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samples had low concentration of organic matter (OM) as it is shown in 
Table 2, it was less than 0.7% in most of them. Only two soils, T1 and T7, 
had organic matter above this value, around 3.78 to 2.98% respectively. 

�ese results showed that soils T2, T3, T4, T5 and T6 had very 
poor conditions for plant and microorganism growth according to 
the literature [36,37]. Also, in the same way, these samples with less 
than 0.7% of OM did not have very good encouraged granulation, 
tilth, porosity, bulk density, water in�ltration and availability, plasticity, 
cohesion, adsorption capacity and nutrient souce [38,39]. 

It has been reported that similar soils, like soils T1 and T7, had 
relative bu�ering capacity around its pH value for its OM concentration 
[36]. �ese were around the value of strongly alkaline, 9.16, to 
moderately alkaline, 8.01, respectively for these samples. 

Additionally, it was not clear that OM was the main factor to 
determine the CEC value of all soil samples. Only for soils with high 
OM concentration, soils T1 and T7, this variable had a linear increment, 
where a high CEC value meant a high OM value. In other cases, 
specially with soils T2, T4 and T6, with intermedia CEC values, OM 
concentration did not have a clear relation with it. �is was, probably, 
due to its characteristics, nature or other soil properties. Moreover, the 
e�ect of OM concentration over other soil variables in soil samples was 
also not evident at naked eye to its complex nature [38].

Electrical conductivity:Soil samples had di�erent electrical 
conductities (EC) in this order: T4>T7>T3>T6>T2>T1>T5 as it is 
shown in Table 2. �is was related to soil disolved components because 
they carried electrical current in liquid phase under experimental 
conditions.

�e relation of EC and pH of soil samples was not clear because 
soils with high conductivity had neutral alkaline pH values, like soils 
T4 and T7. Also samples with low EC had high and low pH values, like 
soils T1 and T5. �ese factors, maybe, were more related to soil nature 
and its composition [40].

Soils with high EC had high CEC values like soils T2, T3, T4, T6 and 
T7. It is important to highlight that it has been reported that soils with 
high EC have high bioavailability of their nutrients, cations and anions, 
as disolved salts [41-45]. Nevertheless, in this sense, experimental EC 
values below 200 µS/cm were a clear indication that there were not 
enough available nutrients in some soil samples and it could show low 
organism activity, especially for soils with low EC and low OM at the 
same time, like soils T2, T3, T4, T5 and T6.

Other important variable related with EC was the clay concentration. 
Soils with the highest EC had the highest clay%, like soils T3, T4 and 
T7. �is is so because the clays were the support of cations that later 
were mesured in disolution with other anions by EC [46,47].

Volumetric density: �e volumetric densities of soil samples were 
around 0.7 to 1.30 g/cm3 as it is shown in Table 2. �e interelation of this 
variable with pH and CEC was not evident for all soil samples [42]. �is 
factor was more related with sand and silt proportions and their paking 
arragement [48]. Soil samples with the highest sand and silt porcentage 
had approximately the highest volumetric density, that was the case of 
soils T5, T2 and T1. However, this was not a linear correlation in all soil 
samples due to soil morphology, especially for soils T6, T7, T4 and T3. 

It has been reported that high soil volumentric densities are related 
indirectly with poor nutrient and environmental conditions to support 

micro and macro-organismos in high concentrations [49]. �is could 
be the case of soils T1, T2, T3 and T5 because they had the highest 
volumetric density values. 

�e analysis of soil samples with these highest volumetric density 
values and other soil properties can show how the environmental 
conditions were for these soils for living organisms, and it can be 
explained as follows: a high volumetric density and a low anion 
concentration (high CEC and low EC) in soil T1 meant low mineral 
nutrient availability; a high volumetric density and a low OM 
concentration in soils T2 and T3 meant low organic nutrient availability; 
a high volumetric density and low cation and OM concentrations in soil 
T5 meant low mineral and organic nutrient availability .

In the case of soils T1, small black coal particles, 100% organic 
matter, were observed in soil grains. Without this huge visible amount 
of organic matter the volumetric density of this soil should have been 
bigger [38,48].

Additionally, in case of  macro-organism growth conditions, it was 
observed that none of soil samples exceeded the volumetric density for 
roots and plant growth of 1.40 g/cm3 [50].

Particle size: All soil samples were texture clasi�ed as sandy soils 
due to their size distribution of particles as it is shown in Table 2. In all 
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�e �st step was to increase the bicarbonate salt concentration 
to 500 mg/L in systems as it is described in table 1, solution B. �is 
increment in all cases allowed increasing the pH and stabilized its value 
in the required pH interval of 6 to 9 a�er only 12 hours. Nevertheless, 
for the media of soil T6, the pH stabilization was not reached even a�er 
72 hours under this condition. Despite this result, the mean pH value 
in all studied systems a�er this test was 7.9 ± 1.56. In Figure 2, letters 
A and B, it can be seen how the pH of media under natural conditions 
(represented by letter A) changed to the new pH values due to the 
addition of bicarbonate salt. (represented by letter B).

