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maximum adsorption capacity of 305.58 mg/g by lauryl-S GR was predictably obtained. The
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pseudo-first-order kinetic model was appropriate in fitting the whole uptake process in a
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weak acid environment. Three isotherm models including Langmuir, Freundlich, and Tempkin were all reliable in depicting the isotherm adsorption process. The maximum monolayer
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adsorption capacity of lauryl-S GR towards CeIV was 315.46 mg/g. Ce species including CeO

Quadrivalent cerium

and Ce2 O3 besides CeO2 were matched in the XPS distribution, directly indicating the reduc-

Laurylsulfonate green rust

tion reaction brought by FeII in the GR occurred to hydrated CeIV ions during the adsorption.

Adsorption mechanism

Nano-sized Ce particles attached to the lauryl-S GRs after the adsorption experiments were

Rare earth element

observed in the morphological characterization. Flocculated materials were formed on the

Synthesis optimization

surface of the lauryl-S GR at a pH of 7, which further reduced the active sites and disrupted
the continuous uptake of CeIV to the lauryl-S GR. This study expands the application of
GRs and supplies an ideal iron-based material for the construction of the affiliated recovery
pathway to the traditional separation of Ce.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Rare earth elements (REEs) have been broadly applied to diverse technical and traditional industries such as medicine,
metallurgy, ceramics, and green agriculture, etc., besides
∗

the original nuclear industries(Balaram, 2019; Mihajlovic and
Rinklebe, 2018). Some light REEs (e.g., lanthanum (La),
praseodymium (Pr), cerium (Ce), and neodymium (Nd)) mainly
deposit in the monazite and bastnaesite in China(Hong et al.,
2019; Zhang et al., 2020). Ce has the highest abundance
among these light REEs with its oxides being mentioned for

Corresponding authors.
E-mails: ht1104705720@qq.com (T. Huang), sherry5288@126.com (J. Xie).

https://doi.org/10.1016/j.jes.2021.01.028
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

