reproducing Stillinger’s (1980)
definition showing that liquid water consists of macroscopically connected
random networks of hydrogen bonds with frequent strained and broken bonds
that continually undergo topological reformation. The properties of the water
arise from the competition among relatively bulky ways of connecting mo-
lecules into local patterns characterized by strong bonds and nearly tetrahedral
angles and more compact arrangements characterized by more strain and bond
leakage. In the presence of an electrolyte, a localized perturbation of the tet-
rahedral configuration occurs as follows: near the ion, the water molecules are
dominated by a dense electromagnetic field resulting in the formation of the
primary solvation shell. In the next zone, called the secondary solvation shell,
water molecules interact weakly with the ion. Summarizing the properties of an
electrolyte solution relevant to their behavior near the clay surfaces, Sposito
(1984) shows that the primary solvation shell of a monovalent cation contains
between three and six water molecules that exchange relatively rapidly with the
surrounding bulk liquid. A secondary solvation shell, if it exists, is very weakly
developed. The primary solvation shell of a bivalent cation contains between
six and eight water molecules that move with the cation as a unit. A secondary
solvation shell containing about 15 water molecules develops as the cation
concentration decreases, and it also moves with the cation as a unit.

The configuration of soil water could be altered near the phyllosilicate
surfaces. The siloxane surface influences the character of the water due to the
nature of their charge distribution and the nature of the complexes formed
between the cation and the surface functional groups. Both the type of charge
and the degree of charge localization, as well as the valence and size of the
complexed cations, control the features of the water molecules near the surface.
Each mineral group (kaolinite, vermiculite, or smectite) with its own surface
properties affects the near-surface water properties in a different way. The
adsorbed water in the case of kaolinite is a bulk liquid water, whereas the water
adsorbed on a vermiculite-smectite-type mineral is an aqueous solution, be-
cause of the presence of exchangeable cations on the 2:1 layer silicates. Sposito
(1984) showed that a simplified consensus is that the spatial extent of adsorbed
water on a phyllosilicate surface is about 1.0 nm (two to three layers of water
molecules) from the basal plane of the clay mineral.

The interlayer water of clay minerals being structurally different from bulk
liquid water or water in aqueous solution (Mamy 1968; Sposito and Prost
1982), it is to be supposed that the chemical reaction in this region is affected
by a perturbed water structure. Another ability of the interlayer water is to be
replaced by a much less polar solvent. When the layer charge of the clay is low
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and widely diffused over surface oxygens (e.g., smectites), a strong hydrogen
bond to the layer is not necessary. The same pattern is also followed when the
cation is large and univalent. Under these conditions, a much less polar liquid
(e.g., nitrobenzene) can completely replace the interlayer water (Farmer 1978).
These properties of the near-surface water are of great importance in dealing
with the problem of pollution by both organic and inorganic molecules.

The water retention on oxides and hydrooxides of aluminum and iron is
through the hydroxyl groups, but it can also involve oxide bridges and water
coordinated with structural cations.

Water is retained on organic surfaces, at a molecular level also. Farmer
(1978) stated that the principal polar sites where water adsorption occurs are
likely to include carboxylic groups, phenolic and alcoholic groups, oxides,
amines, pectones, aldehydes, and esters. Ionized carboxylic groups and their
associated cations are likely to have the greatest affinity for aqueous solutes. It
should not be forgotten that, in addition to polar sites, the organic surface
exhibits important hydrophobic regions which are largely involved in the re-
tention of organic micropollutants.

1.2.2 The Aqueous Solution

The natural processes creating an equilibrium between the solid, gaseous, and
liquid phases control the composition of the soil aqueous phase. The chemical
composition of the soil aqueous solution at a given time is the end product of
all the reactions to which the liquid water has been exposed in the soil en-
vironment.

The thermodynamic properties of the soil aqueous solution are expressed in
terms of a single-species solution activity coefficient for each molecular con-
stituent. The composition of the soil aqueous solution should, however, be
considered on the basis of molecular speciation in the soil solution, which, in
turn, is related to biological uptake exchange reactions and transport through
soils.

