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the water and to estimate its carbonate hardness.
Alkalinity is usually expressed in terms of calcium
carbonate.

The distillate produced by thermal desalination
plants is usually characterized by very low salinity,
in the range of few ppm, and low pH. Therefore,
it is highly corrosive, unpalatable and unhealthy.
Recarbonation is necessary to overcome these
problems. The dissolution of limestone or lime by
using carbon dioxide is widely used. The CO,
released in multi-stage flash (MSF) plants can
be used for the recarbonation of the distillate.
The recarbonation method using CO, from the
vent gases of MSF plants has gained importance,
since the post-treatment of potable water can be
effected without additional CO, production by
combustion processes.

Depending on the amount of lime or chemical
needed to reduce the amount of calcium or mag-
nesium in the water, the treated water will
generally have a pH greater than 10. It is necessary
to lower the pH to stabilize the water and prevent
the deposition of hard carbonate scale on filter
sand and distribution piping. Recarbonation is
the most common process used to reduce the pH.
This procedure involves the addition of carbon
dioxide to the water after the softening. Generally,
enough carbon dioxide is added to reduce the pH
of the water to less than 8.7. The actual amount of
carbon dioxide to add must be determined by
using a saturation index of some kind. The Lange-
lier index (LI) is by far the most common stabiliza-
tion index used, but some plants instead use the
Rizner index, the reciprocal of the LI. The LI is
expressed as the pH of stabilization (pHs) minus
the actual pH measured (pHs — pH). When the LI
is positive, the water will tend to coat the pipes,
when it is negative, the water tends to be corrosive.

2. Recarbonation processes for the distillate

The distillate produced by seawater evaporation
plants contains salts and dissolved gases including
CO,, O, and N, only in very low concentrations.

Its salt content amounts to about 25 ppm, but may
also be considerably below this value, depending
on the age and operation conditions of the plant.
It normally has a pH of around 6.0. For practical
purposes, the contents of alkalinity and carbon
dioxide in the distillate are negligible. The com-
position of the distillate is not significantly influ-
enced by the salinity of the seawater and the
product yield.

The high purity renders the distillate to be
highly reactive and aggressive towards nearly
all components in the water distribution system,
resulting in very severe corrosion problems. One
of the by-products of this chemical attack is ferric
hydroxide, a red—brown rust, which results in what
is called “red water”. Moreover, water containing
a reduced amount of minerals has poor taste and
may create health problems. In order to overcome
the problems with corrosiveness and poor taste
of the distillate, a number of post-treatment
processes have been proposed and practiced.

Post-treatment processes include a recarbon-
ation/alkalinization step for elevating carbonate
and calcium hardness and pH correction in such
a way that carbonate—CO, equilibrium is largely
achieved. Recarbonation is then followed by
further conditioning steps such as dosing, e.g.,
phosphates to promote the formation and build-up
of corrosion protection layers, aeration and
disinfection by chlorine dosing to ensure proper
hygienic conditions for storage and distribution
of the drinking water.

3. Red water problem in Kuwait

The history of the MSF technology in Kuwait
as well as the other GCC countries reveals no cul-
tural or social concern whatsoever on the part of
the public regarding the extent which MSF product
water is used. The fact that the process involves
heating to high temperatures and results in a dis-
tilled product water made this water fully accept-
able without reservation. However, incomplete
stabilization of the product water, to some degree
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in the past, as well as improper selection of piping
network materials have resulted in significant
corrosion residues being carried over into the
domestic water supply. This is a problem known
as the red water problem in Kuwait, and it requires
extensive use of simple domestic filtration.

The distilled water produced by the MSF plants
has very low concentrations of dissolved salts
and gases, and a total alkalinity of less than 1 mg
CaCO,/L. The high purity renders the water
chemically very aggressive towards almost all
components in the water distribution system,
resulting in very severe corrosion problems. One
of the by-products of this chemical attack is ferric
hydroxide, a red—brown rust that results in what
is known as “red water”.

