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REMOVAL OF CADMIUM AND LEAD
FROM WATER BY ACTIVATED CARBON

Adsorption of cadmium and lead from water by carbon was studied using powdered or gran-
ular carbon. The studied water was artificially contaminated by cadmium and lead amounting to
1 mg/dm3 each. Batch as well as continuous system studies were carried out. The batch system was
used to determine the time to maintain equilibrium followed by adsorption isotherm. Results ob-
tained by using the powdered carbon were found to match with Freundlich’s equation where 1/n
was 2.12 and 2.096 for Cd and Pb, respectively. Corresponding contants (K) were 4.2 -10—2 and
76.0 -10—2. The amounts of powdered activated carbon required to reduce residual Cd and Pb con-
centration to 0.01 mg/dm3 for each are 26.98 and 2.86 mg, respectively. Similar batch system study
was carried out for the granular-carbon. When granular carbon was used in a continuous system, two
different contact times, namely 10 and 20 min., were examined. The results obtained showed that
increasing the contact time from 10 to 20 min. increases the metal to carbon removal efficiency.
The overall results indicated that the breakthrough point for either Cd or Pb is the reverse of their
adsorption as indicated by K values.

1. INTRODUCTION

Throughout the world, an increasing interest is focused on the quality of drinking water.
Recently, attempts have been made to relate the occurrence of certain cancers and cardio-
vascular disease to the presence of trace metals in drinking water [1], [2]. Therefore, infor-
mation on the accumulation, release and removal of these metals in water and wastewater is
becoming highly desirable [3] —[6].

In Egypt, the discharge of idustrial wastewater to the River Nile without adequate treat-
ment has increased significantly in the last decade as a result of a wide industrial expansion
[7], [8]. The presence of metals such as cadmium and lead is known to cause severe health
problems to animals and human beings [1], [9].
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The activated garbon process appears particularly competitive and effective in the removal
of trace pollutants [10] —[12]. Granular activated carbon is most effective in removing organic
mercury, and powdered carbon is almost equally effective for both inorganic and organic mer-
cury removal [13], [14].

The present study is designed to investigate the efficiency of activated carbon in cadmium
and lead removal. Both powdered and granular activated carbons were used. In addition, both
batch and continuous systems studies were carried out. In the batch system, the time necessary
to maintain equilibrium followed by adsorption isotherm was determined, whereas in continu-
ous system, the effect of different contact times on the removal efficiency was studied. During
the test, the time required to reach the breakthrough point at each contact time for each metal
was also determined. Further study was carried out to investigate the relationship between the
breakthrough point and the volume of treated water for removal of cadmium and lead.

2. MATERIALS AND METHODS

Tap water used was aerated in order to remove the dissolved chlorine. The water was
artificially contaminated by cadmium and lead amounting to 1.0 mg/dm3 each. The salts of
these metals were added as nitrates.

2.1. BATCH TREATMENT

Powdered activated carbon and filtrasorb-granular carbon (size 0.9—1.1 mm) were used in
this study.

2.1.1. POWDERED ACTIVATED CARBON

In order to study the effect of activated carbon addition, its different doses were added to
the aerated tap water.

Adsorption equilibria. Accurately 0.05 g of powdered activated carbon was placed in “Teflon”
bottles, each containing 100 cm3 of tap water, to which a mixture of 1 mg of Cd/dm3 and
1 mg of Pb/dm3 was added. The bottles were then placed on a laboratory shaker at room
temperature (25 +2°C) together with ten other bottles containing the contaminated tap water
as a control for the experiments without carbon addition. At successive time intervals, one of
the examinated bottles and one from control bottles were removed from the shaker. After
filtration through Whatman filter paper No. 4 and acidification by nitric acid, residual concen-
trations of cadmium and lead were determined in each bottle.

2.1.2. GRANULAR ACTIVATED CARBON

To define the optimum operating conditions of activated carbon, batch experiments
were carried out. Filtrasorb-20 granular carbon (size 0.9—1.1 mm) was used for this purpose.
Aliquots of aerated tap water were mixed with weighed amount of granular activated carbon
in “Teflon” bottles. These bottles were shaken at room temperature (25 + 2°C) for 24 h to
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reach the equilibrium conditions. The adsorbent was then removed by filtration through What-
man filter paper No. 4. The equilibrium cadmium and lead concentration was determined. As
a control, aliquots of the determined metal concentration by the end of each run were taken
as the initial ones. The amount of metal adsorbed (X) was calculated as the difference between
the residual and initial metal concentrations (C and Cy). The time limit necessary to maintain
equilibrium was obtained by plotting the amount of metal adsorbed per unit weight of carbon
(X/m) versus the exposure time, where m is the weight of carbon.

