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Abstract—Make-up water is treated at thermal power stations (TPS) with high-pressure or superhigh pressure
boilers using membrane processes implemented in ultrafiltration, microfiltration, or reverse-osmosis (RO)
units. Among the criteria of the efficiency of reverse osmosis units is the amount of highly mineralized efflu-
ents (or concentrate). At present, the RO concentrate is disposed of at TPSs by discharging it into an indus-
trial sewage system in accordance with the applicable standards on the salt content limit of waste water, rout-
ing it into a district heating network, or returning it into recirculation water supply systems, decreasing as far
as possible the volume of the discharged concentrate which is to be reused, for example, in regeneration of
Na-cation exchangers installed upstream of the reverse-osmosis unit. The adsorption process is proposed for
treatment of the reverse-osmosis concentrate using sludge from the makeup water treatment. The character-
istics of carbonate sludge are presented. The regularities of adsorption of sulfate- and chloride-anions from
the RO concentrate by carbonate sludge are described. An adsorption isotherm was obtained. The mecha-
nism of adsorption on a sorption material is proposed. The effect of pH on adsorption of sulfate- and chlo-
ride-ions by a sorption material was investigated. A system is proposed for the treatment of the concentrate
from the RO units at the Kazan Cogeneration Power Station TETs-2 to remove sulfate- and chloride anions
using a three-stage adsorption method with a counter-current injection of the sorbent, namely, the carbonate
sludge. The calculated values of the consumption of the sorption material required to achieve the desired
residual concentration of sulfate- and chloride-anions in the treated water are presented. The economic
effectiveness from implementation at the Kazan TETs-2 of the adsorption treatment of the RO concentrate

by carbonate sludge to remove sulfate- and chloride-ions is estimated.
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At present, the make-up water at thermal power sta-
tions (TPS) with high-pressure and superhigh-pressure
boilers is treated by demineralization in series-con-
nected reverse-osmosis and ion-exchange units. This
process has been implemented at the Nizhnekamsk
TETs-1, the Zainskaya district power station (GRES),
and the Kazan TETs-2.

Among the criteria of the efficiency of reverse-
osmosis (RO) units is the amount of highly mineral-
ized effluents (or concentrate). The concentrate is dis-
posed of using the following methods [1]:

(1) Discharge of the concentrate into an industrial
sewage system in accordance with the established
requirements for the salt content of effluents;

(2) Delivery of the concentrate into a district heat-
ing network or its return into water-recirculation sys-
tems; and

(3) Reuse of the concentrate, for example, for
regeneration of Na-cation exchangers in water treat-
ment systems with RO units.

The latter can be done only with a certain chemical
composition of the source water if the following rela-

tionship Co.r + Ho / Al, > 1.3 (here, C,+ 1s the
sodium concentration; H, and Al, are the total hard-

ness and the total alkalinity, respectively) is met. In
this case, the content of impurities (such as

SO;™,Si03",CO; ions) should be such that low-solu-
ble salts of calcium and magnesium would not form in
the ion-exchange bed of Na-cation exchangers.

Application of the RO concentrate treatment proce-
dure is examined by an example of the water-treatment
plant (WTP) at the Kazan TETs-2. The RO concen-
trate is proposed to be treated by an adsorption method
using sludge formed during water pretreatment in WTP
using lime-softening and coagulation processes.

