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Abstract—Plant extracts have become important as an environmentally acceptable, readily available and
renewable source of wide range of inhibitors. Tannins, a class of natural, non-toxic and biodegradable
polyphenolic compounds, extracted from plant sources are already used as corrosion inhibitors in aqueous
media. This study investigates the inhibiting effect of Quercus robur and pomegranate peels extracts on st37
steel corrosion in geothermal fluid using the Tafel polarization method. It was found that the extracts act as
good corrosion inhibitors for geothermal fluid. 250 ppm of Quercus robur oak extract was seen to have 90%
corrosion inhibition efficiency. The values of pH, potential, conductivity, total hardness and Ca?* hardness,
dissolved solid substance (TDS) and salinity of geothermal fluid were analyzed before and after the addition
of extract into it. According to these analyses, increasing pH level more than 5 indicates that corrosion con-
structive aggressive ions (H*) decrease. Furthermore the decrease of conductivity values as a result of the
decrease of inhibitor concentration shows that corrosion slows down. Ryznar and Langelier Indexes are cal-
culated for AF11 well, reinjection and collected pools. The values of indexes show that geothermal fluid is

corrosive and scale properties.
DOI: 10.1134/S2070205115050056

INTRODUCTION

Formation of scale is one of the important events
that occur during the utilization of geothermal fluid
and affect the lifetime of system and productivity. The
main reason of scale formation, which becomes
related to degassing, evaporating and cooling, is the
relative dissolubility of CaCO;. It is important to know
the scale formation of mechanism and to understand it
well in the process of choosing measures and cleaning
method of mechanism [1—7]. The corrosion effect of
geothermal fluid is related to chemical composition of
medium very much. Besides ions which make corro-
sion, pH changes, which depend on the loosing of CO,
in medium, are the other parameters that affect the
corrosion. The use of inhibitors is one of the most
practical methods for protection against corrosion.
Among numerous inhibitors that have been tested and
applied industrially as corrosion inhibitors, those that
are non-toxic or low toxic are now far more strategic
than in the recent past. In the 21% century, the research
in the field of “green” or “eco-friendly” corrosion
inhibitors has been addressed toward the goal of using
cheap, effective compounds at low or “zero” environ-
mental impact. Plant extract is low cost and environ-
mentally safe, and so the main advantage of using
plant extract as the corrosion inhibitor is due to both
economic and environmental benefits [8, 9]. The basic
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nature of plant extract inhibitors will be effectively
inhibiting the corrosion of metals under various envi-
ronments and especially in acid medium [10].

Tannins are the class of polyphenolic compounds
which are natural, non-toxic and can be biodegradable
with bacteria. The tannins extracted from plant
sources are used as corrosion inhibitor in dilute solu-
tions, as rust transformer compounds, as pigment in
dyes, as corrosion inhibitor for steels in concrete, oxy-
gen keeper in the system of iron-based deposits and
boiler water treatment. Tannins are divided into two
polymeric classes as the tannins which can be hydro-
lyzed and the tannins which are condensed. Hydro-
lyzed tannins are the gallic or egallic acids which can
be hydrolyzed in acidic medium. The condensed tan-
nins are the polymeric flavanoids. The hydrolysable
tannin is usually found in chestnut tree [11].

The condensed tannin is obtained from the wattle
tree like mimosa tannin. Oak tannin (condensed tan-
nin) is used very long time in the inhibition studies.

Up to now, many plant extracts have been used as
effective corrosion inhibitors of iron or steel in various
media, such as tannins are applied both in solvents and
in waterborne pretreatment systems. Although there
are many studies on the metallic corrosion inhibition
and the protection of different tannin extract, there is
little information about the corrosion activity of Quer-
cus robur oak and pomegranate peels. Quercus robur
oak is a nut in Turkey which is long-shaped, hard and
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smooth, placed in a cup, rich in tannin and seems like
hazel-nut. Pomegranates include tannins, too. They
include especially hydrolysable tannins. One of the

3 most known is punicalagings aqueous extract of Zal-
louh root [12,13], extracts of leaves of Nypa fruticans
Wurmb [14], Khillah extract [15]. Mangrove tannins
and their flavanoid monomers [16], Occimum viridis
extract [7], Sansevieria trifasciata extract are studied as
inhibitor [17]. Various plant extracts, aqueous extract
of olive leaves [18], aqueous extract of Zallouh root
[19] and Eugenol derivatives [20]. Pennyroyal oil from
Mentha pulegium are examined in HCI solutions with
regard to the inhibition effects on the corrosion of steel
[21]. Inhibition extract has increased as the concen-
tration increases. Zenthoxylum alatum plant is exam-
ined in ortophosphoric acidic solutions with regard to
the inhibition effects on the corrosion of soft steel [19].
It shows 88% inhibition at 70°C. The extracts of May
Chamomile [21], Chamomile (Chamaemelum mixtum
L.), Halfabar (Cymbopogon proximus), Black cumin
(Nigella sativa L.) and Kidney bean (Phaselous vulgaris
L.) plants are examined in 1 M sulphuric acidic
medium with regard to the inhibition effects on the
corrosion of steel by using electrochemical impedance
spectroscopy and potantiodynamic polarization tech-
niques. The experimental results show that Black
cumin, Kidney bean, Chamomile and Halfabar plants
can be used as perfect inhibitor for steel in the medium
with sulphuric acid. It is observed that as the plant
extracts concentration increases, the effect of inhibi-
tion increases and it is determined that it is related to
the formation of stable plant extract complex on the
steel surface of inhibition mechanism. Furthermore, it
is found that the inhibition effects of these plant
extracts have increased relatively as follows: Black
cumin > Kidney bean > Chamomile > Halfabar.

