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A B S T R A C T   

Bentonite possesses multiple physicochemical properties because of a large number of charges on the surface. 
Understanding charges-related surface characteristics at various aqueous solution conditions is critical for 
bentonite application in various fields, including material modification and environmental restoration. In this 
study, the evolution of surface properties (surface potential, surface electric field strength, specific surface area, 
and surface charge numbers) for bentonite samples was investigated using simple ion-exchange experiments and 
extended combined determination method at different pH conditions. Zeta potential, X-ray diffraction (XRD), 
and attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) techniques were used to 
examine changes in bentonite structure and surface functional groups. The results demonstrated that surface 
potential was considerably negative (larger in absolute value) and more sensitive to pH variation than the zeta 
potential of bentonite under identical conditions. At multiple pH settings, the surface electric field strength and 
the numbers of bentonite’s surface charges were inversely proportional to hydrogen ion concentrations. Cations 
covalently bonded to clay’s surface might reduce negative surface charges and diminish surface electric field 
strength, particularly as ionic strength increased. Although moderate pH variation has no discernible effect on 
bentonite interlayer structural alterations, moderate clay dissolution and changes in mineralogical properties 
may increase the specific surface area of bentonite, particularly when the solvent chemical conditions are acidic. 
This study comprehensively sheds light on the evolution of surface properties of bentonite clay under acidic, 
neutral and alkaline conditions, which is helpful in understanding and optimizing its surface performance for 
material and environmental applications.  
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1. Introduction 

Bentonite is a type of multipurpose swelling clay that is primarily 
composed of montmorillonite. Surface area and surface functional 
groups mutually govern its effectiveness in catalytic reactions and 
sorption and hence play an important role in industrial dye bleaching 
[1], catalytic engineering [2], and environmental remediation [3,4]. 
Because series surface-charges-related properties (charge type, amount, 
and density) are important parameters to reckon interaction processes 
closely related to those physicochemical reactions, the surface of 
bentonite clay can be considered as the central zone of adsorption and 
catalytic reactions [5,6]. Heavy metals, radionuclides, and organic 
pollutants in the aquatic environment could be effectively removed via 
electrostatic and/or non-electrostatic interactions with a charged 
bentonite clay [7–9]; the amount of catalytically active ion loaded in 
interlayer space through ion exchange is mainly dependent on layer 
charge density [10]. Hence, exploring the surface-charge properties of 
the bentonite clay mineral has far-reaching implications for promoting 
its use in both industrial and environmental fields. 

The pH of the surrounding environment has considerable impact on 
the charged clay surface properties. The protonation of surface/inter-
layer functional groups, the formation of complex pore configuration, 
and the disintegration of a crystalline structure when hydrogen ion 
concentration changes could dramatically affect the specific surface of 
bentonite [11]. The pH-dependent charges from clay mineral edges and 
the heterogeneity of mineral composition were observed to increase the 
zeta potential of bentonite particles as the pH value increased [5]. The 
cation exchange capacity of bentonite particles is closely related to their 
variable charge and chemical compositions. One of the critical regula-
tory factors is the pH of the surrounding environment [12]. Clay min-
eral’s surface electrostatic fields could polarize molecules and ions, 
changing their reactivity at the solid− liquid interface [13–15]. The ef-
ficiency of which could be profoundly affected by hydrogen-ion con-
centration. The study progress demonstrated that the charge-related 
surface properties of clay minerals are susceptible to variation in the 
surrounding pH, which will inevitably affect clay mineral performance. 

In recent years, several methods for determining the surface prop-
erties of clay minerals have been proposed. For example, nitrogen 
adsorption with the Brunauer− Emmett− Teller (BET) method is a com-
mon method for measuring the specific surface area of clay minerals 
[16]. However, gases cannot penetrate the interlayer surfaces, resulting 
in an underestimation of the material’s specific area [17]. Liquid 
adsorption methods, such as ethylene glycol and ethylene glycol mon-
oethyl ether [18], extensively recognized and used to determine specific 
surface area; however, many limitations to their use exist, such as 
time-consuming measurement process and environmental disposal 
concern [17,19]. Importantly, the results of different measurements may 
be inconsistent for the given clay minerals [20]. Although advanced 
techniques such as X-ray photoelectron spectroscopy (XPS) [21] and 
atomic force microscopy (AFM) [22] have been successfully used to 
measure the surface potential of materials, strict test conditions and 
operation technology are required. Furthermore, for many cases, 
multi-parameter characterization of the research object’s surface prop-
erties is required to understand the research object [23,24]. 

