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Attack on soda-lime-silica glass bottles by acetic, citric and
oxalic acids

Ahmed A. Ahmed and Ibrahim M. Youssof
Glass Research Laboratory, National Research Center, Cairo (Egypt)

T h e cor ros ion resistance of s o d a - h m e - s i h c a glass bott les toward the act ion of aqueous Solutions of citric, acetic and oxalic acids
was s tudied a n d c o m p a r e d wi th tha t toward HCl and water. T h e corrosion resistance was tested by subjecting the internal surface
of the bot t les to the act ion of Solutions of different concentra t ions of the organic acids at 95 C for periods in the ränge of 15 min
to 6 h. T h e quant i t ies of Na20 and Si02 extracted from the bott les under the condi t ions of a t tack were taken as a measure of the
resistance to corros ion .

T h e results ob ta ined indicated tha t the extraction of Na20 by Solutions of low concentra t ions of the different acids and wate?
can be a r r anged in the following order : H2O > citric acid  > acetic acid > H C l > oxalic acid. Such behaviour was found to follo\
the order of the solubility of the cor responding sodium salts formed with the aqueous Solutions rather than the p ro ton availabilit:
in these Solutions.

T h e relative magn i tude of dissolut ion of Si02 was found to follow ano ther order: H2O > H C l > oxalic acid  > citric acid  > aceti
acid. T h e decreasing solubility of Si02 by the organic acids, in compar i son with that by HCl or water, was at t r ibuted to the formatio;
of Oxalate, c i t rate and acetate complexes with silica which cover the glass surface and retard further dissolution of silica.

Differences between the var ious organic acids in the dissolution of Na20 or Si02 were no t observed by increasing their concer
trat ions. This behaviour was a t t r ibuted to the increase in the concentra t ion of the organosil icon Compound formed which is adso rbe
on the glass surface act ing as an effective barr ier to further dissolution of glass.

Angriff von Kalk-Natronsilicatglasflaschen durch Essig-, Zitronen- und Oxalsäure

Die Korros ionsbes tändigkei t von Ka lk -Na t rons i l i ca tg las f l a schen gegenüber der Einwirkung wäßriger Lösungen von Zi t ronen
Essig- u n d Oxa l säuren wurde un te r such t u n d mit der gegenüber HCl und Wasser verglichen. Die Korrosionsfestigkeit wurde geprüf
indem m a n die inneren Oberf lächen der Flaschen der Einwirkung von Lösungen mit unterschiedlichen Konzent ra t ionen der organ
sehen Säuren bei 95 C für Zei ten zwischen 15 min und 6 h aussetzte. Die unter Angriffsbedingungen aus den Flaschen herausgelöste
M e n g e n an Na20 u n d Si02 wurden als M a ß für die Korrosionsbeständigkei t angesehen.

Die Ergebnisse ließen erkennen, d a ß für die Ext rak t ion von Na20 durch niedrigkonzentr ier te Lösungen der verschiedenen Säure
und Wasser folgende Reihenfolge aufgestellt werden kann : H2O > Zi t ronensäure  > Essigsäure > H C l > Oxalsäure. Es wurc
festgestellt, d a ß ein solches Verhal ten eher der Lösl ichkei tsordnung der entsprechenden Nat r iumsalze folgt, die sich in den wäßrige
Lösungen bi lden, als der Verfügbarkeit von Protonen in den Lösungen.

F ü r die Auf lösung von Si02 wurde eine andere Reihenfolge gefunden: H2O > HCl > Oxalsäure  > Zi t ronensäure  > Essigsäur
Die a b n e h m e n d e Si02-Löslichkeit du rch die organischen Säuren wurde im Vergleich zu der durch HCl oder Wasser der Bildur
von Oxalat- , Ci t ra t - u n d Aceta tkomplexen mit Siliciumdioxid zugeschrieben, die die Glasoberf läche bedecken und dadurch d 
weitere L ö s u n g von Si02 verzögern.

Auch bei E r h ö h u n g der Konzen t ra t ionen wurden keine Unterschiede zwischen den verschiedenen Säuren bezüglich ihrer L(
sungsintensi tä t für Na20 u n d Si02 beobachte t . Dieses Verhalten wird dem Anstieg der Konzent ra t ion der siliciumorganische
Verb indung zugeschrieben, die von der Glasoberf läche adsorbier t wird und dor t als effektives Hindernis für die weitere Auflösur
von Glas wirkt .

