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THE BIOLOGICAL IMPLICATIONS OF METALS
IN THE ENVIRONMENT--SESSION IT

A RAPID DIFFUSION METHOD FOR PHYSICOCHEMICAL

CHARACTERIZATION OF METAL LIGANDS IN SOILS AND SEDIMENTS

.. T. R. Garland, R. E. Wi1dung;_and R. A. Pelroy

The ability to predict the effect of the addition of any pollutant on
a complex ecosystem requires a thorough know]edge'and understanding of the
interactions: of the components of the system at the chemical level as well ',
as the-organism_Tevel. In the case of metals in soils and sediments, the E
major'fraction of the éxogenous metal islusually immobilized and only a
small fraction may be available to biota in the écosystem. It is, therefore,
logical that considerable emphasis has recently been devoted to determination
“of the chemical fbrmlof "mobi]é" or "soluble" heta]s 1n'soi1§ and- sediments,
especiai1y ihose that have the pdténtié] for adverse effects on biota at
‘relatively Tow concentrations.:

However, it is extremely difficult to determine the chemical form of
most metals at environmental levels.” In addition to difficulties inherent
in detection of metals at low levels, methods of mefa] isolation and.
éharacterization have the‘fnherent 11mitat§on of potentially changing the

- chemical form initially present. in situ.

Today, a diffusion method wi]] be described which allows pfe]iminary
characterization'of mobile species ‘'of metals in soils and sediments th]e
minimizing the potential for alteration of metal form. In addition, examples
- of fhe app]icatfon of the method to model compounds of Pu and Pu in soil will

. be givén.
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The iﬁpetUs to develop and utilize diffusion phenomenaﬂés an analytical
tool came from microbial studies in which diffusion was used to create |
metal concentration gradients on agar-gel p]étes to expose metal-resistant
microorganisms to different metal concentrations on a single plate. It was
noted thaf the application of the most simple equations describing diffusion
allowed the accurate pfediction'of the mobility, as a function of time, of"
known aqueous meté] species 1n'équeous solution.

The first slide shows twoAp1ates which have been employed for measuring

the diffusion of mobile metal species ﬁn'soils'and sediments.

SLIDE 1:

This slide shows the petri plate and tube container and an.example of
the sampling prdcedure~used. The sﬁppofting medium used in both systems is
a 2% agar gel in Q.O] M_Ca(N03)2,'which stabi]izés the adueous phase against
convectfon but doeé not impede the random movement of most mo1ecL1es at
dilute concentrations.

Wﬁen the petri plate system is employed, the soil sample under study
is applied in a cylindrical well at the ceﬁter of thé plate. Radial
diffﬁsion of soluble substances occurs in. a p]aﬁe which is -sampled with time.
When the tube system is employed, the sample is applied at the surface of
the gel and diffusion occurs in one d{rection.' The dimensions of the con-
tainers are not critical except that fhey should be of sufficient iength
(or radius) fhat wall effects are negligible during the sampling time period.
This is ﬁsua]]y not a significant problem and is easily recognized as will
be discussed later. Precautions must be taken to assure.that no seepage of
sample occurs befween‘the gel énd'fhe sides 6f the'container.' This,méy entéi1

sealing the sample well with additioné1.agér solution prior to the application
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of the sample or‘pretreathent 6f the container. In the 1attér case, pre-
Timinary addition of hot agar to the container, decantation of excess agar
which did not adhefe to the glass followed by cooling and drying in a
desiccator pﬁior to addition of the final gel matrix has proved to be
sufficient to allow bonding of the agar to plastic or glass.

The remainder of the discussion will concern only the petri plate;
however, only slight changes in mathematical and procedural changes are
required for the tubes.

Preparation of theAp1ates is accohp]ished several days in advance of
the addition of samples. In order‘to obtain reproducible volumes in the
" petri plates, a known quantity of hot 2% agar in .01 ﬂ_Ca(NOj)2 is weighed .
into pretared pe%ri'digheé and allowed to.so11d1fy on a level table.
Usually, several plates are made at one fime, and p]ates not being immed-
iately uéed are stored at 4°C. The agar plates are equilibrated in a
constant temperéture chamber for 24.houfs.

