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ABSTRACT

In the pilot-scale study, a kind of pretreated wastewater from the pickling process in a steel
wire rope manufacturer was reused by a novel integrated membrane process (Reverse
osmosis and R-HCO; anion-exchange resin combined in series), and the operating
parameters for the system had been optimized. After the pretreatment process through
neutralization, coagulation, clarification sand filtration, and ultra-filtration in sequence, the
wastewater was treated with the integrated membrane process. The integrated membrane
process can remove most of inorganic and organic ions and realize the micro-alikalization
for product water, which can facilitate the zero liquid discharge for cooling water system.
Furthermore, the operating parameters of this process were optimized as well: when the pH
of inlet water was 8.57, the dosage of scale inhibitor agent was 2.5 mg/L, the optimized
operating trans-membrane pressure was 1.32 MPa, the flux was 39.87 L/ (m?h), and
water recovery rate was 55%. The filtering flow of the resin bed was 20-30 m/h, and the
regeneration agent (0.7 mol/L NaHCO;) consumption ratio is 3.2.

Keywords: Recirculated cooling water; Makeup water treatment; Integrated membrane

process; Micro-alkalinity process

1. Introduction

The increasingly severe shortage of fresh water
makes the value of the reclaimed water as industrial
water much more important [1-3]. The reclamation
of the IND not only cuts down the discharge of the
wastewater, but also saves much fresh water source.
In addition, it was better to reuse the industrial
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water further more and to achieve the liquid zero
discharge [4,5].

The recirculated cooling water system is one of the
biggest industrial water users, transferring the waste
heat of the industrial system to the atmosphere by
evaporation. Generally, as the cooling water recircu-
lates and evaporates, there are three main problems,
such as pipe corrosion, scaling, and microbial contami-
nation. At present, the prevalent method to prevent
heat exchange tubes from corrosion, scaling, and
microbial contamination is the supplementation of
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chemical inhibitor [6], which may cause environmental
pollution too. Researches on synergistic effects of the
multicomponent mixture between corrosion inhibitor
and scaling inhibitor become a hotspot, as that can
sharply decrease the dosage. In addition, the applica-
tion of environment friendly chemical inhibitors, such
as polyepoxysuccinic acid and polyaspartic acid, can
be potentially used as scale inhibitors [7]. Alterna-
tively, the physical approaches, including high fre-
quency electromagnetic, electrostatic, and ultrasonic
treatment, are also utilized for the treatment of recir-
culated cooling water [8]. Unfortunately, these efforts
have not effectively solved these tough problems.

The well-treated reclaimed water is a kind of per-
fect makeup water in the recirculated cooling water
system [9]. With the development of water treatment
technologies, especially the membrane technology,
the feasibility of using the reclaimed water from dif-
ferent industrial processes is well verified, but it
demands strict pretreatment process [10,11]. Nanofil-
tration (NF) and reverse osmosis (RO) can partially
or completely remove the organic compounds and
mineral salts, exhibiting as the core treating unit to
treat the wastewater [8,12]. A new process of treat-
ment with makeup water of the recirculated cooling
water system by NF and ion exchange hybrid tech-
nology has been studied [13-15]. It potentially solves
these three main problems without any inhibitor
injection or wastewater effluent by adjusting the
water quality of the makeup.

In order to save the fresh water and achieve zero
discharge of wastewater in a steel wire rope factory,
the wastewater from the iron wire pickling process
was pretreated with neutralization, clarification, sand
filter, and UF process firstly, and then post-treated
by RO membrane and a kind of anion-exchange resin
bed in order. The reclaimed water was taken to the
recirculated cooling system as the makeup water. In
this paper, the RO system operating parameters have
been optimized, the product water quality from RO
and the resin bed has been analyzed, and the
contamination of the RO membrane has been studied
as well.
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2. Design and principle

Fig. 1 shows the schematic of pretreatment process
for treating with the raw wastewater.

The raw wastewater came from the process of
pickling iron wire in a steel wire rope manufactory,
and the iron wire was pickled by hydrochloric acid
for the removal of rust. Generally, the rust was dis-
solved in the acidic wastewater so that a high amount
of ferric ion and a trace amount of lead ion appeared
in the wastewater. In the pretreatment process, the
NaOH was added to neutralize the feed solution for
the precipitation of the ferric ion and lead. Then, the
coagulants, including PAC (aluminium polychloride)
and PAM (polyacrylamide), were added to clarify the
water. Finally, the product water from clarification
tank was filtered by sand filter and UF (ultrafiltration)
to remove the residual flocs and Fig. 2 shows the sche-
matic of the integrated membrane process, which was
comprised of RO membrane and ion exchange resin,
for producing the makeup water of the recirculated
cooling water system.

