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Abstract: Costus afer, a known medicinal plant used in the removal of total monocyclic aromatic
hydrocarbon (TMAH) in crude oil-contaminated soil add to the list of plant that has the potential to
restore the soil quality. This study investigated the potential of Costus afer plant at various ages (7,
14, 21, 28, 35, and 42 days old) to biodegrade crude oil-contaminated soil. The group-balanced block
design (GBBD) was used in establishing the experiment. TMAH was quantified by the standard
method, according to USEPA method using gas chromatography-mass spectrometry (GC-MS). The
contamination of 48kg of sandy loam soil was simulated by mixing 0.5, 1.0, and 1.5L of Bonny-Light
crude oil with the soil in three separate vessels to achieve conditions of low (C1), medium(C2), and
high(Cs) contamination, respectively. An additional vessel with medium-level contaminated soil
but no treatment (Cs) served as the control. The Costus afer plants were nursed and transplanted at
the stated ages to each vessel except the control. Controlled irrigation was applied, and the setups
were housed to shield them from rainfall. After 90 days of treatment, results showed that the 7 days
old Costus afer plants produced the highest amount of TMAH reduction of 96.5, 39.8, and 32.1%, for
C1, C2 and Cs, respectively, while the control (Cs) was 9.45%. Furthermore, the sequence of TMAH
reduction by the plants was 7 days old, 14 days old, 21 days old, 28 days old, 35 days old, and 42
days old. Thus, in addition to its medicinal value, Costus afer plant also has the potential to

biodegrade TMAH in crude oil-contaminated sandy loam soil.
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1. Introduction

Crude oil is a complex mixture of hydrocarbons and other constituents that may be
in the form of either natural gas or liquid depending on composition, condition of
pressure and temperature, reservoir rock depth, and type [1]. The mixture of
hydrocarbons includes natural gas, crude oil, condensates, nitrogen, carbon dioxide,
hydrogen sulphide, or sulphur [1]. Hydrocarbons are generally divided into four groups,
namely, paraffins, olefins, naphthenes, and aromatics. Aromatic hydrocarbons are
important series of hydrocarbons found in almost every petroleum mixture from any part
of the world. Aromatics are cyclic but unsaturated hydrocarbons with alternating double
bonds [2]. All monocyclic aromatic hydrocarbons (MAHs) have one aromatic ring.
Benzene, toluene, ethylbenzene and xylenes are well-known environmental pollutants
which are the most volatile and water-soluble aromatic hydrocarbons [3]. Benzene is
classified as a very hazardous chemical and is also a human carcinogen. A nontarget
organism can be cytotoxically affected by benzene, toluene, and xylene. [4]. These
hydrocarbons can bio-accumulate through the food chain and hence, they constitute a
major public health and ecological concern [5]. Aromatic hydrocarbons in the
agricultural soil causing health risks, because they may accumulate in plants and further
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bioaccumulate in human tissues [6]. Thus, the remediation of soil polluted by MAH-
contaminated soil is of great importance.

The removal of contaminants in crude oil-polluted soils has actually been a global
problem that is recently addressed in various ways such as physical and chemical
remediation techniques including soil vapour extraction, soil washing, thermal
desorption, excavation, incineration, stabilization/solidification, disposal in landfills, etc.
have been utilized in remediation of contaminated soil. However, the aforementioned
techniques are relatively costly and environmentally unfriendly [7].

The biological, chemical, and physical approaches have been used in the
biodegradation of the MAH-polluted soil [8, 9]. Bioremediation, is a safe, environmentally
friendly, and economical option to clean up the MAH-contaminated soil compared with
physical and chemical methods, which are expensive and may cause potential secondary
pollution [10, 11]. Biological treatment technologies (bioremediation) for the remediation
of hydrocarbon-contaminated soils has been demonstrated to be effective [12, 13, 14, 15].
Bioremediation, entails the use of microorganisms and other soil conditioners to break
down pollutants into non-toxic forms [16]. It has been advocated and chosen over
chemical technologies since it is less expensive and more environmentally friendly [17].
Some well-known biological treatment technologies include phytoremediation,
bioaugmentation, and biostimulation. Phytoremediation is a low-cost, ecologically
friendly technology that employs plants to remove a variety of organic and inorganic
contaminants from soil [18]. One or more of the various phytoremediation methods,
includes phytodegradation, phytostabilization, phytovolatilization, and phytoextraction,
that are utilized to remove contaminants [19]. In this study, the phytoremediation
approach used in this study was phytostabilization, which entails using contaminant-
tolerant plant species to immobilize pollutants in the soil and reduce their bioavailability.
This prevents the migration of pollutants into the ecosystem and reduces the likelihood
of the pollutants finding their way into the food chain [20, 21]. A study suggested that
exploiting natural biodiversity by identifying appropriate native species that can absorb
contaminant through the interactions of the root mechanism thereby stabilizing the soil
[22]. Some plants have been reported to have the potential to facilitate the remediation of
petroleum hydrocarbon-contaminated sites such as spear grass, guinea grass, elephant
grass, and gamba grass [23], corn and elephant grass [24], etc. These studies showed that
some of these plants have more potential to remediate contaminated soils than others.
Studies have shown that plant type and age are among the factors that affect the
phytoremediation of contaminated soils [25] which if appropriately selected would
efficiently remediate the contaminated soil as well as reduce cost. The need for
phytostabilization study on costus afer Ker Gawl. (Costaceae) plant is due to its dominance
in the Niger Delta region of Nigeria. C. afer plant (See Plate 1) commonly called bush
sugarcane or monkey sugarcane [26].
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Plate 1. Costus afer Ker Gawl Plant

