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eristics of N-acyl homserine
lactones as signal molecules in natural soils based
on the analysis of kinetics and isotherms
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Yongrong Bian,a Guangxia Liu,ab Wei Wuab and Xin Jiangab

Quorum sensing, the communication between microorganisms, is mediated by specific diffusible signal

molecules. Adsorption is an important process that influences the transport, transformation and

bioavailability of N-acyl homoserine lactone (AHL) in complex natural environments such as soil. To

examine the adsorption characteristics of N-hexanoyl, N-octanoyl, N-decanoyl and N-dodecanoyl

homoserine lactones in soil, equilibrium and kinetic experiments were conducted in two types of soils

(oxisol and alfisol) and monitored using Fourier-transform infrared spectroscopy (FTIR). A pseudo-

second-order equation accurately described the sorption kinetics of AHLs in the two soils (R2 $ 0.97,

NSD # 21.25%). The AHL sorption reached equilibrium within 24 h and 12 h for oxisol and alfisol,

respectively. The sorption kinetics of AHLs adsorbed on the soils were fitted to the Boyd model,

suggesting that film diffusion was the rate-limiting process. Partition played a more vital role than surface

adsorption in the AHL adsorption process. The adsorption isotherms of AHLs could be described by the

Langmuir and Freundlich equation (R2 $ 0.98), indicating that the sorption process involved monolayer

sorption and heterogeneous energetic distribution of active sites on the surfaces of the soils. The

thermodynamic parameter, Gibbs free energy (DG), and a dimensionless parameter showed that the

sorption of AHLs was mainly dominated by physical adsorption. Additionally, according to the FTIR data,

the electrostatic forces and hydrogen bonding possibly influenced the adsorption of AHLs on the above

mentioned two soils. The sorption characteristics of AHLs in soils correlated well with the molecular

structure, solubility speciation and log P (n-octanol/water partition coefficient) of AHLs.
1. Introduction

Quorum sensing (QS) is a mechanism for intracellular or
intercellular communication among microorganisms in
response to a variation in the community density with the
objective of coordinating their population behavior and
controlling gene expression.1–3 QS is mediated by the synthesis,
release and perception of small signal molecules.4,5 When the
concentration of a signal molecule reaches a threshold level, it
plays an important role in regulating gene expressions and
coordinating biological functions such as bioluminescence,6–8

antibiotic biosynthesis,9–11 bacteria motility,12 and biolm
development.13–15 For example, recent studies have shown that
the degradation of 1,2,4-trichlorobenzene can be regulated by
the conduction of signal molecules.15,16
Pollution Remediation, Institute of Soil

jing 210008, China. E-mail: wangfang@

25 86881350

ces, Beijing 100049, China
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N-Acyl homoserine lactones (AHLs) are oen employed by
Gram-negative bacteria as signal molecules.16 An AHL consists
of a ve-membered ring containing amide-linked side chains,
and the side chains are identied by a range of 4–18 carbons in
length.17 The structure of AHLs determines not only their
signaling function but also their modes of interaction with
environmental factors during cell-to-cell transit.17 Soil micro-
organisms communicate with each other through quorum
sensing to elicit benecial or pathogenic effects on plant
development and productivity.18,19 Previous studies have re-
ported that AHLs can be biodegraded by a wide range of
organisms with the enzymatic capabilities.15,20–22 Some AHLs
undergo isomerization to producemetal chelators,23which bind
iron in the Pseudomonas aeruginosa culture. Hydrolysis of AHLs
occurs during bacterial growth and is dependent on the pH,
temperature and length of the acyl chains.24 AHL hydrolysis can
occur readily in biochar, which is generally alkaline,24 whereas
AHLs are much more stable in acidic soil. However, it is worth
noting that the biodegradation of AHLs plays a more important
role than hydrolysis in natural soils.25 Furthermore, soil is one
of the most important sources for accumulation and diffusion
of biomolecules such as peptides and fatty acids.26,27 Sorption
This journal is © The Royal Society of Chemistry 2018
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on the soil particles (mainly on soil organic matter) inuences
the mobility, fate and bioavailability of biomolecules.28,29

