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Abstract There is evidence in the literature that the
ratio of mass of sorbent (/) to volume of solution (V)
affects the results of batch tests with soils and
sediments. This restricts the use of such data to
conditions with the same M/V ratio they were derived
with, unless its influence is corrected. To find a
correction, we conducted batch tests with soil and
zinc solution using four M/V ratios. For each ratio, the
experiments produced a different relationship between
the mass of zinc sorbed per unit mass of soil (a;) and
the zinc concentration in the solution after shaking
and removal of the solid phase (Cy), which is usually
taken as the equilibrium concentration (Cq). A
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theoretical analysis revealed that the M/V effect can
be accounted for by dividing Cye, by the M/V ratio, if
it is caused by the presence of a “third phase”. The
relationship between a, and CgyexV/M is the same for
all ratios then.
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1 Introduction

Groundwater is a major source of drinking water in
many parts of the world. The protection of ground-
water quality is therefore an important environmen-
tal concern. Soils play an important role in this,
because pollutants generally have to pass through a
soil profile to reach the groundwater, and soils can
bind pollutants through sorption. The term sorption
is often used to refer to all processes, which reduce
the pollutant load in seepage water. They include
absorption, adsorption, complexation, ion exchange
and precipitation (Mayer 1978; Falbe and Regitz
1992; Wienberg 1998). In this paper, we regard only
absorption, adsorption and ion exchange as true
sorption processes, and complexation and precipitation
as side reactions.

Batch tests are frequently used to assess the
sorption capacity of soils. The most widely used
procedure for such tests is as follows: A known mass
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of soil (M) and a known volume of solution (¥) with a
series of different known initial concentrations (Cy) of
the substance in question are placed in vessels and
shaken for some time. Then the soil (sorbent) is
separated from the suspension by centrifugation or
filtration, and the concentration of the substance
(sorptive) remaining in solution (Cy) is determined.
(There is also a so-called fixed contaminant concen-
tration method, which we shall briefly comment on in
the Results and Discussion section.) Cye is usually
taken as the equilibrium concentration (C,q), i.e. one
sets Coq=Caer Finally, the mass of the substance
removed from the solution (i.e. sorbed) by the soil per
unit mass of soil (ay) is calculated as:

as = (CO_Ceq) X% (1)
The result of batch tests, i.e. the sorption behaviour at
a given constant temperature of the sorbent—sorptive
system under investigation, is typically depicted as a
sorption isotherm, which, in the usual form, relates a;
to Ceq. In mathematical terms, this implies:

as :f(ceq) (2)

While the basic experimental procedure for batch
tests outlined above is generally followed, no
single standard has yet been established for every
aspect of it (Engelmann 1998). The time allowed
for shaking as well as the mass of sorbent (M) and
the volume of solution (V) employed varies. Differ-
ent M/V ratios are recommended, too (e.g. OECD
1981; DIN 38414, Teil 4 1984). Furthermore, it may
actually not be possible to use the same parameters
for every problem or sorbent—sorptive system under
investigation (Wienberg 1998).

We recently worked on a project using batch tests
to assess the sorption capacity for zinc of soils around
the city of Erfurt in Thuringia, Germany. As recom-
mended in a relevant German guideline (DIN 38414,
Teil 4 1984), we used an M/V ratio of 1 g of soil to
10 ml of solution at first. With this ratio, the soils
sorbed virtually all zinc in solutions of initial
concentrations up to several hundred mg 17'. We
therefore tried various smaller ratios and thus
obtained well-defined isotherms, but, to our surprise,
a different one for each M/V ratio.

In reviewing the literature, we found that a
large number of researchers (e.g. Aston and
Duursma 1973; Rohatgi and Chen 1975; Curl and
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Keoleian 1984; Kukowski 1989; Wang and Grady
1994; Bobé et al. 1997) had noticed that the M/V
ratio affects the result of batch tests, i.e. the
relationship between as and C.q. This was observed
with many different soil and sediment substrates, as
well as with various types of sorptives, e.g. organic
compounds and metal ions (O’Connor and Connolly
1980). In addition, it was found with lignite coal ash
(Fehse 2004).

