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ABSTRACT

Recycling of blowdown water from cooling towers through ultrafiltration followed by reverse
osmosis has seen progressive development in industrial applications over the years. Whereas pub-
lished information from pilot studies on the subject has generally indicated favorable results in
meeting a water quality acceptable for feed to the reverse osmosis membranes, full-scale applica-
tions have met operational challenges, primarily with regard to membrane fouling despite employ-
ing elaborate pretreatment schemes as compared to the pilot studies. This work presents the
results of a pilot study carried out to recycle cooling tower blowdown water through ultrafiltra-
tion followed by reverse osmosis. Contrary to previous studies, it was found that reverse osmosis
feed water was not consistently brought within the preferred silt density index value of <3.0 pri-
marily due to the presence of dissolved organics in the water, necessitating more elaborate pre-
treatment than what is required for conventional groundwater and seawater streams. The present
study focused on specific contaminant removal and demonstrated total iron removal of 85.7%,
total organic carbon removal of 45.4%, and a total phosphate removal of up to 80.0% through
coagulation—ultrafiltration. The study also presents important feedwater characterizations includ-
ing diurnal cooling tower blowdown temperature profile, particle-size distribution analysis and

ultrafiltration membrane flux decay that will help improve system design for recycling cooling

tower blowdown water.

Keywords: Cooling  tower-blowdown; Phosphate-removal;  Ultrafiltration; Reverse osmosis;

Pretreatment

1. Introduction

Cooling water for industrial cooling requirements
forms the bulk of the overall industrial water use world-
wide, with water withdrawals for electric power produc-
tion alone accounting for half of the global industrial water
withdrawals [1]. Water scarcity and the resulting increase
in freshwater costs have become drivers for water reclama-
tion and reuse, with attention also on recycling as much

* Corresponding author.

water from cooling water systems as possible. The overall
water demand for open cooling water systems is made up
of water that evaporates in the cooling towers and water
that is intentionally wasted as blowdown in order to main-
tain concentrations of dissolved and suspended impurities
in the remaining water within threshold values for corro-
sion and scale inhibition, along with other losses such as
drift and leakages [2]. While effort is also being made to
recover the water from evaporating plumes and drift fog
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[3,4], recovering water from cooling tower blowdown
(CTBD) has also seen focus of attention both in research
and in full-scale applications.

Different unit processes have been considered for recy-
cling CTBD water streams. These include nanofiltration
[5,6], membrane distillation [7-10], coagulation-settling/
filtration [11-13], electrochemical oxidation [14], electroco-
agulation [15], vibratory shear enhanced membrane process
(VSEP) [16], and ultrafiltration (UF) followed by reverse
osmosis (RO) [17-19]. Most reported full-scale applica-
tions, however, have used UF followed by RO to recycle
the CTBD water. Even so, while pilot studies have generally
provided favorable results, literature on full scale applica-
tions has shown incidence of operational problems primar-
ily in the form of membrane fouling when treating CTBD
water streams [20,21]. Moreover, past studies have tended to
ignore the effect of the treatment chemicals used in the cool-
ing water on membrane fouling, leading to consideration
of biological treatment processes for the removal of these
chemicals [22-24].

Previous work by the authors has identified some of the
contaminants of potential concern with regard to treating
CTBD water as total organic carbon, phosphate, and iron,
beyond some of the parameters which have been consid-
ered for removal in previous studies [25]. This work pres-
ents the findings of a pilot study carried out to recycle CTBD
streams from a fertilizer and power plant complex, with a
view to propose an effective treatment scheme for the full-
scale recycling facility. The work builds upon previous work
on the subject by considering these additional contami-
nants of concern for removal through a pilot study for recy-
cling a commingled CTBD stream from a fertilizer-power
industry in Karachi, Pakistan.

The fertilizer-power plant cooling water mass balance
is shown schematically in Fig. 1. Since the purpose of the
pilot study was to allow subsequent implementation on full
scale, the projected mass balance of the proposed system
is shown schematically in Fig. 2, with the recycled water
routed back to the fertilizer plant cooling tower as make-up.
With the projected improvement in the overall water
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chemistry of the blended make-up water, additional water
savings could be realized by allowing operation at higher
cycles of concentration.

