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ABSTRACT

The effects of pH and ionic strength (I) on Ni agsion in variable charge soils were evaluated bpdratory
batch experiments. Experimental results fittedLthegmuir model. Maximum adsorption (Agd¥ ranged from 260-
2818 mg kg (topsoil) to 532-1541 mg Kg(subsoil). Nickel affinity (K was higher in the subsoil samples (0.022-
0.236 L k@) than in topsoil (0.003-0.049 L Ry Adsorption envelopes showed sharp increase adsorption (20-
90%) in the 4.0-6.0 pH range. Nickel adsorption w#fected by | and specific adsorption predominatethe 3.0-
5.0 pH range, while above pH 5.0, it was adsorbgcelectrostatic mechanisms. Negative values of éreergy
variation (4G) and the separation factorgK1l indicated that Ni adsorption reaction was favbla and occurred
spontaneously, especially when pH increase. Chémita mineralogical soil attributes should be calesied as
criteria for selecting the areas for disposal o$idues containing Ni to minimize the impact ongheironment.
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INTRODUCTION the resistance and the heat and mechanical
properties of more than 3000 metal alloys
Nickel (Ni) is a heavy metal whose natural contenSunderman and Oskarsson, 1991). Chronic
in the soil can vary from very small proportionsexposure to Ni can affect the cardiovascular and
(< 5 mg kg"), which qualify it as a trace element, respiratory systems, skin and liver, in addition to
to excessively high concentrations (5000 mg)kg enhancing the teratogenic and carcinogenic effect
found in the soils formed on ultrabasic igneou®f the element (Denkhaus and Salnikow, 2002).
rocks (Rovers et al., 1983; Uren, 1992). Plantdlobility and bioavailability of Ni in the solil
require Ni because the element acts as a ureagdepend on its concentration at the liquid phase.
activator, which breaks urea into carbonic gas anéihe entry of the element in the food chain can be
ammonia (Eskew et al., 1983). Over the years, tHacilitated by absorption and translocation by the
quantity of Ni released in the soil has increase@lants or by leaching to the underground water
due to the high production, processing angheets. Its persistence in the soil and reduction i
recycling of Ni and its byproducts and residuesmobility involve the phenomena of sorption,
Nickel is very important in the electronics sectordesorption, precipitation, complexing, oxi-
in the production of Ni-Cd batteries and in thereduction and dissolution. Although all these
galvanoplasty industry, where it is used to improvéeactions can occur simultaneously, adsorption
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mechanisms are known to be determinant in thmetal is retained by the soil (Morera et al., 2001)
control of metal availability and solubility in the The Langmuir isotherm, fitted by nonlinear
soil (Sparks, 1999). Interest has grown recently imodels, was successfully applied in the study of
the phenomena of metallic ion adsorption bymetals in Oxisols, including Ni (Camargo et al.,
surfaces with pH-dependent charges to increas®89; Pombo et al.,, 1989). However, metal
the understanding of the dynamic of theseadsorption modeling in tropical soils is rarely
contaminants in the environments of tropicalaccompanied by a more detailed description, based
region. In these systems, dependence of adsorption thermodynamics concepts (Silveira et al., 1999;
in relation to the variations in the soil solutionDias et al., 2003; Soares et al., 2005; Iglesiad. et
parameters, such as pH and ionic strength, ®007; Casagrande et al., 2008; Mouta et al., 2008;
determinant for understanding the chemicaboares et al.,, 2009). Some information has been
performance of metals in the soil, from theobtained on thermodynamic modeling for the
agricultural, environmental and public healthadsorption reaction of some metallic ions by
points of view (Uren, 1992). homogeneous surfaces, such as kaolinite and
The pH is the primary factor that controls heavyoxidic interfaces (James and Healy, 1972; Angove
metal adsorption and their availability (Harter,et al., 1999; Trivedi and Axe, 2000), but there are
1983; Casagrande et al., 2008). However, residuésw data on the thermodynamics of the Ni
and effluents applied to the soil may contain adsorption reaction in the soils (Sen Gupta and
series of specific chemicals in solution (TamaninBhattacharyya, 2006). As metal distribution
et al., 2008) and the electrolytic concentration immong the liquid and solid phases is a measure of
frequently higher than that found in the soilthe position of equilibrium in the adsorption
solution (Bowman et al., 1981). The dependencprocess, the state of this system can be defined by
of adsorption with regard to ionic strength is use@ set of thermodynamic properties that can serve
to distinguish the outer- and inner-sphereas measures of the extension and spontaneity of
adsorption mechanisms, which informs thehe adsorption reaction (Soares et al.,, 2005;
stability and intensity of the retention processCasagrande et al., 2008).