Therefore, the physicochemical properties of soil might affect
the mobility and stability of AHLs and reduce their bioavail-
ability to bacteria. The bioavailability of biomolecules is linked
to the biodegradation of AHLs as this results in the consump-
tion of signal molecules by other microbes. Charcoal may
disrupt AHL-mediated cell–cell communication by decreasing
the level of bioavailable AHL through a combination of signal
sorption and pH-dependent hydrolysis of the lactone ring.30

Biochar inhibition of microbial communication by the sorption
of 3-oxo-C12-HSL varies with the properties associated with the
biochar, especially the surface area.31 Adsorption of 3-oxo-C12-
HSL lactone onto colloidal minerals is mainly dominated by
hydrogen bonding and hydrophobic interactions.29 Therefore,
sorption of AHLs on soil is likely to mediate the diffusion and
bioavailability of AHLs in the soil, thus inuencing cell–cell
communication. However, there are still gaps in the under-
standing of the sorption behavior of AHLs in soil.25

The objectives of the present study are as follows: (1) to
investigate the sorption behavior of AHLs on two different
natural soils using kinetics and isotherms, (2) to understand the
relationship between AHL adsorption characteristics and
physicochemical properties. N-Hexanoyl, N-octanoyl, N-dec-
anoyl, and N-dodecanoyl homoserine lactones (C6-, C8-, C10- and
C12-HSL) are selected as model AHLs since they represent short,
medium and long acyl chain AHLs with different physico-
chemical properties in the natural environment. Sorption
kinetic and isotherm experiments of AHLs are conducted using
two types of soil.
2. Material and methods
2.1. Chemicals and soils

Standard samples (purity > 99.9%) of N-hexanoyl (C6-HSL), N-
octanoyl (C8-HSL), N-decanoyl (C10-HSL) and N-dodecanoyl
homoserine lactones (C12-HSL) with varying physiochemical
properties (Table 1) were obtained from Sigma-Aldrich (Buchs,
Switzerland). Ethyl acetate was purchased from Merck (Darm-
stadt, Germany). The stock solution was prepared by the
Table 1 The physicochemical properties and concentrations of N-acyl

AHLs
Molecular weight
(Da)

Water-solubility
(mg L�1) Polar

N-Hexanoyl HSL C6-HSL 199.3 1.48 � 104 5.81

N-Octanoyl HSL C8-HSL 227.3 1.53 � 103 6.19

N-Decanoyl HSL C10-HSL 255.4 1.55 � 102 5.90

N-Dodecanoyl HSL C12-HSL 283.4 15.62 6.44

a log P is n-octanol/water partition coefficient representing the analyte's h
than 1.25 mg kg�1.

This journal is © The Royal Society of Chemistry 2018
dissolution of samples in ethyl acetate at a concentration of
1000 mg L�1 and stored at�20 �C. All chemical reagents were of
analytical grade or better.
2.2. Soil sampling

The inactivation of AHLs was discovered to be a consequence of
the pH-dependent hydrolysis of the lactone ring, etc. in alkaline
pH conditions.24,30,32 Hydrolysis of AHLs easily occurred in
alkaline soil, whereas in acidic soil AHLs were much more
stable.24 Oxisol (S1) and alsol (S2), which are widely distributed
in Southern China, having different textures and organic matter
content with pH value lower than 7.0 were used in the sorption
experiments. The soils were classied according to the trian-
gular diagram textures of the United States Department of
Agriculture. Soil S1 was sampled from grasslands in Jinjiang,
Hainan, China (19�46016.600 N, 110�00021.500 E), and soil S2 was
sampled from an agricultural eld in Baguazhou, Nanjing,
China (32�1204.600 N, 118�500112.300 E). The soils were collected
from the depths of 0–20 cm, air dried and passed through
a 2 mm metallic sieve before being stored at 4 �C. The soil pH
was determined by a pH meter in a solution of 0.01 M CaCl2
with a soil/liquid ratio of 1 : 2. The percentages of sand, silt, and
clay in the soil samples were analyzed using a Bouyoucos
densitometer. The total organic carbon content was quantied
by the dry combustion method.33 The total amount of organic
matter in each soil (% OM) was calculated by multiplying the
organic carbon content (% OC) by 1.724 considering that
carbon accounts for 58% of the soil organic matter.34 The
physicochemical properties of AHLs are summarized in Table 2.
C6, C8, C10, and C12-HSL in both soils were quantied with GC/
MS as described previously and were all lower than 2.53 mg kg�1

