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EXECUTIVE SUMMARY

World human population growth in general is expected to place significant new demands on
already strained renewable and non-renewable natural resources, thereby causing
environmental degradation, while reinforcing social inequity and poverty. Hence, the United
Nations (UN) developed an agenda of ‘Sustainable Development Goals’ to assist with
attending to these challenges, of which waste recycling forms the core to achieving more than
half of them. Recycling of wastewater sludge in agricultural lands serves as a source of water
(liquid sludge) and crop nutrients (both solid and liquid sludge), thus playing a crucial role in
reducing the pressure on fresh water bodies (liquid sludge) and lowering greenhouse gas
emissions from fertilizer production. Wastewater sludge is a mixture of materials of biological
and non-biological origin with varying levels of toxic effects on the environment. Therefore,
for sustainable use of these resources, suitability characterization should be set for their use in
agricultural lands, and for the rate at which sludge should be applied. This process should take
into account the following: crop nutrient requirements adjusted to the given agro-ecological
zone, farming system and soil type, nitrogen fertilizer value of sludge as affected by treatment
processes, dewatering techniques, and sludge drying depths. The existing South African Sludge
Guidelines ‘Guidelines for the Utilisation and Disposal of Wastewater Sludge, volume 2, 2006’
lacks such detailed instructions for sludge users. This study was therefore geared to provide
the necessary guidelines. The overarching aim of the study was to establish quantitative
relationships between sludge fertilizer value (nitrogen release rate) and wastewater sludge
treatment processes, drying techniques, and sludge nitrogen (N) composition, and to use these
to refine the current South African sludge guidelines. This aim was addressed through the

following detailed objectives:

e (Characterize selected representative liquid wastewater sludges

e Determine the effect of sludge treatment methods, sludge drying time and drying depth
(thickness) above drying beds, on sludge N and organic matter content

e Establish a quantitative relationship between sludge N fertilizer value (N release rate)
and sludge treatment processes, post treatment dewatering techniques, and sludge N
composition

e Refine the current South African sludge guidelines.



To achieve these objectives, four activities were undertaken: a literature study, liquid municipal
wastewater sludge characterization, laboratory incubation studies, field experiments and model
scenario simulations. Following a thorough literature review and synthesis of existing
knowledge, a quantitative relationship was established between sludge N mineralization on the
one hand and wastewater sludge treatment processes, sludge organic-N content, and sludge
dewatering techniques on the other. Liquid wastewater sludge characterization was conducted
on samples (activated and digested sludges) collected from 18 wastewater treatment plants
(WWTPs) in Gauteng, South Africa. Laboratory incubation studies were conducted to
investigate the effects of wastewater sludge treatment processes (anaerobic versus aerobic
digestion) and post-treatment dewatering and drying techniques (polymerised and belt-pressed
versus paddy dried) on sludge N and organic matter contents, sludge organic matter
composition, potential N mineralization and organic matter decomposition. Field trials were
conducted at Vlakplaats and Waterval plants of the East Rand Water Care Company
(ERWAT), Gauteng, South Africa, to quantify the effect of wastewater sludge drying depth
above drying beds (5 cm, 10 cm, 15 cm, 20 cm, and 25 cm) on the total N, inorganic-N, total
carbon (C) and N fertilizer value. Finally, a calibrated and validated Soil Water Balance (Swb-
Sci) model was used to determine cumulative N mineralization from sludges of varying N
contents of the five South African agro-ecological zones under both rain-fed and irrigated

farming systems.

The pH of all wastewater sludges originating from 18 WWTPs was within acceptable ranges
for use in agricultural lands (pH20) of 5.5 —9.5). Similarly, the trace metal contents of sludges
from most of the candidate WWTPs were below the threshold values for use in agricultural
lands. The only exceptions were anaerobically digested sludges from two plants (pollutant class
A) and two activated sludge plants (pollutant class B). All of the anaerobically digested sludges
and the combined anaerobically-aerobically digested sludges had exceptionally high salinity
(EC), exceeding the agricultural threshold value of 200 mS m™', making them unfeasible for
use in agricultural lands. Besides, these sludges had Total Suspended Solids (TSS) values
exceeding the threshold value of 25 mg L. In contrast, sludges from waste-activated plant had
EC values of less than 200 mS m™ and TSS values of less than 25 mg L. The problems
associated with high TSS on soil hydraulic conductivity, however, could be minimized by
scheduled intervention through cultivation. From the preliminary investigation it could be
deduced that the application of wastewater sludge according to crop water requirements would

lead to excess nutrient application above crop nutrient demands, which would compromise



sustainability. Henceforth, wastewater liquid sludge should be applied according to crop

nutrient requirements.

Wastewater sludge treatment and dewatering techniques affect the N content of sludge, thus
influencing the fertilizer value. Sludge dried in thin layers of 10 to 15 cm thickness generated
higher total N and N fertilizer value than sludge dried in thick layers of 20 cm and higher. The
final decision on the choice of sludge drying thickness on drying beds, however, depends on
other factors, including the availability of land for drying and the ease of sludge collection
from drying beds.

Inter-comparison of a six-year cumulative N mineralization rate (%) among years in which a
single 10 t ha! sludge was applied during the lowest rainfall year, an average rainfall year, and
the highest rainfall year showed little variation. Similarly, cumulative N mineralization rate
(%) from a single sludge application rate of 10 t ha™! for sludges with a range of N contents
(2% to 6%) showed significant variation during the first and second year after application.
However, it stabilized afterwards, showing little variation among sludges of similar origin, but
varying N contents. Cumulative N mineralization at a specific site, however, was generally
higher under irrigation compared with dryland farming. From this it can be deduced that a
single N release rate per farming system (dryland vs irrigated) could be used at a specific site
Jor agricultural lands that use sludge in the long term. This should be synchronized with crop
nutrient requirements because crop nutrient requirements also vary, depending on the
availability of water. Hence, sludge guidelines for beneficial land application ought to be
synchronized with the South African fertilizer guidelines as presented in the Fertilizer
Handbook (FSSA, 2007). This higher level of integration would contribute towards achieving
the UN and South African Sustainable Development Goals.

To continue building on the body of knowledge of the fertilizer value of sludge that has been

developed to date, the following further studies are recommended:

e Field assessment of the current findings through model simulations
e Investigation of the dynamics of contaminants of emerging concern in the sludge — soil

(solid and solution phase) — plant — animal — human food chain
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CHAPTER 1 - INTRODUCTION

1.1 Background

The ever-increasing human population in the world and consequent increase in food and water
demand has constrained already stretched limited natural resources. The global population,
which is currently at 7.6 billion, is expected to increase to 8.6 billion by 2030, to 9.8 billion by
2050, and to 11.2 billion by 2100 (United Nations, 2017). Natural resources will not be able to
satisfy the expected rise in human food and water demands in a decade’s time under current
‘business as usual’ use of resources. The United Nations has developed an agenda of
Sustainable Development Goals to assist in attending to these challenges (United Nations,
2017) (Figure 1.1). Recycling of wastes in general and recycling of wastewater sludge in

particular form the core of the solution to more than of half of the 17 goals.

@S GOALS

NO ZERD GOOD HEALTH QUALITY GENDER CLEAN WATER
POVERTY AND WELL-BEING EDUCATION EQUALITY AND SANITATION

Ml

DECENT WORK AND INDUSTRY, INNOVATION 1 0 REDUCED
ECONOMIC GROWTH ANDINFRASTRUCTURE INEQUALITIES

A

(=)

1 CLIMATE LIFE 1 113 1 PEACE, JUSTICE 1 PARTNERSHIPS
ACTION ON LAND ANDSTRONG FOR THE GOALS

INSTITUTIONS SUST, ABLE
DEVE’I:OPMENT
P R

Figure 1.1 United Nations’ Sustainable Development Goals

Source:https://www.un.org/sustainabledevelopment/sustainable-development-goals/
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1.2 Motivation

Recycling of wastewater sludge in agricultural lands as a source of water for irrigation can
reduce the pressure on freshwater resources, because agriculture uses 70% of the fresh water
globally. In addition, wastewater sludge serves as a source of crop nutrients, which are critically
needed by crops for their growth and development, because it is rich in mineral nutrients and
organic matter. However, wastewater sludge is a cocktail of wastes originating from various
sources. Therefore, proper characterization of this resource for its suitability for use in

agricultural lands is crucial to achieving the relevant Sustainable Development Goals.

Similarly, dewatered wastewater sludge, with acceptable quality for agricultural use, is used as
a source of essential crop nutrients and as a soil conditioner. Usually sludge is applied to
agricultural lands according to crop nitrogen (N) requirements. A large proportion (>70%) of
the N in sludge, however, is in organic forms and has to be mineralized before crops can utilize
it. The rate at which the organic-N is mineralized and the total N content of a sludge, however,
are influenced by various factors. Inherent factors that can affect the total N content of a sludge
and its mineralization rate include the origin of the sludge, wastewater treatment processes,
dewatering techniques, and sludge drying depth on drying beds. Despite this, the relationships
between sludge N content and N mineralization rate on the one hand and sludge treatment
processes, drying techniques, and sludge drying depth on drying beds on the other have not yet
been established. Setting quantitative relationships between these factors is essential, because
sludge recommendation rates rely on sludge N content and release rate. Therefore, proper
characterization of the effects of wastewater treatment methods, dewatering techniques, and

drying depth on drying beds is essential towards sustainability.

The final aim of characterizing wastewater sludge should be to synchronize crop water and
nutrient requirements with sludge water content, N content and sludge N release rate. This
enables the reuse of resources (nutrients and water) to enhance productivity (reduce hunger and
poverty and enhance good health and wellbeing), reduce ground and surface water
contamination (clean water and sanitation, reduce negative impacts on life below water, and
life on land), reduce contribution to climate change (by minimizing the use of commercial
inorganic fertilizer), encourage the responsible use of resources (responsible consumption and
production), in due course enhancing sustainability (sustainable cities and communities), thus

striving towards achieving the Sustainable Development Goals.
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1.3 Aim of the study

The main objectives of the study were:

1. To characterize selected representative liquid wastewater sludges and assess:
a. Their feasibility for land application
b. The criteria for decision on the rate of land application (according to crop water
requirement or crop nutrient requirements)
2. To determine the effect of sludge treatment methods, sludge drying time and drying
depth (thickness) on drying beds on:
a. The nitrogen content of sludge
b. The organic matter content and composition of sludge
3. To establish a quantitative relationship between sludge N fertilizer value (N release
rate) and sludge treatment processes, post-treatment dewatering techniques, and
sludge N composition.
4. To refine (as an addendum) the current South African Sludge Guidelines,
‘Guidelines for the Utilisation and Disposal of Wastewater Sludge, Volume 2
(2006)’

1.4 Approach to the study
To achieve the stated objectives, the following activities as presented in the diagram were

undertaken:

Laboratory incubation

[ Literature study

study
Addendum to the current South
African sludge guideline and
Updating SARA model
Field trial Model scenario simulations

Figure 1.2 Flow diagram of activities undertaken to update existing South African sludge
guidelines and Sludge Application Rate Advisor (SARA) model
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CHAPTER 2 - LITERATURE REVIEW

2.1 Introduction

Recycling treated wastewater sludge in agricultural lands could play a significant role in
achieving several of the UN Sustainable Development Goals. Goals that can be achieved
through recycling wastewater sludge in agricultural lands include; poverty alleviation,
responsible consumption and production, sustainable cities and communities, clean water and
sanitation, good health and wellbeing, climate action, life below water, life on land, and zero
hunger. Recycling treated wastewater sludge in agriculture serves as a source of water (liquid
sludge) and nutrients (liquid and dewatered sludge). Insufficiency of water and nutrients are
the most critical limiting factors for agricultural production in sub-Saharan African countries,
where 50% of the population lives below the poverty line. The use of treated wastewater sludge
in agricultural lands can relieve the pressure on freshwater resources, while boosting
agricultural productivity because of the nutrients added with the sludge. In this case, the need
for commercial inorganic fertilizers is decreased, thus minimizing greenhouse gas emissions
during fertilizer manufacturing. In addition, the use of wastewater sludge in agricultural lands
under controlled irrigation management practices safeguards ground and surface water bodies
from contamination, leading to clean water and sanitation while protecting life below water.
Consequently, the use of wastewater sludge in agricultural lands is receiving great attention
worldwide. However, this is due not only to the unprecedented increase in water demand or
wastewater disposal challenges, but to the shortage of fresh water, especially in arid and semi-
arid regions, increases in fertilizer costs, greenhouse gas emissions during fertilizer production,

and the ever-increasing world population (Hanjra et al., 2012).

