
Int J Environ Sci Nat Res 23(1): IJESNR.MS.ID.556103 (2019) 006

Abstract

Three-week experiments were completed to evaluate the interaction of the bacteria Escherichia coli and amino acids (glutamic acid, alanine, 
arginine, serine and leucine) on the dissolution and/or desorption rates of a smectite-type clay mineral. A systematic dominant leaching of Na 
confirms that the initial smectite was Na-enriched. The bacteria Escherichia coli induced leaching of a Si/Al ratio far from that released by either 
the amino acids or by a combination of the bacteria and amino acids. Conversely, this ratio is close to the value of the smectite itself. Therefore, the 
bacteria has a probable dissolution impact rather than a desorption action. This preferential action is indirectly corroborated by a low removal 
of Na by the bacteria. Removal impact of the bacteria on the smectite decreased when mixed with any of the amino acid. The highest releases of 
Si, Al, Mn and Fe characterize batches without amino acids, while most released Ca and K occurred with the amino acids. Potassium, P, Mg, Na 
and Ca are more released into solutions containing several amino acids, while Fe is preferentially leached by solutions with only one amino acid. 

This study highlights also the potential roles of amino acids in soils and other surficial geological systems. The distribution patterns of the 
leached rare-earth elements (REEs) confirm a clear distinction between the impact of the bacteria that produces a progressively decreasing 
contents of the light REEs and a flat distribution for the heavy REEs and those, more variable, of the amino acids. The impact of the amino acids 
influences the REE distributions, probably along complexation processes due to strong metal sorption on oxides by organic complexes.
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Introduction
Many studies were already designed for the calculation of 

mineral dissolution rates [1-3] that are often dependent on the 
pH of the interacting fluids that control adsorption/desorption 
and ionic exchange reactions of the selected minerals. The 
removed elements increase generally with the pH conditions 
and/or the temperature [4,5]. Numerous experiments include 
calculations of dissolution rates of clay minerals based on their 
well-known exchange capacities, while organic ligands of soils and 
the associated fluids are known to affect the reaction rates of any 
mineral by changing its adsorption and desorption potentials [6]. 
In turn, the acidity of soils induced by such organic compounds 
reduces the microbial activity [7,8] showed that amino acids such 
as histidine, lysine and arginine interact more efficiently with 
the negatively charged surface of amorphous silica than other  

 
non-basic amino acids because of a greater dissociation, thus 
forming cationic species. The same authors and Kawano et al. [10] 
showed that cysteine, asparagine, serine, tryptophan, alanine and 
threonine also enhance the dissolution of amorphous silica.

Amino acids are organic compounds that yield NH2 and COOH 
functional groups, as well as side chains that are specific to each 
type. Important in the nutrition cycle due to their biological 
significance as protein carriers, these amino acids contribute 
to a number of processes as bio-carriers and bio-synthesizers. 
Because of that biological significance, amino acids are important 
components along the nutrition process; they are commonly used, 
for instance, in nutritional complements, in food technology, as 
well as in fertilizers. Beyond potentials in mineral dissolution, 
organic complexes influence also strongly the sorption potentials 
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of metallic elements at the surface of clay crystals in sub-surface 
environments, especially because of their functional groups 
[11,12]. In this overall context, we completed varied leaching and 
dissolution experiments of a smectite-type bentonite in presence 
of one or several amino acids, the purpose being rather to evaluate 
their individual and collective efficiency than producing more 
values of the sole rates. As microbes can also mobilize metals and 
attack mineral surfaces especially by redox processes [13-17], the 
impact of bacteria Escherichia coli (labeled as E. coli along the 
text) has also been examined for comparison. 

Material and Methods
Smectite, the selected clay mineral, has been extracted from 

a bentonite that is a rock facies used extensively in industry 
because of its high adsorption and desorption capacities. The 

mineral separate used for the experiment is pure with all X-ray 
diffraction harmonic 00l peaks of the untreated, ethylene-
glycolated and heated fraction (Figure 1). The experience 
consisted in an interaction of 1g of smectite mixed or not with 
glutamic acid, serine, alanine and leucine to the basic mixture 
of smectite powder and water, either individually or collectively. 
Identical interacting sequences were made by adding the bacteria 
E. coli to the smectite powder in de-ionized water, either with or 
not amino acids and by shaking systematically for three weeks. 
The reference experiment corresponds to an interaction between 
the mineral and the solution without any bacteria or amino acid. 
After the three-week interaction, the clay material and the varied 
solutions were separated by centrifugation and the solutions 
analyzed for their element contents.

Figure 1: XRD patterns of the reference smectite mineral. The diagram of the untreated material is in red, that after ethylene-glycol 
treatment is in blue and that after heating is in green. 

The major elements (Si, Al, Mg, Ca, Na, K and P) and some 
trace elements (Cu, Zn, Ba, Fe, Mn and Ag) were quantified by 
inductively coupled plasma atomic emission spectrometry (ICP-
AES) and inductively coupled plasma mass spectrometry (ICP-MS) 
was used to determine the amounts of the other trace elements 
(Cr, Co, Ni, Rb, Sr, Zr, U and Th) and the rare earth elements (REEs). 
A weekly routine analysis of the GL-O and BEN international 
mineral standards [18] provided an analytical precision of +2.5% 
for the major elements, +5% for the trace elements and +10% for 

the REEs, on the basis of the analytical procedure by Samuel et al. 
[19]. 

