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ABSTRACT

The work presents experimental data about new analogues of ammonium
tetranitro-diamine Co(lll) complex (Erdmann complex) with hexamethyleneteramine
(hta). The base complex obtained, NH[Co(NOj)(hta):], as well as the Erdmann
complex, present practical importance for agriculture. They contain nitrogen under
cationic, anionic and molecular form and Co(lll) as micronutrient and can serve as
source of other micronutrients through replacement of NH, with other complexes
cations. Some of these complexes are soluble in water, others are hardly soluble and
nonhygroscopic. Their efficiency in fertilizing was demonstrated by us experimentally.

KEYWORDS : Co(lll) Nitrocomplexes, Hexamethylenetetramine, Micronutrients

RESUMO

O presente artigo apresenta dados originaie ohtidos
para analogos novos do complexo de aménio e Co(ITI) com tetra-
nitrodiamina (Complexo de Irdmann) com hexamet lenotetramina
(hta). O complexo obtido, Nﬂélzofﬂon)ﬁ(hta) 1, ben cono o
complexo de Erdmann tem import§nciacp?&tica2na agricultura.
Eles contem nitrogenio nas formas catidnica, onionica e
molecular e Co(III) como micronutrientes e podem serpvir como
fontes de outros micronutrientes através da troca de NH'. com
complexos de outros catione. Alguns destes complexos sﬁg
soluveis em agua, outros sao pouco soluveis e nonigrosco-
pieos. A sua eficiencia como Fertilizantes foi demonstrada
experimentalmente.
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INTRODUCTION
There exists a wide range of complexes of nitroamine [1,2,3] as tetranitro-diamine
ammonium Co(lll) complex, a compound which was obtained for the first time by
Erdmann [2]. This complex can serre as a fertilizer because it contains nitrogen and an
element that can be a micronutrient. It has, however some disadvantages, we have
extended the Co(lll) nitrocomplexes series with fertilizing action to new nitrocomplexes
with the general formula (NHy)ns[Co(NO2)en(NsCsHiz)n], where N4CeHiz is
hexamethylenetetramine noted hza [2,3] and n has the values of 2 or 3. These complexes
are macrocrystalline substances, partially soluble in water, with red or yellow-orange
colour. They decompose only at temperature between 138-175°C.

Starting from the base complex with two molecules of Afa we have obtained a
range of other ligands with or without nitrogen and also be replacing NH;" ion with
other simple complex ions.

EXPERIMENTAL PROCEDDURE

The procedure of preparing nitrocomplexes that have the general formula
mentioned above consisted in treating CoCly;6H0 dissolved in distilled water with a
solution which contains NH4Cl, NaNO, and N4C¢H;, taken in stoichiometrical ratios.
The reaction took place in excess NH4Cl and the oxidation of the reactions mixture is
done by bubbling air 1.5 to 2 hours at room temperature. The product is obtained by
crystallization for 12-24 hours.

The NH,4[Co(NO;)s(hta),|preparation

The Erdmann analogue preparation was done as follows: A sample of 91.5g
CoCly6H0 (0.4mols) was dissolved in 200 mL distilled water which is the first
solution and 100 g NH4Cl (1.8 mols), 110.4 g NaNO; (1.6 mols) and 112 g N4sCsHj2
(0.8 mols) in 1050 mL distilled water which is the second solution. The two solutions
were mixed and a clear red with purple blue solution was obtained. The oxidation of the
reactions mixture was done by bubbling air for 1.5-2 hours at room temperature. The
solution was then allowed to crystallize for 12-24 hours. The reaction is as follows:

4CoCl, + 8NH,C1 + 16NaNO, + 8N,CeH, > + O,— 4NH; + 16NaCl + 4NH,[Co(NO,)s(hta),] + 2HO (1)

The nitrocomplex was dissolved in warm water in order to recrystallize it and
there was no danger of hydrolyzing. In the case of Erdmann’s salt recrystallization was
done from a IM CH3;COOH solution with an efficiency of 91%. The complex obtained
has macrocrystals under the form of red bright lamellae of different sizes within regular
outlines. It is partially soluble in water (0.23g/100g water at 22°C) and it decomposes at
175°C.

The pentanitro- and trinitrocomplexes preparation with NsCeHy
Modifying the stoichiometrical ratio between components (increasing NaNO,
quantity and reducing the N4,C¢H;, quantity) we obtained the pentanitrocomplex with
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the formula (NH4)2[Co(NO,)s(hta)]. It presented macrocrystals as bright lamellae with
yellow- reddish colour a little different from the one of tetranitrocomplex.

As in the case of Erdmann’s salt preparation, excess of N4C¢H;; leads to the
formation of the nonelectrolyte form with the formula [Co(NO;)s(hta);] during the
bubbling of air. This is a precipitate with yellow — orange colour, with microcrystals
and it is hardly soluble in water.

The three nitrocomplexes, which were obtained with hexamethylenetetramine
(hta), were studied using many chemical and physical — chemical methods in order to
establish their composition and structure.

The chemical analysis of the complexes
Cobalt was determined by complexonometrical titration using 0.01M complexon Il
with murexide [4]. For the calculation the following relation was used:

0.5894n
—X
a

Co%= 100

where n is ml complexon used for titration, a is grams substance analyzed and 0.5894 is
mg cobalt which corresponds to 1 ml complexon.

The measurement of NH; ion was done spectrometrically (A=410 nm) using
Nessler reagent. The total nitrogen was determined using the micro-Kjeldahl method.
The difference between the total nitrogen and the ammnoniacal nitrogen represents the
nitrogen, which is in the complex ion. This make possible to establish the number of
NO; groups and complexed hta molecules. In the Table 1 are presented the data
obtained through chemical analysis for the three-synthetized complexes.

Table 1. The results of the chemical analyses.

Formulae Mae | n% Content %

. CO NH4+ Nlnlal
Found| Calc. |Found| Calc. | Found. | Calc.

