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ABSTRACT

In this study, total petroleum hydrocarbons (TPHs) decontaminating mechanisms for soils around the Rey refinery complex (South of
Tehran, Iran) was investigated. Natural attenuation, biostimulation and bioaugmentation (separately and in combination) methods
were evaluated TPHs and soil microbial respiration in 210 days, using laboratory treatments The modified methods were applied
through 13 different treatments, including improving the environmental conditions for native bacteria (natural attenuation for
treatments 1-8), adding non-native bacterial complex (bioaugmentation for treatment 9) and intensifying and stimulating growth
while adding non-native bacterial complex (biostimulation-bioaugmentation for treatments 10-13). Although, overall of the
treatments, a significant decreasing TPHs concentration were observed over the time, biostimulation-bioaugmentation treatments had
the highest amount of TPHs decomposition, the highest rate of bio-respiration, the lowest half-life times (ti2), and the highest
remediation efficiency and biodegradation constants rate. Among natural attenuation treatments, modifiers with manure and sawdust
had the greatest effect on reducing the TPHs concentration and the highest rate of bio-respiration. The first-order kinetic model was
fitted to the data related to biodegradation in a satisfactory manner. The results showed that there was a strong and positive linear
correlation between decreasing TPHs concentration and microbial respiration in all modifiers. Although for the bacterial treatments
and at the early stages of inoculation, the rate of total respiration was low, but as the time passed and with adaptation of the effective
inoculated bacteria to contaminated soil, the respiration rate gradually was increased. Due to its low cost and low environmental risk,
the proposed bioremediation technique for oil contaminated soil can be recommended to the region.
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1. Introduction effective and environment-friendly method in which
microorganisms are used to degrade contaminants, and
also extensively used to treat oil pollution.
Bioremediation uses the degradation of contaminants by
effective microorganisms to remove contaminants from
the polluted environment. It seems that this method is
effective in laboratory and field scale in remediation of
. . various oil products (Karimpoor et al., 2022; Mojarad et
the environment and consist of a vast number of .1 516 Oliveira et al., 2013). The advantages of this
chemical compounds derived from crude oil (Moreira et method are  environmental ~compatibility,  cost-

al., 20,11)‘ . . . effectiveness, easy maintenance, and the possibility of
Soil pollution with petroleum hydrocarbons is a use on sites (Ebrahimi et al., 2011). Factors such as

serious environmental problem, especially in oil-rich nutrient adequacy (N, P and K in particular), humidity,

'countrles. Oil is leakeq frgm plpe!mes and wells or temperature, pH and oxygen concentration which are
improper methods of disposing of oil waste around the essential for microorganism survival, determine the

world during its extraction, transporta.tlon, refining or efficiency of bioremediation. The preparation and
storage. Petroleurp compounds' negatively affect .the application of these essential factors, especially on a
physmal,' .chemlcal, . ecological and  biological large scale, are a relatively simple and inexpensive
characteristics of th.e soil (Fallah et al., 2015; Ramadass method (Heshmati and Ebrahimi, 2018). The researchers
etal, 201,5; Tazangi et al., 2020). . found that microorganisms have an essential role in the

The w1despread. use of petroleum as the main source removal of hydrocarbons. Addition of nutrients and
of energy worldwide has led to the development of stimulants can increase the activity and diversity of

various refining methods. Bioremediation is a cheap, decomposing microbes in the soil and ultimately reduce

Petroleum consists of a mixture of various types of
hydrocarbons. Analysis of total petroleum hydrocarbons
(TPHs), as a common group of persistent organic
pollutants, is an important indicator for monitoring their
presence, amount, and changes in the environment. In
general, TPHs refer to petroleum-based hydrocarbons in
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soil hydrocarbon pollution. Under natural conditions,
after the leakage of oil pollution, the activity of native
soil microorganisms leads to the removal of pollution
over time (Doustaky et al, 2013). Various
bioremediation methods are used in petroleum- polluted
sites, including phytoremediation, biopiles, and
biostimulation and bioaugmentation (Mair et al., 2013).

