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Seawater contains a number of organic and inorganic components that cause fouling

of membranes when subjected to a process of reverse osmosis desalination. This fouling
is one of the most important problems in the management of desalination plants, as it
entails a significant loss in system performance. For membranes to be able to continue
operating under appropriate conditions, they must undergo periodic cleaning protocols.

This paper presents the results obtained when, subjecting a previously fouled aro-
matic polyamide membrane to different washing agents and using different concentra-
tions of the same. Optimal concentrations of cleaning reagents were established.

The results indicate that the performance of cleaning using a mixture of reagents,
and alternating alkaline and acidic media, enabled maximum recovery of the membrane
permeate flux (94.2 %) and a significant reduction in the consumption of cleaning re-

agents.
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Introduction

Fouling occurs during the operation of seawa-
ter desalination plants that employ reverse osmosis
membrane technology.! Over time, this fouling re-
sults in a gradual decrease in permeate flux and salt
rejection, finally causing a significant loss in pro-
ductivity, which has a negative influence on eco-
nomics of operating with membranes.”> The main
causes of fouling include the abundance of colloidal
particles, inorganic ions and biological material
present in seawater, which are capable of overcom-
ing pre-treatments and subsequently deposited with-
in the elements of the membrane.

Silica colloids and calcium (Ca*"), carbonate
(CO,*) and sulphate (SO,*) ions play a key role in
this process.’”

These ions can be found in seawater at concen-
trations high enough to reach their solubility limits
and thus form precipitates of an inorganic nature on
the membranes.® The presence of microalgae in sea-
water is also a potentially important factor in mem-
brane fouling due to their small size and the possi-
ble development of algal bloom episodes at specific
times.’
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Removal of these deposits from the surface of
the membrane is complex, requiring protocols to
carry out periodic cleaning to maintain suitable op-
erating conditions. In general, it is usually consid-
ered necessary to clean the system when there is a
decrease of 10 to 15 % in permeate flux, a decrease
of 10 % in salt rejection or a 15 % increase in dif-
ferential pressure.®

Cleaning occurs as a result of a variety of
chemical and physical interactions between the
wash solution and the solids present on the surface
of the membrane. Multi-step cleaning can represent
a useful tool, since the cleaning efficiency can be
improved by using different chemicals with com-
plementary cleaning mechanisms.” The key ele-
ments of a cleaning strategy are the type and con-
centration of the cleaning agents, the order and
duration of the cleaning stages and the operating
parameters of the system during the process.'

The overall aim of this study was to optimize
the cleaning protocols of membranes that have suf-
fered severe fouling due to the accumulation of salt
scale (calcium carbonate and sulphate), silica col-
loidal particles (Aerosil®200) and microalgae (Nan-
nochloropsis gaditana). To that end, the effective-
ness of different sequences of membrane cleaning
in a pilot plant was studied, optimizing both the
cleaning reagent concentrations and the system op-
erating conditions (pH and operation temperature).
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Material and methods

Methodology applied

Firstly, the membranes were fouled. A reverse
osmosis desalination bench-scale plant (Plant 1)
was used for this purpose, passing a feed stream
through the membrane consisting of seawater en-
riched with different chemicals and microbiological
agents that commonly cause membrane fouling over
a time of around 140 h.''? These agents were: inor-
ganic salts (calcium sulphate and calcium carbon-
ate) at an equivalent concentration to their solubility
limits (3.16 g L' and 0.03 g L™, respectively), col-
loidal silica (Aerosil®200) at a concentration of 50
mg L and a culture of the microalga Nannochloro-
psis gaditana (2:10° cells mL™"), due to its being a
very common alga in the area under study.