Several causes for the M/V effect are given in the
literature. Among them:

1. a change in the coagulation of solid particles
(Grover and Hance 1970; Anderson et al. 1985),

2. the existence of a “third phase” (Suzuki et al.
1979; Voice et al. 1983; Geschwend and Wu 1985;
Voice and Weber 1985; Staples and Geiselmann
1988; Servos and Muir 1989), perceived as a
sorbing agent, which originates from the soil or
sediment (first phase), but is in solution and
therefore not removed from the liquid (second
phase) by particle separation techniques,

3. achange in particle interaction (Di Toro 1985; Di
Toro et al. 1986; Mackay and Powers 1987),

4. a change in pH (Horzempa and Di Toro 1983),

5. achange in ion concentration pressure (Karickhoff
and Brown 1978; Horzempa and Di Toro 1983),

6. the existence of sorption sites with different
binding energies (Hamaker and Thompson 1972;
Horzempa and Di Toro 1983),

7. differences in the kinetics of sorption (Horzempa
and Di Toro 1983),

8. measurement errors due to a deviation from 50%
sorption (McDonald and Evangelou 1997).

The existence of a “third phase” seems to be the
most frequent cause (Di Toro et al. 1986). However,
neither this nor any of the other suggested mecha-
nisms explains the M/V effect in all data sets where it
was observed.

As will be explained later, one may regard the M/V
effect as an experimental artefact. However, it is one
which cannot be avoided all the time. So, if the M/V
ratio affects the results of batch tests with soil or
sediment material, then data obtained with a certain
ratio cannot be applied to conditions with a different
one, unless they are adjusted for the M/V effect.
Hence, an adjustment method is needed. None was
suggested by the aforementioned authors. To find one,
we conducted a set of batch tests with soil and zinc
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solution using different M/V ratios but otherwise equal
conditions. The results are presented here.

2 Materials and Methods

Soil material from the A-horizon of a rendzic leptosol
near Erfurt was taken as sorbent. Its properties are:
Sand=3.9%, silt=45.9%, clay=50.2%, organic car-
bon=3.95%, specific surface area=26.2 ng_l, pH=
7.4, electrical conductivity=15.6 mS m™". Zinc applied
as ZnCl, was chosen as sorptive, because it is easy to
handle and sorbed well by the substrate employed here.

The M/V ratio can be altered by changing M or V.
In one series of batch tests, we therefore held M
constant and varied ¥} in another, we kept V' constant
and varied M. Table 1, which presents the results,

shows the seven combinations of M and V employed
and the four resulting M/V ratios. Except for the 1:100
ratio, each one appears twice but obtained with
different values of M and V. This allows checking, if
the M/V effect is only due to the ratio or due to the way
it is generated, too. For each M and V' combination,
solutions with eight initial zinc concentrations were
used, namely Cy=5, 25, 50, 100, 200, 300, 400 and
500 mg 1", The actual concentrations differed slightly
from these nominal values (cf. Table 1).

The various combinations of mass of sorbent and
volume of solution were placed in 500-ml plastic
bottles (Qualilab 500-ml wide-mouth bottles, Merck,
Darmstadt, Germany) and agitated at 20°C for 24 h
on a vibrating shaker. In preliminary trials with
various shaking times, we had ascertained that 24 h
were sufficient to reach equilibrium.

Table 1 Results of the

batch tests Batches Results

M(g) 2 2 2 2

¥ (ml) 400 200 100 50

MV (g ml™h) 1:200 1:100 1:50 1:25

Co (mg 1) Caet (mg 1) (pH)

5.2 0.9 (7.3) 1.3 (7.4) <0.5 (7.7) <0.5 (8.1)

25.3 7.8 (7.1) 1.1 (7.5) 0.5 (7.7) <0.5 (8.1)

52.0 12.2 (6.9) 6.8 (7.4) 1.0 (7.6) 0.5 (8.0)

103.0 54.3 (6.8) 30.2 (7.0) <0.5 (7.4) <0.5 (7.7)

206.0 149.0 (6.5) 113.0 (6.8) 492 (7.1) <0.5 (7.4)

305.0 240.0 (6.5) 201.0 (6.7) 132.0 (7.0) 525 (7.2)

407.0 344.0 (6.4) 296.0 (6.6) 231.0 (7.0) 141.0 (7.2)

496.0 431.0 (6.9) 378.0 (6.9) 303.0 (7.0) 199.0 (7.1)

M(g) 1 2 4 8

¥ (ml) 200 200 200 200

MV (g ml) 1:200 1:100 1:50 1:25

Co (mg 1) Caet (mg 1) (pH)

5.2 1.5 (7.6) 1.3 (7.7) 1.0 (7.8) 0.9 (7.8)