The aim of this study is to determine the reasons of
corrosion and scale formation events in the city of Afy-
onkarahisar’s heating network, where used geothermal
fluid as heating source, by water analyses and electro-
chemical method. In this study, the corrosion prevent-
ing character of the tannin which is extracted from
Quercus robur oak and pomegranates peel extracts are
examined. Extract concentrations are chosen as 250,
500, 1000, 2000 and 3000 mgL~!. It is found that the
extracts have shown the inhibition in the geothermal
fluid as a result of the experimental studies.

EXPERIMENTAL
Obtaining of Extract

The Quercus robur oaks which are the nuts of oak
trees are collected in Afyonkarahisar’s central Hidirlik
place. Pomegranates are bought from bazaar. The nuts
of the Quercus robur oaks are blended after they are
peeled and they are divided into small pieces. The
same process is repeated for the pomegranates peels.
The samples are dried for 5 days under the room tem-
perature. The dried samples are kept in water bath with
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methanol adjusted 40°C for 3 days [20—22]. After that
the parts of Quercus robur oaks and pomegranates
peels are separated from their extracts with methanol
by filtering process. Methanol is removed from the
mixture by using rotary evaporator under the vacuum
[23—26]. A viscose liquid with dark brown color is
obtained. The viscose liquid is dissolved a little in HCI
in order to prepare stock solutions and then double
distilled water is added into it and after that ethyl alco-
hol, in the amount of 25%, is added into it in order not
to cause degradation of stock solution. The other con-
centrations are prepared from this solution.

Geothermal Fluid Analyses

The geothermal fluid is taken from AF 11 well,
which is one of AFJET wells, in order to examine cor-
rosion and scale formation. All experiments have been
carried out in this AF 11 well geothermal fluid. The
tannin extracts are used corrosion inhibitors. The tan-
nin extracts (as 250, 500, 1000, 2000 and 3000 mgL~!
concentrations) are added into AF 11 well geothermal
fluid. pH and potential values of the geothermal fluid
(with and without inhibitors) are measured by WI'W
pH 330i/SET pH meter and the conductivity and total
dissolved solid substance (TDS) are measured by
WTW cond 330i/SET conduct meter. Total hardness
experiments are carried out according to Turkish
Standart and previous works [27—29]. Ryznar and
Langelier Index calculations are calculated as it is
given in 27—29 articles [28—30]. In this study, ion chro-
matography (IC-Dionex; GP50) and inductively cou-
pled plasma optical emission spectroscopy (ICP-OES;
ICP-AES Varian Liberty Series2 EL.97093438) analy-
ses were carried out on the geothermal fluid samples
(AF11, collected pool, reinjection) that are taken off
Afyonkarahisar Geothermal Heating System.

Electrochemical Measurements

The electrochemical measurements were made by
using a three-electrode cell assembly at room temper-
ature. The working electrode was a st37 steel, has
0.19625 cm? exposed surface area and the rest being
covered by using commercially available teflon and
following chemical composition [wt]; C (0.10%), Mn
(0.40%), Si (0.25%), P (0.45%), S (0.45%) and Fe
(remainder). A platinum foil was used as counter elec-
trode and saturated calomel electrode (SCE) as refer-
ence electrode. All potentials obtained from experi-
ments are measured against SCE and the results are
given according to this electrode. SCE is brought near
to working electrode by the help of Lugin-Haber cap-
illary in order to prevent potential decrease between
the SCE and the working electrode. The working elec-
trodes are polished with sand paper in 1200 grid before
starting the experiment and it is washed with bidistilled
water. And then it is dipped into the geothermal fuid.
The magnetic bar is used in order to work in a more
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Table 1. The corrosion characteristics of st 37 steel in AF11 and AF11 + x mgL~! pomegranates peels and Quercus robur

oak extracts concentrations at 25°C.

