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Abstract
Marine oil snow (MOS) potentially forms after an oil spill. To fully understand the mechanism of its formation, we inves-
tigated the effects of suspended particles (SP) and dispersants on MOS formation of crude oil and diesel oil by laboratory 
experiments. In the crude oil experiment, the SP concentration of 0.2 g  L–1 was more suitable for crude oil MOS formation. 
The addition of dispersants significantly stimulated N and TV during MS/MOS formation of SP at 0.4 g  L–1 and 0.8 g  L–1 
concentration (p < 0.05). Without SP, the dispersants also stimulated crude oil MOS formation. Furthermore, the concen-
tration of SP had a significantly positive effect on the reduction of the total amount of N-alkanes (p < 0.05). In the diesel 
oil experiment, after adding dispersants to diesel oil, the maximum N, Dm, and TV values at a SP concentration of 0.2 g  L–1 
were significantly higher than those at 0.4 g  L–1 and 0.8 g  L–1 (p < 0.05). Besides, we found that dispersants stimulated MOS 
formation in diesel oil at a SP concentration of 0.2 g  L–1. However, the dispersants had an inhibitory effect on diesel oil MOS 
formation without SP. Notably, the MOS formed by diesel oil appeared white, unlike the black MOS associated with crude 
oil. These findings are important for the environmental impact of oil spills and elevated SP concentrations.
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Introduction

Marine snow (MS) refers to a class of naturally formed 
organic and inorganic particles or aggregates (≥ 0.5 mm) 
in the ocean. When oil is associated with these particles, 
MOS is formed (Alldredge and Silver 1988). MOS forma-
tion typically occurs during oil spill incidents. For instance, 
the Deepwater Horizon (DwH) spill in 2010 utilized nearly 
2 million gallons of dispersants to prevent the oil from reach-
ing coastlines during clean-up efforts (Liu and Callies 2020). 

The DwH spill resulted in excessive production of MOS, 
estimated to have transferred as much as 14% of the oil to the 
ocean floor. MOS plays a crucial role in the transfer of oil 
to the ocean floor (Rahsepar et al. 2022), posing significant 
threats to the marine benthic ecosystem due to the deposition 
of oil-contaminated MS on the sediment surface (Genzer 
et al. 2020; Gregson et al. 2021; Passow and Overton 2021). 
Recent studies have revealed that MOS presents on the sedi-
ment after oil spills affect organisms in a trait-dependent 
manner and can serve as a vector for introducing oil into the 
food web (van Eenennaam et al. 2019). Certain marine ani-
mals consume MOS, potentially leading to the transfer of oil 
residues into the food web (Benville et al. 1981), ultimately 
posing risks to human health.

However, the mechanism of MOS formation is com-
plex, primarily involving physical condensation, which 
includes the collision and adhesion of SP, oil droplets, 
flocculent matter, microorganisms, and secretions (Li et al. 
2020). As SP is considered one of the key factors influenc-
ing MOS formation, we aim to investigate the influence of 
SP on MOS formation in the Bohai Sea. The Bohai Sea is 
currently facing unprecedented pollution pressure due to 
coastal dredging and harbor constructions. Consequently, 
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SP concentrations in the Bohai Sea have reached higher 
levels, particularly in the coastal zones during the summer 
(Cui et al. 2009). For instance, Qiao et al. (2010) reported 
a maximum SP concentration of 603.02 mg  L–1 in the 
western Bay of the Bohai Sea during the summer. There-
fore, we set the maximum SP value in our experimental 
parameters to 800 mg  L–1 (Liu et al. 2013). Besides SP, 
the addition of dispersants in response to oil spill incidents 
also affects MOS formation. Research on MOS forma-
tion by dispersants has been gradually increasing in recent 
years. However, the roles of oil, dispersants, and SP in 
the MOS formation have not been well-understood. The 
occurrence of oil spills has prompted us to address these 
questions and delve into further exploration.

Although the number of oil spills has decreased year 
by year, with the development of the petroleum industry, 
many oil production platforms have been built in Bohai Bay 
in recent years (Liu et al. 2014) (Fig. 1). It was reported 
that “black oil” without origin has appeared along part of 
Qinhuangdao’s coasts between May to July annually since 
2004. To investigate this issue, we conducted a survey of the 
Qinhuangdao coastline and collected samples of the “black 
oil” in July 2020, as shown in Fig. 1. Based on our find-
ings, we hypothesized that this occurrence might be linked 

to the activities of offshore oil drilling fields. Therefore, the 
risk of oil spills in the Bohai Sea still exists. When an oil 
spill occurs, the oil undergoes various processes in the sea. 
While some oil can be carried ashore by ocean currents, 
another portion of the oil can submerge and form MOS, 
which subsequently sinks to the seabed (Wang et al. 2020). 
It is important to note that not only crude oil but also diesel 
oil poses a certain risk of oil spills.

