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• The adsorption of typical PAHs by Ulva
prolifera detritus was firstly investi-
gated.

• High adsorptive removal efficiency and
low desorption rate of PAHs were ob-
served.

• The maximum adsorption capacity of
phenanthrene was 1.97 μg g−1.

• In situ monitoring using LCSM con-
firmed the adsorption of the PAHs on
detritus.

• The adsorptive removal showed new
natural remediation for coastal sedi-
ment with PAHs.
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Rare information is available on the adsorptive removal of polycyclic aromatic hydrocarbons (PAHs) in the pres-
ence of algal detritus deposited in the coastal sediment during the outbreak of the green tide. The adsorptive re-
moval of typical PAHs byUlva prolifera (U. prolifera) detrituswasfirstly investigated since the algal detrituswas of
great importance for the biogeochemical cycle of coastal contaminants. The results showed that equilibrium ad-
sorptive capacities of naphthalene, phenanthrene and benzo[a] pyrene on theU. prolifera detrituswere 1.27, 1.97,
and 2.49 mg kg−1, respectively, at the initial concentration of 10 μg L−1. The in situ monitoring using laser con-
focal scanning microscopy confirmed the adsorptive removal of PAHs by U. prolifera detritus. The adsorption of
these PAHs was highly pH-dependent. The increase in salinity led to the increase in naphthalene removal rate,
while the salinity showed scarce influence on the removal of phenanthrene and benzo[a] pyrene. There was a
good linear relationship (R2 ≥ 0.9892) between the removal efficiency of PAHs and the initial concentration of
PAHs. Slow desorption kinetics and low desorption rate (b16%) indicated that the adsorptive removal of PAHs
could be benign to the environment. Thesefindings demonstrated that the occurrence of green tide could provide
a newnatural remediation approach for contamination of PAHs through the adsorptive removal by the detritus of
green tidal algae deposited in the coastal sediment.
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1. Introduction
Ulva prolifera (U. prolifera) has been frequently involved in terrible
green tides in the coastal areas. From 2007 onwards, green tides domi-
nated by U. prolifera frequently flourish along the coastal regions of
Jiangsu Province (China) (Liu et al., 2015), and then float northward
with a fresh biomass of 100 million metric tons until land on seashore
of Shandong Province, influencing the coastal ecosystems of north
China. Additionally, N1000 transportation vehicles and 1600fishing ves-
sels were dispatched to clean up the massive bloom, causing an eco-
nomic loss exceeding US $100 million in 2008 (Zhang et al., 2013b).
At the end of algae life circle, patches of dead biomass can deposit,
embed, and be aged into the sediment (Turner, 2015). The algal-
derived nutrients and organicmatter could be released during such pro-
cess, leading to the increase in the concentrations of particulate organic
nitrogen and organic carbon inwater and sediments (Zhou et al., 2018).
These processes are of great importance for the biogeochemical cycle of
coastal contaminants. The algae possess higher ratio of surface to vol-
ume and different functional groups including the carboxyl, hydroxyl
and sulphate groups, which provides them with the potential of sub-
stantially removing pollutants such as nutrients (nitrogen and phos-
phorus) (Fan et al., 2014; Li et al., 2016; Luo et al., 2012; Sun et al.,
2015) and metals (Sarı and Tuzen, 2008a) from seawater. In many pre-
vious studies, the fresh algae were often dried (Gao et al., 2018) and/or
modified by ferric chloride (Son et al., 2018), sulfuric acid (Xiong et al.,
2013) and formaldehyde (Yang and Chen, 2008) to improve the surface
physico-chemical characteristics of algal biomass for reinforcing their
sorption performance. However, the influence of the natural detritus
generated from natural green tidal algae on the attenuation of hazard-
ous organic pollutants in coastal sediment has not been evaluated.

