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A B S T R A C T   

Layered double hydroxides (LDHs) have attracted increasing attention as promising candidates by anion ex
changes and selective adsorption in the fluoride treatment field. In this study, three new ternary Zn-Co-Cr-LDHs 
were synthesized by primarily a one-step TEA-assisted hydrothermal process at various times. They were 
characterized by X-ray powder diffraction, thermogravimetric analysis, scanning electron microscopy, X-ray 
photoelectron spectroscopy, N2 gas adsorption and desorption curves and zeta potential. The effects of dosage 
amount, reaction duration, initial solution pH, temperature, and co-existing ions were evaluated systematically 
for the Zn-Co-Cr-LDHs in fluoride removal process. Compared to Zn-LDHs and Zn-Co-LDHs, three Zn-Co-Cr-LDHs 
showed excellent adsorption performance for F- with maximum adsorption amounts of 108.87 mg/g, 97.27 mg/ 
g, and 97.62 mg/g, respectively. The coexisting anions have less effect on the adsorption of F-. The introduction 
Cr3+ ion modulation in the Zn-Co-LDHs greatly improved the adsorption of fluoride ions. The kinetic process of 
fluoride ion adsorption is in accordance with the quasi-secondary kinetic model and the Elovich model, and the 
adsorption isotherm is in accordance with the Langmuir model. The quasi-secondary kinetic and Elovich models 
suggest that the process is chemisorption-controlled ion exchange adsorption. Zn-Co-Cr-LDHs are expected to 
have potential applications in fluoride removal process.   

1. Introduction 

Fluoride is a vital component of natural water bodies and an essential 
trace element for the human body. Low concentrations of fluoride pro
mote bone development and protect against dental caries in both chil
dren and adults (Ali et al., 2016). However, excessive intake of fluoride 
can lead to fluorosis (Zhang et al., 2022a,b). Fluorine pollution is also a 
global environmental problem, with at least 27 countries worldwide 
suffering from fluoride poisoning (Noor et al.,2022). Considering the 
intake of water and other sources, the World Health Organization rec
ommends a daily guideline of 1.5 mg⋅L-1 (WHO 2017; Zhang et al., 
2022a,b). Therefore, it is necessary to eliminate fluoride in high fluoride 
water through effective methods. 

At present, the main fluoride removal technologies are precipitation 

(Mullen, 2005), electrochemical method (Singh et al.,2013), biological 
method (Hem, 1959), and membrane treatment (Xia et al.,2021). Due to 
high operating and maintenance costs, these methods remain a chal
lenging task in removing F-applications (Ayoob and Gupta, 2006). 
However, adsorption method is widely used as a cheap and feasible 
technique（Susheela, 1999）. Among numerous natural and synthetic 
adsorbents, the formation of layered double hydroxides (LDHs) nano
particles has attracted much attention due to their high specific surface 
area and high thermal stability (Fan et al., 2014) (Kang et al.,2017). 

LDHs are composed of two layers of positively charged metal cations 
and an intermediate negatively charged anion, and widely used as 
environmentally friendly adsorbents (Wu et al.,2021). The wide choice 
of metal cations from one to four and interlayer anions has given rise to a 
series of layered functional materials. And monometallic hydroxides, 
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bimetallic LDHs and ternary LDHs have different adsorption effects (Liu 
et al.,2021). Moreover, when divalent ions are replaced by trivalent ions 
resulting in a net positive surface charge which is further counter
balanced by intercalated exchangeable anions. The net positive surface 
charge and availability of the exchangeable anions in the hydrated 
interlayer creates the high anion trapping capacity of LDHs (Zhang et al., 
2022a,b). Our team first adopted triethanolamine (TEA) as a bifunc
tional alkali source and template to prepare some new LDHs as an effi
cient adsorbent by hydrothermal technology. However, so far, there are 
few studies on the modulation of adsorption performance by mono
metallic hydroxides, bimetallic LDHs and ternary LDHs for fluoride by 
TEA-assisted hydrothermal method. In addition, the enhanced adsorp
tion mechanism also need to be further explored (Dang et al.,2023; He 
et al.,2012). 

Based on the purpose of ensuring the safety of drinking water, in this 
paper, we prepared Zn-LDHs, Zn-Co-LDHs and three new ternary Zn-Co- 
Cr-LDHs for the removal of F-. The experimental result shows that the 
introduction of Cr3+ into Zn-Co LDHs lead to greatly increasing F- up
take. Therefore, the removal effect on F- under different conditions, 
metal ion modulation effect were studied, and the adsorption mecha
nism was discussed in detail. 

2. Experimental section 

2.1. Materials 

Zinc nitrate hexahydrate, cobalt nitrate hexahydrate, chromium ni
trate nonahydrate, sodium chloride, triethanolamine (TEA), sodium 
citrate dihydrate, glacial acetic acid, sodium hydroxide, deionized 
water, anhydrous ethanol, sodium fluoride, (analytically pure). 

2.2. Preparation of adsorbent 

2.2.1. Preparation of Zn-LDHs 
According to the subject literature (Li et al., 2022a; Zhu, 2022): The 

mixture of 0.01 mol zinc nitrate hexahydrate and 12 mL deionized water 
are stirred. 2 mL triethanolamine was added to the solution drop by drop 
and stirred for 10 mins. The mixture solution was placed it in the oven 
and kept 100 ◦C for 2 h. After cooling to room temperature, the mixture 
was solid–liquid separated by centrifuge, washed with deionized water 
and anhydrous ethanol for 3 times, then put into a drying, dried in oven 
and obtained Zn-LDHs. 

