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Removal of Pb* and Cd* from contaminated water using low-cost

materials

ABSTRACT

Heavy metals that exist in municipal wastewater camse many problems for human hygiene and enviahritherefore,
the metals need to be removed from wastewater before being used in irrigatioratéfials of high surface reactivity;

such as alginit, shale and iron oxide are usedasnpal sorbents to eliminate Pb and Cd from peduwater. In
remediation studies, these materials were adddé®tbtand Cd polluted water at addition ratios of 00 1:1000 and
1:100 (remedy agents: polluted water). The mixturese then gently agitated and submitted to differeguilibrium
periods of 1, 5 and 24 h. The results showed theieicy of tested agents (shale, alginit, and iogide) in the removal of
Pb and Cd from polluted water containing variousaemtrations of 5, 10 and 50 mg/l. Shale was abteduce Pb and Cd
concentration from 5 to 1.14 and 0.34 mg/l, respelst, in a reaction period of one hour. Shalejratgand iron oxide,
reduced the initial concentration of; 10 mg Pb/0t88, 0.46 and 0.57 mg/l; and of 50 mg Pb/I td &5 and 1.68 mg/l;
respectively. Shale was the most effective matenialecontamination of heavy metals polluted wabed it could be
recommended to be used to decontaminate wastewd#lisrresearch aims to use a non expensive, emagntally safe,
and efficient technique to remove heavy metals frodustrial wastewater to leave them free and blétéor discharging

to sanitary sewer system.

Keywords: contaminated water; remediation, heavy metatsrrzédtive low-cost materials

Introduction

Heavy metal Release onto the water as a result of agricultural and industrial activities cause serious

problems to the environment. The most dangerous toxic elements listed by theofgan Economic

Community on a “Black List”, were Hg and Cd, whilee less dangerous substances forming the “Gré} Lis
were Zinc, Copper, Nickel, Chromium, Lead, Selenidwrsenic, Antimony, Molybdenum and Titanium [1]
Cadmium is present in wastewaters from metallutgalboying, ceramics, electroplating, photography,
pigment works, textile printing, chemical indussriand lead mine drainage. The application of phatsph
fertilizers or sewage sludge may increase cadmewmls$ in soil, which can cause increases in cadnhwels

in crops [2]. The average cadmium content of se@mis about 0.1ug/1 or less [4Vhile river water contains
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dissolved cadmium at concentration of < 1.1 - I8, Cadmium levels of up to 5 mg/kg have beeroreul

in river and lake sediments and from 0.03 to 1mgfkignarine sedimen{®]. A drinking water guideline value
of 0.003 mg/l has been set for cadmium by WHO. ddition, the provisional tolerable weekly cadmium
intake must not exceed 7 pg/kg of body weijt The guideline value for lead in drinking watgiven by

WHO is 0.01 mg/[6].

The present study aimed to achieve an efficient-exgensive and environmentally safe method to
decontaminate heavy metals (Pb and Cd) from padllutestewater. Natural and non expensive materials,
shale, alginit, and iron oxide, were used to demmimiate heavy metals polluted water to be suitétle
discharging in drains and sanitary sewer systermthétend of remediation trails, the remedy ageats ke

removed easily, then recycled and utilized in manturing of building materials.

Material and methods

Synthesized polluted water

Synthesized polluted water was prepared by accdihtion of standard heavy metals solution of 100§/

to known concentrations using distilled water. Lerdluted water was prepared using lead stock isolut
(1000 mg Pb/l'in 0.5 M HN@as matrix). A series of standard lead solutions,df0, 50 and 100 mg Pb/I were
prepared and used to test the ability of remedyisge Pb removal. Cadmium polluted water was pegha
using cadmium stock solution (1000 mg Cd/l in 0.5HWO; as matrix). A series of standard cadmium
solutions of 5, 10, 20 and 50 mg Cd/l were prepaned used to test the efficiency of remedy agentSd

removal.

Remedy Agents

Three remedy agents, alginit, shale, and iron oxidere used for polluted water remediation tridleese
agents are common, inexpensive and easy to of#asides, they could be separated easily from tleatter
at the end of the remediation process. These agesres selected based on their negatively chargedcsu
and high adsorption capacity, which was attributetheir high surface area. The important Charésties of

the remedy agents are summarized in the followarggraphs.

