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ABSTRACT

To improve the resistance of concrete structures to chloride ion attack, CaMnFe-LDHs (layered dou-
ble hydroxides) were prepared by co-precipitation method. The CaMnFe-LDHs was used to adsorb
CI" from aqueous solutions and cement slurry block containing CaMnFe-LDHs was applied to solid-
ify CI". Adsorption experiments showed that the ClI~ adsorption process on CaMnFe-LDHs was in
accordance with the pseudo-second-order model and Langmuir model. The CI- maximum adsorp-
tion capacity on CaMnFe-LDHs could reach 144.01 mg/g. The mechanism of Cl- removal by CaMnFe-
LDHs involved adsorption of O-containing groups and ion exchange. Solidification experiments
showed that the cement slurry block with CaMnFe-LDHs had significantly improved its CI- solid-
ification ability compared to ordinary cement slurry block. At an admixture rate of 20:100 and cur-
ing age of 28 d, the CI" solidification amount (155.74 mg) and CI- adsorption capacity (56.15 mg/g)
on cement slurry block reached the optimum value. The results indicated that CaMnFe-LDHs
can effectively prevent the attack of CI- on cement slurry block.
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1. Introduction

Since entering the 21st century, the marine infrastruc-
ture construction investment has increased, and reinforced
concrete structures are widely used in marine terminals,
ports, cross-sea bridges and offshore exploration platforms
and other projects [1,2]. And these engineering structures
are long-term in the seawater environment, erosion by a
large number of chloride ions, will lead to structural dura-
bility deficiencies. Therefore, the study of chloride salt
erosion in concrete, especially how to mitigate the chlo-
ride salt erosion is still the focus of the concrete durability
research field [3].

Hydrotalcite-based intercalation materials, also known
as layered double hydroxides (LDHs), had a strong inter-
layer anion exchange capacity [4,5]. One of the effects
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of LDHs on the durability of concrete materials was to
improve resistance to chloride attack, and research had
focused on both their adsorption of chloride ions and
slowing down chloride ion penetration [6-8]. Adsorption
methods are widely used for the removal of organic and
inorganic contaminants from aqueous solutions [9-11].
The simplicity and efficiency of adsorption methods have
attracted the attention of researchers worldwide [12-14].
Tang et al. [15] incorporated CaMg-LDHs into cement and
studied its mechanical properties and chloride ion curing
properties. The results showed that the concrete mixed
with CaMg-LDHs had efficient, rapid and stable chloride
ion exchange behavior and curing ability, and the opti-
mal amount of CaMg-LDHs in cement was 3%, which can
significantly improve the curing chloride ion ability of
cement. Yoon et al. [16] showed that the CI~ curing capacity
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of MgAIl-LDHs was 153 mg/g, and further demonstrated
that MgAIl-LDHs can significantly enhance the curing
capacity of cementitious materials against Cl~. Ma et al.
[17] showed that MgAl-LDHs can significantly enhance
the CI- penetration resistance of concrete materials and
attributed the reason to adsorption of CI". It had also been
confirmed that MgAl-LDHs, MgNiAl-LDHs and compos-
ites of MgAI-LDHs incorporated into cement slurry block
were effective in curing CI-[18,19].

In this paper, CaMnFe-LDHs were prepared by co-
precipitation method and used for the adsorption and immo-
bilization of CI~. The main objectives of this paper are to:
(1) investigate the adsorption performance of CaMnFe-LDHs
on CI, and (2) explore the CI- solidification performance of
cement slurry block with Mg-Al-CLDHs admixture ratios.

2. Materials and methods
2.1. Reagents

Ca(NO,),4H,0, Mn(NO,),4H,O, Fe(NO,),9H,0 and
NaCl were analytical reagent (AR) and were purchased from
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China).
The purity of all reagents is over 99.7%. The experimental
water was deionized water (DW).