Diesel oil serves as marine fuel for ships, containing 
toxic components such as polycyclic aromatic hydrocarbons 
(PAHs) that are highly bioavailable and can transfer to the 
upper levels of the food chain (Larsen et al. 2016). Diesel oil 
leakage accidents have occasionally occurred due to human 
activities. For instance, on April 23, 2022, a ship sank near 
the Galapagos Islands in Ecuador, resulting in the leakage 
of 2000 gallons of diesel oil (He 2022). Diesel oil spills 
following shipwrecks can have effects that extend beyond 
the spill site and persist long after the oil has dispersed and 
evaporated. In a study by Larsen et al. (2016), the spread 
of PAHs from a hypothetical spill of marine diesel oil in 
the Pechora Sea (South Eastern Barents Sea) was modeled 
using the contaminant tracer module Ecotracer in the Eco-
path modeling software. The study addressed the effects on 
the food web, including long-term impacts, by combining 

a

b

Bohai Sea

Qinhuangdao

Fig. 1  Offshore oil drilling fields in the Bohai Sea. Note: sites marked with purple dots are (a) the onshore place of oil found from the Qinhuang-
dao, two pictures showed the “black oil” of unknown origin; (b) the origin of SP. Sites marked with red dots are offshore oil drilling fields
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toxicology and food web modeling. The damage caused by 
diesel oil spills to marine ecosystems should not be under-
estimated when compared to the damage caused by crude oil 
spills. Furthermore, there are few research on diesel oil MOS 
formation. Consequently, we conducted laboratory experi-
ments to simulate the formation of MOS from both crude oil 
and diesel oil separately.

This paper presents the findings of laboratory experi-
ments that investigate the impact of different concentrations 
of SP on the formation of MOS from both crude oil and die-
sel oil. Additionally, the study examines the influence of dis-
persants on MOS formation. The goal of the experiments is 
three-fold: 1) determine the influence of dispersants in MOS 
formation, 2) examine the effects of various SP concentra-
tions on MOS formation from crude oil, and 3) investigate 
the impact of different SP concentrations on MOS formation 
from diesel oil. To our knowledge, this experiment is the first 
to explore MOS formation from diesel oil. We analyzed the 
MOS formation characteristics to improve understanding of 
the MOS process for guiding contingent oil spills combat 
with consideration of MOS affecting (deep) benthic eco-
system in the future.

Materials and methods

Materials

The SP samples were collected from the middle section 
sediments in the Bohai Sea, specifically at coordinates 
(120.243°E, 39.312°N) marked as point b in the Fig. 1. 
These samples were dried at 70 °C and then screened using 
a 0.04-mm sieve. SP with a diameter of 0.04 mm accounted 
for 14.24% of the sediment samples collected. The crude 
oil for the test was produced by the local oil drilling field in 
the Bohai Sea and the diesel oil was obtained from China 
National Petroleum Corporation. The dispersant (GM–2) 
was obtained from Qingdao Guangming Environmental Pro-
tection Technology Company, pH range 7.0–7.5, viscosity 
(30 °C) < 50  mm2  s–1, the main components are fatty acid 
ester surfactant and aliphatic hydrocarbon solvent. This type 
of dispersants has been approved by the China Maritime 
Safety Administration. The seawater utilized in the experi-
ment was collected locally from Yantai and had a salinity 
of 33.90%.