2.2.2. Preparation of Zn-Co-LDHs 
Zn-Co-LDHs were prepared using the same method as 2.2.1 by 

replacing 0.01 mol Zn(NO3)2⋅6H2O using a total of 0.01 mol of zinc 

nitrate hexahydrate and cobalt nitrate hexahydrate in the ratio of 1:1 
according to the subject literature (Li et al., 2022b; Zhu, 2022). 

2.2.3. Preparation of three Zn-Co-Cr-LDHs 
Three Zn-Co-Cr-LDHs were prepared using the same method as 2.2.1 

by replacing 0.01 mol Zn(NO3)2⋅6H2O using a total of 0.01 mol of Zn 
(NO3)2⋅6H2O, Co(NO3)2⋅6H2O and Cr(NO3)3⋅9H2O in the ratio of 1:1:2. 
The mixture was stirred well, then, 2 mL triethanolamine was added 
drop by drop under stirring, and next the mixture placed in a Teflon- 
lined stainless steel vessel in an oven at a reaction temperature of 
100 ◦C from 2 h to 6 h. When the reaction was cooled to room tem
perature, three materials were separated, washed with deionized water 
and anhydrous ethanol and dried in a vacuum drying oven at 60 ◦C. 
Three nanomaterial were obtained after grinding, which are named as 
ZCC-1, ZCC-2 and ZCC-3, respectively. 

In order to further verify the promoting effect of Cr3+, Zn-Cr-LDHs 
and Co-Cr-LDHs were prepared using the above method for compara
tive experiments. 

2.3. Characterization 

ZCC-1, ZCC-2 and ZCC-3 were characterized using scanning electron 
microscopy (SEM, JSM-7001F), X-ray diffraction (XRD, BrukerD8
ANCE), Fourier infrared spectroscopy (FTIR, Thermo Fisher Nicolet IS5), 
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi), N2 
adsorption–desorption isotherm testing (Micromeritics ASAP 2020), 
inductively coupled plasma emission spectroscopy (ICP, Agilent ICPOES 
730), thermogravimetry (TG, Shimadzu DTG-60AH), zeta potential 
(Zetasizer Nano S) LDHs. 

2.4. F- adsorption experiments 

Zn-LDHs, Zn-Co-LDHs, ZCC-1, ZCC-2 and ZCC-3 adsorbents were 
used to study the removal of F- at low concentrations. The effects of 
different F- concentrations, dosage, adsorption time, temperature, pH 
and coexisting anions on the removal of F- were investigated. 

20 mg adsorbent was added to 20 mL the F- concentration of 500 mg/ 
L, and the mixed solution pH were adjusted from 4 to 8 by adding 0.1 M 
HCl or NaOH solution. Then the mixed solution were placed on a stirrer 
at fixed temperature for constant time to reach adsorption equilibrium. 
Subsequently, ZCC was centrifuged and 10 mL of TISAB buffer was 
added to avoid the interference of cations such as aluminum, iron and 
silicon, and the volume was set to the mark. Finally, the concentration of 
F- at equilibrium was measured by an ion selective electrode (Remag PF- 
2–01). The effect of co-existing anions such as H2PO-

4 (potassium salt), 
HCO3

–, NO3
–, SO4

2- (sodium salt) on fluoride adsorption was also studied. 

Scheme 1. The construction of ZCC-1, ZCC-2 and ZCC-3 by TEA-assisted hydrothermal method.  
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The adsorbent adsorption capacity (qe) and removal rate (R%) for F- 

were calculated using equations (1) and (2), respectively. 

qe =
(C0 − Ct) × V

m
(1)  

R% =
(C0 − Ct)

C0
% (2) 

Where: qe: adsorption volume (mg/L); C0: initial concentration (mg/ 
L); Ct: equilibrium concentration (mg/L); m: the mass of adsorbent (mg); 
V: volume of solution (L). 

3. Results and discussion 

3.1. Characterization 

Under hydrothermal conditions, three novel ternary Zn-Co-Cr-LDHs 
are schematically shown in Scheme 1 by the adjusting amount of TEA in 
the H2O-TEA binary system at 120 ◦C from 2 to 6 h using Zn(NO3)2, Cr 
(NO3)3 and Co(NO3)2 as starting materials. ZCC-1, ZCC-2 and ZCC-3 
were named based on the reactive time (2, 4, and 6 h, respectively). 

The morphology, microstructure and the component of ZCC-1, ZCC-2 
and ZCC-3 were further investigated by SEM and EDS. 

To investigate the changes in the surface morphology of the mate
rials from Zn-LDHs, Zn-Co-LDHs to ZCC-3, three materials were 
analyzed by SEM and EDS in Fig. 1(a-f) and Fig.S1. Fig. 1 (a-c) shows 
that the three materials are consist of large irregular crystalline nano
sheets which is difference from the quadrilateral structure of Zn-LDHs 
and the 3D flowerlike structure of Zn-Co-LDHs (Sahoo et al.,2019) 
which are stacked together by face-to-face contact, and the positive 
charges on the surface of the nanosheets and the negative charges on the 
edges of the nanosheets. They are in contact to form a sandwich struc
ture by the stacking of ZCC irregular nanosheets (Lin et al.,2021). It can 
be seen that the layered structure and pores of the nanomaterials pro
vide more space to keep more nitrate ions in order to make higher ex
change capacity for the adsorption of F- in the interlayer space, which is 
also shown ZCC may more anion exchange capacity than that of Zn- 
LDHs and Zn-Co-LDHs. The mapping plots of EDS detect the coexis
tence of O, Zn, Co, and Cr elements (Fig. 1d-f) in three materials as 
designed which further proves the successful synthesis of three ZCC 
nanomaterials. 

Fig. 1. SEM and EDS maps of ZCC-1, ZCC-2 and ZCC-3 (a-c) (d-f).  

