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The adsorption of phthalate esters (PAEs) in mangrove sediment greatly influences their availability to aquatic
organisms, however, the adsorption processes of PAEs in mangrove sediment, as well as the effects of root
exudates, are poorly understood. In this study, dimethyl phthalate (DMP), diethyl phthalate (DEP) and dibutyl
phthalate (DBP) was used as model PAEs to determine the effects and mechanism of citric acid on the adsorption
kinetics and isotherms of PAEs in the mangrove sediments. The adsorption kinetics followed pseudo-second
order model, describing the characteristics of heterogeneous chemisorption of PAEs in mangrove sediments. The
adsorption isotherms of DMP and DEP followed Freundlich model, implying the characteristics of surface
multilayer heterogeneous adsorption; while the Henry model better described the adsorption isotherms of DBP,
suggesting that hydrophobic partition accounted for DBP adsorption in the mangrove sediments. Inter-chemical
variability was observed in adsorption capacity (qe) with the sequence of DBP > DEP > DMP. Surface polarity
index ((C-O + COOH + C˭O)%) of particulate organic matter (POM) regulated the adsorption capacity of DMP
and DEP in mangrove sediments, while different POM content among mangrove sediments explained the difference in the sorption strength for DBP. The presence of citric acid enhanced the qe of the three PAEs by
6.4–12.6%. These findings are of great significance to reveal that the root exudates play a crucial role in the PAEs
adsorption in mangrove sediments, and provide valuable information for availability of PAEs in mangrove
ecosystem.

1. Introduction
Phthalate esters (PAEs) are ubiquitous in the environment due to
their widespread usage in industrial, agricultural and domestic fields,
including plastic products, pesticides, cosmetics and personal care
products (Zeng et al., 2009; Cheng et al., 2013; Li et al., 2015). Statistically the worldwide production of PAEs exceeds five million tons
annually (Maraqa et al., 2011; Sun et al., 2012), and accidently daily
human consumption of PAEs may be as high as 70 μg kg−1 day−1 (Net
et al., 2015). PAEs have a potential tendency for bioaccumulation and
may act as endocrine disruption compounds (EDCs) affecting the
normal function of the reproductive system and development of humans and animals at much low concentrations (Gu et al., 2005). For
instance, several of the most common PAEs, such as dibutyl phthalate
(DBP) and di-(2-ethylhexyl) phthalate (DEHP), are known to reduce the
quality of human semen (Wu et al., 2018). Several regulatory bodies,
including the US Environmental Protection Agency and the European
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Union, have classified PAEs as EDCs and as ‘priority pollutants’ (Sun
et al., 2012).
Previous studies focused on the development of analytical methods
(Lin et al., 2003), and distribution of individual congeners and commercial mixtures of PAEs in atmosphere and air particulate matter
(Salapasidou et al., 2011; Chen et al., 2018), soil (Liu et al., 2010; Zhao
et al., 2018), sewage sludge (Clarke and Smith, 2011), water and surface sediments (Fromme et al., 2002; Paluselli et al., 2018), and the
tissues and fluids of wildlife and humans (Guo et al., 2011; Kim et al.,
2011). Consequently, the contamination and environmental behaviors
of PAEs have become an important research topic in the world. Due to
the high hydrophobicity and low solubility of PAEs, most of them tend
to be adsorbed on soil particles strongly, and the presence of soil organic matter (SOM) is of great importance for the adsorption of PAEs
(Ahmed et al., 2015). Mangrove ecosystems, important intertidal estuarine wetlands along the coastlines of tropical and subtropical regions, are usually sinks of contaminants of emerging concern (CECs)
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from the aquatic system due to the high productivity and rich organic
matters (Sun et al., 2016), and it plays an important role in the accumulation and bioconversion of CECs, including PAEs (Yuan et al.,
2010), polybrominated diphenyl ether (Pan et al., 2017). Up to date,
there is very limited information on the adsorption of PAEs by mangrove sediment.
Mangrove roots secrete a wide range of organic compounds into the
rhizospheric environment, known as root exudates that are always divided into low- and high-molecular weight exudates (Haichar et al.,
2014). Low-molecular-weight organic acids (LMWOAs) are chemically
active, and they can be easily involved in a series of rhizospheric processes, such as the regulation of plant growth, detoxification of harmful
elements (Tao et al., 2003; Lu et al., 2007), promoting the mobility of
pyrene (An et al., 2010; Jia et al., 2018), and serving as substrates for
microbial metabolism (Shukla et al., 2011). However, the fate appertaining to the adsorption behavior of PAEs in mangrove sediments affected by LMWOAs remains unclear.
The range of LMWOAs secreted by roots varies with plant species
(Wang et al., 2014), but citric, lactic and acetic acids are most frequently detected and dominant components of LMWOAs in mangrove
sediments (Lu et al., 2007). Therefore in the present study, citric acid
was selected as model LMWOAs, and the objective was to investigate
the effects of citric acid on the adsorption of dimethyl phthalate (DMP),
diethyl phthalate (DEP) and dibutyl phthalate (DBP) by mangrove sediments.