Known as a critical region of earth, the coastal zone is deeply influ-
enced by the human activities (Wen et al., 2017). Coastal areas are
especially vulnerable zones to anthropogenic polycyclic aromatic hy-
drocarbons (PAHs) which mainly originate from incomplete combus-
tion of fossil fuels and oil spills (Sun et al., 2018). PAHs are highly
lipophilic so as to carry toxicological significance to both aquatic organ-
isms and humans via food chains (Luo et al., 2014; Zhang et al., 2017b).
It has been pointed out that dead biomass of the algaemight bemore ef-
fective than living ones for the removal of toxic pollutants (Luo et al.,
2014). The potential influence of the algal detritus on PAHs existing in
aquatic ecosystems with low concentrations is poorly understood al-
though algae serve as the primary producers in coastal and estuarine
systems to play an important role in the fate of PAHs in these ecosys-
tems (Zhang et al., 2017a).

Knowledge on adsorption and desorptionmechanisms of PAHs is es-
sential to reveal their fate and transport in aquatic environments.Mech-
anisms regarding adsorption of PAHs on various adsorbents mainly
include the H-bonding formation, the electron donor–acceptor interac-
tion and the π-π interaction (Yuan et al., 2010). However, information
on adsorption mechanism by algae is very limited. Arias et al. (2017)
found that physico-chemical partition processes played a predominant
role in PAHs biosorption by marine algae Rhodomonas baltica. The sim-
ilar result was also reported by Chen et al. (2011) who studied
biosorption of PAHs by plant residues. They also found that polarity
[(O + N)/C], aromaticity (H/C), and sugar content imposed important
effects on sorptive behavior of the biosorbents (Chen et al., 2011). To
the best of our knowledge, there is no report on the adsorption/desorp-
tion behaviors of PAHs on U. prolifera detritus deposited in coastal sed-
iment. The algal detritusmight be a significant contributor for removing
PAHs in coastal sediments due to the accumulation of huge amounts of
U. prolifera detritus in coastal sediments during the occurrence of green
tide. Previous studies showed that 2- to 3-ring PAHswere predominant
in seawater, 2- to 4-ring PAHs were abundant in suspended particulate
matters, and PAHswith N4 rings were abundant in sediments (Khuman
et al., 2018; Zhang et al., 2017b; Zhao et al., 2015). Therefore, naphtha-
lene (Naph), phenanthrene (Phe) and benzo[a] pyrene (BaP) were
selected as the representative 2-, 3-, and 5-ring PAHs to explore the en-
vironmental effects of U. prolifer detritus due to their frequent detection
in the aquatic environments. The objectives of thiswork are to: (1) eval-
uate the efficiency of U. prolifera detritus on the potentially removing
PAHs; (2) investigate the influences of environmental factors such as
pH, salinity and temperature on adsorptive removal of PAHs; and
(3) clarify mechanisms and kinetics of the adsorption and desorption
of PAHs on the detritus of typical green tide algae deposited in coastal
sediment.

2. Material and methods

2.1. Reagents and materials

Naphthalene (Naph, 99.6% purity) was provided by Dr. Ehrenstorfer
GmbH (Augsburg, Germany). Phenanthrene (Phe, purity N99.0%) and
benzo[a] pyrene (BaP, purity N96.0%) were purchased from Aladdin
(Shanghai, China).Methanol, acetonitrile, n-hexane, and isopropyl alco-
hol were all HPLC grade. The stock solution of Naph (100 mg L−1), Phe
(100 mg L−1), and BaP (100 mg L−1) were prepared in methanol. So-
dium hydroxide and hydrochloric acid were analytical reagents and
used directly. The sediment with U. prolifera detritus were collected in
July 2017 from the coast of Rushan city, China. In the laboratory, the
algae detritus was cleaned with sterile seawater to remove the sedi-
ment, and then kept in freezer maintaining at −20 °C for further
experiments.

