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A B S T R A C T   

Niobium (Nb) in kaolin clay usually occurs in the Ti-bearing minerals, such as rutile and anatase. However, the 
low Ti-bearing minerals contents for some kaolin clay rocks were insufficient to explain the high Nb concen-
trations. Thus, Nb was widely considered to be adsorbed by clay minerals. However, the adsorption behavior of 
niobium (V) on clay minerals has not been fully understood. In this study, a series of batch adsorption experi-
ments were carried out on kaolin clay (Kclay) and pure kaolinite (Kaol) using niobium oxalate solutions. The 
effects of contact time, initial niobium (V) concentration, solution pH, and temperature on the adsorption were 
investigated. The results showed that Kclay exhibited a higher adsorption capacity than Kaol under the same 
conditions. The niobium (V) adsorptions on Kclay and Kaol were pH-dependent, and both of them showed 
declining adsorption capacities from pH 2 to 4. The adsorption behaviors of niobium (V) on Kclay and Kaol 
conformed to the pseudo-second-order model. The adsorption isotherm of Kclay was a better fit with the 
Freundlich isotherm model, while the Langmuir isotherm model was a better fit for Kaol. The Langmuir 
maximum adsorption amount of Kclay and Kaol were 5.42 and 2.25 mg/g, respectively. These results demon-
strated that niobium (V) can be adsorbed by kaolin clay and kaolinite.   

1. Introduction 

Niobium (Nb), as a critical strategic resource, has been extensively 
applied in aerospace, steel, superconducting magnets, national defense, 
nuclear industry, and electronic manufacturing (Schlewitz, 2009; USGS, 
2022; Sun et al., 2022). The world's highest niobium mine reserve was in 
Brazil with 16 million tons, followed by Canada with 1.6 million tons, 
accounting for >98% of the global niobium mine reserves (Zhu et al., 
2021; USGS, 2022). The unbalanced distribution of Nb resources has 
been considered to result in supply security being at risk for other 
countries (Mackay and Simandl, 2014). For example, Nb was not mined 
in either China or the United States, leading to their high import-reliance 
because the consumptions exceed their domestic resources or processing 
capacity (Gulley et al., 2018). Thus, to develop diversified new Nb re-
sources can reduce the supply risk for niobium-deficient countries. 

Nb-containing clay rocks from the bottom of the Xuanwei Formation 
of the Late Permian sequences were discovered as potential Nb resources 
in eastern Yunnan, western Guizhou, and southern Sichuan of China 
(Dai et al., 2010; Zhao et al., 2016a, 2016b, 2017). The major minerals 
in the clay rocks were kaolinite, anatase, iron-bearing minerals, and Ti- 
bearing minerals (Zhang et al., 2016; Wang et al., 2018). Notably, the Nb 

concentration of the kaolin clay rocks was reported to be in the range of 
200–600 μg/g (Wang et al., 2018), which reached the minimum in-
dustrial grade requirement (Nb2O5 160 to 200 μg/g) for weathering 
crust-type Nb deposits in China (MNR, 2020). The Nb-containing clay 
had the characteristics of a wide distribution area and large resources 
with a significant resource potential for exploitation (Zhang et al., 2016; 
Zhu et al., 2021). The kind of clay type Nb resource has not been 
effectively exploited due to inadequate recognition of the occurrence 
state of Nb. Previously, it was reported that Nb occurred in Ti-bearing 
minerals, such as ilmenite, rutile, anatase, etc. (Schlewitz, 2009; 
Mackay and Simandl, 2014; Gibson et al., 2015). Indeed, Nb-ilmenite 
and anatase as dispersed fine particles have been identified in the 
above clay samples (Zhao et al., 2017; Zhu et al., 2021). However, the 
low Nb-ilmenite and anatase contents were insufficient to interpret the 
high Nb contents in bulk clay samples (Zhao et al., 2017). Therefore, Dai 
et al. (2010) and Zhao et al. (2017) proposed that Nb might be adsorbed 
in clay minerals. 