Ion exchange at the solid− liquid interface is a fundamental physi-
cochemical reaction that is considerably influenced by the surface 
charge properties of solid particles; however, ion-exchange reactions 
can completely reflect the properties of charged surface. Consequently, 
the ion could be considered as a probe for examining charges-related 
surface properties of clay minerals. The combined determination of 
surface properties of charged particles has recently been well established 
theoretically [25], based on the modified Poisson–Boltzmann equation. 
By processing experimental results of simple ion exchange, the param-
eters of surface potential, surface electric field, specific surface area, and 
numbers of surface charges could be easily and simultaneously 
computed, and the mathematical relationships among them have been 

established [23,24,26]. Actually, relationships between surface prop-
erties such as zeta potential and surface potential is well documented in 
the modified Poisson− Boltzmann equation [27], density functional 
theory [28,29], and integral equations [30]. For examining interface 
reactions in aqueous solutions, the simultaneous measurement of mul-
tiple parameters for the charged surface under identical conditions is 
critical [31]. However, previous studies using combined determination 
obtained surface charge properties at the pH of an aqueous solution in a 
relatively ideal neutral condition, leaving the applicability of the com-
bined determination method and response of measurement results to 
acidic or alkaline conditions unrevealed [23,24,26]. 

Bentonite as a polyfunctional clay mineral that is extensively used in 
industrial and agricultural production. It is important to uncover its 
surface charge properties and response mechanism at multiple pH levels. 
For this reason, the purpose of this research is to: (1) measure the surface 
charge properties of bentonite using an extended combined determi-
nation method, (2) clarify the evolution principle of surface properties at 
different pH conditions, and (3) analyze and explain the response 
mechanism of bentonite surface charge properties to pH variation. 

2. Materials and method 

2.1. Sample preparation 

Bentonite was obtained from Henan Jinyuan Environmental Pro-
tection Technology Co., Ltd, China. To purify the sample surface, 50 g 
raw bentonite sample was mixed with 0.1 mol/L HCl solution (1000 ml) 
in 2 L glass beaker, stirring (600 rpm, 12 h), centrifuging (5000 rpm, 10 
min) and discarding the supernatant, the retreatment of precipitate was 
performed with identical concentration and volume of HCl solution 
three times in total. HCl solution was subsequently replaced by distilled 
water and carried out the above process in three repetitions. Then, H+- 
saturated precipitate sample was dried (60 ◦C), grounded, and sieved 
through the 60 meshes. All chemicals including HCl and NaOH, were 
analytical reagents and purchased from Xilong Science Co., Ltd., China. 

To investigate the response of bentonite clay surface electrochemical 
properties towards moderate pH variation, an electrolyte solution with 
pH values of 4, 7, and 9 were prepared by using HCl or NaOH for pH 
adjustment. 15 g H+-saturated bentonite sample was evenly divided into 
three parts, and each part was immersed in a 100 ml plastic centrifuge 
tube containing 50 ml electrolyte with given pH and shaken continu-
ously at 200 rpm for 6 h. After the pH was adjusted to the specified value 
(4, 7, and 9) with 1 mol/L HCl and/or NaOH, the suspension was 
centrifuged (5000 rpm, 10 min), dried (60 ◦C) and ground for XRD and 
ATR-FTIR analysis. For zeta potential analysis, another 3 g H+-saturated 
bentonite sample was taken and divided into three parts evenly. After 
mixing with 100 ml CaCl2/NaCl mixture of 0.1 mol/L separately, the 
mass concentration of the bentonite suspension was diluted to 100 mg/ 
L. The suspension was sonicated for 10 min, and it was finally adjusted 
to specific pH for measuring the zeta potential. 