Experimental approach and set‑up

The laboratory tests aim to simulate the formation of MS/
MOS, with each test group consisting of a seawater system 
of 300 mL. Experiments were conducted using glass bot-
tles (8 cm × 13 cm). The oil and dispersants were added in 
amounts of 180 μL (0.06% v/v, oil/seawater) and 9 μL (1 : 20, 

dispersants/oil), respectively, and injected into seawater by 
syringes (Fu et al. 2014). A total of 20 groups, as outlined 
in Table 1, were designed to investigate MS/MOS forma-
tion. The seawater samples underwent microfiltration using 
0.45-μm cellulose nitrate membranes to remove the SP. To 
simulate the pristine environment of the ocean, the seawater 
was not sterilized. In each group, the bottles were incubated 
for 30 days at constant temperature (30 ± 1 °C). The rota-
tion speed was set at 100 rpm to keep MS/MOS suspended. 
During the incubation period, the bottles were periodically 
taken out at one-day intervals and left undisturbed for 1 min 
to allow the MS/MOS flocs to sink (or rise) to the bottom 
(or top) of the bottles. Subsequently, the bottles were gently 
flipped to capture the morphology and movement of the MS/
MOS flocs through photographic imaging and video record-
ing. All tests were carried out in duplicate.

Analysis

There were 3 parameters to characterize the MS/MOS 
particles: particle number (N), mean diameter (Dm, mm), 
and total volume (TV,  mm3). N and Dm were obtained by 
analyzing the photographs of MS/MOS particles using 
the Image-Pro Plus 6.0 software (Media Cybernetics, Inc., 
Rockville, MD, USA). Dm was defined as the average parti-
cle size measured at 2-degree intervals and passing through 
the particle’s centroid. TV was calculated from the iden-
tical spherical volume. N-alkanes (C10−C40) in seawater 
phase and in the MS/MOS phase were determined using gas 
chromatography-mass spectrometry (GC-MS) by modifying 
the method by Fu et al. (2014). Seawater phase and in the 
MS/MOS phase were initially extracted with a mixture of 
dichloromethane/n-hexane (1 : 1, v/v), then concentrated and 
mixed with GC-MS for analysis. Mapping was performed 
using Origin 8.0, while data processing was conducted using 
SPSS 13.0.

Results

Formation of MS/MOS in crude oil

During the 30-day crude oil experiment, the formation of 
MS/MOS is shown in Fig. 2. Initially, when crude oil just 
entered the seawater with SP, it dispersed into droplets of 
about 4 mm. If the dispersants were present, the oil would 
disperse into an oily mass of about 5–9 mm. As seen from 
Fig. 2, the formation of MS/MOS commenced on day 4 and 
continued to increase over time, reaching its peak around day 
20–26. However, variations were observed among different 
experimental groups. Furthermore, dispersants also affected 
the formation of MS/MOS.
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We analyzed the effect of concentrations of SP on MS/
MOS formation, as depicted in Fig. 3. In Group 1, Group 3, 
Group 5, and Group 13 (control) where only crude oil was 
present, it was evident that the largest N value at Group 1 
and Group 3 concentration (day 12) was 2.58 and 2.16 times 
that of Group 5, respectively. The N and TV of Group 5 were 
mostly less than Group 1 and Group 3 in the whole experi-
mental period (Fig. 3a, c). When comparing the TV results, 
the maximum value for Group 1 on day 26 was significantly 
higher than that of Group 3 and Group 5 (p < 0.05), while 
Group 5 showed little fluctuation and almost no change 
during the experiment. In Group 1, the TV value started to 
decrease after day 26, which we attribute to the accumula-
tion of MOS in the culture environment. Within the limited 
space, the probability of collision among MOS increased, 
leading to their dispersion and reduction in volume. Addi-
tionally, the microbial nutrients in the environment gradually 
decreased over time, resulting in a relative decrease in the 
production of secreted substances. This decrease in viscosity 

between MOS particles also contributed to the reduction in 
volume (Mohammed 2021). Consequently, it can be inferred 
that in Group 1, 3, and 5, where only crude oil was added, a 
lower concentration of SP resulted in a stronger stimulation 
effect on the formation of MS/MOS. In other words, it was 
concluded that SP 0.2 g  L–1 > SP 0.4 g  L–1 > SP 0.8 g  L–1.

In Group 2, Group 4, and Group 6, where crude oil and 
dispersants were present, the largest N value of Group 2 
(day 4) was higher than that of Group 4 and Group 6. How-
ever, starting from day 4, the N value was almost Group 4 > 
Group 2 > Group 6. There was no significant difference in 
Dm of the three groups in the initial 20 days of the experi-
ment, but the trend change was that Group 2 was higher than 
Group 4 and Group 6 after 20 days. After day 20, the order 
of TV value was Group 2 > Group 4 > Group 6. In conclu-
sion, it can be speculated that the concentration of 0.4 g  L–1 
had a more pronounced effect on N value than the concentra-
tions of 0.2 g  L–1 and 0.8 g  L–1 (p < 0.05). For Dm value and 
TV value in the later stages of experiment (after day 20), the 