and carbonyl C (190–220 ppm). The surface functionalities were determined using a Quantum 2000 Scanning Electron Microprobe (Physical Electronics, US) combined with X-ray Photoelectron Spectroscopy
(XPS) (225 W, 15 mA, 15 kV) (EscaLab 250Xi, Thermo Scientific, US).
2.3. Adsorption experiment
Batch experiments were performed to examine the effects of citric
acid on adsorption kinetics and isotherms of DMP, DEP and DBP in the
sediment-water system as described in previous studies (Sun et al.,
2011; Wu et al., 2018). Background solutions contained 100 mg L−1
NaN3 to inhibit bacterial growth, and 0.01 M CaCl2 to maintain a
constant ionic strength (Sun et al., 2012). The stock solutions of solutes
dissolved in methanol were diluted using ultrapure water to obtain the
working solutions containing different solute concentrations
(0.1–200 mg L−1 for DMP, 0.1–120 mg L−1 for DEP and 0.1–8 mg L−1
for DBP). 50 mg of sediment samples were treated with 50 mL citric
acid (50 mg L−1) in a 20-mL brown glass bottle. Methanol concentration in aqueous phase was controlled below 0.1% to avoid the co-solvent effect. The ratio of solid/liquid was obtained prior to the experiment to achieve 20–80% adsorption of initial adsorbates at equilibrium.
All the bottles were incubated at 30 rpm and 25 °C in the dark for 0.05,
0.5, 2, 5, 10, 15 and 20 h. At each time point, three replicates were
performed for PAEs analyses. Blanks with no additional sorbents
showed that the losses caused by the adsorption to bottle wall and
degradation were found to be less than 3% of the spiked PAEs content.

2. Materials and methods

2.4. PAEs analysis

2.1. Chemicals and sediment

The instrumental analysis for the DMP, DEP and DBP were performed according to the method recorded in previous study (Wu et al.,
2018). 2 mL samples were first centrifuged at 10,000 rpm for 3 min. The
concentrations of DMP, DEP and DBP in supernatant were analyzed
using HPLC (Agilent 1100, reversed phase C18, 250 mm × 4.6 mm ×
5 µm) with UV detection. The mobile phase consisted a mixture of
methanol and ultra-pure water (80:20, v/v) at a flow rate of 0.8 mL
min−1. The injection volume and column temperature was 20 μL and
35 °C, respectively. The detection wavelength of the UV detector was
set at 226 nm.

DMP (purity > 99.5%), DEP (purity > 99.5%) and DBP (purity >
99%) were purchased from Dr. Ehrenstorfer GmbH (Augsburg,
Germany). The characteristics of the three main compounds were depicted in Table S1. NaN3, CaCl2, methanol and citric acid with the
purity of analytical grade were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).
The sediment samples were collected from the surface layer
(0–20 cm)
of
Yunxiao
mangrove
swamp
(23°58′N,
117°27′E), Jiulongjiang Estuary mangrove wetland (24°21′N, 117°54′E)
in Fujian province (China), and Zhanjiang Estuary mangrove wetland
(20°72′N, 110°25′E) in Guangzhou province (China), respectively. The
sediment samples were labeled as JL, YX and ZJ mangrove sediments,
respectively. The sediment samples were air-dried, homogenized and
passed through 2-mm mesh prior to be used for adsorption experiments.
For comprehensively understanding the role of particulate organic
matter (POM) in PAEs adsorption, mangrove sediments with low mineral content was prepared using the chemical extraction method
(Lopez-Sangil and Rovira, 2013).