Several studies have been reported on the adsorption of Nb on clay 
minerals and soils. For instance, the adsorption of niobium on kaolinite 
(soil constituent minerals) was pH-dependent with a high distribution 
coefficient of 100–500 m3/kg (Ervanne et al., 2014; Söderlund et al., 
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2015; Yamaguchi et al., 2020). Niobium adsorption on kaolinite and 
illite could occur as several different surface species (Ervanne et al., 
2014; Yamaguchi et al., 2020). Nonetheless, except for the effect of pH 
and contact time, these studies did not provide in-depth research on the 
effects of other adsorption conditions such as initial niobium (V) con-
centration and solution temperature on niobium (V) adsorption by clay 
minerals. The deficiency of understanding niobium (V) adsorption on 
clay minerals motivated us to conduct batch adsorption experiments to 
investigate niobium (V) adsorption behavior on kaolin clay and 
kaolinite. In this work, the effects of contact time, initial niobium (V) 
concentration, solution pH, and solution temperature on the niobium 
(V) adsorption behavior of kaolin clay and kaolinite were investigated. 
The adsorption kinetics and isotherms were fitted using different models 
to describe the adsorption process. The insights of this study would be 
useful to clarify the occurrence state of Nb in Nb-rich kaolin clay rocks. 

2. Materials and methods 

2.1. Materials and chemicals 

The kaolin clay (labeled as Kclay) for the experiments was collected 
from Weining, Guizhou Province, China. Kclay samples were crushed, 
ground, and sieved. The kaolinite purchased from Sigma-Aldrich was a 
relatively pure mineral (labeled as Kaol). Kclay and Kaol samples were 
ground to pass 200-mesh sieve (74 μm) to minimize the influence of 
different particle sizes for the subsequent experiment. They were then 
dried in a drying oven at 85 ◦C for 24 h before being cooled to room 
temperature and stored in sealed plastic bags in a desiccator for exper-
iments. Niobium oxalate (98%, Nb(HC2O4)5) as the source of niobium 
(V) was purchased from Shanghai Yien Chemical Technology Co., Ltd. of 
China. Other chemicals used in the experiments were oxalic acid dihy-
drate (≥99.5%, H2C2O4⋅2H2O) and ammonia solution (AR Grade), 
which were purchased from Tianjin Yongda Chemical Reagent Co., Ltd. 
and Tianjin Kemiou Chemical Reagent Co., Ltd., respectively. All 
chemicals in the studies were used as received, without further purifi-
cation, and all solutions were prepared with deionized water (conduc-
tivity, 1.43 μS/cm). 

2.2. Analysis and characterization methods 

The chemical compositions of the samples were determined by X-ray 
fluorescence (XRF, PANalytical PW2424, Netherlands) spectroscopy. A 
prepared sample was fused with a lithium metaborate–lithium tetrabo-
rate flux which also included an oxidizing agent (lithium nitrate) and 
was then poured into a platinum mold. After that, the obtained disk was 
analyzed by XRF spectrometry. The XRF analysis was examined in 
conjunction with a loss-on-ignition (LOI) at 1000 ◦C, and the resulting 
data came from the combination of the two methods. The trace element 
analysis of the Kclay and Kaol was determined by inductively coupled 
plasma mass spectrometry (ICP-MS). The digestion process was per-
formed as follows (Sjöqvist et al., 2013; Gu et al., 2018): Each sample 
(0.2 g) was decomposed with 0.9 g lithium metaborate/lithium tetra-
borate with intensive mixing, and fused at 1025 ◦C. The fused sample 
was then cooled and dissolved in a 100 mL solution of 4% HNO3 and 2% 
HCl. Finally, the solution was analyzed by ICP-MS (Perkin Elmer Elan 
9000, USA). The niobium concentrations in solutions before or after 
adsorption were directly measured by ICP-MS (Perkin Elmer NexION 
300×, USA) without digestion treatment. 