1. Introduction
Corrosion of glass Containers used for packaging of
food, beverages, medicaments and high-purity chemicals
is of particular interest to glass manufacturers. The pur-
pose for which  a container can be used is determined by
the extent of this corrosion which is a function of several
Parameters. Among the principal parameters is the type
of attacking Solution. One of the consequences of chang-
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ing the type of the attacking Solution is the change i 
the p H value of the Solution which may also determir
the primary mechanism of glass corrosion [1].

The at tack on glass bottles by different aqueous soll
tions was studied by many workers [1 to 3] . Howeve
comparatively few investigations were conducted int
the action of acid Solutions on the corrosion of glaf
Containers [1 to 4]. HCl and H2SO4 are probably th
acids which attracted the attention of most authoi
[4 to 7] . Also, several of these studies are carried ou t ο
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powdered or crushed glass samples [5 to 7]. Organic
acids, on the other hand, did not attract much attention.
The studies available were concerned mainly with the at
tack on glass by citrate and other anions in neutral Solu-
tions [8]. The data showed that neutral Solutions of so-
dium citrate attack Silicate glasses with  a severity similar
to that of substantially alkaline Solutions. The effect be-
comes perceptible at a p H value of about 5.

Static leaching of glasses of different chemical com-
position by aqueous Solutions of formic, acetic and
phosphoric acids was recently studied by Salem et al. [9]
to examine the influence of time, glass composition and
acid concentrations on the leaching kinetics and mech-
anisms. For this purpose, they determined the amounts
of sodium, potassium, calcium and magnesium released
into leaching Solutions as well as the quantities of hydro-
gen ion consumed by the glass as a function of leaching
dme. They found that formic acid was somewhat more
:orrosive than acetic and phosphoric acids which was
ittributed to the higher degree of ionization of formic
icid than that of acetic acid. The smaller corrosive effect
)f H3PO4 as compared to formic and acetic acids was
ttributed to the possible formation of a passive layer
)f the insoluble Ca3(P04)2 on the surface of the glass
pecimen. In [9] was concluded that the acid type has
nly  a small effect on the leaching process compared to
he acid concentration (i.e. the p H value).

Also, recently the results of a study of the extraction
f potassium, sodium, lead and Silicon from  a commer-
ially available lead crystal glass ( 2 4 % PbO) as well as
f the loss in weight by the action of acetic, citric and
xalic acids at 95 °C for times in the ränge 30 min to 6 h 
'ere pubhshed by Ahmed et al. [10]. They found that
le dissolution of modifier cations ( K ^ , N a ^ and Pb^^)
dependent on the p H value of the organic acid solu-

ons as well as the solubility of the corresponding salts
i these acids with the former parameter playing the
ominant role. This study revealed the importance of the
)lubility of the salts formed during reactions between
ass and aqueous Solutions in addition to the p H value
f the attacking Solution.

Of the various organic acids acetic acid is probably
le one that has been extensively studied. It is used as a 
andard test fluid to assess the stability of lead-contain-
ig glasses under specified conditions of at tack [11 to
4]. The release of lead and other cations from lead-
Dntaining Silicate glasses was shown by Lehman et al.
5] to proceed through replacement by hydroxyl groups

a parabolic manner [16] for short times of attack
2 h). The extraction of lead by acetate and other

lions was found by El-Shamy and Taki-Eldin [17] to
)llow the order of the solubility of the corresponding
ad salts. Paul [18] studied the effect of buffering com-
lex agents, e. g. ammonium citrate, acetate and tartarate
η the extraction of metal cations from glass. He found
lat the corrosion resistance of a lead glass depends on
le nature and concentration of these buffering ions as
eil as the p H values of the agents.

This brief survey makes clear that  a detailed study of
the extraction of metal cations from glass by organic
acids is not available. Also, the relation between extrac-
tion of metal cations, the p H value of the attacking Solu-
tion and solubility of the salts formed is no t clear. T h e
purpose of this work was to study the at tack on s o d a -
 lime-silica glass bottles by aqueous Solutions of

acetic, citric and oxalic acids. The extent of attack was
evaluated by the determination of Na20 and Si02 ex
tracted by the different acids under the conditions ap-
plied. Α comparison between the attack of these acids
and that of H C l and water under the same conditions
was also made .