(Petruzzelli et al., 1985; Kosmulski, 1997;The objectives of this study were to investigat th
Criscenti and Sverjensky, 1999). This aspect is gfarameters of the Ni adsorption reaction by the
particular interest for Ni adsorption, becausedhersoils  with  predominantly Fe and Al

iS N0 consensus Yyet on its retention mechanism kfpxy)hydroxides in their mineralogy and to assess
the soil. the directional force of this reaction by studying
Nickel adsorption has been studied in purehe thermodynamic parameters in function of the
systems, such as Fe, Al and Mn hydrated oxidegariation in soil solution pH and ionic strength.
(McKenzie, 1980; Beukes et al.,, 2000), clay

minerals (Mattigod et al., 1979; Echeverria et al.,

2003; Sen Gupta and Bhattacharyya, 2006) andlIATERIALS AND METHODS

organic matter (Mellis et al., 2004), and in

complex systems such as the soil, under naturgoils

and agricultural conditions or with residueln order to study Ni adsorption, topsoil (0-0.2 m)
application (Camargo et al., 1989; Pombo et aland subsoil samples (the greatest expression of the
1989; Mellis et al., 2004; Iglesias et al., 2007)B horizon diagnostic) of two Oxisols [heavy
However, sufficient data have not yet beertlayey-textured Anionic “Rhodic” Acrudox (RA);
gathered on Ni adsorption by weathered soils ahedium-textured Anionic “Xanthic” Acrudox
the wet tropics to assure the implementation ofXA)] and one Alfisol [heavy clayey-textured
efficient prevention techniques and remediation oRhodic Hapludalf (RH)] (Soil Survey Staff, 1999)
soil contamination. derived from basalt and collected in locations in
Reactions between the heavy metals and soil ha®&o Paulo State, Brazil (Ribeirdo Preto — 21°10’S,
been described mathematically by adsorptioa7°48"'W: Guaira — 20°19'S, 48°18'W: Araras —
isotherm equations that describe the ratio betwegp°20'S, 47°27'W) were used.

the adsorbed and in solution metal concentration.

This approach gives quantitative parameters of th&oil characterization

adsorption reaction, supplying important data omRoutine chemical, physical and mineralogical
the retention capacity and the force by which theharacterization of the soil samples was performed
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in fine air-dried soil samples, sieved through 2 mn#.0 mol L'* HCI and NaOH solutions to be added
mesh, according to well established methodso reach the desired pH variation (3.0 to 8.0)aso
described in Camargo et al. (1986) and Raij et ahot to exceed 2% of the volume of the electrolyte
(2001). pH was determined by potenciometry irsupport. All the procedures were performed in
H,0O and in 1 mol [* KCI suspensions with 1:2.5 triplicate.

soil:solution ratio, and the differenégH = pHc The quantity of adsorbed Ni, [Ni, and the

— pHi20 Was used as estimate of the net chargadsorption percentage, %N were calculated by
balance (Mekaru and Uehara, 1972). The zerthe ratios:

point of salt effect (ZPSE) represented the pH

value at the point of intersection of the titration _ ([Ni], =[NiJ )V

curves with H and with OH at three KCI [Nilos = M [Eq.1]
concentrations (0.1; 0.01 and 0.001 mo11)L (INi], =[Ni]..)

(Alleoni and Camargo, 1994). Samples were alsg4Ni_, = 0 “x100 [Eq.2]
investigated using the cesium {Lsadsorption o [Ni],

method, which measured the structural permanent

and variable charges and was based on thehere [NiLgswas the quantity of Ni adsorbed after
preference of Csover Li" in the siloxane surface equilibrium (mg kg); [Ni]o and [Nik, were the
sites and the lower selectivity of ionizable suefac added initial and equilibrium concentration
group for the Cs ion (Weber et al., 2005). Thgmg L"), respectively; V = solution volume (mL);
BET N, adsorption method was used to measurand M = mass of the soil sample (g). The Ni
the specific surface area (SSA) (Feller et al.quantities originally present in the soil samples
1992). Kaolinite and gibbsite contents were semiwere subtracted from the quantity of Ni adsorbed.
quantified by differential termal analysis (DTA) of Adsorption isotherms ([Ni}s vs [Ni]e) were

the deferrified clay fraction without organic matte constructed from the experimental results, and the

of the soil samples (Tan et al., 1986). Ni adsorption (Adg) was compared with that
estimated by the nonlinear form of the Langmuir

Batch mode adsorption studies isotherm:

