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AbstractEthidium bromide (EtBr) is commonly used as a reagent to investigate DNA and RNA bonding in bio-
chemistry. However, it is mutagenic and toxic; thus, its removal from the waste solution is of the top priority in lab
safety practice. Although many products with high EtBr removal capacities are available on the market, developing new
products with low material costs and high removal capacities is still an urgent priority. As the EtBr is in a cationic form
Et+ balanced by counterion Br in aqueous solution, materials with high cation exchange capacity and large specific
surface area may have great potential for efficient EtBr removal, Thus, several montmorillonites (MMTs) were evalu-
ated for their EtBr removal capacity and methods of regeneration in this study. Results showed that both external and
internal surfaces of MMTs were effective sorption sites for EtBr with a capacity up to 600 mg/g. And the waste-laden
materials could be regenerated or safely disposed after incineration at 500 oC for 2 h. As such, further tests on optimiza-
tion and manufacturing kits or devices for practical EtBr removal in routine lab practice is of engineering priority,
should MMTs be further explored as an effective material for EtBr removal.
Keywords: Destruction, Ethidium Bromide, Montmorillonite, Removal, Regeneration

INTRODUCTION

Ethidium bromide (3,8 diamino-5-ethyl-6-phenyl phenanthri-
dinium bromide) (EtBr) is a dark red, crystalline material. Because of
its fluorescence when bound to double stranded-DNA and single-
stranded RNA, it is commonly used in gel electrophoresis applica-
tions for visualization of these molecules. However, EtBr is mutagenic
and moderately toxic, so proper disposal of the waste is required.

Six different methods for the destruction of EtBr in solutions
were compared, with the best method being treatment with hypo-
phosphorous acid and sodium nitrite, which can convert EtBr to
non-mutagenic degradation products by 99.8% [1]. For sorptive
removal, different sorbents were evaluated including Amberlite
XAD-16 [1], activated charcoal filter [2], and carbon nanotubes [3].
However, the EtBr removal capacity was relatively low for these
materials. The Langmuir sorption capacity of EtBr on the carbon
nanotubes was only 0.8 mg/g [3]. Similarly, the uptake of EtBr on
graphene oxides was only 0.45 mg/g [4].

Commercially available products for sorptive removal of EtBr
from solution include EtBr Green Bag Disposal Kit manufactured
by Thomas Scientific [5] and MP Biomedicals [6]. Each bag has a
capacity of 10 mg EtBr removal. The packing materials were not
disclosed but activated materials were stated.

Earth materials refer to naturally occurring materials, including

rocks, minerals, and soils. They are low in material cost and vast
in resource reserves. As such, interactions between earth materials
and anthropogenic compounds have attracted great attention since
the 1990’s. Commonly used earth materials for the removal of
environmental contaminants include, but are not limited to, clay
minerals and zeolites, due to their low material cost and high spe-
cific surface area (SSA) and cation exchange capacity (CEC). How-
ever, most of the research on using Earth materials for contaminant
removal is focused on heavy metals, such as Hg(II), Pb(II), and
Zn(II) [7], Pb(II), Cu(II), and Cd(II) [8] and color dyes [9]. Tested
earth materials for the removal of EtBr are limited. They include
kaolinite at a capacity of 0.15 mmol/g [10], modified diatomite at
0.3 mmol/g [11], modified sepiolite at 4.3 mg/g [12], pumice at
77 mg/g [13], and rectorite at 0.4 mmol/g or 160 mg/g [14].

