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Abstract: The distribution of chromium between soil and leachate was mo-
nitored. The natural process of percolation of rainwater through soil was
simulated under laboratory conditions and studied by column leaching ex-
traction. Migration of chromium in soil is conditioned by the level of chro-
mium soil contamination, the organic matter content in the soil and rainwater
acidity. Chromium(111) and chromium(V1) were determined by a spectrophoto-
metric method with diphenylcarbazide in acidic media. Comparing the results
of chromium speciation in the leachate obtained by experimental model sys-
tems and geochemical modelling calculations using the Visual MINTEQ mo-
del, a correlation was observed regarding the influence of the tested parame-
ters. Leachate solutions showed that the concentration of Cr depended on the
organic matter content. The influences of pH and soil organic matter content
were in compliance after their experimental and theoretical definition. The
Stockholm humic model used to evaluate the leaching results corresponded
rather well with the measured values.

Keywords. chromium; speciation; leaching; rainwater; soil organic content.

INTRODUCTION
Speciation analysis is a measurement process giving quantitative and qua-
litative data about the chemical forms of an element in a sample. It usually in-
volves two phases. separation of the target element from the sample matrix and
its determination. Differentiation of the forms of the element is realized between
oxidation states, simple and coordinated ions, cationic, neutral and anionic forms,
protonated and unprotonated, and monomeric and polymeric species.!
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Chromium speciation is important due to its wide usage in the metallurgic
and chemical industries. Improper disposal, poor storage and leakage of chro-
mium from waste discharge through soil can release chromium to the environ-
ment, causing contamination of groundwater and adverse biological and ecolo-
gical effects.2 Cr(V1) is a strong oxidizing agent and shows chronic toxic effects
including carcinogenic property and it induces dermatitis. Occupational exposure
to Cr(VI) compounds leads to a variety of clinical problems. A significant
concentration of Cr(l11) can cause adverse effects because its strong capability to
coordinate various organic compounds results in inhibition of some metallo—
enzyme systems.34

Chromium is present in the environment in the form of Cr(ll1) and Cr(VI).
These two forms show different chemical, physico-chemical and biochemical
properties. Cr(V1) species are more soluble, mobile and bioavailable than Cr(l11)
species. The presence of these two forms and their relative ratio is dependent on
chemical and photochemical redox transformation, precipitation/dissolution and
adsorption/desorption reactions.®> Due of these differences in chemistry, bioche-
mistry and physico—chemistry of Cr(I11) and Cr(VI) species, the determination of
the total Cr concentration in a variety of samples does not give the necessary
information to evaluate the effects of the different species. The potential risk of
chromium from soils is determined by its solid—solution partitioning rather than
its content. The release of chromium to the aqueous phase depends on its affinity
to bind to reactive surfaces in the soil matrix. Quantifying adsorption/desorption
and precipitation/dissolution reactions is a critical aspect of predicting the che-
mical behaviour of chromium in soil. Many factors can influence the migration
process, such as pH, dissolved and solid organic matter and soil characteris-
tics,%7 e.g., cation exchange capacity, clay content, and competition from other
metal ions. In addition, the presence of soluble natural organic ligands in soil,
such as fulvic acid (FA), may significantly influence metal adsorption through
the formation of stable complexes.

The objectives of this investigation were to study the distribution of chro-
mium between soil and soil leachate. The natural percolation of rainwater
through the soil was simulated under laboratory conditions and studied by co-
lumn leaching extraction. Migration of chromium in the soil is conditioned by the
level of chromium soil contamination, the organic matter content of the soil and
the acidity of rainwater.

Comparing the results of speciation of chromium in soil and infiltration
water obtained by experimental model systems and geochemical modelling
calculations using the Visua MINTEQ model, a correlation was observed re-
garding the influence of the tested parameters.

Visual MINTEQ includes three different models for calculating cation bind-
ing to humics: i) the Gaussian dissolved organic matter (DOM) model,8 ii) the
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Stockholm humic model (SHM),® which can be used for both agueous speciation
and solid—solution partitioning, and iii) the non-ideal competitive adsorption-
Donnan (NICA-Donnan) model,10 which is available only for agueous specia-
tion. Each of these models show considerable complexity caused by the extreme
heterogeneity of the humic binding sites, the variable stoichiometry of metal—
humic binding reactions and the presence of electrostatic interactions.