2. Materials and methods
2.1. Water quality

The feed water for the present study was taken from
two cooling towers. The fertilizer plant cooling tower plant
had a maximum allowable chloride concentration in the
recirculation water of 250 mg/L, while that of the associ-
ated power plant had a maximum allowable chloride con-
centration of 750 mg/L. The maximum chloride limits were
enforced as per the chemical treatment program and the
chloride tolerance of the stainless-steel grades used in the
cooling water circuit. A portion of the fertilizer plant cool-
ing tower blowdown was already routed to the make-up
water of the power plant cooling tower as a water conser-
vation measure. Both cooling towers employed a similar
chemical treatment program consisting of ortho-phosphate
for primary (anodic) corrosion inhibition, phosphonate for
primary calcium carbonate scale inhibition and second-
ary (cathodic) corrosion inhibition, polymers for calcium
phosphate and iron oxide mobilization, and a biocidal pro-
gram consisting of a combination of bromine and sodium
hypochlorite along with a fatty acid amine biodispersant.
The cooling water was also dosed with sulfuric acid to
maintain the pH at below 8.0.

Physico-chemical parameters of the CTBD streams
during initial screening prior to initiation of the pilot study
are tabulated in Table 1, along with a range for each param-
eter from similar past studies for reference. The total iron
concentration of the fertilizer and power plant cooling
water was 0.37 and 0.78 mg/L, respectively. The blowdown
water temperatures were reported to be as high as 43°C.

2.2. Water quality challenges and characterization

The water quality challenges identified for treating the
CTBD water streams with RO included the potential for
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Fig. 1. Current fertilizer plant mass balance and total CTBD generated for both systems.
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Fig. 2. Projected fertilizer plant mass balance and total CTBD generated for both systems.

Table 1

Physico-chemical parameters of CTBD streams during initial screening

Parameter Fertilizer plant cooling water Power plant cooling water ~ Range from past literature [25]
pH 7.9 7.7 6.7-9.2
Conductivity, uS/cm 1,590 3,305 1,500-7,132
M-Alkalinity, mg/L as CaCO, 140 116 54-356
Sulfate, mg/L 270 808 407-2,341
Chloride, mg/L 236 540 336-766
Phosphate, mg/L 12 20 0.9-8.2
Nitrate, mg/L 14 11 19-88
Silica, mg/L 13.9 28 0.9-140
Calcium, mg/L as CaCO, 178 389 455-1,204
Magnesium, mg/L as CaCO, 151 326 43-470
Sodium, mg/L 144.5 222 332-1,158
Potassium, mg/L 15.8 29.5 52-81
Barium, mg/L <1 <1 0.145
Strontium, mg/L 1.15 241 1.2-1.5
Total suspended solids, mg/L 26 66 10-32
Turbidity, NTU 8.5 22 7-74
Total dissolved solids, mg/L 953 1,983 893-4,749
Total organic carbon, mg/L 6.9 5.8 2-60
Chemical oxygen demand, mg/L 67 124 3.5-181
Biochemical oxygen demand, mg/L 27 41 1.4-8.8

particulate and colloidal fouling, organic and biofouling and
scaling. Turbidity was used as a broad parameter to char-
acterize the propensity of particulate and colloidal fouling
before and after pretreatment, while TOC (total organic car-
bon) was used to characterize the same for organic fouling
and as a precursor for biofouling. SDI (silt density index)
was used to characterize the suitability of the treated water

for feed to RO membranes against the preferred value of
3.0 and a maximum acceptable one of 5.0. Based on scale
prediction simulations of the feed water, only calcium car-
bonate and calcium phosphate scaling was expected at the
target RO system recovery of 80%. While the solubility of
both is pH dependent, phosphate was focused for removal
as it has been considered to be a precursor for biofouling
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by providing nutrients for microorganisms to develop bio-
films on RO membranes in previous full-scale applications
of CTBD recycling through RO [21].

For this study, UV-Visible Spectrophotometer from the
internal laboratory at the fertilizer plant was used for test-
ing for turbidity, phosphate and iron. TOC was tested at
an external third-party laboratory through HACH-10129
method (USA). SDI was measured using a potable SDI
kit as per the standard test method [26]. A Horiba LA-300
particle size analyzer (Japan) was used to estimate the
particle-size distribution of the particles in the water.