(Table 1).35
2.3. Sorption kinetics of AHLs on soil

Batch experiments were performed in triplicate to investigate
the sorption of AHLs onto the soils. Aliquots (50 mg) of steril-
ized soils were weighted into 20 mL glass tubes with Teon-
lined screw caps to avoid the loss of AHLs during sorption. A
5 mL aqueous solution containing 0.01 M CaCl2 was added to
homoserine lactones (HSLs) in soil

ity log Pa Chemical structure
Concentration in
S1 (mg kg�1)

Concentration in
S2 (mg kg�1)

1.02 1.30 � 0.27 2.53 � 0.03

1.97 1.78 � 0.25 NDb

2.96 1.69 � 0.04 NDb

4.02 NDc NDc

ydrophobicity.32 b ND means lower than 1.0 mg kg�1. c ND means lower

RSC Adv., 2018, 8, 9364–9374 | 9365
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Table 2 Physicochemical properties of the soils

Sample no. Soil information pH Clay (%) Silt (%) Sand (%) OMa (%)

S1 Oxisol 5.87 � 0.07 36.20 � 2.35 30.64 � 3.64 33.16 � 2.15 2.81 � 0.72
S2 Alsol 6.97 � 0.12 31.01 � 1.97 57.54 � 5.23 11.45 � 1.63 3.19 � 0.59

a OM means organic matter content.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 6
/2

3/
20

25
 6

:1
2:

10
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the glass tubes to maintain a relatively constant ionic strength.
To avoid the biodegradation of AHLs,21,22,36 100 M HgCl2 was
added to each tube to inhibit microbial activity. Ten mL AHL
stock solution (1000 mg L�1) in ethyl acetate was spiked to give
a nal concentration of 2.0 mg L�1, leaving the nal methanol
concentration under 0.1% (v/v) to avoid co-solvent effect.
Control experiments with no addition of sorbents (S1 and S2)
were used to evaluate the possible loss of AHLs via interaction
with tubes and lters as well as abiotic/biotic degradation.
Abiotic degradation occurred at an alkaline pH and room
temperature.17,37,38 The longer the acyl side chain and the lower
the pH the more stable are the AHL signals.24 The pH value of
soil S1 set was 6.0, at which the abiotic degradation half-lives of
C8-, C10-HSL were 57 days and 55 days, respectively.32 The
original pH in the control and in the soil S2 sets were 6.7 and
6.8, respectively. These were adjusted to 6.0 using HCl to
minimize the chemical hydrolysis of AHLs. All the sealed glass
tubes were shaken at 120 rpm on a SHZ-28A vibrator (Baidian
company, Shanghai, China) at 25� 0.5 �C in darkness for 0.5, 1,
2, 4, 6, 8, 12, 24 and 48 h. All sets were run in triplicate and
sampled for AHL analyses at each time point.
2.4. Sorption isotherms of AHLs on soil

Sorption isotherms of AHLs were conducted with 50 mg of
sterilized soil, and samples were prepared in 5 mL CaCl2 and
HgCl2 solution, as in Section 2.2, with varying amounts of AHLs
(0.1, 0.5, 1, 2 or 5 mg L�1). As in the above mentioned data the
control without sorbents (S1 and S2) was used to evaluate loss of
AHLs. The initial pH in all the sets was adjusted to 6.0 using
HCl. All the bottles were incubated in a vibrator (120 rpm, 25 �C)
in darkness for 24 h (S1) and 12 h (S2). At the end of the
experiment, all the tubes were sampled for AHL analysis. All sets
were run in triplicate.
2.5. Extraction and analysis of AHLs

The aqueous solutions (1.5 mL) from the 20 mL Teon centri-
fuge tubes were transferred into 2 mL centrifuge tubes and
centrifuged at 12 000 rpm for 5 min. Next, 0.5 mL supernatant
was added into a 2 mL centrifuge tube with 1 mL ethyl acetate,
vortexed for 2 min and centrifuged at 12 000 rpm for a further
2 min. Then, 0.8 mL of the ethyl acetate phase was added into
a 2 mL centrifuge tube containing 1 g anhydrous sodium
sulfate, vortexed and centrifuged as mentioned above. Finally,
0.5 mL supernatant was transferred into a GC vial. To minimize
the system errors (such as sorption effect of the glass bottles
and the berglass lms, etc.), all the control samples were
9366 | RSC Adv., 2018, 8, 9364–9374
analyzed using the same extraction procedure as mentioned
above.

