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Aims: This study evaluated the combined effects of Conocarpus biochar and a Bacillus-based 
biofertilizer on TPH removal, aggregate stability index (ASI), and mean weight diameter of 
aggregates in diesel-contaminated mangrove sediments. 
Materials & Methods: This study examined the synergistic effects of biochar (4% w/w) and 
a Bacillus subtilis-based biofertilizer (applied at 0%, 2%, and 5% v/w) on physicochemical 
recovery and total petroleum hydrocarbon (TPH) removal in diesel-contaminated (8% w/w) 
mangrove sediments collected from the Persian Gulf. A 70-day incubation experiment was 
conducted under controlled conditions (18–25°C, 50% field capacity). 
Findings: The application of biochar significantly improved soil aggregate stability, as 
evidenced by increases in dry mean weight diameter (MWDdry) and the Aggregate Stability 
Index (ASI). In contrast, the biofertilizer alone reduced clay dispersion and turbidity, 
indicating enhanced colloidal stability. Biochar alone achieved the highest TPH removal 
efficiency (95.5%), outperforming both the 2% biofertilizer treatment (90.5%) and 
the untreated control (93.5%), which demonstrated substantial indigenous microbial 
degradation. Notably, the combined application of biochar with 2% biofertilizer resulted 
in reduced remediation efficiency (86%), suggesting antagonistic interactions at lower 
microbial doses. However, when biochar was combined with the higher biofertilizer dose 
(5%), both structural integrity and TPH removal (95%) were effectively restored, revealing 
a dose-dependent synergy. 
Conclusion: The results indicated that while biochar primarily functions as a physical 
stabilizer, especially under wet conditions, microbial amendments must be carefully dosed to 
avoid disrupting native microbial communities. Effective remediation of petroleum-polluted 
saline soils thus depends on a balanced integration of physical amendments and microbial 
ecology, rather than additive application alone.
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Introduction
Petroleum contamination is a significant 
form of organic soil pollution, primarily 
resulting from anthropogenic activities such 
as extraction, refining, and transportation, as 
well as crude oil spills [1,2]. The constituents 
of crude oil, including alkanes, cycloalkanes, 
and aromatic hydrocarbons, are known to 
be carcinogenic, mutagenic, and teratogenic, 
posing significant threats to the integrity 
of soil ecosystems and the health of living 
organisms [‎3]. The introduction of these 
contaminants alters key soil physicochemical 
properties, disrupting nutrient availability, 
pH, aeration, and water-holding capacity [‎4]. 
These adverse effects are often exacerbated 
under adverse environmental conditions, 
such as saline soils [‎5,‎6]. Moreover, the 
bioaccumulation and biomagnification of 
petroleum-derived pollutants through the 
food chain pose serious risks to human 
health [7]. Among petroleum derivatives, 
diesel fuel presents a particularly critical 
remediation challenge due to its high toxicity 
and environmental persistence. Comprising 
60–80% saturated hydrocarbons and 
20–40% aromatic hydrocarbons, diesel 
has substantial potential to harm human 
health and soil ecosystems [‎8,‎9]. Diesel 
contamination suppresses soil microbial 
viability [‎10] and impairs seed germination 
and plant growth, thereby adversely affecting 
agricultural productivity and food chain 
safety. Therefore, developing effective and 
sustainable strategies for diesel remediation 
is of great importance.
In recent years, bioremediation, particularly 
microbial-enhanced biodegradation, has 
gained significant attention as a cost-effective, 
eco-friendly, and sustainable solution 
for mitigating petroleum pollution [‎11,‎12]. 
Microorganisms are key agents in degrading 

organic pollutants [‎13] and can be applied 
as bioaugmentation inoculants or bio-
stimulants to enhance indigenous microbial 
populations and metabolic activity [‎14,‎15]. 
However, the efficacy of these approaches 
is highly dependent on environmental 
parameters such as temperature, moisture, 
and nutrient availability [‎16,‎17]. One way to 
address these physical and environmental 
limitations is through soil amendments that 
improve habitat conditions for degrading 
microorganisms.
In this context, biochar has emerged as a 
promising multifunctional soil amendment. 
Its porous structure and high specific 
surface area enhance cation exchange 
capacity, aeration, water retention, and 
soil pH, thereby creating a favorable 
microhabitat for microbial proliferation 
[‎10,‎18]. These attributes facilitate interactions 
between microbes and contaminants and 
provide stable carbon substrates that 
support metabolic processes. Studies show 
that combining biochar with petroleum-
degrading microorganisms enhances the 
removal efficiency of total petroleum 
hydrocarbons (TPHs) and promotes overall 
soil functional recovery [19, 20]. Specifically, 
biochar application reduces soil bulk density, 
increases porosity, improves water-holding 
capacity, and mitigates hydrophobicity [‎21]. 
Optimal effects are often observed at an 
application rate of 6% and moisture levels 
equivalent to 25% of field capacity.
In a comprehensive study, Fang et al. 
(2024) reported a 76.60% reduction in 
TPHs using a combined biochar–Bacillus-
based microbial agent [‎22]. Their findings 
indicated that biochar enriched the Bacillus 
population, which correlated positively with 
TPH degradation and improvements in soil 
chemical properties. Microbiome analyses 
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further revealed enhanced bacterial 
community richness and diversity, along with 
activation of carbohydrate and amino acid 
metabolic pathways, indicating heightened 
microbial stress-response mechanisms 
under petroleum-induced stress.
In Iran, a few studies have also explored this 
area. Fakhrzadegan et al. (2015) isolated 
hydrocarbon-degrading bacteria (Vibrio 
azureus and Pseudomonas salomonii) from 
mangrove sediments in Minab and Bandar 
Khamir, the Persian Gulf. Using these native 
strains alone, they achieved 66% crude oil 
removal within 15 days [‎23]. This confirms 
that mangrove sediments in the Persian Gulf 
harbor indigenous bacteria with significant 
potential for degradation.
In Iran, a few studies have been conducted. 
However, most Iranian studies have focused 
either on isolating degrading bacteria or 
on using conventional biochars (e.g., rice 
husk, date palm) in agricultural or industrial 
soils. What distinguishes the present study 
from previous work is the following: using 
Conocarpus wood waste biochar (a locally 
available feedstock in southern Iran), 
applying it to actual mangrove sediments 
(not farmland or industrial soils), combining 
it with a Bacillus-based biofertilizer, and 
specifically measuring physical properties 
such as the aggregate stability index (ASI) 
and the mean weight diameter of wet 
aggregates (MWDwet), rather than focusing 
soley on TPH removal.
In this study, turbidity was used as a simple 
indicator of sediment stability. In mangrove 
ecosystems, healthy, stable sediments 
naturally have low turbidity because organic 
matter and roots bind particles together. 
When oil contaminates the sediment, it 
creates a water-repellent layer on the 
particles. This weakens the bonds between 

