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ABSTRACT

A study was conducted to predict the potential Cr3*oxidation, heavy metal
availability and accumulation in bush bean plants grown on a culture soil
amended with tannery sludge. Tannery sludge amendments (0, 0.77, 1.54,
3.08 and 6.16 g tannery sludge/kg soil) were characterized and the main
heavy metalsidentified (Cr, Mn, Fe, K, and Zn) later on singly extracted
with EDTA for availability assessment. Total oxidable Cr3* determination
showed high tendency of Cr to be oxidized but it was prevented by neutral
akaline soil pH, despite the reactive Mn presence. Different patterns of
metal availability were observed and available Cr increased with tannery
sludge amendments, suggesting organi c complexation asthe main mobility
mechanism for Cr uptake by plants. In bush bean plants metalswere mainly
accumulated in the roots, diminishing in the upper part with minimal
translocation to pods and seeds. Important correlations were observed
between metals and soil physico—chemical properties and also noticeable
synergistic and antagonistic metal interactions in vegetable tissues were
recorded.  © 2012 TradeSciencelnc. - INDIA
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INTRODUCTION sinceboth, hexavaent (Cr*) and trivaent (Cr®*) chro-
mium have been found in tannery waste. Cr¢*ismuch

Leather processing in Guanajuato, Mexico, pro-
ducesupto 64,320 tonnesof dudgeper year. Thedudge
contains valuable nutrientsfor crops, but also large
amounts of Cr and toxic organic compounds, exerting
serious problemsto the environment and humang®,

morereactive, toxic, and showshigher mobility in soil
than Cr3*. Cr®* can be reduced to Cr* in soils by or-
ganic compounds such as carbohydrates, proteinsand
humic substances'?, remaining the organically
complexed Cr¥*inthe soil solution®. Inakaline soils
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Crismostly present asinsoluble Cr (OH)., which pre-
vents Cr leaching into the groundwater or itsuptake by
plants. However,inmoreakalinesoil solutions(pH 7—
10), precipitation of Cr®* competesefficiently withor-
ganic complexation. Soilsthat arelow inorganic mat-
ter and highin manganese (1) oxidesmight beableto
oxidize Cr®, Additiondly, soil organic matter mineral-
ization might mediate Cr®* rel ocation and oxidation to
Cr® in high tannery sludge amended soil'®®!. Accord-
ingly, determination of thetotal metal content of soil
samplesisnot sufficient to eval uateitsmobility™. But
proceduresemploying asingleextractant provideasuit-
able method to determinethe potential availability of
metal sfor plant uptak€e®. Indeed, metalsextracted with
EDTA haveshown good correl ation with plant uptake
in calcareoussoilg¥. Thus, thisstudy wasconductedin
an agricultural tannery udge amended soil to predict
metal availability, potential oxidation of Cr3* by Mn
oxides, and theeffect of metal accumulation and inter-
action on thefully—grown bush bean (Phaseolusvul-
garis) cultivars.

MATERIALSAND METHODS

Sail, tannery sludge and test seeds

A culture sandy soil was collected at Dolores
Hida go, Guangjuato, México (latitude 21° 13’ 08" N,
longitude 100° 49’ 25" W). The soil was air—dried at
room temperature and sieved through a2-mm mesh.
Dry tannery dudgewas collected from aleather indus-
tryinLedn Guanajuato, México. Soil and tannery sludge
were physco—chemically characterized. Seeds of bush
bean (Flor de Mayo variety Bajio) were provided by
INIFAP-M¢éxico. Seeds were selected for uniformity
and damaged oneswere discarded.

Experimental setup

Experiments were conducted as described by
Lopez—Luna et al*?. Briefly, potswithout drainageholes
(11.5 cm diameter) werefilled with 1kg amendments
containing 0, 0.77, 1.54, 3.08 and 6.16 g tannery dudge/
kg soil torend approximately 0, 50, 100, 200 and 400
mg Cr/kgsoil. Theseedsweredisinfectedin0.1%HgCl,
for 2 min, after which they werewashed threetimes
with deionized water. Four seedswere sown in each
pot at adepth of 5 cm, adding previously 200 ml of
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distilled water to each pot. Deionized water was added
as necessary to maintain the soil surface moisture
throughout thetest. Thirty daysafter sowing, each pot
was complementary fertilized with 300 kg/haammonia
sulfate (20.5 % N) and 87 kg/hatriple cal cium super-
phosphate (46% P,O,). The experiment (80 pots) was
conducted inagreenhousein acompletdly randomized
design. Therewerefour replicationsand the plantswere
harvested at 100 daysafter sowingfor quantifying meta
accumulation.

