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A combined process was developed to inhibit the corrosion both in the pipeline of reclaimed
water supplies (PRWS) and in downstream recirculating cooling water systems (RCWS)
using the reclaimed water asmakeup. Hydroxyl carboxylate-based corrosion inhibitors (e.g.,
gluconate, citrate, tartrate) and zinc sulfate heptahydrate, which provided Zn2+ as a
synergistic corrosion inhibition additive, were added prior to the PRWSwhen the phosphate
(which could be utilized as a corrosion inhibitor) content in the reclaimed water was below
1.7 mg/L, and no additional corrosion inhibitors were required for the downstream RCWS.
Satisfactory corrosion inhibition was achieved even if the RCWS was operated under the
condition of high numbers of concentration cycles. The corrosion inhibition requirement
was also met by the appropriate combination of PO4

3− and Zn2+ when the phosphate content
in the reclaimed water was more than 1.7 mg/L. The process integrated not only water
reclamation and reuse, and the operation of a highly concentrated RCWS, but also
the comprehensive utilization of phosphate in reclaimed water and the application of
non-phosphorus corrosion inhibitors. The proposed process reduced the operating cost of the
PRWS and the RCWS, and lowered the environmental hazard caused by the excessive
discharge of phosphate. Furthermore, larger amounts of water resources could be conserved
as a result.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

The corrosion of water pipelines, occurring either in drinking
water distribution systems or in wastewater collection facil-
ities, has been a major concern (Edwards, 2004; Romer and
Passaro, 2007). Without appropriate maintenance, pipelines,
especially those made of metals, will be quickly attacked and
ees.ac.cn (Jun Wang).

o-Environmental Science
eroded by dissolved gases, ions and organic matters. As a
result, pipeline leakage can cause water loss and contamina-
tion, ambient pollution, and high cost for not only pipeline
restoration, but also the remediation of water and the
surrounding environment.

In recent years, wastewater reuse has gained great
attention in regions that suffer from water scarcity, and a
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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number of facilities for advanced treatment and reclaiming of
wastewater were constructed (Yi et al., 2011). The reclaimed
water contains more contaminants and has more severe
corrosivity than fresh water. Therefore, designs for appropri-
ately inhibiting the corrosion in the pipelines of reclaimed
water supplies (PRWS) are necessary (Kim et al., 2012).
Unfortunately, the corrosion issues of the PRWS were largely
neglected in the past and have only been seriously considered
recently.

Typical techniques for pipeline corrosion control include
material selection, protective coatings and linings, cathodic
protection and dosing with corrosion inhibitors (Ellenberger,
2014; Buchheit, 2005; Sastri, 2011). Among the four techniques,
the former three are usually applied in the construction of
new pipelines, whereas only the last technique can be utilized
with existing pipelines. As such, the main objective of the
present study is to develop a process for satisfactory corrosion
inhibition in the existing PRWS by dosing with inhibitors.

Reclaimed water is often reused as municipal and domes-
tic non-potable water or makeup water for industrial cooling
circuits (Safari et al., 2013; Choudhury et al., 2012). Coinci-
dently, the corrosion issue is also the main concern for
industrial cooling water systems, which requires the use of
corrosion inhibitors as well. As such, a corrosion inhibition
formula for both PRWS and downstream recirculating cooling
water systems (RCWS) by dosing with the same inhibitors
can be envisaged. The realization of such a system not only
simultaneously solves the corrosion issue for both systems,
but also streamlines the overall operation.