The X-ray diffraction (XRD) patterns of the samples were recorded 
using a powder X-ray diffractometer (PANalytical Empyrean, 
Netherlands) utilizing Cu Kα radiation. The apparatus was conducted 
under standard conditions at 40 kV, 20 mA. The XRD spectra were 
scanned at a 2θ range from 5◦ to 60◦ at a speed of 10◦/min, with a step 
length of 0.03◦. The transmission electron microscopy (TEM) images of 
samples were observed by a Tecnai G2 F20 S-Twin (FEI Company, USA) 
field emission transmission electron microscope with energy dispersive 

spectroscopy (EDS). The EDS was worked with an accelerating voltage 
of 20 kV and beam current of 1 nA. Approximately 1 g sample was 
dispersed into ethyl alcohol suspension for 5 min using an ultrasonic 
disperser, and a droplet of the sample dispersion was then dropped onto 
a lacy carbon-coated 20-mesh Cu grid and transferred to the microscope 
for observation after drying. 

Particle size distribution and specific surface area of Kclay and Kaol 
were characterized by an LS 13320 laser particle size analyzer (Beckman 
Coulter Inc., USA) and a nitrogen adsorption apparatus (Autosorb-iQ2- 
MP, Quantachrome, USA), respectively. The measuring range of the 
laser particle size analyzer was 0.04–2000 μm. Each sample (1 g) to be 
tested was dispersed into ethyl alcohol via ultrasonication for 10 min 
before particle size determination. For the determination of specific 
surface area, samples were vacuum-degassed at 150 ◦C for 12 h, and the 
results were obtained at − 196 ◦C from relative pressure (P/P0) 
0.05–0.20. The specific surface areas were calculated by the multi-point 
BET (Brunauer-Emmett-Teller) method (Brunauer et al., 1938). The 
point of zero charge (pHPZC) of Kclay and Kaol were conducted using an 
automatic potentiometric titrator (T50, Mettler Toledo, Switzerland) 
with a glass electrode (DGi111-SC, Mettler Toledo). A suspension was 
prepared by placing a 1.5 g sample in 150 mL of deionized water and 
was shaken at 25 ◦C for 2 days. The titration was carried out by placing 
the above suspension into a 200 mL titration cup at 25 ◦C. Initially, the 
suspension pH was quickly lowered to approximately 2.6 by 0.5 mL HCl 
(3 mol/L). The suspension was then slowly titrated up to pH 11 with 2 
mol/L NaOH. A similar titration was performed on the supernatant 
obtained by centrifugation of the suspension (Yu et al., 2020). 

2.3. Batch adsorption experiments 

Considering that Kclay contained 514 μg/g of Nb, the Nb-releasing 
process was investigated and the results (Table S1, seen in Supplemen-
tary Material online) showed that the releasing amounts of Nb from 
Kclay were negligible. The adsorption of niobium (V) on the Kclay and 
Kaol sample was investigated in Nb(HC2O4)5 aqueous solutions in a 
batch system. All batch adsorption experiments were conducted in a 
conical flask placed on a thermostatic shaker (THZ-82A, Changzhou, 
China). For each experiment, the sample (2.000 g) and niobium (V) 
solution (200 mL) were mixed in the conical flask (solid/liquid ratio of 
10 g/L), which was then shaken in the thermostatic shaker (200 rpm) for 
300 min. A series of parameters including contact time (5–300 min), 
initial niobium (V) concentration (0.01–2.00 mmol/L), initial pH (1, 2, 
3.3, 4, and 5), and temperatures (25-50 ◦C) on the influence of 
adsorption niobium (V) by Kclay and Kaol were systematically explored. 
The maximum niobium (V) concentration used was constrained by the 
low solubility of niobium oxalate. The initial pH was adjusted by 1 mol/ 
L oxalic acid or ammonia solution. The pH of the solution was not 
adjusted except to investigate the influence of initial pH on adsorption. 
Subsequently, the dispersions were centrifuged at 3000 rpm for 3 min, 
and the solid clay minerals were separated from the supernatant solu-
tions. The solid clay minerals were dried at 65 ◦C for 24 h and stored in 
sealed bags at 25 ◦C for further analysis. The supernatant solutions were 
subsequently filtered through 0.45 μm cellulose nitrate membranes for 
ICP-MS determination. The solution pH was measured at the beginning 
and end of each experiment. Each adsorption experiment group was 
conducted in triplicate to effectively reduce the experimental error. All 
data presented were the mean values of three replicate experiments. 