2.2. Preparation of materials

CaMnFe-LDHs were prepared by co-precipitation
method: 0.05 mol Ca(NO,),-4H,O, 0.025 mol Mn(NO,),-4H,0
and 0.025 mol Fe(NO,),-9H,O were dissolved in 100 mL
DW, and the solution pH was adjusted to 10 using 1 mol/L
NaOH. Then, the mixed solution was transferred to a
500 mL three-neck flask. After the reaction was completed,
the flask was sealed with plastic film and placed in a water
bath at 60°C for 24 h. After the reaction was completed,
the solid was filtered by centrifugation and washed with
DW for several times. The washed solid was dried under
vacuum for 12 h to obtain CaMnFe-LDHs.

2.3. Adsorption experiments

A certain amount of CaMnFe-LDHs and 50 mL of CI-
solution were mixed, and the initial pH of the solution was
adjusted by 0.1 mol/L of HCI or NaOH. Subsequently, the
mixed solution placed in a constant temperature oscillator
at 150 rpm for a reaction period to investigate the effects
of the dosage (0.1~3 g/L), the initial pH (2~10), the reaction
time (10~600 min), temperature (15°C~50°C) and the initial
CI- concentration (50~1,000 mg/L) on the CI- adsorption by
CaMnFe-LDHs. After the adsorption was completed, 10 mL
solution was centrifuged for 10 min. The Cl- concentra-
tion of the solution was measured by a chloride ion selec-
tive electrode (The chloride ion selective electrode deter-
mined the CI- concentration by the ion selective electrode
(ISE) method. The measurement mechanism was that the
ISE was converted into a certain potential according to the
concentration of chloride ions to obtain the concentration of
chloride ions in solution), and the NO; concentration of the
filtrate was determined by the phenol-disulfonic acid colori-
metric method. Finally, the removal efficiency [Eq. (1)] and
adsorption capacity [Eq. (2)] were calculated as follows:

R=S"% 100% (1)
C0
(C,-C)xV
Q=—"—"7"— 2
m

where R is the CI- removal efficiency, %; C, is the initial con-
centration, mg/L; C, is the remaining CI-~ concentration in
the solution after adsorption equilibrium, mg/L; Q, is the
adsorption capacity, mg/g; V is the volume of the solution,
mL; m is the mass of the adsorbent, mg.

2.4. Solidification experiments

The CaMnFe-LDHs with certain ratios (0:100, 5:100,
10:100, 15:100, 20:100 and 25:100) were mixed into
cement as cement admixture, and cement slurry was
mixed with DW to prepare cement slurry block (size:
20 mm x 20 mm x 20 mm). The curing age of cement slurry
block were set to 3, 7 and 27 d. The group with a mixing
ratio of 0:100 was identified as the control check group (CK)
and the rest groups were the experimental group (EG).
According to the ratios (5:100, 10:100, 15:100, 20:100 and
25:100), the experimental groups were recorded as EG-1,
EG-2, EG-3, EG-4, and EG-5, respectively.

The cement slurry blocks were placed in 1 mol/L ClI~ solu-
tion (50 mL) to soak for 28 d. The CI- concentration in the
aqueous solution after soaking was measured by a Cl” selec-
tive electrode. The reduction of CI” before and after soaking
was regarded as solidification amount on cement slurry
block. The CI" solidification amount by CaMnFe-LDHs in
cement slurry blocks (ClI- amount in EG soaking solution
after solidification — CI- amount in CK soaking solution after
solidification) and the CI~ adsorption capacity on CaMnFe-
LDHs in cement slurry blocks (solidification amount/
CaMnFe-LDHs admixture) were calculated as follows [20].

2.5. Structural characterization of the materials

CaMnFe-LDHs crystalline structure was analyzed by
X-ray powder diffractometer (XRD, D8, Bruker, Germany).
The surface morphological features and surface elements
were analyzed by scanning electron microscope with ener-
gy-dispersive X-ray spectrometer (SEM-EDS, SUPRAA40,
Zeiss, Germany). The surface functional groups were ana-
lyzed by Fourier-transform infrared spectrometer (FTIR,
Nicolet-460, Thermo Fisher, USA). The specific surface
area and pore size analysis were analyzed by specific sur-
face area analyzer (BET, Tristar II Plus 2.02, Micromeritics,
USA). The zeta potential analyzer (Nano-Z590, Malvern,
England) was used to analyze the surface potential changes
at different pH and to calculate zero potential points (pH_, ).