particles and reduces their cohesiveness. 
As a result, the sediment becomes loose 
and unstable. Even small disturbances, 
such as tidal movements, can suspend 
particles, thereby increasing turbidity. 
Therefore, measuring turbidity provides a 
quick and low-cost way to evaluate how oil 
contamination affects mangrove sediments, 
complementing other physical indicators 
such as ASI and MWDwet.
Despite significant advances in 
bioremediation technologies for petroleum-
contaminated soils, practical efficacy 
remains limited by challenges such as slow 
degradation kinetics and process instability. 
Degrading microorganisms alone are often 
insufficient to break down hydrocarbons 
effectively because they require a suitable 
physicochemical environment for optimal 
activity.
Biochar can help address this limitation. 
It improves soil structure and serves as a 
microbial carrier due to its high surface 
area and porous architecture. As shown 
by Ren et al. (2020), biochar with a high 
specific surface area (up to 312 m².g⁻¹) 
and a microporous structure achieved a 
microbial immobilization rate of %71.2 
and an oil removal rate of 70.7%. The 
same study also reported that immobilized 
microorganisms recovered 83.38% of their 
activity compared to free bacteria. Together, 
these findings suggest that biochar creates 
favorable microenvironments that enhance 
microbial activity and the accessibility of 
contaminants [‎10].
The present study focuses only on observable 
physical and chemical outcomes and 
does not investigate underlying microbial 
mechanisms. Therefore, this study was 
designed to evaluate the combined effects 
of Conocarpus wood waste biochar and 



Synergistic Application of Biochar and Biofertilizer to...

ECOPERSIA                                                    	                                                          Spring 2026, Volume 14, Issue 2

164

a Bacillus-based biofertilizer on (i) total 
petroleum hydrocarbon (TPH) removal 
efficiency, and (ii) selected soil physical 
properties, specifically the aggregate 
stability index (ASI) and the mean weight 
diameter of wet aggregates (MWDwet), in 
diesel-contaminated mangrove sediments.

Materials & Methods
This study was conducted in several stages, 
as illustrated in the flowchart (Figure 1). 
Surface sediment samples were collected 
from an Avicennia marina mangrove forest 
in Kolghan, Bandar Abbas (Figure 2). The 
sampling depth was 10–0 cm. This depth 
was selected because, under natural 
conditions, most oil pollutants from human 
activities (such as boat spills and tidal 
currents) accumulate in the surface layer. 
In addition, this layer is biologically and 
chemically active, and it is the primary zone 
where mangrove roots interact with the 
surrounding sediment. Therefore, sampling 
at this depth allows the experimental setup 
to reflect field conditions more realistically.
After collection, the sediment samples 
were air-dried and then spiked with diesel 
to a concentration of 8% (w/w). This 
concentration was not chosen randomly. 
Lower concentrations were also tested in 
preliminary pilot experiments. The 8% 
concentration was selected to represent a 
realistic scenario along the southern coasts 
of Iran. In this region, events such as tanker 
spills, pipeline ruptures, and extensive 
diesel smuggling, especially in coastal 
creeks, can create localized oil patches 
with diesel concentrations exceeding 8% 
in mangrove sediments. Therefore, this 
concentration was used as a critical (worst-
case) condition to evaluate the maximum 
tolerance of the mangrove sediment 

ecosystem under real-world conditions. 
The spiked samples were left to equilibrate 
for one week in closed containers.
The selection of the bacterial strain was 
also not random. Based on our preliminary 
studies and available data, Bacillus subtilis 
performs better than some common 
reference strains under combined salinity 
and oil stress [‎24]. This makes it a suitable 
choice for bioremediation in saline, oil-
contaminated environments. In addition, the 
commercial availability of this biofertilizer 
also influenced our choice.
Following this, a factorial experiment was 
conducted using a completely randomized 
design. The treatments consisted of three 
application rates of the Bacillus-based 
biofertilizer (0%, 2%, and 5% v/w) combined 
with two levels of biochar (0% and 4% 
w/w). Each treatment was replicated three 
times, and 3 kg of the mixture was placed in 
individual plastic containers. To maintain 
stable moisture conditions, each container 
was covered with a perforated plastic sheet 
that was not airtight (small holes allowed 
partial gas exchange).