Laboratory batch mode adsorption experiments

were carried out according to Soares and _ K C Ads,,

Casagrande (2009), after adding 20 mL of A% = 1+K,_C [Eq.3]
eq

Ca(NQ,), electrolytic solution containing Ni in the

form of hydrated nitrate salt [Ni(N2.6H,O] at 2 \yhere K was the parameter related to the soil
g of fine air-dried soil samples, maintaining theaffinity for Ni (L kg?): C.q Was equilibrium
1:10 soil:solution ratio. The set was placed irboncentration; and Ads, was the maximum Ni
polyethylene flasks under agitation (150 rpm) foradsorption capacity (mg Ky The Langmuir
24 h at 24+ 2°C. After equilibration, suspensions jsotherm was fitted to the Ni adsorption results by
were then centrifuged twice, at 25@) and Ni  the Fitfunc and Fitfun.bas softwares (Barrow,
concentration in the supernatant was determinefb87), which used the nonlinear optimization of
by atomic  absorption  spectrophotometrythe |east squares and did not require the
Adsorption isotherms were elaborated for soilinearization of the isotherm. This procedure
samples at natural pH from the experiments withyoided the introduction of changes in the error
increasing Ni concentrations (5.0 to 80.0 MY,L gistribution and acquisition of influenced

with Ca(NQ), 0.01 mol L as electrolytic support. parameters (K and Ads.) (Goldberg et al.,
Under similar experimental conditions, adsorptiorn 9g3).

envelopes were constructed by the %MNis pH
plot, after adjusting the pH, by adding HCI ortnermodynamic parameters of adsorption
NaOH 4 mol L, in the suspensions containing Sreaction

ERNTE -
mg L™ Ni in Ca(NQ), 0.01, 0.1 and 1.0 mol'L  The contact between the solid phase and the
electrolyte  support, for the simultaneousspecies present in the solution may or may not
verification of the pH and ionic strength effects 0 gccur under the equilibrium conditions (Suarez,
the Ni adsorption reaction. Previous trials wereggg). In both cases, adsorption reactions can be
carried out to verify the volume of 0.04, 0.4 andjescribed mathematically by determining the
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Gibbs free energy (Silveira et al., 1999; Diaslet a subsoil samples presented ZPSE values higher
2003; Soares et al., 2005; Casagrande et al., 200Ban soil pH and this resulted in a positive

Mouta et al., 2008; Soares et al., 2009): equilibrium charge, as confirmed by thEpH
values. In the first 125 cm of depth, Oxisols also
AG =RT (logGq—log G) [EQ.4] presented effective cation exchange capacity

-1
where AG was the variation in the free energy (.J(>ECSE g) Ie;se;r:.erl]n 15thr2mdr{§ (_)rfe(r:rllag]gnd lerﬂc' the
mol™"); R was the universal constant of the gases = _ .~ N9 qui

8.314 J mot K- T was the absolute temperaturemanifeStaﬁon of acric_ properties (Soil Survey
(K): and G was added initial concentration. Staff, 1999). These soils were close to the end of

The characteristics of the Langmuir isothermthelr pedoggnetlc de"e.'?’pme”t. cycle. They had
could be expressed in terms of the separatiolri.ndergone intense deS|I|(_:at|zat|on because of the
factor or equilibium parameter, K a prolonged weathering action that was reflected by
) Rl . . .
dimensionless constant that indicated whether tH9€ 0w Ki values (Table 1). Higtwi/a, ratios

adsorption reaction was favorable by the equatioﬁ owed a]so th'e predominance. .Of variable charges
(Ho et al., 2002: Mahramanliouglu et al., 200 In the acric Oxisols. This condition was expected,

Singh and Pant, 2004: Soares et al., 200decause _the main cons'_[ituents of the s_o_lid phase of
Casagrande et al., 2008; Mouta et al., 2008; Soargéese soils were organic matter, kaolinite and the
et al., 2009): e and Al (oxy)hydroxides, whose surface charge
' varied according to the pH and ionic strength of
K. = 1 [Eq.5] the system. Rhodic Acrudox presented the highest
R o1+ K.C, "7 Fe and Al contents extracted by sulfuric acid and
by the Na-DCB solution, which corresponded to
where K was the affinity constant estimated bythe contents present in the structure of the
the Langmuir equation (Eg. 3). secondary minerals and to those regarding the
crystalline forms, respectively. Rhodic Acrudox,
when compared to Xanthic Acrudox and Rhodic

RESULTS AND DISCUSSION Hapludalf, presented higher and similar contents
of poorly crystalline iron oxides, respectively.ih
Soil attributes fraction corresponded to the more reactive oxide

Table 1 shows some chemical, physical andpecies with greater specific surface.
mineralogical attributes of the soils. Oxisols

Table 1- Chemical, physical and mineralogical attributéthe soils.