2.2. Characterization of bentonite 

The zeta potential of bentonite clay was determined with ZetaPlus 
analyzer (Brookhaven instruments corporation, USA). Mineralogy 
related analysis of bentonite at different pH was analyzed using XRD (D8 
Advance, Bruker, Germany) with CuKα radiation (λ=0.1541 nm). The 
running voltage and current were set at 40 kV and 40 mA, respectively, 
the sweep range of 2θ was 1–60◦, and the 2θ-scanning rate was 5 min− 1. 
Patterns were identified by reference to the ICDD-PDF2 2004 database; 
The surface functional groups information were obtained by deter-
mining the vibration spectra of chemical bonds with ATR-FTIR at a 
spectrum of 4000–400 cm− 1 with a resolution of 4 cm− 1, which adopted 
with Nicolet iS10 form Thermo Fisher Scientific company of USA. 

The combined determination method [25,31] is a systematic 
research paradigm to investigate the surface properties of charged 
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particles. The key parameters such as surface potential, surface electric 
field strength, etc., could be easily and concurrently obtained by simple 
ion exchange experiment (e.g., Na+/Ca2+ ion-exchange reaction). 
Briefly, 15 g H+-saturated bentonite sample was accurately weighed and 
equally divided into three parts, then 40 ml of 0.1 mol/L Ca(OH)2/NaOH 
mixed electrolyte was respectively mixed with 5 g H+-saturated sample 
in 100 ml centrifuge tube. After continuous shaking at constant tem-
perature (25 ◦C) for 24 h, a certain amount of 0.1 mol/L Ca(OH)2/NaOH 
electrolyte or H+-saturated samples were added to adjust the pH of the 
suspension to 4, 7 and 9, respectively. Subsequently, 1 mol/L HCl and/or 
NaOH was used to adjust the pH of suspension until it stabilized at the 
setting pH after 12 h of shaking. The parameters of surface property can 
be obtained through the calculation of solid and liquid phase parti-
tioning of Ca2+/Na+ at adsorption equilibrium. Because the Ca2+ in the 
high pH solution may include hydroxyl calcium, which will further in-
fluence the determination of surface properties, thus the Visual MINTEQ 
3.1 was adopted to simulate the concentration of hydroxyl calcium 
under different pH setting conditions at 25 ◦C. The simulation results 
indicated that the concentration of hydroxyl calcium at pH values of 4, 7 
and 9 were only 8.0464×10− 11, 8.0467×10− 8 and 8.0461×10− 6 mol 
L− 1 respectively, therefore in measurement the effect of hydroxyl cal-
cium formation on bentonite surface properties could be leaved out. 
Certainly, if the pH value reaches or exceeds 12.2, the concentration of 
hydroxyl calcium will be in the same order of magnitude as calcium ion 
concentration, which will influence the determination of surface prop-
erties of bentonite. The mathematical formulas used for the analysis of 
surface property parameters of bentonite samples at different pH set-
tings are given below: 

φ0 =
2RT

(2γCa − γNa)F
ln

a0
CaNNa

a0
NaNCa

(1)  

E0 =
4π
ε sgn(φ0)
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(4)  

where γCa = − 0.0213 ln
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I

√
+ 1.2331 

γNa = 0.0213 ln
̅̅
I

√
+ 0.7669  

κ =
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8πF2I
/

εRT
√
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(
f 0

Na + f 0
H

/
f 0
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)
+ 1.992  

where φ0 (mV) is the surface potential of bentonite sample; R (J/K mol), 
T (K) and F (C/mol) are ideal gas constant, thermodynamic temperature, 
and Faraday constant respectively; γNa and γCa correspondingly repre-
sent the charge correction factor of Na+ and Ca2+ in Na+/ Ca2+ ion 
exchange that is influenced by electric field arising from surface charges; 
a0