(NH,).[Co(NO-)s(hta)] | 46493 | 763 | 1252 | 1267 | 790 | 7.74 | 33.01 | 33.12

NH,[Co(NO,)4(hta),] | 53693 | 91.0 | 10.87 | 10.97 | 3.52 | 335 | 33.70 | 33.89
[Co(NO2)s(hta)s] 61693 | 425 | 968 955 - - 3422 | 34.04

The thermal analysis

Using a Dr. Erdey derivatograph important data were obtained about the
composition and the structure of the complexes synthesized. In Figures 1, 2 and 3 the
penta-, tetra- and trinitrocomplexes thermograms are presented and in Figure 4 the
thermogram of Erdmann’s salt is presented.
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Figure 1. The thermogram of Figure 2. The thermogram of
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Figure 3. The thermogram of Figure 4. The thermogram of
[Co(NO2)s(hta)s] NH4[Co(NO2)4(NHs),]

Comparing these thermograms (Figures 1-3) with the thermogram of Erdmann’s
salt (Figure 4) we notice that:
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- the endothermic effect which appears at 175-200°C, for Erdmann’s salt, is due to
NH,', NH; and NO, groups which leave the complex;

- the effect which appears at 275-320°C (Figures 1-3), which is not presented with
Erdmann’s salt, is due to hfa which having a higher bond energy, needs a higher
temperature in order to leave the complex.

The analysis of the first three thermograms demonstrates that the endothermic
effect, which is present because of the chemical bond break between the central ion and
hta, is bigger than the one produced by of Co-NO; bond break. This can be explained
both by the strength of bond and by the ligand nature and mass. The ligand with a larger
mass and stronger band requires a larger quantity of heat in order to leave the complex.
The sharp maximum of DTG curve proves that the effect is produced at a precise
temperature (320°C) corresponding to the chemical bond break.

Analyzing the DTG curves of the three new combinations we can show that:

- the first maximum attributed to NO; groups (175-200°C) decreases at the same time
with the diminishing number of NO,™ groups;

- the second maximum from 275 to 320°C, attributed to Afa groups, increases in
temperature and intensity simultaneously with the increase of number of the hta
molecules.

This is the result of internal interactions, which are bigger when the complex
contains more ionic ligands (NO;") than neutral ligands (hfa). That is why the Co-NO,
bond break occurs in the case of pentanitrocomplex at 175°C and the Co-hta bond break
takes place at 275°C. In the case of tetranitrocomplex the temperature are higher: 200°C
for the Co-NO, bond break and 315°C for the Co-hta bond break.

The higher stability of the tetranitrocomplex can also be explained by its
octahedral configuration. There are two possible arrangements:

- the two bulky molecules of Ata at the two tops of the octahedral:

- two NO; ions at the two tops of the octahedral and the other two at the opposite
diametrical corners if the base in order to assure a repulsion as small as possible among
the NO; ions.

The lamellar structure of pentanitro- and tetranitrocomplex suggests that the
second variant is correct. In the case of trinitrocomplex it is not possible to find three
bulky groups of #ta in the base plane. One of the groups is found in one of the
octahedral tops. For this reason:

- the macrocrystal lamellar structure disappears and a microcrystal structure appears;
- the solubility decreases;
- the colour is modified from red to yellow as compared to the other two complexes.

The TG curves, which show mass loss varying with temperature, confirm the
conclusions drawn from the diagrams ATD and DTG analysis.

The IR spectral analysis

The absorption spectrum in IR of the complexes prepared was recorded with a
UR 10 Jenna spectrometer. The tested sample was included into a KBr pellet at a
pressure of 80 atm in dilution of 2-10 mg substance / 0.5g KBr. There frequencies were
recorded in the range of 400-3600 cm™ (Table 2).
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Table 2. The IR spectra of the complexes

Band (NHa),[Co(NO,)s(hta)] | NH4[Co(NOz)«(hta),] | [Co(NO2)s(hta)s]
S(NOy) 830 s, sh 830 s, sh 830 s, sh
Ve (NO7) 1270 w 1250 w 1230 w
Vasym(NO2) 1465 w 1440 w 1420 m
Y(CH3) 710 w 710w 710w
v(C-N) 1065 s, sh 1065 s,sh 1065 s,sh
v(Co-N)(1) 570 w 570 w 570 w
v(Co-N)(11) 510w 510w 510w
v(NH; ) 3080-3300 w, br 3080-3300 w, br -

s- strong; w- weak; sh- sharp; m- medium, br- broad
I: Co-N(NQO,); 11: Co-N(hia)

From Table 2 it can be noticed that generally with all three complexes there are
the same absorption bands but they are shightly shifted and have different intensities.
This is because of the resonance state of the atoms, which are fixed in a total correlation
with the whole molecular structure, which is different from one substance to anoher.

This explain why the bands at 1270 and 1465 cm™, which were assigned to the
symmetrical and unsymmetrical stretching vibrations of NO; groups [4-6], from the
pentanitrocomplex, are shifted ~ 40 ¢cm™ with tetra- and trinitrocomplexes. It can be
noticed that the 8(NO,) and y(CH,) vibrations at 830 and 710 cm” are constant
respectively in all three complexes. The C-N stretching vibration characteristic of the C-
N bond of hta appears at 1065 cm™ and decreases in intensity from pentanitro- to
trinitrocomplex.

The Co-N(I) and Co-N(ll) stretching vibrations appear in all three complexes at
570 and 510 cm™ respectively. The vibrations at 3080-3300 cm, characteristic of NH,"
ion, do not appear for the trinitrocomplex, which demonstrates that it is a
nonelectrolyte.

The UV spectra

A UNICAM SP 8000 spectrometer was used for recording the absorption spectra
in UV. Depending on the number of the NO;" and Ata groups two maxima of absorption
were obtained in UV domain.

Analysing these spectra one can notice that the three complexes present the first
maximum at 253 nm (with Erdmann’s salt 1,=254 nm) and the second at 350 nm (with
Erdmann’s salt 4,=348 nm). From the absorption maxima there were determined the
maxim absorbance:

- in the case of pentanitro- and tetranitrocomplexes they are very close (0.30 and 0.33
respectively 0.12 and 0.12);

- in the case of the nonelectrolyte they are very different (0.12 and 50 respectively for
the second maximum of absorption);
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From the chemical analyses and the other physical-chemical methods which
were used we proposed the following structure and the composition of the three
nitrocomplexes synthezised:

(NHg)[Co(NOy)s(hta)]  NH4[Co(NO;)s(hta), ]} [Co(NO2)s(hta)s]

NO» NO, NO,
0,N— hta 0,N— hta O,N— hta
Co / / Co / / Co
0,N———NO, hta————NO, hta————NO,
NO; NO, hta

NEW DERIVATIVES OF NH;[Co(NO2)s(hta),]

The NH4[Co(NO;)4(hta),] complex is an Erdmann analogue as well as all the
derivatives resulting from partial or total substitution of Afa groups. Starting from this
base combination we synthetized numerous Erdmann analogues. They contain a useful
element for the plant, within the complex ion or they contain instead of the NH," cation
another complexed microelement of the type [Me(NHz)s]" [Co(NO2)4(hta):]."