2. Experimental procedure
2.1 Glass bottles
The bottles used in this work, 125 amber, were taken
during the normal produc t ion p rog ramme at E l N a s r
Glass  & Crystal Co. (Mos to rod Factory, Cairo (Egypt)) .
The bottles are produced from  a cont inuous melting fur
nace by automatic machines. The overflow capaci ty is
(140 ± 2) ml and the internal surface area is (152 ± 2) cm^,
whereas that of the part of the bettle filled with 100 ml
Solution is (102.94  ± 1.5) cm^. The ratio 5 ^ / F (surface
area/volume of the attacking Solution) is 1.03 cm~^ T h e
chemical composition of the bottles belongs to the
normal s o d a - l i m e - s i l i c a glass system. Accord ing to
chemical analysis it is as follows (in wt%): 71.43 Si02,
9 .27CaO, 2 . 3 7 M g O , I.56AI2O3, 0.19Fe2O3, and total
alkahs (Na20 + K2O) are equal to 15.18 determined by
difference. The other main characteristics of the bottles
are given elsewhere [19].

2.2 Procedure for the determination of chennical
durability
The chemical durability of the internal surface of the
glass bottles (the bulk form) was determined as follows:
a) The bottles were rinsed three times with about 15 ml
distilled water.
b) The bottles were filled with 100 ml of the attacking
Solution, covered with plastic caps and immersed di-
rectly in a water bath maintained at the required tem-
perature. The temperature used in this work was
(95  ± 1)°C. Two minutes were allowed for the attacking
Solution to attain the temperature of the water bath. T h e
time of attack applied in this work varied between
15 min and 6 h after which the bottles were taken out
of the water bath and the Solutions in the bottles were
immediately transferred into plastic bottles. T h e glass
bottles were washed three times with 50 ml of distilled
water which were then added to the attacking Solution
in the plastic bottles.
c) The extent of attack on the internal bot t le surface
by the action of the various aqueous Solutions was
evaluated by the determination of the amounts of Na20
(by flame photometry) and Si02 (by spectrophotometry
[20] extracted under the specified conditions of attack.
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2.3 Attacking Solutions

a) A q u e o u s Solutions of the following acids:

 0.033 Μ and 0.33 Μ citric acid;
 0.1 Μ and 1 Μ acetic acid;
 0.05 Μ and 0.5 Μ oxalic acid;
 0.1 Μ and 1 Μ hydrochloric acid.

These concentrat ions are equivalent to 0.1 and 1.0 Ν
Solutions of the various acids. T h e two concentrat ions
for each acid are referred to in the text as the lower and
higher concentrat ions.

b) Distilled water.

3. Results
The main features of the results obta ined are summa-
rized in the following.

3.1 Effect of time of attack

In general, increasing the t ime of at tack by any of the
acids used or by water increased the amounts of bo th
Na20 and Si02 extracted from glass (figures la , b, 2a,
b, 3a, b and 4). The rate of increase was faster at the
initial stage of a t tack and slowed down at later stages.
The relations take, in general ,  a parabolic form (figures
1 to 4).

3.2 Effect of type of the attacking agent

a) Dissolut ion of Na20: T h e a m o u n t of Na20 extracted
from glass was dependent on the type of attacking agent
(figures l a , b, 3a, b and 4). The various acids in their
lower concentra t ions (equivalent to 0.1 N) as well as
water can be ar ranged according to their ability to ex-
tract Na20 in the following order:

H2O  > citric acid  > acetic acid > H C l > oxalic acid.

b) Dissolut ion of Si02: For Si02 (figures 2a, b, 3a, b 
and 4) the same agents can be arranged in the follow-
ing Order: 

H2O > H C l > oxalic acid  > citric acid >acetic acid.

3.3 Effect of concentration of acids

a) Dissolut ion of Na20: The a m o u n t of Na20 extracted
from glass decreased with increasing the concentrat ion
of acetic, citric or hydrochloric acids. When the at tack
was conducted with oxalic acid, the amount of Na20
extracted was no t significantly affected by increasing its
concentra t ion (figures l a , b and 3a, b) .

b) Dissolut ion of Si02: Regarding Si02, the extracted
a m o u n t s decreased with increasing the concentrat ion of
oxalic acid (figures 2a, b and 3a, b) . O n the other hand ,
the increase in the concentra t ion of citric, acetic or
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Figures l a and b. Time dependence of N a 2 0 dissolution i 
aqueous Solutions of the lower (figure a) and the higher concei
t ra t ion (figure b) of citric, acetic and oxalic acids at 95 °C.

hydrochloric acid did not practically affect the amoui
of Si02 extracted.