2.2. CONTINUOUS TREATMENT

A glass column (50 cm in lenght and 2 cm in inner diameter) was used. The effective depth
of the carbon bed was 40 cm (fig. 1). To study the effect of the contact time, different deten-
tion periods, namely 10 and 20 min., were examined.
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£ Fig. 1. Fixed bed laboratory column
"'l‘ 1 — separatory funnel, 2 — carbon column

The granular carbon used in this study (grain size of 0.9—1.1 mm) was at first washed with
redistilled water and then dried for 24 h at 105°C before use. The column (fig. 1) was packed
with 49.28 g of carbon in the form of slurry to obtain an effective depth of 40 cm. The slurry
was then deaerated carefully to eliminate air bubbles.

The amount of granular carbon required for the continuous system studies was calculated
from Freundlich’s equation [15]:

X/m=K. c' (1)
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where K and 1/n are constants, which can be determined by plotting the adsorbed mass (Cp —-
C)/m as the function of the equilibrium concentration in log—log relationship. 1/n is the slope
of the line to the ordinate when log € =0. The only unknown in eq. (1) is the value m which
has been calculated.

2.3. DETERMINATION OF CADMIUM AND LEAD CONCENTRATIONS

Determination of cadmium and lead concentrations was carried out in acidified samples
using a Perkin-Elmer atomic absorption spectrophotometer (Model 370) equipped with a heat-
ed graphite atomizer (HGA), model 2100, and deuterium being a background corrector.

3. RESULTS AND DISCUSSION

3.1. USE OF POWDERED ACTIVATED CARBON

3.1.1. ADSORPTION EQUILIBRIA

The results obtained as a relationship between the amount of cadmium and lead adsorbed
and time of exposure are presented in fig. 2. The results show that an initial rapid uptake of
the metals studied was observed within the first 20 min., and after this time the removal effi-
ciency increases slowly but gradually till an equilibrium is attained after 2 h.
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Fig. 2. Effect of time on the adsorption of cadmium and lead on powdered carbon

3.1.2. ADSORPTION ISOTHERM

In order to determine the optimal dosages of powdered carbon required to remove cadmi-
um and lead from the contaminated water, adsorption isotherms were obtained in the manner
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described before. The rate of metal adsorption as a function of the corresponding amount of
carbon used is presented in fig. 3.
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Fig. 3. Effect of powdered carbon doses on cadmium and lead adsorption
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Adsorption isotherms were obtained by plotting the amount of the metal adsorbed (in mg
per mg of powdered activated carbon (X/m)) versus the corresponding equilibrium concentra-
tion (C) of cadmium and lead.

The results obtained reveal that the adsorption of cadmium and lead follows Freundlich’s
equation (1) [15]. According to this equation, straight lineswere obtained by plotting log X/m
versus log (C) (figs. 4 and 3).

Adsorption efficiency can be determined on the basis of Freundlich’s constants. In general,
the higher the K value, the greater the capacity of the adsorbent. However, the dosages of
carbon required for the removal of either lead or cadmium are dependent on both param-
eters (K and 1/n), initial concentration of metals, and final concentration required in treated
water.

The results obtained show that lead is more liable to be adsorbed on powdered carbon
than cadmium. Such a conclusion is based on the statement that the adsorption parameters
K and 1/n are in favour of lead and that the dose of carbon required for removal of similar
concentrations of these two metals is much less in the case of lead.

The slope of Freundlich’s isotherm (1/n) was found to be 2.12 and 2.096 for cadmium
and lead, respectively. Corresponding constants K were 4.2 - 1072 and 76.0 - 1072,

The amounts of powdered activated carbon required to reduce residual cadmium and lead
concentration to 0.01 mg/dm3 are 26.98 and 2.86 mg, respectively.

3.2. GRANULAR ACTIVATED CARBON

In water treatment plants, granular carbon is used in the form of bed column.