Montmorillonite (MMT) is a type of phyllosilicate that has high
CEC and SSA values. In a previous study, cation exchange was
believed to be the dominant mechanism for EtBr removal by rec-
torite [14], a type of phyllosilicate with a CEC of 400 mmolc/kg in
comparison to 1,200 mmolc/kg for some MMTs. However, EtBr
removal by MMTs has not been reported. Thus, the novelty of the
current study was to explore the use of MMTs for the removal of
EtBr from solution, so that minimal waste disposal would be needed
after EtBr removal, or heat regeneration of spent MMT could be
achieved. The specific objectives were to evaluate EtBr removal
capacity and kinetics using MMT in comparison to currently com-
mercially available materials, and to decipher the mechanisms of
EtBr removal using modern instruments in conjunction with molec-
ular dynamic simulations.
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MATERIALS AND METHODS

1. Materials
The EtBr (Fig. S1) used has a CAS # of 1239-45-8, a formula of

C21H20BrN3, a molar mass of 394.294 g/mol, and a water solubility
of 40 g/L. It is in a cationic form with Br as the counterion in
aqueous solution; the two amino groups at positions 7 and 2 could
be further protonated at pH 2.43 (pKa2) and 0.71 (pKa1) [15]. It may
form dimers with a reported equilibrium constant of 30±10 M1

[16], which results in monomer and dimer concentrations of 7
and 3 mM with an initial EtBr concentration of 10 mM.

The earth materials used were phyllosilicates MMTs and tecto-
silicate zeolite because of their high CEC values. The MMTs were
obtained from the Clay Minerals repository. They are SWy-2, from
Wyoming, with Na+ as the interlayer cation with one layer of water;
SAz-2, from Arizona, and STx-1b, from Texas, both have Ca2+ as
the interlayer cation with two layers of water. The zeolite was a
clinoptilolite provided by the St. Cloud mine in Winston, NM. Their
physico-chemical properties are listed in Table 1. Also tested were
graphite, powder activated carbon (PAC), and packing material for
filters in a commercial EtBr removal device, so that the results of this
study can be compared with those of commercial available materials.
2. Experiments

For the isotherm study, 1.00 g of the MMTs and 100 mL of EtBr
solutions at concentrations of 0 to 20 mmol/L were placed to each
200mL centrifuge bottles and mixed for 24h at 150rpm. The pur-
pose of using large quantities of MMTs was to evaluate the heat
destruction and regeneration of the spent MMTs and use of the
regenerated MMTs for further EtBr removal. For zeolite, graphite,
PAC, and filter materials, 0.1 of solid and 10 mL of EtBr solutions
were used, only to compare the results to the EtBr removal by MMTs.
After being centrifuged, the supernatants were filtered through
0.45m syringe filters and analyzed for the equilibrium EtBr con-

centration by a UV-Vis spectrophotometric method. The solids
were dried in aluminum weighing boats under room temperature.
Then, a fraction of them was instrumentally characterized, while the
majority was heat-regenerated and EtBr removal retested. These
experiments served as the foundation for EtBr sorption isotherm
study to evaluate EtBr removal capacity by these materials.

For the kinetic study, 1.00 g of the MMTs and 100 mL of EtBr
solutions at an initial concentration of 10 mmol/L were placed to
each 200 mL centrifuge bottles and mixed for 0.1, 0.25, 0.5, 1.0,
2.0, 4.0, 8.0, and 24.0 h at 150 rpm. At each time, 2-3 mL of the
solution was removed from the bottles and filtered through 0.45
m syringe filters and then analyzed by UV-Vis after proper dilution.

For the tea bag experiment, 1.0 g of MMT was placed in a nylon
tea bag and sealed. The bag was dipped into EtBr solutions at an
initial concentration of 1.0 mM for about 10 min with swirling.
Then EtBr concentration in solution was analyzed by UV-Vis. The
goal of this experiment was to explore future fabrication of MMT
for convenient removal of EtBr from spent solutions in biochemistry.

