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IMPACT OF BIOSTIMULATION AND BIOAUGMENTATION ON DIE  SEL
CONTAMINATED SOILS AS BIOREMEDIATION SYSTEMS

Juliana Abraham, Teresa Ge§ Teresa Vicent

Chemical Engineering Department, Escola d’Engingedniversitat Autonoma de Barcelona,
08193 Cerdanyola del Vallés, BCN, Spain

Abstract

This paper analyses and compares the effects akrbediation on total petroleum
hydrocarbon (TPH) degradation with composting temphes and following biostimulation and
bioaugmentation approaches. Compost and sludge aduied as organic amendments with a
double mission, providing both nutrients and micgamisms to the contaminated soil. In addition
the effect of inoculating white-rot fungdgametes versicolowas assessedwo different types of
soils were considered: a poor soil with low orgamigiter content and an enriched organic soil. The
use of compost and sludge for soil bioremediatimough composting techniques was effective for
TPH removal. The amount of organic matter presansdil played an important role in TPH
removal due to the adsorption phenomenon of thiigaalts in the organic fraction of the solid
material. When the contaminated soil was rich gaoic matter, the use of sludge provided better
results than compost (22% of degradation in th& fifteen days front 5%) but no differences
between compost and sludge were observed in pdoiTee inoculation of the ligninolytic fungus
T. versicolor enhanced the removal process of TPH, thus incrgasie degradation rate and
reducing the process time. However, periodicalaeutation was required.

Keywords: bioaugmentation, bioremediation, contaminated, siofal petroleum hydrocarbons,

Trametes versicolor

1. Introduction

As a consequence of massive and widespread useleped hydrocarbon compounds have

become common organic pollutants of soil surfaces lzave eventually been considered a major

environmental and health problem. Amongst hydromarpollutants, fuel and diesel oil are a
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complex mixture of n-alkanes, branched alkanesloaeljkanes and monoaromatic compounds. All
of these pollutants are frequently reported as soitaminants leaking from storage tanks and
pipelines or released in accidental spills durimduistrial and commercial operations (Gallego et al.
2001).

Today, bioremediation is the most common treatmesed for these soils and is an
environmentally friendly alternative with respeot gthysico-chemical treatments. Bioremediation
involves turning pollutants into nontoxic forms loging organisms under aerobic or anaerobic
conditions to remove the contaminants from soiltewand gases (Riser-Roberts, 1998). Diesel oil
bioremediation in soil can be promoted by the skation of indigenous microorganisms by
introducing nutrients and oxygen into the soil @mulation) (Seklemova et al., 2001; Sayara et
al., 2009) or through the inoculation of an enratmeicrobial consortium, whether indigenous or
exogenous (bioaugmentation) (Vogel, 1996; Karansabtial., 2010; Kauppi et al., 2011).

Composting techniques have long been applied atableshed as an area of research to
degrade organic solid residues (Haug, 1993; Ruggfiel., 2008). These techniques have also been
demonstrated to be effective in biodegrading tpttoleum hydrocarbon (TPH) at the laboratory
(Namkoong et al., 2002), reactor (Van Gestel et 2003) and field (Ros et al.,, 2010) scales.
Diverse nutrient sources, such as inorganic feetilicompost, manure and sludge, have been used
in bioremediation. Amongst them, sludge seems ta peomising nutrient source for microbes in
bioremediation (Namkoong et al., 2002). The primagpefits of sludge include their low (or non-
existent) cost, slow release of nutrients (simtiaranimal manures) and easy availability. In
addition, their use gives purpose to what wouldeptlse be residues. Another organic source with
enormous potential for bioremediation are compostst, only because of their provision of
nutrients, but also because of their mesophilic #&mermophilic bacterial content and their
ligninolytic fungi, which are endowed with the atyilto degrade some pollutants (Antizar-Ladislao
et al., 2004; Anastasi et al., 2008). Also, thespnee of biopolymers (cellulose, hemicellulose and
lignin) in compost may pave the way to the deghadatof some pollutants. In fact, the
transformation of biopolymers requires a set ofyamzs (peroxidases and phenoloxidases) that
degrade cellulose and lignin (Criquet et al., 199Bj)lamentous fungi such as white-rot
basidiomycetes are amongst the major decomposesopblymers, lignin in particular. These
organisms have developed non-specific, radicalébagradation mechanisms occurring in the
extracellular environment (Singh et al., 2006)hdis been probed that their ligninolytic enzyme
machinery (including laccases and peroxidases)each and deplete petroleum hydrocarbons in
contaminated soils even when the pollutants have dwailability (Pointing, 2001). However,

basidiomycetes are rarely isolated from compostabee many of them cannot withstand the
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higher-than-50 °C temperatures generated duringhrenophilic stage in the composting process
(Ryckeboer et al., 2003).