The samples were analyzed by an Agilent 7890A GC system
equipped with an Agilent 5975C mass selective detector (Agi-
lent, USA) and an HP-5MS column (30 m, 0.250 mm i.d., 0.25
mm) according to a previously published procedure.35 The
sample injection was done in split mode (split ratio 5 : 1).
Helium (99.999%) was used as the carrier gas at a constant ow
rate of 1 mL min�1. The GC inlet temperature was set at 290 �C.
The oven temperature was ramped up from 100 �C to 150 �C at
a rate of 35 �C min�1 and then increased by 15 �C min�1 to
280 �C before being held at 280 �C for 6 min. The mass spec-
trometry conditions were as follows: electron ionization source
(70 eV), MS quad (150 �C), MS source (230 �C) and solvent delay
(3.6 min). The mass spectrometer was run in SIMmode atm/z¼
143. The AHL concentrations were quantied with a freshly
prepared working solution using authentic standards.
2.6. Fourier transform infrared spectroscopy (FTIR) analysis

All the samples were measured with FTIR before and aer the
AHLs sorption (Section 2.3) to elucidate the sorption mecha-
nism. The four treatments included (a) oxisol, (b) AHLs with
oxisol, (c) alsol, and (d) AHLs with alsol. The samples were
centrifuged and freeze-dried before FTIR analysis.39 1 mg of the
solid constituent was gently mixed with 200 mg KBr and oven-
dried at 108 �C, followed by pressing the mixture into a pellet.
The FTIR spectrum was obtained using a NEXUS 870 spectro-
photometer (Thermo Nicolet, Madison, USA) with a resolution
of 4 cm�1 and scanning from 4000 to 400 cm�1.
2.7. Quality control and data analysis

The recovery experiments of C6-, C8-, C10- and C12-HSL with no
addition of soils were prepared and analyzed using the same
procedure as mentioned previously (Section 2.3). AHL was
extracted and analyzed by GC-MS as described previously
(Section 2.5).

Several sorption kinetics models (pseudo-rst-order, pseudo-
second-order, Elovich and intra-particle diffusion equations)
and isotherm sorption models (Langmuir model and Freund-
lich equations) were tted to the experimental data, further
elucidating the sorption rate limiting step and the relevant
sorption mechanisms.

2.7.1. Sorption kinetics. When adsorption occurs by diffu-
sion through a boundary, the kinetics of the process can be
depicted by the pseudo-rst-order (eqn (1)),40 pseudo-second-
order (eqn (2))41 and Elovich eqn (3):42
This journal is © The Royal Society of Chemistry 2018
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qt ¼ qe(1 � exp(�k1t)) (1)

qt ¼ k2qe
2t

1þ k2qet
(2)

qt ¼ a + b ln(t) (3)

Here, k1 (kg (mg h)�1) is the adsorption rate constant, qe (mg
kg�1) is the adsorption amount at equilibrium time, and qt (mg
kg�1) is the adsorption amount on the soil surface at time t. k2
(kg (mg h)�1) is the sorption rate constant of pseudo-second-
order equation. a (mg kg�1) and b are the constants related to
the extent of surface coverage and activation energy for chem-
isorption, respectively.

Intra-particle diffusion (i.e. Weber and Morris model)43 and
Boyd (eqn (5)) models44 were further used to elucidate the
sorption process and verify whether the sorption rate was
controlled by lm diffusion or intra-particle diffusion process:

qt ¼ kit
1/2 + Ci (4)

Bt ¼ �0.4977 � ln(1 � F) (5)

Here, ki (mg (kg t1/2)�1) is the intra-particle diffusion rate
constant, and Ci (mg kg�1) represents the thickness of the
boundary layer. F ¼ qt/qe indicates the fractional attainment of
equilibrium at time t (h).

The normalized standard deviation (NSD) was calculated to
further quantitatively verify the suitability of the kinetic model
using the following equation:

NSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP��
qt;exp � qt;cal

��
qt;exp

�2
i � 1

s
(6)

Here, qt,exp and qt,cal refer to the experimental and calculated
values, respectively, and i is the number of data points.