Reclaimedwaters usually contain trace amounts of phospho-
rus compounds, such as orthophosphate, polyphosphate, and
organic phosphates, which cannot be completely removed from
raw wastewaters by either secondary or advanced treatments.
On theonehand, as it is knownas aneffective corrosion inhibitor
(Frayne, 1999), the presence of phosphate in reclaimed waters
could potentially assist the corrosion inhibition in PRWS and
RCWS, thus lowering the consumption of additional corrosion
inhibitors. On the other hand, phosphorus is one of the essential
nutrients for organisms, and its excess emission could lead
to eutrophication of environmental waters. So, in recent years,
the content of phosphorus in water or the application of
phosphorus chemicals has been strictly monitored and
Table 1 – The characteristics comparison of secondary-treated m

Parameters Reclaimed water

Ca2+ (mg/L) a 275.4
Total hardness (mg/L) a 398.6
Total alkalinity (mg/L) a 227.5
Cl- (mg/L) 191.1
SO4

2- (mg/L) 233.2
Total iron (mg/L) 0.08
Total phosphorus (mg/L)b 1.42
Orthophosphate (mg/L)b 1.40
Conductivity (μS/cm) 1098
pH 7.73
Turbidity (NTU) 3.25
CODCr (mg/L) 20

a Calculated as CaCO3.
b Calculated as PO4

3−.
controlled by environmental regulations. Therefore, the use
of phosphate as corrosion inhibitor and especially its dosage
should be carefully examined. The addition of other novel
non-phosphorus corrosion inhibitors such as gluconates
(one type of hydroxyl carboxylate) (Touir et al., 2008, 2014;
Belakhmima et al., 2015; Manjula, 2009) to complement
phosphorus corrosion inhibitors offers an alternative approach
to better utilize phosphate present in water while minimizing its
negative impacts. Furthermore, the use of hydroxyl carboxylates,
including citrates and tartrates, as corrosion inhibitors has been
investigated in previous studies on the corrosion inhibitions of
aluminum and zinc (Müller, 2004; Shao et al., 2002; Renuka et al.,
1998). Hence their corrosion inhibition functionality onmild steel
can be expected.

The objective of this study is therefore to develop an
environmentally friendly and economically viable process to
prevent the corrosion taking place in both PRWS and down-
stream RCWS, by dosing hydroxyl carboxylates, phosphates
and other corrosion inhibition additives in the water source.
1. Materials and methods

1.1. Characterization of the reclaimed water

The reclaimed water (raw water), a secondary-treated munic-
ipal wastewater effluent (i.e., Orbal oxidation ditch followed
by secondary clarification), was collected from Fangshan
Chengguan Wastewater Treatment Plant in Beijing, China.
Its characteristics were determined by using appropriate
standard test procedures (China EPA, 2002) and the results
are presented in Table 1. Fresh water was collected from
SINOPEC Beijing Yanshan Company in Beijing, China, and
used for the purpose of comparing its corrosivity in pipelines
with the reclaimed water, whose characteristics are also
provided in Table 1. The most noticeable differences between
the reclaimed water in PRWS and RCWS include the water
temperature, total dissolved solid (TSS) content and organic
contaminant content. To reflect the condition of the highly
concentrated RCWS in bench experiments, simulated cooling
water was prepared by adding certain amounts of soluble
salts to the reclaimed water. In this work, anhydrous calcium
unicipal wastewater and fresh water.

Fresh water Simulated cooling water

158.7 1512
198.3 1645
145.8 188.3
32.3 1065
45.5 1306
0.03 0.10
N.D. 1.43
N.D. 1.37
627 4325
7.65 7.35
N.D. 4.33
N.D. 21
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chloride was added to increase the Ca2+ concentration in the
reclaimed water up to 1500 mg/L, and anhydrous sodium
sulfate was added to balance the anions (e.g., Cl−, SO4

2−) in the
water, which were expected to have significant impact on the
corrosion of carbon steel. The characteristics of the simulated
cooling water are listed in Table 1. Some parameters of the
simulated cooling water, such as total iron content, total
phosphorus content and dichromate chemical oxygen de-
mand (CODCr) concentration, were slightly different from the
actual cooling water, but still within the acceptable level, and
therefore considered suitable for the preliminary evaluation
of corrosion inhibition using the proposed chemical formula.