2.5. Data analysis
2.5.1. Adsorption kinetics
The adsorption kinetics of the three PAEs in sediment in the absence
and presence of citric acid were described using the pseudo-first-order
(Eq. (1)) and pseudo-second-order models (Eq. (2)) (Wu et al., 2018).

ln

2.2. Characteristics of mangrove sediments
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The organic carbon content of the sediment samples were measured
using a Total Organic Carbon Analyzer (TOC-5000, Shimadzu, Japan).
According to the method recorded in pervious study (Lopez-Sangil and
Rovira, 2013), free/occluded POM and mineral-associated organic
matter fractions were separated from the mangrove sediment samples.
A Vario El Cube Elemental Analyzer (Elementar, Germany) was applied
for the CHON analysis of POM. The mineral distribution in mangrove
sediments was measured using Field Emission Scanning Electron Microscopy equipped with Energy Dispersive X-ray spectroscopy (FESEMEDX) at 25 kV (LEO 1530, UK). The C assignments of 13C NMR spectra
were obtained using a Bruker Avance III 600 MHz NMR spectrometer
(Germany) at a 13C frequency of 100 MHz. The compositions of different carbon types were obtained via scanning six regions, including
alkyl C (0–50 ppm), O-alkyl C (50–109 ppm), aromatic C
(109–145 ppm), phenolic C (145–163 ppm), carboxyl C (163–190 ppm)

(2)
−1

where qe and qt (mg kg ) represent the amounts of adsorbed PAEs at
equilibrium and at any time t (h), respectively; k1 (h−1) and k2 (kg (mg
h)−1) are the rate constants of the pseudo-first-order and pseudosecond-order equations, respectively.
2.5.2. Adsorption isotherms
The adsorption isotherms of PAEs in mangrove sediments with and
without citric acid were described using Henry (Eq. (3)), Langmuir (Eq.
(4)) and Freundlich models (Eq. (5)) (Réguer et al., 2011):
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qe = kF Ce1/ n

(5)
−1

where qe (mg kg ) is the concentration of PAEs adsorbed by the sediment; Ce (mg L−1) denotes the equilibrium concentration of PAEs in
the solution phase; kH (L mg−1) represent the Henry model adsorption
coefficient (partition coefficient between sediment and water); kL (L
mg−1) denotes the Langmuir model coefficient as related to t the adsorption intensity and affinity, and qm (mg kg−1) is the maximum adsorption capacity of PAEs; kF ((mg kg−1)/(mg L−1)n) refers to the
binding energy constant reflected the adsorption capacity of PAEs to
adsorbents and n represents the isotherm nonlinearity index
(0 < n < 1).
The thermodynamic parameter of Gibbs free energy (ΔG) was calculated through the following equation (Vimonses et al., 2009):