3.2.1. BATCH ADSORPTION SYSTEM

In order to measure quantitatively the adsorption capacity of granular for the removal
of cadmium and lead from the contaminated waters, the batch technique was tested for the
first time. Such a technique also permits the prediction of adsorption parameters which control
the uptake process.

Time required to reach equilibrium was at first assessed. A contact time of 20 h was found
sufficient to maintain equilibrium under the prevailing experimental conditions (fig. 6) for cad-
mium and lead, respectively.

Furthermore, the effect of carbon to cadmium ratio (C/Cd) and carbon to lead ratio (C/Pb)
on the equilibrium adsorption capacity at different contact times was calculated. The results
are given in tab. i. These results indicate that higher C/Cd ratio increases the equilibrium
cadmium adsorption capacity. Similar results were obtained for lead (C/Pb). Higher carbon
to metal (Cd and Pb) ratio increases the initial removal efficiency, however, the time necessary
for reaching equilibrium adsorption was unchanged. The results are in a good agreement with
the findings of CHIN-PAO HUANG and F. B. OSTOVIC [16].

The adsorption isotherm for cadmium and lead adsorbed on granular carbon of particle
size ranging within 0.9—1.1 mm at the predetermined equilibrium time was studied.
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Fig. 6. Effect of time on adsorption of cadmium and lead on granular carbon
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Table 1
Effect of carbon to metal ratio on the adsorption capacity
Amount of  Initial Con; _3 Resid- A mount
Metal carbon conc. tact Clm - 10 ual adsorbed %R,
_3 3 time ratio conc. 3 (capacity)
mg -10 mg/dm h 3 mg/dm
mg/dm
Cadmium 1.0 1.0 4 1.0 0.80 0.20 20.0
20 1.0 4 20 0.69 0.31 31.0
3.0 1.0 4 3.0 0.52 048 48.0
1.0 1.0 6 1.0 0.74 0.26 26.0
2.0 1.0 6 2.0 0.66 0.34 340
3.0 1.0 6 30 048 052 52.0
1.0 1.0 10 1.0 0.68 0.32 320
2.0 1.0 10 20 0.57 043 43.0
3.0 1.0 10 30 046 0.54 54.0
1.0 1.0 12 1.0 0.65 0.35 35.0
20 1.0 12 20 0.55 0.45 450
3.0 1.0 12 3.0 043 057 57.0
1.0 1.0 20 1.0 046 054 54.0
2.0 1.0 20 20 0.41 0.59 59.0
3.0 1.0 20 3.0 0.36 0.64 64.0
Lead 1.0 1.0 4 1.0 0.24 0.76 76.0
20 1.0 4 20 0.20 0.80 80.0
3.0 1.0 4 30 0.17 0.83 83.0
1.0 1.0 6 1.0 0.20 0.80 80.0
2.0 1.0 6 20 0.17 0.83 83.0
3.0 1.0 6 30 0.14 086 86.0
1.0 1.0 10 1.0 0.17 0.83 83.0
.20 1.0 10 2.0 0.13 0.87 87.0
3.0 1.0 10 30 0.10 090 90.0
1.0 1.0 12 1.0 0.15 0.85 85.0
20 1.0 12 20 0.10 090 90.0
3.0 1.0 12 3.0 0.08 0.92 92.0
1.0 1.0 20 10 0.10 090 90.0
20 1.0 20 20 0.07 093 93.0
3.0 1.0 20 30 0.05 0.95 95.0

* M — cadmium or lead.
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The data concerning the adsorption isotherm are given in tab. 2. The effect of different
granular carbon doses on the removal efficiency of cadmium and lead at the equilibrium time
is illustrated graphically in fig. 7. From these results it can be seen that higher carbon doses,
from 0.5 to 30.0 g/dm3, raised cadmium removal efficiency from 4.7 to 67.0%, whereas at
the carbon dose of 0.5 mg/dm3 lead removal was 67.9%. Increasing the carbon dose to 5.0
mg/dm3 increased lead removal up to 99.3%. Further increase in the carbon dose showed no
significant effect on lead removal.