Once fouled, the membrane was subjected to a
cleaning process in a flow cell plant (Plant 2) using
the following physical and chemical agents sepa-
rately: ethylenediaminetetraacetic acid (EDTA), so-
dium bisulphite, linear alkylbenzene sulphonate
(LAS), citric acid, ammonium hydroxide, tempera-
ture and pH. Five solutions of different concentra-
tions of each reagent were tested (Table 1). From
the set of trials, the one that achieved the greatest
recovery of permeate flux was considered the “/imit
concentration”. The “optimal concentration” was
the one that resulted in the greatest recovery of per-

Table 1 — Different concentrations of each reagent used sep-
arately in cleaning test
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EDTA (g m?) 25 5 10 15 20
Sodium bisulphite (g m™) 25 5 10 15 20
LAS (g m?) 1 25 5 75 10
Citric acid (g m™?) 25 5 10 15 25
Ammonium hydroxide (gm=2) 2.5 5 10 15 20
Temperature (°C) 19 22 25 32 40
pH 2 4 8 10 12

Table 2 — Combination of cleaning agents at optimal and
limit concentrations in sequential cleanings

Concentration | First | Second
Sequential cleaning 1 Optimal Basic Acid
Sequential cleaning 2 Limit Basic Acid
Sequential cleaning 3 Optimal Acid Basic
Sequential cleaning 4 Limit Acid Basic

meate flux with respect to the next lowest cleaning
trial concentration.

Estimation of optimal and limit concentrations
of the cleaning reagents used separately enabled
process optimization, choosing those concentrations
that combine maximum efficiency with minimum
consumption of reagents.

Cleaning trials were subsequently performed
using a combination of cleaning agents at optimal
and limit concentrations taking into consideration
the acid or basic nature of these reagents (Table 2).
In summary, the sequential cleaning procedure con-
sisted of applying a double wash, alternating acid or
basic mixtures (or vice versa) for a period of 30
minutes each under the different operating condi-
tions shown in Table 2. During the washing process,
the pH of the solution was controlled, thus ensuring
its stability around the appropriate value while
maintaining the operating temperature constant.

Finally, the washed membrane underwent in-
spection under a scanning electron microscope in
order to compare the development and composition
of the depositions cake layers before and after
washing.

Description of the desalination plants used

Two pilot plants were used in the pilot phase.
The fouling trials were conducted in a spiral-wound
desalination plant (Plant 1, Figure 1) with the aim
of causing rapid, severe and homogeneous fouling.

Plant 1 (Figure 1) is an Aqua Frame™ Sea Re-
covery desalination plant, further equipped with a
number of measuring instruments that allow auto-
mated monitoring of the main control parameters. It
has a stainless steel container for 2421-inch mem-
branes. The pressure system comprises a 0.33 HP
output centrifugal pump that provides a feed rate of
570 L h'!, followed by a 2 HP CAT piston pump,
model 317, stainless made, which raises the feed
pressure up to the required 55.16 bars. The buffer
tank of the system has a usable capacity of 350 li-
tres and is equipped with a heat exchanger connect-
ed to an external cryostat, which enables the feed
water temperature to be controlled during the foul-
ing trials. The automated plant control system is
equipped with conductivity probes in the feed and
permeate streams, electronic turbine flow meters in
the permeate and rejection streams and a pressure
transducer in the rejection stream. These probes
transfer the signal via data loggers to a control com-
puter.

A Hydranautics SWC2-2521 reverse osmosis
aromatic polyamide membrane was used. This type
of membrane is widely employed in industrial-scale
desalination plants and combines high levels of
conversion and salt rejection.
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Fig. 1 — Spiral-wound desalination plant

Working conditions were adjusted to the opti-
mum operating conditions established by the mem-
brane manufacturer (55 bar applied pressure, 25 °C
temperature). These parameters were normalized by
applying the normalization equations supplied by
the membrane manufacturer (Hydranautics).