2.2 Wastewater treatment processes and their associated effects on sludge nutrient
availability for crops

The physical, chemical, and biological properties of wastewater sludge vary depending on their
origin (domestic or industrial) (Feigin et al., 2012), treatment processes and treatment stage
(Bresters et al., 1997; Kunhikrishnan et al., 2012). The main processes or operation units
involved in the wastewater treatment include preliminary, primary, secondary and tertiary

stages (Tchobanoglous & Burton, 1991b; Ramalho, 2012 [Table 2.1]).
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Table 2.1 Conventional classification for wastewater treatment processes

Primary Secondary Tertiary (advanced
treatment)
Screening Activated sludge process Micro-screening
Sedimentation Extended aeration (total oxidation Precipitation & coagulation
process)
Flotation Contact stabilization Adsorption (activated

Oil separation

Equalization
Neutralization

Other modifications of conventional
activated sludge process (tapered
aeration, step aeration, complete mix
activated sludge process)

Aerated lagoons

Wastewater stabilization ponds
Trickling filter

Anaerobic treatment

carbon)
Ion-exchange

Reverse osmosis
Electrodialysis

Nutrient removal processes
Chlorination & ozonation

Sonozone Process

Source: Adapted from Ramalho (2012)

2.2.1 Primary sludge

Primary sludge is produced as a result of the sedimentation process of the primary stage when
all solids are settled at the bottom of settling tanks or clarifiers (Spinosa & Vesilind, 2001;
Kadlec & Wallace, 2008), while some are floating or suspended. The main aim of primary
sedimentation is to reduce the concentration of TSS in the raw wastewater (Kadlec & Wallace,
2008). Pescod (1992) indicated that approximately 25-50% of the biochemical oxygen
demand, 50-70% of the TSS, and 65% of oil and grease are removed during primary
sedimentation. This sludge is characterized by high populations of pathogens, general grit,
organic and inorganic substances. Generally primary sludge contains 3—7% total solids (TS),
of which about 60-70% is organic matter on a dry mass basis (Girovich, 1996). In some
countries, primary sludge is disposed of on landfills, while in other countries it is not permitted

because it is highly putrescible and generates unpleasant odours (Turovskiy & Mathai, 2006).

2.2.2 Secondary sludge

Secondary sludge, also known as biological sludge, is generated from secondary treatment
processes. There are three basic biological treatment methods: the trickling filter, the activated
sludge process, and the oxidation pond. There is also a fourth, less common method, called a
rotating biological contactor. This process uses bacteria and fungi to remove additional

wastewater solids and organic matter (Kadlec & Wallace, 2008). It is used mainly for the
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removal of large quantities of suspended solids, and hazardous and non-hazardous organic and
soluble materials. At the secondary stage, TSS reductions of about 85% are expected (Kadlec
& Wallace, 2008). The sludge from the secondary treatment stage has about 0.5-2% TS, of
which 60—70% is organic matter (Girovich, 1996).

2.2.3 Advanced sludge

Tertiary treatment produces an advanced treated sludge referred to as tertiary sewage sludge.
Processes involved in this treatment stage are costly, and are applied only when deemed
necessary (Ramalho, 2012). It is used in particular for the removal of nutrients and other
residual pollutants and metals that could not be eliminated in the previous treatment stages.
Processes included at this stage are oxidation/reduction, chemical precipitation constituted with
the use of lime (Bishop, 1995), the addition of iron and aluminium, chemical additions such as
metal salts and polymers, and filtration before disposition (US EPA, 1995). Generally,
advanced sludge contains 0.2—1.5% TS of which 35-50% is organic matter (Girovich, 1996).

2.2.4 Sludge stabilization

The residues from primary and secondary treatment processes are further stabilized with the
objective of reducing pathogens, eliminating odour, and reducing organic matter. The most
commonly utilized processes to stabilize solids generated from WWTPs are anaerobic
digestion, aerobic digestion, lime/alkaline stabilization, composting, long-term storage in

lagoons or reed beds, and thermal processes.

Anaerobic digestion of sludge is the decomposition of organic material in the absence of
oxygen. It is a biological and complex process, which requires strong anaerobic conditions to
work successfully. The principal steps of this process are hydrolysis, acidogenesis (use of
acidogenic/fermentative bacteria in the presence of ammonia (NH3), carbon dioxide (CO2) and
hydrogen sulphide (H>S)), acetogenesis (action of acetogenic bacteria) and methanogenesis
(process of methanogenic bacteria). This last stage of the process produces high energy
methane (CH4) gas. According to Li et al. (2011) and Nkoa (2014), anaerobic digestion has
gained attention because of its capacity to generate energy and to produce nutrient-rich sludge
for agricultural use. The composition and quality of the sludge produced, however, depends on
the origin of the sludge material, feedstock (wastewater material) properties and digestion

operating conditions such as temperature and retention time (Sheets et al., 2015). During the
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sludge digestion phase, various chemical elements and physical property changes take place.
Although there is limited N assimilation by the digestion microorganisms, organic-N was seen
to be degraded during aerobic digestion (Li et al., 2011). Owing to minimal N assimilation,
anaerobic digested sludge has high levels of total N (TN) of approximately 157 g TN kg! dry
matter (DM), and 50-59 % total ammonia N, which is a combination of NHy4 and free NH3
(Fouda et al., 2013). However, the ratio of NH4 to NH3 varies depending on temperatures and
pH levels (Sheets et al., 2015). High amounts of inorganic-N content in anaerobic digested
sludge were observed in studies by Yoshida et al. (2015). They indicated that because of high
levels of inorganic-N, there was an immediate availability of N for plants after anaerobic

digested sludge was applied.

Aerobic digestion of sludge takes place under the supply of oxygen for proper performance of
aerobic and facultative microorganisms during the digestion process. This operation is
governed by raw sewage characteristics, pH, mixing, oxygen requirement, temperature and
sludge retention time, of which the last two are considered the key parameters (Chang et al.,
2011). Aerobic digestion is a two-stage process consisting of direct oxidation of biodegradable
matter and endogenous respiration, in which cellular material is oxidized. The latter stage is
the dominant phase of the aerobic process and leads to the production of sludge material, CO-,
H>0, and NO3 (Zupanci¢ & Ros, 2008). Under aerobic digestion, sludge biomass is oxidized
to COz and H2O, while organic-N is transformed to NO3 through mineralization (Al-Ghusain
et al., 2002) and N is released in this process as ammonium (NH4) (Zupanci¢ & Ros, 2008).
When conditions are conducive, that is, when there is sufficient dissolved oxygen and a suitable
alkalinity pH level, NH4 is further oxidized via nitrification process to form NOj, leading to
acidification of the environment (low pH) (Hamoda & Ganczarczyk, 1980). In the process, TN
reduction was observed to be 33.7 % (Al-Ghusain et al., 2002).

Lagoon stabilization is a biological system that is a more natural sludge treatment process.
Lagoons are artificially or naturally aerated as a way of promoting biological oxidation. Sludge
quality with respect to its microbiological pathogen load and reduction of chemical elements
is enhanced through the use of lagoons. Nitrogen is among the various elements reduced by
their use. According to Middlebrooks and Pano (1983), the greater percentage of N in lagoons
is in the form of ammonia N and exists in aqueous solution as ammonia or ammonium ion.
Although a number of factors govern the rate of gaseous N losses in ammoniacal form from
lagoon ponds, pH is reported to be the major controlling factor. The pH levels of lagoon ponds

are usually about 8.0 or less. Middlebrooks and Pano (1983) indicated that alkaline pH values
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shift the equilibrium equation NH3 + H>O <-> NHs + OH™ towards gaseous ammonium
production. The NH3-N is easily lost into the atmosphere through volatilization, hence reducing
the total N content in lagooned sludge. According to Middlebrooks and Pano (1983), there is a
positive linear relationship between hydraulic retention time and gaseous NH3-N losses in
lagoons. Besides gaseous losses from lagoon ponds in ammonia form, N is lost through
denitrification and sedimentation of insoluble organic-N. Nonetheless, volatilization and
sedimentation of organic-N through biological uptake are the main pathways by which N is

removed in lagooned sludge (Maynard et al., 1999).

Lime stabilization is a crucial process in wastewater management if the environment is to stay
free of contaminants post sludge application. The prime objective of this process is to stabilize
sludge by reducing potential substrate producing odour, nutrient elements, and microbiological
pathogens to acceptable levels (Stoll, 1996; Schneiter et al., 1982). Lime stabilization enhances
N removal through nitrification by increasing alkalinity while adding C, which speeds up
denitrification (Ren et al., 2015). The use of alkaline agents results in enhanced thickening and
dewatering of sludge due to high pH and Ca**. Usually lime stabilization is favoured over other
stabilization processes such as composting, lagoon, drying, and chemicals owing to its cost

effective nature (Ren et al., 2015).

2.3 Wastewater sludge dewatering and drying techniques and their effects on sludge
nutrient availability for crops

Dewatering is a post sludge-treatment technology that is employed to reduce sludge volume by
reducing its water content and increasing solid concentration, hence enhancing its handling and
transportation during disposal. Dewatering is governed by several factors, which include the
origin of the sludge, the physical and chemical properties of the sludge, such as floc structure,
bound water content, hydrophobicity and surface charges (Jin et al., 2004, Mikkelsen &
Keiding, 2002). Wang et al., (2014) indicated that digested sludge has a large percentage of
water content (> 75 %). This makes it difficult to dewater. Therefore, this requires chemical
treatment such as the addition of coagulants, which reduce water-to-solids adsorption and
facilitate dewatering. Although mechanical treatments can be used, these are hardly effective
(Wang et al., 2014). The incorporation of chemicals in sludge is known as chemical
conditioning. Chemical conditioning has been used widely to facilitate dewatering and sludge

compressibility relative to mechanical treatment (Wang et al., 2014). It effectively destroys the
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polymeric matrix and enhances the release of extracellular polymeric substances (EPS) and
bound water in sludge flocs (Vaxelaire & Cézac, 2004, Wu et al., 1998, Sheng et al., 2010).
Chemical additives such as aluminium sulphate, ferric chloride, enzymes and surfactants are
used (Neyens et al., 2004, Ruiz-Hernando et al., 2013). Surfactants are reported to reduce the

surface tension between liquid-to-liquid and liquid-to-solid interphases (Rosen, 2004).

As a means of sludge stabilization, dewatering is performed in various ways, including belt-
pressing, sand drying beds, reed beds, thermal drying, and centrifuge use. Depending on the
type of dewatering and pre-treatments that are applied, the physical and chemical properties of
the resultant sludge can be different. Dewatering techniques therefore affect the chemical
composition of the sludge, including N. In addition, since a larger fraction of the N in sludge
is in organic form, its availability for crop uptake is influenced by the dewatering techniques
used (Table 2.2). In an evaluation of the effect of sludge stabilization on the fertilizer value of
sludge, Yoshida et al., (2015) reported a reduction in the total N content of sludge as a result

of dewatering. This reduction was evident in the organic and inorganic fractions of N.