To improve the palatability of distilled water,
it is usually blended with brackish water using
different blending ratios, depending on the quality
of the available brackish water. The blending
ratio used in Kuwait is about 10 (distillate): 1
(brackish). The potable water being produced
in Kuwait has a total alkalinity of 20-24 mg
CaCO,/L, which is less than the minimum value
of 50 mg CaCO,/L necessary to depress the
corrosion rate of the different materials involved
in the water distribution system. It is, therefore,
important to increase the pH and depress iron
dissolution, and thus, prevent complete failure
of pipes in the potable water distribution system.

During the period 1979-1981, the Water
Resources Development Center (WRDC) of the
MEW conducted a comprehensive study in order
to find a solution to the red water problem. One of
the main outcomes of this study was the recom-
mendation to use ductile iron pipes lined inter-
nally with cement-mortar and seal-coated. Most of
the water distribution system has been upgraded
to this material of construction. Another main
outcome of this study was that water recarbonation
was best performed using bicarbonates. It was
also recommended that phosphate inhibitors be
used with a higher initial dose of 6—12 mg/L of
phosphate followed by a lower 2—6 mg/L dosage.

The first recarbonation process was established
in 1987 and incorporated into the Shuwaik MSF
plant. The capacity of the recarbonation plant is
18 MIGD and was designed to yield recarbonated
water with total alkalinity of 60—-80 mg CaCO,/L.
Based on the experience gained and the success
of the recarbonation process at the Shuwaik MSF
plant, the MEW also adopted the recarbonation
process in the MSF plants located at Doha west
(90 MIGD) and Az-Zour south (40 MIGD),
Fig. 1.

4. Treating water hardness

The process of removing Ca** and Mg** from
the water is known as water softening. Two min-
erals, lime (Ca(OH),) and soda ash (Na,CO,), are
typically used to soften public water supplies.

When lime is added to water, it dissolves to
give three aqueous (solvated) ions: one Ca** ion
and two OH™ ions for each unit of Ca(OH),.
Likewise, soda ash dissolves to give two Na* ions
and one CO; ion for each unit of Na,CO, that
dissolves.

A number of reactions occur to generate the
insoluble precipitates CaCO, ) and Mg(OH),
from the Ca** and Mg*" ions. The most impor-
tant reaction for the removal of Mg** is shown
in Eq. (4).

Mg* ,, +Ca* +20H , — Mg (OH), + Ca*

from water from lime precipitate

(M

Notice that Ca** appears on both sides of
Eq. (1). The calcium ion from lime does not actu-
ally participate in the reaction to generate insoluble
Mg(OH),. Hence, this ion is called a spectator
ion and can be omitted from the equation. We
can write the reaction more correctly with the
net ionic equation, given by Eq. (2).

Mg* ., +20H ", — Mg(OH),, )

(aq)
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Fig. 1. General flow diagram.

The important reaction for the removal of Ca**
ions is given in Eq. (3).

Caz*(aq) + Caz*(aq) +2CO7 ag — 2CaCOy
from from from precipitate
water  lime soda ash 3)

The solids generated by the water-softening
precipitation reaction are then removed by sedi-
mentation or filtration. If an excess of lime was
used to precipitate magnesium ions in the water
[Eq. (1)], some unused hydroxide (OH") ions
will remain in the water after the calcium is pre-
cipitated, resulting in a high (or basic) pH. If
necessary, the pH can be lowered by bubbling
carbon dioxide gas through the water. The net
ionic equations for this recarbonation are given
in Egs. (4) and (5).

T

CO,,, + H,0

o™ H2C03(aq) 4)

H,CO,, + OH",, — H,0 + HCO; (5)

3(aq) (aq) 3(aq)

Bicarbonate (HCO;) remaining in the water is
nontoxic and does not negatively affect the flavor
of the water.