After fouling, fragments of the fouled mem-
brane were taken (155 cm?) to conduct cleaning tri-
als in a flow cell (Plant 2, Figure 2). This plant is
equipped with a GE Osmonics Sepa®CF flow cell
and uses a flat-sheet membrane configuration. The
facility has a high-pressure CAT piston pump, mod-
el 341, controlled by a speed variator that allows
the feed flow rate of the system to be controlled.
The buffer tank has a volume of 10 litres and is
equipped with a heat exchanger connected to an ex-
ternal cryostat to control the feed water tempera-
ture.

Reagents used

The following agents were used in the mem-
brane fouling phase:

— The commercial silica (Aerosil®200, Degusta
Corp., Akron, OH) was used in its powdered form
as a colloid model. Use of this colloid is suitable for
studying reverse osmosis membrane fouling."

— Precipitated calcium carbonate (CaCO,) and
calcium sulphate 2-hydrate (CaSO,-2H,0), supplied
by Panreac S.A.

— A Nannochloropsis gaditana microalga cul-
ture (2-10° cells mL ') from the Marine Culture
Plant of the Faculty of Marine and Environmental
Sciences, University of Cadiz. This is a microalga
that is small in size (2.5 microns) and has been re-
ported to figure in episodes of bloom.’

The following chemical reagents were used in
the cleaning phase:

— Hydrochloric acid (HCI): 0.2 M, supplied by
Scharlau.

— Sodium hydroxide (NaOH): solid. Minimum
purity of 98 %. Supplied by Panreac.

— Sodium bisulphite (NaHSO,): Solid. Mini-
mum purity of 98 %. Supplied by Panreac.

— Ethylenediaminetetraacetic acid
(C,,H,N,Na O, 2H,0): disodium salt dihydrate.

107714

Solid. Minimum purity of 99 %. Supplied by Panreac.
— Linear alkylbenzene sulphonate (LAS): So-
dium salt. Solid with =80 % mixture of alkylben-
zene sulphonates. Supplied by Fluka.
— Anhydrous citric acid (C,H,0.): Solid. Mini-
mum purity of 99 %. Supplied by Panreac.
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Fig. 2 — Flow cell process scheme

— Ammonium hydroxide (NH,OH): Liquid
(20 %). Supplied by Panreac.

Analytical techniques

During the fouling process, automated moni-
toring of the main operating parameters (flow, con-
ductivity and temperature) in the feed, rejection and
permeate streams was carried out using the instru-
ments incorporated in the desalination plant for
2521-inch membranes.

In the cleaning trials in the flow cell, the fol-
lowing data were recorded: flow, conductivity, tem-
perature and pH. To do so, a Crison 524 portable
conductivity meter microprocessor and a WTW
330-SET 1 high-resolution portable pH-meter were
employed.

Metal concentrations in the membrane cake
layer were analysed with a Thermo Elemental Iris
Intrepid ICP-AES spectrometer Metals analysed
were aluminium, boron, barium, calcium, copper,
iron, potassium, lithium, magnesium, sodium, sili-
con and strontium. A Shimadzu TOC-5050A ana-
lyzer was used to measure total organic carbon
(TOC) and inorganic carbon (IC).

A QUANTA 200 scanning electron microscope
equipped with an energy dispersive detector (EDS)
for microanalysis of major elements was used to in-
spect the surface of the fouled and the washed
membranes in order to identify the main elements
present in the fouling.

Results and discussion

Membrane fouling

Figure 3 shows the evolution over time of the
flow of both the permeate (expressed as the relative
permeate flow rate: Q/Q,) and the salt rejection for
the duration of the fouling trials. During the experi-
ment, different materials (colloids and microalgae)

accumulated on the membrane surface, resulting in
a 56.7 % reduction in permeate yield. The forma-
tion of this fouling layer also caused a slight in-
crease in salt passage through the membrane
(1.63 %), as the salt rejection varied from a baseline
0f 98.6 % to 96.94 % at the end of the trials.