Total metal deter mination

Representative samples of tannery sludgeamend-
mentsand sandy soil (control soil) weredigested with
HCI:HNO, 2:1 (v/v). Threereplicates of each sample
wereevduated. All meta samples(Cr, Mn, Fe, K and
Zn) were analyzed by atomic absorption spectrometry
AAS (GBC-Avanta) using the 7000A EPA—
Method™4,

Hexavalent and trivalent chromium deter mination

Cr®* determination in tannery sludge and tannery
dudge amended soil was conducted by dkainediges-
tion using the 3060 EPA—-Method!*. Hexavalent Cr
was colorimetrically determined by the 7696A EPA—
Method*3. Cr3* was determined by the difference be-
tween total Cr and Cr®*.

M etal availability deter mination

For availablemetal extraction, 5gof soil in25ml
of EDTA 0.05 mol/I (pH 7 with NH,OH) were me-
chanicdly shakenfor 1 h. Threesamplereplicateswere
determined by AAS asdescribed before.

Total oxidabletrivalent chromium

For total oxidable Cr®*, 1 g samplewasextracted
with 40 ml of commercial bleach (6% or NaClO 0.7
mol/l) adjusted to pH 9.5 with HCl. Tubeswerevigor-
ously mixed and then placed 20 minin awater boiling
bath. Sampleswerevigorously mixed againand centri-
fuged to obtaintheclear extract!*, Tota oxidable Cr3*
fromfiltered samples, wasAAS determined.

Reactive manganese

For reactiveMn, 1 g samplewasextracted with 40
ml of 0.1 mol/l hydroxylamine hydrochloride
(NH,OH-HCI) in HNO, 0.01 mol/l. Sampleswere me-
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chanically shaken 30 min and then centrifuged®. Re-
activeMnfrom filtered liquid supernatant wasAAS
determined.

Metal deter mination in plant tissues

Plantswere uprooted and thoroughly washed with
distilled water to removethe adhered soil. Next, the
samples (separated into roots, shoots, podsand seed
fruits) were oven—dried at 70°C for 48 h. Then milled
and weighed, and the vegetable materia digested with
HCI:HNQ, (2:1; v/v) inamicrowave-oven. Metals (Cr,
Mn, Fe, K and Zn) from four replicates were AAS
determined.

Satistical analysis

Analyses of variance (ANOVA) and LSD tests
were conducted for total metal content assessment. For
meta sfrom EDTA extraction, total oxidable Cr3 and
reactive Mn, ANOVA and Tukey’s multiple compari-
sontestswereused to determinesignificant differences
among treatments. Analyses of variance (GLM) and
means comparisons (L SD) were conducted to identify
sgnificant differencesof meta accumulationin vegeta
tissues. To establish the rel ationships between metals
extracted with EDTA, total oxidable Cr®*, reactiveMn
and metal accumulation in plants, aPrincipal Compo-
nent Analysis (PCA) was conducted using acorrela-
tion matrix. Statistical analyseswere performed with
the SAS System Software ver. 9.01° at P<0.05.

Potential Cr oxidation and metal interaction in bush bean plants grown

ESAIJ, 7(6) 2012

RESULTSAND DISCUSSION

Sail, tannery sludge and tannery sludge amend-
mentsphysico—chemical properties

Thesoil andyssindry basisreved ed thefollowing
characteristics: pH 7.61, eectrical conductivity (EC)
240 pS/cm, CEC 137.5 mmol / kg, total C 10.80 ¢/
kg, total N 0.80 g/kg, extractable P 0.015 g/kg, total
Cr 8.70mg/kg, sand 88%, silt 7% and clay 5%. It was
found aneutra dkainesandy soil that in fact affected
meta behavior being explained ahead. Sludge charac-
teristics were: pH 8.65, total C 76.20 g/kg, total N
7.60 g/kg, extractable P 0.017 g/kg, total Cr 65016
mg/kg, Cr'¢ 6 mg/kg, meaningthat Crintannery dudge
isalmost trivalent Crl*9, C, N and P content in amend-
mentswasnot significantly different from control soll,
sincelittleamounts of sludge were added to soil be-
causeof thehightota Cr concentrationintannery dudge.
Conversdly, pH and EC increased with tannery dudge
amendments: 0 g/kg (pH 7.61, EC 240 uS/cm), 0.77
o/kg(pH 7.84, EC 363 uS/cm), 1.54 g/kg (pH 7.85,
EC 460 uS/cm), 3.08 g/kg (pH 7.88, EC 596 nS/cm)
and 6.16 g/kg(pH 7.91, EC 1036 uS/cm) bringing about
accentuated neutral dkaineconditions.