The amount of the adsorbed niobium (V) per unit mass of the 
adsorbent (qt, mg/g) was calculated followed by Eq. (1) (Albadarin 
et al., 2017). 

qt =
(C0− Ct)VM

m
(1)  

where Co and Ct (mmol/L) refer to the initial niobium (V) concentration 
and the niobium (V) concentration in the solution at time t, respectively, 
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V (L) is the volume of oxalate niobium solution, M (g/mol) is the molar 
mass of niobium (V), and m (g) is the mass of adsorbent. 

2.4. Adsorption kinetics and isotherms 

The pseudo-first-order and pseudo-second-order models were un-
dertaken to explore the factors that influence the adsorption rates of 
adsorbent and understand the dynamics of the adsorption process 
(Lagergren, 1898; Ho and McKay, 1999), as shown in Eqs. (2) and (3): 

Pseudo − first − order equation qt = qe
(
1 − e− k1t) (2)  

Pseudo − second − order equation qt =
qe

2k2t
1 + k2qet

(3)  

where qe (mg/g) is the amount of the adsorbed Nb per unit mass of 
adsorbent at equilibrium, and k1 (1/min) and k2 (g⋅mg− 1⋅min− 1) are the 
rate constant of pseudo-first-order and pseudo-second-order, 
respectively. 

Langmuir and Freundlich isotherms were applied to describe the 
adsorption behavior, which can be expressed as Eqs. (4) and (5) 
(Langmuir, 1916; Freundlich, 1906): 

Langmuir equation qe =
qmaxKLCe

1 + KLCe
(4)  

Freundlich equation qe = KFCe
1/n (5)  

where Ce (mmol/L) is the adsorbate concentration at equilibrium in the 
aqueous solution, qmax (mg/g) is the maximum adsorption amount, KL 
(L/mmol) is the Langmuir equilibrium constant which is related to the 
free energy of the adsorption, KF ((mg/g)⋅(L/mmol)1/n) is the Freundlich 
adsorption constant that related to adsorption capacity, and n is 
dimensionless unit correlates with characterizing surface heterogeneity. 

3. Results and discussion 

3.1. Characterization of samples 

The chemical compositions and trace elements of Kclay and Kaol 
samples are presented in Table 1 and Table 2, respectively. From the 
results, the Al2O3 and SiO2 values of Kaol were closer to ideal stoi-
chiometric kaolinite (39.50% Al2O3 and 46.54% SiO2, 13.96% LOI) 
(Awad et al., 2017), while Al2O3 and SiO2 values in Kclay were lower 
due to their high impurities. TiO2 and Fe2O3 were the common impu-
rities in kaolin clay (Schroeder et al., 2003), and the results indicated 
that Kclay used was kaolin clay rock and Kaol used can be considered 
pure kaolinite mineral. Other minor component oxides discovered in 
Kclay and Kaol samples were P2O5, MgO, K2O, etc. The Nb concentration 
of Kclay (514 μg/g) was obviously higher than that in Kaol (Table 2). 
Meanwhile, compared to Kaol, the Kclay sample used in this study 
contained higher trace impurities such as zirconium and lanthanides. 
Fig. 1a depicts the prominent characteristic diffraction reflections of 
XRD patterns for Kclay and Kaol utilized in batch experiments. The 
major mineral in Kclay, according to the XRD pattern, was kaolinite, 
with minor minerals of anatase and rutile, while the Kaol was entirely 
composed of kaolinite (Fig. 1a). The XRD results of Kclay and Kaol were 
compatible with XRF results (Table 1). The particle size distribution of 
Kclay and Kaol is shown in Fig. 1b, and the average particle sizes D50 in 
Kclay and Kaol were 0.60 μm and 7.14 μm, respectively. The particle size 

distribution results of Kclay and Kaol were in accordance with specific 
surface area analyses, from which Kclay and Kaol were 47.3 and 12.5 
m2/g. These results indicated that the clay aggregates were dissociated 
and dispersed well. 

