
  

WATER 14       35 

Experimental Demonstration and Study  
of Transmembrane-Electrostatically 
Localized Protons Prevail
James Weifu Lee*

Department of Chemistry and Biochemistry, Old Dominion University,  
Norfolk, VA 23529 USA

ORCID: 0000-0003-2525-5870

*Corresponding Author email: jwlee@odu.edu

Keywords: transmembrane-electrostatically localized protons/cations, protonic 
capacitor, induced TELPs, cation/TELPs exchange, transmembrane potential, 
bioenergetics

Submitted: August 5, 2024 
Revised: November 27, 2024 
Accepted: December 18, 2024
Published: March 11, 2025

doi:10.14294/WATER.2024.4

Abstract

In this review in relation to some interesting arguments 
from Silverstein, it is now reaffirmed that the experimen-
tal demonstration of transmembrane-electrostatically 
localized protons (TELPs) was successfully accomplished 
through 1) using an aluminum film as a TELPs sensor in 
a biomimetic anode water-membrane-water cathode 
system, 2) analyzing the water-electrolysis current curve, 
and 3) measuring bulk liquid phase pH. Formation of in-
duced TELPs was subsequently discovered in an anode 
water-membrane-water-membrane-water cathode sys-
tem. The discovery of induced TELPs enabled clean ex-
perimental tests on the cation-TELPs exchange process 
by using sodium bicarbonate or potassium bicarbonate 
solution in the central liquid chamber. The sodium/TELPs 
exchange equilibrium constant KpNa+ was determined to 
be (5.07 ± 0.97) x 10-8. The potassium/TELPs exchange 
equilibrium constant KpK+ was determined to be (6.93 
± 1.23) x 10-8. The analysis in this review affirmed that 
the experimental TELPs demonstration and the experi-
mentally determined cation-TELPs exchange equilibrium 
constant values are valid. Silverstein’s arguments appear 
to have stemmed largely from his own misunderstand-
ing, such as his misconception on the aluminum film 
protonic sensing limit.

1. Introduction

Based on the fundamental understanding of liquid 
water as a protonic conductor, we have recently de-
veloped a transmembrane-electrostatically localized 
protons/cations charges (TELC) model (Lee, 2019a; 

2020b; 2021b) that provides a unified framework to eluci-
date protonic cell energetics, including many experimental 
observations and explain bioenergetic systems, includ-
ing both delocalized and localized protonic coupling (Lee, 
2020a; Lee, 2020c; Lee, 2023b). The term TELC refers to the 
total transmembrane-electrostatically localized positive 
charges population that comprises the charges of both the 
transmembrane-electrostatically localized protons (TELP) 
and the associated transmembrane-electrostatically local-
ized non-proton cations after the proton-cation exchang-
ing process reaching equilibrium. TELC are instantly rel-
evant to transmembrane potential, which we now under-
stand is a function of TELC as in a TELC-membrane-anions 
capacitor (Lee, 2019a; Lee, 2020c). The formation of TELC-
membrane-anions capacitors has been experimentally 
demonstrated using a biomimetic anode water-Teflon® 
membrane-water cathode system (Saeed and Lee, 2015; 
Saeed and Lee, 2018) through two PhD thesis research 
projects (Saeed, 2016; Kharel, 2024). 

The TELC model (Lee, 2019a; Lee, 2020b; Lee, 2021b), 
which represents a complementary development to Mitch-
ell’s chemiosmotic theory, is highly useful in elucidating 
real-world bioenergetic systems with both delocalized and 
localized protonic coupling. For example, it has been suc-
cessfully applied in elucidating the decades-longstanding 
energetic conundrum (Guffanti and Krulwich, 1984; Krul-
wich et al., 1998; Krulwich et al., 2011) of ATP synthesis in 
alkalophilic bacteria (Lee, 2015; Lee, 2017a; Lee 2017b; Lee, 
2018; Lee, 2019b; Lee, 2020a) and in bettering the under-
standing of energetics in mitochondria (Lee, 2020b; Lee, 
2021b). Its application has recently led to the identifica-
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tion of the TELP thermotropic function as the Type-B en-
ergetic process (Lee, 2022a; Lee, 2022b; Lee, 2023c; Lee, 
2024b; Sheehan et al., 2023) which can isothermally uti-
lize environmental heat energy to do useful work in help-
ing drive the synthesis of ATP (Lee, 2021a; Lee 2021b). 
Notably, independent researchers have now started to 
recognize the value of the TELC theory (Guan, 2022; He-
ine et al., 2023; Iovine et al., 2021; Lee et al., 2024; Teixeira 
et al., 2024) and successfully applied it in an excellent elu-
cidation of the experimental observations (Hariharan et 
al., 2024) in a cellular membrane ion transport protein 
complex (melibiose transporter MelB) that could not be 
explained by any other existing models and/or theories.  

According to the TELC theory (Lee, 2019a; Lee, 2020b; 
Lee, 2023a; Lee 2023d), transmembrane potential (Δ𝜓) is 
a function of TELC surface density, as shown in the fol-
lowing protonic membrane capacitor-based equation 
with a voltage unit (V in volts):

   (Equation 1)

where  is the inverse of specific membrane capacitance 
(C) per unit surface area (S); TELC is the number of posi-
tive charges per unit membrane surface area, which is the 
sum of transmembrane-electrostatically localized protons 
(TELPs) and transmembrane-electrostatically localized 
non-proton cations after cation exchange with TELPs; and 
e is a proton (or cation) charge of 1.60 x 10−19 Coulomb. 

Accordingly (Lee, 2019a; Lee 2020b; Lee, 2023a; Lee, 
2023d), when a transmembrane proton pumping pro-
cess that is an electrogenic (i.e., electrically non-compen-
sated) charge transport across a membrane charges up 
the membrane capacitor, a transmembrane potential 
(Δψ) will form. The formation of transmembrane poten-
tial (Δψ) has resulted from a protonic capacitor formation 
with transmembrane-electrostatically localized protons 
(TELPs) on the positive (such as mitochondrial cristae) 
side and with transmembrane-electrostatically localized 
hydroxide anions (also known as hydroxyl ions or anions) 
on the negative (e.g., mitochondrial matrix) side of the 
membrane. 

In this article, we will review the evidence for the experi-
mental demonstrations of TELP formation and testing of 
cation-TELPs exchange in biomimetic water-membrane-
water systems and discuss the experimental results in 
relation to the interesting arguments from Silverstein 
(Silverstein, 2023).

2. Experimental TELPs demonstration 
in a biomimetic anode water- 
membrane-water cathode system.
To experimentally demonstrate transmembrane-electro-
statically localized protons (TELPs) in relation to the pro-
tonic capacitor behavior (Equation 1), the experiments 
(Saeed and Lee, 2015) employed a biomimetic anode 
water-membrane-water cathode system where excess 
protons and excess hydroxide anions were generated by 
utilizing an “open-circuit” water-electrolysis system and 
their distributions were evaluated using a proton-sens-
ing aluminum film as shown in Figure 1 and in conjunc-
tion with electrolysis current monitoring and bulk liquid 
phase pH measurements. 

2.1. Experimental TELPs demonstration in a  
biomimetic anode water-membrane-water cathode 
system using an aluminum film as a TELPs sensor.

To demonstrate the formation of TELPs, as previously 
reported (Saeed and Lee, 2015; Saeed, 2016), an Elec-
troPrep electrolysis system (Cat no. 741196, purchased 
from Harvard Apparatus Inc.) was employed with proton-
impermeable membrane including Teflon films in the ex-
periments as illustrated in Figures 1 and 2. The ElectroPrep 
electrolysis system (Figures 1 and 2) comprised a cathode 
chamber, a small Teflon center chamber and an anode 
chamber. The small Teflon center chamber (Figure 2) was 
inserted tightly through the middle of the inter-chamber 
wall (septum) with O-ring fitting (and with silicon-seal 
when necessary) that separates the cathode water cham-
ber and the anode water chamber as illustrated in Figure 
1. To evaluate the protonic capacitor concept predicted 
by the TELPs model, a 25-µm thick aluminum membrane 
(Al) was sandwiched in between two pieces of imperme-
able 75-µm thick Teflon (Tf) membrane disks (all with a 
diameter of 2.35 cm), forming a Tf-Al-Tf membrane disk 
(Figure 2b). Alternatively, as specifically noted, an Al-Tf-Al 
film assembly which was made by sandwiching a Teflon 
(Tf) disk with two disks of Al film was employed as a pro-
tonic sensing membrane disk. 

In the experiments, as illustrated in Figure 1, excess pro-
tons and excess hydroxide anions were generated in two 
water bodies separated by a membrane (Tf-Al-Tf or Al-
Tf-Al) through “open-circuit” water-electrolysis. When the 
protonic capacitor across the membrane was charged 
up by the excess protons generated in the anode cham-
ber and excess hydroxide anions in the cathode cham-
ber, the electric current of the water electrolysis process 
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would approach zero, which can be analogous to a re-
spiratory membrane system such as mitochondria with a 
fully charged membrane potential at its respiratory “state 
4” resting stage (Nicholls and Ferguson, 2013).

It is known that an aluminum surface can begin to be cor-
roded by protons when the effective proton concentra-
tion is above 0.15 mM (equivalent to a pH value below 
about 3.8) (Pourbaix, 1974a; Pourbaix, 1974b). This prop-
erty was therefore employed as a proton-sensing mecha-

Figure 1. Scheme of the EDS© device.

Figure 1. Illustration on how excess protons and excess 
hydroxide anions were generated by utilizing an ElectroPrep 
“open-circuit” water-electrolysis system comprising a cath-
ode chamber, a Teflon center chamber assembly, and an 
anode chamber. The excess protons in the anode water were 
transmembrane-electrostatically localized at water-membrane 
interface (PI) along the membrane surface while the excess 
hydroxide anions in the cathode water chamber (at the left) 
were attracted to the water-membrane interface (NI) on the 
other side of membrane, forming a “hydroxide anions-mem-
brane-excess protons” capacitor-like system (see Inset). Pieces 
of proton-sensitive Al films were applied on the anode water 
surface (PS), the cathode water surface (NS), in the middle of 
the anode chamber water bulk phase (PB) and in the middle of 
the cathode chamber water bulk phase (NB). Adapted from Ref 
(Saeed and Lee, 2015) and (Saeed, 2016).