253 2.8 (7.6) 1.1 (7.6) <0.5 (7.8) <0.5 (7.8)

52.0 15.4 (7.6) 6.8 (7.7) 0.6 (7.7) 0.7 (7.9)
M=mass of soil, V=volume 103.0 53.4 (7.1) 30.2 (7.4) 3.4 (7.6) <0.5 (7.7)
of Solugog Co_=i$tial zine 206.0 146.0 (6.9) 113.0 (7.1) 54.6 (7.4) 14.3 (7.5)
Zgﬁlctf:niaé:::‘;‘ince 305.0 243.0 (6.8) 201.0 (7.1) 135.0 (7.2) 56.8 (7.4)
concentration in the solution 407.0 342.0 (6.6) 296.0 (6.7) 229.0 (7.0) 137.0 (7.1)
after shaking and removal 496.0 427.0 (6.6) 378.0 (6.7) 305.0 (6.9) 202.0 (7.1)

of the solid phase
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To separate the sorbent from the suspension, after
shaking, the OECD guideline (OECD 1981) recom-
mends centrifugation. Filtration is possible, too
(Wienberg 1998). We selected filtration, as prescribed
in DIN 38414, Teil 4 (1984), after we established that
the filter paper (No. 391, Sartorius, Gottingen,
Germany) did not react with zinc and that filtration
yielded the same result as centrifugation. The filtrates
(and the initial solution) were stabilised with 100 pl
nitric acid (Suprapur 65%, Merck, Darmstadt, Ger-
many). Zinc concentrations of the initial (Cy) and the
filtered solutions (Cge) Were measured with an ICP-
OES (PU 7000, Philips, Eindhoven, The Netherlands)
with a precision of 0.5 mg 1", Lastly, the mass of zinc
removed from the solution by the sorbent was
calculated with Eq. 1 and setting Ceq=Cle.

3 Results and Discussion

The results of our batch tests are summarised in Table 1.
Figure 1 depicts the data from the series with a
constant M but different /s in the form of a standard
sorption isotherm, where a; is related to Cq, assuming
that, for our data, C.q=Cye. Figure 2 presents the data
from the series with a constant J but different M’s in
the same fashion. Note that, in both figures, no error
bars appear because they are smaller than the symbols.

As can be seen in Table 1, up to some initial
concentration, which depends on the M/V ratio,
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Fig. 1 Isotherms for the sorption of zinc ions from an aqueous
solution on soil at 20°C. Data from batch tests with the same
amount of soil in different volumes of zinc solution, all other
conditions being equal (a;=mass of zinc sorbed per unit mass
of soil, Cyqee=zinc concentration in the solution after shaking
and removal of the solid phase). It is assumed here that Cyo=
Ceq=zinc concentration in the solution at equilibrium
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Fig. 2 Isotherms for the sorption of zinc ions from an aqueous
solution on soil at 20°C. Data from batch tests with different
amounts of soil in the same volume of zinc solution, all other
conditions being equal (a;=mass of zinc sorbed per unit mass
of soil, Cy4=zinc concentration in the solution after shaking
and removal of the solid phase). It is assumed here that Cyo=
Ccq=7zinc concentration in the solution at equilibrium

virtually all of the zinc ions were sorbed. As a result,
the sorption data fall very close to the ordinate and
only begin to depart from it after a certain amount of
sorption has taken place (Figs. 1 and 2). None of the
most commonly used sorption equations (Henry-,
Freundlich- or Langmuir-isotherm), or any other
closed-form sorption equation we know, can describe
this behaviour. Therefore, no isotherm was fitted to
the data, and no statistical analysis of isotherm
parameters could be performed. This problem was
noticed in several studies before (e.g. Syers et al.
1973; Shuman 1975).

Sorption data can usually be described well by either
the Henry-, Freundlich- or Langmuir-equation. Hence,
one may question whether sorption data, which cannot
be described by one of them, are correct. However, the
Henry-isotherm is based on experiments where absorp-
tion was the only sorption process at work, the
Freundlich-isotherm on experiments where adsorption
was the dominant, and the Langmuir-isotherm on
experiments where adsorption was the only process. In
our experiments, as in most others concerning the
sorption of cations on soil or sediment material, ion
exchange was the dominant process. Hence, if none of
these three isotherms fits the sorption data at hand, it
does not mean that the data are wrong. It is more likely
that the dominant sorption process was a different one
than in the studies of Henry, Freundlich or Langmuir.