Alginit: Alginit is a natural rock out of the oil shale féyn It originated from fossil algae biomass and
pumice, descents from the mine in Gerce, Hungang. 8ssential ingredients of alginit [7] are highoodanic

matter (19%), clay (54%) and lime content (22%)e Thay is rich in montmurillionte (52%).
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Shale: Shale is a naturally occurring material existariany places in Egypt at different depths. It mainl
consists of clay (55%). The clay is rich in Montaitionit. Chemical analysis showed that the shaletains
high amount of salt, the electrical conductivityOQ)eof 1:2.5 water extract equals 10.63 dS/m and=pH31.

Sodium was the dominate cation.

Iron Oxide (60 % Fe): The sample of iron oxide is imported from Roseldtazreti. The Chemical
composition of the iron Oxide is f€60%), Fg (19%), Al (0.16 mg/ kg), Zn (12.8 mg/kg) and Cu

(9.94mg/kg).

Remediation studies

Remedy agents of Alginit, shale, and iron oxiderenedded to heavy metals polluted water at diffieselid:
solution ratios of 1:10000, 1:1000 and 1:100. Tlhetumes were then gently agitated and subjectedifterent
equilibrium periods of 1, 5 and 24 hrs. At the efdeach equilibrium period, the supernatant solutias
obtained by centrifuging the mixtures at 3000 rgm¥0 minutes. Concentrations of studied heavy Is¢Rb
and Cd) were measured before adding the remedy agdrat the end of equilibrium period as well fzes pH
and electrical Conductivity (Ec). All trials wererke in three replicates. Heametal removal efficiency (%)

of the agents can get from corresponding concentrations in solutions (mg/L) from equation:

Heavy metal removal efficiency (%) = metal conc (mg/L) Befor - metal conc. (mg/L) After * 100 eq. 1

Conc. (mg/L) Befor

Analytical procedures

Total concentrations of heavy metals (Pb, Cd, Ni, Zh, Mn, Cu and Cr) were determined in both sndpd
matter and clear water. Suspended matter was dijesting Aqua Regia meth@8]. Concentrations of Pb
and Cd in polluted water as well as treated onae wetermined using Atomic Absorption Spectrophetan
(UNICAM, 969) [9]. Standard solutions were prepared from mono element stock solutions containing
1000 mg/l of heavy metals. The intensity of Pb 283.3, and Cd 228.8 nm spectral lines was
measured. Every measurement as done three times, and then the arithmetical mean and standard
deviations were calculated. The pH was measured using a digital Orion pH meter (model 420A). The
solutions were prepared using “pure for analysis” and “chemically pure” grade chemicals. All the

experiments were performed at room temperature 18 £+ 2 C. .
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The electrical conductivity (EC) of the reactedusioins was measured using digital YSIEC meter (rh88g
Cation exchange capacity (CEC) of remedy agent®e wdetermined using ammonium acetate method as
described byf10].Specific surface area of remedy agents were detedrusing O- phenanthroline method
[11].

Statistical analyses

All statistical analyses were carried out by SASsian 9 software for all data of remediation trials
Squared values flRand Equation were considered significgrtélues <0.05) for the analysis of variance test

(ANOVA).

Results and discussion

Efficiency of remedy agents (shale, alginit andhimxides) to remove Pb and Cd from syntheticalljjuped
water containing various concentrations of 5, 18 83 mg/l were examined using different additiotios
(1:10000, 1:1000 and 1:100) of remedy agents: tesllwater, at different reaction periods varyingasen 1

to 24 hourThe results obtained were as the follows.
Shale

The results (Table 1) showed that, although atdtveaddition ratio (shale: heavy metal polluted evatof 1:
10000 had nopronounced ability to remove Pb from polluted water, it was effective in rermgy Cd from
solutions containing low concentration of 5 mgha reduced the initial concentration from 5 t650mg
Cd/l in a reaction period of one hour. As the additratio increased to 1:1000, the removal efficien
increased, particularly for Pb. Shale was ablesthuce the initial concentration of Pb and Cd frono 3.14
and 0.34 mg/l, respectively, in one hour reactioret As the addition ratio increased to 1: 100, dffeciency
greatly increased. Shale successfully reducednitialiPb concentration of 5 and 10 to 0.4 andr@d/l, in a
reaction period of 1 hour which were lower than pleemissible level (5 mg/l) for irrigation waterZJl The
corresponding values for Cd were 0.22 and 0.74.mdfthoughthese values are much lower than the initial
one, they were higher than the permissible levéll({@g/l) for irrigation water. Shale proved efficidn the
remediation of higher concentration of 20 mg Calt high addition ratio of 1:100. It reduces Cd camteation
from 20 to 1.5 mg /I in a matter of 2 hour reactione. Shale hasegligible ability to remove Pb and Cd from
solutions containing high concentrations of 50 na§/Pb and Cd. In general, the obtained resultsvsdahat

shale has higher efficiency to remove Cd rathen tRh. This efficiency could be attributed to hige@©



112 values of shale (Table 2) and at the same timde¢ocharacter of Cd which is attracted to the neghti
113 charged sites and exist in diffuse ion swarm as@xgeable cation rather than forming inner spheneptex

114  with surface functional groups which is a charastier of Pb.