However, there is no information in the literature yet on the use of C. afer plant for
phytostabilization of targeted residual total MAH. As a result, this research needs to pro-
vide information on hydrocarbon interactions with different ages of C. afer plant to en-
hance the remediation process of oil spill sites, to remove harmful organic compounds in
the environment.

2. Materials and Methods
2.1. The Study Area

The research was conducted at Rivers State University's research farm, Port-Harcourt,
Nigeria (latitude 4.800482°E and longitude 6.97702°N). The soil in the area is largely
Oxisols, according to the United States Department of Agriculture (USDA) soil taxonomic
order. [27]. Rivers State has tropical rainforest flora, with annual rainfall ranging from
2000 to 2484mm, with 70% falling between May and August and an average temperature
of 27°C [24, 28].

2.2. Experimental Design

The group-balanced block design (GBBD) was employed in this work as the experi-
mental design. The approach employed by [24] was used for oil spill prediction to arrive
at the three working concentrations of crude oil (low, medium, and high). To achieve this,
about 48kg of sandy-loam soil was placed in four separate vessels. Then, three of the ves-
sels were contaminated with 0.5, 1.0, and 1.5 litres of Bonny-Light crude oil, in turn, to
simulate conditions of low, medium, and high-level contaminations, respectively. The me-
dium-level contamination was repeated to make a fourth vessel that served as the control.
The two main variables were crude oil concentration (C), which had three levels: low con-
centration (C1), medium concentration (Cz), and high concentration (Cs); and the age of
the C. afer plant (T), have six levels: 7 days old (T1), 14 days old (T2), 21 days old (Ts), 28
days old (Ts), 35 days old (T5), and 42 days old (Ts).
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2.3. Experimental Setup

As indicated in Plate 2, the purposely contaminated soil used as planting medium
was deposited in wide-mouth black plastic basins (vessels) with a depth of 0.3m and a top
diameter of 0.5m. For moisture control, the vessels were maintained in an open barn to
protect them from direct rains. Before transplanting the nursed C. afer young plants, the
contaminated soil in the vessels was allowed to incubate for three days. Each vessel was
watered with 0.5L of water every three days until the remediation ended. This water ap-
plication rate complied with the rates utilized by [29], who demonstrated its efficacy in
the restoration of crude oil damaged soils. Plants were nurtured for 7, 14, 21, 28, 35, and
42 days, respectively. Following that, they were transplanted to the planting medium. The
experimental layout is shown in Plate 2.

Plate 2. Experimental Setup

2.4. Analytical Methods

Prior to and after artificial contamination, composite soil samples were collected for
physicochemical analysis. The uncontaminated soil was examined for pH, moisture con-
tent (MC), electrical conductivity (EC), organic matter (OM), particle size distribution
(PSD), organic carbon (OC), and TMAH. The TMAH of the polluted soil was also tested
at 30-day intervals throughout a 90-day period. The 24-hour oven-drying procedure was
used to evaluate soil MC. In-situ pH and EC measurements were performed using a
handheld H198331 multimeter (Hanna Instruments, USA). The PSD was determined us-
ing the hydrometer method, and the soil texture was evaluated using the USDA soil tex-
tural classification scheme. The Walkley-Black combustion method was used to calculate
the OM and OC. Benzene, toluene ethylbenzene and xylene (TMAH) Compounds were
extracted using methanol as the extraction solvent utilizing the sonication water bath tech-
nique. Then, TMAH was quantified by the standard method, according to USEPA method
using gas chromatography-mass spectrometry (GC-MS)

TMAHi-TMAHf

TMAH Removal (%) = —_—

x 100 1)

Where, i = initial concentration of TMAH (mg/kg), and f = final concentration of TMAH
(mg/kg)
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2.5. Statistical Analysis

The AVERAGE, and Standard Error functions, respectively in Microsoft Excel 2016,
as well as simple percentages, were determined. Data were analyzed using a one-way
analysis of in accordance with procedure of [30] to determine if there were statistically
significant differences within and among treatments at the 5 and 1% significance levels
based on the F-test. Differences were considered significant if the calculated F-value was
greater than or equal to the tabular F-value, and non-significant if otherwise.