Thus, the NH4[Co(NO;)4(NHs)(hta),] complex was studied. It was obtained by
introducing into the mixture of reaction both Afa (according to the stoichiometrical
reaction) and NHs, in small excess. The favourable efficiency was obtained by mixing
two solutions as follows:

- the first solution was obtained by dissolving CoCl;6H0 (0.4 mols) in 200 mL
distilled water:

- the second solution by dissolving NH4Cl1 (1.8 mols), #7a (0.4 mols), NaNO; (2 mols)
and NH3 25% (2 mL) in 950 mL distilled water,

Air was bubbled in the two solutions for 2 hours after mixing. The purple colour
of the solution becomes red and it is turbid because the nonelectrolyte [Co(NO;)s(hta)s]
is formed in a small quantity. It need 2-3 days for crystallizing after filtering. Crystals
with bright red lamellae are obtained. The chemical and physical-chemical studies
confirm the NH4[Co(NO,)s(NH;)(hta)] complex composition and structure. The fact
that the Erdmann salt does not appear even in traces (it can be seen with naked eye),
because it has dark-brown prismatic crystals, proves that Afa as a ligand a higher affinity
for cobalt than for NH;. The IR spectrum of this complex confirms the presence of the
NH; groups by the presence of the weak band at 1620 cm™ (Sasym NHs vibrations) [7-9]
and the band at 1310 cm™ (84m NH; vibrations).

In the same way we obtained new derivatives, which contain, another ligand ion
or molecule in the complex ion besides the four NO;™ groups and one Afa molecule. The
formula of the new complex ion is [Co(NO,)4(hta)X] where W is the new ligand which
is introduced by synthesis [10-13].
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Table 3 presents examples of such derivatives, which are considered Erdmann’s
analogues. In the same table are presented analogues, which are obtained by replacing
the NH,' cation with metallic cations such as Ag', Hg,”" and T1". They are obtained by
a simple precipitation of [Co(NO,)s(hta)X] ion with the metal salts or with ammonia
complex cations or derivatives [14-16].

Table 3. New analogues of NH4Co(NO;)s(hta)]

Complex combination M n% Aspect Co(1l%
(calculated) Calculated | Found
NH4[Co(NO-).(hta)(SCN)] 476.93 68.20 irregular plates, 12.35 12,5
microcrystals,
pink-lilas coloured
NH4[Co(NO,)4(hta)(py)] 480.03 71.10 rhombic plates 12.27 12.38
macrocrystals,
pink coloured
Ag[Co(NO,),(hta)(NH;)] 507.83 * plates microcrystals, 11.60 11.32
dark-yellow coloured
Hg,[Co(NO,)4(hta}NH3)], 1201.04 * plates microcrystals, 491 5.18
reddish coloured
T1{Co(NO,)(hta)(NH;)| 604.3 * plates microcrystals, 975 9.60
_ dark-vellow coloured
(NH,)2[ Co(NO:),(hta)(CN)] 444.93 64.50 irregular plates 13.24 13.11
microcrystals, red-brick
coloured
[Cu(NH3)4]A, 931.41 * plates microcrystals, 6.33 5.98
greenish coloured
[Zn(NH;)4]A- 933.23 * plates microcrystals, 6.31 6.14
vellow-golden coloured
[Co™"(NH3)4(CO5)]A 586.86 * plates macrocrystals, 10.04 10.41
brown coloured _
[Co™M(NH;)(C:0)]A 702.86 * plates macrocrystals, 838 8.02
chocolate coloured

*- total precipitating; A=[Co(NO,),(hta)}(NH;)]

The latter compounds are hardly soluble and they have different colours due to
the presence of the second complexed metal which could be used as a microelement for
fertilizing plants.

CONCLUSIONS

The Erdmann complex presents properties of fertilizing plants because it contains
both nitrogen under different forms and Co(lll) as a microelement. But this combination
has many disadvantages for use. Among them we mention: decomposing under action
of light and unstable character in water solution.

The analogue obtained by us, NHijCo(NO;)i(hta);], eliminates these
disadvantages because Afa is tied more strongly to Co(lll) and has a higher stability. The
paper presents the way for obtaining and studying the composition and structure of the
above mentioned analogue and a number of other derivatives. The general formula of
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the complex ion is [Co(NO,)s(hta)X] and its charge is neutralized by monovalent
metallic cations or complex ions.

REFERENCES

S.M.Jorgensen, Z.Anorg.Allgen.Chem., 5, 169 (1893).

I.Cernaev and 1.Ganiev, Zhur. Neorg.KhIm 2,460 (1893).

R Ripan, Cs.Varhely and V.Simon, Studia Univ.Babeg-Bolyai Chem., 123 (1963).

J Erdmann, Prakt.Chem., 1, 97, 385 (1866).

L.Burnea, Doctoral Thesis, Polytechnic Institute Iasi, Department of Chemistry,

Romania, 72 (1981).

N.Calu, L. Burnea and S.Burnea, Certificate of Inventor, nr. 84952, Romania (1984).

H Flaschka, Microchem., 39, 38 (1952).

K Nakamoto, J.Fujita and H Murata, JAmer.Chem.Soc., 80, 4817 (1958).

. Y .Puget and C.Duval, Comptes Rendus, 250, 4141 (1960)

10 I. Nakagawa and S.Mizushima, Bull. Chem.Soc.Japan, 28, 589 (1955).

11. S.Mizushima and I. Nakagawa, J.Chem.Phys., 33, 1367 (1955).

12. M Kobayashi and J Fuita, J.Chem.Phys., 23, 1354 (1955).

13. D.B.Powel and N.Shepard, J.Chem.Soc., 3108 (1956).

14. 1. Ganescu, A.Popescu and 1.Papa, Anal Univ.Buc., XLV, 33 (1998).

15. 1. Génescu, 1.Papa, A. Géanescu, L.Chirigiu and V.Popescu, Rev.Chim.,51(10), 278
(2000).

16. I. Génescu, N. Muresanu, A. Popescu, I. Papa and A. Génescu, Anal. Univ.
VAlLLCuza’’ lagi, A.Chim., VII(2), 271 (1999).