3.2. The effect of contact time and initial niobium (V) concentration 

The adsorption of niobium (V) on Kclay and Kaol was investigated as 
a function of contact time to establish the equilibrium time of adsorption 
using 0.1 mmol/L Nb solution (Fig. 2a). The condition was controlled at 
a solid/liquid ratio (S/L) of 10 g/L, reaction temperature of 25 ◦C, and 
natural pH of 3.8. The rapid initial adsorption of niobium (V) on Kclay 
and Kaol took place at the early stage of initial time (5–10 min), fol-
lowed by a much slower adsorption rate, and finally reached equilibrium 
within 30 and 120 min, respectively. As discussed, Kclay had a larger 
specific surface area than Kaol, so it could be expected that Kaol would 
take a longer time to reach the adsorption equilibrium. The fast 
adsorption process could be attributed to the easily accessible active 
sites on the bare surface of samples in the initial stages, but as the sites 
were covered by the adsorbate, the rate slowed in later stages (Abidi 
et al., 2017; Zhu et al., 2018). From the resluts, the adsorption amount at 
equilibrium for Kclay and Kaol were 0.97 and 0.56 mg/g, respectively. A 
contact time of 300 min was used for all the following experiments to 
ensure reaching the adsorption equilibrium. 

The equilibrium adsorption capacities as functions of the different 
initial niobium (V) concentrations (0.01, 0.05, 0.1, 0.5, 1, and 2 mmol/ 
L) on Kclay and Kaol were investigated under the condition of 25 ◦C, 
natural pH, and 300 min (Fig. 2b). The results showed that the 
adsorption capacities for Kclay and Kaol increased with the initial 
niobium (V) concentration increased until the equilibrium state. The 
results also suggested that the increase in the initial niobium (V) con-
centrations provided the mass transfer driving force of the niobium (V) 
between the aqueous solution and adsorbent phase, leading to an in-
crease in niobium (V) adsorption amounts (Dönmez and Aksu, 2002; 
Alshameri et al., 2018). As Sei et al. (2002) reported, iron oxides could 
contribute to the large phosphate (oxyanions) adsorption amount of 
natural kaolinite samples. Similarly, the fact that Kclay had higher 
niobium (V) adsorption amounts than Kaol could be attributed to the 
impurities of Fe- and Ti- mineral phases in Kclay having a strong affinity 
for niobium (Ghosh et al., 2017). Additionally, the smaller particle sizes 
of Kclay were probably another factor contributing to its higher 
adsorption capacity. Although natural Nb concentrations in the 
geological process might be lower than the ones used, the adsorption 
experiments using high niobium concentrations in this study were to 
demonstrate the adsorption capacities of the clay samples. 

3.3. The effect of solution pH and temperature 

The surface charge and functional groups on the surface of Kclay and 
Kaol can be controlled by changing the pH of the solution. The behavior 
of niobium (V) adsorption on Kclay and Kaol at various solution pH 
values is depicted in Fig. 3a. The niobium (V) adsorption amounts of 
Kclay and Kaol showed a clear trend with the change of pH of the so-
lution system. The niobium (V) adsorption amounts of Kclay and Kaol 
increased when pH was changed from 1 to 2, and then they decreased 
with a further increase in pH from 2 to 4. As the pH increased from 4 to 
5, the niobium (V) adsorption amounts of both samples increased 
slightly. The adsorption behavior of niobium (V) at various pH values 
could be explained by the species of niobium (V) in solution as well as 

Table 1 
Chemical compositions of Kclay and Kaol (mass %).  

Components Al2O3 SiO2 TiO2 TFe2O3 P2O5 MgO K2O CaO Na2O LOI 

Kclay 30.93 36.85 11.00 6.04 0.27 0.15 0.11 0.07 0.06 12.96 
Kaol 36.66 47.34 0.34 0.46 0.45 0.13 1.51 0.08 0.05 12.51  
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pHPZC of Kclay and Kaol. 
The +V valence state is the most stable oxidation state of niobium 

(Söderlund et al., 2015; Ghosh et al., 2017). Niobium is poorly soluble in 
water and usually forms complex ions in solution (Charles and Prime, 

1983; Lehto and Hou, 2010). While oxalic acid, as a strong complexing 
agent for Nb, would tend to form anionic complexes in solution (Stein-
berg, 1961; Charles and Prime, 1983). When the pH was <3, the 
dominant species of niobium (V) ions in the solution were [NbO 

Table 2 
Trace element concentrations of Kclay and Kaol samples (μg/g).  