3. Results and Discussion

3.1. Physicochemical Characteristics of the Uncontaminated Soil

Table 3 shows the features of uncontaminated soil utilized as the planting medium
are shown. The uncontaminated soil is sandy loam and is made up of 27.4% silt, 60% sand,
and 12.6% clay is shown in Figure 1. The soil was slightly acidic with an EC of 15.6 uS/cm
and TMAH was below the limit of quantitation.

Table 3. Physicochemical Properties of Uncontaminated soil

Soil  Proper- EC oM oC TMAH PSD
H MC (%
ties P O usiem) @) (%) (mg/kg) (%)
Silt Sand Clay
5.86 12.08 15.6 0.98 0.57 <0.01 274 60 12.6

pH, potential of Hydrogen; MC, Moisture Content; EC, Electrical Conductivity; OM, Organic Matter; OC,
Organic Carbon; TMAH, Total Monocyclic Aromatic Hydrocarbon; Particle Size Distribution.

USDA:

: clay
. silty clay
. silty clay loam
: sandy clay
: sandy clay loam
:clay loam
: silt
- silt loam
:loam
10: sand
11: loamy sand
12: sandy loam

CONOOOAWN=

silt

60

80

90

100

100 90 80 70 60 50 40 30 20 10 0

Figure 1. USDA Soil Textural Classification Scheme using TAL® for Windows (Christopher Tech
Boon Sung, China).
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3.2. TMAH Characteristics of the Untreated Crude Oil-Contaminated Soil

Figure 2 shows the TMAH properties of untreated petroleum hydrocarbon-contam-
inated soil. According to literature, the crude oil-contaminated sandy-loam soil includes
TMAH [7, 15, 20, 31]. It was also discovered in Figure 2 that the TMAH content of the
untreated soils including the control were far above the 0.05mg/kg target value spelt out
by the Nigerian regulatory framework, which indicates the necessity need for remediation
of crude oil-contaminated soils before they can finally be utilized for agricultural or other
purposes.

3.3. TMAH Degradation over Time

As shown in Figure 2, after 30 days of treatment with the C. afer plant, there were
varying levels of TMAH reduction across the treatment reactors. The drop in TMAH con-
centration in the low contaminated soil (C1) treated with the 7 days old plants was
0.38mg/kg. Although this value is above the target value of 0.05mg/kg but the 7 days old
C. afer plant was able to reduce the TMAH level compare to other treatment but still above
the target value [32]. This indicates that, beside from agricultural applications, the reme-
diated land could be used for other purposes such as building development. The soil
treated with 7-day-old plants (T1) reduced TMAH the most (55.81%), followed by T2, Ts,
T4, T5, and Te. All other contamination levels (medium and high) showed the same pattern.
These findings are consistent with the findings of [33, 34], who found that phytoremedia-
tion can be utilized effectively to control soil contaminated with petroleum hydrocarbons.
Petroleum hydrocarbon degradation increased with time, starting quickly in the first 30
days and slows down thereafter. This is consistent with the findings of [35, 36]. Despite
this, the control was far higher than the other treatments and greatly exceeded the speci-
fied [33] target value.

C. afer plants had leaf chlorosis (yellowing of the leaves) 30 days after planting, but
as time read, the leaf burn diminished to a minimum across all treatments. According to
studies [37, 38], this observation was typical of some plants' adaptation mechanisms to
crude oil contamination, which involved the uptake of hydrocarbons from contaminated
soils by plants (phytoaccumulation) and the transfer of volatile fractions of the contami-
nant to the atmosphere through the leaves (phytovolatilization). Nonetheless, this was
noticed more in older plants than in younger plants. The leaf chlorosis could be caused by
stress from hydrocarbon contamination. The total nitrogen of the soil may be inadequate,
as a nutritional deficiency may have contributed to the observedleaf chlorosis [39].
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Figure 2. Comparison of the Performance of C. afer Plant at Different Ages over Time in Crude Oil-
Contaminated Soil (in terms of TMAH reduction). [T1 =1 week old, T> =2 weeks old, Ts =
3 weeks old, T4 =4 weeks old, Ts =5 weeks old, and Ts = 6 weeks old Plants; C1 = Low
Contamination Level; C2: Medium Contamination Level; Cs: High Contamination Level;
Ca: Medium Contamination without Treatment (Control); Error bars on chart are per-
centage].