Regeneration was made by heating the EtBr-laden solids at 500 oC
for 2 h. Then, 0.1 g of the regenerated sample was mixed with 10
mL of EtBr solutions at 2.67 and 5.00 mmol/L for 24 h to evaluate
the efficiency of heat regeneration. For all experiments, duplicates
were conducted for each experimental condition.
3. Instrumental Analyses

Equilibrium EtBr concentrations were determined using a UV-
Vis spectrophotometer (SmartSpec 3000, Bio-Rad Corp.) at the
wavelength of 480 nm [17]. Powder X-ray diffraction (XRD) anal-
yses were performed on an XRD-6100 diffractometer (Shimadzu)
with Ni-filtered CuK radiation operated at 30 kV and 40 mA.
Oriented samples were scanned in the 2 range of 2-32o. A 0.3
mm receiving slit and 1o divergent slit were used. The Fourier trans-
form infrared (FTIR) spectra were acquired on a Shimadzu 8100
spectrometer equipped with a diamond attenuated total reflection

Table 1. Physico-chemical properties of materials for EtBr removal and their prices

Samples EtBr removal capacity
(mmol/kg)

CEC
(mmolc/kg)

N2 SSA
(m2/g) Price ($/ton) FoM (mol/$)

SAz-2 [23] 1,500 1,200 97 77 as of 2018 [24] 14,576
SWy-2 [23] 1,200 760 32 77 as of 2018 [24] 11,818
STx-1b [23] 1,100 840 84 77 as of 2018 [24] 6,277
Zeolite [18] 120 110 for ECEC

800 for total CEC
16 140 [24] <857

PAC 1,200 660-1,600 & 660-1,600
Filter materials 800
Graphite Linear isotherm 420-1,840 [24] 574-2,515
Rectorite [14] 400 410 10
Kaolinite [10] 150 140 [24] <1,070
Modified Sepiolite [12] 11 380-600# for unmodified <18-29
Modified diatomite [11] 300 380 [24] for unmodified <789
Pumice [13] 190 30 [24] <6,333

& https://www.alibaba.com/showroom/powdered-activated-carbon-price.html
# https://www.alibaba.com/showroom/sepiolite-fiber-price.html
For those with < sign, the FoM values were calculated based on the EtBr sorption capacity, as the 10% of the maximal input concentration
was not available.
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device. Samples were scanned from 400 to 4,000cm1 with a nomi-
nal resolution of 4 cm1. A scanning electron microscope (SEM)
(Gemini 300, ZEISS, Germany) was used for morphological ob-
servation. The energy dispersion spectrum (EDS) was obtained
using XFlash® 5010 silicon drift detector (Bruker) attached to the
SEM. Thermogravimetric (TG) analyses were performed on a Shi-
madzu TGA-50 with a heating rate of 10 oC/min under air condi-
tion. The initial sample weight was between 5 and 7 mg.
4. Molecular Dynamic Simulation

A molecular dynamic simulation was conducted using ‘FORCITE’
module in Materials Studio 6.0 software to investigate the inter-
layer configuration of intercalated EtBr molecules. The supercells
were built based on 4ax4b of the unit cell of MMT. The number
of EtBr molecules used was based on the total surface area of 760
m2/g and the EtBr sorption capacity on SAz-2 at 1,500 mmol/kg.
The constructed model was optimized geometrically with a tem-
perature at 298 K.

RESULTS AND DISCUSSION

The removal of EtBr by five of the six selected materials followed

the Langmuir sorption isotherm (Fig. 1), suggesting a capacity lim-
ited removal, perhaps due to SSA or CEC constraint. The EtBr
removal capacities were 1,200, 800, 1,100, 1,200, and 1,500 mmol/
kg for PAC, filter materials, STx-1b, SWy-2, and SAz-2, respec-
tively. These results indicated that the MMTs are comparable or
even better than the commercial materials currently available on
the market. However, the material costs of MMTs are just a frac-
tion of those commercially available materials for EtBr removal
(Table 1).