Na(mol/L) and a0
Ca(mol/L) are the activities of Na+ and Ca2+ in bulk 

solution at equilibrium; NNa (mol/g) and NCa (mol/g) are the amounts of 
adsorbed Na+ and Ca2+ at the charged surface of bentonite; ε is the 
dielectric constant for water (8.9×10− 9 C2/J m); π is the circumference 
ratio; E0 (V/m) is the electrostatic field strength at bentonite surface; 
SSA (m2/g) is the specific surface area of bentonite; κ (dm− 1) is the 
Debye–Huckel parameter; SCN (cmol(c)/kg) is the surface charge 
numbers of bentonite; I (mol/L) is the ionic strength; f0

Na(mol/L), 
f0

H(mol/L) and f0
Ca(mol/L) are the equilibrium concentration of Na+, H+

and Ca2+ in bulk solution respectively. 

3. Results and discussion 

3.1. Response of bentonite interlayer structure to pH change 

The principal compositions of bentonite at multiple pH levels were 
analyzed by using X-ray diffraction, Fig. 1 shows the resulting XRD 
pattern. The sample’s characteristics show that bentonite is primarily 
composed of montmorillonite (PDF 13-0135) and is partially composed 
of cristobalite (PDF 75-0923) and calcite (PDF 72-1650). The d-spacing 
of 001 basal planes for montmorillonite at pH values of 4, 7, and 9 was 
15.0304, 14.9280, and 15.0309 Å, respectively, indicating that moder-
ate pH variation in solution results in hardly noticeable interlayer 
spacing changes of montmorillonite. However, under mild acid-base 
conditions, the intensity of the diffraction peak is relatively weakened, 
indicating that the crystal phase was slightly changed, reducing the 
crystallinity of montmorillonite [32]. The analysis demonstrated that 
moderate pH variation is incapable of influencing bentonite interlayer 
structure changes. Consequently, the primary effect of pH change on 
bentonite is presumably adjusting its surface properties via proto-
nation/deprotonation reactions at active surface sites. These binding 
sites may become positively charged at low pH because of surface pro-
tonation reactions (i.e.,SOH + H+⇌SOH+

2 ), and negatively charged at 
high pH because of surface deprotonation reactions (i.e.,SOH⇌SO− +

H+) [33]. 

3.2. Changes in zeta potential and surface potential 

Fig. 2 shows variations in zeta potential and surface potential of 
bentonite at a moderate pH, which revealed the following similarities 
and differences. First, all tests demonstrated a negative zeta potential 
and a surface potential; no isoelectric point or charge reversal is 
observed, indicating that the surface of the tested bentonite clay is 
negatively charged, and a constant negative charge induces a significant 
contribution to the surface potential of bentonite [34]. In reality, it is 
accepted that the bentonite surface is negatively charged by measuring 
its zeta potentials over a wide pH range [5,35,36] and that these 
negative charges are attributed to isomorphic replacement, crystal lat-
tice defects, fragmentary particle edges, and structural hydroxyl groups 
[37]. However, noted that the measured surface potential values in this 
study were only − 34.84, − 64.43, and − 75.79 mV at pH values of 4, 7, 
and 9, respectively, which presumably is attributed to the gradual 
depletion of pH-dependent negative charges on clay edges as pH 
decreased. Furthermore, the underestimated surface potential should be 
attributed to the dielectric saturation and polarization of distributed 
water molecules around the charged clay surface. This is because in the 
Gouy-Chapman model, the electrostatic field strength at the clay− water 

Fig. 1. The XRD patterns of bentonite at different pH.  
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interface is hypothetically underestimated for invariable dielectric 
constants, and polarization of water molecules could decrease the sur-
face potential [38,39]; Second, negative zeta potential and surface po-
tential progressively decreases as pH decreases, indicating a certain 
amount of variable charge carried on bentonite surface. Many studies 
reported that edge-face interactions influence the magnitude of zeta 
potential in bentonite clay particles as a function of pH [40,41]. In 
montmorillonite, the silanol groups of tetrahedral sheets and dioctahe-
dral edge aluminol groups could regulate surface electrical properties by 
participating in chemical reactions in aqueous systems. The surface net 
negative charge can be reduced by hydroxyl protonation in acidic media 
with increase via hydroxyl deprotonation in alkaline media [12,42]. 
Consequently, the changes in zeta potential caused by pH (Fig. 2) can be 
attributed primarily to protonation/deprotonation reactions of silanol 
and aluminol groups at the bentonite surface. 