The main goal of this study was to demonstratedbatpost and raw sludge could introduce
nutrients and microorganisms which would favor tieggradation of TPH in contaminated soils.
Both organic materials may have a double impacth@ bioremediation system, potentially
providing nutrients for endogenous microorganismesent in the soil as well as complex
microbiota as additional inoculums. Moreover, bgmaentation with a specific compound
degrader, the white-rot funguBrametes versicolgrwas also studied to evaluate whether this
organism could improve the degradation or accedethé time of remediation. This approach
employed composting techniques that can be appbédex-situ and on-site.

Two different types of soils were used to invegstgde effects of biostimulation (compost,
sludge) and bioaugmentation (microorganisms presesampost and sludgandT. versicoloj on
TPH degradation by bioremediation with compostieghhiques: a poor soil with low organic
matter content and an enriched organic soil. Preéing Petri dish trial experiments were necessary
to determine further 4.5 L reactor study conditioAsalyses with the 4.5 L thermally isolated
reactors were undertaken with the objective of etmg the environmental conditions found at the

field scale regarding heat transfer and temperatuaages.

2. Materials and Methods

2.1. Materials

The two soils used were collected in the surrouggliof Lugo composting plant (Galicia,
NW Spain) and were contaminated with 3 % v/v ofigtane of gasoline and diesel (ratio 1:1) one
week before the experiments were undertaken, negcBb g TPH/ kg of soil. The soils were
selected because of their different organic matetent. The mineral composition of soils A and B
was coarse sand 50.5 %; fine sand 27.9 %; loam dBd«lay 8.6 %. In fact, soil B was collected
in an area where soil A had been periodically aradngith compost for several years. The main
properties are presented in Table 1.

Raw sludge from a wastewater treatment plant anchpost obtained from sludge
composting piles (four weeks treatment time) weseduas organic amendments. Wood chips were
used as a bulking agent. All three materials wesected from the Jorba treatment plant
(Barcelona, Spain). The characterization of theradimeents is shown in Table 1.

The white-rot basidiomycete funguB. versicolor ATCC # 42530 was used in the
bioaugmentation experiments (Font et al., 1993) &ksays were inoculated with 1.3 mg of
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triturated mycelium fungus per g of soil (dry makteThe fungal colonization and effect of
inoculation dose and procedure were previouslyyaedl in Petri dish experimental trials (data not
shown).

Tween 80 (polysorbate 80, Sigma Aldrich Co, Spaiwgs used as a non-ionic surfactant

and an emulsifier of hydrocarbons.

Table 1.Characterization of soils, organic amendmentsharking agent. Properties were

analyzed according to methods described in Se2tida.

Materials Bulk density Water content Organic Matter Water holding
g/L (%) (% dw) capacity
(% dw)
Soil A 1539 12.4 5 15
Soil B 834 9.1 38 34
Sludge 891 88.7 64 n.a.
Compost 525 27.3 65 155
Bulking agent 178 13.0 83 111

dw: dry weight

2.2 Removal of TPH

2.2.1 Evaluation of the amendment dose and indougtrocedure

Preliminary TPH degradation experiments were askayePetri dishes for thirty days at
25°C to find a suitable dose of compost and slahgkthe best inoculation procedure for later 4.5 L
reactor experimentd.. versicolorwas inoculated following two different inoculatistrategies: i)
inoculating right after mixing the materials, amdimoculating the bulking agent and incubating at
25°C for two weeks prior to its mixture with sodsd amendments. Additionally, four different
amendment:soil ratio (0.02:1; 0.06:1; 0.155:1 ariddn wet weight) were tested. The assay was
prepared by mixing 15 g of the different soils, 8fghe bulking agent and the different doses ef th
amendments. The experiments were performed indaiigl. The samples were analyzed at the end
of incubation (thirty days).