Figure 1) Schematic representation of the experimental 
design.
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Figure 2) View of the sediment sampling 
site in the mangrove forest ecosystem.

The samples were incubated for 70 days. This 
duration was chosen based on principles of 
microbial ecology. Under the saline conditions 
of mangrove sediments, native bacteria were 
assumed to require a relatively long adaptation 
phase to overcome osmotic stress and 
hydrocarbon toxicity. A shorter period might 
capture only the adaptation phase without 
reflecting the actual degradation phase. This 
timeframe ensures that both the lag phase 
and the logarithmic decline in contamination 
are reflected in the results. Throughout the 
incubation period, the moisture content was 
maintained at approximately 50% of field 
capacity and adjusted weekly. To ensure 
adequate aeration and physical homogeneity, 
the contents of each container were manually 
mixed every two weeks. The experiment was 
conducted in the Soil and Water Laboratory 
at the University of Hormozgan under 
controlled conditions, with the temperature 
maintained at 18–25 °C.
The biochar was produced from pruning 
residues (leaves and thin branches) of 
Conocarpus erectus collected on the university 
campus (Table 1). Feedstock was oven-dried 
at 80 °C for 24 h, wrapped in aluminum foil to 
restrict oxygen exposure, and pyrolyzed in a 
muffle furnace at 450 °C for 3 h. After cooling, 
the material was ground and sieved to <0.25 
mm. Total carbon, hydrogen, and nitrogen 

contents were determined using a CHN 
elemental analyzer (Vario EL III, Elementar, 
Germany) (Table 2).

Table 1( Description of experimental treatments and 
their assigned codes.

Treatment Code
Control Control

Biofertilizer (2%) BF 2
Biofertilizer (5%) BF 5

Biochar BC
Biochar+ Biofertilizer (2%) BC+BF2
Biochar+ Biofertilizer (5%) BC+BF5

Table2 ) The properties of the Biochar pruning waste 
were analyzed.

EC (dS.m-1) pH 1:10 O/C H/C N [%] O [%] H [%] C [%]

2.25 8.85 0.49 0.73 0.18 37.5 3.52 57.2

Note: C: Carbon, H: Hydrogen, O: Oxygen, N: Nitrogen, pH: 
Acidity, EC: Electrical Conductivity.

Laboratory Analysis 
Following a 70-day incubation period, soil 
samples from each treatment were collected 
with minimal disturbance to evaluate the 
effects of biochar and biofertilizer on soil 
physical properties. The samples were 
air-dried under controlled conditions 
before analysis. Key physical properties 
of the sediments, along with petroleum 
hydrocarbon removal efficiency, were then 
determined.
Aggregate stability was assessed by 
measuring the dispersion index of clay and 
silt (DC) in aqueous suspension using the 
Middleton dispersion index [‎‎25]. Additionally, 
the mean weight diameter (MWD) of 
aggregates was determined under both dry 
and wet sieving conditions. For this analysis, 
air-dried soil samples were first passed 
through a 4-mm sieve, and the fraction 
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retained between the 2-mm and 4-mm sieves 
was used. This fraction was then subjected 
to a nested series of sieves with apertures 
of 2, 1, 0.5, 0.25, and 0.1 mm, following the 
method of Kemper and Rosenau (1986). [‎‎26]. 
In the wet-sieving procedure, aggregates 
retained on each sieve were oven-dried 
at 105°C, weighed, and corrected for sand 
content. The MWD under wet conditions 
(MWDwet) was calculated using Eq. (1). 

k

i=1
MWD= Wixi∑                                          Eq. (1)

where Xi is the mean diameter between two 
consecutive sieves, and Wi is the proportion 
of aggregate mass retained on each sieve 
relative to the total corrected soil mass. 
Based on the dry and wet MWD values 
(Kemper & Rosenau, 1986), the Aggregate 
Stability Index in water (ASI) was computed 
as the percentage ratio of MWDwet to MWDdry. 
ASI values approaching 100% indicate 
highly stable aggregates, while values below 
50% denote very unstable aggregates that 
are highly susceptible to erosion.
Another key indicator, the Percent Aggregate 
Destruction (PAD), was evaluated as well. 
PAD was derived from dry and wet MWD 
measurements by comparing the mass of 
aggregates larger than 0.25 mm obtained 
under dry sieving (md) and wet sieving (mw). 
PAD was calculated using Eq. (2) [‎‎27,‎28]. Lower 
PAD values reflect greater aggregate stability:

 
md-mwPAD= ×100

md                                  
Eq. (2) 

Turbidity measures light scattering in a 
solution and indicates the concentration of 
suspended solids. When soil is dispersed 
in water, the turbidity of the resulting 
suspension reflects the amount of 
suspended soil particles. To quantify this, a 