Nevertheless, it is clearly visible in both figures
that the data for each M/V ratio follow a separate
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curve. A superposition of the figures reveals that the
curves only depend on the ratio and not on the
absolute values of M and V'used to generate it. The a;
values for each M/V ratio differ substantially for any
given value of Cge (assumed to equal Ceq) and vice
versa.

The laws of physical chemistry for a reversible
physicochemical process state that there is a unique
relationship between as and C.q, as the following
derivation shows. We start with the stoichiometry of
the exchange of the mass of a substance 4 sorbed by
the solid phase (M(Asq)) and the mass of that
substance remaining in the liquid phase (M(4iiquia)):

M (Asotia) = M (Aiiquia) (3)

In terms of the activities of the substance one may
write:

{Asotia} = 1 {Atiquia } (4)

which states that the activity of the substance sorbed
by the solid ({4sq}) is in an equilibrium with the
activity of the substance remaining in the liquid phase
({4iiquia})- Concentration and activity of a substance
in solution are related:

M (Aliquid )
Niquid

{Aiiquia} = 7a X [Atiquia] = 74 X (5)
where [4jiquia]=concentration of substance 4 in the
liquid phase, ys=activity coefficient of substance 4 in
the liquid, which is =1 for small values of [Ajiquial,
and Vjquig=volume of solution (previously and again
later simply called ¥, but for now with the subscript
“liquid” added for greater clarity). Ignoring the
activity coefficient, Eq. 5 can be formulated as:

M (Aliquid)

A iqui ~N— 6
{Aiiaa} Viiquid (6)
Similarly one can write for the solid phase:

M(A oli
{Asotia} ~ % (7)
solid

where Vi iq=volume of the solid. The activities
{Asotia} and {Ajiquia} in Eq. 4 can now be described
with Egs. 7 and 6, respectively, to obtain:

M (Asoria) _ f(M (Aliquid))

Vsolid Niquid

Multiplying both sides with V.4 and dividing by the
mass of the solid (Mj,iq, previously and again later
simply called M, but for now with the subscript
“solid” added for greater clarity) yields:

M (Asotia) _ (M (Atiquid) » Vsolid) (9)

Moiiq Niquid Mg

As defined in the Introduction, at equilibrium
M(Asotia) Msoria=as, and M(Ajiquia)/ Viiquia=Ceq- Also,
Mio1id/ Vsolia=p=density of the solid, which does not
change and can therefore be incorporated into the
overall constant for the equation. Hence, one finally
arrives at:

dg :f(ceq) (10)

which declares that there is a unique relationship
between as and C.q, which does not depend on the M/V
ratio employed. Note that this relationship only holds
for a stable system, i.e. one where the properties of the
sorbent or the sorptive are not altered by experimental
conditions.

So, if a set of experiments with the same sorbent—
sorptive system, where the only intended difference is
the M/V ratio, yields a different isotherm for each
ratio, the experimental conditions must have changed
the system or invalidated the assumption that C.q=
Cyer- It is well known that various factors (e.g. pH,
ionic strength, stability of the sorbent) influence the
outcome of sorption experiments. Hence, if the
experimental conditions affect one or several of these
factors, the isotherm will be affected, too.

In our data, the pH (for a given C,) decreases with
the M/V ratio (Table 1). Due to this systematic change,
one may suspect the pH to be responsible for the M/V
effect. However, the surface charge density of the soil
material we used is dominated by 2:1 clay minerals
with a large negative permanent structural charge,
which far exceeds the pH-dependent charge of the
minerals and the organic matter in the substrate.
Consequently, its total charge varies little with pH so
that there is no significant effect of pH on the sorption
characteristics of this soil. In addition, if there was a
substantial pH-dependent charge, it would become
more negative with an increasing pH (Bohn et al.
1979; Jury et al. 1991). This would result in more
cation sorption per unit mass of sorbent, not less, as in
our data (Figs. | and 2). Hence, pH cannot be the
cause of the M/V effect here.

@ Springer



216

Water Air Soil Pollut (2010) 210:211-220

The pH also affects the speciation of the sorptive.
In the case of zinc, Zn(OH), is the most common
species at pH>7.7; below that, it is Zn"" (Lindsay
1972). At pH<7.2, Zn"" is over ten times more
abundant than all other species. In most of our data,
the pH was <7.7 (Table 1). In Figs. 1 and 2, the M/V
effect is most clearly displayed by the data points,
which depart clearly from the ordinate. For these
points, the pH was <7.2 (Table 1), which means that
Zn"" was always, by far, the dominant species.
Hence, our results were not significantly affected by
speciation either.