115 Table 1. Concentrations of Pb and Cd in polluted water before and after treating with shale at addition ratios of 1:10000, 1:1000 and 1:100 for different reaction times.

)]

1
ES

H

Addition 5(mg/1) 10(me/1) 50(me/1) LSD(5%) for
Heavy metal R? R’ R’

ratio 1h)  5(h)  2a(h) 1h) () 2a(h) 1h) 5 2a(h) 26h
1:10000 Pb 411 420 418 08450 810 770 924 08364 4030 3370 4504  0.8422 0.26
1:10000 cd 055 3.80 340 08465 880 540 920 09408 4650 33.00 52.36  0.9202 0.22
1:1000 Pb 114 114 168 09735 270 260 440 09553 3270 3270 3977  0.9735 0.30
1:1000 cd 034 111 143 08793 500 300 440 09113 4150 28.80 50.00  0.911 0.26
1:100 Pb 040 040 020 09735 070 051 098 09640 1450 1530 21.59  0.9964 0.32

1:100 Cd 0.22 021 0.07 0.9893 0.74  0.77 0.68 0.8607 17.80 13.60 14.00 0.9976 0.31
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Table 2. Cation exchange capacity (CEC) and surface area of remedy agents.

Surface area
Remedy Agent CEC {Cmol,/kg}
(m’/g)
Shale 60.13 165
Alginit 34.99 81
Iron oxide 7.49 150

The results (Table 1) showed that the efficiencysludle in removing Pb and Cd from polluted
water was higher at shorter equilibrium period ofechour rather than longer ones which could be
attributed to the release of exchangeable catioitiglly existing in the interlayer of clay minesalthen
replacing Pb and Cd readily exchanged to the serf&o that, higher reaction time of 24 h is not
recommended for shale. Similar trails have beered®8] using alkali-treated oil shale ash as adsorbent to
remove lead and cadmium ions from aqueous solutifimsy reported that adsorption of lead and cadmium
ions by the modified oil shale ash depended onraésb concentration, ash particle size, contace émd
pH of solution. At initial concentration of an aques solution of 10mg/L and that of the adsorberiL 5g
91% of lead and cadmium ions was removed from thetion. These results proved lower efficiency
when modified oil shale ash was compared with Haessample utilized in our research
Alginit
The lowest addition ratio of 1:10000 was not effezeven for low concentration of 5 mg Pb/l. Thghter
addition ratio of 1:1000 (Table 3) was effectivdyofor relatively low concentration of 5mg /I, wiiids
considerably reduced to 0.52 mg/l in a reactioretwh24 h. The efficiency of alginit in remediatiohPb

polluted water increased as the addition ratiodgased. Addition ratio of 1:100 significantly elirabes Pb
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from polluted water containing 5 and 10 mg Pb/ireaction time of 24h, Pb concentration in theviores
solutions reduced to 0.21 and 0.46 mg/l, respdgtivr water highly polluted with 50 mg Pb /I, atilch

ratio of 1:100 was able to reduce Pb to concentng.5 mg/l) little higher than the permissiblede

Regarding Cd, addition ratios of 1:10000 and 1:1Qfzve low efficiency in removing Cd from polluted
water. However, addition ratio of 1:100 proved meficient in eliminating Cd from polluted watet. |
reduces the initial Cd concentrations of 5 anddl0.21 and 1.57 mg/l, respectively. The resultsagtb
that, removal of Cd by alginit was time dependéntes the changes in pollutant concentrations wittet
were significant (LSRos ranged from 0.20 — 0.33). Based on Cd permiségviel for irrigation water (0.01
mg/l), alginit showed low efficiency in Cd removat. works only with low Cd concentration at high
addition ratio of 1:100. Based on these resultspitld be concluded that, unlike shale, alginit hagher
efficiency in the removal of Pb rather than Cd, ethtould be attributed to the relatively low CEGuea
(34.99 Cmoly/kg) of alginit (Table 2) comparing with shale (68.Cmoj; /kg), i.e. low electrostatic
attraction between Cd and alginit surface whichttedow Cd removal via exchange process. Therefore,

specific adsorption of Pb is more likely to be dpanit on alginit surface than the exchange process