The amount of soil aqueous solution to be found in a soil under unsaturated
conditions varies with the physical properties of the medium. Table 1.4 gives,
as an example, some data about the amount of free water found in various
soils. The composition of the soil aqueous solution fluctuates as a result of
evapotranspiration or addition of (e.g., rain or irrigation) water to the system.
The changes in the solution concentration, as well as the rate of change, are
higher in soils with a lower retention capacity than in those with high retention
capacity. These are referred to as the buffer properties of the soil.

Because of the “diversity” of the soil solid phase, as well as of changes in the
amount of water in the soil as result of natural and human influences, it is
difficult to make generally valid statements concerning the chemical com-
position of the soil aqueous solution. For the upper layers of the soil — the root
zone — the composition of the soil aqueous phase is characterized by a rather
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Table 1.4. Water-holding capacity of selected soils (A horizon) from Israel

Type of soil Water rentention capacity, % w/w

Saturated At 1/3 At 15 Air-dried

paste atm atm (hygroscopic
water)
Typic Torrispsamment 26.9 4.74 2.42 1.05
Calcicxerollic Xerochrept  28.2 6.28 3.44 1.21
Calcic Haploxeralf 349 16.0 6.2 1.77
Typic Haplargid 40.6 25.6 1.27 3.1
Lithic Xerorthent 45.5 26.4 9.0 2.20
Typic Haploxeralf 47.7 25.2 11.7 4.13
Calcic Palexeralf 50.1 20.0 8.7 34
Vertic Palexeralf 58.8 314 15.8 5.4
Lithic Haploxeroll 71.2 36.5 20.5 6.62
Typic Chromoxerert 95.6 49.0 34.3 9.6

low total salt concentration and is, in general, close to that of the rain or
irrigation water.

The chemical characteristics of the soil aqueous solution could be sum-
marized as follows:

Acidity-alkalinity of the soil aqueous solution, measured as pH, is affected
by the quality of the applied water (acid for rain — neutral or alkaline for
irrigation) and buffered by the soil buffer system.

Salinity or total salt concentration is usually expressed as total dissolved
solids (TDS) or as the electrical conductivity of the solution (EC). The major
fractions of the anions comprise Cl~, SO42~, and NO;~ and the common
cations are Ca?t, Mg?*, Nat, and K*. It may be assumed that composition of
the soil solution varies between the composition of the water entering the
system and that of the solution in equilibrium with the solid phase and the
products applied to the soil. The fate of some major anions (e.g., nitrates) in
the system is characterized, however, by a fluctuating concentration. The major
cationic species are strongly influenced by interactions with the soil solid phase
and the phosphate behaves in a similar manner.

Inorganic trace elements such as alkali and alkaline earth cationic materials,
transition metals, nonmetals, and heavy metals may be found in the soil

Table 1.5. Diffusion constants of CO,, O,, and N in air and water, and their solubility
in water at 20 °C. (Paul and Clark 1989)

Diffusion constant (cm’s™) Solubility in
- H,0 (cm® L)
Air Water
CoO, 0.161 0.177 x 107 8.878
0, 0.205 0.180 x 107 0.031

N> 0.205 0.164 x 107 0.015
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aqueous phase. The trace elements are of natural or anthropogenic origins. The
adsorption reaction is a most significant mechanism in distributing trace ele-
ments between the soil solid and liquid phases. The complexation of inorganic
trace elements by organic ligands found in solution influences the equilibrium
status between the two phases and affects their concentration in the soil
aqueous solution.

Organic trace compounds — of natural or anthropogenic origin — can also be
found in the soil aqueous phase. The phase distribution of the organic trace
compounds in the soil medium is controlled by the nature and properties of the
soil colloids, the chemical and physicochemical characteristics of the organic
molecules, and the nature of the soil environment.

1.3 The Soil Gaseous Phase

Soil porosity on the one hand and the soil moisture content on the other are the
factors governing the volume of the soil gaseous phase. From the point of view
of soil pollution, the soil gaseous phase, referred to as the soil atmosphere, can
assist the movement of organic molecules in the vapor phase and of water. The
gaseous transport phase through pores which are not available for the liquid
phase makes the soil atmosphere an important channel for soil pollution by
volatile toxic chemicals. On the other hand, the transport of water as vapor
into the pores might lead to the formation of a layer of water which covers the
potentially available sites for nonpolar gaseous pollutants, thus reducing pol-
lutant fixation on the solid phase.