Fig. 2. XRD (a) and IR (b) plots of ZCC-1, ZCC-2 and ZCC-3.  
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The XRD patterns of the as-prepared three ZCC are represented in 
Fig. 2(a). As shown in Fig. 2(a), three materials all have indexed as 
(003), (006), (009) and (110) peaks located at 10.12, 20.11, 33.82 and 
59.74◦ for ZCC-1, 10.16, 20.13, 33.58 and 60.01◦for ZCC-2 and 10.04, 
19.99, 33.93 and 59.91◦for ZCC-3, respectively. Peaks at (003) for three 
ZCC which are typical characteristic peaks of LDHs are relatively sharp 
and demonstrated that three ZCC were successfully prepared (Kong 
et al.,2020). In addition, it can be also seen that no other peaks were 
detected which is proved the good crystallinity of three ZCC. Peaks at 
(003) as the base reflection of the interlayer anion is also indicated that 
the successful entry of NO3

– ions into the interlayer in three ZCC LDHs 
(Mallakpour and Hatami, 2017). According to the Bragg equation (nλ =
2d•sin (θ)), the d-values of c-axis for three ZCC at 10.12◦, 10.16◦ and 
10.04◦ are minor different (8.74, 8.70 and 8.80 Å, respectively). 

For investigating the chemical structure, the functional groups of 
three ZCC were further analyzed by infrared spectroscopy (Fig. 2b). The 
broad peak at 3420 cm− 1, 1632 cm− 1 and 1380 cm− 1 is corresponds to 

the stretching vibration of the nitrate, the stretching vibration of the 
–OH group in the water molecules and the interlayer water molecule 
(Berner et al.,2018). The vibration absorbance peak at 1639 cm− 1 is 
associated with the interlayer water molecules. Moreover, the higher 
intensity absorbance peak at 1380 cm− 1 suggested the stretching vi
bration of NO3

– in the ZCC interlayer which also confirms the presence of 
interlayer NO3

– ions (Bekele et al.,2019) (Shinde et al.,2022), which also 
provides a side evidence of the higher stability of metal hydroxides than 
nitrates. The bands in the range 550–1200 cm− 1 belong to the oxygen 
bonds of metal-LDHs lattices with M− O− M (Zn-O), (Co-O) and (Cr-O) 
groups such as Zn-O, Co-O-Co and Cr-O-Cr. The bands at 789 cm− 1, 571 
cm− 1 and 514 cm− 1 belonging to the Cr-OH deformation mode. (Ma 
et al.,2021) (Mandal et al.,2013) The small peaks below 3000 cm− 1 are 
stretching vibrations of –CH3 and –CH2 groups, confirming the existence 
of triethanolamine in the interlayer of LDHs(Liu et al.,2023). 

XPS spectroscopy can be used to detect the surface elemental 
composition and bonding configuration of LDH. The element chemical 

Fig. 3. Total spectrum of ZCC-1, ZCC-2 and ZCC-3 and XPS maps of (a) Zn, (b) Co, (c) Cr, (d) C, (e) N, (f) O elements.  
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composition and chemical state of ZCC-1, ZCC-2 and ZCC-3 is further 
confirmed by XPS analysis in Fig. 3(a). From Fig. 3a, it can be seen that 
the full spectrum of three ZCC is further indicated the presence of Zn, Co, 
Cr, C, N and O elements based on C1s at 284.8 eV which is in agreement 
with the results of EDS elemental mapping. As shown in Fig. 3(b), the 
sharp peaks of element Zn 2p (2p3/2 and 2p1/2) at binding energies 
1022.2 eV and 1045.3 eV have a similar region and shape, demon
strating that Zn maintains the original Zn2+ electronic state for three 
ZCC. (Jie et al.,2022). 

Four peaks can be observed for Co2p region of three ZCC by using a 
Gaussian fitting method in Fig. 3c. Two peaks at 782.9 eV and 798.73 eV 
are assigned to Co 2p1/2, two peaks at 797.36 eV and 781.22 eV are Co 
2p3/2 orbits, and peaks at 803.7 eV, 786.7 eV. adjacent to the two main 
peaks are the corresponding satellite peaks; These data suggest that Co is 
present in ZCC-1 nanomaterials as Co2+ and Co3+electronic state (Luo 
et al.,2019) (Li et al.,2021); As showed in Fig. 3d, the element Cr appears 
with peaks similar to those reported in the literature. Two peaks at 
587.1 eV and 578.4 eV are Cr 2p1/2 and Cr 2p3/2 valence states, 
respectively. The additional peak detected at 577.1 is attributed to Cr0 

according to the binding energy handbook (Sahoo et al.,2018). 
In Fig. 3e. The sharp N 1 s peaks at 399 eV in three ZCC is in the form 

of nitrate nitrogen and no graphitic nitrogen based on the N 1 s peaks of 
nitrate nitrogenat 399.6 eV and graphitic nitrogen at 406.4 eV. The O1s 
can be divided into three different peaks in Fig. 3f. The weak peak at 
530.2 eV is caused by lattice oxygen in M− O− M, and other two peaks at 
531.71 eV and 532.69 eV are attributed to the –OH group and O in NO3

– 

as well as to chemisorbed water molecules (Bekele et al.,2019) (Dong 
et al.,2007) (An et al.,2012). The peaks of C1S at 284.80 eV in all ZCC 
are consistent with the standard binding energy. 

For determining the molecular formula of three ZCC, the ratios of Zn, 
Co and Cr were analyzed using ICP, and C, N and O elements were 
determined by elemental analysis. As shown in Table 1, The results 
accurately show the Zn/Co/Cr and C/ N/ O ratio of three ZCC which was 
also consistent with the EDS results. 