Extractor solution

S?:Et';]”g PHipo ApH zPSE CNArdedensilty popo i oc ki Gb NaCBD  Tamm H,50,  Ki SSA
0o On  OJ0n Fes Alg Fe, Alg Fesa Alsa
m e mmo} kg* g kg* nt gt
Rhodic Hapludalf (RH)
0002 57 09 36 631302 21 108 820 26 249 59 150 23 12 8 270 167 - 134
07-09 60 07 36 354309 12 54 700 7 263 80 150 21 14 7 284 195 0.90 151

Anionic “Rhodic” Acrudox (RA)

0.0-0.2 64 -09 36 39982 49 63 600 20 172375 164 26 13 10 320 195 - 65
1.0-14 53 +03 56 16.147 34 8 640 5 216431 185 21 9 7 341 195 041 76
Anionic “Xanthic” Acrudox (XA)
0.0-0.2 46 -06 34 32384 38 13 350 16 248200 39 22 2 6 66 91 - 65
1.0-1.3 51 +0.6 6.0 18413 142 3 450 6 196189 43 31 2 8 96 125 0.65 53

ZPSE = zero point of salt effea, = variable chargegy = permanent charge; ECEC = effective cation exchaagacity; SSA

= specific surface area; OC = organic carbon; Ktaoliite; Gb = gibbsite; lreand Al = iron and aluminum extracted by
sodium citrate-bicarbonate-ditionite (Na-CBD); ;Fand AL = iron and aluminum extracted by Tamm’s solution
[(COOH),.2H,0+(NH,),C,04.H,0]; Fesand Al = iron and aluminum extracted by$0, 9 mol L'Y; Ki = wheathering index =
SiO)/Al0s.
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The decrease in they values with depth was surface area (SSA). Gibbsite contents were
attributed to the decrease in organic matteparticularly high in the Oxisols, and the
content, the main supplier of variable negativeoccurrence of this mineral has implications on the
charges in wet tropical soils. In the absence ofagnitude of the electric charges, especially e th
organic matter, Fe and Al (oxy)hydroxides weredeeper horizons, where the CO contents were
responsible for maintaining about 50% of thesmall. Regarding the clay fraction of the soils,
reversible charges. High permanent and variablBhodic Acrudox, because it was the most
charge values were found in RH, which conferredveathered, presented greater crystalling)(bad
greater charge density. This occurred iramorphous (R¢ Fe oxide contents, followed by
consequence of the less advanced weathering stafe Alfisol.

of RH, whose Ki value indicated less intense silica

loss, justifying both its greater kaolinite content Adsorption isotherms at natural pH

and the occurrence of clay minerals of the 2:1 typBigure 1 shows the typical Ni adsorption isotherms
[interstratified chloride/vermicullite and by the weathered soils at natural pH and constant
vermicullite (results not shown)], responsible no©0.01 mol L' Ca(NQy), ionic strength. Nickel
only for the manifestation of permanent chargesdsorption increased as more concentrated
(o) but also for the increase in the specificsolutions of the metal were added (Fig. 1).

g
g

Sample Ads, K Sanple Ads, ., K
7004 Topsoil mgkg" Lkg" 700 Subsoil mgkg® Lkg"
o [ XA 281811 0003 /’b XA 75952 0022
6004 C— RA 26008 0021 600 / o“___. RA 53244 0236
_ o-——-RH  1687.29 0049 — / o____RH 154197 0067
2 500 D 5004 7
(=] ()] /
0o
é 400 o % 400 i
Z z
@ 304 8 300-
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2 2
T 200 T 2004
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100 100
04 04
T T T T T 1 T T T T T 1
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4 1
C.(mgL?) C,(mgL")

Figure 1 - Isotherms and parameters of nickel adsorptiots{4 = maximum adsorption; K=
affinity constant) obtained from the adjustmenttlid Langmuir equation (curves) to
the experimental results (points); XA = Anionic ‘“iic” Acrudox; RA= Anionic
“Rhodic” Acrudox; RH = Rhodic Hapludalf.

Adsorption curve slope obtained for RH indicatedl989), or to the predominance of hydrolyzed
the more expressive increase in adsorption ametallic species (James and Healy, 1972;
lower Ni concentrations initially added. IsothermsEcheverria et al., 2003).

fitted to the Oxisols, regardless of depth, were CLangmuir equation, whose original derivation
type, characterized by a small initial slope whictconsidered only the forces involved between the
remained constant and was not related to thadsorbate and the adsorbent surface, leading to the
equilibrium concentration (Sposito, 1989). Theformation of a monolayer of metal over the active
high initial slope in the H-type isotherms shownsites of a homogeneous surface, simulated
by RH suggested high affinity of the soil for N§ a adequately the experimental results of Ni
a result of inner-sphere type surface complexingdsorption (Fig. 1).

