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a b s t r a c t
Ethidium bromide is extensively used in many biochemical laboratories. Due to its high toxicity, 
its removal from the wastewater before being disposed becoming an emerging issue. Swelling clay 
minerals, due to their inexpensive material cost, high efficiency, and vast reserves, have been eval-
uated for the removal of different types of contaminants. In this study, the removal of ethidium 
bromide, particularly its mechanism of removal was assessed, using Ca-montmorillonite (SAz-1) 
as a representative swelling clay minerals. The ethidium bromide removal could reach equilibrium 
within 1 h and a capacity of 1,276 mmol kg–1, same magnitude as the cation exchange capacity of 
SAz-1. The total amount of metal cations desorbed from SAz-1 to the amount of ethidium removed 
was linearly correlated with a slope of 0.7, suggesting cation exchange as the dominant mechanism. 
In addition, the less-than-unity desorption/adsorption ratio could be attributed to the removal of 
ethidium dimers bridged with bromide counterions. An increase of the basal spacing to 18.3 Å for 
SAz-1 after adsorption implied that intercalation of flat-lying ethidium dimers into the clay inter-
layer, which increased its thermal stability, and active participation of the amine groups of ethid-
ium molecules in the adsorptive interaction was evidenced from Fourier transform infrared band 
shifts. The results suggested that Ca-montmorillonite is an excellent candidate for fast and effective 
removal of ethidium bromide from aqueous solution. As such, it could serve as an ideal packing 
material for kits to be manufactured and used for ethidium bromide removal in case of spill.
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1. Introduction

Ethidium bromide, 3,8-diamino-6-phenyl-5-ethyl-
phenanthridine bromide is an aromatic compound with 
a tricyclic structure having aniline groups on two sides 
of a pyridine moiety (Fig. S1). The cyclic groups of ethid-
ium bromide are hydrophobic, similar to the aromatic 
rings of DNA bases. Ethidium bromide is commonly used 
as a marker for labeling nucleic acid bands in electro-
phoresis as well as other methods of nucleic acid separa-
tion. Because of the widespread practice of single cell gel 

electrophoresis assay, some excess fractions of ethidium 
bromide may leave research laboratories and reside in the 
environment, and like most of other nucleic acid fluores-
cent dyes, ethidium bromide has high toxicity and carcino-
genicity to human cells [1–3]. Furthermore, toxic effects on 
agriculturally important crops such as wheat, alfalfa, and 
tomato due to irrigation with ethidium bromide-containing 
water were reported [4], calling for a broad watch on the 
impact and attenuation of ethidium bromide in aqueous 
environments. As such, exploring effective materials and 
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mechanisms for its removal is an important task in per-
tinent laboratories as well as treatment plants.

Adsorption is one of the most effective removal methods 
for a large number of different contaminants. Adsorbents 
such as graphene oxide [5], pumice [6], CuO nanoparti-
cles [7], carboxylate group functionalized and unmodified 
single-walled carbon nanotube [8], acid washed kaolinite 
and alumina [9], and nano-scale zero-valent iron [10] were 
used to remove ethidium bromide from aqueous solutions 
(Table S1). Most of the above adsorbents require a prepa-
ration protocol involving uses of harsh chemical reagents 
(e.g., heavy metals for nanoparticle synthesis and boro-
hydride for zero-valence iron synthesis) that could raise 
concerns about potential secondary pollution in working 
applications. Moreover, the production of nano-sized adsor-
bents (e.g., carbon nanotubes) may require high energy 
consumption with high costs in various aspects and have 
applications limited in specific areas in practice.

In contrast, naturally occurring expandable clays, par-
ticularly smectitic minerals are known to be highly effi-
cient for adsorptive removal of various contaminants at low 
cost. Studies using pristine or modified clay minerals to 
remove single and multiple contaminants from water were 
conducted extensively in the past [11,12]. However, tests 
for the removal of ethidium bromide by clays are limited. 
Rectorite, a regularly mixed-layer illite/smectite clay was 
able to remove ethidium bromide from aqueous solution 
in a fast adsorption process, reaching an adsorption capac-
ity as high as 160 mg g–1 equivalent to the cation exchange 
capacity (CEC) of the clay [13]. Cation exchange was deter-
mined to be the key mechanism for the adsorption but the 
amount of desorbed cations was only about a half of the 
amount of ethidium cations adsorbed on the rectorite [13].

Montmorillonite as a dioctahedral smectite is character-
ized by high values of CEC and specific surface area (SSA). As 
such, it could absorb the ethidium bromide via conceivable 
cation exchange mechanism. Furthermore, montmorillon-
ite has the characteristics of abundant, cheap and easy to 
obtain, so it could not only realize the use of low-cost mate-
rials to show (1) high economy and practicality; (2) rapid 
adsorption; (3) high adsorption effect for multiple purposes, 
and it can be used in industry or household. The wastewa-
ter treatment process can achieve (1) zero greenhouse gas 
emissions; (2) no heat generation on the environment; (3) no 
secondary pollution during adsorption. Under these scenar-
ios, the clay mineral has the very astonishing advantage to 
absorb the organic compound such as ethidium bromide.