In order to have media pH of soil T6 around the required pH 
interval, it was required to increase the bicarbonate salt to 600 mg/L as 
it is shown in Table 1, solution C. As it can be seen in Figure 2, letter C, 
the increment bicarbonate salt to this concentration allowed reaching 
the required pH interval for all samples in less time, especially for 
soil T6. �is pH value was around 8.36 ± 0.45. �e pH equilibrium 
for T4 and T5 was reached a�er just two hours, ten hours less than 
the previous test. In case of media of soil T6, this pH equilibrium was 
reached a�er just 24 hours, 48 hours less than the previous test. An 
important factor to highlight in this point is that this salt concentration 
allowed sustaining the pH equilibrium without signi�cant variation 
independent of soil nature. �is last interesting conclusion was the 
reason for choosing 600 mg/L as an ideal bicarbonate concentration for 
subsequent tests.

When the e�ect of other salts in the system was evaluated (solution 
D, Table 1), like FeCl

3, K2HPO4, NaHCO3, NH4Cl, K2SO4 and CaCl3 [60-

64], an imbalance in the pH values of the systems was observed again 
as it can be appreciated in Figure 2, letter D. �is imbalance of pH was 
more signi�cant for soil T6 media, with a di�erence in absolute value 
of 3.01 units of pH. �e new mean pH value in all systems a�er this 
test was 7.02 ± 1.93. Even the di�erence in pH values of other systems 
was small with respect to previous test, in absolute values of pH units 
of 0.73 for T4 media and 0.23 for T5 media, it was, therefore, required 
to �nd a better method to control the pH. �e reason for this was that 
the presence of new salts in the media changed its properties in an 
unpredictable way with respect to pH due to the heterogeneous nature 
of soil samples. Again, the setback was on how to compare di�erent 
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Equilibrium  

In ex-situ bioremediation processes, it is necessary to know how the 
pollutants are distributed around phases to �nd the best experimental 
conditions to achieve process goals. Without this consideration, it is 
not possible to predict the availability of pollutants in the liquid phase 
and know if the microorganisms can degrade them easily under a set of 
experimental conditions.

�is section of equilibrium is structured in two subsections. �ey 
are related with results of isotherm equations and soil properties related 
with phenol adsorption equilibrium. 

�e key factor, before microbial activity in a bioremediation 
process, is to predict the adsorption behaviour and understand its 
properties, in the equilibrium solvent-solute-adsorbent, to implement 
all required actions to quickly recover the polluted soil. �ere are a lot 
of studies about how to predict adsorption behaviour with di�erent 
isotherm equations and about which soil factors are more important 
in this process in ideal solid-liquid conditions. However, natural soil 
bioremediation cases with high pollutant concentrations are poorly 
evaluated. 

�e object of these tests was to �nd a universal isotherm equation 
to predict the adsorption behaviour of high phenol concentrations in 
natural sandy soils and �nd which soil properties can in�uence this 
adsorption equilibrium under real bioremediation conditions before 
microbial activity.

sotherms: Equations used to describe the adsorption isotherms in 
solid-liquid systems are derived from the models developed for solid-
gas systems [17]. Despite this, excellent results have been obtained to 
represent real cases of this kind in low concentration or in conditions 
where the nature of the adsorbent is homogeneous. �e challenge here 
is to �nd equivalent equations for heterogeneous conditions in natural 
environments like those that are easily to �nd in soil bioremediation 
processes.

In this section, results of equation validations for phenol soil 
adsorption isotherms during experimental phase are shown.

Even adsorption isotherm equations that come from solid-gas 
systems, as it was mentioned above, there are many of them that are 
especially improved for ion exchange studies in solid-liquid systems [18-

20]. More studies related to the adsorption equilibrium of contaminants 
in natural soil systems have been done for years. Most of them are 
specialized in adsorption equilibriums where the pollutants and soils 
are related in ideal conditions with low pollutant concentrations and 
high soil adsorption capacities, such as activated carbon, polymeric 
resins or pure minerals [20,75-80]. However, heterogeneous soil 
adsorption processes with high loadings of pollutants have been poorly 
evaluated due to its complexity [81-83].

�e object of these tests was to �nd an equation that it could be 
used to describe phenol soil adsorption isotherms independently of 
sandy soil nature in an ex-situ bioremediation process before microbial 
activity.