mechanisms, or to significant adsorption processé&hus, Langmuir model could be used to
mediated by van der Waals interactions (Sposit@rognosticate Ni performance in the soils with
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attributes similar to those in this study (Table 1)content, ratifying results of other studies with
Experimental results obtained for RH showednetal adsorption by highly weathered soils
higher adherence to the Langmuir isothern{Silveira and Alleoni, 2003; Casagrande et al.,
compared to those of the Oxisols, which showe@008; Mouta et al., 2008; Soares et al., 2009).
small deviations between the observed anMellis et al. (2004) reported decrease in Ni
simulated results with the increase in the Nadsorption after eliminating the organic matter in
concentrations added (Fig. 1). The appropriate fihe weathered soils. According to Soares and
of the Ni adsorption results by Oxisols, and evelleoni (2008), soil organic matter was
by less weathered soils to the Langmuir isothermesponsible for 50 to 95% of the cation exchange
had been reported previously (Camargo et algapacity (CEC) in Brazilian Oxisols, whose
1989; Pombo et al., 1989). The parameters derivedorganic fraction was composed by low reactive
from the isotherms fit were convenient forminerals. The authors estimated that the
comparative assessment of different soils andontribution of organic matter to soil CEC was
elements. The adsorption parameters, Adand more than 60 times higher than the one of clay
K., indicated that Ni adsorption varied accordingraction. Although organic matter favors the
to the soil and sampling depth (Fig. 1). Practicall adsorption of a greater quantity of Ni, Konstants

in all the cases, isotherms did not becomestimated by the Langmuir model (Fig. 1), which
asymptotic and the maximum adsorption wasepresents the combined effect of all the reactions
estimated by the fit of the least squares of ththat occurred on the solid/liquid interface (Angove
Langmuir equation. The Ni Adg, ranged from et al., 1999), suggested that Ni was more strongly
260 (RA) to 2818 mg K§ (XA) in the topsoil adsorbed in the subsoil horizons.

layer. This more than tenfold variation wasln this soil layer, the organic matter has less
associated to the soil type, especially to thénfluence and permits higher exposure of the
mineralogy. The soils with similar Fe mineral colloid surfaces that are hidden in the
(oxy)hydroxide contents may differ appreciably intopsoil layers because of the direct association
their ability to retain heavy metals. Xanthicbetween Fe and Al (oxy)hydroxides, gibbsite and
Acrudox had lower clay and free iron oxidekaolinite with organic compounds.

contents (Table 1), but because of its colorirgy, it

mineralogical composition was  probably Adsorption envelopes: influence of soil pH on
dominated by goethite. Iron oxides such adiadsorption

hematite ¢-FeQ;) have two thirds of their There is a critical pH interval for the
octahedric sites filled, while hydrated oxides,rsuc solid/solution interfaces, generally smaller than
as goethite -FeOOH), had only half their two units, where the metal adsorption percentage
octahedric sites filled (Cornell and Schwertmannimay increase sharply from extremely low pH
1996). This mean higher density of hydroxylicvalue to 100% at high pH values (Sposito, 1989;
surface sites available for adsorption. In théSoares and Casagrande, 2009). This critical
subsoil, RH presented the highest Ni adsorptiofitterval, known as the adsorption edge, is related
capacity (1541 mg kb and maintained practically to the hydrolysis constant of the metallic ion. The
the same capacity shown by the topsoil samplélegree to which the metals are hydrolyzed is
This result indicated that organic matter could noprobably the main factor that determines the
have such a decisive effect on Ni adsorption bgluantity of metal retained at a given pH (James
RH, since this soil still had permanent chargessiteand Healy, 1972; Harter, 1983). Adsorption
(o) for adsorption as a result of its less advance@nvelopes (Fig. 2), represented graphically by
weathering condition (see Ki in Table 1). On the¥badsvs pH plot, showed the relative proportion of
other hand, higher Ads, values were detected in Ni removal from the solution, for a constant ionic
the samples from the Oxisols topsoil horizons angtrength of 0.01 mol £ Ca(NQ), and at fixed
should be correlated with the organic carborinitial concentration of 5 mgtof Ni.
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Figure 2 - Nickel adsorption envelopes for topsoil and silbsamples from highly weathered
tropical soils after addition of 5 mg"iNi.

Nickel adsorption depended greatly on the pHsamples, as the shape and positioning of the
regardless of soil or sampling depth, and increaseatisorption edges showed, even as overlapping in
sharply with the increase in pH from 4.0 to 6.0, athe cases of the subsoil Oxisols samples (Fig. 2).
interval when 20-90% Ni adsorption occurredThe adsorption edges for Ni adsorption by the
(Fig. 2). Many adsorption studies with mineralOxisols presented the typical sigmoidal shape,
soils have shown increase in Ni adsorption withmainly in relation to their positioning (Fig. 2n |
increase in pH (Harter, 1983; Elzinga and Sparkshese soils, Ni retention was characterized imytial
2001). Harter (1983) and Beukes et al. (2000hy a small slope at the 2.0-3.5 pH range, where
reported that metal adsorption was pH-dependeabout 25% of the Ni added to the topsoil samples
and that the intensity of the phenomenon increasedas adsorbed, and 3.0-4-5 in the samples collected
drastically above pH 7.0. Practically all the Niin the subsoil, where approximately 15-20% of Ni
added (5 mg 1) disappeared from the soil was removed from the solution (Fig. 2). Harter
solution when the pH was over 7.0, regardless dfL983) observed similar gentle initial slope for Cu
soil or sampling depth. This occurred at high pHand Zn adsorption curve in an Alfisol, which was
values because the NKp, was around 9.6, above attributed to the intense competition between the
the pKa values for other metals such as Pb, Cunetal and the Hand AF*ions for exchange sites.
and Zn (Mellis et al.,, 2004). Thus, even at theAccording to the author, the slope of the
highest pH values reached in this study, theadsorption curve tended to increase as tHéwds
possibility of the presence of Ni(Of)was very removed from the exchange complex by
small (James and Healy, 1972). Even so, rapidydrolysis reaction, which was enhanced with
increase in Ni adsorption above pH 8.0 may alsincreasing pH.