We used initial zinc concentrations of 5 to
500 mg 1" in our experiments. In step with them,
the ionic strength of the solutions changed from
2.3x107* to 2.3x1072 mol I"'. It was not notably
influenced by pH or the mass of sorbent. Since the
same initial concentrations and therefore the same
ionic strengths were used for all our M/V ratios, this
parameter cannot be responsible for the M/V effect we
encountered.

The M/V effect in our data was most likely caused
by a dissolution of organic substances in the soil
material, which then formed complexes with some of
the Zn"" ions in the solution. According to the
definition in the Introduction, this means that it was
caused by a “third phase” and involves the following
phenomena: The mass of the sorptive attached to the
sorbent by absorption, adsorption or ion exchange and
the mass fixed by precipitation is removed from the
solution, while the mass inactivated by complexation
remains in the solution. Consequently, when the
sorbent—solution suspension is filtered or centrifuged
to remove the solid phase (soil and precipitates) from
the suspension, the complexes involving the sorptive
will remain in the solution. The analytical methods
most widely used today to determine the concentra-
tion of the sorptive in the solution (i.e. AAS or ICP-
OES for metal ions) measure its total concentration.
Hence, such measurements include the mass of
sorptive tied up in complexes. As a result, the
measured concentration (Cye) is higher than the
equilibrium concentration (Ceq) for true sorption as
defined in the Introduction. One may write:

Ceq:aAXCdet (11)

where a, is the fraction of a substance A not bonded
to other components in the liquid phase.
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To explore «, further, let us consider for the
moment that the complexation of A involves only one
ligand L in the liquid phase:

A+L= AL (12)

(In the following, we only look at A, L and AL in the
liquid phase, so a subscript “liquid” can be omitted).
In this case ap is given by the ratio:

4]

o= ATy ] (13)

The formation constant G341 for the complexes is:

Bar =77 (14)
Employing this expression rearranged for [4AL] in
Eq. 13 and cancelling terms yields:

1

T + Bar x [L] (13)

(7N
This shows that s depends on the free concentra-
tion of the ligand L in the liquid phase ([Z]). The ligand
originates from the soil. When soil is added to the
solution, the ligand is dissolved into the liquid phase
and ultimately yields the compound AL. The total
ligand concentration [L] is the sum of all forms of the
ligand L in the liquid phase, i.e. [Ly]=[L]+[AL] and
depends on the mass of soil added to the system
(Myo1ia)- Let x1 be the fraction of the soil mass, which
dissolves to become the ligand. One can then write:

[Liot] = [L] + [AL] = Vi

(16)
In analogy to Eq. 13, one may define the fraction
of ligand L not tied up in a complex (o) as:

[L]

BEND] (17)

ap, =

Using this relationship rearranged for [L]+[AL] in
Eq. 16 and shuffling terms yields:

M .
1) = x o x (18)
liquid
Substituting Eq. 18 into Eq. 15 leads to:
1
oA Miolia (19)

X X X
T4 BaL xaL Xy, Viiquid
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If the sorbent is stable, then x;=0 and a,=1. This
means that Ceq=Cge, as Eq. 11 shows. If part of the
sorbent dissolves to yield the necessary reactants for
complexation, then x>0 and a,<I, which means
that Ceq<Cgyer. Hence, if a “third phase” develops with
the consequences just described, then setting Cq=
Cyet 1s wrong. Furthermore, if, for a given sorbent, 1
is constant and >0, then the mass of ligand L in a
solution increases with the mass of sorbent (M.;q)
added to the solution, i.e. an M/V effect occurs.

The fraction of a ligand L not tied up in a complex
(ar) and the fraction of the sorbent, which dissolves
and yields the ligand (), are both likely to be <<I.
However, depending on the ligand involved, the value
of the complex-formation constant [F5; can be
expected to be in the order of 10' 1 mol™" and is
frequently much higher. Hence, in most cases:

M

BaL X oL Xy X >> 1 (20)

liquid
so that the 1 in the denominator in Eq. 19 can be

dropped. Combining Eq. 19 with this simplification
and Eq. 11 yields:

Ceq =

1
Motia x Cdet

'BAL xoL X X Viiquid

1 Niquid
= — X Cdet X au
Bar X aL X xp Mol

(1)

Finally, using this relationship in Eq. 2 and moving
the term 1/(Bap X xx) into the overall constant for
the equation produces:

o Vliquid
s f (Cdet 8 Msolid) (22)
With more than one ligand, the above equations
become more cumbersome but lead to the same final
result.