Their EtBr removal capacity was much higher than 400 mmol/
kg for rectorite, which is a mixed layered clay mineral made of
1 : 1 layer of illite : MMT [14], and other earth materials and mod-
ified earth materials [10-13] (Table 1). In contrast, the uptake of
EtBr on graphite followed a linear isotherm, suggesting a partition-
ing mechanism for EtBr removal by graphite. For the zeolite, the
EtBr capacity was only 120 mmol/kg (Data not presented), much
lower than its total CEC value of 800 mmolc/kg, but close to its
external CEC value of 110 mmolc/kg [18], as the EtBr molecules
are too large to enter into the internal cation exchange sites. As
such, zeolite was no longer considered for further investigation.

The figure of merit (FoM), a criterion to assess the overall effi-

Fig. 1. EtBr sorption isotherms on PAC (a), Filter (b), Graphite (c), STx-1 (d), SWy-2 (e), and SAz-2 (f). The lines are the Langmuir fits to the
observed data.
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ciency of the sorbent, for sorptive removal of contaminants, was
described by 10% breakthrough volume (BTV10, L/g) divided by
sorbent cost (USD/kg) for column studies [19]. However, with dif-
ferent initial concentrations, the BTV10 would be different for the
same sorbent. For batch study, the BTV10 was not available. How-
ever, if the amount sorbed (mmol/kg) at 10% of the input concen-
tration divided by the sorbent cost ($/kg) was used as the FoM for
batch studies, it might also give some cost and efficiency compari-
son for each sorbent. The FoM values were much high for MMTs
in comparison to other sorbents (Table 1), suggesting favorable
potential use for the removal of EtBr from solution.

Kinetically, EtBr removal by MMTs is relatively fast (Fig. 2). The
data fitted to the pseudo-second order reaction well with initial rates
of 40,000 and 15,000 mmol/kg-h and sorption maxima of 989 and
963 mmol/kg for SAz-2 and SWy-2, respectively. In contrast, the
initial rates were 8,000 and 10,000 mmol/kg-h and sorption max-
ima were 815 and 466 mmol/kg for PAC and filter material. The
equilibrium Br concentrations were about 20-30% lower than the
input concentration and were invariable with time as revealed by
HPLC analyses (data not shown), confirming that most of the
sorbed EtBr was in cationic form of Et+ with some bilayer forma-
tions with Br as the counterion because of direct dimer sorption.

More drastic change in color with time was noticed for MMTs in
comparison to PAC and filter material (Fig. 2(b)-(e)).

Instrumental characterization was limited to SWy-2 and SAz-2.
The oriented XRD analyses showed their characteristic peaks of
(001) and (003), confirming their interlayer cations of Na+ and
Ca2+ with one or two layers of water (Fig. 3). At the EtBr loading
of 760 and 860 mmol/kg, their d001 spacing expanded accordingly
to 1.67 and 1.81 nm, respectively, confirming the interlayer uptake
of EtBr from solution.

After being heated at 500 oC for 2 h, the XRD patterns showed
reduction of d001 spacing, suggesting destruction of the interca-
lated EtBr. EtBr uptake from a dilute solution resulted in loading
of 100 and 180 mmol/kg on regenerated SWy-2 and SAz-2, respec-
tively. Due to the lower loading levels, the d001 spacing did not
expand much, suggesting that the uptake of EtBr on heat regener-
ated MMT may be limited to the external surfaces (Fig. 3).

The TG analysis of raw SAz-2 showed a weight loss of about
20% at 550 oC (Fig. 4). In contrast, the crystalline EtBr showed a
weight loss of about 55% at 550 oC. The weight loss of EtBr-loaded
SAz-2 at a loading level of 1,500 mmol/kg reached about 60%. The
much larger weight loss was attributed to decomposition of sorbed/
intercalated EtBr. The DTG curve of raw SAz-2 showed two tem-

Fig. 2. Kinetics of EtBr sorption (a) on Filter (circle), PAC (triangle), SWy-2 (diamond), and SAz-2 (square). The lines are the pseudo-second
order to the observed data. The insets are the fits to the linearized pseudo-second order equation. And progressive decrease in super-
natant EtBr concentrations after equilibrated with 0.1, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 24.0 h (from right to left of each picture) by Fil-
ter (b), PAC (c), SWy-2 (d), and SAz-2 (e).
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peratures at 70 and 125 oC, corresponding to the removal of sur-
face sorbed water and interlayer water, respectively [20]. For crystalline

Fig. 3. XRD patterns of MMT loaded with EtBr before and after
regeneration at 500 oC.  Top: SAz-2. Bottom: SWy-2.