The experimental investigations were performed
using sludge with a moisture content of 3% at the
Kazan TETs-1. The dried sludge was a free-flowing
fine material ranging in color from light-yellow to
brown. Sludge with 0.09—0.50 mm grains was used in
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the investigation. The chemical composition of the
sludge (%) measured by the roentgenographic qualita-
tive phase analysis using a Brukner D8 ADVANCE
diffractometer is given below:

Calcite CaCO; 73
Brucite Mg(OH) 8
Portlandite Ca(OH), No more than 1

Quartz SiO, 0.4

Other substances 17.6

The full chemical composition of the sludge (ion
concentration in wt %) is presented below:

Ca?t 76.56 £ 11.3
Fe3* 0.38£0.15
Mg?* 97422
Cu?* 0.04 £0.014
NiZ* 0.008 = 0.003
Zn** 0.033 £ 0.013
Mn?* 1.05 £ 0.407
crit 0.001 £ 0.0003
Pb?* 0.002 £+ 0.0003
Cd** 0.22 £ 0.08
Hg?* Traces
CO§_ 71.7 £ 10.6
SOﬁ_ 5.7+ 0.85
OH™ 10.03 £ 3.61
Si0§_ 0.52 £ 0.11
PO?‘_ None
Organic part 12
Gaseous chromatography-mass spectrometry

with electronic ionization carried out using a DFS
(FisherSchCu) mass-spectrometer revealed the
functional groups of humic substances —OH, —NH,
—CH;, —CH,, aromatic bonds C=C, carboxyl groups
—COOH-—, and alcohol groups OH— on the sludge
surface.

Previous studies considered cleaning of TPS efflu-
ents of dissolved oil products using sludge with a mois-
ture content of 2.88 wt %, a bulk density of 560 kg/m?,
a total pore volume of 0.2 cm?/g, and an ash content of
89 wt % as a sorption material.

The data in Table 1 demonstrate that the sludge
does not increase secondary pollution of water body.

The carbonate sludge is presented in [3] as a sorp-
tion material for cleaning of industrial effluents of
heavy metal ions (Fe3*, Cr3*, Zn?*, Cu?*, Ni**). This
paper considers the potential for treatment of the RO
concentrate with carbonate sludge to remove sulfate-
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Table 1. Quality characteristics of the sludge water
extraction at the Kazan TETs-1

Value
Characteristics
after treatment | MAC
Concentration, mg/dm?:
Si0§_ 0.03 10.0
| 0.04 0.3
SOi’ 3 100
H,, mg-equiv/dm? 0.55 7.0
H_+ mg-equiv/dm? 0.25 —
0Ox, mg KMnO,/dm? 0.75 5.0
Al,,, mg-equiv/dm? 0.35 -

MAC—maximum allowable concentration [2]; HC 2+ —calcium
< g o1 a
hardness; Ox—oxidizability.

and chloride-ions. The adsorption capacity of the
sludge with respect to these anions is determined
experimentally.

The laboratory studies for determining the efficiency
of adsorption of sulfate- and chloride ions were per-
formed with the standardized test solutions of Na,SO,

and NaCl with an initial concentration of 300 mg/dm?
(Table 2).

An isotherm of absorption of sulfate- and chloride
ions with carbonate sludge was plotted using the variable
sample weight method. The concentration of sulfate
ions was determined using a PE-5400 UF spectropho-
tometer in accordance with [4], and the concentration
of chloride-ions was measured by the method of mercu-
rimetric titration with a diphenylcarbazide indicator.

We placed 100 mL of the standardized test solution
of Na,SO, into seven conical flasks, and 100 mL of the
standardized test solution of NaCl was placed into
another seven conical flasks. The concentration of
both solution was 300 mg/dm?. Sludge samples of dif-
ferent weight between 0.01 and 2.0 g were added into
each flask. The solutions were mixed and then shaken
for 24 h in a laboratory shaker. The sorption material
was separated from the solution using a paper filter
after that, and the residual concentration of sulfate-
and chloride ions in the filtrate was measured. The
adsorption 4, mg/g, was calculated by the formula

A — Cinit B C

eq v
m b

where Cy,; and Cg are the initial and the equilibrium

concentrations, respectively, of sulfate- or chloride-

ions, mg/dm?; Vis the standardized solution volume,

dm?; m is the sludge sample weight, g.

