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I. INPRODUCTION

Pickling is a cheap method for cleaning the
surface of a piece of metal with little attack on
the metal itself. 1In the industrial pickling of iron
and iron prbducts there are seven solutions most
commonly used as pickling baths.

Pickling inhibitors are agents that may be added
to an acid pickling bath to diminish the attack of the
acid on the metal areas from which the scale has been
removed, without appreciably retarding the rate at
which the acid removes scale or rust.

The purposes of this investigation are: to
determine which pickling bath will remove the most
surface oxide in the least amount of time; to
determine the effect of the addition of an inhibitor
to the pickling bath; to determine the life of the
inhibitor; and to determine the frequency factor and
energy of activation for the pickling of steel in

13.3 per cent sulfuric acid solutien,



II. LITERATURE REVIEW

"Pickling dis the term applied to the chemical
removal of surface oxides from metal by iumersion in
an acid solution"(ll. Many different pickling baths
with regard to type, strsagth, and temperature of'the
acid solution are possible. The bath to be used depends
on the material to be piékled, the character of the scale.

involved, and the surface desired after the pickling.

Picklineg Procedures for Various

Ferrous lletal Products

When low-carboun steel is pickled for enameling,
galvanizing or tinning, special precautions are |
necessary to insure a surface that is chemically clean
as well as free from scale. In pickling low-carbon
steel, inhibitors or foaming ageunts may bes used in
the bath, but only}with careful selection and proper
precaution, because some inhibitors leave a thin but
very tightly adherent surface filu, wﬁich’clings
persistently to the metal even after careful rinsing.

Pickling temperatures are generally between 150

to 150 °F. This ranze of temperatures producss a



better quality finished product than would be gotten
at higher temperat&res, where time and pickling
capacity permit, an acid concentration of five or
six per cent is advisable. However, where
comparatively low temperatures are employed, it is
customary to com?ensate for decreased thermal
activity by raising the acid éoncentration~to about
10 or 15 per cent. Vigorcﬁs mechanical agitation of
the bath is always advisable. When the solution is
allowed to reméin stagnant, gas pockets may form,
keeping-ﬁhe acid out of contact with the metal and
arresting the pickling solution on these localized
areas., When the steel is galvanized, these
sca1e~retaining areas remain uncoated. Agitation
offers the further advantage of securing uniform
acid concentration throughout the bath, assuring a

‘more nearly uniform rate of pickling.



Pickling Solutions

Sulfuric, muriatic, nitric, and hydrofluoric
acids, or mixtures of thew are generally used(z).
Sulfuric acid is the cheapést pickling acid and the
one most commonly empléyed(l). Muriatic acid is'
used for special purposes, such as etching before
galvanizing or tinning, and sometimes for pickling
stainless steel. Nitriec acid is used in the pickling
of stainless steel and is occasionally employed to
oxidize scaled surfaces in order to facilitate
pickling. Hydrofluorie acid is sometimes added to
the bath to acceleréte pickling, and'is used
ocecasionally in pickling castings to remove sand,

Concentration of Aeid. The concentration used

depends upon the kind and temperature of acid, the
type of material being pickled, and the surface
desired.,

Pickling Inhibitors. Pickling inhibitors are

agents that may be added to an acid pickling bath to
diminish the attack of the acid on the metal areas
from which the scale has been removed, without

appreciably retarding the rate at which the acild



removes scale or rust; and to diminish the severity
of hydrogen embrittlement.,
Tem

Pickling eratures. A4n increase in temperature

greatly increases the asctivity of the pickling bath.
Overpiékling is likely to éecur at high temperatures,
The choice of an inhibitor is an important factor in
establishing the limiting temperature; since some
inhibitors fail rapidly at high temperatures.

Although a'temperature of 170 to 190 °F is
sometimes satisfactory when the time cycle is
short, pitting may result il the pickling period is
prolonged. With many high-carbon and alloy steels,
a pickling temperature of 140 to 150 °F has been found
satisfactory for efficiency; surface quality, and life
of the inhibitor,

Theory and bMechanism of Inhibitors. There are

three theories concerning inhibitors. The first
theory is that an inhibitor is a negative catalyst
selective in action, retarding the reaction of acid
on metal but not on scale. In practice, no inhibitor
coﬁtinues its original effectiveness unabated
throughout the entire pickling cycle, However,
inhibitors lose efficiency so slowly that the loss

can hardly be attributed to reactions in which the



‘inhibitor plays a major part as reagent. The effect
seems analogous to the poisoning of a catalyst. The
second theory states that inhibitor action seems to
be agsociated with an inerease in the hydrogen over
voltage at the metal (cathode) surface. A protective
coating of hydrogen, maintained on the-metal surface,
helps to protect the metal from direct contact with
the acid, thus diminishing the attack.