Table 2.2 Properties of primary, digested, dewatered digested, and dried digested sludge in the
incubation study

Sludge type  NOs3-N NHs-N Total N Inorganic-N C : N ratio
mgg'dw ————— (% oftotal N)

Primary 0.3 (0.1) 1.8 (0.5) 26.9 (4.9) 8 15

sludge

Digested 1.1 (0.4) 31.4(6.62) 70.2 (8.2) 46.3 4.2

sludge!

Dewatered 0.1 (0.1) 4.9 (1.5) 43.8 (6.3) 11.5 6.3

digested

sludge?

Dried 0.1 (0.1) 6.7 (1.9) 44.8 (5.9) 15.1 6

digested

sludge’

Source: Adapted from Yoshida et al. (2015)

Note: Standard deviation in parenthesis (n=3)

! Generated by mesophilic digestion of primary and secondary sludge

2 Digested sludge, dewatered using a centrifuge after addition of polymer coagulant
3 Dewatered digested sludge dried using heat recovered from a sludge incinerator

Heat or thermal drying is one of the stabilization processes towards producing an
environmentally friendly sludge for use in agriculture. According to Reimann (1989), heating

is done in two phases, at 30—75 °C and 75-190 °C at a pressure of 26 bars for a very short
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period such as four hours. The resultant product after heating is a flocculated sludge with
reduced water affinity due to the broken gel structure. Basically, heat breaks down chemical
bonds of various elements and likewise N properties in sludge. According to Smith and Durham
(2002), inorganic-N was lost from the digested biosolids during high-temperature drying by
ammonia volatilization. These authors reported that thermal conditioning significantly

increased the mineralizable organic-N content in digested biosolids.

Drying beds are have long been used worldwide as a means of sludge dewatering. There are
various types of drying beds. The most common ones are sand drying beds, paddies, and
concrete lined beds (Figure 2.1). Dewatering and drying via drying beds was reported to reduce
total N in the form of NH4-N by almost 50% (from 25-60% to as low as 10—30%) (Sullivan et
al., 2007).
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Figure 2.1 Drying beds of various forms: cross-section of a sand bed construction (a), planted

sand bed (b) and concrete bed (c)
Source: Wang et al. 2007
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CHAPTER 3 - CHARACTERIZING LIQUID MUNICIPAL WASTEWATER
SLUDGE FOR ITS SUITABILITY TO USE IN AGRICULTURAL LANDS

3.1 Introduction

Wastewater sludge generated from municipal WWTPs is constituted of various characteristics,
including organic and inorganic compounds (Feigin et al., 2012). These are governed by factors
such as the source of the sludge, and the type and degree of wastewater treatment process to
which it has been subjected. The suitability of wastewater sludge for beneficial agricultural use
is determined by these characteristics. The major factors that limit the use of wastewater sludge
in agricultural land include pollutants (organic and inorganic), pathogens, and stability (odour)
(Snyman & Herselman, 2006), salinity (EC), pH, and Chemical Oxygen Demand (COD)
(South African National Water Act 36 of 1998, 2013).

The objectives of this section of the report are:

a. To characterize treated liquid wastewater sludge from 18 representative
wastewater treatment plants around Gauteng for their suitability for use in
agricultural lands

b. To assess the macro nutrient composition (N, P, and K) of sludge from these
representative 18 wastewater treatment plants

c. To determine the criteria according to which liquid sludge should be applied in

agricultural lands (according to crop nutrient or water requirements)

NB. The names of the WWTPs used for this study are withheld for privacy reasons and are
represented by letters of the alphabet.

3.2 Materials and Methods

3.2.1 Sludge sampling and preparation

Sludge samples were collected from eighteen WWTPs in Gauteng, South Aftrica. The sampling
period spanned from mid-September to the first week of November 2015. The sludge samples
included both activated and digested sludges. Twenty litres of liquid activated sludge were
collected at sampling points just after final clarification. Similar amounts of digested sludge
were collected at digester outlets. The samples were kept in a cold room below 4 °C until

analysed.
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Sludge subsamples of 500 ml were collected from the 20 L sample to determine TS. The
samples were weighed, followed by liquid and solid separation. The wet solids were oven dried
at 50 °C to determine dry mass. The decanted liquid was filtered twice. The first filtration was
done by a 2 um filter. The filters average weight was determined as an average of three
separately weighed filters. After filtration, the filters were allowed to air dry and were re-
weighed individually. The difference between the dried filter plus retained solids and the
average clean filter weight was the mass of the retained solids. This was added to the dried
solids to give TS. The second filtration was done using a 1.1 um filter to determine the TSS of
the decanted liquid. The filtered liquid was then used for anion analysis through ion

chromatography and NH4 determination by the colorimetric method.

3.2.2 Chemical analysis

Wastewater sludge pH and EC were determined on the decanted liquid after solid separation
using benchtop pH and EC meters. NO;, NOs3, P>O4 and sulphate were analysed by ion
chromatography. NH4 was analysed by the colorimetric method using an automated flow
system (autoanalyser). Trace metals such as Fe, Zn, Mn, Cu, and Al were analysed using an
ICP-OES after digestion with 7ml HNOs3 (conc. nitric acid) and 3ml HCIO4 (perchloric acid)
at temperatures up to 170 °C in a 100 ml vol. flask. Total C and N was analysed using a Carlo

Erba NA 1500 C/N/S analyser.

3.3 Results and Discussion

3.3.1 Physical and chemical characterization of wastewater liquid sludge
The results for the selected physical and chemical characterization of the liquid wastewater

sludge collected from 18WWTPs around Gauteng are presented below.

3.3.2 Physical characterization of wastewater sludge

The physical properties measured included TS and TSS. Generally, solids determine sludge
viscosity. Total solid percentage determines the volume of sludge to be handled and whether
sludge should be classified or behaves as a liquid effluent, sludge or bio-solids (Al-Malack et
al., 2002). Each of these physical parameters is discussed below.
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Total solids
The TS content of the sludges under investigation ranged from 0.16% to 16% (Figure 3.1).

Most of the candidate WWTPs, 12 of the 18 (67%), had TS contents of less than 1%, while 4

had between 1% and 3% solid contents.

18
16
14
12
10

8

Total solids (%)

A B C D E F G H | J K L M N (0] P Q R

Anaerobically digested herobically|Combined Waste activated
digested | aerobic
and
anaerobic

Wastewater treatment method and plant name

Figure 3.1 Total solid content (%) of 18 wastewater treatment plants around Gauteng, South
Africa

Total suspended solids
The total suspended solids of the candidate WWTPs ranged from 0 to 558 mg L' (Figure 3.2).

About half of the WWTPs had TSS concentrations below the recommended limits of 25 mg L
! (National Water Act, No 36 of 1998), while the rest exceeded the recommended limits for use

as a source of irrigation in agricultural lands.
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Figure 3.2 Total suspended solids of 18 wastewater treatment plants around Gauteng, South
Africa

Previous studies have shown that high concentrations of suspended solids added with
wastewater sludge to soils negatively affected soil hydraulic conductivity (Clanton & Slack,
1987; Vinten et al., 1983a, 1983b). This reduction is attributed mainly to the physical process
of clogging the soil by the coarse fraction of suspended solids (Vinten et al., 1983b). The
concentration of suspended solids in almost all of the sludges originating from anaerobically
digested and combined aerobic and anaerobic digestion exceeded the allowable threshold
levels, while sludge that had been aerobically digested and waste activated remained well
below the threshold level, indicating its suitability for use as a source of water or nutrients
through irrigation. However, the problems associated with surface sealing could be mitigated

through regular cultivation practices.

3.3.3 Chemical characterization of liquid wastewater sludge
The chemical properties measured for chemical characterization of the candidate sludges

including pH, and EC are presented below.
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Electrical conductivity
The EC of the candidate sludges ranged from 44 mS m™ to 821 mS m™! (Figure 3.3). Most of

the wastewater sludge from the candidate WWTPs, namely 11 of the 18 plants (61%), had EC
values exceeding the recommended limit value of 200 mS m™!. All of the anaerobically digested
sludges, the combined aerobic and anaerobically digested sludges, and one of the aerobically
digested sludge had EC values that exceeded the 200 mS m™! threshold value. Six of the seven

waste-activated sludges, however, had EC values lower than the threshold level.
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Figure 3.3 Electrical conductivity values of 18 wastewater treatment plants around Gauteng,
South Africa

The EC of a solution indicates the amount of salts dissolved in it. An increase in the
concentration of salts in the soil solution negatively affects crop access to soil water by
increasing the osmotic strength of the soil solution. Such a decrease in the access to water by
crops results in a decline in stomatal opening and gas exchange by crops, leading to a reduction
in crop growth and final harvestable dry matter (Abdul Qados, 2011). Generally, the level and
types of negative impacts from high soluble salts added to the soil through irrigation depend

on the species of the dissolved salts. For instance, long-term application of irrigation water that
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is rich in sodium will cause soil sodicity, besides having a direct osmotic effect on the crop.
Soil sodicity causes detrimental effects to the soil structure, stability, and the soil hydraulic
properties (Levy et al., 2014). Such negative effects on the physical and chemical properties of

soil would ultimately lead to a decline in agricultural productivity.

Most of the wastewater sludges investigated in this study appeared to have high salinity, which
must be considered in agricultural land application. The only exceptions were sludges of
activated waste origin. Unless there is enough water to conduct leaching practices, using such

sludges in agricultural lands could compromise the sustainable use of the receiving soils.

Wastewater sludge pH
The pH of all the sludges under investigation was within the ranges prescribed for use in

agricultural lands (pH of 5.5 To 9.5) (Figure 3.4).
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Figure 3.4 pH (H20) of wastewater sludge from 18 wastewater treatment plants around
Gauteng, South Africa
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The pH of all sludges of activated waste origin showed little variation among them (6.21-6.9)
with an average value of 6.62, while sludges from other wastewater treatment origin showed

relatively higher variation.

The pH of irrigation water is crucial as it affects the pH of the soil in the long term. High and
low pH both cause nutritional disorders in crops because the availability of nutrients in the soil
for crop uptake is influenced by soil pH. Generally, soil pH ranges of 6.0-7.5 are considered
acceptable for most crops because most crop nutrients are available within these pH ranges.
Under acidic soil conditions of pH(H2O) less than 5, a deficiency of major nutrients such as P,
K, Ca, Mg, and N can be experienced by plants, while at high pH(H2O) of 8 and above, crops
can experience trace element deficiency such as Mn, B and Fe. The pH of all the sludges
investigated, however, was within the optimal range. In this case, pH may not be a limiting

factor for agricultural use of these sludges.

Wastewater sludge trace metal concentration
The National Water Act 36 of 1998 does not provide the trace metal concentration limits of

wastewater sludge used in agricultural lands. Therefore, in this study the authors used the South
African Sludge Guidelines for the Utilisation and Disposal of Wastewater Sludge (Snyman &
Herselman, 2006) to classify the wastewater sludges. Analytical results showed that except
wastewater from plant D (high in lead (Pb): pollutant class C), wastewater from plant F (high
in cadmium (Cd): pollutant class C), and wastewater from plants M and O (high in Pb: pollutant
class B), all others fell in the category of pollutant class A (Table 3.1). Sludges of pollutant
class A can be applied according to crop nutrient requirements without any limitation.
Therefore most of the sludges were feasible for use in agricultural lands in terms of their trace

metal concentration.
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Table 3.1 Trace metal concentration (dry mass basis) of wastewater sludge collected from 18
wastewater treatment plants around Gauteng, South Africa

Wastewater Pb Cr Zn Cd As Hg Cu Ni
treatment plant
name (code) mg kg'!