_Ecor _Bc Ba icor ) % inh. i%iaécj
(mV) (mV) (mV) HAcm m) fraction (0)
AF11 540 222 200 10.00 — —

3000 mgL~! 660 526 606 6.30 37.0 0.37
Pomegranate | 2000 mgL~! 675 454 588 3.16 68.0 0.68
peel 1000 mgL™! 570 250 333 1.58 84.0 0.84
extract 500 mgL~! 670 200 100 1.00 90.0 0.90
250 mgL™! 530 100 100 1.58 84.0 0.84
3000 mgL~! 610 200 200 4.00 60.0 0.60
Quercus 2000 mgL~! 560 200 167 3.16 68.0 0.68
robur 1000 mgL~! 560 167 250 2.60 74.0 0.74
extract 500 mgL~! 550 143 111 1.58 84.0 0.84
250 mgL~! 490 83 71.4 1.00 90.0 0.90

homogenous medium by removing the occurred cor-
rosion productions from the metal surface. The cur-
rent-potential curves are obtained in the scanning rate
in 2 mVs~! by potentiodynamic method. Prior to the
electrochemical measurement, a stabilization period
of 30 min. was allowed, which was proved to be suffi-
cient to attain a stable value of E_,,. of st37 steel in geo-
thermal fluid [6, 31] Pentium IV computer is used
because it is performed in Wenking PGS 2000D model
potantiostat/galvanostat, the working computer-based
program. The corrosion characteristics as corrosion
rate (i,,), corrosion potential (E,,), anodic and
cathodic Tafel slopes (B, and 3,) surface coating frac-
tion (0) and percentage inhibition efficiency (IE%)
values are determined in this study.

Surface Analyses

SEM analyses from the st37 steel surface have been
obtained by LEO 1430 VP scanning electron micro-
scope. EDS spectrums are also taken over same sam-
ples. Before that SEM analysis the surface of st 37 steel
have been prepared by using metallographic methods.
Each alloy firstly have been ground from rough emery
paper to fine emery paper (120—1200 grit paper) by using
Metkon Gripo 2V Grinder Polisher (250—300 tour or
period/min). Then st 37 steel is washed using bidis-
tilled water. And then st 37 steel have been washed with
alcohol and dried warm air current. St37 steel is waited
in the geothermal fluid taken from AF 11 well for 2 and
9 days without inhibitor and it is waited in the
250 mgL~! Quercus robur oak extract for 2 and 9 days.
Microphotographs were taken from the st37 surfaces.

RESULTS AND DISCUSSION
The Results of Corrosion Experiments

The geothermal fluid is taken from AF 11 well
which is one of the wells of Omer-Gecek area of Afyon
City Geothermal Heating System (AFJET). In this
study, the extracts of pomegranates peel and Quercus
robur oak are used as corrosion inhibitor in order to
prevent corrosion and scale formation occurred in the
geothermal heating system. The corrosion character-
istics and the values of inhibitor efficiency at different
extract concentrations are listed in Table 1. The repro-
ducibility of results obtained for the percentage inhibi-
tion efficiency values for triplicate specimens were
precise too. This indicates good reproducibility. Table 1
indicates that all extracts act as good corrosion inhibi-
tor for the corrosion of st 37 steel in geothermal fluid.

When Table 1 is examined, % inhibition increases
as the inhibitor concentration decreases. According to
Yan et al. (2008) [32] and Singh et al. (2012) [33] an
inhibitor can be classified as cathodic or anodic type if
the displacement in corrosion potential is more than
85 mV/SCE, with respect to corrosion potential of the
blank [32, 33]. Presence of pomegranate peel, the cor-
rosion potential (E,) of st 37 steel is shifted to the
range (10—135 mV) mV/SCE, compared to the blank.
This confirms that pomegranate peel extract acts as
mixed-type inhibitor [34—38] The active rust com-
pounds have been converted into more stable and
resistant against corrosion in the presence of extract. It
is found that there is a fast reaction between rust iron
and natural tannin. The conversion of rust iron into
blue-black coating can be explained that iron oxide
and oxyhydroxides form complex with the polyphe-
nolic part of tannin (The conversion of rust iron into
blue-black coating can be explained by formation of
complex with the polyphenolic part of tannin by iron
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oxide and oxyhydroxides). Tafel curves for st37 steel in
geothermal fluid containing different concentrations
of plant extract are shown in Figs. 3 and 4 [11].

Further inspection of Figs. 3 and 4 reveals linear
relationship; inspection of Table 1 reveals that the IE%
increases as the concentration of the extract is
decreased. Moreover, the Tafel slopes do not suffer sig-
nificant variation with decrease of Quercus robur (Fig. 3)
concentration suggesting that the presence of inhibitor
in the test solution does not modify the process mech-
anism and act as adsorptive inhibitor, retarding both
cathodic and anodic reaction by blocking the active
sites [39—41]. The polarization measurements indi-
cated that the extract inhibits the corrosion processes
by blocking the available active cathodic and anodic
sites of the metal surface through adsorption of the
chemical constituents of the extract on the
metal/solution interface. This phenomenon could
take place via dipole-type interaction between
unshared electron pairs of oxygen atom or p electrons-
interaction with the vacant, low energy d-orbitals of
Fe surface atoms (anodic sites) [40, 42, 43].