Tablie 2

Adsorption of cadmium and lead on granular activated carbon at the equilibrium time

Initial Re.s.lg lfal Amount Carbon
Metal conc. SR adsorbed X added Xim _3 % R
mg/dm3 : conc.C3 mg g/dm3 (mg/me) - 10
mg/dm
Cadmium 1.00 0953 0.047 0.5 0.094 4.7
0914 0.086 1.0 0.084 8.6
0.796 0204 25 0.0816 204
0.724 0276 50 0.0552 27.6
0.655 0.345 75 0.0460 345
0571 0.429 10.0 0.0429 429
0426 0574 150 0.0383 574
0.405 0.595 20.0 0.0298 595
0.341 0.659 25.0 0.0264 65.9
0.330 0.670 30.0 02230 67.0
Lead 1.00 0.321 0.679 0.5 1.358 67.9
0.05 0950 1.0 0.9500 95.0
0.014 0986 25 0.3944 98.6
0.007 0.993 5.0 0.1986 99.3
0.005 0.995 75 0.1327 995
0.003 0.997 10.0 0.0997 99.7
0.002 0.998 150 0.0665 99 .80
0.0015 0.9985 20.0 0.0459 99 .85
0.0011 0.8989 25.0 0.0400 99.89
0.0010 0.9990 30.0 0.0333 99.90

The adsorption results were then applied to LANGMUIR [17], BRUNAUER, EMMETT
and TELLER (BET) [18] and FREUNDLICH [15] equations to determine the mode of ad-
sorption according to the relation between X/m and C. It was found that the adsorption isotherm
is confirmed by Freundlich equation rather than Langmuir or BET. When log X/m was plotted
versus log C for either cadmium and lead, a straight line was obtained (figs. 8 and 9). The corre-
sponding (K) values for cadmium and lead were 0.043-1073 and 19.2-1073, respectively.
The corresponding 1/n values were 1.364 and 0.8497. According to Freundlich, K values of
these two metals indicated the stronger tendency of lead to be adsorbed on carbon compared
to cadmium.
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3.2.2. CONTINUOUS SYSTEM

A granular activated carbon column was used to investigate the removal capacity of granu-
lar carbon under continuous flow conditions. Such studies can throw light on the data neces-
sary for optimum design of adsorbers.

To study the contact time effect on the adsorptive capacity, different contact times of
10 and 20 min. were examined. The rest of the variables were kept constant. The concen-
trations of cadmium and lead in the contaminated tap water were 1.0 mg/dm3 each. The
experiment for each system has been carried out for seven days. The operating conditions are
given in tab. 3.

Table 3
Operating conditions of the carbon column
Co.ntact Flot rate Carbon Bed volume Total )
time 3 - depth 3 carbon weight
< cm?/min cm
min cm g .
20 6.28 40 125.66 49.28

10 12.57 40 125.66 49.28
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Breakthrough curves for cadmium and lead at different contact times are shown in fig. 10,
tabs. 4 and 5. The results obtained indicated that the breakthrough curves of cadmium and
lead are the reverse of their adsorption as indicated by the corresponding K values. The break-
through points of cadmium were reached after 1 and 6 h, while the breakthrough points of lead
were reached after 2 and 64 h.
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Fig. 10. Breakthrough curves of cadmium and lead at two different contact times: 10 min. (A), 20 min. (B)

Table 4
Breakthrough data of cadmium and lead (retention time is 10 min)

: Initial Residual conc. Effluent
| TI}T d conc. mg/dm3 % removal V;ﬁe volume
| me/dm? g Pb cd Pb dm?3
| 1Y% 0.010 0.000 99.0 100 6.75 1.13
| 3 0.013  0.000 98.7 100 6.80 226