Bioaugmentation and biostimulation are main
bioremediation strategies for remediation of oil-
contaminated soils. Biostimulation increases the

metabolic activity of the native microbes in the
ecosystem through the availability and modification of
nutrients. Nitrogen, potassium and phosphorus are
necessary for the development of microorganisms.
Various research show that nitrogen, phosphorus and
potassium supplements are important for enhancing oil
degradation in contaminated soils (Fallah et al., 2013;
John et al., 2011; Shahi et al., 2016). Adding nutrients
such as carbon, taking into account the N: P: K ratio, can
increase the activity and diversity of microbial species
and further facilitate the degradation of hydrocarbon in
soil and ultimately reduce soil hydrocarbon pollution.
Due to different soil characteristics, microbial
community is diverse in different contaminated soils and
thus, the optimal C: N: P ratio for soil remediation may
vary. The use of modifiers with adequate nutrient storage
can accelerate TPH degradation by biological stimulation
in contaminated soil (Khosravinodeh et al., 2013; Liao et
al., 2016). Petroleum hydrocarbons can be decomposed
13-150% by bacteria and 6-82% by fungi. The efficiency
of petroleum hydrolyzing bacteria on a wide range of
hydrocarbons is established (Liao et al., 2016). The size
of the bacterial community involved in the refining of
petroleum hydrocarbons as a source of carbon supply
depends on the existing biological and abiotic factors and
the adaptive capacity of microorganisms (Xu and Lu,
2010). Successful bioremediation of soil by bacteria has
been reported in soils polluted with TPH concentrations
of up to 700000 mg kg™' (70% w/w) (Poi et al., 2017).

Bioaugmentation involves the addition of exogenous
microorganisms into soil. When the population of
hydrocarbon degrading microbes in the polluted soil are
low, this method is a very good option (Ruffini et al.,
2016; Xu and Lu, 2010). Furthermore, bioaugmentation
is very useful in case the pollutants negatively affect the
indigenous microbes (Tyagi et al, 2011; Wu et al,
2016).

An advantage of bioaugmentation is that degrading
microbes may start the remediation immediately after
they are applied. Despite some research indicated that
bioaugmentation technology is an efficient approach to

enhance TPH degradation in polluted soils,
bioaugmentation effects are case specific and
inconsistent.  According to  some  researchers,
bioaugmentation effects are temporary, whereas

biostimulation may be a more efficient approach to
efficient petroleum degradation (Abed et al.,, 2014;

Kauppi et al., 2011; Liu et al., 2011; Megharaj et al.,
2011; Polyak et al., 2018; Sayara et al., 2011; Yang et al.,
2015; Wu et al., 2019). The failure of bioaugmentation
treatment in some cases is not clear and needs further
research (Wu et al., 2016).

This study was carried out by applying different
biological methods in the form of 13 modifier treatments
applied in the contaminated soil around Rey refinery in
the south of Tehran with an initial pollution of 38% TPH
for 13 consecutive times. To assess the TPH
biodegradation in soil around the refinery by different
natural attenuation, biostimulation and bioaugmentation
treatments based on microbial remediation capacity, a
pollution reduction kinetics model was determined. Then,
a quantitative study of the effect of treatments on the rate
of TPH change and respiration of the microbial
community over time was done.

2. Materials and Methods

This study was designed to evaluate the feasibility of
using three categories of low-cost, accessible, and widely
implemented methods for decontaminating soil around
the Rey (South of Tehran, Iran) refinery complex (safe
and contaminated environment in the long run). These
three  categories included natural attenuation,
biostimulation and bioaugmentation treatments. Pots
containing intact contaminated soil in addition with
different modifiers were used in this study.

The soil was sampled from a petroleum-polluted
region near the Rey oil refinery. The area has been
polluted due to gradual oil leakage. Samples were taken
in a combined manner from three different areas around
the refinery, from highly contaminated areas that were
visible in a black zone.

2.1. Soil properties

As mentioned, physical and chemical characteristics of
soil affect hydrocarbon reduction (Tang et al., 2012).
Therefore, standard methods were used to determine
some of these characteristics (Table 1). The studied
characteristics were soil texture using hydrometer,
electrical conductivity in saturated paste, total nitrogen
(N) using Kjeldahl method, available phosphorous by
Olsen method (Olsen and Sommer, 1982), pH in
saturated paste using a pH meter, and soil carbon content
with the Walkley and Black (1934) method.