The chemical composition of the fouling is
shown in Table 3. The abundant presence of calci-
um, potassium, magnesium, sodium and silicon in-
dicates the formation of salt scale and the accumu-
lation of colloidal silica on the membrane. The
existence of 10.85 g TOC per kilogram of fouling
indicates the deposition of the microalgae present in
the system feed stream.

The SEM micrographs of the fouled membrane
(Figure 4a) show a significant layer of fouling de-
posited on the membrane surface. A basal layer con-
sisting of colloidal silica can be observed that pres-
ents a series of cracks caused by material shrinkage
during sample drying. A large amount of aggregates
and carbonated crystalline growths are deposited on
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Fig. 3 — Evolution of relative permeate flux (Q/Q,) and salt
rejection (F/%) in the fouling trials
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Table 3 — Chemical analysis of the fouling

COT mg C kg'10085.13 Potassium mg kg 1477.34

Chlorine mg C kg' 3729.13 Lithium mg kg -
Aluminum mg kg' 43594 Magnesium mg kg 2039.06
Boron  mg kg - Manganese mg kg!'  3.12
Barium mg kg - Sodium mg kg 20859.37
Calcium mg kg’ 14140.62 Silicon mgkg"' 1871.09
Copper mgkg! 2164 Strontium mgkg! 210.94
Iron mg kg'  34.6 Dry weight gm? 128

this layer, mixed with organic debris. The composi-
tion of these layers coincides with the results of
EDS microanalysis performed on the sample (Fig-

Fig. 4 — Micrograph (a) and cross-sectional micrograph (b)
of the fouled membrane (1000X)

ure 8b), showing a major presence of the following
elements: carbon, oxygen, silicon, sulphur and cal-
cium. The gold peak is a result of prior metalliza-
tion of the sample.

A quantitative estimation of the thickness of
the fouling layer was made using the cross-sectional
micrograph (Figure 4b). This thickness ranged be-
tween 15 — 18 microns. The thick layer of fouling
explains the decrease in permeate production during
the fouling trials.

Cleaning trials
Results of single cleaning reagents

Initially, a series of cleaning trials were carried
out using different concentrations of reagents to
study their cleaning capacity when acting in isola-
tion (Figure 5). Optimal and limit concentrations of
each cleaning reagent were estimated on the basis
of these experiments.

For each wash, a solution of 5 L of cleaning
reagent was prepared and stored in the feed tank of
the flow cell (Plant 2). After starting up the pump,
the system caused the washing solution to pass over
the fouled membrane in a closed circuit for 30 min-
utes. At the end of this stage, the remains of the
cleaning agent were removed using water. A flow
and salt rejection test was then carried out on the
washed membrane using the operating parameters
set by the membrane manufacturer (feed solution
32 q L' NaCl, operating pressure of 55.16 bar and
25 °C temperature).

Table 4 shows the values chosen as optimal and
limit concentrations for each of the physical-chemi-
cal agents used. Table 5 presents a comparison of
the permeate flux and salt rejection values obtained
in the cleaning trials with single cleaning reagents
and the values considered as optimal and limit con-
centrations.

Cleaning with ethylenediaminetetraacetic acid (EDTA)

Figure 5a shows the permeate flux recorded in
the cleaning trials with different concentrations of
EDTA. It can be seen that the presence of EDTA in
the wash solution causes a significant recovery of
permeate flux, even when the cleaning agent con-

Table 4 — Values chosen as optimal and limit concentrations for each of the physical-chemical agents used in sequential cleanings

Concentration EDTA  |Sodium bisulphite LAS Citric acid Ammonium pH
(gm?) hydroxide
Acid — Optimal 5 15 5 5 - 4
Acid — Limit 20 20 5 25 - 2
Basic — Optimal 5 15 5 - 5 10
Basic — Limit 20 20 5 - 20 12
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Table 5 — Comparison of the permeate flux and salt rejection values obtained in the cleaning trials with single cleaning reagents
Jor the values considered as optimal and limit concentrations