2.2.2 Evaluation at the 4.5 L reactor scale
The experiments were conducted for sixty days @& Y. air-tight reactors that were

thermally isolated and equipped with on-line terap@re monitoring by Pt-100 sensors (Sensotran,
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Spain) connected to a data acquisition system (MAB0O, Desin, Spain) and to a personal
computer. An intermittent aeration was provided th® reactors according to the process
performance to ensure a high oxygen level (ovefdGand to avoid anaerobic conditions. The
oxygen concentration in the exhaust gases was meghby means of an oxygen sensor (Crowcon’s
Xgard, United Kingdom).

The mixtures were prepared by mixing spiked sarieadment and bulking agent together
at a weight ratio of 1:0.15:0.20. The water contehtthe mixture was adjusted to within the
recommended value (75 % of the water holding capa@tiaug, 1993) by adding water before and
during the experiments when necessary. A percentgeater content is necessary in order to
promote an adequate biomass growth. The differeixtures are described below and are
summarized in Table 2. The main properties of thgtures are presented in Table 3. The
experiments were undertaken in duplicate. The tesuk presented as the average of duplicates
(differences between duplicates were always bel®&0)l The reactors were filled to their
maximum capacity, thus containing a total mass.50-3.00 kg. 120 g samples were collected at
zero, fifteen, thirty and sixty days of treatmefieathe homogenization of the mass in the reactors
TPH removal was calculated as the difference in Td@Htent at a certain day compared to the
initial TPH content, and expressed as a fractiothefinitial content. This was calculated for each
TPH fraction and for the total TPH content.

2.2.2a Soils A and B: natural attenuation and bigaaentation

Experiments were undertaken in soils with (Al, Bid without (A, B)T. versicolor(Table
2) to evaluate the removal of the hydrocarbons auththe addition of nutrients and microbiota
from compost or sludge. Moreover, emissions of tlelaorganic compounds (VOCs) were
analyzed along the process to determine whetheesoby volatilization were significant when

using a forced-aeration system.

2.2.2b Bioremediation treatments: composting amm@dbgmentation

The composting bioremediation treatments were defte each mixture. Compost and
sludge were used as amendments because of theiredif organic matter content and degree of
stability as well as the different microorganisrhattcan be found in both materials (experiments
AC, AS, BC and BS, Table 2).

The same mixtures were used in the bioaugmentatiodies with the inoculation oF.
versicolor at the initial time (experiments ACI, ASI, BCI agSI, Table 2). The experimental
design included a second inoculation on dayfdt two reasons. On one hand, previous studies had
shown thafl. versicoloractivity significantly reduces in bioprocesses @y @1 (Blanquez et al.,
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2006; Rodriguez-Rodriguez et al., 2012). On theeotiand, high temperatures expected in the
initial decomposition phase may negatively affectversicolor.

Also, the effect of the addition of surfactant veamlyzed in bioaugmentation experiments
in both soils using sludge as amendment (ASTI aB8dIB The dose used was 5 g of Tween 80 for
every 100 g of the studied mixture, as determimegrevious studies (Rodriguez-Escales et al.,
2012).

Table 2. Mixtures and nomenclature for 4.5L reactor scajgeements

Experiments Amendments and biocaugmentation
nomenclature Bulking Compost Sludge T. versicolor Surfactant
agent

Soil A
A - - - - -
Al - - - + -
AC + + - - -
ACI + + - + -
AS + - + - -
ASI + - + + -
ASTI + - + + +
Soil B
B - - - - -
Bl - - - + -
BC + + - - -
BCI + + - + -
BS - - + - -
BSI - - + + -
BSTI - - + + +

2.3 Analytical Methods

2.3.1 Physicochemical analyses
Moisture and dry matter were determined by graviimeanalyses after drying at a
maximum temperature of 105°C until constant weidlie organic matter content was determined

from mass loss after heating at 550 °C for fourb@uS Department of Agriculture, 2001).
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The total organic carbon (TOC) was determined usihdg. Analytical Solid TOC
Analyzer/Win TOC Solids v3.0, and the total nitrag§eldahl (TNK) was determined by standard
procedures (US Department of Agriculture, 2001). f@ TOC and TNK analyses, the samples
were previously dried up and sieved at 0.5 mm. Ak density and free air spaced (FAS) defined
as ratio of air volume to total volume of the saenpiere measured by picnometry (Ruggieri et al.,
2009), and the water holding capacity was also nredgUS Department of Agriculture, 2001).