Uptake of ethidium bromide by Na-montmorillonite 
(SWy-2) and Ca-montmorillonite (SAz-2 and STx-1b) from 
aqueous solution could reach an adsorption capacity up 
to 600 mg g–1 and the clays could be regenerated by heat-
ing to 500°C [14]. However, mechanisms for the uptake of 
ethidium bromide by those montmorillonites were not elu-
cidated. As such, further exploration of the potential appli-
cation of using montmorillonites for ethidium bromide 
removal could be hindered.

This study focused on systematic analyses of the inter-
actions between Ca-montmorillonite and ethidium bro-
mide using thermogravimetric, X-ray diffraction, and 
Fourier transform infrared spectroscopy (FTIR) analyses, 
in conjunction with the desorption of exchangeable cations 

in association with ethidium bromide removal, so that 
the mechanisms of ethidium bromide removal could be 
elucidated.

2. Materials and methods

2.1. Materials

Ethidium bromide (C21H20BrN3, CAS No. 1239-45-8) 
has a molecular weight of 394.3 g mol–1 and a water solu-
bility of 40 g L–1. When dissolved in water, it may form a 
cation ethidium+ and its two amine groups can be proton-
ated at pH 2.43 (pKa2) and 0.71 (pKa1) [15]. It has a molec-
ular dimension of 10.0 × 11.0 × 5.0 Å computed by the 
ChemSketch Software (Fig. S1). The Ca-montmorillonite 
SAz-1 (from the Source Clays Repository of the Clay 
Minerals Society) was used without further purification. 
It contains ~98% montmorillonite, ~1% quartz, and ~1% 
other minerals by X-ray diffraction analyses [16]. The 
reported CEC and SSA values were 1,230 meq kg–1 and 
65 m2 g–1, respectively [17]. The total surface area of SAz-1 
including the external surface and interlayer areas was 
736 m2 g–1, suggesting that the montmorillonite particles 
may be made of stacking about 10 unit cells along the c 
crystallographic direction [18].

2.2. Batch adsorption experiments

To each 50 mL centrifuge tube, 0.1 g of SAz-1 and 20 mL 
of ethidium bromide solution were added. All tubes were 
wrapped with aluminum foils to prevent possible light-in-
duced decomposition of the compound. For all exper-
iments, except the isotherm study, the initial ethidium 
bromide concentration was 8 mmol L–1. The final solution 
pH values were close to 7 without pH adjustment, aside 
from those for the pH-dependent study. For the kinetic 
study, the mixing time was 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0 
and 24.0 h. For the pH-dependent test, the equilibrium 
solution pH was checked periodically and adjusted to 
between 2 and 11 by dropwise addition of 2 M NaOH or 
2 M HCl to minimize the change in total liquid volume. For 
the ionic strength study, NaCl and CaCl2 were used as the 
ionic strength tuners at concentrations of 0.001, 0.01, 0.1, 
and 1.0 M. For the temperature-dependent analysis, the 
temperature was maintained at 303, 318, and 333 K. For the 
adsorption isotherm study, the initial ethidium bromide 
concentrations were 2, 4, 6, 8, 10, 12, and 14 mmol L–1. The 
mixtures were swayed on a reciprocal shaker at 150 rpm 
for 24 h for all experiments except the kinetic study. After 
mixing, the mixtures were centrifuged at 5,000 rpm for 
5 min, and the supernatants were passed through 0.22 µm 
filters before being analyzed for ethidium and metal cation 
concentrations. All experiments were run in duplicate.

We try to use three models like pseudo-second-order, intra-
particle diffusion and pseudo-first-order. The r2 of pseudo- 
second-order was 0.999 in this study indicated that it was 
the best-fit model. As for the models to fit the isotherm 
data, the r2 of Freundlich was 0.233, and the r2 of Langmuir 
was 0.998 in this study which also indicated that it was 
best-fit model. The well-standard S-type curve of isotherm 
also implied the Langmuir instead of Freundlich (Fig. 2). 
Therefore, the data were fitted with the pseudo-second-order 



P.-H. Chang et al. / Desalination and Water Treatment 254 (2022) 80–9382

kinetic model and the Langmuir adsorption isotherm 
model to achieve best-fit scenarios. The integrated rate law 
of the pseudo-second-order kinetic model is:
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kq tt
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where k (kg mmol–1 h–1) is the rate constant of adsorp-
tion, qe (mmol kg–1) is the amount of ethidium adsorbed 
at equilibrium, and qt (mmol kg–1) is the amount of ethid-
ium adsorbed on the adsorbent at time t. The rate-limiting 
step is chemisorption that includes valence forces through 
sharing or exchange of electrons between adsorbent and 
adsorbate and the adsorption capacity is proportional to 
the number of active sites on the adsorbent, which has been 
applicable to many adsorption processes [19,20]. Eq. (1) can 
be re-arranged into a linear form (Eq. 2):
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where kqe
2 is the initial rate (mmol kg–1 h–1).