2.2. Adsorption studies

2.2.1. Batch experiments
The adsorptive experiments of the three PAHs by the detritus bio-

mass under different environmental factors were conducted in
100 mL conical flask with stopper containing 80 mL sterilized seawater
with relevant concentrations of three target PAHs (Naph, Phe or BaP)
and the detritus of U. prolifera. The concentration of each target PAHs
was 10.0 μg L−1 while that of the algal detritus was 4 g L−1. The flasks
were shaken at rolling speed of 170 rpm under a constant temperature
(20 ± 0.5 °C). After the reaction period, certain aliquots were sampled
and centrifuged at 12000 rpm for 6 min before ultra high performance
liquid chromatography (UPLC) analysis. Two blank adsorptive
experiments, one with the cultural media containing PAHs without
U. prolifera detritus and another containing U. prolifera detritus with-
out PAHs, were also conducted. All experiments were conducted in
triplicate.

To explore the effect of pH on the adsorption process, the pH of reac-
tant solutionswas adjusted to 5.0–10.0 using NaOH or HCl solutions be-
fore addition of U. prolifera detritus. Seawater with salinity of 32 g L−1

was diluted using ultrapure water to the salinity of 24 and 16 g L−1

for evaluating the effect of salinity on adsorption. To investigate the
influence of initial concentration of target PAHs on removal efficiency,
various initial concentrations of Naph (5, 10, 20, 50, and 100 μg L−1),
Phe (5, 10, 20, 50, and 100 μg L−1) and BaP (1, 5, 10, 20, 50, and
100 μg L−1) were obtained by diluting the stock solution of relevant
PAHswith sterile seawater. In addition, temperature was adjusted by
shaker to 10 °C, 20 °C and 30 °C to observe the influence of tempera-
ture on adsorptive removal efficiency of PAHs by detritus of
U. prolifera.

The adsorption efficiency and adsorption capacity (qt) of the three
PAHs were calculated based on Eqs. (1) and (2), respectively.

Removal %ð Þ ¼ C0−Ct

C0
� 100% ð1Þ

qt ¼
C0−Ctð ÞV

m
ð2Þ
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where C0 (μg L−1) is the initial concentration of PAHs in liquid phase; Ct
(μg L−1) represents the concentration of liquid phase PAHs at time t (h);
V (L) is the volume of PAHs solution used andm (g) is themass of detri-
tus biomass used.

The detritus-water partition coefficients (Kdw) of the Naph, Phe and
BaP are calculated as follows (Eq. (3)):

Kdw ¼ qe=Ce ð3Þ

where qe (mg kg−1) is the adsorption capacity of PAHs at equilibrium;
Ce (μg L−1) represents the concentration of liquid phase PAHs at equilib-
rium; Kdw values were obtained from regression analysis of qe versus Ce
for five different initial PAHs levels.

2.2.2. Adsorption kinetics
The kinetics experiments were carried out at 20 ± 0.5 °C to investi-

gate the influence of contact time on PAHs adsorption. Samples were
collected at given time intervals until the concentration of PAHs in the
solution became constant. In addition, two typical kinetic models,
pseudo first-order (Eq. (4)) and pseudo second-order (Eq. (5)) (Wen
et al., 2012) were applied to describe the adsorption kinetics of PAHs.
The equations are shown as follows:

ln qe−qtð Þ ¼ lnqe−k1t ð4Þ

t
qt

¼ 1
k2qe

2 þ
1
qe

t ð5Þ

where qe (mg kg−1) is the equilibrium adsorption capacity; k1 (h−1)
and k2 (g (μg h)−1) are the rate constant of pseudo-first-order and
pseudo-second-order adsorption, respectively.

In order to obtain further information on the mechanism of adsorp-
tion and potential rate controlling steps such as mass transport and dif-
fusion control processes, an intraparticle diffusion model has been
applied to predict the rate-controlling step, and its equation (Eq. (6))
can be expressed as follows:

qt ¼ kit0:5 þ C ð6Þ

where ki (mg kg−1 h1/2) is the intraparticle diffusion rate constant, and C
is the intercept.

