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ABSTRACT

Adsorption of Be, F, B, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr,
Mo, Tc, Ag, Cd, Sn, Sb, Cs, Ba, Hg, Pb, Bi, and P was measured in a
sandy soil and a sandy loam soil at concentration levels closely corre-
sponding to those to be expected for field conditions. Mobilities of the
elements in the soils were calculated from the adsorption daia. Of the
trace elements studied, F, B, and Fc were found to be very moblle in
both the sandy and sandy loam soils. Manganese, Sr, and Sb were
highly mobile only in the sandy soil, and Mo in the sandy loam soil. In
general, sludge solutions appeared to increase the mobility of elements
in a scil. This is due to a combination of complexation by dissolved
organic compounds, high background concentrations, and high ionic
strengths of the soil solutions. The relative effects of these factors vary
strongly among elements.

Equations were derived predicting the rates of accumulation in soils
and accompanying increases in the soil solutions of trace eiements
added with sewage sludge,

Whenr adsorption was related lo soil organic matter content, for
many trace elements the strength of adsorption was found to depend
only on pH, increasing with increasing pH.

Additional Index Words: heavy metals, adsorption, organics, soil.
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Land application is a method frequently used to dispose
of sewage sludge. The beneficial effects of sewage
sludge on soil fertility will, however, be more than
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offset by accumulation of toxic elements in the soil if
land disposal is not carefully controlled (De Haan,
1978; Chang et al., 1981). Perhaps in the near future
guidelines for the disposal of sewage sludge will be set in
such a way that the maximum permissible loading of a
soit with sludge will be determined by the original level
of trace elements in the soil (Purves, 1979). This level
will then be allowed to increase by a certain factor de-
pending on the adsorption characteristics of the soil.
Present practices of land application of sewage sludge
(De Haan, 1978; Chang et al., 1981) are leading to a
steady accumulation of a number of trace elements in
the soil.

Although trace elements are assumed to be retained in
soils, leaching of a number of trace elements in sludge-
amended soils has been shown (Poelstra and Frissel,
1979; De Haan, 1980). To estimate the movement of
heavy metals and other toxic elements associated with
sewage sludge in soils, data on physical and chemical
parameters concerning the soil adsorption processes are
essential. In addition, although not discussed in this
paper, factors such as erosion, tillage, uptake and re-
moval with crops, and possibly biomethylation (Brinck-
man and Bellamga, 1978) must be considered in a com-
plete description of the mobility of elements in soils,
Adsorption is affected by speciation of the elements in
the soil solution and by pH, E,, ionic strength, and
composition of the soil solution, as well as by the clay
and organic matter content of the soil (Wolf et al., 1977;
McLaren et al., 1981). Many adsorption studies in soils
pertain to concentration levels much higher than those
to be expected under field conditions (Jarvis and Jones,
1980; Jarvis, 1981). Adsorption data for conditions in
soils are indispensable for the proper modeling of the
mobility of trace elements in soils (Christensen, 1981).
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Table 1—Cationic composition of aqueous solutions used in
adsorption experiments with soils.

Solution phaset
Cemposition 10 11 12 20 21 22 30 31 32
meq/L

NH,” [ 1] 0 60 11 0.23 6b 7 0.12
Ca™ 0 3 30 5 16 5 5.2 30 12.8
Mg* 0 0 (4] 0.6 3.2 08 (1 8 1.4
Na* 0 1 10 48 5.2 0.8 8 7.3 1.1
K 0 1 10 2.1 2.3 0.3 2 2 0.44
Total cations 0 5 50 725 319 6.9 87.8 523 159
pH tf - - 7.7 64 5.2 76§ 458 586
M - 15 1§ 008 104 5.1 6o8 22 856
Na+K+NH,

+ Solution phase: 10 = deionized water; 11 and 12 = salt solutions; 20 =
supernatant of industrial anaerabically digested sludge; 21 = idem after
aeration of the sludge; 22 = idem of sludge solids which, after aeration
and centrifugation were resuspended in water and aerated; 30, 31 and 32
= the same as for 20, 21, and 22, but cbtained from domestic sludge,

} Not detectable.