journal of environmental sciences 107 (2021) 14–25

its excellent catalytic capability(Meshram and Abhilash, 2020;
Omodara et al., 2019). CeIII oxidized to CeIV is the basic premise
to separate Ce from minerals and achieve highly pure Cecontained materials. Roasting with air (i.e., Appendix A Eq.
(S1)) and the addition of chemical oxidants in the alkaline solution (Appendix A Eq. (S2)) are the main two oxidation methods applied in the separation(Shan et al., 2020; Sowlat et al.,
2017). After the oxidation stage, CeIV accompanying with fluorine (F) can be effectively leached out by strong acid. Then,
CeIV species and F are extracted by organic extractants (e.g.,
TBP, Cyanex923, P203, and P507, etc.)(Zou et al., 2014), reductively stripped (Appendix A Eq. (S3)), and precipitated
(Appendix A Eqs. (S4) and (S5)). Commonly, a large amount
of wastewater containing CeIV would be produced after the
whole separation process (Appendix A Fig. S1, the traditional
separation), which is urgently needed to be disposed of before
any discharge measure according to current drinking-water
criteria (GB5749–2006)(Choi et al., 2020; Selvakumar et al.,
2020).
CeIV can stably exist in the aqueous environment due
to its low standard electrode potential (i.e., E0 (CeIV /
CeIII ) = 1.72 V)(Burakova et al., 2018). CeIV initially hydrolyzes
at a pH of 0.8 and easily forms stable compounds with O2–
in solution. These characteristics of CeIV make the adsorption
technique a candidate for the recovery of CeIV from industrial
wastewater (Burakova et al., 2018; Dong et al., 2019; Yu et al.,
2018). Theoretically, the control of adsorption and desorption
guarantees a possible way of separating and concentrating
substances from different aqueous environments. The processability for the removal of CeIV by adsorption is inevitably
influenced by the physiochemistry of the adsorbent including surface, inner structure, and the distribution of functional
groups besides the environmental conditions and the redox
potentiality and chemical speciation of CeIV (Allahkarami and
Rezai, 2019). Therefore, the choice or synthesis of adsorbent is
significant.
The high adsorption capacity, dissolution feasibility in the
strong acid solution, high separability from the target by organic extractants are some essential requirements for the adsorbent usage based on the above-said separation and adsorption process(Liu et al., 2014; Luong et al., 2018; Rasaki et al.,
2019; Tan et al., 2020). The iron-based materials seemingly
are more suitable for these claims in the adsorbent list. Until now, the removal and concentration of CeIV by the adsorption have not been systematically evaluated especially for the
usage of iron-based adsorbent materials(Huang et al., 2019a;
Leus et al., 2018). Some iron materials such as zero-valent iron
powder (ZVI), nanoscale ZVI (NZVI), ferrite, goethite, and magnetite, etc. have been widely used for the environmental remediation of water contaminated by organics and heavy metals (HMs)(Fan et al., 2017; Hao et al., 2018; Zhou et al., 2019).
NZVI would be preferably chosen among the iron materials for
the adsorption treatment towards Ce because it neither introduces any second element nor increases the dissolving difficulty of adsorbent during acid dissolution(Ezzatahmadi et al.,
2017; Zou et al., 2016). However, the cluster phenomenon and
preparation complexity would offset the performance advantages and weaken expectations for the applicability of NZVI
on the impressive adsorption of Ce(Wei et al., 2019; Yao et al.,
2019; Zhang et al., 2019). A new form of iron-based material
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is necessarily selected or synthesized according to requirements for Ce removal from the wastewater. In recent years,
III
x+ · [( x )An− , mH O]x− ) has atgreen rust (GR, [FeII
2
1−x Fex (OH)2 ]
n
tracted more attention due to its brucite-like layered double
hydroxide (LDH) structure, synthesis convenience, and wide
incorporation into various techniques for environmental remediation(Huang et al., 2019c; Onoguchi et al., 2019). GRs are
often categorized by different types of intercalated anions
(Bhave and Shejwalkar, 2018; Usman et al., 2018). The microscopic layer space and amphoteric hydroxyl groups existing
on the surface of GRs are affected by the types of intercalated anions, which further changes the adsorption process
and mechanisms (e.g., anion and ligand exchange and surface
complexation)(Usman et al., 2018). The adsorption of both inorganic anions and cationic metals has been achieved by GRs
due to the amphoteric hydroxyl groups on their surfaces. The
reaction mechanisms are subject to the exchanges of anion
and ligand and the surface complexation(Huang et al., 2019c).
In this study, the laurylsulfonate intercalated GR (lauryl-S GR)
was synthesized and tested in the indicator of CeIV adsorption in different pH environments. The effect of synthesis parameters and aqueous conditions on the adsorption of CeIV
towards lauryl-S GRs were quantitively investigated. The synthesis process was optimized based on the individual and interacted significances of factors and the predictability by the
desirability function. The physicochemical changes of lauryl-S
GR before and after experiments were characterized. Kinetics
and isotherm models were simulated and several characterization strategies were comprehensively employed for a reliable survey of adsorption mechanisms. This study not only
expands the application of GRs also supplies an ideal ironbased material for the construction of the affiliated recovery
pathway (Appendix A Fig. S1) to the traditional separation of
Ce.

1.

Materials and methods

1.1.

Synthesis of laurylsulfonate green rust (lauryl-S GR)

Chemicals required for the synthesis of lauryl-S GRs and further adsorption experiments are specified in Appendix A .
Stock solutions of quadrivalent cerium (CeIV ) were prepared
by dissolving Ce(SO4 )2 in the deionized (DI) water at some
ratios. Lauryl-S GRs were synthesized by a coprecipitation
method (Bhave and Shejwalkar, 2018; Huang et al., 2019c).
Specifically, the preparation of lauryl-S GRs was wholly implemented in an anaerobic environment in a vacuum glove
box (DECO-VGB-304–3, Changsha DECO Equipment Co., Ltd.,
China). DI water was purged with N2 gas (95% of N2 and
5% of H2 ) to evacuate the dissolved O2 before the synthesis procedure. Ferrous and ferric sulfates (i.e., FeII and FeIII )
were weighted at certain molar ratios and simultaneously
dissolved in DI water. Similarly, NaOH and C12 H25 SO3 Na at
some molar ratios were weighted and dissolved in DI water, respectively. The three kinds of solutions containing FeII ,
FeIII , OH− , and [C12 H25 SO3 ]− were mixed in a conical beaker
(250 mL) and mechanically stirred at 120 r/min for 5 min
hereafter. The flocculated precipitation was separated using
a centrifuge (KH19A, KAIDA, China) at 8000 r/min for 5 min,
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dried in a vacuum oven (ZK-50A, Biao Cheng, China), milled,
sifted by a 200-mesh sieve. Synthesis parameters and corresponding labels for lauryl-S GRs are listed in Appendix A
Table S1.

1.2.