In the presence of Quercus robur, the corrosion
potential (£,,,,) of st 37 steel was shifted to the range
(10—-70) mV/SCE, compared to the blank. This con-
firms that Quercus robur extract acts as mixed-type
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Fig. 3. Tafel curves for st37 steel in AF 11 well and AF 11+
X mgL_l Quercus robur oak extract.
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Fig. 4. Tafel curves for st37 steel in AF 11 well and AF 11+
x mgL™" pomegranates peels extract.

inhibitor [42—44]. The observed decrease of the cur-
rent densities (i) with the decrease in Quercus robur
extracts concentration, indicates the increased inhibi-
tion efficiency with the decrease in the concentration
of the inhibitor. This reflects also, the formation of
anodic protective films containing oxides and Quercus
robur oak extract [45].

The results clearly showed that the inhibition
mechanism involves blocking of steel surface by inhib-
itor molecules via adsorption [46—48]. In general, the
phenomenon of adsorption is influenced by the nature
of metal and chemical structure of inhibitor. The val-
ues of thermodynamic parameters for the adsorption
of inhibitors can provide valuable information about
the mechanism of corrosion inhibition [35, 49].

Results of the present investigation (Table 1)
involving extracts of Quercus robur and pomegranate
peel indicate that the inhibition efficiency increases with
decrease in extracts’ concentration and the maximum
inhibition efficiency was obtained with 250 mgL~! con-
centration within the range of concentrations studied.
Corrosion inhibition is initiated by the displacement
of adsorbed water molecules by the inhibitor species
leading to specific adsorption on the metal surface
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[46, 50]. It has also been reported that the adsorption
of the heterocyclic compounds occurs with the aro-
matic rings sometimes parallel but mostly normal to
the iron surface [51]. The solubility of the formed iron
complex depends on the molecules of inhibitor and
hydroxyl groups and also determines degree of corro-
sion inhibition.

Plant extracts inhibit the dissolution reaction by
adsorption at the metal surface in two different ways:
physical adsorption (physisorption) and/or chemical
adsorption (chemisorption) [10, 52, 53]. The adsorbed
layer acts as a barrier between the metal surface and the
corrosive environment, causing reduction in the cor-
rosion rate [54]. This makes this inhibitor, in addition
to its environmentally friendliness and abundant avail-
ability, a viable corrosion inhibitor in a wide range of
oil and gas environments where acid gases such as CO,
and H,S in the presence of water are the major corro-
dents. With the addition of pomegranate peel and
Quercus robur extracts, inhibitor molecules are
adsorbed on the st 37 steel surface and interaction
between them can be described by adsorption iso-
therms. The most widely used adsorption isotherms
are the Bockris-Swinkel, Flory Huggins, Frumkin,
Temkin, El-Awady and Langmuir isotherm [45, 47,
55—57]. The inhibition efficiency (IE%) is directly
proportional to the fraction of the surface covered by
the adsorbed inhibitor. The corrosion-inhibiting effect
of S. mombin L. extract can be attributed to phy-
tochemical constituents including alkaloids tannins,
saponins, flavonoids, ascorbic acid, riboflavin thia-
mine and nicotinic acid. The different constituents
may react with freshly generated Fe?* ions on a cor-
roding metal surface forming organometallic [ Fe-Inh]
complexes. The inhibiting effect of such complexes
then depends on their stability and solubility in the
aqueous corrodent [58]. As can be seen by the good fit
at Fig. 5, these plant extracts as inhibitor found to obey
Temkin adsorption isotherm [59, 60]. The simplest,
being the Temkin isotherm, is based on assumption
that all adsorption sites are equivalent and that Temkin
adsorption equation is [61]

0 = a+ blogc.

Geothermal Fluid Analyses

The potential, salinity, conductivity, total dissolved
substances (TDS), total hardness and pH values were
measured in AF 11 well and AF11 well + x mgL~!
pomegranates peels and Quercus robur oak extracts’
concentrations are listed in Table 2.

The analysis of pH given in Table 2 shows that, as
the extract concentration decreases, pH value
increases and % inhibition values increase, too. The
increase of pH is effective on the decrease of corro-
sion. pH values of 250 mgL~' pomegranates peel and
250 mgL~! Quercus robur oak extracts are 6.73 and
7.70 respectively close to neutral. In neutral mediums,
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Fig. 5. Temkin adsorption isotherm.

general corrosion rate decreases because of the
decrease of active surface, which is faced commonly
and rather effective on the passivity state. As pH of the
fluid increases, the reaction of scale formation
decreases. The corrosion rate increases when pH is
below 8, the inhibition decreases. As water is acidic, it
increases the corrosion and as a result of the dissolu-
tion of the occurred scale, the contact between the
metal and the geothermal fluid increases. The corro-
sion is more effective in acidic water. Because the sur-
face of the metal is bare and it is not coated with
hydroxides and oxides. As the conductivity increases
because of salts (dissolved oxygen, H* ion, Cl~ ion,
H,S, CO,, NH,, SO, , HCO; and CO;~ ion) occurred
in the geothermal, the corrosion increases, too. On the
other hand, the inhibition decreases. The increase of
TDS gets the corrosion increased. The increasing
TDS gets the conductivity and salinity increased,
which gets the corrosion increased. The surface coat-
ing fraction is approximately 0.37 and 0.90 (Table 1).
The adsorbed substance’s surface coating fraction may
be approximately 6 — 1. In other words, the rates of
the probable reactions slow down on the surface,
because almost all the parts of the surface are coated.
Ca?* and Mg?* form hardness in waters. The hardness
alone does not create any problem. A calcium solution
leads to hardness in pH 3, too. However, it forms no
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Table 2. The potential, salinity, conductivity, TDS, total hardness and permanent hardness values measured in AF 11 well
and AF11 well + xmgL~! pomegranates peels and Quercus robur oak concentrations extracts