Soil atmosphere composition CO,, N;, and O,, which are the major gases in
the atmosphere, are also those found in the soil atmosphere. Gases arising
from biological activity, such as nitrogen oxides, may be present at any time,
but, because of their high reactivity with soil components and their suscep-
tibility to biological activity, they are usually transitory (Paul and Clark 1989).
In general, in well-aerated soils the O content is around 20% and that of CO,
between 1 and 2%. In heavy soils with high moisture content, however, the
CO; content of the soil atmosphere may reach values as high as 10%. The
concentration of CQO; in the soil atmosphere could be related to both cropping
techniques and soil properties (Henin 1976). The composition of the soil at-
mosphere changes with depth and with time under cultivation.

- The composition of the soil atmosphere might change as a result of gas
dissolution into the liquid phase. The solubility of gases in water depends on
type of gas, temperature, salt concentration, and the partial pressures of the
gases in the atmosphere. The most soluble gases are those that become ionized
in water (CO,, NH3, H,S), but O, and N, are much less soluble (Table 1.5).

The CO, concentration in the soil atmosphere might be different in small
and large pores and might vary as a function of the aerobic or anaerobic
activity of the soil microbial population. Paul and Clark (1989) showed that a
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change from aerobic to anaerobic metabolism occurs at an O; concentration of
less than 1%. Thus, the overall aeration of a soil is not as important as that of
individual crumbs and aggregates. Calculations show that water-saturated soil
crumbs larger than 3 mm in radius have no O; in their center (Harris 1981).
This means that aerobic and anaerobic zones may coexist in a soil even under
unsaturated conditions.

1.4 The Soil as Biological System

Soil organisms are an integral part of the soil medium and promote a con-
tinuous interaction between the living and nonliving soil populations. Both
physical and chemical properties of the soil solid phase are affected by or-
ganism activity. The soil populations also affect the properties of the soil liquid
and gaseous phases. The free-living organisms of the soil biota include bac-
teria, fungi, algae, and fauna.

1.4.1 Soil Biota: Components and Distribution

Viruses grow only within the living cells of other organisms. Bacteria are the
most numerous of the microorganisms in soil. Paul and Clark (1989) show that
both energy source and carbon source are useful for describing basic physio-
logical differences among bacteria, as among organisms generally. Those using
light as their energy source are termed phototrophic, and those deriving their
energy from a chemical source, chemotrophic. If CO, is used as the cell carbon
source, the organism is termed lithotrophic. If cell carbon is derived principally
from an organic substrate, the organism is organotrophic. Essentially the same
differentiation expressed in the terms lithotrophic and organotrophic is pro-
vided by the terms autotrophic and heterotrophic, respectively. The majority of
known bacterial species are chemoorganotrophic and are commonly referred
to as heterotrophs. Photolithotrophs include the higher plants, most algae,
cyanobacteria, and green sulfur bacteria. Chemolithotrophs use divers energy
sources, e.g., NH,", NO,~, Fe?*, §2-, and S,0%". The obligate chemolitho-
trophs use the same basic physiological pathway (the Calvin cycle) found in
most other organisms in metabolizing their own cell constituents. Their ap-
parent inability to use any known external source of organic carbon is possibly
linked to their lack of permeases to move organic molecules across cell
membranes. Organic molecules must be synthesized within the cell.

The fungi embrace eukaryotic organisms (molds, mildews, rusts, smuts,
yeasts, mushrooms, and puffballs) and of the soil organisms, these organo-
trophs are primarily responsible for the decomposition of organic residues,
despite the fact that they are outnumbered by the bacteria. Typically, the fungi
form slender filaments or hyphae, which collectively form the mycelium soma
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or thallus, reaching several decimeters in diameter. Algae are the most widely
distributed of all green plants. Terrestrial forms are founded on, and in, the soil
and soil parent material. Lichens are symbiotic associations of fungi and algae,
forming a single thallus or undifferentiated body. Protozoa and metazoa are,
respectively, unicellular and multicellular organisms, developing in the soil and
forming the soil mesofauna. Both soil physicochemical properties and the
structure of the soil microbial communities could be affected by the activity of
the above groups of organisms.