G=

RTlnkH

where T = 298.15 K; R is constant (8.314 J (mol K)−1), T is the absolute
temperature in Kelvin (K), kH denotes the Henry coefficient (L mg−1).
2.6. Statistical analysis
All experiments were performed in triplicate and the average values
were presented as the final results. The statistical analysis of variance
(ANOVA) was applied with SPSS (version 19.0) at significance level of
95% (P < 0.05).
3. Results and discussions
3.1. Adsorption kinetics of PAEs in mangrove sediments
The adsorption kinetics of DMP, DEP and DBP in mangrove sediments are depicted Fig. 1. The adsorption processes could be divided
into two stages, regardless of the presence of citric acid. The initial step
was fast and lasted approximately 2 h. During this stage, the adsorbed
amount of PAEs in mangrove sediments increased sharply. In the
second step, the increase in adsorption amount became slower. Finally,
no significant change was observed in the adsorption amount of PAEs in
the sediments over time, indicating that the adsorption achieved
equilibrium. Overall, all of the three PAEs reached a final equilibrium
within 10 h. For each PAE chemical, the maximum adsorption capacities (qe) with citric acid were greater than that without citric acid,
indicating that the addition of citric acid promoted the PAEs adsorption.
In this study, the mechanism explaining the adsorption processes of
PAEs in mangrove sediments was studied by fitting adsorption kinetics
to pseudo-first-order and pseudo-second-order models. As recorded
previously (Mirmohamadsadeghi et al., 2012; Wu et al., 2018), pseudofirst-order model describes the single layer of adsorption through
boundary layer diffusion, while pseudo-second-order model assumes
that the chemisorption is the rate-limiting step. The fitting results and
related parameters for PAEs adsorption in mangrove sediments using
the two models were displayed in Fig. 1 and Table 1, respectively.
Obviously, the pseudo-second-order model gave better fit for the adsorption kinetics of three PAEs in mangrove sediments as suggested by
their higher correlation coefficients (R2) than that of pseudo-first-order
model, regardless of the presence of citric acid. The observation indicates the chemisorption of PAEs in mangrove sediments, including by
the valence electron forces through sharing or exchanging electrons
between the active groups on sediment surfaces and PAEs (Wang et al.,
2016). For any given mangrove sediment, the pseudo-second-order
adsorption rate constants (k2) followed DBP > DEP > DMP (Table 1),
which was in good agreement with the adsorption rate of PAEs to the
clay layer (Liu et al., 2013). Linear relationship was found between k2
and the straight chain carbon number of PAEs (Fig. 2). Specifically, the
equations were as follows for the sediments without citric acid: YX, k2
= 0.075 + 0.22 nSC (R2 = 0.99); JL, k2 = 0.048 + 0.27 nSC (R2 =

Fig. 1. Adsorption kinetics of DMP, DEP and DBP in mangrove sediments (solid
marks) with simulations of pseudo-second-order model, as affected by
50 mg L−1 citric acid (hollow marks).

0.98); ZJ, k2 = 0.056 + 0.19 nSC (R2 = 0.99). Meanwhile, the equations were as follows for the ones with citric acid: YX, k2
= 0.076 + 0.27 nSC (R2 = 0.98); JL, k2 = 0.041 + 0.33 nSC (R2 =
0.99); ZJ, k2 = 0.044 + 0.28 nSC (R2 = 0.99).
The qe of the three PAEs varied significantly following the sequence
of DBP > DEP > DMP (P < 0.05), regardless of the presence of citric
acid (Fig. 1 and Table 1), indicating the qe value escalated with the
increasing straight chain carbon number of PAEs, or adsorbed concentrations were positively proportional to PAE hydrophobicity, with
strongest sorption for the highly nonpolar DBP followed by the polar
DEP and DMP. The result was consistent with the adsorption of PAEs in
the clay layer reported by Liu et al. (2013), specifically, partition
coefficient increased with carbon numbers of the straight carbon chain.
In addition, the qe varied with mangrove sediments of different sources,
following JL > YX > ZJ for DMP and DEP, and following YX > JL >
ZJ for DBP. The adsorption capacity for organic contaminants has been
reported to be greatly dependent on organic matter of soils/sediments
(Cornelissen et al., 2005; Xu and Li, 2008). Wu et al. (2018) found a
significant positive correlation between adsorption capacity of DBP and
SOM content in soil. Different from previous studies, no significant
correlation between qe and the total organic matter (TOM) were observed for the spiked mangrove sediments in this work. Recently, Cao
et al. (2015) reported that the sorption capacity of POM for polycyclic
aromatic hydrocarbons (PAHs) is much higher than that of the SOM355
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Where CA represents citric acid of 50 mg L−1; qe,exp (mg kg−1) is adsorbate concentrations in the mangrove sediments at adsorption equilibrium of PAEs; qe,calc (mg kg−1) is the total solid concentrations of DBP at
apparent equilibrium obtained from pseudo-first-order and pseudo-second-order models; k1 (h−1), k2 (kg (mg h)−1) are the rate constants of pseudo-first-order and pseudo-second-order models, respectively.