Table 1  The experiments of 
MOS formation

The formation of MOS was investigated by Groups 1–20, which conducted 3 classes of experiments. 
Groups 1–6 examined the formation of MS/MOS from the crude oil. Groups 7–12 examined the formation 
of MS/MOS from diesel oil. Groups 13–20 served as the control groups

(a) Crude oil experiment
Group name Suspended particles (g  L–1) Crude oil (mL  L–1) Dispersants (mL  L–1)
# 1 0.2 0.6 0
# 2 0.2 0.6 0.03
# 3 0.4 0.6 0
# 4 0.4 0.6 0.03
# 5 0.8 0.6 0
# 6 0.8 0.6 0.03
(b) Diesel oil experiment
Group name Suspended particles (g  L–1) Diesel oil (mL  L–1) Dispersants (mL  L–1)
# 7 0.2 0.6 0
# 8 0.2 0.6 0.03
# 9 0.4 0.6 0
# 10 0.4 0.6 0.03
# 11 0.8 0.6 0
# 12 0.8 0.6 0.03
(c) Control experiment
Group name Suspended particles (g  L–1) Crude oil (mL  L–1) Diesel oi (mL  L–1) Disper-

sants 
(mL 
 L–1)

# 13 0 0.6 0 0
# 14 0 0.6 0 0.03
# 15 0 0 0.6 0
# 16 0 0 0.6 0.03
# 17 0.2 0 0 0
# 18 0.4 0 0 0
# 19 0.8 0 0 0
# 20 0 0 0 0
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stimulation effect of SP with a concentration of 0.2 g  L–1 was 
stronger than 0.4 g  L–1 and 0.8 g  L–1 (p < 0.05).

In the control experiment, regardless of the presence of 
dispersants, the N value of MS/MOS formed without SP 
(Groups 13 and 14) in the crude oil experiment was signifi-
cantly lower than that in the other groups (p < 0.05) (Fig. 3a, 
d). On day 10, the maximum N value in Group 14 (321) was 
1.61 times higher than that in Group 13 (199) (Fig. 3a, d). 
Moreover, the maximum values of Dm and TV in Group 14 
(7.10 mm and 15,910  mm3) were 1.45 and 1.92 times greater 
than those in Group 13 (4.88 mm and 8284  mm3) (p < 0.05), 

respectively. Thus, the dispersants enhanced the formation 
of MS/MOS in crude oil without SP.

The effect of adding dispersants on MS/MOS formation 
in the presence of different concentration of SP is shown 
in Fig. 4. At a concentration of 0.2 g  L–1 of SP, in Group 2, 
where dispersants were added, the N reached its maximum 
value of 6959 on day 4, significantly surpassing Group 1 
during the same period (Fig. 4a). After day 4, the change 
trend of MS/MOS in Group 2 was basically the same as in 
Group 1, but slightly lower than that in Group 1 (Fig. 4a–c). 
Consequently, when the concentration of SP was 0.2 g  L–1, 

Day 0 Day 4 Day 12 Day 20 Day 26 Day 30 

Increase 

Increase 

Increase 

Fig. 2  Morphological change of particle aggregates in crude oil groups. Note: scale bar = 10 mm
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the addition of dispersants did not significantly enhance the 
formation of MS/MOS in the later stage (after day 4) (p > 
0.05), but it did promote the dispersion of crude oil droplets 
in the initial stage of the experiment.

At a concentration of 0.4 g  L–1 of SP, after the addition 
of dispersants, N increased by 1.17 times (day 26) com-
pared to the condition without dispersants (Fig. 4d), and TV 
increased by 1.63 times (day 2) (Fig. 4f). In addition, on day 
2, the TV value of the MS/MOS formed by SP reached its 
maximum and subsequently decreased rapidly. This obser-
vation can be attributed to the fact that the initial SP con-
centration at this level is more conducive to the formation of 
larger-sized MS/MOS, which have a shorter lifespan. Due to 

continuous collisions, the Dm value decreased, resulting in a 
rapid reduction in the TV of the MS/MOS. In comparison, 
we found that at a concentration of 0.4 g  L–1, the addition 
of dispersants stimulated the increase of N and TV in MS/
MOS, while having a minor effect on Dm.