If iron is immersed in water saturated with
dissolved oxygen, rust is developed due to the
formation of ferric hydroxide Fe(OH), or hydrated
ferric oxide Fe,O; x H,0O. The mechanism of this
electrochemical reaction can be explained by the
following equations:

Fe — Fe** + 2¢” (6)
2¢ +2H,0 — H, + 20H" %)

2¢ +H,0 + %oz — 20H" (8)
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Eq. (6) represents the anodic reaction which
causes ferrous ions and electrons to be released
from iron atoms. The electrons released will be
consumed according to the cathodic reactions
represented by Egs. (7) and (8). In acidic solutions
such as water saturated with CO,, hydrogen
gas is generated and hydroxyl ions are formed
according to Eq. (7). In neutral solutions con-
taining dissolved oxygen, the same amount of
hydroxyl ions will be formed according to Eq. (8),
and alkaline conditions will prevail. The ferrous
ions are unstable under normal conditions and
will be oxidized due to the presence of dissolved
oxygen in neutral solutions according to the
following reaction:

2P + H,0 + 10, — 2Fe™ + 20H- )
2 2 2

The ferric ions are then hydrolyzed by water
precipitating the insoluble ferric hydroxide (iron
rust) according to:

Fe** + 3H,0 — Fe(OH), + 3H" (10)

The overall reaction is the formation of hydro-
gen ions, which maintain a condition of acidity
according to:

2Fe* + 5H,0 + %02 —5 2Fe(OH), +4H"  (11)

Ferric hydroxide is a gelatinous precipitate
which partially dehydrates resulting in the red—
brown ferric oxide, which is the main constituent
of “red water”. It has no protective action and as
water temperature increases, the pH decreases
corresponding and the corrosion rate will therefore
increase. It is therefore important to increase the
pH and depress iron dissolution and thus prevent
complete failure of the pipes in the potable water
distribution system.

5. The best formula of water

The optimum chemical balance of drinking
water is a very complicated matter in both

physiological and organoleptic terms. For this
reason reference is normally made to the WHO
Guidelines in the production of water with the
best “formula”. A certain degree of hardness and
alkalinity are required to make water pleasant to
the palette and thirst—quenching.

Water of high alkalinity and calcium content
is a stable water, and can produce a thin protective
layer of calcium carbonate by careful increase in
the pH. This is the concept of self-inhibition and
can be described by the following reactions:

HCO; +OH™ — CO> + H,0 (12)
CO> + Ca* — CaCO4(S) (13)
CaCO, + H,CO, — Ca(HCO,), (14)

The hydroxyl ions necessary for reaction
are produced during the reduction of dissolved
oxygen, according to Eq. (8), Fig. 2.

The stechiometry of the reactions indication
that for every mole of carbon dioxide, there is a
mole of calcium carbonate, namely 1 ppm of con-
verted CO, which gives origin to an increase in
hardness as CaCO,.

There are three conditions which are necessary
for self-inhibition of water:

(1) The water must be free of CO,. Carbonic acid,
even at low concentrations, will neutralize
the hydroxyl ions produced according to
Eq. (8). It will also dissolve any protective
calcium carbonate layer, and finally it will
attack the metal. Free CO, can be degasified
in a stripping tower using air, or by treatment
with sodium hydroxide.

(2) The concentration of calcium and carbonate
ions must satisfy the solubility product of
calcium carbonate, in order to precipitate the
inhibition film.

(3) The pH value of water must be carefully
adjusted. The Langelier saturation index, LSI,
is defined by the following equation:

LSI=pH - pHs (15)
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Fig. 2. Basic process block diagram.

Where the pH of saturation, pHs, is defined as the
pH value at which water containing bicarbonate
and calcium is just saturated with CaCO,. The
pHs can be expressed as

pHs = A + B — log (Ca®") — log (total alkalinity)
(16)

where A is a constant which depends on the water
temperature, and B is another constant which
depends on the water TDS content. Calcium ion
concentration and total alkalinity are both
expressed as mg CaCO,/L.

A positive saturation index is associated with
non-corrosive conditions, and thus indicates a
tendency to deposit CaCO;. A negative index
indicates a tendency to dissolve CaCO, and is
therefore associated with corrosive conditions.