2.3. Treatment scheme

CTBD water streams from both cooling towers were
mixed in equal proportions and routed to the pilot unit. The
pilot unit consisted of a treatment scheme of media filters
followed by UF leading up to the RO unit. The media filters
were followed by a 100 u disc filter to prevent carry-over of
any loose media onto the UF membrane. Media filters with
sand and granular activated carbon were operated at flows
corresponding to a filtration velocity of 3.5-5.8 gpm/sq.ft.
Bed depths of filter media were kept to 30-inch.

The UF membrane used during the initial phase of the
project was a Homespring UF 211 membrane. During the
latter phase of the project, the Homespring UF 211 mem-
brane was replaced with a DuPont UF SFD-2660 membrane.
Important membrane properties are tabulated in Table 2.
Outside-In membranes were specifically chosen in view
of the high expected fouling potential of the source water
as Outside-In membranes have a lower fouling potential
than inside-out [27].

UF membrane was generally operated at conserva-
tive flux in the range of 40-60 Imh. Operation of the mem-
brane was done in the following sequence: (i) filtration/

Table 2
Ultrafiltration membrane properties

Homespring DuPont

UF 211 SFD-2660
Membrane type Hollow fiber Hollow fiber
Membrane material PVDF PVDF
Nominal pore size 0.02 u 0.03 u
Flow direction Outside-In Outside-In
Operational mode Dead-end Dead-end
Membrane surface area - 33 m?

Coagulant Dosing

Feed Water

Filtrate

Dual Stage
Media Filter

Static

MMF Mixer

Feed
Pump

Fig. 3. Final treatment scheme for treating CTBD water.

Storage

service mode: 20 mins, (ii) backwash: 40 s and (iii) forward
flush: 20 s.

The RO membrane used during the project was a
Lanxess Lewabrane B085 HF 4040 spiral wound thin film
composite with active polyamide layer and a surface area
of 7.9 m2

Following parameters were logged on an online data
logger: UF feed pressure, UF filtrate pressure, feed water
temperature, UF filtrate flow, and feed water conductivity.
Additionally, media filter feed and filtrate pressures and
operational flows were manually logged on an hourly basis.

The commingled feed water stream before the media
filters was dosed with polyaluminum chloride (PACI) as
coagulant followed by in-line mixing in a pipe-type floccu-
lator. Coagulant choice was based on the findings of previ-
ous studies treating CTBD streams [11,13], and a coagulant
dose of 28 mg/L was found to be suitable for formation
of visible filterable flocs based on in-situ jar testing.

The final treatment scheme consisted of coagulant dos-
ing followed by a two-stage media filter, 100 u disk filter,
and UF leading up to the RO. Intermediate tanks were used
to allow balancing of flows. Final pretreated water for RO
feed was routed through a 1 p cartridge filter. The scheme
is shown in Fig. 3. Fig. 4 shows snapshots of the media
filters and UF membrane set-up.

3. Results and discussion
3.1. Water quality
3.1.1. Feed water temperature

Fig. 5 shows the average monthly diurnal temperature
of the commingled CTBD water streams for the two hottest
months (April 2019 and October 2019) in which the pilot
study was carried out. While the mean water temperatures
were generally well below 40°C (mean of 31.5°C for both
months), the instantaneous maximum and upper quartile
water temperatures can be seen to be touching the 40°C
mark, which is considered to be the upper threshold for the
commonly used polyvinylidene difluoride (PVDF) mem-
branes [28].

3.1.2. Media prefilters performance

During the initial pilot run with media filters alone, no
reduction in total phosphate was observed. The media fil-
ters were able to reduce total iron from 0.48 to 0.25 mg/L,
and turbidity from 18.8 to 11.2 NTU. Water samples
were subjected to analysis of particle size to ascertain

RO Reject

— /]% RO Product
RO Membrane

LN
Cartridge
Filter
1 microns

Disc
Filter
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Fig. 4. Media filter (left) and ultrafiltration membrane (right).