When the concentration of SP increased to 0.8 g  L–1, after 
the addition of dispersants, the maximum N value increased 
by 2.31 times (day 18) compared to the condition without 
dispersants (Fig. 4g), and the maximum TV value increased 
by 8.56 times (day 18) (Fig. 4i). Therefore, the addition of 
dispersants significantly stimulated the increase in N and 
TV during MS/MOS formation at a concentration of 0.8 g 
 L–1 SP (p<0.05).

Fig. 3  Changes of MS/MOS characteristics in crude oil groups. Note: 
a, d particle number (N), b, e mean diameter (Dm), and c, f total vol-
ume (TV). The black arrows indicated the morphological images of 

particle aggregates and crude oil at the peak of the trend to form MS/
MOS. The error bars indicated the 95% confidence intervals



Environmental Science and Pollution Research 

1 3

Distribution of N‑alkanes in seawater and MS/MOS 
phases in crude oil

The amounts of N-alkanes (C10–C40) in both seawater and 
MS/MOS phases were determined after the 30-day incuba-
tion period, as shown in Fig. 5. In the crude oil experiment, 

the amounts of total N-alkanes (C10−C40) present in the 
crude oil alone were 1.43 mg, 2.68 mg, 2.59 mg, and 1.65 
mg with SP of 0 g  L–1, 0.2 g  L–1, 0.4 g  L–1, and 0.8 g  L–1 in 
MS/MOS phase. After adding dispersants, the total amounts 
of N-alkanes in the SP group decreased by 1.5%, 26.3%, and 
34.5% in 0.2 g  L–1, 0.4 g  L–1, and 0.8 g  L–1, respectively. In 

Fig. 4  Changes of MS/MOS characteristics in crude oil groups. Note: a, d, g particle number (N), b, e, h mean diameter (Dm), and c, f, i total 
volume (TV). The error bars indicated the 95% confidence intervals

Fig. 5  The total amount of N-alkanes in crude oil groups
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addition, we found that the total amount of N-alkanes in MS/
MOS phase decreased with the increase of SP concentration 
(0.2 g  L–1–0.8 g  L–1) regardless of the presence of disper-
sants (Fig. 5a), and the total amount of N-alkanes in 0.8 g 
 L–1 group was the least. However, the results for the total 
N-alkanes in the seawater phase differed from those in the 
MS/MOS phase. No significant differences were observed 
among the experimental groups in the seawater phase (p > 
0.05) (Fig. 5b).

The distribution results of N-alkanes are depicted in 
Fig. 6. Among the N-alkanes, it was observed that the higher 
molecular weight species (C31−C40) exhibited a preference 
for partitioning into the MS/MOS phase rather than the sea-
water phase. Moreover, the distribution difference of various 
N-alkanes in seawater phase was smaller than that in the 
MS/MOS phase.

Formation of MS/MOS in diesel oil

The formation of MS/MOS after a 30-day incubation period 
in diesel oil is shown in Fig. 7. When only diesel oil was 
present, from day 22, the TV in Group 7 exhibited a sig-
nificantly increase compared to Group 9 and Group 11 (p 
< 0.05) (Fig. 8c). In summary, after the dispersants were 
added to the diesel oil, the N, Dm, and TV in Group 7 with 
SP were markedly higher than those in Group 9 and Group 
11 (Fig. 8d–f) (p < 0.05). Specifically, the maximum N value 
in Group 7 (day 12) was 1.15 and 1.32 times that of Group 
9 and Group 11, respectively (Fig. 8d). The maximum Dm 
value (day 22) was 1.73 and 1.52 times that of Group 9 and 
Group 11, respectively (Fig. 8e). The maximum TV value 
(day 22) was 4.32 and 4.01 times that of Group 9 and Group 
11, respectively (Fig. 8f).

Fig. 6  The distribution of N-alkanes (C10−C40) in crude oil groups
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Without SP (Group 15, 16), the N value of MS/MOS was 
significantly lower compared to when SP was added (p < 0.05) 
(Fig. 8a, d). So, the results for SP 0 g  L–1 were not presented 
in Figs. 7 and 9. The maximum Dm value of in Group 15 (5.56 
mm) exceeded that of Group 16 (4.87 mm) (Fig. 8e), while the 
maximum N and TV values in Group 15 (265 and 10,323  mm3) 
were 5.1 times and 8.87 times higher than those in Group 16 
(52 and 1164  mm3) (p < 0.05), respectively (Fig. 8d, f). Con-
sequently, the addition of dispersants to diesel oil hindered the 
formation of MS/MOS in the absence of SP.