2.2. Treatments preparation and designing pot
experiment

Each pot sample consisted of 700 g of contaminated soil
which total of 13 treatments were applied as follows: 1-
dry soil (no water and aeration), 2- moist soil (soil with
water without aeration), 3- soil with a mixture of urea,
potassium chloride and triple superphosphate for
supplying NPK elements with 20: 5: 1 ratio, 4- soil with
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Table 1. Initial physical and chemical analysis of contaminated soil around the refinery.

EC pH TPH Potassium Phosphor Total Water storage The initial Organic
(dS/m) (ppm) (ppm) nitrogen capacity in soil moisture mater
5.57 6.5 38% 80 5.44 0.45% 5.8% 22% 87%

manure with 5% ratio of soil dry weight, 5- soil with
sawdust with 10% ratio of soil dry weight, 6- soil with
NPK + manure, 7- soil with NPK + sawdust, 8- soil with
NPK + sawdust + manure, 9- soil with complex of
bacteria, 10- soil with bacteria and NPK, 11- soil with
bacteria and animal manure, 12- soil with bacteria and
sawdust, 13- soil with bacteria and sawdust and NPK.
In fact, these 13 treatments were divided into 3 groups
and included improving the environmental conditions for
native bacteria (natural attenuation for treatments 1-8),
adding non-native bacterial complex (bioaugmentation
for treatment 9) and stimulating growth by adding non-
native bacterial complex (biostimulation-
bioaugmentation for treatments 10-13).

2.3. Bacterial culture and inoculation process
(in order to achieve a sufficient and effective number
of applications of inoculation treatments)

To achieve the desired, effective and optimal bacterial
population, it is necessary to first cultivate bacteria
(2x108 cells per kg of soil) in agar medium. This value is
necessary for optimal decomposition of TPH if the total
contamination rate is 5 to 10% of the soil dry weight
(Doustaky et al., 2013; Thapa et al., 2012). Since the soil
around the refinery south of Tehran is heavily
contaminated, the initial TPH is 38% of the dry weight of
the soil. With that in mind, about three times of that
amount of bacteria should be added to the soil. To
achieve a suitable population, bacterial count was
performed by dilution method and colony count. In order
to inoculate the bacteria in the corrective treatments, the
target colonies (each bacterium separately) were taken
with a ring under sterile conditions and inoculated in
liquid nutrient medium (80 cm? in a flask). After 48
hours, 2 cubic centimeters (in two stages) were taken
from the flask and applied to the soil in treatments 9, 10,
11, 12 and 13. After ten days of equilibrium time, 40 cm?
(60%-70% FC) water was added to all treatments (except
dry soil) throughout the study and aeration was applied
every 3 days.

2.4. Determination of TPH;

Sampling was done from 8 cm soil depth and TPH was
determined using the standard method of the United
States Environmental Protection Agency (EPA 4113, 1)
(Hutchinson et al., 2001). TPH was measured for all
treatments 13 times (every 2 weeks).

Two grams of soil was added to 10 mL of
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dichloromethane. The solution was shaken for 30
minutes to separate the petroleum. Then, the mixture was
centrifuged at 3000 g for 10 minutes. The supernatant
was moved to a glass container and placed at room
temperature. After 24 h, the material remaining in the
container was weighed and recorded as TPH (mg kg ).
Degradation in each treatment was calculated via formula
1 (Agarry et al., 2015):

TPH(s) - TPH(v)

E% =
’ TPH(s)

x 100 [1]

in which, E%, TPH(s) and TPH(v) are respectively
degradation percentage, the amount of hydrocarbon
elimination in treated, and untreated soil.

2.5. Determination of microbial respiration

This parameter was performed using Anderson (1982)
method 7, 14, 21, 28, 35 and 60 days after treatment. 10
mL of 0.5 N NaOH was put on soil surface in a 20-mL
glass container to collect the CO; resulted from microbial
respiration. The containers were incubated at 25 + 1 °C
for a week. Then, NaOH was titrated using 0.1 N HCL.
Four containers which had no soil but contained NaOH
served as control to subtract the CO, or distilled water
absorbed by NaOH from total CO,. Thus, carbon resulted
from respiration was determined via formula 2.

C02-C=((B-8)xNxEx1000)/ W [2]

in which, CO,—C is the amount of carbon resulted from
respiration in mg kg™',B and S are respectively the
volume of acid used in control and sample in ml, N is
acid normality, E is equivalent weight, and W is soil dry
weight (Agarry et al., 2015).

