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Abstract

The use of bio-wastes in agriculture contributes to the conservation of natural resources by recycling
carbon and mineral elements. This investigation evaluated the variation of the content of heavy
metals in soils affected by sodicity, on which alternating doses of bio-wastes were applied: vinasse,
composted swine manure and sewage sludge from a wastewater treatment plant. Ten treatments with
three doses were implemented for each bio-waste treatment in addition to the control treatment.
During the investigation, two applications of bio-waste were performed with a temporal spacing of
two months and three samples were taken: the first one corresponding to the initial condition of the
area without the application of bio-wastes, and the remaining two samples were taken on the first
and seventeenth month respectively after the application of bio-wastes. The results indicated a low
intake of heavy metals on the soil in the three evaluations that were carried out. However, the use of
these residues in agriculture requires specific recommendations for each agro-climatic condition to
prevent environmental damage.
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1 Introduction

It is known that several organic materials, such as farmyard manures, agro-industrial
by-products and composts can be used as amendments to enhance and sustain the overall
soil fertility [1, 2]. The same amendments could likely be considered for soil remediation
in the salt-affected areas due to their high organic matter content. In fact, organic matter
has several beneficial effects on agricultural fields, such as the slow release of nutrients,
soil structure improvement, and the protection of soils against erosion [3]. The high cost
of fertilizers and concerns about environmental protection have been great incentives to
study the recycling of the large quantities of organic residues produced as by-products of
diverse industries. Therefore, the need for more environmentally sound methods for the
treatment and utilization of bio-wastes has become imperative and in turn, the significance
of establishing an integrated environment-bio-waste system cannot be underestimated.
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1.1 Vinasse

In 2006, biofuel production (ethanol) from sugar cane distillation started in five sugar
mill factories (ingenios) located in Valle del Cauca (Colombia). Nowadays, around 11.000
ton year~! of liquid vinasse (between 6 - 15 m? per ha) are applied as fertilizer (fertilization)
for sugar cane to cover 42000 ha where the valley-aquifer outcrops; vinasse application
will cover more than 200.000 ha in the near future [4].

In 2001, through the National 693 Act of September 19", 2001, the enhanced
production and use of sugar cane alcohol distillation (ethanol) was incorporated into the
legal framework of Colombia. One of the principal objectives of the National Act was
to provide the legal provision for implementing a more efficient environment-friendly
use of motor engine fuel by substituting bio-fuel for a certain amount of petrol-derived
substances (around 10%) to reduce atmospheric pollution [4]. Vinasse (stillage) is a residual
subproduct of the ethanol industrial process, currently used as a solid/liquid fertilizer and
a soil conditioner in sugar cane fields. In general, each liter of ethanol generates between
1 and 14 liters of vinasse [5].

The legal framework includes no specific measures for implementing agricultural
practices against the pollution of water resources or soil from vinasse. However, specific
regulations have been developed for Valle del Cauca by the Corporacion Autonoma
Regional del Valle del Cauca-CVC local administration [6].

Large-scale vinasse applications are an effective economic alternative for sugar cane
irrigation and fertilization given their high levels of potassium, calcium and organic
matter in the chemical composition, as well as moderate amounts of nitrogen and other
nutrients [7].

A report from Brazil [8] relates studies on the effects of vinasse (300m3ha~!) on
properties of various soils, including weakly humid Gley and Cambisol soils, conducted
over 10 years. The authors concluded that the amounts of heavy metals were not changed
and there was little risk of soil contamination with these elements.

Results from lysimeter studies have indicated that vinasse does not negatively affect
soil pH and salinity, and it slightly increases soil organic carbon and exchangeable K+ in
Mauritius soils [9].

A drop in soil bulk density and increased porosity [10] after a three year application
in an experimental sugar field location of Guanxi (PR China) have been observed, while
negative effects on soil permeability through vinasse application from processing beet
have been reported by [11].