Elements Nb Ta V Zr Th U Ga Hf La-Lu 

Kclay 514.0 31.0 658.0 3540.0 105.0 19.9 111.5 89.8 1381.2 
Kaol 9.4 0.8 47.0 39.0 58.2 14.9 42.5 1.2 645.9  

Fig. 1. (a) XRD patterns and (b) particle size distribution of Kclay and Kaol.  

Fig. 2. The effect of (a) contact time and (b) initial niobium (V) concentration on the niobium (V) adsorption of Kclay and Kaol (S/L = 10 g/L, T = 25 ◦C).  

Fig. 3. The effect of (a) solution pH and (b) temperature on the niobium (V) adsorption by Kclay and Kaol (S/L = 10 g/L, C0 = 0.5 mmol/L, t = 300 min).  
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(C2O4)3]3− and [NbO(C2O4)2(H2O)]− . When pH ranged 3–4, the species 
of niobium (V) ions hydrolyzed into [NbO(C2O4)2(OH)2]3− , [NbO-
C2O4(OH2)H2O]− , and [Nb2O4(C2O4)2(H2O)2]2− followed by decom-
position into hydrous niobium oxide, Nb2O5⋅nH2O (s). When pH was 
higher than 4, reactions happened including the decomposition of the 
niobium (V) species and the formation of a white and amorphous Nb 
hydrous oxide (Jehng and Wachs, 1991; Deblonde et al., 2019). 

There were two types of charge existing on the surface of kaolinite. 
One was the permanent negative charge resulting from minor isomor-
phic substitution in the tetrahedral sheet, and the other was variable pH- 
dependent charge at the edges and the octahedral faces caused by the 
protonation or deprotonation of hydroxyls on the amphoteric sites, 
either positive or negative (Tombácz and Szekeres, 2006; Hu and Yang, 
2013; Awad et al., 2017). The critical point of mineral surface proton-
ation can be judged by the pHPZC. The analysis results (Fig. S1, seen in 
Supplementary Material online) showed that the pHPZC values of Kclay 
and Kaol were relatively close to 2.8 and 2.7, respectively, which were in 
the reported pHPZC range (2.7–3.2) of kaolinite in the literature (Appel 
et al., 2003). When the pH value was lower than pHPZC of Kclay and 
Kaol, the protonation of aluminol groups of kaolinite would take place as 
shown in Eq. (6) accompanying the formation of positive charges on 
broken edges. Within the range of pH lower than 3, the dominant species 
of niobium (V) in solution were the complex anions [NbO(C2O4)3]3− and 
[NbO(C2O4)2(H2O)]− (Jehng and Wachs, 1991; Deblonde et al., 2019). 
The opposite charge between Kclay or Kaol and the complex anions 
niobium (V) would induce electrostatic attraction. In general, with pH 
declined, the protonation of aluminol groups would be stronger result-
ing in generating more positive charges on the surface of the kaolinite. 
Thus, the adsorption amount was enhanced when pH decreased from 3.3 
(natrual pH of 0.5 mmol/L Nb solution) to 2 as a result of electrostatic 
interaction between the samples and niobium (V). At the pH of 1, the 
decrease in the amount of niobium (V) adsorption was due to the 
dissolution of Al and Si in kaolinite under such acid conditions (Khaw-
mee et al., 2013). When the pH value was greater than pHPZC of Kclay 
(2.8) and Kaol (2.7), the deprotonation of kaolinite by Eq. (7) resulted in 
the formation of negative charges. At pH higher than 3, the oxalate 
complexes of niobium (V) started to decompose into hydrous niobium 
oxide (Nb2O5⋅nH2O(s)). The decrease in adsorption amount at pH 3.3–4 
could be attributed to the reduction of Kclay and Kaol positive charge 
capacity and adsorbable anion niobium (V) amount. Above pH of 4, the 
formation of a white and amorphous Nb hydrous oxide might directly 
decrease the concentration of niobium (V) in the solution, resulting in a 
slight increase in adsorption amount. The positive or negative charge 
formation of kaolinite surface was described following Eqs. (6) and (7) 
(Hu and Yang, 2013; Alshameri et al., 2019): 

≡ SOH + H+→ ≡ SOH+
2 (6)  

≡ SOH + H− → ≡ SO− + H2O (7)  

where ≡SOH represents adsorption sites at the kaolinite surface, and S 
stands for Al or Si. 