This study focused on the Stockholm humic model (SHM),® which was
created to provide a more realistic assessment of metal-humic complexation than
had been possible using the Gaussian DOM model in MINTEQ. The SHM is
related to more mechanistic models and the NICA-Donnan model, although it is
also different in some respects, i.e., in the electrostatic model.

EXPERIMENTAL
Soil sampling, properties and soil column set up

Two soil types were used in this study: i) grass-covered and well-drained urban green-
-field soil and ii) organic substrate for horticultural container growing. A 10-cm depth of park
soil (situated within the city centre of NiS, Serbia) was collected immediately beneath the
upper zone, in which plant remains were dominant. The soilswere air dried and passed through a
60 mesh sieve. Selected physico-chemical soil properties, i.e., pH, electrical conductivity (EC)
and organic matter content, are given in Table I. The electric conductivity and pH were
measured in water suspensions. The soil content of organic matter was determined on finely
ground samples by the wet combustion method based on bichromate reduction.1!

TABLE |. Characteristics of the employed soil and rainwater

Characteristic Urban soil  Organic substrate  Rainwater Acid rainwater
pH 8.6 8.3 5.7 32
Electrical conductivity, pScml 113.0 677.0 26.7 270.0
Organic matter, % 1.76 15.77 — —

Glass columns, 20 cm in length with an internal diameter of 2 cm were used in this
study. The bottom of each column contained a porous glass frit. Soil (30 g) was carefully
packed with gently tapping on the sides of the column to ensure good contact between the
materials without making air compartments.

Chromium leaching and determination

Four different treatments were included in the study. In all treatments, artificial rainwater
was added to the columns. The chemical composition of the artificial rainwater was similar to
that of average rainwater in urban areas (SO, —S0.8 mg L1, Cl 0.5 mg L1, NO;—N 0.4 mg
L1, NH;—N03mgL?1 Na0.2mgL1 K 0.03mgL"?, Mg0.03mg L1, pH 5.0). The acid
rainwater was obtained by acidification of rainwater with H,SO, to pH 3.5. Before starting the
leaching, de-ionized water was added to the columns to bring the soil to field water capacity.
40 mL of inflow solution was added slowly (2 h) as droplets to the top of the columns. The
total volume of rainwater corresponded to 734 mm, the average total annual precipitation in
the region of Serbia. The pH value and EC of the rainwaters are given in Tablel.
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122 ANDJELKOVIC et al.

The urban soil and organic substrates were polluted with potassium dichromate. Con-
sidering the fact that the average chromium content of urban soil is 40-80 mg Cr kg? soil 12
the applied Cr amount was 2.4 mg Cr per 30 g of soil.

Leaching was monitored after treatment of soil and organic substrate (polluted and
unpolluted) with rainwater and acid rainwater. All treatments were conducted in triplicate for
both soils and both rainwater typesin 3 columns.

The leachate was collected in 10 mL portions. After centrifugation of the leachate
portions, the pH, EC and chromium contents were determined. pH and EC were determined
using HACH Senslon 3 pH-meter and HACH Senslon 5 conductometer. The most common
method for determining Cr(V1) in aqueous solutions is based on the reaction of diphenyl-
carbazide with Cr(VI1) at a pH of 1.0+0.3. As stated by many researchers, diphenylcarbazide
has a very sensitive colour reaction with Cr(V1) in acid solution.23-15 Chromium(lll) was
analyzed spectrophotometrically with diphenylcarbazide after oxidation with persulphate
using a Lovibond multidirect colorimeter.

Modelling of chromium solubility

Equilibrium modelling of the metal concentrations in the leachates was performed using
the Stockholm humic model (SHM). The parameterisation of the model uses the tota
concentrations of each component and the stability constants of species formed at equilibrium
to set up a series of simultaneous mole balance and mass law equations, which are solved to
give the equilibrium concentration of each species. The SHM was implemented in Visual
MINTEQ, ver. 3.0 (www.lwr. kth.se/english/ourSoftware/V minteg/index.htm).9.16.17

RESULTS AND DISCUSSION

There are several soil characteristics, such as soil pH, electrical conductivity
and organic matter content, which are important for defining processes in soil.
The urban soil used in the present study was a highly alkaline soil18 and, due to
the organic matter content (1.76 %), is considered as a soil with a low organic
matter contentl® (Table ). The organic substrate for horticultural container grow-
ing had a similar pH value but with a characteristically high organic matter con-
tent (15.77 %).