3. Results and discussion

3.1. Characterization analysis

As shown in Fig. 1, the surface morphology of CaMnFe-
LDHs was magnified by 30,000 times. Before adsorption
(Fig. 1a), the surface of CaMnFe-LDHs was rough and loose,
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Fig. 1. SEM-EDS images of Cl- removal by CaMnFe-LDHs before (a) and after (b).

showing irregular lamellar structure with sharp angles,
which was typical structure of LDHs. After Cl- adsorption
(Fig. 1b), CaMnFe-LDHs exhibited interlayer aggregation
and collapse, but the basic structure remained unchanged.
The EDS analysis before and after adsorption mani-
fested that Cl- was successfully adsorbed by CaMnFe-LDHs.

The N, adsorption-desorption isotherms and pore-size
distribution of CaMnFe-LDHs are dispalyed in Fig. 2a and
b, respectively. The N, adsorption—desorption isotherm can
be classified as type IV isotherm [11,21,22]. Additionally,
the pore-size distribution confirmed that the pore size of
CaMnFe-LDHs was in the range of 2~50 nm, indicating
that CaMnFe-LDHs was a mesoporous material [21,23,24].
Simultaneously, the specific surface area and pore size
were calculated to be 436.28 m?/g and 2.39 nm, respectively.

FTIR characterization of the CaMnFe-LDHs was per-
formed as shown in Fig. 2c. The strong and broad diffraction
peak at 3,420 cm™ was mainly due to the -OH in CaMnFe-
LDHs. The spectrum of CaMnFe-LDHs shown an absorp-
tion band near 1,630 cm™, which may be the superposition
peak of interlayer water molecules with C=O functional
groups [21,25]. The obvious shoulder peak at 1,390 cm™ indi-
cated the highly symmetric and well-arranged interlayer
NO;, which proved the presence of NOj in the interlayer
[26]. The peak at 559 cm™ in both samples was mainly due
to laminar metal lattice stretching vibrations (e.g., Ca-O,
Mn-O and Fe-0O) [27,28].

The XRD analysis of CaMnFe-LDHs material were dis-
played in Fig. 2c. The presence of distinct diffraction peaks
at 20 of 11.54°, 23.32°, 33.03°, 57.16° and 58.66°, correspond-
ing to (003), (006), (009), (110) and (113) diffraction crystal
planes, respectively, were typical characteristic peaks of
LDHs, which also indicated the successful preparation of
CaMnFe-LDHs [19,21,29-32]. Crystal planes (003), (006)
and (009) corresponded to 20 with multiplicative relation-
ship and sharp and pointed diffraction peaks, confirming
that the synthesized CaMnFe-LDHs had typical charac-
teristic peaks of LDHs [31].

3.2. Adsorption kinetics

The effect of reaction time (10~600 min) on the CI-
removal was investigated at 30°C, dosage of 1 g/L, Cl- con-
centration of 100 mg/L and pH = 7.0. As shown in Fig. 3a,
the Cl- adsorption capacity of CaMnFe-LDHs increased
rapidly from 88.40 to 140.05 mg/g during 10~240 min.
And then, the CI- adsorption capacity increased slowly
to 145.15 mg/g during 240~600 min. In the initial stage of
adsorption, the adsorption amount increased rapidly due to
the presence of a large number of unused adsorption sites
on the adsorbent surface [16].