Upon comparison, we found that the largest N values among 
the MS/MOS formation in Groups (8, 10) with dispersants were 
higher than that of Groups 7 and 9 without dispersants at the 

SP concentration of 0.2 g  L–1 and 0.4 g  L–1. Notably, when the 
SP concentration was 0.2 g  L–1, the N continued to increase, 
and the maximum value of Group 8 was 3315 on day 12, while 
the maximum value of Group 7 without dispersants was 2572 
on day 26 (Fig. 9a). Meanwhile, the maximum value of Dm in 
Group 8 on day 22 (4.44 mm) was also much higher than that in 
Group 7 on day 28 (3.19 mm) (Fig. 9b). The TV value followed 
a similar trend as Dm. The maximal TV in Group 8 on day 22 
(378,664  mm3) was also higher than that in Group 7 on day 26 
(157,017  mm3) (Fig. 9c). Nevertheless, the promotion effect of 
adding dispersants to 0.4 g  L–1 and 0.8 g  L–1 SP concentrations 
on MS/MOS formation were lower compared to 0.2 g  L–1 SP 
(p < 0.05).

Fig. 7  Morphological change of particle aggregates in diesel oil groups. Note: scale bar = 10 mm
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Distribution of N‑alkanes in seawater and MS/MOS 
phases in diesel oil

Based on the total N-alkanes results of MS/MOS formed by die-
sel oil, we found that the concentration of SP had a significant 
impact on it. The results indicated that SP 0.8 g  L–1 > SP 0.2 g 
 L–1 > SP 0.4 g  L–1 > SP 0 g  L–1 (Fig. 10a), so the addition of SP 
can promote the total amount of N-alkanes in MS/MOS phase. 
In the seawater phase, when the SP concentration was raised, 
the total amount of N-alkanes increased in only diesel oil. When 
dispersants were added, the total amount of N-alkanes order 
became SP 0.8 g  L–1 > SP 0.2 g  L–1 > SP 0.4 g  L–1 > SP 0 g  L–1 

(Fig. 10b). Therefore, only in a concentration of SP 0.2 g  L–1, dis-
persants aid in the dissolution of N-alkanes in the seawater phase.

According to the analysis of the N-alkanes' component 
results, it was observed that the higher molecular weight spe-
cies (C37–C40) were nearly undetectable in the seawater phase. 
Moreover, in the MS/MOS phase, the presence of dispersants 
facilitated the incorporation of lower molecular weight species 
(C10–C30). However, this phenomenon was not observed in 
the seawater phase. Thus, the presence of dispersants helps to 
disperse and stabilize the N-alkanes within the MS/MOS phase, 
allowing for a more homogeneous distribution and increasing 
the overall concentration of N-alkanes (Fig. 11).

Fig. 8  Changes of MS/MOS characteristics in diesel oil groups. Note: 
a, d particle number (N), b, e mean diameter (Dm), and c, f total vol-
ume (TV). The black arrows indicated the morphological images of 

particle aggregates and diesel oil at the peak of the trend to form MS/
MOS. The error bars indicated the 95% confidence intervals
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Shape feature display

During the observation, we selected several images to demon-
strate the characteristic morphologies of crude oil (Fig. 12a) and 
diesel oil (Fig. 12d). Multiple forms of MOS were observed, 
and a selection of representative forms is presented here. With-
out the presence of SP, crude oil resulted in the formation of 

dark MOS (Fig. 12c), whereas diesel oil led to the formation of 
white MOS (Fig. 12f). However, the MOS structures formed 
by crude oil and diesel oil exhibited similarities in the presence 
of SP (Fig.12b, e). When SP were present in oil, they can act 
as nucleation sites or templates for the formation of MOS. The 
particles provided surfaces where oil droplets can aggregate 
and adhere, facilitating the formation of stable MOS structures. 

Fig. 9  Changes of MS/MOS characteristics in diesel oil groups. Note: a, d, g particle number (N), b, e, h mean diameter (Dm), and c, f, i total 
volume (TV). The error bars indicated the 95% confidence intervals
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While the concentration and characteristics of the SP may differ 
between crude oil and diesel oil, their overall contribution to 
MOS formation remains significant.