Anaerobically Digested

A 240.2 7317 452 1452 2136 184  0.74 350.56
B 260.7 4809  1.57 358 551 0.84 03  50.86
C 117.3 1223 191 381 3539 101 046 1044
D 1371.3 1092 1.61 265 826 086  2.08 138.53
E 69.3 1327 151 433 611 193 046 43.03
F 234.1 1334 192 I 292 098 027 11246
G 140.8 836.8 1045 541 13.71 081 029 76.54
Aerobically Digested
11.4 302 031 029 147 032  0.12 11.99
64.4 879 025 347 1.62 031 012 1846
Combined aerobically and anaerobically digested
J 384 4197 146 777 321 059 031 23225
K 1174 2963 428 527 777 0.75 031 110.72
Waste activated sludge

L 34.4 562 137 055 507 174 0.4 34.07
M 806.9 5058 059  0.68 8.08 461 025 385l
N 21.7 326 068 056 35 037 009 26.14
o) 634.2 7099 071  0.85 2448 285 031 162.05
P 98.6 388 056  1.02 192 049 0.1 28.42
Q 25.6 5497 282 096 286 035 0.17 7474
R 28.8 201 064 068 441 149 02 26.16

South African Sludge Guidelines pollutant class upper limits

Pollutant class A <300.0 <1200.0 <2800 <40.0 <40.0 <15.0 <I500 <420.0

Pollutant class B 300-840 1200-  2800- 40-85 40-75 15-  1500- 420
3000 7500 55 4300
Pollutant class C >840 >3000 >7500 >85 >75  >55  >4300  >420

NB. Red highlights indicate the concentration of the given element is very high (class C) and sludge of this
quality may not be used in agricultural practices

Yellow highlights indicate that the concentration of the given element is moderately high (class B) and the sludge
can only be used in agriculture if the soil analysis is favourable

3.3.4 Plant macro nutrients and organic matter composition of wastewater sludge

In this section the macro nutrients that are critical to crops and plants in general for their growth
and development are discussed. These elements include N, P, and K. Similarly, organic matter
is included as it plays a crucial role in facilitating soil health by improving the physical,

chemical and biological properties of a soil as a crop growth medium.
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3.3.5 Organic matter composition of wastewater sludge

The organic matter fraction of the total solids ranged from 33% to 79% (Figure 3.5). Most of
the WWTPs (17 of 18) had organic matter contents exceeding 50% of TS. The organic matter
content of sludges of waste-activated origin had generally higher organic matter (>66%) than

sludges that had undergone aerobic, anaerobic treatment methods and a combination of the

two.
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Figure 3.5 Organic matter composition of sludge from 18 wastewater treatment plants around
Gauteng, South Africa

Sludge as a source of organic matter (Xu et al., 2010) is generally considered a good soil
conditioner (Bell et al., 2004). The sludge from almost all WWTPs had above 50% organic
matter, indicating that they could serve as good soil ameliorants. The only exception was the
sludge from wastewater treatment H, which is mainly of industrial origin, and is very rich in
indecomposable inorganic minerals. This was proved after oxidation at high temperature in

furnace (550 °C) ashing, which yielded an ash content of 67%.
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3.3.6 Plant macro nutrients

The macro nutrients that are discussed in this section are N, K, and P. The nitrogen content of
the wastewater sludge ranged from 1.5% for wastewater treatment H to 6.8% for sludge from
wastewater treatment I (Figure 3.6). The N content of sludges of waste-activated origin showed
little variation (SD = 0.52) among the WWTPs, with an average value of 5.87%. Similarly,
sludges of combined aerobic and anaerobically digested origins had very little variation (SD =

0.14) between the treatment plants with average N contents of 4.1%.
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Figure 3.6 Total nitrogen content of sludge (%) from 18 wastewater treatment plants around
Gauteng, South Africa

The P fraction of the solids of the wastewater sludges varied from 1.26% to 3% (Figure 3.7).
Most of the WWTPs had P contents between 1.5% and 2.5%. The N : P ratio of crops is (8 : 1
to 10 : 1), so the N : P ratio of sludges is high (1 : 1 to 4 : 1). This implies that if wastewater is
applied based on crop N requirements, there will be excess P accumulation in the soil in the

long run.
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Figure 3.7 Total phosphorus content of sludge (%) from 18 wastewater treatment plants around

Gauteng, South Africa

Generally the K content of the candidate wastewater sludges was very low (0.15% to 1.5%)
(Figure 3.8) compared with both N and P. This is despite high crop K requirements, which are

similar to N. Sludges of anaerobically digested origin had relatively lower K content. In
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contrast, sludge of waste-activated origin had relatively higher K than others.
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Figure 3.8 Total potassium content of sludge (%) from 18 wastewater treatment plants around
Gauteng, South Africa

The critical factor that must be considered when using wastewater sludge for irrigation is the
amount of nutrients added with the water. If the amount of nutrient added with the sludge
exceeds the crop nutrient requirements, it would compromise environmental health and
sustainability because of excess nutrient accumulation, leaching, and losses to surface water
bodies with runoff. To get a broader picture of the environmental implications of applying
wastewater sludge according to crop water requirements, previous estimates of supplemental
irrigation water requirements for all South African provinces are used from the WRC report by
Schulze (1997) (Table 3.2). Assuming that crops are planted throughout the year (summer
(maize) and winter (barley)), the total nutrient requirements for both crops under irrigation
would be about 500 kg ha! N, 50 kg P, and 450 kg ha! K. If the sludge is applied according to
crop water requirements, the amount of N, P, and K added is 23, 126, and four times higher

than the crop requirements.
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Table 3.2 Provincial gross mean annual irrigation requirements (mm) and nitrogen,
phosphorus, potassium addition when wastewater sludge is applied according to crop water
requirements

Gross mean Gross addition of nutrients per hectare land

annual irrigation (kg)
Province requirement (mm) N P K
Limpopo 1616 14835 6561 2036
Mpumalanga 1187 10897 4819 1496
North West 1947 17873 7905 2453
Northern Cape 2225 20426 9034 2804
Gauteng 1418 13017 5757 1787
Free State 1565 14367 6354 1972
KwaZulu-Natal 1008 9253 4092 1270
Eastern Cape 1337 12274 5428 1685
Western Cape 1711 15707 6947 2156

NB. Computation of N, P, and K added with irrigation assumed 2% solid content, N sludge
content of 4.59%, P sludge content of 2.03%, and sludge K content of 0.63%

Source: Schulze (1997)

From this, we can deduce that wastewater sludge should not be applied according to crop water
requirements, but according to crop nutrient requirements. This computation assumes the mean
N value of 4.59%, P value of 2.03%, and K values of 0.63%, which is the mean value of all
WWTPs under investigation. Similarly, the computation assumes the mean wastewater sludge

solid content of 2%.

3.4 Conclusion

The pH of all wastewater sludges was within the acceptable ranges for use in agricultural lands
(pH20) of 5.5-9.5). Similarly, the trace metal contents of most sludges were below the
threshold values for use in agricultural lands. The only exceptions were two anaerobically
digested (pollutant class C) and another two activated sludges (pollutant class B). All of the
anaerobically digested sludges and the combined anaerobically-aerobically digested sludges
had exceptionally high salinity (EC), exceeding the threshold value of 200 mS m™!, making
them unfeasible for use in agricultural lands. Besides, these sludges had TSS values exceeding

the threshold value of 25 mg L. In contrast, almost all of the waste-activated sludges had EC
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and TSS levels of less than the threshold values. The problems associated with the effects of
high TSS on soil hydraulic conductivity, however, could be minimized by scheduled
intervention through cultivation. From the preliminary investigation it has been clearly
indicated that wastewater sludge application according to crop water requirements could lead
to excess nutrient application above crop nutrient demands, which would compromise
sustainability. Henceforth, wastewater liquid sludge should be applied according to crop

nutrient requirements.
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CHAPTER 4 - THE EFFECT OF WASTEWATER SLUDGE TREATMENT
PROCESSES AND DEWATERING ON THE FERTILIZER VALUE OF SLUDGE

4.1 Introduction

Sludge composition is influenced mainly by the source. Nevertheless, wastewater treatment
and post treatment dewatering/drying techniques can significantly alter organic matter
composition (Banegas et al., 2007; Fernandez et al., 2007) and C and N mineralization of
sludge (Gonzélez-Ubierna et al., 2013; Mattana et al., 2014), thus influencing the fertilizer
value of sludge. Despite this, there is little quantitative information available on the effects of
wastewater treatment methods, sludge drying time and depth on drying beds on the fertilizer

value and organic matter content and composition of sludge.
The objectives of this section of the report are:

a. To determine the effect of wastewater treatment (aerobic vs anaerobic digestion) on:

1. Sludge organic matter content and composition

ii.  Sludge N content and composition
b. To quantify the effect of sludge drying time and depth (thickness layer) on drying beds

on:

1. Sludge organic matter content and composition

ii.  Sludge nitrogen content and composition
c. To quantify the effects of wastewater treatment methods and drying techniques on the

N fertilizer value of sludge
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4.2 Materials and Methods

4.2.1 The effect of wastewater treatment processes on the nitrogen content, organic matter

content and composition of sludge

Sludge sampling and preparation

Two wastewater sludges of the same origin, but from different wastewater treatment methods
(aerobic digestion (AeD) vs. anaerobic digestion (AnBp)) were collected from a plant in the
Johannesburg area. The anaerobically digested sludge was produced through the conventional
mesophilic anaerobic process. The AnBp sludge was further treated with polymer to improve
compressibility and was dewatered using a belt press. The samples for the study were collected
when they were ready, after the belt press. The AeD sludge was collected from the clarifiers as
liquid sludge with 97% moisture content and was allowed to dry on drying beds, from which
the samples were collected for the study. Both sludges were allowed to dry at 40 °C over 24
hours to bring them to similar moisture content before application to the soil and analysis

thereafter.

The fertilizer value for the candidate sludge used in this study was estimated based on a
laboratory incubation experiment conducted at the University of Pretoria over 65 days. The
incubation was done using sandy loam Hutton soil, which was collected from ERWAT, near
Johannesburg. A parallel study on carbon dioxide evolution from similarly incubated soils was

conducted to determine the carbon decomposition rate of the sludge.

Soil-sludge mix incubation for N mineralization and P release

The incubation study was conducted in 1163 ¢cm® volume airtight containers at a constant
temperature room at 25 £ 1 °C. The amount of 100 g soil was mixed with the candidate sludge
to meet the current South African maximum sludge application limit of 10 t ha™! (Snyman &
Herselman, 2006a). The soil moisture was maintained at field capacity by adding distilled water

based on mass difference.

The carbon decomposition study was conducted in airtight 2000 cm? volume desiccators, where
100 g soil was also mixed with the candidate sludge to meet the current South African upper
sludge application limit of 10 t ha'. A zero control treatment, which did not receive sludge,
was included during the incubation study. The soil moisture was maintained at field capacity

by adding distilled water based on mass difference.
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The sludge and soil were mixed thoroughly at the commencement of the study. Both CO>
evolution and inorganic-N release analyses were conducted at similar time intervals during the
incubation study. The analyses intervals were set at days (d) 0, 1, 3, 7, 15, 30, 45, and 65. Both
N mineralization and CO; evolution experiments were aerated during sampling intervals for
the first seven days of incubation. After day 7, the N-mineralization experiment was opened
and weighed once a week and at sampling time to replenish water to field capacity, while the

CO; evolution set up was opened only at sampling time.