1.2. Chemicals

Three hydroxyl carboxylates, sodium gluconate (SG) (>99%),
sodium citrate (SC) (>99%) and sodium tartrate (ST) (>99%),
were all purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China) and used as non-phosphorus corro-
sion inhibitors. A synergistic corrosion inhibitor, Zinc sulfate
heptahydrate (>99%), was also purchased from Sinopharm
Chemical Reagent Co. Ltd. An antiscalant, Polyepoxysuccinic
acid (PESA) with an activematter content of above 50% (wt.), was
acquired from Changzhou Jingke Xiafeng Fine Chemical Co. Ltd.
(Jiangsu, China). A water soluble acrylic acid/2-acrylamide-2-
methylpropanesulfonic acid copolymer with a solid matter
content of above 30% (wt.) under the trademark of LN-104B
was purchased from Changzhou Global Chemicals Co. Ltd.
(Jiangsu, China) and used as the dispersant. In addition, sodium
dichloroisocyanurate was used as the biocide in the pilot-scale
experiment for biofouling control.

1.3. Bench experiment

The corrosion inhibition performance of the chemical formula-
tions in PRWSandRCWSwas testedusing theRotationSpecimen
3
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Fig. 1 – Schematic representation of the pilot-scale recirculating
tower basin; (3) circulating pump; (4) rotameter; (5) heat exchang
(9) blowdown pump; (10) conductivity controller; (11) acid-dosing
(14) temperature probe; (15) control cabinet; (16) computer.
Method (China Association for Chemical Standardization, 2000).
The experimental procedure was as follows: (1) The clean steel
coupons (20# mild steel, a kind of mild and low-carbon steel
containing approximately 0.2% carbon) wereweighed and fixed
on a RCC-II rotating coupon corrosion tester (Jiangsu Gaoyou
Instrument Factory, China); (2) the coupons were dipped into
experimental solutions containing corrosion and scale inhibi-
tors and dispersants; (3) the experiments were performed at a
constant temperature (T) with a predetermined rotating speed
(RS) for 72 hr; and (4) the coupons were then washed by
hydrochloric acid solution (10 wt.%) and weighed again to
obtain the corrosion rate using Eq. (1) below:

Corrosion rate ¼ 87;600� ΔW
S� ρ� t

ð1Þ

where, corrosion rate (mm/year) can be expressed as the
“speed” at which the corrosion process takes place and how
fast the metal is consumed by corrosion, ΔW (g) is the weight
loss of the coupon, S (cm2) is the superficial area of the coupon,
ρ (g/cm3) is the density of the coupon, and t (hr) is the
experimental time.

1.4. Pilot-scale recirculating cooling water system experiment

A pilot-scale RCWS designed and installed in-house was used to
evaluate the performance of the cooling water chemical formula
(Manufacturing and Developing Department of SINOPEC, 1993;
Chien et al., 2012), and its process is shown in Fig. 1.

The cooling water was first pumped from the cooling tower
basin to the test tube (20# carbon steel, Ø10 × 1 × 500 mm,
chromium plated outside) which was located in the heat
exchanger, while the flow rate was controlled at 180 L/min by
a rotameter. Then the cooling water was heated in the heat
exchanger and the inlet and outlet temperatures of the tube
were maintained at 32.0 ± 1.0°C and 42.0 ± 1.0°C respectively.
Next, the heated water was introduced to the cooling tower
Cool air

Hot air
Water vapor

Makeup water
Inhibitors

Blowdown

1 8

2 7

10
12

11

9

cooling water systems (RCWS). (1) Cooling tower; (2) cooling
er; (6) test tube; (7) root's blower; (8) makeup water tank;
pump; (12) pH-controller; (13) sulfuric acid tank;
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Fig. 2 – The corrosion rate of mild steel at different
temperatures in the reclaimed water and in the fresh water.
Experimental condition: rotating speed (RS) = 120 r/min.
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for cooling. Finally, the cooled water went down into the basin
and finished the cycle.