be associated to the start of the hydroxidétypical shape of the adsorption edge for Rhodic
precipitation reactions with the Niand NiOH  Hapludalf suggested that Ni adsorption was
species (Sen Gupta and Bhattacharyya, 2006). It gualitatively different when compared with the
expected that Ni(kD)s>* form be found at low pH Oxisols. For a given type of adsorption surface,
values and that the complexes with Obhd adsorption edge is a function of the affinity and
organic ligands start to predominate as the piormally it is argued that this affinity is high e
increases (Uren, 1992). adsorption occurs at low pH values, as detected for
The proportion of adsorbed metallic ions increase®hodic Hapludalf (Fig. 2). This soil adsorbed
uniformly and continually with the increase in pH,more than 80% of the Ni at pH 4.5 and 50% at pH
but the shape of the curve and its positior8.5, on the topsoil and subsoil, respectively. High
depended on the soil identity, especially regardinquantity of Ni was fastly adsorbed in the first pH
its mineralogical constitution (Fig. 2). The values of the Rhodic Hapludalf samples, probably
adsorption pattern was very similar for the Oxisol&s a result of the manifestation of permanent
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charges @), which did not depend on the pH concentration and were always higher than 1 (Fig.
variation (Table 1). Results from envelopes3), confirming some results obtained for metallic

suggested that soil pH management was
promising, efficient and cheap technique as
remediation action in areas contaminated by Ni.

Thermodynamic parameters of Ni adsorption

reaction
Separation factor (K

@ation reactions (Ho et al., 2002; Casagrande et al
2008). This indicated that the adsorption reaction
was more favorable and spontaneous for high
initial Ni concentrations, further showing that all

the soils were good systems for Ni retention,
ranking RH > RA > XA (Fig. 3). Except for XA,

for the other soils the separation factor was a

Preliminary information regarding the degree ofparameter not very sensitive to the depth. For XA,
development and spontaneity of the adsorptiothe Kz values were lower for the subsoil samples,
reaction could be obtained from assessing thiadicating that Ni adsorption developed more
equilibrium parameter or thegkseparation factor spontaneously in the absence of organic matter and
(Eg. 5), calculated from the K.angmuir constant validating the indications of the affinity constant
(Eqg. 3). Following a more simplified approach,K. (Fig. 1).

adsorption is favorable and spontaneous whgn Krhe Kz parameter was sensitive to the ion
< 1, while values of K> 1 indicate the absence of hydrated radii (Soares et al., 2005) and under the
spontaneity in the reaction (Mahramanliouglu etonditions in which the adsorption experiments for
al., 2002; Singh and Pant, 2004; Soares et alsotherm construction were developed, that is, at
2005). The K coefficient can further indicate the natural pH of the samples (pH between 4.0 and
whether the adsorption isotherm is unfavorable t6.5), higher Ik values were expected, because the
the process (K> 1), linear (K = 1), favorable (0 hydrated ions of hexaquonickel [Ni{8)s*] was

< Kgr< 1) or irreversible (K= 0) (Ho et al., 2002).
The Kr values for Ni adsorption

the most stable form and most found in soil

reaction solution at low pH values (Bowman et al., 1981,

decreased with the increase in the initial NiUren, 1992).
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Figure 3 - Separation factor (i, at natural pH, as affected by initial concentrabf Ni (G); XA
= Anionic “Xanthic” Acrudox; RA = Anionic “Rhodic”Acrudox; RH = Rhodic

Hapludalf.
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These two factors were arguments to consider thtee adsorption sites. HoweveAG values were
occurrence of specific Ni adsorption mechanismsegative for all the concentration range and, in
because inner-sphere type complex formation didddition to the spontaneity of the reaction, this
not permit the interposition of water molecules oragain indicated that the sorbed forms were more
the solid/solution interface and justifies thestable than those in solution (Soares et al., 2009)
adsorption of ions with smaller hydrated radii,When compared under the standard 0.01 nibl L
quantitatively characterized by lowsKalues (Fig. ionic strength condition, which best reproduced