.‘-":“*P“.‘\J:“'

© % N o



provided the original work is property Cited.

-

in any

and rapr od

g
Z
:
:
-
-
£
F
E
L
b
3
]
§
.
-
3
5
H
3
8

SOUTHERN BRAZILIAN JOURNAL OF CHEMISTRY
SOUTH. BRAZ. J. CHEM., Vol.12, N° 12, 2004

THE HEAVY METAL COPPER IN THE SEWAGE
SLUDGE OF MARINGA, PR, BRAZIL

Ervim Lenzi*(*), Luzia Otilia Bortotti Favero®, Vitor de Cinque Almeida®. Elen Julciléia Romio
Sartori®

* State University of Maringd, Department of Chemistry, Agro-Chemical and
Environmental Laboratory, Avenida Colombo, 5790, 87020-900 Maringda PR  Brazil.
Phone/Fax: 0055 44 2614449. E-mail: elenzi@maringa com br

® Undergraduates of the Chemistry Course of the State University of Maringa and Scholarship-
holders of Scientific Initiation Program (PIBIC-CNPq).

(*) Author for correspondence

ABSTRACT

Human wastes are a permanent challenge to the environment. Current research has evaluated
the amount of copper meial in the sewerage and in the sludge of the Sewerage Treatment
Stations (STSs) of Maringd PR Brazil. Sample collection was undertaken at the STSs and
samples were digested with nitric acid at reduced volume. Biosolid samples, previously dried
and ground, at constant weights, were digested by aqua regia. Determination of metal
concentrations was made by atomic absorption spectrometry. The pH, nitrogen, carbon and
organic matter (OM) values were determined by the respective classical methoais Total mierage
were: a) C u in affluent sewerage 0.077 and effluent sewerage 0.058 ug mL™'. b) biosolid: Cu -
0.74 mg g'; pH = 3.38; N = 3.24 %; C = 24.5 % e OM = 42.1 %. Variance analysis of the
experimental values, and laking into consideration the variation sources of S1Ss and collection
time, showed that no significant difference between the values of copper concentration, N (%),
C (%) and organic matter (%) respectively existed in both variation sources. Total average rate
of copper concentration of STSs is higher than the international world average value found in
the relating literature. Amounts of organic matter and the C:N (carbon:nitrogen) proportions of
sewage sludge are appropriate for soil application.

Key words: sewerage, biosolid, heavy metals, nutrients, environmental pollution, organic
matter.

RESUMO

Os residuos da acdo antrépica sdo um permanente desafio ambiental. Neste sentido, este
trabalho teve como objetivo avaliar o metal pesado Cu no esgoto e lodo das ETEs de Maringd.
As amosiras de esgoto foram digeridas em meio dcido nitrico com reducdo de volume, as de
biossdlido foram digeridas com dgua régia. As leituras das concentragdes de cobre foram feitas
pelo método de espectrometria de absor¢do atomica. O pH, o N e o C foram determinados
pelos respectivos métodos cldssicos. Os resultados em valor médio global foram os seguintes,
respectivamente: a) Cu em ug mL”, para o esgoto afluente 0,077 e para o esgoto efluente
0,058. b) para o biossélido: Cu = 0,74 mg g'; pH = 3,38; N = 3,24 %; C — 24,5 % e MO =
42,1 %. Pelos resultados conclui-se que, o esgoto efluente estd conforme a legislacdo e o lodo
das ETEs: apresenta valores médios de pH; concentragdo de cobre, N, C e MO, que, em nivel
de 5%, ndo 1ém diferenga significativa entre si, tanto nas estagées de tratamento quanto no
tempo das coletas, respectivamente. O biossélido apresenta um valor médio global de cobre
mais elevado que o apresentado por lodos de esgoto em nivel internacional. O teor de matéria
orgdnica e as relacdes C:N dos lodos das trés ETEs sdo recomenddveis para o uso agricola.
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Copper in Sewage Sludge
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INTRODUCTION

Human society produce a ty;z)c of refuse, the result of daily activities, which may
be called urban residue or waste ~. Home sewage, the type of waste proper to urban
centers, is frequently placed untreated in the env1r0nment endangering water sources,
health, the environment and the quality of life®,

For centuries man has been aware of the relationship between poor health
situations and public health problems. As far as 1840, owing to fear of epidemics,
European communities have made mandatory the application of technologies in waste
and sewage treatment, The ey started to dispose sewage in the soil and drastically reduced
epidemic-caused mortality”.

Treatment of urban sewage produces sewage sludge whose final disposition is
highly problematic for Sewerage Treatment Stations (STSs). Without previous analysis
of its physical, chemical and biological composition, inadequate disposition of untreated
sewage sludge may pollute the soil and water sources. It may also alter their physical,
chemical and biological characteristics, besides being an aesthetic problem and, worse
still, a threat to the environment and pubhc health™°.

Since copper is a heavy metal’, it has been and still is very important in the
development of cw1h7auon and in the recent past has been among the five metals most
used in the world®, Copper may be found naturally (Cu) and as a mineral, cuprite
[Cu, O], malachite [Cuy(COs )(OH) 2], chalcosite [Cu,S], chalcopyrite [CuFeS,], azurite
[Cu; (CO;)(OH) »], and others’. Mean rate of copper 1n rocks of the earth’s crust is close

to 55 ug g’ '°. Since copper is relatively available and movable in the soil'', it has
variable concentrations in the latter, frequently at toxic rates for biota'?. 1t is also a
contaminating element carried through the air'’ and in water'®. In the largest rivers it is
found at interval rates of 0.830 - 152 pg L 11617

Several copper derivatives are toxic and even highly toxic'®, Although used as a
fungicide in vineyards and cotfee plantations'”, it is one of the micronutrients necessary
for animal and vegetatlve life”. Actually its presence in protein and enzymes makes it
an essential element’’.

Decree No. 20 of the Brazilian Council for the Environment (CONAMA),
published in June 1986, reads that a disposable effluent, such as the case of treated
sewage sludge, should contain a maximum copper concentration rate of 1 mg 'L' In the
case of fresh water maxnnum concentration hmm recommended are 20 pg L' (Class 1
and 2 water) and 50 pug L™ (Class 3 and 4 water)™.