Based on the ICP measurements, the molar ratio of M2+ /M3+ is close 
to the initial ratio, which further proves the effective synthesis by hy
drothermal method; Combined with the results of ICP, elemental anal
ysis, TG analysis and the chemical general formula, the chemical 
formulae of three ZCC were calculated as [Zn0.354Co0.173Cr0.473(OH)2]⋅ 
0.473[NO3

–]0.473⋅0.411H2O，[Zn0.333Co0.162Cr0.505(OH)2]0.505[NO3
–]0.50 

5⋅0.396H2O and [Zn0.327Co0.160Cr0.513(O H)2]0.513[NO3
–]0.513⋅0.371H2O. 

According to the IUPAC classification, three ZCC can be classified as 
type IV with H4 hysteresis rings (Fig. 4a), indicating that all three ZCC 
are mesoporous and aggregated crystals formed by layer-by-layer 
lamellar contacts of LDHs (El Hassani et al.,2017). Such results are 
correspond to the SEM analysis. The parameters of surface area and pore 
structure are shown in Table 2. As seen in Table 2, the reaction time does 
not have much effect on the specific surface area, pore volume and pore 
diameter of ZCC-1, ZCC-2 and ZCC-3. The BET surface area of ZCC-1 and 
ZCC-3 are 27.3144 and 27.3413 m2⋅g− 1. The pore volume of ZCC-1 and 
ZCC-3 is 0.022867 and 0.026532 cm3⋅g− 1, and the pore diameter are 
36.403 and 36.75 nm, respectively. The pore sizes are concentrated 
between 0 and 50 nm, indicating that three ZCC are all mesoporous 
materials (Tan et al.,2019). Compared with ZCC-1 and ZCC-3, ZCC-2 
possessed the smallest specific surface area, pore volume and pore 
diameter which were 23.41 m2 /g, 0.02 cm3 /g and 34.66 nm, respec
tively. According to Fig. 4b and Table 2, ZCC-1 had a partially larger 
pore width with the mesoporous pores of 0–50 nm, which was the reason 
that the specific surface area and pore volume of ZCC-1 were slightly 
lower than those of ZCC-3, but the adsorption amount was larger than 
that of ZCC − 3 which is due to the larger adsorption capacity. 

Table 1 
Element mass percent of ZCC-1, ZCC-2 and ZCC-3 by ICP and elemental analyses.  

material Zn Co Cr C N H 

ZCC-1  13.0029 %  6.2258 %  23.3974 %  1.47 %  3.38 %  2.906 % 
ZCC-2  11.6108 %  5.5547 %  23.6997 %  1.12 %  3.23 %  2.848 % 
ZCC-3  11.9028 %  5.7191 %  25.1311 %  0.85 %  3.02 %  2.863 %  

Fig. 4. N2 adsorption and desorption curves (a) and pore size distribution (b) for ZCC-1, ZCC-2 and ZCC-3.  

Table 2 
Specific surface area, pore size and pore volume of ZCC-1, ZCC-2 and ZCC-3.  

material BET surface area (m2 /g) Pore volume (cm3 /g) Pore size (nm) 

ZCC-1 27.3144 0.022867 36.403 
ZCC-2 23.4057 0.020119 34.659 
ZCC-3 27.3413 0.026532 36.757  
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Thermogravimetric analyses show (Fig. S2) that all three ZCC have 
all three heat-absorbing and one exothermic peak with the same thermal 
decomposition process, differing slightly in temperature. For the ZCC-1 
(Fig. S2a), the weight loss at 80–130 ◦C is due to the loss of interlayer 
water molecules of the material and the structure of the material is not 
destroyed; the two heat absorption peaks at 200–350 ◦C are attributed to 
the dehydroxylation of LDHs and the decomposition of interlayer NO3

–; 
the exothermic peak at 390–410 ◦C is attributed to the decomposition of 
the ZCC-1 and the transformation of LDHs to LDOs(Xu et al.,2022; Zeng 

et al.,2022; Yang et al.,2023). 
The zero potential was determined using a zeta potential meter in 

order to understand the surface charge of three ZCC, and the results are 
shown in Fig. 5. The zero potential values of three ZCC were positively 
charged over a wide pH range from 3 to 10, offering the more adsorption 
capacity between anionic contaminants and ZCC by electrostatic inter
action. The zero-point potentials of ZCC-1, ZCC-2 and ZCC-3 when pH 
values > 9.28, 8.88 and 9.27 were negatively charged，which will 
hinder surface adsorption through electrostatic attraction. 

3.2. Adsorption performance of Zn-Co-Cr-LDHs on F- 

3.2.1. The adsorption performance of Zn-LDHs, Zn-Co-LDHs and Zn-Co- 
Cr-LDHs on F- 

In order to design and prepare new LDHs with higher adsorption 
performance by the expansion of single metal, binary metal to ternary 
metal LDHs, and the adsorption performance of Zn-LDHs, Zn-Co-LDHs, 
Co-Cr-LDHs, Zn-Cr-LDHs, ZCC-1, ZCC-2 and ZCC-3 on F- were executed. 
15 mg adsorbent were dispersed in 20 mL of NaF solution with a con
centration of 20 mg/L at pH = 5 in a test tube at room temperature for 1 
h. The removal rate of Zn-LDHs, Zn-Co-LDHs, Co-Cr-LDHs, Zn-Cr-LDHs, 
ZCC-1, ZCC-2 and ZCC-3 for F- are shown in Fig. 6. The results showed 
that the adsorption rates of Zn LDHs and Zn-Co-LDHs for F- were 27.51 
% and 30.44 %, respectively. The addition of Cr3+ greatly improved the 
defluorination rate, while the defluorination rates of CoCr LDHs and 
ZnCr LDHs increased to 90.09 % and 94.17 %, respectively. The ternary 
ZCC adsorbent had the best effect, with 97.26 %, 97.25 %, and 97.70 %, 
respectively. It can be seen that the removal rate is an obvious 
enhancement after the introduce of Cr cation which is due to 
morphology and pore diameter changes for ZCC-1, ZCC-2 and ZCC-3, so 

Fig. 5. Zeta potential analysis of ZCC-1, ZCC-2 and ZCC-3.  