Discussion

Impact of dispersant application for the formation 
of MS/MOS

The role of dispersants in mediating oil-sedimentation 
remains a subject of debate. On one hand, dispersant appli-
cation increased the abundance of oil droplets available 
for coagulation. On the other hand, dispersants slightly 
reduced the stickiness of oil droplets. Consequently, col-
lision frequency was increased, but coagulation success 
decreased (Passow et al. 2017). Our results show that dis-
persants stimulated the MS/MOS formation of crude oil 
and diesel oil to varying degrees with SP added (Figs. 4 
and 9). This finding aligns with the observations made 

by Doyle et al. (2018), who documented the formation of 
micron-scale aggregates of microbial cells around droplets 
of oil and dispersants. They further noted that the rate 
of aggregation was directly influenced by the concentra-
tion of oil in the water column. These micro-aggregates 
potentially served as important precursors to the forma-
tion of larger MOS particles. Therefore, the observa-
tion that Corexit significantly enhanced their formation 
suggested dispersant application may play a role in the 
development of MOSSFA events. To analyze the role of 
dispersants from the perspective of extracellular polymeric 
substances (EPS), which are crucial for MS/MOS forma-
tion. The study reported that during exposure of chemical 
dispersants to the subarctic northeast Atlantic seawater, 
whether in the presence/absence of crude oil, the disper-
sant stimulated the production of significant quantities of 
EPS that they posit it serves as a key building block in 
the formation of MOS (Suja et al. 2019). Additionally, 
research has tested the hypothesis that the unprecedented 
amounts of chemical dispersants applied during periods of 
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high phytoplankton densities in the Gulf of Mexico induce 
high EPS formation (van Eenennaam et al. 2016), indi-
rectly supporting the notion that dispersants can promote 
MS/MOS formation. From the perspective of the contri-
bution of petroleum hydrocarbon components, our results 
show that the addition of dispersants can increase the total 
amount of N-alkanes in MOS. Furthermore, MOS absorbs 
and scavenges higher molecular weight PAHs in the water 
column, and the application of dispersants enhances the 
incorporation of PAHs into sinking aggregates (Bacosa 
et al. 2020).

However, some research has presented different views 
and conclusions about the effects of dispersants on MOS. 
These studies suggest that dispersants do not accelerate the 
formation of MOS. Based on radiocarbon and C-13 NMR 
results, the presence of dispersants can enhance the amounts 
of petrocarbon being incorporated into the MOS. However, 
a significant portion of the chemically dispersed oil prefer-
entially partitioned into the colloidal and suspended par-
ticulate fractions rather than into the rapidly forming MOS 
(Xu et al. 2018). Moreover, the concentration of dispersants 
used also influences the results. Chiu et al. (2019) found 
that Corexit alone can inhibit EPS aggregation and disperse 

pre-existing microgels. In particular, the dispersant Corexit 
9500A (Corexit : oil ratio = 1:100) impeded the formation 
of microbial MS, requiring a re-evaluation of the benefits 
and detriments associated with Corexit 9500A as a mediat-
ing measure (Passow 2016). In our study, the concentration 
of dispersants used was 1:20. But 1:100 is also within the 
permissible limits, and the different kinds of dispersants also 
affect the experimental results (Mitchell and Holdway 2000).

Impact of SP for the formation of MS/MOS

Previous studies have primarily focused on investigating the 
effect of SP and concentration in situ on MOS formation. 
However, it is important to note that natural suspended sol-
ids and indigenous microorganisms also play critical roles 
in the MOS formation (Fu et al. 2014). Limited research 
has been conducted on the effects of different SP concentra-
tions on MS/MOS formation. In our study, we employed 
a concentration gradient approach to predict the formation 
of MS/MOS at specific concentrations. Our results demon-
strated that an SP concentration of 0.2 g  L–1 significantly 
promoted the formation of MS/MOS (p < 0.05). Although 
concentrations of 0.4 g  L–1 and 0.8 g  L–1 SP weakened the 

Fig. 12  Examples of morphological characteristics in the experimental process
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efficiency of MS/MOS formation, they still contributed to 
the formation and migration of MS/MOS. It should be noted 
that our SP concentration setting was higher than the aver-
age value of Bohai Bay. However, higher SP concentrations 
were observed during the summer season. Therefore, our 
parameter setting aligns with the range of SP concentrations 
observed in Bohai Bay (Qiao et al. 2010).