To further research the Cl- adsorption process on
CaMnFe-LDHs, the experimental data were fitted and
analyzed using the pseudo-first-order model [Eq. (3)], the
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Fig. 2. N, adsorption—desorption (a), pore-size distribution (b), FTIR (c) and XRD (d) of CaMnFe-LDHs.
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Fig. 3. Adsorption kinetics model (a) and intraparticle diffusion model (b) of CI- removal by CaMnFe-LDHs.

pseudo-second-order model [Eq. (4)], the Elovich model
(Eq. 5) and the intraparticle diffusion model [Eq. (6)], and the

results are shown in
-k,
9. =4, (1 —e t)

gkt

71 q,k,t

Fig. 4 and Table 1.
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4)
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where g, and g, are the adsorption capacity at adsorption
equilibrium and at time “t”, respectively, mg/g; k, (min™)
and k, (g/mg min) are adsorption rate constant of the
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Table 1
The kinetic model fitting parameters
Pseudo-first-order model Pseudo-second-order model Elovich model
q, k, R? q, k, R? o B R?
128.01 0.053 0.863 144.01 0.52 x 107 0.984 76.00 0.049 0.979
Intraparticle diffusion model
kl Cl R% kZ CZ Rg k3 C3 Rg
13.00 28.00 0.991 4.75 72.00 0.996 0.50 128.01 0.979

pseudo-first-order and the pseudo-second-order, respec-
tively; a (mg/g min) and { are the initial absorbance and
desorption constant, respectively; K, (mg/m min'?) is the
intraparticle diffusion constant; C, is the boundary layer
constant.

As shown in Table 1, the correlation coefficient (R?) of
pseudo-second-order model (R* = 0.984) was higher than
those of pseudo-first-order model (R? = 0.863) and Elovich
model (R* = 0.979), indicating that the pseudo-second-
order model can more accurately describe the Cl- adsorp-
tion process on CaMnFe-LDHs [16,33,34]. Moreover, this
result suggested that the adsorption process belonged to
chemisorption [14,16]. As shown in Fig. 4b, the intraparti-
cle diffusion model divided the adsorption process into 3
stages. The first stage was the CI- diffusion from the liquid
to the surface of the adsorbent. The second adsorption stage
was the CI- diffusion from the surface to the pores, and the
third stage was the CI- diffusion on the inner surface of the
adsorbent until the adsorption equilibrium. Additionally,
the intraparticle diffusion constants K, > K, > K and
the boundary layer constants C, < C, < C, indicated
that the first diffusion stage dominated the adsorption
process [23].

The adsorption kinetic model shows that the pseu-
do-second-order model can better describe the process of
CI- adsorption by CaMnFe-LDHs. In addition, the intrapar-
ticle diffusion model illustrates the different stages of Cl-
adsorption on CaMnFe-LDHs.

3.3. Adsorption isotherm

The effect of the initial concentration (50~1,000 mg/L)
on the Cl- removal was investigated at pH 7.0, a dosage of
1 g/L and 600 min. As shown in Fig. 4, the CI- adsorption
capacity of CaMnFe-LDHs first increased and then reached
stability. The experimental data were fitted and analyzed
by Langmuir model [Eq. (7)], Freundlich model [Eq. (8)]
and Temkin model [Eq. (9)].

Tmax KiC,
- 7
9 1+K,C, @)
g, =K, 8)
RT
9=~ In(4,C,) ©)

T

where g, (mg/g) is the adsorption capacity at equilibrium,
mg/g; C, (mg/L) is the CI concentration at adsorption
equilibrium; g (mg/g) and K, (L/mg) are the theoreti-
cal maximum adsorption capacity and Langmuir equilib-
rium constant, respectively; K, (mg"™” L"/g) and n are the
Freundlich equilibrium constant and dimensionless number,
respectively; A, (1/g) and b, (k]/mol) are Temkin constants;



144

R is the global constant of gases (8.314 kJ/mol), and T is the
absolute temperature (K).

As shown in Table 2, the correlation coefficients
R?> 0.9 for the three models, but the Langmuir model had
a higher correlation coefficient, which indicated that the
Langmuir model was more consistent with the CI- adsorp-
tion on CaMnFe-LDHs. And then, this result reflected that
the adsorption process was homogeneous and monolayer
adsorption [16,26,27]. In addition, 1/n was less than 1 which
represented that the adsorption process was easy to proceed
and chemisorption occurs [33]. The maximum adsorption
capacity (g, ) was 144.01 mg/g at 30°C through Langmuir
model. Additionally, the NO; concentration (Fig. 4b) in
the solution increased with the initial Cl- concentration,

Table 2
Fitting parameters of adsorption isotherm

Langmuir model ~ Freundlich model Temkin model
/. K R K, n R b, AL R?