6 1.0 0.020 0.001 98.0 999 6.85 452

12 0.260 0.015 74.0 98.5 725 9.05

212 0.290 0.050 71.0 95.0 7.50 15.84

24 0.310 0.070 69.0 93.0 7.60 18.10

48 0.350 0.110 65.0 89.0 7.65 36.20

72 0.400 0.130 60.0 87.0 7.70 54.30

96 0.480 0.160 52.0 84.0 7.75 72.40

120 0.550 0.179 45.0 82.1 7380 90.50

144 0.620 0.186 38.0 814 7.85 108.60

168 0.740 0.195 26.0 80.5 790 126.71
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Table 5
Breakthrough data of cadmium and lead (retention time is 20 min)
. Initial Residual conc. Effluent
Tllrlne conc. 3 mg/dm3 % removal v;il:e volume
g/ dm cd Pb cd Pb dm3
1 1.0 0.005 0.000 995 100 6.75 0.377
5 0.010 0.000 99.0 100 6.95 1.884
6 0.010 0.000 99.0 100 7.00 2.260
12 0.051 0.000 949 100 7.05 4.522
24 0.090 0.025 91.0 975 7.38 9.043
48 0.137 0.040 86.3 96.0 752 18.086
60 0.240 0.048 76.0 952 758 22.608
64 0.268 0.050 73.2 95.0 7.59 24.128
72 0.360 0.077 64.0 92.3 7.60 27.130
96 0.450 0.083 55.0 91.7 7.65 36.173
120 0510 0.093 49.0 90.7 7.70 45216
144 0.520 0.100 48.0 90.0 7.70 54.259
168 0.560 0.107 440 89.3 7.80 63.302

Different contact times, i.e., 10 and 20 min., indicated that the adsorption capacity of
the granular carbon is increased by increasing the contact time. This fact is in agreement
with those reported by GARRISON et al. [19], EPA [20], and CHIN-PAO HUANG et al.
[16]. Thus tab. 6 shows the carbon columns characteristics, namely, the contact time and
the volume of effluent passing (A) per depth of bed (B) before the breakthrough of cad-
mium and lead. This table also presents metal concentrations in the influent and effluent at a

given time.
Table 6
Carbon column characteristics and adsorption data for cadmium and lead
Concentration (B) Contact Th(A) h Ti
Metal mg/dm3 Bed depth time rot;g B ’:‘e
Influent Effluent cm min pUtvolume !
~dm3
Cadmium 1.0 0.01 40 10 1.13 1%
Lead 1.0 0.05 40 10 15.84 21
Cadmium 1.0 0.01 40 20 2.26 6
Lead 1.0 0.05 40 20 24.128 64

Table 7 shows relation between the removed amount of cadmium and lead at different
contact times before breakpoint, on one hand, and the amount of metal removed per amount
of carbon (mg/g), on the other hand. The obtained results proved that when extending the



76 H.I1. ABDEL-SHAFY etal.

contact time from 10 to 20 min the metal removal increased from 0.023 to 0.045 mg Cd/g
and from 0.31 to 0.47 mg Pb/g. This finding is in agreement with previous studies carried out
by CHIN-PAO HUANG and F. B. OSTOVIC [16], CRITTENDEN et al. [21] and CHIN B. LEE
and L. TAKAMATSU [22].

Table 7

Amount of cadmium and lead removal at different contact times

Contact Through- Amount of metal Metal removed

Metal iiiel bl vahimes removed before per amount
min de3 : breakpoint of carbon
mg/dm3 mg/g
Cadmium
10 1.13 1.119 0.023
20 226 2.237 0.045
Lead
10 15 .84 15.05 0.31
20 2413 2292 0.47

* Volume of effluent passed before breakthrough at 0.01 mg/dm3
for Cd, and 0.05 mg/dm3 for Pb.

These results indicated that a rapid breakthrough occurred as the contact time decreased
from 20 to 10 min.

The overall results indicated that the breakthroughs of cadmium and lead are the reverses
of their adsorption as indicated by their K values. In addition, the results showed that the
adsorption capacity of the granular carbon is increased by extending the contact time. Further-
more, such an extension increases carbon removal efficiency.

4. CONCLUSIONS

The overall conclusions can be summarized as follows:
1. The use of both powdered and granular carbon for the removal of cadmium and lead
from water is a promising process.

2.The use of granular carbon column bed in a continuous system showed a remarkable
removal efficiency.

3. When the contact time in this continuous system is extended the removal efficiency of
carbon increases.

4. The breakthrough points of cadmium and lead in this continuous system are the reverses
of their adsorption isotherms.

5.When water supply sources are contaminated by heavy metals, it is reccommended to add
an activated carbon filter to the conventional water treatment plant.
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USUWANIE KADMU I OLOWIU Z ROZTWOROW WODNYCH
PRZEZ ZASTOSOWANIE WEGLA AKTYWNEGO