It is obvious that there is no consensus about the polluting capacity of vinasse. The two
main lines of thought indicate, on one side, deleterious effects on ground and surface waters
while the other side claims that rational use of the residue does not result in environmental
risk. However, it should be emphasized that depending on the amount of vinasse applied it
might act as a pollutant or a beneficial soil conditioner. In this context, a review article [12]
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concludes that a consensus among authors is that the appropriate application of vinasse
must consider the soil chemical and physical characteristics, besides aspects such as the
history of residue application, the intensity of cultivation in the agricultural area, and the
proximity of water springs.

Characteristics of vinasse that contribute to pollution are high CRO (chemical
requirements for oxygen) and BRO (biological requirements for oxygen) values, an acidic
pH, elevated temperatures during production, and the consequent corrosive power [13].

Continuous application of high volumes of vinasse leads to increased soil nitrogen
and potassium, the main chemical components of this residue [14, 15].

1.2 Sewage Sludge

Sewage sludge is the insoluble residue from wastewater treatment after either aerobic
or anaerobic digestion processes. Sludge comprises resistant compounds (65% organic
matter), nitrogen (3%), phosphorus (2% P,0Os), other macronutrients (0.5% K,O, 5% CaO,
1.5 % MgO) a wide range of macronutrients and nonessential trace elements, organic
micro-pollutants, microorganisms and eggs of parasitic organisms. The substantial
nitrogen and phosphorus concentration in sludge render is a useful fertilizer material, and
its organic constituents give it beneficial soil conditioning properties [16].

The application of sewage sludge in agricultural purposes is generally considered the
best alternative for sludge management because it provides the recycling possibility of
plant nutrients which provide organic matter to the soil and causes to improve its aggregate
stability, porosity and infiltration rate of water [17]. However, due to higher concentrations
of toxic metals and pathogenic microorganisms the use of sludge to agricultural land is a
big concern. Recent studies illustrated that the extensive addition of sludge to agricultural
soils causes accumulation of trace metals which are non biodegradable and tends to build
up in soils, waters and crop plants or are transferred to humans through contaminated food
[18].

Sewage sludge contains the components of agricultural value e.g., organic matter,
nutrients such as nitrogen, phosphorus, potassium, and lower concentrations of calcium,
sulphur and magnesium, which make the sludge interesting as fertilizer, but heavy metals,
toxins, viruses, pharmaceuticals and hormones, GMOs and dioxins are also present in it
[19].

Several authors in the field of this research have stated that the concentrations
of total heavy metals can be reduced by composting sewage sludge with biomass
[20,21,22]. Sewage sludge has alow C:Nratio (5-10:1). According to [23], the composting
process begins when the C:N ratio is 20-30:1 (optimal ratio). Therefore, biodegradable
waste, which is rich in carbon (e.g. in biomass residues when the C:N ratio is 40 - 750:1),
is mixed to improve the analyzed ratio [22, 24, 25]. In this regard, [26] indicates that there
are other positive aspects of this mixing, such as minimization of the moisture content
from 70-90% to optimal 50-60% maintaining the optimal oxygen content (15 - 20%);
if the moisture content is higher than 70%, the anaerobic process begins. Finally, [26]
explains that the recommended mixing ratio of sewage sludge and biomass depends
on the C:N ratio of bulking agents, for example, when the sawdust and aerobic sludge
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mixture is of 1:1 proportion. However, in the case of more problematic sludge, such as
the anaerobic sludge mixture studied, with higher conductivity and the presence of other
toxic and phytotoxic substances, [27] presents a first approximation for a 1:3 proportion
to be recommended because of the dilution effect on harmful parameters. These (studies)
have to be re-evaluated under local conditions due to the high variability of the properties
of bio-wastes.

1.3 Composted Swine Manure

Composts are considered a valuable product that can be used as a source of soil
amendment and organic matter in agricultural land. The application of composted animal
manure has increased over the years. This practice improves the quality of the crops and
preserves the environment [28, 29].

Manure application is often credited for improving soil physical properties with
benefits such as reduced runoff and erosion, and these effects can persist for several years
following manure application [30, 31].