In summary, when the concentrat ion of the differer
acids was increased to the higher concentrat ion (equ
valent to 1.0 N) , the different acids extracted almoi
identical amoun t s of either Na20 or Si02 (figures la , 1 
2a, b, 3a, b). Also, the amoun t s of Na20 or Si02 e?
tracted by water remained higher than those extracte
by any of the acids.

3.4 Relative proportions of N a 2 0 and Si02
extracted from glass

In all cases, the amounts of Na20 extracted from glaj
by the various acids and water exceeded that of SiC
(figures l a , b, 2a, b, 3a, b and 4).
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gures 2a and b. Time dependence of Si02 dissolution in aque-
is Solutions of the lower (figure a) and the higher concen-
ition (figure b) of citric, acetic and oxalic acids at 95 C.

Figures 3a a n d b. T ime dependence of Na20 a n d Si02 disso-
lution in Solutions of the lower (figure a) a n d the higher concen-
trat ion (figure b) of H C l at 95 C

Discussion
1 General considerations

licate glasses are generally characterized by being
markably resistant to at tack by liquids. Usually, they
act slowly with aqueous Solutions in the p H ränge
Dm 1 to 9 and more rapidly in strongly basic Solutions,
le reactions of Solutions with glass can broadly be
assified into two categories. The first category, leach-
g, includes preferential extraction of alkah ions from
ass into Solutions. This leaching entails the sub
tution of hydrogen-bearing ions for sodium ions in the
ass surface leaving behind a silica-rich layer containing
'drated micropores. This silica-rich layer may be
irtially or completely depleted of alkali and/or al
line earth ions. In relatively durable glasses, such as
da - l ime- s i l i ca glasses, this Substitution in which the
maining constituents are not altered, occurs without
anging the network structure of the surface hydrated

layers of the glass [21 and 22]. Smets and L o m m e n [23
and 24] proposed another model in which the rate of
leaching of less durable glasses is controlled by the rate
of diffusion of water molecules in to the hydrated layer.
Α mechanism that incorporates features of b o t h the ion
exchange and molecular water was p roposed by
Ernsberger [25]. Accordingly, three species, sod ium ions,
molecular water and hydronium ions (Η3θ^) , are in
volved in the exchange which can be represented by the
following equat ions:

^ S i O - N a + + H2O ^ ^ S i O H + N a + + Ο Η " , (1)

^ S i O - N a +  + H3O+ ±? ^ S i O H + N a + + H2O . (2)

The rate of leaching is found in many cases to be p ro -
por t ional to the Square root of time, i.e., the leached
layer cont inues to thicken so that in a pract ical sense it
may become  a protective film [26]. In general, there will
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Figure 4. T ime dependence of Na20 a n d Si02 dissolution in
water at 95 °C.

be  a selective removal of elements present as glass modi-
fiers, e.g. l i thium, sodium, potass ium, magnesium, cal
cium, lead.

The rate-determining step in glass leaching has
usually been considered to be the diffusion of alkali ions
from bulk glass under the influence of the concentrat ion
gradients (bulk/solut ion) . The values of diffusion coef-
ficient of alkali measured from leaching experiments
were found by El-Shamy [27] to be 10"̂  times higher than
that of the bulk glass. This led to the assumption that
the leaching process is an ion exchange process in which
the diffusion of hydrogen (or possibly H s O ^ ) is the rate-
determining Step. This conclusion was confirmed by
D o r e m u s [28], Bunker et al. [29] and recently by Salem
et al. [9].

The second category of reactions of Solutions with
glass, etching, involves the b reakdown of silica network
th rough  a reaction with O H " ions from reaction (1)
leading to total glass dissolution. By total dissolution, a 
destruct ion and dissolution of the leached surface layers
on bulk glasses is usually implied. Equat ion (3) is usually
assumed to express this kind of reaction:

= S i - 0 - S i ^ + O H ^ S i O H + ^ S i O - (3)

This react ion may take place either without or after
leaching.