3). the natural conditions of the soil solution, the
maximumAG values was -4850 J molor subsoil
Free energy variation in Ni adsorption AG) sample from RH at pH 7.0. The maximuhG

Nickel adsorption was reflected by the values ofialues for the acric oxisol samples did not vary
the variation in free energ\G), whose negative with depth and occurred at 6.0 pH. Oxisols
sign indicated the exergonic nature of the reagtioyresented higheAG values than the Alfisol, and
with energy release for conversion of the lesgdicated that Ni adsorption was more favored in
stable Ni forms in solution in adsorbed forms withthe more weathered soils.

greater stability. The adsorption reaction offigure 4 illustrates the influence of the pH on the
metallic elements by the organic and inorganigpontaneity of adsorption reaction after adding 5
surfaces of pure or isolated systems is usuallg,hg L' og Ni. In all the samplesAG increased
spontaneous. The spontaneity of the Cd (Dias gfith the increase in the pH, showing not only that
al., 2003; Soares et al., 2008\ (Silveira et al., Nj adsorption increased with the increase in pH
1999; Mouta et al., 2008), Ni (Iglesias et al.,Fig. 2), but also that the reaction was favored by
2007), and Zn (Casagrande et al., 2008) adsorptife decrease in the hydrogen ion concentration. In
reaction by weathered soils was also characterlz%q,mmary, as the pH increasexs became more
by negative free energy values. _ negative as the result of the increase in the m®tri
NegativeAG values (Fig. 4) were in line with force needed for adsorption reaction.

values (Fig. 3) and confirmed the feasibility and

spontaneous nature of Ni adsorption reactionpfluence of soil solution ionic strength (1) on Ni
When increased element content added to the S%lblsorption

is considered)AG value may reveal the magnitudeNickel adsorption was also assessed regarding the
of the extension of the reaction between theyjterations in the electrolyte support concentrgtio
element and the adsorption surface (Soares et alsing AG as numerical parameter of the reaction
2005, Mouta et al., 2008; Soares and Casagrandgsig. 4). The dependency of metal adsorption in
2009). Thus, negativdG values imply that the relation to the ionic strength also gave indicagion
reaction must be occurring in the direction ofof outer- or inner-sphere complex formation with
product formation, that is, in the direction ofcolloid surface (Petruzzelli et al., 1985; Cris¢ent
adsorption occurrence. The more negative/Ate and Sverjensky, 1999). The lack of dependence of
values, the greater the motrice force needed fonetal adsorption on the ionic strength gives an
adsorption to occur. indication of complexing by inner-sphere
The AG values decreased with the increase in thmechanisms, typical of transition metallic
quantity of Ni added. The decrease in the freelements. This occurred in a particular form in the
energy of the Cu (Silveira et al., 1999), Cd (Deas Oxisols samples and in the lower pH value range
al., 2003), Ni (Iglesias et al., 2007) and B (Seare(3-5). In this situation, the pH value was much
et al., 2005) adsorption reaction by highlybelow the zero point of salt effect (ZPSE) of the
weathered soils with the increase in theredominant mineralogical constituents of the
concentration led to the conclusion that theOxisols, especially hematite, goethite and
elements were less strongly adsorbed in moramorphous (oxy)hydroxides (Beukes et al., 2000).
concentrated solutions, contrary to that shown bietallic ion adsorption by positively charged
the separation factor @ (Fig. 3). As C-type surfaces is insensitive to the alterations in tméci
isotherm showed (Fig. 1), lower concentrationstrength (Kosmulski, 1997).