DMP
DMP+ CA
DEP
DEP+ CA
DBP
DBP+ CA

PAEs

DMP
DMP+ CA
DEP
DEP+ CA
DBP
DBP+ CA

PAEs

Table 1
Fitting results of adsorption kinetics of PAEs in mangrove sediments using pseudo-first-order and pseudo-second-order models.
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Fig. 2. Relationship of k2 with the straight chain carbon numbers of PAEs (nsc)
for the mangrove sediments in absence of citric acid (a) and in presence of citric
acid (b).

mineral systems, and the adsorbed PAHs tended to reside in POM phase
in mangrove sediments. SEM-EDX data (Fig. S1) showed that the content of mineral cations, including Al3+, Fe3+, Mg2+ and Ca2+, in the
mangrove sediments decreased prominently after the chemical extraction treatment, indicating that the original form of the SOM-mineral
system changed to POM (Rinklebe et al., 2015). However, in this study,
no good correction was found between qe and the POM content for DMP
and DEP, except for DBP. From Table 1 and S2, YX with the highest
POM content had the maximum qe values for DBP, but had medium qe
values for DMP and DEP; JL with medium POM content had the highest
qe values for DMP and DEP, but had medium qe values; ZJ with the least
POM content had the lowest qe values for the three PAEs. Consequently,
these results suggests that the qe of mangrove sediments for the three
PAEs not just displayed a POM-dependent response, and there are other
contributing factors to influence the adsorption capacity of sediments
for PAE chemicals.
For further providing more information about the adsorption mechanism, adsorption kinetics of the three PAEs was further examined
using intra-particle diffusion model (Wu et al., 2018). For instance, the
fitting curves were divided into two-linear plots for the adsorption of
DMP in YX mangrove sediment (Fig. S2), suggesting a two-step adsorption process. In the initial stage, rapid boundary layer diffusion of
PAEs on the external sediment surface occurred around 2 h through
liquid film diffusion. During the second stage, pore diffusion or intraparticle diffusion was the dominant process. Finally, the adsorption of
three PAEs in mangrove sediment achieved equilibrium. Similar results
were also observed for JL and ZJ mangrove sediments (data not shown).
Therefore, regardless of the presence of citric acid, both intra-particle
diffusion and external mass transfer played a vital role in regulating the
adsorption of PAEs.

Fig. 3. Adsorption isotherms of PAEs in mangrove sediments (solid marks) as
affected by 50 mg L−1 citric acid (hollow marks). Henry model (line),
Freundlich model (dotted line).

that Freundlich model was more suitable than the other two models to
describe the adsorption isotherms of DMP and DEP in mangrove sediments. This suggests that the adsorption of DMP and DEP in sediments
was regulated by the surface multilayer heterogeneous adsorption, rather than the hydrophobic partition and the single-layer adsorption on
the smooth and uniform surface (Lin et al., 2018). But for DBP, the
adsorption isotherm data fitted better into Henry model (R2 =
0.98–1.00) than both Freundlich (R2 = 0.93–0.97) and Langmuir (R2 =
0.87–0.91) models, revealing that the hydrophobic partition regulated
the DBP adsorption.
As the increment of PAEs concentrations, the presence of citric acid
increased the kF values markedly for the three kinds of sediments
(Table 2 and 3). For instance, the kF values of DMP were (70.5 ± 2.7)
(mg kg−1)/(mg L−1)n in JL mangrove sediment with the addition of
50 mmol L−1 citric acid, which increased by 19.6% as compared to the
corresponding controls (61.3 ± 1.9) (mg kg−1)/(mg L−1)n. Similar
results were also observed for the other two PAEs and mangrove sediments. On the one hand, the presence of citric acid increased the POM
content in TOM by 6.4–8.6% mainly via enlarging the proportion of
aromatic, carboxyl or carbonyl C in the three mangrove sediments
(Table S2). On the other hand, citric acid also increased the proportion

3.2. Adsorption isotherms of PAEs in mangrove sediments
The adsorption isotherms of the three PAEs in mangrove sediments
were analyzed using the Henry, Freundlich and Langmuir models. The
results are shown in Fig. 3 and Table 2 and 3. For DMP and DEP, the R2
values of the Freundlich model (0.97–0.99) was basically higher than
the Henry (0.93–0.97) and Langmuir models (0.88–0.92), indicating
357
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Table 2
Fitting results of adsorption isotherms of PAEs in mangrove sediments using different models.
Sediments