U | Conguei™] TDS | Total | Permanent

(mV) Salinity & — 0104 (mg L) hardness hardness pH
(cm-1) 0.45 (FSD) (FSD)

AF11 58.9 0.7 1.62 820 44 40.84 8.08
3000 mgL~! 282.4 2.1 3.57 1844 26 26.00 1.66
Pomegranate | 2000 mgL~! 273.7 0.9 1.88 908 39 39.00 1.92
peel extract | 1000 mgL™! 89.0 0.4 1.22 624 48 47.70 5.12
500 mgL~! 7.5 0.3 0.90 470 45 43.76 6.48
250 mgL~! 8.6 0.4 1.21 632 45 43.40 6.73
3000 mgL~! 307.7 4.9 7.66 2192 110 110.00 1.33
Quercus 2000 mgL~! 301.4 1.6 2.84 1461 30 30.00 1.56
robur oak 1000 mgL~! 73.2 0.0 0.47 212 44 37.20 7.90
extract 500 mgL~! 60.2 0.0 0.26 116 10 8.00 7.60
250 mgL~! 66.5 0.0 0.13 59 10 9.00 7.70

Table 3. TDS, Ca hardness, alkaline hardness and total hardness, pH measuring values and the calculated pHs values of
AF11 well, collection pool and reinjection

2+ :
1 Ca“™ hardness Alkaline Total hardness
Sample TDS (mgl™) | ™ o1 -1)  |hardness (mgL~")|  (FSD) pH PH;
AF11 801 144 192 44.40 7.80 7.61
Collected pool 801 144 192 43.75 7.52 7.61
Reinjection 802 143 194 45.00 7.60 7.60

deposit. The presence of Ca?*, Mg?* and alkalinity
combination may lead to hardness and scale formation
in the water [33]. The scale formation on the surfaces
of heat transfer gets the heat transfer decreased. If the
scale is inside of the pipe, it limits the flow of the fluid.
The formation rate of CaCO; and Mg(OH), is related
to temperature, pH, the concentration of bicorbonate
ions, the release rate of CO,, the concentration of

Ca?* and Mg?* ions and the amount of total dissolved
substance (TDS) [29, 30, 62—64].

Furthermore, calcium hardness, alkaline hardness,
saturated pH (pHs) and the calculated Langelier Sat-
urated Index and Ryznar Stability Index values in
AF11 well, collection pool and reinjection are shown
in Table 3.

Geothermal fluids coming from all the wells are
generally collected in the collection pool in AFJET
geothermal heating system and inhibitor is added into
it. After the gasses (O,, CO,, H,S, NH; etc.) occurred
in the dissolved form inside of it are removed, geother-
mal fluid is carried. Geothermal fluid used for heating
in the city comes back again and it is pumped into the
heating system by reinjection. TDS is the general indi-
cator of the quality of water spring. As TDS increases,
the quality of water goes bad.

When LSI values are —0.09 and 0.19 reinjection
and AFI11 well respectively, index values (Table 4)
show that geothermal fluid is little corrosive and there
has been no scale. LSI value of AF11 well is +0.19.
This value shows that geothermal fluid is in equilib-
rium; however, there can be pitting corrosion. It can be
seen that TDS values (Table 3) are not effective on the
calculation of LSI values. According to these values
LSI values show that the system is in equilibrium,
however, there can be pitting corrosion.

RSI values (Table 4) has been changing between the
values 7.42 and 7.70 pH = 7.80 is in AF11 well fluid
and alkalinite hardness is 192, which shows that there
is serious corrosion in AF11 well.

If pH value is little more than saturated pHs value,
LSI is negative and water is in the very limited sediment
potential. If the real pH is more than pHs, LSI is posi-
tive and water is saturated with CaCQO; and it shows ten-
dency to scale. The increasing positive LSI values get
increased the potential of the scale formation. LSI only
shows the driving power of water. Ca’s higher concen-
tration, TDS and alkalinity increase the tendency of the
formation of scale. When RSI and LSI values (Table 4)
are compared with the system, there has been corrosion
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Table 4. The calculated LSI and RSI values and interpretation of AF11 well collection pool and reinjection

LSI RSI . Interpretation
Sample index index Interpretation LSI RSI
AF11 0.19 7.42 In equilibrium but pitting corrosion is possible | Serious corrosion
Reinjection —0.09 7.70 Light corrosive but no scale formation Heavy corrosion formation
Collectedpool 0.00 7.60 In equilibrium but pitting corrosion is possible | Heavy corrosion formation