The cumulative amount of net N mineralized from sludge was calculated using Equation 1.
Nmin(net) = N(sludge amended soil) — [N(control)‘N(initial in sludge)] Equation 1
Where Nuinget) 1s net N mineralization at each sampling time.

The net-N mineralized was expressed in terms of net-N mineralized per unit organic C applied
(g kg'") and net-N mineralized per unit organic-N applied (g kg™!) using Equations 2 and 3,

respectively.

Net N mineralized(g)per kg soil

Npi er organic C applied) =
min(net) (p 9 pp ) Organic C added from sludge per kg soil

Equation 2

Net N mineralized (g)per kg soil

Npi er organic N applied) =
min(net) (p 9 pp ) Organic N added from sludge per kg soil

Equation 3

4.2.2 Effect of sludge drying depth on drying beds on the nitrogen content, organic matter

content and composition of wastewater sludge

Field experiment

A field trial was conducted at Vlakplaats plant, ERWAT, Gauteng to determine the effect of
sludge drying depth above drying beds on sludge N content, C content and organic matter
composition. Five drying depth treatments (5, 10, 15, 20, and 25 cm) with three replications
were laid out on the field in a completely randomized design. The experiment was conducted
for two seasons (autumn and winter) to represent two extreme climatic conditions (warm and
cold). The drying period per season was determined by the maximum number of days (drying

time) required to reach 90-95% solid. The sludge was poured to the desired drying depth into
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plastic containers (0.62 m long * 0.62 m wide * 0.38 m deep), which were dug into the soil to
mimic the concrete drying beds (Figure 4.1). The bases of the containers were perforated to
allow drainage of supernatant. The bottom of the containers were lined with geo-fabric to cover

the perforations to allow leaching of solution and retaining solids in the container. The leached

supernatant was captured by another container buried below the drying beds for analysis.

Figure 4.1 Plastic containers used to mimic concrete drying beds

Selected chemical properties of sludge used
The wastewater sewage sludge used for this study was obtained from Vlakplaats plant,
ERWAT. The sludge was anaerobically digested and can be categorized as class Ala. Selected

chemical properties of this sludge are presented in Table 4.1.

Table 4.1 Selected properties of the anaerobically digested liquid sludge used for this study
during the autumn and winter seasons
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Water

Season pH EC content  Total N  Total C  NO3 NH4
H>0 dS m! % mg kg!

Autumn  6.76 3.31 96.84 0.13 57.63 1065.00  605.00

Winter 6.83 3.33 96.40 0.14 57.90 524.00 342.00

Sampling during the drying period

During the sludge drying period, samples were collected regularly from the ‘drying beds’ for
targeted physical and chemical properties analysis. Samples were collected weekly for the first
three weeks, followed by every second week for the rest of the study period, until the
percentage solid concentration reached 90-95%. The samples were immediately placed in a
plastic container, sealed, placed in a mobile refrigerator, and transported to the University of
Pretoria. The temperature inside the mobile refrigerator was maintained at 4 °C. The samples
were transferred from the mobile refrigerator to a cold room and remained there until the

samples were analysed.

The moisture content of samples at every sampling interval (%) was determined immediately
on arrival at the university. Samples of 20 g mass from each treatment and replication were
weighed immediately on arrival (wet mass). The 20 g samples were then dried in an oven at a
temperature of 40 °C to a constant mass (dry mass). The moisture content of the sludge for

each sampling time was then estimated using Equation 4.

. [weight undried sample+container|—[weight dried sample+container
Moisture (%) = L lx 100

[weight undried sample+container|—weight empty container

Equation 4

4.2.3 Analytical methods

General analytical methods
Sludge samples were ground to pass through a 150 um screen and analysed for total C and N

using a Carlo Erba NA1500 C/N analyser (Carlo Erba Strumentazione, Milan, Italy). Sludge
samples were extracted in 1:5 ratio (sludge: solution) using 1 M KCI and were tested for
ammonium and nitrate with the Lachat autoanalyser (Lachat Quick Chem Systems, Milwaukee,

WI, USA).
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Both soil and sludge samples were analysed for pH and CEC following the standard procedures
presented in Non-affiliated Soil Analyses Work Committee (1990). Total P, Ca, Mg, P, K, Na,
Fe, Zn, Mn, Cu, Al, and B were determined after wet acid digestion using an inductively
coupled plasma optical emission spectrometer (ICP-OES) (SpectroFlame Modula; Spectro,

Kleve, Germany). Plant extractable soil P was analysed using the Bray-1 extraction method.

Organic matter fractionation
Sludge organic matter fractionation studies were conducted using the Van Soest method as

follows. Freeze-dried samples were extracted with petroleum ether using the Soxtec™ 2043
lipid extraction system to determine the fraction of lipids. The lipids extraction was followed
by estimation of the neutral detergent fibre (NDF) as described by Goering and Van Soest
(1970). The NDF solution was made up of sodium lauryl sulphate, disodium
ethylenediaminetetraacetate (EDTA) dehydrate, sodium borate decahydrate, disodium
hydrogen phosphate anhydrous, 2-ethoxyethanol (ethylene glycol monoethyl ether) purified
grade and distilled water. A freeze-dried sample (1 g) was placed in a 50 ml crucible and boiled
for 1 hour with 100 ml NDF solution at 100 °C. After boiling, the solvent was filtered through
the crucible and the residues that remained in it were oven dried at 60 °C and not ashed.

Extraction of NDF was conducted using the Fibertec™ 2010 Auto Fiber Analysis System.

The NDF extraction was followed by acid detergent fibre (ADF) extraction as described by
Goering and Van Soest (1970). The ADF solution was made up of cetyltrimethyl ammonium
bromide (CTAB) and 1 N H2SO4. One gram of freeze-dried sample, milled to pass a 1-mm
sieve, was placed in 50 ml crucible and boiled for 1 hour with 100 ml ADF solution at 100 °C.
After boiling, the solvent was filtered through the crucible and the residues were oven dried at
60 °C and not ashed. Extraction of ADF was conducted using the Fibertec™ 2010 Auto Fiber

Analysis System.

Finally, acid detergent lignin (ADL) was determined as reported by Goering and Van Soest
(1970). This procedure is a two-step process. Initially the dried residue from the ADF
extraction was treated with 72% sulphuric acid for 3 hours at room temperature. The 72%
sulphuric acid digested sample was filtered through the crucible, and the residues that remained
in the crucible were oven dried at 60 °C and weighed before ashing. This is followed by ashing
of the dried residue. Similar to the NDF and ADF, extraction of ADL was conducted using the
Fibertec™ 2010 Auto Fiber Analysis System.

45



Fractions of the neutral detergent soluble fraction (Equation 5), hemicellulose (Equation 6),

cellulose (Equation 7) and lignified fraction (Equation 8) were calculated as follows:

Soluble compounds fraction (SOL) = original mass — NDF- lipids fraction

Equation 5

Hemicellulose (Hem) = NDF - ADF Equation 6
Cellulose (Cel) = ADF - 72 % H2SO4 Equation 7
Lignified fraction (Lign) = 72 % H2SO4 - Ash Equation 8

4.3 Results and Discussion

4.3.1 Effect of wastewater treatment and dewatering techniques on the nitrogen,
phosphorus, organic matter content and composition of sludge

Despite having the same wastewater source, the aerobically digested sludge dried in beds to a
moisture content of 20% had 14% higher total N than the anaerobically digested belt-pressed
sludge (Figure 4.1). The inorganic-N fraction accounted for less than 1% of the total N.
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Figure 4.2 Total nitrogen and inorganic-N (NH4, NO3-N, and NO;-N) of wastewater sludge of
the same origin but treated and dried by either anaerobic digested polymerized and belt-press
dried (AnBp) and aerobically digested paddy dried (AeD)

Generally, the N content of the aerobically digested sludge (6.04%) from this study was within
the ranges reported by Rigby et al. (2016) for sludges that underwent similar treatment
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processes (4.8-8.5% liquid; 4.0-6.2% for dewatered and dried in beds). Similarly, the N
content of the anaerobically digested belt-pressed sludge (5.15%) was within the ranges
reported for sludges that underwent similar processes (4.3—15% liquid; and 2.2-6.3% for
dewatered, belt-pressed and drying beds), as reported by Rigby et al. (2016). The inorganic-N
fractions of both aerobically digested and anaerobically digested belt-pressed municipal
sludges (<0.02% of the total N) were very low compared with the values reported for municipal
sludges that underwent similar sludge treatment processes, as reported by Rigby et al. (2016)
(>0.4%). Thus a larger proportion (>99%) by mass of the total N was organic and has to be
mineralized before it can be used by plants. The rate at which this organic-N is released per kg
of sludge or organic-N applied, however, is influenced by the organic matter composition of

the sludge.

Similar to total N, the organic matter content of the aerobically digested sludge (50%) was
slightly higher than that of the anaerobically digested, belt-pressed sludge (46%) (Figure 4.2a).
A larger proportion of the organic matter was dominated by soluble compounds followed by
hemicellulose (Figure 4.2b), while the lipids accounted for about 1% of the total organic matter

for both sludge types.

The soluble fraction accounted for more than 70% of the total sludge organic matter for both
sludge types, which is in agreement with previous studies (Parnaudeau et al., 2004; Zhao et al.,
2011; Tesfamariam et al. (in press)). The fraction of soluble compounds for anaerobically
digested belt-pressed sludge (74.5%) was similar to that of aerobically digested sludge of the
same origin (72.3%). Hence, the treatment and dewatering techniques had little effect on the
organic matter composition of the sludge. Nonetheless, it had a slight effect on the total organic

matter content of the sludge.
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Figure 4.3 Organic matter content (a) and organic matter composition fractions (b) of
wastewater sludge of the same origin but treated and dried by either anaerobic digested
polymerized and belt-press dried (AnBp) and aerobically digested paddy dried (AeD)

Unlike the total N and organic matter content, the total P (Figure 4.4a) and the plant available
P (Bray-1P) (Figure 4.4b) of the aerobically digested sludge were lower than those of the

anaerobically digested belt-pressed sludge. The plant available fraction (Bray-1P) accounted
for less than 1% of the total P.
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Figure 4.4 Total phosphorus content (%) (a) and plant available (Bray-1P) (mg kg!) (b) of
wastewater sludge of the same origin but different treatment and dewatering techniques
(anaerobic digested polymerized and belt-press dried (AnBp) versus aerobically digested
paddy dried (AeD))

Generally, the P content of the candidate sludges was within the ranges of 1.5% to 3.5% (dry
weight basis) reported by Sullivan et al. (2007). Despite having the same origin, the AnBp had
slightly higher total and plant available P. This is probably attributed to the adsorption of some
of the P ions by the polymers added to the AnBp, compared with the AeD sludge, which might
have leached some of the ions with the water during the drying process. Such leaching losses

would have environmental implications if continued.
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4.3.2 Effect of sludge drying depth on drying beds on the nitrogen content, organic matter

content and composition of wastewater sludge

Nitrogen content of wastewater sludge as affected by sludge drying depth on drying beds
The total N content of wastewater sludge was highest for the 10-cm drying depth both during
autumn (3.53%) and winter (3.72%) seasons (Figure 4.5). In contrast, the lowest total N content
was recorded for the sludge drying depth of 25 cm during both autumn (2.62%) and winter
(2.65%). The inorganic fraction of the total N accounted for 8% to 10% of the total N.
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Figure 4.5 Nitrogen content of anaerobically digested wastewater sludge as affected by sludge
drying depth (thickness) on drying beds

Total N was highest for the 10 cm drying depth, followed by 15 cm and 5 cm drying depths,
while thicker drying depths of 20 and 25 cm resulted in lower total N content by the end of the
drying period. These findings agree with those of Malobane (2014), who reported higher total
N content from shallow drying depths. The lower total N content recorded at 20 and 25 cm
depths probably has two reasons: a) enhanced NH3 volatilization; and b) denitrification losses
from the middle to lower sections of the drying beds, which remained quite wet for longer

during the drying process.
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Organic matter content and composition of wastewater sludge as affected by sludge drying
depth on drying beds

At 10% moisture level, sludge dried at 10 cm drying depth had the highest total C (42% in
autumn and 49% in winter) (Figure 4.6a), while the lowest total C was recorded for the 15, 20
and 25 cm drying depths (35%) in autumn and for the 25 cm drying depth in winter (33%). A
larger proportion of the sludge organic matter was in the form of soluble organic fraction (75%-
80%), followed by lipids (10%-15%), and lignin (6%-8%) (Figure 4.6b). Hemicellulose and
cellulose together contributed to less than 4% of the total organic matter composition at all

drying depths.