144.01 0.11 0.982 62.00 7.25 0.958 186.60 13.50 0.979
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which indicated that ion exchange occurred during the CI-
adsorption by CaMnFe-LDHs. That was, the NO; between
the CaMnFe-LDHs layers underwent ion exchange with CI-
in the aqueous solution, which caused the NO; in the solu-
tion to increase with the increase in the CI~ concentration.

3.4. Effects of environmental factors on the CI~ adsorption
3.4.1. Dosage

In general, an increase in the amount of adsorbent dos-
age usually led to an increase in the adsorbent removal
efficiency and a corresponding decrease in the adsorption
capacity of the adsorbent. The effect of dosage (0.1~3.0 g/L)
on the CI" adsorption process was investigated, as shown
in Fig. 5a. The adsorption capacity decreased gradually
with the increase of adsorbent dosage. Correspondingly,
the CI" removal efficiency initially increased rapidly with
increasing dosage. In essence, the effect of adsorbent dos-
age was due to the increase in the number of adsorption
sites [16]. However, when the adsorption dosage exceeded
1 g/L, the removal efficiency increased very little. This
may be due to the fact that excessive adsorbent dosage
intensified the birdnesting between adsorbent particles,
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which led to a decrease in the specific surface area of
adsorbent [35]. Therefore, 1 g/L was considered as the
most suitable adsorbent dosage in this study.

3.4.2. Adsorption temperature

In this study, the effect of adsorption temperature
(15°C~50°C) on CI~ adsorption was investigated, and
the results were shown in Fig. 5b. As shown in Fig. 5b,
the adsorption capacity increased with temperature as
the temperature increased from 15°C to 30°C, and the adso-
rption capacity reached 145.90 mg/g at 30°C. When the tem-
perature exceeded 30°C, there was little change in the CI-
adsorption capacity of CaMnFe-LDHs. Therefore, 30°C was
chosen as the optimum adsorption temperature for all the
experiments.

3.4.3. Initial pH of the solution

Solution pH is an important influential parameter
in the adsorption process, which can affect the charged
nature of the adsorbent surface. The result of the initial
pH on the CI- adsorption by CaMnFe-LDHs is shown in
Fig. 5c. The CI- adsorption capacity gradually increased
in the pH range of 2~7. The CI- adsorption capacity on
CaMnFe-LDHs reached a maximum value of 145.70 mg/g
at pH =7.0. When pH > 7.0, the adsorption capacity sharply
decreased to 56.40 mg/g. The zero potential point (pH )
of the CaMnFe-LDHs was 7.39 (Fig. 5d). The solution pH
was lower than 7.39, the H'in the solution occupied the
O-containing function groups on the surface of CaMnFe-
LDHs, which caused the adsorbent to protonate and
positively charged, and the CI- adsorption capacity was
enhanced [16,19]. When the solution pH was higher than
7.39, the O-containing function groups on the adsorbent sur-
face deprotonated and turned to weaken the CI- adsorption
[27]. However, this phenomenon caused a decrease in the
CI- adsorption at pH > 7. Meanwhile, the complexes were
formed between CI- and CaMnFe-LDHs and H* was released
at this process, which caused a decrease in the solution pH.

3.5. Adsorption mechanism

FTIR analysis of CaMnFe-LDHs before and after CI-
adsorption is shown in Fig. 6a. The FTIR spectra before and
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after adsorption did not change greatly, which indicated
that CaMnFe-LDHs had good stability. The -OH group in
the CaMnFe-LDHs was shifted. In addition, the C=O group
shifted to 1,625 cm™ and showed a decrease in intensity.
Similarly, the M-O group was also shifted after adsorp-
tion. The above results suggested that O-containing groups
in CaMnFe-LDHs were involved in the Cl- adsorption
[18,33]. Notably, the NO; group showed a weakening after
adsorption, presumably due to the ionic exchange of NO;
with CI- in the CaMnFe-LDHs [19].