50
40
30
20
10

Temperature (°C)

J. Ahmed et al. / Desalination and Water Treatment 307 (2023) 8-17

—~_
&
~

12:00 AM
1:00 AM
2:00 AM
3:00 AM
4:00 AM
5:00 AM
6:00 AM
7:00 AM
8:00 AM
9:00 AM

10:00 AM

11:00 AM

12:00 PM

Min-Max Range

Temperature (°C)

[ Interquartile Range

1:00 PM
2:00 PM
3:00 PM
4:00 PM
5:00 PM
8:00 PM
9:00 PM
10:00 PM
11:00 PM

,_\
=2
-’
9:00 AM
10:00 AM

1

12:00 AM
1:00 AM
2:00 AM
8:00 AM

[ Interqua

1:00 AM
12:00 PM
1:00 PM
2:00 PM
3:00 PM
4:00 PM
:00 PM
:00 PM
7:00 PM
8:00 PM
9:00 PM
10:00 PM
11:00 PM

n ©

Mean

=

tile Range

Fig. 5. Average monthly diurnal feed water temperature (a) Apr-2019 and (b) Oct-2019.

the effective nominal filtration rating of the media filter.
Fig. 6 shows the particle-size distribution of (a) the feed
water, and (b) filtrate from the media filtration. A statis-
tical summary is presented in Table 3, showing an effec-
tive nominal porosity of 39 um for the media filter, which
explains the poor reduction of turbidity as the feed water
particle size is of the same order of magnitude as the media
filters’ effective porosity.

The feed water particle size and performance of the
media filters in not being able to consistently reduce turbid-
ity to <10 NTU or reduce the phosphate at all necessitated
the use of membrane filtration as the primary pretreatment
technology. Furthermore, membrane filtration porosity
selection guideline of using a porosity of one-tenth the par-
ticle size also suggests why, despite limited studies, micro-
filtration has been demonstrated to have similar perfor-
mance as ultrafiltration for this application [29-32].

3.1.3. Treatment scheme filtration performance

Ultrafiltration membrane was added downstream of the
media filters in the second stage. Fig. 7a shows the perfor-
mance of the overall treatment scheme in reducing turbidity.
A median feed water turbidity of 33 NTU was consistently
reduced to <1 NTU throughout. As shown in Fig. 7b, the
filtrate SDI was brought to <5.0, although a few datasets
between 5.0 and 6.0 were also recorded. Even so, the fil-
trate SDI was not consistently recorded in the desirable
range for RO feed waters of <3.0.

Iron is another recognized foulant for RO membrane.
Fig. 8 shows a reduction in total iron across the filtration
scheme, which was reduced from a median value of over
0.7 mg/L to around 0.1 mg/L. The results in the preceding
discussion and Figs. 7 and 8 show an otherwise satisfac-
tory rejection of particulates and colloids in the form of



J. Ahmed et al. / Desalination and Water Treatment 307 (2023) 8-17

Feed Band (%)
]

[

T 1
1 10 100 1000

Particle Size (um)
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Table 3
Feed and media filtrate particle size statistical summary

Feed water Media filter
Mean particle size (um) 47.22 21.99
Standard deviation 30.98 14.12
Equivalent nominal micron ~ 88.58 39.23

rating (um)

turbidity and iron, but the SDI values were still noted to be
beyond the preferable range of 3.0.

Fig. 9 shows the reduction in total organic carbon (TOC)
across the filtration scheme, which was reduced from a
median value of over 10.0 mg/L to around 6.0 mg/L, which
is still well above the recommended value of <2.0 mg/L for
feed water for RO [33]. These results suggest that TOC may
be the cause of high SDI values downstream of the UF mem-
brane. While the SDI filter porosity of 0.45 p is an order of
magnitude larger than that of the UF membranes” porosi-
ties of 0.02-0.03 p, clogging of the SDI filter is still possible
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Fig. 8. Feed and UF filtrate total iron.

through adsorption of the organics on the mixed cellulose
ester cross-section of the SDI filters due to the hydropho-
bic nature of the filter material [34]. Fig. 10 shows scanning
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I Z-75% electron mi'croscop'e images of (a) virgin SDI filter ar.1C.1 (b'—c)
14 1 T Range within used SDI filters with SDI values of >5.0 at a magnification
— Median Line of 500-1,000x, which suggests a build-up of an amorphous
124 ° gﬁg{s cake layer on the filter, and formation of what appear to be

distinct microbial colonies on the filter surface indicating the
advent of biofouling in addition to organic fouling. These
results are in agreement with what has been reported for full-
scale applications of CTBD recycling, using media filtration
s followed by UF and RO, in that organic and biofouling have
been noted as definite concerns [20]. Furthermore, the CTBD
4 water streams also contained phosphorous in the form of
ortho-phosphate and phosphonate as noted in the previous
2 section. Full-scale study on CTBD recycling by Qi et al. [21]
notes the role of phosphorus as a nutrient available for uptake