Results
To determine the impacts of the selected bacteria and amino 

acids on the clay material, the chemical composition of each 
solution was compared to that of the reference solution resulting 
from interaction of the mineral powder with pure de-ionized 
water. The hereunder database provides the pH and the elemental 
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contents of the leachates in either micrograms or picograms per 
gram of smectite.

The type of smectite
The interacting experiments outline a systematic 

overwhelming release of Na in the leachates (Table 2). In turn, its 

amounts in the leachates represent up to about 90% of the leached 
major elements in most experiments, except for that involving E. 
coli either solely or mixed with serine and leucine. Such a large Na 
release points towards a Na-base smectite type [20] that yields 
generally a Si/Al ratio of about 4.4, which will be discussed in a 
further section.

The pH values
Table 1: pH values of the interacting fluids during the different experiments with the bacteria Escherichia and the amino acids.

Composition of the Leachates pH at Start of Experiment pH at end of Experiment

 pure bi-distilled water 9.12  -

 smectite with water 10.32 10.3

 smectite with E. coli 9.1 9.43

 smectite with E. coli and glutamic acid 4.2 8.58

 Smectite with E. coli and alanine 8 9.2

 smectite with E. coli and serine 6.7 8.44

 smectite with E. coli and arginine 10.2 9.66

 smectite with E. coli, glutamic acid and arginine 7.4 9.02

 smectite with E. coli, arginine, serine and leucine 8.5 9.15

 smectite with E. coli, glutamic acid, serine and alanine 6 8.29

 smectite with E. coli, serine and leucine 6.8 8.28

 smectite with E. coli, glutamic acid, serine and leucine 6.2 8.62

 Smectite with glutamic acid 4.3 8.32

 smectite with arginine 10.4 10.7

 smectite with serine 7.7 7.12

 smectite with leucine 8.1 7.33

 smectite with alanine 8.2 7.53

The pH of the de-ionized water used for the experiments was 
at 9.12 before any contact with the smectite or addition of either 
the bacteria or the amino acids (Table 1). This pH increased to 
10.32 by adding the mineral powder, which suggests a discrete 
release of cations into the water, probably by desorption from 
crystal surfaces. Alternatively, addition of E. coli maintained the 
value of the pH close to that of the initial pure water at 9.10, not 
showing an immediate detectable interaction amongst the two 
components. In fact, this addition did not modify either the pH 

of the solution at the end of the experiment with only a slight 
increase from 9.10 to 9.43. Addition of the amino acids to the 
smectite, water and E. coli mix decreased significantly most pH 
values, except that involving arginine, which gave a value close to 
the pH of the reference mixing of smectite and water. The most 
significant decrease was by addition of glutamic acid. During the 
experiments without E. coli, the pHs remained quite stable, except 
again when adding glutamic acid. 

Figure 2: pH values of the solutions loaded either with E. coli or the amino acids at the start and the end of the experiments.
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Compared to the pH of 9.10 for the solution resulting from 
interaction between smectite and bacteria E. coli after three weeks 
of shaking, those of the solutions including the varied amino acids 
are significantly lower (Figure 2), except for the solution loaded 
with arginine. Compared to the initial pH (before interaction with 
amino acids), alanine, serine and glutamic acid combined with E. 
coli induced an increase of the pH from 8.00 to 9.20, from 6.70 
to 8.44 and from 4.20 to 8.58, respectively. The last combination 
highlights indirectly a significant release of elements into the 
water, which almost doubles the value of the pH.

The pH values of the batches with alanine and arginine are 
nearly similar after the three-week interaction to that of the 
leachate without amino acids. The pHs of the solutions with 
glutamic acid and with serine remained lower than that of the 
batch without amino acids (Figure 2). The ratio between the pH 
of each solution and that of the solution without any amino acid 
is less than unity for all solutions, except for that with arginine, 
which ratio is slightly above unity. In summary, the pH increases 
in the different solutions point, as expected, to exchange reactions 
between cations and H+ and subsequent releases. 

The impacts of Escherichia coli on the smectite 
Table 2: Chemical data of the varied solutions that interacted with smectite crystals, loaded with Escherichia coli and several amino acids or without them. The 
concentrations of major elements are expressed in μg/g of the smectite, and those of the trace and REEs in pg/g.