According to the kind of compost, and the process involved in its preparation, its
surface application at the soil may represent an improving in water infiltration, but
this could represent a higherphosphorus concentration at the soil surface. Much of this
phosphorus may be protected from runoff due to the increased formation of water-stable
soil aggregates associated with an increase in organic particulates with manure application
[32].

In a study using two field sites in the Peace River region of Alberta [33] found that a
single application of hog manure on the Gray Luvisolic soils increased the aggregation of
the soil at one site.

Manure contains plant functional nutrient metals such as copper, zinc, manganese,
iron, and it may contain trace amounts of non-functional elements [34]. A study in
Saskatchewan (Canada) [34] showed that three to five years of annual swine and cattle
manure applications at low (~100 kg Nha') and high (~400 kg Nha') rates resulted in
only small increases in total and bioavailable copper and zinc in surface soils at three
study sites.

The contaminant potential of heavy metal and trace elementsis based on mobility
and bioavailability of these elements are linked to factors such as pH, content and clay
mineralogy, salinity, redox conditions, cation exchange capacity and organic matter [35].
Heavy metals are characterized by accumulating on the soil surface. So the presence of
high concentrations in the upper horizon decreases dramatically in depth [35].

The aim of this study was to measure the effect of three bio-wastes on the heavy metal

and trace element content in a sodium affected soil, under undisturbed conditions of the
Valle del Cauca region, Colombia.

14



Evaluation of heavy metals on a soil treated with biowastes

2 Methods
2.1 Study Area

The study area is located in the southern part of the Valle del Cauca River basin in
Cali, which is an intermountain-savannah plain area, characterized by a smooth surface
and with a mean ground surface elevation of 1200 m.a.s.I. The main permanent surface
water is the Cauca River. The Valle del Cauca region has a typical tropical climate with
an average annual temperature of 24 °C and an annual precipitation of 1400 m?. One
important aspect of the precipitation pattern is a tendency for heavy rainfall during short
periods of time on an irregular basis due to a tropical climate, as well as the El Nifio and
La Nifia phenomena [5].

From a geologic standpoint, Valle del Cauca (Figure 1) is a NE-SW trending graben
basin of 6900 km?, and is filled with post-orogenic Quaternary materials (silt, gravel,
limestone and conglomerates). It forms part of the folded, faulted and thrusted Andes belt
(western and central mountain ranges) made up of Mesozoic and Cenozoic of volcanic
and sedimentary materials with a maximum height of 4100 m. The sediments from the
Quaternary age that fill the intermountain plain are a fluvio-sedimentary formation of the
Cauca River [5].

The experimental plots were located in the Valle del Cauca region (Figure 1) and in
the sugar cane farming fields (known locally as Haciendas-Had.) named Moraima located
in the Cerrito municipality with coordinates: 1076667 E - 902979 N, with a mean ground
surface elevation of 973 m.a.s.l. Currently the land is used for the development of pastures
for cattle raising due to its low yields in crops such as rice and sugarcane. That limited
production capacity is attributed to the high content of salts particularly sodium, which
affected productivity.

Cordillera Central CAUCA RIVER
AQUIFER SYSTEM

A unit : Gravel and sand (aquifer)
B unit : Clays

C unit : Gravel and sand (aquifer)
Qall : Alluvial plain

Qd : Alluvial Fan

T : Tertiary

JKA : Amaime formation

P2b : Paleozoic

Quatemary

IDOCNUEEH

Flow

Figura 1: The Valle del Cauca River[4].
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2.2 Experimental Array

To adapt the study area, mechanized operations were performed; two crossed chisel
passes were made, forming the furrow in all the area, 150 furrows were established.
Soil preparation was done with the aim of improving conditions for the incorporation of
bio-waste. After the mechanizing labor, 10 experimental plots of 490 m? were defined,
each experimental plot had approximately 15 furrows and each of its vertexes was
geo-referenced (Figure 2).

Figura 2: Moraima Had. Soils [36].