The soil samples for petrol hydrocarbon analysesevestracted with Acetone/Petroleum
Ether, cleaned with Florisil® and then analyzedGy-FID and DB-1 column as described in Van
Gestel et al. (2003).

The exhaust gases were collected daily in Tedlgs,band the VOCs content was analysed
by GC, as described in Pagans et al. (2005). Tthadptal VOCs emission could be calculated.

2.3.2 Laccase activity

The extracellular ligninolytic laccase enzyme atyiwas determined. The laccase enzyme
was extracted by adding 30 ml of acetate buffek§@M, pH 5) and 3 g of mixture sample to each
flask, shaking at 130 rpm at 4 °C for 30 min andtgiging at 10.000 rpm at 4 °C for 15 min, a
procedure adapted from Snajdr and Boldrian (2006 supernatants were collected, and the

laccase activity was assayed spectrophotometriaaltprding to Kaal et al. (1993).

2.3.3. Respiration Index

A dynamic respirometer was used as described bg&enal. (2010). Briefly, a sample of
150 g of the mixture was placed in a 500 mL Erleyendlask and incubated in a water bath at 37
°C. The starting organic material moisture was stéfito a range of 50-60 %, if necessary. Air was
continuously supplied to the samples using a massifeter (Bronkhorst Hitec, The Netherlands)
to ensure aerobic conditions during the experinjerygen concentration higher than 10 %). The
oxygen content in the exhaust gas from the flask wmeasured using a specific probe (Xgard
Crowcon, UK) and was recorded on a personal compedeipped with commercial software
(Indusoft Web Studio, version 2008, USA). From theve of oxygen concentration vs. time, two
respiration indices can be calculated:

A) Dynamic Respiration Index (DRI): This index repents the average oxygen uptake rate
during the twenty-four hours of maximum activitysaloved during the respiration assay. The DRI
is expressed in mg of oxygen consumed per g ofrdiger and per hour.

B) Cumulative Respiration Index (CRI): This indegpresents the cumulative oxygen
consumption during the four days of maximum resgnaactivity without considering the initial
lag phase. The CRI is expressed in mg of oxygeswoed per g of dry matter.
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Table 3. Characterization of initial mixtures

Initial samples* A B AC | ACI BC | BCI AS | ASI BS BSI

Water content | 11.6 | 28 | 20.3] 23.8 356 344 288 29 30.9 3r.3

(%)
Organic Matter | 4.1 | 16.2| 26.5 18.9 41.6 38.9 24 22,7 284 446

(% dw)

Total Organic 2.3 | 10.2| 159 n.a. 15.1 n.a. 10{3 n.a. 10.7 n.a
Carbon (% dw)

Total Kjeldhal 0.5 09| 0.8 n.a. 0.8 n.a 0.6 n.a 0{7 nja
Nitrogen (% dw)

C/N ratio 5.1 | 13.3] 18.7 n.a 18.1 n.a 16 n 15 .a. n
Respiration IndeX n.a. | n.a. 69 86 133 169 257 304 336 149
mg O kg dw hH*

Cumulative na. | na.| 308 394 79.0 533 636 65 101.4 43.2

oxygen

consumption
mg & g* dw
Bulk Density 1539| 834| 757 n.a. 670 n.a. 784 n.a. 918 n.a

(g/L)

Free Air Space | n.a. | n.a. 65 n.a. 59 n.a. 54 n.a 55 n.a

(%)