The variable charges of clay minerals associated with pH changes 
were also involved in surface complexation reactions (Yu et al., 2020). 
The adsorption curves of Kclay and Kaol with pH changing as shown in 
Fig. 3a were similar to previous reports on niobium (V) adsorption 
behavior on ferric oxide colloid, pyrolusite, and silica colloid at different 
pH values (Ghosh et al., 2017, 2019, 2020). According to the adsorption 
mechanisms outlined in the above studies, Nb possessed both electro-
static adsorption and surface complexation adsorption. Ervanne et al. 
(2014) also hypothesized that niobium was adsorbed on the kaolinite 
surface by forming an inner-sphere complex through the formation of a 
chemical connection with the oxygen of the hydroxyl groups. Since the 
oxalate complexes of niobium (V) in this work and Nb in Ervanne et al. 
(2014) primarily occurred in solution as anions, it can be considered that 
the niobium (V) adsorption process in this study involved in surface 

complexation adsorption. In addition to electrostatic adsorption, the 
higher adsorption capacities in pH of 2 could also be explained by sur-
face complexation between the surface hydroxyl group of kaolinite and 
the anions group of the Nb in acidic oxalate. The surface complexation 
was expected to be one of the adsorption mechanisms in this study, and 
the detailed confirmation of oxalate complexes of niobium (V) with 
Kclay and Kaol need be studied in future work. 

Temperature was a vital parameter in adsorption study because it 
can affect the process in different ways including influencing the kinetics 
(Ghosh et al., 2020). The effect of temperature on niobium (V) adsorp-
tion on Kclay and Kaol was carried out at temperatures of 25 to 50 ◦C 
(Fig. 3b). The influences of temperature on the two samples showed 
similar trends. Kclay and Kaol adsorption capacities improved when 
temperature increased from 25 to 45 ◦C, with adsorption capacities 
ranging from 3.54 to 4.40 mg/g and 1.87 to 2.39 mg/g, respectively. The 
increasing temperature might contribute to better diffusion of niobium 
(V) on the surface of Kclay and Kaol (Ghasemi et al., 2014). The 
continuous increase in the adsorption amount of niobium (V) with 
temperature indicated that the adsorption process was endothermic. A 
similar result was reported that the vanadium (V) adsorption amount on 
montmorillonite was increased with temperature increasing (Zhu et al., 
2018). With a further increase in temperature from 45 to 50 ◦C, the 
adsorption amount was slightly decreased, and the adsorption amount 
was 4.40 to 3.97 mg/g and 2.39 to 2.13 mg/g, respectively. The reason 
for the slightly declined adsorption amount from 45 to 50 ◦C cannot be 
explained well in the current work. 

3.4. XRD and TEM-EDS analyses 

To obtain a more comprehensive understanding of the adsorption 
behavior of niobium (V) on Kclay and Kaol, the variations in the char-
acteristic diffraction reflections and the surface morphology of Kclay 
and Kaol before and after the adsorption with 2 mmol/L initial niobium 
(V) concentration were distinguished via XRD (Fig. S2, seen in Supple-
mentary Material online) and TEM-EDS (Fig. 4). The XRD results showed 
that the prominent characteristic diffraction reflections of Kclay and 
Kaol were remarkably unchanged and there was no new diffraction 
reflection found during the adsorption experiments. The TEM-EDS re-
sults of Kclay and Kaol before (Fig. 4a and Fig. 4c) and after (Fig. 4b and 
Fig. 4d) adsorption revealed that Nb was detected on the kaolinite 
minerals surface in both Kclay and Kaol samples, indicating that 
niobium was adsorbed at the external surface or edges of kaolinite 
minerals. 