Total and availablemetal content intannery dudge
amended soil

Totd Crincreased with tannery d udgeamendments
(TABLE 1). Cr®* was not longer detected, thustotal

TABLE 1: Total and EDTA available metal content in tannery sludge amended soil.

Metals Tannery sludge addition (g/kg soil)

(mg/kg) 0 (control) 0.77 1.54 3.08 6.16
Total
Cr 8.70+0.50a 53.42+5.68b 94.17+£3.07¢ 210.58+30.14d 432.817+15.39¢
Mn 186.63+15.76a 210.10+18.27ab 202.34+13.65ab 215.97+12.19b 211.22+3.16ab
Fe 9423.75+652.20a  8758.33£229.38a  8198.75+1013.59a  8053.75+1730.74*  9782.92+240.90a
K 1615.00+207.89a  1291.17+16.50b 1722.67+99.15° 2017.17+5.13c 1680.50+26.01*
Zn 30.47+1.60a 30.15+0.23 31.35+2.35a 29.65+2.58a 29.76+1.00a
Available
Cr 0.56+0.11a 9.29+0.06 b 18.64+1.23¢ 31.52+1.29d 57.28+5.10¢
Mn 7.35+0.65a 6.95+0.09a 6.69+0.46a 6.08+0.39* 6.71£ 1.27°
Fe 62.11+19.44a 56.47+17.41a 56.69+10.35a 57.37+£19.88* 88.16+11.81a
K 28.11+3.71a 35.73+22.23* 23.52+9.92a 27.37+3.39* 44.78+21.33*
Zn 2.56+0.23a 2.64+0.075a 2.62+0.09a 2.91+0.290* 3.47+0.55*

Values are means of three replicates + standard deviation. Means with the same letter are not significantly different. P<0.05
L SD test for total metal. P<0.05 Tukey’s test for available metal.
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metal content was assumed as Cr3*. Tannery sludge
amendmentswered so found to containimportant con-
centrations of Mn, Fe, K and Zn, although without
significant differencesamong trestments. EDTA avail-
able Cr (TABLE 1) increased with tannery sludge
amendments, but only 10% of total Cr wasfound to
be avail able, meaning restricted Cr for plant uptake.
For Mn, Fe, K, and Zn, therewere no significant dif-
ferences between the control soil and any of thetreated
soils (P>0.05 Tukey’s test). Results for other single
extractantsthan EDTA could berevised in Lopez—
Lunaet a9,

Total oxidabletrivalent chromium and reactive
manganese

Totd oxidable Cr®* increasedimportantly from 6.06
mg/kginthecontrol soil to 376.24 mg/kg for the maxi-
mum tannery dudge amendment (Figure 1), since hy-
pochlorite used in the extraction quickly oxidizesand
extractstheinert formsof Cr3* likethosefrom skins
tannery processin soil®4, althoughit should benoticed
that d ong the experiments Cré* wasno longer detected.
Cr oxidation rateis determined by speciation and mo-
bility of Cr aswell asthe aged immobilesurfacesof Mn
oxides*¥. Accordingly, inthiswork important reactive
Mnlevels(124-150 mg/kg) were observed, although
without significant differences among treatments
(P>0.05Tukey’s test). Interestingly, this total reducible
Mn could react with the Cr susceptibleto oxidation,
increasing Cr mobility and availability for plantsand,
consequently its accumulation in vegetabl e tissues.
However, if Cr¥* isnotinamobileform or that it could
bemobilized, it will not be oxidized inspiteof optimal

221

—==0 Qurrent Research Pepsr

manganese oxides surfaces’¥. Becauseof thedkaline
conditionsof thistannery dudge amended soil, Cr was
expected to easily precipitate asinsoluble Cr (OH),
limiting uptake by plants. Neverthel ess, organic com-
plexation of Cr** hasbeenfound to efficiently compete
with precipitation, rendering more soluble and there-
foremore mobile Cr species™”.