2.7.2. Sorption isotherms. Freundlich45 and Langmuir46

isotherm models were employed to t the equilibrium data:

qe ¼ kFCe
1/n (7)

qe ¼ qmkLCe

1þ kLCe

(8)
Fig. 1 Gas chromatography-mass spectrometry (GC/MS) of N-acyl hom

This journal is © The Royal Society of Chemistry 2018
Here, kF and n are Freundlich constants related to the sorption
capacity and intensity, respectively. qm (mg g�1) is the
maximum sorption capacity of adsorbent, and kL (L mg�1) is the
Langmuir constant related to rate adsorption.

Based on the further analysis of Langmuir equation, the
dimensionless parameter of the equilibrium or sorption
intensity (RL) can be calculated using the following equation:47

RL ¼ 1

1þ KLC0

(9)

Here, C0 (mg L�1) is the highest initial concentration of AHLs,
and KL (L mg�1) is Langmuir constant. The parameter RL, the
indicator of the sorption, indicates isotherm type and also
indicates whether the sorption is favorable or not based on the
following criteria: unfavorable sorption, RL > 1; linear sorption,
RL ¼ 1; favorable sorption, 0 < RL < 1; and irreversible sorption,
RL ¼ 0.48

2.7.3. Respective contribution of surface sorption and
partition to soils. The adsorption–partition model can help us
understand the difference between the surface sorption and
partition effect.49 The adsorption amount of AHL at time t can
be calculated as follows:

Qt ¼ Qp + Qmax
a ¼ Kce + Qmax

a (10)

Here, Qt and Qmax
a (mg kg�1) depict the total amount of AHLs

and the saturated surface sorption quantity of AHLs in soils,
respectively; Qp (mg kg�1) denotes the partition amount at high
AHL equilibrium concentration and K represents the partition
coefficient.

2.7.4. Statistical analysis. The data analysis and processing
were performed by the Origin (Version 8.5) soware. The
statistical data analysis of variance (ANOVA) was calculated with
SPSS 21.0, and the signicant level was p < 0.05.
3. Results and discussion
3.1. Sorption kinetics of AHLs in oxisol and alsol

The pH values of all the sets were kept constant at 6.0 during the
whole sorption period of 48 h. In the control, no signicant
difference was observed in the AHLs chromatography between
the beginning and the end of the experiment (Fig. 1), indicating
oserine lactones (HSLs) in the control at 0 h (a) and 48 h (b).

RSC Adv., 2018, 8, 9364–9374 | 9367
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that chemical hydrolysis of AHLs was negligible during the
sorption. Therefore, the kinetic sorption data could be tted by
three classic kinetic models.
Fig. 2 Sorption kinetics ofN-acyl homoserine lactones (HSLs) on oxisol (
first order model (the solid curves) and pseudo-second ordermodel (the d
model (e and f); and Boyd model (g and h).

9368 | RSC Adv., 2018, 8, 9364–9374
Sorption kinetics models of the experimental data are vital to
elucidate the sorption mechanism as well as the diffusion
process. Rapid sorption of AHLs to soils S1 and S2 occurs during
the initial 12 and 6 h, respectively. This is followed by slower
a, c and e) and alfisol (b, d and f). Dots: measured data; curves: pseudo-
ashed curves) (a and b); Elovichmodel (c and d); intra-particle diffusion

This journal is © The Royal Society of Chemistry 2018
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Table 3 Kinetic parameters for N-acyl homoserine lactones (HSLs) adsorption on oxisol and alfisol

Treatment

Measured AHLs Pseudo-rst-order model Pseudo-second-order model Elovich model

qe,exp
(mg kg�1)

qfe,cal
(mg kg�1) kF (h

�1) R2
qse,cal
(mg kg�1)

ks � 10�3

(kg mg�1 h�1)
� 10�3 R2 a (mg kg�1) b R2

Oxisol
C6-HSL 50.06 � 1.10 47.67 � 1.10 0.33 � 0.02 0.993 56.87 � 3.23 2.69 � 1.02 0.977 9.65 � 0.50 10.32 � 0.54 0.978
C8-HSL 75.13 � 1.94 72.75 � 1.94 0.27 � 0.02 0.992 88.29 � 5.43 1.35 � 1.32 0.977 14.01 � 0.87 14.61 � 0.95 0.967
C10-HSL 100.69 � 5.56 97.72 � 5.56 0.33 � 0.05 0.952 112.87 � 6.80 1.53 � 1.00 0.968 23.51 � 0.72 19.82 � 0.79 0.987
C12-HSL 163.96 � 0.68 162.77 � 0.68 12.00 � 0.78 0.999 164.11 � 0.67 140.79 � 0.07 0.998 155.72 � 0.97 4.19 � 0.51 0.904