Sequential cleaning

Permeate flux Permeate flux

Salt rejection (F/%)

concentrations (L m?2d") decline (%)
Fouled membrane - 557.70 38.09 97.96
Optimal 812.04 9.86 98.81
EDTA cleaning

Limit 830.91 7.77 98.83

Optimal 732.23 18.72 98.72

Sodium bisulphite cleaning

Limit 752.84 16.43 98.75

Optimal 837.60 7.00 98.83

LAS cleaning

Limit 837.88 7.03 98.83

Optimal 744.43 17.37 98.73

Citric acid cleaning

Limit 752.07 16.52 98.74

Optimal 661.50 26.57 98.65

Ammonium hydroxide cleaning

Limit 665.87 26.08 98.66

Optimal 666.13 26.06 98.66

Temperature cleaning

Limit 710.48 21.13 98.70

Optimal 741.23 20.59 98.73

pH cleaning

Limit 796.12 17.72 98.79

Clean membrane - 900.90 0.00 98.90

centration is low: for 2.5 g m? EDTA, the flow loss
with respect to the clean membrane was 12.7 %.
For the trial with 5 g m?2, the flow loss was less
than 10 % (9.86 %) (Table 5), which will hence be
considered as the optimal washing concentration.

Cleaning with EDTA also resulted in a recov-
ery in salt rejection, obtaining recorded values very
close to those of the clean membrane (98.8 %).

The good performance of EDTA as a cleaning
agent can be explained by its chelating effect, being
a ligand with a high capacity to sequester Ca>* and
Mg*" cations, among others, thus reducing the
build-up of carbonate and calcium sulphate scale.'*

Cleaning with sodium bisulphite

In the case of sodium bisulphite, the improve-
ment in membrane permeability due to the washing
effect was lower than that of the other chemical
agents used, as can be seen in Figure 5b. When
cleaning with concentrations below 15 g m™, only
6.1 % of permeate flux was recovered. Stepping up
from 10 to 15 g m? of reagent led to a significant
improvement in washing efficiency, increasing the
permeate yield by 13.4 %. This was therefore cho-
sen as the optimal concentration of sodium bisulph-
ite. For reagent limit conditions (20 g cm2), recov-
ery of the membrane only increased 2.3 % with
respect to the next lowest concentration (15 g m™),
which represents a 16.4 % decrease in flow with
respect to the clean membrane.

As regards the levels of salt rejection, the mem-
branes washed with sodium bisulphite under opti-
mal and limit reagent conditions showed values
(98.72 % and 98.75 %, respectively) close to those
recorded in the clean membrane (98.9 %).

The cleaning action of sodium bisulphite is
closely related to its antioxidant and disinfectant ac-
tion. Its reducing character allows it to act on the
inorganic scale as calcium carbonate and remove
metal deposits. Moreover, its biocidal effect may
have contributed to reducing the accumulation of
microalgae present on the membrane surface.

Cleaning with linear alkylbenzene sulphonate (LAS)

The presence of this surfactant in the cleaning
solutions led to a significant improvement in per-
meate production (Figure 5c), even at low concen-
trations, which implies significant recovery of the
membrane.

The optimal cleaning conditions may be con-
sidered to consist of the use of a cleaning agent
concentration of 5 g m* (Table 5). Under these con-
ditions, a 7.8 % improvement in permeate produc-
tion was obtained with respect to washing with the
next lowest concentration (2.5 g m2). These clean-
ing results were not improved using higher reagent
concentrations. Thus, the optimal and limit concen-
trations coincide in this case and represent a de-
crease in flux of only 7 % with respect to the base-
line value.
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Fig. 5 — Evolution of normalized permeate flux in the cleaning trials with different concentrations of reagents

Levels of salt rejection were almost completely
recovered (98.8 %) for a reagent concentration of 5
gm?,

The performance of LAS as a cleaning agent is
determined by its action as a surfactant. The micelle
formation allow the solubilization of organic foul-
ing.