60.0 a

50.0

< %

© 300

8

o

= 200
10.0
0.0

autumn winter autumn winter autumn winter autumn winter autumn winter

5cm 10cm 15cm 20cm 25cm

Sludge drying thickness (depth) on beds (cm)

100% b
90%
80%
70%
60% M Lign
50% H Cell
40% W Hemi
30% .
20% HLip
10% m Sol

0%

10cm 15cm 20cm 25cm
Depth (cm)

Organic compound fractions (%)

Figure 4.6 Total carbon content (a) and organic matter composition (b) of anaerobically
digested wastewater sludge as affected by sludge drying depth on drying beds

Sol: soluble organic compounds; Lip: lipids; Hemi: hemicellulose; Cell: cellulose; Lign:
lignified fraction
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Generally the total carbon (oven dry mass basis) of the dried sludge was 50% lower than the
initial liquid sludge. This was attributed mainly to the loss of carbon in the form of CO; through
organic matter decomposition during the drying process. It was also apparent that sludge total
C content at 10% moisture level was significantly higher for the 5 and 10 cm drying depths
than the 15, 20, and 25 cm drying depths. This is in agreement with previous studies that
reported a decrease in C content as time progressed during sludge composting (Nayak et al.,
2013). Microbes use C as the source of energy during organic matter breakdown (Leslie &
Lim, 1980), thus leading to the decline of C from the substrate. In general, the organic matter
composition of sludge did not show noticeable differences between drying depths, though there
were some slight differences. Soluble organic compounds, which were dominant, play a key
role in N mineralization and C decomposition of organic matter (Alexandra & José, 2005). The
reported higher proportion of soluble compounds is in agreement with previous findings by

Parnaudeau et al. (2004); Mottet et al. (2010); Zhoa et al. (2011); and Malobane (2014).

4.3.3 Effect of wastewater treatment and drying techniques on the nitrogen fertilizer value
of sludge

There was huge variation in the organic-N content of sludges from 1.93% for anaerobically
digested sludge (dried in concrete beds, collected from hips) to 4.93% for activated sludge
dried in concrete beds in thicknesses of less than 10 cm (Table 4.2). Similarly the N
mineralization varied between 22% for anaerobically digested sludge and 59% for aerobically
digested sludge. Generally, the data show that N mineralization increased with an increase in
total organic-N. Such a general trend of a rise in N mineralization with an increase in the N
content of a sludge implies an improvement in the fertilizer value of a sludge. Therefore,
WWTPs and dewatering techniques that enhance the N content of a sludge improve the N

fertilizer value of the sludge.
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Table 4.2 Nitrogen mineralization studies of anaerobically digested sludge under controlled temperature and moisture conditions

Treatment Additional ~ Solids  Incubation Organic  Organic  Mineraliza
Sludge origin ~ Study site  process Drying technique  treatment (%) period (days) C (%) N (%) tion (%) Reference
Vlakplaats, University Anaerobic digestion Drying bed 50 56 11.6 1.93 26.2 Nobela
Gauteng, SA of Pretoria (probably collected from (2011)
hips)

Vlakplaats, University Drying bed 95 100 24.8 2.78 313 Malobane
Gauteng, SA of Pretoria Anaerobic digestion (2014)
Fort Worth, TX, Arkansas, Lime Gilmour et
USA USA Anaerobic digestion Belt filter press stabilized 24 75 23 2.88 28 al. (2003)
Springdale, AR,  Arkansas, Gilmour et
USA USA Anaerobic digestion Belt filter press 12 75 32 5.36 39 al. (2003)
Trinity River Arkansas, Lime Gilmour et
Authority, TX, USA Primary-secondary Belt filter press stabilized 45 75 27.1 2.4 22 al. (2003)
USA anaerobic digestion
Baltimore, MD,  Arkansas, Gilmour et
USA USA Anaerobic digestion Heat dried 97 75 30.5 4.24 30 al. (2003)
Dewitt, MI, Michigan, Rotating biological, Gilmour et
USA USA anaerobic digestion 23 75 29 3.72 34 al. (2003)
Baltimore, MD,  Michigan, Gilmour et
USA USA Anaerobic digestion Heat dried 97 75 30.5 4.24 22 al. (2003)
Mason, MI, Michigan, Primary-secondary Gilmour et
USA USA anaerobic digestion 45 75 27.6 3.58 28 al. (2003)
Tacoma, WA, Tacoma, Aerobic-anaerobic Belt filter press 25 75 32.5 3.73 33 Gilmour et
USA WA, USA thermophilic digestion al. (2003)
Chelan, WA, Tacoma, Anaerobic digestion Drying bed 96 75 31.1 4.5 31 Gilmour et
USA WA, USA al. (2003)
Ellensburg, Tacoma, Anaerobic digestion Drying bed 94 75 29 3.84 45 Gilmour et
WA, USA WA, USA al. (2003)
Rock Creek, Tacoma, Anaerobic digestion Belt filter press 17 75 27.1 3.82 40 Gilmour et
OR, USA WA, USA al. (2003)
Stayton, OR, Tacoma, Aerobic digestion Belt filter press Lime 42 75 25.7 3.88 59 Gilmour et
USA WA, USA stabilized al. (2003)
Ekurhuleni, University Activated sludge Drying bed (<10 cm 95 100 29.7 4.93 47.5 Malobane
Gauteng, SA of Pretoria drying depth) (2014)
UK University Thermally hydrolysed Belt filter press 50 100 18.1 2.83 36.6 Malobane

of Pretoria sludge (2014)
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4.4 Conclusion

Wastewater sludge treatment and dewatering techniques affect the nitrogen content of sludge,
thus influencing its fertilizer value. Sludge dried in thin layers of 10 to 15 cm thickness have
higher total N and N fertilizer value than sludge dried in thick layers of 20 cm and higher. The
final decision on the choice of sludge drying thickness on drying beds, however, depends on
other factors, including the availability of land for drying and ease of sludge collection from

drying beds.
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CHAPTER 5 - NITROGEN FERTILIZER VALUE OF SLUDGE

5.1 Introduction

The amount of organic-N that can be mineralized and become readily available for plant uptake
is dictated by the type of sludge, sludge treatment method, type and level of drying (Rigby et
al. 2016) and weather (mainly rainfall and temperature) (Ogbazgi et al., 2016). Therefore,
quantitative understanding of the N dynamics under this matrix is crucial for sustainable use
of wastewater sludge in agricultural lands. Besides, crops have varying nutrient requirements.
Generally the application rate of commercial inorganic fertilizers is determined by the crop
nutrient requirements (crop specific) and the prevailing climate, mainly rainfall, and the
availability of supplemental irrigation. The Fertilizer Society of South Africa developed a
handbook to guide fertilizer advisors and farmers (FSSA, 2007). It is therefore of utmost
importance to synchronize the South African Sludge Guidelines for Beneficial Land
Application (2006) with the South African Fertilizer Handbook (2007) to enhance agricultural
productivity, while minimizing negative environmental impacts from nitrate leaching and

phosphorus accumulation.

The objective of this section of the report is to develop an Addendum to refine the current

South African Sludge Guidelines Volume 2 of 5 (2006).

To achieve the stated objective, the following methodology was used.

5.2 Materials and Methods

This addendum was developed based on model simulations using a calibrated computer (SWB-
Sci) model. The model was calibrated and validated with field experimental studies
(Testamariam et al., 2015) and used to test various hypotheses on sludge application across
South African agro-ecological zones (Ogbazghi et al., 2016). To generate the data needed to
develop this addendum, controlled incubation studies from South Africa and the USA, which
are presented in Table 4.2, were used to calibrate the model. The calibrated model was used to
run scenario simulations across South African agro-ecological zones to assess N mineralization
rates during the first five to six years following a once-off sludge land application (10 t ha™).
Such simulations were conducted for each representative site using sludges of varying N
contents. From these simulations, the effect of initial sludge N content on the six-year

cumulative N mineralization rate was evaluated.
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Once the effect of sludge N content on N mineralization rate had been established, scenario
simulations on N mineralization were conducted for five of the six South African agro-
ecological zones (arid, semi-arid, sub-humid, humid, and super-humid) under both rain-fed and
irrigated farming systems. Finally, the N mineralization rates established from the scenario
simulations were used to establish the sludge application rates according to crop N
requirements for the main crops grown in various regions of South Africa as stipulated in the

South African Fertilizer Handbook (FSSA, 2007).

5.3 Results and Discussion

5.3.1 Nitrogen mineralization

Sludge N release rates varied among sludge treatment methods and dewatering techniques.
Besides this, sludge stockpiling (storage) time plays significant role in determining its N
fertilizer value. Although many sludge mineralization studies have been conducted under
controlled temperature and soil water conditions around the globe, most lack detailed
information about the sludge treatment processes and sludge moisture content at time of
incubation, while others do not present detailed information on the methodology. In this report,
only sludge mineralization studies with detailed information about the sludge treatment and
dewatering techniques and the methodologies for the incubation studies (Table 4.2) are
considered. It was apparent that N mineralization from anaerobically digested municipal sludge
under controlled temperature (25 °C) and moisture conditions varied between 22% and 59%
(Table 4.2). This variation seemed to have a very strong positive correlation (r> = 0.92) with
the solid content of the sludge (Figure 5.1). This correlation, however, did not include data
from two sites (Tacoma, WA, USA and Steyton, OR, USA), which drastically lowered the
coefficient of correlation. The best fit correlation equation, which was able to predict N

mineralization based on the solid percentage, was Harris model Equation 5.1

1 .
Niin = (—1.03+1.05(Solidy,)549) Equation 5.1

Another correlation was established between organic-N and N mineralization. The relationship
between organic-N and N mineralization was promising, with good correlation coefficient
(12 = 0.85) (Figure 5.2). This relationship was best expressed with an exponential association

equation (Equation 5.2).
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Ninin = 37.72(1 — e~ -529%0r9.-Nor)) Equation 5.2

Where Nuin 1s nitrogen mineralization; Org N% is organic-N content of sludge in percentage
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Figure 5.2 Nitrogen mineralization as a function of sludge organic nitrogen content
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For this report, the correlation between organic-N and N mineralization was preferred to the
solid percentage versus mineralization function, mainly because the latter is influenced by post-

treatment sludge water content changes because of rain, which is often the case.

5.3.2 Sludge nitrogen mineralization across South African agro-ecological zones

The effect of rainfall on annual and cumulative nitrogen mineralization
Previous model simulations on nitrogen mineralization across South African agro-ecological

zones have shown that besides sludge properties (source, treatment processes and drying
techniques), N mineralization is influenced by climatic factors (Ogbazgi et al., 2016). In this
report further simulation was conducted to investigate the amount of N mineralized per year
during the next five consecutive years from a single sludge application. This was tested for
representative sites from each of the five South African agro-ecological zones during low,
average, and high rainfall years. The model simulation results show that the overall (cumulative
of six years) N mineralization in arid areas remained similar (40% of organic-N mineralized in

6 years) regardless of the amount of rainfall at the time of sludge application (Figure 5.3).