Alsol
C6-HSL 102.17 � 1.89 97.83 � 1.89 4.01 � 0.45 0.977 102.90 � 0.80 28.51 � 0.02 0.998 74.36 � 2.85 9.46 � 1.03 0.867
C8-HSL 112.35 � 1.77 108.66 � 1.77 5.27 � 0.57 0.982 112.88 � 1.64 39.11 � 0.03 0.991 88.60 � 2.39 8.38 � 1.09 0.880
C10-HSL 139.44 � 1.23 137.12 � 1.23 8.82 � 0.79 0.994 139.70 � 1.17 81.53 � 0.01 0.997 125.70 � 1.62 4.98 � 0.74 0.849
C12-HSL 179.81 � 0.69 178.51 � 0.69 13.14 � 0.91 0.999 179.94 � 0.59 169.43 � 0.05 1.000 172.64 � 0.83 2.63 � 0.38 0.855
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sorption which levels off and nally reaches a plateau for S1 and
S2 aer 24 h and 12 h, respectively (Fig. 2a and b). The initial
fast sorption can be ascribed to the presence of more accessible
sites within the soil matrixes as well as the high AHLs concen-
tration. Then a slow stage occurs in which the sorption
increases slowly and reaches an equilibrium due to the increase
in the number of sites occupied by the adsorbed AHLs.50,51

There is no signicant change (p < 0.05) in the amount of AHLs
absorbed onto soils S1 between 24 h and 48 h. Hence, a contact
time of 24 h is applied for further sorption isotherm experi-
ments of AHLs onto soil S1. Similarly, for the AHLs sorption
onto soil S2, 12 h is calculated as the equilibrium time.

The kinetic sorption data were tted by three different kinetic
models: the pseudo-rst-order, pseudo-second-order and Elovich
models (Fig. 2a–d, Table 3). The kinetic data tted both the
pseudo-rst-order and pseudo-second-order models (R2 $ 0.95).
Nevertheless, the pseudo-second-order model showed lower
normalized standard deviation (NSD) values compared with the
NSDs of the pseudo-rst-order (20.07–35.64%) and Elovich
models (7.69–29.88%). Overall, the pseudo-second-order models
provided a more precise description of AHL sorption in soils S1
and S2, implying that chemical sorption was involved.52,53 The
Fig. 3 Sorption isotherms of N-acyl homoserine lactones (HSLs) adsorb
fitted curves. Freundlich model (the solid lines) and Langmuir model (the
(mg L�1) is the equilibrium concentration of AHLs in the solution.

This journal is © The Royal Society of Chemistry 2018
equilibrium sorption amount of four AHLs on soil S1 ranged
from 56.87 mg kg�1 to 164.11 mg kg�1. For AHLs adsorbed on
soil S2, the equilibrium sorption amount of AHLs was higher,
ranging from 102.89 to 179.94 mg kg�1.

To better understand the sorption process, the intra-particle
diffusion model was applied to t the sorption kinetic data. The
sorption process of AHLs to the two soils could be divided into
two stages (Fig. 2e and f), indicating that two or more steps
dominate the sorption process. The rst stage may be ascribed
to the rapid diffusion of AHLs during external surface adsorp-
tion, representing the mass transfer of AHLs from the bulk
solution.54 Then, the sorption reached a balance at the second
stage, demonstrating that it was controlled by intra-particle
diffusion or pore diffusion. Besides, the linear plots of the
second stage did not pass through the origin (Fig. 2e and f),
indicating that the sorption process was not solely dominated
by the intra-particle diffusion.55

The transportation process of AHLs is controlled by the lm
diffusion, surface diffusion, intra-particle diffusion, pore
diffusion or a combination of one or two types of diffusion.