The Langmuir adsorption isotherm model can be 
described as:

C =
K S C
+ K CS
L m L

L L1
 (3)

where CS is the amount of adsorbate adsorbed on adsorbent 
at equilibrium (mmol kg–1), CL is the equilibrium solute con-
centration (mmol L–1), Sm is the apparent adsorption capacity 
or adsorption maximum (mmol kg–1), and KL is the Langmuir 
coefficient (L mmol–1). Eq. (3) can be rearranged to a linear 
form Eq. (4) and KL and Sm can be determined by a linear 
regression.
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2.3. Methods of analyses

The concentration of ethidium was quantified by a 
UV-Vis spectrophotometer (SmartSpec 3000, Bio-Rad Corp., 
USA) at the wavelength of 480 nm [21]. The standards 
were adjusted to have the same pH as that of the sample 
supernatants and the calibration was made with five stan-
dards between 0.01 and 0.2 mmol L–1 with r2 values no less 
than 0.998.

The metal cations desorbed from SAz-1 in the solution 
during the adsorption of ethidium were analyzed by ion 
chromatography (Dionex 100, Dionex, USA) with an IonPac 
CS12A column (4 × 250 mm) and a mobile phase made of 
1.3 mL of 20 mM methanesulfonic acid in 1 L of water. At 
a flow rate of 1 mL min–1, the retention times for Na+, K+, 
Mg2+, and Ca2+ were 4.4, 6.2, 10.5, and 13.4 min, respectively.

Powder X-ray diffraction (XRD) patterns of the raw 
SAz-1 and ethidium-loaded samples were recorded on a 
Bruker D8 ADVANCE diffractometer with a Sol-X detector 
and CuKα radiation. X-ray intensities were measured in the 
range of 2°–20° 2θ at a scan rate of 2°min–1 and a step size of 
0.01°.

FTIR spectra of the clay samples prepared with the KBr 
pressing method were acquired on a Thermo Nicolet 6700 
spectrometer (Thermo Scientific, USA). The spectra were 
recorded from 400 to 4,000 cm–1 by accumulating 256 scans 
at a resolution of 4 cm−1.

Thermogravimetric (TG) analyses were performed on 
a PerkinElmer TGA 4000 instrument at a heating rate of 
10°C min–1 under N2 condition. The initial sample weight 
was 5–7 mg.

A helium ion microscope (Orion™ Plus HIM, Carl 
Zeiss) was used to obtain high-resolution high-contrast sec-
ondary electron images for surface features of clay samples 
without coating. A gas field ion source with helium sup-
plied at a pressure of 2 × 10−6 Torr, an accelerating voltage 
of 25 kV, a bean current of 1.39–1.51 pA, a beam limiting 
aperture of 10 µm, and a working distance of 6–10 mm 
were used for the imaging work. In addition, the HIM was 
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equipped with an electron flood gun to minimize charging 
effects on specimen surface.

3. Results and discussion

3.1. Adsorption kinetics

The removal of ethidium by SAz-1 reached equilibrium 
in about 1 h (Fig. 1), which was fast in comparison to 
24 h required for the equilibrium adsorption of a vari-
ety of organic molecules onto clay minerals [22–25]. The 
pseudo-second-order kinetic model yielded the best fit-
ting with r2 equal to 0.999 (Fig. 1). The initial rate kqe

2 
Eq. (2) was 33,333 mmol kg–1 h–1, the rate constant k was 
0.022 kg mmol–1 h–1, and the amount of equilibrium adsorp-
tion qe was 1,235 mmol kg–1, when the kinetic data were 
fitted to Eq. (2) (Fig. 1). The qe value agreed well with the 
adsorption capacity of 1,276 mmol kg–1 obtained from the 
adsorption isotherm experiments in the next section (Fig. 2).

In comparison, the equilibrium time for ethidium bro-
mide removal from aqueous solution was 3.5 h by natu-
ral and aluminum-coated pumice [6], 1 h by rectorite [13] 
and other montmorillonite clays [14], 17 min by graphene 
oxide [5,26], 15 min by fennel seed spent [27], or a few 
minutes by nanomaterials [7,8,10] (Table S2). For SAz-1, 
the adsorption reached to 70% of its maximum capacity 
within 15 min at the initial concentration of 8 mmol L–1 
(3,152 mg L–1), which indicated that SAz-1 has an advan-
tage for fast removal of a high quantity of ethidium 
bromide from aqueous solution.