Figure 2. (a) A top view photograph showing the ElectroPrep 
apparatus. Pieces of proton-sensitive films were applied on the 
water surface and in the middle (bulk phase) of both the anode 
and cathode water chambers. Nylon strings were used to an-
chor the pieces of proton-sensitive films that were suspended 
in the middle of both the anode and cathode water chambers. 
(b) Teflon center chamber assembly with a Tf-Al-Tf membrane. 
(c) Teflon center chamber assembly with a proton-sensing Al-
Tf-Al membrane.

nism in combination with the bulk phase pH measure-
ment to determine the distribution of excess protons in 
the water-membrane-water system (Figures 1 and 2a). 
Based on the Al protonic sensing property, we predicted 
that TELPs that are formed at the positive liquid-mem-
brane interface (PI) facing the anode water could be pow-
erful enough to corrode Al films. This predicated feature 
was exactly demonstrated through experimental testing. 

As illustrated in Figures 1, 2a, and 2c, a Teflon membrane 
(Tf) was sandwiched between two pieces of aluminum 
film (Al), forming a proton-sensing Al-Tf-Al membrane 
system that separates the two water bodies: the cathode 
water body on the left and the anode water body on the 
right. During a 10-hour experiment with 200V-driven wa-
ter electrolysis, it was noticed, as expected, the forma-
tion of small gas bubbles at both the anode and cathode 
platinum electrodes. This observation is consistent with 
the well-known water electrolysis process in which water 
is electrolytically oxidized to molecular oxygen (gas) pro-
ducing protons in the anode water compartment while 
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protons are reduced to molecular hydrogen (gas) leaving 
more hydroxide anions in the cathode water compart-
ment (Saeed, 2016). 

The result of the “cathode water Al-Tf-Al water anode” 
experiment showed that only the proton-sensing film 
placed at the PI site facing the anode liquid showed pro-
ton-associated Al corrosion (see the dark whitish grey 
gelatinous precipitate on the exposed portion of the pro-
ton-sensing film disk at PI in Figure 3); on the other hand, 
the proton-sensing film placed in the bulk liquid phase 
(PB) of the anode chamber or floated on the top surface 
(PS) of the anode water body stayed pristine showing 
no proton-associated corrosion activity. This is a signifi-
cant observation since it indicates that excess protons 
are transmembrane-electrostatically localized primar-
ily along the water-membrane interface at the PI site, 
but not in the bulk liquid phase (PB). This observation 
agrees with the TELPs model prediction perfectly. Also 
as expected, all pieces of proton-sensing films placed at 
the NI, NB, and NS sites of the cathode liquid showed no 

proton-associated Al corrosion activity as well. These ob-
servations (Figure 3) all clearly confirmed the prediction 
from the TELPs model that excess protons do not stay in 
the water bulk phase; they are transmembrane-electro-
statically localized at the water-membrane interface as 
part of the protonic capacitor behavior.

It is worth mentioning that the Al film in the Al-Tf-Al 
membrane does not serve as an electrode since the Al 
membrane itself was not connected to any external volt-
age source. It functioned as part of a protonic insulat-
ing membrane where excess protons accumulated at its 
surface on the P site while excess hydroxyl anions were 
localized at the N side as shown in Figure 1. When the ef-
fective proton concentration was above about 0.15 mM 
(equivalent to a pH value below 3.8) (Pourbaix, 1974a; 
Pourbaix, 1974b), the Al film proton-sensing detection 
employed here was in the form of protonic Al surface 
corrosion with the following major primary protonic Al 
corrosion reaction. 

Figure 3: Observations with proton-sensing Al films after 10 hours of cathode water Al-
Tf-Al water anode experiment with water electrolysis (200 V). NI: Proton-sensing film at 
the N side of Teflon membrane detected no proton activity. PI: Proton-sensing film at the 
P side of Teflon membrane detected dramatic Al corrosion activity of localized protons 
(dark whitish grey color). NB: Proton-sensing film suspended inside the water of the cath-
ode chamber. NS: Proton-sensing film floating on the water surface of cathode chamber. 
PS: Proton-sensing film floating on the water surface of anode chamber. PB: Proton-sens-
ing film suspended inside the water of the anode chamber. Adapted from Ref (Saeed and 
Lee, 2015) and (Saeed, 2016).
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    2Al(s) + 6H+(TELPs) →2Al3+ + 3H2(g)       (Equation 2)

That is, the excess protons (TELPs) will oxidize metallic 
Al atoms, producing AI3+ ions and dihydrogen (H2) gas 
as shown in Equation 2. Therefore, we predict that the 
TELPs Al corrosion process will produce gas (H2) bubbles. 
This predicted feature was demonstrated exactly in the 
experiment, where we indeed noticed the formation of 
gas bubbles on the aluminum membrane surface at the 
PI site as shown by the photograph in Figure 4.

Furthermore, the produced AI3+ cations can diffuse and 
interact with water and subsequently take hydroxide 
anions in the liquid to produce aluminum hydroxides 
[Al(OH)3], which can form a gelatinous grayish/whitish 
milky precipitate in water. When the grayish/whitish pre-
cipitate builds up, the TELP Al film corrosion stain could 
look somewhat darker, whitish grey depending on the 
laboratory lighting conditions. This Al corrosion activity 
was exactly what we observed at the TELP site (PI) in the 
experiment (Figures 3 and 4).

As shown in Figure 4, many gas (H2) bubbles were evolv-
ing from the PI site of the Al-Tf-Al disk that was exposed 
to the anode chamber water at the right end of the cen-
tral chamber channel. It was noticed that more gas (H2) 
bubbles were evolving from the Al-Tf-Al disk rim (edge) 
than the central portion of the disk surface. The Al corro-
sion gelatinous product at the central portion of the disk 
looks whitish grey while the corrosion stain around the 
disk rim apparently resulted in a grayish dark ring. These 
observations indicated that the protonic corrosion activ-
ity around the disk rim (edge) appears to be somewhat 
stronger than that on its center part of the disk. That is, 
the gelatinous product precipitate color of TELPs-associ-
ated Al corrosion on an Al film could vary from light whit-
ish grey to dark whitish grey, which may represent the 
differences in the degree (intensity) of TELPs-associated 
Al corrosion.

2.2. Experimental TELPs demonstration in a  
biomimetic anode water-Teflon membrane-water 
cathode system by analyzing the water-electrolysis 
current curve.

Furthermore, the experiments (Saeed and Lee, 2015) 
reproducibly demonstrated the formation of TELPs also 
by measuring the water electrolysis/protonic capacitor 
charging up curve as well. Teflon (Tf), which is imperme-
able to protons and has a dielectric constant of 2.1 like 
that of lipids, is a good insulating material to use to mim-

ic the insulating property of a biomembrane to demon-
strate TELPs formation. As shown in Figure 1, the proton-
charging-up process in this “excess hydroxide anions Tf-
Al-Tf excess protons” capacitor system was monitored by 
measuring the electric current of the 200V-driven water 
electrolysis process as a function of time during the en-
tire 10-hour experimental run. The data in the inset of Fig-
ure 5 showed that the electric current of the water elec-
trolysis process decreased with time as expected. That is, 
when the excess protons were generated in the anode 
water compartment (while the excess hydroxide anions 
were generated in the cathode water compartment), this 
“excess hydroxide anions Tf-Al-Tf excess protons” capaci-
tor is being charged up by transmembrane-electrostatic 
localization of the excess protons at the PI site and the 
excess hydroxide anions at NI site (Figure 1). According to 
the analysis, this process reached thermodynamic equi-
librium after about 1500 seconds (shown in the inset of 
Figure 5) under this experimental condition where the 
curve of the water electrolysis current quickly became 
flat indicating the completion of the water electrolysis-
coupled protonic capacitor-charging-up process. 

As recently reported (Saeed and Lee, 2015; Saeed, 2016), 

Figure 4. Teflon center chamber (with Al-Tf-Al membrane) 
after 10 hours electrolysis. Formation of gas bubbles and  
substantial TELP activity was noticed on the aluminum film 
surface at the PI site. Note, the more or less dark whitish grey 
gelatinous precipitate that is covering the Al film disk at the PI 
site. It appears to have more gas (H2) bubbles evolving from 
the Al film disk edge (rim) where more protonic corrosion 
product is building up, showing more of a “more dark whitish 
grey gelatinous precipitate ring” in comparison with whitish 
grey gelatinous precipitate on the central portion of the disk 
in the Teflon chamber channel that faces the anode chamber 
water. Adapted from Ref (Saeed, 2016).
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by calculating the area under the water-electrolysis pro-
tonic capacitor-charging-up current curve above the flat 
baseline as shown in the inset of Figure 5, the amount 
of excess protons loaded onto the entire “cathode cham-
ber water Al-Tf-Al water chamber anode” experimental 
system (Figure 1) including the “excess hydroxide anions 
Tf-Al-Tf excess protons” capacitor and the septum that 
separates the cathode chamber water and the anode 
chamber water was estimated to be 2.98 x 10-13 moles.

As listed in Table 1, since the 25-µm Al film in between 
the two Tef films (each has a thickness of 75 µm) is a con-
ductor, the Tf-Al-Tf membrane disk assembly had an ef-
fective insulating (Tf) membrane thickness of 75 + 75 = 
150 µm. The Tf-Al-Tf membrane disk assembly was held 
at the right end of the Teflon center sample chamber that 
was tightly inserted into a septum also known as the “wall 
separating anode and cathode chambers” as illustrated 
in Figure 1. The area of the 150-µm thick Tf disk exposed 
to the anode water at the PI site was measured to be 2.55 
cm2. The Septum was 0.8 cm thick, and its area exposed 

to the anode water was 51.2 cm2 as calculated from its 
length of 9.6 cm and width of 5.6 cm. 