The pretreated wastewater was chosen as feedwa-
ter in the pilot test. After flowing into the cycling
water tank, it was drawn into the fiber filter and the
RO membrane module by a multi-stage pump. About
15% (v/v) feedwater permeated through the RO mem-
brane in a cycle, and the other was divided into two
parts: one went back into the cycling tank and the
other was discharged. The ratio between the volume
of these two streams was about 16:1. Subsequently,
the water quality in the cycling tank was stabilized so
that the RO membrane ran stably. After the treatment
with the product water of the RO membrane by a spe-
cial ion-exchange resin—RHCO;, the outlet water
went into the recirculated cooling water system. The
process could remove Ca?", Mg2+ ions, N, P or other
organic nutrient compounds, and transform the anion
(ie. CI7, SO ") into HCO; . Consequently, the recircu-
lated cooling water could be alkalized in a certain
degree. Meanwhile, metal corrosion, scaling of heat
exchanger tube as well as microbial pollution could be
hindered without any chemical agent injection.

NaOH PAClPAM
wastewaler| Neutralizing Coagulation Clearification
tank | reaction tank [—| tank

Enfluent

Sand filter =~ Ultra-filtration —>

Fig. 1. Schematic of pretreatment process for treating with the raw wastewater.
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Fig. 2. Schematic of pilot of the integrated membrane at pilot scale for producing makeup water of the recirculated

cooling water system.

2.1. Production of makeup water

When all of the organic and most of the inorganic
salt in the feed water have been removed by the RO
membrane at first, only a small amount of NaCl
permeated through the membrane, and then can be
transformed into HCOj after reacting with the special
anion resin—RHCO;, which realizes the micro-
alkalization for the makeup water The reaction can be
shown below:

RHCO; + A~ =RA + HCO; 1)

A™: Single-charged anion.

2.2. Stability of water quality in re-circulating cooling
system

According to the equation of bicarbonate hydroly-
sis, the concentrated factor of the cooling water was
equal to that of the total alkalinity. The relationship
between theoretical pH value and total alkalinity of
cooling water solution is expressed in Eq. (2):

where Ky denotes equilibrium constant for pure
water, Kj; is Henry coefficient of CO, gas, K; and K,
denote the first- and second-order dissociation of
H,CO;, respectively. onz presents the partial pressure
of gaseous carbon dioxide in the atmosphere, and By
denotes total alkalinity of the cooling water.

Theoretically, the pH of the cooling water was
determined by the total alkalinity when cooling water
and the atmosphere reached to vapor liquid equilib-
rium. Thereby, the pH value of cooling water can be
controlled by adjusting the total alkalinity of the
recirculated cooling water.

2.3. Prevention of scaling, corrosion, and microbial
contamination

The RO membrane can remove all the mineral ions
which causes scaling (such as calcium and magne-
sium), nutrition element and almost of corrosive
anions. Moreover, chlorine, nitrate, and phosphate
anions had been turned into alkaline anions, which
could facilitate the passivation of the metal pipe and
prevent the cooling system from corrosion or sludge.

- (Kw + K, P! Ky) + \/(KW TR P K

+ 8BrK' P K;K,
H '~ COp

)

co,
2By
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3. Experimental apparatus and methods

The schematic of the makeup water treatment
system is composed of three sections: a pretreatment
system, a desalination and micro-alkalization system,
and a simulated recirculated cooling water system.
The pretreatment system included neutralization,
coagulation, and UF sections. The desalination and
micro-alkalization system included a fiber filter and a
RO module, six 20-inch fiber filtrating unit was fixed
in the container. There were one 4,040 stainless steel
pressure vessel and one ® 250 x 500 mm ion exchange
bed produced by grass fiber-reinforced plastics. The
specifications of the RO module and the resin are
shown in Tables 1 and 2. The simulated recirculated
cooling water system, including spray cooling tower,
recirculated water loop, and aerator (air fan) was used
to simulate the heat exchange and the mass transfer
procedure between gaseous CO, and recirculated
water.

In the experiment, the RO membrane operating
parameters such as flux, trans-membrane pressure
(TMP), dosage of scaling inhibitor, and water recovery
rate had been optimized by monitoring the flux and
TMP. Initially, the operating parameters were deter-
mined by reference or former experimental data: the
flux was set at 30 L/(min m?) and then increased step
by step until the line between flux and TMP curved
down; Afterwards, the optimized flux and TMP were
achieved, while other parameters such as quantity of
cycling flow of 18 L/min, dosage of scaling inhibitor

Table 1
Properties of the RO membrane module
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of 3mg/L, and the recovery rate of 70% were
optimized by the same method.