The reclaimedwater treated by lime to remove phosphates
was used as the makeup water for the system. The water
volume in the system was maintained by adding makeup
water to the basin through the ball float valve. The corrosion
and scale inhibitors were supplied along with the makeup
water. If the amount of inhibitors became lower than the
predetermined values, extra dosage of the inhibitors could be
added to the basin directly. Moreover, 30 mg/L of sodium
dichloroisocyanurate was added to the basin on a daily basis
to minimize any potential biofouling. The cooling water could
be automatically discharged from the basin when the Ca2+

concentration exceeded 1500 mg/L. Sulfuric acid was added
by an automatic pH-controller during the test to manage the
pH of the cooling water in the desired range. The duration of
the test was 20 days, and the adhesion rate and the corrosion
rate of the test tubes were obtained by the weight gain and the
weight loss of the tubes. The adhesion rate (mg/(cm2·month))
is represented by a weight of total deposit on the inside
surface of a test tube in a period of time and was calculated
using the Eq. (2) below:

Adhesion rate ¼ 720; 000� W1−W2ð Þ
S� t

ð2Þ

where W1 (g) is the weight of the test tube without cleansing by
acid after the experiment,W2 (g) is theweight of the acid-washed
test tube after the experiment, S (cm2) is the inner superficial area
of the test tube, and t (hr) is the experimental time. During the
same period, some coupons of 20# carbon steel were suspended
in the cooling tower basin for comparison purposes.
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Fig. 3 – The effect of dosing phosphate on the corrosion rate
of mild steel in the reclaimed water. Experimental condition:
RS = 120 r/min; temperature = 30°C.
2. Results and discussion

2.1. Corrosion inhibition study on PRWS

2.1.1. Corrosion inhibition requirement
The Ryznar Saturation Index (RSI), an estimated parameter of
the corrosion potential in water based on Ca2+ concentration,
alkalinity and saturated pH, was calculated from the data in
Table 1 (Frayne, 1999). The RSIs of the reclaimedwater and the
fresh water were 6.88 and 7.59 respectively, suggesting
that the mild steel is more prone to corrode in fresh water
than in reclaimed water. In the present study, the corrosion
rates at different temperatures in the reclaimed water were
tested, and compared against that in the fresh water at the
corresponding temperatures. As shown in Fig. 2, the corrosion
rate in the reclaimed water was much higher than that in the
fresh water, which was opposite to the trends observed in RSI,
indicating that some characteristics of the reclaimed water,
such as Cl−, SO4

2− and organic pollutants, might have great
impact on the corrosion of the mild steel. The corrosion rate
drastically increased when the temperatures increased from
15 to 25°C, followed by a much more moderate increase at
the temperatures of 30–35°C, probably due to the competition
between the corrosion driven by the difference of dissolved
oxygen concentration (DO) and the inhibition achieved by the
formation of a ‘protective film’, once rusted, which would also
slow down the corrosion to a certain extent. The maximum
corrosion rate in the freshwaterwas observed to be 0.2 mm/year
within the range of temperatures assessed, which could be used
as an evaluation index (satisfactory corrosion inhibition) of the
corrosion inhibition in the reclaimed water.

2.1.2. Corrosion inhibition of phosphate
Orthophosphate (PO4

3−) has been used as an effective anodic
corrosion inhibitor in water treatment (Frayne, 1999). However,
as demonstrated in the previous section, the PO4

3− concentration
of 1.4 mg/L was not sufficient to prevent corrosion in the
reclaimed water. In this regard, an experiment was conducted
to access the effect of dosing extra phosphate on the corrosion
rate ofmild steel. Fig. 3 shows that the corrosion rate ofmild steel
dropped linearly from 0.405 mm/year at the PO4

3− concentration
of 1.4 mg/L to 0.203 mm/year at the PO4

3− concentration of
3.0 mg/L, which was close to the requirement (<0.2 mm/year),
suggesting that the corrosion could be inhibited by dosing with
phosphate alone. However, the dosage of phosphate was strictly
limited since the PO4

3− concentration needs to be below 3.0 mg/L
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according to water quality standards for reclaimed water
(China Ministry of Housing and Urban-Rural Development,
2005). In view of this concern, the use of additional inhibitors
was necessary to meet the requirement.