3.2. Adsorption isotherm

The adsorption isotherm data were best fitted with the 
Langmuir adsorption model with an r2 value of 0.998 (Fig. 2). 
The adsorption capacity Sm was 1,276 mmol kg–1 (Fig. 2), much 
higher than 149 mmol kg–1 (58.82 mg g–1) and 195 mmol kg–1 
(76.92 mg g–1) reported for adsorption of ethidium bromide 
on natural pumice and aluminum-coated pumice at solu-
tion pH 8 [6], and the value was also several times larger 
than the adsorption of 406 mmol kg–1 (160 mg g–1) on rectorite 
[13] and 334 mmol kg–1 (131.76 mg g–1) on fennel seed spent 
[27] (Table S1). The adsorption capacity of 1,276 mmol kg–1 
approximates the CEC value of SAz-1 (1,230 meq kg–1), 
implying adsorption dominated by cation exchange.

3.3. Desorption of exchangeable cations

There were many previous studies displayed the 
desorption analysis would resolve the mechanism [8–10, 
12–14,24,25]. Thus, to confirm cation exchange mecha-
nism, desorption of metal cations was also quantified in 
this study. In association with the adsorption of ethid-
ium, the metal cations desorbed from SAz-1 were mainly 
Ca2+ and Mg2+ and the total amount of desorbed cations in 
equivalent charge (in meq kg–1) had a positive linear cor-
relation (r2 = 0.99) with the amount of ethidium adsorbed 
(Fig. 3). Such a linear relationship further implied that cat-
ion exchange was the dominant mechanism for ethidium 
adsorption on SAz-1. However, the slope of such a linear 
correlation was 0.72 (Fig. 3), indicating that in addition to 

cation exchange other mechanism may also play a role, or 
the adsorbed ethidium could occur in forms other than 
monovalent ethidium monomers.

3.4. Effects of solution pH and ionic strength

The point of zero charge (PZC) of an adsorbent may 
play an important role in the variation of its adsorption 
capacity with solution pH when electrostatic interaction is 
the key mechanism for adsorption [28]. The PZC of SAz-1 
was pH 7.7 [29], which indicated that the pH-dependent 
surface of SAz-1 would be positively charged and the 
adsorption could be reduced at solution pH < 7.7 when 
the adsorbate was in form of cationic molecules. However, 
most of the surface charges of SAz-1 are permanent surface 
charges due to isometric substitution in the tetrahedral or 
octahedral sheets. As such, the adsorption of ethidium on 
SAz-1 was not reduced at pH 5–7 and a moderate reduc-
tion of the adsorption by about 17% occurred at pH 2–4 
(Fig. 4a), which indicated that the influence by solution 
pH could be largely due to competitive adsorption from 
H+ ions (protonation) on the pH-dependent sorption sites, 
consistent with cation exchange as the dominant mech-
anism for ethidium adsorption on SAz-1. Similar effects 
were also observed for amitriptyline and ciprofloxacin 
adsorption on Ca-montmorillonite [30,31].

The addition of a second cation can lower the uptake 
of cationic adsorbate by adsorbent when the adsorption is 
dominated by cation exchange. However, such a compe-
tition effect was not observed by the minute and unsys-
tematic variation in the amount of ethidium adsorption 
on SAz-1 as the ionic strength made with dissolved NaCl 
or CaCl2 increased (Fig. 4b). The result indicated a high 
affinity of ethidium for SAz-1 in aqueous solution at neu-
tral pH in the presence of Na+ and Ca2+ cations, suggest-
ing that the organic cations have a higher affinity for the 
negatively charged montmorillonite surfaces in com-
parison to inorganic cations. This might be attributed 
to ion-dipole interactions of the amine groups of ethid-
ium with the SAz-1 surface as implied by the FTIR result  
described.
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3.5. Effect of temperature on ethidium adsorption

At neutral pH and an initial concentration of 8 mmol L–1, 
the adsorption capacity of ethidium on SAz-1 decreased 
slightly with increasing temperature (Fig. 5), suggesting 
weakly exothermic for the adsorption. The thermodynamic 
parameters of the adsorption can be deduced from the val-
ues of partitioning coefficient (Kd) at 303, 318, and 333 K 
using the following equation:

lnK = H
RT

+ S
Rd −

∆ ∆  (5)

where T is the temperature in K, R is the gas constant 
(8.314 J mol–1 K–1), and ΔH and ΔS are the changes of 
enthalpy and entropy through adsorption. The Gibbs free 
energy of adsorption, ΔG is related to these thermodynamic 
parameters by the equation of:

∆ ∆ ∆G = H T S−  (6)

The negative ΔG values in this study suggested a spon-
taneous adsorption process (Table 1), which could indi-
cate a high affinity between SAz-1 and ethidium in the 
adsorption [8,32,33]. The adsorption was exothermic with a 

negative ΔH value. In contrast, the adsorption of ethidium 
bromide on carbon nanotubes was endothermic [8]. In addi-
tion, the change of entropy, ΔS was minimal and the order–
disorder state was virtually unchanged through the uptake 
of ethidium by SAz-1 in aqueous solution.