The XRD analysis of the CaMnFe-LDHs before and after
the CI- adsorption is shown in Fig. 6a. After the adsorption,
the diffraction peaks of the CaMnFe-LDHs all appeared to
be weakened. This phenomenon was presumed to be an
ion exchange between NO; in the CaMnFe-LDHs and CI,
resulting in a weakening of the diffraction peaks of the
LDHs [16]. The results of the above analysis suggested that
the mechanism of CI- removal by CaMnFe-LDHs involved
adsorption of O-containing groups and ion exchange.

3.6. Solidification performance of CaMnFe-LDHs
in cement slurry block

The effects of admixture ratios (0:100, 5:100, 10:100,
15:100, 20:100 and 25:100) and curing age (3, 7 and 27 d) on
the CI" solidification were investigated after the immersion
of 28 d (Fig. 7a). A small amount of CI~ was still cured when
CaMnFe-LDHs was not mixed. On the one hand, the rea-
son for this was mainly the chemical combination of chlo-
ride ions with the cement slurry block to generate Friedel’s
salt [6,28]. On the other hand, Cl~ were physically adsorbed
by the cement hydration product C-5-H gel [23,29]. From
the data of EG, the amount of Cl- solidification increased
with the admixture ratio increase, and there was no obvi-
ous slowing down trend in the growth rate. Notably, the CI-
adsorption capacity of cement slurry block also increased
significantly and gradually with the admixture ratio
increase. When the admixture ratio of CaMnFe-LDHs in
cement slurry block was 25:100, the amount of CI~ solidi-
fication was about 155.74 mg and the adsorption capacity
was 56.15 mg/g. Additionally, the solidification amount
and adsorption capacity of Cl- gradually increased with
the increase of curing age. The cement slurry block was
always in the CI” solution, and the water inside the cement
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slurry block was in a dynamic exchange process with the
water in the external environment [4]. Due to the poten-
tial difference, CI- continuously invaded the cement slurry
and transferred to its interior.

The compressive strength of the cement slurry block
with different admixture ratios was tested and the result
is shown in Fig. 7b. The compressive strength of the EG
groups with CaMnFe-LDHs was higher than that of the
CK group. With the increase of curing age, the compressive
strength of the each group increased slowly. The compres-
sive strength growth was especially obvious at 3 and 7 d,
which can be inferred that CaMnFe-LDHs played the role
of accelerating the hydration of cement. The compressive
strength increased with the increase of admixture, while
the compressive strength of EG-5 decreased. This result
indicated that the admixture of CaMnFe-LDHs did not
lead to a linear increase of the compressive strength, while
there was an optimal admixture point. The enhancement
of compressive strength may be that the CaMnFe-LDHs
accelerated the crystallization rate of hydration products
in cement slurry block [25]. The effect of CaMnFe-LDHs
was like that of calcium nitrate in that the nitrate can
assist the release of hydroxide from cement clinker parti-
cles, which in turn increased the dissolution rate of silicate
and thus accelerated the generation of C-S5-H in cement
slurry block [17,20,29,32]. Therefore, the cement slurry
block had a better ability to cure CI~ at a admixture ratio of
20:100.

4. Conclusion

CaMnFe-LDHs were successfully prepared by co-pre-
cipitation method. The CI~ adsorption process on CaMnFe-
LDHs was in accordance with the pseudo-second-order
model and Langmuir model. The CI- maximum adsorption
of CaMnFe-LDHs could reach 144.01 mg/g. The mecha-
nism of CI" removal by CaMnFe-LDHs involved adsorption
of O-containing groups and ion exchange. Solidification
experiments showed that the cement slurry block with
CaMnFe-LDHs had significantly improved its CI- solidifi-
cation ability compared to ordinary cement slurry block.
The results indicated that CaMnFe-LDHs incorporation
can effectively prevent the attack of CI- on the cement
slurry block.
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