Interaction of 
Smectite

Si 
(µg/g)

Al 
(µg/g)

Mg 
(µg/g)

Ca 
(µg/g)

Fe 
(µg/g)

Mn 
(µg/g)

Ti 
(µg/g)

Na 
(µg/g)

K 
(µg/g) Total Na/

total Si/Al Ca/Sr K/Rb

with E. coli 3536 784 200 97.8 820 2.72 28.7 12080 164 17713 0.68 4.51 66.1 449

with E. coli and 
glutamic acid 432 0.32 129 504 0.6 0.32 0.08 17680 426 19172 0.92 1350 50.4 696

with E. coli and 
alanine 488 15.4 15 76.4 14.7 0.56 0.72 16320 340 17271 0.94 31.7 40.6 991

with E. coli and 
serine 384 0.08 282 2228 0.12 2.4 bdl  18000 459 21356 0.84 4800 66.6 450

with E. coli and 
arginine 525 6.72 19.6 73 8.63 0.16 0.4 15280 253 16167 0.95 78.1 34.1 1552

with E. coli, 
glutamic acid and 

arginine
293 0.15 187 265 3.01 0.9 bdl  21450 785 22984 0.93 1953 11.8 384

with E. coli, argi-
nine, serine and 

leucine
450 0.18 78.6 162 0.52 0.78 0.06 24900 1075 26667 0.93 2500 28.1 535

with E. coli, glu-
tamic acid, serine 

and alanine
632 0.28 240 1612 0.47 1.6 bdl  13800 470 16756 0.82 2257 75.8 443

with E. coli, serine, 
and leucine 435 0.06 327 2811 0.05 4.11 bdl 11280 309 15166 0.74 7250 79.9 379

with E. coli, glu-
tamic acid, serine 

and leucine
426 0.39 51.9 441 0.48 0.24 0.03 9840 249 11009 0.89 1092 81.7 755

reference leaching 
with water 12.3 0.46 3.81 8.2 0.2 0.04 0.004 272 3.04 300 0.91 26.7 56.6 426

without E. coli with 
glutamic acid 476 1.88 440 1000 1.88 0.12 0.16 16360 368 18648 0.88 253 39.6 440

without E. coli with 
alanine 568 34.5 86.4 310 28.5 1.36 1.4 14560 230 15820 0.92 16.5 11 849

without E. coli with 
serine 816 0.12 738 828 0.34 0.42 bdl  25260 434 28077 0.9 6800 16.4 419

without E. coli with 
arginine 474 2.45 22.8 208 1.68 nd 0.14 12312 142 13163 0.94 194 29.2 345

without E. coli with 
leucine 760 82.2 97.6 351 70 1.68 3.64 13280 173 14819 0.9 9.25 56.6 420

E stands for Escherichia, bdl for below detection limit and nd for not determined.
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The reference leaching of smectite with de-ionized water 
highlights only a significant removal of Na, which confirms the 
already mentioned sodic nature of the selected mineral (Table 
2), and that Na is easily removable from mineral structure. The 
contents of the other major elements are about 20 times less or 
even more than interaction with pure water, the leached Mn and 
Ti contents being the lowest. Most of the trace elements are in the 

range of 10pg/g or even less, only Sr and V being in the 100 to 
200pg/g range and all REE contents are below 1pg/g. In summary, 
smectite leaching by pure water outlines a significant removal of 
Na, Sr and V, while all other elements can be considered at the 
analytical uncertainty level, remaining in the mineral structure or 
at the crystal surfaces.

Figure 3: Leaching impact of E. coli on the major and trace elements from smectite compared to the leaching of the same elements by 
pure water. 

The contents of elements leached from smectite with pure 
water were compared to those induced by interaction with E. coli 
(Table 2 & Figure 3A). The bacteria induced larger removals of 
major elements than those obtained with pure water; the impact 
of E. coli is at a factor of about 50 + 10 for Na, K, Mn and Mg relative 
to the pure water action. Leached Ca is 12 times lower, while 
those of Si (= 287), Al (= 1704), Fe (= 4100) and Ti (= 7175) are 
much higher. The Ti content could be due to the extremely low 
removal by the pure water, Ti being generally considered to be 
quite immobile in low-temperature surficial environments. The 
fact that the amounts of released Na, K, Mn and Mg are roughly 
similar suggests that they are most probably located in similar 
crystallographic sites of the interacting mineral. The low Ca 
removal is rather suggestive of the absence of Ca-carbonate(s) 
intergrown within the smectite crystals. The extremely high 
Fe release by the E. coli action suggests the occurrence of Fe-

oxide crystals within the clay crystals that are preferentially 
dissolved by E. coli. The Si release could then relate to tetrahedral 
crystallographic sites that were “cleaned” by the bacteria together 
with some Al removal that could be indicative of tetrahedral Al 
leaching, an octahedral contribution being also possible.