2.1.3. Synergistic corrosion inhibition of zinc sulfate
Inorganic zinc salts (Zn2+) are commonly used as a corrosion
inhibition additive in water treatment, and the combination
of PO4

3− and Zn2+ could synergistically enhance the corrosion
inhibition effect by quickly forming a sedimentary film on the
metal surface (Razi, 1989). Zinc sulfate heptahydrate therefore
was used in this study to enhance the corrosion inhibition of
the mild steel in the reclaimed water, while extra phosphate
was still dosed. As shown in Fig. 4, the combination of PO4

3−

and Zn2+ significantly improved the corrosion inhibition,
and the corrosion rate decreased with the increase of the
Zn2+ and the PO4

3− concentrations. Good corrosion inhibition
was achieved with the Zn2+ concentration at 0.5 mg/L without
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Fig. 5 – The effect of dosing hydroxyl carboxylates on the corrosion
phosphate at 1.4 mg/L; (b) in the absence of phosphate. Experimen
gluconate, SC: sodium citrate, ST: sodium tartrate.
dosing extra phosphate, revealing an excellent supplemental
effect from Zn2+. In addition, similar corrosion inhibition was
also observed with the Zn2+ concentration at only 0.2 mg/L
when 0.3 mg/L extra phosphate was dosed. With the PO4

3−

concentration increased to 2.0 mg/L, a better corrosion rate of
below 0.1 mm/y was obtained with a Zn2+ concentration up to
0.5 mg/L, suggesting that the corrosion inhibition could be
enhanced by dosing with more phosphate and zinc sulfate.
However, considering the environmental risks caused by
phosphorus-related products, a non-phosphorus corrosion
inhibition formula should be considered.

2.1.4. Complementary corrosion inhibition of hydroxyl carboxylates
Three hydroxyl carboxylates, SG, SC and ST, were studied in
bench experiments to evaluate their corrosion inhibition
functionality under the conditions of PRWS. Fig. 5a shows the
corrosion inhibition of hydroxyl carboxylates at an initial
PO4

3− concentration of 1.4 mg/L. The results indicated that the
corrosion rates significantly declined when the dosage of
hydroxyl carboxylates was increased, and the corrosion
inhibition followed the order of ST, SG and SC. Zn2+ showed
a positive effect on the corrosion inhibition. Corrosion
inhibition below 0.2 mm/year was achieved with a dosage of
hydroxyl carboxylates of only 0.5 mg/L and Zn2+ concentra-
tion of 0.2 mg/L, suggesting that the combination of hydroxyl
carboxylates, PO4

3− and Zn2+ had excellent corrosion inhibi-
tion performance for mild steel. However, since the phos-
phate content of the reclaimed water changed over time, the
corrosion risk of the reclaimed water with very low phos-
phate concentration should also be of concern. As such, an
experiment in the absence of phosphate was performed, and
the phosphate was completely removed from the reclaimed
water by precipitation with lime.

The same relationship between the corrosion rate and the
dosage of corrosion inhibitors was found, as shown in Fig. 5b.
However, for different hydroxyl carboxylates, varying amounts
of hydroxyl carboxylates and Zn2+ were required to meet the
corrosion inhibition requirement of 0.2 mm/y. In terms of SG
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and SC, dosages of 3 mg/L and 2 mg/Lwere required at the Zn2+