§ Before equilibration with the sandy soil, the pH was adjusted to between
6 and 6 with HNO, to eliminate carbonate,

Our paper gives information on the physicochemical
distribution (adsorption) of 26 elements, added as inor-
ganic species, between the solid and liquid phases in two
types of soils and in sewage sludges.

METHODS AND MATERIALS

Eighteen soil/soil-solution phase systems resulting from the com-
bination of two soils with nine liquid phases were used to determine
the distribution between soil and soil solution of Be, F, B, V, Cr, Mn,
Fe, Co, Ni, Zn, Cu, As, Se, Sr, Mo, Tc, Ag, Cd, Sn, Sb, Cs, Ba, Hg,
Pb, Bi, and P. The liquid phases used for equilibration of the soils
were distilled water {one time), salt solutions of different ionic
strengths {two times), and solution phases of sewage sludges (six
times). The ionic strength of the salt solutions was adjusted at two
levels: 0.0035M or 0.035M (CaCl, + NaCl + KCl) (3:2:2). Sludge
salution phases were obtained after centrifugation at 40.000 g for 1
hour (MSE 18 high-speed, 17,000 rpm; MSE Scientific Instruments,
England.). Industrial and domestic anaercobically digested sludges
were used. Data on the elemental composition of these sludges, typed
“Almelo’” and ““Alkmaar,”’ have been published (De Haan, 1978).
For a number of elements (Be, V, Se, Sr, Tc, Ag, Sa, Sb, Cs, and Bi},
however, data on total concentrations had to be estimated from the
literature (Furr et al., 1976). Ten liters of the sludges were aerated in-
tensively for several months in glass fermentation vessels, with con-
stant mechanical stirring. The total volumes of the sludges were kept
constant by adding water. After centrifuging and decanting the solu-
tion phase, the remaining sludge solids were made up with water to
the original volume of 10 liters.

After an equilibration period of between 2 and 4 weeks, with con-
stant stirring and aeration, shudge supernatants were again collected
after centrifugation. The compositions of the solution phases are
given in Tables 1 and 2. Dry matter contents of the siudges, de-
termined after drying at 105°C for 20 hours, ranged from 1 to 3%.
Organic matter, determined as weight loss after ashing at 600°C for 4
hours, corrected for carbonate, was 50-60% of total dry matter.

Basic characteristics of the two soils used, a sandy soil and a sandy
loam soil, are given in Table 3. The soils differ mainiy in pH and clay
contents, Organic matter contents and cation exchange capacities
(CEC) are similar. The s0ils were stored in polythene bags at 2°C. Alt
labware used was made of polythene or polypropylene and was soaked
in 10% HNO; and rinsed with doubly distilled water before use.

Soil adsorption was determined with a series of solutions where the
elemental concentration ranged from O to 5 ppin above the concentra-
tion of the initial solution. A radioactive tracer of the element studied
and 5 g soil were added to 25 ml of these solutions, The soil/solution
mixtures were equilibrated for 3 days at 20°C on an orbital shaker.
Soil solutions were obtained after cenirifugation at 40,000 g for 1
hour. The radioactivity of the solution phase was measured in 20-mi
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Table 2—Anionic/organic composition of agueous solutions used
in adsorption experiments with soils.

Solution phase'f
Composition 20 21 22 30 31 32
mg/L
Organic N 50 30 7 50 10 1
NO,-N -f 30 40 - 500 80
NO,-N - 5 - - 1 -
Inorganic P 70 15 20 25 100 40
Organic P nat n.s. n.s. ns. ns, n.s.
Cl 200 200 10 250 250 25
Organic C 260 400 ndi 250 400 nd.
Sulfide S 0.1 - - 0.1 - -
50,8 - 30  nd - 60  nd.