2.6. Kinetics of bioremediation

Kinetic analysis is very helpful to measure the petroleum
remediation efficiency by calculating the instantaneous
concentration of remaining hydrocarbon in soil. Also, the
time required for the remediation of soil may be
estimated using this analysis. First-order kinetics are
usually used to describe petroleum bioremediation
(Agarry et al., 2015).

Ct=Co e (3]

in which, Cy is the initial TPH concentration in control
soil in mg kg™!, C; is the remaining TPH at the time t in
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Table 2. Analysis of variance for TPH of the contaminated soil around the refinery.

Source of variation SS df MS F Sig.
Corrected Model 1.637° 155 011 7.106 .000
Intercept 178.649 1 178.649 120160.567 0.000
treat * time 131 144 .001 .668 .996
treat 315 12 .026 17.678 .000
time 1.191 12 .108 72.821 .000
Error 464 312 .001
Total 180.750 468
Corrected Total 2.101 467

a. R Squared = 0.779 (Adjusted R Squared = 0.670)

mg kg!, K is degradation constant per day and t is time
(days) (Agarry et al., 2013; Polyak et al., 2018; Zahed et
al., 2011).

2.7. Bioremediation half-Life determination

Half-life is the time required for a material to lose half of
its initial amount. This concept is used in various studies
such as chemical experiments (Aronson et al., 2006),
environmental fate modelling (Sinkkonen and Paasivirta,
2000), and describing pollutant transformations
(Dimitrov et al., 2007), and is determined using formula
4:

t 12=In (2)/K [4]
in which, K is biodegradation rate constant in day™'. The
hypothesis for this model is that hydrocarbon

biodegradation rate positively correlates with the amount
of hydrocarbons in soil (Yeung et al., 1997).

2.8. Statistical Analysis

Descriptive  statistics, analysis of variance and
comparison of mean using LSD test were conducted
using SAS v.9 software. The experiment was done as
split-plot factorial in time based on the completely
randomized design with 3 replications.

3. Results
3.1. Evaluation of physical-chemical properties of the
contaminated soil

Due to the large amount of the total primary hydrocarbon
pollution harvested in the soils around the refinery south
of Tehran (Rey), it can be said that so far, less attention
has been paid to the issue of cleaning highly polluted
soils, especially the ones with more than 10% pollution
(Mukherjee et al., 2010). Therefore, clearing soils with
this level of pollution (38%) in this study is very
significant in a large scale for the first time in Iran, which
has vast petroleum reserves. For the biodegradation of
total petroleum hydrocarbons in soil by microorganisms,

some environmental physicochemical factors such as soil
acidity, salinity, initial concentration of total petroleum
hydrocarbons, temperature, and initial moisture play
important roles. Therefore, the first step in conducting
biodegradation experiments is the initial analysis of
contaminated soil. Table 1 shows the preliminary results
of the chemical parameters.

3.2. Evaluation of TPH removal

In analyzing the effect of modification of the 13
treatments applied, their effectiveness methods were
divided into three categories. The first category included
the application of environmental improvement methods
that were predicted in treatments 1 to 8. The second
group only included the inoculation method of non-
native bacterial complex, which was investigated in
treatment 9. The third category of efficiency was the
inoculation method of efficient non-native bacteria
complex with the addition of stimulant nutrients, which
was included in treatments 10 to 13. Thus, the results and
discussion are examined in three categories.

The analysis of variance for TPH shows that all the
treatments used in time have become significant at the
level of 1% (Table 2). Therefore, they have been
effective in reducing TPHs.

Figure 1 shows the Removal of TPH within 210 days
in soil remediation process. Figure 1A shows the
declining trend in dry soil (control), wet soil, chemical
fertilizers and animal manures. Figure 1B shows the
amount of oil in sawdust treatments, a mixture of animal
and chemical fertilizers, a mixture of sawdust and
chemical fertilizers, as well as a mixture of sawdust and
animal and chemical fertilizers. Figure 1C relates to
bacterial treatments, a mixture of bacterial and chemical
fertilizers, a mixture of bacterial and livestock manure, a
mixture of bacterial and sawdust, a mixture of bacterial
and livestock manure, chemical fertilizers and sawdust.
As can be seen, with the use of different types of
modifiers, a decreasing trend in TPH is evident over
time.
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Fig. 1. The trends of removing TPH from the contaminated soil by applying 13 modifier treatments during 210 days

The results of the test, comparing the mean of the
interactions of time and treatment with Duncan's method,
are given in Table 3. Comparing the mean with the
treatments, compared to the first treatment at all times,
there was a significant difference. At all times, the
highest amount of oil was observed in treatment 1. The
lowest amount of oil was observed in the treatments in
which the bacteria were inoculated (except treatment 13).
At 45, 135, 195 and 210 days, there was no significant
difference between all treatments except treatment 1.