The initial process of at tack on glass by water is
chiefly the ion exchange between the alkali ions in glass
and H + or H^O^ ions in water. This reaction begins
immediately after contact between glass and water, even
at r o o m tempera ture [30]. As the exchange process con-
tinues, H ^ ions are thus consumed by the glass. There-
fore, more water molecules cont inue to dissociate fur-
nishing more H ^ ions available for reaction, which cre-
ates an increasing concentra t ion of O H ~ ions. The im
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Figures 5a and b. Square root of t ime dependence of Na2'
dissolution in aqueous Solutions of the lower (figure a) and tl
higher concent ra t ion (figure b) of citric, acetic and oxalic acic
at 95 °C.

mediate impact of increased O H  ion concentrat ion
an increase in the p H value of the Solution which b<
comes alkaline and attacks the glass network leading t 
its dissolution. Accordingly, corrosion of mult icompoi
ent Silicate glasses by water represents combined m e d
anisms of leaching and etching of the silica network.

In acid media, the attack on sihcate glass remaii
essentially of the leaching type at least at the early stage
It follows that the alkali liberated from glass is nei
tralized.

4.2 Effect of time of attack

It was found that the extraction of Na20 (figures l a , > 
3a, b and 4) follows  a parabolic behaviour. It follows th;
its dissolution from glass is controlled by diffusic
through the sodium-depleted layer and accordingly tl
relationship between the quantities of sodium extracte
and the Square root of time would be represented by
straight line. Figures 5a and b show the relation for tl
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igure 7. Variat ion of the values of α and ε with corrosion t ime
y HCl and water at 95 °C.

issolution of sodium by the different concentrat ions of
rganic acid Solutions studied. The straight line relation-
l ip obtained in every case confirms this postulat ion
nd further indicates that the diffusion-controlled mech-
nism of leaching holds for the whole period of attack,
e., 6 h, as no deviation from the straight line relation-
aip is observed.

The relative extent of selective leaching of alkali ions
om glass can approximately be evaluated by using the
ata of concentrat ion of Na20 and Si02 extracted from
lass by the at tacking Solution under specified experi-
lental condit ions for the quanti tat ive calculation of the
issolution parameter, α, using the following equat ion
;i and 32]:

(4)
l ^R20 \ 

\  CR+ / \ '^SI02 1 \ 1  « R 2 0 / 

here η = mole fraction of R2O in glass, m  molecular
eight, c  concentrat ion in par ts per milhon of R"^ or
ίθ2 in Solution. When the value of α tends towards
iro, it indicates that the glass is reacting with the en
ironment in a m o d e of selective alkali leaching, the first

stage of corrosion, which results in the format ion of a 
silica-rich film on the glass surface. O n the o ther h a n d ,
when α tends towards unity, total dissolut ion is indi-
cated [31 and 32]; the glass ne twork is being a t tacked
and an equivalent a m o u n t of Si02 is released a long wi th
the alkali. Such  a case corresponds to the second stage
of corrosion. In termedia te values of α indicate tha t selec-
tive and to ta l dissolut ion occur concurrently.

The tendency of the leached surface silica layer t o
form or to dissolve can also be deduced by calculat ing
the pa ramete r ε from equat ion (5) p roposed by Sanders
and Hench [32]:

e = ß  ^^8102 . (5)

The value of β can be calculated from the following
equation:

α
(6)

Increase of the value of ε indicates the increase of the
tendency of format ion of the Si02 film and vice versa.

The change in the values of b o t h α and ε as a func-
tion of t ime of a t tack and type of a t tacking m e d i u m is
shown in figures 6 and 7. It is clear that α has a value
of zero at the initial stage of at tack, which indicates tha t
the dissolution of glass Starts with selective leaching of
sodium ions from glass. The resultant increase of the p H
value of the a t tacking Solution would lead to the
Initiation of dissolut ion of Si02 which increases wi th
time. Accordingly, with increasing t ime of a t tack, the
value of α would be expected to show  a cor responding
increase associated with the s imultaneous dissolut ion of
both Na20 and Si02 (figure 7).