Since the septum was in contact with the anode liquid at 
the positive side and the cathode liquid at the negative 
side (as shown in Figure 1), it could, to some extent, also 
behave like a protonic capacitor like the Tf-Al-Tf mem-
brane. Therefore, we calculated the  capacitance values 
for the 0.8 cm thick septum and the 150-µm thick Tf disk 
(Tf-Al-Tf membrane) from their thickness, dielectric con-
stant (2.1) and the relevant surface area. As shown in 
Table 1, the capacitance values of the Tf-Al-Tf membrane 
disk and the septum were calculated to be 3.16×10−11 
and 1.19×10−11 Farad, respectively. The ratio of the 150-
µm thick Tf disk capacitance to the septum capacitance is 
2.66/1. Based on this ratio, 72.6% of the excess protons 
(2.98 x 10-13 moles) are on the 150-µm thick Tf disk sur-
face (2.16×10−13 moles). The TELP density of  8.49×10−14 
moles/cm2 on the 150-µm thick Tf disk is 53 times as high 
as that on the septum surface (1.59×10−15 moles/cm2). 
The thickness of the TELP layer is likely to be about 1 nm 

Figure 5. The electric current of water electrolysis measured as a function of time with  
200 V for 10 hours experimental run. The black curve shows average of three experiments 
with “cathode water Al-Tf-Al water anode”. The blue line shows average of three  
experiments with “cathode water Tf-Al-Tf water anode”; and its initial part within the first 
2000 seconds is plotted in an expanded scale showing the integration for the area under 
the curve (Inset). Adapted from Ref (Saeed and Lee, 2015) and (Saeed, 2016).
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but its exact thickness currently is still not entirely clear 
(Lee, 2015). Assuming the thickness of the TELP layer 
to be about 1 nm, the TELP concentration at the liquid-
membrane interface along the positive side of the Tf-Al-
Tf membrane was calculated to be 8.49×10−4 M, which is 
substantially higher than that (1.59×10−5 M) of the 0.8-cm 
thick septum.

The water electrolysis current in the “cathode water Al-
Tf-Al water anode” experiment was also monitored. As 
shown in Figure 5, after about 5000 seconds, the water 
electrolysis electric current at the steady state of this ex-
periment reached around 6.5 x 10-5 A, which was much 
bigger than that (below 1 x 10-10 A) of the “cathode water 
Tf-Al-Tf water anode” experiment. This large water elec-
trolysis electric current can be attributed to the active 
consumption of excess protons by the proton-sensing 
Al film corrosion process at the PI site. As the proton-

sensing film corrosion at the PI site consumes the excess 
protons, more excess protons can then be produced at 
the anode electrode, resulting in a high water-electrolysis 
electric current. The high concentration of TELP at the PI 
site thermodynamically drives the aluminum corrosion 
reaction in which aluminum atoms are oxidized by excess 
protons resulting in evolution of molecular hydrogen gas 
as shown in Equation 2 and Figure 4. 

2.3. Experimental TELPs demonstration in a  
biomimetic anode water-membrane-water  
cathode system by measuring bulk liquid phase pH.

The protonic capacitor feature (Saeed and Lee, 2015) that 
excess protons do not stay in the bulk water phase was 
reproducibly demonstrated also by the experimental ob-
servation that the measured pH value in the anode bulk 
water body remained essentially the same as that of the 

Table 1. The calculated capacitance and distribution of TELPs (excess protons) 
between the liquid exposed areas of the Tf-Al-Tf membrane disk and septum that 
separates the anode and cathode liquid chambers.

Table 2. Averaged pH values that were measured in bulk water phase before and 
after 10 hours experimental run with “cathode water membrane water anode”  
systems. Adapted from Ref (Saeed and Lee, 2015) and (Saeed, 2016)
*The averaged pH values and standard deviation (± sign) were calculated from the original data 
of bulk water phase pH measurements.
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cathode bulk water phase pH. As shown in Table 2, af-
ter the 10-hour experiment (200V) with the water Al-Tf-
Al (membrane) water system, the measured pH value in 
the anode bulk water body (5.76± 0.09) remained essen-
tially the same as that of the cathode bulk water phase 
(5.78± 0.14). These bulk water phase pH values averaged 
from 3 replication experiments (each replication experi-
ment with at least 6 readings of pH measurement in each 
chamber water, n= 3 x 6 = 18) were statistically also the 
same as those (5.78± 0.04 and 5.76± 0.02) in the control 
experiments in the absence of the water electrolysis pro-
cess (0V). This is a significant experimental observation 
since it confirmed the prediction of the TELPs model that 
the excess protons do not stay in the bulk water phase 
and thus cannot be measured by a pH electrode in the 
bulk phase.

Furthermore, the measured pH value of 5.76± 0.09 in 
the anode bulk water phase was also consistent with the 
observation that the piece of proton-sensing film placed 
in the anode bulk water phase (PB) showed no sign of 
proton-associated Al corrosion activity while the proton-
sensing film placed at PI site had dramatic proton-asso-
ciated Al corrosion (Figures 3 and 4). This indicated that 
the generated excess protons are localized primarily at 
the water-membrane interface at the PI site resulting in 
a proton surface density that is high enough (pH < 3.8) to 
cause the aluminum corrosion there. 

The pH measurements also showed that the freshly de-
ionized water had an average pH value of 6.89± 0.03 be-
fore being used in the experiments (Table 2). Since the 
experiments were conducted with the laboratory ambi-
ent air conditions, the gradual dissolution of atmospheric 
CO2 into the deionized water during a 10-hour experi-
ment period resulted in water pH change from 6.89± 0.03 
to 5.68± 0.06, which was observed in the control experi-
ment with the same “cathode water Al-Tf-Al water anode” 
setup except without turning on the electrolysis voltage 
(0 V). Therefore, this bulk water pH change had little to 
do with the 200V-driven water electrolysis process. The 
same magnitude of bulk water pH change before and 
after the experiment was observed for the deionized 
water in both the anode and cathode chambers, which 
also supports the understanding that this bulk water pH 
change from the beginning to the end of the experiment 
was due to the gradual dissolution of atmospheric CO2 
into the deionized water during the 10-hour experiment 
period. There was no difference between the bulk-phase 
pH of anode chamber water (pH 5.76± 0.09) and that of 

the cathode chamber water (5.78± 0.14) at the end of the 
experiment. This result also points to the same underly-
ing understanding that the excess protons do not behave 
like typical solute molecules. Excess protons do not stay 
in the water bulk phase; they are transmembrane-elec-
trostatically localized at the water-membrane interface at 
the PI site so that they cannot be detected by the bulk-
phase pH measurement

A further set of experiments with the setup of “cath-
ode water Tf-Al-Tf water anode” was also conducted in 
triplicate. In this set of experiments, the Tf-Al-Tf mem-
brane system was used instead of the Al-Tf-Al mem-
brane system. Since the Teflon membrane is chemically 
inert to protons, the use of the Tf-Al-Tf membrane sys-
tem eliminated the consumption of excess protons by 
the aluminum corrosion process at the PI site that was 
demonstrated above. In this set of the experiments, no 
bulk-phase pH difference (∆pH) between the anode and 
cathode water bodies was observed as well. As shown in 
Table 2, after 10 hours run at 200V with the “cathode wa-
ter Tf-Al-Tf water anode” system, the measured pH value 
in the anode bulk water phase (5.76± 0.03) was essen-
tially the same as that of the cathode bulk water phase 
(5.81± 0.04). This experimental observation again indicat-
ed that the excess protons do not stay in the bulk water 
phase and thus cannot be measured by the bulk liquid 
phase pH measurement. Since liquid water is an effec-
tive protonic conductor as discussed above, the excess 
protons produced in the anode water compartment are 
transmembrane-electrostatically localized to the water-
membrane interface at the PI site.

3. Induced TELP in an anode water-
membrane-water-membrane-water 
cathode system
In the “anode water-membrane-water-membrane-water 
cathode” system illustrated in Figure 6, the anode water 
and cathode water in the ElectroPrep apparatus were 
concurrently electrolyzed at 200 V, forming excess pro-
tons / O2 gas in the anode water chamber (P) and excess 
hydroxide anions / H2 gas in the cathode (N) water cham-
ber. Based on the TELPs model (Lee, 2012), it is predicted 
that the free excess protons in the anode chamber will 
migrate and localize themselves primarily at the water-
membrane interface (the P site) in the anode (P) cham-
ber. The excess protons localized at the P side will induce 
an electrostatic localization of hydroxide ions at the other 
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side of the membrane (the N′ site) forming an “excess 
anions-membrane-excess protons” capacitor-like system 
(as shown on the right of the inset of Figure 6). Similar-
ly, the excess hydroxide ions generated in the cathode 
chamber will migrate and localize primarily at the water-
membrane interface (the N site) in the cathode (N) cham-
ber. It is predicted that this localization of hydroxide ions 
at the N side will induce the formation of TELPs at the 
other side of the membrane (the P′ site) forming an “ex-
cess hydroxyl anions-membrane-induced protons water 
induced hydroxyl anions-membrane-excess protons” 
dual protonic capacitors (in-series) system (as shown in 
the inset of Figure 6). 

These predicted features were indeed demonstrated 
through observation of TELPs activity on the Al films at 
the P and P′ sites while there was no observable protonic 
activity at the N and N′ sites, and no observable excess 
protonic activity in the bulk liquid phase at the PB, CB, and 
NB sites in the three liquid chambers (Figures 6 and 7). 