The third theory states that a thin layer of
inhibitor material is adsorbed or plated out on the
surface of the metal. However, if such a layer
exists, it is so extremely thin as to escape
detection in many instances.

fAdvantaces and Disadvantages of Using an

Inhibitor. The advantages gained from:dsing an
inhibitor are as follows: reduction in-metal loss,
saving of pickling acid, prevention or minimizing.ofv
scrap losses from 0vefpiek1ing, and a decrease in
blistering and in hydrogen embrittlement. The
disadvantages incurred in using an inhibitor are:
increasedApickling’time, possibility of residual
gsurface film, which may interfere with subsequent

operation, and added cost of the inhibitor.



Pickling Defects

Some of the more common defects brought on by
pickling are presented in the following paragraphs,

Blistering. This is a troublesome defect on
sheet and strip steel. Blistering is brought about
by gaseous inclusions forming gas pockets just beneath
the surface of the steel during rolling. Hydrogen
generated in the pickling operation, penetrates these
pockets and lif'ts the surface,(causing a blister,
Properly selected inhibitors may minimize blistering
but cannot prevent it.

Hydropgen Embrittlement. Hydrogeﬁ'embrittlement

is a result of the penetration of the steel by
nascent hydrogen. Inhibitors are valuable in
minimizing this effect.

Overpickling. This error causes porosity of the

transverse surfaces and a roughening of the whole
surface, accompanied by a discoloration and decrease
in size and weight. Overpickling can be avoided by
removing the metal from the bath promptly when the
pickling has been accomplished. Inhibitors aid in
preventing overpickling, but are not a guarantee

that it will not occur.



Picklepitting. Eleetrolytiec pitting is the most
prevalent and troublesome type. 1t ig characterized
by a patchwork of pitted areas irregular in shape.
Caused by an electric.potential between the scaled
areas and the cléan steel, eleétrolytic pitting occurs
only where the scale hés been removed from small aréas
before the pickling or at an early stége in the

Process.



I1I. LEAPBRIMENTAL

The following sections contain the purposes
of this investigation, the plan of experimentation
by which this investigation was carried out, the
materials and apparatus used, the method of nrocedure,
data and results, and a sawmple of the calculations

perforaed.,

Purposes of Investigation

The purposes of this investigation are: to
determine which pickling bath will remove the most
surface oxide in the least amount of time, to
determine the effect of the addition of an inhibitof
to the pickling bath, to determine the life of the
inhibitor, and to determine the freguency factor and
energy of activation for the‘pickling of steel in

18,3 per cent sulfuric acid solution.



Plan of Hxperimenbtation

(o]

The following paragraphs éentain the plan of
experimentatioh by which'this investigation was
carried out.

vPreliminagx‘Investigatian. A brief study of the
available literature was to be made by the author in
order to familiarize himself with the more general

principleé of the pickling of iron and iron products.

Description of Experimental Work. The
experimental work consisted of determiﬁing which
pickling bath is most efficient, determining the
effect of the addition of an inhibitor to a pickling
bath, determining the life of the inhibitor, and
determining the frequency factor and snergy of
activavion for the pickling of steel in sulfuric
acid.

Determination of the Most Efficient Bath. The

most efficient v»ickling solution was to be determined'
from a plot of loss in weight versus time. The loss in
weight, expressed as miliigrams per sguare inch, is

the loss in weight of a steel coupon after being
immersed in a bickling bath for a three-minute

interval. The coupon was to be immersed as many
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times as was required for the weight loss to become
constant. Then the coupon was to be immersed one
more time for approximately 30 minutes.

Determination of the Effeect of Adding an

Inhibitor to the Plckllnq Bath. The effect of adding

an inhib;tor to a plckling solutlon was to be
deterained from two plots of the loss in weight of
the steel coupon versus time. The time of immersions
chosen were 1, 2, &, 8, 16, and 32 minutes, A plot
would be made bo renresenL the nicklln of the coupon
in an uninhibited pickling bath, and a second plot to
represent the pickling of the céupon in‘an‘inhibited'
plckllng bath.

Detgxmmnatlon of the Llie of the Inh;bltor. From

the plot‘oi §he pickling of the steel  coupon in the
uninhibited pickling bath, the time reqguired to remove
the surface oxide from the steel coupon may be
obtalned.. Theﬁ each ef four steel coupons are
immersed in a freshly-prep&red inhibited pickllnm.
bath one at a time for this amount of time. Then a
plot of loss in weight versus time for a fifth steel
cﬁupon will be made. The length of lmmersion in the

pickling bath will again be 1, 2, 4, 8, 16, and 32



minutes. Tﬁis‘pr@c@dure will be repeated until the
‘amount of surface oxide removed, and the rate of attack
on the metal itself; are approximately the same as
obtained using the uninhibited pickling bath. It will
be necessafy‘tc replenish the amount of acid in the
pickling bath so that the acid remaiﬁs at full

strength.

Betermination of the Frecuency Factor and the

Energy of Activation for the Pickling of Steel in

18.3 Per Cent Sulfuric Acid Solu@igg. The freguency

factor and the energy of activation for the pickling
of steel in 18,3 per cent sulfuric acid solution will
be determined using the Arrehenius equation once the

raté ¢£‘attack‘on‘the‘base metgl is known.