2.2.3. Adsorptive isotherm experiment
Temperature was adjusted by shaker to 10 °C, 20 °C and 30 °C at

170 rpm and an adsorptive isotherm curvewas established by changing
the concentrations of PAHs (Naph and Phe: 5–100 μg L−1, BaP: 1–100
μg L−1). The Langmuir model (Eq. (7)) and Freundlich model (Eq. (8))
were used for the mathematical description of the PAHs adsorption.
The Langmuir isotherm is valid for monolayer adsorption onto a surface
with a finite number of identical sites (Bulgariu and Bulgariu, 2012). As
a modification of the Langmuir model, the Freundlich model is appro-
priate to describe binding adsorptive isotherms for organic contami-
nants onto inhomogeneous or rough adsorbent surfaces (i.e., algae)
with multiple adsorption sites (Bhattacharya et al., 2010).

qe ¼
QmkLCe

1þ kLCe
ð7Þ

qe ¼ kFCe
1=n ð8Þ

where Ce (μg L−1) represents the concentration of contaminant in the
aqueous phase at equilibrium; Qm (mg kg−1) is the maximum mono-
layer adsorption capacity; KL and KF (L g−1) are the constants related
to the Langmuir and Freundlich isotherms, respectively; 1/n is the
Freundlich exponent and an indicator of the site energy distribution of
a sorbent (i.e. sorbent heterogeneity decreases as n increases) (Bakir
et al., 2014).
2.2.4. The isolation of algal fractions and their effects on adsorptive removal
of PAHs

The algal fractions of theU. prolifera detritus were isolated according
to Pieber et al. (Pieber et al., 2012) with some modifications. The detri-
tuswas lyophilized overnight using a freeze-dryer (FD-1A-50, Boyikang,
Beijing, China). The lyophilized detritus (approximately 42% of original
FW (fresh weight)) were powdered to extract lipid fraction and poly-
saccharides fraction by using an APLE 1000 accelerated solvent extrac-
tion apparatus (Titan, Beijing, China) equipped with 22 mL stainless-
steel extraction cells. The lipid fraction extraction was performed with
the solvent mixtures n-hexane/isopropyl alcohol (3:2 v/v) at 110 °C
using a static extraction time of 180 s per cycle (two extraction cycles)
at a pressure of 10MPa (preheat time: 120 s, heating for 360 s, flush vol-
ume: 40% of cell volume, purge time: 60 s). The polysaccharides fraction
was extracted under ultrapure water with preheating for 120 s, heating
for 300 s, extraction at 15.0 MPa, static extraction for 300 s, two extrac-
tion cycles, flush volume of 40%, and purge time of 60 s. The residual
solids were separated from the extraction, and then lyophilized over-
night by freeze-dryer to extract out the lipid-free or polysaccharides-
free algae detritus for further absorptive study. Each additive amount
of the algal fractions in the adsorption experiments was also 4 g L−1.
2.3. In-situ observation

A laser scanning confocal microscope (LCSM, Olympus Fluoview
FV1000) with a 40× objective lens was applied to observe the algae
samples to visualize the adsorption of PAHs on U. prolifera detritus.
The LCSM wavelength was set at 405 nm. Images of PAHs in/on the tis-
sues of U. prolifera detritus were inspected and processed by the Viewer
software (FV10-ASW 2.1c).
2.4. Desorption tests

Desorption tests were conducted to assess the potential release of
contaminants from the detritus of algae. The exhausted U. prolifera de-
tritus was collected after filtration from the kinetic tests. Thereafter, a
known weight of detritus was placed in seawater without PAHs. At
given time intervals, samples were collected until the concentrations
of PAHs in the solution became constant. The desorption rate (Eq. (9))
was calculated based on the final concentration of PAHs in desorption
medium and the initially amounts of PAHs adsorbed on the U. prolifera
detritus:

Desoprtion %ð Þ ¼ Released PAHs
Initially sorbed PAHs

� 100% ð9Þ
2.5. Analytical methods

The PAHs samples were detected by a ACQUITY UPLC system (Wa-
ters, Milford, USA) equipped with a C18 reverse phase column (2.1
× 50 mm, 1.7 μm). The mobile phase was H2O/acetonitrile (20/80, v/v
%) and the flow rate was 0.2mLmin−1. The fluorescence of eluted com-
pounds was monitored at λex 224 nm/λem 325 nm, λex 242 nm/λem