Arid Springbok

N mineralizaton (kg)

Low rainfall Average rain ‘ High rain ‘

2006 |
2007
2008
2009
2010
2011

Figure 5.3 Nitrogen mineralization from sludge-amended sandy clay loam soil applied at a rate
of 10 tha! (organic-N content of sludge = 2.78%) in the arid agro-ecological zone of Springbok

This was mainly because the N that was not mineralized during the low rainfall year (residual
organic-N) at the time of application was mineralized in the years that followed. The only

difference observed was during the first year of application, when the N mineralization in a
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relatively higher rainfall season was about 4% higher than in the low rainfall season. The
percentages of N mineralization during the first year of sludge application were 23%, 25%, and
27% of the organic-N applied during the low (131 mm), average (225 mm), and high (304 mm)
rainfall years, respectively. Mineralization from residual organic-N in the second year after
sludge application decreased to 7% (low rainfall), 8% (average rainfall), and 8% (high rainfall).
On the third year, nitrogen mineralization from residual organic-N was 6% (low rainfall), 4%
(average rainfall), and 6% (high rainfall). In the fourth, fifth, and sixth years, nitrogen

mineralization from the residual organic-N decreased to 4% and below for all.

In the semi-arid area of Polokwane, the cumulative N mineralization during the first six
consecutive years, after a single 10 t ha™ sludge application, was 42% during the low rainfall
year (223 mm), 45% during the average rainfall year (388 mm), and 47% during the high
rainfall year (513 mm) (Figure 5.4). The main difference between the years occurred in the first

year of application (26% low rainfall, 29% average rainfall and 31% high rainfall).

Semi-arid Polokwane
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Figure 5.4 Nitrogen mineralization from sludge amended sandy clay loam soil applied at a rate
of 10 t ha'! (organic-N content of sludge = 2.78%) in the semi-arid agro-ecological zone of
Polokwane

In the sub-humid area of Johannesburg, the cumulative N mineralization within six years after
a single sludge application of 10 t ha™! was 43% (low rainfall), 52% (average rainfall), and 62%
(high rainfall) of the organic-N applied (Figure 5.5). The major difference in N mineralization
between the years occurred during the first year of application (28% low rainfall; 32% average
rainfall; 36% high rainfall) and second year of application (9% low rainfall; 13% average

rainfall; 14% high rainfall).
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Sub-humid Johannesburg

[\ I )
o o O

N mineralizaton (kg)

(e}

Low rainfall (488mm) Average rain (808mm) ‘ High rain (1008mm) ‘

2006
2007
2008
2009
2010
2011

Figure 5.5 Nitrogen mineralization from anaerobically digested sludge-amended sandy clay
loam soil applied at a rate of 10 t ha™! (organic-N content of sludge = 2.78%) in the sub-humid
agro-ecological zone of Johannesburg

In the humid zone of Durban, cumulative N mineralization within six consecutive years of a
single sludge application rate of 10 t ha! was 51%, 57%, and 64% when rainfall during the
sludge application year was low, average, and high, respectively (Figure 5.6). Nitrogen
mineralization during the first year of application was 36% (low and average rainfall years)
and 39% (high rainfall year). Mineralization from residual organic nitrogen in the second and
third years after sludge application was 11% and 6% (low rainfall), 17% and 9% (average
rainfall), and 23% and 10% (high rainfall), respectively.

Cumulative nitrogen mineralization from six consecutive years following a single 10 t ha™!
sludge application on a sandy clay loam soil in the super-humid area of Nelspruit was 55%,
68%, and 73%, when sludge was applied during low, average, and high rainfall seasons,
respectively (Figure 5.7). More than 40% of the organic-N was mineralized in the first year of

application when sludge was applied during the average and high rainfall seasons.
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Figure 5.6 Nitrogen mineralization from anaerobically digested sludge-amended sandy clay
loam soil applied at a rate of 10 t ha™! (organic-N content of sludge = 2.78%) in the humid agro-
ecological zone of Durban
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Figure 5.7 Nitrogen mineralization from anaerobically digested sludge amended sandy clay
loam soil applied at a rate of 10 t ha™! (organic-N content of sludge = 2.78%) in the super-
humid agro-ecological zone of Nelspruit

Mean cumulative N mineralization across agro-ecological zones varied linearly with the
increment in rainfall from 40% in the arid areas to 65% in the super-humid zone of Nelspruit.

Generally N mineralization from the average rainfall year was similar to the average of the low
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and high rainfall years in most cases. This is in agreement with the findings of Ogbazghi (2016),
who reported that, except for the exceptionally low rainfall anomalous year, N mineralization
remained similar to the average N mineralization for all study years. Therefore, the average
rainfall year is used in the next section to evaluate the effect of sludge organic-N content on
annual N mineralization across representative cities in five of the six South African agro-

ecological zones.

5.3.3 The effect of sludge organic nitrogen content on nitrogen mineralization rate across
South African agro-ecological zones

Scenario simulations were run using the SWB-Sci model to investigate the effect of sludge
organic-N content on the N mineralization of sludges for representative sites in five of the six
South African agro-ecological zones. The five agro-ecological zones are arid, semi-arid, sub-

humid, humid and super-humid.

The effect of sludge organic-N content on N mineralization rate in the arid agro-ecological
zone of South Africa
Under rain-fed conditions, N mineralization during the first year of application in the arid zone

(Springbok) was lowest (20%) for the sludge with 2% organic-N. As the sludge organic-N
content increased to 4%, nitrogen mineralization also increased gradually to 30% (Figure 5.8).
Further increase in sludge organic-N content above 4% fluctuated between 30% and 33%
mineralization, indicating that it had reached the maximum possible mineralization rate under
the prevailing climatic conditions. The trend in N mineralization observed during the first year
of sludge application was better expressed using an exponential association equation. The six-
year cumulative N mineralization from a single 10 t ha™! sludge application, however, remained
similar among the sludges of varying organic-N content. The only exception was the
mineralization rate from the sludge with 2% organic-N content, which had slightly lower
mineralization (39.6%) than the rest (41-44%). From this, it can be deduced that in the arid
zone of South Africa, a single cumulative N mineralization rate of 42% could be used to
determine the amount of N released from anaerobically digested sludge under rain-fed farming

in a land that has received sludge for more than 5 to 6 years.
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Figure 5.8 Six year cumulative nitrogen mineralization from a single 10 t ha™! anaerobically
digested sludge application in the arid region of Springbok under rain-fed farming

*Sludge with varying organic-N contents

Similar to the rain-fed system, N mineralization during the first year of application under
irrigation showed a gradual increment as the sludge organic-N increased from 2% (23%
mineralization) to 4% (36% mineralization) (Figure 5.9). The trend in N mineralization from
sludges with organic-N content exceeding 4%, however, remained almost constant. The mean
cumulative N mineralization under irrigated conditions was 47.6%. Cumulative nitrogen
mineralization was generally higher under irrigated conditions (45% to 50%) compared with a
rain-fed (39.6% to 44%) system. This is mainly due to the enhanced availability of water, which
created an environment that was conducive to microbial activity to decompose more organic
matter per unit time. Similar to the rain-fed system, it can be deduced that in the arid zone of
South Africa, a single cumulative N mineralization rate of 48% could be used to determine the
amount of N released from anaerobically digested sludge under irrigated farming in a land that

has received sludge for more than 5 to 6 years.
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Figure 5.9 Six year cumulative nitrogen mineralization from a single 10 t ha™' anaerobically
digested sludge application in the arid region of Springbok under irrigated farming

*Sludge with varying organic-N contents

The effect of sludge organic-N content on N mineralization rate in the semi-arid agro-
ecological zone of South Africa
For this study, the city of Polokwane was selected to represent the semi-arid agro-ecological

zone mainly because of the availability of long-term weather data for the city. Nitrogen
mineralization during the first year of application gradually increased from 23% for sludge
organic-N content of 2% to 34% for sludge organic-N content of 4% (Figure 5.10). Further
increase in sludge organic-N content above 4%, however, did not show an increment in N
mineralization rates. The seven-year cumulative N mineralization rate following a single 10 t
ha! sludge application varied from 43% for the sludge with 2% organic-N to 50% for the sludge
with 4% organic-N. Except for the sludge with organic-N content of 2%, N mineralization from
sludges with higher organic-N contents varied between 46% for sludge with 5.5% organic-N

and 50% for sludge with organic-N content of 4%.
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Figure 5.10 Seven year cumulative nitrogen mineralization from a single 10 t ha™! anaerobically
digested sludge application in the semi-arid region of Polokwane under a rain-fed farming

*Sludge with varying organic-N contents

Similar to the rain-fed system, N mineralization in the first year of sludge application gradually
increased from 25% for the sludge with 2% organic-N content to 39% for the sludge with 4%
organic-N (Figure 5.11). The cumulative N mineralization at the end of the seventh year varied
between 55% for the sludge with organic-N content of 2% and 63% for the sludge with organic-
N content of 4%. The mean cumulative N mineralization was 47% under rain-fed and 59%

under irrigation.
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Figure 5.11 Seven year cumulative nitrogen mineralization from a single 10 t ha™! anaerobically
digested sludge application in the semi-arid region of Polokwane under irrigated farming.

*Sludge with varying organic-N contents

The effect of sludge organic-N content on N mineralization rate in the sub-humid agro-
ecological zone of South Africa
Seven years cumulative nitrogen mineralization under rain-fed conditions in the sub-humid

zone of Johannesburg area ranged from 49% for a sludge with 2% organic-N to 58% for a
sludge with organic-N content of 4% (Figure 5.12). The mean cumulative N mineralization
under a rain-fed system was 55%. Nitrogen mineralization during the first year of application

followed similar trends to that of the arid and semi-arid areas.

Cumulative N mineralization (7 years) under irrigation (Figure 5.13) was generally higher than
rain-fed systems (60% for a sludge with 2% organic-N to 70% for a sludge with organic-N
content of 4%) (Figure 5.12). The mean cumulative N mineralization rate under irrigated

systems in the sub-humid zone of Johannesburg was 67%.
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Figure 5.12 Seven year cumulative nitrogen mineralization from a single 10 t ha! anaerobically
digested sludge application in the sub-humid region of Johannesburg under rain-fed farming

*Sludge with varying organic-N contents
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Figure 5.13 Seven year cumulative nitrogen mineralization from a single 10 t ha! anaerobically
digested sludge application in the sub-humid region of Johannesburg under irrigated farming
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*Sludge with varying organic-N contents

The effect of sludge organic-N content on N mineralization from sludge amended soils in
the humid agro-ecological zone of South Africa
Cumulative (7 years) N mineralization under rain-fed conditions in the sub-humid zone of

Durban area varied between 54% for a sludge with an organic-N content of 2% to 60% for a
sludge with organic-N content of 4% (Figure 5.14). The mean cumulative N mineralization
rate under rain-fed systems in this agro-ecological zone was 58%. Similar to the other agro-
ecological zones, cumulative N mineralization rate during the first year of sludge application
in the humid zone of Durban increased from 26% for a sludge with organic-N content of 2%

to 40% for a sludge with organic-N content of 4%.