The bacteria E. coli induced a leached Si/Al ratio of 4.51 that 
is far from the same ratio obtained by either the amino acids or by 
combining the bacteria and amino acids. It is, therefore, tempting 
to attribute a mineral dissolution to E. coli rather than a desorption 
of components that are fundamental of the smectite structure. 
This possibility is indirectly corroborated by a low removal of Na 
by E. coli with a ratio of total removed Na / total removed elements 
much lower than those induced by the amino acids. In turn, the 
action of E. coli appears to rather remove elements from crystal 
structure than desorb elements from crystal surfaces. 
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All trace elements are increasingly removed by the bacterial 
activity relative to the pure water leaching. The ratios among the 
amounts of Ni and Zr released by the bacteria relative to those 
removed by the plain water are significantly beyond 1000, those 
of Zn, Cu, Cr, Co, As, Y, Cs, Pb and U being around 100, and those of 
Ba, V and Rb below 100 (Table 2 & Figure 3B). An easy way to set 
relative variations of the REEs is a comparison with a reference 
[21]. Here, we have chosen the amounts of REEs leached by pure 

water as the reference. Relative to released REEs by pure-water 
leaching, those removed by the bacteria exhibit a significant 
fractionation with a decrease in light REEs (LREEs) from La to 
Tb including a slight positive Ce and a negative Eu anomaly that, 
however, are not analytically significant (Figure 4A). The decrease 
is fairly linear from La at a ratio of about 1700 to Tb at a ratio of 
about 800, continuing with a flat distribution pattern towards Lu. 

Figure 4: Distribution patterns of the REEs removed by E. coli and by the different amino acids relative to their distribution in the leachates 
by pure water.

The action of the amino acids

Expectedly, all selected amino acids induce a more pronounced 
leaching of major, trace and REEs from smectite crystals than pure 
water (Table 2). Again the highest efficiency of the amino acids 
is sketched by the amount of removed Na. Concerning the major 
elements, the occurrence of serine appears to be the most efficient 

with a maximum removal of Si, Mg, Na and K, and the less efficient 
for the releases of Al and Fe. The addition of leucine to the water 
removes mostly Al, Fe, Mn and Ti. Addition of alanine to water is 
never the most efficient for any major element, but it is the second 
most efficient to remove Al, Mg, Fe, Mn and Ti. This is also the case 
for arginine, which is a second-order remover of Si, Mg, Na and K. 
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Addition of glutamic acid to the water makes it the best remover 
of Ca and the second-best remover of Na and K. 

The relative efficiency of the amino acids has been evaluated 
on Si by comparing its leached amounts by the amino acids to that 
removed by pure water (Figure 5). For most amino acids, the ratio 

of released Si is beyond unity that is to say that the amino acids 
removed more Si than pure water. In fact, only arginine removed 
significantly more than water only, at a ratio of about 3, whereas 
glutamic acid, leucine and alanine removed less at a ratio between 
1.2 to 1.7, serine removing even less than water at a ratio of 0.2.

Figure 5: Amounts of Si leached by mixtures of amino acids and E. coli relative to the amounts of Si leached by E. coli only. In black are the 
amounts induced by the different amino acids and in gray the amounts released by the glutamic acid combined in different ways.

In summary, the most released amounts of Si, Al, Mn and Fe 
from smectite characterize the batch without amino acids, while 
the most released Ca and K were by amino acids. Removed Mg 
increased only when serine was added to the solution. Relative 
to the reference water data, serine induced higher leaching of 
Ca, K and Mg than the other amino acids. Conversely, addition of 
serine reduced more the leaching of Al, Si and Fe than with the 
other amino acids, all being known to activate bacterial life in 
soils [22,23]. Indeed, previous studies reported the inhibition of 
bacteria growth by amino acids that can also modify the bacterial 
phenotypes, some amino acids being even toxic to bacteria 
[24,25]. The amounts of leached K, Al and Na by amino acids are 
higher than without any of them. Such a difference suggests an 
induced desorption process with the potential crystallization of 
organic complexes.

Relative to the elements released into the solution without 
amino acids, the solutions with amino acids induced depleted 
releases of Cd, As, Pb, Th, Zn and U (Figure 3B). Elements such as 
Cr, Ni and Co increased by interaction with solutions containing 
glutamic acid and alanine and decreased by interacting with 
arginine and serine solutions. Barium was enriched in all solutions 
with amino acids with even a higher leaching in the presence 
of serine. Rubidium increased in the solutions with glutamic 
acid and serine, while Cu increased only by interacting with the 
solution containing glutamic acid.

Addition of amino acids increased the sorption ability of 
the light REEs (LREEs from La to Eu) compared to the heavy 

REEs (HREEs). Koeppenkastrop et al. [26] described a similar 
fractionation trend to that found here, i.e., preference for sorption 
of LREEs, which can result from greater tendency of HREEs to 
integrate carbonate complexes compared to the preferentially 
adsorbed LREEs. In turn, amino acids seem to influence the REE 
behavior due to the fact that organic complexes may influence 
the sorption of metallic elements at the surface of oxides [27]. In 
the detail, the distribution spectra of the leached REEs can, again, 
be compared to that induced by pure water (Figure 4). Some 
patterns are completely flat from La to Lu, which is the case for 
those recovered from serine and arginine action, giving low ratios 
relative to the action of pure water. The whole REE pattern by 
alanine interaction is also quite flat. However, it is more scattered 
than the two previous ones, with a ratio relative to the action of 
pure water at about 20. The two other patterns resulting from 
interaction with glutamic acid and leucine are somewhat similar 
with a decrease of the ratios from La to Tb and an increase for the 
HREEs until Lu. Interestingly, the two REE distribution patterns 
are quite similar along a downward trend followed by an upward 
one.