So, if a “third phase” led to the M/V effect in our
data in the manner just explained, then following
Eq. 22 and multiplying our Cgye values by Viquia/Msolid
should lead to a unique relationship between ag and
Caet* Viiquia/Misolig» because according to Eq. 21 the
latter then represents the true equilibrium concentration
Ceq> and because according to Eq. 10 and its derivation
there is a unique relationship between ay and Ceq. In
Fig. 3, the data for all four M/V ratios from both series
of batch tests are displayed, after they were trans-
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Fig. 3 Sorption isotherms from Figs. 1 and 2 after correcting
Ce for the M/V effect (a;=mass of zinc sorbed per unit mass of
soil, Cgei=zinc concentration in the solution after shaking and
removal of the solid phase, V=volume of solution, M=mass of
soil). Here, CyeXV/M~Ceq=zinc concentration in the solution
at equilibrium

formed in this way. All data now follow the same
curve, which demonstrates that the proposed correction
for the M/V effect works.

Note that the expression Cge*Viiquia/Msolia (OF
CyeexVIM without the subscripts as in Fig. 3), which
has units of mass of sorptive in solution/mass of solid
sorbent, is only proportional but not equal to C,
whose units are mass of sorptive in solution/volume
of solution, because the term 1/(8apXap*xy) with
units of mass of dissolved sorbent/volume of solution
was not figured in (cf. Eq. 21). This term cannot be
evaluated, because in batch tests with soil or sediment
material it is unknown what dissolves, how much of
it and what reactions it enters with the sorptive.
Hence, (a1, ar, and i are unknown. g and x are
dimensionless, while [B4; has units of volume of
solution/mass of dissolved sorbent (cf. Eq. 14).

We subsequently tested this M/V correction on
sorption data for five different soil-sorptive systems
from other experiments by our group, unrelated to the
ones reported here. For each system, at least two
different M/V ratios but otherwise identical conditions
were used. Without adjustment, the data for each ratio
described a different curve in a given experiment,
most likely due to the occurrence of a “third phase”.
After adjustment, the data for all ratios in an
experiment fell onto the same isotherm. This corrob-
orates our procedure.

To further verify it, we applied our correction
method to data from Di Toro et al. (1986), who
addressed the M/V effect in their paper. The data
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Fig. 4 Isotherms for the sorption of nickel ions from an
aqueous solution on montmorillonite. Data from batch tests of
Di Toro et al. (1986) with the same amount of montmorillonite
in different volumes of nickel solution, all other conditions
being equal (as=mass of nickel sorbed per unit mass of
montmorillonite, Cy.;=nickel concentration in the solution after
shaking and removal of the solid phase, /=volume of solution,
M=mass of montmorillonite). It is assumed here that Cgey=Ceq=
nickel concentration in the solution at equilibrium

describe the sorption of nickel ions on montmorillon-
ite at different M/V ratios. As shown in Fig. 4, the
authors obtained a different isotherm for each ratio.
After applying our correction, all isotherms again fall
onto the same line (Fig. 5).

We would have liked to test our M/V adjustment on
data from the other papers quoted in the Introduction,
where the M/V effect was observed. However, in all of
them, apart from Di Toro et al. (1986), some
information required to apply our correction was
missing. Nevertheless, sufficient evidence was pre-
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Fig. 5 Sorption isotherms from Fig. 4 after correcting Cye for
the M/V effect (a;=mass of nickel sorbed per unit mass of
montmorillonite, Cyq,=nickel concentration in the solution after
shaking and removal of the solid phase, V=volume of solution,
M=mass of montmorillonite). Here CgexV/M~Ceq=nickel
concentration in the solution at equilibrium
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Fig. 6 Figure 2 with the data points for Co=496 mg 1" (boxed)
and C,=305 mg 1" (circled) marked to simulate isotherms,
which would have been obtained with the fixed contaminant
concentration approach. For further details see text

sented here to demonstrate that our method works, if
the M/V effect was brought about by a “third phase”.