Isotherms for sulfate- and chloride ions (Fig. 1)
belong to the H-type according to the Smith classifica-
tion and describe the chemosorption process. The
enthalpy Ak, kJ/mol, and the Gibbs energy AG, kJ/mol,
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Table 2. Effectiveness of adsorption of sulfate- and chloride ions with carbonate sludge from the standardized solutions

Fig. 1. Isotherms of (a) sulfate- and (b) chloride-ions
adsorption.

A, mg/g

120

100

80

60

Fig. 2. Adsorption of (/) sulfate- and (2) chloride-anions
as a function of pH.

C trati dm?
Impurity oncentration, mg/dm Adsorption efficiency, %
prior to adsorption after adsorption
SOi_ 300 27 91
Cl- 300 18 94
(a) were calculated at various temperatures using the plot-
A, mg/g ted adsorption isotherms:
120 Ah AG
100 SOi_ +62.3 —-21.5
%0 cr +65.4 —20.08
60 Higher values of the enthalpy can be explained by
40 formation of a strong bond between sulfate- and chlo-
ride anions and functional groups in the sludge.
20 The effect of pH on the adsorption of sulfate- and
chloride-anions is shown in Fig. 2. It has been found
0 that high absorption capacity is attained in a range of
Ceq mg/dm? pH = 3-9 that enables water to be cleaned in an acidic
(b) or weakly alkaline environment.
A, mg/g Based on the experimental data, a procedure is pro-
posed for treatment of the RO concentrate to remove
120 sulfate- and chloride ions at the Kazan TETs-2.
100 Make-up water for the boiler and heat network is
20 processed in the water treatment plant of the Kazan
TETs-2 [5]. The source water is pretreated using the
60 inline coagulation process. Aluminum oxychloride is
40 used as a coagulant in acidification of the treated water
with sulfuric acid. Make-up of the heating network is
20 performed with partly demineralized water (permeate)
, , , , , from the RO unit. To make up the boilers, demineral-
0 5 10 15 20 25 ized water after additional treatment of the permeate
C.., mg/dm> in H-cation and OH-anion exchangers is used.
eq

Quality indices of the source water, permeate, and
RO concentrate are given in Table 3.

It is proposed to use a multistage adsorption unit with
sequential or countercurrent metering of a sorbent as a
process unit for treatment of the RO concentrate to
remove sulfate and chloride ions with a sorption material.

Static adsorption is performed by vigorous mixing of
the treated water with a sorbent for a certain time fol-
lowed by separation of the sorbent from water by settling
or filtration [6]. The adsorption process is carried out in
one or, more often, several stages. Single-stage cleaning
of the sorbent is employed at low initial concentrations
of sorbent impurities when a small amount of the sor-
bent is required or if the sorbent is inexpensive and
readily available. In the multistage sorption by metering
new portions of the sorbent into water, a certain differ-
ence in the concentration of the extracted substance
between the water and the sorbent is maintained all the
time, thereby increasing the adsorption rate and
decreasing consumption of the sorption material.

Multistage adsorption can be done with sequential or
countercurrent metering of the sorbent. In the first case,
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Table 3. Quality characteristics of water in the reverse-

0Smosis unit

o Flow of water
Characteristics
source |concentrate|permeate
Concentration, mg/dm?>:
Na* 24.68 111.12 0.28
Mg2* 5.47 24.75 0.03
Ca’* 60.12 272.01 0.32
- 0.18 4.14 0
Cco;
HCO; 150.74 673.37 1.61
CI- 18.0 81.39 0.11
- 73.86 334.57 0.28
SO?
SiO, 7.0 31.48 0.09
CO, 12.73 14.34 12.76
TDS, mg/dm? 340.05 1532.84 2.72
pH 7.20 7.72 5.32

TDS-total dissolved solids.

the sorption material is metered into water in portions at
each treatment stage; in the second case, it is introduced
only at the last treatment stage and then is pumped from
each subsequent stage to the previous one.