3.6. X-ray diffraction analysis

The d001 value increased from 15.5 Å for raw SAz-1 to 16.5 
and 18.3 Å as the loading of ethidium on SAz-1 increased 
(Fig. 6a). No further increase of the basal spacing was 
observed after the adsorption corresponding to 1.04 CEC of 
SAz-1 was reached at an initial concentration of 8 mmol L–1 
(Fig. 2). At the same initial concentration of 8 mmol L–1, the 
d001 values of the ethidium-loaded samples remained more 
or less the same at solution pH 2 to 11 (Fig. 6b).

Collapsing of the basal spacing to 10 Å upon dehy-
dration at 300°C–350°C with a further reduction to 9.6 Å 
at 500°C–600°C due to dehydroxylation are diagnostic of 
natural Ca-montmorillonite [34]. In this study, the d001 val-
ues of SAz-1 with different ethidium loadings decreased to 
13–17 Å upon heating at 500°C and to 10.5–12.1 Å at 600°C 
(Fig. 7), much greater than the basal spacing of 9.6 Å for 
raw SAz-1 heated at 500°C and 600°C. The clay layers were 
probably shielded by partially decomposed ethidium with 
little or no dehydroxylation at 500°C, and dehydroxylation 
of the clay layers and further decomposition of intercalated 
ethidium into carbonaceous residues occurred at 600°C.

3.7. Thermogravimetric analyses

At temperatures lower than 200°C, the mass losses of 
raw SAz-1 and SAz-1 loaded with different amounts of 
ethidium were largely due to dehydration of interlayer 
water (Fig. 8a). The dehydration mass loss decreased with 
increasing adsorption of ethidium in substitution for inter-
layer cation-water complexes and was 5%–6% when the 
amount of ethidium adsorption was equivalent to about 
1 CEC of the clay. The temperature for the decomposition 
of raw ethidium bromide spanned largely in the range of 
250°C–450°C and peaked at 353°C (Fig. 8b) in compari-
son to the onset melting and decomposition temperature 
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of 262°C or 255°C–266°C [35,36]. For SAz-1 with low and 
high loading levels of ethidium, there was a broad mass-
loss peak centered at ca. 384°C and 362°C, respectively 
(Fig. 8b), slightly higher than 353°C, implying slightly 
enhanced thermal stability for adsorbed ethidium. Thermal 
stability of organic molecules could be enhanced through 
shielding when adsorptively intercalated into the inter-
layer of swelling clay minerals [13,30], and there appeared 
to be slightly different shielding effects due to different 
adsorbed states of ethidium on SAz-1 at low and high load-
ing levels with adsorbed ethidium molecules associated 
with different amounts of hydrated metal cations. Two 
adsorbed states of ethidium including adsorption on the 
external surface and intercalation in the smectitic interlayer 
of rectorite were implied by the simultaneous occurrence of 
two mass-loss peaks at high loading levels [13]. The mass 
losses at 500°C–600°C (Fig. 8a) could be largely attributed 

to dehydroxylation of SAz-1 and progressive decompo-
sition of ethidium intercalated in the interlayer of SAz-1, 
as also evidenced from the decreases of the basal spacings 
illustrated in the previous section.

3.8. HIM imaging

Raw SAz-1 consisted of massive stacks of largely 
coalescing flakes with ill-defined boundaries, low sur-
face reliefs, and local curvy edges (Fig. S2a, c, e). In con-
trast, ethidium-adsorbed SAz-1 contained fragmented 
blocks composed of stacks of flakes largely disconnected 
by stepped edges or gaps (Fig. S2b, d, f), probably related 
to layer expansion in SAz-1 due to ethidium intercalation. 
Compared to electron beams, the focused helium ion source 
is capable of producing secondary electrons with great effi-
ciency sensitive to specimen composition. At nearly identical 

Table 1
Thermodynamic parameters of ethidium bromide adsorption on SAz-1 at solution pH 7 under different temperatures

ln(Kd) (L kg–1) ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (kJ mol–1 K–1)

303 K 318 K 333 K 303 K 318 K 333 K

6.55 6.27 6.05 –16.47 –16.61 –16.74 –13.77 0.01
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instrumental settings, the secondary electron images of 
ethidium-adsorbed SAz-1 exhibited much enhanced bright-
ness and contrast relative to those for raw SAz-1 (Fig. S2). 
As ethidium molecules have a low average atomic number, 
the enhanced signal implied that the adsorption of ethid-
ium onto SAz-1 could be partially associated with bromine 
counterions. A similar effect was also suggested for the 
case of ethidium bromide adsorption onto rectorite [13].