It is also not iced that the value of ε, which is a meas -
ure of the a m o u n t of Si02 available for film format ion ,
increases with increasing t ime of a t tack by the var ious
organic acids, H C l and water (figures 6 and 7). Ac
cordingly, the dependence of α and ε on time of a t tack
reveals that bo th rates of selective dissolution of Na20
and formation of sodium-depleted silica layer increase
with increasing t ime of a t tack (figures 6 and 7). Bo th α
and ε increase at a faster rate dur ing the initial stage
of at tack, which subsequently decreases as the diffusion
distance of N a ^ ions increases with time. The same con-
clusion can also be reached by considering the change
of the ratio of Na20/Si02 (mass ratio of cat ions ex-
tracted from glass) as a function of t ime of a t tack. This
ratio yields informat ion abou t the relative rates at which
leaching and etching proceed under the specified con-
ditions of at tack. The results of such calculat ion are
given in table 1, which shows that the Na20/Si02 rat io
in the bulk glass is 0 .21. The da ta given in the table show
also that in all cases the ratio for glasses cor roded with
any of the acids or water is substantial ly higher t h a n tha t
in the bulk. T h e rat io is also considerably higher
for organic acids t han for HCl , and water as well. It
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Table 1. Ra t ios of Na20 to Si02 in the extract of bottles a t tacked with different aqueous Solutions at 95 °C for 6 h 

attacking Solution molarity^^ Na20/Si02 ratio^) after time of attack (in h)attacking Solution molarity^^
1/4 1/2 1 2 4 6

acetic acid 0.1 Μ
1.0 Μ 5.1

7.1
8.1

5.3
4.8

8.3
4.5

7.6
4.8

citric acid 0.033 Μ 20.2 11.1 8.3 6.5citric acid
0.33 Μ 8.1 4.8 4.0 5.6

oxalic acid 0.05 Μ 4.05 2.8 2.16 2.4 1.7
0.5 Μ 6.1 9.6 13.7 5.6

H C l 0.1 Μ 2.7 1.8 1.9 1.8 1.7 1.9
1.0 Μ 1.8 1.7 1.4 1.1 1.2 1.3

water 2.7 1.4 1.8 1.8 1.7 1.6

T h e concent ra t ions s tudied are equivalent to 0.1 Ν and 1.0 Ν acid Solutions, respectively.
2) T h e Na20/Si02 rat io for the pa ren t glass is 0.21.

generally decreases at different rates with increasing time
of a t tack by different organic acid Solutions, but not for
HCl , where the rat io remains a lmost constant for times
longer than 15 min. For the organic acids studied and
water, the ratio decreases with time, i.e., the leaching and
etching processes are no t in dynamic equilibrium and
the total dissolut ion gradually increases at a rate faster
than that of the leaching process. However, as the ratio
remains significantly higher than that in the bulk glass,
it follows that the rate of increase in the thickness of the
leached layer gradually decrases with time of at tack in
agreement with da ta of α and ε.

4.3 Effect of type and concentration of attacking
Solution

The relative effects of the different acids used in this
work can be explained by considering their effects on
the dissolution of Na20 and Si02.
a) Effect on Na20 extraction: The results obtained
(figures l a , 3a, b and 4) indicated that the amoun t s of
Na20 extracted by the lower concentrat ions of acid Solu-
t ions are no t much different from those extracted by
H C l and are slightly lower than those extracted by water.
The various acids and water can, according to their
ability to extract Na20, be ar ranged in the following
order:

H2O  > citric acid  > acetic acid > H C l > oxalic acid.

The extract ion of Na20 from glass depends on the p H
value of the aqueous Solution, i.e., the concentrat ion of
H ^ or Η3θ^ in the a t tacking medium, as well as on
the solubility of the cor responding sodium salts of the
at tacking med ium.

The effects of the different acids can be compared by
correlating their degrees of dissociation. Strong acids
have high dissociation constants , i.e., they are capable of
furnishing active p ro tons and accordingly should extract
more sodium ions from glass than do weak acids (acetic,

Acetic ac id

CH3COOH
Oxalic ac id

COOH
I

COOH

Ci t r i c ac id

CH2COOH

HO-C-COOH
CH2COOH

Figure 8. Chemical formulas of acetic, oxalic and citric acids.

citric and oxahc acids). The structural formulas of thes
acids, shown in figure 8, indicate that citric acid h^
three replaceable hydrogen atoms, oxalic acid tw<
whereas acetic acid has only one replaceable hydroge
atom. Table  2 shows the dissociation constants of tt
different acids. According to the data of dissociatic
constants, the order of acids in respect of the amoun t ( 
sodium extracted from glass should be as follows:

HCl  > oxalic acid  > citric acid  > acetic acid.