Turbidimeter height in water (H.T.W) index 
was used. Briefly, 50 g of soil was placed 
in a 250 mL Erlenmeyer flask, mixed with 
approximately 200 mL of distilled water, 
and allowed to equilibrate for 24 h. The 
suspension was then transferred to a 1-L 
graduated cylinder and diluted to the final 
volume. After thorough homogenization 
and a 2-hour settling period, the depth of 
the clear suspension column was measured 
from the surface down to the point where 
a white plate at the bottom of the cylinder 
was no longer visible. This depth was 
recorded as the turbidity index value. Thus, 
higher values of this index (greater depth) 
indicate a lower sedimentation rate and a 
greater dispersion of suspended particles 
per unit of measurement time [‎‎29]. 
Total petroleum hydrocarbons (TPHs) in 
the soil samples were quantified using a 
mechanical shaking extraction method, 
following established protocols [30,31]. 
Specifically, 4 g of each sample was extracted 
with 10 mL of an acetone/n-hexane mixture 
(1:1, v/v) by mechanical shaking at 250 rpm 
for 2 h. After centrifugation at 2500 rpm 
for 10 min, the supernatant was collected. 
The extraction was repeated four times per 
sample. The supernatants were combined, 
homogenized, and transferred to a pre-weighed 
glass container. Solvents were evaporated 
to dryness in an oven for ≥24 h. TPH content 
was then determined gravimetrically from the 
residual mass.
Statistical Analysis 
All statistical analyses were performed using 
SPSS (version 22; IBM Corp.). Treatment 
effects were evaluated by one-way analysis 
of variance (ANOVA). Post hoc comparisons 
between group means were conducted using 
Duncan’s multiple range test, with statistical 
significance defined as p < 0.05.
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Findings 
Effects of Biochar and Biofertilizer on Soil 
Physical Properties and Removal of TPH 
The application of biological amendments, 
including biochar and microbial inoculants 
(applied individually or in combination), 
markedly altered soil physical properties 
and total petroleum hydrocarbon (TPH) 
removal in diesel-contaminated soil. Analysis 
of variance (ANOVA) showed significant 
variations in soil physical properties in 
response to biochar, biofertilizer, and their 
interaction in diesel-contaminated soil, 
as shown in Table 3. Biochar significantly 
influenced TPH degradation, PAD, ASI, 
MWDdry, and MWDwet (p < 0.05 to p < 0.01), 
with no significant effect on DC or H.T.W. 
This pattern indicates that biochar primarily 
enhanced aggregate stability under both dry 
and wet conditions, while exerting minimal 
influence on fine-particle dispersion. The 
biofertilizer significantly affected TPH, 
PAD, DC, H.T.W., and MWDdry (p < 0.05 to p 
< 0.01), whereas ASI and MWDwet remained 
unchanged. These results show that the 
microbial amendment mainly reduced 
particle dispersion and improved dry-state 
aggregation, without altering overall stability 
or wet-condition performance. The biochar-
biofertilizer interaction was significant for 
TPH, DC, H.T.W., and MWDdry (p < 0.05 to 

p < 0.01), but not for PAD, ASI, or MWDwet. 
Overall, biochar served as the primary 
driver of structural stabilization. At the same 
time, the biofertilizer contributed selectively 
to dispersion control and dry aggregate 
formation, with limited synergistic effects 
across the full set of measured properties.
Influence of Bacillus-Based Biofertilizer 
on Measured Soil Parameters
Impact of Biofertilizer on Studied Physical 
Parameters
Applying biofertilizer improved the physical 
structure and biological activity of diesel-
contaminated soil. Higher values of dry 
and wet mean weight diameter (MWDdry 
and MWDwet) suggested better aggregate 
formation (Figures 3A, B). The increase in the 
aggregate stability index (ASI) and decrease 
in percentage of aggregate disruption (PAD) 
indicated that soil aggregates became larger 
and more resistant to breakdown (Figures 
3C, D). This enhanced stability reduced 
clay and silt dispersion (DC) and lowered 
turbidity in soil suspensions (Figures 3E, F), 
meaning fewer fine particles were detached. 
Consequently, the treatment helped reduce 
physical degradation and limited the 
transport of clay-bound contaminants to 
nearby water bodies. Overall, the biofertilizer 
supported aggregate stability, preserved 
colloidal integrity, and maintained pore 

Table 3( The ANOVA results for the effects of experimental treatments on measured soil physical properties.

Sources of
Variations

Mean Squares

df MWD 
wet

MWDdry ASI HTW DC PAD TPH

BC 1 1.377* 0.041** 1525.472* 0.642ns 2.254ns 942.77** 20.056*

BF 2 0.395ns 0.009** 330.820ns 4.132* 41.118** 690.714** 63.167**

BF + BC 2 0.176ns 0.008* 113.393ns 10.140** 28.045** 244.983ns 19.056*

Error 12 0.186 0.0010 182.660 0.636 0.966 73.886 3

Note: MWD: Mean Weight Diameter under dry and wet conditions, PAD: Percentage Aggregate Degradation, ASI: Aggregate 
Stability Index in water, DC: Dispersible Clay and Silt, H.T.W: Turbidimeter height, TPH: Total Petroleum Hydrocarbons 
Removal Rate.
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connectivity, contributing to functional soil 
recovery.
Although the Bacillus-based biofertilizer 
improved soil physical properties, total 
petroleum hydrocarbon (TPH) removal did 
not follow a simple linear trend, reflecting 

interactions between soil structure and 
microbial communities. The highest TPH 
removal occurred in the unamended control, 
suggesting that native microbes were already 
well-adapted to diesel degradation (Figure 
3G). Without added organic Carbon, these 

8

Figure 3) Effects of biofertilizer application at different concentrations (0%, 2%, and 5%
v/w) on physical properties and remediation efficiency in diesel-contaminated mangrove

sediment.
(A, B) Mean Weight Diameter (MWD) of aggregates under dry and wet conditions. (C)  Aggregate Stability
Index in water (ASI). (D) Percentage Aggregate Degradation (PAD). (E) Clay and Silt Dispersion (DC). (F)