Experimental design

Equilibrium adsorption experiments for CeIV by lauryl-S GRs
were conducted at a batch mode. The lauryl-S GR at a dosage
of 1.0 g/L was added to the stock solutions with CeIV concentrations ranging from 150 to 350 mg/L, respectively. Solutions
were continuously stirred over 30 min at 30 °C in a thermostat water-bathing tank (DC-1006 N, FANGRUI INSTRUMENT,
China). Considering an alkaline environment can reduce CeIV
solubility(Omodara et al., 2019; Zou et al., 2014), the initial pH
of 1, 3, 5, and 7 were adjusted by titrating 1 mol/L H2 SO4 , representing the effect of acidity and neutrality on the adsorption capacities of lauryl-S GR. To analyze the effect of synthesis parameters in both individual and synergetic perspectives
towards the response of CeIV adsorption capacities and further optimize the synthesis process of lauryl-S GRs based on
the feedback adsorption results, a central composite design
(CCD) with four factors was adopted and arranged in 31 runs
composing of 8 axial points, 16 factorial points, and 7 central replicates. CCD factors with five levels are detailed in Table S2 in the SI. Four kinetics (i.e., the pseudo-first-order, the
pseudo-second-order, intraparticle diffusion, and Elovich) and
four isotherm models (i.e., Langmuir, Tempkin, Freundlich,
and Ducbinin–Radushkevich) detailed in Appendix A (Eqs. (S1)
– (S8)) were chosen for the fitting of mean adsorption values
(in triplicate) to quantitively verify the potential reaction pathways and ensure the rate-limiting steps (Huang et al., 2019b).
The desorption behavior of CeIV from lauryl-S GRs dosed at
1 g/L interfered by NaCl (1 – 5 mol/L) over 30 min was quantitatively evaluated to support indirect and complimentarily
experimental evidence for the speculation on the adsorption
mechanisms between CeIV and lauryl-S GR within the solidliquid interface.

1.3.

Calculations and analysis

Aqueous CeIV concentration was measured by ICP-OES
(iCAPTM 7600, Thermo Fisher Scientific, USA). Adsorption capacities (i.e., qe and qt mg/g) of lauryl-S GRs at equilibrium and
time t are calculated by Eqs. (1) and (2), respectively, where c0 ,
ce and ct represent CeIV concentrations in solutions at the initial, equilibrium, and time t , respectively, V (L) is the solution
volume, and m (g) is the mass amount of dosed lauryl-S GRs.
The optimal model predictor for the maximum response is dependent on a quadratic equation (Eq. (3)), where Y is the predicted response (i.e., adsorption capacity), Xi (i.e., i = 1, 2, 3, and
4) is each CCD experimental factor, a0 is the model constant, ai ,
aii and aij are the linear, quadratic, and interaction coefficients,
respectively. Furthermore, the desirability function (DF) was
employed to obtain the optimization of synthesis parameters
(best levels for each factor) (Eslami et al., 2016). Some characterization strategies including FT-IR, TGA, XPS, and SEM-EDS
were employed for a comprehensive exploration of the heterogeneous adsorption mechanisms between CeIV and the adsorbent of lauryl-S GRs. The device and usage specifications on

FT-IR, TGA, XPS, and SEM-EDS were presented in Appendix A.
qe =

(c0 − ce ) × V
m

(1)

qt =

(c0 − ct ) × V
m

(2)

Y = a0 +

n

i=1

ai Xi +

n

i=1

aii Xi2 +

n
n 


ai j Xi X j

(3)

i=1 j=i+1

2.

Results and discussion

2.1.