Table  2 also shows values of the solubihty of the sodiu
salts (in g/100 ml H2O) by the action of the differei
acids. It is apparent that the solubility increases in a di
ferent order:

sodium
citrate
with 5H2O

sodium
acetate

sodium
> citrate

with 2H2O

^ sodium  ^ sodiui
chloride Oxalat

Compar i son of the order of acids according to tl
experimentally determined amounts of Na20 they cou
extract from glass with the order of the dissociation coi
stants and that of the solubility data indicates the pr
dominance of the role played by the solubility of tl
reaction products over the magni tude of the dissociatic
of the at tacking medium. The dependence of the amou:
of Na20 extracted from glass on the solubility of tl
corresponding sodium salt of the various acids can ah

-

-
— 

-



Table 2. Dissociat ion constants of some acids and the solubility
of their sodium salts [22]

acid

acetic acid

dissociation tempera ture p H value
constant in C (0.1 Ν acid)

1.753  10 -

citric acid
first hydrogen 8.4  10 ^
second hydrogen 1.8  10~^
third hydrogen 4.0  10 ^

oxalic acid
first hydrogen
second hydrogen

6.5  10-2
6.1  1 0 -4

25

25
25
25

25
25

2.9

2.2

salt solubility in
g/100 ml H2O

temperature
in °C

sodium acetate [ 119.00
170.15

0.0
100.0

od ium citrate with 2H2O 72.00
167.00

25.0
100.0

od ium citrate with 5H2O 92.60
250.00

25.0
100.0

odium Oxalate 3.70
6.33

20.0
100.0

Ddium chloride
35.0
39.12

70.0
100.0

)d ium hydroxide
42.0

347.0
0.0

100.0

1
|400h
^ 3 0 0
c

f 200

•5100
if)
I

2.5

2.0
c
0
CN

1.5
OJΖ

Η - 1.0
Ο
όc 0.5
0

I 0

Ο '· soda (ime glass
•  : lead crystal glass

^ ^ = 
ο  υ <o

1 3
-pH

Figure 9. Rela t ion between the Na20 concen t ra t ion ext rac ted
from the s o d a - l i m e - s i l i c a glass s tudied in this work and a lead
crystal glass (24 w t% P b O ) as well as the solubilities of the cor-
responding sod ium salts of the different a t t ack ing Solutions,
taken from [33] as a function of the p H values of the low-con-
centrated acid Solutions and water. D a t a for the lead crysta l
glass are taken from [10] a n d were mult ipl ied by 10 for clarity.

e manifested by figure 9. The figure shows the relation
2 t w e e n the concentrations of Na20 extracted from
ass as well as the solubilities of the corresponding
)dium salts of the different attacking Solutions as a 
mction of the pH values of the low concentration acid
)lutions and water. Also shown in the figure are data,
ken from [10], for Na20 extraction from  a lead Silicate
ass containing 24 wt% PbO by the same Solutions. It
evident that the trend of extraction follows closely,

respective of the base glass composition, the solubility
Γ the sodium salts and not the proton availability which
eadily increases with decreasing pH value of Solution,
he best fit solubility data, shown in figure 9, suggest
lat the sodium citrate with 5H2O is formed during reac-
o n between glass and citric acid rather than sodium
träte with 2H2O.

However, such distinct difference in behaviour be-
^een the various organic acids vanishes with increasing
ή ά concentration. The extent of corrosion by citric and
uctic acids decreases to levels similar to that of oxalic
:id (figures la, b and 3a, b) which is almost similar to
lat obtained by the lower concentration of the acid
)lutions. Examination of table  2 reveals that the dis-
)ciation constants of the second hydrogen of oxalic and
tric acids are not much different from each other or
om that of acetic acid (see also figure 5b). Also, the

decrease in the pH values of the different organic acids
with increasing their concentration may decrease the
importance of differences in the dissociation constants
of the various organic acids and the solubility of the
corresponding organosodium salts.
b) Effect on dissolution of Si02: Figures 2a, b and 3a, b 
show that Si02 is extracted in concentrations that are
slightly dependent on the type of acid when the low con-
centration Solutions are used. Such dependence vanished
by increasing the acid concentration. T h e figures also
show that the dissolution of Si02 decreased by increas-
ing concentration of acids.