The combined action of Escherichia coli and the amino 
acids

The three-week interaction of E. coli with smectite released 
53pg/g of P, whereas addition of either glutamic acid or arginine 
induced a higher P release. This P release increased with the pH, 
as for Al (correlation coefficient r2= 0.6 for both elements), which 
suggests a combined process of dissolution/desorption related to 
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a process involving complexes of organics. Hence, Huang & Keller 
[28] reported that organic acids enhance the extraction of Si and 
Al from clay crystals, which cannot be excluded here with much 
higher releases of Si than of Al. Conversely, the enhanced effects 
of amino acids are controlled by concentrations of amino-acid 
cationic species that interact with the negatively charged SiO– 
sites at the surface of amorphous silica, but also of phyllosilicates, 
as observed here. Lovering [29] reported also notably high 
concentrations of dissolved Si and Al in association with organic 
substances together with the accumulation of given elements and 
removal of others, due to chelation or complexation.

The combined action of E. coli together with amino acids has 
also been examined. In the case of the Si leaching for instance, 
most selected amino acids added to E. coli decrease significantly 
the impact of the bacteria to about 12%, which represents another 
argument for differentiated actions by E. coli and the amino acids 
(Figure 5). For instance, alanine, serine and arginine added 
individually to E. coli reduce the leaching of Si to similar amounts. 
In the case of a combined addition of glutamic acid and arginine, 
the release of Si decreased also, by a similar amount of 12 to 18%. 
This amount has also been obtained by combining glutamic acid, 
serine and leucine with E. coli. In summary, addition of amino 
acids to E. coli systematically decreases the leaching efficiency of 
E. coli by as much as about 80 to 90%. 

Interestingly, leaching of smectite with pure water released 
here more HREEs than in the presence of E. coli. The solution with 
amino acids also released more HREEs (Figure 4), for instance 
with alanine. The pattern of the extracted REEs seems to result 
mainly from a desorption process off the clay crystals. 

The combined action of the amino acids

Release of K, P and Na is significant here with a combined 
addition of arginine, serine and leucine to the interacting solution. 
Silicium, Mg and Mn are also more removed from smectite when 
glutamic acid is combined with serine and alanine. Comparison 
between the reaction of the clay material with individual and 
several amino acids indicates that glutamic acid together with 
arginine reduced significantly the releases of Si, Al, Fe and Mn, 
but increased those of Mg, K, Na and Ca. More P was released 
from solution with glutamic acid combined with arginine than by 
reacting only with glutamic acid, but similarly when reacting with 
serine only.

The releases of Si, Al and P during interaction of the smectite 
with glutamic acid, serine and alanine are lower than by 
interaction with only glutamic acid, but higher than with serine 
only. To the opposite, the releases of Mg and Ca are higher in a 
mixture of glutamic acid, serine and alanine than with glutamic 
acid, but lower than with serine only. Iron release is much less 
when reacting with a mixture consisting of glutamic acid, serine 
and alanine compared to the impact of the sole glutamic acid, but it 

is more released than with the serine solution. Potassium is more 
released by a mixture of glutamic acid, serine and alanine, than 
by a solution containing only serine or glutamic acid. The action 
of combined amino acids is not the same for all trace elements. 
For instance, Sr is more released when serine is combined with 
leucine, whereas Ba is more dissolved in a solution with glutamic 
acid, serine and alanine, Co in a solution with arginine, serine and 
leucine, Ni in a solution with glutamic acid, serine and alanine, and 
Rb in a solution with glutamic acid and arginine. 

The enrichment in leached HREEs is less significant with a 
solution containing a mixture of glutamic acid and arginine than 
with a solution containing only arginine. The association of serine 
with leucine or of leucine with glutamic acid buffers the leaching 
of the LREEs, which is visible when the reaction involves only 
serine. When only alanine is involved, the ratio La/Yb changes 
significantly from 0.15 to about 0.01 for a combined action by 
glutamic acid and serine.

Discussion
A ratio between elements removed in the absence of E. 

coli and/or amino acids and the same elements released in 
the presence of the bacteria and/or the amino acids has been 
calculated to evaluate the dissolution/desorption releases specific 
to each used reactant. The ratios above unity identify increased 
removals, while ratios below unity indicate inhibited dissolution 
or dominant adsorption. 

Dissolution rates of the major elements
Released materials from smectite stimulated by E. coli indicate 

that about 12μg/g of Na were removed from mineral after a three-
week interaction. The second highest removed amount is for Si 
with 3.5μg/g, all other released amounts being below 1μg/g: 
0.82μg/g Fe, 0.78μg/g Al, 0.53μg/g P, 0.20μg/g Mg, 0.16μg/g K, 
0.10μg/g Ca, 0.03μg/g Ti, and 0.003μg/g Mn. Addition of amino 
acids to the solution increased the release rates of Na and K and 
decreased those of Si, Al, Ti, Mn and Fe. The release rate of Ca 
increased with the solution containing glutamic acid and serine, 
while that of Mg increased with the solution containing serine, and 
that of P with the solution containing glutamic acid and arginine.