Adsorption of CeIV towards lauryl-S GRs

An adsorption process is commonly influenced by both aqueous conditions and physicochemical characteristics. The microstructures and surface characteristics of adsorbent are directly controlled by synthesis parameters. The effect of synthesis parameters and aqueous conditions on CeIV adsorption are shown in Fig. 1 (Synthesis parameters for lauryl-S
GRs are detailed in Appendix A Table S1). As seen in Fig. 1a,
a molar ratio of FeII to FeIII of 3 and a FeII concentration
of 0.75 mol/L were beneficial to the adsorption of CeIV onto
lauryl-S GR (LS-GR-3 and LS-GR-5), indicating that the valence
adjustment of Fe between the divalent and trivalent concerning with the layer space and surface charge distribution of GR
was directly related to the adsorption of the process by LS-GR
(Usman et al., 2018). A molar ratio of OH− to the total iron of
4:1 (LS-GR-7) facilitated a further increase of adsorption capacity to 229.17 mg/g, which is pertinent to the formation of
metal hydroxide sheets in the GR structures (Perez et al., 2020;
Thomas et al., 2020). A molar ratio of lauryl-S to the total iron
of 1:4 (LS-GR-8) was more conducive to the performance improvement of Lauryl-S GR than the ratio of 1:3 (LS-GR-9). Laurylsulfonate was used to balance the positive charge in the
metal hydroxide sheets caused by the partial replacement of
FeII by FeIII (Bhave and Shejwalkar, 2018). The parameters of a
specific surface, pore-volume, and pore size for GR(SO2−
4 ) and
lauryl-S GR are shown in Appendix A Table S3. The surface areas (single point and BET) of lauryl-S GR were close to that
of GR(SO2−
4 ), the BJH adsorption/desorption cumulative surface areas, the pore volumes, and the pore sizes of lauryl-S GR
were all lower than GR(SO2−
4 ). The lauryl-S usage during the
synthesis of GR maintained the physical characteristics of the
GR surface to some extent while explicitly decreased the layer
space between the iron hydroxide sheets. A 3D colormap surface with projection representing the effect of the initial CeIV
concentrations and initial pH on CeIV adsorption is shown in
Fig. 1b. The adsorption capacity of 294.02 mg/g by LS-GR-8 was
achieved at a lauryl-S GR dosage of 1.0 g/L, the initial concentration of CeIV of 350 mg/L, and a pH of 5. A deeper red color
map corresponding to the higher adsorption capacities over
the initial concentration of 300 – 350 mg/L and pH of 4 – 5 were
observed and matched. The strong acid aqueous environment
(i.e., < 3) would potentially cause the premature dissolution
of Lauryl-S GR, which decreased the active sites loading in the
adsorbent (Allahkarami and Rezai, 2019; Burakova et al., 2018)
and was pernicious for the adsorption of CeIV . A higher initial concentration of CeIV was preferred for the adsorption by
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Fig. 1 – Effect of synthesis parameters and aqueous conditions on CeIV adsorption, a: effect of synthesis parameters
including the molar ratios of FeII to FeIII , FeII concentrations, the molar ratios of OH− to the total iron, and the molar ratios of
lauryl-S to the total iron on CeIV adsorption (Experimental conditions: LS-GR-1 – LS-GR-9 at a lauryl-S GR dosage 1.0 g/L,
CeIV 250 mg/L, 30 °C, pH 7), b: effect of the initial CeIV concentrations and initial pH on CeIV adsorption (Experimental
conditions: LS-GR-8 at a lauryl-S GR dosage 1.0 g/L, CeIV 150 – 350 mg/L, 30 °C, pH 1 – 7).

lauryl-S GR, which undoubtedly enhanced the utilization efficacy of active sites.

2.2.
Individual and interacted effect of sources and
synthesis optimization
The experimental matrix for CCD as well as the corresponding
adsorption capacities of lauryl-S GRs using LS-GR-8 at a laurylS GR dosage of 1.0 g/L, the concentration of CeIV of 300 mg/L,
and pH of 5 are shown in Table 1. Variable significance by analysis of variance (ANOVA) in the CCD is listed in Appendix A
Table S4. The influence of CCD factors on the response and
synthesis optimization are correspondingly shown in Fig. 2. As
seen in Table 1, the highest response of 289.35 mg/g was obtained at 22nd run (X1 (0)X2 (0)X3 (2)X4 (0), the molar ratios of FeII
to FeIII of 3, the FeII concentration 0.5 mol/L, the molar ratios of
OH− to the total iron of 5:1, and the molar ratios of lauryl-S to
the total iron of 1:4) among 31 runs in total. For the linear section in Appendix A Table S4, the significance probabilities (P)
of four sources (i.e., X1 , X2 , X3 , and X4 ) were 0.003, 0.047, 0.000,
and 0.037, respectively, all lower than the default α of 0.05,
meaning the four factors were all able to linearly and significantly affected the response. Similarly, the P values of the first
three sources in the square part (i.e., X1 ∗ X1 , X2 ∗ X2 , and X3 ∗ X3 )
were all smaller than 0.05, all had a markable impact on the
synthesis of lauryl-S GR. Contrarily, the P values of sources (i.e.,
X1 ∗ X2 , X1 ∗ X3 , X1 ∗ X4 , X2 ∗ X3 , X2 ∗ X4 , and X3 ∗ X4 ) in the interaction
moiety were all much larger than 0.05. Therefore, the interaction influence towards the response was insignificant despite
not negligible. As shown in Fig. 2a, the contour plots of X1 –
X2 , X1 – X3 , X1 – X4 , X2 – X3 , X2 – X4 , and X3 – X4 towards the response concurred with the significant results. The responses
modulated by two sources were demonstratively concentrated
in some specific areas with deeper green color. Generally, X1 at
the level of around 1, X2 at a range of 0 – 1, X3 at a range of 1 – 2,
and X4 at a range of 0 – 1 were conducive to obtaining higher