It can then be deduced that maintaining the pH
value of water above its pHs value will result in
deposition of the protective CaCO, layer and
hence corrosion inhibition can be achieved.
Based on the recommendation of maintaining
the same level of calcium ion concentration and
total alkalinity, the following equation can be
applied for a recarbonation process, operating at
40°C, a total alkalinity of 70 mg CaCO,/L and
calcium concentration of 70 mg CaCO,/L.

pHs = 11.46 — 2 X log (total alkalinity) 17)

6. The recarbonation process

In Kuwait, a recarbonation process has been in
operation at Shuwaikh desalination plant treating
18 MIGD of distilled water as the first step in a
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major scheme aimed at treating water produced
by all MSF plants in Kuwait.

The major steps in the adopted recarbonation
process include extraction of carbon dioxide from
the vent gas system of the MSF plant, compression
and purification of CO,—air gas stream, acidifica-
tion of a pre-calculated distilled water stream in
a gas absorption tower, limestone dissolution to
augment the water with Ca** and HCO; necessary
for water to be self-inhibiting, degasification of
the excess CO,, blending with by-passed distilled
water and finally pH adjustment, Fig. 3.

Table 1 shows the chemical analysis of potable
water produced in Kuwait before recarbonation.
Table 2 is the chemical analysis of recarbon-
ated distilled water produced in the distillation
plant and the chemical analysis of distributed fresh
water produced by blending the recarbonated
distilled water with 5% brackish water.

Recarbonation plant at Doha west power
station is divided into the following, Fig. 3:

(1) Vent Gas (CO,) collection, CO, compression
and feeding system.

(2) CO, purification and absorption system.

(3) Limestone dissolution system.

(4) Backwashing and backwash water recovery
systems.

(5) Degasifying & chemical dosing system.

The Doha recarbonation system is divided
into two trains (Train A and Train B) having
identical characteristics. Train A normally treats
(45 MIGPD) distillate from first set of eight
evaporators (D1A to D4B) and Train B treats
(45 MIGPD) distillate from the second set of
remaining eight evaporators (D5A to DSB), Fig. 4.

6.1. Vent Gas (C9 collection, CQ
compression and feeding system

6.1.1. Vent gas collection

Necessary CO, to recarbonate the distillate
produced is recovered from the same evaporators.

The mixture of CO,, vapour and other gases
(mainly oxygen and nitrogen) is collected from
the vent pipes of all top stages of evaporator and
passed to the vent gas condensers and then to
the liquid ring booster vacuum pumps where the
pressure will be increased to the required level
for the suction side of CO, compressor.

The cooling water for the condenser and
sealing ring of booster pumps will be the
same distillate produced from the respective
evaporators.

From the booster vacuum pump the vent gas
mixture (together with sealing ring water) will
be discharged to drain separator where gas and
water will be separated. The arrangement of the
drain separator is able to recover all the CO,
entering the gathering section except the quan-
tity dissolved in the drain water of vent gas con-
denser. The CO, gas thus recovered is then sent
to the snubber at the suction side of main CO,
Compressor.

6.1.2. CQ compressions & feeding system

The CO, compression and feeding system
mainly consists of CO, inlet header, snubbers
which acts also as pulsation dampers, CO, com-
pressors, CO, receivers and header to activated
carbon filter.

The CO, gas recovered from each evaporator
by vacuum pump is collected in the snubbers
and is passed to the suction side of the CO, main
compressors. There are three main compressors
per train, two on duty while the third one standby.
The CO, compressors increase the pressure to
about 8 bar in order to pass the mixture of gases
to the CO, receivers and then to the headers
leading to activated carbon filters.

6.2. CQ purification and absorption system
6.2.1. CQ gas purification

In order to ensure the carbon dioxide used in
the recarbonation system is food grade type, the
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Table 1
Average chemical analysis of potable water produced
from Shuwaikh blending complex

Parameters Concentration (mg/L)
TDS 241
pH 7.8
Total alkalinity (as CaCOj;) 11.5
Total hardness (as CaCO,) 96
HCO; 13
SO, 80
Cr 56
Ca™ 23
Mg*™ 9.6
Na* 39
K* 1.2

compressed gas will be passed through activated
carbon filter where volatile organic compounds,
odour etc., if any, is eliminated.

Duplicate activated carbon filters for each
train one in use and the other as standby are
provided. The compressed carbon dioxide
passed through these filters is then sent to the
absorbers.