3.5. Adsorption kinetics 

The pseudo-first-order and pseudo-second-order adsorption kinetic 
models fitting results of niobium (V) on Kclay and Kaol are shown in 
Fig. 5 and Table 3. The pseudo-second-order model of niobium (V) 
adsorption to Kclay and Kaol fitted better than the pseudo-first-order 
kinetics, evidenced by the higher correlation coefficients (Table 3). 
This confirmed that the rate of Kclay and Kaol adsorption was likely to 
be controlled by chemisorption according to the pseudo-second-order 
adsorption kinetic model (Ho, 2006; Abidi et al., 2017). The rate con-
stant k2 from pseudo-second-order for niobium (V) adsorption on Kclay 
(0.71 g⋅mg− 1⋅min− 1) was much higher than that of Kaol (0.46 
g⋅mg− 1⋅min− 1), indicating that the adsorption was more rapid at the 
beginning of the process for Kclay than for Kaol. 

3.6. Adsorption isotherms 

Adsorption isotherms models are mathematical models based on 
some assumptions related to the heterogeneity/homogeneity of the solid 
surface, the type of coverage, and the possibility of interaction between 
the adsorbate species (Rodrigues and da Silva, 2009; Benzaoui et al., 
2018). The Langmuir and Freundlich isotherms of niobium (V) 
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adsorption on Kclay and Kaol were obtained from Eqs. (4) and (5), as 
shown in Fig. 6. The Langmuir and Freundlich isotherms parameters are 
listed in Table 4. The data indicated that the correlation coefficients (R2 

= 0.9720) for the Freundlich equation of Kclay were slightly better than 
the R2 (0.9470) for the Langmuir equation. This result agreed with the 
studies about chromium (VI) adsorption on kaolinite characterized by 
the Freundlich isotherm model (Ajouyed et al., 2011). The Langmuir 
isotherm model, however, fitted niobium (V) adsorption on Kaol better 
than the Freundlich isotherm model, indicating that the adsorption was 
monomolecular. The Langmuir theoretical maximum adsorption 
amount of Kclay and Kaol was 5.42, and 2.25 mg/g (25 ◦C), respectively. 
The value of 1/n obtained from the Freundlich isotherm was <1, which 
indicated that the adsorption of niobium (V) on Kclay and Kaol was a 
favorable process. 

4. Conclusions 

The niobium (V) adsorption behavior on kaolin clay (Kclay) and pure 
kaolinite (Kaol) was investigated in this study. The batch adsorption 
experiments results showed that Kclay and Kaol exhibited strong 
adsorption abilities on niobium (V), and the niobium (V) adsorption 
amount of Kclay was greater than Kaol. The adsorption of niobium (V) 
on Kclay reached equilibrium at 30 min with an adsorption amount of 
0.97 mg/g under the conditions of 0.10 mmol/L initial niobium (V) 
concentration, natural pH (3.8), and 25 ◦C, while Kaol reached 

Fig. 4. TEM -EDS analysis of (a) original Kclay, (b) after niobium (V) adsorption of Kclay, (c) original Kaol, and (d) after niobium (V) adsorption of Kaol (C0 = 2 
mmol/L). 

Fig. 5. Pseudo-first-order and pseudo-second-order kinetics for niobium (V) 
adsorption on Kclay and Kaol (S/L = 10 g/L, C0 = 0.1 mmol/L, T = 25 ◦C). 
Symbols stand for average experimental data and the solid lines and the dash 
lines represent the pseudo-first-order and pseudo-second-order kinetics, 
respectively. 
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equilibrium at 120 min with an adsorption amount of 0.56 mg/g under 
the same conditions. The adsorptions of niobium (V) on Kclay and Kaol 
were pH-dependent, and they showed declining adsorption capacities 
from pH 2 to 4. The adsorption kinetics of niobium (V) on Kclay and Kaol 
fitted well with the pseudo-second-order kinetic model. The Freundlich 
isotherm model agreed well with the adsorption data for Kclay, while 
the Langmuir isotherm model suited better for the data from Kaol. The 
Langmuir model indicated that the maximum adsorption amount of 
Kclay and Kaol was 5.42 and 2.25 mg/g, respectively. The results 
demonstrated that niobium could be adsorbed by kaolin clay and 
kaolinite, providing evidence for the previous conjecture that Nb can be 
present in clay minerals in adsorbed form. 
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