In fact, addition of amino acids can modify the number of 
microorganisms in solution and, therefore, can decrease the 
activity of E. coli in the water-solid mixture, unless it is due to 
increased acidity. Cations such as Si, Al and Fe are found to be less 
soluble with complexing organic acids than in pure water, which 
is to the opposite to Na, Ca, K and Mg that are found to be more 
soluble in solutions with amino acids. Dissolution of Fe parallels 
that of Al (Figure 3) and the relatively depleted removal of Al and 
Fe by organic acids might then be due to a chelation process by 
the acids followed by an adsorption at the surface of the mineral 
crystals. 
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The increase of Ca, Na, and K in the leachates cannot be due 
to selective removals by amino acids, since all their contents 
increase, which has already been reported by Huang & Keller [28]. 
Dissolution of Ca, Na and K should, therefore, be considered apart 
from that of the other elements for several reasons. They may 
be associated with the smectite-type clay or be simply adsorbed 
at the crystal surface as oxides, being removed by ion-exchange 
reactions rather than by dissolution of the mineral structure. 
None of these elements is among the constitutive elements of 
the selected clay material. Furthermore, they are typically highly 
soluble in pure water so that chelation processes may not be 
detectable. Calcium, Na and K may then be released from clay 
materials by ion-exchange reactions. One specific result is that 
Ca and Na are strongly and preferentially dissolved by serine 
compared to the other amino acids.

Meaning of the released Si/Al ratio
The amounts of leached Si and Al, and possibly REEs, probably 

identify partial dissolution of and adsorption on the crystal 
structures for the two formers and cation desorption for the REEs. 
This is confirmed here by a significantly higher release of Al from 
smectite in presence of E. coli than in its absence (Figure 3). Similar 
results were observed for Si with a generated Si/Al ratio of about 
4.5 and 26.7 in the presence and absence of E. coli, respectively. 
Interestingly, the leached Si/Al ratio of the Na-smectite is also 
at 4.5 by interaction with pure water. Alternatively, addition of 
amino acids reduced significantly the amount of released Al, the 
most important decrease being observed by a combined action of 
serine and leucine. This decrease confirms the impact of amino 
acids on the activity of microorganisms such as E. coli, as well 
as their function as crystal surface cleaners rather than crystal 
assemblage dissolvers.

The concentrations of Si and Al in the dissolution solutions 
have already been used for calculation of reaction rates [30-
32], and for evaluation of the stoichiometry of alumino-silicate 
dissolutions [33]. The differences between the stoichiometry 
of Si and Al released during mineral dissolution or leaching of 
adsorbed elements are consequences of the activity at the crystal-
solution interface. The processes include the actual dissolution of 
the mineral and the subsequent ion sorption or exchange at the 
mineral surfaces [34]. Zyssed & Schindler [30] showed that the 
Si and Al dissolution rates of a K-montmorillonite decrease with 
increasing pH, which is the case here for a similar Na-smectite. 
Changes of pH are caused by protonation of the surface edges of 
the clay crystals and the ion exchange reaction between hydrogen 
and the exchangeable cations, as well as here by the addition of 
amino acids that reduces the activity of the associated E. coli.

To illustrate the difference between the releases of Si and Al, 
Sondia et al. [35] considered that the ratio (Al/Si)aq/(Al/Si)solid < 1 
indicates a preferential retention of Al by the mineral relative to Si, 
while a (Al/Si)aq/(Al/Si)solid > 1 indicates a higher release of Al. On 
the basis of an average composition of smectite from a bentonite 

unit obtained by Karnland [36] and Abdullahi & Audu [37], 
the (Al/Si)aq/(Al/Si)solid is lower than 1 for all solutions, which 
indicates that Si is more released than Al. However, it cannot be 
ignored that quartz grains could have been naturally mixed with 
the bentonite material.

About the K/Rb, Ca/Sr and U/Th ratios
It is commonly admitted that Ca and Sr are chemical elements 

that have similar behaviors in Earth near-surface processes 
[38,39], the main difference being in their relative contents. 
It is, therefore, of interest to follow how their ratio changes 
depending on the interactions between mineral and E. coli, as well 
as between the same mineral and different amino acids. For the 
same reasons, an evaluation of the K/Rb and U/Th ratios might 
also be instructive in the same interactive system. 

Here, the interaction of smectite with water containing E. coli 
does not reflect a significant change in the dissolution selectivity 
of K relative to Rb, since the K/Rb ratio for dissolved smectite in 
pure water at 426 is nearly the same in presence of E. coli at 450. 
This inclines one to consider that the two elements are probably 
tied to the same crystallographic sites of the mineral. Conversely 
to K and Rb, E coli induced a selective dissolution of U relative 
to Th, and Ca relative to Sr, compared to the dissolution rates in 
the absence of E. coli. The relative increase in the K/Rb ratio of 
the leachates with glutamic acid, alanine and arginine points to 
a selective dissolution of K relative to Rb (Figure 6). Only serine 
induced a K/Rb ratio similar to that of the solution without any 
amino acid (K/Rb at 450), relative to the ratios resulting from 
action of the other amino acids. The varied increases suggest that 
there is a higher organic contribution in the K/Rb ratio of the 
leachates depending on the type of amino acid. Chaudhuri et al. 
[40] reported ratios of 50 to 650 for silicate minerals and higher 
ranges, from 165 to 47000, for organic materials. Characterized 
by K/Rb ratios from 991 to 1552, the solutions obtained from 
arginine and alanine interactions could, then, reflect an organic 
contribution, which suggests in turn that these two amino acids 
preferentially remove K from organic compounds that were 
probably present in non-detectable small amounts in the initial 
mineral separate. 