During leaching with rainwater and acid rainwater, there was a significant
change in pH and EC of the leachate at the start of the treatment, while sub-
sequently all the values converged to asimilar pH and EC level (Fig. 1).

In the first 70 mL of the leachate, the amount chromium leached was less
than 2 % of the total chromium added to the soil for the treatments with polluted
soil (PS) and polluted organic substrate (POS) (Table I1). The obtained results for
PS indicate that more chromium was leached with acid rainwater (2.01 %) than
with rainwater (1.44 %). Acid rainwater, which frequently precipitates in urban
areas, can control chromium accumulation in the soil profile, enhance the
downward movement of chromium to the groundwater and the bioavailability for
plant uptake.

However, in the case of soil rich in organic matter (POS), the acidity of the
rainwater decreased the amount of leached chromium. Only 0.29 % of the total
chromium applied to the soil is leached by acid rainwater. This decrease is pro-

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




CHROMIUM SPECIATION OF SOIL LEACHATE 123

bably due to the retention of some of the chromium by the soil in the form of in-
soluble Cr(OH)s, which is adsorbed on the surface of the soil.12 The insoluble
Cr(OH)3 was formed by the reduction of Cr(VI) that was enhanced by the high
content of organic matter and the increased acidity of system.12 This was con-
firmed by the fact that only a minor quantity of chromium was detected in the
leachate and that only Cr(VI) species were detected in the leachate. On the other
hand, in the case of low acidity, more chromium was leached (0.63 %) than with
acid rainwater, because in the acidic pH range, chromium appears only as soluble
Cr(I11) species, generated by reduction of Cr(V1). Thiswas aso confirmed by the
fact that only Cr(l11) species were detected in the leachate.
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124 ANDJELKOVIC et al.

TABLE Il. Ratio of leached chromium to total added Cr in the soil column (%)

Sample Rainwater Acid rainwater
Polluted soil (PS) 1.44 2.01
Polluted organic substrate (POS) 0.63 0.29

Humic substances (HS), that mostly comprise soil organic metter, are very
important components that control the adsorption of heavy metals by soil. Humic
substances are heterogeneous in nature and are considered as polydisperse
mixtures of natural organic polyelectrolytes containing a large number of diffe-
rent functional groups. The ability of HS to form stable complexes with poly-
valent cations is attributed to their high content of oxygen-containing functional
groups, including carboxyl, phenal, hydroxyl, enol and carbonyl structures of
various types.20.21

If this highly complex natural ligand strongly complexes with Cr in solution,
the presence of thisligand in the soluble form has the potential to reduce sorption
to soil and increase leaching. The results presented in Table Il shows that the
humic ligand mixture in POS sorbed to the soil and increased the amount of
ternary soil-igand—chromium complexes, facilitating the chromium retention in
soil column, and leading to decreased mobility.22-25 Thus, in the treatment set
with POS and acid rainwater, the decrease of chromium in leachate was 10 times
more compared to the soil with the low organic matter content — PS (0.29 com-
paring to 2.01 %). This confirms the influence of organic matter on the retention
of chromium by soil.

The speciation diagram of Cr(Il1) as a function of pH, caculated by the
speciation software MINTEQ, is shown in Fig. 2a. The dominant species of
Cr(111) for pH < 4.5 are Cr3* 45 and Cr(OH)2*. For pH > 4.5, mainly insoluble
Cr(OH)3 is formed. Soluble polyhydroxyl species, such as Cr(OH)4~, Crp(OH)>*,
Cr304(OH)43~, Crg(OH)4°*, CroOo(OH)42~ and others, appear at highly alkaline
values.26:27

The speciation diagram of Cr(I11) vs. pH in the presence of soil organic mat-
ter, as defined by the Stockholm humic model (SHM), is presented in Fig. 2b.
The SHM was created to provide a more redistic assessment of metal—humic
complexation than the Gaussian dissolved organic matter model in MINTEQ. The
SHM alows metals binding to humic to be described either as monodentate or as
bidentate ligand. As humic substances may occur both in the dissolved and solid
phases, cation binding was considered both for dissolved and solid-phase humic
substances. This model is based on the following: dissolved fulvic acid (FA(ag))
and its value of 0.048 g L~ represents the concentration of ‘active’ dissolved
organic matter in the system. The humic substances in the solid phase are as-
sumed to be a mixture of humic and fulvic acid and the relative proportions of
these were set to FA(g) 0.845 g L~1 and HA() 1.457 g L~L. To accelerate the cal-
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Fig. 2. Concentration of chromium species (mol L) at different pH values, calculated by
Visual MINTEQ in the presence of &) Cr(111), b) Cr(I11) and organic matter and c) Cr(VI).
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Fig. 2. (Continued) Concentration of chromium species (mol L™1) at different pH values,
calculated by Visua MINTEQ in the presence of d) Cr(V1) and organic matter.