3.9. FTIR analyses

The bands at 463; 517; 623; 847; 916; 1,030; 1,109; 1,636; 
3,247; 3,426 and 3,628 cm–1 for raw SAz-1 (Fig. 9) were 
attributed to Si–O–Si deformation, Al–O–Si deformation, 
coupled Al–O and Si–O out-of-plane bending, AlMgOH 
deformation, AlAlOH deformation, Si–O in-plane stretch-
ing, Si–O stretching longitudinal mode, OH deformation 
of water, OH stretching of water, and OH stretching of 
structural hydroxyl groups, respectively [37]. The 3,196 and 
3,278 cm–1 bands of raw ethidium bromide (Fig. 9a) were 
related to the 3,192 and 3,302 cm–1 bands (Table 2) which 
were previously assigned to NH2 symmetric and asymmet-
ric stretching vibrations for 4-aminoantipyrine [38]. These 
two bands shifted to 3,207 and 3,378 cm–1 after ethidium 
adsorption on SAz-1 (Table 2), implying strong interactions 
between the amine groups of the ethidium molecules and 
SAz-1 [32]. In addition, active ν(C=C) stretching was evi-
denced by the band shift from 1,478 to 1,500 cm–1 (Fig. 9b), 
suggesting an adjustment of the aromatic rings of ethidium 
[38] after adsorption. The result supported that the positive 
charge of amine groups of ethidium actively participated 
in the adsorptive interaction with the SAz-1 surface.

3.10. Mechanism of ethidium bromide removal

The intercalation of ethidium in the interlayer of SAz-1 
was supported by the expansion of d001 to 18.3 Å for SAz-1 

Fig. 7. XRD patterns of raw SAz-1 and SAz-1 with different amounts of ethidium adsorption after being heated to 500°C and 600°C.
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at high loading levels (Fig. 6) and the elevated decompo-
sition temperature of the intercalated molecules (Figs. 7 
and 8). The clay samples with low and high loading lev-
els of ethidium exhibited a mass-loss plateau peaked at 
384°C and 362°C, respectively (Fig. 8b), and the decom-
position plateau gradually shifted its peak towards 362°C 
as the adsorption increased. The occurrence of two mass-
loss peaks upon heating could be attributed to the decom-
position of surface adsorbed and intercalated ethidium 
bromide molecules, with increased surface adsorption at 
high adsorption levels, similar to the adsorption of ethid-
ium bromide on rectorite in which two mass-loss peaks at 
360°C and 420°C were detected for rectorite with an uptake 
of 400 mmol kg–1 which was about the CEC value of the  
clay [13].

Cation exchange was the dominant adsorption mech-
anism as suggested by the positive linear relationship 
between the amounts of desorbed cations and adsorbed 
ethidium and partially supported by the intercalation of 
ethidium in the interlayer of SAz-1. However, the desorp-
tion of metal cations and the adsorption of ethidium kept 
a ratio of 0.72 in equivalent charge, which could not be 
accounted by just cation exchange alone. However, the less-
than-unity ratio may indicate different forms of ethidium 
on the surface or in the interlayer of SAz-1.

The total surface area of SAz-1 was reported to be 
736 m2 g–1 that included the external surface area and the 
interlayer area available for adsorption [18]. When a mono-
layer adsorption was assumed, the coverage was 0.54, 1.09, 
1.53, 1.69, 1.74, and 1.75 µmol m–2 or 0.24, 0.47, 0.67, 0.73, 
0.75, and 0.76 molecule per 100 Å2, and the occupied area 
per adsorbed ethidium molecule was 306, 153, 108, 98, 96, 
and 95 Å2 at loading levels equivalent to 0.33, 0.65, 0.92, 1.01, 
1.04, and 1.05 CEC of SAz-1. The molecular size of ethidium 
is 10 × 11 × 5 Å with a flat-lying area of 110 Å2. Thus, the 
surface area of SAz-1 became inadequate for a monolayer 
coverage of flat-lying ethidium molecules as the loading 
approached ca. 1 CEC. Consequently, tilting or stacking of 

Table 2
Band positions (cm–1) and assignments for FTIR spectra of ethidium bromide

Raw EtBra Adsorbed EtBr EtBr band assignment [32]