Table 5. ICP-OES analysis results of AF11 well. collection pool and reinjection (as mg L)

Sample Al B Ba Ca Cu Cr Fe K Li Mg Na Zn
AF11 0.223 | 5.856 | 0.119 [69.670 | 0.043 | 0.008 | 0.254 | 125.554 | 5.071 | 13.229 | 9.695 | 0.068
Collection pool| 0.214 | 5.926 | 0.119 | 69.639| 0.036 | 0.010 | 0.167 | 125.811 | 5.066 | 13.367 | 8.711 | 0.069
Reinjection 0.291 | 6.153 | 0.110 [{69.594 | 0.041 | 0.009 | 0.151 | 131.128 | 5.302 | 13.406 | 5.038 | 0.102

Table 6. The calculated from EDX analysis Na*/Ca?* ratios

Sample

Na*/Ca?" ratios

st 37 steel waited AF11 for 2 days

st 37 steel waited AF11 + 250 mgL~! Quercus robur inhibitor for 2 days

st 37 steel waited AF11 for 9 days

st 37 steel waited AF11 + 250 mgL~! Quercus robur inhibitor for 9 days

2.26
1.68
5.24
8.29

in both values. RSI shows that there has been a serious
corrosion in all system generally.

RSI and LSI values (Table 4) give information
about the formation of corrosion and scale. It gives
important information about the rightness of scale for-
mation. pHs values are to be average 7.60. There has
been light scale formation only in AF11 well. If pHs
value is close to CaCQj’s saturated value, it is on the
limit of scale formation. The fluid used in the system
has corrosive character. There has been little scale for-
mation. As it is seen, there is a tendency to corrosion
in AFJET and there is no scale formation. It is resulted
from the using of preventing commercial inhibitor of
scale formation.

The Results of ICP-OES Analyses

The geothermal fluid used in AFJET geothermal
heating system should be evaluated with its corrosive
character instead of its scale formation character.
ICP-OES analyses of the geothermal fluid samples
taken from AF 11well, reinjection and collection pool
are given in Table 5.

The temperature of the fluid taken from AF 11 well
is 110°C. This shows that the geothermal fluid of this
well is located in the average geothermal group. All
fluid samples include Ca?* ions highly, which supports
CaCO; formation. Ca?* concentration in geothermal
fluid is related to dissolubility of CaCO; (calcite, ara-
gonite), CaSO, (anhydride, jips), CaF, (florid) and

other calcium minerals which are observed in the
nature commonly.

In the systems, which have high temperature,
Ca?* concentration dissolved in hot water is generally
upper than 50 mgL—!. Ca?* content of AF11 well is
69.670 mgL~!. It is 69.639 mgL~! in collection pool.
In reinjection, Ca®* concentration decreases to 69.594
ppm. The reason of decreasing may be explained as
that CaCO; precipitates depending on loosing CO,.
Nat/Ca®" ratios are used as geothermometer. These
values are calculated from EDX results for st37 steel
surface; and are given Table 6.

It is accepted that high values show the direct feed
from reservoir [20, 63]. Mg?* concentration in geo-
thermal fluid which has high temperature is between 1
x 1073 and 1 x 10~ mgL~". The higher concentrations
(Table 5) show the concentration coming from rock
close to surface or shallow water.

The scale formation of iron sulphur creates a seri-
ous problem. Iron sulphur is cathodic compared to
iron. This forms galvanic cells which create serious
cavitation corrosion. The occurrence of every kinds of
precipitation in the waters which include the gases like
H,S, O, or CO, increases the intensity of probable
corrosion problem. In the study and examinations
performed in the majority of geothermal energy
sources, especially in the compounds of scales
occurred in steel pipes, element trace in a great
amount is come across and resulted from the corrosion
of metallic parts in the system (Table 5). In the waters
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Fig. 6. The EDX analysis of bare st37 steel.

cps/eV
14

T

12

T

10

-~ N >
T

Fe
Fe Si Cl
2 - Na ]
2 4 6 8 10

keV

Fig. 7. The EDX analysis of st37 steel after waited in geo-
thermal fluid AF11well for 2 days.

cps/eV
10 -

Fig. 8. The EDX analysis of st37 steel after waited in geo-
thermal fluid AF11 for 9 days.

taken from geothermal pipe lines, P, Cr, Mn, Ni Mo
trace elements resulted from steel corrosion are come
across and in the minerals (like geotit, pyrite, opal),
which are corrosion products, it is encountered with
element traces resulted from steel corrosion by ICP-
OES analysis (Table 5).

The resource and drilling waters belonging to
Omer-Gecek Region show Na-Cl character for some

samples and they show HCO; character for some

other samples. Furthermore, these waters include bor
in increasing level [21, 63, 64].