Table 1 – Experimental matrix for CCD as well as the corresponding adsorption capacities of lauryl-S GRs (Experimental conditions: LS-GR-8 at lauryl-S GR dosage 1.0 g/L,
CeIV 300 mg/L, 30 °C, and pH 5).
Run

X1

X2

X3

X4

qe (mg/g)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

−1
1
−1
1
−1
1
−1
1
−1
1
−1
1
−1
1
−1
1
−2
2
0
0
0
0
0
0
0
0
0
0
0
0
0

−1
−1
1
1
−1
−1
1
1
−1
−1
1
1
−1
−1
1
1
0
0
−2
2
0
0
0
0
0
0
0
0
0
0
0

−1
−1
−1
−1
1
1
1
1
−1
−1
−1
−1
1
1
1
1
0
0
0
0
−2
2
0
0
0
0
0
0
0
0
0

−1
−1
−1
−1
−1
−1
−1
−1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
−2
2
0
0
0
0
0
0
0

223.79
234.09
225.62
229.54
248.68
254.86
251.37
282.45
220.83
231.58
236.55
243.94
275.46
283.75
278.56
280.67
194.75
286.51
198.16
252.83
183.54
289.35
228.96
265.64
276.58
276.43
274.79
277.15
275.37
276.86
275.09
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Fig. 2 – Influence of CCD factors on the response and synthesis optimization, a: Contour plots of X1 – X2 , X1 – X3 , X1 – X4 , X2 –
X3 , X2 – X4 , and X3 – X4 towards the response (Adsorption capacity); b: Prediction for the maximum adsorption capacity by a
response optimizer (Desirability = 1).

responses. The largest area that has a response larger than
280 mg/g was achieved in X3 – X4 contour plot. The regression
equation for clarifying the quantitative relationship between
the adsorption capacity of lauryl-S GR (response) and the linear and square sources (i.e., X1 , X2 , X3 , X4 , X1 ∗ X1 , X2 ∗ X2 , X3 ∗ X3 ,
and X4 ∗ X4 ) is determined and shown in Eq. (4). The prediction
for the maximum adsorption capacity by a response optimizer
based on the regression equation is shown in Fig. 2b. The maximum adsorption capacity of 305.58 mg/g by LS-GR-8 was predicted in the condition of ‘Desirability = 1 , which was close

to the practical counterpart of 303.94 mg/g. Specifically, the
X1 (0.8283)X2 (0.3838)X3 (1.7576)X4 (1.2727) including the molar
ratios of FeII to FeIII of 3.41, the FeII concentration 0.52 mol/L,
the molar ratios of OH− to the total iron of 4.88:1, and the molar ratios of lauryl-S to the total iron of 1:4.64 was determined
as the optimal combination of factors.
Regression equation:
Y = 276.04+10.98X1 + 6.88X2 + 21.73X3 + 7.26X4 − 6.75X1 ∗ X1


−10.53X2 ∗ X2 − 7.79X3 ∗ X3 − 5.08X4 ∗ X4 R2 = 0.851
(4)

journal of environmental sciences 107 (2021) 14–25
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Fig. 3 – Mathematical simulation, a: Kinetic fittings by the pseudo-first-order model, the pseudo-second-order model, the
intraparticle-diffusion model, and Elovich (Synthesis parameter: X1 (0.8283) X2 (0.3838) X3 (1.7576) X4 (1.2727), experimental
conditions: lauryl-S GR at a lauryl-S GR dosage 1.0 g/L, CeIV 350 mg/L, 30 °C, pH 5, and over 60 min); b: Isotherm fittings by
Langmuir, Freundlich, Tempkin, and D&R (Synthesis parameter: X1 (0.8283) X2 (0.3838) X3 (1.7576) X4 (1.2727), experimental
conditions: lauryl-S GR at a lauryl-S GR dosage 1.0 g/L, CeIV 150 - 350 mg/L, 30 °C, pH 5, and over 60 min).