156 Table 3. Concentrations of Pb and Cd in polluted water before and after treating with alginit at addition ratios of 1:10000, 1:1000 and 1:100 for different reaction times

157
Addition 5(mg/1) 10(mg/1) 50(mg/l) LSD
ratio HeatV\I/ R? R? R? f(5%)
meta 1(h) 5(h)  24(h) 1(h) 5(h)  24(h) 1(h) 5(h)  24(h) d‘hﬂ
1:10000 Pb 500 473 470 0.8733 1000 9.50 9.50 0.8018 40.10 40.80 40.30 0.9985  0.26
1:10000 cd 500 500 5.00 Nd 890 10.00 550 0.8483 4740 4650 39.60 0.9967  0.32
1:1000 Pb 1.85 1.2 052 0.8843  9.01 8.10 9.68 09117 4020 39.70 3850 0.9352  0.20
1:1000 cd 280 440 320 09691  9.10 8.00 520 09872 50.00 48.90 50.00 0.9859  0.33
1:100 Pb 004 021 021 0.8803  0.40 042 046 09868 19.80 17.90 650  0.9990  0.31

1:100 Cd 0.29 0.23 0.21 0.2845 2.00 1.70 1.57 0.9307 47.40 39.90 30.00 0.9233 0.31
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162 Iron oxide

163  Table (4) shows the concentration of Pb and Cdbiluted water before and after treating with irotide
164  at additio ratios of 1:10000, 1:1000 and 1:100different reaction times. At the lowest additionigaof
165 1:10000, iron oxide proved not efficient in the w@ml of Pb even from water polluted with low
166 concentrations of 5 mg/l. As the addition ratiorgased to 1:1000, iron oxide worked well with lolw P
167  concentration of 5 mg /I and reduced the initiah@@ntration to 0.67 mg/l. However, for water paiit
168 with higher Pb concentration of 10 mg/l, the effiety dropped, in which the initial concentratiodueed
169 to be 3.5 mg/l in a reaction time of 24 hour. Imxide can be potentially efficient in removing Rbrh
170 polluted water only at high addition ratio of 1:10is efficiency increased even for high Pb comeion
171 of 50 mg/l. Also the removal efficiency increaségnificantly (R°=0.888) as the reaction time increased.
172 In a reaction time of 24 hour, it eliminated Pbnfrgolutions of initial concentration of 5 and 10thathe
173 concentrations reduced to undetectable valable 4). Also, it reduced the concentration ofna Pb/l to
174  1.67 mg/l where is lower than the permissible I¢Being/l) for irrigation water.

175 The efficiency of Fe-oxide in removing Cd was sfigaintly (LSD, 0s=0.24-0.32) time dependent. As the
176 reaction period increased, Cd concentration inetpeilibrium solution decreased. High addition radfo
177 1:100 was the most effective in removing Cd. Atitdd ratio of 1:100, iron oxide efficiently redutehe
178 initial concentrations of 5 and 10 mg Cd/l to Orida&.4 mg/l, respectively, in a reaction period2dfh.
179  These concentrations (0.1 and 0.4 mg/l) were higien the permissible level (0.01 mg/l) for irrigeat
180  water. Although, several methods have been addptedmove heavy metals from polluted water, these
181 methods succeeded only with water of high pH valaes low concentrations of pollutants. At acidic
182 conditions and relatively high concentrations oflytants, the efficiency of these methods were tiuhi
183 On the other hand, the techniques utilized in @search succeeded in decontaminate water of low pH
184  values and high concentrations of Pb and Cd. Amtmese methods [14] stated, that waste iron
185 (lin/chromium (1) hydroxide has been used as atsorbent for the effective removal of Pb(ll) from
186  aqueous solution at pH greater than 7.0. The pemasorption of Pb(ll) increased with a decrease in
187 concentration of Pb(11) and an increase in tempeFafl5], suggested a process for removing leawh fr
188 battery industry wastewater by neutralization WitaOH, in the presence of Fe(lll) salts which thadle

189  concentration of the treated effluent is below @@/l. [16], proposed a procedure for purifying wate
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[

Al(111),

V(V),

Ni(l), @,

Co(ll),

Ph(ll),

Ho(l),

cr(lly,

Sn(l1),Bi(l1),Zn(l1),and Cu(ll)], by precipitatiorof metals as magnetic ferrite from the alkalinizedution

containing iron(ll) was based on the precipitataimmetals as magnetic ferrite. The maximal purifaa

efficiency (99.99%) was achieved when waste wadenpdes are treated for 3 hours at 50°C and pH 10,

Fe(11)/Total

metal

ratio

was

15.0 and

different

concentrations

of

KMnO

Table 4. Concentrations of Pb and Cd in polluted water before and after treating with iron

oxide at addition ratios of 1:10000, 1:1000 and 1:100 for different reaction times.