7 Solution phase: 20 = supernatant of industrial anaerobically digested
sludge: 21 = idem after aeration of the sludge; 22 = idem of sludge
golids which, after aeration and centrifugation were resuspended in
water and aerated; 30, 31, and 32 = the same as for 20, 21, and 22, bt
obtained from domestic sludge.

f n.s. = not significant; n.d. = no determination; - = not detectahle.

vials in a liquid scintillation counter (Philips) for **Ni and **Tc and a
gamma counter (Philips) for all other radicisotopes used. The dis-
tribution constant (K), defined as the ratio between the increase in
the amount of element adsorbed per unit weight of soil and the accom-
panying increase in soil solution concentration, can be calculated from
the measured data according to:

Kz = AC,/AC,, = (Ch, — CRIV,ACEG) (ml/g), i

in which:
€}, = concentration of added radioisotope in the solution phase if
0o adsorption occurred, measured in a blank without soil
{(cpm/ml);
Cp, = concentration of the radioisotope in the solution phase
after 3 days equilibration with soil (cpm/ml);
V.. = volume of solution phase phase (ml);
G, = mass of the solid phase (g);
AC, = increase in concentration of the element in the soil sotlid
phase (ug/g); and
AC,, = corresponding increase in concentration of the element in
the solution phase (zg/ml).

The specific radioactivity and amounts of radioisotopes added were
such that no significant increases in the background concentrations of
the elements in the various soil solutions resulted. The distribution
constant {X;} could thus be determined at the natural background
concentrations of the elements (AC,, ~0). Assuming K, to be constant
(X,) in this region, its relationship with the migration velocity of the
element in the soil can then be determined from:

V, R
Vy = HO ; £2]
U+ w0k, &+6K,

in which: ;
¥x = migration velocity of an element with a distribution con-
stant K, in the soil (mm/year),
Vy,0 = linear velocity of water in the soil {(mm/year),
R = surplus annual rainfall (mm/ year),
& = soil moisture content (cm’/cm?),
& = soil bulk density (g/cm’), and
w = 8/® = phase ratio in a volume of soil (g/cm?).

Table 3—Characteristics of soils used in the
adsorption experiments.

Moisture
pH (of oven- Organic
Soil type (H,0) dry wt) matter] Clayt CEC
4 meqfg
Sandy [i] 0.11 0.085 0 0.22
Sandy loam 8 0.26 0,025 0.2 0.16
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Fig. 1~-Solution concentration ranges of elements in sewage sludge.

The radioactive isotopes were obtained as chlorides or nitrates (the
Radiochemical Centre, Amersham) in the valence states most likely to
occur in agqueous solutions (pH = 4-8) under atmospheric pressure
and O, level: "Be, #VO», %1Cr™, *Mn*, “Fe™, “*Co¥, ®Ni¥,
Sszn1+, TCASO‘Z-' T!Seojzu’ l!Sr2+’ ODTCO‘-’ lIomAg+’ IOQCdZG, II]SnJH"
1258 h, IS'-‘CSO-, naBau, zmpbzo, and *°'Bi*,

The distribution behavior of Cu, Hg, Mo, B, F, and P was studied
without radioactive tracers, These elements, added in standard solu-
tions (Merck Titrisol} as Cu**, Hg*, Mo*, B*, F-, and PQ.*, were
determined directly in the sludge solution phase. Mercury was deter-
mined after reduction by atomic absorption spectrophotometry in a
gas flow-through cell; Cu was preconcentrated by extraction and de-
termined similarly using a graphite furnace. Molybdenum, boron, and
phosphorus  were determined colorimetrically, Fluoride was
determined potentiometrically with a selective membrane etectrode. In
addition, solution concentrations of Pb, Zn, and Cd were also deter-
mined directly by anodic stripping voltammetry (PAR analyzer 174 A)
in a background buffer at 0.05M Na-acetate (pH = 4.5). Blanks were
run throughout all analyses. The concentration ranges of ali other ele-
ments were calculated indirectly from the distribution constants (Fig.
2) and the total concentrations of the elements in the sludges.