W roztworach wodnych badano adsorpcj¢ kadmu i otowiu na granulowanym i sproszkowanym weglu
aktywnym. Roztwory te sztucznie zanieczyszczano kadmem i otowiem w stezeniu 1 mg kazdego pierwiastka
na 1 dm3 wody. Adsorpcj¢ prowadzono w systemie okresowym i ciggtym. W systemie okresowym okreslano
czas potrzebny do utrzymania réwnowagi, po ktérym otrzymywano izoterme adsorpcyjng. Gdy uzywano
sproszkowanego wegla, stwierdzono zgodno$¢ otrzymanych wynikéw z wynikami obliczonymi na podstawie
réwnania Freundlicha, tzn. warto$é 1/n dla kadmu wynosita 2,12, a dla otowiu 2,096. Odpowiadajace im
state K wynosity 4,2-10-2i 76,0 - 10—2. Aby zawarto$é pozostatego w roztworze kadmu i otowiu zmniej-
szyé do stezenia 0,01 mg/dm3, potrzeba odpowiednio 26,98 i 2,86 mg sproszkowanego wegla aktywnego.
Podobny eksperyment w systemie okresowym zostat przeprowadzony dla wegla granulowanego. Gdy wegiel
granulowany zastosowano w systemie ciggltym, obserwowano adsorpcj¢ przy dwu réznych czasach kontakto-
wania, 10 i 20 min. Okazato si¢, Ze zwigkszenie czasu z 10 do 20 min powodowato zwigkszona adsorpcje
metali. Otrzymane wyniki wskazuja, Ze punkt przebicia zar6wno dla kadmu jak i otowiu jest odwrotnoscia
ich adsorpcji, o czym §wiadczg wartosci statych K.

YIAJIEHUE KAJIMUA U CBUHIA M3 BOIHBIX PACTBOPOB
IMMOCPENCTBOM IMPUMEHEHUSA AKTHUBHOTO YTJIA

B BOmHBIX pacTBOpax McciefoBaHa afcopOuus KagMud ¥ CBHHUA Ha rPaHyJIMPOBAHHOM M IOPOLIKO-
06pa3HOM aKTHBHOM yrjle. 9TH PacTBOPhI MCKYCCTBEHHO 3arpsA3HAIM KaJMHMEM M CBHHLOM KOHIIEHTpa-
nmit 1 Mr Kaxgoro sfeMeHTa Ha 1 oM~ Boppl. AICOpOIMIO BelId BPeMEHHON U HENpepbIBHOW CHCTEMaMHu.
Bo BpeMeHHOH! cHcTeMe ONpeneliAyIM BpeMs, HyXHOe I yAep)KaHUs PaBHOBECHS, IOCJie KOTOPOro Mo-
Nyyaiu aacopbuuoHHylo usotepmy. Korma ynotpeGnsiu mopoIukooGpasHeli yroib, yCTaHOBWIM COTJIa-
COBaHHMEe TMOJIYYEHHBIX pe3yJIFTATOB C pe3yibTaTaMy, PacCUMTAHHBIMH Ha Ga3e ypaBHeHus Opoimiuxa,
3HAUMT, 3HauyeHHWe 1/n mia xagmus cocraBisanno 2,12, a mis cunua 2,096. OTBeyarolye UM NOCTOSHHbIE
K cocrasnsanu 4,2 1072 u 76,0 - 1072, Uro6sr cofiep)KaHue OCTaBILEroCss B pacTBOpe KaJMHs M CBHHLA
YMEHBUMTh 00 KOHueHntpauuu 0,01 MI‘/IIMs, TpebGyeT coOTBeTCTBeHHO 26,98 M 2,86 Mr nopomkooGpas-
HOr'O aKTUBHOT'O YTJIS.

IMoxoxwuit 3KCIepUMEHT BO BpPEMEHHOM cucTeme GbUI MpOBedeH ISl rpaHyiMpoBaHHOro yris. Kor-
Oa TPaHyJIMPOBaHHBI yroib HNPUMEHWIM B HENpepsIBHOW cHUcTeMe, HaGliomanu amcopOUMIO NpH OABYX
Pa3HBIX BpeMeHaX KOHTakTHpoBaHus, 10 u 20 mun. Oka3sanoch, 4TO yBelnuueHHe BpeMeHH ¢ 10 mo 20
MHUH BbI3BIBAJIO MOBBIEHHYI amcopbumo Merawios. IlonyuyeHHble pe3ynbTaThl NMOKAa3bIBAIOT, YTO TOY-
Ka npo6os Kak i KagMusi, TaK U [JisS CBUHLA siBsAercs oOpaTHOM BeIMUMHON MX afcopOuuM, O 4eM
CBHMIETENBCTBYIOT 3HAYEHHUST MOCTOSTHHBIX K.