added initially might not have been able to saturat
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Starting at pH 5.0, higher dependence of NFor practical purposes, the increase in the soll
adsorption was identified in relation to the ionicsolution ionic strength by the excessive discharge
strength in the Oxisols (Fig. 4), which implied theof residues and effluents may cause increase in Ni
manifestation of nonspecific adsorptionmobility in the soil, especially if the pollutant
mechanisms under these conditions. Although theontains competitive cations in its composition. In
essential mechanism for metal adsorption by Fehese cases of high Ni polluting charge, the
Al and Mn (oxy)hydroxides is specific and pHincrease in Ni mobility by the high eletrolytic
dependent, increasing with the pH, heavy metalsoncentration of the solution might be reduced
can be adsorbed by the electrostatic attra@tion again by the rise in pH (Fig. 4).
the diffuse double layer by ion exchangeThe NF* cation is known to form complexes with
(Mesquita and Vieira e Silva, 2002). According tovarious organic and inorganic ligands (Bowman et
Uren (1992), Ni adsorption in the soils isal., 1981). Many studies have considered the effect
particularly governed by the formation of outer-of cations and anions that constitute the eledkeoly
sphere type complexes and, because of this, Nupport on metal adsorption, principally regarding
cation species (Nie NiOH") are the preferential to the competitive effect of Gafor adsorption
adsorbed forms. sites and by the action of ‘Gh the formation of
The intensity of the effect of the ionic strength o chloride complexes with less affinity for the
specific metallic cation adsorption depends greatlgurface (Mattigod et al., 197Bowman et al.,
on the surface charge signal and on the determind®81; Wang et al., 1997; Echeverria et al., 2003).
pH (Kosmulski, 1997). For the Alfisol, the Considering the nature of electrolyte support, the
adsorption dependence on the ionic strength wasfect of the competition betweenand Nf* for
observed throughout the pH range (Fig. 4)the same adsorption sites probably justified the
because the manifestation of electrostaticlecrease in Ni adsorption with the increase in
adsorption mechanisms did not depend on the phbnic strength, rather than the probable formation
due to the higher quantity of permanent chargesf complexes between Ni and the anion because
(Table 1). Considering the simultaneous effect oNO; has much less affinity than ‘Gor this type of
the pH and ionic strength on Ni adsorptionreaction in solution (Criscenty and Sverjensky,
Scheidegger et al. (1996) differentiated two pHL999). Boekhold et al. (1993) observed that the
levels more sensitive to the changes in theompetition with the Ca of the electrolytic support
electrolytic concentration of the solution. Thefor adsorption sites reduced Cd adsorption by
authors observed that in the region with lower pHabout 80% in an acid soil. In practice, this insgea
values, that is, below neutrality, Ni adsorptionof ionic strength in the soil solution may be calise
increased with the decrease in the ionic strengthy the excessive discharge of residues and
while at the values of pH > 7.0, Ni adsorptioneffluents, especially if the pollutant contains
seemed to have been affected by the ionic strengttompetitive cations in its composition (Soares et
Contrary to the pH, the increase in ionic strengtlal., 2009). Tamanini et al. (2008) observed a linea
decreased the intensity and spontaneity of the Nincrease between total Ca and sewage sludge
adsorption reaction, because th&G values application rate due to rapid release of calcium
decreased sharply when the support electrolyteydroxide.
concentration increased ten fold and one hundredpecific adsorption mechanisms are usually
fold (Fig. 4). Echeverria et al. (2003) reported th accompanied by Hon release to the soil solution,
same effect for Ni adsorption by illite. The as a result of their displacement so that the tigiki
decrease in metallic ion adsorption with theof high energy occurs between the surface and the
increase in the ionic strength are attributed ijo: (metallic ions. The small alteration in the pH oé th
the type of metal; (i) changes in the free ionfinal adsorption extract (data not shown) could be
activity and MOH species; (iii) the type of an indication that specific adsorption took place
surface, surface charge effect and alterationken t less frequently. Mesquita and Vieira e Silva (2002)
electrostatic potential on the adsorption plane andeported that the equilibrium solution pH after Cu
(iv) the increase in competition for adsorptiosit and Zn adsorption decreased as the concentration
among the cation index and the metallic ion®f the metals in the initial solutions increasede d
(Boekhold et al., 1993; Naidu et al., 1997;to hydrolysis of the metals and release of protons
Criscenty and Sverjensky, 1999). during adsorption. If it is accepted that
electrostatic  attraction is the predominant
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mechanism, it seems reasonable to accept t@margo, O.A., Moniz, A.C., Jorge, J.A., Valadares,
hypothesis that, in the case of Ni adsorption, the J.M.A.S. (1986), Métodos de analise quimica,
effect of the pH is more critical in determiningeth ~ Mineralogica e fisica de solos do Instituto
adsorbent surface charge and not the metal specie§9ronomico de Campinasnstituto Agronomico de

) . ) : . . ampinas, Boletim Técnico n.106, Campinas.
in solution due to their action in hydroly3|s.%amargo’ OA. Rovers, H.. Valadares, JM.A.S.

Positive charges of the Ni ions are less repulsed | ggq) "aAdsorcso de niquel em Latossolos paulistas.
when the pH reaches values close to the zero poinizey Bras. Cienc. Sqld3, 125-129.

of salt effect of oxide minerals such as goethitg:asagrande, J.C., Soares, M.R., Mouta, E.R., (2008)
(8.5) and hematite (9.2) (Beukes et al., 2000). Zinc adsorption in highly weathered soiBesqui.

As general concluding remarks, chemical and Agropecu. Bras43, 131-139.

mineralogical soil attributes should always beCornell, R.M., Schwertmann, U. (1996)he iron
considered as criteria for selecting the areas foroxides: structure, properties, reactions, occurresic

disposal or application of residues containingd\i t _and usesVHC, Weinheim.
Criscenti, L.J., Sverjensky, D.A. (1999), The raé

(ranr:c:;gﬁreneﬁ” contamination and impact on the electrolyte anions (ClQ NOs, and CI) in divalent
’ metal (M) adsorption on oxide and hydroxide
surfaces in salt solutiondm. J. Scj.299 828-899.
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