Without radioactive tracers K ; follows directly from:

’Kd = G/C, = (AC,, — CIV,AC, Gy) (mi/g), i31

in which AC,, = the concentration of the element added to the solu-
tion phase if no adsorption occurred, measured in a blank without soil

(ng/ml).

Working without radioisotopes usually entails a significant increase
of the concentration of an element in solution before a measurement
can be made. The distribution constant at the background concentra-
tion .of the element in the soil solution was found by plotting AC;
against AC,, and extrapolating K; to AC,, = 0. In the same way dis-
tribution constants of the elements (K, values) were also measured in
the anaerobically digested and aerated sewage siudges. After addition
of the element or isotopic tracer element, the sludges were left to stand
for 1 month before analyses were made. The aerated sludges were oxy-
genated once a week (E;, > 200 mV).

RESULTS AND DISCUSSION

Ranges of elemental concentrations in the various
sewage-sludge solution phases are given in Fig. 1; ranges
of distribution constants are given in Fig. 2. As can be
seen, aeration with accompanying changes in pH and
ionic¢ composition of the solution phase (Tables 1 and 2)
greatly influences the distribution and, in general, in-
creases the solution concentrations of elements in
sludges. The E, of the acrated sludges was =200 mV,
and of the anaerobic sludges < —300 mV. After sampling
the sludge for distribution experiments the E,, was found
to rise to between — 300 and 0 mV, This no doubt ac-

Kq mljg
0 10° 10°

Z——— oncerobically digested sludge
{7773 idem after extensive geration

Fig. 2—Distribution constant ranges of elements in sewage sludge.

counts for the behaviour of Tc in the anaerobically di-
gested sludges (Fig. 2), in which K; was found to vary
between 10 and 10,000, Reduced forms of Tc are strong-
ly adsorbed to organic matter (Balogh and Grigal, 1980;
Mousny and Myttenaere, 1981) and their rates of
formation can vary greatly in the observed E, range of 0
o =300 mV.

Except for P, the concentrations of the elements de-
termined directly in the sludge solutions were found to
be within the ranges calculated indirectly from the dis-
tribution constants and total elemental concentrations
in the studge. This shows that distribution of trace ele-
ments in sludges is a rapid process involving all species
of an element and ruling out slow precipitation
reactions. In the case of P, calculated concentrations
were much higher than actual concentrations.
Phosphorus is a major element in soils and sludges and
is known to be involved in slow precipitation reactions
(Beck and Van Riemsdijk, 1979). The distribution
constants measured after 3 days will thus be nonequilib-
rium values, explaining the observed discrepancy. -

If adsorption is rapid and reversible K, governs the
basic mobility of trace elements as expressed by Eq. {2]
{(Huber and Gerritse, 1971, 1973). When several species
of a trace element are present, Eq. [2] also applies as
long as the species are in mutual rapid equilibrium. If
not, each species must be treated separately and kinetic
parameters must be determined for proper calculation
of mobility. If adsorption itself is slow, as in the case of
P, Eq. [2] can be used in conjunction with a kinetic model
to predict elemental mobility (Gerriise et al., 1981;
Gerritse, 1981).