*dw: dry weight

3. Results and discussion

3.1 Results at the laboratory scale

Preliminary TPH degradation experiments were uila#lert at the laboratory scale as

described in section 2.2.1 and results are sumptaroelow (data not shown). The use of the

bulking agent inoculated prior to the remediational$ did not offer any advantage, thus it was

decided to inoculate at the starting moment ofblc@ugmentation experiments. In general, fungus

growth was favored at increasing dose of amendmast,observed by the higher visible

colonization of dishes by the white filamentousdus (data not shown). A higher growth Bf
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versicolorwas observed when using sludge with soil A and wieéng compost with soil B. Also,
TPH degradation (Fig. 1) was enhanced when inargasie amendment dose in the tested range
(0.02, 0.06, 0.155 and 1 gram of amendment fordmgof soil) with soil B, but no effect of
amendment dose was observed for soil A. No difieenwere observed among amendments
regarding TPH degradation. From these previoudsiridbe dose 3 (0.155:1g amendment / g
contaminated soil on wet basis) was chosen fofdlh@ving experiments at the 4.5 L reactor scale.
This dose was selected as a compromise soluti@btiin good degradation levels and to avoid
using large doses of amendment which would maketrdfegment more expensive (amendment

transport and mixing and overall treatment surfa@eded).
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Bioremediation trials at lab scale after 30 days

Fig. 1. TPH degradation in the different treatments abifatory scale using different doses of
amendments. AC: soil A, compost; AS: soil A, sludg€: soil B, compost; BS: soil B, sludge.
Doses g amendment:g contaminated soil on wet Haese 10.02:1; Dose 20.06:1, Dose
3.0.155:1 Dose 41:1

3.2. Overall performance of bioremediation triats4.5 L reactors

Bioremediation trials in 4.5 L reactors were catroait with different mixtures of soil A and
B using compost and sludge as amendment and irioqul&ith the white-rot fungug. versicolor
(Tables 2 and 3). A respirometric study was undtertawith all mixtures intended for study to

evaluate both the effect of amendments (sludge @mpost) and bioaugmentation with
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versicolor. The results are presented in Table 3 as a regpiredte DRI and cumulative oxygen
consumption CRI. Respiration rate and cumulativggen consumption are indicative of the
amount of biodegradable organic matter in a salghoic waste and its biodegradability (Ponsa et
al., 2010). The soil B mixtures presented a higtespiration activity than the soil A mixtures
probably due to their greater organic matter can#liso the use of sludge as amendment provoked
higher biological activity than the compost, measuas a higher oxygen consumption rate and
higher total oxygen consumption for both soils Adaa (Puyuelo et al., 2011). The mixtures
inoculated withT. versicolorshowed a higher oxygen consumption rate, but ferdhces were
found in the final oxygen consumption at the endh#& respiration study among inoculated and
non-inoculated mixtures.

These experiments were undertaken in 4.5 L ad@abatctors to emulate the energy
transfer conditions at the industrial scale in costmg processes. A rise in temperature was
observed at the beginning of the process from rtemperature (20°C) to maximum temperatures
ranging from 30 to 40°C (Fig. 2 is presented agxample). This rise was a common factor in all
cases except for the natural attenuation expergnditie temperature rise was due to heat released
in the biodegradation of the organic matter presanthe compost and sludge. A secondary
temperature rise was usually observed after hompiggnthe reactor contents on sampling days
fifteen and thirty. After an initial decompositigohase, the temperature fell and stabilized at
approximately room temperature before day thirtgl antil the end of the process. In general, the
inoculated reactors showed higher temperatures tthemon-inoculated trials. Table 4 shows the
maximum temperature achieved and the area beloweterture curve, calculated for the first 14
days (until the first sampling), as the averagdhef two replicates for each trial. This area and
average maximum temperature was 3.6% and 3.4%higleoculated trials. This reflects a higher
biological activity and confirms the observationsn the respirometric analysis. However, because
the temperatures remained in the mesophilic rangdl icases, the survival @t versicolorshould
not be affected by thermal conditions.