As for the K/Rb ratio, the Ca/Sr ratio observed in the solution 
with serine is similar to that in the solution without any amino 
acid, which implies that serine has no specific impact on these 
elements. The increase of Sr and the decrease of Ca in the solutions 
with glutamic acid, arginine and alanine induced a decrease in 
the Ca/Sr ratio that is more significant than for interaction with 
serine and glutamic acid in which both the Sr and Ca increase 
relative to the interaction with pure water without amino acids. 
Furthermore, the limited variation of Ca/Sr in these solutions 
indicates that there is no selective release of Sr and Ca, which is 
to the opposite of interactions with solutions with alanine and 
arginine.
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 In summary, arginine is the only amino acid that induces a 
differential extraction of K and Rb and of Ca and Sr during the 
interaction: the ratios are highest for K/Rb and lowest for Ca/
Sr, suggesting again the occurrence of a few organic compounds 
hidden in the initial smectite fraction. In the case of the U/Th 

ratio at 0.82 in the pure water solution, it increased slightly in all 
solutions with either amino acids or E. coli and significantly in the 
case of alanine, which suggests some discrete fractionation during 
the alteration of bentonite may be, again, between the organic and 
inorganic components (Figure 6).

Figure 6: Released K/Rb, Ca/Sr and U/Th ratios by E. coli (as a black dot) and by different amino acids (as gray dots).

The impact of Escherichia coli relative to that of the 
amino acids

The global action of E. coli compared to that of the amino acids 
used here outlines a high removal of Si and Fe relative to negligibly 
low removals by any amino acid (Figure 3). Conversely, the impact 
of E. coli is negligible in the case of Ca, while serine is the most 
efficient. Interestingly, addition of E. coli to the leaching water is 
not as efficient for Na as it is for any of the amino acids, while its 
action on Mg is again highest with serine. Removal of the trace 
elements highlights a predominant leaching of As and Zn by E. coli 
(Figure 3B), glutamic acid being the most efficient remover of Cr, 
Co, Ni and Cu. Addition of serine is most efficient for removal of 
Rb, while alanine released more Cr than the other amino acids.

The selected smectite consists of a tetrahedral-octahedral-
tetrahedral (T-O-T) framework, like illite for instance or micas. Its 
tetrahedral sites are mainly occupied by Si and less by Al, and the 
octahedral sites are mostly occupied by the leftover Al, Fe and/
or Mg, depending on the origin of the mineral. The interlayers 

between the octahedral layers are occupied partially by K [41,42] 
that is not tied to this “flat” organization. As E. coli mostly removed 
Si and Al during the present experiments, it can be considered 
that it dismantled partly the basic T-O-T organization by removing 
Si and Al of accessible tetrahedral and/or octahedral sites. On the 
other hand, as Na, Ca, K and the trace elements are not part of 
the mineral framework, they were most probably adsorbed at the 
surface of the crystals or represent soluble minerals that were 
successfully dissolved and leached during the experiment by the 
amino acids.

The locations of the smectite crystals that were altered 
or even dissolved by E. coli are probably the terminations of 
the layers at the crystal edges or close to impurities, where 
the tetrahedral Si and Al are not perfectly connected to their 
neighbors. When present in smectite structures, Fe(III) is mostly in 
octahedral position. It was found here to be enriched in solution 
with E. coli compared to all solutions with amino acids. Therefore, 
it may reflect a reduction of Fe(III) into Fe(II) as reported by several 
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studies cited in the review by Mueller [43]. The large release of 
Mg by E. coli more than by amino acids may reflect dissolution 
of Mg substituting Al in octahedral sites. Experimental results of 
interactions between smectite and bacteria [44] showed that the 
bacteria enhances both the amount of adsorbed interlayer water 
and the available pore space, and that interlayered Ca facilitates 
bacterial attachment to surfaces, while Fe(III) favors the production 
of chelators that enhance the mineral dissolution.

As Na and Ca are not constitutive of the smectite 
crystallographic framework, as well as most K that might be 
hosted by but not tied to its structure, these elements are either 
adsorbed on the crystal surfaces, or hosted as oxides within the 
crystals. They can also be parts of independent crystals that could 
be intergrown with the smectite crystals, such as carbonates 
and salts, as well as organic compounds as just discussed. Their 
occurrences are, therefore, affected by the amino acids. This could 
be the case for most trace elements that outline releases of more 

than about fifty times (Rb, U, Th and Pb), of more than about one 
hundred times (As), and even up to about one thousand times (Cr, 
Co, Ni, and Zr), relative to the reference pure water removal when 
leached by E. coli.