Conversdly, in meta—contaminated soils, the natu-
ral role of metal—tolerant plant growth promoting
rhizobacteriainmaintaining soil fertility ismoreimpor-
tant thanin conventiond agriculture, wheregresater use
of agrochemicasminimizether sgnificance’®. Besides
their roleinmetda detoxification/removd, rhizobacteria
aso promotethegrowth of plantsby other mechanisms
such asproduction of growth promating substancesand
siderophores®®. Inthiswork Rhizobiumnoduleswere
observed inrootsof bush bean plants (Figure 2) that
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diminished with increasingtannery d udgeamendments,
asresponseto Cr toxicity (broadly discussed in Lopez—
Lunaet al.['%). Rhizobacterid growth promoting sub-
stancesand bush bean root exudates could have mobi-
lized Cr through Cr2*-organic complex. Fact explaining
the noticeable Cr accumulation in bush bean tissues,
despitelow Cr availahility.

Metal accumulation in vegetabletissues

Metdsprimarily accumulated intherootsof plants
(TABLE 2), withexception of K that tended to be ac-
cumulated in the aerial partsof the plants, asit was
observed in Sesamumindicum (L) grown on tannery—
dudgeamended soil*¥. Cr accumulationincreased with
tannery sludge amendments. Significant differences
among trestmentswere not observed for the other met-
als. Cr accumulation in upper parts of the plantsin-
creased with tannery s udge amendments but accumu-
lationonly differed Sgnificantly intrestmentswith higher

Potential Cr oxidation and metal interaction in bush bean plants grown
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dudgeratios. Mn accumul ation was shown not tosig-
nificantly differ among treetments. Just theoppostewas
observed for Fe and K, although no clear tendency
was observed in the accumul ation patterns. Znand Cd
have been shown to be greater incorporated in culti-
vars grown on sandy soils with low organic matter
level®, Indeed corroborated in the present work, as
Zn primarily accumulated in the roots and was then
trand ocated to the aerid part of the plants, regardless
of itslow availability. Cr concentration in plant tissues
was diminished from theroot to the aerid part, being
lower in pods and seeds. Cr accumulationin podsin-
creased with tannery sludge amendments, but it was
found 50% lesser Cr in seeds. Mn and Fe accumula-
tionwasdightly higher in the podsand seedsof control
plantsthan thosefrom tannery 4 udgeamendments. For
K, nosignificant differenceswere observed in pods,
whilethegreatest accumulation in seedswas observed
in plants grown on soil containing 3.08 gof tannery

TABLE 2: Metal accumulation in bush bean cultivars

Tannery sludge addition (g/kg soil)

Cr (ng/g) Mn (ng/g) Fe (ng/g) K (ng/g) Zn (ng/g)
Root
0 contral 14.88+£1.95a 235.51+35.58 a 9345.98+1599.90 ab 11168.99+1413.81a 42.53+6.77 a
0.77 260.96+20.70 b  210.64+22.23 ab  8565.96+1469.23 ab 15370.83+155.13 b 40.44+4.01a
154 285.86+40.93 b 234.05£17.61 a 10350.79+1994.94 a  11822.18+3259.27ab  46.76+4.79 ab
3.08 764.26+13.42 ¢ 182.70£13.42 bc  8503.72+1020.62 ab 8404.23+769.58 a 46.50+2.80 ab
6.16 1336.00+£7.45d 154.28+7.45 ¢ 7225.79+861.20 b 8607.79+506.79 a 53.944+6.54 b
Aerid part
0 contral 9.39+£3.32 a 51.95+6.39 a 153.72+18.73 a 23909.49+4375.65 ab  28.60+1.03 ab
0.77 9.84+3.38a 47.75+13.24 a 150.65+1.51 a 18912.80+2876.99 b 30.30+4.31 a
154 9.62+1.59 a 45.32+8.37 a 103.37+22.68 b 18624.07+1002.19 b 20.20+£3.25a
3.08 28.45+5.75 a 54.50+6.10 a 203.46+2.10 ¢ 25933.93+5953.14 a 28.06+3.19 ab
6.16 1336.00+£7.45d 45.80+9.17 a 207.12+21.12 ¢ 13383.69+5775.11d 23.67+£5.02 b
Pods
0 Control 3.57+1.72a 84.83t£14.97a 50.28+9.94a 19407.75+7556.05a 23.41+1.25a
0.77 3.99+1.62a 42.97+10.03bc 32.65+8.60b 28196.00+1844.13a 5.84+0.96b
154 6.24+2.07a 37.66+0.33b 37.38+3.60abc 27282.21+465.40a 9.47+0.98b
3.08 8.27+1.75a 54.92+6.90¢ 29.61+7.84bc 25645.95+6071.62a 5.04+0.41b
Seeds (fruit)
0 contral 1.4440.98a 35.62+5.53a 30.40+3.60a 11132.27+514.44a 13.01+2.52a
0.77 0.99+0.19a 19.47+5.18b 23.10+4.54a 12175.06+901.48a 14.27+3.94a
154 1.17+1.10a 16.67+3.40b 23.30+3.29a 15512.37+4147.82a 12.81+1.56a
3.08 2.58+0.60* 28.77+2.48a 30.4549.18a 19972.81+380.31b 6.69+0.83b