Fig. 2 shows the differences between zeta potential and surface po-
tential. At a given pH, the zeta potential was smaller (less negative) than 
the surface potential. Theoretically, zeta potential is not equivalent to 
surface potential because the former refers to the potential of the shear 
plane at a certain distance away from the surface, and such potential 
exponentially decays with distance [43]. Recently, studies discovered 
that the zeta potential is several orders of magnitude less than the cor-
responding surface potential [44,45]. Compared to surface potential, 
non-significant changes in zeta potential because of pH variations 
indicate that zeta potential is not pH sensitive [5,46]. Furthermore, 
discrepancies between them rapidly decreased as pH decreased, indi-
cating that the variation trends for surface potential and zeta potential 
are qualitatively different. This observation, which is most likely 
attributed to an increase in counter-ion concentration, will screen the 
strength of the negative surface electrostatic field and compress the 
thickness of the electrical double layer [26,47]. Because the adsorbed 
counter ions compress the electric double layer more than the sliding 
layer, the surface potential changes more than the zeta potential [44, 
48]. 

3.3. Changes in surface electric field strength, specific surface area, and 
numbers of surface charges 

Other parameters, in addition to surface potential, can be used to 
characterize the surface electrochemical properties of bentonite as pH 
changes in a moderate range. Fig. 3 shows the measured surface electric 
field strength, specific surface area, and surface charge numbers at 
various pH levels. In a moderate pH range, the surface electric field 
strength and surface negative charge numbers of bentonite decreased 
with decrease in pH, whereas the specific surface area increased with 

decrease pH. In other words, the former are negatively correlated with 
the bulk solution’s hydrogen ion concentration, whereas the latter is 
positively correlated with the bulk solution’s hydrogen ion concentra-
tion. The two observations made above can be theoretically rationalized. 
As per the classical electric double layer theory, counter ions in aqueous 
solution would diffusely distribute near charged clay particles because 
of the combined effects of random thermal motion and electrostatic 
attraction force because of negative surface charges [49,50]. To our 
knowledge, the hydrogen ion can reach the Stern layer and interact with 
charged clay minerals via various mechanisms [45,51,52]. The 
ion-surface interactions at different pH are determined by the 
surface-electric-field-dependent coordinate bond between H+ and O−

ions, or by the electrostatic force between H+ and negatively charged 
surface [52]. However, cations covalently bound to the negatively 
charged surface of clay mineral would inevitably deplete the clay sur-
face negative charges, and this effect would be more noticeable as ionic 
strength increased [53,54], which is extremely similar to the case of 
DNA solution [55]. The observed evolution of surface electric field 
strength and surface negative charge numbers with pH variation is 
consistent with the theoretical description provided above. 

The measured average values of specific surface area for bentonite at 
pH 4, 7, and 9 were, however, 184.2, 90.91, and 100.0 m2/g, respec-
tively. Specific surface area at pH 4 and 9 was 2.026 and 1.010 times 
greater than that at pH 7, respectively, compared to neutral pH condi-
tions. This result indicates that specific surface area increased under 
moderately acidic and alkaline conditions, with the increase being more 
noticeable at low pH. In general, the specific surface area of bentonite 
increases with the hydrogen ions concentration [2,32]. To date, this 
increase has been attributed to the replacement of interlayer cations 
with hydrogen ions, and bentonite porosity (micro or mesopores) 
increased with increasing hydrogen ion concentration [11,56]. Under 
low or high pH conditions, montmorillonite dissolution and ion leaching 
from the octahedral and tetrahedral site expose platelet edges of 
bentonite [32,57]. Because of changes in XRD pattern at different pH 
(Fig. 1), the increasing specific surface area of bentonite under moder-
ately acidic and alkaline conditions is presumably attributed to the 
combined effects of protonation, slight dissolution of clay, and a series of 
changes in mineralogical properties such as void ratio and 
morphologies. 