In order to carry out these tests, di�erent soil samples were settled 
in di�erent reactors under the same experimental conditions. �is 
allowed us to do a real comparative analysis of the e�ciency of tested 
equations. �e speci�c details of this are described in section 3.4.3. of 
methodology section. In order to �t the equations to experimental data 
a graphical representation method was used as it is shown in section 
3.3.1.

�e correlation order for phenol adsorption isotherms was di�erent 
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factors in�uenced phenol adsorption equilibrium for some soils. For 
that reason additional analyses were needed to clarify this issue. �is 
analysis is presented in the following section.

Soil properties: Standard protocols for ex-situ soil bioremediation 
processes are needed in order to achieve the process goals independently 
of soil nature and environmental conditions. As it was mentioned, the 
soil properties and their control can be key factor to enhance availability 
of pollutants in medium if it is analyzed correctly in soil adsorption 
process. 

In this section, a comparative analysis of soil properties and how 
these in�uenced the phenol soil adsorption process for studied soil 
samples is described. 

In ex-situ soil bioremediation processes the pollutant distribution 
in the soil determines the guidelines to follow in the cleaning of these 
systems. Most studies which are related to this issue are focused on 
groundwater contamination, where contamination levels are generally 
low [10,80,82,83,86]. In these and other similar studies, the highest 
correlation coe�cients (r2) of adsorption processes generally correspond 
to the tests conducted in systems with a high concentration of organic 
matter. Other factors prevailing in this connection is the percentage 
of clay and cation exchange capacity [25,75,87-90]. However, it is not 
completely clear how these factors in�uence adsorption conditions 
with heterogeneous natural soils in high phenol concentrations.

�e object of this analysis was to �nd which soil properties could 
in�uence the adsorption equilibrium under real bioremediation 
conditions before microbial activity.

�e experimental data used to carry out this analysis were taken 
from the test described in the previous section (5.3.1) All details of 
experimental conditions and related information are described there.
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Temperature: �e e�ect of temperature on soil adsorption 
capacities of pure compounds with high content of organic matter has 
been widely described in literature. Presently, due to the great amount 
of polluted soils around the world, it is the time to know its e�ects on 
real polluted soil environments.

In this section the results of the e�ect of temperature on adsorption 
and bio-availability of phenol in sandy soil samples are presented.

In many phenol bioremediation processes it is common to see 
changes in temperature that enhance microbial activity. However, the 
e�ect of this variable on soil adsorption properties is unconsidered 
during this process in many cases [98,99]. Little is known about the 
e�ect of temperature on the adsorption equilibrium of phenol in natural 
sandy soils under high phenol concentration cases.

�e object of these tests was to �nd how temperature could 
in�uence the adsorption and bio-availability of phenol during a process 
of ex-situ soil bioremediation in sandy soils before microbial activity.

Two di�erent intervals of temperature were tested in this sense, 
one around 28 ± 2ºC and another one around 27.5 ± 22.5ºC. �e 
other experimental conditions were kept constant and are described in 
section 4.4.4. �e theoretical isotherms were represented by Freundlich 
equation.

�e experimental data in the �rst set of tests showed, represented in 
Figure 4A, that small changes in system temperature, around 28 ± 2°C, 
caused slight di�erences in soil adsorption capacity and bio-availability 
of phenol for each soil sample. In the case of soil adsorption capacities 
(columns), these data showed that for four soil samples, T1, T2, T3 and 
T5, an increment in system temperature meant an increment in phenol 
adsorption with respect to the equilibrium. However, the opposite 
behaviour was observed for soils T6 and T7, where an increment 
system temperature meant a decrement of phenol adsorption with 

respect to the equilibrium. For soil sample T4, the change of system 
temperature in this interval did not a�ect signi�cantly its adsorption 
capacity, its variation has been less than 5%; in case of phenol relative 
bio-availability with respect to the phenol equilibrium concentration 
(lines), it was noted that small di�erences between equilibrium 
conditions in that range of temperature were around  ± 2.5% for each 
case in mean terms, as it can be seen in this �gure. It meant that almost 
all equilibrium conditions were the same in that interval of temperature. 
�e average standard deviation (SD) of concentration for each soil in 
this range of temperature was: T1SD= ±4.19; T2SD= ±2.45; T3SD= 
±2.49; T4SD= ±0.94; T5SD= ±2.05; T6SD= ±1.64; T7SD= ±5.35. And 
for all soil samples together under these conditions it was ± 2.72 mg/L 
at equilibrium concentration. �ese small di�erences did not allow 
developing the real nature of this phenomenon. For this reason it was 
necessary to carry out more speci�c tests for this work.