Fig. 6. Removal rates of Zn-LDHs, Zn-Co-LDHs, ZCC-1, ZCC-2 and ZCC-3 on F -.  

Fig. 7. Variation of removal and adsorption of F- by ZCC adsorbent at different concentrations (a) and dosing levels (b).  
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the exploration of the optimal conditions of adsorbent on the removal of 
F- was next adopted using ZCC-1, ZCC-2 and ZCC-3 as the center. 

3.2.2. Initial concentration and adsorbent dosage 
The effect of initial F- concentration is a significant effect factor in the 

adsorption process by three ZCC. Other conditions such as pH, adsorbent 
dosage, volume and stirring rate were fixed. The adsorbent dosage was 
controlled at 20 mg, and the initial concentration of the solution was 
varied from 10 mg/L to 400 mg/L. All tests were performed at room 
temperature (298 ± 1 K), and the experimental results are shown in 
Fig. 7a. 

As the initial solution concentration of F- increased from 10 mg/L to 
400 mg/L, the removal of F- by ZCC-1, ZCC-2, and ZCC-3 decreased from 
the initial 97.26 %, 97.46 %, and 97.14 % to 24.28 %, 21.17 %, and 
24.41 %, respectively, and the adsorption amounts of the materials were 
saturated with a maximum of 108.87 mg/g, 97.27 mg/g, 97.62 mg/g. It 
can be seen from the data that the removal rate is high at low fluorine 
concentration from 10 to 300 mg/L. While, the removal rate decreases 
when the initial concentration increased from 300 to 400 mg/L. The 
reason may be that the amount and adsorption sites of ZCC-1, ZCC-2, 
and ZCC-3 are certain, and the adsorbed amount increases with the in
crease of the solution concentration which leads to more and more 
reactive adsorption site were occupied in ZCC. Therefore, with the 
increasing remaining F- concentration, the removal rate decreases and 
the maximum adsorption capacities are reached. 

Comparing to the maximum adsorption capacities of other adsor
bents reported toward F-, in this paper, the adsorption capacity of ZCC 
on F- is superior to that of some adsorbents such as ZnCr3-NO3-LDH, Mg/ 
Fe-CLDH. ect (Table 3), so ZCC-1 can be considered to be excellent 
candidate for the remove of F-. 

Fig. 7 (b) presents the effect of ZCC dosage from 10 to 35 mg on the 
adsorption performance on F-. As seen in Fig. 7b, the removal rate 

increases and reach equilibrium as the amount of adsorbent used in
creases which may be due to the increase in active sites in adsorption 
process with increasing amount of adsorbent (Jie et al.,2022). While, the 
adsorption amounts gradually decreased from to 26.02 mg/g, 25.89 mg/ 
g and 25.92 mg/g because of the increase of ZCC dosage, This indicates 
that ZCC showed excellent adsorption performance on F-. The removal 
rate was higher than 97 % at 15 mg, and so the fixed adsorbent dosage 
was 15 mg for further study. 

3.2.3. Effect of reaction time, pH and temperature 
The adsorbent dosage was controlled at 15 mg and the initial con

centration was fixed at 20 mg/L, the reaction time was varied from 0 to 
120 min, and the experimental results were shown in Fig. 8a. 

As shown in Fig. 8a, the adsorption of F- by ZCC-1, ZCC-2 and ZCC-3 
is a fast adsorption process and the removal rates of ZCC-1 and ZCC-2 
reached 93.64 % and 95.13 % at 1 min, and the adsorption amounts 
reached 24.97 mg/g and 25.37 mg/g, respectively. Compared with ZCC- 
1 and ZCC-2, the removal rate of ZCC-3 at 1 min was only 91.2 % and the 
adsorption amount was 24.32 mg/g. With the increase of adsorption 
time, the adsorption effect of ZCC-1, ZCC-2 and ZCC-3 gradually 
smoothed out and attained a dynamic equilibrium which was due to 
there are no more active sites of the adsorbent under the premise with 
the increased of the reaction time when the adsorbent were certain. This 
result was also consistent with that of Langmuir model. In order to 
ensure sufficient contact between the adsorbent and the solvent, the 
adsorption time was fixed at 1 h for further study. 

The pH of 20 mg/L NaF solution was adjusted to 4, 5, 7 and 8 (±0.02) 

Table 3 
Maximum adsorption capacity of three ZCC adsorption F- compared with other 
adsorbents.  

Adsorbent Qm (mg/ 
g) 

References 

EG/LDHs expanded graphite/laminated 
double hydroxide 

63.21 Zheng et al., 2023 

LALDH-201 62.5 (Cai et al.,2016) 
ZnCr3 –NO3 -LDH 31 (Koilraj and Kannan, 

2013) 
Mg/Fe-CLDH 50.91 (Kang et al.,2013) 
HTlcMA-EDA 22.47 (Coyote-Jiménez 

et al.,2021) 
ZCC-1 108.87 this work 
ZCC-2 97.27 this work 
ZCC-3 97.62 this work  

Fig. 8. Variation of removal and adsorption of F- by ZCC adsorbent at different reaction times (a) and pH (b).  