360 nm, and λex 285 nm/λem 410 nm for Naph, Phe and BaP, respec-
tively, using a fluorescence detector (Waters, Milford, USA). The injec-
tion volume was 10 μL. The detection limits for Naph, Phe and BaP
were 0.3 μg L−1, 0.3 μg L−1 and 0.1 μg L−1, respectively. Themethod re-
coveries ranged from95% to 98%while the RSD valueswere in the range
of 0.1%–0.2% to meet the detection requirements. All experiments were
conducted in triplicate. The results were analyzed by Origin 8.5 and
SPSS 20.0. One-way ANOVA and the t-test were employed to compare
the differences of the PAHs removal efficiency under various treat-
ments. The significance level was considered as p b 0.05.
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3. Results and discussion

3.1. Adsorptive removal of PAHs

Fig. 1a shows the change of adsorbed PAHs (Naph, Phe and BaP) as a
function of contact time. The detritus biomass adsorbed up to 51%, 79%,
and 99% of the total amount of Naph, Phe, and BaP at initial concentra-
tion of 10 μg L−1 within 24 h. All the plots showed the same general fea-
tures of a very rapid initial stage followed by a longer period of much
slower uptake. Amount of adsorbed target PAHs increased rapidly
until the contact time reached 2 h for BaP, 6 h for Phe, and 10 h for
Naph, indicating that Naph needed more time to reach equilibrium
than Phe and BaP. After this quick step, the adsorption rate became
slower and no further significant adsorption was observed beyond
24 h. The loss of PAHs during adsorptive test without the detritus was
b8% while no additional PAHs were introduced into the adsorptive sys-
tems by theU. prolifera detritus according to the results of blank adsorp-
tive experiments, confirming that the target PAHs were mainly
removed through the adsorption in the presence of detritus of green
tidal algae. The results showed that equilibrium adsorptive capacities
of Naph, Phe and BaP on the U. prolifera detritus were 1.27, 1.97, and
2.49 mg kg−1, respectively. The fluorescence of PAHs was clearly ob-
served based on the LCSM images to show the accumulation of PAHs
on the detritus of U. prolifera (Fig. 2), reconfirming the adsorption of
PAHs on U. prolifera detritus. A few studies also demonstrated that
algal biomass was capable of accumulating PAH compounds by
Fig. 1. Adsorptive kinetics of naphthalene (Naph), phenanthrene (Phe) and benzo[a]
pyrene (BaP) on the detritus of Ulva prolifera. (a) Pseudo-first-order and pseudo-
second-order model, and (b) intraparticle diffusion model fitting curves of the
experimental data.
adsorptive processes (Chen et al., 2011; Christensen and Rorrer, 2009;
Zhang et al., 2013a).

The kinetic data fitted better with pseudo-second-order model (R2

values ranged from 0.9072 to 0.9977) than pseudo-first-order model
(R2 values ranged from 0.8609 to 0.9928) (Fig. 1a), suggesting that the
adsorption process might be chemisorption. This was consistent with
other reports on the adsorptive kinetics of typical PAHs on the dead tis-
sue of brown seaweed Sargassum hemiphyllum (Chung et al., 2007). Al-
though the pseudo-second-order model described the reaction kinetics
well, it is confined in accuracy by considering adsorption as a one-step
binding process (Ren et al., 2012). The intraparticle diffusion model
could demonstrate comprehensive view of the adsorption process
with several distinct steps (D'Arcy et al., 2011). Fig. 1b presented the
plots of qt against t1/2 based on intraparticle diffusion model. It clearly
showed three linear sections and this multi-linearity further indicated
the complexity of the adsorption process. The first linear portion was
a fast stage. This could be caused by the quick transfer of PAHs from
bulk phase to detritus surface. The second linear sectionwas amoderate
adsorption process during which the rate of adsorption was governed
by the intraparticle diffusion in the pore structure. The third linear
step was final equilibrium. The intraparticle diffusion is the only rate
controlling process if the line passes through the origin, otherwise ex-
ternal mass transfer controls the adsorption to some degree (Li and
Zhang, 2017). Interestingly, only the first stage passed through the ori-
gin while the others did not according to Fig. 1b. Therefore, it could be
deduced that except for chemical non-equilibrium, intraparticle diffu-
sion was also involved in the sorption processes of PAHs. Additionally,
the value of the intercept C in the second section provides information
related to the boundary layer thickness (Boparai et al., 2011). The larger
intercepts indicate the larger role of the surface diffusion as the rate-
limiting step. The intercept values of this study increased as the follow-
ing: BaP N Phe N Naph, which suggested that the surface diffusion be-
came more important as their hydrophobicity increasing.