Fig. 4. TG analyses (left Y-axis) of SAz-2 (1), EtBr (2), and EtBr
loaded SAz-2 (3) and their DTG analysis (right Y-axis) (4)-(6).

Fig. 5. SEM pictures and EDS results of regenerated SAz-2 (a) and regenerated SAz-2 after re-equilibrated with 10 mM EtBr solution (b).
The SAz-2 was initially equilibrated with EtBr solution at a concentration of 10 mM for 24 h. After which the spent SAz-2 was heated
to 500 oC for 2 h to break down EtBr and to regenerate SAz-2. The Br level indicated the presence of Br on the surface or in the inter-
layer of SAz-2 after EtBr breakdown. The increase in Br level confirmed the efficiency of regeneration.

EtBr, the peak decomposition temperature (Tpeak) occurred at 340 oC,
in comparison to 220 oC in a previous study [2]. For the EtBr
loaded SAz-2, the DTG curve showed peaks at 107, 317, 405, and
557 oC (Fig. 4), corresponding to the removal of sorbed water, de-
composition of EtBr sorbed on the external surfaces and in the
interlayer [14], and perhaps, the final mineralization to form CO2.
The DTG results not only confirmed that the EtBr molecules re-
placed the hydrated Ca2+ ions in the interlayers [21], but also sup-
ported that the decomposition of EtBr from the internal surface of
SAz-2 occurred in addition to the external surface of the clay min-
eral [22]. The last peak may suggest that the regeneration at 500 oC
may not completely clean the interlayer space for resorption of EtBr.

The SEM observation showed no changes in crystal morphol-
ogy after heat regeneration (Fig. S2), suggesting that the tempera-
ture was not high enough to destroy the crystal structure, as indicated
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by the XRD results. Meanwhile, the EDS data showed the pres-
ence of Br after heat regeneration of spent SAz-2 and increased Br
contents after re-sorption of EtBr using regenerated SAz-2 (Fig. 5).

The FTIR results (Fig. 6) also confirmed the uptake and reten-
tion of EtBr on both minerals. The band assignments are listed in
Table 2. The most important change was the significant increase
in wavenumbers of 3,296 and 1,618 cm1, corresponding to (N-

Fig. 6. FTIR spectra of SAz-2 (a) and SWy-2 (b) loaded with EtBr
before and after regeneration at 500 oC.

Table 2. FTIR bands for EtBr and EtBr sorbed on MMT

EtBr [25] Crystalline EtBr
this study

EtBr on
MMT Possible assignments

3,302 vs 3,296 3,371 (N-H)
1,629 vs 1,618 1,626 (N-H)
1,499 vs 1,495 1,497 (C=N)
1,489 vs 1,464 1,464 (C=C) (in-ring), aromatic
1,408 s 1,404 1,404 (C-H)
1,352 ms 1,350 1,346 as(C-N)
1,319 vs 1,315 1,314 s(C-N)
1,262 vs 1,263 1,257 (C-H) in plane bending

Fig. 7.  Molecular dynamic simulation showing intercalation of EtBr aggregates in the form of bilayer in the interlayer of  SAz-2 at the load-
ing level of 1,500 mmol/kg.

H) and (N-H), after EtBr sorption on MMT (Fig. 6 and Table 2),
strongly suggesting involvement of N+ in the bonding with MMT.
The bands corresponding to EtBr were absent for heat-treated
samples, indicating the decomposition of EtBr after being heated
at 500 oC for 2 h. In comparison to raw MMT, the heat-treated sam-
ples lost the interlayer water (lack of a broad band at 3,400 cm1),
confirming the dehydration as observed by XRD analyses.