That is, as predicted, it was experimentally observed that 
the protonic sensing films (Al-Tf-Al) at the two ends of the 
Teflon sample chamber showed active protonic corro-
sion activity on P and P′ sites adjacent with pure water (in 
absence of any salt) as shown in Figures 6 and 7.

It is worth mentioning that none of the Al films in the 
cathode water Al-Tf-Al water Al-Tf-Al water anode system 
could serve as an electrode since the Al films were not 
connected to any external voltage source. Each of the Al 
films acted solely as  a protonic sensor and as part of a 
protonic insulating membrane in the three-water-cham-
bers system as shown in Figure 6. That is, in this anode 
water-membrane-water-membrane-water cathode sys-
tem, we also demonstrated an induced TELPs layer at 
the membrane-water interface (the P′ site) in the center 
liquid chamber with the evidence of proton-sensing film 
at the P′ site showing intense TELPs Al corrosion activity 
while those at CB and N′ sites showed no protonic Al cor-
rosion activity (Figure 7).

Figure 6. Schematic diagram of the system evaluating the effect 
of sodium cations on localized protons at the P′ side in the Teflon 
center chamber. The inset shows the exchange of the added 
sodium (Na+) cations with the electrostatically localized protons at 
the P′ side. A small piece of proton-sensing Al film was placed into 
the bulk liquid phase (the CB site) of the center chamber. Adapted 
from Ref (Saeed and Lee, 2018) and (Saeed, 2016).
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As shown in Table 3, the bulk-phase pH measurements in 
the three-water-chambers system (Figure 6) also demon-
strated that the Mitchellian proton delocalization view is 
not true. After the 10-hour water electrolysis (200 V), the 
measured pH value in the anode bulk water body (5.92 
± 0.12) remained nearly the same as that of the cathode 
bulk water phase (5.81 ± 0.07). If the Mitchellian proton 
delocalized view is true, there should be a significant bulk-

phase pH difference (∆pH) between the anode and the 
cathode water chambers; in contrast, the measured bulk 
pH data demonstrated again that the Mitchellian proton 
delocalized view is not true. These bulk water phase pH 
values averaged from 3 replication experiments (each 
replication experiment with at least 6 readings of pH 
measurement in each chamber water, n= 3 x 6 = 18) were 
statistically also the same as those (5.75± 0.08 and 5.77± 

Figure 7. Observation of proton-sensing films after 10 hours electrolysis (200 V) for the 
cathode water-Al-Tf-Al-water-Al-Tf-Al-water anode experiment. Images show proton-sensing 
films that were placed at N, P, N′, P′, NB, PB and CB sites. Adapted from Ref (Saeed and Lee, 
2018) and (Saeed, 2016).

Proton-sensing film 
suspended inside the 
cathode bulk water 
phase (NB)

Proton-sensing film placed at anode  
chamber (P) site.

Proton-sensing film placed at the center 
Teflon chamber (N′) site.

Proton-sensing film placed at the center 
Teflon chamber (P′) site.

Proton-sensing film placed at cathode 
chamber (N) site.

Proton-sensing film 
suspended inside the 
anode bulk water phase 
(PB)

Proton-sensing film was 
placed into the bulk 
liquid phase of the center 
chamber (CB)
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0.21) in the control experiments in absence of the wa-
ter electrolysis process (0 V). Notably, these results again 
show that excess protons do not stay in the water bulk 
phase; they transmembrane-electrostatically localize at 
each of the P and P′ sites so that they cannot be detected 
by the bulk-phase pH measurement. 

These are significant observations, since both the pro-
tonic-sensing film detection and bulk liquid pH measure-
ment have now demonstrated, for the first time, that 
protons can be localized at a water-membrane interface 
through electrostatic induction at the P′ site in a “cath-
ode water membrane (Al-Tf-Al) water membrane (Al-Tf-
Al) water anode” system where the third water body (the 
center water chamber) is placed between an anode water 
chamber and a cathode water chamber interacting in se-
ries (Figure 6). The operation of this setup resulted in the 
formation of two protonic capacitors in series: a protonic 
capacitor across the membrane (Al-Tf-Al) with the N and 
P′ sites and another one across the other membrane (Al-
Tf-Al) with the N′ and P sites as illustrated in Figure 6. This 
result again shows that liquid water bodies are protonic 
conductors; the behavior of excess protons in protonic 
conductors appears to be like that of excess electrons in 
electric conductors in forming capacitors across insulat-
ing membrane barriers.

4. Equilibrium constant of sodium  
cation (Na+) in exchanging with TELPs
Demonstration of TELPs at P′ site in the center chamber 
enabled us to evaluate the cation exchange with TELPs 
by using salt solutions in the center chamber without re-
quiring the use of salts in the anode and cathode cham-
bers (Figure 6). Note, if salts are used in the anode and the 
cathode chambers, they might interfere with the electrol-
ysis process and may complicate the interpretation of ex-
perimental data. Therefore, the discovery and utilization 
of induced TELPs at P′ site in the center liquid chamber 
enabled us to perform quite clean experiments to deter-
mine the cation (Na+) exchange equilibrium constant with 
the induced TELPs without requiring the use of any salt 
in any of the anode chamber and the cathode chamber.

The cation-exchange experimental study (Saeed and Lee, 
2018) showed that the addition of 10 mM and/or 25 mM 
sodium ions (sodium bicarbonate solution) in the cen-
ter chamber had small effect on TELP density at the P′ 
side facing the sodium salt solution, while the use of 75 
mM sodium ions (in the center chamber) had substantial 
effect leading to the reduction of TELPs populations at 
the P′ site approximately by about 50%, which was moni-
tored by the color change of the proton-sensing Al film 
corrosion at the P′ side in comparison with that of the 
proton-sensing film placed at the positive control (0 mM 

Table 3. Three replicates of final pH measurements for experiments with the “cathode 
water-Al-Tf-Al-water-Al-Tf-Al- water anode” system after 10 hours electrolysis (200 V) in 
comparison with the control (0 V). Adapted from Ref (Saeed and Lee, 2018) and (Saeed, 
2016).
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sodium ions: water with no salt) P′ site and the AI film 
placed at the P site facing the anode liquid (also no salt). 
It required the use of 200 mM or higher sodium ion solu-
tion in the Teflon center chamber to exchange out the 
localized protons at the P′ site to a level that could no lon-
ger be visually determined by use of a proton-sensing Al 
film (detection limit: about pH 3.8). Based on our analysis, 
this effect of sodium bicarbonate salt (NaHCO3) solution 
on TELPs at the P′ site is owing to the sodium cations be-
ing at higher concentrations (75 mM or above) that may 
partially exchange with TELPs at the P′ site.

One might argue that the observed effect may be due 
to the bicarbonate anion and not due to the sodium cat-
ion. Therefore, the cation/TELPs exchange experiments 
(of different cation concentrations) were repeated with 
other cations such as K+ that showed similar effect on 
the P′ side (see the potassium cation/TELPs exchange ex-
periments in the next section). Interestingly, in the K+ salt 
solution, the 50% color density change at the P′ site was 
observed at around 50 mM instead of 75 mM. This ad-
ditional observation further supports that the observed 
effect was due to cation/TELPs exchange and not due to 
a bicarbonate effect. It is well known that the size of the 
potassium cation is bigger than the sodium cation. How-
ever, in aqueous solution as a free ion, the small sodium 
ion attracts more water molecules giving it a larger effec-
tive diameter compared to the hydrated potassium ion. 
Since the hydrated radius of the potassium ion is smaller 
than the hydrated radius of the sodium ion, its electro-
diffusion mobility is faster compared to that of sodium. 
It was determined that the mobility of sodium ions under 
the influence of unit potential gradient (0.53 x 10-3 cm2 V-1 
s-1) is slower than potassium ion mobility (0.76 x 10-3 cm2 
V-1 s-1) under the same unit potential gradient (Eigen and 
De Maeyer, 1958). That may be one of the reasons why it 
required a higher concentration of sodium ions (75 mM) 
to delocalize 50% of TELPs on the P′ site. Moreover, it was 
reported that fresh solutions of bicarbonate have no ac-
tion on aluminum corrosion (Bell, 1962; Verdonik, 1999; 
Vargel, 2004; Scamans et al., 2010).

The cation exchange equilibrium constant (Kp) can be ex-
pressed as:

                                                                       (Equation 3) 

where [NaL
+] is the localized sodium ions concentration 

at the water-membrane interface (P′ site); [H+] is the con-
centration of free delocalized protons in the bulk liquid 

phase; [HL
+] is the TELP concentration on the water-mem-

brane interface (P′ site); and [Na+] is the free sodium ions 
concentration in the bulk liquid phase.

At the midpoint with 50-50% cation/TELPs exchange, the 
concentration of the localized non-proton cation would 
be equal to the concentration of TELPs. This means that 
when [NaL

+] = [HL
+], the cation exchange equilibrium con-

stant (KP) will be:

                         (Equation 4)

We observed that the 50-50% cation/TELPs exchange was 
achieved when the bulk liquid phase sodium ion concen-
tration was 75 mM as indicated with a star sign (*) in Table 
4. The pH of the sodium salt solution (75 mM) inside the 
Teflon center chamber before the sodium/proton ex-
change process was found to be 8.37 ± 0.09 as shown in 
Table 3. By using this pH value for the bulk proton con-
centration [H+] and the known sodium ion concentration 
(75 mM) in Equation 4, the sodium/TELPs exchange equi-
librium constant was calculated to be 10-(8.37 ± 0.09) M /0.075 
M= (5.86 ± 1.2) x 10-8.