The population density of microbial organisms in the soil profile, which
generally follows the distribution pattern of organic matter, decreases with
depth. However, the population density does not continue to decrease to ex-
tinction with increasing depth, but reaches a very low and constantly declining
density. Distribution of microorganisms within the soil fabric might also be
observed. Bacteria show attachment to sand grains by fine fibrillae extending
from their cell walls and by extracellular mucilaginous polysaccharides (mu-
cigels). For clustering of sand grains, a combination of microbial and plant
mucigels, fungal hyphae, and small rootlets is required. Most bacteria are
larger than clay particles, and usually carry a negative charge. Mucigels are
macromolecules that do not move around in soil and, therefore, it is probable
that very fine clay particles migrate to mucigels and organisms to initiate
aggregate formation. Pore diameters in microaggregates are 0.2-2.5 um, and in
macroaggregates, mostly 25-100 um. Small pore neck sizes prevent entry of
organisms; therefore, only a few of the small pores can be invaded by bac-
teria.

Chemical analysis of the soil organic matter in microaggregates shows that
the contained sugars are mostly of microbial origin. Macroaggregates permit
aeration, water entry and drainage, diffusion of soluble compounds, and oc-
cupancy by organisms. Their pores are colonized by microflora and micro-
fauna, and some pore necks may permit entry of members of the mesofauna.
Large macroaggregates (>1 mm) may show penetration by roots or close as-
sociation with them. Macroaggregates are more intensively colonized by or-
ganisms and are metabolically more active sites than the soil taken as a whole.
Chemical analysis of macroaggregates shows greater contents of nutrients
(carbon, nitrogen, sulfur, phosphorus) and a greater proportion of sugars of
microbial origin than is found in the soil generally (Paul and Clark 1989).

1.4.2 Microorganism Bioactivity

Life being compared with a series of enzyme reactions, it is natural that the
activity of soil enzymes is of primary importance in dealing with micro-
organism bioactivity. Table 1.6 lists the common soil enzymes and the reac-
tions they catalyze. Some enzymes are constitutive (e.g., urease) and are’
routinely produced by cells, others are adoptive or induced and are formed
only in the presence of a susceptible substrate. Soil enzymes, being proteins, are
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often entrapped in soil organic and inorganic colloids and, therefore, a large
background of extracellular enzymes, not directly associated with the microbial
biomass, can be found in the soil (Paul and Clark 1989). The microbially
induced transformations control the availability and cycling in the soil medium
of nutrients such as carbon, nitrogen, sulfur, and phosphorus. The microbial
activity, including decomposition, can be described by the kinetics of corre-
sponding transformations. The reaction rates are generally expressed as
functions of the concentration of one or more of the substrates being degraded.
Several types of reaction kinetics cover the microbially mediated decay in the
soil medium: (1) zero-order kinetics, in which the rate of transformation of the
substrate is not affected by changes in its concentration; (2) first-order kinetics,
in which the rate of transformation of the substrate is proportional to its
concentration; and (3) hyperbolic reaction kinetics, in which the rate of
transformation approaches some maximum with time. These reaction kinetics
can be mathematically expressed, and microbially induced transformations in
the soil medium can be predicted accordingly.

1.5 Soil Heterogeneity

Soil properties on the field scale are spatially variable, with a difference of
sometimes more than an order of magnitude occurring within relatively small
fields (Bresler et al. 1984; Yaron et al. 1985). Although few published data are
available, it is assumed that the soil mineral and organic matter contents, and
thus its adsorption capacity, vary as well. Beckett and Webster (1971) calcu-
lated that the coefficient of variation for organic matter content for a single
field will be 25-30%. This variability is apparently inherent to some degree in
all field soils. Soil heterogeneity may result, for example, from microrelief
effects, natural cracks, inclusion of different materials, variations imparted
during formation processes, and from human activity. Soil heterogeneity can
affect pollutant behavior in relation to adsorption, transport, and persistence.