�e second set of tests about the e�ect of temperature on phenol 
adsorption capacity in the interval of 27.5 ± 22.5ºC showed, as it can 
be seen in Figure 4B, that an increment system temperature meant 
a decrement of phenol adsorption with respect to the equilibrium 
(columns). Its consequence was that there were more phenol molecules 
available in liquid phase for soil sample T1 (line). Between temperatures 
5 and 1ºC it was noted that an increment in the system temperature 
meant an increment in soil phenol adsorption with respect to the 
equilibrium concentration. �e reason of this behaviour, that it was the 
opposite of previous one, was probably due to the interrelation of phenol 
with some soil components whose concentration in liquid phase it had 
reduced [100,101]. Additionally, it was observed that reproducibility of 
results in this interval has had the highest standard deviation and this 
could be the reason of this behaviour even when triplicate analyses were 
done. For this reason an extra test on phenol adsorption was carried 
out.

When other experimental conditions to get the phenol adsorption 
isotherms for this soil in the same interval of temperatures were tested, 
more evident results were obtained, and they are represented in Figure 
5. When the system temperature decreased, from 50 to 15°C, phenol 
soil adsorption equilibrium was displaced. �is change in the system 

 

Figure 4: Schematic representation of temperature effect on phenol 
soil adsorption. Here is possible to observe the changes on phenol 
adsorption equilibrium, colums, and  phenol bio-availability, lines, for 
temperature intervals of 28 ± 2ºC (A) and 27.5 ± 22.5°C (B). Data 
representation: A. Dots equal to 26ºC, continuous lines equal to 28ºC 
and slashes  equal to 30ºC; B. Experimental data for soil sample T1 
with reference temperature of 25ºC.

Figure 5: Schematic diagram of temperature influence on phenol 
adsorption capacity in soil sample T1 (From 5 to 50ºC). Geometrical and 
line symbols represent experimental and theoretical data respectively. 
The Freundlich equation was used to get theoretical data.
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temperature increased the retention of phenolic molecules in the soil. 
�e reason of this could be that at high temperature there was an 
increment of transport potential and at low temperature there was a 
decrement of this factor. However, it was not su�ciently clear which 
were the main interrelation forces between particle active zone, phenol 
molecules and water with tested experimental conditions [102-104].

Also these data and their analysis, as it is shown in Figure 5, allowed 
�nding out the complex behaviour of phenol soil adsorption at 5ºC. 
�e reason for this could be, as it was mentioned before, the reaction 
of phenol with some salts in the soil structure. Nevertheless, its nature 
and composition was undetermined. Other more speci�c tests have to 
be done in order to understand this phenomenon.

�e results of these tests showed that system temperature could 
enhance the availability of phenol in the liquid phase and reduce the 
phenol concentration in soil if there is an increment in temperature. 
Further, these results showed that the characteristics of this equilibrium 
are determined by the interrelation of phenol-water-soil. Without 
this information, it is impossible to �nd out this behaviour without 
empirical tests in each case. Other additional tests are required to �nd 
out what happens with soil adsorption properties in systems with high 
charge of phenol and heterogeneous soils at low temperatures.

Salts: Nutrient salt applications are common practice in soil 
bioremediation processes because these can enhance the microbial 
activity and reduce the recovery time. However, in all cases it is not 
completely clear if these substances can increase the pollutant soil 

adsorption and reduce its bio-availability. It is still required to know if 
"the remedy is worse than the disease" in this sense.

In this section the results of salts e�ect on phenol soil adsorption 
equilibrium in an ex-situ bioremediation process before microbial 
activity are presented.

In ideal conditions, ex-situ soil bioremediation is where 
microorganisms consume the pollutants and convert them into non-
organic soluble or gaseous compounds inert to the environment and 
innocuous to human health. During this process, the microorganisms 
capable of consuming these contaminants quickly increase their 
number. Critical micro and macro nutrients, or bio-stimulants, are 
required in this process, like carbon, nitrogen, phosphorus, potassium, 
sodium. Without these nutrients, umail 4l1
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a�er reaching the phenol adsorption equilibrium, the isotherms were 
determined by Freundlich equation.

�ese tests and results showed that phenol soil adsorption process 
in real environments is complex and di�cult to predict. �e salts, 
by kind and amount, increased, increased-decreased or decreased 
the phenol soil adsorption capacity. Also, these results have shown a 
competitive multilayer adsorption tendency. �ese results, represented 
by its isotherms, are shown in Figure 6.

�e results showed that an increment of K2HPO4 salt around 12 
mg/L did not alter signi�cantly the phenol adsorption equilibrium. 
However, concentrations of this salt, above this value (>12 mg/L), 
increased considerably the phenol retention in soil matrix and reduced 
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