2.3.

Mathematical simulations

Mathematical simulation including kinetic and isotherm fittings is displayed in Fig. 3. The kinetic and isotherm parameters for the adsorption of lauryl-S GR towards CeIV are correspondingly listed in Appendix A Tables S5 and S6. As seen
in Appendix A Table S5, the correlation coefficient (Adj. R2 ) of
the pseudo-first-order kinetic model (i.e., ln(qe − qt ) = ln qe −
k1 t) was 0.99227, which is close to 1. Furthermore, the calcu-

lated qe (Cal. qe , mg/g) had a quite small deviation margin
with the experimental counterpart. The results demonstrated
that the pseudo-first-order kinetic model was memorably
appropriate in fitting the adsorption process towards CeIV
by lauryl-S GR (synthesis parameters: X1 (0.8283) X2 (0.3838)
X3 (1.7576) X4 (1.2727)) in a weak acid environment (pH = 5).
The fitting result further indicated that the adsorption of
CeIV on the surface of lauryl-S GR was dominantly controlled
by electrostatic attraction caused by the charge balance be-
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Fig. 4 – Desorption curves of Ce from lauryl-S GRs by NaCl solutions in different concentrations (1 – 5 mol/L).

Fig. 5 – TGA curves of lauryl-S GRs before and after adsorption experiments (pH = 3, 5, and 7).

tween the negative surface of lauryl-S GR and the positive hydrated CeIV (Huang et al., 2019c; Torab-Mostaedi, 2013; TorabMostaedi et al., 2015). The Adj. R2 values of the intraparticle
and Elovich models were 0.91454 and 0.93792, respectively,
both above the significance line (2-tailer) of 0.9, which explicitly verified the existence of the inner transfer and valence
transition (from tetravalent to trivalent) of CeIV in the laurylS GR. The fitting lines are shown in Fig. 3a echoed with the
correlation analysis. The transfer and transformation of CeIV
in the lauryl-S GR was the rate-limiting step(Allahkarami and
Rezai, 2019). As shown in Appendix A Table S6 and Fig. 3b,

the Adj. R2 value of the Langmuir model was 0.98076 with
the correspondingly fitting performance being excellent. The
correlation and fitting results proved the superior suitability
of the Langmuir model for the uptake description, which is
commonly related to the monolayer chemisorption(Kazi et al.,
2018; Woods, 2013). The maximum monolayer adsorption capacity (q0 ) of lauryl-S GR towards CeIV was 315.46 mg/g. Similarly, Freundlich and Tempkin were both reliable in depicting the isotherm uptake process to some extent according
to the correlation results (i.e., 0.94351 and 0.92539) while the
Ducbinin–Radushkevich model was inappropriate and unac-

journal of environmental sciences 107 (2021) 14–25
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Fig. 6 – FT-IR analysis for lauryl-S GRs bore and after
adsorption experiments (pH = 3, 5, and 7).

ceptable. Therefore, in terms of the reaction pathways pertinent to the uptake of CeIV onto the adsorbent of lauryl-S GR,
the monolayer adsorption and chemical reduction simultaneously acted on the adsorbent-adsorbate interface during the
heterogeneous adsorption. The decrease of the active sites in
the lauryl-S GR was evoked by both electrostatic attraction
(Eq. (5)), reduction (Eq. (6)), and hydrolysis (Eq. (7))(Park et al.,
2018; Perez et al., 2019; Usman et al., 2018; Yan et al., 2018).
Lauryl − S GR + CeIV → Lauryl − S GR ≡ CeIV

(5)

Lauryl − S GR ≡ CeIV −FeII → Lauryl − S GR ≡ CeIII −FeIII

(6)

Lauryl − S GR ≡ CeIII −FeIII +3H2 O → Lauryl − S GR
≡ CeIII −FeIII (OH)3 +3H+

2.4.