3.3. Kinetics of biodegradation and half-life

The results of constant values of decomposition rate (K)
and half-life (t1 / 2) are presented in Table 4. As can be
seen, among the first 8 modifiers (related to the study of
improving environmental conditions for hydrocarbon
decomposition), treatments 1, 3 and 8 had the lowest
decomposition rate constant and the longest half-life (493
days), and treatment 6 had the highest decomposition rate
constant and the lowest half Omar (363 days). Among
the bacterial inoculation treatments with nutrient
stimulants, treatment 13 had the lowest decomposition
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rate constant and the highest half-life (575 days) and
treatments 12 and 9 had the highest decomposition rates
and the lowest half-life (287.5 days). Based on these
results, it can be said that the half-life was reduced in
modifiers 12, 9 and 10, which had bacterial inoculation
with nutrient stimulants.

3.4. Results of the remediation efficiency

According to the results of Fig. 2, it seems that treatments
12, 9 and 10 had the highest remediate Efficiency (35.2,
34.3 and 34.2, respectively). However, as shown in Fig. 2,
TPH reduction in T2 (moist soil) was 31.2%.

It seems that by providing moisture conditions for
microorganisms in oil-contaminated soils, it is possible to
improve the decomposition of hydrocarbon pollution.
The results of evaluating the efficiency of environmental
improvement method (treatments 1 to 8) in reducing TPH
during the mentioned period showed a significant
difference in dry and wet treatments. Wet soil treatment
reduced TPH by 31% and dry treatment by 18.4%. The
two main factors in reducing TPH in soil can be
weathering (evaporation and light effects) and
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Table 4. First-order kinetic function, degradation constant (K), and half-life (t1/2) (R? is coefficient of determination).

Treatment First-order kinetic function K (day™) R? t1/2 (days)
1 C=-0.0014t - 0.2737 0.0014 0.62 492.9
2 C=-0.0017x - 0.4078 0.0017 0.88 405.9
3 C=-0.0014x - 0.3767 0.0014 0.92 492.9
4 C=-0.0017x - 0.3755 0.0017 0.78 405.9
5 C=-0.0019t - 0.2963 0.0019 0.92 363.2
6 C=-0.0017x - 0.363 0.0017 0.95 405.9
7 C=-0.0016x - 0.3597 0.0016 0.85 431.3
8 C=-0.0014x - 0.4058 0.0014 0.85 492.9
9 C=-0.0024x - 0.349 0.0024 0.95 287.5
10 C=-0.0023x - 0.3131 0.0023 0.95 300.0
11 C=-0.0016x - 0.3471 0.0016 0.97 431.3
12 C=-0.0024x - 0.349 0.0024 0.95 287.5
13 C=-0.0012x - 0.4308 0.0012 0.90 575.0

40.0

Remediator Efficiency(%o)

30.0
25.0
20.0 '

FRRERRERR2E

Treatments

o

=

™~
=

Fig. 2. Results of remediation efficiency of 13 treatments during 210 days (T1, T2, ..., T13, are treatment 1-13 respectively)

biodegradation (Nicodem et al., 1997). In the control
(dry) treatment, the biodegradation factor was
minimized; therefore, the most important factor in
reducing TPH can be considered the evaporation of
petroleum products. Significant changes in TPH
reduction in this treatment began after 120 days. Wet soil
treatment reduced the total oil petroleum hydrocarbon by
31%. Animal manure and sawdust treatments (treatments
4 and 5) had the highest reduction of total petroleum
hydrocarbons (32%) compared to other treatments that

were considered to improve the environmental conditions
(32%).