FeedTOC UF Fitrats TOC by microorganisms in contributing towards biofouling.
Results for phosphate removal are plotted in Fig. 11.
Fig. 9. Feed and UF filtrate total organic carbon. Fig. 11a shows a reduction of 15% for 0.02 u UF membrane
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Fig. 11. Feed and UF filtrate total phosphate for (a) 0.02 u UF, (b) 0.02 u UF preceded by inline coagulation, and (c) 0.03 u UF
preceded by inline coagulation.
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Fig. 13. Ultrafiltration filtrate flux (Imh-bar) profiles up to 270 h of operation.

without upstream in-line coagulation. Fig. 11b shows a
reduction of as much as 80% reduction for the 0.02 u UF
membrane preceded by in-line coagulation. Fig. 11c shows
around 50% reduction in the total phosphate level for the
0.03 u UF membrane preceded by in-line coagulation. While
these removal rates would be enough to mitigate the poten-
tial of calcium phosphate scaling, even the higher removal
rates would still entail enough residual phosphorus in
the UF permeate to be a cause of concern as a precursor to
biofouling.

3.1.4. Ultrafiltration membrane fouling and flux decline

In addition to the efficacy of the treatment scheme in
removing the contaminants of potential concern, the pres-
ent work also studied the UF membrane filtrate flux as a
means of judging the extent of the fouling and sustainabil-
ity of the UF membrane and upstream unit processes in
meeting the feed water requirement for the downstream RO
membrane. Fig. 12 shows the flux decline for the operation
of the Homespring UF 211 UF model with and without an
upstream media filter. Without an upstream media filter,
the UF filtrate flux decayed terminally with normal back-
wash cycles even when operated at lower flux rates than
when operated with an upstream media filter.

Fig. 13 plots the flux decay profile of the UF membrane
in the last phase of operation. Two profiles are shown, one
each of three operational cycles of up to 80 min of opera-
tion after 90 and 270 h of operation. The terminal flux for
both profiles appears uniform suggesting that fouling in
the membranes was almost totally reversible till 270 h of
operation.

4. Conclusion

Recycling CTBD streams through UF-RO has pre-
viously been demonstrated to be a technically feasible
proposition through various demonstrations on pilot and
full scale. This study provides additional insights that
will be of benefit in coming up with an integrated design
guideline similar to those for conventional brackish and
seawater sources.

The current work adds to the existing published infor-
mation on the subject by utilizing additional characteriza-
tion measures including the particle-size distribution of
the feed water to argue that although UF membranes have
been a popular choice for pretreatment of the CTBD water
streams, microfiltration may well yield equivalent results.
Additionally, by presenting the diurnal CTBD water tem-
perature profile, we argue that recycling CIBD stream in
warmer climates through directly coupled UF-RO systems
may potentially entail feedwater temperatures to exceed
thermal limits of conventional PVDF UF membrane mate-
rial, and care must be exercised for system design and mate-
rial selection. We also emphasize on the need for having a
robust pretreatment system wherein fouling in UF mem-
branes may be mitigated through the use of upstream media
filters, something which has not been covered in past pilot
studies on the subject.

We also note the limitation of the UF system in remov-
ing dissolved organic carbon from the water. The organic
content, in addition to the phosphate in the CTBD water
streams, presents a residual risk of organic and biofouling
on downstream RO membranes, necessitating the use of bio-
cides and additional unit processes in full-scale applications.
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Despite these challenges, recycling CTBD stream pres-
ents an opportunity of reducing the water footprint of open
recirculating cooling water systems. The direct and indi-
rect water savings can be around 15% of the total water
consumption of such systems, which is in line with esti-
mates published in previous studies [35-37]. As shown
in Fig. 2, with an overall recycling system target recovery
of 76%, the proposed project on full scale promises a pro-
jected reduction of 14.4% in the total freshwater withdrawal
and up to 80% in the total wastewater generated from the
cooling towers. The recycled water cost was worked out
using the projected operational costs and amortized capi-
tal costs to be USD 0.75/m’. This was around 20% lower
than the purchase price of freshwater from the munici-
pality after accounting for inflationary impacts over the
project life-cycle. This shows that recycling cooling tower
blowdown water not only has the potential of reducing
the water footprint and wastewater volumes generated,
but can also be an economically sustainable endeavor.
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