 Materials

Under this heading there will be found the
materials used during this investigation.
| Acetone. Impure. Supplied by the J..T. Baker
Chemical Go.,'Philadelphia,’Pa. Used to dry sample.

Ammonium Hydroxide. €. P., code 1293, lot

'E501006. Supplied by General Chemical Division,



Allied Chemiecal and Dye Corp., Wew York, M. Y.
Used as a component of the pickling solution.

Citric fcid., dManufactured by J. T. Baker
Chemical Co., Philadelphia, Pa. Used as a
component of the pickling solution.

Distilled Water. Distilled from Virginia

Polytechnic Institute tap water, Blacksburg, Virginia.
Used to wash the sample.

Ferric_Sulfate. Lot No 13142. Supplied by J. T.

Baker Chemical Co., Phillipsburg, N. J. Used as a

component of the pickling solution.

Hydrochloric Acid. Assay (HCL) - 37.7 per cent,
lot Mo 6041. Supplied by J. T, Baker Chemical Co.,
Philadelphia, Pa. Used_as a component of the piekling
solution,

Phosphoric Acid. Lot No 9127. Supplied by J. T.

Baker Chemical Co., Philadelphia, Pa. Used as a
component oi the pickling solution.

Potagsium Nitrate. Lot No 0310, code 2122.
Supplied by General Chemical Division, Allied Chemical
and Uye Corp., New York, M, Y, Used as a component of

the pickling solution.
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Rodine 82-i. Lot No 24 20659, Supplied by Amchem
Products, Inc., Ambler, Pa. Used as inhibitor.

Sulfurie Acid. Assay (H,80,) - lot No 90628,

Supplied by J. T. Baker Chemical Co., Philadelphia,

Pa. Used as a component of the pickling solution.

Apparatus

Under this heading there will be found the
apparatug utilized during this investigation,

Basin. OSupplied by Blacksburg Hardware Co.,
Blacksburg, Va, Used to contain water in which
pickling solution was heated.

Beaker. Capacity 250 ml, pyrex. Supplied by
Fisher Scientific Co., Pittsburgh, Fa. Used to
containing pickling solutions when tests were being
run at room Lemperature.

Beaker., Capacity 800 ml, pyrex. Supplied by
Fishex Scientific Co., Pivtsburgh, Pa. Used to hold
wash water,

Clamps. Two required. Supplied by Fisher
Scientific Co., Pittsburgh, Pa. Used to hold

condenser and flask to ring stand.



Condenser. Supplied by Fisher Seientific Co.,
Pittsburgh, Pa. Used to condense vapors from pickling
solution when tests were run at elevated temperatures,
C.C., temperatures greater than 120 °F,

Flask. Capacity 250 ml. Supplied by Fisher
Scientific Co., Pittsburgh, Pa, Used to hold pickling
solution when tests were run at temperatures greater
than 120 °F,

Graduated Cylinder. GCapacity 50 ml. Supplied;

by Fisher Scientific Co., Pittsburgh, Pa. Used to
measure volume of acidiec components of pickling
solutions.

Graduated Cylinder. Gapacity 100 ml, pyrex.
Supplied by Fisher Seientific Co., Pittsburgh, Pa.
Used to measure volume of distilled water used in
pickling soiutioha

Hot Plate. One hundred and fiftéen volts.
Suppliéd by Fisher Scientific Co., Pittsburgh, Pa.
Used to heat waﬁer for heating pickling solution.

Power Station. Type 220-C, 115V50 - 60254

Supplied by General Raﬁio Co., Cambridge, Mass.

Used to control current to hot plate.
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Ring Stand. Supplied by Fisher Scientifiec Co.,

Pittsburgh, Pa. Used for mounting condenser and flask.

Rubber Tubing. Supplied by Fisher Scientific Co.,

Pittsburgh, Pa. Used to supply water to, and remove
water from condenser.

stove Pipe. Per cent carbon 0.095. Supplied by

Brown's Hardware, Blacksburg, Va. Used as sauple for

pickling.

Thermometer. Engraved, 0-300 °F. Supplied by
Migsher Geientifie Co., Pittsburgh, Pa. Used to

messure temperature of pickling solution.

Method of Procédure

The procedure by which this investigation was

carried out is presented in the following paragraphs,

Preparation of the Pickling Baths. The pickling
baths were prepared according to specified
concentrations.,

Deternination of the Mogt Efficient Pfickling

Bath. After preparing tae pickling bath according
to the specified concentration, and bringing the
pickling bath to the desired temperature the steel

coupon was immersed for three minutes. The coupon
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was weighed before immersion. After three minutes the
coupon waS'imméfsed in,distilled water to remove any
loose scale which might be elinging to the coupon.