concentration of 0.2 mg/L and 0.5 mg/L, respectively. Neverthe-
less, only a dosage of 2 mg/L at the Zn2+ concentration of
0.2 mg/L and a dosage of 1 mg/L at the Zn2+ concentration of
0.5 mg/Lwere needed to achieve similar corrosion inhibition for
ST, exhibiting better corrosion inhibition for ST than that of SG
and SC, which was possibly due to the more active functional
groups available in the presence of ST. The corrosion inhibition
mechanism of hydroxyl carboxylates is shown in Fig. 6.
Chelation of iron oxides by hydroxyl and carboxyl groups linked
to two adjacent carbon atoms is mainly responsible for the
corrosion inhibition. The iron oxides here could be replaced by
zinc and calcium salts, and a complex ‘protective film’ could be
formed on the surface of the mild steel. Since a molecule of ST
has two of these chelating groups but SG and SC only have one,
ST should exhibit better corrosion inhibition than SG and SC.
Furthermore, the molecular weight of hydroxyl carboxylates
follows the order of SC > SG > ST, indicating that the amount of
the chelating groups follows the opposite order at the same
dosage of hydroxyl carboxylates by weight. The relationship
between the corrosion inhibition by hydroxyl carboxylates and
the amount of chelating groupswas in goodagreementwith the
experimental results.

2.2. Corrosion inhibition study on RCWS

2.2.1. Corrosion inhibition by a hydroxyl carboxylate alone
The corrosion inhibition of the three hydroxyl carboxylates
separately was studied under the condition of simulated
recirculating cooling water at the Ca2+ concentration of
1500 mg/L, and the experiments were performed in the
absence of phosphate. As shown in Fig. 7, a corrosion rate of
below 0.075 mm/year, which met the requirements of interna-
tional standard regulations for recirculating cooling water
treatment (European Committee for Standardization, 2006), was
achieved at the SG dosage of 80 mg/L, SC dosage of 200 mg/L and
ST dosage of 40 mg/L, respectively, which followed the same
order of corrosion inhibition for the three hydroxyl carboxylates
as observed under the conditions of PRWS in Section 1.4.
Muchhigher amounts of hydroxyl carboxylateswere required
for satisfactory corrosion inhibition, since no corrosion
inhibition additives were supplemented in this experiment.
Thus, a study on the corrosion inhibition of the combination of
hydroxyl carboxylates and Zn2+ was necessary to lower the
dosage of hydroxyl carboxylates.
2.2.2. Combination of hydroxyl carboxylates and zinc sulfate
As reported in previous studies, the combination of SG and
Zn2+ showed good corrosion inhibition for various metals
(Manjula, 2009). Fig. 8a shows that the corrosion rate declined
when the dosage of SG and Zn2+was increased, and satisfactory
corrosion inhibition was obtained at an SG dosage of 10 mg/L
and Zn2+ dosage of 1.5 mg/L, proving the synergetic effect of SG
and Zn2+ on the corrosion inhibition ofmild steel. However, the
same corrosion inhibition could not be achieved at a Zn2+

dosage of 0.5 mg/L even if 50 mg/L of SG was added, suggesting
that it was important to maintain a sufficient concentration of
Zn2+ for efficient corrosion inhibition. The synergetic corrosion
inhibition of SC or ST, however, was not investigated in detail in
previous studies. Fig. 8b shows that no obvious enhancement of
corrosion inhibition was observed at a Zn2+ dosage of 0.5 mg/L
as the SC dosage increased from 10 to 50 mg/L, suggesting that
Zn2+ barely had a synergetic effect with SC at low concentra-
tions. As the Zn2+ dosage increased to 1.0 mg/L, the corrosion
rate dropped significantly, but the required corrosion inhibition
could not be obtained until the SC dosage reached 30 mg/L.
Moreover, the corrosion could be well controlled at the dosages
of SC and Zn2+ of 10 and 2.0 mg/L respectively. Fig. 8c shows that
SThadanexcellent synergistic effect on corrosion inhibitionwith
Zn2+, and the combination of ST and Zn2+ could efficiently slow
down the corrosion to meet the standard requirements at an ST
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Fig. 8 – The synergetic corrosion inhibition of hydroxyl
carboxylates and Zn2+ in the simulative cooling water in the
absence of phosphate. (a) SG (sodium gluconate); (b) SC
(sodium citrate); (c) ST (sodium tartrrate). Experimental
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Fig. 9 – The corrosion inhibition of the non-phosphorous
programsdominatedbyhydroxyl carboxylates in the simulated
cooling water. Experimental condition: RS = 75 r/min;
temperature = 45°C. SG: sodiumgluconate, SC: sodium citrate,
ST: sodium tartrate.