The initial mixtures presented a FAS over 50% (&&®)l, which is the recommended value
for solid bioconversion processes to ensure aexiditions and the proper air circulation through
the organic matrix (Ruggieri et al., 2009). Aeratiwas adjusted to slightly higher values for the
first days of the process during the decomposipbiase and was reduced at the end of the
experiment (equivalent air flow ranging from 0.570t05 L/min). Oxygen was maintained over 5%
in all cases. The water content was also kept @oapnately 75% of the water holding capacity of

the mixtures in all trials.
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294 Laccase activity was analyzed to monitor the agtiand viability of T. versicolor

295 Decreasing levels of activity (Table 5) were detdcat days fifteen, thirty and sixty in both the
296 composting and bioaugmentation experiments whengusbompost as amendment. Detecting
297 laccase activity in not inoculated (wiih versicolo) trials indicated the presence of other laccase-
298  producer microorganisms in the initial compostinigtores because compost is a material enriched
299  with a diverse microbial population, including bextd, fungi and actinomycetes. However, laccase
300 levels were higher in the inoculated mixtures, pognto a higher fungal activity, but they were
301 negligible after sixty days of processing in angesandicating the inactivation of the fungus. No
302 laccase was detected when using sludge as amendneeit the natural attenuation trials, whether
303 inoculated withT. versicoloror not.
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Table 4. Maximum temperature achieved and area below teryyeraurve for the different

experiments considered.

Experiment| Area below temperature curve (°C-day) xiMam temperature (°C)
AC 7.66 - 16 30.2
ACI 8.24 - 10 33.6
BC 8.60 - 10 37.5
BCI 8.51- 18 36.4
AS 8.58 - 10 38.1
ASI 8.64 - 16 37.5
BS 6.36 - 10 31.2
BSI 6.94 - 10 34.2

Table 5. Laccase activity detected at 15, 30 and 60 dapsiin composting and bioaugmentation

experiments with compost (average of two repligates

Mixture Laccase activity (U / g dry weight)
Day 15 Day 30 Day 60
AC 1.3 0.2 n.d
ACI 2.1 0.9 0.2
BC n.d 1.5 n.d
BClI 2.1 2.5 0.2

3.3 TPH removal in 4.5 L reactors

Fig. 3 shows the degradation of TPH in all of theatments after fifteen, thirty and sixty
days of treatment. No degradation of TPH was detkict the natural attenuation trials (soils A and
B without the addition of amendments) or with bigauentation. In contrast, the addition of
amendment resulted in a considerable TPH degradatiboth soils (AS, AC, BS, BC). In soil A,
the TPH degradation reached similar values over B6& using compost (66%) and sludge (68%).
In soil B, a similar level of degradation was aeclei@ when using compost (65%). However, only
45% of the TPH was degraded when using sludge andment with soil B. These results
highlight the contribution to TPH degradation méxyethe microorganisms present in compost and
sludge and are in accordance with previous repdreye compost was demonstrated to have a high
capacity for enhancing the biodegradation of comated soils compared with other amendments
(Tejada et al., 2008; Sayara et al., 2009; GandoHi., 2010).
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Fig. 3. TPH degradation in the different treatments irL4&actors. A: soil A; AS: soil A, sludge;
AC: soil A, compost; | inoculation with. versicolorat O and 21 days process; T surfactant. B:

same nomenclature than soil A for soil B

When comparing the TPH degradation of the compgdtials (AS, AC, BS and BC) with
the bioaugmentation experiments (ASI, ACI, BSI &, respectively), a higher TPH removal can
be observed in the inoculated trials at days fiftaed thirty, with this effect being more evidemt i
the soil A trials. However, after sixty days of pessing, the inoculation df. versicolordid not
provide any advantage in TPH degradation. Notettl@tnoculations were undertaken at days zero
and twenty-one. It seems that the addition of fthisgus enhances TPH degradation, but this
microorganism is not able to survive without pertadl reinoculation. This result confirms the
previous observations of respiration analysishadinhal CRI was equivalent for the inoculated and
non-inoculated samples. Because the temperaturashae were always below 40°C, the
inactivation of T. versicoloris attributed to competition with the microorganssmpresent in the
amendment or soils, which are naturally more adhfighe aggressive and successively changing

environment in batch processes, such as biorenmdiggstems. Eventually, these microorganisms
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are able to biodegrade the pollutants to the saxbene Competition with autochthonous soil
microflora is an important factor in soil biorematibon by white-rot fungi, but the knowledge of
their interactions with soil microbiota is poor asmimetimes inconsistent (Arun et al., 2008; Borras
et al., 2010; Field et al., 1995; Mougin, 2002;d3in2006).