The coupon was then dipped in acetone to remove the
water, and dried in air. After the coupon was dry

it was weighed %o determine the loss in weight, This
proceduxre waS‘répeated'until the loss in weight became
cdnstént. Then the coupon was i:mmersed for
approximately 30 minutes, washed, dried, and

welghed again. The last step was hélpful in
determining whéther all the surface oxide had been
removed, and for'measuring the rate of attack on the
bare metal. Tne plots of the loss in weight versus
time were made for all the pickling baths used. A
straight line beginning at the last point on the
curve, and tangent to the curve is drawn until it
intersects the vertical (loss in weight) axis. The
point of intersection represénts the amount of scale
removed. The intersection of a straight line drawn
fr@mvthe.point of tangency wi@h the horizontal (pime)
axis represents the time required to remove the surface
oxide. By comparison of results the most efficient

solution was determined.



Determination of the Effect of Adding an Inhibitor

to the Pickling Bath. The pickling bath being studied -
was 18.5 per cent sulfuric acid solutionybecause the
only inhibitor available was Rodine 82-A. This
~inhibitor is uaedlonly for sulfuric acid. This
solution was prepared by mixing 22 milliliters of

97 per cent sulfuric acid with 178 milliliters of
distilled water., The inhibited pickling bath,
containing 0.25 per cent inhibitor, was prepared by
mixing 22 milliliters of sulfuric acid, 158
milliliters of distilled water, and 20 milliliters
of a solution containing 5 milliliters ef'the.
inhibitor, Rodine 82-i, and 200.milliliters of
distilled water.

Using the same procedure 3s in‘the previous
section, a steél coupon was cut in half and immersed
in the baths. The times of immersion were 1, 2, L,
8, 15, and 32 minutes. Using the loss in weight data
obtained two curves were plotted, one for the
inhibited bath and one for the uninhibited bath.

The effect of the inhibitor on the bath can be
determined from a comparison of the two curves.

Determination of the Life of the Inhibiter.

The pickling bath used to determine the life of the



inhibitor was of the same composition as the inhibited
bath used in the preceding section.

Four samples were immersed, one at a time, in the
bath for that length of time reguired to remove the
scale. The time was determined in the preceding
section. The weight of the samples, and the pickling
bath were noted before and after immersion of the
samples. Then, using a new sample, a test was made
on the solution and the loss in weight of the sample
versus time curve was drawn. The times of immersion
for the last sample are 1, 2, L, 8, 16, and 32 minutes.
This procedure was repeated until the rate of attack
on the base metal, the aﬁount of scale removed, and the
time required to rémove the scale was approximately
the same for this pickling bath as for the
uninhibited bath. |

Maintenance of Constant Acid Concentration.

During the determination of the life of the inhibitor
it was necessary to keep the concentration of the
sulfuric acid at 18.5 per cent.

The acid concentration of the pickling bath,
after samples had been immersed for a length of
time, was determined using a.pH meter and 1.0 N

sodium hydroxide solution. Ten milliliters of the
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pickling bath solution was titrated with one milliliter
volumes of sodium hydrexide and the pH read on the pH
meter. Bach point is plotted on a curve of pH versus
volume of sodium hydroxide added. The titration was
considered complete when a sharp break in the curve
appeared. A straight line drawn from the peak of the
curve intersecting the horizontal {(volume of sodium
hydroxide added) axis represents the amount of sodium
hydroxide added. Using this data, the nommality, and
then the concentration of the acid in the pickling bath,
was computed. Then the amount of acid required to
return the acid concentration to 18.5 per cent was

calculated,

Data and Results

The experimental data and results obtained during
this investigation are presented in the form of tables
and graphs as indicated in the following paragraphs.

Table I presents the data obtained during the
pickling of steel in 18.3 per cent sulfuric acid
at 73 °F, 77 °F, 7% °F, 106 °F, 126 °F, 140 °F, and
14, °F. The table indicates the area of each sample

pickled, the time of immersion, and the loss in weight



off the sample. Figure 1 is the graphical representation
of the loss in weight of the sample versus time.

Table II presents the data obtained during the
pickling of steel in ferric-sulfate-sulfuric acid
solution at 82 °F and 160 °F. This table indicates
the area of each sample pickled, the time of immsrsion,
and the loss‘in weight of the sample. Figure 2 is the
graphical representation of the loss in weight of the
sample versus time.

Table III presents the data obtained during the
plekling of steel in sulfurie acid-hydrochloric acid
solution at 80 °F. This table indicstes the
concentration of the mixed acid pickling bath, the
area of the sample, the time of immersion, and the
loss in weight of the sample., Figure 3 presents the
data in graphical foxm.