culations, solid-phase HA (humic acid) and solid-phase FA are normally bulked
together as one component. Using such a defined humic model, the equilibrium
chemistry of a soil suspension with 2.5 g L= of active humic substances, of
which 62 % is HA and 38 % FA, was simulated. 48 mg L1 FA was dissolved
(equivalent to 24 mg L1 dissolved organic carbon (DOC) if the entire DOC is
assumed to be FA). The soil was suspended with SO4 — S 0.8 mg L—1, Cl 0.5 mg
L1, NO3 =N 0.4mgL-1 NH;—N0.3mgL1 Na0.2mgL-1 K 0.03mgL-1
and Mg 0.03 mg L—L. In this problem, the total concentrations of K, Mg and Na
constitute the sum of the dissolved + complexed ions. The equilibrium constants
of the chromium species and the model parameters for soil FA and soil HA
defined in Visua MINTEQ aregivenin Tablelll.

TABLE Ill. Model parameters and equilibrium constants defined in Visual MINTEQ for the
system Cr(l11), Cr(V1) and soil organic matter

Sample Proton dissociating ~ Site density ApK, (strong acid ApKg (weak acid

groups (mmol g1)  (sitesnm?) groups) groups)
Soil FA 7.02 1.2 3.48 2.49
Soil HA 5.33 1.2 3.03 3.03
Equilibrium constants
Cr(OH); +2H" & Cr* +H,0 logK =9.84
2Cr(OH); +2H" ¢ Cr,(OH);" +2H,0 log K = 14.68
3Cr(OH), +2H* <> Cry(OH):" +2H,0 log K =18.77
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CHROMIUM SPECIATION OF SOIL LEACHATE 127

TABLE Ill. Continued

Equilibrium constants

CrO7 +2H" & H,Cro, log K = 6.31
CrO; +H" <> HCrO; log K = 6.51
2Cr03™ +2H" & Cr,03” +H,0 log K = 14.56
Cr(OH); +H" & CroH?" + H,0 log K = 6.27

The distribution of chromium between dissolved, sorbed and precipitated
phases for Cr(I11) and organic matter and Cr(V1) and organic matter, calculated
by Visual MINTEQ, are presented in Table 1V. Under the leaching conditions, 99
% of Cr(l1l) is sorbed (Table 1V), which confirms the experimentally observed
trend. Chromium(l11) was not detected in the leachate of the organic substrate
when acid rainwater was used, due to its sorption on organic matter (Fig. 2b).

TABLE V. Equilibrium mass distribution of chromium between dissolved, sorbed and pre-
cipitated phases calculated by Visual MINTEQ for systems: Cr(l11) and organic matter and
Cr(V1) and organic matter

Sample Dominant species  Dissolved, % Sorbed, % Precipitated, %
Cr(l11) + organic matter Cr(OH),1* 0.966 99.034 0.0
Cr(VI) + organic matter CrO# 100 0 0.0

The chromium speciation when the soil has a low organic matter content is
shown in Fig. 2c. The dominate chromium(VI) ionic species are HCrO4~ and
Cr,072~ for pH < 6.5. On increasing the pH, the concentration of HCrO4~
decreases rapidly and at pH 8 approaches zero. For pH > 6.5, CrO42- is prefe-
rably observed. Under highly alkaline conditions, Cr(VI) exists only in the form
of CrOz~~.

It is apparent comparing to Fig 2d that the presence of organic matter does
not affect the Cr(VI) concentration in infiltration water. Leaching of soil with
high or low organic matter content, the concentration of Cr(V1), in the form of
HCrO4~, Cr072~ and CrO42, is the same. This is probably due to the fact that
no interaction occurs between the negatively charged ionic species and the nega-
tively charged active functional groups of the organic matter, which leads to leach-
ing of chromium and its migration to the groundwater. The results in Table IV
show also that no chromium is sorbed or precipitated, leading to its total disso-
lution and possible downward movement to the groundwater or plant uptake.
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CONCLUSIONS

This study demonstrated that the extent of chromium transport in soil co-
lumns depends on the mobility of the organic matter—metal complexes and that
this mobility is governed by a variety of factors. the extent of soil pollution by
chromium, the chromium valence state, soil organic matter content and acidity of
the rainwater.