Although several dispositions, among which may be mentioned its application in
the soil, have been conjured up for the biosolid, none is completely safe. As a general
rule, sludge is rich in organic matter, nitrogen, phosphorus and micronutrients and its
use as a fertilizer in agriculture has great advantagesn’ 4. 25,26 However, risks exist,
particularly those proper to heavy metals and pathogenic agents®’.

Several studies have been undertaken on the application of sewage sludge in
agriculture. The problem has been tackled from several angles especially on the
mineralization and the availability of nutrients™ > ** *!absorption of ions made
available by plants’’, production yield of vegetations™ ** %

Owing to possible environmental impacts caused by the apphcatlon of sewage
sludge, studies have been undertaken not only at international®® and national®’ levels to
establish usage criteria®. Even the state of Parana has tackled the problem™,
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Recycling of sewage sludge in agriculture is a natural trend worldwide, as may
be surmised from the themes and conferences given at the I Mercosur Seminar on
Administration of Biosolids™. In the wake of analyzing sludge application, current
research is concerned with copper, which has been used for many years and in still used
in the Maringa region as a fungicide in vineyards and on coffee shrubs®” *®. There has
surely been an accumulation of the heavy metal in the environment during so many
years of usage. In spite of the fact that copper concentration dilutes in natural systems, it
may reach urban sewage through food and the water system. Concern with the sewage
sludge at such concentrations and rates is becoming high.

The present research evaluates the concentration of the heavy metal copper in
sewage and in sewage sludge of the Sewerage Treatment Stations of Maringa (STS-1,
STS-2 and STS-3).

MATERIALS AND METHODS
Biosolid: collection and first preparation of samples

Sewage treatment in Maringa is done by anaerobic reactors (Anaerobic Reactor
of Fluidized Sludge, RALF). Samples of sludge were collected by technicians of the
Water Works Department of the state of Parand (SANEPAR) at STS-1, STS-2 and STS-
3

At the lab sludge samples were dried at room temperature, ground, sieved and
taken to a 60°C buffer till they reached constant weight. They were then stored in
polyethylene bags for analysis.

Biosolid: analysis of the heavy metal

A mass of dry sludge, weight 2.0000 g, was transferred to a 125-mL Erlenmeyer
glass with emery rim. 2 to 3 mL of distilled and de-ionized water were added to the
mass to make it turn into paste. Aliquots of 7.5 mL of concentrated chloridic acid and
2.5 mL of concentrated nitric acid were added for each gram of sludge. Flasks were
covered and left to rest during a 12-hour period, at night, at room temperature. Flasks
were then heated in a 40cm-high reflux condenser system, during 2 hours. Solution of
digested matter was filtered and collected in a 100-mL volumetric balloon. Care was
taken to wash the condenser, Erlenmeyer glass and the filter paper and residue with
portions of nitric acid 2 mol L **. Control and analytic curve standards underwent the
same process. Determinations of copper concentrations were done by atomic absorption
spectrometer Varian, model Spectr AA 10 PLUS, flame mode*’. Method had a detection
limit of (cp) = 0.027 pg mL", with 99% confidence level*’.

Biosolid: analysis of organic matter

A sample of 30.0 mg of dry sludge was transferred to a 250-mL Erlenmeyer
glass; 10mL of potassium dichromate 0.1667 mol L™ and 20ml. of concentrated sulfuric
acid were added respectively; solution was shaken well and left to rest for 20 — 30
minutes. It was then diluted to 100 mL with distilled and de-ionized water; 3 to 4 drops
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of ortho-phenanthroline were added and completed with hexahydrated ferrous sulfate
1.0 mol L. Percentage of C determined the percentage of organic matter*”.

Biosolid: analysis of total nitrogen

After 0.1000 g of the sample has been placed in each 25x250mm-glass tube, 1
mL of H,O, at 30% and 3 mL of concentrated sulfuric acid were added and left to cool
for 15-20 minutes. Afterwards, 0.7 g of digesting mixture were added and flasks were
taken to the digester SARGE, temperature was raised every 15 min till it reached 330°C
and maintained for 2 h. After cooling, the samples were placed in flasks for distillation
of NH3, with 30 mL of de-ionized water and 30 mL of NaOH at 40%. Condensed
vapors of NH; were collected in 10 mL of boric acid with indicator. Afier collecting 30
to 35 mL of the distilled solution, it was completed with sulfuric acid 0.05 mol 17" 3.

Biosolid: pH

Determination of pH was undertaken as from 15 mL of dry sample in a test-tube
and placed in a 125-mL Erlenmeyer glass. Aliquot of 25 mL de-ionized water were then
added™, the mixture was shaken, and the pH of supernatant was measured by a pH-
meter after decantation.

Sewage: collection and initial preparation of samples®

Sewage samples were also collected by technicians of the Water Works
Department — Maringd Section, at STS-1, STS-2 and STS-3. Two liters of the
compound sample of affluent sewage that arrived at each STS and 2 liters of compound
sample of effluent sewage that came out of each STS were stored in clean plastic
flasks** %7, and preserved at pH<2 by adding concentrated HNQs. They were stored at 3
°C till the respective analyses, which were done immediately*® *°.

Sewage: digestion of samples and analysis of the metal

Samples were prepared to calculate total concentration of copper. After
homogenization of the sample, 500 mL of each sample were transferred to their
respective beakers, labeled and covered with glass, in duplicate, and 5 ml, of
concentrated HNO; were added. The solution was slowly warmed till almost dried and
repletion was done when necessary so that sample could be digested. Residue was
dissolved by portions of the HCl 5 mol L solution, and transferred to a 50-ml
volumetric flask with distilled and de-ionized water till completion of marked volume.
The sewage sample was thus ready for copper concentration contents.

Copper concentrations were read by atomic absorption spectrometer Varian,
Spectr AA 10 Plus model, flame mode, according to recommendations by Handbook
and by Welz and Sperling®. Although the method’s detection limit (cr) was 0.027 pg
mL."', samples were concentrated ten times (500 mL of in natura sample were reduced to
50 mL of prepared solution). This means that the sample of the original sewage,
concentration 0.0027 pg mL™"', would produce an analytic signal of the sample at 99%
reliability afier a 10 fold concentration. Sewage with copper concentrations less than



'SOUTH. BRAZ. J. CHEM., Vol.12, N° 12, 2004

bl T

F. Lenzi, L.0.B. Favero, V.C. Almeida & E.J.R. Sartori

0.0027 pg mL™", done with the same technique, would not produce any reading analytic
signal.