To select the most-efficient and cost-effective
option for the adsorption treatment of RO concen-
trate, the total consumption of the sorption material,
m,y, and the consumption in each stage, m,, were cal-

culated for the following input data:

Adsorption rate, mg/g, for
Sulfate ion 130.44
Chloride ion 113.702
Initial concentration in concentrate,
mg/dm?:
SOi_ 334.57
Cl—- 81.39
Final concentration in permeate,
mg/dm>:
SOi_ 0.28
Cl- 0.11
Concentrate flow, dm?/h 20000

Table 4. Predicted sorbent consumption
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The predictions presented in Table 4 demonstrate
that the three-stage adsorption with counter-current
metering of the carbonate sludge is the most efficient
and cost-effective method for treatment of RO con-
centrate to remove sulfate- and chloride ions.

The schematic diagram of an adsorption unit with
counter-current metering of carbonate sludge and its
regeneration with hot water is shown in Fig. 3.

RO concentrate enters the Stage I reactor / with a
vane mixer, into which pump /0 feeds carbonate
sludge from Stage Il receiving tank 9. The concentrate
is mixed vigorously with the carbonate sludge in the
reactor. The prepared suspension is routed to Stage |
thin-layer settling tank 2 for separation of the waste
carbonate sludge and removal of water after the initial
treatment to Stage II. The waste carbonate sludge is
directed to reactor /17 for regeneration with hot water.

Water after the initial treatment with the carbonate
sludge enters Stage II of the unit, i.e., reactor 3 with a
vane mixer where pump & feeds carbonate sludge from
Stage III receiving tank 7. The suspension is then
routed to Stage II thin-layer settling tank 4 for separa-
tion of the waste carbonate sludge and removal of the
water after second treatment to the last Stage II1.

Water after second treatment with carbonate sludge
enters Stage 111 of the unit, i.e., Stage I1I reactor 5with
a vane mixer where pump /4 feeds fresh carbonate
sludge from tank /3 where the sludge is fed after its
regeneration in settling tank /2. Then the suspension is
routed to Stage III thin-layer settling tank 6 for separa-
tion of the carbonate sludge from water and removal of
the treated (clarified water) after the third treatment.

The application of the proposed scheme for
adsorption treatment of the RO concentrate for
removal of sulfate- and chloride-ions with carbonate
sludge at the Kazan TETs-2 will reduce the environ-
ment protection cost by 412000 rubles/year.

CONCLUSIONS

(1) The adsorption isotherms plotted on the basis
of the experimental data belong to the H-type accord-
ing to the Smith classification and describe the che-
mosorption process. Thermodynamic and kinetic
characteristics of the process are as follows: the Gibbs
energy is between —21.5 and —20.08 kJ/mol and the
enthalpy ranges from 62.3 to 65.4 kJ/mol.

Sorbent consumption
Adsorbed ion Sorbent metering method No. of stages 3
mst7 g/dm mlot’ t
. Sequential 4 209.48 16.76
SO; Countercurrent 3 — 8.9
- Sequential 4 79.5 6.36
Countercurrent 3 — 33
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Fig. 3. Scheme of a three-stage adsorption unit with countercurrent metering of carbonate sludge and its subsequent regeneration

with hot water. I-I111—stage no.

(2) In the developed three-stage adsorption unit for
treatment of RO concentrate to remove sulfate- and
chloride-ions, the carbonate sludge injected in a
counter-current manner is regenerated with hot water.
The consumption of the sorbent fed into each treat-
ment stage for attainment of the required residual con-
centration of sulfate- and chloride-ions in the treated
concentrate was, respectively, 209.48 and 79.5 g/dm>.

(3) The implementation of the adsorption process
for treatment of the RO concentrate with carbonate
sludge at the Kazan TETs-2 will cut down the costs for
ensuring environmental safety of the Kuibyshev reser-
voir in the Republic of Tatarstan where treated efflu-
ents/waste water are discharged by 412000 rubles/year.
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