One may argue that, in the presence of a “third
phase,” the M/V effect merely results from measuring
the wrong concentration, namely the total concentra-
tion of an element in all forms (compounds) in which
it is present in the equilibrium solution instead of that
of the element in the form it was added to the initial
solution as sorptive, and then taking the measured as
the equilibrium concentration. However, for many
elements there are no feasible analytical methods to
distinguish different forms in the same solution or
only methods, which alter the distribution of the
various forms in the analysis process. Hence, in many
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Fig. 7 Isotherms for the sorption of zinc ions from an aqueous
solution on NaA-zeolite at 20°C. Data from batch tests with the
same amount of zeolite in different volumes of zinc solution, all
other conditions being equal (a;=mass of zinc sorbed per unit
mass of zeolite, Cy=zinc concentration in the solution after
shaking and removal of the solid phase). Here Cyei=Ceq=zinc
concentration in the solution at equilibrium
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cases, one cannot avoid an analytically induced M/V
effect caused by the presence of a “third phase”.

One may also argue that the factor(s) leading to the
MV effect should be kept constant by introducing
appropriate measures into the experimental procedure.
While this may be relatively easy for some factors (e.
g. pH), it is difficult (e.g. ionic strength) or impossible
(e.g. stability of the sorbent) for others, at least,
without altering the system. Hence, this approach to
avoid an M/V effect does not work in all circum-
stances either. Furthermore, keeping a factor constant,
which would naturally change, distorts the results.

Consequently, a method to correct the M/V effect is
required.

In a review of an earlier version of this paper, the
question was raised if the M/ effect can be avoided
by using the so-called fixed contaminant concentra-
tion method for batch tests, where one keeps the
initial concentration (Cy) as well as the volume of
solution (V) constant and varies the mass of sorbent
(M). This means that, in this method, each data point
is obtained with a different M/V ratio. So, if there is an
M)V effect, the relationship between ag and Ceq is not
unique. One would notice this by repeating the
experiments with a different Cy, but the same solution
volume and sorbent masses.

We simulated the fixed contaminant concentration
approach with our data. The result is shown in Fig. 6,
which is Fig. 2 with a few additional marks. The
points surrounded by a square are for our highest C,
of 496 mg 17", a solution volume of 200 ml, and a
sorbent mass of 1, 2, 4 and 8 g, i.c. the data in the last
line of Table 1. Taken on their own, these data present
a reasonable-looking sorption isotherm. The points
surrounded by a circle are for our Cy of 305 mg 17!
and the same solution volume and sorbent masses
(third last line in Table 1). They present a reasonable-
looking sorption isotherm, too, but a different one.
This demonstrates that, if there is an M/V effect in the
system, it will occur with the fixed contaminant
concentration method, too. One does not get a unique
relationship between ag and Cq either.

4 Conclusions
We presented a way to account for the M/V effect

brought about by a “third phase”, which seems to be
its most frequent cause. If it is due to some other

factor, which also changes the results of batch tests
systematically, it should again be possible to adjust
for it by somehow incorporating the M/V ratio into the
results. Additional testing is required to illuminate
this.

The data in the literature (see Introduction) as well
as ours leave no doubt that an M/V effect can occur in
batch tests with soils and sediments and lignite coal
ash. An M/V effect can only be observed, if the
experiments are carried out with more than one M/V
ratio. Hence, if the sorption isotherm for a sorbent—
sorptive system was obtained with only ratio, which is
the usual procedure, one cannot tell whether the
system is affected by the M/V ratio. As a consequence,
one should not apply such data to situations, where
the ratio is different from the one they were derived
with. To check if a system is influenced by the M/V
ratio, batch tests should always be done with more
than one ratio.

Finally, we would like to note that, in many years of
working with technically produced sorbents such as
zeolite or adsorber polymers, we never observed an
MV effect with these substrates or came across a
reference to it in the literature. They are chemically
very pure materials and have a stabile structure. Hence,
unlike with soil or sediment material, there is no partial
dissolution during batch tests, which means ;=0 and
apx=1 (Eq. 19) so that Coq=Cge (Eq. 11). In addition,
adsorption and ion exchange are the only sorption
processes, which occur. The absence of an M/V effect
with such sorbents is illustrated in Fig. 7. It shows the
results of batch tests with NaA-zeolite as sorbent and
zinc as sorptive with various M/V ratios, which were
conducted in the same manner as the batch tests with
soil described above. The data for the different ratios
follow the same isotherm without adjustment.
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