We noticed that the pH of the sodium ion solution (75 
mM) was somewhat increased during the cation-TELPs 
exchange experiment using the Al film-based protonic 
sensor (Equation 2) at the P′ site. The final pH value of 
the bulk sodium bicarbonate solution after 10 hours ex-
perimental run at 200V was 8.48 ± 0.07. Using this final 
pH value (8.48 ± 0.07) for the bulk proton concentration 
[H+] and the known sodium ion concentration (75 mM) in 
Equation 4, the KpNa+ value was calculated to be 10-(8.48 ± 0.07) 

M /0.075 M= (4.45 ± 0.73) x 10-8, which is slightly smaller 
than that calculated using the initial pH (8.37 ± 0.09).  The 
true value of the sodium/TELPs exchange equilibrium 
constant KpNa+ is likely to be between [(5.86 ± 1.2) x 10-8 
and (4.45 ± 0.73) x 10-8 ], which gives an average of (5.07 
± 0.97) x 10-8.

Using the averaged sodium/TELPs exchange equilibrium 
constant KpNa+ of (5.07 ± 0.97) x 10-8, we have now calcu-
lated the %TELP density as a function of bulk liquid phase 
sodium concentration [Na+] and bulk liquid phase proton 
concentration [H+] (that can be calculated from the bulk 
liquid pH) using the following equation:

   (Equation 5) 

Table 4 lists the percentage (%) of TELP density calculated 
for a series of sodium bicarbonate (NaHCO3) salt solution 
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concentrations [Na+] in a range from 0 to 500 mM inside 
the Teflon center chamber. This calculation employed the 
averaged sodium/TELPs exchange equilibrium constant 
KpNa+ of (5.07 ± 0.97) x 10-8, and bulk liquid phase proton 
concentration [H+] that was calculated from the initial 
bulk liquid pH (10 hours 0V), the final bulk liquid pH (10 
hours 200V of water electrolysis), or the averaged pH of 

Table 4. Sodium cation/TELPs exchange data on the percentage (%) of TELP density 
calculated for a series of sodium bicarbonate (NaHCO3) salt solution concentrations 
[Na+] in a range from 0 to 500 mM inside the Teflon center chamber, using the aver-
aged sodium/TELPs exchange equilibrium constant KpNa

+ of (5.07 ± 0.97) x 10-8, and 
bulk liquid phase proton concentration [H+] that was calculated from the initial bulk 
liquid pH (10 hours 0V), the final bulk liquid pH (10 hours 200V of water electrolysis), 
or the averaged pH of 8.43 at the midpoint sodium bicarbonate concentration (75 
mM). Adapted from Ref (Saeed and Lee, 2018) and (Saeed, 2016).

*pH measurement for 75 mM sodium bicarbonate (midpoint with 50-50% sodium/proton 
exchange) is average of 4 replications while the rest of pH measurements are averages of 2 
replications.

Figure 8 shows a plot of the percentage (%) of TELP density 
calculated through Equation 5 using the initial liquid pH (10 
hours 0V), the final liquid pH (10 hours 200V), and the averaged 
liquid phase pH of 8.43 at the cation-TELPs exchange midpoint 
sodium bicarbonate concentration (75 mM), using the averaged 
sodium/TELPs exchange equilibrium constant KpNa+ of (5.07 ± 
0.97) x 10-8 for liquid phase sodium concentrations [Na+] in a 
range from 0 to 0.5 M.

8.43 at the midpoint sodium bicarbonate concentration 
(75 mM).

Figure 8 presents a plot of the sodium cation/TELPs ex-
change data listed in Table 4 on the percentage (%) of 
TELP density calculated through Equation 5 from the ini-
tial bulk liquid pH (10 hours 0V), the final bulk liquid pH 
(10 hours 200V), and the averaged cation-TELPs exchange 
midpoint sodium bicarbonate (75 mM) solution pH 8.43, 
using the averaged cation/TELPs exchange equilibrium 
constant KpNa+ of (5.07 ± 0.97) x 10-8 for liquid phase so-
dium concentrations [Na+] in a range from 0 to 0.5 M. The 
data plot shows a clear trend of TELP density reduction 
from 100% TELP to around 20% as the liquid phase so-
dium solution concentrations [Na+] gradually increased 
from 0 M to 0.5 M, which is clearly in a good qualitative 
agreement with the predicted feature of cation exchange 
with TELPs.

5. Equilibrium constant of potassium 
cation (K+) in exchanging with TELPs
Similarly, as previously reported (Saeed, 2016; Saeed and 
Lee, 2018) and listed in Table 5, it was experimentally 
determined that at 50 mM potassium ion concentration 
(the midpoint), the %TELP density on the proton sensi-
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tive membrane was decreased to about half compared 
to that of the control in the absence of potassium ion (0 
mM). The pH of the potassium salt solution (50 mM) in-
side the Teflon center chamber before the potassium/
proton exchange process was determined to be 8.45 
± 0.03. By using this pH value for the bulk liquid phase 
proton concentration [H+]  and the known potassium 
ion concentration (50 mM) in the following equation: 

  
(Equation 6)

the potassium/TELPs exchange equilibrium constant was 
calculated to be 10-(8.45 ± 0.03) M /0.050 M= (7.20 ± 0.59) x 
10-8. 

The final pH value of the bulk potassium bicarbonate so-
lution after a 10-hour experimental run at 200V of wa-
ter electrolysis was 8.48 ± 0.13. Using this final pH value 
(8.48 ± 0.13) for the bulk liquid proton concentration [H+]  
and the known potassium ion concentration (50 mM) in 
equation 6 the KpKa+ value was calculated to be 10-(8.48 ± 0.13) 

M /0.050 M= (6.85 ± 1.99) x 10-8, which is slightly smaller 
than that calculated using the initial pH (8.45 ± 0.03).  The 
true KpKa+ value is likely to be in between (7.20 ± 0.59) x 
10-8 and (6.85 ± 1.99) x 10-8 with an average of (6.93 ± 1.23) 
x 10-8.

Table 5. Potassium cation/TELPs exchange data on the percentage (%) of TELP 
density calculated through Equation 5 for a series of potassium bicarbonate (KHCO3) 
salt solution concentrations [K+] in a range from 0 to 500 mM inside the Teflon center 
chamber, using the averaged sodium/TELPs exchange equilibrium constant KpKa+ of 
(6.93 ± 1.23) x 10-8, and bulk liquid phase proton concentration [H+] that was calcu-
lated from the initial bulk liquid pH (10 hours 0V), the final bulk liquid pH (10 hours 
200V of water electrolysis), or the averaged pH of 8.47 at the midpoint potassium 
bicarbonate concentration (50 mM). Adapted from Ref (Saeed and Lee, 2018) and 
(Saeed, 2016).

*pH measurement for 50 mM potassium bicarbonate (midpoint with 50-50% 
potassium/proton exchange) is average of 4 replications while the rest of pH measurements 
are averages of 2 replications.

Note that the bulk concentration of potassium ions after 
the potassium/proton exchange process used in deter-
mining the potassium cation exchange equilibrium con-
stant was the same as the given initial potassium bicar-
bonate solution concentration that resulted in a 50-50% 

Figure 9 shows a plot of potassium cation/TELPs  
exchange data on the percentage (%) of TELP density  
calculated through Equation 5 using the initial liquid pH  
(10 hours 0V), the final liquid pH (10 hours 200V), and the 
averaged liquid phase pH of 8.47 at the cation-TELPs exchange 
midpoint potassium bicarbonate concentration (50 mM),  
using the averaged potassium/TELPs exchange equilibrium 
constant KpKa+  of (6.93 ± 1.23) x 10-8 for liquid phase  
potassium concentrations [K+] in a range from 0 to 0.5 M.
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cation/TELPs exchange (i.e., 50 mM K+). This is because 
the amount of TELPs that was exchanged out by the po-
tassium ions was likely to be so small that it would not 
significantly reduce the 50 mM K+ concentration.

Figure 9 presents a plot of the potassium cation/TELPs 
exchange data listed in Table 5 on the percentage (%) 
of TELP density calculated through Equation 5 from the 
initial bulk liquid pH (10 hours 0V), the final bulk liquid 
pH (10 hours 200V), and the averaged cation-TELPs ex-
change midpoint potassium bicarbonate (50 mM) solu-
tion pH 8.47, using the averaged potassium/TELPs ex-
change equilibrium constant KpKa+ of (6.93 ± 1.23) x 10-8 
for liquid phase potassium concentrations [K+] in a range 
from 0 to 0.5 M. The data plot shows a clear trend of TELP 
density reduction from 100% TELP to about 15% as the 
liquid phase potassium solution concentrations [K+] grad-
ually increased from 0 M to 0.5 M, which is clearly in a 
good qualitative agreement with the predicted feature of 
cation exchange with TELPs.

6. Discussion and Commentary in  
Responding to Silverstein’s Arguments

From the experimental results as reviewed above, read-
ers can now see that the experimental demonstration 
of TELPs was accomplished through: 1) using an alu-
minum film as a TELPs sensor in a biomimetic anode 
water-membrane-water cathode system (Figures 1-4); 
2) analyzing the water-electrolysis current curve (Figure 
5 and Table 1); and 3) measuring bulk liquid phase pH 
(Table 2). Furthermore, the formation of induced TELPs 
was discovered on the P’ site membrane surface at the 
left end of the central liquid chamber in an anode water-
membrane-water-membrane-water cathode system (Fig-
ures 6 and 7 and Table 3). The discovery of induced TELPs 
enabled a clean experimental test for the cation-TELPs 
exchange process by using sodium bicarbonate or po-
tassium bicarbonate solution in the central liquid cham-
ber (Figure 7). Each of the sodium and potassium cation-
TELPs exchange equilibrium constants was determined 
by identifying the midpoint of the cation-TELPs exchange. 
The sodium/TELPs exchange equilibrium constant KpNa+ is 
likely to be between ((5.86 ± 1.2) x 10-8 and (4.45 ± 0.73) 
x 10-8 ), which gives an average of (5.07 ± 0.97) x 10-8. The 
potassium/TELPs exchange equilibrium constant KpKa+ is 
likely to be between (7.20 ± 0.59) x 10-8 and (6.85 ± 1.99) x 
10-8 with an average of (6.93 ± 1.23) x 10-8. Further analy-

sis (Tables 4 and 5; Figures 8 and 9) affirmed that the ex-
perimental TELP demonstration and the cation-TELPs 
exchange equilibrium constant values are valid. Many of 
Silverstein’s arguments appear to stem from his own mis-
understanding, such as his misconception on the Al film 
protonic sensing limit. The four major arguments from 
Silverstien 2024 are hereby addressed as follows:

Protonic Al corrosion is distinct from  
hydroxide anions Al corrosion. 