The interpretation of the variability of soil constituents and physical
properties has been an object of interest for pedologists and soil physicists (e.g.,
Biggar and Nielsen 1976, Dagan and Bresler 1979; Burgess and Webster 1980;
Bouma 1981, 1989; Nielsen et al. 1983; Bresler et al. 1984; Webster 1985). The
concept of representative elementary volume (REV), developed and used for
porous media (Hubert 1955; Bear 1972), was transferred to soil science. In this
concept the soil continuum is considered as a summation of representative
elementary volumes (REV), and the definition and measurement of the soil
properties are made on volumes of soils greater than this volume. Volume
scales selected for the various soil properties differ and the REV would be
different for physical, chemical, or microbiological parameters. The whole soil
is considered to be divided into domains of microscopic, macroscopic, and
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megascopic effects, and the variations within each domain increase from the
microscopic to the megascopic.

When a pollutant reaches a soil, its concentration in the liquid phase is
dependent not only on the soil constituents but on their domainal distribution.
For example, in the microscopic domain, the concentration of the solution will
fluctuate depending upon the size and distribution of the pores and of the soil
aggregates. Solute diffusion into aggregates will affect the adsorption-desorp-
tion process, the rate of chemical conversion, and the ratio between anaerobic
and aerobic microbial activity. The partitioning between the air, water, and
solid phases in the microscopic domain may also affect the volatilization of
pollutants. In the macroscopic or megascopic domain, where large pores or soil
cracks exist, convective transport, together with diffusion into and out of the
soil aggregates, will define chemical behavior in the soil. As a consequence, the
spatial distribution of soil properties affects and governs pollutant behavior in
the soil system.

The spatial variability of a soil is not confined to field conditions; it occurs
even on the laboratory scale generally used for defining soil parameters re-
levant to soil pollution estimation and prediction. There are two reasons. The
first is related to the variability among the samples used in laboratory mea-
surements, which must be taken into account in the sampling procedure. The
second reason lies in the intrinsic variability of the sample. In a recent work of
Wise (1993), the effect of laboratory-scale variability on the nonlinear sorptive
behavior in a porous medium was proved. The author considered a porous
medium to be composed of spatially distributed particles, individually char-
acterized by randomly distributed sorptive capacities and selectivity coeffi-
cients. Comparing the validity of Langmuir’s and Freundlich’s isotherms for
individual particles and soil aggregates, Wise (1993) observed a discrepancy
between the results obtained with an individual particle, and those with an
ensemble of particles, in composing the media. As the variability in underlying
sorptive property increases, the Langmuir isotherm ceases to describe the be-
havior of the aggregates of individual particles well, under either static or
dynamic conditions. The estimation of pollution hazard from the laboratory-
obtained parameters should, therefore, consider the variability among the in-
dividual particles forming the analyzed soil sample, in order to validate the
results obtained.
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CHAPTER 2
The Soil Pollutants

We consider as a pollutant any chemical of natural or anthropogenic origin
which accumulates in the soil medium and changes the natural soil equilibrium,
as a result of human activity. A modern society, however, cannot be developed
without the use of natural and synthetic compounds which may be added to
the various ecosystems. The art of safeguarding the environment consists of
minimizing the amount of out-system compounds reaching the land surface
and restraining as much as possible the pollution-generating sites by control-
ling their disposal habits.

This chapter will deal with the pollutants reaching the land surface, with
emphasis on their chemical structure and properties, which in the final state
control their behavior in the soil. For didactic reasons, we have grouped the
soil pollutants into inorganic, inorganic-organically bound compounds, and
organic toxic compounds. This chapter will not include tabular data of the
properties of the soil pollutants, but only a blend of illustrative characteristics
of the major pollutants reaching the soil porous media.

2.1 Inorganic and Inorganic-Organically Combined Pollutants

In this group of pollutants we will include nitrates, phosphates, salts, and trace
elements. The main characteristics of these compounds are that many of them
are found in the soil in inorganic and organic forms, their behavior changing
according to their speciative status.