Turbidimeter height in water (H.T.W). (G) Total petroleum hydrocarbons. Values labeled with different letters
differ significantly at p < 0.05 (Duncan's test).
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Figure 3) Effects of biofertilizer application at different concentrations (0%, 2%, and 5% v/w) on physical 
properties and remediation efficiency in diesel-contaminated mangrove sediment.
(A, B) Mean Weight Diameter (MWD) of aggregates under dry and wet conditions. (C)  Aggregate Stability 
Index in water (ASI). (D) Percentage Aggregate Degradation (PAD). (E) Clay and Silt Dispersion (DC). (F) 
Turbidimeter height in water (H.T.W). (G) Total petroleum hydrocarbons. Values labeled with different letters 
differ significantly at p < 0.05  (Duncan’s test).
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indigenous microbes efficiently used diesel as 
their energy source. At the 2% application rate, 
organic compounds from the biofertilizer may 
have shifted microbial activity toward more 
readily available carbon sources or temporarily 
altered the soil environment, affecting the native 
community and resulting in lower hydrocarbon 
removal. At 5%, however, the biofertilizer 
appeared to be effective. Bacillus strains 
produced sufficient extracellular polymeric 
substances (EPS) to stabilize aggregates and 
reduce particle dispersion, while also fostering 
cooperation with native microbes. Under these 
conditions, Bacillus contributed to hydrocarbon 
degradation and supported soil recovery by 
adding organic matter. These findings suggest 
that successful bioremediation depends on 
balancing soil physical stability, contaminant 
availability, and compatibility between 
introduced and native microbial populations. In 
this study, this balance was achieved at the 5% 
biofertilizer rate.
Concurrent Effects of Biochar and 
Biofertilizer on Measured Soil Properties
Impact of Amendments on Wet and Dry 
Mean Weight Diameter (MWD)
Statistical analysis indicated that while 
the addition of Bacillus-based biofertilizer 
increased wet mean weight diameter (MWDwet), 
this increase was not statistically significant 
at the 0.05 level (Figure 4A). The combination 
of biochar with either 2% or 5% biofertilizer 
yielded the highest MWDwet values (2.21 mm); 
however, these values did not differ significantly 
from the control or other treatments. Thus, 
although a positive trend was observed, the 
data did not support a statistically significant 
synergistic effect. Claims of synergy would 
therefore be premature based on the current 
dataset. Detecting significant effects in future 
studies may require increased replication, 
extended incubation periods, or enhanced 

statistical power.
Biofertilizer application alone did not 
significantly affect dry mean weight diameter 
(MWDdry). In contrast, combined biochar 
and biofertilizer treatments significantly 
increased MWDdry (P < 0.05; Figure 4B). 
This improvement indicates that biochar 
complements microbial amendments to 
enhance soil structural stability. The highest 
MWDdry was recorded at the 2% biofertilizer 
+ biochar rate, suggesting an optimal 
application level. Higher doses did not confer 
additional benefits, likely due to microbial 
carrying-capacity limits or competitive 
interactions at elevated inoculum densities.

Figure 4) Effects of biochar and biofertilizer on 
sediment properties in a petroleum-contaminated 
mangrove forest. (A) Mean Weight Diameter of 
aggregates under dry conditions (MWDdry). (B) 
Mean Weight Diameter of aggregates under wet 
conditions  (MWDwet). Different letters indicate 
significant differences at p < 0.05 (Duncan’s test). 
Control (unamended contaminated sediment); 
BF2 and BF5 (biofertilizer at 2% and 5% v/w); BC 
(biochar); BF2+BC and BF5+BC (combined biochar 
and biofertilizer applications).
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Impact of Amendments on Aggregate 
Stability Index (ASI)
Post hoc mean comparison showed that 
biofertilizer application, regardless of 
the presence of biochar, increased the 
aggregate stability index (ASI) (Figure 5D). 
However, this increase was statistically 
significant (p < 0.05) only in treatments 
that received biochar, compared with the 
control. In other words, without biochar, 
the biofertilizer alone did not significantly 
improve aggregate stability. The highest 
ASI value was observed in the treatment 
combining 5% biochar with biofertilizer. 
However, this value was not statistically 
different from treatments that received 
only biochar or only biofertilizer. The lack 
of significance could be due to high within-
treatment variability, limited sample size, or 
a nonlinear response of soil to amendment 
rates. Despite these limitations, several key 
findings remain robust and can be stated 
with certainty. First, the positive effect 
of biochar on ASI is clearly statistically 
significant.  Second, adding biofertilizer on 
top of biochar did not lead to a statistically 
significant additional improvement, 
although the numerical trend was 
positive. Therefore, we should interpret 
the combined treatment as promising 
but not conclusively synergistic. Further 
studies with larger sample sizes or longer 
incubation periods may help detect smaller 
effects if they exist.
Impact of Amendments on Clay and Silt 
Dispersion in Water
A comparison of the dispersion data 
demonstrated that the application of 
biofertilizer, both alone and combined with 
biochar, significantly (p < 0.05) reduced 
the dispersion of clay and silt particles in 
soil suspension (Figure 5A). This indicates 