The parameters, including pH, the conductivity,
chloride ion, and alkalinity of product water from the
RO membrane and the RHCOj; anion-exchange resin
bed were analyzed by the meters or the Chinese
national standard methods (GB/T 15453 2008).

Additionally, in order to analyze the reaction
mechanism of the RHCOj; resin, the chemical cleaning
effluent of the exchangeable anion (HCO; and CO3")
in the RHCO; resin has been analyzed.

4. Results and discussion
4.1. The water quality of the membrane inflow

After the pretreatment, the pH, the total sus-
pended solid, the turbidity, and the total iron in the
wastewater changed, which were accorded with the
inflow standard of the membrane. The quality of pro-
duct water from the pretreatment system is listed in
Table 3.

The data in Table 3 indicate that the product water
from the pretreatment system contains high salinity in
the view of high TDS. During the pretreatment pro-
cess, hydrochloric acid as the cleaning reagent for steel
and the quicklime as the neutralizing agent are
employed, and the product water contains high
amount of the chloride ion and the hardness. There-
fore, the desalination process was necessary for the
recirculating cooling makeup water treatment.

RO membrane Area (m?) Fixed inflow pressure (MPa) Fixed flux (m®/d)
BW30-4040 8.1 1.55 9.08
Table 2

Properties of ion-exchange resins used in this work

Resin

Matrix and porosity

Functional group

Hydrolite-213FC

Polyacrylic-DVB, gel

Quaternary ammonium

Table 3
Quality of product water after the pretreatment

Turbidity = Conductivity =~ TDS Total hardness as Total alkalinity as
Parameters pH (NTU) (us/cm) (mg/L) CaCO; (mg/L) CaCO; (mg/L) CI" (mg/L)
Value 7790 0.7 1,500-3,000 4215 110.7-300.0 100.0-250.0 192.4-421.0




24120

Table 4
Optimization of operating parameters of the RO module
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Scaling inhibited

Items Flux (L/(m” h)) TMP (bar) Permeability (L/ (m? h bar)) pH reagent (mg/L) Recovery (%)
Values 39.87 13.20 3.02 8.57 2.5 55
14
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Fig. 3. Variation in the operating capacity and the
regenerant consumption ratio of the RHCO; ion-exchange
resin with the regenerant consumption.

4.2. Optimization of operating parameters for desalinating
and micro-alkalizing system

4.2.1. Optimization of operating parameters for RO
process

In the experiment, based on strict monitoring of
the product water quality and the TMP, the operating
parameters such as the flux, TMP, the pH of influent,
the dosage of scaling inhibited reagent and the water
recovery rate, for RO module was optimized step by
step. The results were listed in Table 4.

4.2.2. The optimized operating parameters of the
RHCOj3 anion-exchange resin regenerated

In this case, RHCOj; anion-exchange resin (600 mL)
was used for the removal of CI” ion which permeated
from the RO module. When the RHCO; resin was
exhausted, it was regenerated by 0.7 mol/L NaHCO;
solution. The regenerating reagent reverse-flowed the
resin bed at rate of 5 m/h. The discharged wastewater
had been gradient recovered in eight parts, where the
content of CI” ions was analyzed. The corresponding
relationship between dosage of regenerating agent and
the recovery of the working exchangeable capacity or
the regeneration agent consumption ratio (the regener-
ation agent consumption per 1 mol recovery of the
exchangeable capacity) is shown in Fig. 3.

Running time, h

Fig. 4. Variation in the pH in the raw water, the product
water of RO, and the RHCOj; resin.

Fig. 3 shows that the working exchangeable
capacity increased slowly before the consumption of
regeneration agent went to 2.25 mol per liter of resin,
the regeneration agent consumption ratio reduced to
the lowest port of which the data were 7.5 mol/mol.
Therefore, the optimized consumption ratio of regen-
erant solution was 3.2 L NaHCO; per liter of RHCO;
resin.

4.3. Product water quality

The pH, conductivity, alkalinity, and Cl™ in the
inflow water, the product water of RO module, and
the RHCO; resin were detected. The sampling fre-
quency was two times per day. The variations are
shown in Figs. 4, 5, and 6, respectively.