(7)

Desorption of Ce from lauryl-S GR

Desorption curves of Ce from lauryl-S GRs by NaCl solutions
in different concentrations (1 – 5 mol/L) are shown in Fig. 4.
The desorption experiments by NaCl solutions were subsequently conducted after the adsorption process at the CeIV
concentration of 150 mg/L (qe = 149.34 mg/g) and pH of 5 over
60 min. The release of as much Ce from lauryl-S GR into the
solution as possible is a prerequisite for recycling and recovery. Therefore, the desorption behavior of Ce from lauryl-S GR
should be explored. As shown, the concentration of Ce desorbed from lauryl-S GR by each eluent (NaCl solution) experienced an intense increase within the first 20 min and entered
a relatively stationary stage afterward. The desorption curves
demonstrated that most CeIV ions were adsorbed to the surface of lauryl-S GR while a moiety was transferred into the
inner core of the adsorbent and chemically stabilized which
would increase the acid dosage and weaken the recovery anticipation of Ce from wastewater. Although, the layer space
had been effectively decreased by intercalating lauryl-S compared with the traditional GRSO4 2− (Appendix A Table S3).
There are more works needed to be done for reducing the

Fig. 7 – XPS distribution of lauryl-S GRs for Ce valences after
adsorption experiments (pH = 3, 5, and 7).

inner-transferring part of CeIV from wastewater to the laurylS GR. The increase of NaCl concentration accelerated the desorption process and shortened the time used to enter the stationary stage. Na+ penetrated the FeII - FeIII hydroxide layers
and substituted hydrated Ce cations.

2.5.
GRs

Mechanism exploration for CeIV adsorbing to lauryl-S

To illustrate the potential pathways and explore the relevant
mechanisms of CeIV adsorbing onto lauryl-S GRs in the aque-
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Fig. 8 – SEM images of lauryl-S GRs before and after adsorption experiments (pH = 3, 5, and 7).

ous environment (pH = 3, 5, and 7), some characterization
strategies were adopted to fulfill the attempt. TGA curves,
FTIR analysis, XPS distribution, and SEM images are shown in
Figs. 5– Fig. 8, respectively. As seen in Fig. 5, approximately
8% of the mass was lost in the raw lauryl-S GR after the TGA
test over 25 to 1400 °C with a visible exothermic peak within
a temperature range of 200 to 400 °C existed. DSC (mW/mg) of
the raw lauryl-S GR was reduced from 0 to around −28. Differently, the parabola curves of TG (mass%) were formed in
both the lauryl-S GRs at pH of 3 and 5. The masses of lauryl-S
GRs at a pH of 3 and 5 increased with some small fluctuations
before 800 °C and contrarily decreased with the further increase of heating temperature. The corresponding DSC values
swooped to around −28 and −25 mW/mg, respectively. Neither
exothermic nor endothermic peaks were observed in the DSC
curve. However, for the sample of lauryl-S GR at a pH of 7, 3%
of mass loss and −20 mW/mg of DSC were observed. The TGA