Rain-fed
BYear ] WmYear2 mYear3 ®mYear4 M Year5 mYear 6 W Year7
100 -~
90 -
80 -
70 -
60 - =

50 -
40 -
30 -
20 -
10

Nitrogen mineralization (%)

.0% .5% .0% 35% 4.0% 45% 5.0% 55% 6.0%
Sludge organic-N content (%)

==
I

Figure 5.14 Seven year cumulative nitrogen mineralization from a single 10 t ha! anaerobically
digested sludge application in the humid zone of Durban under rain-fed farming

*Sludge with varying organic-N contents

Cumulative (7 years) N mineralization from single 10 t ha! sludge application under irrigation
varied between 68% for sludge with organic-N content of 2% to 75% for a sludge with organic-
N content of 4% (Figure 5.15). The mean cumulative N mineralization rate under irrigation in

the humid zone of Durban was 73%.
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Figure 5.15 Seven year cumulative nitrogen mineralization from a single 10 t ha! anaerobically
digested sludge application in the humid zone of Durban under irrigated farming

*Sludge with varying organic-N contents

The effect of sludge organic-N content on N mineralization from sludge-amended soils in
the super-humid agro-ecological zone of South Africa
Cumulative (7 years) N mineralization from a single 10 t ha"! sludge application under rain-fed

farming in the super-humid agro-ecological zone of Nelspruit ranged from 64% for a sludge
with 2% organic-N content to 72% for a sludge with an organic-N content of 4% (Figure 5.16).
Similar to other agro-ecological zones, N mineralization during the first year of sludge
application showed a gradual increment from 30% to 47% as the sludge organic-N content

increased from 2% to 4%.

Cumulative N mineralization under irrigation in the super-humid zone of Nelspruit varied
between 83% for a sludge with organic-N content of 2% and 92% for a sludge with organic-N
content of 4% (Figure 5.17). The mean cumulative N mineralization in this agro-ecosystem

under irrigation was 88%.

69



Rain-fed

BmYecar1 Mycar2 MYear3 ™ Year4

100 -
90 -
80 A
70 1

= - = = =
60 -
50 4
40 -
30 -
20 -
10 -
0 - . . . . . . . .

20% 25% 3.0% 35% 40% 45% 50% 55% 6.0%
Sludge organic-N content (%)

Nitrogen mineralization (%)

Figure 5.16 Seven year cumulative nitrogen mineralization from a single 10 t ha! anaerobically
digested sludge application in the super-humid zone of Nelspruit under rain-fed farming

*Sludge with varying organic-N contents
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Figure 5.17 Seven years of cumulative nitrogen mineralization from a single 10 t ha’
anaerobically digested sludge application in the super-humid zone of Nelspruit under irrigated
farming

*Sludge with varying organic-N contents
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5.3.4 Summary of nitrogen mineralization from sludge amended soils

Model simulation results of N mineralization from anaerobically digested sludge for five of the
six South African agro-ecological zones are summarized in Table 5.1. This table presents
expected cumulative N mineralization from anaerobically digested sludge applied to a land for
more than five years. For lands receiving sludge for the first, second and third time, the

expected mineralization rates are presented in Table 5.2.

Table 5.1 Annual nitrogen mineralization of anaerobically digested sludge from lands that
received sludge for more than six years

Agro-ecological Representative  Farming N mineralization N release (kg N
zone site system (%) per ton sludge)
Rain-fed 42 Y =4.19 * No
Arid Springbok Irrigated 48 Y =4.76 * No
Rain-fed 47 Y =4.75* No
Semi-arid Polokwane Irrigated 59 Y =5.90 * No
Rain-fed 55 Y =5.55*No
Sub-humid Johannesburg Irrigated 67 Y =6.69 * No
Rain-fed 58 Y =5.76 * No
Humid Durban Irrigated 73 Y =7.28 * No
Rain-fed 70 Y =6.82 * No
Super-humid Nelspruit Irrigated 88 Y =8.67 * No

‘Y’ in the linear equation presented on the fifth column of Table 5.1 represents the amount of N (kg)

mineralized from a ton of sludge

e  ‘Np’ in the linear equation presented on the fifth column is the organic-N content of sludge used in

percentage
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Table 5.2 Annual nitrogen mineralization from soils amended with sludge for their first, second, and/or third year of application

Agro- N mineralization per year N release (kg N per ton sludge)

ecological Representative ~ Farming (%)

zone site system Year1 Year2  Year3 Year 1 Year 2 Year 3
Rain-fed 30 5 3 Y=(3.72%No)—2.61 Y=(021*No)+1.12 Y =(0.104 * No) + 0.66

Arid Springbok Irrigated 33 6 3 Y=(422%No)—3.11  Y=(026%No)+1.17 Y =(0.12 * No) + 0.74
Rain-fed 32 7 4 Y =(3.88%No)—2.50 Y =(0.44*No)+0.74 Y =(0.28 * No) + 0.56

Semi-arid Polokwane Irrigated 36 10 6 Y =(4.49 *No)—3.09  Y=(0.93 *No)+043 Y =(0.27 *No)+ 1.13
Rain-fed 33 7 7 Y =(420*No)—3.23 Y =(0.58*Np)+0.47 Y =(0.56*No)+0.35

Sub-humid ~ Johannesburg  Irrigated 37 10 9 Y =(475%No)-3.83 Y =(0.96*No)+024 Y =(0.72*No)+0.72
Rain-fed 37 11 4 Y =(4.60 *No)—3.08 Y =(0.88*No)+0.60 Y =(0.16*No)+0.99

Humid Durban Irrigated 44 15 6 Y=(5.62*No)-424 Y=(1.30*No)+0.85 Y =(0.18 * No) + 1.50
Rain-fed 44 12 6 Y =(5.60 *No)—4.14  Y=(1.03*Np)+0.56 Y =(0.26 *No)+ 1.16

Super-humid ~ Nelspruit Irrigated 52 20 8 Y =(6.59*No)-4.86 Y =(1.74*No)+0.89 Y =(0.19 * No) +2.13

Y in the linear equation is the amount of N released from a ton of sludge
No is organic-N content of sludge used in percentage
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5.3.5 Implications of the findings for existing South African sludge guidelines

The reported variation on N mineralization between farming systems (rain-fed as opposed to
irrigated) within an agro-ecological zone and the variations among agro-ecological zones
indicate that flexible guidelines are needed that take these factors into account. Hence, sludge
guidelines and sludge upper limits ought to be synchronized with the South African fertilizer
guidelines as presented in the fertilizer handbook (FSSA, 2007). This handbook provides a list

of the most commonly grown crops in South Africa and their fertilizer requirements.

5.3.6 Crop fertilizer requirement estimation

The first phase of fertilizer application recommendations for a given crop growing in a given
soil under given weather conditions is to determine the optimum fertilizer requirement
(Fer_ Req) for maximum productivity in that area. The South African Fertilizer Handbook
(FSSA 2007) has established the relationship between target yield and the nutrient
requirements to achieve the target yield for a range of most commonly grown crops in South
Africa. To synchronize South African Sludge Guidelines (volume 2) with the fertilizer
handbook, target yield data of selected crops and their corresponding fertilizer requirements
have been used from the fertilizer handbook to develop regression equations as presented on

Table 5.3. Similar regression equations can be developed for other crops.
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Table 5.3 Regression equation for the prediction of optimal N level required to achieve target yields for maize, wheat and sunflower (FSSA, 2007)

Crop Region Regression equation Comment
Maize All maize growing areas Fer NReq = (25 * target yield) - 30
Southern and western Free State Fer NReq = 7.403 * (target yield)*%
Central Free State Fer NReq = (20 * target yield) — 7.5
Eastern Free State Fer NReq = 15.26 * (target yield)'** Mean target yield and fertilizer

requirement was used to develop

North West Fer NReq = (20 * target yield) — 15 regression equation
Mpumalanga Fer NReq = (20 * target yield) — 10
Wheat Limpopo (Springbok Flats and Dwaalboom) Fer NReq = (15 * target yield) — 14.17
Eastern Cape coastal area Fer NReq = (17.57 * target yield) — 4.35
Swartland Fer NReq = (40.30 * target yield) — 13.80
Southern Cape Fer NReq = (32.15 * target yield) — 29.65
Irrigated land Fer NReq = (25.74 * target yield) — 2.87
Sunflower  All sunflower growing areas Fer NReq = (65 * target yield) — 75.67 Mean values used to generate

equation

Fer NReq: optimum fertilizer requirement for a given target yield
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Once the fertilizer requirement has been established, the next step is to collect soil samples
from representative sites in the field for analyses to determine the fertility status of the soil.
Soil samples for testing soil nutrient status need to be taken before fertilizer application to the
next crop. In areas where the soil properties differ within a field, the field should be divided
into management areas with similar characteristics, and fertilizer recommendations should be
made accordingly. The actual fertilizer requirement of the crop, in this case N (Act_FerN req),
should then be computed by subtracting the amount of plant-available nutrients in the top 60

cm soil layer from the optimum fertilizer requirement (Fer Req) as presented in Equation 5.1.

Act FerN req=Fer NReq— Soil N
Equation 5.1

Where Act FerN req is actual N fertilizer requirement of the crop; Fer NReq is optimum
fertilizer requirement of crop for maximum productivity under the given soil and climatic
conditions; and Soil N is the amount (mass) of inorganic-N (nitrate + ammonium + nitrite) in

the top 60 cm soil layer.

The mass of inorganic-N (Inorg N Mass) in the top 60 cm soil layer is estimated from

measured bulk density and inorganic-N concentration (Inorg N Conc) using Equation 5.2.
Inorg N Mass = Inorg N Conc * bulk density * Area * Depth
Equation 5.2

Where Inorg N Mass is mass of inorganic-N in the top 60 cm soil layer; Inorg N Conc is the
concentration of inorganic-N in the top 60 cm layer; bulk density is the bulk density of the top
60 cm soil layer; Area is the area of the land to be fertilized; and Depth is the thickness of the

soil layer where the inorganic-N concentration measurement was conducted (0.6 m).

The actual N fertilizer requirement (Act FerN req) of a crop that should be applied from a

sludge is computed using Equation 5.3.

Act FerN req = NH4-N + NO3-N +NO2-N + N
Equation5.3

Where NH4-N is ammonium-N; NOs3-N is nitrate-N; NO2-N is nitrite-N; and Ny, mineralizable

N (the fraction of organic-N that is converted into inorganic-N in the soil, agro-ecological zone
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dependent). This is computed using equations presented in Tables 5.1 and 5.2. This information

is incorporated in the SARA model.

The variation in crop target yield and associated nutrient requirements between rain-fed and
irrigated farming systems and between agro-ecological zones indicates the need for sludge
upper limits for specific farming systems and agro-ecological zones. These guidelines would
promote optimal crop production while protecting the environment. Since the amount of sludge
that should be applied to satisfy crop N requirement is influenced largely by the sludge organic-
N content, the upper sludge limit should be adjusted accordingly. For instance, the upper sludge
limit could be set at the rate that satisfies the optimum fertilizer requirement of a crop. In this

case, the contribution from the soil (Soil N) is excluded from Equation 5.1.
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5.4 Conclusion

The synchronization of sludge application rates with farming system crop nutrient requirements
and agro-ecological zones should be the way forward for resilient beneficial agricultural use of
treated wastewater sludge. In all South African agro-ecological zones, irrigated systems had
higher crop nutrient requirements than rain-fed. Under rain-fed cropping systems, areas that
receive higher rainfall have higher crop nutrient requirements. Similarly, sludge decomposition
rate is influenced by the availability of soil water and the level of soil temperature. Sludge
decomposition rate is slowed down under low soil moisture conditions, low soil temperature,
very high soil temperature, and when soil pores are saturated with water. Henceforth, sludge
recommendation rates should be able to integrate both the crop nutrient requirements and
sludge nutrient release rate. In this report, computer model assisted sludge nitrogen release
rates for five of the six South African agro-ecological zones were established to fine-tune South
African Sludge Guidelines, volume 2 (2006). It is of utmost importance to conduct field

validation of these findings on selected sites across South African agro-ecological zones.
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