Cleaning with citric acid

Figure 5d shows the evolution of the permeate
flux when washing with citric acid. Cleaning with
this agent was moderately effective compared with
the other reagents used, showing a decrease in max-
imum flow of 17.4 % for a concentration of 25 g m=.
A concentration of 5 g m™ can be considered opti-
mal, seeing as permeate production improved 13.6
% under these conditions compared to the trials us-
ing a lower concentration.

The rejection levels after washing under opti-
mal conditions were slightly lower (98.7 %) than
those of the clean membrane (Table 5).

Citric acid constitutes an alternative to com-
monly used cleaning agents. In aqueous solution, it
takes the form of citrate ions, forming salts with a
large number of metal ions and promoting the re-
moval of metal oxides and calcium carbonate scale.

Cleaning with ammonium hydroxide

For this reagent, the recovery levels of perme-
ate flux were the lowest of all the agents used and
showed no clear trend (Figure Se).

The trials using the lowest amount of reagent
(2.5 g m?) only achieved an improvement of 4.5 %
compared to the fouled membrane. It was necessary
to raise the concentration of ammonium hydroxide
to 5 g m? to achieve a significant improvement in
production (11.5 %) (optimal concentration). High-
er concentrations of the cleaning agent failed to
increase the permeate flux, which ranged from
605 L m2d! of trials using 10 g m? and 665 L m? d!
of trials using 20 g m2. Permeate production in the
trials under limit conditions (20 g m2) was 26. 1 %
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lower than that recorded in the clean membrane
(Table 5).

Salt rejection reached 99.7 %.

The cleaning action of ammonium hydroxide is
based on its disinfectant capacity and its behaviour
as a weak base. This compound promotes the re-
moval of organic matter and has a significant bio-
cidal action, as well as helps in the removal of cal-
cium sulphate scale.'*

Effect of temperature

Figure 5f shows the permeate fluxes obtained
in the trials at different washing temperatures. It can
be seen that temperature has a positive effect on the
effectiveness of the wash.

At a low temperature (19 °C), the recovery of
the membrane is likewise low (4.8 %). However,
raising the wash temperature to 22 °C produces an
improvement in cleaning efficiency, resulting in a
12.0 % recovery in permeate flux compared to the
fouled membrane. The optimal temperature was
thus 22 °C. Using higher wash temperatures led to a
moderate additional increase in production, obtain-
ing the maximum yield in the trial at 40 °C (limit
conditions).

The decrease in flux with respect to the clean
membrane varied between 26.1 and 21.1 % in opti-
mal (7 = 22 °C) and limit (7 = 40 °C) washes, re-
spectively. In addition, cleaning led to a slight im-
provement in salt rejection (98.7 %).

Increasing the cleaning temperature promotes
separation of the layer of organic fouling adhered to
the membrane, as well as increases the solubility
limits of the salt scale deposited on the membrane,
thus favouring dissolution of scaling. However,
washing at excessively high temperatures may lead
to damage of the membrane structure and so it is
essential to follow the manufacturer’s recommenda-
tions in this respect.

Effect of pH

To evaluate the influence of pH on cleaning,
the washes were carried out in an acid medium
(HCI solutions at pH 2 and 4) and in a basic medi-
um (NaOH solutions at pH 8, 10 and 12), as shown
in Figure 5g.

It can be seen that the more the pH values vary
from neutral, the greater the effectiveness of the
wash. Washing at pH 4 produced an increase in
membrane permeability of 17.5 % with respect to
cleaning at pH 8; while at pH 10, this increase was
20.4 %. On the basis of these data, it can be con-
cluded that washing under optimal conditions was
achieved at pH 10.

Permeate flux (L m2 d™)

Trials at pH 2 and pH 12 achieved a slight
improvement in the results obtained at pH 4 and
pH 10, being slightly more effective than when us-
ing a basic pH (pH 12). Slightly higher yields were
thus obtained under basic conditions than when
cleaning in an acid medium.