Using the total SSA of 760 m2/g and the EtBr sorption capacity
of 1,500 mmol/kg, the calculated surface area occupied per EtBr
molecule would be about 85 Å2. On the other hand, the flat lying
EtBr is at least 110 Å2 (Fig. S1). Even the total SSA is thus not
enough for a monolayer EtBr sorption in the interlayer of MMT.
Therefore, either tilted or a patch bilayer EtBr formation is needed
to intercalate into the interlayer of MMT. Molecular dynamic sim-
ulation showed that the intercalated EtBr took a bilayer configura-
tion in the interlayer space of MMT with a close interaction be-
tween the amine and the negatively charged mineral surfaces (Fig.
7), confirming the FTIR results. With an initial EtBr concentra-
tion of 10 mM, the dimer concentration would be between 3 and
5.5 mM [14]. Thus, both the XRD results and molecular simula-
tion confirmed the bilayer EtBr formation in the interlayer of
MMT, which accounts for the high EtBr removal capacity.
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The results of the above studies show that the EtBr sorption
capacity was slightly larger than the CEC of the MMTs, the uptake
of counterion Br was limited, the location of the sorption was
both on the external and internal sites of MMTs, and the involve-
ment of the interactions between protonated N+ in EtBr with neg-
atively charged MMT surfaces, and the uptake of EtBr was SSA
and CEC limited. Thus, this study further confirms a previous mech-
anistic study on the uptake of EtBr on rectorite [14].

Ethidium bromide staining solution is of a final concentration
of approximately 0.2-0.5g/mL (usually about 2-3L of lab stock
solution per 100 mL gel). As such, 1M is about 0.4 mg/L. How-
ever, our analytical methods had a detection limit of 10m. Thus,
in the tea bag experiment, a tea bag of 1 g of SAz-2 was dipped into
100 mL of 1 mM solution (39 mg) for 10 min. The final concen-
tration dropped to 0.07 mM, about 93% EtBr removal, or 35 mg
of EtBr removal. However, the final concentration was still above
(70 times) the working concentration of EtBr in gel staining solu-
tion. As the preliminary tests were intended to explore the EtBr
removal capacity, further treatment of the water with low initial
concentration is needed with a sensitive EtBr detection.

As EtBr can be destroyed by heating at temperature above 262 oC,
incineration of the contaminated charcoal filters would be a sim-
ple and cheap decontamination procedure [2]. In this study, after
heat regeneration, the sorbents would be reused instead of being
disposed, adding another advantage of using MMT for EtBr removal.

CONCLUSIONS

Selected earth materials with high CEC and SSA values were
tested for their removal of EtBr from solution and compared to
commercial available materials in terms of EtBr removal capacity,
kinetics, and MoF. Modern instrument analyses in conjunction
with molecular dynamic simulation were conducted to decipher
the mechanism of EtBr removal. Through this study it was found
that the MMT was inexpensive in materials cost, effective in EtBr
removal, could be regenerated and heat-destructed for the spent
material. Moreover, due to the swelling feature, the interlayer space
MMT is available for uptake of EtBr. Due to the extremely high
EtBr removal capacity, minimal amounts of spend sorbents would
need to be decomposed. The high EtBr removal capacity was at-
tributed to the large specific surface area and high cation exchange
capacity of MMT. Thus, MMT is an extremely prospective earth
material for the manufacture of testing kits or devices for EtBr
removal from solution.
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Fig. S1. Molecular structure of EtBr from top (a) side (b) view. The positive values indicated partially positive charge associated with N
(blue). The most positively charged N (+0.78) is at location 10.

Fig. S2. SEM observation of SAz-2 (a) and SWy-2 (b) after uptake of EtBr and after their regeneration at 500 oC (c), (d).
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