- -Insertion of ssamples into the agar containers has been accomplished
 using various techniques. Prior tb placement of soil iﬁ the diffusipn
chamber, a 10 g subsample is taken to field moisture capacity. Using a
pretared segmenf of glass tubfng with an.inside diameter the equivalent
to the well, a plug of the moistufe-saturatéd.sbi1 is removed, weighed, and
inserted into the well. The amount placed into the agar is obtained by
difference. A'separate 5011 sample is- taken in an fdentica] matter to
aécurate1y determine (gravimetrica]]y) the soil moisture conteﬁt.

After the soil has been added to the agar gel, it is gently tamped to
assure uniform contact with the gel surface. Priof to incubafion, the ‘

sample is sealed with approximately 0.5 ml of 0.7% agar at a temperature
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of 45°C (the Towest temperature at whiéh agar is not solidified) t6'e1Tminafe
-differentia17drying of the~§amp1e and gel. '

The sample in the agar geT.diffusion container is incubated for pre-
détermined'periods.of time -at constant témperature. The incubation is
Agenera]iy carried ouf inside a‘large vacuum dessicator with a damp sponge
added to maintain constant moisture. The dessi;ator arrangement also |
allows incubation under aerobic or anaerobic conditions by changing the
atmospheré in the chamber. The dessicator is then stoféd level in a con-
stant temperatgre'incubator at the desired temperature.

Samples of the agar gel on petri plates are taken for analyses of the
desiréd metal at definite time intervals by removiﬁg small cyTindriCa] ‘
samples at specific Qiétahces'from the samb]e well. With the petri plates,
éevera] samplings on the same b]ate may be undertaken at‘differént time
intervals. For the tubes of agar gel, each sampling reqdires'the éacrifice
of a replicate tube and the sample.

The next slide shows the mathematical eqdations used to describe the
- movement of solutes by diffusion in the sﬁpporting gel matrix for the petri

plate system.

SLIDE 2:
| The two—dimensioné] planar diffusion on the petri p]afes is.represented
by the first equation where C is the éoncentration in ug/cm3 at any point in
the agaf at«distance 4, S is the quantity of material at t, in the startfng
materia]l D is the diffusion coefficient of the material, t is.At, i.e.,
t ; t, in sec, and h is the height of the agarslayer in cm.
The diffusion coéfficient is determined from the slope of the line

obtained from equation 1 using equation-2. This equation is derived by



. taking the logarithms of the first equation énd differentiatfng with respect
to rz.u Equation 3 is an approximation re]ating the diffusion coefficient to
the sauare root of the molecular weight-qf a known and unknown species.
Several assumptions have been made in the‘use of these equations. First,A
it is aésumed'that the.sample h&s a negligble thickness, i.e., it represents. .
a line source; To minimize this 1%mitatioh, the diameter of the plug was
Amaintained as small as possfb]e and the,distance and tihe(chosen for analyses
were maintained as large as poséjb]e. Secondly, it is assured that the
subsfances move by diffusion procesées.alone aﬁd do not interact with the
matrix or other components during the time of ana1ysés. This later limita-
tion has been shown to be a problem and is likely the major 1imitation in the
interprefation of results obtained. To assist in recognizing when inter-
‘actions with the gel have occurred, diffusion.coefficieﬁts and calculated
metal concentrations are compared at different time'intervalé after sample
app]ication; |

fhe next slide shdws'a plot of the'diffusion of a stable complex of

PuzDTPA3 in the petri plate chamber.

SLIDE 3:

The Tog of the concentration of Pu at time t and distance r frqm the
'ériginal sample in ug/m] is plotted on the y axis and the square of the
distance traveled is plotted on the x axis. The results are for Pd at
Tevels of 40 ug and 0.04 ug, the sb]id and_dashed lines, respectfvely; and
at two tfmé 1ntehvais,‘24 and 94 hr from sample application. The straight
and parallel lines obtained for both concentrations and at both time

periods are an indication that sample or gel interactions are not occurring.
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The consistent diffusion coefficienté and the comparability of initial and
calculated initial Pu concentrations for different equilibration times at
different concentrations yerifies tﬁis observation. fhe‘diffusﬁbn coeffi-

6

cient observed for this stable complex of Pu was 5.5 x 10 cm2/sec.