The Boydmodel plots failed to pass through the origin (Fig. 2g
and h), suggesting that the adsorption of AHLs onto soils was
ed on oxisol (a) and on alfisol (b). Dots: measured data. Lines: model
dashed lines). qe (mg kg�1) is the amount of AHLs adsorbed to soils; Ce
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Table 4 Isotherm parameters of N-acyl homoserine lactones (HSLs) sorption onto oxisol and alfisol

Treatment

Langmuir model Freundlich model

qm (mg kg�1) kL (L mg�1) R2 kF (mg kg�1) (mg L�1)�n n DG (kJ mol�1) R2

Oxisol
C6-HSL 55.15 � 9.38 0.50 � 0.49 0.997 18.33 � 0.26 0.79 � 0.02 �7.21 � 3.37 0.999
C8-HSL 75.23 � 20.22 0.39 � 0.89 0.997 21.39 � 0.38 0.84 � 0.03 �7.59 � 2.37 0.998
C10-HSL 99.85 � 50.35 0.47 � 1.34 0.994 33.61 � 1.41 0.85 � 0.05 �8.27 � 0.85 0.995
C12-HSL 197.75 � 290.51 0.65 � 2.53 0.988 97.76 � 19.70 0.91 � 0.11 �11.36 + 7.39 0.981

Alsol
C6-HSL 101.14 � 3.45 0.28 � 0.16 0.999 21.40 � 0.17 0.84 � 0.01 �7.59 � 4.44 0.999
C8-HSL 114.34 � 4.94 0.51 � 0.11 0.999 41.19 � 0.55 0.86 � 0.02 �9.22 � 1.50 0.999
C10-HSL 141.03 � 9.74 0.89 � 0.10 0.999 84.31 � 2.65 0.87 � 0.02 �10.99 � 2.42 0.998
C12-HSL 263.39 � 89.85 0.77 � 0.49 0.994 168.54 � 13.15 0.96 � 0.04 �12.71 � 6.39 0.999
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mainly governed by a diffusion-controlled mechanism based on
the lm.
3.2. Sorption isotherm of AHLs

The experimentally obtained isothermal data best tted the
Freundlich model (the solid curves of Fig. 3; Table 4) and the
Langmuir model (the dot curves of Fig. 3; Table 4), indicating
that the monolayer sorption and heterogeneous energetic
distribution of active sites on the surface of the soils occurred
Fig. 4 Respective contributions of partition (Qp) and surface sorption (Q
C8-HSL, (b); C10-HSL, (c); C12-HSL, (d) to oxisol (S1-solid lines) and alfisol (
soil;Qmax

a (mg kg�1) represents the surface sorption quantity of AHLs to s
the equilibrium concentration of AHLs in the solution.

9370 | RSC Adv., 2018, 8, 9364–9374
during the sorption process, which involved chemical and
physical sorption.48 According to the Langmuir model, the
sorption capacities (qm) of S2 were higher than those of S1,
whichmay be ascribed to different physiochemical properties of
the soils. For both soils, the nonlinear exponent, n, was close to
1.0, indicating that the sorption of AHL to these soils was
favorable and dominated by the partition effect (Table 4).50

Additionally, the adsorption–partition model was calculated to
further separate surface sorption from partition sorption. The
partition sorption of AHLs on the two soils accounted for at
max
a ) to total sorption (Qt) of N-acyl homoserine lactones (C6-HSL, (a);
S2-dot line)).Qt (mg kg�1) is the total amount of AHLs that sorbed to the
oils;Qp (mg kg�1) denotes the partition amount of AHLs; Ce (mg L�1) is

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 FTIR spectra of oxisol (S1) and alfisol (S2) before and after
sorption of four kinds of N-acyl homoserine lactones (AHLs).
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least 72% over the test range (Fig. 4). Additionally, the ther-
modynamic parameter, Gibbs free energy (DG), values ranged
from �7.21 to 12.71 kJ mol�1 (Table 4), implying that the
sorption of AHLs may be dominated by physical sorption.50,56

The RL values of AHLs adsorbed by the soils ranged from 0.18 to
0.42, revealing that the sorption of AHLs on the two soils was
favorable, which agreed well with the Freundlich model.
3.3. FTIR analysis

The soil surface functional groups were analyzed with FTIR
before and aer sorption of AHLs. Very similar vibrational
Fig. 6 Relationships between equilibrium sorption amount of soil (qe) and
polarity (d) of N-acyl homoserine lactones in oxisol and alfisol.