3.4. Surface functional groups response to pH variation and its 
relationship to surface charge properties 

To examine the effect of pH changes on the functional groups of 

Fig. 2. Surface potential and Zeta potential of bentonite at different pH with 
identical ionic strength (I=0.4 M). 

Fig. 3. Trends in bentonite surface electric field strength, specific area, and 
charge numbers with moderate pH variation (The arrows pointing left or right 
for the three curves represent the corresponding numbers and units for the 
curves shown). 
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bentonite, ATR-FTIR spectra were performed in the spectrum range of 
4000–400 cm− 1 as a common approach for identifying the characteris-
tics of functional groups (Fig. 4). 

The absorption band at ~3614 cm− 1 was attributed to the stretching 
OH groups of (Al)O-H or (Mg)O-H bonds [58]. The intensity of 
stretching bands decreases as pH decreases, confirming that negatively 
charged OH groups are bound with positively charged ions to benton-
ite’s surface active sites [59]. Spectroscopic results show that as the 
hydrogen ion concentration in the bulk solution increased, the negative 
charges on the bentonite surface were depleted, resulting in a gradual 
decrease in the number of negative charges on the surface and a gradual 
decrease in electronegativity. The variation of surface electronegativity 
concerning the aforementioned ATR-FTIR spectra analysis could explain 
the trends of surface electrochemical parameters with pH changes, such 
as surface (or zeta) potential (Fig. 2), electric field strength, and negative 
charge numbers (Fig. 3). The broad vibration band at ~3388 cm− 1 was 
caused by silanol’s O-H stretching vibration and adsorbed interlayer 
water at the silica surface [60]. With decrease in pH, the intensities of 
stretching bands gradually decreased and shifted from 3388.12 to 
3379.24 cm− 1, indicating that the O-H of silanol groups and adsorbed 
interlayer water strongly interacted with permeated hydrogen ions in 
clay. The deformation vibration intensity of H-O-H for adsorbed water at 
~1634 cm− 1 [32,61,62] decreased with the decrease of pH, indicating a 
decrease in water content with increase in hydrogen ion concentration 
in the bulk solution. This is because when protons permeate into the clay 
layers and attack the O-H groups, dehydroxylation and dissolution of the 
structural atoms occur, which can be readily responded to by changes in 
the characteristic absorption bands, attributed to vibrations in O-H 
groups [63]. The strong absorption peak observed at 
~1005− 1017 cm− 1 was attributed to Si-O-Si asymmetric stretching vi-
brations [64,65]. The band at ~791− 792 cm− 1 may be attributed to the 
presence of cristobalite and low-crystalline silica [33,66,67], the in-
tensity of which decreased with increase in hydrogen ion concentration, 
most likely because of tetrahedral sheet transformation. The results of 
the above ATR-FTIR analysis indicate that the amounts of O-H groups for 
the central atom from tetrahedral/octahedral sheet regulated the 
pH-dependent negative charges. The surface negative charge amounts of 
bentonite clay decreased as the surface concentration of hydroxyl ions 
decreased [68]. 

4. Conclusions 

The evolution of surface electrochemical properties for bentonite 
samples has been systematically examined using extended combined 
determination at moderate pH variations, yielding the following con-
clusions. Firstly, the surface potential was more negative (larger in ab-
solute value) and more sensitive to pH variation than the zeta potential 
of bentonite. Second, at different pH levels, the surface electric field 
strength and number of surface charges of bentonite were inversely 
proportional to the hydrogen ion concentrations. The shielding of 
positively charged ions to negative surface charges, compression of the 
electric double layer, and protonation of (Al/Mg) O-H bonds and 
interlayer Si-OH regulated the changing trend of surface electric field 
strength and number of surface charges with decrease in pH. Third, 
while moderate pH variation is incapable of influencing bentonite 
interlayer structure changes, slight dissolution of clay and changes in 
mineralogical properties may increase the specific surface area of 
bentonite, particularly when the solvent chemical conditions are acidic. 
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