Table IV presents the data obtained during the
pickling of steel in a citric acid-ammonia solution
at 210 °F. This table indicates the area of the
sample, the acid and ammonia concentrations, the area
of the sample beihg pickled, the time of immersion,
and the loss in weight of the sample. Figure 4

presents the data in graphical form,



Table V presents the data obtained during the
pickling of steel in 18.75 per cent phosphoric acid
solution. This table indicates the area of the
samples being pickled, the temperature at which these
Tests were run, the time of immersion, and the loss in
weight of the samples. Figure 5 presents the data in
graphigal forit,

Table VI presents the data obtained during the
pickling of steel in 20.5 per cent hydrochloric acid
Solution at 79 °F. This table indicates the area of
the sample, the time of immersion, snd the loss in
weight of the sample. Figure 6 presents the data in
graphical form,

Table VII presents the data obtained during the
pickling of steel in both inhibited and uninhibited
13,3 per cent sulfuric acid solution at 78 °F. The
inhibitor being tested was Rodine 82-i, This table
indicates the area of the sample, the acid and
~inhibitor concentration, the area of the sample, and
the loss in weight of the sample. Figure 7 presents
the data in graphical form. |

Table VIII presents the data obtained during the
pickling of steel in spent inhibited 18.3 per cent

sulfuriec acid solution at 78 °F. This table indicates



the acid and inhibitor concentrations, the area of the
samples, the time of immersion, the loss in weight of
the sample, and the length of utilization of the bath
before the sample was immersed in it. Figure 7
presents the data in graphical form.

Table IX presents the data obtained during the
utilization of the inhibitor and acid in inhibited
sulfuric acid concentration at 78 °F. This table
indicates the acid and inhibitor concentrations, the
length of utilization, the area of the sample, the loss
in weight of the sample, énd the loss in weight of the
pickling bath. |

Table X presents the data used to determine the
freguency [actor snd the energy of activation for the
pickling of black stovepipe steel in 18.3 per cent
sulfuric acid solution. This table indicates the
reciprocal temperature, and the rate of attack on
the bare metal. Figure 8§ presents this data in
graphical form and is used to determine the frequency
factor and energy of activation.

Table XI pr@sehts the results of the pickling
of black stovepipe steel in acid pickling baths.

This table indicates vhe pickling bath used, the

temperature at which the tests were run, the amount
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of scale removed, the time réquiied Lo remove thé scale,
and the rate of attack on the base metal.

Table XII presents the results of the pickling of
black stovepipé steel in inhibited and uninhibited
12.3 per cent sulfuric acid solution. The table
‘indicates the condition of the pickliang bath, the area
of the sample, the temperature aﬁ which the test was
run, the amount of scale removéd, the time reguired to
remove the scale, and the rate Of}attack on the base
metai¢ .

The frequeney factor was found bo be 1. /xlOé 00" ,
and the energy of activation to be 6000 calorlcg per

gram nol,
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FIGURE I. PICKLING OF STEEL IN 18.3 PER CENT SULFURIC ACID SOLUTION



TABLE II

Pickling of Steel in Ferric Sulfate-Sulfuric

Acid Solution

Type of Steel: ' ‘ Black Stovepipe
Ferric Sulfate Concentration: 6.87 Per Cent
Acid Concentration: 3.98 Per Cent
Test o 8 9
- Temperature, °F 82 - 160
Area of Sample, sq in. 2.0 1.75
Time Loss in Weight of Sample
min - © mgm/sq in.
3 5,65 22.65
6 9.30 . 35455
9 13.75 hl.50
15 29,95 68.75
18 300:}0 -
21 33115 e
2h 36,35 —
50 177.50

g2 7005 -
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FIGURE 2. PICKLING OF STEEL IN A FERRIC
SULFATE-SULFURIC ACID SOLUTION
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TABLE III

Pickling of Steel in Sulfuric Acid-Hydrochloric

Acid Solution

Type of Steel: Black Stovepipe
Hydroehloric Acid Concentration: 17.65 Per Cent
Sulfuric Acid Concentration: 3.77 Per Cent
Area of Sample: I.5 5q in.
Tesperature: 80 °F
- Time - Loss in Welght of Sample
min mgn/sq in.
3 ‘ 5.10
6 9415
S 12.30
12 14.70
15 15.60
18 16.10
21 16430
24 16,50

6l 17.40
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—0
TEMP - 80°F
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CONC. OF HYDROCHLORIC ACID— 3,77 PER CENT
¥
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FIGURE 3. PICKLING OF STEEL IN SULFURIC ACID -HYDROCHLORIC
ACID SOLUTION
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TABLE IV -

Pickling of Steel in Citric

Acid-Ammonia Solution

Type of Steel:; Black Stovepipe
Acid Concentration: 8.77 Per Cent
Ammonia Concentration: 2.17 Per Cent
Area of Sample:  1li5 8q in,
Temperature: ' 210 °F (boiling)
Time - Loss in Weight of Sample .
wmin mgm/sq in.
3 0.215
6 0.240
12 8.300
18 144550
24 17.400
30 18,200

60 _ S 18.350
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FIGURE 4. PICKLING OF STEEL IN CITRIC ACID-AMMONIA SOLUTION



TABLE V

Pickling of Steel in FPhosphoric Acld Solution

Type of Steel: Black Stovepipe
Acid Concentration: 18.75 Per Cent
Area of Sample: l.5 Sqg in.
Test 12° 13
Temperature, °F 165 177
Time  Loss in Weight of Sample
min | | 'mgm/sq in,
1 19.05  -=
3 2040 21.65
7 21.1}.0 - o
9 - 23.60
12 - 125.15
15 23425 20 .65
31 25.00 -
1}5 e 52 060
63 28.30 -

& pir agitation.
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TABLE VI

Pickling of Steel in Hydroehloric Acgid Solution

Type of Steel:. Black Stovepipe
Acid Comcentration:: 20.5 Per Cent
Area of Saumple: 1.375 35q in,
Tenmperabture: 79 °F
Time : Loss in Weight of Sample
win ' - wgm/sq in.