Statistical analysis

Results underwent variance analysis and Tukey’s test with SANEST.
RESULTS AND DISCUSSION
Sewage

SANEPAR-Maringa Technical Data (1997)*° shows that the sewage system in
Maringa is formed by three basins. Main basins direct the collected sewage to STS-1,
STS-2 and STS-3 operating with anaerobic reactor systems of fluidized sludge (RALF).

Sludge from the south basin is collected by STS-2 which services downtown
Maringa, the old districts (zones 2, 3, 4 and 5) and the most recent districts close to the
above.

The northern region has two big basins. Both concentrate the sewage from STS
involving Maringa Stream (STS-1) and the other involving Morangueira Stream (STS-
3).

Sewage treatment in Maringa is based on the anaerobic stabilization process of
organic matter. Pre- and first treatments are traditional, whereas the second treatment is
done by Anaerobic Reactors of Fluidized Sludge (Figure 1).

control

treated sewage

output
(effluent)
s ==>
;
input sewage st stabilized sluge
(affluent) T

>

 fluidized sludge bed | | removal of
(active sluclge) | stabilized
: sludge
> sewage input (affluent)  —— > treated sewage output (effluent)

Figura 1. Cross-section and processing of an Anaerobic Reactor of Fluidized Bed
(RALF)™.
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Figure 1 shows that no air (or oxygen) exists in the descent of sewage to the
reactor’s bottom. Oxygen in the fluidized sludge is practically zero, or rather, a hypoxia
environment is created which may be called anoxia due to the complete lack of oxygen.
Chemical species in this environment are reduced to a minimum, or rather, to an
environment with electron availability, called a reducing environment. Two factors may
explain this: (a) the lack of the oxidant agent oxygen; (b) the biota in this environment
causes fermentation [1] in its quest for energy and a reduction reaction’! too.

anacrobic
2 [CH,0] ——— CH, + CO, + Energy [
biomass organisms Methane

Equation [1] shows reaction with two stages, given in [2] and [3] which, when
added together, reproduce equation [1]. In the two reactions, oxidation status was
indicated (in Arabic numerals) for the key element involved in the oxidation-reduction
reaction, on the upper right side.

1sl Stage ‘ anacrobic
|0y s
2“—_ H,O| + 2H,0 _— 2.C“ )OZ(g'J + 8H' + ge 2]
biomass organisms
2nd Stage anaerobic [3]
+ B 4
C0 + 4H + 8¢ — 5  C¥H, +2H,0
organisms methanc
anaerobic
2./COH0| —>  C™H, + C*Y0, + Energy [
biomass Orgamsms niethane

Reduction reactions are processed in the fluidized bed of the reactor (Figure 1)
and may be perceived in stage [2] in which 8 electrons are released by fermentation,
This is due to the passing of carbon from the biomass’s oxidation status 0 (C°) to carbon
with oxidation status 4+ (C*") of CO,. Released clectrons of the latter may also reduce
other species, such as CO, to CH,, in which C* of CO, becomes C* in CHs;. In the case
of other species, sulfate (SO,*", with S [4] releases hydrogen sulfide gas (H,S, with
s*) causing the bad smell.

anaerobic

SO wyt 2 [CO/0| +217 HS, + 2CO, + 2H,0 [4]
Sulfate biomass organisms Hydrogen sulfide

It may be observed that in anaerobic processes, or rather, those that occur in the
absence of air, albeit with oxygen, there is a ‘release’ or an ‘availability of electrons’ in
the environment. The latter becomes a reducing environment with greater electronic
activity.

Table 1 shows analytic results of mean concentrations of copper in the sewage
input at the STS (affluent sewage) and the sewage output from the STS (effluent
sewage), in each unit and total averages.
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Total data of Table 1 show that the interval in mean concentrations, in pg mL,
in input sewage of all STSs is (0. 40—45 8)107%, mean rate 0.0773, whereas that in output
sewage of all STSs is (0.40-56.4)10, mean rate 0.0576.

Table 1 shows a 25.5% retention of copper in STSs when total averages of Cu
input and output are compared. Consequently, STSs are efficient in copper retention,
which will be found in the sewage sludge.

Table 2 shows variance analysis of copper concentrations in sewage input of the
place (3 STSs) and time (collection period), analyzing the phenomenon’s temporality,
as variation sources, with possible significant difference. Experimental results fail to
give any significant difference, at 5% level, between copper concentration rates that
arrive at STSs.

Table 1. Efficiency Evaluation of STS of Maringa in Retention of Copper (Cu).

STS-1 STS-2 STS-3
Month Year Input Output Input Output Input Output

(ngmbL™)  (ugml™) (pgml™)  (ugmL™) (pgmL™h)  (ugmL™"

Sept 1999 370x107 2.70x107 6.90x107 3.20x107 4.00x107  1.20x107

Oct 1999 7.20x10? 2.40x107 7.70x107 3.20x107 3.50x10°  2.80x107

Nov 1999 4.40x107 2.20x107 7.30x107 4.00x107 470x107  2.20x107

Jan 2000 4.80x1072 1.50x107 3.10x107 2.70x1072 5.80x107  2.70x107

Mar 2000 2.70x107 2.70x1072 4.20x107 2.70x1072 4.10x107  1.20x107

May 2000 290x107°  0.40x107 0.90x10™ 2.60x107 240x107  1.70x107

Aug 2000 36.5x107  6.50x107 2.20x107 2.00x107 109x107%  2.10x10?

Oct 2000 15.5x1072 56.4x107 45.8x1072 20.5x107 12.4x107  23.9x107

May 2001 0.90x10%  0.80x107 1.80x107 0.40x102 0.40x10%  0.80x107
Data for STS

Interval: 0.0090- 0.0040- 0.0090- 0.0040- 0.0040- 0.0080-
0.363 0.564 0.458 0.205 0.124 0.239

Mean: 8.95x107 8.40x107 8.88x107 4.59x107 5.36x107  4.20x107

Standard Deviation: 11.1x107 18.1x107 14.1x10? 6.05x1072 3.89x107  7.39x107

Median: 4.80x107 2.40x107 4.20x107 2.70x107? 4.10x107  2.10x107

Total Data Input Qutput
Total Interval: (0.40-45 8) x107 (0.40-56.4) x107?
Mean Ts: (7.731£10.1) x107 (5.76%11.5) x107
Median: 4.40x107? 2.60x107

STS-1 — Sewage Treatment Station in the districts of Mandacaru, Jardim Universitario and Zone 7; STS-2
- Sewage Treatment Station of South Region (central region, zones 2, 3, 4, 5 and new districts of
Maringa), STS-3 - Sewage Treatment Station of districts Jardim Alvorada and Ribeirio Morangueira, s —
Standard Deviation. Note: concentration rates lower than the Limit of Detection (¢p = 0.0027 pg.mL™)
were maintained for statistical calculations since there may be a 1% chance of being verified.