results of the four samples certainly indicated that the adsorption of CeIV distinctly changed the pyrolysis characteristics of
lauryl-S GR and the higher concentration of CeIV ions were adsorbed to the lauryl-S GR in the aqueous conditions with pH
initially set at 3 and 5 compared with the neutral environment
(pH = 7). The analysis of TGA results was consistent with that
in the equilibrium adsorption experiments (Fig. 1). As shown
in Fig. 6, four lofty peaks at the wavenumbers of approximately 1626 cm−1 , 1400 cm−1 , 1136 cm−1 , and 617 cm−1 and
two small ones at a range of 3000 – 2750 cm−1 were matched
in the spectrum of the raw lauryl-S GR. The two small peaks
within 3000 – 2750 cm−1 were attributed to the stretching vibrations of – CH2 – and – CH3 ; The peak at 1400 cm-1 was subjected to the bending vibration of C–H. The peak at 617 cm−1
was caused by the sulfonic group in the laurylsulfonate. After
the adsorption process, the peak at 1626 cm−1 was left-shifted
to the position at 1635 cm−1 . Moreover, four peaks including
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two obvious at 1136 and 617 cm−1 and two small ones all disappeared in the lauryl-S GRs at pH of 3, 5, and 7. A new peak at
565 cm−1 was formed. The shifting, disappearance, and formation of peaks in the spectra all supported the uptake of CeIV to
the adsorbent to some extent. The enclosed areas of the disappearing and shifting peaks were larger than the newly generated counterpart at 565 cm−1 , which verified the existence of
chemisorption and dominance of surficial adsorption caused
by electrostatic attraction and hydroxyl complexation (Fig. 3,
Appendix A Tables S5, and S6).
The changes of Ce valence were analyzed and evaluated
based on the XPS distribution of lauryl-S GRs. The intensity
(a.u.) curves over binding energies (eV) for the element of Fe
are shown in Appendix A Figs. S2 – S5, respectively. Compared
with the raw lauryl-S GR, FeIII peaks with larger areas were observed in the used sample specimens at a pH of 3, 5, and 7.
More FeIII was generated by the oxidation of FeII by CeIV . Correspondingly, as shown in Fig. 7, the Ce species including CeO
and Ce2 O3 besides CeO2 were matched in the XPS distribution. The existence of CeO and Ce2 O3 directly demonstrated
the reduction reaction caused by FeII in the GR that occurred
to hydrated CeIV ions during the adsorption. Considering the
reduction for the adsorption of Ce into the lauryl-S GR was relatively minor compared to the electrostatic attraction and hydroxyl complexation (Fig. 3, Appendix A Tables S5 and S6), the
reduction of CeIV conducted in a heterogeneous pathway was
more likely to be put forth or take place. The reduction pathway was activated once the CeIV was attracted to the surface
of lauryl-S GR while the reduction rate was limited due to the
low standard electrode potential of CeIV (Torab-Mostaedi et al.,
2015; Varsihini et al., 2014). As shown in Fig. 8, the layered
structures and flocculation morphologies that were attributed
to the LDH and amphoteric hydroxyl groups were observed in
the SEM images of the raw lauryl-S GR under different magnifications (i.e., 20 KX, 10 KX, and 5 KX). Nano-sized Ce particles were attached to the lauryl-S GRs after the adsorption
experiments. Moreover, for the lauryl-S GR at a pH of 7, flocculated morphologies on the surface of the adsorbent were
ensured. The hydrolysis reaction that formed coprecipitation
of Fe and Ce only took place in the environment at a pH of 7.
The formation of coprecipitation of Fe and Ce potentially reduced the active sites and disrupted the continuous uptake of
CeIV to the lauryl-S GR. The element distribution on the four
samples is shown in Appendix A Figs. S6 – S9. The mass ratios
of Ce on the surfaces of lauryl-S GRs at pH of 3, 5, and 7 (i.e.,
20.77%, 27.51%, and 13.63%) reflected the influence of pH on
the adsorption of lauryl-S GRs towards CeIV to some extent.
Elements of Na and S could not be scanned anymore from the
used adsorbents after the adsorption process, indicating that
the transfer of Ce into the core of lauryl-S GRs was accompanied by the substitution of Na+ and the release of S from the
adsorbent to the solution.

3.

Conclusion

Lauryl-S applied to GR synthesis maintained the surface characteristics of GR while explicitly decreased the layer space between the iron hydroxide sheets. The initial concentration of
300 – 350 mg/L and pH of 3 – 5 were favored within the aqueous
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conditions for higher adsorption capacities. The linear and
square sources markedly affected the response while the interaction influence was insignificant. X1 at the level of around
1, X2 at a range of 0 – 1, X3 at a range of 1 – 2, and X4 at a
range of 0 – 1 were conducive to obtaining better responses.
The maximum adsorption capacity of 305.58 mg/g by LS-GR-8
was predictably achieved at the molar ratios of FeII to FeIII of
3.41, the FeII concentration of 0.52 mol/L, the molar ratios of
OH− to the total iron of 4.88:1, and the molar ratios of lauryl-S
to the total iron of 1:4.64. The pseudo-first-order kinetic model
was memorably appropriate in fitting the adsorption process
towards CeIV by lauryl-S GR in a weak acid environment. The
isotherm models including Langmuir, Freundlich, and Tempkin were all reliable in depicting the isotherm uptake process. The desorption of Ce from lauryl-S GR experienced an intense increase within the first 20 min and entered a relatively
stationary stage afterward. TGA results of samples certainly
demonstrated the changes in the pyrolysis characteristics of
lauryl-S GR caused by the uptake of CeIV . The enclosed areas
of the disappearing and shifting FTIR peaks were larger than
the newly generated counterpart at 565 cm−1 , which verified
the existence of chemisorption and dominance of surficial adsorption caused by electrostatic attraction and hydroxyl complexation. The Ce species including CeO and Ce2 O3 besides
CeO2 were matched in the XPS distribution, which directly indicated the reduction reaction brought by FeII in the GR that
occurred to hydrated CeIV ions during the adsorption. The reduction of CeIV conducted in a heterogeneous pathway was
more likely to take place. The reduction pathway was activated once the CeIV was attracted to the surface of lauryl-S GR
while the reduction rate was limited due to the low standard
electrode potential of CeIV . Hydrolysis that induced coprecipitation of Fe and Ce only took place in the environment at a pH
of 7, which further reduced the active sites and disrupted the
continuous uptake of CeIV to the lauryl-S GR.
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