Values are means of four replicates + standard deviation, in a dry basis. Means with the same letter are not significantly
different. P<0.05 LSD test.
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dudge. Znwas mostly accumul ated in podsfrom con-
trol plants(23.41 ng/g), diminishing with increasing tan-
nery dudge amendments, but without Sgnificant differ-
encesamong treatments. Finally, for most treatments
no significant differenceswere observed in the accu-
mul ation pattern of thismetal in seeds.

Relationshipsbetween thevariablesstudied

In the correlation matrix (data not shown) from
PCA, metal accumulation in pods and seeds was ex-
cluded to avoid missing data, sinceat 6.16 g tannery
dudge/kg soil pods and seedswere not formed. Cor-
relation analysis showed that neutral alkalinesoil pH
and EC favored theincrease of total oxidable Cr3* (r
0.99, P<0.05), thusincreasingthe EDTA available Cr
(r 0.97, P<0.05) and then Cr accumul ation at root level.
Conversely, there was no correlation between total
oxidable Cr® and reactive Mn, meaning negligible Cr
oxidation despitebeing Mn oxidestheonly proven natu-
ral oxidantsof Cr®to Cr¢*in soils, which increases Cr
mobility and toxicity!*®. Theseresults could be sup-
ported by thefact that higher pH might reducereactive
Mn oxide surface area, dueto precipitation of Cr hy-
droxide speciesand enhanced Cr3* sorption caused by
increaseintotal Mn oxides charge, thereby reducing
Cr oxidation?. Additionally, Fe-Mn reactivity limits
Cr oxidation and moreover, Fe oxides are known to
effectively reduce Cr. Such conditions might suggest
organic complexation asthemain Cr® mobilization
mechanism, rendering available Cr for plant uptake
despitethe hardly noticeable Cr oxidation. A negative
correlation was observed between Cr and Mn accu-
mulationinroot and upper part of bush beans(r -0.79
and -0.84 respectively, P<0.05), showing an antago-
nistic effect. Conversely, Mn and Fe showed asyner-
gisticrelationship (r 0.85and 0.74, P<0.05).