Fig. 9. The removal variation of f- and adsorption capacity of ZCC adsorbent at 
different temperatures. 
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with low concentrations of HCl and NaOH. Then 15 mg of adsorbent was 
added and the reaction was carried out on a magnetic stirrer for 1 h. The 
results of the removal rate are shown in Fig. 8 b. 

With the increase of pH from 4 to 8, the removal rate of F- showed a 
trend of increasing and then decreasing. there are the highest removal 
rates of F- with 97.638 %, 97.541 % and 97.335 % for ZCC-1, ZCC-2 and 
ZCC-3, respectively; ZCC-1, ZCC-2 and ZCC-3 all maintained an overall 
removal rate of more than 94 % at different pH values, indicating that 
three ZCC is applicable to a wide range for the adsorption of F-. In 
addition, the high removal rate of F- may be related to the positive 
charge of the adsorbent in the pH = 4 to 8 medium which is in agreement 
with the zeta potential measurements. The fixed solution pH = 6 (i.e., 
using the configured 20 mg/L NaF solution) was further explored. 

Other conditions such as pH, adsorbent dosage, the initial concen
tration, volume and stirring rate were fixed, and the reaction tempera
tures were varied from 20 ◦C, 25 ◦C, 30 ◦C to 35 ◦C. The experimental 
results are shown in Fig. 9. 

From the experimental results, the change of temperature had a 
small effect on the adsorption of F- by the materials, and all three ma
terials maintained a fluoride removal rate above 96 %; with the increase 
of temperature, the three adsorbents maintained an overall decreasing 
trend for fluorine adsorption, and the maximum removal rates were 
98.03 %, 97.86 %, and 97.94 %, respectively, and the adsorption 
amounts floated within 26 ± 1 mg/g without significant changes. 

3.2.4. Adsorption kinetics 
The adsorption kinetics were used to investigate the adsorption rates 

and adsorption mechanisms of ZCC-1, ZCC-2 and ZCC-3 on F-. using 
different kinetic models such as: linear regression using quasi primary 
kinetic model, quasi secondary kinetic model, intraparticle diffusion 
model and Elovich model. 

Quadratic kinetic equation. 

In(qe − qt) = Inqe − k1t (3) 

Quasi-secondary kinetic equation. 

t
qt

=
1

k2q2
e
+

t
qe

(4) 

Intraparticle diffusion model. 

qt = kit1/2 +Ci (5) 

Elovich model. 

Fig. 10. Quasi-primary kinetic (a) and quasi-secondary kinetic (b) evaluation of the removal of f- by ZCC sorbents.  

Fig. 11. Evaluation of intraparticle diffusion (a) and elovich model (b) for the removal of f- by zcc adsorbents.  

Table 4 
Adsorption kinetic analysis of ZCC adsorbents for the removal of F-.  

material quasi-level dynamics (physics) quasi-secondary dynamics (physics) 

Qe K1 R2 Qe K2 R2 

ZCC-1 1.1539 0.16954 0.99086 26.1370 0.46178 1 
ZCC-2 0.5805 0.0456 0.70241 26.0900 0.50312 0.99996 
ZCC-3 1.9970 0.21847 0.99027 26.1986 0.33188 0.99999  
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qt =
1

β E
In(αEβE)+

1
βE

Int (6) 

where: qt, qe: adsorption capacity at moment t and at equilibrium, 
mg/g. t: adsorption time, min. k1, k2, ki: the rate constants of the model. 
Ci: the coordinate intercept of the linear fit. αE, βE: indicate the rate 
constants for suction/desorption. 

The adsorption experimental data for ZCC-1, ZCC-2 and ZCC-3 were 
fitted using four kinetic models. The linear regressions and fitting pa
rameters are shown in Figs. 10-11 and tables 4-5. 

From the adsorption kinetic fit data (Figs. 10-11), it can be seen that 
the ZCC-1, ZCC-2 and ZCC-3 adsorbent materials more fit well with the 
quasi-secondary kinetic model with correlation coefficient R2 > 0.99 
which shown the adsorption reaction kinetics may be controlled by 
chemisorbed and ion exchange. 

The adsorption kinetic fit data by Elovich model indicates that the 
adsorbent solid surface is inhomogeneous which is also consistent with 
the SEM observation that the interaction between the adsorption and 
desorption processes does not fundamentally affect this adsorption ki
netic process when the adsorbent molecules are covered on its surface 
(Gupta and Bhattacharyya, 2011). 

Furthermore, the two-stage diffusion of ZCC-2 and ZCC-3 are surface 
diffusion and internal diffusion, respectively. In addition to surface 
diffusion, ZCC-1 also clearly exhibits mesoporous and microporous 
diffusion. The kinetic data by intraparticle diffusion cannot be satis
factorily fitted which indicates that intraparticle diffusion is not key 
contribution in the adsorption process of fluoride onto synthetic LDHs 
(Mandal et al.,2013). 

3.2.5. Adsorption isotherm 
Adsorption isotherms provide qualitative information about the ca

pacity of the adsorbent and the nature of solute-surface interactions (Jie 
et al.,2022), the Langmuir adsorption isotherm model (7) and the 
Freundlich adsorption isotherm model (8) were used to fit the adsorp
tion isotherm data by the linear regression. The fitting kinetic parame
ters for F- adsorbed by three ZCC are shown in Fig. 12 and Table 6, 
respectively. 

Langmuir adsorption isotherm model. 

Ce

Qe
=

1
QmKL

+
Ce

Q m
(7) 

Freundlich adsorption isotherm model. 

InQ e = InKF +
1
n

InCe (8) 

Where: Qe, Qm - fluorine adsorption/maximum adsorption capacity 
of the adsorbent, mg/g; Ce - concentration of fluoride ions remaining in 
solution at reaction equilibrium, mg/L; KL - Langmuir’s adsorption 
constant. Km, n- Freundlich’s adsorption constants. 