The effect of citrate, Oxalate and tartarate anions on
the chemical resistance of s o d a - l i m e - s i l i c a glass
bottles was studied by Raggon and Bacon [8] who found
that neutral Solutions of these anions promote the at
tack. The severity of at tack observed was similar to that
of substantially alkaline Solutions. The effect becomes
perceptible at a pH value of about 5 and increases rap-
idly with pH increase up to 7.6. This effect was attrib-
uted to the ability of these anions to form soluble com-
plexes with Silicon in neutral Solutions, i.e., the an ions
have a digestive action on silica and the S i - O - S i struc-
ture of the soda- l ime-s i l ica glass. The promotional ef-
fect of such anions can, however, be avoided by reducing
the pH value to <5.
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T h e corresponding p H values of the Solutions of low
concentra t ions of acetic, citric or oxalic acids are 2.9, 2.2
and 1.6, respectively [33]. The p H values of Solutions of
the higher acid concentra t ion are lower than these val
ues. Accordingly, the anions lose their ability to attack
the S i - O - S i b o n d and have no promot ional effect on
the dissolution of silica. It may also be observed that the
concentra t ions of Si02 extracted by HCl are practically
not much different from those extracted by the various
organic acids studied. The decreasing solubility of silica
by oxalic, citric or acetic acids can be attributed to the
format ion of Oxalate, citrate or acetate complexes cover-
ing the silica surface with  a strongly sorbed film which
acts as a protective layer re tarding the dissolution of
Si02 [8 and 34]. This is in agreement with what was re
por t ed by Jagitsch [35] who showed that Solutions of cit-
ric acid extract only N a ^ cations.

Figures 2a and b reveal that Solutions of the low con-
centra t ion of the different organic acids extract slightly
different a m o u n t s of Si02. Increasing the p H value of
the acids decreased the a m o u n t of Si02 dissolved by cit-
ric and oxalic acids to levels approaching that of acetic
acid. It can also be noticed that the amoun t of Si02
dissolved by acetic acid is independent of the concen-
t ra t ion of the acid within the concentrat ion ränge used
in this work (figures 2a and b). This behaviour may be
at t r ibuted to the increase in the concentrat ion of the
organosil icon complexes formed, which results in the
format ion of a sorbed film of greater thickness acting
as an effective barr ier protect ing the glass surface from
further dissolution of Si02. The decrease in the p H val-
ues of the different organic acids with increasing their
concentra t ion may have  a slight effect on decreasing the
dissolut ion of Si02.

The a m o u n t of Si02 extracted by H2O was higher
than that extracted by any of the acids used. The p H
value of the distilled water used in this work was 6,
which subsequently increases as leaching of Na20 in
creases. The substantially higher p H values of water
compared to those of any of the acids used will give rise
to the higher extraction rate of Si02.

The relative concentra t ions of Na20 and Si02 ex
tracted from glass by the different at tacking media are
in agreement with the order predicted from the p H dis-
solut ion diagrams in the p H ranges encountered in this
work [36 and 37].

5. Summary and conclusions
Static corrosion testing of s o d a - l i m e - s i l i c a glass
bott les by aqueous Solutions of citric, acetic, oxahc and
hydrochloric acids and water was conducted to examine
the effect of t ime of corrosion as well as type and con-
centra t ion of the acids on the corrosion resistance of
such bottles. The extent of corrosion was evaluated by
the de terminat ion of the quant i t ies of Na20 and Si02

released into the leaching Solutions from the internal
surface of the bottles under specified condit ions of at-
tack.

The extraction of Na20 from glass by all the acids
used and water follows a straight-line relationship with
the Square root of time of attack. In all cases the quan-
tities of Na20 were higher than those of Si02.

The quanti t ies of both oxides were dependent on the
type of at tacking acid only when low concentrat ions of
such acids were used. Such dependence vanished by in-
creasing the concentrat ion of the acid Solutions. Vari-
ations in the concentrat ions of Na20 released by the
various attacking Solutions were found to be best related
to the solubilities of the corresponding sodium salts,
which play the dominan t role, rather than the value of
p H . The quanti t ies of Si02 released from glass by Solu-
tions of lower concentration of the various acids were
only slightly dependent on the type of acid.
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