DMP
YX
JL
ZJ
DEP
YX
JL
ZJ
DBP
YX
JL
ZJ

Henry model

Freundlich model

Langmuir model

kH (L mg−1)

R2

kF (mg kg−1)/(mg L−1)n

n

R2

kL (L mg−1)

qm (mg kg−1)

R2

ΔG (kJ mol−1)

39.2 ± 2.5
45.8 ± 1.4
32.7 ± 1.0

0.94
0.96
0.93

45.9 ± 2.4
61.3 ± 1.9
39.8 ± 1.7

1.22 ± 0.04
1.17 ± 0.06
1.06 ± 0.03

0.99
0.98
0.98

4.7 ± 0.2
3.6 ± 0.1
2.4 ± 0.2

220.6 ± 6.4
285.1 ± 5.7
147.0 ± 3.5

0.92
0.89
0.91

− 8.4 ± 0.4
− 9.6 ± 0.7
− 10.5 ± 0.9

44.6 ± 1.8
56.3 ± 2.1
40.5 ± 1.6

0.95
0.93
0.94

52.6 ± 1.5
61.4 ± 1.8
47.0 ± 1.7

1.30 ± 0.02
1.25 ± 0.03
1.03 ± 0.05

0.98
0.99
0.99

5.8 ± 0.3
4.4 ± 0.4
3.7 ± 0.2

279.6 ± 7.2
358.5 ± 4.8
211.4 ± 5.3

0.92
0.90
0.93

− 10.2 ± 1.2
− 8.5 ± 0.6
− 9.1 ± 0.5

72.4 ± 1.9
67.1 ± 0.8
58.4 ± 1.3

0.98
0.99
0.98

75.2 ± 2.2
71.3 ± 2.0
59.8 ± 1.5

1.17 ± 0.04
1.09 ± 0.07
1.04 ± 0.02

0.96
0.97
0.94

7.3 ± 0.6
6.5 ± 0.4
4.2 ± 0.3

400.8 ± 6.9
384.5 ± 4.6
362.1 ± 7.0

0.87
0.90
0.89

− 9.7 ± 1.0
− 10.4 ± 0.4
− 8.3 ± 0.6

224.5 ± 5.6

Where kH (L mg−1) denotes the adsorption coefficient of Henry model; kF ((mg kg−1)/(mg L−1)n) is the Freundlich adsorption affinity-related coefficient, and n
represents the correction exponent; kL (L mg−1) represents the Langmuir constant as related to the adsorption binding energy of the adsorbent, and qm (mg kg−1)
denotes the theoretical maximum adsorption capacity of PAEs; ΔG is the thermodynamic parameter of Gibbs free energy.

was observed for the spiked mangrove sediments. The 13C NMR spectroscopy showed that the POM values were 41.6, 36.1 and 29.5 g kg−1
for mangrove sediments YX, JL and ZJ without citric acid, respectively,
while 45.2, 38.4 and 31.7 g kg−1 for YX, JL and ZJ with citric acid
(Table S2). The qe values of DBP exhibited linear relationship with the
POM content in TOM (Fig. 4), indicating hydrophobic partitioning into
POM dominated the adsorption of DBP into mangrove sediments, which
might be largely attributed to the fact that the crystalline structure of
POM limited the role of the bulk composition in the adsorption of DBP.
This was further supported by the result of adsorption isotherms that
highlighted the hydrophobic partition into POM as an important component for the adsorption of DBP. However, no strong correlation was
observed between qe and the POM content for DMP and DEP, implying
that there might be additional adsorption mechanisms in place.
Surface polarity index of the sorbents is approximated by the sum of
the relative proportions (%) of O-containing functional groups (C-O +
COOH + C˭O) from XPS analysis (Table S3). Notably, a significant
difference was observed in the surfaces polarity of the mangrove sediments (P < 0.05), following JL (34.7%) > YX (31.2%) > ZJ (27.8%)
without citric acid treatment, and JL (36.8%) > YX (32.7%) > ZJ
(29.3%) with citric acid. This suggests that the presence of citric acid
enhanced the surface polarity of mangrove sediments, which could be
explained by the fact that the addition of citric acid increased the