Results seem to show that, at 5% significance level, no dangerous refuse
containing copper occurred in the sewage network during this specific period.
Art. 21 of Law 20/1986 of the CONAMA reads:

Effluents from any polluting source may be released directly or indirectly into water sources
under the conditions below:
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g) maximum ratcs permitted of the following compounds Cadmium, 0.2 Mg L', Lead, 0.5 mg L™
Copper, 1.0 mg L™ Hexavaient Chrormum 0.5 mg L, Trivalent, 2.0 mg L™ Soluble iron, 15.0 mg L'
Manganese, 1.0 mg L and Zing, 5.0 mgL

Effluent from STSs lies within the legal conditions of the above law when the
highest interval value (0.564 pg mL™") for copper are taken into consideration.

When average and higher interval values of output concentrations of some
metals into the environment are analyzed, it may be seen that they are below the limits
established by CONAMA. Table 3 shows that, since rates are within the CONAMA
limits, the respective effluents may be deposited into the environment.

Table 2. Data Vanance Analysis of Mean Values of Copper Concentrations in the
Affluent Sewage to STS of in ug mL™".

Causes of variation  F.D. S.S. M.S, Rate of F Prob > F
Place 2 76.1163 38.0581 0.4799 0.63241
Time 8 1430.7162 178.8395 2.2549 0.07901
Residue 16 1268.9837 793115
Total 26 27758162

General Mean = 7.73.107
Variation Coefficient = 115.215 %

F. D Preedom Degree; S.S. — Sum of Squares; M. S. — Mean Square; Fplace = cz(,,i,m)/ cz(gﬁmm, € Frime =
G (Timey / 5 (Residue)-

Table 3. Total Mean Concentrations of Some Metals in the Affluent and Effluent
Sewage of STSs of Maringd and Their Respective Sewage Sludge in the Period 1999—
2000.

Total Metal Concentration of Metals from STS-1, STS-2 and STS-3

Metal Sewage Sewage
Affluent Sewage from STSs Effluent Sewage from STSs
Mean Interval Mean Interval sludge
(ugmL)  (ugml™) (ugml)  (ugmL™) (ug g
Cu 0.091 0.0040-0.46 0.058 0.0040-0.56 4109
Pb 0.089 0.0060-0.46 0.070 0.020-0.13 357.7
Zn 0.25 n.d. - 0.62 0.17 n.d. -0.69 1,517
Mn 0.11 0.055-0.22 0.10 0.060-0.17 144.8
Fe 2.87 0.22-9.88 2.20 0.11-6.77 53,066
Cd n.d. n.d —0.0080 nd n.d - 0.0020
2.74
Cr 0.0057 n.d. —0.037 0.0059 n.d. —0.037 67.5

STS-1 — Sewage Treatment Station of districts Mandacaru, Jardim Universitario and Zone 7. STS-2 —
Sewage Treatment Stations of South region (central region, zones 2, 3, 4, 5 and new districts in Maringa);
STS-3 — Sewage Treatment Station of districts Jardim Alvorada and Ribeirdo Morangueira. n.d. — not
detected by method, concentration less than Detection Limit (¢, ).
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Sewage sludge (or biosolid)

After a certain period, varying between 2 to 4 months, depending on the
physical, biological, physical and chemical characteristics of the reactor, non-consumed
organic matter (OM) is stabilized (Figure 1). It turns into particled flakes that make up
the sewage sludge or biosolid, which is removed from the reactor as ‘fluid material’. Or
rather, organic matter dispersed in water with many lyophilic chemical groups. It is
generally spread in a thin film on protected soil surfaces and then left to dry or to
release most of its water. The sewage sludge is actually the solid with particle
agglomerates.

Table 4 shows pH values, mean concentration values of copper per STS, and
total rate of copper concentration (0.74 mg g™') from August 1997 to March 2000.

Table 4. Concentration of Heavy Metal Copper in Sewage of Sewage Treatment
Stations (STS) of Maringa.

Sample Month STS-1 STS-2 STS-3
and pH Cu pH Cu pH Cu
(n)  Year (mg g") (mg g™ (mg g
1 0897 329 0.35 4.40 1.66 3.25 1.57
2 1197 4.01 0.32 3.30 0.59 3.90 1.09
3 03.98 343 0.51 3.45 0.61 3.15 3.71
4 0598 373 0.60 4.15 0.92 3.67 1.42
5 0698 3.56 0.48 3.06 0.68 2.89 0.53
6 0898 332 0.33 3.41 0.87 2.82 0.14
7 1099 345 0.45 3.06 0.51 2.92 027
8 01.00 3.56 0.30 3.26 0.40 2.72 0.19
9 03.00 3.67 0.55 3.10 0.62 2.80 0.40
Mean +s: 3.56 0.43 347 0.76 +0.37 3.12 1.04 £1.14
Intervals: 3.29- 0.30-0.61 3.06-4.40  0.40-1.66 2.72-390 0.19-1.57
Total Rates of 3 STSs
Copper (ng g pH
Mean +s: 0.74 +0.70 3.38+0.41

Interval: 0.19-1.66 2.72-4.40

STS-1 — Sewage Treatment Station of districts Mandacaru, Jardim Universitario and Zone 7. STS-2 —
Sewage Treatment Station of South region (central region, zones 2, 3, 4, 5 and new districts of Maring4);
STS-3 — Sewage Treatment Station of districts Jardim Alvorada and Ribeirdo Morangueira; s — standard
deviation; analyses were done in triples.

Table 5 shows the variance analysis of results of copper concentration in the
biosolid with two possible causes for variation: place (STSs) and time (sampling period)
that reveals the phenomenon’s temporality. No significant difference exists, at 5%
variance analysis, between copper concentrations of the three STSs, throughout the
collection period.