It is commonly known that aluminum (Al) material is sen-
sitive to acids (protonic Al corrosion) and base (hydroxide  
anions corrosion), which represent two distinct corrosion 
processes. According to the analysis of the potential-pH 
diagram for pure Al at 25˚C in aqueous solution shown 
in Figure S1 (adapted from Pourbaix 1974) using the Web-
PlotDigitizer software tool (Rohatgi, 2024), the required 
pH value (proton concentration) to enable protonic Al 
corrosion is a high proton concentration that is equiva-
lent to a pH value of less than 3.8. In contrast, the hydrox-
ide anions Al corrosion requires an alkaline pH larger 
than pH 8.6. 

Therefore, readers may now also be able to understand 
that Silverstein seems to have completely “mixed up” the 
protonic Al corrosion with the hydroxide anions Al cor-
rosion, as judging from his argument (I) “The dark stains 
on the Al film, interpreted as proton-induced ‘corrosion’ 
are chemically unidentified, and are seen above pH 8.7 
(in control experiments in the absence of electrolysis). 
Hence, they may have nothing to do with proton-sens-
ing.”

As shown in the Supporting Information (Figure S2) of the 
2018 Saeed and Lee report (Saeed and Lee, 2018), the al-
kaline (hydroxide anions) Al corrosion stain in the Al film 
looks yellowish, which is qualitatively different from the 
stain of the protonic Al corrosion that looks more or less 
dark whitish grey. That is, the hydroxyl anions-based Al 
corrosion is a completely different process that shall not 
be confused with the protonic (TELPs) Al corrosion that 
requires high effective proton concentration with pH < 
3.8.

Furthermore, as shown in Equation 2, the primary prod-
uct of the protonic Al corrosion is Al3+ ion, which could 
interact with water and be converted (by binding with 
hydroxide anions from water nearby) to the gelatinous 
aluminum hydroxide (Al(OH)3) precipitate on Al film sur-
face. This protonic Al corrosion was employed as TELPs 
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sensing indicator in the experimental demonstration of 
TELPs formation, in addition to other analytic techniques 
including the electrolysis current measurements and the 
bulk liquid phase pH measurements. 

The cation-TELPs exchange equilibrium constant  
values are now further analyzed to be valid.

In contrast to Silverstein’s wild claim (II) “The ion exchange 
equilibrium constant values are wrong by several orders 
of magnitude”,  the experimentally demonstrated TELPs 
and the subsequently measured Na+ (and K+) -TELPs ex-
change equilibrium constant values are now further ana-
lyzed to be valid. 

We understand that Silverstein’s claim apparently was 
from his misconception about the TELPs detection lim-
it of protonic sensing Al films. In our early publications 
(Saeed and Lee, 2015; Saeed, 2016; Saeed and Lee, 2018), 
it has been made abundantly clear to readers that the 
protonic Al corrosion sensing requires a relatively high 
proton concentration that should be at least above 0.1 
mM (pH below 4). For an example, in the Saeed and Lee 
2015 publication (Saeed and Lee, 2015) that Silverstein 
has cited in his 2024 article (Silverstein, 2024b), we have 
clearly stated: “It is known that aluminum surface can be-
gin to be corroded by protons when the effective proton 
concentration is above 0.1 mM (equivalent to a pH value 
below 4) (Pourbaix, 1974a; Pourbaix, 1974b). This prop-
erty was therefore employed as a proton-sensing mecha-
nism in combination with the bulk phase pH electrode 
measurement to determine the distribution of excess 
protons in the water-membrane-water system.” 

This information about Al film protonic detection limit 
(pH 3.8) is provided also in the Supporting Information 
(Figure S1) of the Saeed and Lee 2018 publication (Saeed 
and Lee, 2018) that Silverstein cited in his 2024 article 
(Silverstein, 2024b). Unfortunately, Silverstein either 
overlooked or neglected this important piece of informa-
tion on the protonic Al corrosion-based detection limit 
of about pH 3.8, so that he wrongly assumed the Al film 

protonic detection limit observed with 200 mM Na+ as 
to be “fH+ ≈ 0” (i.e., 0% TELP) in his “curve fitting” shown 
in his 2024 article’s “Figure 1”; that apparently gave him 
completely wrong calculations from which he wrongly 
claimed “Keq for surface ion exchange to be 9 to 37 times 
higher” (Silverstein, 2024b).

In his 2024 article’s “Figure 1,” only the curve with our pre-
viously determined cation/TELPs exchange equilibrium 
constant KpNa+ of 5.05 x 10-8 that predicts 24±10 % TELP 
at 200 mM Na+ is in line with the trend of our experimen-
tal data (Figure 8). Using the predicted 24±10 % TELP as 
shown in Table 6, we calculated the projected TELP den-
sity to be (2.04 ± 0.57) ×10−4 M, which is equivalent to a 
TELP pH of 3.72 ± 0.14 that well matches the protonic Al 
film corrosion detection limit of about pH 3.8.  Therefore, 
the analysis results here have further affirmed that the 
experimental TELP demonstration and the experimen-
tally determined cation-TELP exchange equilibrium con-
stant values are valid.

Biomimetic systems like the anode water- 
membrane-water cathode system are valuable  
for TELPs capacitor demonstration and study  
at the present time.

Readers may now understand that biomimetic systems 
like the anode water-membrane-water cathode system 
(Figure 1) are valuable for TELP capacitor demonstration 
and scientific study, in contrast to Silverstein’s argument 
(III) “The water electrolysis system is not ‘biomimetic,’ and 
the expectation that this aqueous Al-Tf-Al disk system be-
haves like a capacitor-containing electrical circuit seems 
unlikely” (Silverstein, 2024b). 

Using the biomimetic systems as shown in Figures 1, 2, 
4 and 6, protonic capacitors with TELPs have been well 
demonstrated. Formation of induced TELPs is discovered 
(Figures 6 and 7). The sodium and potassium cation-TELP 
exchange equilibrium constants have been experimen-
tally determined by neatly evaluating the effects of bicar-
bonate salts on induced TELPs in the central liquid cham-
ber (Figures 8 and 9). 

Table 6. Projected TELP density and TELP pH when the TELP 
density is reduced to 24±10% of 8.49×10−4 M (from Table 1).
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Recently, Silverstein in his critique (Silverstein, 2023) 
made another interesting comment: “It seems a stretch 
to claim that foil covered Teflon® is a ‘biomimetic’ mem-
brane: Both Teflon® (polytetrafluoroethylene) and the 
metal/water surface are hydrophobic, whereas lipid head 
groups at the membrane surface are polar. Thus, there is 
no reason to expect the structure of water at Lee’s Tef-
lon®/Al foil surface to resemble that at the lipid bilayer 
membrane surface.” We do not think that would be much 
of an issue. The TELPs model (Lee, 2019a; Lee, 2020b; 
Lee, 2023a; Lee, 2023d; Lee, 2024a) has already indicated 
that a protonic capacitor forms across the hydrophobic 
alkane core membrane and lipid head groups have little 
to do with TELPs. That is, the TELPs model treats a pro-
ton-impermeable membrane as an insulator, which is in 
the same way as how our bioenergetics founding father 
Peter Mitchell had done in his pioneering Chemiosmotic 
Theory (Mitchell, 1985; Mitchell and Moyle, 1967).

Silverstein’s claim “the Teflon® disk employed by Saeed 
and Lee is much too thick to serve as a capacitor hold-
ing excess charge in the water surface layers on opposite 
sides of the disk” (Silverstein, 2024b) is also unfounded. 
That claim was apparently due to his own mistake in cal-
culating the transmembrane attractive force for a pro-
tonic capacitor. Silverstein improperly used his “Bjerrum 
length” argument (Knyazev et al., 2023; Silverstein, 2024a) 
through which, in his words, “the electrostatic energy of 
attraction between a [single] H+/OH- pair separated by a 
dielectric medium of thickness r can be calculated from 
Coulomb’s Law” (Silverstein, 2024b) that substantially un-
derestimates the true transmembrane attractive force 
that is contributed by multiple transmembrane electro-
static interactions. 

For example, when a membrane thickness of 75 µm is 
used as in a biomimetic Teflon membrane protonic ca-
pacitor (Saeed and Lee, 2015), a transmembrane-electro-
statically localized H+ (TELP) charge will be able to elec-
trostatically interact with huge numbers of transmem-
brane-electrostatically localized HO− anions (TELAs). For 
instance, with a bird’s eye view angle of 45 degrees from 
a membrane surface, each proton will be able to electro-
statically “see” through the 75-µm thick Teflon membrane 
for the HO− anions at the other side of the membrane 
within an area as large as 18000 µm2 [= 3.14 x (75 µm)2]. 
For a 75-µm thick biomimetic Teflon membrane with a 
TELC density of 5600 electronic charges/µm2, the number 
of transmembrane-electrostatically localized HO− anions 
that each transmembrane-electrostatically localized pro-

ton can electrostatically interact with is now estimated to 
be about 108. Therefore, the “Bjerrum length” argument 
that Silverstein with Pohl’s group repeatedly used (Silver-
stein, 2024a; Silverstein. 2024b; Zhang et al., 2012) could 
fail to account for the protonic transmembrane attractive 
force from as many as 108 TELP-TELA electrostatic inter-
actions for each of the transmembrane-electrostatically 
localized H+ charges. Readers can now see how the im-
proper application of the Bjerrum length argument by Sil-
verstein (Silverstein, 2024a; Silverstein, 2024b; Zhang et 
al., 2012) to a biomimetic Teflon membrane with a thick-
ness of 75 µm could result in immense analysis errors off 
by orders of magnitudes.