3278 3378 3302 ν(N–H)
3196 3207 3192 νas(C–H); ν(C–H); ν(NH3

+)
1629 1629 1629 δ(N–H)
1568 1578 1578 δ(NH3

+)def; ν(C=C) (in ring); ν(C=N); δ(C–H) deformation; ring breathing bands
1496 1498 1499 ν(C=N)
1478 1500 1489 ν(C=C) (in-ring)
1404 1406 1408 ν(C–H); δ(C–H) deformation
1350 1350 1352 ν(C–C) + νas(C–N); C–H rock, alkanes
1317 1317 1319 νs(C–N)
1261 1265 1262 ρ(NH3

+)
1203 1203 1207 δ(C–H) in plane bending
837 837 837 C–H out of plane bending
771 771 773 N–H wag; C–H out of plane bending; skeletal vibrations
704 704 706 CNC deformation

aEtBr = ethidium bromide.
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adsorbed ethidium molecules was required for adsorption 
at high loading levels.

As evidenced from the FTIR results, the adsorptive 
interaction was dominated by the contact between the 
amine groups of ethidium and the basal oxygen of SAz-1. 
Such an interaction contact might be facilitated with 
adsorbed ethidium monomers having long axis tilted >37° 
away from the flat-lying posture could fit into the inter-
layer space at high loadings and the contact area would 
be reduced by at least 20%. Thus, the adsorption capacity 
would not be limited by the total surface area of SAz-1 with 
such an adsorption configuration.

The stacking of adsorbed ethidium molecules could 
occur in the form of a bilayer conformation or flat-lying 
dimeric aggregates with aromatic rings parallel to the basal 
plane of SAz-1. The stacking height would be about twice of 
the height of an ethidium molecule and the surface coverage 
would be halved at high loading levels. Interlayer intercala-
tion of ethidium with a bilayer conformation was proposed 
for adsorption on Ca-montmorillonite at the loading level 
of 1.5 mmol g–1 with molecular simulation [14]. However, 
simply an incline or a bilayer conformation of ethidium 
molecules in the interlayer could not adequately account 
for the less-than-unity proportion of cation desorption to 
ethidium adsorption in equivalent charge.

Dye molecules could form monomer, dimer, or other 
types of aggregation depending on dye concentrations in 
aqueous solution and notable effects on aggregation state 
of dye molecules by clay mineral’s surface area, surface 
charge density, swelling capacity, loading level, and interca-
lation configuration could occur when dye molecules were 
adsorbed on clay minerals [39–42]. The reported dimeriza-
tion constant for dimeric ethidium (Et2) was 133 L mol–1 [43] 

or 96 ± 10 M–1 [44] at 303 K. When the ethidium molecules 
were dominated by monomers and dimers equilibrated 
with the dimerization constant of 133 L mol–1 at the initial 
concentration of 2, 4, 6, 8, 10, 12, and 14 mmol L–1, the equi-
librium dimer concentration would be 0.28, 0.78, 1.39, 2.04, 
2.73, 3.45, and 4.19 mM with the dimer to monomer con-
centration ratio of 0.19, 0.32, 0.43, 0.52, 0.60, 0.68, and 0.75, 
respectively. Thus, ethidium dimers could have formed a 
significant proportion in aqueous solution at any of the ini-
tial concentrations prior to adsorption. In addition, various 
elevated degrees of dimerization and changes of fluores-
cence properties of dye molecules could occur upon their 
adsorption onto clay minerals. For example, apparently 
induced dimerization and metachromasy of dye molecules 
had been demonstrated with spectroscopic measurements 
for acridine orange and methylene blue adsorbed onto 
montmorillonite in aqueous suspension [41,45,46], and 
the state of dye aggregation could be adjusted by reduc-
ing layer charge in smectitic clays [42,47]. Ethidium dimer 
could occur in the form of a stacked complex consisting 
of two ethidium molecules in a parallel orientation [48]. 
Dimerization of ethidium molecules associated with bro-
mide and fluorescence quenching effects were reported 
for adsorption on rectorite at high loading levels [13]. 
Although no direct measurements of absorption and fluo-
rescence spectra were made in this study, a high propor-
tion of ethidium dimers upon adsorption on SAz-1 at any 
of the initial concentrations was conceivable. The adsorbed 
ethidium could include a combination of monovalent 
monomers, Et+ and dimers associated with Br–, (Et2Br)+ and 
such an assemblage could yield a way to arrive at a less-
than-unity ratio of desorption and adsorption in equivalent  
charge.