Table 6 exhibits mean world rate and the respective rate interval of heavy metals
for sewage sludge and for arable soil. Sewage sludge in Maringa (Table 4) has 7.2%
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copper more than mean world rate and 66.0% higher with regard to mean interval rates.
This copper rate has already been detected in STS-2>* and in STS-2 and STS-3**,

Since sewage sludge is a sewage residue, indirectly revealing the composition of
water, food, environmental refuse, human behavior and others, it seems that copper
concentration has been caused by fungicides on coffee shrubs®” ** and vines. In fact, the
region of Maringa has been a large coffee plantation for many years in which copper
fungicides were extensively used, similarly to what happens at present with regard to
vineyards in the same region. Further, RALF process of the STSs retains 25.5% of the
copper input from home sewage. It seems, therefore, that the high rate is due to copper
use as an agricultural defense factor in the entire region, confirming Lavoisier’s law that
in Nature nothing is lost, nothing is created, but everything is transformed.

Table 5. Variance Analysis of Data for Mean Rates of Copper Concentrations in
Sewage Sludge of STS in Maringa, in mg g™

Causes of variation F.D. S.S. M.S. Rate of F Prob >F
Place 2 1.643 0.821 1.856 0.187
Time 8 4.485 0.561 1.267 0.326
Residue 16 7.082 0.443
Total 26 13.210

General Mean = 0.74 mg g

F.D. - Freedom Degree; S.S. — Sum of Squares; M. S. — Mean Square; Fpje = czmmy cZ(R‘,,.,-dm) and
Frime = Uz(Time)/ Gz(Rr:sidue)-

Table 6. Mean Concentrations and Interval Concentrations of Metals in the Soil and in
Sewage Sludge in World Level, and in Acceptable Maximum Concentrations, AMC*,'?
in agricultural soil, in the literature.

Metal =~ Typeof = Mean | Interval of rates | Interval of AMC" (ug g
rates
_ material | (ugg)'"' | (uggh" (ug g™ | TInterval” | Median
Cu Sludge 690 100 — 1,000
Soil 30 2.0-250 ' 60-80  23-140 100
Zn Sludge 2,250 1,000 - 10,000
- Soil 90 1.0 - 900 17 -125 70 - 400 265
Mn Sludge 1,980 60 — 3,600
~ Sail 1,000 20 - 10,000 80 -1,300 1,500-3,000 1,500
Pb Sludge 1,832 136 - 7,627
__ Soil 20 2.0-200 10 - 84 20-500 100
Cr Sludge 1,221 20 -40,615
Soil 40 ..10-150 12221 50 - 600 100
Cd Sludge 74 2.0 - 1,100 "
Soil 0.35  0.010 2.0 0060-1.1  3.0-80 3.0

* - Acceptable Maximum Concentrations, terminology by KABATA-PENDIAS, PENDIAS (1992)7;
non-calculated rates by authors above.
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Mean pH values of sludge in STS-1, STS-2 and STS-3 may be found in Table 4.
Total averages of each STS are 3.56; 3.47 and 3.12 respectively, with 3.38 as total
average. There is no significant difference in average rates of the three STSs throughout
the sampling period, according to variance analysis and Tukey’s test, at 5% significance
level. Low pH rates are favorable for the release of copper.

Since biosolids are applied to agriculture, relationship C:N and rate of organic
matter, given by the product of (% of C) x 1.72% (Table 7), were also analyzed.

Table 7 shows concentration rates of organic matter in the 3 STSs which lie
within the interval between 28.0% and 55.6%, with 42.1% as total average. There is no
significant difference, at 5% level, between rates for STSs and periods of sludge
collection.

Table 7. Ratio C:N and Organic Matter (OM) in sludge of the Sewage Treatment
Stations (STSs) of Maringa.

STS-1 STS-2 STS-3
(Sample) N C C:N N C C:N N C C:N

Month/Year (%o) (%) (%) (%) (%) (%)
(1) 08/97 2.44 9.1 8:1 3.26 323 10:1 3.35 248  7:1
(2) 11/97 3.64 277 8:1 2.40 226 10:1 3.08 22,7 T
(3) 03/98 3.11 250 81 2.91 21.0 8:1 3.50 235 7:1
(4) 05/98 3.40 262 8:1 3.11 21.2 7:1 3.39 296 9:1
(5) 06/98 3.73 268 7:1 3.79 26.6 7:1 5.09 245 s5:1
(6) 08/98 3.38 264 8: 3.75 16.3 5:1 3.09 214 7:1
(7) 10/99 3.10 248 8:1 2.70 264 10:1 2.90 229 81
(8) 01/00 3.39 257  8:1 2.39 21.9 9:1 3.10 240 8:1
(9) 03/00 3.50 26.0  7:1 3.10 25.0 8:1 2.80 27.0  10:1

Mean: 3.30 253 3.05 23.7 3.37 24.5

SD +s(r): +0.38 12.49 +0.51 +4.5 +0.69 £25

Total rates: % de N % de C
Mean: 3.24 24.5
Interval: 239508 16.3 - 323

% of OM* = 1.72.%C: total mean = 42.1%; interval of rates: 28.0% - 55.6% of OM

* By multiplying % of C by factor 1.72 the % of Organic Matter (OM) is obtained; (r) DP +s — Standard
Deviation; analyses are done in triple.

"Table 7 also shows the ratio C:N, with intervals from 5:1 to 10:1. This means
that, due to its nitrogen rate, sludge is good for agricultural use. Besides its good organic
matter for the soil, its mineralization will not consume nutrient N in the environment
and plants will not be impaired *'.

Concentrations of copper and other heavy metals in the biosolid are lower than
maximum rates in the current Norms for the use of Sewage Sludge in Agriculture®” °%
%% Consequently biosolids from STSs of Maringa may be used for agricultural purposes
in so far as other conditions (restriction of place, soil capacity, recommended culture,
maximum rate of application which depends on each element, and others) are observed.



Copper in Sewage Sludge

22
CONCLUSIONS
From the experimental data above, we may conclude that:

a) there was no significant difference, at 5% level, in STSs> input sewage, with
regard to copper;

b) in the case of copper and other heavy metals analyzed, RALF sewage system
undertakes output without further need of any other treatment;

¢) there was no significant difference, at 5% level, in sludge from the three STSs
throughout the collection period;

d) total mean copper concentration in biosolid, 0.74 mg g, is higher than the world
average, although it is lower than the maximum limit, and thus proper for
agricultural use;

¢) there was no significant difference, at 5% level, in organic matter rate and in ratio
C:N of sludge from the three STSs, and is thus recommended for agricultural
use.
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