The thermal fluid in Omer-Gecek geothermal
region, where the temperatures are between 32 and
92°C, shows difference from the point of view. Omer-
Gecek waters have usually the character of Na-ClI-
HCO;, which points out a probable deep water cycle.
The mineral equilibrium is supervised by CO, concen-
tration in a large scale [22]. Scale precipitation affects
the metal corrosion. The protection is obtained
against corrosion by precipitation of CaCO; scale
sometimes intentionally. However, scale precipitation
often accelerates corrosion.

The studied geothermal fluid samples (collection
pool and reinjection) are the geothermal fluid sam-
ples, where inhibitor added, except for corrosion
experiments (AF11 well). The fluid used in the system
has more corrosive character. There is little scale for-
mation. The reason of this, the commercial inhibitor
used in AFJET shows the character that prevents scale
formation. Geothermal fluid used in AFJET geother-
mal heating system should be evaluated with the cor-
rosive character rather than scale formation.

The Results of Surface Analysis (SEM-EDX)

St 37 steel is waited in the geothermal fluid taken
from AF 11 well in the solutions for 2 and 9 days with-
out inhibitor and it is waited in the AF11+ 250 mgL~!
Quercus robur oak inhibitor for 2 and 9 days. Their
EDX analyses are given in Figs. 6—10.

When the surface of st 37 steel, which is waited in
geothermal fluid AF11 for 2 days (Fig. 7, Table 7), is
examined, there are only Fe?* and O?~ occurrences
very much in the field analysis of surface. Fe3* and 0%~

form FeO, anion. This is one of the corrosion prod-
ucts of iron. As a result of 100 pm EDX area scanning
of st 37 steel waited in AF11 geothermal fluid for 2 days
(Fig. 7), it is seen that the surface is homogenous and
there are casting and sanding faults. The atoms found
in the surface are O, Na, Mg, Si, S, CI, K, Ca, Fe. It
shows that this geothermal fluid dissolves many num-
bers of elements inside. The occurrences of Na* and
CI~ on the surface show that geothermal fluid has the
character of Na-CI-HCO; [22]. The EDX analyses of
st 37 steel after waited in geothermal fluid AF 11 and
AF11+ 250 mgL~" Quercus robur for 2 and 9 days with
and without inhibitor are given Table 7.
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Fig. 9. The EDX analysis of st37 steel after waited in geo-
thermal fluid AF11+250 mgL_1 Quercus robur oak extract
for 2 days.

Literature shows that the corrosion inhibition is
due to the formation of inhibitor film on the metal sur-
face by inhibitor compounds. Analysis of geothermal
fluid (with and without inhibitor) by EDX showed the
presence of Fe—inhibitor complex along with iron
oxides such as y-Fe,0; and y-FeOOH. During mild
steel dissolution reaction, FeOH and [FeCIOH]™ are
formed as intermediates. These intermediates are con-
verted to y-Fe,0; and y-FeOOH and form oxide layer
[65—67]. The intensity of oxygen molecules is higher
than the carbon (Table 7) atom indicating presence of
higher amount of iron oxides in the inhibitor film. On
the other hand, with the presence of strongly adsorb-
able anion like CI-, the surface charge is changed to
negative by specific adsorption of the anion, resulting
in the joint adsorption of the anion with the cation
[42]. The detection of chloride ions (Table 7) confirms

869
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Fig. 10. The EDX analysis of st37 steel after waited in geo-
thermal fluid AF11+ 250 mgL_l Quercus robur oak extract
for 9 days.

the inclusion of chloride in the Fe-inhibitor complex.
From the above evidences, the mechanism of film for-
mation is as follows [58].

1. Formation of FeOH* and [FeCIOH]~
diates.

2. Conversion of FeOH* and [FeCIOH]~ to
v-Fe,05 and y-FeOOH and forms oxide layer.

3. At the pores of oxide layer, inhibitor molecules
react with [FeCIOH]~ and forms more stable inhibitor
complex and protects metal.

The corrosion products of Fe?* are known as
Fe(OH),, Fe(OH);, Fe;O,, Fe,O; and FeO. The
occurrences of Ca?*, Mg?* and Si?* on the surface
support the scale formation. When the scale comes
into being on the surface, the part under the scale
becomes anode. The other parts of it act as cathode
and the material is holed by being exposing to pitting

interme-

Table 7. The EDX analyses of st37 steel after waited in geothermal fluid AF 11 and AF11+ 250 mgL~"! Quercus robur oak

extract for 2 and 9 days

C (0] Na Mg Al Si P S Cl Ca K Cu Fe

AF11 — 31.64 | 4.84 | 0.54 — 4.53 — 0.50 | 5.34 | 2.14 | 0.57 — 49.91
2 days

AF11+ 1.19 | 41.76 | 1.53 | 0.50 1.25 | 3.27 | 0.24 | 0.61 0.90 | 0.91 — — 47.84
Quercus robur

2 days

AF11 0.24 | 30.29 | 3.72 | 0.29 — 5.44 - 0.40 | 452 | 0.71 | 043 — 28.30
9 days

AF11+ 0.94 | 22.04 | 6.55 1.85 — 1.05 — 1.35 1.78 | 0.79 | 0.65 | 2.74 | 60.26
Quercus robur

9 days

Not determined.
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Fig. 11. The SEM microphotographs of st 37 steel with dif-
ferent magnificiations a—bare st37 steel b—AF11 + 2
days c—AF11 + 2 days d—AF11 + 2 days e—AF11 + 9
days f—AF11+ 9 days.

corrosion. The excess CI~ supports the pitting corro-
sion. The oxygen existed on the surface supports the
scale formation in the form of CaCO;, Mg(OH), and
SiO,.