enhanced aggregate stability and lower 
susceptibility to water erosion following the 
biological treatments. Notably, biofertilizer 
alone exhibited a stronger inhibitory effect 
on dispersion than did the combination 
with biochar. The lowest dispersion value 
was observed with the 5% biofertilizer 
treatment, which differed significantly (p < 
0.05) from all other treatments. This suggests 
that a high-concentration biofertilizer alone 
can effectively stabilize fine soil particles 
and restrict their dispersion. While biochar 
generally improves soil physical properties, 
its combination with biofertilizer may 
slightly reduce this stabilizing potential, 
or the amendment ratios in the combined 
treatments may not have been optimized.
Impact of Amendments on Turbidity
Statistical analysis showed that biofertilizer 
application, with or without biochar, 
increased turbidimeter readings of the soil 
suspension (Figure 5B). This increase was 
statistically significant (p < 0.05) for all 
treatments, except for the combination of 
biochar with 5% biofertilizer, compared 
to the control. In other words, higher 
turbidimeter readings indicate a lower 
concentration of colloidal particles in 
suspension and a clearer supernatant.
Impact of Amendments on Percent 
Aggregate Destruction (PAD)
Mean comparison analysis indicated that 
microbial biofertilizer application, either 
alone or combined with biochar, tended to 
reduce percent aggregate destruction (PAD) 
in diesel-contaminated soil (Figure 5C). 
However, this reduction was not statistically 
significant relative to the control. The lowest 
PAD values were observed in the treatment 
combining biochar with 5% biofertilizer 
(Figure 5C). Notably, no significant differences 
were detected between treatments with 
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and without biochar. While the data suggest 
a favorable trend, they do not support a 
statistically verifiable synergistic effect; 
claims of synergy would be speculative at this 
stage. The absence of statistical significance 
likely reflects similar treatment means, 
overlapping variability, or limited replication. 
Although these findings are inconclusive, the 
observed trends warrant further investigation 
under varied experimental conditions or with 
increased sample sizes.
Impact of Amendments on Diesel Removal 
Efficiency
The effectiveness of biochar and biofertilizer 
in diesel bioremediation was evaluated by 
measuring total petroleum hydrocarbon 
(TPH) removal. The unamended control 
achieved 93.5% removal, indicating the 

presence of active indigenous microbial 
communities and/or natural attenuation. 
Adding 2% Bacillus subtilis biofertilizer (BF2) 
slightly reduced removal to 90.5%, possibly 
due to competition with native microbes. 
Increasing the biofertilizer dose to 5% 
(BF5) raised TPH removal to 95%, showing 
that higher application rates can enhance 
biodegradation. Biochar alone achieved 
95.5% removal, comparable to BF5. However, 
combining BF2 with biochar reduced 
removal to 86%, suggesting an antagonistic 
interaction at the lower biofertilizer 
dose. Statistical analysis confirmed these 
differences. Overall, the results indicate 
that effective bioremediation depends on 
optimizing amendment concentration and 
compatibility (Figure 6).

Figure 5) Effects of biochar and biofertilizer on sediment properties in petroleum-contaminated mangrove forest. 
(A) Dispersible clay and silt (DC). (B)  Turbidimeter height in water (H.T.W). (C) Percentage Aggregate Degradation 
(PAD). (D) Aggregate Stability Index in water (ASI). Different letters indicate significant differences at p < 0.05 
(Duncan’s test). Control (unamended contaminated sediment); BF2 and BF5 (biofertilizer at 2% and 5% v/w); BC 
(biochar); BF2+BC and BF5+BC (combined biochar and biofertilizer applications).
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Figure 6( Effects of biochar and biofertilizer amendments 
on total petroleum hydrocarbon (TPH) removal efficiency 
in contaminated mangrove sediments.
Different letters indicate significant differences at p < 
0.05 (Duncan’s test). Control (unamended contaminated 
sediment); BF2 and BF5 (biofertilizer at 2% and 5% 
v/w); BC (biochar); BF2+BC and BF5+BC (combined 
biochar and biofertilizer applications).

Discussion
This study evaluated the combined 
effects of biochar and a Bacillus subtilis 
biofertilizer on soil physical properties and 
TPH degradation in diesel-contaminated 
Avicennia marina mangrove sediments. 
The combined amendments improved 
soil physical structure and enhanced TPH 
removal. However, because this study 
did not include direct measurements of 
microbial community composition, biomass, 
enzymatic activity, or extracellular polymeric 
substances (EPS), the mechanisms driving 
these improvements remain uncertain. 
The observed relationships should 
therefore be interpreted as correlational 
rather than mechanistic. Future studies 
should incorporate targeted microbial and 
biochemical assays to establish causal links. 
Additionally, the ecological thresholds of 
these amendments and the contribution of 
indigenous microbial communities warrant 
further investigation.
In this study, the mean weight diameter 
(MWD) of soil aggregates increased following 
biochar application. This improvement may 
be attributed to the porous structure and 

surface chemistry of biochar, which can 
provide nucleation sites for the association 
of soil particles. The increase in MWD 
was more pronounced when biochar 
was applied together with a microbial 
inoculant, suggesting a synergistic effect. 
One plausible mechanism is that biochar 
retains microorganisms in the soil matrix, 
where their metabolic activity produces 
extracellular polymeric substances, such 
as polysaccharides, that bind particles into 
stable aggregates. This interpretation aligns 
with previous studies reporting increases 
in MWD after biofertilizer application [32, 