¢ -

3 30.50

6 - 31.00

9 31.35

12 31.50

18 3L.75

51 31.80
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TABLE VII

Determination of the Effect of an Inhibitor

on a Sulfuric dcid Pickling Bath

Type of Steel: ‘Black Stovepipe
Acid Concentration: 18,75 Per Cent
Inhibitor Concentration: 0.25 Per Cent
Area of Sample: l.5 8g in,
Temperatures 78 °F

Time Loss in VWeight of Sample

min mgm/sq in.
Uninhibited Inhibited
3 7.60 5.20
5 12.55 10.35
15 17.70 14,40
31 20.00 16.40
63 21.50 16.20




TABLE VIII

Pickling of Steel in Spent Inhibited

————

Sulfuric Acid Solution

Type of Steel: Black Stovepipe
Temperature: 78 °p

Acid Concentration: 18.5 Per Cent

Inhibitor Concentration: 0.25 Per Cent, by Volume
Area of Sample: ' 1.5 5q in.

Length of Utilization
of Pickling Bath

112 min 207 min 302 min

Time Loss in Weight of Sample
min mgm/sq in.
3 3.40 1.65 T35
7 6.80 3.10 12.95
15 12.10 5.10 17.25
31 19.20 11.65 19.40
63 23,25 16.00 20.60

95 25475 17.20 - 21.05
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FIGURE 7. PICKLING OF STEEL IN SPENT INHIBITED SULFURIC ACID SOLUTION



TABLE IX

Utilization of Inhibitor and Acid by Pickling

TRERSE A G- E——

Steel in Inhibited Sulfuric Acid Solution

Type of Steel: Black Stovepipe
Temperature: 78 °F
Acid Concentration: 18.5 Per Cent
Inhibitor Concentration: 0.25 Per Cent, by Volume
Initial Weight of Pickling
Solution: 219.5518 Grams
L@ngth of Area of Loss in Weight Loss in Weight
Utilization  Sample of Sample of Bath
min sq in. mgm/sq in. gm
28 1.500 8.40 1.9436
28 1.500 8.50 0.2415
28 1.375 16.80 0,224k
95 1.375 25.85 27.2334 &
95 1.500 17.20 2.6721

83 1.500 21,05 3.3084

fivaporation loss also included.
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TABLE X

Determination of ithe Frecuency Factor and Activation

Energy for the Pickling of Blsck Stovepipe Steel

iﬁ 18,3 Per Cent Sulfuric Acid Solution

3 Eate of Attack on

T Bare Metal

°K , | mgm/sq in./min
0.00338 0.0903
0.00336 0.0973
0.00335 0.0532
C.00318 0.1870
0.00304 - 042770
0.00299 0.4830

0.00298 ; 0.5300
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FIGURE 8. DETERMINATION OF THE FREQUENCY FACTOR AND
ACTIVATION ENERGY FOR THE PICKLING OF BLACK STOVE-
PIPE STEEL IN 183 PER CENT SULFURIC ACID SOLUTION
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Ppickling Bath
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Sample Calculations

The following are the types of calculations

performed for tihiis investigation.

~

1. Loss in Weight of Sample

Wo - Wt
A

where:

L = loss in weight of the aazple,
‘ mg/sq inch -

Wdi

il

weight of the sample before test
'was begun, gm

W = welght of the sample aiter 1L has
been immersed in the pickling bath
for T mlnutes ‘

4 = area of both sides of the square
meter, _
2.5003 -~ 2,8911
6.1 = )

3.0



- l(,é -

2+ Galculation of the Igitial Concentration
of Sulfuric Acid in the Pickling Bath

6/3
v

=

= !normality of the acidic pickling bath

weight of solute, gm

| o=
e

= equivalent weight of the solute; om
volume of the solute, liters.
185/49

1l

<t
I

3.8



3. Calculablon of Freguency Factor and

Activation Bneray

-E/RT | E
= ae or 1log k = log a -
2.3RT

where:

k = rate of attack on the bare metal,
m,s"'/&‘ul in./min

a = frequency Lactor, (sec)

]
“

it

activation energy, c¢al/gm mol

constant, cal/zm mol/°K

= o
i

= absolute temperature, °K.

1.
The intercept of the plot of log k vs -f-”-is

the frequency factor, and the slope equals = 290



IV. DISCUSSION

A discussion of results, those recommendations
the author feels might prove useful, and the
conditions under which this investigation was carried

out are presented in the following paragraphs.