These results indicate that the addition of amemdsnis an interesting strategy to increasing
both available nutrients and the amount and bigdityeof biodegrading microorganisms in soils,
especially in poor inorganic soils such as soiBfoaugmentation with ligninolytic fungi enhances
the TPH biodegradation rate, and thus, this styateg reduce total processing time. These results
are in agreement with previous microcosmos stuttias demonstrated fungi suitability as TPH
degraders in soils (Mancera-Lépez et al., 2008g#at et al., 1998). Llado et al. (2012) reported
50% TPH removal in 200 days with versicolorin microcosmos assays and established that the
inoculation withT. versicolorpromoted autochthonous hydrocarbon-degraders. venweespite
these promising results with white-rot fungus bigraentation, periodical reinoculations are
necessary. Consequently, the minimum inoculatiosedand the fungus production cost would
determine whether the bioaugmentation strateggas@mically viable.

The use of surfactant enhanced the removal intpergments with soil B rich in organic
matter, especially in the first fifteen days. Thefactant probably assists hydrocarbon desorption
from organic matter and makes pollutants more l@dable (Rodriguez-Escales et al., 2012). In
contrast, no effect of surfactant addition was olese in soil A with low organic matter content.
Interactions between surfactant and the presendessdlved organic matter have been observed to
increase pollutant availability in contaminateds¢Cheng and Wong, 2006).

Fig. 4 presents the removal levels obtained fordifferent fractions of TPH (C10-12, C12-
16, C16-21 and C21-30) at fifteen, thirty and sit&ys for the bioremediation and bioaugmentation
trials with soils A and B. The shorter TPH fracsowere more easily biodegraded, reaching 90%
removal for the C10-12 fraction, while only 50% ©£21-30 was biodegraded after sixty days.
However, a biodegradation yield over 90% in altfiens can be expected for longer process times,
as deduced from the overall performance of thegmeraxents, reaching removal percentages
comparable to those reported in the literaturek@aat al., 2005).

The effect of inoculation witlT. versicoloris reflected in Fig. 4. All fractions present a
higher percentage of removal in the bioaugmentatiqueriments for days fifteen and thirty, but
similar levels were observed in the final valueheTlower removal levels reached in the
experiments with soil B using compost as a amendarenalso evident in Fig. 4. In the first fifteen
days, the degradation of fractions C16-21 and A2MW&s negligible. This behavior can be
associated with the adsorption of TPH in the orgamatter fraction of the soil and compost.



380 Margesin et al. (2000) and Riffaldi et al. (2006ported that biodegradation is thought to be
381 the main TPH removal process during bioremediatiut volatilization can also play an important
382 role. Volatile organic compounds were analyzechm éxhaust gases for experiments A, B, Al and
383 Bl to evaluate whether forced aeration could enbafPH volatilization causing atmospheric
384  pollution. The total emissions in the first thidgys of the process ranged from 1 to 1.6 g C per kg
385  of initial mixture. This level of emission is belothe reported emissions found in composting
386 plants (3.7 — 7.8 g C per kg of treated waste, Gadg al., 2009), and it was considered negligible
387 compared to the initial TPH concentration (36 g kgrof soil). Thus, TPH removal could be

388  attributed mainly to biodegradation undertaken bgraorganisms.
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Fig. 4. Removal of different TPH fractions and total TBttays 15, 30 and 60 for bioremediation
trials with (ASI, ACI, BSI, BCI) and without (AS, @, BS, BC) bioaugmentation

4. Conclusions

The use of compost and sludge for soil bioremeatiaippears as an effective technique
although the effect depends on the type of sad,a@imendment and probably the interaction among
them. For the poor soil tested, no differences @pserved when using compost or sludge.
Inoculation withT. versicolorenhances the removal process of TPH, increasendegradation rate
and reducing the process time. However, perioda&abculation is required. Thus, further research
is needed to define whether the process is ecomdignmable when faster processes are required.
When time is not a limiting factor, the use of aoh@ents provides enough nutrients and
microorganisms for efficient TPH removal. For tiehrsoil tested, the use of sludge provides better

results than compost. Also in this case, bioaugatemt offers reduced advantages.
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