At 90 days after planting, further decrease in the TMAH concentration ranged from
383.67-1,114mg/kg for the low-contaminated soils for which reductions were 96.51, 70.93,
56.63, 45.12, 25.0, and 23% (as shown in Figure 3). TMAH reduction was recorded for Ti,
T2, T3, Ts, T5, and Ts, respectively. A similar trend was observed for medium and high
contamination levels. Generally, the TMAH concentration in all the treatment reactors
dropped but still above the target value of 0.05mg/kg as prescribed by [33] except for 7
days old plant (T1) at low-contamination level that reduced to 0.03mg/kg which is below
the target value of 0.05mg/kg. However, the TMAH reduction level in the control reactor
was very low (0.79 —10.2%) for all the treatment reactors.
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Figure 3. Comparison of the Performance of C. afer Plant at Different Ages over Time in Crude Oil-
Contaminated Soil (in terms of TMAH reduction). [T1 =1 week old, T> =2 weeks old, Tz =
3 weeks old, T1 =4 weeks old, Ts =5 weeks old, and Ts = 6 weeks old Plants; C1 = Low
Contamination Level; C2: Medium Contamination Level; Cs: High Contamination Level;
Cs: Medium Contamination without Treatment (Control); Error bars on chart are per-
centage]

In comparison with other plants, results obtained in this study revealed that the phy-
toremediation potential of C. afer after 90 days of treatment in the various reactors at all
levels of contamination except the control (C4) exceeded those of Barley, Guinea grass, and
Purple nutsedge plants. Barley (Hordeum Vulgare) plant reduced TMAH in a petroleum
hydrocarbon-contaminated soil by 83% from an initial concentration of 75,000mg/kg
within a remediation period of 90 days [40]. In the same vein, Guinea grass (Megathyrsus
maximus) plant reduced TMAH in a petroleum hydrocarbon-contaminated soil by 58%
from an initial concentration of 4,805mg/kg after 90 days of treatment [19]. Again, Purple
nutsedge (Cyperus rotundus) plant remediated petroleum hydrocarbon contaminated soil
by 66% from an initial concentration of 5,726.34mg/kg at 90 days remediation period [41].

It is important to note that the ability of C. afer to thrive and grow in a crude oil con-
taminated soil may be attributed to its nitrogen fixing ability. It could also be as a result
of the development of extensive fibrous root system of C. afer plant, which may be an
adaptation to aid its tolerance and survival ability to cope with water stress imposed by
the crude oil [42]. The variations in the reduction of TMAH, agrees with the findings of
[43, 44] suggesting that the influence of microorganism varies with plant age as well as
plant types. It was further revealed that remediation of arsenic is higher in younger plants
than in the older plants, possibly due to higher metabolic activities of young plants [44],
and this corroborates the findings of this study that 7 days old C. afer plants had higher
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phytoremediation potential than the older C. afer plants. As there was a gradual reduction
of TMAH in the reactor without treatment (Cs) across all levels of crude oil contamination,
this natural attenuation may be occasioned by atmospheric influence [34]. The ANOVA
result showed that there was significant difference (calculated F-value > tabular F-value)
in the treatment means at the 1 and 5% significance level (as shown in Appendix 1). Thus,
it can be concluded with 95 and 99% confidence that the observed difference in the treat-
ment means was because of the treatment applied.

4. Conclusion

The phytoremediation potential of C. afer plant at different ages over a period of 90
days was investigated with a view to ascertaining their suitability for decontaminating
petroleum hydrocarbon-contaminated soils. From the results obtained it can be concluded
that the 7 days old C. afer plant was the most suitable for remediating low-, medium-, and
high-level contaminations in soils, accounting for a TMAH reduction of 96.5, 39.8, and
32.1%, respectively. The sequence of TPH reduction by the plants was 14 days old > 21
days old > 28 days old > 35 days old > 42-days old. Thus, C. afer plant has the potential to
remove TMAH in crude oil -contaminated sandy loam soil.

Appendix

Appendix 1. Analysis of Variance of TMAH Concentration at 90 Days after Phytoremediation
Using Group Balanced Block Design

Sources of Variation

Degree of Freedom (df) Sum of Square (SS) Mean Square (MS) Computed F Tabular F

1% 5%

0.012119 0.00606

Replication 2
1.110211 0.222042 40.88**

Group 5 564 3.33
0.054314 0.005431

Error (a) 10
2.3308 0.776933 170.1**

Ti 3 438 286
1.74763333 0.582544 127.54**

T2 3 438 286
1.60496667 .534989 117.13**

Ts 3 6049666 05 438 2.86
1.38289167 0.460964 100.92**

Ta 3 438 286
0.897425 0.299142 65.49%*

Ts 3 438 286
0.9262 0.308733 67.59**

Te 3 438 286
0.164433 0.00456

Error(b) 36
10.23099

Total 71

**Highly Significant
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