&

Discussion of Results

In this section are presented those factors
which the author feels most directly affected the
results,

Condition of the Samples Before Pickling. The
author feels that ths amount of scale removed frow the
samples by the pickling baths cannot be properly
evaluated because all of the samples were not exposed
to the same amount of corrosion. The samples were not
cleaned before they were pickled. Thus, the rate of
pickling was affected. The effect of the surface
£ilm on the sample slowed down the rate only in the
initial immersion. Ouce this film was removed the
pickling process proceeded normally. The author

feels that the final resulis were not affected.



Procedure. The procedure devised for this
investigation was weak in several areas. Having to
dry each sample in air after-each immersion caused a
great deal of time to be lost. Rach time a sample
was removed from the pickling bath, some of the bath
was lost due to "drag out," or the loss due to the
removal of the sample. When tests were run at high
temperatures a condenser had to be added to the flask
to prevent evaporation losses. The condenser made
immersion and removal of bthe sample ffom the pickling
bath extremely difficult. , | |
Rep of Results. The results of this

investigatlon were extremely diffioult §§ reproduce
with any degree of accuracy. The temperatures‘varied
by as much aé plus or minus 5.0 °F, and the volumes
of the solutions used varied by plus or minus 0.8
milliliters.

Effect of Agitation. Althoﬁgh thefe was little

agitation of the pickling bath during the immersion
and removal of the sample from the pickling bath, the
rate of pickling wés affected by this agitation. If

the solution was agitated only slightly for a few



immersions and then greatly agitated, the increase in
the rate of pickling was very noticeable.

Bffect of the Rodine 82~A Inhibitor. The results

of the pickling of the sawmples in the inhibited
sulfuric acid pickling bath were too erratic to lead
to any valid conclusions. However, the author does
not feel that this inhibitor should be precluded from
further use because of this until further tests are
made. The only reason for these erratic results, at
this point, must lie in the experimental technique
because the procedure used in testing this inhibitor
did not deviate from the procedure used in the other
tests.

Evaluation of Results. Although some of the

pickling baths tested removed more scale, and perhaps,
had a slower fat& of atback on the bare metal, 18.75
per cent phosphorie acid was deemed the most efficient
pickling solution because this solution removed the
surface oxide in the least time; also, two tests run
with this solution3prcduced resulits which agreed with
three milligrams per square inch for the amount of

scale removed, and there was no change in the time.



The plots of loss in weight of the sample versus
time inﬁicated that the rate of removal of scale
decreased as the test proceeded. This wés to be
expected because most of the scale was removed in the
first few immersions. The rate of attack on the bare
metal, as the curves show, increased at & constant
rate.

ihen the acid was used up, naturally the amount
of scale removed decreased. However, the curves
indicate that the rate of attack onvthe bare metal
remained unaffected by the decrease in the amount of
free acid. |

The erratic action of the inhibitor precludes
any discussion of results, The author is unable to

account for this erratic behavior.



Recommendations

On the basis of the information obtained from this
investigation the following recommendations are made:

1. The effect of temperature on the pickling of
steel in 18.75 per cent phosphoric acid solution
should be studied by pickling steel in this solution
beginning with a room temperabture and ending with a
temperature of about 175 °F..

2. The effect of air agitation on the pickling
of steel in 18.75 per cent phosphoric acid solution
at various temperatures should be studied by running
two tests at ﬁhe same témperatur@; one with air
agitation, and one without alr agitation.

3+ The effect of an inhibitor on the pickling
of steel in 18.75 per cent phosphoric acid solution
at various temperatures shouid be studied.

4o All samples should be thoroughly cleaned
before any tests are run so that any surface film
on the samples will bevrempved. Therefore, the rate
of attack will not be hindered.

' 5. Constant agitation should be applied to
the pickling baths at all times so that the rate of

pickling will be more uniform because the



concentration of the pickling bath will be more
uniform. |

| 6. 4 better method of drying the sample should
be employed because of vhe amo&nt of time lost in

drying the sample.



Limitetions

This investigatioh was carried out under the
following conditions:

1. The steel being pickled was black stovepipe
steel containing 0,095 per cent carbon,

2. The pickling solutions used were 18,3 per
cent sulfuric acid solution, 3.9% per cent sulfuric
acid and 6.87 per cent ferric sulfate solution,
17.65 per cent sulfuric acid and 3.77 per cent
hydrochloric acid solution, 8,77 per cent citric
acid and 2.17 per cent‘ammonia’solutibn, 18.75 per
cent phosphoric acid solution, and 20.5 per cent
nydrochloric acid solution.

3. The temperatures at which thé 18,3 per cent -
sulfuric acid solution'was tested were 73, 77, 19,
106, 120, 140; and lh4~°F.

b+ The temperatures at which the 3.98 per cent
;'sulfuric acid and 6.87 per cent ferric sulfate
$olution wias tested were 82 and 160 °F.

5, The temperature at which the 17.65 per cent
sulfuric acid and 3.77 per cent hydrochloric acid

solution was tested was 80 °F.



6. The temperature at which the 8.77 per cent
citric acid and 2.17 per cent ammonia solution was
tested was 210 °F (boiling).