Note that the electric field strength across a 75-µm Teflon 
membrane protonic capacitor equilibrated with 200 V of 
water electrolysis voltage was calculated to be 2.67 x 10+6 
V/m, which is equivalent to that of a biological membrane 
potential of about 10 mV (across a typical 4-nm thick bio-
membrane). Therefore, the biomimetic studies (Saeed, 
2016; Saeed and Lee, 2015) provided a reasonable bio-
mimetic experimental demonstration of TELPs. Based on 
the protonic capacitance of the Teflon membrane (thick-
ness 75 µm) employed in the experiment with an electrol-
ysis voltage of 200 V, we calculated that the steady state 
TELP concentration at the Teflon membrane-liquid inter-
face is likely to be about 0.51 mM, which is equivalent to 
a local pH of 3.3 that an Al film can readily sense. This cal-
culated result is in line with the experimentally estimated 
TELP density of 8.49×10−4 M (0.85 mM) H+ (equivalent to a 
localized pH value of 3.07) as listed in Table 1. Therefore, 
the calculated result based on the Teflon membrane pro-
tonic capacitance is in good qualitative agreement with 
the dramatic protonic corrosion activity observed on the 
Al film placed at the positive liquid-membrane interface 
(PI) in the experiments (Figures 3 and 4). 

The experimental demonstration of TELPs rejects 
the putative “potential well/barrier model.”

In contrast to Silverstein’s argument (IV), “Saeed and 
Lee’s rejection of the alternative barrier models for pro-
ton surface localization is unfounded,” our successful 
experimental demonstration of TELPs indeed rejects the 
putative “potential well/barrier model” whose  “potential 
well” was claimed to have a negative ∆G “for the depth 
of the potential well near the interface (4–8 RT at 1–2 Å)” 
and whose “activation barrier” height was claimed to be 
as high as “ΔGº‡ ≈ 20–30 RT” (Silverstein, 2023). We found 
problematic issues with the putative “potential well/barri-
er model” (Silverstein, 2023) that could not really explain 
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protonic bioenergetics and/or experimental observa-
tions.

First of all, Silverstein’s claimed “ΔGº‡ ≈ 20–30 RT ” (+ 25 
RT ?) in the liquid water phase at the location of 0.4 nm 
away from the hydrophobic surface (Silverstein, 2023) 
would be equivalent to an activation barrier of about 60.9 
kJ/mol; that is likely to be questionable since he has never 
explained how could it be possible for water molecules to 
form such a high activation barrier that is far higher than 
their hydrogen bond energy. According to an independent 
study (Markovitch and Agmon, 2007), the water hydrogen 
bond Gibbs energy ∆G0 is 2.7 kJ/mol (with ∆H0 = 7.9 kJ/mol 
and T∆S0 = 5.2 kJ/mol). For the mechanism of proton mo-
bility, the activation energy EA is reported to be 11.3 kJ/
mol (Lapid et al., 2004; Markovitch and Agmon, 2007), in 
contrast to Silverstein’s claimed “ΔGº‡ ≈ 20–30 RT ” (around 
60.9 kJ/mol). 

Second, even if assuming the putative “potential well/bar-
rier” model would be true, it still could not explain the 
relevant bioenergetics. As shown in Silverstein’s 2023 ar-
ticle, the bottom of the putative Gibbs free energy po-
tential well (−6 RT, if true) would be located about 0.15 
nm away from the hydrophobic surface; the peak of the 
activation barrier (+25 RT, if true) would be located at 0.4 
nm away from the hydrophobic surface. Consequently, if 
the “potential well/barrier” model were correct, it would 
imply that the protonic outlet of mitochondrial proton 
pumps would have been located precisely inside the “po-
tential well” that would be within 0.4 nm from the alkane 
surface of the membrane. Otherwise, the protonic out-
let (that protrudes into the liquid phase at least about 1 
nm away from the hydrophobic core membrane surface) 
will be outside the putative “potential well/barrier.” If the 
protonic pump outlet protrudes more than 0.6 nm away 
from the hydrophobic core membrane surface (so that it 
is outside the putative potential well/barrier), the “poten-
tial well/barrier” model (even if it exists) would not work. 
The reality is that many known protonic pump outlets 
such as those of complexes I, III and IV in mitochondria 
apparently protrude into the liquid phase at least 1-3 nm 
away from the membrane surface (Dudkina et al., 2010; 
Lee, 2021b; Lee, 2023b; Lee, 2024a; Lee, 2024b); they thus 
do not support the “potential well/barrier model.” There-
fore, it is again quite clear that the putative “potential 
well/barrier model” as proposed by Junge and Mulkidja-
nian (Cherepanov et al., 2003; Mulkidjanian et al., 2006) 
and advocated by Silverstein (Silverstein, 2023) does not 
really exist, or the putative potential well/barrier (even if 

it exists) is irrelevant to explaining the real world protonic 
bioenergetics.

Furthermore, based on Silverstein’s comment, “both Tef-
lon® (polytetrafluoroethylene) and the [Al] metal/water 
surface are hydrophobic” (Silverstein, 2023), which we 
can all agree with, then the “potential well/barrier model” 
would predict that all the Al films placed in the anodic 
water chamber would trap the excess protons by the “po-
tential well” of “(4–8 RT at 1–2 Å).” Thus, if the “potential 
well/barrier model” were true, all the Al films in contact 
with the anode water would have displayed protonic Al 
corrosion by the excess protons, regardless of whether 
the Al films were placed in the anode chamber bulk liquid 
(PB), on the surface of the chamber bulk liquid (PS), or at 
the PI  site to serve as part of the membrane for proton-
ic capacitor formation (Figure 1). In stark contrast to the 
“potential well/barrier model” prediction, the experimen-
tally observed fact shows that only the Al film that was 
placed at the PI  site to serve as part of the membrane 
for protonic capacitor formation showed dramatic pro-
tonic Al corrosion (Figure 4); all the other Al films, includ-
ing the one that was placed in the bulk liquid (PB) and the 
one that floated on the anode liquid water surface (PS), 
showed no sign of any protonic Al corrosion (Figures 1, 2, 
and 3). Therefore, the experimental results (Figures 1-4) 
clearly demonstrated TELP protonic capacitor formation 
as predicted by the TELPs model and rejected the puta-
tive “potential well/barrier model.” That is, the putative 
“potential well/barrier model” as proposed by Junge and 
Mulkidjanian (Cherepanov et al., 2003; Mulkidjanian et 
al., 2006) and advocated by Silverstein (Silverstein, 2023) 
does not really exist, or the putative potential well/barrier 
(even if it exists) is irrelevant to explaining the experimen-
tal observations in the demonstration of TELPs formation 
(Figures 1-4).

7. Call for future research on more  
direct detection of TELC activities
Notably, excess protons have been reported in water 
with excess electric charge (Fuchs et al., 2016; Santos et 
al., 2011). Based on the TELC theory (Lee, 2019a; Lee, 
2020b; Lee, 2021b) with liquid water as protonic conduc-
tor, it is expected that the excess protons will appear on 
the liquid water surface because of the mutual repulsion 
of excess protons that is known also as the Gauss law ef-
fect of electrostatics (Lee, 2012; Lee, 2023b; Lee, 2023d). 
This feature as expected was also shown by indepen-



  

WATER 14       53 

dent studies where the migration of excess protons to 
the liquid/air interface has been simulated (Petersen and 
Saykally, 2005) and observed experimentally (Fuchs et al., 
2019). 

The author (Lee) hereby encourages the scientific com-
munity and research funding agencies to increase their 
research efforts into further detection and verification of 
TELC activities in both biomimetic systems and cellular 
membrane systems. In the work reviewed in the pres-
ent paper, TELP activities were directly detected through 
the TELP-enabled Al corrosion observed in a pure anode 
water-membrane-water cathode system (Figures 1-5). 
Subsequently, we were even able to manipulate the TELP 
activities through the cation-proton exchange process by 
adding salts, including sodium bicarbonate or potassium 
bicarbonate in the liquid phase (Figures 6-9). Therefore, 
the experimental protonic capacitor demonstration with 
direct TELP detection and manipulation is now accom-
plished well beyond any reasonable doubt. Owing to the 
paramount significance of the TELC theory (Lee, 2019a; 
Lee, 2020b; Lee, 2021b) to better the fundamental under-
standing of bioenergetics, neuroscience, and life systems 
in general, more direct experimental evidences of TELC/
TELP activities, such as local pH changes, proton trans-
port visualization by, e.g., Raman spectroscopy, pH distri-
bution analysis using dyes or other chemical tracers,  are 
still highly desirable. 

According to our understanding with the TELC model (Lee, 
2019a; Lee, 2020b; Lee, 2021b), TELC/TELP activities are 
likely to be dynamic. Although they are in dynamic com-
munication with the bulk aqueous liquid phase through 
the cation-proton exchange process, most of the TELPs 
are likely to stay in the first layer of water molecules on 
the hydrophobic core membrane surface that is beneath 
the membrane’s lipid head groups. So far, there are no 
known artificial pH sensor that could be used to direct-
ly observe TELPs in biological membrane systems. This 
could probably explain why TELPs were not noticed for 
more than a half century since the “delocalized vs. local-
ized proton coupling” debates that began in the 1960s. 
This also shows the importance now to develop and em-
ploy a new type of protonic sensors to directly observe 
TELPs within the first layer of water molecules on hydro-
phobic core membrane surface in biological membrane 
systems. Based on our current knowledge, there are at 
least two natural membrane protein complexes that can 
sense and use TELPs: the FoF1-ATP synthase (Lee, 2023b) 
and the melibiose transporter MelB (Hariharan et al., 

2024). Researchers are highly encouraged to take their 
cue and inspiration from the natural TELPs-sensing bio-
molecules to better design and make the needed proton-
ic probes for more direct detections of TELPs in biomem-
brane systems. 
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Supporting Information for: 
Experimental demonstrations of 
transmembrane-electrostatically 
localized protons prevail
Known information on the (acids) protonic 
aluminum (Al) corrosion and the (base/alkaline) 
hydroxide  anions Al corrosion

Based on the analysis of the potential-pH diagram for 
pure Al at 25˚C in aqueous solution shown in Figure S1 
(adapted from Pourbaix, 1974) using the WebPlotDigi-
tizer software tool (Rohatgi, 2024), the required pH value 
(proton concentration) to enable protonic Al corrosion is 
a relatively high proton concentration that is equivalent 
to a pH value of less than about pH 3.8. For hydroxyl ion 
Al corrosion, the required pH (hydroxyl anion concentra-
tion) is larger than pH 8.6.