This journal is © The Royal Society of Chemistry 2018
features were expected for all AHLs due to their analogous
molecular structures.57 The spectra were dominated by six
strong bonds at 3311, 1777, 1644, 1551, 1175 and 1025 cm�1,
which could be assigned to the characteristic vibrations of the
amide and lactone functional groups.57 Aer the sorption of
AHLs on the two soils, the 3311 cm�1 band shied to
3316 cm�1, the band at 1644 cm�1 disappeared and the peak at
1549 cm�1 remained unchanged (Fig. 5), and these peaks could
be easily assigned to the key vibrations of the amide group, i.e.,
n(N–H), amide I, and amide II,58–60 respectively. The 1777 cm�1

band remained unchanged and was representative of the
lactone C]O stretch, n(C]O). Four small weak peaks appeared
at 1467, 1279, 1225 and 1173 cm�1. The peak at 1467 cm�1 was
ascribed to bending vibrations of aliphatic CH2 and CH3, and
the other three peaks were ascribed to C–O vibration.58 These
results indicated that carbonyl, amide, CH2 and CH3 bonds
might take part in the AHLs sorption to the two kinds of soils.
Thus, AHLs might be adsorbed on soils by the electrostatic
interaction between the positively charged groups (–NH) and
the negatively charged adsorption sites, which is similar to the
adsorption of tetracycline on soil.61 Therefore, we could
conclude that the electrostatic forces and hydrogen bonding
might inuence the adsorption of AHLs on these two soils.
3.4. Relationship of sorption parameters with AHLs
properties

With regards to different AHLs, the structure and presence of
certain functional groups might be the main factors inuencing
their adsorption behaviors. In this study, the relations of the four
sorption parameters (qe, qm, kF, and 1/n) with AHLs properties
the number of C molecules in the side chain (a), log P (b), log S (c) and

RSC Adv., 2018, 8, 9364–9374 | 9371
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Fig. 7 Relationships between qm and the number of C molecules in the side chain (a), log P (b), log S (c) and polarity (d) of N-acyl homoserine
lactones in oxisol and alfisol.
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were investigated. The equilibrium sorption amount of AHLs (qe)
positively correlated with the log P value and the length of the
acyl side chain of each AHL (Fig. 6). With the increase in log P or
the length of acyl side chain, there was a corresponding increase
in qe of AHLs: C12-HSL > C10-HSL > C8-HSL > C6-HSL. In contrast,
log S (which stands for the logarithm of water solubility) of each
AHL showed a negative correlation with qe. Please note that
although the qe values increased with the polarities of AHLs,
there were no obvious correlations between the polarities and the
qe values of AHLs (Fig. 6), which was different from the adsorp-
tion of AHLs on soil particles.29

For the Langmuir equation model, there is a similar corre-
lation between the maximum sorption (qm) and the physico-
chemical properties (length of acyl side chain, log P, log S and
polarity) (Fig. 7), indicating that the maximum sorption capacity
of AHLs may also be inuenced by their structure, log P and
water solubility. Nevertheless, there are no obvious correlations
between the values of KL and the physicochemical characteristics
of AHLs. Additionally, the contribution of the surface sorption
effect decreases for both soil types with the increasing length of
the acyl side chain, which is conrmed by the increased n values
(Table 4). The sorption capacity of the soils (kF) also increase in
the following order: C6-HSL < C8-HSL < C10-HSL < C12-HSL (Table
4) for both soil types. Nevertheless, no obvious correlation exists
between kF and the physicochemical properties of AHLs.
4. Conclusions

The sorption kinetics and isotherms of AHLs in natural soils
were analyzed to provide insights into the sorption of AHLs as
a function of AHLs and the physicochemical properties of the
9372 | RSC Adv., 2018, 8, 9364–9374
soil. Physical and chemical characteristics, such as molecular
structure, solubility speciation and log P, as well as the prop-
erties of the soils were responsible for the adsorption charac-
teristics of QS molecules in the soils. AHL sorption onto the two
soils was mainly governed by a lm diffusion-controlled
mechanism. The partition effect dominated the sorption of
AHLs to the soils, suggesting that electrostatic forces and
hydrogen bonding are involved in AHL sorption to soils. These
ndings clearly illustrated that sorption is an important envi-
ronmental process controlling the transportation and diffusion
of AHLs, especially in acidic soils, implying a potential chal-
lenge for quorum sensing in the soil environment.
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