7. The ﬁempéréture 2t which the 18,75 per
cent phosphoric acid was tested were 165 and 177 °F.

8. The temperature at which the 20.5 per cent
hydrochloric acid was tested was 79 °F. ’

9. The time of each immersion for the samples
ranged from one minute to 32 minutes.
| 10. The total time of immersion for each sample
ranged from 48 minutes to 95 minutes.

11. The volume of the pickling media used in
the tests to determine the most efficient pickling
solution was 250 milliliters,

12. The volume of the pickling media used in the
study of the effect of the inhibitor Rodine 82-4 was
200 miililiters,

13. The inhibitor studied was Hodine 82-A.
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V. CONCLUSTIONS

The following paragraphs contain the conclusions
drawn from this investigation.

1. The rate of attack on the bare metal increases
with increasing temperature, particularly in the
pickling of black stovepips steel in 18.3 per cent
sulfuric acid solution where the fate of attack on the
. bare metal at 75 °F is 0.097 milligrams per square
inch per minute, while at 142 °F the rate of attack
is 0.51 milligrams per squére inch per minute.

2. The time required to remove the surface oxide
from the sample decreases with increasing temperature,

3. The 18.75 per cent phosphoric acid solution
removed the most surface oxide in the least amount.of
time at 165 and 177 °F,

he The effect of Rodine 50 inhibitor on 20.5 per
cent hydrochlorié acid pickling solution cannot be
studied because the rate of attack on the bare metal
of uninhibited pickling solution was oo small, at 80 °F.

5. The addition of Rodine 82-A inhibitor to a
pickling bath containing 18,5 per cent sulfuric acid
decreased the rate of attack on the bare metal

from 0.0858 milligrams per square inch per minute



to 0,0286, without appreciably affecting the time
required to remove this scale, at 78 °F.

6. No valid conclusions can be made concerning
the life of the Rodine 82-A inhibitor because of the

erratic nature of the results.
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VI, SUMMARY

The purposes of this investigation are to
determine waich piCkling solution will remove the
greatest amount of seale in the least amount of time,
t6 determine the life of Rodine 32-A inhibitor in a
| pickling bath containing 18,3 per cent sulfuric acid
'Solution;:to'detérmine the effect of the addition of
Rodine 82-4 inhibitor to the pickling bath containing
18,3 per cent sulfuric acid solution, and to determine
the frequency factor and activation energy for the
piékling of black stovepipe steel in 18.3 per cent
sulfurie acid solution.

The tempefatures at which the pickling baths~wére
tested, and the pickling baths used were: 18.3 per
cent sulfuric acid solution at 73, 77, 79, 100; 126,
140; and 1kl °F; 3.98 per cent sulfuric acid and 6.87
per cent ferric sulfate soiution at 82 and 160 °F;
17.65 per cent sulfuric acid and 3.77 per cent
hydrochloric acid solution at 80 °F; &.77 per cent
citric acid and 2.17 per cent ammonia solution at
210 °F (boiling), 18,75 per cent;phosphoric}acid
solution at 165 °F (air agitated)'and 177 °F; and

20,5 per cent hydrochlorie acid solution at 79 °F.



The steel being pickled‘waS»blask stovepipe steél
containing 0.095 per cent carbon. The pickling
solution which removed the'greatést amount of scale
in the least amount of time was determined from plots
of the loss in weight of the sample per unit area
versus time for each of the ﬁesbs‘run. The effect, and
life, of Hodine 82-4 inhibitor upon a pickling bath
containing 18.3 per cent sulfuric acid solutionvwas
studied.

The samples were immersed in the pickling baths
for one to 32 minutes. The'éampleg were removed from
the baths, cleaned, drie&,'and weighed. This same
procedure was utilized 'in the study of the inhibiyor
except that the inhibited pickling bath was first
utilized before the tests began.

It was found that 18.75 per cent phosphoric acid
removed 38.5 milligrams of scale per square inch of
sample in three minutes. It was concluded that
increased temperature increased the rate of attack
on the bare metal, decreased the 1ength'af time
requirad o remov&'the scale from the sample. The
addition of Rodine 82«~A inhibitor to a pickling bath

containing 18,5 per cent sulfuric acid solution
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decreased the rate of attack on the bare metal without
appreciably affecting the amount of scale removed, or
the time required to remove this scale. No valid
conclusions concerning the 1life of the Rodine 82-A
inhibitor in the 18,5 per cent. sulfuric acid pickling
bath could be made because of the erratic nature of the
results. Due to the slow rate of attack, or 00,0210
milligrams per square inch, on the bare metal in a
20.5 per cent hydrochloric acid pickling bath the
effect of the acdition of an inhibitor to this bath
was not studied. The frequency factor was found to
be 1.2 x 106 sec"l, and the energy of activation to
6000 calories per gram mol,

It is recommended that the effects of temperature,
air agitation, and an inhibitor »n a pickling bath
containing 18.75 per c¢ent phospﬁoric acid be studied

in future investigations.
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