of some surface functionalities (COOH, C˭O) in POM of sediments
(Table S3). As reported, organic materials act as the main sorption sites
for organic contaminants (Xu and Li, 2008). Consequently, the availability of PAEs in the mangrove sediments decreased or the adsorption
capacity increased. Additionally, the addition of citric acid decreased
the n values, implying stronger linearity of isothermal adsorption, the
inhibition of the multilayer heterogeneous adsorption and promotion of
hydrophobic partition of PAEs to mangrove sediments. Regardless of
the presence of citric acid, all the thermodynamic parameter of Gibbs
free energy (ΔG) values were lower than zero (Table 2 and 3), indicating that the adsorption of PAEs might be spontaneous and predominated by passive process (Vimonses et al., 2009).
3.3. Organic precursor materials responsible for adsorption of PAEs
The existing literatures have reported that the adsorption strength
of adsorbent for sorbates is related to the polarity organic matter
components, alkyl carbon content and intermolecular hydrogen bond
interactions, etc. (Sun et al., 2012; Wu et al., 2018). To further determine the interactions between PAEs, mangrove sediments and citric
acid, the bulk and surface chemical compositions of sediments were
examined using solid state 13C NMR and XPS (Tables S2 and S3). As
mentioned above, no significant correlation between the qe and TOM

Table 3
Fitting results of adsorption isotherms of PAEs in mangrove sediments in the presence of citric acid using different models.
Sediments

Henry model
kH (L mg

DMP
YX
JL
ZJ
DEP
YX
JL
ZJ
DBP
YX
JL
ZJ

−1

)

Freundlich model
2

−1

Langmuir model
R

kL (L mg−1)

qm (mg kg−1)

R2

ΔG (kJ mol−1)

1.14 ± 0.03
1.08 ± 0.04
1.03 ± 0.02

0.97
0.98
0.98

2.8 ± 0.2
3.5 ± 0.3
2.1 ± 0.1

452.7 ± 3.9
571.4 ± 4.5
313.2 ± 2.8

0.91
0.89
0.91

− 8.7 ± 0.6
− 10.1 ± 0.3
− 10.8 ± 0.5

62.5 ± 1.4
68.7 ± 3.1
53.6 ± 2.8

1.19 ± 0.05
1.16 ± 0.02
1.02 ± 0.04

0.98
0.99
0.97

3.7 ± 0.4
5.2 ± 0.2
2.9 ± 0.1

511.4 ± 5.6
480.5 ± 6.0
389.3 ± 3.7

0.90
0.88
0.91

− 10.4 ± 1.0
− 8.9 ± 0.4
− 9.4 ± 0.2

83.9 ± 2.5
78.3 ± 3.6
71.7 ± 1.9

1.05 ± 0.02
1.03 ± 0.05
1.00 ± 0.04

0.96
0.93
0.95

6.8 ± 0.5
5.6 ± 0.6
3.5 ± 0.2

755.4 ± 4.8
726.8 ± 5.1
610.3 ± 6.4

0.89
0.91
0.88

− 10.5 ± 1.3
− 10.9 ± 0.7
− 9.0 ± 0.5

R

kF (mg kg

44.7 ± 1.8
51.8 ± 2.5
42.3 ± 1.6

0.96
0.97
0.96

50.9 ± 3.0
70.5 ± 2.7
47.0 ± 1.6

59.6 ± 3.2
62.7 ± 2.5
48.2 ± 1.9

0.97
0.94
0.96

81.5 ± 2.3
72.4 ± 1.4
61.7 ± 1.8

0.99
1.00
0.99

−1 n

)/(mg L

)

n

2

Where kH (L mg−1) denotes the adsorption coefficient of Henry model; kF ((mg kg−1)/(mg L−1)n) is the Freundlich adsorption affinity-related coefficient, and n
represents the correction exponent; kL (L mg−1) represents the Langmuir constant as related to the adsorption binding energy of the adsorbent, and qm (mg kg−1)
denotes the theoretical maximum adsorption capacity of PAEs; ΔG is the thermodynamic parameter of Gibbs free energy.
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affecting the transport of PAEs in mangrove sediment.
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