6.2.2. Carbon dioxide absorption

The compressed gas after purification is passed
to the absorbers where carbon dioxide is dissolved
into the water.

Table 2
Average chemical analysis of recarbonated distillate and
recarbonated fresh water

Parameters (mg/L) Recarbonated  Recarbonated
dist. fresh

TDS 83 261

pH 8.05 7.86

Total alkalinity 72 85

Cr >0.2 40

SO,~ >0.5 66

Ca™ 28 38

For each train the absorber will be provided
in duplicate one on service while the other as
standby.

The absorbers are of counter current packed
type equipped with distillate and gas distribu-
tion facilities. The system will assure a recovery
ratio of not less than 95% of the total inlet
carbon dioxide.

Due to very high solubility of carbon dioxide
into water only a limited portion of the distillate
is admitted into the absorber to have high CO,
concentration and after the tower the acidified
water is mixed with untreated distillate by-passed
and this total then is passed to the limestone
filters.

6.3. Limestone dissolution

The limestone is a chemical compound nor-
mally found abundantly in nature (usually not
100% pure). In our case it should contain not
less than 90% of CaCO, (90% purity).

The limestone dissolution is achieved by pass-
ing the distillate containing CO, acidified distillate
(effluent from absorber) into the limestone beds.

The reaction rate at which the limestone dis-
solves, depends mainly on several parameters
such as:

— limestone granulometry

distillate temperature
— CO, concentration of the distillate incoming
— residence time/linear velocity

It is obvious that smaller particle size of lime-
stone to some extent achieves a faster dissolution
into the water, and therefore small particle size
could be preferred as filter media. However, as
balance to it, the small particles tend to create
dust and to be mechanically destroyed, and there-
fore a compromise must be selected for this
parameter. Particular size of 1-5 mm is used to
improve dissolution, while limiting the dust and
mechanical degradation of it avoiding faster
pressure drop.
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The residence time of acidified distillate in
the limestone filters can be calculated as: R =

AxH/Q=H/LV

where:

Q —is the distillate flow through limestone filters
(m*/h)

A — Limestone filter cross area (m?)
H — Height of limestone layer (m)
LV — Distillate linear velocity (m/h)

The rate of dissolution is also proportional
to the concentration of the CO, into the distil-
late, because, the reaction ends when the CO,
becomes in equilibrium with the limestone.

Obviously, the complete equilibrium can-
not be reached if not at infinite contact time,
hypothetically.

Therefore a certain excess of CO, is required to
achieve the best results in the limestone dissolu-
tion filters.

For the Doha recarbonation system there are
nine numbers of limestone filters per train con-
nected in parallel. In normal operation having
45 MIGPD capacity seven numbers of limestone
filters will be in service while two numbers of
filters will be standby.

The limestone filters are to be back filled peri-
odically with limestone chips in order to make-up
the limestone consumption and to maintain the
residence time. After every refilling operation the
limestone filters are to be backwashed to remove
insolubles dust etc. and reduce the pressure drop.

6.4. Backwashing & water recovery

Air scouring of the limestone filters, as well
as periodical backwashing must be done in order
to avoid clogging of the limestone beds and also
whenever the limestone filter is back filled with
limestone chips.

The backwashing is made by distillate water,
and this water also contains large amount of
calcium carbonate. This is recovered by settling
tank where the slurry is separated from the water
and discharged.

The recovered water is passed from the set-
tling tank to recovery tank, and after pumping and
sand filtration, it is returned back to the system.
The sand filter also will be backwashed periodi-
cally after every backfilling operation to avoid
clogging.

This water recovery system saves a large
amount of distillate water, because the filter back-
washing is required periodically in order to avoid
great filter clogging which requires considerable
amount of distillate.

However a certain amount of limestone is
lost as dust or slurry, apart from that dissolved
into the water. The filters must therefore be peri-
odically refilled by fresh limestones using filling
devices.

6.5. Degasifying and chemical injection
6.5.1. Degasifying

The recarbonated distillate coming out of the
limestone filters contains higher alkalinity so
that this when mixed with plant by-pass distillate
will give the required alkalinity. The effluent
from the filters will have higher CO, excess. In
order to minimize caustic soda consumption the
CO, excess present to be decreased by using the
degasifier (desorption tower) where excess CO,
is removed by bubbling air into the atmospheric
tower. This increases the capital cost, but decreases
the running cost of the plant considerably.