2.1.1 Nitrogen Forms

The main inorganic N compounds detected in soils include NO3, NO;, ex-
changeable NH, mineral-fixed NH}, dinitrogen gas (N3), and nitrous oxide
(N20,). The nonexchangeable (fixed NH}) may constitute over 50% of total N
in some soils, but in most of the agricultural land it constitutes no more than
10%. Fixation and release of NHJ are discussed in Chapter 6.

NOj, NO3, and exchangeable NH} are considered the most important
inorganic N compounds, and under natural conditions their concentration
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generally ranges from a few to a few tens of ppm (Allison 1973). The N
concentration in the soil upper layer fluctuates during the year and is affected
by the climatic changes (e.g., from about 10 ppm during the winter to about 50
ppm during the spring in a temperate climate). In contrast to fixed NH], the
distribution of which is correlated with depth in the presence of clay material,
the distribution of NOj is not correlated with a specific soil characteristic, but
usually follows the water movement through the soil. Exceptions are soils with
significant anion exchange properties, or other sorption sites, where the mo-
bility of NOj is less appreciable (e.g., soils with high Fe-oxides-hydroxides
content).

Stevenson (1982) stated that 90% of the N in the surface layer of most soils
is organically combined. He defined the following group of forms of organic N
in terms of acid hydrolysis fractionation: acid-insoluble N, amino acid N,
amino sugar N, and hydrolyzable unknown N (HUN) fraction. The N dis-
tribution in soils exhibits a climate effect: a higher percentage of the N in soils
occurred as amino acid N and as amino sugar N in the warm climates; lower
values were observed at cool temperatures and in the arctic zone. The high
resistance of organic N complexes to soil microbial attack is known; it can be
explained by the nature of the N-organic complexes (e.g., NH3 or NO; -lignin
or humic substance complexes) by their adsorption on clay mineral surfaces
and by the fact of some of the organic N being entrapped in small pores,
inaccessible to microorganisms (Stevenson 1982).

Jenny (1941) showed that in uncultivated soils the organic matter and N
content attains a steady-state level that is governed by the soil-forming factors
(climate, relief, vegetation and organisms, parent material, and time).

The N cycle in soils is an integral part of the overall cycle of N in nature
(Fig. 2.1); it is maintained in soils, not only through fixation of molecular N,
by microorganisms, but also through the return of NH} and NOj in rain-
water. The N balance in soils is controlled by biological N, fixation, miner-
alization, and conversion of organic forms of N to NH; and NOj
(ammonification-nitrification), or by utilization of NH; and NOj by plants
and microorganisms (assimilation-immobilization). An important source of N
is fertilization of agricultural lands and from land disposal of wastes and
sewage effluents. An additional source of nitrogen is that which originates from
acid rains. The natural and man-made contents of nitrogen oxides (NOy) in the
atmosphere originate from lighting, volcanic eruptions, and, mainly, from
biological processes. Most man-made emissions derive from point sources
characterized by spatial variations of NOy level, peaks being observed over the
cities. These emissions induce the acidification of rain and the NOy forms a
solute which reaches the land surface via the rainwater.

Nitrogen losses from soil occur mainly through crop removal, volatilization,
and leaching. Under suitable conditions, NH; can be lost from soils by vola-
tilization (see Chap. 4). An additional cause of losses results from bacterial
denitrification to N,O and various intermediate reduction products. All bac-
teria involved in denitrification are facultative anaerobes and their denitrifying
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activity occurs under a soil with a poor drainage, in a temperature range of 5—
25 °C, and at soil pH around 7.5, in the presence of a good supply of de-
composable organic matter. Leaching encompasses NO; and NH to a lesser
degree; it follows the water transport pattern through soils.

Adverse effects of nitrogen encompass both human health and the terrestrial
environment, and these occur when excess of NOj and its reduction product
NO; (N-nitroso compounds) are found.

2.1.2 Phosphorus Forms

Soil phosphorus forms include organic and inorganic fractions, consisting of
compounds characterized by different solubility and availability for various
reactions, and with specific potential contributions to the pool of labile or
available P in the soil. The percentage of each P fraction varies greatly. The
organic fraction is 5-90% of the total P, with the higher percentages being
typical of organic soils.