Principal component analysis(PCA) for grouping
variables

PCA of theraw datawas conducted usi ng the cor-
relation matrix to identify areduced number of compo-
nentsthat could capturethe highest percentage of vari-
ance. Four componentswith eigenvalues=1 werere-
tained (TABLE 3) and eigenvectorswith weighty |oad-
ingswerefurther on discussed, asthese eigenvectors
werethemost ponderousfor PCA. Thefirst principal
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component (Prinl) explained 55% of thetotal variance
with positiveand similar loadingsfor EC, oxCr, aCr,
rCr, and sCr. Similar but negative loadings werere-
corded for rMn and sM n confirming an antagonistic
relationship with Cr. The second component (Prin2)
explained 13.85% of tota variancewith positiveload-
ingsfor rFe, sFe, and rZn. Observed Zn-Fe synergism
is reported to be linked with the P supply. It is sug-
gested that at ardatively high accumulation of Pand Zn
inroots, the precipitation of FePO, inroot tissuescan
account for theincreasein Feuptake. Although Zn-Fe
antagonigticrelationshipin plantsismorewiddy known
anditsmechanismisapparently smilar to the depress-
ing effectsof other heavy metalson Feuptake?. Nega
tiveloadingswereobserved for rK and sK indicating
antagonism with Fe, sinceK deficiency isalso often
associated with Fetoxicity!?. Prin3 and Prin4 were
foundmorerdaedto metd interactionintannery dudge
amended soil and accounted for 10.79 and 8.24% of
total variance, respectively. Oppositeloadings between
reMnand aMnin Prin3 might indicatelesser Mn avall-
ability because of Mn reactivity withthe other metals
and soil minerds Pogtiveloadingsfor aK and aZndem-
ongtrated increased avail ability of thesemetalsin neu-
tra—alkaline soil conditions. Similar but opposed load-
ingsfor pH and reMn till sustainthefact that higher pH
might reducereactiveMn oxidesurfacearea, lessening
theMn oxidespotential to oxidize Cr, asdiscussed ear-
lier. The PCA graphic (Figure 3) describesthe group-
ing of variablesthat exerted main effectson bush beans
cultivarsamended with tannery sludge. Circled vari-
ables (Figure 3aand right side of 3b and 3c) show a
common patternwith pH and EC, representing anided
scenariofor Cr oxidation, increasing Cr avail ability and
consequently Cr accumulation in vegetabl e ti ssues.
However, thelast might have been prevented since Cr
oxidation by Mn oxidesis strongly dependent on pH
with themost effectivereaction occurring from pH 4.5
t06.023, Zn accumulation in plant tissueswasfavored
inneutral alkainesoils, asprevioudy mentioned. Fe is
knowntoimpair K uptake by plantsand reactions be-
tween Feand Mn are commonly observed (left side of
Figure 3b and 3c). Indeed, theratio of these two met-
asin both growth medium and plant tissues seemsto
be moreimportant to plant metabolismthan their con-
centrations? .
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TABLE 3: Principal component analysis(PCA)

Variables Prinl  Prin2 Prin3 Prin4
pH 0.211 0.006 0.154 0.502
EC 0.300 0.036 -0.098 0.116
oxCr 0.295 0.022 -0.156 0.051
reMn 0.013 -0.004 -0.426 -0.577
aCr 0.300 0.063 -0.071 0.124
aMn -0.122 0221 0.397 -0.040
aFe 0.190 -0.145 -0.061 -0.270
azn 0.164 -0.004 0532 -0.243
akK 0.164 -0.004 0532 -0.243
rCr 0.302 0.059 -0.042 0.049
rMn -0.277 0.174 -0.042 0.020
rFe -0.195 0452 -0.022 0.076
rzn 0.160 0.407 -0.019 0.015
rK -0.212 -0.337 0.004 0.258
sCr 0.302 0.059 -0.042 0.049
sMn -0.281 0.185 0.025 -0.016
sFe -0.176 0471 -0.085 0.083
sZn 0.247 0185 -0.127 0.200
sK -0.212 -0.337 -0.127 0.258
Eigenvalue 1048  2.63 2.05 157
Total Variance (%) 55.14 13.85 10.79 824
Accumulated (%) 55.14 68.69 79.77 88.01

ESAIJ, 7(6) 2012

Prin principal component. Pr efixes: ox = oxidable, re=reactive,
a=available, r =root, s=aerial part. Eigenvectorswith weighty
loadings were highlighted.

CONCLUSIONS

Cravailability increased with tannery dudgeamend-
mentsand Cr2* showed strong tendency to be oxidized.
Neverthel ess, Cr oxidation by Mn oxideswasrestricted
to moreacidic pH range. Metal reactivity wasaffected
by tannery dudge amended soil properties. Most met-
asweremainly accumulated in rootsand then trand o-
cated to aerid partsof the plantswithminima Cr accu-
mulationin seeds. Synergistic and antagonisticinterac-
tionswere observed between metasin soil and plants.
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Figure3: Principal components(Prin_,) screeningthein-
teraction of variablesin bush bean cultivar sgrown on tan-
nery sudgeamended soil. Prefixes: ox = oxidable, re=reac-
tive,a=available, r =root, s=aerial part
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