3.5. Estimation of the time required for complete
degradation of TPH

The results of fitting the regression equation obtained
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from the data related to the percentage of complete
decomposition of TPH in different treatments during 210
days, as line equation, are provided in Table 5. The
highest and lowest times required for complete
decomposition of TPH was related to the treatment one
(759 days) and treatments 4 and 5 (548 -590 days),
respectively. These times in bacterial inoculation
treatments were 12, 9 and 10, and also were 481, 494 and
495 days, respectively.

The highest time required for complete
decomposition of TPH in environmental modifiers was
related to treatment one (759 days) and the lowest time
for 100% decomposition of total petroleum hydrocarbons
was related to treatments 4 and 5 (584 and 590 days,
respectively). Also, treatments 1, 3, and 8 led to the
lowest decomposition rate constant and the highest half-
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Table 5. Number of days required for different decomposition percentages in 13 modifier treatments.

Treatments/

reduction percentage 0 10 20 30 40 50 60 70 8 90 100
T1 y=0.112x+15.043 R>=0.8315 0 24 44 134 223 312 401 491 580 669 759
T2 y=0.135x+10583 R>*=0.8804 0 35 70 144 218 292 366 440 514 588 662
T3 y=0.1352x +12.416 R*=0.7203 0 20 58 135 212 289 366 443 520 597 674
T4 y=0.1465x +14.876 R*=0.8837 0 24 36 104 173 241 310 378 447 515 584
T5 y=0.149x+12.148 R>=09056 0 32 53 120 187 254 321 388 455 523 590
T6 y=0.1254x+11.579 R*>=0.9023 0 32 67 147 227 307 387 467 547 627 707
T7 y=0.147x-3.619 R2=0.8693 0 97 169 240 311 383 454 526 597 669 740
T8 y=0.1328x +8.0659 R>=0.9251 0 15 90 166 242 318 393 469 545 621 697
T9 y=0.1855x+11.166 R*=0.8979 0 23 49 105 160 216 271 327 382 438 494
T10 y=0.1872x +74678 R>*=09738 0 32 67 120 174 227 281 334 388 441 495
T11 y=0.1343x+9.5495 R*=09775 0 38 78 153 228 302 377 451 526 601 675
T12 y=0.2005x+39091 R*=0908 0 31 81 131 181 231 281 331 381 431 481
T13 y=0.1055x +16.439 R*>=0.9357 0 25 36 136 236 336 436 536 636 736 836

life and treatment 5 had the highest decomposition rate
constant and the lowest half-life. According to the
results, all treatments used for TPH analysis had a
significant effect, but treatments 4 and 5 had the highest
performance compared to other treatments used. In
treatment 9, only a complex of Bacillus megatrium,
Bacillus subtilis and Pseudomonas putida (active TPH-
degrading bacteria) was inoculated without adding any
nutrients. The results of 34% reduction of total petroleum
hydrocarbons were observed. And a faster reduction rate
was observed in this treatment than other treatments in
which the bacterial complex was added with chemical
fertilizer. This treatment was one of the treatments that
had the highest decomposition rate constant and the
lowest half-life. Also, 494 days are required for complete
decomposition of TPH from this treatment. The results of
bacterial complex inoculation with the addition of
nutrients (treatments 10-13) showed that the treatment of
bacterial complex with soil with 35% reduction of total
petroleum hydrocarbons, the highest reduction rate and
treatment of bacterial complex with chemical fertilizers,
soil Saws and manure had the lowest reduction rates with
a 28% reduction. Among the bacterial inoculation
treatments with nutrients, treatment 13 had the lowest
rate of decomposition rate and the highest half-life and
treatment 12 had the highest rate of decomposition and
the lowest half-life. Also, the minimum time required to
decompose  38%  of  petroleum  hydrocarbon
contamination in bacterial inoculation treatments
containing nutrients was observed in T12, T9 and T10
treatments (481, 494 and 495 days, respectively). Based
on the results of bacterial inoculation treatments,

bacterial complex treatments with sawdust and chemical
fertilizer had the highest performance in reducing TPH.

3.6. Decomposition percentage data of the modifier
treatments

According to Fig. 3A, the control treatment reduced the
total amount of petroleum hydrocarbons by 19.4% and
among the first 7 treatments, the highest percentage
reduction was related to treatments 5 and 2 (33.8%). In
Fig. 3B, treatments 8-13 were compared with treatment
1, where treatments 12, 9 and 10 had the highest
percentage of TPH reduction compared to the dry soil.