The principal inorganic P forms in soils are Ca orthophosphates, adsorbed
orthophosphates, and occluded phosphates (Lindsay 1979; Mengel 1985). The
formation of Ca phosphates is promoted under alkaline conditions in the
presence of a high Ca concentration. Since the pH and the level of Ca in
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calcareous soils are high, Ca phosphates are the predominant stable com-
pounds in these soils. The various Ca phosphate compounds found in soils are
characterized by specific solubility and availability levels. The order of solu-
bility of the common phosphate ions is: H,PO, > HPO;~ > PO;~. The for-
mation of stable phosphate compounds (tricalcium phosphate and apatite) is
favored at high pH, while Al and Fe phosphates are formed at low pH.

The level of total P in soils varies greatly, lying between 0.1 and 0.8 g P kg™!
dry soil and 500 and 2000 kg P ha~! in the top 0.2-m layer. Typical levels of P
in the subsoil solution of unfertilized soil range from 0.001 to 0.1 mg P 17!
(Hook 1983). The level of P available to plants, as determined by various
chemical and biological methods (Olsen and Sommers 1982), comprises only a
small fraction of the total P present. The concentration of water-soluble P is
0.03-3 mg kg~! dry soil (Ryden and Pratt 1980), with most of the published
values below 1 mg P kg~!. Application of P to the soil, as fertilizer, manure, or
in effluent, results in an immediate rise in the level of water-soluble P in the soil.
However, due to adsorption and precipitation reactions taking place in the soil,
the level of soluble P declines rapidly with time. Phosphorus uptake by plants
also reduces the level of soluble P in the soil, but usually at a much slower rate.
The actual level of water-soluble P in soil is usually very low, and the move-
ment of P through the soil is restricted (Feigin et al. 1991). Phosphorus con-
tained in substances such as fertilizer, organic amendments, and sewage
effluents, when added to the soil, soon becomes an integral part of the soil P.

Summarizing the transformation of P in the soil medium, Feigin et al. (1991)
emphasized that P in fertilizers, consisting of soluble P, becomes part of the
labile P in soils. Effluents, depending on the chemical properties of the P they
contain, may also contribute to the pool of fresh organic P. Manures and other
materials containing organic P may behave in a similar way. The labile P is
available to plants and is therefore immobilized in plant materials (grain,
stover, or root) and through microbial activity as fresh, and, later, also as
stable organic P. Some of the plant P, such as grain P, is removed from the
field, while the rest is reincorporated into the soil, finding its way into the pool
of fresh organic P. Decomposition of soil organic matter (fresh and stable
pools) releases P back into the pool of labile P. The rate of this process depends
on the nature of the soil organic matter, and on soil conditions such as pH,
moisture, temperature and aeration.

The peak concentration of labile P, which occurs immediately after the
addition of soluble P to the soil, declines within a few hours or, at most, within
a day or two, as P is transformed into other forms, mainly by binding to the
pools of active and stable inorganic P. The relative proportions of the labile,
active and stable inorganic-P forms are constant, providing a constant supply
of P as it is taken up by the crop.

The predominant processes involved in the transformation of labile P to less
soluble forms are sorption, precipitation, and occlusion of inorganic P. The
formation of insoluble Ca-phosphate compounds is the main process re-
sponsible for the reduction in the level of labile P in calcareous soils. The high
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concentration of Ca and the high pH characteristic of these soils promote the
process. Sorption processes are often the major explanation for the removal of
labile P by noncalcareous soils mainly on Fe- and Al-oxides (Ryden and Pratt
1980).