33]. However, because microbial biomass, 
EPS production, and enzymatic activities 
were not quantified in the present work, 
the proposed biological mechanisms remain 
indirect and should be verified through 
targeted measurements. The observed 
enhancement in aggregate size is consistent 
with published evidence that biochar can 
promote the formation and stabilization of 
larger soil aggregates [‎‎34].
In this study, the combined application of 
biochar and microorganisms was associated 
with greater aggregate water stability 
compared to controls without amendments. 
One possible explanation is that biochar’s 
porous structure, surface area, and functional 
groups may influence soil physicochemical 
properties such as pH, water retention, and 
cation exchange capacity. These changes 
could, in turn, affect microbial activity and 
stimulate the production of extracellular 
polymeric substances (EPS), which bind soil 
particles and enhance aggregate stability 
[32]. However, direct measurements of EPS, 
microbial biomass, enzyme activities, or 
microbial community composition were 
not conducted in this study. Therefore, the 
above interpretation remains speculative 
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and requires verification in future research.
The combined application of biochar and 
biofertilizer was associated with notably 
lower clay dispersion than either amendment 
applied alone. Based on previous studies [‎‎32], 
this may be explained by biochar adsorbing 
exchangeable cations and microbial activity 
promoting the production of binding agents, 
such as exopolysaccharides, that coat clay 
surfaces. However, because cation exchange, 
exopolysaccharide synthesis, and microbial 
activity were not directly measured in 
this study, these mechanisms remain 
hypothetical.
Consistent with earlier reports that 
petroleum hydrocarbons can naturally 
suppress clay dispersion across diverse 
soil types [‎‎29,‎‎35,‎‎37], our results show that the 
biochar–biofertilizer combination further 
reduced dispersion relative to untreated 
contaminated sediments. This suggests 
that the combined amendments improved 
structural stability even under hydrocarbon 
stress.
From a physicochemical perspective, higher 
turbidimeter readings indicate lower colloidal 
concentration and improved solution clarity, 
as reduced colloidal load allows greater light 
penetration [‎28]. Our results showed that soil 
amendments improved the physical quality 
of the soil solution by reducing colloidal 
load. The highest light penetration depth 
was observed in the combined treatment of 
biochar with 2% biofertilizer. Although this 
treatment did not differ significantly from 
biofertilizer-only applications, the overall 
trend suggests that these amendments 
reduce the dispersion of suspended particles 
and increase soil solution transparency.
In addition, the addition of biochar and 
biofertilizer was associated with increased 
aggregate formation, larger aggregate 

diameter, and greater aggregate stability, 
which corresponded to a lower percentage of 
aggregate breakdown. Previous studies have 
similarly reported that soil amendments 
such as biochar [‎32], nanomaterials, and 
conventional mineral amendments [‎26] can 
reduce aggregate disruption and improve 
soil structure.
The influence of biochar on soil structural 
stability in petroleum-contaminated 
environments varies across studies. While 
petroleum hydrocarbons can increase 
aggregate stability through hydrophobic 
interactions [‎28,‎34], Khademalrasoul and 
Mohammadi (2021b) observed a decrease in 
mean weight diameter (MWD) after biochar 
amendment in contaminated soils [‎‎36]. 
They proposed that biochar may alter soil 
physicochemical properties or interfacial 
interactions with petroleum residues, 
potentially disrupting soil aggregation. In the 
present study, conducted using the same A. 
In Marina sediment, as in our previous work 
[29], the combined application of biochar and a 
B. subtilis-based biofertilizer yielded higher 
MWD values than contamination alone. 
This result suggests that co-amendment 
was associated with improved structural 
stability compared to the contaminated 
control. However, the current data do not 
identify the specific mechanisms driving 
this improvement. Potential factors include 
changes in soil physical properties, microbial 
activity, or interfacial interactions, but 
direct measurements (e.g., EPS production, 
enzymatic activity, microbial biomass) would 
be required to test these hypotheses. These 
findings indicate that the efficacy of biochar 
in polluted systems should be evaluated 
alongside complementary amendments, 
such as microbial inoculants, rather than 
inferred from single-factor studies.
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Natural attenuation in the control treatment 
achieved 93.5% TPH removal, demonstrating 
the robust degradation capacity of 
indigenous microorganisms under aerobic 
conditions. This finding aligns with earlier 
studies on mangrove sediments in the same 
region. For instance, Fakhrzadegan et al. 
(2015) isolated nine hydrocarbon-degrading 
bacterial strains from sediments near Minab 
and Bandar Khamir in the northern Persian 
Gulf. Three of these strains,  identified as 
Vibrio azureus and Pseudomonas salomonii, 
removed more than 50% of crude oil within 
15 days, with strain NP16 achieving the 
highest removal rate (66%). Together, 
these findings [‎23] indicate that Persian Gulf 
mangrove sediments host native bacterial 
communities adapted to hydrocarbon 
exposure, likely due to chronic, low-level 
inputs from maritime activities and urban 
runoff.
The high removal efficiency observed in 
the control likely reflects three factors: (i) 
prior adaptation of indigenous microbes 
to hydrocarbons, (ii) the presence of 
established degrading genera such as Vibrio 
and Pseudomonas, and (iii) incubation 
conditions (temperature, moisture, and 
aeration) that favored aerobic metabolism. 
Although the 93.5% removal rate in 
this study exceeds the 66% reported by 
Fakhrzadegan et al. (2015), the difference 
can be attributed to variations in incubation 
duration, initial contaminant concentration, 
or site-specific microbial community 
composition. Overall, both studies confirm 
that mangrove sediments in this region 
possess a strong intrinsic capacity for 
petroleum hydrocarbon degradation.
The robust natural attenuation observed 
here has practical implications for 
evaluating amendment strategies. Adding 