5(mg/l) 10(mg/1) 50(mg/1)
Addition Heavy R? R R
ratio metal 1(h)  5(h)  24(h) 1(h) 5(h)  24(h) 1(h) 5(h)  24(h)
1:10000 Pb 276 5.00 500 0851 10.10 10.00 10.00 0.906 42.60 10.78  44.04  0.8"
1:10000 cd 450 2,60 3.00 0984  0.30 1040 800  0.850 47.10 52.80 42.00 0.9
1:10000 Pb 276 2.60 067  0.991 9.60 8.53 3.50 1.000 4260 39.82  44.83  0.87
1:10000 cd 370 2.00 200 0.842 2.10 9.20 880 0796 49.80 49.20  49.40  0.9¢
1:100 Pb 027 Nd Nd 0.402  0.20 0.28 Nd 0.815  29.01  15.80 1.68  0.8¢
1:100 cd 070 034 010 0790  4.00 2.40 040 0915 3880 44.00 34.00  0.8¢
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| sotherm Model:

Adsorption equilibrium measurements are used to determine the maximum or ultimate capacity.
Adsorption equilibrium data are formulated into an isotherm model. The most commonly used
models include Freundlich, and Langmuir isotherms [17]. The sorption data have been subjected to
sorption isotherms, namely, Langmuir. The equilibrium data for metal cations over the
concentration range from 5 to 50 mg/l at 30 C have been correlated with the Langmuir isotherm
[18]. Langmuir (1918) isotherm which models the monolayer cover age of the sorbent surface
assumes that sorption occurs at specific homogeneous sorption sites within the sorbent and
intermolecular forces decrease rapidly with the distance from the sorption surface. The model is
also based on the assumption that all the sorption sites are energetically identical and sorption
occurs on a structurally homogeneous sorbent [19-20]. The equilibrium data for each metal cation
Cd and Pb over the concentration range from 5 to 50 mg/L at 25° +0.1 C have been correlated with

the Langmuir:
Ce/Cads = 1/Qb + CJQ eq. 2

Where Ce is the equilibrium concentration of metal in solution, Cads is the amount of metal ions
sorbed per unit mass onto Alginit, Iron Oxid and ShaleA linear plot is obtained when C. /C.gs is
plotted against C. over the entire concentration range of metal ions investigated Figs. 1 and2. The

Langmuir model effectively described the sorption data with all R2 values > 0.9.

02 =
— S _
3 7 y=0.018x+ 0.034
% 015 —H R2-0.926
8 ., ‘-
o .
S - = 0.001x lerI:I 9md
Q // R?=0.988 ¢ Alginit
9 oy L y=0.019%+0.002 ci
o y=0 ’ Shale
- // R=0.997 I

’ R
0% _'_-_._._._'_._._._._l T T T 1
0 5 10 15 20 25
Pb Ce (mg/L)

Fig. 1 Langmuir plotsfor Lead ions adsorption onto different Additive
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Fig. 2 Langmuir plots for Cadmium ions adsorption onto different Additive

Conclusion

All remedy agents, shale, alginit and iron oxida®ived potentially efficient in the removal of PhdaCd
from water polluted of wide range of Pb and Cd edrbetween 5 to 50 mg/l. Generally, their efficienc
increased as the addition ratio between remedyta@en polluted water increased from 1:10000 —@.:10
Among all tested agents, shale had the highegtiexity for the removal of Cd. It had high potehtia
ability to remediate higher concentration of 20 @d /I at addition ratio of 1:100. However, shorter
equilibrium period of 1 hour was more effectiveritthe higher one of 24 h. Alginit proved high eificcy

in removing Pb and Cd from polluted water when addehigh ratio of 1:100. Unlike shale, alginit had
higher removal efficiency for Pb rather than Canlioxide had potential efficiency in removing Pbnfr
polluted water only at high addition ratio of 1:100his efficiency was shown even for high Pb
concentration of 50 mg/l. In a reaction period & Rour, it eliminated Pb from solutions of initial
concentration of 5 and 10, mg/l, while reducing toacentration of 50 to a level (1.67 mg/l) lowean

irrigation water permissible level (5 mg/l).