As can be seen from the fitted data (Fig. 12), the R2 values fitted by 
the Langmuir adsorption isotherm model for ZCC-1, ZCC-2 and ZCC-3 
(0.99451, 0.9922, 0.99777) are larger than the R2 values fitted by the 
Freundlich adsorption isotherm model (0.85801, 0.87158, 0.87499), 
indicating that the adsorption isotherms for F- are more consistent with 
the Langmuir equation. The maximal adsorption capacities for F - by 
ZCC-1, ZCC-2 and ZCC-3 are calculated to be 101.7294, 89.9281, 
96.8054 mg⋅g− 1 which is nearly consistent with that obtained by 
experiments. 

The Langmuir model is based on the following assumptions(özcan 
et al.2009) (1) the adsorbent molecules are adsorbed as a monolayer on 
the adsorbent surface; (2) there is no force between the adsorbent and 
adsorbed molecules (3) the final equilibrium reached by the adsorption 
reaction is a dynamic equilibrium; the theoretical maximum adsorption 
amount calculated from the equation is closer to the actual theoretical 
adsorption amount; the obtained KL values are all between 0 and 1, 
indicating that the adsorption of F- is good and consists mainly of uni
form adsorption patches(Jie et al.,2022); and the experimental results of 
reaction time also corroborate that the adsorption of ZCC-1, ZCC-2 and 
ZCC-3 on F- is a dynamic equilibrium process. 

3.2.6. Adsorption thermodynamics 
The temperature is important effect on the adsorption of F- and its 

effect were evaluated at 293, 298, 303 and 308 K. Adsorption thermo
dynamic parameters such as the enthalpy change (ΔH), entropy change 

Table 5 
Adsorption kinetic analysis of ZCC adsorbents for the removal of F- (2).  

material Intraparticle diffusion Elovich model 

K1 K2 K3 αE βE R2 

ZCC-1 0.708 0.373 0.040 4.80135E + 32 3.0497 0.96858 
ZCC-2 0.309 0.138 – 3.18371E + 58 5.3755 0.91099 
ZCC-3 0.708 0.126 – 1.80599E + 20 1.9292 0.9467  

Fig. 12. Adsorption isotherm model for removal of F- by ZCC adsorbents (a) Langmuir adsorption isotherm model (b) Freundlich adsorption isotherm model.  

Table 6 
Adsorption isotherm analysis of ZCC adsorbents for the removal of F -.  

material Langmuir adsorption isotherm 
model 

Freundlich adsorption isotherm 
model 

Qm KL R2 n KF R2 

ZCC-1 101.7294 0.2564 0.99451 3.4764 24.8903 0.85801 
ZCC-2 89.9281 0.1836 0.9922 3.7352 23.1689 0.87158 
ZCC-3 96.8054 0.1726 0.99777 3.5696 23.6793 0.87499  
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(ΔS) and Gibbs free energy (ΔG) by ZCC-1, ZCC-2 and ZCC-3 at 293, 
298, 303 and 308 K were calculated by the following equations (9–11). 

The enthalpy change (ΔH) is calculated from the Clausius-Clapeyron 
equation. 

lnCe = ΔH/RT + lnK0 (9) 

The entropy change (ΔS) can be calculated from the Gibbs- 
Helmholtz equation as 

ΔS = (ΔH − ΔG)/T (10) 

The Gibbs free energy (ΔG) is calculated by substituting the Gibbs 
equation into the Freundlich equation as follows. 

ΔG = − nRT (11) 

The adsorption potential (E) is calculated using the Polanyi adsorp
tion theory equation. 

E = − RTln(Ce/C0) (12) 

where: R - ideal gas state constant. T - reaction temperature, K. C0 - 
the initial concentration of the solution. K0 - a constant. 

The calculated ΔH by plotting and fitting lnCe against 1/T is nega
tive, indicating that the adsorption reactions of ZCC-1, ZCC-2 and ZCC-3 
on F- are exothermic processes and the adsorption amount varies 
negatively with the ambient temperature. ΔH < 0 and ΔS > 0 indicated 
that the reaction was an exothermic reaction with an increase in en
tropy. ΔG < 0 indicated that the reaction was spontaneous (Table 7). 

The adsorption potential (E) is an important parameter to distinguish 
between physical and chemical adsorption. When E < 8 kJ/mol, the 
adsorption process is physical adsorption; when E is between 8 and 16 
kJ/mol, the adsorption process is ion exchange adsorption; when E > 20 
kJ/mol, the adsorption process is chemical adsorption. The adsorption 
potentials of ZCC-1, ZCC-2 and ZCC-3 on F- are greater than 8 kJ/mol 
and less than 16 kJ/mol, which are ion exchange adsorption (Li 

Table 7 
Thermodynamic analysis of the adsorption of ZCC adsorbents for the removal of F -.  

Material Reaction temperature Initial concentration 
/(mg/L) 

Equilibrium concentration 
/(mg/L) 

Sorption potential (KJ/mol) ΔG ΔH ΔS 

ZCC-1 293 20 0.3951 9.5599 − 8.4686 − 3.6443 25.7937 
298 20 0.4114 9.6228 − 8.6132 
303 20 0.4114 9.7842 − 8.7577 
308 20 0.4284 9.8420 − 8.9022 

ZCC-2 293 20 0.4284 9.3627 − 9.0991 − 2.6816 28.7668 
298 20 0.4645 9.3219 − 9.2543 
303 20 0.4891 9.3484 − 9.4096 
308 20 0.4461 9.7384 − 9.5649 

ZCC-3 293 20 0.4114 9.4613 − 8.6957 − 4.2715 26.0334 
298 20 0.4284 9.5225 − 8.8440 
303 20 0.4461 9.5803 − 8.9924 
308 20 0.4461 9.7384 − 9.1408  

Fig. 13. Effect of other interfering ions (a) SO4
2- (b) NO3

– (c) HCO3
– (d) H2PO-

4 on the adsorption of fluoride ions by three ZCC.  
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Fig. 14. SEM (a-c), XRD (d) and IR(e-f) plots of ZCC-1, ZCC-2 and ZCC-3 after adsorption.  
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et al.,2019). The adsorption potentials of all three materials for F- were 
in the range of 8 to 16 kJ/mol, and the main type of reaction was 
interlayer anion exchange. 