18.3 Å

11.7 Å

6.6 Å

Br–

Br–r

Fig. 10. Schematic illustration for adsorption of ethidium dimers associated with Br– on Ca-montmorillonite.
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An adsorbed admixture of Et+ monomers and (Et2Br)+ 
dimers with a molar ratio of ca. 1.6 (=44/28) could contribute 
to 44% and 56% of the total amount of ethidium adsorption 
on SAz-1, and exchange with the desorbed metal cations 
taking up 72% of the equivalent charge of the CEC of SAz-1 
at the full adsorption level. Under these conditions, the 
occupied area per ethidium monomer or dimer on average 
would be ca. 130 Å2 which is larger than 110 Å2, the lat-
eral area of a flat-lying ethidium monomer or dimer. Thus, 
external surface adsorption and interlayer intercalation of 
flat-lying ethidium molecules partially involving dimeric 
aggregation and bromide association without tilting were 
feasible for highly efficient removal of ethidium bromide by 
Ca-montmorillonite from aqueous solution (Fig. 10). Under 
these conditions, the conformation of adsorbed ethidium 
monomers was not well constrained by steric effects but 
molecular tilting might facilitate comparatively low surface 
coverage at high loading levels and active interaction of the 
amine groups of ethidium with the basal surface of the clay.

Previous results showed that the ethidium saturated 
montmorillonite could be heat regenerated [14]. The results 
in this study suggest that the heat regeneration could be due 
to combined effect of thermal destruction of ethidium and 
lack of sorbed/intercalated cations to balance the net negative 
charges of montmorillonite. Thus, theoretically speaking, the 
heat regenerated montmorillonite not only can be used to 
remove ethidium bromide, but also other organic and inor-
ganic cations, another advantage of using montmorillonite 
for the removal of ethidium bromide from solution.

4. Conclusion

The removal of ethidium bromide by Ca-montmorillonite 
SAz-1 was highly effective with equilibrium reached within 
1 h and the adsorption obeyed the Langmuir isotherm 
model with an adsorption capacity of 1,276 mmol kg–1 
(503 mg g–1), approximately equivalent to the CEC value 
of SAz-1. The desorption of metal cations from SAz-1 and 
the adsorption of ethidium were linearly related with a 
slope of 0.72 in equivalent charge. Thus, the adsorption 
was dominated by a cation exchange interaction. Such a 
less-than-unity ratio of charge exchange and the expan-
sion of the basal spacing of SAz-1 after adsorption further 
implied that interlayer intercalation of monovalent mono-
mers and flat-lying dimers of ethidium partially associated 
with counterion Br– was involved in the effective uptake by 
SAz-1. For fast, high-performance removal of ethidium bro-
mide from aqueous solution, low-cost Ca-montmorillonite 
is a notable adsorbent and it can be highly effective in 
the instance of spill incidents in particular.
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Supplementary information

Table S1
Properties of adsorbents for removal of ethidium bromide

Adsorbent CEC N2 SSA Adsorption capacity Isotherm model

Graphene oxide [5] Unlisted 133 m2 g–1 Unlisted Unreported
Natural pumice [6] Unlisted 8 m2 g–1 149 mmol kg–1 Freundlich
Aluminum-coated pumice [6] Unlisted 25 m2 g–1 195 mmol kg–1 Freundlich
CuO nanoparticles [7] Unlisted 89.6 m2 g–1 2.20 mmol kg–1 Langmuir
Single-walled carbon nanotube [8] Unlisted 400 m2 g–1 1.95 mmol kg–1 Langmuir
Carboxylate group functionalized single-walled carbon 
nanotube [8]

Unlisted 400 m2 g–1 2.11 mmol kg–1 Langmuir

Nano-scale zero-valent iron [10] Unlisted Unlisted 110 mmol kg–1 Langmuir
Single-walled carbon nanotube [10] Unlisted 400 m2 g–1 114 mmol kg–1 Langmuir
Acid washed kaolinite [9] Unlisted 14.7 m2 g–1 153 mmol kg–1 Unlisted
Aluminia [9] Unlisted 67.6 m2 g–1 248 mmol kg–1 Unlisted
Fennel seed spent [27] Unlisted Unlisted 127 mmol kg–1 Inconclusive
Rectorite [13] 410 mmolc kg–1 10 m2 g–1 400 mmol kg–1 Langmuir
Ca-montmorillonite (SAz-2) [14] 1,300 mmolc kg–1 97 m2 g–1 1,500 mmol kg–1 Langmuir
Na-montmorillonite (SWy-2) [14] 760 mmolc kg–1 32 m2 g–1 1,200 mmol kg–1 Langmuir
Ca-montmorillonite (STx-1b) [14] 840 mmolc kg–1 84 m2 g–1 1,100 mmol kg–1 Langmuir
Ca-montmorillonite (SAz-1) (this study) 1,230 mmolc kg–1 65 m2 g–1 1,276 mmol kg–1 Langmuir
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Fig. S1. Molecular structure of ethidium bromide.



P.-H. Chang et al. / Desalination and Water Treatment 254 (2022) 80–9392
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Fig. S2. Secondary electron images of raw SAz-1 (left) and SAz-1 loaded with ethidium bromide (right) at three different magnifica-
tions recorded with a helium ion microscope. The initial concentration was 14 mM.
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