The salt rejection of the membrane also under-
went greater recovery after washing at a pH far
from neutral, regardless of the acid or basic nature
of the wash (Table 5).

Depending on the pH used in the wash, the re-
moval of a particular type of fouling is achieved.
While acid cleaning reduces inorganic scale, facili-
tating the dissolution of carbonates and sulphates,
basic cleaning removes organic matter and biologi-
cal material. Furthermore, basic washing is effec-
tive in removing silica, attacking colloidal fouling.

The previously reported considerations, togeth-
er with the results obtained in the cleaning trials in
acid and basic media, lead us to conclude that the
application of a sequence of washes alternating acid
and basic conditions improves overall cleaning ef-
fectiveness, attacking all the forms of fouling pres-
ent on the membrane.

Sequential cleaning

Having carried out cleaning trials with different
single cleaning reagents, washing experiments were
the carried out with mixtures of these cleaning
agents at the concentrations considered as optimal
and limit values alternating acidic and basic wash-
ing sequences. Table 4 shows the sequences em-
ployed, while Table 6 presents the results obtained.

It should be noted that, in all cases, the effec-
tiveness of sequential washing improved with re-
spect to that achieved using cleaning reagents. It
was found that these sequential cleaning trials pro-
vided very positive results in the recovery of the
fouled membrane (Figure 6), obtaining a minimum
improvement of 31 % in all the washes, while
maintaining the permeate flux above 840 L m=2d™!

(Table 6).
900
800 I_l
700
600
B : : : . .
Fouled 1 2 3 4 Clean

membrane membrane

1. 19 Basic, 22 Acid - Optimal concentration
2. 19 Basic, 22 Acid - Limit concentration
3. 19 Acid, 22 Basic - Optimal concentration
4. 12 Acid, 22 Basic - Limit concentration

Fig. 6 — Evolution of permeate flux in sequential cleaning
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Table 6 — Comparison of the permeate flux, permeate flux
decline and salt rejection values obtained in the
sequential cleaning trials

Sequential Permeate flux ﬂPermea'Fe Salt rejection
. PR ux decline o
cleaning Lm?2d" N (F/%)
(%)

Dirty membrane 557.70 38.09 97.96
1 848.40 5.83 98.84

2 866.46 3.82 98.86

3 840.46 6.71 98.83

4 842.85 6.44 98.83

Clean membrane 900.90 0 98.90

1. first basic, second acidic — optimal values
2. first basic, second acidic — limit values
3. first acidic, second basic — optimal values
4. first acidic, second basic — limit values

These results prove that the combined use of
different cleaning reagents and alternating acid and
basic media produce a synergistic effect that en-
hances the cleaning action.

As to the order of cleaning (1% basic and 2™
acid, or vice versa), the results indicate that both
sequences are highly effective, although those
washes that began in a basic medium showed a
slight advantage (Table 6), which ranged between
0.6 — 0.9 %, depending on whether the washes are
analysed under optimal or limit conditions, respec-
tively. This supposes an improvement in permeate
flux of between 8.9 and 23.6 L m2d ™.

The yield recorded in sequential trials under
limit conditions was slightly higher than in the ex-
periments under optimal conditions. This difference
ranged from 0.3 to 2 %, depending whether wash-
ing commenced in a basic or acidic medium, re-
spectively. It is worth noting that Cleaning 1 (1*
basic and 2" acid, under optimal conditions) yield-
ed a permeate flux of 848 L m2d!, representing a
difference of only 5.8 % compared to the results
obtained with a clean membrane.

As regards salt rejection, although this parame-
ter did not suffer a major setback during membrane
fouling, all the sequential washes practically man-
aged to recover the original levels (Table 6).

In conclusion, it may be stated that the mem-
branes showed good chemical compatibility with
the cleaning agents used in the sequential cleaning
and under the operating conditions of the system,
seeing as degradation or deterioration of the mem-
brane was not detected in terms of its permeate pro-
duction or salt rejection values.