3.2. Effects of detritus fractions on the adsorption of PAHs

Algal biomass has many functional groups such as carboxyl, hy-
droxyl and sulphate groups that are generated by their complex poly-
saccharides, protein and lipid components (Sarı and Tuzen, 2008a),
which suggests that the adsorption process may be affected by these
algal detritus fractions. This study evaluated the contributions of lipid
and polysaccharides fraction of algal detritus on adsorptive removal of
PAHs to better understand the interaction behavior between the detri-
tus and contaminants. After the removal of the lipid fractions, the ad-
sorption capacity of BaP, Phe, and Naph reduced by 25%, 23%, and 8%,
respectively (Fig. 3). Clearly, the lipid fractions played an important
role in the adsorption of PAHs. The adsorption capacity of Phe and BaP
reduced slightly after the removal of polysaccharides, implying that
polysaccharides might be of less effect on Phe and BaP removal process.
However, the adsorption capacity of Naph increased by 57% after poly-
saccharides removal. A rational explanation is related to the change in
composition and structure of U. prolifera detritus and the nature prop-
erty of pollutants. After removal of polysaccharides fraction, the forma-
tion of more and/or larger pores on the detritus was in favor of the
intraparticle diffusion of pollutants with lower hydrophobicity, which
led to the sharp increase in the adsorption capacity of Naph.

3.3. Effect of salinity and pH on PAHs adsorptive removal

The coastal environments could be subjected to fluctuations in envi-
ronmental variables such as salinity and pH, which may alter the ad-
sorptive removal of organic pollutant on U. prolifera detritus. In this
study, a salinity gradient representing estuarine and marine conditions,
with salinities corresponding to 16, 24 and 32 g L−1 was evaluated.
Fig. 4a showed the effect of salinity on the removal of the three PAHs
by detritus of U. prolifera. The equilibrium removal capacities of the



Fig. 2. Laser scanning confocal microscope (LCSM) image of the three PAHs distributed in control (a, b, c), naphthalene-algae (d, e, f), phenanthrene-algae (g, h, i), and benzo[a] pyrene-
algae (j, k, l) under brightfield image (a, d, g, j), green fluorescence image (b, e, h, k) and overlay image (c, f, i, l) (×10, λex = 405 nm).

Fig. 3. The influence of the lipid and polysaccharides fraction of the detritus of Ulva
prolifera on the adsorptive removal of naphthalene (Naph), phenanthrene (Phe) and
benzo[a] pyrene (BaP).
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PHE and BaP were similar among the treatments. In contrast, a three-
fold increase in the adsorption capacity of NaP was observed when the
salinity increased from 16 to 32 g L−1. One reasonable explanation for
the increasemight be the salting-out effect that leads to the reduced sol-
ubility of organic compounds (Lu et al., 2017).