REFERENCES

1 - Bond PBR. Aspects of the European Investment Bank's Experience in Wastewater management. The

Second Middle East Conf, on Wastewater Mgt., Cairo,pp. 323-330. 1995.

2 -Gadd GM, White C. Microbial Treatment of Metal Pollution, A Working Biotechnology. Trends

Biotechnol, 1993; 11(8): 353-359.



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

3 - Evangelou VP. Environmental Soil and Water Chemistry principles and applications. lowa State

University, lowa, John Wiley and Sons, Inc. New York, 564p. 1998.
4 - Egyptian Environmental Affairs Agency EEAA. Environmental Action Plan of Egypt. Cairo, Egypt, 246p.

1992.

5 - Eckenfelder W, Wesley JR. Industrial Water Pollution Control. 2”d, McGraw-Hill book company, ISBN:

007018903X. 1989.
6 - World Health Organization WHO. Guidelines for drinking water quality health criteria and other
supporting information.” Geneva, World Health Organization, 2: 84-90; 1984.

7 - Terra Natural Resources TNR. Alginit- a brand of Terra Natural Resources GmbH Switzerland,

Seestrasse 24. CH-8806 Wallerau SZ. Email. 2009.

8 - Cottenie A, Verloo M, Kiekens L, Velgh G, Camcrlynck R. Chemical analysis of plant and soils, Lab. Anal,

Agrochem., State Univ., Ghent, Belgium, 63p. 1982.
9 — APHA. Standard Methods for the Examination of Water and Wastewater, 20th edition.
American Public Health Association, Washington, D.C. 1998.

10 - Page AL, Miller RH, Keeney DR. Methods of Soil Analysis, Part 2—Chemical and Microbiological
Properties. Second Edition, American Society of Agronomy, Inc. Soil Science Society of America,

Inc. Publisher Madison, Wisconsin USA, 698p. 1989.

11 - Sparks DK. Methods of Soil Analysis. part 3. Chemical Methods. Soil Science Society of America, Inc.,

Madison, Wisconsin, USA, 1390 p. 1998.

12 — FAO. Water quality for agriculture. R.S. Ayers and D.W. Westcott. Irrigation and Drainage Paper 29

Rev. 1. FAO, Rome, 174 p. 1985.

13 - Zhu, Bo-Lin, Xiu, Zong-Ming, Liu, NA, Bi, Hai-Tao and Lv, Chun-Xin. Adsorption of lead and cadmium

ions from aqueous Solutions by modified oil shale ash. Oil Shale, 2012; 29 (3): 268-278

14 - Namasivayam, C. and Ranganathan, K. Removal of lead (Il) by adsorption onto waste iron
(n)/chromium (Ill) hydroxide from aqueous solution and radiator manufacturing industry

wastewater. Industrial Chemistry Research;1995; 34 (n): 4101-4104



276

277

278
279
280

281
282

283
284

285

286
287

15 - Macchi, G.; Pagano, M.; Santori, M. and Triavanti, G. Battery industry wastewater: lead removal and

produced sludge. Water Research; 1993; 27(10): 1511-1518.

16 - Barrado, E.; Vega, M.; Pardo, R.; Ruiperez, M. and Medina, J. Application of the Taguchi experimental
design to the removal of toxic metals from wastewaters by precipitation as magnetic ferrites. Analytical

Letters; 1996; 29 (24): 613-63.

[17] M. Prasad, H.Y. Xu, S. Saxena, Multi-component sorption of Pb(ll), Cu(ll) and Zn(ll) onto low-
cost mineral adsorbent, J. Hazard. Mater. 154 (1-3) (2008) 221-229.

[18] L. Su-Hsia, J. Ruey-Shin, Adsorption of phenol and its derivatives from water using synthetic

resins and low-cost natural adsorbents: a review, J. Environ. Manage. 90 (2009) 1336-1349.

[19] I. Langmuir, J. Am. Chem. Soc. 40 (1918) 1361.

[20] N. Bektas, S. Kara, Removal of lead from aqueous solutions by natural clinoptilolite:

equilibrium and kinetic studies, Sep. Purif. Technol. 39 (3) (2004) 189-200.