19J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 3 9 ( 2 0 1 6 ) 1 3 – 2 1
dosage of 30 mg/L and Zn2+ dosage of 0.5 mg/L. As the Zn2+

dosage increased to 1.0 mg/L, corrosion inhibition could also be
achieved at a ST dosage of 10 mg/L, indicating that ST hadmuch
better corrosion inhibition capability than SG and SC when
combined with Zn2+.

2.2.3. Development of non-phosphorus formula
Three non-phosphorus formulas for recirculating cooling
water treatment were developed using hydroxyl carboxylates
as the main corrosion inhibitors and Zn2+ as a corrosion
inhibitive additive based on the previous experimental results.
PESA as anti-scalant and LN-104B as dispersant were supple-
mented into the formula, and their dosages were 6 mg/L and
10 mg/L, respectively. Since PESAwas also knownas a corrosion
inhibitor and proved to have a significant synergetic effect with
Zn2+ on inhibiting the corrosion ofmild steel in previous studies
(Zhang et al., 2015), an experiment at a Zn2+ dosage of 2.0 mg/L
was carried out at even lowerdosages of hydroxyl carboxylates to
assess the corrosion inhibition of the formulas. As shown in
Fig. 9, the corrosion rateswere restricted to below 0.075 mm/year
at a dosage range of hydroxyl carboxylates of 4–8 mg/L,
suggesting that the amount of hydroxyl carboxylates dosed
could be substantially reduced by combining with PESA, in
contrast to the experimental results shown in Section 2.2.
Moreover, the formulas including ST had higher corrosion
inhibitive performance than the formulas having SG or SC,
which agreed the experimental results in the absence of PESA.
As a result, the best non-phosphorus formula was determined
and labeled as RWNP-1.

2.3. Pilot-scale experiment and integrated corrosion inhibition
process design

2.3.1. Pilot-scale experiment
A pilot-scale experiment was carried out to test the perfor-
mance of RWNP-1 under a highly concentrated recirculating
cooling water condition (more than 5.0 cycles of concentration)
and the results are shown in Table 2. The corrosion rate and
adhesion rate of the test tubes were 0.034 mm/year and
3.52 mg/(cm2·month), respectively; both met the requirements
of recirculating cooling water treatment (the adhesion rate was
required to be below 15 mg/(cm2·month) (Manufacturing and
Developing Department of SINOPEC, 1993). For comparison,
results from previous studies (Sun et al., 2014; Tao et al., 2011;
Zeng et al., 2006; Wu et al., 2014; Qin and Li, 2013) on the
application of other non-phosphorus formulas operated in
either pilot-scale or full-scale RCWSs are presented in Table 2.
As shown in Table 2, all of the corrosion rates were less
than 0.075 mm/year, and all adhesion rates were less than
15 mg/(cm2·month). Thismeans that satisfactory corrosion and



Table 2 – The pilot-scale experimental results and the comparison with the literature values.