The adsorptive capacity of U. prolifera detritus for Naph and Phe ex-
hibited a similar variation as pH increased from 5.0 to 8.0 and thereafter
decreased sharply with further increased pH (Fig. 4b). The maximum
equilibrium adsorptive capacity for Naph and Phe was determined as
1.27 and 2.02 mg kg−1 at pH 8.0, respectively. No significant variations
for BaP removalwere observed under various initial pH (5.0–9.0), while
constant alkalinity resulted in an alleviated sorption by detritus. Since
the pH of wastewater discharged into coastal area usually ranged from
5.5 to 9.0 (Lu et al., 2017), the influence of pHfluctuation on the adsorp-
tion of BaP by the algal detritus can be neglected in most cases. Similar
results were obtained by Chung et al. (Chung et al., 2007) who found
that the equilibrium removal capacities for Phe by Sargassum
hemiphyllum (brown seaweed) were higher under treatments around
neutral. It is well known that pH could affect the protonation of the



Fig. 4. Effects of (a) salinity, (b) pH and (c) initial concentration on the removal of
naphthalene (Naph), phenanthrene (Phe), and benzo[a] pyrene (BaP) by Ulva prolifera
detritus. Groups sharing the same letter within each treatment are not significantly
different as classified by one-way ANOVA test (p b 0.05).
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functional groups on the algal biomass. The cell wall ligands were pro-
tonated at low pH while they carried negative charges at relatively
high pH (Gupta and Rastogi, 2008). The ligands carried less charges
around neutral since PAHs are non-polar and non-ionizable aromatic
compounds, which subsequently led to relatively high PAHs adsorption
capacity.

3.4. Effect of initial concentration of PAHs

The initial concentration could provide essential driving force to
overcome the mass transfer resistances of the pollutants between the
aqueous and solid phases (Vijayaraghavan et al., 2008). Therefore, a
higher initial concentration of contaminants will promote the adsorp-
tion process. The equilibrium sorption capacity as a function of the ini-
tial concentration was shown in Fig. 4c. The increase in the initial
concentration of PAHs led to the increase in the equilibrium sorption ca-
pacity of the detritus. A linear relationship (R2 ≥ 0.9892) between initial
concentration and the adsorption capacity maintained even at relative
high concentrations (up to 100 μg L−1), indicating the potential high
PAHs removal capacity ofU. proliferadetritus in coastal sediment during
the end of green tides.

Partition coefficient (Kd) is an effective parameter for estimating the
distribution of target pollutants between two phases, which could have
great influence on the fate andmobility of contaminants in the environ-
ment (Chung et al., 2007). The detritus-water partition coefficient (Kdw)
was calculated as 0.14 L g−1 for Naph, 2.89 L g−1 for Phe, and 34.68 L g−1

for BaP. Considering that Naph (logKow = 3.37), Phe (logKow = 4.57),
and BaP (logKow = 5.91) possess 10 times difference in their octanol–
water partitioning constant (Kow), PAH compounds were preferentially
partitioning into the lipophilic biomass constituents of the detritus.
Some related work was also conducted to estimate partitioning con-
stants of PAHs for marine algae. Christensen and Rorrer (Christensen
and Rorrer, 2009) reported that the predicted Kd based on lipid content
was 0.093 L (g DW)−1 for Naph and 1.5 L (g DW)−1 for Phe, respec-
tively. Whereas Zhang et al. (Zhang et al., 2013a) reported that the
Phe partitioning constant for three market algal species (Spirulina, Sea-
weed, Porphyra) were from 0.91 to 1.47 μg g OC−1/(μg L−1).

3.5. Adsorption isotherms

The Freundlich model fitted the experimental data well with high
correlation coefficients (R2 values ranged from 0.9633 to 0.9997)
(Fig. 5) and the equilibrium isotherm for all three PAHs were linear
(1/n = 1), indicating that the primary mechanism of sorption was
partitioning into algae detritus. KF, one of the Freundlich constants, is
an indicator for the adsorption capacity, while n, the other Freundlich
constant relating to adsorption intensity, has a lower value in the case
of more heterogeneous surfaces (Sarı and Tuzen, 2008b). The values
of KF decreased with the rise in temperature from 10 °C to 30 °C for
Naph and Phe (Fig. 5 inset). The maximum adsorptive capacity of
PAHs by the detritus was determined as 21.04 and 23.60 mg kg−1 for
Naph and Phe at 10 °C, respectively. The adsorptive capacity decreased
with increasing temperature, which indicated that the adsorptive pro-
cess was exothermic in nature. Conversely, higher temperature was
beneficial for BaP removal by detritus biomass, and the maximum ad-
sorption capacitywas determined as 24.75 μg L−1 at 20 °C. The obtained
values of n indicated a high adsorption ability of each PAH by detritus at
all temperatures. This observation is consistentwith the previous report
on cultured algae andmarket algae biomasses (Zhang et al., 2013a). The
isotherms of the three PAHs showed no obvious saturation over the
PAHs concentration (Naph and Phe: 5–100 μg L−1, BaP: 1–100 μg L−1)
and temperature ranges (10–30 °C), indicating that a complete mono-
layer of PAHs covering on the surface of U. prolifera detritus was not
formed.