Examples of isotherms are shown in Fig. 3 for Cd, Se,
and Cu. Rather than presenting all individual isotherms
(468 in all), the ranges of distribution constants (K,’s)
for each element found with the water and salt solutions
(white bars) and the ranges found with the six sludge
solutions {dark bars) are given in Fig. 4 and 5. The
ranges of relative elemental movbilities (V,q = V,/Vn,0
x 100%) are also shown in Fig. 4 and 5 and were cal-
culated with Eq. [2]. In most cases the sludge solutions
appear {0 increase the mobility of the elements. A strik-
ing example is Sn (Fig. 4 and 5). This is due to a com-
bination of complexation by dissolved organic com-
pounds, high background concentration (e.g., in the
cases of B, Mn, Zn, Sr, and P) and high ionic strength
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Fig. 3—Examples of adsorption isotherms found for the sandy loam
soil using 0.0035M (CaCl, + NaCl + KCD) (3:2:2) as equilibrating
solution,

of the equilibrating solution. The relative effects of
these factors will vary strongly among elements. Highly
mobile elements (possible velocity relative to water in
the soil is > 10%) are F, B, Mn, Sr, and Sb in the sandy
soil and F, B, and Mo in the sandy loam soil. Techneti-
um was only slightly adsorbed in the sandy soil and
barely detectable in the sandy loam soil, indicating its
high mobility. Under anaerobic conditions in the soils,
however, the mobility of Tc is drastically reduced
{Balogh and Grigal, 1980; Mousny and Myttenaere,
1981). Mobility of most elements in the sandy loam soil
is lower than in the sandy soil. Molybdenum, phos-
phorus and technetium appear to be the only excep-
tions. The relationship between K, and the average
annual distance migrated into the soil by an element is
given by Eq. [2].

Due to dispersion the distance migrated by an element
in the soil will be spread around an average distance A,
For a linear isotherm this scatter will be proportional to
the dispersion length (DISP) via (A x DISP)'/? if DISP
<) (Bolt, 1979). Dispersion length is a soil characteris-
tic and usually about 1-5 cm when measured in soil col-
umns. It can, however, be as much as 20-40 ¢m under
field conditions (Van Hoorn, 1981). If DISP ~ X\
and/or the distribution isotherm is nonlinear, the con-
tribution of dispersion can be estimated graphically
(Bolt, 1979) or by computer simulation (Christensen,
1981; Gerritse ¢t al,, 1981). ,

The accumulation of trace elements in the tillage layer
of a soil through sludge disposal can, for a linear dis-
tribution isotherm, be related to the distribution con-
stants given in Fig. 4 and 5 with the equation:

A =100 (eX/R)I(1 + wK;)/wl gl — g7, 14]

362 J. Environ. Qual., YVol. 11, no. 3, 1982

Vrel%
20

a0025 4025 Q25 2,5
e [~ .

Vi L i o )
Cr | . —. T%
Mpn |7 " .
Fe [7. -5
0 . .
Ni R
Lo
ol -, -
As [ - - ~
e [ - . o =
q '.. . \\
[of: I IEEDUIE:
Sn [ =7 ks
K L
T I 3 S
P ., [—]
10000 1000 160 10

1

mlig Ko

Fig. 4—Trace element mobility in 2 sandy top soil. White bars repre-
sent ¥, or X, found after equilibrating the soil with inorganic
solution phases. Dark bars represent the range found after equili-
brating with sewage sludge solution phases.

for0 < g < 1and A = 0 for g =< 0, and in which:

A = increase in total trace element concentration in
the tillage layer of the soil (zg/kg) after n years,

g = trace element concentration in the sludge (mg/
kg of oven-dry matter),

X = annual application of sludge (t dry matter/ha),

R = surplus annual rainfall (mm),

= number of years of addition, and

q =1 — (JOR/M)[w/(} + wK,}], y being mass (t} of

1 ha of plowed soil (tillage layer).

~ The accompanying concentration of a trace element
in the soil solution is given by:

C, = A[w/(1 + wK,) = 100(¢ X/R)q(1 — gv. 5]

Equations [4] and [5] are derived with simple mathe-
matics from the distribution constant as used in Eq.
{1-3].
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Fig. 5—Trace element mobility in a sandy loam top soil. As for Fig. 4.



t
W

Table 4—Distribution constants and ranges caleulated for two highly organic soils, one unpolluted (4) and the other polluted with
heavy metals (B); 1 a sandy soil (C) and a sandy loam seil ();} two peats;§ and anaerobically digested sewage sludges}
: before (1) and after {2) aeration.