Phosphorus loss from soil occurs mainly through crop removal runoff and
leaching. The uptake of P by agricultural crops, for example, varies greatly
(10-100 kg ha~'yr~!) with most values being between 20 and 50 kg ha~lyr~!.
Leaching of phosphate also varies as a function of P form, of the soil prop-
erties, and of the amount of water (rain — irrigation) passed through the sys-
tem. An important retention factor is the soil adsorption capacity for P, the
amount in excess of that adsorbed should be leached into depth. Ryden and
Pratt (1980) showed, however, that the actual capacity of soil to adsorp P is
often much greater than that predicted by laboratory tests, and that alternate
drying and wetting restores the adsorption capacity of the soils. On the other
hand, cases of faster-than-predicted movement of P have been recorded and
explained in terms of the preferential flow of the solute. An additional factor
which should be considered in P retention by soils is its precipitation. Runoff
from agricultural lands is a major route for phosphate transport to surface
water. Adverse effects of phosphorus encompass both human health, as well as
the soil and water environment and those occurring when the chemical is in
excess. Man’s activities affect the global phosphorus cycle to an ever-increasing
degree. The phosphate in sewer discharge and from farm erosion is already
affecting freshwater and marine ecology in parts of North America, Europe,
and Asia.

2.1.3 Salts

The soil liquid phase, as well as all water reaching the soil, is characterized by a
specific salt content. The distribution of the ions between the soil liquid and
solid phases is governed by the exchange properties of the solid phase and
controlled by the ion exchange process. As an example, chemical examination of
solutions extracted from soils from arid and semiarid climatic areas reveals Na*,
Ca?t, Mg?*, K+, CI*~, SO3~, HCO3 and CO3?~ as major ionic components.

Under special conditions — mainly as a result of human activity — the salt
presence in the soil, as reflected by the quantity and its ionic ratio, may become
harmful to the environment. Among the anions with a potential to become
pollutants, sulfur and chloride should be considered, as well as magnesium and
sodium, among the cations.

2.1.3.1 The Anions,

Both anions, sulfur and chloride, could reach harmful levels for the soil en-
vironment as a result of human activity and consequently become pollutants.
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Sulfur forms to be considered as potential pollutants originate from both
earth and atmospheric sources. Sulfur in soil occurs as sulfate minerals, sulfur-
bearing minerals, adsorbed on mineral surfaces, as components of the soil
organic matter, and as sulfides in the soil liquid phase. The atmospheric sulfur
consists primarily of SO,, but other gaseous sulfur compounds could be found.

Inorganic sulfur might be found in soils as mineral sulfur, adsorbed sulfate,
or as solutes. In mineral form, sulfur may occur as precipitating calcium or
magnesium sulfates, or as metal sulfides such as FeS, or ZnS;. The sulfide
minerals occur primarily under anaerobic conditions and oxidize to sulfuric
acid when exposed to air. Inorganic sulfur represents only 5-10% of total
sulfur in soils (Neptune et al. 1975).

Sulfur-containing compounds in the soil organic matter include the amino
acids cystine and methionine and their related compounds. Organic sulfur has
been fractionated (Anderson 1975) into the following fractions: reducible
sulfur, ester sulfate, sulfur, carbon-bonded sulfur, etc. Release of organic sulfur
is related to the rate of organic matter decomposition. Sulfur released from
organic matter is oxidized to sulfate by sulfur-oxidizing microorganisms.

The gaseous sulfur dioxide (SO,), resulting from human activity as an
emission from power stations or industrial and urban complexes, is dissolved in
the water, inducing its acidification, and in this form reaches the land surface.
Since these man-made emissions are, in part, of point source origin, their effect
on the soil sulfur balance will be only a local one.

An additional deposition of sulfur on the soil surface resulting also from an
anthropogenic source is the sulfate. It can be found in irrigation or drainage
water and reaches the soil as a result of irrigation with saline water or due to
the rise in the drainage water sulfate level as a result of a malpractice in
controlling the sulfur balance in irrigation systems. In a soil, it may also be
changed as a result of the use of CaSO, for soil reclamation.

Chloride is an additional component of the earth water which could become
a pollutant when added to the soil system under uncontrolled management.
Under natural origin, the chloride can reach the soil by dissolution of crys-
talline material and deposition reactions which may be either reversible or
irreversible. Mainly, the ion Cl~ is found as a solute in the soil liquid phase, as
a free salt, or adsorbed on positively charged soil surfaces. The Cl~ balance in
soil is disturbed as a result of irrigation with saline water rich in Cl~ or by a
chlorotic groundwater which rises into the upper part of the soil as a result of a
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