3.6. Desorption

Desorption results which followed the adsorption were shown in
Fig. 6. The total amounts of desorption of Naph, Phe and BaP from
algal detritus to the aqueous phase were 16.26, 19.36, and 0.18 ng,
respectively, while the desorption rates were about 16%, 12%, and
0.1% of their amounts of sorption, respectively. The low desorption
rates of PAHs indicated the strong bonding between the adsorbed
PAHs and the sportive sites on the algal detritus. Low desorption
rates of PAHs in adsorption-desorption system was also observed
in previous studies (Kan et al., 2000; Oh et al., 2013; Yang et al.,
2013). PAHs with higher hydrophobicity and low solubility in



Fig. 5. Adsorptive isotherms of naphthalene (Naph), phenanthrene (Phe) and benzo[a]
pyrene (BaP) on the detritus of U. prolifera at different temperature. Inset: Freundlich
adsorption isotherm constants for the adsorption of the PAHs by non-viable biomass of
U. prolifera at different temperature.

Fig. 6. (a) The adsorption-desorption dynamic curves of naphthalene (Naph),
phenanthrene (Phe) and benzo[a] pyrene (BaP) on the detritus of Ulva prolifera and
(b) Pseudo-first-order and pseudo-second-order kinetic equations fitting curves of the
desorptive experimental data.
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water are more strongly adsorbed onto the organic matters so as to
reside in the desorption-resistant fraction in the coastal environ-
ment (Oh et al., 2013). The kinetics of PAHs desorption were gener-
ally well described by the pseudo-first-order kinetic model (R2

values ranged from 0.9446 to 0.9827), suggesting that the mecha-
nism of desorption process was quite different with that of the
adsorption process followed a pseudo-second-order kinetics. De-
sorption kinetic results demonstrated the extremely slow desorption
process. More than 85% of the irreversibly sorbed compounds was
tightly trapped while the subsequently desorption was extremely
slow, which provided a new natural remediation approach to
support the assumption that no substantial risk to health or the
environment will be added if trace level tightly-bound contaminants
are left in the algal detritus. The irreversibly sorbed chemicals
are commonly considered ‘benign’ to the environment (Kan et al.,
2000).
4. Conclusions

The adsorptive removal of selected polycyclic aromatic hydrocarbon
by detritus of harmful green tide algae deposited in coastal sediment
was firstly investigated. The three target PAHs were quickly adsorbed
on the detritus following a pseudo-second-order kinetics. The adsorp-
tion isotherm fitted well with the Freundlich model. The lipid fraction
of the algal detritus was of importance on the adsorptive removal of
PAHs. The removal efficiency byU. proliferamaintained a linear relation-
ship with initial concentration of PAHs even at 100 μg L−1 which was
much higher than the environmentally relevant concentrations. De-
sorption of PAHs on the algal detritus followed pseudo-first-order ad-
sorption kinetics. The extremely low desorption rate suggested that
PAHs were tightly trapped in the detritus of green tidal algae. Given
the deposition of huge amounts of U. prolifera detritus in coastal sedi-
ments during the occurrence of green tide, the algal detritus could be
a significant contributor for removing PAHs. These findings indicated
that the deposition of the detritus of algae during the outbreak of
green tide algaemight provide a newnatural remediation for PAHs con-
tamination in coastal sediments in the terms of the efficient adsorptive
removal by detritus of green tidal algae.
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