St 37 steel is waited in the geothermal fluid taken
from AF 11 well in the solutions for 2 and 9 days with-
out inhibitor and it is waited in the 250 mgL~"! Quercus
robur inhibitor solution for 2 and 9 days. Their SEM
microphotographs are shown in Figs. 11—12.

When the surface of st 37 steel, which is waited in
250 mgL~! Quercus robur AF11 for 2 days (Fig. 11b,
11c, 11d), is examined, it can be seen that the surface
is very smooth and homogeneous and there are only
sanding faults. The surface is homogenous and there
are only sanding faults in the condition of st 37 steel
before putting it into the solution. There becomes a
protective film in the existence of inhibitor. When the
surface of st 37 steel, which is waited in geothermal
fluid AF11+ for 9 days (Fig. 11e, 11f), is examined, it
can be seen that there is some roughness on the surface
and there are much more rough structures and the
contents of Na* and Cl~ has been decreased compared
with the values of 2 days waiting period (Table 7) of it
and there are much more O?~ and Fe?* on the surface.
There have been existed iron hydroxides and oxides,
which are corrosion products, on the surface. When
the surface of st 37 steel (100 um), which is waited in
250 ppm Quercus robur inhibitor solution geothermal
fluid AF11+ for 9 days (Fig. 11e, 11f), is examined, it
can be seen in element analyses that there are almost
same values compared with 2 days waiting period of it.

BUYUKSAGIS et al.

b

Fig. 12. The SEM microphotographs of st 37 steel in
AF11+4250 mgL_1 Quercus robur oak extract with different
magnificiations a—AF11 + 2 days b—AF11 + 9 days c—
AF 11 + 2 days d—AF11+ 9 days e—AF11 + 2 days f—
AF 11 + 9 days.

The fact that the surface is not been destroyed shows
that there occurs a film on the surface and it prevents
the corrosion and scale formation. The field analyses
carried out as a result of waiting of st 37 iron for 9 days
in AF11, it can be seen that there occurs a complex in
Fe,O?* structure on the surface. These are effective in
the protection of the surface against corrosion and
scale formation (Table 7).

When microphotographs of SEM are examined
(Fig. 12), it can be seen that there are sanding faults in
all photographs. When uncovered; st 37, AF11+ 2 days
with inhibitor (Fig. 12a, 12¢, 12¢), AF11+ 9 days with
inhibitor (Fig. 12b, 12d, 12f), it can be seen that sur-
face images are similar to each other. The photographs
with inhibitor (Fig. 12) are better than bare surface,
which shows that inhibitors form a thin film on the
surface and it makes the corrosion and scale formation
decreased. The surfaces without inhibitor are rougher
and they are not homogeneous (Fig. 11). The surfaces
are exposed to corrosion. When EDXs of the samples

above are examined (Table 7), there are usually Fe O,
ions on the surface without inhibitor and there is
Fe,O* ion on the surface with inhibitor. Because there
is excess of charge in FeO,, it accelerates the corro-

sion. Fe,O" makes the corrosion and scale formation
decreased by holding on the surface. Iron hydroxides
first and then transforms into oxides, while it is cor-
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roded. Iron is corroded a little and corrosion products
have produced a protective structure on the surface by
uniting with inhibitors.

CONCLUSIONS

1. The geothermal fluid has corrosive character
according to the calculated LSI and RSI values.

2. The scale formation is on the limit or occurs very
little.

3. The increasing TDS, alkaline and hardness sup-
port scale formation.

4. 250 mgL~' extracts of Quercus robur oak have
showed 90 % inhibition efficiency. 500 mgL~! extracts
of pomegranate peel have showed 90 % inhibition effi-
ciency.

5. The extracts are nature friendly and renewable
inhibitors.

6. The extracts act as mixed inhibitors.

7. EDX analysis shows that there has been CaCO;
scale formation in the system.

8. It is seen that the scale formation is on the limit
or very little because there is inhibitor in the geother-
mal fluid samples taken for index calculations. The
inhibitor used in the system prevents scale formation
but it does not prevent corrosion. Both corrosion
inhibitor and scale inhibitor should be added into the
system in order to be able to prevent corrosion and
scale formation.

9. It is seen that the form of geothermal fluid has
Na-Cl-HCO; character in IC and ICP-OES analyses.

10. It is seen that Na/Ca ratio is feed from the res-
ervoir.

11. The very high amount of Ca?* supports CaCO,
scale formation in ICP-OES analyses.
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