Two primary mechanisms for achieving stabi]ity in Pu aqueous solution
(inc]udiné the so0il solutions) are likely. - One involves complexation with
organic ligands to form highly stable chelates or cohplexes as with DTPA, |
where the log stability constant dis in the vicinity of 23, and the other
involves hydrolysis to the highly insoluble hydrous oxides or hydroxides,'
with }og so]ubi]ityAproducts approaching 50; Several studies underway
in our'1aboratory and othe951are attempting to define the p1antpuptake of .
Pu after addition of'PQ(N03)4 solutions to soil where the Pu is stabilized
in solutions of 2 k[HNO3. In our 1ab6rafory, the neutralization of the
excess acid has been accomplished by the addition of sufficient CaCO3 to
neutralize the acid which had been added to a small aliquot of soil. The
amended soil was then dried and mixed with the remaining soil required for
the experiment. To -characterize the Pu reactions, products which may have
formed during this procedure,_the.diffusion of'Pu(NO3) added to an agar
sotution which contained sufficient CaCO3 or Ca(OH)ZVto neutralize the
excess associated acid was measured. After stirring for 5 min, the agar
solutions containing the Pu were allowed to soiidify and equi]ibraté for
.24 hr. The fina] pH of both solutions appro*imated 8 as indicated by pH
paber. Aftér-equi]ibration, a subsample of the solidified agar was added
to another prepared»agar plate for diffusion measurements aftef:94 and 438

" hr incubation. The concentration of Pu was 0.1 ug]cm3 for both cases.

The results of this-experiment are shown in the next slide.



SLIDE 4: - |

The Pu species behaVed differently than the PuzDTPA3 qoﬁp]ex. First,
the lines are not linear and second, -the diffusion-coefficients for Pu are
considerably smaller. It is also of interest that more Pu appears to be
able to diffuse from the plug when_neutra]ization of the excess acid was

made with Ca(OH)_2 than with CaCO0 Our tentative interpretation of this data

3"
~is that the majority;of'the Pu that appears to be diffusible, is:primari1y
in the form of colloidal hydrous oxide particles of Pu with estimated
molecular wéights of - 200,000.t6.] million. However, it is not impossib]e.
that a‘combination of co]ioidal Pu(OH)4 and stable Pu-Tigand cdmp]exes
(where the prganic ligand was an impurityfih'the agar) is respdnsib]e %or /
the observed behavior.l This will be discussed 1ater!v The ﬁext slide shows
the diffusion of Pu form a representative soil which Had Pu(N03)4 added
with the excess acid neutralized with CaCO5 but which had been allowed to

incubate under aerobic conditions for approximately 100 days at 70% field

moisture capacity prior to diffusion measurements.

SLIDE‘S:

This slide includes, for comparative purposes, the diffusion of Pu on
agar gel petri plates (dashed 1ine§), as shown in thélprevious slide. 1In
addition, the behavior of Pu in the equilibrated soil (solid 1ine) is also. -
shown. Thé'Pu.analyses were conducted at two time-intervals, i.e., 94 hr
(open circles) énd 438 hr (closed circles). This particular soil is a
Ritzvi]]é‘silt loam, and the observed behavior of Pu on this soil is
generally repfesentative of that found on four other soils. As indicated
ear]iér, the n0n1ineaf sémi-]bg plots obtained may be explained by either

multiple chemical species of Pu ot different diffusion coefficients giving
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the composite curves shown or by interactjon of Pu with the agar gel matrix.
Investigétions eurrently in progress involve the use of computer analyses of
diffusion curves to resolve the multiple diffusing species and to differen-
tiate between the diffusib]e and the interacting, nondiffusible species.
For the purpose of this discussion, diffusion coefficients, sample concen-
tration, and molecular weights have been‘estimated using the dafa points at
the extremes. of each curve. These_Va]ues'wi]] be summarizee Tater.