Microscopic inspection of the washed membrane

The micrographs of the membrane from Clean-
ing 1 corroborate a significant reduction in the foul-

ing layer (Figure 7a) compared to the fouled mem-
brane (Figure 4) as a result of sequential washing.
The presence of aggregates is only observed in spe-
cific areas of the washed membrane, in addition to
some clusters composed primarily of colloidal sili-
ca. Most of the biofouling and salt scale was re-
moved during cleaning.

Figure 7b shows a cross-sectional micrograph
of the washed membrane, which was used to mea-
sure the thickness of the fouling layer that was im-
pervious to washing. As the wash had loosened the
fouling layer on a part of the surface, the thickness
of the layer could be estimated only in certain areas,
not exceeding 2 um in any case. Comparison of this
thickness with the values obtained in the fouled
membrane (15-18 um, Figure 4b) confirms that a
significant amount of scale was removed during se-
quential cleaning.

Energy dispersive analysis (EDS) was used to
analyse the atomic composition of the surface layer
of the membrane, comparing the EDS analyses of
the clean (a), fouled (b) and washed (c) membranes
(Figure 8). Note should be taken of the absence of

b. Cross-sectorial micrograph (420x)
Fig. 7 — Micrographs of the membrane from cleaning 1 in
sequential cleaning
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Fig. 8 — Energy Dispersive Analysis (EDS) of the clean (a),
fouled (b) and washed (c) membranes

calcium in the washed membrane, confirming a
high removal of salts of this element, especially of
calcium carbonate and calcium sulphate scale. The
structure of the gold and sulphur peaks, which is
very similar between the EDS analyses of the clean
and washed samples, also confirms the reduction in
the fouling layer.

Although sulphur, originating from the struc-
ture of the membrane (polysulphone), and gold,
which comes from the metallic samples, are clearly
identified in the EDS microanalysis of the clean
membrane, the accumulation of a thick layer of
fouling on the fouled membrane produces shielding
of the aforementioned elements due to the relative
abundance of other elements characteristic of the
deposited fouling such as oxygen, silicon and,
above all, calcium.

The silicon detected in the EDS microanalysis
of the washed membrane (Figure 8c) indicates the
presence of colloidal silica fouling which is imper-
vious to the cleaning process. However, the relative
importance of the silica peak is also explained by
the scant abundance of other elements due to the
reduced fouling of the washed membrane. There-
fore, the colloidal silica layer that is impervious to
cleaning was probably very small, as confirmed by
examination under a scanning electron microscope
(Figure 7).

Conclusions

In view of the results of the present study, the
following conclusions may be drawn:

1. The severe fouling caused by the joint action
of calcium carbonate and calcium sulphate, colloi-
dal silica and microalgae leads to a drastic drop in
permeate flux (38.1 %) and a slight decrease in salt
rejection (0.9 %) with respect to the results of the
clean membrane.

2. Cleaning of the membrane using mixtures of
the tested cleaning agents and sequential washing
alternating an acid and basic medium (or vice ver-
sa) provided an effective method for cleaning re-
verse osmosis membranes, as it achieved a minimal
recovery in permeate flux of 93.4 % under the oper-
ating conditions of the system.

3. Sequential cleaning with limit concentrations
of reagents achieved an increase of only 0.3-2 % in
the permeate flux of the washed membrane with re-
gard to the use of optimal concentrations. Bearing
in mind that the latter conditions produced savings
in reagents of between 54-57 %, it may be stated
that the slight superiority of washing under limit
conditions would not justify the environmental and
economic costs associated with these operating con-
ditions.

4. From the technical, economic, and environ-
mental points or view, the most suitable washing
sequence to clean the studied membranes was that
using optimal reagent conditions commencing
cleaning in a basic medium (Cleaning 1).
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