The experiment array consisted in ten treatments including the control, where the different
kind of bio-waste corresponds to the experimental factor considered, while the three doses
of the bio-waste applied on the soil correspond to the treatment levels. Two applications
of bio-waste were made within two months of separation in order to give the bio-waste
enough time for its incorporation into the soil (Table 1). To assess the impact of the dose
of each bio-waste on the soil levels of zinc, manganese, iron and copper were measured
in mg kg!.

Table 1. Distribution of biowaste application.

Application
Biowaste Treatment Unit Total
First Second
V1 m® ha! 1 1 2
Vinasse V2 m® ha 5 5 10
V3 m® ha! 10 10 20
S1 kg ha 1000 2000 3000
Sewage sludge S2 kg ha 5000 20000 25000
S3 kg ha! 10000 50000 60000
M1 kg ha 1000 2600 3600
Swine manure M2 kg ha 5000 6500 11500
M3 kg ha' 10000 10000 20000
Control C - 0 0 0
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The bio-waste used was: vinasse from Ingenio Providencia (sugar cane processing
plant) near El Cerrito municipality, sewage sludge from the wastewater treatment plant
(PTAR for its name in Spanish) Cali-Cafaveralejo, and the swine manure came from the
composting plant of Had. Moraima.

Vinasses were applied to the soil by using manual pumps in order to ensure a
homogeneous spreading on every correspondent plot (Table 2). The used sewage sludge
passed through the following processes: material selection, transportation to Had.
Moraima, storage, transportation to its correspondent plot, unloading, and distribution
using spreading equipment (Table 3). The used swine manure passed five different
processes: selection from the composting pile, packaging, transportation to the plot,
unloading and distribution using spreading equipment (Table 4).

Table 2. Vinasse characterization- Data sheet provided by the Ingenio Providencia.

Parameter Brix pH EC OM N -Total P,0; Ca0 MgO K,0 Na SO, Cu B Mn Zn

Concentration 20,72 45 20,05 10,52 0,35 0,53 2,7 0,93 34 16 0,42 38,29 13.4 324 19.93

Unit asm’ % % % % % % % % mgkg' mgkg' mgkg' mgkg!

Table 3. Sewage sludge characterization [37].

Parameter Method Unit Concentration
pH 4500HB 8,81
Moisture Standar Method % 56,3
Oxidable organic carbon NTC 5167/2004 % BS 9,79
Total phosphorus 4500-PB and 4500-PC %BS 0,0362
Calcium 311-B mg kg 12123
Magnesium 311-B mg kg 998
Sodium 311-B mg kg 436
Potassium 311-B mg kg‘l 589
Iron 311-B mg ke 57331
Copper 311-B mg kg‘l 185
Zinc 311-B mg kg 1686
Chromium 311-B mg ke 105
Lead 311-B mg kg 219
Nickel 311-B mg kg 87
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Table 4. Swine manure characterization - Agrilab Laboratory. Bogotd D. C. Colombia.

Parameter Method Result Unit
Moisture Gravimetric (*NTC 5167) 10,4 %
Ashes Gravimetric (*NTC 5167) 19,9 %
Volatile losses Gravimetric (*NTC 5167) 69,7 %
Total oxidable organic carbon Walkley-Black (*NTC 5167) 30,4 %
pH Potentiometric 7,08
Dry basis density Gravimetric (*NTC 5167) 0,56 gcct
Electric conductivity Conductimeter 30,6 dS m™
Moisture retention Gravimetric (*NTC 5167) 152 %
Cation exchange capacity Volumetric (*NTC 5167) 40,7 (me/100g)
C:N 8
Total N Micro-Kjeldhal (*NTC 5167) 4 %
Total P Colorimetric (*NTC 5167) 4,65 %
Total K Atomic Abs. (*NTC 5167) 3,58 %
Total Ca Atomic Abs. (*NTC 5167) 3,42 %
Total Mg Atomic Abs. (*NTC 5167) 1,56 %
Total S Turbidimetric (*NTC 5167) 0,82 %
Total Fe Atomic Abs. (*NTC 5167) 0,24 %
Total Mn Atomic Abs. (*NTC 5167) 425 mg kg‘l
Total Cu Atomic Abs. (*NTC 5167) 58 mg kg
Total Zn Atomic Abs. (*NTC 5167) 0,27 %
Total B Colorimetric (*NTC 5167) 52 mg kg
Total Na Flame emission (*NTC 5167) 0,47 %
Total Si Atomic Abs. (*NTC 5167) 1.87 %
Insoluble residue in acid Gravimetric (*NTC 5167) 1,87 %