3.7. Evaluation of microbial respiration results

The microbial respiration criterion is used to measure the
rate and intensity of decomposition of organic matter,
including petroleum hydrocarbons. This method shows
the level of microbial activity in the presence of
hydrocarbon pollutants by measuring microbial
respiration (measurement of carbon dioxide). In this
study, changes in TPH and microbial respiration rate
were measured in parallel and complementarily. As
shown in Fig. 4, microbial respiration increased within
210 days of the start of the modifiers.

Interaction of time and treatment and the simple
effects of time and treatment were significant at 1% level
(Table 6). Figure 5 shows the comparison of treatments
at different times by Duncan test. Over time, the amount
of microbial respiration in all modifiers increased. Based
on the comparison of the mean, Duncan method grouped
the lowest value into group (a) and with increasing
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Table 6. Analysis of microbial respiration variance for all treatments over time

Source of variation SS

Corrected Model ~ 26.1272
Intercept 22.473

time * treat 5.656
time 12.272

treat 8.199

Error .828
Total 49.427
Corrected Total 26.955

df  MS F Sig.
168 .156  63.514 000

22473 9177.821 .000
144 039 16041  .000
12 1.023  417.668 .000
12 683 279.027 .000
338 .002
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Fig. 5. Comparison of microbial respiration (mg /day soil) during 210 days with application of 13 different treatments (T1, T2, T3, ..., T13)

respiration in the modifiers, respectively. Treatment 1
had the lowest amount of microbial respiration and was
placed in group (a). After 15 days from the start of the
experiment, treatments 1 and 6 had the lowest amounts of
microbial respirations and treatment 5 had the highest
amount of respiration. After 30 days, treatments 1 and 7
had the lowest values and treatments 5 and 9 had the
highest amounts of microbial respirations. After 45 days,
the treatments were divided into 9 groups, with
treatments 1 and 7 in group a (minimum respiration) and
treatments 5, 9 and 12 in group h (highest microbial
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respiration). After 75 and 90 days from the start of
experiments, treatments 5 and 9 had the highest amount
of respiration. After 105 days, the amount of respiration
increased from 0.05 to 0.38 in the treatments and
treatment 12 had the highest value (group b) and
treatments 4, 5 and 9 did not differ significantly in group
ab and other treatments. They were in group a. At 120
and 135 days, treatments 9 and 12 and at 150 days,
treatments 10 and 12 had the highest amounts of
respirations. After 165 days, all of the treatments in
group a, and treatment 12 in group i, were included.
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After 180 and 195 days, among the bacterial inoculation
treatments, except for treatment 13, the rest had more
microbial respirations. However, at 180 days, treatment 3
had the highest value compared to other treatments.
Finally, at the end of the experiment and after 210
bacterial inoculation treatments except treatment 13, they
had the highest amount of microbial respiration.
However, after 210 days, the amount of respiration in all
treatments had increased compared to the first days.

As can be seen in Fig. 5, the highest rate of microbial
respiration was observed in treatments 12, 10 and 9 and
the lowest in treatment 1. Modifiers 4 and 5 also
significantly increased respiration. In bacterial treatments
in the early stages of inoculation, respiration was low,
but over time and the adaptation of inoculated bacteria to
contaminated soil, respiration gradually increased. This
indicates the high potency of these bacteria in the
decomposition of total petroleum hydrocarbons. It can be
seen that the highest rate of respiration was in treatments
12, 10, 9, which also had the lowest level of TPH after
210 days. On the other hand, the lowest respiration was
in treatments 1, 7 and 13. According to Figs. 3 and 4,
treatments 7, 8, 13, 6, 3 and 10 had the lowest respiration
rates, which had chemical fertilizers. Comparison of
microbial respiration in different methods used in most of
the 13 treatments, at 210 days, showed that the bacterial
complex treatment with sawdust had the highest
respiration rate and the control treatment had the lowest
microbial respiration.

Table 6 shows the correlation between soil TPH and
microbial respiration based on Pearson coefficient at the
level of one percent. As can be seen, there is a strong and
negative linear correlation between oil content and
microbial respiration in all modifiers. It also can be seen
that in all treatments, the amount of microbial respiration
increased with decreasing oil content.