The REEs provide rather specific signatures that differentiate 
well the impact of the bacteria on the smectite, when associated 
with given amino acids. Two different patterns were obtained 
for two types of amino acids when associated or not with E. coli. 
Glutamic acid with E. coli induces a REE leachate that is to the 
opposite of that induced by glutamic acid alone: the combined REE 
distribution shows a lowering of the LREEs and an increasing of 
the HREEs. The opposite is obtained for the action of alanine alone 
and of alanine mixed with E. coli (Figure 7). Also to be mentioned 
are the varied ratios obtained for the REEs extracted by the amino 
acids relative to that obtained by the pure water leaching: from 
50 to 90 for leucine, at about 20 for those by alanine and glutamic 
acid and below 5 for those by arginine and serine.

Figure 7: REE distribution patterns in: (A) of a release induced by glutamic acid combined with E. coli relative to the release by E. coli 
only, and in (B) of a release by alanine combined with E. coli relative to the release by E. coli only. a. stands for acid, c. for coli and sm for 
smectite. 

What impact intensity by the amino acids relative to E. 
coli? 

The combination that removes the highest amounts of major 
elements (= 26.7μg/g) consists of the amino acid’s arginine, 

serine and leucine mixed with the bacteria E. coli (Table 2). The 
combination removing the second highest amount of major 
elements (= 23.0μg/g) includes glutamic acid, arginine and E. 
coli. The next highest contents are due to the combination of 
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one amino acid at the time with E. coli: successively serine (= 
21.4μg/g), glutamic acid (= 19.2μg/g) and alanine (= 17.3μg/g). 
In trying tri-type combinations, the amount of released elements 
is decreasing significantly: the mixing of E. coli with glutamic acid, 
serine and leucine, for instance, only extracts a total of 11.0mg/g 
major elements, which is more than two times less than serine 
with E. coli.

As stated above, amino acids are also efficient, either 
individually or combined, in the removal of Sr, Ba, Cr, Co, Ni and 
Rb. Conversely, elements such As, Cd, Pb, Th, U and Zn that are 
generally harmful to sub-surface environmental systems, are more 
released from clay material when no amino acid(s) was (were) 
added to the solution containing E. coli. The action of combined 
amino acids on Sr, Ba, Cr, Co, Ni and Rb indicates that there is more 
Sr and Ba in the solution when serine is combined with leucine, 
and more than by adding individual amino acids. Chromium is 
more released in solution with arginine, serine and leucine, and 
Co in solution with arginine, serine and leucine, but the highest 
amounts are released with only glutamic acid in the solution. 
Nickel is also more released with only glutamic acid, while Rb is 
more released with glutamic acid combined with arginine.

In summary, this study sketches the roles amino acids may 
potentially play in soils and geological systems. The effect of 
individual acids on major elements expressed as a decrease or an 
increase of the released elements becomes more significant when 
acids are combined. For instance, elements such as K, P, Mg, Na 
and Ca are more released in solution containing several amino 
acids, while Fe is more depleted than in solution with only one 
type, whichever.

Conclusion
The present experiment was designed to evaluate the impact 

of the bacteria Escherichia coli combined or not with amino 
acids (glutamic acid, alanine, arginine, serine and leucine) on 
crystal dissolution of and elemental desorption from a smectite. 
The leachates were compared to a basic interaction of the same 
mineral with pure de-ionized water. Sodium is systematically the 
dominant released cation, which points to a Na-rich smectite. The 
bacteria Escherichia coli allowed removal of a Si/Al ratio close 
to the value of the smectite itself, while far from that released by 
either the amino acids or by a combination of the bacteria and 
amino acids. It is, therefore, probable that the bacteria has a 
dissolution rather than a desorption action. This interpretation is 
indirectly corroborated by the removal of Na by the bacteria with 
a ratio removed Na/total removed elements much lower than 
those induced by the amino acids. Also, the leaching impact of the 
bacteria decreases when mixed with anyone of the selected amino 
acids.

The study points also to the potential role of amino acids in 
soils and other geological systems. The high amounts of leached 
Si, Al, Mn and Fe, which are structural components of clay 
materials, characterize the batch without any amino acid, while 

the most released Ca and K, which are adsorbed elements on 
smectite-type clay materials, were by the amino acids. Elements 
such as Cr, Ni and Co are high in solutions with glutamic acid 
and alanine, while they are low in solutions with arginine and 
serine. Potassium, P, Mg, Na and Ca are more released in solutions 
containing several amino acids, while if present as oxides they are 
more depleted than in solutions with only one type of amino acid. 
Varied distribution patterns of the released rare-earth elements 
(REEs) allow distinction between the impact of the bacteria 
producing a progressively decreasing content of the light REEs 
and a flat distribution for the heavy REEs, and those of the amino 
acids. The amino acids influence the REE distribution probably 
along complexation processes due to a discrete occurrence of 
organic compounds that strongly influence metal sorption on 
oxide surfaces.
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