The degasifier is a packed counter current
flow type stripping tower. At the bottom of the
tower air is distributed to remove the CO, gas.
The recarbonated water is distributed through
the specially designed distributor at the top of the
packing. The degasifier fans supply the required
stripping air by adjusting the air flow rate from
degasifier fan, pH value can be slightly controlled.

The sizing of the degasifier is designed consid-
ering that at the bottom of the tower the recar-
bonated distillate is almost CO, free. Provision
is also made to by-pass the degasifier when this
disorption tower is taken for maintenance.
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Fig. 5. Doha recarbonation system.

6.5.2. Chemical injection

After degasifying the recarbonated distillate, it
is mixed with the plant by-pass distillate. Caustic
soda solution is injected to this to neutralize and
increase its saturation index and maintain the
product at the required pH.

The chemical dosing system mainly consists
of duplicate sodium hydroxide dosing tanks dupli-
cate dosing pumps and duplicate agitators and
normally one will be in service while the other
standby.

The caustic soda solution is prepared in the
chemical dosing tanks and pumped by means of
reciprocating pumps into the recarbonated distil-
late product.

At the end of the process the recarbonated
distillate product will have LI slightly positive so
that this product water tend to precipitate mak-
ing the same more or less passive and forming a

protective film, as well avoiding corrosion prob-
lems in the distribution piping, increasing the
palatability too.

7. Results

Figs. 5 & 6 show the water of high alkalinity
of 60-80 mg CaCO,/L and calcium content is a
stable water, and can produce a thin protective
layer of calcium carbonate by careful increase in
the pH of 7.8-8.2. The pH at which a water con-
taining bicarbonate and calcium is just saturated
with calcium carbonate (CaCOj;) is known as the
pH of saturation or pH. The LSI is defined as the
actual pH minus pH. A negative index indicates
a tendency to dissolve CaCQO,. This index is not
related directly to corrosion, but deposition of a
thin, coherent carbonate scale may be protective.
Thus a slight positive index frequently is associ-
ated with noncorrosive conditions, whereas a
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Fig. 7. Doha recarbonation system.

negative index indicates the possibility of corro-
sion, Fig. 7.

Generally chemical reaction is controlled by
reaction time and longer this time is, the more
the chemical reaction will proceed. To obtain the
longer reaction time, higher residence time is
required. Hence with reference to the calculated
residence limestone layer height, the variable that
must be controlled to get the required alkalinity
is the distillate flow through limestone filters.
Similarly, once the residence time is fixed control-
ling the distillate flow to each filter, the outlet
alkalinity can be modified acting on CO, con-
centration according to function shown in Fig. 2.

The pressure in the absorber has to be main-
tained at a different value corresponding to differ-
ent load of the plant. i.e. different flow conditions
to the absorber, different pressure has to be main-
tained. At the relatively low load, the quantity of
CO, required to remineralize the distillate can
be so low that all CO, is absorbed into the liquid
and therefore the small quantities of other non-
condensable gases may at times not be enough to
maintain the tower pressure. To overcome this, the
gas load is increased by admitting air into the tower.

CO, gas flow to absorber is controlled to
obtain the necessary CO, concentration in the
acidified distillate. The required CO, concentra-
tion in the acidified distillate is determined by
the following parameters. Acidified distillate

flow into each limestone dissolution filter is
controlled to obtain the required linear velocity
and uniform distribution inside each equipment.
Backwash water supply flow to limestone filter
is controlled to obtain the design value of back-
wash water velocity through the limestone layer.

The linear velocity must be optimized since the
hold-up time will determine the total bed height,
diameter and number of filters. As the linear
velocity decreases the diameter or the number of
filters must be increased. For high linear velocities,
a large bed height is needed which will result in
a higher pressure drop. For an optimum linear
velocity, the alkalinity can therefore be controlled
only by the CO, concentration in the entering
water stream.
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