4. Discussion

This study was conducted on the soil around Rey refinery
(Southern Tehran), with an initial contamination of 38%.
It seems that due to the long time since the emission of
pollution, the native microorganisms degrading TPH
were well adapted to the soil located in the environment
(Ruberto et al., 2003). By applying three categories of
solutions including improving the environmental
conditions for degraded native bacteria (treatment 1-8),
adding effective bacterial complex (treatment 9) and
intensifying and stimulating growth while adding non-
native bacterial complex (treatment 10-13), the
decomposition process of TPH was investigated and at
the same time soil microbial respiration was monitored
for 210 days.

The results showed that in each of the 13 treatments
applied, a significant downward trend was observed in
reducing the total amount of petroleum hydrocarbons
over time.
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According to the results of LSD test, T12, T9 and T10
treatments (treatments containing bacteria) had the
highest TPH decomposition. Among the environmental
treatments, Modifiers 5 and 4 also had the highest oil
reduction. Modifier 1 (control) also showed the lowest
reduction. After 210 days, modifiers 12, 9, and 10
reduced the initial amount of petroleum hydrocarbons by
approximately 38%, while modifier 1 reduced TPH by
only 19% compared to the initial time.

Based on the results obtained from fitting the
regression equation for complete decomposition of soil
with very high pollution (38%), in case of not using
nutrients and applying only soil aeration, approximately
759 days of purification time was predicted. This time
was estimated to be 560 days if animal and chemical
fertilizers were used and 485 days for complete soil
clearing by bacterial inoculation (Yaman, 2020).

Based on the results of the first-degree kinetic
equation, the half-life in the application of modifiers 12,
9 and 10, which had bacterial inoculation with nutrients,
had the highest reduction of total soil hydrocarbon
contamination compared to other modifiers. Treatments
12, 9 and 10 had the highest remediate efficiency.
Interestingly, treatment 2, due to the fact that it had no
modifiers and only moisture was added to the treatments,
increased the remediate efficiency (31.1% compared to
the control). It seems that a significant amount of TPH
degradation can be expected in hydrocarbon
contaminated soils by providing optimal moisture
conditions for native microorganisms (Kauppi et al.,
2011).

The results showed that there was a strong and
negative linear correlation between oil content and
microbial respiration in all modifiers. Microbial
respiration increased as pollutants decreased over time,
which serves as an indicator to assess the amount of TPH
in the soil. The results showed that among the 13
available treatments, three modifiers, 12, 10 and 9, had
the highest rate of increased respiration over 210 days.
But after these three modifiers, treatments 4 and 5 had a
significant increase in microbial respiration. In bacterial
treatments in the early stages of inoculation, respiration
was low, but over time and the adaptation of inoculated
bacteria to contaminated soil, respiration gradually
increased, which shows the high strength and ability of
these bacteria to decompose TPH. Comparison of
microbial respiration in different methods used in most of
the 13 treatments, at 210 days, showed that the bacterial
complex treatment with sawdust had the highest
respiration rate and the control treatment had the lowest
microbial respiration rate.

Summarizing the results showed that finally, in the
category of environmental improvement methods, along
with bacterial inoculation, three treatments (12, 10 and 9)
were able to cause the most TPH reduction and the most
increase in microbial respiration and had the shortest
half-life. However, if only the environmental
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improvement method is used to stimulate native
microorganisms, animal manure and chemical fertilizers,
along with aeration of contaminated soil, can also have
significant and acceptable results in improving
hydrocarbon contaminated soils. The method proposed in
this paper for petroleum-polluted soils is recommended
because of being cheap and environment-friendly. It must
be noted that although the results of this study are
specific to the studied site and may not be extended to
other conditions with certainty, the method used may
serve as a supportive tool to devise biological
remediation plans.

5. Conclusion

Since the soil in this study area had been under high
initial TPHs concentration (38%) and for a long time, the
microorganisms present in this soil were adapted to this
polluted environment. This condition resulted that
microorganisms not to be to remove the TPHs.
Therefore, inoculation of the soil with non-indigenous
bacteria (Bacillus megatrium, Bacillus subtilis and
Pseudomonas putida) significantly increased TPH
removal over 6.5 months. Bacterial complex treatment+
sawdust led to the highest TPH removal, respiration and
bacteria count increase. Apparently, inoculation of TPH
degrading bacteria, along with organic fertilizers
(sawdust and livestock manure), enhances the
remediation of soils polluted with TPH.
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