Chromium leaching was monitored for urban soil and an organic substrate
for horticultural container growing with and without chromium pollution by
treating with rainwater. The leachate solutions from all treatments showed that
the concentration of Cr was strongly influenced by the organic matter content.
This is explained by the increased metal sorption onto the organic matter of soil.
Increasing the rain acidity resulted in the presence of not only Cr(V1), but also
Cr(l11) in the leachate. Considering that the soil was artificialy polluted with
chromium(V1) by addition of K,Cr,072- to the soil, the Cr(VI) was reduced to
Cr(111) only when the acidity of the rain was increased, because dichromate
reduction by electron donor soil components, such as soil organic matter (humic
substances), is realised with the consumption of H*.

The experimentally and theoretically determined influences of pH and soil
organic matter content are in agreement. The Stockholm humic model was used
to evaluate the leaching results, and the obtained theoretical values corresponded
rather well with the measured ones

U3BO/I

N3JIYKUBAIBE XPOMA 13 XPOMOM 3AI'ABEHOI" 3EMJBUIIITA —
CIIEIWJALIMOHA AHAJIM3A U TEOXEMHNJCKO MOJEJIOBAILE

JIAPKO X. AHBEJIKOBURY, TATIAHA JI. AHJJEJIKOBUR?, PYXKULIA C. HUKOJIWH?, MUJIOBAH M.
HYPEHOBI/ITIZ, CPJIJAH 1. BHAFOJEBI/IT)3, AJIEKCAHJIAP Jb. BOJUR?u MUWJIULIA M. PUCTUR*
TJKIT Naissus®, Kuezure Jby6uue I/, 18000 Huw, *Ipupoono—maiiemaitivsicu axyitieit, YHugepauitieit y
Huwy, Buwezpadcka 33, 18000 Huw u’Ioswoiipuspednu pakyaitiedds, Yrusepauitieid y
beozpady, Hemarsuna 16, 11081 beozpao

V pany je npahena muctpubyimja xpoma usMel)y 3eMibuinTa U HHGUITPALMOHUX Bozaa. [Ipu-
POIHY HPOIEC NMEePKOIUPaba KUIIHUIE KPO3 3eMJBHIITE je CUMYJIHMPAH y J1ab0paTOPUjCKUM yCIIo-
BUMa 1omMohy eKCTpaKiHje U H3JTy)KHBamba y KOJIOHH. MHUrpaliija XpoMa y 3eMJbHIITY je npahieHa y
3aBHCHOCTH OJI HHMBOA 3araljersa 3eMJBHIITA XPOMOM, Cajipikaja OpraHCKe MaTepuje 3eMJBHILNTA U
kucenoctd kumauie. Xpom(l11) u xpom(VI) cy oapelhern cnekrpodoromerpujcku momohy aude-
HuIKapOa3uaa y kucesnoj cpenuan. Criengjanyja XxpoMa y HHQUITpalmoHM BoJaMa J001jeHa eKc-
MEPUMEHTATHAM MOJIE CHCTEMOM j€ Yy CarjlaCHOCTH ca CHELHjalHjoM J00HjEHOM HpOpavdyHOM
reoxemujckum Mmozenom Visua MINTEQ. Konrentpanuja xpoMa y HHOHITPALMOHUM PACTBO-
prMa ToKasyje 3HauajHy 3aBHCHOCT OJ] cajJpkaja opraHcke marepuje 3emsbuinta. Kommjyrepcku
reoxemujcku Mozen — Stockholm xymMuHCKH MoJen, Koju je KopuinhieH 3a eBatyalujy eKCIepUMeH-
TaJHUX Pe3yJiTaTa MOXe ce MPHUMEHHUTH y CICHUjalMjH XpoMa y ypOaHOM 3eMJBHIUTY M OPraHCKOM
CYICTpaTy, KOjH Cy UCIIMTHBAHH Y pajy.

(Mpumibeno 16. neuembpa 2010, peuaupano 20. Gpebdpyapa 2011)
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