*NTC: Colombian Technical Standard

3. Results and Discussion
3.1 Soil Characterization

The objective of the characterization of an area near to Had. Moraima was to select an
extension with homogeneous conditions to establish the experimental plot. Eight samples

distributed in zigzag covering an area of 32400 m? were taken and geo-referenced.

Below, it is presented in tables 5 and 6, a summary of the results of the physical, chemical,
and biological properties of the soil used.

Table S: Physical and biological soil properties - Agrilab Laboratory. Bogotd D.C. Colombia.

Microbial
Apparent L. . .
. . Porosity Micro Macro Activity kg Moisture Clay Silt Sand
Point density
a % % % C-CO,/g ha % % % %
(g/em) day

1 1,2 57 44,3 12,7 21,87 17,2 50 26,4 23,6
2 1,17 65,3 53 12,3 29,41 22,2 49,8 26,8 23,4
3 1,23 62,1 45,5 16,6 16,81 17,2 49 27,6 23,5
4 1,22 58,5 43,7 14,8 27,92 32,9 438 286 27,6
5 1,15 56,9 42,8 14,1 17,51 19,2 52,6 251 293
6 1,31 61,6 51,3 10,3 36,97 33,7 53,8 24,2 22
7 1,08 60,3 52,1 8,2 17,88 14,7 62 2,5 17,5
8 1,08 60 41 18,9 19,44 32,3 60,5 21,5 18
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Table 6: Soil chemical properties (first soil) sampling - Agrilab Laboratory. Bogotd D.C. Colombia.

dS m* me/100 g % mg kg
Point pH = =

EC Ca Mg Na SAR ESP Mn B Zn Cu Fe
1 8,71 4,1 1,3 1,7 37,8 31,1 91,5 0,2 0.4 0 0,1 0,3
2 9,32 9,1 1 0,7 88 96,9 97 0,1 0,7 0,1 0,2 0,5
3 8,14 3,7 8 7.6 20,4 73 55,6 0,2 0,4 0,1 0,1 03
4 8,39 2,1 1,7 3,4 15,4 9,7 73,1 0,2 0,4 0,1 0,1 0,3
5 8,26 3 2,6 4,6 21,5 114 72,6 0,1 0.4 0,1 0,1 0,2
6 8.87 4,2 1 1,3 39,6 96,8 93,6 0,1 0,6 0,1 0,1 0.4
7 777 0,9 33 3,1 16 0,9 18,6 0,1 03 0,1 0 03
8 8,37 2,5 1,5 24 19,6 14,1 81,1 0,1 0,6 0,2 0,2 3,5

* Sodium Absorption Ratio

** Exchangeable Sodium Percentage

3.2 Heavy Metal

To this group belong elements such as zinc, iron, copper and manganese that are at
the same time micronutrients necessary for plant growth, but in large amounts in soil
they can be a source of contamination [38]. According to [39], the normal contents of
those elements in the soil are: zinc 1.5-4.0 mg kg'!', cupper 1-3.0 mg kg'!, manganese
5.0-10.0 mg kg, and iron 10.0-20.0 mg kg'.

According to the values established by [39], data presented in Table 6 indicate low
availability of micronutrients in the characterized area, which could be gradually increased
with the proper application of bio-waste.