2% biofertilizer resulted in slightly lower 
TPH removal than the control, suggesting 
competition rather than synergy between the 
introduced strains and the native microbial 
community. When indigenous degraders are 
already highly active, external inoculants may 
not enhance biodegradation rates and could 
temporarily suppress them. These findings 
indicate that natural attenuation may be a 
sufficient and cost-effective approach for 
mangrove sediments with robust native 
microbial communities. Future studies 
should identify the conditions under which 
biochar or biofertilizer amendments provide 
measurable benefits, such as in sediments 
with lower intrinsic degradation capacity 
or under field conditions with additional 
stressors (e.g., salinity fluctuations and tidal 
dynamics). 
Beyond its adsorption capacity, biochar’s 
influence in contaminated soils depends 
on its physicochemical properties, such as 
porosity, specific surface area, and surface 
functional groups. These characteristics 
facilitate pollutant retention and create 
protective microhabitats for microorganisms 
[‎‎38,‎‎40]. Additionally, biochar can supply labile 
carbon, potentially sustaining microbial 
metabolism during hydrocarbon degradation 
[‎‎40]. Consequently, beyond direct adsorption, 
biochar may enhance biodegradation by 
improving contaminant bioavailability and 
supporting microbial activity. However, 
validating these mechanisms requires 
direct measurements, including microbial 
community profiling, enzyme assays, or 
quantification of extracellular polymeric 
substances (EPS).
For context, Sani et al. (2023) studied 
crude oil-contaminated soil from the 
Kaduna Refinery in Nigeria, which initially 
contained approximately 2045 mg.kg⁻¹ TPH. 
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They amended the soil with coconut shell 
activated carbon (BET surface area: 567 
m².g⁻¹) at rates of 1–3.5%, incubated the 
mixtures for 36 days at ambient temperature, 
and homogenized them three times daily. 
At the highest amendment rate (3.5%), 
TPH removal reached 78.14%, reducing 
concentrations to 447 mg.kg⁻¹, which falls 
below Nigeria’s regulatory threshold of 1000 
mg.kg⁻¹ [‎‎41]. In the present study, application 
of Conocarpus wood waste biochar to diesel-
contaminated mangrove sediments resulted 
in approximately 95% TPH removal. However, 
direct comparison between these outcomes 
is not methodologically appropriate, as the 
studies differed in soil matrix, amendment 
type, initial contamination levels, incubation 
duration, and experimental conditions. 
The higher removal percentage observed 
here, therefore, reflects treatment and 
site-specific efficacy rather than inherent 
superiority. Nevertheless, the performance 
of Conocarpus-derived biochar in mangrove 
sediments indicates its potential as a locally 
available amendment for remediating oil-
impacted coastal ecosystems. Definitive 
comparisons among amendment types 
would require standardized, side-by-side 
testing under identical conditions.
Despite the observed removal efficiencies, 
residual TPH concentrations under the 
most effective treatment remained at 
approximately 4,000 mg.kg⁻¹ (from an 
initial 80,000 mg kg⁻¹), exceeding the 
Sediment Quality Guidelines upper limit of 
550 mg.kg⁻¹ [‎‎43,‎‎44]. This indicates that, under 
the tested conditions, the treatment did 
not meet regulatory standards. Although 
the combined application of biochar and 
biofertilizer accelerated TPH degradation, 
it was insufficient to achieve compliance in 
heavily contaminated mangrove sediments.

Compared with energy-intensive physical 
methods such as microwave-assisted 
desorption [‎‎45], the biological approach 
evaluated here offers practical advantages, 
including a lower risk of secondary 
contamination and reliance on naturally 
occurring microbial processes. It should 
be noted, however, that this study did not 
directly compare the two approaches, 
and treatment efficacy will likely vary 
with sediment characteristics. Within 
the measured parameters, the biochar–
biofertilizer combination improved both 
TPH removal and key physical properties. 
These results suggest that such amendments 
may be useful components of integrated 
remediation strategies for petroleum-
impacted sites. However, further work is 
needed to evaluate their performance across 
different sediment types and contamination 
levels.

Conclusion 
This study evaluated the combined effects of 
Conocarpus-derived biochar and a Bacillus-
based biofertilizer on total petroleum 
hydrocarbon (TPH) removal and the 
physical properties of diesel-contaminated 
mangrove sediments. Among all treatments, 
the standalone applications of 4% biochar 
and 5% biofertilizer each achieved 95% TPH 
removal, representing the highest efficiency 
observed. Notably, the unamended control 
achieved 93.5% TPH removal via natural 
attenuation, a result comparable to that 
of the amended treatments. This suggests 
that the indigenous microbial community 
in mangrove sediments is inherently 
capable of degrading hydrocarbons. Thus, 
autochthonous microorganisms appear 
to drive baseline pollutant degradation, 
a capacity that should be considered in 
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remediation planning. However, the highest-
performing treatment still resulted in a 
residual TPH concentration of 4000 mg.kg⁻¹, 
exceeding the recommended ecological 
threshold of 550 mg.kg⁻¹ [‎‎43].
Regarding sediment physical properties, 
all biofertilizer treatments applied alone 
or with biochar improved structural 
indicators relative to the control, indicating 
potential utility under site-specific 
conditions. These results suggest that 
integrating biochar and biofertilizer can 
concurrently enhance soil structure and 
biological activity in contaminated coastal 
sediments. A limitation of this work is that 
exopolysaccharide (EPS) production and 
microbial community composition were not 
assessed. Future studies should incorporate 
microbial sequencing and EPS quantification 
to clarify the mechanisms driving these 
improvements. For coastal ecosystems such 
as the Persian Gulf mangroves, long-term 
field trials are required before field-scale 
implementation.
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