3.2.7. Effect of coexisting anions 
The effect of other coexisting anions such as H2PO-

4 (potassium salt), 
HCO3

–, NO3
–, SO4

2- (sodium salt) on the adsorption of fluoride ions by ZCC- 
1, ZCC-2 and ZCC-3 was studied. The concentration of coexisting anions 
varies from 5 to 15 mg/L for 15 mg of ZCC-1, ZCC-2 and ZCC-3. The 
results of the experiment are shown in Fig. 13. 

The experimental results showed that the adsorption rate of F- did 
not change significantly in coexistence with other solutions of different 
concentrations of anions around 97 %, indicating that low concentra
tions of interfering anions have less effect on the adsorption of F- by ZCC- 
1, ZCC-2 and ZCC-3. Compared to other coexisting ions, the adsorption 
of fluoride ions is also a selective adsorption by ZCC-1, ZCC-2 and ZCC-3. 

3.3. Analysis of adsorption mechanism 

The adsorption mechanism of F- by ZCC-1, ZCC-2 and ZCC-3 was 
further investigated by SEM, XRD and FTIR. As illustrated in Fig. 14a-c, 
after the adsorption process, the surface morphology of ZCC-1, ZCC-2, 
and ZCC-3 underwent a transformation from uneven and irregular 
crystal nanosheets to a smoother appearance. This change could be 
attributed to the occupation of the surface pores by F-. Following the 
adsorption process (see Fig. 14d), the three ZCC nanomaterials still 
exhibited the characteristic peaks of LDHs, although the intensity of the 
peaks decreased significantly. The peak at (003) shifted from left to 
right, and the peak shape at (006) widened significantly. This is due to 
the replacement of the smaller radius NO3

– by F- through interlayer ion 
exchange, causing lattice distortion of LDHs (Berner et al., 2018). As a 
result, the interlayer spacing decreased from 0.874, 0.870, and 0.880 nm 
to 0.765, 0.785, and 0.777 nm, which aligns with the structural analysis 
of SEM. 

Fig. 14e-g shows that the NO3
– peak value at 1380 cm-1 did not 

change after adsorption, but its intensity decreased with increasing F- 
concentration. This is due to the exchange between F- and NO3

–. The NO3
– 

content decreased gradually, which is an indication that the F- adsorp
tion process is mainly ion exchange. 

Three adsorption mechanisms of ZCC nanomaterials for F- were 
proposed based on the above data analysis (Scheme 2): 1. Ion exchange 
has occurred. LDHs are generated through hydrothermal technology 
under alkaline conditions using Zn2+, Co2+, and Cr3+ nitrates. The layers 
of LDHs contain embedded NO3

–. The introduction of Cr3+ results in the 
positive charge of LDHs nanosheets interacting with the negative charge 
at the edge of the nanosheets, leading to the formation of a honeycomb 
structure. When F- is adsorbed by the material, smaller F- with a smaller 

radius enter the interlayer of LDHs by ion exchange, leading to a 
reduction in surface pores and lattice distortion of the LDHs. This phe
nomenon can be obtained from SEM after adsorption (Fig. 14a-c) and 
XRD (Fig. 14d). 2. A robust electrostatic attraction exists between ZCC 
nanomaterials and F-. Compared to Zn-LDHs and Zn-Co-LDHs, the 
addition of more positively charged M2+/3+ has a greater positive effect. 
This enhances intermolecular forces and increases the attraction be
tween the positive charge on the surface of LDHs and F-, resulting in 
increased adsorption between ZCC and F-. Successive addition of Co2+

and Cr3+ increases the positive charge of Zn-LDHs, enhancing their 
electron attraction ability (Li et al.2022). This, in turn, promotes the 
absorption of F- (Liu et al.,2023). 3. There is a van der Waals force be
tween materials and ions. 

4. Summary 

In this paper, Zn-LDHs, Zn-Co-LDHs, Zn-Cr-LDHs, Co-Cr-LDHs, ZCC- 
1, ZCC-2 and ZCC-3 were prepared by hydrothermal method for the 
removal of F- from water, and the results showed that the removal rate of 
ZCC-1, ZCC-2 and ZCC-3 increased significantly from 27.507 %, 30.437 
% to 97.259 % after the addition of Cr modulation. ZCC-1, ZCC-2 and 
ZCC-3 adsorbents showed high removal rates for low concentration F- 

solutions and the removal rates of F- were higher than 90 % at different 
temperatures, dosing amounts, reaction times and pH. The maximum 
adsorption amounts of the materials were 108.87 mg/g, 97.27 mg/g and 
97.62 mg/g, respectively. The adsorption of the three materials for F- 

adsorption conformed to the quasi-secondary kinetic model and the 
Elovich model, and the isothermal adsorption data followed the Lang
muir adsorption isotherm model. The reaction was an exothermic pro
cess, ion-exchange adsorption controlled by chemisorption, and the 
interaction of adsorption and desorption processes did not affect this 
adsorption kinetic process, and the calculated theoretical maximum 
adsorption amount was close to the actual maximum adsorption 
amount. 
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