Corrosion of Aluminum in an aqueous environment is 
governed mainly by two crucial factors: the pH of the 
solution (the surrounding environment) and the applied 
voltage (Pourbaix, 1974a; Pourbaix, 1990; Scamans et al., 
2010; Talbot, 1998). The thermodynamic principles that 
control the corrosion of Aluminum could be better un-
derstood by the Pourbaix (Potential-pH) diagram, which 
is a graphical representation of solid phases and soluble 
ions of the AI metal that are produced electrochemically 

Figure S1. Potential-pH diagram for pure Al at 25˚C in 
aqueous solution (adapted from Pourbaix, 1974). The lines 
(a) and (b) correspond to water stability and its decomposed 
product (Sukiman et al., 2012). Adapted from Ref (Saeed and 
Lee, 2015) and (Saeed, 2016).

(Figure S1). Figure S1 shows that there are three possible 
states of the Al in aqueous solution: 

1) Corrosion region in which Al metal is vulnerable to cor-
rosion and becomes stable in its ionic (soluble) product 
when the pH of the surrounding environment is below 
3.8 or above 8.5 and the potential is above -2.0 V versus 
SCE (Standard Calomel Electrode). In an acidic environ-
ment (< pH 3.8), aluminum oxidizes forming Al3+ soluble 
ions while in an alkaline environment (> pH 8.5) alumi-
num forms AlO2- that is soluble in aqueous phase. 

2) Passive region in which the Al metal tends to be pro-
tected by a coating of AI oxide that is a passive layer that 
acts as a barrier between Al metal and the surrounding 
environment, thus preventing any contact between the 
metal and the environment. This passive layer is stable 
when the pH of the surrounding is in between 4 and 8.5.

3) Immunity region in which the Al metal is immune from 
corrosion attack. This region is achieved when the poten-
tial of the metal is kept below -2.0 V versus SCE. 

Additional responses from Lee to  
Silverstein’s comments:

Silverstein: (I) Saeed and Lee did not account for the pos-
sibility that a significant fraction of Al oxidation could be due 
to reaction with dissolved oxygen.

Lee Response: The “dissolved oxygen” is available to 
all pieces of Al films, including those of both the TELP 
experiments (200 V = water electrolysis excess proton 
production) and the control experiments (0V = no water 
electrolysis = no excess proton production). According to 
the Silverstein argument here, all pieces of Al films would 
have the corrosion stain, which clearly was not the case. 
The experimentally observed fact shows that only the 
Al film that was placed at the PI site to serve as part of 
the membrane for protonic capacitor formation showed 
dramatic protonic Al corrosion (Figure 4); all the other Al 
films including the one that was placed in the bulk liquid 
(PB) and the one that floated on the anode liquid water 
surface (PS) showed no sign of any protonic Al corrosion 
(Figures 1, 2, and 3). Therefore, Silverstein’s argument 
here is clearly invalid or needless.

Silverstein: (II) Saeed and Lee did not chemically character-
ize the black material staining the Al films.

Lee Response: The chemistry of protonic Al corrosion 
is quite well established in the field. The Saeed and Lee 
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experiments were focused on experimental demonstra-
tion of TELPs. There is no reason to doubt the well-estab-
lished chemistry of protonic Al corrosion that occurred 
with excess protons produced by electrolysis of water 
with platinum electrodes in a pure water-membrane-wa-
ter system, without the introduction of any other chemi-
cals or corrosive reagents. If you and/or anyone else has 
any doubt about the protonic (TELPs) Al corrosion on the 
Al films and wish to “chemically characterize” the protonic 
Al corrosion staining on the Al films, we would be happy 
to send samples of the TELPs-corroded Al films for any 
interested researchers to independently examine. 

Silverstein: (III) All aluminum oxide precipitates, including 
Al(OH)3, AlO(OH), and Al2O3 are white powders. They would 
not form black stains on the surface of Al film.

Lee Response: The TELPs-associated Al corrosion stain 
(gelatinous product precipitate) color often looks dark 
whitish grey, but it is not “black” as Silverstein claimed. 
Note that the photographed color of the TELPs-associ-
ated Al corrosion gelatinous product precipitate on the 
Al films could be associated with the corrosion product 
density, the way the gelatinous product adhered on the 
Al film surface, and the laboratory lighting conditions. 
That is, the gelatinous product precipitate color of TELPs-
associated Al corrosion on an Al film could vary from light 
whitish grey to dark (but not “black” as Silverstein claimed) 
whitish grey, which may represent the differences in the 
degree (intensity) of TELPs-associated Al corrosion. 

Silverstein: (IV) There is no driving force that would cause 
aluminum oxide precipitates, all of which are neutral par-
ticles, to diffuse toward the Al film. They would simply fall 
to the bottom of the anode chamber solution or form a col-
loidal suspension.

Lee Response: In contrast to Silverstein’s claim, the ob-
served dark whitish grey protonic corrosion stain on Al 
films indicated that the Al3+ produced through the TELPs-
associated Al corrosion process (Equation 2) could inter-
act with water and be converted to the dark gelatinous 
whitish grey precipitate of aluminum hydroxide (Al(OH)3) 
being adhered on site at the Al film surface. Note that 
the photograph (Figure 4) of the live experiment showed 
that the dark gelatinous whitish grey precipitate of the 
TELPs-associated Al corrosion stayed on the Al film disk 
surface; what Silverstein tried to purely speculate that, 
“They would simply fall to the bottom of the anode cham-
ber solution or form a colloidal suspension” did not oc-
cur in our experiments at all. That is, the Al3+ produced 

through the TELPs-associated Al corrosion did not appear 
to diffuse far away from the Al surface into the big cham-
ber liquid body since it apparently was soon converted to 
the gelatinous aluminum hydroxide (Al(OH)3) precipitate 
at the Al film surface as shown in Figure 4. 

Silverstein: (V) Any Al(OH)3 precipitate that did reach the Al 
film surface would have to diffuse from the relatively alkaline 
bulk aqueous phase through the acidic surface water layer 
(pH 2.92). The high proton concentration in the surface layer 
would dissolve the Al(OH)3 solid particles, giving Al3+ (aq) + 
3H2O(l).

Lee Response: Here, Silverstein seems to assume the 
TELPs as the regular protons that are charge-balanced 
by their corresponding hydroxyl anions within the same 
liquid volume so that he could attempt to apply the com-
monly known water auto-dissociation equilibrium even 
to the TELPs to calculate the hydroxyl anion concentra-
tion in the TELP layer. Unfortunately, his assumption is 
unlikely to be valid since the corresponding hydroxyl an-
ions for TELPs are the other side of the membrane. That 
is, TELPs may not be necessarily associated with the water 
auto-dissociation process that belongs to the bulk liquid 
phase. Therefore, Silverstein’s whole argument here may 
be questionable (likely to be invalid). In the pure water-
membrane-water system, we have experimentally dem-
onstrated that TELPs could not be measured by the bulk 
liquid phase pH that follows the water auto-dissociation 
equation (H2O = H+ + HO−) but has little to do with TELPs.

Furthermore, for the sake of discussion, even if assuming 
Silverstein’s analysis to be correct (but in fact it is not), 
Silverstein’s argument still could not stand. Note that the 
thickness of the TELP layer is likely to be only about 1 
nm, although its exact thickness is currently not entirely 
clear. A thickness of 1 nm is a tiny distance in comparison 
with the micrometer-scale roughness (the microscopic 
“mountains and valleys”) of the Al film surface. Therefore, 
as TELPs oxidize Al metal atoms and produce Al3+ ion and 
H2 gas, the so-produced Al3+

 ion could easily diffuse out 
of the 1-nm TELP layer and react with hydroxyl anions in 
nearby liquid water, producing the gelatinous aluminum 
hydroxide (Al(OH)3) precipitate that can adhere to the mi-
croscopic mountains and valleys of the Al film surface. 
This is still in line with the more or less dark whitish grey 
gelatinous precipitate that was observed in the photo-
graph of the live experiment (Figure 4). 

Silverstein: (VI) Later in their paper (p. 128), Saeed and Lee 
report that “observable corrosion” forms on the Al film at 
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pH > 8.7 in control experiments in the absence of electroly-
sis. This clearly cannot be from a proton-induced reaction, 
because at pH > 8.7, the proton concentration is nM or less.

Lee Response: The beaker control experiment with liq-
uid pH > 8.7 was to evaluate the possibility of alkaline (hy-
droxyl ions) Al corrosion when sodium bicarbonate solu-
tion with pH above 8 might be used in the cation-proton 
exchange experiments. As shown in the Supporting In-
formation (Figure S2) of the 2018 Saeed and Lee report 
(Saeed and Lee, 2018), the alkaline (hydroxyl ions) Al cor-
rosion stain in the Al film looks yellowish, which is qualita-
tively different from the stain of the protonic Al corrosion 
that looks more or less dark whitish grey. That is, the hy-
droxyl anions-based Al corrosion is a completely differ-
ent process that shall not be confused with the protonic 
(TELPs) Al corrosion that requires high effective proton 
concentration with pH < 3.8.
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