Regarding the formation of MOS from diesel oil, the pres-
ence of SP serves as a stimulant. As far as we know, there 
have been no previous studies on the formation of MOS 
specifically from diesel oil, making this our first attempt. 
Additionally, in the absence of SP, the effect of dispersants 
was different from that in crude oil experiment, dispersant 
inhibited the formation of MOS. We speculate that this is 
due to the lack of SP as a carrier and lightweight nature of 
diesel oil, which allows it to disperse easily in water and 
makes it more difficult for the particles to flocculate after 
the addition of the dispersants. Interestingly, in the absence 
of SP, diesel oil formed small, white MOS particles, while 
crude oil formed larger, black MOS particles.

According to the size of particles and the state of oil in 
water, different types of oil particle aggregates are formed. 
Currently, three main types of oil particle aggregates (OPA) 
have been identified, including oil gelatinous particle 
aggregates, MOS, and oil droplet-like particle aggregates 
(Boglaienko and Tansel 2018). It can be observed that there 
are certain differences between MOS and OPA. Research 
indicates that the formation of OPA and MOS primarily 
depends on the type of sediment (sand or clay) and its con-
centration (Johnson et al. 2018). Under the same mixing 
intensity, the shape of particles in the OPA and MOS influ-
ences the particle's penetration of oil but has minimal impact 
on the size distribution of oil droplets. Compared to clay 
or smaller particles, larger spherical particles have a lower 
ability to form OPA and MOS (Wen et al. 2021). Addition-
ally, the amount of oil we add differs from the oil quantity 
in the natural environment, resulting in differences in OPA 
and MOS concentrations compared to natural sediment lay-
ers. Furthermore, the selected particle size of SP (40 μm) 
is larger than the particle size of clay (10 μm), which also 
affects the formation of MOS in our study.

Conclusion

Our results provide significant insights into the effects of 
dispersants and the change in SP concentration on the forma-
tion of MS/MOS. These findings are of great importance for 
understanding the environmental consequences of oil spill 
incidents and elevated SP concentrations. By comparing 
the characteristics (i.e., N, Dm, TV) of MS/MOS formed 
under various SP test conditions (i.e., the concentration of 
0.2 g  L–1, 0.4 g  L–1, and 0.8 g  L–1) with and without the 

addition of dispersants, as well as analyzing the variations in 
N-alkanes between the seawater phase and MS/MOS phase, 
we have drawn the following key conclusions:

(1) In the crude oil experiment during 30-day, the addition 
of dispersants resulted in 1.17 times (day 26) increase 
in the largest N value compared to the absence of dis-
persants, and the largest TV value increased by 1.63 
times (day 2) in the presence of 0.4 g  L–1 SP. Further-
more, the addition of dispersants at a concentration of 
0.8 g  L–1 SP led to 2.31 times (day 18) increase in the 
largest N value and 8.56 times (day 18) increase in the 
largest TV value. Therefore, the addition of dispersants 
significantly stimulated N and TV during MS/MOS for-
mation of SP at 0.4 g  L–1 and 0.8 g  L–1 concentration (p 
< 0.05). The total amount of N-alkanes in the SP group 
decreased by 1.5%, 26.3%, and 34.5% (day 30) when 
0.2g  L–1 SP, 0.4 g  L–1 SP, and 0.8 g  L–1 SP were added 
with dispersants, respectively. It represents that the 
concentration of SP has a significantly positive effect 
on the reduction of the total amount of N-alkanes (p < 
0.05). Additionally, it was observed that N-alkanes with 
higher molecular weight (C31–C40) were more chal-
lenging to dissolve into the seawater phase compared 
to those with lower molecular weights.

(2) In the diesel oil experiment during 30-day, the largest 
values of N, Dm, and TV among the MS/MOS forma-
tion in Groups 8 and 10 with dispersants were higher 
than that of Groups 7 and 9 without dispersants at the 
SP concentration of 0.2 g  L–1 and 0.4 g  L–1. These 
results indicated that the presence of dispersants sig-
nificantly increased N, Dm, and TV during the forma-
tion of MS/MOS (p < 0.05).

(3) Our study investigates the effects on dispersants and SP 
in MOS formation. In the crude oil experiment, disper-
sants stimulated MOS formation without SP. However, 
in the diesel oil experiment, dispersants had an inhibi-
tory effect on MOS formation without SP. After adding 
the dispersants to diesel oil or crude oil, the concentra-
tion of 0.2 g  L–1 of SP promoted the formation of MOS 
significantly more than the concentrations of 0.4 g  L–1 
and 0.8 g  L–1 at the later stage of the experiment (after 
day 20) (p < 0.05).
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