The curves shown here and those obtained from experiments with the
other soils lead to severa]vconc1u§ions. First, the magnitude.of the
difference in the quantity 6f diffusible Pu resulting from solution neutral- -
ization and neutralization in the soil 1ike]y resu1ts'frem differences in
aging time after neutee]iéation and sorption in‘the Seil systems. In the
solution studies, the~reaction time after neutra]izafion was only 24 hr
cdmpared-to the 100 day 5nCubation for the soils studies.A The Pu(OH)'4
formed by hydro]ysis or neutra1ization tendsAtd agglomerate into larger
particles with time with the rate being at least partially Pu-concentration
dependent. ‘Secondly, the .common e1ope.of the chemical species formed in
soil and in solution over the distance of 2 to 2.5 cm (or in terms of rz
on the x axis, from 4 to 6) indicates the common presenee'of colloidal Pu
hydroxide of sufficiently emall size and electrostatic charge to move in
_both the‘aqueous soi]-ffee solution and the soil solution. Thirdly, the
reduced slopes at the extremes of the cerves for diffusible sbiJ.Pu'
compared'to solution Pu may indicate that a small fraction of the added

Pu has associated with ligands present in soil forming a complex that is

of sufficient stability to resist'hydro1ysis'and immobilization.



SLIDE 6:

The result of theée studies to date ére preiiminary to the extent
that there‘has been no attempt.to precisely resolve the several Ehemica]
species which serve as components of the diffusion curves. In this
respect, the diffusionfcoefficieﬁts for the most mobile components are the
least subject.to error. The less mobile components (those with larger
molecular wéfghts) are more likely to have diffusion coefficients dnd
concentrations that are lower than those shown.

Of particular importance are the estimated concentrations and
molecular weights of the most mobile fractions of the Pu in the soils studied.
Although the quantity ofiPﬁ associated with the most mobi]é fraction (9-55
pg/g soil) représents iesé than 0.008% of the Pu in the soil, this fraction
may represent that cohponent of Pu that is most avai]ab]e to plants. In
fact, this approximates'the quantity of Pu,removed'from'soil by mature
soybéans groWn'ip‘pot culture in ouf labOratory.

In conclusion, the diffusion_mefhod presented ‘allows the preliminary
characterization of mobile metal species present in soil solution and
sediments without markedly affecting the form of the model compound.
Furthermore, the 1iklihood of alteration of less stable Pu complexes is less
~ than harsh chemical extracts. The addition to soil of Pu in acid solution
with subsequent neutralization of the excess acid results in the immobiliza-
“tion of the majority of the Pu, but that a very small fraction that is
reiative]y mobile with estimated molecular weights of less than 20,000.
Application of this method to soil and sediment:systems should provide
- insight into the chemical and microbiological phenomenon which'inf1ﬁence

“Pu mobility and bioavailahility in the environment.
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Slide .2. Equations used for éna]ysis of metal diffusion on petri plates.

o /
_ S e-4Dt \
1 C(Y‘,t)‘ - 4+xDth
2 S (log._ C) = slope at time(t) = - LN
) 9 Siop " 4Dt
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Slide 6. Estimated concentrations and molecular weights of "mobile" Pu ]igandé in soils from measured
diffusion coefficients. '

RY
s,

Most Mobile Species Least Mobile Species
Diffusion Molecular - Soil Diffusion - - Molecular Soil
Identification Coefficient Weight Concentration Coefficient Weight Concentration
(x 10-%) pg/gm* - (x 10-7) R pg/gm*
Controls - ' '
PU(NO, ), + 3.0 5,200 —~ 2.1 1x 108 -
Ca(OH)2 ’ ' . .
Pu(NO3),+ 1.5 22,000 | - 4.4 0.2 x 108 -
CaCo .
Pu,DTPA, 5.8 1,700 - | 53, 1,700 —
Soils | |
Ritzville 3.0 5,000 } 24 2.3 -0.9 x 106 ~ 150
Quillayute 2.5 o 7,200 47 2.7 0.7 x 106 1,200
Hesson 2.4 8,100 9 2.7 0.6 x 108 330
salkum 1.5 21,000 55 2.3 0.8 x 106 " 340

Muscateen 1.9 13,000 3% 3.1 0.5 x 108 170 .

* picograms:z (10712) Pu/gram soil.