No. Water treatment
chemical program

Scale Ca2+

(mg/L)
Cycles of

concentration
Corrosion rate

(mm/y)
Adhesion rate

(mg/(cm2·month))
References

Test tube Coupon

1 RWNP-1 Pilot ≈1600 >6.0 0.034 0.021 3.52 /
2 AE4135 Pilot <1100 4.0–5.0 0.011 0.010 2.52 Touir et al., 2014
3 ANONYMITY Pilot <700 4.0–5.0 0.035 0.005 2.68 Wang et al., 2015
4 ZH800WS Full <250 <2.5 0.047 0.032 11.22 Wu et al., 2014
5 HB80BZN Full <520 <4.0 <0.07 / / Yi et al., 2011
6 YSW109 Full ≈1100 ≈7.0 0.042 / 10.30 Zeng et al., 2006
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scale inhibition can also be achieved in whole-system studies.
However, comparing the Ca2+ concentrations in Table 2, the
Ca2+ concentrations of RCWSs from the literaturewere all lower
than 1100 mg/L, clearly demonstrating that RWNP-1 was more
efficient than other formulas in terms of corrosion inhibition,
since it can be effectively applied at the Ca2+ concentration
of around 1600 mg/L. In particular, the pilot-scale RCWS in
the present study used reclaimed water, which was more
corrosive than the fresh water used for make-up water in the
previous studies. ST therefore was proposed as an alternative
to non-phosphorus corrosion inhibitors like PESA and poly-
aspartic acid.

2.3.2. Integrated corrosion inhibition process
Based on the experimental results, an integrated corrosion
inhibition process was developed. The process included
corrosion inhibition in both PRWS and downstream RCWSs,
with the reclaimed water used asmake-up, which is illustrated
in Table 3.

When the PO4
3− concentration in the reclaimed water was

more than 1.7 mg/L, satisfactory corrosion inhibition in the
PRWS could be achieved by dosing with a small quantity of
Zn2+ (>0.5 mg/L) as a synergist. There was no need to add
extra corrosion inhibitors in the downstream RCWS, since
sufficient PO4

3- and Zn2+ would be present in the RCWS, as the
reclaimed water was concentrated more than 5 times. The
corrosion inhibition requirement of the RCWS can be met by
the combination of PO4

3− and Zn2+, based on previous studies
(Wang et al., 2015).

However, when the PO4
3− concentration in the reclaimed

water was below 1.7 mg/L, the addition of corrosion inhibitors
in the PRWS was required. A non-phosphorus corrosion
inhibitor, ST, then was recommended to successfully improve
the corrosion inhibition with dosage of above 1.0 mg/L, and
Table 3 – The integrated process conditions for dosing inhib
downstream RCWS.

Case (PO4
3-)initial

(mg/L)
PRWS

Zn2+

(mg/L)
PO4

3-

(mg/L)

1 >1.7 >0.5 /
2 <1.7 >0.5 >1.7
3 <1.7 >0.5 <1.7
4 ≈0 >0.5 ≈0
higher dosage of above 2.0 mg/L would be applied if scarcely
any PO4

3- was present in the reclaimed water. Likewise, no
extra corrosion inhibitors were required in the downstream
RCWSs to satisfy the corrosion inhibition requirements.
3. Conclusions

Aiming to mitigate the corrosion in PRWS, a process was
developed by utilizing the phosphate in the reclaimed water
as a corrosion inhibitor. The combination of PO4

3− and Zn2+ led
to satisfactory corrosion inhibition in the PRWS when the
PO4

3− and Zn2+ concentrations were greater than 1.7 mg/L and
0.5 mg/L respectively. However, when the PO4

3− concentration
in the reclaimed water was below 1.7 mg/L, the same
corrosion inhibition was achieved with the aid of hydroxyl
carboxylate-based non-phosphorus corrosion inhibitors at
dosages above 1.0 mg/L. So, to sum up, when the reclaimed
water was used for the RCWS as themake-up, the RCWS could
be operated well at high cycles of concentration condition and
the corrosion inhibition requirement was met, with no extra
corrosion inhibitors being required. The integrated process
prevented the PRWS and the downstream RCWS from
corrosion simultaneously. The proposed process could also
reduce the cost of the RCWS and the environmental risk of
excess phosphorus emission.
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ST
(mg/L)

PO4
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ST
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