3.2.1 Zinc (Zn)

Figure 3 shows zinc (Zn) contents available in soil by treatment in the first and
seventeenth month, where values oscillated from 0.013 to 0.13 mg kg™! for the first month
and 0.07 to 0.3 mg kg! for the seventeenth month indicating a low Zn content in soil
under normal range established corresponding to 1.5-4.0 mg kg! according to [39].

It is important to emphasize that the assessment in the seventeenth month showed
more availability in contrast to the first month of evaluation. That implied that the
biodegradation of vinasse, and swine manure increased the availability of Zn in the soil in
minimal proportions. Similar results were obtained for [38] who evaluated the impact of
vinasse in soil, finding that it did not cause an increase in Zn content even at the minimal
thresholds that are categorized as a pollutant substance.
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Figure 3. Comparison of available Zn values on soil for treatment (first month CV50% and at the
seventeenth month CV 43.8% -CV: coefficient of variation).

3.2.2 Manganese (Mn)

Figure 4 shows Mn contents available in soil by treatment in the first and seventeenth
month, where values oscillated from 0.02 to 0.06 mg kg!' for the first month and 0.05 to
0.24 mg kg! for the seventeenth month. This indicated a low Mn content in soil under
normal established range corresponding to 1 to 3 mg kg! according to [39]. Therefore, the
treatments used had not a significant negative impact on soils.

Jldnalaadda

Vi V2 V3 81 82 S3 Ml M2 M3 C

Treatments
1st month @ 17th month

Figure 4. Comparison of available Mn values on soil for treatment (first month CV 34.8% and at the
seventeenth month CV 59.7% - CV: coefficient of variation).

3.2.3 Cupper (Cu)

Figure 5 shows Cu contents available in soil by treatment in the first and seventeenth
month, where values oscillated from 0.02 to 0.06 mg kg! for the first month and 0.01 to
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0.3 mgkg! for the seventeenth month. [39] indicated that the permissible threshold for Cu
corresponds to 40 mg kg, the obtained values were way too low even for normal ranges.
In this respect, [39] considered normal values from 1.5 to 4.0 mg kg!. In that sense, the
Cu impact on the soil is negligible.

=
=T
LY
3
:OJII_ m om W o
Q

Vi V2 V3 51 52 S3 Ml M2 M3 C

Treatments
1st month @m17th month

Figure S. Comparison of available Cu values on soil for treatment (first month CV 44.3% and at the
seventeenth month CV 106% - CV: coefficient of variation).

324 Iron (Fe)

Figure 6 shows Fe contents available in soil by treatment in the first and seventeenth
month, where values oscillated from 0.1 to 0.4 mg kg™ for the first month and 0.1 to 2.4
mg kg! for the seventeenth month; [39] considered normal values from 10 to 20 mg kg!.
In that sense, the Fe impact on the soil is low.

o = bW

B I I

Vi V2 V3 51 652 S3 Ml M2 M3 C

Iron (mg kg-1)

Treatments
1st month g 17th month

Figure 6. Comparison of available Fe values on soil for treatment (first month CV 47 4% and at the
seventeenth month CV 128.5%- CV: coefficient of variation).
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4 Conclusions

In this investigation, the contents of copper, iron, manganese and zinc were
considered low for the agro-climatic conditions of the Had. Moraima located in the Cerrito
municipality (Valle del Cauca, Colombia). Therefore, the heavy metal content, and its
potential pollutant impact caused by the application of bio-waste on the analyzed soil
resulted to be minimal. Nonetheless, this is a partial evaluation, and undoubtedly, more
research is needed to asset accurate results over different locations, specially taking into
account variables such as pH, C:N ratio, microbiological quality, and its influence over
the studied soil.

Due to the above consideration, it is of scientific relevance for future research to
conduct studies with a wider range of doses of different bio-waste, over longer periods of
observation, with more frequent evaluations, that include parameters to monitor leachate
and to establish a proper cultivation at the assessed area in order to obtain a higher accuracy,
and determining the ideal dose limits where agricultural production and environmental
conditions found equilibrium under representative agro-climatic conditions in the Valle
del Cauca region.
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