K

Soil A Peat AY Seil O Sludge 2 Peat B# Soil B Soil DY Sludge 1
pH 4.5 4 -5 46 - 5.0 b -~ € 6 6.2 75- 8 - 19
Organic matter, % 20 >80 3.5 60 =90 >90 2.5 60

L/g organic matter

v 5.6 - 1 -4 1 -2 - 1.3 8 -15 I- -2
Cr 6.7 - 6 -20 1 -10 - 41 1 - 15 2- 4
Mn 1.1 - 0.03- 1 0.05- 0.2 - 16 400 -600 2- 6
Ni 1.1 - 03 -3 02 - 1 - 6.2 9 - 18 1
Cu 4.9 1 -50 3 -6 5 - 10 19 37 5 - 50 160-2560
Zn 2.1 0.07-156 0.2 -~ 4 3 - 4 - 3.2 70 -100 60- 90
Cd 1.6 0.02-20 0.07-13 2 - 3 - 6.4 20 -160 80-120
Pb 28 0.2 -70 8 -37 o0 -120 - 26 120 -1860 100-150
1 From data of Tyler {1978).
1 This paper.

§ A: Wolf et al, (1977); B: McLaren et al, (1981},

{ Distribution constédnt ranges calculated for inorganic phase solutions only ([Ca*) = 0-0.016M).

# Measured in 0,05M CaCl,. .

As can be expected, the rate of accumulation of an

element as well as the maximum level reached in the soil
is dictated by the amount added annually and the distri-
bution constant. .

To illustrate the importance of organic matter, data
from the literature (Wolf et al., 1977; Tyler, 1978; Mc-
Laren et al., 1981) are compared with the distribution
constant ranges found for the soils and sewage sludges
described in this paper (Table 4). The distribution con-
stants are given per unit weight of organic matter in-
stead of oven-dry weight of soil or sludge. The relation-
ship between these distribution constants is given by:

Ky = KJ(A/100), [6]

in which:
K, = distribution constant (ml/g) per unit weight of
soil or sludge dry matter,
K7 = distribution constant per unit weight of soil or
sludge organic matter, and
A = organic matter in percent of soil or sludge dry
matter.

In this way it can be seen that for many of the ele-
ments considered in Table 4 the order of magnitude of
the distribution constants is more or less independent of
the type of phase system, but dependent on pH.
Especially in the pH range of 4 to 6, agreement is good.
The alkaline soils and sludges show much less
agreement. This is due to the much greater competition
in this pH region between adsorption to solid organic
matter and complexation by dissolved organic matter.
Amionic species, however, (e.g., the predominant forms
of B, T¢, As, Se, Mo, fluoride, and cations such as Cs*
that do not readily form complexes) show much less af-
finity for soil organic matter.

Sludge organic matter can add to the adsorption
capacity of a soil for trace elements. A large part
(50-80%) of organic matter of stabilized sewage sludge
is fairly resistant to decomposition in the soil (Terry et
al., 1979a, 1979b) and is similar to humified organic
matter. However, when the sludge is added 1o soil, part
of the native soil organic matter is decomposed {priming
effect; Terry et al,, 1979a, 1979b). With recommended

sludge disposal rates in The Netherlands (1-2 t dry
matter/ha per year; De Haan, 1978), the effect of added
sludge on the soil adsorption capacity may be assumed
to be small, and, based on organic matter (Van Dijk,
1980), the extent of adsorption will hardly change for
many trace elements (Table 4, Eqg. [6]).

The problem of accumulation accompanied by in-
creasing levels of trace elements in the soil solution,
however, remains and will increasingly present itself in
the future, as can be concluded from the data and litera-
ture given in this paper.
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