It can be seen in Fig. 4 that the pH declined in gra-
dient after being filtrated by RO membrane and the
RHCO; resin bed. The variation trend in the raw
water was similar to the outflow of the RO membrane,
but the pH of the resin bed product water was inde-
pendent on inflow. Comparing to CI", RO membrane
had higher removal ratio to CO?, HCOy3, or SOif;
the alkalinity of the water had been cut down by the
RO membrane, so that the pH became lower and
the variation trend was similar to the alkalinity. The
alkalinity of RHCOj; resin product water rose up due
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Fig. 5. Variation in the conductivity in the raw water, the
RO product water, and the RHCO; resin product water.
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Fig. 6. Variation in the alkalinity and Cl™ in the raw water,
the product water of RO, and the RHCOj; resin.

to the CI” being exchanged into HCO;, while the pH
went lower.
In order to find out the exchanging mechanism
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1,000 mL alkalinity NaOH with 0.01 mol/L and 5 mL
RHCO; resin, the second one was added with 4.25 mL
Na,CO; with 1 mol/L and 5mL RHCO; resin, and
the third one was add with 500 mL NaHCO; with
0.01 mol/L and 5 mL RHCO; resin. The initial and
final solutions, which were sampled before reaction,
were analyzed in 3 h. The results were listed in A, B,
and C items and then the resin was analyzed by
50 mL Na,SO, with 1 mol/L (Table 5).

The data shows that the pH and the 1/2CO3" or
OH™ of the soak solution came down after the reac-
tion, while the 1/2CO3" and HCO; kept constant
except in the NaOH solution. The mechanism was
shown below:

2RHCO; + OH™ — RyCO; + HCO; + H,O ©)
2RHCO; + CO5™ — RyCO; + 2HCO; )
2RHCO; + HCO; — R,CO; + HCO; + H,CO; (5)

The variation trends of the three kinds of water were
consistent, and comparing to the inflow, the product
water of RO membrane was cut down at 98% in con-
ductivity or salt. And the reaction in RHCO; resin
made the conductivity of the product water slightly
lower, due to the formation of weak acid H,COs.

Fig. 6 demonstrates that variation trends of Cl~
and alkalinity of the inflow water, RO product water,
and RHCO; product water were similar, and the pro-
duct water varied slightly. It illustrated that the pro-
duct water could be impacted by the raw water
quality, but the RO membrane and the resin bed made
the influence lower. The RO membrane removed
about 99.2% of CI" and 95% of alkalinity, and the
RHCO; resin bed removed about 50% of the residue
of CI', but the alkalinity increased slightly. It is pre-
sented that product water of the treatment system
included trace amounts of CI™ and alkalinity, which

among the ClI, HCO;, and RHCO;, three tests had accorded with the makeup demand of the

been carried out. The first one was added with macro-alkalization process.

Table 5

The analysis result of reaction soak solution and the disposal of the resin

Items A B C a b c

pH Initial 12.10 10.85 8.66 8.27 8.27 8.27
Final 10.43 10.15 7.93 11.87 9.63 8.80

1/ 2CO§_ or OH™ (mmol) Initial 9.66 422 0.50 0 0 0
Final 1.83 2.62 0 3.31 1.69 0.57

1/ 2CO§’ and HCO; (mmol) Initial 9.82 8.20 4.88 6.19 6.45 6.19
Final 9.90 8.27 4.89 6.20 6.40 4.89
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Fig. 7. Variation trend in the pH and alkalinity in
simulated recirculated cooling water system.

4.3.1. The simulated recirculating cooling water quality

The product water of the RHCO; resin was
injected in the simulated recirculating cooling water
system as makeup. In this case, the cooling water sys-
tem ran for 50 h continuously, and the alkalinity and
the pH of cooling water were monitored at the inter-
val of 2.5 h, which are shown in Fig. 7.

Fig. 7 indicates that the alkalinity and pH remain
stable, although the product water from RHCO; resin
varied. Because the makeup water would be concen-
trated more than 10 times in the simulated cooling
system, then the recirculating cooling water was
served as buffer solution which would lose some salt
through wind or system leakage, and the alkalinity
would keep quite steady. According to the Eq. (2), the
pH of the buffer solution was determined by the
alkalinity when the system remained in vapor liquid
equilibrium.

5. Conclusion

The wastewater from iron acidic pickling process
could be well treated by a series of pretreatment and
subsequent integrated membrane process-RO mem-
brane and RHCO; resin. The pretreatment process
included neutralization, coagulation, clarification, sand
filtration, and ultrafiltration. The operating parameters
of RO membrane and RHCOj; resin bed was opti-
mized for facilitating the stable running of cooling
water. Especially, the qualities of product water were
impacted slightly by inflow, when treated with RO
membrane and RHCO; resin bed. The pH of the resin
product water was lower than that of inflow because
the HCO; in the water was absorbed to the H' in

H. Zeng et al. | Desalination and Water Treatment 57 (2016) 24116-24123

resin and then changed into H,COj;. The product
water includes about 0.15 mmol/L alkalinity and
0.03 mmol/L Cl°, which met the demand of micro-
alkalization process, and the quality of the cooling
water makeup with the product water keeps quite
steady.
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